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Abstract

The ongoing coronavirus disease 2019 (COVID-19) pandemic is caused by infection with
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Human natural defense
mechanisms against SARS-CoV-2 are largely unknown. Serine proteases (SPs) including
furin and TMPRSS2 cleave SARS-CoV-2 spike protein, facilitating viral entry. Here, we
show that FXa, a SP for blood coagulation, is upregulated in COVID-19 patients compared
to non-COVID-19 donors and exerts anti-viral activity. Mechanistically, FXa cleaves the
SARS-CoV-2 spike protein, which prevents its binding to ACE2, and thus blocks viral entry.
Furthermore, the variant B.1.1.7 with several mutations is dramatically resistant to the anti-
viral effect of FXa compared to wild-type SARA-CoV-2 in vivo and in vitro. The anti-
coagulant rivaroxaban directly inhibits FXa and facilitates viral entry, whereas the indirect
inhibitor fondaparinux does not. In a lethal humanized hA CE2 mouse model of SARS-CoV-
2, FXa prolonged survival while combination with rivaroxaban but not fondaparinux
abrogated this protection. These preclinical results identify a previously unknown SP
function and associated anti-viral host defense mechanism and suggest caution in
considering direct inhibitors for prevention or treatment of thrombotic complications in

COVID-19 patients.

Introduction

SARS-CoV-2 is the pathogen responsible for the global COVID-19 pandemic!. To date, over
170,000,000 cases and approximately 3,500,000 deaths have been recorded with a worldwide
mortality rate of 2%?. The public health and economic consequences have been devastating.
Although some strategies such as neutralizing antibodies and vaccines are being developed or
testing in the clinic, the pandemic rages on with new concerns regarding the emergence of resistant

strains>.

Angiotensin-converting enzyme 2 (ACE2) has been identified as the host receptor for SARS-CoV-
278 SARS-CoV-2 uses its spike (S) protein to bind to ACE2 and enter host cells. Several host
serine proteases (SPs) have been identified as facilitating SARS-CoV-2 entry via cleavage of its S
protein into functional S1 and S2 subunits®!°. Furin cuts the S protein at the PRRAR (R-R-A-R685

V) site into S1 and S2 subunits at virus budding, while TMPRSS?2 cleaves at the S2” site (P-S-K-
2
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R815 | ) at virus entry, and both cleavages enhance efficiency of SARS-CoV-2 infection®!!.
Another SP family member, coagulation factor Xa (FXa) binds to tissue factor to initiate
conversion of prothrombin to thrombin in the clotting cascade'?>. The direct FXa inhibitors
rivaroxaban, apixaban, and edoxaban, and betrixaban as well as the indirect inhibitor fondaparinux
have been developed as clinical anti-coagulants'?, and several direct inhibitors are currently being

evaluated for use in patients at high-risk for COVID-19%,

Here we show that FXa inhibits SARS-CoV-2 entry. Mechanistically, FXa binds to and cleaves S
protein, which produced a different cleavage pattern than that of furin and TMPRSS2, and blocked
S protein binding to ACE2. The effect was pronounced for the ancestral wild type variant, but was
diminished in the B.1.1.7 variant. Exogenous FXa protected mice from lethal infection in a
humanized hACE2 mouse model of COVID-19 using the wild type variant but not the B.1.1.7
variant. The anti-viral effect of FXa was attenuated by the direct FXa inhibitor rivaroxaban (RIVA)

but not the indirect inhibitor fondaparinux (FONDA) both in vivo and in vitro.

Results

To identify changes in SPs during SARS-CoV-2 infection, we examined their expression in lung
samples from COVID-19 patients using an immunohistochemistry assay (IHC). Due to the lack of
specific antibodies directly against FXa, we detected FX expression since ~100% FX can be
activated to FXa at injury sites when platelets are exposed to both collagen and thrombin'>. Our
IHC analysis indicated that thrombin was highly expressed in lungs from COVID-19 patients
compared to that from non-COVID-19 patients (Extended Data Fig. 1a), consistent with previous
data'®!'”. We found FX was significantly increased in the lungs of COVID-19 patients compared
to non-COVID-19 donors; in contrast, we did not observe consistent upregulation of other tested
SPs (Fig. 1a and Extended Data Fig. 1b). We found that FX was also increased in the liver
(Extended Data Fig. 1c) and serum, which is the source and carrier of FXa, in COVID-19 patients
compared to non-COVID-19 donors (Fig. 1, b and c).

To investigate the consequences of increased FXa during SARS-CoV-2 infection, we cloned FXa
into the pCDH-mCherry vector and assessed its function using the vesicular stomatitis virus

(VSV)-SARS-CoV-2 chimeric virus'®. 293T cells were co-transfected with ACE2 and FXa or
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89  control empty vector (EV). After 24 hours, cells were infected by VSV-SARS-CoV-2. The
90 percentage of infected cells (GFP positive cells) was examined at the indicated time points using
91  flow cytometry. Surprisingly, at indicated hours post infection (hpi), compared to EV transfected
92  group, the percentage of infected cells was decreased in FXa transfected group, indicating that the
93  presence of FXa efficiently blocked viral infection (Fig. 1d). SARS-CoV-2 infection depends not
94  only on ACE2 but also TMPRSS2!°. When 293T cells were co-transfected with FXa, ACE2, and
95 TMPRSS2, FXa again blocked viral infection, showing a more pronounced effect during the early
96 time points in the presence of TMPRSS2 (Fig. 1e). To confirm our results, we generated an MA 104
97  epithelial kidney cell line stably expressing FXa (MA104-FXa) (Extended Data Fig. 2a). The cells
98  were infected by VSV-SARS-CoV-2 at different MOIs and the infectivity was determined at 16-
99 48 hpi. We found that MA104-FXa cells showed markedly decreased infection at each time point
100  and at all MOIs compared to MA104-EV control cells (Fig. 1f and Extended Data Fig. 2b). The
101  viral titers of the supernatant from the infected MA104-FXa cells at 24 and 48 hpi were
102  significantly decreased compared to that from MA104-EV cells, suggesting over-expressing FXa
103  also impaired viral production (Extended Data Fig. 2c and d). We also compared the role of FXa
104  with other SPs in viral infection of parental MA104 cells. Unlike pretreatment with furin,
105 TMPRSS2, or trypsin, all of which increased VSV-SARS-CoV-2 infection, pre-treatment with
106  FXa inhibited viral infection (Extended Data Fig. 3a and b). Consistent with this, the viral titer of
107  the supernatant from FXa-treated MA104 cells infected with VSV-SARS-CoV-2 was significantly
108  decreased, while the viral titer of infected cells treated with furin, TMPRSS?2 or trypsin increased,

109 compared to infected cells treated with vehicle control (PBS) (Extended Data Fig. 3c).

