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Summary

Influenza A virus (1AV) is a pathogen that poses significant risks to human health. It is therefore
critical to develop strategies to prevent influenza disease. Many loss-of-function screens have been
performed to identify the host proteins required for viral infection. However, there has been no
systematic screen to identify the host factors that when over-expressed are sufficient to prevent
infection. In this study, we utilized CRISPR/dCas9 activation technology to perform a genome-
wide overexpression screen to identify AV restriction factors. The major hit from our screen,
BAGALNT?2, showed inhibitory activity against influenza viruses with an a2,3 linked sialic acid
receptor preference. In fact, BAGALNT2 overexpression prevented the infection of every avian
influenza virus strain tested, including the H5, H9, and H7 subtypes, which have previously
caused disease in humans. Thus, we have utilized CRISPR/dCas9 activation technology to identify
a factor that can completely abolish infection by avian influenza viruses.
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Introduction

Influenza A virus (1AV) is a segmented, negative sense RNA virus and is a prevalent human
pathogen (Shaw and Palese, 2013). Seasonal influenza affects large numbers of the global
population every year and pandemic outbreaks can be associated with severe disease in
human demographics that are normally not significantly affected by influenza viruses
(Fineberg, 2014; Taubenberger and Morens, 2008). In addition to human strains of 1AV, wild
aquatic birds are a natural reservoir for influenza viruses; avian strains encompass a
constellation of 16 hemagglutinin (HA) and 9 neuraminidase (NA) subtypes (Yoon et al.,
2014). Some of these strains, in particular HSN1 and H7N9 subtype viruses, can cause
severe infections in both humans and birds which is associated with high rates of mortality
(Morens et al., 2013; Neumann et al., 2010). Because of its high potential to cause human
disease, understanding how AV infects cells, and how it can be restricted, is critical.

Various types of screens have been done to understand the requirements for viral infection,
replication, or spread (Ramage and Cherry, 2015). Previous work on IAV has focused almost
exclusively on genetic loss of function studies (i.e. RNAI screens) identifying the host
proteins that are necessary to permit 1AV infection, reviewed by (Chou et al., 2015; Stertz
and Shaw, 2011; Watanabe et al., 2010). While this work has been critical in identifying the
factors that permit virus replication, conspicuously lacking has been a systematic over-
expression screen to identify the host-factors that can inhibit virus replication. The major
hurdle to performing over-expression screens has been technology. While cDNA
overexpression screens could theoretically be performed, several major limitations have
precluded their widespread use: 1.) It is expensive and difficult to clone or synthesize all of
the putative open reading frames (ORFS) in the human genome, 2.) It is difficult to know or
capture the complexity of transcript isoform variance for a given gene, 3.) Expression of
cDNA:s is often limited by size restrictions (for example in viral expression vectors). Recent
work modifying CRISPR/Cas9 technology to recruit transcriptional activators, called the
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CRISPR synergistic activation mediator (CRISPR SAM), has been shown to be effective for
genome wide overexpression screens (Konermann et al., 2015).

In this work, we have adapted CRISPR SAM technology to screen for genes that when over
expressed, completely inhibit 1AV infection. We discovered a number of inhibitory genes,
but notably identified a glycosyltransferase (BAGALNT?2) that modified sialic acid
containing glycans and prevented infection by every avian IAV strain tested. Thus, the use of
CRISPR gene activation technology has allowed the identification of a host gene that can
potentially be targeted to prevent avian influenza infections.

