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Introduction

T cell exhaustion is a state of T cell dysfunction; it is characterized by
poor effector function, impaired proliferative capacity, and expres-
sion of multiple inhibitory receptors, most notably programmed
death 1 (PD-1) (1, 2). Exhausted T cells can be found during chronic
infection and in cancer, and blockade of the PD-1 pathway reinvigo-
rates exhausted CD8" T cells, resulting in better control of infection
and cancer (1-5). Recent studies showed heterogeneity of exhausted
CD8" T cell populations and identified stem-like CD8* T cells, char-
acterized as PD-1'TIM3 TCF1* (6-9). Stem-like CD8" T cells not only
undergo self-renewal but also provide more-differentiated TIM3*
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T cell exhaustion is a state of T cell dysfunction associated with expression of programmed death 1 (PD-1). Exhausted CD8*

T cells are maintained by self-renewing stem-like T cells that provide differentiated TIM3- cells, a part of which possesses
effector-like properties. PD-1-targeted therapies enhance T cell response by promoting differentiation of stem-like T cells
toward TIM3* cells, but the role of mTOR during T cell exhaustion remains elusive. Here, we showed that mTOR inhibition has
distinct outcomes during the beginning of and after the establishment of chronic viral infection. Blocking mTOR during the T
cell expansion phase enhanced the T cell response by causing accumulation of stem-like T cells, leading to improved efficacy of
PD-1immunotherapy; whereas, after exhaustion progressed, mTOR inhibition caused immunosuppression, characterized by
decreased TIM3* cells and increased viral load with minimal changes in stem-like T cells. Mechanistically, a cell-intrinsic mTOR
signal was vital for differentiation of stem-like T cells into the TIM3* state in the early and late phases of chronic infection

as well as during PD-1immunotherapy. Thus, PD-1blockade worked after cessation of mTOR inhibition, but simultaneous
treatment failed to induce functional TIM3* cells, reducing efficacy of PD-1immunotherapy. Our data demonstrate that mTOR
regulates T cell exhaustion and have important implications for combination cancer therapies with PD-1 blockade.

cells that can be further divided into 2 subsets: effector-like transitory
T cells and terminally exhausted T cells. These abilities of stem-like
CD8" T cells are essential to maintain antigen-specific CD8" T cells
during chronic infection. Despite such memory T cell-like proper-
ties, stem-like CD8" T cells are transcriptionally and epigenetically
distinct from memory CD8" T cells that arise during acute infection
and appear to be generated as a result of adaptation to chronic anti-
gen stimulation (10-12). Stem-like CD8" T cells are present not only
during chronic infection but also in human cancers (13-18), and PD-1
blockade increases the number of effector-like transitory T cells by
promoting the differentiation of stem-like T cells toward the TIM3*
state (6, 19, 20). In contrast, terminally exhausted CD8* T cells mini-
mally divide after PD-1-targeted immunotherapy. This heterogeneity
of exhausted CD8" T cell populations emphasizes the need for a bet-
ter understanding of the generation and maintenance of these sub-
sets to optimize treatment strategies when these cells are harnessed.

mTOR is a serine/threonine kinase that regulates several key
cellular processes, including translation, autophagy, and metabo-
lism (21, 22). Rapamycin, a specific inhibitor of mTOR, and its ana-
logs are currently used as immunosuppressive drugs in transplant
recipients (23, 24). Rapamycin-mediated immunosuppression is
generally thought to diminish proliferation of alloantigen-specific
T cells, but recent studies suggest that it efficiently inhibits humor-
al immunity, leading to impaired antibody responses (25-30). In
contrast to such an immunosuppressive effect, rapamycin can stim-
ulate memory CD8* T cell formation during acute infection and
vaccination when antigen is cleared (31, 32). However, although
several studies examined CD8* T cell responses in the presence
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of rapamycin during chronic infection (33, 34), it remains unclear
how inhibition of mTOR in antigen-specific CD8" T cells modulates
differentiation of stem-like T cells into TIM3"* cells as well as how
mTOR inhibition affects PD-1 blockade therapy during CD8" T
cell exhaustion. Because mTOR inhibitors and drugs targeting
molecules upstream of mMTOR, such as PI3K inhibitors, are approved
for treatment of cancer (35-37), it is essential to elucidate the role
of mTOR in T cell exhaustion to further improve immunotherapy
for patients with cancer.

To address thisissue, we investigated the effect of rapamycin on
virus-specific CD8" T cells in a mouse model of chronic viral infec-
tion with lymphocytic choriomeningitis virus (LCMV). We found
that drug treatment during the T cell expansion phase of chronic
viral infection enhanced the number of virus-specific CD8" T cells,
an effect similar to that of rapamycin during acute viral infection.
Notably, inhibition of mTOR promoted the formation of stem-like
CD8' T cells, leading to improved efficacy of subsequent PD-1-tar-
geted immunotherapy. On the other hand, when T cell exhaustion
was fully established, the drug suppressed CD8" T cell immunity
by decreasing the number of more-differentiated TIM3*CD8* T
cells. To further dissect the mechanism of mMTOR-mediated CD8*
T cell responses during chronic infection, RNA-Seq analyses and
shRNA experiments were conducted. Overall, we showed that T
cell-intrinsic mTOR is required for differentiation of stem-like T
cells into a TIM3* state in both the early and late stages of chronic
infection and is essential for PD-1 blockade-mediated induction
of functional TIM3*CD8* T cells. Our work has important implica-
tions for combination cancer therapies with PD-1.

Results

Rapamycin enhances CD8" T cell response by promoting the formation
of stem-like T cells duringthe early phase of chronic infection. To under-
stand how the mTOR pathway is involved in the exhausted CD8* T
cell response, mice were treated with rapamycin daily during the
entire course of chronic LCMYV infection, and virus-specific CD8*
T cells were examined 10 days and 1 month after infection (Figure
1). We observed a comparable number of DbGP33 and DbGP276
tetramer® CD8" T cells as well as PD-1'*CD8* T cells, most of which
are LCMV specific, 10 days after infection between control and
rapamycin-treated mice (Figure 1A). However, rapamycin treat-
mentincreased the number of LCMV-specific CD8" T cells 1 month
after infection (Figure 1A). This increase was not due to dampened
migration of these cells to peripheral tissues, because equal or
slightly higher numbers of them were detected in livers and lungs
in rapamycin-treated mice (Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI160025DS1). We next compared the phenotype of LCMV-
specific CD8* T cells between the rapamycin-treated and untreat-
ed mice. CD44, TCF1, and CXCR5 were upregulated by rapamy-
cin treatment, and, conversely, TIM3 was downregulated (Figure
1B). These phenotypic differences strongly suggest that rapamy-
cin modulates the formation of 2 distinct subsets that arise during
chronic infection: stem-like CD8" T cells (PD-1*TIM3 TCF1*) and
more differentiated TIM3*CD8* T cells (PD-1*'TIM3*TCF1). To
test this, antigen-specific CD8* T cells were stained for the mark-
ers TIM3 and TCF1. We found that antigen-specific CD8" T cells
in the presence of rapamycin showed an increased frequency of
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stem-like (TIM3 " TCF1*) CD8" T cells compared with those from
control mice (Figure 1C). At 10 days after infection, we observed
significant augmentation of stem-like CD8* T cell numbers and a
slight reduction of the more-differentiated TIM3*TCF1" popula-
tion in rapamycin-treated mice (Figure 1, D and E), accompanied
by increased viral load (Supplemental Figure 2). At 1 month after
infection, the quantity of both subsets was higher in the rapamy-
cin-treated group compared with the control group (Figure 1, D
and E), but, most notably, stem-like CD8" T cell numbers in rapa-
mycin-treated mice were strikingly higher than those in untreated
mice (Figure 1E). There was no difference in viral titer 1 month
after infection between rapamycin-treated and untreated mice
(Supplemental Figure 2). Furthermore, the lower dose of rapamy-
cin, which was used in previous studies during acute infection (29,
31, 38), also enhanced antigen-specific CD8" T cell responses to a
comparable extent as the higher dose of rapamycin used in Figure
1 (Supplemental Figure 3). Taken together, these results indicate
that inhibition of the mTOR pathway with rapamycin during the T
cell expansion phase promoted the generation of stem-like CD8* T
cells, leading to the higher quantity of antigen-specific CD8" T cells
in rapamycin-treated mice compared with control mice.

