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ABSTRACT

T-cell-based immune checkpoint blockade therapy (ICB) can be undermined by local immunosuppressive
M2-like tumor-associated macrophages (TAMs). However, modulating macrophages has proved difficult
as the molecular and functional features of M2-TAMs on tumor growth are still uncertain. Here we
reported that immunosuppressive M2 macrophages render cancer cells resistant to CD8" T-cell-
dependent tumor-killing refractory ICB efficacy by secreting exosomes. Proteomics and functional studies
revealed that M2 macrophage-derived exosome (M2-exo) transmitted apolipoprotein E (ApoE) to cancer
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cells conferring ICB resistance by downregulated MHC-I expression curbing tumor intrinsic immunogeni- blockade therapy;
city. Mechanistically, M2 exosomal ApoE diminished the tumor-intrinsic ATPase activity of binding immunogenicity;
immunoglobulin protein (BiP) to decrease tumor MHC-I expression. Sensitizing ICB efficacy can be macrophages

achieved by the administration of ApoE ligand, EZ-482, enhancing ATPase activity of BiP to boost tumor-
intrinsic immunogenicity. Therefore, ApoE may serve as a predictor and a potential therapeutic target for
ICB resistance in M2-TAMs-enriched cancer patients. Collectively, our findings signify that the exosome-
mediated transfer of functional ApoE from M2 macrophages to the tumor cells confers ICB resistance. Our
findings also provide a preclinical rationale for treating M2-enriched tumors with ApoE ligand, EZ-482, to
restore sensitivity to ICB immunotherapy.

Introduction Tumor-associated macrophages (TAMs) constitute a major
component of TME and play pivotal roles in the regulation of
tumor immune response. Studies on the complex plasticity of
macrophages suggest the presence of a spectrum of phenotypes
with M1 and M2 being the two ends of the spectrum. While M1
macrophages classically express pro-inflammatory cytokines
and promote an anti-tumor immune response, M2 macro-
phages are characterized by the expression of anti-
inflammatory cytokines and chemokines and suppress cytoly-
tic CD8+ T-cell antitumor response and contribute to tumor
immune evasion.”® We previously showed that TAMs exhibit
pro-tumorigenic M2-like polarization and provide a protumor
microenvironment to promote tumor progression, metastasis,
and immune evasion.”'® Currently, growing evidence suggests
that high infiltration of immunosuppressive M2-like TAMs
correlates with poor prognosis and ICB resistance,' ™'* which
makes them an important target to overcome ICB resistance
for cancer treatment.'>'® However, modulating macrophages
has proved extremely difficult, as we still lack a complete
understanding of the molecular and functional diversity of
the tumor macrophage compartment.

Cancer immunotherapy has become highly successful against
cancers by triggering the cytotoxic potential of the human
immune system.'”> Among cancer immunotherapy, immune
checkpoint blocking (ICB) antibodies against cytotoxic-
T-lymphocyte-associated protein 4 (CTLA4) or programmed
cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-
L1) axis have displayed durable clinical responses in multiple
types of cancers.>™* Although ICB immunotherapies have had
a notable effect on cancer treatment, various mechanisms of
immune resistance exist in tumors.” Various types of innate
and adaptive immune cells reside or recruit to the tumor
microenvironment. The dynamic cross-talk between these
immune cells and tumor cells defines the immune status of
the tumor, promoting or hindering the tumor response to
ICB.° Along with tumors evolving, the tumor microenviron-
ment (TME) gradually becomes more immunosuppressive
with several components of the immunosuppressive immune
system contributing to tumor immune evasion and inevitably
to resistance to ICB treatment.

CONTACT Shen Lisong @ lisongshen@hotmail.com @ Department of Clinical Laboratory, Xinhua Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai 200092, P.R. China; Yuan, Xiangliang @ yuanxiangliang@gmail.com @ Department of Clinical Laboratory, XinhuaHospital, Shanghai Jiao Tong University
School ofMedicine, Shanghai 200092, P.R. China

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/2162402X.2023.2210959.

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0002-6647-4749
https://doi.org/10.1080/2162402X.2023.2210959
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2023.2210959&domain=pdf&date_stamp=2023-05-13

2 N. ZHENG ET AL.

It is well established that M2-like macrophages promote
tumor immunosuppression through the suppression of T-cell
function. Beyond this, in this study, we revealed that immuno-
suppressive M2-like macrophages modulate tumor cells to
suppress T-cell-mediated tumor killing resulting in ICB resis-
tance via exosomes secretion, a type of secreted vesicles and its
diameter is about 30-150 nm."”'® We previously reported that
M2-polarized TAM-derived exosomes promote the progres-
sion and chemotherapy resistance of advanced tumors.'>*°
Here, by proteomics analysis, we further identified that M2-
like macrophage-derived exosomes (M2-exo) diminished
tumor immunogenicity by directly degrading the major histo-
compatibility complex class I (MHC-I) expression on tumor
cells, which impairs antigen presentation that is one of the
common mechanisms of immune evasion*"** and mutations
or loss of heterozygosity of MHC-I has been implicated in
resistance to ICB therapy.”"*>"*> Furthermore, we identified
the molecular mechanisms of how M2-exosomal ApoE mod-
ulates tumoral MHC-I expression to dampen tumor intrinsic
immunogenicity. Finally, we validated the effect of targeting
ApoE to rescue the ICB resistance induced by M2-exo in vivo.
These observations suggest a need for a precision medicine
approach in which the design of the immunotherapeutic com-
bination is modified on the basis of the tumor immune land-
scape to overcome ICB resistance, highlighting a strong
rationale to consider targeting macrophage exosome to rescue
the ICB resistance in M2-TAMs enriched tumor
microenvironment.

