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ABSTRACT

Varicella-zoster virus (VZV) is the etiological agent of varicella (chickenpox) and herpes zoster (shingles). Primary VZV infec-
tion is believed to occur via the inhalation of virus either in respiratory droplets or from shedding varicella lesions or by direct
contact with infectious vesicular fluid. However, the ensuing immune response in the lungs remains incompletely understood.
We have shown that intrabronchial inoculation of rhesus macaques with simian varicella virus (SVV), a homolog of VZV, reca-
pitulates the hallmarks of acute and latent VZV infection in humans. In this study, we performed an in-depth analysis of the host
immune response to acute SVV infection in the lungs and peripheral blood. We report that acute SVV infection results in a ro-
bust innate immune response in the lungs, characterized by the production of inflammatory cytokines, chemokines, and growth
factors as well as an increased frequency of plasmacytoid dendritic cells (DCs) that corresponded with alpha interferon (IFN-�)
production and a rapid decrease in viral loads in the lungs. This is followed by T and B cell proliferation, antibody production, T
cell differentiation, and cytokine production, which correlate with the complete cessation of viral replication. Although termi-
nally differentiated CD8 T cells became the predominant T cell population in bronchoalveolar lavage cells, a higher percentage
of CD4 T cells were SVV specific, which suggests a critical role for these cells in the resolution of primary SVV infection in the
lungs. Given the homology between SVV and VZV, our data provide insight into the immune response to VZV within the lung.

IMPORTANCE

Although primary VZV infection occurs primarily via the respiratory route, the host response in the lungs and its contribution
to the cessation of viral replication and establishment of latency remain poorly understood. The difficulty in accessing lung tis-
sue and washes from individuals infected with VZV has hampered efforts to address this knowledge gap. SVV infection of rhesus
macaques is an important model of VZV infection of humans; therefore, we utilized this animal model to gain a comprehensive
view of the kinetics of the immune response to SVV in the lung and its relationship to the resolution of acute infection in respira-
tory tissues. These data not only advance our understanding of host immunity to VZV, a critical step in developing new vaccines,
but also provide additional insight into immunity to respiratory pathogens.

Primary infection with varicella-zoster virus (VZV), a neu-
rotropic alphaherpesvirus, occurs primarily through the inha-

lation of virus-laden saliva droplets (1, 2) or airborne virions from
varicella lesions (3) or by contact with infectious vesicular fluid
(4). The incubation period of varicella can range from 10 to 21
days and usually results in a benign self-limiting disease charac-
terized by the appearance of vesicular exanthem, fever, and mal-
aise (5). Current evidence suggests VZV can infect and replicate
within the respiratory mucosal epithelium. Indeed, VZV pneu-
monia is the most common complication of primary VZV infec-
tion in adults, where active viral replication occurs in the epithelial
cells that line the pulmonary alveoli (6–8). Moreover, although
VZV pneumonia is a rare complication of primary VZV infection
in immunocompetent children (�1% varicella cases), it increases
to �50% in immunocompromised children, where it can be as-
sociated with high morbidity and sometimes mortality (9).

VZV infection of the respiratory mucosal epithelium is fol-
lowed by infection of or capture by dendritic cells (DCs), which
traffic to regional lymph nodes or tonsils and transfer VZV to T
cells (10–12). Infected T cells then home to the skin to infect cu-
taneous epithelial cells, resulting in the characteristic varicella le-
sions (13–15). In vitro and in vivo studies using the humanized

SCID mouse model have also demonstrated that tonsillar T cells
are susceptible to VZV infection and can transport VZV to the
skin (12, 13, 16). Clinical observations indicate that successful
control of VZV is dependent on cellular rather than humoral im-
munity (17–20). However, the immune response to acute VZV
infection in the respiratory tract remains incompletely defined.

Simian varicella virus (SVV) is a primate alphaherpesvirus that
causes a varicella-like disease in macaques (21) and shares signif-
icant DNA homology with VZV (22–24). Given that the major
route of primary VZV infection is via the respiratory tract, we
developed a rhesus macaque model where animals are infected
intrabronchially with SVV. This model results in a disease that
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recapitulates the hallmarks of human varicella: (i) detectable viral
DNA in both whole blood and bronchoalveolar lavage (BAL) cells,
(ii) development of varicella-like clinical symptoms, (iii) develop-
ment of innate and adaptive immune response, and (iv) establish-
ment of latency with limited viral transcription in sensory ganglia
(25, 26). The intrabronchial inoculation route results in a shorter
incubation period than that of human varicella (7 to 10 instead of
14 to 21 days) but ensures a consistent disease phenotype in all
inoculated animals.

In this study, we conducted a comprehensive analysis of the
anti-SVV immune response in both the lungs as well as the periph-
eral blood following primary SVV infection of young rhesus ma-
caques. Of importance, acute SVV infection in the lungs induces a
strong innate immune response that includes an increase in the
frequency of plasmacytoid DCs and a corresponding increase in
alpha interferon (IFN-�) concentrations in the bronchoalveolar
lavage (BAL) supernatant, which correlates with significant re-
duction in viral loads. Innate immune activation is then followed
by an adaptive immune response that is characterized by the in-
creased frequency of CD8 effector memory T cells and a robust
SVV-specific CD4 T cell response. The data presented here expand
our understanding of both the innate and adaptive host immune
response to acute SVV infection in the lungs and improves our
general understanding of immunity to respiratory pathogens in an
important model of human disease.

MATERIALS AND METHODS
Ethics statement. This study was carried out in strict accordance with the
recommendations described in the Guide for the Care and Use of Labora-
tory Animals (27) of the National Institutes of Health, the Office of Animal
Welfare, and the United States Department of Agriculture. All animal
work was approved by the Oregon National Primate Research Center
Institutional Animal Care and Use Committee. All procedures were car-
ried out under ketamine anesthesia in the presence of veterinary staff, and
all efforts were made to minimize animal suffering.

