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Abstract

Min Guk Han

Interdisciplinary Program in Cancer Biology Major
The Graduate School

Seoul National University

Introduction: The poor response of breast cancer to immune
checkpoint blockade may result from low immunogenicity and
the Immune-suppressive tumor microenvironment. We
hypothesized that combined use of phosphoinositide 3-kinase
(PI3K) inhibitor to obstruct immune suppression and radiation
therapy (RT) as a 7/n situ tumor vaccination would reinforce the
antitumor 1mmune effect of PD-1 blockade as an immune
checkpoint blockade.

Methods: Murine breast cancer cells (4T1) were grown in
both immune-competent and immune-deficient BALB/c mice,
and tumors were irradiated by 3 fractions of 24 Gy. A PD-1
blockade and a PI3Ky6 inhibitor were then administered every
other day for 2 weeks. Flow cytometry analysis and
immunohistochemistry served to monitor subsequent changes in
immune cell population. Same experiments were performed in
humanized patient-derived breast cancer xenograft (Hu-PDX)
model, and its RNA of tumor was sequenced to identify

immune-related pathways and to profile infiltrated immune cells.



Transcriptomic and clinical data were acquired from The
Cancer Genome Atlas (TCGA) pan-cancer cohort, and the
deconvolution algorithm was wused to profile mmune cell
repertoire.

Results: The triple combination of RT, PD-1 blockade, and
PI3Ky6 inhibitor significantly delayed tumor growth, boosted the
abscopal effect, and improved animal survival. RT significantly
increased CD&" cytotoxic T-cell fractions, immune-suppressive
Tregs, MDSCs, and M2 tumor associated macrophages (TAMSs).
However, PI3Ky6 inhibitor significantly lowered proportions of
Tregs, MDSCs, and M2 TAMs, achieving dramatic gains In
splenic, nodal, and tumor CD& T-cell populations after triple
combination therapy. In a humanized PDX model, triple
combination therapy significantly delayed tumor growth and
decreased immune suppressive pathways. In TCGA cohort, high
Treg/CD8" T cell and M2/M1 TAM ratios were associated with
poor overall patient survival.

Conclusion: These findings indicate PI3KyS are clinically
relevant targets in an immunosuppressive TME. And combining
RT and PD-1 blockade may overcome the therapeutic resistance
of immunologically cold tumors such as breast cancer having

Immunosuppressive tumor microenvironment.

Keywords : Breast cancer, PI3K inhibitor, Radiation therapy,
PD-1 blockade, Immunotherapy, Abscopal effect
Student number : 2019-38319
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I. Introduction

Immune checkpoint blockades (ICBs) improve outcomes of patients
with solid tumors, such as malignant melanoma [1] and non-small
cell lung cancer [2]. However, use of ICB monotherapy has limited
efficacy for many other tumors [3]. Especially, the response rates in
triple-negative breast cancer (TNBC) to ICB monotherapy are low,
ranging from 5% to 21% [4,5]. One major potential mechanism of
therapeutic resistance 1S the Immune-suppressive tumor
microenvironment (TME) characterized by dominance of
immune-suppressive immune cells such as regulatory T cells (Tregs)
[6], myeloid-derived  suppressor cells (MDSCs), and M2
tumor-associated macrophages (TAMs) [7,8]. These immune cells
impair the functions of anti-tumor immune cells, such as CDSg"
cytotoxic T cells, and thereby limit ICBs efficacy. Although TNBC is
more Immunogenic with higher levels of tumor-infiltrating
lymphocytes, TNBCs with immune—suppressive TME indeed showed
resistance to ICBs [9]. Study findings about infiltrating T
cell-mediated tumor killing [10] indicate that depletion of
immune-suppressive immune cells and promotion of anti—tumor T cell
infiltration in the TME are key factors that enhance ICBs efficacy
[11,12]. With respect to infiltrating T cells, breast cancer is generally
regarded as an immunologically “cold” tumor characterized by
relatively low infiltration of CD&" cytotoxic T cells and a low tumor

mutational burden [13]. Thus, modulating TME susceptibility to



immunotherapy via combination with other treatment modalities is a
promising strategy.

