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Congenital HCMV infection is a leading infectious cause of long-term neurodevelopmen-
tal sequelae. Infection of newborn mice with mouse cytomegalovirus (MCMV) intraperi-
toneally is a well-established model of congenital human cytomegalovirus infection,
which best recapitulates the hematogenous route of virus spread to brain and subsequent
pathology. Here, we used this model to investigate the role, dynamics, and phenotype of
CD8+ T cells in the brain following infection of newborn mice. We show that CD8+ T cells
infiltrate the brain and form a pool of tissue-resident memory T cells (TRM cells) that
persist for lifetime. Adoptively transferred virus-specific CD8+ T cells provide protection
against primary MCMV infection in newborn mice, reduce brain pathology, and remain in
the brain as TRM cells. Brain CD8+ TRM cells were long-lived, slowly proliferating cells able
to respond to local challenge infection. Importantly, brain CD8+ TRM cells controlled latent
MCMV and their depletion resulted in virus reactivation and enhanced inflammation in
brain.
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Introduction

Human cytomegalovirus (HCMV) is a highly prevalent herpesvirus
infecting a large proportion of individuals worldwide. Primary
infection of healthy individuals is usually asymptomatic, followed
by the establishment of latency. However, HCMV infection or reac-
tivation in immunocompromized or immunologically immature
individuals can lead to severe or life-threatening disease. Con-
genital HCMV infection is a leading infectious cause of long-term
neurodevelopmental sequelae, including mental retardation and
sensorineural hearing loss [1]. HCMV is strictly species-specific
virus; therefore, animal cytomegaloviruses are often used to inves-
tigate the immunobiology and pathogenesis of infection. Infection
of mice with mouse cytomegalovirus (MCMV) is the most common
model of HCMV infection [2]. Since MCMV does not cross the
placenta, we employ a model of congenital infection in which
newborn mice are infected with MCMV intraperitoneally at 1st
postnatal day (PND 1) [3]. It is worth mentioning that the CNS in
newborn mice is developmentally equivalent to the human fetus
at 15 weeks of gestation, a time period when HCMV infection
in humans is most frequently acquired during pregnancy [4].
Upon MCMV infection of newborn mice, the virus disseminates
to various tissues, including the brain where infection results in
widespread, focal, nonnecrotizing encephalitis [3]. CNS pathol-
ogy in infected newborn mice closely recapitulates the pathology
occurring during the congenital HCMV infection, most evident in
smaller cerebellum size and thicker external granular layer [3, 5].
Moreover, the infection causes hearing loss associated with inner
ear inflammation and loss of spiral ganglia neurons [6]. We and
others have shown that MCMV infection in newborn mice induces
a strong inflammatory response in the brain characterized by
the activation of microglia, recruitment of activated peripheral
immune cells and the expression of proinflammatory cytokines
[3, 4, 7]. In fact, virus-induced inflammation, rather than the
cytopathic effect of virus on infected cells, is responsible for neu-
rodevelopmental abnormalities [7]. The dominant population of
lymphocytes infiltrating brain upon infection are CD8+ T cells [8].
We have shown previously that CD8+ T cells are essential for con-
trol of MCMV infection in the brain and for the survival of newborn
mice upon infection [8]. Virus-specific CD8+ T cells remain in the
brain even after resolution of productive infection [8–10]. How-
ever, the dynamics of these cells and their biology remain poorly
characterized.

Memory CD8+ T cells are classically divided into two groups:
central memory (TCM) and effector memory (TEM). TCM circu-
late in between the lymph nodes and the blood and give rise
to the new effector cells upon antigen reencounter, while TEM cir-
culate between lymphoid and nonlymphoid tissues and can per-
form immediate effector functions upon antigen encounter [11].
A new group of memory CD8+ T cells, tissue-resident memory
T cells (TRM cells), has been identified that provides superior pro-
tection against local secondary infections [12]. In fact, the major-
ity of memory T cells is located in nonlymphoid tissues [13]. TRM

cells are characterized by the expression of surface markers CD69

and CD103, and distinct molecular, functional, and metabolic fea-
tures [12, 14–16]. Even though the CNS is considered as immune
privileged site, infections of the CNS with several viruses have been
associated with the infiltration of lymphocytes and the develop-
ment of TRM cells [17]. This is particularly important for chronic
persistent infections that provide a constant antigen supply that
can boost already primed memory T cells. In such conditions, a
delicate balance between virus control and avoidance of brain
pathology needs to be established.

Here, we characterized CD8+ T cells that persist in the brain of
mice infected perinatally with MCMV. We show that upon MCMV
infection of newborn mice, virus-specific CD8+ T cells form a pool
of TRM cells that are retained in the brain for lifetime. Adoptively
transferred virus-specific CD8+ T cells provide protection against
primary MCMV infection, reduce brain pathology, and remain
in the brain as TRM cells. Importantly, CD8+ TRM cells respond
to challenge and prevent reactivation of latent virus as well as
reactivation-induced pathology.

Results

MCMV-specific CD8+ T cells persist in the brain
of perinatally infected mice

Upon MCMV infection, various leukocyte populations infiltrate the
brain of newborn mice. CD8+ T cells are the predominant lym-
phocytes recruited to the brain and are essential for virus clear-
ance [8]. However, the long-term fate of these cells has not been
assessed in detail.

In order to follow CD8+ T cells in the brain we infected new-
born C57BL/6 mice i.p. with 200 PFU of MCMV on PND 1. As
previously reported, infectious virus could be detected in the
brain between days 7 and 17 p.i. (Fig. 1A right panel, [3, 5]).
Brain-infiltrating CD8+ T lymphocytes were strongly activated,
as shown by their expression of CD43 (Supporting Information
Fig. S1). Notably, the expression of this activation marker grad-
ually decreased and the kinetics of this decrease corresponded
to the kinetics of virus clearance in the brain. However, despite
successful clearance of productive virus infection, CD8+ T lym-
phocytes persisted essentially for lifetime (Fig. 1B). Of note, the
percentage of CD8+ T cells among lymphocytes was higher in the
brain compared to the spleen of MCMV-infected newborn mice
(Fig. 1B).

CD8+ T cell responses to MCMV are characterized by the
development of conventional and inflationary virus-specific CD8+

T cells [18, 19]. Inflationary M38-specific CD8+ T cells reached a
frequency on average of 20% of the total number of CD8+ T cells in
the brain of MCMV-infected newborn mice (Fig. 1C). Similarly, the
frequency of splenic M38-specific CD8+ T cells were maintained;
albeit, at a much lower frequency (Fig. 1C). The frequencies of
CD8+ T cells specific for the noninflationary epitope M45 reached
the peak on PND 22 in brain, whereas in the spleen the peak was
observed earlier, on PND 13 (Fig. 1D). As expected, the frequency
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Figure 1. Virus specific CD8+ T cells are
recruited and persist in the brain of MCMV-
infected newborn mice. Newborn C57BL/6 mice
were injected i.p. with 200 PFU of MCMV on PND
1. (A) Brains and spleens were collected at the
indicated days and viral titers were determined
by plaque assay. Titers in organ of individual
mice are shown (circles); horizontal bars indi-
cate the median values; D.L., detection limit. (B)
At indicated time points frequencies (left) and
total numbers (right) of CD8+ T cells were ana-
lyzed in the spleen and brain by flow cytom-
etry. (C, D) The frequencies of M38-specific (C)
and M45-specific (D) CD8+ T cells were analyzed
in spleen and brain by flow cytometry. Values
for individual animals are shown (circles); Mean
values ± SEM are shown. Results from one of the
three independent experiments are shown. n =
4–10 animals.

of M45-specific CD8+ T cells decreased during course of MCMV
infection in brain and spleen that correlated with viral clearance
(Fig. 1A left panel and D, [18]).

