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Spillover events of avian influenza A viruses (IAVs) to humans could represent the

first step inafuture pandemic'. Several factors that limit the transmission and
replication of avian IAVs in mammals have been identified. There are several gapsin
our understanding to predict which virus lineages are more likely to cross the species
barrier and cause disease in humans'. Here, we identified human BTN3A3 (butyrophilin
subfamily 3 member A3)?as a potent inhibitor of avian IAVs but not human IAVs. We
determined that BTN3A3 is expressed in human airways and its antiviral activity evolved
in primates. We show that BTN3A3 restriction acts primarily at the early stages of the
viruslife cycle by inhibiting avian IAV RNA replication. We identified residue 313 in the
viral nucleoprotein (NP) as the genetic determinant of BTN3A3 sensitivity (313F or,
rarely, 313L in avian viruses) or evasion (313Y or 313V in human viruses). However,
avianlAV serotypes, such as H7 and H9, that spilled over into humans also evade
BTN3A3 restriction. In these cases, BTN3A3 evasion is due to substitutions (N, Hor Q)
in NP residue 52 that is adjacent to residue 313 in the NP structure?. Thus, sensitivity or
resistance to BTN3A3 is another factor to consider in the risk assessment of the zoonotic

potential of avian influenza viruses.

Influenza A viruses (IAVs) cause a substantial global health burden
and circulate bothin humans and animal species, including domestic
poultry, pigs, dogs and horses. Wild aquatic birds are the main natu-
ral reservoir of IAVs*. Ducks, shorebirds, gulls and other waterbirds
harbour 16 haemagglutinin and 9 neuraminidase subtypes®. IAVs
from wild bird reservoirs can infect economically important birds,
such as chickens, turkeys, quail and other gallinaceous species and
domestic waterfowl*. The population density of domestic birds and
the direct exposure to infected birds facilitates avian IAV spillovers
into susceptible mammals, including humans. Avian IAVs can also
further reassort (that is, exchange genome segments) with viruses
established in susceptible species resulting in the rich IAV genetic
diversity. In humans, the influenza pandemics o0f 1918, 1957, 1968 and
2009 were all caused by viruses containing genomic segments of
avian origin®.

Occasionally, spillover of avian IAVs into humans may result insevere
oreven lethal disease’. For example, in2013 an H7N9 variant resulting
frommany reassortment events of differentavian viruses® caused more
than 600 human deaths’ and has since re-emerged in different epidemic
waves'?. These spillover events are not typically followed by extensive
human-to-human transmission chains, but they are a risk to global

health as they could enable the first step towards human adaptation
and the generation of pandemic IAV strains'.

Several barriers have beenidentified that hamper avianIAV transmis-
sionand adaptation in humans™. These include virus haemagglutinin
receptor binding specificity™, higher haemagglutinin pH fusion**,
increased efficiency of the virus polymerase in human cells®, length
of the neuraminidase stalk’®" and sensitivity to the host antiviral
factor Mx1/MxA™ &%,

Despite the progress made in the past two decades, gaps remain
in understanding what allows certain avian IAV subtypes or lineages
to spillover in humans. In this study, we aimed to identify (1) host
genetic barriers to avian IAV replication in human cells and (2) IAV
genetic signatures that can be directly correlated with their zoonotic
potential.

BTN3A3 specifically restricts avian IAVs

We focused on the host type l interferon (IFN) response as it is one
of the key host antiviral innate immune mechanisms and a barrier
for virus cross-species transmission®. IFN acts through the activa-
tion of hundreds of IFN stimulated genes (ISGs), some of which have
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Fig.1/BTN3A3inhibitsavianIAVs. a, Schematicrepresentation of the ISG
librariesused inthe screens. b, Graphs showing the results of normalized
infections (% median of overall library) of cells expressing individual ISGs with
theindicated viruses.ISGsrestricting virus replication arelabelled (BTN3A3
and BTN3Alinbold). Eachdotrepresents anindividual ISG of libraries
illustrated ina (870 1SGs in total). ¢, Expression and effective siRNA-driven
knockdown of BTN3A3in MRCST and hBEC3-KT. Cells were transfected with
scrambled (negative control or Neg ctrl) or BTN3A3-targeting siRNAs and
proteinlevelsinthe resulting cell lysates were assessed by western blot.
o-Tubulinwas used as loading control. For gel source data, see Supplementary
Fig.1.d, Replication kinetics of PR8 and Mallard in siRNA-treated MRC5T and

antiviral properties®. Hence, we first aimed to identify human ISGs
that contribute to IAV host tropism. We performed arrayed expression
screening® of 870 human and macaque ISGs (Fig. 1a) using three differ-
ent green fluorescent protein (GFP)-tagged recombinant IAV strains:
A/Puerto Rico/8/1934 (henceforth PR8, a human laboratory-adapted
HIN1strain), A/California/04/2009 (Cal04,amouse-adapted 2009 pan-
demic (pdmO09) HIN1strain) and A/mallard/Netherlands/10-Cam/1999
(Mallard, an HIN1avian strain). These screens (Fig. 1b and Supplemen-
tary Table 1) identified ISGs previously shown to be antiviral against
IAVs, such as IFITM2, IFITM3 and Mx1 (refs. 11,22-24). Two other ISGs,
BTN3Aland BTN3A3, inhibited the avian virus (Mallard), but not the
mammalian viruses (PR8 or Cal04).

To validate these hits, we carried out loss of function experiments.
Constitutive expression of BTN3A3 was detected in primary immor-
talized human foetal lung fibroblasts (MRC5T) and human bronchial
epithelial cells (hBEC3-KT) (Fig. 1c). Small-interfering (siRNA)-mediated
knockdown of BTN3A3 in these cells resulted inimproved replication
of the avian Mallard strain, but it did not affect the growth kinet-
ics of PR8 (Fig. 1d). Equivalent knockdown experiments targeting
BTN3A1 did not show a significant difference in avian IAVs’ replica-
tion (Extended DataFig.1a,b). Byimmunohistochemistry, we showed
that BTN3A3 is constitutively expressed in the healthy respiratory
tract of human donors, bothin the upper and lower respiratory tract.
BTN3A3 expression was detected in ciliated cells within the nasal
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hBEC3-KT.Dataare mean + standard error of the mean (s.e.m.) of three
independent experiments (each using two technical replicates). Statistical
significance between groups was measured by a two-way analysis of variance
(ANOVA). Comparisons were made between areaunder the curve of the different
BTN3A3siRNA treatment conditions and the average of the two negative
controls. NS, notsignificant, *P< 0.05,**P< 0.01, ***P< 0.001, ****P< 0.0001.

e, Photomicrographs of human nasal epithelium and lung sections subjected
toimmunohistochemistry. Cells expressing BTN3A3 (shownin brown) are
found along the entire nasal epitheliumand in endothelial cells and immune
cells, as well as pneumocytes. Scale bars, 50 pm.

epithelium and bronchioli, type I and Il alveolar epithelial cells and
alveolar macrophages (Fig. 1e). Indeed, available data from human
transcriptomic profiles (GTEx consortium) suggest that the lungs
have the second highest expressionlevels of BTN3A3 across 30 tissues
analysed (Extended Data Fig. 1c,d). We found that a variety of human
lung cell lines showed constitutive expression of BTN3A3, which can
then be further upregulated by either type I or type-Il IFN (Extended
DataFig.le).

The butyrophilingene superfamily has undergone complex duplica-
tion events over its evolutionary history with subfamily three compris-
ing three primate-specific paralogues: BTN3A1, BTN3A2 and BTN3A3
(refs. 2,25). We tested the antiviral activity of overexpressed human
BTN3A1, BTN3A2 and BTN3A3 in A549 cells (Fig. 2a). Infection of
BTN3-overexpressing cells using GFP-tagged and untagged viruses
showed that PR8 was not sensitive to any of the human BTN3 proteins.
However, BTN3Al and BTN3A3 were successful at restricting Mal-
lard (the latter being more effective at restriction) whereas BTN3A2
showed no antiviral effects (Fig. 2b,c). Next, we assessed the antivi-
ral effects of the BTN3 proteins against a wider panel of IAV strains.
These included human laboratory-adapted viruses, human clinical
isolates and various avian IAVs. None of the human viruses tested
were sensitive to any of the BTN3A proteins (Fig. 2d, left panels).
However, the replication kinetics of all avian viruses was restricted
roughly tenfold by BTN3AL. Restriction of avian viruses by BTN3A3
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Fig.2|Specificity of BTN3srestriction. a, Westernblotting of cell lysates
obtained from A549 cells stably expressing human BTN3A1(B1), BTN3A2

(B2) orBTN3A3 (B3).b, BTN3-overexpressing A549 cells were challenged with
serial dilutions of GFP-tagged PR8 or Mallard for 10 h. On trypsinization and
fixation, the percentage of GFP-positive (GFP*) cells was measured by flow
cytometry. Dataare mean +s.e.m.of threeindependent experiments (each
using two technical replicates). The multiple comparisons testbetween each
BTN3-expressing and empty control cells was performed using aone-way
ANOVA. ¢, BTN3A-expressing A549 cells were infected with PR8 or Mallard WT
virusesat MOI 3 for 6 h. Viral protein expression was measured by detection of
PB1(and PB1-N40) and NP by western blot. d, Replication kinetics of a panel of
human (left panels) and avian (right panels) viruses (MOI, 0.001) in A549-Empty
and BTN3Alor BTN3A3-expressing cells. Datarepresent mean +s.e.m. of three

was even greater with viral titres barely reaching the limit of detec-
tion and showing a decrease of up to 100,000-fold (Fig. 2d, right
panels).

We further tested the antiviral specificity of BTN3Al and BTN3A3
against an extra 24 viruses, including double-stranded DNA (dsDNA),
single-stranded RNA (ssRNA) and double-stranded RNA (dsRNA)
viruses. In this screening process, the avian IAV Mallard was the only
virus substantially inhibited by BTN3A1 and BTN3A3 (Fig. 2e). Fur-
ther validation assays against a panel of human respiratory viruses
confirmed the specificity of this restriction factor against avian IAVs
(Fig. 2f).

independent experiments (each using two technical replicates). Comparisons
were made betweenareaunder the curve of the different BTN3-expressing

and empty cells using atwo-way ANOVA. e, Heatmap showing normalized
infection of cells expressing BTN3Aland BTN3A3 for a panel of indicated
viruses (see Methods for details). f, Human BTN3Aland BTN3A3-overexpressing
A549swere challenged with increasing volumes of theindicated GFP-tagged
viruses. Cells were fixed at 10 hpi for PR8 and Mallard and 16 hpi for the remaining
viruses. Percentage of GFP-positive cells was measured by flow cytometry.
Dataaremean +s.e.m.of threeindependent experiments (each using two
technicalreplicates). Statistical annotationsin this figure: *P< 0.05,**P< 0.01,
***P<0.001,****P<0.0001.Samplesinaand cwerederived from the same
experimentand gels were processed in parallel. For gel source data, see
SupplementaryFig.1.

BTN3A3 evolution

We then examined the origin of anti-avian IAV activity in the BTN3
gene family. Phylogenetic analysis of the BTN3A genes of the Haplor-
rhini suborder (tarsier, monkeys, apes and humans) indicated that
BTN3A1-3 originated through two successive duplications after the
split between the new world monkey lineage (Platyrrhini) and the old
world monkey and ape lineage (Catarrhini) around 40-44 million years
ago” (Extended DataFig. 2a). Domain detection analysis showed that
most BTN3Aland BTN3A3 genes have a consistent domain organization
with one set of N-terminal IgV and IgC domains followed by a PRYSPRY
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domain, whereas BTN3A2 genes have lost their PRYSPRY domain
(with the exception of Nomascus leucogenys BTN3A2) (Extended Data
Fig.2a,b).

Data obtained by transient transduction of A549 cells with BTN3A-
expressinglentiviruses followed by viral challenge indicate that the anti-
viral phenotype of BTN3A3 was gained after the Platyrrhini-Catarrhini
split, consistent with the two duplication events. Humans, chimpanzees
(Pan troglodytes), gorillas (Gorilla gorilla gorilla), orangutans (Pongo
abelii), macaques (Macaca mulatta) and green monkeys (Chloroce-
bus sabaeus) all have at least one BTN3Al or BTN3A3 gene capable of
inhibiting Mallard viral replication (Extended Data Fig. 3). Our phylo-
genetic analysis that considers each HaplorrhiniBTN3 protein domain
individually is consistent with previously documented recombination
and homogenization of the IgV domain within the BTN3 Catarrhini
gene subfamily” (Extended Data Fig. 4a-d). Thisincongruence in the
evolutionary history of these genes could explain the many gains and/
or losses of antiviral function.

