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Abstract

Despite successes, thus far, a significant proportion of the
patients treated with anti-PD1 antibodies have failed to respond.
We use mouse tumor models of anti-PD1 sensitivity and resis-
tance and flow cytometry to assess tumor-infiltrating immune
cells immediately after therapy. We demonstrate that the expres-
sion levels of T-cell PD1 (PD1lo), myeloid, and T-cell PDL1
(PDL1hi) in the tumor microenvironment inversely correlate and
dictate the efficacy of anti-PD1 mAb and function of intratumor
CD8þ T cells. In sensitive tumors, we reveal a threshold for PD1

downregulation on tumor-infiltrating CD8þ T cells below which
the release of adaptive immune resistance is achieved. In contrast,
PD1hi T cells in resistant tumors fail to be rescued by anti-PD1
therapy and remain dysfunctional unless intratumor PDL1lo

immune cells are targeted. Intratumor Tregs are partly responsible
for the development of anti-PD1–resistant tumors and PD1hi

CD8þ T cells. Our analyses provide a framework to interrogate
intratumor CD8þ T-cell PD1 and immune PDL1 levels and
response in human cancer. Cancer Res; 75(18); 1–12. �2015 AACR.

Introduction
Immune checkpoint molecules refer to a group of immune

receptors that when engaged by their ligands, transmit an inhibitory
signal to suppress effector function. These inhibitory pathways are
critical for maintaining self-tolerance and regulating the strength
and duration of immune responses in peripheral tissues to mini-
mize tissue pathology (1). We now appreciate cancer can use these
pathways to evade tumor immunity. Three immune checkpoint
inhibitormonoclonal antibodies (mAb), ipilimumab [reactivewith
cytotoxic T lymphocyte-associated protein 4 (CTLA-4)], pembroli-
zumab, andnivolumab [reactivewith programmeddeath 1 (PD1)],
were approved by the FDA for the treatment of advanced melano-
ma. Anti-CTLA-4 and anti-PD1 are thought to mediate their anti-
tumor activity by blocking CTLA-4 or PD1 on effector immune cells
(such as CD8þ T cells) from interacting with their ligands CD80/
CD86 or PDL1/PDL2 (programmed death ligand 1/2), respectively
(2, 3). Central to the efficacy of immune checkpoint blockade is the
requirement for immune cells to infiltrate into tumors.

Owing to recent success in numerous clinical trials and a more
favorable clinical safety profile (3–6), anti-PD1 mAb therapy is
expected to ascend to be a frontline treatment for advanced
melanoma and various other malignancies. Anti-PD1 mAbs were
shown to induce variable, but impressive, levels of clinical
responses in patients with melanoma, renal cell carcinoma,
non–small cell lung cancer (NSCLC), and Hodgkin lymphoma
(3–6). Anti-PDL1 therapy also shows considerable promise and
more recently was shown to have activity in bladder carcinoma
(7). This new survival profile now raises questions about how to
predict and increase the number of patientswho receive long-term
clinical benefit from immune checkpoint mAb therapy. Tumor-
infiltrating lymphocytes (TIL) were strongly associated with local
PDL1 expression on melanomas (primary or metastases; ref. 8).
Tumors and immune cells in tumors upregulate PDL1 in response
to IFNg released by TILs as an adaptive immune resistance
mechanism to suppress local effector T-cell function (1), implying
that immunosurveillance exists even in advanced cancers. PDL1
can also be expressed constitutively on cancer cells through poorly
characterized oncogenic signaling pathways (9–11). Recent stud-
ies in patients reported that the presence of tumor CD8þ T cells
and PD1 and PDL1 expression are positive predictive biomarkers
for anti-PD1 therapy (12). As PD1 expression is generally local-
ized on intratumor T cells (1, 13), it is thus not surprising that a
preexisting T-cell response dictates anti-PD1 treatment outcome.
By blocking the ligation of PD1 by its ligands, PD1-expressing T
cells were demonstrated to have enhanced cytotoxic, prolifera-
tion, and migration capacity (13).

Here, we have compared anti-PD1–sensitive and -resistant
mouse tumors that paradoxically both contain CD8þ T cells. The
expression levels of intratumor T-cell PD1 (hi and lo) and immune
cell PDL1 (lo and hi) dictated the resistance or sensitivity to anti-
PD1mAb, respectively. In sensitive tumors, we reveal a threshold
for PD1downregulationon tumor-infiltrating T cells belowwhich
the release of adaptive immune resistance is achieved. We show
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that an induction of intratumor Treg is, in part, responsible for the
development of anti-PD1–resistant tumors and PD1hi CD8þ T
cells.

Materials and Methods
Mice

C57BL/6 and Balb/c wild-type (WT) were purchased from the
ARC Animal Resources Center or Walter and Eliza Hall Institute
for Medical Research. C57BL/6 FcR-deficient (FcRgKO, FcgR IIIKO

FcgR IVKO; kindly provided by Mark Hogarth and Jeffrey Ravetch,
respectively; refs. 14–17) and C57BL/6 Foxp3-DTR transgenic
mice (18) were bred in-house at the QIMR Berghofer Medical
Research Institute and used between the ages of 6 and 16 weeks.
Groups of 4 to 10mice per experimentwere used for experimental
tumor assays to ensure adequate power to detect biologic differ-
ences. All experiments were approved by the QIMR Berghofer
Medical Research Institute Animal Ethics Committee.

