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Upfront dose-reduced chemotherapy
synergizes with immunotherapy to
optimize chemoimmunotherapy in
squamous cell lung carcinoma
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Jiachen Xu,' Pei Zhang,"? Di Wang,"? Yanhua Tian,* Jiefei Han, Kailun Fei,’

Hua Bai," Jie Tian,?® Jie Wang @

ABSTRACT

Background The survival benefits of combining
chemotherapy (at the maximum tolerated dose, MTD)
with concurrent immunotherapy, collectively referred to
as chemoimmunotherapy, for the treatment of squamous
cell lung carcinoma (SQCLC) have been confirmed

in recent clinical trials. Nevertheless, optimization of
chemoimmunotherapy in order to enhance the efficacy of
immune checkpoint inhibitors (ICls) in SQCLC remains to
be explored.

Methods Cell lines, syngeneic immunocompetent mouse
models, and patients’ peripheral blood mononuclear cells
were used in order to comprehensively explore how to
enhance ectopic lymphoid-like structures (ELSs) and
upregulate the therapeutic targets of anti-programmed
death 1 (PD-1)/anti-PD-1 ligand (PD-L1) monoclonal
antibodies (mAbs), thus rendering SQCLC more sensitive
to ICls. In addition, molecular mechanisms underlying
optimization were characterized.

Results Low-dose chemotherapy contributed to an
enhanced antigen exposure via the phosphatidylinositol
3-kinase/Akt/transcription factor nuclear factor kappa

B signaling pathway. Improved antigen uptake and
presentation by activated dendritic cells (DCs) was
observed, thus invoking specific T cell responses leading
to systemic immune responses and immunological
memory. In turn, enhanced antitumor ELSs and PD-1/
PD-L1 expression was observed in vivo. Moreover, upfront
metronomic (low-dose and frequent administration)
chemotherapy extended the time window of the
immunostimulatory effect and effectively synergized

with anti-PD-1/PD-L1 mAbs. A possible mechanism
underlying this synergy is the increase of activated type

| macrophages, DCs, and cytotoxic CD8" T cells, as well
as the maintenance of intestinal gut microbiota diversity
and composition. In contrast, when combining routine
MTD chemotherapy with ICIs, the effects appeared to be
additive rather than synergistic.

Conclusions We first attempted to optimize
chemoimmunotherapy for SQCLC by investigating
different combinatorial modes. Compared with the

MTD chemotherapy used in current clinical practice,
upfront metronomic chemotherapy performed better
with subsequent anti-PD-1/PD-L1 mAb treatment. This
combination approach is worth investigating in other types

of tumors, followed by translation into the clinic in the
future.

INTRODUCTION

Squamous cell lung carcinoma (SQCLC) is a
common subtype that accounts for 20%-30%
of non-small cell lung cancer (NSCLC)
cases.! Over the past few decades, there have
been limited advances in SQCLC treatment
owing to a lack of targetable mutations and
low immunogenicity. SQCLC can be classified
as a ‘cold’ tumor, meaning it is less sensitive
to immunotherapy. Platinum-based doublet
chemotherapy at the routine maximum toler-
ated dose (MTD) has long been used as first-
line care.?? However, at the MTD, modest
chemotherapeutic effects and substantial
systemic toxicity make SQCLC treatment
challenging.*”

Recently, immune checkpoint inhibitors
(ICIs), such as programmed death 1 (PD-1)
and its ligand PD-LI1, have revolutionized
cancer therapy, particularly through their
combination with chemotherapy.® 7 Such
combination approaches are referred to as
chemoimmunotherapy, and have been shown
to significantly improve response rates when
compared with ICI monotherapy.® In the
phase III KEYNOTE-407 and IMpower-131
trials conducted in patients with SQCLC, it
was observed that pembrolizumab or atezoli-
zumab combined with concurrent MTD
chemotherapy resulted in greater clinical
benefits with manageable toxicity when
compared with chemotherapy plus placebo.”"’
Hence, it has been suggested that chemoim-
munotherapy may be an excellent therapeutic
strategy for patients with SQCLC. Neverthe-
less, despite the encouraging results obtained
from these phase III clinical trials, the actual
relationship between MTD chemotherapy
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and ICIs remains controversial. For the past few decades,
most oncologists believed that MTD chemotherapeutics
cause immunosuppression, including myelopenia or
lymphopenia, suggestive of a possible antagonistic effect
between MTD chemotherapy and immunotherapy.' ™
In addition, the toxicity of MTD chemotherapy in combi-
nation with concurrent ICIs should not be overlooked,
especially for older or weak patients who might poorly
tolerate this combination. It should be noted that older
patients account for the majority of individuals with lung
cancer, and have higher mortality rates compared with
younger patients.'*'” However, older patients are under-
represented in current standardized clinical trials, mainly
due to functional disabilities and pre-existing comorbid-
ities.' Hence, more efficacious combinatorial strategies
that can ultimately boost chemoimmunotherapy and
ameliorate its adverse effects in patients with SQCLC are
still worth exploring.

The immunoregulatory effects of low-dose chemother-
apeutic drugs have been of particular interest within the
field of oncology.”™ In genetically engineered lung
adenocarcinoma mouse models, Pfirschke et al observed
that low-dose oxaliplatin (OxP) combined with cyclo-
phosphamide triggered immunogenic responses and
provided benefits when combined with ICIs.* Similarly,
Song et al demonstrated that low-dose OxP enhanced
antitumor ectopic lymphoid-like structures (ELSs) in
murine colorectal cancer models, and OxP combined
with an anti-PD-L1 monoclonal antibody (mAb) signifi-
cantly inhibited tumor growth.** Moreover, low-dose
and frequent (so-called ‘metronomic’) administration
of cyclophosphamide could extend the time window
of immune modulation.”” ** In another study, Liu et al
found that the administration sequence and dosage of
chemotherapeutic drugs and an anti-CD47 mAb signifi-
cantly affected the host immune response following
immunotherapy.”” Therefore, it was suggested that the
administration dosage, frequency, and sequence of
chemotherapeutic drug treatments are critical for potent
immune activation, especially when combined with ICIs.

