Interleukin-4—Transgenic hu-PBL-SCID Mice:
A Model for the Screening of Antiviral Drugs
and Immunotherapeutic Agents against X4
HIV-1 Viruses

Kazu Okuma,' Reiko Tanaka,' Tomoyuki Ogura,’ Mamoru lto, Sei Kumakura,’ Mikiro Yanaka,® Masako Nishizawa,*
Wataru Sugiura,’ Naoki Yamamoto,® and Yuetsu Tanaka'

'Dep of I gy. Graduate School and Faculty of Medicine, Unwersity of the Ryukyus, Olinawa, ‘Central Institute for Expenmental
Amimals, Kanagawa, and *Kureha Corporation and *National Institute of Infectious Diseases. Tokyo. Japan

CXCR4-tropic (X4) h im deficiency virus type 1 (HIV-1) does not efficiently infect and replicate in
severe combined i deficiency (SCID) mice reconstituted with human peripheral blood mononuclear cells,
termed “hu-PBL-SCID mice,” due to, at least in part, relatively low levels of expression of the CXCR4 coreceptor.
To overcome this limitation, interleukin (IL)-4-transgenic hu-PBL-SCID mice were derived that spontaneously
synthesized human IL-4, which has been shown to enhance CXCR4 expression and promote X4 virusinfection in
vitro, Experiments reported here show that (1) synthesis of human IL-4 in vivo augmented CXCR4 expression on
human CD4* lymphocytes and importantly led to productive infection of not only X4 HIV-1y,, but also
multidrug-resistant primary clinical isolates and that (2) the in vivo infection could besignificantly blocked by the
administration of a CXCR4 antagonist. Altogether, IL-4-transgenic hu-PBL-SCID mice provide a useful model

for X4 HIV-1 study and testing/screening of anti-X4 viral drugs.

HIV-1 isolates enter target cells primarily after binding
to the CIM receptor and via the CXCR4 and CCRS5 co-
receptors [ 1-5] and are classified into X4 and R5 strains,
respectively [6]. The X4 isolates are frequently impli-
cated in the decline of peripheral CD4" T cell counts
characteristic of the late stage of HIV-1 infection pro-
ceeding to the development of AIDS [7].

hu-PBL-SCID mice have been extensively used as a
small animal model to study HIV-1 pathogenesis
|8=14]. Results from a previous study showed that, al-
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though infection of human peripheral blood mononu-
clear cell (PBMC)-reconstituted hu-PBL-SCID mice
with a predominantly R5 HIV-1 caused intensive CD4*
T cell depletion, infection of similarly reconstituted
mice with the same infectious dose of an X4 HIV-1 re-
sulted in little or no CD4* T cell depletion [ 11]. There-
after, it was noted that this limitation of X4 HIV-1 infec-
tion was due, at least in part, to a decrease in the intensity
of CXCR4 expression on CD4* T cells [13]., Thus, it was
reasoned that the pathogenic effects of the X4 HIV-1
strains in the hu-PBL-SCID mice might be related to the
relative levels of the expression of HIV-1 coreceptor (the
state of activation/differentiation) on human CD4* T
cells at the time of infection in these mice. This limita-
tion has to date restricted our ability to use this mouse
maodel for understanding the mechanisms of X4 HIV-1
pathogenesis and for the evaluation of candidate thera-
peutics against X4 viruses. These findings prompted us
to seek alternative strategies for the development of an
improved hu-PBL-SCID mouse system that is permis-
sive for infection/replication of X4 isolates.

Human interleukin (IL)-4 has been shown ta specif-
ically enhance the cell-surface expression of CXCR4 on
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resting peripheral blood T cells [ 15]. Furthermore, it has been
reported that human IL-4 plays an important role in render-

ing CD4* T cells susceptible to X4 HIV-1 infection via en-
hanced cell-surface expression of the CXCR4 coreceptor in
vitro [15-17].

In efforts to overcome the limitation inherent with the use of
hu-PBL-SCID mice for the study of X4 HIV-1 as described
above, we developed an IL-4 -transgenic immunodeficient
mouse model that consistently secreted readily detectable serum
levels of human IL-4. We show here that X4 isolates readily in-
fect/replicate in this mouse model but not in wild-type (wi)
non-IL-4=transgenic mice and that this model can now be ex-
ploited for the rapid evaluation of the therapeutic efficacy of new
anti-X4 HIV-1 agents in vivo.

METHODS

IL-4-producing mice. Two strains of human IL-4 -transgenic
immunodeficient mice were bred on the C.B-17-scid | 18] and
BALB/cA-Rag2 "y, (dKO) genetic background mice [19,
20/ at the Central Institute for Experimental Animals (CIEA) as
follows. PBMCs were isolated from a healthy human volunteer
and activated in vitro with pokeweed mitogen, RNA was pre-
pared from these PBMCs, and then ¢cDNA was synthesized by
reverse-transcriptase polymerase chain reaction (PCR), Human
IL-4 cDNA was amplified from the cDNA using one set of prim-
ers: 5-CCCGGGATCGTTAGCTTCTCCTGATAAAA-3" and
5-GCGGCCGCTATTCAGCTCGAACACTTTGAAT-3".  The
product was inserted into the PCR2.1 vector by use of the TA
cloning kit {Invitrogen) and the insert sequenced. After confir-
mation of the sequence, IL-4 ¢cDNA was inserted into pCMVb
with a CMV promoter (Invitrogen). To produce transgenic
mice, a DNA fragment containing the CMV promoter, [L-4
c¢DNA, and Poly(A) regions was excised with Xhol and Hindlll
sites of pPCMVb and microinjected into the pronuclei of fertil-
ized eggs from the 2 strains (C.B-17-s¢id and BALB/cA-dKO) of
mice. These eggs were subsequently transplanted into oviducts
of pscudopregnant foster recipient mice. The offspring mice
were screened to confirm the insertion of the transgene into the
genome by PCR, and serum from these mice was screened for
levels of human IL-4 by ELISA with a commercial kit (BD). The
IL-4 transgene—hemizygous mice were maintained by mating
them with wt mice with the same genetic background in the
specific-pathogen-free (SPF) facility of the CIEA. The mice were
transferred to the SPF and biosafety level 3 facilities of the Insti-
tute for Animal Experiments, University of the Ryukyus, and
were used for further experiments. The experimental protocols
were approved by the Institutional Animal Care and Use Com-
mittee on the basis of the Regulation for Animal Experimenta-
tion of the CIEA and University of the Ryukyus before the initi-
ation of the study.

Viruses. X4 HIV- 1, ., was obtained as described elsewhere
[ 14]. Fourteen multidrug-resistant (MDR) HIV-1 clinical iso-
lates were obtained from HIV-1—-infected patients who had been
treated with highly active antiretroviral therapy (HAART). The
viruses were propagated in PBMCs stimulated with phytohe-
magglutinin (PHA; Sigma), IL-2 (National Institutes of Health
AIDS Rescarch and Reference Reagent Program), and IL-4 (Pep-
rotec). Three isolates from these MDR isolates that efficiently
grew in the activated cells were selected for further experiments.
The titers of virus stocks were determined by end-point titra-
tion using a 2-fold limiting dilution of the stock and in vitro
PHA-activated human PBMCs, and the infectious units (1U)
were calculated,

CXCR4 antagonist. The synthesis and purification of the
CXCR4 antagonist KRH-1636 were performed at Kurcha Cor-
poration as described elsewhere [21]. As a control, the carrier
tartrate was used in parallel.

Transplantation and infection, The control (wt) and the
IL-4-transgenic C.B-17-scid mice were depleted of NK cells by
the intraperitoneal (ip) injection of 0.5-1.0 mg of anti-mouse
IL-2R B3 (TMp-1) [22] per animal, The IL-4 —transgenic and the
control BALB/cA-dKO mice do not require TMB-1 treatment
because they lack NK cells [19, 20]. PBMCs were isolated from
healthy human donors. Groups of 2-4-month-old [L-4—trans-
genic mice from each of the 2 background strains and their cor-
responding non-IL-4—transgenic wt mice were injected ip with
PBMCs 3 days later. Groups of mice were challenged 24 h laterip
with mock, HIV-1y;4.5 or MDR isolates (2000 1U/500 pLfani-
mal). For the experiments using the CXCR4 antagonist, groups
of mice were administered 0.1 mL of 10 mmol/L KRH- 1636, the
tartrate carrier or saline ip at | h before and 1 day after virus
infection. At 6—8 days after infection, the mice were killed, their
blood was obtained by cardiocentesis, and human lymphocytes
were collected from the peritoneal lavage fluids. The serum sam-
ples were assayed for levels of human 1L-4 by use of an ELISA kit
(R&D Systems). The human lymphocytes were analyzed using
flow cytometry as described below. The remaining cells were
cultured in RPMI 1640 medium (Sigma) supplemented with fe-
tal calf serum and IL-2. The peritoneal lavage fluids, serum sam-
ples, and lymphocyte culture supernatants were examined for
levels of p24 by use of an ELISA kit (Zepto Metrix).

Flow cytometry analysis. Cell samples to be analyzed by
flow cytometry were initially incubated with normal human IgG
for blocking of the Fc receptors. For cell-surface staining, ali-
quots of cells were then stained with Cy5-labeled ami-CD4
(OKT4) and phycoerythrin-labeled anti-CXCR4 (12G5; Dako)
or with Cy5-labeled anti-CD3 (OKT3), For intracellular stain-
ing, after CD3 staining the aliquots of cells were fixed, permeab-
ilized, and incubated with fluorescein isothiocyanate-labeled
anti-HIV-1 Gagp24 (2C2; Y.T. etal,, unpublished data). Stained
samples were analyzed on a FACSCalibur flow cytometer, using
Cell Quest software (BD Pharmingen). Aliquots of cells stained
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Table 1.

Expression of human CD4, CXCR4, and intracellular HIV-1 p24 in cells from X4 HIV-1-infected

hu-PBL-SCID mice.
XA HV-1 Mice, cDa* T CXCRACD4* T p2a* T

Category infaction no cells, % P cells, % P cells, % P
C.B-17-scid mice 3 y

Control NL4-3 6 221 =83 <.001 452 = 4.7 <.001 0.1=z01 NS

IL-4 transgenic NL&.3 [ 66380 B5.5 £ 8.1 01201
BALB/cA-dKO mice

Cantrol NL4-3 5 3}H2BT <01 326=x14 <001 02201 <.08

IL-4 transgenic NL4-3 3 574 +83 682+ 39 32+12

NOTE. Calls in parnoneal lavage fiud from control and interleukin (IL- 4 <rransgemc hu-PBL-5CID nmice on edher the CB-17-so0 o
BALB/cAdKO background were labeled with appropnate monoclonal antibodes and analyzed by flow cytometry, as descnbed n
Methods, Analyzed data are shown as mean = 50 values. NS, not signiicant. The indicated P values for the comparison of control va

transgenc mice for sach category ars based on Student's [ 1est

with or without each ofthe antibodies described above were used
as controls for the purposes of establishing gates and for the
determination of the frequency of positive cells.

