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CD8* T cells play a central role in antitumor immune responses that
kill cancer cells directly. In aged individuals, CD8* T cell immunity is
strongly suppressed, which is associated with cancer and other age-
related diseases. The mechanism underlying this age-related de-
crease in immune function remains largely unknown. This study in-
vestigated the role of T cell function in age-related unresponsiveness
to PD-1 blockade cancer therapy. We found inefficient generation of
CD44"°"CcD62L'°" CD8* T cell subset (P4) in draining lymph nodes of
tumor-bearing aged mice. In vitro stimulation of naive CD8" T cells
first generated P4 cells, followed by effector/memory T cells. The P4
cells contained a unique set of genes related to enzymes involved in
one-carbon (1C) metabolism, which is critical to antigen-specific T cell
activation and mitochondrial function. Consistent with this finding,
1C-metabolism-related gene expression and mitochondrial respi-
ration were down-regulated in aged CD8* T cells compared with
young CD8* T cells. In aged OVA-specific T cell receptor (TCR) trans-
genic mice, ZAP-70 was not activated, even after inoculation with
OVA-expressing tumor cells. The attenuation of TCR signaling appeared
to be due to elevated expression of CD45RB phosphatase in aged CD8*
T cells. Surprisingly, strong stimulation by nonself cell injection into
aged PD-1-deficient mice restored normal levels of CD45RB and ame-
liorated the emergence of P4 cells and 1C metabolic enzyme expression
in CD8* T cells, and antitumor activity. These findings indicate that
impaired induction of the P4 subset may be responsible for the
age-related resistance to PD-1 blockade, which can be rescued by
strong TCR stimulation.
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Aging affects numerous physiological functions, resulting in
the onset of a variety of diseases. Cancer risk increases with
age, as mutations accumulate in the genome and immune surveil-
lance against cancer cells gradually declines (1, 2). Immunotherapy
that reactivates tolerized immune function has emerged as an
effective strategy for treating cancer. Among the array of cancer
immune therapeutics, antibodies that block the PD-1/PD-L1
pathway have yielded highly promising results in patients with a
broad spectrum of cancers (3—-6). However, clinical studies have
shown that many cancer patients are unresponsive to PD-1 block-
ade therapy (7, 8). The efficacy of such therapy is impaired in aged-
mouse models, with similar attenuation to that observed in some
clinical reports (9-12).

Immune senescence results from quantitative and/or qualitative
changes in immune cells. One of the major quantitative changes
in T cells is the decline of the T cell receptor (TCR) repertoire
diversity due to thymic involution, reducing the output of naive
cells into the periphery (13-15). In addition, peripheral T cells in
aged individuals accumulate qualitative defects such as impaired
TCR signaling, diminished differentiation capacity to effector and
memory cells, and reduced cytokine production (16, 17). In fact,
age-associated changes strongly affect the frequency of well-defined
CD8* T cell subsets (18-20). CD44 and CD62L (L-selectin) sur-
face markers were used to define three major subsets of CD8*
T cells in mice: naive (also called P1; CD44"°¥CD62L"e"), central
memory (P2; CD44™"CD62L""), and effector/memory (P3;
CD44"e"CD621'°%). The remaining CD44'*YCD62L'Y (P4) CD8™*
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T cell subset is a very minor population in naive mice and has
been rarely studied. Naive T cells differentiate into effector T cells by
antigenic stimulation (14, 21). Some effector cells become memory
cells, which quickly give rise to effector cells in response to the
same antigenic stimulation. In aged humans and animals, T cell
maintenance requires self-antigen—dependent proliferation (ho-
meostatic proliferation) because of the decline in T cell output from
the thymus (22, 23). In aged individuals, this homeostatic prolifer-
ation gradually boosts naive T cell differentiation, resulting in an
increased frequency of differentiated T cell subsets including
effector and memory cells.

T cell proliferation and differentiation are promoted by TCR
signaling cascades. The phosphorylation and dephosphorylation
of TCR signaling molecules affect signaling complex formation
and the propagation of TCR signals. CD45 is a transmembrane
phosphatase that plays a central role in the modulation of TCR
signaling by controlling the level of tyrosine phosphorylation of
lymphocyte protein kinase (Lck), which serves as an activator of
TCRC-chain-associated protein (ZAP)-70, and the linker of ac-
tivated T cells (LAT) (24, 25). In young naive and memory CD8*
T cells, high CD45 expression inhibits TCR signal transduction
through dephosphorylation of ZAP-70 and PLCy (26). While aging
is known to alter TCR signaling, the molecular mechanisms un-
derlying these changes remain largely unclear (27, 28).