Animals and sample collection. Sixteen colony-bred Indian-origin
rhesus macaques (Macaca mulatta), 3 to 4 years of age (6 females and 10
males), were inoculated intrabronchially with 4 � 105 PFU wild-type
simian varicella virus (SVV) as previously described (25). All animals were
seronegative prior to inoculation. Whole blood (WB) and bronchoalveo-
lar lavage (BAL) samples were collected from all 16 animals on days 0, 7,
14, 21, 28, 42, 56, 92, and 126 postinfection. In addition, WB and BAL
samples were collected from 4 animals on days 3, 10, and 17. All samples
were used in all the assays described below. BAL is performed by infusing
three 10-ml aliquots of sterile pyrogen-free saline into the right and left
lungs followed by aspiration using 120 mm of mercury absolute
(mmHgA) of vacuum. On average, a total of 50 ml of BAL fluid was
recovered from the lungs. BAL samples were pelleted and resuspended in
RPMI 1640 medium (Thermo Scientific, Waltham, MA) supplemented
with 10% fetal bovine serum (FBS) and streptomycin-penicillin and L-
glutamine (PSG). Peripheral blood mononuclear cells (PBMC) and
plasma were isolated by centrifugation over a density gradient cell sepa-
ration medium (Corning, Manassas, VA) as per the manufacturer’s rec-
ommendation and resuspended in RPMI with 10% FBS and PSG. The
absolute number of neutrophils and lymphocytes within whole blood was
obtained using a complete blood count machine (Hemavet; Drew Scien-
tific Group, Waterbury, CT).

Cells and virus. Wild-type SVV was propagated in primary rhesus
fibroblasts (RF) at 37°C in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS and PSG. SVV-infected RF were cryopre-
served in liquid nitrogen in FetalPlex (Gemini Bio Products, West Sacra-
mento, CA) supplemented with 10% dimethyl sulfoxide (DMSO) and
assayed by plaque assay. SVV cell lysate was obtained by collecting SVV-

infected RF at the height of cytopathic effect (CPE) followed by sonication
using 7 pulses of 70 to 80 W (Sonicator 3000; Misonix), centrifugation at
2,000 rpm for 5 min, and storage at �80°C.

DNA extraction and qPCR. DNA was extracted from whole blood
and BAL cells using the ArchivePure DNA cell/tissue kit (5 PRIME, Gaith-
ersburg, MD) according to the manufacturer’s protocol. SVV DNA viral
load was measured by quantitative real-time PCR (qPCR) using Maxima
Probe/ROX qPCR master mix (2�) (Fermentas, Glen Burnie, MD) and
primers/TaqMan probe specific for SVV open reading frame (ORF) 21, as
previously described (25). Following an initial 10-min 95°C step, 40 cycles
of 15 s at 95°C and 1 min at 60°C were completed using a StepOnePlus
instrument (Life Technologies, Carlsbad, CA). SVV BAC DNA (28) was
used as the quantification standard.

Complete blood analysis. White blood cell counts and differentials to
determine lymphocyte and neutrophil percentages were obtained from
whole blood using a complete blood count machine (Hemavet; Drew
Scientific Group, Waterbury, CT). Percentages of cell subsets from flow
cytometric analysis were converted to absolute numbers using the lym-
phocyte number per microliter of whole blood.

Identification of innate immune cell populations. PBMC and BAL
cells were stained with antibodies against CD3 (BD Pharmingen, San Di-
ego, CA), CD20 (Beckman Coulter, Brea, CA), CD14 (BioLegend, San
Diego, CA), HLA-DR (BioLegend), CD11c (BioLegend), and CD123
(BioLegend) to delineate monocytes (CD3� CD20� CD14� HLA-DR�)
and dendritic cells (DCs; CD3� CD20� CD14� HLA-DR�). DCs were
further defined into myeloid (mDCs; CD123� CD11c�) and plasmacy-
toid (pDCs; CD123� CD11c�) DCs. Cells were fixed according to man-
ufacturer recommendations (BioLegend) and analyzed using the LSRII
instrument (Becton Dickenson, San Jose, CA) and FlowJo software (Tree-
Star, Ashland, OR).

Measurement of T and B cell proliferation. PBMC and BAL cells were
surface stained with antibodies against CD8� (Beckman Coulter), CD4
(eBioscience, San Diego, CA), CD28 (BioLegend), CD95 (BioLegend),
and CCR7 (BD Pharmingen), which allowed for the delineation of central
memory (CM; CD28� CD95� CCR7�), transitional effector memory
(TEM; CD28� CD95� CCR7�), and effector memory (EM; CD28�

CD95� CCR7�) CD4 and CD8 T cells. PBMC and BAL cells were also
surface stained with antibodies against CD20, CD3, IgD (Southern Bio-
tech, Birmingham AL), and CD27 (BioLegend) to delineate marginal
zone-like (MZ-like; IgD� CD27�), memory (IgD� CD27�), and double-
negative (DN; IgD� CD27�) B cell subsets. Cells were fixed and perme-
abilized according to manufacturer recommendations (BioLegend) be-
fore the addition of a Ki67-specific antibody (BD Pharmingen). The
samples were analyzed using the LSRII instrument and FlowJo software.

Granzyme B staining. PBMC and BAL cells were surface stained using
antibodies against CD4, CD8�, CD28, CD95, and CCR7, as described
above. Cells were fixed, permeabilized (BioLegend), and stained intracel-
lularly using an antibody against granzyme B (BD Pharmingen). Samples
were analyzed using the LSRII instrument and FlowJo software.