Radiation therapy (RT) can enhance the anti-tumor immune
response by releasing tumor—associated antigens and priming T cells
[3]. When coupled with ICBs [14,15], this 7/n situ tumor vaccination
effect 1s expected to result in control of wunirradiated distant
metastasis (i.e., the abscopal effect). RT can reprogram the TME by
promoting effector T cell infiltration [16], which suggests that RT is
a promising ICB partner [17]. With the recent success of ICBs in the
treatment of advanced and metastatic cancers, whether it would be
beneficial to combine RT and ICBs have become an important issue,
with numerous clinical trials ongoing [18]. The synergistic effects of
RT with ICBs are explained by the mechanism suggested for the
immune-stimulatory effect of RT 1s immunogenic cell death, which
involves the release of danger—associated molecular patterns (DAMPs)
[19]. The DAMPs recruit and activate antigen-presenting cells and
lead to the priming of the cytotoxic T cells [20]. Nevertheless, RT
can also induce iImmunosuppressive responses by increasing Tregs,
MDSCs, and M2 TAMs [21], which have central roles in adaptive
immune resistance by deactivating tumor-specific cytotoxic T cells.
Therefore, this is a reason why the immune-suppressive Immune
cells should be controlled by other inhibitors.

The phosphoinositide 3-kinase (PI3K) signaling molecule is an
important immune regulator for cell survival, growth, and proliferation

[22]. The PI3K family consists of three classes (I to III). Class I



PI3K molecules include a catalytic subunit (pll0a, B, y, or §). Of
these subunits, pllOy and pllO06 are potential targets for tumor
immune microenvironment modulation [23]. The PI3KS, which is the
main isoform of PI3K activated by the T cell receptor [24], has been
the target of clinical trials for treatment of hematologic malignancies
[25]. A previous study using pllOS-inactivated mice found that
inactivation of pll0§ inhibits Treg and polymorphonuclear—-MDSCs
(PMN-MDSCs) function, which results in better tumor control and
survival [23,26]. Solid-tumor 4T1 murine model findings indicate PI3K
§ inhibitor impairs Treg function and releases CDS" cytotoxic T cells
to result in a tumor suppression effect [23,26]. A selective PI3Ky
inhibitor can modulate the TME by shifting immunosuppressive
M2-like to more inflammatory M1-like macrophages in a solid tumor
mouse model [23,27]. Since adaptive immune resistance via Tregs,
MDSCs, and M2 TAMs are the key components of resistance to
ICBs, PI3K inhibitors could be a reasonable candidate as a target for
combination therapy with programmed death protein 1 (PD-1)
blockade [23]. Therefore, we hypothesized that targeting PI3Ky, and
PI3SKS would be more effective to reverse immune suppressive TME.

Breast cancer 1is generally viewed as immunologically ‘cold’,
imposing an immune-suppressive TME and responding poorly to lone
ICB. As an adjunct to ICB, RT holds promise in terms of in situ
tumor vaccination effect, although it is known to promote immune
suppression, Tregs, MDSCs, and M2 TAMs. It was our contention

that combined use of RT and a PI3Ky§ inhibitor to combat immune



suppression might enhance the efficacy of ICB (Figure 1). The
objectives of this study were to examine the efficacy and
mechanisms associated with using a combination approach of RT,
PD-1 blockade, and selective inhibitor of PI3Ky& (IPI-145, duvelisib)
[23].

8-t 8 57



PI3Kyé inhibitor

Deactivation of immune-suppressive cells

Radiation Therapy (RT)
in situ tumor vaccination

Fumor cell killing

PD-1 blockade
Activating CD8" cytotoxic T cells

Figure 1. The strategic hypothesis.

This study aims to optimize the therapeutic effect of PD-1 blockade by
deactivating immune suppressive cells using PI3Ky6 inhibitor, in addition to
the in situ vaccination effect through RT. Abbreviations: MDSC =
myeloid—derived suppressor cell, MHC= major histocompatibility complex;
TAM = tumor associated macrophage; TCR = T-cell receptor; Treg =
regulatory T cell.

