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Varicella-zoster virus (VZV) causes clinically significant illness during acute and recurrent infection accompanied by robust innate
and acquired immune responses. Innate immune cells in skin and ganglion secrete type I interferon (IFN-I) and proinflammatory
cytokines to control VZV. Varicella-zoster virus subverts pattern recognition receptor sensing to modulate antigen presentation
and IFN-I production. During primary infection, VZV hijacks T cells to disseminate to the skin and establishes latency in ganglia.
Durable T- and B-cell memory formed within a few weeks of infection is boosted by reactivation or re-exposure. Antigen-specific T
cells are recruited and potentially retained in VZV-infected skin to counteract reactivation. In latently VZV-infected ganglia, how-
ever, virus-specific T cells have not been recovered, suggesting that local innate immune responses control VZV latency. Antibodies
prevent primary VZV infection, whereas T cells are fundamental to resolving disease, limiting severity, and preventing reactivation.

In this study, we review current knowledge on the interactions between VZV and the human immune system.
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Varicella-zoster virus (VZV) is a human alphaherpesvirus that
infects >90% of people worldwide. Primary VZV infection,
typically acquired during early childhood, leads to varicella
(chickenpox) and establishment of a lifelong latent infection
in neurons of trigeminal ganglia (TG) and dorsal root ganglia
(DRG). Later in life, VZV reactivates in approximately one third
of infected individuals to cause herpes zoster ([HZ] shingles)
[1]. Whereas primary VZV infection is generally benign, HZ
is frequently accompanied by postherpetic neuralgia (PHN),
and it is an important cause of uveitis and vasculitic stroke
[2, 3]. Both the highly cell-associated nature of VZV and the
strict virus species barrier has hampered studies on VZV patho-
genesis. Consequently, the immunobiology of VZV infection is
mainly studied in human clinical specimens, experimental VZV
infection of human fetal skin and DRG xenografts transplanted
in severe combined immunodeficient (SCID-hu) mice [4], and
the simian varicella virus (SVV) nonhuman primate model for
VZV infection [5]. Host innate and adaptive immune responses
are essential to limit disease severity and to prevent VZV reacti-
vation. Vaccines based on the live-attenuated VZV strain vOka,
and recently the VZV glycoprotein E (gE)-based subunit vac-
cine (HZ/su), provide variable protection against VZV disease
by harnessing VZV-specific immunity [6-8]. During long-term
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cospeciation, VZV has evolved to dodge immunity and utilize
lymphocytes for intrahost dissemination [4, 9]. In this review,
we will summarize and discuss current understanding of the
immunobiology of VZV infection.

T CELLS DISSEMINATE VARICELLA-ZOSTER VIRUS
DURING PRIMARY INFECTION

During primary infection, VZV replicates in respiratory epi-
thelial cells and is transferred to T cells within the tonsillar
lymphoid tissue [10, 11], either directly or via virus-infected
dendritic cells (DCs) [12]. Varicella-zoster virus infection
reconfigures the T cells to become activated memory T cells
with enhanced skin-homing capacity and reduced immune
functions [13]. Consequently, VZV-infected T cells transport
the virus to skin and possibly ganglia during primary infection
[14, 15]. Detection of VZV-infected T cells in blood during
acute infection, and observations in the SVV model support
the role of T cells for intrahost dissemination of the virus
(5, 16, 17]. Although HZ patients may develop a low viremia
[18], the analogous role of T cells in VZV reactivation has not
been described.

INNATE IMMUNE RESPONSETO VARICELLA-ZOSTER
VIRUS INFECTION

Varicella-zoster virus is sensed by the innate immune system
via pattern recognition receptors that recognize viral patho-
gen-associated molecular patterns. Cell surface Toll-like recep-
tors (TLRs) 2 and TLR1/2 recognize VZV particles and the viral
dUTPase, and viral double-stranded deoxyribonucleic acid
(dsDNA) is recognized by endosomal TLRY. Varicella-zoster
virus is sensed via unknown mechanisms by nucleotide-bind-
ing oligomerization domain-like receptor NLRP3 [19-22].
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By analogy to related herpesviruses, both viral double-stranded
ribonucleic acid (dsRNA) intermediates and single-stranded
RNA with a 5’-triphosphate group are most likely detected by
the cytosolic RNA receptors melanoma differentiation-associ-
ated protein 5 (MDAD5) and retinoic acid-inducible gene (RIG-
I), whereas viral dsDNA is recognized by the DNA receptors
such as RNA polymerase III and cyclic GMP-AMP synthase
[23, 24]. These interactions activate transcription factors such as
nuclear factor kappa-light-chain-enhancer of activated B-cells
(NF-kB), interferon (IFN) regulatory factor 3 (IRF3), and IRF7
to induce the expression of type I IFNs ([IFN-I] IFN-a and IFN-
B) and proinflammatory cytokines that inhibit viral replication
and recruit inflammatory cells to the site of infection [23].

