


Association of Assessment and Accreditation of Laboratory Ani-
mal Care (AAALAC)-accredited Animal Studies Committee of
Washington University in St. Louis.

Tumors

MCA-induced sarcoma cells used in this study were previously
generated in male 12956 WT and Rag2 / mice (27). Resequen-
cing of d42m1-T3 and d42m1-T9 cells confirmed their genomic
stability over time. As variant calling algorithms have become
significantly more accurate since our initial reporting of these cell
lines (30), we reassessed the mutational landscapes of T3 and T9
cells using the original sequence data and data from tumor cell
line resequencing and found that the number of expressed mis-
sense mutations in T3 and T9 were 827 and 815, respectively. This
modification did not lead to an alteration of either the predicted
or found dominant antigenic epitopes. Whereas the genomic
landscapes of T3 and T9 were clearly similar to one another, they
were completely distinct from that of F244, an independent MCA
sarcoma derived from a different 12956 WT mouse, expressing
943 other missense somatic mutations with the single exception
that T3/T9 and F244 cells expressed an identical activating Kras
G12C mutation.

Tumor cells were maintained in vitro in RPMI media (Hyclone)
supplemented with 10% FCS (Hyclone) for less than 3 weeks prior
to use in experiments. Notethat 1.0 106 tumor cells were injected
subcutaneously unless otherwise indicated. Tumor growth was
monitored at least 2 times a week using a digital caliper. The mean
of long and short diameters was used for tumor growth curves. Mice
were euthanized when tumors were > 2 cm or severely ulcerated. No
statistical methods were used to predetermine sample size. How-
ever, adequate sample size was chosen based on extensive previous
work with this animal model. No randomization or blinding was
performed. Ex vivo analyses were performed as previously described
(29). Murine glioma cell line GL261 with ectopic expression of
murine PD-L2 (GL261-PD-L2) was kindly gifted from G.P. Dunn
(Washington University School of Medicine). For detection of PD-
L1 and MHC class | expression invitro, tumor cells were treated with
300 U/mL murine IFNg for 48 to 72 hours unless otherwise
indicated. For detection of PD-L2 in vitro, tumor cells were treated
with 300 U/mL murine IFNg, 10 mg/mL murine TNFa, or in
combination for 48 hours. Cell lines were authenticated by NGS
in our lab and routinely tested for mycoplasma infection.

Antibodies

Antibodies used for comprehensive flow cytometry analysis of
cell subsets in tumors are listed in Supplementary Table S1 (31).
In addition, the following mAbs were used and purchased from
BD Bioscience, anti-CD16/CD32 (2.4G2), PE-conjugated anti-
SiglecF (E50-2440), and anti—-H2-K® (AF6-88.5). FITC-conjugated
anti-F4/80 (BM8), anti-PD-L2 (TY25), anti—-H2-D® (KH-95),
APC-conjugated anti-CD11c (N418), and APC/Cy7-conjugated
anti-Ly-6G/Ly-6C (Gr-1) (RB6-8C5) were purchased from Bio-
legend. Dead cells were stained with Po-Pro-1 or Live/Dead Aqua
(Invitrogen). Numbers of cell surface PD-L1 molecules were
calculated using Quantibrite PE beads according to the manu-
facturer's instructions (BD Bioscience). For in vivo checkpoint
blockade treatment, chimeric mouse IgG1 anti—-PD-1 (4H2; Bris-
tol-Myers Squibb; ref. 32), chimeric mouse IgG1l anti—PD-L1
(14D8; Bristol-Myers Squibb; ref. 32), rat 1gG2a anti—PD-1
(RMP1-14; Biolegend; BioXcell), and rat IgG2b anti—PD-L1
(10F.9G2; Biolegend; BioXcell) were used. Hamster anti-IFNg
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(H22; Leinco Technologies) was used to neutralize mouse IFNg.
Mouse 1gG2a anti-human CD3 (OKT3; BioXcell), mouse 1gG1
anti-human IFNa receptor (GIR-208; Leinco Technologies), and
hamster IgG anti-bacterial glutathione S-transferase (PIP; Leinco
Technologies) were used as controls. Antibodies (200 mg per dose)
were injected i.p. unless otherwise specified. For the mAb clones
4H2 and 14D8, injections were on days 3, 6, and 9. For mAb
clones RMP1-14 and 10F.9G2, injections were on days 3, 6, 9, 12,
15, and 18. In vivo CD4P/CD8P cell depletion was performed as
previously described using rat IgG2b anti-mouse CD4 (GK1.5;
Leinco Technologies) and rat IgG1l anti-mouse CD8b (53-5.8;
BioXcell; ref. 28).

