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Abstract

Lung cancer is the leading cause of cancer-related deaths. While the recent use of immune
checkpoint inhibitors significantly improves patient outcomes, responsiveness remains
restricted to a small proportion of patients. Conventional dendritic cells (DCs) play a major
role in anticancer immunity. In mice, two subpopulations of DCs are found in the lung: DC2s
(CD11b*Sirpa™) and DC1s (CD103*XCR1™), the latest specializing in the promotion of anti-
cancer immune responses. However, the impact of lung cancer on DC populations and the
consequent influence on the anticancer immune response remain poorly understood. To
address this, DC populations were studied in murine models of Lewis Lung Carcinoma
(LLC) and melanoma-induced lung metastasis (B16F10). We report that direct exposure to
live or dead cancer cells impacts the capacity of DCs to differentiate into CD103* DC1s,
leading to profound alterations in CD103" DC1 proportions in the lung. In addition, we
observed the accumulation of CD103°CD11b* DCs, which express DC2 markers IRF4 and
Sirpa, high levels of T-cell inhibitory molecules PD-L1/2 and the regulatory molecule
CD200. Finally, DC1s were injected in combination with an immune checkpoint inhibitor
(anti-PD-1) in the B16F10 model of resistance to the anti-PD-1 immune checkpoint therapy;
the co-injection restored sensitivity to immunotherapy. Thus, we demonstrate that lung
tumor development leads to the accumulation of CD103'°CD11b* DCs with a regulatory
potential combined with a reduced proportion of highly-specialized antitumor CD103* DC1s,
which could promote cancer growth. Additionally, promoting an anticancer DC signature
could be an interesting therapeutic avenue to increase the efficacy of existing immune
checkpoint inhibitors.

Introduction

Currently, lung cancer remains the most lethal cancer in industrialized countries. Despite sig-
nificant advances in conventional therapies, the five-year survival rate remains lower than 20%
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in most countries [1]. To support tumor development, cancer induces an immunoregulatory
environment that reduces the anticancer function of immune cells [2]. Consequently, immu-
notherapies recently emerged as a new strategy to restore the natural antitumor immune
response, and significantly improve survival. Inmune checkpoint inhibitors (ICIs) that target
the PD-1/PD-L1 axis are the most commonly used immunotherapy in patients with non-small
cell lung carcinoma (NSCLC) and are now approved as first-line treatment in several countries
[3, 4]. In normal conditions, the interaction between PD-L1 expressed on antigen-presenting
cells and PD-1 present on T cells limits the T cell response to prevent auto-immunity. How-
ever, in cancer, PD-L1 is overexpressed by cancer cells and immune cells which are present
within the tumor environment, leading to the inhibition of the cytotoxic T cells, which are cru-
cial for the anticancer immune response [5]. While in some cases PD-1/PD-L1 inhibitors suc-
cessfully restore the function of cytotoxic T cells and significantly improve patient survival,
their effectiveness is limited to only a small proportion of patients [3, 6]. There is therefore an
urgent need to better understand anticancer immune responses.

CD8 T cells or cytotoxic T cells are major effectors of ICIs and play an important role in the
natural anticancer immune response. Indeed, CD8 T cell activation is initiated via antigen pre-
sentation by conventional dendritic cells (DCs) [7]. In the lung, DCs are a heterogeneous pop-
ulation, which in the past was divided according to surface marker expression, which can be
highly variable based on the inflammatory context [8, 9] and differs between humans and mice
[10]. Recently, DCs were thoroughly re-characterized based on cellular developmental path-
ways. This allowed the emergence of a new consensus in DC classification that better translates
from mice to humans [10], where lung DCs comprise a mixture of CD103*XCR1" (mice)/
CD141*"XCR1" (human) DC1s that depend on both BATF3 and IRF8 transcription factors for
their development, and CD11b*Sirpar” (mice and human) DC2s, which express the IRF4 tran-
scription factor [10, 11]. DC1s are a major component of anticancer immune responses.
Indeed, the absence of DC1 populations in Batf3”" or Irf8”~ mice favours the growth of pri-
mary tumors or metastasis progression [12-14]. Furthermore, DC1s specialize in IL-12 pro-
duction, trafficking of tumor antigens to draining lymph nodes and cross-presentation of
tumor antigens to CD8 T cells [12-16]. Finally, DC1s also play an important role in immune
checkpoints immunotherapies, as Batf3”~ mice do not respond to this type of treatment [17].
The contribution of DC2s in anticancer immune response is not well established, but some
propose they are necessary to induce antitumor CD4 T cell immunity [18].

Despite this wealth of knowledge on anticancer immune responses, lung cancer immuno-
therapy remains weakly effective [3, 6]. This may stem in part from the current lack of knowl-
edge on the impact of lung cancer on local DC populations, which are crucial in anticancer
immunity. Previous studies by our group suggested that various inflammatory contexts pro-
foundly impact the local DC signature, as well as disease progression [8, 9, 19]. Specifically, we
demonstrated that the proportions of CD103" DCls are drastically reduced under inflamma-
tory conditions. We, therefore, set out to verify whether the development of lung cancer alters
local DC populations, and whether enriching local DCs with high levels of anticancer CD103*
DCls could favourably impact the anticancer lung response. Using mouse models of lung can-
cer and melanoma-induced lung metastasis, we demonstrate that the cancer microenviron-
ment decreases the proportions of anticancer CD103" DCls. In return, we observed an
unpredicted increase in a CD103'°CD11b* DC population, which strongly expresses PD-L1/2
and CD200 regulatory molecules. Finally, we show that enriching the local DC population
with CD103" DCls supports a more efficient response to anti-PD-1s. These results suggest
that lung tumor progression alters the local DC population signature to favour tumor growth
and underline new mechanisms explaining the inability of the local DC1s to naturally regulate
tumor growth, and possible resistance to anti-PD-1 therapies.
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Materials and methods

Mice

C57Bl/6] mice were purchased from Jackson Laboratories and bred in a pathogen-free animal
unit (Centre de recherche de 'Institut Universitaire de Cardiologie et de Pneumologie de Québec,
Université Laval, Québec, QC, Canada). 8-12 weeks male and female mice were used for in

vivo cancer models and 6-12 weeks male and female were used for in vitro protocols. Protocols
were approved by local ethics committees and followed Canadian animal care guidelines.

In vivo tumor models

For the induction of lung tumor models, mice were injected intravenously (i.v.) with 2.5 x 10
B16F10 melanoma cells (ATCC, catalog no. CRL-6475) or 10° Lewis lung carcinoma (LLC)
cells (ATCC, catalog no. CRL-1642), previously grown in DMEM media (Wisent) supple-
mented with 10% FBS (Wisent). 18 days following cancer cells injection, mice were euthanized
and lungs were collected. An arbitrary cancer score indicative of the number and size of
tumors was fixed from 0 (no visible tumor) to 5 (highest score). In the B16F10 lung metastasis
model, 200 pg/mice anti-mouse PD-1 antibody (BioXcell, catalog no. BP0033-2) or 200 pug/
mice Armenian hamster IgG isotype control (BioXcell, catalog no. BP0091) were administered
via intraperitoneal injection on day 4, 8, 11 and 14 in combination with an i.v. injection of 3 x
10° XCR1* FLT3L-BMDCs on day 0, 4, 8, 11 and 14 (Fig 7C) [20-22].

Production of FLT3L bone marrow-derived DCs (FLT3L-BMDCs)

Bone marrow cells were isolated by flushing marrow from tibias and femurs using a 27-gauge
needle and PBS. Cells were cultured at 1.5 x 10° cells/ml for 7 days in RPMI 1640 media
(Wisent) supplemented with 10% FBS (Wisent), 50 uM B-mercaptoethanol, antibiotic/anti-
mycotic (Wisent) and 100 ng/ml FMS-like tyrosine kinase 3 ligand (FLT3L) (Peprotech, cata-
log no. 250-31L). On day 7, 10 ng/ml of Granulocyte-macrophage colony-stimulating factor
(GM-CSF) (Peprotech, catalog no. 315-03) was added to the culture. For the stimulation of
FLT3L-BMDCs, 10* live or an antigenic preparation (obtained by two cycles of freeze and
thaw) of B16F10 or LLC cells per million of DCs were added. In some stimulations, DCs were
segregated from live cancer cells with a 0.4 um cell culture insert (Falcon). For transfer experi-
ments, FLT3L-BMDCs were stimulated on day 7 with GM-CSF and on day 9 with live B16F10
cells and harvested on day 10. Before the injection, XCR1* FLT3L-BMDCs were isolated using
XCR1-APC (Biolegend) and EasySep™ Mouse APC Positive Selection Kit II (Stemcell).

FLT3L-BMDCs phagocytosis assay

B16F10 cells were stained for 20 minutes using the CellTrace™ CFSE Cell Proliferation Kit
(Invitrogen) according to the manufacturer’s instructions, and washed. 10* CESE-B16F10 cells
per million of DCs were then used to stimulate FLT3L-BMDCs for 24h. DC CFSE expression
was measured by flow cytometry.