Tumor cell lines
The C57BL/6 MC38 colon adenocarcinoma, C57BL/6 AT3

mammary adenocarcinoma, and Balb/c CT26 colon adenocarci-
noma were maintained as previously described (19, 20). For in
vivo experiments, the indicated cell numberswere s.c. injected into
mice in a 100-mL volume.

Antibodies and reagents
Purified anti-mouse PD1 mAb (RMP1-14), anti-mouse Tim3

(RMT3-23), anti-mouse PDL1 (10F.9G2), and control Ig (2A3)
were purchased from BioXCell and used in the schedule and dose
as indicated. Diphtheria toxin (DT) was purchased from Sigma
Aldrich (Cat No D0564) and used in the schedule and dose as
indicated.

In vivo treatments
A total of 1� 106 MC38 or AT3 tumor cells and 2� 105 Renca

or 1� 105 CT26 tumor cells were s.c. injected into mice in a 100-
mL volume (day 0) and treatments given as indicated in the figure
legends. Tumor growth was measured using a digital caliper, and
tumor sizes are presented as mean � SEM. At indicated time
points, tumors were weighed and recorded (mg) for individual
mice in each group. For flow cytometric analyses of immune cells
(TILs or peripheral lymphoid tissues), MC38 or CT26-bearing
micewere treatedwith the indicated antibodies or reagents onday
10 and immune cells were isolated 48 to 72 hours after treatment;
AT3-bearing mice were treated with the indicated antibodies or
reagents on day 14 and immune cells were isolated 48 to 96 hours
after treatment; Renca-bearing mice were treated with the indi-
cated antibodies or reagents on day 8 and immune cells were
isolated 48 hours after treatment. For Foxp3þ Treg depletion,
500 ng of DT (200 mL volume) was intraperitoneally injected in
MC38- or AT3-bearing Foxp3-DTR transgenic mice at the indi-
cated time, and an equal volume of PBS was used as a control.

Flow cytometric analysis
Tumors and peripheral lymphoid tissues were harvested from

mice that had been treated with mAb or otherwise and processed
for flow cytometric analysis as previously described (19). For
surface staining, TILs or immune cell suspensions were stained
with eFluor780 anti-CD45.2 (104; eBioscience), eFluor450 or
BV605 anti-CD4 (RM4-5; eBioscience and Biolegend), PE-Cy7 or

BV421 anti-CD8a (53-6.7; eBioscience and Biolegend), FITC,
phycoerythrin (PE), or APC anti-TCRb (H57-597; eBioscience
and Biolegend), PE-Cy7 anti-CD11b (M1/70; eBioscience),
eFluor450 anti-Gr1 (RB6-8C5; eBioscience), PE anti-CD44 (IM7;
Biolegend), APC anti-CD62L (MEL-14; Biolegend), FITC or APC
anti-PD1 (J43; eBioscience), APC anti-PDL1 (10F.9G2; Biole-
gend), and respective isotype antibodies in the presence of
anti-CD16/32 (2.4G2). BD Liquid Counting Beads (Cat. No.
335925) were added to sample for cell number analyses. 7AAD
(Biolegend) was used to exclude dead cells. For intracellular
transcription factor staining, surface-stained cells were fixed and
permeabilized using the Foxp3/Transcription Factor Staining
Buffer Set (eBioscience), according to the manufacturer's proto-
col, and stained using eFluor450-anti-Foxp3 (FJK-16s,
eBioscience), FITC or PE-Cy7 anti-Tbet (4B10 or eBio4B10; Bio-
legend and eBioscience), eFluor660 anti-Eomes (Dan11mag;
eBioscience), and respective isotype antibodies. For intracellular
staining of IFNg and TNF, cells were stimulated in vitro with
50 ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich)
and 1 mg/mL ionomycin (Sigma-Aldrich) in the presence of Golgi
Plug (BD Biosciences) for 4 hours and then surface stained as
aforementioned. Surface-stained cells were then fixed and per-
meabilized using BD Cytofix/Cytoperm (BD Biosciences) accord-
ing to the manufacturer's protocol and stained with PE-anti-IFNg
(XMG1.2; eBioscience) and BV605 anti-TNF (MP6-XT22; Biole-
gend) and respective isotype antibodies. Cells were acquired on
the BD FACSCANTO II (BD Biosciences) and analysis was con-
ducted using FlowJo (Tree Star).

Statistical analyses
Statistical analyses were conducted using GraphPad Prism

software. Significant differences in tumor growth were deter-
mined by an unpaired t or Mann–Whitney U test. Significant
differences in cell subsets were determined by an unpaired t test.
Analysis of covariance (ANCOVA) was applied to test the asso-
ciation between the PDL1 or PD1 mean fluorescence intensity
(MFI) on various TIL subsets (CD4þ T, CD8þ T, CD11bþ/Gr1þ,
CD45.2�) and the tumorweight and the interactionbetween the2
slopes. Values of P < 0.05 were considered significant.