110  Furthermore, to determine if FXa blocks viral infection by targeting SARS-CoV-2 or host cells,
111 we first constructed an FXa-Fc fusion protein expression plasmid and purified the protein from
112 Chinese hamster ovary (CHO) cells. Then, we co-incubated VSV-SARS-CoV-2 with or without
113 FXa-Fc fusion protein in vitro for 1 hour before adding the mixture into MA104 cells. The rate of
114  infection was examined at the indicated timepoints. We found that pre-incubation of VSV-SARS-
115 CoV-2 with FXa-Fc fusion protein significantly inhibited viral infection in a dose-dependent
116  manner (from 62.5 pM to 1uM), suggesting that FXa could block viral infection by targeting
117  SARS-CoV-2 (Fig. 1, g, h, and Extended Data Fig. 4). Of note, the inactivated FXa had no effect
118  on viral infection (Extended Data Fig. 4). To determine the effects of FXa on viral production, we

119  infected the MA104 cells with VSV-SARS-CoV-2 at a very low MOI (0.001) and with FXa protein
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120  at the indicated concentrations. We found that the viral titer showed a dose-dependent decrease
121 with the increase of FXa protein, suggesting that FXa plays an essential role in inhibiting viral
122 production (Extended Data Fig. 5a). To determine whether FXa also inhibits viral infection
123 through interaction with host cells, we preincubated FXa-Fc fusion protein with MA104 cells for
124 1 hour and then washed out the medium before infecting cells with VSV-SARS-CoV-2. We found
125  that FXa-Fc fusion protein pre-treatment with the MA104 cells did not significantly affect viral
126  infection (Extended Data Fig. 5b and c). We next used live SARS-CoV-2 to infect Vero E6 and
127  MAI104-EV cells followed by quantitative assessment of viral load using an immuno-plaque assay.
128  We found that pre-incubation FXa with live SARS-CoV-2 prior to infection significantly reduced
129  viral infection in both Vero E6 and MA104 cells compared to buffer control, consistent with the
130 above VSV-SARS-CoV-2 chimeric virus data (Fig. 1,1 and j). The anti-viral effect of FXa against
131 live SARS-CoV-2 infection was also confirmed with a traditional plaque assay with Vero E6 cells
132 (Extended Data Fig. 5d). Together, our results showed that FXa, a serine protease that is
133 upregulated following SARS-CoV-2 infection in host cells, inhibited viral infection and thus
134  possessed an anti-viral activity, in distinct contrast to other serine proteases such as furin and

135  TMPRSS2.

136  To study the mechanism(s) of the anti-viral activity of FXa, we compared the binding between
137  FXa and various subunits of SARS-CoV-2 S protein. We found that FXa had the strongest binding
138  affinity toward the full-length S protein and to a lesser extent to subunit S1, subunit S2 and the
139  receptor binding domain (RBD) compared to the control Fc protein (Fig. 2a). Pull-down assay
140  showed that FXa but not the Fc control protein co-precipitated with S protein (Fig. 2b). We then
141  measured the binding affinity of FXa and the full-length S protein. The results showed that the
142 binding affinity of FXa to S protein is in the nanogram range (Fig. 2c). These results suggest that
143 FXa binds to the S protein, which might inhibit viral entry efficiency. Virus entry is followed by
144  important conformational changes of viral proteins via cleavage of the S protein by host SPs. To
145  determine whether FXa could cleave S protein, we incubated full-length S protein with FXa,
146  followed by immunoblotting. Furin and TMPRSS?2 served as positive controls, as they are known
147  to induce functional conformational changes of S protein. We found that full-length S was cut into
148  three fragments by FXa with the size of approximately 60 KD, then 50 KD and 29 KD (Fig. 2d),
149  consistent with in silico prediction of two FXa cleavage sites on S protein, Ile-(Asp/Glu)-Gly-Arg
150 (R1000) and Gly-Arg (R567) (Fig. 2e). This cleavage pattern was in contrast to that of furin and
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151  TMPRSS2, which both cut full-length S protein into the ~80 KD subunit S1. Cleavage by FXa did
152 not produce the ~80 KD subunit S1.

153  Given that FXa could cut S protein into different sizes, we used ELISA to determine whether
154  cleavage by FXa affected binding of the S protein to ACE2. The ELISA data indicated that S
155  protein pre-treated with FXa resulted in decreased binding affinity to ACE2 (Fig. 3a). Flow
156  cytometry further confirmed this result, demonstrate that FXa-pre-treated S protein could not
157  efficiently bind to ACE2-expressing HEK293T cells (Fig. 3, b and c). We also showed that FXa
158  still bound to S protein when S protein was already bound to ACE2 (Fig. 3, d, e and f), yet FXa
159  still cleaved the S protein bound to ACE2 (Extended Data Fig. 6). Overall, our results indicate that
160  FXa could be an efficient inhibitor of viral entry via its interaction with S protein.

161  An emergent SARS-CoV-2 strain has been found to substitute aspartic acid—614 for glycine
162 (D614G) in the S proteinlg. Thus, we tested whether FXa had similar functional interactions with
163  the D614G S protein. FXa could still bind with and cleave the D614G S protein (Extended Data
164  Fig. 7a-c), and the binding affinity between ACE2 and D614G S protein decreased if S protein
165  was pretreated with FXa (Extended Data Fig. 7d and e).

