
UCLA
UCLA Previously Published Works

Title
Response to Programmed Cell Death-1 Blockade in a Murine Melanoma Syngeneic Model 
Requires Costimulation, CD4, and CD8 T Cells

Permalink
https://escholarship.org/uc/item/5kr4r168

Journal
Cancer Immunology Research, 4(10)

ISSN
2326-6066

Authors
Moreno, Blanca Homet
Zaretsky, Jesse M
Garcia-Diaz, Angel
et al.

Publication Date
2016-10-01

DOI
10.1158/2326-6066.cir-16-0060
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5kr4r168
https://escholarship.org/uc/item/5kr4r168#author
https://escholarship.org
http://www.cdlib.org/


1 Research Article

2 Response to ProgrammedQ1 Cell Death-1 Blockade
Q23 in a Murine Melanoma Syngeneic Model Requires

4 Costimulation, CD4, and CD8 T Cells
5 Blanca Homet Moreno1, Jesse M. Zaretsky1,2, Angel Garcia-Diaz1, Jennifer Tsoi2,
6 Giulia Parisi1, Lidia Robert1, Katrina Meeth3,4, Abibatou Ndoye5, Marcus Bosenberg3,4,
7 Ashani T.Weeraratna5, Thomas G. Graeber2,6, Bego~na Comin-Anduix6,7,
8 Siwen Hu-Lieskovan1,6, and Antoni Ribas1,2,6,7

9 Abstract

10 The programmed cell death protein 1 (PD-1) limits effector
11 T-cell functions in peripheral tissues, and its inhibition leads
12 to clinical benefit in different cancers. To better understand how
13 PD-1 blockade therapy modulates the tumor–host interactions,
14 we evaluated three syngeneic murine tumor models, the
15 BRAFV600E-driven YUMM1.1 and YUMM2.1 melanomas, and
16 the carcinogen-induced murine colon adenocarcinoma
17 MC38. The YUMM cell lines were established from mice with
18 melanocyte-specific BRAFV600E mutation and PTEN loss
19 (BRAFV600E/PTEN�/�). Anti–PD-1 or anti–PD-L1 therapy engen-
20 dered strong antitumor activity against MC38 and YUMM2.1, but
21 not YUMM1.1. PD-L1 expression did not differ between the three
22 models at baseline or upon interferon stimulation. Whereas

24mutational load was high in MC38, it was lower in both YUMM
25models. In YUMM2.1, the antitumor activity of PD-1 blockade
26had a critical requirement for both CD4 andCD8T cells, as well as
27CD28 and CD80/86 costimulation, with an increase in CD11cþ

28CD11bþMHC-IIhigh dendritic cells and tumor-associated macro-
29phages in the tumors after PD-1 blockade. Compared with
30YUMM1.1, YUMM2.1 exhibited a more inflammatory profile by
31RNA sequencing analysis, with an increase in expression from
32chemokine-trafficking genes that are related to immune cell
33recruitment and T-cell priming. In conclusion, response to PD-
341blockade therapy in tumormodels requiresCD4andCD8T cells
35and costimulation that is mediated by dendritic cells and macro-
36phages. Cancer Immunol Res; 4(10); 1–13. �2016 AACR.

37

38 Introduction
39 The development of inhibitors of the programmed cell death
40 protein 1 (PD-1) or its ligand (PD-L1) represents a paradigm shift
41 in the treatment of advanced cancers, with significant clinical
42 benefits demonstrated in patients with several different histolo-
43 gies (1–4). Tumor responses are associated with a higher number
44 of pretreatment PD-L1–expressing tumor andmyeloid cells (5, 6),
45 a high mutational load leading to increase in antigen-specific

47T-cell recognition (7, 8), the ability of PD-1/PD-L1 blockade to
48increase antigen presentation (9, 10) and modulate the tumor
49microenvironment (10, 11), and pre-existing CD8 T-cell infiltra-
50tion (5, 12). A higher tumor mutational load induced by carcino-
51gens such as ultraviolet light for melanoma (13) or cigarette
52smoking for lung carcinomas (14) would allow T cells to better
53differentiate between cancer and normal cells, thereby leading to
54immune recognition that could be unleashed by PD-1 blockade
55therapy.
56Despite these advances, a better understanding is needed of the
57tumor–host interactions and how anti–PD-1 agents modulate
58cellular and molecular characteristics of each individual micro-
59environment. It is widely accepted that PD-1 blockade agents
60regulate T-cell activity in peripheral tissues in the context of
61infection or in tumors where PD-1/L1 checkpoint is the dominant
62inhibitory pathway. However, anti–PD-1 interacts earlier with T
63cells positively regulated by B7-CD28 costimulation (15), and
64this interaction is less well characterized (16–18).
65In this study, we analyzed different tumor–host characteristics
66thatmight influence the effects of PD-1blockade inmurinemodels
67with a fully functional immune system. We conclude that T-cell
68priming and costimulation are required for anti–PD-1 therapy
69response to be effective in the melanoma tumor models in vivo.