Results
Anti-PD1 sensitivity correlates with reduced frequency of PD1-
expressing T cells

We set out to compare the intratumor effects of anti-mouse PD1
therapy in sensitive and resistant mouse tumors where CD8þ T
cells were prominent. Here, we chose the sensitive MC38 colon
adenocarcinoma and resistant AT3 mammary tumor models.
Consistent with our published data, anti-PD1 suppressed the
growth and weight of MC38 (19), but not AT3 (20), tumors in
comparison to the control cIg-treated mice (Fig. 1A and B; Sup-
plementary Fig. S1A and S1C). We next performed flow cytometric
analyses on TILs 48 to 72 hours after one mAb treatment and used
a noncompeting clone of anti-PD1 mAb (clone J43) for flow
cytometric staining analysis (Supplementary Fig. S2). Both MC38
and AT3 tumors contain a similar high frequency and number of
leukocytes (CD45.2þ) and T cells (CD4þ and CD8þ). While we
did not observe significant changes in the intratumor leukocyte
(CD45.2þ) number and frequency between anti-PD1- and cIg-
treated mice, anti-PD1 mAb induced a modest increase in the
frequency and number of CD8þ T cells in MC38 tumors, but not
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AT3 tumors (Supplementary Fig. S1B and S1D). In contrast,
intratumor CD4þ T-cell number and frequency were moderately
increased after anti-PD1 treatment compared with cIg treatment in
both tumor models (Supplementary Fig. S1B and S1D).

The frequency of intratumor T cells expressing PD1 was calcu-
lated relative to isotype control–stained cells (Fig. 1C and D).
Strikingly, the intratumor frequency of PD1-expressing CD8þ and
CD4þ T cells was significantly reduced in MC38 tumors, but not
AT3 tumors, following anti-PD1 treatment (Fig. 1E and F; Sup-
plementary Fig. S1B and S1D). In contrast, we observed that the
PD1 expression levels were decreased in both CD4þ and CD8þ T
cells inMC38 andAT3 tumors after anti-PD1 treatment compared
with cIg treatment, indicating the biologic, if not therapeutic,
activity of anti-PD1 in each tumor model (Supplementary

Fig. S3). Notably, intratumor CD4þ and CD8þ T cell PD1 expres-
sion was higher in AT3 tumors than in MC38 tumors, with two
clear populations of PD1hi and PD1�CD8þ T cells in AT3 tumors
and a relatively homogenous PD1lo-expressing population of
CD8þ T cells in MC38 tumors (hereafter termed PD1lo; Fig. 1C
and D; Supplementary Fig. S3). Of note, these PD1hi (AT3) and
PD1lo (MC38) CD8þ T cells existed before cIg or anti-PD1 is given
(data not shown). Collectively, these data indicated a strong
association between the presence of intratumor PD1hi T cells and
resistance to anti-PD1 mAb. However, just as importantly, a
significant reduction in the frequency of PD1þ T cells and level
of PD1 expression below a threshold level (as seen in MC38)
predicts the release from adaptive immune resistance. The same
effects observed in the AT3model (PD1hi CD8þ T cells associated
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Figure 1.
Anti-PD1 sensitivity correlates with
reduced frequency of PD1-expressing
CD8þ T cells. Groups of B6 WT mice
(n ¼ 5–8) were s.c. injected with MC38
tumor (1 � 106 cells; A, C, and E) or AT3
tumor (1 � 106 cells; B, D, and F) on
day 0. A and B, tumor-bearing mice
were treated with 250 mg of cIg or
anti-PD1 on days 6, 10, and 14 (A) or
days 15, 19, 23, and 27 (B). Tumor
growth was measured using a digital
caliper, and tumor sizes are presented
as mean � SEM. Statistical
differences in tumor sizes between
cIg- and anti-PD1–treated mice were
determined by an unpaired t test
(�� , P < 0.01; ��� , P < 0.001). Data are
representative of two or more
independent experiments. C–F,
tumor-bearing mice were treated
with 250 mg of cIg or anti-PD1 on day
10 (C and E) or day 14 (D and F), and
tumors were harvested 2 or 3 days
after antibody treatments for flow
cytometric analyses. C and D,
representative FACS plots for gating
strategy to define frequencies of
PD1-expressing CD4þ T cells (left) and
CD8þ T cells (right) between cIg- and
anti-PD1–treated mice are shown. E
and F, frequencies of PD1-expressing
CD4þ T cells and CD8þ T cells are
shown. Statistical differences in
frequencies of PD1-expressing CD4þ T
cells and CD8þ T cells between cIg- and
anti-PD1–treated mice were
determined by an unpaired t test
(���� , P < 0.0001). Data shown are
pooled from 12 (E) and 7 (F)
independent experiments and are
presented as the mean � SD, with
individual symbols representing
individual mice. Data shown for
frequencies of PD1-expressing CD4þ

T cells, and PD1-expressing CD8þ T cells
between cIg- and anti-PD1–treated
mice (E and F) are the same data set
as shown in Supplementary Fig. S1B
and S1D.

T-cell PD1 Levels Set a Threshold for Response
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with resistance to anti-PD1 mAb and no reduced frequency of
CD8þ T cell PD1-expressing cells after anti-PD1 mAb) were also
seen in the Renca renal cell carcinoma tumor model (Supple-
mentary Fig. S4).

