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2. Abstract

The Philadelphia chromosome negative myeloprolifeza neoplasms (MPN) comprise
diverse entities of hematopoetic stem cell dis@devith hematopoetic stem cell
transplantation as the only curative therapeuti¢cioap A collective finding of some
subgroups is the activating point mutationJ&K2 p.V617F, important for diagnosis and
detection of minimal residual disease (MRD) buather late event in the course of MPN.

In this study, we first focused on characterisii¢she neoplastic peripheral blood CD34-
positive stem cell fraction. Thus, we could revaatharacteristic aberrant morphology and
phenotype, and performing cDNA- array analysis mostably an imbalance of DNA-
dependent protein kinase subunits which may carntildo the accumulation of chromosomal
aberrations, accumulation of hematopoetic cell, grdlongation of CD34- positive
peripheral blood stem cells life span (WickenhauBerez, et al. 2003; Siebolts, Breuhahn, et
al. 2009). Moreover, there is evidence of a distinon-neoplastic, CD34- positive peripheral
blood stem cell population which may offer perspes in treatment of the diseases
(Siebolts, Ates, et al. 2005).

The CD34- positive stem cell fraction, as the uhyleg source of the malignancy, is of
course of particular importance, not only for ursti@nding of the pathophysiological process
but also for understanding of relapse and regemeratcidents. Performing fluorescence in
situ hybridization on bone marrow biopsies, we fbuan almost complete chimerism
following stem cell transplantation concerning tH#ferentiated hematopoesis, whereas
CD34- positive cells remained of recipient origina higher proportion (Thiele, Varus, et al.
2007; Siebolts, Thiele, et al. 2008).

Since hematopoetic stem cell transplantation, ealheafter invention of reduced intensity
conditioning (RIC) is a feasible curative optiorr #n increasing number of MPN patients,
reliable detection of the specifitAK2 p.V617F mutation as a sign of minimal residual
disease (MRD) becomes more and more important.eft¢re;, we created in combination of a
robust QPCR with a wild- type blocking PCR, a pdwietool for reliable detection of MRD
in these patients (Siebolts, Lange, et al. 2010).

Future prospects of MPN research will also focustlom newly-discovered field of non-
coding RNA. Therefore, we tested the possibilityp&rsform further retrospective analysis on
easily accessible paraffin embedded formalin fikedue, and could show for the first time
that extraction of sufficient amount of miRNA, witbubsequent expression analysis is

possible even after decalcification and also afiecades (Siebolts, Varnholt, et al. 2009).



2. Zusammenfassung

Die Transplantation hematopoetischer Stammzelldn zgirzeit als die einzige kurative
Therapie der Philadelphia Chromosom negativen npyeliberativen Neoplasien und die
Kontrolle der minimalen Resterkrankung ist sominveesonderem Interesse. Die in viele
Fallen nachweisbare aktivierende Punktmutafid2 p.V617F stellt wahrscheinlich nur ein
Epiphdnomen der Erkrankungen dar, ist aber fir Miagnostik und Nachweis einer
minimalen Resterkrankung von besonderer Bedeutung.

Die vorliegende Arbeit zeigte in ersten Untersudemeinen charakteristischen aberranten
Phanotyp der neoplastischen CD34- positiven Starhenzées peripheren Blutes, zusammen
mit einer Unausgewogenheit der verschiedenen Untesgen der DNA- abhangigen
Proteinkinase. Dies konnte urséchlich zu verscimedebekannten Veranderungen im
Rahmen der Erkrankung beitragen wie z.B. Anreichg@rwon genetischen Stérungen,
Vermehrung der peripheren Blutzellen sowie die &fggerung der Lebenspanne CD34-
positiver hamatopoetischer Stammzellen (Wickenhaug®rez, et al. 2003; Siebolts,
Breuhahn, et al. 2009). Zudem ergeben sich Hinwegé eine persistierende nicht
neoplastische CD34- positive hAmatopoetische Stathpopulation im peripheren Blut, die
zukinftig im Sinne einer Reservepopulation theréipelie Optionen bieten kénnte (Siebolts,
Ates, et al. 2005).

Weitere Untersuchungen mittels Fluoreszenz inBitaridisierung an Knochenmarkbiopsien
zeigten, dass nach Stammzelltransplantation eiezuakollstandiger Spenderchimarismus,
vor allem der ausdifferenzierten hdmatopoetischelfed bei Patienten mit unkompliziertem
Verlauf schon friih erreicht wird, jedoch eine sfigainte CD34- positive hdmatopoetische
Stammzellpopulation als mdgliches Reservoir fur infkige Rezidive verbleibt. (Thiele,
Varus, et al. 2007; Siebolts, Thiele, et al. 2008).

Im Rahmen der StammezelltransplantatiJAK2 p.V617F positiver myeloproliferativer
Neoplasien ist eine personalisierte Kontrolle damimalen Resterkrankung auf molekularer
Ebene durch Anwendung moderner, hochsensitiver ddieth moglich geworden. In weiteren
Studien im Rahmen dieser Arbeit gelang uns die Ektung einer robusten und
hochsensitiven allelspezifischen quantitativen P@iRch die innovative Reduktion des
Uberwiegenden Anteils kompetitiver Wildtyp DNA (Bats, Lange, et al. 2010).

Das neu entdeckte Gebiet der nicht kodierenden RN#fnet neue Ansatze zur Diagnostik
und Therapie moglicherweise auch der myeloprolifeea Neoplasien. Vor diesem

Hintergrund konnten wir zeigen, dass die Moglichkdiesteht, aus archiviertem,



formalinfixierten, teils dekalzifizierten und pafiakingebetteten Material auch nach
Jahrzehnten ausreichend Material fur vergleichekdgressionsanalysen zu gewinnen
(Siebolts, Varnholt, et al. 2009).



3. Introduction

This document presents different aspects of thesianyeloproliferative neoplasms (MPN)
and in particular about polycythemia vera (PV) anidhary myelofibrosis (PMF). Primarily,
guestions concerning pathophysiology and diagnagpigroaches of the classic PFVIPN
were in the spotlight. The following chapter giveeshort synopsis about the actual relevant
knowledge of pathophysiology, the new field of &tegl therapy and molecular diagnostics in
MPN.

3.1 Myeloproliferative neoplasms

William Damashek was the first to describe the ephaf myeloproliferative disorders in
1951, where the classic myeloproliferative dise@égonic myelogenous leukemia (CML),
polycythemia vera (PV), essential thrombocythenii@)(and primary myelofibrosis (PMF)
were defined (Dameshek 1951).

In 2001, the World Health Organization (WHO) contegt for the classification of myeloid
neoplasms, inaugurated the term chronic myelogmalifve diseases (CMPD) which covers
additionally the entities of chronic neutrophilieukemia (CNL), chronic eosinophilic
leukemia/ hypereosinophilic syndrome (CEL/HES) &MPD, unclassifiable, among with
the classic MPD (Jaffe ES 2001; Vardiman JW 20@Q1i)he broader context the CMPDs
were considered as one of four major categoriehiafnic myeloid neoplasms, the other three
being myelodysplastic syndromes (MDS), MDS/MPD analst cell diseases (MCD) (Jaffe
ES 2001).

The revised 2008 WHO classification system charigederm disease into neoplasm because
of the meanwhile accepted clonal origin of thesitiea. Now these diseases are subdivided
in the category of MPN, which was formerly known &dPD, and MDS/MPN for
MDS/MPD. In addition, the MPN category now includesst cell diseases whereas the
previous CMPD subcategory of CEL/HES is now re-aiged into HES, CEL not otherwise
categorized (CEL-NOC) and myeloid neoplasms assatiawith eosinophilia and
abnormalities of PDGFRA, PDGFRB and FGFR1 (Tablerhg latter group is now assigned
a new category of its own, whereas both HES and-BBIC remain subcategories of MPNs



(Table 1) (Vardiman JW 2001; Swerdlow SH 2008; @efand Vardiman 2008; Vardiman,
Thiele, et al. 2009).

1. Acute myeloid leukemia
2. Myelodysplastic syndromes (MDS)
3. Myeloproliferative neoplasms (MPN)
3.1 Chronic myelogenous leukemia
3.2 Polycythemia vera
3.3 Essential thrombocythemia
3.4 Primary myelofibrosis
3.5 Chronic neutrophilic leukemia
3.6 Chronic eosinophilic leukemia, not otherwiagegorized
3.7 Hypereosinophilic syndrome
3.8 Mast cell diseases
3.9 MPNSs, unclassifiable
4. MDS/MPN
4.1 Chronic myelomonocytic leukemia
4.2 Juvenile myelomonocytic leukemia
4.3 Atypical chronic myeloid leukemia
4.4 MDS/MPN, unclassifiable
5. Myeloid neoplasms associated with eosinophilidh @bnormalities of PDGFRA, PDGFRB, or FGFR1
5.1 Myeloid neoplasms associated with PDGFRA ezsyement
5.2 Myeloid neoplasms associated with PDGFRB asmement

5.3 Myeloid neoplasms associated with FGFR1 regement (8p11 myeloproliferative syndrome)

Table 1. The 2008 World Health Organization classificatsmheme for myeloid neoplasms (Tefferi and
Vardiman 2008)

This new classification can be called a paradigift,shecause for the first time genetic
information was incorporated with morphologic, afiemical, immunophenotypic, and
clinical information into diagnostic algorithms ftitve myeloid neoplasms.

Subsequently this PhD thesis will focus on the solnyg of so-called classic
myeloproliferative disease or neoplasm, which cam dubdivided into Philadelphia

Chromosome positive (CML) and negative entities,(BV, PMF).

3.1.1 Chronic myelogenous leukemia

Chronic myelogenous leukemia (CML) is a clonal MBNa pluripotent stem cell with a

specific cytogenetic abnormality, the Philadelplelromosome (Ph), involving myeloid,



erythroid, megakaryocytic, B lymphoid, and somesnie lymphoid cells, but not marrow
fibroblasts (Silver 2003). Concerning the classiPM] it is by far the most frequent entity
with an annual incidence of 1.6 per 100,000 peopits slightly more men than women to be

affected.

CML has a biphase or triphase clinical course (MadiKantarjian, et al. 2003).
Approximately 90% of patients are diagnosed indhenic phase, but the disease eventually
evolves to a blast phase unless successfully tredtpproximately two-thirds of patients
manifest an accelerated phase. A distinct feattichsease progression, is the appearance of
additional cytogenetic abnormalities in the Ph-ifpges cells. This phenomenon, known as
clonal evolution, frequently involves a second &télphia chromosome, trisomy of
chromosome 8, and isochromosome 17 and other ahfibes of chromosome 17
(Kantarjian, Dixon, et al. 1988), although othenatmalities have been described. Clonal
evolution is considered a criterion of accelergibdse, although when it represents the only
criterion of transformation, it is associated wahbetter prognosis than other criteria of the

accelerated phase (Cortes, Talpaz, et al. 2003).

CML was the first disease where a single chromosoammormality, the Philadelphia
chromosome was demonstrated as fundamental totitflegy of the disease (Nowell and
Hungerford 1960; Geary 2000). 20 years later Darkés al. demonstrated that the Abelson
oncogene ABL) is translocated from chromosome 9 to chromosothénZhe formation of
the Philadelphia chromosome (de Klein, van Kestad). 1982). Although the position of the
breakpoint in chromosome 9 is quite variable, theakpoint in chromosome 22 is clustered

in an area calleBCR for breakpoint cluster region.

The normal cellulaBCR gene encodes a 160-kD phosphoprotein associatéd serine/
threonine kinase activity. ThBCR gene is the site of different breakpoints of tmmwn
alternative forms of the Philadelphia chromosonanglocation found in CML and acute
lymphocytic leukemia (Groffen, Stephenson, et &84t Shtivelman, Lifshitz, et al. 1985;
Hermans, Heisterkamp, et al. 1987). These altemdieakpoints join different exon sets of
BCR to a common subset of the exons of the ABL1 gé&hé fusion results in mainly two
alternative chimeric oncogene products called pBC&®-ABL) and p185(BCR-ABL). The
activation of ABL tyrosine kinase activity is nesasy for the oncogenic potential of the
chimeric oncogene (Maru and Witte 1991).



CML was one of the first and most successful ssofoe allogeneic transplantation (Hughes,
Morgan, et al. 1991) and it was in this context thalecular monitoring of so-called minimal
residual disease (MRD), by sensitive reverse-trémsd polymerase chain reaction (RT-
PCR) techniques was found to be predictive of Rinelapse (Hughes, Morgan, et al. 1991;
Lion, Henn, et al. 1993; Radich, Gehly, et al. 1998ext came the advent of targeted
tyrosine kinase inhibitor (TKI) therapy, which hasickly replaced transplantation as front-
line therapy for chronic-phase disease. Given tbeep of molecular monitoring in the
transplantation setting, molecular monitoring waedi in the TKI trials as a measure of
disease responses. Such monitoring is now advodatetthe routine clinical care of CML
(Radich 2009).

3.1.2 Philadelphia chromosome negative classic myel  oproliferative
neoplasms

As described above polycythemia vera (PV), esdetittambocythemia (ET) and primary

myelofibrosis (PMF) as the classic Ph- negative MRBMN clonal myeloproliferative

neoplasms arising from a multipotent progenitot. cel

The finding of a loss of heterozygosity (LOH) orr@mosome 9p in MPN suggested that 9p
harbors a mutation that contributes to the causdoofal expansion of hematopoetic cells in
these diseases. Independently of each other, fisgapg found that a high proportion of
patients with these myeloproliferative disordergied a dominant gain-of-function somatic
p.V617F point mutation in thdAK2 gene (Baxter, Scott, et al. 2005; James, Ugd, 2085;
Kralovics, Passamonti, et al. 2005; Levine, Wadilegg al. 2005; Zhao, Xing, et al. 2005).

The Janus family of tyrosine kinases (JAK1, JAKRK3, TYK2) are cytoplasmatic tyrosine
kinases that mediate signaling downstream of differeceptor tyrosine kinase, such as the
erythropoetin receptor and members of the intertreuleceptor family. Normal JAK2
signaling is important in a number of key cellulanocesses, such as erythropoesis and
thrombopoesis and therefore great excitement wasedaby the finding of the distindAK2
p.V617F mutation.

JAK2 p.V617F occurs at a primitive hematopoetic sterh leeel in humans (Jamieson,
Gotlib, et al. 2006), causes impairmentJAK2 regulation and results in the constitutive
activation of JAK2- STAT5, phosphatidylinositol-3-kinaseP(3K) and mitogen- activated



protein kinase / extracellular signal- regulatedakie MAPK / ERK) downstream signaling
pathways in a cytokine- independent or hypersemsitianner (James, Ugo, et al. 2005; Lu,
Levine, et al. 2005; Staerk, Kallin, et al. 2005).

The revised WHO diagnostic criteria from 2008 fof, ET and PMF were instigated by the
discovery ofJAK2 mutations in virtually all patients with PV andrejor subset of ET and
PMF (Tefferi 2007). Due to the fact th#K2 p.V617F is myeloid neoplasm-specific and not
found in ractive causes of polycythemia, it hast leself to being a sensitive diagnostic
marker for PV (Tefferi 2007). However, in the cottef myeloid neoplasmgdAK2 p.V617F

is not specific neither for PV nor for ET and PMEere it is found in approximately 50% of
the patients. Additionally, it can also be foundréfractory anemia with ringed sideroblasts
associated with marked thrombocytosis (RARS-T) €agelea, et al. 2006; Szpurka, Tiu, et
al. 2006), and at a lesser frequency in other nyaleoplasms (Jelinek, Oki, et al. 2005;
Kremer, Horn, et al. 2006; Lee, Kim, et al. 2006ist\i, Nanbu, et al. 2007; Zecca,
Bergamaschi, et al. 2007), but not in lymphoid nasms (Fiorini, Farina, et al. 2006;
Melzner, Weniger, et al. 2006). Therefore, mutaereening folJAK2 p.V617F cannot be
used to distinguish one MPN from another, but #sloomplement histology in the diagnosis
of both ET and PMF by excluding the possibilityre&ctive thrombocytosis or myelofibrosis.
Therefore it was considered as a major criteritherevised WHO classification from 2008
(Table 2).

As already described above, the attempt of gerddissification and diagnosis in myeloid
neoplasms started with the 1960 discovery of thda@#iphia chromosome in CML.
Additional pathogenetically relevant mutations hdeen further described in classic and
non-classic MPNsJAK2 p.V617F in PV, ET and PMBAK2 exon12 mutations in PV (Scott,
Tong, et al. 2007)MPL p.W515L/K in ET or PMF (Pikman, Lee, et al. 2008RGFRA,
PDGFRB or FGFR1 rearrangements in  molecularly characterized mgeloieoplasms
associated with eosinophilia (Golub, Barker, etl@94; Xiao, Nalabolu, et al. 1998; Cools,
DeAngelo, et al. 2003KIT p.D816V and otheKIT mutations in mast cell diseases (MCD)
(Nagata, Worobec, et al. 1995) and RAS pathway s, includingRAS, PTPN11 or NF1,

in juvenile myelomonocytic leukemia (JMML) (Shanno®'Connell, et al. 1994; Loh,
Vattikuti, et al. 2004; Lauchle, Braun, et al. 2D0Buch discoveries in the molecular

pathogenesis of myeloid neoplasms, will ultimatébad to a predominantly genetic

10



classification system with disease-specific molacunharkers, that are relevant to both

diagnosis and treatment (Tefferi and Vardiman 2008)

2008 WHO diagnostic criteria
Polycythemia vera @ Essential thrombocythemia 2 Primary myelofibrosis 3
Major Hgb >18.5 g dI'l (men) 1| platelet count *450 % 109 I'1 1| Megakaryocyte proliferation
criteria >16.5 g dI"! (women) and atypia® accompanied by either
or reticulin and/or collagen fibrosis,
Hgb or Hct =89th percentile ar
of reference range for age, In the absence of reticulin fibrosis,
sex or altitude of residence the megakaryocyte changes must
or be accompanied by increased
Hgb=>17 g dI't (men), marrow c_ellularity, granulocytic
oils g ?ﬂl'l (\»\Somer::) proliferation and often decreased
. . . . th iesis (i.e. -fibrotic PMF).
if associated with a sustained erythropoiesis (i.e. pre-fibrotic )
increase of 2 g diI! from
baseline
that cannot be attributed to
correction of iron deficiency
or
Elevated red cell mass
>»25% above mean normal
predicted value
Presence of JAK2V617F 2 | Megakaryocyte proliferation with 2 | Not meeting WHO criteria for CML,
or similar mutation large and mature morphology. PV, MDS, or other myeloid neoplasm
Mo or little granulocyte or erythroid
Proliferation.
3 | Not meeting WHO criteria for CML, PV, | 3 | Demonstration of JAK2V617F
PMF, MDS or other myeloid neoplasm or other clonal marker
or
no evidence of reactive marrow
fibrosis
4 | Demonstration of JAK2V617F
or other clonal marker
or
no evidence of reactive
thrombocytosis
Minor 1 | BM trilineage myeloproliferation 1 | Leukoerythroblastosis
criteria
2 | Subnormal serum Epo level 2 | Increased serum LDH
3 | EEC growth 3 | Anemia
4 | Palpable splenomegaly
Abbreviations: CML, chronic myelogenous leukemia; EEC, endogenous erythroid colony; Epo, erythropoietin; Hct, hematocrit; Hgb,
hemoglobin; LDH, lactate dehydrogenase; MDS, myelodysplastic syndrome; WHO, World Health Organization.
@ Diagnosis of polycythemia vera (PV) requires meeting either both major criteria and one minor criterion or the first major criterion and
2 minor criteria. Diagnosis of essential thrombocythemia requires meeting all four major criteria. Diagnosis of primary myelofibrosis (PMF)
requires meeting all three major criteria and two minor criteria.
b Small to large megakaryocytes with an aberrant nuclear/cytoplasmic ratio and hyperchromatic and irregularly folded nuclei and dense
clustering.
Table 2. Diagnostic criteria for the classic Ph- negativeNviirom WHO 2008 classification (Tefferi and
Vardiman 2008).

3.2 Molecular pathophysiology of Ph- negative myeloproliferative

neoplasms

The above mentioned mutations 3AK2 and MPL are gain-of-function abnormalities that

conferred growth-factor independency to cells tdaiced with mutant allele and induced a
myeloproliferative disease when expressed in muriaesplant models (Cazzola and Skoda
2005; Vannucchi and Guglielmelli 2008).
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Furthermore, loss of heterozygosity (LOH) for K2 p.V617F mutation, which originates
from mitotic recombination of the short arm of am@some 9, is present in approximately
30% of PV or PMF patients as opposed to 2-4% of \&Eriable proportions of wild-type,
heterozygous and homozygous progenitors are prasentost patients with PV, while
homozygous progenitors are reported as being raEeli Mutated erythroid progenitors are
more sensitive to erythropoetin than normal onex] aost erythropoetin independent
erythroid colonies (EEC) are made up of homozygmagienitors. Conceivably, duplication
of mutant allele is expected to result in a higeeel of JAK2/ STAT activation, than in cells
harboring one mutant and one wild-type allele, fbgdecause of the loss of competition
between normal and mutated allele and/ or impamestaction of mutant JAK2 with cellular
regulators, such as the suppressor of cytokineabignR3 (SOCS3) (Hookham, Elliott, et al.
2007).

This hypothesis has recently received experimestgbport, thanks to the successful
development of conditional transgenic mice, thgiregsed variable levels #AK2 p.V617F
(Tiedt, Hao-Shen, et al. 2008), in which the phgpetclosely reflected the ratio between
normal and mutatedAK2 mRNA. Likewise, the p.V617F allele burden corretatwith
hematologic characteristics and clinical endpointPN patients. However, owing to the
wide distribution of individual values, it seemsitquunlikely that load of mutant p.V617F
allele alone represents the key mechanism at tsis bAMPD pleiotropy, although it is likely
that changesin p.V617F allele burden correlateh wdisease progression (Vannucchi,
Antonioli, et al. 2008).

There is evidence to support the possibility thsease alleles other thdAK2 p.V617F

or MPL p.W515L/K are involved in the pathogenesis of MRSkoda 2007), in addition to
the fact that almost 40% of ET or PMF patientsl dack a molecular marker. First,
discrepancies were found in the size of del(20)dJ&K2 p.V617F- mutated clones, leading
to the suggestion that p.V617F allele had beeniseajby a pre-existing del(20q) clone and
can be seen as a rather late event in the progfe® malignancy (Kralovics, Teo, et al.
2006). Second, EEC wild-type fdAK2 have been detected at low frequency in PV
patients, which would indicate tl&K2 mutation is a secondary, not a disease-initiating,
genetic event (Nussenzveig, Swierczek, et al. 200h)d, the incidence of MPNs among
relatives is greater than expected in the normplfadion, but neither the diagnosis of MPN

nor the distinct clinical phenotype encounteredhese families were invariably associated
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with the presence JfAK2 or MPL mutation, suggesting that these mutations migbtioas a
secondary genetic event on the background of aariteld genetic predisposition (Rumi,
Passamonti, et al. 2006). Finally, blast cells etamdary acute myeloid leukemia that
developed in patients with a precedifk2 p.V617F-positive MPN are oftelAK2
p.V617F- negative, indicating that they might derivom the transformation of a pda&k?2
p.V617F mutated hematopoetic stem cell which wagrally at the basis of the MPN itself
(Campbell, Baxter, et al. 2006). However, that ¢h#¥K2 p.V617F negative blasts
represented the de-novo transformation of a rekmtranal progenitor cannot be excluded on
the basis of available data. After all, it is marelikely that theJAK2 un-mutated blasts
originated from a single cell, heterozygous for fh&617F mutation that underwent a
reverse mitotic recombination process, leading o ua-mutatedAK2 genotype. On the
contrary, the possibility that tRiAK2 p.V617F andPL mutation alone might be sufficient
for causing an MPN is compellingly supported by tésults of animal models, including the
recently described transgenic mice, that develggeshotypes closely resembling human ET
and PV and presented MF-like symptoms as they @jed, Wanting, et al. 2008).

3.3 Molecular diagnostics of myeloproliferative neoplasms

The spectacular finding of the Philadelphia Chroomes in CML opened new avenues in
pathophysiological research and was the initiattdhmolecular diagnostics. The initial
molecular diagnosis can be done performing cytagesneluorescence in situ hybridization
(FISH), southern or western blot and RT-PCR. Not#lwoto mention, that cytogenetic
diagnostics alone is not sensitive enough to deébecPh in all of the cases, but still remains

the gold standard in most cases.

The new field of the merge of diagnostic and thgraglled theragnostic for hematologic
disease was invented a decade ago with imatinitylatesin 1998, the first tyrosine kinase
inhibitor (TKI) (Hughes and Branford 2009). It réeed international attention as a promising
new "targeted" therapy for disease control in pasiewith advanced-phase CML and
interferon- refractory chronic-phase disease. Ttadyeherapy is defined as a drug with a
focused mechanism that specifically acts on a defined target or biological pathway
which, when inactivated, causes regression or wlEgin of the malignant process (Ross,

Schenkein, et al. 2004). The obvious advantagaucii sherapies is that they are less toxic,
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with a higher therapeutic index and potentially eneffective. Moreover, the application of
these therapies is usually limited to patients kmadav carry the appropriate molecular target
in their malignant cells, therefore eliminating ttoxic and financial implications of more
generalized use. While in some circumstances thesetherapies will eliminate the need for
traditional chemotherapy regimens, in other cagess likely that they will lower the
threshold for induction of programmed cell deathust enhancing the effectiveness of

conventional chemotherapy approaches (Hamiltonjg®é| et al. 2010).

Imatinib mesylate functions by competitive inhibiti of the adenosine triphosphate (ATP)
binding site, thereby preventing BCR-ABL autophasptation, TK activity and subsequent
phosphorylation of downstream target substratesagpears to selectively induce apoptosis
in BCR-ABL- positive cells. Five year follow-up studies hastleown sustained benefit for
imatinib mesylate treated patients. Despite theesg of Imatinib, a major clinical concern is
the observation of molecular resistance, most oftitnibuted to the development of point
mutations within théABL- kinase domain. To date, more than 50 kinase muthave been
described in vivo and from in vitro screens (Bradf@007). These include mutations which
prevent BCR-ABL from adopting the inactive confotioa required for Imatinib binding. In
an attempt to overcome Imatinib resistance, a segeneration of BCR-ABL inhibitors has
been developed. Nilotinib inhibits ABL- kinase with 20-50- fold greater potency than
Imatinib. Like Imatinib, Nilotinib binds the inae form of BCR-ABL, but has alterations in
its structure that allow higher binding affinityaBatinib is a second- generation TKI for the
treatment of Imatinib- resistant or —intolerantigatis with Ph- positive leukemias, which was
approved by the FDA in 2006 (Talpaz, Shah, et @62. Dasatinib is a potent oral inhibitor
of SCR family kinases and BCR-ABL, and has adddiiacagainst KIT- receptor, platelet-
derived growth factor receptor (PDGFR) and epheteptor tyrosine kinase (Lombardo, Lee,
et al. 2004). Dasatinib has a 325- fold greateempoy than Imatinib against cells expressing
wild-type BCR-ABL and is able to bind both the &etiand inactive conformation of ABL-
kinase (Tokarski, Newitt, et al. 2006).

Today, Imatinib represents the established frorg-therapy for nearly all patients with CML,
achieving near- normal survival and quality of ldaed second-generation TKIs are usually
the preferred option in cases of Imatinib failuFrbe need for frequent ongoing monitoring for

these long-term responders now warrants reassessrmmever, up to 30% of patients with
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CML will have to stop Imatinib therapy due to irdcdnce and resistance (Jabbour, Cortes, et
al.). Therefore close monitoring still has a vrale.

A risk-adapted monitoring strategy is implementecehsure cost-effective management for
all patients. The main aim of monitoring respors@& Il therapy is, to identify patients who
can be reassuredthat they have achieved a stabl@ssion and, perhaps more
importantly, those who are likely to achieve beltgrg-term outcome, if they are switched to
second-line therapy. This may be another TKI osame specific cases an allogeneic stem
cell transplant. Apparent loss of cytogenetic orlenolar response can sometimes be
attributed to variations in assay values or shent lapses in compliance (Hughes and
Branford 2009).

Monitoring response to TKI therapy relies on (1nbanarrow cytogenetic analysis in the
first 12 to 18 months, as well as (2) regular meament of thdBCR-ABL transcript levels by
reverse transcriptase quantitative PCR (RT-QPCRayasplus (3) selective testing BCR-
ABL kinase domain mutations. Monitoring strategiesirdurfirst-line therapy have been
reviewed recently and reasonable consensus hasabb&ved (Baccarani, Pane, et al. 2008;
Kantarjian, Schiffer, et al. 2008; Hughes and Boathf2009).

In 2006 an international scale (I1S) for expres®@R-ABL RT-QPCR results was proposed
(Hughes, Deininger, et al. 2006). This was linked recommendations for optimizing
methodology, including a detailed review of the msesf sampling blood versus bone
marrow and optimal volume and preparation of blsadples. In-house methods could be
continued because local values were convertedegd3h using a conversion factor derived
from a comparison between tHRCR-ABL levels calculated from a set of shared patient
samples studied in the local laboratory and a eefs laboratory (Branford, Fletcher, et al.
2008). This process has enabled over 50 laboratdoe express their results #&CR-
ABL level (1S). This allows clinicians to determineather their patient has achieved specific
molecular landmarks<(0.1% = major molecular response [MMR]; 1% is apprately
equivalent to a complete cytogenetic response [G.GRjwever, reportind3CR-ABL values

on the IS does not give an indication of the measent reliability or the sensitivity of the

local RT-QPCR assay, issues that will also impadhe clinical value of RT-QPCR assays.

Compared to molecular diagnostics or theragnostic<CML, the situation concerning the

classic Ph- negative MPN is in the fledging sta§®s.are far away from standardization or
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certification of molecular diagnostic methods caneggy the relevant genomic aberrations of
theJAK2 andMPL gene. As mentioned above, thAK2 Exonl14 p.V617F point mutation will
be detected in cases of PV in 82%, ET in 49% anBMF in 53% (Hussein, Bock, et al.
2007). Many different PCR- based detection methar@sdescribed, all of them with their
specific limitations mainly concerning sensitivityecause of the competitive situation with
the wild type allele.

Currently, a number of agents to inhibit JAK2, sashXL019 (Shah, Olszynski, et al. 2008),
INCB018424 (Verstovsek, Kantarjian, et al. 2008101348 (Lasho, Tefferi, et al. 2008;
Wernig, Kharas, et al. 2008), CEP-701 (VerstovSedferi, et al. 2007) and also Erlotinib
(Li, Xu, et al. 2007), are in preclinical developmend clinical trials. INCB018424 is the
clinically most extensively studied JAK2 inhibitolt is an orally, bioavailable selective
inhibitor of JAK1 and JAK2 at nanomolar concenwas, which entered early- phase clinical
trials in 2007. Patients treated with INCB01842émdnstrated a significant reduction in
spleen size and also other constitutional symptevese either resolved or were significantly
reduced (Verstovsek, Kantarjian, et al. 2008). GBR-Lestaurtinib) is an orally active small
molecule inhibitor of receptor tyrosine kinase,luing fms- related tyrosine kinase (FLT3)
(Levis, Allebach, et al. 2002) and JAK2, and isreatly in phase Il clinical trials for patients
with PMF and post- PV / ET myelofibrosis who havee tJAK2 p.V617F mutation
(Verstovsek, Tefferi, et al. 2007). However, itakimportance that specific inhibitors to
mutated JAK2 are generated to minimize generalcityxiand long- term side affects.
Preliminary studies have shown, that the suppressithe JAK- STAT- pathway can lead to
treatment- related thrombocytopenia and anemia sfgesek, Kantarjian, et al. 2008).
Despite these concerns, targeting JAK2 represemomising option for the treatment of
BCR-ABL- negative MPN.

Normally the clinical test for detection of thREAK2 p.V617F mutation is performed on
peripheral blood, bone marrow aspirates or formdiked- paraffin- embedded (FFPE) bone
marrow core biopsies. All of them consist of mixasllular material with just a fraction of
JAK2 p.V617F positive cells, either hetero- or homozggd his is a serious problem, mainly
in the initial stadium of the diseases and in adsmyelofibrosis when the malignant tissue is
relatively repelled by reactive mesenchymal preodifen. In those cases sanger sequencing
with a sensitivity of 20% will produce false negatiresults (Adamson, Fialkow, et al. 1976;
Sanger, Nicklen, et al. 1977). Remaining techrsqlike restriction fragment length

polymorphism (RFLP) PCR, amplification refractoryutation system (ARMS) PCR and
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fluorescent probes SNP QPCR, will all fit the neseeg sensitivity for reliable initial
diagnosis (Kroger, Badbaran, et al. 2007; ShamrBaaarbachi, et al. 2010). Also the
upcoming method of pyrosequencing is a powerful foo sensitive detection of point
mutations (Ronaghi, Karamohamed, et al. 1996; Ran&hlen, et al. 1998; Ronaghi 2001,
Hochberg, Miklos, et al. 2003).

This is also true for diagnosis of th&PL point mutations, but the in part more complex
mutations inNJAK2 Exon12 will require conventional sequencing methbdcause of possible
negative results from PCR probes, since they asiged especially for known aberrations.
The situation dramatically changes in the case aifepts after hematopoetic stem cell
transplantation, because of the therapy relatemhgtdecrease of malignant cells. Here, for
detection of minimal residual disease a sensitigityat least 0.01% is needed, which can be
only provided by few assays (Kroger, Badbaran,l.eR@07; Siebolts, Lange, et al. 2010).
Future inventions of targeted therapy will suretyne back to these sensitive assays. Like in
CML, it will be a fundamental goal to define startlaed protocols of robust techniques, in

international collaborating diagnostic laboratories

17



4. Aims and major findings of this PhD thesis

4.1 Aims

One aim of the study performed on this PhD thesis @ shed new light on aspects of the
pathophysiology of MPN. Therefore we started wittam@acterization and quantification of

CD34- positive progenitor cells from PV as the seuof these diseases. Additionally we
performed a cDNA- array study on this particulad aare cell type in order to find molecular

mechanisms causing PV besidesJAK2 p.V617F point mutation.

Furthermore we focused on characterization of hbsmatopoesis after stem cell

transplantation (SCT) in patients suffering from IMBnd particular in developing robust and

sensitive diagnostic assay for reliable detectiomioimal residual disease (MRD).

4.2 Major findings

(1) Primitive hematopoesis is altered in PV becaus&eated peripheral blood CD34-
positive progenitor cells in this disease displagrenpleomorphic size and, during in vitro

maturation, a delayed expression of differentiatitarkers.

(2) CDNA microarray analysis on CD34- positive péeral blood cells of PV patients
revealed an imbalance of DNA-dependent proteindansubunits which may contribute to
the accumulation of chromosomal aberrations, actation of hematopoetic cells, and

prolongation of CD34- positive peripheral bloodigdife span.

(3) In untreated PV patients with trisomy eighinaie, CD34- positive peripheral blood cells
consisted almost exclusively of neoplastic cellst ith the finding of a distinct,
cytogenetically normal, CD34- positive progenitefl population in chronic phase PV which
may offer perspectives in treatment of the disease.

(4) After successful hematopoetic stem cell tramsgaition following reduced intensity
conditioning in patients with MPN the hematopoeticompartment revealed an almost
complete chimerism of the mature hematopoesis alse@D34- positive cells remained of

recipient origin to a higher proportion. Furthermorthe recipient CD34- positive cell
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population in case of CML disposes of better sgiateto escape immune surveillance than in
PMF.

(5) Since reliable detection of minimal residuaedise becomes more and more important in
MPN patients after hematopoetic stem cell trangpteon more sensitive assays are urgently
needed. In combination of a robust QPCR with ineedasensitivity up to 1x 10"5 performing
wild- type blocking PCR we could invent a powertioibl for detection of MRD.

(6) Broad retrospective research in miRNA exprespoofile is exclusively possible hark
back to the large archives of formalin fixed para#Embedded material all over the world.
Here, we could show for the first time that exti@etof sufficient amount of miRNA even on

decalcified specimens and after decades is possible

5. Present investigation

5.1 Structural, antigenetic and transcriptional characteristics in
peripheral blood CD34+ progenitor cells from polycythemia vera
patients: evidence for delayed determination (Wickenhauser C.,
Perez F., Siebolts U., et al. Int J Oncol. (2003): 23, 437-443)

Prior to the evidentiary finding of a neoplastierstcell character of Ph- negative MPN there
was a gap of knowledge concerning this fundamemhlcompartment. What was known is
that PV progenitor cells are hypersensitive to ssvgrowth factors although their receptor
expression is reduced or absent (Dai, Krantz,.€t9l1; Dai, Krantz, et al. 1992; Dai, Krantz,
et al. 1994). To reveal the underlying mechanisfrthie peculiarity we compared frequency,
morphology, antigen expression, transcription dfedentiation markers and proliferation as
well as apoptosis rate following short term cultufeselected CD34- positive peripheral
blood cells from PV patients, healthy donors aniepés with secondary polycythemia.

The highest amount of CD34- positive cells was tbimthe group of patients with secondary
polycythemia by simple cell metering while the fweqcy was slightly lower but more
variable in PV. By performing light microscopy, mbometry and transmission electron

microscopy we found native PV CD34- positive cellrying in shape and form and a
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decrease amount of intracytoplasmatic organelles mitochondria and a more extended
Golgi apparatus while in the other groups they tiaried a uniform phenotype. However
performing RT-PCR, no transcripts for Glycophorif®@ypA) and CD41b, both markers for
advanced erythropoesis and megakaryopoesis, cauldetected in sorted PV progenitors.
Also, coexpression for early acting hematopoetimkine receptors IL-3R and KIT and for
initial erythropoesis (GYPC) or megakaryopoesis @CPpwas similar in the different groups
using additional FACS analysis. Performing 96 hutioces with bone marrow fibroblasts the
frequency of CD34- positive cells was elevated, wdi@gulation of IL-3R delayed
coexpression of GYPC reduced and proliferativevagthigher in the PV group.

In conclusion our results suggest that primitivenb®opoesis is altered in PV because PB
CD34- positive cells in this disease are charatdriby a maturation dissociation with
increased activation in untreated populations andelayed differentiation in short-term

cultures.
Own contributions:

Together with Prof. Dr. Wickenhauser | was involvied study design and conception.
Methodically 1 performed the cell preparation of moauclear cells and subsequent
enrichment of CD34 positive hematopoetic cells gnetic activated cell sorting (MACS)
on fresh blood samples from healthy donors, paienth PV or secondary polycythemia.
Moreover, | was involved in analyzing the staineatgffin sections and performing FISH

technique with subsequent microscopic examination.

5.2 Quantification of clonal hematopoiesis in polycythemia vera
(Siebolts U., Ates M., Spitz R., et al. Virchows Arch. (2005): 447, 947-
953)

This work was done before the spectacular awareoespecific genomic aberrations and
especially the finding of the distinct point muteti in the JAK2 gene p.V617F in the

pathophysiology of Ph- negative MPN. Until thenréhevas only not proven evidence for the
clonal stem cell origin of these entities that emushe accumulation of morphologically

normal red cells, white cells, platelets, and th@iecursors in the absence of a definable
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stimulus (Spivak 2002). This study was undertakeinamly to estimate for the first time the
proportion of the neoplastic cells compared tordmdual nonneoplastic CD34- positive cells

but also to ascertain new evidence for the clorigiro

Therefore, we screened peripheral blood mononuaels of PV patients in the chronic
phase of the disease and looked for chromosomabradatities performing comparative
genomic hybridization. Two of ten patients undeudst revealed cytogenetic changes,
including trisomy 8 or 9. These findings enabledtagjuantify the proportion of abnormal
clonal cells by applying fluorescence in situ hgiration (FISH) technique. Ninety percent
of the mononuclear cells and up to 79% of PB- aetiCD34- positive cells presented three
signals for chromosome 8 or 9. Although the prolitgitio detect FISH signals in a certain
section plane is reduced, constantly 10 — 15% @fctils revealed three signals. Concerning
the CD34- positive cell pool, a distinct populatisithout cytogenetic aberrations exists in
these patients. Our data underline the clonal cheraf PV and additionally quantify the
proportion of clonal CD34- positive cells for thiest time. Furthermore, the finding of a
distinct, not aberrant, CD34- positive cell popigatin chronic phase PV may offer

perspectives in treatment of the disease.
Own contributions:

Initially | performed the cell preparation of monmhear cells and subsequent enrichment of
CD34- positive hematopoetic cells by magnetic atéd cell sorting (MACS) on fresh blood
samples from healthy donors, patients with PV @osdary polycythemia. Moreover, | was
involved in analyzing the stained paraffin sectiared performing FISH technique with

subsequent microscopic examination.

5.3 Dualism of mixed chimerism between hematopoiesis and
stroma in chronic idiopathic myelofibrosis after allogeneic stem cell
transplantation (Thiele J., Varus E., Siebolts U., et al. Histol
Histopathol. (2007): 22, 365-372)

Since hematopoetic stem cell transplantation isaihlg curative therapeutic approach for

patients with Ph- negative MPN scant knowledge texisoncerning mixed chimerism
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following therapy (Deeg, Gooley, et al. 2003). Hwer, controversy continues about the
donor or host origin of stroma constituents follogvimyeloablative therapy and subsequent
transplantation (Simmons, Przepiorka, et al. 198hanasou, Quinn, et al. 1990; Santucci,
Trabetti, et al. 1992). Because of the gate ked&paetion of stromal endothelial cells by
controlling the trafficking and homing of progen#othe possible neoplastic origin and its
frequency of this cell compartment is of speciakiast (Simmons, Masinovsky, et al. 1992;
Mohle, Bautz, et al. 1999).

Following a sex- mismatched peripheral blood steh tcansplantation of PMF patients, a
combined immunopheno- and genotyping by FISH wa®paed on sequential bone marrow
biopsies at standardized intervals. Results wemgpaned with PCR based chimerism analysis

of corresponding peripheral blood samples in fiaggnts.

According to FISH, pretransplant specimens revealgdnder congruence of more than 99%,
while in the first three month the total bone marrexhibited a persistent fraction of host
cells (30% to 40%) with a tendency to decline aftdrout one year. Although the

hematopoetic compartment (CD34 and CD61- positales)cexhibited only very few host-

derived cells which states an almost complete char(@onor- derived) hematopoesis and
therefore a successful transplantation. Concerriivgg stromal cells and especially the
endothelial cells we could show that the majorityh@se cells maintained recipient origin. In
keeping with the prevalence of donor cells in tleenhtopoetic compartment, PCR- data of

peripheral blood displayed a non- significant degremixed chimerism.
Own contributions:

| was involved in analyzing the stained paraffictes and performed FISH analysis with

subsequent microscopic examination.
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5.4 Differences in proportion and dynamics of recipient
hematopoiesis following hematopoietic cell transplantation in CML
and IMF (Siebolts U., Thiele J., Zander T., et al. Oncol Rep. (2008):
19, 287-292)

Since decades myeloablation followed by allogestam cell transplantation offered the only
opportunity to cure leukemia patients and only ndlgehe development of STI571 (Imatinib)
created a further alternative in CML. Generallyotwariation of transplantation regimen
exist, hematopoetic stem cell transplantation \aititecedent conventional myeloablative or
the newly upcoming reduced intensity conditioniRj@). The application of conventional
myeloablative hematopoetic stem cell transplamatias, amongst others, been limited by the
age of the recipient because of its possible caratitins. Therefore, the use for RIC offers an

optional curative therapy also for older and fragiatients.

While among all leukemias the conventional transjatéon regimen had the best outcome in
CML, trials with RIC were rather humbling and re@rce of the neoplastic clone occurred
frequently. However, the same therapy in patients WMF resulted in a more favorable
outcome. In an approach to reveal the underlyinghaeisms of this discrepancy long- term
mixed chimerism was determined on bone marrow léspderived from five PMF patients
and from eight CML patients of the pre Imatinib efallowing sex- mismatched

transplantation.

Despite nearly complete chimerism after stem calhdplantation in mature hematopoesis,
analysis of late transplant period revealed a cmnggon of host cells within the CD34-
positive cell compartment in both diseases. HowewePMF bone marrow biopsies only up
to 8% recipient CD34- positive cells but in CML pgies up to 26% recipient CD34- positive
cells were detected despite the myeloablative regim case of CML patients. Taken into
account that in CML up to 10% of the host bone mar€D34- positive cells bear the BCR-
ABL translocation, our data suggest that the nextiglaCD34- positive cell population might

dispose of better strategies to escape immuneiange in CML than in IMF,
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Own contributions:

Based on the antecedent study | had the idea aingarative study of RIC and myeloablative
regimen. Methodically, | was involved in analyzinbe stained paraffin sections and
performed FISH analysis with subsequent microscepamination and further in conception
of the study. After all | performed data analysisl graphical illustration.

5.5 Imbalance of DNA-dependent protein kinase subunits in
polycythemia vera peripheral blood stem cells (Siebolts U.,
Breuhahn K., Hennecke A., et al. Int J Cancer. (2009): 124, 600-607)

The above listed publications published within tiisctoral thesis are dealing with different
aspects of pathophysiology and therapeutic aspect™PN. The recurrent finding of

interesting results together with distinct hintsirternational scientific literature concerning
the CD34- positive progenitor cell compartment agacused our intensified interest on this

cell population.

Since the specifidAK2 p.V617F point mutation represents a rather lagnein the disease
progression, is not specific for this disease, iambt ascertained in all patients indicating that
additional factors contribute to the specific phgpe of PV, we tried to reveal undescribed
aberrations (Baxter, Scott, et al. 2005; Kralovleassamonti, et al. 2005; Kralovics, Teo, et
al. 2006; Nussenzveig, Swierczek, et al. 2007).r8floee, cDNA microarray analyses were
performed on CD34- positive peripheral blood stesliscwith subsequent evaluation on
MRNA and protein level of a larger cohort of PVigats. Microarray analyses revealed a
significant dysregulation of 11 genesU86, a gene coding for a subunit of the DNA-
dependent protein kinase (DNA-PK), displayed thengest upregulation in all patients
under study. This peculiarity was accompanied bwrdegulation of the catalytiDNA-PK
subunitDNA-PKcs. Also KU86 protein was upregulated and expressebdrvast majority of
CD34- positive peripheral blood stem cells nucléiiler a weak nuclear expression was
detected in only one blood donor. Differential eegsion of several genes, imbalance of the
distinct subunits 0DNA-PK, and particularly the strong upregulation of KUg®tein, are
new findings in PV CD34- positive peripheral blostem cells. These factors may contribute

to the accumulation of chromosomal aberrations,umcdation of hematopoetic cells
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(especially of erythropoesis), and prolongatiorCai34- positive peripheral blood stem cell

life span observed in PV.
Own contributions:

Prior to the lab work | have done most of the stadgception and design together with Prof.
Dr. Wickenhauser. Initially |1 performed the celleparation and enrichment of CD34-
positive hematopoetic cells by magnetic activatetl sorting (MACS) on fresh blood

samples from healthy donors, patients with PV @psdary polycythemia. Moreover, | have
done all subsequent steps of DNA, RNA and Protegparation, reverse transcription, primer
design, radioactive cDNA array hybridization, RTCH, Western Blot and all subsequent
analysis and graphical illustration of the datdusive the statistical evaluation. Further | was

involved in microscopic examination of the staimedaffin sections.

5.6 Tissues from routine pathology archives are suitable for
microRNA analyses by quantitative PCR (Siebolts U., Varnholt H.,
Drebber U., et al. J Clin Pathol. (2009): 62, 84-88)

Plenty of expert knowledge in handling of decadgdfiformalin fixed paraffin embedded
tissue could be acquired of our group in the lastry. Especially the sufficient extraction of

RNA, normally highly degenerated, make high demamdstaff and laboratory skills.

However, since molecular diagnostics on formalkedi paraffin embedded (FFPE) material
becomes more and more important humerous studasdd on detection of new specific
molecular peculiarities suitable for diagnosticgmsge. In this context the new finding of so
called microRNA (miRNA) invented a new enthusiasm finding specific dysregulated

groups of miRNA which can be used as a diagnostams since cDNA- array clustering

often leads to a dead end.

A prerequisite for using the large archives of FREMaor material all over the world for not
only scientific but also for diagnostic purposehis certain accessibility of miRNA out of this

particular material even in the challenging casessieous bone marrow biopsies.
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Therefore we tested the accessibility of two regméstive miRNAs examined by RT-QPCR
in 86 human FFPE samples from liver, breast, boaerow, lymphatic tissue and colon.

Murine liver was used to analyze the influenceixdition time and different fixatives.

