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Impact of mouse model tumor
implantation site on acquired
resistance to anti-PD-1 immune
checkpoint therapy
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Introduction: The use of tumor subcutaneous (SC) implantations rather than
orthotopic sites is likely to induce a significant bias, in particular, in the field
of immunotherapy.

Methods: In this study, we developed and characterized MC38 models,
implanted subcutaneously and orthotopically, which were either sensitive or
rendered resistant to anti-PD1 therapy. We characterized the tumor immune
infiltrate by flow cytometry at baseline and after treatment.

Results and Discussion: Our results demonstrate several differences between SC
and orthotopic models at basal state, which tend to become similar after therapy.
These results emphasize the need to take into account tumor implantation sites
when performing preclinical studies with immunotherapeutic agents.
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Introduction

The discovery of immune checkpoint inhibitors (ICI) has deeply modified treatment in
several cancer indications. These therapies enhance the activity of immune cells against
tumors by impeding the immunoparesis induced by tumor cells. ICI targeting the PD-1/PD-
L1 axis have shown significant antitumor activities in several tumor types (1-9). However, a
majority of patients do not respond to therapy and a majority of those who are initially
sensitive to ICI will eventually relapse. Understanding the mechanisms of resistance to ICI
thus represents a major issue. In the case of primary resistance to ICI, access to patient
samples is fairly straightforward. Conversely obtaining longitudinal samples of primarily
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sensitive and secondarily resistant patients is far more challenging,
explaining the scarcity of data regarding secondary resistance
mechanisms in the clinic. The best described acquired resistance
mechanisms are the overexpression of alternative ICI such as TIM3
on immune cells or PD-L1 on tumor cells, the dysfunction of the
presentation of the antigen by MHC I or the mutations of genes
such as JAK1/2 (10-13).

The majority of murine syngeneic models are resistant to
anti PD1/PDL1 therapies. However, there are very few models of
secondary resistance to these compounds (14). To address this
issue we have developed syngeneic models of resistance to ICI
and found that the development of the resistant phenotype is
associated with strong molecular and immunological
heterogeneity (15). Another methodological difficulty is the
fact that most tumor implantations in mice are performed
subcutaneously rather than orthotopically. Since the tumor
immune microenvironment (TIME) is critical in the case of
ICI therapy, it is likely that the site of tumor implantation will
have an impact on the nature and functionality of the tumor
immune infiltrate. The development of well characterized
orthotopic murine models of sensitivity and resistance to ICI
may thus be expected to be better correlated with the situation
encountered in patients than subcutaneous (SC) models.

Colorectal cancer (CRC), which is the third most prevalent type
of neoplasia, was initially found to be poorly sensitive to ICI therapy,
with a response rate of 5% (16, 17). However, response rates were
found to be much higher when patients with microsatellite-
instability-high (MSI-H) or mismatched repair-deficient
phenotypes were considered. Additionally the Immunoscore has
been suggested to help select patients with a higher probability of
response to ICI therapies (18). There remains a unmet need to better
modelize the impact of orthotopic implantation which is expected to
be associated with a specific immune infiltrate, exposure to
microbiota and ability to disseminate to liver, which is the most
common site of metastases in the clinic (19).

To explore the impact of the implantation site in mouse
colorectal tumor models we chose to compare subcutaneously and
orthotopically implanted MC38 colorectal tumors, which were
analyzed for their immune microenvironment and sensitivity to
anti-PD1 therapy. We also developed resistant variants for both
implantations and compared the alterations of the tumor immune
microenvironment associated with acquisition of resistance. As
presented in this manuscript, the major differences observed
according to implantation site may be a major confounding
factor in the preclinical modelization of ICI therapy.

Materiel and methods
Mouse cell line culture

MC38 cell line was obtained from Kerafast (CVCL_B288). Cell
line was negative for mycoplasma assays. Murine colon cancer
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MC38 cells were cultured in DMEM medium (GibcoTM, 41966-
029) with 10% fetal bovine serum (GibcoTM, A3160802), 100 U/
mL penicillin and streptomycin (GibcoTM, 15140122). Cells were
incubated in a humidified incubator with 5% CO, at 37°C.

Establishment of subcutaneous and
orthotopic resistant models

MC38 cells were injected in 4-5 weeks female C57Bl/6 mice
(Charles River Laboratory, 000664), For the SC model, 5.10°
cells of exponentially growing cultures were diluted in 0.2 mL of
PBS (Gibco, 140040-091) and injected SC into the left flank. The
tumor volume was measured every three days (length x width)
with a caliper. The tumor volume was determined using the
formula: 4/3 x Tt x . When the tumor volume reached 150 mm?,
mice were randomized and received first treatment of anti-PD-1
(BioXCell, RMP1-14, BE014, RRID: AB_10949053, 12.5 mg/kg
per week, intraperitoneal (IP)).