We were interested in identifying genes that completely block 1AV infection. To generate an
exquisitely sensitive method to detect viral infection, we stably integrated a Cre recombinase
reporter construct, containing the fluorescent protein ZsGreen, in the human lung epithelial
cell line A549 to generate A549-Cre Reporter (A549-CR) cells (Sup Fig 1A). When infected
by an 1AV strain carrying Cre recombinase (Van Duyne, 2015), even low levels of viral
protein expression activate the reporter and the cell is fluorescently labeled forever.
Theoretically, after a high MOI infection, there should be two remaining populations of
cells: 1.) Reporter negative cells that were unable to be infected and 2.) Reporter positive
cells that were infected but are not yet killed by the virus (Sup Fig 1A). We chose to use the
H1N1 strain A/Puerto Rico/8/1934 (PR8) in this study for two major reasons. First, the virus
grows robustly under laboratory conditions and we have many reporter strains available
(including Cre expressing viruses) in this genetic background (Harding et al., 2017; Heaton
et al., 2014; Heaton et al., 2013). Second, our strain of PR8 has been extensively passaged in
embryonated chicken eggs, which causes the acquisition of an avian strain receptor
preference (Gambaryan et al., 1999; Meng et al., 2010). We reasoned that using this strain
may lead to the identification of factors restrictive for avian as well as human viruses.

To test the reporter construct for appropriate activation, we infected these cells with the
parental WT PR8 or PR8 expressing Cre recombinase (Sup Fig 1B,C). Reporter activation
was observed only in the PR8-Cre infected cells (Sup Fig 1C,D). We next packaged
lentivirus harboring the dCAS9-VP64 fusion protein and the MS2-p65-HSF1 transcription
factor into the A549-CR cells to allow CRISPR mediated gene activation (Konermann et al.,
2015). After viral transduction, cells were selected, and single cell clones were screened for
activation of an artificial promoterless luciferase construct with appropriate SgRNAs
(Bogerd et al., 2015). The highest expressing clone showed more than a two logyg increase
in signal relative to the parental A549-CR cells (Sup Fig 1E) and was deemed suitable for
use. Finally, to ensure that all of the modifications to the cell did not prevent IAV infection,
we measured killing of the A549-CR CRISPR SAM cell line and observed robust cytopathic
effect (Sup Fig 1F).

To perform the screen (Sup Fig 2A), we took our Cre-reporter CRISPR cell line and
transduced 2x108 cells at a multiplicity of infection (MOI) of 0.3 with lentivirus harboring
the promoter targeting SgRNAs. After 48 hours, half of the cells were collected to determine
the transduction efficiency and the rest were replated for PR8-Cre infection. 72 hours post-
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sgRNA introduction, cells were infected at an MOI=5 and maintained in media with TPCK
treated trypsin to allow virus spread. After 72 hours, the infection media was replaced with
DMEM containing serum for recovery. Cells were replated 24 hours later to remove dead,
but still attached, cells. 24 hours post-replating, the remaining cells were collected for
fluorescence-activated cell sorting.

Both ZsGreen negative and positive cells were observed in our population, however after
sorting we eliminated the reporter positive cells and collected only those cells that were
refractory to 1AV infection (Sup Fig 2B). We performed three independent biological
replicates of this screen and sequenced sgRNA containing amplicons derived from our input
DNA, unselected transduced cells, and cells that were refractory to infection. Analysis of the
sequencing data revealed good representation of the initial sgRNA library, which after viral
selection showed a population of sgRNAs that were specifically enriched relative to
background (Sup Fig 2C-F, Supplementary Data 1). These enriched sgRNASs were not
simply carryover of the most abundant sgRNAs in the transduced population (Sup Fig 3).

The three screens had reasonably good overlap, with 25% of sgRNAs detected in two or
more screens (Fig 1A). To sort and rank the sgRNAs that had an effect on viral infection, we
took the data from all three screens and applied a scoring algorithm that took into account
relative abundance of an sgRNA as well as the presence of multiple sgRNAs for a given
gene being enriched in the post-selection sequencing (Supplementary Data 2). We plotted
the scoring data and had 25 gene targets show high enrichment over background, with the
gene BAGALNT?2 far and away the most significant hit (Fig 1B). To perform an unbiased
validation of our screen, we cloned and expressed individual sgRNAs from the sequencing
data in the CRISPR SAM cell line for the top 25 hits, as well as a GFP targeting-negative
control sgRNA and an Interferon-f positive control SgRNA. Upon infection of these cells
with an mNeon expressing 1AV, we observed a range of virus phenotypes from greater than
90% reduction in infection to no effect on the virus at all (Fig 1C, Supplementary Table 1).
We also performed qRT-PCR on all of the cells expressing hit sgRNAs. Here, we observed
variability in the magnitude of gene up-regulation, from more than 3,000-fold to no
significant up-regulation (Supplementary Table 1). The magnitude of gene up-regulation did
not necessarily correlate with viral phenotype, and the variability is likely a reflection of
differential targeting or accessibility of the individual gene promoters.

