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Calcineurin inhibition rescues alloantigen-specific
central memory T cell subsets that promote
chronic GVHD
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Calcineurin inhibitors (CNIs) constitute the backbone of modern acute graft-versus-host disease (aGVHD) prophylaxis
regimens but have limited efficacy in the prevention and treatment of chronic GVHD (cGVHD). We investigated the effect of
CNIs on immune tolerance after stem cell transplantation with discovery-based single-cell gene expression and T cell receptor
(TCR) assays of clonal immunity in tandem with traditional protein-based approaches and preclinical modeling. While
cyclosporin and tacrolimus suppressed the clonal expansion of CD8" T cells during GVHD, alloreactive CD4* T cell clusters were
preferentially expanded. Moreover, CNIs mediated reversible dose-dependent suppression of T cell activation and all stages
of donor T cell exhaustion. Critically, CNIs promoted the expansion of both polyclonal and TCR-specific alloreactive central
memory CD4* T cells (T,,,) with high self-renewal capacity that mediated cGVHD following drug withdrawal. In contrast to
posttransplant cyclophosphamide (PT-Cy), CSA was ineffective in eliminating IL-17A-secreting alloreactive T cell clones that
play an important role in the pathogenesis of cGVHD. Collectively, we have shown that, although CNIs attenuate aGVHD, they
paradoxically rescue alloantigen-specific T ,,, especially within the CD4* compartment in lymphoid and GVHD target tissues,
thus predisposing patients to cGVHD. These data provide further evidence to caution against CNI-based immune suppression
without concurrent approaches that eliminate alloreactive T cell clones.

Introduction

Allogeneic hematopoietic stem cell or bone marrow transplanta-
tion (BMT) is a curative therapy for many hematological diseas-
es and metabolic disorders. However, graft-versus-host disease
(GVHD) contributes to considerable morbidity and mortality
despite active pharmacological intervention (1, 2). Despite prog-
ress in recent decades (2), chronic GVHD (cGVHD) has limit-
ed therapeutic options, highlighting the importance of GVHD
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prevention strategies that invoke immune tolerance. Preclinical
murine and human studies have demonstrated a critical role for
donor naive T cells (T) in the induction and development of acute
and chronic GVHD (3, 4). The ability of T to induce GVHD is
partly due to their high TCR diversity, long-term persistence, and
the ability to differentiate into effector and memory T cell popula-
tions after BMT (5). T, that escape immune suppression after allo-
geneic BMT differentiate into stem-like central memory T (TSCM)
cells, which repopulate the T cell pool and determine the ongoing
spectrum of the allogeneic immune response (6, 7). Precursors of
exhausted T cells (T,,,) are a small subset of memory T cells that
retain proliferation potential and are characterized by the expres-
sion of Tc¢f7-encoded transcription factor T cell factor 1 (TCF-1),
PD-1 and CD62L (8-11). Alloantigen-specific central memory T
cells (T,,), with or without stem-like properties also contribute to
the pathogenesis of GVHD (12-14) due to their capacity for self-
renewal and their long-term persistence (15). High expression of
CD62L is characteristic of these T cell populations (10) and, thus,
a small number of CD62L" T cells have the ability to reconstitute
all T cell populations and cause GVHD after adoptive transfer (16).
In contrast, alloantigen-primed or alloantigen-specific effector
memory T cells (T,,,) have a limited capacity to expand and medi-
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ate GVHD due to cell-intrinsic properties (14, 17). Thus, pharma-
cological modulation of T cell expansion, differentiation, exhaus-
tion, and persistence may affect the establishment of immune
tolerance after BMT.

IL-2 plays a critical role in regulating immune tolerance, effec-
tor T cell responses, and the development of immune memory
(18). While prolonged exposure to IL-2 signaling promotes ter-
minal differentiation of memory T cells (19), weak IL-2 signaling
with enhanced signaling of IL-15 or other common y-chain cyto-
kines favors development of T, and T cell longevity (20). Thus,
modulation of IL-2 signaling is predicted to have long-term conse-
quences on T cell differentiation and immune tolerance. Activated
CD4' T cells are the major producer of IL-2, provide help to CD8*
T cells, and are important to the induction of GVHD, particularly
when donor and host are MHC-matched (18). Calcineurin inhibi-
tors (CNIs) including Cyclosporine A (CSA) and Tacrolimus (TAC)
suppress T cell expansion and function by impairing nuclear factor
of activated T cells-mediated (NF-AT-mediated) IL-2 production
(21, 22). CNIs are the backbone of standard prophylaxis regimens
for acute GVHD (aGVHD) (23). However CSA also impairs the
induction of immune tolerance by disrupting central tolerance
(24) and homeostasis of regulatory T cells (Tregs) (25). Thus,
understanding the effect of CNIs on memory differentiation of
alloreactive T cells after BMT and the consequences on long-term
immune tolerance represents an important unmet need.

Cyclophosphamide (Cy) is an alkylating agent that acts by
forming DNA crosslinks during DNA replication and therefore
has a profound effect on dividing cells. T, are thus relatively less
sensitive to its actions (6). Cy is generally administered at 3-4 days
post-BMT (PT-Cy) and selectively depletes recently stimulated
alloreactive effector T cells while sparing regulatory T cell respons-
es (23, 26). PT-Cy has significantly improved the efficacy of GVHD
prophylaxis, particularly benefiting haploidentical transplants that
has permitted effective BMT across MHC barriers. Hence, we com-
pared the immunomodulatory effect of PT-Cy to CNIs, aiming to
provide insight of their respective mechanisms of action.

Here we investigated the mechanisms by which CNIs affect
immune tolerance with discovery-based single cell gene expres-
sion and T cell receptor (TCR) assays of clonal immunity in tan-
dem with traditional protein-based approaches and preclinical
modeling. Collectively, we have shown that although CNIs atten-
uate aGVHD by preventing the generation and trafficking of effec-
tor T cells into target organs, they paradoxically suppress all stages
of T cell exhaustion and favor the expansion of alloreactive T,
particularly prominent in the CD4* compartment, preventing
the establishment of immune tolerance and promoting cGVHD.
These data provide further evidence to caution against CNI-based
immune suppression without concurrent approaches that elimi-
nate alloreactive T cell clones.

Results

CSA promotes the self-renewal capacity of donor T cells. CSA is
thought to inhibit GVHD by suppressing IL-2 mediated T cell
expansion (22, 23). Therefore, we firstly examined the effect
of CSA on T cell expansion and function in a preclinical mouse
model. We treated mice with CSA at a common clinical weight-
based dose (5 mg/kg/d) until day 13 after BMT to mimic the use
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of CNIs early after clinical BMT, since manifestations of cGVHD
can occur by 3 weeks in these murine preclinical systems (27, 28).
As expected, CSA inhibited the expansion of donor T cells (Figure
1, A and B) but was associated with only marginal suppression of
T-bet and cytokine production that was most consistent in CD4* T
cells (Figure 1, C-G). While IFN-y*IL-10" type-1 regulatory (Tr1) T
cells (29) were reduced in total number (Figure 1H), FoxP3* Tregs
were unaffected (Figure 1I). Given the ability of CSA to modulate
IL-2 availability, we next asked if CSA treatment affected the dif-
ferentiation of memory T cells (19, 20). Indeed, CSA increased the
frequency of both CD4* and CD8* T, and T_,, subsets beyond 2
weeks after BMT (Figure 1, ] and K). Doses of CSA and other thera-
peutic agents can generally not be interchanged between humans
and mice on a per kg basis. Indeed, there have been previous sug-
gestions that body surface area calculations are more appropri-
ate to convert doses across species whereby 5 mg/kg in humans
would equate to approximately 60 mg/kg in mice (30), although
these assumptions have also been challenged (31). Nevertheless,
CSA dosing in mice has generally been between 25 and 100 mg/
kg (32-36) and we thus subsequently investigated the effects of
higher CSA doses (50 mg/kg/d) to further clarify mechanisms of
immune modulation in vivo.

