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CRISPR screensin Drosophila cells identify
Vsg asa Tctoxinreceptor
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Entomopathogenic nematodes are widely used as biopesticides"?. Their insecticidal
activity depends on symbiotic bacteria such as Photorhabdus luminescens, which

produces toxin complex (Tc) toxins as major virulence factors®®. No protein
receptors are known for any Tc toxins, which limits our understanding of their
specificity and pathogenesis. Here we use genome-wide CRISPR-Cas9-mediated
knockout screening in Drosophila melanogaster S2R+ cells and identify Visgun (Vsg)
asareceptor foranarchetypal P. luminescens Tc toxin (pTc). The toxin recognizes the
extracellular O-glycosylated mucin-like domain of Vsg that contains high-density
repeats of proline, threonine and serine (HD-PTS). Vsg orthologues in mosquitoes and
beetles contain HD-PTS and can function as pTc receptors, whereas orthologues
without HD-PTS, such as moth and human versions, are not pTc receptors. Vsg is
expressed inimmune cells, including haemocytes and fat body cells. Haemocytes
from Vsg knockout Drosophila are resistant to pTc and maintain phagocytosisinthe
presence of pTc, and their sensitivity to pTcis restored through the transgenic
expression of mosquito Vsg. Last, Vsg knockout Drosophila show reduced bacterial
loads and lethality from P. luminescens infection. Our findings identify a
proteinaceous Tc toxin receptor, reveal how Tc toxins contribute to P. [uminescens
pathogenesis, and establish agenome-wide CRISPR screening approach for
investigating insecticidal toxins and pathogens.

Tc toxin family members were initially identified in P. luminescens®.
Thesebacterialive inthe gut of entomopathogenic nematodes, which
search forand colonize awiderange ofinsect larvae in the soil®”. Once
the nematode enters the larval body cavity, P. [uminescens is released
by regurgitation to repress theimmune system of the insect, prolifer-
ate and subsequently kill the larvae. After converting the interior of
the insect cadaver into P. luminescens biomass, the bacterium itself
then serves as the food source for the nematode in a mutualistic rela-
tionship®’”. Amongan array of toxins and virulence factors released by
P. luminescens, Tc toxins have akey role**. Growing numbers of Tcand
Tc-like toxins have beenidentified in both entomopathogenic bacteria
and human pathogens*s ™,

Tc toxins are extremely large protein complexes formed by three
subunits named TcA, TcB and TcC (also known as A, B and C subunits,
respectively)***2, TcA assembles into a homopentamer with a total
molecular weight of around 1.4 MDa®" %, andis responsible for recep-
tor binding and membrane translocation of the cargo protein. TcB and
TcC together form an approximately 250 kDa cocoon, with the cyto-
toxic carboxy-terminal hypervariableregion (HVR, about 30 kDa) of TcC
autoproteolytically cleaved and encapsulated inside this cocoon*'¢",

The TcA pentamer and the cocoon assemble into a heterotrimeric holo-
toxin, with the HVR enzyme as the cargo protein pre-loaded into the
TcA translocation channel”.

Tc toxins target and enter cells through receptor-mediated endo-
cytosis. The low pH in endosomes induces conformational changes
in TcA thatlead to the insertion of the a-helical channel into the endo-
somal membrane like the needle of a syringe*>'*13%° Subsequently,
the HVR translocates through this channel into the cytosol of cells'8,
where it covalently modifies its cellular targets. For instance, TccC3
and TccCS, two TcC units found in P. luminescens, contain HVRs that
encode ADP-ribosyl transferases. TccC3 causes cytoskeletal cluster-
ing through the ADP-ribosylation of actin, whereas TccC5 targets and
modifies small Rho GTPases?.

Our understanding of the cell tropism and species selectivity of Tc
toxins remains limited. Recent studies that used glycan array screen-
ing revealed that negatively charged sulfated glycosaminoglycans
(sGAGs), such as heparins and heparan sulfates, and N-linked glycans
act as common receptors for various Tc toxins?. In addition, TcdAl
from the P. luminescens subsp. akhurstii strain recognizes various
Lewis oligosaccharides, albeit with low affinity?*, and the Tc toxin
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from Yersinia entomophaga can interact broadly with various gly-
cans®. The contribution of N-linked glycans and sGAGs has been
further confirmed using CRISPR-Cas9-mediated genetic screensin
human cell lines®.

Genome-wide CRISPR-Cas9-mediated knockout (KO) screening
in mammalian cells is a powerful approach to identify host factors
targeted by pathogens and toxins?*%°. However, it has been challeng-
ing to perform similar screens on insect cells because the delivery
of genome-wide libraries encoding single-guide RNAs (sgRNAs)
relies on lentiviral transduction, a technique that is inefficient in
insect cells. We recently overcame this obstacle by developing
plasmid-mediated transfection of sgRNA libraries that achieve sta-
ble integration through site-specific recombination. This enabled
genome-wide CRISPR-Cas9-mediated KO screening in D. mela-
nogaster S2R+ (S2) cells”. Here, we utilize this approach to carry
out genome-wide screens for an archetypal P. [uminescens Tc toxin
(designated pTc; also known as PTC3), and identify the mucin-like
protein Vsg as its receptor.

Genome-wide CRISPR screensinS2cells

pTcis assembled from one set of TcA (TcdAl), TcB (TcdB2) and TcC
(TceC3) subunits from P. luminescens®. The HVR of TccC3 ADP-
ribosylates actin, which causes actinto cluster and leads to cell round-
ingand eventual cell deathin mammalian cells*® (Extended Data Fig. 1a).
The sensitivity of three human cell lines, HeLa (a cervical carcinoma
cell line), U20S (a bone osteosarcoma cell line) and 5637 (a bladder
carcinoma cell line), to pTc was assessed. Toxin concentrations that
induced 50% of the cells to become round (defined as CRs,) ranged
from1to5nM (Extended DataFig.1a,b).In contrast to mammalian cells,
actin clustering did not resultin cell death in S2 cells but disrupted cell
division, which led to enlarged multinucleated cells (Extended Data
Fig.1c). A toxin concentration of about 5 pM induced 50% of the cells
to become enlarged (defined as CE;,) (Extended Data Fig. 1d).

S2 cells stably expressing Cas9 endonuclease were transfected with
agenome-wide library of sgRNA plasmids that targeted 13,685 D. mela-
nogaster genes (6-8 sgRNA per gene, 84,563 sgRNA in total). A plasmid
encoding phiC31integrase was co-transfected to induce site-specific
recombination (Fig.1a). Cells were then treated with pTc, and resistant
cells were separated from enlarged cells using cell strainers (30-pm
filtration size), which allowed normal S2 cells but not enlarged ones
to pass through. Following selection, resistant cells were collected,
and target genes were identified through next-generation sequenc-
ing (Fig.1a).

Multiple independent screens were carried out for pTc, which pro-
duced overlapping top hits (Fig. 1b and Extended Data Fig. 2a,b). The
strongest hit was the gene encoding Vsg, a small single-pass membrane
protein. Other top hits included genes encoding subunits of protein
complexesthatare involved in endosomal trafficking, suchas ESCRT-0,
HOPS and CORVET (Fig. 1b). We then utilized RNA interference (RNAi)
to evaluate 29 genes within the top hits (Extended Data Fig. 3a). The
sensitivity of S2 cells to pTc was estimated by the measuring the cell size
or the Hoechst signal using flow cytometry (Extended DataFig. 3b-e).
Many of the top hits were validated, as knockdown of them reduced
S2 cell sensitivity to pTc.

Wealso carried out a parallel screen with another Tctoxin (designated
mTc), whichwas assembled with the same TcdB2 and TccC3 unitsasin
pTcbut with a distinct TcA (TcdA4 from the human pathogen Morga-
nella morganii)®. The top hits from the mTc screenincluded sugarless
(sgl; Fig.1cand Extended Data Fig. 2a,b), which encodes ahomologue
of human UDP-glucose 6-dehydrogenase thatisinvolved in sGAG bio-
synthesis®®. Other top hits were genes that encode components of the
PIKfyve complex, whichis associated withendosomal trafficking. The
top hits were clearly different between pTc and mTc (Fig. 1c), which
indicated that different TcA subunits utilize distinct receptors.
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Fig.1| Genome-wide CRISPR-Cas9-mediated screensidentify host factors
for pTcand mTc. a, Schematic of the pooled screen using pTc or mTc toxinsin
the D. melanogaster PT5/S2R+ cellline. b, Genesidentified in two independent
pTcscreens (screen 1-highand screen 2 asdescribed in the Methods) ranked on
thebasis of the robust rank aggregation (RRA) score (analysed with MAGeCK)*.
The top-ranking genes are colour-coded and grouped. ¢, Comparison of the
genesidentified in the pTcand mTcscreens.

