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The emergence of SARS-CoV-2 variants with enhanced transmissibility, pathogenesis,
and resistance to vaccines presents urgent challenges for curbing the COVID-19
pandemic. While Spike mutations that enhance virus infectivity or neutralizing anti-
body evasion may drive the emergence of these novel variants, studies documenting a
critical role for interferon responses in the early control of SARS-CoV-2 infection, com-
bined with the presence of viral genes that limit these responses, suggest that interferons
may also influence SARS-CoV-2 evolution. Here, we compared the potency of 17 dif-
ferent human interferons against multiple viral lineages sampled during the course of
the global outbreak, including ancestral and five major variants of concern that include
the B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma), B.1.617.2 (delta), and B.1.1.529
(omicron) lineages. Our data reveal that relative to ancestral isolates, SARS-CoV-2
variants of concern exhibited increased interferon resistance, suggesting that evasion of
innate immunity may be a significant, ongoing driving force for SARS-CoV-2 evolu-
tion. These findings have implications for the increased transmissibility and/or lethality
of emerging variants and highlight the interferon subtypes that may be most successful
in the treatment of early infections.
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The human genome encodes a diverse array of antiviral interferons (IFNs). These include
the type I IFNs (IFN-Is) such as the 12 IFNα subtypes IFNβ and IFNω that signal
through the ubiquitous IFNAR (IFN α-receptor), and the type III IFNs (IFN-IIIs) such
as IFNλ1, IFNλ2, and IFNλ3 that signal through the more restricted IFNλR receptor
that is present in lung epithelial cells (1). IFN diversity may be driven by an evolutionary
arms race in which viral pathogens and hosts reciprocally evolve countermeasures (2).
For instance, the IFNα subtypes exhibit >78% amino acid sequence identity, but
IFNα14, IFNα8, and IFNα6 most potently inhibited HIV-1 in vitro and in vivo (3–5),
whereas IFNα5 most potently inhibited influenza H3N2 in lung explant cultures (6).
Severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) was sensitive to IFNα2,
IFNβ, and IFNλ (7–9), and several clinical trials of IFNα2 and IFNβ demonstrated
therapeutic promise for coronavirus disease 2019 (COVID-19) (10–12). A recent
Phase III clinical trial demonstrating that IFNβ may not have therapeutic benefits
in vivo (13) could be due to the late timing of administration among hospitalized/
severely ill patients, cotreatment with glucocorticoids such as dexamethasone that
directly antagonize IFN signaling (14), and the use of a subcutaneous route that may
not efficiently target IFNs to pulmonary epithelial cells. To date, a direct comparison
of multiple IFN-Is and IFN-IIIs against diverse SARS-CoV-2 variants of concern has
not yet been done.
The present study was initiated to determine which IFNs would best inhibit SARS-

CoV-2. Initially, we selected five isolates from prominent lineages (15) during the early
phase of the pandemic (Fig. 1 and SI Appendix, Table S1). USA-WA1/2020 is the stan-
dard strain used in many in vitro and in vivo studies of SARS-CoV-2 and belongs to
lineage A (15). It was isolated from the first COVID-19 patient in the United States,
who had a direct epidemiologic link to Wuhan, China, where the virus was initially
detected (16). By contrast, subsequent infection waves from Asia to Europe (17) were
associated with the emergence of the D614G mutation (18). Lineage B strains with
G614 spread globally and displaced ancestral viruses with striking speed, likely due to
increased transmissibility (19, 20). These strains accumulated additional mutations in
Italy as lineage B.1, which then precipitated a severe outbreak in New York City (21).
Later, in the United Kingdom, lineage B.1.1.7 acquired an N501Y mutation associated
with enhanced transmissibility (15). Lineage B.1.351, first reported in South Africa,
additionally acquired an additional E484K mutation associated with resistance to neu-
tralizing antibodies (22, 23). Both B.1.1.7 and B.1.351 were reported in multiple
countries, and in some cases have become dominant for extended periods (24). Subse-
quent waves of infection after our initial preprint was deposited in March 2021 (25)
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was associated with the P.1, B.1.617.2, and B.1.1.529 lineages
(26–29). The emergence of these novel variants provided a
unique opportunity to determine whether SARS-CoV-2 has
evolved since its initial introduction into humans to better
counteract innate immune selection pressures driven by the
antiviral IFNs.

