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Abstract

Infections with cytomegalovirus (CMV) can cause severe disease in immunosuppressed

patients and infected newborns. Innate as well as cellular and humoral adaptive immune ef-

fector functions contribute to the control of CMV in immunocompetent individuals. None of

the innate or adaptive immune functions are essential for virus control, however. Expansion

of γδ T cells has been observed during human CMV (HCMV) infection in the fetus and in

transplant patients with HCMV reactivation but the protective function of γδ T cells under

these conditions remains unclear. Here we show for murine CMV (MCMV) infections that

mice that lack CD8 and CD4 αβ-T cells as well as B lymphocytes can control a MCMV infec-

tion that is lethal in RAG-1-/- mice lacking any T- and B-cells. γδ T cells, isolated from in-

fected mice can kill MCMV infected target cells in vitro and, importantly, provide long-term

protection in infected RAG-1-/- mice after adoptive transfer. γδ T cells in MCMV infected

hosts undergo a prominent and long-lasting phenotypic change most compatible with the

view that the majority of the γδ T cell population persists in an effector/memory state even

after resolution of the acute phase of the infection. A clonotypically focused Vγ1 and Vγ2

repertoire was observed at later stages of the infection in the organs where MCMV persists.

These findings add γδ T cells as yet another protective component to the anti-CMV immune

response. Our data provide clear evidence that γδ T cells can provide an effective control

mechanism of acute CMV infections, particularly when conventional adaptive immune

mechanisms are insufficient or absent, like in transplant patient or in the developing immune

system in utero. The findings have implications in the stem cell transplant setting, as antigen

recognition by γδ T cells is not MHC-restricted and dual reactivity against CMV and tumors

has been described.
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Author Summary

Cytomegalovirus is a clinically important pathogen. While infection in hosts with a func-

tional immune system is usually asymptomatic, the virus can cause significant morbidity

and mortality in individuals with an immature or suppressed immune system. The virus

causes severe clinical complication in transplant recipients and congenital CMV infections

are the most common infectious cause of neurological disorders in children. Multiple lay-

ers of innate and adoptive immunity are involved in the control of CMV and single defi-

ciencies of one immune cell type can be compensated by other immune cells. Expansions

of γδ T lymphocytes, which are regarded as innate-like cells with adaptive-like potential,

have been shown to be associated with CMV infections in human transplant patients and

neonates. Their role in protective immunity against CMV has been unclear, however.

Here we show direct evidence in the murine CMVmodel (MCMV) that γδ T lymphocytes

can provide protection against a lethal MCMV infection in the absence of any other cells

of the adoptive immune system. Upon infection, γδ T lymphocytes undergo a significant

expansion and a prominent and long-lasting phenotypic change. These findings have im-

plications for the development of new cellular therapy regimens in CMV infections in the

transplant setting that should be evaluated in the future.

Introduction

Cytomegaloviruses (CMV) and their respective hosts have co-evolved over long periods of

time. During this co-evolution the virus adapted perfectly to the respective host defense sys-

tems and vice versa. As a result, virus replication during primary infection is effectively con-

trolled by a multilayered, in large parts redundant, innate as well as adaptive immune response

and development of symptoms or disease is prevented [1–3].

In contrast, in individuals with a compromised or immature immune system human CMV

(HCMV) remains as a significant pathogen. Congenital HCMV infection, for example, is the

leading infectious cause of brain damage and sensorineural hearing loss in children [4]. Prima-

ry and recurrent HCMV infection also causes significant morbidity and mortality in transplant

patients e.g. following hematopoietic cell transplantation [5].

During primary infection of immunocompetent hosts the virus evokes a strong innate and

adaptive immune response, which ultimately leads to control of viral replication and establish-

ment of latency [6]. In the adaptive cellular immune response CD8+ and CD4+ T cells are in-

volved. Activation of antiviral CD8+ T cells is considered to be particularly important in this

respect. Work with MCMV has shown that antiviral CD8+ T cells can control a primary infec-

tion [7] and prevent disease after adoptive transfer in immunocompromised animals [8]. The

concept of adoptive transfer of CMV specific CD8+ T cells to prevent CMV-related disease was

successfully introduced into clinical management of transplant patients [9].

The role of CD4+ T cells in protection from CMV infection is less clear. In the MCMV sys-

tem, CD4+ T cells have been shown to be essential for viral clearance from the salivary gland,

an important anatomical site for prolonged CMV shedding and transmission [10]. The antivi-

ral effect is most probably mediated by IFN-γ secretion of activated CD4+ T cells [11]. In trans-

plant patients a multifunctional effect of CD4+ T cells has been shown. They provide essential

support for CD8+ T cell memory, secrete various cytokines and even kill infected cells [12].

Lastly, the adaptive humoral immune response is also involved in control of

viral replication.
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Immunodeficient RAG-/- mice are protected against MCMV infection by passive transfer of

polyclonal or monoclonal antibodies from infected donors or MCMV specific memory B cells

[13–16].

Despite the large body of literature on protective capacity of individual immune effector

functions that contribute to the control of CMV, none of the innate or adaptive immune func-

tions seems to be essential for virus control. For example, in the MCMVmodel, long-term de-

pletion of CD8+ T cells showed that CD8+ T cells are not required for clearance of a primary

CMV infection and viral latency was initiated with similar kinetics in animals lacking CD8+

T cells [17]. Similar results were obtained following depletion of the CD4+ T-cell subset [10].

Likewise, the course of the primary CMV infection is similar in fully immunocompetent mice

and mice lacking antibody [15]. On the other hand, RAG-/- or SCID mice succumb rapidly to

the infection, demonstrating that the complete lack of an adaptive immune response is incom-

patible with virus control [14, 18].

It is unclear whether the redundancy in immunological control of CMV is universal, i.e. the

loss of any antiviral immune effector function can be compensated by others or whether the re-

dundancy is restricted to a certain set of immune cells or antiviral effector function. The defini-

tion of critical components of the immune response that cannot be compensated for by others

will be important to understand the complex immune control of this virus and may be valuable

for the clinical management of the infection in situations where the immune system is not

fully functional.