166  COVID-19 patients with an increased risk of thrombosis are treated with direct FXa inhibitors
167 (e.g., rivaroxaban) or indirect inhibitors (e.g., fondaparinux)'*?*°. We therefore asked if
168  rivaroxaban (RIVA) or fondaparinux (FONDA) affect the anti-viral activity of FXa. Neither
169  RIVA nor FONDA blocked the binding of FXa to S protein (Fig. 3g), and neither drug alone had
170 any effect on VSV-SARS-CoV-2 infectivity; however, the direct FXa inhibitor RIVA blocked
171  FXa-induced anti-viral activity, whereas the indirect FXa inhibitor FONDA did not (Fig. 3, h and
172 1). We measured viral titers in the supernatants collected from this inhibitor experiment, which
173 confirmed that RIVA but not FONDA significantly reduced FXa-induced anti-viral activity
174  (Extended Data Fig. 8a). Furthermore, cleavage assay showed that the direct FXa inhibitor RIVA
175  but not the indirect inhibitor FONDA inhibited cleavage of S protein by FXa (Fig. 3j). Consistent
176  with this, pretreatment of the mixture of S protein and FXa with RIVA or FONDA, followed by
177  incubation with ACE2, showed that RIVA but not FONDA significantly diminished the effect of
178  FXa on inhibiting the binding of S protein to ACE2 as demonstrated by ELISA, presumably by
179 inhibiting cleavage of S protein by RIVA but not by FONDA (Fig. 3k). The ELISA results in
180  Figure 3k were validated by flow cytometry analysis (Fig. 31 and Extended Data Fig. 8b). Our data
181 indicate that the direct rather than indirect inhibitor of FXa could diminish FXa-mediated blockade
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182  of viral entry by inhibiting the cleavage of S protein by FXa so that intact S protein can efficiently
183  bind to ACE2. We repeated these experiments with live SARS-CoV-2 and MA104 cells

184  demonstrating identical results (Fig. 3m).

185 To evaluate the potential effect of FXa in vivo, we used humanized K18-hACE2 mice as an
186 infection model of SARS-CoV-22!22 and inoculated them with 3x103 pfu SARS-CoV-2, followed
187 by intranasal administration of the FXa-Fc protein or two controls, saline and the Fc protein. The
188  body weight of the mice was monitored. We found that the majority of mice in the untreated and
189  Fc-treated groups exhibited a dramatic decrease in their body weight at day 5 and were euthanized
190 at that time or shortly thereafter, while three of the five mice treated with FXa-Fc started the
191  recovery of their body weight at day 7 (Fig. 4a). The FXa-Fc treated group lived significantly
192  longer than the two control groups, with no difference between the control groups (Fig. 4b). We
193  isolated RNA and used quantitative real-time PCR to measure the viral load in trachea, lung, and
194  brain tissues. Viral load in the FXa-Fc treated group was approximately 1,000-fold lower than that
195  of the two control groups, indicating that FXa-Fc significantly restricted SARS-CoV-2 infection
196 invivo (Fig. 4, c, d, and e). Consistent with this, [HC showed that expression of viral nucleocapsid
197  protein (NP) was also markedly decreased in the brain and lung tissues from the FXa-Fc treated
198  group compared to the untreated and Fc-treated group (Fig. 4f). The histological study showed that
199  FXa-Fc-treated mice had more intact lung structure and less pathological damage compared to the
200  two control groups (Fig. 4f). To evaluate the effects of the two types of FXa inhibitors, the direct
201  inhibitor RIVA and the indirect inhibitor FONDA in vivo, we were administrated into FXa-treated
202  (intranasally) SARS-CoV-2-infected mice. Consistent with the in vitro data, we found that direct
203  FXa inhibitor RIVA significantly blocked the anti-viral and survival advantage afforded by
204  intranasal administration of FXa-Fc, while the indirect FXa inhibitor FONDA had no significant
205 effect on the anti-viral and survival advantage afforded by intranasal administration of FXa-Fc
206  alone (Fig. 5, a-e). These in vivo results with live SARS-CoV-2 provide preclinical support for
207  the use of an indirect FXa inhibitor such as FONDA as an anti-coagulant when preventing or
208 treating thrombotic complications of COVID-19, while avoiding the use of a direct FXa inhibitor

209  such as the anti-coagulant RIVA under similar clinical circumstances.

210 A variant of SARS-CoV-2 (known as B.1.1.7), which was emerged with a large number of
211  mutations, may be associated with an increased transmissibility and risk of death compared with

212 other variants*>?*, By analyzing the S protein sequence of the B.1.1.7 variant, we found there is a
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213 nonsynonymous mutation A570D in the S protein close to the predicted FXa cleavage site. In order
214  to evaluate the effect of the anti-viral function of FXa on the variant, we infected the Vero E6 and
215  MAI104 cells with the original emergent SARS-CoV-2 (wild-type; WT) or B.1.1.7 virus pretreated
216  with different concentrations of FXa. The immuno-plaque results showed that the anti-viral effect
217  of FXa was significantly and dramatically decreased against B.1.1.7 variant infection compared to
218  the WT infection (Fig. 6a). Furthermore, the results were confirmed by viral infection with various
219  MOIs, which showed that FXa could still block WT infection even at a very high MOI (MOI=8),
220  but had little effect on B.1.1.7 infection blockade at the same MOI (Fig. 6b). To figure out the
221  mechanism of this difference, we detected the binding affinity between FXa and WT S protein or
222 B.1.1.7 S protein. Both ELISA and flow cytometry results showed that FXa had a significantly
223 lower binding affinity with B.1.1.7 S protein compared to that with WT S protein (Fig. 6, c and d),
224  indicating that the mutants on B.1.1.7 S protein blocked FXa anti-viral effect by affecting the
225  binding affinity of FXa to the S protein. We also tested the effects of the direct and indirect FXa
226  inhibitors in the B.1.1.7 variant infection using the WT strain as control. We found that RIVA
227  could efficiently block the anti-viral effect of FXa in a dose-dependent manner starting as low as
228  0.05 pg/ml dose, while FONDA did not even at the high dose of 50 pg/ml, against the B.1.1.7
229  variant infection in both Vero E6 and MA104 hosts (Extended Data Fig. 9a and b). These data
230  were validated in similar experiments with gradient concentrations of FXa in both Vero E6 and