Results

Diverse IFNs Inhibited SARS-CoV-2 to Various Degrees
In Vitro. During the first phase of this study from December
2020 to March 2021, we obtained representative SARS-CoV-2
isolates of the B, B.1, B.1.1.7, and B.1.351 lineages (Fig. 1 and
SI Appendix, Table S1). Each stock was sourced from beiresour-
ces.org and amplified once in a human alveolar type II epithelial
cell line (A549) that we have stably transduced with the receptor
angiotensin-converting enzyme 2 (ACE2) (A549-ACE2) (SI
Appendix, Fig. S1A). A549-ACE2 cells were preincubated with
17 recombinant IFNs (PBL Assay Science) overnight in parallel
and in triplicate, then infected with a nonsaturating virus dose
for 2 h (SI Appendix, Fig. S1B). We normalized the IFNs based
on molar concentrations similarly to our previous work with
HIV-1 (3, 30). To enable high-throughput evaluation of the
antiviral activities of the numerous IFNs against the multiple live

SARS-CoV-2 isolates, we used a quantitative PCR (qPCR) assay
to determine the amounts of virus produced 24 h after infection
(Fig. 2A). Initial dose titrations showed that a 2-pM concentra-
tion fell within the dynamic range of activity and maximally dis-
tinguished the antiviral activities of IFNs with widely divergent
potencies (i.e., IFNβ and IFNλ1) (SI Appendix, Fig. S1C). The
IFNβ and IFNλ1 doses used did not significantly affect cell via-
bility (SI Appendix, Fig. S1D). Thus, 2 pM doses were used for
additional antiviral activity testing. We also evaluated the qPCR
assay against a VeroE6 plaque assay using triplicate serial dilu-
tions of a SARS-CoV-2 isolate (B.1.351). Virus titers obtained
using these two assays were strongly correlated (SI Appendix, Fig.
S2A). However, the VeroE6 plaque assay had an ∼2-log lower
dynamic range; we estimate that 1 plaque-forming unit corre-
sponds to ∼900 SARS-CoV-2 N1 copies (SI Appendix, Fig.
S2A). Virus copy numbers also correlated with the numbers
of primary airway epithelial cells infected with different SARS-
CoV-2 variants as quantified by immunofluorescence (SI Appendix,
Fig. S2B). Thus, we used the qPCR assay to robustly distinguish
the antiviral activity of the different IFNs.

In the absence of IFN, all five isolates reached titers of
∼104–106 copies per 5 μL input of RNA extract (Fig. 2A).
Using absolute copy numbers (Fig. 2A) or values normalized to
mock as 100% (SI Appendix, Fig. S3), the 17 IFNs showed a

Fig. 1. Selection of SARS-CoV-2 strains for IFN sensitivity studies. (A) Global distribution of SARS-CoV-2 clades. GISAID.org plotted the proportion of depos-
ited sequences in designated clades against collection dates. The 10 isolates chosen are noted by colored dots. (B) SARS-CoV-2 strains selected for this study
included representatives of lineages A, B, B.1, B.1.351, and B.1.1.7 (SI Appendix, Table S1). Lineage P.1 (which branched off from lineage B.1.1.28), B.1.617.2,
and B.1.1.529 were added after the initial preprint submission and were evaluated for IFNβ and IFNλ1 sensitivity. Lineage B isolates encode the D614G
mutation associated with increased transmissibility. *Amino acid mutations were relative to the reference hCOV-19/Wuhan/WIV04/2019 sequence.
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range of antiviral activities against SARS-CoV-2. The 3 IFNλ
subtypes exhibited none to very weak (less than twofold) anti-
viral activities compared to most IFN-Is (Fig. 2A and SI
Appendix, Fig. S3, blue bars). The assay showed a robust
dynamic range, with some IFNs inhibiting USA-WA1/2020
>2,500-fold to below detectable levels (SI Appendix, Fig. S3A).
IFN potencies against the five isolates correlated with one
another (SI Appendix, Fig. S4), and a similar rank order of IFN
antiviral potency was observed for G614+ isolates (Fig. 2A and
SI Appendix, Fig. S3). Overall, IFNα8, IFNβ, and IFNω were
the most potent, followed by IFNα5, IFNα17, and IFNα14

(Fig. 2B); the type III (λ) IFNs were the least potent. We con-
firmed this hierarchy by generating inhibition curves for five
IFNs, showing that IFNλ1 had 100-fold higher half-maximal
inhibitory concentration (IC50) than IFNα2, which in turn
exhibited 14-fold higher IC50 than IFNβ, IFNα5, and IFNα8
(SI Appendix, Fig. S5).

