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Abstract

The SARS-CoV?2 virus that causes COVID-19 binds to the angiotensin-converting enzyme 2
(ACE2) to gain cellular entry. Akt inhibitor triciribine (TCBN) has demonstrated promising results
in promoting recovery from advanced-stage acute lung injury in preclinical studies. In the current
study, we tested the direct effect of TCBN on ACE2 expression in human bronchial (H441) and
lung alveolar (A549) epithelial cells. Treatment with TCBN resulted in the downregulation of both
mMRNA and protein levels of ACE2 in A549 cells. Since HMGBL1 plays a vital role in the
inflammatory response in COVID-19, and because hyperglycemia has been linked to increased
COVID-19 infections, we determined if HMGBL1 and hyperglycemia have any effect on ACE2
expression in lung epithelial cells and whether TCBN has any effect on reversing HMGB1 and
hyperglycemia-induced ACE?2 expression. We observed increased ACE2 expression with both
HMGBL and hyperglycemia treatment in A549 as well as H441 cells, which were blunted by
TCBN treatment. Our findings from this study combined with our previous reports on the potential
benefits of TCBN in the treatment of acute lung injury generate reasonable optimism on the
potential utility of TCBN in the therapeutic management of COVID-19 patients.
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Introduction

December 2019 witnessed a series of pneumonia cases with unknown etiology in China later
found to be associated with severe acute respiratory syndrome causing (Qin et al., 2020)
novel coronavirus 2 (SARS-CoV2 or CoV2) (Bourgonje et al., 2020; Khulood, Adil,
Sultana, & Nimra, 2020; Perrotta, Matera, Cazzola, & Bianco, 2020). The World Health
Organization named the condition as the coronavirus disease-2019 (COVID-19) (Ahmad,
Rehman, & Alkharfy, 2020; Yamin, 2020). The CoV2 express spike-protein on the surface
(Hoffmann, Kleine-Weber, et al., 2020) that binds to the angiotensin-converting enzyme 2
(ACE2) on the target cells to gain cellular entry (Bourgonje et al., 2020; Cristelo, Azevedo,
Marques, Nunes, & Sarmento, 2020; McKee, Sternberg, Stange, Laufer, & Naujokat, 2020).
The CoV2 invasion requires priming of the spike-protein, which is reportedly facilitated by a
transmembrane serine protease-2 (TMPRSS2) (Hoffmann, Kleine-Weber, et al., 2020;
Lukassen et al., 2020; McKee et al., 2020).

ACE2 is a type | transmembrane glycoprotein, an ectoenzyme that hydrolyzes circulating
peptides (Imai, Kuba, Ohto-Nakanishi, & Penninger, 2010). ACE2 is responsible for
cleaving Ang Il to angiotensin (1-7), which results in vasodilation and reduced
inflammation (Bourgonje et al., 2020). ACE2 is abundantly expressed in the heart, blood
vessels, lung, bronchus, gut, kidney, testis, and brain (Verdecchia, Cavallini, Spanevello, &
Angeli, 2020), and also reported being expressed in lung alveolar epithelial cells (Bourgonje
et al., 2020). Since ACE2 mediates CoV?2 cellular entry it may constitute a pharmacological
target to restrict the CoV-2 infections (Adil, Narayanan, & Somanath, 2020b; South, Diz, &
Chappell, 2020; Wyganowska-Swiatkowska, Nohawica, Grocholewicz, & Nowak, 2020). In
support of this theory, ACE2 knockout mice demonstrated reduced infection compared to the
wild type (Kuba et al., 2005). On the contrary, over-expression of ACE2 in mice increased
the susceptibility to CoV2 infection and resulted in severe pathological changes observed in
humans (Yang et al., 2007). Although chloroquine was considered for COVID-19 therapy
(Boulware et al., 2020)by inhibiting terminal phosphorylation of ACE2 (McKee et al.,
2020), its potential side-effects and lack of efficacy led to its premature exit from the race
(Group et al., 2020; Hoffmann, Mosbauer, et al., 2020).

