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METABOLISM

Metabolic regulation by PD-1 signaling promotes
long-lived quiescent CD8 T cell memory in mice
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Inhibitory signaling in dysfunctional CD8 T cells through the programmed cell death 1 (PD-1) axis is well established in
chronic viral infections and cancers. PD-1 is also transiently induced to high concentrations during priming of acute in-
fections and immunizations, yet its impact on the development of long-lived antigen-independent T cell memory re-
mains unclear. Inaddition to its expected role in restraining clonal effector expansion, here, we show that PD-1 expression
on antigen-specific CD8 T cells is required for the development of a durable CD8 T cell memory pool after antigen clear-
ance. Loss of T cell-specific PD-1 signaling led to increased contraction and a defect in antigen-independent renewal of
memory CD8T cells in response to homeostatic cytokine signals, thus resulting in attrition of the memory pool over time.
Whereas exhausted CD8 T cells regain function after PD-1 checkpoint blockade during chronic viral infection, the preex-
isting pool of resting functional bystander memory CD8 T cells established in response to a previously administered im-
munogen decreased. Metabolically, PD-1 signals were necessary for regulating the critical balance of mTOR-dependent
anabolic glycolysis and fatty acid oxidation programs to meet the bioenergetic needs of quiescent CD8 T cell memory.
These results define PD-1 as a key metabolic regulator of protective T cell immunity. Furthermore, these results have
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potential clinical implications for preexisting CD8 T cell memory during PD-1 checkpoint blockade therapy.

INTRODUCTION

Programmed cell death 1 (PD-1) is one of the central inhibitory recep-
tors during T cell exhaustion in chronic viral infections and cancers (I1-4).
Induced on T cells after T cell receptor (TCR) stimulation (5, 6), PD-1
expression is sustained at high concentrations on exhausted antigen-
specific CD8 T cells during chronic antigen exposure, such as in the con-
text of HIV or hepatitis C virus infections and cancers, and curbs T cell
responses by attenuating the TCR and costimulatory signaling cascades
(2). The functional relevance of PD-1 expression during chronic antigen
exposure is evident from the efficient restoration of cytotoxic T lympho-
cyte (CTL) function and concomitant control of viral loads or tumor
burden after antibody blockade of PD-1 signals (7-13). PD-1 check-
point blockade immunotherapy has shown clinical success in controlling
several types of refractory solid tumors, such as renal cell carcinoma,
non-small cell lung carcinoma, and melanoma (14-21). These findings
have led to advances in understanding the cellular (22, 23) and mo-
lecular mechanisms (24-30) underlying PD-1-mediated rescue of ex-
hausted CD8 T cells. Nonetheless, our understanding of how PD-1
signaling regulates the development and maintenance of functional
CD8 T cell immunologic memory remains incomplete. This knowledge
bears clinical relevance in the context of PD-1 checkpoint blockade im-
munotherapy, now approved by the U.S. Food and Drug Administra-
tion, for use in multiple solid tumors (31).
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Memory CD8 T cells, with canonical properties of antigen-independent
homeostatic maintenance, polyfunctionality, and robust responsive-
ness to secondary challenge, are typically generated in settings of
acute infections and immunizations where antigen is controlled in
a timely fashion. Although rest from antigenic stimulation is critical
for progressive acquisition of quiescent memory properties, CD8
T cell memory fate is defined during early stages of T cell activation
and effector differentiation and is programmed by a multitude of
factors including cytokines, costimulatory and coinhibitory signals,
and interaction with other immune cells (32-38). PD-1 expression
is up-regulated on CD8 T cells during acute infections by TCR sig-
nals during priming and activation (39), similar to chronic infec-
tions (12). In vitro stimulation of human T cells through the TCR
also leads to up-regulation of PD-1 (40, 41). This seemingly paradox-
ical up-regulation of an inhibitory receptor during T cell activation
is proposed to curb effector responses and associated immunopa-
thology (42) in chronic (43) and acute infections [such as lymphocytic
choriomeningitis virus (LCMV arm) (39), rabies, and respiratory syn-
cytial virus (44-46)]. Loss of PD-1 inhibition through germline gene
ablation of pdcdl, pdll/I2, or system-wide PD-1/programmed death
ligand 1(PD-L1) antibody blockade strategies has been shown to
augment effector T cell responses in certain cases, such as LCMV and
rabies (12, 39, 44-48), but not others, such as Listeria monocytogenes (LM)
(49-51). Limited studies have suggested CD8 T cell memory pertur-
bations upon loss of PD-1 inhibition, with contradictory observa-
tions of increased (39, 52) memory-fated cells at early time points, or
decreased memory in respiratory infections (48). Hence, further studies
are necessary to determine whether early expression of PD-1 during
activation has a bearing on CD8 T cell effector and memory fate, whether
PD-1 functions in a CD8 T cell-specific manner or through its effects
on other immune cells (32, 33, 36, 53-55), and how PD-1 regulates
memory development and maintenance.

In this study, we engaged an intersection of phenotypic, functional,
metabolomic, and transcriptomic analysis centered on the PD-1 pathway
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to investigate the CD8 T cell-intrinsic role of PD-1 in promoting the
long-lived homeostatic memory pool. We conducted the studies in a
cotransfer setting, where all environmental factors are identical for
wild-type (WT) and PD-1 knockout (KO) antigen-specific cells, thus
bypassing confounding variables such as clonal competition, altered
viral loads, or indirect effects through inhibition of PD-1 signaling on
other immune cells. These studies will have implications for immuni-
zations, where CD8 T cell memory outcome may be controlled through
manipulation of PD-1, and even in the clinically relevant setting of
PD-1 checkpoint blockade immunotherapy, where bystander memory
might be affected.

RESULTS

Early activation, proliferation, and effector differentiation

of CD8 T cells during priming are largely independent

of PD-1 signals

PD-1 is up-regulated on antigen-specific CD8 T cells early after TCR
stimulation and is then maintained persistently high during chronic
infections, but it is markedly down-regulated by the peak of effector

& B

CD8 T cell responses during acute infections (7, 56). Loss of PD-1
inhibition is associated with increased effector responses and tissue
pathology at the peak of effector CD8 T cell expansion in most viral
infections (12, 39, 43-48). However, it remains to be defined whether
the transient induction of PD-1 expression during CD8 T cell acti-
vation in acute infection is associated with early dampening of effec-
tor differentiation. To address this, we first confirmed early induction
of PD-1 expression in acute and chromc LCMYV infection during
T cell priming. Expectedly, H- 2D"GP33- specific P14 CD8 T cells
induced PD-1 to equally high abundance by days 2 to 3 after infection
with either the clone-13 strain (the classic model of antigen persistence,
T cell exhaustion, and PD-1 checkpoint blockade) or the three-amino
acid variant Armstrong strain (57), which causes an acute infection
and results in the formation of durable protective CTL immunity after
pathogen clearance (Fig. 1A). Early PD-1 up-regulation was observed
universally in LM and vaccinia virus (VACV) infections as well (fig.
S1, A and B) and occurred independently of the number of rounds
of cell d1v131on (fig. S1C). Consistent with their activated effector sta-
tus, PD-1" cells concurrently expressed high concentrations of sig-
nature T cell activation markers, such as CD25 and CD69 (fig. S1,
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Fig. 1. CD8 T cell-specific PD-1 deficiency does not affect the activation or proliferation of CD8 T cells during priming. (A) WT P14 CD8 T cells were adoptively
transferred into naive C57BL/6 mice (2 X 10° cells), which were subsequently infected with LCMVam as @ model of acute infection or LCMV¢,.13 as a model of chronic
infection. Histograms show PD-1 expression on donor antigen-specific CD8 T cells isolated from spleens at indicated days after acute [solid histogram; black numbers
indicate mean fluorescence intensity (MFI)] or chronic (dotted histogram; gray numbers indicate MFI) infection. Red line indicates the median PD-1 expression on naive
H—2Db:GP33—specific CD8 T cells. (B) Equal numbers of WT and PD-17~ P14 CD8 T cells were adoptively cotransferred at 10° cells per mouse into C57BL/6 mice. Mice
were infected with LCMVa,m, and analyzed at day 2.75 after infection. (C) Donor cells were CFSE-labeled before adoptive transfer. Histograms are gated on donors and
depict CFSE dilution at day 2.75 after infection. Bar graphs show total numbers of WT and PD-17"~ donor antigen-specific CD8 T cells in spleen per cell division. (D) Bar
graphs show total numbers of donor cells in naive spleens (N) and spleen (SPL), inguinal lymph nodes (iLN), liver (LVR), and lung (LNG) tissues at day 2.75 after infec-
tion. (E) Histograms are gated on WT (blue) or PD-17/~ (red) antigen-specific CD8 T cells isolated from spleen; gray histograms show endogenous CD44" naive CD8 T
cells. Cytokine production is shown after a 5-hour stimulation with GP33 peptide in the presence of brefeldin A. Number represents MFI of respective marker. Bar
graphs in (C) and (D) display means and SEM, compared using paired t test. Data are representative of two to four independent experiments with n =2 to 3 mice per

