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Abstract

Background: Chronic pulmonary graft-versus-host disease (cpGVHD) after hematopoietic cell
transplant (HCT) manifests as progressive airway and parenchymal lung fibrosis. Based on our
prior data, mice that undergo allogeneic HCT with Tbet-knockout donors (AlloTbet™") have
increased lung Th17 cells and IL-17A and develop fibrosis resembling human cpGVHD. The role
of IL-17A in post-transplant pulmonary fibrosis remains incompletely understood. We
hypothesized that IL-17A is necessary for development of murine cpGVHD in this model.

Methods: AlloThet™~ mice received weekly intraperitoneal anti-1L-17A or IgG (200ug/mouse)
starting 2 weeks post-HCT and were sacrificed after week 5. Histologic airway and parenchymal
fibrosis was semi-quantitatively graded in a blinded fashion. Lung cells and proteins were
measured by flow cytometry, ELISA, and multi-cytokine assays.

Results: Anti-IL-17A modestly decreased airway and parenchymal lung fibrosis, along with a
striking reduction in pulmonary neutrophilia, IL-6, MIP-1a, MIP-18, CXCL1, and CXCL5 in
AlloTbet™~ mice. Additionally, anti-IL-17A decreased CCL2, inflammatory monocytes and
macrophages, and Th17 cells.
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Conclusions: In the setting of murine AlloHCT with Thet™~ donors, IL-17A blockade
decreases fibrotic features of cpGVVHD. This may be mediated by the observed reduction in
neutrophils and/or specific lung monocyte and macrophage populations, or alternatively via a
direct effect on fibroblasts. Collectively, our results further suggest that anti-1L-17A strategies
could prove useful in preventing alloimmune-driven fibrotic lung diseases.

INTRODUCTION

Chronic airway fibrosis, usually manifest as obliterative bronchiolitis (OB), and lung
parenchymal fibrosis represent a major complication and cause of mortality in hematopoietic
cell transplant (HCT) patients.1:2 This fibrotic process remains a fatal and untreatable
condition, and its pathogenesis is poorly understood. Due to similar fibrotic pathology
development in allogeneic HCT as well as in recipients of lung transplants, alloimmune
mechanisms are thought to significantly contribute to the post-transplant pulmonary fibrosis,
through chronic graft-versus-host disease (GVHD) in HCT recipients and chronic allograft
rejection in lung transplant recipients. However, classic anti-T cell and standard
immunosuppressive therapies appear to neither treat nor completely prevent OB.2 Improved
understanding of mechanisms driving chronic pulmonary GVHD (cpGVHD) is urgently
needed.

Recent data from our laboratory and others have indicated that T helper 17 (Th17) cells,
known to mediate autoimmunity and fibrosis and to produce IL-17A,4 play an important role
in chronic GVHD. Th17 and IL-17A have been associated with chronic GVHD of the
skin®6 and liver.” Furthermore, inhibition of Th17 differentiation resulted in reduced
cpGVHD pathology in an animal model, although the specific role of 1L-17A was not
assessed.® Studies of chronic lung allograft rejection and fibrosis have also pointed to a role
for IL-17A.8-15 While these data suggest that the Th17 pathway is important in development
of alloimmune-mediated lung fibrosis, the precise downstream effects of IL-17A in
cpGVHD remain unclear and require further elucidation.

Our laboratory has previously evaluated the role of T cell polarization in a model of
cpGVHD after major-MHC-mismatched HCT. In this model, donor cells deficient in the T-
bet transcription factor do not generate a Th1 phenotype,18 which results in the development
of airway fibrosis in the recipient mouse, consistent with coGVHD.17 While there is no
airway obliteration, there is increased lung collagen content and clear airway-centric
peribronchiolar fibrosis confirmed with Masson-Trichrome staining. Airway fibrosis is
associated with decreased levels of IFN-y and increased IL-17A and Th17 T cells. IL-4 and
IL-13 are also elevated in HCT mice transplanted with T-bet™'~ donors compared to WT
donors, but are equally elevated in allogeneic and syngeneic HCT settings.1’

The overall objective of this study was to further delineate the role of IL-17A in the
pathogenesis of cpGVHD in our major-MHC-mismatched allogeneic HCT mouse model.’
Our hypothesis was that IL-17A is necessary for the development of airway fibrosis in
allogeneic HCT mice transplanted with T-bet-deficient donors. We specifically aimed to
determine whether IL-17A neutralization reduces fibrosis as well as inflammation in this
model.
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MATERIALS AND METHODS

Animals:

All experiments were approved by the Institutional Animal Care and Use Committees at
Duke University (protocol A017-12-01) and followed the National Institutes of Health
recommendations cited in the Guide for the Care and Use of Laboratory Animals. Male 8-
10 week old C57BI/6J (H2°), B10.BR- H2XH2-T18%SgSnJ (B10.BR) (H2X), and B6.129-
Thx21tM25mr/j (Thet™~ on C57BL/6J background)18 mice were purchased from Jackson
Laboratories (Bar Harbor, ME). Animals were housed in individually-ventilated cages in a
pathogen-free facility at Duke University on endotoxin-free bedding (Alpha Dribedding,
Shepherd Specialty Papers Inc., Kalamazoo, MI) and were fed irradiated food (PicoLab
Mouse Diet 20 5058, Purina Mills, Richmond, IN).

Murine hematopoietic cell transplant (HCT):

Recipient B10.BR mice underwent HCT with 4x108 bone marrow cells and 1x108
splenocytes from donor C57BL/6 or Thet™~ mice.18 Briefly, donor C57BL/6 or Thet™/~
mice were euthanized using CO, and bone marrow was isolated from their tibia and femurs
and splenocytes were isolated from their spleens v/ia homogenization and filtration. All
donor cells were washed in media, filtered through 70 um filters (BD, Franklin Lakes, NJ),
counted on a hemocytometer, and resuspended at an appropriate concentration in media
containing 10% FBS (Hyclone, Logan, UT), 1% L-Glutamine (Sigma-Aldrich, St. Louis,
MO) and 1% Penicillin/Streptomycin (Sigma-Aldrich, St. Louis, MO). Recipient B10.BR
mice were lethally irradiated using a Cesium irradiator (8.5 Gy) and, within 4 hours, injected
intravenously with 4x106 donor bone marrow cells and 1x108 donor splenocytes in a total
volume of 0.5 mL. After HCT, all animals were maintained with Septra-containing water
(Sulfamethoxazole/Trimethoprim at 1.2/0.24 mg/mL). Recipient engraftment was evaluated
3 to 4 weeks following transplantation using peripheral blood flow cytometry. Peripheral
blood was obtained using maxillary sinus puncture. Cells were stained with FITC-
conjugated anti-mouse H2KX, PE-conjugated anti-mouse H2DP, and PerCP-Cy5.5-
conjugated anti-mouse CD45. (eBioscience, San Diego, CA). Flow cytometry was
performed as described below. Only animals with greater than 95% donor-derived peripheral
blood cells were used for further experiments.

Anti-IL-17A antibody treatment:

Rat anti-mouse IL-17A (Clone #50104, catalog #MAB421) or 1gGo 4 isotype control (Clone
#54447, catalog #MABO006) antibody (R&D Systems, Inc., Minneapolis, MN) was
administered weekly via intra-peritoneal injections (200pg/mouse, resuspended in 500ul
sterile phosphate buffered saline [PBS]) starting 2 weeks post-HCT.19-21 Based on pilot
studies (data not shown), earlier and higher doses of anti-IL-17A were avoided due to
concerns over potential impairment in hematopoietic cell engraftment.

Necropsy, bronchoalveolar lavage (BAL) and lung tissue collection:

Mice were euthanized 5 weeks after HCT using CO, and their lungs were surgically
exposed. The trachea was cannulated and lungs were lavaged with 5 aliquots of 800 uL of
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0.9% saline (VWR International, West Chester, PA). BAL fluid supernatant from the first 2
lavage aliquots was stored at —80°C until further use. BAL cells underwent red blood cell
lysis and were subsequently counted using a hemocytometer. Lungs were perfused with
0.9% saline. The right lung was snap-frozen in liquid nitrogen and stored at —80°C for
subsequent collagen (hydroxyproline) analysis. The left lung was gravity-inflated with 10%
formalin (VWR International, West Chester, PA), fixed in 10% formalin solution for 24
hours and then transferred into 70% EtOH. The entire left lung was subsequently embedded
in paraffin, three to four 5 um sagittal sections were placed on each slide and stained with
hematoxylin and eosin (H&E) and Masson-Trichrome stains. Histologic analysis for each
sample was based on three sections spanning the entire left lung.

Histologic analysis:

For each left lung sample, all visible airways were evaluated on Masson-Trichrome-stained
slides. Each airway was classified as fibrotic or not-fibrotic and the percentage of fibrotic
airways was then calculated. The percentage of the area of each lung section affected by
parenchymal fibrosis was estimated. Grading was performed by an observer blinded to
group assignment.