In activated and proliferating cells, one-carbon (1C) metabo-
lism is generally up-regulated, supporting their survival and dif-
ferentiation through promoting biosynthesis of purine and thymidine,
amino acid homeostasis, epigenetic maintenance, and redox defense
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(29, 30). Recent reports indicate that 1C metabolism is one of the
most strongly induced metabolic pathways during early CD4* or
CD8* T cell activation (31, 32). After T cell activation, up-regulation
of the 1C metabolic network increases the processing of serine to
provide de novo nucleotide biosynthesis from one-carbon units,
which is required for antigen-specific T cell proliferation, differ-
entiation, and effector functions. The 1C metabolic pathways also
contribute to energy production through the regulation of mito-
chondrial protein synthesis by mitochondrial tRNA methylation (33,
34). Mitochondrial function and 1C metabolism are lower in aged
than in young CD4™ T cells (35), suggesting a possible link between
T cell aging and the inactivation of 1C metabolism.

To elucidate the mechanism underlying age-related attenua-
tion of the antitumor effect of PD-1 blockade, we compared CD8*
T cells from young and aged PD-1 knockout (KO) or wild type (WT)
mice with or without tumors. Here, we show that resistance to PD-1
deficiency or blockade antitumor therapy in aged mice depends on
inefficient generation of the P4 subset, which is an intermediate
between the naive and effector subsets and highly expresses genes
related to 1C metabolism. This inhibition in aged mice is due to TCR
signal suppression through elevated expression of CD45RB and can be
rescued by strong immune stimulation. These findings provide insights
into the mechanisms by which age-dependent changes in CD8* T cell
subsets contribute to metabolic alterations and antitumor activity.
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Loss of antitumor activity and reduced P4 cell induction in aged PD-1 KO mice. (A and B) MC38 cells were i.d. inoculated into young and aged PD-1 KO

mice. (A) MC38-tumor sizes in young (3-4 mo old) and aged (15 mo old) PD-1 KO mice. (B) Kaplan-Meier plot of percent survival of MC38-tumor-bearing PD-1
KO mice. (C and D) Analysis of CD8" T cell subsets in young (C) (2-3 mo old) or aged (D) (15-21 mo old) PD-1 KO mice with or without injection of MC38 cells.
Stained PLN and DLN cells on day 9. Representative plots showing CD44 and CD62L expression gated on CD3*CD8* T cells and percentage of CD8* T cell
subsets; CD44'°"/CD62LM9" (naive; P1), CD44M9"/CD62L"" (central memory; P2), CD44M9M/CD62L'Y (effector/memory; P3), and CD44"°"/CD62L'*" (P4). P
values were calculated by log-rank test or two-tailed unpaired Student'’s t test. **P < 0.01; ***P < 0.001; n.s., not significant. Data are presented as the mean +
SEM (n = 8-10 for A and B; n = 5-6 for C and D).
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Results

Impaired Induction of CD44'°"CD62'°™ (P4) CD8* T Cells in Aged Mice.
Aged PD-1 KO mice became permissive to colon carcinoma MC38
growth, while young PD-1 KO mice were strongly resistant to tu-
mor growth (Fig. 1 4 and B). We also observed that aged WT mice
were resistant to PD-1 blockade tumor therapy (SI Appendix, Fig.
S1A4 and B). Comparative analysis of CD8" T cell subsets in cells
of peripheral lymph nodes (PLNs) and draining lymph nodes
(DLNs) from PD-1 KO mice with or without MC38 tumors showed
that the percentage of the minor CD8" T cell subset P4 was sub-
stantially increased by MC38 tumor inoculation in young mice but
not in aged mice (Fig. 1 C and D). Changes in other CD8" T cell
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subsets in response to tumor inoculation were smaller than that
of the P4 subset in both young and aged PD-1 KO mice (Fig. 1 C
and D). Similar results were obtained in WT mice (SI Appendix,
Fig. S1 C and D), and in the PD-1 KO mice inoculated with dif-
ferent tumor, glioblastoma GL261 cells (SI Appendix, Fig. S2 A-C).
We next investigated the effect of tumor inoculation on each CD4*
T cell subset of young and aged mice. The percentage of CD4*
CD44°“CDG62L' (P4) subset from WT and PD-1 KO mice was
not increased by MC38 tumor inoculation (SI Appendix, Fig. S3 A-D),
indicating that the differentiation pattern of CD8" T cells was dif-
ferent from the pattern of CD4™ T cells. These results suggest that the
P4 subset in CD8™ T cells is inducible during tumor rejection and may
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Fig. 2. Antitumor activity of P4 cells through differentiation to P3 cells. (A and B) To obtain the OT-I P3 and P4 subsets, MC38-OVA cells were i.v. injected into
young OT-1 mice and each subset was isolated from splenocytes. The P3 or P4 subset cells were adoptively transferred into CD8 KO mice 5 d after MC38-OVA

i.d. injection. (A) Tumor volume in MC38-OVA-bearing CD8 KO mice with or

without (Ctrl) the transfer of P3 or P4 cells. (B) FACS analysis of the transferred