A functional and active immune system is pivotal for
durable clinical responses, especially for responses to
immunotherapy.® In order to achieve an optimal ther-
apeutic effect through chemoimmunotherapy, chemo-
therapy should be considered as an initiator or partner of
immunotherapy rather than as serving the classical role of
a cytotoxic agent at the MTD, the sole purpose of which
is to inhibit tumor growth. Hence, finding the balance
between active antitumor immunity and tumor inhibition
with less toxicity is critical for the success of chemoim-
munotherapy. In this study, we first attempted to eluci-
date the underlying molecular mechanisms responsible
for the synergistic effect between low-dose chemotherapy
and immunotherapy in SQCLC in order to facilitate the
design of more effective combinatorial chemoimmuno-
therapeutic approaches. Second, in order to achieve the
balance between chemotherapy-induced immunosup-
pression and an active tumor-immune microenvironment

(TIME), different combinatorial chemoimmunotherapy
regimens in terms of chemotherapy dosage, frequency,
and administration sequence were further explored in
SQCLC mouse models.

MATERIALS AND METHODS

Reagents and antibodies

Cisplatin (CDDP, Cat# S1166), gemcitabine (GEM, Cat#
S1714), docetaxel (DTX, Cat# S1148), paclitaxel (PTX,
Cat# S1150), LY 294002 (PI3Ka/d/B inhibitor, Cat#
S1105), MK-2206 2HCI (Aktl/2/3 inhibitor, Cat# S1078),
and BAY 11-7082 (transcription factor nuclear factor
kappa B/NF-xB inhibitor, Cat# S2913) were purchased
from Selleck Chemicals (Houston, Texas, USA). For
in vitro experiments, these reagents were dissolved in
sterile phosphate-buffered saline (PBS) or dimethyl
sulfoxide (DMSO; final DMSO concentrations <0.1%)
and stored at —20°C. For in vivo studies, solutions of the
chemotherapeutic agents were prepared according to
the manufacturer’s specifications immediately prior to
administration. Fetal bovine serum (FBS, Cat# 12662029),
penicillin-streptomycin (Cat# 15140122), Glasgow’s buff-
ered minimal essential medium (Cat# 21710082), RPMI-
1640 culture medium (Cat# 61870044), and Dulbecco’s
modified Eagle’s medium (DMEM, Cat# 11965092) were
purchased from Gibco (Grand Island, New York, USA).
Human and murine recombinant interferon-y (IFN-y)
(Cat# 713 906 and Cat# 714006), LEGENDplex recombi-
nant granulocyte-macrophage colony-stimulating factor
(GM-CSF, Cat# 713704), recombinant interleukin-4
(IL-4, Cat# 715004), and recombinant high mobility
group box-1 (HMGB-1, Cat# 764004) were purchased
from Biolegend (Carlsbad, California, USA). Lipo-
polysaccharide solution (500 X) (Cat# 00-4976-93) was
purchased from eBioscience (Affymetrix, Thermo Fisher
Scientific, San Diego, California, USA). Collagenase type
IV (Cat# C5138) and deoxyribonuclease I (Cat# D4263)
were purchased from Sigma-Aldrich Company (St.
Louis, Missouri, USA) and were used to prepare single-
cell suspensions from tumor tissue. All fluorescently
conjugated antibodies used for fluorescence-activated
cell sorting (FACS) were purchased from BD Biosci-
ences (Oxford, UK). Murine and human commercial
HMGB-1 ELISA kits (Cat# HH0016 and MHO0016) were
obtained from NeoScientific (Cambridge, Massachu-
setts, USA). Clodronate, neutral clodronate liposomes
(Cat# F70101C-N), used for macrophage depletion,
were purchased from FormuMax Scientific (Silicon
Valley, California, USA). Anti-CD8o mAb (clone 169.4,
Cat# BE0117) for CD8" T cell depletion, anti-PD-1 mAb
(CD279, clone 29F.1A12, Cat# BP0273), anti-PD-L1 mAb
(B7-H1, clone 10F.9G2, Cat# BE0101), InVivoPure pH
7.0 dilution buffer (Cat# IP0070), and InVivoPure pH
6.5 dilution buffer (Cat# IP0065) were purchased from
BioXcell (West Lebanon, New Hampshire, USA).
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Cell lines and culture conditions

The murine KLN-205 SQCLC cell line and human
SQCLC cell lines SK-MES, H226, and H520 were
obtained from the American Type Culture Collection
(Manassas, Virginia, USA). OVA antigen-expressing
KLN-205 cells were obtained from COBOIER Biotech-
nology Co. (Nanjing, China). These cells were cultured
in Glasgow’s buffered minimal essential medium or
RPMI-1640 culture medium, supplemented with 15%
FBS and 1% penicillinstreptomycin in a humidified
incubator with 5% CO, at 37°C. For bioluminescence
imaging (BLI) in vivo, we transfected wild-type KLN-205
cells with a luciferase (Luc) gene/lentivirus in order to
establish KLLN-205-Luc cells following the manufacturer’s
protocol (GeneCopoeia, Rockville, Maryland, USA). We
confirmed that the proliferation, apoptosis, and differ-
entiation of KLLN-205-Luc cells were comparable to those
of wild-type KLN-205 cells. In order to establish murine
immature bone marrow-derived dendritic cells (BMDCs),
we extracted bone marrow from the femurs and tibias
of DBA-2] mice and incubated it with lysis buffer for 4
min in order to lyse red blood cells (RBCs). After rinsing
with cell culture medium, we seeded 4x10° cells per well
into 6-well plates and cultured them in 2 mL of DMEM
containing 10% FBS, 20 ng/mL GM-CSF, and 10 ng/mL
IL-4. Fifty per cent of the medium was replaced with fresh
culture medium every 2 days. After 5 days, we harvested
non-adherent and loosely adherent cells, and used them
for BMDC experiments.

Establishment of SQCLC syngeneic mouse models and BLI in
vivo

DBA-2] male mice (7-8 weeks old, 21-23 g) were
purchased from Beijing HFK Bioscience Co. (Beijing,
China). We implanted 5x10° KLN 205-Luc cells into the
right flanks of mice by subcutaneous injection. When
the tumors were palpable, mice were randomly divided
into different treatment groups. BLI was used to dynam-
ically monitor tumor growth in vivo. Mice were anesthe-
tized with 3% isoflurane and were then intraperitoneally
injected with D-luciferin (120 mg/kg in 100 pL). After 4
min, we used the Caliper IVIS Lumina III Live Imaging
System to evaluate Luc light emission. After treatment,
tumors and spleens were harvested for further evaluation.