Wealso foundthat the closest orthologues to BTN3 from mammalian
species with endemic IAVs (canine, equine and porcine), the distant
galline (Gallus gallus) and anatine (Anas platyrhynchos) BTN1 ortho-
logues, and other human paralogues of the butyrophilin superfamily
did notinhibit PR8 or Mallard, supporting a Catarrhini origin of BTN3
antiviral activity (Extended Data Fig. 4e,f).

Determinants of resistance to BTN3A3

To identify viral genetic determinants of BTN3A3 resistance, we
engineered 7:1 PR8/Mallard reassortants and tested their ability to
form plaques in BTN3A3-overexpressing Madin-Darby canine kid-
ney (MDCK) cells (Extended Data Fig. 5a). All PR8-based reassortants
plaqued as efficiently in MDCK-Empty as in MDCK-BTN3A3 cells apart
fromthose containing Mallard segment 5. The converse phenotype was
seeninMallard-based reassortantsin which only viruses containing PR8
segment 5 (specifically Mallard 4:4 reassortant encoding PR8 viral ribo-
nucleoprotein (VRNP) components, Mallard 3PNP) formed plaquesin
MDCK-BTN3A3 cells (Extended Data Fig. 5a). We were unable to rescue
the single segment reassortant Mallard 7:1 PR8 Segment 5. Hence, we
engineered the reciprocal 7:1segment Sreassortants between Mallard
and Cal04. We assessed virus fitnessin A549-Empty and A549-BTN3A3
cellsand confirmed that Mallard segment 5 conferred BTN3A3 sensitiv-
ity (Fig. 3a). Segment 5 is monocistronic and encodes the viral nucleo-
protein (NP)®, Toidentify the amino acid residue(s) in NP determining
the sensitivity or resistance to BTN3A3, we compared the NP sequences
ofthe five humanIAVs and five avian IAVs tested in Fig. 2d. Human and
avianNPsequences have conserved differencesin residues 33,100, 136,
313,351,353 and 357. Of these, positions 33,100, 313 and 357 have been
previously associated with avian-to-human transmission®’. We rescued
PR8 or Mallard single NP mutants and assessed their replicationin
A549-Empty or A549-BTN3A3. Inthe PR8 background, we observed no
reductioninvirusyieldsin A549-BTN3A3 for any mutants except for PR8
Y313F. Conversely, onaMallard background the RI0OV mutant resulted
in partial loss of BTN3A3 sensitivity but a near complete evasion was
seen for Mallard F313Y (Fig.3b and Extended Data Fig. 5b). Therefore, we
concluded thatamino acid residue 313 is a key determinant of BTN3A3
sensitivity and/or resistance.

We next reconstructed a time-calibrated phylogenetic tree from a
comprehensive set of more than 30,000 IAV NP amino acid sequences
(Fig. 3¢). Whereas human NP sequences have almost exclusively 313Y
or 313V, all NP clades circulating in avian hosts, as well as the Eurasian
avian-like HIN1 swine clade, predominantly show a conserved 313F
residue. Less than 1% of avian IAV NP sequences contain 313L, which
also confers susceptibility to BTN3A3 (Extended Data Fig. 5b-d). Occur-
rence of the BTN3A3-resistant 313Y is specific to the human clade, origi-
nated from the HIN11918 pandemic that subsequently re-assorted into
1957 H2N2 and further 1968 H3N2 pandemic and currently circulates
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seasonally. Precise dating of the original F313Y change is difficult due to
the small number of pre-1918 1AV genomes available. However, recently
sequenced genomes from the pandemic all code for NP 313Y%°, sug-
gesting that F313Y took place before or soon after human emergence
of the 1918 HIN1 strain.

NP 313Vis specific to classical swine HIN1, in which segment S entered
the human population through reassortment into the 2009 pandemic
HINI1. BEAST (Bayesian Evolutionary Analysis Sampling Tree) tip-dating
analysis supportsaF313V mutation taking place in swine hosts between
mid-2002 and the end 0of 2006 (Extended Data Fig. 6 and Supplemen-
tary Discussion). The pdm09 segment 5 is derived from this 313V
subclade. We therefore tested whether, similar to PR8, the reversion
of NP V313F in pdmO9 virus would result in a BTN3A3-sensitive virus.
Indeed, unlike its wild-type (WT) counterpart, the mutant Cal04 V313F
showed a very pronounced restriction to BTN3A3 (Fig. 3d). Residue
313 had been previously associated with evasion of Mx1 resistance’®”.
Avian-to-human associated adaptation F313Y, when combined with
R100V and/or L283P, shows reduced sensitivity to human Mx1 (ref. 19).
However, we observed that the single F313Y mutation, while sufficient
to overcome BTN3A3, did not overcome Mx1 restriction (Fig. 3e,f). In
addition, loss of function experiments showed that BTN3A3 restric-
tion occursinan Mxl-independent manner (Extended DataFig. 7a,b).

We further validated the role of NP residue 313 as a determinant of
resistance to BTN3A3 in anin vivo experimental model. B6 mice were
intranasally transduced with adeno-associated virus (AAV) vectors
(AAV6.2FF) expressing either GFP (negative control) or BTN3A3, and
subsequently infected with Cal04 WT or V313F mutant re-assorted to
express PR8 glycoproteins to maximize replication in mouse tissues
(6:2PR8 HA,NA; areassortant formed by the internal proteins of PR8
and the external haemagglutinin (HA) and neuraminidase (NA) glyco-
proteins of Cal04)®. AAV vectors achieved efficient expression of GFP
and BTN3A3 inthe mouse respiratory tract 3 weeks after transduction
(Fig.3g).In challenged mice, Cal04 (6:2 PR8HA,NA,) WT fitnessin the
lungs was not significantly impaired in BTN3A3-expressing mice com-
pared to controls. Conversely, titres reached by the single mutant V313F
in BTN3A3-expressing mice were significantly lower thanthosereached
in GFP-expressing mice (Fig. 3h), indicating that BTN3A3 restriction
canalsooccurinvivo.

Mechanisms of BTN3A3 restriction

NPisanessential proteinintheIAVlife cycle with the primary function of
encapsidating the viral genome to ensure effective RNA transcription,
replication and packaging®. As well as being astructural RNA-binding
protein, NPisalsoakeyadapter between virus and host cell processes
asitis essential for the nuclear or cytoplasmic trafficking of VRNPs*2734,
Hence, to test whether BTN3A3 inhibits VRNP nuclear import we per-
formed synchronized infections of A549-Empty or A549-BTN3A3 cells
followed by nuclear and/or cytoplasmic fractionation at early time
points after infection. At 45 minutes post infection, levels of Mallard
VRNP-containing proteins in both cytoplasmic and nuclear fractions
were equal between A549-Empty and BTN3A3-expressing cells, suggest-
ing equally efficient virus entry and vRNP nuclear import (Fig. 4a top
panel, andrelated quantification presented in Extended Data Fig. 7c). At
90 min post infection, by which pointinitial transcriptionand transla-
tion of viral genes had resulted in an increase of viral protein, a differ-
enceinviral protein levels was seen between the two cell lines in both
cytoplasmic and nuclear fractions (Fig. 4a middle panel, Extended Data
Fig.7c). This difference was further amplified at 6 hours postinfection
(hpi) (Fig. 4a bottom panel and Extended Data Fig. 9). Hence, these
data indicate that the initial stages of the virus life cycle, including
binding, entry and vRNP nuclear import were largely unaffected by
BTN3A3 overexpression whereas subsequent steps could be affected.

Toinvestigate this further, we measured RNP-driven viral transcrip-
tion and/or replication and translation using RNP reconstitution
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Fig.3|Determinants of BTN3A3 sensitivity.a, A549-Empty and BTN3A3-
expressing cells were infected for 48 h with the schematized viruses (left, MOI
0.001), after whichinfectious titres were quantified by plaque assays (right).
Dataare mean = s.e.m.of threeindependent experiments (each using two
technical replicates). The multiple t-tests were performed using the Holm-
Sidak method. b, PR8 and Mallard NP single mutants were used to infect
A549-Empty and A549-BTN3A3 and titrated asina. ¢, Tip-dated maximum
likelihood phylogeny of the filtered IAV NP-coding sequence dataset (Methods).
Tipshapesareannotated by host (left) and 313 residue (right). Legend only shows
residues occurringin more than 5% of the sequences.d, Cal04 WT and V313F
mutant were used toinfect A549-Empty and A549-BTN3A3. Virus quantification
and statistical analysis were performed asin a. e, Westernblotting of cell lysates
obtained from A549 cells stably expressing human Mx1or BTN3A3.Samples
were derived from the same experimentand gels were processed in parallel.

minireplicon reporter assays. Using either viral RNA (VRNA)- or cRNA
complementary RNA (cRNA)-like reporter constructs, the transcription
and/or replicationactivities of NP 313F-coding RNPs were significantly
reducedin BTN3A3-overexpressing cells (Fig. 4b,c and Extended Data
Fig. 8).In principle, this could be due to effects on viral transcription,
replication, translation or protein stability.

For gelsource data, see Supplementary Fig. 1. f, A549 overexpressing human
Mx1and BTN3A3 were infected with GFP-tagged Mallard WT or F313Y. Ten hpi
cellswere trypsinized, fixed and RFP-and GFP-positive cells were measured

by fluorescence-activated cell sorting. Dataare mean +s.e.m.fromthree
independentexperiments (each using two technical replicates). Statistical
differences were calculated asina.g, C57BL/6 mice were inoculated with PBS
(mock), AAV-GFP or AAV-BTN3A3 for 3 weeks after which lungs were examined
for GFPand BTN3A3 expression.Scale bars, 70 um. h, Three weeks after AAV-GFP
or AAV-BTN3A3 treatment, mice were infected with Cal04 (6:2 PRS HA,NA) WT
or V313F mutant. Lung viral titres were assessed 3 days postinfection. Data
representmean +s.e.m.Eachgroupincluded12to 14 mice. Dotsrepresent
individual mice. Source dataare available in Supplementary Table 9. Multiple
comparisons were performed from a one-way ANOVA. Statistical annotationsin
thisfigureare defined as*P<0.05,**P<0.01,***P< 0.001, ****P< 0.0001.

To examine the effects of BTN3A3 in viral primary transcription,
A549-Empty and A549-BTN3A3 cells were pretreated with cyclohex-
imide (CHX, a translation elongation inhibitor) and subsequently
infected with Mallard WT or the F313Y mutant. Viral messenger RNA
was left toaccumulate for 12 h, RNA was extracted and protein synthe-
sis from viral mMRNA was measured using a rabbit reticulocyte lysate
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Fig.4|BTN3A3blocks VRNA transcription. a, A549-Empty and A549-BTN3A3
cellswereinfected with PR8 and Mallard WT (MOI 3). Following nuclear and/or
cytoplasmic fractionation, VRNP components and cellular markers were
detected by westernblotting. b, Minireplicon assaysin293T-Empty and
293T-BTN3A3 cells of the indicated viruses alongside luciferase-based vRNA-
or cRNA-like reporter and transfection control plasmids. 48 hafter transduction,
luminescence was measured. Values were normalized to WT NP-coding RNPs
in293T-Empty cells. Dataare mean + s.e.m. of three independent experiments
(eachusing two technicalreplicates). ¢, Protein expression of RNP components
from 293T-Empty (E) and 293T-BTN3A3 (B3) cells transfected asinb were
assessed by westernblot.d, A549-Empty and A549-BTN3A3 cells were pretreated
with CHX and infected at an MOl of 3. Twelve hpi, total RNA was extracted and
equivalent volumes were used ininvitro translation assays. The top panel
represents Coomassie staining as loading control. The bottom panel exemplifies
autoradiography detection. e, Densitometry quantification of NP (translated
fromsegment5 mRNA) from autoradioactive gels. Dataare mean +s.e.m. of
threeindependent experiments and are normalized to Mallard WT in A549-
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Nuclear BTN3A3 (mean intensity)

Empty cells. f,g, A549-Empty and A549-BTN3A3 cells were treated (f) or
untreated (g) with100 pg ml™ CHX and infected atan MOl of 3. VRNA species
were quantified by atwo-step RT-qPCR at indicated time points. Dataare
mean +s.e.m.of three (VRNA and cRNA) or four (mRNA) independent
experiments. h, Representative image of confocal microscopy of hRBEC3-KT
cellsinfected with Mallard WT or F313Y at an MOl of 3. At 6 hpi, cellswere
immunostained for NPand BTN3A3 (nucleiinblue). Scale bar, 35 pm.

i, Quantification of total NP and nuclear BTN3A3 intensities for Mallard WT
and F313Y. The data constitute single data points of more than 3,500 cells from
fourindependent experiments. j, Values from h were stratified on the basis of
nuclear BTN3A3 intensity. The datarepresent the relative abundance of total
infected cellsineach nuclear BTN3A3 intensity ranges. Values were normalized
toMallard WT. Statistical analysesin this figure are the result of several t-tests
between Empty and BTN3A3 conditions and were performed using the Holm-
Sidak method. Annotations are defined as *P< 0.05,**P< 0.01, ***P< 0.001,
***++P < (0.0001.Samplesinaand cwere derived from the same experiment and
gelswere processed in parallel. For gel source data, see Supplementary Fig.1.



system. For both Mallard WT and Mallard F313Y, autoradiography analy-
sisrevealed equal levels of the main viral proteins between A549-Empty
and A549-BTN3A3 cells (Fig. 4d,e), suggesting that viral primary tran-
scription was not inhibited by BTN3A3.

