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TRANSPLANTATION

Regular Article
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KEY POINTS

® Calcineurin inhibitor
treatment after allo-
HCT suppresses
differentiation of
terminal Tex and
induces transitory Tex.

® Transitory Tex
maintains
responsiveness of
donor T cells to PD-1
blockade and causes
cGVHD after adoptive
transfer into secondary
recipients.

Calcineurin inhibitor-based graft-versus-host disease (GVHD) prophylaxis is standard
in allogeneic hematopoietic stem cell transplantation (HCT) but fails to induce long-
term tolerance without chronic GVHD (cGVHD) in a considerable number of patients.
In this study, we addressed this long-standing question in mouse models of HCT. After
HCT, alloreactive donor T cells rapidly differentiated into PD-1" TIGIT* terminally
exhausted T cells (terminal Tex). GVHD prophylaxis with cyclosporine (CSP) sup-
pressed donor T-cell expression of TOX, a master regulator to promote differentiation
of transitory exhausted T cells (transitory Tex), expressing both inhibitory receptors
and effector molecules, into terminal Tex, and inhibited tolerance induction. Adoptive
transfer of transitory Tex, but not terminal Tex, into secondary recipients developed
cGVHD. Transitory Tex maintained alloreactivity and thus PD-1 blockade restored
graft-versus-leukemia (GVL) activity of transitory Tex and not terminal Tex. In
conclusion, CSP inhibits tolerance induction by suppressing the terminal exhaustion of

_/ donor T cells, while maintaining GVL effects to suppress leukemia relapse.

Introduction

Allogeneic hematopoietic stem cell transplantation (allo-
HCT) is a curative treatment for various hematologic
malignancies. Although calcineurin inhibitor (CNI)-based
graft-versus-host disease (GVHD) prophylaxis improved
safety of allo-HCT by reducing severe acute GVHD, incidence
of chronic GVHD (cGVHD) is increasing over time,' which
significantly compromises the quality of life of transplant
survivors.”® The biological mechanisms of cGVHD are
complex, involving perturbation of central and peripheral
tolerance mechanisms and activation of various immune
effector cells and fibroblasts.”-®

We and others have shown that chronic exposure of donor
T cells to long-lasting host allo-antigens on host non-
hematopoietic cells after allo-HCT promoted the differenti-
ation of donor T cells into exhausted T cells (Tex) with

severely impaired effector functions. T-cell exhaustion is one
of the chief mechanisms of tolerance induction after allo-
HCT.”"® Donor T-cell exhaustion is also associated with
leukemia relapse, which is the major cause of mortality after
allo-HCT.

T-cell exhaustion is a multistep process and Tex are a het-
erogeneous population, including precursors of exhausted
T cells (Tpex) with stem cell-like properties, Tpex-derived
transitory Tex with potent effector-like functions, and termi-
nal Tex with expression of multiple inhibitory receptors and
severely impaired functions."""® In this study, we evaluated
the effects of CNIs on donor T-cell exhaustion in experimental
allo-HCT using single-cell RNA sequencing (scRNA-seq) and
flow cytometric (FCM) analysis. Better understandings of the
cellular and molecular mechanisms leading to T-cell exhaus-
tion after allo-HCT will help develop new strategies to improve
transplant outcomes.'”""”
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Materials and methods

Mice

The mouse strains used are described in the supplemental
Materials and Methods, available on the Blood website.

HCT

B6D2F1 recipients were lethally irradiated (11 Gy) and IV
injected with 5 x 10° T-cell-depleted bone marrow cells (TCD-
BM) from B6 donors combined with 1 x 10° 2C T-cell receptor
(TCR) transgenic T cells (B6 background) and 1 x 10 wild type
(WT) T cells from Bé-Ly5a (CD45.1%) mice on day 0. T-cell
depletion and purification of donor T cells were performed
using anti-CD90 Microbeads (Miltenyi Biotec, Auburn, CA,
California) and mouse Pan T Cell Isolation Kit Il (Miltenyi Biotec),
respectively, with the AutoMACS Pro Separator (Miltenyi Bio-
tec) following the manufacturer’s instructions. Survival of the
recipient mice was monitored daily and clinical GVHD scores,
incorporating 5 clinical parameters such as body weight loss,
posture, activity, fur texture, and skin integrity, were evaluated 3
times per week as previously described.”® PostHCT treatment
was performed as shown in supplemental Materials and
Methods.

Adoptive T-cell transfer

A total of 1 x 10° whole T cells were purified using Auto-
MACS Pro Separator from vehicle- or cyclosporine (CSP)-
treated recipients 14 days after allo-HCT and combined with
5 x 10° TCD-BM from naive B6 mice and adoptively trans-
ferred into lethally irradiated secondary B6D2F1 recipients. In
indicated experiments, 1 x 10° Ly6C* or Ly6C™ T cells sorted
from the spleen of CSP-treated recipients were combined
with 5 x 10® TCD-BM from naive Bé mice and adoptively
transferred into lethally irradiated secondary B6D2F1 recipi-
ents. To evaluate proliferation of transitory Tex after adoptive
transfer, purified Ly6C* donor T cells were labeled with 5 mM
CellTrace Violet (CTV, Thermo Fisher Scientific) on day 14
after the first allo-HCT and adoptively transferred into the
secondary recipients. Cell division was assessed by the dilu-
tion of CTV in transferred donor T cells on day 5 after the
transfer.

