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Abstract

Epstein-Barr virus (EBV) is a ubiquitous y-herpesvirus with latent and lytic cycles. EBV repli-
cates in the stratified epithelium but the nasopharynx is also composed of pseudostratified
epithelium with distinct cell types. Latent infection is associated with nasopharyngeal carci-
noma (NPC). Here, we show with nasopharyngeal conditionally reprogrammed cells cul-
tured at the air-liquid interface that pseudostratified epithelial cells are susceptible to EBV
infection. Donors varied in susceptibility to de novo EBV infection, but susceptible cultures
also displayed differences with respect to pathogenesis. The cultures from one donor
yielded lytic infection but cells from two other donors were positive for EBV-encoded EBERs
and negative for other lytic infection markers. All cultures stained positive for the pseudos-
tratified markers CK7, MUC5AC, a-tubulin in cilia, and the EBV epithelial cell receptor
Ephrin receptor A2. To define EBV transcriptional programs by cell type and to elucidate
latent/lytic infection-differential changes, we performed single cell RNA-sequencing on one
EBV-infected culture that resulted in alignment with many EBV transcripts. EBV transcripts
represented a small portion of the total transcriptome (~0.17%). All cell types in the pseu-
dostratified epithelium had detectable EBV transcripts with suprabasal cells showing the
highest number of reads aligning to many EBV genes. Several restriction factors (IRF1,
MX1, STAT1, C180rf25) known to limit lytic infection were expressed at lower levels in the
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lytic subcluster. A third of the differentially-expressed genes in NPC tumors compared to an
uninfected pseudostratified ALI culture overlapped with the differentially-expressed genes
in the latent subcluster. A third of these commonly perturbed genes were specific to EBV
infection and changed in the same direction. Collectively, these findings suggest that the
pseudostratified epithelium could harbor EBV infection and that the pseudostratified infec-
tion model mirrors many of the transcriptional changes imposed by EBV infection in NPC.

Author summary

It has been known for over 50 years that EBV infection is associated with NPC. Despite
many advances from studies in 2-dimensional cell culture, many aspects of EBV molecu-
lar pathogenesis in the nasopharynx remain undefined because the cell types and the biol-
ogy of the nasopharyngeal epithelium can only be faithfully captured in 3-dimensional
cell culture. In the stratified epithelium, cellular differentiation triggers lytic infection but
it is not clear to what degree the pseudostratified epithelium is involved. The pseudostrati-
fied epithelium is abundant in the lateral wall where the lymphoid-rich fossa of Rosenmiil-
ler is located and is a site where NPC tumors most often arises. While the oral epithelium
is a site of EBV replication, whether the nasopharyngeal epithelium is a major source of
EBV shedding in the nasopharynx is not well defined. Here, we present a 3-dimensional
organoid model of the nasopharyngeal pseudostratified epithelium showing that such
cells can be infected with EBV in some donor cultures, with examples of both latent and
Iytic infection. We propose that the cell types of the pseudostratified epithelium should be
considered a component of EBV pathogenesis in the nasopharynx and that the difference
in donor susceptibility and latent/Iytic infection could influence EBV’s fitness in the
nasopharynx.

Introduction

Epstein-Barr virus (EBV) is a human tumor virus from the y-herpesvirus family [1]. Infection
is chronic and mostly asymptomatic but in a subset of individuals, latent infection is associated
with different types of B-cell lymphomas and epithelial carcinomas such as nasopharyngeal
carcinoma (NPC) [1]. EBV-associated NPC is endemic in Southeast Asia and also occurs with
higher incidence in specific populations such as Alaskan Inuits [2]. Diet and host genetics are
thought to be risk-factors for NPC but almost all NPC tumors share the characteristic of latent
and clonal EBV infection [2]. Thus, it would seem that EBV is not a passenger infection but
coincides with the clonal expansion of the neoplastic cell in NPC. EBV immortalizes B-cells;
however, there are no reports of immortalization in epithelial cells [3,4]. EBV in vitro infection
is also inefficient in two-dimensional (2-D) cell culture [5]. Accordingly, many aspects of EBV
molecular pathogenesis in epithelial cells is unclear. There is however clear evidence that EBV
infection can be detected in preinvasive nasopharyngeal biopsies but in the absence of dyspla-
sia, EBV-infected cells are rarely detected in the normal nasopharyngeal epithelium [5-8].
This infrequency may be due to robust immune surveillance and/or small areas of infection
that are difficult to capture by biopsy sampling methods. Thus, studies on EBV molecular
pathogenesis in the nasopharynx have relied heavily on cell culture. Conventional 2-D cell cul-
ture is used to study EBV latent infection in epithelial cells but it does not reproduce all the cell
types of the nasopharyngeal epithelium or capture many aspects of the differentiated biology
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[3,9]. Furthermore, EBV-infected cell lines in 2-D culture can be refractory to reactivation
even when treated with chemical inducers [3,10]. Both latent and lytic infection are thought to
encourage the carriage and spread of EBV in the nasopharynx, which presumably would pre-
dispose cells to neoplasia by being exposed to EBV infection [2].

Differentiation-induced reactivation in oral stratified keratinocytes cultured in 3-D organo-
typic rafts explains the lytic pathology of EBV-associated oral hairy leukoplakia [11,12]. The
molecular pathogenesis in the nasopharyngeal epithelium is less clear as experimental models
of EBV infection in the human nasopharyngeal epithelium have only recently emerged [3,13].
Other than stratified keratinocytes, almost half of the nasopharyngeal epithelium is composed
of pseudostratified respiratory epithelium which consists of a variety of cell types (ciliated,
mucosecretory, basal and suprabasal) [14]. In this study, we present a de novo EBV infection
model of the nasopharyngeal pseudostratified epithelium grown in 3-D cell culture from con-
ditionally reprogrammed cells in air-liquid interface (ALI) culture [15-17]. To distinguish this
type of pseudostratified ALI culture from other types of ALI culture that model the stratified
epithelium (such as organotypic rafts), we herein refer to the pseudostratified ALI model as
“pseudo-ALI” culture. Conventionally, pseudo-ALI cultures of airway (bronchial or nasal) epi-
thelial cells are used to study acute virus infections such as influenza virus [18], respiratory
syncytial virus [19], rhinovirus [20], and SARS-CoV-2 [21]. Recently, one study has reported
that 3-D cultured pseudostratified epithelial cells can indeed be infected by EBV in vitro as
determined by in-situ hybridization of EBV transcripts (EBER1 and BRLF1) using RNAScope
[13]. Such sensitive detection methods improve the diagnosis of EBV infection at single cell
resolution but the singular detection of EBV transcripts alone cannot distinguish an active
EBV (latent/lytic) infection program from an abortive infection in a biologically meaningful
manner. It was also not clear whether such EBV infection can be observed in more than one
donor or whether the detection of EBV transcripts amounts to virus production. Here, we
report that nasopharyngeal pseudo-ALI cultures from different donors can be susceptible to
EBV infection. Using primary cells from a collection of 9 donors and EBV molecular diagnos-
tics including immunostaining for EBV latent and lytic proteins, in situ-hybridization for
EBERs, EBV genome amplification, and single cell RNA-sequencing (scRNA-seq), examples
of both latent and lytic infection are observed. Evidence of donor-specific variation in suscepti-
bility and infection outcome (latent/lytic) is presented. We report that latent infection can
occur in such nasopharyngeal pseudo-ALI cultures. These latently-infected cells express cell
cycle markers and higher levels of host restriction factors known to limit EBV lytic infection.
A third of the transcriptional changes observed in EBV-infected NPC tumors were commonly
affected in the latently-infected subcluster of the pseudo-ALI culture, compared to an unin-
fected pseudo-ALI reference dataset. A third of these commonly perturbed genes (16 genes)
were not found in uninfected nasopharyngeal biopsy controls but unique to EBV-infected
NPC tumors and the EBV-infected pseudo-ALI culture, most likely attributed to EBV-
imposed changes. Given that the pseudo-ALI cultures from some donors were consistently
positive for EBERs, but negative for EBV lytic antigens, this is consistent with the hypothesis
that while the stratified epithelium produces a lytic infection [12], the pseudostratified epithe-
lium can harbor latently-infected cells.

