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ABSTRACT

Introduction: Chronic ocular graft-versus-host disease (0GVHD) is one of the most common complications after
allogeneic hematopoietic stem cell transplantation (aHSCT). Recent studies indicate that desiccating stress by air-
conditioning in transplantation wards increases the incidence of oGVHD. To test the hypothesis that experi-
mental desiccating stress is a risk factor for oGVHD a mouse model of oGVHD was subjected to experimental
desiccating stress.

Materials/Methods: A previously established chemo-induced minor-mismatch mouse model of o0GVHD was used.
One group was challenged with desiccating stress for 18 days and compared to non-desiccated GVHD animals.
Clinical phenotyping was performed weekly and ocular tissue and regional lymph nodes were collected on days 7
and 28 for flow-cytometry, tear film cytokine analysis, histology for corneal lymphatics and dendritic cell counts,
and corneal gene expression.

Results: Desiccating stress leads to significant earlier and more severe systemic and oGVHD accompanied by
higher numbers of activated corneal dendritic cells, higher expression of TNF in tear film and earlier corneal
lymphangiogenesis. Gene expression analysis suggests that systemic GVHD severity may influence oGVHD.
Different inflammatory pathways are upregulated at d28 following desiccating stress in contrast to non-
desiccated GVHD.

Conclusions: The data presented strengthens the hypothesis, that desiccating stress during aHSCT is a risk factor
for oGVHD. Together with already published clinical data, there is increasing evidence that implicates protecting
patients from desiccation during the engraftment of allogeneic hematopoietic stem cells. Furthermore, specific
prophylactic therapies should be developed and tested to reduce the incidence and severity of oGVHD.

1. Introduction

However, in rare cases, the retina is also involved [3]. Although the
clinical phenotype resembles dry eye, oGVHD should be viewed as a

Chronic ocular graft-versus-host disease (0GVHD) is one of the most
common complications after allogeneic hematopoietic stem cell trans-
plantation (aHSCT). Up to 60 % of patients develop this severe, often
rapidly progressive disease [1,2]. Clinically, the ocular surface is usually
affected, especially the eyelids, conjunctiva, cornea, and lacrimal gland.

separate entity due to its specific pathomechanisms and treated
accordingly.

The general pathogenesis of graft-versus-host disease (GVHD) is
divided into 3 phases [4]. In the first phase, inflammation of the tissue
including activation of damage- and pathogen-associated molecular

* Presented in part at these meetings: Association for Research in Vision and Ophthalmology 2021, International Ocular Surface Society 2022, International Expert

Meeting on ocular GVHD 2024.
* Corresponding author.
E-mail address: philipp.steven@uk-koeln.de (P. Steven).
! These authors contributed equally.

https://doi.org/10.1016/j.jt0s.2025.04.008

Received 6 February 2025; Received in revised form 10 April 2025; Accepted 13 April 2025

Available online 24 April 2025

1542-0124/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0001-6892-3619
https://orcid.org/0000-0001-6892-3619
mailto:philipp.steven@uk-koeln.de
www.sciencedirect.com/science/journal/15420124
https://www.elsevier.com/locate/jtos
https://doi.org/10.1016/j.jtos.2025.04.008
https://doi.org/10.1016/j.jtos.2025.04.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtos.2025.04.008&domain=pdf
http://creativecommons.org/licenses/by/4.0/

U. Gehlsen et al.

patterns as well as antigen-presenting cells (APCs) and platelets, occurs
during tumor therapy and subsequent conditioning [5]. In the second
phase, donor B and T cells are activated, and alloreactive cells are
expanded [6]. These alloreactive cells migrate to the periphery, leading
to inflammation and damage of target organs such as skin, mucosa, and
solid organs. Furthermore, damage to the thymus leads to a reduction in
regulatory B and T cells and a loss of peripheral tolerance [7]. In the
third phase, chronic macrophage activation leads to fibroblast activation
and consecutive formation of extracellular matrix with fibrosis of tissues
[8l.

A comparable pathogenesis is assumed for oGVHD. Preclinical and
clinical studies have proven the activation of APCs, tissue damage by
alloreactive T cells, and fibrosis of the conjunctiva and lacrimal gland,
and anti-inflammatory and regenerative therapies have been developed
based on this concept [9]. However, except for topical cyclosporine,
these therapeutic measures have not been tested before or at the onset of
oGVHD [10-12].

In contrast to most other ocular diseases, chronic oGVHD is in
principle predictable, as it always follows a previous aHSCT. Thus, it
seems ideally suited for therapeutic avoidance. However, suitable pre-
diction models and reliable prophylactic measures have yet to be
established. This would require the identification of reliable risk factors
for the development of chronic oGHVD and a detailed understanding of
the early pathomechanisms, particularly phases 1 and 2 of GVHD
pathogenesis, as discussed above.

Recently, our group has shown by clinical retrospective studies that
desiccating stress of <30 % humidity with constant airflow during
aHSCT leads to oGVHD in more than 70 % of cases. In contrast, o GVHD
occurs in only 30 % of cases when humidity is >50 % during trans-
plantation [13,14]. These studies indicate that desiccating stress, which
occurs primarily in winter in our hospital, may be a risk factor for
developing oGVHD. Prophylactic avoidance of the same or raising the
humidity to >50 % could thus reduce subsequent chronic oGVHD. An
alternative pathway could be a specific therapeutic intervention of the
pathomechanisms.