Transcriptional signatures reveal characteristics of stem-like and
more-differentiated TIM3*CD8" T cells generated in rapamycin-treated
mice. Our data showed that rapamycin treatment during the T cell
expansion phase enhanced the formation of stem-like CD8" T cells
(Figure 1). Next, to examine whether transcriptional signatures of
the 2 distinct CD8" T cell subsets are altered by mTOR inhibition,
we performed RNA-Seq analyses of stem-like and TIM3* differ-
entiated CD8" T cells that were sorted from LCMV-infected mice
in the presence or absence of rapamycin treatment (Supplemental
Figure 4). To compare the overall transcriptional profiles of these
antigen-specific CD8* T cell populations (Supplemental Table 1,
normalized gene counts), principal component analysis (PCA) was
carried out (Figure 2A). The gene expression signatures of stem-like
CD8* T cells generated in rapamycin-treated mice were similar to
those in control mice. Likewise, more-differentiated TIM3*CD8* T
cells from the rapamycin-treated mice possessed gene expression
profiles similar to those of controls. In accordance with the PCA
analysis, Spearman’s correlation showed high coefficient factors
of more than 0.95 in each subset between rapamycin-treated and
untreated mice (compare stem-like CD8* T cells [TIM3-CXCR5]
between rapamycin treated and untreated and compare more-dif-
ferentiated CD8* T cells [TIM3*CXCR5] between rapamycin
treated and untreated) (Figure 2B). These transcriptional profiles
demonstrate that the landscape of global gene expression signa-
tures of antigen-specific CD8* T cells generated during rapamycin
treatment resembles that of control mice.

Next, to further examine expression of individual genes in
LCMV-specific CD8" T cells, we selected the top 3,000 genes (Sup-
plemental Table 2) that were differentially expressed among the 4
populations (stem-like CD8" T cells [rapamycin treated vs. control]
and differentiated TIM3*CD8" T cells [rapamycin treated vs. con-
trol] and divided them into 6 clusters by K-means clustering (Fig-
ure 2C). Genes in clusters I and VI were differentially expressed
between stem-like and TIM3* differentiated CD8* T cells but not
between rapamycin-treated and control groups. These clusters con-
tained canonical markers, which were identified in a previous study
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Figure 1. mTOR inhibition enhances CD8" T cell response by promoting the formation of stem-like CD8" T cells during the early phase of chronic infection.
Mice were infected with LCMV clone 13 in the presence or absence of rapamycin treatment. Rapamycin was injected i.p. every day from day -1to day 30-35

(1 month) after infection. LCMV-specific CD8* T cell response was examined on days 10 and 31-36 (1 month) after infection. (A) The total number of DbGP33
tetramer*, DbGP276 tetramer*, and PD-1'CD8* T cells in the spleen at 10 days and 1 month after infection (n = 8 per each group for 10 days, n = 9 per each group
for 1 month). Flow cytometry plots, gated on total live splenocytes, show the frequency of DbGP33 tetramer* CD8* T cells 1 month after infection. (B) Pheno-
typic analysis of LCMV-specific DbGP33 tetramer* CD8* T cells in the spleen at 1 month after infection. (C) The frequency of stem-like (TIM3-TCF1*) and TIM3*
more-differentiated (TIM3*TCF1) LCMV-specific CD8* T cells in the spleen at 1 month after infection. The flow cytometry plots were gated on DbGP33 tetram-
er' CD8* T cells. (D) The number of TIM3* differentiated (TIM3*TCF1") or (E) stem-like (TIM3-TCF1*) CD8" T cells in the spleen is shown for DbGP33 tetramer,
DbGP276 tetramer*, and PD-1*CD8" T cells (n = 8 per each group for 10 days, n = 9 per each group for 1 month). Each symbol represents an individual mouse.
Each line represents geometric means, and P values were calculated by unpaired t test. Data were pooled from 2 or 3 independent experiments.

(6), for stem-like and TIM3* differentiated CD8" T cells, supporting  treated and control groups. In differentiated TIM3'CD8* T cells,
the data obtained in the PCA and Spearman’s correlation analyses  Prfl and Kirgl were downregulated by rapamycin treatment, where-
(Figure 2, A and B). However, other clusters (II, II, IV, V) showed  asIfig, Gzma, and IL2ra were upregulated (Figure 2C). In stem-like
different expression patterns in each subset between rapamycin-  CD8" T cells, rapamycin treatment enhanced IL7r expression and
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Figure 2. Transcriptional signatures of stem-like and TIM3* differentiated
CD8* T cells generated in rapamycin-treated mice. LCMV clone 13-infected
mice were treated or not with rapamycin from day -1to day 9. At day 10
after infection, stem-like (TIM3-CXCR5*PD-1*) or TIM3* more-differentiated
(TIM3*CXCR5°PD-1*) CD8* T cells were sorted, and RNA-Seq was performed.
Naive CD8* T cells (CD44"°CD8*) from uninfected mice were sorted for RNA-
Seq as a control. See Supplemental Figure 4 for gating strategy. (A) Principal
component analysis. (B) Heatmap illustrating Spearman’s correlation
among individual samples. (C) Heatmap showing the relative expression

(z score) of the top 3,000 genes that were differentially expressed among

4 populations (TIM3* more-differentiated (TIM3*CXCR5") CD8* T cells
[rapamycin vs. control] and stem-like (TIM3-CXCR5*) CD8* T cells [rapamycin
vs. control]). Genes were divided into 6 clusters by K-means clustering based
on expression. (D) Metascape analysis showing the biological processes
associated with genes in the 6 clusters of genes shown in C. The biological
processes marked by asterisks were described in the main text and further
analyzed in E. (E) Gene set enrichment analysis (GSEA) of TIM3* differentiat-
ed (TIM3*CXCR5") and stem-like (TIM3-CXCR5*) CD8* T cells from rapamy-
cin-treated and untreated mice using gene sets for ribosome, cell cycle, and
mTORC1 signaling. GSEA was performed by comparing gene expression data
from each cell population with the combined data from the remaining 3
other populations. Data are from 3 independent experiments with samples
pooled from 4 to 6 mice for sorting individual cell populations.

conversely decreased Tnf (Figure 2C). Next, to investigate what bio-
logical activity and/or pathways are enriched in the genes of indi-
vidual clusters, we analyzed these genes by Metascape (39) to deter-
mine gene ontology categories overrepresented in the sets of genes
(Figure 2D). Notably, genes in cluster I were enriched by mTORC1
signaling. Because genes in this cluster were downregulated in the
presence of rapamycin in each subset (Figure 2, C and D), these data
indicate that rapamycin treatment inhibited expression of mMTORC1
signaling-associated genes. In contrast, substantial enrichment for
genes related to translation, those mostly encoding ribosomal pro-
teins, was observed in cluster IV (Figure 2D and Supplemental Table
2), suggesting that ribosomal protein mRNAs are highly expressed
in stem-like CD8" T cells from rapamycin-treated mice (see cluster
IV in Figure 2C). We also found that multiple gene sets related to
cell cycle were significantly enriched in cluster VI (Figure 2D); genes
from these subsets were upregulated in TIM3* more-differentiated
CD8" T cells (see cluster VIin Figure 2C).

We further investigated the gene expression involved in bio-
logical themes/pathways identified in Figure 2D (translation/ribo-
somes, cell cycle, and mTORCI signaling) using gene set enrich-
ment analysis (GSEA). First, we observed striking enrichment of
a gene set associated with ribosomes in stem-like CD8* T cells
generated in rapamycin-treated mice (Figure 2E, ribosome, red).
In contrast, more-differentiated TIM3*CD8* T cells in the control
group showed substantial downregulation of these genes (Figure
2E, ribosome, black). Interestingly, TIM3* differentiated CD8* T
cells obtained from the rapamycin group had a higher enrichment
score compared with that of stem-like CD8* T cells in the absence of
rapamycin (Figure 2E, ribosome, compare gray and green). Second,
cell-cycle-related genes were examined, and we found that TIM3*
more-differentiated CD8* T cells in both rapamycin-treated and
control groups highly expressed cell-cycle-related genes compared
with stem-like CD8* T cells (Figure 2E, cell cycle). Enrichment
scores for this gene set were slightly lower in the cells derived from
the rapamycin-treated groups (Figure 2E, cell cycle, compare black
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and gray, also compare green and red). Finally, the mTORCI sig-
naling pathway was analyzed by GSEA. TIM3"* differentiated CD8*
T cells in control mice showed substantial enrichment in mTORC1
signaling-related genes relative to those in rapamycin-treated mice
(Figure 2E, mTORC1 signaling, compare black and gray). In con-
trast, these genes were considerably downregulated in stem-like
CD8' T cells in rapamycin-treated mice compared with those in the
other 3 groups (Figure 2E, mTORCI signaling, red). Taken togeth-
er, these results show that inhibition of mTOR with rapamycin
alters several biological themes/pathways in antigen-specific CD8*
T cells. Specifically, downregulation of genes related to mTORC1
signaling in antigen-specific CD8" T cells derived from the rapamy-
cin-treated group suggests that the drug inhibits the mTOR path-
way intrinsically in antigen-specific CD8* T cells.