Of the 25 predicted hits, nine displayed reproducible inhibition of viral infection
(Supplementary Table 1). Of those 9, we selected the three hits with the largest antiviral
phenotypes for further study: BAGALNT2, RIN2, and TM9SF2. To confirm that our screen
hits were not specific for the laboratory adapted PR8 strain, we tested B4AGALNT2, RIN2,
and TM9SF2 overexpression for inhibition of infection with another HIN1 strain, A/Bayern/
7/1995. As with PR8, BAGALNT2, RIN2, and TM9SF2 overexpression also inhibited A/
Bayern/7/1995 (Fig 1D). RIN2 is a known interactor of the early-endosomal protein Rab5
and can influence endocytosis of certain proteins (Kimura et al., 2006; Saito et al., 2002;
Sandri et al., 2012). TM9SF2 is an evolutionarily conserved protein that localizes to the
endosomal compartment, and may influence maturation of the endosome (Schimmoller et
al., 1998). The up regulation of these factors is almost certainly negatively influencing
endocytosis, which is well known to be critical for the entry of all AV strains (Lakadamyali
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etal., 2004). BAGALNT?2 is a glycosyltransferase that has been shown to mediate the
transfer of a GalNac to the sub-terminal galactose of a carbohydrate containing a terminal
sialic acid-galactose moiety (Fig 1E) with activity dependent on the specific glycan linkage
(Dall'Olio et al., 2014; Montiel et al., 2003). Influenza viruses utilize sialic acids as cellular
receptors (Stencel-Baerenwald et al., 2014; Wilks et al., 2012), and although BAGALNT2
was likely causing some inhibitory modification to host glycans, its mechanism of inhibition
was unclear since the sialic acid moiety itself has not been reported to be modified by
BAGALNT?2 (Dall'Olio et al., 2014). For this reason, and because BAGALNT2 was by far
the most significant hit from our screen, we selected BAGALNT2 for further study.