Cloning murine PD-L1 on a 129S6 background

cDNA was isolated from total RNA extracted from F244 tumor
cells treated with 300 U/mL IFNg for 48 hours and PD-L1 cDNA
amplified by PCR using a forward primer (5-AGATCTATGAG-
GATATTTGCTGGCATT-3") and a reverse primer (5'-CTCGAGT-
TACGTCTCCTCGAATTGTGTATC-3"). The PD-L1 cDNA was sub-
sequently cloned into the pCR-TOPO-Blunt Il vector (Invitrogen).
The PD-L1 cDNA cloned from the MCA sarcoma cells showed an
identical sequence to that from a spleen in a naive 12956 male
mouse (data not shown).

Generation of expression-transduced tumor cells using the
retroviral system

The retroviral vector with GFP (RV-GFP) was a gift of K.
Murphy, Washington University. For generation of the retroviral
vector without GFP (RV), RV-GFP was digested with Sall and self-
ligated. Following digestion of the PD-L1-pCR-TOPO Blunt Il
vector with Bglll and Xhol, PD-L1 cDNA was subcloned into the RV
(RV-PD-L1). After 48 hours of retroviral production (28), the
supernatant was subsequently used for transfection with tumor
cells. Tumor clones such as T9-PD-L1°"" and T9-PD-L1°" cells
were obtained by limiting dilution.

Mutation-specific RT-PCR and qRT-PCR

The procedures for detection of mutant Spectrin-b2 by RT-PCR
followed by restriction enzyme digestion were previously
described in detail (28). For detection of mutant Lama4 by
gRT-PCR, a forward primer (5-GGATGCCCAGAGGACTCTC-
TG-3") and a reverse primer (5'-GTAATGTTCGGAAATTGAAG-
CCTA-3") were used. For detection of mutant Alg8 by gRT-PCR,
a forward primer (5-TCCCGTTTACCTCCTGGAAGC-3") and
a reverse primer (5-AGCATACAGCCTGGTCCAGGT-3") were
used.

In vitro cytotoxicity assay

The mutant Spectrin-b2—specific T-cell line (C3) was estab-
lished as previously described (28). Following treatment with 300
U/mL IFNg for 48 hours, tumor cells were labeled with eFluor 670
(eBioscience) at 0.5 mmol/L as a target. 10,000 tumor cells and
different numbers of T cells at the indicated ratios were incubated
in a well of a 96-well plate for 12 hours. Another 10,000 tumor
cells labeled with eFluor 670 at 5 mmol/L were used to calculate
numbers of tumor cells killed as a reference. Dead cells were
stained with Po-Pro-1. Killing efficiency was calculated by the
following formula: 100% {1 — [(% tumor cells with 5 mmol/
Dcontrol (% tumor cells with 0.5 mmol/L)aged/[ (% tumor cells
with 0.5 mmol/L)contrar (% tumor cells with 5 mmol/L)arged }-
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ELISA

Following treatment with 300 U/mL IFNg for 48 hours, tumor
cells were irradiated at 10,000 rads. T cells and tumor cells were
cocultured in a well of a 96-well plate for 48 hours. IFNg
concentration in the supernatant was measured by mouse IFN
gamma ELISA Ready-SET-Go! (eBioscience).

Generation of PD-L1 knockout tumor lines using CRISPR-Cas9

To generate T3 lines lacking PD-L1 expression (T3DPDL1.1-7)
and a F244 line lacking PD-L1 expression (F244DPDL1.1), we
designed the single-guide RNAs (sgRNA) at http://crispr.mit.edu
in June 2014. The sgRNA targeting mouse PD-L1 (5'-GTATGG-
CAGCAACGTCACGA-3") was subcloned into the pX330 (px330-
PD-L1; Addgene plasmid 42230). Tumor cells were transiently
transfected with pX330-PD-L1 and pmaxGFP (Lonza) using
FUGENE HD (Promega) according to the manufacturer's instruc-
tion. GFP-positive cells were subsequently sorted 72 hours after
transfection. Following generation of clones by limiting dilution,
we performed targeting deep sequencing of the PD-L1 genomic
locus and confirmed the presence of premature stop codons in all
alleles. For detection of Cas9 cDNA, a forward primer (5'-CCGAA-
GAGGTCGTGAAGAAG-3") and a reverse primer (5
TCGCTTTCCAGCTTAGGGTA-3") were used. PD-L1 WT parental
tumor cells treated with pX330 and pmaxGFP, and the PD-L1
knockout cells were subsequently transduced with either the RV or
the RV-PD-L1 to generate T3WT-Mock, T3DPDL1-Mock, and
T3DPDL1-PDL1. For the other F244 tumor lines lacking PD-L1
expression (F244DPDL1.2 and F244DPDL1.3), the extracellular
domain of murine PD-L1 was genetically deleted by two-step
CRISPR-dCas9. The sgRNAs targeting 5-GAAAGAACGCATGATA-
CATA-3' (g7) and 5-TTCTACTACAGCAGCCCGGG-3' (g43) were
used for the first step. Subsequently, those targeting 5'-
CACACTTGCAAATCGGTTGT-3'(g29) and 5'-AGTCATTGAG-
TATTCGTGGC-3' (g2) were used for the second. Gene deletion
was confirmed by diagnostic PCR. For generation of MC38 lines
lacking PD-L1 expression (MC38DPDL1.1 and MC38DPDL1.2),
MC38 cells were transiently transfected with a vector encoding
Cas9-2A-GFP and the guide oligo (5"-GCCAGGGCAAAACCACA-
CAG-3") derived from exon IV of the mouse PD-L1 gene. Cells

