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Abstract Background: Effective therapy for COVID-19 remains limited. Hydroxychloroquine
(HCQ) has been considered, but safety and efficacy concerns remain. Chitosan exhibits anti-
viral and immunomodulatory effects, yet how the combination of HCQ and chitosan performs
in treating COVID-19 is unknown.
Methods: Male Syrian hamsters were inoculated intranasally with standardized stocks of the
SARS-CoV-2 virus. Hamsters were allocated to saline (PBS), chitosan oligosaccharide (COS),
HCQ, or COS þ HCQ groups and received corresponding drugs. On days 1, 7, and 14 post-
infection, two animals from each group were euthanized for sample collection. Viral loads
were measured in lung homogenates. Biochemistry markers, cytokines, and immunoglobulins
were analyzed from hamster sera. HCQ concentrations were compared between the blood,
bronchoalveolar lavage, and lung tissues. All groups underwent histopathology exams of the
lungs. Additional hamsters were treated with the same drugs to assess for toxicities to the
heart and liver.
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Results: Among all groups, viral loads in the COS þ HCQ group were the lowest by day 8. The
COS þ HCQ group produced the highest interleukin (IL)-6 levels on day 4, and the highest IL-10,
IgA and IgG levels on day 8. HCQ concentrations were higher in the COS þ HCQ group’s lungs
than the HCQ group, despite having received half the dose of HCQ. Histopathology demon-
strated earlier inflammation resolution and swifter viral clearance in the COS þ HCQ group.
There was no evidence of cardiac or hepatic injury in hamsters that received HCQ.
Conclusion: In hamsters infected with the SARS-CoV-2 virus, the combination of intranasal COS
and HCQ was associated with increased HCQ absorption in the lungs, more effective immune
responses, without increasing the risk of hepatic or cardiac injuries.
Copyright ª 2023, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Since 2019, the severe acute respiratory syndrome
Coronavirus-2 (SARS-CoV-2) has infected over 575 million
individuals and led to more than six million deaths world-
wide.1 The SARS-CoV-2 is characterized by low fatality but
great infectivity and transmissibility.2,3 Clinical manifesta-
tions of COVID-19 range from asymptomatic infection to
severe multiorgan failure 2. In elderly patients and those
with multiple comorbidities, SARS-CoV-2 infection lead to
worsened prognosis.4,5 The goals of COVID-19 treatment
include shortening viral shedding, inhibition of trans-
mission, attenuation of disease severity, and prevention of
long-term complications.6

Currently, drugs approved by or received Emergency Use
Authorizations from the Food and Drug Administration of the
United States for treatment of COVID-19 are limited by their
high costs and paucity of evidence in milder disease.7 In light
of the rapidly mutating and spreading virus, a cheaper yet
effective treatment is needed. Hydroxychloroquine (HCQ)
gained attention after in vitro studies demonstrated inhibi-
tion of the SARS-CoV-2 with a low half-maximal effective
concentration.8,9 Its low costs, high accessibility and rela-
tively safe drug profile has led to great interest in HCQ.10

However, higher than usual doses of HCQ are required to
achieve antiviral effects, yet high systemic doses of HCQ
may lead to systemic toxicities.11e13 Studies on the treat-
ment of COVID-19 have noted a trend in increased mortality
associated with HCQ,14,15 leading to concerns for its use.

SARS-CoV-2 invades its hosts via the respiratory sys-
tem.16 Inhaled antiviral therapy allows high drug doses to
be dispensed directly at the site of infection while mini-
mizing systemic side effects.17 Besides aiming for higher
local doses, adding an adjunct to enhance drug biocom-
patibility and sustainability may also help. Chitosan poses
an attractive option for intranasal drug delivery due to its
mucoadhesive properties, high stability and low toxicity.18

We hypothesize that HCQ exhibits antiviral effects
augmented by combined chitosan oligosaccharide (COS)
when administered directly in the respiratory tract. In this
proof-of-concept study, we investigated the efficacy and
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safety of a novel inhaled combination of COS þ HCQ for the
treatment of COVID-19 in a hamster model.
Methods and materials

Ethics statement

This study was approved by the IACUC of Institute of Pre-
ventive Medicine, National Defense Medical Center (IACUC
AN-110-32). Hamster procedures were performed under
intraperitoneal anesthesia.