Results
Establishment of a 3-D pseudo-ALI model of de novo EBV infection

We have previously demonstrated that conventional ALI culture can reactivate EBV from the
NPC cell line, HK1-EBV, producing high infectious titers (>10° infectious green Raji units per
cm?) [10]. To elucidate EBV pathogenesis in primary cells, a method was developed for de
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novo EBV infection in primary nasopharyngeal cells grown in pseudo-ALI culture. Primary
cells from the nasopharynx, at the site of the lymphoid-rich fossa of Rosenmiiller, were col-
lected under direct visualization from adult immune-competent donors undergoing endo-
scopic nasal procedures for reasons other than cancer. Conditionally reprogrammed
nasopharyngeal cells were expanded on irradiated mouse 3T3-J2 fibroblasts in the presence of
ROCK inhibitor (Y-27632) and lifted to the air-liquid interface on collagen-coated transwell
membranes for 4 weeks [15,22]. Once the pseudostratified epithelia have formed in pseudo-
ALI culture, EBV inoculum was applied to the apical surface by co-culture with the EBV-posi-
tive Akata cell line that have been reactivated with anti-human IgG. The producer Akata cell
line is recombinantly-infected with EBV expressing neomycin resistance and the EGFP
marker gene inserted into the non-essential BXLF1, herein referred to as rAkata [23]. As mock
control, target cells were co-cultured with EBV-negative Akata cells similarly treated with anti-
human IgG antibody.

Cells differentiated in pseudo-ALI culture were analyzed by histopathology to control for
differentiation into pseudostratified epithelium (Fig 1). Hematoxylin and eosin stain demon-
strated the presence of pseudostratified epithelium and ciliated cells. There were cultures from
some donors with thinner (donor no. 4) or thicker (donor no. 6) epithelium but overall the
histology is consistent with a pseudostratified, but not a stratified epithelium. Alcian blue and
periodic acid Schiff stain stained positively for mucin-secreting cells. Furthermore, immuno-
histochemistry staining for the proliferation marker Ki67, showed the infrequent presence of
cycling cells demarcating the basal layer. To identify susceptible samples, EBV molecular diag-
nostics for latent and Iytic markers of infection were developed for whole-mount staining of
pseudo-ALI culture. These molecular diagnostics were first validated in the HK1-EBV cell line,
in which 2-D culture is latent but 3-D ALI culture triggers lytic reactivation [10]. EBERs are
abundantly expressed during latent infection and is diagnostic of EBV infection in NPC
tumors, but strongly downregulated during lytic infection [24-27]. Based on this latent/lytic
cycle-dependent expression, the strong presence of EBERs (detected in the nucleus) and absent
detection of EBV Iytic antigens is diagnostic of latent infection. As exemplified in HK1-EBV
cells maintained in monolayer culture, such latently-infected cells stained positively for EBERs
by in situ hybridization (EBER-ISH) in the nucleus, but negative for Zebra (immediate-early
protein) in the nucleus and negative for gp350 (late glycoprotein) in the cytoplasm (S1 Fig). In
contrast, HK1-EBV cells reactivated by ALI culture stained negatively for EBERs but positively
for Zebra and gp350 (S1 Fig). Staining for the EBV oncoprotein, LMP1, identifies both latent
and lytic infection [10,28]. Stained images are scored by pixel intensity represented as a histo-
gram compared to the mock (Fig 2). Punctate LMP1 foci can also be discriminated as particles
and scored by particle intensity, represented as a box and whisker plot (Fig 2C).

EBYV infection in pseudo-ALI culture show variation in donor susceptibility

Both susceptible and non-susceptible cultures were identified by EBV molecular diagnostics
(Table 1). A total of 3 pseudo-ALI cultures (donor no. 1, 4, 7) were susceptible to EBV infec-
tion, while cultures from the other 6 donors were negative for the tested EBV molecular mark-
ers (Fig 2A and S2 Fig). Pseudo-ALI cultures from 2 donors (nos. 1 and 7) were positive for
markers of latent infection, while cultures from donor no. 4 were positive for markers of lytic
infection (Fig 2A-2C and Table 1). Stitched images showed no evidence of residual B-cell con-
tamination from the inoculum after extensive washing before fixing and processing for stains
(S3 Fig). In some cases, susceptible and non-susceptible cultures could be identified in the
same experiment using the same stock of inoculum (Table 1). Thus, a failure to infect was due
to donor-specific variation not due to experimental variation. Infections were repeated on
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Fig 1. Histological analysis of pseudo-ALI cultures derived from the nasopharynx for markers of cellular differentiation and the EBV epithelial cell
receptor. Shown are pseudo-ALI cultures susceptible (bold) and non-susceptible (italics) to de novo EBV infection. Examples of ciliated cells are marked
by a black box in the Hematoxylin & Eosin (H&E) stain. Mucin-producing cells are marked by a black arrow in the Alcian blue/periodic acid Schiff (AB/
PAS) stain. Basal cells that are proliferating are marked by a black arrowhead in the Ki67 stain. Expression of the EBV epithelial cell receptor, Ephrin type-
A receptor 2 (EphA2), is indicated by brown 3, 3’~diaminobenzidine (DAB) staining counterstained with nuclear blue.

https://doi.org/10.1371/journal.ppat.1009041.9001

low-passaged cells thawed from banked nasopharyngeal conditionally reprogrammed cells. In
almost all cases of biological repeats (53 out of 54), either from susceptible (donor no. 4 and 7)
or non-susceptible (donor no. 3, 5 and 8) donors, the same result in donor-specific susceptibil-
ity and latent/Iytic profiles were observed (Table 1, parentheses). Susceptibility to EBV did not
appear to correlate with the presence or absence of comorbidity, although the number of sam-
ples collected is too small for statistical analysis. Despite the fact that donors were consented at
the time of surgery for rhinosinusitis or other sinus conditions, all donors had seemingly nor-
mal (or sub-clinical) presentation of the nasopharynx. Furthermore, since the pseudo-ALI cul-
tures are grown in the presence of antibiotics and antimycotics, any difference in EBV
infection is likely attributed to differences in host genetics, epigenetics or possibly the virome,
rather than the bacterial or fungal microbiome. The EBV entry receptor for epithelial cells,
Ephrin receptor A2 (EphA2) [29,30], was detected on the plasma membrane in all susceptible
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Fig 2. EBV de novo infection of primary nasopharynx-derived epithelial cells in pseudo-ALI culture. A-C, Immunofluorescence staining and EBER-ISH
images (red) for EBV molecular diagnostics in pseudo-ALI cultures infected with EBV-positive rAkata B-cells or EBV-negative Akata B-cells (mock),
counterstained with DAPI (blue). Shown are maximum intensity projections of confocal images on the xy (square) and xz (rectangle) planes. The pixel signal
intensity of the EBV markers in the unzoomed image, in mock (blue line) and EBV-infected (red line) samples, are compared in the histograms. (A) Shown
are the results for four donors. Cells were harvested at days 4-5 p.i. for Zebra and days 5-7 p.i. for EBER-ISH. More extensive analysis at days 2 and 5 p.i. was
performed for donors (B) no. 4 and (C) no. 7. LMP1 foci in the weakly stained sample (donor no. 7) was also scored as mean particle intensity, from the
unzoomed image. Bold, susceptible donor sample; italics, non-susceptible donor sample. LUTSs, look-up-tables.

https://doi.org/10.1371/journal.ppat.1009041.9002

pseudo-ALI cultures but some of the cultures from non-susceptible samples were also strongly
positive for EphA2, exemplified by donors no. 3 and 6 (Fig 1 and Table 1). This indicates that
while expression of EphA?2 is consistent with EBV infection, other donor-dependent restric-
tion factors are likely involved.