T9 (unedited)

were sorted for GFP, sequenced by NGS, and single-cell cloned.
MC38DPDL1.1 had one allele with a 2-bp deletion in exon IV and
the other allele with a single bp deletion, both of which intro-
duced in-frame stop codons. Both alleles of the PD-L1 gene in
MC38DPDL1.2 had the same single bp insertion that also caused
premature translation termination.

cDNA-CapSeq and mutation calling

Following data generation and alignment of lllumina paired-
end reads to the mouse reference genome sequence, somatic
variant analysis was done comparing tumor cDNA-CapSeq data
with matched normal exome data. We used a combination of
three variant callers—Samtools (33, 34), Sniper (35), and VarScan
(36, 37)—as previously described (30). Missense mutations were
then translated into a 17-mer amino acid FASTA sequence and
analyzed through pVAC-Seq (30) to identify and shortlist poten-
tial high-affinity neoantigens. Briefly, to only target variants in the
expressed genes, we restricted our subsequent analysis to genes
with expression level (in fragments per kilobase of exon per
million reads mapped) values of > 1, and wherein we could
identify evidence that the mutant allele was expressed. Also, we
filtered out any variants with normal coverage 5 and normal
VAFof 2%. Inaddition, only variants with tumor coverage of
10 with a VAF of  25% were considered.

Statistical analysis

Prism 6 (GraphPad Software, Inc.) was used for statistical
analysis. No samples or animals were excluded from the analysis.
Comparison between samples was performed using an unpaired,
two-tailed Student t test or one-way ANOVA followed by multiple
comparison test. Welch corrections were used when variances
between groups were unequal. P < 0.05 was considered as statis-
tically significant.

Results

We previously reported that the d42m1 sarcoma line, derived
from an MCA-treated immunodeficient 12956 strain Rag2 ’
mouse, comprises two genomically related tumor cell subsets
that display distinct immunogenicities (refs. 28, 29; Fig. 1). The

T3 (edited)
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Figure 1.

Highly related T9 and T3 sarcoma cells show distinct
tumor growth patterns but similar PD-L1
expression kinetics in vivo. Top, In vivo tumor growth
of unedited T9 and edited T3 sarcoma clones in naive
syngeneic 129S6 strain WT mice. Groups of 5 mice
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major subset, comprising approximately 80% of d42m1 cells
(exemplified by d42m1-T9 (T9) cells), represents the highly
immunogenic, unedited (38) variant because it expresses an
R913L somatic point mutation in Spectrin-b2 (mSb2) that func-
tions as a strong rejection neoantigen responsible, at least in part,
for the spontaneous elimination of T9 cells when transplanted
into naive syngeneic WT recipients. The minor subset, comprising
approximately 20% of d42m1 cells (exemplified by d42m1-T3
(T3) cells), represents edited variants of d42ml that emerge
following T-cell-dependent immunoselection of parental
d42m1 sarcoma cells. T3 cells do not express mutant mSb2, are
capable of forming progressively growing tumors in WT mice, but
can be immunologically eliminated when tumor-bearing mice are
treated with mAbs that block the PD-1/PD-L1 axis (Fig. 1) or
CTLA-4 (29). Such checkpoint blockade—induced immune rejec-
tion of T3 tumors is the result of reinvigoration of T cells with
specificities against two dominant neoantigens specifically
expressed in T3 cells derived from somatic point mutations in
Laminin a subunit 4 (mLama4) and Asparagine-linked glycosyl-
ation 8 (a-1,3-glucosyltransferase; mAlg8; ref. 29).

