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A B S T R A C T   

AR12 is a derivative of celecoxib which no-longer acts against COX2 but instead inhibits the ATPase activity of 
multiple chaperone proteins, in particular GRP78. GRP78 acts as a sensor of endoplasmic reticulum stress and is 
an essential chaperone required for the life cycle of all mammalian viruses. We and others previously demon-
strated in vitro and in vivo that AR12 increases autophagosome formation and autophagic flux, enhances virus 
protein degradation, preventing virus reproduction, and prolonging the survival of infected animals. In this 
report, we determined whether AR12 could act against SARS-CoV-2. In a dose-dependent fashion AR12 inhibited 
SARS-CoV-2 spike protein expression in transfected or infected cells. AR12 suppressed the production of infec-
tious virions via autophagosome formation, which was also associated with degradation of GRP78. After AR12 
exposure, the colocalization of GRP78 with spike protein was reduced. Knock down of eIF2α prevented AR12- 
induced spike degradation and knock down of Beclin1 or ATG5 caused the spike protein to localize in 
LAMP2+ vesicles without apparent degradation. HCT116 cells expressing ATG16L1 T300, found in the majority 
of persons of non-European descent, particularly from Africa, expressed greater amounts of GRP78 and SARS- 
CoV-2 receptor angiotensin converting enzyme 2 compared to ATG16L1 A300, predominantly found in Euro-
peans, suggestive that ATG16L1 T300 expression may be associated with a greater ability to be infected and to 
reproduce SARS-CoV-2. In conclusion, our findings demonstrate that AR12 represents a clinically relevant anti- 
viral drug for the treatment of SARS-CoV-2.   

1. Introduction 

The chaperone GRP78 / BiP / HSPA5 / Dna K is conserved 
throughout evolution down to prokaryotes [1,2]. AR12 (OSU-03012) 
was shown to reduce expression of the chaperone GRP78 through a 
process requiring autophagosome formation [3]. Subsequently, using 
quantitative immunofluorescent staining of single cells we determined 
that AR12 rapidly caused epitopes at the NH2-termini of GRP78, HSP90 
and HSP70 to become occluded, whereas epitopes at the COOH-termini 
were unaffected [4–9]. AR12 was then shown to inhibit the ATPase 
activities of GRP78, HSP90 and HSP70 with IC50 values in the clinically 

relevant 100–300 nM range [9]. In the clinic, AR12 was safely dosed in 
heavily pre-treated cancer patients at 800 mg BID (NCT00978523; 
ASCO 2013 meeting, http://meetinglibrary.asco.org /content/ 
115148–132). The C max of AR12 in plasma after 1 day at the MTD of 
800 mg BID was ~2 μM. After 28 days of treatment the C max was ~3 
μM with the peak C max in some patients being ~8 μM. Some patients 
were on this trial with stable disease for up to 9 months without any 
drug-related toxicities (DLTs). 

AR12 exposure rapidly decreased the expression of: NPC1 and TIM1; 
LAMP1; and NTCP1, receptors for Ebola / Marburg / Hepatitis A, Lassa 
fever, and Hepatitis B viruses, respectively [4–8]. Clinically achievable 

Abbreviations: GRP, glucose regulated protein; SARS, severe acute respiratory syndrome; ACE, angiotensin converting enzyme; CoV, coronavirus; MOI, multi-
plicity of infection; ERK, extracellular regulated kinase. 
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concentrations of AR12 prevented the replication of drug-resistant HIV, 
Rabies, Junín, Coxsackievirus B4, Ebola, Chikungunya, Mumps, Mea-
sles, Rubella, RSV, CMV, and Influenza viruses. In three different animal 
models, AR12 suppressed the production of infectious virus particles and 
prolonged animal survival [6,10,11]. The coronavirus SARS-CoV-2 is 
the causal agent of the 2020 global COVID-19 pandemic. The develop-
ment of an anti-viral agent that could suppress SARS-CoV-2 reproduc-
tion is viewed as a high priority for biomedical researchers. Before we 
can consider or attempt to reintroduce AR12 back into the clinic, now as 
an anti-viral agent, we needed to determine whether it would exhibit 
anti-viral activity against SARS-CoV-2. 

2. Materials and methods 

2.1. Materials 

In Mobile, the USA-WA1 strain of SARS-CoV-2 virus was acquired 
from BEI resources (Manassas, VA) and used to establish master and 
working stocks on Vero E6 (African green monkey kidney) cells. Vero E6 
cells were acquired from the ATCC (Manassas, VA) and cultured in 
DMEM (Lonza), supplemented with 10% FBS (Millipore), 1x L-gluta-
mine (Lonza), and 1x penicillin–streptomycin (Lonza). Virus stocks were 
verified to be free of mycoplasma contamination and infectious virus 
titers were determined by standard plaque assay on Vero E6 cells. AR12 
(OSU-03012), sorafenib tosylate and pazopanib were purchased from 
Selleck Chem (Houston, TX). In Richmond, Trypsin-EDTA, DMEM, 
RPMI, penicillin–streptomycin were purchased from GIBCOBRL (GIB-
COBRL Life Technologies, Grand Island, NY). Antibody to detect the 
SARS-CoV-2 spike protein and the plasmid to express the spike protein 
were from Sino Biological (Wayne, PA). Antibodies to detect Beclin1, 
ATG5, HSP90, HSP70, ERK2 and GRP78 were from Cell Signaling 
(Danvers, MA). ACE2, ODC, TMPRSS2-FITC and TMPRSS11D-AF647 
antibodies were purchased from Santa Cruz Biotechnology (Dallas, 
TX). Total ERK2, HSP90, HSP70, GRP78, eIF2 α, P-eIF2 α S51, ATG5, 
Beclin1, LAMP2, ATG13, P-ATG13 S318 and IDO1 antibodies were from 
Cell Signaling (Danvers, MA). Anti-PD-L1, PD-L2 and MHCA antibodies 
were from ABCAM (Cambridge, UK). Molecules to knock down the 
expression of Beclin1, ATG5 and eIF2 α, and scramble control, were 
purchased from Qiagen (Hilden, Germany). Female ADOR cells were a 
kind gift from a non-small cell lung cancer patient who, without any 
chemotherapeutic intervention, remains disease free five years after 
surgical removal of the tumor. The cells contain no ‘hot-spot” mutations. 
HCT116 ATG16L1 T300 and HCT116 ATG16L1 A300 cells were a kind 
gift from Dr. David L. Boone, Department of Microbiology and Immu-
nology, Indiana University School of Medicine-South Bend, South Bend, 
IN [12]. 

