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To analyze the relationship between acute virus-induced injury and the subsequent disease phenotype, we
compared the virus replication and CD4" T-cell profiles for monkeys infected with isogenic highly pathogenic
(KS661) and moderately pathogenic (#64) simian-human immunodeficiency viruses (SHIVs). Intrarectal
infusion of SHIV-KS661 resulted in rapid, sy ic, and massive virus replication, while SHIV-#64 replicated
more slowly and reached lower titers. Whereas KS661 systemically depleied CD4™ T cells, #64 caused
significant CD4™ T-cell depletion only in the small intestine, We conclude that SHIV, regardless of pathoge-
nicity, can cause injury (o the small intestine and leads to CD4™ T-cell depletion in infected animals during
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acule infection.

The highly pathogenic simian-human immunodeficiency vi-
rus (SHIV) SHIV-C21-KS661 (KS661), which was derived
from SHIV-89.6 (23), replicates to high titers and causes the
irreversible depletion of the circulating CD4™ T cells during
the acute phase of intravenous infection, followed by AIDS-
like discase within 1 year (23). We previously reported that
KSo601 massively replicates and depletes CD47 T eells in both
peripheral and mucosal lvmphoid tissues during the initial 4
wecks postinfection (16). On the other hand, the isogenic
SHIV-#64 (#64), which was derived from SHIV-89.6P, s
moderately pathogenic. The genomic sequences of the two
SHIVs differ by only 0.16%, resulting in a total of six amino
acid changes in the products of the pol, env-gp41, and rev genes.
The intravenous inoculation of rhesus macaques with #64 in-
duces plasma viral burdens comparable to those induced by
KS661 during the acute phase of infection and causes a tran-
sient reduction of the circulating CD4" T lymphocytes (10).
Alfter the acute phase, the viral loads decline to undetectable
levels and the populations of CD4" T cells recover to prein-
fection levels.

To clarify the relationship between acute viral replication
kinetics and subsequent clinical courses for these isogenic
SHIVs with distinct pathogenicities, we examined proviral
DNA, infectious-virus-producing cells (IVPCs), and CD4" T-
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cell depletion in peripheral and mucosal lymphoid tissues of 17
infected (Table 1) and 7 uninfected adult rhesus macaques
(Macaca mulana). Both Chinese and Indian rhesus monkeys
were randomly assigned to these groups. The monkeys were
used in accordance with the institutional regulations approved
by the Committee for Experimental Use of Nonhuman Pri-
mates of the Institute for Virus Research, Kyoto University,
Kyoto, Japan. The animals were inoculated via intrarectal in-
fusion as described previously (17). Following serial euthana-
sia, lissues were collected and analyzed up to 27 days postin-
fection (dpi) as described previously (16, 17).

Gross virus rephication was assessed by measuring plasma
viral loads by reverse transcriptase PCR (16). By 6 dpi, plasma
viral RNA levels became detectable in all the KS661-infected
macagues (Fig. 1A) and three of seven #64-infected macaques
(animals MM372, MM391, and MM374) (Fig. 1B). Although
the plasma viral loads of the two groups at 13 dpi. when the
virus loads reached their initial peaks, were not significantly
different (P = 0.1673), the average load (= the standard de-
viation) in KS661-infected monkeys (9.3 % 10 = 159 x 10"
copies/ml) was about 10 times higher than that in #64-inlected
monkeys (6.3 X 107 = 11.6 x 107 copies/ml). These results
suggest that KS661 spread faster and reached a somewhat
higher titer than did #64 when the viruses were inoculated
intrarectally.

Levels of peripheral blood CD4™ T lymphocytes in all the
KS661-infected monkeys decreased substantially within 4
weeks (Fig. 1C). On the other hand, the reductions in the levels
of CD4™ T cells varied among the #64-infected monkeys (Fig.
1D). For example, MM378 did not exhibit any appreciable
changes, even though the plasma viral RNA load in this mon-
key reached 2.6 x 107 copies'ml by 21 dpi (Fig. 1 B and D).
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TABLE 1. Experimental schedule for individual monkeys”

Monkeys examined at:

Virus (inoculum size)
6 dpi

13 dpi 27 dpi

KS661 (2 x 10" TCIDs,) MM300, MM3oo

#64 (2 x 10F TCIDy,) MM379, MM300

MM313, MM334. MM392, MM393

MM3T72, MM373%, MM30)

MM308, MM310, MM394, MM305

MM374, MM3T78

* TCIDw, $0% tissue culture infective doses; *, MM373 received 2

These data suggest that the decline in carculating CD47 T eells
in KS661-infected animals was more severe and more repro-
ducible than that in the #64-infected monkeys.