mTOR acts intrinsically in antigen-specific CD8" T cells to regulate
differentiation of stem-like T cells into a TIM3* more-differentiated
state during T cell exhaustion. Our rapamycin treatment data clear-
ly show that mTOR plays a crucial role in T cell responses during
chronic viral infection. The RNA-Seq analyses imply that rapamy-
cin may suppress mTOR activity intrinsically in antigen-specif-
ic CD8" T cells to regulate T cell exhaustion. To address this, we
knocked down FKBP12 in antigen-specific CD8* T cells using a ret-
rovirus-based shRNA system. FKBP12 is an essential intracellular
binding partner of rapamycin, and the FKBP12-rapamycin complex
inhibits the mTORC1 pathway (40-42). Thus, by knocking down
FKBP12 in antigen-specific CD8" T cells, we rendered these cells
insensitive to rapamycin-mediated mTOR inhibition. Scrambled
shRNA- or FKBP12 shRNA-expressing retrovirus-transduced
LCMV-specific transgenic CD8* T cells identified by the Thy-1.1
marker and nontransduced transgenic CD8" T cells were adoptive-
ly cotransferred into recipient mice followed by LCMV infection
in the presence or absence of rapamycin (Supplemental Figure 5).
This system allowed us to examine intrinsic effects of rapamycin by
comparing Thy-1.1* transduced cells with Thy-1.1" nontransduced
cells in the same mouse. As shown in Figure 3, FKBP12 knockdown
itself, without rapamycin treatment, did not change the phenotype
of antigen-specific CD8" T cells 10 days after infection. However,
the effect of rapamycin treatment on antigen-specific CD8* T cells
was lost by FKBP12 knockdown. Thus, in rapamycin-treated mice,
the stem-like CD8" T cell population significantly decreased after
knockdown of FKBP12 in antigen-specific CD8* T cells compared
with that in nontransduced or scrambled shRNA-transduced cells,
whereas the TIM3* more-differentiated CD8* T cell population
increased after FKBP12 knockdown (Figure 3). Furthermore, these
phenotypic changes in FKBP12-knockdown antigen-specific CD8*
T cells from rapamycin-treated mice were also observed 1 month
after infection (Supplemental Figure 6). These data demonstrate
that rapamycin acted intrinsically in antigen-specific CD8"* T cells
to regulate the formation of the 2 subsets.

T cells induced by rapamycin treatment at the beginning of chronic
infection improves efficacy of PD-1-targeted therapy. Next, we asked
whether the increased number of stem-like CD8" T cells induced
by rapamycin has a beneficial effect on PD-1-targeted therapy
because this cell population responds to and substantially prolifer-
ates after blocking PD-1 signaling (6). To test this, we administered
anti-PD-L1 antibody to LCMV-infected mice after ceasing rapamy-
cin treatment (Figure 4A). PD-1 blockade increased the quantity of
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CD45.2" stem-like CD8* T cells generated in the presence
or absence of rapamycin were adoptively transferred into
chronically infected recipient mice (CD45.1%), followed by
treatment with anti-PD-L1 antibody (Supplemental Figure
7A). As shown in Supplemental Figure 7B, both rapamy-
cin-exposed and rapamycin-naive transferred stem-like
CD8" T cells similarly responded to anti-PD-L1 antibody
treatment, suggesting that mTOR inhibition does not alter
the quality of stem-like CD8" T cells in their responsiveness
to PD-1 blockade. Taken together, these results show that
mTOR inhibition enhances the quantity of stem-like CD8* T
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cells, leading to improved efficacy of PD-1-targeted therapy.

mTOR inhibition impairs antiviral T cell immunity by
decreasing the generation of effector-like transitory T cells from
stem-like T cells after fully establishing T cell exhaustion. Next,
in order to examine the role of mTOR in antigen-specif-
ic CD8" T cells after fully establishing T cell exhaustion,
rapamycin was administered to LCMV chronically infected
mice for 30 days from 1 month to 2 months after infection
(Figure 5A). In contrast to that after treatment in the early
phase of infection, we observed significantly lower num-
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Figure 3. mTOR acts intrinsically in antigen-specific CD8* T cells to regulate T cell
exhaustion during chronic infection. LCMV-specific transgenic CD8* T cells (P14 cells)
were transduced with retrovirus expressing FKBP12 shRNA or scrambled shRNA. These
retrovirus-transduced P14 cells (marked by Thy1.1) and nontransduced P14 cells were
adoptively cotransferred into rapamycin-treated or untreated B6 mice followed by LCMV
clone 13 infection. Rapamycin was i.p. administered every day from day -1to day 9 after
infection. See experimental design in Supplemental Figure 5. P14 cells were analyzed

at day 10 after infection. (A) The flow cytometry plots, gated on retrovirus-transduced
(Thy1.1*) or nontransduced (Thy1.1°) cells, show the frequency of stem-like (TIM3-TCF1*)
and TIM3+ differentiated (TIM3*TCF1") retrovirus-transduced and nontransduced P14 T
cells in the spleen. (B) The frequency of stem-like (TIM3-TCF1*) and TIM3* differentiated
(TIM3*TCF1") CD8* T cells in retrovirus- transduced (green squares) and nontransduced
(white circles) P14 cells in the spleen. n = 12 per each group for scrambled shRNA in

the presence or absence of rapamycin. n = 8 per each group for FKBP12 shRNA in the
presence or absence of rapamycin. Each line represents a comparison between nontrans-
duced and transduced P14 cells in the same mice. Data were pooled from 4 independent

experiments. P values were calculated by paired ¢ test.

antigen-specific CD8* T cells (DbGP33 tetramer*, DbGP276 tetram-
er’, and PD-1* cells) compared with isotype controls in both spleens
and livers (Figure 4, B-E). The number of expanded antigen-specific
CD8" T cells caused by PD-1 blockade was significantly higher in
rapamycin-treated mice relative to that in mice that did not receive
rapamycin (compare rapamycin-treated and untreated mice in the
anti-PD-L1 antibody groups, Figure 4, B-E). In accordance with the
CD8" T cell response results, PD-1 blockade resulted in a significant
reduction in viral loads in spleens and livers of rapamycin-treated
mice compared with control mice (Figure 4F). Next, to examine if
rapamycin treatment improves the quality of stem-like CD8" T cells,
we compared the responsiveness of stem-like CD8" T cells gen-
erated in rapamycin-treated or untreated mice to PD-1 blockade.

of antigen-specific CD8" T cells negatively correlated with
viral loads, and we observed higher viral titers in rapamy-
cin-treated mice compared with untreated mice (Figure 5F).
Despite such negative effects of rapamycin on TIM3* dif-
ferentiated CD8* T cells and viral loads, the drug had min-
imal or no effect on the number of stem-like CD8" T cells
compared with controls (Figure 5G). These data suggest
that rapamycin may prevent stem-like CD8* T cells from
differentiating into CX3CRI'TIM3" effector-like transitory
CD8" T cells, which are important for viral control during
chronic infection (19, 20). To examine this, CD45.2* stem-
like CD8" T cells were isolated from mice chronically infect-
ed with LCMV, and these cells were adoptively transferred
into chronically infected recipient mice (CD45.1%) in the
presence or absence of rapamycin treatment (Figure 5H).
Because differentiation into effector-like transitory CD8*
T cells is accompanied by proliferation, we gave the mice
BrdU to monitor cell proliferation (Figure 5H). Rapamycin
treatment decreased proliferation of the transferred cells,
as shown by lower BrdU incorporation compared with that in con-
trol mice (Figure 5I). The generation of CX3CR1*TIM3" effector-like
transitory CD8* T cells from the transferred stem-like T cells was sig-
nificantly inhibited by rapamycin treatment (Figure 5]). Collective-
ly, our results show that mTOR inhibition after fully establishing T
cell exhaustion impairs T cell immunity by inhibiting generation of
effector-like transitory CD8* T cells from stem-like T cells.
Proliferative capacity and susceptibility to mTOR inhibition dif-
fer between naive and chronically stimulated CD8" T cells. Our data
showed that rapamycin treatment inhibited the differentiation of
antigen-specific CD8* T cells into the TIM3* more-differentiat-
ed state during the beginning of chronic infection as well as after
establishment of T cell exhaustion. However, mTOR inhibition

