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Abstract

Varicella zoster virus (VZV) is a ubiquitous human alphaherpesvirus, responsible for vari-
cella upon primary infection and herpes zoster following reactivation from latency. To estab-
lish lifelong infection, VZV employs strategies to evade and manipulate the immune system
to its advantage in disseminating virus. As innate lymphocytes, natural killer (NK) cells are
part of the early immune response to infection, and have been implicated in controlling VZV
infection in patients. Understanding of how VZV directly interacts with NK cells, however,
has not been investigated in detail. In this study, we provide the first evidence that VZV is
capable of infecting human NK cells from peripheral blood in vitro. VZV infection of NK cells
is productive, supporting the full kinetic cascade of viral gene expression and producing new
infectious virus which was transmitted to epithelial cells in culture. We determined by flow
cytometry that NK cell infection with VZV was not only preferential for the mature CD56%™
NK cell subset, but also drove acquisition of the terminally-differentiated maturity marker
CD57. Interpretation of high dimensional flow cytometry data with tSNE analysis revealed
that culture of NK cells with VZV also induced a potent loss of expression of the low-affinity
IgG Fc receptor CD16 on the cell surface. Notably, VZV infection of NK cells upregulated
surface expression of chemokine receptors associated with trafficking to the skin —a crucial
site in VZV disease where highly infectious lesions develop. We demonstrate that VZV
actively manipulates the NK cell phenotype through productive infection, and propose a
potential role for NK cells in VZV pathogenesis.

Author summary

Varicella zoster virus (VZV) is a pervasive pathogen, causing chickenpox during primary
infection and shingles when the virus reactivates from latency. VZV is therefore a lifelong
infection for humans, warranting investigation of how this virus interacts with the
immune system. One of the first immune cells to respond to viral infection are natural
killer (NK) cells, yet little is known about how VZV interacts with NK cells. We
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demonstrate for the first time that VZV infects human blood NK cells and can use them
to pass on infection to other cells in culture. Furthermore, VZV displays a predilection for
infecting mature NK cells, and amplifies expression of receptors that would promote traf-
ficking to the skin- the site of highly infectious lesions during chickenpox and shingles.
Our findings suggest a role for NK cells in VZV disease and enhances our understanding
of how lifelong infections interact with the human immune system.

Introduction

Varicella zoster virus (VZV) is a human alphaherpesvirus with worldwide prevalence. VZV is
responsible for varicella during primary infection and herpes zoster following reactivation
from latency in sensory ganglia. Infection caused by VZV places a substantial burden on
healthcare systems throughout the world, despite the availability of vaccination [1, 2]. Primary
infection with VZV is regarded as beginning in the upper respiratory tract where infection of
epithelial cells allows the virus to breach lymphoid tissue and infect immune cells such as T
cells and diverse subsets of dendritic cell (DCs) [3-5]. Subsequent viremia and dissemination
of virus to internal organs and the skin during the prolonged incubation period (typically 14-
16 days) is considered to be facilitated by the trafficking of infected T cells [6]. This model of
pathogenesis is supported by clinical studies of non-immunocompromised patients with vari-
cella, where VZV could be cultured from peripheral blood mononuclear cells (PBMCs) iso-
lated during the incubation phase of disease and peaking before the onset of vesicular rash [7,
8]. Subsequent reports were able to identify infected cells with lymphocyte morphology [9, 10]
and later studies sought to confirm infection of T cells and B cells [11-13], overlooking the
third major lymphocyte population in peripheral blood- natural killer (NK) cells. The delayed
development of the NK cell field [14] in comparison to our understanding of T cell and B cell
immunology most likely accounts for these earlier reports overlooking a possible role for NK
cells.

It is surprising that there has been little investigation into discerning the interaction of
VZV with NK cells given clear evidence that they are involved in VZV pathogenesis. Clinical
studies of patients with NK cell deficiencies have reported disseminated varicella with multi-
organ complications [15, 16], that was ultimately fatal in some cases [17, 18]. Additionally,
the potential for NK cells to play a part in viral dissemination during primary infection is evi-
dent from a case of severe, persistent varicella, where VZV DNA was detected in peripheral
blood NK cells, as well as T cells and B cells [19]. These reports make a firm argument for the
involvement of NK cells during VZV infection. As innate immune lymphocytes that are early
responders to infection, NK cells circulate through the blood, localise to lymphoid tissue, and
have the ability to migrate to inflamed tissue at distal sites of the body [20]. NK cells are thus
well positioned to be involved in controlling VZV infection, as well as possibly disseminating
virus. In contrast to the exquisite specificity of T cell and B cell responses to a specific antigen,
NK cells use a multitude of germline-encoded receptors to assess the state of a cell. Detection
of infection or deleterious transformation leads to cytolytic killing of the cell, as well as secre-
tion of proinflammatory cytokines [21]. We have previously demonstrated, however, that
VZV significantly modulates expression of cell-surface ligands to the NK cell activating recep-
tor, NKG2D, and that NK cells do not display enhanced degranulation against VZV infected
cells [22].

NK cells are extremely heterogeneous, with immense phenotypic diversity between individ-
uals as well as within each individual [23]. Overarching this diversity, NK cells can be divided
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into two major subsets: the CD56%™ population which dominate the pool of NK cells circulat-
ing in the blood, and CD56""8" NK cells which are more abundant in lymph nodes and tonsils
[24]. More recent findings suggest that CD56™ NK cells develop from the CD56""€™ popula-
tion [25-27]. These NK cell subsets also differ in their expression of the low-affinity IgG Fc
receptor CD16, which is predominantly expressed on CD56"™ NK cells and can mediate cyto-
Iytic activity against antibody-coated target cells through antibody-dependent cell-mediated
cytoxicity (ADCC) [28]. It is believed that the NK cell pool of an individual will adapt and
change over a lifetime [29], especially in the frequency of CD56%™ NK cells expressing the ter-
minally sulphated glycan carbohydrate CD57. This marker is considered to be an indicator of
mature NK cells given that frequency of expression increases with age [30, 31], and the obser-
vations that expression is absent on foetal and newborn NK cells [32], as well as CD56°1 8" NK
cells [33, 34]. Mature CD57"CD56%™ NK cells have been characterised as having decreased
expression of NKG2A, high levels of CD16, and increased acquisition of inhibitory LIR-1 and
killer cell immunoglobulin-like receptors (KIRs) [35, 36]; the cumulative changes fine-tuning
NK cells to their environment.

Given the interactions between NK cells and viruses during the course of the immune
response to infection, it is not surprising that several human viruses have developed the ability
to infect NK cells. Amongst the herpesvirus family to which VZV belongs, NK cell infection
has been demonstrated in vitro with herpes simplex virus [37, 38], Epstein-Barr virus [39], and
human herpesvirus 6 [40]. Additionally, human immunodeficiency virus has been shown to
productively infect CD4™ and CD4" NK cells [41, 42], whilst influenza virus and vaccinia virus
have both been found to establish non-productive infections in NK cells [43, 44]. From these
studies, it is apparent that predominantly chronic viral infections have evolved NK cell tro-
pism, however, to the best of our knowledge it has not been investigated whether NK cells are
permissive to infection with VZV.

Here, we demonstrate for the first time that human peripheral blood NK cells support pro-
ductive VZV infection and are capable of transmitting virus in vitro. VZV preferentially
infected the mature CD56“™ NK cell population, and analysis of maturity markers revealed
acquisition of CD57 expression driven by VZV infection, while culture with VZV led to a loss
of cell-surface CD16. Additionally, we show that VZV infected NK cells upregulate skin-hom-
ing chemokine receptors, inducing a phenotype that could facilitate dissemination of virus in
the host. The findings presented here provide insight into viral influence on NK cell pheno-
type, and hold significant implications for our understanding of VZV pathogenesis, proposing
NK cells as potential key players in mediating VZV disease.

Results

Varicella zoster virus is able to infect human NK cells, CD3"CD56"
lymphocytes and T cells in peripheral blood

The capacity of VZV to infect human T cells is well established [45] however to the best of our
knowledge, the permissiveness of NK cells or CD3"CD56" lymphocytes to VZV infection has
not been characterised. To initiate investigation, we looked for transmission of infection to
human PBMCs through coculture with ARPE-19 epithelial cells that had been infected with a
clinical isolate of VZV (VZV-S). A cell-associated model of infection was used to transfer
infection to PBMCs as VZV is highly cell-associated in vitro [46], and this method is an estab-
lished technique for infection of human immune cells with VZV [3, 4]. By examining expres-
sion of the VZV surface glycoprotein complex glycoprotein E: glycoprotein I (gE:gI) on live
lymphocytes by flow cytometry, we confirmed an average infection of 8% of T cells (range:
2-15%) (Fig 1A and 1B), consistent with previous reports [4]. We also found gE:gI expression

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006999  April 30, 2018 3/25


https://doi.org/10.1371/journal.ppat.1006999

@’PLOS | PATHOGENS

Varicella zoster virus infection of human natural killer cells

A Mock VZV-S
T cells
>
(a2}
a
5]
<1% 6%
gE:gl
CD3*CD56*
cells
>
[s2]
o a
(@) (@)
gE:gl* :
<1% 30%
CD56
NK cells I
(e}
Yo}
a
© gEgl® gE:gl*
<1% 52%
gE:gl
B 80- *kkk
o
60 A o X
Y *qomY
= .
= e v x R
Vao © o
20+ °n EO v "))
. O %— xoilfaf_ .
Lymphocytes Tcells  CD3*CD56* cells  NK cells
C vOka

8 8 2
) i IS gE:gl* 8 !
gE:gl* 1% -ql*
6% gE:gl
23%
T cells CD3*CD56* cells NK cells
gE:gl gE:gl gE:gl

Fig 1. VZV infects human peripheral blood NK cells, CD3*CD56" lymphocytes, and T cells. Healthy human donor
PBMCs were inoculated with mock or VZV infected ARPE-19 epithelial cells for 2 days then analysed for infection by
flow cytometry. (A) Representative flow cytometry plots of mock or VZV-S infection, examining surface VZV gE:gl
expression on live T cells (CD3"CD56), CD3"CD56" lymphocytes, and NK cells (CD3"CD56"). (B) Frequencies of
live gE:gI" lymphocytes in total (shaded), compared to specific populations: T cells, CD3"CD56" lymphocytes, and NK
cells (n = 19). Symbols represent individual donors consistent across lymphocyte populations, and bars indicate mean.
Statistical analysis was performed between specific lymphocyte populations. **p < 0.01, ****p < 0.0001 (RM one-way
ANOVA with the Greenhouse-Geisser correction and Tukey’s multiple comparisons test). (C) Representative flow
cytometry plots of vOka infection, examining surface gE:gl expression on live T cells (CD3"CD56"), CD3*CD56*
lymphocytes, and NK cells (CD3"CD56") (n = 3).

https://doi.org/10.1371/journal.ppat.1006999.g001
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on an average of 14% of CD3"CD56" lymphocytes (range: 2-31%) and 42% of NK cells (range:
17-65%) (Fig 1A and 1B), indicating VZV infection of these cell types for the first time. In
comparison to these specific cell populations, infection was transmitted to an average of 14%
of the total lymphocyte pool (range: 5-30%) (Fig 1B). Across the 19 donors examined, NK
cells consistently showed significantly higher levels of infection, more than 5-fold greater than
T cells and 3-fold above CD3"CD56" lymphocytes (Fig 1B).