The molecular basis for the diverse antiviral effects of the
highly related IFNα subtypes has been an active area of investi-
gation, particularly in regard to the relative contributions of
quantitative (signaling) versus qualitative (differential gene reg-
ulation) mechanisms (2–5). We reported that inhibition of

Fig. 2. Sensitivity of SARS-CoV-2 strains to IFN-I and IFN-III. (A) Antiviral assay using recombinant IFNs (2 pM) in A549-ACE2 cells. The red line corresponds
to the qPCR detection limit (90 copies/reaction, or 1.8 × 104 copies/mL). Viral copy numbers in two D614G+ isolates, showing a similar rank order of IFNs
from least to most potent. (B) The average fold inhibition relative to mock for lineage B, B.1, B.1.351, and B.1.1.7 isolates are shown. The most potent IFNs
are shown top to bottom. Bars and error bars correspond to means and SDs. (C) Log-transformed IFN-inhibition values relative to mock for the five different
SARS-CoV-2 strains were compared to previously published HIV-1 inhibition values, based on percentage of inhibition of HIV-1 p24+ gut lymphocytes relative
to mock as measured by flow cytometry (3). Each dot corresponds to an IFNα subtype. Linear regression was performed using GraphPad Prism. Significant
correlations (P < 0.05) were highlighted with a red best-fit line. (D) Heatmap of fold inhibition of representative strains from the lineages noted. Colors were
graded on a log-scale from highest inhibition (yellow) to no inhibition (black). (E) Comparison of IFN-I sensitivities between lineage B versus B.1, B.1.351, and
B.1.1.7. The mean fold inhibition values relative to mock were compared in a pairwise fashion for the 14 IFN-Is. The average fold inhibition values were
noted. Differences were evaluated using a nonparametric, two-tailed Wilcoxon matched-pairs signed rank test. NS, not significant; ****P < 0.0001.
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HIV-1 by the IFNα subtypes correlated with IFNAR signaling
capacity and binding affinity to the IFNAR2 subunit (3, 30).
IFNAR signaling capacity, as measured in an IFN-sensitive
reporter cell line (iLite cells; Euro Diagnostics), correlated with
the antiviral potencies of the IFNα subtypes against ancestral
SARS-CoV-2 lineages A and B, but not lineages B.1, B.1.351,
or B.1.1.7 (SI Appendix, Fig. S6A). IFNAR binding affinities as
measured by surface plasmon resonance by the Lavoie group (31)
did not correlate with IFNα subtype inhibition of SARS-CoV-2
(SI Appendix, Fig. S6B). As the recombinant IFNs used in this
study were from the same source as that of the prior HIV-1
study (3, 30), we also determined whether the IFNs that potently
inhibit HIV-1 also function similarly against SARS-CoV-2. Nota-
bly, IFNα subtype inhibition of HIV-1 (3) did not significantly
correlate with IFNα subtype inhibition of the majority of the
SARS-CoV-2 isolates we tested (Fig. 2C). These findings sug-
gested that IFN-mediated control of SARS-CoV-2 isolates may
be qualitatively distinct from that of HIV-1.

Emerging SARS-CoV-2 Variants Were More Resistant to Antiviral
IFNs than Ancestral Isolates. We generated a heatmap to visual-
ize the antiviral potency of diverse IFNs against the five isolates
and observed marked differences in IFN sensitivities (Fig. 2D).
Pairwise analysis of antiviral potencies between isolates collected
early (January 2020) and later (March–December 2020) during
the pandemic were performed against the 14 IFN-Is (IFN-III
data were not included due to low antiviral activity; Fig. 2B and
SI Appendix, Fig. S3). The overall IFN-I sensitivity of USA-WA1/
2020 and Germany/BavPat1/2020 isolates were not significantly
different from one another (SI Appendix, Fig. S7A). In contrast,
relative to Germany/BavPat1/2020, we observed 17- to 122-fold
IFN-I resistance of the emerging SARS-CoV-2 variants (Fig. 2E),
with the B.1.1.7 strain exhibiting the highest IFN-I resistance
(this can also be seen in Fig. 2D). The level of IFN resistance was
especially striking when compared to the early pandemic USA-
WA1/2020 strain, in which emerging SARS-CoV-2 variants exhib-
ited 25- to 322-fold higher IFN-I resistance (SI Appendix, Fig. S7B).
The experiments to this point allowed for the simultaneous

