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A B S T R A C T

Wiskott-Aldrich syndrome (WAS) patients are characterized by immunodeficiency and viral infections. T cells
derived from WAS patients and WAS protein (WASP)-deficient mice have various defects. However, whether
WASP plays a role in immune control of cytomegalovirus (CMV) infection remains unclear. We analyzed the
distribution of CD8+ T subsets and the pathological damage to various organs and tissues in MCMV infected Was
knockout (KO) mice. A relatively high number of MCMV-specific cytotoxic T cells (CTLs) were observed in the
spleen of Was KO mice. In MCMV infected Was KO mice, the late differentiated CD8+ T subset (CD27−CD28−)
decreased in lungs, compared with those in the spleen and peripheral blood. Additionally, we found that the
most severe pathological lesions occurred in the lungs, the main target organ of MCMV infection. By stimulating
the spleen-derived CD8+ T lymphocytes of Was KO mice, we found that IL-2 and granzyme B production de-
clined compared with that in wild- type mice. Moreover, the number of apoptotic CD8+ T cells increased in Was
KO mice compared with the number in wild-type mice. Therefore, our results demonstrate that WASP may be
involved in regulating cytotoxic function and apoptosis in CD8+ T cells following MCMV infection, which is
supported by the distribution and memory compartment of MCMV-specific T cells in MCMV infected WAS mice.

Wiskott-Aldrich syndrome (WAS) is a severe X-linked recessive
immune deficiency disorder caused by mutations in the gene encoding
the Wiskott-Aldrich syndrome protein (WASP), a key regulator of actin
polymerization and cytoskeletal reorganization in hematopoietic cells
[1–3]. Mutations in WASP result in a wide spectrum of clinical mani-
festations, ranging from the relatively mild X-linked thrombocytopenia
to the classic WAS phenotype, characterized by micro-
thrombocytopenia, infections caused by immunodeficiency, eczema,
and high susceptibility to lymphoproliferative tumors and autoimmune
diseases [2,4,5]. WASP can promote motility, adhesion, migration and
activation via cytoskeletal reconstitution and actin polymerization in a
variety of hematopoietic cells [6]. For T cells activated by T cell re-
ceptor (TCR) and costimulatory molecules, WASP is involved in the
recruitment of actin and other synaptic proteins, cytoskeletal re-
arrangement and immunological synapse formation to promote the
effective transmission of TCR signals and T cell proliferation [7,8].

Human cytomegalovirus (HCMV) is a low-pathogenic, opportunistic
virus that is normally asymptomatic during latent infection. However,

in fetuses, newborns and immunosuppressed individuals, HCMV can
avoid host immune attacks to inflict damage [9], such as birth defects,
intellectual impairment and systemic disseminated infection. Moreover,
cytomegalovirus (CMV) infection is a crucial contributor to the death of
patients undergoing allogeneic hematopoietic stem cell transplantation
(HSCT) despite the existence of advanced detection and treatment
methods [10–12]. CMV cytotoxic T lymphocytes (CTLs) are essential for
inhibiting CMV reactivation, and effective control of CMV infection
ultimately depends on CMV-specific CTL reconstitution [13]. HSCT is
currently the only therapeutic option for curing WAS patients [14].
Furthermore, previous studies have shown that WAS patients have an
increased risk of recurrent infections of herpes virus family members
including CMV [15,16], which is not controlled by antiviral drugs
[17].These data suggest that WASP might be involved in host immune
control of CMV infection.

In the present study, we observed the function and distribution of
CMV-specific CTLs and the percentage of CD8+ T cell subsets in the
main organs via a CMV infection mouse model. In addition, we
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compared the functionalities of the CD8+ T cells of Was KO and wild
type mice, aiming to explore the role of WASP in CMV-specific immune
responses.