TU



II. Materials and Methods

1. Preparation of cell lines

Luciferase-tagged 4TI (4TI-luc) and untagged 4TI murine cancer
cell lines for breast cancer were obtained from the American Type
Culture Collection. The cells were maintained in culture plates using
Dulbecco Modified Eagle Medium (DMEM, Corning) supplemented
with 10% fetal bovine serum (Gibco, Invitrogen) and 1% penicillin
(Welgene Inc) with streptomycin (complete DMEM medium). Cells

were maintained at 37°C in 5% CO, humidified chambers.

2. In vivo studies using syngenic murine tumor

model

Female Balb/c mice (6 weeks old) were purchased from Orient Bio
Inc. (Sungnam, Korea). Mice were injected with 6 x 10°
triple-negative breast cancer (TNBC) 4T1-luc or luciferase-untagged
4TI murine cells in the subcutaneous tissue of the right hind limb or
left flank of the mice. Eight-week-old mice were used for all
experiments. All mice were maintained and treated in accordance with
the Institutional Animal Care and Use Committee regulations at the
Clinical Research Institute, Seoul National University Bundang
Hospital (IACUC approval number: BA1807-251/054-06,
BA-2011-308-104-05). Each mouse was randomly assigned to one of
eight groups: control, RT, PI3Ky6 inhibitor, PI3Ky6 inhibitor + RT,
PD-1 blockade, PD-1 blockade + RT, PI3Ky6 inhibitor + PD-1
blockade, or triple combination. There were at least five mice per

group In each experiment. Tumors were irradiated using a total dose



of 24 Gy given in 8 Gy three fractions. RT was delivered via an
electron beam every 2 days for a week. Treatments were given as
single agents or in combination using the following regimen. The
PD-1 blockade was purchased from Biolegend (clone RMP1-14,
114115) and treated at 10 mg/kg. The PI3KyS inhibitor (Duvelisib,
Selleckchem, S7028) given at 15 mg/kg. These drugs were injected
via the intraperitoneal route once every 2 days for 2 weeks (Figure
2). Tumor size was measured periodically using a caliper, and total
tumor volume (length x width?® x 0.5) was calculated. Animals were
euthanized when signs of distress were observed or when total tumor

3 or up to 3,000 mm®

volume reached 1,000 mm . Tumor progression
was observed using an i vivo imaging system (IVIS). At the end of
the study, the tumor, the spleen, and the inguinal lymph node as
draining lymph node (dLN) were isolated from each mouse, and a
portion of each tissue type was immediately fixed using 4%
paraformaldehyde for immunohistochemistry study. The remaining
tissues were minced with scissors before incubation with 100 U/ml
collagenases (Gibco) and 0.2 mg/ml DNase (Roche) in Hank’s
Balanced Salt Solution (HBSS) for 30 min at 37 °C. The samples
were homogenized using repeated pipetting and were filtered through
a 70 uym cell strainer (Falcon) in supplemented RPMI to generate
single—cell suspensions. After red blood cell lysis was accomplished
using ACK Lysing Buffer (Gibco), all samples were washed and
re-suspended in Cell Staining Buffer (Biolegend, 420201). Immune
modulatory function was estimated using flow cytometry analysis
(fluorescence activated cell sorting, FACS; FACSCalibur, BD

Biosciences).



In vivo experimental scheme

EOD: Measurements of weight and tumor size

| pay-10

v v Day-12

PI3Ky$ inhibitor(15 mg/kg)

and

PD-1 blockade (10 mg/kg)

H Day-14 ; Day-—16, 18,20

Day - 60
Survival

I
Day-0
6.0 X 10%live 4T cells
inoculation into right
hind fimb and left flank
subcutaneously

Day- 10
Radiation

Day-12
Radiation
therapy 8Gy
dose.

therapy
8Gy dose.

Day-7
VIS

imaging

Figure 2. Treatment schedule for mice treated

blockade, and PI3Ky§ inhibitor.

Day-14
Radiation

therapy 8Gy
dose.

Day-31 Day-32
vIs Sacrifice
imaging

with RT, PD-1

This is the overall schedule for administering RT, PI3Ky6 inhibitor, and
PD-1 blockade. The RT was performed using a total dose of 24 Gy given
in 8 Gy in three fractions every other day. The PI3Ky6 inhibitor and PD-1

blockade were administered via the intraperitoneal route every 2 days for 2

weeks. Abbreviations: EOD = every

other day.