analysis of 17 IFNs against multiple SARS-CoV-2 isolates, but
did not provide information as to how different IFN-I doses
affect the replication of distinct virus strains. It also remained
unclear whether the emerging variants were resistant to IFN-IIIs.
We therefore titrated a potent (IFNβ; 0.002–200 pM) and a
weak (IFNλ1; 0.02–2,000 pM) IFN against the lineage A, B,
B.1, B.1.1.7, and B.1.351 viruses (Fig. 3A and B and SI
Appendix, Fig. S7C and D). Of note, IFNβ and IFNλ1 were also
detected in COVID-19 patients (32, 33). IFN titrations against
each emerging variant included the lineage B isolate (Germany/
BavPat1/2020) as an internal control. Importantly, as the pan-
demic progressed after March 2021, new variants of concern
(VOCs) became dominant in several countries; the World
Health Organization implemented a simplified Greek letter
nomenclature for these VOCs. We therefore included five addi-
tional VOC isolates, which were also obtained from the Biode-
fense and Emerging Infections (BEI) repository: (1) a second B.
1.1.7 (Alpha) isolate, England/204820464/2020; (2) an isolate
from lineage P.1 (Gamma), which branched off from lineage B.
1.1.28; (3) two isolates from lineage B.1.617.2 (Delta) that
encoded an intact or defective ORF7a, a viral protein that may
be involved in IFN antagonism (34, 35); and (4) an isolate from
the most dominant variant as of this writing, B.1.1.529 (Omicron)
(SI Appendix, Table S1). Lineage P.1, an offshoot of the B.1.1.28
lineage, was first described in an outbreak of SARS-CoV-2 in
Manaus, Brazil, which occurred in a population with high levels of

prior infection (26). P.1 independently acquired the E484K muta-
tion (Fig. 1A and SI Appendix, Table S1). The Delta strain was
first reported in India in early 2021, and became the dominant
variant worldwide from July 2021, including the United States
(Fig. 1). The Delta strain was frequently observed in breakthrough
infections among fully vaccinated individuals (27). Following its
initial detection in southern African countries, the Omicron variant
became the dominant strain worldwide by late December 2021,
with peak infection levels more than four times higher than that of
Delta (28). Omicron was distinguished by the unprecedentedly
high levels of mutations in Spike, which enabled it to efficiently
evade natural and vaccine-elicited humoral immunity (36).

The lineage A and B isolates were similarly inhibited by
IFNβ and IFNλ1 (Fig. 3A; see also SI Appendix, Fig. S7A).
Comparing B to B.1, the IC50 of the B.1 isolate was 2.6- and
5.5-fold higher IC50 for IFNλ1 and IFNβ, respectively (SI
Appendix, Fig. S7C). Relative to lineage B, the Alpha variant
IC50s were 4.3- to 8.3-fold higher for IFNβ and 3.0- to 3.5-
fold higher for IFNλ1 (Fig. 3B). Interestingly, maximum inhi-
bition was not achieved with either IFNβ or IFNλ1 against the
alpha VOCs, plateauing at 15- to 20-fold higher levels than the
ancestral lineage B isolate (Fig. 3B), which was in sharp con-
trast to the lineage B.1 isolate (SI Appendix, Fig. S7C). In a sep-
arate experiment, the Beta isolate was also more resistant to
IFNβ (5-fold) and IFNλ1 (21-fold) compared to the lineage B
isolate (Fig. 3C). Here, however, maximum inhibition was
achieved with IFNβ. The Gamma variant exhibited higher
resistance to IFNβ (1.9-fold) and IFNλ1 (4.4-fold), and the
plateau concentration for antiviral activity was >10-fold higher
for IFNβ than for the lineage B isolate (Fig. 3D). The two
Delta isolates tested were more resistant to IFNβ (6.7- and 3.2-
fold) than lineage B. Interestingly, the ORF7a� Delta isolate
had 2.1-fold higher IC50 than the ORF7a+ isolate (Fig. 3E).
Finally, the Omicron variant had 5.9- and 6.6-fold higher IC50

