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organ-specific autoimmune diseases [33, 34]. However, I[FN-y
has recently been shown to be a down-regulatory cytokine, as
evidenced by exacerbated myocarditis in IFN-y receptor
knockout (KO), IFN-y KO, and T-bet KO mice [35-37]. On
the other hand, Th17 cells have been implicated in the patho-
genesis of various types of autoimmune diseases (reviewed in
[38]); however, the genetic ablation of IL-17 had no significant
impact on the incidence or severity of myocarditis [39]. These
gene-ablated mice provided us with much important informa-
tion, and we could not exclude the possibility that the inhibitory
effect of pitavastatin on the IFN-y production may weaken the
immunosuppressive effect of pitavastatin. However, studies
from gene ablation mice do not necessarily match the results
of the real world. We have previously reported that the sup-
pressor of cytokine signaling 1 (SOCS1) DNA administration
ameliorated EAM, and SOCS1 DNA therapy suppressed both
Th1 and Th17 cytokines from CD4" T cells [10]. Ohshima et
al. also reported that systemic transplantation of allogenic fetal
membrane-derived mesenchymal stem cells suppresses both
Th1 and Th17 T-cell responses in EAM [40]. The question of
the relative roles of Thl cells versus Th17 cells on EAM is
unresolved [39, 41], and autoimmune diseases have so far been
considered to be associated with both Thl and Th17 cells
[39, 42]. Statins can inhibit both Th1 and Th17 responses and
may be a useful therapy for autoimmune diseases in the clinical
setting.

As shown in Fig. 2a, a larger amount of pitavastatin was
needed to inhibit STAT3 phosphorylation than was needed
to inhibit STAT4 phosphorylation. Kagami et al. showed
similar results that simvastatin inhibited the differentiation
of Th17 cells at the concentrations that did not inhibit the
differentiation of Th1 cells [43]. These findings suggest that
statins can more easily affect the Th17 differentiation than
affect the Thi differentiation.

Several studies have shown that statins can modulate the
inflammatory milieu by altering chemokines and chemokine
receptors, eventually inhibiting the leukocyte migration
[44, 45]. We evaluated the chemokine concentrations in
the heart and found decreased levels of chemokines, includ-
ing CCL2, CCL3, CCLS5, CCL17, CCL20 and CXCLI10
(Fig. 1¢). We could not evaluate whether these decreases
were direct effects of pitavastatin or not in our system, and
this may have contributed to the beneficial effects of
pitavastatin in EAM.

There are several reports of the effects of statins on induc-
ing Tregs in humans. Atorvastatin treatment of human
PBMC:s in vitro led to an induction of the transcription factor
Foxp3, accompanied by an increase in the number of Tregs
[46]. Simvastatin and pravastatin treatment in hyperlipidemic
patients increased the number of Tregs in PBMCs [46]. Tang
et al. showed that atorvastatin promoted the generation of
Tregs from primary T cells of rheumatoid arthritis patients
[47]. On the other hand, there are some conflicting data on the

Treg induction by statins in mice. Consistent with our data
(Fig. 2d), Mausner-Fainberg et al. did not find a statin-induced
conversion of murine CD4 CD25 Foxp3™ to Treg cells [46].
Mira et al. also demonstrated that no changes were noted in
the Treg cell numbers in the spleen or draining lymph nodes of
lovastatin-treated mice [48]. However, it has been reported
that simvastatin increases the Treg differentiation in vitro [43,
491. Thus, the question of the effect of statins on Tregs in mice
is unresolved. It can be assumed that in murine models, the
anti-inflammatory effects of pitavastatin are probably evident
by inhibiting the Thl and Th17 response rather than by the
expansion of Tregs. Further studies are needed to elucidate the
effect on the Treg induction in mice.

As a result of the HMG-CoA reductase inhibition, statins
also inhibit the synthesis of downstream isoprenoids
farnesyl-PP and geranylgeranyl-PP (Fig. 4a). The process
of the isoprenylation of Ras/Rho family proteins is required
for G protein activity. At least some of the pleiotropic
benefits of statins that are independent of the cholesterol
lowering effect are thought to involve interference with the
normal synthesis of isoprenoids, thereby impairing the
Ras/Rho G protein function (reviewed in ref. [50]). Dunn
et al. showed that atorvastatin suppressed Thl differentia-
tion and caused a Th2 bias by inhibiting Ras famesylation
and RhoA geranylgeranylation [51]. Ras-ERK and RhoA-
p38 signaling pathways are important in determination of
Th1/Th2 fate [52—54]. In accordance with this evidence, our
data have demonstrated that both inhibitors of farnesylation
and geranylgeranylation prevented the Thl differentiation
(Fig. 4b and ¢). On the other hand, the Th17 differentiation
was inhibited only by a farnesylation inhibitor (Fig. 4b and ¢).
Recently, Rheb which belongs to the Ras family of G proteins
[55] and downstream mammalian target of rapamycin
(mTOR) signaling in T cells was shown to be necessary for
Th1 and Th17 responses and the development of autoimmune
disease [56]. Rheb-deficient T cells failed to differentiate into
Thl and Th17 cells, and mice with T cell-specific deletion of
Rheb were resistant to the development of EAE [56].
Farmesylation of Rheb is necessary for its intracellular traf-
ficking and subcellular localization to the plasma membrane
and subsequent activation of the mTOR pathway [S7]. Some
in vitro studies have demonstrated an inhibitory effect of statin
treatment on the farnesylation and membrane-association
of Rheb [58, 59]. From our ongoing study, we have
found that pitavastatin inhibited Rheb-mTOR signaling in a
farnesylation-dependent manner (unpublished data). Collec-
tively, these results suggest that pitavastatin prevents Thl and
Th17 differentiation by inhibiting the biosynthesis of farnesyl-
PP, leading to reduced farnesylated Rheb and reduced down-
stream mTOR activity. Our data have demonstrated that both
FTI-277 and GGTI-298 inhibited the Thl differentiation, but
Th17 differentiation was inhibited only by FTI-277 (Fig. 4).
These results may have indicated that Th17 differentiation
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is mainly regulated by farnesylated Rheb-mTOR signaling in
our system, though Th1 differentiation is regulated not simply
by farnesylated Rheb but also by other geranylgeranylated
proteins. Further studies are needed to evaluate the
mechanism.

In the present study, we have shown that both FT1-277 and
GGTI-298 inhibited the Thi differentiation, but the Th17 dif-
ferentiation was inhibited mainly by FTI-277 (Fig. 4band ¢). In
contrast to our data, Kagami et al. reported that the inhibition of
protein geranylgeranylation but not farnesylation is involved in
the decreased differentiation of Th17 cells with simvastatin
treatment [43]. There were some differences between their
experiments and ours. They used a low-dose (5 uM) of FTI-
277 and GGTI-298 in their experiments, whereas we used a
relatively high amount of those reagents (20 uM). Therefore,
we also checked the effects of low-dose FTI-277 and GGTI-
298 on the Th differentiation and did not find any apparent
effects on the Th differentiation (data not shown). Next, they
used CD4"CD25™ T cells for the Th skewing experiments,
whereas we used CD4"CD62L" T cells. CD25 (IL-2 receptor
o chain) has been used as a marker for Tregs as well as
activated T cells [60]. On the other hand, CD62L (L-selectin)
is an important T-cell homing receptor as well as a marker for
T-cell development. Naive T cells are CD62L", and CD62L
acts as a “homing receptor” for lymphocytes to enter secondary
Iymphoid tissues via high endothelial venules [61]. This differ-
ence may have influenced the results. .