Materials and methods
Cell lines and mouse strains

MEC, MC38, THP-1, MGC-803 (MGC), and BGC-823 (BGC)
were obtained from the Cell Bank of the Chinese Academy of
Sciences, and tests free for mycoplasma. Cells were maintained
in DMEM/F12 with 10% fetal bovine serum (Gibco) and peni-
cillin plus streptomycin (Gibco). The plasmid of ApoE over-
expression (ApoE-OE, PGMLV-4931-Apoe) and respective
control vectors (PGMLV-4931) were provided by Shanghai
Genomeditech Company and were transfected using
Lipofectamine 3000 Transfection Reagent according to the
manual (ThermoFisher). Female 8-week-old wild-type and
Apoe™’” mice with a C57BL/6 background were purchased
from Vital River Laboratory Animal Technology Company
(Beijing, China). All animal experiments were carried out
according to the Principles of Laboratory Animal Care and
approved by the Ethics Committee of Xinhua Hospital,
Shanghai Jiao Tong University.

Macrophage polarization

Murine bone marrow-derived macrophages (BMDMs) were
prepared and plated in bone macrophage medium (BMM)
consisting of 50 ng/ml M-CSF. After 7d in culture, cells
were induced toward a polarized phenotype with the addi-
tion of 20 ng/ml IL-4 plus 20 ng/ml IL-13 for M2 polariza-
tion or 100ng/ml LPS plus 20ng/ml IFN-y for M1
polarization. Human THP-1 cells were treated with 100

ng/ml PMA to generate MO. After 24 h cells were induced
M2 polarization with 20 ng/ml IL-4 plus 20 ng/ml IL-13.
Polarized macrophages were cultured in FBS-free DMEM/
F12 and 1% penicillin plus streptomycin for 2 d. The super-
natant was purified and collected to prepare M0, M1, or
M2 macrophage-derived exosomes (MO0-exo, Ml-exo, and
M2-exo, respectively). Apoe_/ ~ M2-exo were prepared from
Apoe”’” mice. MC38 cells were grown in the DMEM-
complete medium. After 1 d, the medium was recovered
and filtered to prepare the tumor-conditioned medium
(TCM). TAMs have induced M0 macrophages to macro-
phages treated with TCM (TCM-M) with 2 d of coculturing
with TCM.

Exosomes preparation and uptake analysis

Exosomes were collected by density gradient (1.15-1.19 g/
mL) ultracentrifugation according to previously published
protocol.”> After ultracentrifugation preparations, exosomes
were labeled with PKH67 Fluorescent Cell Linker Kits
(Sigma-Aldrich) according to the manufacturer’s instruc-
tions, followed by washing through Exosome Spin
Columns (MW3000) (Invitrogen) to remove excess dye.
Next, 5pug exosomes were incubated with 1x 10° MFC or
other cancer cells for 24 h which were examined under
a confocal microscope at the indicated time points.

Exosomes identification

For transmission electron microscope,”® 10 uL of exosome
suspension was adsorbed onto carbon-coated copper grids,
washed with double-distilled water, and negatively stained
with 2% uranyl acetate solution. Grids were visualized in FEI
TecnaiG2 TEM. The nanoparticle tracking analysis®” instru-
ment is the ZetaView Analyzer to obtain the particle size and
concentration of exosomes.

Western blot and co-immunoprecipitation

Western blot (WB) was performed as previously described.”
The Co-Immunoprecipitation (Co-IP) kit (Abcam, UK) was
applied to analyze the combined protein of ApoE and the
ATPase activity of BIP. According to the manual, the beads
with the antigen-antibody (Ag-Ab) complex were collected
and used directly for an activity assay or WB analyses. All
antibodies used for western blot and Co-IP are listed in
Supplementary Table S6.

Nano-LC-MS/MS analysis

Fifty micrograms of proteins from exosomes or Co-IP pro-
teins from ApoE-overexpressed MC38 cells were submitted
for proteomic analysis using Nano-LC-MS/MS. For proteo-
mic analysis, MC38 cells were treated with M0-exo or M2-
exo for 48 h and then harvested for proteomics analysis.
Experiments were performed on a Q-Exactive HF mass spec-
trometer that was coupled to Easy nLC1200 (ThermoFisher)
in Shanghai Oebiotech Company. Data were searched using
ProteomeDiscover (v.2.4) against the UniProt mouse



sequence database. The protein identification criteria that we
used were based on a score =20. Protein identification results
were extracted from the mascot data file with in-house soft-
ware (Build Summary).

Single-cell RNA sequencing dataset analysis

To analyze ApoE expression in tumor-associated macrophages,
we use the datasets from Tumor Immune Single-Cell Hub
(http://tisch.comp-genomics.org/), a large-scale curated data-
base that integrates single-cell transcriptomic profiles of nearly
2 million cells from 76 high-quality tumor datasets across 27
cancer types.

