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A B S T R A C T   

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has infected over 200 million people 
throughout the world as of August 2021. There are currently no approved treatments providing high chance of 
recovery from a severe case of coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2, and the beneficial 
effect of Remdesivir and passive immunization therapies may only be seen when administered early on disease 
onset. The emergence of variants is also raising concerns regarding the efficacy of antibody therapies, antivirals, 
and vaccines. Therefore, there is still a need to develop new antivirals. Here, we investigated the suitability of 
primary human epithelial cells from the trachea/bronchia (NHBE) and small airway (SAEC) as lung models of 
SARS-CoV-2 infection to determine, whether the microbicide polyphenylene carboxymethylene (PPCM) has 
antiviral activity against SARS-CoV-2. Both NHBE and SAEC expressed proteins required for virus entry in lung 
epithelial cells. However, these cells were only low to moderately permissive to SARS-CoV-2 as titers increased at 
best by 2.5 log10 during an 8-day kinetic. Levels of replication in SAEC, unlike in NHBE, were consistent with 
data from other studies using human normal tissues or air-liquid interface cultures, suggesting that SAEC may be 
more relevant to use than NHBE for drug screening. PPCM EC50 against SARS-CoV-2 was between 32 and 132 μg/ 
ml with a selectivity index between 12 and 41, depending on the cell type and the infective dose used. PPCM 
doses were consistent with those previously showing effect against other human viruses. Finally, PPCM antiviral 
effect observed in SAEC was in line with reduction of inflammatory markers observed overly expressed in severe 
COVID-19 patients. Altogether, our data support the fact that PPCM should be further evaluated in vivo for 
toxicity and antiviral activity against SARS-CoV-2.   

1. Introduction 

Mankind is currently amid the worst pandemic in 100 years that is 
caused by the severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) responsible for coronavirus disease 2019 (COVID-19). The first 
identification of SARS-CoV-2 dates back to December 2019 (Zhou et al., 
2020), and as of August 2021, there has been more than 200 million 
confirmed cases and 4.2 million deaths worldwide. Until recently the US 
was affected the hardest and 35 million cases with 614,000 deaths have 
been reported. The number of cases is still growing worldwide (Dong 
et al., 2020), despite the availability of several vaccine platforms (Na-
ture, 2021), and the well-documented beneficial effects of taking social 

and behavioral measures (Chu et al., 2020; Prather et al., 2020; Studdert 
and Hall, 2020). COVID-19 symptoms can range from none to a mild or 
moderate respiratory disease, and progress into severe disease accom-
panied by respiratory distress, multiple organ failure, and death (Car-
valho et al., 2021; To et al., 2021). Survivors may exhibit permanent 
respiratory injuries and lifelong cognitive impairments (Candan et al., 
2020; Holmes et al., 2021; Moreno-Perez et al., 2021). 

Unfortunately, in this rapidly evolving situation, a decrease in effi-
cacy of some SARS-CoV-2 vaccines, and monoclonal antibody therapies 
has already been observed with emergence of SARS-CoV-2 variants 
(Chen et al., 2021; Diamond et al., 2021). Other antivirals and 
anti-inflammatory treatments are available to treat COVID-19 including 
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the broad-spectrum nucleoside-analogue inhibitor Remdesivir 
(Veklury®, FDA-approved), and immunomodulators (under emergency 
use authorization) but they only have a modest reduction in mortality 
(Beigel et al., 2020; Calabrese and Calabrese, 2021; Paladugu and 
Donato, 2020; Ranjbar et al., 2021). Some of these treatments come at 
high cost as well. Therefore, there is still a need for identifying antivirals 
with a broad-spectrum efficacy to counteract the limitation of 
virus-specific vaccines and passive immunization treatments, as well as 
to improve the efficacy of other antivirals through potential combina-
torial treatment. 

Polyphenylene Carboxymethylene (PPCM) is a mandelic acid 
condensation polymer under development as a multipurpose prevention 
technology, and has a low cost of manufacturing under different for-
mulations (Weitzel et al., 2020). PPCM has previously demonstrated 
microbicidal broad-spectrum activity against sexually transmitted in-
fections in vitro and in animal models. Focusing on viruses, PPCM spe-
cifically prevented HIV, HSV, BPV and ebolavirus infection by binding to 
both the virus envelope glycoproteins and target cells (Chang et al., 
2007; Escaffre et al., 2019; Herold et al., 2002; Mesquita et al., 2008; 
Weitzel et al., 2020; Zaneveld et al., 2002) while having low cell cyto-
toxicity in the vaginal flora (Zaneveld et al., 2002). These characteristics 
suggest that PPCM is a small molecule candidate to be tested as an 
antiviral against a broad range of human infectious diseases. 