We further confirmed our findings using a combination of anti-
Tim3 and anti-PD1 mAbs in the CT26 tumor model, where a
synergistic antitumor response of the combinationwas previously
observed (19). The combination of anti-Tim3 and anti-PD1mAbs
induced a reduction in PD1þ intratumor CD8þ T cells consistent
with the ability of anti-Tim3 to enhance an antitumor immune
response toward CT26 via anti-PD1 therapy (Supplementary Fig.
S5A and S5B). In contrast, consistent with no reduction in PD1þ T
cells after the combination treatment of AT3 tumors (Supple-
mentary Fig. S5C), anti-Tim3 and anti-PD1 mAb combination
therapy was unable to suppress AT3 tumor growth (Supplemen-
tary Fig. S5D).

Blockade of T-cell PD1 determines anti-PD1 activity
The analyses of endpoint tumors reported in numerous studies

have shown that anti-PD1 increased the intratumorCD8/Treg ratio
(21, 22), and PD1 is expressed on intratumor Treg (23). Given that
the antitumor activity of mAb targeting mouse T-cell checkpoint
protein (CTLA-4) was reportedly mediated via an Fc-dependent
intratumor Treg depletion mechanism (24–26), we next assessed
antitumor activity of anti-PD1 in various FcR-deficient mice. Dis-
tinct from anti-CTLA-4, anti-PD1 retained its antitumor effect
against MC38 in all 3 FcR-deficient strains of mice used compared
with WT mice (Supplementary Fig. S6A). Furthermore, our flow
cytometric analyses of TILs and peripheral lymphoid tissues
[tumor, draining lymph nodes (DLN), non-DLN, spleen, and
blood] showed that PD1-expressing T cells were predominantly
found in the tumor microenvironment (Supplementary Fig. S7A
and S7B). In addition, wedid not observe a significant reduction in
intratumor T-cell numbers between anti-PD1–treated and cIg-
treated mice (Supplementary Fig. S1B and S1D). These data
suggested that blockade of PD1 signaling in intratumor T cells is
the primary mechanism of action for this anti-PD1 mAb.

Functions of MC38 and AT3 intratumor T cells
We observed that MC38 intratumor T cells produced relatively

higher levels of IFNg and TNF after cIg treatment compared with
the T cells isolated from AT3 tumors (Fig. 2A–D). Moreover, we
also observed an increase in intratumor T-cell–derived IFNg , but
not TNF, in MC38-bearing mice after anti-PD1 treatment (Fig. 2A
and B). In contrast, no significant changes were observed in the
intratumor T cell–derived IFNg and TNF between cIg- and anti-
PD1–treatedAT3-bearingmice (Fig. 2C andD).Anti-PD1mAbwas
shown to increase the Tbet (Fig. 2E), but not Eomes (Fig. 2F),
expression inT cells isolated fromtheMC38 tumors. In contrast, no
significant changes were observed for Tbet and Eomes expression
levels between cIg- and anti-PD1–treated AT3-bearing mice (Fig.
2G and H). The majority (>85%) of intratumor T cells in both
tumor models were found to be CD44þCD62L�, indicating that
differences in their PD1 status were independent of their T-cell
activation status (Fig. 3A–D). While anti-PD1 mAb did not mod-
ulate the frequencies of CD44þCD62L� and CD44þCD62Lþ

intratumor T cells in the MC38 tumors (Fig. 3A and B), it mar-
ginally reduced the frequency of CD44þCD62L� CD4þ T cells in
the AT3 tumors (Fig. 3C). Taking all the T-cell parameters that we
assessed, our data showed that T-cell PD1 reflects their dysfunc-
tional cytokine production, independent of their activation status.

Anti-PD1 mAb modulates the AT3 CD8/Treg ratio
It has been recently suggested that the presence of Treg could

promote the exhaustion of CD8þ T cells (23, 27). However, the
role of Treg in regulating T-cell PD1 expression has not been
examined. Increases in intratumor CD4þ T cells in both the
MC38 and AT3 tumors after administration of anti-PD1 (Sup-
plementary Fig. S1B and S1D) prompted us to assess the
proportion of intratumor Treg (CD4þFoxp3þ). Our flow cyto-
metric analyses of TILs showed that intratumor Treg were
increased in both tumor models, within 48 to 72 hours after
anti-PD1 mAb compared with cIg (Fig. 4A and B). Notably, we
found that anti-PD1 mAb significantly reduced the intratumor
CD8/Treg ratio in AT3-bearing mice (Fig. 4B). In contrast, this
ratio was unchanged between cIg- and anti-PD1–treated MC38-
bearing mice (Fig. 4A). To assess the role of Treg in modulating
intratumor T-cell PD1, we used a Foxp3-DTR transgenic mouse
model to conditionally deplete Treg in both the MC38 and AT3
tumor models. Whereas PD1-expressing CD8þ T cells were
unchanged between PBS- and DT-treated mice, we found that
Treg depletion increased the PD1-expressing CD4þ T cells in
MC38 tumor–bearing mice (Fig. 4C). PD1-expressing T cells
isolated from the Treg-depleted AT3 tumor were reduced com-
pared with the Treg-intact controls, and these T cells displayed a
significantly lower PD1 expression (PD1hi to PD1lo), together
with a reduced frequency in PD1þ T cells (Fig. 4E). Of note,
these changes in T-cell PD1 were independent of the induction
of Tbet (Fig. 4D and F; ref. 28). On the basis of our prediction of
anti-PD1 sensitivity, we speculate that these PD1lo T cells are
sensitive to anti-PD1 treatment. Consistent with this observa-
tion, Treg depletion in AT3 and CT26 renders the tumor
sensitive to anti-PD1 (Fig. 4G and H).

