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ABSTRACT

Amid controversial reports that COVID-19 can be treated with a combination of the antimalarial drug
hydroxychloroquine (HCQ) and the antibiotic azithromycin (AZI), a clinical trial (ONCOCOVID,
NCT04341207) was launched at Gustave Roussy Cancer Campus to investigate the utility of this combina-
tion therapy in cancer patients. In this preclinical study, we investigated whether the combination of HCQ
+AZI would be compatible with the therapeutic induction of anticancer immune responses. For this, we
used doses of HCQ and AZI that affect whole-body physiology (as indicated by a partial blockade in
cardiac and hepatic autophagic flux for HCQ and a reduction in body weight for AZI), showing that their
combined administration did not interfere with tumor growth control induced by the immunogenic cell
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death inducer oxaliplatin. Moreover, the HCQ+AZl combination did not affect the capacity of a curative
regimen (cisplatin + crizotinib + PD-1 blockade) to eradicate established orthotopic lung cancers in mice.
In conclusion, it appears that HCQ+AZI does not interfere with the therapeutic induction of therapeutic

anticancer immune responses.

Introduction

The current epidemic of coronavirus disease-19 (COVID-19)
caused by severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) requires curative interventions."
Hydroxychloroquine (HCQ) inhibits SARS-CoV-2 replication in -
vitro,” presumably through a nonspecific action on acidic
organelles.” This in vitro observation spurred clinical evaluation
of this antimalarial drug, alone or in combination with macrolide
antibiotics (in particular azithromycin, AZI), which are often used
for the treatment of respiratory infections. The oral administration
of HCQ, alone or (more so) in combination with AZI, yielded
encouraging results in uncontrolled observational studies.*”
However, HCQ alone failed to reduce SARS-CoV-2 replication
in vitro in susceptible animal species including ferrets® and non-
human primates (https://www.researchsquare.com/article/rs-
27223/v1). Moreover, HCQ alone or in combination with AZI
failed to show clinical activity against COVID-19 in randomized
trials.”®

The polemics around the therapeutic use of HCQ+AZI is
not closed. However, in the absence of other therapeutic
options, the clinical trial “ONCOCOVID” (accession No.
NCT04341207 at www.clinicaltrials.com) was launched at
Gustave Roussy Cancer Campus on April 10, 2020. The objec-
tive of this trial is (i) to determine the prevalence and the
3-months incidence of SARS-CoV-2 in cancer patients and

(ii) to evaluate the Covid-19 disease-specific mortality rate in
cancer patients treated by HCQ+AZI. Indeed, the underlying
conditions (aging, obesity, smoking, ... ), co-morbidities
(metabolic syndrome, arterial hypertension, cardiopathy,
immunodeficiency, ...) and nosocomial exposure predispose
oncological patients to infection by SARS-CoV-2 and the
development of severe COVID-19,” calling for therapeutic
interventions against the virus that do not interfere with the
clinical management of cancer patients.

The success of most if not all antineoplastic treatments
depends on the induction of a mostly T lymphocyte-
mediated anticancer immune response. While this appears
obvious for so-called immunotherapies, it also applies to suc-
cessful chemotherapies and targeted therapies.'”'* For this
reason, we investigated whether the HCQ+AZI combination
would be compatible with the treatment of two cancers with
immunogenic chemotherapy or a combination chemo-
immunotherapy.

Results

The combination of hydroxychloroquine and azithromycin
is compatible with the success of chemotherapy

C57Bl/6 mice housed in specific pathogen-free conditions were
treated with HCQ (injected intraperitoneally, i.p. at a daily dose
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of 50 mg/kg) or AZI (given orally with the drinking water at 1 to
3 mg/mlL for 5 days), alone or in combination (Figure 1(a)). At
this dose, AZI caused a reduction in bodyweight that was not
aggravated by HCQ (Figure 1(b)). As to be expected13 > HCQ
caused a partial blockade in autophagic flux, as indicated by an
increase in the lipidated form (LC3-II) of microtubule-
associated proteins 1A/1B light chain 3B (hereafter referred to
as LC3) and in the abundance of sequestosome-1 (SQSTM1, best
known as p62). These alterations were observed in the liver and
in the heart (Figure 1(c-f)). Thus, both HCQ and AZI were used
at concentrations that affected whole-body physiology.