Intracellular cytokine staining (ICS). PBMC and BAL cells were
stimulated ex vivo with SVV lysate (1 �g) or with an overlapping peptide
pool representing ORFs 4, 11, 16, 31, and 37 (1 �g) for 1 h followed by
the addition of brefeldin A (Sigma, St. Louis, MO) for an additional 14 h.
We have recently shown that all 5 ORFs are highly immunogenic during
acute SVV infection, and the cumulative response accounts for 20% of the
total acute T cell response (29). After incubation, cells were stained with
antibodies directed against CD4 and CD8�. Samples were fixed, per-
meabilized (BioLegend), and stained using antibodies against IFN-	
(eBioscience), tumor necrosis factor alpha (TNF-�) (eBioscience), mac-
rophage inflammatory protein 1 beta (MIP-1�) (BD Pharmingen), or
interleukin 2 (IL-2) (BioLegend). Samples were analyzed using the LSRII
instrument and FlowJo software.

ELISA. Enzyme-linked immunosorbent assay (ELISA) plates were
coated with SVV lysate overnight at 4°C, washed three times with 0.05%
Tween-PBS, and incubated with heat-inactivated (56°C, 30 min) plasma
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samples in 3-fold dilutions in triplicate for 1 h. After being washed three
times with 0.05% Tween-PBS, horseradish peroxidase (HRP)-conjugated
anti-rhesus IgG (Fitzgerald Industries, Acton, MA) or anti-rhesus IgM
(Brookwood Biomedical, Birmingham, AL) was added for 1 h, followed
by the addition of o-phenylenediamine·2HCl (OPD) substrate (Sigma).
The reaction was stopped with the addition of 1 M HCl. IgG and IgM
endpoint titers were calculated using log-log transformation of the linear
portion of the curve and 0.1 optical density (OD) units at 490 nm as the
cutoff. IgG titers were standardized using a positive-control sample that
was included on every ELISA plate.

Cytokine analysis. BAL supernatant and plasma samples (stored at
�80°C) were thawed and analyzed in duplicate using the Invitrogen cy-
tokine monkey magnetic 28-plex panel (Life Technologies, Grand Island,
NY), which includes monocyte chemoattractant protein 1 (MCP-1;
CCL2), fibroblast growth factor basic (FGF-b), IL-1�, granulocyte
colony-stimulating factor (G-CSF), IL-10, IL-6, IL-12, RANTES, eotaxin,
IL-17, macrophage inflammatory protein 1 alpha (MIP-1�), granulocyte-
macrophage colony-stimulating factor (GM-CSF), macrophage inflam-
matory protein 1 beta (MIP-1�), IL-15, epidermal growth factor (EGF),
IL-5, hepatocyte growth factor (HGF), vascular endothelial growth factor
(VEGF), IFN-	, monocyte-derived chemokine (MDC; CCL22), interfer-
on-inducible T cell alpha chemoattractant (ITAC; CXCL11), migration
inhibition factor (MIF), IL-1 receptor agonist (IL-1RA), TNF-�, IL-2,
monokine induced by IFN gamma (MIG; CXCL9), IL-4, and IL-8, and the
cynomolgus/rhesus IFN-� ELISA kit according to the manufacturer’s in-
structions (PBL Interferon Source, Piscataway, NJ).

Statistical analysis. Graphing was performed with GraphPad Prism
software (GraphPad Software Inc., La Jolla, CA). (i) For viral loads in BAL
and PBMC, one-way repeated-measures analysis of variance (ANOVA)
with Dunnett’s multiple comparison posttest was used to explore differ-
ences between days postinfection (dpi) and baseline (day 0) values. Viral
loads were also compared using an area-under-curve (AUC) analysis.
ANOVA was used to test if the mean AUC values were the same in the two
locations after using a normal quantile plot to establish if the differences in
the AUC values were approximately normally distributed. (ii) One-way
repeated-measures ANOVA with Dunnett’s multiple comparison posttest
was used to explore differences in frequency of Ki67� cells between days
postinfection and baseline (day 0) values. Peak times for the Ki67 immune
response variables were identified by use of the repeated-measures model.
Within-animal correlations were captured through a compound symmet-
ric variance-covariance matrix for the error terms. Peaks in the Ki67 levels
were identified through a Bonferroni-adjusted multiple comparison pro-
cedure of the least-squares means. (iii) ICS lysate and peptide response
variables within BAL fluid and within PBMC were analyzed using a re-
peated-measures model with a compound symmetric variance-covari-
ance structure. Significance values of T cell cytokine production utilized
one-way repeated-measures ANOVA with Dunnett’s multiple compari-
son posttest to explore differences between days postinfection and base-
line (day 0) values. An overall F-test was used to test the hypothesis of no
trend in the response, and a Dunnett-Hsu adjusted multiple comparison
procedure was used to examine contrasts of the lowest available dpi level
with all higher dpi levels. AUC analyses were used to compare overall
levels of ICS lysate and ICS peptide variables. A total of 38 contrasts were
made within BAL, within PBMC, and between BAL and PBMC. Contrasts
were tested using a paired Wilcoxon signed-rank test due to the frequent
violations of the normality assumption. The 38 contrasts were divided
into four natural families, and individual Bonferroni multiple compari-
son-adjusted P values were used within each family. Differences in im-
mune response levels (proliferation, T cell cytokine production) between
BAL and PBMC were compared using a repeated-measures model for the
within-animal difference. (iv) Antibody levels were analyzed using a left-
censored Weibull regression to account for the lower detection limit
threshold of 200 in plasma. Contrasts of the lowest available days postin-
fection (dpi) level with all higher dpi levels were tested using asymptotic
chi-square tests from the fitted Weibull regression model.

RESULTS
SVV infection results in neutrophil and T cell recruitment into
the lungs. Rhesus macaques (n 
 16) 3 to 4 years of age were
infected intrabronchially with 4 � 105 PFU wild-type simian vari-
cella virus (SVV). All RMs displayed hallmarks of SVV varicella.
SVV viral loads were measured in whole blood (WB) and bron-
chial alveolar lavage (BAL) samples by quantitative real-time PCR
(qPCR). Viral loads in WB were detected by 3 days postinfection
(dpi), peaked at 7 dpi (P � 0.001), and resolved below our limit of
detection by approximately 14 dpi (Fig. 1A). In BAL cells, SVV
viral loads increased significantly at 3 and 7 dpi compared to base-
line (P � 0.001) before progressively declining to below our limit
of detection by 42 dpi (Fig. 1A). Viral loads were substantially
higher in BAL cells, the site of inoculation, than in WB (area under
the curve [AUC] P value of �0.001).