Here, we investigated in vitro antiviral activity of PPCM against 
SARS-CoV-2 using undifferentiated primary human respiratory epithe-
lial cells from the trachea/bronchia (NHBE) and small airways (SAEC). 
NHBE and SAEC were rather low to moderately permissive to infection 
despite detecting in each of them expression of proteins responsible in 
virus attachment and entry process. High PPCM doses were not cyto-
toxic and interfered with both SARS-CoV-2 replication and virus- 
induced inflammatory response in a dose dependent manner. 

2. Material and methods 

2.1. Cells, PPCM, and virus 

Normal NHBE derived from the bronchial tube and normal SAEC 
derived from the distal airspace were respectively obtained from the 
Clonetics® Bronchial/Tracheal or Human Small Airway Epithelial Cell 
System (Lonza) and maintained at 37 ◦C, 5% CO2 in appropriate media 
per manufacturer’s recommendation. The NHBE donor was a 70-year- 
old tobacco-user Caucasian male. The SAEC donor was a tobacco-free 
62-year-old Asian female. None of the donors had a history of dia-
betes, heart disease or hypertension. Both cell types were used at pas-
sage number 4 to 7 from original vials. Optimal seeding density of each 
cell type (biological quadruplicates) for up to 8 days of culture was 
carried out using tetrazolium dye (MTT), as previously described 
(Escaffre et al., 2019). Vero E6 (provided by R. Baric), A549 (ATCC, 
CCL-185), Vero E6 (ATCC, CRL1586), and Vero E6 stably expressing 
angiotensin-converting enzyme 2 (ACE2) (Oguntuyo et al., 2021) were 
cultured at 37 ◦C and 5% CO2 in Dulbecco’s modified Eagle’s medium 
(Gibco) containing 10% fetal bovine serum, and 2 μg/ml puromycin for 
selection where appropriate. All cells were mycoplasma-free. 

Sterile PPCM polymer stock solution was prepared in phosphate- 
buffered saline (PBS) by Alera Labs under GMP and provided by Yaso 
Therapeutics Inc. PPCM stock was then diluted in the appropriate media 
to obtain concentrations ranging from 1 mg/ml to 10 μg/ml. The cell 
viability assay using MTT (Sigma) was also used to determine the 50% 
Cytotoxic Concentration (CC50) of PPCM for each cell type (biological 
quadruplicates). PPCM concentrations used to illustrate virus replica-
tion and antiviral effect were arbitrarily chosen, while being below the 
corresponding CC50 for each cell type at different time points. Additional 
concentrations within the same range were tested to allow for the half 
maximal effective concentration (EC50) calculation at peak virus titer in 
SAEC and NHBE cells. CC50 and EC50 were calculated by nonlinear 
regression analysis after normalization of data. The selectivity index (SI) 

was calculated by dividing the CC50 value by the EC50 value. 
SARS-CoV-2 stock was derived from the first COVID-19 patient 

identified in the US in Washington state (GenBank Accession#: 
MT020880). The isolate (2019-nCoV/USA_WA1/2020) (Holshue et al., 
2020) was provided by the World Reference Center for Emerging Viruses 
and Arboviruses (WRCEVA) at the University of Texas Medical Branch at 
Galveston (UTMB) and propagated on Vero E6 cells. Titration of the 
virus stock and SAEC/NHBE samples was performed by plaque assay 
using Vero E6 cells, 300 μl inoculum, and neutral red counter staining 
after 3 days incubation. Titers were reported as log10 pfu/ml with a limit 
of detection set a 1.52. All infectious work was performed in a biosafety 
level 4 laboratory (BSL4) at the Galveston National Laboratory, UTMB. 