Statistical analysis. Data obtained by flow cytometry were
analyzed by Student's ¢ test with GraphPad Prism (version 4.0¢
for Mac OS X; GraphPad Software).

RESULTS

Efforts
to construct the 1L-4-transgenic mice constitutively synthesiz-

Production of human IL-4 in IL-d~transgenic mice.

ing human [L-4 finally led to the establishment of mice on each
of the 2 immunodeficient backgrounds expressing either high or
low serum levels of human IL.-4 (data not shown). On the basis
of preliminary data obtained on the efficiency of virus replica-
tion, all subsequent experiments were done using only the 2
strains with high serum IL-4 expression levels, We assayed for
levels of human IL-4 in the serum from the IL-4° hu-PBL-SCID
mice and the wt hu-PBL-SCID mice on either the C.B-17-scid or
BALB/cA-dKO background after infection with X4 HIV-1,, ;.
Serum from each of the IL-4-transgenic mice on cither back-
ground contained significant levels of human IL-4 (~800-1800
pg/mL), whereas serum from the control mice on the same back-
ground showed nondetectable levels of human [L-4. These data
demonstrate that the human 11.-4 synthesized by the [L-4~trans-
genic mice is generated from the transgene but not from the
human PBMCs transplanted in these mice.

Effect of human IL-4 on the levels of human CXCR4 and
CD4 expression by cells transplanted into mice. Since hu-
man IL-4 has been previously documented to enhance the ex-
pression of CXCR4 in vitro, experiments were done to examine
the expression of human CXCR4 on transplanted CD4 * ¢ells in
the peritoneal lavage fluids from HIV-1,;, —~infecred IL-4* hu-
PBL-SCID mice and control hu-PBL-5CID mice on cither the
C.B-17-scid or BALB/cA-dKO background. There did not ap-
pear to be any detectable difference in the absolute amounts of
cells recovered from the peritoneal lavage fluids from the 1L-4

positive or IL-4—negative hu-PBL-5CID mice on either back-
ground (data not shown). Flow cytometry analysis demon-
strated that the frequency of human CD4" cells from the IL-4-
transgenic C.B-17-scid or BALB/cA-dKO mice was significantly
higher than that from the control mice (table 1). As expected,
there was a marked increase in the frequency of CXCR4-
expressing CD4* cells from the IL-4 —transgenic mice on either
genetic background relative to that from the control mice (figure
1A and table 1). Thus, these data indicate that human IL-4 pro-
duced endogenously is functional invivo in terms of its ability to
enhance human CXCR4 expression on CD4 * cells transplanted
into the mice.

Increased frequency of X4 HIV-1~infected cells from IL-4-
transgenic hu-PBL-SCID mice.
sis of human IL-4 in IL-4-transgenic hu-PBL-SCID mice re-
sulted in the enhanced expression of X4 HIV-1 receptors
(human CXCR4/CD4) on the transplanted cells, we reasoned
that such cells were likely to be more permissive to the infection
and replication of X4 HIV-1. We thus challenged the 11-4-
transgenic hu-PBL-SCID mice and control hu-PBL-SCID mice
bred on the C.B-17-s¢cid or BALB/cA-dKO mice with HIV- 1.5
Cells obtained from the peritoneal lavage fluids were analyzed
for cell-surface expression of human CD3 (since HIV-1 down-
modulates CD4 expression) and the presence of intracellular
p24. As seen in figure 1B and table 1, although very few if any
CD3* cells from the control or IL-4—transgenic C.B-17-scid
mice showed p24 expression, there was a >10-fold increase in
the frequency of CD3* T cells that expressed p24 from the [L-4-
transgenic BALB/cA-dKO mice relative to the control mice.
These data suggest that, while transgene-induced human 1L-4
increases the frequency of CD4'CXCR4* T cells transplanted
into both the C.B-17-scid and the BALB/cA-dKO mice, only the
latter demonstrates increased sensitivity to X4 HIV-1 infection
and replication, at least when this assay is used (see below).

High production of X4 HIV-1 in the culture supernatants of
cells from IL-4-transgenic hu-PBL-SCID mice, In an effort

Since the constitutive synthe-
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Relative cell no.

Figure 1. Enhancement of the exprassion of CXCR4 coreceptor and facilitation of X4 HIV-1 infection and replication in hu-PBL-SCID mice by in vivo
production of human interfeukin (IL=4. Groups of hu-PBL-SCID mice, generated from IL-4—transgenic and nontransganic (control) mice on either the
C.B-17-s¢id or BALB/cA-dKO background, were injected intraperitoneally with HIV-Ty,.5 @t 24 h after peripheral blood mononuclear cell (PBMC)
reconstitution Six to eight days later, peritoneal lavage fluids were harvested from mice in each group, and cells were collected from the fluids by
density-gradient centrifugation. A Cells analyzed for the frequency and mean density of human CXCR4 expression on CD4~ cells by flow cytometry
Data far analyzed cells are depicted by a thick line, and the background control profile is depicted by a thin line and gray shading. The nos. above the
bars represent the percentage of positive cells. Data shown are representative of mice in each group from 3 independent experiments. 8, HIV-1
infectivity Cells were subjected to flow cytometry after cell-surface CD3 and intracellular p24 staining Analyzed data are depicted as dot plots. The
nos. in the graphs indicate the percentage of CD3*p24+ cells. Data displayed are representative of mice in each group from 3 independent experiments

to determine the reason for our failure to detect levels of intra-
cellular p24 in the IL-4~transgenic mice on the C.B-17-scid
background and to further support the above finding, peritoneal
lavage fluids were collected from mock- or HIV- 1y, s-infected
1L-4* hu-PBL-SCID mice and, for purposes of control, the HIV-
Iy 4.s-infected non-IL-4 —transgenic mice on the C.B-17-scid
background, The cells were isolated from the peritoneal lavage
fluids, and an aliquot was analyzed for the frequency and the
relative density of human CXCR4/CD4; the remaining aliquot
was cultured in vitro. In addition, the peritoneal lavage fluids
and the culture supernatants of cells at days 1-3 after culture
were assayed for levels of p24 production, As displayed in rable 2,
although the frequency of CXCR4'CD4" cells in the 1L-4-
transgenic mice was significantly higher than that in the non-
transgenic mice, the mean fluorescence intensity (MF1) of
CXCR4 expressed by the CD4* T cells from these mice was not

increased compared with the control (because of an increase in
the frequency of CXCR4*CD4* cells with relatively low MFI; see
figure 14). Analysis of levels of synthesized p24 demonstrated
marked differences, as shown in figure 2. Thus, although the
amounts of p24 produced were modest in the peritoneal lavage
fluids and the cell-culture supernatants from HIV-I-infected
control mice, the levels of p24 produced by those from HIV-1-
infected I1-4-transgenic mice were strikingly higher (15,429,
11,844, 1696, and 53 pg/mL in the supernatants on day 3) (mean,
48.9 vs. 7255 pg/mL; > 100-fold increase). Although the levels of
p24 produced by one of the 1L-4 —transgenic mice (mouse 12)
were similar to those in the control mice, this was likely due to
the much lower relative level of human IL-4 (354 pg/ml in se-
rum) produced by mouse 12 than those from the other 3 [L-4—
transgenic mice (4227, 6313, and 2356 pg/mL in serum). The
present data not only document the fact that the cells from these

Table 2. Effect of the CXCR4 antagonist KRH-1636 on the expression of human CXCR4 by CD4* cells from X4
HIV-1-infected interleukin (IL}-4—transgenic hu-PBL-SCID mice.

X4 HIv-1 CXCR4 Mice, CXCR4'CDa"T CXCR4onCDa* T
CB-17-scid mice  Infection  antagonist no. cells, % P cells, MFI P
Control NL4-3 Mock 4 455283 <,06* 737 £ 36.0 NS
IL4 transgenic NL4-3 Maock 4 667274 INS# 731=z62 <.0B*
IL-4 transgenic NL4-3 KRH-1636 4 63.0=242 622=x48

NOTE. Control of IL-4-transgenic hu-PBL-SCID mice on the € B-17-scid background infected with X4 HIV-1,..5 were adminis-
tated mock KAH-1636 of resl KRH-1636. Cells isolated from the pertoneal lavage Huid from this mice in each group were labaled with
appropriate monoclanal antibodies and subjected to flow cytometry, as describad in M, Data analyzad are displayed as masn
+ SO valyes MFI, maan fluorescance intensity, NS, not significant. The indicated P values are based on Student's f1est

* For the companson between control mice and IL<4 ~transgenic mice that receved 8 mock CXCR4 anagonst

® For the comparison between L4 -transgemc mice thal recerved a maock CXCR4 amagonist and IL-4 -transgenic mice that
received KRH 1636
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Figure 2. Efficient infection of interleukin (ILi-4-producing hu-PBL-SCID mice with X4 laboratory strain and an inhibitory effect of the CXCR4
antagonist KRH-1636 on infection. Twelve IL-d-transgenic and 4 nontransgemic (control) hu-PBL-SCID mice were generated on the C.B-17-soid
background. Among them, B IL-4—-transgenic and 4 control mice were infected intraperitoneally (ip] with the X4 laboratory strain (HIV-1.4) and 4
IL-4 ~transgenic mice were mock-infected at 1 day after engratiment. To evaluate the effect of KRH-1636, this drug was administered ip twice, at 1 h
before and 1 day after infection of 4 IL-4 ~transgenic mice (NL4-3 + KRH-1636) At B days after infection, peritoneal lavage fluids were obtained from
the mice in each group. Cells were isolated from the fluids and cultured in IL-2—-comtaining medium Levels of HIV-1 p24 in the peritoneal lavage fiuids
{A) and culture supematants a1 days 1-3 after incubation (B) were quantitated for infectivity and replication efficiency by EUSA With regard to the
data on mock-infected mice, only 2 of 4 representative data are presented. The nos. listed above the bars in the graph indicate levels of HIV-1 p24
when it was detectable on day 3 (most of the values were <200 pg/mL, and select samples showed values of 2000 pg/mL). Pound signs (#) indicate
mouse nos. Results shown are representative of 3 indepandent expariments