J Clin Invest. 2023;133(2):e160025 https://doi.org/10.1172/JC1160025
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Figure 4. Rapamycin treatment during the beginning of chronic infection improves efficacy of PD-1-targeted therapy. (A) Experimental design. Mice were
infected with LCMV clone 13 in the presence or absence of rapamycin treatment. Rapamycin was i.p. administered every day from day -1to day 33-36 of
infection. Treatment with anti-PDL1 antibody or isotype control antibody was started from the day after rapamycin discontinuation, and these antibodies
were i.p. injected every 3 days, for a total of 5 injections. Immune response and viral titer were analyzed at day 14 after PD-1 blockade was started. (B and

D) The frequency of DbGP33 tetramer* CD8* T cells. Flow cytometry plots were gated on CD8* T cells. (C and E) The number of DbGP33 tetramer*, DbGP276
tetramer*, and PD-1CD8" T cells (n = 14 per each group except for the isotype antibody group treated with rapamycin [n = 15] for spleen, n = 9 per each group
except for the isotype antibody group treated with rapamycin [n = 10] for liver). Spleen data are shown in B and C, and liver data are shown in D and E. (F)
Viral titers in the spleen and liver. Spleen: isotype with and without rapamycin (n = 10 per each group), anti-PD-L1 with and without rapamycin (n = 15 per
each group). Liver: n =10 per each group. Each symbol represents an individual mouse. Each bar in C and E and each horizontal line in F represent geometric
means. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way ANOVA. Data were pooled from 2 or 3 independent experiments.

had distinct outcomes in terms of the number of antigen-specific
CD8" T cells between these early and late time points of infection.
When rapamycin was administered from the time of infection, the
number of antigen-specific CD8* T cells increased (Figure 1). On
the other hand, rapamycin treatment after establishment of chron-
ic infection decreased their quantity (Figure 5). Such discrepancies
in antigen-specific CD8" T cell numbers with rapamycin treatment

J Clin Invest. 2023;133(2):e160025 https://doi.org/10.1172/JCI160025

may occur due to qualitative differences between naive and chron-
ically stimulated CD8* T cells. We therefore examined the effect of
rapamycin on proliferative potential of naive and chronically stim-
ulated antigen-specific CD8" T cells. Splenic single-cell suspen-
sions containing naive or chronically stimulated LCMV GP33 epi-
tope-specific TCR transgenic CD8* T cells (P14 cells) were cultured
with GP33 peptide and IL-2 for 1 week (Supplemental Figure 8A).
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Figure 6. mTOR is required for the generation of effector-like transitory T cells induced by PD-1-target-
ed immunotherapy. (A) Experimental design. Mice were infected with LCMV clone 13, and then rapamycin
treatment and PD-1 blockade was started simultaneously after establishing chronic infection. Rapamycin
was administered daily i.p. to LCMV chronically infected mice and anti-PD-L1 antibody (aPDL1) or isotype
control antibody (Isotype) was i.p. administered every 3 days, for a total of 5 injections. Immune response
and viral titer were analyzed 2 days after final injection of antibodies. (B) The flow cytometry plots, gated
on total live splenocytes, show the frequency of DbGP33 tetramer* CD8* T cells in the spleen. (C) The num-
ber of DbGP33 tetramer*, DbGP276 tetramer*, and PD-1*CD8* T cells in spleens. n = 11 for isotype control,

n =13 for aPDL1 alone and aPDL1 plus rapamycin group. (D) The flow cytometry plots, gated on DbGP33
tetramer* CD8" T cells in the spleen, show the frequency of effector-like transitionary (CX3CR1*TIM3")
CD8* T cells. (E) The number of effector-like transitionary (CX3CR1*TIM3*) DbGP33 tetramer*, DbGP276
tetramer*, and PD-1* CD8" T cells in spleens. n = 5 for isotype control, n = 7 for aPDL1 alone and aPDL1 plus
rapamycin group. (F) Viral titer in the spleen and liver. n = 11 for isotype control, n = 13 for «PDL1 alone and
oPDL1 plus rapamycin group in the spleen and liver. Each symbol represents an individual mouse. Each
barin Cand E and each horizontal line in F represent geometric means. **P < 0.01; ***P < 0.001; ****P <
0.0001 (1-way ANOVA). Data were pooled from 2 or 3 independent experiments.

These data clearly show that the proliferative capacity and suscep-
tibility to mTOR inhibition differ between naive and chronically
stimulated CD8* T cells. This might contribute to the different
effects on the number of antigen-specific CD8" T cells in vivo when
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rapamycin was administered during the T
cell priming phase versus after establish-
ment of chronic infection.

mTOR is required for the generation of
effector-like transitory T cells induced by PD-1-
targeted immunotherapy. The data in Figure
5 show that mTOR was vital for generation
of effector-like transitory CD8* T cells from
stem-like T cells after fully establishing T
cell exhaustion. PD-1 blockade increases
the number of effector-like transitory T cells
by promoting this differentiation process
(19, 20). Thus, we next examined if mTOR
is required for PD-1 blockade-mediated
induction of effector-like transitory CD8*
T cells during chronic viral infection (Fig-
ure 6). LCMV-infected mice were simulta-
neously treated with anti-PD-L1 antibody
and rapamycin, and the obtained data were
compared with those from isotype- and
anti-PD-L1 antibody-treated LCMV-infect-
ed mice (Figure 6A). The number of anti-
gen-specific CD8" T cells derived from the
rapamycin plus anti-PD-L1 antibody-treat-
ed mice significantly decreased relative to
that from the mice receiving anti-PD-L1
antibody alone and was comparable to that
from isotype control mice (Figure 6, B and
C). Furthermore, simultaneous treatment
blocked the generation of CX3CR1*TIM3*
effector-like transitory CD8" T cells (Figure
6, D and E). The number of effector-like
transitory CD8* T cells in the mice receiving
both treatments was approximately 10-fold
lower than that in the mice treated with anti-
PD-L1 antibody monotherapy. Consistent
with this impaired CD8* T cell response by
mTOR inhibition, viral reduction was no
longer observed in mice treated with anti-
PD-L1 antibody plus rapamycin (Figure
6F). These data demonstrate that mTOR is
required for PD-1-targeted immunotherapy
to efficiently generate effector-like transito-
ry T cells during chronic viral infection.

PD-I-targeted  immunotherapy —works
after cessation of mTOR inhibition. Although
rapamycin treatment decreased the num-
ber of differentiated TIM3*CD8* T cells
in chronically infected mice, it minimally
affected the quantity of stem-like CD8" T
cells (Figure 5). Because the stem-like CD8*
T cell population responds to PD-1-target-
ed immunotherapy (6), the efficacy of PD-1

blockade in rapamycin-treated mice may be comparable to that in
control mice if mTOR inhibition does not alter the quality of stem-
like T cells. To examine this, LCMV chronically infected mice were
treated with rapamycin for 1 month, and then PD-1 blockade therapy

:



RESEARCH ARTICLE

A

The Journal of Clinical Investigation

_JCI et

B .
1mo 2mo Rapa +Rapa
after infection after infection 1.09 0.917
} ! e ]
| ! : g
Rapamycin for 1 mo aPDL1 Ab 2
for 2 wks
LCMV infection
Analysis
i
&)
C o-Rapa/e+Rapa D %
DbGP33 DbGP276 PD1*CD8
1 06: ‘3“’* 1 05_ Rk . 1 08_' L::"
f " o 000 ek E
4 Lid o
S 109 dwww 0 Bo® 108 i q; o 5107" Q% 34
%_ ] L4 go| [,ee <) ° ‘ ¥ ‘ﬁ:
2 e | of [ 5108, . e
[4]) -t
2104 [85] e [8] [*] 104 ai | ° & o
o 11° P 105.
1 G 3 O —Rapa .
1 03' @ +Rapa
Isotype | aPDL1 Isotype | aPDL1 Isotype " aPDL1 Isotype T aPDL1

Figure 7. PD-1-targeted immunotherapy works after cessation of mTOR inhibition. (A) Experimental design. Mice were infected with LCMV clone 13,

and then rapamycin treatment was started after establishing chronic infection. Rapamycin was administered daily i.p. to LCMV chronically infected mice
from day 30 or 36 to day 61 or 66, respectively, for 1 month. PD-1blockade was started 1 day after last rapamycin injection. Anti-PD-L1 antibody (aPDL1)

or isotype control antibody (Isotype) was i.p. administered every 3 days, for a total of 5 injections (n = 10 per each group). Immune response and viral titer
were analyzed 2 days after final injection of antibodies. (B) The frequency of DbGP33 tetramer* CD8* T cells in the spleen. Flow cytometry plots were gated
on CD8* T cells. (C) The number of DbGP33 tetramer*, DbGP276 tetramer*, and PD-1*CD8* T cells in spleens. (D) Viral titer in the spleen. Each symbol rep-
resents an individual mouse. Each bar in C and each horizontal line in D represents geometric means. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001

(1-way ANOVA). Data were pooled from 2 independent experiments.

was initiated after cessation of rapamycin treatment (Figure 7A). We
found that the enhancement of antigen-specific CD8* T cell num-
bers in rapamycin-treated mice after anti-PD-L1 antibody injection
was indistinguishable from that in control mice (Figure 7, B and C).
Thus, similar viral reduction was observed in both groups after PD-1
blockade (Figure 7D). These data indicate that rapamycin has mini-
mal effect on the quantity and quality of stem-like CD8" T cells, so
that PD-1 blockade effectively activates antigen-specific CD8" T
cells after rapamycin treatment.