Intratumor immune PDL1 and T cell PD1 cross-regulate
Given the constant interaction of PD1 with PDL1 in the

tumor microenvironment, we next sought to determine wheth-
er T-cell PD1 expression was affected by intratumor PDL1
levels. Our MC38 TIL flow cytometric analyses revealed that
PDL1 expression on intratumor T cells and myeloid cells
(CD11bþ Gr1hi, CD11bþ Gr1int, and CD11bþ Gr1lo) was
significantly increased upon the administration of anti-PD1
mAb (Fig. 5A). Similar increases were also observed in the AT3
tumor model (Fig. 5B). Interestingly, the PDL1 expression on
CD45.2� cells was not different between cIg- and anti-PD1–
treated mice in both tumor models (Fig. 5A and B). More
importantly, we found that PDL1 expression in all the immune
cell subsets analyzed was generally higher in MC38 tumors
than in AT3 tumors (Fig. 5A and B). The relatively lower level
of PDL1 in the AT3 tumor suggested the use of anti-PDL1 mAb
might be an effective therapeutic approach to treat this anti-
PD1–resistant tumor, enabling maximal disruption of the
PD1/PDL1 axis. We found that anti-PD1 and anti-PDL1 alone
were similar in suppressing the growth of MC38, and the
combination of both mAbs had an insignificant effect (Fig.
5C). Strikingly, anti-PDL1 mAb was shown to suppress the
growth of the AT3 tumor (Fig. 5D). Similar to MC38 tumors,
AT3-bearing mice administered with the combination of anti-
PD1 and anti-PDL1 mAbs did not result in any measurable
additive antitumor effect in comparison to anti-PDL1 mAb
alone (Fig. 5D). Like anti-PD1 mAb, the antitumor activity of
anti-PDL1 mAb was FcRg-independent (Supplementary
Fig. S6B).
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Figure 2.
Anti-PD1 mAb sensitivity correlates with intratumor T-cell inflammatory cytokines. Groups of B6 WT mice (n ¼ 5–8) were s.c. injected with MC38 tumor (1 � 106

cells; A, B, E, and F) or AT3 tumor (1 � 106 cells; C, D, G, and H) on day 0. Tumor-bearing mice were treated with 250 mg of cIg or anti-PD1 on day 10 (A, B,
E, and F) or day 14 (C, D, G, and H), and tumors were harvested 2 or 3 days after antibody treatments for flow cytometric analyses. A–D, frequencies
of IFNg- and TNF-expressing CD4þ T cells (A and C) and CD8þ T cells (B and D) between cIg- and anti-PD1–treated mice are shown. Data are
presented as the mean � SD, with individual symbols representing individual mice. Statistical differences in frequencies of IFNg- and TNF-producing
cells of CD4þ; and CD8þ T-cell subsets between cIg- and anti-PD1–treated mice were determined by an unpaired t test (� , P < 0.05). Data shown are
representative of three (A and B) and two (C and D) independent experiments. Tbet MFI (E and G) and Eomes MFI (F and H) of CD4þ T cells and CD8þ T cells
between cIg- and anti-PD1–treated mice are shown. Data are presented as the mean � SD, with individual symbols representing individual mice.
Statistical differences in Tbet MFI (E and G) and Eomes MFI (F and H) of CD4þ and CD8þ T-cell subsets between cIg- and anti-PD1–treated mice were
determined by an unpaired t test (� P < 0.05). Data shown are representative of four or more (E and F) and three (G and H) independent experiments.
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Hierarchical model of TIL subset PD1 and PDL1 expression
We next performed an ANCOVA aimed at testing the associ-

ation between the mean fluorescence intensity of each variable
and the tumor weight (measured at 48 to 72 hours after mAb
administration) as well as the interactions between the slopes of
the treatment groups. The MFI of PD1 expression on T cells and
the PDL1 expression on CD4þ T cells are the most significant
parameters associated with tumor progression only in MC38
tumors (Fig. 6A, B, and E). Indeed, these variables on total
CD4þ and CD8þ T cells do not have any prognostic value in AT3
tumors (Fig. 6C, D, G, and H). Importantly, the high MFI of PD1
expression on T cells lost its negative prognostic value during PD1
blockade therapy (Fig. 6A and B; Pinteraction ¼ 0.001 for CD8 T,
Pinteraction ¼ 0.01 for CD4 T). Moreover, lower levels of PDL1
expression on CD8þ TILs are predicting responses to anti-PD1
mAb (Fig. 6F). In the resistant AT3 tumors, lower expression of
PDL1 on total CD8þ TILs was the only parameter associated with
relative tumor indolence (Fig. 6H), likely accounting for the
efficacy of anti-PDL1 Ab in this model (Fig. 5D). Given the
presence of PD1� and PD1hi CD8þ T cells in AT3 tumors, we
also performed the ANCOVA analysis on the selected CD8þ T-cell
subsets. While the PD1 MFI prognostic value of MC38 CD8þ T
cells was retained (Supplementary Fig. S8A and 8C), we found
that AT3 CD8þ PD1� or PD1hi T cell PD1 MFI did not demon-
strate a correlation to tumor progression (Supplementary Fig. S8C
and S8D). Surprisingly, we found a positive correlation between
PD1 MFI levels and tumor progression in anti-PD1–treated AT3