To understand the role of ocular surface desiccation in the patho-
genesis of oGVHD and, in particular, to analyze early immune mecha-
nisms, mouse animal models of oGVHD [15-22] and dry eye produced
by experimental desiccating stress [23,24] are suitable. In this study, we
combined both models and investigated early immune mechanisms in
the development of oGVHD to test the hypothesis that experimental
desiccation stress is a risk factor for the development of oGVHD.

2. Material and methods
2.1. Animal model and clinical in vivo readouts

GVHD was induced as described in detail previously [22,25]. Briefly,
female C57BL/6 (H2kb) recipient mice received a chemotherapy con-
ditioning protocol using busulfan and cyclophosphamide monohydrate
(both Sigma-Aldrich, Germany) followed by allogeneic transplantation
of bone marrow cells and splenic T cells from a 12952/SvPasCrl (H2kb)
donor (both strains Charles River Laboratories; Sulzfeld, Germany).
Blood samples were analyzed by flow cytometry using Ly9.1 and H2kb
as chimerism markers at the end of the experiments to ensure successful
engraftment. After the transplantation mice were examined once a week
for clinical parameters of systemic GVHD (weight loss, posture, activity,
fur, and skin abnormalities) on a scale from 0 to 2 for each parameter
and oGVHD. Ocular parameters (blepharitis, tear production, corneal
epitheliopathy) were investigated at baseline and 7, 14, 21, and 28 days
after transplantation as described in detail previously [22,24]. To
quantify blepharitis (lid swelling, loss of fur around the eyes scored from
0-(no swelling or loss of fur) to 2-(severe swelling, loss of fur as
described in Ref. [22]) and corneal damage (fluorescein staining grade
scored from O to 5), images were taken and analyzed by two blinded
observers (UG and MM). Clinical characteristics of the eyes seen in this
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model resemble typical features of chronic ocular GVHD in humans in
contrast to acute oGVHD features such as chemosis and pseudomem-
branes [22].

To investigate the effect of adverse environmental conditions on
oGVHD mice were exposed to desiccating stress (DS) with reduced hu-
midity (<30 % RH) and a constant airflow (GVHD-DS) from day 1-18
after transplantation and compared with GVHD mice (GVHD) that were
housed under standard conditions (>50 % RH, no airflow). Since it is
known, that desiccating stress itself can induce ocular surface disease
[26-28], a further control group of naive mice exposed to DS but
without GVHD was used in some experiments.

All experiments were performed at least two times with n = 5 mice
per group. At baseline and on days 7 and 28 after transplantation, mice
were sacrificed and cornea, conjunctiva, and draining lymph nodes were
excised. Tissue samples of naive C57BL/6 mice were used as a control.

All experiments were performed in agreement with ARRIVE guide-
lines and according to the EU Directive 2010/63/EU for animal exper-
iments and the Landesamt fiir Natur, Umwelt und Verbraucherschutz
(LANUV) of the state of Nordrhein-Westfalia (license number A388).

2.2. Dendritic cell and vessel quantification in the cornea

Corneal flat-mount tissue samples were fixed in acetone, blocked
with 2 % bovine serum albumin in PBS, and incubated (1:100) overnight
with anti-LYVE1, FITC-labeled CD31, and AlexaFluor™647-labeled
CD11c antibodies (for detailed information of antibodies used see sup-
plemental table). Whole-mount RGB images were then semi-
automatically analyzed using a custom program (MATLAB, The Math-
Works, Inc., Natick, MA) and a custom built-in Python algorithm to
calculate the area of the cornea covered by lymphatics or blood vessels
as described previously [22]. The number of CD11c + dendritic cells was
counted manually using the free software ImageJ. Each final image was
analyzed in a blinded manner by one experienced observer.

2.3. Flow cytometry

Single-cell suspensions from cervical lymph nodes were prepared by
meshing the tissue through a 40 pl cell strainer and lysing the erythro-
cytes with Hybrid-Max™ lysing buffer (Sigma Aldrich). The pellet was
re-suspended in FACS buffer (2 % fetal bovine serum, 0.2 % HEPES in
Dulbeccos PBS). Cells were blocked with anti-mouse CD16/CD32 FC-
block (BD Pharmingen, clone 2.4G2) and incubated with either anti-
CD4, CD8, CD25, FoxP3, or anti-CD11c, MHC II, CD40, CD80, CD86
antibodies according to the manufacturer’s instructions (for detailed
information of antibodies and reagents used see supplemental table).
After incubation, cells were re-suspended in serum-free PBS and incu-
bated with eBioscience™fixable viability dye eFluor™ 450 (Invitrogen).
Cells were washed and fixed with BD™ Stabilizing fixative (BD Biosci-
ence) 1:3 in aqua dest. Measurements were executed using a BD FACS-
Canto™II cell analyzer (BD Biosciences). Data was analyzed using
FlowJo software (FlowJo LLC, OR, US).

2.4. Tear film cytokine analysis

For tear film analysis, 2 pl of PBS was applied without contact on the
central corneal surface, and the mouse was allowed to blink. Tear
washings were then carefully collected with a 2 pl glass capillary from
the lateral canthus of the eye. Tear samples were stored at —80 °C until
further processing. For the detection of cytokines (IFN-y, IL-2, IL-4, IL-6,
IL-10, TNF) a LUNARIS™ Mouse 6-Plex Cytokine Kit (Ayoxxa, Cologne,
Germany) was used according to the manufacturer’s instructions.
Samples were diluted 1:2 with the assay diluent and loaded onto the
biochip together with the provided protein standards. After labeling the
analytes with streptavidin-phycoerythrin, the biochip was dried over-
night at room temperature and measured using a LUNARIS™ Reader™
96/384. For data analysis, the LUNARIS™ Analysis Suite (Ayoxxa) was
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used.