231  MAI104 hosts (Extended Data Fig. 10 and 11).

232 Next, we compared the anti-viral effect of FXa against WT and B.1.1.7 infection in vivo.
233 Consistent with the in vitro data, we found that the anti-viral and survival advantage afforded by
234 FXa-Fc was abolished or significantly decreased in the B.1.1.7 variant-infected group compared
235  to the WT-infected group (Fig. 7, a-d). Collectively, our data demonstrate that the variant B.1.1.7
236  strain with a mutated spike protein was resistant to the FXa inhibition in vitro and in vivo compared

2527 and mortality®® rates for this

237 to the WT strain, which might explain the higher transmission
238  dangerous variant of concern.

239

240
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241  Discussion

242 Here we identify a novel mechanism of human host anti-viral defense involving FXa at the time
243 of SARS-CoV-2 infection, which binds to and cleaves viral S protein, blocking viral entry into
244 host cells. Exogenous administration of FXa reduced viral load and protected a humanized hACE2
245  mouse model of COVID-19 from lethal infection, an effect that was attenuated by a direct but not
246  indirect FXa inhibitor and anti-coagulant, which has implications for clinical therapeutic

247  responses.

248  SARS-CoV-2 is a newly emergent human pathogen that utilizes the ACE2 receptor to enter host
249  cells. Proteolytic processing S protein by SPs such TMPRSS2, furin, and trypsin enhances the
250  binding affinity between host ACE2 and the processed S protein'®. In the course of infection,
251  unlike the immune tolerance exhibited by bats, in human SARS-CoV-2 at times excessively
252 activates the inflammatory components of the immune system of humans leading to the cytokine
253  release syndrome >°, which can be fatal in some, yet non-existent in others with the same exposure
254 30 Therefore, identification of the body’s natural defense mechanisms against SARS-CoV-2 is
255  important for developing effective prevention as well as therapeutic strategies. Our report here of
256  anatural defense mechanism involving the binding to and cleavage of the SARS-CoV-2 S protein
257 by FXa, effectively blocking viral entry into host cells, may lead to the development of such
258  strategies. Like TMPRSS?2 and furin, FXa belongs to the family of SPs that each cleave S protein,
259  but have different cleavage targets and subsequent effects on viral entry into host cells. TMPRSS2
260  and furin cleave the S protein at the S1/S2 site of at RRAR (685R), followed by the S2’ site KPSKR
261  (R856), resulting in priming the SARS-CoV-2 fusion step. How the FXa cleavage of the S protein
262 blocks entry of SARS-CoV-2 into host cells is currently unknown. But our in silico modeling,
263  which is supported by experimental evidence, indicates that the cleavage sites of FXa on S protein
264  are at lle-(Asp/Glu)-Gly-Arg (R1000) or Gly-Arg (R567), distinct from the S1/S2 or the S2” site.
265  This likely results in a unique conformational change of the S protein when forming a syncytium?'.
266  The most conserved region of the RBD is between amino acids 306 to 527, which is close to the
267  FXa cleavage site (R567)%. As such, the cleavage by FXa near the RBD may adversely impact the
268  conserved conformation of the RBD. The S protein is a type 1 viral fusion protein with two
269  conserved heptad repeat regions, HR-N (916-950) and HR-C (1150-1185), which may form a 6-

270  helix bundle allowing for a better fusion between the viral and host cell membranes*>**. The two
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271  likely cleavage sites of FXa are located within the HR-N and the HR-C repeat and could impair

272 the formation of a hetero-stranded complex, impairing the fusion process.

273 The B.1.1.7 variant of concern emerged in the United Kingdom in September 2020 and has

2527 and mortality?®. It has been shown that some vaccines

274  demonstrated higher transmissibility
275  and neutralizing antibodies have lower efficacy from B.1.1.7 variant infection than WT strain
276  infection®*8. However, the reason for its poor outcomes remained elusive®. Our description of
277  the previously unknown FXa barrier to SARS-COV-2 infection and its differential effect on the
278  B.1.1.7 variant is a possible, or at least partial, explanation. Our data showed that the variant
279  B.1.1.7 strain with a mutated spike protein was resistant to the FXa inhibition in vitro and in vivo
280  compared to the WT strain. Therefore, the host anti-viral defense system depending on FXa maybe
281 not strong enough to protect people from B.1.1.7 variant infection. The basis for the variant
282  differential could be the AS70D mutation, which only emerged as a dominant change in the B.1.1.7
283  variant near the FXa cleavage site. FXa showed a significantly lower binding affinity with B.1.1.7
284 S protein compared to that with WT S protein, which might be affected by the A570D mutation in

285  the B.1.1.7 S protein. But the spike protein structure is complex and dynamic, which means more

286  distal differences could also play a role.

287  FXa is required for the conversion of prothrombin to thrombin in the clotting cascade!?, and may
288  have a role in inflammation®. Both of these processes are dysregulated in some patients with
289  COVID-19%%4!, Although it is likely that the viral defense mechanism that we have described here
290 is active and important in controlling SARS-CoV-2 infection in asymptomatic and mildly
291  symptomatic individuals, the endogenous overexpression of FXa during serious SARS-CoV-2
292  infection may also contribute to the pathogenesis and complications of COVID-19, especially the
293  thrombotic events*!**2, Therefore, the use of FXa as a therapeutic agent is straightforward. There
294  could be at least two alternative pathways forward in considering FXa as a therapeutic agent for
295  severe SARS-CoV-2 infection. The first would be to co-administer an indirect FXa inhibitor as an
296  anti-coagulant in combination with the FXa-Fc fusion protein described in this report or with a
297  recombinant FXa, because we show that the indirect FXa inhibitor fondaparinux does not interfere
298  with FXa’s cleavage of S protein or its therapeutic effect against the live virus in vivo. The second
299  approach would be to modify the chemical structure of FXa such that its enzymatic activity for
300 cleavage of the S protein is retained while that of prothrombin conversion is lost. This latter
301 approach might also be considered as a preventative approach for individuals who are not
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302  vaccinated and are highly susceptible to severe COVID-19 or those same individuals who are

303  vaccinated yet fail to develop effective immunity to SARS-CoV-2.