In the next step, we determined whether the combination
treatment with HCQ+AZI would affect the chemotherapeutic
response of MC38 colon cancers to oxaliplatin (OXA) (Figure 2
(a)), the antitumor effect of which is known to entirely rely on
the active contribution of T lymphocytes.'®"® Systemic OXA-
based therapy alone (given twice ip. on days 8 and 10 post-
implantation of MC38 cells under the skin) caused a similar
weight loss as did the treatment with HCQ+AZI, and both
treatments exhibited additive toxicities (Figure 2(b)). The
OXA-based chemotherapy led to a prolonged tumor growth
control that lasted beyond treatment discontinuation and that
was not affected by the simultaneous treatment with HCQ
+AZI. Thus, the HCQ+AZI combination is compatible with
the success of chemotherapy.
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The combination of hydroxychloroquine and azithromycin
is compatible with successful chemo-immunotherapy

Recently, we developed a protocol for the eradication of estab-
lished non-small cell lung cancers (NSCLC) consisting of
a combination of cis-diamminedichloridoplatinum (II)
(CDDP, best known as cisplatin, a classical cytotoxicant target-
ing DNA), high-dose crizotinib (a tyrosine kinase inhibitor)
and PD-1 blockade. This combination treatment can be
applied to mice bearing bioluminescence-detectable, lucifer-
ase-expressing TCl1 lung cancers and induces full resolution
of the disease in the majority (80-90%) of cases.”**' We com-
bined this therapeutic regimen with HCQ+AZI (Figure 3(a))
without observing additive toxicities (Figure 3(b)). We then
monitored the (pre-)clinical evolution of NSCLC by imaging
technology (Figure 3(c,d)). PD-1 blockade alone limited tumor
growth, and this effect was abolished by HCQ+AZI. However,
the combination treatment (CDDP+crizotinib+PD-1 block-
ade) led to a major reduction of the growth of all tumors, and
this effect was compatible with HCQ+AZI co-treatment
(Figure 4). Accordingly, HCQ+AZI had no significant negative
effect on the curative effects of the combination treatment
(around 80% for CDDP+crizotinib+PD-1 blockade), defined
as the complete disappearance of the luciferase-dependent
bioluminescence signal (Figure 5(a,b)). Moreover, 90% of the
mice survived after combination therapy with CDDP
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Figure 1. Effects of hydroxychloroquine plus azithromycin on naive mice. Tumor-free mice were treated interperitoneally (i.p.) with hydroxychloroquine (HCQ),
orally fed with azithromycin (AZl, supplied at different concentrations in the drinking water), or their combination (Combo) as illustrated in the scheme (a). The
bodyweight of the mice was monitored every 2 ~ 3 days and the ratios to the 1st measurement at different time points are summarized as line chart (b), mean + SEM,
n =10 mice/group; **P < .01, and ***P < .001, two-way ANOVA test, compared to the Water group). Livers and hearts were excised from 3 mice of each group at 4 hours
after the second injection of HCQ and subjected to protein extraction for SDS-PAGE and immunoblot (¢, d). B-Actin (ACTB) was measured as a loading control. Band
intensities were measured to quantify the ratio of LC3-Il to LC3-I (LC3-1I/LC3-I) and p62 to ACTB (p62/ACTB). Data are expressed as means + SEM of three mice (e, f).
Statistical significance is indicated as *P < .05, **P < .01, and ***P < .001 as compared with untreated control (CTRL) (Student’s t-test).
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Figure 2. Influence of hydroxychloroquine plus azithromycin on the efficacy of anticancer chemotherapy. Subcutaneous MC38 colorectal cancers were
established and interperitoneally (i.p.) treated with oxaliplatin (OXA) or an equivalent volume of PBS, either alone or in combination with hydroxychloroquine (HCQ,
i.p.) plus azithromycin (AZI) in drinking water as illustrated in the scheme (a). The bodyweight of mice was monitored every 2 days and ratios to 1st measurement at
different time points are summarized as line charts (b) mean + SEM). Tumor size was measured every 3 days. Growth curves of individual tumors (c) and different groups

(d) mean * SEM) are shown. Statistical differences are expressed as ***P < .001 as

+crizotinib+PD-1 blockade irrespective of the co-treatment
with HCQ+AZI (Figure 5(c,d)). Thus, HCQ+AZI does not
interfere with therapeutic efficacy.