2.2. Western blot 

Cell lysates were prepared from pelleted cells resuspended in a 2X 
Laemmli buffer (4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.125 
M Tris-HCl), clarified, quantified on Nanodrop, boiled at 95 ◦C for 5min, 
and resolved on hand cast 4–8% SDS-PAGE gels. Assays were performed 
with technical duplicates. Note that 60 μg control protein lysates (Vero 
E6, and Vero E6 ACE2) per well were used, whereas 100 μg were used 
for all other samples. Proteins were transferred onto an Immuno-Blot 
PVDF membrane (Bio-Rad), and nonspecific binding sites were 
blocked with Tris-buffered saline–0.1% Tween 20 (TBST) containing 5% 
Bovine Serum Albumin powder (Thermo Fisher Scientific). The mem-
branes were then incubated in TBST 2% BSA with the primary anti-
bodies overnight at 4 ◦C, followed by incubation with the goat anti- 
rabbit IgG horseradish peroxidase (HRP)-conjugated secondary anti-
body (Abcam, #7090, dilution by 1000 or 2000) for 60 min. Primary 
antibodies used in this study were rabbit anti-ACE2 (Invitrogen, #MA5- 
32307, d/500), anti-TMPRSS2 (Invitrogen, #PA5-14264, d/5000) and 
anti-actin (Cell signaling, clone 13E5, d/5000). Stripping (2% SDS, 0.05 
M Tris-HCl, 1% 2-mercaptoethanol) was performed on blots targeting 
tmprss2 (about 55 KDa) to then probe for actin (45 KDa) and avoid 
signal overlapping for densitometry analysis. Proteins of interest were 
visualized with a SuperSignal West Pico chemi-luminescent reagent 
(Thermo Fisher Scientific) on a C-DiGit Blot Scanner imaging system (LI- 
COR Biosciences). Time of exposure was up to 12 min. For densitometry 
analysis from the digital images, background was calculated using the 
median intensity of pixels at the top and bottom border of a band of 
interest. Normalization of protein amount was performed using the in-
ternal actin loading control. 

2.3. Virus replication kinetics 

SAEC and NHBE were seeded in 24-well plates the day prior infection 
at 0.35 × 106 cells/well in a 1 ml volume (biological duplicates or 
triplicates) for assessment of virus replication, nucleocapsid (N) gene 
expression, as well as cytokine and chemokine quantification. Cells were 
first treated with PPCM for 1 h (h) prior infection. Medium was then 
removed but no washes were performed between PPCM pretreatment 
and 1h virus contact. Multiplicity of infection (MOI) of 5 or 0.1 was used. 
Cells were then washed 3 times (1 ml) with warm 1 × phosphate-buff-
ered saline (PBS), and 1 ml medium per well supplemented with PPCM 
was added, where appropriate. PPCM treatment was maintained from 
day 1–8 post infection (pi) with daily addition of media with PPCM (200 
μl), where appropriate, for the purpose of maintaining treatment with 
freshly prepared PPCM and also to compensate for volume loss (200 μl) 
by sample collection. 

2.4. Real-time (RT)-PCR assay 

Total cellular RNA from SAEC and NHBE cells (biological duplicates 
or triplicates) was extracted using TRIzol reagent (Invitrogen), and then 
purified using Direct-zol RNA miniprep (Zymo Research), following 
manufacturer’s recommendations. Quantitative reverse transcription 
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(RT)-PCR assays were performed with a One-step QuantiFast Probe RT- 
PCR kit (Qiagen) using a single FAM-BHQ1 probe with two unlabeled 
oligonucleotide primers (Integrated DNA Technologies) that recognize 
the gene sequence corresponding to SARS-CoV-2 N gene. Quantification 
of GAPDH rRNA level was performed with the 20X GAPDH Pre- 
Developed TaqMan assay reagent (Thermo Fisher Scientific) and used 
as an endogenous control. Cut-off for SARS-CoV-2 positive samples was 
determined from mock-infected SAEC and NHBE cells and set at ΔCt =
40 (PCR run of 40 cycles total). The N gene expression fold change in 
PPCM-treated cells was calculated using samples from vehicle-treated 
infected cells as reference, after normalization of values using the 
housekeeping GAPDH rRNA gene data. Duplicate threshold cycle (Ct) 
values of each sample were analyzed using the comparative delta-delta 
Ct method (2–ΔΔCt). Primer and probe sequences were those used by the 
CDC as following: 2019-nCoV_N1-F: GACCCCAAAATCAGCGAAAT, 
2019-nCoV_N1-R: TCTGGTTACTGCCAGTTGAATCTG, and 2019- 
nCoV_N1-P: ACCCCGCATTACGTTTGGTGGACC. 

2.5. Bio-plex assay 

Cytokine and chemokine concentrations in cell-free supernatants of 
SAEC (biological triplicates) were determined using a combination of 
Bio-Plex Pro Human inflammation panel 1 37-plex and cytokine group 1 
panel 27-plex Immunoassay kits (Bio-Rad). The concentration of 59 
analytes were quantified. Non-inactivated samples from mock- and 
virus-infected SAEC cells were analyzed on a BioRad BioPlex 2200 
platform at BSL4. 