In addition to determining infection by surface staining for gE:gl, we compared cell-associ-
ated infection of human PBMCs using a GFP-expressing strain of VZV (VZV-GFP). Detection
of GFP" T cells, CD3"CD56" lymphocytes and NK cells was comparable to levels of gE:gl
staining (S1 Fig), lending further support to our observations of infection.

We next asked whether the efficiency of infection for these lymphocyte populations would
be the same with the attenuated vaccine strain of VZV (vOka) given that it has previously been
found to maintain the ability to infect T cells [47]. In comparison to virulent VZV-S, similar
trends of gE:gl expression were found on T cells, CD3"CD56" lymphocytes and NK cells using
a cell-associated method of infection (Fig 1C). Using cell-free preparations of the attenuated
vaccine (VARIVAX) we also observed infection of NK cells through gE:gl detection (S2 Fig).
Measurement of infection 2 days after cell-free inoculation would include both cells initially
infected by the cell-free VARIVAX, as well as subsequent spread of virus through the culture.
Although efficiency of infection with VARIVAX was additionally variable, this finding indi-
cates that NK cells are permissive to VZV infection through cell-free mechanisms.

Taken together, these results indicate that along with peripheral blood T cells, NK cells and
a proportion of CD3*CD56" lymphocytes can also be infected by both virulent and vaccine
strain VZV, identifying novel lymphocyte populations permissive to infection by VZV.

Stimulation of lymphocytes with IL-2 enhances VZV infection

Interleukin-2 (IL-2) is an immunomodulatory cytokine that is critical during infections for
activating and directing lymphocyte function. Specifically in the case of varicella, IL-2 has been
detected in the serum of varicella patients [48] and it has been demonstrated that VZV-specific
T cells produce IL-2 upon stimulation with VZV lysate [49].

We were thus interested in the effect of IL-2 stimulation on VZV infection of lymphocytes.
Analysis of PBMCs infected with VZV for 2 days in the presence of 200 U/ml IL-2 or left
untreated revealed that IL-2 stimulation yielded significantly higher rates of infection for NK
cells (1.5-fold), CD3*CD56" lymphocytes (2.6-fold) and T cells (1.5-fold), compared to unsti-
mulated conditions (Fig 2A). To ascertain whether this effect would hold true when lympho-
cyte populations were infected in isolation, CD56" lymphocytes were isolated and then
infected. Fig 2B and 2C shows that the pattern of significantly increased efficiency of infection
with IL-2 stimulation was maintained in both NK cells and CD3"CD56" lymphocytes (1.4-fold
and 1.7-fold increase, respectively) when CD56" cells were isolated and then infected. Further-
more, the data demonstrates that these cell types are permissive to VZV infection when not
cultured with total PBMCs.

NK cells support the full cascade of VZV gene expression and effectively
transmit viral infection

A unifying characteristic of herpesviruses is that their productive replication cycle occurs
through an ordered temporal cascade of gene expression comprising immediate early, early
and late genes [50]. Thus far we had demonstrated that NK cells and CD3*CD56" lymphocytes
expressed late VZV gene product gE:gl on the cell surface and GFP expressed from the viral
genome. Given the significantly higher rate of infection of NK cells, we focused on further
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Fig 2. IL-2 stimulation of NK cells, CD3"CD56" lymphocytes, and T cells enhances VZV infection. (A) Healthy human donor PBMCs were
infected with VZV by cell-associated infection with or without IL-2 (200 U/ml) for 2 days, then analysed by flow cytometry. Plots show surface
VZV gE:gl expression from one representative donor and graphs show frequency of live gE:gI" NK cells (CD3"CD56") (top panels), CD3*CD56"
lymphocytes (middle panels), and T cells (CD3*CD56") (bottom panels). Symbols represent individual donors consistent across lymphocyte
populations, and bars indicate mean (n = 8). ***p < 0.001, ****p < 0.0001 (two-tailed paired t test). (B & C) Healthy human donor CD56"-selected
lymphocytes were infected with VZV by cell-associated infection with or without IL-2 (200 U/ml) for 2 days, then analysed by flow cytometry. Plots
show surface gE:gl expression from one representative donor and graphs show frequency of live gE:gI" NK cells (B) or CD3"CD56" lymphocytes
(C). Symbols represent individual donors, consistent across (B & C) (n = 7). “p < 0.05 (two-tailed Wilcoxon matched-pairs signed rank test).

https://doi.org/10.1371/journal.ppat.1006999.9002

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006999  April 30, 2018 6/25


https://doi.org/10.1371/journal.ppat.1006999.g002
https://doi.org/10.1371/journal.ppat.1006999

o ®
@ ’ PLOS | PATHOGENS Varicella zoster virus infection of human natural killer cells

A VZV Mock

IE63
IE63 + DAPI Isotype control + DAPI IE63 + DAPI

pORF29
pORF29 + DAPI pORF29 Isotype control + DAPI pORF29 + DAPI

| gE:gl ' .

DAPI

Fig 3. NK cells are productively infected by VZV and support virus transmission. NK cells (CD3"CD56") were FACS sorted from healthy human donor
CD56"-selected lymphocytes following mock or VZV infection for 1 day. (A & B) Staining by IFA of sorted VZV cultured (left panels) or mock cultured (right
panels) NK cells for IE63 (A), pPORF29 (B) or respective isotype control, with DAPI (n = 3). (C) Sorted VZV cultured NK cells were added to ARPE-19 epithelial
cell monolayers. Four days later monolayers were fixed and infectious centres detected with IFA by staining for IE63 and gE:gI, with DAPI. One representative
experiment of five is shown.

https://doi.org/10.1371/journal.ppat.1006999.9003

characterising VZV infection of this lymphocyte population. To establish whether NK cells
were able to support the full kinetic cascade of VZV gene expression, CD56"-selected lympho-
cytes were again infected in a cell-associated manner using mock or VZV infected ARPE-19
cells for 1 day, then CD3"CD56" NK cells were isolated by FACS sorting before staining for
immediate early protein IE63 (Fig 3A) or early protein pORF29 (Fig 3B) for immunofluores-
cence assay (IFA) analysis. VZV cultured NK cells were found to express IE63 with both cyto-
plasmic and nuclear localisation (Fig 3A), as previously described [51, 52]. Additionally, the
classical punctate nuclear staining of pPORF29 [53] was observed in VZV cocultured NK cells
(Fig 3B). IE63 and pORF29 could not be detected in mock cultured NK cells, as expected (Fig
3A & 3B; right panels).

We additionally performed quantitative PCR (qQPCR) on VZV cultured NK cells to measure
viral genome copies. VZV cultured NK cells were isolated away from VZV infected ARPE-19
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cells by FACS sorting at 4 hours post infection (hpi). Analysis by qQPCR of DNA extracted
from VZV cultured NK cells revealed an almost 3-fold increase in viral genome copies from 4
hpi to 12 hpi, which had begun to decrease at 24 hpi but still exceeded viral genomes quantified
at 4 hpi (S3 Fig). As qPCR analysis was performed on the total population of NK cells cultured
with VZV, the increase in viral genome copies could either indicate increasing genome replica-
tion in cells already infected at 4 hpi and/or spread and replication of virus in more cells over
time. Both possibilities, however, suggest productive viral replication of VZV in NK cells.

We then sought to clearly establish whether the NK cells were capable of producing de novo
infectious virus, through use of an infectious centre assay. Using CD56"-selected lymphocytes,
VZV cultured NK cells (38% gE:gI* on average) were isolated away from the inoculum cells at
1 day post infection by FACS sorting and then added to ARPE-19 epithelial monolayers. After
4 days in culture, plaques in the monolayer were visible by cytopathic effect (CPE) under light
microscope, and confirmed by IFA for IE63 and gE:gl expression (Fig 3C), demonstrating that
infectious virus was transmitted from NK cells to the epithelial cells. To eliminate the possibil-
ity of plaque formation through passive transfer of extracellular virions attached to the surface
of NK cells, we also performed the assay with an additional step of citrate buffer washing
which is known to inactivate and detach surface-bound virions [54-57]. Isolated NK cells
stripped with citrate buffer prior to addition to the epithelial monolayers again resulted in
VZV infection and replication as indicated by plaque formation (54 Fig), suggesting produc-
tive transmission of VZV from the infected NK cells to the epithelial cells.

Opverall, these results demonstrate that human NK cells can be productively infected with
VZV, supporting the full replicative cycle of viral gene expression. Most pertinently, VZV
infected NK cells were also able to transmit infectious virus to epithelial cells in culture.

VZV preferentially infects CD56*™ NK cells

In peripheral blood there are two main subsets of NK cells differentiated by their level of
expression of CD56. CD56%™ NK cells constitute the major subset, while only up to 10% of
the circulating population will be CD56"8" NK cells. In analysing detection of VZV gE:gl on
NK cells infected with VZV it was apparent that infection consistently favoured the CD564™
population (Fig 4A). However, the CD56" €™ population was not always easy to distinguish
due to variability in donors and subtle variation in CD56 expression following culture with
VZV. Therefore, to confirm this observation, we sorted CD3"CD56"¢ NK cells and
CD3"CD56"™ NK cells from PBMCs and then inoculated the separate subsets with VZV for 2
days, as described earlier. Detection of gE:gl on isolated NK cell subsets recapitulated the trend
seen with total NK cell infection, with 5-fold more CD56%™ NK cells infected on average, com-
pared to CD56" €™ NK cells (Fig 4B and 4C). The data thus suggests a preferential infection of
CD56%™ NK cells by VZV.

VZV stimulates loss of CD16 cell-surface expression but drives expression
of CD57

CD56"€" NK cells are generally regarded as an immature precursor of CD56"™ NK cells,
although there is still some contention in the field [58]. Given that VZV favoured infection of
CD56%™ NK cells we asked whether the maturity status of NK cells may influence their per-
missiveness to VZV infection. The hallmark of NK cell maturity is expression of CD57, which
is also correlated with increased expression of CD16, KIRs, and LIR-1, and a loss of NKG2A
expression [35, 36].

To evaluate the influence of NK cell maturity on VZV infection we used a non-linear
dimensionality reduction algorithm approach to interpret high dimensional flow cytometry
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Fig 4. CD56%™ NK cells are more effective than CD56°"™ NK cells at supporting VZV infection. (A) Healthy
human donor PBMCs were infected with VZV for 2 days then analysed for infection by flow cytometry. Plots show
gating strategy for CD56"¢" and CD56%™ NK cells (CD3"CD56") (left panel), with respective surface VZV gE:gl
expression (right panels) from one representative donor (n = >7). (B & C) CD3 CD56"8" (B) and CD3"CD56%™ (C)
NK cells were isolated from healthy human donor PBMCs by FACS sorting and subsequently infected with VZV for 2
days before analysis by flow cytometry. Plots show surface gE:gl expression from one representative donor (n = 2).

https://doi.org/10.1371/journal.ppat.1006999.9004

data. As shown in Fig 5A, the t-distributed stochastic neighbour embedding (tSNE) algorithm
was configured to distribute data combined from mock and VZV samples according to expres-
sion of the NK cell maturity markers CD56, CD16, CD57, NKG2A, KIR2DL1/S1/S3/S5,
KIR3DLI and LIR-1. VZV gE:gl was not included as a parameter for tSNE analysis so that
populations would be defined only by their expression of maturity markers. This allowed sub-
sequent visualisation within the tSNE map of where gE:gl expression was localised, identifying
the VZV infected (VZV™") NK cells.

