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Cytomegalovirus (CMV) infection is the most common opportunistic infection of the central nervous system
in patients with human immunodeficiency virus or AIDS or on immunosuppressive drug therapy. Despite
medical management, infection may be refractory to treatment and continues to cause significant morbidity
and mortality. We investigated adoptive transfer as an approach to treat and prevent neurotropic CMV
infection in an adult immunodeficient mouse model. SCID mice were challenged with intracranial murine
CMV (MCMV) and reconstituted with MCMV- or vesicular stomatitis virus (VSV)-sensitized splenocytes, T
cells, or T-cell subsets. T cells labeled with vital dye or that constitutively generated green fluorescent protein
(GFP) were identified in the brain as early as 3 days following peripheral transfer. Regardless of specificity,
activated T cells localized to regions of the brain containing CMV, however, only those specific for CMV were
effective at clearing virus. Reconstitution with unsorted MCMV-immune splenocytes, enriched T-cell fractions,
or CD4� cells significantly reduced virus levels in the brain within 7 days and also prevented clinical disease,
in significant contrast with mice given VSV-immune unsorted splenocytes, MCMV-immune CD8� T cells, and
SCID control mice. Results suggest CMV-immune T cells (particularly CD4�) rapidly cross the blood-brain
barrier, congregate at sites of specific CMV infection, and functionally eliminate acute CMV within the brain.
In addition, when CMV-immune splenocytes were administered prior to a peripheral CMV challenge, CMV
entry into the immunocompromised brain was prevented. Systemic adoptive transfer may be a rapid and
effective approach to preventing CMV entrance into the brain and for reducing neurotropic infection.

Cytomegalovirus (CMV) infection is a major cause of mor-
bidity and mortality among neonates and adults immunosup-
pressed due to human immunodeficiency virus (HIV) or AIDS
or immunosuppressive therapy. CMV infection, which is nor-
mally asymptomatic in immunocompetent individuals, is highly
prevalent throughout the world, with a seropositivity rate of 50
to 90% (1, 37, 43). Infection is usually acquired early in life,
with up to 80% of children aged 12 to 18 months actively
shedding virus (1, 21). Virtually all organ systems can be af-
fected, leading to mononucleosis, severe respiratory infection,
liver and kidney damage, intestinal disease, and central ner-
vous system (CNS) damage. In a healthy population CMV
dissemination to the CNS is uncommon; however, as the pop-
ulation of immunosuppressed adults has continued to rise, so
has the incidence of CMV infection of the brain (21, 67).

CMV is the most common opportunistic viral pathogen in
AIDS patients, infecting more than 90% and contributing to
disease and death in 50 to 70% of infected patients, despite
medical management. CMV frequently disseminates to the
CNS in late stages of HIV infection, when the CD4� T-cell
count is low (16). CMV infection of mature CNS may result in
retinitis, encephalitis, myeloradiculitis, subcortical dementia,
obtundation, and other significant deficits (1, 3, 8, 21, 39, 40,
58, 64, 67). Following the introduction of highly active antiret-
roviral therapy, there has been a reduction of peripheral CMV
infection; however, treatment has limitations that warrants al-

ternative therapies (21, 65). Highly active antiretroviral ther-
apy may be associated with potential serious side effects (fur-
ther immune suppression, liver damage, and gastrointestinal
maladies), failure to eliminate latency, development of drug
resistance, inability to achieve therapeutic levels of drug in
target organs like the brain, patient compliance, and cost issues
may limit effectiveness (2). The understanding of immune re-
sponses to CMV infection in the CNS remains unclear, and
new approaches to treatment of CNS disease are needed.

Adoptive immune reconstitution is a promising treatment
alternative for persistent CMV infection. Murine models pro-
vide evidence for reconstituted immune T-cell protection
against CMV disease in the lung, spleen, and eye (9, 25, 51,
60). In human trials, lymphocytes primed against CMV have
been harvested from healthy individuals and transfused into
immunosuppressed patients to reduce peripheral illness (47,
56, 66). These studies support adoptive immune therapy as a
means of preventing or alleviating existing infection in periph-
eral organs; however, diversity in organ clearance mechanisms
remains a factor (24, 44, 48). In terms of immunity against viral
infection, the brain is considered a unique organ, with different
and sometimes absent expression of the major histocompati-
bility complex (MHC) cell surface molecules that normally
bind and present antigenic peptides on the surfaces of cells for
recognition (binding) by the antigen-specific T-cell receptors
of lymphocytes.

Entry of some cells of the systemic immune system into the
CNS is impeded by a protective blood-brain barrier. Resident
cells, including microglia and astrocytes, may act locally at a
site of infection and may play a primary role in regulation of
acute inflammation. These factors may significantly alter mo-
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lecular signaling responses to viral infection in the brain com-
pared to peripheral organs and distort the ability of a systemic
immune response to adequately control disease. In an immu-
nosuppressed individual, it is not known whether systemic
transfer of active lymphocytes can effectively enter the brain in
response to a CMV infection or whether transferred lympho-
cytes can alleviate acute neurotropic CMV disease.

Studies of human CMV in vivo are limited because of spe-
cies specificity, but animal models using murine CMV
(MCMV) are parallel to many aspects of human CNS infec-
tion. MCMV behaves similar to human CMV by entering the
brain only in immunodeficient individuals, infecting multiple
cell types, causing pathology, and the absence of functional
immunity, progressing to lethality (54). We employed MCMV
as a paradigm in studies aimed at developing treatment against
the virus. Using an immunodeficient mouse model of neuro-
tropic CMV infection, we tested whether transferred MCMV-
immune lymphocytes were able to penetrate, target, and elim-
inate CMV infection in the CNS and whether adoptive transfer
of immune cells might also prevent CMV invasion of the brain
if administered prior to CMV inoculation.

MATERIALS AND METHODS

Mice. Six-week-old female immunodeficient C.B-17/Icr-Prkdc-scid/Crl-BR
(SCID) and congenic immunocompetent BALB/cAnNCrl-BR (donor) mice
were obtained from Charles River Laboratories (Wilmington, MA) and accli-
mated 3 to 5 days before challenge. The SCID mice carry the immunoglobulin
heavy-chain allele (Igh-1b) from a C57BL/Ka strain on a BALB/c background,
and both donor and SCID mice have similar H-2 haplotypes (H-2d), allowing for
acceptance of cell transfer from donors without rejection. Lymphocyte tracking
studies used transgenic Swiss Webster mice carrying the enhanced green fluo-
rescent protein (EGFP) gene TgN(beta-act-EGFP), expressing green fluorescent
protein (GFP) (gift from M Okabe, Osaka University, Osaka, Japan) (41). These
mice were crossed 15 times onto a Swiss Webster background.

