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Abstract

Coronavirus disease 2019 (COVID-19) caused by the severe aqitatogg syndrome—coronavirus 2 (SARS-CoV-2) is a severe global
pandemic, affecting mostly the respiratory system. Understanddtagtion is also being directed towards the urogenital tratttis work,
expression patterns of various host molecules possibly involved ireatrgland replication were investigated in human female and male
reproductive systems by inquiring online repositories, including theaduPnotein Atlas, GTEx, FANTOMS. Our findings highlight that
male reproductive tissues could be targeted by SARS-CoV-2, patyahiartestis since it co-expresses the receptor (ACE2)hend
protease (TMPRSS) needed for viral entry. We hypothesized tiR&%#V-2 infection could have repercussions on the fertility stftus
male individuals Potential infectivity of SARS-CoV-2 irpreductive tissues should be considered in reproductive medicine and

management of in vitro fertilization in present and future gerersti
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Coronavirus disease 2019 (COVID-19) caused by the severe aqitatoeg syndrome—coronavirus 2 (SARS-CoV-2) is widely considered

as a dramatic global pandemic.

COVID-19 has been firstly characterized by respiratory msifens ranging from sore throat, rhinorrhea, cough, and dyspnea, to
pneumonia and acute respiratory distress syndrome with pathognomoniX-chgdeaturesq]. Other not specific symptoms are fever,
myalgia, headache, lymphopenia, increment of C-reactive prdtgposmia, and hypogeusid.[Nevertheless, new insights highlight that
other organs can be infected by SARS-CoV-2; indeed, in a miextidn of the cases, diarrhea, nausea, and vomiting are &porte
suggesting the involvement of the gastro-enteric systgrir{irthermore, proteinuria and acute renal tubular damage YAESMD9 patients
indicate kidney impairmeng] and elevated troponin T and N-terminal pro B-type natriuretic geptivels underline possible

cardiovascular injuryd].

The scientific community is currently focused on the study of SARV-2 virus characteristics and on the mechanisms leadihg to t
development of COVID-19 disease. Moreover, intense efforts are tngidg to discover possible treatments/vaccines. Thereforegto da
few studies investigated the possible impact of SARS-CoV-2tinfeand sequelae in male and female reproductive systeifs &s well

as the potential outcome in the context of reproductive medicine.

Focusing on the human reproductive system, we firstly reviewestibetific literature looking for the main proteins (as welird&NA
expression) already known to be involved in virus entry/replication, whesé/ement has been demonstrated thraaglitro experiments.
Angiotensin-converting enzyme 2 (ACEZ2) is widely recognized aprih@ary receptor for virus entr$[7], and notably, both ACE2 and
renin-angiotensin system (RAS) are known to play fundamental rofesrian fertility B]; nevertheless, other actors should be necessary to
trigger SARS-CoV-2 virulence. SARS-CoV-2 necessitates of jprefgke (S) priming to allow the fusion of viral envelope with ¢béular
membrane and this process is mediated by host protease suclyae thenembrane serine proteases (TMPRSS) 2, 4, 11A, XDl

[6, 7]. Moreover, phosphatidylinositol 3-phosphate 5-kinase (PIKFYVE) ireabin the endosome dynamics, two pore channel subtype 2
(TPCN2), cathepsin L (CTSL) and cathepsin B (CTSB) adtifgsosome have been proposed as required molecules for SARS-CoV-2

entry [, 7].

Aimed at investigating the expression pattern of the above-mentmoledules in the female and male reproductive tissues, a ditaba
query and interrogation of the human protein atlas database which emthrtee protein production and the gene expression profile
(www.proteinatlas.orpwere performed; the Genotype-Tissue Expression (GTEx)gtexportal.orlyand the Functional Annotation of
Mammalian Genomes 5 (FANTOMS)t(ps://fantom.gsc.riken.jp/pfepositories, documenting transcriptome findings, were also
interrogated. The following molecules, based on previous literdateeon SARS-CoV-2 entry mechanisms into host cells, werehseh
ACE2; TMPRSS 2, 4, 11A, 11D, and 11E; PIKFYVE; TPCN2; CTSISB, in the female (vagina, ovary, fallopian tube, endoovatri

cervix uterine) and male (ductus deferens, testis, epididgersinal vesicle, prostate) reproductive tissues.

Our observations can be accessed in tablgsand3 of supplementary materials and in Fig.
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Fig. 1

Schematic representation of the potential SARS-CoV-2 infectitmeineproductive system. (A) Viral entry into the cells,

highlighting the host factors possibly involved. (B) The potential infegtafi SARS-CoV-2 in female (low risk of infection)

o
B b

and ...

