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1. Summary

The ongoing human immunodeficiency virus 1 (HIV-1) pandemic still remains without an
effective vaccine so far. The predominant route of infection is via sexual intercourse rendering
the mucosa the primary site of infection. Novel strategies in targeted prevention of HIV-1
transmission include the application of small molecules such as nanobodies. Nanobodies
formed by Camelidae spp. are the smallest naturally occurring functional antibody fragments.
Their long CDR3 loops resemble those of some broadly neutralizing HIV-1 antibodies. Their

small size, acid-stability and the possibility of bacterial expression seem favourable features.

First in vivo testing is critical to select promising agents for further investigations. Animal
models play a central and currently irreplaceable role in pre-clinical testing. Humanized mice
are the most frequently used platform in HIV-1 research. They consist of an immunodeficient
mouse strain harbouring a human immunograft. The extend of humanization varies
significantly between graft types and mouse strains. As human graft, haematopoietic stem
cells, mature leukocytes, lymphoid tissues and all combinations of the latter have been
described. To address the mucosal route of HIV-1 transmission, a sufficient degree of human
immune reconstitution at the site of infection is required. So far, only foetal tissue-reliant
methods have allowed for consistent mucosal HIV-1 susceptibility. Due to ethical, legal and
technical obstacles associated with utilization of foetal tissue, there is a research endeavour

to obtain mucosally HIV-1 susceptible tissue-independent models.

This work addresses this unmet need by presenting and characterizing the novel CD34T+
mouse model. In a second step the model is readily employed to test the preventive potential

of an HIV-1 specific nanobody in an in vivo setting.

The CD34T+ model is a modification of a well-established human hematopoietic stem cell
based model with cells derived from cord blood. As murine genetic background NOD.Cg-
Rag1tmtMem ]2rgm1Wi/SzJ (NRG) mice were employed. We enhanced human reconstitution by
additional injection of donor-matched mononuclear cells accompanied by human interleukin 7
(IL-7) administration. The human reconstitution was investigated by measuring human
leukocyte populations in the peripheral blood and in distinct organ tissues via flow cytometry.
In comparison to the original model, CD34T+ mice exhibited ubiquitously higher human T cell

reconstitution and a consistent, significantly higher susceptibility to intrarectally applied HIV-1.

We conducted one of the first in vivo nanobody experiments in HIV-1 prevention employing
the broadly neutralizing nanobody VuH A6. CD34T+ mice were challenged intrarectally with

either VyH A6 or a non-HIV-1-specific nanobody alongside an infectious molecular HIV-1
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clone. Blood viral loads were followed up for 6 weeks by RNA purification and quantitative

reverse-transcription PCR. VuH A6 exhibited a significant protective potential.

The novel CD34T+ mouse model is a valuable addition to current platforms used in pre-clinical
HIV-1 prevention research due to its independence from foetal tissue and reliable mucosal
HIV-1 susceptibility. As with all models it is essential to critically evaluate the suitability for the

corresponding scientific question.

Nanobodies as passive immunity against HIV-1 have a promising potential. Our work
contributed to the promotion towards clinical testing. This data can be regarded as a proof-of-
principle experiment. Ensuing questions that require further investigation include the
neutralization breadth against different HIV-1 strains, the nanobody’s potential in the female

genital tract and the functionality of bacteria expressed nanobodies in vivo.
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2. Zusammenfassung

Das humane Immundefizienz-Virus 1 (HIV-1) ist Ursache einer andauernden weltweiten
Pandemie. Eine effektive Impfung ist bislang nicht verflgbar. Der grofite Anteil an
Neuinfektionen ist auf sexuelle Ubertragung zuriickzufiihren, womit die Mukosa den priméren
Infektionsort darstellt. Neuartige Strategien in der zielgerichteten HIV-1-Pravention beinhalten
den Einsatz kleiner Moleklle wie Nanobodies. Nanobodies, die von Camelidae spp. gebildet
werden, sind die kleinsten natlrlicherweise vorkommenden wirksamen Antikorperfragmente.
Im Gegensatz zu Immunglobulinen wie den humanen IgG-Subtypen, die ein Heterotetramer
aus zwei leichten und zwei schweren Ketten sind, entsprechen Nanobodies ausschliel3lich der
variablen Domane einer schweren Kette. Sie ahneln einigen breit neutralisierend HIV-1-
Antikérpern in den uUberdurchschnittlich langen CDR-3-Loops. Gleichzeitig weisen sie einige
Eigenschaften auf, die fur die klinischen Anwendung vorteilhaft erscheinen: |hre geringe

Grolke, Saurefestigkeit und die Moglichkeit einer bakteriellen Expression.

Die initiale in-vivo-Testung ist ein essentieller Schritt in Translation von in-vitro-Ergebnissen in
mogliche klinische Anwendungen. Tiermodelle spielen in der translationalen HIV-Forschung
weiterhin eine zentrale Rolle und sind in der praklinischen Testung neuer Substanzen aktuell
unentbehrlich. Am haufigsten werden hier humanisierte Mausmodelle eingesetzt. Diese
bestehen aus einer immundefizienten Mauslinie, die mit einem menschlichen Immunograft
rekonstituiert wird. Der Grad der Humanisierung variiert signifikant zwischen verschiedenen
transplantierten Geweben und Zellen sowie zwischen unterschiedlichen Mauslinien. Als
humanes Transplantat werden hamatopoetische Stammzellen, reife Leukozyten,
Lymphgewebe und alle daraus resultierenden Kombinationen verwendet. Um eine mukosale
HIV-1-Ubertragbarkeit im Mausversuch zu adressieren, ist eine hinreichende mukosale
Immunrekonstitution mit HIV-1-empfangliche Zellen erforderlich. Bislang zeigen nur
Mausmodelle, die auf der Verwendung von humanem fetalen Gewebe basieren, eine
konsistente mukosale HIV-1-Infizierbarkeit. Die Verwendung von fetalem Gewebe unterliegt
strengen gesetzlichen Regulationen und ist des Weiteren mit ethischen und technischen
Hurden verbunden. Hieraus ergibt sich das Bestreben nach humanisierten Mausmodellen, die
nicht auf fetalem Gewebe basieren und dennoch fur die mukosale HIV-1-Infektion empfanglich

sind.

Wir widmeten uns in dieser Arbeit daher der Entwicklung eines entsprechenden Modells. Hier
wird das neue CD34T+-Mausmodel vorgestellt und charakterisiert. In einem zweiten Schritt
wird das Model direkt verwendet, um das praventive Potential eines HIV-1-spezifischen

Nanobody in vivo zu untersuchen.
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Das CD34T+-Model ist eine Modifikation eines bereits etablierten Models (CD34), das humane
hamatopoetische Stammzellen aus Nabelschnurblut zur Rekonstitution verwendet. Als
muriner genetischer Hintergrund wurden NOD.Cg-Rag1™Mem |[2rg™mWi/SzJ (NRG) Mause
verwendet. Den neugeborenen Mause wurden im Alter von maximal 5 Tagen nach
Prakonditionierung mittels myeloablativer Radiatio CD34+ humane Zellen injiziert. Nach 12
Wochen wurde die erfolgreiche Humanisierung mittels Durchflusszytometrie aus dem
peripheren Blut Uberprift. Wir stimulierten die humane Rekonstitution durch die zusatzliche
Injektion von Spender-gematchten mononukledren Zellen begleitet von der Applikation von
humanem Interleukin 7. Es konnte gezeigt werden, dass die humane T-Zell-Rekonstitution
sowohl im peripheren Blut als auch in unterschiedlichen Organgeweben ubiquitar gesteigert
war. Die verschiedenen Leukozytenpopulationen wurden mittels Durchflusszytometrie
gemessen, die Prasenz der Zellen im Gewebe exemplarisch mittels Immunfluoreszenzfarbung
bestatigt. Die erhdhte Rekonstitution mit T-Zellen korrelierte mit einer signifikant erhéhten HIV-
1-Ubertragbarkeit durch intrarektale Exposition. Die Ubertragung konnte durch eine
Kombination breit neutralisierender Antikérper verhindert werden, was die Eignung als

Plattform fUr die Erforschung praventiver Wirkstoffe bestatigte.

In dieser Arbeit fiihrten wir eins der ersten in-vivo-Experimente mit einem HIV-1-spezifischen
Nanobody durch. Wir verwendeten den in-vitro breit HIV-1 neutralisierenden Nanobody ViH
A6. CD34T+ Mause wurden intrarektal mit VyH A6 und einem infektidsen HIV-1-Klon
behandelt. Als Kontrolle diente ein nicht-HIV-1-spezifischer Nanobody parallel zu derselben
Virusexposition. Wir verfolgten die HIV-1-Viruslast im Blut der Mause Uber 6 Wochen mittels
RNA-Aufreinigung aus peripherem Blut und anschlieRender quantitativer reverser PCR. VyH

A6 zeigte ein signifikantes praventives Potential.

Das neue CD34T+ Mausmodel ist eine wertvolle Erganzung zu bisherigen Plattformen in der
praklinischen HIV-1-Praventionsforschung aufgrund seiner verlasslichen mukosalen HIV-1-
Empfanglichkeit und seiner Unabhangigkeit von fetalem Gewebe. Wie bei allen Modellen ist
die kritische Evaluation der Limitationen erforderlich und die Eignung fir die jeweilige

wissenschaftliche Fragestellung zu prifen.

Nanobodies als passive Immunisierung gegen HIV-1 zeigen ein vielversprechendes Potential.
Unsere Arbeit tragt zur Translation in die klinische Testung bei. Die erhobenen Daten konnen
im Sinne eines Proof-of-Principle-Experimentes gewertet werden. Es schlief3en sich weitere
Fragestellungen an, so insbesondere bezlglich der Neutralisationsbreite gegen verschiedene
HIV-1-Varianten in vivo, der Wirksamkeit im weiblichen Genitaltrakt sowie der Funktionalitat

von bakteriell exprimierten Nanobodies.
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3. Introduction

3.1. The Human immunodeficiency Virus 1 (HIV-1)

The human immunodeficiency virus 1 (HIV-1)? is a human pathogenic member of the genus
Lentivirus in the family of Retroviridae. Common features of lentiviruses are the establishment
of chronic infection and comparably long incubation periods until clinical disease
manifestation®. HIV-1 virions contain the viral genome as single stranded RNA and viral
proteins necessary for cell invasion and integration of the viral genome into the host’s cellular
DNA including a reverse transcriptase (RT) enzyme*. The virions are enveloped in lipid
membrane material taken up from the releasing host cell and carry a single viral protein, the
envelope protein (Env) which is exhibited in comparably low density®, while being one of the
most heavily glycosylated of viral glycoproteins®’ . Env mediates cell attachment by interaction
with its primary cellular receptor cluster of differentiation 4 (CD4) and a secondary receptor,
either C-X-C motif chemokine receptor type 4 (CXCR4) or C-C motif chemokine receptor type
5 (CCR5). Corresponding HIV-1 strains are designated as X4-, R5- or dual-tropic respectively?.
Their target cells are CD4+ T cells (TC) and to some extend other CD4+ cell populations like

macrophages®.

An unprecedented genetic diversity is observed in HIV-1, both between different as well as
within one infected individual, mainly attributed to the RT’s high mutation rate and frequent

recombination within dual-infected host cells?*.

HIV-1 descends from simian immunodeficiency viruses (SIVs), of which it is closest related to
chimpanzee-specific SIV (SIV:.)°. First published as a new symptom complex in 1981'%' the
clinical manifestation of an HIV-1 infection received its contemporary name as acquired
immunodeficiency syndrome (AIDS) in 1982'2. A year later the causing agent was first
isolated'®. HIV-1 infection can lead to a progressive decline in the infected population of CD4+
T cells, ultimately impairing the adaptive immune response and allowing for opportunistic

infections and tumoursS.

HIV-1 gave rise to an ongoing pandemic that remains without an effective vaccine so far'*. In
2022 there were around 39 million people worldwide living with HIV, of which the vast majority
can be attributed to HIV-1"°, including 1.3 million new infections and 630,000 deaths due to
AIDS in 2022 according to UNAIDS'®. 4 phylogenetic groups of HIV-1 are distinguished (M, N,
O and P) each of which is believed to have arisen from a separate transmission from primates

to humans'. Group M is responsible for the ongoing HIV-1 pandemic and further subdivided
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into as yet the nine subtypes A-K* of which subtype C is predominant accounting for around

45% of all HIV-1 infections worldwide'®.

The HIV-1 pandemic exhibits a drastically uneven global distribution with the African continent
and sub-Saharan Africa (SSA) in specific representing the majority of new cases world-wide'®.
In this key population, especially the risk for young women is to be emphasized. Whilst only
representing around 10% of the population, women aged 15-24 years form 80% of the
occurring HIV infections'®. Besides various socioeconomic and educational factors, also
biological aspects render women especially vulnerable since many approved pharmacological
prevention tools appear to be less efficient in transmission through the female genital tract
(FGT) in comparison to rectal or penile exposure?. AIDS and AIDS-related conditions are the

primary cause of death in young women in SSA?'.
3.2. Mucosal HIV-1 transmission and prevention strategies
3.2.1. The modes of transmission in majority of new HIV-1 infections

HIV-1 can be transmitted by contact to free virus containing body fluids or exposure to infected
cells through different routes. The three predominant ways of HIV-1 transmission are namely
mother-to-child transmission (vertical transmission), intravascular exposure and mucosal
transmission during sexual intercourse??, the latter occasioning approximately 70% of new

infections. It is thus the epidemiologically largest target for preventive measures?2.

3.2.2. Pivotal steps in mucosal HIV-1 transmission and established preventive

measures

Mucosal transmission can be subdivided into different steps and prevention methods can be

assigned to their site of action:

(1) Presence of HIV-1 in the secretion of the infected individual
(2) Contact of HIV-1 containing secrete with the partner's mucosal epithelium
(3) Attachment to a target cell and induction of cell entry

(4) Establishment of productive infection in the cell and dissemination in the body
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Figure 3.1 course of vaginal HIV-1 infection through infected semen depicting targets
for prevention

Noteworthy a distinct microenvironment contributes to altered risks ' (not depicted in figure). Description from
top to bottom: Infectious virus particles from semen come into contact with the vaginal mucosa. When
reaching cells carrying the required surface receptors CD4 and CCR5 (or less frequently CXCR-4 is engaged
as coreceptor), cell-virus interaction including conformational changes of the Env trimer take place and
ultimately mediate cell entry. The virus establishes productive infection in the cell which travels through the
lymph vessels and spreads infection eventually leading to disseminated infection.

CD4+TC CD4 positive T cell, DC dendritic cell, dotted arrows indicate the hitherto controversial involvement
of DCs in the mucosal HIV infection



The concentration of viral RNA in the blood (viral load) is a suitable surrogate parameter for its
concentration in other body fluids such as semen or vaginal secretion. The higher the viral
load, the more likely the transmission of virus due to mere stochastics??. This reveals the

potential of efficient therapy in preventing transmission.

Combination antiretroviral therapy (ART) consists of drugs targeting various critical steps of
the viral replication cycle. ART has not only revolutionized HIV-1 treatment. It drastically
reduces viral loads, even below detection limits®. Observational studies unambiguously
present that therapy of the positive partner can reduce risks by magnitudes?3?* and the
proclaimed concept of “Undetectable = untransmissible” (U = U) proved true in multiple large
clinical studies in heterosexual intercourse as well as in men having sex with men (MSM)?®.

However, access and adherence moderate efficacy®.

Inhibitors of the reverse transcriptase have also been established as either pre- or post-
exposure-prophylaxis (PrEP and PEP) and proved their potential in a range of clinical trials2®.
Oral PrEP with either tenofovir disoproxil fumarate (TFV) or emtricitabine (FTC) is regarded as
safe?2%, The overall risk reduction of HIV-1 infection throughout 11 different placebo-controlled
clinical trials was around 51%2°. The effectiveness of PrEP was demonstrated to be highly
moderated by medication adherence; in studies with an adherence rate below 40%, there was

no significant effect of PrEP detectable®.

A mechanical rather than biochemical method of HIV-1 transmission prevention consists of the
use of condoms or other barrier methods. By their nature the effectiveness of barrier methods
HIV prevention is difficult to assess since data on correctness and frequency of use can only
be anamnestically gathered. However, an effectiveness of around 80% in preventing

heterosexual transmission is estimated?’.
3.2.3. Cell-virus interaction and viral cell entry

The entry of HIV-1 virions into target cells requires interaction between the heterotrimeric Env
and its main receptor CD4 on cell surfaces initiating a conformational change of Env allowing
for interacting with the secondary receptor CCR5 or CXCR42. Noteworthy the vast majority of
transmitted initial viruses (so-called founder viruses) are R5-tropic rendering CCR5 the
predominant co-receptor in mucosal HIV-1 transmission?2. This stable cell attachment enables
the virion to fuse with the cellular membrane and release its content into the cell?. Cell
attachment can be inhibited by molecules that interfere at critical binding sites on either the

cellular receptors or Env epitopes.
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3.3. Compounds with neutralizing activity against HIV-1 in the prevention of

mucosal transmission

3.3.1. The adaptive immune system interacts with pathogens at the site of

infection by formation of neutralizing antibodies

Neutralization of viruses can be defined as the ability to bind to critical structures on viral
surfaces that block steps within the cell attachment or invasion consequentially inhibiting cell

infection?®,

The human body is capable of forming highly specific antibodies (Abs) against a broad variety
of pathogens, a process that usually takes place during an infection or artificially induced by
vaccine immunogens. In brief, activation of B cells (BC) is either mediated directly through their
B cell receptor (BCR) or T cell dependent and causes somatic hypermutation towards a BCR
with high affinity against the corresponding bacterial, viral, fungal or other antigen. The BCR is
a transmembrane protein whose soluble part represents the immunoglobulin (Ig) or Ab. There
are 5 different Ig classes determined and class switch is known to be guided by a certain

microenvironment of cytokine signalling.

IgG, the most abundant Ig class® is a heterotetramer of two identical light (LC) and two
identical heavy (HC) chains arranged in a Y-like shape®. The LC is subdivided into two
subunits, one highly conserved throughout the Ab repertoire referred to as the constant domain
(CL) and the other highly variable between different Abs, designated the variable domain (V\).
In analogy, the HC also exhibits a variable domain (Vy) and its constant part consists of 3
consecutively numbered domains (Cy1, Cu2, Cx3). The conjunction of two variable domains
(VL and V) forms the antigen binding face and is present twice in the IgG. In both V4 and V|,
the antigen specificity is mediated by 3 variable loops, the so-called complementary
determining regions (CDRs)*. The paired Cn2 and Cux3 of the two HCs together form the
crystallisable fragment (F;) which mediates a variety of functions including immune cell
recruitment through F. receptor signalling, complement activation and protection from
degradation®. The IgG tetramer is interconnected by disulphide bonds formed between the
HC and LC at the Cy1 domain of the HC and between the two HCs in the so-called hinge

region between Cy1 and Cp2%.

Functionally, Igs bind to epitopes on pathogens and can tag them to attract cellular immunity
or the complement system. Furthermore some Abs are intrinsically capable of virus

neutralization and termed neutralizing antibodies (nAbs).
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3.3.2. Broadly neutralizing antibodies against HIV-1 occur in a small subset of

infected individuals throughout the course of infection

Env is the only viral protein exhibited on HIV-1 virion surfaces and therefore the only target for
Abs mediating neutralization®*. HIV-1 incorporates a variety of mechanisms to evade nAb
responses. The low density of Env trimers per virion renders it comparably little immunogenic?®.
The enormous genomic diversity is also reflected in Env constraining Abs to target highly
conserved regions for broad neutralization. High conformational flexibility and extensive

glycosylation®® hide these vulnerable epitopes and prevent Ab binding to these faces®.

When studying the natural response to HIV-1 in infected individuals a common scheme can
be found: The initial Ab response is insufficient and does not neutralize all circulating viruses®®.
After a few months, Abs with the ability of neutralizing some viruses are elicited, viral
diversification in the meantime easily overcomes this immune response®. Throughout the
course of infection, the neutralization breadth of Abs increases and in a fraction of infected
individuals, Abs with neutralizing activity against a broad range of HIV-1 strains, so-called
broadly neutralizing Abs (bnAbs) can be detected. Around 1% of HIV-1 positive individuals
harbour bnAbs with exceptionally high potency and large neutralization breadth against HIV-
13738 These so-called elite neutralizers are often not capable of clearing the virus off the
system and also only seldomly maintain ability to supress viral replication continually®®.
Nevertheless their bnAbs are of interest in the preventive setting, since protection is less

challenging than maintaining viral suppression in view of a highly accommodable virus?2%4.

Those bnAbs have some unique features that are rarely observed in human Abs which
emphasizes the difficulties in eliciting those*°. BnAbs commonly exhibit a high extent of somatic
hypermutation; on average over 30 mutations per antibody Vu sequence are found whereas
below 20 mutations are observed for conventional IgG*'#2. A long CDR3 is another
characteristic shared throughout bnAbs, which has been shown to be advantageous in
reaching conserved epitopes by forming a penetrating loop*.