To determine the effects of BAGALNT2 on multicycle 1AV growth, we performed an
infection time course of BAGALNT2 sgRNA expressing cells with a luciferase expressing
IAV. As expected, we observed large reduction in both initial virus infection and spread (Fig
2A). Infection with WT PR8 also showed a significant reduction in the release of infectious
particles, indicating that the phenotype is not restricted to reporter virus strains (Fig 2B). To
confirm that the observed transcriptional activation of BAGALNT2 (Supplementary Table 1)
led to increased protein expression, we performed a western blot analysis of cell lysates
from BAGALNT2 or control sgRNA expressing cells. Consistent with previous reports of
BAGALNT?2 being almost exclusively expressed in the digestive tract (and not being
expressed in the lung (Montiel et al., 2003)), we did not detect the protein in the absence of
the activating sgRNA, but did detect the protein when B4AGALNT2 was targeted by CRISPR
activation (Fig 2C). To control for potential SgRNA off-target effects, we cloned and
expressed a second BAGALNT2 sgRNA and tested both lines for infection with lAV-mNeon.
Both sgRNAs mediated profound reductions in viral infection (Fig 2D). We also cloned and
packaged the BAGALNT2 ORF into a lentivirus vector, and observed that expression of the
gene in the absence of any CRISPR components still inhibited virus infection (Fig 2E). The
enzymatic activity of BAGALNT2 is bioinformatically predicted to require two aspartic acid
residues following a stretch of hydrophobic amino acids (a motif common to
glycosyltransferases in general (Breton and Imberty, 1999; Breton et al., 2006)) at residue
numbers 356/357 of the protein (prediction via the Pfam database (Finn et al., 2016)).
Mutation of the two aspartic acid residues to alanine to generate an active site mutant (ASM)
was sufficient to abolish the protective effect of BAGALNT?2 transduction (Fig 2E),
indicating the enzymatic activity of the protein is required for protection from virus. gRT-
PCR of both the WT and active site mutant BAGALNT?2 revealed similar levels of
expression after lentivirus delivery of the gene (Fig 2F). We expected that if BAGALNT2
was catalyzing an inhibitory modification to the receptor containing glycan, expression of
this gene would prevent virus binding to the cell surface. We therefore performed a
fluorescently labeled viral particle-binding assay and, showed a major defect in the ability of
IAV to bind to the surface of cells when B4AGALNT2 was overexpressed (Fig 2G,H). To
ensure that BAGALNT2 over-expression did not lead to an additional block of virus
infection subsequent to attachment, we used a mini-genome VRNA replication assay.
Transfection of the viral polymerase genes, the nucleoprotein (NP), and a luciferase reporter
showed no difference in viral polymerase activity in the presence or absence of BAGALNT?2
as expected (Fig 21).
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B4GALNT?2 enzymatic activity clearly affected virus attachment. We hypothesized two
potential mechanisms of action: 1.) Ectopic overexpression of BAGALNT?2 leads to
unreported enzymatic activities that directly modify the sialic acid, or 2.) The addition of a
GalNac to the subterminal galactose is sufficient to cause steric hindrance preventing HA-
sialic acid receptor interactions. In order to distinguish between these two possibilities, we
collected total cellular N-linked glycans with PNGase F digestion and performed linkage
analysis and MALDI mass spectrometry. The MALDI mass spectral analysis showed the
presence of high mannose glycans from Man-5 to Man-9 in both control and B4GALNT2
cells (Fig 3A-D). There were several N-glycans found specifically in cells overexpressing
BAGALNT?2 with ions having masses corresponding to additional HexNAc molecules (Fig
3C). Composition analysis indicated the HexNAc sugar was GalNAc, and subsequent
linkage analysis indicated that this GalNAc was present as a terminal sugar attached to an
underlying Gal residue specifically to a.2,3 linked sialic acids (Fig 3D). The attachment of a
terminal GalNAc on underlying Gal residue that was already bound to an a.2,3 linked sialic
acid was also supported by the data that 3-linked Gal relative area decreased when the 3,4-
linked Gal peak was increased (Fig 3B,D). Quantification of total sialic acid revealed no
difference between control and BAGALNT2 expressing cells (Sup Fig 4). We were unable to
detect any additional glycan modifications caused by overexpressing BAGALNT2.

Avian 1AV strains are known to use a2,3-linked sialic acids for entry while most non-
adapted human influenza virus strains prefer binding a.2,6-linked sialic acids (Stencel-
Baerenwald et al., 2014; Wilks et al., 2012). Human strains that have been passaged in
embryonated chicken eggs (such as PR8) are also known to acquire mutations which allows
the use of a.2,3-linked sialic acids for entry (Gambaryan et al., 1999). Our glycan mass spec
data indicated that BAGALNT2 activity was restricted to a2,3-linked sialic acids, which
suggested that different 1AV strains that utilize a.2,3- or a.2,6-linked sialic acid receptors
would likely be differentially susceptible to BAGALNT2 overexpression. We therefore
utilized a panel of human influenza viruses that primarily utilize a.2,3-linked sialic acids
(PR8 and A/Bayern/7/1995) or a.2,6-linked sialic acids A/Beijing/47/1992 and A/Myoming/
3/2005. Treatment of A549 cells with a sialidase that specifically removes a.2,3-linked sialic
acids verified that only PR8 and A/Bayern/7/1995 have a requirement for a.2,3-linked sialic
acids (Sup Fig 5A). When we infected BAGALNT2 overexpression or control cells, as
expected, infection with PR8 and A/Bayern/7/1995 was inhibited while A/Beijing/47/1992
and A/Wyoming/3/2005 were not (Sup Fig 5B).

