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The potential of neural stem and progenitor cell (NSPC) transplantation in neurodegenerative disease
raises a concern about immunosuppressive agents and opportunistic neurotropic pathogens that may
interfere with engraftment. Cytomegalovirus (CMV) is an important opportunistic pathogen infecting the
central nervous system, where it may remain latent for life, following transplacental transmission.
Cyclosporine (Cs), an immunosuppressive drug used in organ transplantation, where its use is associated
with CMV reactivation, suppressed murine CMV (MCMV) infection in cultured NSPCs but not in
fibroblasts. This activity of Cs appears to be mediated via cyclophilin (CyP) rather than via calcineurin.
First, the calcineurin-specific inhibitor FK506 failed to suppress replication. Second, the CyP-specific
inhibitor NIM811 strongly suppressed replication in NSPC. NSPCs maintained in the presence of NIM811
retained viral genomes for several weeks without detectable viral gene expression or obvious deleterious
effects. The withdrawal of NIM811 reactivated viral replication, suggesting that the inhibitory mechanism
was reversible. Finally, inhibition of endogenous CyP A (CyPA) by small interfering RNA also inhibited
replication in NSPCs. These results show that MCMV replication depends upon cellular CyPA pathways
in NSPCs (in a specific cell type-dependent fashion), that CyPA plays an important role in viral infection
in this cell type, and that inhibition of viral replication via CyP leads to persistence of the viral genome
without cell damage. Further, the calcineurin-signaling pathway conferring immunosuppression in T cells
does not influence viral replication in a detectable fashion.

Neural stem cells (NSC) have self-renewal capacity and an
ability to differentiate into neurons, glia, and oligodendrocytes
(40). Transplantation of neural stem and progenitor cells
(NSPC) is being tested as a treatment for neurodegenerative
disease (31), although a number of challenges remain (17).
Because allogeneic or xenogeneic rejection poses an obstacle
in NPSC transplantation (4), immunosuppression with cyclo-
sporine (Cs) has been commonly incorporated in experimental
models using this approach (4). One consequence of such
therapies is reactivation and amplification of latent opportu-
nistic infectious agents such as cytomegalovirus (CMV), a com-
mon problem associated with allogeneic transplantation. Little
is know about the direct effect of immunosuppressive agents on
pathogens such as CMV that are likely to reactivate during
NSPC transplantation.

Human CMV (HCMV) is an important opportunistic patho-
gen in immunocompromised patients (8) and is an important
neurotropic pathogen when transmitted to the fetus during
pregnancy. Infection accompanies ca. 1% of live births (60),
with a 5 to 10% incidence of central nervous system (CNS)
disease at birth (11) and an additional 10% who do not show
symptoms at birth but develop progressive CNS-related disor-
ders such as hearing loss in the first few years of life (13, 38).

There is a possibility that CMV may remain latent in the CNSs
of newborns who survive congenital infection to become a
problem during NSPC transplantation.

The mechanisms of CNS damage and reasons underlying
differential cellular susceptibility to CMV infection and disease
remain unknown. Since all CMVs exhibit strict species speci-
ficity, HCMV cannot be studied directly in any laboratory
animal. Murine CMV (MCMV) (27, 56) and guinea pig CMV
(45) have both provided insights into general aspects of viral
pathogenesis, as well as specific evidence for the involvement
of the CNS analogous to HCMV. Importantly, NSPC appear
to be susceptible to MCMV infection (22, 26). This evidence
supports a role for NSPC in viral pathogenesis and raises the
possibility that NSC may be a reservoir of viral latency (55) and
further suggests that NSC may contribute to CMV-associated
disease.

The potential presence of CMV in the brain of donor and
recipient brain cells prompted further investigation of the bi-
ology of this virus in mouse NSPC and NSC. We have inves-
tigated the direct impact of the widely used immunological
modulators, Cs and FK506 on MCMV replication in NSPC. Cs
and FK506 have a common target, calcineurin, that mediates
immunosuppression in T cells (44). A Cs/cyclophilin (CyP) and
FK506/FKBP (FK506 binding protein) complex are essential
for the immunosuppression of lymphocyte activation (35)
binding to and inhibiting phosphatase activity necessary for
calcineurin signaling, thereby silencing nuclear factor of acti-
vated T cells (NF-AT) activity (see Fig. 10). Cs and FK506 are
known as calcineurin inhibitors, with variable sensitivity in differ-
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ent cell types (28, 29). CyP was originally discovered as a cellular
factor with high affinity for the immunosuppressant Cs (46). CyP
is a peptidyl prolyl cis/trans isomerase and catalyzes the cis-trans
interconversion of peptide bonds amino terminal to proline res-
idues to facilitate protein folding (52). We show here that Cs and
NIM811 (a CyP inhibitor lacking calcineurin activity) suppressed
replication, whereas FK506 failed to suppress replication in
NPSC, implicating CyP-dependent pathways in CMV infection,
especially in neural progenitor lineage cells.