2.5. Gene expression and pathway analysis

Total RNA was extracted from conjunctival and whole corneal tissue
from one eye from GVHD and GVHD-DS mice using the Qiagen RNeasy
Plus Mini kit with a genomic DNA eliminator spin column according to
the manufacturer’s instructions. RNA was diluted in RNase-free water
and the concentration, as well as the purity, were determined using a
spectrophotometer device (NanoDrop, Thermo Fisher). To analyze the
gene expression a commercial oligonucleotide microarray technology
(NanoString nCounter® Autoimmune Profiling Panel, NanoString
Technologies, Seattle, WA, US) was used as described in detail in the
literature [29] and according to the manufacturer’s instructions. 250 ng
of each RNA sample (n = 3 samples per group) were hybridized to
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capture probes each carrying a unique, target-specific, color code. Tar-
get/probe complexes were imaged using a nCounter Digital Analyzer
(NCT-DIGA-120, NanoString Technologies) and analyzed using the
ROSALIND (Onramp, San Diego, CA, US). Pathway analyses were
investigated using metascape (metascape.org).

2.6. Statistics

Data were analyzed using either the non-parametric Friedmann test
for paired samples (repeated measures of each group over time) with the
Bonferroni corrected Dunn’s post-hoc-test or, depending on the sample
number, the Kruskal-Wallis-test or Mann-Whitney-U-test for unpaired
samples was used to compare differences between GVHD and GVHD-DS.
A p-value below 0.05 was considered statistically significant by
convention. SPSS (v.25) was used for statistical analysis. Data is
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Fig. 1. Experimental set-up and clinical in vivo GVHD readouts. A) Mice received allogeneic transplantation of bone marrow and T cells (BMT) after 4 days of
chemotherapy to induce GVHD. One experimental group was exposed to desiccating stress after BMT until d18 (GVHD-DS), in the control group GVHD was induced
without DS (GVHD). A further control group of healthy mice without GVHD was also exposed to DS (DS). B) In the GVHD-DS group the systemic GVHD score was
significantly increased from d7 (p = 0.007) after BMT compared to GVHD mice. Mice at baseline and naive-DS do not develop a GVHD score and were therefore not
included in the graph. C) Time course of corneal epithelial damages from baseline until day 28 after BMT. The GVHD-DS group developed a significantly earlier and
more severe fluorescein staining at d7 compared to GVHD (p = 0.012) and naive-DS (p = 0.0001). In the GVHD and naive-DS control, the onset of fluorescein staining
occurred one week later at d14 after BMT. D) Time course of blepharitis from baseline until d28 after BMT. The lid margin inflammation started significantly earlier
in GVHD-DS and was increased compared to baseline (p = 0.03) and naive-DS (p = 0.05) at day 7. In GVHD control mice blepharitis started at d21 after BMT and
remained significantly lower compared to GVHD-DS. (n = 5 mice/group; *p < 0.05, **p < 0.001, ***p < 0.0001. Asterisks directly below/above boxplots refer to
comparison with DS-control mice. Comparison between GVHD-DS and GVHD is indicated by brackets. BMT = bone marrow transplantation, DS = desiccation stress,
d = day, X = mean, line in box = median, whiskers = upper (maximum number) and lower (minimum number) quartiles).
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presented as a boxplot graph, with the box showing the median (line)
and 1st to 3rd quartile and the whiskers showing the upper (maximum
number) and lower (minimum number) quartiles of the data set. Within
the box, the mean is visualized as X.

3. Results

3.1. Desiccating stress after BMT exacerbates signs of systemic and ocular
GVHD

To investigate the potential pathogenic role of desiccation on the
development of oGVHD, mice were subjected to our BMT transplant
protocol with and without desiccation. Naive C57BL/6 mice were used
as positive controls for dry eye induction (Fig. 1A). GVHD-DS mice
demonstrated a significantly higher systemic GVHD score from d7 until
d28 after BMT compared to non-desiccated GVHD mice. In GVHD-DS the
systemic score increased already from d7 to d14 from 2.0 + 0.6 to 3.4 +
0.8 (p = 0.045), whereas in the GVHD-only group, the systemic score
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increased the earliest at d21 (2.5 £ 0.7). The difference between both
groups at d7 was highly significant (0.7 + 0.1) (p = 0 .007). The sys-
temic GVHD score remained at a higher level in the GVHD-DS group
(d21: 3.8 & 0.7; d28: 4.7 &+ 1.3) even after the end of the desiccation
compared to GVHD (d21: 2.5 + 0.7; d28: 3.0 &+ 1.2) (d21: p = 0.009);
d28: p = 0.03) (Fig. 1B).