CD8* T cell subsets in peripheral blood on day 11. P1 to P4 subsets were defined by CD44 and CD62L positivity after gating on CD8* T cells. (C) Scheme of CD8*
T cell subset isolation from splenocytes of young PD-1 KO mice. (D-G) FACS analysis of cultured P4 (D), P1 (E and G), or P2 (F) cells isolated from young (2-3 mo
old) or aged (16-18 mo old) PD-1 KO mice 2 or 3 d after the stimulation using anti-CD3/CD28 mAbs and IL-2. Representative plots showing CD44 and CD62L
expression in the indicated culture cells and percentage of CD8* T cell subsets. Data are presented as the mean + SEM (n = 3-5); **P < 0.01 (one-way ANOVA

followed by Tukey's test).
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be important for the antitumor activity observed with PD-1 blockade
or deficiency.

P4 Cells Are Intermediates between P1 and P3 Cells and Have the
Potential of Antitumor Activity. To examine whether the attenu-
ated P4 cell induction is related to the resistance to PD-1 blockade
therapy in aged mice, we characterized the functional properties of
the CD8™" P4 subset. We first investigated the antitumor activity of
P4 cells by injecting isolated P4 cells into young tumor-bearing
CD8 KO mice. P3 cells were used as a positive control of effector
cells. To avoid TCR repertoire bias, we used young TCR-transgenic
OT-1 mice, whose CD8* T cells express a unique TCR specifically
responsive to the ovalbumin (OVA) peptide. P3 and P4 subsets of
CD8* T cells were induced by intravenous (i.v.) injection of OVA-
expressing MC38 tumor cells (MC38-OVA) into OT-1 mice and
isolated from spleen 5 d later. The same number of P3 or P4 cells
was adoptively transferred into young CD8 KO mice bearing
MC38-OVA. MC38-OVA growth was strongly suppressed in the
mice transferred with either P3 or P4 cells (Fig. 24). Notably, all
of the transferred P4 cells had differentiated into P3 cells in the
peripheral blood 6 d after the infusion (Fig. 2B). These results
indicate that P4 cells have the potential to reject tumors by
differentiating into P3 cells.

Although P1 and P2 cells are known to differentiate into P3
cells during activation (36, 37), P4 cells have not been well
characterized because of their scarcity. To determine from which
subsets P4 cells originate and to which subsets they differentiate,
P1, P2, and P4 cells were isolated from young PD-1 KO mice and
stimulated in vitro with anti-CD3/CD28 monoclonal antibodies
(mAbs) and IL-2 (Fig. 2C). In agreement with the in vivo study,
isolated P4 cells exclusively differentiated to P3 cells under these
conditions (Fig. 2D). Next, we investigated whether P4 cells are
generated from P1 or P2 cells. As shown in Fig. 2 E and F, P4
cells were generated from P1 cells but not P2 cells 2 d after in vitro
stimulation. These results indicate that stimulated naive P1 CD8*
T cells give rise to P4 cells that further differentiate into P3 cells.
Since the in vivo studies indicate that P4 cell induction is defective
in aged mice (Fig. 1 C and D), we tested the potential of aged P1
cells to generate P4 cells in vitro. Surprisingly, P4 and P3 cells were
induced as efficiently from aged P1 cells as from young P1 cells
following culture with anti-CD3/CD28 mAbs and IL-2 (Fig. 2G).
These findings indicate that P1 cells from aged mice can be induced
to differentiate into P4 cells by a strong in vitro TCR stimulant such
as anti-CD3/CD28 mAbs but not by nominal antigenic stimulation.

One-Carbon Metabolism-Related Genes Are Highly Expressed in P4
Cells. To understand the role of P4 cells in antitumor activity in
aged mice, we compared the gene expression profiles among
CDS8" T cell subsets (P1, P2, P3, and P4) in young PD-1 KO mice.
Hierarchical clustering of global gene expression showed that
each subset of CD8" T cells has a distinct gene expression profile
(Fig. 34). Genes expressed in activated T cells (such as Ctla4, Prdml,
and I12rb) were more highly expressed in P4 cells than in their pre-
cursor P1 cells (Fig. 3B). In contrast, genes expressed in differentiated
T cells (such as I7r, Ifng, and Tbx21) were expressed at lower levels
in P4 cells than in P2 or P3 cells (Fig. 3B). These results indicate that
P4 cells are in an activated but premature state and distinct from
more differentiated subsets of CD8* T cells such as P2 and P3 cells,
supporting our hypothesis that P4 cells are pre-effector-like cells
derived from naive P1 cells.

Next, gene ontology enrichment analysis was applied to de-
termine which biological processes were up-regulated in these
CDS8™ T cell subsets. In P4 cells, the most significantly up-regulated
processes were related to 1C metabolic pathways that mediate the
interconversion of serine, glycine, and folate derivatives (Fig. 3 C
and D). The expression of 1C-metabolism-related genes was
highest in P4 cells, as shown by microarray analysis and qPCR
(Fig. 3 E and F). These results indicate that 1C-metabolic pathways
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are selectively up-regulated in P4 cells during CD8* T cell
differentiation.