70Materials and Methods
71Mice, cell lines, and reagents
72C57BL/6 mice, B6.Cg-Braftm1MmcmPtentm1HwuTg(Tyr-cre/
73ERT2)13Bos/BosJ, B6.129S2-Cd28tm1Mak/J, and B6.129S4-
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76 Cd80tm1Shr Cd86tm2Shr/J mice (Jackson Laboratories) were
77 bred and kept under defined-flora pathogen-free conditions at
78 the AALACQ6 -approved animal facility of the Division of Experi-
79 mental Radiation Oncology, UCLA, and used under the UCLA
80 Animal Research Committee protocol #2004-159-23. Cell lines
81 were cultured in DMEM media (Invitrogen) supplemented with
82 10% FBS (Omega Scientific) and 2 nmol/L L-glutamine (Invitro-
83 genQ7 ). YUMM1.1 and YUMM1.7 cell lines were obtained from
84 induced tumors in conditional mouse models of melanoma
85 based on melanocyte-specific BRAFV600Eactivating mutation and
86 PTEN loss (BRAFV600E/PTEN�/�). YUMM2.1 was obtained from
87 BRAFV600E/PTEN�/�mice crossedwithmice bearing aCtnnb1loxex3

88 allele (19), which targets exon 3, resulting in removal of the
89 GSK3b kinase sites in b-catenin that are needed for ubiquitin-
90 mediated destruction. However, analysis of the YUMM2.1 cell
91 line showed that it had not recombined the b-catenin site (see
92 below). YUMM cell lines were tested and authenticated by PCR
93 and exome sequencing. Recombinant murine interferon gamma
94 (IFNg) was obtained from Peprotech. Tumors were followed by
95 calipermeasurement three times perweek, and tumor volumewas
96 calculated using the following formula: tumor volume ¼
97 ((width)2 � length)/2. Mean and SD of the tumor volumes per
98 group were calculated.

99 Antitumor studies in mouse models
100 To establish subcutaneous (s.c.) tumors, 3�105MC38, 1�106

101 YUMM2.1, or 1 � 106 YUMM1.1 cells per mouse were injected
102 into the flanks of C57BL/6mice. When tumor diameter reached 4
103 to 5 mm, four doses of 300 mg of anti–PD-1 (Cat. No. BE0146,
104 clone RMP1-14), anti–PD-L1 (Cat. No. BE0101, clone 10F.9G2),
105 or isotype control antibody (Cat. No. BE0090, clone LTF-2), all
106 from BioXCell, were injected intraperitoneally (i.p.) every 3 days.
107 For T-cell subset depletion studies, 250 mg of anti-CD8 (Cat. No.
108 BE0117, clone YTS 169.4), 250 mg of anti-CD4 (Cat. No. BE0003-
109 2, clone OKT-4), both from BioXCell, or the combination were
110 administered every 2 days starting the day before anti–PD-1 was
111 initiated and through the duration of the experiment. For CD103
112 depletion, 200 mg of CD103 (Cat. No. BE0026, cloneM290) from
113 BioXCell was administered starting the day before anti–PD-1
114 treatment was initiated and administered i.p. every 2 days until
115 the end of the experiment.

116 Whole-exome sequencing: Mutation calling and copy-number
117 analysis
118 Sequencing of the MC38, YUMM2.1, YUMM1.7, and
119 YUMM1.1 cell lines was performed to a mean depth of
120 55X, with >90% of targeted bases covered by more than 15
121 reads in all samples. Exonic mutations were annotated by the
122 Ensembl Variant Effect Predictor (EVEP). MC38 was compared
123 with tail DNA from a C57BL6 parental mouse, whereas the
124 YUMM2.1 and YUMM1.1 were compared with tail DNA
125 from a B6.Cg-Braftm1MmcmPtentm1HwuTg(Tyr-cre/ERT2)
126 13Bos/BosJ mouse. Exon capture and library preparation were
127 performed at the UCLA Clinical Microarray Core using the
128 NimbleGenSeqCap EZ Mouse Exome Design Kit (Roche Nim-
129 bleGen) targeting 54.3 megabases of genome. Note that 2 �
130 100 bp paired-end sequencing was carried out on the HiSeq
131 2000 platform (Illumina), and sequences were aligned to the
132 UCSC mm10 reference (Burrows-Wheeler Aligner BWA-mem
133 algorithm v0.7.9). Preprocessing followed the Genome Anal-
134 ysis Toolkit (GATK) Best Practices Workflow v3 (20), including

136duplicate removal (Picard), indel realignment, and base qual-
137ity score recalibration. Somatic mutations were called with
138methods modified from ref. 21 using Varscan2 (22), and the
139GATK-HaplotypeCaller. Mutations were annotated by EVEP
140release 80 (23) and filtered to remove those with a known
141database single-nucleotide polymorphism (dbSNP) reference
142SNP cluster identification to exclude residual strain-related
143differences due to imperfect backcross dilution. Depth ratio
144for copy-number variation was produced by Sequenza (24),
145with the ratio.priority Q8option engaged.

146RNA sequencing and enrichment analysis
147RNA sequencingwas performedusing the IlluminaHiSeq 2500
148platform on 100-bp paired-end libraries prepared using the
149IlluminaTruSeq RNA sample preparation Kit. Reads weremapped
150using TopHat2 v2.0.9 (25) and aligned to the Musmusculus
151genome NCBI build 37.2. Reads were quantified and normalized
152usingCufflinks v2.2.1 (26) andCuffNorm to generate normalized
153expression tables by library size using the geometric normaliza-
154tionmethod. Resulting fragments per kilobase of exonpermillion
155fragments mapped expression values were log2 transformed with
156an offset of 1. To identify pathways enriched in the YUMM2.1 cell
157line, Gene Set Enrichment Analysis (GSEA) was performed using
158the preranked option. Genes were ranked by log2 fold changes
159between YUMM2.1 and YUMM1.1 cell lines. Enrichment was
160assessed across the curatedMolecular Signatures Database C5GO
161biological process gene sets (27). RNA sequencing data have been
162deposited in GEO repository under the accession number
163GSE84264.

