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ABSTRACT Type III interferon (IFN), or IFN lambda (IFN-�), is an essential compo-
nent of the innate immune response to mucosal viral infections. In both the intes-
tine and the lung, signaling via the IFN-� receptor (IFNLR) controls clinically impor-
tant viral pathogens, including influenza virus, norovirus, and rotavirus. While it is
thought that IFN-� cytokines are the exclusive ligands for signaling through IFNLR, it
is not known whether genetic ablation of these cytokines phenotypically recapitu-
lates disruption of the receptor. Here, we report the serendipitous establishment of
Ifnl2�/� Ifnl3�/� mice, which lack all known functional murine IFN-� cytokines. We
demonstrate that, like Ifnlr1�/� mice lacking IFNLR signaling, these mice display de-
fective control of murine norovirus, reovirus, and influenza virus and therefore geno-
copy Ifnlr1�/� mice. Thus, for regulation of viral infections at mucosal sites of both
the intestine and lung, signaling via IFNLR can be fully explained by the activity of
known cytokines IFN-�2 and IFN-�3. Our results confirm the current understanding
of ligand-receptor interactions for type III IFN signaling and highlight the importance
of this pathway in regulation of mucosal viral pathogens.

IMPORTANCE Type III interferons are potent antiviral cytokines important for regula-
tion of viruses that infect at mucosal surfaces. Studies using mice lacking the Ifnlr1
gene encoding the type III interferon receptor have demonstrated that signaling
through this receptor is critical for protection against influenza virus, norovirus, and
reovirus. Using a genetic approach to disrupt murine type III interferon cytokine
genes Ifnl2 and Ifnl3, we found that mice lacking these cytokines fully recapitulate
the impaired control of viruses observed in mice lacking Ifnlr1. Our results support
the idea of an exclusive role for known type III interferon cytokines in signaling via
IFNLR to mediate antiviral effects at mucosal surfaces. These findings emphasize the
importance of type III interferons in regulation of a variety of viral pathogens and
provide important genetic evidence to support our understanding of the ligand-
receptor interactions in this pathway.
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Interferons (IFNs) are a central part of the innate immune response to viral infections.
Cells detect viruses through pattern recognition receptors, leading to the transcrip-

tion of molecules that act via both autocrine signaling and paracrine signaling to
induce an antiviral state. This response includes the production and release of IFNs,
which bind cell surface receptors and drive gene expression through Janus kinase-
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signal transducer and activator of transcription (JAK-STAT) signaling pathways, result-
ing in the expression of hundreds of interferon-stimulated genes (ISGs) (1). Together,
these signals activate innate immunity against viral infections and prime the adaptive
immune response (1).

Humans have three classes of IFNs—types I, II, and III—that signal via distinct
receptor complexes. Type I IFNs include 13 subtypes of alpha IFN (IFN-�) in addition to
IFN-�, IFN-�, IFN-�, and IFN-�, all of which bind the heterodimeric type I IFN receptor
(IFNAR) composed of subunits IFNAR1 and IFNAR2 (2). In contrast to the diversity of
type I IFNs, the type II IFN family consists only of IFN-�, which binds the IFN-� receptor
complex (1). Type III IFNs consist of three to four functional IFN-�s in humans and signal
through the heterodimeric type III IFN receptor (IFNLR). IFNLR is composed of the
unique IFNLR1 subunit and the common interleukin-10R� (IL-10R�) subunit, the latter
of which also pairs with distinct ligand-binding chains to form receptors for IL-10, IL-22,
and IL-26 (3–6).

Although type I and type III IFNs bind distinct receptors, they both activate tran-
scription factors STAT1, STAT2, and IRF9, leading to the upregulation of a largely
overlapping set of ISGs (7, 8). Type III IFN signaling acts more slowly and leads to
induction of ISGs that is somewhat weaker but more sustained than that seen with type
I IFN signaling (9, 10). Additionally, the two have distinct effects in vivo based on the
localization of their respective receptors. IFNAR is expressed on most nucleated cells,
whereas IFNLR expression is restricted to distinct cell types, particularly epithelial cells
(11–13). IFNLR expression at epithelial barriers explains the critical role for type III IFNs
in regulating viral infections at sites such as the intestinal or respiratory epithelium (11,
14, 15).

