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Dear Editor,

The pandemic of coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has become a global public health threat.
Here we use a TRACE-seq-based metatranscriptomic ana-
lysis to compare host responses and vaginal microbiome of
postmenopausal female patients with underlying severe
COVID-19 disease with those of healthy females, thereby
providing insights into the changes in the microenvironment
of women’s reproductive system.

This study comprised 16 postmenopausal women diag-
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nosed with COVID-19 and admitted to the intensive care unit
(ICU) at hospitals in Wuhan, China, between February 4 and
March 29, 2020, and 5 women volunteers with no COVID-19
as a healthy control group. Total nucleic acids were extracted
from vaginal samples of the 21 individuals studied, and
metatranscriptomic analysis was carried out using TRACE-
seq (Lu et al.,, 2020). For host transcriptional profiling,
multidimensional scaling (MDS) and differential gene ex-
pression analysis were performed, with significantly upre-
gulated genes subjected to Gene Ontology (GO) enrichment
analysis. Microbial taxonomic classification was performed
on complete bacterial, fungal and human viral genomes from
the NCBI RefSeq database, and principal coordinate analysis
(PCoA) was also performed. The expression profile of anti-
microbial resistance genes was evaluated against the Com-
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prehensive Antibiotic Resistance Database (CARD). De-
tailed methodology for the whole metatranscriptomic ana-
lysis process is given in Files S1 and S2 in Supporting
Information. The raw sequence data were deposited into the
China National Microbiology Data Center with accession
numbers NMDC40003555 to NMDC40003575.

Characteristics of the 16 COVID-19 patients are sum-
marized in File S3 in Supporting Information. All the patients
had severe/critical type COVID-19, and the common coex-
isting diseases were hypertension (8/16, 50.0%), diabetes (5/
16, 31.3%), and coronary heart disease (3/16, 18.8%).

The proportion of reads mapped to human, viruses, bac-
teria, and fungi for individual samples are summarized in
File S4A in Supporting Information. For host transcriptome
analysis, an average of 8,919 human genes with FPKM>1
were detected per sample (File S4B in Supporting Informa-
tion). The initial inspection of human gene expression data
using an MDS plot clearly segregated COVID-19 patient
samples from those of the healthy individuals, with one
COVID-19 patient (PT02) being identified as an outlier
(Figure S4C in Supporting Information). In the rest of the 15
COVID-19 patients studied, 200 differentially expressed
genes were identified, 140 of which were upregulated (File
S4D in Supporting Information). GO enrichment analysis
identified the following top most upregulated biological
processes in COVID-19 patients: defense response, immune
response, response to other organisms, cytokine production,
response to biotic stimulus, cellular response to cytokine
stimulus, regulation of cytokine production, etc., among
others (Figure S4E in Supporting Information). In contrast,
the top most downregulated biological processes included
biological adhesion, membrane organization, and establish-
ment of protein localization to the membrane (File S4F in
Supporting Information).

When specifically focusing on immune response related to
upregulated genes in the COVID-19 patients, we observed a
series of upregulated genes involved in inflammatory re-
sponses (ILIA, CXCL8, CXCL2, IL36A, IL36G, IL36RN,
ILIRN, ECM1, TGFBI1, ANXA1, FPRI, TNFAIP3, TICAMI,
KRTI6, NFKBIZ, PROK2, HMOX1, S100412, S10048). In
addition, a series of genes related to the cellular response to
cytokine stimulus ([FITMI, IFITM2, IFITM3, EREG,
NFKBIA, PELII, ANXAL, NFIL3, ZFP36, ILIR2, ILIRN,
CXCL8, CXCL2, IL1A, IL36A4, IL36G, IL36RN, FPRI,
TGFB1, HMOXI) were also upregulated. Furthermore, a
series of genes involved in innate immune response
(CRISP3, TGFBI, NCF2, SH2DIB, SIRPBI, SECI4LI,
RNASE7, PRDM1, IFITMI, IFITM2, IFITM3, ANXA1, TI-
CAM1, IL364, IL36G, IL36RN, KRT16, S10048, S100412),
were also upregulated. Also noteworthy was the upregulation
of a series of genes involved in the host’s response to bacteria
(BCL3,ADM, TGFB1, CXCLS8, TNFAIP3, TICAMI, CXCL2,
NFKBIA, ZFP36, RNASE7, PELIl, S100412, S10048)

(Figure 1A and File S4G in Supporting Information).