For the orthotopic model, a tumor established from a SC
implantation was removed. A piece of it was grafted onto the
cecum of the mice. Mice were treated with buprenorphine
(Axience, 03760087151893), 30 min before tumor implantation.
Mice were anesthetized with isoflurane (3%). Mice are shaved on
their stomachs on the left side and then disinfected with betadine
using sterile cotton pads. A first incision is made using a sterile
5mm SC scalpel. A 2nd 3mm incision is made on the peritoneum
to find the organ as well as possible. The organ will be lifted using
sterile forceps, the piece of tumor MC38 previously cut into 2mm
sized pieces was transpierced with a thread (mono filament type
PDS 5/0 crimped with a needle (22mm needle) and implanted
onto the cecum. Abdominal wound and skin were closed with a 5/
0 and 3/0 suture mono filament respectively (20). The mice are
randomized based on their weight and receive 48 hours after the
operation their first anti-PD-1 treatments (BioXCell, RMP1-14,
BEO014, RRID: AB_10949053, 12.5 mg/kg per week, IP).

To establish the resistant models, tumors obtained from mice
with initial responses to anti-PD-1 implanted SC or
orthotopically, were serially reimplanted into new groups of
naive mice and treated once a week to maintain selection
pressure as described above. At each passage, three naive mice
were implanted with tumor fragments and treatment was initiated
once the tumor reached 150 mm? or 48h after implantation for SC
or orthotopic implantation, respectively. The most aggressive
tumor was selected for reimplantation. At least 5 and 7 passages
were necessary to induce acquired resistance for SC and
orthotopic implantation sites, respectively. We will refer to
sensitive models as wild type (WT) and to resistant models as
anti-PD-1-R for those resistant to anti-PD-1 mAbs. All mice were
raised in an SPF environment with free access to standard food
and water. Experiments using C57Bl/6 mice were submitted to
and approved by the Animal Ethics Committee CECCAPP
of Lyon.
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Immune cells panel - Aurora
spectral Cytek

Immunophenotyping of the TIME was performed at
baseline and after therapy. A first analysis was performed
when the tumor volume reached approximately 200mm® for
the SC implantation and four days after surgery for the
orthotopic counterpart. A second analysis was performed four
days after the second weekly treatment, both for SC and
orthotopic models. Samples were acquired on a Cytek®
Aurora flow cytometer with SpectroFlo®Software (Cytek®
Biosciences). For all experiments, to digest tumor we used the
gentle MACS Octo Dissociator (130-096-427, Miltenyl Biotec)
with mouse tumor dissociation kits (130-096-730, Miltenyl
Biotec). After filtration through a 100 pm filter (130-110-917,
Miltenyl Biotec) and wash, cells were stained with a viability dye
marker (Zombie UV, Biolegend, 423108) and blocked with anti-
CD16/32 antibody (Biolegend, 101320) according to the
manufacturer’s instructions. Cells were stained with the
fluorescently labelled antibodies in the dark for 30 min at 4°C
After surface staining, cells were fixed and permeabilized using
BD Cytofix/Cytoperm kit (BD, 554714), then labeled with F4/80,
FoxP3, Granzyme B, CD206 and T-bet in the dark for 30 min at
4°C (Table 1). FlowJoV10 software (BD) was used for analyses as
described previously (15) and GraphPad Prism software was
used for statistical analysis (ANOVA with Bonferroni post-test).
Experiments were performed twice for SC models, and once for
orthotopic models. Gating strategies are described in
Supplementary Figure 1.

Immunochemistry

After fixation, MC38 tumors were dehydrated and
impregnated in the LEICA ASP300 machine. After inclusion,
samples were cut to 3 pm and mounted on a Superfrost+ slide
(Epredia, JI800AMNZ). Slides were dewaxing with methyl and
alcohol and rehydrated. Hematoxylin (Diapath, CO283) was
added for 30 sec and slides were rinsed with water. Eosin (Merck,
1.15926) was added for 1min 30sec and slides were rinsed with
water. Finally, slides were dehydrated and cover slipped. Slides
were then scanned on the slide scanner Zeiss Axio Scan.Z1 to
obtain representative images.

Statistics

Errors bars relate to SEM unless indicated in all figure
legends. Using GraphPad Prism (V9), Mann Whitney t-test or
two-way ANOVA statistical tests, with Bonferroni post hoc test.
Statistical significances are indicated as follows: *p<0.05,
#p<0.01, **p<0.001, ***p<0,0001.
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TABLE 1 Key resources.