Mouse models have been useful in dissecting IFN signaling pathways in response to
viral infections. Human and murine IFN-� loci share similar forms of organization,
although Ifnl1 is a pseudogene and the region encoding Ifnl4 is absent in mice (16).
Murine Ifnl2 and Ifnl3 are highly homologous to their human orthologs, and the murine
Ifnlr1 receptor subunit likewise shares a high degree of sequence identity with the
human subunit (17). As a result of these similarities, both human and murine IFN-�s
display some cross-species reactivity (18).

To study the role of type III IFNs in vivo, Ifnlr1�/� mice have been tested for
susceptibility to infection by a variety of pathogens (19) using animals that are deficient
in type III IFN receptor signaling either constitutively (20) or conditionally (14). However,
given the promiscuity of receptor subunits, it is not known whether disruption of
IFNLR1 fully recapitulates an absence of IFN-� cytokines. In this study, we used a new
IFN-�2/IFN-�3 (Ifnl2�/� Ifnl3�/�) double-knockout mouse model to demonstrate that
absence of IFN-� expression genocopies absence of IFNLR for multiple viral infections.

RESULTS
Generation of Ifnl2�/� Ifnl3�/� mice. Mice lack functional Ifnl1 and Ifnl4 genes, so

Ifnl2 and Ifnl3 are responsible for all IFN-� expression (16). The Ifnl2 and Ifnl3 genes are
adjacent to each other and appear to have resulted from a head-to-head duplication
event (21). These genes are 97.1% identical, with very similar promoters, and are
thought to be functionally redundant. Our initial goal was to establish reporter mice for
IFN-�3 expression. We engineered a construct containing the coding sequence of
tdTomato, an orange fluorescent protein (22), downstream of self-cleaving peptide T2A
(Fig. 1A), and we used CRISPR/Cas9 to target this construct to exon 1 of Ifnl3. From 20
targeted pups, we obtained a single pup confirmed by PCR to have the transgene
inserted in the Ifnl3 locus (Fig. 1B).

However, while thoroughly analyzing the locus, we found that a 7.2-kb deletion had
been inadvertently introduced 5= of Ifnl3, resulting in removal of exon 1 of Ifnl2 (Fig. 1C)
(17). The additional deletion within Ifnl2 most likely occurred due to the extremely high
similarity of the two genes at this locus. Although the reporter was not functional in
these mice, we had serendipitously introduced disruptions into both IFN-� genes,
establishing mice with linked Ifnl2 and Ifnl3 mutations. We bred this line to homozy-

Peterson et al. Journal of Virology

November 2019 Volume 93 Issue 22 e01073-19 jvi.asm.org 2

https://jvi.asm.org


gosity, thereby generating Ifnl2�/� Ifnl3�/� mice that should lack all functional IFN-�
production.

The capacity of Ifnl2�/� Ifnl3�/� mice to produce IFN-� was tested following
treatment with the synthetic double-stranded RNA analogue poly(I·C), which induces
Ifnl2/Ifnl3 expression (23). In contrast to wild-type mice, which had elevated Ifnl2/Ifnl3
expression in both epithelial and systemic tissues after intraperitoneal poly(I·C) injec-
tion, Ifnl2�/� Ifnl3�/� mice failed to upregulate IFN-� expression (Fig. 2A to C).
Additionally, IFN-� was detected in the serum of wild-type mice (Fig. 2D) (24) but not
Ifnl2�/� Ifnl3�/� mice (Fig. 2E) after poly(I·C) treatment. Thus, Ifnl2�/� Ifnl3�/� mice are
incapable of producing type III IFN.

Restriction of murine norovirus in Ifnl2�/� Ifnl3�/� mice is similar to that in
Ifnlr1�/� mice. To examine the response of Ifnl2�/� Ifnl3�/� mice to enteric viruses, we
infected mice with the CR6 strain of murine norovirus (MNoV), which is sensitive to
IFN-� signaling (14, 25). CR6 replicates in the ileum and colon in specialized intestinal
epithelial cells (IECs) called tuft cells (26, 27) and is shed at high levels in the stool
during persistent infection (28). While the endogenous IFN-� response to CR6 does not
effectively clear infection, replication is significantly limited by intact IFNLR1 signaling,
specifically in IECs (14, 25). CR6 shedding in the stool was significantly higher at day 7
postinfection in both Ifnl2�/� Ifnl3�/� mice and Ifnlr1�/� mice than in the wild-type
controls (Fig. 3A). Numbers of CR6 genome copies in the colon were also significantly
higher in Ifnl2�/� Ifnl3�/� mice than in the wild-type mice and were equivalent to the
levels detected in Ifnlr1�/� mice (Fig. 3B). Thus, mice lacking IFN-� cytokines fail to
control persistent MNoV replication, genocopying mice lacking the IFN-� receptor.