A thorough histological examination of cellular markers that define the pseudostratified
epithelium did not differ between the donor pseudo-ALI cultures. All pseudo-ALI cultures
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Table 1. Summary of molecular diagnostic results from EBV infection of pseudo-ALIs.

Donor No.* Experiment
(reference code) No.

1 (HO4) 1
2 (HO05)

3 (HO08) 2
4 (H10) 3
5(H12) 4
6 (H13)

7 (H15) 5
8 (H17) 6
9 (H18)

Susceptibility to | EphA2** | Latent | Lytic (immediate- | Latent- Reason for surgery/comorbidity [other]
EBV (- +) early, late) Iytic

EBER Zebra gp350 LMP1
(-/+) (-/+) (-/+) (-/+)

++ + - n/a n/a CRSsNP***/none
+ - - n/a n/a Fungus ball, septal deviation, allergic rhinitis/
inflammatory polyarthropathy
+++ - (6/6) - (6/6) n/a n/a CRSsNP/inflammatory polyarthropathy,
Yellow Nail Syndrome
++ - + (5/6) + + Left turbinate hypertrophy/none
+ - (6/6) - (6/6) - - CRSsNP/inflammatory polyarthropathy
+++ - - - - Silent sinus syndrome/thyroid disorder-

unspecified, [Crohn’s disease]

++ + (6/6) - (6/6) - + weak Septal perforation-unknown etiology/
[rheumatoid arthritis]
- - (6/6) - (6/6) - - Septal deviation/none
+ - - - - Odontogenic sinusitis and septal deviation/
none

*Donor cells were obtained from the nasopharynx. The reference code denotes a unique donor identifier;

**Scoring criteria: -,+,++,+++;

***CRSsNP, Chronic rhinosinusitis without nasal polyps; n/a, not available; biological repeats are indicated in parentheses.

https://doi.org/10.1371/journal.ppat.1009041.t001

stained strongly for cytokeratin 7 (CK7) which marked the columnar cells in pseudostratified
sinus tissue but not the tonsillar squamous epithelium (Fig 3) [31]. Furthermore, cilia marked
by a-tubulin and the mucosecretory Goblet cells marked by MUCS5AC staining, were identi-
fied in the pseudo-ALI cultures and sinus tissue but not the tonsillar squamous tissue control
(Fig 4). These results are consistent with the pseudo-ALI cultures being histologically similar
to the pseudostratified epithelium in vivo. The exception was donor no. 4 in which ciliated
cells was not observed by staining formalin-fixed paraffin-embedded (FFPE) sections, which
sometimes can be afflicted by tangential cuts, but could be identified as a distinct cell cluster in
subsequent scRNA-seq analysis (Fig 5). The cellular differentiation-dependent transcription
factors BLIMP1 and KLF4 previously associated with EBV Iytic reactivation also did not distin-
guish the donor pseudo-ALI cultures [32]. The differentiated cells of the tonsillar stratified epi-
thelium, but not the pseudostratified epithelium from sinus tissue or pseudo-ALI culture,
stained positively for nuclear BLIMP1 (Fig 3). Nuclear staining of KLF4 was more strongly
detected in the pseudostratified epithelium of sinus tissue than the stratified tonsillar epithe-
lium, but its detection in pseudo-ALI cultures was irrespective of EBV susceptibility and not
unique to the donor pseudo-ALI culture (donor 4) that yielded lytic-infected cells (Fig 3).
Additionally, involucrin which strongly stained multiple apical layers of the tonsillar squamous
epithelium but weakly stained the pseudostratified sinus, appeared in the pseudo-ALI culture
of donor no. 4 (Fig 3). However, involucrin also appeared in the pseudo-ALI culture of donor
no. 7 (Fig 3) which lacks any sign of lytic infection (Fig 2A and 2C). These results indicate that
the known differentiation markers associated with lytic infection do not explicitly explain the
type of EBV infection (latent or lytic) observed in pseudo-ALI cultures, which may be affected
by the expression of other lytic restriction factors such as type I interferon genes [33]. Unfortu-
nately, it was not possible to stain FFPE sections of EBV-infected cells for cellular and EBV
markers because the cultures were too disrupted for intact FFPE sectioning and staining.
There was also not sufficient primary cell material to generate enough pseudo-ALI cultures for
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Fig 3. Immunostaining for markers of the pseudostratified epithelium and cellular differentiation factors. Immunofluorescence images
of FFPE sections from pseudo-ALI cultures stained for the pseudostratified epithelial marker (CK7) and markers of cellular differentiation
(BLIMP1, KLF4 and Inv). Sinus and tonsil sections served as control tissue for the pseudostratified and squamous epithelium, respectively.
CK?7, cytokeratin 7; Inv, involucrin; Low exp, low exposure.

https://doi.org/10.1371/journal.ppat.1009041.9003
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Fig 4. Immunostaining for cell-type specific markers unique associated with the pseudostratified epithelium. Inmunofluorescence images of FFPE
sections from pseudo-ALI cultures stained for cilia (a-tubulin) and for a mucosecretory Goblet cell marker (MUC5AC). Sinus and tonsil sections served as
positive and negative tissue controls, respectively. K5, keratin 5.

https://doi.org/10.1371/journal.ppat.1009041.9004
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Fig 5. Identification of EBV-infected cell types from scRNA-seq performed on a pseudo-ALI culture from donor no. 4. (A)
Uniform Manifold Approximation and Projection (UMAP) plots displaying the major cell clusters and assigned identity from
host marker genes. Schematic displays the cell types in the pseudostratified nasal epithelium that are represented in the cell
clusters. (B) Comparison of alignment methods against different EBV genome annotations by UMI counts and numbers of cells.
(C) The percentage of EBV-infected cells is displayed for each cluster. Shown are the results from alignment to the fused
annotation EBV genome, (D) Density plots of log10 transformed pseudocount (UMI count+1) for EBV reads against normalized
cell numbers displayed for each cell cluster. Cell numbers are normalized for the total number of cells in each cluster. Cells are
grouped by EBV™#"¢, EBV'" and EBV"®" populations designated by reads aligning to the EBV genome. Density plots with a
similar profile are similarly colored. Where applicable (B-C) cells with reads aligning to the EGFP gene is also shown.

https://doi.org/10.1371/journal.ppat.1009041.g005

whole-mount staining of all these cellular and EBV markers. However, these results of mock-
infected controls do indicate that the pseudo-ALI cultures represent the cell types of the pseu-
dostratified epithelium observed in vivo. Complementary approaches such as scRNA-seq
could help to distinguish EBV infection by cell type and to elucidate host determinants of EBV

infection.

Molecular diagnosis of EBV infection reveals donor-specific differences in
molecular pathogenesis—Latent versus lytic infection

Samples from donors no. 4 and 7 were subjected to more extensive analyses at days 2 and 5
post-infection (p.i.). Donor sample no. 4 stained positive for Zebra and LMP1 beginning at
day 2 p.i., followed by gp350 at day 5 p.i., denoting a lytic infection (Fig 2B). Donor sample no.
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Table 2. Summary of EBV quantitative PCR and infectious titer results for pseudo-ALI cultures from donor no.4.