Cytokine analysis:

CXCL5 and IL-17A were measured in the BAL supernatant using specific ELISA Kits
(R&D systems, Minneapolis, MN). For additional cytokine analysis in the BAL supernatant,
a commercially-available mouse 23-plex was chosen for detection of common T cell
cytokines, neutrophil chemoattractants, and monocyte/macrophage-related cytokines,
including: IL-1a, IL-1B, I1L-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70),
IL-13, IL-17A, Eotaxin, G-CSF, GM-CSF, IFN- y, CXCL1 (KC), CCL2, CCL3 (MIP-1a),
CCL4 (MIP-1 B), CCL5 (RANTES), and TNF- a. (Bio-Rad Laboratories, Hercules, CA).
Results for 23-plex cytokines that were detected in less than 50% of the samples are not
shown: IL-1B, IL-2, IL-3, IL-12(p70), Eotaxin.

Quantification of fibrosis and extracellular matrix production:

Total lung collagen was quantified in the right lung using the hydroxyproline assay as
previously described.?? Levels of Hyaluronan were measured in the BAL supernatant using
a specific ELISA (R&D systems).

BAL cell flow cytometry:

BAL cells were blocked using a flow cytometry buffer containing phosphate-buffered
sodium solution (Sigma-Aldrich, St. Louis, MO) with 3% FBS (Hyclone, Logan, UT),
0.05% sodium azide (VWR International, West Chester, PA), and 10 mM EDTA (Sigma-
Aldrich, St. Louis, MO) with the addition of 5% normal mouse serum, 5% normal rat serum,
and 1% F. receptor block (Affinity purified anti-mouse CD16/32) (eBioscience).

For myeloid cell staining, cells were incubated with conjugated antibodies for 30 minutes.
For intracellular cytokine staining, cells were stimulated with 50 ng/ml PMA and 500 ng/ml
ionomycin (Sigma-Aldrich) and incubated with GolgiStop (BD Biosciences) before
blocking, staining with surface antibodies for 30 min, and subsequently fixing,

Transplantation. Author manuscript; available in PMC 2020 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martinu et al.

Page 5

permeabilizing, and staining with intracellular antibodies. The myeloid cell-staining panel
included FITC-conjugated anti-mouse-MHCII, PE-conjugated anti-mouse-Ly6G, APC-Cy7-
conjugated anti-mouse-Gr1(Ly6G/Ly6C) (BD Biosciences, San Jose, CA), APC-conjugated
anti-mouse-CD11c (eBioscience, San Diego, CA), PE-Cy7-conjugated anti-mouse-CD11b,
and PerCP-Cy5.5-conjugated anti-mouse-CD45 (Biolegend). The T cell staining panel
included FITC-conjugated anti-mouse-CD3, PerCP-Cy5.5-conjugated anti-mouse-CD4
(Biolegend), and APC-Cy7-conjugated anti-mouse-CD8 (BioLegend, San Diego, CA).
Intracellular staining was performed with PE-conjugated anti-mouse-IL-17A (clone
eBio17B7) and APC-conjugated anti-mouse-IFN-y (eBioscience). Cell fluorescence was
measured using a BD FACS Canto Il flow cytometer with BD FACSDiva software (BD,
Franklin Lakes, NJ). Flow cytometry analysis was performed using FlowJo software (Tree
Star Inc., Ashland, OR). A singlet gate was used to exclude cell aggregates, followed by an
all-cell gate to exclude small debris and dead cells, followed by a CD45* cell gate to define
all white blood cells. Myeloid cell gating was done based on previously published
studies?3-24 defining inflammatory macrophages as CD11c*MHCII*CD11b*Gr1* cells and
inflammatory monocytes CD11¢"MHCII"Ly6G~CD11b*Gr1* cells. Cell percentages are
expressed as percentage of all cells and converted to absolute numbers by multiplying by
live-cell counts.

Statistical analysis:

RESULTS

Data are expressed as mean = SEM. All data were analyzed using a one-way ANOVA with a
post-test comparison of select groups with Bonferroni correction. For the baseline model
data (Figures 1 and Supplemental Figure 1), the post-test was applied to compare AlloTbet
I~ to AlloWT and AlloTbet™~ to SynThet™'~ groups. For all other figures, the post-test was
used to compare AlloWT to AlloTbet™~ and AlloTbet™~ to AlloThet"~alL17A. Values of
p<0.05 are reported to be significant. All statistical analyses were performed using Prism 5
(GraphPad Software Inc., La Jolla, CA).