Briefly, extraction of sufficient amount of miRNAas possible in all cases. Storage of human
tissues for up to seven years did not cause afisigmni deterioration of miRNA. However,
miRNA quality in human archival material followingutine processing 10 — 20 years ago
was decreased but still sufficient for downstregppliaations. Oxidation by ambient air
during storage and fixation in non-buffered formak a possible reason for loss of miRNA
quality.

Therefore, the assessment of miRNA in readily oletéiFFPE samples is a highly promising
tool in molecular pathology when similarly treatsimples are analyzed.

Own contributions:

Together with Dr. Odenthal and Dr. Varnholt | haaeticipated upon the study conception
and design. Mostly | was involved in analysis oRNA RT-QPCR inclusive the statistical

evaluation and graphical illustration of the data.

5.7 Allele-specific wild-type blocker quantitative PCR for highly
sensitive detection of rare JAK2 p.V617F point mutation in primary
myelofibrosis as an appropriate tool for the monitoring of molecular
remission following therapy (Siebolts U., Lange T., Niederwieser D.,
et al. J Clin Pathol. (2010): 63, 370-372)

Since the invention of reduced intensity conditien(RIC) regimen prior to hematopoetic
stem cell transplantation improved the accessybitt curative therapy to patients with Ph-
negative MPN with myelofibrosis it became more andre important to detect minimal
residual disease (MRD) as sign of relapse. In cdgaatients harboring the specifidK2

p.V617F mutation monitoring of this mutation onip&eral blood or even on formalin fixed

paraffin embedded bone marrow biopsies can bezedilifor this purpose. Because of the
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therapy related strong decrease of malignant eeflserequisite for detection of MRD is a
sensitivity of the methodological approach of aske0.01% which means 1 mutated allele on

a background of 10,000 wildtyp alleles.

In an attempt to achieve the required high sentsifigpecifity and robustness we created an
approach applicable also on bone marrow biopsiesravive adapted the principle of wild-
type blocker PCR with allele- specific QPCR. Thgn#ficance of the assay was demonstrated
on a retrospective series of sequential bone mabropsies as diagnosis of molecular relapse
now preceded the diagnosis of clinical relapseany This method offers the urgently needed
tool for a systematic molecular analysis of segakrtiopsies in the course of stem cell

transplantation to develop guidelines for the managnt of these patients.
Own contributions:

Initially 1 have had the idea of using MGB- Taqgnfarobes for detection of the wild- type and
the mutated allele on the same amplified strandttag with performing a two step approach
with initial wild- type blocking PCR for increasesknsitivity. Moreover, | have done all

subsequent steps of design, laboratory work asdigo processing.
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6. Progress and further activities during the PhDt  hesis

In addition to my PhD thesis | was further involviedroutine diagnostics pathology within
my specialist training since 2004 in the Institofd’athology, University Hospital of Cologne
and since 2008 in the Institute of Pathology, Ursitg Hospital of Leipzig. However,

particular attention was paid to the special subggcmolecular pathology and in 2009 I
became laboratory head of molecular diagnostictitinie of Pathology. In this context, | was
able to place the invented methods directly int® thutine diagnostics and furthermore to

develop new methods especially availing the upcgrtechnology of pyrosequencing.

Together with scientists of the Department of Heglwaty / Oncology, University Hospital of
Leipzig we screened 20 MPN patients for minimalicesl disease after stem cell
transplantation with the above described techni@iebolts, Lange, et al. 2010) and tested
each sample in the molecular laboratory of the Diepent of Hematology / Oncology
performing ARMS- PCR. The data were correlated ardy with the clinical outcome but
also with the corresponding information of donomwoérism of the same samples which also
were detected in our laboratory. A manuscript oé tthata currently is submitted for

publication.

As described above the entity of mastocytosis, paraof MPN, is mostly combined with the
finding of the KIT p.D816V point mutation, which serves also as agmbatic means.
Analogous to the allele- specific wild- type bloogi QPCR we tried to design a highly
sensitive and reliable method for detection of Ki& p.D816V point mutation using the
challenging paraffin embedded and decalcified bo@erow biopsy specimen as the DNA-
source. Therefore we designed a specific wild- tppecking LNA modified DNA probe
applying in a first round PCR. Subsequently a séd®@R in preparation of pyrosequencing
will be performed. Finally, this approach togetmeth samples without wild- type blocking
PCR gives information about the allelic burderkdT p.D816V and also has the necessary
sensitivity in case of a low tumor cell burden whics mostly pathognomonic for
mastocytosis. Meanwhile, this technical approacks Faund its way into the routine

diagnostis of our Institute.

Another new molecular diagnostics technique undgrstuction in collaboration with the
Department of Ophthalmology is the detection of osmmy of chromosome 3 in diagnostic

specimen of patients suffering from uveal melanobth&eal melanoma is the most common

28



primary intraocular tumor, with an annual inciderafesix per one million. About 50% of
uveal melanoma carry chromosome 3 monosomy, whaether with tumor stage and
spindle shaped versus epitheloid subtype, has beewn to be a significant predictor of
metastatic disease and poor prognosis. To dategey&tics, comparative genomic
hybridization and microsatellite analysis have besed to identify chromosomal aberrations
in uveal melanoma. However, these methods areyctistie consuming, difficult to interpret
and mostly require ample tumor material, whichasdhy to reach by diagnostic fine needle
aspirates (FNA). Therefore we want to establisklialsle, easy to use method on FNA with
first, evaluation of the histological subtype armet@nd, subsequent DNA extraction and
testing for monosomy 3.

In a first step, DNA can be extracted from FNA- anseand from blood of the respective
patients. Blood DNA then is screened for informativecause heterozygous SNP loci on
chromosome 3 performing pyrosequencing. Accordindgta will be compared with those
obtained by tumor DNA analysis. In case of pseutwnozygous conversion of the tested
SNP, allele- loss and therefore monosomy can hedstaFor verification of the method
further fluorescence in situ hybridisation (FISHi)lvwe performed. This approach of micro-
invasive FNA combined with the technique of allsfgecific SNP pyrosequencing is highly
sensitive, reliable, easy to use and interpret, ttaperform and cost- effective. However, in
the meantime the described assay employing tissue éye enucleates is part of the routine

molecular diagnostics of our institute.

6.1 Awards / Talks

Siebolts U., Breuhahn K., Schultze J.L., Thiele T., Wickenreau€. CD34+ cells from
polycythemia vera patients reveal dysregulatioregllators of hematopoesis, apoptosis, cell
cycle and DNA repair. First prize poster preseatgtiOncology Symposium of the Cologne
Fortune Foundation. July 15th, 2003, Cologne.

Siebolts U., Breuhahn K., Schultze J.L. and Wickenhauser C.34D cells from
polycythemia vera patients reveal dysregulatioregiilators of hematopoesis, apoptosis, cell
cycle and DNA repair. 88th Annual Meeting of ther@an Society of Pathology (DGP). June
2 — 5, 2004, Rostock.
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Siebolts U., Lange T. and Wickenhauser C. Monitoring of pasewith JAK2 p.V617F

positive primary myelofibrosis by allele-specificildvtype blocker QPCR. Annual Fall
Meeting of the East- German Study Group for Henoappl and Oncology (OSHO).
November 21 — 22, 2008, Leipzig.

Siebolts U., Al-Ali HK., Niederwieser D., Wickenhauser C. Hstishment of a highly
sensitive allele specific wild type blocker polyrage chain reaction followed by
pyrosequencing for detection of th@T p.D816V point mutation. Annual Meeting of the
American Society of Hematology (ASH). Meeting Alastrr December 4 — 8, 2009, New
Orleans, Blood 114, 4975.

Lange T., Edelmann ASiebolts U., Nehring C., Jackel N., Cross M., Maier J., Niedeser
D., Wickenhauser C. Milestones of Post Transplaohitbring of JAK2 p.V617F Positive
MPN Patients. Annual Meeting of the American Socief Hematology (ASH). Poster
Abstract. December 4 — 8, 2010, Orlando, Blood B#6?2.

Siebolts U. and Wickenhauser C. Theragnostic — Prerequisitea fpersonalized medicine.
Regulars’ Table Life Science of Bio City Leipzigda@hamber of Industry and Commerce

Leipzig. September 15, 2010, Leipzig.

Siebolts U., Lange T. and Wickenhauser C. Allele specific PfoR the JAK2 p.V617F
mutation is a valuable approach to detect residisglase in patients after hematopoetic stem
cell transplantation. 94th Annual Meeting of ther@an Society of Pathology (DGP). May
27 — 30, 2010, Berlin.

Siebolts U. and Wickenhauser C. Establishment of a highlyiseasallele specific wild type
blocker polymerase chain reaction followed by pgrpsencing for detection of thi€lT
p.D816V point mutation. 3rd Novartis Oncology Advesymposium. November 19 — 20,
2010, Eisenach.
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7. Additional publications during the PhD thesis

During my PhD thesis | took part of diverse scigntcollaborations leading to several
publications listed below. Mostly | was involved mmolecular analysis performing different
PCR- based techniques and fluorescence in situidigation (FISH). Also, analyzing of

stained paraffin sections and interpretation of imothemistry and furthermore statistical

analysis and graphical illustration was part of contribution.

Kappert K., Sparwel J., Sandin A., Seiler Aigbolts U., Leppanen O., Rosenkranz S. and
Ostman A. Antioxidants relieve phosphatase inlobitiand reduce PDGF signaling in
cultured VSMCs and in restenosis. Arterioscler Tloovasc Biol. 2006: 26, 2644-51.

Own contributions:

| was involved in analyzing the stained paraffiote®s and semiquantitative analysis of the

immunochemistry.

Gerharz M., Baranowsky ASiebolts U., Eming S., Nischt R., Krieg T. and Wickenhauser C.
Morphometric analysis of murine skin wound healirggandardization of experimental

procedures and impact of an advanced multitissteey dechnique. Wound Repair Regen.
2007: 15, 105-12.

Own contributions:

| was involved in analyzing the stained paraffincteens and morphometric analysis.
Moreover | performed the statistical evaluation amoilst of the graphical illustration of the

data.

Veit G., Zimina E. P., Franzke C. W., Kutsch Sigbolts U., Gordon M. K., Bruckner-
Tuderman L. and Koch M. Shedding of collagen XX$limediated by furin and depends on
the plasma membrane microenvironment. J Biol CI20@7: 282, 27424-35.
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Own contributions:

| performed RT-QPCR for quantification of collag&iXlll, and all subsequent data analysis

and graphical illustration.

Odenthal M., Siebolts U., Ernestus K., Disse D., Dienes H. P. and WickesbalC.
Immunoglobulin heavy chain gene analysis in boneroma biopsies and corresponding
lymph node specimens: dependency on pre-treatrhestblogical subtype and extension of
B-cell lymphoma. Int J Mol Med. 2008: 21, 569-76.

Own contributions:

| was involved in analyzing the stained paraffinctemns and analysis of the
immunochemistry. Furthermore | analyzed the IgH FRR and electropherograms and did

all of the graphical illustration.

Markert E.*,Siebolts U.*, Odenthal M., Kreuzer K. A. and Wickenhauser QyiHiliagnostic
value of morphologic examination and molecular gsialof bone marrow biopsies in a case
of BCR-ABL+ CML with clusters of blasts. Int J Hetoh 2009: 89, 294-7.

* Both authors contributed equally

Own contributions:

| was involved in analyzing the stained parafficte®s and analysis of FISH. Moreover |
designed the detection assay for BCR-ABL on forméked and paraffin embedded tissue
and furthermore performed the RT-QPCR with all sgioent data analysis and graphical

illustration.

32



Markert E.*,Siebolts U.*, Habbig S., Odenthal M., Dienes H. P., StippeLDHoppe B. and
Wickenhauser C. Evolution of PTLD following renahnsplantation in a child. Pediatr
Transplant. 2009: 13, 379-83.

* Both authors contributed equally
Own contributions:

| was involved in conception, in analyzing the ¢l paraffin sections and analysis of the
immunochemistry. Furthermore | provided the IgH AHR3R and electropherograms and did

most of the graphical illustration.

Utermohlen O., Baschuk N., Abdullah Z., Engelmann &ebolts U., Wickenhauser C.,
Stocking C. and Kronke M. Immunologic hurdles oérdipeutic stem cell transplantation.
Biol Chem. 2009: 390, 977-83.

Own contributions:

| was involved in analyzing the stained paraffinctems and analysis of the

immunochemistry. Furthermore | participated in makgraphical illustration.
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Abstract. Polycythemia vera (PV) is a clonal disorder
characterized by trilinear hematopoietic proliferation. PV
progenitors are hypersensitive to several growth factors
although their receptor expression is reduced or absent. In
this study selected CD34" peripheral blood (PB) cells from
PV patients, PB healthy donors and patients with secondary
polycythemia (SP) were investigated and compared concerning
frequency, morphology, antigen expression, transcription of
differentiation markers and proliferation as well as apoptosis
rate following short-term culture. The highest amount of
CD34* cells was found in the SP group while the frequency
was slightly lower but more variable in PV. Native PV CD34*
cells varied in shape and form and developed intracyto-
plasmatic organelles like mitochondria and a more extended
Golgi apparatus while in the other groups they constituted a
uniform phenotype. However, no premature transcripts for
glycophorin A (GypA) and CD41b, both markers for advanced
erythropoiesis and megakaryopoiesis, could be detected in
sorted PV progenitors. Also, coexpression for early acting
hematopoietic cytokine receptors IL-3Ra and c-Kit and for
initial erythropoiesis (GypC) or megakaryopoiesis (CD61)
was similar in the different groups. Performing 96 h cocultures
with bone marrow (BM) fibroblasts the frequency of CD34+
cells was elevated, downregulation of IL-3Ra delayed,
coexpression of GypC reduced and proliferative activity
higher in the PV group. Our results suggest that primitive
hematopoiesis is altered in PV because PB CD34* cells in
this disease are characterized by a maturation dissociation
with increased activation in untreated populations and a
delayed differentiation in short-term cultures.
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Introduction

PV 1s one of four diseases commonly called the myelo-
proliferative disorders (MPDs) and is characterized by a
panmyelosis implicating a proliferation especially of the
erythroid and megakaryocytic cell series {1,2). PV progenitor
cells respond abnormally to a number of cytokines (I1.-3,
GM-CSF, SCF, EPO, IGF-1 and TPO) (3-5). Different targets
have been addressed for the disease mechanisms, spanning
all the steps of receptor-mediated growth factor cell signaling.
Dysregulation of a number of proteins, including the TPO
receptor c-mpl and bel-x; have been observed in some PV
patients (6,7). Platelet dysfunction (8) and differences in
oxidative responses of PV cells (9) suggest, that the PV
defect 1s not restricted to cytokine receptor-mediated signal
transduction only. Moreover, a low or absent tumor
suppressor H19 expression in CD34%/CD33" PV BM-derived
cells compared to the controls was found (10). Presentation of
H19 is supposed to coincide with the commitment of
progenitor cells to a single lineage according to the authors
and they argue that low levels of this tumor-suppressor gene
might contribute to the pathology of the disease. Temerinac
et al described a hematopoietic cell surface receptor factor
only transcribed in mature peripheral blood granulocytes
from PV patients but not in healthy donors (11). The
corresponding protein, named PRV-1 and potentially identical
with the granulocytic activation marker CD177 (12) is
expressed in the neoplastic and healthy myeloid lineage and
the abnormal transcription in mature PV granulocytes points
at an anachronistic, abnormal and prolonged influence of this
factor on the myeloid hemato-poiesis. The aim of the present
study was to analyze and to compare morphology, immuno-
phenotype and transcription pattern of native and stimulated
CD34* progenitor cells from PV patients and patients with
SP as well as healthy donors. Our findings support the above
mentioned thesis of discordant proliferation and differentiation
steps in the pathogenesis of PV.

Materials and methods

Monoclonal antibodies (MoAdbs) for immunodetection and
cell separation. Anti-11.-3R a-chain MoAbs, clone 32703.11,



435 WICKENHAUSER ef af

I[gG1 (R&D Systems Europe Ltd., Abingdon, UK); anti-
CD117 MoAbs c¢-Kit, clone 95C3, IgG1 (An der Grub GmbH,
Kaumberg, Austria). Anti-CD34 MoAbs native and fluorescein
isothiocyanate (FITC) coupled, clone QBENDI10, IgG1; anti-
GypC MoAbs, clone Retd0f; IgG1, anti-CD61 MoAbs, clone
Y2/51, IgG1; anti-Ki67 MoAbs, clone Ki-S5, IgG1 and anti-
leucocyte common antigen (LCA) MoAbs, clone 2B11, IgG1
were all purchased from Dako (Hamburg, Germany). The
MoAbs were applied according to the recommendations of
the manufacturers. For the FACScan analysis, MoAbs were
coupled to biotin employing a biotinylation kit {(Sigma
Chemical Co., St. Louis, MO, USA).

FPatients. PB-derived samples from 17 PV patients (12 males,
5 females) and 3 patients with SP {males) were gained for
therapeutical purpose (phlebotomy) after informed consent.
The age of the PV patients ranged from 26 to 70 vears (mean
55). The duration of the disease ranged from 0.5 to 82
months (mean 38). The diagnosis of PV was ascertained
according to the criteria of the Polycythemia Vera Study
Group and the WHO classification. Patients were only
treated with phlebotomies, no additional myelosuppressive
regimens were administered. Among the SP patients, the age
ranged from 26 to 63 years {(mean 39) and there was a history
of heavy smoking. Buffy coats of PB-derived samples were
recruited from the Institute of Transfusion Medicine,
University of Cologne, from 24 healthy donors.

Cell preparation and enrichment of CD34% hematopoietic
progenitor cells by immunoaffinity selection. Blood samples
underwent centrifugation over Ficoll-Paque (Pharmacia,
Uppsala, Sweden) to obtain a mononuclear cell concentrate.
Afterwards cells were incubated in several steps with para-
magnetic beads coupled with CD34 antibodies (clone
QBENDI10) purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany), and then passed over MimiMACS
separation columns (Miltenyi Biotec) retained in a magnetic
field as already described (13). Following short-term culture
CD34* cells were obtained performing the same procedure.
To separate hematopoietic cells from fibroblast stroma layer
cells an enrichment on the basis of LCA protein expression
was performed. For RT-PCR experiments, CD34" cells were
sorted according to CD34 expression by using a Coulter Elite
flow cytometer.

Cellular immunodetection. Enriched CD34* cells were fixed
with 100% acetone and then labeled with anti-CD34 followed
by an incubation with a biotinylated rabbit anti-mouse antibody
and subsequently stained with several components of an
ABC staining kit (Dako) and developed with fast red. For
evaluation of the proliferation rate, nuclei of the enriched
CD34* cell fraction were stained with anti-Ki67 {reviewed in
rel. 13).

Examinations of the CD34* cells by fluorescence-activated cell
sorting (FACS) analysis. Analytical two-color experiments
were performed using a FACScan flow cytometer (Becton
Dickinson, San Jose, CA, USA). List mode data for 10,000 cells
were collected either ungated or in an electronic gate for cells
with intermediate to high forward light scatter and low-to-
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intermediate right angle light scatter to exclude dead cells
from the analysis. Flow cytometric data were analyzed using
Lysys II software (Becton Dickinson). Enriched progenitor
cells were pelted before staining with MoAbs. For double
staining, cells were incubated with FITC-conjugated anti-
CD34 and biotinylated MoAbs for 20 min on ice and then
washed twice. Cells were then incubated with streptavidin
coupled PE. For all experiments isotype controls were
performed and the data compared with the specifically stained
probes. Also, as further controls, unstained cells and cells
stained only with secondary antibody were included.

Morphometry. Morphometric evaluation was performed by a
manual optic planimeter (Vidas, Zeiss-Kontron) with a semi-
automatic computer analyzer of images on cytospin
preparations of CD34% immunostained cells at x1,250
magnification. Six hundred cells from each sample (3 PV
patients, 3 SP patients, and 3 healthy donors) were evaluated.

Transmission electron microscopy (TEM) preparation. At least
20,000 CD34* enriched cells from each sample (3 PV patients,
3 SP patients, and 3 healthy donors) were centrifuged and
fixed with 2.5% glutaraldehyde containing buffer and postfixed
with 1% OsO, as described previously (14). After dehydration
and embedding in Araldite ultra-thin sections were mounted
on 200 mesh nmickel grids and stained by uranyl acetate and
lead citrate. Grids were examined with an EM 902a
microscope (Zeiss, Oberkochen, Germany).

Identification of apoptotic cells. The ISEL technique was
applied on cytospin preparations of enriched CD34* cells using
a standard protocol (15).

RNA extraction and reverse transcriptase-polymerase chain
reaction (RT-PCR). The method was performed as described
previously (16,17). Briefly, at least 1,000 sorted CD34* cells
were collected by centrifugation and then lysed in a solution
containing guanidinium isothiocyanate and N-lauryl-
sarcosine. After phenol extraction and precipitation, the
cellular RINA was dissolved to a final volume of 20 ml The
mRNA was obtained by using oligo {dT),; (Promega,
Mannheim, Germany) as primer and the reverse transcriptase
Superscript 1T {Gibco BRL), according to the instructions of
the manufacturer. After reverse transcription, 3 l of the
reaction solution was used for PCR amplification. The
sequences of the oligonucleotide sense and antisense primers
used for RT-PCR and the expected length of the amplification
products are listed in Table I. Primer sequences were obtained
from published sources (18-21). Using hot start technique
with a touch down temperature protocol, 40 cycles were
performed on a thermocycler (Perkin Elmer, Dusseldorf,
Germany), using a sample volume of 50 ml. A second round
of 40 PCR cycles was performed, using 10 pl of the amplified
material and fresh Tag-polymerase. The products were
separated on 5% NuSieve agarose gels (Biozym Diagnostic,
Hessisch Oldendorf, Germany) containing ethidium bromide
and photographed.

Culture of BM-derived fibroblasts. Fibroblasts were selected
as described previously (22). Contamination with monocytes
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Table 1. Sequences of the cligonucleotide primers.
Amplified transcript Oligonucleotide primer sequence Amplification product
length (bp)
B-actin F-GTGGGGCGCCCCAGGCACCA-3
S-CTCCTTAATGTCACGCACGATTTC-3! 548
c-Kit S-CGGGATCCCCCAAGGACTTGAGGTTTATT-3'
S-CGGGATCCCTTGGGATAATCTTCCCATTT-3' 603
1L-3Ra S-TCTCCAGCGGTTCTCAAAGTTCCCACATCC-3'
S-CCCAGACCACCAGCTTGTCGTTTTGGAAGC-3! 555
GypA S-CGCA/AGCT-TATGTATGGAAAAATAATCTT-3'
S-CGCG/GATC-CTTCTGGAGGGTAAACAGTCT-3' 240
CD41b S-CTCGCTGCTCTTTGACCTCC-3
F-AATGCGGCICAGGGTGTTCC-3 265
Table II. Morphometric analysis of PB-derived CD34* progenitor cells after immunoaffinity selection.
Mean value of nuclear parameters £ SD
CD34* cell source  Cells x10°/1blood*  Total cell area (Lm?)®  Area (LUm?) Minimum Maximum  Form factor
diameter (um) diameter (um)
PV 2.0(1.4-5.0) 118.8119.7 81.248.8 7.410.7 10.240.6 0.9210.05
Sp 45(4.2-48) 9391104 67.247.8 6.610.4 9.740.5 0.9410.04
Controls 33(2.6-3.8) 920+ 9.4 66.117.1 6.410.4 9.5£0.4 0.9510.04

*Median values and ranges (within parentheses) are given; °

mean values + SD are given;, numbers in bold-face indicate p<0.05.

and macrophages was assessed by CD14 and CD68 antibody
staining (Dako) and the non-specific esterase reaction.
According to these staining results, the BM-derived fibroblast
populations contained very small amounts of these cell
lineages (<1%). Fibroblasts of the third or fourth passage from
3 healthy donors were taken for the study.

Fibroblast - CD34% progenitor cell cocultures (FCC). To
measure short-term growth, 1,000 to 2,000 cells were plated
in 25 mm culture dishes (Nunc Inc., Naperville, 1L, USA)
containing attenuated a-MEM, 5x10-° mol/l 2-mercaptoethanol
(Sigma), 300 wg/ml fully iron-saturated human transferrin
(Sigma), 5x10® mol/l sodium selenite (Sigma), 10 pg/ml
lecithin (Sigma), 6 ng/ml cholesterol (Sigma), 1 pg/ml
bovine pancreas insulin {Sigma). Each well contained a near-
confluent laver of fibroblasts. Dishes were incubated at 37°C
in a fully humidified atmosphere flushed with a combination
of 5% CO,. After 96 h, the cells of the culture plates were
removed. The cells were prepared for purification according
to CD34 or LCA expression.

Statistical analysis. p-values were calculated with SigmaStat
software (SPSS Inc., Chicago, IL, USA). For statistical

evaluation we employed the y* test, the Wilcoxon-Mann-
Whitney U-test and ANOVA on ranks with a level of
significance set at p<t0.05.

Results

Efficiency and frequency of PB-derived CD34% expressing
cells after immunomagnetic separation. Following selection,
CD34* cells were immunochemically labeled and subjected
to flow cytometry. The purity of the immunomagnetic enriched
CD34* cells ranged between 95 and 98%. The mean values
and ranges of the numbers of PB-derived CD34" cells for the
two patients groups and for the control subjects are given in
the left column of Table II. In PV the number of CD34* cells
was slightly less, in the SP fraction shightly higher compared
with the healthy donors SP patients and controls (not significant
as determined by ANOVA).

Size and morphology of PB CD34* progenitor cells. CD34*
cells from healthy donors showed a uniform ultrastructure as
established by morphometric evaluation and TEM analysis. The
nuclei were round or kidney-shaped (mean area of 66.1 um?)
and euchromatic with dispersed heterochromatin condensation
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Figure 1. Ultrastructure of freshly prepared CD34* progenitor cells. Iron-coupled anti-CD34 monoclonal antibodies are visible at the cell membranes (and
contrasted by arrows). In (a) and (b) cells of the healthy donor group, morphology identical with those of the SP group, are presented with mildly convoluted
nuclei and a small cytoplasmic rim. Only few mitochondria are present. In (c) and (d) the PV CD34" cells are more heterogeneous in shape, larger, and
display more cell organelles. Mitochondria are more numerous and larger, also a distinctive Golgi apparatus is visible. The nuclei are almost kidney-shaped.
In (e) and (f) magnifications of PV CD34" cells are shown to demonstrate the prominent nucleolus (¢) and the Golgi apparatus (f) in these cells. Bars

indicate 2 um.

{(Fig. 1a and b). The cytoplasm was reduced to a small
inconspicuous rim and poor in organelles (Fig. 1la and b).
The entire cell exhibited a mean area of 92.0 pum? (Table IT).
CD34" cells from SP patients presented the same features as
the CD34* cells of the healthy donor group (not shown). On
the contrary, peripheral blood CD34* cells from PV patients
varied in size with a preference for larger forms (Table II,
Fig. 1c and d). The nuclei (mean area 81.2 um?) as well as
the entire cell (mean area 118.8 um?) showed a significant
larger size compared with the CD34* cells of the SP patients
and the healthy donor group (p<i0.05 in both cases, determined
by the Wilcoxon-Mann-Whitney U-test). Progenitors from
PV patients had a slightly lower form factor (determined by
the Saltykov formula) contrasting both other cell groups.
According to ultrastructural data the PV CD34* progenitors

presented many cell organelles including loose clusters of
mitochondria and an extended Golgi apparatus (Fig. 1c, d
and f). In addition, the CD34* cell nuclei of PV patients,
revealed a compact nucleolus with granular and dense fibrllar
components (Fig. le).

Coexpression of cyiokine receptors and differentiation
antigens. In FACS analysis CD34* cells were investigated for
coexpression of ¢-Kit and IL-3Ra protein as well as for the
differentiation markers GypC and CD61. The results are
presented in Fig. 2. Only little differences in the overall
coexpression of the above mentioned cytokine receptors and
differentiation markers could be found in native CD34 cell
population between the two tested groups. After serum-free
coculture with BM-derived fibroblasts 60% of the PV
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Figure 2. Reactivity with cytokine receptor antibodies and differentiation antibodies as well apoptosis markers of CD34~ cells in normal blood samples and blood
samples of PV patients. a, Representative FACScan analysis of MACS enriched CD34* progenitor cells from one PV patient and one healthy donor sample.
For all experiments isotype controls were performed and compared with the stained probes (data not shown). The dot plots demonstrate the light scattering
characteristics of the enriched CD34" cells. Dot plots and histograms demonstrate the results on native progenitors (A1-AS5 and B1-B5) and following 96 h
coculture with BM-derived fibroblasts (FCC; C1-C5 and D1-D5). In (A1-D1) the overall population of hematopoietic cells was investigated. In (A2-D5) the
CD34" gated cell fraction was analysed. In (A2-D2) the data for IL-3Ra, in (A3-D3) the data for c-Kit, in (A4-D4) data for GypC and in (A5-D5) data for
CD61 are demonstrated. b, Results of membraneous expression of ¢-Kit, IL-3Ra, GypC, and CD61 as well as proliferation analysis and apoptosis assay (ISEL
technique) in CD34" cells. Values from native cells and after 96 h short-term culture with BM-derived fibroblasts (FCC) are presented. Overall values of
FACS analysis from 10 PV patients and 10 healthy donors as well as proliferation and apoptosis values from 6 patients each are presented. The data are

shown as means with range values.

patient-derived cells remained CD34* compared with 30% in
the control group (Fig. 2a, C1 and D1). In addition, after
coculture CD34"* cells of PV patients presented significantly
higher IL-3Ra and c-Kit protein expression, meanwhile
coexpression for GypC and CD61 was significantly reduced
in the PV cell group (Fig. 2b; significance was determined by
the y? test in comparison with controls).

Proliferation and apoptosis analysis in CD34 cells. We
analyzed proliferation and apoptosis of native and short-term
cultured PB-derived CD34* cells by anti-Ki67 immunocyto-
chemical staining and ISEL technique, respectively. The native
CD34* fractions of both PV patients and healthy donors
presented a low percentage of proliferating cells and also of
apoptotic cells (Fig. 2b). CD34" cells cocultured with BM-
derived fibroblasts showed 25% of proliferating cells in the
PV group compared with 14% in the controls (p<0.05).

Transcription analysis of cytokine receptors and differentiation
antigens. A premature transcription of differentiation markers
for the advanced erythrocytic and megakaryocytic lineage
(18,23) could be excluded using primers for GypA and
CD41b (Fig. 3). In addition, mRNA transcription for the
cytokine receptors as well as for the differentiation antigens
GypA and CD41b was examined within the sorted CD34*
cell fraction after coculture with fibroblasts. Again, no
premature transcription for GypA or CD41b was found in
either fraction. A water control RT-PCR, run simultaneously
showed no bands, making carry-over artifact an unlikely
explanation for the possibility for the signals detected (data
not shown).

[NRTITIIANY |
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Figure 3. Representative RT-PCR expression analysis of sequences found in
native CD34" cells and in CD34" cells following short-term culture. Trans-
cripts for GypA and CD41b (a) as well as for IL-3 receptor (IL-3Ra) and the
SCF receptor ¢-Kit (b), were analyzed in sorted CD34' progenitor cells from
PV patients and healthy donors performing RT-PCR. (a), bone marrow cells
(BM cells) served as control for both transcripts. (b), IL-3Ra and c¢-Kit could
be detected in unstimulated cells as well as following coculture with BM-
derived fibroblasts (FCC).
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Discussion

The underlying cellular and biochemical defects characterizing
the pathobiology of PV are still not known and have been the
focus of several reviews (24,25). Of particular interest for the
interpretation of the presented data is the loss in the expression
of H19, a tumor suppressor antigen supposed to coincide
with the commitment of progenitor cells to a single lineage, in
CD34+/CD33 PV bone marrow cells (10). Also, the exclusive
transcription of the PRV-1 gene, not only identifiable in
myeloid progenitors but also in mature PV granulocytes (11)
points to a substantial deviation of maturation in this disorder.

We compared several aspects of the differentiation status
of CD34* cells from PV patients, patients with SP and healthy
donors. Contrary to others (26) we found slightly lower
quantities of CD34* cells in the PV group. This different
result is certainly due to the fact that we explicitly used blood
from patients in the early polycythemic phase not treated
with any cytoreductive drugs and with no evidence for a
spent or accelerated phase of the disease. On the other hand,
it is well known that high thrombocyte values, typical for PV
patients can reduce the recovery rates of CD34* cells in the
peripheral blood. Considering the morphology of the control
and SP CD34* progenitors ultrastructural findings confirmed
the uniform character also reported by our group and others
(13,27). In the contrary, the heterogeneity of the PV CD34*
cell fraction was conspicuous, and in ultrastructural analysis
PV CD34* cells were characterized by numerous cell
organelles. Although these findings were suggesting a
premature differentiation of the CD34* cells we found no
markers for advanced erythropoietic or megakaryocytic
differentiation at the transcriptional level. Furthermore, protein
expression for initial erythropoietic and megakaryocytic
differentiation was approximately equal in the different
patient groups. Because BM-derived CD34* progenitors are
known to belong to a more variously shaped, differentiated
cell compartment an increased recruitment of BM stem and
progenitor cells could be assumed. Two arguments, however,
are not in keeping with this theory: 1) the frequency of CD34*
progenitors not only in the PB but also in the BM of PV
patients in the early proliferative state is not elevated (28),
indicating a normal distribution of these cells in both
compartments and ii) the BM-derived CD34* cells normally
express ¢-Kit at higher density than the PB progenitors under
study (29). An activation or increased release of BM CD34+
progenitor cells as a reactive phenomenon accompanying
erythrocytosis could further be ruled out by analyzing the SP
patients samples. The pleomorphy therefore indicates the
exaggerated activation of this cell population and might be a
hallmark for the PB-derived CD34" cells in PV.

In the second approach of our study we performed 96 h
cocultures of CD34* progenitors and BM-derived fibroblasts.
In this context we chose the above mentioned culture system
because it 1s known to sustain long-term hematopoiesis.
Performing these investigations we found that after cultivation
in PV the overall expression of CD34 antigen by LCA*
hematopoietic cells was higher compared to the controls.
Further, in the CD34* cell group a significantly higher rate of
coexpression for IL-3Ra and ¢-Kit was evident and also the
GypC coexpression decreased compared to the healthy donor
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group. According to this experimental design, there was an
increased proliferation contrasting an equal apoptosis rate in
PV cells. These findings indicate that differentiation of the
CD34" cells is slowed while self-renewal is simultaneously
promoted. They are in line with other studies demonstrating
that retarded differentiation and therefore accumulation of
early progenitors could be an initial event in the pathogenesis
of PV (10,11).

Increased self-renewal with expansion of the pool of
candidate cells suscensible to second-hit mutations is a
known phenomenon for various myeloid neoplasms with a
constitutive activation of a (translocated) tyrosine phos-
phatase (30,31). In PV the molecular pathogenesis behind
these observations 1s still unclear.
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Abstract Polycythemia vera (PV) is believed to represent
a clonal trilineage myeloaccumulative hematopoietic dis-
order. This study was undertaken to estimate for the first
time the proportion not only of the neoplastic clone but also
of clonal and residual nonneoplastic CD34" progenitor
cells. Chromosomal abnormalities, including trisomy 8 or
9, are phenomena associated in about 20% of PV patients.
Therefore, we screened peripheral blood (PB) mononuclear
cells of PV patients in the chronic phase of the disease and
looked for chromosomal abnormalities performing com-
parative genomic hybridization. Two of the ten patients
revealed cytogenetic changes, including trisomy & or 9. To
quantify the proportion of cytogenetic abnormal cells in
these patients, we applied fluorescence in situ hybridization
(FISH) technique on immunomagnetically enriched cell
fractions. Ninety percent of the mononuclear cells and up
to 79% of PB-derived CD34" progenitor cells presented
three signals for chromosome 8 or 9. The diagnostic value
of FISH to detect trisomies in trephine biopsies was then
tested in all patients under study. Although the probability
to detect FISH signals in a certain section plane is re-
duced, constantly 10-15% of the cells revealed three sig-
nals. Concerning the CD34" progenitor cell pool, a distinet
nonclonal population exists in these patients. Our data
underline the stem cell character of PV and additionally
quantify the proportion of clonal CD34" progenitor cells
for the first ime. The finding of a distinet, not aberrant,
CD34" progenitor cell population in chronic phase PV may
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offer perspectives in treatment of the disease. Finally, FISH
analysis of bone marrow biopsies can be helpful to con-
solidate diagnosis of early PV.

Keywords Polycythemia vera - Chromosomal
aberrations - CD34" - FISH - CGH

Introduction

Polycythemia vera (PV) is believed to be a clonal disorder
arising in a multipotent hematopoietic progenitor cell that
causes the accumulation of morphologically normal red
cells, white cells, platelets, and their precursors in the
absence of a definable stimulus [26]. However, the molec-
ular basis of PV remains elusive. The hallmark of the
disease is trilineage hematopoietic proliferation (panmye-
losis) dominated by erythropoiesis [26]. Therefore, most
investigations on the pathogenesis of PV have focused on
the red cell lineage. Indeed, a peculiarity of PV patients is
the reduced serum erythropoietin (Epo) level [6]. The
results concerning functional aspects of the erythropoiesis
in PV, however, are contradictory. PV erythroid progenitor
cells are able to proliferate in vitro in the absence of Epo,
but this does not define the limits of the abnormal clone
since not all PV erythroid progenitor cells exhibit Epo
independence [7]. The existence of several hematologic
subpopulations in PV may therefore be speculated, and a
quiescent significant proportion of nonneoplastic cells in
blood and bone marrow of PV patients cannot be excluded.
In several recently published studies, the hypersensitivity
of PV progenitors to several growth factors was explained
by a point mutation of Janus kinase 2 gene (JAK?2), leading
to a constitutive activation of this downstream transductor
of growth-factor-induced signaling [2, 14, 21]. This point
mutation, however, was also seen in other chronic myelo-
proliferative disorders and, therefore, is not specific for PV.

Although there is no pathognomonic chromosomal
abnormality defining PV, consistent, acquired cytogenetic
changes, including del(20q), del(13q), trisomies 8 and 9 as
well as duplication of 1q, have been observed at diagnosis
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[1, 5, 24, 29]. Analysis of genomic abnormalities in indi-
vidual cells of PV hematopoiesis, therefore, might elu-
cidate the proportion of the neoplastic clone in this disease.
In addition, fluorescence in situ hybridization (FISH) anal-
ysis on bone marrow trephine biopsies can be helpful for
the diagnosis of early PV.

Materials and methods
Patients

Following informed consent, bone marrow trephine biop-
sies and peripheral blood (PB) derived samples from ten
patients with histopathologically determined chronic phase
PV (seven males and three females) were gained for
diagnostic or therapeutical purpose (phlebotomy). The age
of the patients ranged from 42 to 86 years (mean 64).
According to the relevant clinical records, the duration of
the disease ranged from 0.5 to 10 months. No additional
myelosuppressive regimens were administered. The diag-
nosis of PV was ascertained according to the criteria of
the WHOQO classification. At initial diagnosis, all patients
presented hemoglobin values of »18.5 g/dl (in men) and
>16.5 g/dl (in women), a thrombocytosis of >400x10°/1,
and low Epo levels. Ten trephine biopsies from patients
with lymphoproliferative disorders (without bone marrow
involvement) and ten healthy blood donors served as
controls.

Blood cell preparation

For FISH analysis, blood samples underwent centrifu-
gation over Ficoll-Pague (Pharmacia, Uppsala, Sweden)
to obtain a mononuclear cell concentrate. Selection of
CD34" progenitor cells was performed by immunoaffinity
selection, employing an immunomagnetic separation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany) as de-
scribed before [30]. The purified cells were washed three
times in phosphate-buffered saline (PBS), swollen in
75 mmol/l KCI at 37°C for 45 min, and then resuspended
in ice-cold acetic methanol (1:3) fixative. The nuclei were
then washed twice and stored m fixative at —20°C before
FISH analysis.

Fixed nuclei were dried onto glass slides and sequen-
tially incubated in solutions of ribornuclease A (Sigma,
Dreisenhofen, Germany) at 37°C for 60 min, saline sodium
citrate (SSC) for 5 min, pepsin (100 pg/ml, pH 2.0, 37°C;
Sigma) for 10 min, PBS (room temperature) for 10 min,
and 2x SSC (37°C) for 30 min. The slides were then
dehydrated through ethanol solutions (70, 90, and 100%)
and dried before denaturing in formamide (70% in 2x SSC
and sodium phosphate buffer, 50 mmol/l, pH 7.0; Fluka)
under coverslips on a hot plate at 73°C for 1 min. The slides
were washed in 2x 88C, dehydrated through the ethanol
solutions, and dried.

Preparation of the bone marrow biopsies

Bone marrow biopsies were transferred in buffered fixative
(pH 7.4) containing 0.5% glutaraldehyde and decaleifi-
cated overnight in ethylenediaminetetraacetic acid (EDTA;
10% w/v in 'Tris pH 7.4). For phenotypic evaluation, 4-pm
paraffin-embedded sections of trephine biopsies were dew-
axed through xylene, air-dried, microwave-heated in
appropriate buffer (100 mM Tris/5S0 mM EDTA, pH 7.0)
for 12 min, cooled, and rinsed twice in Tris-HC/0.05%
Tween 20 buffer (pH 7.6) at 4°C. Subsequently, immuno-
staining with CD34 (QBENDI10, Dako, Hamburg, Ger-
many) or glycophorin C (Dako) monoclonal antibodies
was performed by the alkaline phosphatase—antialkaline
phosphatase method. Bromochloroindolylphosphate and
nitro blue tetrazolium (Sigma) were used as chromogenic
substances. Following preparation for FISH was performed
as described before [31]. Briefly, samples were dehydrated
through graded ethanol solutions, air-dried, and perme-
abilized by microwave treatment, followed by enzymatic
digestion (proteinase K, Sigma). After this procedure,
slides were quickly dehydrated and air-dried.

Fluorescence in situ hybridization

Fluorophore-labeled alpha-satellite DNA probes specific
for the centromere of chromosomes 8 or 9 (Abbott-Vysis,
Bergisch Gladbach, Germany) from all patients under
study as well as the controls were placed on the coverslips.
In case of the trephine biopsies, slides were incubated at
94°C for 3 min on a hot plate. After denaturation, the slides
were quickly brought to 37°C, sealed with rubber cement,
and then placed in a humified box for 16 h at 42°C.
Coverslips were removed, and slides were placed in 0.4x
SSC at 73°C for 2 min, immersed in 2x SSC/0.01% NP40
at room temperature for 1 min, and then air-dried before
mounting in 0.125 pg of 4'-6'-diamidine-2-phenylindole
dihydrochloride (DAPI/ml antifade (DAPI II, Vysis).
Slides were evaluated with an Aristoplan microscope
(Leitz, Wetzlar, Germany), equipped with an optimized tri-
ple-bandpass filter, and imaged by digital camera (Photo-
metrics, SenSys, Tucson, AZ, USA) and appropriate
software (IPLab Spectrum P, Vienna, VA, USA).

Specimens were evaluated using fluorescence micros-
copy by two observers independently of each other. The
percentage of nuclei bearing one, two, or three signals for
each probe was determined from counts of 200 nuclei
concerning the mononuclear cells and the immunomag-
netic enriched CD34" progenitor cells and all cells bearing
signals concemning the bone marrow slides.

Comparative genomic hybridization

DNA of mononuclear cells was extracted by standard meth-
ods. Samples of DNA were subsequently labeled using
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digoxigenin-11-dUTP (normal DNA) or biotin-16-dUTP
{(test DNA) by nick-translation, according to the supplier’s
protocol (Roche, Mannheim, Germany). Comparative ge-
nomic hybridization (CGH) probes were prepared by co-
precipitating gender-matched digoxigenin-1-dUTP normal
DNA (1 ug), biotin-16-dUTP test DNA (1 ug), cot-1-DNA
{100 ug, Gibeo Life Technologies, Paisley, Scotland, UK),
and salmon sperm DNA (11 ug, Roche) using 0.1- and 2.5-
fold volumes, respectively, of sodium acetate and ethanol
at —80°C followed by centrifugation at 4°C. The DNA
pellets were dried, dissolved in 10 ul of hybridization
buffer (50% wv/v formamide, Fluka; 10% w/v dextran
sulfate, Sigma, in 4% 88C), denaturized at 73°C for 5 min,
and preannealed at 37°C for 60 to 120 min. CGH target
metaphase slides, prepared using acetic acid methanol (1:3)
fixed phytohemagglutinin-stimulated normal male lym-
phocytes, were denaturized in formamide (70% v/v in 2x
S8C) at 75°C. The CGH probe was applied to the CGH
target slide, sealed under a coverslip and the slide incubated
at 37°C for 72 h. Posthybridization washes consisted of
0.3% v/v NP40 (Merck) in 0.4x SSC at 74°C for 2 min
followed by 0.1% v/v NP40 in 2x S5C at room temperature
for | min. For the signal detection, probes were incubated
with 30 yl fluoreseein isothiocyanate (FITC) conjugated
avidin and TRIC-conjugated anti-digoxigenin for 30 min
and 37°C (both from Oncor, Gaithersburg, MD, USA). The
slides were then mounted under a DAPI-containing me-
dium (Vector Laboratories) and subsequently analyzed using
a Power Macintosh G3 and the Quips Genetics Workstation
(IPLab Spectrum Imaging Software). Fluorescence and
DAPI images were captured from as many as 19 meta-

n=25

a 9
;

n=24

b 8

Fig. 1 CGH data of two PV cases: The vertical black fine repre-
sents the mean green/red fluorescence ratio (1.0 of 24 (a) and 25
(b) captured chromosomes hybridized with CGH probes contain-
ing FITC-labeled DNA from the PV patient. The magenta line
represents the 0.8, and the greern line represents the 1.2 greenfred
fluorescence ratio a CGH data from a patient (case 1) with gain of
material from chromosome 9. b CGH data from a patient (case 2)
with gain in material from the whole of chromosome § pointing at a
trisomy of this chromoesome
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Table 1 Selected data from FISH assays with probes for centromere of chromosome 8 and &
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Cases 6 and 9 represent normal karyotype according to CGH data. Two hundred cells with at least one signal were counted concerning the PB-derived cell fractions; concerning the bone

marrow slides, all cells with at least one signal were counted (18 to 210 cells)

BM Bone marrow

5

Centromere 9

40
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52
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Centromere 8
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Fig. 2 FISH assays for centromeres 9 (a) and 8 (b). Alpha-satellite
DNA probes for cenfromeres 8 and 9 were hybridized to fixed PB
mononuclear cells (case 1) (a) and mmmunomagnetically enriched
PR CD34 progenitor cells (case 2) (b)

phases per slide for the generation of composite CGH pro-
files. Chromosome classification was validated by two
authors. Deletions and amplifications were suspected when
the slide average green/red fluorescence ratio for a given
chromosomal region lay outside the range 0.7 to 1.2.
Telomer regions, X and Y chromosomes, were excluded
from analysis.

Results

Comparative genomic hybridization analysis
of peripheral blood mononuclear cells

PB mononuclear cells from ten PV patients and the controls
were tested for chromosomal aberrations. Evaluation of 15
to 19 metaphases per slide for fluorescence and DAPI
images and generation of composite CGH profiles revealed
abnormal pictures in CGH analysis in two of ten patients
{cases | and 2) and in none of the controls. Both cases
presented complex chromosomal aberrations, including
gain of material from the centromere region and the g arm
of chromosome 9 (Fig. 1a; case 1) or gain of material from
the whole of chromosome &8 (Fig. 1b; case 2). Concerning
the other eight patients, no chromosomal aberrations were

observable. The CGH data were then compared with FISH
analysis for centromere region of chromosomes 8 and 9.

Fluorescence in situ hybridization analysis
of peripheral blood mononuclear cells

FISH analysis from the PB mononuclear cells from the
same ten patients and the controls were undertaken to prove
CGH results. As summarized in Table 1, PB mononuclear
cells of both CGH-positive cases revealed 91% (case 1) and
86% (case 2) triple FISH signals for centromeres 9 and §,
respectively (Fig. 2a). Concemning the CGH-negative pa-
tients and the healthy controls, no triple but 90 to 95%
double signals were observed. These findings underline
the excellent specificity and good sensitivity of the tests.
When analyzing the CD34" progenitor cells of the above-
mentioned cases, the fraction of triple FISH signals was
diminished with 79% (case 1) and 62% (case 2), compared
to the findings in mononuclear cells (Fig 2b). The CGH-

Fig. 3 Representative areas from bone marrow trephine biopsies. a
and e FISH assays for centromere 8 (case 2). d Same area of case 2
with one CD34 progenitor cell {(@rrow), CD34 immunostaining. ¢
FISH assay for centromere 9 (case 1) of a selected erythrone. b
Same area of case 1 with strong glycophorin C immunoestaining of
the erythropotetic precursor cells
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negative cases presented the same distribution of FISH
signals for CD34" progenitor cells as for mononuclear
cells.