Fluorescence-activated cell sorting

Cells grown after drug treatment or incubation with
conditioned media were harvested and rinsed once
with prechilled PBS. Cells were subsequently stained
with an anti-CD16/CD32 antibody for 30 min at room
temperature (RT) to block Fc receptors, and were then
labeled with the appropriate fluorescein isothiocyanate-
conjugated antibodies for 30 min at 4°C, followed by
washing once with PBS. To prepare single-cell tumor
tissue suspensions for FACS, tumors were digested in FBS-
free RPMI-1640 culture medium containing 1 mg/mL
collagenase type IV and 1 pg/mL deoxyribonuclease I at
37°C for 90 min and were then filtered through 100 pm

cell strainers (Corning Incorporated, Corning, New York,
USA). To prepare single-cell spleen tissue suspensions,
spleens were crushed with tweezers, filtered through cell
strainers, and incubated with RBC lysis buffer at RT for
5 min. The KLN 205-Luc cells were frozen and thawed
three times, and the resulting cell debris was used to stim-
ulate the single-cell spleen suspensions overnight. The
subsequent steps were the same as described for cell lines.
We analyzed the cells with a FACScan cytometer (Becton
Dickinson) and acquired 10,000 or 100,000 cells for each
sample.

ELISA

To assess HMGB-1 secreted into the media, we treated
cells (as described above) and collected the conditioned
medium (supernatant). After centrifugation at 3500
rpm for 5 min, we assessed HMGB-1 in the conditioned
medium by ELISA, following the kit manufacturer’s
instructions.

Statistical analysis

Quantitative data represent the mean+SD. SPSS software
(V.16.0) was used to analyze the data, and GraphPad
Prism V.5.0 (La Jolla, California, USA) was used to create
the graphs. A Student’s t-test or a Mann-Whitney U test
was used to evaluate statistical significance, with p<0.05
considered statistically significant (no significance;
*p<0.05; ¥*p<0.01; **¥p<0.001).

RESULTS

Low-dose chemotherapy induces immunogenic cell death

via the phosphatidylinositol 3-kinase/Akt/NF-kB signaling
pathway in SQCLC

Immunogenic cell death (ICD) activates the hostimmune
system and enhances antitumor immune responses.
During ICD, cancer cell antigens, including neoanti-
gens, may be released and recognized thereby triggering
greater immune responses.29 Primary ICD markers
include major histocompatibility complex (MHC)-class I,
human leukocyte antigen (HLA)-A/B/C, and HMGB-1.
The cytotoxic effects of chemotherapeutic drugs in
different SQCLC cell lines were evaluated using the Cell
Counting Kit-8, and the 25% and 50% maximal inhibi-
tory concentrations (IC,, and IC,)) were calculated using
the SPSS V.16.0 software and were used in subsequent
experiments (online supplemental figure S1). As shown
in online supplemental figure S2, low-dose chemothera-
peutic agents (CDDP, GEM, DTX, PTX) upregulated ICD
markers and PD-L1 expression in a dose-dependent and
time-dependent manner, thereby indicating increased
(neo)antigen exposure and enhanced SQCLC immu-
nogenicity. High-throughput RNA sequencing was then
performed to identify the signaling pathways potentially
involved in ICD induction (figure 1A, total landscape).
The data revealed that 178 immunity-related genes were
significantly differentially expressed in KLN-205 cells
after treatment with low-dose chemotherapeutic agents
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Figure 1 Low-dose chemotherapy may induce ICD via the PI3BK/Akt/NF-«B signaling pathway in SQCLC cell lines. (A and

B) RNA sequencing analysis to evaluate immune-related gene expression following low-dose chemotherapeutic treatment
(CDDP 4 pM, GEM 20 uM, PTX 1 uM, DTX 1 uM) for 24 hours. (C-F) Percentage of SQCLC cells expressing cell surface PD-
L1, as revealed by FACS, after incubation with the indicated chemotherapy agents or controls (negative and positive) for 24
hours, with or without pretreatment with 1-3 uM BAY 11-7082 (BAY), an NF-kB inhibitor, for 30 min-3 hours. (G-l) Percentage
of (G) H226, (H) H520, and () SK-MES cells expressing cytoplasmic HMGB-1 by FACS, after incubation with the indicated
chemotherapy agents or negative control for 24 hours, with or without concurrent treatment with 0.2 uM BAY. (J-L) Percentage
of (J) KLN-205, (K) H226, and (L) SK-MES cells expressing cell surface PD-L1 by FACS, after incubation with the indicated
chemotherapy agents or controls for 24 hours, with or without concurrent treatment with 10 uM LY294002, a PI3K inhibitor,

or 10 uM MK-2206, an Akt inhibitor. (M) Percentage of KLN-205 cells expressing cell surface MHC-class I. (N) Percentage of
H226 cells expressing cell surface HLA-A/B/C, after incubation with the indicated chemotherapy agents or controls for 24
hours, with or without concurrent treatment with 10 uM LY294002 or 10 uM MK-2206. Data are presented as the mean+SD;
*p<0.05, *p<0.01, **p<0.001 for chemotherapy+inhibitor versus chemotherapy alone. CDDP, cisplatin; DTX, docetaxel; FACS,
fluorescence-activated cell sorting; GEM, gemcitabine; HLA, human leukocyte antigen; HMGB-1, high mobility group box-1;
ICD, immunogenic cell death; IFN, interferon; MHC, major histocompatibility complex; NF-kB, transcription factor nuclear factor
kappa B; PD-L1, programmed death-ligand 1; PI3K, phosphatidylinositol 3-kinase; PTX, paclitaxel; SQCLC, squamous cell lung
carcinoma.
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(4 pM CDDP, 20 pM GEM, 1 pM PTX, 1 pM DTX) for 24
hours (figure 1B and 178 genes were displayed in online
supplemental table S1). Interestingly, we observed the
differential expression of phosphatidylinositol 3-kinase
(PIBK) /Akt and NF-kB (online supplemental table SI)
after treatment. NF-xB is a pivotal regulator of both
innate and adaptive immunity within the TIME.**
Thus, we further investigated whether the PISK/Akt/
NF-kB signaling pathway was also involved in the immu-
nomodulatory effect induced by low-dose chemotherapy.
Consistent with this assumption, results from FACS data
analysis revealed that the CDDP-induced or GEM-induced
increases in PD-L1, MHC class I, HLA-A/B/C, and cyto-
plasmic HMGB-1 expression were abrogated in cells
pretreated or co-incubated with BAY 11-7082 (NF-xB
inhibitor), LY294002 (PI3K inhibitor), or MK2206 (Akt
inhibitor), although to different extents (figure 1C-N).
These observations suggested that treatment with low-
dose chemotherapeutic agents induced ICD possibly via
the PISK/Akt/NF-xB signaling pathway, stimulating the
release of more neoantigens and HMGB-1 from poorly
immunogenic SQCLC cancer cells, in turn enhancing the
antitumor immune response.

