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ABSTRACT
Graft-versus-host disease (GVHD) remains a major complication of allogeneic hematopoietic cell transplantation.
Acute GVHD (aGVHD) results from direct damage by donor T cells, whereas the biology of chronic GVHD (cGVHD)
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ii g:“teej(éliu 2019 with its autoimmune-like manifestations remains poorly understood, mainly because of the paucity of representa-
p gus tive preclinical models. We examined over an extended time period 7 MHC-matched, minor antigen—mismatched
mouse models for development of cGVHD. Development and manifestations of cGVHD were determined by a
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6 into BALB.B combination most closely modeled the human syndrome. In this strain combination moderate
aGVHD was observed and BALB.B survivors developed overt cGVHD at 6 to 12 months affecting eyes, skin, and
liver. Naive CD4" cells caused this syndrome as no significant pathology was induced by grafts composed of puri-
fied hematopoietic stem cells (HSCs) or HSC plus effector memory CD4" or CD8* cells. Furthermore, co-transferred
naive and effector memory CD4" T cells demonstrated differential homing patterns and locations of persistence.
No clear association with donor Th17 cells and the phenotype of aGVHD or cGVHD was observed in this model.
Donor CD4" cells caused injury to medullary thymic epithelial cells, a key population responsible for negative
T cell selection, suggesting that impaired thymic selection was an underlying cause of the cGVHD syndrome. In
conclusion, we report for the first time that the C57BL/6 into BALB.B combination is a representative model of
cGVHD that evolves from immunologic events during the early post-transplant period.

© 2019 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.

INTRODUCTION

Chronic graft-versus-host disease (cGVHD) remains a major
obstacle to the success of allogeneic hematopoietic cell transplan-
tation (HCT) occurring in 30% to 70% of patients and contributing
to 50% of late nonrelapse mortality. Historically, acute GVHD
(aGVHD) and cGVHD were distinguished by their onset before and
after day +100 post-HCT, respectively. However, for both human
and mouse models this timing is not strictly representative. Hence,
clinical features rather than the time relative to transplant are
more commonly used to delineate the 2 syndromes [1,2].

In aGVHD the proinflammatory environment generated by
the preparative conditioning together with infiltration of
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alloreactive donor T cells result in tissue damage, primarily
affecting the intestines, skin, and liver [3]. The clinical spec-
trum and phenotypes of cGVHD are much broader and can
manifest with or without preceding or overlapping features of
aGVHD [1,2]. cGVHD typically involves fibrotic tissue transfor-
mation and often has features resembling autoimmune and
other immunologic disorders [4-7]. The pathophysiology of
c¢GVHD is complex, involving a mix of chronic inflammation,
cell-mediated and humoral immunity, and fibrogenesis but, in
general, is poorly understood.

For aGVHD preclinical mouse studies have been critical for
elucidating the pathophysiology and guided development of
an array of effective treatments. In contrast, for cGVHD cortico-
steroids remain the mainstay of treatment, and once disease
becomes refractory to steroids, effective treatments are scarce.
Although potential therapeutic targets have been identified in
mouse models, none of these drug interventions has been suc-
cessfully translated into clinical practice [8-11]. Rather, some
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patients appear to benefit but most do not, confirming that
cGVHD is not one distinct disease entity but the end stage of
various chronic inflammatory processes yet to be deciphered
in detail. One factor that has limited our understanding of the
pathophysiology of cGVHD is the lack of representative pre-
clinical models.

Models for aGVHD commonly use transplants from parent
into F1 offsprings or fully MHC-mismatched donor—recipient
pairs. In general, these models result in a fulminant, aggressive
clinical syndrome characterized by diarrhea, weight loss, and
high mortality. Fewer models use MHC-matched strain combi-
nations that have genetic disparity in minor histocompatibility
antigens (miHAs) [12,13]. Many of these do not display mani-
festations of aGVHD or c¢cGVHD, and therefore attempts to
model a more protracted disease with less inflammatory but
more fibrotic changes have been challenging.

A common model used to study cGVHD is the MHC-matched
B10.D2 into BALB/c combination, which gives transient signs of
skin GVHD around day +40 to +50 [14-16]. Also frequently used
is the MHC-mismatched C57BL/6 into B10.BR model in which
aberrant germinal center formation results in pathologic IgG-
antibody deposition in the lung and a murine form of bronchioli-
tis obliterans [17]. Although these combinations replicate certain
features of cGVHD, a protracted time course with multiorgan
involvement homologous to human cGVHD is not observed.

Here we studied several MHC-matched, miHA-mismatched
strain combinations over an extended time period to assess
signs of aGVHD and cGVHD. The most representative model
resulted from transplants of C57BL/6 (B6) grafts into BALB.B
mice in which recipients developed aGVHD that gradually
transitioned into a syndrome of cGVHD. aGVHD with ruffled
fur, diarrhea, weight loss, and T cell dose-dependent lethality
was first described in this strain combination by Korngold
et al. in 1990 [18]. We previously reported in this model that
alloreactive T cells acutely impair hematopoietic recovery and
immune function post-HCT, indicating that bone marrow (BM)
and lymphoid organs are major aGVHD targets [19,20]. Here,
we studied the long-term effects of such transplants and found
that the early disruption of marrow and lymphoid tissues is
followed by a clinical syndrome that accurately simulates the
pleomorphic disease of human cGVHD.