Analysis with the tSNE algorithm displayed expected correlations of marker expression,
such as NKG2A expression being predominantly limited to the CD56°"" NK cell population
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mean. (F) Histograms show CD16 expression for mock, bystander and VZV* NK cells from one representative donor. Graph shows frequency of
CD16" NK cells when untreated or with IL-2 (shaded) for six donors. Bars indicate mean. *p < 0.05, **p < 0.01, ***p < 0.001 (Friedman test with
Dunn’s multiple comparisons test).

https://doi.org/10.1371/journal.ppat.1006999.9005

(Fig 5B). It was also apparent that while CD56“™CD57" NK cells clustered together, KIR and
LIR-1 expression did not localise to one discrete population. In comparing mock to VZV cul-
ture, a distinct VZV™ population was apparent which was not present in the mock culture,
illustrating that VZV infection has modulated expression of maturity markers to an extent sub-
stantial enough to distinguish the cells. This profile was consistent across the 3 donors ana-
lysed. As shown in Fig 5B, VZV did not substantially change expression, or co-localise with,
KIRs, LIR-1 or NKG2A. In contrast, the defining changes in the VZV™ population were lower
CD56 and CD16 expression, as well as considerable co-localisation with CD57 expression.
VZV infection performed in the presence of 200 U/ml IL-2 potentiated these trends (Fig 5C).

Closer analysis revealed the frequency of CD57" NK cells increased with VZV culture,
which was significantly enhanced when stimulated with IL-2 (Fig 5D). While 2 days of IL-2
activation was not sufficient for mock NK cells to develop increased CD57 expression, we
observed that IL-2 stimulation concurrent with VZV culture markedly enhanced NK cell
expression of CD57 compared to untreated VZV culture (Fig 5D). Delineating analysis of
VZV cultured NK cells into VZV™ and bystander (gE:gl") revealed a higher frequency of
CD57" NK cells in the VZV* population compared to bystander or mock NK cells (Fig 5E).
Additionally, comparison of CD16 expression between mock, bystander and VZV* NK cells
demonstrated a reduced frequency of CD16" NK cells in the bystander population, which was
further diminished to a significant level in the VZV™* NK cells (Fig 5F). The frequency of the
CD16" populations were significantly further reduced in the presence of IL-2. Furthermore, of
the cells that were CD167, a clear decrease in CD16 MFI was apparent in bystander and VZV*
NK cells (Fig 5F). These results demonstrate a striking reduction in CD16 expression induced
by culture and infection with VZV, leading NK cells to either completely lose expression of
CD16, or experience decreased intensity of expression.

The reduced frequency of CD57" NK cells in the bystander population compared to VZV™
or mock NK cells (Fig 5E) could be explained in several ways. One possibility is that the
bystander cells have downregulated CD57 expression. Alternatively, the data could be inter-
preted as preferential infection of CD57" NK cells which would deplete the frequency of
CD57" NK cells in the bystander population. To distinguish between these possibilities, we iso-
lated CD3"CD56"CD57" NK cells and CD3"CD56CD57"" NK cells by FACS sorting
PBMCs and then cultured these cells with VZV or mock inoculum for 2 days in the presence
or absence of 200 U/ml IL-2 (Fig 6A). Both CD57 and CD57°"8" NK cells were found to sup-
port VZV infection (39% + 3% gE:gI" and 61% + 7% gE:gl", respectively). CD57""8" NK cells
were more frequently infected, however, with a 1.5-fold increased expression of gE:gl com-
pared to the CD57™ NK cell population (Fig 6B). Both subsets also experienced a 1.3-fold
increase in permissiveness to VZV with 200 U/ml IL-2 stimulation.

Most striking from the infection of CD57~ NK cells with VZV was the observation that
VZV drove significant expression of CD57 (Fig 6C). While only a small percentage of mock
and bystander CD57" NK cells acquired CD57 expression in untreated conditions (7% + 2%
and 9% + 3%, respectively), 54% + 8% of VZV" CD57~ NK cells became CD57". In this setting,
we did not observe enhanced acquisition of CD57 with IL-2 stimulation for mock or VZV cul-
tured CD57 NK cells compared to untreated. Additionally, culture of CD57~ and CD57°"8"*
subsets with VZV revealed that both subsets had reduced CD16 expression in the bystander
and VZV™ populations compared to mock culture (Fig 6D), supporting the observations in
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mock, bystander and VZV* CD57~ NK cells (left panel) and CD57°18M NK cells (right panel) for one representative donor (n = 3).

https://doi.org/10.1371/journal.ppat.1006999.9006
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total NK cells (Fig 5F). Combined, these results present a complex picture of VZV possessing
some preference for infection of more mature NK cells, but also modulating expression of mat-
uration markers on the surface of NK cells.

VZV increases expression of skin-homing chemokine receptors

It has been previously reported that VZV infection of T cells leads to remodelling of the cell
surface phenotype including upregulation of skin-homing markers CCR4 and cutaneous lym-
phocyte antigen (CLA) [59]. We thus sought to determine if NK cells infected with VZV
would also change in their expression of chemokine receptors involved in migration to the
skin. Comparison between mock, bystander and VZV™ NK cells after 2 days coculture revealed
that VZV infection induced upregulated expression of both CCR4 and CLA chemokine recep-
tors (Fig 7). Limited expression of CCR4 was detected on mock NK cells, as well as bystander
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Fig 7. VZV upregulates expression of skin-homing chemokine receptors on NK cells. Healthy human donor
PBMCs were mock or VZV infected with or without IL-2 (200 U/ml) for 2 days then analysed by flow cytometry. (Left
panels) Representative plots show CCR4 (A) or CLA (B) expression against CD56 expression for mock, bystander and
VZV* NK cells. (Right panels) Representative plots show CCR4 (A) or CLA (B) expression versus VZV gE:gl
expression for VZV cultured NK cells. Data are representative of five donors.

https://doi.org/10.1371/journal.ppat.1006999.9007
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NK cells, which was in striking contrast to VZV™ NK cells where CCR4 expression was
observed on 26% * 4% of cells (Fig 7A). Stimulation of NK cells with 200 U/ml IL-2 led to fur-
ther enhancement of CCR4 expression on VZV™ NK cells, with 40% + 6% CCR4". VZV infec-
tion also induced upregulation of CLA expression, above the high constitutive frequency of
CLA" NK cells observed in the mock culture, and maintained on bystander NK cells (Fig 7B).
Overall, it is apparent that VZV manipulates the expression of chemokine receptors on
infected NK cells to promote a skin-homing phenotype.

Discussion

NK cells are an essential component of the early host response to infection, and have been
implicated in responding to VZV infection during both varicella and herpes zoster [60-63].
Considering this, it is surprising that characterisation of how VZV interacts with NK cells has
mostly not been pursued. Particularly in the context of establishing infection where there is an
indispensable requirement for VZV to infect immune cells and hijack their migratory function
to disseminate virus, a role for NK cells in this process has not been investigated to date. We
show here for the first time that human peripheral blood NXK cells support productive VZV
infection, and that VZV actively manipulates the NK cell phenotype which may influence the
course of host infection. These findings reveal a dynamic interplay between VZV and the NK
cell immune response, and propose a new avenue for consideration in the study of pathogene-
sis and immune evasion by VZV.

Our analysis of cell-associated VZV infection of healthy human PBMC indicated novel
infection of NK cells and CD3*CD56" lymphocytes. CD3" T cells that express CD56 are a het-
erogeneous population which includes type I and type II NKT cells, and subsets of Y8 T cells
and mucosal-associated invariant T (MAIT) cells [64]. It would be interesting to characterise
further here the cell types permissive to VZV given the ability for these lymphocyte popula-
tions to migrate to distinct sites around the body. In comparison, considering that NK cell
infection has not been previously investigated, it was remarkable to see up to 65% of live NK
cells becoming infected with VZV- significantly more than T cells or CD3*CD56" lympho-
cytes. Increasing appreciation for the breadth of diversity in the NK cell pool [65] prompted
investigation into whether VZV may be preferentially infecting a subset of NK cells. Indeed,
we observed enhanced infection of CD56™ NK cells, as well as CD57°"8" NK cells, both of
which compose mature NK cell populations. Analysis with tSNE showed VZV infection
through a range of mature NK cell phenotypes (both KIR-CD57*CD56%™ NK cells and the
more differentiated KIR*CD57*CD56%™ NK cells) that fall within the non-linear differentia-
tion pathway of NK cell maturation [35]. Infection of mature NK cell subsets parallels the
predilection of VZV to infect tonsillar memory T cells— a mature T cell population [4]. The
preference of VZV to infect mature lymphocytes may play into the increased severity of vari-
cella experienced in adults [66], as a larger pool of lymphocytes capable of supporting infection
would enhance dissemination of virus. Furthermore, as CD56"™ NK cells predominantly cir-
culate in the blood, preferential infection of this subset would align with a role for VZV infec-
tion of NK cells during VZV viremia.

In conjunction with preferential infection of mature NK cell subsets, VZV infection of puri-
fied CD57" NK cells led to a potent upregulation of maturity marker CD57 on the cell surface.
Although expression of CD57 is used to define terminally-differentiated mature NK cells, it is
not well understood how CD57 expression is acquired. It has been demonstrated that moder-
ate CD57 acquisition can be driven by treatment with IL-2 [36], IL-15 [35] and a glycogen
synthase kinase (GSK) 3 inhibitor [67]. However, while these studies treated NK cells for 5-7
days to induce CD57 expression, we observed marked acquisition of CD57 within 2 days of
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VZV infection. Although upregulation of CD57 and expansion of CD57" NK cells occurs in
response to pathogen exposure, we believe this is the first evidence of a direct viral infection of
NK cells driving CD57 expression. Despite the identification of CD57 as a marker of mature
NK cells with refined function [36], it is currently unclear whether CD57 mediates these
changes or merely denotes NK cells of a mature phenotype. Furthermore, as a carbohydrate
epitope, CD57 is not independently expressed on the cell surface but rather is bound to surface
glycoproteins. As previously noted [68], while CD57 expression has been reported on the IL-6
receptor of lymphocytes [69], which molecules CD57 is predominantly expressed on for NK
cells remains to be determined. In our study, it is possible that CD57 is being expressed on a
surface viral glycoprotein, explaining the marked CD57 expression acquired by purified
CD57™ NK cells when infected with VZV. Alternatively, the process of viral replication may
stimulate the activity or enhanced expression of B3GAT1, the key enzyme in the biosynthesis
of CD57. Further research into how CD57 expression is acquired by mature NK cells is war-
ranted, and our findings may help in delineating this process.

Analysis by tSNE of NK cell maturity markers detected by flow cytometry revealed substan-
tial remodelling of the NK cell phenotype by VZV infection. The plot produced by tSNE analy-
sis arranges cells based on their similarity of expression of the input markers, and thus the
distinct cluster of VZV™ NK cells absent in the mock culture indicates altered expression
unique to VZV infection. In addition to the upregulation and co-localisation of CD57 expres-
sion with VZV gE:gl expression, the other clear observation was a dramatic loss of CD16 on
the cell surface- an effect that occurred with both infected and bystander NK cells. This find-
ing is particularly interesting given that CD57" NK cells are reported to be highly responsive
to ADCC stimulation through CD16 [36]. As activation of NK cells has been demonstrated to
instigate metalloprotease-mediated cleavage of CD16 from the cell surface [70, 71], it is possi-
ble that the decreased expression of CD16 observed with VZV culture could be a product of
viral sensing through NK cell pathogen recognition receptors. For HCMV and influenza,
virally infected targets cultured with seropositive donor sera stimulate CD16-dependent
expansion of NK cells and IFN-y production [72], thus downregulation of CD16 may be a tac-
tic through which VZV circumvents a critical immune pathway of viral control.