164Flow cytometry analysis
165MC38, YUMM2.1, and YUMM1.1 tumors and spleens were
166harvested from mice at predefined time points. Tumors were
167digested with collagenase D (Roche) and stained with antibodies
168to CD3 BV605, Ly6C FITC, PD-L1/CD274 PE, CD8a BV421,
169CD45RA/B220, CD11b BV785, CD11c PECy7, CD103 PerCP
170Cyanine 5.5, MHC Class II (I-A/I-E) FITC (Biolegend), Ly6G
171(Gr-1) PerCP Cyanine 5.5, F4/80 Pacific blue/eFluor450, CD25
172APC, CD4 FITC (eBioscience). Intracellular staining of Foxp3 PE
173(eBioscience) was done according to the manufacturer's recom-
174mendations. Cells were analyzed with a LSR-II or FACSCalibur
175flow cytometer (BD Biosciences), followed by Flow-Jo software
176(Tree-Star) analysis (28).

177Western blotting and immunofluorescence staining
178Western blotting was performed using standard methods on
179lysates from cultured murine melanoma cell lines using
180primary antibodies to b-catenin, GAPDH and histone H3,
181and secondary anti-rabbit IgG horseradish peroxidase–linked
182antibody, all from Cell Signaling Technology, and Pdcd-1L1
183(H-130) and gp100 (H-300) from Santa Cruz Biotechnology.
184Nuclear and cytoplasmic extraction reagents were obtained
185from Thermo Scientific. Proteins were visualized using Ima-
186geQuant 4000 scanner. Immunofluorescence staining was
187performed on tumor sections of frozen OCT Q9blocks (Sakura
188Finetek) using primary antibodies to b-catenin (Cell Signaling
189Technology) and CD8a (BD Biosciences) followed by
190normal donkey serum and rat IgG(HþL) FITC-conjugated
191secondary antibody (Jackson Immunoresearch Laboratories;
192ref. 29).

Homet Moreno et al.

Cancer Immunol Res; 4(10) October 2016 Cancer Immunology Research2



195 Topflash analysis
196 Topflash vectors were obtained from Addgene (M51 Super 8x
197 FOPFlash/TOPFlash mutant, Cat. No. 12457; M50 Super 8x
198 TOPFlash, Cat. No. 12456). YUMM1.7 and YUMM2.1 cells
199 (�10 mmol/L tamoxifen) were plated to achieve 70% confluency
200 in 6-well plates. Cells were cotransfected with pTK-RLuc (green
201 Renilla luciferase) along with either Topflash or Fopflash vectors.
202 After 48 hours, cells were harvested and luciferase activity was
203 measured using Dual-Luciferase Reporter Assay System (Cat. No.
204 E1910) from Promega, where firefly luciferase signal was normal-
205 ized to its corresponding Renilla luciferase signal. Topflash/fop-
206 flash signal was determined from each treatment and graphed
207 using Graphpad/Prism.

208 b-Catenin downregulation
209 b-catenin shRNA lentiviral vector (Cat. No. 29210-V) and the
210 negative control shRNA lentiviral vector (Cat. No. 108080) were
211 purchased from Santa Cruz Biotechnology. YUMM2.1 and
212 YUMM1.1 cells were transduced at a multiplicity of infection of
213 1 to 10 inmedia containing 5 mg/mL polybrene and then selected
214 in complete DMEM with 2.5 mg/mL of puromycin for 3 weeks.

215 Statistical analysis
216 Data were analyzed with GraphPad Prism (version 5) software
217 (GraphPad Software). Descriptive statistics such as number of
218 observations, mean values, and SD were reported and presented
219 graphically for quantitative measurements. Normality assump-
220 tion was checked for outcomes before statistical testing. For
221 measurements such as tumor volume or percentage of tumor-
222 infiltrating lymphocytes (TIL), pairwise comparisons between
223 treatment groups were performed by unpaired t tests. All hypoth-
224 esis testing was two-sided, and a significance threshold of 0.05 for
225 P value was used.

226 Results
227 In vivo syngeneic animal models with differential responses to
228 PD-1 pathway blockade
229 In order to have animal models that consistently respond to
230 anti–PD-1 therapy, we tested four melanoma models, three
231 derived from BRAFV600E/PTEN�/� genetically engineered mice
232 (Supplementary Fig. S1A) and B16, and compared them with
233 MC38, a cell line that has been previously shown to respond well
234 to PD-1 blockade therapy (30, 31). In three replicate studies, we
235 observed antitumor activity of anti–PD-1 or anti–PD-L1 antibody
236 therapy against MC38 (Fig. 1A) and YUMM2.1 (Fig. 1B), but no
237 antitumor activity against YUMM1.1 (Fig. 1C), YUMM1.7, or B16
238 (Supplementary Fig. S1B). Of note, these responses to anti–PD-1
239 antibody are incomplete, and both MC38 and YUMM2.1 tumors
240 start regrowing around days 35 to 40 after tumor injection. We
241 decided to focus our further mechanistic studies in MC38 for a
242 tumor that is known to respond to anti–PD-1, and studied the
243 differential responses in YUMM1.1 and YUMM2.1.

244 Similar PD-L1 expression induced in MC38, YUMM2.1, and
245 YUMM1.1 by IFNg
246 In order to investigate themechanismof response to anti–PD-1
247 therapy, we first focused on induced PD-L1 expression in these
248 three cell lines. Total cellular PD-L1 increased upon exposure to
249 IFNg in the three cell lines, with a higher magnitude of increase in
250 MC38 cells than in YUMM2.1 and YUMM1.1 cells (Fig. 2A).

