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ABSTRACT

Nelfinavir is an HIV protease inhibitor that has been widely prescribed as a component of highly active antiretroviral therapy, and has been reported to exert in vitro
antiviral activity against SARS-CoV-2. We here assessed the effect of Nelfinavir in a SARS-CoV-2 infection model in hamsters. Despite the fact that Nelfinavir, [50 mg/
kg twice daily (BID) for four consecutive days], did not reduce viral RNA load and infectious virus titres in the lung of infected animals, treatment resulted in a
substantial improvement of SARS-CoV-2-induced lung pathology. This was accompanied by a dense infiltration of neutrophils in the lung interstitium which was
similarly observed in non-infected hamsters. Nelfinavir resulted also in a marked increase in activated neutrophils in the blood, as observed in non-infected animals.
Although Nelfinavir treatment did not alter the expression of chemoattractant receptors or adhesion molecules on human neutrophils, in vitro migration of human
neutrophils to the major human neutrophil attractant CXCL8 was augmented by this protease inhibitor. Nelfinavir appears to induce an immunomodulatory effect
associated with increasing neutrophil number and functionality, which may be linked to the marked improvement in SARS-CoV-2 lung pathology independent of its
lack of antiviral activity. Since Nelfinavir is no longer used for the treatment of HIV, we studied the effect of two other HIV protease inhibitors, namely the com-
bination Lopinavir/Ritonavir (Kaletra™) in this model. This combination resulted in a similar protective effect as Nelfinavir against SARS-CoV2 induced lung pa-
thology in hamsters.

1. Introduction caused more than 6 million deaths within the time-span of 23 months
after its discovery (WHO Coronavirus Disease (COVID-19) Dashboard,
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 2022). SARS-CoV-2-induced COVID-19 is mainly an inflammatory
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disease that displays a variety of symptoms including fever, dry cough,
muscle weakness, loss of sense of taste and smell, and diarrhoea (Tay
et al., 2020). In some patients, the disease is accompanied with a
massive cytokine storm and exaggerated immune response, resulting in
severe complications such as acute respiratory distress syndrome
(ARDS), respiratory failure, septic shock and multi-organ failure (Tay
et al., 2020).

Nelfinavir mesylate (Viracept) is an FDA-approved HIV-protease
inhibitor (PI) (Kaldor et al., 1997). By inhibiting the HIV-1 protease, it
prevents the cleavage of viral Gag and Gag-Pol polyproteins, resulting in
immature and non-infectious virus particles (Kaplan et al., 1993; Peng
et al., 1989). Nelfinavir has been reported to result in some in vitro
inhibitory activity against SARS-CoV-2 (Ianevski et al., 2020; Yamamoto
et al., 2020). Additionally, inhibition of SARS-CoV-2 Spike glycoprotein
mediated cell-fusion has been reported (Musarrat et al., 2020) and in
silico docking studies predict binding of Nelfinavir for the catalytic site
of the SARS-CoV-2 main protease, MP™ (Bolcato et al., 2020; Xu et al.,
2020; Huynh et al., 2020). We here wanted to assess whether Nelfinavir
results in an antiviral effect against SARS-CoV-2 in Syrian hamsters.
High viral titres are reached in the lung upon infection and the animals
develop a COVID-like lung pathology (Boudewijns et al., 2020; Kaptein
et al., 2020). The model is well-suited to assess the impact of antiviral
drugs as we and others have demonstrated. Notably, we have demon-
strated that Favipiravir and Molnupiravir (EIDD-2801) markedly reduce
SARS-CoV-2 replication in hamsters, including against variants of
concern (Abdelnabi et al., 2021; Kaptein et al., 2020). We here report
that although Nelfinavir does not result in an antiviral effect in the
hamster model, it has a protective effect against virus-induced pathol-
ogy. Since Nelfinavir is no longer in clinical use in the EU, we next
explored whether the fixed dose HIV protease combination Lopinavir
and ritonavir (Kaletra™) results in a similar effect. Lopinavir/Ritonavir
(Kaletra™) is an antiretroviral therapy approved for the treatment of
HIV, in which Ritonavir increases the bioavailability of Lopinavir by
preventing its metabolization by host cytochrome P450 3A4 (Kempf
et al.,, 1997; Sham et al., 1998). Lopinavir has demonstrated antiviral
activity in vitro against coronaviruses SARS-CoV and MERS-CoV (Chu
et al., 2004; de Wilde et al., 2014), and more recently, SARS-CoV-2
(Choy et al., 2020). We report that similar to Nelfinavir, Lopinavir/Ri-
tonavir results in a protective effect against virus-induced pathology in
the hamster model despite the lack of an antiviral activity.