Condition (days p.i.) EBV DNA quantitative PCR (n = 3) Green Raji Unit [GRU] titer
(n=2)
Extracellular EBV genomes per ALI Cell-associated EBV genomes per ALI GRU per ALI S.D.
CT Copy Number S.D. CT Copy Number S.D.
Day 2, rAkata-infected (n = 2) 28.84+0.08 3.13E+04 1.87E+03 28.56+0.12 4.06E+04 3.25E+03 624 238
Day 5, rAkata-infected (n = 6) 23.90+0.07 1.16E+06 4.80E+04 30.23+0.31 1.55E+04 2.62E+03 1.07E+05 6.29E+04
Day 2, input control (n = 2) 29.38+0.07 2.16E+04 1.27E+03 30.08+0.12 1.21E+04 1.28E+03 0 0
Day 5, input control (n = 3) 29.46+0.15 2.00E+04 2.44E+03 31.40+0.34 4.67E+03 1.58E+03 8 8
No template or media control 33.58+0.30 0 0 32.06+0.13 0 0 0 0

https://doi.org/10.1371/journal.ppat.1009041.t002

7 showed positivity for EBERs at day 5 p.i., denoting a latent infection (Fig 2C). For donor
sample no. 4, EBV replication was measured by quantitative PCR of DNA harvested from
extracellular or cell-associated DNase-resistant encapsidated virus (Table 2). As input control,
pseudo-ALI cultures were fixed before co-culture with the inoculum. While the EBV genome
copy number in the input control did not increase from day 2 to 5 p.i., extracellular EBV
increased 37-fold (3.13 x 10* copies at day 2 p.i. to 1.16 x 10° copies at day 5 p.i.). EBV copy
numbers did not increase in the cell-associated virus which measured between 1.55-4.06 x 10*
copies. This indicates that the majority of encapsidated EBV are packaged for secretion. Using
virus collected from the extracellular source, infectious units were scored by the Green Raji
Unit (GRU) assay in the non-producer Raji cell line. The secreted virus is indeed infectious,
reaching 1.07 x 10° GRUs by day 5 p.i. (Table 2).

Single cell RNA-sequencing reveals cell type-specific EBV transcriptional
profiles

scRNA-seq analysis poses a challenge for all herpesvirus genomes because of overlapping 3’
co-terminal herpesvirus transcripts, whose non-uniquely mapped reads are discarded in the
10X Genomics single cell analysis pipeline [34]. We reasoned that this bioinformatics chal-
lenge is theoretically possible with the EBV y-herpesvirus genome given that it has been dem-
onstrated for o- and B-herpesviruses [35-37]. Recent reports have demonstrated that scRNA-
seq alignment to EBV is possible in EBV-infected lymphoblastoid cell lines and NPC tumors
[38-40], although alignment spanning the EBV genome has yet to be demonstrated. This is
more likely to be observed in lytic-infected cells such as those in pseudo-ALI culture. To iden-
tify EBV-infected cell types, the pseudo-ALI culture at day 4 p.i. from donor sample no. 4 was
subjected to scRNA-seq. Cell clusters (Fig 5A) were assigned cell identities using a priori-
defined marker genes (Fig 6) established from primary human nasal epithelial cells grown in
pseudo-ALI culture [41] as well as from primary nasal tissue (The Human Cell Atlas Lung
Consortium) [42]. All major airway epithelial cell types (basal, mucosecretory, suprabasal and
ciliated) could be identified (Fig 5A). In order to improve alignment to the partially annotated
EBV genome (NCBI KC207813.1), the Akata strain reference genome was updated with addi-
tional exon annotation totaling 87 genes. In order to identify the optimal alignment, we tested
several algorithms using the 10X Genomics Cell Ranger pipeline. The reads were either aligned
to the whole EBV genome as one annotation, as separately annotated genes, or as annotated
genes but with genes that have regions of overlap in the same direction represented as fusion
genes. Alignment to the separate annotation assigns the identity of EBV transcripts according
to the reference annotations, but alignment to the other two annotations counts more EBV
reads. Overall, the EBV transcriptome represents 0.08% (separate annotation) to 0.17% (one

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009041  April 29, 2021 11/27


https://doi.org/10.1371/journal.ppat.1009041.t002
https://doi.org/10.1371/journal.ppat.1009041

PLOS PATHOGENS

3-D model of EBV infection in the nasopharynx

'm' |
il

i ‘IH"I [Hwn‘\h" )

i

il

i

i

J

,mm.&l‘!ﬂ:i*.’,;L '2

11—

* 0: suprabasal 1

: secretory 1

: suprabasal 2 (EBV"dn)
: secretory 2

: B-cell (EBV inoculum)
: basal

: mixed (EBV"a")

: ciliated

‘uv i “ il l(u :

NO O WN=

Expression
log,(UMI count+1)

‘xu'v.w il 1

i

nlabf o

ve)

7 ® [ ] [ ] Mean expression in cluster
6 PN ec00 log,(mean(UMI count+1))
2.0
5 eceo ®o-00 B
=
g “4le o o 1.0
7] 0.5
33 [
(3] o .
2 % of cells in cluster
1 ® 25%
® (] ® 50%
0 ® 75%
e e b @ 100%
T e = R EE TR T d L SsonRT N
B-cells Basal Suprabasal Club Goblet  Ciliated EBV receptors
C PAX5 TP63 KRT6B SCGB1A1 BPIFA1
+ 3
LE e q o
= 15{SEE e .
'g 1.0 N f g
21
4 - 05 -L 2
5
i o T —— L LLLL
QNYDY XD 06A O N9 D> X 6 o A QNYD XH oA DNYD ™D 0A QNYD XD 0A ONYD KXo oA
Cluster Cluster Cluster Cluster Cluster Cluster
MS4A1 KRT14 KRT13 KRT4 MUC1
B4 ! 6 . 3 6] i 4, :
2 4 b N g [ 3
Sal . T SR .'-'.:_L' ® L P ..i}:+.-.{-= - i !
o TIIrriry ne g i LAl 0 lakes
ONIYD X H oA N UY D X O o A QNYD XD 06A QNYD X504 QNYD XH oA
Cluster Cluster Cluster Cluster Cluster

Fig 6. Assignment of cluster identity by cell type-specific marker genes for donor no. 4. (A) Hierarchical clustering of
heatmap representing cluster-specific top marker genes. Expression shows log10 transformed pseudocount (UMI count
+1). (B) Dot plot representing marker gene expression by cluster. Dot size indicates the percentage of cells in each cluster
expressing the marker gene. Color gradient indicates the mean expression of each marker gene, averaged from positively
scored cells, for each cluster. Cluster identity enriched for cell-type specific marker genes are color-coded. Cluster 6
expresses a mixture of marker genes indicative of multiple cell types (basal, suprabasal, goblet/mucosecretory). The EBV
receptor gene, CRI, is not shown as it was not expressed according to the count matrix. (C) A few of the highly cell type-
specific marker genes were chosen for display by violin plots.
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annotation and fused annotation) of the total transcriptome (Fig 5B). This is similar to esti-
mates from bulk RNA-seq of lymphoblastoid cell lines carrying latent EBV, where the majority
of samples had EBV reads measuring 0.1-0.5% of the total transcriptome [43]. A large majority
of the cells (71%-82%) expressed EBV and/or EGFP transcripts (Fig 5B). It is noteworthy that
an inherent methodological limitation of the single-cell sequencing technology is its limited
capture rate, in our case approximately 30-32% of total mRNA. Thus, it is to be expected that
a significant proportion of the infected cells are false negative for EBV or EGFP transcripts.
Also, the captured EGFP or EBV reads may only reflect a small portion of the expressed reads
from the virus. Thus, although in theory infected cells would express both EGFP and EBV
transcripts, in practice there was a small number of cells with low numbers of EBV reads that
had no EGFP reads, and vice versa (S4 Fig). There were also cells that had mid-level EGFP
reads but no EBV reads that are likely to have resulted from abortive infection (S4 Fig). None-
theless, the overall number of EBV reads was positively correlated with the number of EGFP
reads (54 Fig).