252Surface expression of PD-L1 was low at baseline, and increased
253upon exposure to IFNg in the three cell lines, though less evident
254in the morphologically more heterogeneous YUMM1.1 cell line
255(Fig. 2B).

256Increased mutational load in MC38 compared with YUMM1.1
257and YUMM2.1
258Next, we determined whether mutational load is a contributor
259to the observed differential response to anti–PD-1 therapy.MC38,
260which was established from a mouse exposed to the carcinogen
261dimethylhydralazine (32), has a higher mutational load (2,778
262mutations), compared with the much lower mutational rates in
263YUMM1.1 and YUMM2.1 (128 and 68 nonsynonymous variants,
264respectively; Supplementary Fig. S1C). Despite independent der-
265ivation, 26 variants are shared by YUMM1.1 and YUMM2.1,
266which likely represent SNPs not found in the sequenced strain-
267matched control or in the National Center for Biotechnology
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Figure. 1.

Enhanced in vivo antitumor activity with anti–PD-1 or anti–PD-L1 in MC38 and
YUMM2.1 tumor models compared with YUMM1.1. Tumor growth curves of MC38
(A), YUMM2.1 (B), and YUMM1.1 C, with 4 mice in each group (mean� SD) after
anti–PD-1, anti–PD-L1, or isotype control. The arrow indicates the day when
treatment with anti–PD-1, anti–PD-L1, or isotype control was started. � , P <0.001
by unpaired t test on day 20, anti–PD-1 versus isotype control, anti–PD-L1 versus
isotype control in MC38, anti–PD-1 versus isotype control, anti–PD-L1 versus
isotype control in YUMM2.1 tumors Q10.
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IFNgmodulates PD-L1 expression inMC38, YUMM2.1, andYUMM1.1.A,Western blot analysis of PD-L1. MC38, YUMM2.1, andYUMM1.1 cellswere culturedwith orwithout
IFNg for 24 hours. B, expression of PD-L1 by flow cytometry on MC38, YUMM2.1, and YUMM1.1 cells at baseline and after 24 hours of stimulation with IFNg .
C, chromosomal copy-number variation in MC38, YUMM2.1, and YUMM1.1 cell lines. Y-axis represents Log2 depth ratio vs. matched normal.
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Figure 3.

Both CD8 and CD4 cells mediate response to PD-1 blockade in MC38 and YUMM2.1. Tumor growth curves of MC38 (A) and YUMM2.1 (B) after anti–PD-1 and either
anti-CD8 (anti–PD-1aCD8), anti-CD4 (anti–PD-1aCD4), anti-CD8 þ anti-CD4 (anti–PD-1aCD8/4) or isotype control; 4 mice in each group, mean � SD.
(� ,P <0.001 isotype control, anti–PD-1aCD8, anti–PD-1aCD4, anti–PD-1aCD8/4 versus anti–PD-1 inMC38,P <0.001 isotype control, anti–PD-1aCD4, anti–PD-1aCD8/4
versus anti–PD-1 in YUMM2.1, unpaired t test, n ¼ 4); � , P ¼ 0.003 anti–PD-1aCD8 versus anti–PD-1, unpaired t test, n ¼ 4. The arrow indicates the day
treatment with anti–PD-1 or isotype control was started. This experiment was performed in triplicate. (Continued on the following page)
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270 Information database of genetic variation. Copy-number varia-
271 tion analysis revealed substantial differences in chromosomal
272 alteration patterns between the three cell lines (Fig. 2C).However,
273 most are shallow amplifications or deletions (log2 ratio between
274 0.5 and 1.5).

275 CD8andCD4T cells important in response to PD-1blockade in
276 MC38 and YUMM2.1
277 To elucidate the role of CD8 and CD4 T cells in anti–PD-1
278 activity, both cell subtypes were depleted in C57BL/6 mice bear-
279 ing MC38 or YUMM2.1 tumors. Antibody-mediated depletion
280 was confirmed in YUMM2.1 tumors and spleens (Supplementary
281 Fig. S2A and S2B). In the absence of CD8 cells, CD4 cells, or both,
282 antitumor response diminished in both MC38 and YUMM2.1
283 models (Fig. 3A and B). Of note, CD8 cell depletion (anti–PD-
284 1aCD8) in the YUMM2.1 tumor model only partially abrogated
285 the response to anti–PD-1 therapy,whereasCD4 cell depletion, or
286 CD4 plus CD8 depletion, completely abrogated this response
287 (Fig. 3B).