Although the link between diabetes and COVID-19 is unclear, early reports indicate a higher
susceptibility of diabetics to COVID-19 (Tadic, Cuspidi, & Sala, 2020; Wu et al., 2020).
Interestingly, ACE2 glycosylation has been shown to increase its affinity for CoV2 binding
[4] suggesting that hyperglycemia could favor the cellular entry of CoV2 and higher
COVID-19 severity (Ceriello, 2020). Also, ACE2 is activated as part of inhibiting
endoplasmic reticulum stress to improve glucose and lipid metabolism through the IKKp/
NFxB/IRS1/Akt pathway (Cao et al., 2019). The severity of COVID-19 also relies on
inflammation (Hu, Huang, & Yin, 2020). High-mobility group box 1 (HMGB1) is a
chromatin protein (Luft, 2016) and a mediator of inflammation when present extracellularly
(Andersson, Yang, & Harris, 2018). In mice, HMGBL1 induces lung neutrophil infiltration,
cytokine production, and lung injury (Wyganowska-Swiatkowska et al., 2020). HMGBL, in
high levels, induces cytokine release (Palmblad et al., 2015), which is a hallmark feature of
COVID-19 (Street, 2020). HMGB1 facilitates the transport of extracellular CoV2 into the
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cytosol via lysosome leakage (Andersson, Ottestad, & Tracey, 2020). Extracellular HMGB1
secreted by activated innate immune cells or from the dying cells forms complexes with
danger-associated molecular patterns (DAMPs) or pathogen-associated molecular (PAMPS)
released post-lytic cell death. These complexes bind to lung-specific RAGE to get
endocytosed through endosomes containing TLR4 receptor which in turn can be activated by
HMGBL1. The partner molecules translocate to the lysosomes, where HMGB1 acts as a
detergent under acidic conditions and disrupts the lysosomal membrane enabling HMGB1-
partner molecules access to the cytosol (Andersson et al., 2020). Moreover, HMGBL1 is
reportedly involved in regulation of autophagy which is one of the mechanisms linked to the
COVID-19 viral entry and replication in cells (Street, 2020).

Akt is a serine-threonine kinase (Adil, Narayanan, & Somanath, 2020a) involved in the
regulation of cell growth, survival, and proliferation (Adil, Khulood, & Somanath, 2020).
Triciribine (TCBN) is an adenosine analog and a small molecule inhibitor of Akt (Abdalla et
al., 2015; Gloesenkamp et al., 2012). It reportedly suppresses the phosphorylation level and
kinase activity of all Akt isoforms without inhibiting known upstream activators, PDK1 and
P13-Kinase (Abeyrathna & Su, 2015). MK-2206 is another inhibitor of Akt that exerts its
suppressive action by binding to the allosteric site of Akt and engaging the functionally
influential residues in various interactions (Rehan, Beg, Parveen, Damanhouri, & Zaher,
2014). It is a highly potent, selective, and orally active agent effective against all three
isoforms of Akt (Brown & Banerji, 2017; Rehan et al., 2014). We recently demonstrated that
inhibiting the Akt pathway (Alwhaibi, Verma, Adil, & Somanath, 2019) using TCBN in the
advanced stages of lung injury promotes recovery by increasing anti-inflammatory
regulatory T cells (Artham et al., 2020), suggesting its potential benefits in treating advanced
COVID-19 patients (Somanath, 2020). In the current study, we determined the effects of
hyperglycemia, HMGBL, in the presence and absence of TCBN on ACE2 expression in
human bronchial (H441) and alveolar (A549) epithelial cell lines. Our results indicated a
significant increase in ACE2 expression in both cell types by hyperglycemia and HMGB1
and a robust decrease in ACE2 expression in all conditions by treatment with TCBN.

