
Interferon-Independent Restriction of RNA Virus Entry and
Replication by a Class of Damage-Associated Molecular Patterns

Michael J. Ernandes,a Jonathan C. Kagana

aHarvard Medical School and Division of Gastroenterology, Boston Children’s Hospital, Boston, Massachusetts, USA

ABSTRACT Mammalian cells detect microbial molecules known as pathogen-associ-
ated molecular patterns (PAMPs) as indicators of potential infection. Upon PAMP
detection, diverse defensive responses are induced by the host, including those that
promote inflammation and cell-intrinsic antimicrobial activities. Host-encoded mole-
cules released from dying or damaged cells, known as damage-associated molecular
patterns (DAMPs), also induce defensive responses. Both DAMPs and PAMPs are rec-
ognized for their inflammatory potential, but only the latter are well established to
stimulate cell-intrinsic host defense. Here, we report a class of DAMPs that engender
an antiviral state in human epithelial cells. These DAMPs include oxPAPC (oxidized 1-pal-
mitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine), PGPC (1-palmitoyl-2-glutaryl phos-
phatidylcholine), and POVPC [1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphatidylcho-
line], oxidized lipids that are naturally released from dead or dying cells. Exposing cells
to these DAMPs prior to vesicular stomatitis virus (VSV) infection limits viral replication.
Mechanistically, these DAMPs prevent viral entry, thereby limiting the percentage of
cells that are productively infected and consequently restricting viral load. We found
that the antiviral actions of oxidized lipids are distinct from those mediated by the
PAMP Poly I:C, in that the former induces a more rapid antiviral response without the
induction of the interferon response. These data support a model whereby interferon-in-
dependent defensive activities can be induced by DAMPs, which may limit viral replica-
tion before PAMP-mediated interferon responses are induced. This antiviral activity may
impact viruses that disrupt interferon responses in the oxygenated environment of the
lung, such as influenza virus and SARS-CoV-2.

IMPORTANCE In this work, we explored how a class of oxidized lipids, spontaneously
created during tissue damage and unprogrammed cell lysis, block the earliest events
in RNA virus infection in the human epithelium. This gives us novel insight into the
ways that we view infection models, unveiling a built-in mechanism to slow viral growth
that neither engages the interferon response nor is subject to known viral antagonism.
These oxidized phospholipids act prior to infection, allowing time for other, better-
known innate immune mechanisms to take effect. This discovery broadens our under-
standing of host defenses, introducing a soluble factor that alters the cellular environ-
ment to protect from RNA virus infection.
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Viral infections represent a major public health burden and a significant source of
morbidity and mortality (1). The innate immune system is critical in preventing the

establishment of infections. Much of our knowledge of innate immune system activity
derives from studies of how the host-encoded proteins known as pattern recognition
receptors (PRRs) detect and respond to microbial pathogen-associated molecular pat-
terns (PAMPs) (2). PAMPs are molecular moieties found among potential pathogens,
such as bacteria, viruses, and fungi, but not found commonly within healthy eukaryotic
cells (3). Cells respond to PAMPs in diverse manners, which can promote cell-extrinsic

Citation Ernandes MJ, Kagan JC. 2021.
Interferon-independent restriction of RNA
virus entry and replication by a class of
damage-associated molecular patterns. mBio
12:e00584-21. https://doi.org/10.1128/mBio
.00584-21.

Editor Pascale F. Cossart, Institut Pasteur

Copyright © 2021 Ernandes and Kagan. This is
an open-access article distributed under the
terms of the Creative Commons Attribution 4.0
International license.

Address correspondence to Jonathan C. Kagan,
jonathan.kagan@childrens.harvard.edu.

This article is a direct contribution from
Jonathan C. Kagan, a Fellow of the American
Academy of Microbiology, who arranged for
and secured reviews by Stefanie Vogel,
University of Maryland, School of Medicine, and
Igor Brodsky, University of Pennsylvania.

Received 2 March 2021
Accepted 15 March 2021
Published 13 April 2021

March/April 2021 Volume 12 Issue 2 e00584-21 ® mbio.asm.org 1

RESEARCH ARTICLE

https://doi.org/10.1128/mBio.00584-21
https://doi.org/10.1128/mBio.00584-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://mbio.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/mBio.00584-21&domain=pdf&date_stamp=2021-4-13


defensive responses, inflammation, and adaptive immunity. PAMPs also stimulate cell-
intrinsic defense mechanisms by altering protein synthesis, altering metabolic activ-
ities, and producing interferons (IFNs) which can disrupt critical viral processes such as
entry (4), genome replication and transcription (5), translation of viral mRNAs (6), and
viral egress (7).

While PAMPs act as an indicator of potential infections, host-encoded molecules
can also indicate threats to the host. Host-encoded indicators of potential infection or
injury can be released from damaged cells. These molecules are known as damage-
associated molecular patterns (DAMPs) (8). An increasingly studied class of DAMPs is
represented by oxidized variants of 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phospho-
choline (PAPC). PAPC is a major component of mammalian cell membranes and
becomes oxidized by reactive oxygen species (ROS) released from dead or dying cells.
PAPC can be oxidized into numerous derivative chemicals, forming a heterogenous
mixture known as oxPAPC (9). The spontaneous formation of oxPAPC has been observed
in a variety of contexts of tissue damage or infection, such as acute lung injury and infec-
tions with influenza virus and SARS-CoV-1 (10, 11). In these contexts, oxPAPC induces
potent inflammatory activities, which mirror their inflammatory activities in other regions
of the body, such as within atherosclerotic heart tissue (10, 12, 13).