304 There are four clinically approved direct FXa inhibitors, including rivaroxaban, apixaban,
305 edoxaban as well as betrixaban) and one indirect FXa inhibitor fondaparinux for use as anti-
306 thrombotic agents in patients with hypercoagulable states*’. Our study showed that in the presence
307 of adirect inhibitor of FXa, rivaroxaban, the anti-SARS-CoV-2 activity of FXa is affected not by
308 the binding of the S protein but by the cleavage of the S protein. Further, rivaroxaban completely
309 abrogates the decrease in viral load and the protective effect against lethal SARS-CoV-2 infection
310 conferred by exogenous FXa. Our study suggests that the use of direct FXa inhibitors such as
311  rivaroxaban, in patients highly susceptible for severe COVID-19 as is currently being evaluated in
312 a number of studies'®, should likely proceed with caution as it is at least conceivable from our
313  work that such studies could result in an increase in viral load. Importantly, the FXa indirect
314  inhibitor, fondaparinux, which we found to not block the protective effects of FXa against SARS-
315 CoV-2, has been found to be safe and efficacious for venous thrombosis prophylaxis in

316  hospitalized COVID-19 patients’.

317  The factors responsible for predicting clinical outcomes in patients stricken with COVID-19
318  remain incomplete**. Here we show that the precursor FX of FXa is upregulated in COVID-19
319  patients. We identify a new mechanism of anti-viral defense in human and prove its importance
320 in a transgenic animal model that mimics the human disease. Our work would suggest that future
321  studies should examine the quality and quantity of FXa enzymatic activity against the SARS-CoV-
322 2 S protein to determine if it can improve our understanding of who may be most susceptible to

323  SARS-CoV-2 infection and who might be treated with an FXa indirect anti-coagulant inhibitor.
324

325
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430  Methods
431  Patient sample collection

432  Patients were collected and tested positive for SARS-CoV-2 at City of Hope. Autopsy samples
433  were provided by Dr. Ross Zumwalt at the University of New Mexico School of Medicine. The
434  concentration of FXa in the serum of patient samples was measured using ELISA (LS-F10420-1,
435  LSBIO). The protocols for human specimen collection were approved by the institutional review

436  board of City of Hope.
437  Cells

438  Monkey kidney epithelial-derived MA104 cells were maintained in medium 199 supplemented
439  with 10% FBS, penicillin (100 U/ml), and streptomycin (100 pg/ml). To overexpress FXa in
440  MA104 cells, the cells were infected with lentivirus encoding FXa to generate MA104-FXa cells.
441  Monkey kidney epithelium-derived Vero cells, Vero E6 cells, human embryonic kidney-derived
442  HEK293T cells, and Chinese hamster ovary (CHO) cells were cultured in DMEM with 10% FBS,
443  penicillin (100 U/ml), and streptomycin (100 pg/ml). All cell lines were routinely tested to confirm
444  absence of mycoplasma using the MycoAlert Plus Mycoplasma Detection Kit from Lonza

445  (Walkersville, MD).
446  VSV-SARS-CoV-2 infection

447  The VSV-SARS-CoV-2 chimeric virus expressing GFP was kindly provided by Sean Whelan at
448  Washington University School of Medicine. The virus is decorated with SARS-CoV-2 S protein
449  in place of the native glycoprotein (G) ! . For VSV-SARS-CoV-2 infection, MA104 cells were
450  seeded 24 hours before the infection at a confluency of 70% in a 96-well plate. VSV-SARS-CoV-
451 2 virus and varying amounts (12.5 pg/ml, 25 pg/ml, 50 pg/ml, and 100 pg/ml) of the FXa-Fc
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452  fusion protein were co-incubated at 37°C for 1 hour and then were added to the cells. To assess
453  the effect of FXa inhibitors, FXa protein was preincubated with or without 50 pg/ml rivaroxaban
454  or fondaparinux separately for 1 hour at room temperature. Infectivity was assessed by detecting
455  GFP fluorescence using a Zeiss fluorescence microscope (AXIO observer 7) and/or determined by
456  the percentage of GFP(+) cells analyzed using a Fortessa X20 flow cytometer (BD Biosciences)
457  at 16, 24, 36, and 48 hours post infection (hpi). To determine viral production, Vero cells were
458  pre-seeded for 24 hours and infected with the supernatants collected from MA104 cells infected
459 by VSV-SARS-CoV at 24 or 48 hpi. The supernatants were diluted by 5-fold before the viral

460  production assay.
461  Generation and purification of FXa

462  CHO cells were transduced with a pCDH lentiviral vector expressing FXa to produce the FXa-Fc
463  fusion protein for functionality assays. For this purpose, FXa fused with human IgG4 was
464  reconstructed as previously reported 2. mCherry was co-expressed with FXa for FACS-sorting to
465  purify transduced cells using a FACS Aria II cell sorter (BD Biosciences, San Jose, CA, USA).
466  Conditional supernatants from lentivirus-infected CHO cells sorted by FACS were used to purify
467  the FXa-Fc fusion protein using a protein G column (89927, Thermo Fisher). For in vivo testing,
468  the protein G column-purified FXa-Fc fusion protein was desalted using fast protein liquid

469  chromatography (FPLC).