All mice were free of murine viruses (including MCMV), pathogenic bacteria,
and endo- and ectoparasites. Control and experimental groups were housed
separately in static microisolator cages on corncob bedding, and all animal
manipulations were performed in a class IIA biological safety cabinet using
standard microisolation techniques. Animals were housed at a temperature of 22
to 24°C and humidity of 40 to 60% and a 12-h:12-h light-dark cycle. All proce-
dures were approved by the Yale University Institutional Animal Care and Use
Committee.

Virus and immune priming. Recombinant MCMV-GFP (strain K181 MC.55,
ie2� GFP�) strongly and rapidly expresses green fluorescent protein under
control of the human elongation factor 1a promoter inserted at the immediate-
early gene 2 (IE2) site (63). Expression of GFP enables the direct detection of
MCMV in living and fixed, unstained tissue. MCMV-GFP and K181 wild-type
virus stocks were minimally passaged in 3T3 cells (American Type Culture
Collection, Manassas, VA). Cells were harvested, semipurified, titered using
plaque assays, and stored in aliquots at �70°C. Recombinant vesicular stomatitis
virus (VSV) was grown and titered as previously described for recombinant
VSV-HA (55, 57). Plaque-purified recombinant VSV was grown and titered on
baby hamster kidney (BHK-21, American Type Culture Collection) cells. Viruses
were thawed and diluted with Dulbecco’s modified Eagle’s medium to appropri-
ate titers immediately prior to inoculation.

To generate CMV-activated immune cells, donor mice were inoculated with
MCMV-GFP (106 PFU), wild-type MCMV (4.83 � 105 PFU), or VSV (3.25 �
105 PFU) intraperitoneally and assessed daily for clinical illness. Eight days
following priming, spleens were excised into cold, sterile calcium- and magne-
sium-free PBS (CMF-PBS). Spleens were transferred aseptically into glass tissue
grinders containing ice-cold CMF-PBS and disrupted, and suspensions were
collected. Cells were washed and resuspended, and an aliquot was taken for
counting and trypan blue exclusion (�98% viability). For control purposes,
aliquots of isolated splenocytes were cultured for 5 days with either 3T3 or BHK
cells to verify lack of replicating virus. CMV-immune and VSV-immune cell
suspensions were distributed for fluorescence-activated cell sorting (FACS), cy-

tokine expression analysis, panning for T-cell enrichment, PKH labeling, and
adoptive reconstitution.

Cytokine analysis. Unsorted, purified CD4� and CD8� T-cell donor spleno-
cytes were cultured in RPMI medium containung 10% fetal bovine serum,
penicillin, streptomycin, and L-glutamine and with either 10 �g/ml phorbol my-
ristate acetate/ionomycin (400 ng/ml) or 0.2 to 0.5 �g/�l UV-inactivated viral
antigen (MCMV or VSV). UV inactivation of virus was accomplished with two
exposures to 5,000 s 100 �J, rotating 90° between treatments. Inactivation was
confirmed in cell culture by lack of cytopathic effects. Cell culture supernatant
was assayed after 24, 48, and 72 h in triplicate for cytokines tumor necrosis factor
alpha (TNF-�), interleukin-4 (IL-4), and gamma interferon (IFN-�) using
OptEIA enzyme-linked immunosorbent assay (ELISA) kits as directed (BD
Biosciences, San Diego, CA). T-cell-depleted, irradiated syngeneic feeder cells
were used to provide antigen presentation to purified T-cell subsets.

Stimulated lymphocytes were collected and analyzed by FACS. Lymphocytes
(5 � 105) were incubated with staining buffer (PBS containing 3% fetal bovine
serum and 0.2% NaN3) and monoclonal antibody for specific cell types for 30
min at 4°C in V-bottomed 96-well plates. Cells were washed with staining buffer
and fetal bovine serum, and then fluorescein isothiocyanate-labeled rat anti-
mouse immunoglobulin G F(ab)�2 was diluted 1:50 and added for 30 min at 4°C.
Monoclonal antibodies to detect the following mouse cell subtypes were pur-
chased from PharMingen (BD PharMingen): T cells: Thy-1.2 for all T cells,
CD4�CD8� (17A2), CD4 (RM4 to 5), CD8a (5H10-1); B cells: CD45R (RA3-
6B2) or CD19 (ID3). Cells were washed, fixed with 2% paraformaldehyde, and
stored at 4°C until analyzed. Fluorescence was observed with a Becton-Dickinson
Analyzer I.

Cell sorting and isolation. T-cell enrichment of splenocytes was conducted by
negative selection using a modified panning technique (68). One day before
selection, 100-mm petri dishes (BD Falcon) were coated with 10 �g/ml goat
anti-mouse immunoglobulin G (heavy and light chain) (Jackson Immuno Re-
search, West Grove, PA) in CMF-PBS. Plates were swirled and incubated over-
night at 4°C; 2 � 109 MCMV-immunized splenocytes were resuspended in 5%
fetal bovine serum-RPMI, incubated in 50-ml aliquots in a T75 tissue culture
flask (BD Falcon) for 1 h at 37°C to remove accessory cells by plastic adherence.
Nonadherent cells were collected, washed, resuspended to 8 � 106/ml, and added
to immunoglobulin G-coated dishes for positive removal of B lymphocytes. The
cells were incubated 70 min at 4°C and swirled after 30 min. Nonadherent cells
were collected, washed, counted, and adjusted to 1.5 � 108 cells/ml. Confirma-
tion of sorted cells was obtained by flow cytometry.

CD4� and CD8� T cells were isolated by negative selection with R&D Sys-
tems Magcellect specific T-cell isolation kits (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions. Isolated splenocytes depleted of
erythrocytes were incubated with biotinylated antibodies from the selected kit for
15 min on ice followed by incubation with streptavidin-coated microbeads. Vol-
ume was adjusted with buffer, and the reaction tube was placed in the MagCellect
magnet for 8 to 10 min at room temperature. Supernatant was separated from
magnetically retained cells. The purity of cell fractions pre- and postselection was
analyzed by flow cytometry using a FACScalibur (BD Immunocytometry Sys-
tems, San Jose, CA). Fluorescein-conjugated antibodies were purchased from
BD PharMingen, San Diego, CA (CD45R/B220-fluorescein isothiocyanate and
CD45-phycoerythrin) and CALTAG Laboratories, Burlingame, CA (rat anti-
mouse CD4-allophycocyanin and CD8a-peridinin chlorophyll protein).