Ifnl2�/� Ifnl3�/� mice were initially bred as homozygotes independently from the
wild-type mice used for controls, leading to the possibility of differences in gut
microbiota composition between the strains. Since MNoV infection is influenced by
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FIG 1 Generation of Ifnl2�/� Ifnl3�/� mice. (A) Diagram depicting the guide RNA (bold purple arrow) used to target Ifnl3 for
insertion of a construct with a left homology arm (HA), a single T2A sequence, a tdTomato-coding sequence with a
polyadenylation signal, and a right HA (blue) by the use of CRISPR/Cas9. Locations of primers used to verify insertion are shown
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commensal bacteria in the gut (29), we sought to exclude the possibility of microbiota
effects in our experiments. Ifnl2�/� Ifnl3�/� mice were interbred, and the resultant
Ifnl2�/� Ifnl3�/�, Ifnl2�/� Ifnl3�/�, and Ifnl2�/� Ifnl3�/� progeny were infected with
CR6. Ifnl2�/� Ifnl3�/� mice displayed significantly higher numbers of CR6 genome
copies in stool and colon than the heterozygote and wild-type littermate controls (Fig.
3C and D). Viral loads in Ifnl2�/� Ifnl3�/� mice were similar to those in wild-type mice,
indicating that one functional copy each of Ifnl2 and Ifnl3 is sufficient to control MNoV
infection.

The viral nonstructural protein 1 (NS1) serves an important function in tropism of
CR6 for IECs and in suppression of IFN-� signaling (26, 28, 30). The chimeric virus
CR6NS1�CW3, in which the CR6 NS1 has been replaced with the NS1 of acute MNoV
strain CW3, fails to replicate in colonic IECs in wild-type mice because it lacks an
IFN-�-evading NS1 (26, 30). Intestinal infection with this virus is rescued in Ifnlr1�/�

mice (26). Therefore, we infected Ifnl2�/� Ifnl3�/� mice with CR6NS1�CW3 and observed
that, in contrast to wild-type controls, the virus replicated in a significant number of
mice lacking IFN-� cytokines (Fig. 3E), similarly to our prior findings with mice lacking
the IFN-� receptor (26). Together, our data indicate that Ifnl2�/� Ifnl3�/� and Ifnlr1�/�

mice are similarly susceptible to MNoV infection.
Reovirus replicates similarly in Ifnl2�/� Ifnl3�/� mice and Ifnlr1�/� mice. IFN-�

is important in the control of multiple enteric viral pathogens (19). To test the effects
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of loss of Ifnl2/Ifnl3 expression on a virus distinct from MNoV but also sensitive to IFN-�
signaling, we used reovirus, which is controlled by IFNLR1 expression on IECs (14). Mice
were inoculated perorally with reovirus strain type 1 Lang (T1L), and viral titers in stool,
jejunum, and ileum were assessed 4 days postinfection. Reovirus titers in the stool were
elevated in Ifnl2�/� Ifnl3�/� and Ifnlr1�/� mice relative to those in wild-type mice,
indicating increased levels of virus shedding (Fig. 4A). Increased viral loads were also
observed in jejunal and ileal tissues (Fig. 4B and C). Viral loads in Ifnl2�/� Ifnl3�/� and
Ifnlr1�/� mice were similar in stool and ileal tissue, while jejunal tissues from Ifnlr1�/�

mice had moderately higher viral titers than those from Ifnl2�/� Ifnl3�/� mice. Thus,
like the IFN-� receptor, IFN-� cytokines are required for control of multiple enteric
viruses.

Influenza virus infection is controlled by IFN-� cytokines. Antiviral effects of
IFN-� occur at multiple epithelial barriers (11). To test whether type III IFN cytokines
protect against viral infection at an epithelial barrier other than the intestine, we
compared wild-type and Ifnl2�/� Ifnl3�/� mice for susceptibility to influenza A virus
(IAV) infection. Type III IFNs couple with type I IFNs for antiviral effects against IAV
infection and can also preempt the detrimental effects of a strong type I IFN response
in the lung (31, 32). We inoculated mice intranasally with mouse-adapted IAV PR8 and
monitored weight over a 14-day course of infection. While all mouse strains had
recovered from weight loss by day 14, Ifnl2�/� Ifnl3�/� mice displayed significantly
more weight loss than the wild-type mice (Fig. 5A). We also quantified lung viral loads
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in these mice 3 days postinfection and found significantly elevated levels of PR8 virus
in Ifnl2�/� Ifnl3�/� mice that were comparable to the levels observed in Ifnlr1�/� mice
(Fig. 5B). These results demonstrate that Ifnl2�/� Ifnl3�/� mice display defects in
antiviral responses at multiple epithelial sites.