We also noted upregulation of /L-1 superfamily cytokines,
including /L-1 subfamily cytokines /L/A and IL/RN and IL-
36 subfamily cytokines. Whereas the IL-1 pathway has
previously been reported to be associated with COVID-19
(Shin et al., 2020), we report here for the first time that the
IL-36 pathway is also potentially associated with COVID-
19. It was previously suggested that the IL-36 pathway is
linked to the pathogenesis of skin diseases and is involved in
human defense and immune responses to genital infections
by bacterial and viral pathogens in women (Gardner et al.,
2020; Ngo et al., 2021). Considering that epithelial cells are
predominantly responsible for secreting the /L-36 cytokines
(Gardner et al., 2020), and in light of the findings of this
study, we propose that the reproductive tract epithelial cells
play an important role in defense and immune responses in
women with COVID-19 disease.

The IL-36 pathway could activate dendritic cells and may
play a role in polarizing T-helper cell responses (Ngo et al.,
2021). By binding to ILI/RL2/IL-36R receptors, IL364 and
IL36G could activate NF-kB signaling pathways in target
cells linked to a proinflammatory response. Our findings also
indicate activation of NF-kB signaling pathway in COVID-
19 patients’ reproductive systems, as the level of expression
of the genes NFKBIA, TICAM1, CXCL8, CXCL2, BCL2A1l,
and TNFAIP3 was higher in COVID-19 patient samples than
in those of the healthy controls. NF-«B serves as a primary
transcription factor regulating various cellular responses.
Thus activation of the NF-«kB pathway could promote the
expression of cytokines, chemokines, adhesion molecules,
phase proteins, and inducible effector enzymes and may
trigger a cytokine storm that is associated with increased
severity and mortality of COVID-19 (Shin et al., 2020).
Therefore, inhibiting activation of the NF-kB pathway, di-
rectly or indirectly, has been suggested as a potential treat-
ment route for COVID-19 (Shin et al., 2020). We also
observed that Type I interferon signaling pathway genes were
upregulated, with a high-level expression of IFITMI,
IFITM2, and IFITM3 genes in the vaginal samples of
COVID-19 patients. The role of Type I interferons in the
development of severe COVID-19 disease has been validated
and it has also been confirmed that both NF-«B and Type 1
interferon signaling pathways are regulated by a papain-like
protease (Shin et al., 2020). Therefore, we propose that the
IL-1/IL-36 pathway and downstream NF-kB pathway, as
well as Type I interferon signaling pathways, are essential in
the female reproductive system’s response to infection.

To date, the effect of COVID-19 on the vaginal micro-
biome of women has not been investigated. As per meta-
transcriptomic data from this study, no SARS-CoV-2 was
detected from the vaginal fluid of women with COVID-19.
However, notable differences in the vaginal microbiome
were observed between the COVID-19 patient group and the
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Figure 1 TRACE-seq-based metatranscriptomic analysis of vaginal samples. A, STRING analysis of immune response-related upregulated genes (Red:

genes involved in “cellular response to cytokine stimulus” [GO:0071345];

Blue: genes involved in “inflammatory response” [GO:0006954]; Yellow: genes

involved in “innate immune response” [GO:0045087]; Green: genes involved in “response to bacterium” [GO:0009617]). B, relative abundance of the 10

most abundant bacterial genera in the vagina.

healthy control group. Generally, bacterial and fungal tran-
scripts accounted for only 1.3% and 1.0% of the total tran-
scriptomic data, respectively, among the healthy controls,
with insignificant intra-individual differences (bacteria
1.2%-1.5%, fungi 0.8%—1.1%) (File S4A in Supporting In-
formation). Rarefaction analysis was conducted at the genus
level, and the rarefaction curves of all patient samples, ex-
cept PT14, reached a plateau (File SSA in Supporting In-
formation), suggesting that sequencing depth was adequate
for analysis. Compared with the healthy control group, the
proportions of bacterial and fungal transcripts in the COVID-
19 group were significantly higher (bacteria 19.9% and fungi
2.4%) and varied among individuals (bacteria 1.0%—84.3%,
fungi 0.2%-5.6%) (File S4A in Supporting Information).
PCoA was performed based on the relative abundance of the
bacterial microbiome at the genus level. It was observed that
COVID-19 patients harbored a vaginal microbiome that was
significantly different from that of the healthy controls,
whereas changes in mycobiome was insignificant between
the two groups (File S5B in Supporting Information).
Further investigation into the abundant bacterial genera
detected in each sample revealed that the intragroup hetero-