Higher doses of CSA significantly suppressed the expansion
of CD8' T cells. Conversely, CD4" T cells were increased in fre-
quency and number (Figure 2A and Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI170125DS1) resulting in higher CD4*-to-CD8*
ratios (Figure 2B). These differential effects were only seen at
higher CSA doses (Figure 2C and Supplemental Figure 1B). Mech-
anistically, CD4* T cells had reduced levels of apoptosis after CSA
treatment, as determined by caspase-3, with minimal effects on
proliferation, as determined by Ki-67. In contrast, higher doses
of CSA enhanced apoptosis in CD8* T cells primarily in actively
dividing cells (Figure 2D and Supplemental Figure 1C). Cytokine
expression was dramatically but reversibly suppressed in both
CD4* and CD8" T cells (Figure 2E and Supplemental Figure 1, D
and E) by higher dose CSA, which nearly completely recovered
following drug withdrawal (Figure 2F and Supplemental Figure
1F). Consistent with our previous findings at lower CSA doses,
both CD4" and CD8" T, were sustained at a higher frequency
and numbers in recipients of CSA (Figure 2, G and H, and Sup-
plemental Figure 1, G and H). We next adoptively transferred T
cells from BMT recipients receiving CSA treatment into untreat-
ed secondary recipients (Supplemental Figure 1I). CSA-treated T
cells maintained a higher frequency of T, 5 weeks after adoptive
transfer in both CD4* and CD8* T cell compartments (Figure 2,
I and J). Moreover, treatment with CSA enhanced recovery of all
memory CD4" subsets (T, and T,,) following adoptive trans-
fer (Figure 2K). Consistently, CSA treatment prevented aGVHD
lethality although survivors developed GVHD at later time points
beyond 8 weeks (Figure 2L). Therefore, CSA promoted the surviv-
al, expansion, and self-renewal capacity of alloreactive T, but
failed to invoke long-term immune tolerance (6, 12).

CSA differentially inhibits the clonal expansion of CD8" versus
CD4* T cells. We next conducted single cell RNA-Seq on donor T
cells 7 days after BMT in which polyclonal WT T cells were trans-
planted together with alloreactive TEa TCR transgenic T cells
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Figure 1. CSA promotes the expansion of central memory donor T cells. BED2F1 recipients were transplanted with B6 BM (5 x 10°) + T cells (2 x 10°) and
treated with saline or CSA (5 mg/kg/d) up until day 13 after BMT. Spleens were taken 5 or 18 days after BMT and donor CD4* and CD8* T cells were analyzed
(n =10-15 per group from 2-3 experiments). (A) Frequency of donor T cells in viable cells and (B) absolute numbers per spleen. (C) Expression of T-bet in
donor T cells. (D-H) Expression of cytokines in donor T cells were analyzed following intracellular cytokine staining: (D) UMAP plots of donor T cells on day
5 (concatenated from 5 samples per group), expression of (E) IFNy, (F) TNF, (G) IL-17A, and (H) frequency and numbers of IFNy*IL-10* Tr1 cells. (I) Frequency
and numbers of CD4* FoxP3* Tregs. (J-K) Composition of T, (CD44°CD62L%), T,,, (CD44°CD62L"), and T, (CD44'CD62L") subsets in donor T cells on day 5 (J)
and day 18 (K). Data are presented as median * interquartile range and analyzed with the Mann-Whitney U test. *P < 0.05; **P < 0.01; ***P < 0.001.

(1,000 per recipient). TEa cells (280 cells or 1.3% of total) demon-
strated equal distribution across clusters (Supplemental Figure
2A) and therefore were not analyzed separately and were excluded
from the analysis of the polyclonal T cell response. We identified
13 clustersin CD4" T cells with clusters 0, 1, 3, 4, and 6 demonstrat-
ing differential frequencies across groups (Figure 3, A-C). CO and
Clwere both effector T cells with the latter expressing lower levels
of activation and effector RNA (Cd226, Cxcr6, Thx21, Gzma, and
Gzmb). C3 and C6 were cycling effector T cells (high for Mki67,
Pclaf, Tbx21, Gzma, and Gzmb) with C3 expressing lower activa-
tion and effector RNA (Cd226, Cd44, Tox, and Bhlhe40) (Figure 3,
A-C). C4 expressed follicular helper T cell-associated (T, -associ-
ated) RNA (Bcl6, Tcf7, Icos, Cxcr5, and Pdcdl) (Figure 3, A and B).
Of note, CSA quantitatively restrained the activated CD4* T cell

J Clin Invest. 2024;134(11):e170125 https://doi.org/10.1172/)CI170125

clusters (CO, C4, and C6) and expanded the quiescent clusters (C1
and C3) in a dose-dependent manner with upregulation of Ly6¢2
(encoding Ly6C) and Kirgl in the latter. The precursor-like cluster
(C2) was not expanded by higher dose CSA, however Ly6c2 and
Sell were upregulated with concurrent downregulation of activa-
tion and effector RNA (Tigit, Pdcdl, Tox, Gzma, and Gzmb) (Sup-
plemental Figure 2B).

The use of the glycolysis pathway for energy consumption is a
hallmark of alloreactive T cells and is critical for the induction of
GVHD (37). Consistent with this, the activated clusters (CO, C4,
and C6) expressed higher Hifla, a gene highly associated with
glycolysis (38). However, the CD4" T cell population as a whole
demonstrated limited enrichment for glycolysis-associated genes
(Figure 3D). In contrast, oxidative phosphorylation (OXPHOS),

:



RESEARCH ARTICLE

The Journal of Clinical Investigation

A CD4' T cDsg* B d5 C D Saline CSA s .
Kkkk 7 e
u 60 607 4rnn -91 5 x .91 2 3.04 | 2.35 o.4o. '_.fl..91 cé | e
© *kkk © © R A © o
2 40 40 . S0 gos CD4 SEE g
% *kk ] 00.6 = B g 1
8 Sl O o 30.750063.9 |[25.40-de723 | ©
S 20 20 <05 5 B i 0-
£ 5 o i o 03 o [095 | 176 [lo.as | 5.8 151 s
& 0+——+—— 04 — 0.0 0.0 cbs § ™51.04
2 4 8 1632 2 4 8 16 32 . 9 L
Days after BMT  Days after BMT @ saline 2 0.5
@ CSA 5mglkg o 00
@ CSA 50mg/kg " cD4* cDs*
E d5 IFN-y d5 TNF d5 IL-17A F d17 IFN-y d17 IL-17A
N kK o NS
S 4 159 ux wgun 0047, S 15 047 Ns NS
2 T e 23 T.
Ry S w
< 02 % ©
o °2 s 0.05
S G 1 S5 .
Z3 Z 3
© °
0 0 ° 0 0.00
S~ CD4* CD8* CD4* CD8* CD4* CD8* S ~ CD4* CDs CD4* CDs8* CD4* CDs*
G d5 CD4* T d5 CD8* T H Saline CSA d17 CD4* T d17 CD8* T
e Aloso | 118 (806 | 129 N
jaladiad aed. L PR I S *
Ae : ~ 10 B 20 >
g 3 i 5 51 101
‘; \ *kkk ek CD4 E 06 48 ... | g
2 2 *kk 06 *kkk °
E 0.5] NS 804
S NS G 0.2 0.3 o
z =z
0.0 C%v. 0.0 0
Nalve EM CM Naive EM CM ar K Naive EM CM Naive EM CM
(8]
| Saline CSA
A
- J
cD4 CD’:lS Tey K T cell recovery
100 e o __0.05 *kkk
5 501 ' S 0.04 H
8 8 = =003
cD8 g | Ns T 0.02{xkxx
3 E ] o 4 .
Y o o S 0.01{ %
O [2:82 [+, 2.04 [[1.217 i 10 5 S
0 0 0.00 0
cbe2L —m8m8 Naive EM CM Naive EM CM CD4* CD8* Naive EM CM

N
© O
o o

N
il

*%

Percent survival I~
N (9]
Q o

il

SEUES RPN
Days after BMT

» (]

(mean + SEM)
N

Clinical score

0
O @ PR
Days after BMT

@ Saline
@ CSA 50mgl/kg

:

Figure 2. Higher-dose CSA inhibits the acquisition of effector function but promotes survival and central memory
differentiation. (A-H) B6D2F1 recipients were transplanted with B6 BM (5 x 10°) + T cells (2 x 10°) and treated with
saline or CSA (5 or 50 mg/kg/d) until day 13. Spleens were taken for immune phenotyping and donor T cells were gat-
ed with congenic markers. (A) Frequency of donor T cells in the spleens over time after BMT. (B and C) Ratio of CD4*
to CD8* donor T cells on day 5 (B) and day 7 (C) (n = 10-11 per group from 2 experiments). (D) Representative flow cyto-
metric plots and expression of caspase-3 and Ki-67 (relative to the saline group) in donor T cells on day 5 (n = 9-10 per
group from 2 experiments). (E and F) Number of cytokine-producing donor T cells on day 5 (n = 9-10 per group from 2
experiments) (E) and day 17 (F) (n = 12-13 per group from 3 experiments). (G and H) Number of donor T, (CD44-CD62LY),
o (CD44°CD62L7), and T,,, (CD44'CD62L") cells on day 5 (G) and day 17 with representative flow cytometric plots (H)
(n = 9-13 per group from 2 experiments). (1 and J) Experiments were set up as described in Supplemental Figure 1|
whereby magnetic activated cell sorting-selected (MACS-selected) CD4* and CD8* T cells were combined from saline/
CSA-treated mice and transferred to secondary recipients. Memory phenotype (1) and numbers of T, subset (J) of the
transferred T cells were determined 35 days after transfer (n = 8-10 per group from 2 experiments). (K) Donor CD4* T
cells were isolated from spleens on day 15 after BMT (saline or CSA treated), sort-purified to Ty Tgy and T, subsets,
and individually transferred to secondary BMT recipients (1 x 10° per recipient) on day 0. Spleens were taken 49 days
after adoptive transfer and transferred T cells were determined based on congenic markers (n=2, 3, 6,5, 6, and 4
per group respectively). (L) BED2F1 recipients were transplanted with B6 BM (5 x 10°) + T cells (2 x 10°), treated with
saline or CSA (50 mg/kg/d) up until day 13 and monitored for survival and clinical scores (n = 12-13 per group from 2
experiments). (A-K) Data are presented as median + interquartile range and analyzed with the Mann-Whitney U test;
(L) clinical score data are presented as mean + SEM and survival analyzed by log rank. *P < 0.05; **P < 0.07;
***P < 0.001; ****P < 0.0001.
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an energy generation process mainly used by quiescent T cells
(39), was substantially enhanced in CSA-treated groups (Figure
3E), further supporting transcriptomic quiescence. Consistently,
the inactive clusters (C1 and C3) demonstrated higher OXPHOS
than their nearest activated clusters (CO and C6) (Supplemen-
tal Figure 2, C and D). Interestingly, CD4* T cells demonstrat-
ed limited enrichment for T, and exhausted T cell-associated
(T, -associated) gene sets (Figure 3, F and G), suggesting that
CSA differentially modifies T cell function without expanding
CD4" T cells with precursor stem cell or exhaustion-associated
hallmarks. We next analyzed clonal expansion within CD4* T cell
clusters, which revealed low Simpson’s clonality indexes, consis-
tent with high TCR diversity across groups (Figure 3, H and I).
The CO, C4, and C6 clusters that were quantitatively inhibited
by CSA (Figure 3C) and, in particular, the cycling effectors (C6)
had high levels of clonality (Figure 3J). Critically, the quiescent
clusters that expanded during CSA treatment (C1 and C3) were
also clonal, consistent with the notion that CSA alters the nature
of alloreactive CD4* T cell function during GVHD but does not
prevent their clonal expansion.

A similar transcriptomic profile was observed in CD8" T
cells in response to CSA. Generally, CSA treatment was associ-
ated with a lower number of activated cells (clusters CO and C4)
whereas quiescent cells (clusters C1 and C2) were more numerous
(Figure 4, A-C). Similarly, there was limited enrichment for gly-
colysis-related genes whereas the OXPHOS-related genes were
more abundant in mice treated with lower and higher dose CSA
(Figure 4, D and E, and Supplemental Figure 3, A and B). CD8*
T cells also demonstrated limited expression of T, and T,
associated genes, with no expansion seen during CSA treatment
(Figure 4, F and G). The C5 cluster was a mixture of T,,-like and
precursor-like cells (high for Tcf7, Icos, Cxcr5, Pdcdl, Tox, 1d3, Bcl2,
Sell, and Ii7r). The number of cells in this cluster was reduced by
higher dose CSA treatment (Figure 4, A-C), but these cells were
characterized by increased expression of OXPHOS-related genes
(Atp5e, Cox6c¢, and Cox7¢) in addition to Ly6c2 (Supplemental Fig-
ure 3C). Compared with CD4* T cells, a larger proportion of CD8*
T cells (C2, C3, and C4) were cycling (Figure 4, A-C) consistent
with their more rapid expansion (Supplemental Figure 1B). Unlike
CD4' T cells, the degree of CD8* T cell clonality was dramatically
lower in CSA treated animals (Figure 4, H and I, and Supplemen-
tal Figure 3D), regardless of dose. The cycling effectors (C4) were
by far the most clonally expanded CD8 T cell (Figure 4, H and J)
and were largely eliminated during higher-dose CSA (Figure 4C).
Collectively, CSA treatment downregulated the transcription of
activation and effector molecules, inhibited clonal expansion, and
upregulated the OXPHOS pathway, consistent with the inhibi-
tion of clonal differentiation within CD8* T cells. These generally
inhibitory effects of CSA on CD8" T cells are in clear contrast with
those seenin CD4* T cells.