Altogether, these data demonstrate that during perinatal
MCMV infection virus-specific CD8+ T cells infiltrate the brain
and persist in the organ for lifetime despite the resolution of pro-
ductive infection.

CD8+ T cells persisting in the brain of MCMV-infected
newborn mice are tissue-resident memory cells

TRM cells have been identified in many nonlymphoid organs,
including brain [17]. Since CD8+ T cells persisted in the brain
of MCMV-infected newborn mice for more than one year, we
assumed that they acquired the characteristics of TRM cells.

To answer this question, we analyzed expression of mark-
ers of tissue residency, CD69 and CD103, on M38-specific CD8+

T cells that persisted in the brain of perinatally infected mice
(Fig. 2A, [12]). In contrast to the spleen where the vast major-
ity of virus-specific CD8+ T cells did not express CD69 or CD103,
more than 90% of the brain M38-specific CD8+ T cells upregulated
CD69 (Fig. 2A), and on average 60% of brain memory CD8+ T cells
coexpressed CD103, i.e. were double positive (CD69+CD103+) as
early as three weeks p.i. (Fig. 2A). A similar pattern was observed
when another immunodominant epitope of MCMV (IE3) was ana-
lyzed, or when the total population of CD8+ T cells in the brain
was analyzed for the expression of CD69 and CD103 (Supporting
Information Fig. S3A–C). Additionally, CD8+ T cells in the brain

did not have the phenotype of central memory or effector memory
T cells, as they lacked CD62L and KLRG1, had low expression of
CD127, but expressed high levels of CD44 (Fig. 2B–D and Sup-
porting Information Fig. S2). Furthermore, CD8+ T cells in the
brain expressed higher levels of PD1, had higher TCR density and
expressed more of coreceptor molecule CD8 compared to splenic
CD8+ T cells (Fig. 2D). Altogether, these data show that brain
CD8+ T cells are phenotypically TRM cells.

To confirm that the persisting CD8+ T cells isolated from the
brain are indeed TRM cells, we injected intravenously a mono-
clonal antibody specific for CD8β labeled with fluorochrome FITC
(Fig. 2E). The vast majority of CD8+ T cells isolated from blood
and spleen were labeled with the antibody, while a majority of
CD8+ T cells isolated from the brain remained unlabeled, indicat-
ing that brain CD8+ T cells are not in a direct contact with blood,
but are rather located in the tissue. We have verified this assump-
tion by immunohistochemistry of CD8+ T cells in brain and show
that they are located in the parenchyma in different regions of
brain (Fig. 2F).

In addition to CD8+ T cells, a population of CD4+ T cells per-
sisted in the brain of mice infected perinatally with MCMV (Sup-
porting Information Fig. S3D). Even though the population of
CD4+ T cells was much smaller in frequency compared to CD8+

T cells, CD4+ T cells in the brain also acquired TRM phenotype
as shown by the expression of CD69 and CD11a (Supporting
Information Fig. S3E). Yet, the depletion of CD4+ T cells dur-
ing primary MCMV infection in newborn mice resulted in reduced
frequency of CD103+ CD8+ TRM cells in brain (Supporting Infor-
mation Fig. S3F).
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Figure 2. Virus-specific CD8+ T cells that persist in the brain of MCMV-infected newborn mice are tissue resident. Newborn C57BL/6 mice were
injected i.p. with 200 PFU of MCMV on PND 1. (A) The expression of CD103 and CD69 on M38-specific CD8+ T cells in the brain and the spleen was
analyzed by flow cytometry at indicated time points p.i. Representative FACS plots showing expression of CD103 and CD69 (left) and quantification
of frequency of CD69+CD103+ cells (right) are shown. Mean values + SEM are shown (n = 3–4 animals). (B, C) Expression of CD44, CD62L, and CD127
on brain M38-specific CD8+ T cells is shown. (D) Representative histograms showing expression of KLRG1, PD1, TCR, and CD8 by M38-specific CD8+

T cells two months p.i. in brain (thick lines) and spleen (dashed lines) are shown. (E) Mice were injected with anti-CD8β-FITC antibody i.v. and the
frequencies of labeled cells were assessed by flow cytometry in blood, spleen, and brain. (F) Immunohistological staining of CD8+ T cells (brown)
in brain cortex and cerebellum on PND 21. Results from one of the three independent experiments are shown.

Altogether, these data show that persistent virus-specific CD8+

T cells induced by perinatal MCMV infection become TRM cells
localized in the parenchyma.

Productive virus replication is required for generation
of brain CD8+ TRM cells

It has been shown that CD8+ TRM cells can develop also without
antigen being present in the tissue [20, 21]. Upon intravenous
infection of adult mice, MCMV does not reach the brain and this is
associated with absence of CD8+ T cells in the brain tissue (data
not shown). To assess whether CD8+ TRM cells can be generated
in the brain of MCMV-infected newborn mice without produc-
tive virus replication in the tissue we used recombinant MCMV
expressing NKG2D ligand MULT1 (MULT1-MCMV) that is heav-
ily attenuated even in newborn mice (Fig. 3A). Thus, the virus is
hardly able to infect the brain. In spite of the strong attenuation
both in the spleen and the brain, this virus induced virus-specific

CD8+ T-cell response equivalent to the WT MCMV in lymphoid
organs (Fig. 3B and Supporting Information Fig. S4). In contrast,
the infiltration of CD8+ T cells in brain of mice infected with
MULT1-MCMV was dramatically reduced when compared to WT
MCMV-infected mice (Fig. 3C). Similar was found on PND 30
(Fig. 3D), when majority of cells in brain become tissue resident
in WT MCMV infected newborn mice. The number of CD8+ T cells
in the brain of MULT1-MCMV infected mice was not only dramat-
ically reduced, but these cells also failed to express CD103 and
CD69 (Fig. 3E and F). Altogether, these data indicate that virus
replication is required in the brain for development of CD8+ TRM