We began this study by asking whether PD-L1 expression on T3
sarcoma cells plays an important role in preventing theirimmune
elimination in vivo. Using a PD-L1-guided CRISPR-Cas9 gene
editing approach, we generated seven T3-based sarcoma lines
lacking PD-L1 (T3DPDL1.1-T3DPDL1.7). Deep sequencing of the
PD-L1 genomic locus of each line showed the presence of pre-
mature stop codons in all alleles (Supplementary Fig. S1A).
Expression of the Cas9 protein should be transient, but since the
Cas9 protein is predicted to express strong MHC class | epitopes
that could influence tumor cell growth in vivo (39), we tested each
T3DPDL1 line for the presence of residual Cas9 expression by
reverse transcriptase (RT)-PCR and verified no Cas9 mRNA was
present (Supplementary Fig. S1B). All of the T3DPDL1 lines
retained expression of mLama4 and mAlg8 as detected by quan-
titative (q)RT-PCR (Supplementary Fig. S1C and S1D). Function-
ally, whereas WT T3 cells (T3WT) constitutively expressed low
amounts of PD-L1 that were significantly upregulated when the
cells were exposed to IFNg, PD-L1 expression on T3DPDL1 cells
was undetectable either before or after IFNg treatment (Fig. 2A).
Each T3DPDL1 line upregulated MHC class | expression in
response to IFNg to an extent that was indistinguishable from
T3WT cells (Fig. 2A).

We next monitored the in vivo growth behavior of T3DPDL1
cells. By day 50 after transplantation, 80% (74/92) of naive
syngeneic WT mice had spontaneously rejected the different
T3DPDL1 cells, whereas growing tumors were observed in all of
the Rag2 / mice (Fig. 2B). T3DPDL1 tumors escaping rejection
neither expressed PD-L1 in response to IFNg stimulation in vitro
nor lost expression ofimmunogenic neoantigens (Supplementary
Fig. S2A and S2B). These data suggest that additional sources of
PD-L1 may participate in the process of tumor immune escape.
WT mice that rejected T3DPDL1 cells resisted rechallenge with
T3WT, but not challenge with unrelated F244 MCA sarcoma cells,
demonstrating the induction of tumor-specific T-cell memory in
T3DPDL1 experienced mice (Fig. 2C). When the capacities of
parental T3 and two representative T3DPDL1 lines to stimulate
IFNg production from CTL74.17 mLamad4-specificcytotoxic
T-lymphocyte (CTL) clones were compared, T3DPDL1 cells stim-
ulated significantly more IFNg than T3WT cells, revealing that
PD-L1 expression on T3 sarcoma cells functionally suppresses
activation of tumor-specific CTL (Fig. 2D). To validate the cau-
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sality of tumor cell-expressed PD-L1 in immune escape of T3
sarcoma cells, we enforced PD-L1 expression in T3DPDL1.1 cells by
retroviral transduction (T3DPDL1-PDL1; Fig. 3A) and showed that
T3DPDL1-PDL1 cells regained the capacity to form progressively
growing tumors in WT mice (Fig. 3B). In contrast, T3DPDL1.1 cells
transduced with empty virus (T3DPDL1-Mock) were rejected.
When mice bearing T3DPDL1-PDL1 tumors were treated with
anti—-PD-1, the tumors were rejected (Fig. 3B). Because PD-1 can
also engage a second inhibitory ligand, PD-L2 (40-42), we also
tested T3 cells for PD-L2 expression. We did not detect PD-L2,
either constitutively or following exposure to IFNg or TNFa, either
alone or in combination (Supplementary Fig. S3A and S3B).
Similar results were obtained when PD-L1 expression was extin-
guished inasecond, independent MCA sarcomal line (F244) and in
the MC38 colorectal carcinoma cell line (Fig. 4A-D). Thus, the
importance of PD-L1 on tumor cells in promoting tumor immune
escape is generalizable not only to different edited MCA sarcoma
lines but also to at least one other tumor type as well.

Having validated a causal role in escape for tumor cell-
expressed PD-L1 on edited sarcoma cells, we then investigated
whether PD-L1 played a similar role on highly immunogenic,
unedited variants from the same tumor (Fig. 1; Supplementary
Fig. S4A). We enforced PD-L1 expression in T9 tumor cells and
monitored in vivo growth of the bulk-transduced T9 cell line in
naive WT recipients. Most PD-L1-transduced T9 cells (T9-PDL1
cells) in the bulk population expressed much more PD-L1 than
either untreated or IFNg-treated parental T9 cells (TOWT; Supple-
mentary Fig. S4B). T9-PDL1 cells, but not mock-transduced T9
cells, formed progressively growing tumors in WT mice (Supple-
mentary Fig. S4C). All progressively growing T9-PDL1 tumors
retained expression of mSb2 (Supplementary Fig. S4D and S4E),
thereby ruling out the possibility that tumor cell outgrowth was
due to loss of the major rejection antigen.