Ocular GVHD phenotype was assessed using corneal fluorescein and
the blepharitis score. At d7 after BMT the corneal fluorescein score was
already significantly increased in GVHD-DS (4.1 £+ 0.6) compared to
baseline (0.2 + 0.4; p < 0.0001), DS only control (0.7 + 0.7; p <
0.0001), and GVHD without DS (2.4 + 1.0; p = 0.012) (Fig. 1 C). Atd14
the fluorescein score increased also in DS (2.2 + 1.0; p = 0.037) and
GVHD (3.8 + 0.4; p < 0.0001) and remained at an increased level
compared to baseline, but was still significantly lower compared to
GVHD-DS (4.6 + 0.4)(DS: p < 0.0001; GVHD: p = 0.026). GVHD mice
reached a comparable level of fluorescein as GVHD-DS mice not before
d21 (p = 0.09) (Fig. 1 C).

Blepharitis increased at d7 after BMT in GVHD-DS (1.9 + 1.1; p =
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Fig. 2. T Cell analysis in cervical lymph nodes in GVHD-DS and GVHD mice at day 7 after BMT. A) The CD4:CD8 ratio was decreased in both GVHD (p = 0.001)
and GVHD-DS (p = 0.01) mice compared to naive mice. B) The frequency of CD8" cells was increased in GVHD (p = 0 .001) and GVHD-DS (p = 0.01) compared to
naive mice. C) The frequency of CD4" T cells was not changed. D) In GVHD (p = 0.0001) and GVHD-DS (p = 0.003) a significantly higher number of CD8™ cells were
CD25". E 4 F) The frequency of FoxP3+ regulatory T Cells was not changed in any group, but the mean fluorescence intensity of FoxP3 was significantly decreased
in GVHD-DS compared to naive (p = 0.01) and GVHD (p = 0.0001) mice indicating a reduced frequency of these cells. (n = 5-8 mice/group; *p < 0.05, **p < 0.001,

***p < 0.0001. Treg-regulatory T Cell, MFI-mean fluorescence intensity).
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0.03) compared to baseline but remained at a baseline level in naive-DS
(0.5 + 0.6) and GVHD (0.9 + 0.8) until d21 (Fig. 1 D). At d21 the ble-
pharitis score was also increased in GVHD (1.2 + 0.7; p = 0.014)
compared to baseline but was significantly lower than in the GVHD-DS
(2.2 + 1.0; p = 0.05) even after the end of desiccating stress (Fig. 1 D).
Because of the early significant differences between GVHD and GVHD-
DS groups, the following analyses were focused on d7 after BMT.

These results indicate that desiccation after BMT worsens the clinical
parameters of oGVHD.

3.2. Increase of CD8" T cells and DC-activation and early loss of treg-
functionality in cervical lymph nodes

Expansion and activation of T-cells and dysfunction of Tregs have
been described in the pathology of ocular GVHD [17,18,30].

CD4:CD8 ratio in the cervical lymph nodes was significantly
decreased in both GVHD and GVHD-DS mice (0.7 + 0.2; 0.8 + 0.3)
compared to naive mice (1.2 + 0.1)(GVHD: p = 0.001, GVHD-DS: p =
0.011) after 7 days, due to an increase of CD8" T cells (45 + 8 %; 47 + 8
%; naive: 27 £ 3 %) (Fig. 2A and B). The number of CD4" T cells
remained stable at early stages (p = 0.270) (Fig. 2 C). A significantly
higher number of CD8" T cells expressed the activation marker CD25 in
both of the GVHD groups (18 + 12 %, 13 + 11 %) compared to CD8" T
cells from naive controls (1 + 1 %)(GVHD: p < 0.0001; GVHD-DS: p =
0.003) (Fig. 2 D). The frequency of regulatory T cells (Tregs, measured
as CD4"CD25"FoxP3") was between 3 and 5 % and did not change at d7
after BMT in GVHD, GVHD-DS, and naive controls (p = 0.061). How-
ever, the level of FoxP3 depicted by the mean fluorescence intensity
(MFI) was significantly reduced in GVHD-DS compared to GVHD (p <
0.0001) and non-desiccated (p = 0.010) groups.

A Dendritic Cells
45 * % %
40 °

35

M

25

.

GVHD-DS

CD11c+
. s
< F
T
Ol -

CD11c+ MHC2+ cells (of viable cells)

o

C CD80+ D

80 %k k 100

@
o

ﬂ

70

» 50 I I
» o2 2 80
8 8 60 8
% 4 5 5 7
3 By g o0
3] o o
5 30 % 40 % 50
w w ]
E 2 © 49
8 2 g 20 g
6 + + 30
g 8 20 8
a a a 20
o 10 S (8}
10
0 0 0

D naive . GVHD D GVHD-DS

The Ocular Surface 37 (2025) 236-246

Dendritic cell activation is a hallmark of oGVHD [31]. We hypoth-
esized that desiccation would increase the frequency of mature APCs.
Therefore, ocular draining lymph nodes were collected, and levels of
CD40, CD80, and CD86 were investigated. Furthermore, the number of
mature (MHC II"CD11c") dendritic cells (DC) was increased in both
GVHD (12 + 4 %) and GVHD-DS (23 + 10 %) compared to naive (6 + 3
%)(GVHD: p = 0.038; GVHD-DS: p < 0.0001), but significantly higher in
GVHD-DS compared to GVHD (p = 0.018) at d7 after BMT (Fig. 3 A). In
the GVHD-DS group, DCs expressed significantly more activation
markers (CD40: p = 0.006; CD80: p = 0.02; and CD86: p = 0.045) than
GVHD. In contrast, the activation state of DCs in the GVHD group was
not changed at d7 compared to DCs from naive controls (CD40: p =
0.785; CD80: p = 0.063; CD86: 0.136) (Fig. 3B-E).

