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Pharmacological modulators of epithelial immunity
uncovered by synthetic genetic tracing of SARS-CoV-2
infection responses
Ben Jiang1†, Matthias Jürgen Schmitt1†, Ulfert Rand2, Carlos Company1, Yuliia Dramaretska1,
Melanie Grossmann1, Michela Serresi1, Luka Čičin-Šain2, Gaetano Gargiulo1*

Epithelial immune responses govern tissue homeostasis and offer drug targets against maladaptation. Here, we
report a framework to generate drug discovery–ready reporters of cellular responses to viral infection. We
reverse-engineered epithelial cell responses to SARS-CoV-2, the viral agent fueling the ongoing COVID-19 pan-
demic, and designed synthetic transcriptional reporters whose molecular logic comprises interferon-α/β/γ and
NF-κB pathways. Such regulatory potential reflected single-cell data from experimental models to severe COVID-
19 patient epithelial cells infected by SARS-CoV-2. SARS-CoV-2, type I interferons, and RIG-I drive reporter acti-
vation. Live-cell image–based phenotypic drug screens identified JAK inhibitors and DNA damage inducers as
antagonistic modulators of epithelial cell response to interferons, RIG-I stimulation, and SARS-CoV-2. Synergistic
or antagonistic modulation of the reporter by drugs underscored their mechanism of action and convergence
on endogenous transcriptional programs. Our study describes a tool for dissecting antiviral responses to infec-
tion and sterile cues and rapidly discovering rational drug combinations for emerging viruses of concern.
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INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
the etiological agent of the coronavirus disease 2019 (COVID-19)
pandemic, which caused the death or long-term illness of millions
of people while simultaneously imposing severe social and econom-
ic burden worldwide. COVID-19 is currently managed through
massive vaccination, notably with the aid of novel mRNA vaccines
(1). However, SARS-CoV-2 displayed remarkable evolutionary po-
tential and multiple strains emerged over the past 2 years, with the
Omicron variant currently being the dominant strain globally. Im-
munity against SARS-CoV-2 strains is limited and continuously
threatened by emerging variants (1).
Pharmacological treatments that reduce the risk of progression

in COVID-19 patients are imperfect, and their efficacy is restricted
to the early intervention (2–5). In particular, the direct intervention
through antiviral drugs has been generally underwhelming, and the
currently approved orally bioavailable prodrug of N4-hydroxycyti-
dine (molnupiravir) showedmodest efficacy in a placebo-controlled
phase 2/3 trial (2), indicating that combination therapies will be re-
quired to effectively control disease progression.
One preferential entry site for SARS-CoV-2 is the nasal cavity,

where the cells located in the upper respiratory tract, such as the
nasal epithelial cells and alveolar epithelial type II cells, are targeted
by the virus. Both share high coexpression of ACE2 and TMPRSS2,
the putative main receptor and surface protease, respectively, medi-
ating the entry of the several SARS-CoV-2 strains (6). SARS-CoV-2
infection leads to transcriptional changes associated with innate
immune response in the epithelial cells, including chemokine secre-
tion (7), which is believed to trigger a cascade of proinflammatory

innate immune cell recruitment (macrophages and neutrophils)
and disease progression (7). Therefore, the first line of defense
against SARS-CoV-2 infection is the innate immune system of the
upper respiratory tract epithelial cells. One key step of the epithelial
cells innate immune response is the production of type I interferons
(IFNs), which induce an antiviral state in neighboring cells and
trigger the activation of the adaptive immune system to protect
the host against viral infection. SARS-CoV-2 elicits activation of
pattern recognition receptors (PRRs), such as cytoplasmic RIG-I/
MDA5 (8) as well as Toll-like receptor 2 (TLR2) (9) and several
other TLRs (10). Upon binding to the viral nucleic acids, PRRs ac-
tivate the nuclear translocation of two families of transcription
factors (TFs), notably the IFN regulatory factors (IRFs), such as
IRF3 and IRF7, and the nuclear factor κB (NF-κB) factors p65
and p50, which coordinate the antiviral and acute inflammatory cel-
lular responses (11). One of the subsequent interconnected events is
the transcription of IFN genes, which in turn are secreted and
engage the type I IFN receptors (e.g., IFNAR1 and IFNAR2). IFN
activation of the Janus kinase/signal transducer and activator of
transcription (JAK/STAT) signaling pathway in both infected and
neighbor cells leads to the transcription of IFN-stimulated gene
(ISG) signaling that builds up an antiviral state in the cell (6). To
counteract host cell responses, viruses hijack the activation of the
IFN pathway, limit the active antiviral response, and inhibit antiviral
signaling (12). This leads to the coexistence of viral replication and
viral antagonism within the infected cell population. Hence, the
transcriptional response of epithelial cells is one of the key events
that inform on viral infection. Moreover, innate immunity can be
activated or amplified by several other pathways, including purely
sterile inflammatory environmental triggers, such as DNA
damage inducers (13).
The pathways controlling the transcriptional response of epithe-

lial cells to infection offer an outstanding opportunity for interven-
tion. Whereas drugs with different mechanisms of action targeting
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the key nodes of the PRRs, NF-κB, and JAK/STAT pathways are
available and offer an opportunity for creating combination thera-
pies, there is lack in technologies to rationally design combination
treatments with synergistic antiviral activity and less prone to resis-
tance. Furthermore, phenotypic drug discovery platforms to identi-
fy novel drugs and combinations thereof are potential game
changers (14), but there are limited phenotypic readouts for
SARS-CoV-2 infection, and RNA viruses in general. Recently, we
developed a method to generate synthetic locus control regions
(sLCRs) to enable genetic tracing of complex phenotypes, including
inflammatory transcriptional responses (15, 16). Using an evolved
computational approach to design phenotype-specific sLCRs
named logical design of synthetic cis-regulatory DNA [LSD (17)],
we generate sLCRs designed to intercept the transcriptional re-
sponse of epithelial cells to SARS-CoV-2 infection using the earliest
publicly available signatures in cell models (18–20). We character-
ized one reporter for genetic tracing of cellular response to SARS-
CoV-2, which represents cell states including those described in
upper airway tracts of severe COVID-19 patients (7). This sLCR re-
sponds to cellular stimulation by the IFN pathway and of the PRRs.
Hence, it is serving as a platform for unbiased drug discovery of syn-
ergistic modulators of epithelial immune responses from viral and
sterile triggers and to study their mechanism of action.

RESULTS
Designing sLCRs for SARS-CoV-2 productive infection in
epithelial cells
To design SARS-CoV-2 reporters that would model infection re-
sponse in epithelial cells, we first defined the input for LSD,
namely, SARS-CoV-2 signature and TF genes (Fig. 1A).We overlaid
bulk and single-cell gene expression data from the earliest available
reports in lung epithelial cells overexpressing the ACE2 SARS-CoV-
2 entry receptor [A549 + ACE2 (18)] and endogenously expressing
ACE2 and the preferential SARS-CoV-2 protease TMPSSR2 [Calu-3
(18)], as well as from primary gastrointestinal organoids (19). In re-
sponse to SARS-CoV-2 infection, each cell type expressed private
and shared genes between 12 and 60 hours post-infection (hpi),
and we selected signature and TF genes that were up-regulated in
at least two of the five evaluated datasets. Pathway enrichment anal-
ysis revealed that both of the selected sets are enriched in IFN and
acute inflammation response genes (Fig. 1, B and C). As the selected
TFs have the highest impact of CRE determination and ranking by
LSD, we decided to systematically design SARS-CoV-2 genetic
tracing reporters using a combinatorial selection of all TFs and sig-
nature gene lists. This resulted in 64 potential reporters (table S1).
To select one of the above-designed reporters that would specif-

ically mark productively infected single cells, we next made use of
our recently developed phenotypic ranking approach [Materials
and Methods; (17)]. First, we aimed at defining genes that would
be specific to SARS-CoV-2 infection response by comparative di-
mension reduction clustering of SARS-CoV and SARS-CoV-2
single cells from parallel single-cell RNA sequencing (scRNA-seq)
experiments in one cell type. InWyler et al. (20), expression levels of
antiviral genes in Calu-3 were twice as high in SARS-CoV-2– com-
pared to SARS-CoV–infected cells at the same time point and in the
presence of similar amounts of viral RNAs (21). Consistently, we
found two cell clusters (C11 and C13) that appear specifically for
the response to SARS-CoV-2 based on viral reads accumulation,