cells.
To answer the question whether antigen is required to gener-

ate brain CD8+ TRM cells we have used newborn mice that were
infected with MCMV expressing SIINFEKL (MCMV-SIINFEKL) or
WT MCMV (Fig. 3G). Both groups of infected newborn mice
received OT-1 cells 6 days p.i., and generation of OT-1 TRM cells
in brain has been followed. OT-1 cells could not be found in mice
infected with WT MCMV 20 days p.i., while they were readily
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Figure 3. Active virus replication is
required in the brain of newborn mice to
induce optimal CD8+ T-cell response. (A–F)
Newborn C57BL/6 mice were injected i.p.
with 200 PFU of WT MCMV or MULT1-
MCMV on PND 1. (A) Brains and spleens
were harvested on PND 8 and virus titers
were determined by plaque assay. Titers in
organs of individual mice are shown (cir-
cles); horizontal bars indicate the median
values; D.L., detection limit. Unpaired t test,
*p < 0.05; **p < 0.01. (B) On PND 14 splenic
lymphocytes were isolated and pulsed with
M38 peptide. Frequency of IFN-γ producing
CD8+ T cells is shown. (C, D) Numbers of
CD8+ T cells in the brain on PND 14 (C) and
PND 30 (D) are shown. Mean values + SEM
are shown (n = 4–5 animals). (E, F) Repre-
sentative dot plots showing expression of
CD69 and CD103 by brain CD8+ T cells (E)
and quantification of CD69+CD103− and
CD69+CD103+ CD8+ T cells are shown (F).
(G) Newborn C57BL/6 mice (CD45.2+) were
injected i.p. with 200 PFU of WT MCMV
or MCMV-SIINFEKL on PND 1, followed
by injection of 10,000 OT-1 CD8+ T cells
(CD45.1+) on PND 7. The representative dot
plots showing frequency of OT-1 cells in
brain on PND 18 in brain is shown. Results
from one of 2–3 independent experiments
with 3–6 mice per experiment are shown.

detected in mice infected with MCMV-SIINFEKL. These data sug-
gest that antigen is required in the brain to generate CD8+ TRM

cells.

Adoptively transferred MCMV-specific CD8+ T cells
are protective and form a TRM pool of cells

Adoptive transfer of CMV-specific CD8+ T cells has significant
clinical potential [22]. We have previously shown that adop-
tive transfer of polyclonal virus-specific CD8+ T cells reduces
the viral load in MCMV-infected newborn mice [8]. However,
it remains unknown whether the adoptively transferred MCMV-
specific CD8+ T cells form a TRM pool. To address this question,
we employed monoclonal Ly5.1+ (CD45.1+) TCR transgenic CD8+

T cells, which are specific for the immunodominant MCMV epi-
tope M38316–323 (Maxi CD8+ T cells; [23]). In order to assess the
protective capacity of M38-specific CD8+ T cells we performed
adoptive transfer experiments. Newborn mice were infected with
200 PFU of MCMV and injected with 10,000 Maxi CD8+ T cells iso-
lated from naive transgenic mice. Adoptive transfer experiments
were performed either on day 0 (prophylactic protocol), or on the
day 5 p.i. (therapeutic protocol) and virus titers were analyzed
on PND 14 (Fig. 4A and B). Transferred cells were readily found
in both the brain and spleen of MCMV-infected newborn mice
(Supporting Information Fig. S5A and B). Importantly, transferred

Maxi CD8+ T cells provided protection against MCMV in both the
prophylactic and therapeutic protocols (Fig. 4A and B). Of note,
transferred cells derived from littermate mice also reduced virus
load, however to a much lower extent as compared to transferred
Maxi CD8+ T cells.

Perinatal MCMV infection results in altered brain development
in newborn mice, similar to what has been described in infants that
underwent congenital HCMV infection [3, 4]. Since the majority of
the previously published data in this model used BALB/c mice and
since Maxi mice are on a C57BL/6 background, we first charac-
terized the impact of perinatal MCMV infection on brain develop-
ment in C57BL/6 mice (Supporting Information Fig. S6). Similar
to what has been observed in BALB/c mice, perinatal MCMV infec-
tion induced detectable changes in external granular layer (EGL)
thickness, cerebellum area, and circumference in C57BL/6 mice
(Supporting Information Fig. S6). Adoptive transfer of increasing
numbers of Maxi CD8+ T cells in infected newborn mice resulted
in reduced brain pathology as observed by reduced EGL thickness
that correlated with cell dose (Fig. 4C).

Transferred Maxi CD8+ T cells persisted in the brain of perina-
tally infected mice, and expressed CD69 and CD103 to a similar
extent as endogenous M38-specific CD8+ T cells in the brain, indi-
cating their differentiation to tissue-resident cells (Figs. 4D and
2A). In addition, the distribution of Maxi CD8+ T cells in the brain
was similar to the endogenous CD8+ T cells (Supporting Informa-
tion Fig. S5C and Fig. 2C). Similarly, adoptive transfer of OT-1
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Figure 4. Adoptively transferred M38-specific CD8+ T cells are protective in the brain of perinatally infected mice and acquire tissue-resident
phenotype. Newborn C57BL/6 mice were injected i.p. with 200 PFU of MCMV on PND 1. (A, B) Newborn mice were i.p. injected with 10,000 of Maxi
CD8+ T cells, six hours before infection (A, prophylactic protocol) or on PND 6 (B, therapeutic protocol). The same number of CD8+ T cells isolated
from nontransgenic littermate mice was used as a control. On PND 14 mice were sacrificed and viral titers in organs were determined by plaque
assay. Titers in organ of individual mice are shown (circles); LM, littermates; horizontal bars indicate the median values; D.L., detection limit. (C)
Infected newborn mice received indicated numbers of Maxi CD8+ T cells on PND 6. Mice were sacrificed and the thickness of the external granular
layer was determined on PND 14. Mean values + SEM are shown. (D) Infected newborn mice received 10,000 Maxi CD8+ T cells on PND 6. The
expression of CD103 and CD69 on adoptively transferred Maxi CD8+ T cells in brain was analyzed by flow cytometry at indicated postnatal days.
*p < 0.05; **p < 0.01; ***p < 0.001. Results from one of 2–3 independent experiments with 5–8 mice per experiment are shown.

cells into newborn mice infected with MCMV-SIINFEKL provided
protection and OT-1 cells formed a pool of TRM cells (Supporting
Information Fig. S7).

Altogether, these findings show that adoptively transferred
naive MCMV-specific CD8+ T cells are recruited to the brain of
infected newborn mice, efficiently control infection, prevent brain
pathology, and establish a TRM pool of cells.

MCMV-specific brain CD8+ TRM cells are long-lived
quiescent cells

It is currently considered that the TRM pool of CD8+ T cells is not
replenished by circulating memory CD8+ T cells, but instead that
these cells have the ability for self-renewal [12, 20, 24].