Within the oxPAPC mixture are specific component lipids that display inflammatory
activity. These components are 1-palmitoyl-2-glutaryl phosphatidylcholine (PGPC) and
1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphatidylcholine (POVPC). Within macro-
phages and dendritic cells, PGPC and POVPC have the capacity to induce a newly
defined state of phagocyte activation known as hyperactivation, which is associated
with inflammasome activities within living cells (14, 15). Thus, oxPAPC and its compo-
nent lipids display activities that are similar to PAMPs, as representatives from both
classes of molecules display inflammatory activities.

DAMPs other than oxPAPC also display inflammatory activities, such as members of
the HMG and IL-1 families, and extracellular pools of ATP (16, 17). Despite this common
ability of DAMPs to drive inflammation, several gaps exist in our understanding of the
symmetry between DAMP and PAMP biology. For example, while PAMPs are recog-
nized for their ability to stimulate an antiviral state of mammalian cells, only IL-1 has
been identified as a DAMP with antiviral activity (18, 19). In addition to inducing NF-κB-
dependent inflammatory chemokine and cytokine expression, IL-1 induces a signaling
pathway that promotes the expression of antiviral genes. This antiviral IL-1 pathway is
dependent on the IFN-associated transcription factors IRF1 and STAT1 (18). Here, we
report that oxPAPC and its component lipids PGPC and POVPC display antiviral activ-
ities. These lipids have the capacity to restrict virus replication in a manner that is not
associated with changes in IFN activities. Rather, this activity is associated with an abil-
ity to prevent entry of infectious virions into host cells. We found that the oxidized
lipid-mediated block in viral entry acts rapidly—faster than the actions of the PAMP
Poly I:C. These data support a model whereby select DAMPs and PAMPs may provide
overlapping but kinetically and functionally distinct mechanisms of antiviral immunity.

RESULTS
oxPAPC and its component lipids restrict VSV replication. To determine if DAMPs

with established inflammatory activities would influence viral infection and replication,
we examined the effects of oxPAPC and its component lipids on viral replication in
human A549 epithelial cells. A549 cells are commonly used as model epithelia to study
PAMP-PRR interactions during infections, yet the influence of DAMPs on this well-char-
acterized cellular system is less well defined. Infections were performed with vesicular
stomatitis virus (VSV), which was selected because this pathogen infects epithelia and
is often used as a model to study innate immune responses to infection.

We initiated our studies by treating A549 cells with the heterogenous oxPAPC mix-
ture or the purified components PGPC and POVPC. The concentration of the lipids
used (100mg/ml) corresponds to those found within inflamed tissues and corresponds
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to concentrations that were established for inflammatory activity in macrophages and
dendritic cells (20, 21). One hour after lipid treatment, cells were infected with VSV at a
multiplicity of infection (MOI) of 0.1. Viral replication was then monitored by enumerat-
ing viral PFU 8 h and 24 h later. At both time points examined, DAMP-treated cells
were more restrictive for VSV replication than untreated cells. Specifically, at 8 h postin-
fection, we observed a 10- to 100-fold reduction in PFU recovered from cells that were
treated with oxPAPC, PGPC, or POVPC, compared to untreated cells (Fig. 1A). This re-
strictive phenotype was also observed at 24 h postinfection, although the magnitude
of restriction observed was reduced compared to 8 h (Fig. 1B).

One possible explanation for the defective viral replication observed is that the oxi-
dized lipids may disrupt the enveloped viral particle, rendering them noninfectious. If
this possibility is correct, then infection of any cell type should yield results similar to
those obtained in A549 cells. We therefore performed experiments similar to those
described above in Vero cells, which are commonly used to determine the titer of VSV.
Notably, the DAMPs examined had no ability to restrict VSV replication in Vero cells.
We confirmed this finding by an extended, 1-h treatment of VSV with the oxidized
phospholipids prior to infection and observed no alteration of apparent viral titer
(Fig. 1C). These results eliminate the possibility that the oxidized lipids were disrupting
the intrinsic infectious potential of VSV. A cell-based activity of oxidized lipids therefore
likely explains their antiviral activity.

To further explore the restriction of viral replication, we examined the abundance

FIG 1 Oxidized phospholipids render cells restrictive to viral infection. (A and B) A549 cells were
pretreated with oxPAPC, PGPC, or POVPC at 100mg/ml for 1 h, followed by infection with VSV at an MOI
of 0.1. Supernatants were collected at 8 h postinfection (hpi) (A) for plaque assays or 24 hpi (B). (C) Vero
cells were pretreated with oxPAPC, PGPC, or POVPC at 100mg/ml for 1 h, followed by infection with VSV
at an MOI of 0.1. For oxPAPC, PGPC, and POVPC conditions, left-hand bars indicate freshly mixed virus
and medium on cells that were pretreated for 1 h with oxidized phospholipids, and right-hand bars
indicate virus complexed with oxidized phospholipids for 1 h prior to infection on nonpretreated cells.
Statistical analysis was performed using Student’s t test, and data shown are representative of 3 biological
replicates. *, P, 0.05, compared to cells untreated with oxidized phospholipids.