To examine the quantitative requirements of PD-L1 expression
on the immunogenicity of unedited sarcomas, we isolated T9-
PDL1 clones that ectopically expressed PD-L1 at levels either
similar to (T9-PDL1P™) or 20-fold above (T9-PDL1°"") those
induced on TOWT cells by IFNg (Fig. 5A and B). When injected
into WT mice, T9-PDL1P" cells were spontaneously rejected. In
contrast, T9-PDL1°" cells formed progressively growing tumors
(Fig. 5C). However, T9-PDL1°"" cells were eliminated when
tumor-bearing mice were treated with mAbs to PD-1 or PD-L1
(Fig. 5D). Similar results were obtained using either a blocking,
but nondepleting, anti-PD-L1 (mAb 14D8) or a blocking and
depleting anti—-PD-L1 (mAb 10F.9G2; ref. 32).

To further assess the functional consequences of differences
in PD-L1 expression on T9-PDL1 cells, we compared their
relative sensitivities to in vitro killing by the C3 mSb2-specific
CTL clone. T9-PDL1°"" cells were poorly killed by C3 CTL
compared with T9-PDL1P" cells or parental T9 sarcoma cells
(Supplementary Fig. S5A and S5B). However, when anti—PD-1
or anti-PD-L1 was added into the in vitro culture, killing
efficiency against T9-PDL1°"" cells was restored to levels similar
to those against T9-PDL1P" or parental T9 sarcoma cells (Fig.
5E). Similar results were obtained when IFNg secretion from C3
CTL was used as the read-out (Fig. 5F).

To confirm the generality of these findings, we enforced PD-L1
expression in a second, unedited highly immunogenic MCA
sarcoma line (H31m1; refs. 28, 43, 44; Fig. 6A). As was the case
for T9-PDL1 cells, levels of ectopically expressed PD-L1 on
H31m1-PDL1 were considerably higher than those on the
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Figure 2.

Ablation of PD-L1 in edited T3 sarcoma cells leads to augmented growth inhibition in WT mice. A, /n vitro PD-L1 and MHC class | (H2-KP) expressions on cells
treated with IFNg were analyzed by flow cytometry. Black, isotype control; blue, untreated; red, IFNg treated. Data are shown from at least three independent
experiments. B, /n vivo tumor growth of T3WT and T3DPDLI! lines in syngeneic WT (black) or Rag2 /" mice (red). T3WT are parental T3 sarcoma cells.
T3DPDLL1-T3DPDLL7 are T3 lines treated with CRISPR-Cas9 p sgRNA that lack PD-L1 expression (T3DPDLI). Each panel represents data from two to three
independent experiments. Numbers in parentheses show tumor-free WT mice/total WT mice on day 50 after transplantation. C, Mice rejecting T3DPDL! cells mounta
memory response to parental T3 cells. Seven naive syngeneic WT mice were challenged with T3DPDLL! cells on day O. After in vivo rejection, mice were
rested for 45 days and then challenged with T3 (n ¥ 4) or F244 (n ¥ 3) sarcoma cells. Data are shown from at least two independent experiments. D, /n vitro
IFNg secretion from mutant Lama4-specific T cells (CTL74.17) against T3WT, T3DPDL!.2, and T3DPDLL.6 cells. Data are shown by mean  SEM of technical
duplicates from two independent experiments. Samples were compared using an unpaired, two-tailed Student ¢ test. , P<0.05; ,P< 0.0l
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PD-L1 expressed on edited T3 sarcoma cells prevents their immune
elimination. A, T3DPDLI-PDLI cells express high levels of PD-L1
constitutively. /n vitro PD-L1 and MHC class | (H2-DP) expression on cells
treated with IFNg. Black, isotype control; blue, untreated; red, IFNg-treated.
Data are shown from at least two independent experiments. B, /n vivo
tumor growth of mock-transduced T3WT cells (TBWT-Mock), mock-
transduced T3DPDLLI cells (T3DPDL1-Mock), and T3DPDLL.! cells with
enforced PD-L!1 expression (T3DPDLI-PDLL) in WT or Rag2 /" mice. Tumor
cells (0.5 10°) were injected subcutaneously on day O in the mice. Mice
bearing T3DPDLI-PDLI cells were left untreated or treated with anti-PD-1
(4H2). Data are shown by mean  SEM from at least two independent
experiments (n ¥4 5).

parental H31m1 cells treated with IFNg (Fig. 6B). Progressively
growing H31m1-PDL1 tumors were observed in 17 of 20 chal-
lenged WT mice compared with 0 of 20 WT mice injected with
control H31m1 tumor cells (Fig. 6C). Together, these results show
that highly immunogenic unedited sarcoma cells require abnor-
mally high expression of PD-L1 to escape immune control and
form progressively growing tumors in immunocompetent mice.
Thus, levels of PD-L1 expression that can be induced on tumor
cells under physiologic conditions are not sufficient to prevent
immune elimination of highly immunogenic unedited MCA
sarcoma cells that express strong neoantigens.