To characterize the immune response to SVV, we assessed
changes in the numbers of two major white blood cell popula-
tions, neutrophils and lymphocytes, following acute SVV infec-
tion in BAL cells and PBMC. The absolute cell count in BAL sam-
ples is reported from the total volume, 50 ml, recovered during the
bronchoalveolar lavage procedure (Fig. 1B). The number of neu-
trophils in BAL supernatant increased on day 7, peaked at 10 dpi
(P � 0.05), and returned to baseline levels by 21 dpi. Lymphocyte
numbers in BAL supernatant also peaked at 10 dpi (P � 0.01) and
returned to basal levels by 56 dpi (Fig. 1B). In peripheral blood,
lymphocyte and neutrophil numbers fluctuated throughout the
infection (Fig. 1C). Both cell populations initially decreased be-
tween 7 and 10 dpi, which was followed by an increase in cell
counts between 14 and 21 dpi. Lymphocyte numbers in whole
blood continued to decline from 14 dpi and returned to baseline
levels by 92 dpi, while neutrophil counts decreased again at 56 dpi
and returned to baseline by 92 dpi. To better understand SVV-
induced changes in lymphocyte populations in the lungs, we mea-
sured the frequency of B and T cells using flow cytometry. CD20 B
cells are rare in BAL samples, and their frequency did not signifi-
cantly change during acute infection (Fig. 1D). The frequency of
CD4 T cells also remained relatively stable throughout the study
(Fig. 1D). In contrast, the relative frequency of CD8 T cells in-
creased significantly at 10 dpi, peaked at 17 dpi (P � 0.0001), and
remained the dominant lymphocyte population in BAL samples
until 126 dpi (Fig. 1D). In PBMC, the frequency of CD20 B cells
decreased at 3 dpi (P � 0.0001), remained lower than baseline
until 14 dpi, and then returned to baseline levels (Fig. 1E). No
significant changes were observed in either the CD4 or CD8 T cell
population throughout the study (Fig. 1E).

Acute SVV infection results in increased chemokine, cyto-
kine, and growth factor levels in the lungs. Given the changes in
immune cell infiltration into the bronchoalveolar space following
SVV infection, we measured the concentration of multiple
chemokines, cytokines, and growth factors in BAL supernatant
and plasma by multiplex Luminex technology (Fig. 2). In BAL
fluid, concentrations of IL-4, IL-5, IL-8, IL-10, IL-17, granulocyte
colony-stimulating factor (G-CSF), and granulocyte macrophage
colony-stimulating factor (GM-CSF) were below our level of de-
tection (data not shown). In contrast, acute SVV infection in-
duced the expression of several chemokines (Fig. 2A). Levels of the
chemokines MCP-1 (CCL2), MIP-1� (CCL3), and MIP-1�
(CCL4), which are involved in recruiting monocytes, memory T
cells, and DCs to sites of inflammation (30, 31), increased signif-
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icantly at 7 dpi (P � 0.001) and returned to basal levels by 14 dpi.
Eotaxin, a chemotactic factor for eosinophils, basophils, and T
helper type-2 (Th2) lymphocytes (32–34), was also significantly
increased at 7 dpi (P � 0.001) and returned to basal levels by 14
dpi. MDC (CCL22), which is important for the recruitment of
monocytes, DCs, and NK cells (35), remained significantly in-
creased between 7 and 14 dpi (P � 0.001) before returning to
baseline levels. MIG (CXCL9), a T cell chemoattractant induced
by IFN-	 (36), and I-TAC (CXCL11), chemotactic for activated T
cells (37), were detected at 7 dpi (P � 0.001). In contrast, levels of
RANTES (CCL5), important for immune cell recruitment into
inflammatory sites (38), increased at 21 dpi (P � 0.001), and levels
remained significantly increased through 28 dpi (P � 0.01) in BAL
fluid.

In addition to chemokines, SVV infection also induces the pro-

duction of several cytokines (Fig. 2B). Levels of the inflammatory
cytokines IL-1� (39), IL-6 (40), and TNF-� (41) were significantly
increased over baseline at 7 dpi (P � 0.001). Moreover, two cyto-
kines (among others) that play a role in T cell differentiation,
namely, IL-15, which regulates the activation and proliferation of
T cells and NK cells (42), and IL-12, which is important in the
differentiation of naive T cells into CD4 helper type 1 T (Th1) cells
(43), were significantly induced at 7 dpi (P � 0.001) and 14 dpi
(P � 0.001), respectively. Acute SVV infection also induced the
expression of key T cell cytokines (Fig. 2C). Specifically, IFN-	,
which is critical to the antiviral immune response and differenti-
ation of Th1 subsets (44), and IL-2, which is involved in T cell
proliferation and homeostasis (45), significantly increased at 7 dpi
(P � 0.001) in BAL fluid.

Negative regulators (Fig. 2D) of inflammation, including IL-1
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receptor agonist (IL-1RA), which prevents IL-1 from signaling
through the IL-1 receptor (IL-1R) (46), increased significantly at 7
dpi (P � 0.001). On the other hand, the concentration of macro-
phage migration inhibitory factor (MIF), which suppresses anti-

inflammatory effects of glucocorticoids, steadily increased from 7
dpi and peaked at 28 dpi (P � 0.001) (47).

SVV acute infection also led to the upregulation of wound
healing and growth factors in the lungs (Fig. 2E). Epidermal
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growth factor (EGF), which stimulates cell growth, proliferation,
and differentiation (48), and FGF-b, a multifunctional protein
involved in angiogenesis and wound healing (49), were signifi-
cantly expressed at 7 dpi (P � 0.001) in BAL supernatant. Peak
levels of hepatocyte growth factor (HGF), which regulates cell
growth, cell motility, and morphogenesis and acts primarily upon
epithelial and endothelial cells (50), were detected at 14 dpi (P �
0.001). Finally, an increased level of vascular endothelial growth
factor (VEGF), which stimulates angiogenesis (51), was detected
at 21 dpi (P � 0.001) and 28 dpi (P � 0.001).