Interferon-Independent Restriction of RNA Virus Entry ®

March/April 2021 Volume 12 Issue 2 e00584-21 mbio.asm.org 3

https://mbio.asm.org


of viral proteins in lysates of cells that were infected in the presence or absence of
oxPAPC, PGPC, or POVPC. Consistent with our enumeration of viral PFU, these DAMPs
inhibited the production of the viral proteins VSV-G and VSV-M, in a dose-dependent
manner (Fig. 2A). Similar to the PFU assays performed, the restrictive phenotypes of the
DAMPs examined were most notable 8h postinfection, with less restriction observed at
24h postinfection (Fig. 2B). As Western blot assays measure the bulk protein levels within
the population, we sought to distinguish whether the differences in viral proteins detected
were due to the fewer total cells being infected or to a similar number of infected cells
producing less protein. Toward this end, we used a VSV strain that expresses enhanced
green fluorescent protein (eGFP) as a reporter for viral replication and protein production.
We measured the mean fluorescence intensity (MFI) of cells infected with a VSV strain that
expresses GFP (22). In oxidized phospholipid-pretreated cells, we found only a minor
decrease in GFP expression on a per-cell basis upon treatment with oxPAPC. No differen-
ces in GFP expression were observed upon treatments with PGPC or POVPC (Fig. 2C), sug-
gesting that infected cells are capable of viral protein production.

The higher apparent antiviral potency of PGPC and POVPC, compared to heteroge-
nous oxPAPC, is similar to findings related to their inflammatory activities in macro-
phages and dendritic cells (15). In these phagocytes, oxPAPC is a less potent stimulator
of inflammasome activities than PGPC and POVPC. Mechanistic analysis revealed that
the inflammatory activities of these DAMPs depend on the actions of the lipopolysac-
charide (LPS) receptor CD14 (15). Indeed, some studies have demonstrated the ability
of oxPAPC to stimulate signaling pathways similar to those activated by CD14 and its
downstream receptor TLR4 (11). These observations were initially made in the lung,

FIG 2 Oxidized phospholipids block VSV protein production in infected cells. (A and B) A549 cells were
pretreated with oxPAPC, PGPC, or POVPC at 100mg/ml for 1 h, followed by infection with VSV at an MOI of 0.1.
Lysates were collected at 8 hpi (A) or 24 hpi (B) for Western analysis. (C) A549 cells were pretreated with
oxPAPC, PGPC, or POVPC at 100mg/ml for 1 h, followed by infection with VSV-GFP at an MOI of 0.1 for 8 h.
Infected, live cells were determined by distinguishing single cells by forward and side scatter, excluding dead
cells, and gating on GFP-positive cells. MFI data were collected from living, infected single cells. (D) A549 cells
were pretreated with LPS at 1mg/ml for 1 h, followed by infection with VSV at an MOI of 0.1. Supernatants
were collected at 8 hpi for plaque assays. Statistical analysis was performed using Student’s t test, and data
shown are representative of 3 biological replicates. *, P, 0.05, compared to cells untreated with oxidized
phospholipids.
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which is the source of the airway epithelial A549 cells used in this study (10). We rea-
soned that if the antiviral activity of oxPAPC and its component lipids was due to their
ability to engage the aforementioned LPS receptors, then LPS treatments should mimic
the antiviral activity of oxPAPC. Contrary to this prediction, we found that LPS-treated
A549 cells were as permissive for VSV replication as untreated cells (Fig. 2D). Overall,
these findings suggest that the DAMPs in question restrict viral replication by a process
that does not involve disruption of the virion directly and is not through the process of
LPS mimicry.

oxPAPC and select component lipids prevent VSV-induced cytotoxicity. A com-
mon strategy to limit viral infection in cells is the induction of cell death, including
through DAMP-induced pyroptosis (23). To determine if oxidized phospholipid treat-
ment was impacting cell viability during viral replication, we performed Western analy-
sis to determine the protein contents within infected cells. None of the oxidized phos-
pholipids examined caused a substantial change on actin abundance at time points
when viral replication was prevented (Fig. 2A and B), suggesting cells remained viable.
To more directly assess cell viability, we compared the abundance of ATP in uninfected
cells to that in cells infected in the presence or absence of oxPAPC, PGPC, or POVPC.
Eight-hour infections, which mirror the conditions used to monitor VSV replication
(Fig. 1), revealed that only POVPC negatively impacted ATP content of the cells
(Fig. 3A). oxPAPC- and PGPC-treated cells displayed no defects in ATP content.

