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ORF8 protein of SARS-CoV-2 reduces male fertility in mice
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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has caused one of the most severe pandemics in human history
(WHO). Sharing 79.6% sequence identity to SARS-CoV, SARS-

CoV-2 causes similar syndromes to (although less severe than)
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Abstract

As one of the most rapidly evolving proteins of the genus Betacoronavirus, open
reading frames (ORF8's) function and potential pathological consequence in vivo are
still obscure. In this study, we show that the secretion of ORF8 is dependent on its
N-terminal signal peptide sequence and can be inhibited by reactive oxygen species
scavenger and endoplasmic reticulum-Golgi transportation inhibitor in cultured cells.
To trace the effect of its possible in vivo secretion, we examined the plasma samples
of coronavirus disease 2019 (COVID-19) convalescent patients and found that the
patients aged from 40 to 60 had higher antibody titers than those under 40. To
explore ORF8's in vivo function, we administered the mice with ORF8 via tail-vein
injection to simulate the circulating ORF8 in the patient. Although no apparent
difference in body weight, food intake, and vitality was detected between vehicle-
and ORF8-treated mice, the latter displayed morphological abnormalities of testes
and epididymides, as indicated by the loss of the central ductal lumen accompanied
by a decreased fertility in 5-week-old male mice. Furthermore, the analysis of gene
expression in the testes between vehicle- and ORF8-treated mice identified a
decreased expression of Collal, the loss of which is known to be associated with
mice's infertility. Although whether our observation in mice could be translated to
humans remains unclear, our study provides a potential mouse model that can be
used to investigate the impact of severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) infection on the human reproductive system.
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SARS-CoV. The typical syndromes include fever, dry cough,
dyspnea, fatigue, headache, and pneumonia.!® Besides these
syndromes, the recent studies reported that the infection of
SARS-CoV-2 can lead to interstitial edema, congestion, and red
blood cell exudation in testes and epididymis, which likely

contributes to the reduced sperm count and motility, and even
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potential infertility.*® The underlying molecular mechanisms for
SARS-CoV-2-specific syndromes are still mostly obscure.

Belonging to the genus Betacoronavirus of the Coronaviridae
family, SARS-CoV-2 encodes 16 nonstructural proteins (nsps),
4 structural proteins, and at least 7 known accessory proteins
using its at least 9 known open reading frames (ORFs). Among all
these viral proteins, spike (S) and ORF8 are the most rapidly
evolving ones.®"12 The rapid evolvement of S protein contributes
to the different efficiency of viral spread, most likely by
increasing its affinity to the host cell receptor, angiotensin-
converting enzyme 2 (ACE2), thus promoting the viral entry
process. ORF8 of SARS-CoV-2 shares less than 20% sequence
identity with its counterpart of SARS-CoV, ORF8a, or ORF8b.
Viral sequence analyses have identified frequent mutations or
deletions in the ORF8 coding sequence in various strains isolated
from patients.'®> 1 However, the advantage of these genetic
alternations for the virus is still unknown.

The known function of ORF8 indicates its close relation with
immune regulation. ORF8 affects the adaptive immune response and
accounts for SARS-CoV-2-mediated downregulation of major histo-
compatibility complex class | through the lysosome degradation
mechanism.'” ORF8 contributes to cytokine storm by activating the
IL-17 pathway.'® Moreover, ORF8 could affect the innate immune
response. The intracellular ORF8 aggregates inhibit IFN-y-induced
antiviral gene expression.’? It antagonizes the production of
interferon-B and alters the interferon regulatory factor 3's binding
network, leading to immune evasion.2%21

In this study, we reported that exogenous administration of
ORF8 can reduce the fertility of male mice. We showed that the
signal peptide at the N-terminus of ORF8 was essential for the
secretion of ORF8. The ORF8 was secreted through the canonical
endoplasmic reticulum (ER)-Golgi route, which is sensitive to the
inhibitory effect of Brefeldin A. The disulfide bonds in the ORF8
render it sensitive to the treatment of Reactive Oxygen Species
(ROS) scavengers. ROS scavenger treatment decreased the
stability of ORF8 and thus decreased its secretion. By examining
the plasma samples from 82 convalescent COVID patients
infected with SARS-CoV-2, we found a significant increase in
ORF8-specific IgG antibody titers in both female and male
patients, indicating a possible in vivo secretion of ORF8. To
investigate the impact of ORF8 in vivo, we administered the
ORF8 to the male mice through the tail-vein injection. We
observed the swelling testes and epididymides of male mice and a
decreased pregnancy rate for female mice, which were mated
with ORF8-treated 5-week-old male mice. To delineate the
potential target of ORF8, we performed a comparative analysis
of gene expression between vehicle and ORF8-treated mice with
RNA sequencing (RNA-seq) and identified an expression decrease
of Collal, which is possibly accountable for infertility. We
believe this infertility model of male mice may contribute to the
research and the development of new therapeutic agents to

mitigate or cure SARS-CoV-2-induced infertility.