REAGENT or
RESOURCE

SOURCE

Antibodies for Flow cytometry experiment

10.3389/fimmu.2022.1011943

IDENTIFIER  RRID

CD25 BD 565134 AB_2744344
CD45 BD 564279 AB_2651134
CD8 BD 750024 AB_2874242
I-A/I-E BD 748846 AB_2873249
CD172a BD 741593 AB_2871002
NKp46 BD 612805 AB_2870131
CDl11c BD 749038 AB_2873432
CD38 BD 740489 AB_2740212
CD19 BD 747332 AB_2872036
CD64 BD 741024 AB_2740644
Ly6C BD 553104 AB_394628
CD62L BD 565261 AB_2739138
CD206 Biolegend 141732 AB_2565932
PD-1 Biolegend 109121 AB_2687080
CD4 BD 563106 AB_2687550
CD44 Biolegend 103037 AB_10900641
F4/80 Biolegend 123147 AB_2564588
T-bet Biolegend 644810 AB_2200542
Ly6G Biolegend 127616 AB_1877271
Viability UV Zombie Biolegend 423108
CD3 Thermo 58-0032-82 AB_11217479
Granzyme B Thermo MHGB05 AB_10373420
CD11b Thermo 48-0112-82 AB_1582236
FoxP3 Thermo 50-5773-82 AB_11218868
CD49b Thermo 15-5971-82 AB_2573070
CD24 Thermo 46-0242-82 AB_1834425
SiglecH Thermo 63-0333-82 AB_2784853
PD-L1 Thermo 25-5982-82 AB_2573509
CD107a+ Thermo 47-1071-82 AB_2848363
Antibodies In vivo
InVivoMab anti-mouse CD279 Bioxcell BE0146 AB_10949053
(PD-1) (clone RMP1-14)
Experimental Models: Organisms/Strains
C57BL/6 mice Charles 000664

Rivers

(Continued)
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TABLE 1 Continued

REAGENT or
RESOURCE

SOURCE IDENTIFIER = RRID

Experimental Models: Cell Lines

MC38 Kerafast CVCL_B288 CVCL_B288
Medium culture
DMEM medium Gibco™ 41966-029
Fetal bovine serum Gibco™ A3160802
Antibiotics (Pen/Strep) Gibco™ 15140122
Critical Commercial Assays
Mouse Tumor Miltenyl 130-096-730
Dissociation Kit Biotec
MACS SmartStrainers Miltenyl 130-110-917
Biotec

Chemical, Peptides and Recombinant Proteins

BD Cytofix/Cytoperm BD 554714
Red blood cell lysis Miltenyi 130-094-183
solution Biotec
Immunohistochemistry experiments

Hematoxylin Diapath C0O283
Eosin Merck 1.15926
Superfrost+ slide Epredia J1800AMNZ

Results

Subcutaneous and orthotopic
implantations of MC38 are
sensitive to anti-PD-1

The murine MC38 colorectal cancer cell line is widely used by
the scientific community since it demonstrates sensitivity to anti-
PD-1. However, this observation has mainly been documented
when this cell line is implanted SC. We compared sensitivity to anti-
PD-1 treatment of tumors developed by SC and orthotopic
implantation. For SC implantation, we chose a classic
administration schedule, namely weekly intraperitoneal
administrations of 12.5mg/kg anti-PD-1 antibodies, initiated once
tumor volumes were 150mm?> (Figure 1A). As described in the
literature, we obtained a partial response following the anti-PD-1
treatment compared with the control mice (Figures 1B-D). In the
case of orthotopic implantation, we observed that tumors grew
more aggressively than mice implanted subcutaneously. We
therefore chose to treat mice 48 hours after implantation, with a
once weekly administration of 12.5 mg/kg (Figure 1E). Mice were
weighed and the abdomens palpated daily (Figure 1F). In the
orthotopic study, all mice were euthanized once one of the mice
had reached a predefined endpoint. This allowed us to observe that
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orthotopically implanted MC38 models demonstrated sensitivity to
anti-PD-1 therapy (Figures 1G-I).

Subcutaneous and orthotopic
implantations of MC38 become
resistant to anti-PD-1

To explore alterations associated with the acquisition of an
ICI-resistant phenotype we chose to induce acquired resistance in
our SC and orthotopic models. We performed serial
reimplantation with repeated selection pressure with anti-PD-1
therapy. After five passages for the SC model and seven passages
for the orthotopic model, tumor growth was similar in treated and
untreated mice, confirming the acquisition of a resistant
phenotype. (Figures 2A, B for sensitive and 2C, 2D for resistant
models, respectively). In relationship with anti-PD-1 sensitivity,
we will refer to “MC38 sensitive” versus “MC38 resistant”.