2. Materials and methods
2.1. SARS-CoV-2 strain

The SARS-CoV-2 strain used in this study, BetaCov/Belgium/GHB-
03021,/2020 (EPI ISL 109 407976|2020-02-03), was recovered from a
nasopharyngeal swab taken from an RT-qPCR confirmed asymptomatic
patient who returned from Wuhan, China in the beginning of February
2020. A close relation with the prototypic Wuhan-Hu-1 2019-nCoV
(GenBank accession 112 number MN908947.3) strain was confirmed
by phylogenetic analysis. Infectious virus was isolated by serial
passaging on HuH7 and Vero E6 cells (Kaptein et al., 2020); passage 6
virus was used for the study described here. The titre of the virus stock
was determined by end-point dilution on Vero E6 cells by the Reed and
Muench method (Reed and Muench, 1938). Live virus-related work was
conducted in the high-containment A3 and BSL3+ facilities of the KU
Leuven Rega Institute (3CAPS) under licenses AMV 30112018 SBB 219
2018 0892 and AMV 23102017 SBB 219 20170589 according to insti-
tutional guidelines.

2.2. Cells
Vero E6 cells (African green monkey kidney, ATCC CRL-1586) were

cultured in minimal essential medium (Gibco) supplemented with 10%
fetal bovine serum (FCS; Integro), 1% L-glutamine (Gibco) and 1%
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bicarbonate (Gibco). End-point titrations were performed with medium
containing 2% FCS instead of 10%.

2.3. SARS-CoV-2 infection model in hamsters

The hamster infection model of SARS-CoV-2 has been described
before (Kaptein et al., 2020). In brief, wild-type, female Syrian Golden
hamsters (Mesocricetus auratus) of 6-8 weeks old weighing 90-120 g
were purchased from Janvier Laboratories and were housed per two in
ventilated isolator cages (IsoCage N Biocontainment System, Tecniplast)
with ad libitum access to food and water and cage enrichment (wood
block). The animals were acclimated for 4 days prior to study start.
Housing conditions and experimental procedures were approved by the
ethics committee of animal experimentation of KU Leuven (license
P065-2020). Female hamsters of 6-8 weeks old were anesthetized with
ketamine/xylazine/atropine and inoculated intranasally with 50 pL
containing 2 x 10® TCID50 SARS-CoV-2 (day 0).

2.4. Study design

At day 0, animals were treated twice daily with an intraperitoneal
injection (i.p.) of 15 mg/kg or 50 mg/kg of Nelfinavir (purchased from
MedChem Express, formulated in 5% DMSO-5% PEG-400 and 5%
Tween-80 in PBS to a stock of 5 mg/ml and 10 mg/ml, respectively) or
vehicle control (5% DMSO-5% PEG-400 and 5% Tween-80 in PBS) just
before infection with SARS-CoV-2. For the Lopinavir/Ritonavir study,
animals were treated once daily with Lopinavir by i.p. injection and
Ritonavir by oral gavage. Both Lopinavir and Ritonavir were formulated
in 43% ethanol, 27% propylene glycol in water to a stock of 30 mg/ml
and 20 mg/ml, respectively. Treatments continued until day 3 pi. During
this time, hamsters were monitored for appearance, behavior, and
weight. At day 4 pi, hamsters were euthanized by i.p. injection of 500 pL
Dolethal (200 mg/ml sodium pentobarbital, Vétoquinol SA) at about 16
h after the last dose. Lungs were collected and viral RNA for N-protein
and infectious virus were quantified by RT-qPCR and end-point virus
titration, respectively. For the therapeutic setting, animals were treated
twice daily with i.p. administration of 50 mg/kg of Nelfinavir or vehicle
control 1 day after infection with SARS-CoV-2. Treatments continued
until day 4 pi, and hamsters were euthanized at day 5 pi. Non-infected
hamsters were treated twice daily with i.p. administration of 50 mg/
kg of Nelfinavir or vehicle control from day 0 to day 3 (for 4 days) before
euthanasia on day 4. Whole blood was collected in EDTA-coated
collection tubes for automated hematological analysis.

For quantification of Nelfinavir plasma levels, blood was collected by
cardiac puncture in EDTA-blood tubes and plasma was collected after
centrifugation at 10 000 g for 10 min.