Vsg mediates the binding and entry of pTc

We next focused on the top hit, Vsg, as a candidate receptor for pTc.
Three stable vsgKO S2 cell lines were generated using the CRISPR-Cas9
approach (Extended Data Fig. 4a-c). They showed reductions in sen-
sitivity (CEs,) to pTc compared with S2 cells that expressed scrambled
sgRNAs (Fig.2a,b), and they did not show changesin cell size over 5 days
after exposure to pTc (30 pM). By contrast, S2 cells that expressed
scrambled sgRNAs showed enlarging cell size over time (Fig.2c). Con-
sistently, S2 cells that expressed scrambled sgRNAs showed strong
ADP-ribosylation of actin after exposure to pTc?>?’, whereas vsg KO
cells showed much reduced ADP-ribosylation of actin (Fig. 2d). We
further tested two additional Tc toxins. Both contained the same TcdB2
and TccC3 units as in pTc but had a distinct TcA subunit (XptAl from
Xenorhabdus nematophila or TcdA4 from P. luminescens). Both toxins
induced cell enlargement in vsg KO cells and showed no difference in
potency in control cells compared with vsg KO cells (Extended Data
Fig.4d).

Vsg is composed of an amino-terminal signal peptide, a mucin-like
extracellular domain (residues 41-134), a transmembrane domain
and a short cytoplasmic domain. Its orthologue in humans, known as
endolyn or CD164, isamucin-like protein localized predominantly on
endosomes and can also be transported onto the cell membrane®™.,
We next applied gain-of-function approaches to stably express D. mela-
nogasterVsgin U20S cells through lentiviral transduction. These U20S
cells were about 14-fold more sensitive to pTc (Fig. 2e,f). By contrast,
overexpression of human CD164 or TMEM123, another potential ortho-
logue of Vsg, did not change the sensitivity of U20S cells (Fig. 2e,f).
Consistently, transient transfection of a Vsg-GFP fusion proteinin U20S
cells enhanced the binding of fluorescently labelled TcdAl (Fig. 2g).
Overexpression of Vsg in S2 cells also increased the binding of TcdAl
to cells (Extended Data Fig. 5a).

We next expressed and purified the Fc-tagged extracellular domain
of Vsg (Vsg-ECD) using S2 cells (Extended Data Fig. 5b). Biotinylated
TcdAl pulled down Vsg-ECD-Fc, but not the control IgG1-Fc (Extended
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Fig.2|VsgisareceptorforpTc.a,b, Thesensitivity to pTc of usgKO S2 cell lines
or control S2 cell lines expressing scrambled sgRNAs was assessed by exposure
toatitration of pTc for 4 days. a, Representative images of cells after 15.6 pM pTc
treatment. Cell nuclei were marked with Hoechst dye (blue). DIC, differential
interference contrast.b, The percentage of enlarged cells was quantified and
plotted over pTc concentrations. ¢, Cell sizes were recorded and plotted over
time after exposure to pTc (30 pM) for vsgKO S2 cells compared with control
S2cells expressingascrambled sgRNA. d, Cells were incubated with pTc for

24 h,and ADP-ribosylation of actin was detected by immunoblot analysis of
celllysates. Tubulinserved as aloading control. For gel source data, see
Supplementary Fig. 1. e,f, The sensitivity of U20S cell lines expressing
TMEM123, CD164 or Vsg to pTc was assessed by exposure to atitration of pTc
for24 h.e, Representative images of cells after 1.44 nM pTc treatment.f, Left:
the percentage of rounded cells was quantified and plotted. Right: the toxin
concentrationresultingin 50% cell rounding, defined as the CR5,, was plotted

DataFig. 5c). Biolayer interferometry (BLI) analysis with biotinylated
Vsg-ECD-Fc immobilized on the probe further detected binding of
TcdAl (Fig. 2h). As controls, TcdAl did not bind to empty probes, and
TcdA4 from mTc and a Te toxin from Y. entomophaga (YenTc)® did not
showbindingto Vsg-ECD inaBLIanalysis (Extended Data Fig. 5d). Con-
sistently, pre-incubation of TcdAl with Vsg-ECD reduced its binding
to both U20S cells transfected with Vsg (Extended Data Fig. 5e) and
to S2 cells (Fig. 2i).

pTcrecognizes mosquito and beetle Vsg

WenextcomparedVsgorthologuesinseveralinsectpestspecies,includ-
ing two different mosquitoes (Aedes aegypti (aVsg) and Anopheles
gambiae (agVsg)), a beetle (Tribolium castaneum (tVsg)) and two
moth species (Galleria mellonella (gVsg) and Spodopterafrugiperda
(sVsg)) (Fig. 3a and Extended Data Fig. 6a). Their ability to mediate
functionalentry of pTcwasfirstanalysed through transientexpression
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(numbersabovebarsindicate exact value). g, Ectopic expression of Vsg-GFP
fusion proteinsin U20S cells through transient transfection mediated the
binding of the TcdA1 pentamer (15 nm for 3 h) to transfected cells (about 96%
TcdAl-bound cells were GFP-positive, n =165). Biotinylated TcdAlwas labelled
with Alexa Fluor 555-conjugated streptavidin. Cells transfected with GFP
served asacontrol. h, Characterization of TcdA1binding toimmobilized biotin-
conjugated Vsg-ECD using BLI. i, Pre-incubation of Alexa Fluor-488-conjugated
TcdAl(pentamer,20 nM) with Vsg-ECD (1 M) for 2 hat 4 °Creduced TcdAl
binding to S2 cells, as detected by confocal microscopy (top) or flow cytometry
(bottom). Cellswerelabelled with Hoechst (blue) and TcdAl(green).
Representativeimages and sensorgrams are from one of three independent
experiments. Data were analysed from the total number of imagesindicated in
thesourcedatafromthreeexperimentsand shownasthe mean +s.d., CRs,
valuesinfare displayed as the best-fit value + 95% confidence interval (CI)).
Scalebars, 50 um(a,e,g,i).

with a GFP tag in U20S cells (Fig. 3b). Mosquito and beetle ortho-
logues (aVsg, agVsg and tVsg) facilitated pTc entry into U20S cells.
Moth orthologues (gVsg and sVsg) and human CD164 and TMEM123
did not sensitize U20S cells to pTc (Fig. 3b,c), even though they were
expressed on the cell surface (Extended Data Fig. 7a). Consistently,
U20S cells that stably expressed aVsg or tVsg become more sensitive
to pTc than control cells, whereas U20S cells that stably expressed
sVsg showed a sensitivity similar to control cells (Fig. 3d,e). Transfec-
tionof aVsginvsgKO S2 cells also restored sensitivity to pTc, similar
to transfection with Vsg (Extended Data Fig. 7b,c).

To further confirm the role of Vsg orthologues in mosquitoes, we
generated two independent agvsg KO cell lines using the A. gambiae
cell line Sua5B and the CRISPR-Cas9 approach (Fig. 3f). Exposure of
Sua5Bto pTcresultedinenlarged multinucleated cells. The two agusg
KO cell lines showed approximately 29-fold reduction in sensitivity to
pTccompared with the control cells that expressed scrambled sgRNA
(Fig. 3f,g).
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Fig.3|Vsgorthologues from mosquitos and beetles canserve as pTc
receptors. a, Themaximum-likelihood tree of Vsg orthologuesin the indicated
insectspecies.b,c, Vsgand theindicated Vsg orthologues, each fused with GFP,
were expressedin U20S cells through transient transfection. b, Images of cells
after treatment with2.5nM pTcfor 24 h. ¢, The percentage of rounded GFP-
positive cellswas quantified and plotted. d,e, U20S cells stably expressing
aVsg, tVsg or sVsg through lentiviral transduction were exposed to pTc.

d, Representativeimages of cells after exposureto1.44 nM pTc. e, Percentage
ofrounded cellswas recorded and plotted (left), together with CRs, values (right;
numbersabove barsindicate exact value). f,g, Two agusg KO mosquito Sua5B
celllines and the control SuaSB cell line expressing ascrambled sgRNA were
exposedto pTc. f, Representative images of cells after exposure to 312.5 pM pTc.

pTcrecognizes the HD-PTS region of Vsg

We next constructed aseries of GFP-tagged truncation mutants of Vsg
and expressed themin U20S cells (Fig.3h). Residues 118-148 may not be
important for pTc binding as amutant that contained 1-117 of Vsg-ECD
still functioned as areceptor (Fig.3h—j). AVsg truncation mutant that
contained residues 55-117 of its ECD still partially mediated pTc entry
into U20S cells (Fig. 3h,i). The 55-117 region is within the mucin domain
enriched with repeated PTS residues (Extended Data Fig. 6a). As with
other mucin-like proteins, O-glycosidase treatment reduced but did
noteliminate O-glycans from Vsg-ECD, possibly because many sites are
masked by dense O-glycans (Extended Data Fig. 8a). Vsg also contains
two potential N-glycosylation sites, but mutating these two sites did
not affect its function as a pTc receptor (Extended Data Fig. 8b). Con-
sistently, reducing N-glycosylation with PNGase F did not affect TcdAl
binding to Vsg-ECD. By contrast, O-glycosidase treatment reduced
TcdAlbinding to Vsg-ECD (Extended Data Fig. 8c). We further profiled
and compared glycan moieties between Vsg-ECD and sVsg-ECD by
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mass spectrometry (Extended Data Fig. 8d). Typical insect O-glycan
moieties were readily identified and there were no major differences
in O-glycan moieties between Vsg-ECD that binds to pTcand sVsg-ECD
that does not mediate pTcbinding (Fig. 3k and Supplementary Data1).
Thus, although O-glycans are involved in interactions, Vsg does not
contain specialized glycan moieties that it uses to functionasareceptor.