Tumor inoculation increased the expression of 1C-metabolism—
related genes in the total population of CD8* T cells in young WT
and PD-1 KO mice (Fig. 3G), which could be explained by the
generation of P4 cells (Fig. 1C and SI Appendix, Fig. S1C). Con-
sistent with the higher efficiency of P4 cell induction in PD-1 KO
mice (Fig. 1C and SI Appendix, Fig. S1C), the CD8* T cells of
young PD-1 KO mice expressed higher levels of most of the 1C-
metabolism-related genes than did those of young WT mice in
response to MC38 tumor cell inoculation (Fig. 3G). In contrast,
expression of these genes in the total CD8* T cells from aged
mice did not markedly change upon tumor inoculation, regardless
of genotype. The level of 1C-metabolism-related gene expression
in the total CD8* T cell population thus appears to correlate with
the percentage of P4 cells.

Elevated mitochondrial function is critically involved in CD8*
T cell activation during the immune response (38, 39). Because
P4 cells exhibited increased expression of Shmt2, a regulator of
mitochondrial tRNA modification (33, 34) (Fig. 3 E and F), we
suspect that up-regulation of 1C metabolism may increase anti-
tumor activity in part through increasing mitochondrial function.
To examine mitochondrial activity in young and aged mice, we
compared the oxygen consumption rate (OCR) in total CD8*
T cells between tumor-bearing young and aged mice. Aged CD8™
T cells from WT or PD-1 KO mice showed clear deficits in the
OCR, with substantial loss of basal respiration and spare respira-
tory capacity (Fig. 3 H and I). Together, these results suggest that
defective P4 cell induction in aged mice may contribute to the
reduced mitochondrial function in the CD8* T cell population,
possibly through inefficient up-regulation of 1C-metabolic pathways.

Elevated CD45RB Expression in Aged Mice. Since P4 cells were
shown to be generated from P1 cells by in vitro stimulation, we
suspected that the lower level of P4 cell induction upon tumor
inoculation observed in aged mice could be caused by inefficient
transduction of TCR signals in aged P1 cells. To examine the
relationship between TCR signaling and P4 cell generation, we
infused MC38-OVA into OT-1 mice. The percentage of P4 cells
in PLNs was markedly increased by this infusion in young but not
aged OT-1 mice (Fig. 4 4 and B). To evaluate TCR signal
transduction, we investigated the phosphorylation of ZAP-70,
critical to TCR signaling (40), in total CD8" T cells from young
and aged OT-1 mice after MC38-OVA infusion. MC38-OVA
injection increased the percentage of CD8" T cells expressing
phosphorylated ZAP-70 (p-ZAP-70) in young but not aged OT-1
mice (Fig. 4C), suggesting that antigen-stimulated TCR signaling
is inhibited in aged OT-1 mice. Notably, no significant difference
was observed in the intensity of the OVA-specific MHC tetra-
mer, indicating that the TCR expression levels and/or avidity of
young and aged OT-1 T cells were similar (SI Appendix, Fig. S4 A
and B). Therefore, the observed inhibition of antigen-stimulated
TCR signaling in aged OT-1 mice must involve a mechanism
other than TCR and MHC/antigen interaction.