than the lineage B isolate for IFNβ and IFNλ1, respectively
(Fig. 3F). The plateau at the highest IFN doses was 178-fold
higher for IFNβ and 13-fold higher for IFNλ1 than the lineage
B isolates (Fig. 3F). Overall, the five VOCs exhibited 5.1-fold
and 4.4-fold higher IC50 for IFNβ and IFNλ1, respectively, rel-
ative to the ancestral lineage B isolate (Fig. 3G). Moreover, the
VOCs showed 9.2-fold higher levels of residual replication at
the highest IFNλ1 doses (Fig. 3H). Residual virus titers were
not significantly higher for VOCs at the highest IFNβ dose tested,
but this value was disproportionately high for the Omicron variant
relative to the other VOCs (Fig. 3H).

Two months after our initial preprint (25), Thorne et al.
posted data that in Calu-3 cells, an Alpha isolate was more resis-
tant to IFNβ than a “first wave” lineage B isolate (37). We found
that lineage A and B isolates replicated poorly in Calu-3 cells,
making these cells unsuitable for IFN resistance comparisons
between ancestral versus emerging variants (SI Appendix, Fig.
S8A). This was in sharp contrast to A549-ACE2 cells, in which
we observed high levels of virus production (at least 105 copies) of
all of the strains studied (Fig. 2A and SI Appendix, Fig. S3). Nota-
bly, comparable titers were obtained between the B.1 and Alpha
isolates in Calu-3 cells (SI Appendix, Fig. S8B). In these cells, the
Alpha isolate was 50-fold more resistant to IFNλ1 than the B.1
isolate (SI Appendix, Fig. S8B). We also demonstrate that the
Alpha and Delta isolates were more resistant to IFNβ than the
B.1 isolate in Calu-3 cells (SI Appendix, Fig. S8C).

Evidence for Increasing IFN Resistance of SARS-CoV-2 in Primary
Human Bronchial Epithelial Cells (HBECs). A549-ACE2 and
Calu-3 cells allowed for robust comparisons of the potency of

4 of 8 https://doi.org/10.1073/pnas.2203760119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 2
4.

11
3.

16
7.

16
4 

on
 J

ul
y 

27
, 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

24
.1

13
.1

67
.1

64
.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203760119/-/DCSupplemental


multiple IFNs against diverse SARS-CoV-2 isolates. However,
these cell lines may not completely recapitulate the biology of
primary lung epithelial cells. Therefore, we used air–liquid inter-
face (ALI) cultures of primary HBECs (Fig. 4A) (39). HBEC cul-
tures challenged with lineage A, lineage B, and 3 major VOCs
Alpha, Delta, and Omicron were tracked for up to 4 d in the
presence or absence of IFNβ (Fig. 4B) at 2 pM, a dose within
the dynamic range of inhibition for all strains (SI Appendix, Fig.
S1 and Figs. 2D and 3A–E). Most isolates grew to high titers
except for lineage B, which replicated approximately 1–2 logs
lower (SI Appendix, Fig. S9A, Upper Panel). Normalization to
mock conditions for each isolate at 4 dpi suggested differences in
the levels of inhibition (ANOVA, P < 0.05; SI Appendix, Fig.
S9A, Lower panel), with the Omicron isolate being the most resis-
tant to IFNβ. When plotted against the date when the virus was
identified, we observed a significant increase in IFNβ resistance

with time (Fig. 4C, Left Panel). To determine whether these apply
to other IFNs, we performed a similar experiment on HBECs with
IFNα2 and IFNλ1, which, like IFNβ, are being tested in human
clinical trials as potential therapies against COVID-19. Normaliz-
ing to mock conditions for each isolate (SI Appendix, Fig. S9B and
C), we again observed a similar increase in IFNα2 and IFNλ1
resistance with time (Fig. 4C, Middle and Right Panels). These
findings suggest that SARS-CoV-2 is evolving to resist diverse anti-
viral IFNs during the course of the COVID-19 pandemic.