2 | RESULTS

2.1 | ORF8 is a secretory protein of SARS-CoV-2
ORF8 is one of the most evolving proteins for Betacoronavirus, while
the knowledge for its in vivo function is limited. Using SignalP-5.0, we
identified a signal peptide sequence at its N-terminus, indicating that
ORF8 may be actively secreted and play an unknown role in the
circulation system (Figure 1A).

We first investigated the secretion of ORF8 in mammalian cells.
ORF8-green fluorescent protein (GFP) and GFP plasmids were
transfected into HEK293T cells. The expression level of ORF8-GFP
and GFP in the cell culture medium at multiple time points
posttransfection was identified via western blot analysis (WB)
(Figure 1B). The results showed that the secretion of ORF8-GFP
protein peaked 1 day posttransfection and steadily declined, while on
the contrary, the level of GFP protein in the cell culture medium
increased gradually, which is likely released by the increased number
of dead cells (Figure 1B).

To determine the essential role of signal peptide sequence for
the secretion of ORF8, we expressed ORF8-GFP without the signal
peptide sequence (A1-14) in the HEK293T cells. We observed that
the deletion of the signal peptide sequence decreased both the
secreted ORF8 and the intracellular ORF8, indicating that the
deletion of signal peptide decreases both the stability (Figure 1C,D)
and the secretion (Figure 1C,E) of ORF8.

Disulfide bonds play essential roles in the formation of ORF8
structure.® We treated the cells expressing ORF8 with ROS
scavenger, 2,2,6,6-tetramethyl-4-piperidinyl-1-oxy (TEMPO), to dis-
turb the disulfide bond formation of ORF8. The results showed that
TEMPO decreased the intracellular protein expression level
(Figure 1F,G) and the secretion rate (Figure 1F,H) of ORF8. Seven
cysteines in ORF8 are involved in the disulfide bond formation. C25/
C90, C37/C102, and C61/C83 form the intramolecular disulfide
bonds, whereas C20 is responsible for forming intermolecular
disulfide bonds, which are essential for the dimerization of ORF8
(Figure 1A). To dissect the role of each cysteine residue in the
secretion of ORF8, we mutagenized each cysteine to serine to disrupt
the formation of the related disulfide bond. The mutations of cysteine
to serine varied in the alteration of the expression of ORF8
(Figure 11,J), while most mutations decreased the secretion rate of
ORF8 except C20S (Figure 11,K).

The structure and sequence analysis identified a glycosylation
site, N78, in ORF8 (Figure 1A). To determine the role of glycosylation
of ORF8 in the secretion, we mutagenized the residue 78 from N to
Q, which largely retains the structure and charge of asparagine and
thus minimizes the impact of the mutation on the protein folding.
N78Q mutation drastically increased the stability and the secretion of
ORF8 (Figure 1LM) and barely altered the secretion rate
(Figure 1L,N), indicating that the glycosylation on N78 of ORF8 is
not essential for the secretion but plays a crucial role in the

degradation of ORF8 protein.
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To further determine that the secretion route of ORF8 is from
ER to Golgi complex (Golgi), we employed Brefeldin A, an inhibitor
preventing the association of COP-1 coat to the Golgi membrane, to
treat the cells with the ORF8 expression. The results showed that the
treatment of Brefeldin A decreased the secretion of ORF8
(Figure 10,Q) and led to the accumulation of intracellular ORF8
(Figure 10,P). We observed that the treatment of Brefeldin A also
decreased the secretion of ORF8 with N78Q mutation (Figure 10,Q).
Interestingly, the treatment of Brefeldin A failed to lead to the
accumulation of ORF8 with N78Q mutation as it did on wild-type
(WT) ORF8 (Figure 10,P). Our results indicate that together with
Golgi, the glycosylation plays a crucial role in ORF8 degradation.