FIG 3 Oxidized phospholipids prevent virus-induced cell death and prevent productive infection.
A549 cells were pretreated with Poly I:C at 1mg/ml or oxidized phospholipids at 100mg/ml for 1 h,
followed by infection with VSV, where indicated. (A) Cells were infected at an MOI of 0.1 and lysed,
ATP content was measured using CellTiter-Glo. (B) Cells were infected at an MOI of 1.0, lifted at 6 hpi,
and stained with Live/Dead violet amine reactive dye prior to fixation. The dead cell population was
identified by forward and side scatter, followed by gating on cells with incorporated dye. (C) Cells
were infected using VSV-GFP at an MOI of 1.0, lifted at 6 hpi, and stained with Live/Dead violet
amine reactive dye prior to fixation. The infected cell population was identified by forward and
side scatter, followed by exclusion of dead cells. Infected cells were determined by GFP positivity.
Statistical analysis was performed using Student’s t test, and data shown are representative of 3
biological replicates. *, P, 0.05; **, P, 0.01; ***, P, 0.001, compared to cells untreated with
oxidized phospholipids.
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To complement these population-based measures of cell viability, single-cell analysis
was performed to determine if the viral restriction is a consequence of the infected cells
dying before the virus can replicate. Toward this end, we infected cells as described previ-
ously, with and without DAMP treatment. Six hours post infection, we stained the cells
with a fixable LIVE/DEAD viability dye. This dye binds to exposed primary amines and con-
sequently acts as a reporter for membrane integrity. Flow cytometry was then used to
identify individual viable or dead cells. Using this single-cell assay, we found that VSV infec-
tion resulted in an increased detection of dead cells. Interestingly, the VSV-induced
increase in dead cell detection was suppressed when infections were performed in the
presence of oxPAPC, PGPC, or POVPC (Fig. 3B). This finding is consistent with these DAMPs
restricting viral replication, as productive VSV infections often lead to cytopathic effects
(24). These collective results eliminate the possibility that oxidized lipids disrupt the viral
particle or kill host cells. Rather, at a single-cell level, the cytopathic effects of VSV are sup-
pressed by these DAMPs. oxPAPC and its component lipids may therefore restrict VSV rep-
lication by influencing some aspect of the infectious cycle.

Select oxPAPC component lipids diminish the frequency of cells infected with
VSV. The high sensitivity of our flow cytometric single-cell analysis of cell death prompted
us to use a similar approach to further examine the antiviral activities of DAMPs. Toward
this end, we infected A549 cells with VSV-GFP, using the percentage of GFP-expressing
cells as a measure of percentage of infected cells (22). Infections were performed in the
presence or absence of oxPAPC, PGPC, or POVPC, and we both assessed the live/dead sig-
nal (described above) and used virus-encoded GFP to identify infected cells (Fig. 3C). This
stratagem allowed us to quantify the percentage of infected, living cells. This analysis dem-
onstrated that PGPC and POVPC diminished the number of living cells that were infected
with VSV, compared to non-DAMP-treated cells. oxPAPC had less of an impact than its
pure component lipids on preventing productive infections of viable cells. The phenotypes
observed with these single-cell analyses suggest that oxidized lipids can prevent early
events in the infectious process.

DAMP-mediated antiviral activity is not associated with an induction or alteration
of the IFN response. To further elucidate the mechanism by which viral replication is
restricted by DAMPs, we quantified the expression of select immune genes and all
transcripts encoded by VSV, including its genomic RNA. We used PGPC as a representa-
tive DAMP based on its ability to restrict VSV replication without impact on cell viabil-
ity. RNA was collected from infected cells and analyzed by nCounter analysis, which is
a microarray-like procedure that directly quantifies RNA within a sample. We chose a 3-
h infection time, as this point represents a time where only a single round of viral repli-
cation will have been completed (25). From our nCounter analysis on immune genes,
several patterns emerged (Fig. 4A). The type III IFNs (IL-28b and IL-29) and several IFN-
stimulated genes (ISGs) were expressed in response to infection. Included among the
VSV-induced ISGs are MX1, RSAD2, ZBP1, IFIH1, and DDX58, which represent critical
effectors and sensors of the antiviral response (26). Notably, PGPC treatment had a
minimal impact on the expression of these IFNs and ISGs, and PGPC had no impact on
the expression of these genes within infected cells.

We noted a few factors, such as tumor necrosis factor alpha (TNF-a), IL-6, and CSF2,
which were upregulated by PGPC alone, but there was no difference in transcript
abundance when comparing VSV infection with or without PGPC (Fig. 4A). Finally, we
noted that the expression of the prototype type I IFN, IFNB1, was induced modestly by
VSV infection. The minimal expression of IFNB1 and the known ability of VSV to inter-
fere with IFNB1 translation promoted us to examine IFN activity within infected cells
(27). If a pool of IFNB1 was secreted from cells, then the IFN-responsive transcription
factor STAT1 should be phosphorylated. Western analysis of infected cells demon-
strated a lack of STAT1 phosphorylation as late as 6 h postinfection (Fig. 4B). The pres-
ence of PGPC during infection diminished the production of VSV-G proteins but did
not impact the lack of STAT1 phosphorylation observed. Collectively, these data indi-
cate that PGPC has no ability to stimulate IFN expression or ISG expression or impact
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FIG 4 PGPC prevents VSV entry. (A) A549 cells were pretreated with PGPC at 100mg/ml for 1 h, followed by
infection with VSV at an MOI of 0.1. RNA was collected at 3 hpi and purified using the PureLink RNA minikit.
nCounter analysis was performed, and fold change was calculated compared to untreated cells. (B) Lysates
were collected at 6 hpi for Western analysis. (C) RNA was collected as in panel A, and viral genes were
assessed. Comparisons were made between VSV-infected cells with and without PGPC pretreatment. (D) Cells
were pretreated for 1 h with LPS or Poly I:C at 1mg/ml or oxPAPC, PGPC, or POVPC at 100mg/ml before
infection with VSV labeled with Alexa Fluor-594 at an MOI of 0.1 for 1 h, lifted at 6 hpi, and stained with Live/
Dead violet amine reactive dye prior to fixation. Infected, live cells were determined by distinguishing single
cells by forward and side scatter, excluding dead cells, and gating on Alexa Fluor-594-positive cells. (E) Cells
were serum starved with serum-free RPMI, followed by treatment with 80mM Dynasore, LPS or Poly I:C at 1mg/
ml, or oxidized phospholipids at 100mg/ml in serum-free RPMI for 1 h. Cells were then lifted and chilled on
wet ice. Cells were resuspended in ice-cold PBS with 50mM fluorescently labeled transferrin and incubated at
37°C for 10 min. Surface-bound transferrin was quenched, and cells were resuspended in ice-cold buffer for
flow cytometry. Transferrin-positive cells were determined by distinguishing single cells by forward and side
scatter followed by gating on the florescent transferrin signal. Comparisons were made between VSV- or
transferrin-positive cells and the other treatments. Statistical analysis was performed using Student’s t test, and
data shown are representative of 3 biological replicates. *, P, 0.05; ***, P, 0.001; ****, P, 0.0001.
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the IFN and ISG activities present within infected cells. Based on these findings, we
suggest an IFN-independent mechanism of DAMP-mediated antiviral activity.

