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eliseaess O lelogeel Hesesses Emerging infectious diseases caused by zoonotic transmission of pathogens pose a
and alternative pathways great concern to public health and the global economy. The SARS-CoV-2 outbreak in
Wuhan in 2019 rapidly spread across the world in 2020 and continues to put the world

on alert for emerging variants. While the mortality and morbidity associated with SARS-

CoV-2 infection have significantly decreased due to a combination of vaccination drives,
effective therapeutics, and attenuated pathogenicity of the current variant, many infected
individuals continue to experience symptoms that outlast the active infection period.

Why is it that certain individuals are more likely to experience a worse outcome of the
infection, or develop more severe symptoms than others? Questions such as these are
active areas of research to understand the molecular basis of SARS-CoV-2 pathogenicity
and ultimately lead to the discovery of predictive biomarkers and development of novel,
and potentially personalized, treatment strategies.

Several studies on SARS-CoV-2 have demonstrated that differences in host response
to the infection can be attributed to the differential modulation of genes involved in virus
entry [1], virus restriction [2], and inflammatory response [3]. In addition, age [1,4] or
differences in genetic background, arising from sex, for instance [1,5], have also been
shown to influence the expression of such genes and impact disease progression and
outcome.
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Figure 1. Simultaneous detection of gene expression changes using TagMan Gene Expression Assays and analysis. A general real-time

PCR workflow using TagMan Array Plates is presented.

Using flexible TagMan Array Plates, we investigated the genetic
basis of SARS-CoV-2 pathogenesis in SARS-CoV-2-infected and
control samples. Using gPCR panels interrogating the most cited
genes involved in viral cell entry (13 genes), restriction factors (13
genes), and a large set of cytokines, chemokines, and growth
factors (29 genes) associated with the SARS-CoV-2 infection
(Table 1), we examined differences in the expression of these
genes based on SARS-CoV-2 infection status, disease severity,
and outcome. We observed that several viral life cycle and host
response genes’ expression were not only significantly different
between these groups but were also differentially modulated
between sexes. Many of our findings were in agreement with
previously published data. Importantly, our analyses revealed
several novel associations between the expression of certain
genes with disease manifestation and the progress of SARS-CoV-2
infection. Such findings can lay the groundwork for discovery of
potential biomarkers or therapeutic targets when validated in larger
cohorts.

Together, our data demonstrate how simultaneous interrogation
of several genes involved in SARS-CoV-2 pathogenesis, using
the TagMan Array Plates, can reveal novel molecular insights
and advance our understanding of the disease process. This
simple, medium-throughput workflow can easily be extended to
any disease area of interest or genetic pathway. While this study
employed these flexible panels in their default configuration, they
can easily be modified to include additional or fewer targets as
needed.

Materials and methods

Workflow for detecting changes in gene expression
using TagMan Gene Expression Assays

A curated selection of predesigned TagMan Gene Expression
Assays for signature genes identified in the targeted host
response were used. These Applied Biosystems™ FAM™
dye—labeled assays were preloaded on three flexible-content
TagMan Array Plates, to target (1) viral entry factors, (2) viral
restriction factors, and (3) immune signaling genes (Table 1). This
TagMan Array Plate format supports 384-well real-time PCR

accommodating up to 381 targets plus controls.

Infection status of the SARS-CoV-2-infected and control samples
was determined by gPCR using Applied Biosystems™ TagPath™
1-Step RT-gPCR Master Mix, CG (Cat. No. A15299) and run on
the Applied Biosystems™ QuantStudio™ 7 Flex Real-Time PCR
System. Manufacturer-recommended conditions were followed.
Figure 1 shows a schematic of the workflow.

Viral nucleic acid was extracted from nasopharyngeal samples
using the Applied Biosystems™ MagMAX™ Viral/Pathogen I
Nucleic Acid Isolation Kit (Cat. No. A48383R) on the Thermo
Scientific™ KingFisher™ Flex Purification System, following the
workflow from the instructions for the Applied Biosystems™
TagPath™ COVID-19 Combo Kit (400 pL sample input, 2 wash

steps).

Bioinformatics analysis

Expression of inflammatory mediator genes, receptor expression
genes, and restriction factors in 30 SARS-CoV-2—-positive (i.e.,
SARS-CoV-2-infected) and 30 negative (i.e., SARS-CoV-2—
uninfected) subjects were evaluated using the TagMan Array
Plates. The demographics and clinical characteristics of the
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Table 1. Preconfigured, flexible TagMan Arrays for SARS-CoV-2 research.