Innate Immune Cells

The innate immune cells comprise mast cells, granulocytes,
monocytes/macrophages, DCs, and the more recently iden-
tified innate lymphoid cells ([ILCs] that include natural killer
[NK] cells) and “innate-like” T cells such as invariant NKT
(iNKT) cells, MAIT cells, and y8 T cells [25, 26]. The contribu-
tion of innate immune cells to VZV pathogenesis is ill-defined.
Cultured monocytes and monocyte-derived macrophages
produce proinflammatory cytokines such as interleukin (IL)-
6, IL-8, and tumor necrosis factor-a (TNF-a) in response to
VZV infection [20]. Plasmacytoid DCs (pDCs) produce abun-
dant IFN-a in response to VZV-infected peripheral blood
mononuclear cells (PBMCs) [21]. Natural killer cells restrict
VZV replication by secreting antiviral molecules (IFN-y and
granulysin) or by direct cytolysis [27, 28]. Genetic defects that
impair NK immunity are associated with more severe varicella
[29], although not all individuals with NK cell deficiencies will
develop severe VZV disease, implicating variable host and pos-
sible virus genetic involvement. Likewise, disease severity of
primary VZV infection is increased in individuals with compro-
mised iNKT immune responses [30]. More recently, long-lived
NK cells with immunological memory have been identified that
contribute to antiherpesvirus immunity [31]. Overall, recent
discoveries of novel innate immune cells and memory NK cells
warrant future studies on their role in VZV pathogenesis.

Innate Immune Response in Skin

Upon arrival in skin, VZV needs to counteract local innate
immune responses to produce the characteristic vesicular skin
rash. Interferon-a production by epidermal epithelial cells and
high numbers of infiltrating pDCs restrict VZV replication
[14, 32] (Figure 1A). In contrast to pDCs, a dramatic loss of
Langerhans cells is observed in the epidermis of both varicella
and HZ biopsies, most likely due to their efflux to regional
lymph nodes [32]. Leukocyte infiltrates in early varicella and
HZ skin lesions contain mainly epidermal neutrophils and der-
mal perivascular and perineural macrophages [33, 34], followed
by the influx of a low number of NK cells (Figure 1B-D) [33].

Although the SCID-hu mouse model provided essential insights
into VZV skin pathogenesis [4], the model’s chimeric make-up
precludes detailed analyses on the role of innate immune cells
in controlling VZV infection in human skin. Future studies are
warranted to address this issue by combining bone marrow,
liver, and thymus (BLT)-humanized mice with VZV replication
in human fetal skin xenografts [35] or by using the SVV model
(5, 36].

Innate Inmune Response in Ganglia

Both neurons and nonneuronal cells contribute to anti-VZV
innate immune responses in sensory ganglia. Varicella-zoster
virus infection of fetal DRG in SCID-hu mice produces tran-
sient virus replication, followed by persistent lower levels of
viral DNA and limited viral transcription, suggesting that local
innate immune responses control VZV replication in ganglia
[15]. Alternatively, the differential susceptibility of neuronal
subtypes to productive VZV infection, and subsequent deple-
tion of susceptible neurons and retention of quiescently infected
neurons, may be involved [37]. Although sensory neurons pro-
duce little IFN-I upon alphaherpesvirus infection, exposure to
IFN-I at the nerve endings or ganglion provides local protection
[38, 39]. The IFN-I induction in VZV-infected human DRG and
upregulation of IFN-I-stimulated genes in acutely SVV-infected
monkey ganglia support the latter option [37, 40, 41]. Neuron-
interacting satellite glial cells (SGCs) support neuron func-
tionality, but they are also involved in local immune responses
(42, 43]. The SGCs upregulate major histocompatibility com-
plex type I (MHC-I) and MHC-II and produce TNF-a and IL-6
in response to herpesvirus infection [44-46]. In addition, mac-
rophages and NK cells infiltrate ganglia after HZ [46]. Overall,
these findings suggest that both resident and infiltrating cells
contribute to innate immunity to VZV in ganglia. Although
newly developed in vitro models may identify intrinsic neu-
ronal antiviral responses [47, 48], detailed analyses on the role
of innate immune cells, particularly SGCs, in controlling VZV
infection in ganglia are warranted.