Because the response of naive CD8" T cells to TCR stimu-
lation is weaker in cells with a high density of cell surface CD45
(26), we investigated the expression level of CD45RB, the major
CD45 isoform in mouse naive and memory T cells. CD45RB
expression in total CD8" T cells was significantly higher in aged
than in young OT-1 mice (Fig. 4D). The effect of aging on CD45RB
expression was greater in P1 and P4 cells than in P2 or P3 cells
(Fig. 4D). Similarly, the greatest increase in CD45RB expression was
observed in P1 cells of aged WT and PD-1 KO mice (ST Appendix,
Fig. S5 A and B), suggesting that the inhibition of P4 cell induction
very likely results from increased CD45RB expression in P1 cells.
Increment of CD45RB expression was not observed in CD4* P1
(CD44"“CDG62L"M) cells of aged WT and PD-1 KO mice (SI Ap-
pendix, Fig. S5 C and D).
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Fig. 3. Increased expression of 1C-metabolism-related genes in P4 cells. (A—E) Microarray analysis of P1, P2, P3, and P4 cells sorted from young PD-1 KO mice
(1-3 mo old; nine mice pooled). (A) Hierarchical clustering heat map of all detected genes. (B) Scatter plots represent normalized log intensities of individual
probes. The dashed lines indicate log 2-fold change. Genes previously linked to CD8" T cell activation and differentiation are listed. (C) Top 10 enriched gene
ontology (GO) terms from the up-regulated genes in P4 cells. GO terms related to 1C metabolism are highlighted in red. (D) Schematic of 1C-metabolic
pathways. THF, tetrahydrofolate. (E) Heat map showing the expression of 1C-metabolism-related genes in CD8* T cell subsets. (F) Relative mRNA expression
of 1C-metabolism-related genes in CD8* T cell subsets from splenocytes of young PD-1 KO mice. (G) Microarray analysis of WT or PD-1 KO CD8* T cells in PLNs
or DLNs of young (2 mo old, three mice pooled) or aged (17 mo old, six mice pooled) mice with or without MC38 tumors (day 9). Heat map showing the
expression of 1C-metabolism-related genes in the indicated cells. (H and /) Oxygen consumption rate (OCR) of WT or PD-1 KO CD8* T cells from DLNs of young
(2-3 mo old) or aged (15-19 mo old) mice was measured using a Seahorse XFe96 analyzer. OCR trace (H) and basal respiration and spare respiratory capacity
were calculated from OCR values (/). *P < 0.05; **P < 0.01 (two-tailed unpaired Student’s t test). Data are presented as the mean + SEM (n = 4).
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To next test whether CD45RB expression suppresses CD8*
T cell activation by downregulating TCR signal transduction, we
evaluated the phosphorylation of ZAP-70 in OT-I CD8* T cells
after treatment with a CD45-specific inhibitor (41). Consistent with
the in vivo results (Fig. 4C), the percentage of p-ZAP-70" CD8*
T cells was increased by coculture with MC38-OVA cells in young
but not aged CD8" T cells (Fig. 4E). Under this condition, the
addition of a CD45 inhibitor increased p-ZAP-70" cell induction in
aged as well as young CD8™ T cells. These data indicate that age-
related inefficiency in tumor rejection is likely due to increased
expression of CD45RB in aged CD8* T cells.

Xenogeneic Cell Treatment Increases P4 Cell Induction and Ameliorates
the Antitumor Capacity of CD8"* T Cells in Aged Mice. Since the sup-
pression of P1-to-P4 transition in aged mice can be recovered by
strong in vivo stimulation as shown above, we investigated whether
strong stimulation using xenogeneic cells (human Burkitt lym-
phoma, Daudi cells) could recover P4 CD8" T cell induction in
aged PD-1 KO mice (Fig. 54). Ten days after Daudi cell i.v.
injection (day 0: before MC38 tumor inoculation), the percentage
of P4 cells but not P1-P3 cells was markedly increased in PLNs of
both young and aged PD-1 KO mice (Fig. 5B). As expected, the
expression levels of genes related to 1C metabolism in CD8*
T cells from aged PD-1 KO mice were increased by the Daudi cell
injection (Fig. 5C). Consistent with these findings, Daudi cell in-
jection reduced CD45RB expression in the P1 cells of aged PD-1
KO mice (Fig. 5D).

Daudi cell injection dramatically inhibited MC38 tumor growth
in aged PD-1 KO mice and increased their survival (Fig. 5 E and
F). Age-related unresponsiveness to anti-PD-L1 mAb in WT mice
was also recovered by the Daudi cell treatment (SI Appendix, Fig.
S6 A-E). On day 6 after tumor inoculation, the percentage of
p-ZAP-70-positive cells was augmented in aged PD-1 KO mice
treated with Daudi cell injection (Fig. 5G), suggesting that xeno-
geneic stimulation augments the TCR signals for tumor antigens.
We further investigated whether Daudi cell treatment increases the
proliferation of tumor antigen-reactive CD8* T cells. MC38-OVA
cells were inoculated into PD-1 KO mice 10 d after Daudi cell
injection. Then, the induction of P4 cells and the emergence of
OVA tetramert CD8" T cells were monitored. Six days after
MC38-OVA inoculation, P4 cell percentage was increased by
Daudi cell injection in DLNs of aged PD-1 KO mice (SI Ap-
pendix, Fig. S7A). In tumor sites, the percentage of P1 and P4
cells was very low, and most tumor-infiltrating CD8* T cells were
already differentiated into P3 subset (more than 85%) (SI Ap-
pendix, Fig. STB). On the other hand, the percentage of OVA
tetramer* CD8™ T cells was elevated in DLNs and tumor sites in
aged PD-1 KO mice bearing MC38-OVA by the injection of Daudi
cells (Fig. 5 H and I). These results indicate that this treatment
enhances the differentiation of antigen-specific CD8* T cells from
naive to effector CD8™ T cells in the secondly lymphoid organs,
and thereby increases infiltration of antigen-specific CD8* T cells
in tumors (42, 43). Given that prestimulation with Daudi cells
boosts P4 cell induction and 1C metabolism in the CD8™ T cells of
aged mice, it was reasonable that Daudi cell injection increased
both the basal respiration and spare respiratory capacity of aged
CDS8* T cells in DLNs (SI Appendix, Fig. S8 A-C). Injection of
splenocytes from Balb/c mice as alloantigens also increased the
antitumor effects of PD-1 blockade therapy in aged WT mice (S
Appendix, Fig. S9 A-D). We also tested the effect of Daudi cell
injection on CD8" T cell responses in WT mice after MC38 tumor
cell inoculation. Five days after the MC38 cell inoculation, young
and aged WT mice were injected with Daudi cells and anti-PD-L1
antibody. Two days after the Daudi cell administration, the per-
centage of P4 cells was increased in aged WT mice with anti-PD-
L1 mAbD treatment (SI Appendix, Fig. S104). In addition, the
percentage of p-ZAP-70—positive cells in DLNs and the number of
tumor-infiltrating CD8" T cells were also augmented with Daudi
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cell administration in aged WT mice (SI Appendix, Fig. S10 B
and C). These data suggest that strong immune stimulation by
the xenogeneic or allogeneic cell treatment rescued the com-
promised antitumor response of CD8* T cells in aged mice and
recovered the antitumor effects of PD-1 deficiency or PD-1 block-
ade therapy. Together, these findings show that strong immune
stimulation by nonself cells can rescue the insufficient antitumor
response in aged mice through the recovery of TCR signal trans-
duction and induction of the P4 subset, which increases the efficacy
of PD-1 deficiency and blockade therapy.