Fluorescence in situ hybridization analysis
of bone marrow trephine biopsies

Ofthe above-mentioned ten patients and the controls, FISH
analysis from 4-pan-thick bone marrow slides were per-
formed to test the probability for triple signals in individual
hematopoietic cells. Corresponding to the results of the
mononuclear cell fractions, none of the CGH-negative
cases presented FISH data indicating trisomy & or 9. How-
ever, in cases 1 and 2, a small but distinet cellular subgroup
(12 and 18%; Fig. 3a) bared three signals for chromosome
9 or 8, respectively. In addition, the proportion of two
signals per cell was higher in this group, compared with the
CGH-negative fraction.

In a second approach, immunohistochemistry was fol-
lowed by FISH analysis (Fig. 3b—e). Assisted by photo-
graphic documentation of the same area of the biopsy in
different types of light, phenotype and genotype of indi-
vidual cells were ascertained. In this experiment, three
signals in glycoghorin-C-positive erythropoietic cells as
well as in CD34" progenitor cells could be demonstrated.
Again, in the CGIH-positive cases, CD34" progenitor cells
presented lower levels of triple signaling (6-8%), com-
pared to the overall hematopoiesis (12-18%), and, con
cerning the erythropoiesis as well, slightly reduced levels
of triple signaling were found (Table 1).

Discussion

When clinical features are suggestive for PV, assays for
Epo and erythroid colony-forming cells, bone marrow tre-
phine biopsies, and clonality assays can strongly support
the diagnosis [9, 18, 26]. Analysis of X chromosome in-
activation patterns, however, is reserved to female patients
and may lead to false positive results because some normal
elderly women present X chromosome inactivation pat-
terns indistinguishable from those seen in patients with
clonal myeloproliferative disorders [8, 10, 11]. Acquired
karyotypic abnormalities, being direct markers of clonally
transformed cells, are potentially more reliable for diag-
nostic purpases, but only 34% of PV patients have an ab-
normal karyotype revealed by conventional cytogenetic
techniques [3, 13]. Among them, trisomies 8 and 9 or de-
letion of chromosome 20 represent the most frequent
aberrations [5, 24, 29]. Although not specific for PV, cy-
togenetic conversion in one case treated with interferon
alpha and clinical remission of the disease [23] indicates
that the neoplastic cell fraction comprises the karyotypic
abnormal cell clone. In this situation, analysis of frequent
chromosomal aberrations might help to quantify the neo-
plastic clone proportion in PV hematopoiesis, even if above-
mentioned aberrations in PV are characterized as secondary
genetic changes [20].

(CGH technique is a eytogenetic sereening method with
moderate sensitivity and excellent specificity (25% abnor-
mal cells are necessary for correct diagnosis); it requires
interphase cells and, therefore, can be applied on viable
cells as well as fixed material [17, 22]. The diagnostic util-
ity of this method applied to PV blood granulocytes has
already been tested [28]. FISH analysis requires preknowl-
edge of the abnormality to select the appropriate probes.
Combined with immunohistochemical analysis, FISH tech-
nology allows the identification of single neoplastic cells
and, therefore, the proper affiliation to a certain cell frac-
tion. Altogether, this methodclogical approach is able to
answer the question whether and to which extent clonal
hematopoiesis in PV dominates residual reactive hemato-
poiesis and whether there are differences between the cer-
tain cell lineages.

The two cases presenting gain of material in CGH
concerning chromosome 8 or 9 offered three signals in
most PB mononuclear cells performing FISH. This finding
as well as the result of 90-95% cells baring two signals in
the CGH-negative patients indicates the high sensitivity
of FISH. Further, the lack of triple signals in the CGH-
negative cases demonstrates the high specificity of this
method.

In detail, our data demonstrate a proportion of 86-91%
clonal PB-derived mononuclear cells in contrast to 62-79%
PB-derived CD34" cells. In this context, it is necessary to
mention that the possibility that CD34™ endothelial cells
were taken into account, despite the different morphology
of both cell types, cannot be ruled out. However, this
difference might also be due to the fact that nonneoplastic
primitive CD34" progenitor cells survive by being qui-
escent and not proliferating. Probably depending on an ill-
defined effect already described in chronic myelogeneous
leukemia (CML) [4], the microenvironment in the bone
marrow seems to support neoplastic hematopoiesis, thus
leading to a dominance of the clonally transformed cell
fraction in the more differentiated hematopoietic cell pool
of PV. Our data for the first time prove considerable
contribution of CD34" progenitor cells in the neoplastic
cell clone in PV. In view of the fact that until now many
investigations on PV were undertaken on granulocytes [25,
27], these results indicate that further investigations on
molecular pathogenesis of this disease should focus on this
CD34" progenitor cell fraction. The detailed quantification
of the CD34" progenitor cell fraction might further offer
important data for potential further therapy strategies in PV.

To analyze the value of FISH technique for diagnosis
of early PV examination of bone marrow, biopsies from
CGH-tested patients was undertaken to find out whether
chromosomal aberrations, especially gain of chromosomal
material in the centromere region 8 or 9, could be detected.
In this context, it is noteworthy to emphasize that the
probability to identify three signals per cell is much lower
in the 4-pm-thick sections than in cell smears. The
excellent specificity of the test and the finding of 10%
genotypic aberrant cells in all CGH-positive cases demon-
strate that FISH indeed may facilitate PV diagnosis in
chromosomal aberrant cases. Our results further indicate
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the affiliation of the erythropoiesis and the CD34" pro-
genitor cell pool to the neoplastic cell fraction.

A point mutation of JAK2 leading to a constitutive
activation was recently described for a certain proportion of
PV patients as well as for other Philadelphia chromosome
negative chronic myeloproliferative disorders [2, 14, 15,
19, 21]. However, according to the most recently pub-
lished results, the incidence of JAK2 mutations reveals a
significant range of about 65 to 97% in PV. Taking this
genomic aberration into account, more detailed informa-
tion about the distribution of the neoplastic cell clone as
well as the dynamics following cytoreductive therapy will
now be available and will give more insights in the biology
of PV and further provides a means for molecularly tar-
geted therapeutic sirategies [12, 16].
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Summary. Scant knowledge exists concerning lineage-
restricted mixed chimerism (mCh) after allogeneic
peripheral blood stem cell transplantation (PSCT) in
patients with chronic idiopathic myelofibrosis (CIME).
Following a sex-mismatched PSCT, a comhbined
immunopheno- and genotyping by fluorescence in-situ
hybridization (FISH) was performed on sequential bone
marrow (BM) biopsies at standardized intervals. Results
were compared with PCR analysis of corresponding
peripheral bleod samples in five patients. According to
FISH, pretransplant specimens revealed a gender
congruence of more than 99%, while in the first three
months the total BM exhibited a persistent fraction of
host cells (30% to 40%) with a tendency to decline after
about one year. It is noteworthy that the majority of
endothelial cells maintained a recipient origin, whereas
CD34+ progenitors and especially CD61+ mega-
karyocytes exhibited only very few host-derived cells. Tn
keeping with the prevalence of donor cells in the
hematopoietic compartment, PCR analysis of peripheral
blood cells displayed a non-significant degree of mCh.

In conclusion, according to FISH and PCR analysis,
successful PSCT in CIMF results in an almost complete
chimeric (donor-derived) state of the hematopoietic cell
population. The non-transplantable stromal compartment
includes the vascular endothelivm with a predominance
of recipient cells. The minimal mCh of this population
implies probably a donor-derived origin (endothelial
progenitor cells).

Key words: Mixed chimerism, CD34+ progenitors,
Megakaryocytes, Endothelial cells, Peripheral stem cell
transplantation, Chronic idiopathic myelofibrosis, Bone
marrow biopsies
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Introduction

In chronic idiopathic myelofibrosis (CIMF)
relatively little information exists regarding mixed
chimerism (mCh} following allogeneic bone marrow
(BM) or stem cell transplantation (Deeg et al., 2003;
Rondelli et al., 2005). A characteristic feature of
histopathology in this disorder is the fibrous matrix of
the BM that usually includes prominent vessels (Thiele
et al., 2001). On the other hand, as has been repeatedly
demonstrated, fibroblasts are no part of the
leukemogenic (clonally transformed) process underlying
the myeloproliferative disorders (Greenberg et al., 1978;
(Golde et al., 1980; O'Brien et al., 1988), However,
controversy continues about the donor or host (recipient)
origin of stroma constituents following myeloablative
therapy and subsequent transplantation (Sirnmons et al.,
1987; Athanasou et al.,, 1990; Agematsu and Nakahori,
1991; Santucci et al., 1992). It has been argued that
engraftment of BM stroma cell precursors does not oceur
and that host stromal cells survive the various
conditioning regimens applied before transplantation
procedures (Athanasou et al., 1990). In this context,
angiogenesis in CIMF is of special interest not only for
its relationship with the progression of myelofibrosis
{Reilly et al., 1985; Thicle et al., 1992; Kvasnicka and
Thiele, 2004), but for its crucial role concerning
restitution and maintenance of hematopoiesis (Davis et
al., 1995; Rafii et al., 1995; Shalaby et al., 1995). A
wealth of data has been accurmulated concerning the
functional properties of vascular structures, in particular
the endothelial cells that serve as gatekeepers by
controlling the trafficking and homing of progenitors
(Simmons et al., 1992; Mochle et al., 1999}, For this
reason, a study was performed on gender-related mCh
involving patients with CIMF in the early and late
posttransplant period. Analysis included peripheral
blood cells determined by the polymerase chain reaction
{(PCR) technique in comparison with the lineage
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restricted chimeric state of CD34+ endothelial and
progenitor cells as well as megakaryocytes by using the
fluorescence in-situ hybridization (FISH) method.

Material and methods
Fatients

A total of five patients (four men, one woman; age
45 vears) with CIMF and a sex-mismatched
transplantation constellation were enrolled into this
study. All patients had a history of various therapeutic
regimens including hydrozyurea, busulfan as well as
radiation or a combinalion of these. Following dose-
reduced myeloablative therapy that has been described
in detail in previous studies (Kroger et al.,, 2005; van
Besien and Deeg, 2005), patients received a peripheral
blood stem cell transplantation (PSCT)Y with a median
number of transplanted CTY34+ progenitors of 8x106 per
kg body weight (range 0.9-15.6) derived either from
HLA-identical siblings or matched unrelated donaors.
Further information of this cohort which was derived
from a larger prospective and clinically controlled trial
have already been reported (Kréger et al., 2005).
Hxplicit approval of this study was obtained from the
Institutional Review Board on Medical Ethics at Essen
University Hospital.

Bone marrow biopsies

Representative BM trephine biopsies (mean size
17.5+1.8 mm?) were performed at standardized intervals
from the posterior iliac crest. The fization of samples
was carried out in a low-concentrated phosphate-
buffered formalin solution for 12-48 hours. Further
processing included decalcification for 3-4 days in 10%
buffered ethylene-diamine tetra-acetic acid (EDTA), pH
7.2, paraftin wax embedding, and employment of several
staining techniques, involving (Giemsa, PAS (periodic
acid Schiff reagnet), naphthol-AS-D-chloroacetate
esterase, Perls' reaction for iron and a silver
impregnation method (Gomori's technigue).

Simuftaneous immunostaining and dual color FISH

For a simultancous immunophenotypic and
genotypic evaluation, 4 pm paraffin-embedded sections
were dewaxed through xylene, air-dried, microwave-
heated in an appropriate buffer (100mM Tris/30mM
EDTA, pH 7.0) for 4 min, cooled down and rinsed twice
in Tris (HCT/0.05% Tween 20 bufler, pH 7.6} at 4°C.
Subsequently, to detect progenitor cells and endothelial
cells immunostaining with CD34+ (Soligo et al., 1991)
was performed and to identify megakaryopoiesis CD61+
{Gatter et al., 1988} monoclonal antibodies were applied
by using the APAAP method (Cordell et al., 1984). 5-
Bromo-4-chloro-3-indolyl-phosphatase (BCIP) and
nitroblue tetrazolivm (NBT; Sigma, Deisenhoflen,
(Germany) were used as chomogenic substances, lissue
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sections were dehydrated through graded ethanol
solutions {70%, 90% and 100%), air-dried and
permeabilized by microwave treatment, followed by
(.25 mg/ml proteinase K digestion (Sigma) for 3 min at
37°C before hybridization (Bull and Harnden, 1999).
After this procedure, the slides were quickly transferred
to 70% ethanol at 4°C, dehydrated in 100% ethanol and
then air-dried. A 10-pl aliquot of a directly conjugated
satellite probe mix for chromosomes x and v (CEP X
Spectrum Orange/CEP Y Spectrum Green DINA Probe
Kit or CEP X Spectrum Green/CEP Y Spectrum Orange
DNA Probe Kit, respectively; Vysis, Bergisch Gladbach,
Germany) was placed on a coverslip, picked up onto the
slide and incubated at 73°C for 5 min on a hot plate.
Becavse green fluorescence is more conspicuous than a
red signal, following a pilot study (Table 1),
correspondingly mismatched probes for the x- and y-
chromosomes (green versus red signals) were also
applied. After denaturation, the slides were quickly
brought to 37°C, sealed with rubber cement, and then
placed in a humidified box for 16 h at 42°C. Coverslips
were removed, and slides were placed in wash buffer
(0.4x88C) at 73°C for 2 min, immersed in 2x88C0.01%
NP 40 at room temperature for 1 min and then air-dried,
before mounting in 0.125Fg DAPIm! Antifade (DAPI
IL; Vysis). The slides were evaluated with an Aristoplan®
microscope (Leitz, Wetzlar, Germany) equipped with an
optimized triple bandpass filter and imaged with a digital
camera (Photometrics SenSys; Tucson, Ari., USA) and
appropriate software (IPLab Spectrum P, Vienna, Va.,
USA). Accordingly, positive (red: x-chromosome and
green: y-chromosome signals) signals were
differentiated following DINA hybridization (sex typing)
al the wvarious endpoint intervals of pre- and
posttransplant examinations (sequential hiopsies) by
counting explicitly only those cells containing two
marked signals.

FCR analysis

Real-lime quantitative PCR for the detection of the
y-chromaosome was performed on peripheral blood cells
by following methods that were formerly described
(Fehse et al., 2001). According to this technique,
sensitivity was very high to identify male cells present in
very low proportions (i.e. 1 male in 109 female cells)
(Fehse et al., 2001).

Results

Immunophenotyping of CD34+ endothelial cells,
progenitors and CT61+ megakaryocytes revealed a
distinctive staining pattern which was a basic mean for
further FISH analysis. Thus, dual color FISH with a
simultaneous demonstration of proper signals visualizing
the x- and y-chromosomes was sasily accomplished
(Fig. 1a-h). A pilot study in a female patient with CTMF
that received an allogeneic PSCT from a male donor
showed a strikingly variable extent of mCh in the
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different cell populations and also during the
posttransplant period (Table 1). A total congruence with
the female gender of this patient was shown in the 120
cells evaluated in the pretransplant specimen. On the
other hand, in the early posttransplant period {(up to
about three months), about one third of all evaluated BM
cells still displayed a host-derived sextyping that
significantly declined in quantity after one year. A very
different constellation was found in the vascular
endothelium, where less than 10% of cells exhibited a
donor origin. In contrast to the stroma cell compartment
and the total cell count hematopoiesis, i.e. CD34+
progenitors and CDE1+ megakaryocytes that include
also precursors, showed an only minor fraction (less than
10%) of residual host-derived cells.

On the other hand, PCR analysis of peripheral blood
cells exhibited a percentage of recipient cells ranging
between 0% and1 % at the corresponding checkpoints of
the early and late postiransplant period, corresponding
with an almost complete chimeric state.

Following this preliminary investigation which
clearly demonstrated a strikingly expressed discrepancy
of mCh, we analyzed a significantly larger number of
cells in four male patients with CIMF and a gender-
mismatched graft constellation after PSCT (Table 2).
Here, first of all, the sensitivity of our FISH method
according to gender congruence was established to
exceed 99%. The total cell count, including
hematopoietic as well as stroma cells, revealed a
persistent host origin ranging between 30% to 40% with
a tendency to decrease after about one year (lable 2).
Again, the vast majority of endothelial cells maintained
a recipient type with only very few samples apparently
generated from the donor (Fig. 1ab). This incidence
differed significantly when studying CD34+ progenitor
cells (Fig. lc,d) and megakarvopoiesis including
precursors, i.e. CDO1+ immature micromegakaryocytes
{Fig. 1e,l) as well as mature megakaryocytes (Fig. 1g,h).
In the hematopoietic cell compartment the situation was
reversed, with less than 10% of host-derived cells in the

Table 1. Female patient with a sex-mismatched (dohor male) graft constellation following allageneic petipheral bloed stem cell transplantation {(PSCT)
for chrenic idiopathic myelafibrosis - pilot study with relative incidence (%) of sextyping based on the evaluation of at least 100 (up to 800) bone marrow

(BM) cells in each category.

Endpoint (day) All BM cells CD34+ progenitor cells CD61+ megakaryocytes Endothelial cells
Ry X Xy XX Xy XX Xy XX
Before PSCT 150 o 100 o 100 0 100 o} 100
After PSCT 20 74 25 100 o 100 o 7 a3
81 59 31 o2 8 100 0 5 95
280 83 17 51 9 100 0 7 93
376 88 12 g4 G o7 3 10 90

Table 2. Relative incidence (%) of mixed chimerism and evaluated number (No.) of cells at each checkpoint in the bone mamow (BM) following sex-
mismatched allogeneic paripheral stem cell transplantation (PSCT) in four men with chronic idiopathic myelofibresis (gender-graft constallation: host

male - donor female).

Endpoint (ranges, days) All BM cells CD34+ progenitor cells CD&81+ magakaryocyles Endothelial calls

MNa. XX XY MNa. XX XY MNa. XX XY MNo. XX Xy

Befare PSCT 6-40 801 3 B9y 92 o 100 174 0 100 129 o 100
After PSCT 20-50 363 G0 40 a1 95 5 118 100 0 93 & 95
80-200 380 G4 34 77 g5 5 G4 98 2 93 & g4

300-400 807 a7 33 58 a0 10 82 59 1 &6 2 98

ol

g
Fig. 1. Sex-genotyping of endothelial cells and hematopoiesiz in the bone marow after PSCT in patients with CIMF. Immunophenotyping of the
different cells is shown in the left panal and FISH analysis (right panal) reveals esither red signals (x-chrornosameas) or grean signals (y-chromosomas)
indicating mCh. a. CD34+ Endothelial lining of a vascular lumen (L) is surrounded by hematopoletic cells in a female host. A donaor origin (B) is
displayed in two sndothelial calls (arrows) and a maintained recipient genotype in a hematopoeistic cell (arrow head). £. CD34+ progenitor cell in a
female host (arrow) revealing a stll persistent recipient genotype (amow) after transplantation. d. Immature CDE1+ megakaryocyte precursor in a male
patient (@) demonstrates (arrow) a host origin (), in conkrast to a large hyperlobulated mature megakaryccyte (g) showing (arrow) a faemale donor

genotype (h). a-d, x 870; e-h, x 1,500
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primitive precursor cell population and only single
recipient cells in  the more differentiated
megakaryopoietic lineage (Table 2). Relating this very
low frequency to the corresponding data of the evaluable
total cell count, it is reasonable to assume that the
majority of maintained host cells in the posttransplant
period belong to the stromal compartment.

In keeping with the prevalence of complete donor
chimerisms in the hematopoietic cell populaticn
{progeunitors, megakaryocytes) PCR analysis performed
exactly at the same checkpoints revealed an incidence of
mCh ranging between 0% to 6%.

Discussion

Following a gender-mismatched transplantation,
concurrent characterization of genotype and cell lineage
provides a suitable means for the identification of
chimeric states and thus, the host/donor origin of a
certain cell population (Thiede et al., 2004). Although a
number of techniques are currently available to
document definitely donor cell engraftment and residual
host cells, PCR and FISH are the most popular methods.
It is well known that PCR analysis yields results readily
and in a short time, and is certainly the more sensitive
technique, because it allows the detection of one
abnormal cell in 10° cells (Fehse et al., 2001; Alizadeh
et al., 2002; Thiede et al., 2004). However, a significant
disadvantage is that in CTMF related to BM fibrosis (dry
tap) this method is usually applied on peripheral blood
cells and that no characterization of lineage-restricted
mh is possible. This shortcoming precludes, among
others, the labeling of endothelial cells and the
recognition of their chimeric state indicating their
CD34+ progenitor cell origin (Gehling et al., 2000). In
contrast, FISH allows the identification of mCh in single
immunophenotyped cells (Kvasnicka et al., 2003). On
the other hand, this technique may lead to false-positive
and false-negative results ranging between 0.2% and up
to 4.0% based on results gained from smears or diluted
cell preparations (Koegler et al., 1995; Rondon et al,,
1997). Moreover, the results of FISH analysis (Rondon
et al., 1997; Smith et al., 1999; Tamura et al., 2000} have
to be discussed very critically (Kvasnicka et al., 2003},
especially in cases where the investigators restrict their
evaluations only on the identification of the Y-
chromosome (Mackinnon et al., 1994). We would like to
pinpoint that our applied dual-colored sextyping analysis
failed to reveal any relevant discrepancies (false positive
signals (.3%) between gender and positive labeling in
the pretransplant specimens (Tables 1, 2). Finally, it has
to be emphasized that the methodology of
transplantation exerts a significant impact on the extent
of mCh (Elmaagacli et al., 2001}, and therefore only
results derived from series with corresponding
therapeutic strategies, especially including conditioning
regimens, are comparable.

The labeling of peripheral blood cells and
genotyping by FISH has been repeatedly performed to
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monitor mCh in CUML patients (Smith et al., 1999;
Tamura et al., 2000) and posttransplantation donor-
recipient constellations were assessed by means of DNA
microsatellite analysis (Thiede et al., 1999) in CIMF
(Deeg et al., 2003; Rondelli et al,, 2005), In CML the
presence of a small amount of host-derived (clonally
transformed) CD34+ progenitors that significantly
exceeded the more differentiated cell lineages like the
megakaryopoiesis, stimulated a discussion about so-
called tumor dormancy even in patients after successful
transplantations (Uhr et al., 1997; Holyvoake et al., 1999),
Some data indicate that in CML patients with a complete
cytogenetic remission, a minority of berfabl+ cells were
maintained (Chomel et al., 2000; Kitzis et al., 20013, It is
tempting to speculate that these clonally transformed
progenitor cells may possibly be the source of a later
relapse and presumably may also differentiate into
endothelial cells. This complex, until now ill-defined,
pathomechanism determining the oncogenic potential of
hematopoistic progenitors is probably governed by a
variety of mediators, such as specific immune response
(Oka et al., 1998). When compared with the relevant
data on the CD34+ progenitor cell compartment (Table
2y results gained from this study were consistent with a
significantly lower incidence of persistent host-derived
megakaryocytes that nearly reached the methodological
limit (White and Sweeney, 1993; Koegler et al., 1995,
Rondon et al., 1997). This striking quantitative
difference points towards a minor degree or almost
complete mCh in the more differentiated hematopoietic
cell lineages, while a very small amount of the primitive
cell population still harbors a clonally transformed
{lenkemogenic) fraction as a possible source of relapse.

By using long-term cell culture technigues and
genotyping with x- and y-speciflic probes, a host
{recipient) origin of BM fibroblasts has been reported
after allogeneic BM transplantation (Simmons et al.,
1987; Athanasou et al.,, 1990; Agematsu and Nakahori,
1991; Santucci et al., 1992). These findings supported
the argument of a non-transplantability of stroma cells
even in patients with a maintained hematopoielic
reconstitution {Agematsu and Nakahori, 1991; Santucci
et al., 1992). In CIMF with a prevalent fibrous matrix,
the discrepancy between the extent of mCh concerning
the guantity of analyzed cells derived from the
peripheral bleod (PCR analysis) versus all BM cells that
definitely included a significant proportion of stroma
cells (FISH analysis), are generally in keeping with this
finding. It is reasonable to assume that a leukemic
relapse will initiate in the BM and therefore the very first
stages of transformalion are hardly detectable by
performing PCR on peripheral blood cells, at least in
CIMF.

Regarding the stroma compartment, the vascular
structures have to be discriminated. With the exception
of the sinusoids, these are usually composed of at least
two components of different origin, i.e. the endotheliom
and the cells of the larger vessel walls (i.e.
myofibroblasts, adventitial cells of the capillaries and
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arterioles). Following BM transplantation in CML, only
a fraction of endothelial cells was demonstrated to be
host-derived (berfabl®) and maintained, even after more
than one year (Kvasnicka et al., 2003). Regarding this
point, a conflict of opinion exists, because another group
applying also the FISH method identified this cell
population as being totally of host origin {Athanasou et
al., 1990%. In contrast, the results of several authors on
the CD34+ progenitor origin of endothelial cells
provided persuasive evidence that this peculiar cell
compartment is not only the source of hematopoiesis,
but plays a pivotal role in angiogenesis (Asahara et al.,
1997; Chot et al., 1998, Gehling et al., 2000, Gunsilius
et al., 2000). For this reason, as shown in this study, a
minor degree of mCh has to be expected following
transplantation procedures. All these results are in
keeping with the finding of a certain, although small,
quantity of donor-derived endothelial cells in the BM
after transplantation (Gehling et al., 2000; Gunsilius et
al., 2000; Kvasnicka et al., 2003) contrasting with the
host origin of the myofibroblasts of the larger vessel
walls (Kvasnicka et al., 2003), Moreover, convincing
data have been recently accumulated supporting this
concept that even in adull life so-called hemangioblasts
or endothelial precursor cells of the peripheral blood are
present, and contribute to the formation of new blood
vessels (Shi et al., 1998; Hristov and Weber, 2004,
Iwami et al., 2004, Schatteman, 2004, Murasawa and
Asahara, 2005). Therefore, it is reasonable to assume
that the minor mCh of the endothalial layer may
probably derive from transplanted donor endothelial
progenitor cells.

In conclusion, contrasting PCR on peripheral blood
cells, FISH analysis of the BM reveals a striking
quantity of mCh in the stroma compartment that survives
conditioning. In this context, only a small amount of
donor-derived endothelial cells is recognizable, while the
chimeric state of the engrafted hematopoietic cell
population is almost complete (less than 10%).
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Abstract. Since decades myeloablation followed by allogeneic
stem cell transplantation offered the only opportunity to cure
leukemia patients and only recently the development of
STI571 created a further alternative in chronic myeloid
leukemia {CML). While among all leukemias this trans-
plantation regimen had the best outcome in CML, trials with
reduced intensity conditioning regimens (RIC) were rather
humbling and recurrence of the neoplastic clone occurred
frequently. However, the same therapy in patients with
idiopathic myelofibrosis (IMF) resulted in a more favorable
outcome. Therefore, long-term mixed chimerism (mCh) was
determined on bone marrow (BM) biopsies derived from five
IMF patients and from eight CML patients of the pre ST era
following sex-mismatched transplantation. All patients
presented lasting hematologic remission and were matched
concerning age, sex and appearance of GvHD. Analysis of
late transplant period (day +100) revealed a concentration of
host cells within the CD34* precursor cell compartment in
both diseases. However, in IMF BM biopsies only up to 8%
recipient CD34* precursors but in CML biopsies up to 26%
recipient CD34" precursors were detected. Taken into
account that in CML up to 10% of the host BM CD34~
precursors bear the BCR-ABL translocation our data suggest
that the neoplastic CD34~ progenitor cell population might
dispose of better strategies to escape immune surveillance in
CML than in IMF.
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Introduction

Allogeneic bone marrow and hematopoietic stem cell trans-
plantation (allo-BMT/HSCT) has arguably been applied
successful in the treatment of chronic myeloid leukemia
{(CML) and still remains the most effective strategy for
inducing durable molecular remission in STIS71 (imatinib
mesylate, Gleevec) refractory patients (1,2). The application
of conventional myeloablative allo-HSCT has, amongst others,
been limited by the age of the recipient. Therefore, the use of
reduced intensity conditioning (RIC) regimen was studied in
a limited nuomber of patients. However, even if some published
data remain contradictory most studies reported an elevated
risk for recurrence of the disease and an adverse cutcome
(1.3.4). Idiopathic myelofibrosis (IMF), a less common
chronic myeloproliferative disease (CMPD) with an onset in
the elderly, carries a prognosis with a median survival of four
years (5,6). Initial studies on a small number of patients
demonstrated that conventional myeloablative therapy lead to
high transplant-related mortality (7-10). However, the use of
RIC resuolted in a better outcome in IMF patients (11). In
general, the elimination of tumor cells is mostly dve to a
strong graft-versus-leukemia (GVL) effect of the donor
alloimmume effector lymphocytes (12-14). When leukemia
relapses after allogeneic hematopoietic cell transplantation
(HCT), domor lymphocyte transfusions can induce sustained
remigsions in some patients (15). The different response of
IMF and CML patients on above-mentioned therapy regimen
could suggest that neoplastic hematopoiesis in CML might
dispose of better escape strategies than hematopoiesis in
IME.

Patients and methods

Patients (IMF). A total of five patients (four men, one woman;
mean age 45 years, fifteen sequential post-transplant trephine
biopsies) with IMF in the chronic phase of the disease received
PBSC grafts from sex-mismatched HLA identical family
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donors at the University Hospital Hamburg, Germany. All
patients had a history of various therapeutic regimens including
hydroxyurea, busulfan as well as radiation or a combination
of these. All patients received standardized RIC with busulphan
(10 mg/kg), fludarabine (180 mg/m?) and anti-thymocyte
globulin followed by allo-HSCT with a median number of
transplanted CD34+ progenitors of 8x10° per kg body weight
(range 0.9-15.6). No primary graft failure occurred. The
median time until leukocyte (>1.0x10%1) and platelet (>20x
10%/1) engraftment was 16 (range, 11-26) and 23 days
(range, 9-139) respectively. Acute graft-versus-host disease
(GvHD) grade II-III occurred in three patients and two
patients had limited chronic GvHD. Standard GvHD
prophylaxis was performed (MTX + Cyclosporin A).
Hematological response and complete histopathological
remission without signs of relapse was seen in all five
patients during the period under consideration. The patients
were entolled in a prospective pilot study of RIC. Explicit
approval of this study was obtained from the local ethics
committee and all patients gave written informed consent
(see also refs. 11 and 16).

Patients (CML). Sixteen archived pre- and post-transplant BM
biopsies (1985-1996) of eight patients from the pre-STI era
(five men and three women, median age 37 vears) with chronic
phase CML were enrolled in the study. Patients had received
BM grafts (median size 2.3x10%kg nucleated cells) from sex-
mismatched HLA identical family donors at the University
Hospital of Essen, Germany, following standard procedures
that included conditioning regimens (Cy 60 mg/kg/day x 2,
dose of total body irradiation {TBT)} 4 x 2.5 Gy cobalt-60 and
GvHD prophylaxis (MTX + Cyclosporin A). A successful
engraftment according to standard criteria was established at
day 2445 in all patients (17,18). Acute GvHD grade TI-1IT
developed in five patients and limited chronic GvHD was
diagnosed in three patients. All patients presented complete
hematologic remission for the period under study. Blood
analysis revealed cytogenetic remission in the whole period
under study (19).

BM biopsies. BM trephine biopsies were performed from the
posterior iliac crest. The fixation of samples was carried out
in a low-concentrated phosphate-buffered formalin solution
for 12-48 h. Further processing included decalcification for
3-4 days in 10% buffered ethylene-diamine tetra-acetic acid
(EDTA), pH 7.2, paraffin wax embedding, and employment
of several staining techniques, involving Giemsa, PAS
(periodic acid Schiff reagent), naphthol-AS-D-chloroacetate
esterase, Perls' reaction for iron and a silver impregnation
methed (Gomori's technique).

Sequential immunostaining and dual color fluorescence in situ
hybridization (FISH). For a simultaneous immunophenotypic
and genotypic evalvation, 4 pm paraffin-embedded sections
were immunoestained with CD34+ (QBEND10, IgGlk, Dako,
Hamburg, Germany), or CD61* (Y2/51, IgGlk, Dako).
Subsequently, the slides were incubated with a satellite probe
mix for chromosemes x and y (CEP X Spectrum
Orange/CEP Y Spectrum Green DNA Probe Kit; Vysis,
Bergisch Gladbach, Germany) as described previously (20).

SIEBCLTS er al: PROPORTION AND DYNAMICS OF RECIPIENT HEMATOPCIESIS

The slides were evaluated with an Aristoplan microscope
(Leitz, Wetzlar, Germany) equipped with an optimized triple
bandpass filter and imaged with a digital camera (Photometrics
SenSys; Tucson, AZ, USA) and appropriate software (IPLab
Spectrum P, Vienna, VA, USA). Only those cells containing
exactly two marked signals were evaluated.

Polymerase chain reaction (PCR) analysis. Quantitative Y
chromosome-specific PCR assay (QYCS-PCR) based on the
DFFRY gene for the determination of hematopoietic donor
chimerism was performed on peripheral blood cells of four
male IMF patients as formerly described (11,16). This
method can be used to detect remaining male cells after sex-
mismatched allogeneic blood stem cell transplantation
(HSCT) involving a male patient and female donor (16). For
PCR, primers FP-Y (aactcacctccaacacatactccac) and RP-Y
(tlcatgatgaaatetgetitttgtit) were synthesized according to the
published sequence of the DFFRY gene (21). A FAM-
labeled TagMan probe (P-Y, cagccaccagaattatetecaagetet
ctga) was designed using Primer Express software to allow
real-time quantitative PCR in an ABI PRISM 7700 Sequence
Detection System (Applied Biosystems, Weiterstadt,
Germany). To standardize DNA content, a second PCR
reaction detecting the human hematopoietic cell kinase gene
HCK was carried out in the same tube (multiplex) (22,23).

Male (Y chromosome-positive) cell content was quantified
based on ct (threshold cycle) values obtained after real-time
PCR. Statistical data evaluation was performed with Microsoft
Excel software (16).

Results

Validation of polvmerase chain reaction and fluorescence
in situ hybridization. Serial dilutions of male mononuclear
cells in female cells confirmed that the detection of <1 male
in 100,000 female cells (<0.001%), was possible. Concerning
the female patient in this collective, the Y chromosome-specific
PCR was negative.

In all patients dual color FISH was performed on pre-
treatment trephine biopsies to validate the method. Concerning
the male patients, in 0.3% cells the genotype was spuricusly
suggested to be female while a total congruence with the
female gender was found in all cells under investigation.

Distribution of donor and host hematopoiesis in BM and PB.
Concerning the four male IMF patients mCh was verified
to be a phenomenon affecting both, the BM and the PB
compartment. In detail, QYCS-PCR data demonstrated a
proportion of PB recipient cells ranging between 0 and 1% in
the early as well as late post-transplant period. Concemning
analysis of corresponding sequential BM biopsies and FISH
examination 0 and 1% host megakaryocytes were seen in the
early post-transplant peried and also at day +100, respectively.
In contrast, BM CD34* progenitors displayed a host cell
proportion of 5 and 8% by examination of the early transplant
period and day +100, respectively. The variation in host cell
distribution concerning early and late post-transplant period,
however, was not statistically significant (t-test; unpaired).

Evidence of constitutive BM host hematopoiesis in CML
patients with lasting cytogenetic remission in PB. MCh of
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Table I. Portion of Graft and Host hematopoiesis of early and late transplant phase.
Day <100 after HCT Day =101 after HCT
Host (%) Graft (%) Host (%) Graft (%)
IMF
Progenitor cells (CD34) 6 (5 106 (85) 11 (8) 135 (92)
Megakaryocytes (CD61) 0 (@ 182 (100) 3 () 222 (89)
CML
Progenitor cells (CD34) 19 (18) 8% (82) 30 (26) 84 (74)
Megakaryocytes (CD61) 8 (11) 65 (89) 10 (13) 70 (87)

Portion of graft and host hematopoiesis of early and late transplant phase. Pooled data of five IMF patients and eight CML patients
following FISH analysis and immmunohistochemistry for CD34 of CD61 are demnonstrated. Counted cells and parenthesized percentage for
graft and host hernatopoiesis of early and late transplant phase are presented. (Total no. of counted cells: 1043).
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Figure 1. MCh in IMF and CML following HCT. Rate of donor cells for the time-points of early (=100 days) and late (=101 days) post-transplant period

(n, number of counted cells). CD34* progenitors (A) and megakaryopoiesis (B).

post-transplant BM biopsies exclusively derived from patients
with lasting cytogenetic remission was analysed. In all cases
under study a distinet proportion of host derived hematopoietic
cells was seen. Detailed FISH analysis of megakaryocytes as
an element of matare hematopoiesis revealed mCh of 11% in
the early post-transplant period and of 13% at day +100.
Concerning the CD34+ progenitors 18 and 26% were of host
origin when examining BM biopsies of the early post-
transplant period and day +100, respectively. These data
indicate the presence of a lasting BCR-ABL negative host
cell hematopoiesis in disease-free post-transplant CML
patients. Observed variations of host cell distribution in early
and late post-transplant period were not statistically
significant for the megakaryocyte or for the CD34~
progenitor cell compartient.

MCh is particularly a phenomenon of the immature
hematopoiesis. To compare mCh in mature and the immature
hematopoiesis 28 BM biopsies of 5 IMF and 8 CML patients
were analysed. In both diseases a higher proportion of host
derived CD34" progenitors was seen when compared to mega-
karyocytes. In detail, concerning the early post-transplant

period, 5% of the CD34* progenitors but no megakaryocytes
were of host origin in IMF patients while 18% of the CD34+
progenitors and 11% of the megakaryocytes were of host
origin in CML. Concerning day +100, 8% host CD34+
progenitor cells but only 1% host megakaryocytes were
seen in IMF and in CML mCh represented 26% of the CD34+
progenitors and 13% of the megakaryopoiesis. The prominent
role of CD34" progenitors in mCh was seen in all patients.
Concerning the IMF patients this finding was statistically
significant by unpaired t-test for both time periods.
Concerning the CML patients results were marginally not
significant but disclosed the same trend.

Superior bene marrow mCh in CML compared to IMF. FISH
analysis of 1043 hematologic cells derived from BM biopsies
of IMF and CML patients in hematological remission
revealed a constant higher proportion of host derived mega-
karyopoiesis and CD34* progenitors in CML patients. This
phenomenon was observed in early as well as in late post-
transplant period. As summarized in Table I in IMF patients
complete chimerism of the CD61" megakaryopoietic lineage
was obtained within the first 100 days. At all later time-
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peints the fraction of recipient cells in this cell lineage was
below 2%. In the group of CML patients 11% of the
megakaryocytes were of host origin in the early post-
transplant period while mCh wag 13% at day +100 (Table I,
Fig. 1).

When data for the CD34+ cell population of CML patients
were compared to those of the IMF patients the contingent of
recipient cells was significantly elevated in the CML group
in the early as well as the late post-transplant period (p<0.05;
t-test; unpaired) (Table I; Fig. 1).

Discussion

QYCS-PCR is a rapid and sensitive technique to detect male
cells and therefore enables analysis and quantification of PB
mCh in sex mismatched HCT {16,24,25). A disadvantage of
this methed is the constriction on male patients. In the
analysis of BM biopsies, recipient stromal cells cannot be
differentiated from host hematopoiesis and therefore the
changing relation between hematopoiesis and stromal cells
during the engraftment and post-transplant period falsifies
the results. In the evaluation of BM biopsies the FISH
technique therefore outmatches the QYCS-PCR technique. In
combination with immunochistochemical analysis this assay
allows the genotyping of single phenotyped cells. Assuming
that in CMPD the source of relapse probably is the
undifferentiated hematopoietic progenitor cell FISH analysis
also is an important tool in monitoring hematopoietic
engraftment in the BM after transplantation (26).

Following a gender-mismatched transplantation, the
concurrent characterization of genotype and cell lineage
provides suitable means for the identification of chimeric
states and thus the host/donor origin of a certain cell population
(24). However, it has to be considered that the number of
host cells does not necessarily reflect the number of neo-
plastic hematopoiesis {17,18,20) and the relevance of host cell
number on HCT outcome remains controversial (27-30).
Analyzing the same BM biopsies, we reported a BCR/ABL
positive population within the CD34+ cell compartment
ranging from 5 to 10% (18) indicating that 30-50% of the
host CD34+ cells bear the translocation. These data indicate
that an increase in mCh indeed is a powerful indicator of
initial relapse and therefore an important toel to initialize
accurate treatment as soon as possible (31). In IMF our data
also indicate that measurement of mCh is a useful and true
instrument in the monitoring of clonal diseases when a
defined chromosomal aberration is unknown (7.8,32,33).

In this study the FISH technique was applied to compare
and monitor IMF and CML patients transplanted with sex-
mismatched donors. Combination of FISH technique with THC
allowed subdivision of maturing and immature hematopoiesis.
In this context CD61+ megakaryopoiesis lineage was selected
because, based on previous data, the probability to detect
single recipient cells in these lineage is higher when compared
with those of the erythro- and granulopoiesis presumably by
virtue of the polyploid state of these cells (17). The immature,
potentially dormant hematopoiesis was detected by CD34
THC. Morphological control of the stained cells within the
BM allowed a clear discrimination from CD34 endothelial cells
because BM vessels were omitted in the evaluation (18).

SIEBOLTS et al: PROPORTION AND DYNAMICS OF RECIPIENT HEMATOPOIESIS

With CML and IMF two CMPD were selected which are
both hematopoietic stem cell diseases. Although a specific
chromosomal aberration is only described in CML this disease
shares a lot of clinical and morphological similarities with
IMF. A maximum similarity in both groups was achieved as
follows: i) patients were matched concerning age, phase of
their disease and risk of GvHD; ii) only patients in lasting
complete hematologic remission were elected; and iii) patients
achieved grafts from sex-mismatched HLA identical family
donors. In addition, only CML patients in complete cyto-
genetic remission were elected. Differences in the manage-
ment of both diseases included i) the manner of hematopoietic
eradication (myeloablation in the CML group versus
myeloreduction via RIC in the IMF group) and ii) the manner
of transplantation (allo-BMT in the CML. group versus allo-
HSCT in the IMF group) and resulted from the adverse
outcome of the therapy concerning the setting vice versa
(1,3,7-11). Concerning the time-points day +100 post-
transplant, however, effects of itial therapy (allo-BMT and
allo-HSCTY) are blurred because at that time-point the
interplay between immune reactivity of the graft and
immunogenity of the tumor cells is regarded to be essential
for the course of the individual disease (19,34). In addition,
individual ranges of the relative proportion of T-cells are
indeed broad but are reported not to differ between BM and
peripheral blood stem cell allografts (35).

In both diseases under study mCh was concentrated
within the population of CD34" progenitors. Assuming that
the majority of neoplastic cells are comprised in this compart-
ment our data are in line with the findings that early leukemia
relapse is indicated by sequential monitoring of mCh in PB
CD34* cells (36). Concemning CML, the prominent role of
BM CD34* cells is further highlighted by the finding of
congtant persistence of malignant hematopoietic progenitors
in patients in complete PB cytogenetic remission {18).
Although a direct comparison was not conducted it is likely
that these findings affect CD34* progenitors from both sources,
PB and BM, respectively.

The most prominent difference between IMF and CML
BM findings was the significantly elevated rate of mCh in
CMIL. hematopoiesis. These data indicate that host CD34+
cells and therefore also primary neoplastic stem cells in CML
seem not to be as sensitive to miyeloreductive drugs and, even
more important, to graft versus leukemia reactions than their
counterparts in IMF. In other words, the presented data
indicate that the interplay between reduction of the host cell
mass and efficiency of the unedited donor immune system in
eradication of host and tumor cells has to be linked to each
disease and disease stage. An excess of tumor mass over each
individual thresheld therefore leads to uncontrolled
proliferation of the neoplastic progenitors, an observation
that can be underlined by previously published FISH data on
sequential trephine biopsies of relapsing CML patients
(17.18). The finding that myeloablative regime may not be
sufficient to cure CML at least in advanced disease, points to
the same direction (3,37.,38).

In this context, allowing the assumption that immuno-
logical responses against tumor cells are likely to be most
effective against the most immunogenic of the tumor cell
population and least effective against the escape mutants that
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have evolved various means of camouflage or resistance for
immune mediated toxicity (37). Our present data indicate that
CML CD34" progenitors are more resistant and harder to
eradicate than their IMF counterparts. This, in part, could
depend on the low translation of immunogenic BCR-ABL
protein by CML CD34~ progenitor cells (34). However, the
concomitant higher fraction of recipient megakaryopoiesis in
CML patients bearing large amount of BCR-ABL protein
indicates that this might not be a major reason for the less
complete eradication. Altogether, our findings support the
conclusion that neoplastic hematopoiesis in IMF patients
might be more vulnerable to immunological responses than
the neoplastic CD34* progenitor cell population in CML
patients perhaps due to better strategies in escaping inunune
surveillance of the latter. Further studies will have to clarify
which GVL target antigens could be responsible for the more
effective strategies of CML CD34* progenitors to escape
immune surveillance.
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Polycythemia vera (PV) is a clonal hematopoietic stem cell disease
characterized by a trilinear accumulation of blood cells that has
been recently associated with a JAK2"*'’F point mutation. How-
ever, this molecular defect represents a rather late event in the
disease progression, is not specific for this disease, and is not
ascertained in all patients indicating that additional factors con-
tribute to the specific phenotype of PV. Therefore, cDNA microar-
ray analyses were performed on CD34" peripheral blood stem
cells (PBSC) with subsequent evaluation on mRNA and protein
level of a larger cohort of PV patients. Microarray analyses
revealed a significant dysregulation of 11 genes. KU86, a gene cod-
ing for a subunit of the DNA-dependent protein kinase (DNA-PK),
displayed the strongest upregulation in all patients under study.
This peculiarity was accompanied by downregulation of the cata-
lytic DNA-PK subunit DNA-PKcs. Also Ku86 protein was upregu-
lated and expressed in the vast majority of CD34* PBSC nuclei
while a weak nuclear expression was detected in only one blood
donor. Differential expression of several genes, imbalance of the
distinct subunits of DNA-PK, and particularly the strong upregu-
lation of Ku86 protein, are new findings in PV CD34" PBSC.
These factors may contribute to the accumulation of chromosomal
aberrations, accumulation of hematopoietic cells (especially of
erythropoiesis), and prolongation of CD34* PBSC life span
observed in PV.

© 2008 Wiley-Liss, Inc.
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Chronic myeloproliferative disorders are characterized by
abnormal accumulation of more than one hematopoietic lineage
associated with relatively normal maturation." Amongst these
polycythemia vera (PV) is an acquired clonal myeloaccumulative
disease (panmyelosis) with increased red cell production inde-
pendent of mechanisms that normally regulate erythropoiesis.> An
acquired and activating JAK2"*'”" point mutation was previousl¥
described occurring in most patients suffering from this disease.>
However, it has to be taken into account that this point mutation is
not specific for PV and that 3-36% of PV patients are JAK2"97'*
negative.>® In addition, Kralovics et al. were able to demonstrate
that JAK2"%!7" represents a rather late event in disease progres-
sion.*” Therefore, other molecular defects within the stem cell
compartment have to be responsible for the specific phenotype of
PV.

On this account, we analyzed gene regulation of CD34* periph-
eral blood stem cells (PBSC) from PV patients and healthy blood
donors. The most prominent elevated gene was KU86, a subunit of
the DNA-dependent protein kinase (DNA-PK). As a multifunc-
tional protein Ku86 has been implicated in the regulation of many
pivotal nuclear processes such as DNA double-strand break repair
by non-homologous end joining (NHEJ).'®"'? Furthermore, in
acute and chronic myeloid leukemias an aberrant activity of DNA-
PK subunits Ku70/Ku86 has been shown to be a candidate mecha-
nism for chromosomal instability.'*'* Therefore, taken into
account that DNA-PK subunits not only acting as a precise
adjusted entity but also each exhibiting their own distinct func-
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tions an imbalance may cause severe disorder to cell metabo-
lism."> Consequently, we further analyzed gene expression of the
3 DNA-PK subunits and Ku86 protein expression in PV CD34™"
PBSC. Furthermore, in PV bone marrow biopsies cellular distribu-
tion and abundance of Ku86 protein in hematopoiesis was scruti-
nized.

Material and methods
Study design

After informed consent, bone marrow trephine biopsies and pe-
ripheral blood (PB) samples from 9 patients with histopathologi-
cally determined chronic phase PV were obtained for diagnostic
or therapeutical purpose (phlebotomy). No additional myelosup-
pressive regimens were administered. The diagnosis of PV was
ascertained according to the criteria of the WHO classification of
2001 and all patients also meet the criteria of the new WHO clas-
sification of 2008.'°""®

At initial diagnosis, all patients presented hemoglobin values of
>18.5 g/dl (in men) and >16.5 g/dl (in women), a thrombocytosis
of >400 X 109/1, and low Epo levels. Beside biopsies from 5 PV
patients in the chronic phase of their disease 5 archived trephine
biopsies conducted to evaluate dissemination of the disease where
taken from patients with nodal lymphoma (without bone marrow
involvement) and 26 blood samples from healthy individuals
served as controls. All patients under study carried the JAK2"%/7"
point mutation as evaluated by PCR.