Low-dose chemotherapy-induced secretion of HMGB-1 by
SQCLC cells promotes maturation of dendritic cells

Dendritic cells (DCs) are responsible for antigen presen-
tation and play a central role in antitumor immunity.”
Damage-associated molecular patterns (DAMPs) are
endogenous danger signals released by ICD cells. DAMPs
exacerbate antitumor immune responses. Consid-
ering that HMGB-1 is one of the most well-described
and important DAMPs,* we assessed whether low-dose
chemotherapeutic agents affected the maturation of
murine BMDCs via HMGB-1. We incubated KLN-205
cells with low-dose chemotherapy agents for 30 hours
and then dialyzed the conditioned culture media to
remove the residual chemotherapeutic agent. Immature
BMDCs were then incubated with the dialyzed media for
another 24 hours. As a result, we observed an increased
proportion of three mature BMDC subtypes, including
CD11c" CD11b" CD80" cells, CD11c" CD11b" CD86" cells,
and CD11c¢" CD11b" MHC class II" cells (figure 2A and
online supplemental figure S3), as well as total mature
BMDCs (figure 2B). The data indicated that molecules
secreted by cancer cells treated with low-dose chemother-
apeutic drugs could induce DC maturation. Considering
the critical role played by the DAMP HMGB-1 within
the TIME, we next assessed HMGB-1 levels in the same
conditioned media by ELISA. Compared with the nega-
tive control media, we observed a significant increase of
HMGB-1 levels in the conditioned media from KLN-205
cells treated with low doses of any of the four chemo-
therapeutic drugs (figure 2C). Moreover, on stimula-
tion of immature BMDCs with 50 ng/mL or 100 ng/
mL recombinant HMGB-1 for 24 hours, the percentages
of BMDCs co-expressing the abovementioned markers
also increased in a dose-dependent manner (figure 2D).

These data suggested that low-dose CDDP, GEM, DTX,
and PTX could enhance DC maturation by inducing the
release of HMGB-1 from SQCLC cells.

Low-dose chemotherapy induces systemic antitumor immune
responses and immunological memory

Next, a syngeneic immunocompetent SQCLC mouse
model was used to assess whether low-dose chemo-
therapy would have immune activation effects in vivo.
We pretreated KLN-205-Luc cells with 1 pM CDDP, 15
pM CDDP, or an equal volume of vehicle (PBS, negative
control) for 72 hours. Pretreated cells were then injected
into the right flanks of mice. Seven days later, spleno-
cytes were harvested for an enzyme-linked immunospot
(ELISPOT) assay to assess IFN-y secretion. Compared
with the negative control and high-dose CDDP, spleno-
cytes from mice injected with low-dose CDDP-pretreated
KLN-205 cells secreted more IFN-y (figure 2E,F), indic-
ative of an enhanced systemic antitumor immune
response. At day 7, we rechallenged mice with untreated
KLN-205-Luc cells in the opposite flank and monitored
tumor growth dynamically by BLI in order to evaluate
immunological memory resulting from CDDP pretreat-
ment. Mice that had been injected with low-dose CDDP-
pretreated tumor cells exhibited less tumor burden (one
out of seven mice) compared with control group mice
(seven out of seven mice) and high-dose CDDP group
mice (seven out of seven mice) (figure 2G). These data
suggested that low-dose CDDP pretreatment was more
immunogenic and protected mice against tumor recur-
rence. Thus, low-dose CDDP treatment could activate
systemic immune responses and immunological memory
in vivo.

Low-dose monochemotherapy agents elicit an active SQCLC
TIME in vivo

Strategies, such as increasing PD-1/PD-L1 expression and
reinforcing ELSs, which include CDS§* cytotoxic T cells,
type I tumor-associated macrophages (TAMs), and DCs,
are pivotal for rendering the TIME more sensitive to ICIs.
Hence, we explored different dosages and timing strate-
gies for the administration of chemotherapeutic agents
in order to induce active antitumor immunity in synge-
neic immunocompetent DBA-2] mice bearing SQCLC
tumors, thereby providing an ICI response-supportive
TIME. Currently, platinum-based doublet chemotherapy
at the MTD combined with ICIs is the firstline care for
patients with advanced SQCLC. To optimize this combi-
nation, a drug administration schedule was designed for
the mouse study and is shown in online supplemental
figure S4A. CDDP (5 mg/kg, Q7D, 4 cycles) plus GEM
(160 mg/kg, Q4D, 4 cycles) at the MTD significantly
inhibited tumor growth (online supplemental figure
S4B), but also resulted in a significantly increased number
of type II TAMs, as detected by FACS (online supple-
mental figure S4C,D) and immunohistochemical analysis
(online supplemental figure S4E), indicative of an immu-
nosuppressive TIME that would be incompatible with
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Figure 2 Low-dose chemotherapy induces HMGB-1 release by SQCLC cells, thereby promoting DC maturation (A-D) and
inducing systemic immune responses as well as immunological memory in vivo (E,F). KLN 205-Luc cells were incubated with