Allogeneic HCT with Tbet™~ cells leads to airway and parenchymal lung fibrosis in the
setting of IL-17A* T cell accumulation:

B10.BR recipient mice that received an allogeneic HCT from Tbet™~ donors (AlloThet™")
developed prominent peri-airway fibrosis (Figure 1C,F) and parenchymal fibrosis (Figure
11,L). In contrast, control B10.BR mice that received an allogeneic HCT from WT donors
(AllowWT) (Figure 1B,E) or C57BL/6 mice that received a syngeneic HCT from Thet™~
donors (SynTbet™") (Figure 1A,D) demonstrated minimal peri-airway (Figure 1A,B,D,E)
and parenchymal fibrotic tissue (Figure 1G,H,J,K). Blinded histologic assessment showed a
significant increase in the percent of fibrotic airways in AlloTbet™~ mice compared to
AlloWT (Figure 1M). The percentage of the lung parenchyma affected by fibrosis was also
significantly greater in AlloThet™~ compared to AlloWT or SynTbet™'~ (Figure 1N).
Quantification of total lung collagen content further demonstrated higher levels in AlloTbet
~I= compared to control groups (Figure 10). Finally, accumulation of hyaluronan, a
glycosaminoglycan component of the extracellular matrix, was greater in the BAL of
AlloTbet™~ mice compared to controls (Figure 1P). As previously published by our group,1’
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AlloThet™~ mice had increased numbers of CD4*IL-17* cells and reduced CD4*IFN-y*
cells in their BAL (Supplemental Figure 1).

Treatment with anti-IL-17A antibody decreases airway and parenchymal fibrosis in
AlloTbet™~ mice:

AlloTbet™~ were treated with intraperitoneal injections of weekly anti-1L-17A antibody
(AlloThet~alL17A) vs. 1gG isotype control (AlloThet™") (starting 2 weeks after HCT).
An additional control group included mice that received an allogeneic HCT from WT donors
(AlloWT) and were treated with 1gG isotype injections. Treatment with anti-IL-17A led to
reduced airway (Figure 2C) and parenchymal lung fibrosis (Figure 2F) in the AlloTbet™/~
mice compared to the IgG-treated AlloTbet™'~ group (Figure 2B,E). This level of fibrosis
was similar to the 1gG-treated AlloWT group (Figure 2A,D). Semi-quantitative grading
showed a statistical reduction of parenchymal fibrosis (Figure 2G) and airway fibrosis
(Figure 2H) in AlloThet~aIL17A compared to the isotype-treated mice. In spite of a trend
towards reduced lung collagen content (Figure 21) as well as BAL hyaluronan (HA) (Figure
2J), these changes were not statistically significant.

Treatment with anti-IL-17A antibody decreases pulmonary neutrophils and neutrophil
chemoattractants in AlloTbet™~ mice:

As IL-17A is known to mediate neutrophilic inflammation in other disease states, we were
interested in assessing neutrophils and non-IL-17A neutrophil chemoattractants in our
model. Treatment with anti-IL-17A in AlloTbet™~ mice, compared to isotype, led to reduced
total cell numbers (Figure 3B) and neutrophil numbers (Figure 3D) in the BAL. The
percentage of neutrophils among all BAL leukocytes was, however, not significantly
different between anti-1L-17A-treated and isotype-treated AlloThet™~ (Figure 3A,C). The
reduction of neutrophil numbers in lungs of AlloThet’~aIL17A mice was associated with
decreased levels of CXCL5, CXCL1, IL-6, MIP-1a, and MIP-1b (Figure 3E), but no
significant changes in G-CSF and GM-CSF (Figure 3E).

Anti-IL-17A treatment in AlloTbet™~ mice results in reduction in inflammatory monocytes
and macrophages as well as CCL2:

The lung fibrosis phenotype of AlloTbet™~ mice was associated with the presence of
abundant large macrophages within airspaces (Figure 4B), which were not seen in AlloWT
mice (Figure 4A). Treatment with anti-1L-17A decreased such macrophages within lung
histology specimens (Figure 4C). Flow cytometric assessment of BAL cells showed that
Gr1*CD11b* macrophages (Figure 4D,E,F) and Gr1* monocytes (Figure 4D,G,H) were
significantly more frequent and abundant in AlloTbet™~ lungs compared to AlloWT and
treatment with anti-1L-17A reduced both their percentages and their numbers (Figure 4D—
H). Anti-1L-17A treatment in AlloThet™'~ mice reduced levels of CCL2 (Figure 41). Levels
of IL-1a, IL-12(p40), and TNF-a were not significantly changed by IL-17A antibody
treatment (Figure 41).
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IL-17A* CD4* T cells are reduced in lungs of AlloTbet™~ mice treated with anti-IL-17A
antibody with minimal changes in other T cells or T cell-related cytokines:

T cells were quantified in the BAL of AlloWT mice and AlloTbet™~ mice treated with anti-
IL-17A or isotype injections. Percentages and total numbers of CD4* (Figure 5C) or CD8*
(Figure 5D) T cells were not significantly changed by anti-IL-17A, although a trend towards
reduced total T cells was seen (Figure 5B). Treatment with anti-IL-17A reduced the
percentage and number of CD4* T cells that expressed IL-17A (Figure 5A,E,G). IL-17A-
producing CD8" T cells (Figure 5A,F,H) and IFN-y-producing CD4* (Figure 5A,1) or CD8"
(Figure 5A,J) T cells were not significantly affected by anti-IL17A treatment. BAL levels of
cytokines commonly produced by T cells, including IFN-vy, IL-5, IL-9, IL-13, and IL-10 did
not change with anti-IL-17A administration (Figure 5K). The T cell chemotactic protein
CCL5 also did not change with anti-IL-17A treatment (Figure 5K). Treatment with anti-
IL-17A did decrease the BAL concentration of IL-4 in AlloTbet™~ mice (Figure 5K).
IL-17A levels remained elevated in AlloThet~aIL17A mice (Figure 5K); this finding was
confirmed with a specific IL-17A ELISA (Supplemental Figure 2A). In contrast, IL-17a
transcripts were not elevated in the lung tissue of AlloTbet”~aIL17A mice compared to
isotype-treated controls (Supplemental Figure 2B).

DISCUSSION

Using a model of cpGVHD with alloimmune-dependent lung fibrosis, we demonstrate that
treatment with anti-IL-17A antibody modestly decreases airway and parenchymal lung
fibrosis in conjunction with a marked reduction in neutrophils, neutrophil chemoattractants,
inflammatory macrophages and monocytes, and Th17 cells.

Our model of cpGVHD employs a low-dose HCT, resulting in very little systemic or lung
GVHD at baseline, as shown in our prior studies'8:25.26 and as seen in the AlloWT control
group in this study. In the context of this low-dose HCT, transfer of Thet™~ donor cells leads
to increased Th17 polarization with augmented IL-17A production and airway fibrosis, as
outlined in our prior publication.1” In this present study, we broadened the analysis of the
cpGVHD phenotype with semi-quantitative grading of the fibrotic pathology and a more
robust evaluation of the parenchymal fibrosis. Airway fibrosis in this model manifests
mainly as peribronchial and peribronchiolar collagen deposition, features commonly seen in
human cpGVHD, without however replicating the airway lumen obliteration seen in human
OB. While airway fibrosis, including OB, has been noted in HCT recipients since the 1980s,
2T Jung parenchymal fibrosis has been only recently recognized as an important
complication of HCT.28 Our mouse model thus recapitulates two key histologic hallmarks of
human cpGVHD. The model is also reminiscent of lung transplant recipients who primarily
develop peri-airway fibrosis and OB as a manifestation of chronic lung allograft
dysfunction, but may also present with a more aggressive parenchymal fibrosis phenotype.
29-33 Additionally, the fibrotic phenotype is associated with BAL accumulation of
hyaluronan (HA), a component of the extracellular matrix, highlighting HA as a marker of
fibrosis, consistent with HA accumulation in fibrotic lesions of chronic skin GVHD3* and
with our previous study of BAL HA in lung transplant recipients with OB.3%
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Several studies have demonstrated the importance of Th17 and IL-17A in acute GVHD,36-38
including acute lung GVHD, 340 and chronic skin and liver GVHD.5>~7 The importance of
Th17 cells has been further implied in a study showing reduced cpGVHD pathology in the
setting of STAT3 inhibition.> However, IL-17A, the major product of Th17 cells, has not
been specifically studied in cpGVHD. For the first time, we show that blockade of IL-17A
reduces airway and parenchymal lung fibrosis in a murine model of cpGVHD.

While blinded pathology scoring showed a significant reduction in the fibrotic phenotype,
we detected only a trend towards reduced lung collagen and BAL HA contents after IL-17A
blockade in our model. This discrepancy may reflect regional distribution of the disease,
environmental variations between experiments, variability of the phenotype in transplanted
animals, or simply the fact that the overall fibrosis reduction was modest. It is possible that
higher doses of anti-IL-17A, more frequent administration, or combination with another
blocking agent, may have had a stronger effect on the fibrotic phenotype.