IL-4 —transgenic C.B-17-scid mice are susceptible but also dem-
onstrate that the virus from such cells is replication competent,
In addition, these findings suggest that the use of intracellular
p24 levels is not a sensitive enough technique and that data using
the intracellular p24 assay need to be carefully evaluated. These
data also indicate that the IL-4—transgenic hu-PBL-5CID mice
provide a powerful model for the study of X4 HIV-1 infection
independently of the genetic background of the mice,
Inhibitory effect of the CXCR4 antagonist on infection of
IL-4~transgenic hu-PBL-SCID mice with the X4 laboratory
strain. Inan effort to further validate that the CXCR4 corecep-
tor was indeed used by the X4 HIV-1 virus in the IL-4—-trans-
genic hu-PBL-SCID mice, we used the X4 virus-entry inhibitor,
CXCR4 antagonist KRH-1636. Thus, the [L-4—transgenic hu-
PBL-SCID mice on the C.B-17-scid background were infected
with X4 laboratory strain HIV-1y,, and were either mock
treated or treated with KRH- 1636, and the peritoneal lavage flu-
ids, cells in fluids, and cell-culture supernatants were examined
as described above. As shown in table 2, the frequency of
CXCR4'CD4" cells in KRH-1636-treated IL-4~-transgenic
mice was marginally lower than that in mock-treated I1-4-
transgenic mice. In addition, the MFI of CXCR#4 expression by
the CD4" T cells was clearly reduced by KRH- 1636 administra-
tion. Importantly, treatment with KRH- 1636 almost completely
blocked X4 HIV-1 infection in these 1L-4 -transgenic mice (fig-
ure 2). These data indicate that X4 HIV-1 infection in transgenic
mice is CXCR4 dependent and that our mouse model can be
used to develop and test new anti-X4 HIV-1 drugs in vivo.
Therapeutic effect of KRH-1636 on the infection of IL-4-
transgenic hu-PBL-SCID mice with MDR cdinical isolates.
The appearance of MDR HIV-1 clinical isolates has been and
continues lo be one of the growing problems in a significant

number of patients receiving HAART and seriously limits the
use of the antiviral drugs that are currently available. Thus, the
development of novel adjunct or alternative therapeutics is an
urgent need. Since treated patients tend to harbor significantly
higher levels of either dual/mixed or X4 viruses [23] and since
MDR isolates are not usually refractory to new treatment with
drugs from classes that have not been used previously in patients
trom which the viruses were derived, we finally wanted to exam-
ine the effect of KRH-1636 on MDR HIV-1 infection in [L-4—
transgenic hu-PBL-SCID mice. For this experiment, we used the
IL-4 ~transgenic BALB/cA-dKO mice instead of the I1.-4 ~trans-
genic C.B-17-scid mice, because the former seems more permis-
sive to X4 HIV-1 infection than the latter, as described above.
Before the in vivo study, we confirmed that the in vitro infection
by 3 MDR clinical isolates could be inhibited with KRH-1636
(more than ~90% inhibition at the 5-pmol/L level), Thus,
groups of IL-4-transgenic hu-PBL-SCID mice were infected
with a mixture of these selected MDR isolates containing equal
IU of each virus and treated with KRH-1636 or the tartrate car-
rier control. Thereafter, the cells obtained from the peritoneal
lavage fluids were analyzed for the expression of cell-surface hu-
man CD4, CD3, and intracellular p24. The serum, peritoneal
lavage fluids, and supernatants following in vitro culture of the
cells for 24 h were assayed for levels of p24 production. Flow
cytometry analysis after CDM staining demonstrated a significant
declinein CD4* T cells in 2 (mouse 7 and mouse 8) of 4 control-
treated mice (figure 34; top profile shows data from 1 of these 2
mice), which was likely due to MDR HIV-1 pathogenesis. How-
ever, importantly, no detectable depletion of CD4* T cells was
observed inany of 4 KRH- 1636 -treated mice ( figure 3A; bottom
profile). As summarized in table 3, the difference in the fre-
quency of CD4" T cells between the control-treated mice and the
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Figure 3. Prophylactic effect of KRH-1636 on infection and pathogenesis by multidrug-resistant (MOR) HIV-1 clinical isolates. Eight imereukin (IL-4-
transgenic hu-PBL-SCID mice (BALB/cA-dK0) were infected intraperitoreally (ip) with a mixture of MOR HIV-1 clinical isolates at 1 day after human peripheral
blood mononuclear cell transfer. In an effort to assess the effect of KAH-1636 on HIV-1 infection, this agent or tanrate (control drug) was administered to 4
mice per group ip twice, at 1 h before infection and 1 day after infection. At 7 days after infection, serum and peritoneal lavage fluids were harvested from
mice in each group. and cells were collected from the fluids. A Cells examined for human CD4 expression by cell-surface staining and standard flow cytometry
Representative data from a single mouse from the control-treated or the KRH-1636 ~treated HIV-1-infected mice are shown. The frequency of C04* T cells
is depicted by a thick line, and the background control 1s depicted by a thin line with gray shading. The nos. above the bars indicate the percentage of positive
cells. 8 Aliguot of the peritoneal lavage cells analyzed by flow cytometry for the frequency of C0D3* T cells that were positive for the intracellular presence
of HIV-1 p24. Representative data of cells from the control-treated and the KRH-1636 ~treated HIV-1—infected mice are shown. The nos in the graphs indicate
the percentage of CD3°p24* cells. £, Concentrations of p24 in serum and peritoneal lavage fluid. Concentrations were determined by ELISA to quantify MOR
HIV-1 infection and replication efficiency. Pound signs (#) indicate mouse nos. 0, Levels of in witro p24 production The remaining cells were cultured in a
microtiter plate containing IL-2* medium for 24 h, and the culture supamatants obtained were assayed for lavels of in vitro p24 production by ELISA. Pound
signs (#) indicate mouse nos. Results shown are representative of 3 similar independent expeniments

KRH-1636 -treated mice was not significant. However, the MFI edly inhibited in the KRH-1636-treated mice, compared with
of CIM expression was significantly decreased in the control- that in the carrier-treated control mice (figure 3B and table 3),
treated mice (229.3 vs. 296.3; P < .05). Results of CD3/p24  Furthermore, levels of HIV-1 p24 in the serum samples, perito-
staining showed that the frequency of CD3° p24* cellswasmark-  neal lavage fluids, and culture supernatants from the KRH-

Table 3. Effect of KRH-1636 on infection and pathogenesis by multidrug-resistant (MDR) HIV-1 clinical
isolates in interleukin (IL}-4-transgenic hu-PBL-SCID mice.

BALB/cADKD X4 HIV-1 CXCR4 Mice, coa~ T coar T p2a* T
mice infection  antagonist no cells, % P cells, MFI P cells, % P
|L-4 transgenic MDR Control 4 147118 NS 2293x330 <06 32:08 <01
IL-4 transgenic MDR KRH-1636 4 13 £157 2963 252 0.8=07

NOTE. L4 -transgenic hu-PBL-SCID mica on the BALB/cA-dRO background ware infected with MDR HIV-1 clinical isolates and
administered tarrate (contrell or KRH-1636. Cells in paritoneal lavage fluid rom the mice in sach group were stained with aporepriate
manoclonal antibodies and analyzed by flow cytometry, as describad in Mathods. Data shown here are maan = 5D volues. MFI,
mean fluorescence intensity, NS, not significant. The indicated P values for the comparison batween control mice and mice that
received KAH-1636 are based on Student’s ¢ test
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1636 —treated HIV-l1-infected mice were almost completely re-
duced relative to those in the control mice (figure 3C and 3D).
Note that the failure to detect the in vitro production of p24 in
mouse 7 might result from depletion of CD4" T cells ( figure 3D),
These data demonstrate that the CXCR4 antagonist KRH-1636
has a marked degree of prophylactic effect on infection with
pathogenic MDR dlinical isolates in vivo,

DISCUSSION

Humanized mice that have served as valuable small animal mod-
els include the SCID-hu Thy/Liv mouse [24-28]. This mouse
model, generated by implanting human hematopoietic tissues
(human fetal thymus/liver) under the kidney capsule, has been
used for the study of HIV-1 and is known for permissiveness to
X4 HIV-1 infection [26-28). However, the use of this model is
limited by the fact that the implants are of human fetal organ
origins that are not easily available. On the other hand, the hu-
PBL-SCID mouse model provides another surrogate in vivo
HIV-1 infection assay system. Although this model has led to a
number of successful studies of HIV-1 [8=14], there was still a
limitation in that it was difficult to demonstrate X4 HIV- 1 infec-
tion and replication in such mice. Thus, to add extra value to the
use of this mouse system for the study of HIV-1, in the present
study we developed novel human IL-4-transgenic hu-PBL-
SCID mice that enable CXCR4-using HIV-1 strains to efficiently
infect and replicate in these mice.

Human IL-4 has low homology with murine 1L-4 both at the
gene and protein levels, accounting for the lack of cross-
reactivity of this cytokine in the 2 species in vitro [29-32]. Re-
sults of the experiments reported here indicate that the high ef-
ficiency of X4 HIV-1 infection in the IL-4 -transgenic hu-PBL-
SCID mice was, at least in par, secondary to enhanced
expression of viral receptors induced by human 114 synthesized
endogenously. Interestingly, although there was no apparent in-
crease in the number of cells recovered from the engrafted trans-
genic mice, there was a significant increase in the number of
CD4 " T cells recovered (1.5-3-fold). It is thus possible that the
other cell lineages migrate from the peritoneal cavity to other
tissues of the mice, resulting in enrichment of the CD4* T cell
lineage. However, further studies of other tissues are needed to

clarify this issue. Furthermore, our preli y experi in-
dicate that the 11L-4 ~transgenic hu-PBL-SCID mice remain per-
missive to RS strain infection (data not shown).