In contrast to BAL supernatant, we were able to detect signifi-
cant changes only in the levels of IL-2, IL-6, and IFN-	 in plasma
following SVV infection (Fig. 2F). IL-6 and IFN-	 both signifi-
cantly increased 7 dpi (P � 0.001), while IL-2 plasma levels peaked
at 14 dpi (P � 0.01).

The frequency of plasmacytoid DCs increases early during
acute SVV infection and correlates with IFN-� levels in the
lungs. Given the increased levels of chemokines involved in

monocyte/macrophage and DC recruitment as well as cytokines
produced by these subsets, we characterized changes in their fre-
quency in BAL cells (Fig. 3A) and PBMC (Fig. 3B). The frequency
of DCs in BAL samples significantly increased at 7 (P � 0.01) and
14 (P � 0.001) dpi compared to baseline, and the frequency re-
turned to the preinfection level by 17 dpi. Similarly, the frequency
of DCs in PBMC were low but significantly increased at 21 dpi
(P � 0.001) compared to that at day 0. The frequency of mono-
cytes in BAL samples increased at 3 and 7 (P � 0.05) dpi, followed
by a decrease in frequency to preinfection levels between 14 and 17
dpi. The frequency of monocytes in PBMC increased significantly
at 7 dpi (P � 0.001) and returned to baseline levels by 14 dpi. We
also examined changes in the two major DC subpopulations, my-
eloid DCs (mDC) and plasmacytoid DCs (pDCs) (Fig. 3C and D).
In BAL cells, we detected a significant increase in the frequency of
pDCs at 7 dpi (P � 0.05). The increase in pDC frequency was
accompanied by a concomitant decrease in mDC frequency at 7
dpi in BAL cells. In PBMC, we did not detect any significant
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changes in pDC frequency; however, we detected a significant de-
crease in mDC frequency at 3 dpi (P � 0.0001), followed by a
significant increase at 7 dpi (P � 0.05), and the frequency returned
to baseline by 10 dpi.

Given that activated pDCs play an important role in antiviral
immunity through the production of type I interferon (52) and
that we detected an increase in pDC frequency after SVV infection
in the lungs, we investigated the levels of IFN-� by ELISA. Con-
sistent with the observed increase in pDCs, our analysis showed a
significant increase in the concentration of IFN-� at 7 dpi (P �
0.001) in BAL supernatant (Fig. 3E).

Acute SVV infection elicits B cell proliferation and antibody
production in the lungs. To characterize the humoral immune
response, we examined changes in the frequency and proliferative
capacity of B cell subsets, as well as the production of SVV-specific
IgM and IgG antibodies following SVV infection (Fig. 4). Follow-

ing antigen encounter, naive B cells differentiate, undergo a pro-
liferative burst, and acquire memory phenotype. Memory B cell
subsets can be delineated into the following groups based on the
expression of IgD and CD27: (i) marginal zone (MZ)-like (IgD�

CD27�), (ii) class-switched memory (IgD� CD27�), and (iii)
double-negative (DN; IgD� CD27�) (53, 54). In BAL samples, the
frequency of MZ-like B cells increased at 3 dpi (P � 0.0001),
followed by a return to baseline levels at 7 dpi (Fig. 4A). The
frequency of the class-switched memory B cell population initially
decreased at 7 to 10 dpi (P � 0.001) and then increased to the peak
level at 21 dpi (P � 0.0001) before returning to the baseline level at
day 42 postinfection (Fig. 4A). The relative frequency of the DN B
cell population decreased at 3 dpi (P � 0.001) and remained sig-
nificantly below preinfection levels until 126 dpi (Fig. 4A). In
PBMC (Fig. 4B), the frequency of MZ-like B cells initially de-
creased at 7 dpi (P � 0.0001), followed by an increase in fre-
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quency, peaking at 17 dpi (P � 0.01). A marked increase in the
frequency of memory B cells was observed at 3 dpi (P � 0.0001),
while the frequency of DN B cells, albeit low, significantly in-
creased at 7 dpi (P � 0.001).

Proliferation and clonal expansion of antigen-specific lympho-
cytes are critical for mediating protective immunity and the devel-
opment of immunological memory. To monitor B cell prolifera-
tion following SVV infection, we measured changes in the
expression of Ki67, a nuclear protein expressed during all active
phases of cell division but absent in quiescent cells and during
DNA repair (55). Although some Ki67� cells might not be antigen
specific and are induced to undergo bystander activation/prolif-
eration, determining changes in the kinetics and magnitude of
Ki67 expression provides insight into the quality and quantity
of the immune response to infection (56), vaccination (57),
and cancer (58). Therefore, we determined the kinetics and
magnitude of lymphocyte proliferation following SVV infec-
tion by measuring changes in the frequency of Ki67� cells
within MZ-like, memory, and DN B cells (Fig. 4C and D). In
BAL cells, B cell proliferation began at 7 dpi, peaked between 10
and 14 dpi, and returned to baseline levels by 17 dpi within all
memory subsets (Fig. 4C). B cell proliferation was delayed in
PBMC compared to that in BAL cells, beginning at 10 dpi,
peaking at 14 dpi, and returning to baseline levels by approxi-
mately 17 dpi for all three subsets (Fig. 4D).