In conclusion, we have shown that pitavastatin inhibits
CD4" T-cell proliferation and Th1/Th17 responses and amelio-
rates myocarditis in mice. Because oral statin administration is
well tolerated, this treatment is a promising approach for the
treatment of Th1- and Thl7-mediated autoimmune diseases.
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Abstract In this study, we examined the dynamics of
cellular immune responses in the acute phase of dengue
virus (DENV) infection in a marmoset model. Here, we
found that DENV infection in marmosets greatly induced
responses of CD4/CDS8 central memory T and NKT cells.
Interestingly, the strength of the immune response was
greater in animals infected with a dengue fever strain than
in those infected with a dengue hemorrhagic fever strain of
DENV. In contrast, when animals were re-challenged with
the same DENV strain used for primary infection, the
neutralizing antibody induced appeared to play a critical
role in sterilizing inhibition against viral replication,
resulting in strong but delayed responses of CD4/CDS8
central memory T and NKT cells. The results in this study
may help to better understand the dynamics of cellular and
humoral immune responses in the control of DENV
infection.
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Introduction

Dengue virus (DENV) causes the most prevalent arthro-
pod-borne viral infections in the world [29]. Infection with
one of the four serotypes of DENV can lead to dengue
fever (DF) and sometimes to fatal dengue hemorrhagic
fever (DHF) or dengue shock syndrome (DSS) [12]. The
serious diseases are more likely to develop after secondary
infection with a serotype of DENV that is different from
that of the primary infection. Infection with DENV induces
a high-titered neutralizing antibody response that can pro-
vide long-term immunity to the homologous DENV sero-
type, while the effect of the antibody on the heterologous
serotypes is transient [22]. On the other hand, enhanced
pathogenicity after secondary DENV infection appears to
be explained by antibody-dependent enhancement (ADE).
Mouse and monkey experiments have shown that sub-
neutralizing levels of DENV-specific antibodies actually
enhance infection [, 6, 11]. Thus, the development of an
effective tetravalent dengue vaccine is considered to be an
important public-health priority. Recently, several DENV
vaccine candidates have undergone clinical trials, and most
of them target the induction of neutralizing antibodies [20].

T. Omatsu - T. Takasaki - 1. Kurane
Department of Virology I, National Institute of Infectious
Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan

Y. Katakai
Corporation for Production and Research of Laboratory
Primates, 1-1 Hachimandai, Tsukuba, Ibaraki 305-0843, Japan

S. Nakamura

Research Center for Animal Life Science,

Shiga University of Medical Science, Seta Tsukinowa-cho,
Otsu, Shiga 520-2192, Japan

@ Springer

— 137 —



1210

T. Yoshida et al.

Research of the long-term immune response in humans
has provided several interesting parallels to the data. It was
reported that complete cross-protective immunity from
heterologous challenge was induced in individuals
1-2 months after a primary DENV infection, with partial
immunity present up to 9 months, resulting in a milder
disease of shorter duration on reinfection, and that com-
plete serotype-specific immunity against symptomatic
dengue was observed up to 18 months postinfection [30].
Guzman and Sierra have previously recorded the long-term
presence of both DENV-specific antibodies and T cells up
to 20 years after natural infections [10, 31]. Of note,
increased T cell activation is reportedly associated with
severe dengue disease [7, 8]. Thus, the balance between
humoral and cellular immunity may be important in the
control of dengue diseases.

However, the details regarding the implication of
humoral and cellular immunity in controlling DENV
infection remain to be elucidated. Previously, passive
transfer of either monoclonal or polyclonal antibodies was
shown to protect against homologous DENV challenge [13,
15, 16]). It was also reported that neutralizing antibodies
played a greater role than cytotoxic T lymphocyte (CTL)
responses in heterologous protection against secondary
DENV infection in vivo in IFN-o/fR™~ and IFNyR™/~
mouse models [18]. Moreover, CD4™" T cell depletion did
not affect the DENV-specific IgG or IgM Ab titers or their
neutralizing activity in the IFNyR_/_ mouse model [36].
On the other hand, there are several reports showing that
cellular immunity rather than humoral immunity plays an
important role in the clearance of DENV. For example, in
adoptive transfer experiments, although -cross-reactive
DENV-1-specific CD8" T cells did not mediate protection
against a lethal DENV-2 infection, adoptive transfer of
CD4t T cells alone mediated protection and delayed
mortality in IFN-o/BR ™"~ and IFNYR™~ mouse models
39]. It has also been demonstrated that CD8' T lympho-
cytes have a direct role in protection against DENV chal-
lenge in the IFN-0/BR '~ mouse model of DENV infection
by depleting CD8" T cells [35]. In addition, previous data
from adoptive-transfer experiments in BALB/c mice
showed that cross-reactive memory CD8' T cells were
preferentially activated by the secondary DENV infection,
resulting in augmented IFN-y and tumor necrosis factor-o
(TNF-o) responses, and this effect was serotype-dependent
[2, 3]. Although it has previously been suggested that
inducing neutralizing antibodies against DENV may play
an important role in controlling DENV infection, CTLs are
also proposed to contribute to clearance during primary
DENV infection and to pathogenesis during secondary
heterologous infection in the BALB/c mouse model [4].

Why did the mouse models of DENV infection show
inconsistent results in vivo? One of the reasons could be

) Springer

that these results were obtained mainly from genetically
manipulated mice such as IFN-o/BR™~ and IFNyR™/~
mice. Moreover, these mice were inoculated with 10°-10'°
genome equivalents (GE) of DENV [27, 35, 36], which
were likely in large excess compared with the 10*-10° GE
of DENV injected into humans by a mosquito [19]. In
addition, the efficiency of DENV replication in wild mice
in vivo is very low compared to that in humans [35].

Recently, novel non-human primate models of DENV
infection using rhesus macaques as well as marmosets and
tamarins have been developed [24~26, 38]. An intravenous
challenge of rhesus macaques with a high dose of virus
inoculum (1 x 107 GE) of DENV-2 resulted in readily
visible hemorrhaging, which is one of the cardinal symp-
toms of human DHF [26]. It was also shown that the cel-
lular immune response was activated due to expression of
IFN-y, TNF-0,, and macrophage inflammatory protein-1 f
in CD4*" and CD8" T cells during primary DENV infec-
tion in rhesus macaques [20]. On the other hand, in the
marmoset model of DENV infection, we observed high
levels of viremia (10°-10" GE/ml) after subcutaneous
inoculation with 10°-10° plaque-forming units (PFU) of
DENV-2. Moreover, we demonstrated that DENV-specific
IgM and IgG were consistently detected and that the
DENV-2 genome was not detected in any of these mar-
mosets inoculated with the same DENV-2 strain used in the
primary infection [24]. It is notable that while neutralizing
antibody titers were at levels of 1:20-1:80 before the re-
challenge inoculation, the titers increased up to 1:160-
1:640 after the re-challenge inoculation [24]. These results
suggested that the secondary infection with DENV-2
induced a protective humoral immunity to DENV-2 and
that DENV-infected marmoset models may be useful in
order to analyze the relationship between DENYV replica-
tion and the dynamics of adaptive immune responses
in vivo.

Taking these findings into consideration, we investi-
gated the dynamics of cellular immunity in response to
primary and secondary DENV infection in the marmoset
model.