In this report, we created 2 types of novel hu-PBL-SCID mice
by transplanting human PBMCs into [L-4 —transgenic C.B-17-
scid and BALB/cA-dKO mice, The data obtained show that hu-
PBL-SCID mice using the IL-4-producing BALB/cA-dKO mice
appeared more permissive to X4 HIV-1 infection than did those
using the IL-4—producing C.B-17-scid mice, at least as deter-
mined by the presence of intracellular p24, Although the reasons
for this difference remain to be determined, it should be noted

that, whereas the BALB/cA-dKO mice were derived by double
mutation with defects in both the recombinase-activating gene 2
(Rag-2) and the gene encoding the ¥, chain of select cyrokine
receptors |19, 20, the C.B-17-scid mice have only the Rag-2
mutation | 18], Thus, although the Rag-2 mutation prevents the
normal maturation of T and B lymphocytes, the y, chain muta-
tion abrogates the expression of functional receptors for 1L-2
and other cytokines, preventing the expansion of lymphocytes,
including NK cells, which play an important role in the innate
immune response such as nonspecific rejection of xenogeneic
grafts, Itisthus possible that the C.B-17-scid mice maintaina low
but significant residual level of NK cell function, which may play
a role in the difference noted above even though they were ad-
ministered significant levels of anti-1L-2R B antibody. Since the
BALB/cA-dKO mice are completely deficient in NK cell lineage
and function, they are more immunodeficient than the C.B-17-
scid mice, suggesting that the level and type of immunodefi-
ciency in the BALB/cA-dKO mice may facilitate better engraft-
ment and more efficient viral infection and propagation within
these mice. These select defects of the BALB/cA-dKO mice might
render the IL-4 ~transgenic mouse model on this background
more valuable and ideal for studies of X4 HIV-1.
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Human immunaodeficiency virus type 1 (HIV-1) utilizes the macro-
molecular machinery of the infected host cell to produce progeny
virus. The discovery of cellular factors that participate in HIV-1
replication pathways has provided further insight into the molec-
ular basis of virus-host cell interactions. Here, we report that the
suppressor of cytokine signaling 1 (SOCS1) is an inducible host
factor during HIV-1 infection and regulates the late stages of the
HIV-1 replication pathway. SOCS1 can directly bind to the matrix
and nucleocapsid regions of the HIV-1 p55 Gag polyprotein and
enhance its stability and trafficking, resulting in the efficient
production of HIV-1 particles via an IFN signaling-independent
mechanism. The depletion of SOCS1 by siRNA reduces both the
targeted trafficking and assembly of HIV-1 Gag, resulting in its
accumulation as perinuclear solid aggregates that are eventually
subjected to lysosomal degradation. These results together indi-
cate that SOCS1 is a crudial host factor that regulates the intracel-
lular dynamism of HIV-1 Gag and could therefore be a potential
new therapeutic target for AIDS and its related disorders.

AIDS | pathogenesis | drug target | lysozyme

uman immunodeficiency virus type 1 (HIV-1) infection is a

multistep and multifactorial process mediated by a complex
series of virus-host cell interactions (1, 2). The molecular interac-
tions between host cell factors and HIV-1 are vital to our under-
standing of not only the nature of the resulting viral replication, but
also the subsequent cytopathogenesis that occurs in the infected
cells (3). The characterization of the genes in the host cells that are
up- or down-regulated upon HIV-1 infection could therefore
provide a further elucidation of virus-host cell interactions and
identify putative molecular targets for the HIV-1 replication path-
way (4).

The HIV-1 p55 Gag protein consists of four domains that are
cleaved by the viral protease concomitantly with virus release. This
action generates the mature Gag protein comprising the matrix
(MA/p17), capsid (CA/p24), nucleocapsid (NC/p7), and p6 do-
mains, in addition to two small spacer peptides, SP1 and SP2 (5, 6).
The N-terminal portion of MA, which is myristoylated, facilitates
the targeting of Gag to the plasma membrane (PM), whereas CA
and NC promote Gag multimerization. p6 plays a central role in the
release of HI'V-1 particles from PM by interacting with the vacuolar
sorting protein Tsgl0l and AIPVALIX (7-9). Several recent
studies have implicated the presence of host factors in the control
of the intracellular trafficking of Gag. AP-35 is a recently charac-

294-299 | PNAS | January8, 2008 | vol.105 | no.1

terized endosomal adaptor protein that binds directly to the MA
region of Gag and enhances its targeting to the multivesicular body
(MVB) during the early stages of particle assembly (10). The
trans-Golgi network (TGN)-associated protein hPOSH plays an-
other role in Gag transport by facilitating the egress of Gag cargo
vesicles from the TGN, where it assembles with envelope protein
(Env) before transport to PM (11). Although the involvement of
these host proteins in the regulation of intracellular Gag trafficking
has been proposed, the detailed molecular mechanisms underlying
this process are still not yet well characterized.

In our current work, we demonstrate that the suppressor of
cytokine signaling 1 (SOCSI) directly binds HIV-1 Gag and
facilitates the intracellular trafficking and stability of this protein,
resulting in the efficient production of HIV-1 particles. These
results indicate that SOCS1 is a crucial host factor for efficient
HIV-1 production and could be an intriguing molecular target for
future treatment of AIDS and related diseases.

Results

SOCS1 Is Induced upon HIV-1 Infection and Facilitates HIV-1 Replica-
tion via Posttranscriptional Mechanisms. We and others have shown
that HIV-1 infection can alter cellular gene expression patterns,
resulting in the modification of viral replication and impaired
homeostasis in the host cells (4, 12), Hence, 1o elucidate further the
genes and cellular pathways that participate in HIV-1 replication
processes, we performed serial analysis of gene expression (SAGE)
using either a HIV-1 or mock-infected human T cell line, MOLT-4
(12). Further detailed analysis of relatively low-abundance SAGE
tags identified SOCS] as a preferentially up-regulated gene after
HIV-1 infection. This finding was validated by both semiquantita-
tive RT-PCR and immunoblotting analysis with anti-SOCS1 anti-
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Fig. 1. SOCS1 is induced upon
HIV-1 infection and enhances HIV-1
particle production. (A) MOLT-4
cells were mock-infected or in-
fected with HIV-1y.4.3, and then to-
tal RNA and protein extracts de-
rived from these cells were
subjected to semiguantitative RT-
PCR (Left) and immunoblotting
(Right), respectively. (8) PBMC from
two healthy individuals were in-
fected with HIV-Tye.3 OF were
mock-infected, and SOCS1 expres-
sion was examined by semiquanti-
tative RT-PCR. () 2937 cells were
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hours after transfection, p24 anti-
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--Il‘ ]~ HA-50CS3

lysates and pelleted viruses were
analyzed by immunoblotting
(Lower). The data shown represent
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the mean = 5D from three indepen-
dent experiments, HA-LacZ is a
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bodies (Fig. 1.4). In addition, SOCS was found to be up-regulated
also in peripheral blood mononuclear cells (PBMC) from two
different individuals (following HI'V infection, Fig. 18).

Our initial findings that SOCS1 is induced upon HIV-1 infection
prompted us to examine whether this gene product affects viral
replication. We first cotransfected 293T cells with a HIV-1 infec-
tious molecular clone, pNL4-3 (13), and also pcDNA-myc-SOCSI,
and then monitored the virus production levels in the resulting
supernatant. We then performed ELISA using an anti-p24 antibody
and found that wild-type SOCS]1 significantly increases the pro-
duction of HIV-1 in the cell supernatant in a dose-dependent

Ryo et al.

Virions

| =~ EV

SOCSTR105E, or SOCS3. Cell lysates
and pelleted viruses were then col-
lected after 48 h and subjected to
ELISA (Upper) or immunoblotting
T (Lower), as described in C. (E) 2937
cells cotransfected with either
pNL4-3 plus control vector, or
pNL4-3 plus myc-tagged SOCS1
were analyzed by TEM. Note that
substantial numbers of mature virus
particles can be observed in the
myc-SOCS1-transfected cells, (Scale
bars: 500 nm.) (F) Jurkat cells were
infected with virions (adjusted by p24
levels) from either control vector (EV)-
or SOCS 1-transfected 2937 cells. Super-
natant p24 levels at the indicated time
points were measured by ELISA,

manner (Fig. 1C Upper). In contrast, neither the SH2 domain-
defective mutant (R105E) nor the SOCS box deletion mutant (AS)
of SOCS1 could promote virus production to the same levels as wild
type, indicating that both domains are required for this enhance-
ment (Fig. 1D Upper). Furthermore, another SOCS box protein,
SOCS3, failed to augment HIV-1 replication in a parallel experi-
ment (Fig. 1D Upper), indicating that the role of SOCSI during
HIV-1 replication is specific.

We next performed immunoblotting analysis using cell lysates
and harvested virus particles in further parallel experiments (Fig. 1
C and D Lower). Consistent with our ELISA analysis, the expres-
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Fig. 2. SOCS! interacts with HIV-1 Gag. (A) Ex- A c -]
tracts of 2937 cells transfected with either empty

vector or Gag-FLAG were subjected to pull-down [he— QST pult-down J

analyses using glutathione-agarose beads with ™ o= asT. g‘gd

GST-SOCS1 in the presence of 10 ng/ml ANase fol- ™ rFLAc  OST $0C81

lowed by immunaoblotting with anti-FLAG antibod- ' al - E;n-mﬁ

ies. (B) Extracts of 2937 cells transiently expressing
myc-SOCS! and Gag-FLAG were subjected to im-
munoprecipitation (IP) with anti-FLAG monocional
antibodies in the presence of 10 ng/ml RNase fol-
lowed by immunoblotting (1B) analysis with either
anti-FLAG or anti-myc polyclonal antibodies. (O
293T cells were transiently transfected with Gag-
FLAG, and cell lysates were then subjected to im-
munoprecipitation with anti-FLAG antibodies fol-
lowed by immunoblotting with an antibody
directed against endogenous S0CS1. (D and E)
293T cells expressing various myc-tagged 50C51
mutants (schematically depicted in D) were ana-
lyzed by GST pull-down analysis with either GST or
GST-Gag recombinant protein (E). (A G5T fusion
proteins of the indicated regions of Gag were
bound to glutathione beads and incubated with
cell lysates from 2937 cells expressing myc-50C51 in
the presence of 10 ng/mi RNase followed by immu-
noblotting with anti-myc antibodies. (G) 50C51
binds pS5 Gag via either its MA or NC domains.
2937 cells were transfected with myc-SOCS1 and
cotransfected with Gag-FLAG, GagAMA-FLAG,
GagANC-FLAG, or GagAMAANC-FLAG, At 24 h af-
ter transfection, cell lysates treated with 10 ug/ml
RNase were subjected to coimmunoprecipitation
with anti-myc monoclonal antibodies followed by =
immunoblotting with anti-FLAG or anti-myc poly-
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clonal antibodies. (H) Functional interaction of
SOCS1 with MA but not NC. 293T cells were trans-
fected with wild-type Gag, AMA-sr¢, or ANC-LZ § §
(Zu-p6) and cotransfected with either control vec-

tor or SOCS1. Supernatant virus particles were then —

collected after 24 h and subjected to immuncblot- ——
ting with anti-p24 antibody. Numerical values be-

low the blots indicate fold induction of superna- 1.0 24 1.0 09

tant p55signal intensities derived by densitometry.

sion of wild-type SOCS]I, but neither its SH2 nor SOCS box mutant
counterparts, resulted in a marked and dose-dependent increase in
the level of intracellular Gag protein, particularly in the case of CA
(p24) and intermediate cleavage products corresponding to
MA-CA (p41) and CA-NC (p39). This increase was found to be
accompanied by an enhanced level of HIV-1 particle production in
the supernatant (Fig. 1 C and D Lower). These results together
indicated that SOCS1 facilitates HIV-1 particle production in
infected cells and that this role of SOCS1 requires the function of
both its SH2 and SOCS box domains. For further details about
SOCS1 interaction with MA and NC and SOCS1-enhanced particle
production, see supporting information (SI) Texz,

To examine the morphological aspects of HIV-1 particle pro-
duction, transmission electron microscopy (TEM) was performed.
293T cells that had been cotransfected with pNL4-3, and either a
control vector or a SOCS1 expression construct, were subjected to
TEM analysis after fixation in glutaraldehyde. In SOCS1-
transfected cells, a significantly increased number of mature virus
particles was observed on the surfaces of PM compared with the
control vector-transfected cells (Fig. 1E). There were also no
obvious malformations of the virus particles in SOCS1-expressing
cells, such as doublet formation or tethering to PM, which are
characteristic of particle budding arrest (14) (Fig. 1E). Consistent
with this observation, virions from SOCS]-transfected cells were
found to be infectious as control viruses in Jurkat cells when the

296 | www.pnas.org/cgi/dol/10.1073/pnas.0704831105
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S0CSs1 Merge

(N Colocalization of SOCS1 with Gag. Hela cells were transiently transfected with Gag-GFP. After 24 h, the cells were fixed, permeabilized, and immunostained
with anti-S0CS1 polyclonal antibody followed by fluorescently labeled secondary antibodies before confocal microscopy. (Scale bar: 10 um.)
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same amounts of virus were infected (Fig. 1F). These results
together indicate that SOCS1 enhances mature and infectious
HIV-1 particle formation.