We next tested whether RNP replication activity was impaired by
BTN3A3 using quantitative PCR (QPCR) assays to measure viralmRNA,
VRNA and cRNA species at early time points after infectionin the pres-
ence or absence of CHX. The ablation of protein synthesis by CHX
results in the abrogation and/or inhibition of IAV genome replication
activity that is dependent on newly synthesized NP monomers®. There-
fore, new VRNA and cRNA synthesis was fully inhibited by CHX (Fig. 4f,
middle and bottom panels). Consistent with observationsinFig.4d,e,
inthe presence of CHX, Mallard WT mRNA levels were not affected by
BTN3A3 (Fig. 4f, top panels). In CHX-untreated cells, Mallard WT mRNA
levels wereinsensitive to BTN3A3 in the first 3 hpi, but thereafter were
reduced, by nearly100-fold at 6 hpi. Potentially explaining this late dif-
ferencein viralmRNA synthesis, BTN3A3 overexpression both reduced
and delayed VRNA and cRNA accumulationin Mallard WT-infected cells.
By contrast, the BTN3A3-resistant mutant Mallard F313Y showed no
differences in the synthesis of any vRNA species between infected
A549-Empty and A549-BTN3A3 cells (Fig. 4f,g, right halves). Collec-
tively, these dataindicate that BTN3A3 restricts sensitive IAVs mainly
atthelevel of viral genome replication.

IAV RNA synthesis takes place in the nucleus, and despite BTN3A3
having been described as a transmembrane protein, localization of
constitutively expressed BTN3A3 in hBEC3-KT cells was predomi-
nantly nuclear (Fig. 4h). In these cells, we also found components of
the RNP complex, of both avian IAVs and mammalian IAVs, could also
be coimmunoprecipitated with BTN3A3 (Extended Data Fig. 9).Image
analysis of infected hBEC3-KT cells showed that, when cells express
high levels of nuclear BTN3A3, viral protein synthesis (measured by
NP accumulation) of Mallard WT was weaker (Fig. 4i,j). Furthermore,
NP accumulation from a BTN3A3-resistant mutant was less sensitive
to high levels of nuclear BTN3A3. Similar observations were made for
Cal04 WT (BTN3A3resistant) and the BTN3A3-sensitive mutant Cal04
NP V313F (Extended Data Fig. 10).

Virus genotype of zoonotic avian IAVs

We next analysed whether BTN3A3 evasion could be correlated with
the zoonotic potential of avian IAVs. We focused on avian H7N9 given
the high numbers of spillover events caused by these viruses. The NP of
H7N9 contains a 313F residue and so theoretically should be restricted
by BTN3A3. However, the high number of human infections caused
by H7N9, led us to propose that they overcome BTN3A3 restriction
through an alternative mechanism. We tested a 6:2 H7N9 reassortant
(containing the glycoproteins from PR8 and the internal segments from
H7N9) in A549-Empty and A549-BTN3A3 cells. The reassortant H7N9
was poorly restricted by BTN3A3, despite possessing a 313F-coding
NP, whereas a 6:2:1 H7N9 reassortant containing Mallard NP was
restricted roughly 70-fold on average (Fig. 5a). Comparison of H7N9 and
Mallard NP sequences highlighted differences at eight amino acid resi-
dues (positions 34, 52,186, 352, 373, 377,406 and 482). To determine
whether any of these amino acid substitutions enabled H7N9 viruses
toevade BTN3A3restriction, we constructed and tested single amino
acid mutants, and identified that the NP substitution N52Y rendered
H7N9 sensitive to BTN3A3 (Fig. 5a). The effect of 52N was only seenin
the presence of 313F; the Y52N mutation was not sufficient to confer
BTN3A3 sensitivity in the presence of 313Y (Fig. 5b).

The 52N-coding NP sequences occur in several independent avian
IAV sublineages. Most of all, using time-calibrated phylogenetic analy-
sis, we identified an initial switch of NP 52Y to 52N that we estimated
occurred between August 1999 and October 2001 and that over time
became dominantintheavian H9N2 and the H7N9 lineages from which
allhuman H7N9 epidemic virus NPs have originated (Fig. 5¢).

To further explore the importance of NP residue at position 52, we
analysed its polymorphism across all strains of IAVs. Avian IAVs pre-
dominantly encode NP 52Y with 25% of the isolates coding for 52N or
52H (Fig.5d, left). Swine IAVs almost universally contain NP 52Y whereas
equineand canine NP sequences present the most 52H. Human-derived
IAV possess either 52Y or 52H inbroadly equal parts (Fig. 5d, left). The
substantial prevalence of 52Y in human IAVs can be explained by the
co-occurrence of NP 313Y, which provides resistance to BTN3A3 and
is dominant over 52Y (Fig. 5b). Analysis of all subtypes of avian IAV
NP sequences obtained from humans (representing spillover events)
showed not only the most 52N in H3,H6,H7, H9 and H10 subtypes, but
alsoless frequent residues 52Q, 52H and 52Y sidechains (Fig. 5d, right,
and Supplementary Table 2), with the last almost universally in the H5
subtype. We show that mutants engineered with 52Q or 52Hin either the
Mallard or H7N9 backgrounds resultin BTN3A3 evasion as efficiently as
those possessing 52N (Fig. 5e). Despite being separated in the primary
sequence of NP, positions 52 and 313 are closely juxtaposed within the
NP head domain (Fig. 5f). Moreover, both residues are located on the
surface of the NP trimer, indicating that they would be accessible to
interactions with other viral and host factors when NP oligomerizes to
form positive-sense complementary RNP and/or vVRNP.

Itis important to note that NP residue 52 has been also implicated
in the evasion of Mx1 resistance'**°. However, by overexpression of
BTN3A3 or Mx1, we determined that IAV sensitivity and/or resistance
to these restriction factors showed differential dependence on NP
residues 52 and 313 (Extended Data Fig. 11a). The evasion of BTN3A3
restriction conferred by residue 52 is dependent on residue 313, which
is not the case for evasion of Mx1 restriction. A correlation in human
patients between disease severity induced by H7N9 and certain human
MXl alleles has also been described in genome-wide association stud-
ies*. Incidentally, BTN3A3 is very conserved in humans (Supplemen-
tary Table 3) and we found no specific association with severe disease
and BTN3A3 alleles using the same genome-wide association analyses
(Extended DataFig.11b,c).

In summary, a BTN3A3-sensitive viral genotype can be defined
as possessing NP-coding 313F and 52Y whereas BTN3A3-resistant
viruses have NP 313Y/V and/or 52N/H/Q. Of the roughly 1,700 avian
IAV sequences detected inhuman patients, 77% have aBTN3A3-resistant
genotype, whereas the remaining 23% are BTN3A3-senstive. The last
belong virtually all to highly pathogenic avian influenza HSN1 (308 of
309 sequences; Extended Data Fig.12a). Using 7:1 PR8-based reassor-
tants, we experimentally confirmed that viruses harbouring HSN1 NP
sequences with a predicted BTN3A3-sensitive genotype were indeed
restricted in A549-BTN3A3 cells (Extended Data Fig. 12b). Also, 99.5%
of BTN3A3-resistant virusesisolated from human patients originated
from low pathogenic avian influenza lineages.

Frequency of BTN3A3-resistant avian IAVs

We next examined how the frequency of the BTN3A3-resistant geno-
type changed over time in avian IAVs circulating in birds, including
those involved in major epizootic events. Analysis of the frequency of
BTN3A3-resistant genotype among IAV isolates from birds (roughly
29,000 sequences from the Global Initiative on Sharing All Influenza
Data (GISAID) EpiFlu database; Supplementary Table 4) showed a peak
between 2012 and 2019, fluctuating from 49.5 to 62%. This correlates
with peaks of avian-to-human AV zoonotic cases within the same time
period (Fig. 5g, first panel).

Avian HON2 viruses represent the serotype with the highest percent-
age of BTN3A3-resistant genotype, having reached amaximum of 97%in
2018, along witha high number of detected sequences (Fig. 5g, second
panel). The HON2 G57 genotype is highly promiscuous and is regarded
asamaindonor of viral internal genes that resulted in viruses spilling
over into humans¥. Through reassortment events, before 2013, HON2
gave its internal gene segments to the newly emerging H7N9 strain.
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Fig.5|Evasion of BTN3A3 by zoonoticavianIAVs. a,b, Replication of H7N9
(6:2PR8HA,NA) reassortant viruses with theindicated single (a) or double

(b) NP mutationsin A549-Empty or A549-BTN3A3 cells. Cells were infected at an
MOI of 0.001for 48 hand virusestitrated by plaque assay. Dataare mean +s.e.m.
fromthreeindependent experiments (each using two technical replicates).
Several t-tests were performed using the Holm-Sidak method. ¢, Tip-dated
maximum likelihood phylogenies of the filtered IAV NP-coding sequence
dataset (left) and of all sequences clustering within the highlighted avian IAV
clade (right). Tip shapes are coloured by site 52 residues (only residues present
inmore than1%ofthe sequencesare showninthelegend). Ontheright,human
isolates are annotated with circles and non-humanisolates are annotated with
transparent crosses to highlight human transmission. The branch where the
Y52N changetook placeis annotated onthetree.Serotypes presentin more
than10% of the sequencesin each subclade are shownontheright.d, Identity

Consequently, whereasHON2 humanisolates have been detected spo-
radically since 1999, H7N9 was first detected in humansin 2013, result-
inginafive-wave epidemic event lasting until 2018 (Fig. 5g, third panel).
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of amino acid residue in position 52 of all NP proteins available in the NCBI Flu
datasetused in this study (Methods) (left) orin those collected from spillovers
ofavianIAVsin humans (GISAID) (right). Numbers over the barsindicate the
number of sequences. e. Infectious virus titres obtained in A549-Empty and
BTN3A3-expressing cells with NP 52 mutants of either Mallard or H7N9 6:2 PR8.
Cellswereinfected atan MOl of 0.001 for 48 h and viruses titrated by plaque
assay.Dataare mean +s.e.m.fromthreeindependent experiments (each using
two technical replicates; statistical analysis performedasinaandb).f, Surface
structure of trimeric NP (residues 52 and 313 are highlighted). g, Chronological
association between the accumulation of the BTN3A3-resistant genotype and
PB2627K/VinlAVscirculatinginavian species orisolated from human patients.
Statistical annotationsin this figure are defined as*P< 0.05,**P< 0.01,
***P<0.00L, ****P<0.0001.

Moreover, of all avian-isolated H7N9 sequences deposited in GISAID
(the Global Initiative on Sharing All Influenza Data) before 2013, only
14% (seven out of 50) show a BTN3A3-resistant genotype (conferred



by NP 52H). By contrast, from 2013 onwards, 93.5% of H7N9 (n = 849)
show a BTN3A3-resistant genotype that is instead conferred by the
H9N2 G57-descendant NP 52N.

Inadditionto H7N9, another example of a G57-segment containing
virusis the HPAIH5N6 withits first humaninfection being detected in
2014 (ref. 38), reaching a peak of human infections in 2015-2016. Like
the H7N9 epizootic event, the chronology of acquisition of BTN3A3
resistance correlates with HSN6 avian-to-human spillovers (Fig. 5g).