Materials and methods
Animals

All animal studies were conducted in accordance with
protocols of experimental procedures that were approved
by the Animal Welfare and Animal Care Committee of the
National Institute of Infectious Diseases, Japan, and the
National Institute of Biomedical Innovation, Japan. A total
of six male marmosets, weighing 258-512 g, were used.
Common marmosets were purchased from Clea Japan Inc.
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(Tokyo, Japan) and caged singly at 27 £2°C in
50 + 10 % humidity with a 12-h light-dark cycle (lighting
from 7:00 to 19:00) at Tsukuba Primate Research Center,
National Institute of Biomedical Innovation, Tsukuba,
Japan. Animals were fed twice a day with a standard
marmoset diet (CMS-1M, CLEA Japan) supplemented
with fruit, eggs and milk. Water was given ad libitum. The
animals were in healthy condition and confirmed to be
negative for anti-dengue-virus antibodies before inocula-
tion with dengue virus [24].

Cells

Cell culture was performed as described previously [24].
Vero cells were cultured in minimum essential medium
(MEM, Sigma) with 10 % heat-inactivated fetal bovine

SSC
CD3

)

WAK 10K 38K 28K

FSC

8w

CD62L

CD16

CD3

Fig. 1 Flow cytometric analysis of naive, central/effector memory
T cells and NK/NKT cells in marmosets. (a) Gating strategy to
indentify CD4 and CD8 T, NK and NKT cells. The G1 population
was selected and analyzed for CD4 and CD8 T, NK and NKT cells.

serum (FBS, GIBCO) and 1 % non-essential amino acid
(NEAA, Sigma) at 37 °C in 5 % CO,. C6/36 cells were
cultured in MEM with 10 % FBS and 1 % NEAA at 28 °C
in 5 % COa,.

Virus

DENV type 2 (DENV-2) strain DHF0663 (accession no.
AB189122) and strain D2/Hu/Maldives/77/2008NIID
(Mal/77/08) were used for inoculation studies. The DENV-
2, DHF0663 strain was isolated from a DHF case in
Indonesia. The DENV-2 Mal/77/08 strain was isolated
from imported DF cases from the Maldives. For all DENV
strains, isolated clinical samples were propagated in C6/36
cells and were used within four passages on C6/36 cells.
Culture supernatant from infected C6/36 cells was

£ § ¥
K BN BEK

FSC

CD62L

¥ E 0 &3
4w w 1ob Wt

CD95

(a) Profiling of naive, central memory, and effector memory CD4 and
CD8 T cells in total CD4 and CD8 T cells. (b) Profiling of NK and
NKT cells in total lymphocytes. Results shown are representative of
three healthy marmosets used in this study
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centrifuged at 3,000 rpm for 5 min to remove cell debris
and then stored at —80 °C until use.

Infection of the marmosets with DENV

In the challenge experiments, profiling of the key adaptive
and innate immune cells in the marmosets after infection
with DENV-2 was done. For primary DENV infection, four
marmosets were inoculated subcutaneously in the back
with either 1.9 x 10° PFU of the DENV-2 Mal/77/08
strain (Cj08-007, Cj07-011) or 1.8 x 10* PFU of the
DHFO0663 strain (Cj07-006, Cj07-008) [24]. In the case of
the DENV re-challenge experiment, two marmosets ini-
tially inoculated with 1.8 x 10° PFU of the DHF0663
strain were re-inoculated 33 weeks after the primary
challenge with 1.8 x 10° PFU of the same strain (Cj07-
007, Cj07-014) [24]. Blood samples were collected on days
0, 1,3, 7, 14, and 21 after inoculation and were used for
virus titration and flow cytometric analysis. Inoculation
with DENV and blood drawing were performed under
anesthesia with 5 mg/kg of ketamine hydrochloride. Day 0
was defined as the day of virus inoculation. The viral loads
in marmosets obtained in a previous study are shown in
Supplementary Figure 1 [24].

Flow cytometry

Flow cytometry was performed as described previously
[37]. Fifty microliters of whole blood from marmosets was
stained with combinations of fluorescence-conjugated
monoclonal antibodies; anti-CD3 (SP34-2; Becton Dick-
inson), anti-CD4 (1L.200; BD Pharmingen), anti-CD8 (CLB-
T8/4H8; Sanquin), anti-CD16 (3G8; BD Pharmingen),
anti-CD95 (DX2; BD Pharmingen), and anti-CD62L (145/
15; Miltenyi Biotec). Then, erythrocytes were lysed with

Table 1 Subpopulation ratios of lymphocytes in marmosets

Subpopulation ratios
(Mean =+ SD: %)

Subpopulation name

Ccp3* 75.7 + 6.4
CD31CD4™ 654 + 6.8
CD3"CD4"CD62LTCD95~ (CD4 Ty) 65.9 + 3.7
CD3*CD41TCD62LTCD95T(CD4 Tenm) 164 +£29
CD37CD4TCD62LCDY5E (CD4 Tryp) 19.5 + 2.5
CD3* CD8* 29.0 + 8.0
CD3+CD8+CD62LFCD95~ (CD8 Ty) 66.7 + 10.2
CD3TCD8TCD62LTCDI5(CD8 Teonm) 47 + 36
CD3CD8TCD62LCDI5™ (CD8 Tey) 28.8 &+ 14.8
CD3CD16 + (NK) 42426
CD3"CD16" (NKT) 51434

SD: Standard deviation
Results shown are mean = SD from 3 healthy marmosets
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FACS lysing solution (Becton Dickinson). After washing
with a sample buffer containing phosphate-buffered saline
(PBS) and 1 % FBS, the labeled cells were resuspended
in a fix buffer containing PBS and 1 % formaldehyde.
The expression of these markers on the lymphocytes
was analyzed using a FACSCanto II flow cytometer
(Becton Dickinson). The data analysis was conducted using
Flowlo software (Treestar, Inc.). Results are shown as
mean -+ standard deviation (SD) for the marmosets used in
this study.

Results

Naive central/effector memory T cells and NK/NKT
cells in marmosets

Basic information regarding CD4/CD8 naive and central/
effector memory T cells and NK/NKT cells in common
marmosets was unavailable. Thus, we examined the im-
munophenotypes of lymphocyte subsets in the marmosets
(Fig. 1). The gating strategy for profiling the CD4 and CD8 T
cells in the marmosets by FACS is shown in Fig. 1a. Human T
cells are classically divided into three functional subsets based
on their cell-surface expression of CD62L and CD95, i.e.,
CD62LTCD95™ naive T cells (Ty), CD62LTCD95™ central
memory T cells (Tep), and CD62L~CD95* effector memory
T cells (Tem) [9, 21, 28]. In this study, CD4™ and CD8* Ty,
Tem, and  Tgy  subpopulations  were  defined  as
CD62LTCD95~, CD62LTCD95%, and CD62L~CD95%,
respectively (Fig. 1aand Table 1). The average ratio of CD3"
T lymphocytes in the total lymphocytes of three marmosets
was found to be 75.7 & 6.4 %. The average ratio of CD4+ T
cells in the CD3™" subset was 65.4 & 6.8 %. The average
ratios of CD4™ Ty, Tems and Try cells were 65.9 + 3.7 %,
164 + 2.9 %,19.5 £ 2.5 %, respectively. The average ratio
of CD8™" T cells in the CD3™ subset was 29.0 & 8.0 %. The
average ratios of CD8" Ty, Tewm, and Tgy cells were
66.7 + 10.2 %,4.7 £+ 3.6 %, 28.8 £ 14.8 %, respectively.
We recently characterized a CD16" major NK cell
subset in tamarins and compared NK activity in tamarins
with or without DENV infection [37, 28]. In terms of NKT
cells, NK1.1 (CD161) and CD1d are generally used as
markers of NKT cells [32]. However, these anti-human
NKI1.1 and CDI1d antibodies are unlikely to cross-react
with the NKT cells of the marmosets. Thus, we defined
NKT cells as a population expressing both CD3 and
CD16 as reported previously [14, 17]. The NK and NKT
cell subsets were determined to be CD3 CD16" and
CD3*CD16" lymphocytes in the marmosets. The average
ratios of NK and NKT cell subsets in the lymphocytes were
4.2 £ 2.6 % and 5.1 £ 3.4 %, respectively (Table 1). We
observed that the proportions of the major lymphocyte
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a Cj08-007
Days post inoculation
Day 2 Day 7 Day 14