METHODS
Mice

The following strain combinations were studied. C57BL/6 mice (H2")
were donors for BALB.B recipients (H2%) and vice versa. B10.D2 mice (H2%)
were donors for BALB/c recipients (H29). BALB.K mice (H2*) received grafts
from AKR/] (H2¥) donors. AKR/B (H2") mice were donors for C57BL/6 (H2")
mice and vice versa. AKR/B (H2") mice were donors for BALB.B mice (H2). All
animal studies and protocols were approved by the Institutional Administra-
tive Panel on Laboratory Animal Care of Stanford University.

Hematopoietic Stem Cell Transplantation

Recipient mice underwent myeloablative total body irradiation and were
infused with a radioprotective dose of fluorescent activated cell sorter
(FACS)-purified KTLS-hematopoietic stem cell (HSC) (c-KIT+Thy1.1'°%,
Lin"°8, Sca-1 + Lin"°®) alone or supplemented with titrated numbers of whole
splenocytes (1 x 10°8 x 107) or isolated T cell subsets.

Cell Harvest and Flow Cytometry

Cell suspensions from BM and spleens and infiltrating cells from liver and
intestines were stained using standard protocols. For measurement of intra-
cellular IL-17A and IFN-y expression cell suspensions were stimulated with
phorbol myristate acetate (PMA), ionomycin, and monensin for 5 hours at
37°C before staining.

Immunohistochemistry

Thymic sections were stained with anti—mouse keratin 5, anti—keratin 8,
and biotin-AIRE. FITC-donkey anti—rat IgG, Cy5-donkey anti—rabbit IgG, and
streptavidin-alexa fluor 350 were used as secondary antibodies.

RESULTS
Severity of GVHD Differs Among MHC-Matched, miHA-
Mismatched Strain Combinations

Recipient BALB.B, BALB.K, BALB/c, C57BL/6 (B6), and AKR/b
mice (male and female) were lethally irradiated and received
2000 to 3000 KTLS-HSC with or without titrated numbers of
lymphocytes from miHA-mismatched female donors. In total,
7 different strain combinations were studied. Across all strains,
transplantation of pure HSCs was associated with 100% sur-
vival and no signs of GVHD. Grafts supplemented with T cells,
given within whole splenocytes, induced early GVHD (before
day +50 post-HCT) in the following strain combinations: B6
into BALB.B (H2"; Figure 1A,B), B10.D2 into BALB/c (H2¢;
Figure 1C,D), and AKR/] into BALB.K (H2¥; Figure 1E,F). Clinical
manifestations of GVHD and severity of symptoms differed by
strain combination despite the identical genetic background of
all 3 recipients (see below). At a graft splenocyte dose of
1 x 107 no clinical evidence of aGVHD or cGVHD within 200
days post-HCT was observed in transplants of BALB/B into B6
(H2"), AKR/B into BALB.B (H2), AKR/B into B6 (H2"), and B6
into AKR/B (Figure 1G,H).