MATERIALS AND METHODS

Cell culture and differentiation of NSPC. Murine epidermal growth factor
(EGF) (purified from mouse submaxillary glands; Becton Dickinson, Bedford,
MA) and basic fibroblast growth factor (bFGF) (recombinant basic human FGF
purified from Escherichia coli; Sigma, St. Louis, MO)-responsive NSPC were
prepared from the subventricular zone of BALB/c mouse embryos (gestational
day 15) or from 7- or 21-day-old BALB/c mice (SLC, Tokyo, Japan) as described
previously (26). To test the ability of cells that formed neurospheres to regen-
erate, cells from disrupted neurospheres were plated into 96-well-plates. After 7
days in culture, the wells were inspected for the presence or absence of neuro-
spheres as described previously (26). These secondary neurospheres were con-
firmed as NSPC by immunostaining with a rabbit antibody to a neuroepithelial
cell marker anti-nestin, a rat monoclonal antibody (19) specific to mouse
Musashi1, and a rat monoclonal antibody (MAb) specific to CD133 (Chemicon
International). After 20 passages, we used the regenerated a neurosphere called
“secondary neurosphere” for all experiments.

The induction of differentiation of the NSPC was performed as described by
Reynolds and Weiss (41) and analyzed by immunocytochemistry by using rabbit
polyclonal antibody against bovine glial fibrillary acidic protein (Dako), mouse
MAb specific to �-tubulin III (a neuronal marker) (Sigma), and affinity-purified
anti-human Olig2 rabbit immunoglobulin G (IBL). The proportion of each cell
type for glia, neurons, and oligodendrocytes was determined after counting in
three high-power fields under phase-contrast microscopy. Three independent
counts were performed for each marker. Mouse embryonal fibroblasts (MEF)
were prepared by a standard method (26). To check the viability, NSPC and
MEF were stained with 5 �g of propidium iodide (PI)/ml (28) with or without
drugs, and flow cytometry was performed. Cells that displayed a low permeability
to PI after 7 days in culture were considered viable.

Cs, FK506, NIM811, and PSC833. Cs (Sigma) was initially dissolved in etha-
nol, and stock solution was stored at �30°C. FK506 (tacrolimus) was kindly
provided by Fujisawa Comp Japan. The Cs derivatives NIM811 and PSC833 were
generously provided by Novartis Pharma AG, Basel, Switzerland, and were
dissolved in ethanol. Immediately before addition these derivatives were diluted
to the desired concentrations by using Dulbecco modified Eagle medium–F-12
medium.

Virus preparation and infection. Recombinant viruses (RM4503) derived
from the K181� strain of MCMV capable of expressing enhanced green fluo-
rescence protein (GFP) were used in these studies (57). The dissociated NSPC
in suspension or MEF were infected with MCMV at the indicated multiplicities
of infection (MOI), and after removal of the inoculum the cells were cultured in
fresh medium. Cs, FK506, NIM811, or PSC833 were added at this time to
medium using the concentrations indicated in Results. Virus titers were mea-
sured in aliquots of the cells by a plaque assay on MEF monolayers. Other
aliquots of cells were processed for detection of MCMV antigen by immunoflu-
orescence and flow cytometry.

Flow cytometry. For flow cytometry, neurospheres of the CNS stem/progenitor
cells were determined as previously described (26). The cells were reacted in
suspension with MAb N2, specific to the MCMV immediate-early (IE)-89K
antigen (48) and with rabbit antibody specific to CyPA (Upstate Cell Signaling,
Lake Placid, NY). For the secondary labeling, phycoerythrin- or fluorescein
isothiocyanate-conjugated rabbit anti-rat immunoglobulins (Dako) was used for
the detection of the MCMV antigen. Fluorescein isothiocyanate-conjugated
swine anti-rabbit immunoglobulins (Dako) or phycoerythrin-conjugated af-
finity-purified goat anti-rabbit immunoglobulin G (Rockland Immunochemi-
cals, Inc., Gilbertsville, PA) were used for the CyPA antigen. The stained cells
were analyzed by flow cytometry using an EPICS profile analyzer (Coulter,
Miami, FL).

Transfection and reporter assay. Transfection into mouse NSPC was per-
formed by using a Nucleofector electroporator (Amaxa Biosystems, Germany)
according to the manufacturer’s recommended protocol. The reporter assay of

transcriptional factors (NF-AT, NF-�B, and AP-1) and MCMV IE promoter
activity were performed by using the dual-luciferase reporter assay system (Pro-
mega Madison, WI) and the �-galactosidase enzyme assay system (Promega).

RNA interference technique. Small interfering RNA (siRNA) duplexes
(si-CyPA containing 5�-CACCAUUUCCGACUGUGGA-3� overhanging se-
quences, and si-cyclophilin B (CyPB) containing 5�-GGAAAGACUGUUCCA
AAAA-3� overhanging sequences) and siCONTROL were purchased from
Dharmacon (Lafayette, CO). The siRNAs were transfected into mouse NSPC
and a fibroblast cell line (NIH 3T3) by using a Nucleofector electroporator
(Amaxa Biosystems) according to the manufacturer’s recommended protocol. At
48 h after transfection, MCMV (RM4503) was infected at an MOI of 1. The
percentage of IE1-positive cells was checked for NSPC at 7 days postinfection
(dpi) and for NIH 3T3 at 3 dpi by flow cytometry and compared between CyPA
siRNA transfected cells and control cells. At 72 h posttransfection, the CyPA and
CyPB expression levels were examined by Western blotting.