oxPAPC and component lipids restrict viral entry. nCounter analysis allowed for
the quantification of VSV RNA in the same cells that we examined for immune gene
expression. As expected, no VSV RNA was found in uninfected cells and high levels
were detected within infected cells. The presence of PGPC did not impact the abun-
dance of RNAs encoding the viral proteins L, M, N, G, and P. In contrast, PGPC-treated
cells displayed a decrease in the abundance of viral genomic RNA (Fig. 4C). This
observed difference in genomic viral RNA abundance suggests diminished entry of viri-
ons. To determine the impact of DAMPs on viral entry, we labeled VSV with the fluoro-
phore Alexa Fluor-594, a bright dye that is compatible with single-cell flow cytometric
analysis. Labeled virus was then used to infect A549 cells in the presence or absence of
oxPAPC, PGPC, or POVPC. After 1 h of DAMP pretreatment, cells were infected for 1 h
and were treated with trypsin to remove all cell surface extracellular virus. Thus, all
cell-associated fluorescence should derive from virions that entered the cell. Notably,
we observed that DAMP-treated cells contained less virus than cells that were not
treated with any oxidized lipids. Depending on the lipid examined, we detected a 12-
to 200-fold decrease in the amount of viral entry into DAMP-treated cells (Fig. 4D).

In contrast to the inhibitory effects on VSV entry, the entry of fluorescent transferrin
into cells was either unaffected (PGPC and POVPC) or minimally affected (oxPAPC) by
DAMP treatment (Fig. 4E). As expected, the dynamin inhibitor Dynasore interfered with
the entry of transferrin into cells. These observations, taken together, show that the
DAMP-mediated viral replication is limited via restriction of viral entry.

DAMP-mediated antiviral responses occur with faster kinetics than those
mediated by PAMPs. The findings reported thus far suggest that the DAMPs exam-
ined display a rapid IFN-independent activity that prevents VSV entry and replication.
These activities are distinct from those typically discussed for PAMPs, where antiviral
activities often take hours to manifest and are mediated by IFNs (28). Consistent with
this idea, while we found throughout this study that a 1-h pretreatment of cells with
oxidized phospholipid DAMPs is sufficient to prevent VSV replication, 1-h pretreat-
ments with the PAMP Poly I:C did not (Fig. 5A). In addition, we found that Poly I:C had
no significant impact on VSV entry into cells, whereas the DAMPs examined sup-
pressed VSV entry (Fig. 4D). In contrast to the lack of rapid antiviral activities of Poly I:C,
treatments of cells for 24 h with Poly I:C prior to infection strongly suppressed VSV rep-
lication. Interestingly, 24-h pretreatments with oxPAPC, PGPC, or POVPC did not limit
viral replication, though POVPC appeared to be acutely toxic in these conditions
(Fig. 5B). The functional and kinetic differences observed when comparing Poly I:C to
oxidized lipids suggest that DAMPs and PAMPs provide distinct but complementary
benefits to host antiviral immunity. To compare the relative antiviral effects of DAMPs
and Poly I:C side-by-side, we pretreated cells for 1 h with the oxidized phospholipids
and for 24 h with Poly I:C before infecting at a low MOI to assess viral replication. We
found a similar degree of viral restriction under these conditions (Fig. 5C) and further con-
firmed the IFN-mediated nature of Poly I:C-mediated restriction via Western analysis, not-
ing the presence of phosphorylated STAT1 and viperin (Fig. 5D). DAMPs may act early, in
an IFN-independent manner, to restrict viral entry, while PAMPs can act with delayed
kinetics to induce IFNs and provide long-term protection.

DAMP-mediated antiviral responses extend to other cell types and other viral
infection systems. To explore the generalizability of the DAMP-mediated viral restric-
tion, we tested our A549 infection system using influenza A/PR8/1934 virus. By
Western analysis, we found that pretreatment with the oxidized phospholipids dimin-
ished the level of viral proteins in a manner similar to VSV infection (Fig. 5E). In an anal-
ogous experiment, we used normal oral keratinocytes (NOKs), another cell type that is
likely to be exposed to high oxygen content and is abundant in a tissue (skin) that is
the natural portal of VSV entry after an insect bite (29). These cells were pretreated
with Poly I:C or DAMPs for 1 h followed by infection with VSV, where we again found a
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diminution of viral proteins from DAMP exposure, indicating restriction of VSV infec-
tion in NOKs (Fig. 5F).