Assessment of graft-versus-leukemia effects
Lethally irradiated B6 recipients received transplantation with
5 x 10° TCD-BM and purified 1 x 10° T cells from BALB/c mice.
CSP or vehicle was administered daily at a dose of 25 mg/kg by
oral gavage from days 0 to 14. On day +7 after HCT, CSP-
treated and vehicle-treated recipient mice were IV injected
with 5 x 10* C1498-luc” cells and 1 x 10° C1498-luc” cells,
respectively. Number of leukemia cells injected in each group
was determined so that CSP-treated and vehicle-treated mice
without PD-L1 blockade died ~5 weeks after HCT. Biolumi-
nescence imaging was performed 2 weeks after HCT, and mice
were allocated for groups with or without PD-L1 blockade
based on the tumor signals detected on day 14, ensuring the
tumor expansion of each group was similar. Similarly, 5 x 10
P815 cells were IV injected into CSP-treated recipient mice on
day 7 after HCT, in which B6D2F1 recipients underwent trans-
plantation with Bé donor grafts. The detailed procedures of
bioluminescence imaging are described in the supplemental
Materials and Methods.
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Flow cytometric and histological analyses

The detailed procedures are described in supplemental
Materials and Methods, and the antibodies used are listed in
Supplemental Table 1.

Cotton thread test

For tear-secretion analysis, exocrine function of the lacrimal glands
was determined with the cotton thread test using standardized
phenol red-impregnated cotton threads (Zone-Quick; Menicon,
Nagoya, Japan). The cotton threads were inserted under the lower
eyelids for 15 seconds, and the average of the bilateral length of
tear-absorbing color-changed thread was calculated.?'

ScRNA-seq

The detailed procedures of scRNA-seq analysis are described in
supplemental Materials and Methods.

Preparation of luciferase-expressing leukemia cells
Cells of the B6-derived acute myeloid leukemia cell line C1498
purchased from ATCC (Rockville, MD) were infected with virus
particles generated from HEK293T cells that were transfected
with  pMSCV-lus-IRES-YFP plasmid and pCL-Eco #12371;
Addgene, Cambridge, MA) in the RPMI 1640 medium supple-
mented with 1 pg/mL puromycin (Sigma-Aldrich) and 6 pg/mL
polybrene (Nakarai Tesque, Kyoto, Japan).???* pMSCV-luc-
IRES-YFP plasmid was kindly gifted by Gerard Grosveld (St
Jude Children’s Research Hospital). After infection, a single YFP
expressing clone was recovered by using the limiting dilution
method.

Mitochondrial respiration

The oxygen consumption rates (OCR) were measured using an
extracellular flux analyzer (XFp analyzer; Agilent Technologies,
Santa Clara, CA) as described in supplemental Materials and
Methods.

Statistical analysis

The Mann-Whitney U test or a 1-way analysis of variance fol-
lowed by the Tukey post hoc test was used to compare the
data. The Kaplan-Meier product limit method was used to
obtain survival probability and the log-rank test was used for the
comparison between survival curves. P < .05 was considered
statistically significant, and all data represent the mean =+
standard error of the mean (SEM). All tests were performed
using the program GraphPad Prism 6 (La Jolla, CA).

Results

Donor T cells differentiate into terminal Tex after
allo-HCT

To evaluate the exhaustion of allospecific donor T cells, lethally
irradiated B6D2F1 (H-2°9) mice received transplantation with
5 x 10° TCD-BM from B6 (H-2°) donors combined with 1 x 10°
T cells from host-specific 2C TCR transgenic (2C-Tg) mice (B6-
CD8.1* background) and 1 x 10®° WT T cells from Bé-
CD45.1% donors on day 0. FCM analysis was performed to
evaluate PD-1 and TIGIT expression on donor T cells in the
spleen and liver weekly after allo-HCT. Allospecific 2C-Tg CD8*
T cells upregulated PD-1 and TIGIT by day 7 after allo-HCT,
with ~80% of 2C-Tg T cells were PD-1" TIGIT" Tex
(Figure 1A-B). 2C-Tg CD8" T cells upregulated TOX, a master
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regulator of T-cell exhaustion, and downregulated TCF-1
expression after allo-HCT, consistent with the observation of
T-cell differentiation into terminal Tex (Figure 1C-D).

Similarly, vast majority of CD45.1" WT CD8" T cells differenti-
ated into terminal Tex, indicating that both monoclonal and
polyclonal alloreactive CD8" T differentiated into terminal Tex
after allo-HCT (Figure 1E-H).?* When donor T cells were infused
into syngeneic Bé recipients, they remained PD-1"TOX TCF-17
phenotype, confirming the alloantigen-specific donor T-cell
exhaustion after allo-HCT (supplemental Figure 1A-D). Donor
WT CD4" T cells also upregulated PD-1 and TOX after allo-HCT
(supplemental Figure 1E-F). Consequently, interferon (IFN)-y
and tumor necrosis factor (TNF)-a production in donor CD4*
and CD8" T cells was significantly impaired (supplemental
Figure 1G-J).

PD-1 blockade by the administration of aPD-L1 monoclonal
antibodies initiated on day 0 of allo-HCT significantly exacer-
bated acute GVHD (Figure 11-K), as has been shown.”'? In
contrast, aPD-L1 starting on day 14 neither exacerbated GVHD
(Figure 1L-N) nor induced proliferation of donor T cells
(supplemental Figure 1K-M), confirming that PD-1 blockade
was unable to restore T-cell functions of terminal Tex induced
by day 14 after allo-HCT.

Single-cell RNA sequencing of donor T cells

We performed scRNA-seq analysis to evaluate the heteroge-
neity of donor Tex and the effects of CNIs on T-cell exhaustion
after allo-HCT. T cells were purified from the spleen of CSP- or
vehicle-treated mice on day 14 (Figure 2A). Unsupervised
clustering of scRNA-seq data identified 4 clusters of CD4"
T cells (C10-13) and 9 clusters of CD8™ T cells (C1-9) (Figure 2B);
C10 and C1 accounted for >50% of whole CD4" and CD8"
T cells in CSP-treated animals, respectively (Figure 2C-D). All
these clusters expressed Tox and Pdcd1, indicating a transition
toward Tex (Figure 2E).