ADAPTIVE IMMUNITY TO VARICELLA-ZOSTER VIRUS
INFECTION

Functional roles for adaptive immunity are proven by the
resistance to secondary varicella, the efficacy of preventa-
tive and therapeutic VZV vaccines, and the severity of HZ
in CD4-lymphopenic persons [49]. Low VZV-specific CD4
T-cell responses, but not antibodies, correlate with more severe
HZ and PHN [50] (Supplementary Data Ref. 51). CD8 T-cell
depletion may also be associated with increased VZV reacti-
vation (Supplementary Data Ref. 52). Age-related decrease in
VZV-specific T-cell frequencies in blood and increased levels
of regulatory T cells (Tregs) are also associated with increased
risk of HZ (Supplementary Data Ref. 53). In this section, we
review data on systemic and local VZV-specific B- and T-cell
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VZV open reading frame (ORF)
Figure 1. Immunopathology of herpes zoster lesions and systemic virus-specific T-cell immune responses in latently varicella-zoster virus (VZV)-infected adults. (A-D)

Sections of formalin-fixed and paraffin-embedded skin biopsy obtained from a herpes zoster patient were analyzed by immunofluorescence ([IF] A, C, and D) or stained with
hematoxylin and eosin (B). (A) Dual IF staining for VZV glycoprotein E ([gE] green) and CD123 (plasmacytoid dendritic cell [pDC]; red) reveals dermal pDC adjacent to VZV-
infected cells. Inset: magnification of indicated area. (B) Hematoxylin and eosin staining showing polymorphonuclear cell infiltrates in a zoster vesicle. Magnification: x100;
inset: x400. (C) Dual IF staining for VZV gE (green) and CD68 (macrophages; red) showing high numbers of dermal macrophages adjacent to VZV-infected epidermis. Insets:
magnification of the indicated areas showing VZV gE-positive epidermal (pink inset) and dermal (orange inset) macrophages. (D) Dual IF staining for VZV open reading frame
(ORF)63 (green) and CD3 (T cells; red) showing dermal T-cell infiltrates in proximity to VZV-infected cells. Pink inset: magnification showing VZV ORF63-positive T cell in epi-
dermis. Orange inset: magnification showing dermal T cells adjacent to VZV ORF63-positive cells. (A, C, and D) Nuclei were counterstained with 4',6-diamidino-2-phenylindole
(blue), and dashed lines indicate epidermal—dermal junction and images are shown at x200 magnification. (E-F) Bulk in vitro VZV-enriched CD4 (E) and CD8 (F) T-cell lines
(TCLs) obtained from different representative latently VZV-infected healthy adults were assayed for reactivity to proteins encoded by individual VZV ORFs (indicated on the
x-axis). (E) CD4 T-cell reactivity was determined using [*H]-thymidine incorporation, as described previously (Supplementary Data Ref. 77). Bars and error bars indicate mean
+ standard deviation of duplicate measurements. Dashed horizontal line indicates threshold for positivity [(median of all negative control antigens) + (2.33 times median
absolute deviation of negative control antigens)]. Both duplicates needed to exceed the threshold for the ORF to be determined as positive. (F) Interferon-y secretion levels
determined by enzyme-linked immunosorbent assay in conditioned medium of CD8 TCL cocultured with Cos-7 cells cotransfected with the responsive human leukocyte anti-
gen (HLA)-l allele (ie, HLA-B*0802) and the individual VZV ORFs, as described previously (Supplementary Data Ref. 76). The VZV ORFs specifically recognized by T cells in the
individuals analyzed are indicated.

immunity during primary infection, latency, and exogenous or
endogenous VZV antigen re-exposure.