Day 0

0 ot

Day 4

0.0 8

Fig. 2 Profiling of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 Mal/77/08
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.9 x 10° PFU of the DENV-2 Mal/

subsets in the marmosets were similar to those in cyno-
molgus monkeys and tamarins [37, 38].

Profiling of CD4 and CD8 T, NK and NKT cells
in marmosets after primary infection with DENV-2
(Mal/77/08 strain)

We investigated the cellular immune responses against
DENV-2 DF strain (Mal/77/08) in marmosets. Dengue
vRNA was detected in plasma samples from two marmo-
sets on day 2 postinfection (Supplementary Fig. 1a). For
the two marmosets (Cj08-007, Cj07-011), the plasma levels
of VRNA reached their peaks at 9.6 x 10° and 7.0 x 10°
GE/ml, respectively, on day 4 postinfection. Plasma vVRNA
was detected in both marmosets on days 2, 4, and 7. We
then examined the profiles and frequencies of the CD4 and
CD8 T, NK and NKT cells in the infected marmosets
(Figs. 2-3 and Table 2). CD4" Tey cells drastically
increased to 88.7 & 2.8 % from 13 £ 0.4 % between day
0 and day 2 post-inoculation (Table 2). Reciprocally,

77/08 strain. (a) Profiling of naive, central memory, and effector
memory CD4 and CD8 T cells in total CD4 and CD8 T cells.
(b) Profiling of NK and NKT cells in total lymphocytes. (a-b) CjO8-
007

CD4™ Ty cells decreased to 1.6+33% from
74.1 £ 0.9 % at the same time. CD4" Tgy cells main-
tained the initial levels throughout the observation period.
CD8" Tcm cells increased to 91.9 4+ 5.5 % from
2.1 + 0.8 % between day 0 day 2 post-inoculation, and
reciprocally, CD8" Ty cells decreased to 2.5 +4.7 %
from 89.9 &+ 2.5 % at the same time. In addition, NK cells
maintained their initial levels throughout the observation
period. However, NKT cells drastically increased to
52.6 = 17 % from 0.2 + 0.0 % between day 0 and day 2
post-inoculation. These results suggest that CD4/CD8 T
and NKT cells may efficiently respond to the Mal/77/08
strain of DENV.

Profiling of CD4 and CD8 T, NK and NKT cells
in the marmosets after primary infection with DENV-2
(DHF0663 strain)

Next, we investigated cellular immune responses against
another DENV-2 DHF strain (DHF0663) in marmosets.

@ Springer
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Fig. 3 Frequency of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 Mal/77/08
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.9 x 10° PFU of the DENV-2 Mal/
77/08 strain. (a) Ratios of naive, central memory, and effector

memory CD4 T cells in total CD4 T cells. (b) Ratios of naive, central
memory, and effector memory CD8 T cells in total CD8 T cells.
(c) Ratios of NK and NKT cells in total lymphocytes. (a-c¢) Cj08-007,
Cj07-011

Table 2 Subpopulation ratios of lymphocytes in marmosets during primary DENV infection (Mal/77/08)

Subpopulation name

Subpopulation ratio (Mean =+ SD: %)

Days after inoculation

Day 0 Day 2 Day 4 Day 7 Day 14 Day 21
CD3*CD4*CD62L"CD95" (CD4 Tw) 74.1 £ 0.9 1.6 + 3.3 02403 705 £ 5.5 64.8 +9.7 60.8 = 5.9
CD3*CD4*CD62L+CDY5™ (CD4 Tewm) 13+ 04 88.7 £ 2.8 874 £02 16.8 £ 5.0 21.6 £ 6.5 20 £ 64
CD3*CD4TCD62LCDY5* (CD4 Ten) 12.8 £ 0.9 95+ 1.0 123 £ 04 123 £ 05 134 £3.2 189 £ 1.4
CD3*CD8+*CD62L*CD95™ (CD8 Tn) 899 £25 25+ 47 0303 875 £33 68.7 £ 79 69.8 + 3.1
CD3*"CD8*CD62L+TCD95™ (CD8 Tem) 2.1+£08 919 £55 90.6 &£ 4.2 28+ 05 3.5+ 08 38412
CD3TCD8*"CD62LCDY5* (CD8 Ten) 78 £ 1.6 5.6+ 0.8 9.0 + 4.1 95+ 3.1 27.6 £ 72 263 + 43
CD37CD16+ (NK) 29+02 1.8 £ 0.6 22409 42409 2.8 4+ 04 32417
CD3TCD16" (NKT) 02 £00 52.6 £ 17 46.1 = 8.5 1.1 £05 1.7+ 05 12+02

SD: Standard deviation

Results shown are mean + SD from two marmosets as shown in Figure 3

@ Springer

— 142 —



Cellular immune responses to dengue virus infection

1215

Dengue vRNA was detected in plasma samples from the
marmosets on day 2 post-infection ([24], Supplementary
Fig. 1b). For the two marmosets (Cj07-006, Cj07-008),
the plasma VRNA levels were found to be 3.4 x 10° and
3.8 x 10° GE/ml on day 2 and 2.0 x 10° and 9.4 x 10°
GE/ml, respectively, at the peak on day 4 post-infection
and became undetectable by day 14. Thus, we examined
the profiles and frequencies of the CD4" and CD8™" T,
NK and NKT cells in these DENV-infected marmosets
(Fig. 4-5 and Table 2). It was found that on day 7 post-
inoculation, CD4" and CD8™" Ty cells decreased, and in
contrast, the Ty populations increased in both marmo-
sets; however, the changes in proportion were much less
pronounced than in the case of the marmosets infected
with the DF strain. We observed no consistent tendency
in the kinetics of CD4™ and CD8" Tgy cells nor in NK
and NKT cells. These results suggest that the strength of
T cell responses may be dependent on the strain of
DENV.

a Cj07-006

Profiling of CD4 and CD8 T, NK and NKT cells
in marmosets re-challenged with a DENV-2 strain