Here we systematically explored the contribution of individual cell types of the adaptive im-

mune system to virus control. Surprisingly, our data showed that mice lacking CD4+ and CD8+

T cells as well as B cells still can control the virus for long periods of time. Protection in these

animals was found to rely on CD3+CD8−CD4− γδ T cells. Depletion of CD3+ T cells in mice

lacking B cells abolished protection from CMV infection and most importantly adoptive trans-

fer of γδ T cells into RAG-/- mice provided long term protection from the otherwise lethal

course of the infection. The identification of γδ T cells as a protective component in the anti-

CMV response adds another layer to the complex immune control of this virus which may

have clinical implications in the transplant setting since the function of γδ T cells is not restrict-

ed by the MHC complex.

Results

Mice without CD8+ and CD4+ T cells as well as B cells but not without
CD3+ T cells control CMV infection

In a first set of experiments we analyzed the potential effect of a combined absence of CD8+

T cells as well as antibodies for the course of a primary MCMV infection. To this end

CD8-/-JHT mice (S1 Fig. and S1 Table) were infected with 1×105 pfu of a luciferase–expressing

MCMV suitable for in vivo detection of virus infected cells [14]. In CD8-/-JHT mice, luciferase

activity was detected at day 3 post infection (p.i.) and day 7 p.i. which fell to background levels

at day 9 p.i. (Fig. 1A). In these mice, the course of acute infection was slightly prolonged as

compared to animals in which either cell type was lacking individually or as compared to im-

munocompetent C57BL/6 animals [14]. Thus, in mice with a combined lack of CD8+ T cells

and B cells acute MCMV infection can be controlled.

To analyze a potential contribution of CD4+ T cells in animals lacking CD8+ T cells and

B cells for the course of the infection, CD8-/-JHT animals were treated with 250 µg of mab YTS

191 on day -1, 3 and 8 p.i. [15]. Absence of CD4+ T cells was confirmed by flow cytometry

(S2 Fig.). Following infection, the mice showed a markedly higher bioluminescence signal
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compared to CD8-/-JHT animals at day 7 p.i. (Fig. 1A). However, at day 9 p.i. the signal was

greatly reduced indicating control of virus replication in the animals.

The control of infection in animals lacking both CD8+ and CD4+ T cells as well as B cells

was surprising given the fact that RAG-/- animals, which do not contain functional T and

B cells, are not capable of controlling MCMV [14, 18]. Potential T cell subsets responsible for

protection would include CD3+ NKT cells, CD4/CD8-double negative (DN) αβ T cells or

γδ T cells.

To test whether DN T cells were involved in control of MCMV infection, CD3+ cells were

depleted in CD8-/-JHT animals. Depletion was confirmed by flow cytometry (S2 Fig.). Follow-

ing infection, anti-CD3 antibody treated animals showed markedly enhanced bioluminescence

compared to untreated or anti-CD4 antibody treated CD8-/-JHT mice at days 7 and 9 p.i.,

Figure 1. CD3+ T cells control MCMV infection in mice depleted of CD4+ and CD8+ T-lymphocytes and B cells. (A) In two separate experiments
CD8-/-JHTmice either untreated or treated with antibodies against CD4 or CD3 were infected with 105 pfu MCMV. In vivo imaging was performed on the days
indicated. Images were obtained from a 120 sec acquisition. The pseudocolor scale shows relative photon flux for each image. Representative data from 3
individual experiments. (B) Viral load per 30 μg organ was determined at day 13 p.i. by a luciferase-based assay. Each value in the graph corresponds to an
individual animal, one animal died before day 13 p.i. triangles: CD8-/-JHT; circles: anti-CD4 treated CD8-/-JHT; squares: anti-CD3 treated CD8-/-JHT. Data in
open or closed symbols were obtained in two separate experiments frommice displayed in Fig. 1A. Horizontal bars represent the median, dotted lines mark
the background. RLU: relative light units. P< 0.05; Mann-Whitney test. Representative data from 3 individual experiments. (C) Survival of CD8-/-JHT (black),
anti-CD4 treated CD8-/-JHT (red) and RAG-/- mice (grey) (n = 5; P< 0.005; Mantel-Cox Test). Representative data from 2 independent experiments.

doi:10.1371/journal.ppat.1004481.g001
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indicating loss of control of virus replication (Fig. 1A). The bioluminescence signals from anti-

CD3 treated animals were comparable to infected RAG-/- mice which exhibit a continuously

increasing bioluminescence signal during the first 10 days p.i. ([14] and Fig. 2B).

To correlate the in vivo bioluminescence data with virus titers in individual organs, animals

were sacrificed at day 13 p.i. and the virus load was determined in selected organs, using a lucif-

erase-based assay. Viral organ titers supported the data from the in vivo imaging. Very low lev-

els of viral titers were observed in CD8-/-JHT mice (Fig. 1B). In CD4+ T cell-depleted animals,

the viral titers in organs were slightly elevated at day 13 p.i. compared to CD8-/-JHT animals,

indicating that the control of the infection during simultaneous absence of CD8+, CD4+ and

B cells is not as effective as in CD8-/-JHT mice (Fig. 1B). Viral titers in CD3-depleted

CD8-/-JHT mice were significantly increased and comparable to titers obtained in RAG-/- ani-

mals (Fig. 1B and Fig. 2C).

In survival experiments, CD8-/-JHT mice either in the presence or absence of CD4+ T cells

exhibited long-term control of the infection further indicating efficient virus control in the ab-

sence of CD8+/CD4+ T cells as well as B cells (Fig. 1C). In contrast, and in accordance with our

previous results [14], RAG-/- animals succumbed to the infection between days 21–25

(Fig. 1C).

Taken together, the results indicated that mice lacking B cells, CD8+ and CD4+ T cells are

still able to control a primary MCMV infection. The protecting cell type in these animals

most probably exhibits a CD3+ DN phenotype since protection was lost following depletion of

CD3+ T cells.

Functional activity of CD3+CD4−/CD8− T cells

To test whether DN T cells have direct antiviral activity, a standard in vitro cytotoxicity assay

was performed with αβ and γδ positive DN T cells in a functional chromium release assay ex

vivo without restimulation of cells. To this end, DN TCRαβ+ and γδ T cells were purified from

spleen and lymph nodes of infected CD8-/-JHT mice 4 weeks after infection and tested for their

cytolytic activity. The results shown in Fig. 2A revealed that both cell types were capable of me-

diating cytotoxicity in a CD3ε-redirected cytotoxicity assay [19]. DN TCRαβ+ T cells showed

negligible lysis of both early and late infected mouse fibroblast target cells (MEF). In contrast,

the γδ T cell fraction specifically lysed both types of MCMV infected MEF (Fig. 2A). Early in-

fected target cells were lysed to a higher degree than late infected target cells, indicating that in-

fected cells express antigens that are target of γδ T cell cytotoxicity during all stages of infection

but especially in the early phase after infection.