Virus

According to institutional guidelines, all virus-related work
was conducted in high-containment Biosafety Level 3
(BSL3) facilities of the Institute of Preventive Medicine,
National Defense Medical Center. All potentially infectious
substances were treated to inactivate viral particles before
leaving the BSL-3 facility. The SARS-CoV-2 isolate was pro-
vided by the Taiwan Center for Disease Control (BetaCoV,
GISAID accession number EPI_ISL_411,915 and NCBI acces-
sion number MT192759, Taiwan CDC) and amplified in Vero
E6 cells.

Viral titers of the supernatant were measured using a
standard 50% tissue culture infectious dose (TCID50) assay.
Cells plaques were counted to evaluate the cytopathic ef-
fect of the SARS-CoV-2 isolate, with the TCID50 calculated
through the Reed-Muench method.

Chemicals and agents

Deacetylated COS (MW < 2000, CAS number 9012-76-4),
HCQ sulfate (CAS number 747-36-4), and phosphate buffer
saline (PBS) were purchased from SigmaeAldrich Chemie
GmbH (Steinheim, Germany). Zoletil 50 was purchased
from Virbac (Carros, France) and xylazine from Bayer
(Leverkusen, Germany). The COS was dispersed in PBS and
gently stirred for 1 h at 37 �C to dissolve completely. HCQ
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sulfate powder 0.65 mg/kg was mixed completely with 0.4%
(w/w) COS solution.

Administration of drugs and viral challenge in
hamsters

Eight-week-old male Syrian hamsters were purchased from
the National Laboratory Animal Center (NARLabs, Taipei,
Taiwan) and maintained in the BSL3 facility accredited by
the Association for Assessment and Accreditation of Labo-
ratory Animal Care International. Sample sizes were
determined according to the maximum housing capacity of
BSL3 facilities. The animals were weighed and randomly
separated into five groups, with seven in each group at
20 �C, 55% humidity and 12:12 day/night cycles.

Animals were infected on day 0 with 50 ml of virus-
containing media containing approximately 104 PFU given
intranasally under anesthesia (Supplemental Fig. 1). Con-
trol hamsters were given the same volume of sterile PBS
similarly. One hour after infection, the animals were
treated intranasally with the designated drug for each
group: the PBS group received PBS only, the COS group 0.4%
(w/v) COS solution at a concentration of 25 mmol/L, the
COS þ HCQ group a mixture of HCQ sulfate 0.65 mg/kg with
0.4% (w/w) COS solution, and the HCQ group HCQ at
1.3 mg/kg. Subsequent doses of each drug were given once
every two days.

Animals were weighed and examined on a daily basis. On
days 1, 7 and 14, two animals from each group were
randomly selected and humanely euthanized for sample
collection. The experiment was repeated twice.

In addition to the aforementioned experiments, five
groups of nine hamsters each were treated according to the
same protocol but without inoculation of virus stock to
assess for drug-related cardiac and hepatic toxicities. On
days 1, 7 and 14, three animals from each group were
randomly selected and euthanized for collection of the
heart and liver.

Virological analysis

RT-qPCR determined viral loads from lung homogenates. To
ensure nucleic acid stability, DNA/RNA shield (Zymo
research, CA, USA) was added to the lung homogenates
after homogenization. Nucleic acids were extracted with
the LabTurbo AIO Viral DNA/RNA Extraction Kit (Taigen
Bioscience Co., TPE, TW). RT-qPCR was performed using
the TaqMan Fast Virus 1-Step Master Mix (Applied Bio-
systems, CA, USA) with primer-probe sets targeting the
SARS-CoV-2 E gene.19 Primer sequences are shown in Table
1. RNA extraction and RT-qPCR were performed using the
Table 1 Primer Sequences for RT-qPCR of the SARS-CoV-2 E ge

Assay Target Primer/ Probe Sequen

E Envelope protein gene E_Sarbeco_F1 ACAGGT
E_Sarbeco_R2 ATATTG
E_Sarbeco_P1 FAM-AC
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LabTurbo AIO 48 SP-qPCR System (Taigen Bioscience Co.,
TPE, TW), an all-in-one automated device. In vitro tran-
scribed RNA standards containing SARS-CoV-2-E gene se-
quences were synthesized by using the HiScribeTM T7 Quick
High Yield RNA Synthesis Kit (New England Biolabs, MA,
USA). Dilutions of RNA standards were quantified using the
QIAcuity Digital PCR system (Qiagen, NRW, GER), in com-
bination with the QIAcuity One-Step Viral RT-PCR Kit (Qia-
gen, NRW, GER) to calculate viral genomic copies with RT-
qPCR.