Discussion

In this study, we found that mTOR inhibition has distinct effects on
CD8" T cell responses during the beginning of and after the estab-
lishment of chronic viral infection. Inhibition of the mTOR path-
way during the clonal expansion phase promoted the formation of
stem-like CD8" T cells. Because stem-like CD8* T cells can undergo
self-renewal and continuously provide more-differentiated TIM3* T
cells (6), the accumulation of stem-like CD8" T cells by rapamycin
at the early phase of infection led to an enhanced quantity of anti-
gen-specific CD8"* T cells as chronic infection progressed. Further-
more, consistent with the notion that stem-like CD8* T cells respond
to PD-1 blockade, the increase in the number of stem-like CD8" T
cells after mTOR inhibition improved efficacy of PD-1-targeted ther-
apy. In contrast, when mice were treated with rapamycin in the late
phase of chronic infection after fully establishing T cell exhaustion,
the drug inhibited CD8" T cell immunity by preventing stem-like T
cells from differentiating into a TIM3" state. This resulted in reduced
numbers of TIM3* more-differentiated CD8* T cells accompanied
by increased viral titer in rapamycin-treated mice. Thus, our findings

demonstrate that mTOR plays a critical role in the progressive differ-
entiation process of T cell exhaustion during chronic infection.
Several studies have attempted to examine the role of mTOR in
T cell exhaustion by treating chronically infected mice with rapamy-
cin (33, 34). However, it was unclear if rapamycin acted intrinsically
in antigen-specific CD8" T cells or whether the effect of rapamycin
was due to another cell type because mTOR is ubiquitously expressed
in many cells. For example, the response of antigen-specific CD4* T
cells that substantially influence development of CD8* T cell exhaus-
tion can be modulated by rapamycin (29). Here, our transcriptome
analysis showed that rapamycin injection downregulated mTOR
signaling-associated genes in antigen-specific CD8* T cells. Further-
more, RNAI experiments revealed that the effect of rapamycin was
lost in FKBP12 knockdown, rapamycin-insensitive, antigen-specific
CD8" T cells. These findings clearly establish that mTOR acts intrin-
sically in antigen-specific CD8" T cells to regulate T cell exhaustion.
One of the most striking observations in our study was transcrip-
tional upregulation of a group of ribosomal protein mRNAs in anti-
gen-specific CD8" T cells in rapamycin-treated mice. As previously
reported (6,7,9,19), we confirmed that, in the absence of rapamycin,
stem-like CD8* T cells expressed higher levels of ribosomal protein
mRNAs compared with TIM3* differentiated CD8" T cells. Rapamy-
cin treatment substantially enhanced expression of these transcripts
in both subsets so that ribosomal protein mRNA levels in stem-like
CD8' T cells in the presence of rapamycin were highest among anti-
gen-specific CD8* T cell subsets that we examined. A similar tran-
scriptional and translational change in expression of a large group
of ribosomal protein transcripts was seen in antigen-specific CD8*
T cells during acute viral infection (43, 44). It will be interesting to
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examine how upregulation of ribosomal protein mRNAs by rapa-
mycin affects the formation of ribosomes and whether translational
regulation of gene expression is modulated in antigen-specific CD8*
T cells obtained from rapamycin-treated mice.

Our study has implications for PD-1-directed cancer immuno-
therapy. After the initial FDA approval of PD-1-blocking antibodies
for the treatment of melanoma, the use of these antibodies has been
extended to a wide variety of cancer types (2, 45). However, not all
patients have a clinical response to this immunotherapy, and thus,
there are considerable efforts focused on improving treatment out-
comes. One promising approach is to combine the PD-1 blockade
with other cancer therapies. Indeed, several PD-1 blockade combi-
nation therapies have shown better clinical efficacy and have been
approved (45). A question now is whether mTOR inhibitors as well
as the other anticancer drugs that inhibit molecules upstream of
mTOR such as PI3K inhibitors can be used concurrently with PD-1
blockade to improve clinical response. PD-1 blockade induces pro-
liferation of stem-like CD8* T cells and, at the same time, promotes
differentiation of stem-like CD8" T cells into a TIM3* state (6).
During this differentiation process, proliferating antigen-specific
CD8* T cells acquire properties of effector cells, known as transito-
ry T cells, to eliminate tumor cells (11, 19, 20). Although a previous
work examined the effect of rapamycin during PD-1 blockade in
chronically infected mice (34), it was not clear how mTOR inhibi-
tion affected individual antigen-specific CD8" T cell subsets during
PD-1-targeted therapy. We found that mTOR inhibition prevented
PD-1blockade-mediated induction of effector-like transitory CD8*
T cells from stem-like populations during simultaneous treatment,
resulting in reduced efficacy of PD-1-targeted immunotherapy.
These data suggest avoiding the concurrent use of mTOR inhibitors
and PD-1blockade in patients with cancer.

These findings raised the question of how mTOR is harnessed
to improve PD-1-targeted immunotherapy. There are two potential
approaches: (a) sequential administration of mTOR inhibitors and
PD-1 blockade, and (b) mTOR activation only in antigen-specific T
cells during PD-1 blockade. The first approach is based on our obser-
vations that, in contrast to TIM3* differentiated CD8* T cells, the
quantity of stem-like CD8* T cells was minimally affected by mTOR
inhibition after establishing chronic infection. Therefore, sequential
PD-1 blockade therapy after ceasing rapamycin treatment worked
effectively, with an increase in antigen-specific CD8* T cells and a
decrease in viral loads. The same approach may maximize the effect
of PD-1 blockade and mTOR inhibitors for cancer treatments. The
idea of the second approach arose from our results, which illustrated
that positive mTOR signals play an essential role in PD-1-targeted
therapy. Thus, if drugs or procedures to increase mTOR activity in a
T cell-specific manner are developed in the future, such novel treat-
ments and PD-1 blockade may be used simultaneously to further
enhance therapeutic efficacy in patients with cancer.

Our data also add insight regarding the use of adoptive cell
immunotherapy (ACT), such as chimeric antigen receptor T cells (46,
47). Because a large number of these cells are required for successful
treatment, they are stimulated and cultured in vitro to yield adequate
quantity for ACT. Such stimulation can promote generation of cyto-
toxic effector cells accompanied by terminal differentiation. Howev-
er, there is increasing evidence that less-differentiated T cells have
better antitumor immune responses after adoptive transfer compared

J Clin Invest. 2023;133(2):e160025 https://doi.org/10.1172/JC1160025

RESEARCH ARTICLE

with terminally differentiated T cells (48). A possible explanation is
that less-differentiated T cells are superior in terms of longevity and
proliferative capacity compared with terminally differentiated T cells,
thereby they survey for tumor cells longer and continuously provide
cytotoxic effector cells once tumor cells are encountered. Consider-
ing our data in which rapamycin prevented terminal differentiation
of T cells and induced accumulation of less-diftferentiated stem-like
CD8' T cells, the use of mTOR inhibitors during stimulation of T cells
for ACT might yield a larger number of less-differentiated T cells.
The inhibitory effect of rapamycin on the generation of effec-
tor-like transitory CD8* T cells from stem-like T cells implies a poten-
tially new mechanism of mTOR inhibitor-mediated immunosup-
pression. Because continuous antigen stimulation promotes T cell
exhaustion, organ transplantation could induce exhausted T cells.
Indeed, several studies have suggested T cell exhaustion in response
to allografts after transplantation (49-52). In addition, patients
with cancer who were also transplant recipients rapidly developed
allograft rejection after initiation of PD-1-targeted therapies (49),
indicating the existence of allograft-specific exhausted CD8* T cells
that responded to PD-1 blockade in transplant recipients. In the trans-
plant setting, T cell exhaustion could help to minimize T cell-medi-
ated allograft rejection. Of note, mTOR inhibitors are used in organ
transplant recipients to inhibit immune response against transplant-
ed allografts. Although several potential mechanisms for mTOR
inhibitor-mediated immunosuppression have been proposed, our
results provide additional potential immunosuppressive mechanisms
of mTOR inhibitors. Thus, rapamycin might exert an immunosup-
pressive effect by blocking the differentiation of antigen-specific
CD8* T cells from stem-like to effector-like transitory T cells.
Despite the clinical use of mTOR inhibitors, the role of mTOR
in T cell exhaustion has not been well understood. Our results pro-
vide evidence that mTOR acts intrinsically in antigen-specific CD8*
T cells to regulate the progressive differentiation process of T cell
exhaustion during chronic viral infection. The information obtained
from our data can be applied to not only chronic infection but also
cancer. Thus, our study has implications for the development of
more effective treatment strategies for patients with cancer through
targeting the mTOR pathway in antigen-specific CD8* T cells.