In order to completely inhibit viral binding, essentially all of the a.2,3-linked sialic acid
containing cellular glycans would need to be modified by BAGALNT?2. If this level of
modification were occurring, we would expect that BAGALNT2 expressing cells should be
distinguishable by sialic acid binding proteins (broadly referred to as lectins). As an initial
test of this hypothesis, we utilized the plant lectin, wheat germ agglutinin (WGA), which
recognizes multiple sialic acid modifications. We observed a significant decrease in binding
when BAGALNT2 was expressed (Fig 3E). We next expanded to a panel of lectins specific
for a2,3-linked sialic acids (Maackia amurensis), a.2,6-linked sialic acids (Sambucus Nigra),
or WGA again. We observed a significant, and specific, decrease in binding for those
proteins that recognized a.2,3-linked sialic acid when B4GALNT2 was present (Fig 3F,G).
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BAGALNT?2 displayed potent inhibitory activity against human influenza viruses that after
egg adaptation, acquire an a.2,3-linked sialic acid receptor preference. Bona fide avian 1AV
strains however, naturally utilize this receptor. Since avian influenza viruses can cause
severe infection of both humans and domesticated poultry (Capua and Marangon, 2006;
Wong and Yuen, 2006), we tested the ability of BAGALNT2 to prevent infection with a
panel of avian influenza viruses. We transduced the Madin-Darby Canine Kidney (MDCK)
cell line, which is normally highly permissive for influenza viruses, with lentiviruses
harboring an “empty” expression cassette or the BAGALNT2 ORF. The resulting cell lines
were then mock or virally infected with the following low passage, avian AV isolates across
a range of dilutions: H7N2 (A/Turkey/VA/4529/2002), HON2 (A/Chicken/NJ/1222-/99),
H5N9 (A/TY/Wisconsin/1968), and HLON4 (A/MDK/HK/MPD268/2007). After 48 hours of
multi-cycle growth, cells were fixed and stained with crystal violet (Fig 4A-E). In all cases,
there was significantly less cytopathic effect in the cells expressing BAGALNT2. Crystal
violet staining was quantified via methanol solubilization and optical density measurement
and as expected, revealed a highly significant inhibition of viral infection when BAGALNT2
was expressed (Fig 4F).

Discussion

We used CRISPR activation technology to identify genes that were able to restrict 1AV
infection. The strongest phenotype in our screen was observed when the gene BAGALNT?2
was overexpressed, leading to a greater than 100-fold reduction in 1AV infection but with
activity restricted to viruses with avian receptor (a2,3-linked) preferences. The inhibitory
activity of BAGALNT2 was not restricted to lung or even human cells, as expression of this
gene in normally highly permissive MDCK cells led to inhibition of 1AV infection.
Importantly, BAGALNT2 expression was able to inhibit the infection of cells with multiple
strains of low passage avian influenza viruses, including H7N2, HIN2, H5N9, and H10N4
strains. As H7, H9, and H5 avian viruses have historically caused most of the severe disease
in domesticated poultry as well as in humans, BAGALNT2 may be an attractive host factor
to target therapeutically either via gene therapy (Thomas et al., 2016) or small molecule
induction of gene transcription (Denison and Kodadek, 1998).