2.6. Statistical analysis 

Comparison of nonlinear fits of PPCM concentration versus cyto-
toxicity (CC50) or virus titer reduction (EC50) sets was performed 
through the least squares regression fitting method and then the extra 
sum-of-squares F test. One-way analysis of variance (ANOVA) with 
Tukey’s post-hoc analysis was used in multiple comparisons of data from 
the virus replication kinetics and the immune response multiplex assays. 
Null hypotheses were rejected at p-values less than 0.05. All data pre-
sented in figures represent means ± standard error or standard deviation 
(*p < 0.05, **p < 0.01, ***p < 0.001). Statistical analysis was per-
formed with GraphPad Prism 9 software (GraphPad Software, Inc.). 

3. Results 

3.1. Suitability of primary human respiratory epithelial cells to study 
SARS-CoV-2 replication 

NHBE and SAEC were used in this study to assess PPCM potential 
antiviral activity against SARS-CoV-2. Both cell types equally expressed 
amounts (p > 0.05) of the angiotensin-converting enzyme 2 (ACE2) cell 
receptor and the type II transmembrane serine protease 2 (TMPRSS2) 

(Fig. 1A and B) involved in SARS-CoV-2 entry into host cells (Hoffmann 
et al., 2020a; Walls et al., 2020). Interestingly, there was a 2- and 
13.5-fold decrease of ACE2 expression in both primary cell types 
(Fig. 1A-C) when compared to the low-level virus replicating A549 or 
the highly permissive Calu-3 cell line (Blanco-Melo et al., 2020; Har-
court et al., 2020; Hoffmann et al., 2020a). Besides, TMPRSS2 expres-
sion level in NHBE and SAEC was 2.5 and 1.2-fold lower (Fig. 1B and C) 
than the counterpart in A549 or Calu-3 cell line, respectively. Altogether 
these results suggests that both NHBE and SAEC cells are susceptible to 
SARS-CoV-2 infection. 

3.2. SARS-CoV-2 replication in primary human respiratory epithelial cells 

SARS-CoV-2 did not cause any CPE over 8 days of infection using a 
high infective dose (MOI) of 5, regardless of the cell type (Fig. 2A and B). 
Therefore, virus titration of culture supernatants was only initially 
performed at day 8 post infection (pi). Consistent with the fact that a 
little amount of ACE2 was noted in both cell types compared to A549 or 
Calu-3 cell line, infectious virus was detected with low titers averaging 
103 and 104 pfu/ml in respectively NHBE or SAEC culture supernatants 
(Fig. 2C and D), nevertheless suggesting that both cell types are 
moderately permissive to infection. 

Further analysis of NHBE culture samples collected at earlier time 
points and from cells infected with a lower MOI showed similar peak 
titers (p > 0.05) that averaged 102.9 pfu/ml (Fig. 3A). However, this was 
reached either on the last day or maintained to comparable levels 
throughout the course of infection using a MOI of 0.1 or 5, respectively 
(Fig. 3A). Specifically, virus titer only increased by 1.4 (p < 0.05) and 
0.5 log(10) within 8 days of infection using respectively a MOI of 0.1 and 
5 (Fig. 3A), altogether suggesting that virus replication in NHBE cells is 
sub-optimal. Likewise, virus replication in SAEC reached peak titers of 
103.8 (MOI 0.1) and 105 (MOI 5) pfu/ml both by day 4 pi (p < 0.01) 
which respectively corresponded to an increase of 2.1 (p < 0.001) and 
2.5 log(10) (p < 0.001) from the 1h pi time point (Fig. 3B). Starting day 5 
pi, virus replication in SAEC then entered a plateau phase or progres-
sively decreased by about 1 log(10) by the end of the study using a MOI of 
0.1 or 5, respectively (data not shown). Interestingly, peak titers in SAEC 
at day 4 pi were 0.9 and 2.1 log(10) higher than in NHBE at day 8 pi using 
respectively a MOI of 0.1 or 5 (Fig. 3B), altogether suggesting that virus 
replication is more productive in SAEC than in NHBE. 