Methods

Mice, viral infection, and viral titration. Six- to 8-week-old female
C57BL/6] mice were purchased from The Jackson Laboratory. P14 mice
bearing the DbGP33-specific TCR were maintained in our animal col-
ony. C57BL/6] mice were infected with 2 x 10 PFU of LCMV clone 13
i.v. These LCMV-infected mice received 300 pg anti-CD4 antibodies
(GK1.5; BioXCell, Leinco Technologies Inc. and in-house) i.p. on days
0 and 1 after infection for CD4* T cell depletion in all experiments (53).
Viral titers in the spleen and liver were measured by the plaque assay as
described previously (54, 55).

Administration of rapamycin. Rapamycin (Pfizer, Apotex Corp., or
Amneal Pharmaceuticals) was administered daily i.p. (600 pg per kg).
In Supplemental Figure 3, 75 pg per kg of rapamycin was administered
i.p. Blood concentration with these doses has been described previously
(31). 600 pg per kg of rapamycin was used in most experiments, since
this dose, although not statistically significant, showed a slightly better
CD8" T cell response compared with 75 pg per kg of rapamycin. Control
mice received vehicle.
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PD-I-targeted therapy. For PD-1 blockade therapy, 200 pg rat anti-
mouse PD-L1 antibody (10F:9G2) or rat IgG2b isotype control (clone
LTF-2 from BioXCell, clone 1-2 from Leinco Technologies Inc.) were
administrated i.p. every 3 days, for a total of 5 injections.

Cell sorting and RNA-Seq. Cell sorting was performed with a
FACSAria II or FACSAria Fusion (BD Biosciences). Single-cell suspen-
sions were prepared from spleens of chronically infected mice treated
with rapamycin or vehicle for 10 days from a day before infection, and
TIM3 CXCR5PD1*CD8" T cells and TIM3*CXCR5 PD-1"CD8* T cells
were sorted (Supplemental Figure 4). Naive CD44°CD8" T cells were
sorted from uninfected mice as a control. RNA was isolated from these
sorted cells using Trizol reagent (Life Technologies) and RNA Clean
and Concentrator-5 (Zymo Research). RNA-Seq was performed by
Novogene Co. RNA-Seq data are available at the GEO database (acces-
sion GSE215248). RNA-Seq analysis was performed using Galaxy (56)
or R. Mapping was performed with HISAT2 (Galaxy version 2.2.1*gal-
axy0) to align the reads with the mm10 genome (57), and read counts
were generated with featureCounts (Galaxy version 2.0.1'galaxy1) (58).
Differential gene expression analysis was performed using DESeq2
(59). PCA was performed by prcomp function with log-transformed
data of normalized counts from DESeq?2. The results were visualized by
GraphPad Prism (version 9.2). Spearman’s correlation was calculated
using normalized counts from DESeq2 and plotted by GraphPad Prism.
For gene expression analysis in Figure 2C, we selected the top 3,000
differentially expressed genes among 4 populations (terminally dif-
ferentiated TIM3*CXCR5 CD8" T cells [rapamycin treated vs. control]
and stem-like TIM3 CXCR5*CD8* T cells [rapamycin treated vs. con-
trol]) (Supplemental Table 2). These genes were divided into 6 groups
by k-means clustering (Numeric Clustering, Galaxy version 1.0.8.3)
(60). The data were visualized in a heatmap using z scores. Genes in
each cluster in Figure 2C were analyzed by Metascape (39) to determine
overrepresented gene ontology categories. GSEA was performed using
GSEA software (61, 62). Gene sets for ribosomes and cell cycle were
obtained from the KEGG database (63-65), and a gene set for mTOR
signaling was obtained from the Molecular Signatures Database Hall-
mark Gene Sets (66). Data from each cell population were compared
with the combined data of the remaining 3 other populations.

Retrovirus-based FKBP12 knockdown. The knockdown of FKBP12
in antigen-specific CD8" T cells (P14 cells) was performed using the
PMKO.K.PGK.Thy1.1, in which SV40 promoter and GFP of pMKO.1.GFP
(provided by W. Hahn, Harvard Medical School; Addgene plasmid 1067)
were replaced with mouse PGK promoter and Thy-1.1, respectively. shR-
NA sequences targeting FKBP12 or scrambled shRNA were cloned into
the retrovirus vector as described previously (31). For retrovirus transduc-
tion, P14 cells were activated in vivo by i.v. injecting 200 pg or 50 ug GP33
peptide into a P14 transgenic mouse treated with rapamycin. Splenic P14
CD8" T cells were isolated and purified using the CD8" T cell isolation
kit (Miltenyi Biotech) 18-22 hours after peptide injection. Activated P14
cells were spin transduced with retrovirus as describe previously (31, 67).
Transduced P14 cells were transferred into naive mice and rested in vivo
for 3 days in the presence of rapamycin. Three days after in vivo resting,
Thyl.1* transduced P14 cells were sorted by a FACSAria II, FACSAria
Fusion, SH800S, or MA90O0 (Sony Biotechnology). As a control, non-
transduced P14 cells were prepared using the same method without ret-
rovirus. Thyl.1* transduced P14 cells and nontransduced P14 cells were
mixed at a 1:1 ratio and cotransferred into naive mice, followed by infec-
tion with LCMV clone 13 and CD4 depletion with GK1.5 antibody.
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Proliferation and differentiation of virus-specific CD8* T cells after
establishing chronic infection. To transfer stem-like CD8* T cells into
LCMV-infected mice after establishing chronic infection, TIM3
CXCR5'PD1*CD8* T cells were sorted from spleens of chronically
infected mice (CD45.2*) on day 42 or 43 after infection. 4 x 10*to 5 x 10*
sorted cells were adoptively transferred into chronically infected recip-
ient mice (CD45.1*) on day 31 or 33 after infection. The water for these
recipient mice was supplemented with 0.8 mg/mL BrdU, and mice were
treated or not with rapamycin every day from 1 day before stem-like
CD8" T cell transfer. BrdU incorporation into the transferred CD8* T
cells (CD45.2*) was measured by a BrdU flow kit (BD Biosciences). To
detect CD45.2" transferred cells in the recipients on day 10 after adop-
tive transfer, CD45.2* splenocytes were enriched by anti-CD45.2-APC
combined with anti-APC MicroBeads (Miltenyi Biotech).

Adoptive transfer of stem-like CD8" T cells generated in the presence
or absence of rapamycin. To transfer stem-like CD8" T cells, TIM3 CX-
CR5'PD1*CD8* T cells were sorted from LCMV chronically infected
mice (CD45.2*) treated with rapamycin or vehicle. 25 x 10% to 50 x 10°
cells of sorted cells were transferred into infection-matched recipient
mice (CD45.1%). Anti-PD-L1 antibody i.p. injection was started 1 day
after transferring stem-like CD8* T cells (every 3 days, for a total of 5
injections). At day 14 after PD-1 blockade, CD45.2* cells in spleens and
livers were enriched using anti-CD45.2-APC combined with anti-APC
beads (Miltenyi Biotech) for analysis.