Our mechanistic work showed that BAGALNT2 almost completely inhibits viral infection
without changing the abundance of sialic acid on the cell surface or directly modifying the
terminal sialic acid moiety. Instead, BAGALNT2 causes the specific addition of a GaINAc
residue to the sub-terminal galactose moiety of a2,3-linked sialic acid containing glycans,
and this modification prevents viral particle binding of the cell surface. The inhibitory
enzymatic activity of BAGALNT2 fits well with previous work characterizing I1AV HA
binding in carbohydrate array assays. In general, the purified HA protein from human or
avian strains bound poorly to its sialic acid receptor if there was another carbohydrate group
bound to the same subterminal galactose (Stevens et al., 2006a; Stevens et al., 2006b). While
it has been established that branched sialic acid containing glycans function poorly as 1AV
receptors, it is notable that the overexpression of a single enzyme, BAGALNT2, is capable of
modifying total cellular glycans to the extent that virus binding is essentially abolished.
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In our glycan analysis, we specifically profiled the effects of BAGALNT2 on N-linked
glycans, since N-linked glycans are known to be required for efficient viral entry (Chu and
Whittaker, 2004). In some cases, however, influenza virus can also use O-linked sialic acid
containing glycans for entry (de Vries et al., 2012). Since BAGALNT2 can utilize both N-
and O-linked glycans as a substrate (Montiel et al., 2003), it is likely that both classes of
glycans are being modified on A549 cells when BAGALNT2 is being over-expressed. With
our current dataset however, we cannot speak to the extent of modification of O-linked
glycans, or assess the relative contribution of modified N-linked or O-linked glycans to the
inhibition of 1AV infection.

Our screen, like any screen, had some false positives and some false negatives. It is unclear
why the false positives were reproducibly detected in our screens. One potential explanation
is that some of the sgRNA-induced genes induced rapid cell proliferation, and the initially
rare populations of random uninfected cells became over-abundant in the final population.
We also failed to detect several known influenza virus restriction factors in our screen, such
as MxA and IFITM3 (Desai et al., 2014; Pavlovic et al., 1990). This is likely due to poor
gene induction with only one of the guide RNAs in an individual cell; previous work has
shown that multiple sgRNAs per gene are more efficient at inducing expression (Dominguez
et al., 2016). The validated hits in our screen almost certainly represent a subset of
restriction factors that benefit from a combination of potently inhibiting an early step of IAV
infection and being relatively easily up-regulated with minimal CRISPR targeting.

In sum, we have used CRISPR activation technology to perform a genome-wide
overexpression screen of genes that restrict 1AV infection. We identified a gene,
BAGALNT?2, which although not normally expressed in the lung, is able to completely
prevent AV infection. In depth studies of BAGALNT?2 revealed a mechanism for inhibiting
IAV receptor engagement without directly modifying the sialic acid receptor. The ability of
BAGALNT?2 to block infection of every subtype of avian influenza virus tested highlights
the power of CRISPR activation technology to identify novel host factors, which may be
utilized in the future to prevent both severe human and avian influenza disease.

Experimental Procedures

Tissue Culture and Cell lines

Viruses

293T and A549 cells (ATCC) were grown in Dulbecco's modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum, Gluta-max and penicillin-streptomycin. MDCK
cells (ATCC) were grown in minimal essential media (MEM) supplemented with 10% FBS,
penicillin-streptomycin, L-Glutamine, 0.15% sodium bicarbonate, and 20 mM HEPES. The
cell lines were not routinely monitored for mycoplasma. The Cre-Reporter cassette was
constructed and transduced into A549 cells as previously described (Hamilton et al., 2016).
Validation of the screening cell line is described in the supplemental information.

Influenza A virus (PR8 strain) expressing Cre-recombinase has been previously described
(Heaton et al., 2014). PR8 expressing Nanoluc luciferase was generated as previously
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described for our Gaussia luciferase virus (Heaton et al., 2013), simply replacing the
reporter gene. PR8-mNeon was generated via insertion of the mNeon fluorescent gene
(Shaner et al., 2013) into segment 4 of the virus (Harding et al., 2017). Dr. Peter Palese
kindly provided wild-type influenza viruses A/Beijing/47/1992, A/Bayern/7/1995, and A/
Wyoming/3/2005. The avian influenza H7N2 (A/Turkey/VVA/4529/2002), HON2 (A/
Chicken/NJ/1222-/99), H5N9 (A/TY/Wisconsin/1968), and HLON4 (A/MDK/HK/
MPD268/2007) strains were kindly provided by Dr. Greg Grey.