Implantation sites affect basal
immune microenvironment in
MC38 sensitive model

To understand whether tumor implantation had an impact
on the TIME, we performed the immunophenotyping of MC38
sensitive tumor models at basal state and after treatment for both
sensitive models implanted subcutaneously or orthotopically.
For the SC model, we observed the same results reported in the
literature, in particular at basal state in the MC38 sensitive model
implanted subcutaneously, a large proportion of CD11b+ cells
were detected and an equivalent proportion of lymphoid B and T
cells and NK cells were identified (Figure 3A) (15, 21). In the
MC38 sensitive model implanted orthotopically we observed an
extensive proportion of B cells and polymorphonuclear-
myeloid-derived suppressor cells (PMN-MDSC) (Figure 3B).
Moreover other myeloid cells, T cells and NK cells were less
represented in the immune tumor microenvironment of MC38
implanted orthotopically than in the SC localization (Figure 3B).
After treatment, the TIME tended to be similar between tumor
implantation sites (Figures 3C, D), with a significant down-
regulation of B cells and an upregulation of F4/80+CD206
+MHC-II+ cells in both SC and orthotopic sensitive MC38
tumors exposed to anti-PD1 antibody (p<0,0001, Figures 3E,
F). Moreover, we detected a significant down-regulation of the
PMN-MDSC infiltrate induced by therapy in the MC38 sensitive
orthotopic tumor (p<0,001, Figure 3F). These data show that
exposure to anti-PD1 therapy may induce a homogeneous
immune infiltrate, independently on the site of implantation.
This observation could be explained by the fact that the post-
therapeutic infiltrate is determined by the impact of therapy on
immune cell recruitment or activation rather than by the
composition of the preexisting immune infiltrate.
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FIGURE 1

Sensitivity to anti-PD-1 treatment on the MC38 subcutaneous versus orthotopic implantation models. (A) Treatment administration for C57Bl/6
mice SC implanted with a MC38 tumor fragment. The mice were randomized when the tumor volume reached 150 mm3 then treated or not
with anti-PD-1 (BioXCell, BE0146, RRID: AB_10949053, 12.5 mg/kg per week, intraperitoneal (i.p.). (B) Tumor growth in mice SC grafted with
MC38, untreated or treated with anti-PD-1. (C) Individual values of the last measurement point of the mice having received treatment or not.
(D) Individual curves of tumor growth in mice SC grafted with MC38, untreated or treated with anti-PD-1. (E) Treatment administration for
C57Bl/6 mice orthotopically implanted with a tumor fragment of MC38. (F) Representative image of MC38 tumor implanted in the cecum on
D4. (G) Individual curves representing the weight change in grams of mice orthotopically grafted with MC38, untreated or treated with anti-PD-
1. (H) Individual values of the weight of the intestines at D18 of the mice having received treatment or not. () Photographs of untreated and
treated intestines grafted with orthotopic MC38 at D18. Data represent mean tumor volume and error bars represent + SEM. Results are
representative of three independent experiments, n = 5 per groups, **p < 0.01, Mann Whitney t-test.
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FIGURE 2

Induction of acquired resistance to anti-PD-1 therapy in the SC versus orthotopically implanted MC38 model. For the SC model implantation,
5.10° tumor cells were injected in each animal. When tumors reached a volume of 150 mm3, mice were randomized and treated with aPD-1
(BioXCell, 12.5 mg/kg per week, i.p.). For the orthotopic model implantation, fragments of tumors were implanted in the cecum. Two days after
surgical implantation mice were randomized according to body weight and treated or not with aPD-1 (BioXCell, 12.5 mg/kg per week, i.p.). For
both types of implantations, fragments of tumors displaying a primary response to aPD-1 were then implanted into new groups of tumor-naive
mice and treated once a week to maintain selection pressure. At least five and seven passages were necessary to induce acquired resistance for
SC and orthotopic implantations, respectively. (A) Tumor growth in mice grafted with MC38 subcutaneously, untreated or treated with anti-PD-
1. (B) Overall survival of mice grafted with orthotopic MC38, untreated or treated with anti-PD-1. (C) Tumor growth in mice grafted SC with
MC38 model that had been rendered resistant to anti-PD-1. (D) Overall survival of mice grafted orthotopically with MC38 model that been
rendered resistant to anti-PD-1. Data shown represent mean tumor volumes and error bars represent + SEM. Results are representative of three
independent experiments for the SC model and two independent experiments for the orthotopic model, n = 5 per groups, **p < 0.01, Mann
Whitney t-test. ns: non significant.

Immune microenvironment in MC38 at the basal state and under selection pressure. Firstly, at the
resistant anti-PD-1 model depending on basal state, as for the sensitive model, the TIME is extremely
the |mp[a ntation site different depending on the implantation site (Figures 4A, B).
In the SC MC38 resistant model, as previously described, we

To better understand whether the site of implantation found a higher proportion of TAM M2-like cells compared to
influences the acquisition of resistance to anti-PD-1, we the sensitive model (15) but also compared to the orthotopic
carried out a study of TIME on our MC38 resistant models resistant model. In the orthotopic model, at the basal state, we
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FIGURE 3

MC38 sensitive tumor TIME at basal and after anti-PD-1 therapy. Flow cytometry experiments were performed when tumors reached 200 mm?
or two days after implantation for basal stage for SC and orthotopic implantation respectively and four days after second treatment for both.
(A—D) Sunburst plots showing the proportion of CD45+ immune infiltration. (A) Basal stage for SC implantation, (B) Basal stage for orthotopic
implantation, (C) Anti-PD-1 treated group for SC implantation, (D) Anti-PD-1 treated group for orthotopic implantation. (E, F) Histograms shown
mean of percentage values and error bars are SEM of basal versus under treatment for (E) SC model and (F) Orthotopic model. Flow cytometry
plots represent a pool of five tumor samples. Significant decreases and increases were assessed by a two-way ANOVA statistical test, with
Bonferroni post hoc test. Statistical significances are indicated as follows:

also observed an absence of infiltration by T cells as well as a
strong infiltration of pDC. Moreover, we detected a very
strong infiltration of PMN-MDSC and B cells.