Discussion

Aged individuals and animals are known to be insensitive to
immunotherapy because of age-related suppression of CD8*
T cell responses (9-11). The mechanism underlying suppression
of the CD8™ T cell response to tumor antigen is largely unknown.
We found that aged tumor-bearing mice had significantly fewer P4
cells, a poorly characterized subset of CD44°*CD62L'™" CD8*
T cells, due to weakened TCR signaling caused by an increase in
CD45RB expression. The P4 subset differentiates from the naive
P1 subset and further matures into the effector/memory subset (P3)
critical to antitumor activity (44, 45). The P4 subset is unique in its
higher expression of 1C-metabolism-related genes, which are as-
sociated with the growth and survival of proliferating cells and in-
volved in CD8* T cell differentiation (29, 32, 46, 47). These aging-
induced defects in CD8" T cell differentiation and the efficacy of
PD-1 blockade therapy were recovered by strong immunogenic
stimulation using nonself cells.

Age-associated deviations in the naive T cell repertoire have
been proposed as the main reason for the suppression of T cell
responses in aged individuals (48, 49). However, we found that
OT-1 transgenic mice, in which all CD8* T cells carry the OVA-
specific TCR, became insensitive to the specific antigen on tumor
cells with aging. Our study further revealed that strong TCR stim-
ulation in vitro or with xenogeneic cell treatment in vivo recovered
P4 cell generation, which should be difficult if P4 cell deficiency was
due to the lack of TCR repertoire. In a similar line, an impaired
antitumor response observed in aging OT-II CD4™ T cells, which
express an OVA-specific TCR, is caused by impaired Thl differ-
entiation resulting from the IL-6—enriched environment that comes
with aging (50). These results indicate that repertoire limitation is
unlikely to be the major cause of suppression of the T cell response
in aged animals.

Previous studies report that TCR signaling becomes suppressed
with aging, leading to impaired T cell responses (51, 52). The levels
of p-ZAP-70 induced by T cell activation are reported to be lower
in aged humans and mice (53, 54). Consistent with these reports,
we also found that ZAP-70 phosphorylation was lower in aged
mice with tumor cells. Our data showed that this change was caused
by an increase in CD45RB expression in aged P1 cells. CD45
negatively regulates TCR signaling by dephosphorylating tyrosine
394 of the Lck tyrosine kinase, leading to suppression of ZAP-70
activation (55). Indeed, the induction of p-ZAP-70* CD8" T cells
was recovered by treatment with a CD45 inhibitor. These results
strongly support the hypothesis that suppression of CD8* T cell
responses in aged animals is caused by deficient TCR signaling in
naive T cells via the increased expression of CD45RB.

A large number of T cells are activated by TCR stimulation
through the interaction with allogeneic or xenogeneic MHC mol-
ecules, either directly (e.g., donor MHC presenting donor pep-
tides) or indirectly (e.g., recipient MHC presenting donor peptides)
(56-58). We speculate that P4 cell recovery in aged mice is me-
diated by TCR recognition of nonself antigens. Since the TCR
recognizes a broad range of different peptides in nature (59, 60),
the recovered P4 cells or the preactivated P1 cells by nonself an-
tigens cross-react to tumor antigens, leading to an increase in an-
titumor responses. In addition, allogeneic or xenogeneic antigens
can activate CD8" T cells through antigen-presenting cell (APC)
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activation and their cytokine production (61, 62). Recent reports
indicate that cytokines induce specific subsets, such as “bystander”
CD8* T cells, which recognize a wide range of antigens (63, 64).
These suggest the possibility that cytokines produced by nonself
cell treatment may be involved in the recovery of P4 cells and
antitumor responses.