tumors (Supplementary Fig. S8C and S8D). These data also
suggested an induction of PD1 expression on CD8þ T cells is a
potential resistance mechanism to anti-PD1 mAb therapy in AT3
tumors. Of note, theMFI of PDL1 on variousmyeloid cell subsets
or CD45.2� fractions did not retain significant prognostic or
predictive value in this interactive model (data not shown).

Discussion
By analyzing patients treated with anti-human PD1 (pembro-

lizumab or nivolumab), it has been recently shown that preexist-
ing intratumor PD1þ CD8þ T cells, together with the presence of
PDL1-expressing cells in the tumor microenvironment, are bio-
markers that positively predict response to anti-PD1mAb therapy
(3, 12). While this is a significant step forward, a greater interro-
gation of both mouse models and patient-derived material may
lead to an even more sophisticated understanding. We now
appreciate from studying mouse models of anti-PD1 sensitivity
and resistance, immediately after anti-PD1 therapy, that the levels
of intratumor PD1onT cells andPDL1on immune cells (mainly T
cells) are critical parameters. We have found that the presence of
intratumor PD1lo T cells at the time of anti-PD1 treatment; and a
reduction in the frequency of intratumor PD1þ T cells after the
administration of anti-PD1 positively predict response. In con-
trast, anti-PD1–insensitive tumors were infiltrated with PD1hi T
cells and did not alter in the frequency of intratumor PD1þ T cells
after anti-PD1mAb therapy. Our flow cytometric analyses of TILs
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Figure 3.
T-cell PD1 level and frequency is independent of T-cell differentiation. Groups of B6 WT mice (n ¼ 5–8) were s.c. injected with MC38 tumor (1 � 106 cells;
A and B) or AT3 tumor (1 � 106 cells; C and D) on day 0. Tumor-bearing mice were treated with 250 mg of cIg or anti-PD1 on day 10 (A and B) or
day 14 (C and D), and tumors were harvested 2 or 3 days after antibody treatments for flow cytometric analyses. Frequencies of CD44þCD62L� and
CD44þCD62Lþ in CD4þ T cells (A and C) and CD8þ T cells (B and D) between cIg- and anti-PD1–treated mice are shown. Data are presented as the
mean � SD of 5 mice, with individual symbols representing individual mice. Statistical differences in the frequencies of CD44þCD62L� and CD44þCD62Lþ

in CD4þ and CD8þ T-cell subsets between cIg- and anti-PD1–treated mice were determined by an unpaired t test (�� , P < 0.01). Data shown are
representative of four (A and B) and two (C and D) independent experiments.
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Figure 4.
Treg promotes anti-PD1–resistant PD1hi T cells. Groups of B6WT (A and B) and Foxp3-DTR (C–F) mice (n¼ 5–10) were s.c. injected with MC38 tumor (1� 106 cells; A,
C, and D) or AT3 tumor (1 � 106 cells; B, E, and F) on day 0. A and B, tumor-bearing mice were treated with 250 mg of cIg or anti-PD1 on day 10 (A) or day 14 (B),
and tumors were harvested 2 or 3 days after antibody treatments for flow cytometric analyses. Frequencies, numbers of Treg (CD4þFoxp3þ), and CD8/Treg
ratio between cIg- and anti-PD1–treated mice are shown. Data are presented as the mean � SD, with individual symbols representing individual mice.
Statistical differences in the frequencies, cell numbers, and CD8/Treg ratio between cIg- and anti-PD1–treated mice were determined by an unpaired t test (� , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001). Data shown are pooled from 7 (A) and 5 (B) independent experiments. C–F, tumor-bearing Foxp3-DTR mice
were treated with PBS or 500 ng of DT on day 10 (C and D) or day 14 (E and F), and tumors were harvested 3 or 4 days after PBS/DT treatment for flow cytometric
analyses. C and E, frequencies of PD1-expressing CD4þ and CD8þ T cells with their representative histogram plots (shaded histogram, PBS-treated; open
histogram, DT-treated) from PBS- and DT-treated mice are shown. Data are presented as the mean � SD with individual symbols representing individual mice. D
and F, Tbet MFI of CD4þ and CD8þ T cells of PBS- and DT-treated mice are shown. Data are presented as the mean � SD, with individual symbols representing
individual mice. Statistical differences in frequencies of PD1-expressing T cells (C and E) and Tbet MFI (D and F) of respective cell subsets between PBS- and
DT-treated mice were determined by an unpaired t test (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001). G and H, groups of Balb/c or B6 Foxp3-DTR mice (n ¼ 5) were s.c.
injected with CT26 tumor (1 � 105 cells; G) or AT3 tumor (5 � 105 cells; H) on day 0. G, CT26-bearing mice were treated PBS or 250 ng DT on day 14 as
indicated. Mice then received 250 mg of cIg or anti-PD1 on days 17, 20, and 22. H, AT3-bearing mice were treated with PBS or 100 ng DT on day 16 as indicated.
Mice then received 250 mg of cIg or anti-PD1 on days 20, 24, and 28. Tumor growthwasmeasured using a digital caliper, and tumor sizes are presented asmean� SEM.
Statistical differences in tumor growth between DT- and DT and anti-PD1–treated mice were determined by a Mann–Whitney test (� , P < 0.05).
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showed that anti-PD1 mAb downregulated the PD1 expression
on intratumor T cells in both sensitive and resistant tumors but
that a certain threshold for the PD1 downregulation had to be
achieved for the release of adaptive immune resistance. Conse-
quently, PD1hi T cells in resistant tumors failed to be rescued by
anti-PD1 therapy and remained dysfunctional unless intratumor
PDL1lo immune cells were targeted. Our study provides a new
framework to examine intratumor T-cell PD1 and immune PDL1
levels in human cancer patients with intratumor CD8þ T cells and
a view to predicting patient responsiveness to anti-PD1/PDL1
therapies.