Serum biochemistry analysis

Hamster blood were collected on day 4, 8 and 14 after
infection and centrifuged at 1300�g for 10 min to obtain
plasma. Data on serum aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and lactate dehydrogenase
(LDH) were examined by using a serum chemistry analyzer
(Cobas C111, Roche, Basel, Switzerland).

Cytokine and antibody expression analysis

Analysis of expression of hamster interleukin (IL)-6 (CUSA-
BIO Technology LLC, Houston, USA), IL-10 (CUSABIO Tech-
nology LLC, HOU, USA), IL-1b (CUSABIO Technology LLC,
Houston, USA), the immunoglobulin A (IgA, MyBioSource
Inc., CA, USA) and immunoglobulin G (IgG, Abcam Inc.,
Camb, UK) were conducted by ELISA. Data were deter-
mined via microplate readers capable of measuring absor-
bance at 450 nm, with the correction wavelength set at
570 nm.

Quantification of hydroxychloroquine

HCQ was detected via electrospray-ionization time-of-flight
mass spectrometry (ESI-TOF MS). Data were collected
through a mass spectrometer (JMS-T100LP4G, JEOL Ltd.,
Tokyo, Japan) equipped with an ESI source, detecting
positive and negative ions. Typical measurement conditions
were as follows: needle voltage 2000 kV, orifice 1 voltage
30 V, ring lens voltage 10 V, spray temperature 250 �C. HCQ
concentration was quantified in blood, homogenized lung
tissue, and bronchoalveolar lavage fluid.

Blood samples were collected in serum separator tubes
(BD Vacutainer, sNJ, USA) and centrifuged to collect the
serum. Serum samples were diluted into 25 mL aliquots with
100 mL of 0.1% formic acid and 1 ml of acetonitrile, vor-
texed and incubated at �20 �C for 2 h. Serum samples were
centrifuged for clarification of the supernatant and then
taken to dryness in a concentrator. Finally, the serum was
ne.

ce (5’/3’)3 Optimal working
concentration (mM)

ACGTTAATAGTTAATA-GCGT 0.4
CAGCAGTACGCACACA 0.4
ACTAGCCATCCTTACTGCGCTTCG-BBQ 0.2



Figure 1. Viral loads in the lung homogenates of hamsters
receiving study treatments after infection of SARS-CoV-2. PBS,
phosphate buffer saline; COS, chitosan oligosaccharide; HCQ,
hydroxychloroquine; Ct value, cycle threshold value.

D.S.-H. Lin, S.C. Tzeng, T.-L. Cha et al.
resuspended in 100 mL of 50% methanol, centrifuged again
and the supernatant was collected again.

The bronchoalveolar lavage fluid was obtained after the
lungs were taken out and flushed back and forth ten times
with 3 ml of PBS injected into the bronchi. The bron-
choalveolar lavage fluid was centrifuged to obtain the su-
pernatant. The lung tissue was homogenized using
Dulbecco’s Modified Eagle Medium (DMEM, Life Technolo-
gies, NY, USA) and centrifuged to separate the supernatant
for analysis. Subsequent preparation of lung tissue and
bronchoalveolar lavage fluid samples is similar to the
preparation of serum samples.

The calibration standards were prepared by spiking 100
Ul of blank sample with proper standard solutions of HCQ
sulfate and 20 uL of internal standard solution. The effec-
tive concentration in analyzed samples was between 50 and
1000 ng/ml. The standards and controls were extracted for
each analysis with the same procedures detailed
previously.