Tracking of reconstituted lymphocytes. Using the PKH26 red fluorescent cell
linker kit (Sigma, St. Louis, MO) 108 VSV- or MCMV-immune splenocytes were
resuspended in diluent (107 cells/ml). Cell suspensions were rapidly added to a 2x
concentration of PKH (4 � 10�6 M) and incubated for 3 min at room temper-
ature. Labeling was stopped with 10 ml fetal bovine serum (HyClone, Logan,
Utah) per 10 ml cell-PKH suspension. Cells were washed and labeling was
confirmed by fluorescent microscopy with a Zeiss Axioskop (Germany).

To confirm results with the cell dye, an additional experiment used splenocytes
harvested from donor Swiss Webster mice that constitutively express GFP. GFP
expression in splenocytes was examined using several methods, including cell
culture, fluorescent histological examination, and FACS analysis. Reconstituted
cells in SCID mice were identified in cryosectioned tissues (spleen, liver, and
brain) using fluorescent microscopy.

Adoptive reconstitution. All immune cell reconstitutions were given intrave-
nously through the tail vein. Control mice were given medium only. SCID mice
were given 108 unsorted CMV-immune splenocytes, 108 unsorted VSV-immune
splenocytes, 2 � 107 CMV-immune enriched T cells, 5 � 106 to 1 � 107

CMV-immune CD8� T cells, or 107 CMV-immune CD4� T cells. Additional
mice were given 108 PHK26-labeled or Swiss Webster GFP-labeled splenocytes
(either VSV-immune or CMV-immune). Adoptive transfer was performed from
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3 days prior to 1 day following viral challenge. Reconstitution was confirmed at
necropsy using flow cytometry of splenic homogenate.

MCMV challenge. For acute neurotropic challenge, mice were anesthetized
with subcutaneous ketamine (100 mg/kg) and xylazine (10 mg/kg) and inoculated
intracranially with 1.0 �l MCMV-GFP (4.4 � 105 PFU) or wild-type MCMV
(3.22 � 103 PFU) injected in the left cerebrum 1 to 2 mm lateral to the midline,
3 to 4 mm caudal to the orbit through a 25-gauge burr hole using a 1-�l Hamilton
syringe. Mice were assessed daily for clinical illness, and any moribund mouse
was humanely euthanized. Mice were euthanized with carbon dioxide gas be-
tween 3 and 7 days following challenge; target tissues were snap frozen in liquid
nitrogen for subsequent analysis or processed for flow cytometry. Some mice
were immediately perfused transcardially with heparin-saline followed by 4%
paraformaldehyde in phosphate buffer for cryosectioning.

An additional experiment was designed to measure the ability of adoptive
reconstitution to prevent dissemination of peripheral MCMV to the CNS and to
test whether transfer of CMV-immune cells was requisite for protection. Three
days following reconstitution with either unsorted naı̈ve or MCMV-immune
splenocytes, SCID mice were challenged with 4.4 � 105PFU MCMV by injection
into the lateral tail vein. Mice were assessed daily for adverse clinical signs and
virus quantification was performed after 28 days. Serum MCMV antibody levels
were assessed using indirect fluorescent antibody staining using previously de-
scribed polyclonal anti-MCMV sera (54).

Quantification of virus. MCMV in the brain was titered using either plaque
assay or real-time PCR. The relationship and agreement between the two assays
was determined using correlation analysis. The group means were compared
using a two-sample Student’s t test. Tissues were collected and snap frozen in
liquid nitrogen. A 10% wt/vol homogenate was made in Dulbecco’s modified
Eagle’s medium and diluted aliquots were incubated on 3T3 cells for 1 h at 37°C
on a rocker. The suspension was removed and cells were overlaid with 0.95%
SeaKem agar in 2x growth medium (45% Dulbecco’s modified Eagle’s medium,
45% L15, fetal bovine serum, 1% L-glutamine, 1% penicillin-streptomycin; Life
Technologies, GibcoBRL, Grand Island, NY). Plaque assays were incubated for
6 days at 37°C with 5% CO2, before monolayers were fixed with paraformalde-
hyde, stained with crystal violet, and visualized for cytopathic effects.

Real-time PCR was run on DNA samples extracted from 25 mg of the 10%
homogenate using a DNeasy tissue kit (Qiagen, Valencia, CA). DNA was ex-
tracted into 100 ul of buffer, and the concentration was quantified using a
spectrophotometer; 500 ng of sample DNA was loaded with previously described
PCR primers for MCMV gB (4) and QuantiTect SYBR Green real-time PCR kit
(QIAGEN, Valencia, CA). Real-time PCR and melting curve analysis were
performed in triplicate with the DNA Engine Opticon 2 PCR system (MJ
Research, Inc.). DNA standardization was verified using glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (housekeeping gene) with a VIC probe in a
separate analysis (TaqMan Rodent GAPDH Control Reagents; Applied Biosys-
tems, Foster City, CA). The sensitivity of gB primers and correlation to total viral
PFU were optimized according to the manufacturer’s protocols. DNA results are
given as relative levels compared to other groups in the experimental cohort.
Statistical analysis of group means was performed using one-way analysis of
variance and Student’s t test.

Fluorescent analysis. Perfused brain and spleen were immersed overnight in
4% paraformaldehyde, and cryoprotected in 10% then 30% sucrose-PBS solu-
tion in 4% paraformaldehyde for 48 h before immersion in o-chlorotoluene
(Sakura Finetek, Torrance, CA). Cryosectioning was done with a Leica CM 3000
cryostat (Leica Instruments, Nussloch, Germany). Tissues were coronally cut in
either 5-�m or 30-�m serial sections. Representative sections from spleen were
analyzed. To identify wild-type MCMV, sections were incubated with a 1:200
dilution of polyclonal mouse anti-MCMV antiserum (54) followed by detection
with a 1:500 dilution of goat anti-mouse immunoglobulin -Cy3 (Chemicon, Int.,
Temecula, CA). Mounted sections were preserved with cryoprotectant (1% poly-
vinyl pyrrolidone, 30% sucrose, 30% ethylene glycol) and stored at 4°C in the
dark. GFP fluorescence was recorded using filters with a wavelength of 395 nm
for GFP excitation and 530 to 590 nm for PHK26 and Cy3 excitation on a Zeiss
Axioscope, captured with a Zeiss AxioCam digital camera. Contrast and intensity
of images were adjusted using Zeiss AxioVision digital imaging software and
Adobe Photoshop. Lymphocyte and virus measurements in fluorescent tissue
sections were performed using ImageJ 1.33u software (National Institutes of
Health).