group.
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A, B, and D), and displayed archetypal effector molecule expression
pattern, such as induction of granzyme B and interferon-y (IFN-y)
(fig. S1, A, B, E, and F). PD-1" cells also exhibited down-regulation
of CD62L and CD127 (fig. S1, A, B, and E). However, with progres-
sion of infection, PD-1 expression on T cells diverged between
acute and chronic infections, as noted previously (58). PD-1 was
maintained at high abundance during chronic antigen (Fig. 1A) and
was associated with impaired cytokine production at day 40 (fig.
S1F). In contrast, antigen clearance in acute infection was associ-
ated with lowered PD-1 expression and maintenance of robust cy-
tokine production in response to antigenic reencounter (Fig. 1A
and fig. S1F). Notably, functionally potent resting memory CD8
T cells maintained intermediate PD-1 expression (PD-1") at an
abundance twofolds higher than PD-1"° naive CD8 T cells, as shown
by both protein (Fig. 1A) and transcript concentrations (fig. S1G).
This has also been reported in the context of human memory CD8
T cells (59, 60).

Next, we directly investigated whether this transient PD-1 up-
regulation on CD8 T cells during acute LCMV infection alters early
antigen-specific effector responses. For this, we adoptively cotransferred
equal precursor frequencies of WT and PD-1 KO H-2D%:GP33-
specific P14 CD8 T cells into the same naive C57BL/6 recipients (Fig. 1B).
This strategy bypasses any autoimmune defects and alterations of
natural killer cells, dendritic cells, macrophages, conventional CD4
T cells, and regulatory T cells typically observed in PD-1-deficient mice
and permits a head-to-head comparison of PD-1-deficient P14 cells
that were primed, expanded, and differentiated in the same infected
milieu as their WT counterparts, including similar viral loads, in-
flammation, and other immune signals. As suggested by robust ac-
tivation and effector status during early stages of T cell responses
when PD-1 is strongly up-regulated, we found that T cell-specific
PD-1 ablation exerted minimal impact on early CD8 T cell activa-
tion, expansion, and effector differentiation at days 2 to 3 after acute
viral infection. Both WT and PD-1-ablated subsets proliferated sim-
ilarly as indicated by the extent of carboxyfluorescein succinimidyl
ester (CFSE) dilution (Fig. 1C) and accumulated to largely similar
numbers in all lymphoid (spleen and inguinal lymph nodes) and
nonlymphoid (lung and liver) tissues analyzed (Fig. 1D); both pop-
ulations of CD8 T cells up-regulated the expression of activation
markers CD25 and CD69 (albeit PD-1-ablated cells showed mod-
estly lower CD25 expression) and also expressed stereotypical effec-
tor molecules to similar degrees; these included granzyme B, which
was quantified directly after cell isolation, and IFN-y and tumor ne-
crosis factor-o (TNF-a), which were quantified in response to anti-
genic restimulation in vitro (Fig. 1E). These data demonstrate that
during early stages of infection and activation, when PD-1 expression
is strongly induced on antigen-specific CD8 T cells, targeted ablation
of PD-1 in a subset of antigen-specific CD8 T cells minimally affects
activation, proliferation, and effector differentiation.

PD-1 exerts modest regulation of peak effector CD8 T cell
responses during acute infection

Ubiquitous loss of PD-1-mediated inhibition in all immune cells, as
occurs in germline deletion or antibody blockade models, is associ-
ated with augmented effector T cell responses in distinct viral infec-
tions (12, 39, 44-47) but not bacterial infection (49-51). A recent
study (48) reported increased effector T cell responses in the lung
after loss of PD-1 during localized respiratory infections. To inves-
tigate the T cell-specific role of PD-1 in regulating effector responses
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in lymphoid and nonlymphoid compartments, we compared the func-
tion and numbers of WT and PD-1-ablated H-2D"GP33-specific
P14 cells after adoptive cotransfer into WT mice with intraperitoneal
LCMYV infection, not focalized to the lung. Compared to chronic
LCMV .13 infection, where CD8 T cell-specific ablation of PD-1 led
to an evident increase in proliferation and accumulation of P14 cells
at day 8 after infection (fig. S2A) (12, 47, 48), PD-1-deficient antigen-
specific CD8 T cells expanded to largely similar amounts as WT cells
irrespective of the precursor frequencies [low (2000 cells) (fig. S2B)
or high (100,000 cells) (Fig. 2A and fig. S2B)] and single or cotrans-
fer modalities (fig. S2B). Nonetheless, consistent with previous re-
ports (39, 48), PD-1-deficient CD8 T cells exhibited a modest (1.5- to
2-fold) increase in numbers during acute LCMV 4., infection in al-
most all lymphoid and nonlymphoid tissues analyzed with signifi-
cant differences noted in lymph node (P < 0.05) (Fig. 2A).

With respect to effector differentiation, both WT and PD-1-
ablated subsets exhibited similar effector phenotypic characteristics,
such as CD62L and B cell lymphoma-2 (Bcl-2) down-regulation and
induction of granzyme B, T-box expressed in T cell transcription
factor (T-bet), and effector state—specific 1B11 glycosylation of CD43
(Fig. 2B). WT and PD-1-deficient effector cells also showed similar
production of the effector cytokines, IFN-y and TNF-a (Fig. 2C),
and degranulated to similar extent in response to antigenic restim-
ulation as measured by CD107a/b surface abundance (Fig. 2D). Like-
wise, the relative proportions (fig. S2C) and absolute numbers (Fig. 2E)
of short-lived effector cells (SLECs) and memory precursor effector
cell (MPEC) subsets, as distinguished by cell surface markers CD127
and killer cell lectin-like receptor G1 (KLRG-1) (34, 35, 37, 61, 62),
were similar between WT and PD-1-ablated donor cells in all tis-
sues analyzed.

WT and PD-1-deficient effectors were notably similar in their
global gene expression patterns (Fig. 2F and fig. S2D). Gene set en-
richment analysis (GSEA) of canonical effector (Fig. 2G) or memo-
ry precursor (Fig. 2H and fig. S2E) signatures failed to distinguish any
enrichment in WT or PD-1-deficient effector cells. Likewise, glycolysis
and interleukin-2 (IL-2)/signal transducer and activator of transcrip-
tion 5 (STAT5) signaling gene signatures, typically associated with
effector differentiation (32, 34, 63-65), were also expressed similarly
in WT and PD-1-deficient effector cells (fig. S2, F and G). To further
scrutinize any finer differences between WT and PD-1-deficient
effectors that could bear possible biological relevance, we compared
row-normalized data. As opposed to global normalization of data,
which is based on expression of all gene analytes, in row normaliza-
tion, a given gene is normalized across samples to highlight even
minor 1.1-fold differences (fig. S2H). Focusing on a select subset of
36 genes well established for their increased expression in effector T
cells (fig. S2I), row normalization analyses showed that genes en-
coding canonical effector molecules such as perforin and gran-
zymes; cell proliferation regulators such as cyclin-dependent kinase
and aurora kinase; or transcription factors such as T-bet, Blimp-1,
and basic leucine zipper activating transcription factor-like tran-
scription factor, associated with effector differentiation, were ex-
pressed at largely similar abundance in PD-1-deficient cells (fig.
S2H). Collectively, these data demonstrate that, although prolonged
up-regulation of PD-1 in response to chronic antigen and in focalized
lung infections strongly down-regulates T cell responses, transient
up-regulation of PD-1 expression during priming of acute infection
exerts few regulatory effects on primary CD8 T cell expansion and
effector differentiation.
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Fig. 2. PD-1 signaling in CD8 T cells does not substantially regulate effector programming and peak expansion during acute infection. Equal numbers (5 x 10 cells)
of WT (Thy1.2%) and PD-17~ (Thy1.1%) P14 CD8 T cells were adoptively cotransferred into naive C57BL/6 mice. Mice were infected with LCMVam, and analyzed at day 7
after infection. (A) Flow cytometry plots are gated on total donors and show relative WT and PD-17~ donor antigen-specific CD8 T cell frequencies in spleen (SPL), ingui-
nal lymph node (LN), lung (LNG), liver (LVR), and blood (PBL) at day 7 after infection. Bar graphs enumerate WT and PD-17"~ donor antigen—specific CD8 T cell numbers in
indicated tissues (PBL; number of cells per 10’ PBMCs) at day 7 after infection. (B) Histograms are gated on WT (blue) or PD-17~ (red) antigen-specific CD8 T cells isolated
from spleen at day 7 after infection; gray histograms show endogenous CD44 naive CD8 T cells. Number represents MFI of respective markers. Bar graph depicts MFI of
indicated markers. (C and D) Day 7 splenocytes were stimulated with GP33 peptide ex vivo. Flow cytometry plots are gated on donor antigen-specific CD8 T cells and
depict intracellular staining of IFN-y and TNF-a: (C) or surface CD107a/b (D). Bar graphs depict IFN-y MFI or percent of TNF-a* or CD107a/b* of IFN-y* donor CD8 T cells.
(E) Dot plots show absolute numbers of MPEC (CD127" KLRG-1°) and SLEC (CD127° KLRG-1") of donor cells in spleen, inguinal lymph node, liver, lung, and PBMC at
day 7 after infection, compared using paired t test. Compiled data from two independent repeats with n =3 to 5 mice per group per repeat are presented. (F) A volcano
plot shows fold change (FC) in gene expression for all 42,101 probes between three independent replicates of WT and PD-1 effector CD8 T cells with respect to P values
depicting significance of change. (G and H) GSEA of effector (G) or MPEC (H) gene signatures in WT and PD-17~ CD8 T cells. Bar graphs display means and SEM, compared
using paired t test. Phenotypic data (A to E) are representative of two to five independent experiments with n =2 to 3 mice per group.