Every cluster scored positive for EBV and/or EGFP reads (Fig 5C). BHLFI, BHRF1, LF3
and LMP1/BNLF2a/BNLF2b were the most frequently detected genes in the highest proportion
of epithelial cells across clusters (Fig 7). While the B-cell inoculum was not detectable by
immunofluorescence staining because it was subjected to extensive washing before fixation to
remove serum contaminants, it was however detected as a distinct cluster by scRNA-seq where
the cells were subjected to a gentler wash in serum-containing buffer to preserve cell viability
for optimum scRNA-seq processing. All the cells in cluster 4 defined as the B-cell inoculum by
B-cell markers (PAX5, MS4A1), expressed EBV and/or EGFP transcripts, with >97% of cells
showing both EBV and EGFP (Fig 5C). Across the epithelial cell clusters (clusters 1, 2, 3, 5, 6,
7, 0) the percent of cells with EBV reads ranged between 63%-91%, with no clear difference in
susceptibility between clusters (Fig 5C). However, density plots revealed two distinct EBV
expression profiles, clusters with a peak at low UMI count (log;o(count+1) < 0.3, clusters 0, 1,
3, 5, 7) denoted as EBV'®Y, and clusters with 1-3 log; higher UMI counts (clusters 2, 4, 6)
denoted as EBVish (Fig 5D).

Lytic infection is confined to suprabasal cells while latent infection appears
in basal/mucosecretory and ciliated cell types

EBV'" cells found in all clusters displayed a distinct expression pattern (BHLF1, BHRFI, LF3,
and the fused annotation LMP-1/BNLF2a/BNLF2b) which did not resemble a canonical type I/
I1/III latency profile (Fig 8). These cells are likely to be latent, refractory or in the early stage of
the lytic cascade. These EBV'®™ cells are predominantly found in basal, mucosecretory and cili-
ated cell types but also in a group of suprabasal cells defined by cluster 0 (Fig 8). The mixed
cell types in cluster 6 could be further divided into 4 sub-populations with distinct marker
gene expression (S5A Fig). EBV™" cells within subcluster 6-4 with basal cell features (S5 Fig)
and the EBV™8" suprabasal cells in cluster 0 (Fig 8) display high levels of BZLFI1/BRLF1 indica-
tive of reactivation. Lytic infection was mainly observed in EBV™8" suprabasal cells (cluster 2)
where there is global induction of EBV genes (Fig 8) but shut-off of host mRNA (Fig 9). Con-
servative thresholds (as defined by the number of mapped EBV genes per cell and the percent-
age of transcripts mapped to EBV) were introduced in order to define cells by Iytic or latent
infection in cluster 2 and thereby remove cells with intermediate features which may be in a
transitional stage (S6A Fig). Such criteria agreed with the expected expression of BRLF1/
BZLFI in lytic cells (S6B Fig). In total 22 of 236 EBV-infected cells in cluster 2 were designated
lytic and 171 of 236 EBV-infected cells in cluster 2 were considered to be strictly latent
(denoted EBV™*™1°™) Qverall, all cell types in the pseudo-ALI were susceptible to EBV-
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https://doi.org/10.1371/journal.ppat.1009041.9007

infection; however productive virus infection as defined by global induction of EBV genes was
mainly confined to suprabasal cells. Despite the concerns of overlapping and low abundance
viral transcripts evading capture by scRNA-seq [34], we conclude that with the appropriate ref-
erence annotation and careful assignment of threshold criteria, EBV latent and Iytic infection
can be denoted by scRNA-seq.

EBYV expression in pseudo-ALI display similarities to primary NPC

We further investigated if the EBV gene expression in the infected pseudo-ALI were compara-
ble with primary NPC tissue [39]. The publicly available scRNA-seq data from three NPC
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Fig 8. Distinguishing EBV gene expression profiles by cell type. Heatmaps show EBV gene expression by UMI count per cell,
displayed for each cluster, for the EBV-infected pseudo-ALI culture of donor no. 4. To distinguish EBV"" from EBV'®Y cells, total
EBV counts (total EBV UMI counts per cell) are shown at the bottom of each heatmap. Only the EBV-infected cells (with reads
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scRNA-seq reads were aligned to the EBV genome fused annotation.
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mRNA molecules) but low total (host and viral) transcript counts representative of host shut-off. Only cells with
>1000 mRNAs per cell are shown as defined by the filtering criteria (see S1 Supplementary Methods).

https://doi.org/10.1371/journal.ppat.1009041.9009

tumors (NPC36, 46, 50) from the study by Jin S. et al. 2020 [39] had the highest fraction of
reads in epithelial cells aligning with EBV (S1 Table) and were selected for further analysis.
Two of the three tumors, NPC36 and NPC50 had equivalent EBV normalized reads (counts
per million, cpm) as the EBV™*"1°% cells in cluster 2 (S1 Table). Similar to the pseudo-ALL
expression of the EBV genes were primarily from the merged LMP1/BNLF2a/BNLF2b gene
annotation in these three NPC tumors (S7 Fig). However, BHRF1, BHLFI and LF3 were absent
in all NPC cells. It is possible that expression of protein encoding genes may be better tolerated
in the pseudo-ALI culture compared with a tumor microenvironment subjected to immuno-
logical pressure. No lytic cells were detected in the NPC cells, although the total number of
EBV-positive epithelial cells were low (n = 589) in these datasets.

Host gene perturbation in the pseudo-ALI cells were compared to identify markers that
would distinguish the different EBV'e"1o"/EBy/!atenthigh/ gy Yic ipfection states. The EBV-
and EGFP-negative pseudo-ALI cells were expected to have false negative/EBV-positive cells
due to the low capture rate of single-cell sequencing. A comparison was made between EBV'*
tenthigh 5 nd EBV™ ™™ cells from cluster 2 which revealed that five genes were significantly
upregulated in the EBV'*“"i8" cells compared with EBV™°™ cells (S2 Table). Three (APO-
BEC3A, IL36G and S100A7) of the five genes are associated with immune response to
microbes, likely induced by the higher levels of EBV gene expression. These three genes and
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Fig 10. Venn diagram of differentially expressed genes. (A, B) NPC tumors (NPC36, NPC46 and NPC50, [39]), (A) EBVRtnoW cells from cluster 2
(C2-EBV™rtowy and (B) EBVMOV cells from all epithelial clusters (Epi—EBVlate"ﬂ"w) in the EBV-infected pseudo-ALI culture from donor no. 4 were
compared against an uninfected pseudo-ALI culture from [41] as reference control (ALI®™,

https://doi.org/10.1371/journal.ppat.1009041.9010

KLKS5 were also significantly upregulated in EBV*“*™8" cells in all epithelial clusters (52

Table). In stark contrast, comparison of EBV*"%°" and EBV"Y"“ cells generated a list of 4130
perturbed genes. This large number of perturbed genes is consistent with the global effect that
EBYV reactivation has on the host transcriptome in lytic cells.