RESULTS

Lymphocyte activity against CMV. Before assessing the
functionality of lymphocyte reconstitution against neurotropic
CMV disease in immunodeficient mice, we tested the specific-

ity and cytokine expression pattern of primed lymphocytes, as
cytokine expression would demonstrate a cellular response to
the virus. We measured IFN-�, TNF-�, and IL-4 cytokine
release following exposure to UV-inactivated virus. Spleno-
cytes harvested from mice following exposure to live MCMV
showed a specific (Fig. 1) and antigen dose-responsive (not
shown) increase in IFN-� production when incubated with
inactivated homologous CMV antigen (7 � 104 pg/ml). Al-
though robust IFN-� secretion was seen at all periods, produc-
tion of both IL-4 and TNF-� was negligible, suggesting a pri-
marily Th1 and cytotoxic T-lymphocyte response. VSV-
immune cells cocultured with inactivated VSV antigen
produced 13,000 pg/ml IFN-�, 200 pg/ml IL-4, and 80 pg/ml
TNF-�. The responses of VSV-immune splenocytes to inacti-
vated MCMV and those of MCMV-immune splenocytes to
inactivated VSV were negligible, confirming specificity of func-
tion.

Intracellular cytokine staining following incubation of lym-
phocytes with UV light-inactivated MCMV confirmed the
functionality of both CD4� and CD8� T cells. Primed CD8� T
cells expressing IFN-� in response to MCMV antigen were
1.71%, compared with 0.89% with VSV antigen or 0.82% with
medium. Primed CD4� T cells expressing IFN-� in response to
MCMV antigen were 3.37%, compared with 1.54% with VSV
antigen or 1.75% with medium. Phorbol myristate acetate plus
ionomycin mitogen stimulation resulted in 6.94% CD8� and
8.44% CD4� T cells expressing IFN-�.

Lymphocyte infiltration and targeting in the brain. To test
whether activated lymphocytes were physiologically capable of
translocating across the blood-brain barrier, we tracked the
migration of reconstituted lymphocytes labeled by a vital dye
(PKH-26). SCID mice were reconstituted with 108 unsorted
CMV-immune cells or VSV-immune cells (three mice per
group) and challenged with intracranial CMV 1 day later. Mice
were perfused 7 days following CMV challenge. Brains were
serially sectioned at 5 or 30 �m from the middle rostrally to the
olfactory bulbs, incorporating the site of MCMV injection.
Virus replication was observed in cryosections using the GFP
reporter protein. Brain was serially sectioned from 3 mm ros-
tral to 3 mm caudal to the inoculation site. All sections were
visualized for fluorescence, and representative sections were
analyzed for lymphocyte and virus quantification. As fixation
killed the virus, quantification of total viral levels in the brain
was done in additional mice described in the experiments be-
low. The specificity of cells for MCMV was tested by incorpo-
ration of an additional group of SCID mice that received cells
sensitized to an unrelated virus (VSV).

PHK-26-labeled lymphocytes rapidly repopulated lymphoid
organs (Fig. 2G) and entered and migrated through the brain
following intracranial MCMV inoculation. Regardless of anti-
genic specificity, activated lymphocytes were observed within
the brain, and higher numbers of cells were seen in proximity
to infection (Fig. 2). Approximately 90% of all activated cells
were seen within 500 �m of virus antigen. Specifically, an
average of 17.1 MCMV-immune and 10.7 VSV-immune lym-
phocytes were seen near antigen per 0.6-mm2 area section. The
number of corresponding MCMV-infected cells expressing
GFP in these sections was 17 cells (MCMV-immune brain) and
36.6 cells (VSV-immune brain). Activation of lymphocytes
against a different virus, VSV, although sufficient for respond-
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ing to signaling stimuli, did not impart functionality to clear
virus from MCMV-infected CNS cells.

Because of a potential for artifacts associated with release of
the vital dye to neighboring cells and loss of dye labeling with
cellular replication, we confirmed the initial results by an ad-
ditional experiment using lymphocytes that constitutively ex-

press green fluorescent protein harvested from transgenic
mice. GFP fluorescence was measured within the spleens of
several transgenic GFP donor mice using flow cytometry;
60.7% of CD4� and 62.1% of CD8� T cells demonstrated
positive GFP fluorescence (Fig. 3A). GFP expression in pe-
ripheral blood mononuclear cells was also identified from
these mice using immunohistochemistry staining (Fig. 3B and
C), confirming GFP expression in a majority of both CD4� and
CD8� T cells.

Additional mice were used for splenic cultures, and cells
were visualized for constitutive GFP expression. We observed
a majority of cells (lymphocytes and fibroblasts alike) express-
ing GFP (�70%), with a gradient of fluorescence from weak to
very strong. Wild-type MCMV, which does not produce GFP,
was used for priming of these GFP-expressing mice and for
virus challenge of reconstituted SCID mice to allow rapid
identification of lymphocytes. One group of five SCID mice
was reconstituted with 108 CMV-immune cells followed by
CMV challenge a day later. A second group of five mice was
challenged with CMV followed by immune reconstitution a
day later, along with a third group of six control SCID mice.
Mice were perfused day 4 (two mice) and day 7 (three mice)
following CMV challenge from group 1 and day 3 (two mice)
and day 7 (three mice) following CMV challenge from group 2.
Control SCID mice were sacrificed at day 3, 4, or 7 following
challenge.

Successful reconstitution of cells in SCID mice was con-
firmed by observing transferred GFP-expressing cells within
the spleen (Fig. 3G). Transferred GFP-expressing lymphocytes
rapidly entered and migrated through the brain within 3 days
of MCMV challenge. Continual cell recruitment to the CNS
was observed, and the number of GFP-expressing cells in the
brain was much greater at day 7 than day 3 (Fig. 3D and E).
Using immunohistochemistry, wild-type MCMV was observed
in the cortex, striatum, ventricular system, choroid plexus, and
cells of the meninges. An average of 121 MCMV-immune
lymphocytes were observed within 500 �m of virus antigen per
0.6-mm2 area section (Fig. 4). A few cells were occasionally
identified at sites distant to virus antigen. Together, these ex-
periments demonstrate rapid entry into the brain of identified
lymphocytes and specific adaptive responses against virus in
the brain.