with C11 having particularly high reads (Fig. 2A). Next, we used
our TF binding site (TFBS) enrichment–based phenotypic potential
analysis to rank all our reporters (17) and found that four sLCRs
bear a homogeneous scoring higher than other specific or back-
ground reporters when both C11 and C13 were assessed (fig. S1).
Our synthetic reporters COVGT1 to COVGT4 markedly outper-
formed the phenotypic potential of endogenous IFN promoters
used in broadly available reporters (e.g., Addgene, #102597,
#17596, #30536, and #17598), suggesting that synthetic cis-regula-
tory elements have higher on-target potential than endogenous pro-
moters of the human IFN-γ or IFN-β genes, which are expected to
respond to SARS-CoV-2 infection (fig. S1).
To advance reporters that may be representative of primary cell

responses in patients, we ranked all the reporters against the naso-
pharyngeal and bronchial samples from 19 clinically well-character-
ized SARS-CoV-2 patients with moderate or critical COVID-19 and
5 healthy controls (7). The combined signature underlying the
design of two distinct sLCRs (COVGT1 and COVGT4) identified
two primary cell populations: myeloid cells, notably inflammatory
macrophages, and one subpopulation of ciliated epithelial cells with
a distinctively strong IFN-γ response signature (Fig. 2B; fig. S2, A
and B; and table S1). These SARS-CoV-2 response signature
genes were retrieved in three independent cellular models for
SARS-CoV-2 infection and are consistent with the pathway analysis
of the signature and TF genes (Fig. 1, B and C), suggesting that
COVGT1 and COVGT4, cumulatively, could well represent
primary host cells in which viral infection triggered an innate
immune response. To aim for the highest activity potential, we com-
bined COVGT1 and COVGT4 that combinatorically marked a pop-
ulation of epithelial cells activated by SARS-CoV-2 in patients
(Fig. 2C) into one reporter, hereafter referred to as
COVGT5 (Fig. 2D).

COVGT5 responds to SARS-CoV-2 and triggers of epithelial
innate immunity
To validate the designed reporters, we genetically engineered Calu-
3, A549, and 293T cells using transposon- or lentiviral-based
vectors. These represent a limited but diverse set of lung cancer
and immortalized kidney cell lines. We next tested the individual
sLCR expression by fluorescence-activated cell sorting (FACS)
and immunofluorescence and found that COVGT5 readily drove
the fluorescent protein expression in response to a mix of interfer-
ons (IFNs) of all classes (hereon referred to IFN mix; Fig. 3, A and
B). This response was more pronounced in immortalized kidney
cells compared to lung cancer cell lines. Calu-3 displayed the
weakest response to IFNs compared to the other cell lines
(Fig. 3A and fig. S3, A to C). All tested sLCRs had low basal expres-
sion typically (Fig. 3, A to C; fig. S3, A to C; and Materials and
Methods) and were found to be inducible (fig. S3A), which is com-
patible with screening purposes.
sLCRs may be used to discover external signaling leading to phe-

notypic state transitions (15, 16). Thus, we next tested specific cues
that may potentially drive the response of COVGT5 and be relevant
for viral infection biology. COVGT5-modified 293T and A549 cell
lines readily responded to individual stimulation by type I IFNs,
IFN-α-2a, IFN-α-2b, and IFN-β, as well as synthetic double-strand-
ed RNA transfection but not to IFN-γ, interleukin-28 (IL-28) (IFN-
λ), tumor necrosis factor–α (TNF-α), or lipopolysaccharide (LPS)
(Fig. 3C and fig. S3D). The marked response to short,
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triphosphorylated stem-loop hairpin RNAs (3p-hpRNAs) as com-
pared to the less specific inducer of PRRs, polyinosinic/polycyti-
dylic acid (pI:C), indicated that RIG-I–mediated innate
intracellular double-stranded RNA sensing (22) is a key trigger of
COVGT5 expression. In agreement with predictions made in
silico (Fig. 2C), head-to-head testing experimentally supported
that COVGT5 was moderately but significantly more inducible
than COVGT1 and COVGT4 in response to both IFN mix and
3p-hpRNA in 293T (fig. S3E) and responds to a wider variety of
triggers than IFN-β1 (23) and IFN-γ (24) promoters cloned
within the same backbone, in both 293T and A549 cells (fig. S3F).
Hence, we adopted COVGT5 for subsequent experiments.
Next, we tested COVGT5 induction in response to SARS-CoV-2

infection. To this end, we engineered A549-COVGT5 and 293T-
COVGT5 lines to overexpress human ACE2, the human receptor
for SARS-CoV-2 entry. Extracellular ACE2 enzymatic activity

confirmed the successful engineering (fig. S3G) and made both
cell lines permissive for infection with all the strains tested
(Wuhan, Delta, and Omicron; Fig. 3D). Furthermore, introduction
of ACE2 did not affect COVGT5 reporter inducibility in 293T and
A549 exposed to the IFN mix (fig. S3H). In a longitudinal live-cell
imaging setting using the wild-type Wuhan SARS-CoV-2 strain en-
gineered to express mNeonGreen [icSCV2-mNG (25)], A549-
ACE2-COVGT5 and 293T-ACE2-COVGT5 lines were permissive
to infection and a measurable viral accumulation/replication start-
ing from 72 to 120 hpi (Fig. 3E). COVGT5 response appeared to be
proportional to the extent of viral replication in our cell models. A
high dose of icSCV2 caused a marked response in 293T-ACE2-
COVGT5, which was comparable to IFN stimulation (Fig. 3F). Con-
sistently, in response to low-dose Omicron infection, we observed a
moderate but measurable activation of the COVGT5 sLCR, which

Fig. 1. Generation of COVGT sLCRs from defined inputs using the LSDmethod. (A) Schematic representation of the SARS-CoV-2 sLCR generation. Bulk and single-cell
expression profiles from the indicated studies were combined to infer an epithelial response signature to SARS-CoV-2 and define LSD input. (B and C) Signature selection
to generate the SARS-CoV-2 sLCR. Left, heatmaps of ssGSEA enrichment in the indicated dataset for signature genes (B) and TFs (C). Clustering used Euclidean distance,
complete linkage. Green denotes the genes meeting the threshold of activation in >2 different common genes among different datasets. Right, molecular hallmarks
enrichment analyses.
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Fig. 2. COVGT5 represents a productive SARS-CoV-2 infection and innate immune response in silico. (A) Uniform Manifold Approximation and Projection (UMAP)
representation of the Wyler et al. (20) SARS-CoV/CoV-2 dataset. Colors highlight cell clusters (left), COVGT1 + COVGT4 signature scores (middle), and SARS-CoV-2 viral
reads (right). (B) Violin plot ranking COVGT1 + COVGT4 against SARS-CoV-2 patient samples. Signature and TF gene scores from COVGT1 + COVGT4 were calculated on
annotated cell clusters from Chua et al. (7). Enrichment scores (y axis) of distinct cell clusters (x axis) within epithelial (left) and immune (right) cell populations are shown.
(C) In silico comparison of individual and combined COVGT sLCRs. Six combinations of sLCRs (black) are plotted against individual COVGT sLCRs (pink) and off-target
reporters (yellow). Qscore (x axis) and TBFS coverage (y axis) predict specificity on the target phenotype. The dot size indicates the number of TFs captured from the input
list. (D) Vector composition of COVGT5-mCherry. Representation of COVGT5 design from a combined COVGT4-COVGT1 sLCR driving mCherry expression.
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was delayed and reduced when compared to their response to IFNs
(Fig. 3G and fig. S3I).
In our experiments, Calu-3 cells, despite endogenously express-

ing ACE2 and the TMPSSR2 protease, albeit at low levels, and being
initially adopted by the field as a model of choice for in vitro infec-
tion biology, proved to be less responsive to IFN signaling (Fig. 3A
and fig. S3, B and C). In addition, they appeared to be poorly

permissive for infection with all the strains tested, which was con-
firmed by SARS-CoV-2 N-protein immunofluorescence (Fig. 3D).
Overall, our experiments show that COVGT5 responds to type I
IFNs, double-stranded RNA, and SARS-CoV-2 viral replication,
which are all triggers of epithelial innate immunity.