4 uM CDDP, 20 uM GEM, 1 uM DTX, or 1 uM PTX for 30 hours, after which the conditioned media were dialyzed at 4°C for 24
hours using a 10,000-MWCO dialysis tubing to remove any residual chemotherapeutic drug. Immature murine bone marrow-
derived dendritic cells (BMDCs) cultured in 6-well plates (1x10° cells/mL) were then cultured in unconditioned media (negative
control), media containing LPS (10 pg/mL, positive control), or different conditioned media, and were harvested 24 hours later.
The maturation state of BMDCs was evaluated by measuring the cell surface co-expression of CD11¢c* CD11b* CD80*, CD11c*
CD11b* CD86*, and CD11c* CD11b* MHC class II* by FACS. (A) percentage of BMDCs expressing the above-described
combinations of three different cell maturation biomarkers after the different stimuli, as revealed by FACS. (B) Proportion of
total mature BMDCs in each group after the different stimuli. (C) HMGB-1 levels in the media after treatment with different
chemotherapeutic agents for 30 hours, as assessed by ELISA. (D) Immature BMDCs were stimulated with 50 ng/mL or 100 ng/
mL recombinant HMGB-1 for 24 hours, and FACS analysis of CD11c* CD11b* CD80*, CD11c* CD11b* CD86", CD11c* CD11b"
MHC class II* expression was carried out. (E,F) Murine KLN-205-Luc cells were pretreated with 1 uM CDDP, 15 pM CDDP for
72 hours or with PBS as the negative control. These pretreated cells (1x10°) were subcutaneously injected into the right flanks
of mice. Splenocytes were harvested after 7 days, and IFN-y secretion was evaluated using ELISPOT, according to the kit
manufacturer’s protocol. (G) The aforementioned mice were rechallenged with 2x10° live KLN-205 cells in the opposite flank,
and tumor growth was monitored using vernier calipers and BLI. Data are presented as mean+SD. No significance, *p<0.05;
**p<0.01; **p<0.001. BLI, bioluminescence imaging; CDDP, cisplatin; DCs, dendritic cells; DTX, docetaxel; ELISPOT, enzyme-
linked immunospot; FACS, fluorescence-activated cell sorting; GEM, gemcitabine; HMGB-1, high mobility group box-1; IFN-,
interferon-gamma; LPS, lipopolysaccharide; Luc, luciferase; MHC, major histocompatibility complex; PBS, phosphate-buffered
saline; PTX, paclitaxel.
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subsequent or concurrent immunotherapy. Next, based
on the recommended dosages of the National Compre-
hensive Cancer Network guidelines and a human-mouse
dosage conversion formula,' * we derived adapted MTD
dosages for application in mice. We then consulted previ-
ously published data to further define whether mice can
withstand these dosages. Afterwards, we tested the dosages
in mice to confirm that a mean weight loss of less than
10% of the initial body weight would be observed after
intraperitoneal administration. The low dose was approx-
imately one-third of the high dose, as shown in online
supplemental table S2. Next, we attempted to compare
the specific differences of the TIME after low-dose CDDP
2.8 mg/kg, high-dose CDDP 8.4 mg/kg, low-dose GEM
60 mg/kg, high-dose GEM 240 mg/kg, low-dose PTX 11
mg/kg, high-dose PTX 33 mg/kg, low-dose DTX 11 mg/
kg, high-dose DTX 33 mg/kg administration, or vehicle.
As shown in figure 3A,B and online supplemental figure
S5, we observed that low-dose CDDP, GEM, PTX, DTX
contributed to an enhanced intratumoral CD45" CD3"
and CD45" CD3" CD8" cell infiltration (cytotoxic T cells)
after 30 hours, especially PTX and DTX. In contrast, high-
dose treatment promoted intratumoral CD45" CD3" CD4"
CD25" regulatory T cell (Treg) infiltration, indicative of
enhanced immunosuppression within the tumor micro-
environment. In addition, as illustrated in figure 3C,D,
patients with treatmentnaive SQCLC received either
MTD albumin-PTX (at day 0)+nivolumab (routine admin-
istration) or low-dose albumin-PTX (1/2 MTD at day 0
and day 7)+nivolumab (routine administration). Periph-
eral blood mononuclear cells (PBMCs) were isolated
from patient blood by density gradient centrifugation
according to a standard procedure,” and were subjected
to FACS analysis. Before treatment (day 0), baseline
PBMCs were evaluated. At day 7 (before the second low-
dose albumin-PTX administration), PBMCs were once
again detected. We observed an upregulation of cytotoxic
T cells after low-dose albumin-PTX+nivolumab treatment,
which was consistent with the data obtained from animal
models. Thereafter, we assessed the potential of low-dose
chemotherapeutic treatment to elicit robust ELS activa-
tion responses and enhance subsequent immunotherapy.
Twenty-four hours after one low-dose injection, CDDP (2.8
mg/kg), GEM (80 mg/kg), DTX (11 mg/kg), or PTX (11
mg/kg) monotherapies exerted distinct immunomodula-
tory effects in vivo, enhancing the percentages of CD45"
PD-1" cells, CD11c* CD83" cells (activated DCs), CD11c"
MHC-class II" cells (activated DCs), CD11b* F4/80" CD11c"
cells (type I TAMs), CD3" CD8" T cells, and CD3" CD4" T
cells in both tumor and spleen tissue (figure 4). The above
data provided evidence for the potential of upfront low-
dose monochemotherapeutic agent treatment in combi-
nation with subsequent immunotherapy for the treatment
of SQCLC. Moreover, our data suggested that 24 hours
after upfront low-dose monochemotherapy may be good
timing for initiating immunotherapy.

Sequential low-dose CDDP exerts more pronounced
synergistic antitumor effects than MTD CDDP, when combined
with anti-PD-1 mAb in vivo

Since the aforementioned low-dose monotherapies elic-
ited robust antitumor immune responses and induced
greater PD-1/PD-L1 expression in vivo, the following
treatment schedule was designed, as illustrated in
figure bA. We observed that the sequential adminis-
tration of upfront low-dose CDDP and anti-PD-1 ICIs
resulted in more pronounced synergistic antitumor
responses compared with MTD CDDP plus anti-PD-1 mAb
(figure 5B-D and F). Moreover, the weight loss observed
following this drug combination was lesser (figure 5E),
and treatment did not significantly elevate serum alanine
transaminase or aspartate aminotransferase, nor did
it negatively affect RBCs, hemoglobin, and platelets in
whole blood (figure 5M-Q). As shown in figure 5G-L
and online supplemental figure S6, after three treatment
cycles with CDDP/anti-PD-1 mAb combination chemoim-
munotherapy, we observed increased numbers of CD45"
CD3" cells (Iymphocytes), CD45" CD3" CD8" cells (cyto-
toxic T cells), CD45" CD3" CD8" PD-1" cells (targeted by
anti-PD-1/PD-L1 mAbs), CD11c¢" CD83" cells, and CD11c¢"
CD86" (activated DCs), indicative of enhanced antitumor
immune responses and upregulated therapeutic target
expression when compared with mice that received MTD
CDDP combined with anti-PD-1 mAb.