CSA expands CD4" T, with self-renewal capacity. We next
conducted high-parameter flow cytometry to correlate protein
expression with the transcriptomic profiles of donor T cells after
BMT. We identified 8 distinct clusters in CD4* T cells (Figure 5,
A and B). Clusters 0, 1, 3, 5, and 6 expressed activation markers
(CD44, CD226, and TOX) together with various coinhibitory or
memory markers (PD-1, TIGIT, Ly6C, and KLRG1), thus repre-
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senting activated and/or T,,. Following higher dose CSA, con-
ventional effector T cell clusters (C1) contracted, whereas alter-
native effector T cell clusters (C3, C5, and C6), which expressed
high levels of Ly6C and KLRG1 and lower levels of TIGIT, were
expanded (Figure 5, A-C, and Supplemental Figure 4A). Consis-
tently, CSA induced dose-dependent Ly6C and KLRGI expres-
sion and suppressed CD226, TOX, PD-1, and TIGIT expression
(Supplemental Figure 4B). In corroboration with the transcrip-
tomic profiles (Figure 3, A-C), TCF-7/TCF-1" subsets (C2 and
C7) are putatively a mixture of T, cells and precursor cells, and
both clusters are inhibited by higher dose CSA (Figure 5, A-C, and
Supplemental Figure 4A). CD8* T cells demonstrated similar phe-
notypes, such that higher dose CSA significantly decreased the
expression of activation and coinhibitory markers (CD226, TOX,
PD-1, and TIGIT) with concurrent increase of homing and T cell
longevity associated markers (CD62L, Ly6C, and KLRG1) (Figure
5, D-F, and Supplemental Figure 4, B and C). We next examined
the T, T,,, and T, subsets for the expression of TCF-7/TCF-1
and Ly108 which are associated with precursor T cells and higher
self-renewal ability. Consistent with the enhanced self-renewal
ability in T, (Figure 2, I-K), both CD4* and CD8* T, demon-
strated the highest frequency of Ly108" TCF-7/TCF-1" cells (Fig-
ure 5, G and H), which have high proliferative potential (10, 11).
Furthermore, donor T cells retained high expression of Ly6C and
KLRG1 after CSA withdrawal (Figure 5I).

Together these data suggest that CSA may preferentially
expand subsets of alloreactive CD4* T cell clones, potentially
predisposing recipients to cGVHD following drug withdrawal. To
study the effect of CSA on pure alloreactive CD4* T cell clones,
we transferred TEa (Ea-specific) TCR transgenic T cells, which
respond to recipient alloantigen (Ea peptide from I-E¢) to under-
go clonal expansion (40). Consistent with the data seen in poly-
clonal T cells, TEa cells demonstrated similar phenotypic chang-
es following higher dose CSA treatment, with enhanced T, and
increased expression of Ly6C and KLRG1(Figure 5]). Collectively,
CSA expanded T with self-renewal capacity.

CNIs inhibit all stages of T cell exhaustion and promote the expan-
sion of T,,,. In a recent study, posttransplant CSA treatment at a
dose of 25 mg/kg was said to impair long-term immune tolerance
by expanding transitory exhausted donor T cells while suppress-
ing differentiation into the later stages of terminal exhaustion
(41). We thus employed high-parameter flow cytometry to fur-
ther investigate T cell exhaustion and alternative fate differenti-
ation under calcineurin inhibition. We also asked if Tacrolimus
(TAC), a widely used CNI in clinical stem cell transplantation,
had similar immunomodulatory effects to CSA. We first measured
trough levels of CSA and noted that doses of 25 mg/kg resulted
in concentrations within or above the standard therapeutic range
(Supplemental Figure 5A). In contrast, TAC demonstrated more
potent immunomodulatory effects at a dose level of 10 mg/kg
(Supplemental Figure 5, B and C) even though the corresponding
blood levels were marginally below standard therapeutic ranges.
As expected, both agents suppressed T cell expansion, reversed
CD4/CDS8 ratios and promoted T, expansion (Figure 6, A and B)
consistent with the phenotypes induced by CSA at 50 mg/kg.

We next examined described states of exhaustion within CD8*
T cells whereby the expression of the transcription factor TOX is

:
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Figure 3. CSA promotes the expansion of quiescent alloreactive CD4* T cells. BED2F1 recipients were transplanted with B6 BM (5 x 10°) + B6 T cells (2 x
10°) + TEa TCR transgenic T cells (1 x 10%) and treated daily with saline or CSA (5 or 50 mg/kg/kg). Spleens were taken on day 7, pooled from every 2 mice,
and donor CD4* T cells were sort purified for single-cell RNA-Seq (n = 3 per group). (A) UMAP of CD4* T cells colored by clusters. (B) Expression of genes
across clusters. (C) Proportion of each cluster across groups. (D-G) Gene set enrichment analysis for (D) Glycolysis, (E) OXPHQS, (F) T, and (G) T, asso-
ciated genes across groups. (H) UMAP of CD4* T cells colored by clonality scores across groups. (I) Simpson'’s clonality index of TCR diversity across groups
(presented as median + interquartile range). (J) Simpson's clonality index of TCR diversity across clusters.
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Figure 4. CSA inhibits the clonal expansion in CD8* T cells. Samples were processed as described in Figure 3 and single-cell RNA-Seq was conducted on
sort-purified CD8* T cells. (A) UMAP of CD8* T cells colored by clusters. (B) Expression of genes across clusters. (C) Proportion of each cluster across groups.
(D-G) Gene set enrichment analysis for (D) Glycolysis, (E) OXPHOS, (F) T, and (G) T, associated genes across groups. (H) UMAP of CD8" T cells colored
by clonality scores across groups. (I) Simpson’s clonality index of TCR diversity across groups (presented as median + interquartile range). (J) Simpson'’s

clonality index of TCR diversity across clusters.

the hallmark of all T cells within the exhaustion pathway (42-46).
The exhausted population (PD-1" TOX") was further divided into
3 well-defined subsets including precursors of exhausted T cells
(T, Ly108Y), transitory exhausted T cells (T, -like, Lyl108"
CX3CR1"), and T, (Ly108"° CX3CR1"; a combination of interme-

J Clin Invest. 2024;134(11):e170125

diately and terminally exhausted subsets) as depicted in Figure 6,
C and D (47-49). Effector T cells (T, PD-1" TOX" CD44") were
further divided into KLRGI™ T, and KLRGI" short-lived T, .
Both CSA and TAC substantially downregulated PD-1 and TOX
(Figure 6E), whereas CD44 expression was not affected, consis-
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Figure 5. CSA expands alloreactive CD4* T, with high self-renewal capacity. (A-H) B6D2F1 recipients were transplanted with B6 BM (5 x 10°) + T cells (2 x
10°) and treated with saline or CSA (5 or 50 mg/kg/d). Spleens were taken on day 7 and analyzed with high-parameter flow cytometry (concatenated from
4-5 samples per group). (A-C) Donor CD4* T cells were analyzed for: (A) t-SNE plots colored by FlowSOM populations, (B) Heatmap of marker expression
(MFI) across FlowSOM populations, and (C) t-SNE plots (colored by FlowSOM populations) across groups. (D-F) Donor CD8* T cells were analyzed for: (D)
t-SNE plots colored by FlowSOM populations, (E) Heatmap of marker expression (MFI) across FlowSOM populations, and (F) t-SNE plots (colored by Flow-
SOM populations) across groups. (G and H) Expression of TCF-7/TCF-1and Ly108 in T, (CD44°CD62L*), T,,, (CD44*CD62L"), and T, (CD44*CD62L") subsets of
donor T cells in untreated mice (n = 9 per group from 2 experiments). (I) B6ED2F1 recipients were transplanted as above. Spleens were taken on day 17 and
analyzed for the memory phenotypes of donor CD4* and CD8* T cells (n = 9-10 per group from 2 experiments). (J) BED2F1 recipients were transplanted with
B6 TCD BM (5 x 10°) + TEa TCR transgenic T cells (5 x 10%) and treated with saline or CSA (50 mg/kg/d). Spleens were taken on day 17 and TEa cells were
analyzed (n = 6 per group from 1 experiment). Data are presented as median + interquartile range and analyzed with 1-way ANOVA (H) or Mann-Whitney U
test (1and ). **P < 0.01; ****P < 0.0001.