Flow cytometry

For flow cytometry analysis, the lung tissue was digested with 200 U/mL Collagenase IV
(Sigma-Aldrich) for 45 min at 37°C and pressed through a 70 pum cell strainer. Red blood cells
were lysed with ammonium chloride solution. Antibodies used were CD103-PE, CD103-bio-
tin, CD103-APC-Cy7, CD11¢c-BV711, CD11¢-BV785, I-A/I-E (MHC II)-Pacific Blue, CD172a
(Sirpor)-APC-Cy7, CD19-biotin, CD90.2-biotin, CCR2-biotin, Ly-6C-APC-Cy7, IRF4-PE,
CD86-APC-Cy7, CD197 (CCR7)-APC, TGF-B1-APC, TNF-APC-Cy7, H-2K°/H-2D° (MHC
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I)-APC, CD200-PE, PD-L1-APC, PD-L2-PE, CD366 (TIM-3)-APC, IL-12/IL-23 p40-APC,
XCRI1-APC, XCR1-BV650 (Biolegend), NK1.1-biotin (Ablab), CD11b-Pe-Cy7, CD103-PE,
Sirpa-BV711, Zbtb46-PE (BD Bioscience), CD11b-AF700 (eBioscience), IRF8-APC (Miltenyi
Biotec) and CD80-biotin (BD PHARMINGEN). For cytokine intracellular staining, lung-iso-
lated cells or FLT3L-BMDCs were stimulated for 4h with 50 ng/ml Phorbol 12-myristate
13-acetate (PMA) (Sigma-Aldrich), 500 ng/ml Ionomycin (Sigma-Aldrich) and 10 pg/ml bre-
feldin A (Sigma-Aldrich) at 37°C. Intracellular staining was performed using the True-
Nuclear™ Transcription Factor Buffer Set (Biolegend) according to the manufacturer’s instruc-
tions. Cells were analyzed using a BD LSR Fortessa cytometer (BD Biosciences) and Flow]o
software V10 (BD). Doublets were discarded from the analysis by sequentially selecting the lin-
ear population from FSC-A/FSC-H and SSC-A/SSC-H dot plots. When indicated, autofluores-
cent cells were removed from the analysis using the FITC channel. At least, 2 x 10° lung-
isolated cells and 3 x 10* FLT3L-BMDCs were processed. Mean fluorescence intensity (MFI)
data were analyzed as A MFI, which corresponds to the MFI of the antigen-positive population
minus the MFI of the fluorescence minus one (FMO) control of this population.

Statistics

Data are presented as mean + SEM. Data were tested for normality and homogeneity of vari-
ance using GraphPad Prism software, and the required statistical analysis was performed
according to the normality of data, as suggested by the software. Accordingly, statistical analy-
sis for multiple comparisons was performed using an ANOVA table followed by Tukey’s mul-
tiple comparison tests. Non-multiple comparisons were analyzed using paired or unpaired t-
tests. Statistical significance was determined at p < 0.05.

Results

Cancer development decreases the proportions of lung CD103"XCR1"
DCl1s

To evaluate the impact of the lung cancer environment on DC populations, two different cancer
models were used. The first (LLC) is an orthotopic model of lung cancer that develops as a squa-
mous cell carcinoma. The second one uses B16F10 melanoma cells and is a pulmonary meta-
static model. The development of lung tumors resulted in an increased lung index (lung weight/
mice weight) and total lung cell numbers in both cancer models (Fig 1A) compared to naive
mice. Total DCs were characterized (as previously published by our group [8, 9]) as auto-fluores-
cent’, CD90.2°, CD197, NK1.1, MHC II* and CD11c" (see Fig 1B for DC gating). The presence
of LLC and B16F10-induced tumors strongly impacted the relative proportions of these lung
DC populations. The percentage of lung CD103"XCR1" DCls gradually decreased and recipro-
cally, the percentage of CD11b"Sirpa.” DC2s increased slightly in both models (Fig 1C-1E).
These results indicate that tumor development impacts the balance between CD103"XCR1*
DCls and CD11b*Sirpa.” DC2s at the expense of the antitumor DC1 population.

Cancer cells/antigens directly inhibit CD103"XCR1"* DC1 differentiation

We previously demonstrated that antigens or inflammatory molecules such as lipopolysaccha-
ride (LPS) and TNF interfere with CD103 expression on DCI and alter DC1 differentiation
[8]. We thus tested whether cancer cells (alive or dead) directly impact the capacity of DC pre-
cursors to differentiate into CD103* DCl1s, which could in part explain the altered DC popula-
tions observed in Fig 1. FLT3L-BMDCs were stimulated with GM-CSF to induce DC1 CD103
expression [8, 23], and exposed to LLC or B16F10 cells (live or an antigenic preparation of
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Fig 1. Lung tumor development decreases the proportions of CD103"XCR1" DCls. Analysis of lung tumors and DC populations following i.v. injection of
B16F10 or LLC cancer cells. (A) Lung index (lung weight/mice weight) and total lung cell number. (B) Gating strategy for the identification of total DCs. DCs were
gated on auto-fluorescence’, NK1.1°, CD90.2", CD19°, MHC 11" and CD11c*. (C) Representative flow cytometry profile of DC expression of CD103 x XCR1 and
Sirpo. x CD11b analysis based on fluorescence minus one (FMO) controls. (D) Percentage of CD103*XCR1* DC1 and CD11b*Sirpa” DC2 of MHC IT™CD11c¢*
cells (DCs). (E) Percentage of CD103*XCR1* DC1 at 8 and 15 days after the i.v. injection of BI6F10 cells. (A-D) Data are expressed as mean + SEM. n = 5-8 mice
per group and are representative of 2-6 independent experiments. * = p < 0.05 using (A-D) an unpaired t-test. (E) Data are presented as individual points with

means.

https://doi.org/10.1371/journal.pone.0260636.9001

cancer cells). As expected, GM-CSF alone increased the percentage of CD103*XCR1" DCs in
cultures (Fig 2A and 2B). However, the addition of live LLC or B16F10 cells, or exposure to an
antigenic preparation during GM-CSF stimulation significantly decreased the percentage of
CD103"XCR1" DC compared to GM-CSF alone (Fig 2A and 2B). Additionally, this phenome-
non was significantly reversed when DCs were segregated from LLC and B16F10 using 0.4 pm
inserts (Fig 2C), indicating that the contact between DCs and cancer cells is necessary to
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from cancer cells with a 0.4 um insert. (A) Representative flow cytometry profiles of CD103 and XCR1 expression on DCs. (B-C)
Percentage of CD103"XCR1* of MHC II'"CD11c¢* DCs. Data are expressed as mean = SEM. n = 5, pooled from two independent
experiments. ¢ = p < 0.05 compared to GM-CSF alone condition, * = p < 0.05 when conditions with and without inserts are
compared. P-values were determined using repeated measures one-way ANOVA, with the Geisser-Greenhouse correction followed by
Tukey’s multiple comparisons test. (D to I) Lung DC populations were analyzed by flow cytometry following an i.v. injection of
B16F10 cancer cells. (D) Gating strategy for the identification of CD103"XCR1* and CD103"XCR1" populations from previously gated
autofluorescent’, CD19°, CD90.2", CD20°, MHC II*, CD11c" DCs and representative histogram of PD-L1, PD-L2, CD200, MHC I
within these two populations. (E) The ratio of the number of CD103"XCR1" DCs over CD103"XCR1" DCs. Percentage and A MFI of
(F) PD-L1, (G) PD-L2, (H) CD200 and (I) MHC II of CD103*XCR1* DCs and CD103"XCR1" in mice injected with BL6F10 cells. Data
are expressed as mean + SEM. n = 11 pooled from two independent experiments. * = p < 0.05 using two-way ANOVA with Sidak’s
multiple comparisons test.

https://doi.org/10.1371/journal.pone.0260636.9002

prevent CD103" DC1 differentiation. These results suggest that cancer cells, or an antigenic
mix of dead cancer cells could directly alter the proportions of CD103" DCls in vivo.

In the lung, CD103 is one of the main markers used to identify DC1s. Recently, other mark-
ers such as XCR1 have also been used to identify this population [10, 11]. Using XCR1 to stain
the DC1 population, we observed that following BI6F10 lung metastasis development, the
ratio of lung CD103"XCR1" over CD103"XCR1" DCs was significantly increased compared to
naive mice, suggesting an accumulation of DCls that do not express CD103 (Fig 2E). As
CD103 is normally used to identify DCls, the difference of function between CD103"XCR1"
DCs and CD103"XCR1" DCs in cancer is not well-established. We therefore analyzed the
expression of PD-L1 and PD-L2, two regulatory molecules that induce the inhibition of T cell
proliferation, survival and effector functions through their binding with PD-1 on T cells [5].
While both populations express PD-L1 and PD-L2, the percentage of positive cells and the
MEFI for these two inhibitory molecules were significantly higher within the CD103" popula-
tion following tumor development (Fig 2D, 2F and 2G). Conversely, the expression (percent-
age and MFI) of CD200, another regulatory molecule, was significantly higher on CD103"
cells compared to CD103"XCR1" DCs (Fig 2D and 2H) [24]. Finally, the MFI of MHC I,
which is a marker of DC maturation and activation, was found at a high level in both popula-
tions, with MFIs over 10 000 units, but slightly higher in CD103"XCR1"* compared to CD103
DCs (Fig 2D and 2I) [25]. This demonstrates that following cancer development, the lung DC
signature is skewed towards CD103" DC1s with high regulatory and activation potential.

Tumor development leads to the accumulation of CD103'°CD11b* DCs in
the lung

Through the thorough dissection of the local DC population signature in cancer, we observed that
the CD103" DC1 (population circled in green, Fig 3A) and CD11b* DC2 (population circled in
blue, Fig 3A) are well segregated in naive mice. However, following the injection of either LLC or
B16F10 cells, a third DC population (circled in red) co-expressing low to intermediate levels of
CD103 and CD11b was also observed (Fig 3A). We termed this population CD103'°CD11b* DCs.
This population was significantly increased in the lung for both cancer models (Fig 3B). The ratio
of anticancer DC1s to CD103'°CD11b* DCs was reduced from approximately 4: 1 in naive mice
to 1: 1 in both cancer models (Fig 3C), indicating that the number of CD103°CD11b* DCs is sim-
ilar to that of anticancer CD103"™ DCls following tumor development in the lung.