Upfront metronomic DTX plus anti-PD-1 mAb inhibits SQCLC
growth more effectively than the MTD regimen combined with
anti-PD-1 mAb

Currently, MTD chemotherapy combined with ICIs is the
standard treatment for patients with SQCLC. Hence, we
explored whether upfront metronomic (low-dose and
frequent administration) chemotherapy would outper-
form routine MTD regimens when both were combined
with anti-PD-1 mAb treatment. Considering that low-
dose DTX elicited relatively stronger antitumor immune
responses in vivo than the other agents tested (figures 3
and 4), we selected DTX for further study. The treatment
schedule we used is illustrated in figure 6A. Using the
human-mouse dosage conversion formula referred to
above, a dosage of 33 mg/kg DTX for each mouse was
the equivalent of the routine standard dose (ie, MTD) of
DTX in human adults. Among the six treatment groups,
sequential administration of metronomic DTX followed
by anti-PD-1 mAb exhibited the best therapeutic effects
(figure 6C-F). Moreover, metronomic DTX induced lower
body weight loss compared with MTD DTX, when both
were combined with ICI (figure 6B). We further digested
tumors to create single-cell suspensions and evaluated
immune-related markers by FACS analysis. Intratumoral
TAMs (figure 6G), type I TAMs (figure 6H), and acti-
vated DCs (figure 6]-L) were all significantly elevated in
mice treated with metronomic DTX plus anti-PD-1 mAb.
Elevated levels of type II macrophages were observed in
tumors (figure 6I) of mice treated with MTD DTX, sugges-
tive of significant immunosuppression. Additionally, in
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Figure 3 High-dose SQCLC monochemotherapy induce greater immunosuppression compared with low-dose regimens in
vivo. (A) Chemotherapy treatment scheme. Syngeneic mouse models were established as mentioned above. When tumors
became palpable, mice were randomly divided into nine groups receiving an intraperitoneal injection of low-dose CDDP 2.8
mg/kg, high-dose CDDP 8.4 mg/kg, low-dose GEM 60 mg/kg, high-dose GEM 240 mg/kg, low-dose PTX 11 mg/kg, high-
dose PTX 33 mg/kg, low-dose DTX 11 mg/kg, high-dose DTX 33 mg/kg, or vehicle. (B) After 30 hours, tumors were harvested
for FACS analysis. (C,D) Patients with reatment-naive SQCLC received either MTD albumin-PTX (at day 0)+nivolumab (routine
administration) or low-dose albumin-PTX (1/2 MTD at day 0 and day 7)+nivolumab (routine administration). Before treatment
(day 0), baseline PBMCs were evaluated by FACS. At day 7 (before second low-dose albumin-PTX), PBMCs were again
assessed by FACS. Cell fractions (cytotoxic T cells and Treg cells) before and after treatment were then compared. Data

are presented as mean+SD. N.S., no significance, *p<0.05; **p<0.01; **p<0.001. CDDP, cisplatin; DTX, docetaxel; FACS,
fluorescence-activated cell sorting; GEM, gemcitabine; Luc, luciferase; MTD, maximum tolerated dose; PBMC, peripheral blood
mononuclear cell; PTX, paclitaxel; SQCLC, squamous cell lung carcinoma; Treg, regulatory T cell.
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Figure 4 Low-dose SQCLC monochemotherapy elicits an active TIME in vivo. (A) Chemotherapy treatment scheme. The
syngeneic mouse models were established as previously described. When the tumors were palpable, mice were randomly
divided into five groups and then received an intraperitoneal injection of CDDP 2.8 mg/kg, GEM 80 mg/kg, DTX 11 mg/kg, PTX
11 mg/kg, or vehicle. (B) After 24 hours, the tumor and spleen tissues were harvested for FACS analysis. Data are presented as
mean=SD. N.S., no significance, *p<0.05; **p<0.01; ***p<0.001 versus negative control. CDDP, cisplatin; DTX, docetaxel; FACS,
fluorescence-activated cell sorting; GEM, gemcitabine; Luc, luciferase; PTX, paclitaxel; SQCLC, squamous cell lung carcinoma;
TIME, tumor-immune microenvironment.
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Figure 5 Combined with anti-PD-1 mAb, sequential low-dose CDDP exerts greater synergistic antitumor effects than MTD
CDDRP. (A) Treatment scheme. Upfront low-dose CDDP (2.8 mg/kg, Q7D), MTD CDDP (8.4 mg/kg, Q14D), low-dose or MTD
CDDP combined with an anti-PD-1 mAb, anti-PD-1 mAb alone, and vehicle control were injected intraperitoneally (I.P.). (B)
Tumor growth curves during treatment. (C,D) Tumor weight and specimens after treatment. (E) Body weight changes during
treatment. (F) Tumor growth monitored by BLI. (G-L) Single-cell tumor suspensions were used for FACS to evaluate intratumoral
CD45* CD3* cells, CD45" CD3" CD8" cells, CD45" CD3* CD8" PD-1" cells, CD11c* CD83" cells, and CD11c* CD86" cells.
(M-Q) ALT and AST in serum, RBCs, HGB, and PLT in whole blood after treatment. Data are presented as mean+SD. N.S., no
significance, *p<0.05; **p<0.01; **p<0.001. ALT, alanine transaminase; AST, aspartate aminotransferase; BLI, bioluminescence
imaging; CDDP, cisplatin; FACS, fluorescence-activated cell sorting; HGB, hemoglobin; mAb, monoclonal antibody; MTD,
maximum tolerated dose; PD-1, programmed death 1; PLT, platelet; RBC, red blood cell.
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Figure 6 Combined with anti-PD-1 mAb, upfront metronomic DTX exerts greater tumor inhibitory effects than routine MTD
DTX. (A) Treatment scheme. Upfront low-dose metronomic DTX (10 mg/kg, Q4D), routine MTD DTX (33 mg/kg, Q7D), equivalent
to the standard dose administered to patients, low-dose or MTD DTX combined with an anti-PD-1 mAb, anti-PD-1 mAb alone,
or vehicle control were injected intraperitoneally (I.P.) in mice. (B) Body weight changes during treatment. (C) Tumor growth
curves during treatment. (D,E) Tumor specimens and weight after treatment. (F) Tumor growth monitored by BLI. (G-L) After
treatment, single-cell tumor suspensions were used for FACS. (G) CD11b* F4/80* cells (TAMs). (H) CD11b* F4/80" MHC-Il+cells
(type | TAMSs). () CD11b* F4/80" CD206" cells (type Il TAMSs). (J) CD11c* CD83* cells (activated DCs). (K) CD11c* CD86" cells
(activated DCs). (L) CD11c* MHC-II* cells (activated DCs). (M,N) Mice harboring established OVA-expressing KLN-205 tumors
were treated with low-dose+anti-PD-1 mAb, high-dose DTX+anti-PD-1 mAb, or vehicle control by I.P. injection. After 3-week
treatment, homolateral tumor-draining lymph nodes were prepared into single-cell suspensions, and subjected to ELISPOT
assays. Data are presented as mean+SD. N.S., no significance, *p<0.05; **p<0.01; ***p<0.001. BLI, biocluminescence imaging;
DCs, dendritic cells; DTX, docetaxel; ELISPOT, enzyme-linked immunospot; FACS, fluorescence-activated cell sorting;