aGVHD Transitions to cGVHD in the B6 into BALB.B Model
BALB.B recipients of B6 grafts composed of HSCs plus sple-
nocytes at doses of 1 x 10% and 1 x 107 developed aGVHD with
a mortality of 22% and 33% by day +50, respectively. CD4" cells
had the full potency to induce lethal GVHD, whereas CD8" cells
resulted in no lethality (Figure 2A). Weight loss was a hallmark
of aGVHD (Figure 2B). Mice receiving only purified HSCs devel-
oped no GVHD; hence, this group served as controls in all stud-
ies. Recipients of HSCs plus CD8" cells also recovered and
demonstrated stabilization of weight soon after transplant and
displayed no other signs of GVHD. In contrast, in mice given
HSCs plus splenocytes or CD4* cells, weight loss was more
severe and persisted longer. Of note, male recipients of female
grafts had more pronounced weight loss than female recipi-
ents of female grafts (Figure 2B). In addition to weight loss,
clinical symptoms of aGVHD in these mice included diarrhea,
swollen red eyes, hunched posture, and ruffled fur. Mice sur-
viving aGVHD stabilized around day +40 to +50 post-HCT. After
a period of clinical quiescence >50% of recipients of
T cell-replete grafts gradually showed physical manifestations
consistent with cGVHD beyond day +120 post-HCT. These
manifestations included cloudy corneas, ruffled fur, hunched
back posture, cutaneous excoriations at the pinna of the ears
and tails, and, at very late time points, areas of alopecia on the
trunk. In addition to those animals that showed overt cGVHD,
a subgroup displayed subclinical signs, such as a runting syn-
drome manifested by smaller than normal size (Figure 1B).
Histologic analyses (hematoxylin and eosin) of the organs
from the early phase post-HCT revealed a thickened intestinal
wall and a dense, inflammatory infiltrate predominantly com-
posed of small mature lymphocytes in the lamina propria and
epithelium, consistent with the diagnosis of aGVHD. At time
points beyond day +50 the mucosa recovered, and there were
no histologic signs of cGVHD (Figure 2C). Livers of mice trans-
planted with grafts that contained splenocytes or CD4" cells
displayed periportal inflammation with small mature-appear-
ing lymphocytes during the early phase post-HCT. Over the
course of many months the infiltrates worsened, showing
extensive periportal infiltrates at 1 year post-HCT with disrup-
tion of the physiologic liver architecture (Figure 2D). As noted
above, the pinna of the ears was affected in a subset of animals
given grafts containing CD4" cells, and histology revealed
severe inflammation characterized by parakeratosis and
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Figure 1. Kaplan-Meier curves displaying survival and clinical phenotype in MHC-matched, miHA-mismatched strain combinations. (A) Survival curves of C57/BL6
(B6) into BALB.B transplants. Recipient BALB.B mice received lethal (800 cGy) total body irradiation (TBI) and transplantation of grafts composed of 3000 KTLS-HSCs
alone (n=29) or in combination with 1 x 10% (n=9) or 1 x 107 (n =39) whole splenocytes (wSP). (B) Subclinical and clinical cGVHD in BALB.B recipients of B6 grafts
at 1 year post-HCT. Left: Male mouse given HSC+T cells with subclinical GVHD (“runting”) as compared with a recipient given HSCs alone. Right: HSC+T cell
(CD4*+CD8") recipient with manifestations of cGVHD of the skin, eyes, and overt wasting syndrome. (C) Survival curves of B10.D2 into BALB/c transplants. BALB.B
recipients received lethal (800 cGy) TBI and transplant of grafts composed of 3000 KTLS-HSCs alone (n =18) or in combination with 1 x 10° (n=16), 1 x 107 (n=45),
or 1 x 108 (n=5) wSP. (D) Clinical phenotype of early (between days 20 and 40) cGVHD in BALB/c recipients of B10.D2 HSC+wSP grafts demonstrating areas of alope-
cia on the back, inflammation of the skin of the ears, and conjunctivitis-like features. (E) Survival curves of AKR/J into BALB.K transplants. BALB.K recipients received
700 cGy TBI and transplant of grafts composed of 3000 KTLS-HSCs alone (n=10) or in combination with 1 x 10° (n=8), 1 x 10° (n=18), or 1 x 107 (n=3) wSP. (F)
aGVHD with severe diarrhea, weight loss, and red eyes in BALB.K recipients of T cell-replete AKR/J grafts. (G-K) Survival curves of recipients of 3000 KTLS-

HSCs +1 x 107 wSP (n = 5) from specified donor strains. Recipients received lethal dose radiation. (G) AKR/B into B6 (950 cGy), (H) B6 into AKR/B (950 cGy), (I) AKR/B
into BALB.B (800 cGy), and (K) BALB.B into B6 (950 cGy).

significant thickening of the dermis with architecture that was Ocular GVHD in the B6 into BALB.B Model

completely effaced by a dense inflammatory infiltrate. The adi-
pose tissue was entirely replaced by a dense fibrotic infiltrate
composed of fibroblasts and increased vascularization. Recipi-
ents of pure HSCs had an unremarkable histology of the skin
(Figure 2E).

This spectrum of aGVHD transitioning into cGVHD best rep-
resented the human scenario; therefore, further studies
focused on the B6 into BALB.B strain combination.

Clinically, ocular GVHD poses a major problem because
inflammation in ocular tissues is one of the most frequent
cGVHD manifestations. Beyond 6 months post-HCT many recipi-
ents of T cell-replete grafts acquired “cloudy” eyes. Corneal
changes were histologically evaluated at 12 and 18 months
(Figure 3A) using a scale ranging from 0 to 9 based on 4 parame-
ters: thickness, presence of blood vessels, inflammatory cell infil-
trates, and Kkeratinization (Supplementary Table 1) [21,22].
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Figure 2. aGVHD and cGVHD in the B6 into BALB.B model. (A) Survival curves of lethally irradiated BALB.B recipients of B6 HSCs alone (n =29, black line, 100% sur-
vival), HSC +10° wSP (n=9, green), HSC + 107 wSP (n =39, red), HSC + 3 x 10° CD4" cells (n = 14, blue dotted), and HSC +2 x 10° CD8" cells (n=12; blue dotted line
with red marks, 100% survival). (B) Weight loss, recorded as percent of baseline weight, in recipients of HSCs alone (n =10, black); HSC+1 x 107 wSP (n =30, red),
which were further separated into female recipients of female grafts (n = 20, light blue) and male recipients of female grafts (n = 10, yellow); male recipients of female
HSC +CD4" cells (n = 14, green); and male recipients of HSC+CD8" cells (n =12, dark blue). (C) H&E-stained sections of large intestine of representative mice with
aGVHD at the indicated time points. At day +50 post-HCT the intestinal wall appeared thickened and the lamina propria and the epithelium infiltrated by a dense,
inflammatory infiltrate predominantly composed of small mature lymphocytes with fewer neutrophils and plasma cells. At 6 months (+6m) post-HCT the large intes-
tine appeared unremarkable without any residual inflammation. (D) H&E-stained liver sections at indicated time points post-HCT (day +40, day +140, +7 months, 1
year) at 10x magnification. Mice transplanted with HSCs + wSP developed periportal inflammation in the liver 40 days post-HCT that was predominantly composed
of small mature-appearing lymphocytes. Over the course of a year the infiltrate worsened, showing extensive periportal infiltrates at 1 year after transplant. (E) H&E-
stained skin sections of mice are shown 1 year post-HCT. Recipients of HSC + T cells (CD4"+CD8") developed a severe inflammation in the skin of the ear characterized
by parakeratosis and thickening of the dermis with completely effaced architecture and characterized by a dense inflammatory infiltrate of small mature lympho-
cytes, with fewer macrophages and neutrophils. The adipose tissue was entirely replaced by a dense fibrotic infiltrate composed of fibroblasts and increased vascular-
ization. To the left, mice that had received HSCs only with unremarkable histology of the skin.