To elucidate the specific step in HIV-1 production that is
enhanced by SOCS1, we next performed gene reporter assays using
either luciferase expression constructs under the control of wild-
type HIV-LTR (pLTR-luc), or a full-length provirus vector (pNL4-
3-luc) (15). Interestingly, SOCSI1 overexpression was found not to
affect the transcription of these reporter constructs (data not
shown), indicating that SOCS1 enhances HIV-1 replication via
posttranscriptional mechanisms during virus production.

S0CS1 Interacts with the HIV-1 Gag Protein. The results of our initial
experiments indicated that SOCS1 enhances HIV-1 production
via a posttranscriptional mechanism. We therefore next tested
whether SOCS1 could bind directly to HIV-1 Gag. GST pull-
down analysis using C-terminal FLAG-tagged p55 Gag (codon-
optimized) and GST-fused SOCS1 revealed that p55 Gag un-
dergoes specific coprecipitation with GST-SOCS1 (Fig. 24).
Furthermore, both ectopically expressed myc-tagged SOCS1 and
endogenous SOCS1 were found to undergo coimmunoprecipi-
tation with Gag-FLAG in 293T cells (Fig. 2 B and C). Addi-
tionally, GST pull-down analysis with various SOCS1 mutants, as
depicted in Fig. 2D, further demonstrated that a mutant lacking
the both N-terminal and SH2 domain (AN-SH2) could not bind
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Fig.3. SOCS1 enhances both the
stability and tratficking of HIV-1
Gag. (A) Hela cells cotransfected
with pNL4-3 and either control
vector (EV) or SOCS1 were immu-
nostained with antibodies tar-
geting anti-p24 (CA). Confocal
microscopy with differential inter-
ference contrast (DIC) was then
performed. (Scale bars: 10 um.) (B)
2937 cells were transfected with
either a control empty vector (EV)
(Left) or myc-SOCST (Right) and
cotransfected with pNL4-3. After
48 h, cells were pulse-labeled with
|¥*S]methionine or [**S]cysteine
for 15 min and chased for the du-
rations indicated. Cell lysates and
pelleted supernatant virions were
immunoprecipitated with anti-
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p24 antibodies followed by auto-
radiography. (C and D) Hela cells
seeded on poly-.-lysine-coated
cover slides were transfected with
either vector control or SOCS1. Af-
ter 24 h, cells were again trans-
fected with Gag-GFP for 3 h and
then treated with 100 ug/ml CHX
for 5 hto inhibit protein synthesis.
This treatment was followed by
incubation with fresh medium;
then 150 min after the CHX re-
lease, cells were fixed and sub-

jected to confocal microscopy (C). (Scale bars: 10 um.) Cells with Gag protein on the plasma membrane were scored out of 200 transfected cells (D).

p35 Gag, whereas an N-terminal or a SOCS box deletion did not
affect the binding of SOCS1 to Gag in 293T cells (Fig. 2E). This
finding indicates that the SH2 domain is important for the
interaction of SOCS1 with HIV-1 Gag. Interestingly, the R105E
mutant of SOCS1, which disrupts the function of the SH2
domain, still binds Gag (Fig. 2E), indicating that the Gag-
SOCS1 association is independent of the tyrosine phosphoryla-
tion of Gag, as is the case for both HPV-E7 and Vav (16, 17).

To elucidate the SOCS1-binding region of the Gag protein, GST
pull-downs with various GST-fused Gag domain constructs were
performed. SOCS1 was detected in glutathione bead precipitates
with GST-wild-type Gag, GST-Ap6, GST-MA, and GST-NC, but
not with other domain constructs (Fig. 2F), indicating that SOCS1
interacts with Gag via its MA and NC domains, Consistent with
these results, the deletion of both the MA and NC domains of p55
Gag (AMAANC) completely abolishes its interaction with SOCS1
in coimmunoprecipitation experiments (Fig. 2G). Furthermore, in
vitro analysis with purified proteins also demonstrated that SOCS1
can indeed interact with both the MA and NC regions of HIV-1
Gag in the absence of nucleic acids or other proteins (51 Fig. 5).

We next wished to determine the functional interaction domain
in HIV-1 Gag through which SOCS1 functions in terms of virus-like
particle production. To this end, we used a MA-deleted Gag mutant
with an N-terminal myristoyl tag derived from src (AMA-src) (18)
and also an NC-deleted Gag mutant with a GCN4 leucine zipper
in place of NC, which we herein denote as ANC-LZ but which has
been described as Zy -p6 (19). Both of these mutants have been
shown still 1o assemble and bud (18, 19). We found that SOCS1
overexpression can still augment the particle formation of both
wild-type Gag and ANC-LZ but not AM A-src (Fig. 2H), indicating
that the functional interaction between SOCS1 and HIV-1 Gag is
in fact mediated through MA.

To confirm further the direct interaction between SOCS1 and
Gayg in cells, we examined the intracellular localization of these two
proteins. Confocal microscopy revealed that endogenous SOCSI
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forms dotted filamentous structures in the cytoplasm and that Gag
localizes in a very punctate pattern with SOCSI from the perinu-
clear regions to the cell periphery (Fig. 27). These data indicate that
SOCS]1 interacts with HIV-1 Gag in the cytoplasm during HIV-1
particle production.

S0CS1 Promotes both the Stability of Gag and Its Targeting to the
Plasma Membrane, Because we had found from our initial data that
SOCS1 increases HIV-1 particle production as a result of its direct
interaction with intracellular Gag proteins, we next addressed
whether SOCS]1 positively regulates Gag stability and subsequent
trafficking to PM. Our immunofluorescent analysis with the anti-
p24 (CA) antibody initially revealed that SOCS1 overexpression
increases the levels of Gag at PM when cotransfected with pNL4-3
at 48 h after transfection, although it was detected at PM in both
control and SOCS1-expressing cells (Fig. 34). Furthermore, the
levels of cytoplasmic Gag were found to be much lower in the
SOCS1-expressing cells compared with the control cells (Fig. 34).
These results indicate that SOCS1 enhances Gag trafficking to PM.
To examine next whether SOCS1 affects the stability and traf-
ficking of newly synthesized Gag proteins, we performed pulse—
chase analysis. This experiment revealed that SOCS1 significantly
increases the stability of the intracellular p55 Gag polyprolein as
well as the levels of p24 in the supernatant (Fig. 38). Importantly,
24 was detectable at an earlier time point and reached maximum
levels in a shorter period in the cell supernatant of SOCSI-
transfected cells compared with control vector-transfected cells
(Fig. 3B). This finding again suggests that SOCSI facilitates the
intracellular trafficking of newly synthesized Gag proteins to PM.
To confirm this hypothesis further, we performed cycloheximide
(CHX) analysis with HeLa cells transfected using either vector
control or SOCS1. After 24 h, cells were again transfected with
Gag-GFP for 3 h and treated with CHX for 5 h to inhibit protein
synthesis. Cells were then cultured in fresh medium without CHX
for an additional 150 min and subjected to confocal microscopy. At
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Fig. 4. The targeted inhibition of A 5 B B
SOCS suppresses Gag trafficking o .\Qir.s?
and HIV-1 particle production and P& ~ -
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pNL4-3. At 48 h after transfection,
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tants were then subjected to ELISA | p2a
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siRNA, SOCS1-siRNAI alone, or
SOCS1siRNAI plus siRNA-resistant
myc-SOCS1 (myc-SOCS1*). After
48 h, cell supernatants were col-
lected and subjected to p24 ELISA.
(inset) Immunoblots of the cell
lysates. (D) Hela cells were trans-
fected with control or SOCS1-
specific sIRNA and cotransfected
with GFP-Gag. At 48 h after trans-
fection, the cells were subjected 1o
confocal microscopy. (E) Hela cells
were transfected with Gag-GFP and
S0C51-5iIRNA constructs for 48 h.
Cells were then fixed and subjected
to immunofluorescent analysis with
indicated antibodies followed by
DAPI staining. (Scale bars: 10 mm.)
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ther control-siRNA or SOCS1-siRNA.
After 36 h, the cells were treated
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different SOCS1-specific sSiRNAs (1 or I1). After selection with puromycin, the cells were then infected with HIV-1y.4.3 {multiplicity of infection, 0.1), and p24 antigen
levels in cell supernatant were measured by ELISA at the indicated time points. {H) Human primary CD4 T cells were separated from healthy donors and infected
with lentivirus vectors encoding either contral- or SOCS1-5iIRNAL The cells were then infected with HIV-1y.43 (multiplicity of infection, 0.1), and p24 antigen levels

in cell supernatant were measured by ELISA at the indicated time points

this time point, Gag-GFP was found to localize predominantly in a
perinuclear region in the control cells (Fig. 3C), whereas almost half
of the SOCS]1-transfected cells exhibited Gag-GFP localization on
PM (Fig. 3D). These results again indicate that SOCSI efficiently
enhances the trafficking of newly synthesized Gag protein to PM.