In order to examine the cellular immune responses against
re-challenge with a DENV-2 DHF strain in the marmoset
model, marmosets were infected twice with the same
DENV-2 strain (DHF0663) with an interval of 33 weeks
after the primary infection. The results showed that vVRNA
and NS1 antigens were not detected in plasma and that the
neutralizing antibody titer was obviously increased after
the secondary infection. The data indicated that the primary
infection induced protective immunity, including a neu-
tralizing antibody response to re-challenge with the same
DENV strain ([24]; Supplementary Fig. 1c). We also
investigated the profiles of the CD4 and CD8 T, NK and
NKT cells in the marmosets (Cj07-007, Cj07-014) that
were re-challenged with the same DENV-2 strain
(DHF0663) (Figs. 6-7). CD4" Tcy cells drastically
increased on day 14 post-inoculation. On the other hand,

Days post inoculation

Day 4 Day 7

Fig. 4 Profiling of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 DHF0663
strain. For primary DENYV infection, two marmosets were inoculated
subcutaneously in the back with 1.8 x 10 PFU of the DENV-2

CD3
DHFO0663 strain. (a) Profiling of naive, central memory, and effector

memory CD4 and CD8 T cells in total CD4 and CD8 T cells. (b) Profiling
of NK and NKT cells in total lymphocytes. (a-b) Cj07-006
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Fig. 5 Frequency of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 DHF0663
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.8 x 10* PFU of the DENV-2
DHFO0663 strain. (a) Ratios of naive, central memory, and effector

memory CD4 T cells in total CD4 T cells. (b) Ratios of naive, central
memory, and effector memory CD8 T cells in total CD8 T cells.
(c) Ratios of NK and NKT cells in total lymphocytes. (a-¢) Cj07-006,
Cj07-008

Table 3 Subpopulation ratios of lymphocytes in marmosets during primary DENV infection (DHF0663)

Subpopulation name

Subpopulation ratios (Mean -+ SD: %)

Days after inoculation

Day 0 Day 2 Day 4 Day 7 Dayl 4 Day 21
CD31CD4TCD62L+TCD95™ (CD4 Ty) 67.3 £ 3.6 57.0 £ 4.0 61.9 £ 0.9 344 £ 3.6 552+ 14 56.7 £ 13
CD3+CD4TCD62L CD95™ (CD4Tcem) 139+ 13 17.5 + 4.1 152 £ 2.5 40.0 + 13 338+ 10 213 £ 12
CD3+CD8"CD62L~CDY5* (CD4 Tem) 18.8 =22 253+ 09 228 +29 256 £ 13 203 £ 4.0 21.8 + 1.5
CD3*CD8*CD62L+CD95~ (CDS Tn) 67.8 = 14 68.4 £ 3.7 777 £ 4.6 422+ 74 527 £55 535 4+9.8
CD3"CD8TCD62LYCD95™ (CDS Tem) 39+ 06 74 +28 55+16 28 + 17 8.1+46 8.6 &£ 89
CD3*CD8"CD62L~CD95= (CDS Tgm) 28 £+ 14 235 £ 6.7 164 + 6.5 28.3 £+ 18 382+ 19 37.0 & 11
CD37CD16% (NK) 47+ 10 42+19 20+ 1.1 63423 51+£22 73412
CD3*CDi6™ (NKT) 7.8 £1.0 93 +45 59+26 226 £ 84 20.6 = 10 17.3 £ 10

SD: Standard deviation

Results shown are mean + SD from 2 marmosets as shown in Figure 5
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Fig. 6 Profiling of CD4 and CD8 T, NK and NKT cells in
marmosets after re-challenge with the DENV-2 DHF0663 strain.
Two marmosets that were initially inoculated with 1.8 x 10° PFU of
the DHF0663 strain were re-inoculated 33 weeks after the primary

CD4% Ty cells decreased strongly at the same time. CD4™
Tgm cells maintained their initial levels through the
observation period. Similarly, CD8" T¢y and NKT cells
clearly increased on day 14 post-inoculation. Importantly,
these T cell responses were induced one week after the
obvious induction of the neutralizing antibody in the
marmosets [24]. These results suggest that the neutralizing
antibody may play a critical role in the complete inhibition
of the secondary DENV infection.

Discussion

In this study, we demonstrated the dynamics of the central/
effector memory T cells and NK/NKT subsets against
DENV infection in our marmoset model. First, we char-
acterized the central/effector memory T and NK/NKT
subsets in marmosets (Fig. 1). Second, we found that CD4/
CD8 central memory T cells and NKT cells had significant

challenge with 1.8 x 10° PFU of the same strain. (a) Profiling of
naive, central memory, and effector memory CD4 and CD8 T cells in
total CD4 and CD8 T cells. (b) Profiling of NK and NKT cells in total
lymphocytes. (a-b) Cj07-007

responses in the primary DENV infection, and the levels
appeared to be dependent on the strain of the virus
employed for challenge experiments (Figs. 2-5). Finally,
we found delayed responses of CD4/CD8 central memory
T cells in the monkeys re-challenged with the same DENV
DHF strain, despite the complete inhibition of DENV
replication (Figs. 6-7).

The present study shed light on the dynamics of cellular
and humoral immune responses against DENV in vivo in
the marmoset model. Our results showed that cellular
immune responses were induced earlier than antibody
responses in the primary infection. Thus, our results sug-
gest the possibility that cellular immunity may contribute,
at least in part, to the control of primary DENV infection.
On the other hand, in the presence of neutralizing anti-
bodies in the re-challenged monkeys [24], delayed (on day
14 after the re-challenge) responses of CD4/CDS§ central
memory T cells were observed despite the complete inhi-
bition of DENV replication. These results indicate that
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Fig. 7 Frequency of CD4 and CD8 T, NK and NKT cells in
marmosets after re-challenge with the DENV-2 DHF0663 strain.
Two marmosets initially inoculated with 1.8 x 10° PFU of the
DHF0663 strain were re-inoculated 33 weeks after the primary
challenge with 1.8 x 10° PFU of the same strain. (a) Ratios of naive,

cellular immunity is unlikely to play a major role in the
control of DENV re-infection. Alternatively, it is still
possible that components of cellular immunity, such as
memory T cells, could partially play a helper role for the
enhanced induction of neutralizing antibodies even without
an apparent increase in the proportion of Tcyy, resulting in
efficient prevention of DENV replication.

It is possible that the DENV strains used in this study
influence the strength of cellular immune responses. The
differences in cellular immune responses between the
monkeys infected with the DF and DHF strains are prob-
ably not caused by individual differences in the marmosets,
because the FACS results were consistent with each pair of
marmosets. It was shown previously that there was a
reduction in CD3, CD4, and CD8 cells in DHF and that
lower levels of CD3, CD4, and CDS8 cells discriminated
DHF from DF patients during the febrile stage of illness
[5]. There was a significant increase in an early activation
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Days post inoculation

central memory, and effector memory CD4 T cells in total CD4 T
cells. (b) Ratios of naive, central memory, and effector memory CD8§
T cells in total CD8 T cells. (¢) Ratios of NK and NKT cells in total
lymphocytes. (a-c¢) Cj07-007, Cj07-014

marker on CD8" T cells in children with DHF compared
with DF during the febrile period of illness [8]. Another
group reported that levels of peripheral blood mononuclear
cell apoptosis were higher in children developing DHF
[23]. Moreover, cDNA array and ELISA screening dem-
onstrated that IFN-inducible genes, IFN-induced genes and
IFN production were strongly up-regulated in DF patients
when compared to DHF patients, suggesting a significant
role of the IFN system during infection with DF strains
when compared to DHF strains [34]. Thus, it is reasonable
to assume that DHF strains might have the ability to neg-
atively regulate T cell responses. A recent report demon-
strating that the sequence of a DHF strain differed from
that of a DF strain at six unique amino acid residues located
in the membrane, envelope and non-structural genes [33],
which supports our notion.