1. Materials and methods

1.1. Animals

Was knockout (Was−/−) mice (129S6/SvEvTac−Wastm1Sbs/J) were
purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and
treated either with or without murine CMV (MCMV). Wild-type Was+/

+ mice (129S1/SvImNJ) were purchased from the National Resource
Center of Model Mice (NRCMM) (Nanjing University, China) and
treated with MCMV. The genotype of Was knockout mice was con-
firmed by PCR (Genotyping primers: Was−/− gene and Was+/+ gene
common forward primer: 5′-CCCATCAGGTGGTCCACTA-3′; reverse
primer for Was−/−: 5′-GCTATCAGGACATAGCGTTGG-3′; reverse
primer for Was+/+:5′-TTTGAATCCACTCGGTGCTC-3′.) (Fig. S1a, b).
Both the Was−/− and Was+/+ groups contained equal number of male
and female mice that were between 6 and 8weeks of age and weighing
19–22 g. The mice were fed and housed in the Chongqing Medical
University Laboratory SPF Animal Center. Brood mice were placed in a
cage to breed at a female to male ratio of 2:1. All animal studies were
performed in accordance with the U.K. Animals (Scientific Procedures)
Act, 1986 and associated guidelines, the EU Directive 2010/63/EU for
animal experiments, and the National Institutes of Health guide for the
care and use of laboratory animals (NIH Publications No. 8023, revised
1978).

1.2. Cell lines and virus strains

NIH 3T3 cells were purchased from China Center for Type Culture
Collection (CTCC) (Wuhan University, China). The MCMV Smith strain
was purchased from American Center for Type Culture Collection
(ATCC) (Manassas, VA, USA). NIH 3T3 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% bovine fetal
serum (Gibco, BRL, Life Technologies) and passaged at a cell density of
1× 106/ml. Once cells reached 80%∼90% confluence, MCMV was
added to propagate and passage the virus. The cells were maintained in
a controlled incubator (37 °C, 5% CO2) until 80–90% of the cells ex-
hibited cytopathic effects (CPE), at which point the virus was collected
and preserved in a −80 °C ultra-low-temperature freezer. MCMV
virulence was titrated by the 50% tissue culture infectious dose
(TCID50) method and calculated by the Reed-Muench method [18].
The proportionate distance (PD) was calculated as PD= [(%next above
50%)− 50%]/[(%next above 50%)− (%next below 50%)]; X=PD+
(dilution next above 50%) and TCID50/ml=10^X/0.1.

1.3. Establishment of the MCMV systemic dissemination model

Both Was−/− and Was+/+ mice were injected intraperitoneally
(ip.) with a 1×105 PFU MCMV suspension (0.2 ml), and additional
Was−/− mice were injected ip. with sterile phosphate-buffered saline
(PBS) as a control. The body weights, appetites, activities and reactions
of the mice were observed and recorded daily. At 9 days post-MCMV
infection, the mice were sacrificed, and their liver, spleen, lung, kidney,
and heart tissues and salivary glands were dissected under aseptic
conditions. Tissues were fixed overnight in 10% formaldehyde solution,
paraffin imbedded, sectioned, hematoxylin and eosin (H&E) stained
and examined for pathological damage under a light microscope. Lung
lesions were scored semi-quantitatively as absent (0), minimal (1),
slight (2), moderate (3), marked (4), or severe (5) [19]. MCMV gB from
Was knockout mice was qualified by RT-PCR (forward primer: 5′-GTCG-
GCCATCTACGAGAGAC-3′, reverse primer: 5′-GACCAGCGGTCTCGAA
TAAC-3′.).

The salivary glands of the mice were fully homogenized in 1ml of

DMEM and centrifuged at 1000×g/min for 20min at 4 °C to separate
MCMV, and the virus was then titrated for virulence. For titration, the
virus was serially diluted in D-Hank’s buffer solution in 10-fold incre-
ments, and 100 μl of each test homogenate was aspirated and added to
an NIH 3T3 cell monolayer in a 96-well plate. In total, each dilution was
tested 8 times, and the cells were observed daily. Homogenate virulence
was also calculated by the Reed-Muench method.

1.4. Memory compartment of the CD8+T cell subsets

Mice from each group were sacrificed at 9 days post infection. Their
spleens, lungs, and peripheral blood were immediately used to prepare
single cell suspensions; 2× 106 cells from each sample were dispensed
into properly numbered tubes. The cells were washed with PBS and
centrifuged, and the supernatants were aspirated. The pellets were re-
suspended in approximately 50 μl of the remaining PBS, and the cells
were surface-stained with fluorochrome-labeled anti-CD3-PE (145-
2C11, BD PharMingen, San Diego, CA, USA), anti-CD8-PerCP (53–6.7,
BD PharMingen, San Diego, CA, USA), anti-CD27-FITC (LG.7F9,
eBioscience, San Diego, CA, USA), and anti-CD28-APC (37.51,
eBioscience, San Diego, CA, USA) at 4 °C in the dark for 30min. Red
blood cell lysis buffer (Beyotime Biotechnology, China) was added to
peripheral blood, which was then washed and evaluated for the per-
centage of cytotoxic T cell subsets among the effector cells by flow
cytometry. Data were analyzed by FlowJo Version 7.0 software (Tree
Star, Inc.).