2.5. SARS-CoV-2 RT-qPCR

Hamster lung tissues were collected after sacrifice and were ho-
mogenized using bead disruption (Precellys) in 350 pL RLT buffer
(RNeasy Mini kit, Qiagen) and centrifuged (10.000 rpm for 5 min) to
pellet the cell debris. RNA was extracted according to the manufac-
turer’s instructions. Of 50 pL eluate, 4 pL was used as a template in RT-
gPCR reactions. RT-qPCR was performed on a LightCycler96 platform
(Roche) using the iTaq Universal Probes One-Step RT-qPCR kit (BioRad)
with N2 primers and probes targeting the nucleocapsid (Primer 1: 5'-
TTA CAA ACA TTG GCC GCA AA-3, Primer 2: 5'-GCG CGA CAT TCC
GAA GAA-3/, Probe: 5-FAM-ACA ATT TGC CCC CAG CGC TTC AG-
BHQ1-3') (Kaptein et al., 2020). Standards of SARS-CoV-2 cDNA (IDT)
were used to express viral genome copies per mg tissue or per mL serum.

2.6. End-point virus titrations

Lung tissues were homogenized using bead disruption (Precellys) in
350 pL minimal essential medium and centrifuged (10000 rpm for Smin
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Fig. 1. Nelfinavir markedly improves lung pathology of SARS-CoV-2-infected Syrian hamsters despite lack of antiviral efficacy when administered at the
time of infection. (A) Set-up of the study. (B) Viral RNA levels in the lungs of hamsters treated with vehicle (control), 15 mg/kg Nelfinavir BID, or 50 mg/kg
Nelfinavir BID at 4 dpi expressed as log;o SARS-CoV-2 RNA copies per mg lung tissue. Individual data and median values are presented. (C) Infectious virus titres in
the lungs of hamsters treated with vehicle (control), 15 mg/kg Nelfinavir BID, or 50 mg/kg Nelfinavir BID at 4 dpi expressed as log;o TCIDso per mg lung tissue.
Individual data and median values are presented. (D) Cumulative severity score from H&E-stained slides of lungs from SARS-CoV-2-infected hamsters at 4 dpi treated
with vehicle, 15 mg/kg Nelfinavir BID, or 50 mg/kg Nelfinavir BID. Individual datapoints and lines indicating median values are presented. The dotted line rep-
resents the median lung score in healthy, untreated, non-infected animals. (E) Representative H&E-stained slides of lungs from vehicle control (top panel) and 50 mg/
kg BID Nelfinavir-treated (bottom panel) SARS-CoV-2-infected hamsters at 4 dpi. Top panel: bronchopneumonia centred on a bronchiol (black arrows) in a vehicle-
treated hamster (scale bar at 100 um). Bottom panel: severe interstitial inflammation with mostly PMN and congestion in a Nelfinavir-treated hamster (scale bar at
100 pm). Black arrows indicate bronchiol (insert at higher magnification, scale bar at 50 pm). Data for 15 mg/kg Nelfinavir are from one study (n = 6), and data for
50 mg/kg Nelfinavir are from two independent experiments (n = 11). Data were analyzed using the Mann-Whitney U test. ns indicates non-significant; ****P

< 0.0001.

at 4 °C) to pellet the cell debris. To quantify infectious SARS-CoV-2
particles, endpoint titrations were performed on confluent Vero E6
cells in 96- well plates. Viral titres were calculated by the Reed and
Muench method (Reed and Muench, 1938) using the Lindenbach
calculator and were expressed as 50% tissue culture infectious dose
(TCIDsg) per mg tissue.

2.7. Histology

For histological examination, the lungs were fixed overnight in 4%
formaldehyde and embedded in paraffin. Tissue sections (5 pm) were
analyzed after staining with hematoxylin and eosin and scored blindly
for lung damage by an expert pathologist. The scored parameters, to
which a cumulative score of 1-9 was attributed, were the following:
congestion, intra-alveolar hemorrhagic, apoptotic bodies in bronchus
wall, necrotizing bronchiolitis, perivascular edema, bronchopneumonia,
perivascular inflammation, peribronchial inflammation and vasculitis.

2.8. Blood cell count analysis

Whole blood EDTA samples were analyzed on Sysmex XN-9100™
analyzer (Sysmex, Kobe, Japan) with the prediluted mode within a few
hours after blood collection. This prediluted procedure requires a
manual predilution of the whole blood samples, namely 50 pL whole
blood and 300 pL Cellpack DCL. Samples were checked for in vitro clot
formation, if a clot was present the results for leukocytes, erythrocytes
and platelets were excluded for further analysis. Both results of con-
ventional and research hematological parameters were interpreted. For
every sample, a blood smear was manually made and stained with
automated slide stainer SP-50 (Sysmex, Kobe, Japan) with the May
Griinwald - Giemsa staining. All samples were microscopically evalu-
ated with a DI-60 digital cell imaging analyzer for leukocytes
differentiation.