For comparative purposes, we also analysed PB2 amino acid 627,
asitis well reported that viruses harbouring 627K (or 627V) have a
replicative advantage in human cells as they are better supported by
human ANP32A than the avian counterpart 627E". In the analysed data-
set, roughly 63% of all avian IAVs isolated in human patients possess
aPB2 627K/V compared to a frequency of roughly 3% in viruses circu-
lating in birds. Specifically in the 2013-2018 H7N9 epizootic waves,
74% of viruses isolated from human patients possessed a PB2 627K/V.
However, very few avian HON2, H7N9 and H5Né6 circulating in birds
harboured the ‘mammalian’-adapted PB2 627K/V before, during or
after zoonotic events. These data indicate that BTN3A3 resistance is
important for spillover whereas the acquisition of 627K/V is selected
in humans infected with avian IAVs.

As described above, the HPAI H5N1 spillover events do not show
overall an association with a BTN3A3-resistant genotype. It is, how-
ever, interesting to note that ten out of ten sequences publicly avail-
able from the first outbreak caused by H5N1in 1997 in Hong Kong®
show a BTN3A3-resistant genotype. In addition, although the num-
ber of sequences available from H5N1 circulating in birds from the
same period and location are relatively low (n =8), they also all pos-
sess a BTN3A3-resistant genotype. Another interesting observation
is associated with the waterfowl-origin A/Goose/Guangdong/1/96
(GsGd) lineage of HPAIH5N1 viruses that re-emerged in Chinain 2003
(ref. 40). Unlike HON2, H7N9 and H5N6, avian isolates of HPAI H5N1
showed a high frequency of the PB2 627K residue, inroughly the same
period when an increased number of sequences of zoonotic cases
caused by these viruses was observed (Fig. 5g, lower panel).

Discussion

Our study reveals that human BTN3A3 is a powerful barrier for the
replication of avian IAVs but not human IAVs. Through data obtained
invitroincell culture assays and in vivo in experimental animal models,
in addition to comprehensive evolutionary analyses, we showed that
evasion of human BTN3A3 is one of the risk factors for the zoonotic
potential of IAVs. To date, avian subtypes H5, H7, H9 and, less often,
H3, H6 and H10, have spilled over and caused human infections™*.

Butyrophilins were discovered originally as proteins involved
in lactation and milk production, but they are also known to have
immunomodaulatory functions**>**, This group of proteins have not
been generally associated with antiviral properties, although one of
two studies using ISG libraries against Ebola virus replicons identi-
fied BTN3A3 as arestriction factor for this virus**¢. The anti-avian
IAV properties of BTN3A3 arose in primates. Hence, humans are the
only species maintaining endemic infections with influenza viruses
thatrestrict avian IAV replication through this effector. Neither avian
species nor swineimpose a BTN3A3-related selective pressure on the
NP 313 residue.

We showed that BTN3A3 interferes mostly with avian IAV vRNA rep-
lication, at the early stages of the virus life cycle after the entry of the
VRNP complex into the nucleus and primary vRNA transcription.

There are severalindependent lines of evidence pointing to evasion
of BTN3A3 asakey risk factor for the zoonotic potential of IAVs. First, all
the human endemiclAV viruses, including those thatemerged in1918,
areresistantto BTN3A3. Second, the swine HIN12009 pandemic virus
originated from a BTN3A3-resistant NP 313V clade that we estimate
appearedin pigs between 2002 and 2006, ahead of the start of the 2009

pandemic (Extended Data Fig. 6). Third, evasion of BTN3A3 restric-
tion is a conserved trait of most avian viruses that have successfully
spilled over into humans, due to a mutation from a BTN3A3-sensitive
52Y residue to a BTN3A3-resistant N, Q or H residue (or very rarely in
H3N8 through the F313V mutation) and further propose that residue
52 masks the effect of 313F>. Finally, we showed that avian IAVs circulat-
ing in birds showed an increased frequency of the BTN3A3-resistant
genotypein2011-2012, ahead of the initial H7N9 outbreak in humans.
Indeed, it is only around 2013, when the first human H7N9 cases were
identified, that the NP 52N residue became dominant in this lineage.

There are many barriers preventing zoonotic cross-species trans-
mission of animal IAVs, and BTN3A3 has to be considered one of many
rather than the sole determinant of the zoonotic potential of IAVs.
Mx1is another restriction factor for avian IAVs. The NP residues 313
and 52 that are critical in BTN3A3 evasion/resistance have also been
associated with Mx1 resistance'®'?, We presented in vitro data indi-
cating that, despite affecting similar stages of the virus life cycle and
through common amino acid residues, BTN3A3 acts independently
from Mx1. Moreover, our in vivo experiments were carried outin regular
C57BL/6 mice that, like many other laboratory mouse strains, possess
anon-functional Mx1 (refs. 47,48), further reinforcing the point that
BTN3A3 acts in an Mx1-independent manner. It is also interesting to
note arecent study suggesting that IAV NP regulates mitophagy and
the Y313F mutation attenuates this process*. Hence, at least two inde-
pendent human restriction factors target a conserved surface of NP,
suggesting that this constrained region is a key determinant of the
zoonotic potential of avianIAVs.

The exception to the rule of BTN3A3 representing a key barrier to
avian IAV spillover into humans is represented by highly pathogenic
H5N1. HPAlviruses are defined by the presence of a polybasic cleavage
sites in their haemagglutinin protein that may allow the virus a wider
cellular tropism, potentially providing the ability to infect BTN3A3
low-expressing cells, or amore efficient replication fitness leading to
ahigher chance of asuccessful infection*® and therefore overriding the
antiviral effects of BTN3A3. Notably, only around 30% of H5N1isolated
from humans possess the adaptive PB2 627K mutation, as opposed to
more than 70% of all the other avian viruses that successfully spilled
overintohumans. Hence, HPAIH5N1 viruses appear to be able to infect
humans in the absence of either a BTN3A3-resistant genotype or PB2
human adapting mutations. These observations suggest that this virus
may possess distinctive features that allow it to spill over in humans
more effectively than other avian viruses.

In recent years, the GsGd lineage of HPAI H5 virus that originally
emerged in Asia, has caused anincreasing number of outbreaks in wild
birds, poultry and wild mammals across several continents®. This line-
age shows ahigh frequency of the BTN3A3-resistant genotype. Of note,
isaparticularly concerning recent outbreak of H5N1in afarm housing
roughly 50,000 mink in Spain®2 Viruses isolated from this outbreak
showed both an ANP32A-linked PB2 T271A mutation, associated with
enhanced polymerase activity inmammalian cells**, and a NP 52N muta-
tion conferring a BTN3A3-resistant genotype that was acquired in an
avian host before emergence of the HSN1virus in mink®2, Transmission
of these viruses within farmed animal populations provide them with
the opportunity to further adapt to the mammalian host, in addition
to provide further opportunities for onwards transmission to humans.
Hence, H5N1viruses with a BTN3A3-resistant genotype may be better
posed in the future to adapt to humans.

Global efforts during the SARS-CoV-2 pandemic and over the years
forlAVinfections have shown that surveillance based on virus genomic
sequences canbe auseful tool not only to provide insight into disease
spread and epidemiology, but also for the early identification of viruses
with undesirable phenotypic traits from a public health perspective.
The BTN3A3-resistant genotype is one of the determinants associ-
ated with avian IAV spillover in humans that should be considered in
risk-assessment frameworks**.
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Methods

Cells, viruses and chemical treatments

MT4 (a gift from P. Bieniasz, Rockefeller University) suspension cells
were cultured in Roswell Park Memorial Institute medium (Gibco)
1640 medium supplemented with 10% foetal bovine serum (FBS)
(Gibco), 100 U mI™ penicillin and 100 pg ml™ streptomycin. MDCK
cells (American Type Culture Collection, ATCC), human embryonic
kidney cells (293T) (ATCC), human adenocarcinomic alveolar basal
epithelial cells (A549) (ATCC) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) supplemented with 10% FBS (Gibco),
100 U mI? penicillinand 100 pg ml™ streptomycin. MDCK cells express-
ing Sialyltransferase 1 (MDCK-SIAT, kindly provided by J. McCauley,
TheFrancis Crick Institute) were further supplemented with 50 pg mI™
geneticin. hTERT-immortalized primary human foetal lung fibro-
blasts were generated at the Centre for Virus Research and cultured
inminimum essential medium supplemented with 10% FBS,100 U mI™
penicillin, 100 pg ml™ streptomycinand 1x non-essential amino acids.
Normal hBECs immortalized with CDK4 and hTERT (hBEC3-KT)™*
(UT Southwestern Medical Center) were keptin Keratinocyte serum-free
medium (Gibco) supplemented with 50 pg mi™ of bovine pituitary
extract, 5 ng ml™ of human recombinant epidermal growth factor,
100 U mlI™ penicillinand 100 pg ml™ streptomycin. MT4 cells and A549
were authenticated using short tandem repeat analysis carried out by
either the DNA Diagnostics Centre or Eurofins, and analysed using the
DSMZ online short tandem repeat analysis tool.

Culture media of SCRPSY-modified cells was further supplemented
with1pg ml” of puromycin dihydrochloride. All cell lines were regularly
tested for mycoplasma contamination and passaged once or twice
weekly.

A/Puerto Rico/8/1934 HIN1 (PR8), A/California/04/2009 HIN1
(Cal04), A/mallard/Netherlands/10-Cam/1999 HIN1 (Mallard), 6:2 reas-
sortants of A/Anhui/1/2013 H7N9 (Anhui H7N9) containing PR8 seg-
ments4 and 6 viruses, and other mutants and reassortants describedin
this study were generated by reverse genetics essentially as described
previously*®. Briefly, roughly 2 x 10°293T cells were transfected in Opti-
MEM with pDUAL reverse genetics plasmids (250 ng of plasmid for
each virus segment), using 4 pl of Lipofectamine 2000 according to
the manufacturer’s instructions. Twenty-four hours after transfection,
the mediawas changed to serum-free DMEM supplemented with 0.14%
bovine serum albumin (w/v) and 1 ug ml™ of L-(tosylamido-2-phenyl)
ethyl chloromethyl ketone (TPCK)-treated trypsin. Virus-containing
supernatant was collected after a further 2-day incubation and propa-
gated in MDCK cells. Clarified supernatant was collected when roughly
90% of cells demonstrated cytopathic effect (typically 36-72 hpi).

Other virus strains used in the study are the following: A/Udorn/
307/1972 H3N2 (Udorn H3N2), A/Norway/3275 2018 H3N2 (Norway
H3N2), A/Norway/3433/2018 HIN1 (Norway HIN1), A/ruddy shelduck/
Mongolia/963V/2009 H3N8 (Ruddy shelduck H3N8), A/wild-duck/
Italy/17VIR6926-1/2017 H5N2 (Wild duck H5N2), A/duck/Italy/
18VIR4932-2/2018 H7N7 (Duck H7N7), A/turkey/Italy/16VIR8643-54/
2016 H9N2 (Turkey HON2). Udorn H3N2, Norway HIN1 and Ruddy
shelduck H3N8 were propagated and plaqued in MDCK, whereas
Norway H3N2 was grown and plaqued in MDCK-SIAT. Avian viruses
wild duck H5N2, Duck H7N7 and Turkey HON2 were propagated and
plaqued in MDCK overexpressing Gallus gallus ANP32A.

CHX treatment consisted of incubation of cells with100 pg ml™ for
1hbefore infection. Virus inoculum and media used throughout the
experiment also contained the same concentration of CHX.

Arrayed ISG overexpression screening

Lentiviral transduction/flow cytometry-based screening was per-
formed as previously described”. Briefly, MT4 cells were seeded in
96-well plates and further transduced with two SCRPSY-based len-
tiviral vector libraries consisting of 525 human and 345 macaque

ISGs. At 48 h after transduction, cells were infected with PR8-GFP,
Mallard-GFP or CalO4 7:1 PR8 segment 8 GFP (rescued as previously
described*®). After 10 h, cells were fixed and the percentage of trans-
duced (TagRFP-positive) and IAV-infected (GFP-positive) cells was
determined by flow cytometry using a Guava EasyCyte flow cytometer
(Millipore).

The screens in Fig. 2e were performed in a similar manner. MT4,
AA2, A549 naive and overexpressing human ACE2 or 293T suspen-
sion cells were transduced with lentiviral ISG-expressing library as
described above®. Forty-eight hours after transduction, cells were
infected with reporter-expressing virus aiming to achieve a10-50%
infection. The panel of viruses used in Fig. 2e included: human mas-
tadenovirus C (Adenovirus 5); Suid herpesvirus 1 (pseudorabies);
human herpesvirus1; bovine herpesvirus1; Rift Valley fever phlebovi-
rus; Dabie bandavius (severe fever with thrombocytopenia syndrome
virus); Bunyamwera orthobunyavirus; bluetongue virus; Simian
Rotavirus A/SA11; Chandipura vesiculovirus; Indiana vesiculovirus;
Semliki Forest virus; Chikungunya virus; human immunodeficiency
virus-1; 1AV PRS8, A/Puerto Rico/8/1934 (HIN1); IAV Cal04, A/California/
04-061-MA/2009 (HIN1) rescued with PR8 segment 8; IAV Mallard,
A/Mallard/Netherlands/10-Cam/1999 (H1IN1); measles Ed-Zag vac;
murine respirovirus (Sendai virus); mammalian orthorubulavirus 5
(parainfluenza virus 5 or simian virus 5); human metapneumovirus;
human orthopneumovirus (human respiratory syncytial virus); bovine
orthopneumovirus (bovine respiratory syncytial virus); humanrespiro-
virus 3 (parainfluenza virus 3) and Zika virus.