Western blotting. CyPA protein and CyPB protein were detected by using
rabbit antibody specific to CyPA (Upstate Cell Signaling) and CyPB (Affinity
BioReagents). Sample loads were standardized by detecting �-actin with mouse
MAb specific to �-actin (Sigma). YY1 is detected using mouse monoclonal
antibody specific to YY1 (Santa Cruz Biotechnology). The blots were incubated
with biotin-conjugated secondary antibody (Nichirei, Tokyo, Japan) followed by
horseradish peroxidase-conjugated avidin-biotin reaction. Immunoreactive
bands were visualized by using enhanced chemiluminescence substrate (Amer-
sham Pharmacia Biotech).

Reverse transcription-PCR. NSPC were infected with an MOI of 1 PFU/cell.
The cultures were incubated for 30 min prior to infection in the presence or
absence of NIM811 (1 �M). Total RNA was isolated at 3 and 6 h after infection
by using the RNeasy minikit (QIAGEN, Hilden, Germany) according to the
manufacturer’s protocol. RNA samples were treated with RNase-free DNase I
for 15 min at room temperature, and the DNase was inactivated at 65°C for 15
min. The RNA was reverse transcribed by using oligo(dT) primers at 50°C for 50
min, and reactions were terminated by heating at 70°C for 15 min. The reverse-
transcribed products were treated with RNase H for 20 min at 37°C and ampli-
fied by using specific primers. The primers ie1-R (5�-TAC AGG ACA ACA
GAA CGC TC-3�) and ie1/ie3-F (5�-CCT CGA GTC TGG AAC CGA AA-3�)
were used to amplify a 188-bp product within the ie1 gene, primers ie3-R
(5�-TGT GAG GCA GTA GTT ATA CC-3�) and ie1/ie3-F were used to amplify
a 299-bp fragment within the ie3 gene, and primers HPRT-R (5�-AGA TTC
AAC TTG CGC TCA TCT TAG GC-3�) and HPRT-F (5�-TTG GAT AAC
AGG CCA GAA CTT TGT TGG-3�) were used to amplify a 163-bp product
within the hypoxanthine phosphoribosyltransferase (HPRT) cellular gene (1).
PCRs were performed under the following conditions with using Phusion kit
(FINNZYMES, Esopoo, Finland): 1 cycle at 94°C for 30 sec; 30 cycles of 10 s at
94°C, 10 s at the corresponding annealing temperature, and 20 s at 72°C; and 1
cycle at 72°C for 5 min. Annealing temperatures were as follows: 60°C for ie1,
ie3, and HPRT primers. The presence of introns in the viral ie1 and ie3 genes and
the cellular HPRT gene made it possible to distinguish the correct amplified
RNA from contaminant viral or cellular DNA by its size. Control reactions
carried out in the absence of reverse transcriptase were used to assess the specific
detection of RNA. Amplified products were separated on a 2% agarose gel and
visualized by ethidium bromide staining.

Reversal experiments with recombinant CyPA. NSPC infected with recombi-
nant MCMV were cultured in the presence of Cs (0.5 �M) or NIM811 (0.5 �M),
and then 1 to 100 ng of human recombinant CyPA (BioMol, Plymouth Meeting,
PA)/ml was added to the medium. The percentage of IE1-positive NSPC was
examined at 10 dpi by flow cytometry.

RESULTS

Cs inhibition of MCMV replication in NSPC. NSPC were
isolated from the subventricular zone of 21-day-old BALB/c
mice and separated to single cells (Fig. 1A) capable of gener-
ating primary neurospheres (Fig. 1B). Single cells from neu-
rospheres formed secondary neurospheres in a clonal growth
assay. NSPC were positive for nestin (Fig. 1C), Musashi-1 (Fig.
1D), and CD133 (Fig. 1E) but were negative for �-III tubulin
(data not shown) under conditions previously described (41). A
phase-contrast image of NSPC is shown for comparison (Fig.
1F to H). Neurospheres retained the potential to form neurons
(Fig. 1I), astrocytes (Fig. 1J), and oligodendrocytes (Fig. 1K)

9014 KAWASAKI ET AL. J. VIROL.



when induced to differentiate (42). NSPC differentiated into
neurons (Fig. 1L), astrocytes (Fig. 1M), and oligodendrocytes
(Fig. 1N) in the presence of Cs (0.5 �M), indicating that the
drug had little effect on differentiation and did not impact the
proportion of each cell type observed in cultures (data not
shown).

Immediately after isolation and dissociation, NSPC were
infected with MCMV (RM4503) at an of MOI of 1 (deter-

mined on MEF). The infected cells first showed GFP fluores-
cence starting at 3 dpi, which increased by 7 dpi (Fig. 2A).
Infected cells treated with Cs showed colony formation similar
to untreated cells, but fewer GFP-positive cells were observed
by day 7 (Fig. 2B). Immunocytostaining with MAb N2 (19)
specific to IE1 antigen (48) revealed that ca. 10% of cells were

FIG. 1. Isolation and assay of NSPC. (A) Phase-contrast micro-
graph of a single neural stem cell. (B) Phase-contrast micrograph of a
neurosphere after 7 days of proliferation in response to EGF and
bFGF. (C to H) Secondary neurospheres were immunostained with
antibodies specific to the neural stem cell markers such as nestin (C),
Musashi-1 (D), and CD133 (E). Phase-contrast micrograph of each
marker’s neurosphere (nestin [F], Musashi-1 [G], and CD133 [H]). (I
to K) NSPC from neurospheres were dissociated and plated onto glass
coverslips that had been coated with poly-D-lysine and were differen-
tiated into neurons (�-III tubulin) (I), astrocytes (glial fibrillary acidic
protein [GFAP]) (J), and oligodendrocytes (Olig-2) (K). (L to N)
NSPC were dissociated and plated onto glass coverslips that had been
coated with poly-D-lysine and treated with Cs (0.5 �M) and were
differentiated into neurons (L), astrocytes (M), and oligodendrocytes
(N). Bar, 20 �m.