A comparison of the PTS region (residues 41-134) among Vsg ortho-
logues indicated that only Vsg proteins with an extremely high density
of threonine and serine residues, designated HD-PTS, can function as
pTcreceptors (Extended Data Fig. 6b). The mucin regions in CD164,
gVsg and sVsg only contain 23-35% of threonine and serine residues
(Extended Data Fig. 6b). Vsgis predicted to contain 70 O-glycosylation
sites, whereas sVsg contains only 20 such sites (Extended Data Fig. 8e).

The HD-PTS regionis expected to form arigid string saturated with
densely packed O-glycans, which indicates that pTc recognition may
require highly occupied O-glycosylation sites spatially configured by
the HD-PTS sequences. To test this hypothesis, we designed an artifi-
cial receptor composed of a HD-PTS segment derived from a mucin
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c, Percentages of cells withactin clustering were quantified and plotted
(numbersabovebarsatrightindicate exact value).d, Haemocytes fromavsg
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co-incubated with pHrodo Red-labelled E. colibioparticles (red) for 30 min.

e, Cellswere washed, stained with Hoechst (blue) and imaged. f, Internalized
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protein, human mucin 2 (MUC2; GenBank identifier AAB95295.1,
residues 1,400-1,513, with 56% threonine and serine residues) fused
with the transmembrane and cytoplasmic domain of sVsg (Fig.3h and
Extended Data Fig. 6a). The artificial receptor mediated entry of pTc
when expressed in U20S cells (Fig. 3h-j).

pTctargets haemocytes through Vsg

We next examined Vsg expression in Drosophila larvae, using a trans-
genicfly line that expresses GFP-Vsg (Extended Data Fig. 9a). Previous
studies using this line reported that Vsg is expressed and clustered

bacterium, Y. entomophaga MH96 through pricking withaninsect pin.

g, Survival curves. h, Flieswere collected and homogenized, and bacterial
loads (colony formation unit (CFU)) were assessed by serial dilution plating.

i.j, Control (nos-Cas9;attP2) and vsg KO D. melanogaster were infected with
P.luminescens FRGO4 through pin prick. i, Survival curves. j, Bacterial loads.
Datainc,dandfwereanalysed from the total number ofimagesindicated in
the source dataorbar graphs (nvaluesabove barsind,f) fromthree
experiments and shown as the mean + s.d. or the best-fit value + 95% CI. Datain
handjwereanalysed from the total number of fliesindicated in the Methods.
Centre values represent the median. Thebox plotsinhandjshow all points.
Thebounds are minimum to maximum values, 25th and 75th percentiles,
respectively. Two-tailed test was used for comparing between control-microbe
and vsg KO-microbe group inhandj.log-rank (Mantel-Cox) test was used for
comparingbetween control-microbe group and vsg KO-microbe groupini.
P=0.29 (h),P=0.008 (i) and P=0.003 (j). **P< 0.01. Representative images are
fromoneofthreeindependent experiments.Scalebars, 10 um (b),20 pm(d,e).

around cell surfacering canal structuresin germline, follicle and imag-
inal disc cells*>*, Here, we found that GFP-Vsg appeared as bright
punctaon cellmembranes betweenadjacent cells, probably around ring
canals, inovariantissues, eye discs, brainand lymph glands (Extended
Data Fig. 9b). Besides ring canals, GFP-Vsg was found in haemocytes
and fatbody cells (Extended Data Fig. 9c), two major cell types respon-
sible for innate immunity. Haemocytes clear invading bacteria and
parasites through phagocytosis and nodule formation, whereas fat
body cells produce antimicrobial peptides®**.

We then generated two vsg KO D. melanogaster lines using the
CRISPR-Cas9 approach (Fig.4a) and thenisolated primary haemocytes
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from control and KO lines. These haemocytes were exposed to pTc, and
toxin-induced actin clustering was detected using phalloidin staining
(Fig. 4b). Compared with control haemocytes, vsg KO haemocytes
showed around 55-fold reduction in sensitivity to pTc (Fig. 4b,c and
Extended Data Fig. 10a,b). We further generated a rescue fly line that
expresses aVsginhaemocytes based on our vsgKO fly line. Expression
ofaVsginvsgKO haemocytes restored their sensitivity to pTc (Fig. 4d
and Extended Data Fig.10c¢,d).

Tofurther assess theimpact of pTc on phagocytosis of haemocytes,
we utilized pHrodo Red-labelled Escherichia colibioparticles, which
show increased fluorescence signals under low pH conditions, as
in endosomes. Incubation with pTc blocked phagocytosis of E. coli
bioparticles in control haemocytes. By contrast, phagocytosis in
vsg KO haemocytes was not affected by pTc. That is, both the fluores-
cenceintensity and the number of internalized E. colibioparticles was
similar to thatin cells not exposed to pTc (Fig. 4e,f and Extended Data
Fig.10e,f).

P. luminescens infectionin vsg KO flies

Finally, we assessed the role of Vsg during P. luminescens infection
in vivo using adult D. melanogaster, which has been widely utilized
as a model for bacterial infection®. The flies were pricked with an
insect pin that had been dipped in a bacterial suspension. There was
no differencein effects between vsg KO and control flies when infected
with the insect pathogen Y. entomophaga (Fig. 4g,h). By contrast,
vsg KO flies showed reduced lethality compared with control flies when
infected with P. luminescens subsp. akhurstii (Fig. 4i). Quantification
of P. luminescens colony forming units in homogenized flies showed
thatbacterialloadsin vsgKO flies were reduced by 30% compared with
control flies (Fig. 4j). P. luminescens subsp. akhurstii possesses many
other insecticidal toxins and virulence factors®, which may contribute
toits sustained lethality in usg KO flies.

Discussion

Here, we identified Vsg as a receptor for a prototypical Tc toxin and
revealed how Tc toxin contributes to P. luminescens pathogenesis. Our
findings suggest that pTc recognition requires densely packed sites of
O-glycosylation along a HD-PTS region in Vsg. However, the precise
molecular mechanism of pTc-Vsg interactions remains to be estab-
lished, whichwould require future studies to resolve a high-resolution
structure of the pTc-Vsg complex.

Our findings also revealed a previously underappreciated insect
species-specificity of pTc. This finding may explain why previous
studies of pTc using cells from moth models often required the use of
nanomolar pTc concentrations, similar to the potency for mammalian
cells. pTc binding to those cell types is probably mediated by lower
affinity interactions with sGAGs, N-glycans and other carbohydrate
moieties rather than by a particular receptor protein® 2, Thus, instead
of being a nondiscriminatory toxin, pTc affects a specific subset of
insects. Thisinsight may explain the diversification of Tc toxins within
P. luminescens, whichmay target different receptors and act on distinct
celltypesand/orinsect species*. The selectivity of Tc toxins also offers
the opportunity to engineer tailor-made biopesticides that target only
certain harmful insect species.

The diversification of TcA subunits suggests that their key role in
P. luminescensinfection cannot be fulfilled with more commonly pre-
sented cell surface glycan moieties. This might reflect selective pressure
to maximize their potency towards the insect immune system at the
early stage of infection, and high potency can only be achieved by evolv-
ing the capability to bind highly specific receptors. Vsgis expressedin
haemocytes and fat body cells, both of which are vital components of
the insect innate immune system. Notably, CD164 has been recently
identified as an essential entry factor for lymphocytic choriomeningitis
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virus*?®, It will be interesting to investigate whether Vsg may serve as
areceptor for additional insect toxins and pathogens.