3.3.3. Neutralization breadth of bnAbs can be quantified in vitro

In view of the diversity of circulating HIV-1 strains, it is a major task to spot those nAbs with
favourable neutralization profiles and render nAb neutralization breadth objectively
comparable. Different reference panels of HIV-1 Env strains have been compiled and remain
under constant evaluation**. HIV-1 Envs differ in their sensitivity to nAbs mainly due to the

stochastic likelihood of different conformational states wherein Envs with frequent open
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conformation are more easily accessible for nAbs**. Correspondingly, HIV-1 strains are
categorised into the 4 tiers 1A, 1B, 2 and 3, 1A being the most and 3 the least sensitive tier**.
With regard to the tier distribution throughout circulating strains, a broad neutralization of tier

2 strains appears to be aspired in order to mediate protection*“.
3.3.4. bnAbs can mediate protection from HIV-1 infection in vivo

Many different bnAbs have been identified so far and progressed from in vitro characterisation
to animal studies and clinical trials for both treatment and prevention. Whilst single bnAbs have
repeatedly been shown to be insufficient in suppressing viral replication*54¢, combinations of
different bnAbs have the potential to effectively control infection in animal models*’#’. A recent
combination bnAb small-scale randomized controlled trial (RCT) in infected humans has also
found the potential for sustained control without emergence of escape variants throughout the

yet short time of observation of 24 months“®.

The preventive potential of bnAbs is also currently assessed both pre-clinically and clinically.
Despite promising data from animal experiments*®, results from two RCTs employing VRCO01
underlined the higher requirements in a clinical setting®. Whilst hinting at protection against
VRCO01 sensitive HIV-1 strains, overall risk of acquisition was not reduced®. Noteworthy,
rational combination of bnAbs has not yet been studied sufficiently in preventive settings®' and

further insight is an important starting point of current and future clinical studies.
3.4. Nanobodies in HIV-1 prevention
3.4.1. Nanobodies are the smallest naturally occurring functional Ab fragments

The formation of Abs is a crucial component of the adaptive immune response throughout
vertebrates. The heterotetrameric overall structure of conventional Abs is highly conserved

and comparable across species.

First described in 1993°%, Camelidae (including camels, llamas and dromedaries) exhibit a
remarkable and to current knowledge peerless exception throughout mammals. In their bloods,
three 1gG subclasses occur, two of which (IgG2 and IgG3 respectively) do not possess a Cu1
domain and consecutively no adjoint L chain, thereby being naturally occurring heavy chain
only Abs (HCADb)32°253 (see also Figure 3.2). The Fa, fragment of these HCADb is thereby only
formed from the H chain and the corresponding domain is termed VyH. HCADb exist alongside

the conventional tetrameric IgG1 and it has been demonstrated that responses to pathogens
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mount both Ab types in parallel®?. The proportion of HCAb of all circulating IgG varies between

camelid species and may be as high as 80% in camels®“.

The VuH of HCAD is of particular clinical interest, since it can independently bind to its antigen
which is not the case for conventional Vy domains that rely on the interaction with V2. The
recombinant VyH is therefore regarded as the smallest naturally occurring functional Ab

fragment in mammals with a size of around 15 kDa® which lead to the name nanobody?2.

S

C2 C.2

H H
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IgG1 HCAbIgG2 V. H

Figure 3.2 schematic illustration of V4H in comparison to HCAb and IgG1

Depicted are from left to right the heterotetrametric structure of an quintessential 1g, a heavy-chain-
only Ab as naturally occurring in the family of Camelidae and its smallest antigen-binding fragment,
the VuH. Heavy chain depicted in light blue, light chain in beige. Each variable domain (VH, VL and
VHH) contains 3 CDRs, signified by the 3 colour shades on top of the domain.

Illustration is not true to scale.

3.4.2. Considerations on favourable features of nanobodies against HIV-1

Whilst the artificial construction of conventional IgG derived Vy only fragments leads to
impaired functioning, natural selection has apparently overcome these restrictions in VyH3.
VuH are highly soluble in contrast to human Vy only fragments®®. They also possess an
increased heat-resistance and can be easily produced in large scale by bacterial cells due to

their single chain structure®®.

As outlined a major obstacle in the generation of neutralizing Abs against HIV-1 is the
protection of highly conserved and vulnerable epitopes on the HIV-1 virion mainly by extensive

glycosylation®®. Structural and sequential analysis of bnAbs have revealed some common
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features that are rare in human Abs. One of these is a protruding CDR3 loop of the Vy allowing
for recognition of antigens despite heavy glycosylation*®. Longer CDR3 loops with an average
length of around 15 aa versus 13 aa in human IgG are an indigenous feature of VyH with
additional mechanisms such as additional disulphide bonds for stabilisation readily in place®’.

The increased CDR length is believed to compensate for the absence of a V. domain®2,

Nanobodies against HIV-1 have been generated and isolated by several researcher groups

%859 An established work-flow to generate HIV-1 specific VyH is sketched in Figure 3.3.

Nanobodies have readily proven their broad neutralization potential against a variety of HIV-1
reference strains®. The nanobody with the broadest neutralizing activity in the described study
is termed A6°® and has a CDR3 length of 18aa®® which is consistent with the increased CDR3
length being advantageous**%°. V4H A6 exhibited neutralising potential against 16 out of 21
tested HIV-1 pseudoviruses in previous analysis®®. Its ICso values against the most sensitive
strains were as low as 0.012 ug/mL by that keeping totally up with highly potent bnAbs3*.
Neutralization was present against all tested Tier 1 strains, some Tier 2 and 3 strains showing
highest activity against Clade B and C whilst none was observed against Clade A and
recombinant circulating strains CRF07/BC. Interestingly, other nanobodies isolated alongside
with VyH A6 were found to have somewhat complementary sensitivities which affords the
opportunity for a combination of V4Hs to broaden the neutralization spectrum®®. In vivo potency

of nanobodies against HIV-1 had not been assessed prior to this work.
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Figure 3.3 Simplified workflow of the generation of neutralizing nanobodies

Nanobodies can be isolated from immunised animals and characterised as depicted. Dromedaries are
immunised with a suitable immunogen, in case of HIV-1 most frequently a stabilised soluble Env trimer
construct (gp140 SOSIP) by subcutaneous injection. Different timelines are followed but repeated
administrations followed by a delayed booster are favourable. Afterimmunisation, peripheral blood is obtained
and PBMCs are isolated. CDNA is synthesized and ViH cDNA is selectively amplified by nested PCR and
ligated into a phagemid to introduce it into phage-competent bacteria eventually superinfected with a phage.
Phage display is used for screening and primary selection of gp140 SOSIP specific VuH. The circular arrow
arrangement indicates several rounds of selection. Obtained VuH are further selected by ELISA and
eventually neutralization assays against pseudo- and infectious viruses. Figure based on [14, 80, 125].
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3.5. Animal Models for Prevention Studies
3.5.1. General criteria of suitable animal models

As for all models, animals utilized to model HIV infection do not mimic the entirety of the
situation in humans. Suitable animal models require the susceptibility to HIV-1 or a
considerably similar lentivirus. On a cellular level, HIV-1 susceptibility implicates both presence
of the proteins involved in the viral replication cycle and absence of fatal restriction factors®’.
The endeavours to create and improve HIV-1 animal models are as old as the knowledge of

the virus itself®.

It appears to stand to reason to employ non-human primates (NHPs) since HIV-1 is a direct
descendant from the chimpanzee specific SIV (SIV¢p,) which is endemic in some chimpanzee
populations®'€* and NHPs are the closest relatives of humans incorporating reasonable host

similarities®.

On the other hand, small rodents including mice and rats have a long history of being utilized
as animal models for human diseases and have notable advantages regarding their

availability.

In the following, the available animal models will be described in further detail including their

advantages and disadvantages.
3.5.2. NHP models

HIV-1 is a descendants of SIV'" which includes a range of species-specific viruses®'.
Occasionally cross-species transmission occurred and lead to either non-productive isolated
cases or gave rise to productive spread within a new species and consecutively the formation
of a new species-adapted strain'” as it was eventually the case with HIV-1175,

3.5.2.1. HIV-1in NHPs

Despite HIV-1 being derived from SV, chimpanzees are seldomly susceptive to it'"".
Resistance to HIV-1 in chimpanzees and other Old World Monkeys (Catarrhini) is caused by
multiple restriction factors along the viral replication cycle. Slight but essential alteration of
molecular structures explain the low rate of productive cross-species transmission of SIVs.
Most New World Monkey (Platyrrhini) species support HIV-1 infection to a certain extent®® but
do not develop any clinical symptoms. Besides, they are phylogenetically more distinct from

humans limiting their relevance as a suitable animal model®.
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3.5.2.2. SIVin NHPs

SIVs are endemic in more than 40 different African primate species and have long believed to
be apathogenic for their natural hosts®'!. Whilst this turned out to be untrue for HIV-1 precursor
SV in chimpanzees, it is confirmed for SIV strains in sooty mangabeys (SM) and African

green monkeys (AGM)®’.

Despite exhibiting an initial CD4+ cell decline the further course of apathogenic SIV infection
in SM and AGM is characterised by CD4+ cell recovery®®. Chronic immune impairment and
subsequently progression to AIDS are absent®®. A factor contributing to the pathogenicity of
SIV¢,. and HIV-1 might be the alteration of co-receptor usage®’ that occurred in the divergence
of SIV¢,, from other strains. All of the most closely related SIV strains, including SIVagm in AGMs
and SIVsm in SMs use CXCRG6 as a co-receptor, whilst SIV¢,, and HIV-1 do not possess this

feature and consequentially infect different cell populations®’.

Investigations into the phylogeny of primate lentiviruses has led to a differentiated knowledge
of the origins of HIV-1"". Furthermore, outlining how avirulence in natural SIV hosts is mediated
allows insight into critical steps of viral pathogenesis revealing potential HIV-1 treatment
targets. However, altered co-receptors for viral entry render them rather unsuitable for

prevention experiments.

SV, infection in chimpanzees is associated with increased mortality, decreased fertility and
a CD4+ cell depletion in post-mortem analyses'’. Many pieces of evidence hint at SIV,, being
a rather young SIV strain'”. However practical and ethical factors contribute to chimpanzees
not being considered as a research platform. They exhibit many behavioural features of
humans, including complex social interactions and emotions. Obtaining a sufficient number of
individuals required for significant results is barely feasible in terms of cost, equipment and
facilities®. In addition, their endangered status deters from carrying out chimpanzee
experiments, being therefore prohibited in an increasing amount of countries including entire

Europe’®1,

The first known pathogenic SIV strain was SIV . in captive Asian macaques in 1985 and was
traced back to prion disease monkey experiments in which they were unwittingly exposed to
SIVsm. Artificially enforced animal-to-animal passage bore the opportunity for the virus to
adaptt'7273, SIV . infected macaques develop an AIDS-like disease including predisposition
for opportunistic infections accompanied by progressive loss of CD4+TCs"2. Despite these
similarities to HIV-1, some considerable differences are also present. The latent chronic

infection phase is shorter in macaques and they tend to reach the AIDS stadium within 1-2
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years after infection®'. Notably the genetic similarity is only around 53% leaving a lot of drugs
targeting HIV-1 structures ineffective against SIVmac®'. SIVmac rarely gains ability to interact with
CXCR4 as co-receptor like HIV-1 commonly does, but interacts with co-receptors that HIV

does not®167.74,

Macaques are the predominantly used NHP platform in HIV-1 research and especially in pre-
clinical vaccine testing’®. Even though less expensive and more available than chimpanzees,
also the utilization of macaques grabbles with limited availability and achieving sufficiently high

numbers of animals per experiment’®.
3.5.2.3. SHIV and HSIV

Derived from the findings about restriction factors against productive HIV-1 infection in NHPs
were aims to engineer a recombinant virus with the most possible resemblance to HIV-1 whilst
still being infective for NHPs. In brief, either HIV-1 genes can be introduced into SIV (creating
so-called SHIV) or, coming from the other side, SIV genes can be introduced into an HIV-1

clone (termed HSIV correspondingly).

The most frequently exchanged gene in SHIV is env®' leaving a corresponding model suitable
for Env-targeting vaccination and prevention measures. It turned out that the first generated
SHIVs despite being highly pathogenic to the macaques also seemed rather easy to be
neutralized by vaccine-elicited Abs®' which is proposed to be related to these SHIV strains
evolving to an X4 tropism much rather than remaining R5 tropic. Additionally they were highly
sensitive to Abs elicited in the infected individuals which is not the case for acute HIV-1
infections in humans’®. More recent attempts emphasizing the creation of R5-tropic SHIV

strains with Env proteins from founder HIV-1 variants’” seem to resemble HIV-1 more closely.

A HSIV clone only altered in its vif gene was shown to lead to a longer lasting viraemia
compared to its HIV-1 ancestor’® in pigtailed macaques (PTMs)®'. When investigating its
potential adaption to the new host, changes in the env gene were found causing a higher
affinity to the macaque CD4 viral receptor but however could not be shown to have any
impairments on the infectivity in human cells in vitro’. Notably, for this HSIV the same dual

tropic env genes from HIVsg ¢ that evolved towards X4-tropism in first generation SHIV strains’®.

The generation of chimeric SHIV and HSIV variants is a still refining approach to reduce

differences to HIV-1 in humans on a molecular level.

In summary, NHPs in combination with pathogenic SIV or more recently SHIV and HSIV have

a major advantage regarding the intact immune system allowing for studies of the immune
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response including the induction of an active immunity by vaccination. However, transferability
of NHP studies should be treated with reasonable care. In the past, essential differences
between HIV-1in humans and the artificial infection of NHPs with SIV or chimaeras have been
revealed retrospectively as mentioned for the illusive successes in vaccinating macaques
against SHIV.

Noteworthy, the utilization of NHPs has some maijor practical constraints due to high costs of
maintaining a primate facility, the limited availability of animals and their rather long life-span
and generation times implicating long experiment durations. Their inter-individual variation
leads to large fluctuations in susceptibility to the virus as well as altered immune responses
and requires appropriately large numbers of experiment animals that are often not achieved.

Especially for first-in-vivo and large scale testing of a variety of direct antiviral substances,

smaller, cheaper and more uniform animals appear preferential.
3.5.3. Humanized mouse models

Initial attempts in infecting small rodents with HIV-1 were unsuccessful . Various reasons
were determined including restriction factors and lack of the required virus receptors®’.
Transgenic modification of mice and rats®'#? enabled hCD4 and hCCR5 expression allowing

HIV-1 cell-entry but yet without productive replication®?.

The observation of mice with a genetic condition leading to an inherited severe
immunodeficiency (SCID) being engraftable with human immune cells became the starting
point for the generation of so-called humanized mice (huMice). HuMice became a generic
name for a vast variety of mouse models based on the concept of an immunodeficient host
engrafted with a human immune system to a certain extent. The research on huMice is looking
back on many major ameliorations since the descriptions of very first prototypes in 198824,
However there is currently a broad range of available huMouse models for HIV-1 research,
each bearing its limitations and advantages and none incorporating the entirety of the human
immune system. The following is aimed to serve as an overview of the most relevant available

models, their drawbacks and potential questions to assess with.
All humanized mouse models are based on two founding pillars:

a. the immunodeficient genetic background of the mouse strain allowing for a human
engraftment

b. the human graft and its introduction route
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Especially in the recent developments further modifications have been made or suggested

which contain two major aspects:

c. enhancement of the humoral environment required for human immune differentiation
and functionality

d. reconstitution of a human microbiome

Technically, all existing versions of these features can be combined amongst themselves.
However some combinations developed to be used most frequently. In order to allow an
overview, the features will primarily be regarded distinctly and consequentially the most

relevant models will be described.
3.5.3.1. Immunodeficient genetic background

Since the first successful human engraftment in a mouse strain called SCID mice® a variety
of genetic backgrounds was determined to extend host immunodeficiency and improve human

engraftment.

The SCID mutation affects the Prkdc gene, encoding the catalytic subunit of the DNA-
dependent protein kinase (DNA-PK), which is crucial for repair of double-strain (ds) DNA
breaks as occurring during T and B cell receptor rearrangement or through radiation induced
DNA damage®®. The SCID mutation averts lymphocyte maturation but also renders the mice
highly radiation-sensitive. Furthermore it is regarded as “leaky” allowing for low levels of
functional T and B cells nevertheless®. Human engraftment is only transient since the

unimpaired innate immunity still counteract the foreign tissue®.

The non-obese diabetic (NOD) genetic background has multiple mutations of both innate and
adaptive immunity favourable for human engraftment. In addition to the eponymous insulitis by
autoreactive TCs, NOD mice also exhibit reduced natural killer (NK) cell and complement
activation®”. This additionally lessens a potential disturbing factor in HIV-1 research since
murine complement effectively counteracts HIV-1 virions®. A polymorphism in the signal-

regulatory protein a (SIRPa) reduces phagocytosis of human cells®%.

Backcrossed NOD-SCID mice exhibit a non-diabetic phenotype®” with significantly lower graft
rejection compared to SCID mice. However, the NOD-SCID strain has a significantly shortened

life span due to the development of thymoma®’.

In contrast to Prkdc, the recombination activation genes 1 and 2 (Rag? and Rag2)®' are

exclusively expressed during lymphocyte maturation and do not interfere with ds damage
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repair mechanisms thus retaining normal radiation tolerance®2. Rag mutations are non-leaky
and absence of either gene fully bans BC and TC maturation®’. NOD-Rag7” or NOD-Rag2™"

mice are also not thymoma-prone.

As observed in X-linked SCID, the interleukin (ll) 2 receptor common gamma chain (ll2ry) was
determined as another versatile target structure of the immune system. Despite its name, Il2ry
serves as subunit to Il receptors 2, 4, 7, 9, 15 and 21%. The homozygotic knockout of the //2rg
gene (l12rg™™"% therefore interrupts a broad range of important signalling pathways, which

inhibits NK cell formation®® and impairs dendritic cell (DC) signalling®®.

Currently, either the scid mutation Prkdc®™ or the Rag1 null mutation Rag1™'™°™ and the /12ry
null mutation /12rg™""" on a NOD background are basis to the two most frequently employed

strains for HIV-1 research in huMice®. Their formation denotations® are

e NOD.Cg-Prkdcsed]i2rg™™Wi/SzJ
(common name NSG mice, Jackson Laboratories Strain #:0055578%%)
e NOD.Cg-Rag1mMem||2rgtm1Wi/SzJ

(common name NRG mice, Jackson Laboratories Strain #:007799°':94)

null

Despite the prevention of thymomas in NSG mice through the introduction of the //12rg
mutation®® reduced survival rates are observed in both NRG and NSG mice compared to NOD-
Rag1™" or NOD-SCID mice respectively when transplanted with human haematopoietic stem
cells (hHSCs)?2. The engraftment of human cells however is significantly increased in both

null

strains®2. Noteworthy, all strains possessing the /I2rg"™" mutation suffer from incomplete
architecture of the secondary lymphoid tissues®®, which also affects the development of
engrafted human cells as outlined below. NRG mice are advantageous over NSG mice in

irradiation studies due to their preserved radio-tolerance °2.

Research in the field of genetic backgrounds for huMice appears to be by far not completed.
Several approaches are pursued in order to improve human reconstitution and reduce graft-
versus-host-disease (GvHD)?%7. Efforts are also made to further diminish the remaining
murine immune system, which mediates host-versus-graft reactions (HvGR) and might warp
experimental results in huMice e.g. when mounting an own response against an investigated
pathogen®. In order to reduce GvHD, antigenic recognition of xenogenic tissue needs to be
circumvented. Therefore “murine” recognition markers are either abolished or substituted with
the human correlate. For example a knockout in the gene encoding CD47 leads to reduced
GvHD rates® in the so-called triple knock-out mice (B6 TKO, formally B6.129S-
Rag2mfwaCD47Mm el 2rg™Wi/J with a C57BL/6 background (Jackson Laboratories stock
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#:000664)). B6 TKO mice allow for high levels of human cell reconstitution in blood, bone
marrow and secondary lymphoid tissues'®. They have a functional complement system'®°
which, as aforementioned, bears the risk to overestimate protection against HIV-1 due to direct

HIV-1 counteraction®s.

Introduction of a deficiency in the major histocompatibility complex (MHC) | or Il encoding
crucial proteins for self and foreign distinction on cell surfaces into NSG mice delays GvHD
when engrafted with human peripheral blood mononuclear cells (hPBMCs)® which is however

not the case when employing hHSCs instead®.

Despite the significant facilitation of generating transgenic mice through techniques such as
TALENs and CRISPR, the identification of appropriate target genes however remains

challenging and subject to current research™.