Pathology assessment by histology

Hamsters were sacrificed and the lungs, liver and heart
were obtained. Organs were fixed and embedded in
paraffin for staining. The lungs were examined with the
periodic acid schiff’s stain (PAS), immunohistochemical
staining (IHC), hematoxylin and eosin stain (H&E stain) and
scanning electron microscope (SEM). The heart and liver
slides were stained with H&E stains.

Statistical analysis

All statistical analyses were performed using the GraphPad
Prism 8 software (GraphPad, San Diego, CA, USA). Results
are presented as means and 95% confidence intervals.
Statistical differences between groups were analyzed using
the Tukey’s multiple comparisons test and considered sta-
tistically significant at p values < 0.05 (*p < 0.05, ))
p < 0.01, )))p < 0.001). Histopathology of all specimens
were examined blindly.

Results

Physiologic parameters

After intranasal inoculation of the SARS-CoV-2 virus, the
hamsters displayed lethargy, with ruffled fur and hunched
backs. At day 3, body weight of all infected hamsters began
to fall and was significantly lower than the control group.
Body weight of infected hamsters continued to decline until
day 6; after day 6, slowly increased until day 14
(Supplemental Fig. 2). There were no significant differ-
ences between each group regarding changes in body
weight.

Viral loads

The cycle threshold (CT) value of SARS-CoV-2 E gene in the
homogenized lung tissues increased in all hamster groups as
time went by after infection (Fig. 1). On day 8, there seems
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to be a trend towards lower viral loads in the COS þ HCQ
group compared to other groups (Supplemental Fig. 3).

Biochemistry data

Serum AST levels were significantly higher on day 8 in the
COS group compared to all other groups (Fig. 2A). In the
COS group, serum ALT levels were also significantly
increased on days 4 and 8 (Fig. 2B). The COS þ HCQ group
exhibited significantly lower serum LDH levels on day 14
(Fig. 2C).

Serum IL-6 levels were significantly elevated in the
COS þ HCQ group on day 4 in comparison with all other
groups (Fig. 3A). Similarly, the expression of IL-10 was
significantly higher in the COS þ HCQ group on day 8
(Fig. 3C). IgA levels on day 4 were significantly increased in
the COS þ HCQ, COS and HCQ groups (Fig. 3D), as were the
IgG levels on day 14 (Fig. 3E). On day 8, IgA and IgG levels in
the COS þ HCQ group were significantly higher than all
other groups (Fig. 3D and E).

Concentration of hydroxychloroquine

HCQ was detected only in the HCQ and COS þ HCQ groups.
HCQ concentrations in the lung tissue were numerically
higher than that detected in the blood and bronchoalveolar
lavage fluid in both groups. Notably, HCQ concentrations
were higher in the lung tissue of the COS þ HCQ group
compared to hamsters that received HCQ only. This phe-
nomenon was most pronounced on day 14 after infection.

Histopathology examination of the lungs, heart,
and liver

In the PBS group, significant inflammation was evident on
day 1, with the emergence of inflammatory cell aggregates
and spotty hemorrhages on day 7. By day 14, necrosis and
loss of normal alveolar structure were observed. Heavy
mucus formation was notable since day 1 and worsened
with time. IHC staining of the SARS-CoV-2 N protein showed
prominent viral infiltration with diffuse persistence on day
14 (Fig. 4).



Figure 2. Serum AST (A), ALT (B), and LDH (C) levels in hamsters receiving study treatments after infection of SARS-CoV-2. AST,
aspartate aminotransferase; ALT, alanine transaminase; LDH, lactate dehydrogenase; PBS, phosphate buffer saline; COS, chitosan
oligosaccharide; HCQ, hydroxychloroquine.
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H&E staining of the lungs from the COS group revealed
significant perivascular inflammatory infiltrates with scat-
tered hemorrhages throughout the parenchyma that per-
sisted to day 14. Large amounts of mucin formation were
noted by day 7, with obstruction of bronchial spaces
observed on day 14. Viral protein stained densely on day 1
but regressed by day 14 (Fig. 5).

In the HCQ group, interstitial inflammation and spotty
hemorrhages could be seen since day 1, with partial reso-
lution of interstitial hemorrhages on day 14. PAS staining
revealed markedly heavy mucus that filled the interstitium.
Viral protein aggregates persisted throughout the study
period, with slightly decreased staining in the parenchyma
by day 14 (Fig. 6).