Suppression of theimmune system allows rapid replication of P. lumi-
nescens**°. With theincreased toxin concentrationsin the later stage
of infection, various Tc toxins and other toxins or virulence factorsin
P. luminescens may then work synergistically and attack abroad range
of cells through their interactions with common cell surface glycans.
This could be the reason why vsg KO flies were still lethally susceptible
to P. luminescens. Diversification also occurs for the cytotoxic TcC
HVR moieties, which may target various cellular functions beyond
phagocytosis.

Genome-wide CRISPR-Cas9-mediated pooled screensin mammalian
cellshave been widely used. However, thisapproach remained challeng-
ingininsect cells owing to the inefficient transduction of such systems
by typically used lentiviruses. With the current study, we provide asuc-
cessful example of carrying out genome-wide CRISPR-Cas9 screensin
insect cells for characterizing insect-targeting toxins and pathogens
relevant to agriculture and vector-borne infectious diseases.
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Methods

Celllines and fly strains

D. melanogaster S2R+ cells and A. gambiae Sua5B cells were provided
by the Drosophila RNAi Screening Center (Harvard Medical School).
A subline of S2R+ cells and Sua5B cells expressing SpCas9 and con-
taining an attP integration site, S2R+/NPT005/MT-Cas9 (PT5/Cas9)
and SuaSB-IE8-Cas9, have been previously described”*? and are
available at the Drosophila Genomics Resource Center (DGRC). All
cells were grown in Schneider’s medium (21720-024, Thermo Fisher
Scientific) containing 10% FBS (16140-071, Thermo Fisher Scientific)
and 1x penicillin-streptomycin (15070063, Thermo Fisher Scientific).
To maintain the Cas9 transgene, PT5/Cas9 cells were grown in
200 ng ml* hygromycin (40051, Calbiochem) and Sua5B/Cas9 cells
were grown in 500 pg ml™ geneticin (11811031, Thermo Fisher Scien-
tific). HeLa, 5637 and U20S cells were obtained from the American
Type Culture Collection. nos-Cas9;attP2 flies were a gift fromJ. Ni
at Tsinghua University, Beijing, China. The w1118 strain is from the
Perrimon Laboratory. The UAS-avsg strain was constructed by inserting
the A. aegyptiVsg coding sequence (proteinidentifier XP_021708011.1)
into EcoRI-Xbal-digested pWalium10-moe (1470, DGRC). Transgenic
flies were generated using PhiC31 integration by injecting the
pWalium10-moe-avsg plasmid into flies carrying an attP docking site
onchromosomell (attP40). The wi1118;P{Hml-GAL4.A}2,P{UAS-2xEGFP}
AH2(30140) and yIw*:P{PTT-GAjvsg“*?°°* (50812) strains were obtained
from the Bloomington Drosophila Stock Center.

Antibodies

Goat anti-human IgG Fc secondary antibody (A18817, Invitrogen),
mouse anti-Hts antibody (1B1, DSHB), rabbit anti-GFP antibody
(A11122, Invitrogen), anti-pan-ADP-ribose binding reagent (MABE1016,
Millipore), donkey anti-rabbit IgG (H+L) Alexa Fluor-488 (R37118,
Invitrogen), donkey anti-mouse IgG (H+L) Alexa Fluor-568 (A10042,
Invitrogen), Alexa Fluor 555-conjugated phalloidin (8953S, Cell Signal-
ing), Alexa Fluor-488-conjugated phalloidin (A12379, Thermo Fisher
Scientific), Alexa Fluor 647-conjugated phalloidin (A22287, Invitro-
gen), anti-a-tubulin (T5168, Sigma-Aldrich), HRP-conjugated goat
anti-rabbit IgG (H+L) secondary antibody (31460, Thermo Fisher)
and HRP-conjugated goat anti-mouse IgG (H+L) secondary antibody
(31430, Thermo Fisher) were purchased from the indicated vendors.

Tc toxin production

P. luminescens TcdAl and M. morganii TcdA4 were produced as
previously described®. Expression was carried out in E. coli BL21
CodonPlus(DE3) RIPL cells (Agilent) using a pET-19b vector (Novagen)
with the toxin genes cloned in-frame with an N-terminal 6 xHis-tag
and a PreScission protease cleavage site. After transformation and
growth to OD¢,, = 0.6 in 10 litres of LB medium, protein production
was induced with 25 uM IPTG. Protein expression was carried out at
20 °Cfor20 h,and cells were lysed in 50 mM Tris-HCI pH 8.0,300 mM
NacCl, 0.05% Tween-20 supplemented with benzonase endonuclease
and AEBSF using a pre-chilled microfluidizer. Cell debris was spun down
at167,000g using a type 45 Ti rotor (Beckman Coulter Life Sciences)
for 30 min at 4 °C. Next, 25 mM imidazole pH 8.0 was added to the
supernatant, which was subsequently loaded onto anequilibrated 5 ml
HisTrap HP column (Cytiva). After washing until the baseline was stable,
the bound protein was eluted using a linear gradient of 25-500 mM
imidazole. The elution fractions of the Tc toxins were pooled, con-
centrated and further purified using a Sephacryl S400 size-exclusion
column (Cytiva) equilibrated in 20 mM HEPES pH 8.0,100 mM NacCl,
0.05% Tween-20. The purified protein was pooled, concentrated and
stored at —80 °C once supplemented with 40% glycerol. Production and
purification of YenTc from Y. entomophagawas performed as previously
described®. P. luminescens TcdB2-TccC3 was produced in E. coli BL21
CodonPlus(DE3) RIPL as previously described" using pET-28a with

the tcdB2 and tccC3 genes cloned as a fusion protein in-frame with an
N-terminal 6xHis-tag and a thrombin cleavage site.

Biotinylation and deglycosylation of Vsg-ECD

To prepare biotinylated Vsg-ECD-Fc, it was first desalted into 20 mM
HEPES pH 8.0,100 mM NacCl, 0.05% Tween-20. A sixfold molar excess
of EZ-Link NHS-PEG12-biotin (Thermo Fisher Scientific) was added, and
the mixture wasincubated at 4 °C for 14 h. Excess biotin was removed by
desalting the biotinylated proteininto 20 mM HEPES pH 8.0,100 mM
NacCl, 0.05% Tween-20 (when no deglycosylation was performed) or
20 mM MES pH 6.5, 150 mM NaCl (when deglycosylation was per-
formed). When needed, Vsg-ECD-Fc was deglycosylated for 14 h at
4 °C through the addition of 500 U PNGase F (New England Biolabs)
and 40,000 U O-glycosidase (New England Biolabs) per 30 pl of 7.5 pM
biotinylated Vsg. This was followed by desalting into 20 mM HEPES
pH 8.0,100 mM NacCl, 0.05% Tween-20 and dilution to 3.1 pg ml™.

BLIassay

Biotinylated Vsg-ECD-Fc protein was immobilized on the surface of
streptavidinsensors. Inreference experiments, TcdAl, TcdA4 or YenTc
were used as ligands against anindependent set of streptavidin sensors
not exposed to biotinylated Vsg-ECD-Fc. To obtain referenced data
that corrects for TcdAl binding to streptavidin sensors, the values of
reference wells were first subtracted from the original data. The values
fromthe Vsg-free reference sensors were then subtracted from those
of the Vsg-bound sensors. BSA from a 100x stock was added to both
Vsg and the Tc toxins before use to a final concentration of 0.3 mg ml™.
Thebufferused for therelevant BLIwashing steps and for preparing Tc
toxindilutions was 20 mMHEPES pH 8.0,100 mM NaCl, 0.05% Tween-20
and 0.3 mg ml™ BSA. Adilutionseries of the toxins (5,000-78 nM, plus
atoxin-free condition as a reference) were prepared directly before
measurement. BLI sensorgrams were acquired at 25 °C with an initial
30 ssensor check step, followed by 300 sloading time,a300 s baseline
step and 100 s association and 400 s dissociation times.