3.5.3.2. Human graft

adult blood donor placenta donor @foeial tissue

p)

foetal thymus

)
v foetal liver

Figure 3.4 Schematic overview of the four most common engraftment methods in
humanized mice

From left to right: hPBMCs from peripheral blood of adult blood donors can be introduced intrahepatic (i.h.)
or intravenous (i.v.), the first description of this method resulted in the peripheral blood leukocyte (PBL) SCID
model. HSCs can be isolated from umbilical cord and placenta blood obtained from donors, these are injected
i.h., usually to new-born pubs (not depicted), resulting in hCD34+ mice (CD34+ model). Foetal thymic and
liver tissue can be transplanted together, usually beneath the renal capsule, giving rise to a new conjoint
organoid. When used exclusively, the resulting model is referred to as Thy/Liv mice. It can be combined with
the administration of donor matched HSCs, that are injected i.v. resulting in the bone marrow liver thymus
(BLT) model.

3.56.3.2.1. Peripheral blood derived mononuclear cells (PBMCs)
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The simplest approach for human immune cell engraftment in mice utilizes hPBMCs from adult
blood donors. PBMCs can be administered through different routes. Established regimes
include intravenous (i.v.), intraperitoneal (i.p.), intrahepatic (i.h.) or intrasplenic (i.s.)
injections™. Mice engrafted with hPBMCs are also commonly referred to as hu-PBL-mice
(human peripheral blood leukocytes mice)’. After engraftment, human cells are measurable
in various murine organs. The engraftment rate, determined by presence of hCD45+ cells in
the peripheral blood or organ tissue is practically 100%'%". It is possible to modify the immune
reconstitution by pre-selecting the PBMCs and e.g. exclusively transferring certain cell
populations. With a non-depleted PBMC graft, the reconstitution in hu-PBL mice consists of
mature lymphocytes, predominantly CD3+ TCs with some extend of BCs whilst other
leukocytes are not stably detectable*’. Since the human graft consists of mature cells which
are recognizing the murine tissue as foreign, the PBMC engraftment is usually followed by a
rapid human immune cell activation and consecutively the development of TC mediated GvHD
within a few weeks, which prohibits the employment in long-term experiments®1°2, The
expanding human TCs become activated due to recognition of foreign in the mice by that
mounting a xenoreactive response’®. Hu-PBL-mice therefore are not a model for the

physiological human immune homeostasis.

HIV-1 infection is usually introduced by i.v., i.s. or i.p. administration of virus or directly by
transferring HIV-1 infected PBMCs from patient blood. Hu-PBL-mice appear predominantly
unsusceptible to mucosal HIV-1 infection. Successful infection through these routes was highly

variable which drastically limits the employment of this model for prevention studies %3

Thus, hu-PBL-mice exhibit certain important limitations making them unsuitable for mucosal
prevention experiments with their main application field in addressing allograft rejections or

immune pathologies like autoimmunity'°'.

The application of immature human immune cells in contrast aims to establish their
differentiation in the host, leading to improved host tolerance and a more complete human
immune system with the potential capacity to mount physiological immune responses of both

innate and adaptive pathways.
3.5.3.2.2. Human haematopoietic stem cells

HSCs exhibit the capacity to renew themselves and give rise to all lymphoid and myeloid cell
populations®3. HSCs, defined by the expression of hCD34, can be obtained from various
sources: In adult humans, CD34+ cells are located in the bone marrow and can be mobilized

into the periphery by G-CSF application™'. Furthermore, hHSCs are located in the blood-
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building foetal liver and in umbilical cord blood. It was shown that engraftment of foetal and

cord hHSCs is more efficient than employment of adult h(HSCs®°.

A differentiation of multiple human immune cell lineages can be achieved by employment of
HSCs derived from umbilical cord blood'®. The best results in terms of human reconstitution
have been achieved by a procedure containing a preconditioning of the already
immunodeficient mice (most commonly NSG and NRG as described above) by sublethal
irradiation®’. Consecutively the hHSCs can be administered by variable routes. Feasibility
depends on whether adult mice or new-born pups are transplanted. In adults, iv. or
intraosseous injection into the femoral bone (i.0.) are most common whereas in pups,
intracardiac (i.c.), intrahepatic (i.h.) or i.v. administration routes are predominant'. Intrinsic
homing signals of the HSCs lead to a migration into the bone marrow, where consecutively the
human haematopoiesis is located. Naive TCs travel to the murine thymus where they mature
into functional CD4+ or CD8+ TCs. The multilineage maturation results in the formation of TCs,
NK cells, monocytes, DCs and BCs that are detectable throughout all tissues. However, whilst
precursors of all myeloid cells including erythrocyte progenitors and megakaryocytes are well
engrafted in the bone marrow, their peripheral blood circulation is poor'®2. That has exemplarily
been shown to be caused by the absence of the required human cytokines to mediate
mobilisation, homing and activation and can be overcome by the admission of the same'2.
Noteworthy, employing new-born mice ameliorates the TC reconstitution since
immunodeficient mice like NRG or NSG mice in the absence of lymphocytes otherwise only

form a poorly developed thymus'°®.

CD34+ mice can be infected with HIV-1 by i.p. and i.v. application with high infection rates.
Mucosal susceptibility is however low and highly variable'®® despite some reports about

consistent and high transmission rates'%”.
3.5.3.2.3. Foetal tissue

The usage of foetal thymus and liver tissue leads to the generation of human thymus/liver mice
(hu-Thy/Liv mice). The established procedure consists of the implantation of human foetal
thymus and liver tissue caudally of the kidney capsule of the mouse. The implant forms a new
conjoint organ that gets vascularized and has been shown to allow for differentiation of the
foetal liver derived HSC into naive TCs, both cytotoxic (CD8+) and T helper (CD4+) cells'®®. In
hu-Thy/Liv mice, human TCs are systemically present, while other human cell lines are barely
detectable'®1%°  |n this setting, human TC maturation takes place under the mediation of

autologous human thymus stromal cells resulting in MHC restriction. Despite the robust and
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sustainable TC development, immune function and peripheral reconstitution is rather low. HIV-
1 infection was initially only attainable by direct injection of virus into the conjoint organ™'®. By
increasing the amount of human tissue implanted per host, a systemic susceptibility can be
introduced and disseminated HIV-1 infection is achievable through i.p. inoculation''°. However,
mucosal infection still remains ineffective. Another advance was made by using the NSG
instead of the NOD/SCID background, that also lead to better systemic TC reconstitution. The
NSG background Thy/Liv model was designated as T-cell only mice or TOM%°,

Besides the biological aspects of foetal tissue employment, ethical and legal restrictions have
to be acknowledged. The use of foetal tissue for research objectives is e.g. prohibited in
Germany'".

3.5.3.2.4. Combination of foetal tissue and CD34+ cells

The combination of foetal tissue and stem cell transfer consists of the implantation of foetal
thymus and liver tissue accompanied by the i.v. injection of donor-matched HSCs''2. In the
first description of this method, mice received the thymus and liver transplant at 6 to 8 weeks
of age. Previously, parts of the liver tissue were used to isolate CD34+ cells that were
consecutively kept frozen until used. After 3 weeks, the mice were preconditioned by sublethal

irradiation and received the prepared CD34+ cells intravenously ''2.

BLT mice have human MHC restricted TCs capable of mounting an immune response to
human viruses such as EBV''2. Their cell engraftment throughout all leukocyte populations is
higher compared to HSC-only mice'”’. Importantly, BLT mice show the overall highest human

cell reconstitution in the gut mucosa and exhibit a distinct lymph node architecture.

One major shortcoming of BLT mice on the NSG background is their development of fatal
GvHD'"3, Histopathological features of GvHD are virtually present in all successfully engrafted
individuals. When investigating the molecular characteristics of the BLT mice’ GvHD, it can be
argued that their major strength — the human TC functionality is their draw-back at the same
time, since the inflammation is predominantly CD4+ TC mediated'®. Differentiation and
maturation in a human thymic tissue allows formation of a competent immune response against
pathogens whilst at the same time mimicking reactions similar to chronic GvHD and eventual
loss of host tolerance''®. CD34+ mice in contrast experience human TC maturation in a murine
thymus which leads to a detectable population of mature TCs tolerating both autologous
human and murine cells whilst showing reactivity to allogenic human cells'. This observation

is consistent with the lower rate of GvHD in CD34+ mice compared to BLT mice'.
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Importantly the B6-TKO genetic background engrafted with the BLT method resulting in B6-
TKO BLT mice leads to a comparable phenotype of human cell reconstitution in blood and

tissue but seldomly experience GvHD'%,
3.6. Aims of this thesis

The HIV-1 pandemic is still ongoing and the declared UNAIDS goals in reducing new infections
by 75% from 2010 to 2020 drastically failed.

The predominant route of transmission is by far during sexual intercourse. Therefore the most
effective preventive measures should target the risk of mucosal infection. To accelerate and
improve research in this field, suitable animal models remain currently without alternative.
Small animal models allow the testing of more different approaches in shorter time intervals in
comparison to NHP models. However, most of the current humanized mouse models have
major restrictions due to their limited human immune reconstitution. So far, only the BLT mouse
serves as a solid model for mucosal HIV-1 transmission with consistent reports of mucosal
infectability throughout different research groups. Since its generation is challenging and relies
on the usage of foetal tissue implicating moral and ethical restrictions in various countries, a
mouse model independent of foetal tissue and complex surgical procedures for mucosal HIV-
1 transmission is required. The US National Institutes of Health have repeatedly pointed out
the great relevance for improved and non-foetal tissue relying mouse models for a variety of
purposes including HIV-1 research and announced their funding support (NOT-AI-19-040 and
NOT-OD-19-042).

This work aims to enlarge the repertoire of reliable and feasible mouse models for the
exploration and testing of novel compounds in the prevention of mucosal HIV-1 transmission.
We present and characterize the novel CD34T+ mouse model as a foetal tissue independent
humanized mouse model with enhanced mucosal human CD4+ cell reconstitution and

consistent mucosal HIV-1 susceptibility.

Nanobodies have many structurally, pharmacologically and practically favourable features
making them promising new precise compounds counteracting HIV-1 at the site of infection.
Despite an elaborate in vitro characterisation of different anti-HIV-1 nanobodies, in vivo data
is still very limited. We aimed to conduct one of the first in vivo studies with the nanobody ViyH
A6 as potential protection against mucosal HIV-1 transmission. This work focusses on the
transferability of the in vitro neutralization activity into a mucosal exposure setting as a proof-
of-concept study. The novel and previously characterized CD34T+ model was chosen as in

vivo testing platform.
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4. Materials and Methods

4.1. Materials
4.1.1. Mice

For all mouse experiments of this project, we employed mice with a NOD.Cg-Rag1miMem
12rg™™Wi/SzJ (NRG) background®2. This strain is based on a NOD background with two
additional mutations, a knockout of Rag7 and a complete null allele of the IL2rg.

The mice were purchased from The Jackson Laboratory (JAX stock #007799) and maintained
through breeding in the Decentralized Animal Facility Cologne as part of the Humanized Mouse
Core Cologne (HMCC). They were always kept under specific-pathogen-free conditions in a
system of individually ventilated cages (IVC) at a 12h day-night circadian rhythm. Food was
provided ad libitum employing ssniff®''® complete feed products (Ssniff Spezialdiadten GmbH,
Soest, Germany, “Rat/Mouse — Maintenance” for maintenance or “Mouse Breeding” for
breeding).

4.1.1.1. Handling of the mice

All treatments were performed according to hygienic standards and cages were only opened
under sterile conditions. All mouse experiments were authorized under the protocol AZ.84-
02.04.2015.A353 by the State Agency for Nature, Environmental Protection and Consumer
Protection North Rhine-Westphalia (LANUV).

4.1.1.1.1. Anaesthesia

If necessary to ensure work safety or to minimalize suffering of the animals, the mice were
anesthetized by placing them into an induction chamber (UNO Induction Box and Gas Exhaust
Unit, For Medical Instruments, Seeheim-Ober-Beerbach, Germany), that was connected to a
ventilation with regulatable mixture of oxygen and isoflurane (UniVet Porta, Groppler
Medizintechnik, Deggendorf, Germany) as well as an outlet leading the gas through an
anaesthetic gas filter (Contrafluran™ Narcosegasfilter, ZeoSys Medical, Luckenwalde,
Germany) and a scavenger system (Lab Active Scvanger (L.A.S.), Groppler Medizintechnik,
Deggendorf, Germany). Isoflurane proportion was set to 2-3%. In the induction chamber, mice
were under intensive visual observation of respiratory frequency and muscle tone. After an

accurate decline in respiratory frequency indicating a sufficient anesthetization, mice were
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taken out and during the entire procedure and afterwards well observed for physiological regain

of consciousness.
4.1.1.1.2. Submandibular vein bleeding

For all analysis methods requiring peripheral blood samples, mice were bled the necessary
volume of blood from the submandibular vein according to the Recommendations for blood
sampling in laboratory animals published by the GV-SOLAS and TVT"®. For all procedures
performed in the S3** safety area, mice were anesthetized (4.1.1.1.1). Mice were restrained
by scuffing a large fold of the neck. Puncture site was located at the middle between ear and
eye and punctured with a 5 mm animal lancet (Goldenrod, MEDIpoint Inc., Mineola, NY, USA).
Blood was collected by holding an EDTA microtube (Microtube 1.3 mL, K3-EDTA, Sarstedt,
Numbrecht, Germany) below puncture site. After blood collection, restraining was loosened
and the wound was checked for haemostasis. If necessary, wooden cotton-tipped sticks (150
mm, AMPri, Winsen/Luhe, Germany) were used to stop bleeding by moderate pressure. Mice

were consequentially replaced into the cages.

4.1.2. Viruses

HIV1 NL4-3yy. (infectious molecular clone HIV-1yy, in pNL4-3)"7
HIV-1 NL4-3ga. (infectious molecular clone HIV-1ga. in pNL4-3)'"7
4.1.3. Cells

4.1.3.1. Human Umbilical Cord blood derived hematopoietic stem cells (hHHSCs) and Human

Umbilical Cord blood derived mononuclear cells (hUCBCs)

Placental and umbilical cord blood cells were isolated from placenta donors from the University
Clinic Cologne or the Evangelisches Krankenhaus Weyertal who had afore given their
informed written consent under the protocols 16-110 and 18-420 approved by the Institutional
Review Board of the University of Cologne.

In brief, after Caesarean section, the placenta and umbilical cord were collected from the clinic.
All further steps were performed under sterile conditions. The material was visually checked
for damage to blood vessels or placenta tissue. The distal end of the cord was cut in an
appropriate length to fit above a beaker with 2 mL of 0.1 M EDTA to prevent collected blood
from clotting. For an effective perfusion of the blood vessels, the two umbilical arteries and one

umbilical vein were identified. With respect of the original circulation, the umbilical vein could
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be punctured with a cannula and perfused primarily with 50 mL of heparin followed by
HBSS++++ solution and all cord blood collected in the beaker. The tissue turning pale indicated

the successful perfusion.

All collected cord blood was slowly transferred into a tube prefilled with Histopaque®-1077
(Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany) at a relation of 2:1 blood to
Histopaque®-1077 and centrifuged at 400 x g for 30 min at room temperature (r.t.) without
acceleration or brake. The interphase containing mononuclear cells was collected with a
serological pipet and transferred into a new tube prefilled with 1X PBS/E. The cell suspension
was washed twice by centrifugation and resuspension in fresh 1X PBS/E containing a counting
step in-between using a Neubauer improved counting chamber (4.2.1). Afterwards, the cell
suspension was centrifuged, supernatant was discarded and the resulting pellet was
resuspended in pre-cooled MACS-buffer. The CD34 MicroBead Kit UltraPure human (Miltenyi
Biotec, Bergisch Gladbach, Germany) was applied according to the manufacturer's
recommendations. Itis based on the principle of magnetic cell separation (MACS) and contains
magnetic beads binding to CD34 on cell surfaces. The suspension was administered onto an
LS column (Miltenyi Biotec, Bergisch Gladbach, Germany) in a QuadroMACS™ Separator
(Miltenyi Biotec, Bergisch Gladbach, Germany) as per manufacturer's recommendations and
the labelled CD34+ fraction was eluted utilizing the provided plunger. The separated fractions
(flow through containing UCBCs and the eluted fraction of CD34+ labelled cells, HSCs) were
counted using a Neubauer improved chamber (4.2.1) and frozen in freezing medium consisting
of 90% heat-inactivated foetal bovine serum (FBS) and 10% DMSO at -150°C at a
concentration of 40 x 10° cells/mL for the UCBCs and 2 x 10° cells/mL for the HSCs.

4.1.3.2. Human peripheral blood mononuclear cells (hPBMCs)

HPBMCs were isolated from buffy coats provided by the blood bank from the Institute of
Transfusion Medicine at the University Hospital of Cologne obtained as by-products of blood

donations under informed consent by the donors following an established protocol™8.

The buffy coats were collected in Heparin or EDTA blood collection tubes (Vacutainer™,
Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Primarily, samples were added to
a falcon tube prefilled with HBSS at a ratio of 1:1. The dilution was well mixed using a
serological pipet. The buffy coat HBSS mixture was slowly added on top of ACCUSPIN™ tubes
(Sigma-Adrich, St. Louis, MO, USA) prefilled with 15 mL Histopaque®-1077 (Sigma-Aldrich®,

Merck KGaA, Darmstadt, Germany) without mixing phases. The loaded tubes were centrifuged
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at 900 x g for 15 min without break or acceleration to separate cells. The interphase containing

PBMCs was collected with a serological pipet and transferred into a new tube.

The PBMC enriched suspension was washed twice with 30 mL HBSS to reduce the platelet
numbers, centrifugation was carried out at 400 x g for 5 min at r.t. Cells were counted using a
Neubauer improved chamber (4.2.1). Finally they were resuspended in the corresponding
volume of freezing medium to obtain a concentration of 40 x 106 cells per mL. Cell suspensions

were frozen in 1 mL aliquots at -80°C.
4.1.3.3. TZM-bl cells

The TZM-bl cells (also named JC53BL-13 cells) were obtained from the NIH AIDS Research
& Reference Reagent Program, Division of AIDS, NIAID, Germantown, USA, Dr. John C.
Kappes, Dr. Xiaoyun Wu and Tranzyme Inc.''®-'2", This cell line is derived from HelLa cells and
stably expresses the surface markers CD4, CCR5 and CXCR4, by that allowing infection by
HIV-1 strains of all tropisms'?®. Furthermore, a reporter gene for firefly luciferase and
Escherischia coli R-galactosidase both under the control of the HIV-1 long terminal repeat
(LTR) had been introduced so that an accurate quantification of infection in a culture is
possible'2"122, TZM-bl cells grow adherently and were maintained in T-75 culture flasks
(Sarstedt, NUmbrecht, Germany) under sterile conditions. The cell growth medium consisted
of DMEM medium (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% heat-inactivated FBS and 50 pg/mL gentamicin. The cells were split every few days using

trypsin/EDTA to detach the cell layer, washed in medium and maintained at 37°C and 5% CO..
4.1.3.4. HEK293T cells

HEK293T (293T) cells were obtained from the American Type Culture Collection (ATCC, CRL-
11268™). The cell line is derived from the human embryonal kidney cell line 293 (HEK293)
established in 1973 by van der Eb and Graham'?3, containing a plasmid for Simian Vacuolating
Virus 40 large T antigen (SV40T)'?4. When utilizing plasmid DNA exhibiting the SV40 origin of
replication, they exhibit a high production of the corresponding encoded product.

293T cells grow adherently as a monolayer. They were kept in 293T culture medium consisting
of DMEM medium (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% FBS, 1% Pen/Strep, 1 mM sodium-pyruvate and 1 mM L-Glutamine and grown in T-75
flasks (Sarstedt, Nimbrecht, Germany) under sterile conditions. They were split every 2-3 days

using trypsin/EDTA to detach the cell layer'8.

41



After 18 to 24h, cells usually reached a density occupying 60% of the plate surface which was

determined as the optimal density for transfection.
4.1.3.5. 293-6E cells

The 293-6E cell line was provided by the National Research Council Canada. Cells were kept
at sterile conditions in FreeStyle293 Expression Medium DMEM (Gibco™, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 0.2% Pen/Strep incubating on a shaker at
120 rpm, 37°C and 6% CO; and split every day dependent on their density aiming for a final
concentration of 0.5 x 10° cells/mL. When utilizing for transfection with Ab plasmids, a cell

concentration of approximately 0.8 x 108 cells/mL was aimed for.