In CD8" T cells, the C9 cluster was characterized by the high
expression of Tcf7 and Slamfé together with Tox and Pdcd1
expression, whereas C8 was characterized by expression of Tox,
Pdcd1, Tigit, Haver2, Entpd1, and Lag3, with low Tcf7 expres-
sion, indicating that C9 and C8 represented Tpex and terminal
Tex, respectively (Figure 2E-M). C1 was characterized by the
high expression of inhibitory receptors such as Havcr2, Entpd1,
and Lag3, lower levels of Tox, Pdcd1, and Tigit than C8 and C9,
and no expression of Slamfé or Tcf7 (Figure 2E-M). Further-
more, C1 highly expressed cytotoxic molecules such as Gzmb
and Prf1 together with Cx3cr1 and genes belonging to “natural
killer (NK)-cell mediated cytotoxicity” pathway (Figure 2E-F, N-
O; supplemental Figure 2A). Thus, C1 represented effector-like
transitory Tex.'>”>? Lyéc2 was a specific marker of C1,

distinguishing it from other clusters of CD8" T cells (Figure 2P).
We therefore named the C1 cluster CNI-induced transitory Tex
(transitory-Tex-CNI) (Figure 2Q).

In CD4" T cells, the C11 cluster expressed modest levels of
Tox and Pdcd1 and high levels of Tcf7, suggesting that C11
represented the CD4™ counterpart of Tpex (Figure 2E-I). C10
expressed lower levels of Tcf7 and comparable levels of
inhibitory receptors except Havcr2 compared with that of C11
(Figure 2K). Analogous to CD8" transitory-Tex-CNI (C1), C10
also upregulated Gzmb, Cx3cr1, and Ly6c2 and was enriched
with genes belonging to “NK-cell mediated cytotoxicity,”
suggesting that C10 is a CD4" counterpart of transitory-Tex-
CNI (Figure 2N-Q; supplemental Figure 2A-B). Five genes,
Ccl5, Gzmb, Ccr2, Ly6c2, and Fgl2, among the top 10 DEGs in
C10 and C1 overlapped, further confirming the transcriptomic
similarity of C10 and C1 (supplemental Figure 2C-D).
Altogether, CSP generates both CD4" and CD8™ transitory-
Tex-CNI expressing both exhaustion- and effector-related
molecules and inhibits differentiation of donor T cells to ter-
minal Tex.

CSP induces effector-like transitory Tex

scRNA-seq data indicated that transitory Tex (C1) were distin-
guished from terminal Tex (C8) by lower expression of Pdcd1,
Tigit, and Tox. We performed FCM analysis to confirm these
molecular profiles by cell surface profiles. As expected, CSP
treatment significantly increased the proportions and absolute
numbers of PD-1*TIGIT~ 2C-Tg CD8" T cells, while reducing
PD-1*TIGIT* terminally exhausted 2C-Tg T cells both in the
spleen and liver (Figure 3A-D; supplemental Figure 3A-D). PD-
1*TIGIT™ 2C-Tg T cells expressed significantly higher levels of
granzyme B (GZMB) than PD-1*TIGIT* terminal Tex, confirming
that the PD-1*TIGIT™ population represented the transitory-
Tex-CNI defined by scRNA-seq (Figure 3E; supplemental
Figure 3E). Moreover, CSP significantly suppressed TOX
expression and increased the absolute numbers of TOX'**TCF-
17 2C-Tg CD8" T cells in the spleen and liver (Figure 3F-H;
supplemental Figure 3F-G). Similar results were obtained in the
analysis of CD45.1" WT CD8" T cells (supplemental Figure 3H-
V). CSP did not significantly alter the expression of PD-1 or
TIGIT on donor CD4" T cells (supplemental Figure 3W).
Because CD4" donor T cells also became functionally exhaus-
ted after allo-HCT without CNI treatment, exploration of
markers other than TIGIT to discriminate between CD4"
transitory-Tex-CNI' and  terminal Tex was required
(supplemental Figure 1G-J,M).

scRNA-seq demonstrated that Ly6c2 was upregulated in both
CD4" and CD8™ transitory-Tex-CNI compared with other T-cell
populations (supplemental Figure 2D). FCM analysis confirmed
that CSP upregulated Ly6C on donor T cells in the spleen and

Figure 1. Donor T cells differentiated into terminal Tex after allo-HCT. (A-H) Lethally irradiated B6D2F1 mice received transplantation with T cells purified from B6-2C-Tg
and B6-CD45.1 (WT) donors combined with TCD-BM from Bé donors. FCM of CD8" T cells in the spleen (top) and liver (bottom) was performed. Contour plots and pro-
portions (means + SEM) of PD-1 and TIGIT expression on CD8.1* 2C-Tg (A-B) and CD45.1* WT (E-F) CD8" T cells. Representative contour plots of TOX and TCF-1 and MFI of
TOX expression (means + SEM) in 2C-Tg CD8" (C-D) and WT CD8" T cells (G-H). Data from 2 experiments were combined (n = 5-6 per group) and shown with the data from
naive donor mice (day 0, n = 3 per group). (I-N) Lethally irradiated B6D2F1 mice received transplantation with BM cells and splenocytes from allogeneic Bé donors. Recipient
mice were intraperitoneally injected with aPD-L1 or PBS from days O to 28 (I-K) or days 14 to 42 (L-N). Body weight changes (means + standard deviation; panels I,1), clinical
GVHD scores (means + standard deviation; panels J,M), and survival curves (K,N). Data from 1 of the 2 experiments are shown (n = 5 per group). * P < .05; **P < .01; ***P < .005.