In contrast to mice receiving HSCs only, 12 of 13 animals given T
cell-replete grafts had demonstrated corneal involvement.
Recipients of CD4*+CD8" cells exhibited higher corneal GVHD
scores compared with recipients of CD4"* or CD8" cells (scores
of 7.25 + 1.5 versus 4.5 + .7 and 3.25 + 2.75, respectively).
Although all groups trended higher scores than HSCs alone,
because of limited sample size, only the CD4*+CD8" group
reached statistical significance (1-way analysis of variance P <
.05) (Figure 3B,C).

Naive CD4" Cells Are Responsible for aGVHD in the B6 into
BALB.B Model

Having observed in this strain combination the capacity of
unfractionated splenic CD4" cells to induce GVHD, we exam-
ined the effects of adoptively co-transferred CD4" cell subsets.
Naive (CD62L" CD44~) CD4" cells caused a severe and lethal
aGVHD, even more severe than bulk CD4" cells, whereas mice
given effector memory (EM) CD4" cells (CD62L~ CD44") dis-
played no clinical signs of GVHD (Figure 4A,B). The BM is a
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Figure 3. Ocular GVHD in the B6 into BALB.B model. (A) BALB.B recipients of B6 HSC only, HSC + 3 x 10° CD4*, HSC +2 x 10° CD8", or HSC + 3 x 10° CD4*+2 x 10° CD8"
cells were observed for 12 to 18 months post-HCT and then killed for histologic workup of the eyes. (B) Composite corneal GVHD score as determined by corneal
thickness, corneal vessel immigration, presence of inflammatory cell infiltrates in the cornea, and hyperkeratinization for the transplanted groups. (C) Representative
H&E-stained corneal histology recipients of pure HSC with no histologic abnormalities (top, left: 12 months post-HCT), HSC+CD4" (top, middle: 18 months post-HCT),
HSC+CD8" (top, right: 18 months post-HCT), and HSC+CD4*+CD8" (bottom, left: 12 months post-HCT).

major target organ of GVHD in this strain combination, result-
ing in severe suppression of B lymphopoiesis [19]. Here we
show that naive CD4" cells suppress the regeneration of the
B-lymphoid lineage, whereas effector memory CD4" cells did
not impact on prompt B cell recovery (Figure 4C). Of note, naive
CD4" cells contained higher proportions of regulatory T cells
than effector memory CD4" cells, as determined by co-staining
for FoxP3 (Supplementary Figure 1). There were no differences
in the proportion of T cells in the blood of recipients of HSCs
alone or HSCs + bulk CD4", naive, or effector memory CD4" cells
at 1 and 2 months post-HCT (Figure 4D). However, chimerism
analysis of T cells at 1 month post-HCT revealed that in HSC
recipients most blood T cells were host derived, whereas a
smaller proportion of T cells originated from donor HSCs. In
recipients of bulk CD4" or naive CD4" cells most T cells in the
blood were expanded adoptively co-transferred cells, whereas
fewer T cells originated from either the donor HSCs or the resid-
ual host compartment. In contrast, in recipients of HSCs plus
effector memory CD4" cells no co-transferred expanded
T cells were detected, but most T cells were derived from donor
HSCs in addition to some host T cells (Figure 4E).

The observation that no effector memory CD4" cells were
present in the blood raised such questions as what is the fate