In vitro culture of P14 CD8" T cells. To obtain P14 CD8" T cells
derived from LCMV chronically infected mice, P14 CD8" T cells from
spleens of P14 TCR transgenic mice were adoptively transferred into
C57BL/6] (B6) mice (2 x 10° P14 cells per mouse). These mice were i.v.
infected with 2 x 10° PFU of LCMV clone 13 1 day after adoptive transfer
of P14 cells, and they also received 300 pg anti-CD4 antibodies (GK1.5)
i.p. on days O and 1 after infection. Splenic single-cell suspensions were
prepared from these mice after establishing T cell exhaustion (>30 days
after infection). To obtain splenic single-cell suspensions containing
naive P14 CD8" T cells, P14 CD8" T cells were adoptively transferred
into B6 mice (2 x 106 P14 cells per mouse), and spleens were isolated 1
day after transfer. Both spleens obtained from LCMV chronically infect-
ed and uninfected mice contained P14 cells at similar frequencies. Using
24-well plates, splenic single-cell suspension (3 x 10° cells per well) was
stimulated with the stimulation RPMI1640 medium (Gibco) in the pres-
ence or absence of rapamycin (Sigma-Aldrich) for 7 days. The stimula-
tion RPMI1640 medium contained GP33 peptide (1 ng/mL), IL-2 (50 U/
mL, R&D Systems), fetal bovine serum (10%), sodium pyruvate (1 mM,
Gibco), nonessential amino acids (100 uM, Gibco), Antibiotic-Antimy-
cotic (1x, Gibco), 2-mercaptoethanol (50 uM, MP Biomedicals), and
L-glutamine (2 mM). A 4-fold serial dilution of rapamycin was added
into the wells at the time of stimulation.

Flow cytometry. Cells were isolated in the spleen, liver, lung, and
peripheral blood as described previously (54). To stain cell surface,
cells were incubated with an antibody cocktail for 30 minutes on ice
and then fixed by the Fixation/Permeabilization Solution Kit (BD Bio-
sciences). For intracellular staining of TCF1, the Foxp3/transcription
factor staining buffer set (eBioscience) was used. LCMV MHC class I
tetramers were made and used as previously described (54, 68). The
following antibodies were purchased from BioLegend: CD44 (clone
IM7), CD45.1 (clone A20), CDS8 (clone 53-6.7), CXCRS5 (clone L138D7),
PD-1 (clone 29F.1A12 or RMP1-30), TIM3 (clone RMT3-23), CX3CR1
(clone SA011F11), CD45.2 (clone 104). The following antibodies were
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purchased from BD Biosciences: CD8 (clone 53-6.7) and TCF1 (clone
$33-966). PD1 (clone RMP1-30) antibody was purchased from eBio-
science. TIM3 (clone 215008) antibody was purchased from R&D
Systems. TCF1 antibody (clone C63D9) was purchased from Cell Sig-
naling. Live/Dead near IR (Invitrogen) was used to gate out dead cells.
LSRIIand CANTO (BD Biosciences) were used to acquired flow cytom-
etry data, which were analyzed by Flowjo version 10 (BD Biosciences).

Statistics. P values were calculated by 2-tailed unpaired ¢ test for 2
groups and 1-way ANOVA for 3 or 4 groups using log-transformed val-
ues except for statistical analyses of percentages. P values for percentag-
es were determined by 2-tailed paired ¢ test for the FKBP12 knockdown
experiment and by 2-tailed unpaired ¢ test for other experiments. Statis-
tical analysis was performed on GraphPad Prism 9 software. P values of
less than 0.05 were considered significant.

Study approval. All mice were used in accordance with animal pro-
tocols approved by Institutional Animal Care and Use Committee at
Emory University and Cincinnati Children’s Hospital Medical Center.

Author contributions
SA, MH, SSR, RA, and KA designed experiments. SA, CMP, YS, CC,
RMYV, AW, and KA performed experiments. SA, WHH, MH, SSR, RA,

RESEARCH ARTICLE

and KA analyzed data. GJF contributed critical materials. SA, CMP,
and KA wrote the manuscript.

Acknowledgments

We would like to acknowledge the cell sorting assistance of the
Research Flow Cytometry Core in the Division of Rheumatology at
Cincinnati Children’s Hospital Medical Center. This work was sup-
ported by NIH grants RO1 AI139675 (to KA), RO1 AI0300438 (to RA),
P50CA217691 (to SSR), PSOCA206963 (to GJF), and PO1AI056299
(to RA and GJF) and by startup funds from the Cincinnati Children’s
Hospital Research Foundation (to KA). YS is supported by Japan
Society for the Promotion of Science Overseas Research Fellow-
ships. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the NIH.

Address correspondence to: Koichi Araki, 3333 Burnet Avenue, Cin-
cinnati, Ohio 45229, USA. Email: koichi.araki@cchmc.org. AW’s
present address is: Department of Otolaryngology, The Ohio State
University College of Medicine, Columbus, Ohio, USA. Or The
Pelotonia Institute for Immuno-Oncology, The Ohio State Univer-
sity Comprehensive Cancer Center, Columbus, Ohio, USA.

g

1. Belk JA, et al. Epigenetic regulation of T cell
exhaustion. Nat Immunol. 2022;23(6):848-860.
Pauken KE, et al. Emerging concepts in

PD-1 checkpoint biology. Semin Immunol.
2021;52:101480.

Collier JL, et al. Not-so-opposite ends of the

w

spectrum: CD8* T cell dysfunction across chronic
infection, cancer and autoimmunity. Nat Immunol.
2021;22(7):809-819.

4.vander Leun AM, et al. CD8(+) T cell states in

o

human cancer: insights from single-cell analysis.
Nat Rev Cancer. 2020;20(4):218-232.

Barber DL, et al. Restoring function in exhaust-
ed CD8 T cells during chronic viral infection.
Nature. 2006;439(7077):682-687.

6.1Im SJ, et al. Defining CD8+ T cells that provide

=]

the proliferative burstafter PD-1 therapy. Nature.

2016;537(7620):417-421.

He R, et al. Follicular CXCR5-expressing CD8+

T cells curtail chronic viral infection. Nature.

2016;537(7620):412-428.

. Utzschneider DT, et al. T Cell factor 1-expressing
memory-like CD8(+) T cells sustain the immune
response to chronic viral infections. Immunity.
2016;45(2):415-427.

~

9. Wu T, et al. The TCF1-Bcl6 axis counteracts type

Iinterferon to repress exhaustion and maintain T
cell stemness. Sci Immunol. 2016;1(6):eaai8593.

10. Abdel-Hakeem MS, et al. Epigenetic scarring of

1

exhausted T cells hinders memory differentia-
tion upon eliminating chronic antigenic stimula-
tion. Nat Immunol. 2021;22(8):1008-1019.
Beltra JC, et al. Developmental relationships

of four exhausted CD8" T cell subsets reveals
underlying transcriptional and epigenetic
landscape control mechanisms. Immunity.
2020552(5):825-841.

=

12. Hashimoto M, et al. PD-1 combination therapy

1

with IL-2 modifies CD8* T cell exhaustion pro-
gram. Nature. 2022;CD8(7930):173-181.
3. Brummelman J, et al. High-dimensional single

J Clin Invest. 2023;133(2):e160025 https://doi.org/10.1172/JCI160025

cell analysis identifies stem-like cytotoxic CD8*
T cells infiltrating human tumors. ] Exp Med.
2018;215(10):2520-2535.

14. Jansen CS, et al. An intra-tumoral niche main-
tains and differentiates stem-like CD8 T cells.
Nature. 2019;576(7787):465-470.

15. Miller BC, et al. Subsets of exhausted CD8(+) T
cells differentially mediate tumor control and
respond to checkpoint blockade. Nat Immunol.
2019;20(3):326-336.

16. Sade-Feldman M, et al. Defining T cell states asso-
ciated with response to checkpoint immunothera-

py in melanoma. Cell. 2018;175(4):998-1013.

17. Siddiqui I, et al. Intratumoral Tcf1*PD-1*CD8* T
cells with stem-like properties promote tumor
control in response to vaccination and check-
point blockade immunotherapy. Immunity.
2019;50(1):195-211.

18. Eberhardt CS, et al. Functional HPV-specific
PD-1* stem-like CD8 T cells in head and neck
cancer. Nature. 2021;597(7875):279-284.

19. Hudson WH, et al. Proliferating transitory T cells
with an effector-like transcriptional signature
emerge from PD-1* stem-like CD8* T cells during

chronic infection. Immunity. 2019;51(6):1043-1058.
20. Zander R, et al. CD4" T cell help is required for

the formation of a cytolytic CD8* T cell subset
that protects against chronic infection and can-
cer. Immunity. 2019;51(6):1028-1042.