MFI, mean fluorescence intensity; PBS, phosphate-buffered saline.
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Figure 2. scRNA-seq of donor T cells in vehicle- or CSP-treated recipients. (A-Q) Allo-HCT was performed as in Figure 1A. Mice were treated with vehicle or CSP from days
0 to 13 after allo-HCT (n = 2 per group). Donor T cells were sorted from the spleen on day 14 and subjected to scRNA-seq. (A) A schematic overview of scRNA-seq analysis of donor
T cells from the spleen. (B) UMAP for all 16 500 cells with 13 clusters of donor T cells identified using R with extension packages Seurat and PhenoGraph. (C) Compositional dif-
ferences in T cells between vehicle- and CSP-treated mice were visualized in pseudocolor plots of UMAP. (D) The proportion of cells in each cluster from vehicle- or CSP-treated mice
that contributed to each T-cell cluster. (E) Normalized gene-expression of molecules representative for T-cell differentiation, exhaustion, cytokine/chemokine receptors, and functions
was projected on the UMAP. (F) Heatmap of top 283 DEGs in CD8" T cells. Log, normalized expression values for distinguishing genes among CD8" T clusters. Characteristic
molecules that were upregulated in each cluster are highlighted on the left of the heatmap. (G-P) Violin plots show expression of Tcf7 (G), Tox (H), Pded1 (), Tigit (J), Haver2 (K),
Entpd1 (L), Lag3 (M), Gzmb (N), Cx3cr1 (O), and Ly6c2 (P) in the representative clusters in CD8" T cells (top panels) and CD4"* T cells (bottom panels). (Q) Annotation of 13 T-cell
clusters. *P < .05; ***P < .005. n.s., not significant.
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Figure 2 (continued)

liver, resulting in an increase in the absolute numbers of these
cells (Figure 3I-K; supplemental Figure 3X-Z). Ly6C* 2C-Tg
CD8" donor T cells expressed significantly lower levels of PD-1,
TIGIT, and TOX, higher levels of Kié7 and GZMB, and a com-
parable level of TCF-1 compared with those of Ly6C™ cells
(Figure 3L). Ly6C™ WT CD4" donor T cells also expressed
significantly higher levels of Kié7 and GZMB than Ly6C™ cells,
indicating that Ly6C is a common marker of CD4* and CD8"
transitory-Tex-CNI endowed with proliferative and effector
functions (supplemental Figure 3A).

Impacts of other immunosuppressants on the

differentiation of transitory Tex after allo-HCT

CNils inhibit nuclear factor of activated T cells (NFAT) that
restrain T-cell exhaustion in chronic viral infection and tumor
models.?®?” We, then, investigated whether transitory Tex
could be induced thorough NFAT inhibition by CSP or by
general T cell suppression. To address this issue, mice were
treated with variable classes of immunosuppressants, including
ibrutinib, ruxolitinib (JAK1/2 inhibitor), DAPT (NOTCH inhibi-
tor), selumetinib (MEK inhibitor), sirolimus (mTOR inhibitor), or
prednisolone, which have been shown to ameliorate GVHD.*>
% FCM analysis on day 14 demonstrated that only CSP and
ibrutinib significantly increased PD-1*TIGIT- 2C-Tg and WT
CD8* T cells (Figure 4A-D). Ibrutinib also significantly reduced
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the numbers of terminal Tex and expression levels of TOX,
while increasing transitory Tex, TOX®" T cells, and Ly6C*
transitory Tex (Figure 4E-J). It should be noted that ibrutinib
also inhibits NFAT, suggesting that NFAT inhibition is essential
for induction of transitory Tex.>’*8 We, then, tested whether
low-dose interleukin (IL)-2 could impact the development of
transitory Tex in CNI-treated recipients. Although it has been
reported that IL-2 administration rescues CNI-induced IL-2
reduction and potentially modifies T-cell exhaustion,>*" we
found that low-dose IL-2 had no effect on the development of
transitory Tex in either CNI-treated or vehicle-treated recipients
(Figure 4K-N; supplemental Figure 4A-D). Altogether, we
concluded that suppression of the NFAT-Tox axis, but not the
reduction of IL-2 transcript level, which is also a downstream
event of NFAT activation, plays a critical role in the CNI-induced
development of transitory Tex.

Adoptive transfer of transitory-Tex-CNI develops
cGVHD

To evaluate the role of transitory-Tex-CNI in GVHD patho-
physiology, we performed adoptive transfer experiments. A
total of 1 x 10° T cells harvested from vehicle- or CSP-treated
recipients 14 days after allo-HCT were combined with TCD-
BM from naive B6 mice and adoptively transferred into
lethally irradiated secondary B6D2F1 recipients (Figure 5A). We
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Figure 3. CSP induced donor transitory-Tex-CNI after allo-HCT. (A-L) Allo-HCT was performed as in Figure 1A. Mice were treated with vehicle or CSP daily from days 0 to
28 after allo-HCT. FCM of donor T cells in the spleen were performed. Contour plots (A) and proportions (B) of PD-1 and TIGIT expression, and absolute numbers of donor PD-
1T*TIGIT* (C) and PD-1*TIGIT™ (D) cells in 2C-Tg donor T cells (n = é per group). (E) MFI of GZMB in 2C-Tg PD-1*TIGIT* or PD-1*TIGIT cells on days 14 and 28 after allo-HCT
(n = 6 per group). (F) Contour plots of TOX and TCF-1 expression in 2C-Tg donor T cells on day 14 after allo-HCT. MFI of TOX (G) and absolute numbers of TOX'" cells (H)
(n = 6 per group). (I) Contour plots of TOX and Ly6C expression in 2C-Tg donor T cells. Proportions (J) and absolute numbers (K) of Ly6C™ cells in 2C-Tg donor T cells (n = 5 per
group). (L) MFls of PD-1, TIGIT, TOX, TCF1, Ki-67, and GZMB in Ly6C" or Ly6C™ donor 2C-Tg T cells in CSP-treated recipients (n = 5 per group). (B-E, G-H) Data from 2
experiments were combined and shown as means + SEM. (J-L) Data from one of 2 similar experiments were shown as means + SEM. *P < .05; **P < .01; ***P < .005. MFIl, mean
fluorescence intensity; ns, not significant.