Interestingly, the protein expression of ACE2 was high in téstith in cells of the seminiferous duct and Leydig cells) and toglandular
cells of seminal vesicles. Instead, TMPRSS2 has beenveldserthe epididymis, seminal vesicles, and prostate, and TMPR&Sheen
evidenced in testis, epididymis, and prostate as well asRB#2 1D has been observed also in seminal vesicles. Thereéoce; th
expression of the receptor and almost one protease is presetisianidsseminal vesicles, suggesting that they could be poteifeityed
by SARS-CoV-2.

In the female reproductive system, no tissue showed the preseihC&afprotein, the same for TMPRSS2, leading us to hypothédwze t

tissues could not be susceptible to SARS-CoV-2 infection.

Regarding the other factors, no data were available for PIKEYIWCN2 and CTSB were almost produced in all the female afel m

structures, while CTSL has not been detected or it wasmirasw level.
Not surprisingly, when looking at the transcriptomic databases(@TEx, HPA, and FANTOMS), the information reported was dffié

ACE2 RNA expression was present in all the reproductive tissues ex@mith higher level in testis and lower in the prostate, vagina
fallopian tube, endometrium, and uterine cerfidPRSS2 RNA has been also observed in all reproductive tissues but ieshin major
expression in the male tissues, namely, ductus deferens, beesitdes, and prostatEMPRS34, 11A, 11D, and11E levels were not such
conspicuous within the different tissues; nevertheless, the vagthaterine cervix produced a high amount of them. Final\RiKEYVE,
TPCN2, CTSL, andCTSB were ubiquitarian in the different reproductive tissues bothates and females. When considering just mMRNA

expression findings, the data suggest that SARS-CoV-2 could poteifatty all the male and female reproductive tissues.

Special attention should be reserved for the testis, 5iI@E2 showed in this organ the highest gene expression, taking into cotisitera
that in the lung, the supposed preferential target of SARS-CAZE2 presented a lower mRNA expression (consensus among the three

dataset: 17.9 and 0.8 normalized expression NX in testis and kpectely).

It is important to note that the protein data reported baseueogetrch on the human protein atlas are supported by semi-quentitati
immunohistochemistry experiments, and not by quantitative proteongigsaéstern blot or ELISA), so a lack of sensibility towacodg |
amounts of molecules could be hypothesized. Consequently, it is pdssspkeculate that for this reason a discrepancy between paatéin

RNA data was observed; post transcriptional changes could albe eatluded.

To further explore this issue, the COVID-19 Cell Atlas wasrrogated f{ttps://www.covid19cellatlas.oydooking at the different cell
population in the testis, namely differentiating spermatogonia; parhary spermatocytes, elongated spermatids, endotheliallagdls,
primary spermatocytes, Leydig cells, macrophages, myoid oalisgd spermatids, Sertoli cells, sperm, and spermatogoniatstemThe

data of the maximum expression are reported in tabfesupplementary materials and Flg.

Intriguingly, at low level ACE2 mRNA expression has been observed in all the cells, spbjifidifferentiating spermatogonia, early
primary spermatocytes, elongated spermatids, endothelialladgrimary spermatocytes, Leydig cells, macrophages, myitsd rmeind
spermatids, Sertoli cells, sperm, and spermatogonial stésnroelanwhile, th&MPRSS (2, 4, 11A, 11D, 11E) were slightly expressed by
elongated spermatids, sperm, and spermatogonial stemFoe#ily, PIKFYVE, TPCN2, CTSL, andCTSB mRNA have been reported in all
the different cell types of the testis. These data suggestpthanatids, sperm, spermatogonial stem cells should pregeterdial risk of

susceptibility towards SARS-CoV-2 infection.

The analysis of the testis transcriptome showedAB&R positive spermatogonia expressed also an elevated number of geatad

with spermatogenesis respectMBE2-negative ones; moreoveéXCE2-positive Leydig and Sertoli cells (expressingTPRSS genes)
produced a low amount of mMRNA of genes related to mitochondria aratitepion. Therefore, the authors speculated the vulnerability of
testis to SARS-CoV-2 infection that could lead to spermatogemapairment §]. Similarly, ACE2 mRNA and protein expression were
observed in testis and spermatidl§, [L1]. Moreover, also spermatogonial stem cells, differemigasipermatogonia, leptotene spermatocytes
type 1, leptotene spermatocytes type 3, zygotene spermatocytegrdipgpermatocytes, spermatocyte 7, spermatids stage Se ok

cells may be susceptible for SARS-CoV-2 infection. Testigressed alsbMPRSS?, CTSL, andCSTB, thus possibly corroborating the
hypothesis of its vulnerabilitylP].