4.1.4. Equipment

Equipment Name, Specifications and Company
Anaesthetic Gas Filter Contrafluran™ Narkosegasfilter

ZeoSys Medical GmbH, Luckenwalde, Germany
Autoclave Type VX-150, SN 2820

Systec GmbH, Wettenberg, Germany,
Automated Nucleic Acid QlAcube classic
Extraction Machine QIAGEN GmbH, Hilden, Germany
Centrifuges Eppendorf Centrifuge 5810 R

Eppendorf Centrifuge 5424 R
Eppendorf AG, Hamburg, Germany

Flow cytometer BD FACSAria Fusion Flow cytometer
Becton, Dickinson and Company, Franklin Lakes, NJ, USA

Fluorescence Microplate TriStar* S LB 942

Reader Berthold Technologies GmbH & Co. KG, Bad Wildbad,
Germany
Heating Block hlc Block Thermostat HBT130 HLC - Haep Labor Consult,
Bovenden, Germany
Incubator CO. Incubator PHCDbi
PHC Europe B.V., Etten-Leur, The Netherlands
Isoflurane Evaporator UniVet Porta
Groppler Medizintechnik, Deggendorf, Germany
IVC Mouse Cages IVC Blue Line SealSafe

Tecniplast GmbH, Hohenpeillenberg, Germany

IVC Ventilation System SmartFlow Air Handeling Unit (AHU)
Tecniplast GmbH, Hohenpeillenberg, Germany

Laboratory Anesthesia Lab Active Scvanger (L.A.S.), UV 17014
Scavenger Groppler Medizintechnik, Deggendorf, Germany
Light Microscope Leica DM1000

Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany

Magnetic Activated Cell QuadroMACS™ Separator and MultiStand
Separator Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany
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Microvolume
Spectrometer

Mouse Dissection

Equipment

- Surgical Scissors
(Sharp-Blunt)

- Tissue Forceps (1x2
Teeth)

- Extra Fine Graefe
Forceps

Multichannel Pipets

Narcosis Induction Box

Neubauer Improved
Counting Chamber
Peristaltic Pump
Plate Cooler

gPCR Light Cycler
Serological Pipettor

Singlechannel Pipets

Sterile Workbench

Vortex Mixer
Water bath

X-ray Irradiation System

4.1.5. Consumables

Consumable

NanoDrop™ One
ThermoFisher Scientific™, Waltham, MA, USA

Fine Surgical Instruments for Research™
Fine Science Tools GmbH, Heidelberg, Germany

BRAND™ Transferpette™ S 100uL, 300uL

Brandt® GmbH & Co KG, Wertheim, Germany

UNO Induction Box and Gas Exhaust Unit

For Medical Instruments GmbH, Seeheim-Ober-Beerbach,
Germany

Type ZK01-ZK06

A. Hartenstein GmbH, Wirzburg, Germany

120S/D1 Peristaltic Pump

Watson-Marlow GmbH, Rommerskirchen, Germany
Eppendorf™ PCR Cooler, 022510509

Eppendorf AG, Hamburg, Germany

QuantStudio™ 5 Real-Time PCR System, 96-well 0.2 mL
ThermoFisher Scientific, Waltham, MA, USA

accu-jet® pro

Brandt® GmbH & Co KG, Wertheim, Germany

Glison PIPETMAN Classic P2, P20, P200, P1000
Glison®, Middelton, WI, USA

Mars Class 2, LaboGene™, Allergd, Denmark
ThermoScientific™ Maxisafe 2020 Class Il Biological Safety,
ThermoFisher Scientific, Waltham, MA, USA

neolLab Vortex-Mixer Genie® 2

Migge GmbH, Heidelberg, Germany

Waterbath WNB 7

Memmert GmbH + Co. KG, Schwabach, Germany
MultiRad160, Serial-No.: 2329A60113

Faxitron Bioptics, LLC, Tucson, AZ, USA

Name and Company

18 G syringe needle

96-well flat bottom black
plate

96-well flat bottom plate

Sterican® Safety G 18 x 1 1/2" 1,2 x 40 mm
B. Braun AG, Melsungen, Germany

96 Well Solid Microplate, flat bottom, black polystyrene
Corning® Corning Inc., Corning, NY, USA

96 Well Clear Polystyrene Microplate, flat bottom,
Corning® Corning Inc., Corning, NY, USA
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96-well conical bottom
plate

adhesive plate seal
Alcohol-based surface
disinfectant

Animal lancets 5 mm

Bottle Top Filter

cell strainer

centrifugation tubes for
protein concentration

centrifuge tube for density
isolation of leukocytes
Centrifuge Tubes
Cotton-tipped applicators

EDTA blood collection
tube

EDTA microtube 1.3 mL
FACS tubes
Filter Tips

Glass Columns

Heparin blood collection
tube

Insulin syringe
LightCycler® Plates
LightCycler® Sealing Foils
MACS Columns

Nuclease Removal
Solution

Microplate, 96 well, conical, polystyrene, transparent,
Sarstedt AG & Co. KG, Nimbrecht, Germany

Applied Biosystems® MicroAmp® Clear Adhesive Film
Thermo Fisher Scientific, Waltham, MA, USA

Bacillol® AF

Paul Hartmann AG, Heidenheim, Germany

Goldenrod

MEDIpoint Inc., Mineola, NY, USA

0.45 pm Bottle Top Filter w/ PES Membrane, Nalgene ™
Rapid-Flow™

Thermo Fisher Scientific, Waltham, MA, USA

Pore size 40 um (Cat.-No. 352340),

Pore size 70 ym (Cat.-No. 352350),

Falcon® Cell Strainer, Sterile

Corning, Inc., Corning, NY, USA

Amicon® Ultra-0.5 Centrifugal Filter Unit MWCO 10kDa,
Amicon® Ultra-4 Centrifugal Filter Unit MWCO 30kDa
Merck Millipore, Merck KGaA, Darmstadt, Germany
ACCUSPIN™ Tubes Sterile

Sigma-Adrich, St. Louis, MO, USA

15 mL and 50 mL Falcon®

Corning Inc., Corning, NY, USA

Disposable wooden stick cotton buds, 150 mm

AMPri Handelsgesellschaft mbH, Winsen/Luhe, Germany
BD Vacutainer™ K2-EDTA, 6 mL

Becton, Dickinson and Company, Franklin Lakes, New
Jersey, USA

Microtube 1.3 mL, K3-EDTA

Sarstedt AG & Co. KG, Nimbrecht, Germany

5 mL Round Bottom Polystyrene Tubes w/ 35 uym cell strainer
Falcon®, Corning Inc., Corning, NY, USA

Biosphere® Filter-Tips P2, P20, P200, P1000

Sarstedt AG & Co. KG, Nimbrecht, Germany
Econo-Columns 0.7 x 15 cm? and 1.5 x 20 cm? (Cat.-No.:
7370717, 7371522)

Bio-Rad GmbH, Feldkirchen, Germany

BD Vacutainer™ sodium heparin, 6 mL

Becton, Dickinson and Company, Franklin Lakes, New
Jersey, USA

Single use syringe U-100-Insulin (0,5 mL /50 I.U.), B. Braun
AG, Melsungen, Germany

LightCycler® 480 Multiwell Plates 96, Roche Molecular
Systems, Inc. F. Hoffmann-La Roche Ltd, Basel, Switzerland
LightCycler® 480 Sealing Foils, Roche Molecular Systems
Inc., F. Hoffmann-La Roche Ltd, Basel, Switzerland

LS Columns, Miltenyi Biotec B.V. & Co. KG, Bergisch
Gladbach, Germany

RNase AWAY®, Carl Roth GmbH + Co. KG, Karlsruhe,
Germany
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NuPAGE BisTrisGel
Safe-lock 1.5 mL Tubes
Serological pipet

sterile filtration tubes

T-25 cell culture flask

T-75 cell culture flask

terminal desinfection
reagent

threeway stop-cock
Tubing

virucidal desinfectant

4.1.6. Kits
Kit

Invitrogen™ NuPAGE™ 10%, Bis-Tris, 1.0-1.5 mm, Mini
Protein Gels, Thermo Fisher Scientific, Waltham, MA, USA

Safe-Lock Tubes, Eppendorf Quality™, Eppendorf AG,
Hamburg, Germany

Serological pipette, plugged, 2 mL, 5 mL, 10 mL, 25 mL, 50
mL Sarstedt AG & Co. KG, NUmbrecht, Germany

Ultrafree-CL or Ultrafree-MC (Cat.-No. UFC40GV02,
UFC30GV0S), Merck KGaA, Darmstadt, Germany

Cell culture flask, T-25, material: PS, surface: Suspension, for
suspension cells, Sarstedt AG & Co. KG, Nimbrecht,
Germany

Cell culture flask, T-75, material: PS, surface: Cell+, for
challenging adherent cells, Sarstedt AG & Co. KG,
Numbrecht, Germany

Korsolex® basic, Paul Hartmann AG, Heidenheim, Germany
Discofix C, B. Braun AG, Melsungen, Germany

Precision Tubing, 0.8 mm inner diameter (913.A008.016),
Watson-Marlow GmbH, Rommerskirchen, Germany

Sterillium® Virugard, Paul Hartmann AG, Heidenheim,
Germany

Details and Manufacturer

CD34 MicroBead Kit
UltraPure, human
TagMan™ RNA-to-CT™
1-Step Kit

QIAGEN RNase-Free
DNase Set

Order-No.: 130-100-453, Miltenyi Biotec B.V. & Co. KG,
Bergisch Gladbach, Germany

Cat.-No.: 4392653, Applied Biosystems®
ThermoFisher Scientific, Waltham, MA, USA

Stored at -15 to -25°C

Cat.-No.: 79254, QIAGEN GmbH, Hilden, Germany

QIAamp® MinElute® Virus Cat.-No.: 57704, QIAGEN GmbH, Hilden, Germany

Spin Kit

4.1.7. Reagents and Chemicals

Chemical or Reagent

Specifications and Company

Antibiotic-Antimycotic

ATP disodium salt

BSA

Antibiotic-Antimycotic (100X), Gibco™
ThermoFisher Scientific, Waltham, MA, USA
Adenosine 5'-triphosphate disodium salt hydrate,

M = 551,14 g/mol, stored at —20°C

Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
Bovine Serum Albumin, lyophilized powder, 296%
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
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CoA

Collagenase

Counting Beads for Flow
Cytometry

DEAE-Dextran
Dispase Il

D-Luciferin

DMSO

DNase |
EDTA

gag specific primers for
gPCR

Gentamicin
Glycine

HCI

Heparin
IGEPAL® CA-630
Instant Blue™
Isoflurane 99,9%
MgCl,

MOPS

NaCl

Coenzyme A sodium salt hydrate,
M = 767,53 g/mol, stored at —20°C
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany

Collagenase D from Clostridium histolyticum
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany

CountBright™ Absolute Counting Beads, Invitrogen™,
stored at 4°C and light protected,

ThermoFisher Scientific, Waltham, MA, USA
Diethylaminoethyl-Dextran, M ~ 500,000 g/mol,
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
Protease from Bacillus polymyxa,

Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
4,5-Dihydro-2-(6-hydroxy-2-benzothiazolyl)-4-
thiazolecarboxylic acid sodium salt, LUCNA, Proven and
Published®,

Stored desiccated at -20°C, light-protected,

GoldBio Inc., St. Louis, MO, USA

Dimethyl sulfoxide, Hybri-Max™,

sterile-filtered, 299.7%,

Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
Deoxyribonuclease | from bovine pancreas,
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
Ethylenediaminetetraacetic acid, M = 292,25 g/mol,
Carl Roth GmbH + Co. KG, Karlsruhe, Germany

forward primer: F 6F 5'-

CATGTTTTCAGCATTATCAGAAGGA-3' and reverse primer:

84R 5'-TGCTTGATGTCCCCCCACT-3'

Gentamicin, 10 mg/mL in deionized water
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
Glycine, CELLPURE® 299 %, M = 75.07 g/mol,

Carl Roth GmbH + Co. KG, Karlsruhe, Germany
Hydrochloric acid, 1 | ROTIPURAN® 37 % fuming, p.a.
Carl Roth GmbH + Co. KG, Karlsruhe, Germany
Heparin sodium salt from porcine intestinal mucosa,
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
Octylphenoxypoly(ethyleneoxy)ethanol, branched,
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
InstantBlue™ Ultrafast Protein Stain

Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
Isoflurane Liquid Inhalation 99.9% Glass Bottle,
Piramal Critical Care GmbH, Hallbergmoos, Germany
Magnesium Chlorid, M = 95,21 g/mol, 298%,

Carl Roth GmbH + Co. KG, Karlsruhe, Germany
3-(N-Morpholino)-propansulfonsdure, PUFFERAN®
M = 209,27 g/mol, 299,5 %,

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Potassium chloride, M = 74,56 g/mol, 299 %,
Carl Roth GmbH + Co. KG, Karlsruhe, Germany

46



NaOH

Nuclease free water
Paveron®

PEI

Pen/Strep

Probe

Protein G

SDS
Sucrose

Tris

Tris-HCI

Trypan-Blue

virus Transfection reagent

Potassium hydroxide, M = 39,997 g/mol, 299 %, in pellets,
Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Nuclease-free water (not DEPC-treated), Invitrogen™,
ThermoFisher Scientific, Waltham, MA, USA

Papaverin hydrochloride PAVERON® N (25 mg/mL)
LINDEN Arzneimittel-Vertrieb-GmbH, Heuchelheim, Germany

Polyethylenimine, branched, M ~ 25,000 g/mol,
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany

Penicillin-Streptomycin (10.000 U/mL)
Gibco™, Thermo Fisher Scientific, Waltham, MA, USA

gPCR_HIV-1_Gag_1_FAM-ZenDQ /56-
FAM/CCACCCCACAAGATTTAAACACCATGCT

AA /ZenDQ/ (double quench (IDT))

Protein G Sepharose® 4 Fast Flow,

Cytiva™ 17-0618-05, Cytiva Europe GmbH, Freiburg,
Germany

Sodium dodecyl sulphate, 299,3 %, M = 288,38 g/mol,
Carl Roth GmbH + Co. KG, Karlsruhe, Germany
D(+)-Saccharose, 299,5 %, p.a., M= 342,30 g/mol,
Carl Roth GmbH + Co. KG, Karlsruhe, Germany
Tris-(hydroxymethyl)-aminomethane, PUFFERAN®
299,9 %, p.a., M =121,14 g/mol,

Carl Roth GmbH + Co. KG, Karlsruhe, Germany
TRIS Hydrochloride, PUFFERAN®

299 %, p.a., M = 157,60 g/mol,

Carl Roth GmbH + Co. KG, Karlsruhe, Germany
Trypan Blue solution, 0.4%, liquid, sterile-filtered,
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
FuGENE® 6 Transfection Reagent,

Promega GmbH, Walldorf, Germany

4.1.8. Media, buffers and solutions

4.1.8.1. Purchased media, buffers and solutions

Medium, buffer or solution

Name, specifications and company

ACK Lysing Buffer

DMEM (1X)

DPBS (1X)

Ethanol 299,8 %

Ammonium Chloride Potassium lysing buffer

Gibco™ | Thermo Fisher Scientific, Waltham, MA, USA
Dulbecco’s Modified Eagle Medium, high glucose, no
glutamine

Gibco™, Thermo Fisher Scientific, Waltham, MA, USA

1X Dulbecco's Phosphate-Buffered Saline, no calcium, no
magnesium

Gibco™, Thermo Fisher Scientific, Waltham, MA, USA
Rotipuran® 299,8 %, p.a.

Carl Roth GmbH + Co. KG, Karlsruhe, Germany
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Ethanol 270 %, denatured
FBS

Formaldehyde

FreeStyle™ 293
Expression Medium
HBSS

HEPES, 1M

Histopaque

Leukocyte Fixation Buffer

L-Glutamine
Nuclease free water
PBS (1X)

RPMI 1640 GlutaMAX™

Sodium Pyruvate

Trypsin

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Fetal bovine serum, heat-inactivate, stored at -20°C
Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany

Thermo Scientific™ Pierce™ 16% Formaldehyde (w/v),
Methanol-free

ThermoFisher Scientific, Waltham, Massachusetts, USA
Scientific

FreeStyle™ 293 Expression Medium

Gibco™, Thermo Fisher Scientific, Waltham, MA, USA
Hank’s Balanced Salt Solution

ThermoFisher Scientific, Waltham, MA, USA
N-2-Hydroxyethylpiperazin-N-2-ethansulfonsaure, 1M
Gibco™, Thermo Fisher Scientific, Waltham, MA, USA
Histopaque®-1077 Hybri-Max™

Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany
BD Cytofix™ Fixation Buffer

Becton, Dickinson and Company, Franklin Lakes, New
Jersey, USA

Thermo Scientific™ L-Glutamine (200 mM)

Thermo Fisher Scientific, Waltham, MA, USA
Invitrogen™ Nuclease-Free Water (not DEPC-Treated)
Thermo Fisher Scientific, Waltham, MA, USA

1X Phosphate Buffered Saline

Gibco™, Thermo Fisher Scientific, Waltham, MA, USA
Gibco® Roswell Park Memorial Institute 1640 Medium,
GlutaMAX™-| Supplement with Phenol Red, stored at 4°C
light-protected

Thermo Fisher Scientific, Waltham, MA, USA

Sodium Pyruvate (100 mM)

Gibco™, Thermo Fisher Scientific, Waltham, MA, USA
Trypsin-EDTA (0.05%), phenol red

Gibco™, Thermo Fisher Scientific, Waltham, MA, USA

4.1.8.2. Self-made media, buffers and solutions

Medium, buffer or solution

composition

293T culture medium

EDTA 0.5M, pH 8.0

50 mL FBS (10% (v/v))

5 mL Pen/Strep (1% (v/v))

5 mL of 100 mM sodium pyruvate (1 mM)
2,5 mL of 200 mM L-glutamine (1 mM)
Adjusted to 500 mL with DMEM medium

146,125 g EDTA (0.5 M)

in 1 L ultrapure water

pH adjusted to 8.0 with 10 M NaOH autoclaved and stored at
r.t.
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FACS buffer 10 mL FBS (2% (v/v))
2 mL of 0.5 M EDTA (2 mM)
in 488 mL PBS (1X)
sterile filtered and stored at 4°C

Freezing Medium 90% (v/v) FBS
10% (v/v) DMSO
freshly prepared directly prior to usage

Glycine 0.1 M, pH 3.0 7.5 g Glycine (0.1 M)
dissolved in 1 L ultrapure water
pH adjusted to 3.0 with HCI
sterile filtered and stored at r.t.

HBSS++++ 1 mL of 5,000 U/mL Heparin (10 U/mL)
2 mL of 25 mg/mL PAVERON® (0.1 mg/mL)
0.5 mL of 0.5 M EDTA (0.5 mM)
2.8 mL of 10,000 U/mL Pen/Strep (56 U/mL)
in 500 mL HBSS
sterile filtered and stored at 4°C

Heparin Solution (HS) 0.2 mL of 5,000 U/mL Heparin (20 U/mL)
1 mL of 25 mg/mL PAVERON® (0.5 mg/mL)
in 50 mL NaCl

Luciferase assay buffer 200 mM TrisHCI (pH 7.8)
(2X) 10 mM MgCiI
2500 yM Coenzyme A
300 uM ATP
300 pg/mL D-Luciferin (GoldBio)
In Lysis buffer

Lysis Buffer for 50 mM TrisHCI
neutralization assay 30 mM NacCl

1% IGPAL®

In ultrapure water
MACS Buffer 0.5 g BSA (0.5%)

0.4 mL of 0.5M EDTA (2mM)
In 100 mL PBS (1X)

MOPS (1X) 20X MOPS
diluted in ultrapure water prior to usage
(50mM MOPS, 50mM Tris, 0,1% SDS, 1mM EDTA)

MOPS (20X) 209.3 g MOPS (1 M)
6 g EDTA (20 mM)
121.2 g Tris (1 M)
20 g SDS (2%)
Adjusted to 1 L with ultrapure water, stored at 4°C

NaOH 10 M 40 g NaOH
in 100 mL ultrapure water
PBS/E 2 mL of 0.5 M EDTA (2 mM)
in 500 mL PBS (1X)
Sucrose solution 30 g Sucrose (30%)

Adjusted to 100 mL with DPBS
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T cell medium

Tris-HCI 1M, pH 8.0

Tris-HCI 400 mM, pH 7,8

TZM-bl medium

50 mL FBS (10% v/v)
5 mL of 10,000 U/mL Pen/Strep (1% v/v)
Adjusted to 500 mL with RPMI 1640 GlutaMAX Medium

78.8 g Tris-HCI (1 M)

Dissolved in 500 mL ultrapure water
pH 8.0, adjusted with NaOH

sterile filtered and stored at r.t.