H&E stains of the COS þ HCQ group on day 1 post-
infection demonstrated inflammation that progressed in
severity by day 7. However, inflammation and interstitial
hemorrhages were almost entirely resolved by day 14.
There is much less mucus seen in the COS þ HCQ group
compared to other groups throughout the entire period of
observation. IHC staining demonstrated rapid clearance of
viral infiltration, with decrease in staining already evident
on day 7 (Fig. 7).

SEM examination of lung tissue slides was also per-
formed. Pathology from the COS þ HCQ group demon-
strated intact pulmonary architectures, with the tissue
clear of mucus formation or inflammatory cells
(Supplemental Fig. 4). Pathology of the heart
(Supplemental Fig. 5) and liver (Supplemental Fig. 6) from
all groups did not reveal significant changes throughout
days 1, 7 and 14.
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Discussion

In this study, we assessed the efficacy and safety of a novel
inhaled combination of COS þ HCQ for treating COVID-19 in
a hamster model. Our study revealed several findings. First,
intranasal administration of combined COS þ HCQ resulted
in increased HCQ concentrations in the lung parenchyma
compared to HCQ alone, suggesting that COS enhanced
tissue penetration of drugs. Second, combined COS þ HCQ
led to earlier and greater immune responses, including
acute production of IL-6 and IgA, and subsequent produc-
tion of IL-10 and IgG. This was associated with faster viral
clearance and attenuated lung injury. COS likely played
immunomodulatory roles in this process. Third, intranasal
administration of HCQ resulted in high local drug concen-
trations that was not associated with hepatic or cardiac
injury. Inhalation of HCQ combined with COS is possibly a
safe and efficacious means of treatment for COVID-19.

The SARS-CoV-2 virus infects its host by invading the
respiratory epithelium3. HCQ inhibits SARS-CoV-2 infection
through direct actions on the respiratory epithelial cell sur-
face19. Because HCQ is extensively distributed in tissue, to
achieve effective antiviral doses at the alveolar interface,
large systemic doses are required.20e22 Drug inhalation al-
lows high local doses while limiting systemic side effects,
whereas the site of drug deposition depends primarily on the
size of inhaled particles. The optimal particle size for drug
deposition in the lung is an aerodynamic diameter of
approximately 0.5e5 mm16. The COS gel utilized in our study
was dispersed into particles sized 0.3e10 mm, which allowed
passage through the alveolar tissue barrier to other organs.



Figure 3. Serum IL-6 (A), IL-1b (B), IL-10 (C), IgA (D) and IgG (E) levels in hamsters receiving study treatments after infection of
SARS-CoV-2. IL-6, interleukin-6; IL-1 b, interleukin-1 b; IL-10, interleukin-10; IgA, immunoglobulin A; IgG, immunoglobulin G; PBS,
phosphate buffer saline; COS, chitosan oligosaccharide; HCQ, hydroxychloroquine.
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Furthermore, chitosan molecules carry positive charges,
leading to mucoadhesive properties and opening of inter-
cellular tight junctions, enhancing drug absorption. We
demonstrated that inhaled COS þ HCQ was associated with
increased HCQ concentration in the lung parenchyma
compared to administration of HCQ only. Most importantly,
this was achieved with half the inhaled dose of HCQ, further
lowering the risk of systemic side effects and the costs of
treatment. Furthermore, increased lung tissue HCQ con-
centrations were most evident on day 14, suggesting better
retainment of the drug in the lungs with co-administration of
COS. COS is likely a potent drug delivery vehicle that en-
hances lung absorption of HCQ.