MEDICAL VIROLOGY

2.2 | Anti-ORF8-specific IgG antibodies were
detected in convalescent COVID-19 patients

As discussed in the previous section, we found that ORF8 was secreted in
the cell culture system. Next, we sought to investigate whether ORF8
could be secreted in vivo. We measured the antibodies against ORF8 in
the serum samples from convalescent COVID-19 patients via enzyme-
linked immunosorbent assay (ELISA). Eighty-two COVID-19 convalescent
patients were recruited for study at least 14 days after being free of
COVID symptoms. The results showed that SARS-CoV-2 infection-
induced strong ORF8-specific humoral response in both males and
females (Figure 2A,B). Besides, the area value enclosed by the serum
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dilution curve and the horizontal axis was calculated to determine the
area value under the curve. Similarly, both female and male convalescent
patients showed higher ORF8-specific IgG antibody titers compared to
healthy donors’ serum (p <0.001), and no statistical differences were
identified between female and male patients (Figure 2C). In addition, we
found that the convalescent patients aged between 40 and 60 had higher
antibody titers against ORF8 than those under 40 (p < 0.05) (Figure 2D).
Consistent with the previous report indicating that nucleocapsid, ORF8,
and ORF3b proteins elicited the strongest specific antibody response?? in
the COVID-19 patients, our results showed a strong ORF8 antibody
response retained in COVID-19 convalescent patients and suggested a
possible secretion of ORF8 in vivo.

Since many serum samples from COVID convalescent patients,
which exhibited a strong antibody response to ORF8, were collected
at least 14 days after free of symptoms of COVID-19, we speculated
the existence of memory B cells expressing ORF8-specific monoclo-
nal antibodies (mAbs) in the blood samples. To enrich these memory
B cells, we utilized biotinylated ORF8 as the bait to recognize and
sort the specific memory B cells. Variable regions of IgG antibodies
were then amplificated through single-cell polymerase chain reaction
(PCR). After mAbs were cloned into IgG expression vector and
purified, three mAbs, CD408, CD513, and CD577, were confirmed to
detect ORF8s strongly (Figure 2E).

2.3 | The circulating ORF8 in 5-week-old mice
leads to impaired reproductive system

To further investigate the in vivo impact of ORF8, we administered
ORF8, which was purified via mammalian expression system, to male
mice via tail-vein injection. Without knowing the influence of age on
the animal sensitivity to the ORF8, we selected 5-week-old and
7-week-old WT C57BL/6 mice.

The administration of ORF8 on mice was performed as described in
Figure 3A. We did not observe the noticeable differences in body weight,
food intake, and vitality between mice treated with vehicle and ORF8.
One week after the last injection, we euthanized the mice and examined
the morphological change of various organs. The most apparent
difference happened in testes and epididymides. We observed different
degrees of swellings on testes (Figure 3B) and epididymides (Figure 3C) of
5-week-old mice, which did not occur on 7-week-old mice.

Due to this phenotype, we speculated about a malfunction of the
reproductive system. We first examined the quality of sperm.
Morphological differences of sperms between vehicle- and ORF8-
treated mice were not evident (Figure 3D). However, a significant
increase was observed in the sperm immobility of ORF8-treated
5-week-old mice (Figure 3E), not 7-week-old mice (Figure 3F). To
obtain a close look at the reproductive system, we did a histological
analysis of testes and epididymides of the mice treated with vehicle
or ORF8. The testis histological results showed an apparent injury to
the architecture of the seminiferous tubules, as indicated by the
partial loss of the central ductal lumen (Figure 3G). Morphological
abnormalities of epididymides were also observed, as indicated by
the partial loss of inter-luminal tissue (Figure 3H). Consistent with
data of sperm immobility (Figure 3E,F), more pathological lesions
were observed in the ORF8-treated 5-week-old mice than ORF8-
treated 7-week-old mice (Figure 3l,J), indicating that 5-week-old mice

are more vulnerable to the treatment of ORF8 than 7-week-old mice.

2.4 | The circulating ORF8 induced the infertility of
5-week-old male mice

To investigate the functional consequences of the circulating ORF8
on the reproductive system, we first examined testosterone levels in