470  SARS-CoV-2 neutralization, cell infection, plaque assay, and immunoplaque assay

471  The following reagent was obtained through BEI Resources, NIAID, NIH: SARS-Related
472 Coronavirus 2, Isolate USA-WA1/2020, NR-52281 (wild-type, WT) and SARS-Related
473  Coronavirus 2, Isolate USA/CA_CDC_5574/2020, NR-54011 (B.1.1.7). Virus isolates were
474  passaged in Vero E6 cells (ATCC CRL-1586) as previously described®. Virus concentration was
475  determined using immunoplaque assay (also called focus forming assay) *. For the plaque assay,
476 120 pfu SARS-CoV-2 was incubated with diluted sera for 2 hours at 37 °C. Then Vero E6 cells
477  were infected with 250 pl virus-sera mixture for 1 hour. After infection, the medium containing
478  virus was removed, and overlay medium containing FBS-free DMEM and 2% low-melting point
479  agarose was added. At 72 hours post infection, infected cells were fixed by 4% paraformaldehyde
480  (PFA) overnight, and stained with 0.2% crystal violet. For the immunoplaque assay, 100 pfu of

481  live SARS-CoV-2 variants were incubated with diluted sera for 1 hour and then the virus antibody
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482  mixture was added to Vero E6 cells for 1 hour at 37°C. After 1 hour the virus containing medium
483  was removed, overlayed with medium containing methylcellulose and 2% FBS DMEM, and
484  incubated at 37°C. At 24 hours after infection, infected cells were fixed by 4% paraformaldehyde
485  for 20 minutes at room temperature and then permeabilized by 0.5% Triton X-100/ PBS solution
486  for 210 minutes at room temperature. SARS-CoV-2 viral nucleocapsid protein (NP) was detected
487  using the anti-NP protein antibody (PA5-81794, Thermo Fisher) diluted 1:10000 in 0.1% tween-
488  20/1%BSA/PBS solution as a primary antibody, followed by detecting with an anti-rabbit
489  secondary antibody (ab6721, Abcam) at a 1:20,000 dilution. Plates were washed three times
490 between antibody solutions using 0.5% tween-20 in PBS. The plates were developed using
491  TrueBlue Peroxidase Substrate (5510-0030, Sera Care) and then scanned using Immunospot S6
492  Sentry (C.T.L Analyzers). Neutralization titers for the immunoplaque assay are defined as a 50%

493  reduction in plaque forming units relative to the untreated wells.
494  Assessment of binding between S protein and FXa using ELISA

495  Full-length coronavirus S protein with His tag (500 ng) (40589-VO8BI1, Sino Biological),
496  coronavirus S protein S1 subunit with His tag (500 ng) (40591-VO8B1, Sino Biological),
497  coronavirus S protein S2 subunit with His tag (500 ng) (40070-VO8B, Sino Biological), and
498  coronavirus S protein RBD with His tag (500 ng) (40592-V08B-B, Sino Biological) were used as
499  coating reagents in 96-well plates (3361, Corning). Coated plates were incubated with FXa protein
500 (1 pg/ml) for 2 hours at room temperature. FXa-HRP conjugated anti-human Fc antibody (05-
501 4220, Invitrogen) was used as a detecting antibody. Absorbance was measured at OD450 nm using

502  a Multiskan™ FC Microplate Photometer (Fisher Scientific).
503  Pull-down assay

504 HEK?293T cells were transduced with a pCDH lentiviral vector expressing the full-length spike (S)
505  protein for 48 hours. The cells were lysed and incubated with FXa-Fc or Fc (10 ug/ml) for 3 hours,
506 then 20 pl protein A agarose resin beads (P-400-25, Invitrogen) were added and incubated
507 overnight. After incubation, the beads were washed and collected. Protein binding between FXa-
508 Fc or Fc and S protein was detected by immunoblotting using an anti-S protein antibody

509 (ab272504, Abcam).

510 Cleavage assay
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511  One microgram of full-length S protein was treated with 1 ug of FXa (P8010L, NEB), furin
512 (P8077S,NEB) or TMPRSS2 (TMPRSS2-1856H, Creative BioMart) protein for 3 hours following
513  the manufacturers’ instructions. Cleavage was detected using immunoblotting with an anti-S
514  protein antibody. For inhibitor assays, FXa protein was preincubated with or without 50 pg/ml
515 rivaroxaban or fondaparinux separately for 1 hour in advance at room temperature, then treated
516  with SPs and detected as above. For cleavage assays using S protein-ACE2 complex, 1 ug S
517  protein and 1 pg ACE2 were pre-incubated 1 hour prior to incubation with FXa, then treated with
518  SPs and detected as above. Of note, we used different buffer conditions for all binding assays and

519  cleavage assays.
520 Assessment of binding between S protein and FXa using flow cytometry

521  HEK?293T cells were transduced with lentiviral vector expressing FXa for 48 hours. The cells were
522  incubated with 10 pg/ml full-length S protein for 20 minutes at room temperature. The cells were
523  then washed and incubated with an anti-S protein antibody for 20 minutes at room temperature,
524  followed by staining with a FITC-labeled secondary antibody (111-605-045, Jackson
525 ImmunoResearch). The percentage of FITC-positive cells was determined using a Fortessa X20

526  flow cytometer (BD Biosciences).
527  Detection of FXa binding to S protein-ACE2 complex using ELISA

528  ACE2 protein was used as a coating reagent in 96-well plates, which were incubated with 1 ug/ml
529  full-length S protein with His tag that had been pretreated with or without FXa (P8010L, NEB) for
530 2 hours at room temperature. An HRP-conjugated anti-His tag antibody (ab1187, Abcam) was
531 used as a detecting antibody. Absorbance was measured at OD450 nm using a Multiskan™ FC

532  Microplate Photometer (Fisher Scientific).
533  Detection of FXa binding to S protein-ACE2 complex using flow cytometry

534  HEK?293T cells stably expressing ACE?2 protein were incubated with full-length S protein or FXa-
535  pretreated full-length S protein for 20 minutes at room temperature. Cells were then washed and
536  incubated with an anti-S protein antibody for 20 minutes at room temperature, followed by staining
537 with an APC-labeled secondary antibody (111-005-003, Jackson ImmunoResearch). The
538 percentage of APC-positive cells was determined using a Fortessa X20 flow cytometer (BD