In order to examine whether the changes in the transcriptome caused by EBV-infection in
our nasopharyngeal pseudo-ALI show similarities with NPC tumors [39], we compared both
datasets with scRNA-seq data from an uninfected pseudo-ALI culture [41]. The EBV!2tentow
cells from cluster 2 was used to represent latently-infected cells in the pseudo-ALI culture.
Highly similar results were obtained when using the EBV'*“™°™ cells from all epithelial clus-
ters (S2 Table). Forty-eight genes (approximately a third of all differentially-expressed genes)
were perturbed in both the NPC and cluster 2 EBV**"!°" datasets compared with the unin-
fected pseudo-ALI (S2 Table). An additional uninfected dataset from non-tumor nasopharyn-
geal biopsies [39] was used to filter out genes which were differentially expressed irrespective
of EBV infection. Of the 48 perturbed genes, 32 were found in this control analysis. The
remaining 16 genes were commonly perturbed in NPC and cluster 2 EBV'*“™*™ pseudo-ALI
cells compared with uninfected pseudo-ALI and therefore likely attributed to EBV-infection
(Fig 10A). Additional three genes were commonly downregulated with NPC when using EBV-
latentlow 1 ceudo-ALI cells from all epithelial cell clusters compared with the uninfected pseudo-
ALI (Fig 10B and S2 Table).

Gene expression profiles of cellular differentiation, EBV attachment,
restriction factors and cell cycle

The expression levels of the epithelial differentiation markers IVL, PRDM1 (BLIMPI), KLF4,
SCEL, SPRR1 and SPRR1B were analyzed between the pseudo-ALI cell clusters. The transcrip-
tion factors BLIMPI and KLF4 are associated with EBV lytic reactivation in differentiating ker-
atinocytes [32]. The largest difference was observed in cluster 6 with EBV™¢" cells, where all
genes were expressed significantly higher than the averaged expression across clusters (S8 Fig),
consistent with the association of cellular differentiation with EBV lytic infection. However,
analysis of the same genes in cluster 2 between the EBV™*""™ and EBV""“ cells showed lower
expression of almost all (except KLF4, SPRRI1A) differentiation genes in the EBVYH€ cells.
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Thus, genes that mark cellular differentiation in squamous epithelia do not distinguish EBV
Iytic infection in pseudostratified epithelia.

The expression levels of host surface receptors known to mediate binding to viral surface
proteins were analyzed for the different cell types. The B-lymphocyte receptor CR2 was almost
exclusively expressed in B-cells (cluster 4), while CRI was not detected in any cluster (S9A
Fig). The epithelial receptor genes EPHA2, ITGAV, ITGB5, ITGB6 and ITGB8 were expressed
sparsely in the B-cell cluster and cluster 4 was therefore omitted from further comparison.
Cells in cluster 6, with the highest percentage of EBV-infected cells (Fig 5C), expressed higher
than average levels of EPHA2 and ITGBS, and lower than average levels of ITGB5 and ITGB6
(S9B Fig). Not surprisingly, the expression of integrins ITGAV, ITGB5 and ITGB6 was highest
in the basal cell cluster (cluster 5). Additionally, all receptor genes were downregulated in the
EBVY group of cluster 2, compared with EBV2"1°™ cells (S9C Fig). We also analyzed pub-
licly available scRNA-seq data from non-tumor-derived nasopharyngeal samples and found
no evidence of EBV infection by alignment to EBV genes [39]. Only the expression of EPHA2,
ITGAV and ITGBS differed between the nasopharyngeal cells from some donors (S9D Fig).
Interestingly, all the receptor genes analyzed were expressed at much lower levels in the differ-
ent donors that showed no sign of EBV infection than the normalized expression values in any
of the epithelial clusters in the susceptible pseudo-ALI culture. Thus, it is possible that variable
expression of EBV surface receptors in the nasopharynx could influence susceptibility to EBV
infection.

In order to identify possible restriction factors that restrict EBV lytic infection [33,44,45],
we compared the expression levels of C180rf25 (ARKL1), IRF1, IRF7, IRF8, MX1 (MxA),
PIASI and STATI between the different clusters. As expected, IRF8 was almost exclusively
expressed in the B-cells (cluster 4, SI0A Fig). The most significant difference between the epi-
thelial cells was observed in the suprabasal cluster 0, which had low expression of IRFI and
MX1 (S10B Fig). In cluster 2 the EBVY' cells had significantly lower expression in the major-
ity of genes (IRF1, MX1, STATI, C1801f25) compared with the EBV#*"1°% cells (S10C Fig).

To determine if EBV-infected cells in the pseudo-ALI culture could contain proliferating
cells, cell cycle markers were analyzed. MKI67 was not highly expressed throughout the epithe-
lial cells with notable exceptions of a few cells in cluster 2 (S11A Fig). These cells containing
high levels of MKI67 were represented in both the EBV-infected EBV**°¥ and EBV"Y™ cells
(SI1A Fig). A more comprehensive cell cycle analysis showed that all cell cycle stages were rep-
resented in the EBV'*™°¥ group in all clusters (S11B Fig). All cell cycle stages were also repre-
sented within the EBV'**igh 4nd EBVY cells of cluster 2 (S11B Fig). These data indicate
that EBV-infected cells in pseudo-ALI culture are cycling and that the latently-infected cells
have the potential to replicate akin to the EBV-infected latent cells in NPC tumors.

Opverall, the collective analysis of cellular differentiation factors, surface receptors and
restriction factors are consistent with the notion that elevated expression of at least some of the
surface receptors correlate with EBV susceptibility and that the reduced expression of restric-
tion factors are associated with permissiveness to lytic infection. While all clusters in the
pseudo-ALI culture showed evidence of cycling cells, it is important to note that the latently-
infected cells have the potential to replicate in every cell type represented in the clusters.

Discussion

In conclusion, we demonstrate with a pseudo-ALI cell culture model that the pseudostratified
epithelial cells from the nasopharynx are susceptible to EBV infection. In support of the signifi-
cance of the pseudostratified epithelium to EBV infection, a recent report has also demon-
strated that the pseudo-ALI culture from the nasopharynx is susceptible to EBV infection [13].
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In agreement with our findings by scRNA-seq, EBV transcripts were detected in basal (p63™),
mucosecretory (MUC5AC™) and ciliated (B-IV-tubulin™) cells [13], but we also find that latent
and lytic cells can be detected in the pseudostratified cell types with suprabasal cells being the
most permissive to lytic infection. While this initial report described the disruption of epithe-
lial integrity by EBV infection, it did not demonstrate variation in donor cell susceptibility or
whether the detection of a lytic transcript yielded virus production. Here, we demonstrate that
productive lytic infection can be observed but only in one susceptible donor that express tran-
scripts and histological markers consistent with pseudostratified epithelium. We show that
EBYV susceptibility is consistent across experiments but also reveal that there is donor variation
(Table 1). All consenting donors were recruited at the time of surgery in the sinus clinic and as
such had sinus co-pathologies. To minimize discomfort, collection was done under anesthesia.
For ethical reasons, cytobrush scrapings in the volume needed to generate a starter culture was
conducted with living donors with reason for surgery. While we acknowledge that the donor
cells presented in this study originate from donors with sinus co-pathologies, our inclusion cri-
teria were selective and only sampled the nasopharynx of donors without evidence (or sub-
clinical presentation) of nasopharyngeal complications. Although EBV infection causes
pathology in the nasopharynx in the form of NPC, unfortunately limited sampling has meant
that it has been difficult to identify EBV-infected cells in the nasopharynx of asymptomatic
carriers [6,7], even by the more sensitive RNAScope method [46]. Ultimately, our finding that
there is variable donor susceptibility in nasopharyngeal cells warrants further validation in
vivo by sensitive detection methods and using larger sampled areas.

