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Enoxaparin augments 
alpha‑1‑antitrypsin inhibition 
of TMPRSS2, a promising drug 
combination against COVID‑19
Xiyuan Bai1,3,5,13,14*, Ashley M. Buckle 9,14, Eszter K. Vladar5, Edward N. Janoff1,6, 
Reeti Khare4, Diane Ordway8, David Beckham6, Lorelenn B. Fornis3, Abraham Majluf‑Cruz12, 
Randolph V. Fugit2, Brian M. Freed7, Soohyun Kim10,11, Robert A. Sandhaus3 & 
Edward D. Chan1,3,5,13*

The cell surface serine protease Transmembrane Protease 2 (TMPRSS2) is required to cleave the spike 
protein of SARS‑CoV‑2 for viral entry into cells. We determined whether negatively‑charged heparin 
enhanced TMPRSS2 inhibition by alpha‑1‑antitrypsin (AAT). TMPRSS2 activity was determined in 
HEK293T cells overexpressing TMPRSS2. We quantified infection of primary human airway epithelial 
cells (hAEc) with human coronavirus 229E (HCoV‑229E) by immunostaining for the nucleocapsid 
protein and by the plaque assay. Detailed molecular modeling was undertaken with the heparin–
TMPRSS2–AAT ternary complex. Enoxaparin enhanced AAT inhibition of both TMPRSS2 activity and 
infection of hAEc with HCoV‑229E. Underlying these findings, detailed molecular modeling revealed 
that: (i) the reactive center loop of AAT adopts an inhibitory‑competent conformation compared 
with the crystal structure of TMPRSS2 bound to an exogenous (nafamostat) or endogenous (HAI‑
2) TMPRSS2 inhibitor and (ii) negatively‑charged heparin bridges adjacent electropositive patches 
at the TMPRSS2–AAT interface, neutralizing otherwise repulsive forces. In conclusion, enoxaparin 
enhances AAT inhibition of both TMPRSS2 and coronavirus infection. Such host‑directed therapy is 
less likely to be affected by SARS‑CoV‑2 mutations. Furthermore, given the known anti‑inflammatory 
activities of both AAT and heparin, this form of treatment may target both the virus and the excessive 
inflammatory consequences of severe COVID‑19.

Despite the availability of efficacious COVID-19 vaccines, as of January 2022 the number of COVID-19 cases 
and hospitalizations are rising in the U.S. and other parts of the world. Thus, effective treatment for severe 
COVID-19 is a top priority but remains elusive. Among the array of agents being studied against COVID-19, 
alpha-1-antitrypsin (AAT)—a member of a superfamily of serine protease inhibitors (serpin) and the most 
abundant serpin in  circulation1—has been shown to inhibit Transmembrane Protease, Serine 2 (TMPRSS2), 
a cell surface serine protease that is required to process the spike protein of SARS-CoV-2 to allow the virus to 
gain intracellular  entry2–8.
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Negatively-charged polysaccharides augment serpin activity by introducing a more favorable electrostatic 
interaction between the serpin and its protease, forming a ternary complex of polysaccharide–protease–serpin. 
For example, the negatively-charged polysaccharide dextran binds to multiple positively-charged amino acids on 
the F1-helix of the serpin C1-esterase (C1s) inhibitor (C1INH), as well as to positively-charged amino acids of the 
autolysis loop of C1s serine protease, facilitating the binding of C1INH to C1s as well as to another serine protease 
 kallikrein9. As a result, ternary complexes of dextran–C1s–C1INH or dextran–kallikrein–C1INH are formed, 
resulting in enhanced serpin activity for its cognate protease. The activity of C1INH on C1s is also augmented 
by heparin, a polysaccharide with the highest negative charge density of any known biological  molecules10.

Epidemiologic studies indirectly support the paradigm that AAT antagonizes SARS-CoV-2 infection. COVID-
19 cases are increased in areas of Italy with an increased prevalence of AAT  deficiency11. AAT deficient subjects 
were 8.8-fold more likely to have symptomatic COVID-19 than the general Italian  population12. Shapira and 
 colleagues13 found a significant direct correlation between the frequency of the protease inhibitor (Pi)Z and PiS 
alleles with COVID-19 death rates in 67 countries.  Yoshikura14 reported a robust correlation between the Pi*Z 
variant and the number of COVID-19 cases (correlation coefficient (CC) = 0.8584) and deaths (CC = 0.8713) in 
68 countries. McElvaney and co-workers15 found that the interleukin-6 (IL-6):AAT ratio is markedly elevated 
in critically ill patients with COVID-19 compared with healthy volunteers or stable hospitalized COVID-19 
patients; this ratio also directly correlated with prolonged hospital stay and mortality.

In light of the aforementioned polysaccharide–serine protease–serpin paradigm and epidemiologic evidence, 
we investigated whether unfractionated heparin (UFH), enoxaparin, and nadroparin—the latter two being low 
molecular fractions of UFH—augment AAT inhibition of TMPRSS2. We found that enoxaparin significantly 
increased AAT inhibition of both TMPRSS2 and a human coronavirus infection of human airway epithelial 
cells. These biochemical and biological synergies are strongly supported by state-of-the-art molecular modeling 
wherein highly negatively-charged heparin bridges adjacent electropositive patches at the TMPRSS2–AAT inter-
face, enhancing their interaction.

Results
Overexpression of TMPRSS2 in HEK293T cells increases its serine protease activity. HEK293T 
cells were transfected with pcDNA3.1 empty vector  (HEK293TpcDNA3.1), pcDNA3.1eGFP plasmid  (HEK293TeGFP), 
or pcDNA3.1TMPRSS2+His plasmid  (HEK293TTMPRSS2). Transfection efficiency was robust as evinced by the abun-
dant fluorescence of  HEK293TeGFP cells (Fig. 1A, bottom panel). Compared to control  HEK293TpcDNA3.1 cells, 
 HEK293TTMPRSS2 cells strongly expressed TMPRSS2 as shown by immunoblot with anti-His-(TMPRSS2) and 
anti-TMPRSS2 antibodies and by immunocytofluorescent analysis for TMPRSS2 (Fig.  1B–D). To analyze 
TMPRSS2 activity, we incubated the cells with the TMPRSS2 substrate Boc-QAR-AMC and quantified the 
amount of fluorogenic catalytic product liberated.  HEK293TTMPRSS2 cells had significantly greater TMPRSS2 
activity than  HEK293TpcDNA3.1 cells (Fig. 1E).

AAT inhibits TMPRSS2 activity in a dose‑dependent fashion. TMPRSS2 activity was then com-
pared between untreated  HEK293TTMPRSS2 cells with those incubated for 30 min with 1, 3, or 5 mg/mL of AAT 
(19.2, 57.7, and 96.2 µM, respectively), physiologic concentrations found in plasma. Compared with untreated 
cells, AAT reduced TMPRSS2 activity in a concentration-dependent fashion (Fig. 2A) with the 90 min time 
point highlighted separately (Fig. 2B). AEBSF, a potent serine protease inhibitor, strongly inhibited TMPRSS2 
activity (Fig. 2B).

Enoxaparin enhances AAT inhibition of TMPRSS2 activity. To determine the effects of UFH, enoxa-
parin, or nadroparin, the cells were left untreated or pre-incubated for 30 min with AAT alone at 1 and 3 mg/
mL, or with combined 3 mg/mL AAT with two different concentrations of UFH, nadroparin, or enoxaparin. 
UFH at both concentrations elicited a modest further reduction of TMPRSS2 activity compared with AAT 3 mg/
mL alone, particularly at the longer incubation times (Fig. 3A), whereas nadroparin did not (Fig. 3B). In con-
trast, enoxaparin + AAT most potently inhibited TMPRSS2 activity in a dose-dependent manner compared with 
AAT alone (Fig. 3C,D). Because the  HEK293TTMPRSS2 cells were pre-treated with both AAT and enoxaparin for 
30 min, it is not unexpected that there would be decreased TMPRSS2 activity from the onset of the assay.