tent with the broad inhibition of all exhausted T cell subsets and  results (Figure 6G). Interestingly, while TCF-1/TCF-7 expression
concurrent expansion of T, (Figure 6F). Of note, transitory T,, ~ was inhibited in T, T, retained expression despite downreg-
were not selectively expanded by CNI administration. We next  ulation of PD-1 (Supplemental Figure 5D); thus, CD62L* central
applied the same gating strategy to CD4* T cells and noted similar =~ memory T cells represent the major population of TCF-1/TCF-7*
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Figure 6. Cyclosporine and Tacrolimus broadly inhibit all stages of T cell exhaustion and promote effector T cell differentiation. Female B6D2F1 recip-
ients were transplanted with B6 BM (5 x 10°) + T cells (2 x 10°) and treated with saline, CSA (25 mg/kg/d), or TAC (10 mg/kg/d) from day O to 13. Spleens
were taken on day 14 and analyzed with high-parameter flow cytometry. (A) Numbers of donor CD4* and CD8* T cells per spleen with the ratio of CD4* to

CD8* donor T cells. (B) Frequency of T,

in donor CD4* and CD8* T cells. (C) Schema (created with BioRender; biorender.com) of T cell exhaustion and Tere

differentiation pathways whereby CNIs suppress exhaustion (downregulating PD-1and TOX) and promote T, differentiation. (D) Gating strategy of the
flow cytometric analysis (a representative sample from the saline group) whereby the gray histograms represent fluorescence minus 1 (FMO) control. (E)
Expression of PD-1and TOX in CD8* T cells (representative flow cytometric plots). (F and G) Frequency (upper panels) of the above defined T cell subsets
in donor CD8* T cells (F) and CD4* T cells (G) with corresponding absolute numbers per spleen (lower panels). Data are presented as median * interquartile

range and analyzed with 1-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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T cells (10, 11). We also noted that the PD-1° T subsets and not

EFF

the T ., .- like subset demonstrated the highest expression of
Ly6C. Further, CNIs broadly upregulated Ly6C expression such
that Ly6C did not discriminate any specific T cell subset (Supple-
mental Figure 5, E and F) and is therefore not a reliable marker for
transitory T,, cells, as has been previously suggested (41). Thus,
CNIs suppress all stages of the alloantigen-driven exhaustion
pathway, do not expand transitory exhausted T cell subsets, and,
instead, promote memory donor T cell expansion, correlating with
upregulation of Ly6C, KLRGI, and expansion of alloreactive T,
(summarized in Figure 6C). This process profoundly impairs the
induction of immune tolerance. Further, CNI treatment inhibited
CD4" FoxP3" Tregs (Supplemental Figure 5G), representing addi-
tional contributors to the inhibition of tolerance.

We also examined the contribution of IL-15 signaling to the
CNI-expanded T, differentiation since CNI-mediated IL-2
deprivation promoted the expression of the IL-2Rp (Supplemental
Figure 6A) that is a shared component of IL-2 and IL-15 receptors
(IL-2R and IL-15R). However, the transplantation of Il15ra”~ donor
T cells did not disrupt CNI-induced T, expansion (Supplemen-
tal Figure 6B). Thus other cytokines such as IL-7 are likely to be
responsible for this effect and this requires further investigation.

CSA promotes the survival and expansion of alloantigen-specif-
ic CD4" T cells. Having established the effect of CNIs in induc-
ing functional and transcriptomic quiescence and suppressing
exhaustion while promoting donor T, expansion, we next sought
to delineate the effect of CSA on alloantigen-specific T cells and
GVHD with a focus on the CD4* compartment. TEa and Mari-
lyn (H-Y-specific) TCR transgenic T cells were cotransferred into
female B6D2F1 recipients. In this system, TEa"“* cells (expressing
luciferase) are activated by recipient-derived alloantigen, while
Marilyn cells are bystander nonalloreactive CD4* T cells that con-
trol for homeostatic proliferation within lymphodepleted recip-
ients. Lower dose CSA (5 mg/kg/d) effectively suppressed the
expansion of TEa!* cells in the intestine, as determined by biolu-
minescence imaging (Figure 7A). However, TEa cells were more
resistant to CSA inhibitioninlymphoid organs, resulting in a higher
TEa-to-Marilyn ratio (Figure 7, B and C), which was further ampli-
fied by higher dose CSA (Figure 7D). We confirmed this effect in
a second system whereby Marilyn'* cells (expressing luciferase)
were activated by recipient H-Y male antigen, whereas TEa cells
underwent homeostatic expansion in syngeneic recipients (50).
CSA suppressed the expansion of Marilyn'* cells in the intestine
(Figure 7E) and again increased the ratio of antigen specific T cells
(Marilyn) to control T cells (TEa) in secondary lymphoid organs
(Figure 7, F-H). Hence, CSA prevented alloantigen specific CD4*
T cell infiltration into GVHD target tissues but was permissive of
their accumulation within lymphoid organs. Consequently, high-
er dose CSA prevented the aGVHD induced by TEa transgenic
CD4" T cells, but survivors developed cGVHD following with-
drawal of CSA at day 13 (Figure 7I). In contrast to CD4* T cells and
consistent with our data of polyclonal CD8* T cells, expansion of
H-Y antigen-specific TCR transgenic CD8" T cells were inhibited
by CSA (Figure 7]). Collectively, CSA attenuated aGVHD during
treatment, but paradoxically rescued alloantigen specific CD4* T
cells in the peripheral lymphoid organs, thus actively preventing
the establishment of long-term immune tolerance.