3.3. Early increase of TNF in Tears after DS

Elevated levels of inflammatory cytokines have been described in
tears of oGVHD patients [32-35]. We collected tear washings of mice
from all the treatment groups and performed multiplex analysis of
pro-inflammatory cytokines (IL-2, IL-4, IL-6, IL-10, TNF, IFN-y). IL-6 and
IL-10 were below the detection limit (data not shown).

There was a significantly increased TNF concentration level in tears
of GVHD-DS (112 + 83 pg/ml; p = 0.035) but not GVHD mice (53 + 29
pg/ml; p = 0.8) compared to naive mice (41 + 28 pg/ml), and an in-
crease by a trend in IFN-y (GVHD-DS: 7.9 + 3.5 pg/ml; p = 0.055) at d7
after BMT compared to naive (5.0 £+ 6.7 pg/ml) and GVHD (3.9 + 4.0
pg/ml) (Fig. 4A and B). No changes were observed in the interleukins IL-
2 and IL-4 (Fig. 4C and D).

These results indicate that desiccation after BMT leads to the release
of pro-inflammatory cytokines into the tear film.
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Fig. 3. Dendritic Cell (DC) analysis in cervical lymph nodes in GVHD-DS and GVHD mice at day 7 after BMT. A) The total number of CD11c"MHC2" DCs was
significantly increased in GVHD-DS compared to naive (p = 0.04) and GVHD (p = 0.018). B-D) In GVHD-DS the number of CD40" (B), CD80" (C) and CD86™ (D)
activated DCs was significantly increased compared to GVHD mice (CD40: p = 0.006; CD80: p = 0.02; CD86: p = 0.045). In the GVHD group, the activation of DCs
was comparable to naive mice. E) Histograms of activation markers of DCs in representative examples of naive, GVHD and GVHD-DS mice with FMO control that was
used for gating (light grey histogram) and the antibody-treated sample (dark grey histogram). (n = 5-8 mice/group; *p < 0 .05, ***p < 0.0001).
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Fig. 4. Cytokine analysis in tear fluid in GVHD-DS and GVHD mice at day 7 after BMT. Tear fluid was collected as described in the methods and Luminex
analysis were performed. (n = 8-10 naive mice; n = 4-5 mice/GVHD group; 2 eyes pooled/sample; *p < 0.05; dotted line = lower detection limit). A) TNF was
significantly increased in GVHD-DS (p = 0.035) but not GVHD (p = 0.08) compared to naive mice. B) IFN-y was increased by a trend in GVHD-DS (p = 0.055),
however not significantly. C + D) No differences were observed in the IL-2 and IL-4 concentration levels.

3.4. Differential gene expression evaluation in the cornea shows early
upregulation of pro-inflammatory genes

To gain insight into the molecular pathways being differentially
modulated, whole corneas were collected from all study groups, RNA
was extracted, and NanoString was performed. Raw data was analyzed
using ROSALIND software. A 1.5-fold change with a P-adjusted value of
0.05 was used.

First, we compared the naive group to oGVHD with and without DS
(Supplemental Fig. 1) at the day 7 timepoint. Unsupervised clustering
showed that the naive group was segregated from the two experimental
groups (Supplemental Figure 1 A). Out of 594 genes in the panel, 198
genes were significantly expressed (128 down and 70 up), comparing
the naive to both experimental groups (Supplemental Fig. 1A and B).
Some of these genes are depicted in the Volcano plot (Supplemental
Figure 1 B). The NanoString Annotation panel showed that pathways
related to “Type I" and “Type II IFN,” “MHC class I,” “autoantigens” and
“Th2 differentiation” were the top 5 most represented pathways
(Supplemental Figure 1 C). The specific genes involved in “Type I and II
IFN signaling” and “MHC class I presentation” that were differentially
modulated are shown in Supplemental Figure 1 D. These results indicate
that GVHD (irrespective of the presence of DS) on day 7 post-BMT causes
profound changes in the cornea. As an additional analysis, we analyzed
the clinical data of those two animals (one GVHD, one GVHD-DS) that
did demonstrate a different gene expression pattern for “Type I Inter-
feron” than the according group at day 7 (suppl Fig. 1 D). In these two
mice, we did not see differences in the ocular phenotype, but interest-
ingly the GVHD mouse that demonstrated similar gene expression
pattern with two GVHD-DS mice had the highest systemic GVHD score of
all GVHD mice. Comparatively, the GVHD-DS mouse that demonstrated
a similar gene expression pattern with the two GVHD mice had the
lowest systemic GVHD score of all GVHD-DS mice.

Next, we compared the naive group to oGVHD with and without DS
on day 28 post-BMT (Suppl. Fig. 2). Out of 594 genes in the panel, 310
genes were significantly expressed (108 down and 102 up), comparing
the naive to both experimental groups (Supplemental Fig. 2A and B).
Some of these genes are depicted in the Volcano plot (Supplemental
Figure 2 B). Similarly to the previous timepoint, the NanoString Anno-
tation panel showed pathways related to “Type I and II IFN,” “MHC I
class”, and “autoantigens” as part of the top 5 most represented path-
ways (Supplemental Fig. 2C). One difference is that “cytosolic DNA
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sensing” was the fourth most modulated pathway. The specific genes
involved in “Type I and II IFN signaling™ and “MHC class I presentation”
that were differentially modulated are shown in Supplemental Figure 2
D. Some of the same genes are differentially expressed in both time
points (Supplemental Figures 1 and 2 D).