In many of our experiments we examined the outcome on NXK cells cocultured with VZV in
absence or presence of IL-2. As one of the main cytokines that act on NK cells, IL-2 stimulates
global activation of NK cells, enhancing cytotoxicity, modulating surface receptors, and pro-
moting survival [73]. We observed that stimulation of NK cells with IL-2 during VZV infection
increased the frequency of infected NK cells detected. In order to maintain efficient viral repli-
cation, it has been demonstrated that VZV triggers phosphorylation of signal transducer and
activator of transcription 3 (STAT3) [74]. As IL-2 signals through phosphorylation of Janus
kinase 1 (Jakl) and Jak3 with subsequent activation of STAT3 and STAT5 [75], it is possible
that IL-2 stimulation of NK cells augments viral replication, yielding an increased frequency of
infected NK cells. Alternatively, as IL-2 has been shown to have a maturing effect on NK cells
[24], treatment with IL-2 may allow refractive NK cells to become supportive of VZV infec-
tion. Furthermore, we observed that changes in cell-surface phenotypes induced by VZV infec-
tion were potentiated with IL-2 stimulation. VZV-induced upregulation of CD57, loss of cell-
surface CD16, and increased expression of homing receptors were all enhanced with IL-2 stim-
ulation. Given the sensitivity of NK cells to cytokine-mediated changes in function, phenotype,
proliferation and survival [76], it would be illuminating to examine other cytokines involved
in viral infection and investigate their influence on the effects exerted by VZV on NK cells.
Our findings with IL-2 highlight the importance of considering the microenvironment in
which viral-immune cell interactions take place, especially as IL-2 production by activated T
cells and DCs is abundant during infection.
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NK cells are readily able to migrate around the body to sites of inflammation, including
trafficking to inflamed skin, which has been reported to occur in herpes zoster [77, 78]. While
functional migration requires a combination of changes in chemokine receptor expression,
key markers associated with skin homing include CCR4 and CLA [79]. In accordance with the
immunosurveillance role of NK cells, we found CLA to be constitutively expressed on a dis-
tinct portion of NK cells, and following VZV infection, the frequency of CLA™ NK cells was
increased. Notably, while CCR4 was mostly absent on the surface of mock NK cells, we
observed a substantial increase in CCR4 expression driven by infection with VZV. This
remodelling of chemokine receptor expression to induce a skin-homing phenotype is analo-
gous to previous reports for T cells [59], and thus may indicate a pan-lymphocyte mechanism
employed by VZV. Virally induced changes in chemokine receptor expression would allow
VZV to hijack lymphocyte trafficking to promote viral dissemination to the skin where highly
infectious lesions can develop. In fact, in a report of severe varicella in immunocompetent chil-
dren, NK cells and primed T cells were significantly reduced in frequency in circulation during
the early phase of infection, which was hypothesised to be a result of migration to peripheral
sites such as the skin [80].

Case reports of severe varicella infection in patients with NK cell deficiency indicate that
NK cells are critical in controlling VZV infection [81]. Our data demonstrate however that
VZV is not passive in its interaction with NK cells. We demonstrate that VZV productively
infects NK cells and remodels the surface phenotype in amplifying expression of skin-homing
chemokine receptors. We propose that along with the established roles for T cells and DCs,
that NK cells may also be active players in VZV pathogenesis and could contribute to the dis-
semination of virus. We have additionally demonstrated substantial changes in NK cell matu-
rity markers driven by VZV infection. How lifelong pathogens, like VZV, interact with NK
cells is significant in comprehending the context in which these immune cells exist in the
human host, as well as progressing our understanding of immune interactions during VZV
infection.

Materials and methods
Immune cell isolation

Healthy human donor buffy coats were obtained through the Australian Red Cross Blood Ser-
vice from which PBMCs were isolated by density gradient centrifugation with Ficoll-Paque
PLUS (GE Healthcare) and resuspended in complete RPMI medium (RPMI 1640 with L-gluta-
mine [Lonza] supplemented with 10% human serum [Sigma-Aldrich]) for subsequent experi-
ments. For some experiments, where specified, CD56" lymphocytes were isolated from PBMC
by MACS positive selection using CD56 MicroBeads, according to manufacturer’s protocol
(Miltenyi Biotech). CD56"-selected lymphocytes were then resuspended in complete RPMI
medium for subsequent experiments. For FACS sorting of lymphocyte populations and sub-
sets, PBMCs were stained with fluorochrome-conjugated antibodies in FACS buffer on a rock-
ing platform, and sorted to >95% purity using a FACSAria ITu or BD Influx (both BD
Biosciences). Cells were kept on ice during the sorting process.

Cell culture and viruses

ARPE-19 epithelial cells (ATCC) were cultured in complete DMEM medium (DMEM with
4.5 g/L glucose and L-glutamine [Lonza] supplemented with 10% foetal calf serum [FCS] and
penicillin streptomycin). VZV-S and rOka-ORF10-GFP (VZV-GFP), which expresses GFP as
a fusion protein with ORF10 [82], (both kindly provided by A Arvin, Stanford University),
were propagated in ARPE-19 cells in complete DMEM medium. For vOka infections,
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VARIVAX (varicella virus vaccine Oka/Merck Strain) (MSD) was inoculated onto ARPE-19
cells and passaged in complete DMEM medium. For cell-free VARIVAX infections, the vac-
cine preparation was used as provided.

Viral infection of immune cells

Infection cocultures were performed with uninfected (for mock) or VZV infected ARPE-19
cells at a CPE of 2+ to 3+ (approximately 50-75% of cells showing altered morphology).
ARPE-19 cells were trypsinised, washed and resuspended in complete RPMI medium for addi-
tion with lymphocytes at a ratio of 1:2-1:5 ARPE-19 to lymphocytes. For PBMCs, infections
were conducted in 12-well plates using 1-2 x 10° PBMCs in 1 ml of complete RPMI medium.
For CD56"-selected lymphocytes and FACS sorted subsets, infections were conducted in
24-well plates using 2-4 x 10° lymphocytes in 600 pl of complete RPMI medium. Cell-free
infections were performed at an MOI of 0.001 using 1 x 10° PBMCs in 1 ml of complete RPMI
medium in 12-well plates. The next day PBMCs were washed in PBS to remove the cell-free
virus preparation, and then PBMCs were returned to culture. For both infection methods, cells
were spinoculated in tissue culture plates by centrifuging plates at 150 g for 15 mins at room
temperature. Plates were then cultured at 37°C with 5% CO, for 2 days, unless otherwise speci-
fied. In some experiments lymphocytes were stimulated with 200 U/ml human IL-2 IS
(“Improved Sequence”) (Miltenyi Biotec) for the duration of coculture.

Antibodies

For flow cytometry and FACS sorting experiments, fluorochrome-conjugated antibodies
against the following antigens were used: CD56 (clone NCAM16.2; conjugated to BV605)
(B159; APC), CD3 (SK7; BUV395) (HIT3a; PE), CD57 (NK-1; BV421), CD16 (3G8; BV510
and PE/Cy?7), KIR3DLI1 (DX9; BV711) (all BD Biosciences), CD57 (HCD57; PE), LIR-1 (GHI/
75; AF647), CCR4 (L291H4; BV421), CLA (HECA-452; AF647) (all BioLegend), KIR2DL1/S1/
S3/S5 (HP-MA4; PerCP/Cy5.5) (Abcam), NKG2A (131411; PE) (R&D Systems), and VZV gE:
gl (SG1-1; conjugated in-house to DyLight 488) (Meridian Life Science). Matched isotype con-
trol antibodies were also used where appropriate. For IFA experiments, unconjugated antibod-
ies against the following antigens were used: gE:glI (clone SG1-1; Meridian Life Science), IE63
(rabbit polyclonal) and pORF29 (rabbit polyclonal) (both kindly provided by P Kinchington,
University of Pittsburgh). Fluorochrome-conjugated secondary donkey antibodies were pur-
chased from Life Technologies and Invitrogen (both Thermo Fisher Scientific).

Flow cytometry

Cells were collected and first stained with Zombie NIR fixable viability dye (BioLegend),
according to manufacturer’s protocol. Cells were then resuspended in FACS buffer (PBS sup-
plemented with 1% FCS and 10 mM EDTA) with addition of antibodies at 4°C for at least 30
mins. Thereafter cells were fixed in 1% formaldehyde (Cytofix; BD Biosciences) at 4°C for at
least 15 mins. Cells were acquired on an LSR-II cytometer (BD Biosciences).

Flow cytometry data analysis

Data were analysed with Flow]o software (versions 10.0.7 and 10.2; Tree Star). All data
depicted are gated on live cells, as determined by Zombie NIR fixable viability dye staining.
To allow for the visualisation of complex flow cytometry data, we used the Barnes-Hut
implementation of t-distributed stochastic nearest neighbour embedding (tSNE), a non-linear
dimensionality reduction approach [83, 84]. Using tSNE, individual cells are mapped onto a
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2D plot where cells with similar properties in high-dimensional space are grouped together.
For analysis, raw flow cytometry data was compensated in FlowJo and the NK cell population
was defined by the following gating strategy. A time gate was used to remove aberrant events,
single cells were gated on forward scatter height versus forward scatter area, lymphocytes were
gated by characteristic forward scatter versus side scatter attributes, live cells were gated by
excluding Zombie dye positive cells, and finally NK cells were defined as CD3"CD56". NK cell
populations were then exported from each sample and re-imported into Flow]Jo to randomly
down-sample to an equal number of cells per sample using the ‘DownSample’ plugin in
FlowJo. These samples were concatenated into a single .fcs file, then re-imported into FlowJo
where tSNE was performed using the “TSne’ plugin. tSNE maps were generated using data
from the following parameters: CD56, CD16, CD57, NKG2A, KIR2DL1/S1/S3/S5, KIR3DL1
and LIR-1; under the following tSNE settings: Iteration 1000, Perplexity 30, Eta 200, Theta 0.5.
As the samples were concatenated, following tSNE analysis samples were separated by gating
on each sample and exporting individual populations as .fcs files for subsequent analysis in
FlowJo. To create coloured tSNE plots, the samples were exported from FlowJo as CSV-Chan-
nel values so that bi-exponential expression can be visualised on a linear axis and linear colour
gradient. A custom script in R [85] was then used with packages ggplot2, colourRamps,
ggthemes and scales, which coloured individual cells in the tSNE map by the level of expres-
sion of various markers.

Immunofluorescence assay (IFA)

Indirect IFA was performed on cell spots of FACS sorted VZV or mock cultured NK cells
(CD37CD56"). Cell spots were air dried on glass slides and fixed with 4% formaldehyde (Cyto-
fix; BD Biosciences) at room temperature. Subsequently, cell spots were permeabilised with
0.1% Triton X-100 (Sigma-Aldrich) for 10 mins at room temperature. Cell spots were blocked
with 20% donkey serum, and then stained against IE63 (1:500), pORF29 (1:750), or respective
isotype control, for 1 hr at 37°C. Thereafter cell spots were stained with fluorochrome-conju-
gated secondary antibodies, and finally mounted with ProLong Gold Antifade Mountant with
DAPI (Thermo Fisher Scientific). Imaging was performed with a ZEISS Axio Imager.M2
upright microscope with a ZEISS AxioCam HRm digital monochrome CCD camera for fluo-
rescence imaging and ZEISS ApoTome.2 (Carl Zeiss Microscopy).