of these co-transferred cells and is the lack of GVHD due to
their nonpersistence? To address these questions, we per-
formed comprehensive chimerism analyses on multiple tissues
including blood, spleen, lymph nodes, BM, and liver on day
+100 post-HCT from recipients of all graft types (HSCs alone,
HSC + bulk CD4" cells, HSC + naive CD4" cells, or HSC + effector
memory CD4" cells). Figure 4F shows representative FACS plots
displaying the origins of the T cells in these tissues for recipi-
ents of HSC plus effector memory CD4" cells. The findings from
all graft groups from day +100 are shown in Supplementary
Figure 2. At this time point in all groups, T cells originating
from donor HSCs dominated blood, spleens and lymph nodes.
However, distinct differences in T cell origin were noted in the
BM and liver. The adoptively co-transferred CD4" cells of all sub-
types were present in high numbers in these tissues, including
the effector memory CD4" cells. In fact, the co-transferred bulk
and naive CD4" cells were the dominant T cell subpopulations in
liver and BM (Figure 4F, Supplementary Figure 2). In recipients
of co-transferred CD4" cells (regardless of the subset composi-
tion) the host-derived T cells were the smallest subset, whereas
they were dominant in the BM and liver of HSC-only recipients.
Taken together, these findings demonstrate co-transferred T cell
subsets appear to home and persist for an extended period in
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Figure 4. Naive CD4" cells are responsible for aGVHD in the B6 into BALB.B model. Lethally irradiated BALB.B mice were transplanted with HSCs alone (n=4) or HSC
plus total CD4" cells (n=5), naive CD62L*CD44 CD4" cells (n =6), or effector memory (EM) CD62L~CD44"CD4" cells (n =4). HSCs were derived from Thy1.1°CD45.2*
donors, CD4" cells from Thy1.1* CD45.1* donors. (A) Survival curves of BALB.B recipients of CD4 subset grafts. (B) Weight loss with weights recorded as percent of
baseline weight. (C) B cell reconstitution in the blood at 1 and 2 months post-HCT occurred promptly in recipients of HSCs alone or HSC + EM CD4", whereas recovery
at 1 month was severely impaired in recipients of bulk CD4" and naive CD4" cells. In recipients of naive CD4" cells severe suppression of B lymphopoiesis was still
noted at 2 months post-HCT. (D) Blood T cell recovery at 1 and 2 months post-HCT was slow in all transplant groups with no major differences between groups.
(E) T cell chimerism in the blood at 1 month post-HCT revealed that in HSC recipients most T cells were residual host type. In recipients of HSCs plus bulk or naive
CD4" cells, a fraction of the T cell compartment were derived from residual host T cells, fewer were from newly generated T cells originating from the donor HSC,
whereas most T cells were from expanded, adoptively co-transferred T cells. In recipients of HSC + EM CD4" cells, T cells comprised nascent, newly generated donor
T cells and residual host T cells, whereas adoptively co-transferred T cells were not detectable in the blood. (F) T cell chimerism of blood, spleen, lymph nodes, BM,
and liver of recipients of HSC + EM CD4" cells on day +100 post-HCT. Adoptively transferred donor EM cells were primarily found in the BM and liver, whereas only
low levels were detected in blood and lymphoid organs.

variable tissues of recipients. Blood and even spleen may not be CD8* SP populations were measured in thymic cell suspen-
the optimal tissues to track the whereabouts of co-transferred sions at 4 weeks post-transplant (Figure 5A). In contrast, the
cell populations. These findings are particularly relevant in the thymuses of recipients of HSCs + T cells had reduced propor-
era of transferred therapeutic lymphocytes. tions of CD4/CD8 DP cells and an increased proportion of CD4*
SP and CD8" SP subpopulations (Figure 5B). Although DP cells

aGVHD Damages Thymic Cells Involved in T Cell Selection largely originated from donor HSCs (CD45.2 GFP*), SP cells
As we and others have previously published, the thymus is were adoptively co-transferred donor T cells (CD45.1%). The

a known target of aGVHD [20,23-25]. Here we observed after observation that co-transfer of mature donor T cells disturbed
lethal irradiation and transplant of pure HSCs prompt recovery the process of thymic regeneration was also seen by immuno-
of the thymic tissue. Normal proportions of CD4/CD8 double fluorescence staining of thymic tissues. At day +58 post-HCT,

negative, double positive (DP), CD4" single positive (SP), and recipients of HSC plus CD4" cells had lower proportions of
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Figure 5. Thymic damage and reconstitution during and after aGVHD. Lethally irradiated BALB.B mice were transplanted with HSCs alone or HSC + CD4*, HSC + CDS8",
or HSC + total T cells (TCs; CD4"+CD8") or wSP. (A) Representative FACS plots of a thymus from a HSC-only recipient at 4 weeks post-HCT revealing normal propor-
tions of CD4/CD8 double negative, DP, CD4*SP, and CD8"SP subpopulations (left plot). SP and DP populations originated from donor HSCs (GFP*). (B) Representative
FACS plots of a thymus from an HSC + TC recipient at 4 weeks post-HCT revealing reduced proportion of CD4/CD8 DP cells but an increased proportion of CD4* SP and
CD8" SP subpopulations. Although DP cells largely originated from donor HSCs (CD45.2 GFP*), SP cells were adoptively co-transferred donor T cells (CD45.1%). (C)
Immunofluorescence staining of thymic sections on day +158 post-HCT. Blue stains cytokeratin 5 that marks mTEC, green stains cytokeratin 8, and red stains AIRE.
The left image shows a section of a thymus from an unmanipulated wild-type mouse. In the middle a section of a recipient of pure HSCs is shown. On the right side
sections of an HSC + wSP recipient is shown. (D) Compiled data of percentages of the area positively stained for CK5 on day +58 (top, left) and day +158 (top, panel)
and for AIRE on day +58 (bottom, left) and day +158 (bottom, right). Because of the similarity of the results the last 2 groups (total T cells and wSP) were combined.
For each group 3 to 5 recipients were analyzed.
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cytokeratin 5 positive (CK5") medullary thymic epithelial cells
(mTEC) compared with recipients of pure HSCs or HSC plus
CD8" cells (Figure 5C,D [top], Supplementary Figure 3). By day
+158 it was recipients of HSCs plus splenocytes (1 x 107) that
had the lowest proportion of mTECs compared with all other
transplant groups (HSCs, HSC + CD4*, HSC + CD8"). Within the
thymus mTECs provide a specialized microenvironment for
survival, proliferation, and differentiation of immature T cells
and are central to the education of nascent, donor-HSC
derived, regenerating T cells. Damage inflicted to mTECs dur-
ing aGVHD may therefore result in impaired negative selection
with escape of autoreactive T cell clones into the periphery. In
addition, donor grafts composed of HSC plus CD4" cells
resulted in decreased expression of the autoimmune regulator
AIRE in mTECS at day +158 post-HCT (Figure 5D [bottom]),
further supporting the idea that GVHD can disturb negative
selection of newly generated T cells and thereby give rise to
“autoimmunity.”