The Targeted Disruption of SOCS1 Inhibits Gag Trafficking and HIV-1
Particle Production. To delineate further the role of SOCSI in the
trafficking of Gag and in subsequent HI V-1 particle production, we
depleted cellular SOCSI by siRNA. The significant depletion of
SOCS1 expression by two different SOCS1-specific siRNA con-
structs was confirmed by immunoblotting analysis (Fig. 4 A and B).
Significantly, in cells cotransfected with pNL4-3 and SOCSI-
specific siRNAs, both HIV-1 particle release and the levels of
intracellular Gag protein are significantly decreased compared with
the control cells (Fig. 4 A and B). Furthermore, the effects of
SOCS1-siRNA on the inhibition of HIV-1 particle production was
diminished by reexpression with a codon-optimized SOCS] con-
struct that is resistant to these siRNAs (Fig. 4C), indicating that the
SOCS1 siRNA suppression of HIV-1 particle production depends
on the availability of endogenous SOCSI.
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Consistent with these observations, immunofluorescent analysis
further revealed that the expression of SOCS1-siRNA dramatically
inhibits Gag trafficking such that Gag proteins accumulate in the
perinuclear regions as large solid aggregates, as has been reported
(20) (Fig. 4D). This finding indicates that SOCS]1 plays an essential
role in the Gag trafficking from perinuclear clusters to PM.
Interestingly, these discrete perinuclear clusters of Gag were found
to colocalize with lysosome markers, lysozyme, and partly with
AP-3, but neither with the late endosome MVB marker CD63 nor
the trans-Golgi marker TGN46, indicating that Gag is targeted for
degradation by lysosomes when the function of SOCSI is inhibited
(Fig. 4E). In support of this notion, the levels of intracellular Gag
were found to be significantly increased by treatment with a
lysosome inhibitor NH4Cl but not by a proteasome inhibitor
MG132 in SOCS1-siRNA cells (Fig. 4F), further indicating that the
perinuclear clusters of Gag will undergo lysosomal degradation
rather than proteasomal degradation when optimal Gag transport
to PM is suppressed by the inhibition of SOCS1.

We next addressed whether targeted SOCS] inhibition would
affect HIV-1 particle production in human T cells. The effect of
SOCSI depletion was clearly evident in both HIV-1nps.a-infected
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Jurkat cells and human primary CD4~ T cells, which demonstrated
pronounced decreases in virus particle production in SOCS1-
siRNA-expressed cells compared with the controls (Fig. 4 G and
H). These results together indicate that the specific inhibition of
SOCS]1 suppresses the optimal trafficking of Gag to PM, resulting
in the degradation of Gag in lysosomes, which in turn leads to the
cfficient and reproducible inhibition of HI'V-1 particle production
in various types of human cells.

Discussion

In this work, we report that SOCS1 is an inducible host factor during
HIV-1 infection and plays a key role in the late stages of the viral
replication pathway via an IFN-independent mechanism (SI Fig. 6).
These results represent evidence that SOCS1 is a potent host factor
that facilitates HIV-1 particle production via posttranscriptional
mechanisms.

SOCSI has been shown to be a suppressor of several cytokine
signaling pathways, and like all SOCS family members it has a
central SH2 domain and a conserved C-terminal domain known as
the SOCS box (21, 22). Structure-function analyses have further
demonstrated that the SOCS1 SH2 domain is required for the
efficient binding of its substrates (23, 24). Indeed, our current
analyses have also revealed that the SH2 domain of SOCSI1 is
required for its interaction with the HIV-1 Gag protein. We have
shown from our present data that the SOCS box is also required for
SOCSI to function during HIV-1 particle production.

The SOCS box-mediated function of SOCS1 is chiefly exerted
via its ubiquitin ligase activity (21, 25). Biochemical binding
studies have shown that the SOCS box of SOCS1 interacts with
the elongin BC complex, a component of the ubiquitin/
proteasome pathway that forms an E3 ligase with Cul2 (or Cul5)
and Rbx-1 (21, 26, 27). We show from our current experiments
that the SOCS box is required for HIV-1 particle production,
indicating the involvement of the ubiquitin/proteasome pathway.
However, it is still unknown whether SOCS1 promotes the
ubiquitination of Gag and, if so, whether the mono- or poly-
ubiquitination of Gag would affect its trafficking and protein
stability. Further studies will be necessary to clarify the biological
significance of Gag ubiquitination,

Perlman and Resh (20) recently reported that newly synthesized
Gag first appears to be diffusely distributed in the cytoplasm,
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accumulates in perinuclear clusters, passes transiently through a
MVB-like compartment, and then traffics to PM. Consistent with
these observations, our current work also shows that Gag is
accumulated at perinuclear clusters as solid aggregates when its
targeting to PM is impaired because of the SOCS1 inhibition.

Another aspect of SOCS1 function during HIV-1 infection was
proposed recently. Song er al. (28) reported that SOCS1-silenced
dendritic cells broadly induce the enhancement of HIV-1 Env-
specific CD8* cytotoxic T lymphocytes and CD4* T helper cells as
well as an antibody response. The induction of the SOCS1 gene in
HIV-1 infected cells might therefore disrupt a specific intracellular
immune response to HIV-1 in infected host cells.

Based on the strong evidence that we present in our current
work that SOCS1 positively regulates the late stages of HIV
replication, we conclude that SOCS1 is likely to be a valuable
therapeutic target not only for future treatments of AIDS and
related diseases, but also for a postexposure prophylaxis against
disease in HIV-1-infected individuals.

Materials and Methods

Antibodies and Fluorescent Reagents. Antibodies and fluorescent reagents
were obtained from the following sources. Anti-CD63, anti-AP-3, anti-myc
(A-14), and anti-50C51 (H-93) were from Santa Cruz Biotechnology. Anti-
SOCS1 was from Zymed Laboratories. Anti-FLAG (M2) and anti-HA (12CAS)
were from Sigma and Roche Diagnostics, respectively. Anti-HIV-p24 (Dako;
Cytomation), anti-STAT1, and antl-phospho-STAT1 (Y701) were from BD
Transduction Laboratories. Sheep polyclonal anti-TGN46 was from GeneTex.

Plasmid Constructs. Expression constructs for SOCS1 have been described in
ref. 29, GST fusion constructs with specific regions derived from the codon-
optimized gag were generated (MA, CA, NC, p6, Apb, full-length Gag) by
cloning into pGEX-2T (GE Healthcare Bio-Sciences) as described in ref. 30. For
retrovirus-mediated siRNA expression, pSUPER.retro.puro vector was di-
gested, as described in ref. 31, with the following sequences: SOCS1-siRNAI,
TCGAGCTGCTGGAGCACTA; SOCS1-siRNAIl, GGCCAGAACCTTCCTCCTCTT:
control sikNA, TCGTATGTTGTGTGGAATT.

Electron Microscopy. Transfected 293T cells were fixed with 2.5% glutaralde-
hyde and subjected to TEM, as described (14, 32).

ACKNOWLEDGMENTS. We thank Dr. H Gottlinger (University of Massachu-
setts) for providing plasmids. This work was supported in part by grants from
the Ministry of Education, Culture, Sports, Science, and Technology of Japan
and Human Health Science of Japan.

18 Gallina A, Mantoan G, Rindi G, Milanesi G (1994) Biochem Biophys fles Commun
204:1031-1038.

19. Accola MA, Strack B, Gottlinger HG (2000) J Virol 74:5395-5402,

20. Periman M, Resh MD (2006) Traffic 7:731-745.

21, Alexander WS (2002) Mat Rev Immunol 2:410-416.

22. Marine IC, Topham DJ, McKay €, Wang D, Parganas £, Stravopodis D, Yoshimura A, Ihle
IN (1999) Call 98:609-616.

23, Narazaki M, Fujimoto M, Matsumoto T, Morita Y, Saito H, Kajita T, Yoshizaki K, Naka
7, Kishimato T (1998) Proc Nat/ Acad Sci USA 95:13130-13134,

74, Yasukawa H, Mitawa H, Sakamoto H, Masuhara M, Sasaki A, Wakicka T, Ohtsuka §,
Imaizumi T, Matsuda T, Ihle JN, et al. (1999) EMBO J 18:1309-1320.

15. ‘lm M, nnmu R (19991 Pmc Natl Acad Sei USA 96:12230-12232.

16, K T. L H. Minoguchl S, Kato R, Minoguchi M,
Hattori K, le:qraru 5 Yldl M, Modus. etal. (2001) J Biol Chem 276:12530-12538.

27. KamuraT, Burian D, Yan Q, Schmidt 5L, Lane WS, Querido E, Branton PE, Shilatifard A,
Conaway RC, Conaway IW (2001) J Biol Chem 276:29748-29753.

28, Song XT, Evel-Kabler K, Rollins L, Aldrich M, Gao F, Huang XF, Chen 5Y (2006) LS Med
Jell.

29. Ryo A, Suizu F, Yoshida Y, Perrem K, Liou YC, Wulf G, Rottapel R, Yamaoka §, Lu kP
(2003) Mol Cell 12:1413-1426.

30. Morikawa Y, Kishi T, Zhang WH, Nermut MV, Hockley D), Jones IM (1935) J Virol
69:4519-4523.

3%, Ryo A, Uemura H H, 5altoh T, ¥
1{2005) Cﬂn Cam:er Res 11:7523-7531.

guchi A, Perrem K, Kubota Y, Lu KP, Acki

17. Kamio M, Yoshida T, Ogata H, Douchi T, Nagata ¥, Inoue M, 9 M, Y
Y, Yoshimura A (2004) Oncogene 23:3107-3115,

Ryo er al.

2 hira H, Miyagnr Tanaka ¥, Sasaki ¥, Nishi T, imalzumi K, Acki |,
legl K I1996'.l Cancer 77:799-804

| 299

PNAS | January 8, 2008 | vol.105 | no.1

— 156 —




JournaL oF Virowoay, May 2008, p. 5093-5098
(022-538X/04308.00 +0  doi:10.1128IVLO2607-07
Copyright

Vol. 82, No. 10

© 2008, American Society for Microbiology. All Rights Reserved.
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Cytotoxic T-lymphocyte (CTL) responses frequently select for immunodeficiency virus mutations that result
in escape from CTL recognition with viral fitness costs. The replication in vivo of such viruses carrying not
single but multiple escape mutations in the absence of the CTL pressure has remained undetermined, Here,
we have examined the replication of simian immunodeficiency virus (SIV) with five gag mutations selected in
a macague possessing the major histocompatibility complex haplotype 90-120-la after ils transmission into
90-120-la-negative macaques. Our results showed that even such a “crippled” SIV infection can result in
persistent viral replication, multiple reversions, and AIDS progression.