Discussion

COVID-19 is perceived as a major menace to human
health, causing the lockdown of entire countries over sev-
eral months. Here, we evaluated a possible, but highly
controversial treatment option, the combination of HCQ
+AZI, for its possible interference with oncological treat-
ments in preclinical models.

HCQ is a lysosomotropic agent, meaning that its physi-
cochemical characteristics (lipophilic, cell membrane perme-
able weak base) cause it to enrich in acidic cellular
compartments, such as lysosomes, endosomes, autophagoly-
sosomes, leading to their alkalization and to a nonspecific
interference with viral replication.” HCQ also causes the
inhibition of autophagy,">'” a cytoprotective mechanism
that is essential for cellular stress management,*” explaining
why HCQ sensitizes cells to cytotoxic agents.”*** However,
HCQ may also mediate autophagy-independent cell killing
through lysosomal membrane permeabilization,'” causing the
release of cytotoxic enzymes including cathepsins® and sec-
ondary  mitochondrial membrane permeabilization,*
unleashing the apoptotic cascade.”® In vivo, even high doses
of HCQ (50 mg/kg per day) are unlikely to fully inhibit
autophagy. Indeed, genetically-induced autophagy inhibition
(by inducible knockout or knockdown of the essential

compared to the PBS group (two-way ANOVA test, n = 6 mice/group).

autophagy genes Atg5 or Atg7) causes a dramatic accelera-
tion of aging that provokes the degeneration of all internal
organs and kills young adult mice in 2-3 months.””** No
such side effects are known for HCQ treatment, meaning
that autophagy inhibition cannot be complete, in spite of the
prolonged half-life of the molecule.”” Autophagy induction
in cancer cells is required for the induction of immunogenic
cell death (ICD) by OXA*® or the combination of CDDP
+crizotinib,”® meaning that cancer cells in which Atg5
expression has been suppressed do not respond to these
combination regimens in vivo.*****" Hence, the fact that
HCQ fails to interfere with the efficacy of ICD-based ther-
apeutic regimens might be explained by its incapacity to
fully block autophagic flux.

Tumor immunosurveillance and protective immune
responses against viruses both require functional type 1 IFN
receptor signaling.”>>> However, HCQ was associated with
impaired ability of plasmacytoid dendritic cells from systemic
lupus erythematosus patients to produce IFN-a and TNF-a
upon stimulation with TLR-9 and TLR-7 agonists.® This
might explain why, to some extent, HCQ reduced the efficacy
of anti-PD1 Abs as a standalone therapy against our lung
cancer tumor. However, given that a sustained type 1 IFN
response causes secondary resistance to immune checkpoint
blockade,”> HCQ may actually curtail this feed -back loop, as
suggested in our combinatorial regimen.

AZI is a macrolide antibiotic. Combinations of broad-
spectrum antibiotics (that however did not include macrolides)
capable of causing temporary sterilization of the gut interfere
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Figure 3. Influence of hydroxychloroquine plus azithromycin on the efficacy of anticancer chemo-immunotherapy. Orthotopic NSCLC were established by
intravenous (i.v.) injection of 5 x 10° TC1 cells stably expressing luciferase (TC1 Luc™) and tumor incidence in the lung was detected by bioluminescence. Mice
(n = minimum of 8 mice per group) were treated with crizotinib (CRIZ) plus cisplatin (CDDP) or equivalent volumes of PBS, and combined or not with monoclonal
antibody to PD-1 (aPD-1) or isotype antibody (ISO), either alone or in combination with hydroxychloroquine (HCQ, i.p.) plus azithromycin (AZl) in drinking water as
illustrated in the scheme (a). Bodyweight of mice was measured every 2 days, and tumor size was monitored by luciferase activity every 3 to 4 days. Bodyweight (ration
to 1st measurement after randomization) is reported as mean + SEM (b). Statistical analysis was performed by means of two-way ANOVA test, ***P < .001 as compared
to the PBS group (n = 8-11 mice per group). Representative time-lapse images of 3 mice from different groups are reported in (c and d).

with the anticancer effects of OXA*® and PD-1 blockade.””®
There are also clinical reports suggesting that treatment with
macrolides or other broad-spectrum antibiotics during the
month preceding immunotherapy negatively affect therapeutic
responses.””*! However, in the specific setting that we investi-
gated here, AZI did not interfere with the efficacy of OXA or
a combination therapy including PD-1 blockade.