In the absence of a mock-infection control it was somewhat difficult to assess whether the
reported abundant EBV infection in ~20-60% of the cultured cells (possibly from one donor)
discerned by RN AScope detection of EBER1 or BRLF1 transcripts as punctate foci, could be
an over-estimate [13]. RNAScope is a more sensitive technique than our EBV molecular diag-
nostics by EBER-ISH with a biotinylated probe or by immunostaining of EBV antigens, but
single-molecule resolution RNAScope detection can only assign EBV infection without dis-
criminating information on the infection program. Not surprisingly, our scRNA-seq data
from the pseudo-ALI culture of donor no. 4 yielded evidence of many more infected cells
(63%-91%, Fig 5C) spanning all clusters than could be estimated by our EBV molecular diag-
nostic stains. We caution that while the presence of an EBV transcript denotes infection, selec-
tive evaluation by any one or two transcripts is not sufficient to distinguish a biologically
meaningful latent or lytic infection from an abortive infection. There is increasing evidence
from using sensitive methods of transcript detection at single cell resolution that EBV infection
generates a spectrum of EBV transcriptional patterns [38]. Thus, we caution that EBV-infected
cells in vivo may be missed if sensitive methods are not used but emphasize that global tran-
scriptome analytical methods such as scRNA-seq improve our ability to infer biologically
meaningful infection.

From scRNA-seq data, we defined transcriptionally distinct cell clusters according to
marker genes assigned to each cell type and show that EBV transcriptional programs differ by
cell type. Results from this study would indicate that host variables other than the expression
of EphA2 impact susceptibility to EBV. The expression of integrins-oV and -8 are linked to
EBV binding [47] which varied in expression between the nasopharyngeal cells from some of
the donors (S9D Fig). Our results are consistent with the hypothesis that restriction factors
such as IRF1, MX1, STATI, C180rf25 limit lytic infection. Given that it is hard to find an EBV-
infected nasopharyngeal cell in asymptomatic carriers that show no signs of dysplasia [6,7], the
pseudo-ALI culture provides a method to explore the significance of EBV molecular pathogen-
esis in the pseudostratified epithelium. While our findings agree with prior studies conducted
in oral organotypic rafts such that EBV lytic infection is confined to suprabasal cells [12,32],
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we also recognize that it would be important to develop such EBV infection models in organo-
typic rafts for the nasopharynx, in order to simulate the stratified epithelium of the nasal
mucosa. Intriguingly, the latently-infected cells from all clusters were cycling. While the strati-
fied epithelium from the tongue and tonsils are established sites of EBV replication and explain
the epithelial-derived virions in saliva [48], EBV shedding in the nasopharynx has not been
definitively established. Although EBV DNA is readily detected in the saliva of asymptomatic
carriers, it is not abundantly detected in nasal cavity or nasopharyngeal swabs which would
sample both cells and mucosal secretions [49]. From our study, we would hypothesize that the
pseudostratified epithelium is not a major site for EBV shedding but some individuals may be
prone to EBV lytic infection in such cells. We conclude that latent infection can occur in naso-
pharynx-derived basal/mucosecretory/ciliated cell types, which may harbor a non-productive
EBV reservoir, and suggest that cycling latently-infected cells in the pseudostratified epithe-
lium could be the precursor to EBV infection in NPC tumors.

Materials and methods
Ethics statement

The methods were performed in accordance with relevant guidelines and regulations and
approved by the University of Pittsburgh Institutional Review Board (IRB). The study received
approval under IRB: STUDY19030014 and were conducted in compliance with guidelines
approved for the University of Pittsburgh Sinus Fluid and Tissue Bank. All individuals
involved have given written formal consent.

Samples

Primary nasopharyngeal cell samples were collected at UPMC Mercy hospital before emer-
gence of the COVID-19 pandemic. Voluntary informed consent was obtained for the collec-
tion, storage and analysis of biologic and/or genetic material for research, and such de-
identified samples and de-identified data may be shared with other investigators for health
research.

Cell culture

The HK1 NPC cell line and the Akata Burkitt’s [ymphoma B-cell line were maintained in
RPMI supplemented with 10% fetal bovine serum. HK1 and Akata cells infected with the EBV
recombinant Akata strain (courtesy of Dr. George Tsao, Hong Kong University) were supple-
mented with 800 pug/mL G418 selection [23,50]. The EBV-infected HK1 (HK1-EBV) and
Akata (rAkata) cells express neomycin-resistance and EGFP from the SV40 early promoter,
inserted into the EBV non-essential BXLFI locus, are intact for expression of the EBV miRNAs
[23,51]. Cells were incubated at 37°C with 5% CO, and confirmed to be negative for myco-
plasma contamination by PCR. Primary nasal epithelial cells were cultured from cytobrush
scrapings of the nasopharynx. Collected cells were seeded on irradiated mouse 3T3-]2 feeder
fibroblasts and expanded in Georgetown media [15]. The presence of 4 uM ROCK inhibitor
(Y-27632) extends the lifespan and induces the conditional reprogramming of epithelial cells
[22]. Media was changed daily, and cells were sub-cultured at 1:4 seeding density. At passage 1
or 2, 1.5x10” cells were seeded on human type IV placental collagen-coated transwell filters
(Corning, 0.33 cm?, 0.4 um, polyethylene terephthalate) in Georgetown media for 24 hours.
After 24 hours apical media was removed, cultures washed once in PBS, and the basolateral
media was replaced with 400 uL of ALI medium [16] supplemented with 0.5% Ultroser G
Serum Substitute (PALL), denoted as UNC/USG basolateral media. Cultures were maintained
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at the air-liquid interface for at least 4 weeks to allow differentiation into a pseudo-ALI culture.
Basolateral media was changed 3 times a week. HK1 and HK1-EBV cells were cultured at the
air-liquid interface as previously described [10].

EBYV infection

rAkata EBV-infected cells was reactivated at 1x10° cells/mL with a goat polyclonal anti-
human IgG Fc-specific antibody (Sigma) for 48 hours. EBV-negative Akata cells were simi-
larly treated with anti-human IgG antibody as a mock control. Virus production was con-
firmed by quantitative PCR for BALFS5, as described in S1 Supplementary Methods.
Reactivated Akata cells were pelleted by centrifugation and resuspended at a concentration
of 1.25x107 cells /mL in calcium-/magnesium-free Dulbecco’s PBS (DPBS). Primary pseudo-
ALI cultures were washed in DPBS once for 5 minutes at 37°C and twice briefly at room
temperature. The reactivated B-cell suspension was added to the apical surface of the
pseudo-ALI culture in 200 pL, basolateral media was replaced with DPBS, and cultures were
pre-incubated at 37°C for 2 hours. The basolateral DPBS was then replaced with UNC/USG
media and cultures incubated for a further 48 hours at 37°C. B-cell co-culture was removed
by aspiration, and pseudo-ALI cultures were washed three times in Hank’s buffered saline
solution (HBSS) to remove remaining B-cells. Cultures were fixed (2 days p.i.) or incubated
at 37°C for up to 5 additional days (4-7 days p.i.), changing UNC/USG basolateral media
every 48 hours.

Single cell RNA-sequencing

Cell suspensions were loaded into 10X Genomics Chromium instrument for library prepara-
tion as described previously [52], using the single cell 3’v3.1 (SC3Pv3) chemistry. Library QC
was performed on an Agilent Bioanalyzer. High-throughput sequencing was performed by
Novogene on a HiSeq paired-end 150 bp configuration yielding >472M reads.

Code availability

The R script for Seurat workflow and for data visualization is available upon request.

Supporting information

S1 Fig. Validation of EBV molecular diagnostics. In-situ hybridization (EBER-ISH) and
immunofluorescence staining (LMP1, Zebra, gp350) for EBV molecular markers in the
HK1-EBV latent (2-D culture) and lytic reactivation (3-D ALI culture) cell culture model.
Shown are confocal images from one Z-section. Positive staining is indicated in red and nuclei
are counterstained with DAPI, blue. Scale bar = 40 um.