To analyze whether the ability of γδ T cells to kill infected targets in vitro correlates to a pro-

tective potential of these cells in vivo, an adoptive cell transfer approach was used. To this end

γδ T cells were purified fromMCMV infected CD8-/-JHT donor animals. Purity assessed by

flow cytometry reached>99%. In the experiment shown in Fig. 2B 800,000 cells/animal were

infused into RAG-/- recipients that had been infected three days before. Animals that received

γδ T cells 3 days after infection, exhibited increased bioluminescence signals between day 3 and

day 7 p.i. that was comparable to the control group of mice that received no T cells. However,

while in the control group the signal intensity further increased between day 3 and day 7 p.i.,

the bioluminescence was markedly reduced in γδ T cell treated mice at day 9 p.i., indicating

control of virus replication. When the viral load in organs was assessed at day 12 p.i., γδ T cell-

substituted mice showed a significantly lower viral titer compared to untreated RAG-/- animals

(Fig. 2C). In a number of independent experiments using γδ T cell numbers for adoptive trans-

fer ranging from 200,000 to 800,000 per recipient significant reductions of viral load in all or-

gans analyzed were observed. The absence of CD4+ T cells in the recipient animals 12 days
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Figure 2. Functional activity of CD3+DN T cells. (A) CD3+DN TCRαβ+ or TCRγδ+ effector cells were
isolated from CD8-/- JHT mice 4 weeks after ip infection and were titrated in log2 steps. Mouse embryonic
fibroblasts (MEF) were infected with MCMV Smith and used as target cells in a standard 51Cr-release assay.
Lysis of target cells was assayed at the effector-cell-to-target-cell (E/T) ratios indicated. The mean
percentage of specific lysis of target cells is shown, calculated from triplicate assay cultures. Black:
uninfected MEF, light blue: late phase-infected MEF, dark blue: early phase-infected MEF, purple: TCR-
independent stimulation of T cells by the CD3ε-producing hybridoma cell line 145–2C11. Representative data
from 2 individual experiments. (B) RAG-/- mice were transferred 3 days after infection with 800,000 γδ T cells
from infected CD8-/- JHT donor mice. In vivo images were obtained as in Fig. 1. Representative data from 4
experiments are shown. (C) Viral load per 30 µg organ was determined at day 12 p.i. Each value in the
graphs corresponds to an individual animal (closed circles: γδ T-cell transferred animals; open circles: PBS
controls); horizontal bars represent the median. Dotted lines mark the background. (P< 0.05, Mann-Whitney
Test). Representative data from 4 individual experiments. (D) Survival of RAG-/- mice adoptively transferred
with 200,000 γδ T cells from naive (black) or infected (red) donors or PBS treated (grey) (P< 0.005; Mantel-
Cox Test). Representative data from 4 experiments.

doi:10.1371/journal.ppat.1004481.g002
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after infection was confirmed by flow cytometry (S2 Fig.), strongly suggesting that the antiviral

effect of the adoptively transferred cell population rests on γδ T cells. γδ T cells provided long-

term protection, as RAG-/- mice that received 200,000 γδ T cells from MCMV-immune donors

survived the infection for at least 50 days (Fig. 2D). In contrast, control RAG-/- animals

showed a significantly shorter survival after infection (mean survival time 22 days). Interesting-

ly, γδ T cells that were isolated from naive animals were not able to protect the animals from

the lethal course of the infection (Fig. 2D).

To extend this finding and to investigate whether γδ T cells from wildtype C57Bl/6 mice can

protect fromMCMV infection after adoptive transfer we transferred 400,000 γδ T cells ob-

tained from the spleen of C57Bl/6 mice that were infected with MCMV at least 4 weeks before

or from uninfected C57Bl/6 mice. The protective capacity of γδ T cells from infected and unin-

fected wildtype mice was much more variable, presumably due to the extended time needed for

the cell purification from a large number of donor animals. The results show that γδ T cells

from infected wildtype mice could clearly reduce the virus load after adaptive transfer into

RAG-/- mice and that they provided better protection than γδ T cells from naïve donor mice.

The results reached significance only for the lung, however (S3 Fig.).

In addition we performed infections with TCRα-/- mice that completely lack αβ T cells. In

these experiments we used MCMV157luc in which the MCK-2 mutation was repaired [20] and

106 pfu virus was injected i.v. This virus and infection dose and route caused an even more se-

vere infection in RAG-1-/- mice and infected mice had to be euthanized 12 days after infection

(S4 Fig.). TCRα-/- mice, however, were able to control virus infection within 2 weeks with only

residual virus infection detectable in the salivary glands (S4 Fig.). The protection of TCRα-/-

mice was long-lasting as infected mice survived for more than 5 month without any signs

of sickness.

In addition we analyzed whether a response after a secondary high dose infection with

MCMV is improved in TCRα-/- mice. When mice received a second infection at day 21 after

the primary infection with 106 pfu MCMV157luc i.v., virus spread was controlled immediately

and efficiently as hardly any increase of bioluminescence was detectable at 10 days after the sec-

ond infection (S5 Fig.).

Taken together, the results show that γδ T cells are capable of controlling a primary MCMV

infection in the absence of additional cells from the adaptive immune system.

Relevance of γδ T cells for MCMV infection in immunocompetent mice

The results so far indicated a protective capacity of γδ T cells in the absence of additional com-

ponents of the cellular and humoral immune response. The question arises, whether γδ T cells

have also a role in the antiviral response in fully immunocompetent hosts. We addressed this

question by using TCRδ-/- mice. Three days after MCMV-infection, TCRδ-/- mice showed sig-

nificantly higher viral titers in all tested organs as compared to C57BL/6 mice (Fig. 3). Five

days after infection, the difference was less pronounced, being significant only in spleen and

liver. These data indicated that during the early phase of infection, the lack of αβ T cells in oth-

erwise fully immunocompetent animals results in higher viral titers.