3.3. Polyphenylene carboxymethylene (PPCM) dosing and antiviral 
activity against SARS-CoV-2 

PPCM cytotoxic concentration (CC50) in NHBE and SAEC was 
determined after both 4 and 8 consecutive days of treatment, and were 
consistent with dose ranges at which PPCM previously demonstrated in 
vitro antiviral activity against sexually transmitted viruses (Chang et al., 
2007; Escaffre et al., 2019; Herold et al., 2002). Note that experiments 
were not extended beyond an 8-day treatment as cytopathic effects 

Fig. 1. NHBE and SAEC express proteins involved in SARS-CoV-2 entry. (A) ACE2, and (B) TMPRSS2 protein expression in both NHBE, and SAEC as well as in 
several cell lines as controls (Vero E6, and Vero E6 ACE2) or for comparison purposes (Calu-3, and A549). (C) Relative ACE2 and TMPRSS2 protein expression in both 
NHBE and SAEC compared to A549 or Calu-3 cell line. (A–C) Assay performed using technical duplicates, and data are shown as mean with standard deviation. 

O. Escaffre and A.N. Freiberg                                                                                                                                                                                                                



Antiviral Research 194 (2021) 105162

4

(CPE) including cell clumping, rounding, and swelling started occurring 
past that time (data not shown). CC50 corresponding to the 2 different 
treatment regimens in NHBE or SAEC were significantly distinct (p <
0.001) (Fig. 4A and B). Specifically, PPCM CC50 was 1951 (95% confi-
dence interval (CI): 1171–2118) and 922 (95% CI: 899–944) μg/ml in 
NHBE at day 4 and 8, respectively. Likewise, PPCM CC50 was 1596 (95% 
CI: 1546–1647) and 473 (95% CI: 427–523) μg/ml in SAEC at day 4 and 
8, respectively. 

Considering CC50 data, a set of low, medium, and high PPCM con-
centration was arbitrarily chosen to be used for each cell type to 
investigate the potential antiviral effect of PPCM against SARS-CoV-2. 

PPCM significantly decreased virus replication in both cell types in a 
dose-dependent manner (Fig. 5A and B). Specifically, a 10 μg/ml dose 
did not interfere with virus replication (p > 0.5) at any time points, and 
irrespective of the MOI. However, a dose of at least 0.1 mg/ml in NHBE 
lowered virus titer by a minimum of 1.3 (p < 0.01) and 1.6 (p < 0.01) 
log10 using respectively a MOI of 0.1 or 5, as seen at day 8 pi (Fig. 5A). 
This was concomitant and correlated well with on average a 103.2 (p <
0.001) and 102.6 (p < 0.001) -fold nucleocapsid (N) gene expression 
decrease in cells, using respectively a MOI of 0.1 or 5 (Fig. 5C). Simi-
larly, a 1 mg/ml dose in SAEC lowered virus titer by at least 2.3 (p <
0.001) and 3.2 (p < 0.001) log10 by day 4 pi using respectively a MOI of 

Fig. 2. NHBE and SAEC are permissive to SARS-CoV-2 infection. Brightfield observation of (left) mock- and (right) virus-infected (A) NHBE or (B) SAEC cultures 
at day 8 post-infection (pi). Imaging at 10× magnification. Representative visualization of virus-induced plaques from 2 10-fold serial dilutions (− 1 and − 2) of (C) 
NHBE or (D) SAEC culture supernatants at day 8 pi. Here the virus titer from a NHBE or SAEC culture is respectively at 103.2 and 104.0 pfu/ml. 
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0.1 or 5 (Fig. 5B), whereas a lower dose only had an effect following a 
MOI 0.1 challenge, as seen by titers below the detection level (p <
0.001). Results from N gene expression in SAEC also correlated well with 
virus titers at that time (Fig. 5D). Indeed, N gene expression was 
decreased on average by 103.4 -fold (p < 0.001) with a dose of at least 
0.1 mg/ml compared to 10 μg/ml, using a MOI of 0.1. Likewise, a 
decrease by 103.5-fold (p < 0.001) was observed with a dose of 1 mg/ml 
compared to 0.1 mg/ml, using a MOI of 5. Overall, these in vitro data 
suggest that PPCM has antiviral properties against SARS-CoV-2. 

Additional PPCM concentrations were tested against SARS-CoV-2 in 
both cell types to determine the corresponding half maximal effective 
concentration (EC50) and selectivity index (SI) at time points matching 
peak virus titers. PPCM EC50 against SARS-CoV-2 MOI 0.1 and 5 was 
respectively 32 (SI of 29) or 62 μg/ml (SI of 15) in NHBE at day 8 pi 
(Fig. 6). Note that 95% confidence intervals calculation of EC50 and 

comparison of curves between MOI could not be performed due to the 
slope factor steepness for each PPCM dose-response combined to the 
narrow dynamic range between peak titer and limit of detection of the 
plaque assay. Likewise, PPCM EC50 against SARS-CoV-2 MOI 0.1 and 5 
was respectively 39 (95% CI: 33–45; SI of 41) or 132 μg/ml (95% CI: 
124–140; SI of 12) in SAEC at day 4 pi (Fig. 6). Comparison of fits also 
highlighted different PPCM-dose response data sets (p < 0.001) in SAEC 
between MOI 0.1 and 5 altogether suggesting that PPCM antiviral effi-
cacy is non-surprisingly dependent of the infective dose. 