In sum, the preclinical data contained in this work suggest
that HCQ+AZI do not interfere with anticancer treatments.
Additional work is required to determine whether HCQ+AZI
have therapeutic utility against COVID-19 in oncological
patients (as suggested for instance in Ref.” or whether this
treatment, which is reputed to cause an increase in the
Q-T interval causing potentially lethal arrhythmia** should
be discontinued).

Materials and methods
Cell lines and reagents

Murine colon adenocarcinoma cell line MC38 was purchased
from the American Type Culture Collection (Virginia, MA,
USA). Luciferase-expressing murine non-small lung cancer
(NSCLC) TC1 Luc® cell line was kindly shared by Dr T.C.
Wu.*® All cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin, at 37°C
in a humidified incubator supplied with 5% CO,. All cell culture
media and supplements were from Gibco-Invitrogen (Carlsbad,
CA, USA) and all plastic material was purchased from Corning
Costar (Corning, NY, USA). Hydroxychloroquine sulfate
(PHR1782), oxaliplatin (Y0000271), cisplatin (C2210000), and
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Figure 4. Influence of hydroxychloroquine plus azithromycin on the tumor development control by anticancer chemo-immunotherapy. Mice bearing
orthotopic NSCLC were treated with crizotinib (CRIZ) plus cisplatin (CDDP) or equivalent volumes of PBS, and combined or not with monoclonal antibody to PD-1 (aPD-
1) or isotype antibody (ISO), either alone or in combination with hydroxychloroquine (HCQ, i.p.) plus azithromycin (AZI) in drinking water. Tumor size was monitored by
luciferase activity every 3 to 4 days and quantified as total flux of photons. Individual tumor growth curves are reported in (a, b) Average tumor growth curves (mean +
SEM) of different groups are reported in (c, d) Statistical analysis was performed by means of two-way ANOVA test. Significance are expressed as **P < .01 and
***p < 001 as compared to the PBS group; or **P < .01 as compared between indicated groups (n = 8-11 mice per group).

crizotinib (PZ0191) were purchased from Sigma-Aldrich (St
Louis, MI, USA). Azithromycin was obtained from the local
pharmacy (250 mg tablet, Pfizer France, Paris, France). Beetle
luciferin (E1601) was purchased from Promega (Madison, WI,
USA). Monoclonal antibody to LC3B (#3868) and p62 (#39749)
werwas purchased from Cell Signaling Technology (Danvers, MA,
USA) and HRP-conjugated monoclonal antibody to p-Actin
(ab49900) came from Abcam (Cambridge, UK). Monoclonal anti-
body to mouse PD-1 (Clone: 29 F.1A12 Catalog#: BE0273) and
isotype control antibody (Clone: LTF-2 Catalog#: BE0090) were
purchased from BioXcell (Lebanon, NH, USA).

Protein extraction and immunoblot

Naive female C57Bl/6 mice (6-week old) were treated with
hydroxychloroquine and azithromycin for two day2 days as
described below. Four hours after the 2nsecond treatment,
mice were sacrificed and livers and hearts were snap-frozen
in liquid nitrogen. For purification of tissue proteins, 30 mg
tissue was immersed in 1 mL of RIPA lysis buffer (#89901,
Invitrogen, Carlsbad, CA, USA) in Precellys lysing tubes
(#CK28_2 mL, Bertin Technologies SAS, France). The tissues
were then dissociated using the Precellys 24 homogenizer
(Bertin Technologies SAS) at 6,500 rpm for 60 seconds, and
centrifuged at 14,000 g for 15 mins to collect the supernatant
that contains soluble proteins. Protein concentration was
quantified with the DC Protein Assay (Bio-Rad, Hercules,
CA, USA). The protein solution was mixed with 4X loading
buffer, and denatured at 100°C for 1 h hour before being used
for western blotting.

Forty micrograms of protein were resolved on SDS poly-
acrylamide gel electrophoresis (PAGE) gels (Invitrogen) and

transferred to PVDF membranes (Merck Millipore), which
were blocked in TBS containing 0.01% Tween-20 and 5%
nonfat dry milk for 1 h before the incubation with primary
antibodies overnight at 4°C on a rocking shaker. Membranes
were then washed five times with TBST for 10 min each, and
incubated with HRP-conjugated secondary antibody for 2 h at
room temperature. At last, the membranes were washed five
times with TBST for 10 min each and subjected to chemilumi-
nescence-based detection with the Amersham ECL Prime
detection reagent kit and the ImageQuant LAS 4000 software-
assisted imager (GE Healthcare, Piscataway, NJ, USA). Band
quantification was performed using the ImageQuant TL soft-
ware (GE Healthcare).