Conversely, only a minor fraction of spermatogonial stem cell$%) co-expressefiCE2 andTMPRSS2 accordingly with a ScCRNAseq

dataset of human testicular tissué][

Regarding SARS-CoV-2 presence in the semen from COVID-1&mpstfew studies have been conductedl. [qRT-PCR of single
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ejaculated semen sample after a median of 31 days from GO¥Hlagnosis was negative; notably, the 19% of the infected patients
experienced scrotal discomfort, maybe a sign of viral orchitispadgh a deep genito-urinary medical examination was not conddéjed [
Similarly, no viral RNA was detected in semen from a patigfiter 9 days from the positive naso-pharyngeal swép [Nevertheless, these

are preliminary reports, and the second article was conductedmplye patient; moreover, maybe the time of the semen colleétéorihe
diagnosis, when the patients were almost recovered front the lets,icould have affected the negative results. Indeed, AR

was found in the semen of 6 COVID-19 patients (15.8%), 4 being te atage and 2 in a recovery phase, although the presence of the virus
could be due to the failure of the blood barriers around the makregiive system, it may linger in the apparatus leading to theiar

found in the semen; therefore, the authors warned about the pessibé transmission of SARS-CoV-2 and the possible preventive

measures to be assuméd][

Our observations obtained using different online tools hint thk regroductive tissues, especially the testis, which coesgps the
receptor and the protease necessary for virus entry could beedffsy SARS-CoV-2. To date, few studies were carried othistopic, and
no works investigated the impact of the virus presence on spermatoztra or in vivo in animal models. Thereafter, the real icgtiion

of the infection on the fertility status of the individuals netedge clarified and proved. It is important to mention that SARS-(outbreak
in 2002) promoted orchitis, probably by inducing inflammatory and immunologisalrBsponse that damages the gonagls §onsidering
that ACEZ2 is the entry receptor of both SARS-CoV and SARS-Ca¥nihot be excluded that the new coronavirus could act in a similar
way [1].

Regarding the female reproductive tissues, we observed only lowsexpr@fACE2 in female tissues.

Recently, a co-expression &CE2 andTMPRSS2 in primate ovarian cells has been observed; meanwhile, in naroells ACE2 was
identified in high amount, bBMPRSS2 was slightly presentlp)]. In the endometriumACE2 expression was reported as low, while the
TMPRS2 one as medium antMPRS, CTSL, andCTSB expressions as high; moreover, all the genes mentioned above showed an
increment towards the secretory phase of the menstrual &gl hese findings hint a potential although low susceptibility towards

SARS-CoV-2 infection also in the female reproductive tissues.

On the other hand, the possible risk of the vertical trarssomgrom the mothers to the fetus is under debate. Indeed, SARS-@ositive

newborns are mainly asymptomatit9], and only some case reports showed the positivity of the immundigiebgG and IgM P1, 22]

The information here reported, being aware that it is based dicotsinscriptomic and proteomic repositories analyses, wuaikthe cue
to further deepen SARS-CoV-2 potential impact on the aalia the reproductive tissues; although viral RNA was detentéteisemen
[17], it is not assessed if the replicative cycle of thes/ibccurs in the testis or in the related organs, or its peesenaly the result of

blood barrier failure, even though since SARS-CoV-2 is not quantifibtbbd P3], the last option can be excluded. Intriguingly, with our
observations, we proposed to draw the attention to the co-expre$#i@iE2 and TMPRSSs in specific cells of the testis, namely
spermatogonial stem cells, spermatids, and spermatozoasamptive targets of SARS-CoV-2. Perhaps, the possible repemcuss
SARS-CoV-2 infection on the fertility status of the individualpessally when COVID-19 occurs in fertile subjects, may be urstienated
and should need to be urgently re-evaluated. Physicians and ressaratiéng in the context of reproductive medicine should conside
SARS-CoV-2 is potentially able to infect and possibly replicgat@ale reproductive tissues with an eventual impact on thetivifgof the
semen. Therefore, some questions arise for in vitro fetidcin (IVF) technique, about the possibility that spermatoaaldde carriers of
the virus and so potentially infect the oocyte during the procedurescatinsdy, it is reasonable to ponder about the molecular evatuati
of the presence of SARS-CoV-2 in the semen collected in repieelmaedicine centers and about the possibility to postpone the IVF
procedures, both the gamete preservation and the IVF techniquely, Rilimportant to evaluate the cases of elderly women whose
oocyte reserve is diminished, for whom the possible window of oppagriingtchieving pregnancy is limited; for these individuals,stsdi
reproductive techniques should be considered undertaking careful and egequanhtive and therapeutic measures, for example, in case of
women positivity, the use of human monoclonal antibody against S2&R&2 isolated from memory B cells of an individual infected with
SARS-CoV in 200374 or vaccine when it will be available.
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