CD8 T cell-specific PD-1 signals are critical for the
development of long-term memory

We next analyzed the differentiation of PD-1-sufficient and PD-1-
deficient donors into memory phase using the same experimental
setting of adoptive cotransfer into naive mice before acute LCMV
infection as in Fig. 1B. Long-term follow-up of WT and PD-1-ablated
CD8 T cells revealed that, despite similar amounts of memory pre-
cursors in both subsets (Fig. 2E), PD-1-deficient effector CD8 T cell
numbers were significantly reduced during contraction (P < 0.05)
and CD8 T cell memory maintenance (P < 0.05) phases (Fig. 3, A
and B), thus resulting in about 100-fold lower final memory num-
bers in both lymphoid and nonlymphoid compartments (Fig. 3A
and fig. S3A). Reduced numbers of PD-1-deficient CD8 T cells at
memory were noted in settings of low (2000) and high (50,000)
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precursor frequencies (fig. S3, B and C), which indicates that these
results are not due to intraclonal competition. Likewise, PD-1-deficient
GP33, NP396, and GP276 epitope specificities also showed increased
contraction (fig. S3D). Increased contraction of WT H- 2D’ donor cells
in PD-1-deficient recipients compared to WT recipients suggests
that, in addition to regulating contraction in a CD8 T cell-intrinsic
manner, PD-1 may exert CD8 T cell-extrinsic effects as well (fig. S3D).
A similar pattern of increased contraction of PD-1-deficient CD8
T cells was also observed during LM and VACYV infections (fig. S3E).
These findings are consistent with previous reports evaluating re-
spiratory infections (48), with distinct Toll-like receptors, Nucleotide-
binding oligomerization domain containing protein-like receptors,
and antigen, cytokine, and costimulatory signals (5, 52). Consistent
with increased contraction, PD-1-deficient effector cells exhibited
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Fig. 3. Absence of PD-1 signals in CD8 T cells is associated with increased attri-
tion after antigen clearance. Equal numbers of WT and PD-17~ P14 CD8 T cells
were adoptively cotransferred at high dose (5 x 10* cells) into C57BL/6 mice. Mice
were infected with LCMVary, and analyzed after infection. (A) Antigen-specific WT
and PD-17~ donor CD8 T cells were enumerated longitudinally in spleen (SPL),
lymph node (LN), lung (LNG), and liver (LVR). (B) Bar graphs depict percent death
of WT and PD-1""~ donor CD8 T cells in blood during contraction (days 8 to 22) and
maintenance (days 22 to 200). (C) GSEA analysis shows enrichment of an apoptosis
gene signature in day 8 PD-17/~ effector CD8 T cells compared to WT. (D and E) Antigen-

specific WT and PD-1 '~ donor CD8 T cells were analyzed longitudinally for expression of CD1 27" KLRG-1%° memory-fated (D) and CD1 271 cDe2LM Tcm subsets (E) in the
indicated tissues. Dot plots show CD127" KLRG-11° percentages of donors in the respective compartments at day 60 after infection. Compiled data from two independent
repeats with n =3 to 5 mice per group per repeat are presented. (F) Splenocytes were stimulated with GP33 peptide at memory (day 36 after infection), and donor CD8
T cells were gated. Flow cytometry plots show TNF-o or IL-2 and IFN-y production by WT and PD-17~ CD8 T cells. (G) WT and PD-17/~ memory CD8 T cells were isolated
from splenocytes at day 22 after infection, and equal numbers were transferred into naive C57BL/6 recipients at 10* cells per mouse. Mice received a heterologous chal-
lenge with LM-GP33. The line graph depicts kinetics of donor CD8 T cells in PBMCs of infected mice. Bar graphs show number of donors in respective tissues at day 52
after infection. Bar graphs display means and SEM. Data are representative of two to three independent experiments with n =3 to 5 mice per group. Paired t test was used
with statistical significance in difference of means represented as *P <0.05 and **P<0.01.

significant enrichment of apoptosis gene signature at day 8 (P < 0.001;
Fig. 3C and fig. S3F). Together, with parallel enrichment of IFN-y
response and TNF-a signaling gene signatures in PD-1-deficient
effector cells (fig. S3, G to J), these observations suggest that inhibitory
PD-1 signals might program contraction outcomes during the expan-
sion phase through inhibition of proapoptotic pathways downstream
of IFN-y and TNF-a signaling in activated effector T cells (66-68).
We next characterized the phenotypic properties of PD-1-deficient
and PD-1-sufficient memory CD8 T cells. The increased death of
PD-1-deficient donors during contraction was followed by largely
similar proportions of memory-fated CD127""KLRG-1" cells in most
tissues analyzed at day 60 (Fig. 3D). However, we noted impaired
up-regulation of the lymphoid homing molecule CD62L in PD-1-
deficient memory CD8 T cells, with statistically significant differ-
ences in spleen (P < 0.05) and liver (P < 0.05) observed by day 30
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after infection and in lymph nodes (P < 0.05) at day 60 (Fig. 3E).
Among the few PD-1-deficient memory CD8 T cells that remained
at memory (day 60 after infection) after >10-fold decline, both cen-
tral memory (Tcns CD127"KLRG-1"°CD62L™) and effector memory
phenotype (Tgy; CD127"KLRG-1"CD62L™) cells were similarly re-
duced by 10- to 20-fold in all lymphoid and nonlymphoid compartments
compared to WT memory CD8 T cells (fig. S3K), thus supporting a
generalized overall decline in memory in the absence of T cell-specific
PD-1 signals.

We next compared the functional properties of WT and PD-1-
ablated memory CD8 T cells. Consistent with similar loss of lym-
phoid and nonlymphoid memory subsets in the absence of PD-1,
we did not observe skewing of memory function (Fig. 3, F and G,
and fig. S3, L to N). PD-1-deficient memory CD8 T cells fared sim-
ilarly in function to their WT counterparts when assessed for key

50f 16

TZ0Z ‘60 JequenoN uo uolbuiysepn 10 A1seAIuN 12 B10°80us 105 MMM//:SANY WoJ) papeocjumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

functional properties, such as the ability to coproduce IFN-y and
TNF-o (Fig. 3F and fig. S3L) and recall expansion in response to
antigenic rechallenge (Fig. 3G and fig. 3, M and N). Purified WT and
PD-1 KO memory CD8 T cells mounted similar expansion in a
minimalistic in vitro peptide antigen restimulation assay as deter-
mined by CFSE dilution and 5-bromo-2’'-deoxyuridine (BrdU)
incorporation (fig. S3M) and also in the physiologically relevant
in vivo setting of heterologous LM-GP33 rechallenge (Fig. 3G and
fig. S3N). Similar secondary expansion in response to antigenic
restimulation was associated with comparable TCR signal transduc-
tion in PD-1-sufficient and PD-1-deficient cells, as indicated by
similar phosphorylation of S6 in response to cognate antigen (fig.
S30). A longitudinal in vivo follow-up of the secondary responses
revealed that PD-1-deficient effector cells underwent more pro-
nounced contraction and contributed less to the secondary memory
pool on a per-cell basis after antigen clearance (Fig. 3G and fig.
S3N), as in the case of primary responses. Together, these data es-
tablish a requirement for PD-1 signals in the development of acute
infection-induced long-term CD8 T cell memory.