We next determined whether the heparins alone also inhibited TMPRSS2. Unexpectedly, we found that UFH 
alone had a modest dose–response inhibitory effect on TMPRSS2 activity (Fig. 4A). Nadroparin had minimal 
impact and only at higher nadroparin concentrations at the longer time points (Fig. 4B). Enoxaparin alone at 
35 and 70 µg/mL significantly inhibited TMPRSS2 activity at the 90 min incubation period (Fig. 4C). Because 
the experiments were performed in cell culture medium that includes fetal bovine serum that is likely to con-
tain native AAT (and perhaps other serpins), we performed the experiments with enoxaparin alone in Gibco 
293 Serum-free Medium II. In the absence of serum, enoxaparin had little or no inhibitory effect on TMPRSS2 
activity (Fig. 4D).

As predicted, AAT was found to be a very potent inhibitor of elastase activity (Figs. S1, S2). Moreover, there 
was no further inhibition of elastase activity by AAT with addition of any of the heparins.

Enoxaparin augments AAT inhibition of HCoV‑229E infection of primary human airway epi‑
thelial cells. To determine the effects of AAT, enoxaparin, or both on coronavirus infection, we quanti-
fied viral load by immunofluorescent staining for the nucleocapsid protein and by the plaque assay of primary 
human airway epithelial cells (hAEc) cultured in air–liquid interface infected with the human coronavirus 229E 
(HCoV-229E). Compared with no infection, cells infected with HCoV-229E immunostained positively for the 
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viral nucleoprotein (Fig. 5A,B). Pre-treatment of hAEc with AAT, enoxaparin, or both, reduced the number of 
cells that stained positive for the nucleoprotein.

The burden of HCoV-229E was also quantified by the plaque assay in which the supernatant from the apical 
chambers of the uninfected and infected hAEc in air–liquid interface were used to infect VeroE6 cells. Incuba-
tion of the VeroE6 cells with  10–7 dilution of the supernatant of HCoV-229E-infected hAEc demonstrated visu-
ally quantifiable plaques (Fig. 5C). In VeroE6 cells incubated with medium from HCoV-229E-infected hAEc 
treated with AAT, there was a modest but significant reduction in the number of plaques and a further decrease 
with both AAT and enoxaparin. Interestingly, there was also a modest but consistent decrease in the number of 
plaques with enoxaparin alone.

Structural rationalization of heparin augmenting AAT inhibition of TMPRSS2. To investigate 
the structural basis for the observed effect of heparin on AAT inhibition of TMPRSS2, we performed a rigorous 
modeling analysis of the participating molecules. First, we created a near-complete model of the extracellular 
region of TMPRSS2, which consists of three domains: low-density lipoprotein receptor A (LDLR-A) domain, 
scavenger receptor cysteine-rich repeat (SRCR) domain, and a C-terminal peptidase S1 (catalytic) domain 
(Fig. 6A). The full-length protein is displayed on the cell surface, with cleavage at the N-terminus of the cata-
lytic domain (R255)16, generating two chains that are held together by a conserved disulfide bond, such that the 
molecule remains membrane-bound after  activation17 (Fig. 6A), resembling the homologue  hepsin18. The serine 
protease domain contains the catalytic triad H296, D345, and S441 and adopts the conserved fold of the trypsin-
like (S1 family) of serine proteases.

Figure 1.  Overexpression of recombinant TMPRSS2 in HEK293T cells. (A) pcDNA3.1 empty vector, 
pcDNA3.1eGFP, or pcDNA3.1TMPRSS2+His plasmids (top panel) used to transfect HEK293T cells. Photomicrograph 
of pcDNA3.1eGFP transfected cells  (HEK293TeGFP) (bottom panel). Cell lysates were prepared and 
immunoblotted with (B) anti-His antibody or (C) anti-TMPRSS2 antibody. (D) Immunocytochemistry staining 
to detect TMPRSS2 in control  (HEK293TpcDNA3.1) and TMPRSS2–transfected HEK293T  (HEK293TTMPRSS2) cells. 
(E) Spontaneous TMPRSS2 activity using the fluorogenic substrate Boc-QAR-AMC as a function of time in the 
 HEK293TpcDNA3.1 and  HEK293TTMPRSS2 cells. Data shown are representative or triplicate means ± SEM of three 
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to  HEK293TpcDNA3.1 cells.
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Figure 2.  Activity of TMPRSS2 in the presence of AAT. (A)  HEK293TTMPRSS2 cells were left untreated or pre-
treated with AAT at the indicated final concentrations or AEBSF (50 µM) for 30 min, followed by addition of the 
fluorogenic substrate Boc-QAR-AMC. Fluorescence was measured immediately on the fluorescent plate reader 
and then every 15 min for a total of 90 min. (B) TMPRSS2 activity at 90 min. Data shown are the triplicate 
means ± SEM of three independent experiments. *p < 0.05, **p < 0.01 at 90 min compared to untreated cells. 
AAT = alpha-1-antitrypsin.

Figure 3.  Activity of TMPRSS2 in the presence of AAT alone or with UFH, nadroparin, or enoxaparin. 
 HEK293TTMPRSS2 cells were pre-treated with AAT alone at the indicated concentrations or with (A) UFH, 
(B) nadroparin (Nadro), or (C) enoxaparin (Enox) at the indicated final concentrations for 30 min, followed 
by addition of the fluorescent substrate Boc-QAR-AMC. Fluorescence was measured immediately on the 
fluorescent plate reader and then every 15 min for a total of 90 min. (D) TMPRSS2 activity at 90 min in 
untreated cells and cells incubated with AAT ± two concentrations of nadroparin, UFH, and enoxaparin. 
Data shown are the triplicate means ± SEM of three independent experiments. *p < 0.05, **p < 0.01 at 90 min. 
Unfractionated heparin = UFH.
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We next created a model of TMPRSS2 in complex with AAT (Figs. 6 and S3). Excellent alignment between the 
P1 residue of the reactive center loop (RCL) of AAT and the TMPRSS2 inhibitor nafamostat indicates that AAT is 
docked with TMPRSS2 in an inhibition-competent orientation (Fig. 6B,C). Nafamostat is a TMPRSS2 inhibitor 
under investigation as a potential COVID-19  therapeutic19. Notably, the methionine sidechain at P1 is bound 
in the S1 site that is occupied by the phenylguanidino moiety of nafamostat in the TMPRSS2 crystal  structure20 
(Fig. 6B). Electrostatic complementarity between AAT and TMPRSS2 is poor to moderate at both the buried 
interface and the solvent-exposed interface rim (Figs. 6D and S3A,B). Notably, positively-charged regions of 
AAT and TMPRSS2 at the interface rim are predicted to be unfavorably close (Figs. 6E and S3A,B dotted ellipse). 
The charge complementarity between the sequence of the AAT RCL and the negatively-charged protease active 
site is also low, especially at the critical P1 position of AAT (Fig. 6F). However, hydrogen-bonding interactions 
between the RCL and the protease active site in TMPRSS2–AAT are identical to those of trypsin–AAT (Figs. 6C 
and S3C,D). We also modeled the complex between TMPRSS2 and a recently identified endogenous TMPRSS2 
inhibitor, HAI-221, using the structure of a mesotrypsin–HAI-2 complex. Structural comparison revealed a 
remarkable agreement between the RCL of AAT and the inhibitory loop of HAI-2 (Fig. S4), further validating 
the reliability of our analyses.

To better understand the structural modelling results, we calculated binding free energies for all protease-
inhibitor complexes used in this study (Table 1). The modeled TMPRSS2–AAT complex has the poorest predicted 
binding affinity, consistent with the unfavorable electrostatic interactions at the interface (Figs. 6D–F and S3A,B).