We demonstrated that induction of intratumor Treg was, in
part, a mechanism responsible for the development of anti-PD1–
resistant tumors and PD1hi CD8þ T cells. We reasoned that the
induction of Treg and/or increased PDL1 expression within the
tumor microenvironment might be adaptive immune resistance
mechanisms to counteract the immune activation elicited by PD1
blockade on T cells. An increased expression of CTLA-4 after anti-

PDL1 (MPDL3280A) treatmentwas also suggested to be apositive
predictive biomarker in patients (29). In concordance with the
expression of CTLA-4 by Treg, we showed that Treg were induced
in anti-PD1–treatedMC38-bearing hosts.However, the induction
of Treg was not restricted to the anti-PD1–sensitive MC38 tumor
model, as we observed an even higher number of Treg being
induced in the AT3 tumor after the administration of anti-PD1
mAb. Furthermore, our data also revealed that a reduced CD8/
Treg ratio (an immune signature generally associated with
immune escape) could be used as a negative predictive biomarker
for anti-PD1 treatment. Importantly, we demonstrated that in the
absence of Treg, PD1hi T cells were converted to PD1lo T cells,
enabling increased sensitivity to anti-PD1 treatment. Notably,
unlike anti-CTLA-4, anti-PD1 mAb was not Treg-depleting, but
rather FcR- independent in its antitumor activity. In this light, our
data suggested that anti-PD1–insensitive tumors could be ren-
dered anti-PD1–sensitive by reducing or depleting intratumor
Treg. We speculate that the synergistic antitumor effect observed
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Figure 5.
Anti-PDL1 mAb suppresses anti-PD1–resistant tumor. Groups of B6 WT mice (n ¼ 5-8) were subcutaneously injected with MC38 tumor (1 � 106 cells; A and C)
or AT3 tumor (1 � 106 cells; B and D) on day 0. A and B, tumor-bearing mice were treated with 250 mg of cIg or anti-PD1 on day 10 (A) or day 14
(B), and tumors were harvested 2 or 3 days after antibody treatments for flow cytometric analyses. PDL1 MFI of CD4þ T cells, CD8þ T cells, CD11b Gr1hi cells,
CD11b Gr1int cells, CD11b Gr1lo cells, CD45.2� cells (7AAD� CD45.2�) between cIg- and anti-PD1–treated mice are shown. Statistical differences in
PDL1 MFI of indicated cell subsets between cIg- and anti-PD1–treated mice were determined by an unpaired t test (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001). Data shown are pooled from 5 or more (A) and three or more (B) independent experiments. C and D, tumor-bearing mice were
treated with 250 mg of cIg, anti-PD1, and/or anti-PDL1 on days 8, 12, and 16 (C) or days 14, 18, 22, and 26 (D). Tumor growth was measured using a digital
caliper, and tumor sizes are presented as mean � SEM. Statistical differences in tumor sizes between cIg-, anti-PD1-, anti-PDL1-, and anti-PD1 þ anti-PDL1–
treated mice were determined by an unpaired t test (day 16 MC38: cIg vs. anti-PD1 P ¼ 0.0035; cIg vs. anti-PDL1 P ¼ 0.0010; cIg vs. anti-PD1 þ PDL1,
P ¼ 0.0006; day 28 AT3: cIg vs. anti-PDL1, P ¼ 0.0008; cIg vs. anti-PD1 þ anti-PDL1, P ¼ 0.0007). Data are representative of two independent
experiments. Tumor growth data for cIg- and anti-PD1–treated mice shown in D are the same dataset as shown in Supplementary Fig. S5D.
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using the combinations of anti-CTLA-4 (Treg-depleting clones)
and anti-PD1mAbs (16, 30); radiotherapy plus anti-CTLA-4/anti-
PD1 or anti-CD137/anti-PD1mAbs (15, 31), anti-VEGF and anti-