Although our experiments supported a critical role for PD-L1
on tumor cells in mediating tumor escape, they did not rule out
the possibility that PD-L1 on host cells also contributed to the
process. Unexpectedly, when WT mice were challenged with
increasing numbers of T3DPDL1 tumor cells, the number of mice
with progressively growing tumors increased (Fig. 7A and B).
Because the only source of PD-L1 in these experiments was from
host cells, we treated mice with progressively growing T3DPDL1
tumors with anti—PD-L1 or control mAb and found that thera-
peutic administration of the former but not the latter induced
tumor rejection (Fig. 7A and B). Thus, PD-L1 expression on host
cells also participates in preventing immune elimination of edited
MCA sarcoma cells.

To obtain mechanistic insight into the roles of host versus
tumor PD-L1 in preventing immune elimination of sarcomas, we
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measured the kinetics and magnitude of PD-L1 induction and
retention on tumor cells and various populations of host cells in
the tumor microenvironment. PD-L1 was upregulated on T3
tumor cells in vivo in a transient and time-dependent manner
with peak expression occurring at approximately 9 days after
injection, but returning to baseline by approximately 12 days
(Figs. 1 and 7C; Supplementary Fig. S6A). Upregulation of PD-L1
on tumor cells was tightly linked to IFNg exposure in vivo, because
it was completely inhibited when mice were treated with IFNg-
neutralizing mAb (Fig. 7C). The IFNg dependency of PD-L1
induction on tumor cells was also observed in vitro (Supplemen-
tary Fig. S6B). Similarly, PD-L1 expression on host immune cells
in the tumor microenvironment reached maximal values at 9 days
and declined thereafter although at a slower rate than seen on
tumor cells (Fig. 1; Supplementary Fig. S6A).

This slow decay of PD-L1 expression on host immune cells was
particularly noteworthy. We therefore defined three distinctive
features about host cell-expressed PD-L1 expression. First, a
detailed analysis of the cellular composition of the tumor micro-
environment revealed that tumor-associated macrophages were
not only the major host cell population in the tumor microen-
vironment, but they also expressed the vast majority of PD-L1 in
the tumor (72% of total PD-L1 on tumor and host cells was
expressed on TAMs at day 9; Fig. 7D; Supplementary Figs. STAand
S7B and S8A-S8D). Second, PD-L1 expression on TAMs was
retained for long period of time, well after PD-L1 on tumor cells
was completely extinguished (Fig. 7C). Third, PD-L1 expression
on TAMs was increased in tumor-bearing mice treated with either
saturating doses of neutralizing anti-IFNg (Fig. 7C) or even with
amounts that were 8-fold higher (Fig. 7E), although the magni-
tude of increased PD-L1 expression was less than when IFNg was
present. This observation was not due to changes in the tumor
microenvironment by the early mAb injection protocol, because
PD-L1 expression on TAMs at day 12 remained high even when
IFNg mAb was injected at day 9 (Fig. 7E). Similar results were
obtained when the experiments were repeated with the unrelated
F244 sarcoma cell line (Figs. 4A and 7F). Finally, when CD4P or
CD8P cells were depleted from WT mice, we found that the IFNg-
independent induction/retention of PD-L1 on TAMs required the
presence of CD4P, but not CD8P, T cells (Fig. 7F). Thus, PD-L1 on
TAMs is induced by two alternative cell-extrinsic pathways involv-
ing CD4P T cells, one that is IFNg-dependent and one that is IFNg-
independent. Taken together, these results show that TAMs are the
major host cell type that contributes PD-L1 in our sarcoma tumor
model both quantitatively and temporally.