Under selection pressure, we detected a significant down-
regulation of M2-Like cells (p<0,0001, Figures 4C, E and
p<0,01 Figures 4D, F) and an up regulation of CD11b+ B cells,
in both models (Figures 4C-F) (22). Focusing on PMN-
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*p < 0.05, ***p < 0,001, ****p < 0,0001.

MDSC, our results showed an increase of the population in
the SC model and a decreased in the orthotopic model
(p<0,001 and p<0,0001 respectively). This inversed trend
lead to an equivalent final proportion in both models
(Figures 4C-F). All these data allowed us to identify
immune cells with a potential impact, on the acquired

resistance to anti-PD-1.
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MC38 resistant tumor to anti-PD-1 TIME at basal and under selection pressure of therapy. Flow cytometry experiments were performed when tumors
reached 200 mm? or two days after implantation for basal stage for SC and orthotopic implantation respectively and four days after second treatment
for both. (A—D) Sunburst plots showing the proportion of CD45+ immune infiltration. (A) Basal stage for SC implantation, (B) Basal stage for orthotopic
implantation, (C) Anti-PD-1 treated group for SC implantation, (D) Anti-PD-1 treated group for orthotopic implantation. (E, F) Histograms shown
means of percentage values and error bars are SEM of basal versus under treatment for (E) SC model and (F) Orthotopic model. Flow cytometry plots
represent a pool of five to ten tumor samples. Significant decreases and increases were assessed by a two-way ANOVA statistical tests, with Bonferroni
post hoc test. Statistical significances are indicated as follows: **p < 0.01, ***p < 0.001, ****p < 0,0001.

Discussion TIME and influences response to therapy (23-25). A recent study
reported that translating preclinical observations from mice to

The influence of the implantation site on the composition of men remains unreliable, with rates ranging between 0 and 100%
the tumor immune infiltrate in preclinical models is poorly (26). Several causes may explain this observation. To understand
understood and studied, although it is likely to impact on the whether the recruitment of immune cells in the tumor is different
sensitivity to immunotherapeutic agents and mechanisms of depending on the site of implantation, we performed an
resistance to ICI therapy. There is clear evidence that the organ immunophenotyping of TIME. Our study demonstrated that in
in which a tumor originates influences the composition of the the MC38 sensitive SC and orthotopic models, TIME composition
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is strikingly different at the basal state but tends to become similar
over time when anti-PD-1 is administered. Our results suggest
that the high level of infiltration by immunosuppressive cells such
as TAM may block the response mediated by CD8+ T
lymphocytes (27). This result is supported by the study by
Abou-Elkacem et al. which elegantly demonstrated that the
efficacy of anti-PD-1 treatment is dependent on the presence of
CD8+ T cells, but also that the depletion of TAMs improved the
antitumor activity of treatment (24). In the orthotopic model, the
strong increase in dendritic cells observed after treatment suggests
the establishment of an immune response mediated by CD8+ T
lymphocytes, which might not yet be effective. Taken together
these data suggest that recruitment of immune cells under the
effect of anti-PD-1 treatments is similar, whether MC38 tumors
are implanted SC or orthotopically and despite differences in
TIME at the basal state.

However, after acquisition of resistance, the immune tumor
landscape is very different. In particular, the strong presence of
PMN-MDSCs in the two models suggests a predominant role of
these cells in the acquisition of resistance to anti-PD-1. It has
been reported that MC38 sensitive tumors implanted SC do not
have a detectable PMN-MDSC infiltrate (19). Clearly, our results
show that in sensitive orthotopic tumors and in resistant models,
MC38 tumors are infiltrated by PMN-MDSC. However, PMN-
MDSC become predominant in the SC resistant model
compared to the sensitive model. This is in keeping with our
previous observation that the combination anti-PD1 therapy
with an anti-Ly6G antibody reverses resistance to anti-PD-1
(15). However, for the orthotopic model, the proportion of
PMN-MDSC diminished after treatment in both site of
implantation but the proportion remains higher in the
resistant model compared to the sensitive model. Longitudinal
immune characterization obtained in the two resistant models
suggest that PMN-MDSCs play a role in the induction of
secondary resistance but not in the same time lapse. Moreover,
in the orthotopic resistant model, we no longer detected T
lymphocytes at the basal state, as well as very few under
treatment pressure. This result suggests that the resistance to
anti-PD-1 therapy also involves the absence of T cells in the
TIME. Recently it was reported that IL-17 mediates neutrophil
recruitment and triggers Neutrophil Extracellular Traps (NETs)
in the tumor microenvironment. The presence of NETs in the
tumor microenvironment correlates with CD8 T cell exclusion,
and IL-17 blockade increased sensitivity to ICIs (25). In
addition, NETs coat tumor cells and shield them from Natural
Killer cells and CD8 T cell-mediated cytotoxicity. NET
inhibition has been shown to sensitize tumors to ICIs (26).