2.2. Methods 

2.2.1. Determination of antiviral activity and TCID50 values 
TCID50 values were calculated by the Reed-Muench method [13]. To 

assess antiviral activity of AR12, Vero E6 cells were seeded into 96 well 
tissue culture plates at 1.7 × 104 cells/well and incubated overnight at 
37 ◦C with 5% CO2. When cells reached >80% confluence (18 to 24 h) 
the cells were treated with AR12 at the targeted concentration (1 or 2 
μM) in viral growth media [DMEM supplemented with 2% FBS, 1x L- 
glutamine and 0.2% DMSO (Fisher)]. Control wells received viral 
growth media alone. After 6 h, the cells were challenged with SARS- 
CoV-2 virus e.g. at a MOI of 0.001 (1.7 × 101 PFU/well) or 0.01 (1.7 
× 102 PFU/well) and returned to the incubator at 37 ◦C with 5% CO2. 
Concentration of drug and DMSO remained constant in control and 
treated wells during challenge and each condition was tested in 4 wells/ 
plate. At 24- or 48-hours post-infection, culture supernatant from each 
well was transferred to tubes for storage at − 80 ◦C and cells were fixed 
by flooding the plates with 10% neutral buffered formalin. After 1 h, the 
formalin was removed and replaced with sterile PBS prior to 

immunofluorescence analysis. For therapeutic assessment, assay condi-
tions remained the same except that the cells were infected first then 
treated with drug at 3-, 6- or 12-hours post-infection. 

For TCID50 analysis, culture supernatant from each individual assay 
well was aliquoted to 3 wells of a 96 well plate containing DMEM sup-
plemented with 2% FBS, 1x penicillin–streptomycin, and 1x L-gluta-
mine. Ten-fold serial dilutions were performed for each sample and 100 
μl of each dilution was transferred to the corresponding well of a 96 well 
tissue culture plate containing Vero E6 cells. After approximately 72 h 
incubation at 37 ◦C with 5% CO2, the wells from each dilution series 
were scored for the presence of cytopathic effects and the TCID50/ml 
titer was calculated using the Reed-Muench method. 

2.2.2. Assessments of protein expression and protein phosphorylation 
In-cell western blotting was performed using the Hermes WiScan 

wide-field microscope [14,15]. HCT116 cells (ATG16L1 T300 and 
A300) are sub-cultured into individual 96-well plates. Twenty-four 
hours after plating, the cells are transfected with a control plasmid or 
a control siRNA, or with an empty vector plasmid or with a plasmid to 
express the SARS-CoV-2 spike protein. After another 24 h, the cells are 
treated with vehicle control or AR12. At various time-points after the 
initiation of drug exposure, cells are fixed in place using para-
formaldehyde and using Triton X100 for permeabilization. Standard 
immuno-fluorescent blocking procedures are employed, followed by 
incubation of different wells with a variety of validated primary anti-
bodies and subsequently validated fluorescent-tagged secondary anti-
bodies are added to each well. Of note for scientific rigor is that the 
operator does not personally manipulate the microscope to examine 
specific cells; the entire fluorescent accrual method is independent of the 
operator. The Hermes microscope software randomly assesses the fluo-
rescence intensity of 100 cells per treatment condition generating a 
mean fluorescence intensity read-out value to the investigator. The 
experiment is performed two additional times to provide an n = 3 (300 
cells randomly analyzed). 

2.2.3. Transfection of cells 
Cells from a fresh culture growing in log phase were transfected 24 h 

after plating. Prior to transfection, the medium was aspirated, and 
serum-free medium was added to each plate. For transfection, 10 nM of 
the annealed siRNA, scrambled or against eIF2 α, Beclin1 or ATG5 were 
used. Ten nM siRNA (scrambled or experimental) was diluted in serum- 
free media. Four μl Hiperfect was added to this mixture and the solution 
was mixed by pipetting up and down several times. This solution was 
incubated at room temp for 10 min, then added drop-wise to each dish. 
The medium in each dish was swirled gently to mix, then incubated at 
37 ◦C for 2 h. Serum-containing medium was added to each plate, and 
cells were incubated at 37 ◦C for 24 h before drug treatment. 

2.2.4. Assessments of autophagosome and autolysosome levels 
Cells were transfected with a plasmid to express LC3-GFP-RFP 

(Addgene, Watertown MA). Twenty-four h after transfection, cells are 
treated with vehicle control or AR12 (2 μM). Cells were imaged at 60X 
magnification 4 h and 8 h after drug exposure and the mean number of 
GFP+ and RFP+ punctae per cell determined from >50 randomly 
selected cells per condition. 