(TIF)

S2 Fig. EBV de novo infection in non-susceptible pseudo-ALI cultures. Shown are maxi-
mum intensity projections of confocal images on the xy (square) and xz (rectangle) planes.
Nasopharyngeal cells in pseudo-ALI culture are stained for Zebra, gp350, LMP1, or EBER-ISH
(red), and counterstained with DAPI (blue).

(TIF)

$3 Fig. Anti-human IgG stains to control for contaminating B-cells from the inoculum.
Stitched images of pseudo-ALI cultures stained for anti-human IgG (white) showing the entire
membrane area, counterstained with DAPI (blue). Shown are examples of the control images
for the corresponding stain (labeled in parentheses) in which positive staining for the EBV
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marker of interest was detected. The positive control (+) for anti-human IgG is an image of
stained rAkata B-cells on a glass slide.
(TIF)

$4 Fig. Comparison of EBV genes against EGFP gene count. Dot plot shows the total expres-
sion of EBV genes per cell plotted against the EGFP gene count per cell, displayed as UMI
pseudocount (UMI counts per cell+1), from the pseudo-ALI culture of donor no. 4. Gray

box denotes cells with low EGFP and low EBV counts, representing cells with low capture effi-
ciency that may not have captured EBV or EGFP transcripts. Black box denotes cells with high
EGFP count but no EBV count, indicative of abortive infection.

(TIF)

S5 Fig. Separating the mixed cell cluster (cluster 6) by sub-clustering and EBV gene expres-
sion. Shown are the results for the EBV-infected pseudo-ALI culture of donor no. 4. (A)
Assignment of cell types by expression of marker genes for subclusters 6-1, 6-2, 6-3 and 6-4.
(B) Heatmaps show EBV gene expression by UMI count per cell, displayed for each subcluster.
EBV"" cells can be distinguished from EBV'" cells by the total EBV counts (total EBV UMI
counts per cell) shown at the bottom of each heatmap. Only the EBV-infected cells (with reads
aligning to the EBV genome) are shown with the number of EBV-infected cells displayed for
each subcluster indicated in parenthesis. EBV genes are color-coded into lytic: immediate-
early (orange)/early (red)/late (green); latent (blue); and unassigned (purple). The scRNA-seq
reads were aligned to the EBV genome fused annotation.

(EPS)

S6 Fig. Assignment of EBV latent (low and high) and lytic subgroups by EBV gene count
(nEBV) and % EBV transcripts per cell in the suprabasal cluster 2. Shown are EBV-infected
cells as determined by the presence of at least one EBV gene UMI count. (A) Heatmap of EBV
UMI counts for cells in cluster 2, with total EBV counts, EBV genes per cell, and % EBV tran-
scripts per cell displayed on the bottom rows. Brackets indicates numbers of cells in each group.
(B) Dot plot of EBV-infected cells grouped by EBV™tov, ggyiatenthigh o 4 EBVY subgroups
from cluster 2. Each dot represents a cell showing UMI counts for an immediately-early gene
transcript (BRLF1/BZLFI) plotted against % EBV transcripts or the total number of EBV (nEBV)
genes detected per cell, showing that EBV**™°™ has no reads aligning to BRLF1/BZLFI.

(TTF)

S7 Fig. Analysis of EBV gene expression in NPC tumors. Heatmap of scRNA-seq of NPC
tumors (no. NPC36, NPC46 and NPC50) from the study by Jin S. ef al. 2020 aligned against
the EBV (Akata, fused annotation) genome. These three NPC tumors were selected based on
the highest viral content of aligned EBV reads (see S1 Table).

(EPS)

S8 Fig. Comparison of the expression of cellular differentiation markers. (A) Violin plots
show the expression of cellular differentiation markers grouped by (A) cell type-defined clus-
ters or, (B) EBV infection status from the pseudo-ALI culture of donor no. 4. The Kruskal-
Wallis non-parametric ANOVA test evaluates the expression difference across all clusters. The
Wilcoxon signed rank non-parametric test compares two groups by cluster no. (A), or EBV
infection status (B), using the population expression mean as the reference group in the cluster
analysis. Box plot shows the mean, the inter-quartile ranges and the minimum/maximum.
(TIF)

S9 Fig. Comparison of the expression of EBV receptors. Violin plots show the expression of
EBV receptors grouped by (A, B) cell type-defined clusters or (C) EBV infection status from
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the pseudo-ALI culture of donor no. 4. (D) The expression of EBV receptors in nasopharyn-
geal (non-tumor-derived) tissue samples from the scRNA-seq dataset in the study by Jin S.
et al. 2020. The Kruskal-Wallis non-parametric ANOVA test evaluates the expression differ-
ence across all groups. The Wilcoxon signed rank non-parametric test compares the expres-
sion in two groups by cluster number (A, B), EBV infection status (C), or nasopharyngeal
sample no. (D) using the population expression mean as the reference group in the cluster
analysis. Box plot shows the mean, the inter-quartile ranges and the minimum/maximum.
(TIF)

$10 Fig. Comparison of the expression of EBV restriction factors. Violin plots show the
expression of EBV restriction factors grouped by (A, B) cell type-defined clusters or (C) EBV
infection status in the pseudo-ALI culture of donor no. 4. The Kruskal-Wallis non-parametric
ANOVA test evaluates the expression difference across all clusters. The Wilcoxon signed rank
non-parametric test compares the expression in two groups by cluster no. (A, B), or EBV infec-
tion status (C) using the population expression mean as the reference group in the cluster anal-
ysis. Box plot shows the mean, the inter-quartile ranges and the minimum/maximum.

(TIF)

S11 Fig. Comparison of cell cycle markers. (A) Violin plots show the expression of MKI67
grouped by cell type-defined clusters or by EBV infection status from the pseudo-ALI culture
of donor no. 4. The Kruskal-Wallis non-parametric ANOVA test evaluates the expression dif-
ference across all clusters. The Wilcoxon signed rank non-parametric test was used to compare
two groups by cluster no. or EBV infection status, using the population expression mean as the
reference group in the cluster analysis. (B) Ridgeline plots of EBV-infected cells grouped by
EBVatentlow ppylatenthigh 5y 4 EBVYUC subgroups from cluster 2 of the pseudo-ALI culture
from donor no. 4. Shown is the cell cycle score for the G1, S and G2/M phase plotted against
percentage of EBV transcripts per cell. Plots in gray illustrate no cells in the displayed category.
(EPS)

S1 Table. Classification of cells and EBV-quantification of scRNA-seq datasets. Single cell
RNA-seq data from donor no, 4 and the study by Jin S. et al. 2020 were aligned against the
EBV (Akata, fused annotation) genome and scored for EBV-positive and -negative cells.
(XLSX)

S2 Table. Differentially-expressed genes in the EBV'*e"°"/Egytenthigh g gylytic gy,
groups and in nasopharyngeal tissues. EBV'2"1°, EBVatenthigh oy 4 EBVYUC subgroups were
compared for differentially expressed genes. A second comparison of (1) EBV-positive NPC
tumors, (2) EBV-infected pseudo-ALI and (3) non-tumor nasopharyngeal epithelial cells
(NPH epithelium) were compared against EBV-uninfected pseudo-ALI cells as control (ctrl).
Overlapping genes in the second comparison groups are shown. The pseudo-ALI culture from
donor no. 4 were compared for EBV*™'¥ cells in cluster 2 (C2) as well as across all epithelial
clusters (epi-clus).

(XLSX)

$3 Table. Summary of antibodies and staining reagents.
(DOCX)

S1 Supplementary Methods. Supplementary materials and methods for EBV molecular
analysis, scRNA-seq analysis and statistical tests.
(DOCX)
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