Chitosan exhibits direct antiviral and immunomodula-
tory properties.23 In this study, hamsters that received COS
demonstrated earlier viral clearance on lung histopathology
compared to PBS. In addition to antiviral effects, chitin and
chitosan stimulate acute innate immune responses and
promote subsequent humoral responses23. Chitin induces
TH1 cell-mediated immunity and IL-10 production, leading
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to downregulation of pro-inflammatory cytokines.24 Adding
chitosan as an adjuvant to influenza vaccines also boosted
immunogenicity in murine models.25 The findings in our
study conformed with those in literature. Hamsters treated
with the combination of COS þ HCQ expressed significantly
higher levels of IL-6 on day 4 and IL-10 on day 8 after SARS-
CoV-2 inoculation. The rapidity of IL-10 production suggests
earlier activation of anti-inflammatory pathways that in-
tervenes to prevent uncontrolled inflammation. IgA and IgG
production were also greatly increased in this group. In
particular, IgG levels were significantly higher in hamsters
treated with COS þ HCQ on day 8, suggesting earlier and
more effective class switching of humoral responses.26,27

These findings suggest that immune responses were more
effective, better modulated, and greater in magnitude in
hamsters treated with the COS þ HCQ combination. Neither
inhaled HCQ nor COS alone led to similar effects, indicating
synergism between these two drugs.

The synergistic actions of COS and HCQ on the immune
system may lead to earlier convalescence of disease with



Figure 4. Histopathology of the lung in hamsters treated with PBS after SARS-CoV-2 infection. Significant peri-bronchiole and
perivascular inflammatory cell infiltration was seen on day 1. By day 7, several foci of inflammatory cell aggregates were seen,
accompanied by peri-bronchial and intra-alveolar hemorrhages. Inflammation persisted on day 14, with the necrosis and loss of
lung tissue and cyst formation. Perivascular and peri-bronchial mucus formation was notable since day 1. Mucus was even more
prominent on days 7 and 14, with progressive loss of lung tissue and cyst formation. IHC staining showed dense peri-bronchial
staining on day 1, with subsequent spread to the lung parenchyma on day 7. There was diffuse persistent IHC reaction to
SARS-CoV-2 N protein on day 14. H&E, hematoxylin and eosin stain; PAS, periodic-acid Schiff stain; IHC, immunohistochemistry;
PBS, phosphate buffer saline.

Figure 5. Histopathology of the lung in hamsters treated with COS after SARS-CoV-2 infection. Day 1 showed significant peri-
vascular inflammatory infiltrates with scattered spots of hemorrhage throughout the parenchyma. On day 7, infiltration of in-
flammatory cells became for severe with diffuse parenchymal involvement and interstitial hemorrhage. Peri-bronchial
inflammation and interstitial hemorrhage persisted in severity by day 14. Large amounts of mucin formation were noted in the
interalveolar and perivascular interstitium on day 7. On day 14, heavy mucus production that filled bronchial spaces was still seen.
IHC staining showed dense peri-bronchial staining with spreading to nearby tissue. Viral protein staining was more diffuse by day 7
but markedly regressed in density. By day 14, only minimal evidence of the presence of the SARS-CoV-2 N protein could be seen.
H&E, hematoxylin and eosin stain; PAS, periodic-acid Schiff stain; IHC, immunohistochemistry; COS, chitosan oligosaccharide.
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reduced organ injury. We found greater Ct values on day 8
in the COS þ HCQ group, suggesting more rapid eradication
of the virus. Histopathology of the lungs from the
COS þ HCQ group demonstrated earlier resolution of
inflammation, limited production of mucus, and faster viral
clearance. Although the COS þ HCQ combination boosted
immune defenses, the degree of inflammation was
controlled, and adaptive immunity effectively induced.
This suggests that the combination of COS þ HCQ not only
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promotes earlier eradication of the SARS-CoV-2 but can also
prevent the development of long-term post-COVID
complications6.

The greatest concerns regarding HCQ treatment for
COVID-19 are systemic toxicities.28 HCQ-associated car-
diac and hepatic toxicities were more frequently reported
among COVID-19 patients, as opposed to patients
receiving HCQ for other conditions.29 SARS-CoV-2 infection
in itself can lead to acute liver injury, with transaminitis



Figure 6. Histopathology of the lung in hamsters treated with HCQ after SARS-CoV-2 infection. Mild interstitial inflammation and
spotty hemorrhages could be seen on day 1. Numerous foci of heavy inflammatory cell infiltration were observed on day 7, with a
predominance of mononuclear cells. There was invasion of the capillary walls by inflammatory cells and intra-alveolar hemorrhage.
By day 14, partial resolution of hemorrhage was evident, yet inflammation was more diffuse and severe. PAS staining showed mild
mucin production on day 1, followed by the production of large amounts of mucus that filled the interstitium by day 7 and persisted
to day 14. IHC staining showed large amounts of viral proteins in the bronchioles and with spread to the surrounding interstitium on
day 1. On day 14, reduced staining for the viral protein was noted in the parenchyma, but significant reaction persisted in the
capillaries and bronchioles. H&E, hematoxylin and eosin stain; PAS, periodic-acid Schiff stain; IHC, immunohistochemistry; HCQ,
hydroxychloroquine.