To assess the proliferative potential of virus-specific CD8+ TRM

cells in the brain induced after perinatal MCMV infection we ana-
lyzed their Ki-67 expression and compared it with that of splenic
CD8+ T cells. At all time-points analyzed splenic M38-specific
CD8+ T cells expressed higher levels of Ki-67 indicating higher
turnover, as compared to brain-resident (CD69+) M38-specific
CD8+ T cells (Fig. 5A). BrdU is commonly used to detect prolif-
erating cells and it can pass blood-brain barrier [25]. To confirm
that brain TRM cells cycle at lower rate at steady state as compared
to splenic CD8+ T cells, 2–4 month old mice that were infected
with MCMV as newborns were given BrdU in the drinking water

for two weeks, before sacrificing the mice for analysis (Fig. 5B).
We found that the majority of splenic M38-specific CD8+ T cells
incorporated BrdU, while only a small percentage of brain CD8+

TRM cells was BrdU-positive, indicating that these cells proliferate
at a low rate. This suggested that brain TRM cells are long-lived.
Furthermore, the low level of BrdU-positive cells in the brain indi-
cated that repopulation of brain TRM pool by peripheral cells, if
occurs, happens at a very low rate. To confirm that brain CD8+

TRM cells are not replenished by peripheral memory cells, we first
generated memory Maxi CD8+ T cells by transferring naive Maxi
CD8+ T cells into MCMV infected newborn C57BL/6 mice (Sup-
porting Information Fig. S8). Three months after infection, we
have isolated memory Maxi CD8+ T cells (CD45.1+) and trans-
ferred them to CD45.2+ adult C57BL/6 mice that were infected
as newborns. Two weeks after transfer, recipient mice were sac-
rificed and their organs were analyzed for the presence of Maxi
cells (CD45.1+). While Maxi cells were readily detected in the
periphery (Supporting Information Fig. S8), they were absent in
the brain, suggesting against repopulation of brain TRM cells by
peripheral recirculating T cells.

To understand whether these cells can proliferate upon stim-
ulation, 2–4-month old mice that were infected perinatally
were injected with highly virulent salivary gland-derived MCMV
(Fig. 5C). Both splenic and brain M38-specific CD8+ T cells upreg-
ulated Ki-67 upon reinfection, even though the infectious virus was
not detected in the brain or in any other organ analyzed (Fig. 5C
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Figure 5. Brain-resident memory T cells are long lived, slowly proliferating cells capable of responding to challenge. C57BL/6 newborn mice were
injected i.p. with 200 PFU of MCMV on PND 1. (A) The expression of Ki-67 by M38-specific CD8+ T cells in brain and spleen was analyzed by flow
cytometry at the indicated time points. Representative FACS plots (left) and quantification of Ki-67 expression (right) are shown. (B) Representative
plots of BrdU incorporation by M38-specific CD8+ T cells in brain and spleen (left) and quantification of BrdU incorporation (right) are shown. (C)
Two months old mice were reinfected with 50,000 PFU of salivary gland derived MCMV. Five days post reinfection Ki-67 expression by M38-specific
CD8+ T cells was determined in brain and spleen. Mean values + SEM are shown (n = 3–5 animals). Unpaired t test, *p < 0.05; **p < 0.01; ***p <

0.001. Results from one of two independent experiments are shown.

and Supporting Information Fig. S9). Altogether, these data indi-
cate that brain resident memory CD8+ T cells are long-lived, slowly
proliferating cells capable of responding to stimulation in vivo.

MCMV-induced brain CD8+ TRM cells are functionally
competent

The major role of tissue-resident lymphocytes is the control of
local reinfection or reactivation [17]. To understand the func-
tional potential of MCMV-specific brain CD8+ TRM cells, we have
stimulated lymphocytes isolated from the brain and the spleen of
2–4-month old mice with the M38 peptide in vitro (Fig. 6A). Both
splenic and brain M38-specific CD8+ T cells produced cytokines
IFN-γ and TNF-α to similar extent. In addition, they were able
to degranulate upon stimulation as indicated by expression of
CD107a, demonstrating their cytotoxic ability (Fig. 6A).

To analyze the protective capacity of brain-resident memory
CD8+ T cells we first infected newborn mice, and adoptively trans-
ferred Maxi CD8+ T cells on PND 6 (Fig. 6B). Two months post
infection, we sorted brain resident or splenic memory Maxi CD8+

T cells and adoptively transferred them into new infected pups 5
days p.i. Transfer of either brain or splenic memory M38-specific
CD8+ T cells reduced the viral load in both the spleen and the
brain indicating that brain and splenic memory T cells are equally
protective against MCMV infection. In addition, this demonstrates
that the protective capacity of CD8+ TRM cells derived from brain

is not restricted to the tissue of their origin. Altogether, these data
show that brain CD8+ TRM cells are functionally competent and
able to provide protection against the rechallenge.

To test the protective capacity of CD8+ TRM cells in brain tis-
sue, mice MCMV-infected as newborns or mice MCMV-infected
as adults, both in latent stage of infection, were challenged by
intracranial (i.c.) injection of MCMV and viral titers were deter-
mined 3 days later (Fig. 6C). Intracranially infected naive mice
were used as controls. To prevent infiltration of circulating lym-
phocytes, mice were treated with FTY720 [26]. Intracranial injec-
tion of MCMV in naive mice resulted in a high virus titer in brain,
but also in a simultaneous virus spread to periphery, including
the spleen. Surprisingly, mice infected as adults and challenged
intracranially had a similarly high titer of MCMV in the brain as
naive mice receiving the virus, but were completely protected in
periphery, suggesting once again that the immune response to
primary infection of adult immunocompetent mice does not result
in tissue resident immunity in brain. However, mice infected as
newborns, i.e. having the virus-specific TRM cells in brain, showed
a significantly lower virus titer upon intracranial infection com-
pared to mice infected as adults. Essentially the same results were
obtained in agammaglobulinemic (C57BL/6JHT/JHT) (Fig. 6C) and
normal C57BL/6 mice (Supporting Information Fig. S10) suggest-
ing against any role of antiviral antibodies in protection of brain
tissue.

Collectively, these findings demonstrated the capacity of brain
resident T cells in protection against local virus challenge.
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Figure 6. Virus-specific CD8+ TRM cells in brain are fully functional.
(A) Newborn C57BL/6 mice were injected i.p. with 200 PFU of MCMV on
PND 1 and 10,000 Maxi CD8+ T cells on PND 6. Two months p.i. brain
and splenic lymphocytes were isolated and pulsed with M38 peptide.
Frequency of IFN-γ, TNF-α, and CD107a expression by Maxi CD8+ T cells
is shown (n = 3 animals). (B) C57BL/6 newborn mice were i.p. injected
with 200 PFU of MCMV on PND 1. On PND 6 mice received 2 × 103 of
sorted memory Maxi CD8+ T cells isolated from the spleen or brain of
2-month old perinatally infected C57BL/6 mice that received naive Maxi
CD8+ T cells 5 days p.i. On PND 14 newborn mice, which received adop-
tively transferred cells and control mice (no transfer), were sacrificed
and viral titers in organs were determined by standard plaque assay.
Mean values + SEM are shown (n = 8 animals). (C) C57BL/6JHT/JHT mice
were infected as newborns (200 PFU of MCMV) or adults (2 × 105 PFU
of MCMV) and left to establish latency. Mice were intracranially chal-
lenged with 105 PFU of MCMV. Noninfected C57BL/6JHT/JHT mice served
as a control. All mice received FTY720 i.p. daily starting 3 days prior
to i.c. challenge. Virus titer was determined 3 days post i.c. challenge.
Results from one of two independent experiments are shown. (n = 4–5
animals). Mann–Whitney U test, ***p < 0.001.