DISCUSSION

Slowing the progress of infections within the host is one of the critical functions of the
innate immune system. Classically, pathogens stimulate PRRs, which assemble supramolec-
ular organizing complexes (SMOCs) to coordinate a variety of inflammatory and antiviral
responses (30). To undermine these responses and establish a replicative niche, viral

FIG 5 Oxidized phospholipid-mediated restriction is kinetically distinct from interferon-mediated
restriction and is limited by neither cell type nor virus. (A) A549 cells were pretreated with Poly I:C at
5mg/ml for 1 h, followed by infection with VSV. Supernatants were collected at 8 hpi for plaque
assays. (B) A549 cells were pretreated with oxPAPC, PGPC, or POVPC at 100mg/ml; Poly I:C at 5mg/ml;
or LPS at 1mg/ml for 24 h, followed by infection with VSV. Supernatants were collected at 8 hpi for
plaque assays. (C) A549 cells were pretreated with oxPAPC, PGPC, or POVPC at 100mg/ml for 1 h or
Poly I:C at 5mg/ml for 24 h, followed by infection with VSV. Supernatants were collected at 8 hpi for
plaque assays. (D) Lysates were collected for Western analysis. (E) A549 cells were pretreated with
oxPAPC, PGPC, or POVPC at 100mg/ml for 1 h, followed by infection with influenza A virus (IAV) at an
MOI of 0.1. Lysates were collected after 12 h for Western analysis. (F) NOK cells were pretreated with
oxPAPC, PGPC, or POVPC at 100mg/ml or Poly I:C at 5mg/ml for 1 h, followed by infection with VSV
at an MOI of 0.1. Lysates were collected after 8 h for Western analysis. Statistical analysis was
performed using Student’s t test, and data shown are representative of 3 biological replicates. *,
P, 0.05; ***, P, 0.001; ****, P, 0.0001, compared to cells untreated with oxidized phospholipids.
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pathogens actively disrupt innate immune signal transduction, immune gene transcription
and translation, and other critical antiviral host processes (31).

Alternative methods, less reliant on PRR-dependent transcriptional responses, appear
necessary to combat these immune evasion strategies. Cryptic innate immune mecha-
nisms must exist to fill in and supplement the gaps when well-known innate immune
mechanisms are insufficient. Preventing viral entry represents the earliest opportunity to
prevent infection; paradoxically, examples of innate immune viral restriction by blocking
viral entry are scant. Indeed, a recently reported set of studies highlighted the ISG Ly6E as
a factor that promotes, rather than inhibits, viral infection, and the SARS-CoV-2 entry factor
ACE2 is also induced by the actions of IFNs (32). Due to the profound immune antagonism
inherent in viral replication and the independent sensing of PAMPs and DAMPs, DAMPs
provide an end-run around conventional viral strategies to antagonize the innate immune
system. Our discovery of a cellular response to DAMPs that restricts viral entry represents a
useful strategy to prevent viral replication prior to the time when IFNs are induced. The
specific host factor that determines DAMP-mediated prevention of viral entry and the
spectrum of viruses whose entry events are influenced by DAMPs remain important ques-
tions for future study.

While the identity of the DAMP-induced antiviral factor(s) remains undefined, the
rapid-acting nature of the oxidized lipids examined raises an interesting possible bene-
fit to this defense strategy. This newly identified DAMP-mediated viral restriction
should effectively circumvent most viral antagonism strategies, as it is engaged prior
to infection. While some secreted immune antagonists exist, the preponderance of vi-
ral immune evasion strategies are situated within the cell and are associated with the
replicative cycle of the virus (31). oxPAPC and its components PGPC and POVPC, in ren-
dering epithelial cells less susceptible to viral infection, undercut the immune evasive
activities of VSV and influenza virus before infection can be established.

It is interesting to consider how these findings inform our conception of infection
acquisition. In cases of skin disruption, where underlying tissues become exposed to
oxygen before they would potentially encounter viral pathogens (or in any highly oxy-
genated environment such as the lung epithelium), we would expect the oxidized
phospholipids we have examined to be among the first inducers of host defense. The
lung epithelium is a major site of interest for viral pathogenesis as the principal site of
infection for a variety of respiratory pathogens. Though these cells are not traditionally
considered immune cells, as they are not of hematopoietic origin, they are likely to be
among the first cell types infected by a variety of pathogens such as coronaviruses (33)
and influenza virus (34). By impeding early events in viral infection, these oxidized
phospholipids potentially widen the range of time before the cell is overwhelmed by
the infectious process. This longer window of time may allow PRRs to activate IFN-medi-
ated antiviral pathways, which likely mediate the most effective antiviral responses. This
schema mirrors a traditional view of the innate immune system, which acts early in infec-
tion to slow pathogenic growth and spread, allowing the adaptive immune system to
engage with the pathogen. Our findings expand the purview of DAMP signaling to include
antiviral activities and provide a mandate to more closely examine the roles of DAMPs in
protecting vulnerable cells from infection.