Given the ability of heparin to augment AAT inhibition of TMPRSS2, we performed heparin docking cal-
culations using the TMPRSS2–AAT model. Docking heparin tetrasaccharides revealed binding exclusively at 
a major binding hotspot on the solvent-exposed surface at the rim of the TMPRSS2–AAT interface, extending 

Figure 4.  Activity of TMPRSS2 in the presence of UFH, nadroparin, or enoxaparin alone or with AAT. 
 HEK293TTMPRSS2 cells were pre-treated with (A) UFH, (B) nadroparin, or (C) enoxaparin ± AAT at the 
indicated final concentrations for 30 min, followed by addition of the fluorescent substrate Boc-QAR-AMC. 
(D)  HEK293TTMPRSS2 cells were grown in Gibco 293 Serum-free Medium II, pre-treated with enoxaparin at 
the indicated concentrations for 30 min, followed by addition of Boc-QAR-AMC. Fluorescence was measured 
immediately on the fluorescent plate reader and then every 15 min for a total of 90 min. Data shown are the 
mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01 at 90 min.
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approximately three quarters of its circumference (Figs. 6D,E and S5A). Docking analysis suggests that heparin 
molecules may act as electrostatic bridges between AAT and TMPRSS2, likely stabilizing an otherwise subop-
timal complex and thus enhancing AAT inhibition of TMPRSS2. More specifically, heparin appears to bind at 
several clusters of positively charged amino acid residues at the interface edge, neutralizing otherwise repulsive 
forces (Fig. 6D,E).

The calculated molecular weight (MW) of the TMPRSS2 protein is 53.9 kDa, less than that indicated in 
Figs. 1B,C. This discrepancy is likely due to several factiors including that MW markers on SDS-PAGE gels 
provide only an estimate of the MW and the need to add an additional ~ 5 kDa to TMPRSS2 for the ~ 6 histidine-
tagged residues plus potential glycosylation at N213 and N249 as calculated by GlyConnect (https:// glyco nnect. 
expasy. org/ brows er/ prote ins/ 184822). Inspection of glycosylation sites in TMPRSS2 (N213 and N249) and AAT 
(N46, N83, and N247) reveals that all are distant from heparin-bridging regions, indicating that glycosylation is 
unlikely to impact heparin binding (Fig. S5B).

Calculation of electrostatic surfaces of an elastase–AAT complex shows high charge complementarity between 
the two proteins (Fig. S6A,B), consistent with the observed lack of additional effect of any of the heparins on AAT 
inhibition of elastase activity (Figs. S1 and S2). Taken together, modeling reveals how the RCL of AAT adopts an 
inhibitory-competent conformation, and how low to moderate charge complementarity between TMPRSS2 and 
AAT is partially rescued by the binding of heparin molecules, which act as bridges between positively charged 

Figure 5.  Effects of AAT, enoxaparin, or both on infection of hAEc with HCoV-229E. (A) Immunofluorescence 
analysis of HCoV-229E-infected hAEc grown in air–liquid interface. The hAEc were pre-treated with AAT 
(3 mg/mL), enoxaparin (70 µg/mL), or both for 1 h, and then infected with HCoV-229E at a multiplicity-of-
infection of 1 hAEc:0.01 HCoV-229E. Three days after infection, the cells were fluorescently immunostained 
for the nucleocapsid protein of HCoV-229E. The nuclei were stained with DAPI. Fluorescent images were taken 
at a magnification of 400X by confocal microscopy (Carl Zeiss Anxiovert 200 M). (B) Percentage of HCoV-
229E-infected hAEc with > 700 total cells counted for each condition. Data shown are the mean ± SEM of three 
independent experiments. *p < 0.05, **p < 0.01 compared to HCoV-229E infection alone. (C) Plaque assay. 
The apical chamber medium of HCoV-229E-infected hAEc were used to infect VeroE6 cells and incubated 
for 4–5 days. Infection of the hAEc were done in triplicates and subsequent infection of VeroE6 cells with the 
supernatant of HCoV-229E-infected hAEc were each done in triplicates. Thus, the data shown are the triplicate 
means ± SEM of the original triplicate experiments. *p < 0.05 and **p < 0.01 compared to cells infected with 
HCoV-229E only without treatment. hAEc = primary human airway epithelial cells, HCoV-229E = human 
coronavirus 229E.

https://glyconnect.expasy.org/browser/proteins/1848
https://glyconnect.expasy.org/browser/proteins/1848
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residues at the rim of the complex interface. Thus, these results provide a structural rationalization for the ability 
of enoxaparin to enhance AAT inhibition of TMPRSS2.

Discussion
Effective vaccines are available and are essential to quell the COVID-19 pandemic. However, vaccine-refusal 
in 25–30% of the U.S.  population23, fatigue in public health measures such as masking, and evolution of highly 
infectious strains of SARS-CoV-2 (e.g., the B.1.617.2 delta strain and the more recent Omicron and its subvari-
ant strains) likely account for the resurgence of cases. Breakthrough cases in vaccinated individuals have also 
 occurred24. Furthermore, some vaccines are less protective against the delta strain and the increasingly dominant 
Omicron subvariant strain, which is also more resistant to neutralizing  antibodies25,26.

In the context of these sobering issues, optimizing treatment for severe COVID-19 is a priority but remains 
suboptimal. While an expansive array of agents have been studied against severe COVID-19, only a few have 
shown efficacy and modest at best. Dexamethasone remains the most widely used agent for those with severe 
COVID-19 and has been shown in the RECOVERY study to have an absolute reduction in mortality of 3.5% to 
11.7% in those with severe COVID-1927. Anti-IL6 receptor antibodies (e.g., tocilizumab) or an anti-Janus kinase 
(JAK) inhibitor (baricitinib) is recommended as adjunct to dexamethasone in critically-ill patients, especially 
if they remain recalcitrant to  dexamethasone28. Recently, however, the FDA has issued a Black Box warning 
for anti-JAK agents because of risks of serious cardiac events and cancer. Although a double-blind, placebo-
controlled study showed that remdesivir therapy reduced the recovery time from COVID-19 by ~ 4 days and 
showed a trend toward improved  mortality29, an extensive analysis showed that remdesivir did not affect on the 
use of mechanical ventilation, length of hospital stay, or  mortality30. Host-directed therapy, as proposed herein, 
is less likely to be affected by SARS-CoV-2 mutations and has the potential to target both the viral infection and 
the multiple pathogenic mechanisms responsible for severe COVID-193.

While we and others found that AAT inhibits TMPRSS2 activity in a physiologic, dose-dependent fashion 
in the context of SARS-CoV-2  infection2,7, it is important to note that over 5 years ago, AAT was reported to 
inhibit TMPRSS2, which is also required to activate hepatitis C virus  infection31. However, to the best of our 
knowledge, we are the first to report that enoxaparin significantly augmented AAT inhibition of TMPRSS2 activ-
ity and an in vitro infection with a human coronavirus. Highly rigorous model building provided a structural 
rationalization for the ability of enoxaparin to augment AAT inhibition of TMPRSS2. Although AAT can form 
very similar interactions with the active site of TMPRSS2 compared to that with trypsin, charge complementarity 
at the interface, especially the S1 pocket, is much lower. Therefore, it is likely that their association is weakened, 
lowering the inhibitory potency of AAT. We hypothesize that heparins, especially enoxaparin, augment AAT 
inhibition of TMPRSS2 activity by acting as a bridge, stabilizing unfavorable charge-charge interactions and 
thus improving the molecular compatibility at the complex interface. This functional effect is consistent with the 
known importance of electrostatics in forming AAT–protease  interactions32 and the role of glycosaminoglycans 
in facilitating protease–serpin complex formation; i.e., heparin acts as a template for binding protease and serpin, 
creating a more stabilized ternary  complex33,34.

There are several well-documented examples of serpins inhibiting membrane-bound  proteases35. In such 
cases, including TMPRSS2, the juxtaposition of the protease and the membrane is predicted not to interfere with 
the inhibitory mechanism of the serpin. On the contrary, the serpin mechanism of forming an irreversible link-
age with the protease may in fact facilitate protease removal and thus regulation of proteolytic activity by direct 
binding between the serpin and the membrane-bound endocytic receptor LDL receptor–related protein (LRP)36.