Genome-wide CRISPR-Cas9 screening with pTc or mTc

The Drosophila CRISPR genome-wide KO library has been previously
described and is available from Addgene (134582-4)%. In brief, 1x 108
PT5/S2R+ cells were transfected with an equal-parts mixture of pLib6.4
containing a genome-wide library (84,563 sgRNAs targeting 13,685
Drosophila genes) and pBS130 (26290, Addgene) using Effectene
(301427, Qiagen) per the manufacturer’sinstructions. After 4 days, the
transfected cell library was selected with 5 pg ml™ puromycin (540411,
Calbiochem) for 12 additional days, subculturing every 4 days. After
the stable sgRNA-expressing cell library was established, 2 x 10 cells
were plated onto four 15-cm cell culture dishes to ensure sufficient
sgRNA coverage, with each sgRNA being represented around 1,000
times. These cells were exposed to pTc for 1 week. Cells were then
filtered through 30-pm cell strainers, only collecting the cells that
passed through the strainer. The collected cells were further cultured
in toxin-free medium to ultra-confluence and then subjected to sub-
sequent rounds of screening with higher concentrations of toxins.
Threeindependentscreens were performed for pTc with the following
conditions (in pM): screen 1: 6, 12 (sequenced as round 1), followed
with either 100 (screen 1-low, round 2) or 125 (screen 1-high, round 2);
screen 2:12.5,12.5 (round 1), 20 (round 2), 40 (round 3); screen 3:10, 10
(round 1), 25 (round 2),50 (round 3). For mTc, 550,1,100 and 3,600 pM
were used. Aliquots of cell libraries following each selection round
were collected, and their genomic DNA was extracted using a Zymo
Quick-gDNA Miniprep kit (D3025, Zymo Research). DNA fragments
containing the sgRNA sequences were amplified by PCR using at least
1,000 genomes per sgRNA as templates for each sample. PCR frag-
mentswere in-line barcoded using a previously described approach?.
Next-generationsequencing (Illumina NextSeq) was performed at the
Biopolymers Facility at Harvard Medical School. Fastq sequence files
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were demultiplexed usingin-line barcodes as sequence tags, generating
adistinct file for each treatment sample. All further processing used
MAGeCK (v.0.5.4 or 0.5.9.4) to generatereadcount filesand to perform
robust rank aggregation analysis directly on the generated readcount
files using default parameters. RRA values presented used plasmid
readcounts for normalization.

Secondary screening by RNAi

All pre-synthesized dsRNA templates for the top genes from genome-
wide pTc CRISPR screen 1 were obtained from the Drosophila RNAi
Screening Center and in vitro transcribed to produce dsRNAs using
a T7 Megascript kit (Thermo Fisher Scientific). Template sequences
were obtained by searching sequenceidentifiers at https:/www.flyrnai.
org/up-torr/. S2R+ cells were washed into serum-free medium and
10,000 cells were transferred to each well of 384-well dishes containing
25 ng dsRNA for 35 min followed by outgrowth in serum-containing
medium for 3 days. Then, cells were subjected to 100 pM pTc for
2 days and expanded to 96-well dishes and grown further for 7 days.
Live cells were stained with 10 mM Hoechst 33342 (B2261, Sigma) for
15 min before being subjected to flow cytometry using a LSRIl with a
96-well autoloader. Data analysis was carried out using FlowJo v.10.8.1
software. FACSDiva v.9.0 software was used for data collection in all
flow cytometry experiments. The percentage of all events passing
through a gate corresponding to the BV-421 intensity of most (>86%)
of untreated cells was measured. Note that for the Hoechst analysis,
because pTc alters cell size, we did not carry out gating using the for-
ward/side scatter profile. For aseparate analysis of cell size, the percent-
age of all events passing through a gate corresponding to an enlarged
forward scatter/side scatter profile (>89% of untreated cells) was
measured.

Plasmid construction

avsg (protein identifier XP_021708011.1), tvsg (XP_972460.1), susg
(KAF9794377.1), vsg (NP_729535.1), agusg (XP_001688320.1), gusg
(XP_026748881.1), TMEM123 (NP_443164.2) and CD164 (NP_006007.2)
were synthesized by Twist Bio. Their entire coding sequences, exclud-
ing the final 15 bp (deletion of four residues from the C terminus,
which constitute the endocytic sorting motif), were cloned into
a pEGFP-N1 vector between the sites Nhel and Hindlll to build the
Vsg-GFP fusion constructs for transient expression in mammalian
cells. For all the pCMV-SP-GFP-Vsg constructs, GFP was inserted
immediately after the signal peptide (SP) of Vsg proteins and ampli-
fied SP-GFP-Vsg fragments were inserted into the pEGFP-N1vector
between the sites Nhel and Hindlll. The entire coding sequences
of avsg, tvsg, susg, vsg, TMEM123 and CD164 were subcloned into
the sites BamHI and Xbal in the vector pLenti CMV/TO Hygro
empty (w214-1) (17484, Addgene) to establish stable cell lines. For
S2-cell-based rescue experiments, entire coding sequences of
avsg and vsg were subcloned into the sites EcoRl and Xhol in the
vector Ac5-stable2-Neo (32426, Addgene). To build the Vsg-ECD-Fc
expression construct, two fragments, vsg (67-444 bp) or sVsg-ECD
(52-546 bp) and human Fc-his, were amplified from vsgs and
pHL-FcHis vector (99846, Addgene), respectively, and cloned into
the vector pMT-Bip-GFP:V5:KDEL (69917, Addgene) between the Kpnl
and Pmelssites through Gibson assembly (E2621, NEB).

Vsg-ECD protein purification

pMT-Bip-Vsgs-ECD-Fc-his plasmids were transfected into S2R+ cells
using PolyJetinvitro DNA transfection reagent (SL100688, SignaGen).
Cells were selected with 2 pug ml™ puromycin (A1113803, Gibco) for
2 weeks to establish stable cell lines. Cells were seeded into six 15-cm
plates with 60% confluency, and keptin serum free Schneider’s medium
(21720024, Gibco) with 500 pM Cu? for 5 days. Cell medium was col-
lected, and proteins were then purified through immobilized metal
ion-affinity chromatography (17-0575-01, GE Healthcare).

ADP-ribosylation detection

vsgKO cellsand control cells were seeded onto 6-well plates with around
20% confluency, and incubated with 0,25 or 50 pM pTcfor24 hat25°C.
Cellswere collected, washed by PBS and collected in100 pl lysis buffer
(pH 7.4,20 mM Tris-HCI, 150 mM Nacl, 0.5% Triton X-100 and 0.5%
SDS) for 10 min on ice. Next, 10 pl of each sample was subjected to
SDS-PAGE and immunoblot analysis with1:1,000 anti-pan-ADP-ribose
binding reagent and 1:1,000 anti-a-tubulin as the primary antibody
and 1:5,000 HRP-conjugated goat anti-rabbit IgG or goat anti-mouse
IgG as the secondary antibody.

Pull-down experiments

Dynabeads M-280 streptavidin beads (50 pl) were equilibrated in wash
buffer (0.1% Triton X-100, 20 mM Tris-HCl and 150 mM NaCl, pH 7.5).
Biotinylated TcdA1 (10 pg) and equilibrated beads were added to 300 pl
wash buffer, andincubated at 4 °C for 2 h,and then Vsg-ECD-Fc (3 pg) or
humanIgG1-Fc (10702-HNAH, Sinobiological) was added to the buffer
and incubated overnight. Beads were washed, collected, boiled and
subjected to SDS-PAGE and immunoblot analysis.

Generating vsg KO cell lines

CRISPRKOsin D. melanogaster PT5/Cas9 or A. gambiae Sua5B cells were
carried out by transfecting cells with pLibAgam containing the follow-
ing sgRNAs: Dmel_vsgl: 5-TCGAAATGACCGCACGGCAC-3’; Dmel_vsg2:
5’-CTAATCTTGTGCCTCTTTGT-3’; Dmel_vsg3: 5-GTGGTGTCCGGCG
GAGTGG-3’). Acol_vsgl: 5-GTAGTAGTATTAGAACTTG-3’; Acol_vsg2:
5’-CGACGTCGTAGGCGTAGCTG-3". Transfection was performed with
EffectenealongwithpBS130andselectedin5 pg ml™ puromycin. Control
sgRNAs for PT5/Cas9 cells were scrambled 1: 5-GATCATGCACGTG
GTCAATA-3’; scrambled 2: 5- GCTCTACAACCGACCGCTGC-3’; and
scrambled 3: 5-AGTCAGTGGTCCGTTACAGG-3’. Control sgRNA for
Sua5B cells was 5’- CTAGACTCACTAGAGGGCAC-3'.

Generating vsg KO flies

The vsg"® and vsg“ alleles were generated using the CRISPR-Cas9
approach. Three recognition sequences of guide RNA to the vsglocus
were designed. sgRNAL: 5-CTAATCTTGTGCCTCTTTGT-3’; sgRNA2:
5’-GTGCCGTGCGGTCATTTCGA-3’; and sgRNA3: 5’-~AGTGGCCTAC
AAGTTCTACA-3’. These were cloned into the U6b-sgRNA-short
vector, and pU6-sgRNA1 and pU6-sgRNA2 were used to generate
the vsg"“’ flies, whereas pU6-sgRNA1 and pU6-sgRNA3 were used
for the vsg“® flies. In brief, plasmids were co-injected into the
embryos of (nos-Cas9) attP2 flies, then the F, progeny were screened
by PCR to identify the corresponding deletion using the following
primers: pF:5-CCACTTCGCAAACGTATTTTCTT-3’and pR: 5-AGCTCC
GGCTGCCGCATTGAA-3’. We used primers targeting gpdhl as geno-
typing control primers: pF: 5-GTCACCTGAAGGCAAGTCAG-3’ and
pR:5- CTTGCCATACTTCTTGTCCGT-3'.