Functional capacity of CD103+ and CD103− subset of
brain TRM cells

Two distinct populations of TRM cells, CD103+ and CD103−, per-
sist in the brain of MCMV-infected newborn mice (Fig. 2A). To
compare these two populations in a direct manner, we first used
M38 peptide to stimulate lymphocytes isolated from brain of
2–4-month old mice infected perinatally. Both populations pro-
duced IFN-γ upon stimulation, but a higher fraction of CD103+

M38-specific CD8+ TRM cells produced IFN-γ as compared to the
CD103− subset (Fig. 7A). Upon injection of CD8+ T-cell deplet-
ing antibody into perinatally infected mice, a partial depletion of
brain CD8+ TRM cells was observed three weeks after treatment

(Fig. 7B). The proportion of CD103+ CD8+ TRM cells increased
after depletion (Fig. 7C). In addition, upon depletion CD103+

cells induced Ki-67 expression to higher levels than did CD103−

cells (Fig. 7D). Furthermore, we reinfected perinatally infected
2–4-month-old mice with highly virulent salivary gland-derived
MCMV (Fig. 7E). Even though at steady state these two popula-
tions express equal levels of Ki-67, five days after reinfection with
salivary gland MCMV CD103+ M38-specific CD8+ T cells increased
Ki-67 to higher levels than the CD103− population.

To analyze the protective capacity of CD103+ and CD103−

subpopulations of the brain CD8+ TRM cells we first infected new-
born mice, followed by adoptive transfer of Maxi CD8+ T cells
on PND 6. Two months p.i., we sorted brain resident CD103+

and CD103− subsets of Maxi CD8+ T cells, and adoptively trans-
ferred them into infected newborn mice (Supporting Information
Fig. S11 and Fig. 7F). Both CD103+ and CD103− subsets of CD8+

TRM cells provided protection against MCMV, but the CD103+

subset of brain-resident cells was slightly better. Altogether, these
data show that both CD103+ and CD103− CD8+ TRM populations
are functionally competent.

CD8+ TRM cells control MCMV reactivation in the brain
and regulate the activation state of microglia

TRM cells not only control the specific pathogen but also secrete
cytokines that influence local tissue inflammation and cellular
polarization. CD8+ T cells are major regulators of MHC II upreg-
ulation on microglia during acute MCMV infection of the brain
through the secretion of IFN-γ [10]. However, the impact of brain
CD8+ TRM cells on microglial polarization and virus reactivation
during latency remains elusive. A single injection of depleting anti-
CD8 antibodies only partially reduces the number of brain TRM

cells (Fig. 7). To achieve better depletion of brain resident mem-
ory CD8+ T cells we have injected anti-CD8 depleting antibodies
once a week into 2–4 month old perinatally infected mice for sub-
sequent 8 weeks (Fig. 8). This depletion approach resulted in sig-
nificant reduction in the frequency of brain resident memory CD8+

T cells, even though the depletion was still not complete (Fig. 8A).
Productive virus infection was detected in the brain of some mice
that were subject of CD8+ T-cell depletion, whereas no virus could
be detected in the brains of control mice (Fig. 8B). In addition,
a significant proportion of brains was positive for MCMV genome
in mice that received anti-CD8 depleting antibodies, while MCMV
genomes in nondepleted latently infected group were under the
detection limit (Fig. 8C). Encouraged by these results we extended
depletion regime to four months (Fig. 8D). CD8+ T cells were no
longer detected in mice that received depleting anti-CD8 antibod-
ies. Furthermore, we were able to detect individual cells in the
brain parenchyma expressing immediate early 1 (IE1) protein of
MCMV in mice depleted of CD8+ T cells, but not in undepleted
control mice, additionally confirming conclusion that virus reacti-
vates locally (Fig. 8E). Surprisingly, the relative expression of MHC
II on microglia increased significantly upon CD8+ T-cell depletion
(Fig. 8F and Supporting Information Fig. S12), indicating that
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Figure 7. CD103+ brain-resident memory CD8+ T cells show enhanced functional potential as compared to the CD103− subset. (A–E) Newborn
C57BL/6 mice were injected i.p. with 200 PFU of MCMV on PND 1 and 10,000 Maxi CD8+ T cells on PND 6. (A) Lymphocytes were isolated from brain
of 2–4 month old mice and pulsed with M38 peptide. Frequency of IFN-γ producing CD103+ and CD103− Maxi CD8+ T cells is shown (n = 5 animals).
(B–D) Two-month old C57BL/6 mice that were infected perinatally were injected with depleting anti-CD8 antibody. Frequencies of CD8+ T cells
(B), CD103+ and CD103− m38+ CD8 T cells (C) and Ki-67 expressing CD103+ and CD103− M38-specific CD8+ T cells in brain (D) after depletion of
CD8+ T cells are shown (n = 4 animals). (E) Two months old perinatally infected mice were reinfected with 5 × 104 PFU of salivary gland-derived
MCMV. Five days post reinfection frequency of Ki-67 expressing CD103+ and CD103− M38-specific CD8+ T cells were determined in the brain (n =
4 animals). (F) C57BL/6 newborn mice were i.p. injected with 200 PFU of MCMV on PND 1. On PND 6 newborn mice received 2000 of sorted memory
CD103+ and CD103− Maxi CD8+ T cells isolated from brain of 2–4 month old perinatally infected C57BL/6 mice which received naive Maxi cells 5
days p.i. On PND 14 newborn mice were sacrificed and viral titers in organs were determined by standard plaque assay. Mean values + SEM are
shown (n = 8 animals). Mann–Whitney test or Student’s t-test, *p < 0.05; **p < 0.01; ***p < 0.001. Results from one of two independent experiments
are shown.

brain resident memory CD8+ T cells, in addition to their role
in virus control, are also involved in containment of the proin-
flammatory state of microglia. This is probably due to the viral
reactivation as a consequence of reduced frequency of TRM cells.

Discussion

The CNS was for a long time considered an immune privileged
organ. However, in different inflammatory conditions, immune
cells can infiltrate brain and provide protection against invading
pathogens, but can also induce tissue damage [17, 27]. The impor-
tance of immune control in the CNS is well illustrated by congeni-
tal CMV infection, however, clearance of the virus is accompanied
by inflammatory conditions and neurodevelopmental pathology
(reviewed in [4]).