Although all heparins are anionic polysaccharides, the products are comprised of a mixture of different chain 
lengths of sulfated glycosaminoglycans. Whereas the average MW of UFH is 15,000 Da, the range is estimated 
to be 3 to ≥ 30  kDa37. In contrast, the average MW of enoxaparin and nadroparin is much lower—estimated 
to be 4300 and 4500 Da, respectively. Yet, even low-molecular weight heparin—isolated from UFH by various 
methods of fractionation or depolymerization—is comprised of glycosaminoglycan chains of varying lengths. 
While the affinity of AAT binding to TMPRSS2 is modest based on molecular modeling, this interaction may be 
enhanced in vivo because the plasma level of endogenous UFH is 1 to 2.4 mg/L, equivalent to 0.5 to 1.2 units/
mL38. While our model showed that a 4mer of negatively-charged heparin acts as a bridge for the electropositive 
patches at the TMPRSS2–AAT interface, several such sites may be occupied by the binding of a heparin molecule 
much longer than a tetrasaccharide, extending to other positively-charged sites on the TMPRSS2–AAT complex 
(Fig. 7, inset). The mode of heparin bridging in the TMPRSS2–AAT complex resembles that proposed for the 
dextran–C1s–C1INH ternary complex, whereby one dextran sulfate molecule can bridge multiple C1s–C1INH 
 complexes9. Accordingly, a proposed mechanism for heparin–TMPRSS2–AAT engagement is shown in Fig. 7.

AAT is normally glycosylated with negatively charged sialic acid  residues39, which may interfere with heparin 
binding. However, our modeling showed that the sites where the heparin appears to bridge the TMPRSS2–AAT 
complex are distant from these glycosylated sites. Indeed, glycosylation may provide one plausible explanation 
for the greater enhancement by the smaller enoxaparin compared with UFH; i.e., the presence of bulky sugars 
on AAT is likely to obstruct the binding of longer polysaccharides than of shorter molecules. The fact that the 
other low-molecular weight heparin (nadroparin) did not augment AAT inhibition of TMPRSS2 suggests the 
possibility that specific lengths of heparin are optimal in this bridging. In addition, the spatial orientation and 
density of TMPRSS2 at the cell surface may have implications for optimal heparin lengths (Fig. 7, inset).

In the U.S., it is estimated that there are ~ 300,000 individuals with significant AAT deficiency, most often 
caused by the protease inhibitor (Pi) ZZ genotype. Given our findings and the previously mentioned studies 
showing that those with AAT deficiency are more predisposed to severe disease and death from COVID-19, it is 
reasonable to surmise that AAT augmentation in those with severe AAT deficiency would be beneficial against 
COVID-19. Nevertheless, even in the absence of frank AAT deficiency, the AAT response to a systemic infection 
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may be inadequate as has been shown for hospitalized COVID-19  patients40 and among millions with certain 
heterozygous AAT  mutations41. This possibility leads to the question of whether AAT supplementation would 
be beneficial even in those without frank AAT deficiency? Indicative of its homeostatic function, AAT levels 
often increase several fold with systemic inflammation and/or  infection42. Thus, in individuals who are unable 
to mount an adequate AAT response to a severe infection, whether due to genetic or epigenetic causes, AAT 
supplementation may potentially be helpful. While elevated levels of AAT found in plasma would be expected 
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to counter SARS-CoV-2 viremia, the lower levels normally found in the airway lining fluid leads us to speculate 
that exogenous AAT may have additional benefit in certain individuals without frank AAT deficiency. This notion 
is supported by murine studies wherein exogenous AAT given to mice not deficient in endogenous AAT (or 
a transgenic mouse the overexpresses AAT) provided further protection against various infectious agents and 
inflammatory  disorders43–47. Furthermore, oxidation of methionine 351 and/or 358 of even normal AAT may 
cause loss of its serpin  activity48. Since COVID-19 is associated with increased oxidative  stress49, the anti-protease 
activity of AAT may be rendered ineffective even with an adequate response.

AAT has a panoply of biological and potentially therapeutic functions against COVID-19 that are only in 
part dependent on its serpin activity and for which the dose-responses are unknown. In addition to inhibiting 
TMPRSS2, we had posited six other mechanisms by which AAT may ameliorate COVID-193: (i) induction of 
autophagy, known to protect against the coronavirus that caused the Middle East Respiratory Syndrome; (ii) 
antagonism of inflammation; (iii) inhibition of neutrophil elastase, an important mediator of acute lung injury; 
(iv) inhibition of thrombin; (v) protection against COVID-19-associated endothelial injury; and (vi) alteration in 
the formation of neutrophil extracellular traps (NETs)—comprised of extracellular DNA decorated with elastase, 
cathepsin G, and histones, and are implicated in the immunothrombosis of COVID-1950. Two mechanisms by 
which AAT could enhance autophagy—a plausible mechanism by which intracellular SARS-CoV-2 could be 
destroyed—is direct inhibition of NFκB  activation51–53 and the ability of AAT to decrease translocation of the 
components of NADPH oxidase from the cytoplasm to the plasma membrane resulting in decreased production 
of reactive oxygen species (ROS)54. Since ROS can activate NFκB and we have previously shown that inhibi-
tion of NFκB can induce autophagic  flux55, the denouement of this function of AAT is to enhance autophagy 
by inhibiting both formation of ROS and activation of NFκB. One caveat to this hypothesized paradigm is that 
while AAT can inhibit ROS formation, ROS can, in turn, inactivate AAT. Perhaps the increased AAT levels seen 
with systemic inflammation and infection (and maybe the host-directed antimicrobial effects of pharmacologic 
doses of AAT in animal models) serve to favor AAT inhibition of ROS formation over the reverse  reaction43. In 
addition, the excessive inflammation reported with severe COVID-19 may augment sialylation of AAT, result-
ing in increased binding to IL-8, depriving a key chemokine for tissue-damaging  neutrophils39,56. de Loyola 
and co-workers57 also showed that AAT inhibits disintegrin/metalloproteinase 17 (ADAM17, a sheddase of 
some cytokines), which would also have an anti-inflammatory effect. AAT also impedes the cellular entry of the 
D614G variant of SARS-CoV-2 by inhibiting elastase cleavge of a mutated site on the spike protein, also known 
to activate this B.1.1.7  lineage58 (Fig. 7).

There are other potential mechanisms by which the heparins themselves may mitigate against COVID-19 
other than its anti-TMPRSS2 or anticoagulant effect, including: (i) competively inhibiting cell surface heparan 
sulfate, a co-receptor SARS-CoV-259, (ii) anti-inflammatory effect by binding to pro-inflammatory molecules 
(IL-8, major basic protein, and complement components), inhibiting nuclear factor-kappa B activation, and 
reducing the release and activity of IL-6; (iii) binding to extracellular histones released from dead cells, mitigat-
ing histone-mediated endothelial and organ dysfunction; and (iv) interacting with endothelial cells to maintain 
vascular  integrity60,61.

In summary, we discovered biochemical, biological, and structural modeling evidence that enoxaparin 
enhances AAT inhibition of TMPRSS2 and a human coronavirus infection of hAEc. Furthermore, because of 
the panoply of other activities that both AAT and heparin possess against the multitude of pathophysiologic 
processes associated with severe COVID-19, we believe these findings provide a rational basis for studying the 
combination of AAT and enoxaparin—both of which have a strong safety record and are currently in use for 
other indications—for critically ill patients with COVID-19 to limit progressive disease and death.