Cytopathic cell-rounding and cell-enlargement assays

The cytopathic effect of pTc in mammalian cells was analysed using
astandard cell-rounding assay. In brief;, cells were exposed to pTc for
24 h,and phase-contrastimages of cells were recorded (Olympus Ix51,
%20 objective). The numbers of normal and round-shaped cells were
manually counted from at least 3 pictures (30-150 cells per picture)
from3repeats. The percentage of round-shaped cells was plotted and
analysed using GraphPad Prism7.

For insect cells, the cytopathic effect of pTc was analysed based on
the enlargement phenotype. Cells were exposed to pTc for 4 days,
and phase-contrast images of cells were recorded (Olympus Ix51, 20
objective). The numbers of normal and enlarged cells were manually
counted from at least 3 pictures (30-500 cells per picture) from 3
repeats. The percentage of enlarged cells was plotted and analysed
using GraphPad Prism?7.


https://www.flyrnai.org/up-torr/
https://www.flyrnai.org/up-torr/
https://www.ncbi.nlm.nih.gov/protein/XP_021708011
https://www.ncbi.nlm.nih.gov/protein/XP_972460.1
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https://www.ncbi.nlm.nih.gov/protein/NP_729535.1
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https://www.ncbi.nlm.nih.gov/protein/XP_026748881.1
https://www.ncbi.nlm.nih.gov/protein/NP_443164.2
https://www.ncbi.nlm.nih.gov/protein/NP_006007.2
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Whole-mount staining of fly tissues

Fly tissues were dissected in Schneider’s medium, fixed in 4% PFA for
30 min and blocked in PBST (0.3% Triton X-100) with 5% goat serum
for 1 h. Tissues were then incubated with primary antibodies (1:200)
in PBST (0.1% Triton X-100) with 5% goat serumat 4 °C overnight. After
washing with PBST six times, tissues were incubated with secondary
antibodies (1:500) for1 hatroomtemperature, then washed with PBST
six additional times. Samples were mounted in antifade mounting
buffer (H-1000, Vector). Images were recorded with a Zeiss LSM880
upright confocal systemand processed inImageJ) bundled with 64-bit
Javal.8.0 172.

Actinimmunostaining in primary haemocytes

In brief, third-stage larvae were washed with PBS three times, and
then dissected in Schneider’s medium plus 10% FBS, which enabled
the release of haemocytes from the larval body cavity. Corpses and
debris were carefully removed, and then the Schneider’s medium
containing haemocytes was seeded into a glass-bottom 96-well plate
(P96-1.5H-N, Cellvis). After haemocytes attached to the plate, the
medium was replaced with Schneider’s medium plus 10% FBS con-
taining different concentrations of pTc for 18 hin a 25 °C insect cell
incubator. Cells were then fixed with 4% PFA and stained with Alexa
Fluor 555-conjugated phalloidin (8953S, Cell Signaling) for 20 min.
Red fluorescence images of cells were recorded (Zeiss LSM880, x20
objective and x63 oil objective). The numbers of normal cells and cells
with bright actin-clustering were manually counted manually from at
least three pictures from three repeats for each concentration of pTc.
The percentage of cells with bright actin-clustering was analysed using
GraphPad Prism?7.

Phagocytosis assay

Primary haemocytes from larvae were collected and seeded into
glass-bottom 96-well plates. After haemocytes attached to the plate,
the medium was replaced with Schneider’s medium plus10% FBS con-
taining 0,25 or 50 pM pTcfor18 h. The medium was then changed into
serum-free Schneider’s medium with 40 pg mi™ E. coli (K-12 strain)
bio-particles (pHrodo Red E. coli BioParticles P35361, Invitrogen) for
30 min.

After incubation, the cell monolayer was washed three times with
serum containing medium, with the final wash containing Hoechst
dye. Cells were then directly imaged to detect pHrodo Red E. coli
BioParticles, or haemocytes were fixed with 4% PFA for 15 min and
stained with Alexa Fluor-488-conjugated phalloidin (A12379, Thermo
Fisher Scientific) for 20 min to reveal F-actin. Fluorescence images
of cells were recorded (Zeiss LSM880, x20 objective and x63 oil
objective). The integrated fluorescence intensity was quantified in
Image).

Bacterial infectionin flies

Y. entomophaga was recovered from a frozen stock and incubated in
BHI medium (53286, Millipore) at 28 °C overnight. When the OD,
reached 1.2, the bacteria were collected and diluted 10-fold for infec-
tion. P. luminescens subsp. akhurstii was recovered from a frozen
stock and incubated in BHI medium at 30 °C overnight. When the
0D, reached 1.2, bacteria were collected and concentrated 17-fold
forinfection. D. melanogaster (3-5 days old) with asex ratio of 1:1were
collected and anaesthetized by CO,, pricked with a 0.1-mm stainless
steel insect pin (26002-10, Austerlitz) and transferred to a24 °Cincu-
bator for survival tracking.

Colony forming units were quantified in independent batches of
infections. Flies were raised in a 16 °C fly incubator (3990FL, Thermo
Fisher) before infection. After approximately 70% of the flies were
deadinthe control-microbe group, all flies were collected and homog-
enized. For the microbe-treatment groups, 7 groups of 14 flies were

collected and quantified for both KO and control in P. luminescens
subsp. akhurstiiinfections, and 8 groups of 10 flies were collected and
quantified for Y. entomophagainfections. For the PBS groups, 6 groups
of14 flieswere collected and quantifiedin P. luminescenssubsp. akhurstii
infection, and 6 groups of 10 flies were collected and quantified in
Y. entomophaga infection. In brief, the homogenates were serially
diluted and thendepositedin 5 pl spots on NBTA agar plates. Plates were
incubated for19-24 hat 30 °C (before Drosophila gut microbiota colo-
nies appear). For colony forming unit estimation, dilutions were chosen
in which approximately 5-30 colonies were present in the microbe
group. Under the chosen dilution, we found zero colonies in both
PBS-groups.

Isolation of Vsg glycan

Approximately 300 pg of purified Vsg-ECD and sVsg-ECD was sus-
pended in 0.1 M NaOH solution before addition of NaBH, to a final
concentration of 55 mg ml™, and then the samples were incubated
at 45 °C for 45-55 h to release the oligosaccharides. The reaction was
terminated through the drop-wise addition of pure aceticacid, and the
samples were thenloaded onto a Amberchrom S0WX8 column witha
mesh size 0of 200-400 (217514, Sigma-Aldrich), which was equilibrated
with 5% acetic acid. The column was then washed with 5% acetic acid.
Flow through and wash fractions were collected, pooled and lyophi-
lized. Residual saltsin the preparation were removed by co-evaporation
with3x1mlof9:1methanol/acetic acid solution under a stream of nitro-
gen. Subsequent dry samples were purified on a200 mg C18 Sep-Pak
column (WAT054945, Waters) by washing with 3 ml of 5% acetic acid.
The flow through and wash fractions were combined and lyophilized
for further analysis.

MALDI-TOF analysis of Vsg glycans

B-eliminated glycans were permethylated, lyophilized and then redis-
solved in 10 pl of 75% methanol, from which 1 pl was mixed with 1 pl
2,5-dihydroxybenzoic acid (5 mg ml™ in 50% acetonitrile with 0.1%
trifluoroaceticacid) and spotted ona MALDI polished steel target plate
(Bruker Daltonics). Mass spectrometry data from each spot was then
acquired onaBruker UltraFlex IMALDI-TOF mass spectrometer (Bruker
Daltonics). Reflective positive mode was used, and data were recorded
between m/z300 and m/z4000. For each mass spectrometer O-glycan
profile, an aggregation of 20,000 laser shots or more were collected
for data extraction. Mass signals of a signal/noise ratio of at least 4
were considered. Onceacquired, the data were manually analysed, and
possible O-glycan compositions were annotated based on previously
reported insect core structures**.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data generated or analysed during this study are included in this
published article and its supplementary data. All biological materials
are available upon request from the corresponding authors. Source
data are provided with this paper.
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Extended DataFig.2 | Top-ranked genesidentifiedin genome-wide CRISPR
screens. a, List of most prevalent 38 sgRNAs following the last round of
selection with pTc or mTc. b, Prevalence of all sgRNAs targeting Vsg, Mop, FIG4,
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¢, Theindicated top hits from pTc CRISPR screens were knocked downin

S2 cellsusing dsRNA and then exposed to pTcas describedin (a). Percentage of
cellswithnormal Hoechst levels were plotted. d, Comparison of untreated cells
(No Toxin) versus those treated with100 pM pTcrevealed increasein cell size
(quantified using the forward scatter/side scatter profile, SSC-A versus FSC-A).
Comparison of pTc treatment following bathing in vsg dsRNA (DRSC25227 and
DRSC10219) versus LacZ control dsSRNA showed that vsg dsRNA pre-bathing
abrogated pTc-induced cellsize enlargement. e, The indicated top hits from
pTc CRISPRscreens were knocked downin S2 cells using dsRNA and then
exposedto pTcasdescribedin (a). The percentage of enlarged cells was
plotted, which gave similar results to the DNA-content measurementin (c).