539  Biosciences).
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540 In vivo infection model

541  6-8-week-old K18-hACE2 mice were anesthetized with ketamine (80 mg/kg)/xylazine (8 mg/kg)
542  and intranasally infected with 5x10° PFU wild type SARS-CoV-2 or B.1.1.7 variant in 25 pl
543 DMEM, followed by intranasal treatment with PBS, FXa-Fc (200 pg), or Fc (200 pg) in 25 pl
544  DMEM. Infected mice were maintained in BCU isolator cages (Allentown, NJ, USA) in the NAU
545  ABLS3. Mice were then treated with PBS or rivaroxaban (30 mg/kg) via gavage or fondaparinux
546 (30 mg/kg) via intraperitoneal injection for 4 times at a frequency of every other day (30,31). Body
547  weights of mice were monitored daily. Mice were euthanized using ketamine (100 mg/kg)/xylazine
548 (10 mg/kg) when body weights dropped below 20% of their original body weights. RNA was
549  isolated from trachea, lung, and brain tissues to assess viral load using quantitative real-time PCR
550 as described below. Expression of SARS-CoV-2 viral protein NP was examined using
551  immunohistochemistry (IHC) in the trachea, lung, and brain sections from infected mice as
552  described below. Experiments and handling of mice were conducted under federal, state, and local
553  guidelines and with approvals from the Northern Arizona University (20-005) and City of Hope

554  Animal Care and Use Committees.
555  Quantitative real-time PCR

556  Mouse tissues were homogenized in DMEM and RNA was isolated using a PureLink RNA
557  isolation kit (K156002, Invitrogen). Viral copy numbers were detected using the One-Step QPCR
558 kit (1725150, BioRad).

559 H&E and IHC

560 4-um-thick sections were cut from paraffin blocks of lung and liver tissues from COVID-19
561 patients and non-COVID-19 donors. IHC staining with an anti-FXa protein antibody
562  (PIPA529118, Invitrogen), an anti-furin antibody (ab183495, Abcam), an anti-trypsin antibody
563  (ab200997, Abcam), or an anti-plasmin antibody (LS-C150813-1, LSBio) as a primary antibody
564  was performed by the Pathology Shared Resource Core at City of Hope Beckman Research

565 Institute. Stained slides were mounted and scanned for observation.

566  Mouse tissues isolated from experimental mice were placed in 10% neutral buffered formalin for
567 a minimum of 72 hours. After paraffin embedding, 4-um-thick sections were cut from the blocks.

568 H&E staining and IHC with anti-NP protein antibody (NB100-56576, Novus) as the primary
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569 antibody were performed by the Pathology Shared Resource Core at City of Hope Beckman

570 Research Institute. Stained slides were mounted and scanned for observation.
571  Statistical analysis

572  Prism software v.8 (GraphPad, CA, USA) and SAS v.9.4 (SAS Institute. NC, USA) were used to
573  perform statistical analyses. For continuous endpoints that were normally distributed or normally
574  distributed after log transformation such as MFI or copy number, Student’s ¢ test or paired ¢ test
575  was used to compare two independent or matched groups, respectively. One-way ANOV A models
576  or generalized linear models were used to compare three or more independent groups. For data
577  with repeated measures from the same subject, linear mixed models were used to account for the
578  variance and covariance structure due to repeated measures. Survival functions were estimated
579  using the Kaplan—Meier method and compared using the two-sided log rank test. All tests were
580 two-sided. P values were adjusted for multiple comparisons using Holm’s procedure. A P value of
581  0.05 or less was considered statistically significant. The p-values are represented as: * <0.05, **

582  <0.01, *** <0.001, and **** <0.0001
583
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630 Fig. 1. FXa inhibits wild-type SARS-CoV-2 infection by targeting viral particles. (a and b)
631  FX protein levels in lungs (a) or serum (b) of COVID-19 patients vs. non-COVID-19 donors, using
632 IHC (a) and ELISA (b), respectively. (¢) FX concentrations in serum of COVID-19 patients as
633  shown post diagnosis of infection were measured by ELISA. (d and e) HEK293T cells co-
634  transfected with ACE2 and FXa or an EV in the absence (d) or presence (e) of TMPRSS2 were
635 infected by VSV-SARS-CoV-2, and quantified by flow cytometry at 16, 24, 36, and 48 hpi. (f)
636 MAI104 cells transduced with FXa (MA104-FXa) or EV (MA104-EV) were infected by VSV-
637 SARS-CoV-2 and imaged at 16, 24, 36, and 48 hpi by fluorescence microscopy. (g and h) VSV-
638 SARS-CoV-2 was preincubated with FXa at indicated concentrations 1 hour before infection. Cells
639  were imaged at 16, 24, 36, and 48 hpi by fluorescence microscopy (g) and the corresponding
640 infectivity was measured by flow cytometry (h). (i and j). MA104 and Vero E6 cells were infected
641  with live wild-type SARS-CoV-2. At 24 hpi, infectivity was measured by immune-plaque assay
642  (1). (J) The summary data of (i). Experiments in i are representative of two independent experiments
643  with similar data, and the other data are representative of at least three independent experiments.
644  For all panels, error bars indicate standard deviation (SD), and statistical analyses were performed
645 by Student’s t tests (b-e) and linear mixed model (h). *P <0.05; **P <0.01; ***P <0.001; ****p <
646  0.0001; n.s, not significant.

647
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650
651

652  Fig. 2. FXa suppresses viral entry by binding to and cleaving the SARS-CoV-2 S protein. (a)
653  The binding affinity of FXa with full-length wild-type S protein, subunit S1, subunit S2, and RBD
654  was quantified by ELISA. (b and ¢) The interaction between FXa protein and full-length S protein
655  was examined by pull-down assay (b). The binding affinity at indicated concentrations of FXa was
656  measured by ELISA (c). (d) The cleavage of S protein by furin, TMPRSS?2, and FXa was analyzed
657 by immunoblotting. (e). Schema of the cleavage sites for furin, TMPRSS2 and FXa on the full-
658 length S protein. (f) 293 T cells were co-transfected with a S protein expression plasmid and
659  various amounts of an FXa expression plasmid. S protein cleavage by FXa inside of cells was
660  analyzed by immunoblotting. All data are representative of at least three independent experiments.