SgRNA library production and DNA extraction for the CRISPR Screen

The sgRNA library was packaged into lentivirus as described in the supplemental
information. For sequencing, genomic DNA from transduced non-selected cells was prepped
using Zymo Quick DNA Universal mini prep kit. Genomic DNA for sorted cells was
prepped with Zymo Quick gDNA micro prep kit. PCR was performed with barcoded
primers as described in (Konermann et al., 2015) using NEBNext High fidelity 2x PCR
master mix. PCR bands were gel purified using Thermo GeneJet gel extraction Kit.

lllumina Sequencing/Data Processing

Raw segeuncing data was processed with custom scripts described in the supplemental
information.

sgRNA hits and B4GALNT2 Cloning and validation

sgRNA hits were individually cloned and tested as described in the supplemental
information. sgRNA primer sequences are available in Supplemental Table 2.

Flow Cytometry

Raw data was collected on a FACSCanto Il or a Fortessa X-20 (BD) machine with standard
laser and filter combinations. Data was visualized and processed with FlowJo software.

Microscopy

Cells were treated as indicated in the figure legends, then incubated with Hoechst 33342
stain (0.5 ml/mL of PBS, Life Technologies H3570) to allow for the staining of nuclei.
Imaging was performed on the ZOE Fluorescent Cell Imager (BioRad). Images were
processed with ImageJ (NIH).

Virus infection, viral growth assays, Western blots, and gRT-PCR

Virus growth assays, replication assays, Western blots, and qRT-PCR assays were performed
via standard protocols. The details are available in the supplemental information. gRT-PCR
assay primer sequences are detailed in Supplemental Table 3.

Glycan Analysis, virus binding and lectin staining

Glycan analysis, virus binding experiments and lectin staining were performed as described
in the supplemental information.
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Statistical Analysis

Unless otherwise noted, all statistical analysis was performed using an unpaired, two-tailed,
Student's t-test. Due to difficulty in predicting an effect size a priori, no specific
considerations or power calculations were performed to determine sample size prior to
experimentation. No data was excluded from a given analysis, with the exception of samples
that failed to amplify for technical reasons in RNA qRT-PCR assays, as denoted in the
legend. We did not note any major differences in sample variance between groups that were
being compared. Analysis was performed using Prism 7 software (Graphpad). For all
figures, *p<0.05, **p<0.001, ns=not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of replicate CRISPR SAM screens identifies host factors that inhibit 1AV

infection

(A) Venn diagram of the overlap between all detected sgRNAs from the three replicate

screens. (B) Plot of the scores of the top “hits” in the screen, sorted on the X-axis by
REFSEQ ID. The height and size of the dot is proportional to the score in the screen. (C)
Flow cytometry plots of control or a subset of the gene specific SgRNA expressing cells after
infection with IAV-mNeon. (D) Cells expressing the indicated sgRNAs were infected with
PR8 or A/Bayern/7/1995. The area staining positive for the viral HA protein 24 hours post-
infection was quantified and graphed. P-values are indicated above the treatment group

(*p=0.05, **p<0.001) and are relative to the control SgRNA targeting GFP; error bars

represent SEM, n=8/sample. For panels C and D, the data are representative of at least two
independent experiments. (E) Diagram of the glycan modification catalyzed by BAGALNT?2.
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Figure 2. BAGALNT?2 inhibits virus particle binding to the surface of cells
(A) Multi-cycle time course of control or BAGALNT2 sgRNA expressing cells infected with