Humoral Immunity

Antibodies are involved in controlling both primary VZV
infection and reactivation. Passively transferred varicella zos-
ter immunoglobulin (Ig) ameliorates or prevents primary var-
icella if given to seronegative individuals (Supplementary Data
Ref. 54). Similarly, transplacental IgG protects infants against
primary infection (Supplementary Data Ref. 55). Functional

activities include antibody-dependent cell-mediated cytotox-
icity (ADCC), neutralization of cell-free virus, and inhibition
of cell-to-cell spread (Supplementary Data Ref. 56). It is inter-
esting to note that antibody immunodeficiency (eg, agamma-
globulinemia) is not associated with severe primary varicella
(Supplementary Data Ref. 57), which indicates that innate
immunity and/or acquired cellular immunity is sufficient to
prevent prolonged or disseminate primary varicella in these
patients. Anti-VZV Ig appears 1 week after varicella rash and
peaks at 1 month. Prompt antibody responses do not correspond
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with varicella severity (Supplementary Data Ref. 58). Whereas
VZV-specific IgM and IgA wane after a few months, VZV-
specific IgG levels have a functional half-life of 50 years in the
absence of boosting, implying the presence of long-lived plasma
cells(Supplementary Data Ref. 59). Immunoglobulin G boosts
observed in the absence of HZ are attributed to subclinical VZV
reactivation or re-exposure to VZV (Supplementary Data Ref.
59). Serum VZV-specific antibodies and memory B-cell num-
bers do not correlate (Supplementary Data Ref. 59), reflecting
the bone marrow residency of plasma cells. Varicella-zoster
virus IgG titers at 3 weeks post-HZ are higher in subjects with
severe HZ or PHN, potentially due to a higher antigen load
[50]. Varicella-zoster virus-specific IgA and IgM titers are rarely
increased after HZ (Supplementary Data Ref. 60). However, this
may be an underestimation given the anticipated narrow time
frame of production after VZV reactivation, which warrants
future studies on their expression, specificity, and potential con-
tribution in modulating HZ.

Sera from VZV-seropositive persons react to approximately
one third of the VZV proteome, including all viral glycoproteins,
and various tegument proteins, capsid proteins, and nonstruc-
tural proteins (Supplementary Data Ref. 61). Antibodies from
varicella or HZ patients preferentially bind to specific regions
of VZV proteins involved in cell entry: gB (ORF31) and gE
(ORF68). The latter is used for the candidate HZ/su subunit vac-
cine discussed at length elsewhere in this issue. Human mono-
clonal antibodies against several conformational epitopes on
gH (ORF37, also important for cell entry), gB, or gE neutralize
VZV (Supplementary Data Refs. 62 and 63). Varicella-zoster
virus-specific IgG can cross-react between herpes simplex virus
(HSV) (Supplementary Data Ref. 64) with unknown clinical sig-
nificance. Although VZV-specific CD4 T cells with a T follicular
helper phenotype have not been formally demonstrated, they are
of interest in determining (1) the mechanism of anti-VZV IgG
persistence and (2) the unique potency of the HZ/su vaccine.

CD4 T-Cell Response
The majority of T-cell studies concern CD4 T cells. Early studies
predated knowledge of T-cell subsets, but they used techniques
now understood to reflect CD4 responses, and contemporary
studies mostly continue the CD4 T-cell focus. The SVV model
highlights functional roles for CD4 T cells. Depletion of CD4
T cells results in higher viral loads, prolonged viremia, and
more severe varicella than CD8 T-cell depletion, but it does not
increase latent viral loads after recovery. Given the helper func-
tions of CD4 T cells, depletion is accompanied with delayed
and reduced VZV-specific antibody and CD8 T-cell responses
(Supplementary Data Ref. 65). Therefore, it is difficult to defin-
itively isolate the functional role of CD4 T cells in the experi-
mental SVV model.

Varicella-zoster virus-specific CD4 and CD8 T cells are
detectable before seroconversion, starting approximately 3 days

after varicella onset (Supplementary Data Refs. 58 and 66).
Early, high magnitude T-cell responses correlate with mild vari-
cella (Supplementary Data Ref. 66), whereas T-cell immunode-
ficiency leads to severe varicella (Supplementary Data Ref. 58).
Circulating VZV-specific CD4 T cells with an activated pheno-
type express the skin-homing receptor cutaneous leucocyte-as-
sociated antigen (CLA) early during varicella (Supplementary
Data Ref. 66), in accordance with functional trafficking of effec-
tor T cells to clear VZV from the skin, and separate from the
role of CLA in virus dissemination [13]. These cells peak in
temporal association with viral clearance (Supplementary Data
Ref. 67).