In accordance with the kinetics of the B cell proliferative burst,
we were able to detect SVV-specific IgM and IgG antibodies in
BAL fluid (Fig. 4E). IgM antibodies were detected only at 10
and 14 (average titer, 240 � 71; P � 0.05) dpi, while IgG titers
were detected at 10 dpi, peaked at 14 dpi (average titer,
1:39,300 � 7,470; P � 0.001), and decreased at 21 and 28 dpi.
Unfortunately, no further samples of BAL fluid were available
past 28 dpi. In plasma (Fig. 4F), SVV-specific IgM titers were
detected at 10 dpi and peaked at 14 dpi (average titer, 1:2,878 �
657; P � 0.001) before declining to background levels at 17 dpi
(Fig. 4F). SVV-specific IgG titers in plasma were first detected
at 7 dpi, peaked at 14 dpi (average titer, 1:292,345 � 50,575;
P � 0.001), decreased slightly, and remained stable for the
duration of the study.

Acute SVV infection induces robust proliferation of CD4
and CD8 T cells in the lungs. We next investigated the cellular
immune response to SVV infection. Following antigen encounter,
naive T cells become activated and differentiate into central mem-
ory (CM; CD95� CD28� CCR7�), transitional effector memory
(TEM; CD95� CD28� CCR7�), and effector memory (EM;
CD95� CD28� CCR7�) T cells. To better define the T cell im-
mune response to SVV infection, we monitored the frequency of
these T cell subsets within the CD4 and CD8 T cell populations in
BAL cells and PBMC (Fig. 5A to D).

In BAL samples, a significant increase in the frequency of CD4
CM T cells was observed between 3 and 17 dpi (Fig. 5A). Con-
versely, the frequency of TEM decreased at 7 dpi (P � 0.0001) and
remained statistically lower than baseline until after 42 dpi (Fig.
5A). No significant changes in the frequency of CD4 EM T cells
were detected post-SVV infection in the lungs (Fig. 5A). In PBMC,
a decrease in CD4 CM T cells was accompanied by an increase in
TEM cells at 3 and 21 dpi, while similar to BAL cells, no significant
changes were observed in the frequency of CD4 EM T cells (Fig.
5B). Within the CD8 T cell subset in BAL samples, the relative
percentage of CD8 EM cells increased significantly at 14 dpi (P �

0.0001), which was accompanied by a significant decrease in the
frequency of CD8 TEM cells (P � 0.0001) (Fig. 5C). This redistri-
bution of cells remained stable for the remainder of the study.
CD8 CM T cells in BAL samples showed an increase at 7 dpi (P �
0.001) and thereafter remained stable throughout SVV infection
(Fig. 5C). In PBMC, we detected an increase in the CD8 EM T cell
subset frequency (P � 0.01), which was accompanied by a recip-
rocal decrease in the frequency of CD8 CM T cells at 3 dpi (P �
0.0001), while the TEM subset remained stable (Fig. 5D).

As described above for B cells, we assessed the kinetics and
magnitude of T cell proliferation in BAL and PBMC by measuring
the frequency of Ki67-positive cells within the CD4 and CD8 T cell
subsets (Fig. 5E to H). In BAL cells, a significant proliferative burst
in all CD4 T cell subsets was detected at 7, 10, and14 dpi (P �
0.0001) (Fig. 5E). In PBMC, we observed similar proliferative
kinetics in all three CD4 subsets; however, the magnitude of the
CD4 T cell proliferative burst was larger in BAL cells than in
PBMC (AUC P � 0.01 for all subsets) (Fig. 5F). Similar to CD4
T cell subsets in BAL, significant CD8 T cell proliferation was
observed between 7 and 14 dpi for all three subsets (P �
0.0001) (Fig. 5G). CD8 T cell proliferation in PBMC also oc-
curred between 7 and 14 dpi, with a markedly reduced magni-
tude compared to that observed in BAL cells (AUC P � 0.05 for
all subsets) (Fig. 5H).

The frequency of SVV-specific CD4 T is greater than CD8 T
cells following acute infection in the lungs. We determined the
frequency of SVV-specific CD4 and CD8 T cells by measuring the
frequency of IFN-	-, TNF-�-, MIP-1�-, and IL-2-producing cells
in BAL (Fig. 6) and PBMC (Fig. 7) samples following stimulation
with SVV lysate or an overlapping peptide pool covering SVV
ORFs 4, 11, 16, 31, and 37 using intracellular cytokine staining
(ICS).

Following stimulation with viral lysate, SVV-specific CD4 T
cells producing IFN-	 (Fig. 6A), TNF-� (Fig. 6C), MIP-1� (Fig.
6E), and IL-2 (Fig. 6G) were first detected at 7 dpi in BAL samples,
and their frequency peaked at 21 dpi. Although the kinetics of
CD4 T cell responses to SVV peptides were similar to those de-
tected following stimulation with lysate, the frequency of re-
sponding CD4 T cells was significantly lower (AUC P � 0.01) (Fig.
6B, D, F, H). In contrast to CD4 T cells, the frequency of SVV-
specific CD8 T cells following stimulation with viral lysate com-
pared to peptides was considerably lower in BAL samples than in
PBMC samples (AUC P � 0.05 for IFN-	, MIP-1�, and IL-2) (Fig.
6A, C, E, G). This difference might be due to the fact that SVV
lysate is preferentially processed and presented via the major his-
tocompatibility complex (MHC) class II pathway to CD4 T cells.
Following stimulation with SVV peptide pools, SVV-specific CD8
T cells producing IFN-	 (Fig. 6B), TNF-� (Fig. 6D), and MIP-1�
(Fig. 6F) were detected starting at 7 dpi, and their frequency
peaked at 21 dpi (P � 0.0001) in BAL samples.