the blood. We cannot detect a statistically significant difference in

FIGURE 1 ORF8is a secretory protein of SARS-CoV-2. (A) Schematic illustration of the structure of ORF8. ORF8 protein has a 14-aa signal
peptide sequence (green arrow and letters in green) and eight beta-strands (orange arrows). Seven cysteine residues (red) are involved in the
disulfide bond formation. The pairs of cysteine residues, which form the disulfide bonds, are linked with lines. The cysteine residue 20 mediated
the intermolecular disulfide bond formation. (B) HEK293T cells were transfected with the ORF8-GFP and GFP plasmids. One day
posttransfection, the supernatants were collected and replaced with a fresh medium. The supernatants were subjected to WB and detected with
a GFP antibody. (C) HEK293T cells were transfected with the ORF8-GFP WT or A1-14 mutant and mCherry plasmids. One day posttransfection,
the supernatants were collected, and the cells were lysed in RIPA buffer containing 1% SDS. The samples were subjected to WB analysis. The
densitometry of each band was performed with Image Studio™ Lite software. (D) The relative expression levels of WT and A1-14 were obtained
by normalizing with the amount of WT and A1-14 with that of mCherry. (E) The secretion rate of WT or A1-14 was obtained by normalizing the
WT or A1-14 amount of the culture medium with that of cell lysate. HEK293T cells were transfected with the ORF8-GFP WT and mCherry
plasmids and then treated with TEMPO at indicated concentrations. (F) The samples were subjected to WB analysis. The relative expression and
the secretion rate of ORF8-GFP were presented in (G) and (H), respectively. Same as (C-E), the samples for ORF8-GFP WT or various cysteine
mutants were examined with WB (1), and the relative expression and the secretion rate of ORF8-GFP were presented in (J) and (K), respectively.
Like (C-E), the samples for ORF8-GFP WT or N78Q mutant were examined with WB (L). The relative expression (M) and the secretion rate (N) of
ORF8-GFP or N78Q were presented. HEK293T cells were transfected with ORF8-GFP or N78Q mutant and then treated with Brefeldin A at
indicated concentrations. The samples were subjected to WB (O), the relative expression and the secretion rate of ORF8-GFP or N78Q were
presented in (P) and (Q), respectively. Data are presented as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001; two-tailed unpaired Student's
t-test. GFP, green fluorescent protein; ORF, open reading frames; RIPA, radioimmunoprecipitation assay; SARS-CoV-2,severe acute respiratory
syndrome coronavirus 2; SDS, sodium dodecyl sulfate; SEM, standard error of mean; TEMPO, 2,2,6,6-tetramethyl-4-piperidinyl-1-oxy;

WB, western blot analysis; WT, wild-type.
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the blood testosterone level between vehicle- and ORF8-treated
mice, consistent with the aforementioned data of no evident
morphological differences of sperms between vehicle- and ORF8-
treated mice (Figures 3D and 4A).

Next, we mated the female mice with vehicle- or ORF8-treated male
mice. Consistent with the substantial injury to testes and epididymides,
the pregnancy rate was reduced significantly for female mice mated with
ORF8-treated 5-week-old male mice (9 nonpregnant out of total 14)
compared with vehicle-treated 5-week-old male mice (1 nonpregnant out
of total 10), as indicated by the difference in body weight increase and
the delivery of live fetuses (Figure 4B,D). A similar difference was not
observed for the 7-week-old male mice (Figure 4C,E). No significant
difference in the number of live fetuses recovered from pregnant females
was observed, while 3 out of 14 female mice, all of which mated with
ORF8-treated 5-week-old male mice, gained weight in the early days
after mating, failed to retain the body weight increase, and failed to give
the normal fetuses. Moreover, we observed an apparent delay in the
delivery of female mice mated with ORF8-treated 5-week-old male mice,
suggesting that ORF8 treatment could affect male fertility by possibly
reducing the sex drive (Figure 4B).

To further explore the molecular mechanism for ORF8-induced
infertility, we analyzed the gene expressions in the homogenate of testes
via RNA-seq. The RNA-seq results identified 80 upregulated genes
(Figure 4F,G) and 126 downregulated genes (Figure 4F,H and Supporting
Information: Table 1). Although a set of DNA-binding transcription factors
and activators for RNA polymerase Il was decreased by ORF8 treatment
(Figure 4H), drastic increases in the amount of the proteins functioning in
integrin binding and protein binding were identified, indicating a possible
elevated activity for an injury-driven tissue repair (Figure 4G). Moreover,
Col11a2 and Collal functioning in extracellular matrix structural
conferring tensile strength were downregulated (Figure 4F). Silencing of
Colal was shown to suppress spermatogonia self-renewal.?® Thus,
Col1al could be a breakthrough point in investigating the mechanism of
ORF8-caused the infertility of male mice.

3 | DISCUSSION

Consistent with a previous report,*’

we confirmed that the signal
peptide at the N-terminus regulated the secretion of ORF8, leading

us to explore a possible extracellular function of ORF8. Our study

confirmed the crucial roles of disulfide bonds in stabilizing the ORF8
structure by altering the redox homeostasis or mutagenizing the
cysteines in ORF8, indicating antioxidants’ therapeutic potential in
the treatment of ORF8-associated symptoms. Moreover, our
evidence suggested that ORF8 was degraded in glycosylation and
Golgi-dependent manner, indicating that the Endosome and Golgi-
associated degradation plays a crucial role in the protein turnover
of ORF8.