288 Increased TILs inMC38, but decreased in YUMM2.1, uponPD-1
289 blockade
290 Three and ten days after starting treatment with anti–PD-1 or
291 isotype control, tumors and spleens were harvested and stained
292 for CD3, CD4, and CD8 (Supplementary Fig. S2C and S2D). CD8
293 T-cell infiltration increased in MC38 tumors (calculated as per-
294 centage of all cells in the tumor) on day 3 and day 10 of treatment
295 with anti–PD-1 when compared with isotype control (Fig. 3C),
296 whereas CD8 T cells in the corresponding spleens of MC38
297 tumor–bearing mice remained unchanged (Supplementary Fig.
298 S2E).No significant difference in thepercentage ofCD4T cellswas
299 observed in MC38 tumors (Fig. 3C) and spleens (Supplementary
300 Fig. S2F). However, CD8 T-cell infiltration into YUMM2.1 tumors
301 was significantly decreased on day 10 of anti–PD-1 therapy when
302 compared with isotype control. This decrease in CD8 T cells was
303 not present on day 3 (anti–PD-1 d3) compared with isotype
304 control group (Fig. 3D). CD8 T cells did not decrease in the
305 corresponding spleens of any of the conditions in the YUMM2.1
306 model (Supplementary Fig. S2E). The percentage of CD4 T cells in
307 the YUMM2.1 tumors or spleens was not significantly different
308 across different time points or between anti–PD-1 and isotype
309 control tumors (Fig. 3D). The YUMM1.1 tumor model did not
310 show any CD8 T-cell variation in either tumors or spleens com-
311 paring anti–PD-1 and isotype control–treated conditions (Sup-
312 plementary Fig. S2G).Whenwe calculated the absolute number of
313 CD8 T cells per gram of tumor pooled from two separate experi-
314 ments, it confirmed the significant increase in CD8 T cells in the
315 MC38 tumors (Fig. 3E) and the significant decrease in CD8 T cells
316 in the YUMM2.1 tumors on day 10 of anti–PD-1 treatment (Fig.
317 3F). Immunofluorescence staining of tumors and spleens from
318 mice in the YUMM2.1 group collected after anti–PD-1 therapy or
319 isotype control also demonstrated a remarkable decrease in intra-
320 tumoral CD8 T cells on day 10 and no change in spleen (Fig. 3G).

322Wnt/b-catenin uninvolved in YUMM2.1 CD8 T-cell decrease or
323response to anti–PD-1
324YUMM2.1 cell line was derived from a mouse with the same
325genetic background as YUMM1.1 but containing an additional
326transgenic allele that, when recombined by tamoxifen induction,
327produces a stabilized b-catenin, which leads to increased meta-
328static potential of the tumors (33). However, whole-exome
329sequencing and PCR showed that b-catenin was unrecombined
330in the YUMM2.1 cell line, and the recombination could be
331induced by tamoxifen (4HT; Supplementary Fig. S3A and S3B).
332Nevertheless, we observed that YUMM2.1 cells do have more
333b-catenin protein expression with increased activity tested in vitro
334(Supplementary Fig. S3C) and in macro-dissected tumor sections
335when implanted in mice (Supplementary Fig. S3D). Active Wnt/
336b-catenin was linked to T-cell exclusion in tumors (34). To test if
337b-catenin had a role in the immunogenicity of YUMM2.1 and the
338loss of CD8 infiltrates on day 10 after anti–PD-1 therapy, b-cate-
339nin in both YUMM2.1 and YUMM1.1 cell lines was knocked
340down and confirmed at the protein level (Fig. 4A). Knockdown of
341b-catenin in YUMM2.1 did not change the significant decrease of
342CD8 T cells on day 10 with anti–PD-1 treatment when compared
343with the respective isotype-treated controls (Fig. 4B and C).
344Silencing b-catenin did not change the antitumor response in the
345YUMM2.1 model (Fig. 4D), nor did it change in the nonrespon-
346sive YUMM1.1 model (Fig. 4E).

347Requirement of costimulationwithPD-1blockade inYUMM2.1
348The evidence that both CD4 and CD8 cells are required for
349response to PD-1 blockade in the MC38 and YUMM2.1 models
350suggests that T-cell priming and CD4 helper function may be
351needed to induce the cytotoxic response to the tumors, which was
352further studied. The antitumor activity of PD-1 blockade against
353YUMM2.1was completely abolished in CD28 knockout (KO; Fig.
3545A) and CD80/CD86 double KO mice (Fig. 5B), clearly demon-
355strating that costimulation is a requirement for the efficacy of
356anti–PD-1 blockade in this model.

357Increased antigen-presenting dendritic cells in anti–PD-1-
358treated YUMM2.1 tumors
359The next step was to identify the cells involved in antigen
360presentation and costimulation. We phenotyped the different
361subtypes of dendritic cells (DC) by staining for CD11cþB220�

362(conventional) and CD11cþB220þ (plasmacytoid) subsets. Con-
363ventional DCs can be further subdivided into CD11cþ

364B220�CD8þ DCs, which are CD103þ in peripheral tissues and
365have been reported tomediate antigen cross-presentation to CD8
366T cells (35), and CD11cþCD11bþMHC-IIhigh DCs, which are
367considered to be dedicated APCs Q12that present peptides on
368MHC-II molecules to CD4 T cells (ref. 36; gating strategy in
369Supplementary Fig. S4A and S4B). The percentage of CD11cþ

370B220– cells was significantly decreased in MC38 tumors of mice
371treated with anti–PD-1 compared with isotype control, with no
372significant change in YUMM2.1 or YUMM1.1 tumors (Fig. 5C).

(Continued.) On days 3 (d3) and 10 (d10) after treatment with anti–PD-1 or isotype control was started, MC38 and YUMM2.1 tumors were isolated and stained with
fluorescent-labeled antibodies, analyzed by FACS. C and D, percentage of CD3þCD8þ (CD8 T cells) and CD3þCD4þ (CD4 T cells) in MC38 (C) and YUMM2.1.
D, tumors are shown (mean � SD). � , P ¼ 0.03 anti–PD-1 d10 versus control d10 in MC38; P ¼ 0.03 anti–PD-1 d10 versus control d10 in YUMM2.1 (unpaired
t test, n¼ 4). Results were consistent in 6 replicate experiments. E and F, statistical analysis of the 2C total numberQ11 of CD8 T cells per gram of tumor in MC38 (E) and
(F) YUMM2.1 tumors. � , P ¼ 0.05 anti–PD-1 d10 versus control d10 in MC38, P ¼ 0.02 anti–PD-1 d10 versus control d10 in YUMM2.1, unpaired t test, n ¼ 8).
G, representative immunofluorescence of CD8 T cells stained in YUMM2.1 tumors and spleens d10 after treatment with anti–PD-1 or isotype control was started.
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375 Thepercentage of intratumoralCD11cþB220�CD8þ andCD11cþ