Materials and methods

2.1. Cell lines and reagents

The human A549 adenocarcinoma (ATCC® CCL-185™) and human H441 bronchial
epithelial (ATCC® HTB-174™) cell lines were obtained from ATCC (Manassas, VA). A549
cells were cultured in DMEM high glucose and H441 cell were cultured in RPMI 1640
media obtained from Hyclone, Logan, UT. Media were supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Atlanta Biologicals, Atlanta, GA), 100 U/ml penicillin,
and 100 mg/ml streptomycin in a humidified incubator at 37 °C and 5% CO,. Cells were
routinely passaged when they reached 80-90% confluency. Compound inhibitors including
MK?2206 (Cat No. S1078) and TCBN (Cat No. S1117) were purchased from Selleckchem,
Houston, TX. HMGB1 (Cat No. 1690-HMB-050) was obtained from R&D Systems®
(Minneapolis, MN), and D-Glucose (Cat No. D16-500) was obtained from Fisher Scientific.
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2.2. Western blotting

The cell lysates were prepared using 1X RIPA lysis buffer (Millipore, Temecula, CA)
supplemented with protease and phosphatase inhibitor tablets (Roche Applied Science,
Indianapolis, IN). Protein concentration was measured by the DC protein assay (Bio-Rad
Laboratories, Hercules, CA) and approximately 40-50 pg of cell lysates in Laemmli buffer
were used. Densitometry was performed using NIH ImageJ software. Primary antibodies
against ACE2 (Cat No. MABN59, Millipore Sigma, Burlington, MA), p-actin (Cat No.
A2228, Millipore Sigma), and B-tubulin (Cat No. 2118, Cell Signaling, Danvers, MA),
pSer4d73 Akt (Cat No. 9271, Cell Signaling) and Akt (Cat No. 9272, Cell Signaling) were
used in the study. Anti-mouse and anti-rabbit HRP conjugated secondary antibodies were
obtained from Bio-Rad, Hercules, CA.

2.3. RNA isolation, cDNA preparation, and qRT-PCR

Cells were grown until confluent in six-well culture plates and treated with PBS or Akt
inhibitors (MK, 10 uM; TCBN, 10uM) for 24h. RNA was extracted using an RNA isolation
kit (RNeasy Plus, Qiagen, Valencia, CA) and RNA quality was confirmed using Nanodrop
2000 spectrophotometer (Thermo Scientific). Complementary DNA (cDNA) was
synthesized from 700ng of RNA using RT2 First Strand kit (Qiagen) using a StepOnePlus™
thermal cycler and detection software (Applied Biosystems, Foster City, CA) and
quantitative real-time PCR (qRT-PCR) was performed using the RT2 SYBR Green ROX
gPCR Master Mix (Qiagen) in real-time PCR equipment (Applied Biosystems). Sample
cDNA was amplified and quantified over many shorter cycles under the following
conditions: an initial 20min 95°C period followed by 45 cycles of 95°C for 15s, 60°C for
1min, and 72°C for 15s. To analyze the fluorescence signal, a threshold cycle (Ct) was
determined, using the exponential growth phase and the baseline signal from fluorescence vs
cycle number plots. The following primers were used for the messenger RNA (mMRNA)
analysis: ACE2 (forward: 5'-GGACCCAGGAAATGTTCA GA-3” and reverse: 5'-
GGCTGCAGAAAGTGACATGA-3"), TMPRSS2 (forward: 5'-CACTGTGCATCAC
CTTGA CC-3” and reverse: 5'-ACACACCGATTCTCGTCCTC-3"), and B-actin (forward:
5"-GGACTTCGAGCAAGAGATGG-3" and reverse: 5'-
AGCACTGTGTTGGCGTACAG-3"). Ct values were normalized to the level of expression
of the housekeeping gene (B-actin).

2.4, Statistical analysis

All the data are presented as mean = SEM. The ‘n’ value for each figure implies the number
of samples in each group. All band densitometry and mRNA analysis are presented as fold-
changes compared to respective control groups. All the data were analyzed by parametric
testing using the Student’s unpaired t-test or one-way ANOVA, followed by the posthoc test
using the GraphPad Prism 6.01 software. Data with p<0.05 were considered significant.
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3. Results

3.1. TCBN suppresses ACE2 expression in human alveolar epithelial cells.

Human alveolar epithelial (A549) cells were treated with MK2206 and TCBN, two well-
known Akt inhibitors, for 24 hours, and the protein expression of phosphorylated and total
Akt and ACE2 were analyzed. As expected, both compounds resulted in a statistically
significant reduction of the phosphorylated form of Akt (Figure 1A and B). Although both
compounds led to a statistically significant reduction in ACE2 expression, TCBN showed a
more robust effect (Figure 1C). The mRNA analysis of ACE2 and TMPRSS2 in A549 cells
revealed a significant reduction in ACE2 mRNA with TCBN treatment (Figure 1D) but the
expression of TMPRSS2 at mMRNA level remained unchanged with either MK2206 or TCBN
treatment (Figure 1E).