The Journal of Clinical Investigation

CSA and posttransplant cyclophosphamide mediate differential
effects on alloreactive T cells. We further investigated the effect of
CSA on alloreactive T cells and its consequences on long-term
immune tolerance by comparing CSA with posttransplant cyclo-
phosphamide (PT-Cy). We first tested the effect of PT-Cy on allo-
antigen specific T cells by transplanting female B6D2F1 recipients
with donor CD4" TEa (alloantigen-specific) and Marilyn (bystand-
er) T cells. While a small dose of CD4* TEa cells (2,000 per recip-
ient) were completely deleted by PT-Cy, Marilyn T cells persisted
(Figure 8A). The selective deletion of alloreactive T cells by PT-Cy
was further investigated using polyclonal donor T cells. As expect-
ed, PT-Cy effectively deleted donor T cells early after BMT (Sup-
plemental Figure 7, A and B) along with suppression of cytokine
production (Supplemental Figure 7, C-F). We observed lower Ki-67
(Figure 8B) and higher Bcl-2 (Figure 8C) in T cells that survived
PT-Cy. This was consistent with the fact that dividing cells were
effectively targeted by PT-Cy, whereas T, survived (Figure 8D) to
reconstitute the donor T cell pool (6, 51). PT-Cy thus invoked sus-
tained suppression of polyclonal T cells (Supplemental Figure 7G)
relative to CSA. Consistent with previous reports (52), PT-Cy was
associated with increases in CD4*FoxP3* Tregs (29) but decreases
in FoxP3~IL-10" Tr1 cells (Supplemental Figure 7, H-]).

We and others have demonstrated the critical role of IL-17A-
producing cells in the development of cGVHD (27, 53, 54). We
therefore examined the differentiation of IL-17A-producing CD4*
(Th17) and CD8* (Tc17) T cells, which contribute to the develop-
ment of fibrotic acute and chronic GVHD, especially in the skin (27,
55). PT-Cy demonstrated sustained suppression on Tc17 both in
the spleen and skin (Figure 8, E-H). In contrast, CSA did not have
significant effects on either Th17 or Tc17 populations. We further
investigated if this differential effect on Tcl7 cells was associat-
ed with protection from the development of skin GVHD late (at 8
weeks) after BMT. Indeed, PT-Cy resulted in significantly lower
infiltration of Tc17 cells into the skin (Figure 8, I-K) and prevented
severe skin cGVHD, as measured by pathology scores over 5 (Figure
8L). Collectively, CSA and PT-Cy thus mediate differential effects
on alloreactive T cells after allogeneic BMT resulting in the preven-
tion versus induction of long-term immune tolerance, respectively.

CSA-expanded CD4* T, mediate late-onset GVHD. To further
investigate the effect of T, on the pathogenesis of late-onset
GVHD, we adoptively transferred CSA-expanded CD4" T,,, and
T, to secondary BMT recipients. In this system, T  and T,
were generated from polyclonal and Marilyn Tg CD4* T cells after
primary allogeneic BMT in the presence of CSA, and then were
transferred to secondary BMT recipients (Figure 9A). Compared
with CD4* T, , the transfer of CD4" T, resulted in higher clini-
cal scores (Figure 9B) and more severe cutaneous GVHD pathol-
ogy (Figure 9C). The transfer of CD4* T, was associated with
increased numbers of both alloantigen-specific Marilyn Tg and
polyclonal CD4" T cells in the skin (Figure 9D). T, transfer also
resulted in higher frequency of transferred T cells in the spleens
and mesenteric lymph nodes (Supplemental Figure 8, A-D). We
also transferred polyclonal CD4* T cells that contain an [l17a""
fate reporter to track the differentiation of Th17 cells. Interesting-
ly, transferred T, demonstrated increased differentiation to Th17
cells in the skin as compared with T ,, (Figure 9E) and this was not
observed in the lymphoid organs (Supplemental Figure 8, E and

J Clin Invest. 2024;134(11):e170125 https://doi.org/10.1172/)CI170125
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Figure 7. CSA attenuates acute GVHD but promotes alloantigen-specific CD4* T cell survival. (A-D) Female B6D2F1 (I-E®) recipients were transplanted
with 5 x 10° PTPrca TCD BM, 5 x 10* luciferase-expressing TEa"* T cells and 6 x 10° Marilyn T cells, treated with saline or CSA (5 or 50 mg/kg/d) and taken
for analysis on day 7. (A) Representative bioluminescence images and total flux of gut infiltrating TEa" cells (n = 4-5 per group). (B) Representative flow
cytometric plots and (C and D) frequencies, numbers and ratio of transferred T cells in spleens treated with lower dose CSA (5 mg/kg/d) (C: n = 8-10 per
group from 2 experiments) or with higher dose CSA (50 mg/kg/d) (D: n = 5 per group). (E-H) Male B6 recipients were transplanted with 5 x 10° C57xPTP
TCD BM, 5 x 10* TEa T cells and 6 x 10° luciferase-expressing Marilyn' T cells, treated with saline or CSA (5 or 50 mg/kg) and taken for analysis on day

7. (E) Representative bioluminescence images and total flux of gut infiltrating Marilyn“* T cells (n = 4-5 per group). (F) Representative flow cytometric
plots and (G and H) frequencies, numbers, and ratio of transferred T cells in spleens treated with lower dose CSA (5 mg/kg/d) (G: n = 8-10 per group from 2
experiments) or with higher dose CSA (50 mg/kg/d) (H: n = 5 per group). (I) BED2F1 recipients were transplanted with B6 TCD BM (5 x 10°) and 1x 10* TEa T
cells, treated with saline or higher dose CSA (50 mg/kg/d) and monitored for survival and clinical scores (n = 16 per group from 2 experiments). (J) Male B6
recipients were transplanted with 5 x 10° B6 TCD BM, 5 x 104 TEa T cells and 1 x 10° H-Y specific CD8* T cells and treated with saline or CSA (50 mg/kg/d).
Spleens were taken on day 7 (n = 12 per group from 2 experiments) and analyzed for the frequency, numbers, and ratio of transferred T cells. (A-H, and

J) Data are presented as median + interquartile range and analyzed with the Mann-Whitney U test; (I) Survival data are analyzed with log-rank test, and
clinical scores are presented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 8. CSA and PT-Cy have differential effects on cGVHD effector pathways. (A) Female B6D2F1 recipients were transplanted with 5 x 10° C57xPTP TCD
BM, 2 x 10° TEa T cells, and 4 x 10° Marilyn T cells and treated with saline or PT-Cy. Spleens were taken on day 30 (n = 11 per group from 2 experiments) and
analyzed for the expansion of transferred T cells. (B-H) B6D2F1 recipients were transplanted with BM (5 x 10°) and T cells (2 x 10°) from B6.//177a®'*" donors,
and treated with saline, CSA (5 mg/kg), or PT-Cy (100 mg/kg). (B-D) Spleens were taken on day 7 and donor T cells were analyzed for: (B) Expression

of Ki-67, (C) Expression of Bcl-2, and (D) composition of T, (CD44°CD62L"), T,,, (CD44'CD62L"), and T, (CD44°CD62L*) subsets. (E and F) Spleens were
analyzed for: (E) representative flow cytometric plots of //77a°¥" in donor T cells on day 7 with (F) frequencies on day 7 and 30 (n = 10-14 per group from 2-3
experiments). (G and H) Mononuclear cells were isolated from skin and analyzed for: (G) frequency of donor T cells with (H) //17a¢'** expression on day 7

(n = 8 per group from 2 experiments) and day 30 (n = 4-8 per group from 1 experiment). (I-L) B6D2F1 recipients were transplanted with BM (5 x 10°) + T
cells (2 x 10%) or TCD BM (5 x 10°) from B6.//177a®¥*" donors. BMT recipients were treated with CSA (5 mg/kg/d for 14 days) or PT-Cy. Skin was taken on day
56 for analysis (n = 8 for CSA, 7 for PT-Cy, and 4 for TCD groups respectively): (I) numbers of donor T cells per gram skin tissue, (J) expression of /77"

in donor T cells, (K) numbers of Th17 and Tc17 cells per gram skin tissue, and (L) representative images of HGE staining with pathology scores. Data are
presented as median + interquartile range and analyzed with the Mann-Whitney U test (A), 2-way ANOVA (D), or 1-way ANOVA (F-K). ND, not detectable;
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 9. CSA-expanded T, preferentially mediate late GVHD. Male B6D2F1 recipients were transplanted with 5 x 10° B6 TCD BM (CD45.2 or CD45.1), 1 x
10° B6 CD4* T cells (WT or //17a°¥"", CD45.2, CD30.2), and 0.15 x 10° Marilyn CD4* TCR Tg T cells (CD45.2, CD90.1) followed by CSA (50 mg/kg) from day O.