Extended DataFig. 3 | RNAiknock-down validation of top hits from CRISPR
screens. a, Schematic of the experimental steps. Briefly, S2 cells were bathed in

dsRNAs targeting the top hits from pTc CRISPR screen #1round 1and allowed
torecover for 3 days. Next, cellswere treated with100 pM pTc for 2 days,
re-seeded and grown for an additional 7 days. DNA was stained by Hoechst dye

and cells were analyzed by flow cytometry. b, Comparison of untreated cells
representing DNA content of 80-90% of untreated cells was set. There was no
pre-gating on cell sizes as pTc treatment causes changes in cell sizes and shapes.

bathinginvsg dsRNA (green) versus LacZ control dsRNA (gold) showed that
vsg dsRNA pre-bathing abrogated pTc-induced increase in DNA content. Gate

(red) versusthose treated with 100 pM pTc (blue) revealed anincreasein DNA
contentafter pTctreatment (left). Comparison of pTc treatment following
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Extended DataFig. 4 |Characterization of usg KO S2 cells. a-c, S2 cells
expressing one of the threeindicated sgRNAs before or after treatment with
130 pM pTc for 2weeks were harvested, andthe sequence at the gRNA targeting
sites analyzed by deep sequencing. The frequency of deletions of the indicated
size were plotted (insertions represented less than1%and were ignored).
Non-frame-shift mutations (potentially retaining Vsg receptor activity, red)
versus frameshift mutations (blue) are shown. d, vsgKO2, vsgKO3, and the
control S2 cells expressing scrambled sgRNA were exposed to two Tc toxins
(Xn-XptAl, 3.5 nM; PI-TcdA4, 3 nM) for 4 days. Both contain the same
TcdB2-TccC3as pTc but utilize distinct A subunits (XptAl from X. nematophila
and TcdA4 from P. luminescens, respectively). Both toxinsinduced cell
enlargement on vsgKO cells and showed no difference on potency on control
cellsversusvsgKO cells. Data were analyzed from the total number ofimages
indicated inthe bar graphs from three experiments and shown as mean + SD.
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Extended DataFig.5|TcdAlbinds to Vsg-ECD and Vsg-ECD canreduce
binding of TcdA1tocells. a,S2 cells stably expressing GFP-Vsg (GFP was
inserted after Vsg signal peptide, SP-GFP-Vsg cells) were mixed with the control
S2 cells. Cells were incubated with Alexa Fluor-647-conjugated TcdAl
(pentamer, 25 nM) atroom temperature for 1 hand thensubjected to flow
cytometry analysis. S2 cells that express GFP-Vsg showed elevated binding of
TcdAlcompared withthe control S2 cells. b, Vsg-ECD-Fc produced in S2 cells
shownin SDS-PAGE gels with Coomassie blue staining, which showed an
apparent molecular weight of ~130 kDa, much larger thanits predicted
molecular weight, indicating that the proteinis heavily glycosylated.

Representative images were fromone of three independent experiments.
c,Biotinylated TcdAlinteracted with purified Fc-tagged Vsg-ECD, but not the
control IgGl-Fc. For gel source data, see Supplementary Fig.1. Representative
images were from one of threeindependent experiments. d, BLI analysis
showing that TcdA1did notbind to empty probes, and Morganella morganii
TcdA4 (MmTcdA4) from mTcand a Tc toxin (YenTc) from Yersinia entomophaga
showed no binding toimmobilized Vsg-ECD-Fc. e, Pre-incubation of 15 nM
TcdAlpentamer with1 pM Vsg-ECD for2 hin4 °Creduced TcdAlbinding to
U20S cells transfected with Vsg. Representative images were from one of three
independent experiments. Scalebar =100 pm.
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b Species Protein ECD length ST ratio between two arrows

Drosophila melanogaster ~ Visgun 148AA 70 %

Aedes aegypti XP_021708011.1 148AA 63 %
Anopheles gambiae XP_001688320.1 148AA 72 %

Tribolium castaneum XP_972460.1 155AA 62 %

Galleria mellonella XP_026748881.1 186AA 28 %
ffodoptera frugiperda KAF9794377.1 182AA 23%

lomo sapiens CD164 164AA 35 %

— artificial receptor 157AA 58 %

Extended DataFig. 6 | Alignment of Vsg, Vsg orthologs, and an artificial
receptor. a, The proteinsequences of the indicated Vsg orthologs were aligned
inMega-X through the CLUSTWS method (Drosophila melanogaster:
NP_729535.1; Aedes aegypti: XP_021708011.1; Anopheles gambiae:
XP_001688320.1; Tribolium castaneum: XP_972460.1; Homo sapiens:

NP_006007.2; Galleria mellonella: XP_026748881.1; Spodopterafrugiperda:
KAF9794377.1). b, Percentages of T/S residues within the PTSregion in Vsg
(residues 41-134 in D. melanogaster Vsg, between two arrows) and the
corresponding regionin other Vsgorthologs and the artificial receptor were
counted and listed.
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Extended DataFig.7 | Expression of Vsg orthologsin U20S cellsand rescue
of usg KO S2 cells with Vsg and aVsg. a, GFP fused Vsg, gVsg, sVsg, TMEM123,
or CD164 were transfected into U20S cells (GFP was inserted after the signal
peptide of Vsgs). Cells were fixed and immunostaining was carried out using an
anti-GFP antibody without permeabilization of cellmembranes.
Representative images fromone of threeindependent experiments were
shown.Scalebar =20 pm.b, vsgKO2S2 cells were transiently transfected with
plasmids encoding blue fluorescent protein (BFP) or BFP plus Vsg or agVsg.
Cellswere thenincubated with 25 pM pTc for 20 h, fixed, and stained with Alexa
Fluor-647-conjugated phalloidin. BFP marked transfected cells. The
percentages of transfected cells with toxin-induced actin clustering
phenotype were plotted. Representative images fromone of three
independent experiments were shown. Scale bar =50 um. ¢, vsgK02S2 cells
(expressing GFP from the Vsg gRNA plasmid) were transiently transfected with
BFP or BFP +agVsg plasmids, then treated with30 pM pTc for 3 days. Cells were
recorded directly under confocal. The percentages of transfected cells to
becomeenlarged were plotted. Representative images fromone of three
independent experiments were shown. Scale bar =50 pm. Datawere analyzed
fromthe totalnumber ofimagesindicatedin the bar graphs from three
experimentsand shown as mean +SD.
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Extended DataFig. 8| O-glycosylation contributes to pTc binding and mass
spectrometry analysis of O-glycans on Vsg and sVsg. a, Vsg-ECD treated with
0O-glycosidase and PNGase F showed reduced molecular weight. b, Rounding of
U20S cells transiently expressing Vsg-GFP fusion proteins and Vsg-GFP with
two N-glycan site mutations (N40T and N121S) via transient transfection. Cells
were exposed to pTc for 24 h. The percentage of rounded GFP-positive cells was
quantified and plotted. Datawere analyzed from the total number of images
indicated inthe bar graphs from three experiments and shown as mean+SD.