376 B220�CD103þ DCs in MC38, YUMM2.1, or YUMM1.1 was not
377 significantly different across time points or with PD-1 blockade
378 therapy. A very small percentage of CD11cþB220�CD8þ cells in
379 YUMM2.1 tumors were present (Fig. 5D). Growth of tumors in
380 mice that were CD103-depleted was analogous to nondepleted
381 mice,withorwithout the additionof anti–PD-1 (Fig. 5E).Of note,
382 anti–PD-1-treated YUMM2.1 tumors exhibited a significant
383 increase in CD11cþCD11bþ and CD11cþCD11bþMHC-IIhigh

384 DCs compared with isotype control–treated tumors (Fig. 5F).
385 This finding was not present in MC38 tumors.

386 Increased tumor-associated macrophages in YUMM2.1 tumors
387 treated with anti–PD-1
388 Another immune cell subtype potentially implicated in T-cell
389 priming are tumor-associated macrophages (TAM). CD11bþF4/
390 80þ TAMs were gated after the exclusion of dead cells (Supple-
391 mentary Fig. S4C). The total percentage of TAMs decreased (not
392 statistically significant) in MC38 tumors treated with anti–PD-1
393 (Fig. 6A). In contrast, TAMs significantly increased in YUMM2.1
394 tumors onday10 after anti–PD-1 treatmentwas started. Immune-

396suppressive TAMs (CD11bþF4/80þMHC-IIlow, M2 TAMs) were
397more frequent in YUMM2.1 tumors with or without anti–PD-1
398therapy, with an increase in the percentage of both CD11bþF4/
39980þMHC-IIhigh TAMs (M1 TAMs) and M2 TAMs upon PD-1
400blockade (Fig. 6B). These observations were not present in
401YUMM1.1 tumors,where TAMs remainedmostly unchanged (Fig.
4026B). Taken together, TAMs may play a different role in YUMM2.1
403tumors compared with MC38, although both tumor models
404respond to anti–PD-1 blockade.

405No change in MDSCs or regulatory T cells with PD-1 blockade
406therapy
407To evaluate the effect of anti–PD-1 on other cellular compo-
408nents of the tumor microenvironment, we harvested tumors 10
409days after anti–PD-1 treatment was started and analyzed the two
410main subsets of myeloid-derived suppressor cells (MDSC):
411monocytic MDSCs (MO-MDSC, CD11bþLy6ChighLy6Glow) and
412polymorphonuclear MDSCs (PMN-MDSC, CD11bþLy6ClowLy6-
413Ghigh; Supplementary Fig. S4D). Anti–PD-1 did not change
414the percentage of MO-MDSCs or PMN-MDSC in any
415tumors compared with isotype control (Fig. 6C). Another

BA

D

sh-Control 

*P = 0.008 *P = 0.003 

shβ-Catenin 

sh
-C

on
tro

l  
Y

U
M

M
2.

1

sh
β-

C
at

en
in

  Y
U

M
M

2.
1

GAPDH 

β-Catenin 

sh
-C

on
tro

l  
Y

U
M

M
1.

1

sh
β-

C
at

en
in

  Y
U

M
M

1.
1

C

E

0

200

400

600

800

1,000

1,200

2520151050

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Days after tumor injection

YUMM1.1 

Isotype sh-control
Anti-PD-1 sh-control
Isotype control shβ-catenin
Anti-PD-1 shβ-catenin

0

200

400

600

800

1,000

1,200

2520151050

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Days after tumor injection

YUMM2.1 

Isotype sh-control
Anti-PD-1 sh-control
Isotype control shβ-catenin
Anti-PD-1 shβ-catenin

0

20

40

d10d3

%
 o

f C
D8

 T
 C

el
ls

Control An�-PD-1

0

20

40

d10d3

%
 o

f C
D8

 T
 C

el
ls

YUMM2.1 Tumors

Figure 4.
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Figure 5.

Increased antigen-presenting DCs in anti–PD-1-treated YUMM2.1 tumors. A, tumor growth curves of CD28KO or C57BL/6 mice bearing YUMM2.1 treated with
anti–PD-1 or isotype control. B, tumor growth curves of CD80/86KO or C57BL/6 mice bearing YUMM2.1 treated with anti–PD-1 or isotype control. Four mice
in each group (mean � SD). The arrow indicates the day treatment with anti–PD-1 or isotype control was initiated. C, on day 10 after starting treatment,
MC38, YUMM2.1, and YUMM1.1 tumors were isolated and stained with fluorescent-labeled antibodies and analyzed by FACS, with 3 mice in each group (mean� SD).
B220� and B220þ cells presented as percentage of CD11cþ cells. � , P ¼ 0.04 anti–PD-1 versus isotype control, CD11cþB220� cells in MC38 tumors, unpaired
t test, n ¼ 3. D, B220�CD8þ and B220�CD103þ presented as percentage of CD11cþ cells. E, in vivo YUMM2.1 growth curve after anti–PD-1 � anti-CD103 or isotype
control� anti-CD103, 4mice in each group (mean� SD). The arrow indicates the day anti–PD-1 or isotype control treatment was started. F,CD11bþ and CD11bþMHC-
IIhigh DCs presented as percentage of CD11cþ cells. � , P ¼ 0.04 anti–PD-1 versus control, P ¼ 0.01 anti–PD-1 versus control in YUMM2.1 tumors, unpaired t test,
n ¼ 3.
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Figure 6.