IAVinfection

Monolayers of A549, MRC5T and hBEC3-KT cells were washed once
with PBS and infected with virus diluted in serum-free medium for1h
at37 °C (multiplicity of infection (MOI) used is specified in the relevant
figures). Mediumwas replaced with complete maintaining medium (for
qPCR withreverse transcription (RT-qPCR) or western blot analysis)
or serum-free medium supplemented with 0.14% BSA and 1 pg ml™
TPCK-treated bovine pancreas trypsin (growth kinetics and quanti-
fication of infectious virus titres). Infectious titres were determined
by plaque assay.

Virus quantification by plaque assay

Confluent monolayers of MDCK cells (1 x 10° or 2 x 10° cells seeded
the day before infection in 12- or six-well plates, respectively) were
washed once with PBS, infected with tenfold serial dilutions of virus
and incubated for 1 h at 37 °C to allow virus adsorption to the cells.
After virus removal, cells were overlaid with DMEM including 0.14%
BSA, 1pg ml™ TPCK-treated trypsin and 1.2% Avicel and incubated for
3 days at 37 °C, 5% CO,. After removing the overlay, cells were fixed
with PBS:4% formaldehyde and stained with a20% methanol:10% ace-
tic acid:0.2% Coomassie Blue solution for at least 1 h. Staining solu-
tion was rinsed under tap water, plates were air-dried and plaques
were then counted. Plaque assays for the avian viruses A/wild-duck/
Italy/17VIR6926-1/2017 H5N2, A/duck/Italy/18VIR4932-2/2018 H7N7 and
A/turkey/Italy/16VIR8643-54/2016 HON2 were performed as described
butusing MDCK cells overexpressing galline ANP32A. Plaque assays for
Cal04 backbone viruses were performed essentially as described but
using MDCK-SIAT cells and a 3-day incubation period at 35 °C. Cells were
thenfixed, fixing solution was removed and cells were washed with PBS
and permeabilized using PBS:0.2% (v/v) Triton X-100 for 10 min. After
two PBS washes, cells were incubated with a mouse anti-NP antibody
(diluted 1:1,000 in PBS:2% BSA) for 1 h on a rocking platform at room
temperature. Following two PBS washes, cells were incubated with goat
antimouse IgG-horseradish peroxidase (HRP) conjugated secondary
antibody (diluted1:1,000in PBS:2% BSA) for 1 hin the same conditions.
Cellswere washed three times with PBS, TrueBlue peroxidase substrate
was thenadded and cells wereincubated at room temperature covered
from direct light. When blue-stained plaques were visible, cells were
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washed with water, allowed to dry and plaques were counted (under a
stereo microscope, if required).

siRNA-mediated gene silencing

MCRST (5 x 10° cells per well), hBEC3-KT (5 x 10° cells per well) or A549-
based cells (3.5 x 10° cells per well) were seeded before transfection
of siRNA molecules targeting BTN3A1, BTN3A3 or Mxl1. Silencing of
BTN3Aland BTN3A3 was achieved using commercially available siRNAs:
BTN3A1siRNA1 (Thermo fisher Scientific assay ID s21922), BTN3A1l
siRNA2 (Thermo fisher Scientific assay ID s21923), BTN3A1siRNA3
(Qiagen material no. 1027415 catalogue no. SI00163772), BTN3Al
siRNA4 (Qiagen material no. 1027415 catalogue no. SI03021683),
BTN3A3 siRNA1 (Thermo fisher Scientific assay ID s20305), BTN3A3
siRNA2 (Thermo fisher Scientific assay ID s20306), BTN3A3 siRNA3
(Qiagen material no. 1027415 catalogue no. SI00093660), BTN3A3
siRNA4 (Qiagen material no. 1027415 catalogue no. SI00093681).
Negative controls were also purchased from the same two companies:
Neg ctrl1(Thermo fisher Scientific catalogue no. AM4641), Neg ctrl 2
(Qiagen catalogue no.1022076). Silencing of MX1 was accomplished
using acommercially available pool of four different siRNAs (Dharma-
con catalogue no. L-011735-00) with the respective negative control
(Dharmacon catalogue no. D-001810-10). When transfecting, 20 pmol
of siRNA was used with 3 pl of DharmaFECT 2 (Horizon Discovery) per
well according to the manufacturer’s protocol.

RNP reconstitution minireplicon reporter assay

Subconfluent monolayers of 293T-Empty and 293T-BTN3A3 cells (2 x 10°
cells seeded in 24-well plates the previous day) were cotransfected in
triplicate with 50 ng of each pcDNA3.1* plasmids encoding PB2, PB1, PA
and NP along with 10 ng of transfection control plasmid (CMV-driven
expression of Renillaluciferase) and 50 ng of a Poll-driven expression
of VRNA or cRNA-like firefly luciferase reporter plasmids. As anegative
control, transfections lacking the NP plasmid (empty pcDNA vector
was used to balance plasmid intake) were also performed. Two days
after transfection, medium was removed and cells were lysed with
120 plof reporter lysis buffer. Cell debris was scraped off, lysates were
collectedinto cleantubes and clarified by centrifugation (10,000 r.p.m.
for5minat4 °C)inabenchtop centrifuge. Luminescence was measured
from 20 pl of lysate in opaque 96-well plates by using 25 pl of either
luciferase assay reagent Il or STOP & Glo (Dual-Luciferase reporter
assay system) inan automaticinjector and plate reader (injection speed
200 pls?, gap 0.5 sand integration time 10 s).

Invitro translation assay

Total cellular RNA was isolated using from infected and CHX-treated
cells using Qiagen RNeasy Kit according to the manufacturer’sinstruc-
tions. In vitro translation reactions were performed by using 3 pl of
RNAinaTNT Coupled Reticulocyte Lysate system supplemented with
2 uCiof [*S] cysteine and [**S]methionine mix and incubated at 30 °C
for 90 min. The reactions were denatured by mixing 1:1in 4x Laemmli
buffer and further heated for 5 min at 95 °C. Lysates were further
analysed by SDS-PAGE followed by Coomassie staining and autora-
diography of polyacrylamide gels. Gels were fixed with three 10-min
incubations in a 50% methanol:10% acetic acid solution, transferred
onto 3 mm Whatman filter paper, covered with cling film and dried
inagel dryer for 3 h at 80 °C for 2 h under vacuum. Dried gels were
placed in a sealed cassette with an X-ray film for 48 h and films were
developed using a Konica SRX-101A X-ograph film processor following
the manufacturer’s protocol.

RT-qPCR

Total RNA of CHX-treated and/or infected cells was extracted using
the RNAdvance Blood kit (Beckman Coulter Life Sciences), includ-
ing a DNase treatment, following the manufacturer’s instructions.
Extracted and DNase-treated RNA was used to perform strand-specific

two-step RT-qPCR targeting the three different influenza RNA
species, as previously described®®. Briefly, a 5’ tagged primer is used
for the cDNA synthesis, the reverse complement of which was then
used as a forward primer in the real-time PCR step. Therefore, even
in the event of primer-nonspecific complementary DNA (cDNA)
synthesis, only the cDNA generated with the tagged primer will be
detected and amplified in the real-time PCR. cDNA synthesis was per-
formed with 5 pl of extracted RNA using the RevertAid kit (Thermo
fisher) in a VeritiTM 96-well Thermal Cycler. qPCR reactions were
performed with 2 pl of cDNA using the Brilliant Il Ultra-Fast qPCR
mastermix. qPCR was performed and analysed using the Quant-
Studio 3 thermocycler and software systems (Thermo Fisher Scien-
tific). A list of primers and probes can be found in supplementary
information. In vitro-synthesized T7-transcribed viral mRNA, VRNA
and cRNA-like transcripts were diluted and used as a standard curve.
Relative quantification of vVRNA species was performed against
GAPDH.

Cell fractionation

A549-Empty and A549-HsBTN3A3 cells were infected with PR8 and
Mallard at anMOI of 3 for 45 min, 90 min or 6 h. Cells were then washed
inice-cold PBS and lysed with 50 mM Tris-HCI pH 7.5,10 mM KCI,5 mM
MgCl,, 0.5% NP40,1 mMDTT, 10 mMsodium b-glycerophosphate and
Halt Protease inhibitor (1x, EDTA-free) (Thermo Fisher 78429). Lysates
were keptonice for 10 min (gently vortexed every 2-3 min) and centri-
fuged at 1,000g for 5 min at 4 °C. The supernatant (cytoplasmic frac-
tion) was transferred toa clean 1.5 ml tube and the nuclear fraction was
washed thrice with the above-mentioned lysis buffer (centrifugations
donefor5minat1,000g). The nuclear fraction was thenincubated on
icefor 30 min with2x LDS (Thermo Fisher NP0007), 2x sample reduc-
ing agent (Thermo Fisher NPO004), Denarase (final concentration
25U ml™) (c-LEcta 20804-100k) and 10 mM MgCl,. The nuclear frac-
tion was sonicated ten times for 20 s with 10-s intervals, before being
centrifuged at12,000g for 15 min. The supernatant was collected, and
the pellet discarded. The cytoplasmic fraction was denatured using 1x
LDS and 1x sample reducing agent.

In Fig. 4a, given the different times after infection and the differ-
ent amounts of accumulated viral proteins between them, the three
presented datasets originated from different volumes of lysate and
different exposure times.

Immunoprecipitation

hBEC3-KT cells were infected with Mallard WT and Mallard F313Y at
anMOIl of 3 for 6 hand subsequently lysed®. Lysates were preclarified
overnight at4 °C with protein-A agarose beads (Sigma Aldrich P3476).
Then4 mgof proteinlysates were incubated with 12 pg of either anti-NP
orlgG control antibody overnight at 4 °C. Supernatants fromthe a-NP
and IgG control were further incubated overnight at 4 °C with 12 pg
of anti-BTN3A3 and IgG control antibody, respectively. Then 15 pl of
Protein-A agarose beads were added for 1 h the next morning. Immuno-
precipitations were then washed with 50 mM Tris-HCI, 500 mM sodium
chlorideand 0.5% Triton X-100 followed by 50 mM Tris-HCl only before
being eluted using 2x LDS and 2x sample reducing agent. Immunopre-
cipitates were lysed and further subjected toimmunoblotting targeting
NP, PB2, PB1, PA and BTN3A3.

Immunoblotting

Total cell,immunoprecipitates or lysates from fractionation experi-
ments were heated at 80 °C for 5 min and subjected to polyacrylamide
gel electrophoresis using 3-(N-morpholino) propanesulfonic acid
running buffer and transferred to polyvinylidene difluoride (Merck
Millipore IPFLOO010) membranes at 30 V for 90 min. Membranes
were blocked for 1 h with 1x Tris-buffered saline with 0.2% Tween 20
(TBST)/5% milk, washed four times with 1x TBST and stained with pri-
mary antibodies diluted in 5% BSA BSA/0.01% sodium azide overnight



at4 °C. After four 10-min 1x TBST washes, secondary antibodies were
diluted in blocking buffer and incubated for 1 h at room temperature
protected from direct light. Following four more washes in 1x TBST,
membranes wereimaged using the LI-COR CLx-Odyssey Imaging plat-
form. Densitometry analysis was performed using the Image Studio
Lite Software.