2.2.5. Quantification of phagocytosis 
Phagocytosis was calculated at 15- and 60 min post-addition using 

flow cytometry analysis as described in Martinez et al. [16]. The per-
centage of phagocytosis equals the number of macrophages that have 
been engulfed PKH26-stained apoptotic cells, OVA-Alexa Fluor 594 
(Invitrogen #O34783), or Zymosan-Alexa Fluor 594 (Invitrogen 
#Z23374). Data represent a minimum of 2 independent experiments in 
which technical triplicates of 50,000 cells per sample were acquired 
using a Fortessa cytometer (BD). 
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2.2.6. Data analysis 
Comparison of the effects of various treatments was done using one- 

way ANOVA and a two tailed Student’s t-test. Differences with a p-value 
of < 0.05 were considered statistically significant. Experiments are the 
means of multiple individual discrete points from multiple experiments 
(±SD). 

3. Results 

We initially performed a dose–response curve with AR12, examining 
its ability to down-regulate the expression of the SARS-CoV-2 spike 
protein. Cells were transfected to express the spike protein and then 
treated with increasing concentrations of AR12. In a dose-dependent 
fashion AR12 reduced spike protein expression without altering the 
expression of the loading control ERK2 (Fig. 1). 

Vero cells were treated with AR12 (1 μM; 2 μM) and then infected 
with SARS-CoV-2 at 0.01 and 0.001 multiplicities of infection (MOI). 
Twenty-four and forty-eight hours after infection, cells were fixed in 
place and permeabilized, and stained for expression of the SARS-CoV-2 
spike protein, total GRP78 and total ERK2 as a loading control. In a dose- 
dependent fashion, AR12 suppressed the production of virus spike 
protein (Fig. 2A and B). Cells were then infected and treated with AR12 
(2 μM) 3 h, 6 h and 12 h after infection, with cells being fixed and stained 
24 h after infection. Treatment of infected cells with AR12 significantly 
reduced the amount of spike protein produced in the infected cells as 
well as the amount of GRP78 in the cells (Fig. 2C and D). 

Vero cells were treated with AR12 (2 μM) and 6 h later infected with 
SARS-CoV-2 at 10 MOI. Forty minutes after infection, the cells were 

washed and then fixed in place, and the amount of virus spike protein 
associated with the Vero cell plasma membrane determined (Fig. 3A). 
Prior AR12 exposure reduced the amount of virus associated with the 
Vero cell plasma membrane by >75% (p < 0.05). Prior treatment for 6 h 
and 10 min with AR12 significantly reduced the total expression of 
GRP78 (Fig. 3B). AR12 did not or very weakly reduced the expression of 
ACE2 at the (6 h + 10 min) and (6 h + 40 min) time points, respectively. 
AR12 did not or very weakly reduced the expression of HSP90 and 
HSP70 at the (6 h + 10 min) and (6 h + 40 min) time points, respec-
tively. This data implies that AR12, acting both as a direct inhibitor of 
GRP78 and by causing GRP78 break down, promotes the denaturation 
and inactivation of the ACE2 receptor; the denatured receptor cannot 
bind to the SARS-CoV-2 virus. Infection of cells with 0.01 MOI of SARS- 
CoV-2 caused the total expression of GRP78 to be significantly 
enhanced, 24 h/48 h after infection, whilst the expression of ERK2 
remained constant (Fig. 3C). AR12, in a dose-dependent fashion, 
significantly reduced basal GRP78 levels and almost abolished virus- 
stimulated GRP78 expression. Previously, we had also shown the 
multi-kinase and chaperone inhibitors sorafenib and pazopanib could 
suppress virus reproduction [7]. However, compared to AR12, neither 
drug as strongly reduced spike protein nor GRP78 expression (Fig. 4). 

GRP78 binds to and keeps inactive PKR-like endoplasmic reticulum 
kinase (PERK). PERK phosphorylates and inactivates eIF2α; for a virus, 
increased eIF2α phosphorylation will reduce translation of virus pro-
teins, and our findings that virus infection increases GRP78 expression is 
concordant with this concept. AR12 increased the inhibitory serine 51 
phosphorylation of eIF2α regardless of viral infection (Fig. 5A). Inter-
estingly, virus infection increased the total expression of eIF2α, which 

Fig. 1. AR12 reduces SARS-CoV-2 spike protein expression in a dose-dependent fashion. HCT116 ATG16L1 T300 cells were transfected with a plasmid to express the 
SARS-CoV-2 spike protein. Twenty-four h later, cells were treated with vehicle control or with AR12 (100–2000 nM) for 6 h and fixed. Cells were stained to determine 
the expression of the SARS-CoV-2 spike protein and for ERK2 as a loading control. (n = 3 ±SD). 

J.O. Rayner et al.                                                                                                                                                                                                                               



Biochemical Pharmacology 182 (2020) 114227

4

was enhanced by AR12. Knock down of eIF2α prevented AR12 from 
reducing spike protein expression (Fig. 5B and C). Notably, when 
expression of eIF2α was knocked down, the spike protein became 
localized in punctate structures that co-stained for ATG5 (Fig. 5C and D). 
Although AR12 increased expression of Beclin1, in the absence of eIF2α, 
AR12 surprisingly reduced Beclin1 levels (Fig. 5C and D). Similar data 
were also observed for ATG5 (data not shown). The chaperone GRP78 
colocalized with the virus spike protein, an interaction disrupted by 
AR12 (Fig. 6A and B). Under control conditions the spike protein and 
GRP78 colocalize, and the merged image is yellow. In the presence of 
AR12, not only is there less spike protein and GRP78 protein, but the 
colocalization color is now a green shade of yellow, indicating a greater 
degree of degradation of GRP78 than of the spike protein. 