Studies of systemic memory T-cell responses in latently
infected individuals reveal antigen-specific Thl cells (express-
ing IFN-y, IL-2, and TNF-a), cytotoxic T-lymphocytes within
both CD4 and CD8 subsets, and cells with a skin-homing
(CLAMCXCR3P%)  phenotype (Supplementary Data Refs.
68-70). The skin-homing ability of VZV-specific T cells mea-
sured by intradermal challenge with VZV antigen is demon-
strated by the enrichment of VZV-specific T cells at levels of
up to 5% of total local CD4 T cells (Supplementary Data Ref.
71). Thl cells predominated the skin infiltrate, with 8%-15%
having a Treg phenotype. Postvaricella circulating VZV-specific
CD4 T-cell memory is long-lived and detectable at typical
levels of ~0.1% CD4 T cells decades after primary infection.
Boosting via re-exposure or subclinical reactivation may occur
(Supplementary Data Ref. 72).

During latency, VZV transcription in ganglia is limited to
ORF63 and no viral proteins are detectable (Supplementary
Data Refs. 73 and 74). Little is known concerning the CD4 T-cell
response in latently infected ganglia. No VZV-specific T cells
have been identified in latently infected human TG collected at
autopsy, but, because only a few VZV proteins were assayed, full
VZV ORFeome T-cell screening is warranted (Supplementary
Data Ref. 75). In contrast, latently HSV-1-infected human TG
contain lymphocytic infiltrates and virus-specific CD4 and CD8
T cells (Supplementary Data Ref. 76). It is presently unclear
whether the mechanism of HZ vaccines includes T-cell activity
in latent ganglia.

With reactivation, CD4 T cells participate in inflammation
and resolution. Blood VZV-specific CD4 T cells elevate ~4-fold
above baseline at approximately 2 weeks post-HZ, before
declining at 3-6 weeks to modestly elevated levels that persist
for many years (Supplementary Data Ref. 77). During HZ,
VZV-specific CD4 T cells transiently adopt a terminal effector
phenotype, deficient TNF-qa, and IL-2 secretion but maintain
IFN-y (Supplementary Data Ref. 78) and gain high levels of
T-cell inhibitory markers CTLA-4 and PD-1. After resolution,
these T cells revert to a pre-HZ phenotype (Supplementary
Data Ref. 78).

T cells are attracted to skin and ganglia during acute HZ
(Supplementary Data Ref. 75). Keratinocytes that border
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VZV-infected cells in HZ skin lesions upregulate MHC-II,
permitting activation of VZV-specific CD4 T cells [33]. T-cell
cytokine profiles of HZ blister fluid reflect transient increases
in IL-10 and IL-4 that potentially reflect Th2 and/or Treg cell
involvement (Supplementary Data Ref. 79). It is less clear how
CD4 T cells could act in ganglia, where neurons have limited
MHC expression. CD4 T cells do infiltrate ganglia during
HZ, and SGC are known to be competent for antigen presen-
tation to CD4 T cells [43]. The eye is an additional anatomic
site with clinical significance of VZV reactivation. Varicella-
zoster virus-specific CD4 T cells are detectable in ocular fluids
of patients with VZV uveitis. These T cells have Th1/Th0 cyto-
kine pattern and can lyse VZV-infected retinal pigment epithe-
lial cells, suggesting their role in a detrimental local immune
response (Supplementary Data Ref. 80).

Early studies on VZV-specific CD4 T-cell specificity tested neu-
tralizing antibody targets (above) and ORFs 62 and 63 proteins.
More recently, genome-wide studies using blood sampled decades
after childhood varicella detected memory CD4 T cells specific for
28 of 70 unique VZV proteins (Figure 1E) (Supplementary Data
Ref. 81). Population-prevalent antigens included both glycopro-
teins (ORFs 31, 67, and 68) and other viral antigens (ORFs 4, 62,
63, 9, 18, and 40). Like antibodies, CD4 T cells can cross-recog-
nize VZV and HSV (Supplementary Data Refs. 82 and 83). Most
cross-reactive T-cell epitopes display 1-3 amino acid sequence
variation between viruses, which is tolerated by MHC and T-cell
receptor binding (Supplementary Data Ref. 82). Although there
are no studies of the fine specificity of CD4 T cells in varicella or
HZ lesions, ORF63-specific T cells infiltrate skin sites of VZV
antigen challenge (Supplementary Data Ref. 71). The fine specific-
ity of VZV-specific CD4 T cells from ocular and blood specimens
overlaps (Supplementary Data Refs. 82 and 83).