The neurodevelopmental status of newborn mice is nearly
equivalent to that of a late second trimester human fetus [28]. We

have used this fact to develop a model of congenital HCMV infec-
tion by infecting newborn mice with MCMV intraperitoneally [3].
This model recapitulates the hematogenous route of virus spread
to CNS following intrauterine HCMV infection of the human fetus
and the subsequent brain pathology. We used this model to inves-
tigate the role of persistent CD8+ T cells in the brain of mice
infected with MCMV as newborns. We showed that CD8+ T cells
reach the brain following perinatal infection and form the pool
of TRM cells that persist for lifetime. These cells express signa-
ture markers of TRM cells, they are not in a direct contact with
circulation and could be found in different regions of the brain.
Adoptively transferred naive virus-specific CD8+ T cells provided
protection against MCMV in newborn mice, reduced brain pathol-
ogy, and formed a pool of TRM cells. MCMV-specific brain TRM cells
are long-lived, slowly proliferating cells that are able to respond
to rechallenge. Upon adoptive transfer, TRM cells protect the host
against MCMV infection, not only in the brain but also in spleen
suggesting their functional plasticity. Importantly, we also show
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Figure 8. Brain-resident memory CD8+ T cells control MCMV reactivation and activation state of microglia. C57BL/6 newborn mice were injected
i.p. with 200 PFU of MCMV on PND 1. Two months p.i. mice were injected with depleting CD8 antibodies. CD8+ T cells were depleted once a week
for 8 weeks. (A) Representative plots of CD8+ T cells in the brain and the spleen after depletion of CD8+ T cells. (B) Brain homogenates were placed
on MEF cells and four days later frequency of brains with reactivated virus was determined. (C) Viral genome presence in DNA isolated from
brain tissue was determined by quantitative PCR. The frequency of MCMV DNA-positive brains is shown (n = 5 animals). (D) CD8+ T cells were
depleted once a week for 16 weeks. Representative plots of CD8+ T cells in the brain and the spleen after depletion of CD8+ T cells are shown.
(E) Representative MCMV IE-1 (dark brown) staining is shown in paraffin-embedded brain sections. Altogether 120 brain sections were analyzed
per group (24 sections per brain). (F) MHC II expression on microglia (CD45+CD11b+) in brain after depletion of CD8+ T cells. Representative
histogram is shown (left). Dotted line represents uninfected animal, blue line infected animal, and red line infected animal depleted of CD8+

T cells. Quantification of MHC II expression on microglia is shown on the right. Mean values + SEM are shown (n = 5 animals). Mann–Whitney
test, *p < 0.05. Results from one of two independent experiments are shown.

that brain CD8+ TRM cells control latent virus and their depletion
results in virus reactivation accompanied by an enhanced proin-
flammatory response of microglia.

All CD8+ T cells isolated from brain of mice infected perinatally
with MCMV expressed CD69 and a majority of them expressed
CD103 in addition (Fig. 2A). Expression of CD69 by itself has
a role in the maintenance of TRM cells in tissues by interfering
with surface expression of S1P1, and therefore blocking their abil-
ity to egress from tissue [29]. The integrin CD103 is a ligand
of E-cadherin, but since E-cadherin is not expressed in the CNS
the role of CD103 in retention of TRM cells in the brain remains
unclear [30]. In some tissues, binding to E-cadherin was not
important for tissue residency [31], however, CD103 expression is
beneficial for retention of TRM cells in some models [16, 32, 33].
Many additional signals are central in differentiation and survival
of TRM cells, for example TGF-β, IL-15, TNF-α, and IL-33 [32, 34].
Upon intracerebral infection of adult mice the PD-1/PDL-1 path-
way seems to contribute to the generation of CD8+ TRM cells [35].
It will be of interest to investigate whether and how these signals
contribute to the establishment of TRM cells upon MCMV infec-

tion of newborn mice, especially taking into account the immatu-
rity of the immune system, the developmental changes that occur
simultaneously and disparate cytokine milieu in newborn mice as
compared to adult animals.

We have shown that active MCMV infection is required in the
brain for establishment of CD8+ TRM cells (Fig. 3). Namely, infec-
tion of newborn mice with a highly attenuated MULT1-MCMV,
which fails to infect the brain, resulted in dramatically reduced
number of CD8+ T cells in the brain, despite generation of a CD8+

T-cell response in lymphoid organs, which was equivalent to the
response obtained by virulent WT MCMV. Furthermore, the CD8+

T cells that were detected in the brain of MULT1-MCMV infected
mice did not express signature markers of TRM cells indicating that
these cells are most likely circulating cells. Whether or not virus
persistence is required for long-term maintenance of CD8+ T cells
in brain remains less clear. However, our results clearly demon-
strated that antigen is required in the brain to generate TRM cells,
as illustrated by failure of adoptively transferred OT-1 cells to col-
onize the brain of mice infected with WT MCMV (Fig. 3). Others
have shown that antigen is not required for the maintenance of
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brain TRM cells generated upon VSV infection, but is required for
establishment of CD8+ TRM cells [16]. As VSV is not persistent
virus it is not easy to draw parallels between the two models. In
the case of other tissues, resident cells could be generated and
maintained even without antigen [16, 36].

The protective capacity of TRM cells relies on several mech-
anisms including cytotoxicity and cytokine secretion [17]. We
showed here that brain CD8+ TRM cells in mice infected perinatally
can produce IFN-γ and TNF-α and can degranulate (Fig. 6). Fol-
lowing adoptive transfer into infected newborn mice, brain CD8+

T cells control virus to similar extent as splenic memory CD8+

T cells. At a first glance, this finding seems in contrast with the
finding that brain resident CD8+ T cells induced by VSV infection
cannot survive when removed from their site of residence [16, 37].
However, one should not rule out the possibility that the microen-
vironment in MCMV-infected newborn mice could give advantage
for the maintenance of TRM cells in order to provide protection
against deleterious virus infection. As suggested also by other
studies, here we show that both CD103− and CD103+ subsets of
brain CD8+ T cells are functionally competent, although CD103+

cells showed slightly enhanced functional potential. The strongest
evidence for direct antiviral capacity of TRM cells generated after
perinatal MCMV infection was provided by intracranial challenge
infection with MCMV (Fig. 6C).

The requirement of CD4+ T cells for establishment and main-
tenance of CD8+ TRM cells is still an open question. Jiang et al
have shown previously that CD4+ T cells are not required for
generation of CD8+ TRM cells during Vaccinia virus infection in
skin [20]. However, CD4+ T cells were required for the generation
of CD103+ CD8+ TRM cells in Influenza infected lungs as well as in
brain upon intracranial injection of MCMV in adult mice [38, 39].
In the present study, we showed that CD4+ T cells are not essen-
tial for generation of CD8+ TRM cells in brain of MCMV-infected
newborn mice (Supporting Information Fig. S2). Yet, in absence
of CD4+ T cells the frequency of CD69+CD103+ cells is signifi-
cantly reduced. Furthermore, a small population of CD4+ TRM cells
remains long-term following infection of newborn mice (Support-
ing Information Fig. S2). One possible role of brain-resident mem-
ory CD4+ T cells could be to prevent tissue damage during virus
reactivation, as is the case with Treg cells during acute intracranial
MCMV infection of adult mice [38]. Indeed, many mechanisms
are involved in regulation of CNS inflammation including expres-
sion of inhibitory receptors TIGIT and PD-1 on immune cells, or
release of cytokines IL-10 and TGF-β [27, 40]. It will be of inter-
est to determine which mechanisms attenuate the potent immune
response in brain of mice infected perinatally with MCMV.