CD103'°CD11b* DCs express surface markers and transcription factors
that are characteristic of a DC2 population
CD103*CD11b* DC2 populations were reported in the gut in various models [26, 27], but

whether the CD103'°CD11b* DCs we observed following cancer development were function-
ally similar to gut CD103" DC2s remained unclear. Additionally, since lung MHC II"CD11c"
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number of CD103°CD11b* DC. (C) Ratio of CD103*CD11b”*° DC1 (green) on CD103°CD11b* (red) DCs. Data are expressed as mean + SEM.
n = 5-8 mice per group and are representative of two independent experiments. * = p < 0.05 using an unpaired t-test with Welch’s correction.

https://doi.org/10.1371/journal.pone.0260636.g003

DCs expressing CD11b can originate from bone marrow pre-DCs (conventional DCs), but
also blood monocytes (monocyte-derived DCs (mo-DCs)), the origin of this CD103'°CD11b*
DC population was ambiguous [11, 28]. Thus, two surface markers, CCR2 and Ly-6C, which
are respectively associated with the monocyte lineage and mo-DCs, were analyzed on total
MHC II"CD11c* DCs, and compared between the CD103* DC1, CD103'°CD11b* DC and
total CD11b" DC2 (which include mo-DCs) populations (the gating strategy specific to this
section is presented in S1 Fig) [28, 29]. The percentage of CD103'°CD11b* DCs expressing
CCR2 was similar to CD11b" DC2s following LLC injection (Fig 4A). In contrast, in response
to B16F10 injection, the percentage of CD103'°CD11b* DCs expressing CCR2 was similar to
DCls, i.e. fairly low (Fig 4A). However, in both cancer models, the percentage of
CD103"°CD11b* DCs expressing Ly-6C, a robust marker of mo-DCs, was significantly lower
than CD11b* DC2s (Fig 4B). This suggests that a significant proportion of CD103°CD11b*
DCs is derived from pre-DCs and does not originate from the monocyte lineage. To confirm
the pre-DC origin, we analyzed the expression of ZBTB46, a transcription factor expressed by
pre-DCs and conventional DC populations, which was found in the vast majority of
CD103'°CD11b* DCs (Fig 4C) [30].

To further assess whether CD103'°CD11b* DCs are associated with the DC1 or DC2 con-
ventional DC subsets, XCR1 and Sirpo surface expression was analyzed and compared to DC1
or DC2 conventional DC populations. We observed that the vast majority of the
CD103"°CD11b* DC population (Fig 4D; red population), co-distributes with CD11b* DC2s
on the XCR1 vs Sirpa: contour plots. Also, CD103'°CD11b* DCs express Sirpo. at a similar
level to DC2s, and XCR1 at a significantly lower level than DCls. To deepen the characteriza-
tion of CD103°CD11b* DCs, IRF8 (DC1) and IRF4 (DC2) transcription factors expression
were also compared between DC populations. As observed in the IRF4 and IRF8 contour plots
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Fig 4. CD103"°CD11b* DCs express markers of the DC2 population. Surface markers and transcription factors expression were
analyzed by flow cytometry and compared between lung DC1 (green), CD103'°CD11b* DC (red) and DC2 (blue) populations
following the i.v. injection of LLC or B16F10 cells. Percentage of (A) CCR2", (B) Ly-6C" and (C) ZBTB46" cells for each subpopulation
of DCs. (D) Representative contour plots of Sirpa: and XCR1 expression of each DC subpopulation, as well as the percentage of Sirpo.”
cells in CD103°CD11b* DCs (red) and DC2s (blue), and the percentage of XCR1™ cells in DCls (green) and CD103°CD11b* DCs
(red). (E) Representative contour plots of IRF4 and IRF8 expression, as well as A IRF4 MFI in CD103"CD11b* DCs (red) and DC2s
(blue), and A IRF8 MFI in DCls (green) and CD103°CD11b* DCs (red). Data are expressed as mean + SEM. (A-B-E) n = 5-8 mice
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p < 0.05, (A-B-C) using repeated measures one-way ANOVA, with the Geisser-Greenhouse correction followed by Tukey’s multiple
comparisons test and (D-E) using a paired t-test.

https://doi.org/10.1371/journal.pone.0260636.9004

(Fig 4E), CD103'°CD11b* DCs co-distributes with the DC2 population. The MFI of IRF4 and
IRF8 was compared between CD103'°CD11b* DCs and DC1s/DC2s. The IRF4 MFI in
CD103'°CD11b* DCs was significantly higher than conventional DC2s. Additionally, IRF8
expression was significantly lower than DCls in this population (Fig 4E). Therefore, the sur-
face markers and transcription factors analyzes indicate that CD103'°CD11b* DCs are likely
associated with the DC2 population in these models.

CD103'°CD11b* DCs express high levels of migratory, co-stimulatory and
antigen-presenting molecules

With a presence in the lung that is quantitatively comparable to that of anticancer CD103"
DCls, we set out to address the capacity of CD103'°CD11b* DCs to present antigen and

PLOS ONE | https://doi.org/10.1371/journal.pone.0260636 November 30, 2021 9/22


https://doi.org/10.1371/journal.pone.0260636.g004
https://doi.org/10.1371/journal.pone.0260636

PLOS ONE

Impact of lung tumors on dendritic cell populations

migrate, as indicators of their functional potential. To do so, we verified the expression of anti-
gen presentation molecules, chemokine receptors involved in DC migration as well as co-stim-

ulatory molecules.

MHC I participates in the cross-presentation of tumor antigens by DCs to CD8 T cells,
while MHC 1II is involved in antigen presentation to CD4 T cells [7]. We observed that
CD103'°CD11b* DCs strongly express MHC I and MHC 11 in both models, to a level similar
or higher than other DC subpopulations (Fig 5A). CCR?7 is involved in DC trafficking from
the lung to the draining lymph nodes [7]. We observed that the CD103'°CD11b" population
expresses higher CCR7 levels than the other DC populations in both cancer models (Fig 5B),
suggesting a strong potential for trafficking to the lymph nodes and T cell interactions. Addi-
tionally, in LLC and B16F10 models, the co-stimulatory molecule CD80 surface expression
was higher in CD103'°CD11b* DCs compared to the CD103* DC1 population, (Fig 5C).
Alternatively, the co-stimulatory molecule CD86 expression was significantly higher in
CD103'°CD11b* DCs than in the DC2 population (Fig 5C).
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Fig 5. CD103"°CD11b" DCs are activated and show strong potential for T cell interactions. Expression of surface markers and cytokines
production were analyzed by flow cytometry and compared between lung DC subpopulations following the i.v. injection of LLC or B16F10.
Upper panels in (A-B-C): representative flow cytometry histograms showing the normalized number of cells (unit area) on the Y-axis and
fluorescence intensity on the X-axis. FMO controls appear in grey in each histogram. Lower panels in (A-B-C): comparison of (A) AMHC],
MHCII, (B) ACCR?7, (C) ACD80 and ACD86 MFI between DC1 (green), CD103"°CD11b* DC (red) and DC2 (blue) populations. Data are
expressed as mean + SEM. n = 10-17 pooled from two independent experiments. * = p < 0.05 using repeated measures one-way ANOVA,
with the Geisser-Greenhouse correction followed by Tukey’s multiple comparisons test.

https://doi.org/10.1371/journal.pone.0260636.g005
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All and all, this cluster of results suggests that in cancer, CD103'°CD11b" DCs are overall
profiled to present antigen, co-stimulate T cells upon antigen presentation and migrate to
lymph nodes compared to CD103" DCl1s and DC2s.

The CD103'°CD11b* DC population expresses high levels of regulatory
molecules and produces low levels of IL-12

The regulatory processes allowing tumor progression are linked to the induction/ production
of regulatory molecules by DCs, such as TGF-, PD-L1, PD-L2 and CD200 [5, 24]. Indeed, the
interaction of PD-L1/2 with PD-1 on T cells negatively impacts immune responses through
the inhibition of T cell proliferation, survival and effector functions [5]. DCs can also produce
the regulatory cytokine TGF- while CD200 interacts with its receptor to induce an inhibitory
signal preventing activation [31]. Finally, TIM-3 was recently shown to exert regulatory func-
tions when expressed by CD103" DC1 [32]. These regulatory markers were therefore evaluated
in CD103'°CD11b* DCs to determine the regulatory potential of this population.

Following lung tumor development, all three DC populations expressed PD-L1, but
CD103°CD11b* DCs expressed the highest levels of PD-L1 (Fig 6A). We also noted that an
important proportion of CD103°CD11b* DCs expressed PD-L2 (whereas few CD103* DCls and
DC2s did), with a significantly higher MFI than DC1 and DC2s (Fig 6B). Therefore, both PD-L1
and PD-L2 are highly expressed on CD103°CD11b" DCs in lung cancer. While we observed a
higher CD200 expression on CD103°CD11b* DCs compared to DC1s and DC2s in both models
(Fig 6C), TGF-B expression was significantly higher in CD103°CD11b* DCs compared to DCls
following LLC injection only (Fig 6D). Finally, TIM-3 expression was significantly higher in the
CD103" DCI population compared to CD103'°CD11b* DCs and DC2s (Fig 6E). Independently
of the TIM-3 expression, the significantly higher expression of PD-L1, PD-L2 and CD200 com-
bined with a higher TGF-B production by CD103'°CD11b* DCs compared to other DC popula-
tions bestow a convincing immunoregulatory potential to this population.

Previous studies demonstrated that CD103" DCl1s are the main producer of IL-12, an
important step in cancer management by immune cells [12, 13]. We observed that IL-12 p40
production in CD103'°CD11b* DCs was significantly lower than CD103* DCls, but slightly
higher than DC2s (Fig 6F). These results, combined with the high expression of regulatory
molecules, further supports the idea that CD103'°CD11b* DCs do not exert an effective anti-
cancer immune response and rather likely contribute to the immunoregulatory environment
in cancer.

Enrichment with CD103" DC1s improves anti-PD-1 sensitivity

Most current immunotherapy strategies focus on improving T cell function by targeting ICI
pathways [3]. However, we demonstrate that lung tumors influence the local DC population
signature by decreasing the anticancer CD103" DC1s proportions and inducing an accumula-
tion of CD103'°CD11b* DCs with regulatory potential. These two phenomena likely cooperate
to blunt anticancer immunity. However, we also propose that local DC populations in cancer
are ill-equipped to present cancer antigen, which could explain the mitigated success of ICIs,
which relies on the assumption of efficient interactions between DCs and T cells.