Cytokine production of γδ T cells and their functional relevance after
MCMV- infection

As the production of interferon-γ (IFNγ) and interleukin 17 (IL-17) by γδ T cells can influence

the outcome of an immune response [21] we analyzed the intracellular IFNγ and IL-17 produc-

tion during infection in spleen, liver and lung of CD8-/-JHT mice by flow cytometry. As shown

in Fig. 4A a high frequency of IFNγ-producing γδ T cells was observed that remained relatively
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constant in spleen and liver during the infection. In the liver on day 7 after infection a transient

increase of IFNγ-producing γδ T cells was observed. IL-17 producing γδ T cells were very rare

in these organs, as described before [22], and the frequency did not change during MCMV in-

fection (Fig. 4A).

To examine whether IFNγ or IL-17 play a role in viral control, we performed adoptive trans-

fer experiments as described above using RAG-/- recipients and sorted γδ T cells from previous-

ly infected CD8-/-JHT mice. Neutralizing antibodies against IFNγ or IL-17 or isotype control

antibodies were given to the animals before and during the time course of the infection. Neu-

tralizing anti-IFNγ antibodies significantly elevated the viral load in RAG-/- control animals

that did not receive γδ T cells presumably because NK cell-derived IFNγ, which provided some

protection effect, was blocked (Fig. 4B, red symbols). Importantly, however, the protective ca-

pacity of γδ T cells was not significantly influenced by neutralizing anti-IFNγ antibodies

(Fig. 4B, blue symbols). Neutralizing IL-17 antibodies had no effect on the viral load in RAG-/-

mice and did not influence the protective capacity of adoptively transferred γδ T cells (Fig. 4C).

Numerical and phenotypic changes of γδ T cells after MCMV- infection

The fact that adoptively transferred γδ T cells were able to reduce the viral load in different or-

gans indicated that the protective fraction of the γδ T cells is widely distributed in the organ-

ism, most probably via the bloodstream. In the blood and secondary lymphoid system

γδ T cells represent only a minor proportion of lymphocytes but they are much more frequent

in epithelial-rich organs [23].

γδ T-cell populations were analyzed in peripheral blood, spleen, liver and lung of

CD8-/-JHT mice after MCMV infection. Blood samples were taken from different mouse

strains on days 0, 3, 7, 10, 17, 24 and 32 p.i. and stained for CD3/4/8, TCRαβ and TCRγδ. Ab-

solute cell counts of γδ T cells were quantified by flow cytometry (Fig. 5A). Between the tested

mouse strains, namely C57BL/6, CD8-/-, CD8-/-JHT and anti-CD4 treated CD8-/-JHT no sub-

stantial differences could be detected. γδ T-cell counts were reduced substantially on days 3

and 7 after infection in all strains. Following this general lymphopenia, most likely caused by

the early production of type I interferon upon virus infection [24], the population started to re-

cover to preinfection levels 10 days p.i. and remained relatively constant until the end of the ex-

periment at day 32. Within spleen, liver and lung the numbers of γδ T cells moderately

increased at day 14 and 21 after infection and returned to preinfection levels on day 28

(Fig. 5B).

Figure 3. γδ T cells contribute to virus control in immunocompetent animals. Viral load in the organs of
TCRδ-/- (closed circles) and C57BL/6 wt (open circles) mice was determined at day 3 p.i. (left) and day 5 p.i.
(right). Each value in the graphs corresponds to an individual animal; horizontal bars represent the median
(P< 0.05, MannWhitney Test). Representative data from 2 individual experiments.

doi:10.1371/journal.ppat.1004481.g003
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Figure 4. Cytokine production of γδ T cells after MCMV infection. (A) Intracellular cytokine production of γδ T cells during MCMV infection in CD8-/-JHT
mice. The mean and SD values of the percentages of positive γδ T cells for IFNγ and IL-17 are displayed (n = 5). A representative FACS plot is shown on the
right. (B) Influence of neutralizing anti-IFNγmonoclonal antibodies on the protective capacity of adoptively transferred γδ T cells in RAG-/- mice. Viral load per
30 µg organ was determined at day 18 p.i. Lines represent mean values. Horizontal bars represent the mean values (ns: not significant, MannWhitney Test).
Representative data from 2 experiments. (C) Influence of neutralizing anti-IL-17 monoclonal antibodies on the protective capacity of adoptively transferred
γδT cells in RAG-/- mice. Viral load per 30 µg organ was determined at day 18 p.i. Lines represent mean values (ns: not significant, MannWhitney Test).

doi:10.1371/journal.ppat.1004481.g004
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Figure 5. γδ T cells proliferate in the peripheral blood and in target organs after infection. (A) Mice
(n = 4) from different mouse strains were infected with 105 pfu MCMV. Blood samples were taken from all
animals on the days indicated, stained with fluorescence conjugated anti-CD3, anti-CD4, anti-TCR and anti-
TCRγδ antibodies and quantified by flow cytometry using counting beads. Values represent mean values
±SEM. (filled circles: C57BL/6; open circles: CD8-/-; filled squares: CD8-/-JHT; open squares: anti-CD4
treated CD8-/-JHT). Representative data from 2 individual experiments are shown. (B) Spleen, liver and lung
tissue was obtained from infected mice (n = 4). TCRγδ positive cells were quantified by flow cytometry using
counting beads. Absolute numbers of CD3+ TCRγδ+ cells per organ from individual animals (dots) and
medians (bars) are shown. Data from one experiment are shown (* p<0.05, MannWhitney Test). (C)
CD8-/-JHTmice (n = 4) were pulse labeled by weekly BrdU injections and BrdU uptake was analyzed 6 hours
after pulse BrdU injections in the peripheral blood. The percentage of BrdU-positive peripheral blood γδ T
cells was determined by flow cytometry. (D) CD8-/-JHT mice (n = 4) were pulse labeled by BrdU injections
before infection or 2 weeks and 4 after infection. BrdU uptake was analyzed 6 hours after BrdU injections.
The percentage of BrdU-positive γδ T cells was determined by flow cytometry for the different organs labeled
in the graphs (* p<0.05, MannWhitney Test).

doi:10.1371/journal.ppat.1004481.g005
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To analyze whether γδ T cells proliferate in vivo after MCMV infection, short-term BrdU

pulse experiments were performed at different time points after infection of CD8-/-JHT mice.