Virus-specific CD8" cytotoxic T-lymphocyte (CTL) responses
exert a suppressive effect on human immunodeficiency virus
(HIV) and simian immunodeficiency virus (SIV) replication
(1, 10, 15, 21, 27). Under the CTL pressure, viral mutations
resulting in viral escape from CTL recognition are frequently
selected for, with viral fitness costs (2, 5, 8,9, 12, 16, 19, 20, 24,
25, 26, 28), The transmission of the virus carrying a CTL
escape mutation with lower viral fitness between major histo-
compatibility complex class | (MHC-1)-mismatched individuals
can result in reversion of the mutation due to the absence of
the CTL pressure (7, 14, 16, 17, 18). Such CTL escape muta-
tions and their reversions have been suggested to be involved
in viral evolution (3, 11, 13, 23).

We have developed a prophylactic vaccine using a Sendai
virus vector expressing SIVmac239 Gag and shown its protec-
tive efficacy against SIVmac239 challenge in a group of Bur-
mese rhesus macaques (Macaca mularta) possessing MHC-1
haplotype 90-120-Ia (20), In these vaccinated macaques that
are controlling SIVmac239 replication, Gagy,, -, epitope-
specific CTL responses exerted strong selective pressure on the
virus, and rapid selection of a mutant escaping from this
CTL was observed at week 5 postchallenge. The virus, SIVmac
239Gag2168, with this CTL escape mutation, GagL.2168, lead-
ing to & substitution from leucine (L) to serine (S) at amino
acid (aa) 216 in Gag showed lower replicative ability than the
wild type (14, 20). Two of these vaccinees (macaques V3 and
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V35) showed an accumulation of additional viral CTL escape
mutations in gag during the period of viral control and then
the reappearance of plasma viremia around week 60 after
SIVmac239 challenge (12). The SIV carrying these multiple
CTL escape mutations showed lower replicative ability in vitro
than the SIV carrying the single Gagl.216S8 mutation.

How such viruses with multiple CTL escape mutations rep-
licate and evolve in the absence of the CTL pressure has not
yet been well determined, while the reversion of CTL escape
mutations has previously been shown by the transmission of
viruses with single escape mutations (7, 14, 18). In the present
study, we have examined the replication, in the absence of the
CTL pressure in 90-/20-la-negative macaques, of the SIV with
multiple gag CTL escape mutations that were accumulated in
a 90-120-la-positive macaque,

The induction of Gagyy,»,-specific CTL, Gag,,, .o-5pe-
cific CTL, and Gag,,y_sw-specific CTL responses has previ-
ously been observed after STVmac239 challenge in 90-120-/a-
positive macaques (12). The 90-120-la-positive vaccinees
V5 and V3 showed rapid selection of the Gagl2165 mutation
(Gagay 21, CTL escape mutation) and then of an additional
two mutations resulting in escape from Gag,,, ,,.-specific CTL
and Gag,; eespecific CTL recognition, respectively. during
the period of viral control. These were a Gagay_ssy CTL es-
cape mutation leading to a GagD244E (aspartic acid [D] to
glutamic acid [E] at aa 244 in Gag) substitution and a
Gagyyan CTL escape mutation leading to GagA3T73T (ala-
nine [A] to threonine [T] at aa 373) in vaccinee V5 or
GuagV375A (valine [V] to A at aa 375) or GagP376S (proline
[P] to S at aa 376) in vaccinee V3, Viruses at the reappearance
of viremia had one or two additional mutations in gag, Gagl247
L (isoleucine [I] to L at aa 247) and GagA312V (A to V at aa
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312) in vaccinee V5 or GagP1728 (P to S at aa 172) or
GagVI45A (V to A at aa 145) in vaccinee V3. All of these
mutations except for the Gagy,, ., CTL escape mutations
resulted in amino acid changes in the Gag CA, We constructed
molecular clones of SIVs with these gag mutations (12). The
SIVs with three CTL escape mutations (Gagay, 5 ¢ Gagag_ase and
Gag;s sen CTL escape mutations) were referred to as group O
SIV mutants, and the SIVs with four or five gagg mutations
selected at the reappearance of viremia as group R SIV mu-
tants. These group Q and R SIV mutants both showed lower
replicative ability in vitro than SIVmac239Gag216S, while in
the competition assay between groups Q and R, the viral rep-
licative ability was not significantly affected by the GagP1728
or GagV 145A mutation but was reduced by the addition of the
Gagl247L and GagA312V mutations (12). These results do not
support the possibility of compensation for loss of viral fitness
from these mutations (4, 6). In the present study, we have
examined the in vivo replication of the SIV carrying five gag
mutations, GaglL.216S, GagD244E, Gagl247L, GagA312V, and
GagA373T, selected in macaque V5 at the reappearance of
viremia, which was assumed to show the lowest replicative
ability among group Q and R SIV mutants. The macaques
were maintained in accordance with the guidelines for animal
experiments performed at the National Institute of Infectious
Diseases (22).

We first compared the in vivo replication abilities of the SIV
with a single Gagl.216S mutation and the SIVs with multiple
CTL escape mutations in 9%0-/20-la-negative macaques (Fig.
1). In the competition between SIVmac239Gag216S and group
Q SIV mutants, macaque R02-017 was coinoculared intramus-
cularly with molecular-clone DNAs of SIVmac239Gag216S
and SIVmac239Gag2165244E373T and macaque R05-002 with
molecular-clone DNAs of SIVmac239Gag216S and all three
group Q SIV mutants. The results of the analysis of plasma
viral gag penome sequences (Fig. 2) showed selection of SIV
mac239Gag2168: i.e., all the mutations other than Gagl.2168
became undetectable in 3 weeks postinoculation, indicating
lower replicative abilities in vivo of group Q SIV mutants than
of SIVmac239Gag216S, as indicated previously by in vitro
competition (12). Further analysis revealed reversion of the
selected Gagl216S mutation to the wild-type sequence in a
few months,

In the competition between SIVmac239Gag2]6S and group
R SIV mutants, macaque R02-023, coinoculated with molecu-
lar clone DNAs of SIVmac239Gag216S and SIVmac239Gag
2165244E2471L312V373T, showed selection of the former (Fig.
2). This macaque was cuthanized at week 6 before exhibiting
reversion of the GagL216S mutation. In macaque RO2-022,
coinoculated with molecular clone DNAs of SIVmac239Gag
2168 and all three group R SIV mutants, almost all mutations
other than Gagl.2165 became undetectable rapidly but the
GagVI145A mutation was detected even at week 14, The
Gagl.2168 mutation was still dominant without reversion at
week 14, and plasma viremia became undetectable after week
14 in this macaque. Both cases indicated a lower replicative
ability in vivo of STVmuc239Gag2 168244 E247L.312V373T than
of SIVmac239Gag216S.

Additionally, macaque R03-022, coinoculated with the mo-
lecular-clone DNAs of SIVmac239Gag2 165244E373T and SIV
mac239Gag2 165244E2471L312V373T, showed selection of the

J. ViroL.

A RO2-017 SVmac239Gag2165
SIVmac239Gag21BS244E373T (O1)

¥ RO5-002 SIVmac239Gag216S
SIVmac230Gag2165244E373T (Q1)
§Vmac238Gag21BS244E375A (Q2)
SIVmac239Gag2165244E376S (Q3)

4 R02-023 SIVmac239Geg216S
SIVmac238Gag2165244E2471.312V3T3T (R1)

V R02.022 SIVmac239Gag216S
SIVmac239Gag2165244E2471.312V373T (R1)
SIVmac239Geg17252165244E3754 (R2)
SIVmac239Gag145A216S244E376S (R3)

O RO3-022 SVmac239Gag2165244E373T (Q1)
SIVmac238Gag216S244E2471.312V373T (R1)

FIG. 1. Plasma viral loads of macaques used for in vivo competition
assay (SIV gag RNA copies/ml plasma) after inoculation with SIV
molecular-clone DNAs. Animals received 10 mg in total of DNAs
consisting of an equal amount of cach DNA; i.¢., macaques R0OZ-017,
R0O2-023, and R03-022 were inoculated with 5 mg of each DNA, and
macaques RO5-002 and R02-022 with 2.5 mg of each DNA, Plasma
viral loads were determined as described previously (20),

former (Fig. 2), indicating a lower replicative ability in vivo of
SIVmMac239Gag216S244E247L312V373T than of SIVmac239
Gag2168244E373T. In this macaque, reversion of the Gagl.2168
mutation was observed in 6 months, while the GagD244E and
GagA373T mutations were still dominant without reversion,
Next, we inoculated 90-120-la-negative macaques with the
SIV carrying multiple gag CTL escape mutations that was
selected in 90-120-la-positive macaque V5 (Fig. 3). The SIV
carrying five gag mutations, Gagl.2168, GagD244E, Gagl247L.
GagA312V, and GagA373T, that was dominant at the reap-
pearance of viremia in macaque V5, was propagated on rhesus
macaque peripheral blood mononuclear cells to prepare the
SIVmac239Gag216S244E247L312V373T challenge stock for
macaques RO05-001 and R06-016. Sequencing analysis con-
firmed no gag mutation except for the five mutations in the
challenge virus. These two macaques were challenged intrave-
nously with 1,000 50% tissue culture infective dose of SIVmac
239Gag216S244E2471L.312V373T. Both of them showed persis-
tent viremia, although the levels of set-point plasma viral loads
were low in macaque R06-016, Macaque R05-001, maintaining
high viral loads, showed typical signs of AIDS, such as a re-
duction in peripheral CD4™ T-cell counts, diarrhea, and
general weakness, and was euthanized approximately 2 years
postchallenge. Autopsy revealed postpersistent generalized
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Macaque R02-017 inoculated with molecular clones of
SVmac238 Gag 2165

Macaque R02-022 inoculated with molecular dones of

& SIVmac238 Gag 216S 244E 3737
Wis 3
p-c
E
Macaqua R05-002 inoculated with molecular dones of
SIVmac239 Gag 216S & SIVmac23D Gag 2165 244E 373T
& SIVmac23g Gag 216S 244E 3754 & SIVmac238 Gag 216S 244E 3765
Wis sa sequences n Gag
pc | 2i6th | 244th | 37ard | 3750 | a76h
i M| wumt | Weimi) | Wmt | WE
3 Mt Wt | we | wr | wt
12 Wt Wt Wi Wit Wt
R02-023 Incculated with molecular diones of
SIVmac239 Gag 2168 & _SIVmac239 Gag 2165 244E 2471 312V 3737
Wis 8a saquences in Gag _
pc [ 2i6th | 244th | 247h | 3i2;h | a7am
i Mt Wt wt Wt m
5w W W
5 MW WE T W | W

§IVmac238 Gag 2168 & SIVmac238 Gag 2188 244E 2470 312V 373T
& SIVmac236 Gag 1725 2165244E 3754 & SIVmac239 Gag 145A 216S 244E 3768
Wks aa in
pc 145t | 172nd | 216th | 244th | 247th | a12th | a7ard | a75th | 376t
1 Wiimt) | wiimt Mt wimt | Wtmt) | Wtlmt) | Wt wimt | Wt{mt)
3 wiimt Wi Mt wiimt Wi Wt Wt | Wilml) | wt/mt
14 wi/mt wt Mt wi Wit Wit Wt Wit Wi

Macaque R03-022 inoculated with molecular clones of

& SNmac23g Gag 2165 244E 247L 312V 373T

SIVmac238 Gag 2165 244E 373T
aa in
pc | 2i6th | 244th | 247th | 3i2in | 373rd
1 Mt Mt Wt Wi Mt
3 Mt ML Wi Wi Mt
20 wi/mt ML Wt Wit M|
25 Wit Mt Wt Wi Mt

FIG. 2. Dominant viral genome sequences in competition assay. A gag DNA fragment was amplified from plasma RNA by reverse transcription
and nested PCR and sequenced as described previously (20). The amino acid sequences at the positions where mutations were included in the
imoculums are shown. O and R groups of SIV mutants are described in the text. Wt, only the wild-type sequence was detected: Wt(mt ), the wild-type
sequence was dominant but the mutant was detectable (the mutant/wild-type ratio was less than 1/4); wt/mt. the wild type and the mutant were
detected equally; Mt{wt), the mutant was dominant but the wild type was detectable (the wild-type/mutant ratio was less than 1/4); Mt, only the

mutant was detected. Other than the residues indicated in this figure, no do

mutation resulting in an amino acid change was detected in

the gug region in macaque ROZ-M7, RO5-002, R0O2-023, or RO2-022, but macaque RU3-022 showed one amino acid change resulting in a GagV375M

substitution al weeks 200 and 25. p<, posichallenge.