Hachim et al. reported that nucleocapsid, ORF8, and ORF3b
proteins elicited the strongest specific antibody response in
COVID-19 patients. Similarly, our results showed that a strong
ORF8 antibody response was retained in COVID-19 convalescent
patients, and the antibody response had no gender preference. Our
study first identified that ORF8 elicited a more robust antibody
response in convalescent patients aged from 40 to 60 than those
under 40. Together with the data from cell culture, these data
indicated a possible function of ORF8 in the circulation system.

To determine the impact of ORF8 in vivo, we employed purified
ORF8 protein to treat male mice through tail-vein injection.
Histological results showed the loss of germ cells and sloughing of
luminal cells from testicular tubular basement membranes, which is
consistent with the previous observation on the tissues from
deceased COVID patients.?*

Viral infections lead to male infertility, either by directly attacking the
reproductive system or indirectly by eliciting the local immunological or
inflammatory responses to damage the reproductive system.2> Various
viruses, including Zika,2® Mumps,?” HBV,2® HPV,?? HSV,*® and HCV,*
are known to cause male infertility. The SARS-CoV-2 infection has been
reported to impair sperm quality®? and causes significant seminiferous
tubular injury, reduced Leydig cells, and mild lymphocytic inflammation.2*
In the last several months, we witnessed a rapidly growing body of
literature concerning SARS-CoV-2-related infertility, but the clue for the
mechanistic explanation is still limited. Most attention has focused on a
possible direct infection of SARS-CoV-2, largely because the elevated
expression of ACE2 has been found in testicular Sertoli cells, Leydig cells,
and glandular cells of the seminal vesicle, as compared with other
tissues.>*** However, several independent studies showed no evidence
of SARS-CoV-2 in semen.>*"¥” Since the phenotype in our study was
induced by ORF8, and mouse ACE2 cannot function as the cell-entry
receptor for SARS-CoV-2, we speculate that instead of direct viral
invasion, SARS-CoV-2 can indirectly impair male fertility.

FIGURE 2 Anti-ORF8-specific IgG antibodies were detected in convalescent COVID-19 patients. (A) Serial dilutions of plasma samples were
analyzed for binding to ORF8 via ELISA. The initial dilutions for plasma in COVID-19 convalescent patients (n = 82) and healthy donors (n = 69)
were 1:200, followed by a threefold serial dilution. (B) Anti SARS-CoV-2 ORF8 antibody titers in COVID-19 convalescent patients and healthy
donors determined by ELISA. (C) Data from the same experiments with (A) were presented as AUC. (D) IgG response against ORF8 in different
age groups of COVID-19 convalescent patients. (E) Three ORF8 specific antibodies were cloned from the memory B cells from COVID-19
convalescent patient, and the titers of antibodies were examined as presented. AUC, area under curve; COVID, coronavirus; ELISA, enzyme-
linked immunosorbent assay; HD, healthy donor; NS, not significant; ORF, open reading frames; Pt, patient; SARS-CoV-2,severe acute
respiratory syndrome coronavirus 2. Data are representative of two independent experiments. Data are presented as mean + SEM. Comparisons
between two groups were performed using a nonparametric rank-sum test. p < 0.05 were considered significant. *p < 0.05, **p < 0.01,

***p < 0.001.
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FIGURE 4 The circulating ORF8 induced the infertility of 5-week-old male mice. (A) The testosterone level of vehicle- and ORF8-treated
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mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001; two-tailed unpaired Student's t-test. ORF, open reading frames; RNA seq, RNA sequencing.

Genome-wide RNA-seq analysis identified a drastic decrease
in the messenger RNA (mRNA) level of Collal in the testes of
ORF8-treated mice. Collal is one of the major subunits of type |
collagen, the major component of connective tissue, providing
the connection between Sertoli cells and germ cells. Thus, Collal
plays an essential role in maintaining spermatogonial homeosta-
sis.2%3® Our study showed that 5-week-old mice were more
sensitive to the ORF8 treatment than 7-week-old mice. Interest-

ingly, Collal expression in 6-day-old mice was at a much higher

level than in 60-day-old mice, indicating a possible correlation
between the expression level of Collal and sensitivity to ORF8-
induced infertility.2® The mechanistic explanation for the associ-
ation between ORF8 and Collal awaits further investigations.
We acknowledge that the results in this study may only
reflect the impact of ORF8 in mice. At the same time, considering
the similar infertility phenotype between humans and mice,
including the similar injury in the ductal lumen in the reproductive

system, we believe this infertility model of male mice may benefit
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the research and the development of new therapeutic
agents to mitigate or cure SARS-CoV-2-induced infertility. Our
study also raises a concern about the safety of the attenuated
SARS-CoV-2 vaccine under development, which retains the

ability to express ORF8.