Six hours after BrdU injection less than 1% of γδ T cells in the peripheral blood incorporated

BrdU in uninfected mice, showing that the vast majority of γδ T cells are non-cycling in vivo

(Fig. 5C). In mice that were infected with MCMV a significant fraction of γδ T cells present

in the peripheral blood incorporated BrdU 6 hours after injection showing that up to 20% of

γδ T cells proliferated in vivo in response to MCMV infection. In the organs of infected mice

γδ T cells also showed significant proliferation 2 weeks after infection in lymphnodes and liver.

Whereas proliferation normalized 4 weeks after infection in spleen, lung and peripheral lymph-

nodes, in the liver elevated percentages of proliferating γδ T cells are noticeable (Fig. 5D).

These data clearly showed that a significant fraction of γδ T cells proliferate in response to

MCMV infection in vivo.

To phenotypically characterize the γδ T-cell population after infection we determined sever-

al known markers for γδ T cells in blood, spleen, liver and lung. As depicted in Fig. 6, the fre-

quency of CD44+ γδ T cells increased in all organs 14 days after infection, suggesting

considerable and long lasting activation of γδ T cells in infected animals. The increased fre-

quency of CD44+ γδ T cells coincided with a switch in the expression pattern of NKG2D, a

lectin-like stimulatory receptor originally identified in NK cells [25] and CD27, a costimulatory

Figure 6. Phenotypical changes of γδ T cells after infection. Blood samples and mononuclear cells from
organs of infected CD8-/-JHTmice were stained with anti-CD3, anti TCRγδ, anti-CD44, anti-NKG2D and anti-
CD27 antibodies. The percentage of total CD3+ TCRγδ+ cells of individual animals (dots) and medians (bars)
are shown. Representative data from 3 individual experiments (* p<0.05, MannWhitney Test).

doi:10.1371/journal.ppat.1004481.g006
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receptor of the TNF-receptor superfamily [26], on the majority of γδ T cells in all organs

analyzed (Fig. 6). Whereas before infection and during the early phase after infection

(days 0–7 p.i.) the majority of γδ T cells were NKG2D- and CD27high a switch to NKG2D+

CD27low was observed at later times after infection in the majority of cells (Fig. 6 and S6 Fig.).

This switch of the phenotype remained constant during the observation period until day

28 p.i., when MCMV infection was undetectable by bioluminescence. Thus, MCMV infection

induced a significant and long-lasting activation and change in the phenotype of the majority

of γδ T cells in secondary lymphoid organs and tissues in which MCMV infection

is prominent.

Clonotypic expansion of Vγ1 and Vγ2 cells in target organs of persistent
MCMV infection

To determine whether in MCMV infected mice subpopulations of clonally restricted γδ T cells

expand, as it has been described for human γδ T cell subpopulations [27] we first determined

the Vγ usage by flow cytometry using currently available antibodies. As expected Vγ1 and

Vγ4 cells (according to the nomenclature of Heilig et al. [28]) contributed to over 80% of

γδ T cells in spleen, lymph nodes, lung and liver whereas Vγ5 and Vγ7 cells were hardly detect-

able in these organs. The only major change in the relative contribution of TCRγ subpopula-

tions was an increase of Vγ1 cells from approximately 50% to up to 80% of all γδ T cells

particularly in liver and lung of infected mice at 21 and 28 days after infection in CD8-/-JHT

and TCRα-/- mice.

To evaluate in detail whether the long-lasting activation and phenotypic change of γδ T cells

correlates with a more focused Vγ usage we determined the Vγ repertoire in 5 different organs

of two infected (d28) and two uninfected CD8-JHT mice by 454 sequencing of Vγ-Cγ ampli-

cons obtained from cDNA from sorted γδ T cells. As expected, sufficient numbers of reads

from lung, liver and lymphoid tissues were obtained only for Vγ1, Vγ2, Vγ4 and Vγ6 recombi-

nations. When all amplicons were analyzed for recurrent recombinations we found one major

CDR3 clonotype for Vγ4 and Vγ6 present in all organs, constituting up to 60% and 90% of the

respective Vγ4 and Vγ6 genes. Importantly, no major difference was observed between infected

and uninfected mice (S7 Fig.). Within Vγ1- and Vγ2-products we observed much more diversi-

ty particularly in lymphoid organs of uninfected mice. The five most prominent CDR3 clono-

types constitute less than 25% of the whole repertoire (Fig. 7). For the infected mice, however, a

clear expansion of Vγ1- and Vγ2- clonotypes was found particularly in lung and liver (Fig. 7).

In both mice 2 dominant clonotypes were found expanded in lung and liver and to a lesser ex-

tend these clonotypes can also be detected in the spleen of the same animal. In peripheral

and mesenteric lymph nodes these clonotypes were not particularly expanded, however. To-

gether, these results suggest a long lasting and focused accumulation of clonotypically related

Vγ1- and Vγ2 cells after MCMV infection in the organs of virus persistence and latency [29].

Discussion

The control of CMV infections relies on multiple and redundant immune effector functions

from the innate and the adaptive immune system [3]. In this report, we provide the first direct

evidence that γδ T cells, which are regarded as innate-like cells with adaptive-like potential

[30], can provide protection against MCMV infection in the absence of other effector cells of

the adaptive immune system, i.e. conventional αβ T cells or B cells. The protection against le-

thal infection conferred by γδ T cells after adoptive transfer into RAG-/- mice clearly showed

some adoptive-like elements as only γδ T cells fromMCMV-infected donors could provide

protection whereas equal numbers of γδ T cells from uninfected animals were unable to
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provide significant protection in the RAG-/- mice. The fast and efficient control of MCMV

after a high dose secondary infection in TCRα-/-mice can be regarded as an additional evidence

for an adaptive and memory-like response of γδ T cells, which shares features to the NK cell re-

sponse after secondary MCMV infection [31]. Whereas in the case of NK cells the invariant

“innate” Ly49H receptor is accountable for the response, our data regarding a focusing of the

Vγ1 and Vγ2 repertoire particularly in organs where MCMV is persisting suggest the

Figure 7. Analysis of the Vγ1 and Vγ2 repertoire by high throughput 454 sequencing. Analysis of
expanded Vγ1 (A) and Vγ2 (B) clonotypes in infected (d28 post infection) and uninfected CD8-/-JHTmice.
The representations of the five most abundant clonotypes as defined by identical CDR3 regions are depicted
for lung (lu), liver (li), spleen (sp), peripheral lymph nodes (xLN) and mesenteric lymph nodes (mLN) in 2
individual mice for each group in the bar graph. Clonotypes found in different organs and mice are
represented with the same color and the CDR3 sequences are displayed in the legend. The total numbers of
sequence reads obtained for each organ and Vγ gene is presented in the bars.

doi:10.1371/journal.ppat.1004481.g007
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establishment of a response that is selected for by antigen through the γδ antigen receptor

formed by VDJ-recombination. It will be interesting to isolate and identify these receptors

from infected mice and to generate transgenic mice to study those γδ T cells in a defined way

during infection, similar as it has been done for virus specific αβ T cells and B cells.