In vivo experimentation

All animal experiments have been approved by the ethics
committee of Gustave Roussy Cancer Campus (project num-
ber: 24771-2020032413235413) and were performed in accor-
dance with governmental and institutional guidelines and
regulations. All mice were maintained in a temperature-
controlled specific pathogen-free environment with 12-h
light/dark cycles, with food and water ad libitum. Six to eight-
week-old female C57Bl/6 mice were purchased from Charles
River (France) and were adapted for at least 1 week before
being used for experiments. All animal experiments were per-
formed once with a number of animals per group sufficient for
statistical analysis by means of the freely available software
TumorGrowth (https://github.com/kroemerlab/
TumGrowth).**

Hydroxychloroquine was intraperitonially administrated at
a dose of 50 mg/Kg in 200 uL PBS daily for 3 weeks.
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Figure 5. Influence of hydroxychloroquine plus azithromycin on the tumor-free and overall survival of animals treated by anticancer chemo-
immunotherapy. Mice bearing orthotopic NSCLC were treated with crizotinib (CRIZ) plus cisplatin (CDDP) or equivalent volumes of PBS, and combined or not with
monoclonal antibody to PD-1 (aPD-1) or isotype antibody (ISO), either alone or in combination with hydroxychloroquine (HCQ, i.p.) plus azithromycin (AZI) in drinking
water. Tumor incidence was monitored by luciferase activity every 3 to 4 days and mice that lost the diagnostic pulmonary bioluminescence signal were regarded as
tumor-free. Tumor-free (total influx of image photons < 16,000) survival rates (a, b) and overall survival rates are reported as Kaplan-Meier curves. Statistical analysis was
performed by means of the Likelihood ratio test. Significances are expressed as *P < .05 and **P < .01 as compared to the PBS group (n = 8-11 mice per group).

Azithromycin was dissolved in autoclaved drinking water at
a concentration of 1 mg/Kg or 3 mg/Kg, and the solution was
changed daily throughout the treatment period. For the toxicity
test, azithromycin was supplied continuously for 5 days; while
for the treatment of tumor-bearing mice, it was used in a 3-day
on/1-day oft mode (3 days with azithromycin in drinking water
plus 1 day without). Oxaliplatin (10 mg/Kg), crizotinib (40 mg/
Kg), and cisplatin (0.25 mg/Kg) wawere administrated intraper-
itoneally at day 0 (when mice were randomized) and day 2.
Monoclonal antibody to PD-1 or an isotype control antibody
was administrated intraperitoneally at day 8, 12, and 16 after the
Isfirst chemotherapy, at a dose of 10 mg/Kg.

Tumor establishment and monitoring

For the establishment of MC38 colon adenocarcinoma, mice
were subcutaneously (s.c.) injected with 5 x 10 cells/mouse in
100 mL cold PBS in a low-flow isoflurane anesthesia vaporizer.
When the tumor surface (calculated as longest dimension
x perpendicular dimension x m/4) reached around
20-30 mm?, tumor-bearing mice were randomized into treat-
ment groups as described above. Tumor surface was then
monitored every 3 days and animals bearing neoplastic lesions
that exceeded 250 mm?* were euthanized.

To establish the orthotopic NSCLC model, 5 x 10° TC1 Luc*
cells (in 100 uL PBS) were intravenously (i.v.) injected to 6-week
old female C57BL/6 mice. Tumor incidence and development
were visualized by in vivo photonic imaging of tumor cells’
luciferase activity. Mice were i.p. injected with 150 mg/Kg beetle
luciferin and 8 mins later, photons were acquired on aa Xenogen
IVIS 50 bioluminescence imager (Caliper Life Sciences Inc.,
Hopkinton, MA, USA). In vivo imaging was conducted every

3-4 days with an exposure time starting at 4 min, and gradually
reduced to 3 min, 2 min, 1 min when photon saturation
occurred. When tumors could be detected at 4 min exposure,
the tumor bearintumor-bearing mice were randomized into
treatment groups as described above. Mice showing photon
saturation in less than 1 min of exposure were euthanized.
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