We then compared GVHD to GVHD-DS. No genes passed the false
discovery rate at day 7, but significantly expressed genes were observed
at day 28 post-bone marrow transplant comparing GVHD-DS to GVHD
(Supplemental Fig. 3). There were 75 differentially expressed genes
(Supplemental Fig. 3B; 59 down and 16 up). Due to the limited number
of genes, the significance score could not be calculated. Instead, we used
Metascape to identify specific pathways (Supplemental Fig. 3C) that
were differentially modulated. Using the 16 upregulated genes, Meta-
scape identified that the “TGF-p pathway,” “myeloid activation and
regulation of metal ion transport” and “platelet activation signaling and
aggregation” were the top 5 pathways in the GVHD-DS corneas
(Supplemental Figure 3 C). On the other hand, Metascape analysis of the
59 downregulated genes in GVHD-DS (and by default, upregulated in the
GVHD-only group) showed “positive regulation of immune response,”
“lymphocyte activation,” “cytokine-cytokine receptor interaction,”
“positive regulation of cytokine production” and “TNF signaling” as the
top 5 most modulated pathways (Supplemental Figure 3 D). These re-
sults indicate that GVHD-DS and GVHD activate differential immune
pathways.

3.5. Increased corneal lymphangiogenesis

Based on previous findings of our group, in which corneal lym-
phangiogenesis is a pathomechanism of ocular GVHD [22] we hypoth-
esize that desiccation would increase the degree of lymphangiogenesis
in the cornea. To investigate this, corneas from all study groups were
collected and stained with LYVE1 for lymphatics and CD31 for blood
vessels. In this study, very early changes in the corneal microenviron-
ment were observed. In the cornea of GVHD-DS animals, a significant
increase in corneal lymphatics was observed already at d7 after HSCT
compared to naive controls (2.7 + 0.4 % vs. 1.7 & 0.6 % of total cornea;
p = 0.003), but no difference was observed between GVHD (2.4 + 1.4 %
of total cornea, p = 0.065) and naive. Also, no differences in lymph
vessels were observed between GVHD-DS and GVHD (p = 0.263)
(Fig. 5A and B). In contrast, corneal hemangiogenesis was not changed
between the groups at d7 after HSCT (p = 0.345) (Fig. 5A-C).
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Fig. 5. Quantification of lymphatics, blood vessels and DCs in the cornea, and vegf expression in the cornea and conjunctiva of GVHD and GVHD-DS mice
at Day 7 after BMT compared to naive mice (immunohistochemistry, RT-qPCR). A) On the upper left an exemplarily whole mount-samples stained with CD31
(green; blood vessels), LYVE1 (red; lymphatics) and CD11c (blue; DCs). From each group one representative image was presented showing a part of the cornea from
naive, GVHD and GVHD-DS mice as indicated by the inlay on the left. At least 6 corneas were stained and analyzed/group. B) The total amount of corneal lymph
vessels was increased in GVHD-DS (p = 0.003) compared to naive mice, but not in GVHD control mice. C) No differences in blood vessels were observed between the
groups. D) The number of corneal DCs was significantly decreased in both, GVHD (p = 0.001) and GVHD-DS (p = 0.01), compared to naive control cornea. E + F)
Expression of vegf-a, -c and d-in the cornea (E) and the conjunctiva (F) of GVHD (blue) and GVHD-DS (red) mice normalized to naive controls (n = 3 mice/group). No
differences between the groups were observed. (*p < 0.05, ***p < 0.0001. white arrow-DC; red arrow-blood vessel; VEGF-vascular endothelial growth factor). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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In the normal cornea, there are different populations of antigen-
presenting cells such as plasmacytoid and classical dendritic cells
(DCs). As alterations of corneal DCs were depicted in vivo in GVHD
patients and animal models [31,36,37], we investigated whether
desiccating stress would lead to an increased presence of CD11c" DCs in
the cornea. In GVHD-DS and GVHD, the number of CD11c™ cells in the
cornea was significantly reduced at d7 after BMT (2 + 2/3 + 2
cells/mm?) compared to naive cornea (18 + 7 cells/mm?) (GVHD: p<
0.0001; GVHD-DS: p = 0.01), but no differences between the groups
were observed (p = 1.0; Fig. 5 D).

To investigate the expression of angiogenic factors, whole corneal
and conjunctival tissue was analyzed regarding vegfa, -c, and -d mRNA
transcript levels. Neither of the transcripts for these factors was different
from naive controls, and no differences were observed at d7 after HSCT
(Fig. 5E and F).

In summary, these findings implicate, that desiccating stress after
BMT leads to an accelerated and aggravated graft-versus-host reaction of
the eye, mediated by inflammatory cytokines, adaptive immune mech-
anisms, and impaired immune privilege of the cornea.

4. Discussion

Recently, our group published clinical data showing that desiccating
stress during the immediate post-transplant phase after aHSCT signifi-
cantly increases the incidence of oGVHD [13,14]. These findings indi-
cate that desiccating stress-related damage of the ocular surface and
consecutive exposure of host antigens may lead to an early phase
antigen-presentation and effector T cell responses and in humans,
following time delay of months to years, reactivation of the immune
response, leading to chronic oGVHD. To investigate the underlying
pathomechanisms, especially in the early phase of o0GVHD, we designed
in-vivo experiments that best simulate this clinical situation. Our results
showed that desiccating stress after BMT worsens clinical signs of ocular
surface disease. Furthermore, results implicate an increase in activated
CD8™ cells, a decrease of FoxP3 MFI in Tregs, upregulated activation
markers in dendritic cells, and increased mRNA transcript expression in
the cornea of genes involved in “Type 1" and “Type II interferon” and
“cytokine signaling” pathways.