NKG2D is a C-type lectin found on NK cells and a fraction of γδ T cells and CD8+ αβ T

cells. The markedly elevated frequency of NKG2D-positive γδ T cells that remained for several

weeks after infection in the MCMV-infected animals could suggest an expansion of a subpopu-

lation of NKG2D-positive γδ T cells that is present in relative low frequency in uninfected ani-

mals. An alternative explanation for the increased frequency of NKG2D-positive γδ T cells

after infection is that it is merely a reflection of the activated state of the entire γδ T-cell popula-

tion. It has been shown that NKG2D-expression is upregulated on all CD8+ T cells upon acti-

vation after anti-TCR stimulation and on the majority of antigen-specific CD8+ cells after virus

infection [25]. The concomitant downregulation of CD27 on NKG2D-positive γδ T cells as

well as the upregulation of CD44 further supports the view that the majority of the γδ T-cell

population persists in an effector/memory state even after resolution of the acute phase of the

infection. CD27-low/negative Vγ9δ2 cells have been shown to belong to the memory and effec-

tor/memory compartment in humans [32, 33].

During MCMV infection γδ T cells contribute to protection as early as three days after in-

fection as described here for wildtype mice. This goes hand in hand with the description as

pre-activated and pre-programmed cells that offer a first line of defense [21]. We also saw acti-

vation of γδ T cells at much later timepoints during the infection corresponding to the second

and later response of γδ T cells observed during murine influenza A infection [34]. Interesting-

ly, also in the case of influenza infection, Vγ1+ T cells, which are normally localized to lym-

phoid tissues, dominate the later response. In addition, MCMV as a persisting virus might

provide constant stimulation of γδ T cells particularly in the major target organs, causing an in-

crease in cell numbers and phenotypic alterations. In this context it is remarkable that a certain

γδ T-cell subpopulation expands in healthy aged HCMV carriers [35].

In general, the antigen specificity of the γδ T-cell receptor (TCR) recognition remains still

enigmatic except for a few cases where clear biochemical binding data have been obtained [21].

In the context of recognition of herpes virus infected cells, early studies with γδ T-cell clones

suggested specific recognition of a herpes virus glycoprotein I on infected target cells. Very re-

cent data showed that a γδ T-cell clone with dual reactivity towards HCMV infected cells and

epithelial tumors binds to a stress-regulated self-antigen, the endothelial protein C receptor [36].

Whereas only two reports so far established a potential function of γδ T cells in rodent

CMV infection [37, 38], numerous publications associated γδ T cells with HCMV infections,

particularly in renal allograft patients [27, 39, 40], allogenic stem cell transplantation [41] and

during HCMV infections of the fetus in utero [42]. However, a causal relationship between

γδ T-cell responses and protection from CMV disease has not been established. The data pre-

sented in this report strongly argue that γδ T cells can provide an effective control mechanism

of acute CMV infections, particularly when conventional adaptive immune mechanisms are in-

sufficient or absent. These could include the developing fetus and the period following organ-

or allogeneic stem cell transplantation. Recent developments in graft engineering of allogeneic

stem cells for transplantation suggest that depletion of TCRαβ positive cells may have advan-

tages over anti-CD3 depletion [43]. In addition to an anti-tumor effect that might be exerted

by γδ T cells [36, 44], our findings strongly suggest that the anti-HCMV activities of γδ T lym-

phocytes could be of benefit for stem cell transplant recipients as suggested previously [41]. Be-

cause γδ T lymphocytes are not MHC restricted, adoptive transfer of these lymphocytes from

the donor might well represent a new cellular immune-intervention strategy for allogeneic

stem cell transplant patients at risk for HCMV infection and reactivation.
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Materials and Methods

Mice

C57BL/6 mice were obtained from Charles River. C57BL/6 RAG-1-/- (RAG-/-) mice were ob-

tained from Irmgard Förster (University Munich) and JHT mice [45] were a gift from Hans-

Martin Jäck (Division of Molecular Immunology, University Erlangen-Nürnberg). To obtain

CD8-/-JHT double knockout mice, CD8α-/- (CD8-/-) mice [46] were obtained from The Jackson

Laboratory and crossed with JHT mice and double-homozygous offspring were selected.

TCRδ-/- and TCRα-/- mice backcrossed to C57BL/6 were obtained from The Jackson Labo-

ratory. All mice were bred and maintained in the animal facility at the Franz-Penzoldt-

Zentrum, University Erlangen under specific pathogen-free environment.

Viruses

MCMV157luc was described before [14]. Additional viruses were used either containing a re-

paired mutation in MCK-2 [20] or a deletion ofm126-m129. The three viruses showed no dif-

ferences in replication in vitro or in experimental outcome. Virus was propagated and purified

as described [47]. Virus titer was determined by end-point titration using indirect immunoflu-

orescence on mouse embryonic fibroblasts (MEF) as described [14]. Individual mice were in-

fected intraperitoneally (ip) with 1 × 105 plaque forming units (pfu). In the experiment with

TCRα-/- mice infection was done intravenously (i.v.) with 1 × 106 pfu of MCMV157luc in

which the MCK-2 mutation was repaired as reported by Jordan et al. [20]. In vivo biolumines-

cence imaging and measurement of organ luciferase activity was done exactly as described

[14].

Antibodies and flow cytometry

After perfusion spleens, lymph nodes, livers and lungs were harvested. Livers and lungs

were digested with 2 mg/ml collagenase D (Roche Diagnostics, Mannheim, Germany) and

100 µg/ml DNaseI (Roche Diagnostics) for 60 min at 37°C prior to single-cell suspension.