Figure 6.  Modeling TMPRSS2 and its interaction with AAT and heparin. (A) Model of the TMPRSS2–AAT 
Michaelis complex. TMPRSS2 domain organization is shown in inset (TM = transmembrane region; residue 
numbers of domain boundaries are indicated). Domains are colored separately: low-density lipoprotein 
receptor A (LDLR-A, plum), scavenger receptor cysteine-rich repeat (SRCR, green), peptidase S1 (catalytic) 
domain (cyan). Disulphides are shown as sticks. A conserved disulphide formed between the catalytic domain 
and SRCR domain (244–365) is indicated. Scissors indicate the cleavage site at R255 at the N-terminus of the 
catalytic domain that generates the mature form. N- and C-termini are labeled. The catalytic triad (H296, 
D345 and S441) are shown as red sticks. TM region in lipid bilayer is also indicated as a schematic, indicating 
proximity to the plasma membrane, resembling the homologue hepsin. Reactive centre loop (RCL of AAT, 
bound to the active site of TMPRSS2 is labeled. (B) Molecular surface of TMPRSS2 showing bound RCL 
(magenta cartoon). Catalytic residues are labelled. P1 sidechain of AAT occupies the S1 site of TMPRSS2, 
superimposed on the TMPRSS2 inhibitor nafamostat (wheat). (C) Hydrogen-bonding interactions between 
the RCL of AAT and TMPRSS2. Black broken lines indicate hydrogen bonds. (D) Heparin molecules stabilize 
TMPRSS2–AAT association by acting as electrostatic bridges. Electrostatic potential surfaces of the TMPRSS2–
AAT complex (blue = positive, red = negative) showing docked heparin 4mers binding to electropositive patches 
on the molecular surface. Carbon atoms of each 4mer heparin are coloured differently. (E) Location of Lys/Arg 
residues (sticks: AAT = magenta; TMPRSS2 = cyan) in the vicinity of heparin (grey sticks) binding sites at the 
TMPRSS2(cyan)–AAT(magenta) interface. Semi-transparent molecular surface is shown, and Lys/Arg residues 
that contribute to unfavorable electrostatics at the interface are shown and labelled (sidechain nitrogen atoms 
colored blue). (F) Poor electrostatic complementarity at P2′, P1′, P1, P2, P3, and P4 of the RCL (magenta) in 
the TMPRSS2 active site. P1 residue of the AAT RCL and cognate S1 pocket of TMPRSS2 are labeled. View is 
orthogonal to (E) showing the lysines located at the interface rim that are unfavorably close to positively charged 
residues of AAT.
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Methods
Materials. The human cell line HEK293T (CRL-3216™), human coronavirus 229E (HCoV-229E), and VeroE6 
cells (CRL-1586™) were obtained from the American Type Culture Collection (Manassas, VA). Alpha-1-antit-
rypsin (AAT,  Glassia®) was acquired from Takeda Pharmaceuticals, Lexington, MA. The remaining key reagents 
and materials as well as overexpression of TMPRSS2 in HEK293T cells, TMPRSS2 activity assay, elastase assay, 
infection with HCoV-229E, plaque assay, and more standardized assays are in the Supplemental Information.

Overexpression of TMPRSS2 in HEK293T cells. A pcDNA3.1 plasmid containing both the human 
TMPRSS2 open reading frame and the neomycin resistance gene was obtained from Addgene (Watertown, MA). 
This plasmid was sub-cloned with a C-terminal His Tag, designated as pcDNA3.1TMPRSS2+His (Fig. 1A, top panel). 
The empty vector (pcDNA3.1) and pcDNA3.1eGFP plasmid were used as controls.

HEK293T cells were grown in DMEM supplemented with 10% FBS, 2 mM l-glutamine and 100 units/
mL penicillin–streptomycin and seeded in a 6-well plate (1–2 ×  105 cells/well) or a black-bottom 96-well plate 
(8.5 ×  104 cells/well). Following overnight incubation at 37 °C and 5% ambient  CO2, the cells were transfected 
for 2 days with either the empty vector pcDNA3.1 or pcDNA3.1TMPRSS2+His plasmid via  Lipofectamine® accord-
ing to the manufacturer’s protocol. The pcDNA3.1eGFP plasmid was used to monitor transfection efficiency. The 
cells that were transfected with the pcDNA3.1 or pcDNA3.1TMPRSS2+His plasmid were selected with neomycin.

Measurement of TMPRSS2 activity. HEK293T cells that overexpress TMPRSS2  (HEK293TTMPRSS2) 
were left untreated or pre-treated with AAT (1, 3, and 5 mg/mL), UFH (1.5 and 8 U/mL), enoxaparin (35 and 
70 μg/mL), nadroparin (2.2 and 8.8 U/mL), and/or AEBSF (50 μM) and incubated at 25 °C for 30 min, followed 
by the addition of 100 µM of the fluorogenic substrate Boc-QAR-AMC. Fluorescence was immediately measured 
using a UV filter (excitation 365 nm and emission 410 nm) and then every 15 min for a total of 90 min at 37 °C 
in a SpectraMax M2e Microplate Reader (Molecular Devices LLC) and reported as arbitrary fluorescent units 
(AFU).

Culture of primary human airway epithelium in air–liquid interface. Primary human airway tissue 
was isolated from human lungs procured with consent from with consent from legally authorized representa-
tives by the Human Lung Tissue Consortium at National Jewish Health under National Jewish Health IRB pro-
tocol HS-3209. Briefly, lungs are accepted from deceased donors free of lung disease who died of non-pulmonary 
causes. Organs are transported to the research site in either Histidine-tryptophan-ketoglutarate (HTK) or Uni-
versity of Wisconsin (UW) transplant solutions while kept on ice. Organs are processed for end users immedi-
ately upon arrival and always within 24 h of harvest.

Air–liquid interface (ALI) culture of primary human airway epithelial cells (hAEc) from a healthy, cadaveric 
lung donor were prepared as previously  reported62. In brief, basal stem cells isolated from the cadaveric lungs 
were expanded on Collagen I-coated plastic dishes in Pneumacult Ex + medium and cryopreserved. From these 
existing repository cells, freshly thawed cells were seeded on Collagen I-coated Transwell inserts at a concentra-
tion of 1 ×  105 cells/cm2. Cells initially proliferate to confluency under submerged conditions in Pneumacult 
Ex + medium, then are transitioned to an ALI by supplying Pneumacult ALI medium only from below the insert. 
Cells differentiate into a mature mucociliary epithelium over 21 days of ALI culture, which faithfully models 
the in vivo mucosal cellular characteristics. Primary hAEc grown in ALI express both TMPRSS2 and to a lesser 
extent  ACE263.

Infection of hAEc with human coronavirus 229E. After culture and differentiation of hAEc grown 
on ALI for 3–4 weeks, the medium was replaced with fresh medium alone or pre-treated for 1 h with medium 
containing AAT (3 mg/mL), enoxaparin (70 μg/mL), or both in both the apical and bottom chambers of the 
24-well Transwell plate, followed by infection with human coronavirus 229E (HCoV-229E) at an multiplicity-
of-infection of 1 hAEc:0.01 HCoV-229E in the apical chamber. HCoV-229E is an instructive viral challenge 
because the virus also uses TMPRSS2 to process its spike protein. Unlike other less virulent human corona-
viruses, HCoV-229E has been associated with respiratory failure manifested as the acute respiratory distress 
 syndrome64. In addition, since our focus was to study the effects of AAT on viral infection in the context of AAT 
inhibition of TMPRSS2, we utilized a coronavirus which uses a different receptor (aminopeptidase N rather than 
ACE2) since AAT has been shown to inhibit ADAM17, which induces shedding of ACE2 from the cell surface. 
After two hours of incubation for viral adsorption, the cells in the apical chamber were washed with wash buffer 

Table 1.  Predicted binding free energies for representative protease-inhibitor complexes. a Calculations were 
performed using the Molecular Mechanics-Generalized Born and Surface Area (MM-GBSA) approach in 
BioLuminate (version 1.0, Schrödinger, LLC, New York, NY, 2012). Ranked according to ΔG: a more negative 
value indicates stronger binding.

Complex PDB ID Binding free energy (ΔG)/ kcal/mola

Bovine cationic S195A trypsin—human AAT Pittsburgh complex 1OPH − 131.0

Human mesotrypsin—HAI-2 kunitz domain 1 inhibitor complex 4U32 − 125.7

TMPRSS2—HAI-2 complex – − 114.0

TMPRSS2—AAT complex – − 110.8
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(PBS:medium 1:1). After incubation at 37 °C (5%  CO2) for 3 days, 150 μL of the medium was added to each api-
cal chamber, incubated for 30 min, and the supernatant in the apical chamber was pipetted gently to recover the 
viral particles. The hAEc seeded on the transwells were also saved for viral protein immunostaining. All samples 
were stored at − 80 °C until assayed.