Therefore, we wondered whether enriching the local DC population with CD103" DCls,
specialized in presenting cancer antigen, would enhance the response to ICIs. To address this
question, we first set out to generate a large amount of anticancer FLT3L-BMDCs, and prime
these cells with tumor antigen. Our first technical challenge was to counteract the downregu-
lating impact of cancer cell exposure on CD103* DC1 differentiation. We therefore deter-
mined that adding cancer cells two days following GM-CSF allowed for maximal
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Fig 6. CD103'°CD11b* DCs express regulatory molecules. Surface marker expression and cytokines production were analyzed by flow
cytometry and compared between lung DC subpopulations following the i.v. injection of LLC or B16F10. Left panels on (A-B-C):
representative flow cytometry histograms showing the normalized numbers of cells (unit area) on the Y-axis and fluorescence intensity on the
X-axis for (A) PD-L1, (B) PD-L2 and (C) CD200. FMO control appears in grey in each histogram. Right panels on (A-B-C) and (D-E-F):
comparison of (A) APD-L1, (B) APD-L2, (C) ACD200, (D) ATGFB, (E) ATIM-3 and (F) AIL-12 p40 MFI MFI between DC1 (green),
CD103"°CD11b* DC (red) and DC2 (blue) populations. Data are expressed as mean + SEM. n = 10-17 pooled from two independent
experiments. * = p < 0.05 using repeated measures one-way ANOVA, with the Geisser-Greenhouse correction followed by Tukey’s multiple
comparisons test.

https://doi.org/10.1371/journal.pone.0260636.g006

differentiation of CD103"XCR1" DCls in the presence of cancer cells (S2A Fig). Critically, the
anticancer cytokine IL-12 was strongly induced when DCs were stimulated with live cancer
cells (not with the antigenic preparation) two days after GM-CSF stimulation (Fig 7A). This
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Fig 7. Injection of XCR1" DC1 improves sensitivity to anti-PD-1 treatment. (A) FLT3L-BMDCs were stimulated with
GM-CSF (Day 0). Either live B16F10/ LLC cells or a BI6F10/ LLC antigenic preparation was added on day 0 or day 2 and AIL-
12 p40 MFI was measured by flow cytometry on day 3. (B) Two days following GM-CSF stimulation FLT3L-BMDCs were
stimulated for 24h with CFSE-treated B16F10 cells and CFSE MFI was measured by flow cytometry in CD11¢"MHC II*

DC + stimulation with CFSE-B16F10. (C) Schematic representation of the timeline treatment with the anti-PD-1 and XCR1*
DCl injections (D-E-F) Analysis of mice lungs (D) 9 days or (E-F) 18 days after BI6F10 injections. (D) The total number of lung
CD103"XCR1" DC1 24h after the last DC injection. (E) Lung index (lung weight/mice weight), cancer score (indicative of the
number and size of tumors) and lung total cell number. (F) Lung ratios of CD8 T cell and NK cell numbers relative to the
number and size of tumors (cancer score). CD8 T cells were identified as CD45%, CD197, CD90.2", CD4", CD8" and NK cells
were identified as CD197, CD3e’, B220", CD49b*, NK1.1* by flow cytometry analysis. (A) Data are presented as individual dots
with means. (B to F) Data are expressed as mean + SEM. (A-B-E-F, except E panel 3) n = 5-11 pooled from two independent
experiments. (D, E panel 3) n = 5 representative of two independent experiments.” = p < 0.05, compared as indicated in the
graph; ¢ = p < 0.05 compared to naive mice. P-values were determined using (B) paired t-test, (D) unpaired t-test and (E-F)
one-way ANOVA followed by Tukey’s multiple comparisons test.

https://doi.org/10.1371/journal.pone.0260636.9007
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condition was therefore used to produce the maximal level of cancer-primed CD103* DCls in
cultures. The phagocytosis of cancer cells by DCs was confirmed in a phagocytosis assay,
where B16F10 cells were stained with CFSE prior to the co-stimulation. The CFSE signal was
then detected in FLT3L-BMDC:s as an indication of phagocytosis. The CFSE MFI signal was
increased in DCs exposed to B16F10-CFSE, and was higher in CD103"XCR1" DCs compared
to CD11b*Sirpa.” DCs (Fig 7B and S2B Fig). Therefore we concluded that the stimulation of
FLT3L-BMDCs with B16F10 prior injections allows DCI to be primed with tumor antigens,
and used these cells in the injections described in the next section.

Then, DCs were injected alone or in combination with a commonly-used anti-PD-1 [3] in
the B16F10 model (Fig 7C), which is reportedly resistant to anti-PD-1 therapies [20]. The
injection of XCR1" DCls led to a significant increase in the total number of lung
CD103"XCR1" DCs 24h later (Fig 7D). The lung index and cancer score, indicators of the
quantity and size of tumors, were significantly increased in all groups injected with B16F10
compared to naive mice (Fig 7E). The total number of lung cells was significantly increased
compared to naive mice in all groups except for the mice treated with anti-PD-1 in combina-
tion with DC injection (Fig 7E). As reported, the treatment with the anti-PD-1 did not impact
cancer severity when administered alone. However, combining the anti-PD-1 treatment with
DClI injections significantly decreased the lung index and cancer score compared to the
B16F10 control group, and showed a strong tendency to decrease total lung cells, restoring
sensitivity to the ICI treatment (Fig 7E). As an indicator of an overall impact of DC transfers
on the anticancer response, the number of CD8 T cells and NK cells relative to the number
and size of tumors was calculated by dividing the total number of CD8 T cells or NK cells (S2C
Fig) by the cancer score, and is presented in Fig 7F as CD8 T cell and NK cell ratios. While the
injection of the DC1 alone induced trends towards higher ratios of CD8 T cells and NK cells,
the combination of treatments significantly increased the CD8 T cell and NK cell ratios com-
pared to baseline. This suggests that restoring potent anticancer DC populations can not only
restore the capacity of anticancer DCs to locally interact with CD8 T cells in response to anti-
PD-1s, but also supports the accumulation of CD8 T cells in this context, conferring an even
higher potential to this approach.

Discussion

The clinical efficacy of ICIs is currently undermined by the development of treatment resis-
tance in the long run, in addition to limited patient responsiveness [3, 6]. The presence and
activity of pre-existing CD8 T cells that are specific to tumor antigens is an essential condition
for the success of ICIs. DCs, particularly DCls, play a crucial role in priming antigen-specific
CD8 T cells [7]. However, the influence of cancer on the local DC lung signature and DC func-
tion remains poorly studied. In this report, we precisely report the influence of tumor develop-
ment on DC populations, with alterations that are likely detrimental to the anticancer immune
response.

Our observation that lung tumor development leads to decreased proportions of the anti-
cancer CD103" DC1 population is supported by various other studies. Indeed, a predominance
of the CD11b* DC2 subset was reported in an orthotopic lung tumor model [33]. Studies
using human samples from breast, pancreatic and lung tumors also described decreased pro-
portions of DCls [34, 35]. Additionally, a decreased DC1 frequency in bone marrow and
blood was previously observed in cancer patients [34, 36]. Also, proportions of blood DCl1s
and the DC1/DC2 ratio were reportedly decreased with cancer severity in lung cancer patients
[36]. While supporting our observations, these data also support a high potential to translate
this study to human cancer.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260636 November 30, 2021 14/22


https://doi.org/10.1371/journal.pone.0260636

PLOS ONE

Impact of lung tumors on dendritic cell populations

Additionally, the association between decreased DC1 proportions and cancer severity sug-
gests that reduced DC1 proportions could be detrimental to the successful activation of anti-
cancer immune responses. While the impairment of the anticancer immune response caused
by the genetic abrogation of DC1s was previously described (such as in Batf3”~ mouse models)
[12-14], the impact of the naturally-occurring decrease in DC1 proportions provoked by lung
tumor development (reported here) on the anticancer immune response and cancer severity
remained unaddressed. Furthermore, we observed that tumor development skewed the DC
response towards DCls that do not express CD103, which could be due to a decreased CD103
expression on XCR1™ cells; this phenomenon was previously described by us in response to
LPS-induced lung inflammation [8]. In the particular case of live cancer cell interaction, we
observed that direct contact with DCs was necessary to influence CD103 expression, suggest-
ing that surface molecules expressed by tumor cells are involved. For instance, the interaction
between PD-L1 expressed by tumor cells and PD-1 on DCs or the binding of galectin-9 present
on tumor cells with TIM-3 expressed on some DC populations, which are known to influence
DC functions, could be involved [32, 37]. Further analysis will be necessary to identify the
exact mechanism. Additionally, this result suggests that using CD103 as a marker of DCls
could lead to an underestimation of DC1 numbers. Also, and in accordance with our previous
publications, this demonstrates that CD103 expression is highly modulable in the lung and
should not be used to identify DCls. Furthermore, the higher expression of regulatory markers
PD-L1 and PD-L2 by CD103 XCR1" DCs likely supports the immunoregulatory tumor micro-
environment. Finally, these observations also complement recent reports demonstrating the
accumulation of regulatory DCls in lung cancer [38].

Our analysis of DC populations in lung tumor models also highlighted a CD103'°CD11b*
DC population that is not usually observed at these proportions in the lung. Interestingly,
most intestine and mesenteric lymph nodes CD11b" DC2 typically express CD103 under
homeostatic and inflammatory conditions [26, 27, 39]. Of note, our results suggest that this
population stems from a CD103-expressing DC2 population, similar to CD103*CD11b" DC
populations found in the gut and mesenteric lymph nodes [26, 27]. The only identification
marker analyzed in this study that was differentially expressed by CD103'°CD11b* DCs and
regular lung CD11b"CD103" DC2s was the transcription factor IRF4, which was expressed at a
higher level in CD103'°CD11b* DCs. This may be due to differential expression with regards
to the maturation status of these two populations. A study by Schlitzer et al. also observed that
in the small intestinal lamina propria, the CD103"CD11b" DC population expressed higher
levels of IRF4 than the CD103°CD11b* DC populations [40], which strengthens the idea of
similarity between lung and gut CD103"CD11b" DC populations. Several studies demon-
strated that intestinal CD103*CD11b* DCs are crucial in Ty17 responses [26, 27]. The devel-
opment of different cancer types, including NSCLC, is associated with an important increase
of Ty17 cells in tumors and peripheral blood, but there remains a current lack of consensus in
terms of the role of Tyy17 cells in cancer, as they were alternatively deemed to exert antitumor
activity or promote tumor development [41, 42].