Discussion

This study provides novel functional and fundamental insights
into the roles of PD-L1 in facilitating tumor escape from immune
control. On edited tumor cells, whose antigenicity has been
tempered by the tumor-sculpting power of immunity, IFNg-depen-
dent induction of PD-L1 expression initiates the establishment of
the immunosuppressive force that facilitates tumor outgrowth.
However, PD-L1 expression on tumor cells is transient, and
expression is rapidly extinguished. This downregulation of PD-
L1 most likely occurs, at least in part, as a consequence of PD-L1's
ability to inhibit IFNg production by tumor-infiltrating lympho-
cytes. TAMs are the major cellular sources that maintain expression
of PD-L1, long after PD-L1 on tumor cells is extinguished. The
temporal dichotomy between PD-L1 expression on tumor cells
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Figure 4.

Ablation of PD-L! in the edited F244 MCA sarcoma and MC38 colorectal carcinoma leads to augmented growth inhibition in WT mice. A, Top, /n vivo tumor
growth of edited F244 MCA sarcoma cells in WT mice. Tumor-bearing mice were left untreated or treated with anti-PD-1 (RMP1-14) or anti-PD-L1 mAb (10F.9G2).
Data are shown by mean  SEM from at least two independent experiments (n ¥ 5). Bottom, Numbers of PD-L1 molecules on tumor (CD45") and immune cells
(CD45P) in vivo. Data are shown by mean ~ SEM from two independent experiments (n ¥ 4). B, /n vitro PD-L1 and MHC class | (H2-K®) expression on F244 tumor
lines lacking PD-L! expression (F244DPDL1.1-F244DPDL1.3) treated with IFNg were analyzed by flow cytometry. Black, isotype control; blue, untreated; red,
IFNg treated. Data are shown from at least two independent experiments. C, /n vivo tumor growth of F244WT and F244DPDL1 lines in syngeneic 12956 WT (black)
orRag2 7 mice (red). Each panel represents data from two to three independent experiments. Numbers in parentheses show tumor-free WT mice/total WT mice
on day 50 after transplantation. D, /n vivo tumor growth of MC38WT and MC38DPDLL lines in C57BL/6J WT mice. Tumor cells (0.5  10°) were injected
subcutaneously on day O in the mice. Mice injected with MC38WT cells were treated on day 7 after implantation with control or anti-PD-1 mAb (4H2). Numbers in
parentheses show tumor-free WT mice/total WT mice on day 45 after transplantation. MC38WT, but not MC38DPDLI, cells upregulated PD-L! expression in vitro
after IFNg stimulation as evidenced by flow cytometry. Data shown in this figure are representative of at least two independent experiments (n % 10).
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Figure 5.

Physiologic levels of PD-L! are not sufficient to prevent immune elimination of highly immunogenic unedited T9 sarcoma cells. A, /In vitro PD-L1 expression
with or without IFNg on T9 sarcoma cells constitutively expressing ectopic PD-L! either at physiologic levels comparable with that induced by IFNg on
parental T9 cells (T9-PDL1P™) or those at high level overexpression (T9-PDL1°""). Data are shown from at least three independent experiments. B, Numbers of
PD-L1 molecules expressed on cells after IFNg treatment in vitro. Data are shown by mean  SEM of technical triplicates from at least three independent
experiments. C, /n vivo growth of three clones of T9-PDLIP™ or T9-PDL1°" cells in WT mice. Data are shown by mean  SEM from at least two
independent experiments (n % 5). D, Anti-PD-1 (4H2) or anti-PD-L! (14D8) leads to tumor rejection in T9-PDL1°""-bearing mice. Data are shown by
mean  SEM from two independent experiments (n ¥4 5). E, /n vitro cytotoxicity assay of mutant Spectrin-b2-specific CTL (C3) against tumor cells with
anti-PD-1(4H2)/anti-PD-L1(14D8) blockade. Data are shown by mean  SEM of technical triplicates (T9, T3) and duplicates (T9-PDL1°¥", T9-PDLIP"™)
from at least two independent experiments. F, /n vitro IFNg secretion from mutant Spectrin-b2-specific CTL (C3) against tumor cells with or without
anti-PD-L1 (14D8). Data are shown by mean  SEM of technical triplicates from at least two independent experiments. Samples in E and F were
compared using an unpaired, two-tailed Student ¢ test. , P < 0.05; , P <0.0L
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versus TAMs results in the establishment of the immunosuppres-
sive tumor microenvironment in which the majority of PD-L1 is
contributed by TAMs as opposed to tumor cells. The prolonged
PD-L1 expression on TAMs is cell extrinsic, IFNg-independent, but
requires CD4P T cells. The eventual discovery of the molecule(s)
responsible for the chronic PD-L1 expression by TAMs may well
provide new opportunities for cancer immunotherapy.