Fig. 3. COVGT5 responds to SARS-
CoV-2 and innate immunity activa-
tors. (A) Longitudinal measurement of
293T, A549, and Calu-3 COVGT5 report-
er cells upon IFN mix treatment. Time
after treatment is indicated on the x axis;
each dot represents a single measure-
ment. Mean mCherry intensity was cal-
culated from technical triplicates (n = 3)
measured by Operetta confocal
imaging system, and the confidence
interval was plotted. (B) Representative
images of COVGT5-driven mCherry ex-
pression (magenta) in 293T. Images
were taken 48 hours after IFN mix
treatment. Scale bar, 200 μm. (C) Bar
plot quantification of COVGT5-driven
mCherry up-regulation. COVGT5 induc-
tion at 48 hours following IFN mix, 3p-
hpRNA (0.1 and 0.5 μg/ml), and pI:C (1
and 5 μg/ml) treatment in 293T and
A549 reporter cells was assessed by
normalizing against untreated reporter
cells. P values denote significance by
one-way analysis of variance (ANOVA).
(D) Fluorescence microscopy images of
SCV2 infection. N-protein (red) was used
as a proxy for productive SCV2 infection
with Omicron, Delta, and mNG-engi-
neered Wuhan strain in Calu-3 and
293T-ACE2 reporter cells. Nuclei are
counterstained with 4′,6-diamidino-2-
phenylindole (DAPI) (blue). (E) Longitu-
dinal fluorescence microscopy images
of COVGT5-driven mCherry expression
(magenta). icSCV2-mNG [6600 plaque-
forming units (pfu)/ml] (green) was
used to infect 293T-COVGT to visualize
productive infection. (F and G) Bar plot
quantification of COVGT5-driven
mCherry up-regulation in response to
icSCV2-mNG (6600 pfu/ml) (F) and
SCV2-Omicron (88 pfu/ml) (G). Mea-
surement by Incucyte was taken at 120
hours post-infection (hpi). The relative
mean fluorescent area was determined
from technical replicates (n = 4). P
values denote significance by one-
way ANOVA.
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A platform for discovery of pharmacological modulators of
cellular innate immunity and response to SARS-CoV-2
infection
To exploit the specific responses of COVGT5 to triggers of epithelial
innate immunity, we next subjected our epithelial cell models to the
validated signaling cues and systematically investigated pharmaco-
logical modulators of such response. To this end, we assembled a
custom library of small molecules against some of the key targets
and pathways, including targeted agents approved by the United
States Food andDrug Administration (table S2). To screen formod-
ulators of epithelial cell response to COVGT5 activation that may be
used in clinics, we used a treatment scheme including three doses in
the low-nanomolar to low-micromolar range (i.e., 0.03, 0.3, and 3
μM; Fig. 4, A and B, and fig. S4A). In a 48-hour live imaging setting,
we were able to rank selected drugs for their ability to enhance or
block COVGT5 activation in response to both IFN mix and 3p-
hpRNA and eliminate those drugs that would affect cell viability
at low doses/short time points. The top ranked small molecules
that blocked COVGT5 activation in both lines and in response to
both triggers werewell established and clinically relevant JAK inhib-
itors (JAKis) Baricitinib and Tofacitinib (Fig. 4, B and C, and fig.
S4B). The mechanism of action of both drugs is the inhibition of
autocrine and paracrine cytokine signaling, with specificity for
JAK1-JAK2 (Baricitinib) and JAK3-JAK2 (Tofacitinib), in agree-
ment with the JAK-mediated STAT1 activation caused by type I
IFN stimulation of IFNAR. Since COVGT5 activation was efficient-
ly blocked by both JAKis in both cell lines in response to the JAK1-/
STAT1–independent trigger 3p-hpRNA, the screen suggests that
COVGT5 reports on signaling of both primary and secondary
innate immune transcriptional responses in epithelial cells such
as the activation of the antiviral and autonomous inflammato-
ry genes.
Among the top amplifiers of COVGT5 activation in response to

the aforementioned triggers and across multiple cell lines and doses,
we scored several modulators of genome integrity, with the notable
case of DNA damage inducers (e.g., TOP1 inhibitor, Topotecan,
and TOP2 inhibitor, Etoposide; Fig. 4, B and C, and fig. S4B).
The main hits of the screens were separately validated in the report-
er cell lines, and specific COVGT5 expression was con-
firmed (Fig. 4D).

Etoposide and Baricitinib/Tofacitinib antagonistically
modulate COVGT5 response to productive SARS-CoV-2
infection
To validate the response observed in the screen using SARS-CoV-2,
we next infected 293T-ACE2-COVGT5 with the Omicron strain
and simultaneously treated these cells with inhibitors of either
TOP2 (Etoposide), JAK (Baricitinib, Tofacitinib and ruxolitinib),
or TBK-1/IKK-ε/PDK-1 (BX-795). The latter blocks noncanonical
IκB kinase and IRF-3 activation during innate immune sensing.
During the longitudinal monitoring of cell responses, 293T-
ACE2-COVGT5 displayed a measurable activation of the
COVGT5 sLCR in response to Omicron infection, with a moderate
upward trajectory at the predefined end point of 156 hpi. This acti-
vation mode appeared to be specific for the viral infection setting
since the cellular response to the IFN signaling reached the
plateau at 48 hours after cytokine stimulation and lasted until 156
hpi (fig. S4C). In line with the results of our screen, COVGT5 ex-
pression was abrogated by all the independent JAKis tested

(Ruxolitinib, Baricitinib, and Tofacitinib), as well as by the TBK-
1/IKK-ε/PDK-1 inhibitor BX-795 (Fig. 4E). Instead, Etoposide im-
parted a moderate amplification of the COVIGT#5 signal when ad-
ministered in parallel to Omicron (Fig. 4E), and a nonlinear
regression model supported the hypothesis that Etoposide and
JAKi antagonistically modulate COVGT5 response to productive
SARS-CoV-2 infection (Fig. 4E). Similar antagonism was observed
for the SCV2-mNG strain (Fig. 4F and fig. S4C). Of note, in 293T
cells exposed to icSCV2-mNG, similar viral replication levels in in-
dividual treatment arms excluded that JAK or topoisomerase inhib-
itors regulated COVGT5 through viral replication, suggesting that
they mainly affect cellular responses through their mechanism of
action (fig. S4D). Thus, our data support the use of an sLCR to
detect responses to viral infection as a drug discovery platform to
identify pharmacological modulators of innate immune responses.

Synergistic and antagonistic pharmacological modulation
of COVGT5 underscored drug mechanism of action and
convergence on endogenous transcription
The targets of individual JAKis are biochemically well established,
and the consequences of signal transduction observed in our exper-
iments aligned with expectations. Cell exposure to chemotherapeu-
tics such as Topotecan and Etoposide leads to far less predictable
targets and consequences. We therefore tested whether our reporter
could provide evidence supporting the mechanism of action of the
drugs controlling its regulation.
DNA damage induces ISGs and the IFN-α and IFN-λ genes via

NF-κB activation (13), which is consistent with both the predicted
outcome of TOP1 and TOP2 inhibition by Topotecan and Etopo-
side, respectively. However, small molecules may also have unrelat-
ed, off-target effects. To address whether or not DNA damage is the
actual trigger of the SARS-CoV-2 infection–like response observed,
we set out to conduct both selective pairwise synergy screens and a
comprehensive transcriptomic analysis (Fig. 5A). In 293T-
COVGT5 and A549-COVGT5 exposed to IFN mix or 3p-hpRNA,
Bliss synergy scoring of the dose escalation for Topotecan and Eto-
poside determined that the combined treatment synergistically am-
plified COVGT5 expression, in line with their predicted induction
of DNA damage (Fig. 5B and fig. S5A). The extent of synergism was
cell line specific and reflected the extent of response to IFN mix
(Fig. 5B and fig. S5A). Conversely, JAKi combination synergistically
restricted COVGT5 activation (Fig. 5B and fig. S5A), indicating that
synergism reveals mechanistical convergence. Thus, we next substi-
tuted either Topotecan or Etoposide with ionizing radiation (IR),
which is a direct method to damage DNA. IR amplified activation
of COVGT5 in dose-dependent manner on top of 3p-hpRNA trans-
fection, and in both lung and kidney cell lines, starting from a dose
of 1 Gy (fig. S5B). Bliss synergy scoring of the dose escalation of each
combination indicated that IR activation is epistatic to Topotecan or
Etoposide (Fig. 5C), supporting that cooperative DNA damage in-
duction occurred. In contrast, Bardoxolone, an NRF2 activator, an-
tagonistically regulated COVGT5 when combined with Topotecan
(fig. S3C), indicating that drugs with distinct mechanisms of action
do not synergistically amplify cellular responses to 3p-hpRNA.
Type I IFN responses involve activation of TFs such as IRF3 and