1.5. MCMV-specific CTL detection by pentamer staining

Was+/+and Was−/−mice were sacrificed at 9 days post infection,
and their spleens, lungs, and peripheral blood were immediately har-
vested to prepare single cell suspensions; 2× 106 cells from each
sample were dispensed into several tubes. After being washed with PBS,
the cell supernatants were aspirated, and MHC-H-2Db/HGIRNASFI
(murine CMV m45 985–993) R-PE-labeled Pro MHC pentamers
(ProImmune, Oxford, United Kingdom) were added to the cell pellet.
The mixture was well mixed with a vortexer and incubated for 10min
in the dark at room temperature. After incubation, anti-CD8-PerCP
(53–6.7, BD PharMingen, San Diego, CA, USA) was added, and the
mixture was incubated for 30min on ice. Next, 3 ml of red blood cell
lysis buffer was added to each sample for 5min, and the percentage of
CTLs in the CD8+ T cell subset was measured by flow cytometry.
MCMV CTLs were defined as being double-positive for CD8 cells and a
pentamer. The percentage of MCMV CTLs among CD8+ T cells was
calculated as (CD8+/pentamer+)/CD8+ cells.

1.6. Intracellular cytokine staining and CD107a mobilization assay

CD8+T cells were obtained from the spleens of Was−/− and Was+/

+ mice using a CD8a+ T cell isolation kit (Miltenyi Biotech, Bergisch,
Germany). Briefly, a biotin-antibody cocktail was added to the spleen
suspension, the mixture was incubated in the dark for 10min at 4 °C,
and anti-biotin microbeads were added for 15min. The cells were
washed with MACS buffer, centrifuged, and resuspended before CD8+T
cells were negatively isolated using an LS column and MACS separator.
Flow-through cells containing enriched murine CD8+ T cells were
collected, stained with trypan blue and evaluated for purity. The iso-
lated CD8+ T cells were cultured overnight in a 24-well plate, which
was coated with 1 μg/ml anti-CD3 and 5μg/ml anti-CD28 (BD
Bioscience). Before fluorescence staining, the protein transfer inhibitor
GolgiStop™ (BD Bioscience, Palo Alto, CA, USA) and anti-CD107a-FITC
(1D4B, BD PharMingen) were added to each well for 4 h. The cells were
then collected, and anti-CD8-PerCP (53–6.7, BD PharMingen, San
Diego, CA, USA) was added for 30min in the dark on ice. After 30min,
the cells were fixed and permeabilized with a fixation/permeabilization
solution kit (BD Bioscience). The intracellular cytokine antibodies anti-
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IFN-γ-FITC (XMG1.2, BD PharMingen), anti-IL-2-PE (JES6-5H4, BD
PharMingen) or anti-granzymeB-FITC (NGZB, eBioscience) antibodies
were then added, and the mixture was incubated in the dark for 30min
at 4 °C. The cells were washed with FACS buffer, and the percentages of
CD8+/CD107a+,CD8+/IFN-γ+,CD8+/IL-2+ and CD8+/granzymeB+

cells among CD8+ T lymphocytes were detected by flow cytometry.

1.7. Apoptosis assay

Freshly isolated CD8+ T cells were incubated for 48 h in a 24-well
culture plate coated with 1 μg/ml anti-CD3 and 5 μg/ml anti-CD28.
Cells were collected, resuspended in annexin V binding buffer, and
stained with FITC-labeled annexin V and propidium iodide (PI)
(KeyGEN BioTECH company, China) in the dark for 30min at 4 °C. The
apoptosis rates of CD8+ T cell subsets were then detected by flow cy-
tometry. Annexin V/PI co-staining was performed to discriminate
among early apoptotic, late apoptotic/secondary necrotic and necrotic
cells, or between apoptotic and non-apoptotic cells, respectively.
Annexin V-/PI− were regarded as live cells, Annexin V+/PI− as
apoptic, and Annexin V+/PI+ as late apoptic cells. The frequency of
each apoptotic cell category described above was determined by
FlowJo Version 7.0.