31.52 g Tris-HCI (400 mM)
dissolved in 500 mL ultrapure water, pH 7,8, adjusted with
HCI

50 mL FBS (10% v/v)
450 mL DMEM (1X)
2.5 mL 10 mg/mL gentamicine (50 ug/mL)

4.1.9. Antibodies, nanobodies, interleukins and plasmids

Molecule

Details and company

Anti-Human CD16-Alexa
Fluor® 700

Anti-Human CD19-APC
Anti-Human CD3- Pacific
Blue™

Anti-Human CD4-PE
Anti-Human CD45-Pacific

Orange™
Anti-Human CD8-FITC

Anti-Mouse CD45-
PE/Cyanine7

plasmids of HC and LC of
bnAbs

Recombinant Human IL-2
Recombinant Human IL-7

VyH 6G2

VyH A6

Mouse CDF1 IgG, Kk, Cat.No. 557920,
BD Pharmingen™, BD (Becton Dickinson), Franklin Lakes,
New Jersey, USA

Mouse IgG1, k Cat.No. 555415, BD Pharmingen™, BD
(Becton Dickinson), Franklin Lakes, New Jersey, USA

Mouse BALB/c IgG+, k, Cat.No. 558117, BD Pharmingen™,
BD (Becton Dickinson), Franklin Lakes, New Jersey, USA

Mouse BALB/c IgG+, k, Cat.No. 340419, BD Pharmingen™,
BD (Becton Dickinson), Franklin Lakes, New Jersey, USA

Mouse IgG1 HI30, Cat.No. MHCD4530, ThermoFisher
Scientific, Waltham, MA, USA Scientific

Mouse BALB/c IgG1,Kappa, Cat.No. 345772, BD
Pharmingen™, BD (Becton Dickinson), Franklin Lakes, New
Jersey, USA

Rat IgG2b, k, Cat.No0.103114,
Biolegend®, San Diego, CA, United States

SF12: Schoofs, T. et al. 2019'%%
3BNC117: Scheid, J.F. et al. 201126
10-1074: Mouquet, H. et al. 2012'%"

Cat.-No. 200-02, PeproTech, Hamburg, Germany
Cat.-No. 200-07, PeproTech, Hamburg, Germany
provided by Dr. E. Geertsma, Max Planck Institute of

Molecular Cell Biology and Genetics, Dresden, Germany

provided by Ursula Dietrich, Georg-Speyer-Haus, Frankfurt,
Germany
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4.1.10. Software

Software Company

Adobe lllustrator 2022 Adobe Inc., San Jose, CA, USA

applied biosystems™ Life Technologies Corporation, Thermo Fisher Scientific,
standard curve analysis Waltham, MA, USA, available on

module, version 4.0 https://apps.thermofisher.com/apps/spa/#/dashboard

BD FACSDivaTM BD (Becton Dickinson), Franklin Lakes, New Jersey, USA
BD FlowJo™ BD (Becton Dickinson), Franklin Lakes, New Jersey, USA

GraphPad Prism Version GraphPad Software, San Diego, CA, USA,
9.0.0 for Windows www.graphpad.com

GraphPad Prism Version

9.5.0 for Mac OS

Microsoft Office Microsoft® for Microsoft Office 365 and Office 2019,
Redmond, WA, USA

4.2. Methods
4.2.1. Determination of cell concentrations

Cell concentrations were determined using a double chambered Neubauer improved counting
chamber. Therefore, a sample of the investigated cell suspension was mixed with Trypan-Blue
0.4% (Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany) in a ratio of 1:1 to stain dead cells.
When high cell concentrations were anticipated, an appropriate predilution was prepared in 1X
PBS and stained respectively. The Neubauer chamber was prepared and checked for correct

placement of the cover slip identified by the formation of Newton interference rings.

10 pL of the mixture were used to fill the prepared chamber, which was consecutively observed
at 40 x magnification under a light microscope (Leica DM1000, Leica Mikrosysteme Vertrieb,
Wetzlar, Germany). Viable unstained cells were counted in the four large corner squares of

the 3 x 3 grid and the concentration in the sample was calculated using the following equation:
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cells . counted cells x dilution factor

= 1000
mL counted squares x 0,1 mm3 X

cell concentration(

Equation 4-1 Determination of cell concentrations utilizing a Neubauer improved
counting chamber

Staining alone results in a dilution factor of 2. Predilutions were taken into account when used.

4.2.2. Virus production

All employed HIV-1 viral clones were produced by transfecting 293T cells with the different
replication-competent molecular HIV-1 clones. The cells were cultured as described in 4.1.3.4.
Transfection was performed using the FUGENE® 6 Transfection Reagent (Promega, Walldorf,
Germany) according to the manufacturer’s instructions. The virus culture was incubated at
38°C, 5% CO.. Supernatant was harvested using a serological pipet at 48 h post infection and

consecutively stored in aliquots at -80°C or -150°C.
4.2.3. Preparation of the luciferase assay buffer

The preparation of the Luciferase assay buffer (LUC-lysis mix) was done based on previous
characterisation of the firefly luciferase by Yuichi Oba et al. 200328 and the protocol provided

by GoldBio Inc., the D-Luciferin’s manufacturer. Prior to mixture, the following solutions were

prepared:
Solution Concentration(s) Storage and pH requirements
MgCl; in H.0 500 mM stored at r.t.
Coenzyme A (CoA) in H.O 25 mM stored at -80°C
ATP in H.O 15 mM stored at -80°C
Tris-HCI in H,O 400 mM pH adjusted to 7,8
D-Luciferin in HO 15 mg/mL
Lysis buffer 1% IGPAL® pH adjusted to 7,7
50 mM TrisHCI
30 mM NaCl
in H.O

The prepared solutions were proportionally added together obtaining final concentrations of
200mM TrisHCI, 10mM MgCl,, 500 uM CoA, 300 uM ATP and 300 ug/mL D-Luciferin in the
corresponding volume of lysis buffer. 11 mL aliquots (for one assay plate each) were prepared
and stored at -80°C for up to 6 months.
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The buffer was regarded as 2X to be diluted to 1X final concentration when added 1:1 to the

assay media.
4.2.4. Determination of infectivity of the produced viral stocks

In order to determine the infectivity of the virus stocks and consequentially administer viral
doses of even infectivity to neutralization assays, we employed a TCIDs, assay based on the

concept described by Montefiori et al. 2005 and optimised by Sarzotti-Kelsoe et al. 201429130,

In brief, TZM-bl cells were utilized in a cell based assay on a 96-well plate in combination with
a dilution series of the harvested virus stock, incubated for 48 h and consequentially incubated
with the LUC-lysis mix in order to allow readout on a luminometer measuring luminescence in

each well.

A 96-well flat-bottom culture plate was prefilled with 100 pL of TZM-bl cell medium per well.
The virus dilution series was established by addition of 25 UL of the virus sample to the first
column of the plate. To reduce assay based variation at least 4 replicates per sample were
pipetted. A 1:5 dilution was established by transfer of 25 yL from column to column followed
by mixing the resulting dilution each time. The last column (12) was left out in order to have a
virus-free negative control. In the last dilution column (11), 25 pL were discarded to end up

with equal volumes throughout the plate.

On top of the prefilled plate, the TZM-bl cells were added. Therefore they were trypsinized as
described in 4.1.3.3. The concentration of viable cells was determined (4.2.1). A suspension
of 100,000 cells/mL was prepared in TZM-bl medium supplemented with 20 yg/mL DEAE-
Dextran (Sigma-Aldrich®, Merck, Darmstadt, Germany). 100 uL were added per well, starting
at the cell control column and proceeding from most to least diluted sample in order to reduce

carry-over. The plates were consecutively incubated for 48 h at 37°C and 5% CO..

Before performing the readout, plates were checked under the light microscope for regular cell

growth to exclude relevant cell toxicity that would impair the result.

100 pL of culture medium were carefully discarded from each well. 100 uL of a prepared LUC-
lysis mix was pipetted onto each well, again keeping the order from lowest to highest virus
concentration. The mixture was incubated for 2 min at r.t. Subsequently, the solution was
thoroughly mixed by pipetting multiple times and transferred into the corresponding wells of a

flat-bottom 96 well black plate being then loaded onto a luminometer (TriStar> S LB 942,
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BERTHOLD TECHNOLOGIES GmbH & Co. KG, Bad Wildbad, Germany). The relative light

units (RLU) were obtained, measuring each well for 1 s.

TCIDso values were calculated from the measured RLU raw data using the Microsoft Excel
template Calculation of TCIDso provided by David C. Montefiori, Duke University Medical

Center™’,
4.2.5. Neutralization assay

Neutralisation assays for plasma samples, Ab and V4H solutions were performed as described
by Montefiori et al.’?® and Sarzotti-Kelsoe et al.”*® employing TZM-bl cells. Plasma samples
were heat-inactivated at 56°C for 1 h prior to the assay in order to denature plasma

complement.

In brief, a TZM-bl cell based assay on a 96 well plate was combined with a dilution series of
the samples, incubated for 48 h with even amounts of virus aiming for around 200 TCIDso per
well. Readout was performed as for the TCIDso assay (4.2.4). Per plate a virus only column
(column 2) and a cell control column (column 1) were included in order to determine

background signalling and signal range from 0 to 100% infection.

A 96-well flat-bottom culture plate was prefilled with 100 pL of TZM-bl medium per well, cell
control wells received further 50 uL of medium. Row H of all sample columns received 40 L
of additional medium and 11 L of the corresponding sample of interest. All samples were
tested in duplicates. A 1:3 dilution series was established by mixture and transfer of 50 L into
the neighbouring row (direction from H to A respectively). 50 uL of Row A were discarded.
Virus stock was thawed and the required volume was diluted in TZM-bl medium in order to
obtain a 4,000 TCIDs¢/mL concentration. 50 uL of the prepared virus dilution were added to all
columns except the cell control column 1 row-wise from A to H from lowest to highest sample
concentration. The plate was incubated at 37°C, 5% CO, until addition of the TZM-bl cells. Cell
suspension was prepared as described (4.2.4) in TZM-bl medium supplemented with 25 pug/mL
of DEAE dextran (Sigma-Aldrich®, Merck, Darmstadt, Germany). 100 pL of cell suspension
was added on-top of each well from A to H. The assay plate was incubated for further 48h at
37°C, 5% CO..

Prior to readout, plates were checked under the light microscope for regular cell growth to

exclude relevant cell toxicity that would impair the result.
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For the read-out, 150 pyL of medium were discarded from each well. 100 pL of LUC-lysis mix
were added onto each well and incubated at room temperature for 2 min, transferal to a black

plate and read-out on the luminometer were performed as for the TCIDs, assay.

Data analysis was performed using the Microsoft Excel template Measurement of
Neutralization Titers provided by David C. Montefiori, Duke University Medical Center'3".
Percentage of neutralization was determined as the reduction of RLU compared to the virus
control mean after subtracting the background luminescence determined as the mean signal
given by the cell control column. I1Cso and ICgo values were calculated by extrapolating the Ab
concentration, at which 50% and 80% neutralization would be achieved respectively. In case
of plasma samples, inhibitory dose (ID) 5o and IDgo values were calculated as the reciprocal of

the corresponding plasma dilution.
4.2.6. Production of bnAbs

4.2.6.1. Transfection of 293-6E cells with plasmids containing human bnAb heavy and light

chain sequence

293-6E cells (4.1.3.5) were used for the production of bnAbs. Plasmids containing the light and
heavy chain sequences of the human bnAbs 3BNC117'%, 10-1074'?" and SF12'® had
previously been generated by single cell B cell cloning from blood samples of human HIV-1
positive individuals. Cells were transfected with a combination of the HC plasmid and the LC

plasmid of the same Ab.

All reagents were brought to r.t., 293-6E cells were brought to a concentration of 0.8 x 10°

cells/mL and the resulting culture volume was measured.
The following mixture was prepared in a sterile tube of suitable volume:

- 4.5mL NaCl (150mM)  x culture volume / 100 mL
- 50 ug heavy chain DNA x culture volume / 100 mL
- 50 ug light chain DNA  x culture volume / 100 mL

The mixture was briefly vortexed and finally sterile-filtered Polyethylenimine (PEI, Sigma-
Aldrich®, Merck KGaA, Darmstadt, Germany) at a volume of 0.34 mL per 100 mL culture from
a stock of 0.45 mg/mL was added, resulting in a final concentration of 0.153 mg/mL.
Immediately after the addition, the mixture was vortexed thoroughly for 15 s. It was
consecutively added dropwise to the cell culture flask being gently rotated. The cells were then

incubated for 7 days as described in 4.1.3.5.
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4.2.6.2. Antibody purification from cell supernatant

The cells were spun down at 4,000 x g for 30 min, supernatant was harvested by transfer into

fresh tubes through a 0.45 um filter and stored at 4°C until proceeding.

Human IgG molecules were isolated using on-column Protein G binding (Protein G
Sepharose® 4 Fast Flow in 20% EtOH, 17-0618-05, Cytiva Europe, Freiburg, Germany)
followed by a pH change based elution and buffer exchange for storage. The required amount
of protein G was estimated based on an anticipated 1gG yield of about 40 pg/mL supernatant
and the indicated binding capacity of protein G of 20 mg IgG/mL:

40 pg/mL x supernatant volume in mL
20mg/mL

Equation 4-2 Estimation of required protein G for antibody purification

protein G volume (ml) =

The protein G was thoroughly vortexed and the required volume was transferred into a new
tube. Buffer exchange from EtOH to 1X PBS was performed by two rounds of centrifugation
for 5 min at 300 x g without acceleration or brake, each round followed by carful removal of

the supernatant and reconstitution in 1X PBS.

The washed protein G was added to the harvested supernatant and the solution was incubated
on a shaker at 4°C for 12-24 hours. Subsequently, the mixture including the protein G bound
IgG was filled onto chromatography columns and washed with 1X PBS. Finally the IgG was
eluted by application of a 0.1 M glycine solution (pH 3.0). Eluate was collected into a fresh tube
prefilled with 1M Tris-HCI (pH 8.0) at a ratio of 1:10 resulting in an immediate pH neutralization.
Buffer was exchanged to 1X PBS utilizing 50 kDa Amicon® Ultra-15 spin columns (Merck
Millipore, Merck, Darmstadt, Germany). In several rounds, the spin columns were centrifuged
at 3,800 x g at 4°C, the ultrafiltrate was discarded and 1X PBS was added on top of the
remaining fluid in the filter device. The process was repeated until the elution buffer was diluted
by at least 1:200. The concentrated IgG was collected from the filter device into a fresh sterile
tube of reasonable volume using a filter-tip pipet and performing side-wise pipetting
movements to ensure most complete recovery. As a last step, the Ab suspension was sterile
filtered using 0.22um Ultrafree-CL columns (Cat.-No.: UFC40GV02, Merck, Darmstadt,
Germany) and IgG concentration was measured using a microvolume spectrophotometer
(NanoDrop). To avoid precipitation, a maximum storage concentration of 20 mg/mL was

tolerated. If necessary, samples were diluted in 1XPBS and consecutively stored at 4°C.

4.2.6.3. Confirmation of the presence of IgG via gel electrophoresis
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Before usage of the produced bnAbs, samples were run on an Invitrogen™ NuPAGE™ Bis-
Tris gel (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's
instructions including a protein ladder on each gel and running a reduced and non-reduced
sample per Ab. As running buffer, self-made 1X MOPS buffer was applied. Therefore a
prepared stock of 20X MOPS buffer was diluted with ultrapure water.

The gel chamber was loaded and run for approximately 50 min at a constant voltage of 200 V.
Protein bands were identified by performing Coomassie staining applying InstantBlue ™
(Sigma-Aldrich®, Merck, Darmstadt, Germany) and incubation for at least 15 min at r.t. and
continuous moderate shaking. Presence of human IgG was indicated by a visible band at
approximately 150 kDa in the unreduced sample representing the whole Ab and two bands at
25kDa and 50kDa representing the single light and heavy chain in the reduced sample.

4.2.7. Humanization
4.2.7.1. Irradiation

Newborn pups no older than 5 days were irradiated using the MultiRad160 (Serial-No.:
2329A60113, Faxitron Bioptics, Tucson, AZ, USA). The machine setup was done in
accordance to the company’s recommendations and the laboratory’s SOP. An aluminium filter
was used for the Dose QA and exchanged by a copper filter for irradiation. Settings were set
to “timed control” 60 sec, max. 129 kV, 19mA and Cu-Filter 0.3mm. A plastic box with 4
separate segments designated for this purpose was cleaned with Sterillium® Virugard (Paul
Hartmann, Heidenheim, Germany) and pups were transferred into it, distributing them evenly
into the segments with a maximum of two pups per segment. The box was placed onto the
platform at the third level of the irradiator with its centre being slightly shifted from the centre
point of the platform to improve evenness of radiation. The mice were irradiated with the
aforementioned settings and consequentially transferred back into their cage. The total
radiation dose was around 2 Gy. The MultiRad160 was switched off, platform position and filter

were set back.
4.2.7.2. Haematopoietic stem cell injection

Four to six hours after irradiation, the new-born mice received a human stem cell injection of 2
x 10° CD34+ cells per mouse. The required volume of HCS suspension was taken out of the
freezer and thawed by placing the aliquots into a 37°C water bath for 30 s. The aliquot content
was taken out with a P1000 pipet and transferred into a tube prefilled with cold 1X DMEM
medium (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) at a dilution of 1:14 cells to
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medium. Only HSC suspensions of the same placenta donor were merged together. The tube
containing the cell suspension was centrifuged at 4°C, 400 x g for 5 min and supernatant was
removed with a serological pipet. The cell pellet was resuspended in an appropriate volume of
DMEM to allow for injection of 2 x 10° CD34+ cells per mouse, transferred into a 1.5 mL safe

lock tube labelled with the placenta number and stored on ice until injection.

Pups were transferred from mother’s cage into a new clean cage to allow definite allocation. 2
x 10° of HSCs were drawn into an insulin syringe (B. Braun, Melsungen, Germany) and
injected i. h. per mouse. Site of injection was determined by holding the pup with three fingers
exposing the abdomen so that the liver became visible as a darker spot on the right flank. After
injection, each pub was transferred back into mother's cage and observed for regular

behaviour.
4.2.7.3. Flow cytometric measurement

Flow cytometry was used to measure the concentrations of different leukocyte populations in
the peripheral blood and lymphoid tissues of the mice. Blood samples were gained by
superficial temporal vein bleeding (4.1.1.1.2). Organ cells were isolated as described in 4.2.11.
A staining master mix was prepared by adding the following antibodies to 14,5 yL of FACS

buffer per sample (resulting in a total volume of 25 pL staining mix per sample):

Epitope Conjugated fluorophore  Volume per sample Final dilution
mCD45 PE-Cy7 0,005 yL  1:5000
hCD45 Pacific Orange 1,25 uL 1:20

hCD19 APC 25uL 1:10

hCD3 Pacific Blue 1,25 uL 1:20

hCD4 PE 1,25 uL  1:20

hCD8 FITC 25uL 1:10

hCD16 AF700 0,025 yL  1:1000

The master mix was kept at 4°C in the dark for a maximum of 2 h before usage.

30 uL of EDTA blood sample were pipetted onto a conical bottom 96 well plate and incubated
with 200 yL ACK lysing buffer (Gibco™ , Thermo Fisher Scientific, Waltham, MA, USA) for 5
min at r.t. in the dark to lyse erythrocytes. After incubation, the plate was centrifuged at 400 x

g, 5 min, r.t. and gently flicked over a sink to discard supernatant. The samples were washed
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once by resuspension in 200 uL FACS buffer, centrifugation and flicking the plate as described
to terminate the lysis reaction. In case of tissue derived cell suspensions as sample which had
previously been treated with ACK lysis buffer, the staining preparation started at this point. 100
pL of organ cell suspension were taken out into a conical bottom 96 well plate, centrifuged at
400 x g for 5min, r.t. and the plate was flicked. All further steps were performed concordantly
for tissue and blood derived samples. The prepared staining mix was mixed prior to usage.
Each sample was resuspended in 25 pL of staining mix and consequently incubated for 20 min
at 4°C in the dark. Afterwards the sample was washed twice as described and eventually
resuspended in 200 uL FACS buffer. 20 uL of well vortexed counting beads were added per
sample. Resuspended sample solution was pipetted through a cell strainer cap into FACS
tubes (Falcon®, Corning Inc., Corning, NY, USA). Additional 200 yL of FACS buffer were
added through the strainer cap. Sample tubes were kept on ice and light-protected until run on
flow cytometer. A FACSAria™ Fusion (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) was used in combination with BD FACSDiva™ software (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) for data acquisition. Analysis and cell count calculations
were done using BD FlowJo™ (Becton, Dickinson and Company, Franklin Lakes, NJ, USA)
and Microsoft Excel 2019 (Microsoft®, Redmond, WA, USA).

4.2.8. Mononuclear cell injection

A treatment to improve human CD4+ cell reconstitution was performed in order to allow
mucosal HIV-1 infection'2. Therefore mice received an i.p. cell injection. Two different cell

populations were tested:

a) PBMCs (4.1.3.1)
b) UCBCs (4.1.3.2)

Cells were stored at -150°C and thawed quickly by placing the required amount of aliquots in
a pre-heated 37°C water bath. Vial content was transferred with a P1000 pipet into a tube
prefilled with T cell medium (RPMI 1640 GlutaMAX Medium, Gibco®, Thermo Fisher Scientific,
Waltham, MA, USA, supplemented with 10% FBS and 1% Pen/Strep) diluting the cell
suspension by at least 1:4. Only vial contents of the same donor were merged together in one
tube. Cell suspension was spun down by centrifugation (400 x g, 4°C, 6 min) to eliminate
cytotoxic freezing medium. Supernatant was taken off with a serological pipet and the cell
pellet was resuspended in fresh T cell medium. If clotting was visible, the cell suspension was
pipetted through a 40 um cell strainer (Cat.-No. 734-0002, Corning Inc., Corning, NY, USA).