IRF7 (26) and negative feedback by proteins including SOCS1 and
USP18 (27). However, in response to viral infection, only a few en-
dogenous genes are strictly dependent on individual factors, as ex-
emplified by experiments in IRF3 knockout cells (28). Consistently,
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Fig. 4. A platform for discovery of
pharmacological modulators of cellu-
lar innate immunity and response to
SARS-CoV-2 infection. (A) Schematic
representation of the platform. One
hundred twelve pharmacological agents
were tested on 293T, A549, and Calu-3
COVGT5 reporter cells using IFN mix and
3p-hpRNA (0.1 μg/ml) as inducers and
high-content image acquisition and
quantification as readout. (B) Circular
heatmaps representing screening results
of 293T (left) and A549 (right) COVGT5
reporter cells. Drugs were tested in con-
centrations of 30, 300, and 3000 nM at 24
and 48 hours after induction in technical
replicates (n = 4). Z scores calculated for
cell viability (inner circle) and mCherry
intensity (outer circle) are plotted, and
drugs are ordered based on hierarchical
clustering for both parameters. (C) Spider
plots highlighting COVGT5 modulators.
Amplifiers (Topotecan and Etoposide)
and inhibitors (Tofacitinib) were iden-
tified from screening data in 293T (teal)
and A549 (purple). Each data point is
represented as a corner of the plot with
the indicated scale ranges (note for color
coding: red, activation; blue, inhibition).
(D) Representative images showing
modulatory drug effect. Topotecan (300
nM) and Tofacitinib (300 nM) were used
on top of the IFN mix in 293T reporter
cells. Scale bar, 200 μm. (E) Longitudinal
measurement (left) of COVGT5 modula-
tion in virus infection setting. 293T-
COVGT5 were infected with SCV2-
Omicron (88 pfu/ml) and treated with 10
μM Baricitinib, 10 μM Tofacitinib, 10 μM
Etoposide, 200 nM BX-795, or 2 μM rux-
olitinib. Polynomial regression model
(right) of longitudinal measurement
pronouncing drug effects on COVGT5
induction. Measurement and quantifica-
tion were performed using Incucyte fac-
toring mean fluorescence intensity and
fluorescent area. (F) Independent bar
plot quantifications of 293T-COVGT5 in-
duction by SCV2 infection. SCV2-
Omicron (6600 pfu/ml) or icSCV2-mNG
were used with 10 μM Baricitinib, 10 μM
Tofacitinib, and 10 μM Etoposide. Mea-
surement and quantification were per-
formed using Incucyte at 120 hpi. The
relative mean fluorescent area was de-
termined from technical replicates (n =
4). P values denote significance by one-way ANOVA.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Jiang et al., Sci. Adv. 9, eadf4975 (2023) 21 June 2023 7 of 16



knockdown of IRF3, IRF7, and SOCS1 in 293T and A549 cells did
not markedly affect COVGT5 activation in response to IFNmix (fig.
S6, A and B), despite IRF3 and IRF7 binding sites being included
among the input.
To determine whether COVGT5 expression reflects the activa-

tion of a broad or cell type– and trigger-specific gene expression
program, we next systematically dissected COVGT5-coregulated

genes by RNA-seq in FACS-purified cells (Fig. 5A and fig. S6C).
Principal components analysis (PCA) indicated that COVGT5 acti-
vation and its modulation by antagonistic JAK and TOP1/2 inhib-
itors dominate gene expression variation together with the expected
cell type–specific programs (fig. S6D). We then defined 454 genes
coregulated with COVGT5 in a cell type– and trigger-independent
manner, and 104 genes were antiregulated (fig. S6, E to G, and table

Fig. 5. Synergistic and antagonistic
pharmacological modulation of
COVGT5 underscored the drug mech-
anism of action. (A) Schematic depic-
tion of approach to define mechanistic
basis of COVGT5 regulation. (B) Dose es-
calation of Topotecan against Etoposide
(top) and Baricitinib against Tofacitinib
(bottom). 293T-COVGT5 received IFN mix
induction followed by combinatorial
drug treatment. Mean mCherry intensity
was calculated from technical triplicates
(n = 3) and normalized to non–drug-
treated cells. Quantification was per-
formed by high-throughput FACS mea-
suring mean mCherry fluorescence
intensity. Bliss synergy scores inform on
synergism between Topotecan + Etopo-
side and Baricitinib + Tofacitinib in
modulating COVGT5 response. (C) Mean
Bliss synergy score calculated from all
single drug combination data points.
Topotecan + IR and Etoposide + IR in
addition to drug combinations from (A)
in 293T and A549 reporter cells were
performed in technical triplicates (n = 3).
Quantification was performed by high-
throughput FACS. P values denote sig-
nificance by one-way ANOVA. (D) GSEA
plot of IFN mix- and 3p-hpRNA-treated
293T and A549 RNA-seq data (n = 3 bio-
logical replica) using the COVGT5-core-
gulated gene signature. COVGT5
inducers are the denominator of the
GSEA against the effect of Topotecan +
Etoposide amplification (top) or Bariciti-
nib + Tofacitinib (bottom). (E) Bar plot
showing the expression of the indicated
genes in the indicated cell lines by RT-
qPCR. Note the conserved response of
Stat1 expression in response to IFN mix
and IR in mouse and hamster cells. P
values denote significance by one-way
ANOVA. (F) Schematic representation of
proposed mechanisms of action for
COVGT5 modulation. Pathways for in-
duction and amplification by Topotecan,
Etoposide, and IR (left) and COVGT5 in-
hibition by Baricitinib and Tofacitinib
(right) (strength of inhibition arrows in-
dicate specificity) are proposed. ns, not
significant.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Jiang et al., Sci. Adv. 9, eadf4975 (2023) 21 June 2023 8 of 16



S3). COVGT5-coregulated genes were generally connected to re-
sponse to IFNs and viruses, as well as antigen presentation (fig.
S6, E and F). The substantial similarity between COVGT5-coregu-
lated genes in cell lines and IFN signatures obtained from primary
models (fig. S6F) (18) supports the broad validity of our findings.
Consistent with functional inference experiments, IRF3, IRF7,
SOCS1, or USP18 was either lowly expressed or not regulated in
our models (table S3). COVGT5 signature genes were significantly
amplified by low-dose TOP1/2 and depressed by JAKis, respectively
(Fig. 5D). Selected genes from the COVGT5 signature such as
IFIT3, IFI44, OAS1, and STAT1 were confirmed by reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR) in
A549 and 293T cells (fig. S7). Therefore, unbiased gene expression
profiling corroborated our drug screen findings and connected
COVGT5 to an endogenous gene expression program.
Stat1 induction by human IFN mix was observed in both mouse

NIH3T3 and Chinese hamster ovary (CHO)–K1 cells and amplified
by an IR dose of 3 Gy (Fig. 5E), which is on the higher end of the
dosage compatible with clinically applicable low-dose radiotherapy
(LDRT) (29). Hence, Stat1 conserved induction could be used as an
endogenous molecular beacon in preclinical animal models for
modulation of type I IFN responses and viral infection.
Together, our data suggest that DNA-damaging agents and JAKi

antagonistically modulate epithelial innate immunity in response to
SARS-CoV-2 infection (Fig. 5F). These leads were enabled by syn-
thetic genetic tracing for SARS-CoV-2 viral infection in epithelial
cells applied in a drug discovery setting and feature its application
to infection biology more broadly.

DISCUSSION
COVID-19 pandemic has seen no single drug or combination
proven to effectively halt disease progression, and the effect of the
massive worldwide vaccination campaign is waning. Additional
threats may come from near-future surges of this pandemic by
SARS-CoV-2 subvariants, and other pandemic-scale infectious dis-
eases, which are recurrent in history. To grapple with these pressing
issues, we report the COVGT sLCRs and the validation of the ap-
proach to design such reporters. Together, these form a useful re-
source for investigating the cellular response to SARS-CoV-2 entry
and replication as well as an invaluable tool for high-throughput
screening of therapeutics. Combining reporters that measure viral
entry and replication with those that measure cellular transcription-
al responses is timely (30). The flexibility to use such systems in any
chosen model, potentially including preclinical models in vivo, is a
unique feature of our system. In addition, the adaptability of our
system to establish in vitro infection models allows the rapid
testing of wild-type and evolving pathogens stains.
Whereas heterogeneous responses to viral infection are likely

rooted in biology (30), future experiments with this and other re-
porters will likely benefit from using cellular models that are phys-
iologically more accurate than cell lines. Through our experiments,
293T cells were found to be a more responsive model for triggers of
innate immunity and viral infection, while A549 displayed interme-
diate IFN and RIG-I responses, as well as permissiveness of SARS-
CoV-2 infection. On the other hand, we observed limited response
in Calu-3, a lung cancer cell line adopted at the start of the pandem-
ic, and later dismissed as an effective model. Hence, synthetic

genetic tracing may be used to rapidly screen for the most
optimal cellular models for infection biology studies.
The COVGT5 reporter characterized here was independently