2.9. Isolation of peripheral blood human neutrophils and flow cytometry

Neutrophils were isolated from fresh blood of healthy donors by
immuno-magnetic negative selection (EasySep™ Direct Human
Neutrophil Isolation Kit; Stemcell Technologies, Vancouver, Canada).
Purified human neutrophils were treated with Nelfinavir (50 pg/ml) or
vehicle control for 1 h at 37 °C and were then subjected to flow
cytometry analysis for evaluation of expression of adhesion molecules
and chemoattractant receptors. Neutrophils were treated with FcR block
(Miltenyi Biotec, Bergisch Gladbach, Germany) and Fixable Viability
Stain 620 (BD Biosciences) or Zombie Aqua 516 (Biolegend, San Diego,
CA) during 15 min at room temperature. Subsequently, cells were
washed with flow cytometry buffer [PBS + 2% (v/v) FCS + 2 mM EDTA]
and stained with fluorescently labeled antibodies. Following incubation
for 25 min (on ice), cells were washed with flow cytometry buffer and
fixed with BD Cytofix (BD Biosciences). Results were analyzed using a
BD LSRFortessa™ X-20 (BD Biosciences) equipped with DIVA software
(BD Biosciences). FlowJo software (BD Biosciences) was used for
downstream analysis. Neutrophils were gated as CD16TCD66b" cells

within the population of living single cells.

2.10. Evaluation of proteolytic activity

Neutrophils were isolated from fresh blood of healthy donors via
density gradient centrifugation and were suspended in degranulation
buffer (120 mM NaCl, 15 mM CaCly, 20 mM Tris/HCl pH 7.5) at a
concentration of 107 cells/ml. neutrophil degranulation was induced by
adding N-formyl-methionyl-leucyl-phenylalanine (fMLF) (0.5 pM) for
20 min at 37 °C. The supernatant containing human neutrophil pro-
teases was collected by centrifugation. Neutrophil degranulates were
incubated with indicated concentrations of Nelfinavir or a control con-
dition containing the equivalent concentration of DMSO (Nelfinavir
solvent) for 10 min at 37 °C. Next, the remaining protease activity was
determined using the following fluorogenic protease substrates: Mca-
PLGL-Dpa-AR-NH; [OmniMMP, substrate for matrix metalloproteinases
(MMPs), ADAM17/TACE, Cathepsin D (aspartic protease) and Cathepsin
E (aspartic protease)], dye quenched-gelatin (cleaved by gelatinases
such as neutrophil elastase, MMP-2, MMP-9).

2.11. In vitro Boyden microchamber assay

Briefly, neutrophils were purified by density gradient centrifugation
and erythrocytes removed by hypotonic shock (Metzemaekers et al.,
2021). Purified neutrophils were pre-stimulated (1 h at 37 °C) with
vehicle control or Nelfinavir (20 or 50 pg/ml) and subsequently added to
the upper compartment of the Boyden microchamber. In the lower
compartment the human CXC chemokine CXCL8 (Peprotech, Rocky Hill,
CT) was added, at dilutions of 5 or 15 ng/ml in Boyden chamber buffer
(1xHBSS + 0.5% human serum albumin). The Boyden chamber was
incubated at 37 °C for 45 min. Cells were fixed on the membrane and
migrated cells were counted by light microscopy (500x). The chemo-
tactic index was calculated by dividing the number of migrated cells to
CXCL8 to the number of migrated cells towards the corresponding
buffer.

2.12. Statistics

GraphPad Prism (GraphPad Software, Inc.) was used to perform
statistical analysis. Statistical significance was determined using the
non-parametric Mann Whitney U test. P-values of <0.05 were consid-
ered significant.

3. Results

3.1. Nelfinavir improves lung pathology of SARS-CoV-2-infected hamsters
when administered at the time of infection without an effect on viral load
in the lungs