4 | MATERIALS AND METHODS

4.1 | Cell lines and culture

HEK293T, U-2 OS, and Vero E6 cell lines are cultured in Dulbecco's
modified Eagle's medium (DMEM) (Thermo Fisher Scientific; C11960500),
supplemented with 10% fetal bovine serum (PAN Biotech; ST30-3302),
100 unit/ml 100 pg/ml Fisher
Scientific; 15140-122), which is designated as a complete medium, at
37°C with 5% CO,.

penicillin, streptomycin  (Thermo

4.2 | Plasmid construction

The coding sequences of ORF8 were amplified from COVID-19
replicons,®’ based on the strain of SARS-CoV-2 Wuhan-Hu-1
(MN908947.3) with PCR. The PCR fragment was inserted into
LPC vector,*® with a tandem tag of HA/FLAG and His after the
insertion site for ORF8. We failed to obtain a decent expression
of both ORF8-HA-His and ORF8-FLAG-His. In our lab practice,
we fuse the protein with GFP to improve its expression.'®
Accordingly, we constructed the plasmid, which expresses ORF8-
GFP in the mammalian cells. A1-14 ORF8-GFP was constructed
by replacing the WT ORF8 with ORF8 with the deletion of aa
1-14 (KFLVFLGITTVAA). The glycosylation mutation of N78Q
and the cysteine mutations of C20S, C25S, C37S, C61S, C83S,
C90S, and C102S were performed using site-directed mutagene-
sis procedure as described previously.*!

4.3 | Protein expression and purification

A PCR fragment encoding WT ORF8 was cloned into the
pcDNA3.4 mammalian expression vector. The construct contains
an N-terminal 10xHis tag followed by a Strep-Tag Il sequence and
a 3 C protease site. ORF8 recombinant protein was expressed
using Expi293F cells in suspension culture with OPM CDO5
serum-free medium (OPM Biosciences; 81075-001). Supernatant
was harvested after 5 days and purified using Ni-NTA affinity
column (Qiagen) followed by StrepTrap HP column (Cytiva). ORF8
was cleaved with 3 C protease at 4°C overnight and further
purified by gel filtration (Superdex 200; Cytiva). Purified ORF8
was dialyzed in PBS buffer (pH 7.4) and then sterilized by being
passed through a 0.22 um filter. The final protein of 1 mg/ml in

sterile PBS buffer was used for mouse injection.
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4.4 | Transfections

HEK293T, U-2 OS, or Vero E6 were transfected with LPC-ORF8-GFP
and mCherry plasmids using Hieff Trans™ Liposomal Transfection
Reagent (Yeasen Biotech; 40802ES03) following the manufacturer's
instructions. Briefly, 1 day before transfection, 1.5 x 10° cells were
plated in a 6 cm dish. One hour before transfection, the complete
medium was replaced with DMEM. The mixture of plasmids and
Liposomal Transfection Reagent was dropwise added in the cell
culture. Seven hours posttransfection, the culture medium was
replaced with a complete fresh medium and then treated with
indicated drugs. The culture medium was collected for the detection
of secretory proteins, and the same volume of complete fresh

medium was added into the dishes at indicated time points.

4.5 | Reagents and antibodies

The following antibodies were used: polyclonal rabbit anti-GFP
antibody (Proteintech; 50430-2-AP; 1:1000 for WB), mouse anti-
mCherry antibody (Abbkine; A02080; 1:1000 for WB), goat anti-
mouse antibody (LI-COR; 926-32211; 1:10 000 for WB), goat anti-
rabbit antibody (LI-COR; 926-68070; 1:10000 for WB), Alexa
Fluor™ 594 goat anti-mouse 1gG (H+L) (Thermo Fisher Scien-
tific; A11005, 1:1000 for IF), and Alexa Fluor™ 488 goat anti-rabbit
IgG (H + L) (Thermo Fisher Scientific; A11008; 1:1000 for IF).

The following reagents were used: TEMPO (Sigma-Aldrich; 214000),
Brefeldin A (Topscience; T6062), TRIzo™ Reagent (Invitrogen; AM9738),
propidium iodide (Yeason; 25535-16-4). SYBR Premix Ex Taq (TA-
KARA; RR420A), and Revert Aid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific; K1622), Hieff Trans™ Liposomal Transfection Reagent
(Yeasen; 40802 ES03), Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific; 23227), paraffin (Thermo Fisher Scientific; 8330), xylene
(Sangon Biotech; A530011-0500), Hematoxylin-Eosin (HE) staining kit
(Sangon Biotech; E607318-0200), Ready To Use HP IHC Detection
Kit  (Absin; abs957), ELISA  Kit
Biotech; D751045-0096).