Th17 Cells Increase Over Time and Originate from Donor HSCs
Because IL-17 has emerged as a principal cytokine involved
in autoimmunity, interest has been placed on Th17 cells as
mediators of GVHD. Here, in the B6 into BALB.B model we
studied emergence of IL-17°CD4" Th17 cells in lymphoid and
GVHD target organs at several time points post-HCT.
Figure 6A,B shows FACS plots of lymph nodes at 1 year post-
HCT from 2 representative recipients in each group that
received either pure HSCs (Figure 6A) or HSC+T cells
(Figure 6B). Figure 6 illustrates the variability in IL-17 and
IFN-y expression that differs substantially even between ani-
mals that received the same graft types. In some but not all
animals IL-17 expressing CD4" cells co-expressed IFN-y. Donor
T cell infiltration of tissues (spleen, lymph nodes, liver, intes-
tines) was high at 2 and 4 weeks post-HCT, but no measurable
IL-17 production by CD4" cells was detected during this
aGVHD phase (data not shown). Donor T cell infiltration
decreased as aGVHD subsided in these tissues. In the receding
T cell infiltrates beginning at >2 months post-HCT, CD4" IL-17*
cells were detectable and their percentages within the CD4"
cells increased slowly over time. As shown in Figure 6C, at all
later time points (>2 months) post-HCT the relative levels of
Th17 cells were higher in HCT recipients (of HSC + T cells)
compared with normal wild-type mice. However, there were
no measurable differences in the levels between transplant
groups (Figure 6A-C). Chimerism analysis of Th17 populations
revealed that most Th17 cells originated from donor HSCs and
were thus newly generated (Figure 6D, Supplementary Figure 4).
Taken together, no correlation was observed between clinical
manifestations of cGVHD and expression levels of IL-17.

GVHD in BALB Recipients Depends on Donor Type and MHC
Comparison of the 3 MHC-congenic strains of BALB mice
used as recipients (BALB.B, H2"; BALB/c, H29; BALB.K, H2¥) [26]
revealed that despite their identical genetic background, the
manifestations of GVHD varied substantially depending on
donor background and allele type of the MHC-matched graft.
B10.D2 into BALB/c is a commonly used model of cGVHD.
Here, we show that lethality is minimal in recipients undergo-
ing transplant of HSCs alone or HSCs plus high doses of T cells
(up to 1x10® splenocytes) or T cell subsets (Figures 1C
and 7A). BALB/c mice given T cell-containing grafts developed
scattered skin lesions, primarily involving the pinna of the ears,
and patches of alopecia between days +25 and +45 post-HCT
(Figures 1D and 7B [bottom left]), whereas HSC-only recipients
showed no abnormalities of the skin (Figure 7B [top left]). At

around day +50 post-HCT skin lesions resolved spontaneously,
and mice followed for >200 days did not develop recurrent or
additional signs of cGVHD. Liver histology was normal at all
time points throughout all experimental groups (Figure 7B
[top and bottom right]), and animals recovered promptly
from radiation-induced weight loss, whether or not the graft
contained T cells (Figure 7C,D). Thus, in clean animal facility
environments BALB/c recipients of B10.D2 allografts demon-
strate transient skin lesions, low mortality, and no evidence
of systemic GVHD.