CD8 T-Cell Response

CD8 T cells potentially recognize a wider variety of VZV-infected
cells due to their restriction by the broadly expressed MHC-I
and are typically equipped with cytolytic machinery. Limited
studies have addressed VZV-specific CD8 T-cell reactivity using
appropriate antigen-presenting cell (APC) platforms. One study,
using autologous VZV-infected monocyte-derived DCs as
APCs, showed that the frequency of both VZV-specific CD4 and
CD8 effector memory T cells was inversely correlated with age,
whereas the naive and central memory T-cell subsets were not
(Supplementary Data Ref. 84). Studies of the dynamics and sig-
nificance of VZV-specific CD8 T-cell responses during varicella,
latency, and reactivation lag behind CD4 T-cell studies. Limited
information about circulating VZV-specific CD8 T cells comes
from tetramer stains of blood that unfortunately identify cells
that cross-recognize an epitope in Epstein-Barr virus, HSV, and
VZV (Supplementary Data Ref. 85). In some individuals, these
cells have a central memory phenotype including cytokine poly-
functionality and low cytolytic machinery (Supplementary Data

Ref. 85). In others, the cells are terminal effector-like, expressing
granzyme B, perforin, and inhibitory receptors and have limited
cytokine function (Supplementary Data Ref. 85). As yet, “clean”
tetramer studies of noncross-reactive VZV-specific CD8 T cells
have not been reported.

Similarly, little is known concerning CD8 T-cell dynamics
or tissue localization during HZ. Boosting is suggested in allo-
geneic stem cell transplant studies because the frequencies of
tetramer-positive CD8 T cells, and IFN-y responses in PBMCs,
increase during HZ (Supplementary Data Ref. 86). A boost in
ORF9-specific CD8 T cells in response to the live-attenuated zos-
ter vaccine is observed in healthy VZV-experienced individuals
(Supplementary Data Ref. 87). Antigenic stimulation is presum-
ably stronger during HZ, but it is not yet detailed at the T-cell epi-
tope level. CD8 T cells can be detected histologically in HZ skin
lesions (Supplementary Data Ref. 88). Autopsies also confirm
cytotoxic CD8 T cells in necrotic ganglia of HZ patients [46]. There
is no formal demonstration that these cells are VZV-specific.

Early CD8 T-cell fine specificity surveys focused on selected
VZV proteins. ORF62 and ORF9 are CD8 T-cell targets, albeit
their detection requires ex vivo amplification (Supplementary
Data Refs. 87 and 88). We adapted DCs cross-presentation to
expand polyclonal cultures of VZV-reactive blood-derived CD8
T cells and conducted VZV proteome-wide screens, demon-
strating that ORF9 is an immunoprevalent CD8 T-cell target in
latently infected individuals independent of their HLA geno-
type (Figure 1F) (G. M. G. M. V,, 2017). This screen platform
holds promise to identify population-prevalent CD8 T-cell
antigens and yield tetramer reagents for detailed kinetic, phe-
notypic, and genetic studies. A significant amount of CD8 T-cell
cross-reactivity has been observed between VZV and HSV
(Supplementary Data Ref. 82). Cross-reactive CD8 T-cell epi-
topes observed to date are nonidentical between herpesviruses.
Individual T-cell clonotypes recognizing a specific HSV epitope
can vary in their ability to cross-recognize the sequence-related
VZV peptide homolog (Supplementary Data Ref. 82).

Tissue Resident Memory T Cells

Tissue resident memory (Tp,,) T cells are left behind at mul-
tiple anatomic sites of cleared infection or vaccination. Tissue
resident memory T cells traffic minimally into the circulation
and have distinctive protein, transcription factor, and metabolic
phenotypes (Supplementary Data Ref. 90). Recent studies of
VZV-specific CD4 Ty, T cells in skin show aging-associated
declines in density and IFN-y (but not IL-2) secretion and
increases in PD-1 expression, possibly related to increased
skin-resident Tregs (Supplementary Data Ref. 53). Essentially
nothing is known about VZV-specific CD8 T, T cells.