We then determined whether the AR12-dependent effects we had 
observed on the expression of virus spike protein and on GRP78 levels 
were associated with reduced production of infectious virus. The su-
pernatants of infected cells, pre-treated with AR12 for 6 h, were isolated 
24 h after infection, and the 50% tissue culture infectious dose (TCID50) 
/ ml titers determined. In a dose-dependent fashion, AR12 significantly 
reduced the production of infectious SARS-CoV-2 (Fig. 7A). The data 
presented are from four independent studies and within each study 
containing four independent determinations. In parallel, supernatants of 
infected cells, treated with AR12 6 h after infection, were isolated 24 h 
after infection, and the TCID50/ml titers determined. AR12 significantly 

reduced the production of infectious SARS-CoV-2 (Fig. 7B). The data 
presented are also from four independent studies and within each study 
containing four independent determinations. 

During the COVID-19 pandemic, African-Americans to a greater 
extent than European-Americans have been infected and killed by SARS- 
CoV-2. Many environmental and societal factors have been suggested to 
play causal roles in this epidemiology. One factor we have considered is 
the differential isoform expression of the autophagy regulatory protein 
ATG16L1 between African-Americans and European-Americans 
[17–22]. African-Americans have been found to express ATG16L1 
T300 to a greater extent than European-Americans who more frequently 
express ATG16L1 A300; homozygous expression of ATG16L1 A300 is 
associated with a greater incidence of Crohn’s Disease, due to a reduced 
ability of immune cells to phagocytose and digest, via autophagy, in-
flammatory materials in the GI. On the other hand, expression of 
ATG16L1 T300 has been linked to the greater metastatic spread of tu-
mors [19]. The ability of AR12 to stimulate autophagosome formation 
and cause autophagic flux was reduced in cells expressing the ATG16L1 
A300 isoform (Fig. 8A) [4,6,7]. The ability of AR12 to reduce expression 
of the SARS-CoV-2 spike protein required autophagosome formation 
(Fig. 8B). In cells expressing ATG16L1 T300, AR12 significantly reduced 
spike protein expression by 71% whereas in cells expressing ATG16L1 
A300, AR12 only reduced spike protein levels by 16% (p < 0.05). The 
ability of AR12 to reduce the expression of GRP78, HSP90 and HSP70 

Fig. 2. AR12 suppresses the synthesis of the SARS-CoV-2 spike protein. A. Vero cells were treated with vehicle control or AR12 and 6 h later infected with SARS-CoV- 
2 as described in the Methods and Figure. Cells were fixed after 24 h or 48 h and the expression of the spike protein determined (n = 2 independent experiments each 
with 4 independent assessments +/-SD) *p < 0.05 less than corresponding values in vehicle control treated; ** p < 0.05 less than corresponding values in 1 μM AR12 
treated cells. B. Representative 60X images of drug-treated cells; blue DAPI = nucleus; green = SARS-CoV-2 spike protein. C. and D. Vero cells were infected with 
SARS-CoV-2 and then treated with vehicle control or with AR12 (2 μM), 3 h, 6 h and 12 h after infection. All cells were fixed 24 h after infection and the expression of 
the spike protein and GRP78 determined (n = 2 independent experiments each with 6 independent assessments ±SD) *p < 0.05 less than corresponding values in 
virus infected cells. 
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also required autophagosome formation (Fig. 8C and D). 
In vehicle control treated cells, we noted that knock down of either 

Beclin1 or ATG5, regardless of ATG16L1 isoform expression, altered the 
sub-cellular localization of the spike protein, from a diffuse mackerel 
stain to a more punctate form of staining (Fig. 8E, upper). Exploratory 
studies then determined whether knock down of the autophagosome 
regulatory proteins caused the spike protein to become localized in 
endosomes/lysosomes. After knock-down of either ATG5 or Beclin1 in 
HCT116 ATG16L1 T300 cells, the spike protein under basal conditions 
co-localized with the endosome marker LAMP2 (Fig. 8E, lower). Treat-
ment of scrambled control cells with AR12 reduced spike expression and 
caused punctate co-localization of LAMP2 and Beclin1. Knock down of 
Beclin1 or ATG5 both increased basal levels of LAMP2 by ~25% (p <
0.05). Understanding how knock down of Beclin1 or ATG5 alters the 
sub-cellular localization of the spike protein into LAMP2+ vesicles will 

require studies beyond the scope of the present manuscript. 
We compared the plasma membrane / surface (S) levels of the SARS- 

CoV-2 ACE2 receptor in Vero cells, a PDX non-small cell lung cancer 
isolate ADOR and HCT116 ATG16L1 T300 cells. The ADOR cells 
expressed approximately twice the amount of ACE2 compared to Vero 
cells and the HCT116 cells expressed approximately five times the 
amount of (Fig. 9A). We then compared the ability of ADOR cells and 
Vero cells to be infected and produce spike protein in the presence or 
absence of AR12. Both cells expressed similar amounts of GRP78 and 
ERK2, and in both cells AR12 reduced GRP78 expression (Fig. 9B). 
However, ADOR cells, despite being infected with ten-times more virus 
particles than the Vero cells, modestly expressed the SARS-CoV-2 spike 
protein. AR12 significantly reduced the total and cell surface levels of 
GRP78 and ACE2 in ADOR cells whereas AR12 did not reduce the 
expression of the ACE2 virus receptor in Vero cells (Fig. 9C, not shown). 