CD8" T-cell killing assay

Anti-CD3/CD28+ IL-2 activated CD8+ T cells from mice
spleen cells co-cultivate with cancer cells according to
a certain proportion for a certain period of time. Following
the instructions of the Apoptosis Detection Kit Caspase-3/7
Green Detection Reagent (Invitrogen), the total cell number
and the green fluorescent staining apoptotic cell number were
counted under a fluorescent microscope for calculating the
percentage of survival cells.

Flow cytometry staining and analysis

Single cells were generated from cell lines with trypsin or from
mouse tumors with collagenase Type IV (1 mg/mL;
Worthington, USA), DNase I (0.02 mg/mL; Sigma-Aldrich,
USA), hyaluronidase (0.1 mg/mL; BBI Life Sciences, USA) at
37°C for 30 min. Appropriate dilutions of various combina-
tions of fluorescently labeled antibodies were used and are
listed in Supplementary Table S7. Labeled cells were analyzed
on a BD Canto IT (BD Bioscience), and the data were processed
using Flow]Jo v10.8 (BD Bioscience).

Immunofluorescence assay

MC38 was cocultured with M2-derived macrophages exo-
somes (M2-exo), ApoE or BIP was visualized by staining with
respective first antibody and the second antibody conjugated
Alexa Flour 488 or 555 (Abcam) according to the manual.
Images were captured using Leica SP5 laser scanning confocal
microscope.

Tumor challenge and treatment experiments

Female 8-week-old wild-type or Apoe™”~ C57BL/6 mice were
subcutaneously injected with 5x 10° MC38 cells. The mice
were injected intraperitoneally with 100 pg of anti-PD-1
(BioXcells, RMP1-14) or rat IgG2a isotype control (BioXcells,
2A3) four times after 7, 10, 13, and 16 d of tumor incubation.
Exosomes intratumor injection was initiated on post — tumor
implant d 7 (tumor volume was about 200 mm?) and ended on
d 19 per 60 pg once every 3 d. EZ-482 (MCE) was administered
by oral gavage every day at a concentration of 15 mg/kg. All
mice were killed on d 24, and the tumors were excised for
subsequent analysis.
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Immunohistochemical staining

Mouse fresh tumor Immunohistochemical staining was per-
formed using a standard protocol."” Automated image acquisi-
tion was performed using an Aperio ScanScope XT Slide
Scanner system with a x 20objective (Aperio Technologies).

RNA extraction and quantitative real-time PCR

RT-PCR analyses were performed as previously described."
Primer sequences of mentioned genes are described in
Supplementary Table S8.

ATPase assay

ATPase Assay Colorimetric kits were used for experiments
(ab234055, Abcam). Briefly, reaction samples were prepared
for each 10 min time point between 0 and 60 min. BiP
(ab78432, Abcam) at 10 uM concentration was used in all
experiments, to which 10 uM of ApoE (ab55210, Abcam) or
50 uM EZ-482 was added for 4°C overnight incubation. Then
add ATPase Assay Developer to all samples and measure OD at
650 nm in endpoint mode according to the manufacturer’s
protocol.

Statistical analyses

All statistical analyses were run using GraphPad Prism 9.0
software and displayed as the mean and SD. The statistical
significance of the difference was assessed using the Student's
t-test, and the one-way ANOVA with Tukey post-test was
conducted for multiple comparisons. For the survival analysis,
Kaplan—Meier survival curves were calculated, and significance
was determined by a log-rank test. A significant difference was
considered when the p-value was less than 0.05. The p-value
was represented by *p <0.05, **p <0.01, ***p <0.001, and
B < 0.0001.

Results

M2-like macrophage-derived exosomes impaired T-cell-
mediated tumor killing to attenuate ICB efficacy

Despite the immunosuppression of M2 macrophages on T cells
is well identified, the impact of M2 macrophages on the immu-
nogenicity of tumor cells has not been explored, which is
capable of eliciting potent antitumor T-cell responses.”®* ' To
this end, we set up the strategized in vitro co-culture platform
of T-cell-mediated tumor cell killing assay to evaluate the effect
of M2 macrophages on tumor cell’ immunogenicity. The iso-
lated CD8" T cells from the mouse spleen were activated
in vitro, as indicated by the high CD69 expression (Figure
S1A). Then, we cocultured MFC cells, murine gastric cancer
cells, with CD8" T cells at various ratios and certified the
apoptosis of MFC caused by activated CD8" T cells (Figure
S1B-D). The generation of M2-macrophages was derived from
the bone marrow of homologous mice or THP-1 cells and
phenotypic characterization is well defined, as indicated by
the typical markers (F4/80, CD163, CD206) and gene signa-
tures (Argl, 1110, Tgfb) of M2-like macrophage (Figure S2A-C).
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Interestingly, we found that MFC cells pretreated with M2-
supernatant (M2-sup) were dramatically resistant to activated
CD8" T-cell-mediated killing (Figure S2D-F). Emerging evi-
dence from our previous study and other groups®® ' suggests
that M2 macrophages secret an abundance of the exosome,
which have a central role in cell-cell communication in the
TME. Next, we sought to test whether exosomes in M2-sup
mediated the resistance of T-cell-mediated tumor killing. The
typical morphology, correct size distribution (30-150 nm), and
classical exosomal biomarkers of M2 macrophage-derived