To evaluate the antiviral efficacy of Nelfinavir against SARS-CoV-2 in
hamsters, six to eight weeks old female Syrian Golden hamsters were
treated with Nelfinavir (15 mg/kg/dose or 50 mg/kg/dose) or the
vehicle control, by intraperitoneal injection (IP) within 1 h before
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Fig. 2. Delayed administration of Nelfinavir markedly improves lung pathology of SARS-CoV-2-infected Syrian hamsters despite lack of antiviral efficacy in this
therapeutic setting. (A) Set-up of the study. (B) Viral RNA levels in the lungs of hamsters treated with vehicle (control) or 50 mg/kg Nelfinavir BID at 5 dpi expressed
as log1o SARS-CoV-2 RNA copies per mg lung tissue. Individual data and median values are presented. (C) Infectious virus titres in the lungs of hamsters treated with
vehicle (control) or 50 mg/kg Nelfinavir BID at 5 dpi expressed as log;o TCIDso per mg lung tissue. Individual data and median values are presented. (D) Cumulative
severity score from H&E-stained slides of lungs from SARS-CoV-2-infected hamsters at 5 dpi treated with vehicle or 50 mg/kg Nelfinavir BID. Individual datapoints
and lines indicating median values are presented. The dotted line represents the median lung score in healthy, untreated, non-infected animals. (E) Representative
H&E-stained slides of lungs from vehicle control (top panel) and 50 mg/kg BID Nelfinavir-treated (bottom panel) SARS-CoV-2-infected hamsters at 5 dpi. Top panel:
area of bronchopneumonia (small arrows); peri-bronchial (arrowhead) and perivascular (arrows) inflammation with endothelialitis in a vehicle-treated hamster
(scale bar at 100 pm). Bottom panel: interstitium filled with neutrophils (small arrows), no alveolar, bronchial (arrowhead) or vascular (arrows) inflammation in a
Nelfinavir-treated hamster (scale bar at 100 pm). Data are from two independent experiments (n = 12). Data were analyzed using the Mann-Whitney U test. ns

indicates non-significant; ****P < 0.0001.

<

intranasal infection with 50 pL SARS-CoV-2 [2 x 10° TCIDso BetaCov/
Belgium/GHB-03021/2020] (Fig. 1A). The drug, as well as the vehicle
control, were administered twice daily for four consecutive days. At day
four post-infection, lungs were collected at end-point sacrifice (day 4 p.i)
for viral RNA load and infectious virus titres quantification as well as
lung histopathology as previously described (Kaptein et al., 2020).
Groups treated with either 15 mg/kg BID or 50 mg/kg BID Nelfinavir
had comparable levels of lung viral RNA load and infectious virus titres
as the vehicle control group (data from two independent studies)
(Fig. 1B and C), indicating a lack of in vivo antiviral efficacy of Nelfinavir
in this model. Intriguingly, the overall histological scoring for 50 mg/kg
Nelfinavir-treated hamsters was nearly comparable to baseline scores
from those of non-infected, non-treated hamsters (median score of 1.25
as indicated on Fig. 1D); thus, Nelfinavir treatment significantly
improved lung pathology as compared to vehicle treatment. This
remarkable protective effect of Nelfinavir treatment was accompanied
by an unusual, highly dense infiltration of neutrophils in the inter-
stitium. This was not observed in vehicle-treated hamsters (Fig. 1E). The
weight change recorded at 4 dpi as compared to 0 dpi was around 0% for
the 15 mg/kg BID Nelfinavir-treated group and an average weight loss of
around 8% was observed in the 50 mg/kg BID Nelfinavir-treated group,
which was significantly different from the average weight gain of about
2.5% in the vehicle control group (Supp Fig. 1B). This weight loss may
be attributed to the gastrointestinal intolerances from signs of diarrhoea
observed in the animals. It is more pronounced in the context of
SARS-CoV-2 infection, with non-infected hamsters treated with Nelfi-
navir at 50 mg/kg BID for four days having an average weight loss of
about 0.6% at day 4 compared to day O (Supp Fig. 1A).

3.2. Nelfinavir improves lung pathology of SARS-CoV-2-infected hamsters
in a therapeutic setting without reducing viral load

To evaluate the effects of Nelfinavir in a therapeutic setting, SARS-
CoV-2-infected hamsters were treated with Nelfinavir 50 mg/kg BID
starting one day after infection for four days (Fig. 2A). Nelfinavir-treated
animals had comparable levels of lung viral RNA load and infectious
virus titres as the vehicle control group (Fig. 2B and C), confirming the
lack of antiviral efficacy of Nelfinavir in this model. With delayed Nel-
finavir treatment, a significant improvement in lung histopathological
scoring and the unusual, highly dense infiltration of neutrophils in the
interstitium was similarly observed (Fig. 2D and E). An average weight
loss of around 10% was observed in the Nelfinavir-treated group at 5 dpi
compared to at 0 dpi, which was significantly different compared to the
vehicle control group (Supp Fig. 1C).