The effect of IL-17A on alloimmune-dependent lung fibrosis seen in this study is consistent
with studies of chronic allograft rejection after lung transplantation. Fan et al. showed that
concurrent neutralization of both IL-17A and IL-17F reduced airway fibrosis after minor-
mismatched mouse orthotopic lung transplantation.}1 Subsequent studies using the same
model revealed that both y8 and ap T cells contribute to IL-17A production1314 and
treatment with anti-1L-17A12.1541 or Halofuginone,*! a Th17 differentiation inhibitor,
decreased fibrosis. Based on this combined data, we postulate that IL-17A may have an
effect on fibroblasts themselves, stimulating myofibroblast differentiation or activation,42:43
or may augment fibrosis through increased inflammation and stimulation of downstream
pro-fibrotic factors. Our study thus expands on the published literature by showing that
IL-17A blockade reduces fibrosis in a cpGVHD model. Additionally, in contrast to the
minor MHC mismatch used in prior lung transplant studies, our model has the advantage of
assessing alloimmune-mediated lung fibrosis in the context of a major mismatch, which may
have greater relevance to the clinical setting.

The cpGVHD in our mouse model is associated with increased lung neutrophils, reminiscent
of pulmonary neutrophil accumulation in lung transplant recipients with OB.#4 Based on our
study, IL-17A mediates neutrophil recruitment to the lungs, likely through induction of pro-
inflammatory cytokines. IL-17A blockade reduced known neutrophil chemoattractants
CXCL5 and CXCL1, which are expressed by macrophages and airway epithelial cells in
response to 1L-17A.4% IL-17A neutralization further decreased IL-6, which mediates release
of neutrophils from the bone marrow, and the neutrophil activating cytokines MIP-1a and
MIP-1B.4 Interestingly, the profound neutrophil reduction in our IL-17A blockade
experiments was associated with incomplete reduction in fibrosis. This is consistent with
published data showing that neutrophil depletion does not decrease IL-17 levels or fibrosis
in a model of -y-herpesvirus-induced pneumonitis.#8 Therefore, in the specific case of
alloimmune fibrosis, it remains unclear whether neutrophils are simply bystanders or
whether they may have a role in the actual fibrosis pathogenesis.

IL-17A has been shown to affect activation of monocytes and macrophages. Th17 cells are
also strong inducers of Th1 polarizing monocyte-derived dendritic cells.4” In our model of
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cpGVHD, we found that IL-17A neutralization decreased numbers of activated monocytes
and macrophages. This reduction may have been mediated by decreased CCL2, a potent
monocyte chemoattractant,18:23 known to increase after IL-17A stimulation.* The effect of
IL-17A on monocyte recruitment highlights its capacity to further augment innate immune
responses and antigen presentation in an allogeneic milieu. Additionally, the decrease in
activated macrophages seen after IL-17A blockade may account for the reduced neutrophil
chemoattractants that these cells produce (G-CSF, GM-CSF, CXCL1, MIP-1a and MIP-1p).
4 Inflammatory monocytes and macrophages have also been implicated as regulators in
tissue repair and fibrosis through production of pro-fibrotic factors such as TNF-a..48 We
found an accumulation of large macrophages in the fibrotic areas of AlloThet™~ mice and
postulate that these cells may participate in tissue remodeling in cpGVHD. It is notable,
nevertheless, that several inflammatory components, such as CXCL5, MIP-1a, and CCL2,
remain above the AlloWT baseline. It is possible that the combination of these, along with
potentially other concurrent immune processes, continue to drive the residual fibrosis seen in
the AlloThet™'~ mice treated with anti-1L-17A.

Anti-IL-17A treatment had minimal effects on overall lung T cells of AlloTbet™~ mice.
Nevertheless, IL-17A neutralization reduced CD4*1L-17A* Th17 cells, possibly through
reduction of downstream pro-inflammatory cytokines, which contribute to the known auto-
feedback loop that augments Th17 cells.*® As expected, IFN-y was nearly undetectable in
both AlloTbet™~ groups, with and without anti-IL-17A. Furthermore, IL-17A inhibition
reduced IL-4 without significant effects on IL-5, IL-9, or IL-13. We wonder whether Th2
responses act synergistically with Th17 to augment cpGVHD fibrosis. The persistent Th2
cytokine elevation may be responsible for the incomplete fibrosis inhibition in the setting of
IL-17A blockade. IL-13, in particular, has been previously implicated in pathogenesis of OB
in a tracheal transplant model.>0