exosomes (M2-exo) were validated by TEM (Figure 1A),
NTA (Figure 1B), and WB (Figure S3A) respectively. Using
fluorescence microscopy, we also confirmed that live MFC cells
can uptake the PKH67-labeled M2-exo (Figure 1C, Figure
S3B). Indeed, MFC cells pretreated with M2-exo were drama-
tically resistant to T-cell-mediated killing (Figure S3C-E).
Consistently, MC38 cells educated with M2-exo also resist
T-cell-mediated killing (Figure 1D, E). Considering the diver-
sity of macrophages in TME, we established the tumor condi-
tion medium-treated macrophages (TCM-M) to mimic the
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Figure 1. M2-like macrophage-derived exosomes inhibit T-cell-mediated tumor cell killing and dampen immunotherapy response. (A) Identification of exosomes
derived from M2-like macrophages (M2-Exo) by TEM. The scale bar represented 500 nm. (B) Analyzation of M2-Exo diameter by NTA. (C) PKH67(green fluorescence)
labeled M2-Exo was taken up by MFC. (D) Caspase 3/7 and percent of survival cells were detected in M2exo pretreated MC38 or the control group that co-cultured with
CTL. n=3 per group. (E) Flow cytometry scatters diagram of Pl and Annexin-V showed apoptosis and percent of survival cells of M2-exo pretreated MC38 or control
group that co-cultured with CTL. n = 3 per group. (F) Schema of anti-PD1 treatment and M2-Exo interference to MC38 subcutaneous injection models. (G-I) Tumor mean
volume curves (G), representative tumors image (H), and individual tumor growth curves (l) of MC38 tumors that separated subcutaneously from mice or which were
treated with M2-exo, anti-PD-1 antibody, anti-PD1+M2-Exo as indicated. (J) Representative flow cytometry scatters diagram of CD4* and CD8" T cells and the ratio of
CD8* T cells in MC38 tumor tissues of the four indicated groups. Error bars, S.D. Two-sided Student's t-test (D, E). Two-way ANOVA with Tukey’s multiple comparison

posttest (G, J).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



TAMs in vitro. TCM-M mainly displayed the characteristic of
CD206" M2-like polarized macrophage (Figure S3F). Notably,
we found that TCM-M-derived exosomes (TCM-Mexo) edu-
cated MC38 cells to resist T-cell-mediated killing (Figure S3G-
J). These data indicate that M2-exo instigates tumor cell refrac-
tory T-cell-mediated killing.

To explore the effect of M2-exo on ICB response in vivo, we
used the immunogenic MC38 mouse model (Figure 1F), which
was responsive to ICB treatment. Notably, compared with the
control group, anti-PD-1 treatment significantly reduced MC38
tumor growth (Figure 1G). However, the addition of M2-exo
abolished the effect of anti-PD-1 treatment, as indicated by the
increased tumor growth in the mice bearing the MC38 tumors
(Figure 1H-I). Similarly, M2-exo also abolished the efficacy of
anti-PD-1 treatment in the MFC tumor model (Figure S4A-B).
M2-exo alone treatment did not alter MC38 tumor growth,
compared to the control group (Figure S4C-E). Moreover, the
result showed that the TCM-Mexo administration also abolished
the ICB response in the MC38 model (Figure S4F-I), consistent
with M2-exo. In addition, tumor-infiltrating CD8" T cells were
significantly decreased in the mice treated with ICB in combina-
tion with M2-exo (Figure 1J) or TCM-Mexo (Figure S4J-K)
compared to ICB alone. Collectively, our data highlight that M2-
exo exhibits a strong immunosuppressive effect by instigating
tumor cells to resist ICB treatment.

Exosomal apolipoprotein E mediated the M2-exo-induced
ICB resistance

Previously, we identified the protein components of M2-exo
using mass spectrometry’® and found that ApoE was a highly
specific and enriched protein (Figure S5A, Table S1). The immu-
noblot results confirmed that M2-exo and TCM-Mexo contain
abundant ApoE (Figure 2A, Figure S5B). Data mining the single-
cell RNAseq dataset, we validated that ApoE was typically pre-
dominantly expressed in myeloid immune cells, especially
macrophages, in the TME (Figure S5C). Further analysis showed
that ApoE expression levels are negatively correlated with overall
survival (Figure S5D) and cytolytic CD8" T cell activity (Figure
S5E) in patients with colorectal cancer.

To investigate whether ApoE mediates the function of M2-
exo on tumor cell immunogenicity, we performed the T-cell-
mediated killing assay with M2-exo generated from BMDMs of
wild-type or Apoe™’~ mice. We confirmed that exosomal ApoE
can be transferred from M2 macrophages to MFC cells
(Figure 2B). Compared to M2-exo from BMDMs of wildtype
mice (WT M2-exo), M2-exo from BMDMs of Apoe_/_ mice
(Apoe_/ ~ M2-exo0) induced a significant reduction in tumor cell
survival after cocultured with activated T cells, as indicated
with the increased apoptosis by immunofluorescent staining
and flow cytometry analysis (Figure 2C-F). To validate the
direct function of ApoE on tumor immunogenicity, we gener-
ated the ApoE-overexpressed MFC cells and MC38 cells, in
which the endogenous ApoE expression was undetectable in
both cell lines (Figure S5F-G). The result showed that the
enhanced ApoE expression in tumor cells restrained T-cell-
mediated killing (Figure S5H), consistent with the finding that
M2-exosomal ApoE restricts tumor immunogenicity. In the
preclinical model, we found that the administration of Apoe™
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~ M2-exo in combination with anti-PD-1 induced a significant
tumor reduction in the mice bearing MC38 tumors, compared
to WT M2-exo (Figure 2G-H), indicating that M2-exo med-
iates ICB resistance through exosomal ApoE. Analysis of TME
showed an increased tumor-infiltrating CD8" T cells and
decreased ApoE" tumor cells in MC38-bearing mice with the
treatment of Apoe_/ ~ M2-exo + ICB (Figure 2J-L). As expected,
we found that M2-exo and TCM-Mexo directly suppressed the
proliferation and IFN-y secretion of CD8" T cells (Figure S5I-
]). However, it seems that this direct inhibition of M2-exo on
CD8" T cell is independent of exosomal ApoE as Apoe”” M2-
exo exhibited a similar effect as WT M2-exo (Figure S5I-J).
Taken together, these data demonstrate that M2-exosomal
ApoE targets tumor cells to impair T-cell-mediated killing ex
vivo and guild the ICB resistance in vivo.