3.4. Inflammatory response of primary human small airway epithelial 
cells following SARS-CoV-2 infection 

An exacerbated inflammatory response in the small airway is a key 
feature of COVID-19 that can lead to respiratory distress, and death. 
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lines correspond to either 50% of maximal virus 
replication level (left y-axis) or cell viability (right 
y-axis) mark. ***, p < 0.001 (extra sum-of-squares F 
test).   
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Virus-induced inflammation and the effect of PPCM at lowering it was 
therefore investigated in SAEC at day 4 pi. Samples from the experiment 
using MOI 0.1 were chosen as a lower infective dose than MOI 5 is likely 
more relevant in the context of a natural infection. However, this is still 
unknown. 

SARS-CoV-2 infection resulted in an increased secretion of inflam-
matory markers including at least 1 chemokine (Interleukin 8: IL-8) and 
6 cytokines/soluble cytokine receptors (Interferon gamma: IFN-γ; 
Interferon gamma-induced protein 10: IP-10; Granulocyte colony- 
stimulating factor: G-CSF; Tumor necrosis factor superfamily member 
13b: TNFSF13B; Interleukin-1 receptor antagonist: IL-1Rα; Soluble IL-6 
receptor alpha: sIL6-Rα) (p < 0.01 or <0.001) when compared to mock- 
infected cells at day 4 pi (Fig. 7). Interestingly, the secretion level of all 
these markers was significantly decreased in a PPCM dose-dependent 
manner (Fig. 7). For example, no changes in IP-10, IL-1Rα, and IL-6ra 
expression were noted between vehicle- and 10 μg/ml PPCM-treated 
infected cells which is consistent with the fact that virus titers were 
comparable between these 2 conditions. However, the expression level 
of all markers remained either at a similar or decreased to a significantly 
lower level compared to their counterparts in mock-infected cells using 
PPCM at 1 or 0.1 mg/ml. This is in line with the fact that no replication 
was detected at that time point (Fig. 7). It is also interesting to note that 
except for IFN-γ, and IL-1Rα, all other above-mentioned analytes were 
significantly decreased compared to their reciprocal in PPCM-versus 
vehicle-treated mock-infected cells in a dose dependent-manner. Alto-
gether, these data suggest that PPCM does not cause any inflammatory 
response even at the highest tolerated dose tested in SAEC, and that it 
can maintain a level of inflammation comparable or even lower to what 
is seen in mock-infected cells even though infectious virus is detected. 

4. Discussion 

Since the first reports of pneumonia of an unknown origin in 
December 2019 (Zhou et al., 2020), the causative agent, now identified 
as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has 
spread throughout the world and infected over 200 million people as of 
August 2021 (Dong et al., 2020). A worldwide vaccine distribution is 
ongoing, but the total number of new cases is still increasing (Dong 
et al., 2020). This scenario is all the more disturbing as the treatments of 
patients with antivirals and immunomodulators, that already have 
limited efficacy, could offer no beneficial effect due to emergence of 
variant strains (Chen et al., 2021; Diamond et al., 2021). 

The goal of this study was to evaluate the antiviral efficacy of PPCM 
against SARS-CoV-2, which would support future studies on repurposing 
PPCM as a prophylaxis or therapeutic antiviral treatment method via 
aerosol delivery against respiratory viruses. PPCM has previously 
demonstrated in vitro broad-spectrum activity against several sexually 
transmitted infections including some of viral origin such as HIV-1, HSV- 
1 and 2, BPV, and Ebola virus (Chang et al., 2007; Escaffre et al., 2019; 
Herold et al., 2002; Mesquita et al., 2008; Weitzel et al., 2020; Zaneveld 
et al., 2002). In addition, PPCM toxicity studies have shown that a 4% 
gel formulation was safe in a vaginal irritation assay in New Zealand 
White rabbits (Zaneveld et al., 2002), and did not cause any apparent 
disease in BALB/c mice (Mesquita et al., 2008). A 33% solution deliv-
ered at 5.0 g per kilogram of body weight also had low acute oral toxicity 
in rats (Zaneveld et al., 2002). 