PD-1 signals are necessary for antigen-independent
homeostatic maintenance of long-lived memory CD8 T cells
Increased death of PD-1-deficient CD8 T cells after antigen clearance
during the contraction and memory phases suggested a dysregulation
in antigen-independent mechanisms of homeostatic maintenance.
Contrary to persistent infections, where long-term maintenance of
exhausted CD8 T cells is dependent on chronic antigenic stimula-
tion (12, 69, 70), the longevity of canonical memory CD8 T cells is
independent of cognate antigen and is largely driven by survival and
slow homeostatic turnover in response to common y-chain cytokines
such as IL-7 and IL-15 (71, 72). Hence, we first compared the abundance
of common y-chain cytokine receptors on WT and PD-1-deficient
cells. PD-1-sufficient and PD-1-deficient donors similarly expressed
IL-7Ra, CD132 (the common y-chain signaling chain), and CD122
(the common B-chain signaling chain) during memory homeostasis
(Fig. 4A). Consistent with similar expression of cytokine receptor
expression, the PD-1-deficient memory CD8 T cells exhibited similar
intracellular transduction of the homeostatic cytokine signals through
the Janus kinase-STAT pathway, as shown by similar STAT5 phos-
phorylation directly after isolation or after in vitro stimulation with
IL-7 and IL-15 at increasing concentrations (Fig. 4B and fig. S4A).
Despite similar common y-chain cytokine receptor expression
and downstream STAT5 signaling, PD-1-ablated memory CD8 T cells
were significantly impaired in their ability to homeostatically prolif-
erate both in vitro in response to stimulation with IL-7 (P < 0.05;
Fig. 4C) and IL-15 (P < 0.01; Fig. 4C) and in vivo when adoptively
transferred into antigen-free naive mice (P < 0.01 in spleen and lung
and P < 0.05 in lymph node and liver; Fig. 4D and fig. S4B). Where-
as purified WT memory CD8 T cells progressed normally through
increasing rounds of homeostatic proliferation with increasing days,
PD-1-deficient cells minimally diluted the CFSE dye (Fig. 4D and
fig. S4B) and did not show division-associated increases in cellular
DNA content (fig. S4C). These memory homeostasis defects were
apparently independent of differences in key transcription factors
regulating effector and memory CD8 T cell fates such as T-box
transcription factors T-bet and eomesodermin and Bcl-6 (fig. S4D).
Thymic developmental defects were also inapparent in PD-1-ablated
H-2DGP33-specific TCR transgenic CD8 T cells, as indicated by sim-
ilar splenic numbers (fig. S4E) and similar expression of key phenotypic
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markers in naive WT and PD-1-ablated cells (fig. S4F). In addition to
total WT and PD-1-deficient donor cell homeostasis (Fig. 4D), when we
analyzed homeostatic proliferation in phenotypically similar (CD127"
or CD62L™) memory subsets known to homeostatically proliferate,
we noted that PD-1-deficient cells were intrinsically impaired in
their ability to undergo homeostatic proliferation regardless of their
CD127" or CD62L™ status (Fig. 4E) as late as about 70 days after infection
(about 50 days after transfer into naive mice). Defective homeostatic
proliferation in the absence of PD-1 was associated with significant
attrition of memory CD8 T cells in all lymphoid (spleen, P < 0.01; lymph
node, P < 0.05) and nonlymphoid (lung, P < 0.01; liver, P < 0.05)
compartments evaluated (Fig. 4F and fig. S4B). In addition to reduced
numbers, PD-1-deficient Tcy cells also expressed less of the antia-
poptotic molecule, Bcl-2 (fig. S4G), although no differences were ap-
parent for classic cell death markers including Fas, caspase-3, or Bim
(fig. S4H). Together, these studies demonstrate a critical role of PD-1 in
regulating optimal antigen-independent homeostatic maintenance
properties of quiescent memory CD8 T cells.

PD-1 signals regulate memory CD8 T cell metabolic
programs during homeostasis

Homeostatic maintenance of memory CD8 T cells is critically linked
to their metabolic state. Transition of CD8 T cells from cytotoxic ef-
fector to quiescent memory state is associated with a metabolic switch
to reduced glycolysis and increased fatty acid oxidation (73). Given
that PD-1 is implicated in the regulation of glycolytic metabolism
during activation (41), we asked whether the increased death of PD-1-
deficient memory-fated cells during antigen-independent homeo-
stasis was related to metabolic dysregulation, thus leading to impaired
homeostatic proliferation and cell survival. To address this hypoth-
esis, we purified PD-1-sufficient and PD-1-deficient memory CD8
T cells at day 22 after infection (when WT memory CD8 T cells typ-
ically manifest homeostatic proliferation, and adequate numbers
of PD-1-deficient cells may still be procured) and conducted a Seahorse
extracellular flux assay (Fig. 5, A to D) and metabolomic assessment
(Fig. 5E). PD-1-deficient memory CD8 T cells exhibited more gly-
colytic and tricarboxylic acid cycle flux [measured by extracellular
acidification rate (ECAR)] as well as oxidative phosphorylation [mea-
sured by oxygen consumption rate (OCR)] than their WT counter-
parts (Fig. 5, A to D) and had a slightly increased spare respiratory
capacity in the presence of glucose as the energy substrate (Fig. 5A and
fig. S5A). Analogous to PD-1-mediated suppression of glycolytic flux
during TCR-induced activation (41), our observations of increased aero-
bic glycolysis in PD-1-deficient memory CD8 T cells are intriguing
because memory CD8 T cells typically persist in the absence of cognate
antigen. Hence, we sought to extend these findings by determining
whether PD-1-dependent glucose influx was affected by homeostatic
signals. Consistent with increased glucose oxidation, memory CD8
T cells lacking PD-1 were more efficient than WT cells at glucose up-
take directly after isolation (Fig. 5B). Subsequent TCR stimulation or
common y-chain signaling led to induction of glucose uptake in both
WT and PD-1-deficient memory cells (Fig. 5B), albeit PD-1-deficient
memory cells retained higher glucose uptake properties than WT mem-
ory CD8 T cells (Fig. 5B). These data suggest a glycolysis regulatory
role of PD-1 in memory development or homeostasis.

Although effector cells depend more on glucose-driven metabolism
to meet their anabolic bioenergetic demands, naive and memory
CD8 T cells rely primarily on fatty acid oxidation (74). Hence, we
next assessed the impact of PD-1 on fatty acid B oxidation in memory
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or IL-15 for 30 min and then stained for STAT5 phosphorylation.
Histograms show abundance of pSTAT5 in WT (blue), PD-1 /= (red), and unstimulated (gray, filled) CD8 T cells. Bar graphs show MFI of pSTATS5. (C) Donor memory WT and
PD-17~ CD8 T cells were isolated at day 30 after infection, labeled with CFSE, and stimulated in vitro with IL-7 and IL-15 for 60 hours. A pulse of BrdU was given for the last
6 hours before harvest and flow cytometry analysis. Flow cytometry plots show CFSE dilution of WT and PD-17/~ antigen-specific CD8 T cells. Bar graphs depict percent of
cells that had divided >1 round (CFSE*®) or incorporated BrdU (BrdU™). (D to F) Memory WT (Thy1.2*) and PD-17~ (Thy1.27) CD8 T cells were isolated from day 22 post-
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two independent experiments with n=2 to 5 mice per experimental group. Statistical significance in difference of means are represented as *P<0.05 and **P<0.01.