Proteomics shows M2-exosomal ApoE deteriorates the
immunogenicity of tumor cells

To in-depth decipher the mechanism of how M2-exosomal
ApoE impacts tumor cells, we performed an LC/MS-based
quantitative proteomics strategy to compare the proteomes
of MC38 tumor cells pretreated with M0-exo vs M2-exo
(Figure 3A). The initial analysis identified 342 proteins
present in significantly different quantities, of which 75
proteins are upregulated and 267 proteins are downregu-
lated (Figure 3B, Table S2). Given the ApoE-overexpressed
MC38 mimicking the similar effect of M2-exosomal ApoE
in terms of T-cell mediated killing, we also profiled the
proteomics of Ctrl vs ApoE-OE MC38 cells (Figure 3A), in
which 19 upregulated proteins and 76 downregulated pro-
teins were identified in ApoE-OE MC38 cells compared to
Ctrl cells (Figure 3B, Table S2). In total, 90 proteins were
exclusively changed in M2-exo-treated MC38 cells, 43
proteins were exclusively changed in ApoE-OE MC38
cells, while the abundance of the remaining 52 proteins
emerged as overlapped common hits that were signifi-
cantly different in both M2-exo-treated and ApoE-OE
MC38 cells, compared to control cells, respectively
(Figure 3C, D, Table S6).

The clustering heat map indicated that highly ApoE
enrichment through M2-exosomal transfer or genetic over-
expression altered protein expression profiling in MC38
cells (Figure 3D). The overlapped downregulated proteins
were subjected to GO classification to investigate biological
processes, molecular function, and cellular compartment.
Overall, it displayed a striking resemblance that a high
overall overlap between the enriched categories in M2-exo-
treated MC38 (Figure 3E, Table S3) and ApoE-OE MC38
cells (Figure 3F, Table S4). As expected, Apoe”’~ M2-exo
rescued protein changes caused by WT M2-exo (Figure
S6A-C, Table S5). Remarkably, abundance-decreased pro-
teins in MC38 cells with high ApoE were involved in the
biological process such as cellular response to interferon-
beta/gamma and innate immune response. These proteins
were classified into cellular components such as the MHC
class I protein complex and MHC class I peptides loading
complex. Proteins associated with the molecular function
were involved in antigen presentation-related proteins, as
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Figure 2. Exosomal apolipoprotein E mediated the M2-exo-induced ICB resistance. (A) Immune blotting validated the ApoE expression in exosomes derived from M0/M2
macrophages.(B) Intracellular green fluorescence of ApoE in MFC cells after co-culture with MO0-exo or M2-exo. (C, D) Caspase 3/7 staining (C) and percent of survival

cells (D) were detected in WT or Apoe'/'

M2-exo pretreated MC38 cells or a control group that co-cultured with activated CTL. n =3 per group. (E, F) Flow cytometry

scatter diagram of Pl and Annexin-V showed apoptosis (E) and percent of survival cells (F) of WT or Apoe™~ M2-exo pretreated MC38 cells or the control group that co-

cultured with activated CTL. n = 3 per group.(G-) Individual tumor growth curves (G)

, mean volume curves (H), and representative tumor images (I) of MC38 tumors that

separated subcutaneously from mice or which were treated with anti-PD-1 antibody, anti-PD1+WT M2-exo in WT mice, or anti-PD-1+ Apoe™'~ M2-exo in Apoe ™'~ mice.
(J) Quantification of CD8/CD4 Ratio in MC38 tumors treated as indicated above. n =5 per group. (K, L) Representative immunohistology images (K) and quantification (L)
of the CD8" T cells and ApoE* tumor cells in the tumor slice of indicated four groups above. n =5 per group. Error bars, SD. One-way ANOVA with Tukey’s multiple

comparison posttest (D, F, I).

well as T-cell receptor binding, and B,M binding, all of
which play important roles in the resistance to immu-
notherapy response. Downregulation of antigen presenta-
tion and IFN signaling categories in highly ApoE

enrichment through M2-exosomal transfer concurred with
ApoE genetic overexpression MC38, which indicated that
M2-exosomal ApoE likely mediated T-cell killing through
this pathway.
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Figure 3. (A, B) Volcano Plots diagram (A) and quantification (B) showed downregulated (blue) and upregulated (red) proteins in MC38 which were treated with M2-exo
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Heatmap of 52 shared proteins of intersection in the Venn diagram above. (E, F) Top 30 GO terms of downregulated proteins in MC38 which was treated with M2-exo
versus MO0-exo (E) or ApoE-OE (F) versus Ctrl.Proteomics profiling of MC38 tumor cells treated with M2-exo or ApoE overexpression.