and strongly activated by type I IFNs and RIG-I agonists in cells
and outperformed publicly available reporters both in silico and
in vitro, and its expression was connected to endogenous gene ex-
pression. RIG-I, a major receptor for viral mRNA sensing, was val-
idated head-to-head in primary cells and cell lines (31), supporting
the validity of our findings. COVGT5 activation in our epithelial cell
models may be modulated by bioactive agents found through in
vitro image-based screens. An example is our discovery of DNA
damage inducers and JAKis, which act as rheostats of epithelial im-
munity. Of note, the identification of a cell type– and trigger-inde-
pendent signature of endogenous innate immune responses
suggests that COVGT5 activity may be conserved across various
tissues and cell types. On the basis of our past experience with
other synthetic reporters (15, 16), identifying and elucidating criti-
cal mechanistic nodes of context-specific COVGT5 activation will
require phenotypic functional screens at a genome scale or
focused on pathways, such as the signature genes we report.
IFN response plays a critical role in the first lines of defense

against viral infections. It involves the transcription of IFN genes
first and later of ISGs, which in turn lead to an antiviral state in
both infected and neighboring cells. Viral infections are detected
through PRRs, including RIG-I–like receptors. Notably, SARS-
CoV-2 evolution through variants of concern involved increased
IFN response evasion (32), and a synthetic agonist stimulation of
RIG-I protects mice from acute and chronic SARS-CoV-2 infection,
even in the absence of the adaptive immune system (33). This un-
derscores the importance of epithelial innate immune responses to
restrain SARS-CoV-2 infection and supports the potential of phar-
macological modulators of such response as a therapeutic strategy to
manage COVID-19 and viral infections more broadly. Our
COVGT5 sLCR designed on the transcriptional response of lung
epithelial and enterocyte organoids to SARS-CoV-2 infection
could be explained by activation of IFN- and RIG-I–like signaling.
This provides an additional asset for our study as it offers a cellular
reporter for viral infection biology and a molecular tool for cellular
and molecular dissection of these pathways.
Given the antiviral immunity’s pivotal signaling through JAK/

STAT pathway, JAKis were already clinically tested as therapeutics
for COVID-19. Retrospectively, JAKi appeared potentially helpful
to manage disease severity (3). Likewise, Topotecan, one of the
other drugs uncovered by our COVGT5 reporter as an amplifier
of innate immunity, was recently found as treatment to blunt the
hyperinflammatory response to anti–SARS-CoV-2 treatment with
successful validation in preclinical models (34). More generally,
topoisomerase 1 and 2 inhibitors are potent modulators of innate
immune activation (35, 36). In mice, Topotecan and Etoposide
ameliorate responses to colitis (37), and Etoposide partly protects
from sepsis (38), thereby featuring an anti-inflammatory function
at systemic level. An ongoing clinical trial is testing Topotecan in
COVID-19 patients to assess the safety of a single dose and its po-
tential to blunt inflammation systemically (NCT05083000). Our ex-
periments are focused on epithelial cell–intrinsic responses to
triggers of innate immunity and may be helpful to interpret the
results of this trial as they suggest that DNA damage modulation
may also be effective in priming an antiviral state in vivo or ampli-
fying it. This may occur in both infected and neighboring cells as a
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function of cellular state or productiveness of the infection.
However, preclinical testing in vivo will be important to investigate
the impact of cell type–specific and systemic responses.
Combination therapies were frequently tested in COVID-19

trials, particularly using antiviral drugs as anchor, since those
were deemed insufficient if administered at disease progression
(5). Remdesivir, the first antiviral to show mild effectiveness
against COVID-19, appeared to cooperate with Baricitinib (5).
For JAKis and Dexamethasone, a glucocorticoid receptor agonist
that did not consistently modulate our reporter across the screens
and validations, trials suggested that drug administration should
occur in a particular window of time to promote beneficial
effects, or else these drugs could be detrimental (3, 4). In our exper-
iments, all JAKis abrogated cellular response to viral replication,
providing support for their use for such purposes. We arrived at
our conclusion through a rapid screening of a curated set of
drugs. This approach is significantly more scalable than the use of
clinical trials and artificial intelligence, which reached a similar con-
clusion (39). Moreover, our platform is uniquely placed to discover
drug combinations synergistically acting toward cellular response to
viral infection in preclinical models, which may later be tested
during disease progression. Alternatively, rather than abrogating
epithelial immunity, combinations of drugs that promote an antivi-
ral state and cooperate with antiviral drugs could be tested to poten-
tiate disease control. As supplementing IFN-β-1a in combination
with Remdesivir did not improve outcomes and was associated
with adverse effects in a placebo-controlled phase 3 trial (40),
innate immunity amplification will require the identification of
safe combinations. Our screen also initially revealed Rapamycin
as a potential epithelial immunity amplifier drug. However, this
drug was not validated in later experiments. Whether targeted IR
may reduce the impact of viral shedding in selected organs is an in-
triguing hypothesis that stems from this study. Low-dose radiation
therapy (LDRT) has been studied as a possible treatment option
during the COVID-19 pandemic, yet its effectiveness is still
debated (41, 42). Future combinations should focus on approved
drugs with higher safety profiles or involve substantial preclinical
testing. DNA damage-inducing agents have the potential to
worsen cellular responses to an infection (43), and heightened
IFN responses have been linked to severe COVID-related disorders
such as vasculitis, “COVID toes,” and Kawasaki-like disease. Never-
theless, our finding that STAT1 induction by IR within epithelial
cells appears to be conserved in mouse and hamster cells, if used
at doses slightly stronger than conventional LDRT, offers a possibil-
ity of testing LDRT for its potential to be an effective treatment in
widely used preclinical models and compare outcomes
across species.
The onset of the COVID-19 pandemic resulted in substantial

global morbidity andmortality, and led toworldwide economic col-
lapse due to the lack of early preparedness. Our approach took 4
weeks from the discovery of the first transcriptional signatures to
validate the reporter and offers significant potential for optimiza-
tion, thus making synthetic genetic tracing more available for infec-
tion biology in the future.

MATERIALS AND METHODS
Datasets
The data to generate the signature genes and TFs listed in Fig. 1 were
downloaded from Gene Expression Omnibus, accession
GSE148729 and GSE147507, or the Supplementary Materials
(see below).

LSD reporter design
COVGT reporters were designed using the LSD method, as de-
scribed (17). Briefly, the LSD algorithm takes a list of PWMs, a
list of marker genes of a target phenotype, and the reference
genome of the organism of interest, and it generates a list of natu-
rally occurring, putative cis-regulatory elements used to assemble
the synthetic reporter. The algorithm can be divided into three
steps. In step I, LSD generates a pool of potential CRE with a
fixed length within user-defined regulatory landscapes [default is
a 150–base pair (bp) window sliding with a 50-bp step]. In step
II, LSD assigns TFBSs to the CRE pool using FIMO (default
--output-pthresh 1e-4 --no-qvalue) and creates a matrix of putative
CREs × TFBS. In step III, LSD ranks and selects the minimal
number of CREs representing the complete set of TFBS. For that
purpose, it uses an algorithm to sort and select the best CRE
based on the overall TFBS affinity and diversity among input TFs
showing high affinity for the CRE. Starting from the ranked
CREs, LSD selects the highest-ranking CRE defined by the sum of
the affinity score [−log10(P value)] and TFBS diversity (number of
different TFBS). Subsequently, it removes the selected CRE and the
corresponding TFBS from the CRE × TFBS matrix and repeats the
selection. This continues until either none of the CRE or of the
TFBS is left. In the ranking, priority is given to CREs proximal to
known transcription start site (TSS) based on 5′ CAGE data
(ENCODE) to increase the chances of successful transcriptional
firing using the same strategy as above. Last, LSD returns an
ordered list of the selected CREs, together with a representation
of the TFBS scores (Fig. 1A). LSD is available at: https://gitlab.
com/gargiulo_lab/sLCR_selection_framework. All COVGT sLCRs
are available from Addgene either with destabilized GFP or addi-
tionally with mCherry as fluorophores (https://www.addgene.org/
Gaetano_Gargiulo/; Addgene IDs #201447, #201448, #201446,
#201449, #201451, #201452, #201450, #201453, #201454,
#201455). The COVGT5 plasmid #201454 pPB-Neo-COVGT5-
d2EGFP-mCherry was primarily used in this study.