Nevertheless, the regulation mechanism of CD45RB expres-
sion by aging and strong immunogenic stimulation using nonself
cells remains unclear. In aged individuals and animals, it is known
that homeostatic proliferation of naive T cells is driven by the
MHC with self-peptides and homeostatic cytokines (23). Previous
report showed that memory CD8™ T cells induced by high-affinity
TCR priming had lower CD45RB expression than that in low-
affinity—primed memory CD8" T cells (65). Interaction between
TCR and allogeneic MHC or allo-pMHC is much stronger than
that of TCR and self-pMHC because of no experience of negative
selection in thymus (66). Therefore, a weak TCR/self-pMHC in-
teraction in aged P1 cells may increase CD45RB expression, which
is down-regulated by strong interaction between TCR and MHC
presenting nonself antigens. Further study will be required to re-
veal the molecular mechanism by which CD45RB expression is
regulated by aging and nonself cell treatment.

Materials and Methods

Mice and Cells. Mice were maintained under specific pathogen-free conditions
at the Institute of Laboratory Animals, Graduate School of Medicine, Kyoto
University, or RIKEN Center for Integrative Medical Sciences. All animal exper-
iments were performed according to the guidelines approved by the respective
institutional review boards. PD-17~ (PD-1 KO) mice were described previously
(67). C57BL/6N WT mice were purchased from Charles River Laboratories Japan
or Shimizu Laboratory Supplies Japan. OT-1 TCR-transgenic and CD8/~ (CD8
KO) mice were purchased from The Jackson Laboratory (originally from
M. B. Bevan at University of Washington [Seattle, WA], or T. Mak at University of
Toronto [Toronto, ON, Canadal). The murine colon adenocarcinoma (MC38) cell
line was kindly provided by J. P. Allison, Memorial Sloan-Kettering Cancer (New
York, NY), and the MC38 cell line expressing ovalbumin (OVA) (MC38-OVA) was
generated by transducing MC38 cells with pMXs-based OVA-F2A-EGFP retro-
virus. The information of the murine glioblastoma cell line (GL261) was previ-
ously described (68). Cells were maintained in RPMI 1640 (Gibco; 11875-093) or
DMEM (Gibco; 11995-065) supplemented with 10% heat-inactivated fetal bo-
vine serum (FBS) and penicillin-streptomycin (Nacalai Tesque; 26253-84) and
free of mycobacterial infection.

Mouse Therapy Model and Nonself Cell Treatment. MC38 cells (5 x 10° or 2 x 10)
or GL261 (5 x 10°) were intradermally (i.d.) injected into the right flank of mice
(day 0). Tumor-inoculated mice were intraperitoneally injected with anti-PD-L1
mAb (clone 1-111A.4) (6 mg/kg) 5 d after tumor inoculation (day 5). The therapy
was repeated three times every 6 d (days 5, 11, and 17). An isotype of anti—PD-L1
mAb (rat IlgG2a) was used as a control. Tumor growth was monitored by mea-
suring the tumor size using calipers and the volume calculated using the formula
for a typical ellipsoid: = (length x breadth x height)/6. Nonself cell treatment was
performed 10 d before or 5 d after tumor cell inoculation by i.v. injection of
human Burkitt's lymphoma Daudi cells or mitomycin C (MMCQ)-treated splenocytes
(2 x 10° cells/mouse) from BALB/c mice or C57BL/6N mice as a control.

Primary Cell Isolation for Analysis and Culture. PLN and DLN cells and tumor-
infiltrating lymphocytes were isolated as previously described (39). For
splenocyte analysis, spleens were briefly lysed and suspended in ammonium
chloride potassium buffer to lyse red blood cells. The splenocytes were
washed and resuspended in RPMI medium 1640 supplemented with 10%
FBS, L-glutamine, 55 uM 2-mercaptoethanol, penicillin-streptomycin, 1 mM
sodium pyruvate (Gibco), and 1% MEM NEAA (Gibco) (T cell medium). We
further isolated subsets of CD8* T cells using CD8a (Ly-2) micro beads
(Miltenyi Biotec; 130-117-044) and FACSAria (BD Biosciences). For peripheral
blood cell analysis, collected peripheral blood cells were treated with am-
monium chloride potassium buffer and washed with T cell medium. Purified
cells were stimulated with anti-CD3/CD28 Dynabeads (Gibco) and recombi-
nant human IL-2 (20 U/mL; PeproTech) in T cell medium. To stimulate CD8*
T cells using MC38-OVA cells, CD8" T cells isolated from LNs of OT-1 mice
were cocultured with the MMC-treated MC38-OVA cells in T cell medium.
One day after stimulation, the cells were treated with 0.05 pM CD45 inhib-
itor VI (EMD Millipore) for 1 h.
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Flow Cytometry Analysis. The following mAbs were used to detect the indicated
antigens: CD3 (145-2C11), CD8 (53-6.7), and phospho-ZAP70/Syk (n3kobu5) from
Invitrogen; CD44 (IM7), and CD62L (MEL-14) from TONBO Biosciences or
BioLegend; CD8 (KT15) from MBL Life Science; and CD45RB (16A), and CD4
(RM4-4) from BD Pharmingen. H-2Kb-Negative (SIY) Tetramer-SIYRYYGL-APC
(TS-5001-2C) and H-2Kb OVA Tetramer-SIINFEKL-APC (TS-MO008-2) were
obtained from MBL Life Science. Flow cytometry experiments were performed
using a FACSCanto Il or LSRFortessa X-20 (BD Biosciences) and analyzed using
FlowlJo software (FlowJo).