Blood was collected in tubes containing Na heparin (Ratiopharm). After erythrocyte lysis

(5 min in 0.15 MNH4Cl, 0.02 M HEPES, 0.1 mM EDTA for organs or 10 min in BD FACS

Lysing Solution (BD Biosciences) for blood) and FcγR blocking (5 μg/ml rat anti-mouse

CD16/CD32; clone 93, eBioscience), cells were incubated in PBS, 2% FCS, 2 mM EDTA for 30

min at 4°C with varying combinations of the following antibodies: CD3-PE (17A2), CD4-PE

(GK1.5), TCRγδ-FITC (GL3, BD Biosciences), TCRβ-PE-Cy7 (H57–597, Biolegend, San

Diego, CA), CD3-APC (145–2C11), CD4-Alexa Fluor 700 (GK1.5), CD8-Alexa Fluor 700

(53–6.7), CD27-FITC (LG.7F9), NKG2D-PE (CX5), TCRγδ-PerCPeFluor 710 (GL3,

eBioscience) and Vγ3/5-FITC (536, BD Biosciences). Antibodies Vγ1-FITC (2.11), Vγ4-FITC

(49.2) and Vγ7-FITC (F2.67) were a kind gift from P. Pereira. To determine absolute cell num-

bers Trucount Beads (BD Biosciences) were added.

FACS analysis was performed on LSRII or FACSCalibur machines (Becton Dickinson) run-

ning CellQuest software and analyzed with FACSDiva software or FlowJo (Tree Star, Ashland,

OR).

Intracellular cytokine staining and in vivo neutralization of cytokines

For intracellular cytokine staining single cell suspensions were prepared and cells were incubat-

ed with the Cell Stimulation Cocktail (plus protein transport inhibitors, eBioscience) diluted

1:500 in cell culture medium for 4 hours at 37°C. After stimulation cell surface markers were

stained as described before. For fixation and permeabilization the Fix&Perm Cell
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Permeabilization Kit (An Der Grub Bio Research GmbH) was used according to the manufac-

turer´s specifications. Intracellular cytokines were stained with anti-IFNγ-APC (clone XMG1.2)

or anti-IL-17-APC (clone eBio17B7) (eBioscience) diluted 1:100 in reagent B of the kit.

For the in vivo neutralization of cytokines, γδ T cell transfers were conducted as described

above. In addition neutralizing antibodies against IFNγ (clone XMG1.2), IL-17 (clone 17F3) or

their isotype controls (rat IgG1 and mouse IgG1 respectively) were administered. All in vivo

antibodies were purchased from BioXCell. Mice were injected i.p. with 500 µg of antibody in

200 µl PBS every third day during the course of the experiment, starting one day before the

γδ T cell transfer (day 2 after infection).

Cell depletion

For in vivo depletion of CD4+ T cells, mice were injected ip with 250 µg of the monoclonal anti-

body YTS 191 [48] on day -1, 3 and 8 after infection; for long term depletion with 300 µg anti-

body on day -1, 3 7, 17 and 27 after infection. For depletion of CD3+ T cells 300 µg of YTS 191

were injected on day -4 and 250 µg of the monoclonal antibody 145–2C11 were injected on

day -1 and 2 after infection (BioXcell;).

For analysis of whole blood lymphocytes 2 drops of blood were taken from the tail vein in

heparinized tubes (Greiner bio-one). Equal volumes of whole blood and buffer (PBS, 2% FCS)

containing 2,500 Truecount counting beads (BD Biosciences) and staining antibodies were

mixed. BD FACS Lysing solution (BD Biosciences) was added. The mixture was analyzed by

flow cytometry.

Chromium release assay

Purified TCRαβ+ or TCRγδ+ effector cells were cultured overnight in RPMI-1640 medium with

glutamine, penicillin 100 U/ml, streptomycin 0.1 mg/ml, 5 µM β-ME, 10 mMHEPES, 7,5% FCS

and 20U/ml interleukin-2. Cytolytic activity was measured by a standard 4-h 51Cr release assay

with graded numbers of effector cells and with 1,000 target cells per 0.2-ml microwell. Target

cells were 51Cr-labeled MEF infected with centrifugal enhancement with 0.2 pfu of MCMV per

cell in the presence or absence of phosphonoacetic acid for 22 h. CD3ε producing B cell hybrid-

oma cells (145–2C11) were used as targets to measure the total cytolytic potential of an effector

cell population by antigen-independent polyclonal signaling via the TCR-CD3 complex [19].

Cell sorting and adoptive transfer of lymphocytes

Single-cell suspensions of spleens and lymph nodes from at least 6 weeks infected CD8-/-JHT

mice were stained with antibodies against CD3, CD4, TCRαβ and TCRγδ (see above).

CD3+, CD4−, TCRαβ+ or TCRγδ+ cells respectively were isolated by fluorescence activated cell

sorting using a MoFlo cell sorter (Cytomation) and analyzed for purity. Purity>99% was

achieved. Purified cells were either used for chromium release assay or adoptively transferred

into the tail or ocular vein of RAG−/−mice 3 days after infection. Absence of contaminating

TCRαβ+ cells was confirmed by flow cytometry in all animals analyzed for organ titer or sur-

vival. Mice with detectable contaminations of TCRαβ+ cells were excluded from the analyses.

BrdU incorporation

Mice were given i.p. injections of 1 mg BrdU. 6 hours after BrdU injections peripheral blood,

or cells from spleen, peripheral lymphnodes, liver and lung were harvested and the incorpo-

ration of BrdU into the dividing cells’ DNA was determined by the manufacturer’s protocol

(FITC BrdU Flow Kit, BD Pharmingen) after surface staining for CD3 and γδTCR.
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High throughput 454 sequencing of VγCγ amplicons from sorted
γδ T cells

For high throughput 454 sequencing, γδ T cells from spleen, peripheral (inguinal, brachial, ax-

illary, superficial) lymph nodes, mesenteric lymph nodes, liver and lung of individual mice

were sorted by FACS. Two naive mice and two mice four weeks after infection were compared.