3.3. Nelfinavir results in an increased number of activated neutrophils in
the blood and enhanced in vitro neutrophil migration

To further explore the neutrophil infiltration observed with Nelfi-
navir treatment, non-infected hamsters were treated with Nelfinavir 50
mg/kg BID for four days (Fig. 3A). Lung histopathological scorings of
non-infected, Nelfinavir-treated animals were similar to non-infected,
vehicle-treated animals (Supp Fig. 2A) at baseline scores of 1. Intersti-
tial neutrophils were absent in the lungs of vehicle-treated animals, and

present in Nelfinavir-treated animals (Supp Fig. 2A and 2B). These re-
sults indicate that Nelfinavir alone does not induce lung pathology, but
rather induces the unusual infiltration of neutrophils in the lung inter-
stitium. The impact of Nelfinavir on neutrophil levels in the blood was
also examined. An average of ~170 nM Nelfinavir was measured in the
plasma of 13 animals across the studies, 16 h after the last treatment at
the point of sacrifice, confirming the exposure of Nelfinavir in the blood.
Haematological analysis revealed increases in white blood cell, platelet,
and neutrophil counts in Nelfinavir-treated, uninfected animals as
compared to the vehicle control (Fig. 3B, C, D). The neutrophils of
Nelfinavir-treated animals had a higher granularity intensity (Neut-GI)
(Fig. 3E) and a higher reactivity intensity (Neut-RI) (Fig. 3F) compared
to those of the vehicle-treated animals, whereas no differences were
observed in overall neutrophil volume (Fig. 3G). These results indicate
that Nelfinavir treatment induces an immunomodulatory effect
involving an increase in numbers of activated neutrophils.

To further elucidate the mechanism behind this observation, we
examined the effect of Nelfinavir on the expression of adhesion mole-
cules and chemoattractant receptors on the membrane of peripheral
blood human neutrophils by flow cytometry (Supp Fig. 3). Stimulation
of neutrophils for 1 h with Nelfinavir had no significant effect on the
surface expression of the adhesion molecules CD62L (L-selectin) and
integrin CD11b compared to baseline (Supp Fig. 3A). Moreover, Nelfi-
navir did not significantly alter the expression of the major neutrophil
chemoattractant receptors on human neutrophils, including the che-
mokine receptors CXCR1 and CXCR2, complement receptor C5aR and
the formyl peptide receptor FPR1 over time (Supp Fig. 3B). In addition,
Nelfinavir was unable to directly inhibit the proteolytic activity of the
most abundant proteases secreted by stimulated human neutrophils
(Supp Fig. 4). Nevertheless, Nelfinavir significantly enhanced the
migration of human neutrophils towards the CXCR1 and CXCR2 agonist
CXCL8 (5 and 25 ng/ml) in the Boyden microchamber assay in vitro
(Fig. 4).

3.4. The fixed dose HIV protease inhibitor combination, Lopinavir/
Ritonavir, improves lung pathology of SARS-CoV-2-infected hamsters
without an effect on viral load in the lungs

To explore whether the effects observed with Nelfinavir treatment
are specific to the drug, we tested another HIV protease inhibitor,
Lopinavir boosted with Ritonavir, against SARS-CoV-2 in our model.
SARS-CoV-2-infected hamsters were treated with Lopinavir/Ritonavir
(either 40/10 mg/kg/dose or 80/20 mg/kg/dose, IP/oral) once daily
within 1 h before intranasal infection with SARS-CoV-2 (Fig. 5A). As
with Nelfinavir, Lopinavir/Ritonavir-treated animals did not present
with a significant decrease in lung viral load compared to the control
group (vehicle/Ritonavir) (Fig. 5B and C). Animals treated with 80/20
mg/kg/dose had significantly reduced lung histopathological scoring
compared to the control group, to a similar level as Nelfinavir (Fig. 5D).
The unusual, highly dense infiltration of neutrophils in the interstitium
was observed in 8 out of 12 animals (Fig. 5E). An average weight loss of
about 10% was observed in animals of the Lopinavir/Ritonavir (80/20
mg/kg/dose) group at the end of the study when compared to day 0,
which was significantly different from the vehicle control group (Supp.
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Fig. 5). Gastrointestinal intolerances from signs of diarrhoea was also
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Fig. 3. Nelfinavir results in an increased number of activated neutrophils in the blood in non-infected hamsters.

4. Discussion

observed in the animals. An average of ~275 nM Lopinavir was

measured in the plasma of 6 animals, 24 h-26 h after the last treatment
at the point of sacrifice, confirming the exposure of Lopinavir in the

blood.

The initial aim of this study was to explore whether the in vitro
antiviral activity of Nelfinavir against SARS-CoV-2 translates also in an
antiviral effect in a Syrian hamster infection model. We demonstrate
that Nelfinavir does not reduce the viral load in the lungs of SARS-CoV-
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Fig. 4. The migration of human neutrophils towards CXCL8 is enhanced in the
presence of Nelfinavir.