661  Experiments in b and d are representative of three independent experiments with similar data. For
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662  all panels, error bars indicate SD, and statistical analyses were performed by one-way ANOV A

663 models. **¥*P < (0.001.
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667  Fig. 3. FXa cleavage blocks the binding between S protein and ACE2. (a) The binding between
668  ACE2 with S protein or FXa-pretreated S protein was measured by ELISA. (b and c¢) The binding
669  between S protein or FXa-pretreated S protein and ACE2 expressed on 293T cells was measured
670 by flow cytometry (b and ¢, summary data). (d) The binding of FXa with S protein, S protein-
671  ACE2 complex, or PBS control, assessed by ELISA. (e and f) The binding between the S protein
672  or the S protein-ACE2 complex with FXa expressed on 293T cells. PBS served as control for S
673  protein and S protein-ACE2 complex. (g) The effect of RIVA or FONDA on the binding of FXa
674  with S protein was measured by ELISA. (h and i) The infectivity of FXa-pretreated vs. untreated
675 VSV-SARS-CoV-2in MA104 cells in the presence or absence of RIVA or FONDA was examined
676  with fluorescent microscopy (h) and flow cytometry (i). (j) S protein cleavage by FXa in the
677  presence or absence of RIVA or FONDA was examined by immunoblot. (k and 1) FXa pretreated
678  with or without RIVA or FONDA was incubated with S protein, followed by assessing the binding
679  capability of these S proteins with ACE2 coated on a plate (j) or expressed on 293T cells (I). (m)
680  The infectivity of FXa-pretreated vs. untreated live SARS-CoV-2 in MA104 cells in the presence
681  or absence of RIVA or FONDA was examined using an immune-plaque assay. All data are
682  representative of at least three independent experiments. Experiments in h and j are representative
683  of three independent experiments with similar data. For all panels, error bars indicate SD, and
684  statistical analyses were performed by one-way ANOVA models. ***P< 0.001; n.s, not
685  significant.
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Figure 4

Fig. 4. The effect of FXa protein on WT SARS-CoV-2 infection in a K18-hACE2 mouse

model of COVID-19. (a and b) Body weight (a) and survival (b) of mice infected with 3x103

PFU SARS-CoV-2 WTstrain and treated with or without FXa-Fc fusion protein. Fc-protein was

used as control. (c-e) Viral load in the tracheas (c), lungs (d), and brains (e) of mice treated with

or without FXa-Fc fusion protein or Fc control was assessed by Q-PCR. (f) The presence of SARS-
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CoV-2 was determined using IHC staining with an antibody against viral nucleocapsid protein
(NP) in the brain and lung of mice treated with FXa-Fc or Fc-protein. Pathological analysis of the
lung of mice treated with or without FXa-Fc or Fc-protein as performed by H&E staining. For all

panels, error bars indicate SD, and statistical analyses were performed by one-way ANOVA

models (c, d, e) and log-rank test (b). ***P <(0.001; n.s, not significant.
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Fig. 5. The effect of the direct FXa inhibitor RIVA and the indirect inhibitor FONDA on
FXa-mediated protection of K18-hACE2 mice from WT SARS-CoV-2 infection. (a and b)
Body weight (a) and survival (b) of mice infected with 3x10° PFU SARS-CoV-2 (WT-1) and
treated with or without FXa-Fc in the presence or absence of RIVA or FONDA. (c-e) Viral load
in the trachea (c), lung (d), and brain (e) of mice treated with or without FXa-Fc in the presence or
absence of RIVA or FONDA was assessed by Q-PCR. For all panels, error bars indicate SD, and
statistical analyses were performed by one-way ANOVA models (c, d, e) and log-rank test (b).

**P <0.01; ***P <0.001; n.s, not significant.
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714  Fig. 6. FXa blocks the B.1.1.7 variant infection less efficiently compared to the WT SARS-
715  CoV-2 due to different binding affinity to the corresponding S protein. (a) MA104 and Vero
716  E6 cells were infected with either the live wild-type or the B.1.1.7 variant of SARS-CoV-2
717  pretreated with different doses of FXa. At 24 hpi, infectivity was measured by immune-plaque
718  assay. The representative infection and the summary data are presented at the left and right,
719  respectively. (b) MA104 and Vero E6 cells were infected with live wild-type or the B.1.1.7 SARS-
720  CoV-2 variant pretreated with FXa at different MOIs. At 24 hpi, infectivity was measured by
721  immune-plaque assay (left panel) and the infection inhibition ratio induced by FXa at different
722 MOIs are summarized (right panel). (¢) The binding FXa with wild-type S protein or B.1.1.7
723  variant S protein, assessed by ELISA. (d) The binding between wild-type S protein or B.1.1.7
724  variant S protein with FXa expressed on 293T cells, assessed by flow cytometry. PBS serves as
725  control. For all panels, error bars indicate SD, and statistical analyses were performed by one-way

726 ANOVA models. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s, not significant.
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Fig. 7. The effect of FXa protein on live B.1.1.7 variant infection in in a lethal humanized
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hACE2 mouse model of SARS-CoV-2 infection. (a and b) Body weight (a) and survival (b) of
mice infected with 3x10° PFU wild-type SARS-CoV-2 or B.1.1.7 variant and treated with or
without FXa-Fc fusion protein. (¢ and d) Viral load in the lung (c) and brain (d) of mice treated
with or without FXa-Fc fusion protein was assessed by quantitative PCR. For all panels, error bars
indicate SD, and statistical analyses were performed by one-way ANOVA models (¢ and d) and
log-rank test (b). ***P < 0.001; n.s, not significant.
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