FIG. 2. Suppression of MCMV replication by Cs in NSPC cultures.
(A and B) Phase-contrast micrograph (top) and immunofluorescence
image for GFP (bottom) of NSPC cultures at 7 dpi with MCMV
(RM4503) at an MOI of 1 and left untreated (A) or treated with 0.5
�M Cs (B). (C) Flow cytometric analysis of the percentage of MCMV
IE1 antigen-positive cells in NSPC cultures infected at an MOI of 1
and left untreated (control) or treated with 0.5 �M Cs (**, P � 0.01).
(D) Virus titers determined by plaque assay in NSPC cultures infected
at an MOI of 1 and left untreated (control) or treated with 0.5 �M Cs
(**, P � 0.01). (E) Percentage of IE1-positive cells (7 dpi) in infected
NSPC cultures after different input doses of virus (MOIs of 0.1, 1, or
10) and left untreated (control) or treated with 0.5 �M Cs and assayed
(**, P � 0.01; *, P � 0.05). (F) Percentage of IE1-positive cells (7 dpi)
in NSPC cultures infected at an MOI of 1 and left untreated (control)
or treated with 0.5 �M Cs from mice at embryonic day 15 (E15),
postnatal day 7 (P7), and postnatal day 21 (P21) (**, P � 0.01).
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IE1 positive at day 5, 25% of cells were positive by day 7, and
75% were positive by day 10 postinfection (Fig. 2C), suggesting
a considerable delay in the replication cycle in NSPC that was
not studied further. Infection was specifically blocked by Cs
treatment, as evidenced by the reduced levels of IE1� cells
(Fig. 2C) and the production of infectious virus (Fig. 2D)
during the period from 5 to 10 dpi. The immunosuppressant
significantly (�100-fold) reduced virus titers (Fig. 2D). Un-
treated and Cs-treated NSPC cultures showed the same level
of infectivity 1 day after infection, suggesting that Cs did not
affect virus binding but reduced some subsequent step in rep-
lication. To investigate the effect of input dose on Cs-medi-
ated inhibition, the percentage of IE1-positive cells was
assessed at 7 dpi at an MOI of 0.1, 1, or 10 in the presence
or absence of 0.5 �M Cs. Cs treatment suppressed MCMV
infection at all doses of virus but was most effective at an
MOI of 1 (Fig. 2E). Although NSPC from 21-day-old
BALB/c mice were susceptible, embryonic NSPC isolated at
15 days of gestation or from 7-day-old BALB/c mice showed
a threefold higher susceptibility to infection (Fig. 2F). Rep-
lication in at any of these developmental stages showed a
similar level of inhibition with Cs.

We next evaluated the effect of Cs on MCMV replication
in a commonly used permissive cell type, MEF. MEF
showed the expected �60% GFP� or IE1� cells by 3 dpi
(data not shown), in contrast to �1 week time in NSPC (Fig.
2C). In contrast to NSPC, MCMV infection of MEF was
insensitive to Cs (0.5 �M), with nearly normal levels of
GFP-positive cells, cytopathic effect (Fig. 3A), IE1-antigen-
positive cells (Fig. 3B), or release of progeny virus (Fig. 3C).
Cs inhibited MCMV replication in MEF at higher concen-
trations (�5 �M), but these doses also reduced cell viability,
although MEF growth was not inhibited by treatment with
0.5 �M Cs (data not shown).

Inhibition of MCMV replication independent of cal-
cineurin-mediated immunosuppressive activity but dependent
on CyP inhibition. Cs and FK506 have a common target, cal-
cineurin, that mediates immunosuppression in T cells (44). A
Cs/CyP and FK506/FKBP (FK506 binding protein) complex is
essential for immunosuppression of lymphocyte activation
(35), silencing NF-AT activity through calcineurin inhibition
(28, 29). It was interesting that FK506 did not inhibit MCMV
replication in NSPC when assayed by GFP detection (Fig. 4A).
We investigated the dose dependence of Cs and FK506 inhi-
bition in NSPC (MOI of 1) and observed that Cs inhibited
MCMV in a dose-dependent manner, whereas FK506 had
little effect on IE1 detection (Fig. 4B), even when at 0.5 �M, a
dose in excess of that necessary to suppress lymphocyte acti-
vation (44). Thus, the inhibitory effect of Cs on MCMV repli-
cation seemed to be independent of the calcineurin pathway.
Because Cs binds CyP and inactivates peptidyl prolyl cis/trans
isomerase function (35), we sought out CyP-specific inhibitors.
NIM811 is one such CyP inhibitor that does not inhibit cal-
cineurin-dependent pathways (5) and, as a result, is not immu-
nosuppressive. NIM811 strongly suppressed MCMV replica-
tion (MOI 	 1) at 0.5 �M (Fig. 4A, C, and D). NIM811
treatment reduced the percentage of IE1-positive NSPC in a
dose-dependent manner (Fig. 4C). Plaque assay showed that
this concentration of NIM811 suppressed MCMV more dra-
matically than Cs, reducing virus titers between 2 and 3 orders