2-infected hamsters, yet surprisingly, it markedly improves lung pa-
thology. The lack of antiviral efficacy observed here is consistent with
preliminary data reported from another study in which Nelfinavir was
administered orally at a dose of 250 mg/kg/day BID (boosted with Ri-
tonavir) for two consecutive days followed by sacrifice on day 3 post-
infection (Nougairede et al., 2020). No significant reduction of viral
RNA or infectious virus titres was observed in the lungs of hamsters in
this study (Nougairede et al., 2020). In contrast, another study in which
SARS-CoV-2-infected hamsters were orally treated with a dose of 30
mg/kg/day BID of Nelfinaivir for three days with sacrifice on day 3
post-infection (Jan et al., 2021) demonstrated a small (0.5 log;g) but
significant reduction in lung viral titres in the Nelfinavir-treated group.
It is possible that these differences in measured antiviral efficacies of
Nelfinavir in hamsters arise from the different SARS-CoV-2 strains and
inoculum in the studies. However, histopathological analyses were not
discussed in either study.

We here also observe a marked infiltration of neutrophils in the lungs
and an increase in blood neutrophil levels as studied in uninfected
hamsters treated with Nelfinavir. Due to limitations in reagents for
performing assays with hamster neutrophils, clinically relevant human
neutrophils were used as a surrogate to further investigate the effects of
Nelfinavir. While typical markers of neutrophil activation (changes in
degranulation markers, adhesion molecules, or chemoattractant re-
ceptors) were not detected in human neutrophils in the presence of
Nelfinavir, an enhanced chemotactic response of human neutrophils to
the CXC chemokine CXCL8 was observed. The observations made in the
studies with human and hamster neutrophils may indicate an immu-
nomodulatory effect associated with Nelfinavir treatment, the exact
underlying mechanisms of which remain to be further investigated in
both species. In hamsters, this immunomodulatory effect is likely to
account for the substantial improvement in SARS-CoV-2-induced lung
pathology despite the lack of effect on viral load. In addition to Nelfi-
navir, there are currently seven other FDA-approved protease inhibitors
which are used as part of highly active antiretroviral therapy (HAART)
for HIV treatment, namely atazanavir, darunavir, fosamprenavir, in-
dinavir, lopinavir/ritonavir, saquinavir and tipranavir (“Antiretroviral
Therapy for HIV Infection, 2021). An improvement in CD4" T-cell
counts and clinical status have been reported in HIV patients treated
with protease inhibitors even without viral load suppression (Kaufmann
et al., 1998; Lecossier et al., 2001; Levitz, 1998; Meroni et al., 2002;
Piketty et al., 1998, 2001). This has been attributed to the fact that apart
from their antiviral activity, some of these PIs exert multiple effects on
various cellular processes, including apoptosis and immune cell func-
tions (Gaedicke et al., 2002; Ghibelli et al., 2003; Gruber et al., 2001;
Mastroianni et al., 2000). For instance, HIV protease inhibitors
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(nelfinavir, indinavir, ritonavir) were reported to reduce apoptosis,
correlating with an increased chemotactic function of poly-
morphonuclear leukocytes in vitro and ex vivo from treated HIV-infected
patients (Mastroianni et al., 2000). This includes patients who have a
sustained increase in CD4" T-cell count without a concomitant decline
in HIV load. These findings, in the context of HIV infections, lend sup-
port to the intriguing observations made in our study.

The most common adverse effect of Nelfinavir treatment in humans
is gastrointestinal intolerance (Perry et al., 2005), which we have like-
wise observed from gastrointestinal incidents in the hamsters in these
studies. Nelfinavir (Viracept) has been withdrawn from use in the Eu-
ropean Union, although it is still in use in the US as an FDA-approved
drug (“Drugs@FDA,” n.d.; European Medicines Agency, 2018). Lopi-
navir/Ritonavir (Kaletra™) is a widely-used HIV protease inhibitor
intended as fixed combination therapy for HIV. Despite in vitro activity
against SARS-CoV-2 (Choy et al., 2020), Kaletra™ did not result in a
beneficial effect in patients hospitalized for COVID-19 (>8000 patients
in completed trials) (Cao et al., 2020; Consortium, 2020; “Lopina-
vir-ritonavir in patients admitted to hospital with COVID-19 (RECOV-
ERY): a randomised, controlled, open-label, platform trial -
ScienceDirect,” n.d.). Whether it may be effective in preventing pro-
gression of mild COVID-19 when treatment is initiated early after the
onset of symptoms is being evaluated in ongoing clinical trials in
non-hospitalized patients (NCT04372628, NCT04403100 - both studies
currently - 29" November 2021 - recruiting) (“Home - ClinicalTrials.
gov,” n.d.).