Alternatively, another possibility is that the strength of T
cell responses might depend on the viral load. In fact, in
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our results, the stronger T cell responses in monkeys
infected with the DF strain were paralleled by higher viral
loads, which was in contrast to the result obtained with
DHF-strain-infected animals with lower viral loads. Of
note, the tenfold higher challenge dose of the DF strain
used in this study (1.9 x 10° PFU) compared to the DHF
strain (1.8 x 10* PFU) could have simply led to tenfold
higher peak viral RNA levels in monkeys infected with the
DF strain. In either case, the relationship between the
strength of the antiviral immune response and the viral
strain remains to be elucidated. Further in vivo character-
ization of the antiviral immunity and the viral replication
kinetics induced by infection with various DENV strains
isolated from DF and DHF patients will help to understand
the mechanism of differential disease progression in the
course of DENV infection.

We observed that dengue VRNA was not detected in
plasma samples from marmosets re-infected with the same
DENV-2 DHF strain 33 weeks after the primary infection.
This result suggests that memory B cells induced in the
primary DENYV infection were predominantly activated to
produce neutralizing antibodies against the same DHF
strain in the secondary infection in the absence of apparent
cellular immune responses. A previous report showed that
DENV infection induces a high-titered neutralizing anti-
body that can provide long-term immunity to the homol-
ogous DENV serotype [22], which is consistent with our
results. By contrast, the role of cellular immune responses
in the control of DENV infection remains to be elucidated.
Our results in this study may suggest that cellular immune
responses and neutralizing antibodies acted cooperatively
to control primary DENV infection. In DENV-infected
patients, it may be difficult to distinguish whether each
case is primary or secondary DENV infection and also to
serially collect blood samples for immunological study in
the course of the infection, which is likely to be the reason
for the discrepancy regarding the importance of cellular
immunity in DENV infection. From this point of view, our
marmoset model of DENV infection will further provide
important information regarding the role of cellular
immune responses in DENV infection.
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Novel Role of HSP40/DNAJ in the Regulation of
HIV-1 Replication

Emiko Urano, PhD,* Yuko Morikawa, DVM, PhD,j and Jun Komano, MD, PhD*}

Objectives: DNAJ/HSP40 is an evolutionarily conserved family of
proteins bearing various functions. Historically, it has been empha-
sized that HSP40/DNAJ family proteins play a positive role in
infection of various viruses. We identified DNAJ/HSP40B6 as
a potential negative regulator of HIV-1 replication in our genetic
screens. In this study, we investigated the functional interactions
between HIV-1 and HSP40 family members.

Design: We took genetic and comparative virology approaches to
expand the primary observation.

Methods: Muiltiple HSP40/DNAJ proteins were tested for their
ability to inhibit replication of adenovirus, herpes simplex virus type 1,
HIV-1, and vaccinia virus. The mechanism of inhibition was
investigated by using HSP40/DNAJ mutants and measuring the
efficiencies of each viral replication steps.

Results: HSP40A1, B1, B6, and C5, but not C3, were found to be
able to limit HIV-1 production. This effect was specific to HIV-1
for such effects were not detected in adenovirus, herpes simplex
virus type 1, and vaccinia virus. Genetic analyses suggested that
the conserved DNAJ domain was responsible for the inhibition of
HIV-1 production through which HSP40 regulates HSP70 ATPase
activity. Interestingly, HSP40s lowered the levels of steady-state
viral messenger RNA. This was not attributed to the inhibition of
Tat/long terminal repeat-driven transcription but the downregula-
tion of Rev expression.

Conclusions: This is the first report providing evidence that
HSP70-HSP40 complex confers an innate resistance specific to
HIV-1. For their interferon-inducible nature, HSP40 family members
should account for the anti-HIV-1 function of interferon.
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INTRODUCTION

DNAJ/HSP40 is an evolutionarily conserved family of
proteins that perform functions including regulation of tran-
scription, translation, and protein folding.'™* The human genome
encodes more than 40 identified HSP40 family members, which
can be classified into 3 groups (A, B, and C) according to their
domain structures.” In eukaryotic cells, HSP40 physically in-
teracts with HSP70 through the DNAJ domain and activates the
ATPase activity associated with HSP70. HSP70 supports pro-
tein folding and is therefore a chaperone; HSP40 regulates
HSP70 and is thus a cochaperone. Many HSP40 family proteins
are expressed constitutively in a variety of tissues.' However,
not all human HSP40 proteins are well characterized.

Distinct HSP40 family members regulate replication and
pathogenesis of various viruses.” Among viruses that infect hu-
mans, HSP40 subfamily A member 1 (A1)/Hdj2 regulates rep-
lication of Japanese encephalitis virus®; HSP40A3, hepatitis B
virus, and human T-cell leukemia virus type 1"%; HSP40B1/
hTid-1, adenovirus (AdV),” herpes simplex virus type 1
(HSV-1),'® and HIV-1'"'% HSP40B6/Hdjl and HIV-2'3;
HSP40B11/ERdj3, B12, B14, and C18 regulate simian virus
40 (SV40)*; HSP40C3/IPK58/P58™% and influenza virus
(IFV)'%; and HSP40J14 and flavivirus."® The mechanisms of
action vary among HSP40s and viruses. HSP40C3 is one of
the most well-studied HSP40 proteins. IFV infection activates
HSP40C3, a negative regulator of interferon-induced RNA-
activated protein kinase (PKR). HSP40C3 along with HSP70
binds to PKR, thereby promoting efficient translation of viral
messenger RNA (mRNA) in IFV-infected cells.'® Before now,
it has not been clear to what extent cochaperone activity is
involved in the PKR-P58'X interaction. The importance of
the DNAJ domain is also suggested by the fact that simian
virus 40 large T antigen contains a DNAJ domain required for
viral replication and cell transformation.'” These studies identi-
fied HSP40 as a positive regulator of viral replication. By con-
trast, it has been reported that HSP40A3 and HSP40B6/Hdjl
negatively regulate hepatitis B virus replication.’”

We have established a functional complementary DNA
(cDNA) library screen for isolating genes that regulate HIV-1
using replication-competent virus.'*>° We performed 2 genetic
screens, one in a human CD4" T-cell line, MT-4, and other in
a genetically modified HeLa cell line, TZM-bl. In the former
screen, the cDNA-encoding HSP40B6 was isolated at
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a frequency of 14.3% (6/42 clones) from a cDNA library pre-
pared from the rabbit epithelial cell line RK13. In the latter
screen, the same gene was isolated at a frequency of 32.0% (&/
25 clones) from a ¢cDNA library prepared from MT-4 cells. In
our genetic screens, HSP40B6 was scored as a negative regu-
lator of HIV-1 replication. An additional screen using a small
interfering RNA (siRNA) mini-library?' demonstrated that
the downregulation of HSP40B6 slightly enhanced the pro-
duction of HIV-1. These data strongly suggest that
HSP40B6 is expressed constitutively in T cells and nega-
tively regulates HIV-1 replication by targeting the produc-
tion phase of the viral life cycle. In this study, we
investigated the functional interactions between HIV-1 and
HSP40 family members.