T (Testosterone) (Sangon

46 | WB

HEK293T and Vero E6 cells from different dishes were lysed in the
same volume of RIPA buffer (50 mM Tris-HCI, pH 8.0, 0.5% sodium
deoxycholate, 1% sodium dodecyl sulfate (SDS), 1% Triton-X-100,
150 mM NacCl). All lysates were quantified using BCA protein assay
reagent (Thermo Fisher Scientific; 23227) and loaded into the 12.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The cell culture supernatants from different dishes were
collected, and the volumes of different samples for SDS-PAGE
analysis were determined according to the loading volumes of the
related cell lysates. After SDS-PAGE, the samples in the gel were

transferred to nitrocellulose membranes. After being blocked with
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blocking buffer (PBS containing 5% nonfat milk and 0.05% Tween 20
(PBST) for 1 h at room temperature, the membrane was incubated in
blocking buffer containing primary antibodies (1:1000) against GFP
and mCherry overnight at 4°C. After being washed five times with
PBST, the membrane was incubated in blocking buffer containing the
goat anti-rabbit or goat anti-mouse secondary antibody (1:10 000) for
1 h at room temperature. After being washed five times with PBST,
the membrane was imaged and analyzed with an Odyssey Imager
(LI-COR), and all the bands were normalized with mCherry bands,
which served as the internal reference.

4.7 | Patient samples

A total of 82 COVID-19 convalescent patients’ blood samples were
enrolled for study during the early stages of the outbreak from
February 2020 to March 2020, at least 14 days after being free of
symptoms of COVID-19. Of these convalescent patients, 45
(54.88%) were female, and 37 (45.12%) were male. Sixty-nine healthy
donors were acquired as negative control before the pandemic
outbreak. All study procedures were approved by the Research Ethics
Committee of School of Public Health (Shenzhen), Sun Yat-sen
University, China.

4.8 | ELISA

Ninety-six-well high-protein binding microtiter plates (Costar) were
coated with 50 ul of SARS-CoV-2 ORF8 at 2 ug/ml in PBS and
incubated overnight at 4°C. After washing the plates six times with
PBS containing 0.2% Tween 20 and blocking with PBS containing 3%
BSA, threefold serially diluted mAbs starting at 10 pg/ml (or 1:200
COVID-19 convalescent plasma) were added into the plates and
incubated for 1 h at 37°C. Plates were washed six times with PBST
and then incubated with HRP (horseradish peroxidase)-conjugated
goat anti-human IgG (JACKON) for 1h at 37°C. The plate was
developed with Super Aquablue ELISA substrate (eBiosciences).
Absorbance was measured at 405nm for 10 min at 25°C on a
microplate spectrophotometer (BioTek). The data were analyzed

using GraphPad Prism (version 8).

49 | Flow cytometry

Peripheral blood mononuclear cells in blood samples from COVID-19
convalescent patients were extracted using a human lymphocyte
separation medium and then stained with the following fluorescent
antibodies: CD19-PB, CD27-APC, and CD38-PE (Biolegend). ORF8
was biotinylated using the NHS-PEG4-BIOTIN (Invitrogen) and then
conjugated with FITC-streptavidin (Biolegend), according to the
manufacturer's instructions. Flow cytometry analysis was mainly
performed as previously described.*? Specifically labeled cells were
sorted by FACS with a MoFlo Astrios EQ Flow Cytometer (Beckman).

410 | mAbs expression and purification

Variable regions of IgG antibodies were amplified through single-cell
PCR, and then mAb coding sequences were cloned into IgG
expression vector containing the human IgG constant regions. 1gG
mAbs were expressed by transfecting HEK293T cells with equal
amounts of heavy- and light-chain plasmids using polyethylenei-
mine and cultured for 5 days. The supernatant was collected and

purified using protein A agarose beads.’

411 | Mouse ORF8-treated experiments

Five-week and 7-week-old C57BL/6 male and female mice were
purchased from the Guangdong medical laboratory animal center and
housed under specific-pathogen-free condition. The protocols
involving animals were approved by the Animal Ethics Committee
of Sun Yat-sen University. The males of the same age were randomly
divided into vehicle-treated group and ORF8-treated group, and
were administered with vehicle and purified ORF8 (2 ug protein per
gram of body weight) via the tail-vein injection four times within
2 weeks. The protein was diluted in Tris-NaCl buffer (20 mM Tris-
HCI, pH 8.8, 150 mM NaCl). One week after the last injection, the
mice were euthanized, the blood was drawn for the measurement of
testosterone, the sperms were collected for computer-assisted sperm
analysis (CASA), and the tissues were collected for RNA-seq, H &
E staining.