Immunofluorescence staining

The desired cell lines were seeded on 13 mm round glass coverslipsin
24-well dishes. After infection and/or transfection, cells were washed
twice with PBS and fixed with 4% formaldehyde in PBS for 20 min
followed by three PBS washes. Cells were permeabilized with PBS:1%
Triton X-100 for 10 min at room temperature. Following three washes
with PBS, cells were blocked with 1 ml of PBS:1% BSA for 1 h followed by
incubation for 1 h with 200 pl of primary antibodies at the appropri-
ate dilutions (for the detection of BTN3A3 in hBEC3-KT cells, the pri-
mary antibody was incubated overnight at4 °C). Three 1 ml PBS:0.2%
Tween20 washes were then executed to remove unbound antisera
followed by incubation of secondary antibodies in the same volume.
4’,6-Diamidino-2-phenylindole (DAPI) (100 ng ml™) was diluted in
blocking buffer and incubated for 10 min. When using HCS CellMask
Deep Red Stain (2 pg ml™, Thermo Fisher Scientific), this was added
after DAPI staining for 30 min followed by three PBS washes. After
the labelling steps were completed, coverslips were washed three
more times with water and mounted upside down on glass slides with
AF1Mounting media (CitiFluor). Coverslips were imaged using the
ZEISS LSM 710 or LSM 880 (with Airyscan) confocal laser scanning
microscopes. Quantification of nuclear and cytoplasmic proteins
from confocal images was performed using a pipeline created on
CellProfilerTM. Pipeline details are provided in the Supplementary
Information.

Immunohistochemistry

We analysed sections (3 pm thick) of formalin-fixed and paraffin-
embedded healthy human lung (n = 2) and respiratory nasal epithelium
tissues (n=5). Health tissues were purchased from Amsbio and were
obtained from five female and one male donorsranging in age between
31and 62 years old of Caucasian and Asian ethnicity (one of them of
unknown ethnicity). Tissues were stained with a rabbit anti-BTN3A3
antibody (HPA 007904, Atlas antibodies) for 90 min at room tem-
perature after pressure cooking in sodium citrate. For visualization,
EnVision Detection System HRP, peroxidase/DAB (rabbit, K500711,
Agilent) was used according to the manufacturer’s instructions.
The specificity of the antibody was validated on formalin-fixed and
paraffin-embedded A549-Empty and A549-HsBTN3A3 cell pellets. Nega-
tive control sectionsincluded anisotype control on aconsecutive serial
section. Slides were scanned with a Leica Aperio Versa 8 slide scanner
(LeicaBiosystems) and images were acquired with a Aperio ImageScope
software (Leica Biosystems).

Mouse lung tissues were stained with a rabbit anti-BTN3A3 antibody
(HPA 007904, Atlas antibodies) and anti-GFP antibody (Cell Signal-
ling 2555S) for 90 min at room temperature after pressure cooking
in sodium citrate. For visualization, EnVision Detection System HRP,
peroxidase/DAB (rabbit, Agilent K500711) was used according to the
manufacturer’sinstructions.

AAV vectors

AAV vector genome plasmids were engineered to encode a ubiqui-
tous CASI promoter® driving expression of the human BTN3A3 gene
(or GFP, as a negative control) followed by a woodchuck hepatitis
virus post-transcriptional regulatory element®® and a SV40 polyA
signal all contained between AAV2 inverted terminal repeats. AAV
vectors were produced by cotransfection of human embryonickidney
293 cells with genome and packaging plasmids as described previ-
ously®2. Vectors pseudotyped with AAV6.2FF were purified by use of a

heparin column®. AAV vector titres were determined by qPCR analysis
as described elsewhere®.

Mouse infections

Six-week old female C57BL/6 mice were purchased from Envigo. Animals
were maintained at the University of Glasgow under specific pathogen
free conditionsin accordance with UK home office regulations (Project
Licence PP1902420) and approved by the University of Glasgow ethics
committee. Following 7 days of acclimatization, the mice were briefly
anaesthetized using inhaled isoflurane and transduced with 1 x 10"
virus genomes of AAV. Mice received either AAV-GFP or AAV-BTN3A3
in 50 pl of PBS intranasally. Twenty-one days after AAV instillation,
mice were infected with Cal04 and Cal04 V313F (both 6:2 with PR8
haemagglutinin and neuraminidase). Group sizes were chosen on the
bases of a pilot experiment to assess AAV transduction and previous
experience®*. No specific randomization were conducted. Analysis of
datawas conducted inan unbiased manner but no specific blinding was
used for the researchers carrying out virustitration from mice tissues.
Mice were briefly anaesthetized using inhaled isoflurane and intrana-
sallyinfected with 5 x 10° PFU of each virus in 20 pl of PBS. A total of four
infected mice showed technically poor infections with bubbles forming
from the nostrils and therefore were discarded from the experiment.
Allmice were euthanized by cervical dislocation 3 days post infection.
Weight loss for all groups did not exceed the humane cut-off point
of 20%. Once euthanized, mouse lungs were extracted and frozen at
-80 °C. Lungs were thawed, weighed and homogenized with 1 ml of
DMEM. Homogenates were cleared by centrifugation (3,000 r.p.m.,
4°C) and titrated by plaque assay.

Insilico identification of BTN3 homologues

To identify proteins expressed by other species, homologous to the
human BTN3 genes, we performed a Blastp search (v.2.8.1) against all
available members of the Haplorrhini suborderinthe National Center
for Biotechnology Information (NCBI) blast protein refseq database
v.5 (cut-off1x107%, as of 6 April 2021)%. The human BTN3A3 protein
sequence (NP_008925.1) was used as a probe for the BLAST search. The
isoform with the longest sequence was kept for each protein product
annotated with the same name. Similarly, Blastp with human BTN3A3
was used for identifying proteins expressed by non-primate species
susceptible tolAVinfection: Gallus, Anas platyrhynchos, Equus cabal-
lus and Sus scrofa and more distant human paralogues (Extended Data
Fig.2 and Supplementary Table 5).

Protein members of the butyrophilin 3 subfamily retrieved from
the BLAST search were manually cross-checked with proteins in the
Ensembl database®® and if the protein sequences were not identi-
cal between the two databases the sequence with highest similarity
to the human BTN3A3 protein sequence was retained. A total of 30
proteins were retrieved from the following species: Pan troglodytes,
Cebus imitator, Equus caballus, Homo sapiens, Gorilla gorilla gorilla,
Chlorocebus sabaeus, Macaca mulatta, Pongo abelii, Carlito syrichta,
Mandrillus leucophaeus, Callithrix jacchus, Nomascus leucogenys and
Rhinopithecus roxellana.

A custom set of Pfam hmm profiles were used for identifying the
conserved domains in the proteins, comprising the immunoglobulin
V-set domain (PF07686), CD80-like C2-set immunoglobulin domain
(PF08205), PRY (PF13765) and SPRY (PF00622) domains. All protein
sequences were scanned with the profile set using hmmscan (HMMER
v.3.3)¥. The best hit for each identified domain was extracted from the
protein sequence aligned with the respective domain segments using
mafft (v7.453, --maxiterate 1000 --localpair)®®. Protein alignments were
converted to codon alignments using pal2nal®. Phylogenies for each
separate domain alignment (Extended Data Fig. 4) and concatenated
domain sequences (Extended Data Fig. 2) were reconstructed using
igtree (v.1.6.12)”° with the best suited substitution model selected by
theiqtree-m TEST option and 10,000 ultrafast bootstrap replicates.
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IAV phylogenetic analysis

Atotal of 35,477 full-length NP-coding sequences unique on the nucleo-
tide level (identical sequences collapsed) were retrieved from the NCBI
Fludatabase (https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/
nph-select.cgi?go=database), as of 8 June 2021, sampled until the end
0f2020), only including type Ainfluenza sequences annotated to have
been isolated from avian, canine, equine, human and swine hosts.
Sequences withambiguous nucleotides and internal stop codons were
removed, resultinginadataset of 34,079 sequences. The corresponding
proteinsequences were aligned using mafft (v7.453, --maxiterate 1000
--localpair)®® and then converted to a codon alignment with pal2nal
(ref. 69). Metadata associated with each sequence accession were
retrieved and tabulated. Numbering of NP amino acid residues was
assigned onthebasis of the PR8 sequence. Therefore, the six-amino-acid
N-terminal extension of 2009 pH1N1viruses were not considered for the
residue numbering (thatis,amino acid residue M6 was considered M1).

To reduce oversampling of related sequences the dataset was
clustered with a minimum sequence identity of 0.99 using MMseqs2
(--min-seq-id 0.99 --cov-mode 0)”’. One representative was kept from
each clusterleadingto afiltered dataset of 14,665 sequences. The codon
alignment of the filtered set was used to reconstruct a phylogeny with
iqtree under a GTR+I+G4 model (selected as the most appropriate
model with the -m TEST option)”. The resulting phylogeny was then
time-calibrated using TreeTime’* (Fig. 3c). Eleven sequences with anno-
tated dates inconsistent with the root-to-tip regression were subse-
quently excluded from the analysis.

To explore the H7N9 epidemic NP clade in more detail, representa-
tive sequences from this broader avian NP clade (Fig. 5¢c), as well as
the unfiltered sequences from each representative’s corresponding
cluster, wereretrieved (3,150 sequences). The codon alignment of these
NP sequences was used to infer a more detailed maximum likelihood
phylogenetic reconstruction of this particular clade (iqgtree under a
GTR+I+F+G4 model with 10,000 ultrafast bootstrap replicates)’ and
time-calibrated using TreeTime as described above” (Fig. 5¢). All phy-
logenies were visualized using the ggtree R package”, unless stated oth-
erwise. Tree statistics were analysed using the ete3 Python package™.

GISAID sequence analysis

Protein sequences fromatypical, avian-only serotypes (H1-H18) were
retrieved from the GISAID database (http://gisaid.org/) for avian and
human hosts (Supplementary Tables 2 and 4). Isolates were filtered for
having all eight segments and having been sampled until 1January 2023.
The NP, haemagglutinin and PB2 proteins were downloaded for each
isolate and aligned using mafft (v7.453, --maxiterate 1000 --localpair)®.
NP and PB2residues at sites of interest and haemagglutinin polybasic
cleavagessite presence (identified as having three or more K/Rresidues
at the corresponding region) were summarized along with sequence
metadata using Python3. GISAID acknowledgements for all analysed
sequences are provided in Supplementary Tables 7 and 8.

Biosafety considerations

All experiments were performed in accordance with national regula-
tions. Work was approved by the local GM Safety Committee (Uni-
versity of Glasgow GM Centre 223) and licensing authorities of the
United Kingdom (Health & Safety Executive). To investigate the
determinants of BTN3A3 resistance, mutations were introduced
into the low-pathogenicity avian strain HIN1 Mallard (A/mallard/
Netherlands/10-Cam/1999, HIN1), the human strain Cal04, PR8 or a
(6+2) reassortant of an avian H7N9 strain with PR8. The H7N9/PRS8
reassortant contained the ‘internal’ genes from H7N9 and the ‘external’
(glycoprotein) genes from PR8. PR8isahumanIAV strain thatis greatly
attenuated due to extensive laboratory passage in the mouse”™’®. In
terms of biosafety, two classes of mutation were designed. The first
class of mutationaimed to convert aBTN3A3-sensitive phenotype into

aresistant one. This was only carried out for the low-pathogenicity
avian HIN1 Mallard strain. As noted before in the text, many circu-
lating avian lineages already possess a BTN3A3-resistant genotype
and therefore none of the mutants we generated pose a greater
biosafety risk than viruses already in circulation. The second class
of mutation aimed to convert a BTN3A3 insensitive phenotype
into a sensitive one. These mutations, which were carried out with
PR8, Cal04 and H7N9/PRS8 strains, would be expected to attenu-
ate viral growth in humans still further and would therefore reduce
biosafety risks.

Experiments with IAVs described above were carried out at Biosafety
Level 2. Most of the fluorescent viruses used in Fig. 2e were also used
in Biosafety Level 2. Experiments performed with Severe fever with
thrombocytopenia syndrome virus, Chikungunya virus, SARS-CoV-2,
Bluetongue virus-8 and Human immunodeficiency virus-1 were con-
ducted at Biosafety Level 3.