Spleen and mesenteric lymph nodes were isolated on day +7 and sorted as CD4* T,

and T,,. Equal numbers of sort-purified CD4* T,,, and T, (5 x 10° per

mouse) were adoptively transferred into secondary BMT recipients (male B6D2F1) of a parallel experiment which had been transplanted with TCD BM.
Clinical scores were undertaken weekly and analysis was conducted at 28 days after T cell transfer. (A) Experimental schema (created with BioRender;
biorender.com). (B) Clinical scores. (C) Pathology scores in the skin and representative images. (D and E) Adoptively transferred T cells were identified by
congenic markers following enzymatic digestion of the skin tissue. (D) Numbers of transferred Marilyn Tg and polyclonal CD4+ T cells (relative to the T,

group). (E) Numbers of 1/77a®'*** polyclonal CD4* T cells in the skin with concatenated flow cytometric plots in the skin and the graft. (B-D) n

=10,8,and 6

per group from 2 experiments; (E) n = 5, 5, and 2 per group from 1 experiment. Data are presented as mean + SEM and analyzed with 2-way ANOVA (B) or

2-tailed t test (C-E). *P < 0.05; **P < 0.01; ***P < 0.001.

F). Hence, CSA-expanded CD4* T, preferentially accumulate in
the skin and undergo Th-17 differentiation.

Discussion

CNIs remain the mainstay of aGVHD prophylaxis and effectively
limits aGVHD, however a considerable portion of patients develop
c¢GVHD (54). Further, CNI administration has not proven effec-
tive in the management of cGVHD other than as a potential ste-
roid sparing agent (56). This led us to investigate the mechanisms
by which CNIs modulate early alloreactive T cell immunity after
BMT and subsequent effects on long-term immune tolerance.
We show that although CNIs attenuate aGVHD by preventing the
expansion and trafficking of effector T cells into target organs,
they paradoxically suppress T cell exhaustion, expand T, and

J Clin Invest. 2024;134(11):e170125 https://doi.org/10.1172/)CI170125

rescue alloantigen-specific CD4" T cells, preventing the establish-
ment of immune tolerance and promoting cGVHD.

Tolerance remains a uniquely double-edged sword after allo-
geneic BMT. An early immune response against residual malig-
nant cells is required to provide maximal curative outcome. When
the target of this donor immune response is recipient tumor or
hematopoietic antigens, allogeneic BMT can provide curative
graft-versus-leukemia (GVL) effects without detrimental GVHD.
In practice, however, target antigens are predominantly wide-
ly expressed minor histocompatibility and/or endogenous self-
antigens expressed within mismatched MHC/HLA molecules (57,
58), meaning GVL and GVHD often go hand in hand. The estab-
lishment of operational tolerance after allogeneic BMT typically
is defined by the ability to remove immune suppression without
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the development of GVHD. This can be achieved by a number of
immunological pathways that include deletion of alloreactive T
cells, regulation of alloreactive T cells by regulatory T cells, and
exhaustion and anergy of alloreactive T cells. IL-2 plays an import-
ant role in many of these pathways, as it is central to Treg survival
and the limitation of anergy and exhaustion (59-61). In addition,
nuclear factor of activated T cells (NF-AT) directly contributes to
T cell exhaustion by upregulating PD-1 and TOX expression (42,
62). It is thus not surprising that CNIs, which target the NF-AT/
IL-2 pathway, disrupt the generation of operational tolerance. Our
results demonstrate that CNIs promote the expansion of alloreac-
tive T, with enhanced ability to mediate late GVHD upon drug
withdrawal. Mechanistically, alloreactive T cells are blocked from
entering all stages of the exhaustion pathway and instead accumu-
late as alloantigen-specific T,,. Importantly, the majority of acti-
vated T cells preferentially acquire a T, phenotype with broad
upregulation of Ly6C such that this is not a reliable marker for
transitory T, (or T ,.-like cells) as was used in a recent study
(41). Interestingly, the CNI-expanded T, population retain TCF-1
expression, consistent within their enhanced proliferative and
pathogenic potential (10, 11) following CNI treatment and with-
drawal. As previously demonstrated, TCF-1" T, that migrate to
and reside in target tissues are also likely to maintain GVHD local-
ly (11). Of interest, TAC was far more potent than CSA in mediat-
ing these effects, likely reflecting the described increased potency
and ability of tacrolimus to inhibit additional cyclosporine-inde-
pendent pathways (63). It is difficult to extrapolate the findings in
relation to CNIs and alloantigen-driven CD4" T cell differentia-
tion to that invoked by viral antigen since that amount of antigen
presented is quite different quantitatively and temporally (i.e.,
alloantigen is present in high amounts and forever but viral anti-
gen is generally present at low levels and transiently). Neverthe-
less, this will be an interesting avenue of future study.

Donor T, have higher ability to induce GVHD due to high
TCR diversity that can respond to large numbers of alloantigen
and high proliferation potential and lineage plasticity (5). T, have
reduced ability to induce GVHD; they demonstrate lower capacity
of survival and expansion in response to alloantigen (14, 64). In
contrast, T, which are thought to be derived from surviving effec-
tor T cell pools (65), maintain the capacity to invoke and maintain
GVHD (11, 14). This concept has recently been confirmed in large
clinical studies of T,  depletion (3). Thus, the process of alloantigen
driven T cell differentiation largely determines the capacity of the
donor T cell pool to mediate GVHD. Here, we demonstrate that
CNIs inhibit predominantly CD4* T cell apoptosis and allow more
donor T cells to differentiate into alloantigen-specific T, Fur-
ther, CNI-induced T, demonstrate higher proliferation potential
and enhanced ability to mediate late onset GVHD. Hence, allore-
active donor T cells that differentiated in the presence of a CNI
were limited in their effector (e.g., cytokine) function but subsets
preferentially survived to become T, that retained self-renew-
al ability and were capable of generating cGVHD following drug
withdrawal. This detrimental effect of CNIs was most pronounced
in CD4" T cells since TCR sequencing also confirmed that allore-
active CD8* T cell subsets were efficiently suppressed.