Immune reconstitution reduces acute neurotropic CMV in-
fection. The efficacy of primed, reconstituted cells against neu-
rotropic MCMV infection was tested using several parameters
to identify major effector cells in the brain. The composition of
donor cells was verified by flow cytometry (Fig. 5). Unsorted
MCMV-immune splenocytes consisted of approximately 70 to
85% lymphocytes (30 to 40% B cells, 15 to 23% CD4� and
10% CD8�� T cells). T-cell-enriched fractions had 56.1%
CD3� staining (40% CD4� and 15% CD8� T cells) with a
significantly reduced B-lymphocyte population (3.6%). CD4�

and CD8� T-cell subset isolation using MagCellect negative
selection resulted in a population �95% pure for each cell
population. Reconstitution of SCID mice was confirmed at
necropsy using flow cytometry of splenocytes or histological
analysis of labeled lymphocytes in spleen (Fig. 2G and 3G).

An initial experiment was designed to define the potential
adaptive response in mice with neurotropic MCMV infection.
Ten BALB/c mice were inoculated with systemic MCMV (do-

FIG. 1. Antigen specificity of MCMV-immune lymphocyte cellular
response. IFN-� secretion from activated splenocytes following stim-
ulation with killed virus. (A) Unprimed splenocytes from naive mice;
(B) VSV-primed splenocytes; (C) MCMV-primed splenocytes cocul-
tured with: Œ 	 medium; F 	 inactivated VSV, ■ 	 inactivated
MCMV. IL-4 and TNF-� release was not detectable following stimu-
lation with killed MCMV.

9530 REUTER ET AL. J. VIROL.



nor immunization protocol) to prime splenocytes against viral
antigen. Splenocytes from five of these mice were harvested 8
days later, and 108 viable cells were administered to SCID
mice. The remaining group of five CMV-immune BALB/c
mice were then challenged with intracranial virus, while groups
of six reconstituted and four control SCID mice were chal-
lenged with intracranial CMV 3 days following reconstitution
with either CMV-immune splenocytes or medium only. Brains
were harvested from BALB/c, reconstituted, and control SCID
mice 7 days after viral challenge. Residual CMV DNA was
detectable in the brain (Fig. 6A), but using virus isolation in
culture, no live virus was recovered from any of the treated

mice. All control SCID mice had significantly elevated virus
DNA levels and replicating live virus in the brain 7 days fol-
lowing intracranial challenge.

To test whether virus clearance from the brain was a result
of specific T-lymphocyte recognition or a nonspecific outcome
mediated by lymphocyte activation, we administered 108

MCMV-immune or VSV-immune activated splenocytes or 2 �
107 MCMV immune T-cell-enriched splenocytes to SCID mice
(five mice per group). These mice along with a group of three
control SCID mice receiving medium only were challenged
intracranially with virus the following day. All mice from this
experiment were sacrificed 7 days later.

FIG. 2. Infiltration and targeting of reconstituted MCMV-immune lymphocytes in the brain. PHK-26-labeled lymphocytes (red) were visualized
following systemic reconstitution in SCID mice. Both VSV- and MCMV-immune lymphocytes penetrated the blood-brain barrier and surveyed
brain parenchyma, but MCMV antigen specificity was required for recognition and elimination of MCMV infection (green). A to D) Brain of
representative SCID mouse following reconstitution with VSV-immune cells; note scattered red lymphocytes throughout the parenchyma (arrows).
E and F) Brain of representative SCID mouse following reconstitution with MCMV-immune cells. G) Repopulated spleen of SCID mouse,
showing transferred red lymphocytes. A, C, E, and G) Red PHK-26-labeled lymphocytes; B, D, and F) green MCMV-GFP. PKH-26 and
MCMV-GFP images are of the same field. Bar: 500 �m in A; 100 �m in G; 50 �m in F.
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FIG. 3. In vivo tracking of repopulated lymphocytes. Lymphocytes constitutively expressing GFP were used to reconstitute SCID mice infected
with wild-type MCMV. (A) FACS analysis of constitutive GFP expression in splenocytes from transgenic Swiss Webster mice. Peripheral blood
CD4� (B) and CD8� (C) T lymphocytes (red) constitutively expressing GFP; arrows, double-stained cells. (D to F) Cryosections of SCID mouse
brain following intracranial infection of MCMV; arrows highlight the injection track. Activate lymphocytes (green) translocate across the
blood-brain barrier within 3 days of systemic reconstitution and are seen in proximity to CMV infection. (E and F) SCID mouse brain 3 days
(E) and 7 days (F) following reconstitution with CMV-immune splenocytes. F) SCID mouse reconstituted with medium; arrows highlight the
injection tract. (G) Lymphocyte (green)-repopulated SCID mouse spleen 7 days following reconsititution.
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Control SCID mice not receiving cells showed significant
MCMV replication and overt clinical disease, including dehy-
dration, scruffy appearance, and photophobia. In preliminary
experiments, it was determined that control SCID mice invari-
ably died between 7 and 14 days after intracranial MCMV
challenge (data not shown). SCID mice treated with unsorted
MCMV-immune cells experienced a significantly greater viral
reduction compared to mice receiving VSV-immune spleno-

cytes (P value 	 0.004). Mice receiving unsorted or T-cell-
enriched MCMV-immune cells equally cleared virus from
brain, suggesting that T cells are a predominant contributor to
virus reduction in the brain. Virus DNA levels in the brain
were reduced 100-fold following adoptive transfer of either
unsorted or T-cell-enriched MCMV-immune splenocytes, and
based on plaque assays, no active MCMV was recovered from
the brain (Fig. 6B) compared with virus DNA levels and pro-
liferating MCMV in mice given VSV-immune splenocytes.

Relative virus levels in tissue determined using the plaque
assay or with real-time PCR using gB primers were very well
correlated (r2 	 0.99). After validation, the plaque assay was
used primarily for verifying complete elimination of replicating
virus in samples with corresponding low DNA levels as mea-
sured by real-time PCR. DNA levels from PCR were com-
puted based on the level of gB DNA in the sample. In prelim-
inary trials, we found the sensitivity of gB primers to detect
CMV DNA to be greater than for either E1 and IE1 (data not
shown). Although CMV detection methodology has yet to be
universally standardized, gB is routinely used to measure viral
levels, which are significantly reduced in latent infection (7,
32). Thus, the levels of gB DNA obtained using real-time PCR
are representative of measurement of the total viral genome.