3. Bioluminescence imaging

Bioluminescence images were obtained using the IVIS Imaging
System 100 series (Xenogen Corporation) according to the
manufacturer's protocol. Mice were injected with luciferin (Promega,
25 mg/mouse) 10 min before imaging under anesthesia (1 -2%
isoflurane). The acquired images included peak luminescence signals
and were recorded for 10 min. Calculated values for relative tumor
burden were analyzed using the statistical method presented in the

Statistical Analysis section.

4. Immunohistochemistry and immunofluorescent

staining, confocal microscopy

The tumor tissues isolated from mice were fixed with formalin and
paraffin-embedded tissue blocks were constructed. The
paraffin-embedded tissues were prepared and cut into serial 4-pm
transverse sections. The sections were deparaffinized using a
xylene—-to—ethanol gradient and incubated with 3% H>O: in methanol
for 10 min at room temperature. Then, they were boiled in 0.01 M
sodium citrate buffer (pH 6.0) for antigen retrieval and blocked with
5% normal goat serum (Vector Laboratories, Burlingame, CA). The
processed sections were Incubated at 4°C overnight with primary
antibodies against the following: Santa Cruz Biotechnology: cGAS
(scb15777), CD8 (sc-18860 AF488), FasL (sc-19681 AF647), PI3Kpll0
y (sc-166365) and PI3Kpl108§ (sc-55589); Cell Signaling Technology:
p~AKT (4060S) and FOXP3 (NoVus, NB100-39002); or Abcam:
HIF-1a (abl6066), PD-L1 (ab2025921), CD8 (ab203035), CD31
(abh222783), CD163 (abl1822422), and Ly6G (ab25377). The ImmPRESS
Goat Anti-Rat IgG (Mouse Adsorbed) Polymer kit (Vector



Laboratories), Abcam (abl50165, abl50081), and REAL EnVision
detection system (Dako) were used for the secondary antibody and
color development detection, respectively. Immunostained sections
were counterstained with hematoxylin and mounted using
Organo/Limonene mounting medium (Immunobioscience). These
stained sections were observed at 40x magnification using an
Axioskop 40 light microscope (Carl Zeiss) and AxioVision 4.7
software. Optical density was quantified using Image ] software
(NIH, Bethesda). The mean density of three slices per sample was

calculated.

5. Flow cytometery analysis

Twenty days after tumor cell inoculation, the mice were euthanized
and the draining lymph nodes, spleens, and tumors were isolated.
Tumors were excised, and single-cell suspensions were obtained
using mechanical processing and enzymatical digestion. Whole spleen
and draining lymph node tissues were mechanically processed and
stained upon erythrocyte lysis (Gibco™). Cells isolated from mouse
tumors, spleens and dLN were pre-incubated (15 min, 4 °C). After
each organ single—cell isolation procedure, the 1 x 10° cells per FACS
tube were stained with Fc blocker (clone 2.4G, BD Biosciences) for
block nonspecific binding and stained with appropriate dilutions of
various combinations of the following fluorochrome-conjugated
antibodies for 30 min, at 4 °C to analyze leukocyte infiltrates: BD
Pharmingen: CD3 (555274), CD8b (550798), CD11b (553312), CD45
(553080), F4/80 (565410), and MHCII (562363) or Biolegend: CD4
(100405, 100511, 100539, 100515), Ly6G (127605), CD25 (102029), Ly6C
(128011), CD8a (100733), CD127 (135021), and CDZ206 (141707). For

_10_



intracellular staining, cell surface marker staining was performed for
30 min on ice and intracellular FOXP3 (eBioscience, 12-5773-80)
staining was performed according to the manufacturer’s instructions
(complete kit; eBioscience). Three or four colors were used
simultaneously, which are FITC, PE, PerCP-Cyb55, and APC. CD4
antibody was used for compensation for Treg and CDS8 analysis, and
CD11b antibody was used for MDSC and TAM analysis. For each
analysis, different tubes were used and at least 3 replicates were
performed. The data were acquired using FACSCalibur machines and

analyzed using Flow]Jo software (Treestar, version 10).