Fig. 3. AR12 suppresses the expression of GRP78 and reduces the increase in GRP78 expression caused by SARS-CoV-2. A. Vero cells were pre-treated with vehicle 
control or with AR12 for 6 h. Cells were infected with SARS-CoV-2 (10 MOI). Forty minutes after infection, the media was removed, and the cells washed with PBS 
three times. The cells were fixed in place without permeabilization and cells stained to determine the levels of spike protein on the outer leaflet of the plasma 
membrane, with DAPI and ERK2 as loading controls. B. Vero cells were pre-treated with vehicle control or with AR12 for 6 h. Cells were then infected (10 MOI). The 
cells were fixed in place with permeabilization 10 min and 40 min after infection and the total expression of ACE2, GRP78, HSP90, HSP70, eIF2α, P-eIF2α S51 and 
ERK2 (not shown) determined. (n = 2 independent experiments each with 4 independent assessments ±SD) *p < 0.05 less than corresponding values in vehicle 
control treated; ** p < 0.05 less than corresponding AR12 value in uninfected cells; § p < 0.05 less than corresponding vehicle value in uninfected cells. C. Vero cells 
were treated with vehicle control or AR12 (1 μM, 2 μM), sildenafil (2 μM) or the drugs combined and 6 h later infected with SARS-CoV-2 as described in the Methods 
and the Figure. Cells were fixed after 24 h or 48 h and the expression of GRP78 and ERK2 determined (n = 2 independent experiments each with 4 independent 
assessments ±SD) *p < 0.05 less than corresponding values in vehicle control treated; # p < 0.05 greater than corresponding value in uninfected cells. 

Fig. 4. Sorafenib and pazopanib modestly 
reduce spike protein and GRP78 expression 
in SARS-CoV-2 infected cells. Vero cells were 
infected with the indicated multiplicities of 
infection with SARS-CoV-2. One hour after 
infection, cells were treated with vehicle 
control, sorafenib tosylate (1.0 μM) or pazo-
panib (0.5 μM). Twenty-four h after infec-
tion, cells were fixed in place. Fixed cells 
were subjected to in-cell western blotting as 
described in the Methods to determine the 
expression of the indicated proteins (n = 3 
independent studies ±SD).   
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Fig. 5. AR-12 inactivates eIF2α regardless of viral infection. A. Vero cells were treated with vehicle control or AR12 (2 μM) and 6 h later infected with SARS-CoV-2 as 
described in the Methods. Cells were fixed after 24 h and the expression of eIF2α, phospho-eIF2α serine 51 and ERK2 determined (n = 2 independent experiments 
each with 4 independent assessments ±SD) # p < 0.05 greater than corresponding value in vehicle control treated cells. B. and C. HCT116 ATG16L1 T300 cells were 
transfected to express the SARS-CoV-2 spike protein and in parallel, transfected with a scrambled siRNA (siSCR) or an siRNA to knock down the expression of eIF2α. 
Twenty-four h later, cells were treated with vehicle control or AR12 (2 μM) and 6 h later the cells fixed in place. The expression of spike protein, eIF2α and ERK2 were 
determined (n = 2 independent experiments each with 3 independent assessments ±SD) * p < 0.05 less than vehicle control value; # p < 0.05 greater than vehicle 
control value; § p < 0.05 greater than corresponding value in siSCR cells. D. HCT116 ATG16L1 T300 cells were transfected to express the SARS-CoV-2 spike protein 
and in parallel, transfected with a scrambled siRNA (siSCR) or an siRNA to knock down the expression of eIF2α. Twenty-four h later, cells were treated with vehicle 
control or AR12 (2 μM) and 6 h later the cells fixed in place. The co-localization of viral spike protein and ATG5 was determined. The expression of Beclin1 was 
presented pictorially. 

Fig. 6. Representative images of GRP78 and SARS-CoV-2 spike protein expression and co-localization. A. and B. Vero cells were treated with vehicle control or AR12 
(1 μM, 2 μM) and 6 h later infected with SARS-CoV-2 as described in the Methods. Cells were fixed after 24 h and the expression of GRP78 and ERK2 determined (n =
2 independent experiments each with 4 independent assessments +/-SD). Representative 60X images at the 24 h timepoint of the colocalization of the virus spike 
protein (green) and GRP78 (red). DAPI (blue) staining is the nucleus. 
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Comparing isogenic matched HCT116 ATG16L1 T300 and HCT116 
ATG16L1 A300 cells, we found the expression of cell surface (S) and 
total expression of GRP78 (T) was reduced by approximately 25% in the 
HCT116 ATG16L1 A300 cells (Fig. 9D). The expression levels of ACE2 
were also approximately 20% lower in the HCT116 ATG16L1 A300 cells. 
AR12 reduced the expression of GRP78 and ACE2 and increased the 
phosphorylation of ATG13 S318 and eIF2α S51. However, the ability of 
AR12 to increase the phosphorylation of ATG13 and eIF2α was signifi-
cantly lower in the HCT116 ATG16L1 A300 cells. This is in further 
agreement with the reduced ability of the A300 cells from forming 
autophagosomes and performing autophagic flux. 

Infection of HCT116 cells with SARS-CoV-2 did not induce any 
obvious cytopathic effect in either the T300 or the A300 cells within 96 
h, and as assessed by TCID50 / ml assays. ADOR cells were capable of 
producing modest amounts of infectious virions (Fig. 10A and B). Thus, 
the levels of ACE2 in a cell do not correlate to the infectivity and viral 
reproduction capacity of cells. In a similar manner to our prior analyses, 
we determined whether the SARS-CoV-2 spike protein and the 

chaperone GRP78 co-localized in ADOR cells (Fig. 10C). Twenty-four 
hours after infection, some of the cells exhibited GRP78 and spike pro-
tein co-localization, as judged by the cells staining orange. Portions of 
the cell population remained red, i.e. expressing GRP78 without spike 
protein. However, in cells expressing the highest levels of spike protein, 
low levels of GRP78 were present. DAPI staining for cells expressing 
high levels of spike protein revealed that the nuclear DNA was no-longer 
contained within an ovoid body, i.e. the cells had been killed by virus 
infection. Thus, ADOR cells contain at least two distinct populations of 
cells who respond differentially to SARS-CoV-2. 