of magnitude (Fig. 4D). NIM811 showed ca. 90% inhibition of
MCMV replication at 0.5 �M even when NSPC were infected
at an MOI 10 (data not shown). NIM811 has been known as an
inhibitor of p-glycoprotein, as well as CyPs (59); however,
PSC833, a Cs derivative that is a specific p-glycoprotein inhib-
itor and targets neither CyP- or calcineurin-dependent path-
ways (24), did not affect the level of MCMV IE1 expression
(Fig. 4C) or replication (Fig. 4D). These results indicate that
CyP is involved in MCMV replication. NSPC viability (PI up-
take) and cell growth were not affected by treatment with doses
as high as 1 �M Cs (Fig. 4E), FK506 (Fig. 4F), NIM811 (Fig.
4G), or PSC833 (Fig. 4H).

We confirmed that Cs (Fig. 5A) and FK506 (Fig. 5B) had a
small effect on NF-AT activity in NSPC at concentrations used
to assess an impact on MCMV. As expected, NF-AT was
suppressed by Cs at concentrations as low as 0.1 �M in the
T-lymphocyte cell line EL-4 (Fig. 5C). FK506 also inhibited
NF-AT activity at a concentration as low as 0.01 �M in T
lymphocytes (Fig. 5C). Thus, NF-AT is not critical to MCMV
replication in NSPC.

Cs may affect the activities of AP-1 and NF-�B, known
targets outside the calcineurin/NF-AT pathway (36, 43). Re-
porter assays showed that Cs did not influence AP-1 (Fig. 5D)
or NF-�B (Fig. 5E) signaling pathways in NSPC and that the
activity of the MCMV-IE promoter/enhancer was not sup-
pressed by Cs (Fig. 5F) or NIM811 (Fig. 5G) in NSPC despite
the presence of AP-1 and NF-�B binding sites. Thus, the in-

FIG. 3. (A) MEF were infected with MCMV (RM4503) at an MOI
of 1 and left untreated (control) or treated with Cs at 0.5 or 5 �M.
Photomicrographs showed fluorescent image (green, GFP) and phase-
contrast images. (B) Comparison of time course of IE1 antigen-posi-
tive cells in MEF left untreated (control) or treated with Cs at 0.5 or
5 �M. (C) Virus titers in infected MEF cultures left untreated (con-
trol) or treated with Cs at 0.5 �M, analyzed by plaque assay.
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hibition of viral replication by Cs or NIM811 appears to be
independent of viral IE gene expression.

NIM811 inhibits ie1/ie3 mRNA expression in NSPC. We
found that NIM811 inhibited ie1/ie3 mRNA expression at 3 h
postinfection (hpi) and 6 hpi, a time point during the IE/early
phase of the infection cycle before the onset of viral DNA
replication (23). The NSPC were incubated for 30 min prior to
infection in the presence or absence of NIM811 (1 �M) and
then were infected with MCMV at an MOI of 1. Total RNA
was isolated at 3 and 6 hpi from each culture. The RNA was
reverse transcribed, and semiquantitative reverse transcrip-
tion-PCR was performed with primers for ie1 and ie3 tran-
scripts. HPRT was used as a standard control. We could not
detect the significant difference between NIM811 treated and
untreated cultures at 3 hpi, but at 6 hpi the ie1/ie3 transcripts
levels were significantly inhibited in NIM811-treated NSPC
(Fig. 6).

Viral persistence in NIM811-treated NSPC cultures. NSPC
cultures were infected with MCMV at an MOI of 1 in the
presence of Cs (0.5 �M), and cells were washed and trans-

ferred to Cs-free medium at 7 dpi. The numbers of MCMV
IE1-positive cells significantly increased after the removal of
Cs compared to cells kept in Cs-containing medium (Fig. 7A),
demonstrating that the inhibition of viral replication by Cs was
reversible. To determine whether the persistence of the viral
genome in the presence of Cs was CyP dependent and cal-
cineurin independent, NSPC were infected with MCMV at an
MOI of 0.1 in the presence of NIM811 (1 �M). At 2 weeks
postinfection, virus-derived GFP expression was rarely ob-
served with NIM811 (Fig. 7B), and the percentage of IE1-
positive cells remained low (Fig. 7D). NSPC infected with
MCMV and maintained in the presence of NIM811 were di-
vided into an NIM811-treated culture and a NIM811-free cul-
ture at 2-week intervals. GFP-positive cells were rarely ob-
served in NIM811-treated cultures monitored for 6 weeks (Fig.
7B). GFP-positive and IE-1 positive cells appeared in most
cells within 2 weeks when NIM811 was removed from the
culture. Levels rose from 59% at 2 weeks to 70% at 4 weeks
and dropped to 38% at 6 weeks and 26% at 8 weeks (Fig. 7C
and D to G). Evidence of infection was not detectable at 10