Viral restriction factors

Viral entry factors

Immune signaling genes: cytokines, chemokines, and growth factors

ACE2 CLEC4G LY6E ELF1 IL1B IFNB1 CcCLz
TMPRSS2 FURIN IFITM1 RECS8 iz IFNG CCL3/MIP1a
TMPRSS4 CTSL IFITM2 IFIT3 L4 TNF CCL5
TMPRSS11A CTSB IFITM3 DNAJC6 IL5 TGFB1 CCL11
TMPRSS11B DPP4 ZAP/ZC3HAVT  ZBP1 IL6 M-CSF/CSF1R cCcLz7
BSG NRP1 BST2 CH25H IL7 MIF CXCL1
ANPEP CLEC4D IL70 VEGF CXCL10

L2 SCGF CXCL12

IL13 HGF

IL16 TNFSF10

IL18

samples used in this study are shown in Figure 2. For each
sample, target gene expression was normalized to the geometric
mean of the housekeeping (HK) genes 18S, GAPDH, and PPIA.
Normalized values were reported as AC, between target gene
expression and HK expression geomeans for each positive and
negative subject.

Expression-dependent analysis (infected only): Differences in
target gene expression (i.e., 22%) between SARS-CoV-2—positive
symptomatic subjects (alive and deceased subjects treated as
one group, and alive and deceased subjects treated as two
separate groups) and asymptomatic subjects were assessed
utilizing the Student’s t-test or the Tukey-Kramer HSD test.
Target gene expression differences between males and females
were assessed using the Student’s t-test. Univariate regression
analysis was used to determine the relationship between target
gene expression and age. Multivariate regression analysis was
used to evaluate the relationship between target gene expression
and age, sex, symptomatic/asymptomatic status, and alive (A)/
deceased (D) status of the SARS-CoV-2-infected subjects.
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Figure 2. Demographics and clinical characteristics of study
samples. Distribution of age, sex, and time of symptom onset for the 30
SARS-CoV-2—positive samples used in this study.
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Expression-dependent analysis (SARS-CoV-2-uninfected and
infected): Target gene expression differences between SARS-
CoV-2—positive and negative subjects were assessed using the
Student’s t-test.

Results

Gene expression analysis of entry factor panel

Host cell receptors like the protease furin and the serine
protease TMPRSS2 have been shown to play an important

but not essential role in the cleavage of the SARS-CoV-2 spike
(S) protein for cell entry. Functional redundancy of receptors
has been observed in the SARS-CoV-2 life cycle, wherein
blocking of a key entry receptor such as angiotensin-converting
enzyme-2 (ACE2) may not inhibit virus infection in specific cells
[6]. The complexity of viral entry therefore makes it crucial to
understand how differences in the expression levels of these
factors between different cell types and genetic backgrounds
may impact pathogenesis. To determine the expression levels
of SARS-CoV-2—-associated viral entry factors (listed in Table 1)
in our samples, we used the predesigned TagMan Array Plates
and investigated gene expression differences relative to disease
status, disease severity, and sex and age in the infected cohort.

We observed that several entry factors were upregulated in
SARS-CoV-2-infected samples compared to healthy controls.
These included coronavirus docking receptors ANPEP (APN/
CD13) and BSG (CD147); lysosomal proteases CTSB and CTSL;
and S priming proteases FURIN, TMPRSS2, and TMPRSS4
(Figure 3A). In contrast, TMPRSS11A (ECRGT) and TMPRSS11B
had lower relative expression in the nasopharyngeal samples from
SARS-CoV-2-infected individuals than from uninfected individuals
(Figure 3A). The differences in receptor levels between infected
and uninfected individuals may indicate the impact of virus
infection on the cellular environment to support the viral life cycle.
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Figure 3. Detection of gene expression changes of entry factors. (A) Comparison between uninfected and SARS-CoV-2-infected samples.
(B) Comparison of ACE2 between asymptomatic and symptomatic SARS-CoV-2—-individuals. Comparison of (C) TMPRSS2 and (D) TMPRSS11A
between females and males with SARS-CoV-2 infection.