The lack of a protective activity in hospitalized COVID19 patients
may be because of an already too fulminant pathology. Also the dosing
of Lopinavir/Ritonavir may be inadequate (Karolyi et al., 2021). The
median Lopinavir steady state plasma concentration in COVID-19 pa-
tients was 13.6 pg/ml when the standard dosing regimen of Lopina-
vir/Ritonavir for HIV treatment was used (400/100 mg, BID)
(Schoergenhofer et al., 2020), which is less than the EC50 of 16.4 pg/ml
for SARS-CoV-2 (Choy et al., 2020). In our study, a dose of 80/20 mg/kg
of Lopinavir/Ritonavir was used based on the human equivalent dose
normalised to the hamster body surface area (Reagan-Shaw et al., 2008).
An average Lopinavir plasma concentration of 275 nM (0.17 pg/ml) was
measured about 24 h after the last dose, which is about a 100-fold less
than the steady state concentration observed in humans. In the case of
Nelfinavir, for a standard dosing regimen of either 1250 mg BID or 750
mg TID, trough Nelfinavir levels in HIV patients are between 1 and 2.2
pg/ml as indicated by the manufacturer (La Jolla, CA: Agouron, 1998),
although larger variations from 0.1 to 11.7 pg/ml were reported (Mar-
zolini et al., 2001). While a human equivalent dose of Nelfinavir was not
used in our study as weight loss and signs of diarrhoea were observed at
50 mg/kg BID, an average Nelfinavir plasma concentration of 170 nM
(0.11 pg/ml) was measured about 16 h after the last dose, which is in the
lower range observed in humans (lanevski et al., 2020). In spite of not
achieving the same plasma levels as measured in humans, both Nelfi-
navir and Lopinavir/Ritonavir demonstrated an effect by significantly
improving SARS-CoV-2-induced lung pathology in hamsters.

5. Conclusion

The clear beneficial effect of the Lopinavir/Ritonavir combination as
observed in the hamster model warrants further exploration of the effect
of this combination in humans with COVID19. It is hoped that in the
clinical trials (NCT04372628, NCT04403100) in non-hospitalized pa-
tients (studies in the recruiting phase) a beneficial effect of the treatment
will be noted. We will explore the effect of other HIV protease inhibitors
in the hamster model as well as the combined effect with directly-acting
antivirals (such as Molnupiravir and Paxlovid™).
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Fig. 5. Lopinavir/Ritonavir improve lung pathology of SARS-CoV-2-infected Syrian hamsters despite lack of an antiviral effect. (A) Set-up of the study. (B)
Viral RNA levels in the lungs of hamsters treated with vehicle/Ritonavir (20 mg/kg, once daily) (control), Lopinavir/Ritonavir (40/10 mg/kg once daily), Lopinavir/
Ritonavir (80/20 mg/kg once daily), or 50 mg/kg Nelfinavir BID at 4 dpi expressed as log;o SARS-CoV-2 RNA copies per mg lung tissue. Individual data and median
values are presented. (C) Infectious virus titres in the lungs of hamsters treated with vehicle/Ritonavir (20 mg/kg, once daily), Lopinavir/Ritonavir (40/10 mg/kg
once daily), Lopinavir/Ritonavir (80/20 mg/kg once daily), or 50 mg/kg Nelfinavir BID at 4 dpi expressed as log;o TCIDs, per mg lung tissue. Individual data and
median values are presented. (D) Cumulative severity score from H&E-stained slides of lungs from SARS-CoV-2-infected hamsters at 4 dpi treated with vehicle/
Ritonavir (20 mg/kg, once daily), Lopinavir/Ritonavir (40/10 mg/kg once daily), Lopinavir/Ritonavir (80/20 mg/kg once daily), or 50 mg/kg Nelfinavir BID.
Individual datapoints and lines indicating median values are presented. The dotted line represents the median lung score in healthy, untreated, non-infected animals.
(E) Representative H&E-stained slides of lungs from vehicle/Ritonavir (20 mg/kg, once daily) (top panel) and Lopinavir/Ritonavir (80/20 mg/kg once daily) (bottom
panel) SARS-CoV-2-infected hamsters at 4 dpi. Top panel: Peri-bronchial (blue arrows) and perivascular inflammation (red arrows) with endothelialitis in a vehicle/
Ritonavir-treated hamster. Interstitium is congestive (scale bar at 50 pm). Bottom panel: No peri-bronchial (blue arrows) or peri-vascular (red arrows) inflammation,
but presence of interstitial neutrophils (green arrows) in a Lopinavir/Ritonavir-treated hamster (scale bar at 50 pm). Data are from two independent studies (12
hamsters per group for vehicle/Ritonavir, 6 for Lopinavir/Ritonavir (40/10 mg/kg), 12 for Lopinavir/Ritonavir (80/20 mg/kg), and 4 hamsters for Nelfinavir). Data
were analyzed using the Mann-Whitney U test. ns indicates non-significant; **P < 0.01.
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