Discussion

Numerous studies have shown that IFNs are important for host
defense against SARS-CoV-2. This sarbecovirus is believed to
have recently crossed the species barrier to humans, either directly
from bats or via an intermediate mammalian host(s) (40). Here,

Fig. 3. Dose titration of ancestral lineage B versus five variants of concern against IFNβ and IFNλ1. IFNβ and IFNλ1 dose titrations in (A)–(F) correspond to
separate infections and used the lineage B isolate Germany/BavPat1/2020 isolate as a control. A549-ACE2 cells were pretreated with serial 10-fold dilutions
of IFNs for 18 h in triplicate and then infected with SARS-CoV-2. Supernatants were collected after 24 h, SARS-CoV-2 N1 copy numbers were determined by
qPCR in triplicate, and then the mean copy numbers were normalized against mock as 100%. Error bars correspond to SDs. Nonlinear best-fit regression
curves of mean normalized infection levels were used to interpolate IC50s (green dotted lines). IFN sensitivity of the ancestral lineage B isolate was com-
pared to (A) ancestral lineage A (USA-WA1/2020); (B) B.1.1.7 (Alpha) isolates USA/CA_CDC_5574/2020 (CA) and England/204820464/2020 (UK); (C) B.1.351
(Beta) (South Africa/KRISP-EC-K005321/2020); (D) P.1 (Gamma) (Japan/TY7-503/2021); (E) B.1.617.2 (Delta) isolates USA/PHC658/2021 (ORF7a�) and USA/
MD-HP05647/2021 (ORF7a+); and (F) B.1.1.529 (Omicron) (USA/MD-HP20874/2021). *In (B), the datapoint at 200 pM IFNλ1 for lineage B (0.54) precluded
efforts for IC50 determination and was excluded in the curve fitting. In (A) and (C), the datapoint for lineage B at 0.002 pM IFNβ was excluded as the inhibition
curve was significantly skewed to the left relative to four other lineage B titrations. (F) IC50 and (G) residual infection levels at the highest IFN doses were
compared between lineage B (five independent titrations) and VOCs. Datapoint shapes and colors correspond to those in (A)–(F). Differences in the mean
values were evaluated using a two-tailed Student’s t test or Mann-Whitney U test, depending on whether the data distribution was normal. *P < 0.05;
***P < 0.001. Fold differences between lineage B and VOCs are indicated.
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we demonstrate that SARS-CoV-2 has in fact evolved after host
switching to become more resistant to human IFNs. Moreover, we
establish an order of antiviral potency for the diverse type I and III
IFNs. IFNλ initially showed promise as an antiviral that can
reduce inflammation (41), but our data suggest that for SARS-
CoV-2, higher doses of IFNλ may be needed to achieve a similar
antiviral effect in vivo as the IFN-Is. Nebulized IFNβ showed
potential as a therapeutic against COVID-19 (11), and our data
confirm that IFNβ is highly potent against SARS-CoV-2. How-
ever, IFNβ was also linked to pathogenic outcomes in chronic
mucosal HIV-1 (30), murine lymphocytic choriomeningitis virus
(42) and, if administered late in mice, SARS-CoV-1 and Middle
East respiratory syndrome-CoV (43, 44) infection. We previously
reported that IFNβ up-regulated 2.4-fold more genes than indi-
vidual IFNα subtypes, suggesting that IFNβ may induce more
pleiotropic effects (30). Among the IFNα subtypes, IFNα8
showed an anti-SARS-CoV-2 potency similar to that of IFNβ.
IFNα8 also exhibited high antiviral activity against HIV-1 (3),
raising its potential for treatment against both pandemic viruses.
Notably, IFNα8 appeared to be an outlier in this regard, as the
antiviral potencies of the IFNα subtypes against SARS-CoV-2
and HIV-1 did not correlate strongly. IFNα6 potently restricted
HIV-1 (3, 4) but was one of the weakest IFNα subtypes against
SARS-CoV-2. Conversely, IFNα5 strongly inhibited SARS-CoV-2,
but weakly inhibited HIV-1 (3). This lack of correlation is a key

point for future studies. Of note, the high potency of IFNα5
and low potency of IFNα6 against an isolate of SARS-CoV-2
(not a VOC) were corroborated by another group (45). Collec-
tively, these data strengthen the theory that diverse IFNs may
have evolved to restrict distinct virus families (2, 30). The mech-
anisms underlying these interesting qualitative differences remain
unclear. While IFNAR signaling contributes to antiviral potency
(3, 4, 31), diverse IFNs may have distinct abilities to mobilize
antiviral effectors in specific cell types. Comparing the interfer-
omes induced by distinct IFNs in lung epithelial cells (45) may
be useful in prioritizing further studies on this point.