21. Liu GY, Sabatini DM. Author Correction: mTOR

at the nexus of nutrition, growth, ageing and dis-

ease. Nat Rev Mol Cell Biol. 2020;21(4):246.

22. Battaglioni S, et al. mTOR substrate phosphorylation

in growth control. Cell. 2022;185(11):1814-1836.
23. Balani SS, et al. Induction and maintenance
immunosuppression in pediatric kidney trans-
plantation-Advances and controversies. Pediatr
Transplant. 2021;25(7):e14077.
24. Wolf'S, et al. Infections after kidney transplan-
tation: A comparison of mTOR-Is and CNIs
as basic immunosuppressants. A systematic

review and meta-analysis. Transpl Infect Dis.
2020;22(3):e13267.

25. Keating R, et al. The kinase mTOR modulates the

antibody response to provide cross-protective
immunity to lethal infection with influenza virus.
Nat Immunol. 2013;14(12):1266-1276.

26. ErschingJ, et al. Germinal center selection and

affinity maturation require dynamic regulation of
mTORCI Kinase. Immunity. 2017;46(6):1045-1058.

27.Jones DD, et al. mTOR has distinct functions in

generating versus sustaining humoral immunity.
J Clin Invest. 2016;126(11):4250-4261.

28. Raybuck AL, et al. B cell-intrinsic mTORC1 Pro-

motes germinal center-defining transcription
factor gene expression, somatic hypermutation,
and memory B cell generation in humoral immu-
nity. ] Immunol. 2018;200(8):2627-2639.

29. Ye L, et al. nTOR promotes anti-viral humoral

immunity by differentially regulating CD4
helper T cell and B cell responses. ] Virol.
2017;91(4):e01653-16.

30. Zhang S, et al. B cell-specific deficiencies in mTOR

limit humoral immune responses. ] Immunol.
2013;191(4):1692-1703.

31. Araki K, et al. mTOR regulates memo-

ry CD8 T-cell differentiation. Nature.
2009;460(7251):108-112.

32. Pearce EL, et al. Enhancing CD8 T-cell memory

by modulating fatty acid metabolism. Nature.
2009;460(7251):103-107.

33. Gabriel SS, et al. Transforming growth fac-

tor-p-regulated mTOR activity preserves
cellular metabolism to maintain long-term T
cell responses in chronic infection. Immunity.
2021;54(8):1698-1714.

34. Staron MM, et al. The transcription factor FoxO1

sustains expression of the inhibitory receptor PD-1
and survival of antiviral CD8(+) T cells during
chronic infection. Immunity. 2014;41(5):802-814.

35. Jiang N, et al. Role of PI3K/AKT pathway in can-

cer: the framework of malignant behavior. Mol

= [



__JCI ¥

RESEARCH ARTICLE

Biol Rep. 2020;47(6):4587-4629.

36. Roskoski R, Jr. Properties of FDA-approved
small molecule protein kinase inhibitors: A 2021
update. Pharmacol Res. 2021;165:105463.

37.Zou Z, et al. mTOR signaling pathway and mTOR
inhibitors in cancer: progress and challenges. Cell
Biosci. 2020;10:31.

38. Ferrer IR, et al. Cutting edge: Rapamycin augments
pathogen-specific but not graft-reactive CD8+ T cell
responses. ] Immunol. 2010;185(4):2004-2008.

39. Zhou Y, et al. Metascape provides a biologist-ori-
ented resource for the analysis of systems-level
datasets. Nat Commun. 2019;10(1):1523.

40. Chiu MJ, et al. RAPT1, a mammalian homo-
log of yeast Tor, interacts with the FKBP12/
rapamycin complex. Proc Natl Acad Sci U S A.
1994;91(26):12574-12578.

41. Sabatini DM, et al. RAFT1: a mammalian protein
that binds to FKBP12 in a rapamycin-dependent
fashion and is homologous to yeast TORs. Cell.
1994;78(1):35-43.

42. Brown EJ, et al. A mammalian protein targeted
by Gl-arresting rapamycin-receptor complex.
Nature.1994;369(6483):756-758.

43. Wirth TC, et al. Repetitive antigen stimulation
induces stepwise transcriptome diversification but
preserves a core signature of memory CD8(+) T
cell differentiation. Immunity. 2010;33(1):128-140.

44. Araki K, et al. Translation is actively regulated
during the differentiation of CD8" effector T
cells. Nat Immunol. 2017;18(9):1046-1057.

45. Vaddepally RK, et al. Review of indications of
FDA-approved immune checkpoint inhibitors per
NCCN Guidelines with the Level of Evidence.
Cancers (Basel). 2020;12(3):738.

46. Sterner RC, Sterner RM. CAR-T cell therapy:
current limitations and potential strategies. Blood

Cancer J. 2021;11(4):69.

47. Rafig S, et al. Engineering strategies to overcome
the current roadblocks in CAR T cell therapy. Nat
Rev Clin Oncol. 2020;17(3):147-167.

48. Lopez-Cantillo G, et al. CAR-T cell performance:
how to improve their persistence? Front Immunol.
2022;13:878209.

49. Angeletti A, et al. T-cell exhaustion in organ trans-
plantation. Transplantation.2021;106(3):489-499.

50. Fribourg M, et al. T-cell exhaustion correlates
with improved outcomes in kidney transplant
recipients. Kidney Int. 2019;96(2):436-449.

51. Steger U, et al. Exhaustive differentiation of allo-
reactive CD8+ T cells: critical for determination
of graft acceptance or rejection. Transplantation.
2008;85(9):1339-1347.

52.ZouD, etal. T cell exhaustion is associated with
antigen abundance and promotes transplant accep-
tance. Am J Transplant. 2020;20(9):2540-2550.

53. Matloubian M, et al. CD4+ T cells are required to sus-
tain CD8+ cytotoxic T-cell responses during chronic
viral infection. ] Virol. 1994;68(12):8056-8063.

54. Wherry EJ, et al. Viral persistence alters CD8
T-cell immunodominance and tissue distribution
and results in distinct stages of functional impair-
ment. ] Virol. 2003;77(8):4911-4927.

55. Ahmed R, et al. Selection of genetic variants of
lymphocytic choriomeningitis virus in spleens of
persistently infected mice. Role in suppression of
cytotoxic T lymphocyte response and viral per-
sistence. ] Exp Med. 1984;160(2):521-540.

56. Afgan E, et al. The Galaxy platform for acces-
sible, reproducible and collaborative biomed-
ical analyses: 2018 update. Nucleic Acids Res.
2018;46(w1):W537-W544.

57. Kim D, et al. HISAT: a fast spliced aligner
with low memory requirements. Nat Methods.

The Journal of Clinical Investigation

2015;12(4):357-360.

58. Liao Y, et al. featureCounts: an efficient gen-
eral purpose program for assigning sequence
reads to genomic features. Bioinformatics.
2014;30(7):923-930.

59. Love MI, et al. Moderated estimation of fold
change and dispersion for RNA-seq data with
DESeq2. Genome Biol. 2014;15(12):550.

60. Pedregosa F, et al. Scikit-learn: machine learning

in python. ] Mach Learn Res. 2011;12:2825-2830.

. Subramanian A, et al. Gene set enrichment analy-

sis: a knowledge-based approach for interpreting

6

—

genome-wide expression profiles. Proc Natl Acad
Sci US A. 2005;102(43):15545-15550.
. Mootha VK, et al. PGC-1alpha-responsive genes

N

6
involved in oxidative phosphorylation are coor-
dinately downregulated in human diabetes. Nat
Genet. 2003;34(3):267-273.

. Kanehisa M, Goto S. KEGG: Kyoto encyclope-
dia of genes and genomes. Nucleic Acids Res.
2000;28(1):27-30.

64. Kanehisa M. Toward understanding the origin

6

3

and evolution of cellular organisms. Protein Sci.
2019;28(11):1947-1951.

65. Kanehisa M, et al. KEGG: integrating virus-

ol

es and cellular organisms. Nucleic Acids Res.
2021;49(d1):D545-D551.

66. Liberzon A, et al. The Molecular Signatures Data-
base (MSigDB) hallmark gene set collection. Cell
Syst. 2015;1(6):417-425.

67. Araki K, Konieczny BT. Utilizing a retroviral RNAi
system to investigate in vivo mTOR functions in
T cells. Methods Mol Biol. 2012;821:305-316.

68. Murali-Krishna K, et al. Counting antigen-spe-
cific CD8 T cells: a reevaluation of bystander
activation during viral infection. Immunity.
1998;8(2):177-187.

J Clin Invest. 2023;133(2):e160025 https://doi.org/10.1172/JC1160025