1.8. Statistical analysis

Student's t-test and ANOVA were applied using SPSS 12.0 software
(SPSS Inc., Chicago, IL). Data are shown as mean ± SD. P-values <
0.05 were considered statistically significant.

2. Results

2.1. MCMV infection severely damaged the lungs of Was−/− mice

Mice that were i.p. injected with 1×105 PFU MCMV exhibited
obviously poor appetites, less activity, somnolence, fur sparsity and lags
in response to stimulation that gradually appeared on the 2nd day post
injection. Lower body mass and pilomotor fur were particularly evident
in the treated Was−/− mice, while the Was+/+ mice showed all the
above symptoms to a lesser extent. Beginning on the 5th day after in-
fection, the body masses of the MCMV-infected Was−/− mice were
much more reduced than those of Was−/− mice without MCMV in-
fection (p < 0.05). After the 7th day, the body masses of the treated
Was−/− mice were reduced more than those of MCMV-infected Was+/

+ mice (p < 0.05) (Fig. 1a).
Compared with Was+/+ mice, Was KO mice had more evident pa-

thological lesions on their hearts, livers, lungs and kidneys after in-
fection with MCMV (Fig. 1b). Histopathological examination revealed
interstitial edema, partial cytolysis and disordered arrangement in
myocardial cells, and hepatocytes with vacuole-like denaturation,
structural derangement and lytic necrosis. Both groups of mice showed
enlarged glomerular sizes and smaller glomerular capsules, but Was KO
mice exhibited greater vacuolar degeneration, necrosis and renal tubule
epithelial cell edema. The lung tissues of Was KO mice were patholo-
gically characterized by interstitial pneumonia (with an even thicker
alveolar septum), sharply increased cellular components, interstitial
congestion, edema (with inflammatory cell infiltration comprising
mostly mononuclear cells), and less alveolar exudate in the alveolar
space (Fig. 1c, d). Furthermore, MCMV virulence was titrated by
TCID50 in salivary gland (WAS−/−: 4.59 ± 0.15, WAS+/+:
4.47 ± 0.12, p > 0.05). However, the level of MCMV gB was higher
in lung of MCMV-infected Was−/− mice than in Was+/+ mice
(p < 0.05) (Fig. S2a, b).

2.2. Fewer MCMV-specific CTLs resident in the lung

The percentage of MCMV CTLs was higher in the spleen than in the

lung or peripheral blood of MCMV-treated Was KO 129S6 mice
[(2.71 ± 0.97) % vs (0.31 ± 0.15) %, respectively, p < 0.001; and
(2.71 ± 0.97) % vs (0.6 ± 0.69) %, respectively, p < 0.001], while
the percentage of MCMV CTLs in the spleen, lung and peripheral blood
was not significantly different in Was+/+ mice. In the lung, the per-
centage of MCMV CTLs was (1.48 ± 0.71)% and (0.31 ± 0.15)% in
Was+/+ and Was−/− mice, respectively (p=0.007). However, the
percentage of MCMV CTLs in the spleen or peripheral blood of Was−/−

mice was not significantly different from that of Was+/+ mice
[(2.71 ± 0.97)% vs (4.86 ± 2.48)%, respectively, p=0.055 and
(0.60 ± 0.69)% vs (2.92 ± 3.32)%, respectively, p=0.117] (Fig. 2).

2.3. Fewer CD27−CD28−CD8+ T cell subsets in the lung

The percentage of CD27+CD28−CD8+ T cells was higher in the
lungs of treated Was−/− mice than in the spleen [(64.14 ± 18.50) %
vs (32.17 ± 20.71) %, respectively, p=0.006] and peripheral blood
[(64.14 ± 18.50) % vs (29.75 ± 11.85) %, respectively, p=0.004].
However, no distinct differences among the spleen, lung and peripheral
blood were found in Was+/+ mice. Moreover, in the lung, spleen and
peripheral blood, the ratio of CD27+CD28−CD8+ T cells to CD8+ T
lymphocytes was not markedly different between treated Was−/− and
Was+/+ mice (Fig. 3a–c).