PD1mAbs (32)maybe partlymediated through Treg depletionor
a disruption of Treg suppressive function, leading to reductions
in T-cell PD1 levels and frequency. The study of mechanisms of

Figure 6.
PD1 MFI on CD8þ T cells predicts tumor aggressiveness and response to anti-PD1 mAb. ANCOVAwas applied to test the association between the PDL1 or PD1 MFI on
various TIL subsets (CD4þ T, CD8þ T, CD11bþ/Gr1þ, CD45.2�) and the tumor weight and the interaction between the two slopes. Plots of PD1 MFI (A–D) and
PDL1MFI (E–H) onCD4þ (left) and CD8þ T cells (right) against theweight of tumors (monitored 2 to 3 days after the first injection ofmAb) frommice inoculatedwith
MC38 (A and B; E and F) and AT3 (C and D; G and H) tumor cells and treated with cIg (solid circles) or anti-PD1 mAb (open circles). Solid (cIg) and
dashed (anti-PD1 mAb) lines correspond to the slopes and associated SE as estimated by the ANCOVAmodel for each treatment group. All experiments described
in this manuscript comprising n ¼ 34 to 36 (AT3) and 79 to 86 (MC38) mice/group were gathered for this analysis. The analyses pertaining to the CD45.2�

and myeloid cell fractions were not significant in this context and therefore not included. (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001).
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Treg regulation of T-cell PD1 expression levels is currently
underway.

PD1lo T cells produced higher levels of IFNg and TNF in
comparison to PD1hi T cells, which might in turn induce PDL1
expression in the tumor microenvironment, to shape T-cell PD1
status. From our ANCOVA analyses, the lower level of PDL1
expression on MC38 CD8þ TILs predicted responses to anti-PD1
mAb.With an even lower PDL1 expression onAT3CD8þ T cells, it
is possible that the disruption of a trans interaction betweenCD8þ

T cells might explain the efficacy of anti-PDL1mAb. Interestingly,
PDL1 expression on CD45.2� cells was unchanged upon PD1
blockade, suggesting a minor role for the nonimmune (tumor)
cell PDL1 in regulating the PD1/PDL1 axis. Although we uncov-
ered an inverse correlation between T-cell PD1 and immune cell
PDL1 expression in the tumormicroenvironment, to this point, it
remains unclear how the relationship is initiated.Ourdata suggest
that the PD1/PDL1 axis is dynamically regulated according to the
changes imposed on PD1 and/or PDL1 in a spatiotemporal
manner (Fig. 7).

It is important to note that our findings may apply to tumors
where significant T-cell infiltrates are present. It has been recently
shown that the vast majority of patients with melanoma with
CD8þ TILs present before pembrolizumab (anti-PD1) treatment
will respond to therapy. In this light, it is of great interest to now
assess whether a dynamic PD1/PDL1 axis exists in patients who
first respond to anti-PD1 therapy but eventually relapse (i.e.,
transition from PD1lo to PD1hi). A segregation of "responsive"
and "less responsive or resistant" anti-PD1–treatedMC38-bearing
mice is currently underway to monitor therapeutic efficacy and
acquired resistance during anti-PD1 therapy in individual mice.
The levels of PD1 and PDL1 may not be predictive when tumors
have few T cells present. This is particularly true where oncogenes
may be regulating the level of tumor PDL1 expression (9–11). We
have reproduced the inability of anti-PD1 to reduce frequencies of
PD1-expressing CD8þ T cells in other tumors such as CT26 and
Renca. The biology of the intratumor PD1� CD8þ T cells in the

anti-PD1–insensitive AT3 tumor requires further analysis and a
study of themechanisms bywhich distinct PD1� andPD1hi CD8þ

T-cell populations are generated and a possible trans interaction
in the AT3 tumor is currently underway.

Given the successes of anti-PD1 mAbs in treating patients
with melanoma, renal cell carcinoma, NSCLC, and Hodgkin
lymphoma (3–6, 12), PD1 levels and frequencies on the
intratumor T cells pre- and posttherapy in these patients should
now be assessed. In patients with pembrolizumab-treated
NSCLC, Rizvi and colleagues have recently showed that a
higher level of nonsynonymous mutation burden in the tumor
was associated with improved treatment benefits (33). While
the intratumoral PDL1 and T-cell PD1 status was not reported,
we reason this study warrants further investigation regarding
the association of nonsynonymous mutation burden with the
number of CD8þ T cells and their PD1 status. At this stage, there
are very few centers, if any, which have a sufficient number of
samples collected fresh pre- and post-analysis from patients
who have CD8þ TIL and received anti-PD1 therapy but have
failed. Using state-of-the-art immunohistochemical (IHC)
analysis, Tumeh and colleagues recently reported the impor-
tance of intratumoral CD8þ T cells in patients with pembro-
lizumab-treated melanoma (12). It is however worth noting
that multiplex IHC is currently not quantitative enough to
determine the critical expression level of PD1 on intratumoral
CD8þ T cells; hence, it does not provide insight into PD1
expression/threshold levels on intratumoral T cells. The
absence of intratumoral CD8þ T cells is one of the major
reasons for anti-PD1 resistance, but our work has demonstrated
another mechanism of treatment resistance in tumors despite
substantial intratumoral T-cell infiltration.
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