—O— RO5-001 —&— RO5-024

—O— RO6-016 —¥— R05-025
10t
£ 10"
§ 10*
i 10%
; 10*
i

0 10 20 30 40 50
Weeks after inoculation

FIG. 3, Plasma viral loads (SIV gag RNA copies/ml plasma) in
macaques after challenge with SIV carrying five gag mutations.

lymphadenopathy conditions and pneumocystis pneumonia.
This macaque showed reversion of the GagD244E mutation in
a few months, followed by reversion of the Gagl.216S, Gagl247
L, and GagA312V mutations in @ year postchallenge, while the
GagA373T mutation remained dominant without reversion
until euthanasia (Fig. 4). In contrast, macaque R06-016, with
lower viral loads, showed no reversion of the five mutations. In
the chronic phase, these two macaques showed additional Gag
amino acid changes, including Gagl140V (Ito V at aa 140) and
GagV375M (V to methionine [M] at aa 375) that were de-
tected in both. Some of these mutations may contribute to the
recovery of viral fitness.

To see the possibility of transmission of the viruses carrying
the five gag mutations in the context of the polyclonal, V5-
derived SIVs, macaques R05-024 and R05-025 were inoculated
with plasma obtained from macaque V5 in the chronic phase of
SIVmac239 infection (Fig. 3). For the challenge, plasma was
obtained from macaque V3 at weeks 81, 87, 92, 100, and 113
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"EI_:I R05-001 infeciad with SIVmac238Gag2 185244E2471L.312V373T
‘Whs aa ences in
pc | 216th | 244th | 24Tth [ 312th 3% other residues
1 ML M1 Mt ML ML
3 ML Mt ML ML Mt
10 Mt wt Mt Mt Mt 1140V
2 | wumt Wt Mt Mt Mt 1140V
37 | wtmt Wt Mt Mt Mt %% I‘Iﬁ |
42 Wt Mt Mt Mt n4ov |
43 Wt Wt wimt | wtmt Mt V3A, (VBBL/M), 1140V
55 wi Wt Wt Wi M V3A, (VEBLM), 1140V, M), D420N
| 86 wt Wt Wt Wt Mt Vaa, 1
110 Wi Wt Wit Wi Mt V3A, (VBBL/M), (1140V}), V3T5M, (D429E)
Macaque R06-016 infectad with SIVmac239Gag216S244E247L312V3T3T

£
¢

s
%
g
3
3

A
«;sq
b
i
b
= |
%g |

pc [ 3rd | 6Bth | 1450 | 216th | 244th 312th | 373rd | 3500 | 4041 | oherresidues
M| wUmt | Mt Mt Mi Mt Mt Mt | wiimt | wimi
5 | Mt | wumt [ Mt Mt M| Wamt) | WmG) | Mt | wumt | wimt
7 | Mt [ wimt | Mt Mt MU | Wt | Wi | Mt | wimi | wimt
14 | _Mi_| womt | Mt Mt M| Wt | Wt | Mt | wimi | wimt
18 | M E M NI 1] Wi Mt_| wimi | wmt

FIG. 4. Dominant viral genome sequences alter challenge with SIV carrying five gag mutations. The amino acid sequences at the residues where
mutations were included in the imoculums and dominant amino acid changes at other residues in gag are shown, In the column of other residues,
the predominant mutations with detectable wild-type sequence are shown in parentheses. Wt, We(mt), wi/mt, Mit(wt), Mt, and p-c are defined in

the Fig. 2 legend.

post-SIVmac239 challenge and 0.2 ml of each was intrave-
nously inoculated into these two macaques. In the challenge
SIV plasma, the five gag mutations (GagL2168, GagD244E,
Gagl247L, GagA312V, and GagA373T) and GagV 145A were
dominant, and additional gag mutations were detected in the
MA- and NC-coding regions. In macaque R05-024, exhibiting
low viral loads, the SIV Gagl2165 and GagD244E muta-
tions remained dominant, while reversion of the Gagl247L,
GagA312V, and GagA373T mutations was observed (Fig. 4).
Macaque R05-025, exhibiting high viral loads, developed AIDS
and was euthanized at week 18 postchallenge. Autopsy re-
vealed lymphoatrophy and cytomegalovirus infection. This
macaque showed rapid reversion of the SIV Gagl247L and
GagA312V mutations but maintained the GagL216S, GagD
244E, and GagA373T mutations until euthanasia.

In samples from these four macaques challenged with SIV
mac239Gag2 1 65244E247L312V3T73T or VS-derived plasma,
we examined the virus-specific CD8" T-cell responses around
3 months postinfection by flow cytometric analysis of antigen-
specilic gamma interferon induction (data not shown) as de-
scribed previously (14, 20). Analyses using vesicular stomatitis
virus G-pseudotyped SIV-infected cells as a stimulator re-
vealed SIV-specific CD8™ T-cell responses in macaques R035-
001, RO6-016, and R05-024, but not in macagque R05-025,
which may have contributed to the rapid AIDS progression in
this animal. Macaque R05-024, exhibiting lower viral loads and

— 160 —

rapid selection of a gag mutation resulting in an 1257K (I to
lysine [K] at aa 257) substitution, showed CDE™ T-cell re-
sponses specific for the Gagass s peptide mixture (a mixture
of Gagaye sy GBany s ANd Gifaqs_s,, peprides), suggesting
a paossibility of this mutation for viral escape from strong CTL
pressure. None of these four macaques showed CD8" T-cell
responses specific for the Gaga,, 1.« (2 mixture of Gagay, 2
and Gag, 225 peptides), Gagag, 2152168 (Gagay,. 202165 und
Gagy iy 205.2168),  Gagrg ass  (GlBawr 2400 GO8ya62s00 AN
Gagayy ss)r Galass 255 244E, Gagyy, 545 244E247L, Gagyo s
(Gagyo-z77 Giagagr-awi, and Gagyy s ), OF Gagaea s 373T pep-
tide mixture, indicating that CTL responses were not involved in
the reversion or nonreversion at residue 216, 244, 247, or 373 in
these macaques,

The in vivo competition assay in the present study showed
loss of viral fitness from the addition of the GagD244E and
GagA373T mutations into SIVmac239Gag2168 and further
loss of viral fitness from additional Gagl247L and GagA312V
mutations. The reversion of GagD244E in macaque ROS5-
001, GagA373T in macaque R05-024, and Gagl247L and
GagA312V in macaques R05-024 and R05-025 (Fig. 4) sup-
ports this notion. However, reversion was not observed in all
the mutations after challenge with SIV carrying the five gag
mutations. Challenge with SIVmac239Gag2168 carrying the
single Gagl.2168 mutation has shown its reversion in 3 months
(14), whereas the reversion of the Gagl2165 mutation was
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delayed or not observed after challenge with the SIV carrying
five gag mutations. This may be due to the predominant selec-
tion of the reversion of other mutations or to lower viral
replication efliciency in the latter case. Compensatory muta-
tions can also be involved in this delay or nonreversion, but no
additional gag mutation was observed in the early phase in
macaque R06-016. The possibility of a contribution to this
delay by Gagll40V in macaque RO5-001 and GagVI45A in
macaques R0O5-024 and RO05-025 may be considered, while
significant recovery of viral fitness by the latter mutation has
not been observed (12).

It has been suggested that a reduction in viral fitness by CTL.
escape mutations may contribute to HIV/SIV control (19, 20,
28). Pressure by multiple epitope-specific CTLs may result in
the selection of HIV/SIV with diminished replicative ability
because of accumulating multiple escape mutations. The inef-
ficient viral replication in macaques R02-022 and R0O3-022
(Fig. 1) and two of four macaques in the second experiment
(Fig. 3) may reflect such a lower replicative ability of the
mutant SIVs, but conversely, the results of the present study
also showed efficient viral replication in macaques RO5-001
and R05-025, indicating that the transmission of even such
“crippled” HIV/SIV carrying multiple CTL escape mutations
can result in persistent viral replication and AIDS progression,
It remains unclear what host factors determined the viral rep-
lication efficiency in vivo in our study, while macaques with
higher viral loads (R02-017, R05-002, R05-001, and RO5-025)
showed the first reversion earlier than those with lower viral
loads (R02-022, R03-022, R06-016, and R05-024), suggesting
an association of reversion with viral loads. Earlier reversion
may result in the recovery of viral fitness, leading to higher
viral loads, or conversely, higher viral loads may accelerate
reversion.

Thus, our results suggest that in the transmission of HIV
accumulating CTL escape mutations at the cost of viral fitness
between MHC-mismatched individuals, even such crippled
HIV infection can finally result in AIDS progression. Previous
studies on SIVs with single CTL escape mutations showed
their rapid reversion, but the present study on SIV with mul-
tiple CTL escape mutations indicates that the reversion of all
the mutations was not required for the establishment of per-
sistent viral replication or for the onset of disease. Further-
more, it suggests a possibility that CTL escape mutations re-
sulting in viral fitness costs may not always revert rapidly even
in the absence of CTL pressure after their transmission into
MHC-mismatched hosts and can be transmitted further to
other hosts. These results provide an important insight into
HIV pathogenicity and evolution in human individuals with
divergent MHC polymorphisms.
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