Immunocytofluorescent analysis of HCoV‑229E‑infected primary hAEc. To quantify the viral 
load of the cells using an alternative method, we performed immunofluorescent staining of the infected hAEc 
for the nucleoprotein of HCoV-229E. The membranes of the Transwell inserts were cut, placed upside down on 
a glass slide, and cytocentrifuged at 1850 rpm for 5 min to dissociate the cells from the membrane onto the glass 
slide. The cells on the glass slide were then fixed with 4% paraformaldehyde in PBS at 4 °C for overnight. The 
fixed hAEc were treated with permeabilized buffer (0.5% Triton-X diluted in 1× PBS) for 10 min, rinsed thrice 
with PBS, and blocking buffer (5% BSA and 0.5% Tween20 in 1× PBS) added for one hour. Then the fixed cells 
were incubated with an anti-nucleocapsid polyclonal antibody (1:100) directed against the nucleoprotein/NP 
of HCoV-229E in blocking buffer at 4 °C overnight with gentle shaking. After washing three times, Cy3-tagged 
anti-rabbit antibody (1:1000) was added for two hours, following by mounting with ProBong Gold Antifade 
reagent with DAPI. All cellular images were viewed as a single plane using a fluorescent microscope (Carl Zeiss 
Anxiovert 200M).

Plaque assay. A total of 2 ×  106 VeroE6 cells were seeded in 6-well plates for 2 days at 37 °C and 5%  CO2 
until 100% confluent growth. Before inoculation, the medium was removed and washed with PBS. The super-
natant containing HCoV-229E from infected hAEc was diluted and inoculated onto the VeroE6 cells and incu-
bated at 35 °C for 1–1.5 h with brief rocking every 15 min. The cell monolayers were then overlayed with two 
mL of 0.8% methylcellulose (Sigma M0512) in DMEM + 10% FBS, 100 U/mL streptomycin/penicillin, 2 mM 
l-glutamine, and incubated at 35 °C for 4 days. The methylcellulose was then removed and the cells were fixed 
with 4% paraformaldehyde overnight at room temperature and stained with 0.2% Crystal Violet dissolved in 
10% of ethanol and 90% of PBS. After washing, the plate was air dried. Plaque forming units (PFU)/mL were 
determined based on the formula PFU/mL = number of plaques/(D × V), where D = dilution factor, V = volume 
of diluted virus/well.

Molecular modeling and computational methods. Construction of full‑length TMPRSS2 model. Se-
quence analysis of TMPRSS2 (UniProtKB ID O15393 (TMPS2_HUMAN)) revealed the presence of three extra-
cellular domains: an N-terminal low-density lipoprotein receptor A (LDLR-A) domain, followed by a scavenger 
receptor cysteine-rich repeat (SRCR) domain, and finally a catalytic peptidase S1 domain. The crystal structure 

Figure 7.  Proposed model for TMPRSS2–AAT–heparin ternary complexation at the cell surface, preventing 
activation of the S2 domain. Heparin (red) neutralizes the repulsive electrostatic forces at the TMPRSS2 
(wheat)–AAT (blue) interaction rim, in accordance with the predicted binding mode shown in Figs. 6D,E and 
S5. AAT inhibition of elastase cleavage at the site created by the D614G mutation of the spike protein (B.1.1.7 
variant of SARS-CoV-2) is also shown. The inset shows the possibility that one heparin molecule could bridge 
multiple TMPRSS2–AAT complexes.
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of human TMPRSS2 in complex with the inhibitor Nafamostat (PDB ID 7MEQ) consists of SRCR and S1 do-
mains only—the LDLR-A domain is too flexible to be modeled into electron  density20. However, a high-quality 
model of full-length TMPRSS2 was made available by prediction from AlphaFold, a powerful artificial intel-
ligence program by DeepMind (https:// alpha fold. ebi. ac. uk/ entry/ O15393)65. A composite model consisting of 
SRCR and S1 domains from 7MEQ and the LDLR-A domain from the AlphaFold model was constructed. Loop 
regions that are missing in the TMPRSS2 crystal structure (164–166; 203–207; 217–220) were modelled using 
the Rosetta Remodel  protocol66. All other regions of the SRCR and S1 domains are identical to the structure of 
7MEQ.

Verification of side-chain rotamers and intramolecular contacts was performed using Coot67, followed by 
structure refinement using the Rosetta Relax  protocol68. The final model consists of residues 109–491, corre-
sponding to a near 100% complete extracellular sequence, except four N-terminal residues 106–108 which were 
not modeled.

Modeling of TMPRSS2–AAT Michaelis complex. A TMPRSS2–AAT Michaelis complex model was constructed 
using bovine cationic S195A trypsin—human AAT Pittsburgh Michaelis complex (M358R; PDB ID 1OPH)69. 
TMPRSS2 was structurally aligned to trypsin, and P1 methionine (residue 358) of AAT was mutated back to 
arginine in Coot to generate the wildtype sequence. After manual inspection, the model was subjected to refine-
ment using the Rosetta Relax  protocol68.

Modeling of TMPRSS2–HAI‑2 complex. The structure of a complex between human mesotrypsin and HAI-2 
kunitz domain 1 inhibitor (PDB ID 4U32) was used to model a TMPRSS2–HAI-2 complex. TMPRSS2 was first 
structurally aligned with the protease chain in the mesotrypsin-HAI-2 complex and then combined with HAI-2 
coordinates. The complex was then manually inspected in Coot and subjected to refinement using Rosetta Relax.

Heparin docking. Heparin docking was performed using ClusPro70 and a 4mer heparin molecule. Docked solu-
tions were ranked according to cluster size. Structural representations were produced using Schrodinger PyMOL 
version 2.5.1. Electrostatic calculations were performed with the APBS  plugin71 in PyMOL. Structural align-
ments were performed using MUSTANG‑MR72.

Protein–protein binding energy calculations. The binding free energies (ΔG) for protease-inhibitor complexes 
was performed using the Molecular Mechanics-Generalized Born and Surface Area (MM-GBSA)  approach73 
in BioLuminate (version 1.0, Schrödinger, LLC, New York, NY, 2012), the OPLS2005 force  field74,75 and VSGB 
solvent  model76. ΔG is calculated according to the equation:

The absolute values calculated are not necessarily in agreement with experimental binding affinities. However, 
the ranking based on the calculated binding energies can be expected to agree reasonably well with ranking based 
on experimental binding affinity.

Data availability
Model coordinates have been deposited in the ModelArchive database: TMPRSS2–AAT Michaelis complex 
(https:// model archi ve. org/ doi/ 10. 5452/ ma- iwo48); TMPRSS2–HAI-2 complex (https:// model archi ve. org/ doi/ 
10. 5452/ ma- xw38b).

Received: 11 January 2022; Accepted: 9 March 2022

References
 1. Spence, M. A., Mortimer, M. D., Buckle, A. M., Minh, B. Q. & Jackson, C. J. A comprehensive phylogenetic analysis of the serpin 

superfamily. Mol. Biol. Evol. 38, 2915–2929 (2021).
 2. Azouz, N. P. et al. Alpha 1 antitrypsin is an inhibitor of the SARS-CoV2-priming protease TMPRSS2. Pathog. Immun. 6, 55–74 

(2021).
 3. Bai, X. et al. Hypothesis: Alpha-1-antitrypsin is a promising treatment option for COVID-19. Med. Hypotheses 146, 110394 (2021).
 4. Fuentes-Prior, P. Priming of SARS-CoV-2 S protein by several membrane-bound serine proteinases could explain enhanced viral 

infectivity and systemic COVID-19 infection. J. Biol. Chem. 296, 100135 (2020).
 5. Hoffmann, M. et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibi-

tor. Cell 181, 271–280 (2020).
 6. Ritzmann, F. et al. AAT-in-COVID-19 study group. Therapeutic application of alpha-1-antitrypsin in COVID-19. Am. J. Respir. 

Crit. Care Med. 204, 224–227 (2021).
 7. Wettstein, L. et al. Alpha-1 antitrypsin inhibits TMPRSS2 protease activity and SARS-CoV-2 infection. Nat. Commun. 12, 1726 

(2021).
 8. Yang, C., Keshavjee, S. & Liu, M. Alpha-1 antitrypsin for COVID-19 treatment: Dual role in antiviral infection and anti-inflam-

mation. Front. Pharmacol. 11, 615398 (2020).
 9. Dijk, M. et al. How dextran sulfate affects C1-inhibitor activity: A model for polysaccharide potentiation. Structure 24, 2182–2189 

(2016).
 10. Poppelaars, F. et al. New insight into the effects of heparinoids on complement inhibition by C1-inhibitor. Clin. Exp. Immunol. 