CD8 KO and OT-1 Mouse Model. To induce P3 and P4 cells, MC38-OVA cells
(1-2 x 10°) were i.v. injected into OT-1 mice. After 5 d, P3 and P4 cells were
isolated from those mice. Each isolated CD8" T cell subset was i.v. injected
into CD8 KO mice that had been i.d. injected with 2 x 10° MC38-OVA cells
5 d before CD8* T cell infusion. Peripheral blood was obtained 6 d after the
infusion to analyze infused cell differentiation.

Microarray Analysis. Total RNA was extracted from total CD8" T cells pooled
from three to six mice (per group) or from the CD8" T cell subset pooled
from nine mice (per group) using Nucleospin RNA (Macherey-Nagel)
according to the manufacturer’s protocols. Microarray analysis was per-
formed by Macrogen using the Mouse 8 x 60K v2 Microarray (Agilent
Technologies). The data were deposited in the Gene Expression Omnibus
(GEO) repository (https://www.ncbi.nlm.nih.gov/geo/) under the accession
nos. GSE161659 and GSE161660. Gene ontology enrichment analysis was
performed using the Database for Annotation, Visualization, and Integrated
Discovery (DAVID) (https://david.abcc.ncifcrf.gov/). Differentially expressed
genes were visualized using R 3.1.2 or RStudio, version 1.1.383.

Real-Time PCR. Total RNA was isolated from cells using Nucleospin RNA
(Macherey-Nagel) and used for cDNA synthesis using RevatraAce reverse
transcriptase (Toyobo) and random primer generation according to the
manufacturer’s instructions. Real-time PCR was performed to amplify the
indicated mRNAs using the Applied Biosystems 7500 Fast Real-Time PCR
system (ABI) and PowerUp SYBR Green Master Mix (Applied Biosystems). The
expression level of each gene was normalized to the mRNA level of g-actin.
The primer sequences were as follows: Shmt1 forward (Fw), 5'-CCAGAGTGC-
TGTGGCAACTC-3’; Shmtl reverse (Rv), 5-GCAAACACAGGCTGTTCCTG-3’;
Shmt2 Fw, 5-GACAGTTGAGGACACCTGGC-3’; Shmt2 Rv, 5-CCAGAGAGG-
AGTGACATCTC-3’; Phgdh Fw, 5-TGGCCTCGGCAGAATTGGAAG-3'; Phgdh
Rv, 5-TGTCATTCAGCAAGCCTGTGGT-3’; Psat! Fw, 5-GATGAACATCCCATT-
TCGCATTGG-3'; Psat! Rv, 5-GCGTTATACAGAGAGGCACGAATG-3’; p-actin
Fw, 5-TAAGGCCAACCGTGAAAG-3’; and p-actin Rv, 5-GAGGCATACAGG-
GACAGCAC-3".

OCR Analysis. OCR assay was performed as described previously (39), with minor
modifications. OCR of CD8* cells isolated from DLNs was measured on an XFe96
Extracellular Flux analyzer (Agilent Technologies) using the Seahorse XFe96
Extracellular Flux assay kit and Seahorse XF Cell Mito Stress test kit (Agilent
Technologies). CD8" cells (3 x 10° per well) were seeded in Cell-Tak (Corning)-
coated XFe96 plates. The spare respiratory capacity was calculated from the
OCR graph as described previously (69). The basal respiration was calculated by
subtracting the nonmitochondrial respiration (the value after rotenone/anti-
mycine A addition from the value before oligomycin addition) (70).

Statistical Analysis. Data were analyzed using Prism 7 (GraphPad), and the
results are presented as the mean + SEM. Comparisons of two groups were
analyzed using unpaired two-tailed Student’s t test; comparisons of more
than two groups were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’'s multiple-comparison tests. Survival rates were evalu-
ated using the Kaplan-Meier method, and statistical significance was de-
termined by log rank test.

Data Availability. All microarray data have been deposited in the National
Center for Biotechnology Information GEO database (accession nos. GSE161659
and GSE161660).
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