DISCUSSION

Studies using mice lacking the IFNLR1 subunit of the type III IFN receptor have
demonstrated an essential function for IFN-� in innate antiviral responses. In this study,
we used a new Ifnl2�/� Ifnl3�/� mouse model to show that abrogation of type III IFN
cytokine production leads to deficiencies in antiviral responses against both enteric and
respiratory viral infections that are comparable to those seen with mice lacking the
IFN-� receptor. We demonstrated that Ifnl2�/� Ifnl3�/� mice did not express IFN-� in
response to Toll-like receptor 3 (TLR3) agonist poly(I·C). We also demonstrated that lack
of type III IFN expression was associated with increased titers of MNoV and reovirus in
the intestine and increased shedding in the stool that were comparable to the levels
seen in Ifnlr1�/� mice. We used littermate controls to verify that this effect was not due
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to microbiota differences (33, 34), as phenotypic differences unrelated to genotype can
arise in independently bred mouse lines (35). Using low-dose influenza virus infection
of the upper respiratory tract, an infection model dependent on intact signaling
through IFNLR (32, 36), we found that type III IFN cytokines also function in control of
a respiratory viral infection. We conclude that in nearly all contexts tested, viral control
mediated by the type III IFN receptor is fully explained by IFN-�s acting as IFNLR
ligands.

While Ifnl2�/� Ifnl3�/� mice genocopy Ifnlr1�/� mice in terms of viral loads in the
ileum and viral shedding in stool, we cannot fully exclude the possibility of a contri-
bution from another signal in the jejunum during reovirus infection, as Ifnlr1�/� mice
exhibit an approximately 3-fold increase in viral titers compared with Ifnl2�/� Ifnl3�/�

mice. However, we observed greater variation in reovirus titers among Ifnlr1�/� mice,
suggesting the possibility of cage-to-cage variation.

Ifnl2 and Ifnl3 are adjacent to each other in an inverted orientation in the mouse
genome, with the genes and flanking genomic regions sharing high sequence identity
(37). Due to this sequence similarity, although our guide RNAs (gRNAs) successfully
disrupted the Ifnl3 locus and permitted insertion of a reporter gene, we also uninten-
tionally caused a large deletion in Ifnl2, leading to disruption of both Ifnl2 and Ifnl3
genes and promoter activity. While off-target effects may occur with CRISPR/Cas9-
mediated genomic engineering (38, 39), here we highlight the importance of this
consideration in targeting members of highly homologous gene families. Validating
that engineered mouse lines do not harbor additional mutations that may affect the
phenotypes observed is of critical importance. Although we did not alter the coding
sequence of any additional genes in establishing the Ifnl2�/� Ifnl3�/� line, as is the case
with any new mouse line, we cannot exclude the possibility that the large deletions in
our mouse line might affect regulatory elements of distant genes.

Fortuitously, an Ifnl2Egfp reporter mouse has been recently developed, providing a
useful model for studying IFN-� in vivo (32). This reporter line accomplishes our original
goal by allowing the visualization and isolation of IFN-�-expressing cells while main-
taining normal production of IFN-� in response to TLR stimulation.

Studies of the role of type III IFNs have largely relied on mice lacking the IFNLR1
subunit of the type III IFN receptor. However, it remained possible that this receptor
subunit could respond to ligands other than IFN-�s, as is the case for the type I IFN
receptor. Using our newly established double-knockout mouse line, we found that the
absence of known type III IFNs genocopied IFNLR1 deficiency. Thus, we confirm that in
the context of MNoV, reovirus, and IAV infection, all phenotypic effects observed by
disruption of Ifnlr1 can be explained by interactions of ligands IFN-�2 and IFN-�3 with
this receptor.

MATERIALS AND METHODS
Ethics statement. All mice were used according to regulations stipulated by Washington University

Institutional Animal Care and Use Committee and to protocols approved by the Washington University
Animal Studies Committee.