The ratio of CD27−CD28−CD8+ T cells to CD8+ T cells in the lung
was (24.28 ± 13.45) % in treated Was−/− mice and (43.16 ± 7.87)
% in treated Was+/+ mice (p=0.033). The percentages of
CD27−CD28−CD8+ T cells in the spleen and peripheral blood of
treated Was−/− mice were not significantly different than those in
Was+/+ mice. In Was−/− mice, the percentage of CD27−CD28−CD8+

T cells was lower in the lung than in the spleen and peripheral blood
[(24.28 ± 13.45) % vs (53.11 ± 11.44) %, respectively, p=0.001]
and [(24.28 ± 13.45) % vs (56.54 ± 10.03) %, respectively,
p < 0.001]. In Was+/+mice, the percentage of CD27−CD28−CD8+ T
cells was not significantly different among the lung, spleen and per-
ipheral blood (Fig. 3a, d).

2.4. Impaired CD8+ T lymphocyte functionality in Was KO mice

Anti-CD3 and anti-CD28 antibodies were combined to stimulate
sorted CD8+ T lymphocytes isolated from spleen in vitro for 48 h.
Histograms were generated to compare the two groups of Was−/− mice
and Was+/+ mice. The percentage of CD8+ T cells expressing IL-2 was
lower in treated Was−/− mice [(3.35 ± 1.47)%] than in Was+/+ mice
[(9.14 ± 4.15)%, p=0.009] (Fig. 4a). In Was KO mice, fewer CD8+ T
lymphocytes produced granzyme B compared with Was+/+ mice
[(1.74 ± 1.33) % vs (3.40 ± 1.47) %, p=0.048] (Fig. 4b). However,
IFN-γ and CD107a expression in CD8+ T lymphocytes was not sig-
nificantly different between Was−/− and Was+/+ mice (Fig. 4c, d).

2.5. Apoptosis of CD8+ T lymphocytes in Was KO mice

Two days after co-culturing mouse CD8+ T lymphocytes with anti-
CD3 and anti-CD28 monoclonal antibodies in vitro, we analyzed the
cells by flow cytometry, and the apoptosis rate was calculated. We
defined apoptotic cells as those in the early and late fractions. The
apoptosis rate of CD8+ T lymphocytes from Was+/+ mice was
(30.50 ± 4.42) %, which was lower than that of CD8+ T lymphocytes
from treated Was−/− mice [(40.44 ± 5.79) %, p=0.007].
Furthermore, the apoptosis rate of CD8+ T lymphocytes from Was+/+

[(16.40 ± 2.19)%] and treated Was−/− mice [(25.09 ± 5.44) %]
without anti-CD3 and anti-CD28 antibody stimulation was significantly
different (p=0.009), potentially due to spontaneous apoptosis (Fig. 5).

3. Discussion

The clinical manifestations of CMV infection in WAS patients are
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more severe than those of other patients with CMV [20–22]. Alter-
natively, the effective reconstitution of CMV-specific CTLs is crucial for
clearing CMV infection in patients with CMV infection; which indicates
that WASP may be involved in regulating the distribution and function
of CMV-specific CTLs. Since MCMV has the same tissue tropism as
HCMV which is closely related to host age and immune status [23,24],
we analyzed the main organs and functionality of CD8+ T cell subsets
in MCMV-infected Was KO mice to elucidate the role of WASP in CMV-
specific CTL function.

The lungs are frequently challenged by viruses including CMV

[25,26], and lethal pneumonia is among the most common complica-
tions in WAS patients [15]. Several case reports also indicated that WAS
patients suffered from recurrent CMV pneumonia [22,27–29]. An-
dreansky et al. [30] reported that Was KO mice infected with three
different pathogenic microorganisms, influenza A virus, Streptococcus
pneumoniae and Bacillus Calmette-Guerin vaccine showed increasing
lung susceptibility and dysfunctional pathogen elimination. Consistent
with these findings, our study showed that the lungs of MCMV-infected
Was KO mice exhibited the most serious pathological damage and
slower clearance of virus from lung. It is supported by the fact that