In vitro testing of SARS-CoV-2 antiviral candidates has often been 
performed with cell lines originating from different species, and not 
necessarily from the human lungs (Hoffmann et al., 2020b; Schooley 

Fig. 7. Effect of PPCM on SARS-CoV-2-induced immune response in SAEC. Shown are cytokine/chemokine levels in mock- and virus (MOI 0.1)-infected SAEC 
cells, with or without PPCM treatment at day 4 pi. Results are expressed as averages of data from biological triplicates, and bars represent standard deviations. *, p <
0.05; **, p < 0.01; ***; p < 0.001 (ANOVA, Tukey’s test). Note that statistical differences between cytokine/chemokine levels in mock-infected cells with and without 
PPCM treatment are not highlighted in this figure. 
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et al., 2020; Wang et al., 2020), which can slow down the drug-screening 
process as to whether a drug candidate is of interest. For example, 
SARS-CoV-2 entry mechanism in human respiratory epithelial cells, as 
opposed to monkey kidney epithelial cells, has been shown to occur 
without the need of endosomal acidification (Hoffmann et al., 2020b; Ou 
et al., 2021), which in turn caused the entry inhibitor hydroxy-
chloroquine to be ineffective in the lung model. Therefore, PPCM anti-
viral efficacy against SARS-CoV-2 was chosen to be only tested in human 
respiratory epithelial cells. The reasoning for specifically using trache-
a/bronchia (NHBE) and small airways (SAEC) undifferentiated cells was 
that these cultures allow for PPCM treatment to be maintained 
throughout the infection as opposed to air-liquid interface models. 
Indeed, prolonged submersion of a pseudostratified respiratory epithe-
lium on inserts will cause cell dedifferentiation and complicate data 
analysis. Lastly, NHBE and SAEC are primary cells which are more 
relevant than cell lines to study the inflammatory response to infection 
or antiviral treatment, regardless of the potential donor-to-donor vari-
ability. However, reproducibility of data could be affected. 

ACE2 and TMPRSS2 are involved in virus attachment and entry 
process (Hoffmann et al., 2020a), and NHBE and SAEC equally 
expressed each of these proteins, consistent with the fact that they are 
found in the lower respiratory tract epithelium (Bertram et al., 2012; 
Sungnak et al., 2020), although mostly in alveolar epithelial type II cells 
(Qi et al., 2020; Zhao et al., 2020). A lower SARS-CoV-2 replication level 
was however anticipated in both cell types when compared to the highly 
permissive Calu-3 cell line since the endogenous level of ACE2 was re-
ported to be a limiting factor in the susceptibility of cells to infection 
(Hoffmann et al., 2020a; Hou et al., 2020; Wu et al., 2021). Indeed, 
while TMPRSS2 expression in these primary cells and Calu-3 was 
similar, the amount of ACE2 significantly differed between them, and 
resulted in virus replication in Calu-3 at least 3 log10 higher by 48h pi 
using a comparable infective dose (Plante et al., 2020). Note that 
overexpressing ACE2 in a given cell line has demonstrated to increase 
virus permissiveness (Hoffmann et al., 2020a; Letko et al., 2020). The 
rather low virus titer increase of over the course of infection in NHBE 
and SAEC was also in line with the fact that these and the almost re-
fractory to infection A549 cells (Hoffmann et al., 2020a) expressed 
similar ACE2 levels. Differences in replication kinetics between using 
NHBE and SAEC will be further investigated but could be due to 
non-matching donors. Another possibility is the distinct anatomical 
location these cells originate from, with their capabilities to produce 
ciliated, secretory, and basal cells in different proportions (Mercer et al., 
1994; Rock et al., 2009). However, a recent study refuted that changes in 
ciliated cell distribution between epithelia correlated with differences in 
SARS-CoV-2 susceptibility (Hou et al., 2020). Interestingly, SARS-CoV-2 
infection of the fully differentiated NHBE-derived epithelium or equiv-
alent from freshly excised normal tissues yielded significant higher titers 
(Busnadiego et al., 2020; Hou et al., 2020; Plante et al., 2020) than in 
NHBE highlighting one limitation regarding the relevance of our model. 
This discrepancy was however not observed between SAEC and fresh 
tissues from three donors (Hou et al., 2020), altogether suggesting that 
SAEC is more relevant than NHBE as a model for drug-screening for 
SARS-CoV-2 in spite of allowing low replication rates compared to using 
cell lines. 