Infectious centre assay

CD56"-selected lymphocytes were cocultured with VZV infected ARPE-19s for 1 day, as
detailed above. Cells were harvested, stained for FACS sorting, and CD3"CD56" NK cells iso-
lated. In some experiments, where specified, isolated NK cells were washed in room tempera-
ture citrate buffer (40 mM C¢H;0,Nas, 135 mM NaCl, 10 mM KCI [pH 3]) for 2 mins then
washed in PBS. In duplicate, 10* NK cells were then resuspended in complete DMEM medium
and added to ARPE-19 monolayers pre-seeded at 7.5 x 10* cells on coverslips in 24-well plates.
Plates were spinoculated by centrifuging at 150 g for 15 mins at room temperature, and then
incubated at 37°C with 5% CO, for 4 days by which time substantial CPE was observed. Pla-
ques were observed by eye under an inverted light microscope (ZEISS Axio Scope.Al FL LED;
Carl Zeiss Microscopy) before monolayers were fixed in 4% formaldehyde. Viral antigens were
subsequently detected by indirect IFA as described above, staining against IE63 (1:500) and
gE:gl (1:600), or respective isotype controls. Plaques were visualised with a ZEISS Axio
Imager.M2 microscope, detailed above.
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Quantification of viral genome copies

PBMC:s were cocultured with VZV infected ARPE-19s for 4 hours, as detailed above. Cells
were harvested, stained for FACS sorting, and CD3"CD56" NK cells isolated. Throughout the
staining and sorting process cells were kept at 4°C or on ice. Following the NK cell isolation, 1
x 10° cells were harvested by washing in PBS and the cell pellet frozen at -80°C. The remaining
NK cells were cultured in complete RPMI medium at 37°C with 5% CO, in a 96-well plate,
and harvested at the specified time points. Subsequently, DNA was extracted with the QlAamp
DNA Mini Kit (QIAGEN), following the protocol for cultured cells. DNA was amplified by
qPCR (LightCycler 480 II, Roche) using 2X Brilliant II SYBR Green QPCR Master Mix (Agi-
lent Technologies) at 50°C for 2 mins and then 50 cycles of 95°C for 15 secs and 60°C for 45
secs, using the following primers: ORF28 forward, CGAACACGTTCCCCATCAA; ORF28
reverse, CCCGGCTTTGTTAGTTTTGG; Albumin forward, TTTGCAGATGTCAGTGAAA
GAGA; Albumin reverse, TGGGGAGGCTATAGAAAATAAGG [86]. Relative viral genome
copies were determined by normalising ORF28 levels to Albumin, and values were depicted as
fold change over the initial time point (4 hpi).

Statistical analyses

Statistics were calculated with GraphPad Prism (version 7; GraphPad Software). Tests for nor-
mality were performed, as well as the number of comparisons considered in order to deter-
mine the appropriate statistical test to use in each case.

Ethics statement

All blood work was performed in accordance with The University of Sydney ethics approval.
All donors provided written informed consent.

Supporting information

S1 Fig. VZV-GFP infects human peripheral blood NK cells, CD3*CD56" lymphocytes, and
T cells. Healthy human donor PBMCs were inoculated with ARPE-19 epithelial cells mock
infected or infected with VZV expressing GFP (VZV-GFP) for 2 days then analysed for infec-
tion by flow cytometry. (A) Representative flow cytometry plots of live T cells (CD3"CD56"),
CD3*CD56" lymphocytes, and NK cells (CD3"CD56"), examining GFP expression. (B) Fre-
quencies of live GFP™ T cells, CD3"CD56" lymphocytes, and NK cells (n = 3). Colours repre-
sent individual donors, and bars indicate mean. *p < 0.05 (Friedman test with Dunn’s
multiple comparisons test).

(TIF)

S2 Fig. Cell-free VARIVAX VZV infects human peripheral blood NK cells. Healthy human
donor PBMCs were inoculated with VARIVAX vaccine (MOI 0.001) for 2 days then analysed
for infection by flow cytometry. Shown are example flow cytometry plots of live NK cells
(CD37CD56") examining surface VZV gE:gl expression (A) or Fluorescence Minus One
(FMO) control for gE:gl staining (B) (n = 3).

(TIF)

S3 Fig. Increase in viral genome copies in VZV cultured NK cells over time. Healthy human
donor PBMCs were infected with VZV for 4 hours and then NK cells (CD3"CD56") were iso-
lated by FACS sorting. A sample of isolated NK cells were harvested immediately following
sorting, while remaining NK cells were further cultured at 37°C and harvested at the specified
time points post infection. DNA was subsequently extracted and qPCR performed, quantifying

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006999  April 30, 2018 19/25


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006999.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006999.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006999.s003
https://doi.org/10.1371/journal.ppat.1006999

@'PLOS | PATHOGENS

Varicella zoster virus infection of human natural killer cells

VZV ORF28 and albumin. Viral genome copies were calculated as ORF28/albumin and
depicted as fold change over the initial time point (4 hpi). Data from two donors (A & B) are
shown.

(TIF)

$4 Fig. Transmission of infection from VZV cultured NK cells stripped with citrate buffer.
(A) NK cells (CD3"CD56") were FACS sorted from healthy human donor PBMCs following
VZV infection for 1 day. Isolated NK cells were subsequently washed with citrate buffer and
PBS before being added to ARPE-19 epithelial cell monolayers. After 4 days in culture, mono-
layers were observed under light microscope for CPE. Plaques are indicated by arrowheads.
One representative experiment of two is shown.

(TTF)

Acknowledgments

We wish to acknowledge the assistance and support of the Sydney Cytometry Facility, The
University of Sydney and the Advanced Microscopy Facility, The University of Sydney. We
thank A Arvin (Stanford University) for the VZV-S and rOka-ORF10-GFP viruses, and P
Kinchington (University of Pittsburgh) for the IE63 and pORF29 antibodies. We would also
like to thank E Machala for helpful discussions.

Author Contributions

Conceptualization: Tessa Mollie Campbell, Brian Patrick McSharry, Barry Slobedman, Alli-
son Abendroth.

Formal analysis: Tessa Mollie Campbell.
Funding acquisition: Brian Patrick McSharry, Barry Slobedman, Allison Abendroth.
Investigation: Tessa Mollie Campbell.

Methodology: Tessa Mollie Campbell, Brian Patrick McSharry, Megan Steain, Thomas Myles
Ashhurst, Allison Abendroth.

Project administration: Brian Patrick McSharry, Barry Slobedman, Allison Abendroth.

Resources: Brian Patrick McSharry, Megan Steain, Thomas Myles Ashhurst, Allison
Abendroth.

Software: Thomas Myles Ashhurst.

Supervision: Brian Patrick McSharry, Megan Steain, Allison Abendroth.
Validation: Tessa Mollie Campbell.

Visualization: Tessa Mollie Campbell.

Writing - original draft: Tessa Mollie Campbell.

Writing - review & editing: Brian Patrick McSharry, Megan Steain, Thomas Myles Ashhurst,
Barry Slobedman, Allison Abendroth.

References

1. YawnBP, ltzler RF, Wollan PC, Pellissier JM, Sy LS, Saddier P. Health care utilization and cost burden
of herpes zoster in a community population. Mayo Clin Proc. 2009; 84(9):787-94. https://doi.org/10.
1016/S0025-6196(11)60488-6 PMID: 19720776

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006999  April 30, 2018 20/25


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006999.s004
https://doi.org/10.1016/S0025-6196(11)60488-6
https://doi.org/10.1016/S0025-6196(11)60488-6
http://www.ncbi.nlm.nih.gov/pubmed/19720776
https://doi.org/10.1371/journal.ppat.1006999

@’PLOS | PATHOGENS

Varicella zoster virus infection of human natural killer cells

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Karki S, Newall AT, Maclntyre CR, Heywood AE, Mcintyre P, Banks E, et al. Healthcare Resource Utili-
sation Associated with Herpes Zoster in a Prospective Cohort of Older Australian Adults. PLOS ONE.
2016; 11(8):e0160446. https://doi.org/10.1371/journal.pone.0160446 PMID: 27483007

Abendroth A, Morrow G, Cunningham AL, Slobedman B. Varicella-Zoster Virus Infection of Human
Dendritic Cells and Transmission to T Cells: Implications for Virus Dissemination in the Host. J Virol.
2001; 75(13):6183-92. https://doi.org/10.1128/JVI.75.13.6183-6192.2001 PMID: 11390620

Ku C-C, Padilla JA, Grose C, Butcher EC, Arvin AM. Tropism of Varicella-Zoster Virus for Human Ton-
sillar CD4+ T Lymphocytes That Express Activation, Memory, and Skin Homing Markers. J Virol. 2002;
76(22):11425-383. https://doi.org/10.1128/JV1.76.22.11425-11433.2002 PMID: 12388703

Huch JH, Cunningham AL, Arvin AM, Nasr N, Saskia JAMS, Slobedman E, et al. Impact of Varicella-
Zoster Virus on Dendritic Cell Subsets in Human Skin during Natural Infection. J Virol. 2010; 84
(8):4060-72. https://doi.org/10.1128/JV1.01450-09 PMID: 20130046

Ku C-C, Zerboni L, Ito H, Graham BS, Wallace M, Arvin AM. Varicella-zoster virus transfer to skin by T
cells and modulation of viral replication by epidermal cell interferon-a. J Exp Med. 2004; 200(7):917-25.
https://doi.org/10.1084/jem.20040634 PMID: 15452178

Ozaki T, Ichikawa T, Matsui Y, Nagai T, Asano Y, Yamanishi K, et al. Viremic phase in nonimmunocom-
promised children with varicella. J Pediatr. 1984; 104(1):85-7.