While few studies reported a CD103*°CD11b* DC population in the lung, Sharma et al.
observed a CD103"Ly-6C" DC population that expressed CD11b in tumor extracts from mice
treated with chemotherapy. However, this DC population was different from the
CD103°CD11b" observed here, as it expressed DCl-associated markers and no PD-L1. [43].
Another study also reported an accumulation of a CD103*CD11b* DC population in the lung,
in a mouse model of infection with H. capsulatum treated with an anti-TNF. While they did
not fully characterize this DC population, authors report its involvement in regulatory T cell
amplification, similar to what was previously reported for CD103*CD11b" gut DCs [44, 45].
An interesting study published by Maier et al. using single-cell RNA sequencing in a murine
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model of lung adenocarcinoma lesions recently identified a DC population with high levels of
maturation markers such as CD80, CD86 and MHC II, and also immunoregulatory genes
Pdcd1lg2 (PD-L2 gene) and Cd200. They consequently named this population ‘mature DCs
enriched in immunoregulatory molecules’ (mregDCs). In addition, a large proportion of their
mregDC population expresses both CD103 and CD11b. While in our hands the
CD103'°CD11b* DC population is mainly associated with DC2s, their mregDCs include cells
from both DC1 and DC2 populations, which suggest that the population we identified might
be a subpopulation of total mregDCs as identified in this study [38].

Lung DCs originate from either bone marrow-derived pre-DCs or monocytes [11, 28]. Our
analysis of CCR2 and Ly-6C expression, both associated with the monocyte-derived DC line-
age [28, 29], and our analysis of ZBTB46, a marker of conventional DCs and pre-DCs [30] sug-
gests that this population originates from pre-DCs. Of note, intestinal CD103"CD11b* DCs
also originate from pre-DCs [39]. Several mechanisms could explain the accumulation of lung
CD103"°CD11b* DC following tumor development. Pre-DCs could be directly recruited from
bone marrow to the lung and then differentiated into CD103'°CD11b* DCs. As GM-CSF
induces CD103, high levels of GM-CSF in the lung in cancer could also induce local CD103
expression on CD11b* DC2s [8, 23, 46]. As the fate of DCs (DC1 vs DC2 lineage) is deter-
mined at the progenitor stage [47], it would be interesting to determine whether this popula-
tion is associated with a specific bone marrow progenitor. Another hypothesis to explain the
presence of CD103'°CD11b* DCs is that lung tumor development could induce the migration
of CD103"CD11b"* DCs from the gut to the lung, as was suggested in an H. capsulatum infec-
tion model [44].

Our analysis of several surface proteins involved in DC functions revealed that lung
CD103'°CD11b* DCs could potentially influence T cell responses and ultimately the efficiency
of anticancer immune response. Indeed, the interaction between PD-1 and its ligands PD-L1
and PD-L2 leads to the inhibition of T cells [5]. Furthermore, the blockade or silencing of
PD-L1 or PD-L2 on DCs results in higher production of IL-12 and enhanced DC maturation
combined with improved T cell antitumor function [48, 49]. Also, PD-L1 expression on anti-
gen-presenting cells correlated with clinical efficacy of PD-L1 and PD-1 blockade in a cohort
of melanoma patients [50]. These results suggest that the observed high expression of both
PD-L1 and PD-L2 on CD103"°CD11b" DCs could restrain T cell anticancer responses. This is
of major importance to the field, as we have identified a DC population that could counteract
the positive impact of DCl1s and that may explain the failure of DC1s to naturally control
tumor development in the lung in cancer. A better understanding of the origin of this popula-
tion could lead to strategies controlling their recruitment to ultimately modulate anticancer
immune responses.

Several studies report the presence of regulatory DCs in tumor environment [38, 51-53].
Yet, there is actually no consensus on what defines “regulatory DC” in cancer. Some suggest
that immature DCs possess regulatory or tolerogenic functions, since they inhibit innate and
adaptive immune responses [51, 52]. Others claimed that “regulatory DCs” produce high levels
of anti-inflammatory cytokines, and are involved in regulatory T cell development [54].
Finally, high expression of regulatory molecules like PD-1 or PD-L1 is also attributed to “regu-
latory DCs” [38, 51, 53]. It is very likely that currently, cells under the “regulatory DCs” label
comprise different subtypes of DCs at different developmental or maturation stages. Impor-
tantly, we and others demonstrate that the expression of some surface proteins like CD103 and
PD-L1 can be modulated in various contexts [8, 53]. Therefore, an approach based on the anal-
ysis of transcription factors involved in DC development like BATF3, IRF8 and IRF4, com-
bined to surface markers stably expressed from the progenitor to mature stage of DCs would
help better characterize regulatory DC populations. In any case, we feel the strong expression
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of regulatory molecules on CD103'°CD11b* DCs reported in our cancer models allows the
classification of this DC population under the “regulatory DC” scope, as one of the best-char-
acterized regulatory DC populations in cancer to date, and a possible new explanation of the
failure of antitumor DCls to control cancer spread.

It is widely recognized that CD103" DCls are important to the anticancer T cell response
[13, 14]. In this report, we observed that lung tumors development leads to altered proportions
of CD103" DCl1s populations. This may, in combination with the accumulation of
CD103"°CD11b" regulatory DCs, explain the mitigated impact of current immunotherapies.
Indeed, even if ICIs therapies re-establish the capacity of T cells to induce effective antitumor
responses, it remains that the local DC population is ill-equipped to present cancer antigen,
which could be circumvented by injection of ex-vivo conditioned autologous DCs in humans.
Interestingly, the vast majority of previous clinical trials using DCs as a cancer vaccination
approach used mo-DCs, which are functionally different from CD103" DCls [55]. Our study
strongly argues that the injection of purified DC1s could improve the success of DC vaccina-
tion therapies in cancer. In both mice and humans, in vitro differentiation of DCs in a media
containing FLT3L generates a large number of DCls [23, 56]. To date, few studies have tested
the anticancer efficiency of FLT3L-derived DCs. Interestingly, FLT3L injections, which
strongly increase the number of circulating DC, improve ICIs efficacy in different mouse mod-
els of cancer supporting an important anticancer potential for FLT3L-DCs. [17, 57]. Further-
more, in models of subcutaneous cancer, the injection of FLT3L-BMDCs reduced the
progression of tumor volume [21, 58]. These results propose an interesting therapeutic poten-
tial for FLT3L-BMDCs. However, in our hands, the DC-alone treatment in the B16F10 model
of lung metastasis did not prove effective, which likely relates to the aggressiveness of the
model and the consequent strong in vivo immunosuppressive environment altering the anti-
cancer potential of local DC populations. Therefore, tackling the presence of immunosuppres-
sive molecules and cells (such as CD103'°CD11b* DC2s reported here) should remain a
priority to fully address the potential of DC transfers to treat cancer.

One technique commonly used to improve the efficacy of DC injections is to stimulate DCs
with tumor antigens [20, 55]. Here, despite an important production of IL-12 following the
stimulation of DCs with live B16F10 cells, the injection of DCs alone did not reduce cancer
severity. Several studies have demonstrated that DC stimulation with TLR agonists improves
their anticancer efficiency [20, 21]. It therefore might be interesting to use this method to
improve anticancer function of FLT3L-BMDCs.

New trends in cancer treatment combine two or more immunotherapies [3]. Based on this
approach, and considering the fact that the BI6F10 melanoma model is resistant to anti-PD-1
alone [20] and that we observed a deficiency in potent anticancer DCls in this model, we com-
bined FLT3L-BMDC injections to the anti-PD-1, to restore, at least partially, a potent DC1
population in the lung at the time of PD-1/PD-L1 axis blockade. Our results suggest that the
optimal ICIs response required the presence of efficient anticancer DC populations. This is of
high interest to the field, as DC populations could be evaluated in patients and restored when-
ever needed to improve the response to ICI therapies.

In conclusion, using mouse models of lung cancer and lung melanoma metastasis, we dem-
onstrate that lung tumor development significantly modulates DC populations at the expense
of antitumor DCls, favouring an unusual accumulation of CD103'°CD11b* DC2s that express
regulatory molecules. We also demonstrate that enriching the local DC population with
CD103" DCls restores the efficacy of anti-PD-1 therapy. These results suggest that, despite
mitigated previous clinical trials using DC vaccination, targeting DC populations remains a
valid therapeutic approach to favour the anticancer immune response or to improve existent
ICI therapies in lung cancer.
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Supporting information

S1 Fig. Gating strategy for the identification of lung DC populations. Gating strategy for
the identification of DCs, associated with Fig 4. Total DCs were gated on auto-fluorescence’,
NK1.1, CD90.2, CD19°, MHC IT'" and CD11c". For this Fig, three populations were segre-
gated prior to the further analysis of DC1 and DC2 markers, i,e CD103*CD11b™" (green),
CD11b"CD103" (blue) and CD103°CD11b* DCs (red). A representative flow cytometry histo-
gram showing the normalized number of cells (unit area) on the Y-axis and fluorescence
intensity on the X-axis is presented for the XCRI, Sirpo, IRF8, IRF4, CCR2, Ly-6C and
ZBTB46 expression for each of these three DC populations. FMO controls appear in grey in
each histogram.

(TTF)

S2 Fig. In vitro and in vivo characterization of FLT3L-BMDCs generated for transfer
experiments. (A) FLT3L-BMDCs were stimulated with GM-CSF (Day 0). Either live BI6F10/
LLC cells or a BI6F10/ LLC antigenic preparation was added on day 0 or day 2 and the per-
centage of CD103"XCR1" DCs was measured by flow cytometry on day 3. Data are presented
as individual dots with means. n = 4 pooled from two independent experiments. (B) Two days
following GM-CSF stimulation FLT3L-BMDCs were stimulated for 24h with CFSE-treated
B16F10 cells and A CFSE MFI (CESE MFI of DC exposed to CFSE-B16F10 —~CFSE MFI of
unexposed DC (negative control)) in CD103"XCR1* DC1 and CD11b"*Sirpo."DC2 and the
percentage of CD103"XCR1* DC1 and CD11b*Sirpo."DC2 of the total CFSE™ population was
measured by flow cytometry. Data are expressed as mean + SEM. n = 6, pooled from two inde-
pendent experiments. * = p < 0.05 using a paired t-test. (C) The total number of lung CD8 T
cells and NK cells 18 days following B16F10 injections. CD8 T cells were identified as CD45",
CD19, CDY0.2%, CD4’, CD8" and NK cells were identified as CD19", CD3e", B220", CD49b",
NK1.1" by flow cytometry analysis. Data are expressed as mean + SEM. n = 9-11 pooled from
two independent experiments. ¢ = p < 0.05 compared to naive mice. P-values were deter-
mined using a one-way ANOVA followed by Tukey’s multiple comparisons test.