Luc, luciferase; mAb, monoclonal antibody; MHC, major histocompatibility complex; MTD, maximum tolerated dose; PD-1,
programmed death 1; TAMs, type | tumor-associated macrophages.
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order to evaluate tumor antigen-specific T cell responses,
mice harboring established OVA-expressing KLN205
tumors were treated with low-dose DTX+anti-PD-1 mAb,
high-dose DTX+anti-PD-1 mAb, or vehicle control by
intraperitoneal injection as mentioned above. After
3-week treatment, homolateral tumor-draining lymph
nodes were prepared into single-cell suspensions and
subjected to ELISPOT assays for detecting IFN-ysecretion.
As shown in figure 6M,N, significantly higher numbers of
spots were observed after low-dose DTX+anti-PD-1 mAb
treatment, compared with other two groups. The above
data indicated that metronomic DTX was more effective
in triggering immune activation, and its antitumor effects
were enhanced to a greater extent when combined with
anti-PD-1 mAb as compared with MTD DTX plus anti-
PD-1 mAb.

Macrophages, CD8* T cells, and gut microbiota are involved

in the synergistic antitumor effects of metronomic DTX and
anti-PD-1 mAb

To further elucidate the potential mechanisms under-
lying the synergy of upfront metronomic DTX and anti-
PD-1 mAb in vivo, depletion of macrophages and CDS' T
cells was performed before chemoimmunotherapy. The
detailed dosing schedule is described in figure 7A. As
shown in figure 7B,C, the tumor growth delay on metro-
nomic DTX combined with anti-PD-1 mAb was signifi-
cantly altered by depletion pretreatment, which indicated
that both macrophages and CD8" T cells may play pivotal
roles in mediating the synergistic antitumor effects. In
addition, we investigated whether the anti-PD-1 mAb
and anti-PD-L1 mAb treatment would lead to different
outcomes when combined with metronomic DTX. As
illustrated in figure 7B-E, both combination therapies
induced antitumor activity, and the difference between
them was not significant (p>0.05). We then collected
mouse feces at the end of treatment and carried out
next-generation RNA sequencing (16S rRNA hypervari-
able regions). The reduction in intestinal gut microbiota
diversity observed after MTD DTX plus anti-PD-1 mAb
seemed greater (figure 7F, p=0.11) compared with that
following metronomic DTX in combination with anti-
PD-1 mAb. However, the difference was not significant.
In addition, through principal component analysis, we
observed an abnormal microbial composition in samples
from the MTD DTX and anti-PD-1 mAb combination
group (figure 7G). The above data suggested that the gut
microbiota may also be involved in the observed syner-
gistic antitumor effects.

DISCUSSION

To date, no studies on the optimization of chemoimmuno-
therapy strategies for SQCLC have been reported. In this
work, we mainly focused on exploring how to turn ‘cold’
SQCLCs into ICI-sensitive tumors, thus enhancing the
efficacy of chemoimmunotherapy through an improved
synergy between chemotherapy and ICIs. Further, we

aimed to identify possible underlying functional mecha-
nisms both in vitro and in vivo. This is the first study to
demonstrate that the upfront metronomic chemotherapy
can synergize with immunotherapy in order to achieve
substantially better therapeutic effects in SQCLC. This
was principally achieved through the recruitment and
activation of CD8" T cells and DCs, polarization of type
I macrophages, and the maintenance of intestinal gut
microbiota diversity and normal composition.

Reaching the balance between immune activation
and tumor inhibition is of great importance for opti-
mizing chemoimmunotherapy. Herein, we explored ways
through which chemotherapy might elicit robust anti-
tumor immune responses in syngeneic SQCLC mouse
models. At low dosages, all chemotherapeutics tested
exerted robust in vivo ELS modulation in spleen and
tumor tissue. For chemotherapy to induce an optimal
TIME, the order of drug administration is critical.
However, little information is available for the prediction
of combination treatment efficacy and associated effects.
We found that the administration of low-dose chemo-
therapy 24 hours prior to immunotherapy might be a
good regimen for chemoimmunotherapy, as it not only
decreased drug-associated toxicity during concurrent
administration but also provided a sufficient time window
for low-dose chemotherapy to activate the TIME.