Animals and mouse line generation. C57BL/6J mice were originally purchased from Jackson
Laboratories (stock 000664; Jackson Laboratories, Bar Harbor, ME) and were bred and housed in animal
facilities in Washington University in Saint Louis under specific-pathogen-free (including murine
norovirus-free) conditions. Generation of Ifnlr1�/� mice was previously described (14); briefly, these mice
were established by interbreeding Ifnlr1tm1a(EUCOMM)Wtsi mice and Deleter-Cre mice, followed by back-
crossing by speed congenics onto a C57BL/6J background.

Ifnl2�/� Ifnl3�/� mice were developed with assistance from the Genome Engineering and iPSC Center
(GEiC) at Washington University in Saint Louis, where gRNAs were designed to target the Ifnl3 locus for
insertion of a construct that included the T2A self-cleaving peptide sequence and the tdTomato coding
sequence followed by the bovine growth hormone polyadenylation signal sequence. The sequence of
the selected gRNA for CRISPR/Cas9-mediated cleavage was 5=-ACTGGGAGCCTGGTGGCCCTNGG-3=.
C57BL/6J (Jackson Laboratories, Bar Harbor, ME) fertilized zygotes were injected with Cas9 mRNA and
gRNA. Founder mice were genotyped for insertion of the tdTomato locus by PCR amplification of a
919-bp region of the 5= junction with primers 5=-AGGCACTCACCTACAATGGC-3= and 5=-GGGATTCTCCT
CCACGTCAC-3=. The 3= junction was also verified with PCR amplification of a 1,002-bp region with
primers 5=-TCGCATTGTCTGAGTAGGTGT-3= and 5=-GGAGGGAGAACCCGTGAGT-3=. Identification of the
7.2-kb deletion in Ifnl2 was confirmed by Sanger sequencing using primers 5=-CACACTGTGGACAGGCC
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AT-3= and 5=-GACGGCGGCAATGTATTAAC-3=. Additional generations were genotyped by Transnetyx
(Cordova, TN) from tail biopsy specimens using real-time PCR with mutation-specific probes.

Equal ratios of male and female mice, aged 5 to 10 weeks, were used in all experiments for all strains
unless otherwise noted. Experimental mice were cohoused with up to 5 mice of the same sex per cage,
with autoclaved standard chow pellets and water provided ad libitum.

Generation of viral stocks. Stocks of MNoV strains CR6 and CR6NS1�CW3 were generated from
molecular clones as previously described (26, 40). Plasmids encoding the viral genomes were transfected
into 293T cells to produce infectious virus, which was subsequently passaged on BV2 cells. After two
passages, BV2 cultures were frozen and then thawed to liberate virus. Cultures then were cleared of
cellular debris, and virus was concentrated by ultracentrifugation through a 30% sucrose cushion. Titers
of virus stocks were determined by plaque assay on BV2 cells (41).

For propagation of reovirus stocks, spinner-adapted murine L929 (L) cells were grown in either
suspension cultures or monolayer cultures in Joklik’s modified Eagle’s minimal essential medium (SMEM;
Lonza) supplemented with 5% fetal bovine serum (Gibco); 2 mM L-glutamine, 100 U/ml penicillin, and
100 	g/ml streptomycin (Gibco); and 25 ng/ml amphotericin B (Sigma). Strain type 1 Lang (T1L) was
recovered using plasmid-based reverse genetics (42). Purified reovirus was prepared from second-
passage or third-passage L-cell lysate stocks (43). Viral particles were extracted from infected cell lysates
by the use of Vertrel XF (Dupont), layered onto 1.2-g/cm3 to 1.4-g/cm3 CsCl gradients, and centrifuged
at 62,000 � g for 16 h. Bands corresponding to virions (1.36 g/cm3) were collected and dialyzed in virion
storage buffer (150 mM NaCl, 15 mM MgCl2, and 10 mM Tris-HCl [pH 7.4]) (44). Viral titer was determined
by plaque assay using L cells (45).

A/Puerto Rico/8/1934 influenza A virus was prepared in 10-day-old embryonated chicken eggs. The
viral titer was determined by virus titration assay in MDCK cells.

Mouse treatments and infections. Treatment of mice with polyinosine-poly(C) [poly(I·C)] was done
via intraperitoneal injection with 100 	g of high-molecular-weight poly(I·C) (InvivoGen) diluted in
phosphate-buffered saline (PBS). Tissues were collected at 2 h, and serum was collected at 2 to 10 h after
challenge.