(TTF)

Acknowledgments

The authors would like to thank the CRIUCPQ animal unit as well as Marc Veillette, head of
the flow cytometry platform, as well as the CRIUCPQ animal unit personnel for their precious
collaboration and support.

Author Contributions

Conceptualization: Julyanne Brassard, Philippe Joubert, David Marsolais, Marie-Renée
Blanchet.

Formal analysis: Julyanne Brassard.
Funding acquisition: Marie-Renée Blanchet.

Investigation: Julyanne Brassard, Meredith Elizabeth Gill, Emilie Bernatchez, Véronique Des-
jardins, Joanny Roy.

Methodology: Julyanne Brassard, Emilie Bernatchez, Marie-Renée Blanchet.
Supervision: Marie-Renée Blanchet.

Writing - original draft: Julyanne Brassard.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260636 November 30, 2021 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260636.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260636.s002
https://doi.org/10.1371/journal.pone.0260636

PLOS ONE

Impact of lung tumors on dendritic cell populations

Writing - review & editing: Julyanne Brassard, Emilie Bernatchez, Philippe Joubert, David

Marsolais, Marie-Renée Blanchet.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Cheng T-YD, Cramb SM, Baade PD, Youlden DR, Nwogu C, Reid ME. The International Epidemiology
of Lung Cancer: Latest Trends, Disparities, and Tumor Characteristics. J Thorac Oncol. 2016; 11
(10):1653—71. Epub 06/27. https://doi.org/10.1016/j.jth0.2016.05.021 PMID: 27364315.

Disis ML. Immune regulation of cancer. J Clin Oncol. 2010; 28(29):4531-8. Epub 06/01. https://doi.org/
10.1200/JC0.2009.27.2146 PMID: 20516428.

Duma N, Santana-Davila R, Molina JR. Non-Small Cell Lung Cancer: Epidemiology, Screening, Diag-
nosis, and Treatment. Mayo Clin Proc. 2019; 94(8):1623—40. Epub 2019/08/06. https://doi.org/10.1016/
j.mayocp.2019.01.013 PMID: 31378236.

Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K, Kashaw SK, et al. PD-1 and PD-L1 Checkpoint Sig-
naling Inhibition for Cancer Immunotherapy: Mechanism, Combinations, and Clinical Outcome. Front
Pharmacol. 2017; 8:561. Epub 2017/09/08. https://doi.org/10.3389/fphar.2017.00561 PMID:
28878676; PubMed Central PMCID: PMC5572324.

Crespo J, Sun H, Welling TH, Tian Z, Zou W. T cell anergy, exhaustion, senescence, and stemness in
the tumor microenvironment. Current opinion in immunology. 2013; 25(2):214—21. Epub 01/06. https://
doi.org/10.1016/j.c0i.2012.12.003 PMID: 23298609.

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al. Safety, activity, and
immune correlates of anti-PD-1 antibody in cancer. N Engl J Med. 2012; 366(26):2443-54. Epub 2012/
06/05. https://doi.org/10.1056/NEJMoa1200690 PMID: 22658127; PubMed Central PMCID:
PMC3544539.

Fu C, Jiang A. Dendritic Cells and CD8 T Cell Immunity in Tumor Microenvironment. Front Immunol.
2018; 9:3059-. https://doi.org/10.3389/fimmu.2018.03059 PMID: 30619378.

Brassard J, Maheux C, Langlois A, Bernatchez E, Marsolais D, Flamand N, et al. Lipopolysaccharide
impacts murine CD103(+) DC differentiation, altering the lung DC population balance. Eur J Immunol.
2019; 49(4):638-52. Epub 02/12. https://doi.org/10.1002/e}i.201847910 PMID: 30707446.

Bernatchez E, Langlois A, Brassard J, Flamand N, Marsolais D, Blanchet M-R. Hypersensitivity pneu-
monitis onset and severity is regulated by CD103 dendritic cell expression. PLoS One. 2017; 12(6):
e€0179678. https://doi.org/10.1371/journal.pone.0179678 PMID: 28628641.

Guilliams M, Ginhoux F, Jakubzick C, Naik SH, Onai N, Schraml| BU, et al. Dendritic cells, monocytes
and macrophages: a unified nomenclature based on ontogeny. Nat Rev Immunol. 2014; 14(8):571-8.
Epub 2014/07/19. https://doi.org/10.1038/nri3712 PMID: 25033907; PubMed Central PMCID:
PMC4638219.

Guilliams M, Dutertre C-A, Scott CL, McGovern N, Sichien D, Chakarov S, et al. Unsupervised High-
Dimensional Analysis Aligns Dendritic Cells across Tissues and Species. Immunity. 2016; 45(3):669—
84. Epub 09/18. https://doi.org/10.1016/j.immuni.2016.08.015 PMID: 27637149.

Mittal D, Vijayan D, Putz EM, Aguilera AR, Markey KA, Straube J, et al. Interleukin-12 from CD103(+)
Batf3-Dependent Dendritic Cells Required for NK-Cell Suppression of Metastasis. Cancer Immunol
Res. 2017; 5(12):1098-108. Epub 10/25. https://doi.org/10.1158/2326-6066.CIR-17-0341 PMID:
29070650.

Broz ML, Binnewies M, Boldajipour B, Nelson AE, Pollack JL, Erle DJ, et al. Dissecting the tumor mye-
loid compartment reveals rare activating antigen-presenting cells critical for T cell immunity. Cancer
Cell. 2014; 26(5):638-52. hitps://doi.org/10.1016/j.ccell.2014.09.007 PMID: 25446897.

Hildner K, Edelson BT, Purtha WE, Diamond M, Matsushita H, Kohyama M, et al. Batf3 deficiency
reveals a critical role for CD8alpha+ dendritic cells in cytotoxic T cellimmunity. Science (New York,
NY). 2008; 322(5904):1097-100. https://doi.org/10.1126/science.1164206 PMID: 19008445.

Wylie B, Seppanen E, Xiao K, Zemek R, Zanker D, Prato S, et al. Cross-presentation of cutaneous mel-
anoma antigen by migratory XCR1(+)CD103(-) and XCR1(+)CD103(+) dendritic cells. Oncoimmunol-
ogy. 2015; 4(8):e1019198—e. https://doi.org/10.1080/2162402X.2015.1019198 PMID: 26405572.

Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM, et al. Critical Role for CD103
(+)/CD141(+) Dendritic Cells Bearing CCR7 for Tumor Antigen Trafficking and Priming of T Cell Immu-
nity in Melanoma. Cancer Cell. 2016; 30(2):324-36. https://doi.org/10.1016/j.ccell.2016.06.003 PMID:
27424807.

Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al. Expansion and Activation of
CD103(+) Dendritic Cell Progenitors at the Tumor Site Enhances Tumor Responses to Therapeutic

PLOS ONE | https://doi.org/10.1371/journal.pone.0260636 November 30, 2021 19/22


https://doi.org/10.1016/j.jtho.2016.05.021
http://www.ncbi.nlm.nih.gov/pubmed/27364315
https://doi.org/10.1200/JCO.2009.27.2146
https://doi.org/10.1200/JCO.2009.27.2146
http://www.ncbi.nlm.nih.gov/pubmed/20516428
https://doi.org/10.1016/j.mayocp.2019.01.013
https://doi.org/10.1016/j.mayocp.2019.01.013
http://www.ncbi.nlm.nih.gov/pubmed/31378236
https://doi.org/10.3389/fphar.2017.00561
http://www.ncbi.nlm.nih.gov/pubmed/28878676
https://doi.org/10.1016/j.coi.2012.12.003
https://doi.org/10.1016/j.coi.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23298609
https://doi.org/10.1056/NEJMoa1200690
http://www.ncbi.nlm.nih.gov/pubmed/22658127
https://doi.org/10.3389/fimmu.2018.03059
http://www.ncbi.nlm.nih.gov/pubmed/30619378
https://doi.org/10.1002/eji.201847910
http://www.ncbi.nlm.nih.gov/pubmed/30707446
https://doi.org/10.1371/journal.pone.0179678
http://www.ncbi.nlm.nih.gov/pubmed/28628641
https://doi.org/10.1038/nri3712
http://www.ncbi.nlm.nih.gov/pubmed/25033907
https://doi.org/10.1016/j.immuni.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/27637149
https://doi.org/10.1158/2326-6066.CIR-17-0341
http://www.ncbi.nlm.nih.gov/pubmed/29070650
https://doi.org/10.1016/j.ccell.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25446897
https://doi.org/10.1126/science.1164206
http://www.ncbi.nlm.nih.gov/pubmed/19008445
https://doi.org/10.1080/2162402X.2015.1019198
http://www.ncbi.nlm.nih.gov/pubmed/26405572
https://doi.org/10.1016/j.ccell.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27424807
https://doi.org/10.1371/journal.pone.0260636

PLOS ONE

Impact of lung tumors on dendritic cell populations

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

PD-L1 and BRAF Inhibition. Immunity. 2016; 44(4):924-38. https://doi.org/10.1016/j.immuni.2016.03.
012 PMID: 27096321

Binnewies M, Mujal AM, Pollack JL, Combes AJ, Hardison EA, Barry KC, et al. Unleashing Type-2 Den-
dritic Cells to Drive Protective Antitumor CD4(+) T Cell Immunity. Cell. 2019; 177(3):556—71.e16. Epub
2019/04/09. https://doi.org/10.1016/j.cell.2019.02.005 PMID: 30955881; PubMed Central PMCID:
PMC6954108.

Brassard J, Roy J, Lemay AM, Beaulieu MJ, Bernatchez E, Veillette M, et al. Exposure to the Gram-
Negative Bacteria Pseudomonas aeruginosa Influences the Lung Dendritic Cell Population Signature
by Interfering With CD103 Expression. Front Cell Infect Microbiol. 2021; 11:617481. Epub 2021/07/24.
https://doi.org/10.3389/fcimb.2021.617481 PMID: 34295830; PubMed Central PMCID: PMC8291145.