CD8T cells. We observed minimal glycolytic flux in WT and PD-1-
deficient memory CD8 T cells in the presence of fatty acids as the sole
energy substrate (Fig. 5C). However, loss of T cell-specific PD-1 sig-
nals resulted in impaired fatty acid oxidation by memory CD8 T cells,
as evidenced by significantly lower OCR (P < 0.001; Fig. 5C). Con-
sistent with reduced fatty acid oxidation and possibly increased fatty
acid synthesis due to enhanced glycolysis, PD-1-ablated memory CD8

Kalia et al., Sci. Transl. Med. 13, eaba6006 (2021) 13 October 2021

T cells had higher fatty acid content when evaluated directly ex vivo
(Fig. 5D) and also after stimulation with IL-2, IL-7, IL-15, or cognate
antigen (Fig. 5D). These observations suggest that PD-1 promotes cat-
abolic programs that drive utilization of fatty acid energy substrates in
memory CD8 T cells. In agreement with the Seahorse data, PD-1-ablated
memory CD8 T cells showed significant up-regulation of glycolytic
intermediates pyruvate and lactate (P < 0.05; Fig. 5E). PD-1-ablated
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Fig. 5. PD-1 signals drive a metabolic switch in CD8 T cells for maintenance of a quiescent memory phenotype. Equal numbers of WT P14 and PD-17/~ P14 antigen-

specific CD8 T cells were adoptively transferred (5 x 10* cells) into C57BL/6 mice, and mice were infected with LCMVam. At day 60 after infection, memory donor cells
were purified, and T cell metabolism was analyzed. (A) Metabolic analysis was performed on WT and PD-17" donor CD8 T cells in the presence of 10 mM glucose with
indicated additions of oliomycin (oligo), trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP), rotenone and antimycin A (Rot/AntiA), and 2-deoxyglucose (2DG).
Line graphs show extracellular acidification (ECAR) and oxygen consumption (OCR) rates over time. Bar graphs depict maximum ECAR and basal OCR values. (B) Memory
CD8T cells were incubated with common y-chain cytokines or unlabeled H-2D":GP33 tetramer for 36 hours, and then glucose uptake (2-NBDG) was analyzed. Repre-
sentative histograms show WT (blue) or PD-17~ (red) donor cells. Numbers represent MFI. (C) Metabolic analysis was performed on WT and PD-1 ~/~ donor CD8 T cells in
the presence of bovine serum albumin-linked fatty acids. Line graphs show ECAR and OCR values over time. Bar graphs depict maximum ECAR and basal OCR values.
(D) Memory CD8 T cells were incubated with common y-chain cytokines or unlabeled H-2D":GP33 tetramer for 36 hours, and then fatty acid (BODIPY) content was ana-
lyzed. Representative histograms show WT (blue) or PD-17~ (red) donor cells. Numbers represent MFI. (E) A volcano plot shows fold change in metabolite values for 110
tested metabolite concentrations in purified WT and PD-17~ memory CD8 T cells with respect to P values depicting significance of change. Significantly different metab-
olites are highlighted. Bar graph shows selected metabolite ratios between PD-17" and WT memory CD8 T cells. (F) WT P14 CD8 T cells were transferred (10° cells) into
naive C57BL/6 mice, which were subsequently infected with LCMV am. Mice were untreated (UnTx) or treated with anti-PD-L1 after day 60 post-infection (PI) for 2 weeks.
(G) An XF Seahorse analysis was performed on UnTx and anti-PD-L1 Tx donor memory CD8 T cells in the presence of 10 mM glucose. Line graphs show ECAR and OCR.
(H) Bar graphs show maximum ECAR and basal OCR. Paired (A and C) and unpaired (H) Student’s t tests were used with statistical significance in difference of means
represented as **P<0.01 and ***P <0.001. Experiments are representative of two to three experiments with n =3 to 5 mice per group.

memory CD8 T cells also exhibited decreased abundance of mitochondrial
fatty acid oxidation cofactors acetylcarnitine and carnitine (P < 0.05;
Fig. 5E). Reduced fatty acid oxidation in PD-1-ablated memory CD8
T cells was also associated with higher concentrations of oxidized glu-
tathione and lower concentrations of reduced glutathione (Fig. 5E),
thus possibly rendering the cell more susceptible to oxidative damage.

To determine whether PD-1 signals are actively required during
the memory maintenance phase to regulate their metabolism, we

Kalia et al., Sci. Transl. Med. 13, eaba6006 (2021) 13 October 2021

conducted antibody-mediated blockade of PD-1 signals in fully differ-
entiated WT memory CD8 T cells (Fig. 5F). Similar to PD-1-deficient
memory CD8 T cells (Fig. 5A), abrogation of PD-1 signals under ho-
meostatic conditions led to increased ECAR and OCR in the presence
of glucose energy substrate (Fig. 5, G and H). Metabolic pertur-
bation of memory CD8 T cells upon PD-1 blockade was associated
with limited decline in cell numbers (fig. S5B) possibly due to the slow
rate of homeostatic proliferation [intermitotic interval period of 50 days
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(75)]. Consistent with increased contraction of PD-1-deficient cells ~ Attenuation of glycolysis through rapamycin reverses

(Fig. 3C), PD-1 blockade during contraction also led to decreased the memory survival defects associated with PD-1 deficiency
memory CD8 T cells (fig. S5C). In contrast, antibody blockade Increased glycolysis and fatty acid content in PD-1-deficient mem-
during the expansion phase did not result in a decline in memory ory CD8 T cells demonstrate a role for PD-1 in promoting the switch
numbers (fig. S5D). This is consistent with our in-depth effector dif-  from glycolysis to fatty acid oxidation during memory maintenance.
ferentiation analyses. Consistent with similar programming of ef- We next sought to investigate whether these metabolic differences
fector CD8 T cell responses in the presence or absence of PD-1, WT  might be functionally relevant in memory CD8 T cell survival and
and PD-1-ablated effector CD8 T cells exhibited similar mitochon- ~ whether the metabolic changes were mediated through mammalian
drial mass and membrane potential at the peak of CTL expansion target of rapamycin (mTOR). To address this question, we admin-
(fig. S5E). However, after antigen clearance, PD-1-deficient T cells  istered rapamycin (Fig. 6A), a clinically approved drug that inhibits
exhibited reduced mitochondrial potential and mitochondrial mTOR-dependent glycolysis (76). The prediction was that suppres-
mass at day 22 (P < 0.05; fig. S5E). These mitochondrial aberrancies  sion of aberrant glycolysis by blocking excessive mTOR signaling
were evident at day 22 after 1nfect10n when memory homeostasis ~ will rescue the memory defect in the absence of PD-1 in vivo.
manifests, both in total H-2D":GP33- specific CD8 T cells and in To specifically focus on the memory differentiation phase, we
the CD127"" KLRG-1"° memory-fated cells (P < 0.05; fig. SSF). Col-  started rapamycin treatment at about 6 days after acute LCMV infec-
lectively, these data support the notion that memory metabolic prop-  tion, when virus is controlled. As shown previously (77), rapamycin
erties are likely not programmed by PD-1 signals during priming  treatment exerted beneficial effects on WT CD8 T cell memory sur-
and expansion phase. Nonetheless, our metabolic assessments estab-  vival in lymphoid organs (Fig. 6, B to D, and fig. S6A) through up-
lish a critical role of PD-1 signals in suppressing the usage of glu-  regulation of Bcl-2 (Fig. 6E and fig. S6B). However, PD-1-deficient
cose for energy generation and in promoting fatty acid synthesis to  CD8 T cells responded more vigorously to rapamycin treatment and
support long-term homeostatic maintenance of memory CD8 T cells ~ were found at significantly higher numbers, notably in the lymphoid
through fatty acid oxidation. More directed future studies involving  organs (spleen, P < 0.001; bone marrow, P < 0.01; Fig. 6D and fig. S6A).
conditional, stage-specific ablation of PD-1 will enable precise de- Improved memory CD8 T cell numbers in the spleen and the bone
lineation of the relative contributions of PD-1 inhibitory signals during ~ marrow (but not lung and liver) during the short window of rapa-
the distinct early CD8 T cell memory programming versus late ho-  mycin treatment (days 6 to 33) are consistent with lymphoid organs