Previous work on peripheral organ systems has suggested
that CD8� T cells might play a pivotal role in combating CMV
infection (19, 51). We therefore tested the hypothesis that
CD8� T cells were the major effector cells against virus within
the CNS. Isolation of T-cell subsets was done using negative
selection to avoid inadvertent activation of cells. SCID mice
were given either medium only (6 mice), 5 � 106 to 107 CD8�

T cells (10 mice), 5 � 106 CD4� T cells (seven mice), or a
combination of 108 CD4 and CD8� T and accessory cells in
unsorted splenocytes (four mice). All mice were challenged
with intracranial CMV the same day as reconstitution and
sacrificed 6 days later. Reconstitution of infected SCID mice
using MCMV-immune T-cell fractions revealed a significant
CD4� T-cell dependency for virus clearance in the brain (Fig.
6C), as a significant difference was not observed between
groups receiving either CD4� T cells or unsorted splenocytes.
MCMV-primed CD8� T cells alone were ineffective against
live virus. Because of the unexpected death of a mouse in each
of the SCID control and CD8� T-cell treated groups before
the conclusion of the 7-day period, remaining mice were eu-
thanized at day 6.

Given the successful short-term outcome of primed T-cell
transfer to significantly reduce neurotropic virus levels, we
tested the longevity of protection offered by reconstituted cells.
Following the donor protocol in 30 BALB/c mice, splenocytes
were harvested and given at a concentration of 108 cells to 18
SCID mice. A group of three control mice received medium
only. The same day, all mice in this experiment were chal-
lenged with intracranial CMV. Cohorts of mice were sacrificed
3, 7, 14, 21, and 28 days later. Following reconstitution and
challenge, a progressive decline in the level of MCMV DNA in
the brain was observed in CMV-immune, reconstituted SCID
mice, plateauing 3 to 4 weeks following adoptive transfer (Fig.
7A). The onset of viral DNA reduction in the brain corre-
sponded in time with increased translocation of immune cells
into the brain (day 3) observed by using fluorescently labeled
lymphocytes.

FIG. 4. Activated lymphocytes invade brain and target antigen. Im-
munohistochemistry of stained cryosections of SCID mouse brain 8
days following MCMV challenge and 7 days following adoptive trans-
fer of unsorted MCMV-immune splenocytes expressing GFP. (A)
Periventricular migrating lymphocytes. (B) Foci of lymphocytes target-
ing MCMV infection in the cortex. (C) Control SCID mouse with
active MCMV infection. Green, activated lymphocytes; red, MCMV
antigen; blue, 4�,6�-diamidino-2-phenylindole stain of cellular nuclei.
Bar, 50 �m.
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Reconstituted cells inhibited MCMV replication throughout
the study, and we could not recover live virus in any organ
beginning at 7 days following reconstitution. Nonreconstituted
control SCID mice that had been infected intracranially with
CMV displayed progressive clinical signs associated with
MCMV disease and were humanely euthanized after 2 weeks.
Following administration of systemic immune cells, significant
CD4� and CD8� T-cell proliferation and expansion occurred
in the spleen, particularly strong 1 to 2 weeks following recon-
stitution (Fig. 7B).

Blocking peripheral MCMV from invading the brain by
adoptive immune reconstitution. Peripheral inoculation with
MCMV results in invasion of the brain within 3 weeks in SCID
mice, whereas immunocompetent controls show no CMV in
the brain (54). Extending results from experiments directed at
testing the efficacy of adoptive reconstitution for treatment of
acute neurotropic disease, we postulated that adoptive transfer
could also prevent dissemination of peripheral MCMV infec-
tion to brains of immunodeficient mice. SCID mice were given
medium only, 108 CMV-immune splenocytes or 108 naı̈ve
splenocytes (n 	 5 mice/group). One day later, all mice were
challenged with peripheral CMV. Mice were sacrificed 28 days
following viral challenge. Reconstitution of SCID mice with
either MCMV-immune cells or naı̈ve splenocytes provided for
a strong protective response within the brain against CMV
following systemic virus challenge. No adverse clinical signs of
disease were seen throughout the entire study in reconstituted
mice of both groups, unlike the nonreconstituted SCID control
mice that did show significant viral proliferation and after 21
days begin to develop clinical signs of hunched posturing,
scruffy hair coat, and lethargy (54).

No live virus was recovered from brain homogenate of either
reconstituted group, while an average of 318 PFU/g was cul-
tured from the brains of nonreconstituted SCID mice. Addi-
tionally, reconstituted mice developed specific humoral MCMV
antibody beginning at 10 days (titer � 1:1,000 by immunoflu-
orescent assay); in contrast, no antibody was detected in non-
reconstituted SCID animals (titer 
 1:5). Adoptive transfer of
either naı̈ve cells or MCMV-immune splenocytes was sufficient
to prevent neurotropic CMV disease.

Although no replicating virus was detected in either recon-
stituted group, the genome of CMV can remain latent in in-
fected cells. As a test for the presence of MCMV DNA, real-
time PCR was used. MCMV DNA levels were significantly
reduced in all organs and brain of reconstituted mice com-
pared to control SCID mice (Fig. 8). Viral DNA was detected
in the brain homogenate from five of five mice receiving naı̈ve
cells and one of five receiving CMV-immune cells and in sig-
nificantly higher amounts in all nonreconstituted control SCID
mice.

DISCUSSION

Treatment of neurotropic CMV infection remains challeng-
ing because of difficulty in achieving therapeutic levels of an-
tiviral drugs in the CNS, systemic toxicity, and bystander
damage to vital cells. Preemptive adoptive transfer to immu-
nocompromised mice has been effective for controlling
MCMV infection in several peripheral tissues outside the brain
(25, 52, 60). Using multiple experimental paradigms with over
250 mice, we demonstrate successful reduction and prevention
of acute CMV infection within the CNS using systemic adop-

FIG. 5. Flow cytometric verification of sorting efficiency. Scatter plots selected by cellular phenotype confirm cell-sorting effectiveness for
adoptive reconstitution of SCID mice. (A) Unsorted splenocytes versus T-cell-enriched splenocytes following panning, 
5% remaining; B
lymphocytes (B220� cells); (B) �95% pure isolation by negative selection of CD4 or CD8� T cells using magnetic bead separation.
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tive transfer. Clearance of acute neurotropic CMV infection
required specific, CMV-immune T cells.

Lymphocyte activation using other viral antigens (e.g., VSV)
enabled entry and migration through the CNS, but cells failed
to eliminate CMV infection. Mice receiving VSV-immune cells
served as controls for two issues. First, transfer of cells into
these mice controlled for homeostatic proliferation, which nor-
mally occurs after transfer into a lymphopenic recipient, and
second, to control for nonspecific effects of activated spleno-
cytes against virus. Since there was no significant cytokine
production from VSV-immune cells incubated with MCMV

antigen in culture, we attribute the partial reduction of MCMV
DNA levels of mice receiving unsorted VSV-immune spleno-
cytes to the nonspecific presence of innate immune (accessory)
cells such as monocytes, NK cells, and granulocytes present in
the reconstitute. These accessory cells were present in un-
sorted cells and likely played a minor antivirus role in mice
receiving unsorted MCMV-immune splenocytes, but not in
groups receiving enriched T cells or T-cell fractions. Intrinsic
cytokine production from stimulated microglia and astrocytes
may also have contributed to some viral reduction, but result-
ant changes in themselves were negligible, as unreconstituted
SCID mice experienced significant proliferative CMV titers.