FIG. 4. The inhibitory effect of Cs on MCMV replication is independent of calcineurin function and dependent on CyP. (A) Phase-contrast
micrographs (top) and GFP fluorescence (bottom) analyses of MCMV infection at 7 dpi in control cells and in the presence of 0.5 �M FK506,
NIM811, and PSC833, as indicated. (B) Comparison of the percentage of MCMV IE1-antigen positive cells (7 dpi) in untreated NSPC cultures
and in cultures maintained in Cs or FK506, with inhibitors at 0.1, 0.5, or 1.0 �M as determined by flow cytometry. (C) Comparison of the
percentage of MCMV IE1-antigen positive cells at 7 dpi in untreated NSPC cultures and in cultures maintained in NIM811 or PSC833, with
inhibitors at 0.1, 0.5, or 1.0 �M as determined by flow cytometry. (D) Comparison of virus titers in control and infected NSPC cultures treated
with FK506, PSC833, or NIM811 (0.5 �M) until 7 dpi (**, P � 0.01). (E to H) Viability of NSPC treated with increasing doses of Cs (E), FK506
(F), NIM811 (G), or PSC833 (H) for 7 days, as determined by cell count and PI uptake (104 cells/ml).
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weeks. Cells were able to yield infectious virus up to 8 weeks in
culture, after which time infected NSPC cultures failed to
proliferate virus.

Role of CyPA in MCMV infection in NSPC. Cyclophilin A
(CypA) and CyPB are the most abundant subtypes of CyP (58).
We assessed the importance of these in CMV replication by
using siRNA to inhibit endogenous CyPA and CyPB com-
pared to control �-actin (Fig. 8A). Knockdown of CyPA in
NSPC was associated with a 50% inhibition of MCMV
yields, whereas knockdown of CyPB had no effect (Fig. 8B),
even though this siRNA blocked CyPB expression effec-

tively. As expected from the use of inhibitors, knockdown of
endogenous CyPA (Fig. 8C) had no effect on MCMV rep-
lication in fibroblasts (Fig. 8D).

Five days after infection (MOI 	 1), staining of MCMV-IE1
antigen and CyPA was investigated by flow cytometry, where
nearly 39% of the cells were CyPA positive, 21% of the cells
were IE1 positive, and nearly 15% of the cells double stained
for both (Fig. 9A). Thus, 70% of IE1-positive cells also exhib-
ited elevated CyPA, suggesting that these cells provided better
support for MCMV gene expression.

CyPA is known as a proinflammatory cytokine that is up-
regulated and secreted into plasma after inflammatory stimu-
lation (20, 47). We investigated whether MCMV infection
would upregulate endogenous CyPA in NSPC. Western blot-
ting analysis showed that CyPA was upregulated in NSPC
infected with high MOI at 3 dpi (Fig. 9B). We also investigated
the ability of exogenous CyPA to reverse the inhibition of
MCMV by Cs and NIM811. Human recombinant CyPA was
added to infected NSPC (MOI 	 1) in the presence of Cs or
NIM811 (0.5 �M). Given that IE1 expression correlated with
productive infection (Fig. 2C and D), the proportion of IE1-
positive cells were measured by flow cytometry. CyPA (at 100
ng/ml) was found to reverse the inhibition of MCMV by Cs
(Fig. 9C) or NIM811 (Fig. 9E). Furthermore, the addition of
CyPA to infected NSPC cultures reversed Cs-mediated inhibi-
tion at starting concentrations as low as 1 ng/ml (Fig. 9D).
CyPA reversed NIM811-mediated inhibition of MCMV in a
dose-dependent manner (Fig. 9F).

To examine the differential inhibitory effect of Cs on in-
fected MEF and NSPC, we compared the expression levels of
CyPA by Western blotting. Because of the difference in cell
size and the nuclear/cytoplasmic ratio between NSPC and
MEF, as well as differences in host proteins such as �-actin that
might be used as a control, we compared the expression level
of CyPA in similar numbers of cells. The blot showed that the
level of CyPA was significantly higher in MEF than in NSPC
when similar numbers of cells were analyzed (Fig. 9G), sug-
gesting that one reason that inhibitors were inactive in MEF
was the level of expression. In contrast to CyPA, the level of
YY1 (an inhibitor of CMV replication) is higher in NSPC than

FIG. 5. Reporter cell assay analysis. (A to E) NSPC and EL-4 cells
were transfected with pNF-AT-luc (A, B, and C) or pAP-1-luc (D),
NF-�B-luc (E), or pRL-TK reporter plasmid as a control, followed by
treatment with different doses of Cs (A, C, D, and E) and FK506 (B
and C). At 24 h after transfection, the luciferase activities of whole
lysates were measured. (F and G) NSPC were transfected with MCMV
IE-promoter-�-Gal, followed by treatment with different doses of Cs
(F) and NIM811 (G). At 24 h after transfection, the �-Gal activities of
whole lysates were measured. All of the data represent the means of
the relative luciferase and �-galactosidase activities in three indepen-
dent experiments.

FIG. 6. Detection of viral transcripts after infection with NIM811.
NSPC were infected at an MOI of 1 PFU per cell with MCMV in the
presence or absence of NIM811 (1 �M). Whole-cell RNA was har-
vested at 3 hpi, treated with DNase at 6 hpi, and reverse transcribed
with oligo(dT). PCRs were performed with primer sets specific for ie1,
ie3, and HPRT as described in Materials and Methods. Amplified
products were separated on 2% agarose gels and visualized by
ethidium bromide staining. NIM811 (1 �M) inhibited ie1/ie3 mRNA
expression at 6 hpi in NSPC.

9018 KAWASAKI ET AL. J. VIROL.



in MEF (Fig. 9G), a finding consistent with evidence that YY1 is
higher in less differentiated cells and is downregulated during
differentiation as cells become more permissive to virus (32).
Thus, the induction of CyPA, as well as other differences, may
underlie the sensitivity of infected cells to CyPA inhibitors.