The similarity of phenotypic, transcriptomic, and functional
changes in CD4* and CD8" T cells suggests common mechanisms
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in the T, expansion. Metabolic reprogramming is critical for the
differentiation, function, and memory formation of T cells (66).
Generally, high glycolytic activity is required for effector function
and T cell exhaustion, which impairs long-term immunity (67). In
a GVHD model, rapamycin inhibits the glycolytic activity leading
to attenuation of T cell activation and subsequent GVHD develop-
ment, whereas the OXPHOS pathway is not affected (37). Alter-
natively, OXPHOS promotes the survival and self-renewal ability
of T cells in the context of antigen stimulation (68, 69), which
potentially explains the functional quiescence and higher self-
renewal capacity of alloreactive T cells in the presence of CNIs.
Additional investigation is required to elucidate the mechanisms
by which CNIs regulate T cell metabolism and differentiation and
are beyond the scope of the current study. Finally, IL-2 deprivation
upregulated IL-2R-p expression as a feed-back response, which
theoretically increases the formation of the IL-15R and subse-
quent signaling. However, disruption of IL-15R signaling had no
effect on CNI-induced T, expansion, and analysis of other com-
mon y-chain cytokines such as IL-7 are needed. In contrast to the
aforementioned similarities, activated CD8* T cells demonstrate
higher responsiveness to and dependence on exogenous IL-2 rela-
tive to CD4" T cells (70). This, likely, in part, explains the relative
resistance of CD4* T cells to CNIs.

CNIs and PT-Cy have different mechanisms of action on
alloreactive donor T cells that leads to disparate long-term out-
comes. First, alloantigen-specific CD4* T cells are more resistant
to CNI inhibition, predisposing recipients to cGVHD following
CNI discontinuation. In contrast, proliferating effector T cells
are selectively deleted by PT-Cy, which allows for the eventual
regeneration of donor T cells from nonalloreactive T -derived
T, cells (6, 51). Second, IL-17A~-producing cells (Th17 and Tc17),
which are major mediators of cGVHD especially in the skin (27),
have stem-like properties and can survive long-term (55, 71).
While these IL-17A-producing cells are resistant to CNI treat-
ment — and can preferentially expand in the presence of CNI in
target tissues (32) — they are effectively deleted by PT-Cy. Third,
PT-Cy (52, 72), unlike CNIs (25), target conventional T cells but
spare Tregs, further promoting tolerance. Hence, the use of CNI
after PT-Cy, when alloreactive clones are largely eliminated, is
likely to avoid the detrimental effect of this agent on long-term
tolerance. Indeed, PT-Cy followed by CNI was synergistic in pre-
venting GVHD (73); however, use of CNIs prior to Cy abrogated
this synergy in a mouse model of skin allotransplantation (74). It
is important to note that CNIs have been historically combined
with short course methotrexate (MTX) and it is likely that this
antimetabolite is critical in controlling some of the detrimental
effects of CNIs on alloreactive T cell reconstitution. Neverthe-
less, recent clinical studies demonstrate that a CNI/MTX combi-
nation is less effective than PT-Cy followed by a CNI, as would be
predicted by the findings here (75).

In summary, we demonstrate that CNI-based immune sup-
pression in the absence of approaches that eliminate large frac-
tions of alloreactive T cell clones (such as T, depletion or PT-Cy)
are efficient at limiting aGVHD, but at the cost of promoting the
persistence and accumulation of alloreactive T, clones that pref-
erentially survive to mediate cGVHD. Whether the use of non-
CNI based immune suppression (e.g., abatacept) after PT-Cy can
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further reduce the incidence of cGVHD and improve transplant
outcomes warrants investigation.

Methods
Additional methods and a list of antibodies used in the study are avail-
able in Supplemental Methods.

Sex as a biological variant. The preclinical murine systems utilized
both female and male mice. Importantly, there is no evidence to sug-
gest GVHD or CNI-mediated immune suppression is sex restricted.

Mice.C57Bl/6 (B6, H-2b, CD45.2*,CD90.2*), B6.SJL-Ptprca (PTPrca,
H-2b, CD45.1*,CD90.2*), C57xPTP (H-2b, CD45.2*CD45.1*, CD90.2%),
and B6D2F1 (H-2b/d, CD45.2*, CD90.2*) mice were purchased from
the Animal Resources Centre, Jackson Laboratory, or bred in the ani-
mal facilities at Fred Hutchinson Cancer Center (FHCC). Ill5ra’~
(B6x129S F2 background) and control mice were purchased from
Jackson Laboratory. TEa TCR transgenic mice (Ragl”~ background,
H-2b, CD45.1*, CD90.2") (40), Marilyn TCR transgenic mice (Rag2”-
background, H-2b, CD45.2*, CD90.2") (50), B6.TEaxB6.luc* (H-2b,
CD45.1*, CD90.1*), B6.MarilynxB6.luc* (H-2b, CD45.2*, CD90.1*), H-Y
TCR transgenic (H2b, CD45.2*, CD90.2*) (40), B6.1l17a°x Rosa26°"™
(B6.1117a°Y"F, H-2b, CD45.2*) (55), and B6.[10PxFoxp3~*® (H-2b,
CD45.2*) (29) mice were bred and housed at QIMR Berghofer Medical
Research Institute or FHCC. Mice were housed in sterilized microisola-
tor cages and received acidified autoclaved water (pH 2.5).

Bone marrow transplantation. Recipients received 1,100 (B6D2F1)
or 1,000 (C57BL/6) cGy total body irradiation (TBI) (*’Cs source)
on day -1 as conditioning regimen. In some experiments, recipients
received 900 cGy TBI on day -1 plus 100 mg/kg cyclophosphamide on
days -3 and -2. T cell-depleted (TCD) BM and CD4*, CD8*, and CD3*
T cells were processed as described previously (76). CSA (5-50 mg/
kg/d) or TAC (FK506) (1 or 10 mg/kg/d) was administered i.p. dai-
ly from day O up until day 13 after BMT (14 days maximum). PT-Cy
(cyclophosphamide 50 or 100 mg/kg/d) was administrated i.p. on
days 3 and 4. GVHD severity was scored with a clinical scoring system
as previously described (76).

Flow cytometry. Staining of surface markers, transcription factors,
and cytokines (intracellular cytokine staining or ICS) was performed
as previously described (29). Antibodies are listed in the Supplemen-
tal Methods. Single cell suspensions were acquired on LSR Fortessa or
Symphony A3 flow cytometers (Becton Dickinson) and analyzed with
FlowJo version 10 (Tree Star). T-SNE and FlowSOM analysis was con-
ducted as previously described (77).
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Single cell RNA-Seq. Donor T cells were isolated from spleens on day
7 after BMT and proceeded to single cell RNA-Seq as described pre-
viously (51, 77). More details can be found in the supplemental meth-
ods. Code is accessible at https://github.com/furlan-lab/CSA_GVHD
(Commit ID:e87f86¢).

Statistics. Statistical analyses were performed using GraphPad
Prism version 8 (GraphPad Software). The Mann-Whitney U test or
2-tailed ¢ test was used to determine the differences between groups.
Multiple comparisons were conducted with 1-way ANOVA or 2-way
ANOVA where appropriate. The log-rank test was used for the com-
parison of survival curves. A 2-sided P value < 0.05 was considered
statistically significant.

Study approval. All animal experiments were approved by and
performed in accordance with the Animal Ethics Committee at the
QIMR Berghofer Medical Research Institute or the IACUC of the Fred
Hutchinson Cancer Center, where experimentation was undertaken.

Data availability. Original data are available in the supporting
data file. RNA-Seq data have been deposited in National Center for
Biotechnology Information (NCBI) Gene Expression Omnibus (GEO)
with accession number GSE255545.
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