184, 378–388 (2016).
 11. Vianello, A. & Braccioni, F. Geographical overlap between alpha-1 antitrypsin deficiency and COVID-19 infection in Italy: Casual 

or causal?. Arch. Bronconeumol. 56, 609–610 (2020).

�G = E_complex(minimized)− E_ligand(minimized)− E_receptor(minimized)

https://alphafold.ebi.ac.uk/entry/O15393
https://modelarchive.org/doi/10.5452/ma-iwo48
https://modelarchive.org/doi/10.5452/ma-xw38b
https://modelarchive.org/doi/10.5452/ma-xw38b


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5207  | https://doi.org/10.1038/s41598-022-09133-9

www.nature.com/scientificreports/

 12. Ferrarotti, I. et al. COVID-19 infection in severe alpha 1-antitrypsin deficiency: Looking for a rationale. Respir. Med. 183, 106440 
(2021).

 13. Shapira, G., Shomron, N. & Gurwitz, D. Ethnic differences in alpha-1 antitrypsin deficiency allele frequencies may partially explain 
national differences in COVID-19 fatality rates. FASEB J. 34, 14160–14165 (2020).

 14. Yoshikura, H. Epidemiological correlation between COVID-19 epidemic and prevalence of alpha-1 antitrypsin deficiency in the 
world. Glob. Health Med. 3, 73–81 (2021).

 15. McElvaney, O. J. et al. Characterization of the inflammatory response to severe COVID-19 illness. Am. J. Respir. Crit. Care Med. 
202, 812–821 (2020).

 16. Afar, D. E. et al. Catalytic cleavage of the androgen-regulated TMPRSS2 protease results in its secretion by prostate and prostate 
cancer epithelia. Cancer Res. 61, 1686–1692 (2001).

 17. Bugge, T. H., Antalis, T. M. & Wu, Q. Type II transmembrane serine proteases. J. Biol. Chem. 284, 23177–23181 (2009).
 18. Somoza, J. R. et al. The Structure of the extracellular region of human hepsin reveals a serine protease domain and a novel scavenger 

receptor cysteine-rich (SRCR) domain. Structure 11, 1123–1131 (2003).
 19. https:// clini caltr ials. gov/ ct2/ resul ts? cond= & term= nafam ostat.
 20. Fraser, B. J. et al. Structure, activity and inhibition of human TMPRSS2, a protease implicated in SARS-CoV-2 activation. bioRxiv 

pre-print, (2021).
 21. Ko, C. J. et al. Inhibition of TMPRSS2 by HAI-2 reduces prostate cancer cell invasion and metastasis. Oncogene 39, 5950–5963 

(2020).
 22. Alocci, D. et al. GlyConnect: Glycoproteomics goes visual, interactive and analytical, software tools and data resources. J. Prot. 

Res. 18, 664–677 (2019).
 23. https:// news. gallup. com/ poll/ 325208/ ameri cans- willi ng- covid- vacci ne. aspx.
 24. Greaney, A. J. et al. Complete mapping of mutations to the SARS-CoV-2 spike receptor-binding domain that escape antibody 

recognition. Cell Host Microbe 29, 44–57 (2021).
 25. Kupferschmidt, K. Evolving threat. Science 373, 844–849 (2021).
 26. Lopez Bernal, J. et al. Effectiveness of Covid-19 vaccines against the B.1.617.2 (delta) variant. N. Engl. J. Med. 385, 585–594 (2021).
 27. Horby, P. et al. RECOVERY Collaborative Group. Dexamethasone in hospitalized patients with covid-19. N. Engl. J. Med. 384, 

693–704 (2020).
 28. Kim, A. Y. & Gandhi, R. T. COVID-19: Management in hospitalized patients. UpToDate (2021).
 29. Beigel, J. H. et al. ACTT-1 Study Group Members. Remdesivir for the treatment of covid-19—Final report. N. Engl. J. Med. 383, 

1813–1826 (2020).
 30. WHO Solidarity Trial Consortium. Repurposed antiviral drugs for Covid-19—Interim WHO solidarity trial results. N. Engl. J. 

Med. 384, 497–511 (2021).
 31. Esumi, M. et al. Transmembrane serine protease TMPRSS2 activates hepatitis C virus infection. Hepatology 61, 437–446 (2015).
 32. Marijanovic, E. M. et al. Reactive centre loop dynamics and serpin specificity. Sci. Rep. 9, 3870 (2019).
 33. Pike, R. N., Buckle, A. M., le Bonniec, B. F. & Church, F. C. Control of the coagulation system by serpins. Getting by with a little 

help from glycosaminoglycans. FEBS J. 272, 4842–4851 (2005).
 34. Li, W., Adams, T. E., Nangalia, J., Esmon, C. T. & Huntington, J. A. Molecular basis of thrombin recognition by protein C inhibitor 

revealed by the 1.6-A structure of the heparin-bridged complex. Proc. Natl. Acad. Sci. USA 105, 4661–4666 (2008).
 35. Antalis, T. M., Buzza, M. S., Hodge, K. M., Hooper, J. D. & Netzel-Arnett, S. The cutting edge: Membrane-anchored serine protease 

activities in the pericellular microenvironment. Biochem. J. 428, 325–346 (2010).
 36. Herz, J. & Strickland, D. K. LRP: A multifunctional scavenger and signaling receptor. J. Clin. Investig. 108, 779–784 (2001).
 37. Gray, E., Mulloy, B. & Barrowcliffe, T. W. Heparin and low-molecular-weight heparin. Thromb. Haemost. 99, 807–818 (2008).
 38. Zhao, X. & Courtney, J. M. In Surface Modification of Biomaterials. (ed Williams, R.) 56–77 (Woodhead Publishing, 2010).
 39. McCarthy, C. et al. Glycosylation repurposes alpha-1 antitrypsin for resolution of community-acquired pneumonia. Am. J. Respir. 

Crit. Care Med. 197, 1346–1349 (2018).
 40. Shimi, G. et al. Correlation of low levels of alpha-1 antitrypsin and elevation of neutrophil to lymphocyte ratio with higher mortality 

in severe COVID-19 patients. Mediators Inflamm. 2021, 5555619 (2021).
 41. de Serres, F. J., Blanco, I. & Fernández-Bustillo, E. Genetic epidemiology of alpha-1 antitrypsin deficiency in North America and 

Australia/New Zealand: Australia, Canada, New Zealand and the United States of America. Clin. Genet. 64, 382–397 (2003).
 42. Hazari, Y. M. et al. Alpha-1-antitrypsin deficiency: Genetic variations, clinical manifestations and therapeutic interventions. Mutat. 

Res. 773, 14–25 (2017).
 43. Pott, G. B., Beard, K. S., Bryan, C. L., Merrick, D. T. & Shapiro, L. Alpha-1 antitrypsin reduces severity of Pseudomonas pneumonia 

in mice and inhibits epithelial barrier disruption and pseudomonas invasion of respiratory epithelial cells. Front. Public Health 1, 
19 (2013).

 44. Jiang, D., Persinger, R., Wu, Q., Gross, A. & Chu, H. W. α1-Antitrypsin promotes SPLUNC1-mediated lung defense against Pseu‑
domonas aeruginosa infection in mice. Respir. Res. 14, 122 (2013).

 45. Cantin, A. M. & Woods, D. E. Aerosolized prolastin suppresses bacterial proliferation in a model of chronic Pseudomonas aerugi‑
nosa lung infection. Am. J. Respir. Crit. Care Med. 160, 1130–1135 (1999).

 46. Kaner, Z. et al. Acute phase protein α1-antitrypsin reduces the bacterial burden in mice by selective modulation of innate cell 
responses. J. Infect. Dis. 211, 1489–1498 (2015).