MATERIALS ANDMETHODS
Resource availability. Further information and requests for reagents and resources should be

directed to Jonathan Kagan (Jonathan.Kagan@childrens.harvard.edu).
Material availability. There are restrictions on the availability of A594-labeled virus due to a scarcity

of the reagent. This study did not generate any other unique reagents.
Experimental model and subject details. (i) Cell culture. A549 cells, a male adenocarcinoma-

derived lung epithelium cell line, were cultured in Roswell Park Memorial Institution 1640 medium
(RPMI 1640; Lonza Bioscience, Rockville, MD, USA) supplemented with 10% fetal bovine serum (FBS).
These cells were a gift from the DeCaprio lab (Harvard Medical School). RPMI was also supplemented
with penicillin-streptomycin (Pen-Strep), L-glutamine, and sodium pyruvate (all from Millipore-Sigma,
Burlington, MA, USA) used at 1:100 (vol/vol). This full medium is referred to as “complete” RPMI. Viral
infections were performed in a similar medium supplemented with 1% FBS instead of 10% FBS. A549
cells were passaged by lifting with trypsin (0.25%) and 0.1% EDTA (Millipore-Sigma) for 5 min before
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quenching with complete RPMI, followed by centrifugation to remove residual trypsin. A549 cells were
passaged by splitting at a 1:5 ratio from nearly confluent flasks.

Vero cells, derived from female African green monkey kidney cells, were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma) supplemented with Pen-Strep, L-glutamine, and sodium pyru-
vate at 1:100 with 10% FBS (for complete DMEM) or 1% FBS for viral infections (for vDMEM). These cells
were passaged by lifting with trypsin (0.25%) and 0.1% EDTA (Millipore-Sigma) for 5 min before quench-
ing with complete DMEM, followed by centrifugation to remove residual trypsin. Vero cells were pas-
saged by splitting at a 1:5 ratio from nearly confluent flasks. Normal oral keratinocytes (NOKs) were
immortalized with human telomerase reverse transcriptase (hTERT) and were cultured in keratinocyte–
serum-free medium supplemented with the provided cell culture supplements (Thermo Fisher,
Waltham, MA, USA). These cells were passaged by lifting with trypsin (0.25%) and 0.1% EDTA (Millipore-
Sigma) for 5 min before quenching with complete DMEM, followed by centrifugation to remove residual
trypsin. NOK cells were passaged by splitting at a 1:3 ratio from mostly confluent flasks.

(ii) Oxidized lipids. Oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (oxPAPC)
(InvivoGen, San Diego, CA) was supplied as a pure solid and was resuspended in RPMI supplemented
with 1% FBS, Pen-Strep, L-glutamine, and sodium pyruvate (vRPMI) at a final concentration of 1mg/ml.
1-Palmitoyl-2-glutaryl phosphatidylcholine (PGPC) and 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phos-
phatidylcholine (both from Cayman Chemical, Ann Arbor, MI) were both supplied in a small volume of
100% ethanol at a reported purity of $98%. Ethanol was evaporated off in a fume hood using N2 gas,
followed by immediate resuspension in RPMI supplemented with 1% FBS, Pen-Strep, L-glutamine, and
sodium pyruvate (vRPMI) at a final concentration of 1mg/ml. For transferrin uptake assay, oxidized lipids
were resuspended in in RPMI supplemented with Pen-Strep, L-glutamine, and sodium pyruvate (serum-
free RPMI).

(iii) Virus and viral infection. Indiana strain vesicular stomatitis virus (VSV) and VSV-GFP were gen-
erous gifts from the Sean Whelan Laboratory (Harvard Medical School) and propagated in male golden
hamster BSRT7 cells. Cells were plated in T75 flasks until 85% confluent and infected at an MOI of 3 in
vDMEM for 20 to 24 h, until all cells showed distinct cytopathic effect (CPE). Supernatants were collected
and spun down at 2,000 relative centrifugal force (rcf) for 5 min to pellet any floating cells. Cleared
supernatants were then ultracentrifuged at 21,000 � g for 90 min at 4°C in the Ty 50.2 rotor (Becton
Coulter, Brea, CA, USA). The resultant pellet was then resuspended in NTE buffer (10mM Tris, 100mM
NaCl, 1mM EDTA, pH 7.4) overnight at 4°C. The resuspended virus was then further purified via sucrose
cushion purification in a 10% sucrose solution via ultracentrifuging using the SW50.1 rotor at 41,000 rpm
for 60 min at 4°C. This was resuspended in NTE buffer overnight at 4°C and aliquoted into 10-ml aliquots.
Alexa 594-labeled virus was created in-house by using the Alexa Fluor-594 N-hydroxysuccinimide (NHS)
ester (succinimidyl ester) (Thermo Fisher, Waltham, MA, USA) kit on highly purified virus following the
manufacturer’s procedure. The resultant virus went through an additional sucrose gradient purification
to ensure specificity in the assays.

Influenza A/PR8/1934 virus was a generous gift from the Daniel Lingwood Lab (Harvard University)
and propagated in Madin-Darby canine kidney (MDCK) cells. Confluent T-25 flasks were infected with
PR8 at a 1:100 ratio for 1 h, followed by the addition of influenza virus growth medium, and incubated
until at least 75% of the cells showed CPE. Influenza virus growth medium is made using DMEM supple-
mented with 7.5% bovine serum albumin (BSA) (Sigma-Aldrich) to a final concentration of 0.2%, Pen-
Strep, L-glutamine, 25mM HEPES, and 0.01% TPCK (tosylsulfonyl phenylalanyl chloromethyl ketone)-
treated trypsin (Sigma-Aldrich). Virus-laden medium is then harvested and spun at 500 � g for 15 min to
clear cell debris. Virus was then concentrated using an Amicon filter with a 30-kDa cutoff (Millipore
Sigma) and titrated by plaque assay and hemagglutination assay.