M2-exosomal ApoE degraded MHC class | expression of
tumor cells

Given the functional similarity of the protein profiles to both
treatments, we sought to find the major common functional
determinants associated with the immune response and ICB
response in tumor cells with highly ApoE enrichment through
M2-exosomal transfer or genetic overexpression. Of note,
when running the profiling on the proteomics combined
with available knowledge, the critical feature that indicates
tumor immunogenicity was MHC-I downregulation by
ApoE enrichment in tumor cells, which induces the insuffi-
cient antigen presentation to activate T cells comprises a large
proportion of patients leading to ICB resistance. MHC class
I (MHC-I), the key component in antigen presentation,

presents intracellular peptide antigens to the cell surface for
recognition by antigen-specific CD8" T cells. MHC-I loss or
downregulation in cancer cells is a major mechanism of resis-
tance to T-cell-based immunotherapies.*"**>>

As we expected, MHC-I expression of MC38 cells was sig-
nificantly decreased in tumor tissue after the intervention of
M2-exo or TCM-Mexo (Figure S6D-F). The phenomenon
demonstrated M2-exo deteriorated the immunogenicity of
tumor cells consistent with the proteomics results expectation.
To validate the impaired MHC-I expression in tumor cells by
ApoE enrichment, we found that M2-exo and ApoE genetic
overexpression significantly induce the MHC-I downregula-
tion (Figure 4A, B). Notably, Apoe™’~ M2-exo partially restores
the MHC-I expression, indicating the impairment of MHC-I
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expression by M2-exo is ApoE dependent (Figure 4B). Consistent
with in vitro results, we also found that M2-Exo induced the loss of
MHC-I expression, and Apoe”~ M2-exo rescued the MHC-I
expression of MC38 in ICB-treated tumor tissue (Figure 4C).
Similarly, ApoE enrichment by genetic overexpression or M2-
exosomal ApoE transfer impaired MHC-I expression in MFC
cells (Figure 4D-F). To prove this phenotype for human relevance,
we generate the human M2 macrophage from human monocytes
and isolated M2-exo treated human gastric cancer cells BGC and
MGC. In accordance with the murine tumor cells, ApoE-OE MGC
and BGC also have downregulated MHC-I and M2-exo induces
the impaired MHC-I in BGC cells (Figure 4G-I). Meanwhile, we
detected the MHC-I expression on tumor cells after the treatment
with free ApoE in the supernatant. The recombinant ApoE protein
was unable to decrease MHC-I expression in BGC or MGC cells
(Figure S6F). As we know, the transport of ApoE protein relies on
receptors such as ApoER2 or low-density lipoprotein receptor
(LDLR).”> We confirmed the low expression of ApoER2 and
LDLR in BGC or MGC cells by WB. However, HepG2 and Hela
cells expressed a high level of ApoER2 and LDLR (Figure S6G) and
the MHC-I expressions were decreased by recombinant ApoE in
a dose-dependent way (Figure S6F). The transport of ApoE into
the cytoplasm of tumor cells by exosomal transfer or receptor was
essential for impairing the MHC-I expression.

Additionally, given that PD-L1 expression on cancer cells inter-
acts with PD-1 on T cells enabling cancer cells to escape T-cell-
mediated immune surveillance*, we also examined the impact of

M2-exo on PD-L1 expression of tumor cells. We found that M2-
exo upregulated PD-L1 of MFC, MC38 cells (Figure S7A-D), and
BGC cells (Figure S7E-G) at the mRNA level and protein level.
However, this PD-L1 induction is unlikely mediated by exosomal
ApoE because ApoE-OE MFC did not induce the PD-L1 expres-
sion (Figure S8A-C). Also, we did not find a significant induction
of PD-L1 on ApoE-OE MC38 cells (Figure S8D) or M2-exo
administration in vivo (Figure S8E, F), indicating that tumoral PD-
L1 induction of M2-exo is probably cell-context and did not
necessarily dependent on ApoE. To sum up, our data revealed
that M2-exosomal ApoE impaired tumoral MHC-I expression to
deteriorate the immunogenicity of tumor cells.

ApoE inhibits the ATPase activity of BIP to downregulate
MHC-I expression

To understand the detailed molecular mechanism of how
ApoE enrichment elicits lower MHC-I expression, we sought
to identify the direct functional protein of ApoE in tumor cells
through Co-IP followed by LC-MS. Among the multiple pro-
teins that potentially interact with ApoE, binding immunoglo-
bulin protein (BiP; also termed GRP78) is the top protein
binding with ApoE with the highest affinity (Figure 5A, Table
S6). BiP, a major endoplasmic reticulum (ER) chaperone, acts
as the primary sensor in the activation of the unfolded protein
response, reducing ER stress levels due to an enhancement of
the cellular folding capacity. Importantly, proper folding and
assembly in the ER are essential steps for the expression of
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functional MHC-I molecules on the cell surface,’ and BiP was
reported to regulate the MHC-I repairing and loading.*® Thus,
we focus on BiP protein to figure out the molecular mechanism
of ApoE-mediated MHC-I loss. By immunoprecipitation assay,
we validated that ApoE binds with BiP (Figure 5B). Confocal
co-localization assay also validated that M2-exosomal ApoE
also interacted and colocalized with BiP in M2-Exo-treated
MC38 cells (Figure 5C, Figure S8G).