3.2. TCBN inhibits HMGB1-induced ACE2 expression in A549 cells.

Human A549 epithelial cells were treated with various doses of HMGBL1 for 24 hours to
determine its effect on the ACE2 expression and activation of Akt. Our analysis indicated a
statistically significant increase in ACE2 protein expression in A549 cells with 10 nM
HMGB1 treatment (Figure 2A and B). Co-treatment of A549 cells with 10 nM HMGB.1 and
10 uM TCBN resulted in significant inhibition of ACE2 protein expression in A549 cells
compared to HMGB1-treated cells and vehicle-treated (PBS) control groups (Figure 2C and
D). Although the treatment of A549 cells with HMGBL1 did not increase the levels of
phosphorylated (activated) Akt, treatment with TCBN significantly suppressed
phosphorylated Akt in the HMGB1-treated group (Figure 2C and E).

3.3. TCBN inhibits hyperglycemia-induced ACE2 expression in A549 and H441 cells.

Human alveolar epithelial cells were subjected to 50 mM and 100 mM D-Glucose for 48
hours with a change in 50% media at 24 hours and the expression of ACE2 protein was
determined by immunoblotting. Although statistically not significant, a trend in increased
ACE2 expression was observed in A549 cells with both 50 mM and 100 mM doses of
hyperglycemia (Figure 3A and B). As a confirmation of the previous HMGB1 experiment,
co-treatment with TCBN significantly inhibited ACE2 protein expression in A549 cells
compared to the HMGB1-treated or vehicle-treated (PBS) control groups (Figure 3A and B).
Interestingly, a dose-depended increase in the expression of phosphorylated Akt was
observed with hyperglycemia treatment in A549 cells, which were inhibited by TCBN
(Figure 3A and C).

Like the A549 cells, human bronchial (H441) epithelial cells also revealed a dose-dependent
increase in ACE2 protein expression (Figure 4A-D) and Akt phosphorylation (Figure 4C
and E) with high glucose treatment. Hyperglycemia-induced ACE2 expression and Akt
phosphorylation were inhibited by TCBN treatment (Figure 4C and E).

4. Discussion

In the current study, even though MK2206 is a more potent inhibitor of Akt as compared to
TCBN, the latter was found to be a more powerful suppressor of ACE2 expression at the
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protein and mRNA level in the lung alveolar (A549) epithelial cells with no change in
TMPRSS2 expression with either Akt inhibitors. Whereas treatment of A549 cells with
HMGB1, a mediator of inflammation and cytokine release, did not have a robust effect on
Akt phosphorylation, it significantly elevated ACE2 expression, which was blunted by
cotreatment with TCBN. In sharp contrast, while hyperglycemia only modestly activated
Akt, it robustly induced ACE2 expression in A549 and human bronchial (H441) epithelial
cells, which were inhibited by cotreatment with TCBN. Collectively, the salient findings
from this study are that HMGBL1 is a potent inducer of ACE2 but not Akt activity inA549
cells, hyperglycemia treatment robustly increases Akt activity and modestly increases ACE?2
expression in A549 cells and H441 cells, and that TCBN (not MK2206) suppresses ACE2
expression in A549 cells in an Akt independent manner.