Cis-regulatory potential assessment of the SARS-CoV-
2 sLCRs
To generate a common SARS-CoV-2 signature and define the
specific TF (Fig. 1A), we integrated different transcriptional
profiles available at the moment of this publication. We first down-
loaded Blanco-Melo et al. (18) (GSE147507), Wyler et al. (20)
(GSE148729; www.mdc-berlin.de/singlecell-SARSCoV2), and
Lamers et al. (19) (differentially expressed tablets). Then, we rean-
alyzed Blanco-Melo et al. (18) and Wyler et al. (20) using the same
parameters as in the publications. Blanco-Melo et al. (18) and
Lamers et al. (19) gene signatures and TF were selected using
log2FC > 1 and adjusted P value (Padj) < 0.05. Wyler et al. (20)
gene signatures were identified by using the FindMarkers function
(Seurat v.3.1, R v.3.6) and selected using Padj < 0.05 as a threshold.
scRNA-seq TF selection was generated by selecting exclusive highly
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expressed (quantile >75%) TF genes. Integration of the datasets to
construct the common gene signatures was done using at least three
common genes between experiments, and two common TF genes to
define the TF input. Further analysis of TF using Ingenuity Pathway
Analysis (IPA) generated the final set of TFs and TFBS used in the
different comparisons (fig. S1 and table S1). Previously published
reporters carrying promoters of the human IFN-γ or IFN-β genes
were included as benchmark (Addgene, #102597, #17596, #30536,
and #17598). SARS-CoV-2 sLCR pool was designed using a
combination of individual and common datasets and the LSD
framework. The inference of the specific phenotypic potential ()
of each reporter was defined as the linear correlation between the
Qscore (affinity-score) and the SignScore (phenotypic-score). The
affinity-score (QScore) was calculated for each reporter as the
sum of the TFBS-affinity using FIMO (default --output-pthresh
1e-4 --no-qvalue) given a specific set of TFBS (e.g., using as
reference IPA selected COVGT#1 TFBS) and normalized by the
sLCR sequence length and the ratio of observed/expected TFBS
[Σ (FIMO-score) × sequences length)/(observed/expected TFBS)].
In contrast, the phenotypic score (SignScore) was defined as the
ssGSEA-enrichment value calculated on target expression profiles
(ssgsea.norm=FALSE) using the signature genes, and normalized
by the ratio of observed/expected TFBS [ssGSEA-score × (ratio
observed/expected TFBS)]. Heatmaps and gene set enrichment
analysis (GSEA) (Fig. 1, B and C) were generated using common
genes and selection with pheatmap v.1.0.12 and piano v.2.0.2,
respectively. Hg19 assembly was used to extract references and
generate the sLCR vectors. Scatter plot graphics were generated
using ggplot2 on an R v.3.6 environment.

Signature scoring on scRNA-seq datasets
Two scRNA-seq studies were used to establish scores for the
COVGT5 signature list consisting of marker genes and TFs. From
Wyler et al. (20), we downloaded the Seurat object file and retrieved
annotations for viral reads (SCoV1-ORF1a, SCoV1-ORF1ab,
SCoV1-S, SCoV1-ORF3a, SCoV1-ORF3b, SCoV1-E, SCoV1-M,
SCoV1-ORF6, SCoV1-ORF7a, SCoV1-ORF7b, SCoV1-ORF8a,
SCoV1-ORF8b, SCoV1-N, SCoV1-ORF10, SCoV1-UTR3, SCoV2-
orf1ab, SCoV2-ORF10, SCoV2-ORF3a, SCoV2-E, SCoV2-M,
SCoV2-ORF7a, SCoV2-ORF8, SCoV2-N, and SCoV2-3′UTR: ac-
cession numbers: AY310120 for SARS-CoV and MN908947 for
SARS-CoV-2). The list of viral reads as well as the list of signature
genes and TFs for COVGT5 generation were used to calculate the
meta-module score on single cells using the AddModuleScore()
function from Seurat. Similarly, from Chua et al. (7) and https://
digital.bihealth.org, we downloaded the Seurat object and used
the AddModuleScore() function to determine enrichment of the
COVGT5 signature list over the annotated cell clusters.

Cell lines
All lines used in this study were thawed from frozen batches and
propagated for a limited number of passages (10× to 15×), and all
lines regularly tested with the Mycoplasma Detection Kit (Jena Bio-
science, 11828383, PP-401 L) to exclude contamination. 293T and
A549 cell lines [R. Bernards laboratory, Netherlands Cancer Insti-
tute (NKI), Amsterdam, the Netherlands] were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) or RPMI 1640 medium
(Gibco), respectively, supplemented with 10% fetal bovine serum
(FBS; Gibco) and penicillin-streptomycin (100 U/ml; Gibco) at

37°C in a 5% CO2 and 95% air. Calu-3 [L.Č.-Š. laboratory, Helm-
holtz Centre for Infection Research (HZI), Braunschweig,
Germany] were cultured in DMEM (Gibco), supplemented with
1×MEMnonessential amino acid mix (Gibco), 1× sodium pyruvate
(Gibco), 10% FBS (Gibco), and penicillin -streptomycin (100 U/ml;
Gibco) at 37°C in a 5% CO2 and 95% air.
Murine NIH3T3 cells were cultured in DMEM supplemented

with 10% FBS (Gibco) and penicillin-streptomycin (100 U/ml;
Gibco) at 37°C in a 5% CO2 and 95% air. The hamster ovary–
derived cell line CHO-K1 was cultured in DMEM-F12 supplement-
ed with 10% FBS (Gibco) and penicillin-streptomycin (100 U/ml;
Gibco) at 37°C in a 5% CO2 and 95% air.

Transfection/transduction
Transfection and transduction were previously described in detail
(11). Briefly, 12 μg of DNA mix (lentivector, pCMV-G, pRSV-
REV, pMDLG/pRRE) was incubated with the FuGENE (Promega,
E2311)–DMEM/F12 (Life Technologies, 31331) mix for 15 min at
room temperature, added to the antibiotic-free medium covering
the 293T cells, and the first tap of viral supernatant was collected
at 40 hours after transfection. Titer was assessed using the Lenti-
X p24 Rapid Titer Kit (Takara, 631280) according to the manufac-
turer’s instructions. We applied viral particles to target cells in the
appropriate complete medium supplemented with protamine
sulfate (2.5 μg/ml). After 12 to 14 hours of incubation with the
viral supernatant, the medium was refreshed with the appropriate
complete medium.

COVGT reporter cell lines
COVGT1 to COVGT4 reporter cell lines were generated by Piggy-
Bac vector delivery: 3 μg of Super PiggyBac Transposase (System
Biosciences, PB210PA-1-SBI) and 3 μg of reporter plasmid (pPB-
{COVGT1}>d2EGFP, pPB[-{COVGT2}>d2EGFP, pPB-{COV-
GT3}>d2EGFP, pPB-{COVGT4}>d2EGFP) were transfected.
Transfected cells were selected using G418 (1 mg/ml; Sigma-
Aldrich). COVGT5 reporter cell lines were generated through len-
tiviral transduction with pBA407-{COVGT5}>mCherry. The back-
bone of pBA407 was a gift from J. Weissman (Addgene, #85970;
RRID:Addgene_85970). Infected cells were selected using G418 (1
mg/ml; Sigma-Aldrich). ACE2 expression 293T and A549 reporter
cell lines were generated through lentiviral transduction with
pscALPSpuro-HsACE2 (human) (Addgene, #158081). Infected
cells were selected using puromycin (2 μg/ml; Sigma-Aldrich).
IFN-Beta_pGL3 was a gift from N. Manel (Addgene, #102597; RRI-
D:Addgene_102597) and human -204 IFN-γ luc was a gift from
H. Young (Addgene, #17596; RRID:Addgene_17596). Both pro-
moters were amplified by PCR and cloned in pBA407 using HiFi
mastermix (NEB).

FACS analysis and sorting
Transduced cell lines were harvested into single-cell suspensions,
resuspended into cold medium, and filtered through 40-μm mesh
filters (BD) into FACS tubes. Sorting was conducted using BD FAC-
SAria III or Fusion; analysis was conducted on BD LSR Fortessa.
The appropriate laser-filter combinations were chosen depending
on the fluorophores being sorted for [green fluorescent protein
(GFP) or mCherry]. Typically, to remove dead cells, events were
first gated on the basis of shape and granularity [forward scatter
(FSC)–A versus sideward scatter (SSC)–A] and doublets were
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excluded (FSC-A versus FSC-H). If insufficient, alternative gates
were used (FSC-W and SSC-W). Positive gates were established
on parental cells; untreated reporter cells and IFN mix induced re-
porter cells to sort for populations with fluorescent signal above
background (fig. S3, A, B, and H). For identification of COVGT5-
coregulated genes by RNA-seq, 293T and A549 COVGT5 reporter
cells were treated with IFN mix or 3p-hpRNA (0.1 μg/ml, inducer).
Drug combinations of 30 nM Topotecan + 100 nM Etoposide
(TOPi) or 100 nM Baricitinib + 300 nM Tofacitinib (JAKi) were
added 6 hours later. The following sorting strategy was applied 48
hours later based on mCherry intensity (fig. S6C): untreated—
between bottom 25% and top 75% mCherry intensity; inducer—
above top 20 or 30% mCherry intensity; inducer + TOPi—above
top 30% mCherry intensity; inducer + JAKi—below bottom 40%
mCherry intensity. A total of 2 × 105 to 1 × 106 cells per sample
were sorted. Three samples were sorted for each treatment condi-
tion and cell line.