Next, we examined differences in receptor expression based crucial role in regulating inflammation, and its downregulation can
on disease severity (i.e., samples from symptomatic and worsen the disease pathology via the renin-angiotensin system [7].
asymptomatic subjects). ACE2 is a well-studied enzyme that

also functions as the cognate docking receptor for SARS-

CoV-2, and it is expressed throughout the body, including the

We also observed sex-related differences in that an increase in
TMPRSS2 and TMPRSS11A expression was seen in infected

) males compared to infected females (Figure 3C and 3D).
lungs, cardiovascular system, central nervous system, and

gastrointestinal system. Consistent with several studies, ACE2
was found to be significantly downregulated in symptomatic

Published gene expression data on the lungs of healthy males
and females do not show any differences in TMPRSS2 level [8],

Lo o o similar to our observation in healthy controls (data not shown).
individuals compared to asymptomatic individuals, indicating a

. , . . ) However, a preliminary study reported an increased prevalence of
correlation with disease severity (Figure 3B) [1,4,5]. ACE2 plays a

androgen-related hair loss in hospitalized SARS-CoV-2—-infected
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men and suggested a possible link between androgens and
SARS-CoV-2 infection [9]. If androgens are indeed increased in
men during infection, it might explain our finding, as TMPRSS2 is
positively upregulated by this hormone.

Gene expression analysis of host antiviral restriction
factor panel

Several host antiviral effector molecules function as restriction
factors to inhibit early viral replication and propagation.
Expression of several of these restriction factors is induced by
interferons (IFNs), which play a key role in the antiviral response
of the body. SARS-CoV-2 is shown to be inhibited by Type | IFNs
[10,11], suggesting that interferon-stimulated genes (ISGs) and

the antiviral effectors they induce play an important role in host
defense against the infection [12]. To determine the expression
levels of host restriction factors in SARS-CoV-2—positive and
control samples, and investigate their association with disease
severity, infection, sex, and disease outcomes, we used the
TagMan Array Plate panel for host restriction factors implicated in
the SARS-CoV-2 antiviral response (Table 1).

In this analysis, we observed that several interferon-stimulated
genes, including BST2, ELF1, LYBE, and ZAP, and the viral nucleic
acid binder ZBP1 were upregulated in SARS-CoV-2—-infected
samples (Figure 4A). This finding is consistent with studies of
BST2, ELF1, LYBE, and ZBP1 in which these antiviral restriction
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Figure 4. Detection of gene expression changes of host antiviral restriction factors. (A) Comparison between uninfected and SARS-CoV-2—
infected samples. (B) Comparison of BST2 between asymptomatic and symptomatic SARS-CoV-2—-infected individuals. (C-D) Comparison between
asymptomatic, symptomatic alive, and symptomatic deceased SARS-CoV-2—-infected individuals for (C) RECS8 and (D) ZAP/ZC3HAV1.
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factors are observed to be elevated in SARS-CoV-2—-infected
subjects compared to uninfected controls [2,13]. Conversely,
host antiviral restriction factors CH25H, DNAJCS, IFIT3, IFITM2,
and IFITM3 (inhibitors of viral entry) were observed to have lower
relative gene expression in SARS-CoV-2-infected samples than
in uninfected controls. Contrary to this observation, some studies
have reported an increase in DNAJCSG, IFIT3, IFITMZ2, and IFITM3
expression in SARS-CoV-2—-infected samples [2,14,15]. Variance
in observations is expected to arise, as different cell types are
likely to respond differently to infection. In addition, factors such
as genetic backgrounds, comorbidities, and age can influence
the inflammatory response and disease progression.

From our panel analysis, we observed that the interferon-
stimulated genes BST2 (CD317), RECS8, and zinc finger antiviral
protein (ZC3HAV1/ZAP) had lower relative gene expression

in SARS-CoV-2-infected symptomatic individuals than in
asymptomatic individuals (Figure 4B-D). Further, ZAP was
observed to have lower gene expression in fatal cases than

in those that had survived. These results are consistent with
published studies that suggest these three restriction factors
(i.e., BST2, REC8, and ZAP) support a role in the host immune
response to SARS coronaviruses [2,16-18].

Gene expression analysis of inflammatory

mediator panel

Understanding how the immune system responds to SARS-
CoV-2 infection and its dependence on age, sex, viral load, and
genetics, among other known and unknown variables, can be
useful in finding potential therapeutics and disease preventatives.
During a SARS-CoV-2 viral infection, the immune system'’s first
level of defense is the innate immune response, which includes
the IFN response, other cytokines, and chemokines to inhibit
viral replication. Studies have found that infected individuals
with severe symptoms or a fatal outcome, however, exhibit an
exaggerated innate immune response, the hallmark of which is a
cytokine storm that can lead to systemic organ failure and death
[19,20]. To better understand the host response during SARS-
CoV-2 infection, we utilized our TagMan Array Plate system to
investigate correlations between gene expression and infection,
disease severity, sex, and/or disease outcomes (Table 1).