Moreover, B cell content which was increased in the resistant
models after therapy could also be involved. Very few publications
have focused on B cell implication in the context of anti-PD-1
therapy, as opposed to T cells. A recent publication showed that
the presence or absence of B cells had no impact on the efficacy of
anti-PD-1 (27). It is described in the literature that CD11b+ B cells
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have a higher ability to drive T cell proliferation than CD11b- B
cells (28). However, CD11b+ B cells may also spontaneously
secrete IL-10 and suppress T cells activation (29). Moreover, the
implication of B cells such as Breg on acquired resistance to anti-
PD-1 deserve to be studied more extensively. B cells play a pivotal
role in several diseases and our study suggest that B cells may also
be involved in acquired resistance to anti-PD-1.

To conclude, TIME in SC and orthotopically implanted
tumors differ significantly for several types of immune cells. It
is possible that cells that induce resistance are more easily and
abundantly recruited in the orthotopic model compared to the
SC model. Our results emphasize the need to consider the site of
implantation in preclinical modeling of immunotherapy.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by Animal
Ethics Committee CECCAPP of Lyon.

Author contributions

MD designed the experiments. DM, MM, P-AC, CG, E-
LM assisted MD with experiments. MD analyzed data. CD
advised with methods and theory of experiments. MD wrote
the manuscript in consultation with CD and CD supervised
the project. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported in part by the Lyric Grant INCa-
DGOS-4664. The National Association Research and
Technology (ANRT) supported MD for their PhD thesis
(CIFRE funding) during a 3-year contract with Antineo.

Acknowledgments

We wish to thank the platform of the SFR Lyon-East platforms
(CYCLE), in particular the CIQLE platform of University Claude
Bernard Lyon 1, as well as the SCAR platform and the flow
cytometry platform of the CRCL. Also, thank to Gilles PONCET
and Colette ROCHE who showed us orthotopic technical
implantation. Figures were created with BioRender.com.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1011943
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Denis et al.

Conflict of interest

MD, DM and P-AC were employed by Antineo, a CRO
offering preclinical models in oncopharmacology.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Ansell SM, Lesokhin AM, Borrello I, Halwani A, Scott EC, Gutierrez M, et al.
PD-1 blockade with nivolumab in relapsed or refractory hodgkin’s lymphoma. N
Engl ] Med (2015) 372:311-9. doi: 10.1056/NEJMoal411087

2. Balar AV, Galsky MD, Rosenberg JE, Powles T, Petrylak DP, Bellmunt J, et al.
Atezolizumab as first-line treatment in cisplatin-ineligible patients with locally
advanced and metastatic urothelial carcinoma: A single-arm, multicentre, phase 2
trial. Lancet (2017) 389:67-76. doi: 10.1016/S0140-6736(16)32455-2

3. Cella D, Griinwald V, Escudier B, Hammers HJ, George S, Nathan P, et al.
Patient-reported outcomes of patients with advanced renal cell carcinoma treated
with nivolumab plus ipilimumab versus sunitinib (CheckMate 214): a randomised,
phase 3 trial. Lancet Oncol (2019) 20:297-310. doi: 10.1016/S1470-2045(18)30778-2

4. Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et al.
Pembrolizumab for the treatment of non-Small-Cell lung cancer. In: N Engl ] Med.
(2015). 372 2018-28. doi: 10.1056/NEJMoal501824

5. Kaufman HL, Kirkwood JM, Hodi FS, Agarwala S, Amatruda T, Bines SD,
et al. The society for immunotherapy of cancer consensus statement on tumour
immunotherapy for the treatment of cutaneous melanoma. Nat Rev Clin Oncol
(2013) 10:588-98. doi: 10.1038/nrclinonc.2013.153

6. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob J-J, Rutkowski P, Lao CD, et al.
Five-year survival with combined nivolumab and ipilimumab in advanced
melanoma. In: New England journal of medicine, vol. 381. Massachusetts
Medical Society (2019). p. 1535-46.