geneity of vaginal microbiota structure among COVID-19
patients was also higher than that among healthy individuals
(Figure 1B). In addition, vaginal dysbacteriosis was more
frequent in COVID-19 patients, with bacteria causing vagi-
nosis or nosocomial infections being much more abundant.
For instance, an exceptionally high frequency of the follow-
ing microbes, previously reported as bacterial vaginosis (BV)
pathogens (Park et al., 2021), was observed in 6/16 (37.5%)
COVID-19 patients: Mycoplasma spp. (61.8% in patient
PT11 and 17.8% in patient PT08, with >99% reads matched
to Mycoplasma hominis), Gardnerella spp. (37.1% in patient
PTO8, all matched to Gardnerella vaginalis), Ureaplasma
spp. (24.3% in patient PT09, with >99% matched to Ur-
eaplasma urealyticum), Bacteroides spp. (45.2% in patient
PT15) and Atopobium spp. (24.2% in patient PT04), whereas
none were detected in the healthy control group. En-
terococcus spp., a bacterium that is associated with aerobic
vaginitis (AV) (Donders et al., 2017), was also highly abun-
dant in one COVID-19 patient (16.8% in PT10, >90% mat-
ched to Enterococcus faecium). In addition, Acinetobacter
spp. were exceptionally high in 3/16 patients (88.4% in pa-
tient PT12, 13.4% in patient PT11, and 6.8% in patient PTO1,
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with >90% matched to Acinetobacter baumannii complex, a
major nosocomial pathogen) (Peleg et al., 2008).

As shown in Figure S5C in Supporting Information, more
antimicrobial resistance genes were expressed in COVID-19
patient samples than in the healthy controls. Genes con-
ferring resistance to beta-lactam antimicrobials, including
cephalosporin, penicillin, penem, and monobactam, were
highly abundant in 87.5% (14/16) of COVID-19 patients. In
addition, genes conferring resistance to tetracycline, ami-
noglycoside, macrolide, fluoroquinolone, phenicol, rifamy-
cin, diaminopyrimidine, aminocoumarin, lincosamide,
cephamycin, and carbapenem drugs, were also expressed at
noticeably high levels in one (6.3%) to seven (43.8%)
COVID-19 patient samples whereas none of these were over-
expressed in the healthy controls.

The unfavorable microbiome changes in the COVID-19
patients might be attributed to immunosuppression (Faj-
genbaum and June, 2020) or the administration of a broad
range of antimicrobials during their stay in ICU (Ferrer et al.,
2017) or both. Furthermore, it has been previously reported
that the vaginal microbiome of menopausal women is dis-
tinct from that of the premenopausal population. This dif-
ference in vaginal microbiome has been attributed to the
decline in estrogen secretion, which leads to vaginal atrophy
and decreased glycogen levels, and the depletion of lacto-
bacilli that protect women from adverse gynecological se-
quelae  (Gliniewicz et al., 2019). This may make
postmenopausal COVID-19 women patients more vulner-
able than premenopausal women.

The study has several limitations. First, we primarily fo-
cused on the impact of COVID-19 on women’s reproductive
system in a critically ill subpopulation, which can be con-
sidered a bias. It would have been desirable to also include a
subgroup of COVID-19 patients with milder symptoms.
Secondly, due to the rapid control of the COVID-19 epi-
demic in China, only 16 women with COVID-19 were en-
rolled, which limited the statistical power of the study.
Thirdly, all the subjects used in this study were elderly wo-
men, which prohibits the application of our results to other
women population age groups. Fourthly, our study was not
conclusive on whether the observed activation of the host
immune responses was due to systematic immune response
to SARS-CoV-2 or alteration of the vaginal microbiota, as
there are also reports on upregulation of /L36G in women
with BV (Gardner et al., 2020). We recommend that future
studies use a large sample size of patients and controls, in-

SUPPORTING INFORMATION

cluding women in other age groups and those with normal
and mild symptoms, as well as the asymptomatic ones.
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