Modulation of the tumor microenvironment by anti–PD-1 in MC38, YUMM2.1, and YUMM1.1. On day 10 after anti–PD-1 or isotype control, MC38, YUMM2.1, and
YUMM1.1 tumors were isolated and stained with fluorescent-labeled antibodies and analyzed by FACS, with 3 mice in each group (mean � SD). A, analysis
of TAMs (CD11bþF4/80þ). B, TAMs MHC-IIhigh (M1 TAMs, CD11bþF4/80þMHC-IIhigh) and TAMs MHC-IIlow (M2 TAMs, CD11bþF4/80þMHC-IIlow). � , P ¼ 0.04
anti–PD-1 d10 versus control d10 TAMs; P ¼ 0.02 anti–PD-1 d10 versus control d10 TAMs MHC-IIhigh in YUMM2.1 tumors, unpaired t test, n ¼ 3. C, MO-MDSC
(CD11bþLy6ChighLy6Glow) and PMN-MDSC (CD11bþLy6ClowLy6Ghigh) presented as percentage of CD11bþ cells. D, analysis of Tregs (CD4

þCD25þFOXp3þ).
E, representative FACS plots in tumors.
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418 immune-suppressive cell population, regulatory T cells (Tregs;
419 Supplementary Fig. S4E; Tregs, CD4þCD25þFOXp3þ), showed a
420 nonstatistically significant trends toward a decrease in MC38 and
421 YUMM2.1 tumors with anti–PD-1 and an increase in YUMM1.1
422 (Fig. 6D). Representative flow charts of TAMs, MDSCs, and Tregs
423 are shown in Fig. 6E.

424 A more inflammatory gene signature profile in YUMM2.1
425 compared with YUMM 1.1
426 RNAwas extracted fromculturedYUMM1.1 andYUMM2.1 and
427 subjected to RNA sequencing. GSEA and pathway analyses indi-
428 cated that immune response, cytokine production, and inflam-
429 matory-related genes were strongly represented in YUMM2.1
430 compared with YUMM ¼ 1.1 cells (Fig. 7A). Corresponding
431 normalized enrichment scores (NES), P values, and FDR of the
432 GSEA plots are included (Fig. 7B). Analysis of genes that code for
433 secreted proteins with a log2-fold higher than 1 in YUMM2.1
434 compared with YUMM1.1 cells revealed an increase in inflam-
435 matory and chemotaxis-related genes (Supplementary Fig. S4F).

436 Discussion
437 Immunological checkpoint blockade with anti–PD-1 or anti–
438 PD-L1 antibodies reverses cancer immunosuppression and

440promotes antitumor immune responses in several cancer types.
441Long-term responseswithminimal side effects have been reported
442inpatientswithmelanoma, lung, liver, kidney, bladder,mismatch
443repair–deficient colon cancers, and hematologic malignancies,
444among others (1–4, 31). Why these agents exhibit antitumor
445responses in certain histologies and only in a percentage of
446patients with the same type of tumor remains unknown. Here,
447we studied tumor models that respond differently to anti–PD-1
448treatment and tested the reasons for anti–PD-1 activity in MC38
449and YUMM2.1 tumors.
450Upregulation of PD-L1 and its ligation to PD-1 on activated T
451cells is a well-described mechanism by which cancer tissues limit
452the host immune response, termed adaptive immune resistance
453(37). High baseline PD-L1–expressing tumor cells have been
454positively correlated with response to PD-1 blockade in patient
455samples (5, 6). However, PD-L1 was markedly increased
456upon IFNg exposure in the three murine cell lines studied, which
457does not provide an explanation for the different responses to
458anti–PD-1.
459Mutational load has been associated with a higher clinical
460benefit to immunotherapy (38–40). A greatly increased number
461of somatic mutations were observed in MC38 compared with
462YUMM2.1 and YUMM1.1, accompanied by high copy-number
463variation, consistent with its origin as a carcinogen-induced cell

A

Inflammatory 
response

Chemotaxis

B

Figure 7.