meostasis phases. being the primary niches of homeostatic memory maintenance as
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Fig. 6. Rapamycin treatment after infection rescues memory attrition in the absence of PD-1 signals. (A) Equal numbers of WT and PD-17~ P14 CD8 T cells were adop-
tively cotransferred (5 x 104) into C57BL/6 mice. Mice were infected with LCMVzry, and remained untreated or were treated with rapamycin (Rapa) daily starting at day 6 after
infection. (B) Flow cytometry plots are gated on donor CD8 T cells and show frequencies of WT and PD-17"~ donors in PBMCs. (C) Line graph depicts frequency of donors in
PBMC during rapamycin treatment. (D) Bar graphs show number of donor cells in spleen (SPL) and bone marrow (BM) at day 33 after infection. Numbers above bar graphs
represent fold change of rapamycin treated by untreated WT (blue) and PD-17" (red), respectively, day 33 after infection. (E) Bar graph shows MFI of Bcl-2 at day 33 after in-
fection on gated donor cells. (F to H) Bar graph depicts fold increase in CD62L" (F) and CD127" (G) and decrease in KLRG-1"" (H) donor CD8 T cells in spleens from rapamycin-
treated animals at day 33 after infection relative to untreated controls. (I) An XF Seahorse analysis was performed on untreated and rapamycin-treated donor CD8 T cells in
the presence of 10 mM glucose. Bar graph shows basal ECAR in donor cells. Paired (E to G) and unpaired (B to D and G) Student’s t test was used with statistical significance
in difference of means represented as *P < 0.05, **P<0.01, and ***P<0.001. ns, not significant. Data are representative of two experiments with n=3 to 5 mice per group.
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compared to nonlymphoid sites. In addition to overall memoty
numbers, rapamycin treatment increased the frequency of CD62L™
(Fig. 6F) and CD127"" (Fig. 6G) memory CD8 T cells regardless of PD-1
expression. However, the fold increase of CD127"" memory CD8 T cells
was higher for PD-1-deficient T cells as compared to WT T cells after
rapamycin treatment. Rapamycin treatment also reduced the frequency
of terminally differentiated KLRG-1' cells (Fig. 6H) in WT donors as
shown previously (77). In comparison to WT cells, PD-1-deficient memory
CD8 T cells showed a significantly greater fold decrease of terminally
differentiated KLRG-1"" cells after rapamycin treatment (P < 0.01;
Fig. 6H). Nonetheless, memory CD8 T cell function, as assessed by
polyfunctionality (or the ability to coproduce multiple cytokines), was
largely the same in WT and PD-1-ablated CD8 T cells and remained
unaffected by rapamycin treatment (fig. S6C). We next determined
whether rescue of PD-1-ablated memory CD8 T cell by rapamycin was
associated with a concomitant reduction in glycolytic rate. Seahorse
analysis revealed a significant reduction of ECAR upon rapamycin
treatment in PD-1-ablated memory CD8 T cells, similar to WT cells
(P < 0.05; Fig. 6I). Collectively, metabolic dysregulation after PD-1
blockade during memory and rapamycin-mediated rescue of metabolic
defects and memory numbers in PD-1-deficient cells supports a link
between PD-1 inhibitory signals and CD8 T cell memory homeostasis
through regulation of mTOR-dependent metabolic pathways (fig. S6D).

PD-1 checkpoint blockade immunotherapy during chronic
infection causes attrition of preexisting functional

memory CD8 T cells

PD-1 checkpoint blockade immunotherapy has offered much success
in treating chronic viral infections and tumors by reinvigorating the
exhausted virus- or tumor-reactive T cells (78). Our data show that
functionally potent memory CD8 T cells generated in response to

acute infections or immunizations express PD-1 at higher than
naive abundance but still lower than the canonical exhausted cells,
which are amenable to rescue by PD-1 blockade. We next sought to
determine whether PD-1 checkpoint blockade during chronic in-
fection might exert side effects on preexisting CD8 T cell memory
established in response to a prior infection and lead to bystander
memory attrition. To investigate this, we generated ovalbumin (OVA)
peptide-specific memory CD8 T cells in response to LM-OVA inoc-
ulation (Fig. 7A). These OVA-memory CD8 T cell-bearing mice were
subsequently infected with chronic LCMV after about 60 to 75 days
after LM-OVA inoculation. OVA-memory CD8 T cell-bearing mice
were treated with anti-PD-1 or anti-PD-L1 antibody blockade, and
bystander OV A-specific memory CD8 T cells were assessed for their
numbers and functional properties (Fig. 7A). As expected, before
PD-1 checkpoint blockade immunotherapy, OV A-specific memory
CD8 T cells expressed intermediate PD-1 (Fig. 7B). On the other
hand, owing to their history of chronic antigenic stimulation, CD8
T cells specific to the LCMV GP33 or GP276 epitopes were pD-1"
(Fig. 7B). PD-1 or PD-L1 checkpoint blockade resulted in expan-
sion of functionally reinvigorated LCMV-specific T cells, associated
with reduced viral loads as previously described (fig. S7, A and B)
(7). However, contrary to the exhausted LCMV-specific cells, resting
OVA-specific memory CD8 T cell numbers declined in both lym-
phoid and nonlymphoid sites after PD-1 or PD-L1 antibody treatment
(Fig. 7, C and D, and fig. S7C) but largely retained their phenotypic
and functional properties (Fig. 7C and fig. S7, D and E), as shown by
similar expression of CD127 and KLRG-1 and similar production of
IFN-y, TNF-0, and IL-2 upon antigenic restimulation (fig. S7, D and
E). Consistent with increased contraction of overall CD8 T cell mem-
ory population in the absence of T cell-specific PD-1 signals, generalized
antibody-mediated PD-1 blockade did not result in any substantial
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Fig. 7. PD-1 checkpoint blockade during chronic infection decreases the total number of antigen-specific memory CD8 T cells. (A) Naive, Ly5.1* OT-| CD8 T cells
were transferred (104 cells) into naive C57BL/6 mice and infected with LM-OVA. Mice containing memory OT-I CD8 T cells at days 60 to 75 after infection were then infected
with LCMV(.13 to establish a chronic infection. Chronically infected mice were treated with PBS, anti-PD-1, or anti-PD-L1 starting at day 23 after infection. (B) PBMCs were
isolated and characterized at day 22 after LCMV¢,.13 infection, before initiation of anti—-PD-1 or anti-PD-L1 treatment. Histograms show PD-1 expression in naive (CD44%°)
CD8T cells, LCMV-specific H-2D":GP33 or H-2D":GP276 CD8 T cells, and memory OT-I-specific CD8 T cells. Numbers in histogram represent MFI of PD-1. Red line indicates
median PD-1 expression in naive cells. (C) Flow cytometry plots show frequency of donor CD8 T cells in spleen upon completion of anti-PD-1 or anti-PD-L1 treatment.
Flow cytometry plots are then further gated on donor cells (Ly5.1*), and KLRG-1, CD127, CD62L, and GzmB expressions are shown. (D) The dot plot shows enumeration
of memory OT-I CD8 T cells in spleen at day 39 after infection. Bar graphs display means and SEM. Data are representative of three independent experiments with n=4to
5 mice per group. Unpaired Student’s t test was used with statistical significance in difference of means represented as *P < 0.05 and **P <0.01.
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alterations in the overall composition of memory subsets (Fig. 7C
and fig. S7D). In summary, consistent with our findings of memory
attrition upon CD8 T cell-specific PD-1 ablation, our observations
that quiescent bystander memory CD8 T cells undergo attrition
during PD-1 checkpoint blockade therapy during chronic infection
support the possibility of a clinically relevant role of PD-1 signals
in the long-term maintenance of functional CD8 T cell im-
mune memory.

DISCUSSION

The main goal of this study was to investigate the T cell-intrinsic
role of PD-1 in memory CD8 T cell development. PD-1 and PD-L1
antibody blockade causes systemic immune perturbations, and long-
term treatment has been shown to induce autoimmunity in multiple
clinical studies (79-81). Hence, we engaged the strategy of specifi-
cally ablating PD-1 on a fraction of antigen-specific CD8 T cells to
compare memory differentiation of WT and PD-1-deficient CD8
T cells in the same infected host. By bypassing issues of systemic
immune perturbations associated with global antibody-mediated
blockade or germline deletions of PD-1 or PD-L1, this study also
normalizes for any differences in immune milieu that might result
from altered expansion, effector function, and viral control. In this
controlled setting, our studies of T cell-specific loss of PD-1 signals
show that (i) PD-1 is largely dispensable for T cell activation, early
proliferation, and effector differentiation; (ii) during later stages of
CTL expansion, PD-1 mediates modest attenuation of clonal ex-
pansion and effector differentiation; and (iii) PD-1 is critical for
generating optimal numbers of memory CD8 T cells. By integrating
phenotypic, functional, metabolomic, and transcriptomic data, this
study further offers new insight into how T cell-specific PD-1 signals
promote long-term memory homeostasis through regulation of mTOR-
dependent glucose oxidation and enhancement of fatty acid oxidation.
Moreover, this study expands into the translational realm by
suggesting a risk for bystander CD8 T cell memory attrition during
PD-1 checkpoint blockade immunotherapy.

Consistent with a largely inhibitory role of PD-1 in a variety of
chronic and acute viral infections (12, 39, 44-46, 48), our studies
show limited inhibition of T cell activation and effector CD8 T cell
responses in the context of CD8 T cell-specific PD-1 deficiency.
Our study further found a critical role of PD-1 in promoting the
survival of memory-fated cells in distinct viral (LCMV and VACV)
and bacterial (LM) infections. Enrichment of apoptosis gene signa-
tures in PD-1-deficient effector CD8 T cells suggests that contrac-
tion properties are programmed by PD-1 during effector expansion.
These findings have been recently extended to respiratory viral in-
fections as well (48) and are consistent with a previous report of in-
creased expansion followed by a faster decay rate for PD-1 KO cells
than WT cells in VACYV infection (52). Nonetheless, more pronounced
inhibition of effector responses in lung was reported by Pauken et al.
(48) during respiratory viral infections, and the fold decline in antigen-
specific CD8 T cell numbers in the absence of PD-1 is variable across
infection models. These differences may be ascribed to disease model-
specific variations in effector differentiation-driving factors such as
antigen persistence, inflammation, expression of PD-1 ligands, and
subsets of antigen-presenting cells and regulatory cells in distinct
tissue sites that might uniquely intersect with PD-1 signals.