CNI' INDUCES TRANSITORY EXHAUSTED T CELLS AFTER HCT € blood” 3 AUGUST 2023 | VOLUME 142, NUMBER 5 483

¥20¢ Joquiaidag 61 uo jsenb Aq ypd-ulew-G/8610-€202-PI9 PO0IA/20S2902/LLYIS/ZY L /4pd-Bloiue/poojq/Bio suoneolqndyse//:dyy woly papeojumoq



>
(g]

2C-Tg WT CD8*

PD-1*TIGIT-/CD8.1* (%)
No. of PD-1*TIGIT Tcells (x103) 9

PD-1*TIGIT-/CD45.1*CD8™* (%)

m
M
Q@
I

15 4 7 4
L = w o o] =
= G —_ < —
. =S 0 $ = £S5 5 &
v —
oo x T X x S x 44 1 -‘. W Vehicle
QO B2 2= e 52348 o B Ibrutinib
N 5B 58 54 » = s g,
s o b '9 = = B
= = 14
0 - 0 -
Day 14 28 Day 14 28
15 6 -
+ . % *x
= = — 5
9 oo o = S s & -
] e = 2 10 S X = 2 4] o
8 — < X lo ®le = S x 1 Il Vehicle
& g = . ® = 52 3 M Ibrutinib
=z 5 5 8 54 S e >< S 8 24
=} o = S Pl
= = 1 -
0 - 0
Day 14 28 Day 14 28
| 2C-Tg L
wox
(%)
=% L =
oo =y o
S 2 8 2
- t =
&) 3 ©
=8 10 = T
= —
0
W Vehicle
W CsP
J 2C-Tg N 2C-Tg L2
- - ) x W CSP+IL-2
o o
= = 80 —
X z + =
= =2 = 60 X
8 8 8 ey
— = S 40 s
g g 5 2
o) O
= E 2 2 [}
~o
=

Qe Lo Qe Lo Qe Lo
qe\(\\c‘ o &\0\ \12‘\\(‘ o &\0\ \‘e\(\\c o &\0\ 0

Figure 4. Ibrutinib and CSP, but not other immt ppressants, induced donor transitory-Tex-CNI after allo-HCT. (A-N) Allo-HCT was performed as in Figure 1A. (A-D)
Mice were administered with vehicle or indicated reagents daily from days 0 to 14 after allo-HCT. Proportions and absolute numbers of PD-1"TIGIT™ in 2C-Tg (A-B) and WT
(C-D) CD8" T cells in the spleen on day 14 (n = 6 per group). (E-J) Mice were administered with vehicle or ibrutinib daily from days 0 to 28 after allo-HCT. Absolute numbers of
PD-1"TIGIT" cells (E) and PD-17TIGIT" cells (F), MFI of TOX (G), and absolute numbers of TOX'® cells (H), in 2C-Tg (top) and WT (bottom) CD8" donor T cells in the spleen on
days 14 and 28 (n = 6 per group). Proportions (I) and absolute numbers (J) of Ly6C* T cells in 2C-Tg and WT CD8" and WT CD4" donor T cells on day 28 (n = 5 per group). (K-N)
Mice were administered daily with vehicle or CSP in combination with low-dose IL-2 or alone from days 0 to 14 after allo-HCT. Proportions (K) and absolute numbers (L) of
PD-1*TIGIT™ and proportions (M) and absolute numbers (N) of Ly6C" cells in 2C-Tg donor T cells in the spleen on day 14 (n = 5 per group). (A-H) Data from 2 experiments were
combined and shown as means + SEM. (I-N) Data from one of 2 similar experiments were shown as means + SEM. *P < .05; **P < .01. MFI, mean fluorescence intensity; ns, not
significant.
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found that very small numbers of donor Tregs were contained in
the adoptive transfer graft irrespective of CSP administration
(supplemental Figure 5A-B). We also found that although PD-1,
Tim-3, and TIGIT were expressed on the surface of Tregs, CNI
did not change the expression levels of these exhaustion
markers on Tregs, suggesting that CSP did not impact the
quantity or function of Tregs in this adoptive transfer model
(supplemental Figure 5C-D). Transfer of T cells from CSP-
treated animals induced body weight loss (Figure 5B) and
typical pathological features of cGVHD, such as subcutaneous
fat loss and fibrosis in the skin, salivary glands, and liver in mice
receiving CSP-treated T cells (Figure 5C-E). Tear secretion vol-
ume was significantly decreased in these mice (Figure 5F). In
contrast, these changes were not observed in the recipients of
the T cells from vehicle-treated recipients, indicating that CNI
maintained donor T-cell alloreactivity to induce cGVHD after
transfer (Figure 5B-F).

We then performed adoptive transfer experiments of
transitory-Tex-CNI. A total of 1 x 10® CD90*LyéC" transitory-
Tex-CNI or CD90*Ly6C™ terminal Tex harvested from the
spleens on day 14 after allo-HCT were combined with TCD-
BM from naive B6 mice and adoptively transferred into
lethally irradiated secondary B6D2F1 recipients (Figure 5G).
The majority of transferred transitory-Tex-CNI differentiated
into Ly6C™ terminal Tex by 50 days after transfer, whereas
~25% of these cells remained Ly6C" (Figure 5H-) We
confirmed that significant numbers of CTV-labeled transitory
Tex divided a few times early after adoptive transfer, sug-
gesting that these cells were actively proliferating
(supplemental Figure 5E-F). These Ly6C* T cells persisted 50
days after the transfer and maintained the phenotype of
transitory-Tex-CNI, as described before (Figure 5J). In
contrast, transferred Ly6C™ terminal Tex remained Ly6C™
terminal Tex phenotype (Figure 5H-I). Recipients of transitory-
Tex-CNI presented severe weight loss and pathological fea-
tures of cGVHD in the skin, salivary glands, and liver
(Figure 5K-M; supplemental Figure 5G). The volume of tear
secretion was also significantly decreased in these mice
(Figure 5N). Altogether, these data confirmed that transitory-
Tex-CNI maintained the potential to develop cGVHD.