Our spike protein expression data comparing Vero cells and ADOR 
cells raised the possibility that the ability of SARS-CoV-2 to enter ADOR 
cells and HCT116 cells was compromised compared to that found in 
Vero cells. Trans-membrane serine proteases: serine subfamily member 
2 (TMPRSS2) and TMPRSS11D, have been shown to play a key role in 
cleaving the SARS-CoV S protein at residues R667 and R797 [23]. These 
proteases played an essential role in the life cycle of the coronavirus 
SARS-CoV. Subsequently, similar data were obtained for SARS-CoV-2 

Fig. 7. AR12 suppresses the production of infectious SARS-CoV-2 virions. A. Four independent TCID50 / ml studies are presented, each study in independent 
quadruplicate. Vero cells were pre-treated with AR12 and 6 h afterwards infected, and 24 h later the media was removed from the cells. The media was diluted 1:10, 
with repeated 1:10 dilutions using the Reed-Muench method. B. Four independent TCID50 / ml studies are presented, each study in independent quadruplicate. Vero 
cells were infected then after 6 h treated with AR12, and 24 h later the media was removed from the cells. The media was diluted 1:10, with repeated 1:10 dilutions 
using the Reed-Muench method. 
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[24,25]. Compared to Vero cells, ADOR cells and HCT116 cells 
expressed significantly lower levels of both TMPRSS2 and TMPRSS11D 
(Fig. 10D). This data implies that the expression levels of S protein serine 
proteases may represent a better biomarker for SARS-CoV-2 infection 
and reproduction than the expression of the virus receptor itself, ACE2. 

Checkpoint inhibitory immunotherapy antibodies, particularly those 
that inhibit PD-L1, are a standard of care approach in diseases such as 
melanoma and non-small cell lung cancer. Treatment of HCT116 
ATG16L1 T300 or A300 cells with AR12 modestly reduced the expres-
sion of PD-L1 (Fig. 11). In T300, but not A300, cells, AR12 treatment 
increased expression of class I MHCA, however, ATG16L1 A300 cells 
expressed higher basal levels of MHCA. Additional studies beyond the 
scope of the present manuscript will be required to solidify this hy-
pothesis. Prior studies in solid tumor cells, and our present work in 
ADOR and HCT116 cells demonstrated that AR12 could reduce the level 
of plasma membrane virus receptors. We determined whether AR12, in 
immune cells, could enhance the phagocytosis of extracellular antigens. 
AR12 did not significantly enhance antigen uptake in immune cells, 
regardless of Rubicon expression (data not shown). 

4. Discussion 

Our data demonstrates that AR12, in a manner very similar to prior 
studies, suppresses the ability of SARS-CoV-2 to produce virus spike 
protein and to generate infectious virions [3–9]. AR12 reduces the 
expression of cell surface ACE2 and GRP78, as well as total GRP78 

levels. We have previously published that AR-12-induced GRP78 
degradation is causal in the formation of autophagosomes. Thus, AR12 
both catalytically inhibits the GRP78 ATPase activity, reducing its 
ability to renature proteins in the endoplasmic reticulum, and decreases 
the protein levels of the chaperone, all of which are associated with 
lower amounts of spike protein and infectious virus production. These 
data support the re-entry of AR12 into the clinic as an anti-SARS-CoV-2 
therapeutic. 

One of the unexpected findings in our studies was the observation 
that in the absence of Beclin1 or ATG5, the SARS-CoV-2 spike protein 
localized in endosomes/lysosomes. Of note, however, was that the 
protein levels of the spike protein had not declined. Hence, although the 
spike localized in a LAMP2 + compartment, those vesicles had not 
become acidified, i.e. no protein degradation had taken place. These 
findings suggest that autophagic flux is required to trigger LAMP2+
vesicle acidification, and resultant spike protein degradation. The ma-
laria drug hydroxy chloroquine has been put forward as a therapeutic 
which can be used to treat COVID-19 patients. Hydroxy-chloroquine acts 
by preventing autophagic flux, leading to a build-up of autophagosomes. 
Hence, theoretically, if hydroxy-chloroquine also causes translocation of 
the SARS-CoV-2 to LAMP2+ vesicles, a potential use for the drug against 
this virus may be found. i.e. a high initial dose of hydroxy-chloroquine 
drives spike protein into LAMP2+ vesicles concomitant with abolition 
of autophagic flux. Following removal and wash out of the drug, auto-
phagic flux begins again, LAMP2+ vesicles containing spike protein 
acidify, and the spike protein is degraded. Of note, however, are findings 