The cell concentration was determined as described in 4.2.1. Cells were recentrifuged with the
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same settings and resuspended in the required volume of T cell medium supplemented with
100 U/mL II-2 (Cat.-No. 200-02, PeproTech, Hamburg, Germany) and 0.05 yg/mL II-7 (Cat.-
No. 200-07, PeproTech, Hamburg, Germany).

20 to 40 x 10° cells were used per mouse throughout the modification of the mouse model.
Single mouse aliquots were prepared for the corresponding amount of mice and stored on ice

prior to injection.

Mice were anesthetized as described (4.1.1.1.1). The content of one aliquot was taken up with
one insulin syringe (B. Braun, Melsungen, Germany). For the i.p. injection, the anesthetized
mouse was restrained and slightly tilted head-down, exposing the abdomen with the left hind
leg held in abduction and external rotation in order to minimize the risk of organ or blood vessel
injury. The syringe was inserted in a 30°- 40° angle in the lateral lower abdomen. Smooth
injection without resistance was possible when correctly injecting into the peritoneal cavity. If
resistance was felt, repositioning of the needle was required.

After injection, the mouse was held in the described position for some seconds to control for

leaking or bleeding from the puncture site.
4.2.9. Injection of interleukin 7 (1I-7)

Single injection aliquots of 250 ng II-7 in 1X DPBS were prepared. Therefore 50 ug
recombinant human lI-7 (Cat.-No. 200-07, PeproTech, Hamburg, Germany) were dissolved in
1 mL 1X DPBS and well mixed. The solution was transferred into a 50 mL tube and 4 mL DPBS
were added leading to a stock concentration of 10 pyg/mL. Aliquots of 25 uL II-7 were prepared
from the stock by appropriate dilution in 1X DPBS. The aliquots were immediately frozen and
stored at -80°C.

The required amount of aliquots was thawed one hour prior to usage. The content of one
aliquot was drawn with an insulin syringe (B. Braun, Melsungen, Germany). Anesthetized
(4.1.1.1.1) mice were restrained and subcutaneous (s.c.) injection was done in a flat angle at
the base of a lifted skin fold above the neck. The needle was left in position for some additional

seconds after to prevent leaking due to elevated tissue pressure.
4.2.10. Mucosal HIV-1 challenge

A solution of HIV-1 and the different compounds to be tested for their preventive potency was
administered intrarectally (i.r.) to the mice to model mucosal transmission. Therefore aliquots

of HIV-1 and aliquots of the compound solutions were prepared in advance and kept frozen
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(HIV-1 aliquots at -150°C, compound aliquots at -20°C). They were thawed and stored on ice

prior to challenge and mixed together 30 min before application.

Mice were anesthetized as described (4.1.1.1.1). The mice were held upside down by holding
the tail and supporting the body with the back of the hand in such a way that the anus was
exposed. The HIV-1 compound mixture was taken up from the aliquot with a P200 pipet using
a filtered pipet tip and applied i.r. with slow and even pressure to minimize local trauma. Mice
were held in this position for some seconds to prevent leaking and thereupon placed back into

the cage being observed for regular gain of consciousness.

4.2.11. Isolation of cells from the murine spleen and gut-associated

lymphoid tissue

Mice were sacrificed by cervical dislocation. The body was dissected using a clean dissection
set. The spleen, small and large intestine were excised and transferred into T cell medium
(RPMI 1640 GlutaMAX Medium, Gibco®, Thermo Fisher Scientific, Waltham, MA, USA,
supplemented with 10% FBS and 1% Pen/Strep) at 4°C until further procedure.

For the isolation of splenic cells the spleen was initially cut into several pieces in the medium.
The pieces were pressed through a cell strainer using the plunger of a syringe and the resulting
cell suspension was passed through a 18G syringe needle (Sterican® Safety, B. Braun,
Melsungen, Germany). The suspension was mixed with ACK lysis buffer (Gibco™ , Thermo
Fisher Scientific, Waltham, MA, USA) and incubated for 5 min at r.t. Afterwards, the sample
was washed by centrifugation at 400 x g, 5 min, r.t., taking off of the supernatant and
resuspension of the cell pellet in 200 yL FACS buffer. 100 pL of cell suspension are taken up

to stain for flow cytometric measurement (4.2.7.3).

For the intestinal tissue samples, two distinct cell fractions were aimed for: the intra-epithelial
layer (IEL) lymphocytes and the lymphocytes located in the lamina propria (LP). In order to
isolate those cell fractions, the intestine was initially flushed with 1X PBS and cut into

approximately 1 cm long sections.

One fraction was incubated in the T cell medium supplemented with 25 mM EDTA at 37°C for
15 min to break down extracellular matrix followed by vortexing the suspension and passing it
through a 70 um cell strainer. This procedure was performed twice to improve the yield which

was regarded as containing the IEL lymphocytes.
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The other fraction was incubated for 20 min at 37°C in T cell medium supplemented with 1.0
mg/mL Collagenase D (from Clostridium histolyticum, Sigma-Aldrich®, Merck, Darmstadt,
Germany), 0.1 mg/mL DNAse | (Sigma-Aldrich®, Merck, Darmstadt, Germany), 0.5 mg/mL
Dispase Il (from Bacillus polymyxa, Sigma-Aldrich®, Merck, Darmstadt, Germany).

Consecutively the suspension was vortexed and passed through a 70 um cell strainer. The
digestion treatment was performed twice and the resulting suspension was regarded as

containing the LP lymphocyte fraction.

Both fractions were washed in T cell medium and strained in two steps, primarily through a 70
pm (Cat.-No. 352350, Corning Inc., Corning, NY, USA) and finally through a 40 ym (Cat.-No.
352340, Corning Inc., Corning, NY, USA) sterile Falcon® Cell Strainer.

From the three different tissues investigated (spleen, intestinal LP and intestinal intraepithelial
cells), lymphocytes were isolated by density gradient based separation utilizing Histopaque®-
1077 (Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany) solution at 30% (v/v). The resulting

cell suspensions were consecutively stained and measured via flow cytometry (4.2.7.3).

4.2.12. Immunofluorescence imaging and In-Situ Hybridisation for HIV-1-

RNA on murine tissue samples

Mice were sacrificed and dissected (4.2.11). The spleen was transferred into 1X DPBS on ice.
The small and large intestine were flushed carefully with 1X DPBS using a 200 pL filter tip put
onto a syringe. The intestine was cut open longitudinally, washed in 1X DPBS and sliced into
pieces of approximately 2 cm length. All harvested tissue was placed into distinct safe-lock
tubes containing fixation buffer (1X DPBS supplemented with 4% PFA) overnight. Afterwards,
the tissue was washed in cold 1X DPBS and transferred into sucrose solution (1X DPBS
containing 30 g/100 mL sucrose) and stored at 4°C. Further processing of the samples
including all staining, immunofluorescence imaging and image processing were performed by
the collaborating researcher group “Infection and Immunity”, led by Dr Kathrin Held and PD Dr
Christof Geldmacher, Division of Infectious Diseases and Tropical Medicine, University
Hospital, LMU Munich, Germany 32,

4.2.13. Viral load determination
4.2.13.1.Sample acquisition and RNA isolation

Samples for the viral load measurement were peripheral blood samples obtained from the mice
as described (4.1.1.1.2). Blood was collected in EDTA microtubes and centrifuged at 2,000 x
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g at r.t. for 10 min. Plasma was transferred into new sterile tubes under the hood by carefully
pipetting off the plasma phase from above the cell pellet. Per sample, 100 yL of plasma were

used, potential excess was stored at -20°C.

For the RNA extraction, a viral standard (STD) and negative control (NEG) consisting of
nuclease free water were included and treated concordantly and in parallel to the samples for
each step. The STD with a pre-determined concentration of 6 million viral copies per 100 uL
(measured in a clinical assay using the Roche Cobas HIV-1 quantitative nucleic acid test) was
kindly provided by Kanika Vanshylla. The QlAamp MinElute virus spin kit (QIAGEN, Hilden,
Germany) was used in combination with the QlAcube classic (QIAGEN, Hilden, Germany).
The required reagents were reconstituted according to the manufacturer's instructions,
including the protease reconstituted in buffer AVE, carrier RNA dissolved in buffer AVE, the
washing buffers referred to as buffer AW1 and buffer AW2 by the manufacturer, both diluted
in 100% ethanol.

Samples were chemically lysed and consequently heat-inactivated in the presence of the lysis
buffer composed of 200 pL Buffer AL, 100 pL nuclease free water, 5.6 yL of 1 mg/mL Carrier

RNA and 25 pL of reconstituted protease volumes per reaction.

Each plasma sample of 100 uL as well as STD and NEG received 325 L of lysis buffer. The
tubes were thoroughly vortexed for 15 s under the hood and subsequently inactivated at 56°C
for 15 min on a heating block (hic Block Thermostat HBT130, HLC, Bovenden, Germany).

To remove proviral DNA, a DNase on-column step was included. Therefore lyophilized RNase-

free DNase (QIAGEN GmbH, Hilden, Germany) was dissolved in nuclease free water.

The QlAcube was loaded with the columns, collection tubes and rotor adapters of the MinElute
Virus Spin Kit and the buffers AW1, AW2 and ethanol (100%, non-denaturated). The DNase
was diluted in buffer RDD (10 uL of reconstituted DNase in 70 uL buffer RDD per sample) and
placed into the QlAcube at loading position A. At position B a tube with buffer AVE was loaded.
The program was set to differential manual lysis from body fluid and the elution volume was
set to 55 pL. The eluate containing the isolated RNA was immediately frozen and stored at -
80°C until set-up of the gPCR.

4.2.13.2.Quantitative real-time PCR (g-RT PCR)

In order to determine the viral load, the TagMan™ RNA-to-CT™ 1-Step Kit (Applied
Biosystems®, ThermoFisher Scientific, Waltham, MA, USA) was used to set up a gPCR*".
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A 1:5 dilution series of the co-extracted STD was prepared in clean tubes in order to generate
a standard curve. For the first dilution 10 puL of the RNA isolated STD were diluted in 40 pL of
buffer AVE. This was sequentially repeated to obtain 7 serial dilutions, thereby 8 different STD

concentrations.

The master mix (MM) for the gPCR was prepared under a clean hood. A secondary mix (MM
no-RT) was prepared for one reaction to include an internal control consisting of an STD
sample without the RT enzyme.

Component MM per reaction MM no-RT per reaction

TagMan RT-PCR mix (2X) 25 uL 25 uL
Primer/probe solution 2.5 uL 2.5 uL
TagMan RT enzyme 1.25 pL 0L
Nuclease-free water 1.25 uL 2.5 uL

The primer/probe solution used in the gPCR contains a forward and reverse gag primer and a

corresponding probe used for detection'33.

component name Sequence

Forward primer gPCR_HIV- CATGTTTTCAGCATTATCAGAAGGA
1_Gag region F

Reverse primer gPCR_HIV- TGCTTGATGTCCCCCCACT
1_Gag _region R

probe gPCR_HIV-1_Gag_ /56-
FAM/CCACCCCACAAGATTTAAACACCATGCT
1_FAM-ZenDQ
AA [ZenDQ/ (double quench (IDT))

Primers and probe were reconstituted in nuclease-free water to a stock solution of 100 uM

each and stored at -20°C. The primer/probe solution was prepared using the stock solutions:

Component Volume Concentration in Final concentration per
Primer/probe solution qPCR reaction

Forward primer 90 uL 9.0 uM 450 nM

Reverse primer 90 yL 9.0 uM 450 nM

Probe 25 L 2.5 uM 125 nM
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Nuclease-free H,O 795 pL

30 pL of PCR master mix were added per sample well onto a gPCR plate (LightCycler® 480
Multiwell Plates 96, Roche Molecular Systems, F. Hoffmann-La Roche, Basel, Switzerland)
working on a 96 well cooler. 20 pL of sample were added to the corresponding well and mixed
by pipetting 3 times. The plate was sealed using LightCycler® 480 sealing foil (Roche
Molecular Systems, F. Hoffmann-La Roche, Basel, Switzerland) and spun down briefly at 4°C.
A QuantStudio5 (QuantStudio™ 5 Real-Time PCR System, 96-well 0.2 mL, ThermoFisher
Scientific, Waltham, MA, USA) gPCR cycler was used with the following run setting:

polymerase chain reaction
() ) (1)
~— 45x
A Temperature [°C] Y
reverse transcription taq activation denaturation annealing and extension
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Figure 4.1 outline of the settings for the viral load determining qPCR

For data analysis, the applied biosystems™ standard curve online tool (standard curve
analysis module, version 4.0, Life Technologies Corporation, Thermo Fisher Scientific,
Waltham, MA, USA, available on https://apps.thermofisher.com/apps/spa/#/dashboard) was
used. Out of the 8 standard curve measurement points only the first 7 were considered for
analysis to minimize variation due to the low viral copy numbers. FAM-ZenDQ was indicated
as target for all sample wells and the generated curves were checked for plausibility. The
lowest standard dilution integrated in the calculation (6,000,000 copies/5° = 384 copies) was

consequently regarded as detection limit.
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4.2.14. Statistical analysis and result interpretation

The BD FACSDiva™ software was used for data acquisition when performing flow cytometric
measurements. Analysis and cell count calculations were done using BD FlowJo™ and
Microsoft Excel. Statistical analysis from the calculated cell counts was performed using
Microsoft Excel and GraphPad Prism. Wilcoxon matched-pairs signed-rank test was used to
analyse statistical significance between cell count measurements from two different timepoint
within the same group. Mann-Whitney test was used to compare two unrelated groups. Two-
tailed P values were calculated and significance level a was set to 0.05 if not mentioned

otherwise.

When comparing HIV-1 infection rates between groups, measurements with a viral load above
or equal to the detection limit of 384 copies/uL were regarded as positive whilst those lower as
negative respectively. A qualitative comparison between groups was performed since the
primary endpoint was determined as protection from infection defined as a sustained viral load

below detection limit throughout the observation period.
5. Results

5.1. A novel mouse model with improved T cell reconstitution is highly

susceptible to mucosal HIV-1 infection

5.1.1. The hCD34T+ model displays a significant increase in human T cell

reconstitution in the peripheral blood

A novel mouse model harbouring a human immune system was created to study mucosal HIV-
1 infection and potential inhibitors. Various mouse models with human immune reconstitution,
being referred to as humanized mice have already been established. All of these models are

based on two major components, an immunodeficient mouse strain and a human xenograft.

The hCD34T+ model is a modification of the pre-existing hCD34+ model especially designed

to improve susceptibility to mucosal HIV-1 infection.

In brief, the hCD34+ mice are NOD-Rag1™" IL2rg"" (NRG) mice that received a sublethal
irradiation followed by an i.h. injection of 2 x 10° hCD34+ cells isolated from placenta donors.
After 12 weeks, different peripheral blood lymphocyte concentrations were measured via flow

cytometry. Since the human CD4+ cells are critical for maintenance of HIV-1 infection, this
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fraction was used to determine positive humanization and mice with a hCD4 cell blood level

above 1/uL were regarded as humanized hCD34+ mice onwards.

During the isolation of human hematopoietic stem cells from umbilical cord blood via MACS
selection for hCD34+ cells, the flow-through of hCD34 negative mononuclear cells was
collected as a second fraction. HCD34+ cells represent hHSCs while mononuclear cells
without this surface marker are leukocytes in further maturation and differentiation stages
including lymphocytes, monocytes and granulocytes being referred to as umbilical cord blood
mononuclear cells (UCBCs). For the CD34T+ mouse model we employed this cell fraction with
respect to the placenta donor, so that UCBCs were always only administered to mice that had
received HSCs from the corresponding placenta donor previously.

The modification of the hCD34T+ model consisted of a donor-matched i.p. application of
UCBCs to CD34+ mice older than 12 weeks accompanied by four subcutaneous
administrations of human II-7, once 4 h in advance (on day 0), as well as on the consecutive
days 1 and 2 and on day 7. After two weeks on day 14 flow cytometric analysis was repeated.
The generation method for hCD34T+ mice is outlined in Figure 5.1.
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Figure 5.1 generation of the novel CD34T+ mouse model

68



A schematic outline of the generation method of CD34T+ mice: Newborn NRG mice were irradiated with a
sublethal radiation dose of 2 Gy, 4-6 h later they received an i.h. injection of 2 x 10° hCD34+ cells isolated
from umbilical cord blood. At 12 weeks of age, the mice were checked for their human reconstitution by
surface staining of peripheral blood leukocytes and flow cytometric measurement of the cell populations.
Before the T+ treatment, hCD 34+ mice were once again measured for their peripheral blood human leukocyte
concentrations as a baseline value and consecutively treated with a s.c. injection of 250 ng human II-7,
followed by an i.p. injection of 30-45 x 108 UCBCs from the corresponding placenta donor after 3 h. II-7
administration was repeated on the consecutive days 1,2 and 7 in the same way. After 2 weeks, indicated as
d14’, mice were finally checked for their human reconstitution by flow cytometric analysis as performed before.
Axis on the left indicates timepoints.

B illustration of the key features of the novel CD34T+ mouse model: The model is based on the NRG genetic
background. As human graft, cells obtained from umbilical cord blood of placenta donors, were introduced
into the host on two distinct occasions: Aged less than 5 days, pups received a sublethal irradiation followed
by an i.h. injection of HSCs. As adult and positively humanized mice (CD34 mice) older than 12 weeks, mice
received a second human cell injection consisting of UCBCs intraperitoneally accompanied by s.c. injection
of human II-7.

The CD34T+ model incorporates four key features, whose relevance we wanted to evaluate
distinctly. We compared the CD34T+ mouse model therefore to four different control groups.
The model consists of immunodeficient mice that received human HSCs as new-borns to
humanize them (3), they received a donor-matched (2) injection of leukocytes (1) from

umbilical cord blood (4). So, we compared the model to

(1) CD34+ mice that did not receive further leukocytes in the mean time

(2) CD34+ mice that received non-donor-matched PBMCs from adult blood donors instead

(3) non-humanized NRG mice receiving the same UCBC injection accompanied by
administration of human II-7

(4) To compare the reconstitution after administration of UCBCs to PBMCs from adult
human blood donors, we compared a group of non-humanized NRG mice that received
PBMCs to the group of NRG mice receiving UCBCs (3).

5.1.2. Human T leukocyte reconstitution is significantly higher in CD34T+ in

comparison to CD34+ mice

To address the relevance of the additional i.p. UCBC injection, we used age-matched CD34+
mice as a control group, that did not receive any treatment in the meantime. Peripheral blood
leukocyte levels were measured via flow cytometry in both groups on day 0 and day 14 (Figure
5.2, Table 5.1, Table 5.2).

In comparison to the control group, we observed an increase in absolute levels of human
CD45+ cells in the CD34T+ group. The lymphocyte population with the most significant
increment were the hCD3+ T lymphocytes. Both subpopulations we gated for, hCD4+ and
hCD8+ T lymphocytes, expanded significantly. A further observation was the expansion of the

hCD16+ cells while hCD19+ cells, representing the human B lymphocyte population as well
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as murine CD45+ cells did not change significantly. The control group of untreated CD34+

mice on the other hand remained stable throughout all measured cell populations.

We analysed a total of 111 mice, 42 in the control CD34+ group and 69 in the CD34T+ group
by the end of the study. Human cells from 18 different placenta donors were utilized. Our data
indicates that the generation of CD34T+ mice is possible from a variety of human donors and

results are consistent throughout the different human grafts.
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Figure 5.2 Comparison of leukocyte concentrations of the CD34T+ and the CD34+
control group at w0 and w232

A schematic overview of the experiment timeline. CD34+ mice either received T+ treatment (CD34T+ group)
or remained without intervention (CD34 group), at timepoints d0 and after 2 weeks, leukocyte concentrations
in the blood were measured. B Cell concentrations in the peripheral blood were determined by flow cytometry,
see Table 5.1 and Table 5.2 for the raw values. Measurements for CD34+ mice displayed in grey, for CD34T+
mice in green, values below detection limit indicated in white. Concentrations at baseline (w0) and after 2
weeks (w2) were compared and significance was calculated using a two-tailed Wilcoxon matched-pairs
signed rank test. This figure is adopted from Figure 1B from Vanshylla et al. 202132,
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Table 5.1 Leukocyte concentrations of the CD34T+ group at w0 and w2

n=69, mouse ID given in left column, human CD45+, CD3+, CD3+CD4+, CD3+CD8+, CD19+ and CD16+ as
well as murine CD45+ cell concentrations were determined via flow cytometry at baseline (w0) and after the
described procedure on d14 (w2). Measuring of hCD 16+ cell populations was not carried out for all individuals,
indicated by the note nd (not done). This table is adopted from Supplementary Table 1 from Vanshylla et al.