COVGT reporter induction
For COVGT reporter induction, cells were seeded at a density of
2000 in 50 μl (for 384-well plates, Greiner) or 10,000 in 100 μl
(96-well plates, Greiner) of cells per well and incubated at 37°C in
a 5% CO2 and 95% air for 1 to 2 days until a confluency of 60 to 80%
was reached.
Cells were treated with individual cytokines (PeproTech) or

COVGT induction mixes: inflammation medium—TNF-α (5 ng/
ml), IFN-γ (10 ng/ml), IL-4 (10 ng/ml), epidermal growth factor
(EGF) (10 ng/ml), and IL-6 (10 ng/ml); IFN mix—IFN-α-2a (20
ng/ml), IFN-α-2b (20 ng/ml), IFN-β-2b (20 ng/ml), IL-28 (IFN-λ,
10 ng/ml), and IFN-γ (5 ng/ml); 3p-hpRNA, pI:C (InvivoGen), and
LPS (Sigma-Aldrich)—transfected at indicated concentrations fol-
lowing transfection protocol described above. Quantification of re-
porter expression was performed by FACS or Operetta CLS typically
48 hours following induction. For direct comparison of COVGT5
with COVGT1, COVGT4, IFN-β1, and IFN-γ promoter reporters,
cells were treated with IFN mix, IFN-β (20 ng/ml), IFN-γ (20 ng/
ml), or 3p-hpRNA (1 μg/ml).

Knockdown using siRNA
To knock down IFN response–regulating genes, small interfering
RNAs (siRNAs) were transfected into 293T and A549 cells harbor-
ing the COVGT5 reporter (siRNA-IRF3, SignalSilence, #6274;
siRNA-IRF7, SignalSilence, #13139; esiRNA-SOCS1, Sigma-
Aldrich, EHU903081; nontargeting siRNA). Per nucleofection, 30
pmol of each siRNA was prepared in SF buffer (Lonza) and nucle-
ofected into 293T and A549 cells using the AMAXA 4D Nucleofec-
tor (Lonza). After 72 hours, a second nucleofection with the same
conditions was performed before cells were seeded on 12-well plates
with or without IFN mix treatment, and the remaining cells were
pelleted and lysed for Western blot evaluation of knockdown effi-
ciency. FACS-based reporter readout was done at 48 hours after
stimulation.

Western blot
Radioimmunoprecipitation assay (RIPA) buffer [20 mM tris-HCl
(pH7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1% NP-
40] was used to lyse cell pellets. RIPA was supplemented with 1×
protease inhibitor cocktail (Roche), 10 mM NaPPi, 10 mM NaF,
and 1 mM sodium orthovanadate. Bio-Rad protein assay dye was

used for protein determination. The lysates were sonicated if neces-
sary, and protein electrophoresis was performed with NuPAGE
Novex 4 to 12% bis-tris precasted gels in NuPAGE Mops SDS
running buffer (50 mM Mops, 50 mM tris base, 0.1% SDS, and 1
mM EDTA; Life Technologies). Proteins were transferred onto ni-
trocellulose membranes (0.2 μm; Amersham-Protran) in transfer
buffer [25 mM tris-HCl (pH 7.5), 192 mM glycine, and 20% meth-
anol]. Themembranes were blocked at room temperature for 1 hour
with 5% bovine serum albumin (BSA) in phosphate-buffered saline
(PBS). The primary antibodies were diluted in PBS plus 5% BSA,
and membranes were incubated overnight at 4°C. The appropriate
horseradish peroxidase–coupled secondary antibodies were used
for detection. Bands were visualized using an enhanced chemilumi-
nescence detection reagent (GE Healthcare). Primary antibodies
used against the following antigens were as follows: anti-vinculin
(mouse clone h-VIN1; Sigma-Aldrich, #V9131), anti-IRF3
[(D6I4C) XP] rabbit monoclonal antibody (mAb) (#11904), anti-
IRF7 (D2A1J) rabbit mAb (#13014), and anti-SOCS1 (A156) anti-
body (#3950).

Fluorescence microscopy
Operetta CLS (PerkinElmer) and Incucyte (Sartorius) were used to
acquire fluorescence imaging data of COVGT5 induction. Reporter
cell lines were plated on black 384-well or 96-well plates for optical
imaging (Greiner) for Operetta CLS high-content confocal imaging.
We used the nonconfocal mode and a 10× air objective to image the
well center in live-cell imaging mode with temperature and CO2
control at 37°C in a 5% CO2. Optimal z position was determined
by performing z-stack analysis on control wells before whole-plate
acquisition. Light-emitting diode power and detector exposure time
were adjusted on induced and noninduced control wells. Images
were generally taken at 24 and 48 hours after induction or in a lon-
gitudinal setting over 72 hours with image acquisition every 2 to 4
hours. Longitudinal image acquisition and SARS-CoV-2–infected
experiments were performed on 96-well plates for optical imaging
(Greiner) using the Incucyte live-cell analysis system with temper-
ature and CO2 control at 37°C in a 5% CO2. Infected cells were gen-
erally imaged every 2 hours after initial infection up to 5 to 8 days.

Image quantification
Following acquisition, quantification was performed using the
Harmony software (PerkinElmer) for Operetta CLS images: After
filtering each channel (sliding parabola 10px), we used the
Harmony software building blocks to identify fluorescent objects
above backgroundmCherry intensities. Fluorescent objects were fil-
tered by applying a threshold for object size, and mean intensities as
well as number of objects were determined. As a proxy for cell via-
bility and fitness, cell density area was calculated from filtered
brightfield images. Data with all relevant parameters were exported
as csv files and analyzed using RStudio and GraphPad Prism. Mean
fluorescence and viability score were calculated from technical rep-
licates (n = 3 or 4) and normalized to COVGT5-induced but non–
drug-treated control wells.
Quantification of Incucyte images was performed using the In-

cucyte analysis software (Sartorius): Incucyte software identifies
whole-cell layer area and fluorescent area above background
within the image area and calculates mean fluorescence intensity.
Data with all relevant parameters were exported as csv files and an-
alyzed using GraphPad Prism. Mean fluorescent area was calculated
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in relation to cell layer area to account for cell toxicity. Integrated
mCherry intensity was calculated by factoring mean fluorescent
area with mean fluorescence intensity to gain a total fluorescence
score. Incucyte experiments were performed with technical repli-
cates (n = 4). Statistical testing was done through one-way analysis
of variance (ANOVA) with multiple comparisons testing. The trend
lines in Fig. 4E are based on second-order polynomial regression
fitting implemented through GraphPad Prism v9.4 using the “Inter-
polation” function.

ACE2 enzyme activity assay
ACE2 enzymatic activity was assessed using an mMCA peptide–
based substrate assay (a gift of M. Lebedin and K. de la Rosa, Max
Delbrück Center, Berlin, Germany) releasing a fluorophore upon
cleavage by ACE2. For this, ACE2-expressing 293T and A549 re-
porter cells were seeded at 20,000 cells per well on a 96-well plate
for optical imaging (Greiner) and incubated overnight at 37°C
and 5% CO2. Mca-APK(Dnp) substrate (Enzo Life Sciences) was
diluted 1:100 in Epelman buffer [75 mM tris-HCl (pH 6.5) and 1
M NaCl] supplemented with protease inhibitor mix and 100 μM
ZnCl2. Medium was removed before substrate addition. Twenty mi-
croliters of diluted MCA substrate was added per well, and fluores-
cence (excitation, 340 nm; emission, 420 nm) was measured every
30min following substrate addition using Tecan Spark (Tecan) with
temperature control at 37°C. Activity was referenced to recombi-
nant ACE2 protein and parental 293T and A549 reporter cells. Stat-
istical testing was done through one-way ANOVA with multiple
comparisons testing.

SARS-CoV-2 viral infection
All SARS-CoV-2 variants and associated experiments were handled
in the biosafety level 3 laboratory (L.Č.-Š.’s laboratory, HZI, Braun-
schweig, Germany). For 293T-ACE2-COVGT5 infection experi-
ments, 20,000 cells per well were seeded in 100 μl of medium and
incubated overnight at 37°C and 5% CO2. Cells were infected with
SARS-CoV-2 variants and subsequently treated with drug modula-
tors at indicated concentrations. Longitudinal measurement of
COVGT5 induction was performed as described above.