6. Measurement of interferon (IFN) beta and

gamma level

Blood samples were obtained from the intra-orbital vein using a
micro hematocrit capillary tube, then centrifuged at 1,000 x g for 30
min at 25°C. The serum samples were immediately stored at —80 °C.
According to manufacturer’s protocol, 20 ul of 1:5 diluted serums
were analyzed using Mouse ProcartaPlex™ Simplex Kit (Invitrogen™,
EPX01B-26044-901 or EPX01A-20606-901) by Luminex to measure
serum IFN- and IFN-y levels. The quantification of concentraion of
IEN-B and IFN-y performed by using the Bio—Plex® 200 Systems
and the Luminex XPONENT Software (Luminex Corporation) on the

basis of corresponding standards curves.
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7. Generation of humanized patient—derived
xenograft (PDX) model

Humanized mouse models (HuNSG; human CD34" hematopoietic
stem cell-engrafted NOD.Cg-Prkdcscid I12rgtm1Wijl/Sz] mice [NSG™)),
which included multi-lineage human immune cells, were purchased
from The Jackson Laboratory (Bar Harbor, Maine, USA). HuNSG
mice that had > 50% hCD45 cells in the peripheral blood were
measured in The Jackson Laboratory report as humanized mice.
Patient breast cancer tissues (IRB approval number: C-1402-054-555)
were obtained from surgical specimens of patients with breast cancer
tumors showing high expression of PI3Ky and § at Ewha Woman’'s
University Hospital. Humanized PDX models were generated via
implantation into the HuNSG mice (IACUC approval number:
BA1906-274/036-01, IBC approval number: IBC-2005-R-009-01). Since
the human immune system in humanized NSG mice has been
reported to be maintained for 6 weeks [28], we transplanted the
patient—derived tumors and conducted whole experiments within 7
weeks. Patient-derived tumors were minced into 1x1.5x1.5 mm® pieces
and loaded into humanized mouse models. The minced tumor tissue
was transplanted subcutaneously into the right flanks of HuNSG mice
while under isoflurane gas anesthesia. Tumor size was measured
three times a week after tumor transplantation. The experiment was
completed when the tumor volume reached 1,000 mm?® All mice were
maintained according to guidelines established by the Institutional

Animal Care and Use Committee.

_12_



8. Humanized PDX-derived tumor mRNA

sequencing and bioinformatic analysis.

Tumor was collected from one humanized PDX mice in each eight
group: control, RT, PI3Ky& inhibitor, PISKy6 inhibitor + RT, PD-1
blockade, PD-1 blockade + RT, PI3Ky6 inhibitor + PD-1 blockade and
triple combination. Tumor RNA was extracted from whole embryos
using RNeasy Mini Kit (QIAGEN, 74104). mRNA quality was
assessed using the RNA 6000 Nano-Assay on a BioAnalyser 2100
(Agilent Technologies). We performed TruSeq RNA Sample Prep Kit
v2 (Illumina) and paired-end sequencing (Illumina HiSeq 4000; 101-bp
reads; 6.3-74 Gb), trimming (Trim Galore) and alignment of reads
to the human genome hgl9 (Hisat2 and STAR aligner), gene
quantification (StringTie), gene counts (HTseq-count). To reduce
sample-to—sample systematic bias that may affect the interpretation,
the data were calibrated by Trimmed Mean of M-values (TMM)
normalization and estimating the size factor using count data in
'edgeR’ R package library. Gene ontology (GO) enrichment analysis
was performed by wusing ‘g:Profiler’ (https://biit.cs.ut.ee/gprofiler/).
Compared with control group, -logl0 false discovery rate (FDR) was
calculated in terms of immune-related GO terms. Gene set variation
analysis was performed by using ‘gsva’ R package with gene
signatures related with immune response or treatment response.
Compared with the control group, P-values were calculated in terms
of KEGG canonical pathways. Gene set variation analysis (GSVA)
was performed using the gsva R package with canonical gene
signatures that were retrieved from the Reactome [29] , Biocarta [30],
and KEGG databases. The CIBERSORTx deconvolution method [31]

was used to estimate infiltrated immune cells within the TME.