COVID-19 can be better managed by a drug that can not only suppress inflammation but
also resolve lung injury thereby preventing scar formation (Somanath, 2020). A recent study
reported the favorable effects of anti-fibrotic therapies in the prevention of severe COVID-19
in patients with or without idiopathic pulmonary fibrosis (George, Wells, & Jenkins, 2020).
In our previous studies, we have demonstrated that targeting Akt has potential antifibrotic
(Abdalla, Goc, Segar, & Somanath, 2013; Abdalla et al., 2015; Goc, Choudhary, Byzova, &
Somanath, 2011; Goc, Sabbineni, Abdalla, & Somanath, 2015; Ma, Kerr, Naga Prasad,
Byzova, & Somanath, 2014; Somanath & Byzova, 2009; Somanath, Kandel, Hay, & Byzova,
2007) and anti-inflammatory (Fairaq, Goc, Artham, Sabbineni, & Somanath, 2015; Kerr et
al., 2013) benefits, because of which pharmacological inhibition of Akt using compounds
such as MK2206 and TCBN can increase the number of activated anti-inflammatory
regulatory T-cells (Tregs) thus promoting the resolution of injury in the advanced stages of
acute lung injury (Artham et al., 2020). Based on these observations, we recently
commented that pharmacological suppression of Akt may have potential benefits in treating
advanced-state COVID-19 patients with lung injury (Somanath, 2020). What is not currently
known is whether the Akt pathway, directly or indirectly, has any effect on the expression of
ACE?2 and/or TMPRSS2, two major determinants of CoV2 infection in humans. In
particular, targeting ACE2 can be a viable option in restricting the entry of the fatal virus
(Michaud et al., 2020). The current study addresses this question and reveals that while Akt
activity is not a primary mediator of either ACE2 or TMPRSS2 expression in A549 cells,
treatment with HMGB1 and hyperglycemia induces ACE2 expression in lung epithelial
cells, and treatment with TCBN suppresses ACE2 but not TMPRSS2 expression in lung
epithelial cells (Figure 5).

Several studies have tested the safety and tolerability of TCBN in humans (Garrett et al.,
2011; Sampath et al., 2013). Since the Akt activity is not strongly correlated with ACE2
expression in lung epithelial cells, the suppression of ACE 2 expression by TCBN in these
cells is likely independent of its ability to inhibit Akt activity. TCBN is a tricyclic adenosine
analog that is phosphorylated to its active metabolite (TCBN-P) by adenosine kinase in
certain cells such as the lung epithelial cells (Wotring, Crabtree, Edwards, Parks, &
Townsend, 1986). TCBN can inhibit viral replication of HIV-1 and HIV-2 independent of
Akt, including strains known to be resistant to azidothymidine or TIBO (Kucera et al.,
1993). The phosphorylation of TCBN to TCBN-P has been reported to be essential for its
anti-viral activity on HIV-1 (Porcari et al., 2003; Ptak et al., 2010). The ability of TCBN-P to
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function as an adenosine analog may likely have contributed to the suppression of ACE2 in
Ab549 cells. In support of this theory, a study has reported that alveolar-epithelial A2B
adenosine receptors confer pulmonary protection during acute lung injury (Hoegl et al.,
2015). Extracellular adenosine generation and activation of the Al adenosine receptor have
also been very recently indicated to resist Streptococcus pneumoniae (pneumococcus)
adherence to lung epithelial cells (Bhalla et al., 2020). Together, these reports support the
idea that TCBN effects on ACE2 expression in lung epithelial cells may be independent of
Akt suppression but likely reliant on its activation of Al or A2B adenosine receptors.

The results related to the hyperglycemia-induced elevation of ACE2 expression in A549
cells explain the probable reason behind the higher incidence of COVID-19 in diabetic
patients with high serum glucose (Tadic et al., 2020). This coincides with another study that
suggests prognosis in people affected by CoV2 can be probably be improved by
normalization of hyperglycemia as it may help in decreasing the release of the inflammatory
cytokines thereby reducing the ACE2 binding capacity of the virus (Ceriello, 2020). Our
findings reveal that hyperglycemia sets off increased ACE2 expression in lung epithelial
cells, which might increase the risk of CoV2 entry and subsequent susceptibility to
COVID-19. In conclusion, treatment with TCBN suppresses ACE2 expression in human
lung epithelial cells in the presence or absence of hyperglycemia or HMGB1 thereby
suggesting its potential utility in restricting the host cell entry of CoV2.
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Figure 1. Treatment with TCBN suppresses ACE2 expression in A549 cells.
(A-C) Western blot images and bar graphs of band densitometry analysis of MK2206 (MK)