RNA of γδ T cells from separate organs was isolated with the RNeasy Mini Kit (Qiagen) after

homogenizing cells with QIA shredder columns (Qiagen). Before cDNA synthesis with the

Transciptor High Fidelity cDNA Synthesis Kit (version 6.0, Roche) volume of the samples was

reduced through centrifugation in a SpeedVac centrifuge (Eppendorf). cDNA of individual or-

gans was used for polymerase chain reactions. Primers are listed in S2 Table. For each organ

sample five PCRs were carried out and products of every organ were tagged with a specific

barcode (multiplex identifier, MID) during PCRs. Reactions contained 4 µl of cDNA template,

3 µl RediLoad (Invitrogen), 1 µl of a 5 µM stock of each primer, 12 µl 5-Prime polymerase mix

2,5x (5 PRIME GmbH) and 9 µl water to obtain a reaction volume of 30 µl.

After heating the reaction mixture for 7 min at 94°C, 38 circles under following conditions

were performed: 60 sec at 94°C, 60 sec at 54°C and 30 sec at 72°C. 5 min at 72°C after the last

circle allowed final elongation.

10 µl of each reaction were analyzed on an agarose gel and 20 µl were purified with QIA-

quick columns (PCR purification kit, Qiagen) after pooling the five reactions of one organ.

Pools of different organs were adjusted to the same DNA concentration and combined. To re-

duce the volume, DNA was precipitated with ethanol. Next Generation Sequencing was per-

formed on the Roche 454 platform by MWG eurofins.

After sorting for MID tags for the different samples, individual FASTA files for each

individual tissue sample containing 1.000–6.000 high quality reads were analyzed on the

IMGT/HighV-QUEST platform [49]. Output files were imported in Microsoft Excel and the

Vγ gene usage, CDR3 length and amino acid composition was analyzed for the different sam-

ples filtered for sequence reads that contain functional recombinations using the

PivotTable function of Excel.

Statistical analysis

Statistical analysis was performed with Prism 6 (Graph-Pad Software, Inc.). The Mann-

Whitney test for the comparison of two groups was used. For the analyses of survival data the

Mantel-Cox logrank test was used.

Ethics statement

The study was performed in strict accordance with German law (Tierschutzgesetz). The proto-

col was approved by the Committee on Ethics of Animal Experiments at the Bavarian Govern-

ment (Az. 54–2532.1–57/12 and Az. 54–2532.2–3/08). All efforts were made to minimize

animal suffering.

Supporting Information

S1 Fig. CD8-/-JHT mice are devoid of CD8+ and CD19+ cells. Blood of C57BL/6 (left) and

CD8-/-JHT mice (right) was stained with antibodies against CD8 and CD19 and analyzed by

flow cytometry. Cells within the lymphocyte gate are shown.

(TIF)

S2 Fig. Administration of antibodies in CD8-/-JHT mice and control by flow cytometry. (A)

Experimental schedule. Upper row: 250 µg of anti-CD4 antibody YTS 191 were administered
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at days -1, 3 and 8 p.i. (blue); Lower row: for depletion of CD3 cells 250 µg anti-CD4 antibody

was given day -4 p.i. and 250 µg anti-CD3 antibody 145–2C11 was given day -1 and 2 p.i.

(green). Days of imaging are marked with an open circle and times of flow cytometric analysis

with a red arrow (first experiment: upper row; second experiment: lower row). (B) Representa-

tive data at day 13 p.i. obtained by blood cell staining with antibodies against CD4, TCRαβ and

TCRγδ followed by flow cytometry (gated on lymphocytes): after anti-CD4 treatment with

mab YTS 191 no binding of anti-CD4 antibody GK1.5 to lymphocytes was detected in blood.

In blood of CD3-depleted animals no TCRαβ+ or TCRγδ+ lymphocytes were detected. (C) De-

tection of γδ T cells in blood of adoptively transferred animals day 12 p.i.

(TIF)

S3 Fig. Protective capacity of γδ T cells from naïve and infected wildtype C57Bl/6 mice.

Groups of RAG-/- mice were infected with 105 pfu of MCMV157luc and on day 3 of infection

400,000 sorted γδ T cells from the spleen of C57Bl/6 mice were adoptively transferred. Organs

were collected on day 18 after infection and viral load per 30 µg organ was determined. The

data summarize two independent experiments and are presented as the percentage of virus

load compared to a group of RAG-/- mice that received PBS instead of γδ T cells. Box plots rep-

resent the median, 25th to 75th percentiles and minimum and maximum values.

(TIF)

S4 Fig. Efficient control of MCMV infection in TCRα-/- mice. Groups of RAG-/- and

TCRα-/- mice were infected i.v. with 106 pfu of MCMV157luc in which the MCK-2 mutation

was repaired. In vivo imaging was performed on the days indicated. Images were obtained

from a 120sec acquisition. On day 12 after infection Rag-1-/- mice had to be euthanized because

of severe sickness.

(TIF)

S5 Fig. Efficient control of a secondary MCMV infection in TCRα-/- mice. In vivo biolumi-

nescence imaging during a primary (left) and secondary (right) infection. Secondary infection

was given 21 days after the primary infection. Mice were infected i.v. with 106 pfu of

MCMV157luc in which the MCK-2 mutation was repaired. In vivo imaging was performed on

the days indicated. Images were obtained from a 120 sec acquisition.

(TIF)

S6 Fig. Expression pattern of NKG2D and CD27 on γδ T cells in uninfected mice and

14 days after MCMV infection. CD3+ TCRγδ+ cells from peripheral blood are gated and ana-

lyzed for the surface expression of NKG2D and CD27 by flow cytometry.

(TIF)

S7 Fig. Analysis of the Vγ4 and Vγ6 repertoire by high throughput 454 sequencing. Analy-

sis of expanded Vγ4 (left) and Vγ6 (right) clonotypes in infected (d28 post infection, solid

bars) and uninfected (open bars) CD8-/-JHT mice. The frequency of the most abundant clono-

type as defined by identical CDR3 regions is depicted for lung, liver, spleen, peripheral lymph

nodes (XLN) and mesenteric lymph nodes (MLN) in 2 individual mice for each group. The

CDR3 sequences are presented in the header. A minimum of 125 sequence reads was obtained

for all organs and Vγ amplicons.

(TIF)

S1 Table. Characteristics of γδ T cells of wild type and CD8-/-JHT mice under steady state

conditions.

(DOCX)
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S2 Table. Nucleotide sequences of PCR primers used for Vγ-Cγ amplicon generation and

454 high throughput sequencing.

(XLSX)
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