Overall, SVV-specific CD4 and CD8 T cell responses in PBMC
were markedly reduced compared to those observed in BAL sam-
ples. In contrast to our observation in BAL, SVV-specific CD4 T
cell responses following stimulation with lysate were noticeably
reduced compared to CD8 T cell responses in PBMC (AUC P �
0.01 for TNF-� and MIP-1�) (Fig. 7). The peak response of SVV-
specific CD8 T cells following stimulation with viral lysate was at 7
dpi for all four cytokines. The T cell response following stimula-
tion with viral peptides in PBMC was significantly reduced com-
pared to that measured with lysate.
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Acute SVV infection results in upregulation of granzyme B in
CD4 and CD8 T cell subsets in the lungs. We next determined the
frequency of T cells with cytolytic potential by measuring the ex-
pression of granzyme B in CD4 and CD8 T cell subsets in lung and

peripheral blood (Fig. 8). In BAL cells, we detected a significant
increase in granzyme B expression at 7 dpi in CD4 CM (P � 0.01),
TEM (P � 0.0001), and EM (P � 0.0001) T cell subsets, returning
to baseline levels at 10 dpi (Fig. 8A). In PBMC, the frequency of
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granzyme B-positive CD4 EM T cells peaked at 3 dpi (P � 0.001)
and decreased steadily, returning to baseline frequency at the end
of the study (Fig. 8B). No changes were detected in granzyme B
expression in CD4 TEM or EM T cells in PBMC. The expression of

granzyme B differed considerably between CD4 and CD8 T cell
subsets in BAL samples. While the frequency of granzyme B-pos-
itive CD8 CM T cells did not change throughout the study, the
frequency of granzyme B-positive CD8 TEM T cells significantly
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increased at 7 (P � 0.01) and 10 (P � 0.0001) dpi before returning
to baseline levels at 14 dpi. The frequency of granzyme B-pos-
itive CD8 EM T cells increased by 3 dpi, peaked at 14 dpi (P �
0.0001), and remained significantly higher than baseline for the

rest of the study (Fig. 8C). Similar to CD4 EM T cells in PBMC,
granzyme B expression in CD8 EM T cells peaked between 3
and 14 dpi and returned to baseline levels by 21 dpi (Fig. 8D).
Expression of granzyme B in CD8 TEM and EM T cells peaked
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at 10 dpi (P � 0.05 and P � 0.01, respectively), returning to
baseline levels by 21 dpi.

DISCUSSION
Primary infection with varicella-zoster virus (VZV) occurs mainly
at the respiratory epithelium (1–3). Although numerous case
studies have documented varicella pneumonia in adults during
primary infection as well as the presence of VZV DNA in BAL fluid
during reactivation (6, 59–61), the difficulty associated with ob-
taining human respiratory mucosal samples has resulted in an
incomplete understanding of the immune response to VZV infec-
tion in the lung. Previous studies from our laboratory have dem-
onstrated that intrabronchial infection of rhesus macaques with
the closely related simian varicella virus (SVV) recapitulates the
hallmarks of VZV infection in humans (25). Therefore, in this
study, we utilized the rhesus macaque animal model to address the
gap in knowledge.

Following SVV infection, and as described previously for
pathogenic influenza infection (62, 63), neutrophils and lympho-
cytes rapidly infiltrate into the bronchoalveolar space. This is ac-
companied by a robust induction of several key T cell chemokines,
notably MIG, I-TAC, MCP-1, MIP-1�, and MIP-1�. Interest-
ingly, the number of circulating lymphocytes and neutrophils in
the blood was significantly but transiently reduced, which suggests
potential recruitment of T cells and neutrophils from peripheral
blood to the lungs. These observations are in line with data from
early clinical studies in children with varicella that documented an
initial decrease in lymphocyte numbers shortly before varicella,
followed by an increase after the appearance of rash (64, 65). Sim-
ilarly, lymphopenia was reported in rhesus macaques infected

with H5N1 influenza virus and coincided with the increased ex-
pression of T cell markers in the lungs, which also suggests T cell
recruitment to the lungs during virus-induced respiratory disease
(63). We also observed increased frequencies of monocytes and
DCs in BAL samples on days 7 and 14 postinfection, correlating
with an increase in chemokines that recruit these cell types,
MCP-1 and MDC. The increase in monocytes may account for the
observed increased levels at 7 dpi of IL-6 and IL-1�, cytokines
involved in inflammation and infection responses. Similarly, we
detected a significant increase in the concentration of IL-6 in
plasma coinciding with a peak frequency of monocytes in PBMC
at 7 dpi.

We also detected increased concentrations of Th1 cytokines
IFN-	, IL-12, and TNF-� but not Th2 cytokines (IL-4, IL-5, or
IL-10) or the Th17 cytokine IL-17 in BAL supernatant after SVV
infection, suggesting that the response to SVV in the lungs is me-
diated primarily by a CD4 Th1 response. Peak concentration of
IL-2, necessary for proliferation and differentiation of T cells, was
detected 3 days prior to peak proliferation of CD4 and CD8 T cells
in the lung. IL-15, which is important for CD8 EM differentiation,
reached peak levels shortly before a significant increase in fre-
quency of CD8 EM T cells in the lungs. The increase in the T cell
chemokine RANTES also correlates with the increased frequency
of CD8 EM T cells in BAL samples. Increased BAL levels of IL-12,
which plays a role in enhancing T cell cytotoxic function, coin-
cided with increased expression of the cytolytic molecule gran-
zyme B in CD8 and CD4 T cells.

Lastly, we detected increased levels of many growth factors that
can play an important role in repairing tissue damage caused by
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FIG 8 Acute SVV infection results in upregulation of granzyme B in CD4 and CD8 T cell subsets in the lungs. The frequencies (means � SEM) of granzyme
B-positive T cells within CM, TEM, and EM subsets of CD4 (A and B) and CD8 (C and D) T cells were assessed by flow cytometry in BAL cells (A and C) and
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viral replication, notably FGF-basic and VEGF, which are in-
volved in angiogenesis and wound healing, as well as EGF and
HGF, which can stimulate cell growth, proliferation, and differ-
entiation (48–51). These factors may have been produced by white
blood cells that are either recruited to or activated at a site of injury
and inflammation and/or by the organ in response to cell damage.
The concentrations of the negative regulators IL-1RA and MIF
were also significantly increased in BAL supernatant, most likely
to facilitate the conclusion of the acute inflammatory phase.