7. McNeel DG, Bander NH, Beer TM, Drake CG, Fong L, Harrelson S, et al. The
society for immunotherapy of cancer consensus statement on immunotherapy for
the treatment of prostate carcinoma. J ImmunoTherapy Cancer (2016) 4:92. doi:
10.1186/540425-016-0198-x

8. Nizam A, Aragon-Ching JB. Frontline immunotherapy treatment with
nivolumab and ipilimumab in metastatic renal cell cancer: A new standard of
care. Cancer Biol Ther (2019) 20:6-7. doi: 10.1080/15384047.2018.1507260

9. Rosenberg JE, Hoffman-Censits J, Powles T, van der Heijden MS, Balar AV,
Necchi A, et al. Atezolizumab in patients with locally advanced and metastatic
urothelial carcinoma who have progressed following treatment with platinum-
based chemotherapy: A single-arm, multicentre, phase 2 trial. Lancet (2016)
387:1909-20. doi: 10.1016/S0140-6736(16)00561-4

10. Shin DS, Zaretsky JM, Escuin-Ordinas H, Garcia-Diaz A, Hu-Lieskovan S,
Kalbasi A, et al. Primary resistance to PD-1 blockade mediated by JAK1/2 mutations.
Cancer Discovery (2017) 7:188-201. doi: 10.1158/2159-8290.CD-16-1223

11. Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, Hu-
Lieskovan S, et al. Mutations associated with acquired resistance to PD-1 blockade
in melanoma. N Engl ] Med (2016) 375:819-29. doi: 10.1056/NEJMoal604958

12. Koyama S, Akbay EA, Li YY, Herter-Sprie GS, Buczkowski KA, Richards
WG, et al. Adaptive resistance to therapeutic PD-1 blockade is associated with
upregulation of alternative immune checkpoints. Nat Commun (2016) 7:10501.
doi: 10.1038/ncomms10501

13. Juneja VR, McGuire KA, Manguso RT, LaFleur MW, Collins N, Haining
WN, et al. PD-L1 on tumor cells is sufficient for immune evasion in immunogenic
tumors and inhibits CD8 T cell cytotoxicity. ] Exp Med (2017) 214:895-904. doi:
10.1084/jem.20160801

Frontiers in Immunology

10

10.3389/fimmu.2022.1011943

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.1011943/full#supplementary-material

SUPPLEMENTARY FIGURE 1
Gating strategy for FACS analysis

14. Bernardo M, Tolstykh T, Zhang Y, Bangari DS, Cao H, Heyl KA, et al. An
experimental model of anti-PD-1 resistance exhibits activation of TGFf8 and notch
pathways and is sensitive to local mRNA immunotherapy. Oncoimmunology
(2021) 10:1881268. doi: 10.1080/2162402X.2021.1881268

15. Denis M, Grasselly C, Choffour P-A, Wierinckx A, Mathe D, Chettab K,
et al. in vivo Syngeneic tumor models with acquired resistance to anti-pd-1/pd-11
therapies. Cancer Immunol Res (2022) 10(8):1013-27. doi: 10.1158/2326-
6066.CIR-21-0802

16. Trimaglio G, Tilkin-Mariamé A-F, Feliu V, Lauzéral-Vizcaino F, Tosolini
M, Valle C, et al. Colon-specific immune microenvironment regulates cancer
progression versus rejection. Oncolmmunology (2020) 9:1790125. doi: 10.1080/
2162402X.2020.1790125

17. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. PD-
1 blockade in tumors with mismatch-repair deficiency. N Engl ] Med (2015)
372:2509-20. doi: 10:1056/NEJMoal500596

18. Pagés F, Mlecnik B, Marliot F, Bindea G, Ou F-S, Bifulco C, et al.
International validation of the consensus immunoscore for the classification of
colon cancer: A prognostic and accuracy study. Lancet (2018) 391:2128-39. doi:
10.1016/S0140-6736(18)30789-X

19. Fidelle M, Yonekura S, Picard M, Cogdill A, Hollebecque A, Roberti MP,
et al. Resolving the paradox of colon cancer through the integration of genetics,
immunology, and the microbiota. Front Immunol (2020) 11:600886. doi: 10.3389/
fimmu.2020.600886

20. Abou-Elkacem L, Arns S, Brix G, Gremse F, Zopf D, Kiessling F, et al.
Regorafenib inhibits growth, angiogenesis, and metastasis in a highly aggressive,
orthotopic colon cancer model. Mol Cancer Ther (2013) 12:1322-31. doi: 10.1158/
1535-7163.MCT-12-1162

21. Taylor MA, Hughes AM, Walton J, Coenen-Stass AML, Magiera L, Mooney
L, et al. Longitudinal immune characterization of syngeneic tumor models to
enable model selection for immune oncology drug discovery. J ImmunoTherapy
Cancer (2019) 7:328. doi: 10.1186/s40425-019-0794-7

22. Zhao X, Li L, Starr T, Subramanian S. Tumor location impacts immune
response in mouse models of colon cancer. Oncotarget (2017) 8:54775-87. doi:
10.18632/oncotarget.18423