2021%2,
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Table 5.2 Leukocyte concentrations of the CD34+ control group at w0 and w232

n=42, mouse ID given in left column, human CD45+, CD3+, CD3+CD4+, CD3+CD8+, CD19+ and CD16+ as
well as murine CD45+ cell concentrations were determined via flow cytometry at baseline (w0) and after the
described procedure on d14 (w2). Measuring of hCD 16+ cell populations was not carried out for all individuals,
indicated by the note nd (not done). This table is adopted from Supplementary Table 2 from Vanshylla et al.
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5.1.3. The prior humanization with donor-matched HSCs is essential for an

enhanced human leukocyte reconstitution post UCBC administration

Next, we addressed the prior humanization as a key feature of the novel CD34T+ model and
wanted to evaluate the human cell reconstitution of non-humanized (NRG) mice, that receive
the same regime of human II-7 applications and either the UCBCs (NRG-UCBC group) or
PBMCs (NRG-PBMC group) derived from adult blood donors instead of the donor-matched
UCBC injection. Absolute cell numbers administered were consistent with the CD34T+ model,
by that meaning 30-45 x 108 cells per mouse. Flow cytometric measurement of peripheral
blood human leukocyte concentrations was performed 14 days after the ip. cell injection
(Figure 5.3).

We employed 13 mice in this experiment, 4 mice in the NRG-PBMC group and 9 mice in the
NRG-UCBC group.

The NRG-UCBC group showed significantly lower human T lymphocyte levels compared to
the NRG-PBMC group as well as to the overall mean observed in the CD34T+ model. The
NRG-PBMC group on the other hand was found to possess similar human immune cell
concentrations as the CD34T+ mice. However they rapidly developed symptoms of impaired
health, including fur loss, bent posture and visible weight loss, that can be interpreted as

features of GvHD in mice which has previously been shown®”3,

73



A

flow cytometry

NRG T
PBMCs
[ | [ | ]
do di d2 d7 w2
B hu-CD45+ cells hu-CD3+ cells hu-CD4+ cells hu-CD8+ cells
108 P =0.0028 P=0.0028 P =0.0028 P=0.0028
4 0] i ] i i
104 e ® ® 0@
§ 102 - 0® 1 0® 1 1 s
0 102 ] © i i Ll i
3'_10 )
> 107 - g 1 §0© 1 ©g0® .
g 10° {38 1 oo { o0
10 T R d4...... @ e d4...... Otg ......................
102 : r ; : : 1 : .
NRG- NRG- NRG- NRG- NRG- NRG- NRG- NRG-
UCBC  PBMC UCBC PBMC UCBC  PBMC UCBC PBMC
hu-CD19+ cells hu-CD16+ cells m-CD45+ cells
105 P=0.1734 P=0.428 P=0.1063
104 e o model n
1 i i .
1§ 10 | ] —%%2 ® @ NRG-UCBC 9
e 1 02_ (] @ 4 E
= @ NRG-PBMC 4
~ 1] - -
P 10 —_—— ® ®
10 040 1 o8 5 1
LN e o T e T @ P
10 % 5 5 @
102 T T T T T T
NRG- NRG- NRG- NRG- NRG- NRG-
UCBC PBMC UCBC PBMC UCBC PBMC

Figure 5.3 comparison of leukocyte concentrations in the peripheral blood in NRG-
UCBC and NRG-PBMC mice'3?

A schematic overview of the experiment timeline. Adult NRG mice either received UCBCs (NRG-UCBC
group) or PBMCs (NRG-PBMC group), both accompanied by II-7 injections on days 0,1,2 and 7 post cell-
injection. After 2 weeks, leukocyte concentrations in the blood were measured. B Depicted are the cell
concentrations after 2 weeks. NRG-UCBC mice exhibit significantly less hCD45+ cells which is majorly
attributable to the hCD3+ cell population including both CD4+ and CD8+ cells. Statistical analysis was
done1l3123ing a Wilcoxon—-Mann-Whitney test. This figure is Supplementary Figure 2B from Vanshylla et al.
20217,

We further addressed the donor-matching as key feature of the novel model. Therefore, we
compared CD34T+ mice (CD34T+ group) to humanized mice, that were then treated with
PBMCs from adult blood donors instead of the donor-matched UCBCs (CD34+-PBMC group)
(Figure 5.4). In conclusion, the administered cells did not match with the previously engrafted

HSCs that were derived from placenta donors. We employed a total of 20 mice, equally
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distributed into the two groups regarding age and sex. 3 different placenta donors were used
for the HSCs as well as the UCBCs and we chose even numbers per placenta and group. Mice
were distributed in order to obtain a similar geometric mean of baseline human CD4+ cell
concentrations in the flow cytometric measurement from peripheral blood. In the CD34+-PBMC
group we administered PBMCs from three different blood donors with the maximum possible

variation in placenta donor PBMC donor combinations.

The two groups displayed a similar human cell reconstitution in the peripheral blood after 2
weeks. This experiment indicates that UCBCs are not inferior to PBMCs in enhancing human
cell reconstitution and particularly hCD4+ TC levels in the peripheral blood in CD34+ engrafted
mice. Mice in the CD34+-PBMC group did however develop clinical features of GvHD including
fur loss and hunched posture more rapidly than mice that received donor-matched UCBCs

instead.
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Figure 5.4 Leukocyte concentrations of CD34T+ mice compared to CD34+-PBMC mice

A schematic overview of the experiment timeline. Adult CD34+ mice either received UCBCs (CD34T+
group) or PBMCs (CD34+-PBMC group), both accompanied by II-7 injections on days 0,1,2 and 7 post cell
injection. After 2 weeks, leukocyte concentrations in the blood were measured. B Depicted are the cell
concentrations after 2 weeks. Total human cell reconstitution, concentration of human CD3+, CD4+, CD8+
and CD19+ did not differ significantly. CD34+-PBMC mice only exhibited significantly higher levels of
human CD16+ cells. Statistical analysis was done using a Wilcoxon—Mann-Whitney test.

In summary, the CD34T+ mouse model was superior to the compared alternatives in terms of

the peripheral blood human TC reconstitution.
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5.1.4. The CD34T+ model displays a significant increase in the human T cell

presence in the gut mucosal tissue

Since a mucosal HIV-1 infection requires contact to susceptible human cells at the site of
infection, the presence of human CD4+ cells is regarded a critical factor in susceptibility for
this route of transmission. To evaluate the human cell reconstitution in different lymphoid
tissues we isolated cells from the spleen and gut from CD34T+ mice and CD34+ mice serving
as comparison (Figure 5.5). Via flow cytometry we measured the proportions of human
leukocytes in the murine spleen, the LP and IEL of the intestine. In both the LP and the IEL
CD34T+ mice exhibited significantly higher proportions of human CD4+ TCs while the
difference in the splenic leukocytes was not significant. In parallel we measured the murine
CD45+ cells, which represent the total of murine leukocytes. Since their proportions were
similar across the two compared groups, a similar level of purification can be assumed.
Furthermore, hCD3+ cell proportions were significantly higher in all three regarded tissues and
hCD8+ cell proportions in the LP and spleen.

All other regarded human leukocyte subpopulations did not exhibit significant differences

between the groups in neither regarded tissue.
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Figure 5.5 comparison of leukocyte concentrations in secondary lymphoid tissue of the
CD34T+ and the CD34+ control group 32

Depicted are cell concentrations in the intestinal lamina propria (A), the intra-epithelial layer of the intestine
(B) and the spleen (C) for 9 mice of the CD34T+ (green) and 10 mice of the CD34+ control group (grey).
Values below detection limit are displayed in white. Statistical analysis was done using an Wilcoxon—-Mann—
Whitney test and two-tailed P values are indicated above two compared data sets. This figure is derived from
figures 1C and S3A from Vanshylla et al. 2021"%,

Immunofluorescence staining of intact tissue slices allowed for further investigation of the

origins of the detected cell populations (Figure 5.6). In the gut samples we primarily wanted to

rule out that the cells were only located intravascularly but also present in the mucosa. The

immunofluorescence analysis confirmed that human TCs were present in the gut sections of

CD34T+ mice while none were identified in those from CD34+ mice. The cells were located in

the LP, exhibiting an uneven distribution with accumulation around crypts and rarefication in
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the villi. Of the human T lymphocytes in the stained slices, CD4+ cells were more frequent than
CD8+ ones. No formed secondary lymphoid organs were found in the gut. In the splenic tissue
slices, neither mouse model exhibited the defined zone-wise arranged organization known
from immunocompetent mice or humans. However in some of the analysed CD34T+ mice,
structures imitating the microscopic image of periarteriolar lymphoid sheaths (PALS) were

found which was not the case for the CD34+ group respectively.
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Figure 5.6 IF analysis of human T cells in the ileum, colon and spleen of CD34
and CD34T+ mice at week 2."32

Human CD3+ (white), CD4+ (red), CD8+ (green) cells were labelled for detection along with DAPI
for visualizing the nucleus. Scale bar is 50 ym. Three mice per group were analysed with at least
three different slices from different areas of each mouse tissue being analysed. Representative
images were selected for display. This figure is equivalent to figure 1D from Vanshylla et al. 202132,
Imaging was performed by the Research group of Dr Kathrin Held and PD Dr Christof Geldmacher
from the Division of Infectious Diseases and Tropical Medicine, University Hospital, LMU, Munich,
Germany.

When plotting the hCD4+ TC proportions measured via flow cytometry in the LP, IEL and
spleen against the hCD4+ TC levels derived from the peripheral blood sample flow cytometry,
a positive linear correlation with Pearson correlation coefficient values > 0,7 (Figure 5.7) was
found. The correlation for the IEL and LP pointed out that in the CD34T+ model, in addition to
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an increased human CD4+ cell reconstitution also an efficient homing of these cells to the gut-
associated lymphoid tissue (GALT) was present. Furthermore, this qualified the peripheral
blood hCD4+ cell levels could serve as surrogate parameter for the mucosal reconstitution in
the CD34T+ model.
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Figure 5.7 correlation of hCD4+ cell concentrations in peripheral blood and regarded
secondary lymphoid tissue

We plotted the determined hCD4+ cell concentrations in the analysed tissue (LP, IEL and spleen) against
the measured hCD4+ cell concentrations in the peripheral blood for all animals we performed organ
leukocyte measurement on (CD34T+ and CD34+ group), n = 19. Combined Pearson correlation curves are
plotted and correlation coefficients are displayed, a strong correlation (r > 0,7) was noted for all regarded tissues.
This figure is Supplementary Figure 3C from Vanshylla et al. 202132,

5.1.5. The CD34T+ mouse model is highly susceptible to mucosal HIV-1 infection

Since the main goal of the novel CD34T+ model was to facilitate the study of mucosal HIV-1
transmission, we wanted to address the susceptibility of this model to a mucosal HIV-1
exposure. Again, the CD34+ model was employed as control group. We compared a group of
5 CD34T+ mice to 17 CD34+ mice. All mice were challenged intrarectally with NL4-3yy, HIV-1
on two consecutive days (day 0 and 1) and viral load measurements from peripheral blood

were performed on days 14, 21, 28, 35 and 42.

In the CD34+ group, 2 mice died before viral loads were measured. Out of the remaining 15,
only 5 mice developed detectable viremia. To verify the general ability of these mice to
establish a productive HIV-1 viremia, the uninfected 11 mice were challenged with an i.p.
application of NL3-4vy, HIV-1 after 42 days of absence of viremia after the first i.r. challenge.
On 2 consecutive days, NL3-4yy, HIV-1 was administered i.p. and on days 14 and 21, the HIV-
1 viral load from peripheral blood was measured via gPCR. All 11 mice developed detectable

viremia until day 21 confirming their systemic susceptibility.
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In the CD34T+ group on the other hand, all 5 mice developed detectable viremia within 21
days post i.r. challenge. Furthermore, HIV-1 RNA copies per mL plasma were significantly

higher than in the fraction of CD34+ mice that became viraemic after mucosal challenge.
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Figure 5.8 CD34T+ mice are highly susceptible to mucosal HIV-1 transmission

A schematic overview of the experimental design: CD34+ mice (grey) in parallel with CD34T+ mice (red) were
exposed to HIV-1 NL4-3vuz via i.r. application on 2 consecutive days (d0, d1). Consecutively, viral loads were
determined via qPCR from RNA isolated from peripheral blood on d14, d21, d28, d35 and d42. Mice, that did
not exhibit viraemia by day d42 post challenge were challenged with HIV-1 NL4-3vu2 intraperitoneally. Only
mice from the CD34+ group fulfilled this criteria and were rechallenged respectively. B HIV-1 RNA copies/mL
blood plasma are represented for each mouse (mouse ID given below). The detection limit of 384 copies/mL
is represented by a dotted line. This figure is adopted from Figure 2B and Supplementary Figure 4B from
Vanshylla et al. 20212,

5.1.6. Highly potent bnAbs can prevent mucosal HIV-1 infection in CD34T+ mice

We wanted to finally evaluate the potential of the CD34T+ mouse model in the testing of novel
molecules for their capabilities to prevent mucosal HIV-1 infection. BnAbs against HIV-1 had
already been shown to prevent i.p. HIV-1 infection in CD34 mice and suppress viremia in

humans3,

82



Here we applied a triple combination of bnAbs, that are highly efficient in neutralizing NL4-3yu.
HIV-1 each possessing a different target epitope on the virion: 3BBNC117 that targets the CD4-
binding site, 10-1074 targeting the V3 loop and SF12 which recognizes the silent face'2>-'27,
Neutralizing activity against the infectious molecular HIV-1 clone of use, NL4-3vy, was
determined in vitro using a TZM-bl assay for each bnAb separately as well as for the equimolar
combination (Tri-mix). The Tri-mix exhibited an 1Cso of 0.107 pug/mL and [Cg of 0.320 pg/mL.

We set up an experiment with 5 CD34T+ mice that received the Tri-mix as an i.p. infusion a
day prior to an intrarectal HIV-1 challenge whereas 6 CD34T+ mice without bnAb application
served as control and were challenged i.r. in the same manner. On days 14 and 21 post HIV-

1 exposure, viral loads were determined.
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Figure 5.9 protective potential of bnAbs against intrarectal HIV-1 challenge in CD34T+
mice

A schematic overview of the experiment. CD34T+ mice were distributed into a control group (grey) and the
bnAb Tri-mix (Tri-mix group) (blue). The Tri-mix group received the i.p. bnAb infusion 1 day prior to HIV-1
challenge (d-1), both groups were challenged i.r. with HIV-1 NL4-3yu2 on two consecutive days (d0, d1) and
followed up for viral loads on days 14 and 21. Further viral load measurements were only conducted for the
Tri-mix group since all mice in the control group were viraemic by d21. In the Tri-mix group, additional
determination of plasma IDso was performed in order to calculate antibody concentrations in the plasma. B
Kaplan-Meier curves of the viraemia free survival in both groups. Curves significantly differ (P = 0.0009) in a
Log-rank (Mantel-Cox) test. This figure is adopted from Figure 4 from Vanshylla et al. 2021'"°.

In the control group, all animals developed detectable viremia whereas in the Tri-mix group,
no infection was detected. The group was followed up by weekly viral load measurements from
peripheral blood until day 55 post challenge and all mice remained aviraemic (Figure 5.9). In
parallel we followed up on the plasma concentrations of the administered Abs in the Tri-mix
group. Therefore 50% inhibitory dilutions (IDso) against NL4-3vu. were measured from the heat-
inactivated mouse plasma in a TZM-bl assay and by correlation to the 1Csq of the tri-mix, active
antibody concentrations in the plasma were determined. On d35, Ab levels dropped below
detection limit for all 5 mice, one of whom exhibited low detectable neutralizing activity again
on d42 and d55 (Table 5.3).

Table 5.3 Pharmacokinetics of the bnAb Tri-mix in the CD34T+ mice

Depicted above are the plasma inhibitory dilutions against NL4-3YU2 and below the corresponding antibody
concentrations calculated from IDso and tri-mix ICso value against NL4-3vu2. Grey backgrounds signifies
values below detection limit. This table is adopted from Supplementary figure 5 D and E from Vanshylla et
al. 202132,

| timepoint | dO d1 d6 d14 | d21 d28 | d35 | d42 | ds5
mouse ID Plasma ID50 levels against NL4-3vu2
1960 | 6308 | 2788| 1068 | 240| <45| <45| <45| <45| <45
2242 1330 | 849 | 250 45| <45| <45| <45| <45| <45
2169 | 6091 | 3361 622 144 |  <45| <45| <a5| <45| <45
2410 | 8155 4432| 1412 480 113 157 | <45 56 70
2412 | 6819 3901 854 152 | <45| <45| <45 <45| <45

calculated plasma antibody concentrations in the mouse plasma (ug/mL)
1960 857.89 | 379.17 | 145.25 32.64 <6.12 <6.12 <6.12 <6.12 <6.12
2242 180.88 | 115.46 34.00 6.12 <6.12 <6.12 <6.12 <6.12 <6.12
2169 828.38 | 457.10 84.59 19.58 <6.12 <6.12 <6.12 <6.12 <6.12
2410 472.99 | 257.06 81.90 27.84 6.55 9.1 <2.61 3.25 4.06
2412 395.50 | 226.26 49.53 8.82 <2.61 <2.61 <2.61 <2.61 <2.61
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Despite the decline of Ab titres in the peripheral blood of the mice, none developed detectable
HIV-1 infection, indicating the successful prevention and ruling out any latent infection that

would have been revealed by the time of Ab clearance.

5.2. HIV-1 specific nanobody A6 can prevent mucosal HIV-1 infection in vitro

and in vivo

In this work, we assessed the in vivo preventive potential of the VyH A6° against HIV-1. We
employed the novel CD34T+ model which we challenged intrarectally with a mixture of HIV-1
NL4-3ga. and VyH A6. We included a control group receiving equal viral doses and an HIV-1
unrelated nanobody, VuH 6G2'%% (selected against a bacterial transporter protein, kindly
provided by Dr E. Geertsma, Max Planck Institute of Molecular Cell Biology and Genetics,

Dresden, Germany).
5.2.1. VuH A6 neutralizes HIV-1gaL in TZM-bl assay

Prior to the in vivo experiment, we assessed the in vitro neutralization capacity of both
nanobodies in a TZM-bl assay. Both nanobodies were added at a maximum concentration of
1,250 pg/mL and a 1:5 dilution series was performed in order to cover both the expected ICso
of VyH A6 and high concentrations to reveal any potential unspecific interference. It is known,
that a broad variety of factors can interfere with the TZM-bl assay, including anticoagulants,
traces or cytotoxic drugs and undetermined factors from plasma or serum'?°, which we wanted

to rule out for the employed nanobody.

ICso of V4H A6 was determined at 0.032 pg/mL, ICgo at 0.124 ug/mL respectively. The unrelated
VuH 6G2 did not exhibit significant neutralization activity at any concentration, ensuring its

suitability as control nanobody.
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Figure 5.10 TZM-bl assay of Vy4H A6 and V4H 6G2 against HIV-1 NL4-3ga.

Calculated neutralisation rates are depicted as data points. A dose-response inhibition curve was
plotted to illustrate the neutralisation activity. This figure is equivalent to Figure 1A from Kalusche et
al. 2020'%.

5.2.2. HIV-1saL has a high infection rate in intrarectal exposure to CD34T+ mice

In order to determine the susceptibility of the CD34T+ mice to intrarectal exposure with the
HIV-1 NL4-3gaL infectious molecular clone (IMC env from HIV-1ga. in pNL4-3) we wanted to
apply, we performed a baseline experiment. We used a total of 5 mice that were engrafted with
cells from three different placenta donors (2 mice from P141, 2 from P153 and 1 from P157).
Their peripheral blood hCD4+ cell concentration was determined via flow cytometry one day
prior to challenging. It ranged from 1.1 to 84.1 cells/uL. The mice were challenged on two
consecutive days with 1.2 x 10° TCIDsy HIV-1gaL per challenge, delivered intrarectally by
atraumatic pipetting. We measured viral loads from peripheral blood on days 14, 21, 28, 35
and 42 and determined detectable viraemia (>384 copies/mL) as primary endpoint. One mouse
(2563) died before the end of the observation period without becoming infected. A second
animal did not develop detectable viraemia throughout the entire experiment whilst 3 mice
became HIV-1 positive. Overall infection rate was thereby 70% in a Kaplan-Meier analysis of

viraemia-free survival. Once positive, high viral loads were maintained.
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A B
HIV-1 viral load in blood plasma (copies/mL) 1075
Mouse ID d14 d21 d28 d35 d42 g 106
2561 <384 <384 <384 <384 2,965 £
2563 <384 <384 <384 dead dead % 10°
©
2748 <384 <384 <384 <384 <384 2 044
2765 2,462,685 | 842,703 650,405 647,405 | 1,545,999 ‘g
2829 <384 4028 | 68784 | 588490 | 1,644,600 | = 7
Figure 5.11 Determination of baseline infection rate of I1O:z| —
HIV-1 NL4-3gaL in CD34T+ mice 0 7 14 21 28 35 42

A Table of measured viral loads. B graph illustrating the course of days post i.r. HIV-1 challenge

viraemia in the challenged mice. Dotted line represents detection limit. -©- 2561 - 2748 ¢~ 2829
Asterisk indicates death before end of experiment. This data is also - 2563* = 2765
represented in Figure 1B in Kalusche et al. 2020'%.