BALBK recipients of AKR/] grafts (H2¥) displayed a strik-
ingly different clinical course. At a splenocyte dose of 1 x 107
all recipients died of fulminant aGVHD before day +20 post-
HCT. To exclude the possibility that BALB.K mice are more sus-
ceptible to radiation, the dose was lowered to 700 cGy. Even
with lower radiation and a 2-log lower dose of transplanted
splenocytes (1 x 10°), a 50% mortality due to GVHD was
observed. The few sporadic survivors from these experiments
did not developed signs of cGVHD. Only HSC recipients had
100% survival without signs of GVHD (Figures 1E,F and 7E). To
investigate which role the inflammatory environment created
by the conditioning plays in T cell activation, T cells were given
as delayed donor lymphocyte infusions. All BALB.K mice who
received their grafts of HSCs plus 1 x 107 AKR/] splenocytes on
the day of radiation (day 0) died before day +10 post-HCT due
to GVHD. Lethality among those given the same number of
splenocytes 4, 7, and 10 days after the HSC transplant was
lower with 50%, 80%, and 100% of survivors, respectively.
Recipients of T cells and/or donor lymphocyte infusions on
days 4 or 7 had high levels of donor T cell chimerism by 4
weeks post-HCT, consistent with a robust graft-versus-host
immune cell effect that occurred in the permissive environ-
ment of these hosts immediately after transplant. In contrast,
recipients of HSCs or HSCs +donor lymphocyte infusions on
day 10 were mixed donor T cell chimeras (Supplementary
Figure 5A). None of the mice in these latter groups developed
cGVHD, consistent with their “tolerant” mixed chimeric state.
Of note, although donor T cell chimerism was substantially
higher in recipients of donor lymphocyte infusions on days 4
or 7, quantitative T cell levels were lower compared with the
mixed chimeric recipients of HSCs only or HSCs plus donor
lymphocyte infusions on day 10 (Supplementary Figure 5B).
These data underscore the deleterious effect of T cells on
immune recovery that is both quantitative and qualitative
[19,20] and in its less overt form likely contributes to the
immune dysregulation that leads to cGVHD.

DISCUSSION

The incidence of cGVHD continues to increase as trans-
plants are given to older patients, more unrelated donors and
mobilized peripheral blood rather than BM are used, and sur-
vival beyond the early post-transplant period improves. The
limited understanding of the pathophysiology of cGVHD drives
empiric treatments using drugs applied for aGVHD or which
are supported more by theory than by proven pathophysiol-
ogy. cGVHD is a complex and pleomorphic syndrome, and
modeling in mice remains a challenge. Beyond the influence of
genetic disparities, like humans, cGVHD in mice is influenced
by environmental factors, such as hygiene standards of the
animal facilities, nutrition, and so on. Hence, disparate experi-
ences and observations are reported by different groups
around the world.

Here, we carried out an in-depth approach to study mouse
models of cGVHD, with the goal to identify those that most
closely approximate human cGVHD, and to track the fate of
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Figure 6. Emergence and chimerism of Th17. Lethally irradiated BALB.B mice were transplanted with HSCs alone or HSC + CD4" cells, HSC + CD8" cells, or HSC + total T
cells (TC, CD4*+CD8"). (A and B) FACS plots of lymph nodes (LNs) from each 2 representative recipients of pure HSCs (A) or HSC+TC (B) at 1 year post-HCT. Parent
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contributing graft cell subsets. We focused on MHC-matched
strains because the immunologic events of antigen presenta-
tion and T cell activation as well as the time required to accu-
mulate the immunologic abnormalities are more homologous
to human HCT compared with MHC-disparate mouse trans-
plants. Seven MHC-matched, miHA-mismatched combinations
underwent HCT of purified HSCs augmented with either whole

splenocytes or selected T cell subsets. Only those combinations
with recipients on the BALB background developed GVHD,
whereas the reversal of donor—recipient pairs and other strain
pairs studied did not develop signs of aGVHD or cGVHD, sug-
gesting that BALB mice are more prone to perpetuation of
aberrant immune responses. Furthermore, even though mice
on the BALB background were prone to develop GVHD, the
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Figure 7. GVHD in BALB recipients depends on donor type and MHC. (A) Survival curves of lethally (800 cGy) irradiated BALB/c mice that were transplanted with B10.
D2 HSCs alone (black) or HSCs in combination with 1 x 106 (green), 1 x 107 (red), or 1 x 108 (orange) wSP or HSCs +4 x 10° CD4" cells or HSCs + 2 x 10° CD8" cells.
(B) Top, left: Representative ear skin of mice 27 days post-HCT with HSCs demonstrating only a very mild inflammatory infiltrate with rare mononuclear cells. Bottom,
left: Representative ear skin of mice 27 days after transplant with HSCs + 107 wSP demonstrating over 2-fold thickening of the skin with prominent parakeratosis and
a dense inflammatory infiltrate composed of predominantly small lymphocytic cells. Of note, the adipose tissue is effaced and replaced by fibrosis and increased vas-
cularization. Top and bottom, right: Representative sections of the liver of mice on day +40 and days +140 post-HCT with HSCs + 107 wSP demonstrated only minimal
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HSCs +CD8" cells (green; n=>5), and HSCs + CD4*+CD8" cells (pink, n=5). There were no differences in weight course between groups. (E) Survival curves of lethally
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CD4" cells (n=5) or + 2 x 10° CD8" cells (n=5). (F-H) Lethally irradiated (700 cGy) BALB.K mice were transplanted with HSCs alone (n=4), HSCs + 1.5 x 107 wSP
(n=3) on day 0, or received HSCs on day 0 and 1.5 x 107 wSP on either day +4 (n=6), day +7 (n=6), or day +10 (n=7) as donor lymphocyte infusions. (F) Survival
curves.