¢, Characterization of TcdAlbinding to equal amounts ofimmobilized
Vsg-ECD, Vsg-ECD treated with PNGase F, and Vsg-ECD treated with
O-glycosidase, using the BLI assay. d, Vsg-ECD and sVsg-ECD were purified as
Fc-tagged proteinsin S2 cells. B-eliminated glycans were permethylated and
analyzed using mass spectrometry. Mass peaks were manually assigned to the
indicated O-glycan moieties. e, The O-glycosylatonsitesin Vsg-ECD and
sVsg-ECD were predicted using NetOGlyc (http://www.cbs.dtu.dk/services/
NetOGlyc/) and markedinred.
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Extended DataFig. 9| Vsg expressionin D. melanogaster tissues. canal structures (red). It was also detected inring canals across the cell
a,Schematicillustration of the GFP-Vsg gene fusionin fly strain 50812. The membrane marked by Hts staining (red) in larval lymph gland, eye disks and
protein-trap constructs P{PTT-GA} carry an Avic\GFP vital fluorescent braintissues. Hoechst dye marks the nuclei (blue). Scale bar =10 pm. ¢, GFP-Vsg
protein-trap marker. GFP isinserted into the firstintron of usg, resultingina was detected in haemocytes and fat body cells. Hoechst dye marks the nuclei
fusion of GFPbetween residues 24 and 25 of Vsg. b, GFP-Vsg (green) was (blue). Theedge of afatbody cellis marked. Scale bar =10 pm. Representative

detectedinlarval ovary tissue and co-localized with phalloidin labeled ring images were from one of three independent experiments.



a pTc, 18 h b

12.5 pM 100 pM

1207 oCTRL
9 oKO1

2 2 80 h s
5] 3

3 s

5 3

o) CTRL 8

T °
Q

E = 5

o <o .ﬁ T T

125 50 100
pTc concentration (pM)
c d

) <100

5 &

8 % 80

§ T 60

T S 40

5 3

£ i

= =

o < o0

aVsg rescue

100 pM pTc, 18 h

‘2 CTRL KO2 @20
S o
o 31 5.
£ 5
g £
i 5 10
5 g5
E -
o without pTc pretreatment Pre-treated with 25 pM pTc 18 h o0
o no pTc pTc

Extended DataFig.10|Haemocytes from vsg KO fly areresistant to pTc.
a-b,Haemocytes fromthe control strain (nos-Cas9;attP2) or vsg KO1

D. melanogaster were exposed to theindicated concentrations of pTc for

18 h. Cells were fixed and stained with phalloidin (red) and Hoechst (blue).
Representativeimages (a), and quantification of the percentage of cells
withactin clustering phenotype were shownin (b).Scalebar =10 pm.
c-d,Haemocytes fromauvsgKO fly line (Hml-Gal4,UAS-EGFP; KO2) and arescue
line thatexpresses aVsgin haemocytes (Hml-Gal4,UAS-EGFP/UAS-avsg; KO2)
were exposed to 100 pM pTc for 18h. Cells were fixed and stained with phalloidin
(red). Representative images (c), and quantification of the percentage of cells
withactin clustering were shownin (d). Scale bar =20 pm. e-f, Haemocytes
from Control or usgKO2 D. melanogaster were treated with pTc (25 pM, 18 h)
andthen co-incubated with fluorescently labelled E. colibioparticles (red) for
30 min. Cells were then fixed and stained with Alexa Fluor-488-conjugated
phalloidin (green) (e). E. colibioparticles per cell were counted and plotted in
(f).Scalebar =10 pm. Datawere analyzed from the total number of images
indicated in the bar graphs from three experiments and shown as mean + SD.
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Reporting on sex and gender NA

Population characteristics NA
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Life sciences study design

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

Sample size For all the analysis based on micrographs, at least three micrographs from three experiments were quantified. This sample size was based on
previous published similar study : https://www.sciencedirect.com/science/article/pii/S1931312820301712.

For the fly infection experiments, the sample size was determined by many published paper, eg https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC2515384/.

For flow cytometry using an autoloader, samples were collected for 60 seconds per well and varied between wells depending on the initial cell
number in the well. For other flow cytometry experiments, >50,000 events were collected per treatment, a standard number in the literature.

For the CRISPR screening experiments, >1000 cells per gRNA were represented at all times, a standard number of cell/sgRNA according to
previous studies.

Data exclusions | No data are excluded from analysis

Replication All the experiments have been replicated at least 3 times.
All attempts at replication were successful.

Randomization  Thisis not relevant to our study because because all the experimental groups are treated technically identical and one the same day for each
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Antibodies

Antibodies used

Validation

Goat anti-human IgG Fc secondary antibody (A18817, Invitrogen), mouse anti-Hts antibody (1B1, DSHB), rabbit anti-GFP antibody
(A11122, Invitrogen), anti-pan-ADP-ribose binding reagent (MABE1016, Millipore) , donkey anti-rabbit IgG (H+L) Alexa Fluor-488
(R37118, Invitrogen), donkey anti-mouse IgG (H+L) Alexa Fluor-568 (A10042, Invitrogen), Alexa Fluor 555-conjugated phalloidin
(89538, Cell Signaling), Alexa Fluor-488-conjugated phalloidin (A12379, Thermo Fisher Scientific), Alexa Fluor 647-conjugated
phalloidin (A22287, Invitrogen), anti-alpha-tubulin (T5168, Sigma-Aldrich), HRP-conjugated goat anti-Rabbit I1gG (H+L) secondary
antibody (31460, Thermo Fisher), and HRP-conjugated goat anti-Mouse 1gG (H+L) secondary antibody (31430, Thermo Fisher). were
purchased from the indicated vendors.

Mouse anti-Hts antibody has been tested to be positively reactivated in Drosophila and has been used for IF in more than 20
published papers listed in https://dshb.biology.uiowa.edu/1B1.

rabbit anti-GFP antibody (A11122, Invitrogen) has been tested by the manufacturer for IF, and has been used in thousands of
published papers listed in https://www.thermofisher.com/antibody/product/GFP-Antibody-Polyclonal/A-11122

anti-pan-ADP-ribose binding reagent (MABE1016, Millipore) has been used to detect ADP-ribose in Drosophila Kc cells:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3145624/

anti-alpha-tubulin (T5168, Sigma-Aldrich) has been used by norbert perrimon lab, here is an example:
https://doi.org/10.1534/genetics.115.181065

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Drosophila melanogaster S2R+ cells and Anopheles gambiae Sua-5B cells were provided by the Drosophila RNAi Screening
Center (Harvard Medical School). A subline of S2R+ cells and Sua-5B cells expressing SpCas9 and containing an attP
integration site, S2R+/NPT0O05/MT-Cas9 (PT5/Cas9) and Sua-5B-IE8-Cas9, were described previously and are available at the
Drosophila Genomics Resource Center27,40. All cells were grown in Schneider’s Media (21720-024, Thermo Fisher Scientific)
containing 10% fetal bovine serum (16140-071, Thermo Fisher Scientific) and 1X Pen/Strep (15070063, Thermo Fisher
Scientific). To maintain Cas9 transgene, PT5/Cas9 cells were grown in 200 ng/mL hygromycin (40051, Calbiochem) and
Sua5B/Cas9 cells were grown in 500 pg/mL Geneticin (11811031, Thermo Fisher Scientific). Hela, 5637, and U20S cells were
obtained from ATCC

None of the cell lines used were authenticated

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination

Commonly misidentified lines  none

(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

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

nos-Cas9;attP2 flies are a gift of J. Ni at Tsinghua University, Beijing, China. The w1118 strain is from the Perrimon lab. The UAS-aVsg
strain was constructed by inserting Aedes aegypti Vsg coding sequence (XM_021852319.1) into into EcoRI-Xbal-digested pWalium10-
moe (1470,DGRC). Transgenic flies were generated using PhiC31 integration by injecting the pWalium10-moe-avsg plasmid into flies
carrying an attP docking site on chromosome Il (attP40). The w1118; P{HmI-GAL4.A}2, P{UAS-2xEGFP}AH2 (30140) and y1 w*; P{PTT-
GA}vsgCA07004 (50812) strain was obtained from the Bloomington Drosophila Stock Center .

No wild animals were used in this study
3 to 5-day-old w1118, non-cas9;attp2 and Vsg KO flies with the sex ratio 1: 1 were collected and used for infection experiments.
Both female and male 3 to 5-day-old 50812 flies were used for Vsg-GFP staining

Both female and male 3 to 5-day-old Hml-gal4, UAS-GFP/UAS-aVsg; vsg KO2 and Hml-gal4, UAS-GFP flies were used for the rescue
experiment in hemocyte.

No field-collected samples were used in this study

NA

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

Plots
Confirm that:

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

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).

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation
Instrument
Software

Cell population abundance

Gating strategy

Live cells were resuspended in growth medium (Schneider's medium with 10%FBS) and loaded directly
FACSymphony (BD)
FACSDiva software for acquisition and BD Flow Jo software for analysis

Figure. 2i. The FSC-A/SSC-A profile used to select viable cells (¥80%), and then the SSC-1/SSC-H profile used to select singlets
(~95%).

Extended Figure. 3.b,c,d,e. all gating described in methods, and no events were removed prior.

Extended Figure.5a. The FSC-A/SSC-A profile used to select viable cells (~77%). Next, the SSC-A/SSC-H profile used to seletct
singlets (~95%). Finally, the FSC-A/Alexa Fluor-488 profile was used to seperate cell populations into S2R+ cells (~55%) and
SP-GFP-Vsg cells (¥45%).

See " cell population abundance" above

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