_13_



9. TCGA data acquisition, immune cell

deconvolution, and survival analysis

Transcriptomic and clinical data were acquired from the TCGA
pan—cancer cohort through the Xena browser
(https://xenabrowser.net/datapages) platform. A  batch—normalized
mRNA sequencing count dataset (N=11,069) was used for immune
cell deconvolution. To define PD-L1 high and low expression groups,
we used the median CD274 mRNA expression value as a threshold.
Patients with upper median value expression were grouped into the
PD-L1 high group; those with lower median values were assigned to
the PD-L1 low group. In a whole cohort, the
Phosphatidylinositol-4,5-Bisphosphate = 3-Kinase Catalytic = Subunit
Gamma (PIK3CG) or Phosphatidylinositol-4,5-Bisphosphate 3-Kinase
Catalytic Subunit Delta (PIK3CD) high expression groups were
defined as the upper median of each mRNA expression value; the low
expression groups were defined as the lower median value for each.
Using by the xCell [32], we analyzed fractions of four immune cells,
including CD8+ T cells, M1 TAMs, M2 TAMs, and Treg. fractions of
these 1mmune cells plotted in bar graphs and represented in
heatmaps. Tumor purity—-adjusted ratios were calculated by
inverse-weighting the immune score to the wunadjusted ratio. To
analyze survival, we selected samples with available OS data,
removed duplicate samples within a patient, and matched with
samples and survival data using the R program 3.6.1 version.
High—quality survival data was obtained from a previous study [33].
For the survival analysis, we analyzed data from 10,844 TCGA

pan-—cancer cohort patients.
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10. Statistical Analysis

The statistical analysis were performed using GraphPad PRISM
statistical analysis and graphing software (GraphPad 8). To analyze
tumor growth curves as a function of time, we fitted a linear mixed
effect model with a restricted maximum likelihood function. After
computing differences 1n predictive margins among groups, we
performed pairwise comparisons. For the pairwise comparisons,
P-values were calculated with adjustment of the comparison-wise
error rate based on the upper limit of the Bonferroni inequality. In
terms of tumor volume or burden, t-tests were performed, and the
results were presented as mean * standard error of the mean (SEM)
values calculated from the results for at least three animals in each
group, unless otherwise noted. A P-value < 0.05 was considered
statistically significant (*, P < 0.05; *x, P < 0.01; #%x P < 0.001;
wexk P < 0.0001). Each immune cell fraction was plotted in a scatter
bar plot according to subgroup. One sample t-tests were performed
to test whether a mean immune cell fraction was not statistically
zero. Wilcoxon rank-sum tests were performed to compare median
fractions of immune cells between groups. Kaplan—-Meier curves were

plotted and log-rank tests were performed using STATA 15.
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II. Results

1. Combining RT and PI3Ky6 inhibitor with PD-1

blockade resulted in enhanced antitumor effects

We inoculated 4T1-luc murine TNBC cell-lines into subcutaneous
tissue in syngenic mice, then we measured tumor volume in each
group to assess the antitumor effect. Figure 3 presents the results for
tumor volume growth delay curves for each group. Of the treatment
groups, using triple combination therapy, PD-1 blockade + RT + PI3K
¥§ inhibitor, resulted in the greatest anti-tumor effects (P < 0.001),
compared with the control group. A pairwise comparison analysis
revealed there were no significant mean tumor growth differences
between the RT and PI3Ky6 inhibitor + PD-1 blockade groups
(P=0.077) or between the PD-1 blockade and PI3Ky§ inhibitor + PD-1
blockade groups (P=0.244). We used bioluminescence imaging to
measure tumor burdens before (10 days after inoculation) and after
intervention (31 days after inoculation) (Figure 4). Consistent with the
tumor volume results, use of the triple combination therapy resulted
in the most tumor burden suppression. Observation of mice for an
extended period of up to 45 days revealed that the tumor growth rate
in the PD-1 blockade group accelerated 7 days after treatment had
been stopped (Figure 5). The triple combination group had the
longest mean survival, up to 50 days, followed by the PD-1 blockade
+ RT and PI3Ky6 inhibitor + RT combination groups (Figure 6).
Mice treated using the triple combination had the smallest tumor
sizes, even up to 42 days after inoculation (Figure 7). The mice in

the group with hyperprogression following PD-1 blockade had the
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worst survival (Figure 5). This hyperprogression was also visually

apparent in terms of tumor burden (Figure 7).
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Figure 3. Tumor growth curves of subcutaneous implants in mice
in each groups.
The graph presents the results of growth tumor volume