 47. Jedicke, N. et al. α-1-antitrypsin inhibits acute liver failure in mice. Hepatology 59, 2299–2308 (2014).
 48. Taggart, C. et al. Oxidation of either methionine 351 or methionine 358 in alpha 1-antitrypsin causes loss of anti-neutrophil elastase 

activity. J. Biol. Chem. 275, 27258–27265 (2000).
 49. Wang, J. Z., Zhang, R. Y. & Bai, J. An anti-oxidative therapy for ameliorating cardiac injuries of critically ill COVID-19-infected 

patients. Int. J. Cardiol. 312, 137–138 (2020).
 50. Middleton, E. A. et al. Neutrophil extracellular traps (NETs) contribute to immunothrombosis in COVID-19 acute respiratory 

distress syndrome. Blood 136, 1169–1179 (2020).
 51. Chan, E. D. et al. Alpha-1-antitrypsin inhibits nitric oxide production. J. Leuk. Biol. 92, 1251–1260 (2012).
 52. Ehlers, M. R. Immune-modulating effects of alpha-1 antitrypsin. Biol. Chem. 395, 1187–1193 (2014).
 53. Shapiro, L., Pott, G. B. & Ralston, A. H. Alpha-1-antitrypsin inhibits human immunodeficiency virus type 1. FASEB J. 15, 115–122 

(2001).
 54. Hawkins, P. et al. In vitro and in vivo modulation of NADPH oxidase activity and reactive oxygen species production in human 

neutrophils by α1-antitrypsin. ERJ Open Res. 7, 00234–02021 (2021).
 55. Bai, X. et al. Alpha-1-antitrypsin enhances primary human macrophage immunity against non-tuberculous mycobacteria. Front. 

Immunol. 10, 1417 (2019).
 56. Bergin, D. A. et al. α-1 Antitrypsin regulates human neutrophil chemotaxis induced by soluble immune complexes and IL-8. J. 

Clin. Investig. 120, 4236–4250 (2010).
 57. de Loyola, M. B. et al. Alpha-1-antitrypsin: A possible host protective factor against Covid-19. Rev. Med. Virol. 31, e2157 (2021).
 58. Bhattacharyya, C. et al. SARS-CoV-2 mutation 614G creates an elastase cleavage site enhancing its spread in high AAT-deficient 

regions. Infect. Genet. Evol. 90, 104760 (2021).
 59. Clausen, T. M. et al. SARS-CoV-2 infection depends on cellular heparan sulfate and ACE2. Cell 183, 1043–1057 (2020).

https://clinicaltrials.gov/ct2/results?cond=&term=nafamostat
https://news.gallup.com/poll/325208/americans-willing-covid-vaccine.aspx


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5207  | https://doi.org/10.1038/s41598-022-09133-9

www.nature.com/scientificreports/

 60. Hippensteel, J. A., LaRiviere, W. B., Colbert, J. F., Langouet-Astrie, C. J. & Schmidt, E. P. Heparin as a therapy for COVID-19: 
Current evidence and future possibilities. Am. J. Physiol. Lung Cell Mol. Physiol. 319, L211–L217 (2020).

 61. Gozzo, L., Viale, P., Longo, L., Vitale, D. C. & Drago, F. The potential role of heparin in patients with COVID-19: Beyond the 
anticoagulant effect. A review. Front. Pharmacol. 11, 1307 (2020).

 62. Vladar, E. K., Nayak, J. V., Milla, C. E. & Axelrod, J. D. Airway epithelial homeostasis and planar cell polarity signaling depend on 
multiciliated cell differentiation. JCI Insight 1, e88027 (2016).

 63. Aguiar, J. A. et al. Gene expression and in situ protein profiling of candidate SARS-CoV-2 receptors in human airway epithelial 
cells and lung tissue. Eur. Respir. J. 56, 2001123 (2020).

 64. Vassilara, F., Spyridaki, A., Pothitos, G., Deliveliotou, A. & Papadopoulos, A. A rare case of human coronavirus 229E associated 
with acute respiratory syndrome in a healthy adult. Case Rep. Infect. Dis. 2018, 6796839 (2018).

 65. Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596, 583–589 (2021).
 66. Huang, P. S. et al. RosettaRemodel: A generalized framework for flexible backbone protein design. PLoS ONE 6, e24109 (2011).
 67. Emsley, P. & Cowtan, K. COOT: Model-building tools for molecular graphics. Acta Crystallogr. D Biol. Crystallogr. 60, 2126–2132 

(2004).
 68. Nivón, L. G., Moretti, R. & Baker, D. A pareto-optimal refinement method for protein design scaffolds. PLoS ONE 8, e59004 (2013).
 69. Dementiev, A., Simonovic, M., Volz, K. & Gettins, P. G. Canonical inhibitor-like interactions explain reactivity of alpha1-proteinase 

inhibitor Pittsburgh and antithrombin with proteinases. J. Biol. Chem. 278, 37881–37887 (2003).
 70. Kozakov, D. et al. The ClusPro web server for protein-protein docking. Nat. Protocols 12, 255–278 (2017).
 71. Jurrus, E. et al. Improvements to the APBS biomolecular solvation software suite. Protein Sci. 27, 112–128 (2018).
 72. Konagurthu, A. S. et al. MUSTANG-MR structural sieving server: Applications in protein structural analysis and crystallography. 

PLoS ONE 5, e10048 (2010).
 73. Grigoryan, G., Reinke, A. W. & Keating, A. E. Design of protein-interaction specificity gives selective bZIP-binding peptides. 

Nature 458, 859–864 (2009).
 74. Massova, I. & Kolllman, P. A. Computational alanine scanning to probe protein-protein interactions: A novel approach to evaluate 

binding free energies. J. Am. Chem. Soc. 121, 8133–8143 (1999).
 75. Jorgensen, W. L., Maxwell, D. S. & Tirado-Rives, J. Development and testing of the OPLS all-atom force field on conformational 

energetics and properties of organic liquids. J. Am. Chem. Soc. 118, 11225–11236 (1996).
 76. Shivakumar, D. et al. Prediction of absolute solvation free energies using molecular dynamics free energy perturbation and the 

OPLS force field. J. Chem. Theory Comput. 6, 1509–1519 (2010).

Acknowledgements
We are grateful for the generous support provided by Nina C. Khoo, M.D., without which this work would not 
be possible. We would also like to thank Dr. Kelly Schweitzer (Dr. Irina Petrache’s Laboratory) and Dr. Mari 
Nakamura at National Jewish Health for technical assistance with the fluorescent microplate reader and expert 
advice on the plaque assay protocol, respectively.

Author contributions
Conceptualization (X.B., R.A.S., E.D.C.), Original draft (X.B., A.M.B., R.A.S., E.D.C.), Experimental work (X.B., 
A.M.B., D.B., E.K.V.), Interpretation of data-review-editing (X.B., A.M.B., E.K.V., E.N.J., R.K., D.O., D.B., L.B.F., 
A.M.C., R.V.F., B.M.F., S.K., R.A.S., E.D.C.).

Competing interests 
Dr. Robert Sandhaus is an unpaid Scientific Advisor for Takeda Pharmaceuticals, the distributor of  Glassia® in 
the United States. There are no relevant conflict of interests to report among all the other authors.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 09133-9.

Correspondence and requests for materials should be addressed to X.B. or E.D.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022, corrected publication 2022

https://doi.org/10.1038/s41598-022-09133-9
https://doi.org/10.1038/s41598-022-09133-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enoxaparin augments alpha-1-antitrypsin inhibition of TMPRSS2, a promising drug combination against COVID-19
	Results
	Overexpression of TMPRSS2 in HEK293T cells increases its serine protease activity. 
	AAT inhibits TMPRSS2 activity in a dose-dependent fashion. 
	Enoxaparin enhances AAT inhibition of TMPRSS2 activity. 
	Enoxaparin augments AAT inhibition of HCoV-229E infection of primary human airway epithelial cells. 
	Structural rationalization of heparin augmenting AAT inhibition of TMPRSS2. 

	Discussion
	Methods
	Materials. 
	Overexpression of TMPRSS2 in HEK293T cells. 
	Measurement of TMPRSS2 activity. 
	Culture of primary human airway epithelium in air–liquid interface. 
	Infection of hAEc with human coronavirus 229E. 
	Immunocytofluorescent analysis of HCoV-229E-infected primary hAEc. 
	Plaque assay. 
	Molecular modeling and computational methods. 
	Construction of full-length TMPRSS2 model. 
	Modeling of TMPRSS2–AAT Michaelis complex. 
	Modeling of TMPRSS2–HAI-2 complex. 
	Heparin docking. 
	Protein–protein binding energy calculations. 


	References
	Acknowledgements