Most significantly, our data reveal the concerning trend for
SARS-CoV-2 variants emerging later in the pandemic—in the set-
ting of prolific replication of the virus in human populations—to
resist the antiviral IFN response. Before the present work, the
emergence and fixation of variants was linked to enhanced viral
infectivity and/or neutralizing antibody evasion due to mutations
in the Spike protein. However, previous studies with HIV-1 sug-
gested that IFNs also can shape the evolution of pandemic
viruses (46, 47). In fact, SARS-CoV-2-infected individuals with
either genetic defects in IFN signaling (48) or IFN-reactive auto-
antibodies (49) had an increased risk of developing severe
COVID-19. As IFNs are critical in controlling early virus infec-
tion levels, IFN-resistant SARS-CoV-2 variants may produce
higher viral loads that could in turn promote transmission

Fig. 4. Evidence for increasing IFN resistance of SARS-CoV-2 in primary HBECs during the course of the COVID-19 pandemic. (A) Basal stem cells from
healthy donor airway tissue were used to generate HBEC cultures. (Upper Left) Basal cells were isolated from human donor lungs, expanded to passage 1,
and then differentiated at ALI on Transwell filters. (Upper Right) En face view of whole-mount-labeled ALI at day 21 (ALI+21d). Mature HBECs contain a large
number of ciliated (red) and mucous (green) cells. (Lower Panel) Schematic of ALI culture and SARS-CoV-2 infection timeline. At ALI+21d, untreated or IFN-
treated HBECs were infected in quadruplicate with 108 vRNA N1 copies of SARS-CoV-2 strains representing lineage A (USA-WA1/2020), lineage B (Germany/
BavPat1/2020), Alpha (England/204820464/2020), Delta (USA/MD/HP05647/2021), and Omicron (USA/MD-HP20874/2021). (B) Apical viral shedding up to
4 dpi was determined by qPCR quantification of viral N1 RNA copies. Mean copy numbers per microliter input are shown ±SEMs for 2 h and 2, 3, and 4 dpi,
showing that differences between mock- and IFNβ-treated cells became more apparent at 4 dpi. (C) Relative sensitivity of globally dominant SARS-CoV-2
isolates in HBECs against (Left) IFNβ, (Center) IFNα2, and (Right) IFNλ1, plotted with time since the first COVID-19 case reported on December 10, 2019 (day 0)
(38). Error bars correspond to SEMs in quadruplicate experiments. Correlations were evaluated by linear regression.
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and/or exacerbate pathogenesis. Consistent with this hypothesis,
the alpha VOC was associated with increased viral loads (50)
and risk of death (51). Infection with Delta may yield even
higher viral loads than that with Alpha (52), but to date, no dis-
cernible differences in viral loads were found between Delta and
Omicron (53). Notably, our data on IFN resistance partially
tracked with consecutive waves of the most dominant global
VOCs Alpha, Delta, and Omicron. Alpha, as well as the Beta
and Gamma VOCs that circulated concurrently, was more IFN
resistant than ancestral isolates. Delta was more sensitive or had
similar IFN sensitivity compared to Alpha in A549-ACE2 and
Calu-3 cells, respectively. This suggested that other factors, such
as increased transmissibility and resistance to neutralizing anti-
bodies, may have contributed to the shift from Alpha to Delta.
Notably, the most infectious variant to date, Omicron, had the
highest levels of residual virus replication at the highest doses of
IFNβ, one of the most potent IFNs we determined in this
study. Alpha and Delta replicate efficiently in the lower respira-
tory tract; by contrast, Omicron appeared to replicate predomi-
nantly in the upper respiratory tract (53), which was proposed
to be the main site of protective IFN action in vivo (32).
Primary human bronchial airway epithelial cells are physiologi-
cally relevant models of the upper airway epithelial compartment
(39). In these cells, Delta and Omicron were more resistant to
IFNβ, IFNα2, and IFNλ1 than Alpha. In fact, our data in pri-
mary HBEC cultures suggested that SARS-CoV-2 resistance to
IFNs may be increasing during the course of the COVID-19
pandemic.
In addition to Spike, emerging variants exhibit mutations in