Reproducibility

Original source images for data obtained by electrophoresis, shown
ascroppedimagesinthefiguresin this study, are presentedin Supple-
mentary Fig. 1. Images shown throughout the paper are representative
images of experiments as follows. Western blotting in Fig. 1c shows
similar levels of BTN3A3 knockdown using four distinct guides in two
different cell lines. Figure 1c shows one of three independent experi-
ments, which were then analysed in Fig.1d. The micrographsin Fig.le
show a field of tissue sections collected from healthy nasal or lung
tissues from one donor and probed with BTN3A3 or isotype control
antibodies. Images are representative of several other fields of the
same section. Similar images were obtained in the same experiment
from four other donors for the respiratory nasal epithelium and one
more donor for the lungs. Results obtained in the lungs were further
validated by the transcriptomic datashownin Extended DataFig.1c,d.
Western blotting in Fig. 2a was carried out to show overexpression of
the respective BTN3 proteins, and it shows the specificity of antibod-
ies against such proteins. These and other anti-BTN3 antibodies were
thenused for several experiments (Figs. 3e and 4a,c and Extended Data
Figs.1a,e, 3, 8and 9).Image of western blotting in Fig. 2cis representa-
tive of two independent experiments. Images in Fig. 3e are western
blots carried out once to validate the expression of Mx1 and BTN3A3
instable cells then used for experiments shown in Fig. 3f. Micrographs
inFig. 3g arerepresentative images of lung sections from single mock-,
AAV-GFP- and AAV-BTN3A3-transduced mouse lungs. Similar images
were obtained in nine more mice (a total of three mice per condition).
Images fromwesternblotsinFig.4a,d are representative of three inde-
pendent experiments. Western blotimages in Fig. 4c were performed
once and represent expression controls of one of the three experiments
shown in Fig. 4b. Micrographs in Fig. 4e are representative images of
fourindependent experiments (further analysed in Fig. 4i-j). Western
blotting in Extended Data Fig. 1ashows similar levels of BTN3Al knock-
downusing four distinct guides in two different cell lines. Extended Data
Fig.1shows one of threeindependent experiments that were analysedin
Extended DataFig.1b. Western blots in Extended Data Fig.lerepresents
an experiment showing expression of BTN3A3, RSAD2 and pSTAT1fol-
lowing IFN treatments in four different cell lines. Western blotting in
Extended DataFig. 3bwas performed from one of the two independent
experiments carried out in Extended Data Fig. 3a. Image of western
blotting in Extended Data Fig. 7a shows the siRNA-driven Mx1 knock-
down of one of the three experiments carried out in Extended Data
Fig.7b. Westernblotting in Extended Data Fig. 8b was performed from
one of the three independent experiments carried out in Extended
Data Fig. 8a and validates the expression of RNP proteins. Extended
Data Fig. 9a-c are representative images of western blotting of three
independent experiments. The micrographin Extended DataFig.10a
is arepresentative image of four independent experiments (further
analysed in Extended Data Fig.10b,c).
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Extended DataFig.1|Activity and expression of BTN3Aland BTN3A3in
celllinesand human tissues. a, siRNA knock-down of BTN3A1lin MRCST and
hBEC3-KT. Cells were transfected with scrambled (Neg ctrl) or BTN3Al-targeting
siRNAs, and proteinlevelsin the resulting cell lysates were assessed by western
blotting. a-Tubulin was used as loading control. Arrows indicate the band
corresponding to BTN3AL. For gel source data, see Supplementary Fig. 1.

b, Graphsshowing the replication kinetics of PR8 and Mallard in siRNA-treated
MRCS5T and hBEC3-KT cells. Cells were infected witha MOI of 0.001, supernatants
were collected at the indicated times postinfection and viruses titrated by
plaque assay. Data are mean +/-~ SEM of 3independent experiments (each using
2technicalreplicates). Statistical significance between groups was measured

by a2-way ANOVA. Comparisons were made between area under the curve of
the different BTN3A1siRNA treatment conditions and the average of the two
negative controls. No statistically significant differences were found. ¢, Organ-
dependentbulk tissue gene expression. Lung samples are highlighted in blue.
d, Lungsingle cell tissue expression. Datain cand d were obtained from the
GTEx Portal (www.gtexportal.org). e, Westernblotting of cell lysates obtained
from A549, MRCST, hBEC3-KT and Calu-3 treated with either IFN-y or universal
type-11FN. Treatment with IFN was for 16hin A549, MRCS5T, hBEC3-KT and for
24hin Calu-3 cells. pSTAT1and RSAD2/Viperinwere used as IFN induction controls
and a-Tubulin asloading control. For gel source data, see Supplementary Fig. 1.
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schematicingrey.IgV homogenization events, major gene duplications and indicated proteins.
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gave similarresults. b, Westernblotting of cell lysates obtained from A549
cellstransiently transduced with SCPRSY lentiviruses expressing different
BTN proteins. GAPDH was used as loading control. For gel source data, see

SupplementaryFig.1.

Extended DataFig. 3 | Evolution of antiviral activity of BTNs.a, A549 cells
were transiently transduced with SCRPSY lentiviruses expressing the

indicated BTN proteins and challenged with PR8- or Mallard-GFP. Eight hours
postinfection, the percentage of GFP-positive cells was measured by flow

cytometry. Dataare mean +/-SEM of 2independent experiments which both
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Extended DataFig. 4 |Phylogeny of BTN3 domains and antiviral activity

of BTN orthologues and paralogues. a-d, maximum likelihood Haplorrhini
BTN3 gene coding sequence phylogenies of separate domains:IgV (a), IgC (b),
PRY (c), SPRY (d) under aK2P+G4 substitution model. Trees are rooted at the
C.syrichtabranchand node confidence values (10,000 bootstrap replicates)
areannotated oneach node. Tip shapesare coloured by whether each gene
exhibits anti-AIV activity (consistent with Fig. 3a). Phylogenies were visualised
using FigTree. e-f, A549 cells were transiently transduced with SCRPSY
lentiviruses expressing the indicated BTN proteins and challenged with PR8- or
Mallard-GFP. Eight hours post-infection, percentage of RFP-positive cellsand

itssubpopulation of GFP-positive cells was measured by flow cytometry. Data
aremean +/-SEMof2independent experiments whichboth gave similar results.
Detection of these proteins was not possible using commercially available
antibodies, due to their genetic divergence compared to human BTN3A1-3.
Therefore, tagging of these BTN genes was attempted by introducing a
C-terminal FLAG. Despite their protein expression being successfully detected
usingan anti-FLAG antibody, the addition of FLAG to human BTN3A3 and other
BTN genes resulted in the abolishment of their antiviral activity. Cloning of the
genesindicated above was conducted in the same way as those constructs
shownin Extended DataFig. 3.
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Extended DataFig.5|Determinants of BTN3A3 sensitivity. a, PR8:Mallard
reassortants and Udornwild type (WT) were used to perform plaque assaysin
MDCK cells expressing BTN3A3 and empty vector control cells. Note that
reassortant PR8 7:1Mallard seg 1, Mallard 7:1PR8 seg 2 and Mallard 7:1PR8 seg 5
failed torescue. Reassortant PR8 Mallard 3PNP is formed by PR8 (segments 4,
6,7 and 8) and segments1,2,3 and 5 from Mallard. Conversely, reassortant
Mallard PR8 3PNP contain segments 4, 6,7 and 8 from Mallard and segments1,
2,3and 5 from PR8. Data are mean +/-SEM of 2 technical replicates from 2
independent experiments. Statistical differences between cells expressing
BTN3A3 and control cells were calculated using multiple t-tests and corrected
for multiple comparisons using the Holm-Sidak method. NS-Non-significant,
*p<0.05,**p<0.01,**p<0.001, ***p < 0.0001. b, Identity of amino acid

residuesin positions 100 (left) and 313 (right) of all NP proteins available in our
dataset collected from GenBank. ¢, Identity of combinations betweenamino
acidresidues 100 and 313 (left) and 52 and 313 (right). d, Infectious virus titres
obtainedin A549-Empty and A549-BTN3A3 cellsinfected with either Mallard or
Cal04 residues100 and 313 mutants. Cells were infected withan MOl of 0.001
for48hand viruses were titrated by plaque assay. Data are mean +/-SEM of 2
technicalreplicates from3independent experiments. Statistical analysis was
carriedoutasin (a). e, Viral replication assays inavian cells were carried outin
chicken fibroblasts (DF1cells). Cells wereinfected anMOI of 0.001for 48 h.
Infectious virus titres were determined by plaque assay. Dataare mean +/-
standard error of the mean (SEM) of 3independent experiments (each using
two technical replicates).
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Extended DataFig.7 | BTN3A3activity anditsrelationto Mx1and vRNP
complexes. a, Westernblotting of cell lysates obtained from A549 cells
transfected with theindicated amounts of control or Mx1-targeting pooled
siRNAs. Cells were transfected for 48h followed by al6htype-11FN treatment.
pSTAT1and a-Tubulin were used as IFN-treatment and loading controls,
respectively. For gel source data, see Supplementary Fig.1.b, Upon siRNA
treatment, A549 Empty and BTN3A3 cells were infected with theindicated
virusesatan MOl of 0.001. Supernatants were harvested at 48 hpiand infectious
viral titres were measured by plaque assay. Data are mean +/- SEM of 2 technical
replicates from3independent experiments. ¢, Quantification of cytoplasmic
and nuclear levels of VRNP complex proteins at early stages postinfectionin
the presence or absence of BTN3A3. Quantification of 3independent western
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blots, one set of whichis showninFig.4a.A549-Empty and BTN3A3
overexpressing cells were synchronously infected with PR8 or Mallard at
MOI 3. Nuclear/cytoplasm fractionation was performed at 45,90 mins and 6h
postinfection. Quantification of VRNP-complex proteins was performed by
fluorescence measurements. Cytoplasmicand nuclear viral proteins were
normalized to GAPDH and H3, respectively. All values were further normalised
to values of A549-Empty cells. Data are mean +/- SEM of 3independent
experiments (each using 2 technical replicates). Statistical significance
between groups was measured by a2-way ANOVA. Comparisons were made
between A549-Empty and A549-BTN3A3. NS = non-significant, *p < 0.05,
**p<0.0L,**p<0.00L ****p<0.0001.



a 1000 = . PR8/Mallard NP swaps 1000 — 1 Cal04/Mallard NP swaps
2 i 2 £ 3
3 Lo o 8 = ] 3 Empty
z 100 R & i z 100180 H o i B Hs BTN3A3
£ o LIEJ ¢ o
w
= 10 £ 104
= [-d
= = e
2 1- T S 14 : @
o] o] 59 I o 9
na R e O g o 58
* 4 : LI
1000 P, 1000 - o
o = i 2 = 3
5 8 100]a® oon 8 100{md & ®
3 oz Z
g 3 3
2 E 10+ W 104
o w p
= £ £
T 1 14
s 2
14 © ° = ® 0
4 of q =}
o 014 He BB o 8 014
\D 1 1T I o O
) : >
0.01-4 I I I 0.01-4 = -
PR8Seg1-3 + + - - + - - Cal04 Seg1-3  + + - - + - -
PR8Seg5 + - + - - - Cal04 Seg5 + - - + - - -
Mall Seg1-3 - - + + - + - Mall Seg 1-3 - - + + - + -
MallSeg5 - + o+ - - - - MallSeg5 - + o+ - - - -
b
PR8 Seg 1-3 + + - - + - - Cal04 Seg 1-3  + + - - + - -
PR8Seg5 + - - + - - - Cal04 Seg5 + - - + - - -
Mall Seg1-3 - - + + - + - Mall Seg1-3 - - + + - + -
MallSeg5 - + + - - - - MallSeg5 - + + - - - -
E B3 E B3 E B3 EB3EB3EB3EB3 kDa E B3 E B3 E B3 EB3EB3EB3EB3 kDa
-80
PB2 | [ 1 i e v ey Y oy ke ey ey 180 PB2 | [ Y Y Y o o o e oy
PB1 “ﬁuﬁ---ﬂﬂﬂnq ls0 PB1 ""ﬁﬂ-aﬂﬂannq L 8o
PA|~ ey een Y YO ey -80 PA | oy o v v v O e W ey v 80
NP [ W iy gy oy oy vy v 50 NP [ o vy oy oy vy vy ¥ vy L 50
BTN3A3 o e W BTN3A3 oo e e ey e o5
65 B
in [w—— — —— o — 50 H - . 50
a-Tubulin o . T Gy ey e g a-Tubulin f==wm ov wv ow vw v~ v~ =~ om o0 o DL L.
Extended DataFig. 8| Minireplicon assays withavian/mammalian NP Dataare mean+/-SEMof 3 independent experiments (each using 2 technical
reassortant RNP complexes. a,293T-Empty and 293T-BTN3A3 cells were replicates). Statistical differences between Empty and HsBTN3A3
transfected with pcDNA plasmids encoding for PB2, PB1, PAand NP of the overexpressing cells were calculated using multiple t-tests and corrected
indicated viruses alongside firefly luciferase-coding vRNA- or cRNA-like for multiple comparisons using the Holm-Siddk method. NS = non-significant,
reporter plasmids. A transfection control plasmid expressing Renilla firefly *p<0.05,**p<0.01,**p<0.001,****p <0.0001.b. Expression levels of PB2,

was also added. Forty-eight hours post-transection cells were lysed and firefly PB1, PAand NP transfected in 293T-Empty (E) or 293T-BTN3A3 (B3) cells were
and Renillaluciferase activities were measured. Values were normalised to PR8 assessed by westernblot. a-Tubulin was used as loading control. For gel source
or Cal04 WTreplicons withrespective NPs transfected in293T-Empty cells. data, see Supplementary Fig. 1.
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Extended DataFig.9|Interactions between NP and BTN3A3. a, Western

blotting of hBEC3-KT cells infected with IAV Mallard WT or Mallard NP F313Y used to perform an additionalimmunoprecipitation using an anti-BTN3A3
for 6 h.Expression of NP, PA, PB1, PB2 and GAPDH (loading control) from total antibody followed by the detection of PB2, PB1and NP. For gel source data, see
celllysatesisshown. b, Total cell lysates of infected cells were used to perform Supplementary Fig.1.