DISCUSSION

Cs and the CyP-specific inhibitor NIM811 reduce MCMV
replication by reducing the level of viral gene expression in
NSPC. Although Cs is a potent immunosuppressor acting

FIG. 7. MCMV persistent infection in the presence of Cs or NIM811 and reactivation after the removal. (A) NSPC were cultured in the
presence of Cs (0.5 �M) for 7 days, when cultures were washed, split, and cultured in the presence or absence of Cs for analysis of MCMV IE1
antigen-positive cells. The arrow indicates the day when Cs was removed from cultures. (B and C) GFP fluorescence micrographs and phase-
contrast micrographs of NSPC. NSPC were infected with MCMV (RM4503) at an MOI of 0.1 and cultured for 2, 4, or 6 weeks, when the cells
were divided into cultures without or with NIM811 (1.0 �M) and cultured for an additional 2 weeks as indicated below the panels. (B and C)
Continual NIM811-treated NSPC (B) and NIM811-released NSPC (C). Phase-contrast micrographs (top) and GFP fluorescence micrographs
(bottom) are shown. (D to G) Comparison of the percentage of IE1-positive cells in cultures infected with MCMV (RM4503) at an MOI of 0.1
and treated with NIM811 (1 �M). Cultures were released from suppression by NIM811 every 2 weeks up to 8 weeks postinfection (2 weeks of
culture [D], 4 weeks of culture [E], 6 weeks of culture [F], and 8 weeks of culture [G]). The data are expressed as 
 the standard deviation of at
least three independent experiments (**, P � 0.01).
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through the calcineurin pathway (15), the anti-MCMV effects
described here are dependent on inhibition of CyP by this
drug. This was confirmed showing that FK506 (another cal-
cineurin inhibitor) did not inhibit MCMV replication in NSPC
as well as by the ability of NIM811 (CyP inhibitor and p-
glycoprotein inhibitor) or siRNA targeted at CyPA to inhibit
viral replication, as well as by showing that inhibition was
reversed by supplementing CyP and that PSC833 (p-glycopro-
tein inhibitor) failed have any effect. Infection of NSPC with
MCMV could be suppressed and was reversed upon removal
of drug up to 8 weeks in the presence of 1 �M NIM811. CyP,
in particular appears to play a crucial role in the process of
MCMV replication in NSPC, and this may contribute to the
behavior of this and related viruses in the host. Any of the
many cellular processes that rely on CyP could be involved.
CyP has peptidyl-prolyl cis-trans isomerase activity that cata-
lyzes conformational changes, assisting primary protein fold-
ing, and accelerating the rate of polypeptide refolding (14, 52)
associated with secretion (12), mitochondrial physiology and
cell death suppression (37), RNA splicing (19), and histone
deacetylation (2).

We compared the role of CyPA and CyPB, two of many
family members, to show that Cs or NIM811 was inhibiting
replication via CyPA but not CyPB. Infected cells have higher
levels of CyPA, suggesting an important role in CMV replica-
tion in fibroblasts, as well as NSPC. CyP family members con-
trol the replication efficiency of human immunodeficiency virus
(HIV) (34), vaccinia virus (10), vesicular stomatitis virus (6),
and hepatitis C virus (59). CyPA was reported to bind HIV-1
Gag polyprotein in a Cs-sensitive complex (34). CyPB interacts
with the HCV RNA polymerase NS5B to directly stimulate its
RNA-binding activity (59). Our report is the first to implicate
CyPA in herpesvirus replication, but it has not identified any
unique target of this protein.

Although the precise mechanism by which Cs and NIM811
inhibit MCMV replication is not yet clear, our results suggest
a postentry block that reduces or blocks viral gene expression,
although whether this is focused at the IE, early, or late phases
is not known. Inhibition of major immediate-early promoter
(MIEP), which controls the transcription of the critical ie1/ie3
transcription unit, would reduce or prevent MCMV productive
infection (1). Cs did not block MIEP transcription in transient

assays (49) that were sensitive to the activation of transcription
factors AP-1 or NF-�B. In addition, ie1/ie3 mRNA expression
was significantly inhibited by NIM811 when added at 6 hpi,
which is a time when the histone deacetylase (HDAC) effect is
maximal (54). These results suggest an impact on CyP-depen-
dent events as broad as virus trafficking, chromatin remodeling,
and the regulatory activity of virus proteins at the pretranscrip-
tion level (Fig. 10). If viral trafficking is the central mechanism
of anti-MCMV effect of NIM811, the ie1/ie3 transcripts level
must have had a great difference between control culture and
NIM811-treated culture at 3 hpi. In our experiment, the levels
of ie1/ie3 transcripts were almost the same at 3 hpi. At this
time, transcription is influenced by chromatin modification
even though there is no evidence that the viral genome itself
has a chromatin structure. Nevertheless, viral genomes may be
silenced by HDAC under control of IE3 (53). It has been
demonstrated that CyPA specifically interacts with SIN3-Rpd3
HDAC in vitro, suggesting that CyPA affects gene expression
by physically interacting with HDAC (2). Lu et al. reported
that CyPA has a function of protecting the paternal allele of
Peg3 from DNA methylation and inactive histone modifica-
tions. Stable knockdown of CyPA led to the silencing of Peg3
expression in p19 embryonic carcinoma cells through interact-
ing with HDAC and methyltransferase (33). CyPA may play an
important role in regulation of MIEP chromatin modification
through interacting with HDACs and methyltransferases dur-
ing CMV infection. Investigation of protein(s) that may inter-
act with CyPA is now in progress.