Transitory-Tex-CNI maintain responsiveness to
PD-1 blockade after allo-HCT

It has been reported that Tpex and transitory Tex, but not ter-
minal Tex, were activated and proliferated in response to PD-1
blockade in tumor and chronic infection models.'>*%** To test
whether transitory-Tex-CNI could contribute to graft-versus-
leukemia (GVL) effects induced by PD-1 blockade after

allo-HCT, mice were treated with CSP or vehicle from days O to
14 and given intraperitoneal (IP) injection with aPD-L1 on day
14 (Figure 6A). FCM analysis of donor T cells in the spleen on
day 16 after allo-HCT demonstrated that aPD-L1 induced
minimum upregulation of GZMB without a proliferative
response in 2C-Tg CD8" donor T cells in vehicle-treated mice
(Figure 6B-E). In contrast, aPD-L1 induced a significant prolif-
erative response and marked increase in GZMB expression in
2C-Tg CD8" donor T cells in CSP-treated mice. Moreover, aPD-
L1 induced a slight increase in PD-1"TIGIT™ cells and marked
expansion of PD-1*TIGIT" terminal Tex, indicating that aPD-L1
promoted the self-renewal of transitory-Tex-CNI and at the
same time the differentiation of these cells into terminal Tex
(Figure 6F-G). We found that aPD-L1 enhanced the expression
of Ki-67 and GZMB preferentially in Ly6C™ cells, further con-
firming the advantage of Ly6C as a marker of transitory-Tex-CNI
(Figure 6H). aPD-L1 also upregulated Ki-67 and GZMB in WT
CD8" donor T cells and induced a proliferative response in WT
CD4" donor T cells in CSP-treated, but not vehicle-treated,
allogeneic recipients (supplemental Figure 6A-C). When the
recipients were treated with ibrutinib instead of CSP, transitory
Tex again maintained responsiveness to PD-1 blockade
(supplemental Figure 6D-E). To test whether Ly6C is a universal
marker of responsive cells after PD-1 blockade, we tested
whether Ly6C* T cells in naive B6 mice could respond to PD-1
blockade. We found that neither Ly6C* nor Ly6C™ T cells
expressed PD-1 or TIGIT, and the expression of Ki-67 and
GZMB on Ly6C* CD4" and CD8" T cells was not changed by
injection of aPD-L1, indicating that aPD-L1-responsible Ly6C*
transitory Tex were specifically induced in allogeneic recipients
treated with CSP (supplemental Figure 6F-K).

Impairment of mitochondrial fitness is a fundamental change
during the development of terminal Tex.'>*?*® We next eval-
uated oxidative phosphorylation in donor T cells isolated from
vehicle- or CSP-treated allogeneic recipients before (day 14)
and after (day 16) aPD-L1 treatment. T cells from vehicle-
treated recipients showed low mitochondrial spare respiratory
capacity, and aPD-L1 treatment did not affect the basal respi-
ration or spare respiratory capacity in these mice, indicating
profoundly impaired mitochondrial fitness in terminal Tex after
allo-HCT (Figure 6l-L). Donor T cells from CSP-treated recipi-
ents demonstrated significantly suppressed basal respiration, as
previously shown in tacrolimus-treated T cells (Figure 6I-K).*’
aPD-L1 dramatically enhanced the spare respiratory capacity
of donor T cells in CSP-treated, but not in vehicle-treated
recipients, indicating that CSP treatment preserved mitochon-
drial fitness and responsiveness to aPD-L1 administration
(Figure 6l1,J,L).

Figure 5. Transitory-Tex-CNI contributed to the development of ¢cGVHD. (A-F) The first allo-HCT was performed as in Figure 1A, and recipient mice were orally
administered with CSP or vehicle from days 0 to 14 after allo-HCT. A total of 1 x 10° T cells purified from vehicle- or CSP-treated recipients 14 days were adoptively transferred
into lethally irradiated secondary B6D2F1 recipients together with TCD-BM from naive Bé mice. The secondary recipients were left untreated after transfer. (A) A schematic
overview of the experiments. (B) Change in body weight after the transfer (n = 5 per group). (C) H&E staining of the skin (original magnification x200; scale bar, 100 pm), and
MT staining of the salivary glands (priginal magnification x200; scale bar, 100 pm) and liver (original magnification x40; scale bar, 500 pm) on day 50 after transfer. Proportions
of fibrotic area to the whole section area in the salivary glands (D) and liver (E). (F) The volume of tear secretion was measured on day 50 after the transfer. (G-N) The first allo-
HCT was performed as in Figure 1A and mice were administered with CSP from days 0 to 14 after allo-HCT. A total of 2 x 10¢ Ly6C™ (transitory-Tex-CNI) or Ly6C™ (terminal Tex)
donor T cells were sorted from CSP-treated recipients on day 14 and adoptively transferred into irradiated secondary recipients together with TCD-BM from naive B6 mice. (G)
A schematic overview of the experiments. Representative contour plots (H) and proportions (I) of Ly6C expression on donor T cells before or 50 days after the transfer of
terminal Tex and transitory-Tex-CNI (n = 5 per group). (J) Expression of indicated molecules in LyéC" and Ly6C™ CD4™ (top) and CD8" (bottom) T cells in the spleen on day 50
after the adoptive transfer of transitory-Tex-CNI. (K) Change in body weight after adoptive transfer (n = 5 per group). Fibrotic area in the salivary glands (L) and liver (M), and
volume of tear secretion (N) were evaluated 50 days after the adoptive transfer. (B,I-K) Data from one of 2 similar experiments were shown as means = SEM. (D-F, L-N) Data
from 2 independent experiments were combined and shown as means + SEM. *P < .05; **P < .01; ***P < .005. ns, not significant.
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We found that PD-1*TIGIT- 2C-Tg T cells persisted during
prolonged CSP treatment from days O to 28 and aPD-L1
injection on day 28 induced proliferation, activation, and dif-
ferentiation of 2C-Tg donor CD8" T cells (supplemental
Figure 6L-P). More importantly, PD-1*TIGIT™ transitory-Tex-
CNI persisted at 16 days after the cessation of CSP treatment
and maintained responsiveness to aPD-L1 administration, sug-
gesting that transitory-Tex-CNI differentiated early after allo-
HCT persisted for a long period and maintained alloreactivity
of donor T cells (Figure 6M-Q). We confirmed that PD-1*TIGIT~
and Ly6C™ transitory Tex persisted on day 160 after allo-HCT
(supplemental Figure 6Q-T). In summary, we concluded that
transitory Tex induced by CSP treatment early after transplant
persist for at least 4 months after discontinuing CSP treatment.