Woeculek SK, Amores-Iniesta J, Conde-Garrosa R, Khouili SC, Melero |, Sancho D. Effective cancer
immunotherapy by natural mouse conventional type-1 dendritic cells bearing dead tumor antigen. J
Immunother Cancer. 2019; 7(1):100—-. https://doi.org/10.1186/s40425-019-0565-5 PMID: 30961656.

Spranger S, Bao R, Gajewski TF. Melanoma-intrinsic -catenin signalling prevents anti-tumour immu-
nity. Nature. 2015; 523(7559):231-5. Epub 05/11. https://doi.org/10.1038/nature 14404 PMID:
25970248.

Ueha S, Yokochi S, Ishiwata Y, Ogiwara H, Chand K, Nakajima T, et al. Robust Antitumor Effects of
Combined Anti-CD4-Depleting Antibody and Anti-PD-1/PD-L1 Immune Checkpoint Antibody Treatment
in Mice. Cancer Immunol Res. 2015; 3(6):631—40. Epub 2015/02/26. https://doi.org/10.1158/2326-
6066.CIR-14-0190 PMID: 25711759.

Mayer CT, Ghorbani P, Nandan A, Dudek M, Arnold-Schrauf C, Hesse C, et al. Selective and efficient
generation of functional Batf3-dependent CD103+ dendritic cells from mouse bone marrow. Blood.
2014; 124(20):3081-91. Epub 08/06. https://doi.org/10.1182/blood-2013-12-545772 PMID: 25100743.

Kretz-Rommel A, Qin F, Dakappagari N, Ravey EP, McWhirter J, Oltean D, et al. CD200 expression on
tumor cells suppresses antitumor immunity: new approaches to cancer immunotherapy. J Immunol.
2007; 178(9):5595-605. https://doi.org/10.4049/jimmunol.178.9.5595 PMID: 17442942.

Cella M, Engering A, Pinet V, Pieters J, Lanzavecchia A. Inflammatory stimuli induce accumulation of
MHC class Il complexes on dendritic cells. Nature. 1997; 388(6644):782—7. Epub 1997/08/21. https:/
doi.org/10.1038/42030 PMID: 9285591

Persson EK, Uronen-Hansson H, Semmrich M, Rivollier A, Hagerbrand K, Marsal J, et al. IRF4 tran-
scription-factor-dependent CD103(+)CD11b(+) dendritic cells drive mucosal T helper 17 cell differentia-
tion. Immunity. 2013; 38(5):958—69. Epub 2013/05/15. https://doi.org/10.1016/j.immuni.2013.03.009
PMID: 23664832.

Scott CL, Tfp ZM, Beckham KSH, Douce G, Mowat AM. Signal regulatory protein alpha (SIRPa) regu-
lates the homeostasis of CD103(+) CD11b(+) DCs in the intestinal lamina propria. Eur J Immunol.
2014; 44(12):3658—68. Epub 10/27. https://doi.org/10.1002/eji.201444859 PMID: 25236797.

Menezes S, Melandri D, Anselmi G, Perchet T, Loschko J, Dubrot J, et al. The Heterogeneity of Ly6C
(hi) Monocytes Controls Their Differentiation into INOS(+) Macrophages or Monocyte-Derived Dendritic
Cells. Immunity. 2016; 45(6):1205—18. https://doi.org/10.1016/j.immuni.2016.12.001 PMID: 28002729.

Hohl TM, Rivera A, Lipuma L, Gallegos A, Shi C, Mack M, et al. Inflammatory monocytes facilitate adap-
tive CD4 T cell responses during respiratory fungal infection. Cell Host Microbe. 2009; 6(5):470-81.
https://doi.org/10.1016/j.chom.2009.10.007 PMID: 19917501.

Satpathy AT, Kc W, Albring JC, Edelson BT, Kretzer NM, Bhattacharya D, et al. Zbtb46 expression dis-
tinguishes classical dendritic cells and their committed progenitors from other immune lineages. J Exp
Med. 2012; 209(6):1135-52. Epub 2012/05/23. https://doi.org/10.1084/jem.20120030 PMID:
22615127; PubMed Central PMCID: PMC3371733.

Lauzon-Joset J-F, Marsolais D, Tardif-Pellerin E, Patoine D, Bissonnette EY. CD200 in asthma. Int J
Biochem Cell Biol. 2019; 112:141—-4. Epub 05/08. https://doi.org/10.1016/j.biocel.2019.05.003 PMID:
31077782.

de Mingo Pulido A, Gardner A, Hiebler S, Soliman H, Rugo HS, Krummel MF, et al. TIM-3 Regulates
CD103(+) Dendritic Cell Function and Response to Chemotherapy in Breast Cancer. Cancer cell. 2018;
33(1):60-74.€6. https://doi.org/10.1016/j.ccell.2017.11.019 PMID: 29316433.

Pyfferoen L, Brabants E, Everaert C, De Cabooter N, Heyns K, Deswarte K, et al. The transcriptome of
lung tumor-infiltrating dendritic cells reveals a tumor-supporting phenotype and a microRNA signature
with negative impact on clinical outcome. Oncoimmunology. 2017; 6(1):e1253655. https://doi.org/10.
1080/2162402X.2016.1253655 PMID: 28197369.

Meyer MA, Baer JM, Knolhoff BL, Nywening TM, Panni RZ, Su X, et al. Breast and pancreatic cancer
interrupt IRF8-dependent dendritic cell development to overcome immune surveillance. Nat Commun.
2018; 9(1):1250-. https://doi.org/10.1038/s41467-018-03600-6 PMID: 29593283.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260636 November 30, 2021 20/22


https://doi.org/10.1016/j.immuni.2016.03.012
https://doi.org/10.1016/j.immuni.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/27096321
https://doi.org/10.1016/j.cell.2019.02.005
http://www.ncbi.nlm.nih.gov/pubmed/30955881
https://doi.org/10.3389/fcimb.2021.617481
http://www.ncbi.nlm.nih.gov/pubmed/34295830
https://doi.org/10.1186/s40425-019-0565-5
http://www.ncbi.nlm.nih.gov/pubmed/30961656
https://doi.org/10.1038/nature14404
http://www.ncbi.nlm.nih.gov/pubmed/25970248
https://doi.org/10.1158/2326-6066.CIR-14-0190
https://doi.org/10.1158/2326-6066.CIR-14-0190
http://www.ncbi.nlm.nih.gov/pubmed/25711759
https://doi.org/10.1182/blood-2013-12-545772
http://www.ncbi.nlm.nih.gov/pubmed/25100743
https://doi.org/10.4049/jimmunol.178.9.5595
http://www.ncbi.nlm.nih.gov/pubmed/17442942
https://doi.org/10.1038/42030
https://doi.org/10.1038/42030
http://www.ncbi.nlm.nih.gov/pubmed/9285591
https://doi.org/10.1016/j.immuni.2013.03.009
http://www.ncbi.nlm.nih.gov/pubmed/23664832
https://doi.org/10.1002/eji.201444859
http://www.ncbi.nlm.nih.gov/pubmed/25236797
https://doi.org/10.1016/j.immuni.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28002729
https://doi.org/10.1016/j.chom.2009.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19917501
https://doi.org/10.1084/jem.20120030
http://www.ncbi.nlm.nih.gov/pubmed/22615127
https://doi.org/10.1016/j.biocel.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31077782
https://doi.org/10.1016/j.ccell.2017.11.019
http://www.ncbi.nlm.nih.gov/pubmed/29316433
https://doi.org/10.1080/2162402X.2016.1253655
https://doi.org/10.1080/2162402X.2016.1253655
http://www.ncbi.nlm.nih.gov/pubmed/28197369
https://doi.org/10.1038/s41467-018-03600-6
http://www.ncbi.nlm.nih.gov/pubmed/29593283
https://doi.org/10.1371/journal.pone.0260636

PLOS ONE

Impact of lung tumors on dendritic cell populations

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Lavin Y, Kobayashi S, Leader A, Amir E-AD, Elefant N, Bigenwald C, et al. Innate Immune Landscape
in Early Lung Adenocarcinoma by Paired Single-Cell Analyses. Cell. 2017; 169(4):750-65.e17. hitps://
doi.org/10.1016/j.cell.2017.04.014 PMID: 28475900.

Yang Z, Deng F, Meng L. Effect of dendritic cellimmunotherapy on distribution of dendritic cell subsets
in non-small cell lung cancer. Exp Ther Med. 2018; 15(6):4856—60. Epub 03/30. https://doi.org/10.3892/
etm.2018.6010 PMID: 29805505.

Krempski J, Karyampudi L, Behrens MD, Erskine CL, Hartmann L, Dong H, et al. Tumor-infiltrating pro-
grammed death receptor-1+ dendritic cells mediate immune suppression in ovarian cancer. J Immunol.
2011; 186(12):6905—-13. Epub 2011/05/10. https://doi.org/10.4049/jimmunol.1100274 PMID:
21551365; PubMed Central PMCID: PMC3110549.

Maier B, Leader AM, Chen ST, Tung N, Chang C, LeBerichel J, et al. A conserved dendritic-cell regula-
tory program limits antitumour immunity. Nature. 2020; 580(7802):257—62. Epub 2020/04/10. https://
doi.org/10.1038/s41586-020-2134-y PMID: 32269339; PubMed Central PMCID: PMC7787191.

Bogunovic M, Ginhoux F, Helft J, Shang L, Hashimoto D, Greter M, et al. Origin of the lamina propria
dendritic cell network. Immunity. 2009; 31(3):513-25. Epub 2009/09/08. https://doi.org/10.1016/].
immuni.2009.08.010 PMID: 19733489; PubMed Central PMCID: PMC2778256.

Schlitzer A, McGovern N, Teo P, Zelante T, Atarashi K, Low D, et al. IRF4 transcription factor-depen-
dent CD11b+ dendritic cells in human and mouse control mucosal IL-17 cytokine responses. Immunity.
2013; 38(5):970-83. Epub 2013/05/28. https://doi.org/10.1016/j.immuni.2013.04.011 PMID: 23706669;
PubMed Central PMCID: PMC3666057.

SongL, Ma S, ChenL, Miao L, Tao M, Liu H. Long-term prognostic significance of interleukin-17-pro-
ducing T cells in patients with non-small cell lung cancer. Cancer Sci. 2019; 110(7):2100-9. Epub 06/
28. https://doi.org/10.1111/cas.14068 PMID: 31100180.