Infections of NOK and A549 cells were performed as follows for protein and RNA purification, plaque
assay, ATP measurement, and flow cytometric analysis. Cells were plated the previous evening to allow
proper adhesion to the plate, always plating at least one unneeded well for an accurate count of cells in
the well to calculate multiplicity of infection (MOI). Prior to viral infections, cells were pretreated with
oxidized phospholipids, LPS, or Poly I:C at indicated concentrations in culturing medium for 1 h in 5%
CO2 at 37°C. This medium was aspirated and replaced with vRPMI containing virus at a specified MOI
and/or oxidized phospholipid for 1 h in 5% CO2 at 37°C to allow attachment and internalization of the vi-
ral particles. After 1 h, the virus-laden medium was removed and replaced with culturing medium
including oxidized phospholipids, as indicated. After the indicated times of infection, supernatants were
collected to quantify infectious virus and the attached cells were either collected for flow cytometry or
lysed for downstream RNA, protein, and metabolite analysis.

(iv) Plaque assays. Vero cells were plated (5 � 105) in a 12-well plate in complete DMEM to form a
confluent monolayer. Culture medium was aspirated, and supernatants from previous samples were
added in 100-ml increments after 10-fold dilution series in vDMEM, in duplicate. Virus-laden medium
was applied to cells for 1 h to allow adhesion and entrance into the susceptible cells. After 1 h, virus-
laden supernatants were aspirated and agarose overlay was applied. After 20 to 24 h, the agarose plug
was removed and the monolayer was fixed using a 10% ethanol, 0.05% crystal violet solution. The pla-
ques were enumerated, and the initial concentration of infectious virus could then be back-calculated.

(v) Western analysis. A549 cells (0.4 � 106) or NOK cells (0.2 � 106) were seeded in 12-well plates,
stimulated as previously described, and subsequently lysed in 300ml 1� Laemmli buffer. The samples
were incubated at 65°C for 15 min and then passed through a 26-gauge needle using a 1-ml BD syringe
(Becton Dickinson, Franklin Lakes, NJ, USA). Fifteen microliters of this lysate was then separated by SDS-
PAGE followed by Western analysis.
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(vi) nCounter analysis. A549 cells (0.4 � 106) were seeded in 12-well plates, stimulated as described
above, and subsequently lysed following the directions for the PureLink RNA mini-purification kit
(Thermo Fisher), preceded by use of QIAshredder (Qiagen, Hilden, Germany) to clear the lysate. After
RNA purification, samples were standardized to 20mg/ml and run using the nCounter Sprint profiler
(NanoString, Seattle, WA, USA). Data were collated using nSolver4.0 (NanoString) and analyzed using
GraphPad Prism 7 (GraphPad, San Diego, CA, USA).

(vii) Transferrin uptake assay. A549 cells were plated (0.8 � 106) in 6-well plates and allowed to set
and grow overnight. Cells were starved in serum-free DMEM for 1 h. The cells were subsequently lifted
using 5mM EDTA in phosphate-buffered saline (PBS) and moved to 5-ml round-bottom polystyrene
tubes. Cells were then incubated on wet ice for 1 h in oxidized phospholipids, LPS, or 80mM Dynasore in
serum-free RPMI, followed by a wash step. Cells were then incubated with Alexa 633-transferrin or Alexa
488-transferrin (50mg/ml) for 10 min on wet ice in cold serum-free RPMI in a 100-ml volume. Cells were
then incubated at 37°C for 10 min to allow internalization of the transferrin. After incubation, cells were
immediately washed in ice-cold serum-free RPMI, followed by a wash in ice-cold PBS. Remaining cell sur-
face transferrin was quenched by a 4°C acid wash (0.1 M glycine, 150mM NaCl, pH 3) followed by a PBS
wash, followed by additional acid wash. The cells were then resuspended in flow cytometry buffer (PBS
supplemented with 2.5mM EDTA, 1% FBS, Pen-Strep), filtered through a 40-mm cell strainer, and ana-
lyzed by flow cytometry on a BD LSRFortessa (Becton Dickinson).

(viii) Cell viability analysis. ATP levels were measured using CellTiter-Glo (Promega), a luciferase-
based assay for ATP in living cells used as a measure of cell viability. Assays were performed using the
manufacturer’s protocol using untreated cells as a positive control as the 100% viable benchmark.
Luminescent output was measured using a Tecan Spark plate reader.

(ix) Flow cytometry analysis. A549 cells (0.4 � 106) were seeded in 12-well plates and infected as
described above. Cells were lifted from the plate using PBS and 2.5mM EDTA and spun down at 400 � g
for 5min at 4°C. Cells were next washed in PBS containing 2.5% EDTA, 1% FBS, and Pen-Strep (flow
buffer) and then stained for viability using LIVE/DEAD violet dead cell stain (Invitrogen, Carlsbad, CA) at
1:1,000 dilution in cold PBS for 25 min at 4°C. Subsequently, cells were washed and fixed using BD
Cytofix at 1:100 (Becton Dickinson) for 30 min at 4°C. Prior to running the samples on the flow cytome-
ter, cells were filtered through a 40-mm cell strainer.

Flow cytometry data were collected using the BD LSRFortessa (Becton Dickinson). Viability informa-
tion was assessed from the LIVE/DEAD stain, and infection data were assessed either from the GFP signal
resulting from VSV-GFP infection or from the A594 signal in A594-labeled VSV.
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