Reconstituted lymphocytes enter the brain. Activation of
lymphocytes enables rapid transmigration through the blood-
brain barrier, infiltration into the CNS within days of adoptive
transfer, and requisite immunologic surveillance of the CNS
(18). Irrespective of the site of initial antigenic encounter,
activated lymphocytes are able to migrate to many nonlym-
phoid organs (including the brain) (35). We tracked the mi-
gration of reconstituted lymphocytes in peripheral organs and
brain using a vital dye, PKH-26. As there was the potential for
artifactual but inadvertent leakage of dye from labeled cells to
host cells and a further problem of serial dilution of the dye as
cells divided, we verified results using lymphocytes that consti-
tutively expressed GFP.

As studied with both tracking methods, entry and localiza-
tion of T cells to sites of infection within the brain occurred
within days of transfer. Activated cells (CMV specific or VSV
nonspecific) both were observed in high numbers near viral

FIG. 6. Transfer of MCMV-immune T cells successfully clears
acute neurotropic disease. (A) Maximal adaptive immune response
against neurotropic disease. MCMV-immune BALB/c mice that had
previously cleared an initial MVMV infection were then challenged
intracranially with virus. All mice in this group rapidly and effectively
cleared acute neurotropic CMV infection within 7 days of challenge.
SCID mice reconstituted with immune splenocytes (AT SCID) from
BALB/c mice that had cleared initial infection also significantly re-
duced viral DNA load as tested by real-time quantitative PCR, but to
a lesser extent than fully immunocompetent mice. (B) Quantification
of MCMV in the brain was determined using viral gB DNA (real-time
PCR, black bars) and recovery of live virus (plaque assay, gray bars).
No live virus remained in groups receiving either unsorted splenocytes
or T-cell-enriched fractions. (C) CD4� Th1 cells are a major contrib-
utor in the clearance of active MCMV in the brain, while reconstituted
CD8� T cells showed no difference in virus load compared to SCID
controls. Results for DNA quantification using real-time PCR (black
bars in all graphs) are expressed as relative fold increase in the amount
of viral DNA compared to other experimental groups. *, P � 0.1; **,
P � 0.05; n, number of mice per group.

FIG. 7. Duration of protection offered through transfer of CMV-
immune T cells. (A) Following adoptive transfer of MCMV-immune
splenocytes and intracranial challenge with MCMV, viral DNA load in
the brain assessed by real-time PCR progressively declined throughout
the study period and corresponded to clearance of active infection 7
days following reconstitution and remaining latent through the 28-day
study endpoint. (B) Splenic repopulation and T-cell proliferation fol-
lowing reconstitution. The percentage of total splenocyte population
identified as CD4� T cells (black bars) and CD8� cells (gray bars). n,
number of mice per group.

VOL. 79, 2005 CD4� LYMPHOCYTES ELIMINATE CMV INFECTION FROM BRAIN 9535



antigen within the brain. Although some lymphocytes were
observed in the brain at distant sites from the virus, the ma-
jority of cells were seen in close proximity to the virus. It is
likely that activation allows lymphocytes to follow chemokine
gradients within the brain, but recognition of specific antigen is
essential for functionality. Rapid and specific immune re-
sponses help limit the degree of viral dissemination and
thereby minimize secondary damage to healthy cells (10) and
may reduce the magnitude of subsequent viral latency (50).
This can be supported by our observation of a drastically re-
duced incidence of residual DNA levels in the brain from
SCID mice given MCMV-immune versus naı̈ve lymphocytes
following systemic MCMV challenge. The delay experienced in
generating specific adaptive responses to MCMV in mice re-
ceiving naı̈ve cells resulted in an 80% increase in CMV DNA
present in the brain homogenate.

The CNS is immunologically unique, in part, because of low
expression of class I and II MHC molecules from resident cells
of a quiescent CNS and restriction of cellular entry by the
blood-brain barrier, resulting in very low frequencies of naı̈ve
T cells in the brain (34). Inflammatory responses in acute
CMV CNS disease have been described (5, 6, 53), but clear-
ance mechanisms in the mature brain are still unresolved.
Kosugi and colleagues (29) found immune evasion by MCMV-
infected neurons to macrophages and NK cells, suggesting that
alternative mechanisms likely exist for clearing infection, such
as adaptive immunity. In our study, we also observed a partial

reduction of virus in the mature brain (mice receiving VSV-
immune cells), likely caused by cells of the innate immune
system, although this effect was not sufficient to prevent disease.

In previous work, we demonstrated that CMV levels in the
brain 1 week following intracranial inoculation of immuno-
competent mice are equivalent to levels in immunocompro-
mised SCID mice (62), supporting the idea that innate immu-
nity alone is insufficient for viral clearance. Within 2 to 3
weeks, immunocompetent mice subsequently mounted effec-
tive adaptive immune responses and cleared infection, whereas
immune-deficient mice did not clear infection. As we demon-
strate, viral clearance in BALB/c mice is expedited through
prior exposure to virus and activation of lymphocytes. Neurons
are also permissive to MCMV infection in the mature brain
(54), and as our data show, adoptive therapy completely
cleared active infection from all cells of the CNS, suggesting an
important role for T cells in control of CMV infection in the
brain. MHC expression in neurons is variable (31, 42, 49),
T-cell-induced viral clearance mechanisms from these cells
may differ from those in other organs.

CMV clearance from brain. Mechanisms of CMV clearance
are organ dependent, and our findings suggest the effector cell
responsible for CMV elimination in the brain differs from that
in other organs, relying to a large degree on functional CD4�

Th1 and not CD8� T cells. Intracellular cytokine staining and
IFN-� secretion in culture independently confirmed the func-
tionality of both CD4� and CD8� T cells against CMV. CD8�

T cells are reported to be the primary antiviral effectors in
BALB/c mice, effective against MCMV in spleen, lung, liver,
and adrenals (19, 50). It is likely that multiple cell types have
the capacity to exert antiviral effects, and it is unknown
whether another functional cell phenotype may exist in the
unsorted splenocyte population that may also contribute to
CMV clearance.