412 | Histology

Tissues were harvested after dissection. The testes and epididymides
were fixed in Bouin's solution (PythonBio; AAPR437-500) overnight.
Five micrometer-thick tissue sections from vehicle- and ORF8-
treated mice were processed for histology by H & E staining or
immunohistochemistry, and the section was sealed with a neutral
resin (Solarbio; G8590). In the H & E staining process, the sections
were stained with HE staining kit (Sangon Biotech; E607318-0200).

4.13 | Measurement of testosterone

Eight hundred microliters of mouse blood was mixed with 80 ul 10%
sodium citrate solution. The mixture was centrifuged at 500g at 4°C
for 10 min, and the supernatant was collected and subjected to

testosterone assay by Sangon Biotech.

414 | CASA

One week after the last injection, the mice were euthanized, and the
sperms from the caudal epididymis of vehicle- and ORF8-treated
males were collected immediately after dissection. The sperm
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suspension in DMEM/F12 (Thermo Fisher Scientific; 11320033) was
analyzed for sperm motility by CASA using the automatic sperm
analyzer—MICROPTIC SCA® cAsA System. All measurements were
finished within 10 min after the dissection of cauda epididymis.

415 | Fertility studies

One day after the last injection, vehicle and ORF8-treated males
were mated with single age-matched female WT C57BL/6 mice. Five
days later, male mice were removed from the cage to terminate the
mating. The body weight values of each female were recorded daily
to monitor the pregnancy. After giving the birth of fetuses, the
female mice were euthanized, and the uteruses were collected for

histology analysis.

416 | Sample preparation for RNA-seq

The vehicle or ORF8-treated testes were chopped into small pieces,
and one-fourth of homogenate from one testis was resuspended and
incubated in 1ml TRIzol™ Reagent for 30min. The following
procedure was performed by following the manufacturer's instruc-
tions. RNA purity and concentration were determined using
NanoDrop One (Thermo Fisher Scientific) and 1% agarose gel

electrophoresis.

417 | RNA-seq

RNA-seq was performed by BGI. In brief, mMRNAs were purified with
Oligo(dT)-attached magnetic beads and fragmented with fragment
buffer (BGI). First-strand complementary DNA (cDNA) was generated
using reverse transcription with random hexamer primers, followed
by second-strand cDNA synthesis. A-Tailing Mix and RNA index
adapters were added. The cDNA fragments obtained from the
previous step were amplified by PCR, and the products were purified
by Ampure XP Beads and then dissolved in elution buffer solution.
The product quality was validated on the Agilent Technologies 2100
bioanalyzer, and then the products were heated, denatured, and
circularized by the splint oligo sequence to obtain the final library.
The single-strand circle DNA (ssCir DNA) was formatted as the final
library. The final library was amplified with phi29 DNA polymerase to
make DNA nanoball (DNB), which had more than 300 copies of one
molecular, DNBs were loaded into the patterned nanoarray, and
single-end 50-base reads were generated on BGIseq500 plat-
form (BGlI).

418 | RNA-seq informatics analysis

The sequencing data were filtered with SOAPnuke (v1.5.2) by (1)
Removing reads containing sequencing adapter; (2) Removing reads
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whose low-quality base ratio (base quality less than or equal to five) is
more than 20%,; (3) Removing reads whose unknown base (“N” base)
ratio is more than 5%, afterwards clean reads were obtained and
stored in FASTQ format. The clean reads were mapped to the
reference genome using HISAT2 (v2.0.4). Bowtie2 (v2.2.5) was
applied to align the clean reads to the reference coding gene set,
then the expression level of the gene was calculated by RSEM
(v1.2.12). The heatmap was drawn by pheatmap (v1.0.8) according to
the gene expression in different samples. Essentially, differential
expression analysis was performed using the DESeq2 (v1.4.5) with
Q<0.05. To take an insight into the change of phenotype, GO
(http://www.geneontology.org/) and KEGG (https://www.kegg.jp/)
enrichment analysis of annotated different expressed genes were
performed by Phyper based on Hypergeometric test. The significant
levels of terms and pathways were corrected by Q value with a
rigorous threshold (Q < 0.05) by Bonferroni.

419 | Statistical analysis

Statistical significance was performed using Origin 8.0 or Prism
GraphPad. All the experiments were performed at least three times.
Differences between two or three groups were analyzed by Student's
t-test or one-way analysis of variance. Results were considered

significant when p < 0.05.

420 | Image processing

Images were processed in Adobe Photoshop and lllustrator. The
densitometry of immunoblot bands were determined with Image
Studio™ Lite Software (LI-COR Biosciences).
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