Desiccating stress is a known trigger of dry eye. Clinical studies as
well as the use of an experimental mouse model show that dehydration
leads to epitheliopathy of the cornea and conjunctiva [23,24,26,28,38,
39]. This tissue damage triggers a complex cascade involving both
innate and acquired immune mechanisms. In dry eye, increased levels of
pro-inflammatory molecules such as TNF and IFN-y are found in the tear
film and increased activation of corneal dendritic cells [40,41]. This can
also be visualized in vivo in patients using confocal microscopy [31,42].
After the expansion of autoreactive T cells, homing to the ocular surface
and chronic Th17 T cell-mediated inflammation occurs [43]. In desic-
cating stress-induced dry eye, there are some parallels to the results
presented here concerning the induction of a mucosal immune response.

Experimental analysis of the pathogenesis of oGVHD has so far
focused on late changes such as destruction and fibrosis of the ocular
surface and lacrimal gland [15,16,20,21,44]. Very early changes have
not yet been investigated in detail, especially not under adverse envi-
ronmental conditions.

Apart from an expected early activation of the innate immune sys-
tem, which is also crucial in the first phase of the development of non-
ocular chronic GVHD [4], T cells and DCs play a central role in the
early development of GVHD after desiccation stress. However, whether
these are primarily recipient-derived cells or donor cells that migrated
early into the cornea is unclear. Previous experiments by Heretes et al.
on the migration of immune cells into the cornea show that a population
of donor-derived CD4 " and CD8™ T cells in the cornea appear as early as
2-3 weeks after transplantation [18].

Investigating CD4" and CD8™ T cells in cervical lymph nodes in the
present study, a higher number of CD8" T cells were detected in both
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GVHD and GVHD-DS groups in comparison to naive mice. However, no
statistical difference was present between the GVHD groups. To inves-
tigate the activation of CD8" T cells, we analyzed the co-expression of
CD25. In both GVHD groups an increased frequency of activated
CD87CD25™ T cells were detected, implicating an early initiation of an
effector response. Although our studies did not find a decrease in the
frequency of CD47CD25"FoxP3" in ocular draining nodes, the MFI of
FoxP3" was significantly decreased in the GVHD-DS group. FoxP3 is
critical for the maintenance of Treg function, as mice deficient in FoxP3
develop severe autoimmunity [45,46]. These findings suggest that
Treg’s suppressive ability in the GVHD-DS group could be decreased.
The indication of functionally ineffective Tregs fits with previous evi-
dence that loss of function of FoxP3™ Tregs plays a central role in various
autoimmune diseases including GVHD [47]. Furthermore, Tregs are
central mediators of immune tolerance after aHSCT. Reduced function
of Tregs, on the other hand, leads to an amplification of GVHD and is
subject to T cell-based microRNA-31/hypoxia-inducible factor 1la
regulation [48].

Dendritic cells were not examined in previous mouse experiments
but in clinical studies using confocal laser scanning microscopy of the
cornea of patients with chronic oGVHD [31,36]. Here, an increased
density of DCs was found in the central and peripheral cornea, although
recent evidence was published stating that some of these cells may be
activated T-cells [49]. In addition, these studies were performed months
to years after transplantation, and it is not possible to differentiate be-
tween donor and recipient-derived cells with this technique. For this
reason, further experimental studies are warranted to test the hypothesis
that donor-derived dendritic cells initiate an early adaptive immune
response to desiccation stress.

In our study, the number of DCs in cervical lymph nodes was
significantly increased in GVHD-DS mice 7 days after transplantation
furthermore demonstrating a significant activation by expressing co-
stimulatory molecules CD40, CD80, and CD86. In the non-desiccated
group, although increased by number, no increase of activated den-
dritic cells in comparison to naive mice was observed, implicating, that
desiccating stress triggers not only an increase of DCs in cervical lymph
nodes but also DC activation as early as day 7 after transplantation.

Tear cytokines have been investigated in several human studies as
potential biomarkers for oGVHD (overview in Ref. [50]). It has been
shown that IL- 2, -6, -8, -10, —17, and IFN-y, as well as TNF, are
increased in chronic oGVHD [34,51], while endothelial growth factor
(EGF) is decreased [32,33]. Compared to age- and sex-matched healthy
controls, IFN-y was particularly elevated in the early stages of oGVHD,
while elevated IL-6 levels were correlated with oGVHD in later stages
[51]. In addition, IL-6, IL-8, IL-10, and TNF have been reported to
correlate with the severity of oGVHD as measured by corneal fluorescein
staining and tear film break-up time [33]. Higher IFN-y concentrations
in tear fluid were also detected in an autoimmune Sjogren’s disease-like
dry eye mouse model during age-related inflammation and showed a
correlation between IFN-y and disease severity [52]. In another induc-
ible dry eye mouse model, increased TNF levels were described in tear
samples from individual animals compared to naive mice [53]. The
analyses performed in our study show a significant increase in TNF and
(trend towards) an increase in IFN-y in comparison to naive mice at a
very early time point, which matches the results published from humans
and indicates a general early onset inflammatory response at the ocular
surface.