Memory defects in PD-1-deficient CD8 T cells were related to
homeostatic proliferation and metabolic differences in the absence
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of antigen. Functional properties such as coproduction of multiple
cytokines upon restimulation with cognate antigen and secondary
recall expansion potential remained unaltered by the loss of PD-1
signals, indicating an independent regulation of these memory
properties. It is possible that other inhibitory signals (such as lym-
phocyte activation gene 3 or CD160) may compensate for the loss of
PD-1 to rescue memory CD8 T cell functional aspects to varying ex-
tents (82). In comparison to chronic LCMV infection, where CD8
T cell-specific PD-1 ablation was associated with an increase in the
numbers of antigen-specific CD8 T cells and progressive loss of func-
tion (12), we observed a modest enhancement of CTL expansion yet
loss of memory with preservation of polyfunctionality in acute in-
fection. These differences in acute and chronic antigen settings might
be ascribed to augmented expression of PD-1 ligands with persisting
antigen and inflammation, thus rendering inhibitory signals more
dominant at later stages of CTL expansion in chronic infection. In
agreement with this, type I IFNs, which are potent inducers of PD-
L1, have been found to exhibit elevated expression during chronic
compared to acute LCMYV infection, and blockade of IFN-I signal-
ing leads to reduction of PD-L1 and control of persistent LCMV
infection (83, 84).

Our data show that loss of PD-1 is associated with altered ho-
meostatic maintenance, increased aerobic glucose metabolism, and
impaired fatty acid metabolism through mTOR. Inhibition of mMTOR
by rapamycin reversed the metabolic defects and also partially res-
cued the CD8 T cell memory survival defects associated with loss of
PD-1. Consistent with availability of homeostatic signals in the bone
marrow (85-87), our studies show maximal rescue of memory num-
bers in the bone marrow. These findings implicate a potential in-
volvement of the PD-1/mTOR axis in CD8 T cell memory, as in the
case of T cell activation (41), effector differentiation (39), and ex-
haustion (88, 89).

Considering the increasing promise of PD-1 blockade in revers-
ing CD8 T cell exhaustion and providing beneficial therapeutic ef-
fects during chronic infections and in a variety of cancers in the clinic,
these studies bear clinical implications. Our data showing decline in
bystander memory CD8 T cell numbers after PD-1 checkpoint block-
ade during chronic LCMYV infection suggest a possible loss of protec-
tive immunity to prior infections and vaccinations after checkpoint
blockade immunotherapy in the clinic. In addition, loss of PD-1 in-
hibition might lead to augmentation of pathogenic immune responses
as suggested by the recrudescence of tuberculosis in two patients
with cancer after PD-1 checkpoint blockade immunotherapy (90).
A lower magnitude of memory attrition by antibody blockade during
homeostasis and in the checkpoint blockade therapeutic setting,
compared to PD-1 ablation model, might be ascribed to a relatively
short window of blockade in the face of long intermitotic division
times during homeostatic proliferation (75). In addition, inefficient
antibody penetration into memory niches and infection-related com-
pensatory factors might also mitigate the effect.

There are limitations to our study. Antibody-mediated blockade
of PD-1 signals specifically during expansion, contraction, or mem-
ory maintenance phases implicates a role for PD-1 inhibition during
contraction and memory maintenance phases. Likewise, rapid in-
duction of metabolic differences after PD-1 blockade during mem-
ory supports a requirement of PD-1 signals during memory phase.
These findings are consistent with a recent study noting the lack of
evident memory defects in respiratory infections when PD-1 signals
were blocked only during expansion (48). Nonetheless, future studies
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involving conditional stage-specific ablation of PD-1 in effector or
memory CD8 T cells will provide conclusive insights into stage-specific
regulation of memory homeostatic properties by PD-1 during ex-
pansion, contraction, and memory maintenance phases. The impact
of PD-1 blockade immunotherapy on bystander memory CD8 and
CD4 T cells might vary depending on the immunologic milieu. Hence,
future studies into bystander memory CD8 T cell attrition under
distinct infection and cancer models with unique inflammatory mi-
croenvironments will test the breadth of clinical implications of PD-1
blockade and further illuminate the mechanistic bases of memory
attrition. Our data demonstrate the involvement of the PD-1/mTOR
axis in metabolic regulation of memory CD8 T cells. However, the
precise molecular mediators downstream of PD-1 and mTOR need to
be fully elucidated. Moreover, the T cell-extrinsic signals (antigen, in-
flammatory, or homeostatic cytokines) that are suppressed by PD-1
to support the metabolic transition of CD8 T cells from effector to mem-
ory programs also require further categorical studies. Likewise, CD28
costimulation plays an important role in the rejuvenation of ex-
hausted CD8 T cells by PD-1 checkpoint blockade immunotherapy
(27, 28). Whether CD28 exerts a role in PD-1-mediated metabolic
regulation of CD8 T cell memory remains to be investigated in fu-
ture studies.

In conclusion, these studies present a model of PD-1-dependent
CD8 T cell memory longevity through metabolic regulation. Meta-
bolic regulation of quiescent yet functional memory CD8 T cells
through PD-1 and PD-L1 signaling represents a regulatory pathway
that may be exploited to manipulate the durability of CD8 T cell im-
mune memory. These studies are relevant to CD8 T cell memory out-
comes after immunizations and acute infections and possibly during
checkpoint blockade therapy.

MATERIALS AND METHODS

Study design

The overall objective of the study was to query the CD8 T cell-specific
role of PD-1 in memory responses. To address this, adoptive cotrans-
fer strategy of H-2D%GP33 antigen—specific WT and PD-17/~ CD8
T cells in the same C57Bl/6 host was engaged. Studies were conducted
using distinct precursor frequencies (10> to 10°) of H-2D".GP33
antigen-specific CD8 T cells. To query the stage-specific effects of
PD-1 signaling, antibody blockade of PD-1 or PD-L1 was conducted
in infected mice. Absolute numbers and phenotypic, functional,
metabolic, and gene expression assessments were conducted at dis-
tinct stages of CD8 T cell differentiation—expansion and effector
differentiation, contraction, and memory homeostasis. On the basis
of power analysis, a sample size of three to five mice was used for
independent repeats for desired power of 0.80 and type I error rate
of 0.05 to detect at least 20% difference in means. Experimental end
points were determined at predefined naive, effector, or memory
stages of CD8 T cell differentiation. In antibody blockade experi-
ments, mice were randomly assigned to untreated or treated groups.
Experimentation and assessment of outcomes were not blinded.
Raw data are provided in data files S1 and S2.

Mice

C57BL/6 mice (Thyl.2", Thyl.1%, or Ly5.1") were purchased from
the Jackson Laboratory. Thyl.1" P14 mice bearing the H-2D":GP33
epitope-specific TCR were fully backcrossed to C57BL/6 mice and were
maintained in our animal colony. PD-1""" P14 mice were generated
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via breeding of PD-1""" mice with WT P14 mice until the PD-17"
locus was homozygous on a P14 background. All animals were used
in accordance with the Seattle Children’s Research Institute Animal
Care and Use Committee guidelines. For generating chimeric mice,
WT and PD-17" P14 cells were cotransferred intravenously in
equal numbers. For CFSE experiments, 0.5 x 10°t0 1.0 x 10° antigen-
specific WT and PD-17'~ P14 cells were transferred. For analysis of ef-
fectorand memory CD8 T cell responses over time, WT and PD-1"~ P14
cells were cotransferred at 2 x 10° (low dose) or 5 x 10* (high dose)
antigen-specific cells.

Virus and bacterial propagation and infection

Armstrong and Cl-13 strains of LCMV and recombinant LM (LM-
GP33 and LM-OVA) were propagated and titered in baby hamster
kidney cell line and brain heart infusion media, respectively, as de-
scribed previously (91, 92). Pathogens were used for infections as
follows: Mice were injected intraperitoneally with 2 x 10° plaque-
forming units (PFU) of LCMV o, to establish an acute infection; to
establish chronicity, mice were infected intravenously with 2 x 10° PFU
of LCMV; Vaccina-GP33 virus (gift from R. Ahmed, Emory Univer-
sity) was injected intravenously with 2 x 10° PFU; for primary LM
infections, mice were infected with 10,000 colony-forming units
(CFU) of LM-OVA or 20,000 CFU of LM-GP33 intravenously; for
secondary expansion studies, mice were infected intravenously with
30,000 CFU of LM-GP33.