Asano 'Y, ltakura N, Hiroishi Y, Hirose S, Nagai T, Ozaki T, et al. Viremia is present in incubation period
in nonimmunocompromised children with varicella. J Pediatr. 1985; 106(1):69-71. https://doi.org/10.
1016/S0022-3476(85)80468-6 PMID: 2981309

Ozaki T, Ozaki T, Ichikawa T, Ichikawa T, Matsui Y, Matsui Y, et al. Lymphocyte-associated viremia in
varicella. J Med Virol. 1986; 19(3):249-53. https://doi.org/10.1002/jmv.1890190307 PMID: 3016166

Koropchak CM, Solem SM, Diaz PS, Arvin AM. Investigation of varicella-zoster virus infection of lym-
phocytes by in situ hybridization. J Virol. 1989; 63(5):2392-5. PMID: 2539528

AsanoY, ltakura N, Kajita Y, Suga S, Yoshikawa T, Yazaki T, et al. Severity of Viremia and Clinical
Findings in Children with Varicella. J Infect Dis. 1990; 161(6):1095-8. https://doi.org/10.1093/infdis/
161.6.1095 PMID: 2161037

Mainka C, FuB3 B, Geiger H, Héfelmayr H, Wolff MH. Characterization of viremia at different stages of
varicella-zoster virus infection. J Med Virol. 1998; 56(1):91-8. https://doi.org/10.1002/(SICI)1096-9071
(199809)56:1<91::AID-JMV15>3.0.CO;2-Z PMID: 9700639

Ito Y, Kimura H, Hara S, Kido S, Ozaki T, Nishiyama Y, et al. Investigation of Varicella-Zoster Virus
DNA in Lymphocyte Subpopulations by Quantitative PCR Assay. Microbiol Immunol. 2001; 45(3):267—
9. https://doi.org/10.1111/j.1348-0421.2001.tb02617.x PMID: 11345538

Lanier LL, Phillips JH, Hackett J Jr., Tutt M, Kumar V. Natural killer cells: definition of a cell type rather
than a function. J Immunol. 1986; 137(9):2735-9. PMID: 3489775

Biron CA, Byron KS, Sullivan JL. Severe Herpesvirus Infections in an Adolescent without Natural Killer
Cells. N Engl J Med. 1989; 320(26):1731-5. https://doi.org/10.1056/NEJM198906293202605 PMID:
2543925

Notarangelo LD, Mazzolari E. Natural killer cell deficiencies and severe varicella infection. J Pediatr.
2006; 148(4):563—4. https://doi.org/10.1016/j.jpeds.2005.06.028 PMID: 16647428

Wendland T, Herren S, Yawalkar N, Cerny A, Pichler WJ. Strong alpha beta and gamma delta TCR
response in a patient with disseminated Mycobacterium avium infection and lack of NK cells and mono-
cytopenia. Immunol Lett. 2000; 72(2):75-82. PMID: 10841941

Etzioni A, Eidenschenk C, Katz R, Beck R, Casanova JL, Pollack S. Fatal varicella associated with
selective natural killer cell deficiency. J Pediatr. 2005; 146(3):423-5. https://doi.org/10.1016/].jpeds.
2004.11.022 PMID: 15756234

Vossen MT, Gent MR, Peters KM, Wertheim-van Dillen PM, Dolman KM, van Breda A, et al. Persistent
detection of varicella-zoster virus DNA in a previously healthy child after severe chickenpox. J Clin
Microbiol. 2005; 43(11):5614-21. https://doi.org/10.1128/JCM.43.11.5614-5621.2005 PMID:
16272494

Vivier E, Walzer T, Tomasello E, Baratin M, Ugolini S. Functions of natural killer cells. Nat Immunol.
2008; 9(5):503-10. https://doi.org/10.1038/ni1582 PMID: 18425107

Cooper MA, Fehniger TA, Caligiuri MA. The biology of human natural killer-cell subsets. Trends Immu-
nol. 2001; 22(11):633-40. https://doi.org/10.1016/S1471-4906(01)02060-9 PMID: 11698225

Campbell TM, McSharry BP, Steain M, Slobedman B, Abendroth A. Varicella-Zoster Virus and Herpes
Simplex Virus 1 Differentially Modulate NKG2D Ligand Expression during Productive Infection. J Virol.
2015; 89(15):7932—43. https://doi.org/10.1128/JV1.00292-15 PMID: 25995251

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006999  April 30, 2018 21/25


https://doi.org/10.1371/journal.pone.0160446
http://www.ncbi.nlm.nih.gov/pubmed/27483007
https://doi.org/10.1128/JVI.75.13.6183-6192.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390620
https://doi.org/10.1128/JVI.76.22.11425-11433.2002
http://www.ncbi.nlm.nih.gov/pubmed/12388703
https://doi.org/10.1128/JVI.01450-09
http://www.ncbi.nlm.nih.gov/pubmed/20130046
https://doi.org/10.1084/jem.20040634
http://www.ncbi.nlm.nih.gov/pubmed/15452178
https://doi.org/10.1016/S0022-3476(85)80468-6
https://doi.org/10.1016/S0022-3476(85)80468-6
http://www.ncbi.nlm.nih.gov/pubmed/2981309
https://doi.org/10.1002/jmv.1890190307
http://www.ncbi.nlm.nih.gov/pubmed/3016166
http://www.ncbi.nlm.nih.gov/pubmed/2539528
https://doi.org/10.1093/infdis/161.6.1095
https://doi.org/10.1093/infdis/161.6.1095
http://www.ncbi.nlm.nih.gov/pubmed/2161037
https://doi.org/10.1002/(SICI)1096-9071(199809)56:1<91::AID-JMV15>3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1096-9071(199809)56:1<91::AID-JMV15>3.0.CO;2-Z
http://www.ncbi.nlm.nih.gov/pubmed/9700639
https://doi.org/10.1111/j.1348-0421.2001.tb02617.x
http://www.ncbi.nlm.nih.gov/pubmed/11345538
http://www.ncbi.nlm.nih.gov/pubmed/3489775
https://doi.org/10.1056/NEJM198906293202605
http://www.ncbi.nlm.nih.gov/pubmed/2543925
https://doi.org/10.1016/j.jpeds.2005.06.028
http://www.ncbi.nlm.nih.gov/pubmed/16647428
http://www.ncbi.nlm.nih.gov/pubmed/10841941
https://doi.org/10.1016/j.jpeds.2004.11.022
https://doi.org/10.1016/j.jpeds.2004.11.022
http://www.ncbi.nlm.nih.gov/pubmed/15756234
https://doi.org/10.1128/JCM.43.11.5614-5621.2005
http://www.ncbi.nlm.nih.gov/pubmed/16272494
https://doi.org/10.1038/ni1582
http://www.ncbi.nlm.nih.gov/pubmed/18425107
https://doi.org/10.1016/S1471-4906(01)02060-9
http://www.ncbi.nlm.nih.gov/pubmed/11698225
https://doi.org/10.1128/JVI.00292-15
http://www.ncbi.nlm.nih.gov/pubmed/25995251
https://doi.org/10.1371/journal.ppat.1006999

@’PLOS | PATHOGENS

Varicella zoster virus infection of human natural killer cells

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Horowitz A, Strauss-Albee DM, Leipold M, Kubo J, Nemat-Gorgani N, Dogan OC, et al. Genetic and
environmental determinants of human NK cell diversity revealed by mass cytometry. Sci Transl Med.
2013; 5(208):208ra145. https://doi.org/10.1126/scitransimed.3006702 PMID: 24154599

Ferlazzo G, Thomas D, Lin S-L, Goodman K, Morandi B, Muller WA, et al. The Abundant NK Cells in
Human Secondary Lymphoid Tissues Require Activation to Express Killer Cell Ig-Like Receptors and
Become Cytolytic. J Immunol. 2004; 172(3):1455-62. https://doi.org/10.4049/jimmunol.172.3.1455.
PMID: 14734722

Chan A, Hong D-L, Atzberger A, Kollnberger S, Filer AD, Buckley CD, et al. CD56bright Human NK
Cells Differentiate into CD56dim Cells: Role of Contact with Peripheral Fibroblasts. J Immunol. 2007;
179(1):89-94. https://doi.org/10.4049/jimmunol.179.1.89. PMID: 17579025

Romagnani C, Juelke K, Falco M, Morandi B, D’Agostino A, Costa R, et al. CD56brightCD16- Killer Ig-
Like Receptor- NK Cells Display Longer Telomeres and Acquire Features of CD56dim NK Cells upon
Activation. J Immunol. 2007; 178(8):4947-55. https://doi.org/10.4049/jimmunol.178.8.4947. PMID:
17404276

Huntington ND, Legrand N, Alves NL, Jaron B, Weijer K, Plet A, et al. IL-15 trans-presentation promotes
human NK cell development and differentiation in vivo. J Exp Med. 2009; 206(1):25-34. https://doi.org/
10.1084/jem.20082013 PMID: 19103877

Leibson PJ. Signal Transduction during Natural Killer Cell Activation: Inside the Mind of a Killer. Immu-
nity. 1997; 6(6):655—61. https://doi.org/10.1016/S1074-7613(00)80441-0 PMID: 9208838

Blish CA. Natural Killer Cell Diversity in Viral Infection: Why and How Much? Pathog Immun. 2016;
1(1):165-92. https:/doi.org/10.20411/pai.v1i1.142 PMID: 27635417

Tilden AB, Grossi CE, ltoh K, Cloud GA, Dougherty PA, Balch CM. Subpopulation analysis of human
granular lymphocytes: associations with age, gender and cytotoxic activity. Nat Immun Cell Growth
Regul. 1986; 5(2):90-9. PMID: 3724768

Le Garff-Tavernier M, Beziat V, Decocq J, Siguret V, Gandjbakhch F, Pautas E, et al. Human NK cells
display major phenotypic and functional changes over the life span. Aging Cell. 2010; 9(4):527-35.
https://doi.org/10.1111/j.1474-9726.2010.00584.x PMID: 20477761

Abo T, Miller CA, Balch CM. Characterization of human granular lymphocyte subpopulations expressing
HNK-1 (Leu-7) and Leu-11 antigens in the blood and lymphoid tissues from fetuses, neonates and
adults. Eur J Immunol. 1984; 14(7):616—23. https://doi.org/10.1002/eji. 1830140707 PMID: 6430709

Nagler A, Lanier LL, Cwirla S, Phillips JH. Comparative studies of human FcRIll-positive and negative
natural killer cells. J Immunol. 1989; 143(10):3183-91. PMID: 2530273

Lanier LL, Le AM, Phillips JH, Warner NL, Babcock GF. Subpopulations of human natural killer cells
defined by expression of the Leu-7 (HNK-1) and Leu-11 (NK-15) antigens. J Immunol. 1983; 131
(4):1789-96. PMID: 6225799

Bjorkstrom NK, Riese P, Heuts F, Andersson S, Fauriat C, lvarsson MA, et al. Expression patterns of
NKG2A, KIR, and CD57 define a process of CD56dim NK-cell differentiation uncoupled from NK-cell
education. Blood. 2010; 116(19):3853—64. https://doi.org/10.1182/blood-2010-04-281675 PMID:
20696944

Lopez-Vergés S, Milush JM, Pandey S, York VA, Arakawa-Hoyt J, Pircher H, et al. CD57 defines a func-
tionally distinct population of mature NK cells in the human CD56dimCD16+ NK-cell subset. Blood.
2010; 116(19):3865-74. https://doi.org/10.1182/blood-2010-04-282301 PMID: 20733159

Strickland P, Dunston G, Roane P, Vanderpool E. Multiplication of Herpes Simplex Virus in Large Gran-
ular Lymphocytes that Co-Fractionate with Human Natural Killer Cell Activity. Immunol Invest. 1989;
18(6):785-95. https://doi.org/10.3109/08820138909030599 PMID: 2548958

York IA, Johnson DC. Direct Contact with Herpes Simplex Virus-Infected Cells Results in Inhibition of
Lymphokine-Activated Killer Cells because of Cell-to-Cell Spread of Virus. J Infect Dis. 1993; 168
(5):1127-32. https://doi.org/10.1093/infdis/168.5.1127 PMID: 8228345

Isobe Y, Sugimoto K, Yang L, Tamayose K, Egashira M, Kaneko T, et al. Epstein-Barr Virus Infection of
Human Natural Killer Cell Lines and Peripheral Blood Natural Killer Cells. Cancer Res. 2004; 64
(6):2167—74. https://doi.org/10.1158/0008-5472.CAN-03-1562 PMID: 15026359

Malnati MS, Long EO, Gallo RC, Garzino-Demo A, Crowley RW, Lusso P. Infection of natural killer cells
by human herpesvirus 6. Nature. 1993; 362(6419):458—-62. https://doi.org/10.1038/362458a0 PMID:
7681936