This study is the first to report the inhibitory effect of non-
toxic doses of Cs on CMV. The immunosuppressive conse-
quences of Cs on CMV in the host have been intensively
studied. Although Cs might inhibit CMV proliferation in vivo,
immunosuppression caused by Cs may outweigh the anti-CMV
effect of Cs. Our work confirmed a previous report (18) that
MCMV-infected MEF are resistant to Cs, which may result
from higher expression of CyPA in MEF than in NSPC. This
mechanism is similar to that reported by Gatanaga et al. (16).
showing that the amount of CyPA in different cell types is a
determinant of the HIV-1 replication level. The anti-CMV
effect of Cs or NIM811 may also be dependent on other NSPC
characteristics. Although these are stem/progenitor cells, their
susceptibility to CMV appears to be greater than hematopoi-

FIG. 8. Function of CyPA in MCMV infection in NSPC. (A) The expression and knockdown of CyPA and CyPB by each specific siRNA and
si-control were confirmed by immunoblot analysis in total cell lysate of NSPC. �-Actin was detected as an internal control by immunoblot analysis.
(B) Inhibition of endogenous CyPA inhibits MCMV infection in NSPC significantly at 7 dpi (MOI 	 1) (n 	 9; **; P � 0.001). (C) Expression
and knockdown of CyPA by each specific siRNA and si-control were confirmed by immunoblot analysis in total cell lysates of NIH 3T3 cells.
�-Actin was detected as an internal control by immunoblot analysis. (D) Inhibition of endogenous CyPA did not inhibit MCMV IE1 expression
in NIH 3T3 cells at 3 dpi (MOI 	 1) (n 	 3).
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etic stem cells. In terms of susceptibility of CMV, NSPC may
be classified as an intermediate cell type between nonpermis-
sive cells (e.g., embryonic stem cells or hematopoietic stem
cells) and permissive cells (e.g., MEF). The levels of YY1 (Fig.
9G) and HDAC2 (data not shown) may contribute to the
pattern of susceptibility by many mechanisms, including silenc-
ing (2), as well as chromatin modification.

Transplantation of the NSPC has been proposed as a treat-
ment for neurodegenerative disorders (31). This approach will
likely encounter the allogeneic and xenogeneic rejection re-
sponse (4), which is highly inflammatory (7, 30). Although the
brain is an immunologically privileged site, inflammation up-
regulates CyPA (20) and may drive CMV reactivation from
latency and replication (51). Neural stem transplantation may
upregulate CyPA and lead to CMV-related disease. The fact

that CMV replication enhances endogenous CyPA expression
further reinforces the likelihood of increased inflammation
(61).

In addition to being an immunosuppressant, Cs provides a
neuroprotection (50) that may be shared with nonimmunosup-
pressive immunophilin ligands such as NIM811 (21). Castilho
et al. reported that Cs enhances survival of grafted rat embry-
onic dopamine neurons (9). The administration of Cs or CyP
inhibitors may facilitate NSPC survival, as well as block the
replication of opportunistic viruses such as HCMV. Thus, the
immunosuppressive characteristics of Cs may be expected to
predispose to CMV disease such encephalitis (39), while CyP
inhibitor-mediated effects of this drug may provide some level
of antiviral activity in a tissue-specific fashion, especially in the
CNS. Although most CMV encephalitis is related to HIV in-

FIG. 9. (A) Two-color flow cytometry of MCMV IE1 antigen and CyPA (5 dpi). (B) Upregulation of CyPA by CMV infection in NSPC (3 dpi).
The expression of CyPA and IE1 of MCMV was confirmed by immunoblot analysis. �-Actin was detected as an internal control. (C to F) Reversal
of MCMV inhibition with Cs and NIM811 by adding recombinant CyPA in medium. (C) NSPC infected with MCMV (RM4503) at an MOI of
1 were cultured in the presence of Cs alone or together with human recombinant CyPA. Comparison of the percentage of IE1-positive cells in
control untreated (left) and Cs-treated (0.5 �M) cultures in the absence (middle) or presence of CyPA (100 ng/ml) (right), as assessed by flow
cytometry. (E) Comparison of the percentage of IE1-positive cells in control, untreated (left) and NIM811-treated (0.5 �M) cultures in the absence
(middle) or presence of CyPA (100 ng/ml) (right), as assessed by flow cytometry. (D) CyPA (1, 10, or 100 ng/ml) reversed the suppression of
MCMV infection by Cs (0.5 �M) examined by flow cytometry. (F) CyPA (1, 10, or 100 ng/ml) reversed the suppression of MCMV infection by
NIM811 (0.5 �M) examined by flow cytometry. (G) Comparison of CyPA and YY1 expression between MEF and NSPC. Each total cell lysate of
a similar number of cells (104) from MEF and NSPC was compared and detected by blotting with antibody to CyPA and YY1.
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fection and AIDS, a small proportion is related to solid organ
transplantation, where Cs is commonly used (3, 25). Our work
suggests that Cs inhibition of viral replication and the control
of the CyP level may help prevent CMV reactivation and
replication in the future neural stem cell transplantation.
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