To explore BiP function on MHC-I expression in tumor
cells, we tested the effect of BiP-specific inhibitor HA15 on

SD. One-way ANOVA with Tukey’s multiple comparison posttest (D, E, |, J).

MHC-I levels in MFC and MC38 cells. Indeed, HA15 treat-
ment specifically downregulated MHC-I expression in
a dose-dependent manner (Figure 5D, E). Given the function
of BiP is dependent on the intrinsic ATPase activity, we
applied the Discovery Studio Software to deduce the ApoE
and BiP docking and predict that how ApoE affects the BiP
activity. The ZDock results showed ApoE (PDB ID:1GS9)
can bind on BiP (PDB ID: 6ZYH) and most dock poses
were on the NBD chains of BiP which perform the ATPase
activity (Figure 5F, G). This docking assay indicated that
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ApoE may blockade the ATP to locate BiP NBD chains and
induce the downregulated ATPase activity of BiP.
Consequently, we directly measured the ATPase activity of
recombinant protein BiP or tumor cell-intrinsic BiP by Pi
release rate. The dock sites of EZ-482, an ApoE ligand,”” and
ApoE coincided with the dock poses of BIP to ApoE
(Figure 5H). Human recombinant protein BIP was cultured
with human recombinant protein ApoE overnight with or
without EZ-482 blocking the binding of ApoE with BiP.
Functionally, ApoE inhibited the ATPase activity of BiP

plus its cochaperone Edj by potential binding with BiP.
However, EZ-482 rescued the ATPase activity of BiP by
releasing the blocking binding with BiP (Figure 5I, S8H).
Consistently, ApoE overexpression in MC38 cells also inhib-
ited the ATPase activity of BiP while EZ-482 restored the BiP
function (Figure 5J). These data suggested ApoE might exhi-
bit the MHC-I downregulation by directly binding and inhi-
biting BiP function, indicating the potential of blocking the
interaction between BiP and ApoE to restore the antitumor
immune response.
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ApoE ligand EZ-482 overcomes ICB resistance induced by
M2-exo administration

Lastly, we sought to test the effect of EZ-482 in the MC38
tumor model. Although oral administration of EZ-482 alone
did not hinder tumor progression (Figure 6A--C) and did not
coordinate ICB therapy to increase the percentage of tumor-
infiltrating CD8" T cells significantly (Figure 6D, E), EZ-482 in
combination with anti-PD-1 promoted MHC-I expression of
MC38 cells, which counteracted the downregulated effect of
MHC-I by M2 exosomal ApoE (Figure 6F). Obviously, M2-exo
administration counteracted the slower tumor growth caused
by anti-PD-1; however, the EZ-482 administration reduced
tumor progression and rescue the ICB resistance induce by
M2-exo (Figure 6G--I). Furthermore, the addition of EZ-482
in the anti-PD-1 + M2-exo group increased the presence of
tumor-infiltrating CD8" T cells (Figure 6]), indicating that
EZ-482 remodeled the M2-exo-induced pro-tumor to anti-
tumor TME. In addition, the EZ-482 treatment increased the
MHC-I expression on the MC38 cells (Figure 6K), consistent
with our in vitro experiment showing that EZ-482 treatment
rescued the inhibitory function of ApoE enrichment on BiP
binding and MHC-I expression. Altogether, immunosuppres-
sive M2-exo can dampen ICB immunotherapy responses and
our data support EZ-482 treatment enhancing MHC-I levels
on cancer cells to partly rescue the M2-exo-induced ICB resis-
tance as a promising strategy to improve ICB efficacy.

Discussion

We reported here that immunosuppressive TAMs, especially
M2 macrophages, confer ICB immunotherapy resistance by the
secreted exosome. We further identified that M2-exosomal
ApoE degraded MHC-I expression to repress tumor cell
immunogenicity by targeting tumor-intrinsic ATPase activity
of ER chaperone BiP (Figure 7). Finally, we validated that the
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ApoE ligand, EZ-482, reverses ICB resistance induced by M2-
exo in preclinical tumor models. These data suggest that the
malignant phenotype of cancer cells can be altered by ApoE
delivered by exosomes derived from neighboring macrophages
in the TME and that inhibiting exosomal-ApoE function is an
alternative modality in the treatment of cancer in combination
with ICB.