METHODS

Cells and Transfection

All mammalian cells were maintained in RPMI 1640
(Sigma, St Louis, MO) supplemented with 10% fetal bovine
serum (FBS) (Japan Bioserum, Tokyo, Japan), penicillin, and
streptomycin (Invitrogen, Tokyo, Japan). Cells were incubated
at 37°C in a humidified 5% of CO, atmosphere. Cells were
transfected using Lipofectamine 2000 (Invitrogen).

Plasmids and RNA Interference

Expression vectors for HSP40 mutants and mCherry
tagged with HA epitope were generated by standard molecular
cloning technology under the background of pCMMP,*
pcDNA3 (Invitrogen), and pEGFP (Clontech, Palo Alto, CA)
vectors. The HA-tagged Rev expression vector based on
pcDNA3 (Invitrogen) was produced based on the HIV-1gp
Rev. The following plasmids were described previously:
psyngag-pol,”® pCMV8.91,** pSV-Tat* The nucleic acid
sequences for RNA interference with HSP40Al, B6, and
CCRS expression are as follows: Al sense and antisense strands,
5’-GAU CAG UCC UAA AGA UAG AdTdT-3’ and 5’-UCU
AUCUUU AGG ACU GAU CdTdT-3’; B6 sense and antisense
strands, 5°-GGG CAA CUU CAA AUC GAU AdTdT-3’ and
5’-UAU CGA UUU GAA GUU GCC CdTdT-3’ (B-Bridge
International, Inc, Tokyo, Japan); and CCRS5 sense and antisense
strands, 5’-CUU UUG ACA GGG CUC UAU UUU-3’ and
5’-AAU AGA GCC CUG UCA AGA GUU-3* (RNAI, Inc,
Tokyo, Japan).

Reporter Assay

Luciferase and beta-galactosidase activities were mea-
sured 48-72 hours after transfection or infection using the
DualGlo assay kit (Promega, Madison, WI) or the LumiGal
assay kit (Clontech).

Generating Viruses

To produce HIV-1, 293T cells were transfected with
plasmids encoding HIV-lyxg, proviral DNA, and culture
supernatants were collected 48 hours posttransfection. Murine
leukemia virus (MLV) and HIV-1-based lentiviral vectors

© 2013 Lippincott Williams & Wilkins

pseudotyped with VSV-G were produced as described pre-
viously.***® The preparations of vaccinia virus (VV; intracel-
lular mature virus), HSV-1, and adenoviral vectors were
described previously.?

Measuring Viral Production and Replication

To monitor HIV-1 production and replication, p24¢4
antigen was detected using the Retro TEK p24 antigen ELISA
kit (Zepto Metrix, Buffalo, NY). For VV, AdV, and HSV-1,
viral replication was assessed by measuring reporter gene
activities as previously described.”

Western Blotting and Immunoprecipitation

Western blotting and immunoprecipitation were per-
formed according to previously described techniques.**?’ The
following reagents were used: anti-FLAG (F7425; Sigma), anti-
HA polyclonal antibody (Sigma), anti-p24©A (CA, 183-H12-
5C, NIH AIDS Research and Reference Reagent Program),
anti-actin (clone MAB1501R; Millipore, Tokyo, Japan), anti-
BiP/GRP78 (clone 40; Clontech), biotinylated antigoat antibod-
ies (GE Healthcare, Tokyo, Japan), streptavidin-HRP (GE
Healthcare), and Envision™ Dual Link System-HRP (Dako,
Glostrup, Denmark).

Immunofluorescence Assay

Intracellular distributions of HSP40 proteins were
analyzed by immunofluorescence microscopy of transfected
293T cells as described previously.?®

Reverse Transcriptase-Polymerase
Chain Reaction

Total RNA isolation and reverse transcriptase-polymer-
ase chain reaction assays were performed as descried pre-
viously.'® Amplicons were electrophoresed in agarose gels,
stained with ethidium bromide, imaged with a Typhoon 9400
scanner (GE Healthcare), and quantified with ImageQuant soft-
ware (GE Healthcare). For the amplification of HIV-1 Vpr and
glyceraldehyde-3-phosphate dehydrogenase cDNAs, primers
were as described previously.'®*’

RESULTS

Restriction of HIV-1 Production by Diverse
HSP40 Proteins

We first investigated whether any HSP40 family mem-
bers are able to inhibit HIV-1 production. HSP40A1, BI, B6,
C3, and C5 were chosen because they are evolutionarily distant
from one another and have reported to be involved in viral
pathogenesis (Fig. 1A). Each gene was cloned into mammalian
expression vectors under control of the cytomegalovirus (CMV)
promoter and tagged with a FLAG epitope at the 5° end. The
expression of each HSP40 was verified by Western blot analysis
(Fig. 1B). Two bands were detected for HSP40CS, probably
due to the posttransiational modification. The levels of
HSP40C3 expression were not as high as those of other
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members. All HSP40 proteins were distributed mainly in the
cytoplasm (Fig. 1C). HSP40A1 exhibited a homogenous cyto-
plasmic distribution. HSP40B6 and CS exhibited homogenous
cytoplasmic distributions with fine speckles, whereas B1 and C3
accumulated in slightly larger cytoplasmic speckles. In transient
transfection assays in which the HIV-1 proviral DNA was co-
transfected into 293T cells along with HSP40 expression vec-
tors, the production levels of HIV-1 were significantly
attenuated by HSP40A1, B1, B6, and C5 to 22.9% = 14.9%,
25.5% * 26.0%, 33.8% = 15.1%, and 11.3% = 11.1%, respec-
tively, as measured by the level of viral p24 capsid antigen
(p24©4) in the culture supermatant (P << 0.001 by 2-sided Stu-
dent ¢ test; Fig. 1D). HSP40C3 was unable to limit HIV-1 pro-
duction (86.4% =+ 30.5%, P = 0.30 by 2-sided Student  test). In
agreement with these findings, immunoblot analyses indicated
that p24©4 expression in the virus-producing cells was also
attenuated by HSP40A1, B1, B6, and C5, but not by C3 (Fig.
1B, bottom panel). The levels of HSP40C3 were higher than
those of some of the B6 mutants that retained the ability to
inhibit HIV-1 production (shown below), indicating that the
inability of HSP40C3 to limit HIV-1 production was not merely
due to low levels of expression; it seems more likely that
HSP40C3 lacks the ability to inhibit HIV-1 production.

We next investigated viral specificity by examining the
effect of HSP40 expression on the replication of other viruses,
including AdV, HSV-1, and VV. The replication efficiencies of
AdV were enhanced by HSP40A1 in agreement with a previous
report.” By contrast, the replication efficiencies of AdV and VV
were significantly inhibited by HSP40CS5, by 44.7% and 54.8%,
respectively (P < 0.001 by 2-sided Student ¢ test; Fig. 1E).
HSP40B1 slightly reduced the replication of VV, by 24.5%
(P < 0.001). By contrast, the replication of HSV-1 was not
affected by any HSP40 protein (Fig. 1E). Overall, HSP40 fam-
ily members had different antiviral effects. Control experiments
under similar conditions revealed that HSP40 did not affect the
expression of beta-galactosidase (Fig. 1E) or firefly luciferase
(data not shown) driven by CMV promoters. Thus, inhibition of
viral production by HSP40 was specific to HIV-1 and was
unlikely due to nonspecific effects.