clinical and histologic manifestations differed substantially Our data show for the first time that transplants of B6 into
depending on the donor strain and MHC allele type despite BALB.B mice provide an authentic model of cGVHD with a pro-
otherwise identical transplant conditions. This latter finding tracted time course and multiorgan involvement. In this model
implies that different MHC types present different sets of c¢GVHD is preceded by aGVHD, which is driven by adoptively
minor antigens that make them differential targets for allor- transferred mature CD4" cells that acquire a Th1 phenotype.
eactive attack, thereby influencing disease course, sites of Lesions in the target organs evolve from inflammatory cells,
organ involvement, severity of disease, and donor cell dose which persist and gradually progress into fibrotic infiltrates

required to induce the disease. with disruption of the tissue architecture. We previously
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showed that the BM and lymph nodes are preferred targets of
aGVHD, resulting in deleterious effects on hematopoiesis and
immune function [19,20].

Here in this B6 into BALB.B model we further show several
key findings. First, naive CD4" cells had the strongest negative
effect on hematopoietic reconstitution, particularly of the
B cell lineage, and on GVHD manifestations, whereas effector
memory CD4" cells neither induced overt GVHD nor impacted
hematopoiesis. Both subsets contained FoxP3" regulatory T cells.
Second, purified naive and effector memory CD4" cells demon-
strated different homing patterns and locations of persistence.
Specifically, effector memory cells quickly egressed from the
blood and were found long term in tissues such as BM and
liver. This differential homing underscores the fact that exami-
nation of the blood only gives an incomplete picture of donor
cell activities postinfusion, a concept of highest relevance in
this era of cellular therapies. Third, the origins of the reconsti-
tuting T cell pool were linked to graft composition. Early post-
HCT (1 month) in recipients of HSCs only most blood CD4" cells
were host derived, and although at 3 months donor-derived
HSCs dominated the blood and lymphoid tissues, the residual
host T cells persisted and remained the predominant T cell
source in the marrow and liver. In contrast, at 1 month post-
HCT in recipients of bulk CD4" or naive CD4" cells, most T cells
in the blood were from these co-transferred cells and
remained the predominant source in liver and BM at later time
points, whereas HSC-derived donor cells comprised most CD4*
cells in blood and lymphoid tissues. In recipients of HSC plus
memory CD4" cells, at 1 month most reconstituting T cells
were derived from donor HSCs, suggesting that donor memory
cells may facilitate development of nascent T cells from donor
HSCs. In these mice residual host T cells persisted in blood and
lymphoid tissues in a similar fashion as in HSC-only recipients,
further suggesting effector memory CD4" cells do not eradicate
host T cells efficiently.

Fourth, in agreement with the findings by other groups
[23-25,27], injury to the thymus by alloreactive T cells can
result in impaired regeneration of essential thymic structures
important in maintaining an appropriate T cell repertoire and
lead to GVHD. In our model we note that mTECs, which are
critical to negative T cell selection, are decreased in recipients
of T cell-replete grafts compared with those given pure HSCs.
In settings where mTECs are destroyed, autoreactive T cells
can escape from the thymus into the periphery and contribute
to cGVHD. We hypothesize that in this model it is damage to
the thymus sustained during the acute phase and impaired
thymic recovery that leads to multiorgan syndrome of cGVHD.
Finally, we examined the role of IL-17 producing Th17 cells.
Th17 cells have been widely implicated in the pathophysiology
of autoimmune diseases; however, data regarding their rele-
vance in the establishment of aGVHD and cGVHD are
contradictory [7,28-35]. In our model aGVHD was driven by
IFN-y—producing CD4" cells, whereas IL-17—producing donor
cells were undetectable early post-HCT. This observation sug-
gests that in the presence of donor Th1 cells, development of
Th17 cells is suppressed, as IFN-y and T-bet produced by
Th1 cells are known negative regulators of RORyT, the master
regulator of Th17 [36]. Suppression of Th17 cells persisted
beyond the acute phase: Recipients of T cell-replete grafts
that survived aGVHD but later developed cGVHD did not dem-
onstrate increased proportions of CD4" IL-17" cells. In some
mice without overt aGVHD, CD4" IL-17" cells that originated
primarily from donor HSCs were measurable beyond 2 to 6
months post-HCT. A clear correlation between IL-17 produc-
tion and clinical phenotype was not observed, suggesting that

in the B6 into BALB.B model, IL-17 is not a key driver of cGVHD.
This finding is in line with data obtained in patients that have
not supported a key role of IL-17 in GVHD induction [37].

In summary, our studies modeling cGVHD demonstrate
that transplant of B6 into BALB.B mice is a highly viable model
that mirrors the clinical and histologic scenarios of the human
syndrome. This conclusion is based on the time course to dis-
ease development, clinical manifestations, and pathology that
affect the eyes, liver, and skin, the most frequently affected tis-
sues in cGVHD patients. This cGVHD syndrome is most likely
caused by events early post-HCT, affecting BM [19] and thymus
and thereby permitting breakdown of immune tolerance and
the escape of autoreactive cells into the periphery within
newly generated lymphocyte populations.
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