We further compared the differences between the
immunostimulatory effects of routine MTD and low-dose
DTX regimens. The data revealed that low-dose DTX
could significantly activate the TIME and induce higher
expression of anti-PD-1/PD-L1 mAb therapeutic targets.
Conversely, immunosuppressive effects were observed
with routine MTD DTX. When combined with anti-PD-1
mAb in a sequential manner, low-dose metronomic DTX
was more effective and less toxic compared with MTD
DTX. With regard to the efficacy and tolerability of
different DTX regimens, previous publications reported
that low-dose and dense DTX (33.3 mg/mQ, weekly) led
to significantly lower lymphocytopenia in patients with
NSCLC when compared with MTD DTX (75 mg/m?,
every 3 weeks),” and similar results were reported in a
meta-analysis.”® Taken together, these results suggest that
metronomic chemotherapy may be more favorable for
subsequent immunotherapy compared with routine MTD
chemotherapy.

Based on the above-described data, we suggest that the
sequential combination of low-dose metronomic DTX
and anti-PD-1 mAb may be a promising therapeutic alter-
native for patients with SQCLC. Considering the differ-
ences between humans and mice models, we assessed
PBMCs obtained from patients with SQCLC before and
after MTD albumin-PTX (at day 0)+nivolumab (routine
administration) or low-dose albumin-PTX (1/2 MTD at
day 0 and day 7)+nivolumab (routine administration).
The datarevealed an upregulation of cytotoxic T cells after
low-dose albumin-PTX+nivolumab treatment, while MTD
albumin-PTX+nivolumab contributed to more severe
immunosuppression (increased Treg cell infiltration),
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A Day -12, 8x10° KLN-205-Luc inoculation

Day 0, macrophage depletion (clodronate, 100 pl per mouse, Q3D, |.P.) or CD8 depletion
(anti-CD8a mAb, 200 pg per mouse, Q3D, |.P.) or equivalent solvent
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Day 7, anti-PD-1 /PD-L1 mAb 10 mg/kg or N. S. (Q3D, I.P)

Day 5, palpable tumor, DTX 10 mg/kg or solvent (Q3D, |.P.)
Day 0, palpable tumor, randomly divided into 6 groups.
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Figure 7 Macrophages, CD8" T cells, and gut microbiota may contribute to the synergistic antitumor effects of DTX plus
anti-PD-1 mAb. (A) Schematic of dosing schedule. Macrophage depletion (clodronate, neutral clodronate liposomes, 100 L
per mouse, Q3D, intraperitonially (I.P.)) and CD8* T cell depletion (in vivo anti-CD8c. mAb) treatments were conducted 5 days
prior to initiation of the experiment. The treatment groups included DTX (10 mg/kg, Q3D, I.P) combined with anti-PD-1 mAb (10
mg/kg, Q3D, I.P), DTX (10 mg/kg, Q3D, I.P) combined with anti-PD-L1 mAb (10 mg/kg, Q3D, I.P), or negative control (vehicle,
Q3D, I.P). (B) Tumor growth monitored by BLI. (C) Tumors dissected from the SQCLC models after treatment. (D) Tumor growth
curves during treatment, monitored using vernier calipers. (E) Tumor weight after treatment. (F) Intestinal gut microbiota diversity
after treatment. (G) Microbial composition after treatment. Data are presented as mean+SD. N.S., no significance, *p<0.05;
**p<0.01; **p<0.001. BLI, bioluminescence imaging; DTX, docetaxel; Luc, luciferase; mAb, monoclonal antibody; PD-1,
programmed death 1; PD-L1, programmed death-ligand 1; SQCLC, squamous cell lung carcinoma.
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which were consistent with the data obtained from animal
models. On the other hand, given the survival benefits of
combining pembrolizumab and concurrent MTD chemo-
therapy (carboplatin plus PTX or nab-PTX) in patients
with SQCLC, we concluded that the chemotherapy
dosages currently used for patients with cancer are func-
tional, but not optimal. Additionally, it should be noted
that long chemotherapy-free break periods are usually
required to avoid systemic toxicity during MTD chemo-
therapy. In this scenario, even though the TIME can be
activated to a certain extent, continual stimulation cannot
be achieved, and reversal might occur during the drug-
free periods. Further, in one of latest multicohort phase
2 clinical trials, Voorwerk et al demonstrated that 2-week
low-dose chemotherapy induction followed by nivolumab
contributed to an increased objective response rate in
patients suffering from metastatic triple-negative breast
cancer.”

With regard to the potential synergistic mechanisms
between upfront metronomic DTX and anti-PD-1 mAb,
we observed that macrophages, CD8" T cells, and the
gut microbiota might be involved. It has been reported
that gut microbiota is the key orchestrator of immunity
and bone marrow hematopoiesis, and are involved in
the therapeutic responses to chemotherapy and immu-
notherapy.* *! For instance, studies in mice have shown
that the antitumor effects of platinum compounds
were dramatically impaired when gut commensals were
depleted by treatment with broad-spectrum antibiotics.*
Similar decreases in antitumor effects were also reported
for anti-CTLA-4 mAb and anti-PD-L1 mAb therapy in
antibiotic-treated mice.*” * In this study, the abnormal
microbial composition and decreased diversity of gut
microbiota were more severe after treatment with MTD
DTX combined with anti-PD-1 mAb when compared
with metronomic DTX plus anti-PD-1 mAb treatment,
suggesting that the former might disturb the inherent
balance of gut microbiota and reduce tumor inhibition
effects. The underlying mechanisms through which
gut microbiota may influence treatment effects require
further exploration. Last but not least, numerous factors
may affect the efficacy of chemoimmunotherapy. The
drug dosage, sequence, and frequency of administration,
as well as the time intervals between initiating chemo-
therapy and immunotherapy may all influence clinical
benefits. Other possible variables should be the focus of
future studies in order to further characterize and opti-
mize chemoimmunotherapy for patients with SQCLC.

CONCLUSIONS

After stepwise investigation in SQCLC cell lines, synge-
neic murine models, and patient samples, we concluded
that low-dose chemotherapy contributed to remod-
eling a more active SQCLC-immune microenvironment
compared with routine MTD chemotherapy. Upfront
metronomic chemotherapy performed better with
subsequent anti-PD-1/PD-LL1 mAb treatment when

compared with chemotherapy at the MTD. In contrast,
the effects of MTD chemotherapy appeared to be more
additive than synergic when combined with ICIs. There-
fore, this preclinical study provides evidence for a novel
strategy for the optimization of chemoimmunotherapy
in patients with SQCLC. It is worth further exploring
and then translating this approach into the clinic in the
future.
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