Drug screening
High-content drug screening for COVGT5 induction modulators
was performed using the Operetta CLS (PerkinElmer). For this,
293T, A549, and Calu-3 COVGT5 reporter cells were seeded at
2000 cells per well (293T and A549) or 10,000 cells per well
(Calu-3) depending on cell growth rate in 50 μl of respective
medium. Cells were kept at 37°C and 5% CO2 for 2 days until a con-
fluency of 60 to 80% was reached. Reporter cells were treated with
IFN mix or 3p-hpRNA (only 293T and A549) following the above-
described procedure and incubated at 37°C and 5% CO2. Five to 6
hours after initial induction, cells were treated with drug library. For
this, drugs were prepared in a serial dilution setting using respective
cell medium to reach final concentration of 30, 300, and 3 μM in
technical replicates (n = 4) and final dimethyl sulfoxide concentra-
tion < 0.5%. Confocal fluorescence images were acquired 24 and 48
hours after initial induction following the above-described proce-
dure. Image quantification was performed as described above.
Data containing quantified parameters on COVGT5 fluorescence
intensities and cell area were imported as csv files and analyzed
using R (v.4.1.2) and RStudio. After data merging and cleaning,

drug concentrations were matched to COVGT5 intensities and
cell area counts. For each cell line, time point, and concentration,
z scores for COVGT5 mean intensity and mean cell area were cal-
culated separately and merged back into a combined data frame.
Hexagonal plots, bubble plots, spider plots, and lollypop plots
with COVGT5 and cell area z scores were plotted using the
ggplot2 (v.3.3.6) package. To generate circular heatmaps, the circlize
package (v.0.4.15) was used.

FACS analysis of reporter modulation
All analyses were performed using FlowJo_v10. For quantification
of mean fluorescence intensity, mCherry-positive gates were estab-
lished following doublet exclusion. Mean fluorescence values of
technical triplicates (n = 3) for each treatment condition were cal-
culated and normalized to IFN mix– or 3p-hpRNA–induced but
non–drug-treated condition. Data were exported as csv files and
further analyzed using RStudio and GraphPad Prism.

Bliss drug synergy experiments
Drug and pathway synergy experiments were performed in 293T
and A549 reporter cells using high-throughput FACS readout. For
this, cells were seeded on 96-well cell culture plates (Sarstedt) at
10,000 cells per well in 100 μl of respective medium. Cells were
kept at 37°C and 5% CO2 for 2 to 3 days until a confluency of 60
to 80% was reached. First, cells were treated with IFN mix or 3p-
hpRNA as described above and incubated at 37°C and 5% CO2
for 5 to 6 hours. Drug combinations were dispensed using the
D300e digital dispenser (Tecan) in technical triplicates (n = 3).
For ionizing irradiation, cell plates were treated using the XenX ir-
radiator (Xstrahl) under nonfocused, open beam setting. Cells were
incubated at 37°C and 5% CO2 for 2 days. FACS measurement and
quantification was performed as described above. Data were export-
ed as csv files and analyzed using GraphPad Prism to generate heat-
maps and RStudio to calculate Bliss synergy using the synergyfinder
(v.3.15) package. Mean synergy score was calculated by averaging
across all combination data points. Statistical testing was done
through one-way ANOVA with multiple comparisons testing.

RNA-seq generation
RNAwas extracted using the TRIzol reagent (Invitrogen), with sub-
sequent isopropanol precipitation and AMPure XP bead purifica-
tion. The concentration of the RNA was assessed by NanoDrop
and the Qubit RNA HS Assay Kit (Invitrogen). The integrity of
the RNA was determined by means of the High-Sensitivity RNA
ScreenTape System (Agilent).
Total RNA was extracted using the TRIzol reagent (Invitrogen)

with subsequent isopropanol precipitation, deoxyribonuclease I
treatment, and purification with AMPure XP beads (Beckman
Coulter). The concentration of the RNA was quantified by the
Qubit RNA HS Assay Kit (Invitrogen). The integrity of the RNA
was determined with the High-Sensitivity RNA ScreenTape
System (Agilent). Sixty nanograms of total RNA per sample was
used as input for constructing multiplexed 3′-cDNA (complemen-
tary DNA) libraries using barcoded oligo-dT primers (44) in an
adapted version of bulk RNA barcoding and sequencing protocol
(45). The final multiplexed library pools were quantified with the
Qubit dsDNA HS Assay Kit (Invitrogen) and the Collibri Library
Quantification Kit (Invitrogen), and the proper library fragment
distribution was assessed by the TapeStation High-Sensitivity
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D1000 ScreenTapes Kit (Agilent). Sequencing of the pooled librar-
ies was performed on NovaSeq 6000 in a paired-end mode (read 1,
28 bp; index i7, 10 bp; index i5, 10 bp; read 2: 90 bp). The initial
demultiplexing based on Illumina indices was performed using
the bcl2fastq conversion software (v2.20.0). Next, the oligo-dT
barcode sequences were extracted from read 1 reads using cutadapt
(v2.1) and used for subsequent internal demultiplexing using
BRBseqTools-1.6.jar (http://github.com/DeplanckeLab/BRB-
seqTools). The demultiplexed data were aligned to a custom
genome (COVGT5 containing GRCh38) using STAR (v2.7.8a),
and the count matrices were subsequently generated using
HTSeq (v2.0.2).

RNA-seq analysis
R v4.1.2 was used to conduct RNA-seq analysis for COVGT5-
induced and FAC-sorted samples. Following gene alignment and
counting, DESeq2 (v.1.36) was used to process raw counts and
perform differential expression analysis between COVGT5-
induced plus or minus TOPi/JAKi and untreated samples. Count
matrices from both independent RNA extractions and library prep-
arations for 293T and A549 cells were merged and combined into
DESeqDataSetObject with the design formula ~ cell_line + compar-
ison accounting for regression of the cell line–specific batch effect.
After filtering for low count genes (rowSums < 1) and lncRNA, var-
iance stabilizing transformation was applied. PCAwas used to visu-
alize sample clustering after applying the limma (v.3.50)
removeBatchEffect() function. Following the standard DESeq2
workflow, after modeling raw counts, differential gene expression
was calculated for each comparison. If genes displayed log2FC > 1
and Padj < 0.05, they were called as differentially regulated. For
further processing and visualization, ENSEMBL-IDs were
mapped to gene symbols using the EnsDb.Hsapiens.v75 database.
The COVGT5-coregulated gene set was derived from the list of
up-regulated genes of the comparison between IFN mix + 3p-
hpRNA–treated (inducer) against untreated control cells from
both cell lines (log2FC > 1.5 and Padj < 0.05). The graphics for dis-
playing RNA-seq results were created using ggplot2 v3.4.1 (PCA
plot) and pheatmap v1.0.12 (heatmap with hierarchical similarity
measure based on Pearson correlation and the “average” clustering
method).

Gene set enrichment analysis
GSEA was performed to determine enrichment of biological path-
ways and the manually curated gene sets (including the COVGT5-
coregulated gene set) in the selected comparisons with differentially
expressed genes from RNA-seq profiles of FAC-sorted cells. GSEA
was performed using the fast-pre-ranked GSEA (fgsea) R package
v.1.20, with all genes included in the comparison. The genes were
preranked using the Wald statistic obtained from differential ex-
pression analysis (log2FC divided by its SE) for the relevant compar-
isons. Enrichment scores, normalized enrichment scores (NESs),
and Padj (Benjamini-Hoechberg correction) on gene sets of the
Gene Ontology Biological Process (GOBP) collection in MSigDB
(c5.go.bp.v7.4.symbols) as well as manually curated gene sets were
calculated with the default settings for the fgseaMultilevel() func-
tion. For visualization, independent pathways were collapsed from
the total list using the collapsePathways() function and filtered for
the top 10 and bottom 10 NES entries and plotted as an enrichment
tablet. Enrichment statistics from manually curated gene sets were

either plotted using the plotEnrichment() function or extracted into
a data matrix and visualized using pheatmap (v.1.0.12; hierarchical
similarity measure based on Euclidean distances and “complete”
clustering method).

Quantitative RT-PCR
RNA was extracted using the TRIzol reagent (Invitrogen) protocol
as described above. cDNA was generated using the iScript cDNA
Synthesis Kit (Bio-Rad) starting with 1 μg of RNA as input in 20
μl of reactions and incubated at 25°C for 5 min, at 46°C for 20
min, and at 95°C for 1 min followed by cooldown to 4°C. qRT-
PCR was performed with 10 ng of cDNA per well, in the 384w
ViiA 7 System using 1× Power SYBR Green PCR Master Mix
(Applied Biosystems), in 10 μl per well. Primers are listed in table S4.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Legends for tables S1 to S4

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S4

View/request a protocol for this paper from Bio-protocol.
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