Additionally, to verify the influence of the allelic burden of the
JAK2V®'7F point mutation due to the RNA expression levels of the
6 genes examined by RT-PCR we used allele specific PCR and
PCR product sequencing to answer this question. All patients
under study revealed heterozygosity in their CD34" PBSC com-
partment (Supporting Figure 1).

Selection and isolation of CD34" and CD14 ™ cells

Phlebotomy samples of 500 ml peripheral blood underwent cen-
trifugation over Ficoll-Paque (Pharmacia, Uppsala, Sweden) to
obtain a mononuclear cell concentrate. Mononuclear cells were la-
beled with either anti-CD34 micro beads or anti-CD14 micro
beads (both Miltenyi Biotec, Bergisch-Gladbach, Germany) and
selected by an immunomagnetic separation system according to
the manufacturer’s instruction (mini-MACS, Miltenyi Biotec). To
increase purity of the eluted cells two further passes through
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of this article.
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separation columns were performed. Purity was ascertained by
FACS flow cytometry (Becton Dickinson, San Jose, CA). Cells
were washed, immediately frozen in liquid nitrogen, and stored at
—80°C.

DNA and RNA extraction

Isolation of genomic DNA and total RNA from 1 X 10°to 5 X
10° CD34* PBSC was performed with the DNeasy or the RNeasy
Micro Kit including DNAse treatment, respectively (Qiagen AG,
Hilden, Germany) according to the manufacturer’s instructions.
DNA and RNA yield, purity and quality were measured photomet-
rically and validated by gel electrophoresis.

c¢DNA microarray

Atlas Human 1.2 I array (BD Biosciences Clontech, Heidelberg,
Germany) containing 1185 gene specific ¢cDNA was used for
hybridization experiments. Total RNA was reversely transcribed
and radioactively labeled with [alpha-32P] dATP (Amersham Bio-
sciences, Buckinghamshire, UK). The very low RNA content of
the samples required the selection of the ominiscript reverse tran-
scriptase (Qiagen AG, Hilden, Germany) according to a modified
protocol of the manufacturer’s instructions. With this modification
samples of minimum 500 ng RNA could be analyzed. Hybridiza-
tion was performed according to the producer’s instructions. For

signal detection Phosphor Imager screens (Amersham) were
exposed for up to 1 week and scanned with the Storm Imaging
System (Amersham). Data were quantified using the ArrayVision
V4.0 software (Imaging Research, Ontario, Canada) and normal-
ized against 6 housekeeping genes included on the microarray
(glyceraldehyde-3-phosphate dehydrogenase; alpha tubulin; major
histocompatibility complex, class I; beta actin; ribosomal protein
L13a; ribosomal protein S9).

Allele-specific QPCR and PCR product sequencing

AS-QPCR was performed on an MX3000p (Stratagene, Amster-
dam, Netherlands) detection system with typical reactions of a
final volume of 20 ‘}J.l, containing primers (300 nM) and probes
(200 nM) of a JAK2V!"" specific SNP assay (Applied Biosystems,
Foster City, CA) mixed with the appropriate volume of Eppendorf
RealMasterMix (Eppendorf AG, Hamburg, Germany) and 2 pl
genomic DNA.

Briefly, the results of PCR were validated using sequence spe-
cific primers labeled with the IRD 800 fluorescence dye (Meta-
bion, Planegg-Martinsried, Germany). Sequence analysis was car-
ried out on a LI-COR DNA analyzer (Gene Reader 4200; MWG-
Biotech). The sequences products were compared with the pub-
lished data of the NCBI database by BLAST analyses to exclude
amplification of a false amplicon.
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TABLE I - PRIMERS AND PROBES FOR REAL-TIME RT-PCR ASSAYS

Protein Gene

Primers/probes 5’ — 3’ Amplicon length

Ku86 XRCC5

Ku70 XRCC6
DNA-PKcs PRKDC
Jak3 JAK3
MAPKK3 MAP2K3
STATI STATI1

GAPDH GAPDH

TATMTATMYIATNYATMUATMUA YA

CAA AGA GGA AGC CTC TGG AA

CCA CAT CACCACCTT CTT CA

FAM—TTC TGT CAC AGC TGA GGA AGC CAA A—BHQI1
GAC ATT GCC CAA GGT TGA AG

TGT GGG TCT TCA GCT CCT CT

FAM—AGA CTG GGC TCC TTG GTG GAT GAG—BHQ!I
GCG AAT ACT TCC AGG CTT TG

TTG TTT CGC AAC CAG TTC AC

FAM—AAA GAA GTG TAT GCC GCT GCA GCA—BHQI1
TAT CCT TGA CCT GCC AGT CC

ACT CAC CCT GCT CCT TGA GA

FAM—AGC ACC GCA GTG ACC TGG TGA GT—BHQI1
GGA GCT CAT GGA CAC ATC CT

CGC ACG ATA GAC ACA GCA AT

FAM—ACA AGT TCT ACC GGA AGG TGC TGG A—BHQI1
CAA GTT CGG CAG CAG CTT A

CAC CAC AAA CGA GCT CTG AA

FAM—TGT TAT GGG ACC GCA CCT TCA GTC—BHQI
CTC TGC TCC TCC TGT TCG AC

ACG ACC AAATCC GTT GACTC

FAM—AGC CAC ATC GCT CAG ACA CCA TG—BHQI

116bp

185bp

155bp

119bp

105bp

144bp

112bp

F, indicates forward primer; R, reverse primer’; P, TagMan probe.

Real-time RT-PCR

Total RNA was reversely transcribed using random hexamer
primers (Invitrogen, Karlsruhe, Germany) and Sensiscript RT Kit
(Qiagen AG, Hilden, Germany) in case of CD34" PBSC and
Omniscript RT Kit (Qiagen AG, Hilden, Germany) in case of
CD14" cells. Primers and probes were designed using open source
Primer3-web software (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi) and were evaluated by Blast searches at NCBI
(http://www.ncbi.nlm.nih.gov/blast/) (Table I). All primers and
probes were synthesized by Metabion (Planegg-Martinsried, Ger-
many). For detection and quantification of the PCR assays the
MX3000p (Stratagene, Amsterdam, Netherlands) was employed.
The real-time PCR amplification was performed in a final reaction
volume of 20 pl containing primers (300 nM) and probe (200 nM)
mixed with the appropriate volume of Eppendorf RealMasterMix
(Eppendorf AG, Hamburg, Germany) and 4 ul cDNA. The reac-
tion mixture was preheated at 95°C for 2 minutes, followed by 45
cycles at 95°C for 20 seconds and 60°C for 1 minute. All experi-
ments were evaluated by performing an identical second run. To
avoid quantification bias a standard curve of every assay on every
single run has been carried out to ascertain the specific amplifica-
tion efficiency. Briefly, the relative expression mRNA level was
determined setting the cycle threshold against the standard curve
in each case. Normalization against the internal control Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was followed by
calculating the case specific calibrated gene expression. The mean
value of normalized gene expression of all healthy controls in one
assay served as calibrator.

Western blot analysis

Extracted CD34" PBSC were immediately removed from
buffer solutions and frozen in liquid nitrogen. For western blot
analysis, cells were homogenized in 200 pl lyses buffer consisting
of RIPA-buffer, 10 pl Protease Inhibitor Cocktail (Sigma-Aldrich,
Munich, Germany), and 5 pl PMSF (100 mM) by multiple aspira-
tions through a 24-gauge needle. Protein concentrations were
measured employing BCA-Protein Assay (Pierce Biotechnology,
Bonn, Germany). Equal amounts of protein (10 ng) were separated
on a NuPAGE 4-12% Bis-Tris Gel (Invitrogen, Paisley, UK) and
transferred to a 0.2 pum pore size nitrocellulose membrane. West-
ern blotting was performed with antibodies against Ku86 (B-1)
(Santa Cruz Biotechnology, Heidelberg, Germany). Filters were
reprobed with anti-actin (Sigma-Aldrich, St. Louis, MO) mouse

IgG2a monoclonal antibody (clone AC-40), to normalize the
protein levels. After incubation with the respective secondary
antibodies specific bands were observed via enhanced chemilumi-
nescence analysis employing the ECL Plus Western Blotting
Detection Kit (GE Healthcare, Munich, Germany). Measurement
of the relative optical density (OD) was performed using the Scion
Image software release alpha 4.0.3.2 (Scion Corporation; Freder-
ick, MD). For every case the obtained relative OD of Ku86 was
normalized by the relative OD of actin.

Immunocytochemistry

Enriched CD34" PBSC were immediately removed from buffer
solutions and mixed with sheep erythrocytes not only to obtain a
visible pellet but also to avoid cell clustering. After formalin fixa-
tion and paraffin embedding 4 um sections were dewaxed through
xylene, rinsed with descending alcohol concentrations, heated in
appropriate buffer (100 mM Tris/S0 mM EDTA, pH 8.0, 120°C,
5 min), cooled, and rinsed twice in Tris-HC1/0.05% Tween 20
buffer (pH 7.6). Subsequently, immunostaining with Ku86 (B-1)
(Santa Cruz Biotechnology, Heidelberg, Germany) was performed
by EnVision HRP labeled System (Dako, Hamburg, Germany).
AEC Substrate Chromogen (Dako, Hamburg, Germany) was used
as chromogenic substance.

Immunohistochemistry on bone marrow biopsies

Four micrometer paraffin-embedded sections from archived
bone marrow trephine biopsies (5 PV patients, 5 controls; mean
size 17.5 + 1.8 mm?) were dewaxed through xylene, air-dried,
microwave-heated in appropriate buffer (100 mM Tris/50 mM
EDTA, pH 8.0) for 12 min, cooled, and rinsed twice in Tris-HCI/
0.05% Tween 20 buffer (pH 7.6) at 4°C. Subsequently, immuno-
staining with CD34 (QBENDI10, Dako, Hamburg, Germany) or
Ku86 (B-1) (Santa Cruz Biotechnology, Heidelberg, Germany)
was performed by EnVision HRP labeled System (Dako, Ham-
burg, Germany). AEC substrate (Dako, Hamburg, Germany) was
used as chromogenic substance. In case of immunophenotypic
double staining incubation with CD34 antibody (120 min, 37°C)
was followed by addition of a biotinylated secondary antibody
(polyclonal rabbit anti-mouse; Dako, Hamburg, Germany) and
detection with streptavidin alkaline phosphatase (Lab Vision; Fre-
mont, CA). Fast Red substrate system was used as chromogenic
substance. Subsequently, immunodetection with Ku86 antibody
(over night, 4°C) was performed by EnVision HRP labeled Sys-
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TABLE II - GENE EXPRESSION DATA FROM cDNA ARRAYS

Classification Genes UniGene PV patients
A B c
Cell cycle MAP kinase kinase 3 (MKK3) Hs.514012 —2.89 —-2.91 —4.05
DNA replication licensing factor MCM7 (MCM7) Hs.438720 3.01 3.46 3.11
Intracellular transducers/ Activated CDC42 kinase 1 (TNK2) Hs.518513 —3.48 =7.17 —8.51
effectors/modulators Janus kinase 3 (JAK3) Hs.515247 3.32 4.1 3.84
Non-receptor tyrosine-protein kinase TNK1 (TNK1) Hs.203420 3.17 3.5 3.75
STATI1 Hs.642990 —3.28 —-2.5 —3.26
DNA-synthesis, recombination, Replication factor C subunit 2 (RFC2) Hs.647062 —3.76 —4.95 —8.06
repair KU86 (XRCCS) Hs.388739 6.27 5.89 4.97
Transcription C/EBP alpha (CEBPA) Hs. 76171 —2.72 —4.51 —11.11
Heat shock proteins Heat-shock protein beta-1 (HSPB1) Hs.520973 —3.55 —4.32 —7.58
Cell signaling Interleukin 13 (IL13) Hs.845 3.34 2.64 9.72
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FIGURE 2 — mRNA expression of DNAPK subunits KUS6, KU70, and DNA-PKcs in CD14™ monocytes. mRNA expression of DNAPK subu-
nits KU86 (a), KU70 (b), and DNA-PKcs (c) in CD14* monocytes of 9 polycythemia vera (PV) patients compared with mRNA expression of 9
healthy blood donors (control) employing semiquantitative RT-PCR technique. Vertical axis represents factor of relative expression. Graph indi-
cating 25th and 75th percentiles as box margins, 10th and 90th percentiles as error bars, and the median as a line in the box. Outlying points are
displayed as dots. The p value is given for each graph. In all assays a congeneric expression was seen in PV patients and healthy blood donors.

tem (Dako, Hamburg, Germany) with following diaminobenzidine
(DAB)-nickel (Vectorlabs, Burlingame, CA) staining.

Photographic documentation

All pictures were performed on a Zeiss Axiophot microscope
(Zeiss, Oberkochen, Germany) with the objective lenses 40X/0.70
NA PL Fluotar or 100X/1.32 oil NA PL Fluotar, respectively. Dig-
ital photography was employed with a JVC KY-F75 U (JVC Ger-
many, Friedberg, Germany) using the acquisition software Diskus
Version 4.60.342 (Diskus, Koenigswinter, Germany). No further
image processing was performed.

Statistical analysis

The Student’s 7-test was performed for statistical analysis of the
data achieved by semiquantitative real-time PCR after testing the
normal distribution with one-sample Kolmogoroff-Smirnov-Test.
p values < 0.05 were considered as statistically significant and
values < 0.01 are shown indicating a higher level of significance.
Statistical analysis was achieved using SPSS 14.0.1 software
(SPSS, Chicago, IL).

Results

KUSG6 is the most significantly upregulated gene
in PV CD34™ peripheral blood stem cells

To assess potential differences in gene expression between
CD34™ cells derived from PV patients and healthy individuals an

initial screen interrogating 1185 genes was performed (Atlas
Human 1.21 array). CD34" PBSC of 3 PV patients and 12 healthy
individuals were immunomagnetically enriched (purity > 95%)
before analysis. For this initial screen samples from healthy indi-
viduals were pooled while the samples from the 3 PV patients
were analyzed individually. The experiments revealed that 5 out
of 1185 genes were significantly upregulated and 6 out of 1185
genes were downregulated by a more than twofold difference in
either PV patient (Table II). The most prominent upregulated gene
was the KUS6 subunit of DNA-PK which was significantly ele-
vated 4.97 to 6.27 fold in PV CD34 " PBSC. In contrast, no signif-
icant difference in KU70 mRNA expression between PV patients
and healthy controls could be revealed. The cDNA of the catalytic
subunit of the holoenzyme DNA-PKcs was not spotted on the
array.

Among the other dysregulated genes 3 candidates have been de-
scribed to be involved in the JAK-STAT signaling pathway.'~!
Representing the class of cell cycle promoting genes the expres-
sion level of mitogen-activated protein kinase kinase 3 (MAPKK3)
was significantly reduced in the PV CD34" PBSC as assessed by
examination of 138 genes involved in cell cycle regulation. Also
the signal transducer and activator of transcription 1 gene (STATI)
was downregulated whereas expression of Janus kinase 3 (JAK3)
revealed significantly increased expression. Altered expression of
the JAK-STAT signaling pathway associated genes determined by
cDNA array was verified by RT-PCR employing CD34" PBSC
from further 9 PV patients and 9 healthy individuals. All 3 genes
revealed analogous dysregulation (Figs. 1a—1c¢).
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As comprised in Table II further upregulated genes were seen in
the group of cell cycle regulating genes (i.e., DNA replication
licensing factor MCM?7), intracellular transducers (i.e., non-recep-
tor tyrosine-protein kinase TNK/), and cell signaling genes (i.e.,
interleukin 13 /L/3). A significant downregulation was seen in the
group of intracellular transducers (i.e., activated CDC42 kinase 1
TNK2), DNA synthesis associated genes (i.e., replication factor C
subunit 2 RFC2), transcriptional activators (i.e., C/EBP alpha
CEBPA), and heat shock proteins (i.e., heat shock protein B-1
HSPBI).

Dysregulation of DNA-PK subunits in PV blood
cells is restricted to CD34™ cells

As the DNA-PK complex has been implicated in DNA replica-
tion, regulation of transcription, and DNA double-strand break
repair, regulation of gene expression of the KU86, KU70, and
DNA-PKcs subunits of the holoenzyme was analyzed performing
RT-PCR. In keeping with the cDNA array results again KUS6 was
significantly higher expressed in PV CD34" PBSC compared with
the controls. Concerning KU70, a congeneric expression in PV
CD34% PBSC and CD34" PBSC of healthy individuals was
seen. In contrast, in PV CD34" PBSC a significant decrease
of DNA-PKcs compared with the controls could be highlighted
(Figs. 1d-1f).

To determine whether the dysregulation of the 3 DNA-PK subu-
nits is restricted to CD34" PBSC or still relevant in mature blood
cells we assessed expression of DNA-PK subunits in CD14"
monocytes. CD14" cells were isolated from peripheral blood and
mRNA was analyzed by RT-PCR. In contrast to CD34" cells of
the same individuals, expression of the 3 DNA-PK subunits was
not significantly altered between healthy individuals and PV
patients (Fig. 2).

Nuclear overexpression of KuS6 protein in PV CD34*
peripheral blood stem cells

To assess whether the increased mRNA expression of KU86
resulted in even increased protein level, immunoblotting on pro-
tein lysates of CD34" PBSC was performed. As demonstrated in
Figure 3 the Ku86 protein (83kDa) was detected in CD34" PBSC
of all PV patients under study while only in 1 of 9 healthy volun-
teers a faint band was observed.

When examining the subcellular localization of Ku86 in
CD34* PBSC by immunocytochemistry a strong and strictly nu-
clear Ku86 expression in the vast majority of cells was seen in all
PV samples while an absent or at most weak staining was detected
in CD34" PBSC of healthy individuals. As an internal control the
few contaminating leukocytes amidst the enriched PV CD34"
PBSC all remained unstained (Fig. 4).

Nuclear overexpression of Ku86 protein in PV
bone marrow biopsies

Considering the constant overexpression of Ku86 protein in
CD34"* PBSC we asked whether this phenomenon could also been
revealed in bone marrow CD34 ™" cells. We therefore analyzed par-
affin embedded bone marrow biopsies of 5 PV patients and tumor-
free staging bone marrow biopsies of 5 patients with nodal ascer-
tained lymphoma as control. Immunhistochemical analysis
described Ku86 expression as a rather rare and again strictly nu-
clear restricted event in the bone marrow biopsies (Fig. 5). How-
ever, affecting less than 1% of hematopoietic cells in the control
group and up to 10% of the cells in PV it was clearly more fre-
quently seen in the PV biopsies. Thereby, Ku86 was stained in
cells of the erythroid and megakaryocytic lineage. In addition, as
already presumed in these assays, double immunostaining against
Ku86 and CD34 could further clarify that in PV but not in the con-
trol biopsies a major subpopulation of CD34"% cells expressed
Ku86 (Fig. 5).
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FiGURE 3 — Western blot analysis of Ku86 protein expression in
CD34" peripheral blood stem cells. Western blot analysis of Ku86
protein expression in CD34" PBSC of 9 polycythemia vera (PV)
patients compared with 9 healthy blood donors. Relative protein
expression was determined by setting the optical density (OD) of
Ku86 bands against actin OD. Concerning the healthy blood donors
(control) a Ku86 expression was seen only in 1 individual (extreme
outlying point displayed as an asterisk). In PV patients Ku86 was seen
in all individuals. Graph indicating 25th and 75th percentiles as box
margins, 10th and 90th percentiles as error bars and the median as a
line in the box. Outlying points are displayed as dots.

Discussion

In 2005, 5 groups independently published a point mutation of
JAK2V®'7F resulting in an activated kinase activity without the
need of ligand binding to hematopoietic receptors, and also effect-
ing cytokine receptor expression and modulating epigenetic cell
profile.*”7? This mutation was described to occur in up to 97% of
PV patients. However, the mutation is not specific for PV and is
also seen in other Ph™ chronic myeloproliferative disorders
(CMPD). In addition, individual cases of JAK2V®!7F mutations in
other patients and even in healthy volunteers have been
described.”>® Finally, data published by others indicate that
JAK2"9"7F represents a rather late event in disease progression.®’
Altogether, although detection of the JAK2"®/”" mutation is a
milestone in the understanding of PV, this activating point muta-
tion alone cannot explain the specific picture of this disease and
other yet unknown mechanisms must account for the pathogenesis
restricted in the stem cell compartment.? In this context it has to
be underscored that circulating CD34 " PBSC as a potential source
for stem and progenitor cells can be easily achieved and consist of
a higher number of stem and progenitor cells with a lower cell cy-
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FiGure 4 — Ku86 immunocyto-
chemistry of CD34% peripheral
blood stem cell clots. Ku86 immu-
nocytochemistry of CD34™ periph-
eral blood stem cells (PBSC) cell
clots of 5 polycythemia vera
patients compared with 5 healthy
blood donors. Ku86 is expressed in
a strictly nuclear pattern. Only few
cells present a weak expression in
CD347" of healthy blood donors (a,
b) while in the PV patients almost
all PBSC are intensively stained
(¢, d). Note the Ku86 negative
mature leukocytes (arrows). Origi-
nal magnification X1000 for all
panels. [Color figure can be
viewed in the online issue, which
is available at www.interscience.-
wiley.com.]

Ficure 5 — Ku86 and CD34
immunohistochemistry of archived
paraffin embedded bone marrow
biopsies. Ku86 and CD34 immu-
nohistochemistry of archived par-
affin embedded bone marrow biop-
sies from 5 polycythemia vera
(PV) patients (a, ¢) and 5 controls
(b, d). CD34 immunohistochemis-
try is demonstrated in A and B,
Ku86 immunohistochemistry rep-
resenting the identical area in C
and D. The overall expression of
Ku86 in PV patients clearly exag-
gerates Ku86 expression in the
controls. In direct comparison with
each other a coexpression of Ku86
and CD34 in PV patients seems
likely. Immuno-doublestaining
(CD34 and Ku86) substantiates
strong membranous CD34 (red)
and nuclear Ku86 (dark-gray)
staining (e). Original magnifica-
tions X400 (a-d) and X1000 (e).
[Color figure can be viewed in the
online issue, which is available at
www.interscience.wiley.com.]

cling activity compared to CD34" bone marrow stem cells.””?*

Therefore, comparative gene signatures of CD34" PBSC, com-
pared with bone marrow CD34" stem cells, offers easy access by
phlebotomy and reflects cells which are highly representative for
examination of this hematological stem cell disease.

Employing this setting, we show for the first time distinct dysre-
gulation of several genes in PV CD34 " PBSC important for regu-
lation of apoptosis, cell cycle and DNA repair. Most notably, the
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upregulation of KU86 on mRNA and protein level together with
downregulation of DNA-PKcs is an exciting finding and leads to
further speculation of mechanisms in the pathophysiology of PV.

Performing cDNA microarray analyses we found gene expres-
sion of MAPKK3, an activator of p38 mitogen-activated protein
kinase modulated apoptosis,”®>® and STATI, an activator of Fas
and Caspase cascade dependent apoptosis,” significantly downre-
gulated. Furthermore, altered gene expression of additional factors
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involved in the fine tune regulation of apoptosis were detected
(i.e., IL13 and JAK3).>> Apoptosis is affected by many s1gnal—
ing pathways and due to its importance fine adjustment is an
essential prerequisite to cell fate. Imbalance of even a few or just
one factor can lead to severe disorder. In this regard these experi-
mental ﬁndmgs may explain longer live span of PV CD34"
PBSC.*%"

Downregulation of 6 pro apoptotic genes and upregulatlon of 1
anti apoptotic gene was already described in PV CD34" bone
marrow stem cells when compared with their healthy counter-
parts.®® Comparing these data with our results revealed that 2
genes (HSPBI and IL13) were congruently dysregulated in both
compartments (i.e., peripheral blood and bone marrow) and 4
genes (COMT, NUCBI, HSPAIA, and NTF3) exhibited a similar
tendency but failed to exceed the twofold threshold in our study.
However, there also are clear constltutlonal varieties of gene
expression in both compartments.?® In this context, the finding of
a prominent Ku86 protein expression by nearly all CD34+ PBSC
but only by a subpopulatlon of bone marrow CD34" cells there-
fore remains unsurprising.

Within the blood cells a significant upregulation of KU86 to-
gether with a downregulation of DNA-PKcs and a prominent upre-
gulation of Ku86 protein was restricted to the PV CD34" PBSC.
In PV monocytes this complex was not regulated although these
cells are known to be clonal as well.**** However, in PV bone
marrow biopsies a strong upregulation of Ku86 protein was also
seen in maturing cells of the erythropoiesis and the megakaryopoi-
esis. As these cell lineages form the specific phenotype of the dis-
ease it is tempting to speculate that ongoing dysregulation of
DNA-PK in maturing erythropoiesis and megakaryopoiesis might
be responsible for their accumulation or at least reflects a today
unknown phenomenon in PV.

Ku86 together with Ku70 builds a heterodimer which represents
the regulatory subunit of the DNA-dependent protein kinase. This
holoenzyme and also its unbound subunits are known to play a
pivotal role within the cell and an imbalance of the subunits leads
to several interferences in cell metabolism.'” Beside other func-
tions Ku86 has been implicated to be involved in many nuclear
processes such as DNA replication, transcription regulation, and
DNA double- strand break repalr by NHEJ in a directly or indi-
rectly manner.'®"" This repair mechanism rejoins free DNA ends
within minutes of their occurrence, but this EITOr-prone process
may involve the loss or alteration of nucleotides.*' Therefore acti-
vated Ku86 is able to induce genetic abnormalities like deletions
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and end to end ligations in several hematological disorders.'>'*

Hence, the well-known elevated frequency of chromosomal aber-
rations including the JAK2"®'7F point mutation observed in
chronic phase PV may be a primary effect of increased Ku86
action—even if this phenomenon could also be reactive and
caused by previous DNA damage due to unknown effects.'®*?
Indeed, the relation between increased Ku86 act1v1ty and the
JAKZV‘” 7F point mutation must be embedded in a multifactor
event due to the specifity of this activating mutation in CMPD.

Beside its mutagenic potential, DNA-PK is known to play a piv-
otal role in stabilization of p53 protein resulting in G, phase block
and induction of apoptosis.** Therefore, downregulation of DNA-
PKcs together with the above mentioned dysregulatlon of several
apoptosis related genes may b be involved in the well-known pro-
longed cell survival in PV.?

Finally, Ku86 protein has been shown to directly affect telomer-
ase act1V1ty by telomere capping and recruitment of telomer-
ase.'®!" An increase in telomerase activity protects cells and pre-
vents apopt0s1s In this context a direct involvement of telomerase
activity in the hematopoietic progenitor cell fraction and in ery-
throid differentiation has already been demonstrated.***® Both
compartments are typically altered and mark impressive hallmarks
in PV leading to the assumption that the overexpression of Ku86
contributes to this specific phenotype.

Even it is not clear today whether the above mentioned changes
in gene and protein expression are primary or reactive events in
the pathophysiology of PV, these results may give new impetus
in research of this field. Comprehensively, the differential expres-
sion of several genes, imbalance of the distinct subunits of DNA-
PK in PV CD34% PBSC, and particularly the upregulation of
Ku86 protein are new findings in PV CD34" PBSC. These factors
may contribute to accumulation of chromosomal aberrations,
accumulation of hematopoietic cells (especially of erythropoiesis)
and prolonged CD34" PBSC life span in PV. Our observations
of dysregulation in important pathways such as apoptosis, hemato-
poiesis, cell cycle or DNA repair at the stem cell level open
new avenues of research into unknown aspects of PV pathogene-
sis.
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ABSTRACT

Background: MicroRNAS have recently taken centre
stage as shart non-coding RNAs that regulate mRNA
BXpressian.

Aim/Methods: To assess the feasibility of using
microRNA techmiques on routinely processed tissues, the
accessibility of two representative microRNAS was
examined by real-time quantitative PCR in 86 human
formalin-fixed paraffin-embeddecd (FFPE) samples fram
liver, breast, bane marrow, lymphatic tissues and calan.
Murine liver was used to analyse the influence of fixation
time and different fixatives.

Results: High-quality microRNA was successtully
extracted from routinely processed formalin-fixed tissues,
resembling PCR amplification results fram snap-frozen
material analysed in parallel. While fixation time did not
affect microRNA accessibility, nan-buffered formalin ar
fixative supplements such as glutaraldehyde influenced
PCR results. Storage of human tissues for up to 7 years
did not cause a significant detericration of microRNA.
However, micraRNA quality in human archival material
following routine processing 10-20 years ago was
decreased. Oxidation by ambient air during storage and
fixation in non-buffered formalin is a possible reason for
loss of microRNA quality.

Conclusion: The assessment of microRNAs in readily
obtained formalin-fixed paraffin-embedded samples is a
highly promising tacl in melecular pathology when
similarly treated samples are analysed. Therefore,
microRNA analyses will gain wider acceptance as an
adjunct to morphological tissue assessment in routing
pathclogy and retrospective studies.

Extraordinary progress in molecular pathology has
been made during the last 10 years, and molecular
pathology techniques are moving rapidly from the
research bench to routine utilisation in diagnostic
pathology. Many molecular RINA-based techniques
suffer from challenges when routinely processed
tissues, which have passed through fixation and
embedding steps, are utilised.!® Commonly used
formaldehyde-containing fixatives cause cross-link-
age between nucleic acids and proteins, making
subsequent extraction and guantification of RNA
challenging * ° One advantage of PCR technologies
is that they do not require high amounts of target
molecules.” However, a major obstacle to RNA
expression fingerprinting of formalin-fixed paraf-
fin-embedded (FFPE) tissues has been the uncer-
tainty about whether gene expression analyses
from routinely archived tissues accurately reflect
the expression before fization® because of poor
quality due to high fragmentation by tissue
processing® Since fragmentation does not cause
further loss of guality when naturally occurring
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small RNAs are targeted, mictoRNA (miRNA)
might be ideal to be analysed by FCR in melecular
pathology applications. The recently discovered
miRNAs are non-coding RNAs that are not longer
than 22 bases in mature size and play a crucial
regulatory role in organ development, tumorigen-
esis and chronic disease.™ ™ miRNA expression
profiling of human tumoeurs has already identified
signatures associated with diagnosis, progression,
prognosis and response to treatment," ** but most
of these studies have used cell culture material or
snap-frozen tissue from rodents or humans'” "™
Although a number of authors have shown that
routinely processed FFPE tissue is suitable for real-
time quantitative PCR studies as long as the
amplicon sizes are shorter than 200 nucleotides
and normalisation to one or several housekeeping
genes is accomplished,” ® © #* ** there are only a few
detailed studies about the feasibility of PCR assays
from FFPE tissues for non-coding short RNAs® #
FEFE tissue samples have been collected through-
out decades of routine histopathological examina-
tion and are thus the most widely available
material in tissue archives around the world*?®
Thus, if miRNAs could be analysed in FFPE
material, miRNAs could gain wider acceptance as
molecular markers in retrospective studies of large
tissue cohorts and as general diagnostic and
scientific tools. To our knowledge, no study has
systematically assessed the effects of formalin
fizxation from 12 h onward, the effects of tissue
storage for more than 25 vears, or the effects of
miRNA expression in a variety of human tissues
across the spectrum from highly adipose breast
parenchyma to cellular liver parenchyma and
decalcified bone marrow specimens.

The aims of this study are twofold: to demoen-
strate the effects of fixatives and prolonged storage
in paraffin blocks on accessibility of two represen-
tative miRNAs and to show the suitability of
routine FFPE tissue for comprehensive miRNA
expression analyses using real-time FCR.

MATERIAL AND METHODS

Human snap-frozen and FFPE specimens

All specimens were obtained from the tumour
bank or from the archive of paraffin-embedded
diagnostic tissues of the Institute for Pathology at
the University Hospital of Cologne, Germany,
1980-2007, and were used in accordance with the
policies of the institutional review board of the
hospital.

Eighty-eight FEPE samples from different organs,
patients and diagnoses as well as matched snap-
frozen tissue from liver {(n=4) and colon {(n=23)
were selected (table 1).

J Ciin Pathol 2000;62:84-88. doi:10.1136/jcp.2008.058339
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Table 1 Human tissue sample origins and diagnoses
miR-16 expression
analysis Description of tissue sample

Hurman FFPE tissue
from different organs
{see fig 2}

Normal lymphoid tissue
{n=8)

Intestine {n=11):
tubular adenoma {3),
tubulo-villous adenoma
{1), tubular adenoma
high-grade dysplasia
{1), ulcerative colitis {3)
{3), Crohn disease (1),
collagenous colitis {1)

FFPE human colon
tissue {n =3)

FFPE human liver tissue
in=4)

FFPE versus snap-
frozen tissues {see
fig 1C}

Length of archival

tissue storage (see
fig 4)

7 years: human lymph

nodes, FFPE (n=17) nodes, FFPE {(n=7)

Bone marrow {n = 9):
chronic idiopathic
myelofibrosis (3},
polycythaemia vera (3),
essential thrombocythaemia

Snap-frozen human liver
tissue {n =4}

17 years: human lymph 27 years: human lymph
nodes, FFPE {n =7}

Liver {n = 15): normal
transplant organ {2), breast
carcinoma metastasis (1),
colon carcinoma met (4),
small cell lung carcinoma
metastasis (1),
HCV+cirrhosis (1), HCY-+mild
fibrosis {1), HBV+moderate
fibrosis {2}, steatohepatitis
(3

Snap-frozen human colon
tissue (n=3)

Breast {n = 15): fibroadenoma {4),
fibrocystic tissue {5), normal with
calcifications (1), invasive ductal
carcinoma {4), DCIS (1}

Present day: human lymph
nodes, FFPE {n =11}

DCIS, ductal carcinoma in-situ; FFPE, formalin-fixed paraffin-embedded; HBY, hepatitis B virus; HCV, hepatitis C virus; miR-16, miR-16 microRNA.

NMouse liver tissues

After killing FVB mice, liver samples were punched from one
liver segment using a 5 mm dermatological skin punch biopsy
instrument {Stiefel Laboratories, Coral Gables, Florida, USA)
and either immediately snap-frozen in liquid nitrogen or fixed in
10% neutral buffered formalin for 12, 24 and 72 h and
embedded in paraffin. In additien, 10% non-buffered formalin
{pH 3) and Schaefer solution® were used to fix and decalcify the
sample for 24 h.

RNA isolation from snap-frozen and FFPE tissues

For total RNA isolation, Ng-frozen tissues (<100 mg) were
hemogenised in 500 pl Trizol reagent using a Precellys 24 tissue
homogeniser {Carlsbad, California, USA). Then, total RNA was
isolated by Trizol reagent extraction after homogenization,
following the instructions of the supplier {Invitrogen,
California, USA). The FFPE samples were deparaffinised in
xvlene by incubation at 65°C for a total of 20 min, substituting
zylene twice. After two washes with 100% ethanol, samples
were lysed in 200 pl proteinase K buffer (500 pg/ml proteinase
K (Invitrogen), 50 mM Tris-HCl pH 7.4, and & mM EDTA
pH 8) overnight. Total RNA was extracted twice by phenol/
chloreform and precipitated with 200 mM sodium acetate and
isopropanol.

Reverse transcription and real-time PCR

Extracts of total RINA were resupended in 20 ul HyO, measured
with the ND-1000 NanoDrop spectrophotometer (NanoDrop,
Wilmington, Delaware, USA) and then treated with 30U
DNase and 10 U RNase inhibitor, both from Roche Diagnostics
{Mannheim, Germany), for 30 min at 37°C in the presence of
1.2 mM MgCl;. A 35 ng quantity of human and mouse total
RNA was reverse transcribed in a 10 ul volume using the
TagMan MicroRNA  reverse transcriptase kit  (Applied
Biosystems, Foster City, California, USA) according to the
manufacturer’s recommendations. A 3 ul volume of the reverse
transcription reaction was used in each of the real-time PCR
assays by means with the TagMan MicroRNA assay kit
{Applied Biosystems) following the manufacturer's instructions.

Data normalisation and statistical evaluation

A standard curve of every assay in each run was generated to
ascertain the specific amplification efficiency in order to avoid
quantification bias. To determine the amount of miR-16
microRNA, a dilution series of total RINA in five steps was
performed. Fixation kinetics of mouse livers and experiments
with different fixatives were normalised using miR-16 as a
reference, and this was fellowed by caleulating the specific
calibrated mirR-122a microRNA expression of each mouse liver
sample. The mean values of normalised miR-122a levels of
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Figure 1 Formalin-fixed paraffin-embedded {FFPE} versus snap-frozen samples of liver tissue. {A} Level of miR-122a microRNA normalised against

miR-16 microRNA in snap-frozen {n = 5} and in FFPE mouse liver tissues {n = 5). The mean value of the snap-frozen samples served as calibrator. Error
bars indicate SD. {B} miR-122a detection in snap-frozen and FFPE mouse liver tissues, and {C) miR-16 in matched samples of human snap-frozen and

FFPE tissues of liver and colon {see also tahle 1)
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Figure 2 Level of miR-16 microRNA in different formalin-fixed paraffin-
embedded tissues. Median of miR-16 level in different organs determined by
real-time PCR of 10 ng RNA for each sample. Outlying points are displayed
as circles and an extreme outlying point is displayed as an asterisk.

snap-frozen liver tissues or after 12 h formalin fixation served
as calibrators, respectively.

A Student t test was performed for statistical analysis of the
data achieved by real time PCR after testing the normal
distribution with one-sample Kolmogoroff-Smirnov test. A
p value <0.05 was considered to be statisticallv significant.
Statistical analysis was performed using SPSS 14.0.1 software
{SPSS, Chicago, lllincis, USA).

RESULTS

Archival formalinfixed specimens can he used reliably for
microRNA expression studies

In our study, we selected two miRNAs: one that is organ-
specific and highly expressed in liver and another one that
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Figure 3 Quantitative real-time PCR expression of miR-122a microRNA
in correlation to different length of formalin fixation and different
fixatives. Quantitative real-time PCR analysis of miR-122a. The mean
values of normalised miR-122a levels of the 24 h snap-frozen samples
served as calibrator. Two asterisks indicate a high level of statistical
significance {p<0.01).
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shows ubiquitous, but just moderate expression. We compared
the levels of these representative miRNAs in snap-frozen
material with FFPE tissues of mouse and human by real-time
FCR. Four snap-frozen murine liver biopsies were compared
with four FFPE liver samples from the same FVB mouse, and
their miR-122a and miR-16 levels were determined {fig 1).

Similarly, the amount of miR-16 in human matched samples
from a total of seven patients was assessed (fig 1C, table 1).
miR-122a was chosen as a liver-specific miRNA, while miR-16,
known to be ubiquitously expressed, was considered as a
representative miRNA of all other crgans and tissues. The
expression of archival FFPE tissue for both miRNAs closely
mimicked that of snap-frozen tissue. Thus, miRNA expression
studies can be reliably performed with routinely cbtained
pathological materials and the results are similar to the yield
from snap-frozen tissues.

High quality microRNA can be obtained from FFPE tissues of
different origin and pathological diversity

Tissues from different organs in the human body vary to large
degrees in their cellularity, infiltration by inflammatory cells,
epithelial/mesenchymal ratios, vascularity, fat and extracellular
matrix content etc. In order to demonstrate miRNA accessi-
bility in a wide range of tissues, we studied the ubiquitously
expressed miRNA-16 in 58 routinely chtained and processed
tissues from a variety of organs, consisting of benign and
malignant tissues (table 1). PCR analysis revealed scme
vatiation in miRNA-16 level; this was expected because of the
unigue nature of each sample and the wide morphoelegical
differences. However, tissues that are traditionally challenging
to examine with regards to their nucleic acid contents (ie, bone
marrow) showed an acceptable miRNA vield (fig 2). As a
consequence, FEPE archival human tissues from many organs
and disease processes, including inflammatory and neoplastic,
are suitable for miRNA expression profiling.

Effects of different fixatives on microRNA acessibility
Although buffered formalin is currently the most widely used
tissue fixative worldwide, some tissues require additional
processing steps, such as decalcification of osseous specimens.
Since length of tissue fixation in formalin may range from a few
hours to multiple days due to departmental work-flow
vatiations, we also compared firation times of 12, 24 and 72 h
in formalin. We showed that fixation in buffered formalin for
different time periods does not significantly alter the levels of
miRNA expression in the PCR assays {fig 3). Fixation in non-
buffered formalin or Schaefer solution resulted in different
miRNA vields, but was similar for each fixative and causes only
slight but significant variations in relative expression levels
compared to buffered formalin fixation {fig 3). Therefore,
samples should enly be compared with others after treatment
with the same fixative.

Effects of length of FFPE tissue storage on microRNA acessibility
Tissue blocks after formalin-fixation and paraffin-embedding
are stored in most hespitals worldwide at room temperature
with the cut surface of the tissue exposed to ambient air. A loss
of miRNA quality during this time is possible. We compared
miR-16 accessibility in recently processed human tissues
samples with that in tissues that had been routinely processed
and stored 7, 17 and 27 vears ago (fig4). We found a decrease of
miR-16 accessibility by PCR assays with samples that had been
in long-term storage for several decades. However, overall,

J Ciin Pathol 2000;62:84-88. doi:10.1136/jcp.2008.058339
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Figure 4 Level of miR-16 microRNA in archived formalin-fixed paraffin-
embedded samples from three decades. miR-16 levels were determined
in formalin-fixed paraffin-embedded human lymph nodes by real-time
PCR. A 10 ng quantity of total RNA for each sample was used and miR-
16 levels were taken from a standard curve. Error bars indicate standard
deviation and asterisks indicate a significant decrease of miR-16 level
after 17 and 27 years of storage {p<<0.01}.

miRNA levels were in the satisfactory range for all tissues, even
after prolonged tissue storage.

DISCUSSION
Molecular techniques are rapidly gaining importance as adjuncts
to histelogical tissue assessment. Since disease-related molecules
harbouring genetic as well as morphological disease character-
istics are locked away in the vast collection of formalin-fixed
paraffin-embedded FFPE tissves stored by the world’s patholo-
gists,*® it is crucial to evaluate the applicability of new
melecular teols for routinely stored human FFPE tissues®

In the study presented herein, we demonstrate that miRNA
accessibility is not affected by prolonged formalin fixation
during routinely performed tissue processing, confirming the
results of previous studies™* Qur data reveal that the
accessibility of miRNA from FFPE tissue is comparable to
snap-frozen material for human and murine samples. These
findings confirm and expand the results of studies of other
authors, who used fixed cell culture material® or mouse
tissues.® The length of fixation time in formalin varies in most
pathology departments due to normal fluctuations of workflow
depending on the time of the day or the day of the week that
any given specimen reaches the pathelogy laboratory. Here, we
demonstrate that the time of formalin fixation up to 3 days did
not significantly alter miRNA detection by real-time PCR, thus
allowing miRNA analyses in routinely processed tissues.
Fixation in different solutions with or without buffering led
to different miRNA vields and slight but significant variations
of relative miRNA levels by real-time PCR; these variations
should prompt pathologists to compare only those tissues that
have been treated with the same fixative. In contrast to total
RNA, whose fragmentation has been shown to continue to
oceur after dehydration and paraffin embedding of the formalin-
fixed specimens,” miRNA levels of FFPE mice tissues are not
affected by a storage time of up to several months. Even
routinely processed human FEFPE tissues showed only a
moderate but not significant loss of miRNA accessibility within

J Clin Fathol 2009;62:84-88. doi:10.1136/jcp.2008.058339
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Take-home messages

» Accurate and sensitive microRNA {miRNA) expression
profiling can be accomplished from a variety of routinely
processed and stored human formalin-fixed paraffin-embedded
{FFPE} tissues regardless of tissue cellularity, length of fixation
time, or length of archival storage. This technical prerequisite
allows expression profiling of FFPE archived specimens and
offers neww opportunities of diagnostic and research in the field
of molecular pathology.

In order to obtain satisfactory results for miRNA expression
assays, it is particularly important to compare like with like {ie,
fissues that have been stored for a similar length of time and
have been fixed by the same fixatives).

>

5-7 vears. However, stored tissues processed more than 10 or 20
years ago showed nearly a 50% decrease in miRNA accessibility
by PCR. Although tissue exposure to ambient air during
prolonged storage might be one of the reasons for a loss in
miRNA quality, the utilisation of non-butfered formalin at that
time might have also contributed to low miRNA vield.

An additional major conclusion of our study is that miRNAs
can be assessed reliably by real-time PCR in tissues from vatious
organs and with different diagnoses (normal, necplastic,
inflammatory) regardless of their cellularity, fat content,
inflammatory cell infiltrates and degree of stromal fibrosis. Li
¢t al have suggested in the past that further work may be
necessary to determine the precise effects of formalin fixation
and paraffin embedding on miRNA expression profiles across
different tissue samples.® Thus, in the future, miRNA expres-
sion profiles of different benign and malignant diseased tissues
will be of crudal value to understand disease mechanisms.
Reliable miRINA accessibility in tissues of different origin is also
of special interest, because a detailed analysis of 345 miRNAs in
40 normal human tissues revealed a number of miRINAs that are
specific markers of certain tissue origins.®® Therefore, miRNA
accessibility in a wide spectrum of different FFPE tissues will
allow these crgan-specitic miRINA members to serve as markers
of the primary tumeur site when metastases of unknown origin
are encountered by a pathologist.
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Allele-specific wild-type blocker quantitative PCR for
highly sensitive detection of rare JAK2 p.V617F point
mutation in primary myelofibrosis as an appropriate
tool for the monitoring of molecular remission

following therapy

Udo Siebolts,"? Thoralf Lange,” Dietger Niederwieser,® Claudia Wickenhauser'

ABSTRACT

Screening of JAK2 V617F point mutation becomes more
and more important in monitoring of JAK2 positive MPN
following stem cell transplantation. In an attempt to
achieve the required high sensitivity (1:10°), specifity and
robustness we created an approach applicable on bone
marrow biopsies where we adapted the principle of
wild-type blocker PCR with allele-specific Q-PCR. The
significance of the assay was demonstrated on

a retrospective series of sequential bone marrow biopsies
as diagnosis of molecular relapse now preceded the
diagnosis of clinical relapse by far. This method offers the
urgently needed tool for a systematic molecular analysis
of sequential biopsies in the course of stem cell
transplantation to develop guidelines for the management
of these patients.

The myeloproliferative  neoplasms  (MPNs)
comprise diverse entities of haematopoietic stem
cell disorders. ? A collective finding of some
subgroups is an activating point mutation within
JAK2 exon 14, JAK2 p.V617E3 In this context veri-
fication of JAK2 p.V617F mutation is an important
tool for the initial diagnosis of polycythaemia vera,
essential thrombocythaemia and primary myelofi-
brosis (PMF) or of advanced disease with predomi-
nant osteomyelofibrosis and only low tumour cell
density. p.V617F mutation has been further
discussed to have a prognostic impact because the
mutational status is related to a more favourable
outcome in patients with PMF and a more adverse
outcome in patients with essential thrombocy-
thaemia.! # Verification of the mutation also enables
patients to be monitored following stem cell
transplantation, and it enables selection of patients
who would potentially benefit from tyrosine kinase
inhibitory therapy.” As retrieval of neoplastic cells
may be hampered by bone marrow fibrosis, molec-
ular pathological examination of trephine biopsy
samples can offer advantages in test sensitivity.

In principle, a number of approaches exist to
permit the detection of point mutations in bone
marrow biopsy samples, but each amplification
procedure has to deal with an excess of wild-type
DNA. PCR amplification and subsequent Sanger
sequencing requires the mutated allele to be present
at a frequency of at least 20%.” The restriction
fragment length polymorphism (RFLP)-PCR
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method is highly sensitive, but it is limited by the
need for a restriction enzyme site at the position
that the base pair substitution is to be detected. In
contrast, the amplification refractory mutation
system PCR is able to discriminate between
templates that differ in a single nucleotide, by using
specific 3" primer modification; however, due to
non-specific hybridisation of these long oligonucle-
otides, this method is difficult to perform and false-
positive results place great demands on laboratory
staff. Finally, multiplex assays with two specific
tagman probes labelled with minor grove binder
(MGB), resulting in very specific hybridisation,
allow detection of wild-type DNA and the mutated
region. Therefore, this approach is very practicable,
but it is strongly limited by competitive inhibition
of the more abundant template.