23. Devaud C, Westwood JA, John LB, Flynn JK, Paquet-Fifield S, Duong CP,
et al. Tissues in different anatomical sites can sculpt and vary the tumor
microenvironment to affect responses to therapy. Mol Ther (2014) 22:18-27.
Elsevier. doi: 10:1038/mt.2013.219

24. Schneider G, Schmidt-Supprian M, Rad R, Saur D. Tissue-specific
tumorigenesis: context matters. Nat Rev Cancer (2017) 17:239-53. Nature
Publishing Group. doi: 10.1038/nrc.2017.5

25. Lehmann B, Biburger M, Briickner C, Ipsen-Escobedo A, Gordan S,
Lehmann C, et al. Tumor location determines tissue-specific recruitment of
tumor-associated macrophages and antibody-dependent immunotherapy
response. science immunology. Am Assoc Advancement Sci (2017) 2:eaah6413.
doi: 10.1126/sciimmunol.aah6413

26. Leenaars CHC, Kouwenaar C, Stafleu FR, Bleich A, Ritskes-Hoitinga M, De
Vries RBM, et al. Animal to human translation: a systematic scoping review of

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1011943/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1011943/full#supplementary-material
https://doi.org/10.1056/NEJMoa1411087
https://doi.org/10.1016/S0140-6736(16)32455-2
https://doi.org/10.1016/S1470-2045(18)30778-2
https://doi.org/10.1056/NEJMoa1501824
https://doi.org/10.1038/nrclinonc.2013.153
https://doi.org/10.1186/s40425-016-0198-x
https://doi.org/10.1080/15384047.2018.1507260
https://doi.org/10.1016/S0140-6736(16)00561-4
https://doi.org/10.1158/2159-8290.CD-16-1223
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1038/ncomms10501
https://doi.org/10.1084/jem.20160801
https://doi.org/10.1080/2162402X.2021.1881268
https://doi.org/10.1158/2326-6066.CIR-21-0802
https://doi.org/10.1158/2326-6066.CIR-21-0802
https://doi.org/10.1080/2162402X.2020.1790125
https://doi.org/10.1080/2162402X.2020.1790125
https://doi.org/10:1056/NEJMoa1500596
https://doi.org/10.1016/S0140-6736(18)30789-X
https://doi.org/10.3389/fimmu.2020.600886
https://doi.org/10.3389/fimmu.2020.600886
https://doi.org/10.1158/1535-7163.MCT-12-1162
https://doi.org/10.1158/1535-7163.MCT-12-1162
https://doi.org/10.1186/s40425-019-0794-7
https://doi.org/10.18632/oncotarget.18423
https://doi.org/10:1038/mt.2013.219
https://doi.org/10.1038/nrc.2017.5
https://doi.org/10.1126/sciimmunol.aah6413
https://doi.org/10.3389/fimmu.2022.1011943
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Denis et al. 10.3389/fimmu.2022.1011943

reported concordance rates. J Trans Med (2019) 17:223. doi: 10.1186/s12967-019- 28. Griffin DO, Rothstein TL. A small CD11b+ human B1 cell subpopulation

1976-2 stimulates T cells and is expanded in lupus. ] Exp Med (2011) 208:2591-8. doi:
27. Strauss L, Mahmoud MAA, Weaver JD, Tijaro-Ovalle NM, Christofides A, 10.1084/jem. 20110978

Wang Q, et al. Targeted deletion of PD-1 in myeloid cells induces antitumor 29. Griffin DO, Rothstein TL. Human “Orchestrator” CD11b+ B1 cells spontaneously

immunity. science immunology. Am Assoc Advancement Sci (2020) 5:eaay1863. secrete interleukin-10 and regulate T-cell activity. Mol Med (2012) 18:1003. The Feinstein

doi: 10:1126/sciimmunol.aay1863 Institute for Medical Research. doi: 10.2119/molmed.2012.00203

Frontiers in Immunology 11 frontiersin.org


https://doi.org/10.1186/s12967-019-1976-2
https://doi.org/10.1186/s12967-019-1976-2
https://doi.org/10:1126/sciimmunol.aay1863
https://doi.org/10.1084/jem.20110978
https://doi.org/10.2119/molmed.2012.00203
https://doi.org/10.3389/fimmu.2022.1011943
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Impact of mouse model tumor implantation site on acquired resistance to anti-PD-1 immune checkpoint therapy
	Introduction
	Materiel and methods
	Mouse cell line culture
	Establishment of subcutaneous and orthotopic resistant models
	Immune cells panel - Aurora spectral Cytek
	Immunochemistry
	Statistics

	Results
	Subcutaneous and orthotopic implantations of MC38 are sensitive to anti-PD-1
	Subcutaneous and orthotopic implantations of MC38 become resistant to anti-PD-1
	Implantation sites affect basal immune microenvironment in MC38 sensitive model
	Immune microenvironment in MC38 resistant anti-PD-1 model depending on the implantation site

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