The role of CD8+ T cells in control of acute MCMV infection
and latency is well-established [19, 41, 42]. However, the role of
brain-resident CD8+ T cells that persist after resolution of peri-
natal infection remained undefined. Even though the infectious
virus cannot be detected in the brain of MCMV-infected newborns
following PND 17, clearance of the viral genome is not achieved,
leaving the possibility for periodic reactivations [4, 43]. Indeed,
even upon partial depletion of brain resident CD8+ T cells, repli-
cating virus could be detected in brain of infected mice (Fig. 8).

Even after primary infection of näıve adult animals MCMV fails
to reach the brain, most likely due to efficient blood-brain bar-
rier and early virus control in periphery (Supporting Information
Fig. S7). Thus, it is highly unlikely that the virus detected in brain
of CD8+ TRM cell depleted mice was derived from peripherally
reactivated cells. In addition, these mice contain antiviral anti-
bodies that are potent in preventing virus spread [44]. Further-
more, we were able to detect individual reactivating cells in the
brain parenchyma in mice depleted of CD8+ T cells. These find-
ings demonstrate a crucial role of brain resident CD8+ T cells in
the control of latent virus in situ. In addition, we demonstrate that
in absence of CD8+ TRM cells, resident microglia shifts towards
proinflammatory phenotype most likely because of virus reactiva-
tion. Other viruses can also induce TRM cells in the brain [17].
For instance, intranasal VSV infection and intracranial infection
with LCMV induced CD8+ TRM cells in the brain that were able to
respond to a challenge infection [16, 37, 45]. Furthermore, TRM

cells provide superior protection against antigen reencounter in
other tissues as well [12, 17, 31]. In addition to brain, MCMV infec-
tion induces virus-specific TRM cells in the salivary gland, an organ
important for virus persistence and horizontal spread [46–48].
However, unlike in the brain, CD8+ T cells are not required for
termination of MCMV persistence in salivary glands, but they can
provide protection upon reinfection [46]. The importance of these
findings is further highlighted by the fact that HCMV-specific TRM

cells can be found in various tissues in humans [49].
Here, we demonstrated that adoptively transferred virus-

specific CD8+ T cells in infected newborn mice contribute to virus
clearance and form TRM cells that persist for lifetime in the brain
of MCMV-infected mice. The protective capacity of adoptively
transferred cells is also demonstrated by the reduced develop-
mental abnormalities. However, the putative side effects of the
long-term persistence of CD8+ T cells and ongoing inflammation
cannot be excluded. Therefore, the ideal situation would be to
control the virus before reaching the brain and inducing inflam-
matory response. It is well established that even seropositivity in
pregnant women does not guarantee protection against congen-
ital HCMV infection, implying the need for vaccines that would
induce more efficient humoral and cellular immunity, and pre-
vent fetal infection or at least prevent virus to reach the brain
undergoing development [50]. There is significant development
in this field, especially after the identification of a pentameric
complex that seems to be essential target for vaccination [51].
However, additional approaches will be necessary to develop a
HCMV vaccine which will be efficient against congenital infec-
tion. We have already shown in MCMV model that by exploiting
viral immunoevasins one can generate highly attenuated vaccine
vectors that are at the same time able to induce potent cellular
immunity [52–54]. One important question that remains unan-
swered is whether CMV evades the development of more efficient
antibody response. As CMVs evade most of the immune defense
mechanisms [55, 56], we presume that the antibody response is
also targeted by viral immunomodulatory genes.

In conclusion, we have described the dynamics and biol-
ogy of brain-resident CD8+ T cells in a mouse model that
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recapitulates congenital HCMV infection. In addition, we demon-
strated that brain-resident CD8+ T cells are efficient in controlling
the reemergence of latent virus in the brain and in the preven-
tion of viral pathology. The results of this study have important
implications in designing new approaches for the prevention and
therapy of congenital CMV infection and the generation of anti-
CMV vaccines.

Materials and methods

Mice and viruses

C57BL/6, OT-1, C57BL/6JHT/JHT, and Maxi mice [23] were housed
and bred under specific pathogen–free conditions at the Central
Animal Facility, Faculty of Medicine, University of Rijeka in accor-
dance with the guidelines contained in the International Guiding
Principles for Biomedical Research Involving Animals. The Animal
Welfare Committee at the University of Rijeka, Faculty of Medicine
and National ethics committee approved all animal experiments.
Newborn mice and 8–12 week-old mice were used.

Tissue culture derived WT MCMV reconstituted from BAC
pSM3fr-MCK-2fl [57] was used for majority of the experiments. In
addition, MULT1-MCMV (MULT1 is inserted into a place of its viral
inhibitor m145) and MCMV-SIINFEKL were used for some exper-
iments [52, 53].Virus stocks for newborn mice were aliquoted,
frozen at –80˚C and titrated on murine embryonic fibroblasts
(MEFs) using standard procedures. For some experiments sali-
vary gland derived virus was used [58]. Viral titers in organs were
determined by standard plaque assay [58]. To detect virus reac-
tivation, we performed extensive titration. Briefly, organs were
mechanically homogenized and resuspended in 5 mL of DMEM
with 3% FCS. Diluted homogenate (200 μL per well) was added
on MEF cells in 24-well plate. Infection was enhanced with cen-
trifugation for 30 min, 800 × g. Following centrifugation, 1 mL
of DMEM containing 3% FCS was added per well and plates were
incubated at 37°C. Viral titer in organs was determined 4 days
after titration.

Intracranial injection of virus (2 μL) was performed using
Angle two small animal stereotaxic instrument (Leica Biosystems).

Flow cytometry

Flow cytometry was performed according to the Guidelines for
the use of flow cytometry and cell sorting in immunological stud-
ies [59]. Lymphocytes from brain were isolated using a standard
protocols. Briefly, mice were perfused with cold PBS and each
brain was collected in RPMI 1640 with 3% FCS and mechan-
ically dissociated. A 30% Percoll/brain homogenate suspension
was underlaid with 70% Percoll in PBS and then centrifuged at
1050 g for 25 min. Cells in the interphase were collected for
further analysis. Splenic leukocytes were prepared using stan-
dard protocols. Before staining of lymphocytes Fc receptors were

blocked with 2.4G2 antibody. The following antibodies, purchased
from eBioscience were used: CD8α (53-6.7), CD8β (eBioH35-
17.2), CD45 (30-F11), CD43 (eBio R2/60), CD45.1 (A20), CD4
(RM4-5), CD69 (H1.2F3), CD103 (2E7), CD11b (M1/70), IFN-γ
(XMG1.2), TNF-α (MP6-XT22), CD107a (H4A3), GzmB (NGZB),
CD11a (M17/4), Ki-67 (SolA15), MHC II (M5/114.15.2), KLRG1
(2F1), PD1 (J43) and fluorochrome-labeled streptavidin. M45,
m139 and IE3 tetramers were synthesized by the National Insti-
tutes of Health tetramer core facility. Fixable Viability Dye (eBio-
science) was used to exclude dead cells. For detection of IFN-γ,
TNF-α, and CD107a expression by CD8+ T cells, incubation was
performed in RPMI medium supplemented with 10% of FCS
(Gibco) and 1 μg/well of H-2Kb-restricted M38-derived peptide
(316SSPPMFRV323) for 5 h at 37°C with 1 μg/ml of brefeldin A
(eBioscience) added for the last 4 h of incubation. Intracellular
staining of IFN-γ and TNF-α was performed using Intracellular fix-
ation and permeabilization buffer set (eBioscience). Ki-67 staining
was performed by using FoxP3 staining buffer set (eBioscience).
Cell proliferation assay was performed by providing mice with 0.8
mg/ml BrdU in the drinking water for two weeks. To detect incor-
porated BrdU, cells were stained according to the manufacturer’s
protocol (BrdU flow kit; BD Pharmingen). Flow cytometry was
performed on FACSAriaIIu and data were analyzed using FlowJo
v10 (Tree Star) software.