In an attempt to combine high sensitivity
and robustness we created an approach where
we adapted the principle of wild-type blocking
(WTB)-PCR employing locked nucleotide acid
(LNA)-substituted oligonucleotides and the Taq
polymerase Stoffel fragment with allele-specific
(AS) quantitative real-time PCR (QPCR) applying
a two-step procedure. The procedure is described
in detail in the supplementary material. The
LNA-substituted  oligonucleotides demonstrate
a strong affinity for complementary sequences,
resulting in high melting points, and allowing
a LNA oligonucleotide to discriminate a 1 bp
difference between templates.® 7 In order to allow
LNA-substituted oligonucleotides to block amplifi-
cation of wild-type DNA, it was necessary to apply
a mutated form of Taq polymerase (Stoffel frag-
ment) that lacks intrinsic 5—3" exonuclease
activity.

Employing the Stoffel fragment, the LNA oligo-
nucleotides and an appropriate primer, we
performed PCR (amplicon of 232 nt) and stopped
the reaction after 15 rounds to remain in the expo-
nential phase of amplification. Henceforward, the
wild-type:JAK2 p.V617F ratio had turned in favour
of the mutated region. The amplified PCR product
then was adopted in a nested duplex QPCR assay
employing AmpliTaq DNA polymerase and fluo-
rescent-labelled TagMan minor grove binder probes
for the JAK2 wild-type and the region harbouring
the specific point mutation (table 1). After 40
rounds of PCR, amplification of the wild-type and/
or the point mutation was visualised on a MX3000p
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Figure 1 (A, B) Sensitivity of
quantitative real-time PCR (QPCR) and
allele-specific wild-type blocker QPCR
(AS-WTB-QPCR) (semi-logarithmic
plots). (A) In conventional allele-specific
QPCR, amplificates of the JAK2 p.V617F
region are seen in a 10% and 1% mixture
with wild-type DNA, while higher
dilutions of mutated cells were not
detected in this assay. (B) When
performing AS-WTB-QPCR, mixtures up
to 0.001% were easily detected at Cq 27.
(C) Schematic presentation of JAK2 p.
V/617F monitoring by using AS-WTB-
QPCR on sequential bone marrow
biopsies preceding and following stem-
cell transplantation. The colour of the box
indicates the JAK p.V617F status of the
corresponding bone marrow biopsy
(black, JAK p.V617F positive; grey, JAK p.

Short report

V617F negative). Two of four patients’ 2
developed clinical relapse of their
disease, while two patients® * remained
clinically disease free. Top panel: results
obtained using allele-specific QPCR;
bottom panel: results obtained using AS-
WTB-QPCR. When comparing the two
graphs, a striking persistence of single
neoplastic cells following stem cell
transplantation, only visible when
performing the more sensitive test, is
seen at very early time points. Even more
important is that it was shown, when
using the more sensitive assay, that the
relapsing patients did not achieve

a complete molecular remission during
the period of study. Therefore the
diagnostic impact can be clearly enlarged
performing the more sensitive test.

patient

Allele specific
Q-PCR

- W N -

before Tx month after Tx

23 5 7 13 30 45

patient

1
Wild-type
blocker QPCR 2

3
4

before Tx month after Tx
23 5 7 13 30 45

(Stratagene, Amsterdam, The Netherlands) and a StepOne Plus
(Applied Biosystems, Foster City, California, USA). This second
AS-QPCR assay, when used alone, exhibited a sensitivity of 1%
only (figure 1A). The efficiency of the drafted combined proce-

J Clin Pathol 2010;63:370—372. doi:10.1136/jcp.2009.069773
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dure in reduction of wild-type DNA was therefore demonstrated
by the detection of one mutated allele in 10 000 wild-type alleles,
and this clearly illustrated that the wild-type allele burden was
now highly reduced (dependent on the initial ratio).
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Table 1 Sequences of oligonucleotides

Oligonucleotide Amplicon

name size {bp) Sequence {5 —3')

JAKZ 1.forw 232 atggacaacagtcaaacaacaa
JAKZ 1.rev 232 cactgacacctagetgtgatee
JAKZ 2 forw 101 agcaagctticteacaagea

JAKZ 2.rev 101 getetgagaaaggeattagaaa
JAKZ WTB LNA Probe ATGTGTCTGTGGA
JAK2-MGB-FAM Probe FAM-ccacagacacatact-MGB
JAK2-MGB-VIC Probe VIC-tccacagaaacatac-MGB

Locked nucleotide acid (LNA) modified nucleotides are shown in upper case letters.
WIB, wild-type blocking.

AS-QPCR efficiency was then determined by measuring serial
dilutions of 100% mutated JAK2 PCR products in triplicate.
Only C, {eycle of quantification) values between 18 and 35 were
used for the calculation, and the assay displayed low interassay
variation (three independent runs performed on three consecu-
tive days) and an amplification efficiency of 94—99%.

To establish sensitivity and specificity of the AS-WTB-QPCR,
serial dilutions of the human erythroleukaemic cell line HEL
(DSMZ, Braunschweig, Germany), which is biallelic for the
JAK2 pV617F mutation, and the Hodgkin cell line L1236
(DEMZ), were performed. First, employing the cell line L1236,
the ability of the blocking LNA oligonucleotides to prevent
ptimer extension by AmpliTag DNA polymerase was excluded.
A 5 log reduction of wild-type amplification was achieved when
the AmpliTaq DNA polymerase was replaced by the Stoffel
fragment. This blocking was selective for the wild-type region.
Serial dilutions of the blocking oligonucleotides revealed that
a minimum of 200 nM blocker was necessary to prevent a PCR
amplificate up to € 30.

We then spiked wild-type genomic DNA with genomic DNA
carrying the point mutation. Here, 1:10° {0.001%) mutant cells
wete detected when performing the AS-WTB-QPCR, but not
when performing conventional AS-QPCR {figure 1AB). False-
positive amplification of the JAKZ p V617F region was not seen in
any of the control experiments before C, 40, indicating that the
assay had excellent specificity. Nevertheless, we evaluated only
those amplificates appearing before Cg 35.

To determine the utility of cur technique in monitoring JAK2
p V617 -positive MPN following allogeneic stem cell trans-
plantation, we performed AS-WTB-QPCR on genomic DNA
extracted from 24 blinded follow-up formalin-fixed EDTA
decalcified paraffin-embedded sequence biopsies from four
patients with JAK2 p.V617E-positive PME at diagnoesis and
following transplantation. All patients gave written informed
consent in accordance with the Declaration of Helsinki, and the
study was approved by the local ethics committee and the
national health authorities. The study was registered at http://
www.clinicaltdals.gov (NCT 00599547). Two of the patients
remained in lasting clinical remission, whereas two patients
presented a clinical relapse at the end of the observation period.
When performing conventicnal AS-QPCR, all patients were
shown te have achieved temporary molecular remission. Not
surprisingly, at the same time point when the two patients went
into clinical relapse, a meolecular relapse was detected {figure 1C).
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Take-home messages

» Verification of JAK2 p.V617F mutation is an important tool for
the diagnosis of a subset of myeloproliferative neoplasms, and
it also enables monitoring of patients following stem cell
transplantation.

» The monitoring of minimal residual disease demands molecular
techniques with a sensitivity of at least 1:10°. Also, analysis of
formalin-fixed and decalcified bone marrow biopsies with
degradation of DNA fragments requires a robust assay.

» The allele-specific wild-type blocking gquantitative real-time
PCR presented here combines high sensitivity and specificity
with robustness in a simple and fast to perform two-step
procedure that detects minimal residual disease after stem cell
transplantation.

In contrast, data detived from AS-WTB-QPCR provided much
more precise monitoring, and in fact it was shown that a total
melecular remission was not achieved in the group of the clini-
cally relapsed patients. On the other hand, the two patients with
lasting clinical remission were shown to have achieved molecular
remission. indicating the high specilicity of the test. Taking into
account that the outcome for patients with MPN whe had had
allogeneic stem cell transplantation strongly depends on the early
identificaticn of relapse, these data suggest that monitoring of
JAKZ pV617F" MEN demands molecular techniques with
a sensitivity of at least 1:10°.

In combination with AS-QPCR, the assay presented here is
highly reliable and reproducible, simple and fast to perform
{3 h), easy to interpret, and should be equally applicable to other
single-base mutations. Taking into account that molecular
detection of tiny bone marrow infiltrates is becoming more and
mote important in other contexts {eg, systemic mastocytosis), it
is imperative that the method should quickly find its way into
the methodological spectrum of molecular haematopathology.
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Antioxidants Relieve Phosphatase Inhibition and Reduce
PDGF Signaling in Cultured VSMCs and in Restenosis

Kai Kappert, Jan Sparwel, Asa Sandin, Alexander Seiler, Udo Siebolts, Olli Leppénen,
Stephan Rosenkranz, Ame Ostman

Objective—Growth factor— and reactive oxygen species (ROS)-induced activation of VSMCs is involved in vascular
disease. This study investigates whether inhibitory oxidation of protein tyrosine phosphatases (PTPs) contributes to
signaling in VSMCs in vitro and in vivo, and analyzes whether ROS- and growth factor—dependent vascular smooth
muscle cell (VSMC) signaling is blunted by antioxidants that are able to activate oxidized PTPs.

Methods and Results—Signaling induced by H,0, and platelet-derived growth factor (PDGF) was analyzed in VSMCs
with or without the antioxidants N-acetyl-cysteine (NAC) and tempol. Effects of antioxidants on PDGF-stimulated
chemotaxis and proliferation were determined. In vivo effects of antioxidants were analyzed in the rat carotid
balloon-injury model, by analyzing necintima formation, cell proliferation, PDGF S-receptor status, and PTP expression
and activity. NAC treatment prevented H.O.-induced PTP inhibition, and reduced H,O,- and ligand-induced PDGF
B-receptor phosphorylation, PDGF-induced proliferation, and chemotaxis of VSMCs. Antioxidants inhibited neointima
formation and reduced PDGF receptor phosphorylation in the neointima and also increased PTP activity.
Conclusion—PTP-inhibition was identified as an intrinsic component of H,0,- and PDGF-induced signaling in cultured
VSMCs. The reduction in PDGF S-receptor phosphorylation in vivo, and the increase in PTP activity, by antioxidants
indicate activation of oxidized PTPs as a previously umrecognized mechanism for the antirestenctic effects of
antioxidants. The findings thus suggest, in general terms, reactivation of oxidized PTPs as a novel antirestenotic
strategy. (Arterioscler Thromb Vasc Biol. 2006;26:2644-2651.)

Key Words: restenosis m VSMC m protein tyrosine phosphatase m platelet-derived growth factor m necintima formation

ascular injury induces oxidative stress and elevated

preduction of reactive oxygen species (ROS) in the
vessel wall.1? Moreover, ROS are produced and act as second
messengers as part of the signaling of receptor tyrosine
kinases (RTKs) (reviewed in references™), which are acti-
vated after vascular injury. The most important ROS for
pathological conditions are superoxide (027) and hydrogen
peroxide (H;(O,). Inhibition of ROS reduce vessel remodeling
and restenosis.® The underlying mechanisms remain incom-
pletely understood.

PDGE f-receptor activation contributes significantly to
vascular smooth muscle cell (VSMC) proliferation and mi-
gration, which is a hallmark of vascular diseases such as
atherosclerosis and restenosis. PDGF ligands and receptors
are significantly upregulated in atherosclerotic plaques.
Moreover, PDGF S-receptor antagonists inhibit atherogenesis
and restenosis in various models.®

PDGF S-receptors and other tyrosine kinases involved
in VSMC proliferation and migration are regulated by
protein tyrosine phosphatases (PTPs).” PTPs which have

been identified as negative regulators of PDGF SB-receptors
include the receptor-like PTP DEP-1, and the cytosolic
phosphatases TC-PTP and PTP-1B (reviewed in refer-
ence®). However, there are also indications that some
PTPs, such as SHP-2, act as positive mediators of PDGF
B-receptor signaling. The expression pattern of P'IPs in
VSMCs remains incompletely characterized. However,
expression of PDGF receptor—antagonizing PTPs such as
DEP-1, TC-PTP, and PTP-1B has been confirmed in
previous studies.®

PIPs themselves are subject to multiple regulatory
mechanisms. Reversible oxidation of the active site cys-
teine residue has been described as a general mechanism
for negative regulation of PTPs.3410 Oxidation of PTPs is
therefore a candidate mechanism for ROS-mediated effects
on YSMC proliferation and migration in vitro and in vivo.

This study investigates whether PTP-inactivation contrib-
utes to ROS signaling in VSMCs, and explores the possibility
of antioxidant-mediated prevention of PTP-inhibition as a
novel strategy for interference with restenosis.
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Materials and Methods
Detailed Materials and Methods are available as online supplement
(please see http://atvb.ahajournals.org).

Primary Antibodies

Polyclonal rabbit antiserum against the PDGF B receptor was
in-house derived, raised against a fusion protein composed of the
C-terminal of the PDGF f-receptor and GST (CTf). The other
antibodies were derived from commercial sources (see online
supplement}.

Animals, Surgical Procedures, and Drug
Treatment Protocol

Adult male Sprague-Dawley rats weighing 291 to 351 g (Mollegaard
Breeding Center, Ry, Denmark) were used. Animal housing fol-
lowed standard procedure. The experimental protocol was approved
by the local Ethics Committee according to the European Union
guidelines.

During inhalative Isofluran-anesthesia balloon injury of the left
common carotid artery was performed using a 2F atherectomy
(V-Tech AB) catheter.1!

The animals received no drug treatment {control), treatment with
N-acetyl-cysteine (NAC, Sigma-Aldrich Sweden AB, Stockholm,
Sweden), or 4-hydroxy-2,2.6,6-tetramethylpiperidine-N-oxyl (tem-
pol, Fluka Chemie GmbH, Buchs, Switzerland) (control n=6, NAC
n=38, tempol n=9). NAC (150 mg/kg bodyweight per day) was
dissolved into the drinking water. Fresh solutions were prepared
once daily. Tempol (30 mg/kg bodyweight per day dissolvedin 1 mL
Na(l 0.9%) was administered via gavage once per day, and was kept
protected from light until gavage. All animals not treated with
tempol received 1 mL NaCl 0.9% via gavage. Drug treatment was
started at the day of surgery and continved for 14 days until sacrifice
of the animals.

Tissue Preparation

Fourteen days after angioplasty, the common carotid arteries were
excised bilaterally and were divided into four parts. One part was
OCT-embedded and snap-frozen in liquid nitrogen (LN,), the other
three parts were fixed and paraffin-embedded.!!

Histomorphometric Measurement

Six-pum sections of paraffin-embedded tissue were stained with
hematoxylin-eosin. Three parts of the carotid vessel heights (proxi-
mal, middle, and distal parts) were sectioned and two sections per
animals were quantified morphometrically for each height. Morpho-
metric analysis of digital pictures was performed using NIH Image-J
1.41 software, For each arterial cross section the luminal, neointimal
and medial area, and the intima-media ratio were calculated.

Immunohistochemistry

Antibody-staining and detection was performed as described.!?
Primary antibodies (CT/ and abl6868) were incubated overnight
at 4°C.

Staining intensity of abl6868 was quantified on an arbitrary scale
between 1 to 10 by two investigators blinded to the treatment
protocol. The quantifications of the two investigators of each
individual section never varied more than 1 on the arbitrary scale.
Additionally, sections were analyzed on a score according to
following scheme: 0% cells stained=0, 1% to 23% =1, 26% to
30%=2, 51% to 75%=3, and 76% to 100%=4. The staining
intensity was quantified on an arbitrary scale between 0 to 4. For
quantification the two scores were multiplied. For both quantifica-
tion methods, one section per animal was used for statistical
analyses.

Quantitative RT-PCR

Fifty pm of injured arteries were sectioned separately from frozen
tissue (control n=6, NAC n=8, tempol n=9) and pooled according
to the treatment-groups. qRT-PCR was performed using standard

Phosphatase Oxidation and PDGF Signaling 2645

procedures (see online supplement). Expression of analyzed genes
was normalized to the expression of the house-keeping gene HPRT.
Primer sequences are specified in supplemental Table I.

Cell Culture, Immunoprecipitation,

and Immunoblotting

Rat vascular smooth muscle cells (VSMCs) were prepared from
aortic arteries and vsed between passage 3 and 13.1%

VSMCs were grown in DMEM supplemented with 10% FCS to
subconfluence, synchronized by serum-deprivation (0.1% serum),
and left resting or stimulated with PDGE-EB, H,0; or with sodiom
vanadate (Sigma-Aldrich Sweden AB). Antioxidants were given to
VSMCs for 60 minutes (NAC) or 30 minutes (tempol) before PDGF
or H,(O, stimulation.

After rinsing twice in ice-cold PBS, cell lysis immunoblotting,
visualization, and densitometric quantification was performed as
described previously.1+

Analysis of Proliferation, Chemotaxis, and

Cell Viability

Analyses of DNA synthesis, chemotaxis, and cell viability was
performed with commercial kits as detailed in online supplement.
Calculations were performed according to the manufacturer’s in-
structions. Cell viability for NAC was assessed by typan blue
staining becanse of interference of NAC with the LDH-assay kit. The
assay was performed twice in duplicates and counted by at least two
individuals, blinded to the treatment protocol.

Phosphatase Assay

VSMCs were synchronized by serum deprivation and were stimu-
lated with 0.1 mmol/L, HyO, for 5 minutes. In assays with antioxi-
dants, these were given to cells 60 minutes (NAC, 10 mmol/L) or 30
minutes (tempol, 3 mmol/L) before H,O,-treatment. Cells were lysed
in buffer supplemented with 5 mmol/L. NAC, but without Na,VO,.
Thereafter, total cell lysate representing approximately 53000 cells
were diluted in assay buffer. For analyses of phosphatase activity in
tissue, sections of injured carotid arteries derived from control-
treated animals (300 pm/animal) and NAC- and Tempol-treated
animals (200 jum/animal) were pooled in lysis buffer without
Na,V0, according to treatment-groups. After adjustment for protein
concentration, tissuve lysates were subjected to phosphatase activity
measurement. Assays were performed in duplicate, and phosphatase
activity was expressed as the amount of **P-labeled radioactivity
released from the peptide after 7 minutes of incubation at 30°C."*

Determination of Intracellular Peroxides

Intracellular peroxides were detected by flow cytometry. VSMCs
(1X10° cells) were starved in serum-free mediuom for 6 hours and
then loaded with CM-H,DCFDA (5-[and-6]-chloromethyl-2'7'-
dichlorodihydrofluorescin diacetate, acetyl ester [Molecular Probes,
C6827], 1 pmol/L, 15 minutes at 37°C). After treatment with or
without N-acetylcysteine (10 mmol/L, 60 minutes) and tempol
(3 mmol/L, 30 minutes), cells were stimulated with H,0,
(0.1 mmol/L, 5 minutes). Cells were washed with ice cold PBS and
detached from plates using trypsin. Cells were harvested by centrif-
ugation (600g, 5 minutes) and washed again in PBS. Cells were
excited with 488 nm UV line argon ion laser in a flow cytometer (BD
FACSCalibur), and the DCF emission was recorded at 530 nm. Data
were collected from at least 20 000 cells.

Statistics

Analysis of variance (ANOVA), and paired or unpaired ¢ test were
performed for statistical analysis, as appropriate. A probability value
legs than 0.05 wag considered to be statistically significant. For
morphometric analyses the mean of each animal at three different
vessel heights were quantified and an unpaired f test was performed
for statistical analysis. Data were expressed as mean®=SEM or
mean=* SD, as indicated.
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Results

H,0, Induces Ligand-Independent and
Antioxidant-Sensitive PDGF Signaling in VSMCs
Increased production of reactive oxygen species, such as
H,0., occurs under pathological circumstances in the vessel
wall after eg, vascular injury by balloon-treatment.'® H,O; has
been shown to induce ligand-independent activation of RTKs.
We therefore analyzed whether H,0O, was capable to induce
ligand-independent activation of PDMGF S-receptors and
downstream signaling molecules in VSMCs.

VSMCs were subjected to H,O, treatment. The concentra-
tion range was selected based on previous studies in which
ROS-mediated PDXGF receptor activation had been demon-
strated.!” Phosphorylation of PDGF [-receptor, Akt, and
MAPK p42/44 was induced by H,(, treatment, and this could
be blocked by NAC (supplemental Figure I). Antioxidants
also decreased ligand-induced receptor phosphorylation (sup-
plemental Figure II}, suggesting that PDGF receptor phos-
phorylation in VSMCs is subject to negative control by PTPs
subjected to oxidative regulation. The presence of PDGF
receptor—antagonizing PTPs in VSMCs was also demon-
strated by a strongly induced receptor phosphorylation fol-
lowing treatment with the general PTP inhibitor sodium-
vandate {(supplemental Figure I).

H,O, Leads to PTP Inactivation in VSMCs, Which
Can Be Restored by NAC
A large series of studies suggest that H,O,-mediated RTK
activation involves inactivation of PTPs (reviewed in refer-
ence ). We therefore analyzed whether H,0, exposure of
VSMCs was associated with a reduction in PTP activity.

Cells were exposed to 0.1 mmol/L H,O, for 5 mirutes. This
concentration was selected based on previous studies on
oxidation-induced PTP inactivation in fibroblasts which in-
dicated partial PTP oxidation at this concentration.!® After
H,0, treatment, cells were lysed and total PTP activity was
determined. This analysis revealed a significant reduction of
PTP activity after H,O, treatment, which could be prevented
by pretreatment with NAC, but not tempol (Figure 1A). The
ability of NAC to reduce cellular ROS levels, after H, O,
treatment was directly demonstrated by fluorescence mea-
surements (Figure 1B). The same type of analyses also
indicated a partial effect of tempol in H,O,-treated cells,
although this effect was less prominent than that induced by
NAC.

We thus conclude that H,O-induced ligand-independent
receptor phosphorylation is caused by inactivation of PDGE-
receptor-targeting PTPs.

NAC and Tempol Reduce PDGF-Induced
Receptor Phosphorylation, Proliferation,
and Migration
Transient production of ROS, leading to PTP inactivation,
has been described as an intrinsic part of RTK signaling
(reviewed in®). To explore whether this mechanism also
operates in VSMCs, we analyzed the effects of antioxidants
on PDGF stimulation of VSMCs.

PDGF stimulation induced robust proliferative and migra-
tory responses in VSMCs. Interestingly, cotreatment with

December 2006

A = 160
n
T 140
o
E 120
29 100
= B
€5 8o ¥ ¥
Mo
a ©
6
Eg %
>
= 40
]
° 20
0
H202 -+ -+ -+
NAC = + 5
Tempol - - S i %
B 200
5]
fa]
2
2 100
D
&
1 10 1F 10 1d
Fluorescence
—— Control
— H;0;
—— Tempol
NAC
—— NAC+H,0,
- Tempol+H,0,

Figure 1. N-acetyl-cysteine, but not tempol, prevents hydrogen
peroxide-induced reduction in PTP activity in VSMGs. A, Syn-
chronized VSMGCs were untreated (=) or pretreated with NAG
10 mmol/L, 60 minutes) or tempol (3 mmolAd, 30 minutes). Cells
were stimulated with HyQy, (0.1 mmolA) for 5 minutes, followed
by cell lysis. Gell lysate from approximately 5000 cells were
used for quantification. Phosphatase activity was determined
and is expressed as fraction of activity of untreated cells. Each
assay was performed in duplicate, and the data are given as
mean* SE of the mean from at least 6 separate experiments.
"P<c0.05 vs control-treated cells. B, ROS levels in cells sub-
jected to the treatments of panel A were analyzed by fluores-
cence measurements.

antioxidants significantly reduced these responses in a dose-
dependent manner (Figure 2A and 2B). Cell viability was also
analyzed with or without antioxidants and demonstrated
clearly that antioxidants, at these concentrations, did not
affect cell viability (Figure 2C).

Expression of DEP-1, PTP-1B, SHP-2, and TC-PTP was
monitored by qRT-PCR analyses of control cells and cells
cultured with NAC or tempol. After 5 hours of treatment, a
time point relevant for the migration assay, all PTPs were
expressed at similar or lower levels, as compared with control
cells (data not shown). However, after 24 hour treatment an
increase in PTP-1B and TC-PTP expression was observed in
NAC-treated cells (data not shown), which indicates that
modulation of PTP expression levels by antioxidants might
contribute to the antiproliferative effect in vitro.
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Figure 2. N-acetyl-cysteine and tempol inhibit PDGF-induced
cellular responses, without reducing cell viability. A, Proliferation
was measured by BrdU incorporation. DNA synthesis rates are
expressed as percentage of PDGF response. Shown are the
meanst SE of the means from five independent experiments
performed in quadruplicates. B, Chemotaxis was evaluated uti-
lizing modified Boyden chambers. Data are expressed as per-
centage of PDGF response. Shown are meanst SE of the
means from three to six independent experiments. Each experi-
ment was performed in sextuplicate per condition. G, Gell viabil-
ity was analyzed by lactate dehydrogenase (LDHj) release from
cells (tempol, left) or by trypan blue staining (NAG, right). Data
are expressed as percentage of viable cells calculated as
described in materials and methods and represent means+ SE
of the means from n=3 {tempol) or n=2 (NAC) experiments.
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We thus conclude that inactivation of PTPs, through
transient production of ROS, is a functionally significant
aspect of PDGF (B-receptor signaling in VSMCs, and that
interference with this process, through treatment with anti-
oxidants, represents a strategy for reducing PDGF-induced
cell responses.

NAC and Tempol Inhibit Nesintima Formation
After Balloon Injury

Our in vitro experiments revealed that antioxidants potently
inhibited H,0,-and PDIGF-signaling, as well as migratory and
proliferative responses in VSMUCs through a mechanism
involving reactivation of oxidized PTPs. This prompted
analyses of the effects of antioxidants on restenosis and
PDGF 3-receptor phosphorylation in vivo, because both ROS
and PDGF stimulation of VSMCs have been implied in this
pathologic process.

NAC (130 mg/kg per day) and tempol (30 mg/kg per day)
were administered on the day of balloon injury of the
common carotid artery and daily for the following 14 days
after injury. The neointimal area and intima-media-(I/M) ratio
were significantly reduced in NAC- and tempol-treated ani-
mals compared with control rats (Figure 3A and 3B). In
contrast, the medial area did not change in treated rats
compared with the control group. Furthermore, in rats treated
with NAC the levels of the proliferation-dependent transcript
Ki67 were significantly lower compared with vehicle-treated
animals (Figure 3C).

Together, these results clearly demonstrate that NAC and
tempol inhibit neointima formation, through a mechanism
that includes reduced proliferation of VSMCs.

NAC and Tempol Reduce PDGF B-Receptor
Activation, but not Expression, In Vivo

The animal study was performed with the rationale that
antioxidants might reactivate oxidized PTPs and thereby
blunt ROS- and PDGF-induced VSMC proliferation and
migration. To experimentally validate this hypothesis, reste-
notic lesions were analyzed to determine PDGF 3-receptor
status, ligand production, and PTP expression.

THC revealed no altered expression of the PDGF
B-receptor in vessel lesions after NAC- or tempol-treatment
compared with vehicle-treated animals (Figure 4A, left).
Transcript levels for the PDGF 3-receptor were equal among
the groups (Figure 4A, right). Furthermore, ITHC and gRT-
PCR analyses indicated similar levels of PDGF «-receptor
expression in control- and NAC-treated animals, and a
moderate reduction in the tempol-treated group {(data not
shown).

No significant differences in PDGE-B expression, or sig-
nificant upregulations in the expression of PDGF receptor
targeting PTPs, were observed as determined by qRT-PCR
(Figure 4B).

Phosphorylation of the PDGF S-receptor in vivo was
analyzed by IHC using an antibody recognizing pY1021 of
the PDGF (3-receptor (Figure 4C). Interestingly, a significant
reduction of staining in both NAC- and tempol-treated
animals was observed in the intima (Figure 4C). Two differ-
ent methods for quantification of pY 1021 staining were used.
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Figure 3. N-acetyl-cysteine and tempol inhibit necintima formation at two weeks after balloon-injury. A, Representative photomicro-
graphs of hematoxylin-eosin-stained sections of uninjured and balloon-injured rat carotid arteries. The arrows indicate the internal elas-
tic lamina (inserts). Original magnification x40 and x200 (insets). B, Morphometric analysis of the necinimal area (left), medial area
(middle), and the intima-media ratio {right). G, Analysis of the proliferation-associated transcript levels of KiG7 in total vessel tissues by
quantitative real-time PCR. The expression of Ki67 was normalized to the expression of the house-keeping gene HPRT. *"P<0.05 v3

control-treated animals.

As shown in Figure 41, both methods revealed a significant
reduction in the pY1021 staining in the intima, whereas no
significant differences were observed in the adventitial and
medial vessel layers. Decreased phosphorylation of PDGF
B-receptor in antioxidant-treated animals was also indicated
by an ELISA-based assay of PDGF 3-receptor phosphoryla-
tion {(data not shown).

Together, these analyses strongly suggest that activation of
oxidized PDGF (3-receptor-targeting PTPs contributes to the
antirestenotic effects of NAC and tempol.

NAC and Tempol Increase PTP Activity in Vessels
To directly investigate whether treatment with antioxidants
was associated with activation of oxidized PTPs, measure-
ments of total PTP activity in vessel extracts was performed.

As shown in Figure 5, extracts from sections derived from
antioxidant-treated animals displayed a significantly higher
tyrosine phosphatase activity, as determined in an assay of in
vitro dephosphorylation of “*P-labeled phospho-tyrosine
peptides.

This experiment thus provides independent support for the
notion that the reduction in PDNGEF 3-receptor phosphoryla-
tion observed after treatment with NAC or tempol is caused
by increased PTP activity.

Discussion
We demonstrate in this study that the antioxidant NAC
reduces H,(O,-induced phosphorylation of PDGF 3-receptors
in VSMCs, and directly demonstrate the ability of NAC to
prevent H,O,-mediated PTP inhibition in VSMCs (online
supplement and Figure 1). The effects of H,0, on PDGF
receptor activation and on PTP activity occurred at similar

concentrations of H,O, (0.1 to 1 mmol/L). Furthermore, the
antioxidants NAC and tempol, reduced PD}GF-induced recep-
tor phosphorylation, as well as migration and proliferation of
VSMCs in vitro (online supplement and Figure 2). This
implies that PTP inhibition is an intrinsic part of the PDGF-
induced proliferative and migratory signaling. Finally, both
antioxidants significantly reduced neointima formation (Fig-
ure 3). Importantly, the reduced neointima formation was
paralleled by a reduction in receptor phosphorylation (Figure
4) and an increase in vessel PTP activity (Figure 5). These
changes occurred in the absence of changes in expression
levels of PDGF (-receptor, PDGF-B, and without upregula-
tion of transcript levels of PDGF S3-receptor targeting PTPs.
This indicates that neointima reduction caused by antioxi-
dants involved increased activity of PDIGF 3-receptor—antag-
onizing PTPs.

The findings of the present study thus provides experimen-
tal support for the two concepts that PTPs are endogenous
antagonists of PDGF 3-receptor signaling in VSMCs, and
that this negative regulation of PDGF [-receptor signaling by
PTPs is partially kept in check by inhibitory oxidation of
receptor-antagonizing PTPs.

The strongest evidence for an involvement of PTPs in
control of PDGFEF S-receptor signaling are derived from
knockout studies, which have demonstrated enhanced PDGF
f-receptor signaling in PTPIB and TC-PTP™" fibro-
blasts.1418 In the case of TC-PTP depletion, a site-specific
hyperphopshorylation of PDGF (3-receptors was demon-
strated, suggesting pathway-specific effects of individual
PDGF (3-receptor—targeting PTPs. In addition to these PTPs,
SHP-1 and DEP-1 have also been implicated as negative
regulators of PDGF [3-receptor signaling.!®?° Although the
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Figure 4, Anticxidants reduce PDGF B-receptor phosphoryla-
tion, but not expression, in vivo. A, Sections of paraffin-
embedded vessels were subjected to PDGF B-receptor immu-
nohistochemistry (left). Total vessel tissue was subjected to
quantitative real-time PCR for analysis of the expression of the
PDGF A-receptor (right). Expression was normalized to the
expression of the house-keeping gene HPRT. B, Quantitative
real-time PCR of the amount of PDGF-B transcripts and PTPs
was carried out as described under A. contr indicates control;
Tem, tempol. G and D, Paraffin-embedded vessels were sub-
jected to phospho-PDGF g-receptor immunohistochemistry
{(PDGF a-receptor phosphorylation). Staining was quantified
using two different approaches as detailed in Material and Meth-
ods (P<0.05 vs control-treated animals).

pattern on PTP expression in VSMCs is incompletely char-
acterized, it is noteworthy that expression of all four of these
PTPs in VSMCs has been reported (reviewed in reference®).
Furthermore, downregulation of DDEP-1 with siRN A enhances
ligand-induced PDGF receptor phosphorylation and Erk ac-
tivation, thus implying this particular PTP as one of the
relevant PTPs in VSMCs.™ The notion of an antagonistic
effect of PTPs on PDGF-dependent restenosis was recently
also supported by demonstration of an increase in neointima
formation following adenoviral transfer of a dominant-
negative version of PTP-1B.%

Concerning the importance of oxidative inhibition of PTPs
for PDGF 3-receptor signaling, it was shown already in 1995
that H,0, production was a critical aspect of PDGF
B-receptor signaling, although PTPs were not identified as the
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Figure 5. Antioxidants increase vessel PTP activity. Tissue
extracts were isolated from sections of snap-frozen vessels, and
extracts were analyzed for tyrosine phosphatase activity in an
assay monitoring dephosphorylation of a ®*P-abeled phospho-
tyrosine peptide.

key targets at that time.!” More recently, demonstration of
PTP oxidation on PDGF stimulation has been demonstrated
in mouse and rat fibroblasts..22 These studies also demon-
strated that PDGF B-receptor—induced PTP inhibition is
PI3-kinase dependent and that PTP oxidation is restricted to
PTPs in physical vicinity of PDGFE B-receptors. The physio-
logical significance of these events was recently supported by
the demonstration that depletion of ROS-scavenging perox-
iredoxin II enhances PDMGF-receptor—induced proliferation,
and concomitantly increases PDGF 3-receptor phosphoryla-
tion and reduces PTP activity.®

These findings, and the observations of the present study,
suggest a series of topics for continued studies. Highly
prioritized is the identification of PTPs, which are the most
important targets for PDGF B-receptor—induced ROS produc-
tion, and investigations of the effects of antioxidants on
different PDGF-receptor responses. It is also predicted that
future studies on the details of ROS production and scaveng-
ing in VSMCs will reveal important insights.

NAC and tempol are both antioxidants, but belong to
different antioxidant subgroups. NAC is the N-acetyl deriv-
ative of the protein amino acid L-cysteine and reacts with
ROS such as H,0,.* NAC serves also as a major precursor to
the antioxidant glutathione. It is thought that NAC, in its role
as a precursor to L-cysteine and glutathione, protects cell
membranes against lipid peroxidation and protein oxida-
tion.* Tempol, in contrast, predominantly acts as a superox-
ide dismutase mimic and therefore acts upstream of H,0,
production.?® These described mechanisms of action are in
general agreement with the present study which showed that
tempol failed to affect phosphorylation induced by exogenous
H,0,, but was almost equally potent as NAC in decreasing
PDGFE-induced responses.

Key findings of the present study are the novel demonstra-
tion that treatment with antioxidants reduces PDGF
B-receptor phosphorylation and increases PTP activity in
neointima lesions. These findings merit special highlighting.
Firstly, they suggest in general terms PTP reactivation as a
previously unrecognized mechanism underlying the benefi-
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cial effect of antioxidants on neointima formation. Our study,
focusing on PDGF receptors, are also compatible with inhib-
itory effects of antioxidants on other prorestenotic receptor
tyrosine kinases, eg, the FGF receptor which recently was
shown to be negatively regulated by PTP-1B.?! Secondly, it
provides evidence that PTP oxidation is a physiologically
relevant mechanism for control of PDGF S3-receptor signaling
in vivo, particularly in restenosis. This notion has earlier only
received experimental support from the demonstration of
enhanced PDGF-dependent restenosis on depletion of perox-
iredoxin I[% Finally, and potentially most important, it
suggests reactivation of oxidized PDGF S3-receptor—targeting
PTPs as a novel strategy for pharmacological interference
with restenosis. Future studies will reveal whether this latter
possibility will best be achieved through agents acting on
oxidized PTPs, or with drugs modulating ROS levels.

Inhibitory effects of antioxidants or catalase on smooth
muscle cell signaling and restenosis have been described
earlier,?-30 and some suggestions on the underlying mecha-
nism has been presented. These include demonstration of
effects on apoptotic pathways as indicated by increased Bax
expression and a reduced NF-kappaB activity,?52° as well as
reduced c-src activation.® These changes could be secondary
to reduced tyrosine kinase receptor activation. However, it is
also possible that other mechanisms than PTP activation and
concomitantly reduced tyrosine kinase activation contribute
to antioxidant-mediated reduction in restenosis.

In summary, this study presents cell culture and in vivo
experiments that demonstrate the possibility to interfere with
PDGF B-receptor signaling in VSMCs by antioxidants that
prevent PTP oxidation. It thereby suggests a novel molecular
mechanism for the protective effect of antioxidants on neo-
intima formation. In more general terms the study suggests
activation of oxidized PTPs as a previously not recognized
strategy for reducing vascular diseases associated with oxi-
dative stress and/or dysregulated R'TK-signaling. It is finally
also predicted that future studies on the details of ROS
preduction and scavenging in VSMCs will reveal yet unex-
plored options for novel treatments.
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ABSTRACT

Mormphemettic data based on skin wounding offer important infermation for the
charactenization of the phenotype of transgenic mouse models. The goal of this
study was the comparnson of technical procedures concerning wounding, proc-
gssing, and evaluation of samples in different mouse strains. The multitissue
array technique was used to estumate its adaptability for standardized analysis in
wound healing. Skm wounds between days 1 and 14 after wounding were ana-
Iyzed. The influence of mouse strain (C57BI/6 vs. FVB/N muce}, sex, size of the
punch biopsies, and preparation of the tissue sections was investigated on 594
mice. The parameters distance between the migration tongues (8MT} and surface
not covered by epithelium were evaluated to describe the respithelialization, and
the distance between the adnexa was chosen to measure wound contraction. In
addition, the techniques to measure the area of granulation tssue (GT} were
gvaluated. The dataillustrate the requirement of standardized conditions for skin
wound-healing experiments and demoenstrate that histological preparation in ser-
1al sections 15 mandatory to detect sheht differences 1n wound contrachon. For
the analysis of eellular compoesition m GT, multithissue arrays are useful tools m

wound-healing studies.

Tissue repair processes following wounding depend on
several factors meludmg the age of the ihdividual, meta-
bolic diseases, wvascular factors, e.g., mucro-macro-
angiopathia and diseases of the venous system as well as
exogenic factors hike local and systamc medical treatinent.
Chronic nonhealing wounds of the skin are poorly acces-
sible to effective therapy management. Therefore, un-
provernents in the understandmg of the wound-heahng
process and effective treatmnent wall directly enhanes not
only the hfe quality of the patients but will also decrease
costs of the health care systern.

To gvaluate the nnpact and dynatnics of the diverse fac-
tors mvelved m wound healing, animal tnodels are helpful
devices., One of the advantages of anunal models 15 that
wounding can be performed 1 a standardized manner. In
addition, the wound-healing process 15 aceelerated m tuce
and rats, which enables to study the course within days
and not over weeks as required 1 hurmans.! Also, gener-
ahon and analyas of khockout and transgeme nuce are
wseful tools to estimate the mfuence of angle factors in
wound healing? Companng different studies, the location,
and mize of the wound as well as stram, sex, age rangs, and
chowe of anesthetic agents were identified as wmportant
factors.” The literature review, however, revealed that con-
siderable methodological vaniations especially concerming
wound depth and diunensions as well as wound location
hawve been desenbed by dafferent g:roups,3

The amn of tlis study was to mmveshgate wlch tech-
mques are required to describe different phases of munne
wound healing and whether standardizahon of wound
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healmg expernnents 18 pivotal. Accordimmg to cur data, the
choes of mouse strams and technical procedures including
assortmnent of round knifes and cnentation of the wounds
mdeed has a sigmificant onpact on data descnbing
regpithehalization and contrachon. Moreover, tmultitissue
array technology * can be a useful tool in wound-healing
analysas.

METHODS

Animals

Eighty adult C57BYO muce (45 females, 35 males) and 14
adult FVB/N mice (all female} were analyzed (age § 12
weeks) In the CSTBYO group, 70 muce received 4imm
punch biopsies and 10 tice dmm punch biopsies. All
FVE/N muce under study received 6min punch biopsies
(see also Table 1).

Waunding

Wound samples were harvested from different groups en-
gaged in wound healing over a penied of 4 years. In all ex-
periments, mice were anesthetized by an intraperitoneal
mijection of a ketamine (10 g/L}/xylazine (8 g/L} solution
(10 pL g body weight). After shaving the dorsal har and
cleaning of the exposed skin, four full-thickness (including
the Pannicuhes carnosus) excisional wounds were punched
at two saites m the rmddle of the dorswm uwang stenle 4 and
G biopsy needles. Wounds were left uncovered. All
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Table 1. Number of wounds descending from Cb7BI/6 or FVB/N mice, respectively

Male Female 4 mm 6 mm Method 1 Method 2 Caudocranial Mediolateral
ChH7BI/6 total 35 415 70 10 20 60 60 20
Ch7BI/6 0 10 0 10 0 10 10 0
Ch7BI/6 0 20 20 0 20 0 20 0
Ch7BI/6 35 0 35 0 0 35 20 15
Ch7BI/6 0 15 15 0 0 15 10 5
FVB/N 0 14 0 14 0 14 14 0

Mice sex and size of the punch biopsies, preparation in serial sections (method 1), and bisectioning of the wounds {method 2} and
direction of sectioning (caudocranial vs. mediolateral} are considered.

ammal experimentation was performed in accordance with
institutional guidelines.

Harvesting and preparation of wound samples

At indicated time points (days 1, 3, 5, 7, 10, 14), wounds
and the underlying muscle with the adjacent 3—4 mm un-
wounded skin were harvested by excising an area of 9—
12 mm diameter. A deep excision including the underlying
muscle assured the complete withdrawal of the granula-
tion tissue.

Asillustrated in Table 1, 20 wounds with 4 mm diameter
(female C57Bl/6 mice) were embedded in paraffin and then
cut in 3um senal sections from the surrounding wound
margn skin across the center of the wound toward the op-
posite surrounding wound margin skin in the caudocramal

cranial

——

lateral

®
g
H
2
5

[~

4

Buiuonoss

e

j=1

Figure 1. {A-D} Schematic illustration of the standardized pro-
cessing of wound samples: wound tissues were either orien-
tated in the caudocranial {A) or in the mediolateral direction (B).
After paraffin embedding, samples of murine wounds (W) and
the surrounding wound margin skin (MS) were either com-
nletely sectioned from the surrounding margin skin through the
center to the opposite margin {C) or wound samples were cut
into two halves (D) and sectioned from the center toward the
wound margin.
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direction (method 1, see also Figure 1A and C). The shde
presenting the largest wound diameter was defined as the
wound center. As a second practice approach, 50 wound
samples of 4mm diameter (all C57Bl/6} and 24 wound
samples of 6 mm diameter (10 C57Bl/6 and 14 FVB/N)
from days 1 to 7 were cut perpendicular to the skin surface
by macroscopic estimation of the wound center (method 2,
see also Figure 1D). The first complete section prepared
from the estimated wound center was analyzed. Seventy-
five wounds were cut in the caudocramal direction (Figure
1A}, and 21 wounds in the mediolateral direction (all
C57BI/6, see also Figure 1B). Thirty-five male mice (all
C57B1/6) and 59 female mice (45 C57BI/6 and 14 FYB/N
mice} were studied. Seventy wounds of 4 mm diameter (all
C57B1/6) and 24 wound samples with 6 mm diameter (10
C57Bl/6 and 14 FVB/N} were analyzed. All sections were
stained with hematoxylin and eosin (H&E) and evaluated
with an Aristoplan microscope (Leitz Wetzlar, Germany).

Morphometry

Healing of skin wounds was analyzed by measuring the
following parameters (1) distance between the migration
tongues (8MT) in micrometer, (2) the surface not covered
by epithelium (SE} in micrometer (SE), (3} the distance be-
tween the surrounding wound margin skin (adnexa, [8A]),
in micrometer and (4) area of GT in square micrometer.
Morphometry was performed applying the DISKUS soft-
ware (Hilgers, Koemgswinter, Germany), a semiautomatic
operator-dependent imaging system. Two morphological-
ly expenienced coworkers independently defined the meas-
uring points (see also Figure 2A-D). The DISKUS
software allows a specific calibration for each lens and dir-
ectly calculates the distance or the area in the chosen unit.

Multitissue array and immunostaining

Instead of incubating and analyzing samples one slide at a
time, multitissue array technology allows concomitant ex-
amination of multiple samples of one and the same shde.
All istochemical and molecular detection techniques used
with regular sections can also be used with this technology.
Paraffin-embedded 6mm murine wounds from different
time points were used as donor tissue blocks for setting up
a multiissue array. For this purpose, first the H&E-
stained slices were screened and the relevant area was
marked. Thereafter, 2mm diameter pillars were punched
out of the marked areas of the donor block and transferred

Wound Rep Reg {2007) 15 105-112 & 2007 by the Wound Healing Society
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into the “master” (acceptor} block using the manual tissue
arrayer from Beecher metruments (Sun Prame, WI. The
created “master” block was first timmed until every pillar
appeared om the surface. The samples captured by an
adhesive tape were then sectiomed and placed, sectiom
gade down, onto an adhesivecoated shde (Instrumedics,
Hackensack, NI} The created slide was placed under an
wtra-viclet lamp for 30 60 seconds to poelyvmenze the
shde adhesive. After that, the shde was dipped inte a
solvent bath (tpe solvent, Instrumedics} and the adhesive
tape was pulled away from the shde now ready for
deparaffimization and staming. The generated tssue
mucrearray  contammed munne dermal wound-healing
samples from 4 FVB/N mice at days 1, 3, 5, 7, 10, and 14.
Four samples per tmme point wers chosen, and two
samples of unwounded skin served as contrels. Shdes from
the “master” block were stamed with H&E. In addition,
enzymatic stammg with naphthol-AS-D-chleroacetate
esterase was performed on the doneor block sectioms as
described before.” For immunocstaiming, sections of the
paraffin-embedded tissues (3pm thick} were cut and de-
paraffinized accordmg to standard histological techmigues.
After pretreatment with citrate buffer (pH 6.0} and pres-
gure cooking (121 °C, 5 minutes), endogenous perondase
activity was blocked by 0.03% hydrogen peroxide-com-
taiming sodiwm acid (5 minutes}. Sections were imcubated
with the prohferation marker TEC-3 (rat anti-mouse,
DAKOC, Hamburg, Germany} at 4 °C overnight. The sec-
endary antibody (pelwlemal rabbit antirat; DAKO,
hotm labeled} was meubated for 30 minutes, followed
by streptavidin-conjugated horseradish peroxidase (30 mi-
nutes} and AEC (DAKG) as chromogen (10 minutes).
After nmmaing mm aqua dest, the nucla were counterstamed
with hematoxylm, and the hssuss were embedded n
glycerol jelly.
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Figure2, (A-D) Assessment
ofreepithelization and granula-
tion tissue (GT) formation: skin
wiounds 5 days after wound-
ing with a 4 mm punch needle
ifernale  CE7BI/E). Maompho-
retrcal analysis included the
distance between the epitheli-
al migration tongues  (GMT)
1A4), surface not covered by ep-
itheliurm (SE) (B, detemnina-
tion of the distance between
the hairfollicles 84 (C), andthe
area of GT (D} thermatoxylin
and eosin [HAE] staining, =
251

Statistical analysis

The followang vanables were included m the statistical
analysis: size of the biopsies, preparation procedures of the
wound tissue, mouse strams, and mouse s2x. In umvanate
analyas, the miluence of the different vanables on wound-
healmg data was evaluated by the Student’s ¢ test. All cal-
culations were performed using the SPSS statistical soft-
ware package (SP5S for Windows release 10.0.7 de, SPSS
Ine., Chicago, IL).