Chehimi J, Bandyopadhyay S, Prakash K, Perussia B, Hassan NF, Kawashima H, et al. In vitro infection
of natural killer cells with different human immunodeficiency virus type 1 isolates. J Virol. 1991; 65
(4):1812-22. PMID: 1672164

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006999  April 30, 2018 22/25


https://doi.org/10.1126/scitranslmed.3006702
http://www.ncbi.nlm.nih.gov/pubmed/24154599
https://doi.org/10.4049/jimmunol.172.3.1455
http://www.ncbi.nlm.nih.gov/pubmed/14734722
https://doi.org/10.4049/jimmunol.179.1.89
http://www.ncbi.nlm.nih.gov/pubmed/17579025
https://doi.org/10.4049/jimmunol.178.8.4947
http://www.ncbi.nlm.nih.gov/pubmed/17404276
https://doi.org/10.1084/jem.20082013
https://doi.org/10.1084/jem.20082013
http://www.ncbi.nlm.nih.gov/pubmed/19103877
https://doi.org/10.1016/S1074-7613(00)80441-0
http://www.ncbi.nlm.nih.gov/pubmed/9208838
https://doi.org/10.20411/pai.v1i1.142
http://www.ncbi.nlm.nih.gov/pubmed/27635417
http://www.ncbi.nlm.nih.gov/pubmed/3724768
https://doi.org/10.1111/j.1474-9726.2010.00584.x
http://www.ncbi.nlm.nih.gov/pubmed/20477761
https://doi.org/10.1002/eji.1830140707
http://www.ncbi.nlm.nih.gov/pubmed/6430709
http://www.ncbi.nlm.nih.gov/pubmed/2530273
http://www.ncbi.nlm.nih.gov/pubmed/6225799
https://doi.org/10.1182/blood-2010-04-281675
http://www.ncbi.nlm.nih.gov/pubmed/20696944
https://doi.org/10.1182/blood-2010-04-282301
http://www.ncbi.nlm.nih.gov/pubmed/20733159
https://doi.org/10.3109/08820138909030599
http://www.ncbi.nlm.nih.gov/pubmed/2548958
https://doi.org/10.1093/infdis/168.5.1127
http://www.ncbi.nlm.nih.gov/pubmed/8228345
https://doi.org/10.1158/0008-5472.CAN-03-1562
http://www.ncbi.nlm.nih.gov/pubmed/15026359
https://doi.org/10.1038/362458a0
http://www.ncbi.nlm.nih.gov/pubmed/7681936
http://www.ncbi.nlm.nih.gov/pubmed/1672164
https://doi.org/10.1371/journal.ppat.1006999

@’PLOS | PATHOGENS

Varicella zoster virus infection of human natural killer cells

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Bernstein HB, Wang G, Plasterer MC, Zack JA, Ramasastry P, Mumenthaler SM, et al. CD4+ NK cells
can be productively infected with HIV, leading to downregulation of CD4 expression and changes in
function. Virology. 2009; 387(1):59—-66. https://doi.org/10.1016/j.virol.2009.01.044 PMID: 19251297

Kirwan S, Merriam D, Barsby N, McKinnon A, Burshtyn DN. Vaccinia virus modulation of natural killer
cell function by direct infection. Virology. 2006; 347(1):75-87. https://doi.org/10.1016/j.virol.2005.11.
037 PMID: 16387342

Mao H, TuW, Qin G, Helen Ka Wai L, Sia SF, Chan P-L, et al. Influenza Virus Directly Infects Human
Natural Killer Cells and Induces Cell Apoptosis. J Virol. 2009; 83(18):9215-22. https://doi.org/10.1128/
JVI1.00805-09 PMID: 19587043

Sen N, Arvin AM. Dissecting the Molecular Mechanisms of the Tropism of Varicella-Zoster Virus for
Human T Cells. J Virol. 2016; 90(7):3284—7. https://doi.org/10.1128/JV1.03375-14 PMID: 26792747

Weller TH, Weller TH. Serial Propagation in vitro of Agents Producing Inclusion Bodies Derived from
Varicella and Herpes Zoster. Proc Soc Exp Biol Med. 1953; 83(2):340-6. https://doi.org/10.3181/
00379727-83-20354 PMID: 13064265

Moffat JF, Stein MD, Kaneshima H, Arvin AM. Tropism of varicella-zoster virus for human CD4+ and
CD8+ T lymphocytes and epidermal cells in SCID-hu mice. J Virol. 1995; 69(9):5236—42. PMID:
7636965

Wallace MR, Woelfl |, Bowler WA, Olson PE, Murray NB, Brodine SK, et al. Tumor necrosis factor, inter-
leukin-2, and interferon-gamma in adult varicella. J Med Virol. 1994; 43(1):69-71. https://doi.org/10.
1002/jmv.1890430113 PMID: 8083651

Vukmanovic-Stejic M, Sandhu D, Sobande TO, Agius E, Lacy KE, Riddell N, et al. Varicella zoster-spe-
cific CD4+Foxp3+ T cells accumulate after cutaneous antigen challenge in humans. J Immunol. 2013;
190(3):977-86. https://doi.org/10.4049/jimmunol.1201331 PMID: 23284056

Honess RW, Roizman B. Regulation of Herpesvirus Macromolecular Synthesis |. Cascade Regulation
of the Synthesis of Three Groups of Viral Proteins 1. J Virol. 1974; 14(1):8-19. PMID: 4365321

Debrus S, Sadzot-Delvaux C, Nikkels AF, Piette J, Rentier B. Varicella-zoster virus gene 63 encodes
an immediate-early protein that is abundantly expressed during latency. J Virol. 1995; 69(5):3240-5.
PMID: 7707559

Reichelt M, Brady J, Arvin AM. The Replication Cycle of Varicella-Zoster Virus: Analysis of the Kinetics
of Viral Protein Expression, Genome Synthesis, and Virion Assembly at the Single-Cell Level. J Virol.
2009; 83(8):3904—18. https://doi.org/10.1128/JV1.02137-08 PMID: 19193797

Cohrs RJ, Wischer J, Essman C, Gilden DH. Characterization of Varicella-Zoster Virus Gene 21 and 29
Proteins in Infected Cells. J Virol. 2002; 76(14):7228-38. https://doi.org/10.1128/JV1.76.14.7228-7238.
2002 PMID: 12072522

Finnen RL, Mizokami KR, Banfield BW, Cai G-Y, Simpson SA, Pizer LI, et al. Postentry Events Are
Responsible for Restriction of Productive Varicella-Zoster Virus Infection in Chinese Hamster Ovary
Cells. J Virol. 2006; 80(21):10325-34. https://doi.org/10.1128/JV1.00939-06 PMID: 17041213

Li Q, AliMA, Wang K, Sayre D, Hamel FG, Fischer ER, et al. Insulin degrading enzyme induces a con-
formational change in varicella-zoster virus gE, and enhances virus infectivity and stability. PLOS ONE.
2010; 5(6):e11327. hitps://doi.org/10.1371/journal.pone.0011327 PMID: 20593027

Pontes MS, Devriendt B, Favoreel HW. Pseudorabies Virus Triggers Glycoprotein gE-Mediated ERK1/
2 Activation and ERK1/2-Dependent Migratory Behavior in T Cells. J Virol. 2015; 89(4):2149-56.
https://doi.org/10.1128/JV1.02549-14 PMID: 25473050

Sadaoka T, Depledge DP, Rajbhandari L, Venkatesan A, Breuer J, Cohen JI. In vitro system using
human neurons demonstrates that varicella-zoster vaccine virus is impaired for reactivation, but not
latency. Proceedings of the National Academy of Sciences. 2016; 113(17):E2403-E12. https://doi.org/
10.1073/pnas.1522575113 PMID: 27078099

Michel T, Poli A, Cuapio A, Briquemont B, Iserentant G, Ollert M, et al. Human CD56bright NK Cells: An
Update. J Immunol. 2016; 196(7):2923-31. https://doi.org/10.4049/jimmunol. 1502570 PMID:
26994304

Sen N, Mukherjee G, Sen A, Bendall SC, Sung P, Nolan GP, et al. Single-cell mass cytometry analysis
of human tonsil T cell remodeling by varicella zoster virus. Cell Reports. 2014; 8(2):633—45. https://doi.
org/10.1016/j.celrep.2014.06.024 PMID: 25043183

Gowrishankar K, Steain M, Cunningham AL, Rodriguez M, Blumbergs P, Slobedman B, et al. Charac-
terization of the Host Immune Response in Human Ganglia after Herpes Zoster. J Virol. 2010; 84
(17):8861-70. https://doi.org/10.1128/JVI1.01020-10 PMID: 20573825

Cauda R, Prasthofer EF, Tilden AB, Whitley RJ, Grossi CE. T-cell imbalances and NK activity in vari-
cella-zoster virus infections. Viral Immunol. 1987; 1(2):145-52. https://doi.org/10.1089/vim.1987.1.145
PMID: 2978454

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006999  April 30, 2018 23/25


https://doi.org/10.1016/j.virol.2009.01.044
http://www.ncbi.nlm.nih.gov/pubmed/19251297
https://doi.org/10.1016/j.virol.2005.11.037
https://doi.org/10.1016/j.virol.2005.11.037
http://www.ncbi.nlm.nih.gov/pubmed/16387342
https://doi.org/10.1128/JVI.00805-09
https://doi.org/10.1128/JVI.00805-09
http://www.ncbi.nlm.nih.gov/pubmed/19587043
https://doi.org/10.1128/JVI.03375-14
http://www.ncbi.nlm.nih.gov/pubmed/26792747
https://doi.org/10.3181/00379727-83-20354
https://doi.org/10.3181/00379727-83-20354
http://www.ncbi.nlm.nih.gov/pubmed/13064265
http://www.ncbi.nlm.nih.gov/pubmed/7636965
https://doi.org/10.1002/jmv.1890430113
https://doi.org/10.1002/jmv.1890430113
http://www.ncbi.nlm.nih.gov/pubmed/8083651
https://doi.org/10.4049/jimmunol.1201331
http://www.ncbi.nlm.nih.gov/pubmed/23284056
http://www.ncbi.nlm.nih.gov/pubmed/4365321
http://www.ncbi.nlm.nih.gov/pubmed/7707559
https://doi.org/10.1128/JVI.02137-08
http://www.ncbi.nlm.nih.gov/pubmed/19193797
https://doi.org/10.1128/JVI.76.14.7228-7238.2002
https://doi.org/10.1128/JVI.76.14.7228-7238.2002
http://www.ncbi.nlm.nih.gov/pubmed/12072522
https://doi.org/10.1128/JVI.00939-06
http://www.ncbi.nlm.nih.gov/pubmed/17041213
https://doi.org/10.1371/journal.pone.0011327
http://www.ncbi.nlm.nih.gov/pubmed/20593027
https://doi.org/10.1128/JVI.02549-14
http://www.ncbi.nlm.nih.gov/pubmed/25473050
https://doi.org/10.1073/pnas.1522575113
https://doi.org/10.1073/pnas.1522575113
http://www.ncbi.nlm.nih.gov/pubmed/27078099
https://doi.org/10.4049/jimmunol.1502570
http://www.ncbi.nlm.nih.gov/pubmed/26994304
https://doi.org/10.1016/j.celrep.2014.06.024
https://doi.org/10.1016/j.celrep.2014.06.024
http://www.ncbi.nlm.nih.gov/pubmed/25043183
https://doi.org/10.1128/JVI.01020-10
http://www.ncbi.nlm.nih.gov/pubmed/20573825
https://doi.org/10.1089/vim.1987.1.145
http://www.ncbi.nlm.nih.gov/pubmed/2978454
https://doi.org/10.1371/journal.ppat.1006999