PPCM CC50 in NHBE (922 μg/ml), and SAEC (1596 μg/ml) were 
comparable to those reported in MT-2 lymphoblastic cells (>1000 μg/ 
ml), and VK2/E6E7 vaginal (927 μg/ml) and HeLa cervical (>300 μg/ 
ml) epithelial cells (Chang et al., 2007; Escaffre et al., 2019; Herold 
et al., 2002; Mesquita et al., 2008; Zaneveld et al., 2002). Our results are 
also consistent with the fact that PPCM CC50 in human alveolar 
epithelial A549 cells was higher than 1250 μg/ml (unpublished data), 
altogether suggesting that high PPCM concentrations are not cytotoxic 
regardless of the human cell origin. 

PPCM antiviral activity was demonstrated against SARS-CoV-2, with 
an EC50 ranging from 32 to 132 μg/ml and SI between 12 and 41, 
depending on the infective dose and cell type. These data compare well 

with PPCM efficacy against ebolavirus (EC50 < 5 μg/ml; SI > 185) 
(Escaffre et al., 2019), HIV-1 (EC50 = 6.5 μg/ml; SI > 154) (Zaneveld 
et al., 2002), and to a lower extend HSV (EC50 < 54 ng/ml; SI > 5,500) 
(Zaneveld et al., 2002) considering that the assays were set up differ-
ently, and used lower infective doses compared to our study. Mecha-
nistically, PPCM was previously shown to bind to the envelope 
glycoprotein 120 of HIV, B of HSV, and GP of ebolavirus at unidentified 
sites, but also to directly interact with cells, altogether preventing virus 
attachment and entry (Chang et al., 2007; Escaffre et al., 2019; Mesquita 
et al., 2008; Zaneveld et al., 2002). Indeed, PPCM was proposed to mask 
the ubiquitous cell surface glycosaminoglycan heparan sulfate (HS) that 
is important in HIV, HSV and ebolavirus infection or virus binding 
(Mondor et al., 1998; O’Hearn et al., 2015; Shieh et al., 1992). Inter-
estingly, recent studies also showed that HS has a role in SARS-CoV-2 
infection by serving as an attachment cofactor with ACE2 (Clausen 
et al., 2020; Hu et al., 2021) and a site in the N-terminal domain of the 
spike protein has even been identified (Schuurs et al., 2021). Although 
the mechanism on how PPCM interferes with SARS-CoV-2 replication 
still needs to be investigated, it could therefore involve competition for 
HS binding on cells similar to its mechanism of action against other 
viruses. The immune response of SAEC rather than NHBE was investi-
gated as SARS-CoV-2 can cause severe pneumonia and acute airspace 
disease with virus detected in ciliated airway cells among others (Har-
rison et al., 2020; Schaefer et al., 2020). SAEC demonstrated permis-
siveness to virus replication which is consistent with type II interferon 
(IFN) secretion, and upregulation of IFN-stimulated gene (ISG) effectors 
including IL-8 and IP-10 altogether suggesting inflammation of the 
respiratory epithelium. Interestingly, high levels of these two markers 
have been found in sera and lung tissues of severe COVID-19 patients 
(Del Valle et al., 2020; Huang et al., 2020), also indicating that SAEC is a 
relevant model to study virus-induced inflammation, and support 
screening of therapeutics. PPCM treatment of infected cells resulted in a 
significant reduction of expression of all inflammatory markers high-
lighted in this study in a dose dependent manner. In fact, these markers 
remained either at a similar or decreased to a significantly lower level 
when compared to the counterparts in mock-infected cells using an 
optimal PPCM dose. Altogether, these data suggest that PPCM can 
inhibit SARS-CoV-2-induced inflammation of the respiratory epithelium 
similar to our previous observations with ebolavirus in a vaginal 
epithelial model (Escaffre et al., 2019). 

In conclusion, our study investigated in vitro PPCM antiviral efficacy 
against SARS-CoV-2. We first determined the suitability of using primary 
human undifferentiated respiratory epithelial cells as a platform to 
perform drug screening against SARS-CoV-2 and reported a low 
permissiveness of these cells to infection. We then showed that PPCM 
inhibited infection and virus-induced inflammation by a mechanism 
that remains to be identified although potentially through masking of 
the ubiquitous cell surface heparan sulfate. Our data support that PPCM, 
in the form of an aerosol, should be evaluated in vivo for toxicity and 
antiviral activity against SARS-CoV-2, and potentially other human 
pathogenic coronaviruses. 
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