For MNoV infections, mice were inoculated with 106 PFU of the indicated strains perorally in a volume
of 25 	l. Stool and tissues were collected at 7 or 14 days postinfection. All stool and tissues were
harvested into 2-ml tubes (Sarstedt, Germany) with 1-mm-diameter zirconia/silica beads (Biospec,
Bartlesville, OK). Tissues were flash frozen in a bath of ethanol and dry ice and either processed on the
same day or stored at �80°C.

For reovirus infections, mice were orally gavaged with 108 PFU of strain T1L virus in a volume of
100 	l. Fecal samples and 10-cm-long sections of small intestine were harvested into 1.0 ml of CaCl2�

and MgCl2� plus PBS (PBS�/�) and flash frozen for determination of viral titers.
Mice used for IAV experiments were intranasally inoculated with 100 50% tissue culture infective

doses (TCID50) of A/Puerto Rico/8/1934 (PR8) strain virus in a 15-	l volume. Weight was monitored every
2 days. For IAV infection experiments, only male mice were used. Lung tissue was harvested and washed
in cold PBS before being placed in 2-ml homogenizer tubes (Qiagen) with 1 ml of minimal essential
medium (MEM) and 2.0-mm-diameter stainless steel beads and stored on ice until further processing was
performed.

RNA extraction, quantitative reverse transcription-PCR (RT-qPCR), and enzyme-linked immu-
nosorbent assay (ELISA). RNA was isolated from stool using a ZR-96 viral RNA kit (Zymo Research, Irvine,
CA) (14). RNA from tissues or cells was isolated using TRI reagent with a Direct-zol-96 RNA kit (Zymo
Research, Irvine, CA) according to the manufacturer’s protocol. A 5-	l volume of RNA was used for cDNA
synthesis with an ImPromII reverse transcriptase system (Promega, Madison, WI).

MNoV TaqMan assays were conducted using a standard curve for determination of absolute numbers
of viral genome copies, as previously described (46). A TaqMan assay for Ifnl2/Ifnl3 (Mm04204156_gH)
(Thermo Fisher Scientific) was conducted with AmpliTaq gold DNA polymerase (Applied Biosystems) as
previously described (14). Quantitative PCR was also performed for housekeeping gene Rps29 as
previously described (14), and the results were used to normalize absolute values of Ifnl2/Ifnl3 and MNoV
per microgram of RNA.

For IFN-� ELISA, serum was collected at indicated time points and IFN-�2/IFN-�3 levels were analyzed
by ELISA (R&D Systems).

Viral titration assays. Reovirus titers in organs and stool homogenates were determined by plaque
assay using L cells (45). Samples were homogenized for 8 min using TissueLyser LT (Qiagen), frozen at
– 80°C, and homogenized again immediately prior to titer determination. Titers are expressed as PFU per
milliliter of tissue or stool homogenate.

For determinations of influenza A virus titers, lungs were homogenized in a TissueLyser II system
(Qiagen). Sample homogenate was cleared via centrifugation at 1,000 rpm for 5 min before aliquoting
and cold storage. After freezing, serial dilutions of homogenates were incubated on MDCK cells for 1 h
at 37°C followed by a PBS wash and addition of 200 	l of infection media (MEM with 1% antibiotics, 1%
L-glutamine, 1% vitamins, 0.1% bovine serum albumin [BSA], 1 	g/ml tosylsulfonyl phenylalanyl chlo-
romethyl ketone [TPCK]-treated trypsin). After 3 days of incubation at 37°C, 50 	l of culture supernatant
was tested for the presence of influenza virus by hemagglutination assay using 0.5% turkey red blood
cells. End point dilution of hemagglutination was scored, and TCID50 titers were calculated as previously
described (47).

Statistical analysis. Data were analyzed with Prism 8 software (GraphPad Software, San Diego, CA).
In all graphs, three asterisks indicate a P value of �0.001, two asterisks indicate a P value of �0.01, one
asterisk indicates a P value of �0.05, and “ns” indicates that the result(s) was not significant (P � 0.05)
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as determined by Mann-Whitney test, one-way analysis of variance (ANOVA), or Kruskal-Wallis test with
Dunn’s multiple-comparison test or by two-way ANOVA with Tukey’s multiple-comparison test, as
specified in the relevant figure legends.
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