Figure 7. Histopathology of the lung in hamsters treated with COS þ HCQ after SARS-CoV-2 infection. Generalized inflammation
and interstitial hemorrhage could be seen on day 1 post-infection. Increased peri-bronchial inflammatory cell infiltrations with
persistence of interstitial hemorrhages on day 7. The interstitial inflammatory cell infiltration was markedly decreased by day 14,
with only minimal hemorrhage and inflammation evident under 20x magnification. There is little mucus production compared to
other treatment groups, with complete resolution of mucus and alveolar structures remaining intact with PAS stain on day 14. IHC
staining demonstrated marked decrease of viral proteins by day 7, and by day 14 the viral infiltrates have almost completely
cleared. H&E, hematoxylin and eosin stain; PAS, periodic-acid Schiff stain; IHC, immunohistochemistry; COS, chitosan oligosac-
charide; HCQ, hydroxychloroquine.
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in the COVID-19 patient reflecting more severe dis-
ease.30,31 In humans, drug-induced liver injury (DILI) often
manifests with necro-inflammatory injury, cholestatic
injury, and steatosis on histopathology.32 COVID-related
liver injury also present with steatosis, acute hepatitis,
and portal inflammation33e35; thus, although COVID-19
patients are particularly vulnerable to drug-induced liver
injury,36 the differentiation between DILI and viral
958
hepatitis is extremely difficult and requires consideration
of the patient’s blood tests, concomitant symptoms, and
disease course as a whole. In our study, we assessed serum
AST and ALT levels after virus inoculation and also
examined hepatic pathology for signs of injury. Interest-
ingly, hamsters exposed to HCQ had lower levels of serum
AST and ALT compared to other groups. There was no
evidence of hepatic injury on pathology examination.



Journal of Microbiology, Immunology and Infection 56 (2023) 951e960
Although it would be assertive to conclude that HCQ is
protective against liver injury in hamsters with SARS-CoV-
2 infection, our results suggest that HCQ, when adminis-
tered via the respiratory tract at dosages sufficient to
exert therapeutic effects locally, does not lead to hepatic
toxicities.

This is a proof-of-concept study with several limitations.
Our goal was to advocate inhaled COS as a novel adjuvant to
inhaled HCQ in treating COVID-19. More data is needed to
validate our findings. Although hamsters have been
reportedly utilized as an animal model for COVID-19,37,38

there is still relatively little experience in literature
considering the recent emergence of this disease. Molecu-
lar reagents, such as antibodies, ELISA kits, and primers of
PCR, may require more validation. Furthermore, in COVID-
19 infections, the transition of viral invasion from the upper
to lower respiratory tract is crucial in the development of
severe disease. In our study, upper airway specimens were
not examined due to limited resources laboratory con-
straints. Whether the inhaled combination of HCQ þ COS
may delay or impede this process is unknown from our re-
sults. Also, quantification of viral load by PCR or viral pro-
tein staining only cannot assess viral activity. Whether the
virus is replicable from respiratory specimens or not may be
crucial to demonstrate viral suppression. Lastly, the eval-
uation of HCQ-related liver and cardiac toxicities may not
be entirely adequate by pathology alone. We present a
proof-of-concept study with the goals of demonstrating
safety, feasibility, and possible benefits of this therapy. Our
results are hypothesis-generating and further investigations
are necessary to translate our findings into clinical
applications.
Conclusion

In hamsters infected with the SARS-CoV-2 virus, the com-
bination of intranasal COS and HCQ was associated with
increased HCQ absorption in the lungs, more rapid and
effective immune responses, without increasing the risk of
hepatic or cardiac injuries.
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