Gene expression demonstrated a profound difference between naive
and GVHD/GVHD-DS mice. Further analysis showed, that at both time
points (d7 and d28) “Type I and II Interferon” as well as “MHC I path-
ways” were most expressed (Suppl. Figs. 1 and 2). However, a more
detailed analysis of gene regulation related to these pathways did not
allow precise clustering within the groups. Analyzing gene expression
between GVHD and GVHD-DS at d28 furthermore demonstrated that
desiccation during aHSCT and engraftment leads to activation of path-
ways such as “TGF-f”,” myeloid cell activation,” “regulation of metal ion
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transport” and “response to fungus” (Suppl. Fig. 3). Instead, non-desic-
cation GVHD leads to activation of pathways including “lymphocyte
activation,” “cytokine-production” and “TNF signaling.” These results
are a first hint that different immune pathways are activated depending
on whether ocular surface desiccation is present during aHSCT. If
confirmed in larger sampled studies including human tissue samples,
this could lead to profoundly different prophylactic strategies using
different immunosuppressive agents.

A major difference to dry eye disease is the early lymphangiogenesis
during oGVHD. This is not seen reproducibly in desiccating stress-
induced dry eye, only with the additional experimental increase of
local tissue destruction or inflammation [54]. Corneal lymphangio-
genesis in ocular GVHD could serve as evidence of increased severity or
activity, which is also reflected in the clinical comparison between dry
eye and chronic ocular GVHD [2,54]. Comparing GVHD mice to naive
mice in a previous study, we detected corneal lymphangiogenesis as
early as day 14 [22]. Following desiccating stress, however, corneal
lymphangiogenesis is already present at day 7, correlating well with the
clinically significant increase of oGVHD severity in these experiments.

In our animal model, the greatly increased immune response affects
not only the eyes but the entire organism. A significantly increased
systemic GVHD score reflects this and should be the starting point for
further studies. Interestingly, patients transplanted under stress do not
show increased GVHD scores in other organs, especially the skin,
compared to patients transplanted under normal humidity [13].

Based on the data presented here, we postulate the following path-
ogenesis of desiccating stress-triggered oGVHD (Fig. 6): In the non-
desiccated environment at early time points, conjunctival epithelium
is intact, non-activated donor-derived DCs are present together with a
low number of Tregs that can regulate migrating effector cells CD4" and
CD8* (Fig. 6A). In contrast, desiccation causes epithelial damage to the
ocular surface, leading to consecutive increases in gene signaling and the
release of pro-inflammatory factors related to innate immunity. Acti-
vated dendritic cells emigrate through conjunctival and newly formed
corneal lymphatic vessels, followed by expansion of effector T-cells.
Furthermore, impaired Tregs are incapable of reducing the accelerated
local immune response (Fig. 6B).

Regarding the translation of the data, there are several limitations
related to the not fully understood immunopathogenesis, the high in-
dividuality of patients, and the chosen animal model: Further experi-
mental and clinical studies must confirm which immunopathological
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alterations occur after dehydration stress. Therapeutic targets should be
identified and tested with appropriate substances. In contrast to pa-
tients, none of the established oGVHD models take into account the pre-
existence of a blood cancer disease or include mice with this disease.
Therefore, blood cancer-associated factors might play a role in humans
that have not been considered in the experiments performed so far.
Finally, in the animal model, all mice develop GVHD and not 40-60 % as
in humans [22]. Thus, mechanisms or factors that prevent oGVHD in
patients despite desiccating stress cannot be simulated in animal models,
although they are of great clinical interest. Statistical comparisons be-
tween GVHD and GVHD-DS did not show significant differences in
several analyses. However, comparing each group with naive animals
(resembling a baseline situation before bone marrow transplantation)
demonstrated significant changes in relevant immunopathological pro-
cesses at very early time points. By increasing sample sizes in follow-up
experiments we believe, that significance levels will also be achieved in
the group by group comparison.

In summary, our experiments show that desiccating stress during
experimental aHSCT leads to a pronounced increase in oGVHD severity.
These data confirm our previous data from retrospective clinical studies
in which patients under desiccation stress develop oGVHD to a signifi-
cantly higher degree than patients transplanted under normal humidity
conditions [13,14]. The prevention of ocular surface desiccation and the
development of prophylactic-specific immunomodulatory therapies
applied before or at very early time points after aHSCT have the po-
tential to reduce the proportion of patients with oGVHD.

Data repository

The data published here can be freely accessed at https://osf.
io/ewgyx/?view_only=60842589bfel4ce782aaec4f61131d69.
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Abbreviations

AB antibody

CD cluster of differentiation

DC dendritic cell

DEG differentially expressed gene

DS desiccating stress (=reduced humidity and airflow)
EGF endothelial growth factor

FoxP3  forkhead box P3 protein

GSS global significance score

(0)GVHD (ocular) graft-versus-host-disease

HSCT hematopoietic stem cell transplantation
ICAM1 intercellular adhesion molecule 1

IL interleukin

IVCM in vivo confocal microscopy

KC/CXCL1 keratinocyte-derived chemokine/chemokine (C-X-C) ligand
1

LIX/CXCL5 epithelial-derived neutrophil-activating peptide/
chemokine (C-X-C) ligand 5

MFI mean fluorescence intensity

MIP-2/CXCL2 macrophage inflammatory protein 2/chemokine (C-X-C)

ligand 2

room humidity

vascular endothelial growth factor

rH
VEGF
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