RESULTS

Influence of methodological procedures an
reepithelization and wound contraction

Diameter of punch biopsies

Controversial data exist about the ideal size of the punch
biopsies in skin woundmg We therefore compared reepi-
thehzaton and wound contracton of femals C57Bl/6 mice
followimg 4 and 6 mm bicpsies. Data were evaluated at day
1,3, 5,7, 10, and 14. Reepithelization was assessed by the
distance between epidermal MT and the surface not cov-
ered by the SE as well. For cach expeniment, both param-
gters produced identical results so that only SMT values
are presented. One day after wounding, the standard devi-
ation of both parameters was lower mm the Smm group.
Beepithehzation procesded fasterin the larger wounds vis-
ible in the inchnation of the straight lines (p < 0.05; see
Figure 3A}. Also, wound contraction was accelerated in
the larger wounds (p < 0.05; see loganthmic curves in Fig-
ure 3B} After day 7, data converged in both groups.
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Figure 3. Beepithelization (A
and wound contraction data (B}
assessed by morphometric
analysis of 10 wounds of 6 mm
diameter and 15 wounds of
4mm diameter {(female C57BI/
6) days 1 to 14 after wounding.
Reepithelization was assessed

4,000 4,000 o
3,500 ¢ 4,500 4
3,000 "\"\_a'"mw"m' il 3,000 ]

— 2,500 -\_\“ — 2,500

E 2,000 \ . E 2000 1
15001 § "y ----4mm punches 1,500+
1,000 1 “'-..é \ 1,000+

- -
500 LN ~ 500
S B X N : — 0
1 2 8 4 5 6 7 8 9 1011 12 13 14 1
a b

ay

23 4 5 6 7 8 ¢ 1011 1213 14

by the distance between epider-
mal migration tongues (dMT)},

day waound contraction by the dis-

tance between the hair follicles (8A). Reepithelization {visible in the inclination of the straight lines, a} and wound contraction {loga-
rithmic curve, b) develops faster in the larger wounds {(p < 0.05). Single values {(circles for the 6 mm wounds, rhombi for the 4 mm

wounds) are indicated.

Direction of the wound tissue sections

To evaluate the influence of the chosen direction of the
sections, 11 female C57BIl/6 mice were examined on day 5
after wounding with 4mm biopsies. Six wounds were cut
1 the caudocramal direction, and five wounds in the me-
diolateral direction (see also Figure 1A and B). As pre-
sented in Figure 4, parameters describing reepithelization
(6MT} and wound contraction (8A} of the wounds were
significantly different at that time point and the values
after cutting in mediolateral direction surpassed the values
after cutting in the caudocramal direction by far

(p < 0.01).

Preparation of the wound tissue sections

Four millimeter wounds of 20 female C57Bl/6 mice be-
tween days 1 and 7 were cut into 3 pm sections from the
surrounding wound margin skin across the center of the
wound toward the opposite surrounding wound margin
skin in the caudocranial direction {method 1, see also Fig-
ure 1C). By comparing the shdes, the wound center was
ascertained by deterrmming the largest wound diameter.
These data were compared with the values obtained from
15 wounds (female C57BI/6 mice) cleaved perpendicular to
the skin surface by macroscopic estimation of the wound
center (Figure 1D; method 2). Beyond day 7, the small
scars were difficult to bisect and further preparation in ser-
1al sections was mandatory. As shown in Figure 5B wound

contraction data were significantly lower following meth-
od 2 (p < 0.05). Reepithelization data also were reduced
following method 2 but due to high standard dewiations
the differences were not significant (Figure 5A}.

Influence of selection of mice strains and sex

Sex of the mice

The influence of the sex on skin wound healing was eval-
uated in 28 C57Bl/6 mice (12 females, 16 males} at day 3
after wounding with 4mm punches. At that time point,
wound contraction was minmimally more advanced in the
female group. Concerning reepithelization, no differences
could be seen between both groups, and high standard de-
viations were obvious (Figure 6).

Mice strains

To evaluate the influence of the genetic background in
murine skin wound healing 10 female C57BI/6 and 14 fe-
male FVB/N mice were analyzed after wounding with
6mm punch biopsies. Data were evaluated on days 1, 3,
5,7, 10, and 14. Concerming dynamics in reepithelization,
skin wounds in FVB/N mice closed faster than wounds of
the C57Bl/6 group (p < 0.05). These differences were the
most significant between days 3 and 5. In both groups, re-
epithelization was complete at day 7 (Figure 7A). Con-
cerning the wound contraction, however, the process was

1,500 - 2,500 -
* hY .Y L]
SMT 2,000 - 2,126 = 2356 ym -.-
1,000 - ’ ’
— — 1,500 4
£ 780 + 337.1 pm == £ =+ 1383322134 um Figure 4. Reepithelization (A} and
= . * = . wound contraction data (B) assessed
50 ) 1,600 by marphometric analysis of 4mm
. diameter murine wounds cut in the
. 50 caudocranial or mediolateral direction
== 2367« 228.1 ym {11 female C57BI/6 mice}. Day b after
. wounding. Dot plots with horizontal
o * 0- bars indicating mean value. Signifi-
caudocranial mediclateral caudocranial mediolateral cant  differences  between  bhoth
a {n=6) {n=5) b {n=6) (n=5) groups {p < 0.01}.
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2,500 Figure5. Beepithelization (A}

2,5007 BA and wound contraction data (B}
2,000y — mathod2 ST 2000 assessed Dy morphometric
— 1.500 analysis of 20 wounds prepared

P £ ' e -mathod 1 in serial sections {method 1) and
21 0001 - - mathed 1 — 1,000 15 bisectioned wounds {meth-
' & - od 2; both 4mm diameter mu-
500+ o Ny 800 rine wounds, female CH7BI/6).

0 ‘ AN -V Days 1 to 14 after wounding.

1 2 % 4 5 6 7 8 9 10111213 14 1 2 8 4 5 6 7 8 9 10 11 12 13 Single values {rhombi far meth-

a day day od 1, circles for method 2) are

indicated. Reepithelization data are demonstrated in linear presentation, and contraction data in logarithmic curves. Contraction data
for bisectioned wounds are significantly lower than those for wounds prepared with method 1 {p < 0.05).
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. Figure 6. Reepithelization (A) and
500 4 N 500 o waound contraction data (B) assessed by
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0 (CH7BI/6). Day 3 after wounding. Dot
0- plots with horizontal hars indicating
female male female male  a5n value. No significant differences
a (n=13) {h=18) b (n=12) (n=18) 516 sean between hoth groups.

more effective in the C57Bl/6 group (p < 0.05). The dif-
ferences between both groups were most obvious between
days 5 day 10. At day 14, in both groups, the wound con-
traction was concluded (see also Figure 7B).

Influence of methodological procedures on GT analysis

Evaluation of morphometric data

GT formation was assessed in 20 female C57BI/6 mice,
among them 15 wounds after 4mm punches and five
wounds after 6mm punches. Wounds were cut following

method 1 (10 samples} and method 2 (10 samples). In all
cases, GT formation was imtiated at day 3 after wounding
and peaked between days 5 day 7. Concerning the area of
GT, standard dewiation between single experiments was
low. Data from all experiments are summarnized in Figure 8.

Significance of multitissue array technology

Multitissue array technology was used to estimate the
value of this method for the analysis of the cellular com-
position of granulation tissue. As shown in Figure 9, 2mm
punched mllars taken from the donor block comprised all

4,000 4,000 4 . Figure 7. Reepithelization (A}
3,500 % SMT 3,500 3 and wound contraction data (B}
3,0005 3,000 1 assessed Dby marphometric
— 2,500 — 2,500 analysis of 10 wounds derived
E 2,000+ E 2,000 from female C57BI6 mice and
—1,500 — 1,500 | 14 wounds derived from female
1,000 ---- CETBIE 1,000 - FVB/N mice (6mm diameter).
500+ 500 -- C5TBIS v~ 3 Days 1 to 14 after wounding.

0 0 Single values (rhombi for the

12 3 4 5 6 7 8 9 1011 12 13 14
a day b

1 2 3 4 5 6 7 8 9 1011 1213 14

first group, circles for the sec-

day ond group) are indicated. Reep-

ithelization data are demonstrated in linear presentation, and contraction data in logarithmic curves. Beepithelization of skin wounds
in FVB/N mice proceeds faster than in wounds of the C57BI/6 group (p < 0.0b). These differences are most obvious between day 3
and day 5. In both groups, reepithelization is complete at day 7. Conversely, the wound contraction process is more effective in the
CB7Bl/6 group {p < 0.08). The differences between both groups are most obvious between days b and 10. At day 14 in both groups

the wound contraction is concluded.
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[mm?]

day1 day 3 day 5 day 7 day 10 day 14

Figure 8. Granulation tissue (GT) formation asses=ed by mor-
phormetric analysis of 4 and 6 mm diameter munne wounds.
Surnrrarized data from 20 fernale C57BI/E mice (among therm
15 wiounds after 4 mm punches and five wounds after 6 mm
punches, wound processing following rmethod 1 (10 samples)
and method 2 {10 sarmples)) are presented. Analysis of days 1
to 14 atter wounding. Dot plots with maximal wvalues for GT area
between days b and 7 can be seen.

relevant areas of the wounds meludimg wound margn
sk, migrahon tongue, (7T, and subcutaneous fat tissue
(Figure 9A}. When comparing the original slides with the
shdes obtammed from the multthssue, block qualty of isto-
morphelogy appeared to be equivalent (see also Figure
9B}. As shown in Figure 9C and D, both enzymatic and
mmunchistochemical stamming procedures could be ap-
plhied to the tissue array.

DISCUSSION

This morphometne study was performed to provide sys-
temathe data on the assessment of skim wound healing,

Gerharz et al.

Here, we analyzed the dynamcs of wound closure, wound
contrachon and area of GT formation followmg stand-
ardized woundimg, embedding, and tissus preparationin a
munne fll-thickness wound-healing model. To descnbe
wound closure, the parameters distance between epider-
mal 8MT and surface not coversd by SE were chosen. As
these two parameters correlated well, we suggest that the
distance between the 8MT is sufficient for the description
of reepithelization. Several techmques were compared with
standardize wounding and subsequent processing of
wound samples in two different inbred mouse stramms. To
our surprnse, the sex of mice had no significant impact on
wound heahng at day 3 according to our data. Others,
howewer, desenbed a agmficant mflvence of estrogen
murine wound healing.® In this context it is impertant to
mention that this group performed incision bicopsies that
mmight account for the differences observed mm our studess.
Besides the sex of the mice, all other parameters had a sig-
mificant mfiluence on wound-heahng data. Thus, m our set-
ting the selechon of the mouse stram substanthially affects
reepithehization and wound contraction data, a phenom-
enon also described by others.” In this context, the dis-
cordance between reepithelization and wound contraction
was most stnking, indicatimg that these parameters are not
causally related. The data clearly underhne the necessity o
control a homogeneous genetic background mm full-thick-
ness wound models i mice.

In a parallel set of expenments, the mnpact of prepar-
ation procedures om the wound tissue was evaluated. Bi-
gechionmg of the wounds in the mediolateral direction led
to nghly elevated reepithehzation and wound contraction
data compared with samples that were cut in the caudo
cranial direction as measured by morphometry. These dis-
crepancies are presumably due to differences m local ten-
siem and traction that may result from anatomuc features.
Also, the mAvence of wound size was evaluated. Here, us-
ing 4 mm punch biopsics and C57BI/6 mice compared with

Figure 9. Representative pic-
tures of a multitissue amay:
sections taken of ane Zmm
diarneter pillar from the donor
block containing a total of 26
pillars {ineluding two controls).
LAY Skinwound 5 days after bi-
opsy. All charecteristic parts
of the wound are wisible the-
rratoxylin and eosin [H&E], =
251 B) Excellent oytomor-
phology of the tissue can be
seen (H&E =Z00). (C) Maph-
thol-A5-0D-chloroacetate ester-
aze reaction with stronghy
rarked neutrophil  granulo-
cytes at the wound edge (x
4000 (D Irnrunbistochermical
staining for estirmation of pro-
liferative activity. Froliferating
cells are concentrated at the
baszal layer of the epidemnis
ITEC-3 =400}
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6 mm biopsies, we found considerable vanahility at day 1
after wounding with regard to wound closure, even if
wounds were sectioned extensively in 3 um plates. These
interindividual variations may indicate that 4mm punch
biopsies are difficult to standardize or wounds are too
small to detect differences reliably. By contrast, using
6 mm biopsies, wound reepithelization, and contraction in
the early phases of wound healing was more reliable. At
later time points, we found that not only wound reepithe-
lization but also wound contraction proceeded with more
dynamics in the larger wounds after 6 mm punch biopsies.
The choice of 6 mm biopsies therefore offers advantagesin
studies on wound healing between days 1 and 7. Biologi-
cally, the more effective wound contraction in larger
wounds may be due to a still incomplete barrier of the
newly reepithelized epidermms. In fact, protein and hmd
synthesis and moisture of the environment influence the
Process, eventua]l¥ leading to the normalization of the
barrier function.®° In addition, it is possible that a larger
full-thickness wound results in an enhanced recruitment of
neutrophils and macrophages, which, by the release of
growth factors such as TGF-p1, substantially control the
wound contraction process.'! When morphometric
analysis after wound tissue bisectioning was compared
with wounds prepared in serial sections, we found that
wound contraction data were sigmficantly lower in the first
group {(p < 0.05). Concermng the reepithehzation, the
data presented the same tendency but were not significant-
ly different due to high standard dewviations. Therefore,
a larger amount of samples is required to analyze this
parameter.

Wound closure depends on several endogenous and ex-
ogenous factors including local infections or scratching ef-
fects, which are directly influence procedures pivotal in the
early phase of wound healing response 1pa,ttmrns such as the
coagulation system,'”>"® chemokines,"™'” and the mois-
ture of the environment.'® Taking these disturbing factors
into account and considering that wound healing in genet-
ically mampulated mice often reveal only minor differen-
ces, it becomes obvious that besides a large amount of
samples a laborious preparation in multiple 3 um sections
is required—especially if early phases in wound contrac-
tion are of particular interest. Where reepithelization data
are the subject of interest, the hisection of wounds might
be justified. The macroscopic analysis of 2D photographs
apphed by others (10), however, represents a rather rough
estimation to describe the parameters of wound healing in
particular if only minor differences are expected.

As a morphometric parameter describing the activation
of the system during the course of wound healing, we
chose the area of granulation tissue.”®™ When the bisec-
tion method of 4 and 6 mm wounds and the preparation in
senal slides were compared, GT formation was imtiated at
day 3 and peaked between days 5 day 7 with only moderate
variation, which we found to be independent of the exper-
imental design. Therefore, morphometnc analysis of GT
formation does not require labor-intensive senal sections.
The quality of the cellular composition of the GT might
offer more precise information on specific wound-healing
dynamics than with mere morphometry. Therefore, we
evaluated the significance of multitissue array technology
in descnbing GT formation. For gh throughput analysis
of paraffin-embedded tissue, multitissue arrays have been

Wound Rep Reg {2007} 15 105-112 © 2007 by the Wound Healing Society
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shown to be a simple and effective tool mainly for immu-
nophenotyping of large numbers of tumor samples.” Here,
for the first ime, a tissue microarray of murine wounds
contaiming the entire migration tongue, the adjacent
healthy wound margin skin, and GT was established.
Plates obtained from the master block contained 24
wound samples and could be stained with enzymatic and
immunhistochemical methods. We found an excellent
preservation of histological and cytomorphological struc-
tures in many independent wound samples on one and the
same shde. Also, we showed that immunhistochemical
staimng with distinct antibodies revealed clear results in
this multitissue array approach. These data may help to
reduce the vanahility of wounds normally individually cut
and processed. Therefore, this techmque appears to be
highly smtable for evaluating the dynamics of GT forma-
tion and tissue repair.
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Collagen XXIII belongs to the class of type II orientated trans-
membrane collagens. A common feature of these proteins is the
presence of two forms of the molecule: a membrane-bound form
and a shed form. Here we demonstrate that, in mouse lung, colla-
gen XXIII is found predominantly as the full-length form, whereas
in brain, itis present mostly as the shed form, suggesting that shed-
ding is tissue-specific and tissue-regulated. To analyze the shed-
ding process of collagen XXIII, a cell culture model was established.
Mutations introduced into two putative proprotein convertase
cleavage sites showed that altering the second cleavage site inacti-
vated much of the shedding. This supports the idea that furin, a
major physiological protease, is predominantly responsible for
shedding. Furthermore, our studies indicate that collagen XXIII is
localized in lipid rafts in the plasma membrane and that ectodo-
main shedding is altered by a cholesterol-dependent mechanism.
Moreover, newly synthesized collagen XXIII either is cleaved
inside the Golgi/trans-Golgi network or reaches the cell surface,
where it becomes protected from processing by being localized in
lipid rafts. These mechanisms allow the cell to regulate the
amounts of cell surface-bound and secreted collagen XXIIL.

The group of collagenous transmembrane proteins consists of
type XIIL XVIL, XXIIL, and XXV collagens and several related pro-
teins such as ectodysplasin A, the class A macrophage scavenger
receptors, the MARCOL receptor, and the group of colmedins.
These are type Il transmembrane proteins that contain at least one
collagenous triple helical domain (summarized in Ref. 1). Collag-
ens XIII, XXIII, and XXV are of unknown function and consist of
three collagenous domains that are flanked and separated by non-
collagenous domains. Whereas collagen XVII is more distantly
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related, types X111, XVII, XXI1I, and XXV all exist in two forms: a
transmembrane form and a shed ectodomain form. Whereas col-
lagen XVII is shed from the surface by TACE {tumor necrosis
factor-a-converting enzyme}, a member of the ADAM (a disinte-
grin and metalloproteinase) family (2), mutation analysis of colla-
gens X1l and XXV demonstrated that the protease furin produces
the shed forms (3, 4). Initial cell culture studies suggested an
involvement of furin either directly or indirectly in the cleavage of
collagen XX aswell (5). Furthermore, the co-existence in tissues
of both the transmembrane and shed forms of collagen XX111 was
suggested from immunoblot analyses (6).

The shedding of an ectodomain amplifies the possible func-
tional role of a protein because different forms, i.e. full-length cell
surface-bound or soluble, likely have different biological activity.
The “sheddase™ furin is a member of a proprotein convertase fam-
ily. Among other functions, furin participates in the maturation
and activation of proteins at the cell surface, endowing the cell with
the ahility to change its functional behavior {7-9). Moreover, con-
version by proteolytic cleavage can be tightly regulated (10, 11).
Furin-dependent shedding hasbeen implicated in the activation of
growth factors, initiating protease cascades as well as affecting
pathogen entry into cells. With regard to the latter, it is notable
that the virulence of pathogens such as anthrax, Ebola virus, and
influenza virus is influenced by the presence of furin cleavage sites
in viral proteins (9). Furthermore, there is at least one instance
demonstrating that pathology results if shedding does not occur. A
mutation in the furin cleavage site of the transmembrane collagen-
like molecule ectodysplasin A is responsible for 20% of the cases of
X-linked hypohidrotic ectodermal dysplasia {12). The consensus
sequence for furin cleavage is Arg-X-(Lys/Arg)-Arg (13}, with the
most critical position being Arg at position 1. Less conserved
sequences such as Arg-X-X-Arg also serve as furin cleavage sites,
but with 10-fold lower efficiency than the consensus sequence.
Furin is activated by two autocatalytic cleavage processes in the
trans-Golgi network (TGN)Y* (14). As a mature enzyme, furin
cycles between the cell surface and the TGN in a well regulated
clathrin-dependent fashion (8).

2 The abbreviations used are: TGN, trans-Golgi network; AEBSF, 4-(2-amino-
ethylbenzenesulfonyl fluoride hydrochloride; cmk, chloromethyl ketone;
MBCD, methyl-B-cyclodextring RT, reverse transcription; HEK, human
embryonic kidney; EBNA, Epstein-Barr virus nuclear antigen; DMEM, Dulbec-
co's modified Fagle’s medium; PLAP, phosphatidylinositol-linked placental
alkaline phosphatase; HTrR, human transferrin receptor; PBS, phosphate-buff-
ered saline; PC, proprotein convertase; ¢, -PDX, o, -antitrypsin Portland.
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To regulate which form of a transmembrane molecule is
present in a cell’s environment, control is exerted not only by
activation of the sheddase, but also by accessibility of the shed-
dase enzyme to the cell-surface protein to be shed. In this con-
text, the plasma membrane microenvironment has a crucial
regulatory function for the shedding of a variety of transmem-
brane proteins such as Alzheimer amyloid precursor protein
(15), CD30 (16), the interleukin-6 receptor (17), and collagen
XVII (18). Lipid rafts are small, dispersed, cholesterol-rich, and
sphingolipid-rich microdomains that are fluid, but tightly
packed (19). The lipid raft and non-raft microdomains have
different association capahilities and therefore accumulate and
separate membrane proteins. Lipid rafts play an important role
in signal transduction, cell-cell interaction, and endocytosis of
certain proteins (20, 21).

Here we present evidence for processing of collagen XXIII
directly by furin. We also show that ectodomain shedding is
influenced by the plasma membrane microenvironment: low-
ering the cellular cholesterol level significantly increases the
shedding of collagen XXIIL This, together with partial shed-
ding already occurring in the secretory pathway, likely repre-
sents the mechanism used by cells to regulate the ratio of the
membrane-bound to released ectodomain forms of collagen
XXIIL In addition, shedding is also tissue-dependent: in brain,
collagen XXIII is present predominantly as the shed form, and
in other tissues such as skinand lung, the full-length molecule is
the prevailing form.

EXPERIMENTAL PROCEDURES

Reagents— The following protease inhibitors were used: AEBSF
(4-(2-aminoethyljbenzenesulfonyl fluoride hydrochloride;
Merck); antipain, 1,10-ortho-phenanthroline, aprotinin, E-64
(trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane),
pepstatin A, leupeptin, and chymostatin (Sigma); the furin
inhibitor  decanoyl-Arg-Val-Lys-Arg-chloromethyl  ketone
(cmk; Bachem); the hydroxamate inhibitor TAPI-0 (Calbio-
chem-Novabiochem GmbH); and the membrane-impermeable
furin inhibitor «,;-PDX (Calbiochem). Other chemicals used
were methyl-g-cyclodextrin (MBCD) and filipin Il from Strep-
tompyces filipiensis (Sigma), brefeldin A (Epicentre Biotechnol-
ogies), and 3,3'-dithiobis{sulfosuccinimidyl propionate)
(Pierce).

Cloning of Full-length ol (XXIII} and Furin cDNAs and Site-
directed Mutagenesis—Reverse transcription (RT)-PCR was
used to clone the full-length mouse &l(XXII) and furin
c¢DNAs. Primers were designed according to the mRNA
sequences provided for GenBank™ accession numbers
NM153393 {1 (XX1I1)) and NMO011046 (furin). The full-length
al(XXIII) ¢cDNA was amplified from mouse embryonic day
15.5 ¢cDNA using the primer pair K500/K501 (see the list of PCR
primers in supplemental Table S1). The full-length construct
was ligated into a modified pCEP-Pu vector carrying a 3'-His,
tag. The full-length furin ¢cDNA was amplified from mouse
embryonic day 15.5 reverse-transcribed mRNA using the
primer pair P185/P186. Additional furin cDNA was ligated into
a modified pCEP-Pu vector carrying a 5'-SPARC/BM40 signal
peptide and a 3'-FLAG tag. Site-directed mutagenesis was car-
ried out using the QuikChange® II site-directed mutagenesis
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kit (Stratagene) according to the manufacturer’s instructions.
Amino acids of the two potential furin cleavage sites within
non-collagenous domain 1 of collagen XXIII were altered. The
primer pair M515/M517 was used to introduce the mutation
R86Q (termed A), and the primer pairs M506/M507 and M508/
MB509 were used to insert the mutations R96S (B1) and R99G
{B2), respectively.

Semiquantitative RT-PCR—Total RNA was extracted from
various tissues and primary cells of newborn and adult
CK7BL/6) mice using the RNeasy fibroustissue midi kit (Qiagen
Inc.). Aliquots (2 jrg) were transcribed into ¢cDNA using ran-
dom hexamer primers and the enzymes SuperScript™ II and
I (Invitrogen). The relative RT-PCRs were performed in the
linear range of amplification. The mouse al{XXIIl) primers
M630 and K501 produced a 727-bp product, and the control
primers for y-actin (M542 and M543) produced a 569-bp prod-
uct. Products were run on agarose gels containing ethidium
bromide. On-line quantification of the bands was performed
using a Diana III advanced imaging system (Raytest).

Real-time RT-PCR—Primersand probes were designed using
open source Primer3 web software (frodo.wi.mit.edu/cgi-bin/
primer3/primer3 www.cgl) and were evaluated by Blast
searches at NCBI (www.ncbi.nlm.nih.gov/blast/}. All primers
and probes were synthesized by Metabion. For detection and
quantification of the PCR assays, the Mx3000P real-time PCR
system (Stratagene) was employed. For relative quantification,
18 5rRNA served asan internal control. All primer/probe com-
binations were designed intron-spanning. The primer/probe
combinations RTI1-RT2/RTprobel for collagen XXIII and
RT3-RT4/RTprobe2 for 18 5 RNA were used {see the list of
PCR primers in supplemental Table 51). The real-time PCR
amplification was performed in a final reaction volume of 20 .l
containing primers (300 nM) and probe (200 nm) mixed with the
appropriate volume of Eppendorf RealMasterMix (Eppendorf
AG)and 4 pl of cDNA. The reaction mixture was preheated at
95 °C for 2 min, followed by 45 cycles at 95 °C for 20 s and 60 °C
for 1 min. All experiments were evaluated by performing three
identical runs. To avoid quantification bias, a standard curve of
every assay on every single run was carried out to ascertain the
specific amplification efficiency. Briefly, the relative mRNA
expression level was determined setting the cycle threshold
against the standard curve in each case. Normalization against
the internal control 18 S RNA was followed by calculating the
case-specific calibrated gene expression. The mean value of
normalized gene expression of skin mRNA served as a
calibrator.

Isolation and Cultivation of Cells and Cell Culture-based
Assays—Keratinocytes were isolated from newborn mouse skin
and placed in primary culture according to established proce-
dures (22). They were either kept under low calcium conditions
to sustain their proliferative potential or treated for 2 h with 2
mu CaCl,-containing medium to induce the formation of cell-
cell contacts. Full-length collagen XXIII cDNA (ligated into the
pCEP-Pu vector) was used to transfect human embryonic kid-
ney (HEK) 293 cells expressing Epstein-Barr virus nuclear anti-
gen-1 (HEK 293-EBNA cells; Invitrogen) and HT1080 cells
using FuGENE 6 reagent {Roche Applied Science) according to
the manufacturer’s instructions. The medium used was Dul-
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becco’s modified Eagle’s medium {DMEM)/nutrient mixture
F-12 with GlutaMAX™ (Invitrogen) containing 10% fetal call
serum {Biochrom AG). Supplements of 250 pm L-ascorbic acid
and 450 pum L-ascorbic acid 2-phosphate (Sigma) were added
every day. Stable transfectants were selected with puromycin
(1.25 prg/ml; Sigma). For shedding assays, the stably transfected
cells were incubated in serum-free DMEM/nutrient mixture
F-12 supplemented with 250 pm ascorbate, followed by incuba-
tion with the indicated chemicals for specified periods. The
media and cell lysates were prepared and processed as
described below.

Protein Isolation from Cells and Tissue and Western Blot
Analysis—Protein isolation from tissue and subsequent immu-
noprecipitation and detection of collagen XXIII by Western
blot analysis were performed as described previously (6). For
protein extractions from cultured cells, the media and cell lay-
ers were processed separately as described (23). The medium
was collected on ice; protease inhibitors (1 mm AEBSF and 10
mm EDTA) were added immediately; and cell debris were
removed by centrifugation. To the remaining cell layer was
added chilled extraction buffer (Tris-buffered saline, 1% Non-
idet P-40,2 mm EDTA, and Complete proteinase inhibitor mix-
ture {(Roche Applied Science}), and the sample was incubated
for 30 min at 4 °C. The material was then collected using cell
scrapers, and insoluble material was removed by centrifuga-
tion. The supernatant was precipitated with acetone or metha-
nol/chloroform, and normalized aliquots were run on gels for
immunoblotting with the previously described guinea pig anti-
collagen XXIII antibedy (8). Normalization was accomplished
1) by working with same cell numbers, 2} by determination of
the protein content of the cell lysates and application of speci-
fied protein amounts and comparable volumes of cell superna-
tant for analysis, and 3) by analyzing the Western blot signals of
cell supernatants with respect to the signals of the correspond-
ing cell lysates. For quantitation, densitometry of signals was
done using the Gel-Pro Express program {Media Cybernetics)
or by performing on-line signal quantification with a Diana III
advanced imaging system.

Imimumofluorescence Staining and Antibody-induced Patching—
Antibody-induced patching was performed as described previ-
ously {18). Briefly, HEK 293-EBNA cells cultured on coverslips
were cotransfected with full-length «1{XXIIl) or furin cDNA
and phosphatidylinositol-linked placental alkaline phosphatase
(PLAP) or human transferrin receptor (HTrR) cDNA, respec-
tively. First, the clustering of proteins was induced by incuba-
tion of the cells with the respective combination of anti-HTrR
(DakoCytomation) or anti-PLAP (Biomeda) monoclonal anti-
bodies with either the guinea pig polyclonal antibodies against
the ectodomain of collagen XXIII or the anti-furin polyclonal
antibody (Alexis Biochemicals) for 60 min at 12 °C. After
washing with phosphate-buffered saline (PBS), rhodamine-la-
beled goat anti-mouse (Jackson ImmunoResearch Laborato-
ries) and fluorescein isothiocyanate-labeled anti-rabbit (Dako-
Cytomation) secondary antibodies were applied for 1 hat 12 °C.
Subsequently, the cells were fixed with 2% paraformaldehyde in
PBS for 15 min at room temperature and mounted in PBS {pH
7.0) containing 37% glycerol, 12.5% Mowiol (Calbiochem), and
0.65% N-propyl gallate (Sigma) as an anti-fade agent. Fluores-
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cent images were taken on an Axiophot microscope equipped
with a Zeiss AxioCam MRc digital camera. Quantitative analy-
sis was performed by substracting background fluorescence
and transforming the fluorescence signals to binary values.
Each individual membrane patch was classified into the catego-
ries co-localization, partial co-localization, and segregation.
Typically 100-250 membrane patches were present per cell,
and a total number of eight cells were evaluated for each colla-
gen XXlll-marker protein double labeling. For each furin-
marker protein double labeling, four cells were quantified. For
immunofluorescence staining, cells cultured on Nunc glass
chamber slides were either incubated with serum-free medium
containing guinea pig anti-collagen XXIII antibody for 1 h, fol-
lowed by fixation with ice-cold methanol for 2 min, or directly
fixed and permeabilized with 0.1% Triton X-100, followed by
incubation with guinea pig anti-collagen XXIII antibody and
anti-GM130 monoclonal antibody (BD Biosciences). After
washing with PBS, Cy"™3-conjugated anti-guinea pig (Dako-
Cytomation) and Alexa 488-conjugated anti-mouse (Molecular
Probes) antibodies were applied, and the stained slides were
analyzed with a Leica TCS SL confocal laser scanning
microscope.

Cross-linking Experiments—HEK 293-EBNA cells were
cotransfected with full-length «1(XXIIl) cDNA and PLAP or
HTrR ¢DNA. 24 h after transfection, cells were washed with
PBS and incubated with 0.25 mu 3,3 -dithiobis(sulfosuccinimi-
dyl propionate) for 30 min at room temperature. Alternatively,
cells were treated with 10 mm MBCD prior to cross-linking,
The reaction was stopped with 50 mu Tris-HCl (pH 7.5). The
cells were lysed (1% Nonidet P-40,0.1 m NaCl, 25 mm Tris-HCI
{(pH 7.4), and inhibitor mixture set III (Calbiochem)) and
immunoprecipitated with guinea pig anti-collagen X XIII poly-
clonal antibodies. The precipitated proteins were eluted from
antibody-coupled beads, and the cross-linker was reduced by
heating for 10 min at 95 °C in SDS sample buffer containing 50
mw dithiothreitol. Subsequently, the eluates were separated on
a 10% SDS-polyacrylamide gel and immunoblotted with guinea
pig anti-collagen XXIII polyclonal, anti-PLAP monoclonal
{Sigmay}, and anti-HTrR monoclonal antibodies.

Cell-surface Biotinylation—Cell-surface biotinylation was
carried out as described by Franzke et al. (2). Briefly, cell-sur-
face proteins were biotinylated with 6.6 mm biotin-X-NHS
{Calbiochem) for 5 min at room temperature. After washing
five times with PBS, the cells were cultured in fresh medium
supplemented with ascorbate. At the desired time points, the
media were collected, and cell lysates were prepared as
described above. Biotinylated proteins from both the medium
and the cell layer extract were precipitated with streptavidin-
agarose (Novagen) and immunoblotted for reaction with
guinea pig anti-collagen XXIII antibody to detect biotinylated
collagen XXIIL

Quantification of Cellular Cholesterol and Protein Content of
Cell Lysates—To normalize cell lysates for Western blot analy-
sis, the protein content was determined with a binicotinic acid
assay kit (Uptima). Cellular cholesterol content was assayed
spectrophotometrically using a cholesterol quantitation kit
{BioVision, Inc.) following the manufacturer’s instructions.
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FIGURE 1. Tissue distribution of collagen XXl protein and mRMNA. 4, detection of collagen 2241l in immu-
noprecipitationswith subsequent Western blotanalysis of mouse tissueextracts. Collagen XX|llwas detectable
inMonidet P40 tissue extracts of brain and lung after predipitation with guinea pig and detectionwith rabhbit
anti-collagen XXl polyclonal antibodies. In the corresponding lanes loaded with collagenase-treated protein,
the signal was absent, The arrew indicates the molecular mass of the fulldength protein, and therewere also
signalsat themolecular mass of the ectodomain (closed arrewhead) and at an even lower molecular mass (open
arrowhead). For comparison, the lysate and conditioned medium of HT1080 cells stably transfected with
al GO DMA are shown, £ semiquantitative tissue distribution of mouse a1GCKN) mBNA, Fragments of
rmouse &1 (XX or y-actin mRNAwere amplified and detected after 31 cydes(in the linear range) for a1CCKII)
and after 27 cycles (in the linear range) for y-actin. cof, collagen; £, embryonic day. C, quantitative analysis of
collagen 2XIIImRNA levels by real-time PCR. The signals obtained were normalized against theinternal control
185 RNA, and the relative levels are displayed in comparison with signals in skin.

RESULTS

Shedding of Collagenn XXIII Is Tissue-dependent—We dem-
onstrated previously the tissue distribution of collagen XXIII in
mouse skin, kidney, lung, and brain (6). Preliminary indications
from immunoblots suggested that the protein is shed in some
tissue and full-length in others. Using brain and lung as exam-
ples, immunoblot analysis of immunoprecipitated collagen
XXIII revealed that the largest (full-length) form of collagen
XXIII is predominant in lung, whereas in brain, three additional
signals at lower mass were detected (Fig. 14). The largest of
these ran at the same molecular mass as the ectodomain from
the conditioned medium of HT1080 cells stably transfected
with full-length «1(XXIIT) cDNA (see supernatant lane in Fig.
14). The specificity of the antibody was confirmed by the prod-
ucts being specifically digested with highly purified bacterial
collagenase. These data suggest that, if ectodomain shedding
occurs, it is extensive in brain tissue, but minor in lung. Curi-
ously, the two lower molecular mass immunoproducts from
brain were not present in the lysates or medium of cells express-
ing recombinant collagen XXIII. This likely represents either a
further degree of tissue-related processing that does not occur
in recombinant HEK 293-EBNA and HT1080 cell cultures or
cleavage by an enzyme present in brain, but not in the cell lines.
To test this, we attempted to isolate this lowest molecular mass

SEPTEMBER 14, 2007+VOLUME 282 -NUMBER 37

Collagen XXlil-Lipid Raft Localization and Shedding

form to perform microsequence
analysis, but enough could not be
obtained. Therefore, we validated it
as a processed form of collagen
XXIII by excluding the possibility
that it arose from a splice variant of
the mRNA: RT-PCR amplification
of full-length collagen XXIII ¢cDNA
was performed with total RNA iso-
lated from different tissues. The
amplified product from brain, lung,
skin, and total embryonic RNA was
the same size (data not shown). The
results are consistent with the lower
molecular mass bands being pro-
cessed forms of collagen XXIII.

To study the shedding process in
a cell culture system, a collagen
XXIII-containing tissue {Le skin)
{6) with cells that could be easily
separated and cultured was utilized
for the next set of studies. To our
surprise, semiquantitative PCR
showed that primary keratinocytes
cultured from mouse skin and stim-
ulated for various periods with cal-
cium contained sharply reduced
amounts of a1(XXIIT) mRNA, and
cultured dermal fibroblasts gave an
mRNA signal that was barely
detectable compared with mRNA
levels from tissues (Fig. 1B).
The drastic down-regulation of
@1 (XXIT) mRNA expression in cul-
tured keratinocytes compared with skin was confirmed by real-
time PCR (Fig. 1C). For comparison, real-time PCR was per-
formed with RNA from muscle, a tissue containing only
minimal amounts of collagen XXIIIT mRNA and protein (6).
Therefore, to manipulate collagen XXIII in an i vitre culture
system, we employed immortalized cell lines (HEK 293-EBNA
and HT1080) that we stably transfected with full-length
a1 (XXIIT) cDNA.

Subcellular localization of collagen XXIII in the transfected
cell lines was analyzed by immunofluorescence staining in
comparison with the low expression levels in primary mouse
keratinocytes. In keratinocytes cultivated under low calcium
conditions and kept at a low passage number, weak signals for
collagen XXII that co-localized with the Golgi marker protein
GM130 could be detected (Fig. 24). Similarly, co-localization
was found in the transfected cell lines (Fig. 2, B and C). Also,
cell-surface localization of collagen XXIII was detected in non-
permeabilized primary keratinocytes that were stimulated with
calcium to form cell-cell contacts and in non-permeabilized
transfected cells, emphasizing detection of the molecule at the
cell-cell boundaries (Fig. 2, D and E). Therefore, because the
expression pattern of collagen XXIII in transfected cultures is
similar to that in keratinocytes, we used transfected cell cul-
tures to study shedding.
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HEK293-EBNA
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FIGURE 2. Subcallular localization of collagen XXl in primary mouse keratinocytes and cell linas trans-
fected with o1 00D, Primary mouse keratinocytes (A and 0}, a1 CRXII-transfected HT1080cells (Band £ ), and
al(K-transfected HEK 293-EBNA cells (C and F)were stained with anti-collagen (cof) XXl polyclonal anti-
body (red) after (A-C) or prior (D=F] to fixation and solubilization of the cells. Counterstaining (A-C) was per-
formed with antibody against the Golgi marker protein GM130(green). Merging theimages indicated intracel-
lular co-localization (yelfow] of collagen XX with the Golgi marker (A-C). Staining for collagen XX in
non-permeabilized cells (D-F)identified itslocalization at the plasma membr ane aswell asits concentration at

cell-cell boundaries. Scale bars = 20 um.
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FIGURE 3. Effect of protease inhibitors on the release of the collagen XXIII
ectodomain. Stably o1 00)-transfected HEK 293-EBNA cells were cultured
inserum-free DMEM supplemented with proteaseinhibitors, including 50 ph
decanoyl-Arg-Val-Lys-Arg-crmk (CMK ), 50 gt antipain, 45 g TAPI-0, 100 zem
chyrnostatin, 10 um E-64, 10 um leupeptin, 10 wM pepstatin A, 200 gm 1,10-
ortho-phenanthroline 1 mnm AEBSF, 200w EDTA, and 10 gew apr otinin. Shed-
ding in the presence or absence of inhibitors was analyzed by immunoblot-
ting the precipitated media, followed by semiquantitative densitometry of
the signals. The histogram shows the release of the collagen XXl ectodomain
aspercent £ 50, (n = 3)relative to the controls,

Furin/Proprotein Convertases Are the Major Class of Enzymes
Responsible for Collagen XXIII Shedding—It has been suggested
previously that furin likely plays a role in the processing of col-
lagen XXIII (5). To further explore the enzymes involved in the
shedding of collagen XXIII, stably transfected HEK 293-EBNA

27428 JOURNAL OF BIOLOGICAL CHEMISTRY

cells were cultured in the presence
of protease inhibitors, and the
release of the ectodomain was ana-
lyzed by immunoblotting. As shown
in Fig. 3, the ectodomain shedding
was efficiently inhibited (~95%)
only with the furin/proprotein con-
vertase (PC)-specific agent decano-
yl-Arg-Val-Lys-Arg-cmk. It was
also partially inhibited (~45%) by
the broad-range sulfonyl fluoride-
type serine protease inhibitor
AEBSF. Very minimal inhibition
(~5%) was seen with antipain, leu-
peptin, and chymostatin, three pri-
mary serine protease/cysteine pro-
tease inhibitors, and with E-64, a
cysteine protease inhibitor. No inhi-
bition was observed with the aspar-
tic protease-directed inhibitor pep-
statin A, with the metalloprotease
inhibitors 1,10-ortho-phenanthro-
line and EDTA, or with the hydrox-
amate-derived inhibitor TAPI-0.
These last data excluded the poten-
tial involvement of matrix metallo-
proteinases or ADAM proteins in
the ectodomain shedding of type
XXIII collagen in the cell culture model system.

For cleavage, most PCs require the consensus sequence
RX(K/R)R. For processing by furin, the minimal amino acid
sequence RXXR is sufficient (13, 24). The translated amino acid
sequence of mouse collagen XXIIT ¢DNA revealed two poten-
tial furin/PC cleavage sites in non-collagenous domain 1:
SILERLLR® and **KIRTVR™ (Fig. 44). Edman degradation
sequencing of the purified ectodomain revealed the major
cleavage site to be after RTVR. No cleavage was observed in the
recombinant protein after the predicted sequence RLLR, Inter-
estingly, a very minor amount of recombinant shed protein
commenced with sequence RGDPG, which follows a potential
furin cleavage site (RGKPGR) in collagenous domain 1.
Whether such a cleavage occurs iz vive could not be verified
because of the lack of abundance of the shed product isolated
from any tissue, Therefore, the cell culture system, being the
only tool available to date to study the mechanism of shedding,
was used to concentrate on furin cleavage of collagen XXIII. To
analyze whether the more upstream furin site is cleaved less
frequently or whether there is a cooperative interaction
between the two sites that might result in a double cleavage, we
altered the recognition sites by site-directed mutagenesis and
assessed their influence on shedding. The mutation R86Q
(termed A) was introduced into the first potential cleavage site,
and the mutations R96S (B1) and R99G (B2) were introduced
into the second potential cleavage site (Fig. 44). The mutated
c¢DNAs were transfected into HT1080 cells for expression.
Mutant and wild-type proteins were extracted from the cells
and shown to form disulfide-linked trimers by Western blotting
of nonreduced SDS-polyacrylamide gels (supplemental Fig.
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FIGURE 4. Mutation of potential furin/PC cleavage sites reduces ectodo-
main shedding. A, schermatic depiction of the domain structure of mouse
collagen XX highlighting the potential furin/PC cleavage sites and display-
ing the mutations introduced, 8, effect of the mutations on the shedding of
collagen 221 HT1080 cells stably expressing wild-type (wit) collagen (cof)
¥lland mutant forms were cultured in serum-free DMEM mutrient mixture
F-12 supplemented with ascorbate, The collagen XX content of the cell
lysate (L) and conditioned medium (5) was analyzed by Western blotting,
followed by densitometric evaluation of the signals. The histogram shows the
releasze of the collagen X3l ectodomain as percent £ 50, (n = 3) relative to
the signal from the corresponding cell lysates and wild-type controls.
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514). To ensure that the mutations did not have any adverse
impact on the triple-helix formation of collagen XXIII, stability
was tested by resistance to trypsin digestion (supplemental Fig.
518). The results indicated that all mutant proteins and the
wild-type triple helical protein have comparable stability. We
examined the relative level of the full-length form of collagen
XXIII in cell lysates to the shed ectodomain form in cell
medium. The Bl and B2 mutants were nearly completely
retained on the cell surface as indicated by the strong signal in
the cell lysates and the barely detectable signal in the condi-
tioned medium (Fig. 48). In addition, mutation of the first
furin/PC cleavage site (RLLR to RLLQ; A2) led to areduction in
shedding and therefore less accumulation of the ectodomain in
the conditioned medium (Fig. 48), although not nearly to the
extent caused by the B mutations in the RTVR recognition site.

To getan idea whether other PCs are able to compensate for
furin activity, LoVo cells, which are known to lack furin but still
contain active PACE4 and PC7 (4, 25, 26), were employed.
Upon transfection with full-length «1(XXII) cDNA, they
showed strongly reduced shedding of collagen X XTI compared
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with other transfected cell lines (supplemental Fig. 52). These
data, the enzyme inhibition assays, and the mutation analysis
together indicate that collagen XXIII is predominantly but not
exclusively processed by furin.

Localization of Collagers XXIII in the Membrane Microenvi-
ronment Regulates Shedding—Lipid rafts are small local regions
of cholesterol- and sphingolipid-rich plasma membrane. These
microdomains can be visualized with antibodies that laterally
cross-link microdomain-specific marker proteins. This causes
redistribution of the molecules, forming patches on the cell
surface (15, 18, 27). Antibody-induced clustering was used to
elucidate the membrane microdomain location of collagen
XXIII and furin on the cell surface in our cell culture model
system. PLAP is a component of lipid rafts, whereas HTIR is
localized outside of rafts (15, 28). The ¢cDNAs for these marker
proteins (PLAP and HTTR) and «1(XXII) or furin were tran-
siently cotransfected into HEK 293-EBNA cells, and patching
was obtained by antibody cross-linking. Reactions with primary
antibodies against 1) collagen XXIII and PLAP, 2) collagen
XXIIT and HTIR, 3) furin and PLAP, or 4) furin and HTrR,
followed by incubation with appropriate secondary antibodies,
were performed for 60 min at 12 °C to minimize the metabolic
activity of the cells. The antibody-induced clustering showed
that collagen XXIII co-localized in patches with PLAP, but seg-
regated from HTIR (Fig. 54), whereas furin co-localized pre-
dominantly in patches with HTIR, but segregated from PLAP
(Fig. 58). For quantitative analysis of the co-patching extent,
the localization of individual membrane patches positive for
collagen X XTI or furin in relation to PLAP- or HT1R-positive
patches was assigned into three categories: co-localization
(100% overlap), partial co-localization, and segregation (0%
overlap). Because of the close localization of the individual
patches in the membrane, a certain amount of partial co-local-
ization was observed in all experiments, but comparison
between the percentage of co-localization and the percentage
of segregation clearly showed co-patching of collagen XXII
with PLAP and co-patching of furin with HTTR (Table 1). This
indicates the localization of collagen XXIIT mainly in lipid rafts
and the localization of furin predominantly outside lipid rafts. To
confirm these findings, a second method that avoids the clustering
of lipid rafts prior to analysis was employed (29). Cell-surface pro-
teins on HEK 293-EBNA cells transiently cotransfected with
«1(XXIIT) and marker protein cDNAs were cross-linked with 250
i 3,3 -dithiobis(sulfosuccinimidyl propionate). This agent is a
reducible, membrane-impermeable, and short-range (1.2 nm)
cross-linker. Immunoprecipitation with guinea pig anti-colla-
gen XXIII antibody, followed by immunoblotting with antibod-
ies against the marker proteins, revealed that PLAP, but not
HTrIR, was in near association with the collagen (Fig. 5C). When
the cells were treated with MBCD prior to cross-linking, the
co-precipitated PLAP signal was consistently significantly
reduced (Fig. 5C). For furin, this method is not applicable, as the
necessary high expression levels of the protease seem to be
cytotoxic for the cells.

The presence of collagen XXIII in lipid rafts and its main
sheddase, furin, outside of rafts suggests that furin-mediated
shedding is regulated by the plasma membrane microenviron-
ment. To further understand the controlling mechanism,
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FIGURE 5. Plasma membrane microdomain lecalization of collagen XXIII
and furin. 4, collagen XX co-patching with the lipid raft marker protein
PLAP and segregation from the non-raft marker HTrR after antibody cross-
linking. &, furin co-patching with HTrR and segregation from PLAP after anti-
body cross-linking, The clustering of proteins was induced by incubation of
the cellswith the respective combination of anti-HTrR monodonal antibodies
orincubation ofanti-PLAP monoclonal antibodies with guinea pig anti-colla-
gen ¥Xll or anti-furin polyclonal antibodies, Scafe bars = 0.5 g, C, co-immu-
noprecipitation (co-IP) of collagen Xl with thelipidraft marker protein PLAP
after cross-linking of the cell-surface proteins, Cross-linking of cell-surface
proteinswas performed with the reducible, membrane-impermeable, short-
range (1.2 nm) cross-linker 3,3'-dithiokisisulfosuccnimidyl propionate] (250
wtt) for 30 min at room temperature, Expression of the proteins was con-
firmed by immunoblotting without prior predpitation with anti-collagen
X polyclonal antibody. After crossdinking, the lipid raft marker protein
PLAP, but not the non-raft marker HTrR, co-predipitated with collagen XX,
indicating localization in the same membrane microdomain. Alternatively,
cells were treated with 10 mm MECD prior to cross-linking, This resulted in
reduced co-precipitation of PLAP.