Transitory-Tex-CNI play a critical role in GVL
effects induced by PD-1 blockade

Next, we tested whether transitory-Tex-CNI could contribute to
GVL effects induced by aPD-L1 treatment using another allo-HCT
model, in which B6 recipients received transplantation from BALB/
¢ donors and injected with recipient-type luciferase-expressing
C1498 myeloid leukemia cells (C1498-luc) (Figure 7A). First, we
confirmed that CSP again induced PD-1*TIGIT™ and TOX'™"
TCF-1" donor CD8" transitory-Tex-CNI with proliferative and
effector makers in this model (supplemental Figure 7A-G). C1498-
luc-inoculated recipients were treated with vehicle or CSP from
days O to 14, followed by intraperitoneal injection with PBS or
aPD-L1 3 times weekly from days 14 to 42 (Figure 7A). Biolumi-
nescence imaging showed that leukemia cells expanded in
vehicle-treated mice, and all the mice died by week 5 after allo-
HCT, irrespective of aPD-L1 treatment (Figure 7B-C). Pretreat-
ment with CSP dramatically enhanced the antileukemic effects of
aPD-L1, and 70% of recipients treated with CSP in combination
with aPD-L1 eradicated C1498-luc cells, indicating that transitory-
Tex-CNI played a critical role in GVL effects induced by PD-1
blockade. (Figure 7B-C). Because C1498 cells strongly express
PD-L1, we tested whether PD-L1 expression on leukemia cells
could impact on the development of transitory Tex after allo-HCT
(Figure 7D). We evaluated PD-L1 on various mouse leukemia cells
and found that P815 cells had minimal expression of PD-L1
(Figure 7D). CSP induced transitory Tex in both P815- and
C1498-inoculated recipients at a similar level (Figure 7E-H).
Furthermore, transitory Tex in both groups were similarly activated
by PD-1 blockade, indicating that PD-L1 on leukemia cells is not
involved in the development of transitory Tex after allo-HCT
(Figure 7I-L).

Discussion

Although the heterogeneity of Tex has been actively studied
in chronic infection and solid tumor models, our

understanding of the role of Tex in immune-mediated dis-
eases is limited. Recent studies showed that Tpex maintained
the responsiveness to self-antigens and contribute to the
development of type 1 diabetes.*®*” Donor CD8" T cells
differentiated into TCF-1" Tpex after major histocompatibility
complex (MHC)-matched experimental HCT, whereas their
functions and the impact of CNIs, always given in clinical
HCT, on Tex differentiation remained largely unknown.*® In
this study, Tpex was only a minor population and the vast
majority of donor T cells had differentiated into terminal Tex
early after MHC-mismatched HCT, in contrast to a previous
study demonstrating predominant differentiation of donor
T cells into Tpex after MHC-matched HCT.*® Administration
of CD40 agonistic antibodies promoted the transition from
Tpex to terminal Tex after MHC-matched HCT,*® suggesting
that more potent TCR signaling in MHC-mismatched HCT in
our model may be responsible for the induction of rapid and
robust terminal Tex differentiation. We found that the
administration of CSP suppressed TOX expression in donor
T cells and inhibited terminal Tex differentiation after MHC-
mismatched HCT. It has been shown that tacrolimus sup-
pressed T-cell expression of TCF-1, a central regulator of
Tpex maintenance, in chronic viral infection, suggesting that
CNIs could inhibit the persistence of Tpex by downregulating
TCF-1 after allo-HCT.?®

CD8"CX3CR1" Tex comprises the following 2 distinct subsets in
chronic viral infection: intermediate (transitory) Tex and killer
cell lectin-like receptor-expressing Tex (Tex*®).>" Trajectory
analysis demonstrated that Tex“'® is another end point of Tex
differentiation and intermediate Tex are progenitors of canon-
ical terminal Tex and Tex*®.>! In this study, Ly6C*CX3CR1*
donor T cells differentiated into Ly6C"CX3CR1"°“TOX"9" ter-
minal Tex, whereas a subset of these cells self-renewed after
adaptive transfer, indicating that these cells represent transitory
cells but not terminally differentiated cells. Thus, we annotated
these cells as transitory-Tex-CNI. A previous study showed that
donor-derived CD44'°*CD62L"9" postmitotic donor T cells
emerged after MHC-matched HCT expressed stem-like markers
such as Sca-1 and CD122 and developed acute GVHD-like
pathology after adoptive transfer into the secondary recipi-
ents.®? Unlike these stem-like memory cells, transitory-Tex-CNI
were CD44M"CD62L'™" without expression of stem-like
markers and induced chronic, but not acute, GVHD after
adoptive transfer.

We found that adoptive transfer of donor T cells harvested from
the spleens of vehicle-treated recipients on day 14 after the first
HCT did not lead to GVHD in secondary recipients, whereas the
severity of GVHD in primary recipients continued to increase
after day 14. Recently, it has been reported that donor T cells,