Our findings also are consistent with two mechanisms by
which TAMs could exert their immunosuppressive activity in
progressively growing tumors. It is likely that PD-L1—expressing
TAMs in tumors are recognized by tumor-specific T cells and
deliver their PD-L1-dependent inhibitory signal to these T cells

114 Cancer Immunol Res; 5(2) February 2017

just as if they were tumor cells themselves. This scenario
suggests that PD-L1—-expressing TAMs function in cis to prolong
the immunosuppressive state in the microenvironment of a
progressively growing tumor. This mechanism is consistent
with that observed in vitro with antigen-presenting cells (APCs)
that also bear high amounts of PD-L1 (7, 45). The second
scenario is one in which TAMs, or even other host cell types,
repress T-cell function by supplying the high levels of PD-L1 in
trans. The latter mechanism is consistent with data from in vitro
studies in which T-cell activation was assessed following cocul-
ture of PD-L1-expressing monocytes with T cells stimulated
with anti-CD3/anti-CD28 (46, 47). It is certainly possible that
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Figure 7.

Host PD-L! participates in inhibiting immune elimination of T3 sarcoma cells through distinct regulatory machineries. A, Percentage of progressively
growing T3DPDLL! tumors in WT mice treated either with control mAb or with anti-PD-L1. Numbers represent mice with progressively growing tumors/all
mice injected with the indicated number of tumor cells on day 0. Data are shown from at least two independent experiments. B, Treatment of WT

mice with anti-PD-L1 (10F.9G2) leads to rejection of 10 10° T3DPDLLI cells. Data are shown by mean  SEM from two independent experiments (n ¥4 5). C,
PD-L1 expression on tumor cells and TAMs in T3 tumors on days 9 and 12. Mice were treated with anti-IFNg-neutralizing mAb (0.25 mg/mouse) on days -1
and 6, and injected with T3 sarcoma cells on day O. Red, isotype; blue, untreated mice; orange, mice treated with anti-IFNg. Data are shown from

three independent experiments. D, Absolute numbers of PD-L1 molecules expressed on cell types in pooled three T3 tumors on days 9 and 12. Data are
shown by mean  SEM from three independent experiments (n % 3). E, A large proportion of PD-L1 molecules on TAMs are IFNg independent. Mice
were treated with anti-IFNg-neutralizing mAb (2.0 mg/mouse) either on days -1 and 6, or on day 9, and injected with T3 sarcoma cells on day 0. PD-L1
expression on tumor cells and TAMs was analyzed on day 12. Data are shown by mean  SEM from three independent experiments (n ¥ 6). F, CD4P T cells
contribute to PD-L1 expression on TAMs in the absence of IFNg. F244 sarcoma cells were injected into either WT or Rag2 /" mice. WT mice were left
untreated or treated with anti-IFNg-neutralizing mAb, anti-CD4 mAb, anti-CD8 mADb, or the combination. PD-L1 expression on tumor cells and
macrophages in the tumors was analyzed on day 8. Data are shown by mean  SEM from at least two independent experiments (n % 3). Data in D, E,
and F were compared using one-way ANOVA followed by multiple comparison test. N.S., not significant; , P < 0.05; , P < 0.0l , P <0.0001
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different types of tumors could display distinct distributions of
PD-L1 between cancer cells and host cells, or that differences in
the nature, quantity, or kinetics of tumor-infiltrating hemato-
poietic cells determine the ultimate distribution of tumor-
versus host cell-expressed PD-L1. Future studies will need to
explore these two scenarios in more depth to determine the
conditions where one or the other predominates. Therefore, the
results of this study argue strongly that PD-L1 expression on
either tumor cells or host cells should be used as the biomarker
for determining whether a patient is a good candidate for PD-1/
PD-L1 blockade therapy, presumably when tumors retain high
mutation burden (18, 48).

Finally, this study also provides the fundamental insight that
PD-L1 expression on edited tumor cells (such as T3), whose
antigenicities have undergone immunologic sculpting, versus
highly antigenic unedited tumor cells, such as those that have
not undergone cancer immunoediting (ref. 38; e.g., T9), results in
very different outcomes. This report thus demonstrates the inverse
relationship between tumor antigenicity and the capacity of PD-
L1 to promote tumor escape. This observation leads to the logical
conclusion that adaptive immune resistance (49), the process
wherein immune attack on a tumor results in the upregulation of
immunosuppressive moieties that inhibit immune control of the
tumor, is relevant predominantly to tumors of either inherently
low antigenicity or to tumors that have gone through the cancer
immunoediting process, resulting in generation of antigen-loss
tumor variants with reduced antigenicities (38, 50). The impor-
tantimplication, then, is that cancer immunoediting and adaptive
immune resistance are not separate processes but rather part of the
same continuum of immune system—tumor interactions.
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