MBCD was used to deplete cholesterol from cells stably trans-
fected with «1(XXIII) cDNA. MBCD is not incorporated into
the membrane, but contains a central non-polar cavity that
binds cholesterol molecules, leading to disintegration of lipid
rafts (30). Treatment of HT1080 or HEK 293-EBNA cells with
increasing concentrations of MBACD (5—-20 mu) for 60 min led
to a concentration-dependent reduction in cellular cholesterol
levels (Fig. 64). The highest concentration reduced cholesterol
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TABLE1

Quantification of individual membrane patches positive for collagen
XXIII or furin co-patching with the lipid raft marker PLAP or the
non-lipid raftmarker HTrR

Partial

Double labeling Co-localization colocalization Segregation
% = 50 %+ 50, % += 50,
Collagen HKXII-PLAP 57+ 132 24+ 3 19+ 12
Collagen XXIII-HTtR S*4 S1+ 39 44+ 10
Furin-FLAP a+ g 43+ 18 51+ 20
Furin-HTrR B 43+ 3 14+ 7

levels by ~50%. The effect of this treatment on the shedding of
collagen XXIII was assessed by Western blot analysis of full-
length collagen XXIII in cell lysates and ectodomain released
into the conditioned medium. M3CD treatment resulted in a
dose-dependent enhancement of the release of the collagen
XXIIT ectodomain from stably transfected HEK 293-EBNA
cells (Fig. 6B) as well as from stably transfected HT1080 cells
(Fig. 6C). Shedding was increased by 4-fold in transfected
HT1080 cells treated with 20 mm MB3CD and by 5-fold in trans-
fected HEK 293-EBNA cells treated with 10 mm MBCD. To
validate the implication that shedding is mediated by furin,
HT1080 cells stably transfected with the Bl mutation of
@1 (XXIIT) cDNA were subjected to MBCD cholesterol deple-
tion (Fig. 6C, lower parel). The shedding of the mutant protein
was minor and was seen to be only slightly increased in a dose-
dependent manner by M3CD treatment. Further evidence that
furin is the major sheddase came from treatment of the stably
transfected HEK 293-EBNA cells with the furin-specific inhib-
itor decanoyl-Arg-Val-Lys-Arg-cmk (50 pn), which lowered
the shedding activity in untreated cells by ~60%. The increase
in shedding with cholesterol depletion could be attenuated by
~65% in the presence of decanoyl-Arg-Val-Lys-Arg-cmk (Fig.
6. In addition, the effects of another cholesterol-binding
agent, filipin, which acts via a different mechanism, were tested.
Filipin, a polyene macrolide antibiotic, is a sterol-binding agent
that interacts with cholesterol in the plasma membrane, desta-
bilizing lipid rafts by interfering with the cholesterol-sphingo-
lipid interaction (31, 32). Stably transfected HT1080 cells
expressing full-length «1(XXII[} ¢DNA were treated with
10-30 pg/ml filipin. This resulted in a concentration-depend-
ent increase in collagen XXIII shedding of up to 3-fold (Fig. 6E).
Taken together, these results indicate that lowering the choles-
terol content of the membrane, thereby disrupting lipid rafts,
significantly enhances the furin-mediated shedding of collagen
XXIII.

Golgi-localized Furin Cleaves Collagen XXIHI—Because col-
lagen XXIII exists in a cell-surface membrane-bound form as
well as a soluble shed form and because the cell-surface mole-
cules are at least predominantly protected from furin shedding
due to their localization in lipid rafts, we were interested in the
dynamics and subcellular localization of the shedding event. To
assess the kinetics of shedding from the cell surface, biotinyla-
tion of HEK 293-EBNA cells stably expressing full-length col-
lagen XXIII was performed, and biotinylated collagen XXII
was followed in a pulse-chase experiment (Fig. 7). Western blot
analysis revealed that the shedding of collagen XXIII from the
cell surface occurred slowly. Even after 72 h, biotinylated mol-
ecules were detected on the cell surface as assessed by their
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FIGURE 6. Cholesterol depletion of the plasma membrane induces the shedding of collagen XXIII. 4, alterations in the concentration of HEK 293-EENA and
HT1080 cell plasma membrane cholesterol after 60 min of MACD treatment. 8 and C, cholesterol depletion by 0-20 mm MBCD enhances the shedding of
wild-type (wit) o GO stably transfected into HEK 293-EBNA and HT1080 cells, respectively. In addition, sheddingis shown for a1 (X011 with the BT mutation
stably transfected into HT1080 cells (). cof, collagen; L, cell lysate; 5, conditioned medium. D, inhibition of furin decreases collagen XXl shedding in the
presence of thelipid raft disruptor, MECD. HEK 293-EBNA cells stably transfected with a1 XX cDNA were treated with 10 mm MBCD in combination with the
furin-specific protease inhibitor decanoyl-Arg-Val-Lys-Arg-cmk (CME 50 w). £ stirmulation of collagen XXl shedding in stably transfected HT1080 cells by
treatrment with 0-30 pa/mil filipin. Cells wereincubated with MBCD or filipin for 60 min, and the soluble collagen XXl ectodomain from the culture medium
and cellular collagen XX were analyzed by immunoblotting with guinea pig anti-collagen XXl polydonal antibody. After densitometric evaluation of the
signals, histograms show the release of the collagen XXl ectodomain as percent = 5.0. (n = 3] relative to the signal in corresponding cell lysates.
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persistence in the cell lysate. The shed ectodomain of biotiny- band in Western blot analysis, with the lower band having the
lated collagen XXIIT was detectable in the medium only after  size of the ectodomain. The ectodomain-sized product at the
24 h and increased in concentration at ensuing time points. early time points post-biotinylation is not likely to be the result

Interestingly, biotinylated collagen XXIII from cell lysates, of cell-surface collagen X XIII being recycling to the Golgi and
which represents the surface-bound form, appeared as adouble  being cleaved by furin. This form was very abundant at early
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FIGURE 7. Time dependence of collagen XXl ectodomain shedding. HEK
293-EBNA cells stably expressing full-length collagen XX were surface-bio-
tinylated, chased with biotin-free medium, and cultured for 72 h. Aliquots of
the culture medium and cell extractwere predpitated with streptavidin-aga-
rose and analyzed by Western blotting with guinea pig anti-collagen XXl
polyclonal antibody.

time points, and one would expect that not all of it could be
captured at the cell surface; some would have to appear in the
early supernatant time points. Although we expect that recy-
cling does occur, the abundance of the ectodomain-sized prod-
uct in the cell lysate suggests either that the shed form s derived
from full-length collagen XXIII cleaved at the surface of the cell,
sequestered at the cell surface by some other unidentified mol-
ecule, or that the sheddase is not compelled to clip all three
chains of a trimeric collagen XXIII molecule at once. If
the latter, just one of the three chains in the triple helical mol-
ecule, if not clipped by furin (thus retaining its transmembrane
domain), would be sufficient to serve as a membrane anchor for
the other two «x-chains participating in the triple helix, holding
them at the cell surface. Whichever the case, it is clear that
clipped chains are retained. Taken together, these results indi-
cate that transmembrane collagen XXIII resides on the cell sur-
face with a half-life on the order of days.

Toevaluate the extent of furin activity that takes place in the
Golgi, HEK 293-EBNA cells stably transfected with «1(XXIII)
c¢DNA were treated with brefeldin A, a macrocyclic lactone that
inhibits vesicle transport from the endoplasmic reticulum to
the Golgi and that leads to disassembly of Golgi stacks (33, 34).
Western blot analysis after treatment of the cells for 5 h with
brefeldin A revealed a sharp decrease in the collagen XXIII
ectodomain in the supernatant compared with untreated cells,
suggesting that much of collagen XXII is normally cleaved in
the Golgi. In HEK 293-EBNA cells, brefeldin A caused shedding
to be reduced by ~95% and caused an increase in full-length
collagen XXIII detected in the cell lysate (Fig. 8, A and B). In
contrast, if only cell-surface collagen XXIII was assessed (using
surface biotinylation), brefeldin A treatment had a less drastic
effect, decreasing shedding by ~50% in HEK 293-EBNA cells
(Fig. 8C). Comparable results were obtained with stably trans-
fected HT1080 cells (data not shown). Thus, cleavage of colla-
gen XXIII by furin occurs predominantly intracellularly. To
evaluate the extracellular shedding of collagen XXIII after it is
deposited into the plasma membrane, the membrane-imper-
meable furin inhibitor «,-PDX {(a bicengineered variant of
«, -antitrypsin) was employed (35, 36). Biotinylated proteins on
HEK 293-EBNA cells wereincubated for 6 hin presence of 8 pn
a;-PDX and showed a 45% reductionin shedding. Additionally,
an increase in biotinylated collagen XXIII molecules in the cell
lysate was observed compared with untreated cells (Fig. 9).

In additional experiments, the effect of cholesterol depletion
specifically on the cell-surface collagen XXIII molecules was
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FIGURE &. Subcallular localization of the collagen XXIIl shedding event.
Disassembly of the Golai by brefeldin A treatment drastically reduced the
shedding of collagen XXl A and 8 HEK 293-EENA stably transfected with
al DO cDNA were cultured in serum-free DMEM supplemented with 50
ng/ml brefeldin A for 5 h. The collagen XXIIl content of the cell lysate and
conditioned medium was analyzed by Western blotting, followed by densi-
tometric evaluation of the signals. C, shown is the effect of Golgi disassembly
on cell-surface collagen XXl molecules. HEK 293-EENA cells stably express-
ing full-length collagen XXl were surface-biotinylated and incubated with
biotin-free medium containing 50 ng/ml brefeldin A for 5 b, Aliquots of the
culturemedium and cell extract were precipitated with streptavidin-agarose
and analyzed by Western blotting with guinea pig anti-collagen XXl poly-
clonal antibody, followed by densitornetry of bands. The brefeldin A effect
was less drastic on biotinylated collagen XXl compared with total collagen
HX The histograms show collagen 23K signals as percent £ 5.0, (n = 3),

analyzed. Cell-surface biotinylation and cholesterol depletion
could not be combined due to the fact that, after 1 h of treat-
ment, insufficient biotinylated ectodomain for streptavidin-
agarose precipitation was accumulated in the supernatant and
because prolonged treatment with cholesterol-depleting agents
adversely affected cell survival. Therefore, co-treatment with
brefeldin A and the cholesterol-depleting agent MBCD was
employed. As already described, single treatment of HEK 293-
EBNA stably expressing collagen XXIII with brefeldin A for1 h
led to a strong decrease in the shedding of collagen XX1I. Like-
wise, single treatment of the cells with 5 mm MBCD led to an
increase in shedding. Co-incubation of the brefeldin A-treated
cells with 5 mum MBCD resulted in a strong increase in the
shedding of collagen XXIII compared with the cells treated only
with brefeldin A (Fig. 10). Similar results were obtained in
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FIGURE <. Partial inhibition of the shedding of cell surface-biotinylated
collagen XXl by the membrane-impermeable furin inhibitor «,-PDX.
HEK 293-EENA cells stably transfected with a1 GCCIN cDMNA were surface-bio-
tinylated and incubated for & h with biotin-free medium containing & ph
o, PO, Aliquots of theculture medium and cell lysate were predipitated with
streptavidin-agarose and analyzed by Western blotting with guinea pig anti-
collagen XXl polyclonal antibody, followed by densitornetry. The histo-
grarns show collagen XXX signals as percent £ 5.0, (n = 3).
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FIGURE 10. Cholestarol deplation of brefaldin A-treated cells incraases
the shedding of collagen XXIII. HEK 293-EENA cells stably expressing colla-
gen XXl were treated with 1 pg/ml brefeldin A 5 mm MACD, or a cormbina-
tion of both for 1 h. The soluble collagen XX ectodomain from the culture
rmediurm was analyzed byimmunoblotting with guinea pig anti-collagen XXl
polyclonal antibody, followed by densitornetry. MNote that co-treatment
resulted in a strong increase in shedding, indicating that cholesteral deple-
tion increases cleavage predominantly at the cell surface. The histograms
show collagen XXl ectodomain release as percent £ 5.0, (n = 3).

ol (XX -transfected HT1080 cells (data not shown). These
findings indicate that, in particular, the shedding of collagen
XXIII localized at the cell surface is altered by a cholesterol-de-
pendent mechanism.

To conclude, the shedding of collagen XXIII predominantly
occurs intracellularly. Collagen XXIIT molecules that escape
intracellular shedding are present at the cell surface. These
molecules are proteolytically processed slowly because of their
protection inside lipid rafts.

DISCUSSION

Release of an ectodomain by selective proteolysis has turned
out to be a common feature of type II transmembrane collagens
(3, 5, 23, 37). Previous work suggested that the shedding of
collagen XXIII is not pervasive in skin and kidney (6), but is in
prostate cancer cells (5). We have shown here that collagen
XXIII is shed by cells in culture, by cells in brain tissue, and to a
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minor degree by cells in lung. Every transmembrane collagen
known to date contains potential furin convertase recognition
sites, but only collagens XIII, X XIII, and XXV have been shown
to be directly processed by furin (this work and Refs. 3 and 4).
For collagen XVII, processing by TACE was demonstrated.
However, furin is likely to play a role in a protease cascade
leading to activation of the sheddase (2).

Collagen XXIII contains what we consider to be two biolog-
ically relevant furin/PC recognition sequences. A consensus
site in collagenous domain 1 would participate in a triple helical
structure and would likely not be available for furin cleavage.
For furin cleavage, an arginine is required that defines position
1, and an arginine downstream is required in position 4. Addi-
tional basic residues in positions 2 and 6 considerably enhance
cleavage by furin (13).In fact, furin is the only PC that is capable
of recognizing basic residues at position 6 (24). Other PCs such
as PC1 and PC2 require the basic residue at position 2. In col-
lagen XXIII, the most N-terminal potential furin/PC cleavage
site contains no additional basic residues, but the more down-
stream C-terminal cleavage site has a lysine at position 6.
Edman degradation of the purified recombinantly expressed
ectodomain revealed that the downstream site is the major
location for processing of collagen XXIII. Inhibition studies
revealed that primary serine proteases or cysteine protease are
capable of producing 5% or less of the shed ectodomain. Aspar-
tate proteases and metalloproteases (responsible for collagen
XVII shedding) (2) are not involved in processing collagen
XXIII. Effective inhibition of shedding is observed only with
AEBSF, a broad-range sulfonyl fluoride-type serine proteinase
inhibitor, and with decanoyl-Arg-Val-Lys-Arg-cmk, a PC-spe-
cific protease inhibitor (38). Even though furin itself is a serine
protease, it is relatively insensitive to serine protease inhibitors
(38), and thus, it is influenced only by AEBSF and not by pri-
mary serine protease inhibitors. Although Edman degradation
indicated that the more C-terminal furin cleavage site was used,
it could not reveal whether processing occurred in steps, such
as a first cleavage at the most N-terminal site, followed by a
cleavage at the downstream site. Mutation of one arginine in
the more N-terminal site decreased shedding, but to a minor
degree, suggesting there is not a specific temporal sequence to
the processing event. Processing at the most N-terminal site is
likely to be less efficient because of the lack of additional basic
residues beyond the minimally required arginines. Mutation of
the two arginines in the downstream furin cleavage site drasti-
cally reduced shedding. Any minor shedding activity observed
in this mutant molecule most likely represents cleavage at the
upstream, less used furin cleavage site or at a site cleaved infre-
quently by a primary serine protease or cysteine protease. Proc-
essing of collagen XXIII by PCs other than furin is suggested by
studies with LoVo cells, which lack furin but still contain active
PACE4 and PC7 (4, 24, 25). In these cells, processing of collagen
XXIII is strongly reduced, but is not completely absent. In fur-
ther support of the downstream furin cleavage site as being the
major location for furin-mediated shedding, the cDNAs of all
species analyzed to date show astrong conservation of the more
C-terminal collagen XXIII furin cleavage site, whereas the more
N-terminal site is not as conserved. Also, the reported furin
cleavage sites in transmembrane collagens XIIT and XXV (3, 37)
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demonstrate strong homology to the downstream collagen
XXIII furin site. Taken together, these data indicate that furin is
the major protease to process collagen XXII and that the proc-
essing occurs after the downstream recognition motif
(P*KIRTVYR™), releasing the ectodomain.

The release of an ectodomain is influenced by the spatial
organization of a transmembrane molecule and its particular
sheddase within the plasma membrane lipid microenviron-
ment. For example, the 3-secretase localized inlipid rafts is able
to process the Alzheimer 3-amyloid precursor protein that is
localized within lipid rafts, but not the precursor protein mol-
ecules outside of rafts (15). Transmembrane collagen XVII is
localized inside lipid rafts and is therefore less accessible to its
sheddase, TACE, which is outside the rafts (18). The activated
form of furin is present in the Golgi and the TGN and on the cell
surface (7, 39). The fact that processing by cell-surface furin
increases the pathogenicity of anthrax toxin PA and Clestrid-
iz oe-toxin highlights the biological relevance of this sheddase
(8, 9). Here we used co-patching immunofluorescence analysis
of non-permeabilized cells to reveal the plasma membrane
microdomain localization of furin and collagen XXIII on the
cell surface. Collagen XXIII co-localized with the lipid raft
marker PLAP, whereas furin co-localized predominantly with
the non-lipid raft marker HTTR. To confirm the lipid raft local-
ization of collagen XXIII, we applied a cross-linking technique
(29) and avoided using the previously widely used, but currently
disputed method of cold Triton extraction for lipid raft prepa-
ration (40, 41). Cross-linking of collagen XXIII with the lipid
raft marker protein PLAP in non-clustered rafts supported the
immunofluorescence results.

The influence of the membrane microenvironment on shed-
ding was demonstrated by disintegration of lipid rafts with
MBCD and by hampering lipid raft formation. These choles-
terol disturbances led to an increased release of the collagen
XXIII ectodomain from the cell surface, presumably by facili-
tating contact between furin and collagen XXII, thereby dys-
regulating natural controls. In agreement with the previous
observations for other lipid raft-localized transmembrane pro-
teins (16, 18), a small decrease in cell-surface cholesterol led to
a significant enhancement of shedding. Both treatment with
the furin inhibitor decanoyl-Arg-Val-Lys-Arg-cmk and muta-
tions in the downstream furin cleavage site inhibited shedding
in untreated as well as cholesterol-depleted cells. This indicates
that collagen XXIII shedding induced by cholesterol reduction
is due to furin action and not to secondary effects. Therefore,
the data suggest a model in which cell-surface furin is localized
primarily outside lipid rafts, whereas collagen XXIII is located
mainly within lipid rafts, inaccessible to furin processing. Upon
disruption of lipid rafts, collagen XXIII molecules become
accessible to furin, and an increased release of collagen XXIII
ectodomain is seen.

Despite the evidence that transmembrane collagen shedding
is influenced by modulating membrane cholesterol levels (this
work and Refs. 18 and 42), little is known about the dynamics
and subcellular localization of the shedding event. Pulse-chase
analyses suggested that the shedding of cell-surface collagen
XXIII is a limited proteolysis occurring rather slowly, with the
half-life of the full-length protein being in the range of days.
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FIGURE 11, Schematic diagram of collagen XXl shedding as it may occur
in different cellular compartments. Newly synthesized collagen XXl may
be transported to the cell surface as a transmembrane protein; alternatively,
the ectodomain may be seceted due to cleavage by furin in the Golgi/TGN.
At the cell surface, collagen XXl is protected from deavage because it is
localized predominantly in lipid rafts. A& change in lipid raft dynamics or an
artificial depletion of cellular cholesterol causes shedding to occur at the cell
surface. Also, collagen XXl may be recycled from the cell surface into the
Golgi/TGM.

This implies that the full-length protein localized on the plasma
membrane has a biological function. Moreover, disassembly of
the Golgi suggested that a population of collagen XXIIT mole-
cules is shed while passing through the secretory pathway and
that another population reaches the cell surface as full-length
molecules (summarized in the scheme in Fig. 11). Experiments
with the membrane-impermeable furin inhibitor «,-FDX con-
firmed our previous conclusion (6) that shedding at the cell
surface does occur, but only at a low rate. Minor shedding is
observed at the cell surface, perhaps because a small amount of
collagen XXII or furin molecules may be unrestricted in the
plasma membrane subcompartments or because of the activity
of the primary serine or cysteine proteases, which have a mini-
mal effect on collagen XXIII. We favor the former idea because
the raft/non-raft phase association of membrane proteins is a
dynamic process and because lipid rafts themselves are dynamic
entities within the cell membrane (43, 44). The effect of Golgi
disassembly on cell surface-biotinylated collagen XXIIT molecules
hints at the possibility that cell-surface collagen XXIII molecules
may be internalized to the Golgi/TGN compartment for process-
ing or reinsertion into the cell membrane. This dynamic scenario
is consistent with previous findings for other lipid raft-localized
proteins (45). Discrimination between ectodomain shedding on
the cell surface regulated by recycling to the Golgi/ TGN versis
that by only lipid raft manipulation is further supported by the fact
that cholesterol depletion in the presence of brefeldin A strongly
increased the shedding of collagen XXIII.

With the use of one transmembrane molecule, the cell may
economically adjust its phenotype 1) by influencing the amount
of collagen XXIII shedding in the secretory pathway and 2)
either by modulating its lipid raft composition or by recycling to
favor or disfavor the shedding of cell-surface collagen XXII
(Fig. 11). The importance of a highly regulated shedding proc-
ess influencing the cellular phenotype is further highlighted by
the observation that cell surface-localized collagen XXIIT was
concentrated at sites of cell-cell contact (Fig. 2D0), where it can
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interact with integrin a,,.% Up-regulation of shedding would
enable the cell to liberate any collagen XX1II-mediated cell-cell
adhesion and could positively influence the migratory behavior
ofthe cell. Such action could play an important role in effective
wound healing. In addition, such action could, in turn, affect
neighboring cells, as the soluble ectodomain could act as a com-
petitor for integrin «,f3; binding. Similar observations were
made for regulated release of soluble E-cadherin, which, after
shedding by ADAMI0, decreases cell-cell adhesion and
increases migration {46).

The importance of furin cleavage to the function of collagen
XXIII is not yet known, However, furin-mediated shedding iw
vivo has been shown to be vitalin at least one instance involving
a collagen-like transmembrane melecule: mutations within the
furin consensus sequence of transmembrane collagen-related
ectodysplasin A impede shedding and cause the X-linked dis-
order hypohidrotic ectodermal dysplasia (12, 47). Like collagen
XXIII, ectodysplasin A is present as both a full-length plasma
membrane-localized form and a soluble ectodomain form in
cell culture. Mutation of the furin consensus sequence resultsin
abrogation of ectodysplasin A receptor-mediated signaling
(48). Collagen XXIII is newly described, and thus, no human
mutations have vet been associated with it. It is tempting, how-
ever, to speculate that alterations of the furin cleavage site will
be found and that preventing the release of the ectodomain will
have pathological consequences.
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Abstract. Bone marrow biopsies (BMB) are the conventional
staging method for agsessing marrow involvement by
lymphoma. Morphological criteria provide basic data
determining their dignity, but concerning microfocal infiltrates,
these criteria are rather inaccurate. Here, by examination of
immunoglobulin H {IgH) receptor rearrangement and
comparison of medullar and nodular lymphoma sites,
diagnostic reliability was improved. Employing non-nested
IgH rearrangement analysis with FR3A and JHa consensus
primers, B-cell clonality was assessed on glutardialdehyde
fixed, decalcified BMB with and without lymphoma
mfiltration and on the corresponding lymph node specimens.
Malignancy was confirmed when polymerase chain reaction
(PCR) generated no more than two peaks and was observed in
60% of the medullar B-cell lymphoma. Comparison of lymph
node tissues and BMB revealed an identical pattern in 50%
of the probes. In 25% of the cases a single clonal peak derived
from the lymph node tissues was also observed in the BMB
but was surrounded by additional peaks. Here, direct
comparison of the data permitted determination of lymphoma
in the BMB. Therefore, IgH FR3 PCR analysis is a suitable
tool to examine small lymphoeid infiltrates in BMB, and direct
comparison with corresponding nedal lymphoma can further
facilitate estimation of their dignity.
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Introduction

There are still conflicting opinions over the distinction
between benign (reactive) focal lymphoid aggregates and
focal infiltrates of malignant lymphomas in BMB (1-4}).
Although in BMB particularly histotopography and cyto-
morphology of lymphoid infilirates and an increase in reticulin
fibers may lead to a certain suspicion concerning their dignity,
the morphological evaluation lacks diagnostic reliability
particularly concerning microfocal infiltrates and biopsies
with inferior quality (5). In daily routine diagnostics, however,
the hematopathelogist is frequently confronted with this
differential diagnosis especially with respect to lymphoma
staging, as well as for assessing treatment response and/or
restaging. In addition, in lymphoproliferative diseases without
LN involvement, diagnosis can only be ascertained in suitable
BMB.

TgH FR3 PCR analysis has already been used by others to
check clonality of lymphoid infiltrates in BMB (6-12).
However, until now the support of corresponding LN
clonality analysis in diagnosis of BM involvement has not
been investigated systematically. Therefore, in this retro-
spective study we evaluated the impact of this assay on
glutardialdehyde (GA)-fixed, decalcified BMB especially
with regard to small medullar lymphoid infiltrates. Data were
then compared with those obtained from corresponding
lymphoma-infiltrated LN tissues, and this assay facilitated
the interpretation of BMB-derived data. When the histomor-
phology of the BMB was compared with the clonality data,
peritrabecular position and increase of reticular fibers were
the most significant features indicating malignancy.
Prerequisites for a high quality hematological diagnosis
therefore incorporate the optimal histological processing of
BMB, IgH rearrangement analysis and, ideally, comparison
of nodal and medullar lymphoma sites.

Materials and methods

Tissue samples. Paraffin wax-embedded specimens of BMB
and LN tissue were analyzed from a total of 40 patients



570

whose files were archived at the Institute of Pathology of the
University of Cologne, Germany.

Selection of BMB occurred in a three-step procedure.
Firstly, patients with nodal ascertained chronic lymphatic
leukemia of B-cell type (B-CLL), mantle cell lymphoma
(MCL) and follicular lymphoma (FL) grade 1 to grade 2 were
selected employing the WHO classification system. From
these patients, BMB drawn from our files were stained, and
specimens with lymphoid infiltrates were subdivided
according to the proportion of the infiltrates with respect to
the hematopoietic area. Groups with infiltrate densities of 5,
10, 15, 30, and 80% were chosen. Each group consisted of
five patients. LN specimens of the selected patients were
analyzed separately. Histological appraisal including
immunchistochemistry was performed independently by two
experienced hematopathologists.

In addition, we chose each of five BMB infiltrated by
malignant plasma cell myeloma (MM) and immunocytoma
(IC). In these cases, monotypic light chain expression was
ascertained by immunohistochemistry. The biopsies were
subdivided according to their proportion of tumor cell
population. Finally, five BMB fixed in buffered 4% formalin
fixative were analyzed.

Negative controls comprised five LN specimens with
follicular hyperplasia as well as ten BMB from patients with
lymphoid infiltrates and well-known immunomoedulatory/
infectious diseases like autoimmune thyreiditis and hepatitis C
or unclear anemia. As a further positive control we chose the
L1236 Hodgkin's lymphoma cell line (13).

Processing of BMB and histological staining. The main
group of BMB was fixed in a solution of 30 ml formalin {(at
least 35%, Merck, Darmstadt, Germany), 20 ml glutardi-
aldehyde 25% (Merck) and 15.8 g calcium acetate (Merck)
and 1000 ml Aqua dest {Schaefer fixative). Decalcification
was conducted for 3-4 days in 10% Tris-buffered ethylene-
diaminetetraacetic acid {(EDTA; Merck) pH 7.2-7.4. The
second group of BMB was fixed in buffered 4% formalin
fixative while decalcification was also conducted in EDTA.
Sections were stained with Giemsa, naphthol-AS-D-chloro-
acelate esterase and Gomori's stain for reticulin fibers. Five
BMB (2 patients with MCL, 2 with B-CLL and 1 patient
with FLL grade I} were fixed in buffered 4% formalin fixative.

Processing of LN specimens and histological staining. All
lymph node specimens were fixed in buffered 4% formalin
fixative and paraffin embedded. Slides were stained with
H&E and Giemsa.

Immunohistochemistry. Deparaffinized 3 to 5 mm sections
were rehydrated, and heat-induced epitope retrieval was
performed by microwave method in 0.1 M sodiom citrate
buffer (Merck), pH 6.0. Monoclenal antibody coellection
included L26 against CD20 (Dako, Hamburg, Germany;
dilution 1:100) as a pan-B-cell marker, F7.2.38 against CD3
(Dako; 1:100) as pan-T-cell marker, R10-21-F3 against light
chain ¥ and N10/2 against light chain i (both from Dako).
The specimens were immunostained according to the ABC
method. The secondary biotinylated antibody and the
strepatavidin/alkaline phosphatase conjugate were applied
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according to the manufacturer's instructions (BioGenex, San
Ramon, CA, USA). New fuchsin (Serva, Heidelberg,
Germany) and naphthol-AS-BI phosphate (Sigma) were used
as chromogens. Appropriate positive and negative control
stainings were run simultaneocusly.

Extraction of DNA from tissue sections. Extraction of DNA
was performed as described previcusly (14). In brief, one to
three 8 pm paraffin wax-embedded sections were dewaxed in
xylene by incubation at 65°C for 5 min. After vortexing,
samples were centrifuged at 13000 rpm. The procedure was
repeated three times. The dewaxed sections were then
washed in 500 pl 100% ethanol. After lysis in 200 ul
proteinase K buffer [500 pg/ml proteinase K (Gibco,
Gaithersburg, MD, USA), 50 mM Tris/HCI, pH 7 4, and 5 mM
EDTA, pH 8.0], nucleic acids were extracted by phenol/
chloroform and subsequently precipitated with 300 mM
sodium acetate and isopropanol. Each series of DNA
extractions included sections taken from blocks of pure
paraffin wax, which were cut between. The isolated DNA was
dried, re-suspended in 25 ;1 H,O and stored at -20°C.

Primers for B-globin PCR analysis. The quality of the DNA
was evaluated by amplifying fragments of the human B-globin
locus (forward, ACA-CAA-CTG-TGT-TCA-CTA-GC and
reverse, CAA-CTT-CAT-CCA-CGT-TCA-CC; length of the
amplificate, 109 bp).

Primers for IgH PCR. PCR analysis of the IgH gene involved
the use of a consensus primer pair with the upstream primer
being homologous to a V segment and the downstream primer
annealing to a J segment. In detail, performing a non-nested
PCR, a consensus FR3A primer was vsed as upstream primer
(15), and a consensus JHa primer as downstream primer
(16,17): FR3A primer (5' IRD 800 fluorochrome end-
labeled), 5-ACA CGG C(CT) (GC) TGT ATT ACT GT-3';
JHa primer, 5-ACC TGA GGA GAC GGT GAC C-3".

PCR approach and analysis. A hot start PCR approach was
chosen. Analysis was performed in a thermocycler
(Biometra). The reaction mix (50 y1) contained 1.5 g1, 10 pM
of each primer, 10 gl, 1 mM each of dNTPs, 5 ul 10X
concentrated PCR buffer (25 mM MgCl, in 100 mM Tris-
HCL and 500 mM KCI pH 8.3, 20°C) 0.2 ul of Tag DNA
polymerase (5 units/ul) and 1.5 ]l genomic DNA and 50 pl
H,0O (Merck). A PCR cycle consisted of annealing for 1 min
at 52°C, extension for [ min at 72°C, and denaturation for
1 min at 94°C. Preceding each round, the PCR reaction was
heated to 94°C for 5 min, and after each round a final
extension step of 5 min at 72°C was performed (40 cycles).
Each experiment was replicated and contained a tube without
DNA template (as a negative control), a tube whose template
was DNA from a patient with ascertained MM, and native
material from the L1236 cell line (positive controls).

Agarose gels. Electrophoresis was performed with PCR-
amplified material (10 pl) in 3% agarose gels in TAE buffer
at 125 volts for 40 min, and the DNA was visualized under
short wavelength ultraviolet light after ethidium bromide
staining of the gel.
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Figure 1. Computer-assisted fragment length analysis of IgH FR3 PCR amplification products from bone marrow biopsies (BMB). (A) A clear peak at defined
nuecleotide length indicating monoclonality of Ivinphoid infiltrates is visible for the different Ivmphoma entities. CLL, chronic lymphatic leukemia; MCL, mantle
cell Iymphoma; and IC, immunocytoma; MM, multiple myeloma; and FL, follicular Iymphoma. (B} A mmlti-peak pattern indicates several B-cell subclones. The
abscissa ndicates the length of the amplicons in nucleotides (nf); the ordinate displays relative optical density.

Polyacrylamide gels. PCR products were ran on 6% non-
denaturating polyacrylamide gel electrophoresis (PAGE)
overnight at 50°C and 1500 V/41 cm employing an automated
sequencer (LI-COR DNA-Analyzer Gene Reader 4200,
MWG-Biotech, Ebersberg). The resolution of the PAGE was
sufficient for detection of one base differences of amplicons,
and genescan analysis of all samples was performed for
assessment of IgH-specific PCR products. Hlustration of the
PAGE results as electropherograms was realized by measure-
ment of optical densities within the gels employing the Scion
Inage Software release alpha 4.0.3.2 software (Scion Corp.,
Frederick, MD, USA).

Sequencing of the PCR products. PCR results with
consensus primers were validated using sequence-specific
primers labeled with the IRD 800 fluorescence dye (MWG-
Biotech). DNA bands of amplicons were cut from the gel and
extracted using the Qiaex Kit (Qiagen, Hilden, Germany).
The 100 pl eluates were precipitated with 300 M sodium
acetate, glycogen, and two volumes of ethanol, and the DNA
was redissolved in 10 pl H,O. Two microliters of each sample
was taken for PCR sequencing using the IRD 800-labeled
JHa-seq primer: 5-IRD 800-ACC TGA GGA GAC GGT GAC
C-3'. Sequence analysis was carried out on a LI-COR DNA
analyzer Gene Reader 4200. The sequence products were
compared with the published data of the NCBI database by
BLAST analyses to exclude amplification of a false amplicon.

Results

IgH rearrangement analysis in GA-fixed decalcified BMB.
Prior to clonality analysis, PCR analysis for human B-globin

was performed as a control for DNA extraction and delivered
definite bands in all samples under study. Performing non-
nested IgH rearrangement analysis with FR3A and JHa
consensus primers, analysis of all ten BMB with reactive
Iymphoid infilrates and 15 out of 25 (60%) GA-fixed BMB
with either medullar ascertained B-cell Ivimphoma or nodular
ascertained B-cell lvmphoma and suspicious lymphoid
infiltrates in the corresponding BMB, resulted in a distinct
band in the agarose gels, respectively. In the latter group 18
out of 25 cases (72%) presented definite amplicon visible
by polyacrylamide gel electrophoresis. Of these cases, in 14
out of 18 BMB, employing electropherogram analysis, IgH
rearrangement analysis resulted in no more than two main
peaks (Fig. 1A). Specifically, in two cases out of five FL, in
five cases out of five MCL, in two cases out of five B-CLL,
in two cases out of five MM and three cases out of five IC a
clonal rearrangement with no more than two bands was
detected. The other four cases, two cases of FL, one case of
B-CLL and one of MM presented three and more irregularly
arranged peaks according to electropherogram analysis
(Fig. 1B).In 7 out of 25 BMB with ascertained infiltration by
B-cell Iymphoma no peaks were visualized (Table I). In all
cases with reactive Iymphoid infiltrates a typical Gaussian
distribution of the peak pattern was observed.

In individual cases, distinct amplicons visible in the agarose
gels were cut out, extracted, and sequenced. The sequences
achieved were compared with the published data of the NCBI
database by BLAST analyses, and known VDIJ regions were
detected in all cases.

Outcome of IgH rearrangement analysis is independent of
Iymphoma extension in BMB. When reliability of the method
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Table I. Correlation between proportion of medullar B-cell
infiltrates and clonality.

3% 10% 15% 30% >80%
FL 11 0/1 0/1 111 0/1
MCL 11 11 111 111 111
B-CLL 11 0/1 0/1 111 0/1
MMM 0/0 11 0/1 0/2 111
IC 0/0 11 111 0/1 1/2

Medullar infiltration of nodal ascertained low-grade malignant
B-cell lymphoma and each of five cases of malignant plasma cell
myeloma (WIM) and of LP-trmmmunocytormna (IC). The outcome of
clonality analysis depends on histological subtype of lymphoma but
not on the density of lyrnphoma infiltrates within the bone marrow.
FL, follicular lymphorma; B-CLL, chronic lymphatic leukemnia of
B-cell type; MCL, mantle cell Iymphoma. The degree of infiltrate
per hematopoietic area is labeled horizontally. Cases with one or
two peaksfoverall cases are described for the various subgroups.

was evaluated, dependency of Iymphoima extension in BMB
on the significance of IgH rearrangement analysis was tested.
Lymphoina infiltrates ranging from 5 to 80% lymphoid cells
per hematopoietic area were compared. As described in Fig. 2
IgH rearrangement analysis of medullar mantle cell Ivinphoma
infiltrates always indicated malignancy. Concerning BM
infiltration by ascertained germinal center or post-germinal
center lvmphoma, malignancy was proved in a subset of
cases, irrespective of the lymphoma extension (Table I). In
all assays, clonality was detectable even in medullar infiltrates
representing less than 5% of the hematopoietic area.

Peritrabecular position and aggregation of reticular fibers are
the most important histelogical parameters indicating
microfocal B-cell lymphoma infiltration in BMB. When data
of IgH rearrangement analysis were obtained, histology and
specific peculiarities of lvmphoid infiltrates within the BMB
were reevaluated. In MM biopsies and in most biopsies
infiltrated by IC, immunochistochemistry of light and heavy
chain expression turned out to be a very valid marker
indicating malignancy (Fig. 3A and B). However, immuno-
histochemical analysis of B- and T-cell distribution failed to
be a clear-cut parameter as did evaluation of cytological
details in B-CLL, FL. and MCL (Fig. 3C and D). Concerning
small infiltrates (<15%) the most significant histological
parameters were peritrabecular position and aggregation of
reticular fibers (Fig. 3E and F).

Comparison of IgH rearrangement analysis in nodal and
medullar lymphoma infiltrates facilitates interpretation of
clenality curves. Of all patients suffering from B-CLL, MCL
and FL., nodal involvement was histologically ascertained. In
this approach IgH rearrangement of each of the five cases
was analyzed in the LN tissue as well as in the affected
BMB. Clonality curves were compared and initially most
conspicuous difference resulted in the clear peaks derived
from LN tissue and more shaky peaks of minor quality in
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Figure 2. Computer-assisted fragment length analysis of IgH FR3 PCR
amplification products from bone marrow biopsies (BMB). Five cases of
nodular ascertained mantle cell Iymphoma (MCL) with bone marrow
infiltration were analyzed. Clonality of small infiltrates (5%) was also
detected. The extent of Iymphoma infiltrates 1s indicated on the right side of
the figure. The abscissa indicates the length of the amplicons in nucleotides
(nt}); the ordinate displays relative optical density.

most of the GA-fixed BMB (Fig. 4A and C). In all cases
where IgH PCR did not produce definite amplicons, this result
was observed congruently in BMB and the corresponding
LN tissues (4 out of 15 cases). A congeneric pattern with no
more than two peaks was observed in 4 out of 15 cases
(Fig. 4A). In 4 out of 15 cases, peaks appeared at the same
position in both sources, but prominence of these peaks was
different and additional peaks appeared in the BMB-derived
Iymphoma tissues (Fig. 4B). In 3 out of 15 cases the curve
progression was largely different when both tissues were
compared, although a slightly congeneric accordance still
occurred (Fig. 4C; Table II).

Concerning non-neoplastic lymphoid tissue, a typical
Gaussian distribution was observed in all of the 5 LN
tissues under study and in all 10 BMB with non-neoplastic
Iyvmphoid infiltrates (Fig. 4D).

Replacement of GA fixation by buffered formalin improves
quality of IgH rearrangement analysis. To evaluate whether
the shaky peaks following PAGE analysis of IgH
rearrangement analysis were induced by GA fixation or
decalcification, GA fixation was replaced by fixation in
buffered formnalin in a small collection of BMB. With the
application of this procedure, the quality of the peak pattern
increased. Following this procedure, as demonstrated in Fig. 5,
curve progression in BMB and the corresponding LN tissues
was of identical quality in these cases.
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Figure 3. Histochemical analysis of Iymphoid infiltrates in bone marrow biopsies (BMB). Detection of x (A) and & (B) light chain expression clearly indicates
monoclonal plasma cell population within the infiltrate (arrow). Lymphonodular infiltrate of chronic Ivimphatic leukenia (B-CLL) with a mixed pattern of (C)
CI20-positive B-cells and (I¥) CD3-positive T-cells. Here, immunohistochemistry does not contribute to the determination of dignity. (E) Chloracetatesterase
staining of BMB reveals a small Iymphoid infiltrate in peritrabecular position indicating malignancy in a patient with nodular ascertained mantle cell Iymphoma
(MCL). (F) Gomoni silver staining of the same case. The increase in reticular fiber density also discloses malignancy.

Table IT. Comparison of the clonality pattern between nodal and medullar lvinphoma.

Congeneric pattern Identical peaks, different background Different pattern No amplificon
FL 0/5 1/5 2/5 2/5
MCL 4/5 1/5 a5 a/5
B-CLL Q/5 2/5 1/5 2/5

Comparison between [gH rearrangerment analysis of the nodal and medullar lymphorma sites of individual patients. FL, follicular lymphorma;
B-CLL, chronic Iymphatic leukernia of B-cell type; and MCL, mantle cell lymmphoma. Cases per overall cases are described for the various
subgroups.
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Figure 4. Computer-assisied fragment length analysis of IgH FR3 PCR amplification products. Analysis of corresponding bone marrow (BMB) and Iymph
node (LN} infiltrates. (A) Congruent pattern in a case of B-CLL. Shaky pattern in the BM analysis indicates inferior DNA guality following glutardialdehyde
fixation. (B) Multi-peak pattern in the BMB-derived lymphoid tissue while analysis of the LN tissue revealed two clear peaks indicating clonality (case with
FL). In this case, comparizon of both curves facilitates interpretation of the data. (C) In other samples (here case with B-CLL) peaks at different nucleotide
length indicate dominance of diverse clones at different mmor sites, althongh a slight elevation at the position of the main peak at the BMB is also seen in the LN
analysis. (D) Ganssian distribution of amplification prodocts in normal LN tissue (below) and also a multi-peak patiern in the BMB with reactive Iymphoid
infiltrates. The abscissa indicates the amplicon lengih in nucleotides (nt); the ordinate displays relative optical density.
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Figure 5. Computer-assisted fragment length analysis of IgH FR3 PCR
amplification products. When glutardialdehyde fixative was replaced by
buffered formalin, comparison of electropherograms from Iymph node (LN}
tissnes and bone marrow biopsies (BMB) revealed identical quality of the
ourves in a case with chronic Iymphatic leukemda (B-CLL). The abscissa
indicates the amplicon length in nucleotides (nt); the ordinate displays
relative optical density.

Discussion

Morphologic examination is the generally accepted method
for determining bone marrow involvement by lymphoma in
patients evaluated for extent of disease at diagnosis and after
therapy. A clear-cut distinction between benign lyvmphoid
infiltrates and focal infiliration by low-grade B-non-Hodgkin's

lymphoma is possible in many cases when histotopography
of lymphoid aggregates together with cytomorphology and
density of reticular fibers are evaluated (5). Unfortunately,
immunophenotyping in these cases is only of limited use
because GA-containing fixatives allow the usage only of a
limited panel of antibodies and because immunochistochemical
determination of light or heavy chain restriction is only possible
in a subset of lymphoma entities (5). A diagnostic grey zone
therefore affects primarily very small lyiphoid infiltrates
and BMB of inferior quality.

Molecular methods for determining clonality provide
alternative techniques for evaluating suspicious or indeter-
minate lymphoid infiltrates and have the advantage of
increased specificity and decreased subjectivity. The
consensus PCR protocols can be effectively used in routine
molecular diagnostic laboratories and vield highly reproducible
results with no reported false-positive results. However, their
major drawback is an increased false-negative rate. Possible
technical reasons for false-negative results have been reviewed
(18,1%). In certain clonal populations, despite optimal reaction
conditions, the consensus primers may lack sufficient
homology to anneal with the pertinent [gH regions because of
somatic hypermutation or ongoing mutations. Other reasons
include competitive amplification of DNA from rearranged
reactive bystanders, interfering chromosomal translocations
or deletions. Although increasing the number of amplifi-
cation cycles may enhance detection in some specimens,
excessive cycling can result in increased polyclonal back-
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ground smearing and nonspecific bands that complicate assay
interpretation, because the polyclonal smear may mask a
monoclonal band or a nonspecific band may mimic a clonal
band (18). Quantitative mRNA analysis of light chain
expression via real-time PCR assay is well suitable for the
analyses of highly mutated germinal centre/post-germinal
centre lymphoma (20). However, the diagnostic impact is
restricted due to poorly preserved RNA and susceptibility to
the extent of clonal medullar expansion and reactive back-
ground. Furthermore, only the discrimination of distinct
rearrangement length distribution enables the investigator to
directly compare medullar and nodular clonality profiles.

Performing non-nested IgH rearrangement analysis with
FR3A and JHa consensus primers in GA-fixed BMB, a clonal
reatrrangement could be detected in 60% of the probes with
lymphoma involvement, dependent on the lymphoma subtype.
This finding is within the normal range as described by
others when analyzing neoplastic LN tissues. When BMB
were reevaluated with regard to the results of the clonality
data, peritrabecular position of lymphoid infiltrates and
increases in fiber density were the most significant parameters
indicating clonal processes. In this context, as described
before, the adoption of the naphthol-AS-D-chloroacetate
esterase is a prerequisite for the detection of rather small
infiltrates (5). Hence, the careful morphological examination
of BMB will continue to be valuable in the future, although
the diagnostic certitude decreased when lymphoma extension
was low. Therefore, evidence of monoclonality in BMB with
a lymphoma extension of <5% clearly indicates that IgH
rearrangement analysis must be implemented in high quality
hematological diagnostics. In this context it is important to
state that patients with autoimmune diseases might alse reveal
clonal B-cell proliferation in the bone marrow due to auto-
antigen stimulation (10). Therefore BMB-derived clonality
data from patients with autoimmune diseases have to be
interpreted with utmost care and in context with clinical and
histomorphological data.

When lymphoma infiltrates of LN tissues and the
corresponding BMB were compared, the inferior quality of
DNA derived from GA-fixed BMB was apparent. In contrast,
concurrent molecular testing of bone marrow lymphoid
infiltrates derived from biopsies fixed in buffered formalin
identified DNA with identical quality as observed in the
cotresponding nodal lymphoma tissues.

Our data further indicate that a direct comparison of
clomality data from LN tissues and BMB can facilitate the
interpretation of the analysis, irrespective of the processing
of the BMB. Particularly the appraisal of additional peaks
derived from polyclonal B-lymphoid background in BMB is
much clearer when employing this comparative method.

Using bone marrow aspirates, false-negative results in
clonality analysis are rather frequent due to the failure to
aspirate sufficient lymphoma cells (21-23). Therefore the
method presented here is clearly superior to the strategy of
others examining the BMB solely for morphological analysis
and smears for further molecular clonality analysis
(18,24,25).

With an overall sensitivity of non-nested IgH rearrangement
analysis of 60% in the BMB the values are slightly worse
than described for the analysis of nodal lymphoma, probably
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due to the inferior DNA quality of this GA fixative and also
the decalcified material (26). Adaptation of the BIOMED-2
approach at this peint has the potential to further increase
sensitivity (27).