Fig. 1. MCMV infection severely damaged the lungs of Was−/− mice. Beginning on the 5th day post-infection, the body weight of treated Was−/− mice was clearly
reduced compared with that of uninfected Was−/− mice and MCMV-infected Was+/+ mice (Fig. 1a). Histological examination of the organs from WT 129S1 mice
and Was KO mice infected with MCMV, as determined by hematoxylin & eosin staining; 400×magnification (Fig. 1b); 1000×magnification (Fig. 1c). Fig. 1b shows
pathological changes in heart, liver, lung and kidney tissue. Fig. 1c shows that Was KO mice have more obvious inflammatory changes in their lungs, including a
thicker alveolar septum, more cellular components, interstitial hyperemia and edema with marked infiltration of mononuclear cells. Fig. 1d indicated severity scores
of pulmonary lesions of mice after infection with MCMV. Indicated pulmonary lesions are scored from absent (0) to severe (5) (n= 4/group).
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MCMV-specific CTLs and late-differentiated effector T cells were re-
duced when the Was gene was knocked out, which can lead to impaired
surveillance of this virus. Interestingly, we found that the percentage of
MCMV CTLs in the spleen was a bit higher than those in the lung and
peripheral blood. Because MCMV establishes latency in a variety of
tissues similar to HCMV, including the spleen, lungs, and bone marrow
[26,31], tissue-specific immune response as well as those in peripheral
blood behavior differently and probably contribute the control CMV
infection [32,33]. As an MCMV latency site, the spleen was determined
to be the first tissue to eradicate MCMV infection because of the pre-
sence of CTLs [34–36], which could also play a vital role during the
infection stage.

Based on expression of the costimulatory receptors CD27 and CD28,
CD8+ T lymphocytesare divided into three types of T cells, early naïve

T cells (CD27+CD28+), intermediately differentiated T cells
(CD27+CD28−) and late-differentiated T cells (CD27−CD28−) [37].
CD27−CD28−CD8+ T cells are mostly cytotoxic effector cells [38,39]
that express cytotoxic factors and produce cytokines, including gran-
zyme B and IL-2 [40,41]. Compared with late-differentiated T cells,
intermediately differentiated T cells display decreased cytotoxic capa-
city, and their functionality lies between that of naïve and late-differ-
entiated T cells [37]. Hiroko et al. [41] identified an inverse correlation
between the quantitative expression of CD27 and cytotoxic effector
function in peripheral blood after infection with human CMV. In our
study, CD8+ T lymphocytes were found to mainly reside in the late-
differentiated T cell subsets in Was+/+ mice, but not Was−/− mice,
after MCMV infection. These findings illustrate that WASP may impact
the differentiation of CD8+ T cells from intermediately differentiated T
cells to late-differentiated T cells and further affect the antiviral efficacy
of late CD8+ T cells. Previous studies had shown that viral load de-
termines the memory CD8+ T cell phenotype [42]. High frequency of
virus antigen encountered at the site of infection changes the CMV-

specific CD8+ T cell phenotype and results in the late-differentiation
phenotype playing a dominant role in non-immunodeficient individuals
[32]. In contrast to Was+/+ mice, MCMV treated Was−/− mice had
lower levels of late-differentiated CD8+ T cells in the lung, which in-
dicated that the WAS protein was positively correlated with the effector
ability of CD8+ T cells.

WASP has been implicated in a number of intrinsic T cell functions,
including cell proliferation, differentiation and survival, through both
actin-dependent and independent mechanisms [43]. WASP is crucial for
the maintenance of immunological synapse (IS) symmetry, while the
breakdown of SMACs (supramolecular activation clusters) plays a vital
role in IS migration [44,45]. The dynamic IS balance between WASP
and SMACs contributes to T cell activation and effector function. Dys-
functional lymphocytes in Was-deficient mice and patients have been

Fig. 1. (continued)

Fig. 2. Fewer MCMV-specific CTLs resident in the lung after MCMV infection. MCMV CTLs identified by pentamer and CD8 staining in spleen, peripheral blood and
lung cells of three groups of mice (Fig. 2a). Comparison of the percentages of MCMV CTLs in the spleens, peripheral blood and lungs of Was+/+ and Was−/− mice
(Fig. 2b) (*p < 0.05; **p < 0.01) (n=7). Fewer MCMV CTLs were present in the lungs of treated Was−/− mice. In addition, more MCMV CTLs were observed in
the spleens of Was−/− mice than in the peripheral blood and lungs.
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Fig. 3. Distribution of CD27/CD28 in CD8+ T cells in various organs and tissues. CD27/CD28 gated on CD8+ T-cell populations of distinct organs in Was+/+and
Was−/− mice (Fig. 3a). CD27+CD28+ T cell populations were not significantly different between the Was+/+ and Was−/− mice in terms of various organs. The
lungs of Was−/− mice had a higher percentages of CD27+CD28− T cells and a lower percentages of CD27−CD28− T cells than the spleens and peripheral blood. The
CD27−CD28− T cell population in the lungs also decreased when the Was gene was knocked out (Fig. 3b–d) (*p < 0.05; **p < 0.01) (n= 7).