Fig. 8. AR12 reduces the expression of SARS-CoV-2 spike protein, GRP78, HSP90 and HSP70 via autophagy. A. HCT116 cells (ATG16L1 A300 and T300) were 
transfected with a plasmid to express LC3-GFP-RFP. Twenty-four h after transfection, cells were treated with vehicle control or with AR12 (2 μM). Cells were imaged 
4 h and 8 h after drug exposure and the mean number of GFP + and RFP + punctae per cell determined from at least 40 cells per condition (n = 3 ±SD) # p < 0.05 
greater than corresponding value in A300 cells. B. HCT116 ATG16L1 T300 cells were transfected with a plasmid to express the SARS-CoV-2 spike protein, and also 
transfected with a scrambled siRNA or siRNA molecules to knock down the expression of Beclin1 or ATG5. Twenty-four h after transfection, cells were treated with 
vehicle control or AR12 (2 μM). After a further 6 h incubation, cells were fixed and staining for the spike protein performed (n = 3 ±SD) * p < 0.05 less than 
corresponding value in siSCR cells. Images of the siRNA knockdown and AR12 spike-suppressive effects are presented in Panel D at 60X magnification. C. HCT116 
ATG16L1 T300 cells were transfected with a scrambled siRNA or siRNA molecules to knock down the expression of Beclin1 or ATG5. Twenty-four h after transfection, 
cells were treated with vehicle control or AR12 (2 μM). After a further 6 h incubation, cells were fixed and staining for GRP78, HSP90 and HSP70 performed (n = 3 
±SD) * p < 0.05 less than corresponding value in siSCR cells. E. HCT116 ATG16L1 T300 and A300 cells were transfected with a scrambled siRNA or siRNA molecules 
to knock down the expression of Beclin1 or ATG5. Twenty-four h after transfection, cells were treated with vehicle control and after 6 h fixed in place. Upper: 
representative 60X images staining for the SARS-CoV-2 spike protein. Lower: representative 60X images staining for the co-localization of the SARS-CoV-2 spike 
protein and the endosomal protein LAMP2 in HCT116 ATG16L1 T300 cells. 
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that hydroxy-chloroquine use is not beneficial in severely infected pa-
tients [26]. Studies beyond the scope of this manuscript will be required 
to confirm or refute this hypothesis. 

In prior studies in the oncology field we have shown that eIF2α 
phosphorylation is causal in the increased expression of Beclin1 and 
ATG5 [5,6,15]. Those proteins were, in turn, essential for the formation 
of autophagosomes. Knock down of eIF2α, Beclin1 or ATG5 prevented 
AR12 from reducing spike protein expression. Thus, catalytic inhibition 
of GRP78 by AR12 leads to increased eIF2α phosphorylation which 
enhances Beclin1 and ATG5 expression, which promotes autophago-
some formation leading to the degradation of GRP78 and spike protein. 

There are relatively few biomarkers that can be used to define altered 
biology between different populations of humans. One such biomarker is 
ATG16L1 [17–22]. In our oncology studies, expression of the isoform 
most commonly found in African Americans, ATG16L1 T300, predicted 
for enhanced tumor cell killing when treating the cells with agents that 
utilize autophagosome formation as a component of their killing 
mechanism [14]. However, drug combination treatments such as gem-
citabine and paclitaxel, as used to treat pancreatic cancer, utilize auto-
phagy as a survival mechanism; African Americans respond less 
effectively to this drug combination than European Americans [27,28]. 

We discovered that cells homozygous for ATG16L1 T300 expressed 
approximately 20% more of the SARS-CoV-2 receptor ACE2, as well as 
approximately 25% higher levels of GRP78. These findings would pre-
dict for greater infectivity comparing cells expressing the T300 isoform 
to cells expressing the A300 isoform. However, cells expressing the A300 
isoform were less capable of causing ATG13 and eIF2α phosphorylation. 
Clinical samples from colorectal cancer patients homozygous for 
ATG16L1 A300 had elevated expression of inducible type I interferons 
[12]. In HCT116 ATG16L1 A300 cells, the basal production of type I 
interferons also was enhanced, and the cells had an increased sensitivity 
to the double stranded RNA mimic poly (I:C) via a mitochondrial anti- 
viral signaling (MAVS) pathway [21]. Zika virus down-regulates 
ATG16L1 expression and for Sindbis virus loss of ATG16L1 expression 
is associated with reduced eIF2α phosphorylation and viral protein 
synthesis [29,30]. The anti-viral activity of interferon γ also required 
ATG16L1 expression, with the ATG5-ATG12/ATG16L1 complex being 
required for norovirus to form its replication complex [31]. Enhancing 
our understanding of GRP78 in SARS-CoV-2 replication and under-
standing the role of additional chaperone proteins, e.g. HSP90 and 
HSP70, ATG16L1 isoform expression and type I interferon production in 
the life cycle and biology of SARS-CoV-2 will require detailed studies 

Fig. 9. HCT116 ATG16L1 T300 cells express greater amounts of GRP78 and ACE2 compared to cells expressing ATG16L1 A300 A. Vero, ADOR and HCT116 
ATG16L1 T300 cells were plated and 24 h after plating, fixed and stained. Fixed cells were subjected to in-cell western blotting as described in the Methods to 
determine the expression of the indicated proteins (n = 3 independent studies ±SD). B. ADOR and Vero cells were treated with vehicle control or with AR12 (2 μM) 
and 6 h later infected with SARS-CoV-2 (0.1 MOI, 0.01 MOI). Cells were fixed in place 24 h after infection. Fixed cells were subjected to in-cell western blotting as 
described in the Methods to determine the expression of the indicated proteins (n = 3 independent studies ±SD). * p < 0.05 less than corresponding value without 
virus infection; # p < 0.05 greater than corresponding value in ADOR cells. C. ADOR cells were treated with vehicle control or with AR12 (1 μM, 2 μM). Cells were 
fixed in place after 6 h. Fixed cells were subjected to in-cell western blotting as described in the Methods to determine the expression of the indicated proteins (n = 3 
independent studies ±SD). * p < 0.05 less than vehicle control. D. HCT116 ATG16L1 T300 and HCT116 ATG16L1 A300 cells were treated with vehicle control or 
with AR12 (2 μM). Cells were fixed in place after 6 h. Fixed cells were subjected to in-cell western blotting as described in the Methods to determine the expression 
and phosphorylation of the indicated proteins (n = 3 independent studies ±SD). * p < 0.05 less than vehicle control; ¶ p < 0.05 less than corresponding value in T300 
cells; # p < 0.05 greater than vehicle control; § p < 0.05 less than corresponding stimulated value in T300 cells. 
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beyond the scope of this manuscript [32]. 