@’PLOS | PATHOGENS

Varicella zoster virus infection of human natural killer cells

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Terada K, Kawano S, Yagi Y, Shimada Y, Kataoka N. Alteration of T cells and natural killer cells during
chickenpox in infancy. J Clin Immunol. 1996; 16(1):55-9. https://doi.org/10.1007/BF01540973 PMID:
8926286

Malavige GN, Jones L, Kamaladasa SD, Wijewickrama A, Seneviratne SL, Black AP, et al. Natural killer
cells during primary varicella zoster virus infection. J Infect. 2010; 61(2):190-2. https://doi.org/10.1016/
j.jinf.2010.05.004 PMID: 20681055

Godfrey DI, MacDonald HR, Kronenberg M, Smyth MJ, Van Kaer L. NKT cells: what’s in a name? Nat
Rev Immunol. 2004; 4(3):231-7. https://doi.org/10.1038/nri1309 PMID: 15039760

Freud AG, Mundy-Bosse BL, Yu J, Caligiuri MA. The Broad Spectrum of Human Natural Killer Cell
Diversity. Immunity. 2017; 47(5):820-33. https://doi.org/10.1016/j.immuni.2017.10.008 PMID:
29166586

Meyer PA, Seward JF, Jumaan AO, Wharton M. Varicella Mortality: Trends before Vaccine Licensure in
the United States, 1970-1994. J Infect Dis. 2000; 182(2):383—90. https://doi.org/10.1086/315714
PMID: 10915066

Cichocki F, Valamehr B, Bjordahl R, Zhang B, Rezner B, Rogers P, et al. GSK3 Inhibition Drives Matu-
ration of NK Cells and Enhances Their Antitumor Activity. Cancer Res. 2017; 77(20):5664—75. https://
doi.org/10.1158/0008-5472.CAN-17-0799 PMID: 28790065

Nielsen CM, White MJ, Goodier MR, Riley EM. Functional significance of CD57 expression on human
NK cells and relevance to disease. Front Immunol. 2013; 4:422. https://doi.org/10.3389/fimmu.2013.
00422 PMID: 24367364

Cebo C, Durier V, Lagant P, Maes E, Florea D, Lefebvre T, et al. Function and Molecular Modeling of
the Interaction between Human Interleukin 6 and Its HNK-1 Oligosaccharide Ligands. J Biol Chem.
2002; 277(14):12246-52. hitps://doi.org/10.1074/jbc.M106816200 PMID: 11788581

Romee R, Foley B, Lenvik T, Wang Y, Zhang B, Ankarlo D, et al. NK cell CD16 surface expression and
function is regulated by a disintegrin and metalloprotease-17 (ADAM17). Blood. 2013; 121(18):3599—
608. https://doi.org/10.1182/blood-2012-04-425397 PMID: 23487023

Peruzzi G, Femnou L, Gil-Krzewska A, Borrego F, Weck J, Krzewski K, et al. Membrane-type 6 matrix
metalloproteinase regulates the activation-induced downmodulation of CD16 in human primary NK
cells. J Immunol. 2013; 191(4):1883-94. https://doi.org/10.4049/jimmunol.1300313 PMID: 23851692

Lee J, Zhang TX, Hwang |, Kim A, Nitschke L, Kim M, et al. Epigenetic Modification and Antibody-
Dependent Expansion of Memory-like NK Cells in Human Cytomegalovirus-Infected Individuals. Immu-
nity. 2015; 42(3):431-42. https://doi.org/10.1016/j.immuni.2015.02.013 PMID: 25786175

Zwirner NW, Domaica Cl. Cytokine regulation of natural killer cell effector functions. Biofactors. 2010;
36(4):274-88. https://doi.org/10.1002/biof.107 PMID: 20623510

Sen N, Che X, Rajamani J, Zerboni L, Sung P, Ptacek J, et al. Signal transducer and activator of tran-
scription 3 (STAT3) and survivin induction by varicella-zoster virus promote replication and skin patho-
genesis. Proc Natl Acad Sci U S A. 2012; 109(2):600-5. https://doi.org/10.1073/pnas.1114232109
PMID: 22190485

Yu CR, Lin JX, Fink DW, Akira S, Bloom ET, Yamauchi A. Differential utilization of Janus kinase-signal
transducer activator of transcription signaling pathways in the stimulation of human natural killer cells by
IL-2, IL-12, and IFN-alpha. J Immunol. 1996; 157(1):126-37. PMID: 8683106

Wu'Y, Tian ZG, Wei HM. Developmental and Functional Control of Natural Killer Cells by Cytokines.
Front Immunol. 2017; 8. https://doi.org/10.3389/fimmu.2017.00930 PMID: 28824650

Nikkels AF, Sadzot-Delvaux C, Piérard GE. Absence of intercellular adhesion molecule 1 expression in
varicella zoster virus-infected keratinocytes during herpes zoster: another immune evasion strategy?
Am J Dermatopathol. 2004; 26(1):27-32. https://doi.org/10.1097/00000372-200402000-00005 PMID:
14726820

Leinweber B, Kerl H, Cerroni L. Histopathologic features of cutaneous herpes virus infections (herpes
simplex, herpes varicella/zoster): a broad spectrum of presentations with common pseudolymphoma-
tous aspects. Am J Surg Pathol. 2006; 30(1):50-8. https://doi.org/10.1097/01.pas.0000176427.99004.
d7 PMID: 16330942

Ebert LM, Meuter S, Moser B. Homing and function of human skin gammadelta T cells and NK cells: rel-
evance for tumor surveillance. J Immunol. 2006; 176(7):4331-6. https://doi.org/10.4049/jimmunol.176.
7.4331. PMID: 16547270

Mireille TMV, Biezeveld MH, Menno DdJ, Gent M-R, Baars PA, Ines AvR, et al. Absence of Circulating
Natural Killer and Primed CD8" Cells in Life-Threatening Varicella. J Infect Dis. 2005; 191(2):198-206.
https://doi.org/10.1086/426866 PMID: 15609229

Orange JS. Natural killer cell deficiency. J Allergy Clin Immunol. 2013; 132(3):515-25. https://doi.org/
10.1016/j.jaci.2013.07.020 PMID: 23993353

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006999  April 30, 2018 24/25


https://doi.org/10.1007/BF01540973
http://www.ncbi.nlm.nih.gov/pubmed/8926286
https://doi.org/10.1016/j.jinf.2010.05.004
https://doi.org/10.1016/j.jinf.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20681055
https://doi.org/10.1038/nri1309
http://www.ncbi.nlm.nih.gov/pubmed/15039760
https://doi.org/10.1016/j.immuni.2017.10.008
http://www.ncbi.nlm.nih.gov/pubmed/29166586
https://doi.org/10.1086/315714
http://www.ncbi.nlm.nih.gov/pubmed/10915066
https://doi.org/10.1158/0008-5472.CAN-17-0799
https://doi.org/10.1158/0008-5472.CAN-17-0799
http://www.ncbi.nlm.nih.gov/pubmed/28790065
https://doi.org/10.3389/fimmu.2013.00422
https://doi.org/10.3389/fimmu.2013.00422
http://www.ncbi.nlm.nih.gov/pubmed/24367364
https://doi.org/10.1074/jbc.M106816200
http://www.ncbi.nlm.nih.gov/pubmed/11788581
https://doi.org/10.1182/blood-2012-04-425397
http://www.ncbi.nlm.nih.gov/pubmed/23487023
https://doi.org/10.4049/jimmunol.1300313
http://www.ncbi.nlm.nih.gov/pubmed/23851692
https://doi.org/10.1016/j.immuni.2015.02.013
http://www.ncbi.nlm.nih.gov/pubmed/25786175
https://doi.org/10.1002/biof.107
http://www.ncbi.nlm.nih.gov/pubmed/20623510
https://doi.org/10.1073/pnas.1114232109
http://www.ncbi.nlm.nih.gov/pubmed/22190485
http://www.ncbi.nlm.nih.gov/pubmed/8683106
https://doi.org/10.3389/fimmu.2017.00930
http://www.ncbi.nlm.nih.gov/pubmed/28824650
https://doi.org/10.1097/00000372-200402000-00005
http://www.ncbi.nlm.nih.gov/pubmed/14726820
https://doi.org/10.1097/01.pas.0000176427.99004.d7
https://doi.org/10.1097/01.pas.0000176427.99004.d7
http://www.ncbi.nlm.nih.gov/pubmed/16330942
https://doi.org/10.4049/jimmunol.176.7.4331
https://doi.org/10.4049/jimmunol.176.7.4331
http://www.ncbi.nlm.nih.gov/pubmed/16547270
https://doi.org/10.1086/426866
http://www.ncbi.nlm.nih.gov/pubmed/15609229
https://doi.org/10.1016/j.jaci.2013.07.020
https://doi.org/10.1016/j.jaci.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/23993353
https://doi.org/10.1371/journal.ppat.1006999

@'PLOS | PATHOGENS

Varicella zoster virus infection of human natural killer cells

82.

83.

84.

85.

86.

Nour AM, Reichelt M, Ku C-C, Ho M-Y, Heineman TC, Arvin AM. Varicella-zoster virus infection triggers
formation of an interleukin-1p (IL-1B)-processing inflammasome complex. J Biol Chem. 2011; 286
(20):17921-33. https://doi.org/10.1074/jbc.M110.210575 PMID: 21385879

Amir E-AD, Davis KL, Tadmor MD, Simonds EF, Levine JH, Bendall SC, et al. ViSNE enables visualiza-
tion of high dimensional single-cell data and reveals phenotypic heterogeneity of leukemia. Nat Biotech-
nol. 2013; 31(6):545-52. https://doi.org/10.1038/nbt.2594 PMID: 23685480

van der Maaten L. Accelerating t-SNE using Tree-Based Algorithms. J Mach Learn Res. 2014;
15:322145.

Ashhurst TM. tSNEplots v1.2.0; 2017 [cited 2017 Sept 17]. Repository: GitHub [Internet]. https://github.
com/sydneycytometry/tSNEplots/releases. http://doi.org/10.5281/zenodo.893859.

Barczak W, Suchorska W, Rubis B, Kulcenty K. Universal real-time PCR-based assay for lentiviral titra-
tion. Mol Biotechnol. 2015; 57(2):195-200. https://doi.org/10.1007/s12033-014-9815-4 PMID:
25370825

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006999  April 30, 2018 25/25


https://doi.org/10.1074/jbc.M110.210575
http://www.ncbi.nlm.nih.gov/pubmed/21385879
https://doi.org/10.1038/nbt.2594
http://www.ncbi.nlm.nih.gov/pubmed/23685480
https://github.com/sydneycytometry/tSNEplots/releases
https://github.com/sydneycytometry/tSNEplots/releases
http://doi.org/10.5281/zenodo.893859
https://doi.org/10.1007/s12033-014-9815-4
http://www.ncbi.nlm.nih.gov/pubmed/25370825
https://doi.org/10.1371/journal.ppat.1006999