IL-17A protein levels in the BAL actually increased in the setting of IL-17A blockade. This
was in contrast to decreased pulmonary intracellular IL-17A and lung tissue IL-17A
transcript in AlloThet™~ mice treated with anti-IL-17A. This suggests that the anti-IL-17A
treatment may have decreased clearance and prolonged the half-life of the already secreted
IL-17A, while neutralizing its effects. This phenomenon has been previously described in
the case of anti-1L-251 and anti-TNFa neutralizing antibodies.>2-54

In conclusion, we show for the first time that specific IL-17A blockade in a model of
cpGVHD reduces airway and lung parenchymal fibrosis, neutrophils, activated monocytes,
macrophages, and related cytokines. This study adds to the literature that identifies Th17 and
IL-17A as important contributors to alloimmune-dependent lung fibrosis and highlights the
potential role for neutrophils, monocytes, and macrophages as potential mediators of this
fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Transplantation. Author manuscript; available in PMC 2020 October 12.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martinu et al. Page 10
ACKNOWLEDGEMENTS
The authors thank Stephen Juvet for helpful input regarding figures and manuscript preparation.
Funding:
Funding was provided by NIH / NHLBI 1P50-HL084917-01 (SCCOR) (to SMP, TM, KG), NIH 1 K24
HL91140-01A2 (to SMP), Lung Transplant Foundation (to SMP), ISHLT Norman E. Shumway Career
Development Award (to TM), and Steadman award (to WCM)
ABBREVIATIONS
AlloTbet™~ Allogeneic HCT with Thet-knockout donors
AllowT Allogeneic HCT from wild-type donors
alL17A Anti-IL-17A antibody
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Figure 1. Allogeneic HCT with Thbet™~ cells leads to airway and parenchymal lung fibrosis in the
setting of IL-17A* T cell accumulation:

B10.BR recipient mice that received an allogeneic HCT from Tbet™'~ donors (AlloTbet™")
(n=13) developed prominent peri-airway fibrosis (C,F) and parenchymal fibrosis (I,L). In
contrast, control B10.BR mice that received an allogeneic HCT from WT donors (AlloWT)
(n=9) (B,E) or C57BL/6 mice that received a syngeneic HCT from Thet™'~ donors (SynTbet
~I7) (n=4) (A,D) demonstrated minimal peri-airway (Figure 1A,B,D,E) and parenchymal
collagen (G,H,J,K). Representative H&E (A-C, G-I) and Masson-Trichrome (D-F, J-L)
images are shown: 200x (A-F), 100X (G-L) (Scale bar=100um). Blinded histologic
assessment showed a significant increase in the percent of fibrotic airways in AlloThet™~
mice compared to AlloWT (M). The percentage of the lung parenchyma affected by fibrosis
was also significantly greater in AlloThet™~ compared to AlloWT or SynThet™~ (N).

Transplantation. Author manuscript; available in PMC 2020 October 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Martinu et al.

Page 15

Quantification of total lung collagen content further demonstrated higher levels in AlloTbet
=/~ compared to control groups (O). Finally, accumulation of hyaluronan (HA), a
glycosaminoglycan component of the extracellular matrix, was greater in the BAL of
AlloTbet™~ (n=5) mice compared to controls (n=4 for AlloWT and SynThet™") (P). As
previously published by our group!?, AlloTbet™~ mice had increased numbers of
CD4*1L-17* cells and reduced CD4*IFN-y™ cells in their BAL (Supplemental Figure 1).
Quantitative data represent the average +SEM and * = p<0.05; ** = p<0.005; *** =
p<0.0005. Pathology and hydroxyproline data have been replicated in 3 independent
experiments.
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Figure 2. Treatment with anti-1L-17A antibody reduces airway and parenchymal fibrosis in mice
that received allogeneic HCT with Thet ™~ cells:

B10.BR recipient mice that received an allogeneic HCT from Thet™'~ donors (AlloTbet™")
were treated with anti-1L-17A antibody (n=6) or isotype 1gG (n=6). Control B10.BR
recipient mice received an allogeneic HCT from WT donors (AlloWT) and were treated with
isotype 1gG (n=7). Anti-1L-17A-treated AlloTbet™'~ mice had significantly reduced airway
(Figure 2 C,G), and parenchymal (Figure 2F,H) fibrosis compared to the 1gG-treated (B,E)
and AllowT (A,D) controls. Representative Masson-Trichrome (A-F) images are shown:
200x (A-C), 100X (D-F) (Scale bar=100um). Collagen lung content (I) and hyaluronan
(HA) in the BAL (J) were not significantly changed in this experiment. Quantitative data
represent the average +SEM and * = p<0.05. Data have been replicated in 2 independent
experiments.
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Figure 3. Treatment with anti-1L-17A antibody decreases neutrophils and pro-inflammatory
cytokines in mice that received allogeneic HCT with Thbet™~ cells:

B10.BR recipient mice that received an allogeneic HCT from Tbet™~ donors (AlloThet™~)
were treated with anti-1L-17A antibody (n=6) or isotype 1gG (n=6). Control B10.BR
recipient mice received an allogeneic HCT from WT donors (AlloWT) and were treated with
isotype 1gG (n=7). Anti-IL-17A-treated AlloTbet™~ mice showed no change in neutrophil
frequency among all leukocytes (A,C) but did have a significant reduction in neutrophil
numbers in the BAL (D), along with a significant reduction in overall leukocytes (B),
compared to isotype-treated controls. Anti-1L-17A-treated AlloTbet™~ mice had reduced
levels of CXCL5, CXCL1, IL-6, MIP-1a, MIP-1b but no significant change in G-CSF and
GM-CSF in the BAL, compared to isotype-treated controls (E). Quantitative data represent
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the average +SEM and * = p<0.05; ** = p<0.005; *** = p<0.0005; **** = p<0.00005. Data
have been replicated in 2 independent experiments.
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Figure 4. Treatment with anti-1L-17A antibody decreases inflammatory monocytes and
macrophages as well as CCL2 in mice that received allogeneic HCT with Thet™ ™ cells:

B10.BR recipient mice that received an allogeneic HCT from Tbet™~ donors (AlloThet™")
were treated with anti-1L-17A antibody (n=6) or isotype 1gG (n=6). Control B10.BR
recipient mice received an allogeneic HCT from WT donors (AlloWT) and were treated with
isotype 1gG (n=7). AlloThet™'~ mice showed increased parenchymal macrophages on H&E
stained lung histology sections (B) compared to AloWT mice (A). Anti-IL-17A-treatment
reduced the parenchymal macrophages in AlloTbet™~ mice (C). Flow cytometric gating in
(D) shows CD11c*MHCII* macrophages (this gate also includes a small proportion of
dendritic cells) among all CD45* leukocytes (first row), Gr1*CD11b* inflammatory
macrophages among all CD45*CD11c*MHCII* macrophages (second row), and Gr1*
inflammatory monocytes among all CD45*Ly6G~CD11¢"MHCII"CD11b* monocytes (third
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row). Gr1*CD11b* macrophages (D,E,F) and Gr1* monocytes (D,G,H) were increased in
the BAL of AlloTbet mice but significantly reduced by anti-IL-17A treatment, both in terms
of frequency (D,E,G) as well as total numbers (F,H). BAL levels of CCL2 were significantly
reduced in IL-17A-treated AlloThet mice while levels of IL-1a, IL-17(p40), and TNF-a were
not significantly changed (I). Quantitative data represent the average +SEM and * = p<0.05;
** = p<0.005; *** = p<0.0005; **** = p<0.00005. Data have been replicated in 2
independent experiments.
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Figure 5. Treatment with anti-1L-17A antibody decreases IL-17A+CD4+ T cells in mice that
received allogeneic HCT with Thbet™ cells:
B10.BR recipient mice that received an allogeneic HCT from Tbet™~ donors (AlloThet™")

were treated with anti-1L-17A antibody (n=6) or isotype 1gG (n=6). Control B10.BR
recipient mice received an allogeneic HCT from WT donors (AlloWT) and were treated with
isotype 1gG (n=7). Anti-IL-17A-treated AlloTbet™~ mice showed reduced IL-17A*CD4* T
cells bot by frequency (A) and total numbers in the BAL (E). There were no significant
differences in total T cells (B), CD4" T cells (C), CD8* T cells (D), IL-17A*CD8* T cells
(G), or IFN-y* T cells (F,H). T cell-related cytokines were measured in the BAL (1). Anti-
IL-17A reduced levels of IL-4 and increased levels of IL-17A in the BAL of AlloTbet mice.
There were no significant changes in IFN-y, IL-5, IL-9, 1I-13, IL-10, or CCL5 between anti-
IL-17A-treated AlloTbet and isotype-treated mice. Quantitative data represent the average
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+SEM and * = p<0.05; ** = p<0.005; *** = p<0.0005. Data have been replicated in 2
independent experiments.
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