IAV-Nanoluc at an MOI=0.001; n= 6/group, error bars= SEM. (B) Titer of infectious particle
release after infection WT PR8 at an MOI=0.01, 24 hours post-infection; n=3/group, error
bars= SD. (C) Western blot of BAGALNT?2 protein levels from BAGALNT?2 or control
expressing sgRNA cells. (D) Microscopy of cells expressing control or one of two
independent sgRNAs targeting BAGALNT?2 infected with |AV-mNeon, scale bar = 200 um.
White numbers indicate the percent viral infection relative to control sgRNA. (E) WT
BAGALNT?2 or an active site mutant of BAGALNT2 were introduced into A549 cells via
lentivirus transduction. After selection, cells were infected with mNeon-PR8 at an MOI=10
and infection rates were quantified; n=3/group, error bars= SEM. (F) gRT-PCR of
BAGALNT?2 transcript levels from E; n=4, error bars= SD. (G) Flow cytometry histograms
of fluorescently labeled 1AV particles binding to control or BAGALNT2 sgRNA expressing
cells. (H) Quantification of G; n=4/group, error bars= SEM. (I) Minigenome assay for IAV
polymerase replication in control or BAGALNT2 sgRNA expressing cells; n=4/group, error
bars= SEM. For all panels *p<0.05, **p<0.001, averaged data are represented by the
arithmetic mean, and the data are representative of at least two independent experiments.
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Figure 3. BAGALNT2 modifies only Neu5Aca2-3Galp-R containing host glycans that leads to a
cellular glycan profile that can be discriminated by lectin binding

(A) Mass spec of N-linked glycans from control cells with proposed glycan structures as
indicated. (B) Linkage analysis of N-linked glycans from control cells. (C) Mass spec of N-
linked glycans from B4AGALNT2 expressing cells. (D) Linkage analysis of N-linked glycans
from BAGALNT2 cells. Black arrowheads indicate linkages specific to BAGALNT2 over-
expressing cells. (E) Fluorescently labeled wheat germ agglutinin was applied to cells
expressing a control sgRNA or sgRNA inducing B4GALNT2, scale bar = 200 um (F) Flow
cytometry histograms of binding of the indicated fluorescently labeled lectins. Red=Control
SgRNA wi/out lectin, Grey=BAGALNT2 sgRNA w/out lectin, Blue=Control sgRNA w/
lectin, Green=B4GALNT2 sgRNA w/lectin. (G) Quantification of F; n=3, error bars= SD.
For all panels *p<0.05, **p<0.001, averaged data are represented by the arithmetic mean,
and the data are representative of at least two independent experiments.
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Figure 4. BAGALNT2 overexpression prevents infection with avian influenza viruses
MDCK cells were transduced with a control or BAGALNT2 lentivirus. Cells were mock

infected (A) or infected with an H7N2 (B), HIN2 (C), H5N9 (D), H10N4 (E) subtype
viruses at the indicated dilutions of the viral stocks. After 48hours of multicycle growth,
cells were stained with crystal violet. Lack of dark staining indicates viral infection and
killing of cells. (F) Crystal violet staining was quantified via solubilization in methanol and
measurement on a plate reader at an OD of 570nm, n=4. For the mock, HON2, H5N9, and
H10N4 plates, the first dilution was quantified. For the H7N2 virus, the fourth dilution was
quantified. Error bars represent the standard deviation. ns=not significant, **p<0.001. The
data are representative of two independent experiments.

Cell Rep. Author manuscript; available in PMC 2017 August 23.



	Summary
	Graphical abstract
	Introduction
	Results
	Discussion
	Experimental Procedures
	Tissue Culture and Cell lines
	Viruses
	sgRNA library production and DNA extraction for the CRISPR Screen
	Illumina Sequencing/Data Processing
	sgRNA hits and B4GALNT2 Cloning and validation
	Flow Cytometry
	Microscopy
	Virus infection, viral growth assays, Western blots, and qRT-PCR
	Glycan Analysis, virus binding and lectin staining
	Statistical Analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