CD4� T cells are necessary for viral clearance primarily in
the salivary gland (23), while transfer of immune CD4� T cells
is not protective against systemic disease (51, 52). However,
animal models completely depleted of CD8� T cells can elim-
inate CMV in acute or chronic infection because of redundant
mechanisms contributed by CD4� T cells and NK cells (22,
23). One possible mechanism for viral clearance in the brain is
through interaction of activated T cells with adjacent microglia
or astrocytes functioning as antigen-presenting cells. Both cell
types are capable of presenting epitopes though class II MHC
presentation to CD4� T cells (10, 12, 17, 45). Additionally, NK
cells secrete IFN-� following CNS infection, which may divert
the immune response to a Th1-type CD4� T-dominated re-
sponse. Infiltrating T cells may then upregulate antigen-pre-
senting cell MHC expression, further stimulating virus elimi-
nation (10).

Lymphocyte activation in our study resulted in demonstrable
expression of IFN-� but not TNF-� or IL-4. It is likely that
noncytolytic immune responses played a crucial role in viral
clearance in the CNS, as CD4� T cells are thought to also
mediate antiviral effects in infected salivary glands by releasing
IFN-� (30). Noncytolytic mechanisms of clearance are re-
ported with several other virus infections of the CNS, such as
dengue virus (59), lymphocytic choriomeningitis virus (61)
measles virus (45), VSV, poliovirus type 1, and herpes simplex
virus type 1 (28). However, it seems unlikely that noncytolytic

FIG. 8. Protection against viral invasion of the CNS. Adoptive re-
constitution with primed or naı̈ve lymphocytes was tested as a means of
preventing dissemination of CMV to the CNS in immunosuppressed
mice. Mice were given either naı̈ve (AT naı̈ve) or CMV-immune (AT
CMV) splenocytes on day zero and inoculated with 4.4 � 105 PFU
CMV intravenously the following day. Brains were harvested at 28 days
following reconstitution, and viral DNA was quantified using real-time
PCR. Both naı̈ve and CMV-primed splenocytes were effective at lim-
iting the spread of virus to the brain. No virus was recovered from
either reconstituted group, compared to 3.2 � 102 PFU/g in the SCID
control group (not graphed). A) Relative fold increase in MCMV
levels in the brain, group means. B) Individual MCMV DNA levels in
mice.*, P � 0.001; n, number of mice per group.
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mechanisms alone can result in viral clearance from the brain.
Naive SCID mice remain competent for NK cell and microglia
cell activity without adoptive transfer of immune cells, and we
show they remain very susceptible to CMV pathology. Addi-
tionally, recombinant IFN-� could not replace the function of
Th1 cells in vivo against CMV and had limited direct antiviral
activity in vitro (33), unlike that seem with other viruses (15).

Reconstituted CMV-immune CD8� T cells were surpris-
ingly ineffective at clearing active CMV infection from brain.
Potential explanations for this may be viral immune evasion
and inefficient lymphocyte priming. CMV can evade MHC
class I host responses by expressing several proteins (HCMV:
US2, US3, US6, US8, US10, US11, and UL18; and MCMV:
gp34, gp40, and gp48) (46). Although these proteins interfere
with MHC class I binding, when they are removed, as from
mutant viruses, CD8� T-cell responses are not significantly
altered (14), suggesting that alternative mechanisms for CD8�

T-cell inhibition likely exist. Priming of nonfunctional CD8� T
cells is also reported, thereby misleading the host defense
response (20). The priming method used in our studies may
have limited the number of epitopes for lymphocyte response
and skewed recognition to IE1 proteins and m164 gene prod-
uct (13, 50), as these are the major immunodominant re-
sponses against live virus infection in healthy hosts. T-cell
responses to these epitopes, however, are very effective at
clearing active infection. Additionally, CD8� T cells primed
against other, masked antigens can effectively protect against
diseases (19, 38), suggesting that selective priming against T-
cell epitopes may enhance the antiviral responses. Irrespective
of which cell type is ultimately responsible for virus clearance
in the brain, CMV latency remains.

CMV DNA was detectable in the brain over a prolonged
period, even after clearance of active infection by reconstituted
immune cells. We were unable to eliminate viral DNA, even
with full immune reconstitution (using unsorted CMV-im-
mune splenocytes) or priming of the immune system in immu-
nocompetent mice, suggesting viral latency. Sites of latency
within the CNS are still unclear, but multiple cells are suscep-
tible to infection (54) and endothelial cells and vascular walls
have been reported to harbor latent CMV (26, 36). Although
adoptive transfer of immune cells clears active CMV from
other peripheral tissues, latency invariably develops and data
indicate that functional T cells cannot prevent latency (60). For
maximal protection against disease, it may be necessary to
provide several components during immunotherapy, as CMV-
immune CD8� T cells successfully reconstituted cellular im-
munity against CMV, but CD4� Th cells were needed for
maintenance of CD8� cell levels (66). This has important
implications regarding the duration of protection offered by
immunotherapy, as reactivation of latent virus may be possible.

Lymphocyte transfer blocks CMV presence in the brain.
Prevention of disseminated CMV disease in immunocompro-
mised mice was accomplished using adoptive reconstitution.
Both sensitized and naı̈ve lymphocytes successfully cleared live
virus and limited systemic dissemination. Although no signifi-
cant differences were seen between group averages of remain-
ing CMV DNA levels within the brain, the overall incidence of
detectable viral DNA in the CNS from SCID mice receiving
cells primed against CMV was small, whereas every mouse
receiving naı̈ve cells was positive for viral DNA in the brain.

We found no evidence of active infection within the brain
parenchyma in the naı̈ve cell group, but endothelial cells are
known to be a major site for MCMV latency (11, 27) and are
susceptible to infection in this model (54). This suggests that,
although naı̈ve cells responded to virus, the longer a viremic
state exists before control by the adaptive immune system, the
greater the possible extent of viral latency. Although we did
not test the overall length of protection offered through adop-
tive transfer of cells, successful immune reconstitution may
permit life-long protection against disease. Rapid viral clear-
ance achieved through the use of CMV-immune lymphocytes
may additionally offer the significant benefit of reduced viral
latency.

In summary, we show rapid and complete clearance of CMV
from the brain following adoptive reconstitution using CMV-
immune T cells. CD4� T cells may play a major role in viral
clearance from the brain, possibility in concert with IFN-�
expression. Activated cells enter the CNS and specifically re-
spond to virus within 3 days of transfer, clearing infection in
about a week and, together with other cells of the adaptive
immune system, offer prolonged protection from reactivation.
Adoptive immune reconstitution is also effective at preventing
entrance from the periphery to the brain, and both naı̈ve and
activated lymphocytes block CMV from getting into the brain.
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