Consistent with several published studies, we observed elevated
expression of chemokine genes CCL3, CCL5, and CXCL1

(Figure 5A) in individuals infected with SARS-CoV-2 [13,21-27]. In
addition, we observed elevated expression of the cytokine genes
TGFB1, TNFSF10, and VEGFA, which are known to play a role in
cell proliferation and apoptosis (Figure 5A). These results are in
agreement with several studies that have also identified these
inflammatory cytokines as elevated in SARS-CoV-2 infection
[3,22,26]. In contrast, we observed that the cytokine genes

¥ thermofisher.com/tagmanarrays

CLECT1A and, surprisingly, IFNB1 had lower relative expression
in SARS-CoV-2-infected individuals than in uninfected individuals
(Figure 5A). IFNB1 belongs to the Type | class of interferons

and is central to the innate antiviral immune response. Current
research studies report heterogeneous findings related to IFNB1
expression in SARS-CoV-2 infection [3,28]. However, there

are reports of delayed type | interferon responses in the nasal
epithelium during SARS-CoV-2 infection [29] and inhibition of
IFNB activation by various SARS-CoV-2 proteins [30] that may, at
least in part, explain our finding.

In our gene expression analysis of inflammatory mediators
expressed differentially between SARS-CoV-2-infected
symptomatic and asymptomatic individuals, we observed that
the genes for both the pro-inflammatory cytokine IL18 and the
anti-inflammatory cytokine TGFB1 were more highly expressed
(Figure 5B, C) in symptomatic subjects, whereas expression

of the lymphocyte chemoattractant factor /L76 (Figure 5D) was
lower in this population than in asymptomatic individuals. These
findings are in concordance with several published studies that
reported high /L75 expression in severe disease [18,21,23,31,32].
The observed increase in TGFB1 is consistent with studies

on hospitalized patients with severe SARS-CoV-2 infections
[25,38]. Modulation of the TGFB signaling pathway during viral
infection has been shown to promote fibroblast proliferation and
myofibroblast differentiation, ultimately contributing to pulmonary
fibrosis as observed in severe SARS-CoV-2 infection.

There are studies that have examined the levels of IL-16
expression in SARS-CoV-2 infection and have found them to
be elevated in severe disease; however, most of these studies
are limited to plasma cytokine analysis as opposed to gene
expression [34].

Next, to determine if inflammatory mediators are affected by

sex differences, we compared gene expression between male
and female SARS-CoV-2-infected individuals. In this analysis,

we observed that the chemokine gene CXCL12 had elevated
expression in infected males compared to females (Figure 5E).
While studies have observed elevated expression of CXCL12
during viral infections and in critically ill SARS-CoV-2—infected
patients, there is currently a lack of data on sex-based variation of
this cytokine during infection [35-37]. No significant difference in
the expression of this gene was observed between healthy males
and females (data not shown).

Finally, our analysis to determine the relationship between
inflammatory mediators and disease outcome revealed that the
chemokine and acute inflammatory responder CCL3 had higher
relative gene expression in deceased individuals than in those
who survived (Figure 5F). This observation is consistent with
BALF (bronchoalveolar lavage fluid) studies that found several



cytokines including CCL3 to be elevated in severe cases where
ICU admission was required [24,25].

Conclusions

Given the severe impact that SARS-CoV-2 has had on healthcare
and the global economy, and its ongoing evolution, there remains
an urgent need to deeply understand the virus biology to develop
effective therapeutics and biomarkers to predict disease severity.

In our pilot analysis, we observed differential expression of
several genes involved in host cell entry, regulatory factors, and
inflammatory response factors based on the infection status of
the individuals, disease severity, and disease outcomes, as well
as sex. Several of our findings (e.g., elevated expression of cell
entry factors BSG, FURIN, TMPRSS2; host restriction factors
BST2, ELF1, LYBE, and ZBP1; and inflammatory mediators CCL3,
CCL5, CXCL1, TGFB1, TNFSF10, and VEGFA in SARS-CoV-2—
infected individuals) were largely consistent with published
studies. In addition, our analyses revealed associations between
several genes involved in various aspects of the viral life cycle or
host response with disease severity, outcome, and sex, that have
previously not been described. For instance, our study showed
sex-related differences in the expression of specific virus entry
receptors and inflammatory mediators between infected males
and females, which warrant further investigation.
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Cat No. Description
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