Figure 6. Transitory-Tex-CNI maintained responsiveness to PD-1 blockade. (A-L) Allo-HCT was performed as in Figure 1A. Recipients were administered with CSP or
vehicle from days 0 to 14 followed by intraperitoneal injection of «PD-L1 on day 14 after allo-HCT. (A) A schematic overview of experiments. (B-G) FCM of donor T cells in the
spleen were performed on day 16. Contour plots (B-C) and proportions of Ki-67 (D) and GZMB (E) expression in 2C-Tg CD8" donor T cells. Absolute numbers of PD-1"TIGIT~
(F) and PD-1*TIGIT" (G) in 2C-Tg CD8" donor T cells (n = 5 per group). (H) MFI of Ki-67 and GZMB in Ly6C* and Ly6C~ 2C-Tg CD8" donor T cells from CSP-treated recipients
with or without injection of aPD-L1 on 16 days (n = 5 per group). (I-L) OCR of purified donor T cells were evaluated using a Seahorse XF analyzer. OCR curves before (day 14; I)
and after (day 16; J) aPD-L1. Basal respiration (K) and spare respiratory capacity (L) on day 16 after allo-HCT. (M-Q) Recipient mice were administered with CSP or vehicle from
days 0 to 14 and intraperitoneally injected with «PD-L1 on day 28 after allo-HCT. FCM analysis of donor T cells in the spleen were performed on day 30. (M) A schematic
overview of the experiments. Proportions of Ki-67 (N) and GZMB (O) expression, and absolute numbers of PD-1"TIGIT™ (P) and PD-1"TIGIT" (Q) in 2C-Tg CD8" donor T cells
(n = 5 per group). (D-G, K, L, N-Q) Data from 2 independent experiments were combined and shown as means = SEM. (H-J) Data from one of 3 similar experiments were
shown as means = SEM. *P < .05; **P < .01; ***P < .005. MFI, mean fluorescence intensity; ns, not significant; OCR, oxygen consumption rate.
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Figure 7. Transitory-Tex-CNI contributed to GVL effects after PD-1 blockade. (A-C, E-H, K-L) Lethally irradiated B6 mice received transplantation with TCD-BM combined
with purified T cells from BALB/c donors and administered with CSP or vehicle from days 0 to 14 after allo-HCT. Recipient mice were IV injected with 5 x 10* (CSP-treated
recipients) or 1 x 10° (vehicle-treated recipients) C1498-luc cells on day 7 after allo-HCT. (A-C) Recipients were intraperitoneally injected with aPD-L1 twice a week from days 14
to 42 after allo-HCT. (A) A schematic overview of the experiments. (B) Leukemia growth was evaluated using bioluminescence imaging weekly after leukemia injection. (C)
Survival curves of recipients (n = 9 per group). (D) Histograms show PD-L1 expression on various mouse leukemia cells. (E-J) In P815 group, lethally irradiated B6D2F1 mice
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after initial priming in the secondary lymphoid organs, migrate
into the GVHD target tissues and give rise to the progenitor-like
tissue-resident T cells, which constitute a small part of the T cells
in the target organs and are maintained independently of circu-
lating T cells.>® These tissue-resident T cells in the GVHD target
organs may have been involved in the exacerbation of GVHD in
the recipients of the first HCT. In this study, we found a novel
GVHD-inducible T-cell population, CNI-induced transitory Tex,
but it remains to be clarified whether CNIs affect the develop-
ment of progenitor-like tissue-resident T cells after allo-HCT.

Although the molecular and cellular mechanisms of T-cell
exhaustion have been primarily studied in CD8" T cells, there
are a series of reports showing that chronic antigen stimulation
induces  functionally  exhausted = CD4"PD-1"TOX TCF1~
T cells>*> A recent study showed that naive CD4 T cells
differentiated into PD-1*TCF1*BCL&™'°" progenitor CD4" T cells
during chronic viral infection, and these progenitor CD4" T cells
were self-renewing cells and further differentiated into 2
distinctive terminally differentiated populations: TCF-1"BCL6™
effector T cells and PD-1"TCF1*BCL6" follicular helper T cells.>®
Although it remained to be determined whether there were
functionally exhausted T cells, in this study CD4" T cells showed
reduced proliferation in response to PD-1 blockade, suggesting
that CD4™ donor T cells were also exhausted after allo-HCT.

Transitory Tex could be a promising therapeutic target and may
serve as a biomarker for predicting the development of cGVHD,
leukemia relapse, and efficacy of immunotherapies after allo-
HCT. The role of transitory Tex in allo-HCT using posttrans-
plant cyclophosphamide (PTCy) is particularly intriguing,
because CNIs are started at various time points during allo-
HCT, according to the policies of the physician or the institu-
tion.>”¢° Earlier initiation of CNIs may induce more transitory
Tex and could be associated with the development of cGVHD.
Recently, Minnie et al reported that PTCy depleted alloantigen-
driven exhausted T cells but spared T cells displaying
progenitor-like characteristics.’’ They also found that the
depletion of exhausted T cells by PTCy was context-dependent,
because PTCy enabled donor T-cell exhaustion in the presence
of myeloma cells. Whether PTCy combined with CNls admin-
istered at various time points can affect T-cell exhaustion in the
presence of tumor cells should be tested in future studies. It has
been reported that the response to donor lymphocyte infusion
(DLI) is associated with reversal of T-cell exhaustion in leukemia
patients, whereas T cells from nonresponders remain to be
exhausted after DLI.5%“® It remains to be clarified whether
short-term administration of CNIs after DLI can suppress T-cell
exhaustion and enhance antileukemia effects. In conclusion, our
data will pave a new avenue to explore roles of T-cell exhaus-
tion in immune tolerance and GVHD after allo-HCT.
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Figure 7 (continued) received transplantation with TCD-BM combined with purified T cells from B6é donors and administered with CSP from days 0 to 14 after allo-HCT.
Recipient mice were IV injected with 5 x 10* P815 cells on day 7 after allo-HCT. Proportions (E) and absolute numbers (F) of PD-1*TIGIT™ cells, and proportions (G) and
absolute numbers (H) of Ly6C™ cells in CD8" donor T cells on day 16 after allo-HCT (n = 5 per group). P815-innoculated (I-J) and C1498-innoculated (K-L) recipients were
intraperitoneally injected with aPD-L1 or PBS on day 14 after allo-HCT. Proportions of Ki-67 (I,K) and GZMB (J,L) expression in CD8" donor T cells on day 16 after allo-HCT (n =
5 per group). (C) Data from 2 independent experiments were combined and shown as means + SEM. (E-L) Data from one of 2 similar experiments were shown as means +

SEM. *P < .05; **P < .01; ***P < .005. ns, not significant.
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