Evasion of Inmune Responses by Varicella-Zoster Virus
Varicella-zoster virus has developed multiple mechanisms to
block the induction and perpetuation of both innate and adaptive
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immune responses. Pattern recognition receptor signaling is
inhibited by at least 3 VZV proteins (ORF47, ORF61, and ORF62)
that prevent IRF3 phosphorylation and inhibit the NF-kB pathway
(Supplementary Data Refs. 91-94). Varicella-zoster virus infec-
tion impairs TLRY responses in pDCs [32]. Varicella-zoster virus
blocks IFN-I signaling by inhibiting phosphorylation of STAT1
and STAT?2 and by reducing Janus kinase 2 (JAK2) and IRF9 (via
ORF63) protein levels (Supplementary Data Ref. 95-97). Varicella-
zoster virus-induced STAT3 phosphorylation induces expression
of survivin, which promotes virus replication and spread in skin
(Supplementary Data Ref. 98). Finally, VZV modulates expression
of NK cell activator receptor NKG2D ligands to escape NK cell
killing (Supplementary Data Ref. 99).

Varicella-zoster virus infection of DCs impairs their ability to
induce T-cell responses by downregulating surface expression of
costimulatory molecules (CD80, CD83, and CD86) and MHC-I
and -II (Supplementary Data Refs. 100 and 101). In contrast
to related varicelloviruses, the VZV homolog of HSV UL49.5
(ORF9A) does not impair peptide loading onto MHC-I in the
endoplasmic reticulum (Supplementary Data Ref. 102). Although
VZV ORF66 prevents MHC-I transport to the cell surface by Golgi
retention (Supplementary Data Ref. 101), VZV-infected fibroblasts
remain susceptible to CD8 T-cell cytolysis (Supplementary Data
Ref. 82). In addition, VZV blocks IFN-y signaling by downreg-
ulation of STAT1 and JAK2 proteins, thereby preventing IFN-y-
induced expression of MHC-II and intercellular adhesion molecule
1 [33] (Supplementary Data Ref. 95). Finally, the VZV gE/gl het-
erodimer functions as a viral Fc receptor, which, by analogy to
HSV-1, may contribute to evasion of ADCC (Supplementary Data
Ref. 103). Overall, the delicate balance between VZV immune eva-
sion and host immune responses enables the virus to replicate and
spread to naive individuals in a controlled manner.

CONCLUDING REMARKS

Studies of innate and adaptive immunity to VZV have benefited
from SCID mouse and SVV models, but they remain limited
due to the host restriction of VZV and the difficulty of accessing
human ganglia during latent or lytic infection. There are several
outstanding questions in VZV immunology that will likely require
detailed human studies (see Table 1). Little is known concerning
the cell-intrinsic receptors for VZV nucleic acids. We are largely
ignorant concerning VZV transcripts or proteins expressed
during latency that could modulate immune responses. There is
still much to learn about the anatomic sites and cell types involved
in the increased susceptibility to HZ with age. For example, do
SGC change with regards to innate containment or competence
to present antigen to ganglionic VZV-specific Tp,,? Do gangli-
onic, skin-resident, or mobile inflammation-responsive levels of
VZV-specific CD4 or CD8 T cells change with regards to num-
bers, activation threshold, or influence by regulatory cells or other
countervailing factors? Perhaps acquired immune responses serve

Table 1. Outstanding Questions on the Immune Response Controlling
Varicella-Zoster Virus Infection

e Which pattern recognition receptors are involved in innate immune con-
trol of VZV?

e How is VZV latency controlled: innate versus adaptive immunity?

e How does aging affect the immune control of VZV latency: what is wan-
ing of VZV immunity?

e How does vaccination improve VZV-specific immunity: what are cor
relates of protection?

* Does VZV infection or vaccination lead to the protective virus-specific T,
in the skin and ganglia?

Abbreviations: T, tissue resident memory; VZV, varicella-zoster virus.

as surrogates for changes in innate immune cell populations (eg,
ILC, MAIT, and NK cells), which we have yet to detect. Fortunately,
potent vaccines can prevent (with variable efficacy) primary and
recurrent VZV infection, albeit their discovery and development
have been largely empiric rather than driven by knowledge of pro-
tective mechanisms. Antibody appears to be important for pro-
tection against primary varicella. The efficacy of the adjuvanted
gE subunit candidate vaccine is undiminished in elderly vaccinees
>70 years old [8], indicating that memory immune responder
cells, despite their low abundance in the blood, remain compe-
tent for boosting to clinically protective levels in this population.
With vaccine control of both acute and recurrent VZV disease on
the horizon, lessons from VZV immunology hold the promise of
yielding clinically meaningful insights into control strategies for
other chronic viral pathogens, especially those such as HSV asso-
ciated with a neuronal site of latency.
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