Fig. 4. Functional changes in the spleen lymphocyte CD8+ T cells of Was+/+ and Was−/− mice cultured in vitro. Multicolor (IL-2 (Fig. 4a), granzyme B (Fig. 4b),
IFN-γ (Fig. 4c), and CD107a (Fig. 4d)) staining of spleen CD8+ T cells stimulated in vitro and statistical analysis of the percentages of, IL-2+, granzyme B+, IFN-γ+
and CD107a+ T cells (Fig. 4e) among CD8+ T cells from Was+/+ and Was−/− mice (*p < 0.05) (n= 7). Background values were subtracted. The histograms show
decreased IL-2 and granzyme B levels in Was −/− mice.
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studied multiple times, including by our group [46–51]. WAS KO mice
showed reduced viral clearance and enhanced immunopathology
during LCMV infection [50]. This was attributed to both an intrinsic
CD8+ T cell defect and defective priming of CD8+ T cells by dendritic
cells. Consistent with Lang’s result, we confirmed these findings in WAS
KO mice infected with MCMV. However, Lang et al. found virus-in-
duced hepatic immunopathology in WAS KO mice with LCMV, while
our data indicated severe lung damage induced directly by MCMV in
WAS KO mice. T cells from WAS patients harbor defects in antigen-
driven proliferation and cytokine production [52], while these cells
proliferate poorly, secrete low levels of IL-2 in response to anti-CD3
mAb and display abnormal cell morphology [53,54]. In Wiskott-Aldrich
syndrome patients or mice, low cytokine expression might be induced
by broken IS symmetry, low T-bet mRNAexpression, aberrant AP-1
(activating protein-1) expression or dysfunctional NFAT-1/2 (nuclear
factor of activated T cells) nuclear translocation [45,49,55]. Further-
more, WASP deficiency affects the cytotoxic activity of CD8+ T cells
[56]. Our results further show that CD8+ T lymphocytes from Was−/−

mice were defective in secreting cytokines and cytotoxic effectors after
MCMV infection. Consequently, IL-2 and granzyme B secretion and
CD8+ T cell differentiation were damaged, and late-differentiated cells
were reduced, indicating that WASP deficiency indirectly influences
CD8+ T cell subsets and leads to viral clearance failure.

Lymphocytes isolated from WASP-deficient patients reportedly ex-
hibit strong actin polymerization in response to phorbol-12-myristate-
13-acetate (PMA) and bryostatinstimulation, whereas WASP-deficient
lymphocytes are incapable of polymerizing actin when stimulated with
anti-CD3 [57,58]. We found that the apoptosis rate of lymphocytes
from Was KO mice was increased upon anti-CD3 and anti-CD28 sti-
mulation, indicating that WASP plays a vital role in regulating lym-
phocyte apoptosis. WASP-deficient lymphocytes showed upregulated
FAS expression and increased caspase-3 activation, which mediate ac-
celerated apoptosis [58]. In addition, cytoskeleton-associated proteins
are closely associated with cell apoptosis regulation [59,60]. Because
WASP might delay apoptosis using cytoskeleton accessories, apoptosis
is increased when Was is deficient [61]. Thus, WASP might affect the
activation and function of CD8+ T lymphocytes, perhaps by altering the
number and structure of microvillion WASP-deficient T lymphocytes,
which structurally damages the actin cytoskeleton [62,63]. Therefore,
when stimulated with an anti-CD3 monoclonal antibody, T cells from
Was−/− mice can not polymerize actin or recombine the actin cytos-
keleton, ultimately affecting CTL activation [48,64].

In conclusion, our results suggest that MCMV infection most

prominently affects the lungs ofWas KO mice. We also confirm previous
finding that the production of cytokines and cytotoxic effectors by
CD8+ T cells from Was KO deficient mice is defective. Further studies
are needed to more deeply explore the roles of WASP in lung viral
clearance and CD8+ T cell subsets in WAS patients infected with CMV.
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