YUMM2.1 is more inherently immune permissive than YUMM1.1. A, GSEA curves for YUMM2.1 versus YUMM1.1 enriched pathways involved in immune response,
cytokine production, and inflammatory response. B, corresponding NES, P values, and FDR of the GSEA plots.
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466 line. The high mutational load could be at least partially respon-
467 sible for the effectiveness of anti–PD-1 therapy in MC38 tumors.
468 However, both YUMM2.1 and YUMM1.1 displayed a very low
469 number of new somaticmutations, consistentwith tumors arising
470 from genetically engineered mice driven by a strong driver onco-
471 gene and avoidance of senescence.
472 T-cell response has been widely accepted to be crucial for
473 effective anti–PD-1/PD-L1 antitumor activity (41). We confirmed
474 the essential roles of both the CD8 and CD4 T cells in anti–PD-1
475 effect in both MC38 and YUMM2.1 tumor models. Depletion of
476 CD8 cells completely abrogated the antitumor effect of PD-1
477 blockade in the MC38 model but only had a partial effect in the
478 YUMM2.1 model, whereas CD4 depletion completely reversed
479 the antitumor effect in both models. Considering that anti–PD-1
480 also controls key T-cell inhibitory interactions between PD-L1 on
481 APCs and PD-1 on T cells (17, 42) and that PD-1 limits CD4 T-cell
482 clonal expansion in response to an immunogenic stimulus (43), it
483 is not surprising that CD4 T cells are required for anti–PD-1/PD-
484 L1 tumor response. However, another group has reported oppo-
485 site observations, with increased antitumor effect seen with CD4
486 cell depletion combined with PD-1/PD-L1 blockade (44). Of
487 note, none of the tumor models evaluated by this group was
488 responsive to anti–PD-1/PD-L1 itself. The authors suggested that
489 CD4 cell depletion effect was partially attributed to a removal of
490 CD4-positive immunosuppressive Tregs. However, in another
491 report (31), Tregs increased after very early analysis (48 and 72
492 hours) following treatment with anti–PD-1 in MC38, whereas in
493 our tumor models, Tregs did not change with anti–PD-1 when
494 analyzed at 10 days after starting therapy.
495 Next, we characterized anti–PD-1 modulation of the cellular
496 components in the tumor microenvironment. CD8 T cells were
497 expected to increase in both anti–PD-1-responsive tumors. This
498 was true for MC38, but in YUMM2.1, CD8 T cells decreased over
499 time with anti–PD-1 therapy, implying that CD8 T cells may have
500 an early role in this antitumor response. Therefore, the early
501 activation of CD8 T cells could take place during antigen presen-
502 tation to na€�ve T cells, where PD-1/PD-L1 costimulation has been
503 shown to lead to T-cell receptor (TCR) downmodulation (16, 17,
504 42). DCs have been reported to hyperactivate CD8 T cells in the
505 absence of PD-1/PD-L1 costimulation, which was accompanied
506 by a higher TCR surface level and an increase in IFNg (17).
507 Depending on where PD-1/PD-L1 blockade takes place, T-cell
508 activity may vary. It is unknown if the location of PD-1/PD-L1
509 interaction and its consecutive blockade is tumor-dependent in a
510 short-term implanted tumor model. Functional studies to deter-
511 mine T-cell activity shortly after anti–PD-1 are administered, and
512 further characterization of the specific CD8 T-cell phenotype
513 could provide some explanation on how CD8 T cells exhibit their
514 effect in this tumor model. The role of natural killer (NK) cells in
515 this setting is unknown and technically challenging because of
516 their low frequency in the tumormicroenvironment, but certainly
517 interesting to explore. Differences in PD-1 expression on the CD8
518 T cells could also be informative to address PD-1 responsiveness
519 in the YUMM2.1 tumor model, as shown by others (31).
520 The correlation between tumor-intrinsic stabilized b-catenin
521 and both T-cell exclusion and anti–PD-L1 resistance in genetically
522 engineered mice with BRAFV600E/PTEN�/�/b-catenin–stabilized
523 tumors (34) led us to investigate the effect of b-catenin down-
524 regulation in T-cell modulation and anti–PD-1 antitumor
525 response. Although our analysis indicated that YUMM2.1 did
526 not have recombined b-catenin allele that would render b-catenin

528more stable, it does have more b-catenin expression and activity
529compared with the other YUMM cell lines. We observed that T
530cells were reduced over time (but never upfront excluded) with
531anti–PD-1 therapy, and this phenomenon was independent from
532the b-catenin status. PD-1 blockade antitumor effect was not
533altered in the presence of a downregulated Wnt/b-catenin
534pathway.
535Looking further into the importance of costimulatory
536interactions during antigen presentation to na€�ve T cells, we
537demonstrated that the absence of CD28 or CD80/86 prevented
538the anti–PD-1 effects in YUMM2.1 tumors. This observation does
539not necessarily imply that the PD-1/PD-L1 inhibitory effects only
540take place at the APC–T-cell synapse, but suggest that PD-L1–
541expressing APCs are positively enhanced upon PD-1 blockade.
542Indeed, the priming of CD4 and CD8 T cells is more effective in
543the absence of PD-1/PD-L1 signaling (45), and downmodulation
544of PD-L1 in DCs results in increased costimulatory molecule
545CD80 expression and a distinct cytokine profile (46). The same
546group observed strong tumor growth control when using PD-L1–
547silenced DCs in a mouse model of lymphoma, although with no
548increased cure rates, possibly due to PD-L1–expressing tumor cells
549that might counteract CD8 T-cell activity (47).
550Analysis of the different DC subsets in YUMM2.1 tumors
551revealed an increase in CD11cþCD11bþMHC-IIhigh DCs upon
552PD-1 blockade, which was not present in the other tumor models
553analyzed. Cross-priming of tumor antigens by BATF3-dependent
554DCs is crucial to the efficacy of anti–PD-1 antibodies (48). Taken
555together, these data imply that priming via CD4 T cells has amore
556important role in the antitumor efficacy of PD-1 blockade in the
557YUMM2.1 model.
558When looking into the ability of the models to evoke an
559inflammatory reaction required for immune cell recruitment and
560DC–T-cell costimulation, YUMM2.1 exhibited an "inflammatory
561profile" consistent with an endogenous upregulation of immune,
562cytokine producing, and inflammatory response-related genes.
563The YUMM2.1model could therefore intrinsically harbor inflam-
564matory mediators necessary to couple innate recognition to
565T-cell–mediated immunity byDCs in vivo, which is also supported
566by the increase in chemotactic factors such as Cxcl10, Ccl6, or
567Cxcl12. This observation is consistent with other reports, where
568chemokine-trafficking of immune cells into tumors was observed
569in humanmelanoma cell lines (49) or in mice receiving adoptive
570cell therapy and anti–PD-1 blockade (50).
571In conclusion, T-cell priming supports anti–PD-1 antitumor
572responses mediated by CD4 and CD8 T cells, critically requiring
573costimulation in vivo.
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