CRediT authorship contribution statement 

Writing - review and editing. 

Declaration of Competing Interest 

Drs. Dent, Booth, Poklepovic and Rayner are owners in the company 
C19 Therapeutics; the company was formed to attract investors to fund 
synthesis of GMP AR12 for use in the clinic. 

Acknowledgements 

PD wishes to thank Dr. J. Martinez (NIEHS, Research Triangle, NC) 
for performing exploratory antigen uptake assays. Support for the pre-
sent study was funded from Virginia Commonwealth University and 
from philanthropic funding from Massey Cancer Center and the Uni-
versal Inc. Chair in Signal Transduction Research. 

References 

[1] G. Zhu, A.S. Lee, Role of the unfolded protein response, GRP78 and GRP94 in organ 
homeostasis: UPR AND GRPs REGULATE ORGAN HOMEOSTASIS, J. Cell. Physiol. 
230 (7) (2015) 1413–1420. 

[2] T.G. Lewy, J.M. Grabowski, M.E. Bloom, BiP: master regulator of the unfolded 
protein response and crucial factor in flavivirus biology, Yale J Biol Med. 90 (2017) 
291–300. 

Fig. 10. The weak infectivity of ADOR cells is associated with reduced TMPRSS2 and TMPRSS11D expression. A. and B. Vero, ADOR and HCT116 cells were infected 
with SARS-CoV-2 (1.0 MOI, 0.01 MOI) and the media collected 24 h, 48 h and 96 h after infection. The media was diluted 1:10, with repeated 1:10 dilutions using the 
Reed-Muench method. Vero cells were afterwards infected with the media, and 72 h later the media was removed from the cells and TCID50/ml values determined. 
C. ADOR cells were infected with SARS-CoV-2 and fixed 24 h after infection. Staining was performed to determine the localization of virus spike protein, GRP78 and 
nuclear DNA. A representative image is presented. D. Vero and ADOR were plated and 24 h after plating, fixed and stained. Fixed cells were subjected to in-cell 
western blotting as described in the Methods to determine the expression of the indicated proteins (n = 3 independent studies ±SD). * p < 0.05 less than corre-
sponding values in Vero cells. 

Fig. 11. AR12 reduces the expression of PD-L1 and increases the expression of 
MHCA. HCT116 ATG16L1 T300 and A300 cells were treated with vehicle 
control or with AR12 (2 μM). Cells were fixed in place after 6 h. Fixed cells were 
subjected to in-cell western blotting as described in the Methods to determine 
the expression of the indicated proteins (n = 3 independent studies ±SD). * p <
0.05 less than vehicle control: # p < 0.05 greater than vehicle control; ¶ p <
0.05 greater than corresponding value in T300 cells. 

J.O. Rayner et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0006-2952(20)30463-9/h0005
http://refhub.elsevier.com/S0006-2952(20)30463-9/h0005
http://refhub.elsevier.com/S0006-2952(20)30463-9/h0005
http://refhub.elsevier.com/S0006-2952(20)30463-9/h0010
http://refhub.elsevier.com/S0006-2952(20)30463-9/h0010
http://refhub.elsevier.com/S0006-2952(20)30463-9/h0010


Biochemical Pharmacology 182 (2020) 114227

11

[3] L. Booth, S.C. Cazanave, H.A. Hamed, A. Yacoub, B. Ogretmen, C.-S. Chen, 
S. Grant, P. Dent, OSU-03012 suppresses GRP78/BiP expression that causes PERK- 
dependent increases in tumor cell killing, Cancer Biol. Ther. 13 (4) (2012) 
224–236. 

[4] L. Booth, J.L. Roberts, D.R. Cash, S. Tavallai, S. Jean, A. Fidanza, T. Cruz-Luna, 
P. Siembiba, K.A. Cycon, C.N. Cornelissen, P. Dent, GRP78/BiP/HSPA5/Dna K is a 
universal therapeutic target for human disease: AR-12 AND VIAGRA, J. Cell. 
Physiol. 230 (7) (2015) 1661–1676. 

[5] L. Booth, J.L. Roberts, N. Cruickshanks, S. Grant, A. Poklepovic, P. Dent, 
Regulation of OSU-03012 toxicity by ER stress proteins and ER stress-inducing 
drugs, Mol. Cancer Ther. 13 (10) (2014) 2384–2398. 

[6] L. Booth, J.L. Roberts, M. Tavallai, A. Nourbakhsh, J. Chuckalovcak, J. Carter, 
A. Poklepovic, P. Dent, OSU-03012 and viagra treatment inhibits the activity of 
multiple chaperone proteins and disrupts the blood-brain barrier: implications for 
anti-cancer therapies: AR-12 AND VIAGRA, J. Cell. Physiol. 230 (8) (2015) 
1982–1998. 

[7] J.L. Roberts, M. Tavallai, A. Nourbakhsh, A. Fidanza, T. Cruz-Luna, E. Smith, 
P. Siembida, P. Plamondon, K.A. Cycon, C.D. Doern, L. Booth, P. Dent, GRP78/Dna 
K is a target for nexavar/stivarga/votrient in the treatment of human malignancies, 
viral infections and bacterial diseases: SORAFENIB, REGORAFENIB, AND 
PAZOPANIB, J. Cell. Physiol. 230 (10) (2015) 2552–2578. 

[8] L. Booth, J.L. Roberts, H. Ecroyd, S.R. Tritsch, S. Bavari, S.P. Reid, S. Proniuk, 
A. Zukiwski, A. Jacob, C.S. Sepúlveda, F. Giovannoni, C.C. García, E. Damonte, 
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