Bao Z, LuG, CuiD, Yao Y, Yang G, Zhou J. IL-17A-producing T cells are associated with the progres-
sion of lung adenocarcinoma. Oncol Rep. 2016; 36(2):641-50. Epub 05/27. https://doi.org/10.3892/or.
2016.4837 PMID: 27277161.

Sharma MD, Rodriguez PC, Koehn BH, Baban B, Cui Y, Guo G, et al. Activation of p53 in Immature
Myeloid Precursor Cells Controls Differentiation into Ly6c(+)CD103(+) Monocytic Antigen-Presenting
Cells in Tumors. Immunity. 2018; 48(1):91-106.€6. https://doi.org/10.1016/j.immuni.2017.12.014
PMID: 29343444,

Tweedle JL, Deepe GS Jr. Tumor Necrosis Factor Alpha Antagonism Reveals a Gut/Lung Axis That
Amplifies Regulatory T Cells in a Puimonary Fungal Infection. Infect Immun. 2018; 86(6):e00109-18.
https://doi.org/10.1128/1A1.00109-18 PMID: 29581197.

Bain CC, Montgomery J, Scott CL, Kel JM, Girard-Madoux MJH, Martens L, et al. TGFR signalling
controls CD103(+)CD11b(+) dendritic cell development in the intestine. Nat Commun. 2017; 8(1):620—.
https://doi.org/10.1038/s41467-017-00658-6 PMID: 28931816.

Khanna S, Graef S, Mussai F, Thomas A, Wali N, Yenidunya BG, et al. Tumor-Derived GM-CSF Pro-
motes Granulocyte Immunosuppression in Mesothelioma Patients. Clin Cancer Res. 2018; 24
(12):2859-72. Epub 03/30. https://doi.org/10.1158/1078-0432.CCR-17-3757 PMID: 29602801.

Schlitzer A, Sivakamasundari V, Chen J, Sumatoh HR, Schreuder J, Lum J, et al. Identification of
cDC1- and cDC2-committed DC progenitors reveals early lineage priming at the common DC progenitor
stage in the bone marrow. Nat Immunol. 2015; 16(7):718-28. Epub 2015/06/10. https://doi.org/10.
1038/ni.3200 PMID: 26054720.

Curiel TJ, Wei S, Dong H, Alvarez X, Cheng P, Mottram P, et al. Blockade of B7-H1 improves myeloid
dendritic cell-mediated antitumor immunity. Nat Med. 2003; 9(5):562—7. Epub 04/21. https://doi.org/10.
1038/nm863 PMID: 12704383.

Sun N-Y, Chen Y-L, Wu W-Y, Lin H-W, Chiang Y-C, Chang C-F, et al. Blockade of PD-L1 Enhances
Cancer Immunotherapy by Regulating Dendritic Cell Maturation and Macrophage Polarization. Cancers
(Basel). 2019; 11(9):1400. https://doi.org/10.3390/cancers11091400 PMID: 31546897.

Lin H, Wei S, Hurt EM, Green MD, Zhao L, Vatan L, et al. Host expression of PD-L1 determines efficacy
of PD-L1 pathway blockade-mediated tumor regression. J Clin Invest. 2018; 128(2):805—15. Epub 01/
16. https://doi.org/10.1172/JCI96113 PMID: 29337305.

Scarlett UK, Rutkowski MR, Rauwerdink AM, Fields J, Escovar-Fadul X, Baird J, et al. Ovarian cancer
progression is controlled by phenotypic changes in dendritic cells. J Exp Med. 2012; 209(3):495-506.
Epub 02/20. https://doi.org/10.1084/jem.20111413 PMID: 22351930.

Harimoto H, Shimizu M, Nakagawa Y, Nakatsuka K, Wakabayashi A, Sakamoto C, et al. Inactivation of
tumor-specific CD8* CTLs by tumor-infiltrating tolerogenic dendritic cells. Immunol Cell Biol. 2013; 91
(9):545-55. Epub 09/10. https://doi.org/10.1038/icb.2013.38 PMID: 24018532.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260636 November 30, 2021 21/22


https://doi.org/10.1016/j.cell.2017.04.014
https://doi.org/10.1016/j.cell.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28475900
https://doi.org/10.3892/etm.2018.6010
https://doi.org/10.3892/etm.2018.6010
http://www.ncbi.nlm.nih.gov/pubmed/29805505
https://doi.org/10.4049/jimmunol.1100274
http://www.ncbi.nlm.nih.gov/pubmed/21551365
https://doi.org/10.1038/s41586-020-2134-y
https://doi.org/10.1038/s41586-020-2134-y
http://www.ncbi.nlm.nih.gov/pubmed/32269339
https://doi.org/10.1016/j.immuni.2009.08.010
https://doi.org/10.1016/j.immuni.2009.08.010
http://www.ncbi.nlm.nih.gov/pubmed/19733489
https://doi.org/10.1016/j.immuni.2013.04.011
http://www.ncbi.nlm.nih.gov/pubmed/23706669
https://doi.org/10.1111/cas.14068
http://www.ncbi.nlm.nih.gov/pubmed/31100180
https://doi.org/10.3892/or.2016.4837
https://doi.org/10.3892/or.2016.4837
http://www.ncbi.nlm.nih.gov/pubmed/27277161
https://doi.org/10.1016/j.immuni.2017.12.014
http://www.ncbi.nlm.nih.gov/pubmed/29343444
https://doi.org/10.1128/IAI.00109-18
http://www.ncbi.nlm.nih.gov/pubmed/29581197
https://doi.org/10.1038/s41467-017-00658-6
http://www.ncbi.nlm.nih.gov/pubmed/28931816
https://doi.org/10.1158/1078-0432.CCR-17-3757
http://www.ncbi.nlm.nih.gov/pubmed/29602801
https://doi.org/10.1038/ni.3200
https://doi.org/10.1038/ni.3200
http://www.ncbi.nlm.nih.gov/pubmed/26054720
https://doi.org/10.1038/nm863
https://doi.org/10.1038/nm863
http://www.ncbi.nlm.nih.gov/pubmed/12704383
https://doi.org/10.3390/cancers11091400
http://www.ncbi.nlm.nih.gov/pubmed/31546897
https://doi.org/10.1172/JCI96113
http://www.ncbi.nlm.nih.gov/pubmed/29337305
https://doi.org/10.1084/jem.20111413
http://www.ncbi.nlm.nih.gov/pubmed/22351930
https://doi.org/10.1038/icb.2013.38
http://www.ncbi.nlm.nih.gov/pubmed/24018532
https://doi.org/10.1371/journal.pone.0260636

PLOS ONE

Impact of lung tumors on dendritic cell populations

53.

54.

55.

56.

57.

58.

Krempski J, Karyampudi L, Behrens MD, Erskine CL, Hartmann L, Dong H, et al. Tumor-infiltrating pro-
grammed death receptor-1+ dendritic cells mediate immune suppression in ovarian cancer. J Immunol.
2011; 186(12):6905—-13. Epub 05/06. https://doi.org/10.4049/immunol. 1100274 PMID: 21551365.

Kwon H-K, Lee C-G, So J-S, Chae C-S, Hwang J-S, Sahoo A, et al. Generation of regulatory dendritic
cells and CD4+Foxp3+ T cells by probiotics administration suppresses immune disorders. Proc Natl
Acad SciU S A. 2010; 107(5):2159—-64. Epub 01/13. https://doi.org/10.1073/pnas.0904055107 PMID:
20080669.

Anguille S, Smits EL, Lion E, van Tendeloo VF, Berneman ZN. Clinical use of dendritic cells for cancer
therapy. Lancet Oncol. 2014; 15(7):e257—e67. https://doi.org/10.1016/S1470-2045(13)70585-0 PMID:
24872109.

Balan S, Ollion V, Colletti N, Chelbi R, Montanana-Sanchis F, Liu H, et al. Human XCR1+ dendritic cells
derived in vitro from CD34+ progenitors closely resemble blood dendritic cells, including their adjuvant
responsiveness, contrary to monocyte-derived dendritic cells. J Immunol. 2014; 193(4):1622—35. Epub
07/09. https://doi.org/10.4049/jimmunol.1401243 PMID: 25009205.

Séanchez-Paulete AR, Cueto FJ, Martinez-Lépez M, Labiano S, Morales-Kastresana A, Rodriguez-Ruiz
ME, et al. Cancer Immunotherapy with Immunomodulatory Anti-CD137 and Anti-PD-1 Monoclonal Anti-
bodies Requires BATF3-Dependent Dendritic Cells. Cancer Discov. 2016; 6(1):71-9. Epub 2015/10/
24. https://doi.org/10.1158/2159-8290.CD-15-0510 PMID: 26493961; PubMed Central PMCID:
PMC5036540.

Caronni N, Simoncello F, Stafetta F, Guarnaccia C, Ruiz-Moreno JS, Opitz B, et al. Downregulation of
Membrane Trafficking Proteins and Lactate Conditioning Determine Loss of Dendritic Cell Function in
Lung Cancer. Cancer Res. 2018; 78(7):1685-99. Epub 01/283. https://doi.org/10.1158/0008-5472.CAN-
17-1307 PMID: 29363545.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260636 November 30, 2021 22/22


https://doi.org/10.4049/jimmunol.1100274
http://www.ncbi.nlm.nih.gov/pubmed/21551365
https://doi.org/10.1073/pnas.0904055107
http://www.ncbi.nlm.nih.gov/pubmed/20080669
https://doi.org/10.1016/S1470-2045%2813%2970585-0
http://www.ncbi.nlm.nih.gov/pubmed/24872109
https://doi.org/10.4049/jimmunol.1401243
http://www.ncbi.nlm.nih.gov/pubmed/25009205
https://doi.org/10.1158/2159-8290.CD-15-0510
http://www.ncbi.nlm.nih.gov/pubmed/26493961
https://doi.org/10.1158/0008-5472.CAN-17-1307
https://doi.org/10.1158/0008-5472.CAN-17-1307
http://www.ncbi.nlm.nih.gov/pubmed/29363545
https://doi.org/10.1371/journal.pone.0260636