5.2.3. HIV-1gaL infection in humanized mice in a combined mucosal
administration with VuH A6 is inhibited

An experiment was designed to investigate the potential of VyuH A6 against HIV-1 in vivo. In
the experiment, CD34T+ mice were employed and generated as described above in 5.1. We
included a total of 24 mice engrafted with cells from 4 different placenta donors (4 from P157,
9 from P171, 7 from P179A and 4 from P184). Mice received a donor-matched i.p. injection of
~ 9 x 10® UCBCs as part of the T+ modification.

They were distributed into 3 groups, based on hCD4+ cell concentration, cord blood donor and
age. Blood hCD4+ cell concentration served as a surrogate for the mucosal hCD4+
reconstitution as previously shown. Hence, it was assumed to decisively contribute to the

susceptibility to HIV-1 by mucosal challenge.

The mice consecutively received an i.r. application of an HIV-1 nanobody mixture or HIV-1 only
on three successive days. Figure 5.12 gives an overview of the experimental design and viral
load results. The applied mixture consisted of either VyH A6 and HIV-1 (group A6), ViH 6G2
and HIV-1 (control group 6G2) or HIV-1 only (control group HIV only). In consideration of the
TZM-bl assay results we determined to use a concentration of 1.25 ug/pL VuH, which was also
the maximum administered in the neutralization assay, at which no unspecific interference of
the VyH with cell infectivity was observed. Nanobody volume was replaced by the

corresponding volume of 1X DPBS in the HIV-1 only group.
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The first day of challenge was determined as day 0 (dO) resulting in the nomenclature used
below. From d14 to d42, weekly viral load measurements from peripheral blood were carried
out. Probability of HIV-1 infection significantly differed between the A6 group and both control
groups using a pair-wise Log-rank test while there was no significant difference between the
6G2 and the HIV-1 only control group (Figure 5.12).
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Figure 5.12 VyH A6 mucosal prevention experiment in CD34T+ mice

A schematic outline of the experimental set-up. Performed procedures common for all 3 experimental groups
are depicted above the timeline, the single altered factor was the challenge mixture administered as noted
below. Each tube followed by a bar represents one experimental group. VuH A6 is illustrated as a blue particle,
VuH 6G2 in red. Mice were challenged i.r. on consecutive days dO, d1 and d2, indicated by arrows above
these timepoints. On d14, 21 and 28 respectively, viral loads from peripheral blood were measured in all
animals, consisting of the three major steps illustrated: peripheral blood drawl, RNA isolation and a gPCR to
quantify HIV-1 RNA. B course of viral loads depicted per group. Asterisks identify mice that died before d42
without becoming viraemic. Measured viral loads are given in Table 5.4 C Kaplan-Meier curve of viraemia
free survival. P values were calculated in a pair-wise Log-rank (Mantel-Cox) test. This figure is adopted from

Figure 1 from Kalusche et al. 202

0137
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Table 5.4 V4H A6 mucosal prevention experiment, table of measured viral loads

Viral loads in blood plasma (copies/mL)
Group Mouse ID d14 d21 d28 d42

A6 2808 <384 <384 <384
A6 2825 <384 <384 <384 <384
A6 2940 <384 <384 <384 <384
A6 2949 <384 <384 <384 <384
A6 2951 <384 <384 <384 <384
A6 3022 <384 <384 <384 <384
A6 3066 <384 <384 <384 <384
A6 3074 <384 <384 <384 dead
A6 3052 <384 <384 <384 dead
6G2 2815 <384 <384 <384 <384
6G2 2942 <384 <384 <384 <384
6G2 2950 <384 <384 <384 <384
6G2 2952 44,943 62,144 52,334 25,744
6G2 2953 90,306 248,537 307,172 88,838
6G2 3067 31,529

HIV only 2824 <384 288,071

HIV only 2943 63,489 390,932 734,618

6. Discussion

6.1. Discussion of the novel CD34T+ Mouse Model

In the ongoing HIV-1 pandemic that still remains without cure or the ability to establish long-
lasting immunity by vaccination, in vivo research is crucial. Of the two predominant animal
platforms, humanized mice are favourable compared to NHPs with regard to legal and ethical
restrictions, feasibility of incorporating large group sizes and shorter experiment durations®’.
Importantly, in huMice actual infectious HIV-1 from lab derived strains or isolates from infected
humans can be used while NHP models require the use of SIV, SHIV or HSIV
respectively®®’%75, The inter-individual difference is minimalized in huMice by identical genetic
background. As human graft, material from one donor is usually administered to multiple mice

so that the inter-donor-variability is still well evaluable.

Despite having been helpful in a broad range of settings, huMice still bear multiple limitations,
especially regarding the human cell reconstitution in the mucosa as predominant site of
infection. Only the BLT model exhibits a stable human mucosal reconstitution including
detectable GALT and has consequentially been the model of choice for mucosal HIV-1
studies™. However, it relies on foetal tissue limiting its usage legally and ethically. There are

reports about HCS-only engrafted humanized mice susceptible to mucosal HIV-1 transmission.
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However, a high percentage of human cell reconstitution is required, which is only achieved

by a small proportion of CD34+ mice'”.

This work sought to establish and evaluate the novel foetal-tissue-independent CD34T+
mouse model which is especially suitable for studies addressing the mucosal HIV-1 prevention

in vivo. We could demonstrate, that it is reliably infectable with HIV-1 by intrarectal inoculation.

CD34T+ mice can be generated with only a few procedures, that are both technically less
demanding and less invasive for the mice compared to the BLT model. Instead of foetal tissue
they only require cord blood derived cells that can easily be obtained from placenta donors.
Noteworthy, another replacement of foetal tissue might lie in the utilization of superfluous
thymic tissue obtained during neonatal cardiac surgeries'*. However, its availability is limited

due to the nature of its origin.

Modifications to pre-existing mouse models improving aspects of their reconstitution have
been the course of humanized mice research ever since their first description. In accordance
with this idea, we sought to use the well-established and widespread CD34+ mouse model®
and focus on the mucosal TC reconstitution by additionally administering UCBCs accompanied

by human II-7.

A major contributing factor to the poor human reconstitution in peripheral tissue of humanised
mice may lie in the absence of human cytokine signalling (3.5.3.2). We decided for the
administration of exogenous human 1I-7, which has been demonstrated to be crucially involved
in both TC lymphopoiesis and the homing of TC into the GALT’%93137-13% gnd was thereby
regarded as the one single interleukin with the highest individual potential to increase GALT

TC reconstitution.

The CD34T+ model exhibits an increased human TC reconstitution in the peripheral blood and
GALT. Correlation of these two parameters renders peripheral blood measurements a
reasonable surrogate for GALT reconstitution in vivo in this model. When intrarectally
inoculated with HIV-1, CD34T+ were highly susceptible. We observed a 100% infectivity rate
in the study population. Our findings about the CD34T+ mouse model were consistent

throughout 18 different donors indicating it as a robust method with limited variability.

The suitability of this model for mucosal prevention studies was demonstrated by successful

transmission inhibition by a systemically administered highly potent bnAb mixture.

In this study we have only assessed the intrarectal HIV-1 susceptibility whilst other common

routes of mucosal transmission, most importantly through the female genital tract (FGT) have
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not been investigated. It is critical to note that some differences in the microenvironment and
homeostasis, for instance the pH milieu might significantly alter the course of infection between
these two sites?0:13%140, Therefore it would be advantageous to further investigate the model
and characterise the vaginal human reconstitution of CD34T+ mice and HIV-1 susceptibility of
their FGT.

In the CD34T+ mice, we sporadically observed development of anaemia about 4 to 6 weeks
post the injection of UCBCs. GvHD is a common and critical problem in humanized mice®’,
Rapid-onset GvHD in mice is normally observed when mature TCs are engrafted as in the hu-
PBL-mouse model whereas late-onset or chronic GvHD is a common feature of BLT mice, in
which the TC maturation is located in human-derived thymic tissue''®. Furthermore a human
phagocyte mediated murine erythrocyte depletion has been described for MISTRG and MITRG
mice, which are immunodeficient mice in whose genetic background several murine interleukin
genes are exchanged by the corresponding human gene sequences™'. Those mice are
reported to develop anaemia after 2-3 weeks, the incidence of which was directly associated
with their human CD45+ cell engraftment’'. Suggestions made in the corresponding
publication include the omission of the sublethal irradiation in order to not additionally affect
the murine erythropoiesis. This on the other hand is known to significantly reduce the human
engraftment as described for human PBMCs in NOD-SCID-IL2ry™" mice®’.

Probably the administration of UCBCs without human phagocytes, predominantly represented
by the CD16+ cell population, would be an option to reduce the development of anaemia since
the direct phagocytosis of murine erythrocytes by human cells has been reported in humanized

mice'!.

Several advances have been made recently to reduce GvHD in humanized mice. For example
murine genetic backgrounds harbouring an MHC | and Il knockout, by that eliminating the
major targets for the human CD3+ cell mediated Graft-versus-host reactions, have been
published™?2. Those were reported to have an extended GvHD-free survival compared to NSG

mice when engrafted with human PBMCs.

In the CD34T+ mouse model we promoted the utilization of UCBCs instead of PBMCs aiming
for a better and more sustainable graft tolerance. It is known that cord blood derived
mononuclear cells have a tendency towards a more tolerant immune response compared to
adult leukocytes™3144, On a functional level this can be explained by the required tolerance
towards maternal cells and surface markers during the foetal development. Regarding the cell

population characteristics, UCBCs are at least partially less mature and less differentiated than
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PBMCs'2. Our speculations about UCBCs being advantageous over PBMCs were supported
by the observation of a high rate of GvHD characteristic symptoms in those mice treated with
PBMCs. In accordance with previous characterisation of hu-PBL-mice, we observed a high
potential for TC expansion in the NRG-PBMC group compared to the NRG-UCBC group,
indicating that the engraftment of PBMCs predominantly consists of TCs, which have been

shown to be xenoreactive and therefore activated by murine antigens %2,

We used NRG mice, a widely used and available mouse strain. Practical implications remain
a critical aspect in facilitating research, especially with humanized mice. Setting up a new
humanized mouse population is challenging and time-consuming whereas the CD34T+
method can easily be adopted to pre-existing NRG mice in different laboratories. Other genetic

backgrounds have not been investigated.

The occurrence of GvHD and impaired healthy survival of the mice is a drawback but also
eventually tolerable in experimental designs addressing preventive questions that only require

experiment durations of less than 5 to 6 weeks.

As for all animal models, it becomes clear that the novel CD34T+ mouse model is not a
complete model of the human organism suitable for every scientific question. Rather, the model
has its advantages when employing it for the right aspects of the wide spectrum of HIV-1
research. It facilitates the in vivo testing of novel anti-HIV-1 molecules or substances that are
administered locally or systemically to prevent a mucosal HIV-1 infection, which is the most
common and critical route of infection in humans regarding the ongoing pandemic. Further

investigations into the suitability for studies of the vaginal transmission route would be required.

In the broad field of humanized mice, a variety of new approaches are under current
development. Whilst research addressing the immune response and active vaccination against
HIV-1 requires a functional and competent human immune system, the passive prevention
research relies on mimicking the site of infection as good as possible. This might include cell
populations involved in maintaining and promoting the initial infection, microbiota and other
pathogens that interfere with HIV-1 or even facilitate its transmission as known for several co-

infections”.

New approaches include the concept of “dual-reconstitution” referring to a reconstitution of
gnotobiotic humanized mice with human microbiota to the gut. In the future, these models
would probably enable the close study of microbial influence on the HIV-1 transmission and

maybe identify novel preventive targets. Other improvements of humanized mice might lay in
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further knock-in mutations of human genes for crucial cytokines as readily demonstrated for a

variety of examples’®145,
6.2. Conclusions of this work for the potential of VuH A6

In this project we tested the preventive in vivo potential of the VyH A6 against HIV-1 NL4-3gaL
compared to a non-HIV-1-specific V4H (6G2). VyH A6 had previously presented a broad
neutralizing spectrum regarding different HIV-1 strains in vitro. This project intended to

investigate the transferability of the VyH’s anti-HIV-1-activity into an in vivo setting.

We carried out a baseline experiment to determine the infection rate of HIV-1 NL4-3ga. in the
CD34T+ mouse model, which we used to apply the nanobody to. The infection rate was 70%
(Figure 5.11). Due to low group size and a broad variation in potential mediator parameters
(CD4+ cell concentration, placenta donors), the quantitative power of this result was regarded
as rather limited. However, two conclusions were drawn: Primarily, the data suggest that HIV-
1 NL4-3gaL can efficiently infect CD34T+ mice via mucosal routes. But, secondarily, it does not

show complete transmissibility.

Based on these observations, the actual prevention experiment employing VuH A6 was
performed. Here, the observation interval was from day 14 until day 42 post-challenge and the
primary endpoint was HIV-1 infection, indicated by a detectable viraemia (>384 copies/uL
blood). The group sizes in this experiment did not allow a quantitative statement about the
preventive potential of VyH A6 against HIV-1 NL4-3ga. in this mouse model (Figure 5.12).
However the difference between infection rates in mice that received VyH A6 together with the
infectious virus and those that received VyH 6G2 instead, was significant. The infection rate in
the group receiving VuH 6G2 on the other hand was in accordance with the previously
observed transmission rate with this HIV-1 strain. A qualitative conclusion can therefore be
drawn despite the small group sizes. VyH A6 prevents mucosal infection of CD34T+ mice with

HIV-1 NL4-3gaL in comparison to the non-related VyH 6G2 in a rectal challenge setting.

It is important to note that we employed a rectal challenge model to assess VuH A6 in vivo. A
different microenvironment and pH are known to account for relevant differences between
transmission through the FGT and the gut?%'35'40_ The novel CD34T+ model has not yet been
evaluated for its human leukocyte reconstitution in the FGT nor its vaginal HIV-1 susceptibility.
However, these would be reasonable next steps in the preclinical testing of VuH A6 and add

on to the transferability of generated data into a clinical setting.
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To sum up, the results of this first in vivo experiment qualify VuH A6 as a promising candidate

for further analysis and development of clinical application routes.
6.3. Perspectives for ViH A6 in clinical use

When regarding the clinical potential of VuHs, their usage as passive HIV-1 immunisation at
the side of infection seems elaborate. Since VyHs are only encoded by a single gene sequence
and do not require posttranscriptional modifications as Abs do, they can in contrast be

expressed by bacterial cells transfected with the encoding plasmid 146,

This has already been accomplished for VyH expression in a Lacticaseibacillus rhamnosus (L.
rhamnosus) strain. Both a surface anchored and a soluble VyiH A6 expression have been

established and exhibited in vitro neutralization activity against a selection of HIV-1 strains'®.

L. rhamnosus is a highly qualified bacterium for this purpose since it is part of the physiological
vaginal microbiome. Applied as intravaginal capsules, it initiates vaginal colonization remaining
stable for up to 3 months after application which is already approved in the treatment of
bacterial vaginosis'’. Furthermore L. rhamnosus contributes to a healthy vaginal flora that

intrinsically reduces HIV-1 susceptibility '3%14°.

The transferability of the lactobacilli-expressed VuH A6 into an in vivo setting remains to be

investigated and could be part of ensuing animal experiments.

When evaluating the current situation of preventive tools, it is critical to distinguish between

routes of transmission and consider resulting implications especially for women.

Regarding PrEP, a pharmacological model hints at substantial differences between colorectal
and cervicovaginal tissue?®, suggesting that at least 6 oral out of 7 doses per week would be
required to achieve vaginal protection, whilst 2 would suffice for colorectal protection. PrEP
efficacy was found to be highly moderated by treatment adherence?® with a variety of social
and structural factors restricting access especially for women in SSA™&, Notably, a clinical
phase I/l trial employing a prolonged administration of PrEP by s.c. implants is ongoing™#.
Although no significant adverse effects of PrEP were found in multiple large RCTs, subclinical
decrease in renal or liver function and bone mineralization have been observed?®. Long-term
effects remain to be investigated. Noteworthy, it remains uncertain, whether an up-scaling of
PrEP would impact the global genetic HIV-1 diversity also because PrEP usage might increase
risk behaviour, eventually enhancing transmission of drug resistant strains and compromising
both PrEP and ART efficacy'®°.
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BnAbs isolated from elite neutralizers could be a further component in HIV-1 prevention®.
They have been tested in animal models and clinical trials proofing their safety as well as their
capability in HIV-1 infected individuals*®'*'. Two randomised trials (HVTN 704/HPTN 085 and
HVTN 703/HPTN 081%°) assessed the preventive potential of the bnAb VRCO01 through
repeated i.v. infusions. The bnAb did not significantly alter HIV-1 acquisition likelihood which
was mainly attributed to viral escape and insensitivity to the bnAb%°. These results illustrate
that, in analogy to the therapeutic setting, a single bnAb alone does not mediate protection.
Complementary bnAb combinations remain to be assessed further in a preventive setting®'.
Limited tissue penetration of Abs require high systemic concentrations in order to achieve
sufficient local activity in the mucosa'®'. The healthy vaginal environment is characterized by
an acidic pH around 4-5'°, which extremely reduces affinity of IgG to HIV-1 in vitro'. A further
drawback of bnAbs is the requirement of parenteral administration’s2. While i.v. infusions are
only feasible in a clinical or outpatient setting, s.c. applications can be learned and carried out
independently. However, the tolerated volume per s.c. injection is limited, which might be a

restricting factor'®3.

To obtain a long-lasting prevention, continuous bnAb delivery is required which could either be
achieved by repeated administration or induction of a durable Ab expression. The half-life (t.,)
of bnAbs is around 11-24 days in healthy individuals*®'5® but can be significantly increased
through introduction of an LS mutation in the Ab’s Fc region, which increases affinity to the
neonatal Fc receptor'® (t, = 71 + 18 days for VRCO1LS versus ty, = 15 + 3.9 days for
VCRO01'%%). Noteworthy the Ab t; in infected patients alters from the one in healthy individuals
and it remains to be investigated whether this also stands true for mere contact with the
virus*546, An alternative to periodical bnAb administration consists of a vector-mediated gene
delivery resulting in a stable expression in the host organism itself. While employing adeno-
associated viral (AAV) vectors to mediate protein expression'™® is a proven concept'”’,
concordant approaches mediating anti-HIV-1 bnAb delivery have not resulted in consistent
stable bnAb titres yet. Anti-drug responses including anti-drug antibodies (ADA) were
determined as a major obstacle in both NHPs'®'%® and humans'®®. Distance from germline
identity of the mAb and extent of ADA correlated'®'%°® which is especially precarious in anti-
HIV-1 bnAbs regarding their high rates of somatic hypermutation*'. ADA might be enhanced
by the vector, since they have not yet been detected after repeated bnAb administrations '°°.
Novel gene editing techniques offer new perspectives but would in any case require time to be

implemented and approved.

BnAbs are an elaborate tool to mimic intrinsic immunity. They target antigens on the viral

surface highly specifically and with high affinity, so that adverse effects are minimal*°46:153.1%5,
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Whilst administration of a single bnAb did not protect from HIV-1 acquisition in first large scale
clinical trials, bnAb combinations have not been clinically investigated in prevention yet. So far,
repeated infusions are the only option for an enduring effect. A central shortcoming of
preventive bnAbs is their impaired function in an acidic pH as present in the FGT which
appears especially delicate with females in SSA being the largest and most precarious

population at risk.

Nanobodies might be advantageous regarding some of the shortcomings of bnAbs in mucosal
HIV-1 prevention. They are not only stable in acidic pH but also maintain their affinity to HIV -1
in that environment™?. In an ELISA based measurement all tested nanobodies did not exhibit
significant reduction of binding at pH 4.2 vs. 7.4 and only one showed significantly reduced
binding at pH 3.7 vs. 7.4, which might be of minor clinical implications since the physiological
pH of the vaginal mucus is around 4-5 and an increase of the pH comes along with higher HIV-

1 transmission rates while a decrease might even be protective against HIV-1 intrinsically 135149,

Notably VyHs do not possess an F. domain lacking any F.-F¢R interaction mediated cellular
responses IgGs can initiate. However, the importance of F. signalling in bnAb function against

HIV-1 remains controversial and appears at least to some extend dispensable'®’.

As seen in the clinic for bnAbs with rational combinations of antibodies with complimentary
targets*’, there are in vitro data suggesting a potential broadening of the neutralizing capacity
of VuHs when administered combined?®.

Finally, VuHs exhibit some advantageous characteristics with regard to the currently
established preventive tools especially for females. The investigation of their potential is still in
its early stages and further research is required. Potential questions arising from this work
include the in vivo functionality of lactobacilli-expressed VuyH, the prevention of infection
through the FGT and the in vivo neutralization breadth of single as well as combinations of
VyHs.
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