Intravascular CD8 staining

Mice were injected i.v. with 6 μg of FITC-labeled anti-CD8b (H35-
17.2) according to previously described protocol [60]. 3 min later,
peripheral blood samples from tail were taken, and mice were
anesthetized and perfused with PBS. Brains and spleens were dis-
sected and processed immediately (<10 min after antibody injec-
tion) for leukocyte isolation

Depletion of immune cell subsets, FTY720 treatment
and adoptive transfers

Depletion of CD8+ T cells was performed by i.p. injection of 150 μg
of anti-CD8 antibody (YTS 169.4). Long term depletion of CD8+

T cells was performed by i.p. injection of depletion antibodies
once a week for eight weeks. In the first two weeks 150 μg of
rat anti-mouse CD8 antibody (YTS 169.4) was injected, and in the
remaining six weeks 200 μg of mouse anti-mouse Lyt2.2 depleting
antibody was injected. Depletion of CD4+ T cells in newborn mice
was performed by injecting 50 μg of CD4 depleting antibody (YTS
191.1) at 3 day interval, starting on PND3.

For intracranial challenge experiments 1μg/g of FTY720 (Cay-
man chemical) was injected daily i.p., starting 3 days prior to
challenge.

For adoptive transfer experiments of naive CD8+ T cells, we
used splenocytes from MHC-I-restricted TCR-transgenic mice with
specificity for the inflationary M38 epitope (Maxi mice [23])
or OT-1 mice. Control splenocytes were isolated from littermate
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mice. CD4 T cells and NK cells were antibody depleted from both
Maxi and littermate mice the day before spleen harvesting by
injecting i.p. 150 μg of anti-CD4 antibody (YTS 191.1) and anti-
NK1.1 antibody (PK136). The number of CD8 T cells within the
total splenocyte population was determined by FACS, and Maxi
CD8+ T cells or littermate CD8+ T cells were i.p. injected either
few hours before infection or 5 days p.i. Animals were sacrificed
14 days p.i.

For adoptive transfer experiments of memory CD8+ T cells,
lymphocytes were isolated from brain and spleen as described.
Afterwards, lymphocytes were stained with CD45.1 and CD8 anti-
bodies and Maxi cells were sorted by using FACSAria II (BD) using
high-speed sorting into RPMI supplemented with 20% FCS. Purity
and viability of sorted cells was analyzed immediately post sorting
by the addition of PI to a sample of sorted cells. In all experiments
the purity exceeded 98%. Sorted cells were washed and injected
i.p. in 50 μL of pure DMEM.

Immunohistochemical analysis

Serial sagittal sections (4 μm thick) were prepared from PFA-fixed,
paraffin-embedded organs. EGL thickness and cerebellar areas
were measured and calculated on serial brain sections stained
with Cresyl Violet. For analysis of leukocytes, brains were frozen
on dry ice and kept at −80 °C. 8–10 μm thick sections were pre-
pared and stained against CD8 (YTS169.4.2). Slides were devel-
oped using biotinylated secondary antibodies and streptavidin-
peroxidase, followed by AEC or DAB detection.

MCMV IE1 staining was performed on formalin–fixed, paraffin-
embedded tissue sections (3μm). After de-paraffinization and
rehydration, antigen retrieval was performed in sodium citrate
buffer (pH 6.0). Endogenous peroxidases were blocked with 3%
H2O2 in 50% Methanol/PBS solution. Biotinylated anti-IE1 anti-
body (IE1.01) and streptavidin-POD (Jackson ImmunoResearch).
DAB (Dako) was used as substrate. Samples were counterstained
with hematoxylin.

The analysis was performed using the Olympus BX40 micro-
scope and Olympus digital camera (C-3030).

Quantitative RT-PCR

For detection of viral genomes using quantitative PCR, genomic
DNA was isolated from brain using Qiagen’s DNEasy Blood&Tissue
kit according to manufacturer’s instructions. To amplify low
amounts of viral DNA in latently infected organs (which were
below level of detection), viral M86 and housekeeping GAPDH
amplicons were pre-amplified for 20 cycles using the same primers
as in qPCR reaction and New England Biolab’s standard Taq
polymerase. The expression of GAPDH was previously demon-
strated to be minimally changed during CMV infection [61].
Because GAPDH is a highly abundant cellular gene, only 1 μL
of total DNA was preamplified with GAPDH primers while 5 μL
of 1:1000 dilution of GAPDH preamplification reaction was used

in the qPCR reaction. To detect viral DNA, 15 μL of DNA was
preamplified with M86 primers and 5 μL/well of M86 pream-
plified, undiluted reaction was used in qPCR reactions. No tem-
plate controls were also preamplified with GAPDH and M86
primers. For positive control, cca 20 molecules of the M86 ampli-
con was also pre-amplified and quantified in the same manner
as brain samples. Specificity of M86 primer and probe set was
determined by measuring the amount of M86 in mock infected,
pre-amplified brain samples. We have detected no M86 in any
mock-infected controls, even with 30 cycles of preamplification.
Quantitative PCR was performed on Applied Biosystem’s 7500
FAST instrument, in total reaction volume of 20 μL, using Euro-
gentec’s Takyon mastermix for probe-based assays, GAPDH Taq-
man assay (Applied Biosystem’s, cat.no. Mm99999915 g1), while
M86 was detected with previously published primer and probe
set [62] (F: GGTCGTGGGCAGCTGGTT; R: CCTACAGCACGGCG-
GAGAA, probe: TCGGCCGTGTCCACCAGTTTGATCT). The effi-
ciency of amplification for both GAPDH and M86 primers and
probes was tested with Takyon master mix and was between 90–
110%.

Statistical analysis

Raw data values were inspected for normal distribution using the
Prism 5 software (GraphPad Software Inc.) using available tests
for normality. The selection of the appropriate test was depen-
dent on the number and distribution of animals per group (Mann-
Whitney test or Student’s t-test). A level of P < 0.05 was considered
to be statistically significant.
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T., Oehrlein-Karpi, S. A., Kühnapfel, B. et al., CD8 T cells control

cytomegalovirus latency by epitope-specific sensing of transcriptional

reactivation. J. Virol. 2006. 80: 10436–10456.

43 Reddehase, M. J., Balthesen, M., Rapp, M., Jonjić, S., Pavić, I. and Koszi-
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