and TCBN treated A549 cell lysates indicating changes in the expressions of ACE2,
phosphorylated (Ser-473) Akt, and total Akt normalized to B-tubulin expression,
respectively. (D-E) Bar graphs showing changes in the mRNA expression of ACE2 and
TMPRSS2 normalized to the B-actin expression on MK2206 and TCBN-treated A549 cells
compared to the vehicle (PBS) treated control. Data are shown as mean + SEM.
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Figure 2. TCBN suppresses HM GB1-induced ACE2 expression in A549 cells.
(A-B) Western blot images and bar graphs of band densitometry analysis of ACE2

expression induced by various doses of HMGBL1 treatment in A549 cells. (C-E) Western
blot images and bar graphs of band densitometry analysis of 10 nM HMGB1-induced ACE2
expression and Akt phosphorylation, and the effect of TCBN in A549 cells, respectively.
Data are shown as mean + SEM.
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Figure 3. TCBN suppresses hyperglycemia-induced ACE2 expression in A549 cells.
Western blot images (A) and bar graph of band densitometry analysis (B) of hyperglycemia

(50 mM or 100 mM glucose) induced expression changes in ACE2 and phosphorylated Akt
expression in A549 cells (C) in the presence and absence of TCBN, respectively. Data are
shown as mean + SEM.

J Cell Physiol. Author manuscript; available in PMC 2022 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Adil et al.

O

ACE-2/GAPDH

Page 14

A Glucose (mM) B 107 p=38
8- *p<0.05

|ACE2

-Tubulin

ACE2/ -Tubulin

HG 100 mM

-.- pSer473Akt

E
2.5- % 1 ;ese
7 Wi < *p<0.05
*p<0.05 -
~~ 1.0'
1.54 £
<
1.0 R
: < 0.5
a
0.5- 2
0.0-
Ctrl HG 50mM HG 50mM + TCBN Ctrl HG 50mM HG 50mM + TCBN

Figure 4. Akt inhibition blunts hyperglycemia-induced increasein ACE2 expression in H441
cells.

(A-B) Western blot images and bar graphs of band densitometry analysis of hyperglycemia
(HG) (50 mM or 100 mM glucose) induced expression changes in ACE2 in H441 cells. (C-
E) Western blot images and bar graphs of band densitometry analysis of 50 mM glucose-
induced changes in ACE2 phosphorylated Akt expression in H441 cells, respectively. Data
are shown as mean + SEM.

J Cell Physiol. Author manuscript; available in PMC 2022 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Adil et al.

Page 15

‘/

TMPRSS2

A SARS-CoV2 1
: B CH,0H
| HMGB1 ~
HMGB1 greon : %gogo Ao
OpO
ogogoo [’ KA, : ©0%  age High glucose
oo
© o000 AGE : Q / Adenosine
~#™ Receptors
: TMPRSS2 \ ecep
1
1

1

1 4

] Inflammatory PI3K-Akt ,/

1 pathways, pathway Ve
PI3K-Akt "‘ﬂa':‘"“a“"'y I Cytokine storm ,,
athwa PRIWAYS; o o o o o e e 1 4
P v Cytokine storm » ACE2 1 HaN 2 N/

1 2Hal [37 '\,\g/{“

NS
| wika206 " A Gl
Bronchial and alveolar epithelial cells ! o= T W " TCBN

Figure 5. Schematic representation of the potential effects of HMGBL1, hyperglycemia, and
TCBN on ACE2 expression and SARS-CoV2 binding to lung epithelial cells.

(A) HMGBL or high glucose-induced AGE (advanced glycation end-products) promotes the
expression of ACE2 receptors thereby increasing the risk of SARS-CoV-2 interaction with
the lung epithelial cell surface ACE2 leading to their internalization and infection. (B)
Whereas Akt inhibitor MK-2206 does not affect the expression of ACE2 receptors,
treatment with TCBN blunts HMGB1 and hyperglycemia-induced ACE2 expression in lung
epithelial cells potentially in an Akt-independent but adenosine-receptor dependent
mechanism.
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