Flow cytometry

All antibodies were purchased from BioLegend with the exception
of granzyme B (Invitrogen). Major histocompatibility complex class
I tetramers were made as described previously (93), and cells were
stained for surface or intracellular 6proteins and cytokines. For analy-
sis of intracellular cytokines, 2 x 10° red blood cell-lysed crude spleno-
cyte preparations were stimulated with GP33-41 peptide (0.2 ug/ml;
GenScript) in the presence of brefeldin A (Sigma-Aldrich) for 5 hours,
followed by surface staining for CD8 [clone 53.67, Brilliant Violet (BV)
650, 1:100], Ly5.1 [clone A20; fluorescein isothiocyanate (FITC),
1:100; BV421, 1:100], Thyl.1 (clone OX-7; peridinin chlorophyll pro-
tein, 1:300), or Thy1.2 (clone 30-H12; Pacific Blue, 1:200; Alexa Fluor
700, 1:200), PD-1 [clone RMP1-30; phycoerythrin (PE)-Cy7, 1:100],
CD127 (clone A7R34; PE, 1:100; BV421, 1:100), KLRG-1 [clone 2F1;
allophycocyanin (APC), 1:100; FITC, 1:100], and CD62L (clone MEL-14;
Pacific Blue, 1:75; A700, 1:75) and intracellular staining for IFN-y (clone
XMGL.2; FITC, 1:100), TNF-o. (clone MP6-XT22; APC, 1:100), or IL-2
(clone JES6-584; PE, 1:100). All antibody staining was conducted on
ice for 45 min. Analysis of pS6 was conducted by phosphoflow stain-
ing of samples either directly after isolation or after in vitro stimu-
lation for 30 min with GP33 peptide as described previously (94).
Flow cytometric analysis was performed on an LSRII Fortessa (BD
Biosciences). Single-cell suspensions of spleen cells, lymph nodes,
lungs, livers, or peripheral blood mononuclear cells (PBMCs) from
mice were prepared, and staining was carried out as described pre-
viously (94). To differentiate between circulatory and resident CD8
T cells in harvested organs, mice were injected intravenously with
3 pg (in 500 pl) of fluorochrome-conjugated anti-CD8p (clone
YTS156.7.7, BioLegend) and euthanized 4 min after antibody deliv-
ery. Organs were subsequently harvested and processed in a dark
environment. Cells were stained and incubated with marker antibodies
as described above in a dark environment. The cells were acquired
via flow cytometry within 24 hours, and those positive for CD8B
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were considered to be the circulatory population. The resident pop-
ulation was not marked with the CD8P antibody.

Proliferation analyses

For analysis of cell proliferation, splenocytes were first labeled with
CFSE (Invitrogen) at a concentration of 10 x 10 cells/ml and 5 uM
CFSE in RPMI 1640 medium. For in vitro proliferation analyses, CFSE-
labeled LCMV memory CD8 T cells were cultured at 37°C with IL-7,
IL-15, or GP33-41 peptide in RPMI 1640 supplemented with 10% fetal
bovine serum. For in vivo proliferation analyses, 1 x 10® CFSE-labeled
memory CD8 T cells were adoptively transferred into naive C57BL/6
recipients and bled weekly in an antigen-free environment.

Metabolic assays

For Seahorse analysis, antigen-specific CD8 T cells were purified from
splenocytes using EasySep (STEMCELL Technologies) or MojoSort
(BioLegend) positive biotin selection kits. Cells were plated at 4 x
10° (XF 24) or 1.5 x 10° (XF 96) per well using poly-1-lysine adhesive
(Sigma-Aldrich). Agilent XF 24 and 96 analyzers were used. Oligo-
mycin, trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP),
rotenone/antimycin A (Agilent Seahorse XF Cell Mito Stress Test
Kit), 2-deoxyglucose (VWR), and etomoxir (Sigma-Aldrich) were
used to probe different metabolic assays. Mitochondrial assays were
performed with samples after isolation using tetramethylrhodamine
ethyl ester and MitoTracker (Invitrogen) per the manufacturer’s in-
structions. Fluorescent glucose analog N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) (Invitrogen) was used
for glucose flux analyses, and 4,4-difluoro-1,3,5,7,8-pentamethyl-
4-bora-3a,4a-diaza-s-indacene (BODIPY 493/503) (Invitrogen) was
used for fatty acid content analyses per the manufacturer’s instruc-
tions. For metabolomic analysis, cells were fluorescence-activated
cell sorter purified and stored in 80% methanol to quench metabo-
lism. Cytosolic metabolites were isolated and dried using SpeedVac.
Samples were sent to the Northwest Metabolomics Research Center
for liquid chromatography/triple quadrupole mass spectrometry.
Data were analyzed at Elucidata.

Antibody blockade

Mice were treated at indicated time points after infection (as indicated
in the figure legends). Mice were treated with 200 pug per mouse of
anti-PD-1 (29F.1A12) or anti-PD-L1 (10F.9G2) (BioXcell) given in-
traperitoneally every third day in a total volume of 500 ul. Similar
volume of phosphate-buffered saline (PBS) was injected in con-
trol animals.

Rapamycin treatment

Mice received rapamycin daily by intraperitoneal injection starting
at day 6 of LCMV ayy, infection. Mice were treated with rapamycin
(600 pg/kg; Alfa Aesar) in sterile PBS. Control mice were treated daily
with sterile PBS.

Microarray samples

WT (5 x 10* cells, Thy1.1/1.2) and PD-1""" (5 x 10* cells, Thy1.1/1.1)
CD8 T cells were adoptively cotransferred into naive C57BL6 mice
(Thy1.2/1.2), which were subsequently infected with 2 x 10° PFU of
LCMV arm. Splenocytes were isolated on day 7 after infection and sorted
for WT and PD-17"" effector CD8 T cells. Sorted cells were resuspended
in TRIzol (Invitrogen). Subsequent complementary DNA, comple-
mentary RNA synthesis, and hybridization to mouse 430.2 microarray
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chips (Affymetrix) were performed according to the manufacturer’s
protocol as done previously (33). Raw data were normalized using
the RMA package built within Genespring 7.0 (Agilent Technolo-
gies), and fold change comparisons between the groups indicated in
the figures were subsequently made. Microarray datasets (GSE181068)
generated in this study have been made publicly available through
the National Center for Biotechnology Information Gene Expres-
sion Omnibus (GEO) database. To test for the enrichment of effector
and memory precursor signatures, GSEA was performed as previ-
ously described (35).

Statistical analysis

Paired or unpaired Student’s ¢ test was used as indicated to evaluate
differences between sample means. Paired analysis was conducted
at indicated times after infection in experimental settings where
WT and PD-1""~ CD8 T cells were cotransferred into the same host.
Unpaired t test was used to compare treated and untreated groups
from in vitro or in vivo studies or WT and PD-17~ CD8 T cells in
separate hosts at indicated times after infection. A one-way analysis
of variance (ANOVA) with Tukey’s post hoc test was used for exper-
iments with three or more groups to compare means across distinct
groups. All statistical analyses were performed using GraphPad Prism 5
with default Gaussian distribution assumption for biological data
from genetically inbred mice. P values of statistical significance are
depicted by asterisks: *P < 0.05, **P < 0.01, and ***P < 0.001 in the
figures. In cases where statistically significant differences were not
observed, no asterisk marks are included.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.aba6006
Figs.S1t0S7

Data files S1 and S2

View/request a protocol for this paper from Bio-protocol.
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Metabolism modulates memory

CD8 T cell exhaustion, often characterized by persistent expression of the inhibitory receptor, programmed cell death
protein 1 (PD-1), is a feature of cancer and chronic infections. Here, Kalia et al. investigated the impact of PD-1
signaling on memory CD8 T cells. Using an acute viral infection model, the authors showed that, although PD-1
deficiency did not substantially affect initial T cell expansion, loss of T cell-specific PD-1 resulted in depletion of the
memory T cell pool. The authors then showed that PD-1 signals were necessary to suppress anabolic glycolysis

and drive fatty acid oxidation, metabolic programs required for quiescent memory T cell persistence. These results
implicate PD-1 as a regulator of CD8 T cell metabolism and memory, which may have clinical implications for those
receiving PD-1 blockade therapy.
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