Mapping the HSP40 Domain Responsible for
the Inhibition of HIV-1 Production

We produced series of mutants for the purpose of
identifying the domain of HSP40 proteins that is required for
inhibition of HIV-1 production. HSP40A1 and B6 were chosen
because B6 was originally isolated in genetic screens, and the
constitutive expression of both Al and B6 was tolerated in
human T-cell lines (described below). Furthermore, both Al and
B6 are expressed in T cells.”** We constructed deletion mutants
of HSP40A1 and B6 lacking sequences of various lengths from
the C-termini and mutants lacking DNAJ domains (AJD mu-
tants; Figs. 2A, B). Western blotting confirmed that the Al
mutants were expressed efficiently (Fig. 2C), whereas most of
the B6 mutants poorly (Fig. 2D), in 293T cells. Cotransfection
assays revealed that the Al g3 mutant, which contains the
DNAJ domain but lacks the C-terminal substrate-binding
domain, was more potent than wild-type HSP40s in limiting
HIV-1 production (Fig. 2E). By contrast, a mutant lacking the
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DNAJ domain was unable to inhibit HIV-1 production (Fig. 2E).
Although the levels of expression were low, B6 mutants con-
taining the DNAJ domain were also able to limit HIV-1 pro-
duction (Fig. 2F). Consistent with the results for Al;_g3, B6,_97,
and B6;_g; mutants lacking most of the C-terminal portion were
more potent in inhibiting HIV-1 production than their wild-type
counterparts. One exception was the B6;_;,; mutant, which
contains the DNAJ domain but failed to limit HIV-1 produc-
tion (Fig. 2F), possibly because the B6,_;,; protein does not
fold properly. The B6a;p mutant, which lacks the entire DNAJ
domain, lost the ability to inhibit HIV-1 production similar to
the Alpp mutant (Figs. 2E, F). Indeed, HSP40B64ip
enhanced HIV-1 production by 3.6-fold (Fig. 2F). These data
indicate that the DNAJ domain is responsible for the inhibition
of HIV-1 production.

HSPA40 binds to HSP70 and regulates its ATPase activity.
The ATPase regulatory function resides in the DNAJ domain,
and the HPD motif at the loop between helices II and III is
critical for this function."* An H-to-Q amino acid substitution
in this motif disrupts HSP40’s regulation of HSP70 without
affecting the HSP70-HSP40 interaction.' We produced a mutant
containing this substitution, HSP40B6qpp (Fig. 2B), and asked
whether this mutant could inhibit HIV-1 production. The
HSP40B6pp mutant was expressed at levels similar to those
of the wild-type protein (Fig. 2D). Levels of HIV-1 production
were not affected by HSP40B6qpp (Fig. 2F), suggesting that the
functional interaction between HSP40 and HSP70, rather than
the binding per se, is critical for inhibition of HIV-1 production.
These data imply that HSP40 mutants containing the DNAJ
domain retain the ability to regulate HSP70’s ATPase activity.

To confirm the findings described above, we reduced
the expression of HSP40A1 and B6 by RNA interference. The
levels of HSP40A1 and B6 proteins produced from the
expression vectors were reduced by the cotransfection of
corresponding siRNAs (Figs. 2C, D). Cotransfection of siRNAs
against HSP40A1 and B6 suppressed the inhibitory effect of
these HSP40s on HIV-1 production (Figs. 2E, F). Such effects
were not observed in Al;_g3 or B6,_g;, which lack the siRNA
target sequences (Figs. 2E, F). In a similar experimental setting
in 293T cells, transfection of siRNA against HSP40A1 or B6
enhanced the levels of HIV-1 production by 1.4 = 0.3-or 1.4 =
0.3-fold, respectively (5 independent experiments, P << 0.05 by
2-sided Student ¢ test). Taken together, these data suggest that the
endogenous HSP40 has some abilities to limit HIV-1 production
and the inhibition of HIV-1 production could be attributed to the
disregulation of HSP70 functions.

Impact of HSP40 Expression on the
Replication of HIV-1in T Cells

Next, we examined the impact of HSP40A1 and B6 on
HIV-1 replication in T cells. To do this, we introduced HSP40A 1
and B6 genes into MT-4 cells using MLV vector, thereby
establishing MT4 cells ectopically expressing HSP40A1 and B6
(Fig. 3A). Constitutive expression of FLAG-tagged HSP40A1
and B6 did not affect the rate of cell proliferation nor the cell-
surface levels of CD4 and CXCR4. HIV-1 replication was
potently inhibited in MT-4 cells expressing either HSP40A1 or
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FIGURE 1. Inhibition of HIV-1 production by HS5P40 family members. A, Domain organization of HSP40A1, B1, B6, C3, and C5.
Numbers represent amino acids. DNAJ and the C-terminal substrate-binding domains are shown as | and S, respectively. All HSP40
proteins are tagged with the FLAG epitope at their N-termini, indicated by F. B, Verification of expression of cloned HSP40 proteins in
293T cells by Western blotting. HSPA5/BiP/Grp78 and actin were detected as loading controls. C, Distribution of HSP40 members in
293T cells. Ectopically expressed HSP40 proteins were detected by immunofluorescence assay using anti-FLAG antibody. Red and
blue signals represent HSP40 proteins and Hoechst33254-stained nuclei, respectively. D, Inhibition of HIV-1 production by HSP40
proteins. Viral production from 293T cells cotransfected with proviral DNA and HSP40 expression vectors was measured by ELISA for
p24©A antigen and normalized against the untransfected control. Data represent the average and SD from 5 or 6 independent
experiments. Asterisk shows the statistical significance (P < 0.001) of each measurement versus control. £, The replicative efficacies of
AdV, HSV-1, and WV in cells ectopically expressing HSP40 proteins were measured by reporter gene expression. Expression of LacZ in
cells ectopically expressing HSP40 proteins was also assessed. Representative data from 2 or 3 independent experiments are shown.
Asterisk represents the statistical significance (P < 0.01) of each measurement versus control.

B6 (Fig. 3B). These data indicate that HSP40A1 and B6 have
profound negative effects on HIV-1 replication.

The data reported above suggest that HSP40s target the
production phase of HIV-1’s life cycle. We also tested whether
HSP40s influence the entry phase in T cells. MT-4 cells con-
stitutively expressing HSP40A1 and B6 were infected with
HIV-1 vector pseudotyped with VSV-G bearing an expression
cassette for firefly luciferase. The efficiencies of HIV-1 infec-
tion in these cells were indistinguishable from those of control
cells. As a control, we examined the infection efficiency of an
MLV vector pseudotyped with VSV-G bearing a firefly lucif-
erase expression cassette. The efficiencies of MLV infection in
these cells were not significantly affected (Fig. 3C). These data
suggest that HSP40 proteins primarily limit HIV-1 replication
by targeting the production phase, not the entry phase.
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Reduction of HIV-T RNA Accumulation
Through the Inhibition of Rev by HSP40s

Next, we investigated the molecular mechanism underly-
ing the inhibition of HIV-1 production by HSP40s. Expression
levels of viral protein in virus-producing cells were decreased
(Figs. 2C, D). Therefore, we examined viral mRNA levels in
293T cells cotransfected with proviral DNA and HSP40 expres-
sion vectors. The levels of viral transcripts represented by Vpr
mRNA were decreased when HSP40A1 or B6 were expressed
(Fig. 4A). In contrast, such effects were not observed on
GAPDH mRNA. The reductions in the levels of viral transcript
were comparable with the reduction of viral production reflected
by p24©A ELISA (Figs. 1D and 2E, F), suggesting that the
inhibition of viral production was due to decreased levels of
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