nucleocapsid, membrane, and nonstructural proteins NSP3,
NSP6, and NSP12 (SI Appendix, Table S1). In the case of early
pandemic viruses that predated the emergence of VOCs, these
viral proteins were reported to antagonize IFN signaling in cells
(36, 54). To specifically map the virus mutations driving IFN-I
resistance in emerging variants, panels of recombinant viruses
can be generated to isolate specific mutations, singly or in com-
bination against various IFNs, and candidate single viral pro-
tein antagonists can be individually tested as well. This would
help to confirm, for example, that the D3L mutation in the
Alpha nucleocapsid may facilitate innate immune evasion by
increasing the expression of an IFN antagonist, ORF9b (37).
Of note, the nucleocapsid D3L mutation was not observed in
the Beta, Gamma, Delta, and Omicron lineages (SI Appendix,
Table S1), which exhibited IFN-I and IFN-III resistance in our
experiments. One of the Delta isolates we studied had a dele-
tion in ORF7a, which may counteract IFN signaling (34, 35);
this deletion was not a cell culture artifact as it was also observed
in the clinical isolate. We tested another Delta isolate with an
intact ORF7a and it exhibited similar, or even higher, IFN sensi-
tivity. This would suggest that ORF7a may not be a dominant
mechanism contributing to IFN antagonism in live virus. In SI
Appendix, Table S2, we highlight mutations in nucleocapsid,
NSP12, and NSP6 in multiple VOCs, which may confer IFN
resistance and will be prioritized in subsequent work. It is possi-
ble that mutations in multiple viral proteins may synergize to
confer IFN resistance and that the combinatorial effect of these
mutations may differ between the various VOCs.
Overall, the present study suggested a role for the innate

immune response in driving the evolution of SARS-CoV-2 that

could have practical implications for IFN-based therapies.
Our findings reinforce the importance of continued full-
genome surveillance of SARS-CoV-2, and assessments of
emerging variants not only for resistance to vaccine-elicited
neutralizing antibodies, but also for evasion of the host IFN
response.

Materials and Methods

Virus Isolates. SARS-CoV-2 stocks were obtained from BEI Resources (www.
beiresources.org). SI Appendix, Table S1 provides detailed information on the
source of the material, the catalog, and lot numbers and virus sequence informa-
tion of both the clinical and cultured stocks. See SI Appendix, Materials and
Methods for further details.

SARS-CoV-2 qPCR. Total RNA was extracted from 100 μL culture supernatant
using the E.Z.N.A. Total RNA Kit I (Omega Bio-Tek) and eluted in 50 μL RNase-
free water. Five microliters of this extract were used in a one-step reverse tran-
scriptase-quantitative PCR reaction (New England Biolabs) using official Centers
for Disease Control and Prevention (CDC) SARS-CoV-2 nucleocapsid (N1) gene
primers and probe. The real-time qPCR reaction was run on a Bio-Rad CFX96
real-time thermocycler. See SI Appendix, Materials and Methods for fur-
ther details.

Antiviral Inhibition Assay. Recombinant IFNs were obtained from PBL Assay
Science. Amplified virus stock yielding ∼105 copies per 5 μL input RNA extract
was used for the IFN inhibition assay (SI Appendix, Fig. S1B). Initially, we tested
17 IFNs using a 2-pM dose (Fig. S1C). Subsequently, 50% inhibitory concentra-
tions were determined using 10-fold serial dilutions of IFNβ and IFNλ1. Infec-
tions were performed in 48-well plates seeded with 2.5 × 104 A549-ACE2 cells
preincubated for 18 h with the IFNs. Cells were infected with virus for 2 h,
washed twice with phosphate-buffered saline, and then 500 μL complete media
was added. The cultures were incubated for another 24 h, after which, superna-
tants were harvested for RNA extraction and qPCR analysis. See SI Appendix,
Materials and Methods for further details.

Data Availability. All of the study data are included in the article and/or sup-
porting information.
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