SVV infection induces an upregulation of plasmacytoid DCs
(pDCs) and a corresponding increase in IFN-� production. While
IFN-� is produced by many cell types and in response to VZV
infection (66, 67), pDCs selectively express Toll-like receptors
(TLR) 7 and 9, which respond to viral nucleic acid through the
MyD88-dependent pathway (68–70), eventually culminating in
the production of copious amounts of the antiviral cytokine
IFN-� (52, 71, 72). Indeed, pDCs may provide the first line of
innate defense at mucosal sites of herpes simplex virus 2 (HSV-2)
infection in a mouse model (72). Production of IFN-� was also
shown to be critical in the control of VZV replication in the skin
using the humanized SCID mouse model (16). Moreover, there is
evidence that pDCs can activate both naive and memory T cells
(73, 74), as well as present both endogenous antigens derived from
viruses and exogenous antigen to promote the T cell response
(75–79). Finally, pDCs may be important in the expansion and
differentiation of Th1 responses (80), including following HSV-1
infection of mice (81). Our observations support these proposed
roles for pDCs during viral infection with herpesviruses in non-
human primates. The increased levels of IFN-� peaked just before
a significant drop in SVV viral loads and likely contribute to the
cessation of SVV replication. The increased frequency of pDCs
also corresponds with the initiation of the T cell proliferative
burst, suggesting that pDCs in the lung may initiate the cellular
immune response. Elevated IFN-� levels also correlated with in-
creased Th1 cytokines (IFN-	, TNF-�, and IL-12) in BAL sam-
ples, supporting a role for pDCs in the initiation of Th1 CD4
responses.

We also report that SVV infection results in a 2-fold increase in
the frequency of CD8 T cells in the BAL, which persisted for 4
months. We also detected a significant increase of CD8 EM T cells
and a decrease in CD8 TEM, indicative of CD8 T cell differentia-
tion. However, since the number of total lymphocytes collected in
the BAL returned to baseline by 21 dpi, these data indicate that
SVV infection results in a selective recruitment and differentiation
of CD8 T cells in the lung. These observations are similar to a
previous report from our laboratory investigating the immune
response to influenza virus in rhesus macaques, which also de-
scribed a dominance of terminally differentiated CD8 T cells in the
lungs of infected animals (82). These data suggest that viral infec-
tion in the lungs result in the preferential recruitment and differ-
entiation of CD8 T cells regardless of their antigen specificity,
resulting in high levels of bystander activation.

Although T cell proliferation peaks at 10 dpi, the frequency of
SVV-specific T cells (as measured by ICS) does not peak until 21
dpi, suggesting that proliferation precedes and might be required
for the acquisition of effector function by T cells. Examination of
SVV-specific T cells by ICS revealed a higher frequency of antigen-
specific CD4 T cells than CD8 T cells. This observation was unex-
pected given the comparable proliferative kinetics and magni-
tudes of CD4 and CD8 T cell subsets in BAL samples. This

difference could be due to the nature of stimulation antigens. Use
of SVV lysate not only favors antigen presentation to CD4 T cells,
but it also allows for processing and presentation of a large portion
of SVV antigens. On the other hand, while the use of peptides
favors presentation to CD8 T cells, the 5 overlapping peptide pools
(SVV ORFs 4, 11, 16, 31, and 37) that we used cover only 20% of
the total T cell response to SVV during acute infection (29), likely
limiting the analysis of the anti-SVV CD8 T cell response. How-
ever, previous studies from our laboratory have demonstrated
that CD4 T cells are essential for the resolution of acute SVV
infection (83). Therefore, the increased prevalence of SVV-spe-
cific T cells within the CD4 T cell subset is most likely a reflection
of the critical role these cells perform in the anti-SVV response.

SVV infection also resulted in the acquisition of T cell cytolytic
capacity, as indicated by the upregulation of granzyme B expres-
sion. Interestingly, we observed a transient increase in granzyme B
expression in CD4 T cells, whereas granzyme B induction in CD8
TEM and EM T cells reached higher levels and was sustained much
longer than in CD4 T cells. Together with the cytokine produc-
tion, these data highlight fundamental differences in the differen-
tiation programs of CD4 and CD8 EM T cells. These observations
also indicate that T cells contribute to the primary antiviral im-
mune response by producing essential cytokines (IFN-	, TNF-�,
MIP-1�, IL-2), as well as by killing infected cells.

We also report a robust production of SVV-specific IgG in BAL
samples. Immunoglobulins in lung fluid can be derived from the
blood by transudation or could be synthesized locally by cells
within the lymphoid tissue in the respiratory tract. Furthermore,
lung lining fluid antibodies are important in mucosal defense
where the lungs are continually exposed to antigenic material,
including during bacterial and viral infection (84–86). We de-
tected both IgM and IgG SVV-specific antibodies in BAL fluid
beginning at 10 dpi, which correlated with peak B cell prolifera-
tion and supports local secretion of antibodies. The presence of
lung immunoglobulins could contribute to resolution of acute
SVV infection through complement activation, opsonization, and
antibody-dependent cell-mediated cytotoxicity by effector cells.

Taken together, the data presented here provide a comprehen-
sive view of the kinetics of the immune response to SVV and its
relationship to the resolution of acute infection in the lungs. Col-
lectively, these data suggest that SVV infection is first controlled by
innate immunity through production of antiviral cytokines, no-
tably IFN-�. The significant production of chemokines and cyto-
kines correlates with the recruitment of lymphocytes, neutrophils,
and monocytes and an initial dramatic decline in viral load. The
second and more gradual decline in viral load to undetectable
levels is then mediated by adaptive immunity (granzyme B-medi-
ated killing of infected cells, effector cytokine production by T
cells and antibodies). Angiogenic (VEGF) and regulatory factors
(MIF) are then produced to repair damage that occurred during
infection and the ensuing immune response. Future studies will
further define the role of CD4 and CD8 T cells during acute SVV
infection, and these data will contribute to the development of
more efficacious vaccines that can boost protective T cell re-
sponses against VZV.
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