NPimmunoprecipitation followed by the detection of the remaining RNP

complex-forming proteins. ¢, Supernatants of the NPimmunoprecipitates was
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Extended DataFig.10|Correlationbetween NPsignaland nuclear BTN3A3. fourindependentexperiments performed asin (a) were used to quantify total

a, Representative images of confocal microscopy of hBEC3-KT cellsinfected NP and nuclear BTN3A3 for Cal04 WT and Cal04 NP V313F. ¢, Values fromb were
with Cal04WT or Cal04 NP V313F at MOI 3. Six hours postinfection, cells were stratified based on nuclear BTN3A3 intensity (<0.2 or >0.2). Datarepresents
immunostained with NP (red) and BTN3A3 (green). DAPIstaining (blue) was relative abundance of total infected cells presentin each of the two nuclear

used as anuclear marker. Scale bar =35um. b, Images from >3500 cells from BTN3A3intensities ranges, taking values obtained with Cal04 WT as 100%.
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Extended DataFig.11|Distinctrequirements of NP residues for BTN3A3 significance between groups was measured by a2-way ANOVA. NS- non-
and Mx1evasion, and GWAS analysis of H7N9 patients. a, A549 cells significant, *p<0.05,**p <0.01, **p <0.001,****p < 0.0001. (b-c) GWAS
overexpressing human Mx1or BTN3A3 were infected with the mentioned analysis of H7N9-infected patients. Manhattan plots of MX1(b) and BTN3A3
virusesataMOI of 0.001. Supernatants were harvested at48 hpiandinfectious  (c) genomicregions. Gene-level p-values were acquired using RACER inR from
viral titres were measured by plaque assay. Data are mean +/- SEM of 3 data obtained from Chen, etal., Science 373,918-922, d0i:10.1126/science.

independent experiments (each using 2 technical replicates). Statistical abg5953 (2021).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Sequences of BTN paralogues/homologues were sourced from NCBI and/or ensemble. IDs are provided in Supplementary Table 5.
NP coding sequences unique on the nucleotide level (identical sequences collapsed) were retrieved from the NCBI Flu database (https://
www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi?go=database, as of the 8th of June 2021, sampled until the end of 2020).
Moreover, during the revision, influeza A segment 5 sequences were also retrieved from GISAID EpiFlu (Supplementary Table s2-4).
Acknowledgments for each avian IAV human and bird isolates used in this study are stated in Supplementary Tables 7-8.

Data analysis Data visualisation and statistical analysis: GraphPad Prism 8
Immunofluorescence imaging acquisition: Zen Microscopy Software (Zeiss)
Cytoplasmic/nuclear fluorescent intensity quantification: Cell Profiler
Sequence homology search: Blast v.2.8.1
HMM profile protein domain search: HMMER v.3.3
Sequence alignment: Mafft v.7.453
Maximum likelihood phylogenetic inference: igtree v.1.6.12
Sequence alignment manipulation: pal2nal v.14
Sequence clustering: MMseqs2 v.13.45111
Phylogeny time calibration: TreeTime v.0.9.0
Coding languages: Python v.3.8.5, Rv.4.1.3
Phylogeny summary and manipulation: ete3 v.3.1.2
Sequence data summary and manipulation: biopython v.1.76
Tabular information summary and manipulation: pandas v.1.2.4




Phylogeny visualisation: ggtree v.3.2.1, FigTree v.1.4
Bayesian phylogenetic inference: BEAST v.1.10.4, BEAUti v.1.10.4, LogCombiner v.1.10.4

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Alignments and raw phylogenetic data related to this study can be found in the following GitHub repository: https://github.com/spyros-lytras/BTN3A3_IAV. Source
data related to the animal experiments illustrated in Fig. 3h are available in Enlighten Research Data at the following link: http://dx.doi.org/10.5525/
gla.researchdata.1425. Gel source data are available in Supplementary Figure 1.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design whether sex and/or gender was determined based on self-reporting or assigned and methods used. Provide in the
source data disaggregated sex and gender data where this information has been collected, and consent has been obtained for
sharing of individual-level data, provide overall numbers in this Reporting Summary. Please state if this information has not
been collected. Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based
analysis.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For experiments involving quantification of BTN3A3 and NP from immunofluorescence samples, more than 3500 cells were analysed from 4
independent experiments (Figure 5d-f and Extended data figure 13).
For the animal experiments, group sizes were chosen on the bases of a pilot experiment to assess AAV transduction and previous experience.

Data exclusions  Lung titres from mice which intranasal infection was not successful were discarded from the analysis (Figure 4g). No other data was excluded.

Replication For experiments involving quantification of BTN3A3 and NP from immunofluorescence samples, biological variability was observed between
experiments. All data from the 4 independent experiments was combined and presented. All replication attempts for the remaining
experiments were successful and presented in the respective figures.

Randomization  Fields of infected of mock-infected cells were selected randomly for imaging purposes. For the animal experiments No specific randomisation
were conducted. Analysis of data was conducted in an unbiased manner but no specific blinding was used for the researchers carrying out
virus titration from mice tissues.
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Blinding Blinding was not performed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI D ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology IZI D MRI-based neuroimaging
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Animals and other organisms

Clinical data

XXOXOOs
OO0XOXKX

Dual use research of concern

Antibodies

Antibodies used Primary antibodies:
Rabbit anti-NP polyclonal - Novus Biologicals (NBP2-16965) - used for immunoprecipitation (IP - 3ug/mg of protein lysate) and
western-blot (WB - 1:1000)
Mouse anti-NP monoclonal C43 - AbCam (ab128193) - used for WB (1:1000)
Mouse anti-NP monoclonal AA5H - AbCam (ab20343) - used Immunofluorescence (IF) (1:2000)
Rabbit anti-MBP-NP polyclonal (antiserum 2915) - Custom made - used WB (1:500)
Rabbit anti-BTN3A3 polyclonal - Atlas Antibodies (HPAO07904) - used for IP (3ug/mg of protein lysate), IF (1:200) and
immunohistochemistry (IHC) (1:250)
Rabbit anti-BTN3A3 polyclonal - Proteintech (15896-1-AP) - used for WB (1:750)
Mouse anti-BTN3A3 monoclonal 1A3BS5 - Proteintech (67560-1-Ig) used for WB (1:1000)
Rabbit anti-PA polyclonal - Genetex (GTX118991) - used for WB (1:1000)
Rabbit anti-PB1 polyclonal - Thermo Fisher (PA5-34914) - used for WB (1:1000)
Rabbit anti-PB2 polyclonal - Genetex (GTX125926) - used for WB (1:1000)
Rabbit anti-Histone H3 polyclonal - AbCam (ab1791) - used for WB (1:1000)
Rabbit anti-GAPDH monoclonal 14C10 - Cell Signaling Technology (2118S) used for WB (1:10000)
Mouse anti-alpha-Tubulin monoclonal DM1A - Sigma-Aldrich (T6199) used for WB (1:5000)
Rabbit anti-GFP - Cell Signaling (2555s) used for IHC (1:1500)
Rabbit anti-RSAD2 monoclonal (D5T2X) - Cell Signaling (13996S) used 1:1000

Isotype controls:
Rabbit IgG isotype control - Thermo Fisher (02-6102) - used for IP (3ug/mg of protein lysate)
Rabbit serum - Sigma-Aldrich (R4505) - used for IHC (1:250 or 1:1500)

Secondary antibodies:

Anti-rabbit 1gG (H+L) (DyLight™ 800 4X PEG Conjugate) - Cell Signaling Technology (5151S) - used for WB (1:10000)

Anti-mouse IgG (H+L) (DyLight™ 680 Conjugate) - Cell Signaling Technology (5470S) - used for WB (1:10000)

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 555 - Thermo Fisher (A-21422) - used for IF (1:2000)
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 - Thermo Fisher (A-11008) - used for IF (1:400)

Validation NBP2-16965: Validation showed by the manufacturer for several techniques (western blot, immunohistochemistry,
immunofluorescence, immunoprecipitation and sandwich ELISA). Validated by comparison of mock-infected and infected cells
lysates. Migrates at the expected molecular weight.
ab128193: Validation showed by the manufacturer for several techniques (western blot, ELISA, immunofluorescence and flow
cytometry). It's has been cited 29 times.
ab20343: Validation showed by the manufacturer for several techniques (immunofluorescence and immunohistochemistry). It's has
been cited 82 times.

Custom made rabbit MBP-NP (2915) primary antibody: Validated by comparison of mock-infected and infected cells lysates. Migrates
at the expected molecular weight (Digard et al, 1999 - DOI: 10.1128/JV1.73.3.2222-2231.1999)

HPAO007904: Validation showed by the manufacturer for several techniques (immunohistochemistry and western blot).
Immunohistochemistry validation was performed by Orthogonal validation of protein expression using IHC by comparison to RNA-seq
data of corresponding target in high and low expression tissues.

15896-1-AP: Validation showed by the manufacturer for several techniques (western-blot, immunoprecipitation and
immunofluorescence).

67560-1-1g: Validation showed by the manufacturer for western-blot.

GTX118991: Validation showed by the manufacturer for several techniques (western-blot and immunofluorescence). Validated by
comparison of mock-infected and infected cells lysates. Migrates at the expected molecular weight. Cited 40 times.

PAS5-34914: Validation showed by the manufacturer for several techniques (western-blot, immunofluorescence and CUT&RUN). Cited
4 times.

GTX125926: Validation showed by the manufacturer for western-blot and immunofluorescence. Cited 49 times.




ab1791: Validation showed by the manufacturer for several techniques (western blot, immunocytochemistry, ChIP and
Immunoprecipitation). It's has been cited more than 3000 times.

2118S: Validation showed by the manufacturer for several techniques (western blot, immunochistochemistry, immunofluorescence
and flow cytometry). It's has been cited more than 5000 times.

T6199: Validation showed by the manufacturer for western blot and immunofluorescence. It's has been cited more than 2000 times.

2555s: Validation showed by the manufacturer for western blot and immunohistochemistry. It's has been cited more than 200 times.

13996S: Validation showed by the manufacturer for western blot. It's has been cited 14 times.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) MT4 (gift from Paul Bieniasz, Rockefeller University); Madin-Darby canine kidney (MDCK) cells (ATCC); human embryonic
kidney cells (293T) (ATCC); A549 (ATCC); MDCK cells expressing Sialyltransferase 1 (MDCK-SIAT), kindly gifted by John

McCauley, The Francis Crick Institute). hTERT-immortalized primary human foetal lung fibroblasts were generated at the CVR.

Normal human bronchial epithelial cells immortalised with CDK4 and hTERT (hBEC3-KT) (UT Southwestern Medical Center).

Authentication MT4 cells and A549 were authenticated using short tandem repeat (STR) analysis carried out by either the DNA Diagnostics
Centre (United Kingdom) or Eurofins (United Kingdom), and analysed using the DSMZ online STR analysis tool.

Mycoplasma contamination Cells were tested for mycoplasma contamination on a bi-monthly basis (average). All experiments were performed in
mycoplasma negative cells.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 6 week old female C57BL/6 mice
Wild animals No wild animals were used in this study.
Reporting on sex Only female mice were used in the study for practical reasons. Male mice fight with each other when housed in the same cage.

Field-collected samples  No field-collected samples were used in this study

Ethics oversight Animals were maintained at the University of Glasgow under specific pathogen free conditions in accordance with UK home office
regulations (Project License PP1902420) and approved by the University of Glasgow ethics committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Cell lines were infected with the mentioned GFP-tagged viruses, trypsined and fixed in 4% formaldehyde.
Instrument Millipore GUAVA easyCyte HT
Software Flow cytometry data acquisition was performed using InCyte 3.3 and analysed using FlowJo (v10.6.1).
Cell population abundance Physical cell sorting was not performed. Only percentage of RFP- and GFP-positive cells was quantified.
Gating strategy Provided in Supplementary Figure 2

|Z Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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