With an excellent specificity, our data clearly show that
IgH FR3 PCR analysis of BMB is a reliable tool to analyze
small lymiphoid infiltrates of uncertain dignity which can be
further improved by comparison with the corresponding
nedal lymphoma. A systematic adoption of this approach
must be endorsed in high quality hematological diagnostics.
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High diagnostic value of morphologic examination and molecular
analysis of bone marrow biopsies in a case of BCR-ABL" CML

with clusters of blasts
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Abstract We report a clinical case of chronic myeloge-
nous leukaemia (CML) with regional B-lymphoblastic
transformation. Peripheral leukocytosis of 160 x 10%/L,
splenomegaly and fatigue suggested CML. In peripheral
blood and bone marrow smears, white blood cells in all
maturation stages and only few blasts were seen and
therefore the diagnosis of chronic phase CML was pro-
posed. Cytogenetics performed on peripheral blood cells
revealed the characteristic t(9;22)(q34;ql1) translocation
as solitary abnormality. Analyzing the bone marrow biopsy
a focal nodular B-lymphoid blast component was addi-
tionally seen. BCR-ABL FISH analysis demonstrated 31%
atypical split signals in the B-lymphoid blasts and in the
maturing myeloid cells, furthermore, BCR-ABL fusion
transcripts were seen in the RT-PCR assay. Imatinib-based
therapy led to temporary regression of peripheral leuko-
cytosis. Bone marrow examination 3 weeks after therapy
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induction demonstrated considerably reduced cellularity
and the proportion of B-lymphoid blasts had decreased to
20% of the nuclear cells. BCR-ABL FISH analysis still
presented 21% atypical split signals but levels of BCR-
ABL transcripts had significantly fallen indicating a rather
favourable prognosis. However, 3 months after diagnosis
the patient relapsed and developed an immunodeficiency
with soor esophagitis and aspergillus pneumonia. A ther-
apy with dasatinib was not successful and the patient died
in consequence of immunodeficiency. This report demon-
strates the high diagnostic value of bone marrow biopsy in
the evaluation of CML. Besides morphology investigation
of diverse methods including RT-PCR and FISH performed
on diagnostic bone marrow biopsies are obligatory for ideal
monitoring of drug response.

Keywords CML - Bone marrow biopsy - B-ALL -
FISH - RT-PCR

1 Case report

Due to fatigue, weight loss and night sweat, a 65-year-old
female patient visited her family doctor. Here, she pre-
sented a total leukocyte count of 160 x 10°/L with an
absolute neutrophil count of 98 x 10°/L, platelets of
186 x 10°/L and an erythrocyte count of 3.6 x 10'%/L.
The patient was then transferred to the Department I of
Internal Medicine, University of Cologne, with estimated
diagnosis of chronic myelogenous leukaemia (CML).
Here, the patient presented a moderate splenomegaly.
Clinical chemistry detected elevated lactate dehydrogenase
(LDH) (1,077 U/L). The peripheral blood smear confirmed
strong elevation of the neutrophils in different stages of
maturation, with peaks in the percentages of myelocytes
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and of segmented neutrophils, blasts counted for 5% of the
white blood cells. Bone marrow smears revealed hyper-
cellular hematopoiesis with dominance of the left-shifted
granulopoiesis. Megakaryocytes were small with hypolo-
bated nuclei. A slight increase in myeloblasts was seen
(8%). The bone marrow biopsy was hypercellular and
micromegakaryocytes as well as Pseudo-Gaucher cells
were visible (Fig. 1). However, also areas of blastic cells
were seen (nodules with up to 60% of the hematopoietic
area, Fig. 1) and diagnosis of blast phase CML was pro-
posed. Immunohistochemically, these blasts were highly
proliferative (Ki67 >90%) and stained for CD10, CD34,
CD79a, and TdT while myeloid antigens were not coex-
pressed (see also Fig. 1). RT-PCR performed on the bone
marrow biopsy revealed BCR-ABL fusion transcripts with
a b2a2 junction (Fig. 2). Cytogenetic analysis of peripheral
blood probes revealed the characteristic t(9;22)(q34;q11)
translocation as solitary abnormality; no duplication of the
Ph chromosome, trisomy 8, or isochromosome 17 was
observed. Performing FISH on the bone marrow biopsy
(DAKO cytomation), BCR-ABL fusion gene was seen in
the maturing neoplastic myelopoiesis as well as in the
lymphoid blasts.

Fig. 1 Histomorphology of bone marrow biopsies. a—c Initial biopsy,
d-f bone marrow biopsy taken 3 weeks after initiation of imatinib
treatment (Glivec® 400 mg/d). a, d Chloracetatesterase staining. In a
hot spots with only few cells of the granulopoietic lineage and an
imposing blastic infiltrate are seen in some areas of the biopsy. After
therapy induction (d) overall cell density decreased. Here, the blast
density significantly decreased in all parts of the biopsy. Also,
regeneration of left-shifted erythropoiesis is seen while granulopoiesis

A treatment constituting of imatinib (Glivec® 400 mg/d)
was administered. Three weeks after initiation of this
therapy regimen leukocyte count decreased and thrombo-
cytopenia and anemia were regressive. A second trephine
biopsy was performed and revealed a marked decrease in
cellularity. Also, an imposing regeneration of left-shifted
erythropoiesis was seen accompanied by a significant
reduction of granulopoiesis and megakaryopoiesis as well
as a slight edema. Some micromegakaryocytes and few
Pseudo-Gaucher cells were still seen (Fig. 1). The pro-
portion of TdT positive blasts had decreased to 20% and a
more diffuse infiltration pattern was now visible (Fig. 1).
Consistent with these findings levels of BCR-ABL tran-
scripts had significantly fallen (Fig. 2) and, analyzing FISH
data, with 21% split signals a significant reduction of BCR-
ABL positive cells was seen. The BCR-ABL positive cells
still included lymphoid blasts as well as maturing myeloid
cells (Fig. 2). In the further course a complete molecular
remission could not be achieved and the Glivec® dose was
raised to 600 mg/d. However, the patient again entered the
hospital 3 months later with a B-lymphoid blast crisis.
Despite a therapy with dasatinib the patient developed a
severe pneumonia and died in an aspergillus sepsis.

W b, :
R 5 e, L

is rather reduced. b, e PAS staining marking the pleomorphous
megakaryopoiesis including micromegakaryocytes and Pseudo-Gau-
cher cells. In e number of Pseudo-Gaucher cells was diminished. ¢, f
TdT immunohistochemistry with strong nuclear staining of nodular
lymphoblasts were dominating areas of the first biopsy. After
induction of imatinib therapy the proportion of TdT positive blasts
had decreased to 20% and a more diffuse infiltration pattern is now
visible (a, ¢, d, f magnification x200; b, d magnification x400)
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Fig. 2 Fluorescence in situ hybridization (FISH) employed to detect
BCR-ABL t(9,22) translocations. The dual-color BCR-ABL probe
enables the visualization of transformed cells by the appearance of
red and green split signals while non-neoplastic cells typically present
an unique yellow signal. In a a dominant proportion of split signals is
visible (31%). Not only lymphoblasts but also the neoplastic elements
of the CML granulopoiesis and megakaryopoiesis are BCR-ABL
positive (see also b). In ¢ the situation after initiation of imatinib
treatment is demonstrated. Still, a significant number of 21% split

2 Discussion

Imatinib mesylate (Glivec®) and also a series of other small
molecules designed to inhibit the tyrosine kinase activity of
the Ber-Abl oncoprotein have proven to be active in all
phases of Ph™ CML [1-3]. While all of these molecules can
induce complete cytogenetic remissions in the majority of
patients with chronic phase CML, complete cytogenetic
remission can be missing in the vast majority of advanced
stages of the disease. This might be due to genomic insta-
bility and indeed clonal evolution and duplication of the
Philadelphia chromosome as well as BCR-ABL kinase
domain mutations are seen in 30-50% of blast crisis
patients [4]. In imatinib-naive patients with CML blast
crisis, imatinib may provide encouraging hematologic and
cytogenetic benefits [5, 6]. t(9;22)(q34;q1 1) translocation as
solitary cytogenetic abnormality and also decrease of BCR-
ABL transcript level by at least 3 log under imatinib ther-
apy—as seen in the present report—are therefore indicating
a basically favorable prognosis [6]. Nevertheless, any

@ Springer

signals is detectable (a—¢ magnification x600). d, e Quantitative RT-
PCR amplification plots demonstrating b2a2 BCR-ABL fusion
transcripts (red). The internal control tubulin is presented as a green
curve. As expected the allelic burden of the BCR-ABL fusion
transcript decreased profoundly, clearly demonstrated by the increase
of cycles (highlighted by arrow bar in e) between the amplification
curves of the internal control compared to the BCR-ABL
amplification

lymphoblast population in CML must be a cause for con-
cern indicating a potentially evolution of an ALL and so far
the prognosis of blast crisis appears ominous independent of
its rate of onset [7].

In our report, the dimension of the lymphoid blast pop-
ulation was only seen in the bone marrow biopsy—probably
due to the more focal infiltration pattern and the slight
increase of reticular fibers in the areas with high blast
density. In this situation it is very helpful when molecular
techniques, especially FISH and RT-PCR, can be performed
on decalcified bone marrow biopsies in a specialized
molecular laboratory. More precisely, only the parallel
removal of a trephine biopsy additional to the bone marrow
smears offers the necessary flexibility to provide belated
molecular analysis. In addition, careful examination of
BCR-ABL translocation performing FISH on bone marrow
biopsies is an ideal tool to estimate vulnerability of the blast
tumor component under imatinib therapy. Bearing in mind
that patients who achieve undetectable BCR-ABL transcript
levels or major molecular responses with imatinib appear a
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quite low risk for further progression of the disease, FISH
and RT-PCR are most important techniques for the esti-
mation of the individual prognosis of patients [8].

The present report clearly demonstrates the high diag-
nostic value deriving from the close interplay between
analysis of diverse hematological compartments and diag-
nostic techniques. This approach clearly is a prerequisite
for a concluding synoptical diagnosis. Herein, despite new
molecular techniques, hematopathological analysis on bone
marrow biopsies is of outstanding importance for the
diagnosis of chronic myeloid leukemia.
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Abstract: We report the case of an eight-yr-old child with early onset
PTLD half a year after renal transplantation. The patient developed
gastrointestinal pain and bowel biopsies revealed imposing lymphoid
infiltrates with small spots of lymphoid blasts in the colonic mucosa.
These findings were interpreted as transplantation associated B-cell
stimulation. However, the persistent severe abdominal pain led to the
resection of a jejunal segment. Here, gut wall perforation caused by a
tumor mass was seen. Histologically, a blastic lymphoid cell prolifera-
tion of B-cell origin with high proliferation rate and EBV association
could be demonstrated. IgH rearrangement analysis and in situ
hybridization revealed an oligoclonal B-cell pattern. Reduction of
immunosuppression and treatment with rituximab led to lymphoma
remission and conversion of EBV serology four wk later. The report
presented herein demonstrates the evolution of an oligoclonal
lymphoproliferation with direct disease progression towards EBV
associated PTLD by analyzing different stages of the disease.
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PTLD are a heterogeneous group of lymphoid
and plasmacytoid neoplasms caused by iatro-
genic immunosuppression following solid organ
and bone marrow/stem cell transplantation.
Most PTLD are of B-cell origin and frequently
arise in extranodal sites. Early onset PTLD are
mainly regarded as EBV-driven disorders that
are frequently, although not always, polyclonal
or oligoclonal, whereas most late onset PTLD
are true monoclonal lymphoid malignancies
with autonomous proliferation not necessarily
associated with EBV infection and related
with a rather adverse outcome (1). Further-
more, early onset PTLD have the potential to
progress to malignant lymphoma. This process is
thought to be triggered by dominance of few

Abbreviations: B-NHL, B-cell non-Hodgkin lymphoma;
CISH, chromogenic in situ hybridization; CMV, cytomeg-
alovirus; EA, early antigen; EBER, EBV-associated small
RNAs; EBV, Epstein—Barr virus; IgH, immunoglobulin
heavy chain; LMP, latent membrane protein; PCR, poly-
merized chain reaction; PTLD, post-transplant lympho-
proliferative disorders; VCA, viral capsid antigen.

lymphoid subclones and consecutive autonomous
proliferation.

In this article, we report about a child with
early onset intestinal and nodal PTLD following
renal transplantation. Biopsies taken at different
time points and different sites impressively dem-
onstrate the evolution of oligoclonal lymphopro-
liferative disorder with direct disease progression
towards EBV-associated PTLD.

Case report

In August 2006, an eight-yr-old boy with chronic
renal failure secondary to bilateral kidney hypo-
plasia received a deceased donation renal allo-
graft. Immunosuppression was accomplished
with daclizumab for induction, methylpredniso-
lone for five days and maintenance immunosup-
pression was conducted with tacrolimus (target
blood level: 8-10 pg/L) and mycophenolate
mofetil (TWIST study protocol, FG-02-43). The
patient as well as the donor kidney were negative
for CMV and EBV antibodies (EBV-VCA-IgM,
EBV-VCA-IgG, EBV-EA-IgG). Increasing poly-
uria (up to 6 L/day) led to left nephrectomy in
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Fig. 1. CISH with EBV-specific RNA probes (EBER1 and 2) and LMP-1 for EBV investigation of colonic and jejunal
lymphoid infiltrates. (a) EBV monitoring: after transplantation there was no evidence of EBV infection until month 6 after
transplantation. Concurrent EBV infection of both siblings of the patient probably led to primary infection of the initially
EBYV antibody-negative patient with a rapid increase of EBV-DNA copies and seroconversion at the time of jejunal perfo-
ration because of monoclonal PTLD. When therapy was started with a rituximab induction phase of a three-wk course of
weekly infusions EBV-DNA PCR resulted negative. However, EBV-VCA-IgG is still detectable, representing post-EBV
infection status. (b) CISH analysis (EBER1 and 2) of the colonic biopsy revealing blotchy accumulation of EBV-infected
lymphocytes (100x). (c, d) Higher magnification (400x) of the same specimen demonstrating a dense population of EBV-
positive lymphocytes (c) near areas of normal colonic mucosa with solitary spread EBV-infected lymphocytes (d). (e) CISH
analysis of the lymphoma showing a high load of EBV in infiltrating lymphoid cells (arrows; 400x, nucleoli faintly count-
erstained with nuclear fast red). (f) Immunohistochemical (IH) staining with evidence for single LMP-1 positive lymphoma

cells.

October 2006. Two months later, the patient
developed recurrent abdominal pain and
diarrhea. Bacterial enteritis (C. difficile) was
successfully treated with antibiotics, but a Noro-
virus infection was also present. In January, the
patient’s siblings developed acute infectious
mononucleosis proven by high EBV IgM titers.
The patient was clinically unaffected at this time.
However, for the first time EBV monitoring
(Fig. 1a) now resulted positive with a low EBV-
DNA copy number (39 copies/mL), but EBV
antibodies were not yet detected. In February
2007, six months after transplantation, the child
again suffered from severe abdominal pain.
Several bowel biopsies, gained by colonoscopy,
revealed considerable lymphoid infiltration at
several sites of the colonic mucosa with a variable
amount of lymphoid blasts but without clear
evidence for a lymphoproliferative disease. Chest
radiography was performed because of aggrava-
tion of the symptoms and disclosed free intra-
abdominal air. At that time, EBV-DNA copy
number had increased to 7000 copies/mL and
EBV sero-conversion had occurred (EBV-VCA-
IgM, IgG and EBV-EA-IgG positive). Surgery
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revealed a tumor mass in the jejunum with a
circumscribed intestinal perforation. Histological
evaluation of this jejunum segment now clearly
presented a monomorphic blastic B-cell lym-
phoma. In addition, celiac lymph nodes were
partially affected while cerebral fluid and bone
marrow biopsy were tumor free. Immunohisto-
chemistry and molecular techniques revealed
EBYV association of the lymphoma. Therapy was
started with a rituximab induction phase of a
three-wk course of weekly infusions of 375 mg/m?,
while immunosuppression now with tacrolimus
and methylprednisolone was continued but
reduced to serum levels of 2—4 ng/L for tacro-
limus. As complete remission according to the
WHO criteria was achieved, consolidating ther-
apy with rituximab was performed for three
months in the same dosage. Because of persisting
gastrointestinal symptoms, a further laparatomy
with lymph node resection was performed in
March 2007. Abdominal lymph nodes were free
of tumor at that time, and EBV DNA in serum
could not be detected by PCR.

At present, 18 months after transplantation,
the boy is well, the donor kidney is perfectly



working under conditions of immunosuppression
with tacrolimus (target level 3 pg/L) and meth-
ylprednisolone with no signs of rejection, and the
lymphoma is in stable remission.

Pathological findings

Biopsies of the large intestine revealed a prom-
inent lymphoplasmacellular infiltrate with vari-
able number of lymphoid blasts and a slight
lymphofollicular hyperplasia (Fig. 2a). The jeju-
nal tumor mass was composed of a lymphoid
infiltrate destroying the bowel wall with consec-
utive perforation (Fig. 2b). In contrast to reac-
tive lymphoid bystander cells, this tumor
population was composed of large, transformed
blastic cells with relatively pale nucleoli and
basophilic cytoplasm (Fig. 2c). Immunohisto-
chemically, the blasts were positive for CD20
and, in part, for MUMIP (Fig. 2d.e). A high
proliferation rate could be ascertained by nuclear
Ki67 expression (Fig. 2f). CISH with EBV spe-
cific RNA probes (EBERI and 2, Zytomed

Fig. 2. Histochemical and
immunohistochemical analysis
of intestinal lymphoid infiltrates.
(a) Hematoxylin and eosin
staining (250x) of a colonic
biopsy showing a dense
lymphatic infiltrate. (b) Hema-
toxylin and eosin staining (100x)
of jejunum specimens revealing a
prominent lymphoid infiltrate
overgrowing and destroying the
mucosa and submucosa.

(c) Higher magnification (400x)
of the same area demonstrates a
blastic lymphoid tumor mass
corresponding to Fig. 2b. (d)
CD20 immunostaining of the
same area displays strong mem-
branous staining of the blasts
surrounding regular intestinal
glands (200x). (e) Distinct pat-
tern of nuclear MUMI1P expres-
sion in a subpopulation of the
tumor cells (400x). (f) Nuclear
Ki67 staining in 50% of the
tumor cells indicating high pro-
liferation rate.

PTLD following renal transplantation

Systems) demonstrated infection of the majority
of tumor cells (Fig. le). These findings were in
line with data derived from PCR analysis with
EBV-specific primers, where a clear band proved
EBYV infection and data from immunohistochem-
istry with evidence for EBV-LMPI staining. The
same tumor population was seen in the lymph
nodes resected from abdominal sites. Four wk
later, control lymph node biopsies from celiac
sites presented normal histomorphology and
EBV-LMP as well as molecular analysis for
EBV infection were negative. Retrospectively,
CISH (EBERI and 2) was also performed in the
colonic biopsies. Here, a variable amount of
EBV-infected lymphoid cells was present
(Fig. 1b-d).

Further molecular findings

IgH rearrangement analysis employing FR3-JH
primers was performed from diverse tumor sites
of the jejunum (Fig. 3a—c), from different sites of
the colonic mucosa (Fig. 3d,e) and from the
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Fig. 3. Computer-assisted fragment length analysis of IgH
FR3 PCR amplification products from intestinal lymphoid
infiltrates. (a) Clear peak at defined nucleotide length
indicating monoclonality of the lymphoid infiltrate in a
tumor probe of the small intestine. (b) A double-peak
pattern indicates two additional main B-cell subclones in
another region of this small intestine tumor. (¢) A multi-
peak pattern in a third region of this tumor. Here, IgH FR3
analysis fails to indicate clonality. In direct comparison
with the pattern in (b) a main peak of identical fragment
length is seen (asterisk). (d) Clear monoclonal peak of a
different fragment length than described in (a—c) is seen in a
colonic biopsy leading to the assumption of a different
B-cell clone. (e) Multi-peak pattern of a colonic lymphoid
infiltrate revealing polyclonal derivation. (f) Typical
Gaussian distribution of amplification products in a lymph
node with partial infiltration by B-cell lymphoma. In this
analysis molecular data mimic reactive lymph node com-
position. The abscissa indicates length of the amplicons in
nucleotides (nt); the ordinate displays relative optical den-
sity. (g, h) CISH reveals monoclonality of B-cells by
exclusive mRNA immune light chain expression of kappa
or lambda, respectively, emphasizing the finding of different
B-cell subclones.
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affected lymph nodes (Fig. 3f). In Fig. 3a, a clear
monoclonal pattern is seen in the tumor mass of
the small intestine while in other regions of the
same tumor site (Fig. 3b,c) a different picture is
visible. Here, a molecular relationship of one B-
cell subclone is present (asterisk, Fig. 3b,c) but
the background of additional B-cell clones is
different in these two probes. In Fig. 3d, a
definite dominant clone is seen in one probe of
the colonic mucosa. In contrast to another
colonic site, where molecular data indicate B-cell
polyclonality (Fig. 3e), although the histological
picture of both tissue probes was identical.
Clonality analysis of a lymph node with definite
histological infiltration by B-cell lymphoma indi-
cated a rather polyclonal pattern (Fig. 3f). In
addition to IgH FR3 PCR, CISH was performed
for simultaneous visualization of light chains
kappa and lambda RNA expression (Zytomed).
As seen in Fig. 3g.h, fields of monoclonal cell
clusters, sharply demarked one from the other,
were seen in the tumor mass of the small
intestine. Therefore, the oligoclonal growth of
the lymphoma can be underlined through the
patchy distribution of kappa and lambda light
chain expression.

Discussion

The majority of early PTLD cases are associated
with EBV infection (1). In healthy individuals,
expression of the LMP-1 by EBV-infected cells
leads to activation of cytotoxic T cells (2).
Immunosuppression, however, hinders this reac-
tion of EBV elimination and leads to B-cell
proliferation. The histopathological spectrum of
these B-cell proliferations ranges from early
lesions with polyclonal proliferations (plasmacytic
hyperplasia or infectious mononucleosis-like
pattern) to Hodgkin lymphoma, Hodgkin lym-
phoma-like PTLD and B-NHL (1).

Diagnosis of PTLD is often challenging and
any clinical symptom including lymphadenopa-
thy, fever of undetermined origin, pulmonary
infiltrates, unexplained allograft dysfunction,
abdominal pain or persisting headache should
prompt lymphoma to be included in the differ-
ential diagnosis. Here, the surveillance of the
EBV status may be an important tool for the
clinical monitoring, but an increase of the EBV
copy number does not necessarily precede
PTLD. In our case, the development of intestinal
PTLD went along with a rapid increase of EBV-
DNA in blood, without typical symptoms of
EBYV infection. In this context, it is important to
stress that in the histopathologically not affected
colonic mucosa retrospective performance of



CISH (EBER 1 and 2) but not immunohisto-
chemistry for LMP-1 already revealed numerous
EBV-infected lymphoid cells. This timesaving
method therefore provides important data
enabling clinicians to reduce immunosuppression
in good time. Also, the patchy distribution of
EBV-positive lymphocyte areas next to unaf-
fected lymphatic infiltrates can give first hints on
initial EBV triggered lymphoma develop-
ment—even if a typical histological PTLD
pattern is not seen at that time because of the
pleomorphous character of the lymphoid picture.
In this combination, IgH rearrangement analy-
sis—which here indicated monoclonality in one
of the probes—can provide the crucial clue for
diagnosis of PTLD (Fig. 3d).

Taken together, IgH rearrangement analysis
should be added to the diagnostic spectrum of
early PTLD in all cases where clinical symptoms
are unclear and histomorphology is unspecific.
This consensus PCR protocol can be effectively
used in routine molecular diagnostic laboratories
and is yielding highly reproducible results with
no reported false-positive data. However, its
major drawback is an increased false-negative
rate. Possible technical reasons for false-negative
results as somatic hypermutation or ongoing
mutations in the binding regions of the consensus
primers have already been reviewed (3, 4).
Recently, an increase in sensitivity to up to
85% has been reported when the BIOMED-2
approach was adapted (5).

In this report, diversity of B-cell clones at
different tumor sites impressively reveal the role
of EBV triggered evolution from reactive lym-
phoid hyperplasia to B-cell lymphoma following
organ transplantation (6). The clinical course
with jejunal perforation induced by tumor infil-
tration, histomorphology of the blastic infil-
trates, and dominant B-cell clones here
demonstrates a rapid disease progression with
transformation into a true malignant process.

PTLD following renal transplantation

Considering children with abdominal pain fol-
lowing organ transplantation, this case report
underlines that intestinal biopsies should be
thoroughly investigated to exclude initial PTLD.
Although the reduction of immunosuppression,
immunotherapy (rituximab) and surgery, well
described as first line therapy regimen (7), led to
tumor elimination, the clinical course with jeju-
nal perforation here nevertheless was a life-
threatening event.

In this context, the report presented here
confirms that the application of a broad spec-
trum of diagnostic methods on histologic biop-
sies has the potential to enforce diagnosis of
initial PTLD already at a very early moment and
therefore can prevent severe complications.
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Abstract

Detailed knowledge of the immunologic properties of
embryonic stem (ES) cells is a prerequisite for safe appli-
cations of ES cell-based regenerative medicine. Recently,
the long-standing assumption that ES cells are ignored
by immunocompetent hosts was disproved. Instead, it is
becoming increasingly clear that ES cells actively protect
themselves via several immunomodulatory and immu-
noevasive mechanisms against cytotoxic T-lymphocytes
and natural killer cells. Here we review current knowledge
about the immunologic properties of ES cells and dis-
cuss the implications for ES cell-based regenerative
medicine, for the immunobiology of the embryo as a
semi-allogeneic graft, and for the regenerative capacity
of adult stem cells.

Keywords: cytotoxic T-lymphocyte; embryonic stem
cell; natural killer cell; teratoma.

Introduction

Besides ethical issues, there are at least two major prac-
tical hurdles to overcome before embryonic stem (ES)
cells can be used as a cellular source for regenerative
medicine. One hurdle is the rejection of transplanted allo-
geneic ES cells or their derivatives by the recipient’s
immune system. The second is teratoma outgrowth from
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undifferentiated ES cells, regardless of whether these
cells were injected on purpose or as contaminants of
more differentiated derivatives. These two obstacles
pose a serious dilemma for clinical application of ES
cells. Low immunogenicity would allow grafting of ther-
apeutic cells but immunologically uncontrolled tera-
toma growth. Alternatively, an effective recognition and
immune response to ES cells would prevent teratoma
formation but would lead to rejection of the therapeutic
ES cell graft.

The implications of these immunologic problems
inherent in ES cell-based medicine were recognized only
recently (Bradley et al., 2002; Utermohlen and Kronke,
2007) and we are still far from an in-depth understanding
of the immunologic properties of ES cells. This is high-
lighted by recent studies in various laboratories that
yielded contradictory results on the fate of transplanted
ES cells in vivo under simple experimental conditions
(see below).

The difficulties in understanding the immunology of
ES cells might have been anticipated from our problems
in comprehending the closely related immunologic phe-
nomena during pregnancy. The obvious fact that embry-
os as true semi-allogeneic implants are tolerated by the
mother’s immune system during pregnancy is still largely
enigmatic (Koch and Platt, 2007; Riley, 2008). In fact,
unraveling the immunologic properties of ES cells will
contribute to a better understanding of the immunologic
mechanisms accompanying and allowing pregnancy, as
discussed below.

Here, we review present knowledge about the
immunologic behavior of ES cells in the light of recently
identified immunomodulatory and immunoevasive mech-
anisms of ES cells.

ES cells: immunogenic or tolerogenic, ignored
or immunoprivileged?

Initially, it was hypothesized that ES cells were immuno-
privileged in a recipient organism for at least two major
reasons (Burt et al., 2004; Li et al., 2004). (i) ES cells
express no or low levels of MHC class | molecules on
their surface, so that they might be ignored by allospe-
cific cytotoxic T-lymphocytes (CTLs). (i) ES cells are
derived from pre-implantation embryos, which are usually
not rejected by the mother’s immune system despite
being true semi-allogeneic implants with half of their
proteins being foreign paternal antigens (Rukavina and
Podack, 2000).

Remarkably, the immunoprivileged state of ES cells still
is highly controversial. To date, various laboratories have
reported contradictory results on the acceptance versus
rejection of transplanted ES cells or teratoma growth
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after transplantation of ES cells or their early differenti-
ated tissue-specific derivatives. Teratomas are embry-
onic tumors that can naturally emerge either from
pluripotent stem cells within the ovaries and testicles or
from spontaneously dispersed pluripotent embryonic
cells at extrauterine sites. Experimentally, they can grow
out of ES cells implanted into various sites of the body.
In addition to the initiating embryonic cells, teratomas
contain variable mixtures of differentiated cells and
tissue-like structures derived from all three germ layers.
Immunologically, teratomas can be viewed as simplified
models of embryonic implants and/or of stem cell-
derived tumors, making them valuable tools in basic
research (Andrews et al., 2005).

The first report of murine ES (mES) cells giving rise to
teratomas in syngeneic mice was 25 years ago (Wobus
et al,, 1984), an observation independently confirmed
with various ES cell lines (Damjanov, 2004; Nussbaum et
al., 2007; Koch et al., 2008).

In allogeneic recipients, transplants of mES cells are
usually infiltrated by various immune cell types of the
recipient and, if the study design included sufficiently
long observation times, are eventually rejected (Kofidis et
al., 2005; Swijnenburg et al., 2005; Nussbaum et al.,
2007; Robertson et al., 2007). However, this simple sce-
nario was recently challenged. Magliocca et al. (2006)
reported that intraportally injected mES cells gave rise to
multiple miliary hepatic teratomas in approximately 90%
of immunocompetent allogeneic mice, and intravenously
or intramuscularly injected ES cells also led to teratoma
in allogeneic recipients. Because the aim of this study
was to induce tolerance of allogeneic cardiac transplants
by intraportal injection of allogeneic ES cells, the tera-
tomas were neither analyzed for an inflammatory infiltrate
nor monitored for longer periods of time. Therefore, it is
not clear whether the teratomas would have eventually
been rejected. However, the size of the multinodular tera-
tomas strongly argues against control of these allogeneic
tumors by the immune system of the recipients, even
though the allogeneic neonatal cardiac transplants in the
same mice were rejected.

Koch et al. (2008) monitored the fate of graded doses
of mES cells transplanted subcutaneously into synge-
neic, semi-allogeneic, or fully allogeneic hosts. As
expected, a standard injected dose of 1X10° mES cells
did not lead to teratoma formation in allogeneic mice.
However, 5xX10° ES cells gave rise to teratomas in 100%
of semi-allogeneic and 30% of allogeneic recipients.
Moreover, 20x10° ES cells led to teratoma formation in
90% of allogeneic mice. The teratomas were first detect-
ed approximately 2 weeks after transplantation and grew
rapidly, so that the mice had to be euthanized 3-4 weeks
later for ethical reasons. The steady growth of the tera-
tomas over this observation period argues against con-
trol of the allogeneic tumors by the recipient’s immune
system, although considerable numbers of host CD3* T-
lymphocytes infiltrated both semi-allogeneic and alloge-
neic teratomas. In further support of the acceptance of
transplanted mES cells by non-syngeneic hosts, the sur-
vival of mouse ES cells in rats (Min et al., 2003) and
sheep (Menard et al., 2005) has been reported.

These data highlight the need for caution in interpreting
results obtained under specific experimental conditions.

The entire experimental setting (e.g., the type of ES cell
line and its dependence on feeder cells, the number of
cells transplanted and the injection route, the species
and strain of the recipient, or the end-point parameters
of the study) should be carefully considered before gen-
eralized conclusions can be drawn. Clearly, an in-depth
understanding of the mechanisms of interaction between
ES cells and immune cells of the host is required before
ES cell-based therapy will become a valuable approach
in regenerative medicine.

Response of cytotoxic effector cells to
ES cells

The most prominent cytotoxic effector cells directed
against transplants are natural killer (NK) cells and CD8"
CTLs belonging to the innate and adaptive immune sys-
tem, respectively. Each of these cell types recognizes its
target cells by specific and sensitive receptors. It should
be remembered that for both cell types recognition of a
target cell does not necessarily result in delivery of a
lethal hit against the target. Rather, depending on several
conditions (e.g., the previously achieved activation state,
the signal strength, the type and combination of recep-
tors involved) the cytotoxic effector cell might be tran-
siently or permanently inactivated, or induced to secrete
cytokines, to proliferate or to deliver membrane-bound
or soluble cytotoxic effector molecules against the target
cell. Therefore, the multiple consequences ensuing from
contact of cytotoxic effector cells with ES cells need to
be characterized in greater detail.

Low susceptibility of ES cells to lysis by
CD8* CTLs

It has long been known that early embryonic cells
express very low levels of MHC class | molecules (Morel-
lo et al.,, 1985; Ozato et al., 1985; David-Watine et al.,
1987). Correspondingly, human and mES cells express
low or undetectable levels, respectively, of surface MHC
class | molecules (Tian et al., 1997; Draper et al., 2002;
Drukker et al., 2002; Bonde and Zavazava, 2006;
Magliocca et al., 2006; Koch et al., 2008) and would thus
be poorly recognized by MHC class I-restricted CD8"
CTLs. Therefore, it was not surprising that human ES
cells loaded with a HLA-A2-restricted peptide of influ-
enza virus are not lysed by peptide-specific CD8" CTLs
(Drukker et al., 2006) and that mES cells are not lysed by
allospecific CD8" CTLs (Bonde and Zavazava, 2006).
However, it was suspicious that after strong upregulation
of MHC class | surface molecules by pretreatment with
IFN-vy, human ES cells, either loaded with peptide or
infected with the influenza virus, were not at all or only
poorly lysed by CTLs (Drukker et al., 2006).

Immunomodulatory and immunoevasive
activities of ES cells against T-lymphocytes

The lack of destruction of ES cells by CTLs does not
necessarily indicate a lack of recognition by the effector



cells. Indeed, more detailed analysis of the interaction
between ES cells and CD8" CTLs revealed that rather
than being ignored or not recognized, ES cells actively
inhibit T-cell responses and evade the effector functions
of CTLs.

Human and mES cells do not stimulate the proliferation
of allospecific T-lymphocytes in vitro (Li et al., 2004;
Bonde and Zavazava, 2006) and mES cells suppress the
maturation of dendritic cells (Koch et al., 2008). Further-
more, mES cells suppress T-cell proliferation in vitro in
response to various strong stimuli, e.g., third-party allo-
geneic dendritic cells (DC), immobilized anti-CD3 and
anti-CD28 antibodies and Concanavalin A (Li et al., 2004;
Koch et al., 2008). These inhibitory effects were shown
to be mediated by ES cells via membrane-bound FasL
(Fabricius et al., 2005) or via secretion of TGF-B (Koch
et al.,, 2008), resulting in inhibited induction of cellular
immune responses against ES cells. Beyond impairing
the induction of cellular immune responses, ES cells use
mechanisms to inactivate cytotoxic effector mechanisms
of fully activated CD8" CTLs. Fabricius et al. (2005)
reported that mES cells abrogate the cytotoxic activity of
allospecific CD8* CTLs in a dose-dependent manner by
inducing CTL apoptosis via FasL. We have shown that
lymphocytic choriomeningitis (LCM) virus-specific CD8*
CTLs fully respond to mES cells either loaded with syn-
thetic peptide epitopes or infected with the LCM virus
(Abdullah et al., 2007). Despite low-level expression of
MHC class | on the ES cells, CTLs specifically responded
to these target cells by proper polarization and secretion
of their cytotoxic granules, but the ES cells were not
lysed in vitro. We found that mES cells express specific
inhibitors of both perforin and granzyme B, i.e., cathepsin
B and serine protease inhibitor (serpin or SPI) 6, respec-
tively. Knockdown of SPI-6 by shRNA fully restored the
susceptibility of mES cells to lysis by CD8* CTLs.

Taken together, ES cells use several immunomodula-
tory and immunoevasive mechanisms that inhibit the
induction of a cellular immune response or counteract
the cytotoxic effector activities of fully activated CD8*
CTLs. What might be the physiological relevance of these
mechanisms? Half of the embryonic genome is derived
from the father, so that approximately 50% of the embry-
onic proteins are foreign material for the mother’s
immune system. Therefore, from the very moment of first
contact with the mother’s uterine epithelium, the blasto-
cyst faces the challenging task of establishing a true
semi-allogeneic implant in the uterus of a principally
immunocompetent host. The implantation-stage blasto-
cyst consists of the outer zona pellucida, the single cell
layer of the trophoblast and, innermost, the embryoblast,
which is an accumulation of ES cells. If a single maternal
allospecific CTL were able to penetrate through the del-
icate zona pellucida and trophoblast, this single cytolytic
effector cell could rapidly eradicate the embryonic cells.
Thus, the autonomous protection of ES cells against
accidental destruction by maternal CTLs is a teleologi-
cally reasonable mechanism preventing rejection of the
semi-allogeneic embryo.

Formal proof has yet to be delivered as to which of the
immunoprotective and immunoevasive mechanisms con-
tribute to immunoprotection of the embryo and to what
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extent. However, very impressive evidence in support of
the hypothesis that SPI-6 contributes to protection of the
embryo against maternal CD8" CTLs comes from
expression patterns of SPI-6 in the murine embryo. At
day 4.5 post conception (p.c.) we observed a concentric
pattern of high levels of expression SPI-6 in the outer cell
layers of the embryo, whereas cells in the deeper embry-
onic regions were devoid of SPI-6 (Figure 1A). Remark-
ably, during later stages of embryonic development (e.g.,
day 12 p.c.) only the placenta, which at this time is the
only remaining site of direct contact between the embryo
and the mother, stained highly positive for SPI-6 (Figure

SPI-6 in murine embryos
A E45

Figure 1 Localization of SPI-6 in murine embryos at days 4.5
and 12.5 post conception.

Pregnant C57BL/6 mice were sacrificed on day 4.5 (A) or 12.5
(B) post conception (p.c.) to prepare the uteri for immunohisto-
chemistry by standard procedures. SPI-6 expression was
detected using a mAb (MBL International, Woburn, MA, USA,
Cat. No. JM-3544-100) specific for human PI-9 cross-reacting
with the murine ortholog SPI-6 (Medema et al., 2001b). Immu-
nohistochemistry was performed on paraffin-embedded tissues.
Samples were deparaffinized and rehydrated and microwave
heat-induced epitope retrieval was performed in 0.1 M sodium
citrate. Following incubation with anti-SPI-6 mAb, samples were
treated with a biotinylated secondary antibody and HRP-strep-
tavidin and stained with diaminobenzidine. (A) On day 4.5 p.c.
SPI-6 was highly expressed in four individual embryos in outer
embryonic cell layers in close contact with the maternal tissue.
(B) On day 12.5 p.c. SPI-6 expression was limited to the pla-
centas of two neighboring embryos, whereas somatic embryonic
tissue were negative. Pictures were recorded on a Zeiss Axio-
phot microscope (Zeiss, Oberkochen, Germany; magnification,
overviews 4x10, inserts 20x10) using a JVC KY-F75U digital
camera (JVC Germany, Friedberg, Germany) and the acquisition
software DISCUS version 4.6.0.342 (Diskus, Koenigswinter,
Germany). No further image processing was performed.
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1B). These data suggest that expression of SPI-6 at the
contact site between the embryo and the mother might
contribute to toleration of the semi-allogeneic embryo by
the mother’s immune system. Expression patterns for
other immunomodulatory and immunoevasive molecules
remain to be investigated. Many facets contribute to
maternal-fetal tolerance, including species-specific ana-
tomical structures at the placental-decidual interface, the
local expression pattern of immunologically active mol-
ecules in both fetal trophoblast cells and maternal deci-
dual and uterine endothelial cells, and gestation-related
local and systemic changes in the mother’s immunore-
activity (Moffett and Loke, 2006; Koch and Platt, 2007;
Laskarin et al., 2007; Riley, 2008). Therefore, the physio-
logical relevance of SPI-6 and SPI-CI for reproductive
success remains to be determined. Furthermore, the
complex physiological constellation at the maternal-fetal
interface obviously differs from the artificial conditions
ensuing from transplantation of ES cells or their deriva-
tives, so additional efforts are required to elucidate the
relevance of immunomodulatory and immunoevasive
molecules for stem cell-based regenerative medicine.

A significant price to pay for the immunoprotection of
ES cells may reside in the conservation of these mech-
anisms in tumor stem cells. For example, in large tera-
tomas derived from mES cells, we detected small islets
of SPI-6-expressing cells interspersed between large are-
as of more differentiated cells (Figure 2). Apparently, the
small nests of SPI-6-expressing cells are ES cells, which
are known to remain within ES cell-derived embryoid
bodies for long times (Teramoto et al., 2005). In murine
tumors, as well as in several clinically relevant hemato-
poietic and solid human tumors, expression of SPI-6 or
its homolog PI-9 has been detected within the entire
tumor mass (Medema et al., 2001a; Bladergroen et al.,
2002; Barrie et al., 2004; van Houdt et al., 2005). Sys-
tematic analysis of tumor stem cells already identified for
clinically relevant tumor entities will soon provide clues
as to whether anti-cytotoxic immunoprotective molecules
comprise mechanisms widely used by tumor stem cells.
These mechanisms would add another layer of complex-
ity to the known resistance of tumor stem cells to various
therapeutic treatments, e.g., the expression of multi-
drug-resistance (MDR) transporters, which renders tumor
stem cells resistant to chemotherapeutic drugs.

Low susceptibility of ES cells to NK cells

The major fraction of lymphocytes infiltrating the decidua
of the pregnant uterus are NK cells (Rukavina et al., 1995;
Rukavina and Podack, 2000). According to the missing
self hypothesis (Ljunggren and Karre, 1990), a major trig-
ger for release of cytotoxic effector molecules by NK
cells is a lack or low level of MHC class | molecules on
target cells. Thus, ES cells expressing no or low levels of
MHC class | molecules should be ideal targets for NK
cells in syngeneic hosts. However, we and others report-
ed that human (Drukker et al., 2002) and mES cell lines
(Bonde and Zavazava, 2006; Dressel et al., 2008; Koch

SPI-6 in teratoma,
day 28 post injection of ES

Figure 2 Expression of SPI-6 in CGR8 ES cell-derived murine
teratoma on day 28 after cell implantation.

Feeder cell-independent CGR8 cells (1x108) were injected
subcutaneously into the back of syngeneic 129P2/Ola mice.
Teratomas were explanted 28 days later and prepared for immu-
nohistochemistry by standard procedures. SPI-6 was detected
using the mAb described for Figure 1. Within the teratoma small
groups of cells (arrows) or single cells (arrow heads) with positive
SPI-6 staining are visible (magnification, overview 20x10,
enlarged insert 40x10).

et al.,, 2008; Frenzel et al., 2009) are not at all or very
ineffectively killed by NK cells in vitro. The variation in the
degree of cytolysis of ES cells by NK cells reported in
these studies can be easily explained by different experi-
mental conditions, e.g., using resting versus in vivo- or
in vitro-activated NK cells, using syngeneic, allogeneic,
or even xenogeneic NK cells, or using different ES cell
lines. For example, Dressel et al. (2008) observed that
mES cells are not killed by resting murine NK cells, but
are lysed by both murine NK cells stimulated in vitro with
IL-2 and resting splenic NK cells from rats.

The lack or low-level expression of surface MHC class
I molecules is only one critical prerequisite for NK cell-
mediated lysis. In addition, target cells must express
ligands for activation of NK cell receptors and intercel-
lular adhesion molecules (Yokoyama, 2005). Lysis of two
different mES lines by naive rat NK cells or IL-2-activated
murine NK cells (Dressel et al., 2008) or poly I:C-activated
murine NK cells (Frenzel et al., 2009) was strongly
reduced by blocking of the NKG2D receptor with a spe-



cific monoclonal antibody (mAb). Moreover, combined
blocking of the NKG2D receptor and the adhesion mole-
cule ICAM-1 completely abrogated cytolysis of mES cells
(Frenzel et al., 2009). These findings suggest that
a better understanding of the variable susceptibility of
different ES cell lines to cytolysis by NK cells will be
achieved by characterizing the expression pattern of
ligands for activating NK cell receptors and intercellular
adhesion molecules on ES cells.

Immunoevasive activity of ES cells
against NK cells

Both CD8" CTL and NK cells use exocytosis of cytotoxic
granules as the major cytolytic effector mechanism, so
we wondered whether expression of cathepsin B and
SPI-6 might protect ES cells not only against cytolysis
by CD8" CTLs, but also by NK cells (Abdullah et al.,
2007). Neither inhibition of cathepsin B by the specific
inhibitor CA047 nor knockdown of SPI-6 by stable
lentiviral expression of SPI-6-specific shRNA in ES cells
rendered the ES cells more susceptible to cytolysis by
NK cells (O.U., N.B., Z.A., M.K., unpublished results).
However, NK cells express a slightly different set of cyto-
toxic effector molecules compared to CTLs. A prominent
difference is the higher load of gzmM in cytotoxic gran-
ules of NK cells (Sayers et al., 2001). We detected
expression of the specific inhibitor of gzmM, SPI-CI, at
both the mRNA and protein level in mES cells. Knock-
down of SPI-CI by stable lentiviral expression of specific
shRNA rendered ES cells fully susceptible to lysis by
resting or activated murine NK cells (O.U., N.B., Z.A.,
M.K., unpublished results). Thus, ES cells actively and
specifically counteract the cytotoxic effector molecules
of both CD8* CTL and NK cells.

Adult stem cells express immunoprotective
serpins

Protection against lysis by CTL and NK cells might be
relevant not only for stem cell-based regenerative medi-
cine and the immunology of pregnancy, but also for stem
cells in adult organisms. We found that murine mesen-
chymal stem cells express SPI-6 and are resistant to
CTLs (Utermohlen and Krénke, 2007). Moreover, analysis
of the hematopoietic system as the best-characterized
system of stem cells and progenitor cells revealed that
murine hematopoietic stem cells express levels of SPI-6
and SPI-ClI that are almost as high as in mES cells (Figure
3). One step further along the hematopoietic differentia-
tion process, in common myeloid progenitors, only very
low-level expression of these serpins was detectable.
Why do adult stem cells express immunoevasive mole-
cules protecting them against the cytotoxic activity of
CTL and NK cells? Adult stem cells have the capacity for
self-renewal and differentiation into any cell type of the
respective organ. Therefore, in any tissue or organ, adult
stem cells are essentially required for physiologic homeo-
stasis and endogenous regenerative or reparative pro-
cesses in response to any type of stress or insult. If, for
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Figure 3 Expression of mRNA coding for SPI-6 or SPI-CI in
murine hematopoietic stem and progenitor cells compared to
placenta, ES cells, and MEF cells.

Bone marrow cells from male C57BL/6 mice were pooled and
depleted of lineage-positive cells using an EasySep progenitor
enrichment kit (StemCell Technologies, Vancouver, Canada).
hematopoietic stem cells (HSC; markers Scal™, c-kit™; purity
76.3%), common myeloid progenitors (CMP; markers Scal-,
c-kit*, CD34*, CD16/32-; purity 58.3%), contaminants mostly
MEP), granulocyte progenitors (GMP; markers Scal-, c-kit™,
CD34*, CD16/32"; purity 82.6%), megakaryocyte/erythroid
lineage-restricted progenitors (MEP; markers Scal-, c-kit*,
CD34-, CD16/327; 87.9%) were stained with mAbs specific for
the above differentiation-specific markers and sorted by flow
cytometry on a BD FACSAria™ system (BD Biosciences, Hei-
delberg, Germany) to the purities indicated. Placenta prepared
on day 12.5 p.c. and feeder cell-independent murine CGR8 ES
cells were used as controls. Simian virus 40-transformed mouse
embryo fibroblasts (C57BL/6-SV) were used as negative con-
trols. Total RNA from 1x10¢ cells of each population was purified
using a Qiagen RNeasy Kit (Qiagen, Hilden, Germany) and cDNA
was reverse-transcribed using a SuperScript |l first-strand Syn-
thesis kit (Invitrogen, Karlsruhe, Germany). qRT-PCR amplifica-
tion and detection were performed in an ABI Prism 7500
thermocycler using TagMan universal PCR master mix (Applied
Biosystems, Darmstadt, Germany) and primers specific for SPI-
6, SPI-CI, and B-actin. Data are presented as the fold change
in SPI-6 or SPI-CI gene expression normalized to B-actin and
relative to the negative control. Triangles represent low SPI-6
values (GMP 0.9, MEP 2.0, fibroblasts 1.0) and SPI-CI (GMP 1.6,
MEP 4.4, fibroblasts 1.0).

example, hematopoietic stem cells were easily suscep-
tible to destruction by CD8" CTL or NK cells during an
infection with intracellular pathogens, the regenerative
capacity of the whole hematopoietic system would be
erased. The fatal consequences would resemble the
effects of lethal irradiation or chemotherapeutic treat-
ment of the bone marrow. Correspondingly, catastrophic
consequences would also occur after destruction of
organ-specific stem cells in many other tissues, e.g.,
intestinal or dermal epithelia.

The dilemma confronting the immune system during
infection with intracellular microorganisms of how to
eliminate the microorganism within the stem cell without
destroying the infected stem cells can apparently be
overcome. Indeed, Chisari and co-workers reported virus
elimination without lysing of infected host cells several
years ago (Guidotti et al., 1994, 1996). However, the
effective contribution of immunoprotective mechanisms
to prevent accidental elimination of adult stem cells has
to be experimentally proven.
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Analysis of the immunologic properties of ES cells has
increased in momentum over the last few years. Future
studies will have implications for our understanding of
not only the immunobiology of stem cell-based regen-
erative medicine and of adult stem cells, but also of
reproductive immunology.
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