Despite the incredible clinical benefits obtained using ICB
therapy, resistance is still common for many types of
cancer.”>*****! Tt is now acknowledged that even in the case
of immunogenic tumors, the functions of effector CD8" T cells
are highly compromised by the presence of an immunosup-
pressive tumor microenvironment at the tumor site.® TAMs
are abundant nonmalignant stromal cell types within the TME
of most cancer types and they are crucial drivers of tumor
progression, metastasis, and immune escape.‘u’43 The estab-
lished pro-tumoral roles of TAMs include stimulating pro-
tumor inflammation, constituting a suppressive immune
microenvironment, facilitating cancer cell immune evasion,
and deteriorating immunotherapy efficacy. In terms of the
immune-suppressive function, it is well established that
TAMs are capable to regulate either directly or indirectly
cytolytic T-cell recruitment and functions. Given that TAMs
are one of the dominant innate immune cell populations in
tumors, the reciprocal interactions between cancer cells and
TAMs, in particular M2-like TAMs, might shape the tumor
immune landscape to impair ICB efficacy. In our previous
studies, we showed that tumor-derived lipid content induced
M2-like polarization of TAMs, which displayed pro-
tumorigenic characteristics with decreased phagocytosis and
impaired anti-tumor immunity.” In this study, we further
revealed that M2-like macrophage modulated the tumor cell
immunogenicity by secreted exosome to confer its immune
suppressive function leading to the resistance to ICB therapy.
As vital messengers, macrophage-derived exosomes can trans-
fer multiple types of bioactive molecules such as proteins,

Cytotoxic T cell

Immune escape
Immunotherapy resistance

Cancer Cell

Figure 7. Schema of that M2-like macrophage-derived exosomes induces immune escape of cancer cells. BIP protein has ATPase activity and can repair and load
mismatched MHC-I. M2-exosomal ApoE is transferred to tumor cells and then binds to the BIP in the endoplasmic reticulum to inhibit its ATPase, resulting in decreased
expression of MHC-I on tumor cells and inducing the immune escape to avoid CD8" T-cell recognition and killing leading to ICB immunotherapy resistance.
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RNA, and DNA from macrophages to recipient cells, modulat-
ing the biological function of recipient cells.***> Recently,
increasing studies have shown that exosomes could play
a crucial role in orchestrating the crosstalk between macro-
phages and cancer cells. In recent years, the growing
evidence®®™° including our previous studies,'”*® showed that
M2 macrophage-derived exosome modules tumor progression,
metastasis, and chemotherapy resistance. To the best of our
knowledge, this is the first report to discover the direct effect of
macrophage on tumor-intrinsic immunogenicity by secreted
exosomes to confer ICB resistance. This finding reveals a novel
immunosuppressive role of M2-like macrophages by the
secreted exosome, expanding the immunoregulation function
for M2 macrophages in tumor immunity.

Furthermore, our present study delineated that the M2-exo
- mediated tumor immunogenicity attenuation was dependent
on exosome-transmitted ApoE, which was confirmed both
in vivo and in vitro by the genetic knockout ApoE in M2-like
macrophage. ApoE is an apolipoprotein that mediates choles-
terol metabolism and has known roles in cardiovascular and
Alzheimer’s disease.”® Consistent with our previous report,*
a recent study confirmed that elevated ApoE is highly dom-
inantly elevated in TAMs within TME.> Unlike the recent
report that the recombinant ApoE mediated immune suppres-
sion through the LDLR,*® we identified that M2-exo trans-
mitted ApoE deteriorates tumor-intrinsic immunogenicity by
downregulating the surface expression of MHC-I, leading to
despaired CD8" T-cell-mediated tumor killing. The impaired
antigen presentation caused by mutations or loss of MHC-I has
been implicated in ICB resistance.”*** Usually, the mutations
of MHC-I are rarely found; however, downregulation of MHC-
I expression on tumor cells is more frequent, which is the
major common mechanism of immune evasion®' and ICB
resistance.® Interestingly, by utilizing Co-IP-based proteomics,
we identified that M2-exo transmitted ApoE induces the
MHC-I downregulation by directly binding and inhibiting
the ATPase activity of BiP. The ER chaperone BiP is a master
regulator of ER functions and inadequate BiP availability
defines endoplasmic reticulum stress,”>> which impairs
MHC I-peptide presentation, in which ER stress is a typical
feature of infected and malignant cells, can impair MHC
I-peptide presentation impinging on cues for adaptive immune
recognition.”® Our study reveals a novel immunosuppressive
role of M2-exosomal ApoE impairing tumor immunogenicity
through the BiP signaling pathway. For the translational study,
we further showed that the ApoE ligand EZ-482 can pheno-
copy ApoE deficiency and preferentially induce MHC-I
expression, leading to enhanced sensitivity of cancer cells to
T-cell-driven cytotoxicity. The combination of EZ-482 and
ICB is likely to benefit patients with enriched M2-TAMs
tumor microenvironments. This is potentially exciting given
the biosafety of profiles of EZ-482, which has the potential for
Alzheimer’s disease,”” from multiple early-phase clinical
studies.

Collectively, our results demonstrate that ApoE derived
from M2-exo has the potential to induce tumor cell-
intrinsic MHC-I loss leading to impaired CD8" T-cell-
mediated tumor killing and ICB resistance through down-
regulating BiP activity, whereas the blockage of ApoE

binding activity by ApoE ligand EPZ-482 in M2-exo-
treated tumor cells abolishes ICB resistance. Notably, sev-
eral studies have investigated the use of cancer therapies
targeting M2 macrophages in clinical trials with little suc-
cess. A valuable contribution of this study is the identifica-
tion of the important role of M2-exosomal ApoE in ICB
response, providing an alternative target that may prove to
be more useful in the clinic where macrophage-targeting
agents have failed. Thus, despite further investigation being
warranted, we propose that the interruption of the ApoE-
BiP-MHC-I pathway could be a useful therapeutic approach
for ICB-resistant patients with M2-TAMs enriched
microenvironment.
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