Another highlv pathogenic SHIV, SHIV-DHI2R, is known
1o cause systemic and synchronous replication events in ani-
mals following intravenous inoculation (6). To reveal the
spread of virus in monkeys following intrarectal infection, we
measured proviral DNA loads in a variety of tissues as de-
scribed previously (16). KS661 proviral DNA was detected not
only in samples from the rectums, the site of virus inoculation,
but also in peripheral blood mononuclear cells and some
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Ilvmph nodes (LN) at 6 dpi (Fig. 2A), suggesting that the virus
was already spreading systemically. At 13 dpi, when the viral
RNA loads in peripheral blood increased to the highest uters,
proviral DNA levels in all of the tissues examined also in-
creased, with levels in most monkeys exceeding 10 copies/pg
of DNA. The levels of proviral DNA in all the tissues declined
remarkably by 27 dpi. In contrasi, #64 proviral DNA was
detected only in the rectum of one (MM390) of the two mon-
keys examined at 6 dpi (Fig. 2A). At 13 dpi, the amount of
proviral DNA in each tissue sample from #64-infected mon-
kevs (< 10 copics/pg of DNA) was considerably smaller than
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FIG. 1. Plasma viral RNA loads and profiles of circulating CD4° T cells for monkeys intrarectally infected with highly pathogenic I!\'Shll"i _:md
moderately pathogenic #64. (A and B) Plasma viral RNA loads were measured by quantitative reverse transcriptase PCR. The detection limit of
this assay was 107 copies/ml, (C and D) Levels of CD4° T cells in peripheral blood samples from monkeys infected with KS661 and #64. The
absolute number of CD3° CD4” cells in peripheral bood immediately before infection (day 0 postinfection) was defined as 10045 for each

monkey
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FIG. 2 (A) Proviral DNA Joads in tissues of KS661- and #64-infected monkeys at 6, 13, and 27 dpi. Vil burdens were determined by
quantitative PCR and expressed as the numbers of viral DNA copies per microgram of total DNA extracted from tissue homogenates. PBMC.
peripheral hlood mononuclear cells; Ing.. inguinal; Ax.. axillary: Mes.. mesenteric: BM. bone marrow; ». not done. (B) Numbers of IVPCs in Lissues
of KS661- and #6d-infected monkey 1 27 dpi. Numbers of IVPCs were determined by an infectious plaque ussay and were expressed
as the numbers of PFU per 10° cells. Jej., jejunum; Rec., rectum: iEL. intraepithelial lymphocytes: =, not done
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that in each sample from the KS661-infected monkeys. How-
ever, unlike the KS661 proviral DNA levels, the #64 proviral
DNA levels in most tissues were maintained up to 27 dpi.
These results suggest that #64 spread more slowly than KS661
and that the amounts of proviral DNA in a variety of tissues
from the #64-infected animals were smaller than those in the
tissues from KS661-infected animals around the mitial peak of
plasma viremia.

Because the amount of proviral DNA measured by PCR
may include nonreplicating remnants of the viral genome, we
also measured the number of IVPCs in each tissue sample by
a plaque assay as described previously (9, 15). Briefly, cells
prepared from infected animals were mixed with human T-
lymphoid M8166 indicator cells, resuspended in culture me-
dium containing 0.4% agarose, and plated into petri dishes.
The plagues that formed in the cell layer were counted after 10
days of cultivation, and the number of IVPCs was calculated.
For the KS661-infected monkeys, high numbers of IVPCs in all
the tissue samples examined at 13 dpi were detected (Fig. 2B).
Among these samples, the thymus and mesenteric LN samples
harbored especially high numbers of IVPCs (more than 500/
10° cells) at 13 dpi. The numbers of TVPCs declined remark-
ably from 13 to 27 dpi. We concluded that KS661 replicated
systemically and synchronously in a variety of tissues, including
the intestinal tract, at 13 dpi. In contrast, #64 production
patterns in different tissues were not synchronous. Among
#64-infected monkeys at 6 dpi, virus production was most
active in the jejunum lamina propria lvmphocytes (L.PL) of
MM390 (166 TVPCs/10" cells). At 13 dpi, interestingly, mes-
enteric LN became the center of virus production in two of the
three monkeys examined (MM372 and MM373: 259 and 160
IVPCs/10° cells). In the other monkey (MM391), the jejunum
had the highest number of IVPCs, followed by the mesenteric
LN. These results suggested that the virus that replicated in the
jejunum spread directly into the mesenteric LN via the flow of
lymphatic fluid. At 27 dpi. the thymus tissues of both monkevs
examined (MM374 and MM378) exhibited the highest num-
bers of IVPCs. In summary, the systemic dissemination of #64
was slower than that of KS661, and it was particularly delayed
in the thymus during the acute phase.

Systemic CD4" cell depletion is the signature of disease
induced by highly pathogenic SHIVs (7, 8, 22). We therefore
compared the frequencies of CD4™ cells in tissues from the
animals infected with KS661 and #64, in addition to those of
the circulating CD4” T lymphocytes. As representatives of the
major virus-producing organs, the thymus, the mesenteric LN,
and the jejunum were selected for examination. CD4 cell num-
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bers were ed by i histochemistry analyses as de-
sciibed previously (18). Uninfected thymus tissue contained
abundant CD4 " cells that were stained brown (Fig. 3A, panel
a), while the tissue collected from the KS661-infected animal
at 27 dm harbored few such cells (Fig. 3A. panel b). #64
caused virtually no CD4™ cell depletion in the thymus at 27 dpi
(Fig. 3A, panel ¢). In the teric LN of uninfected mon-
keys, CD4" cells were found in the paracortical region (Fig.
3A. panel d). KS661 depleted CD4™ cells in this area (Fig. 3A,
panel ¢). Unlike KS661, #64 did not reduce the level of CD4”
cells (Fig. 3A, pancl f). The jejunum samples from uninfected
amimals contained CD4” cells in the lamina propria and folli-
cles of gut-assoaated lymphatic tissues (Fig. 3 A, panel g).
KS661 depleted CD4" cells in these tissues, too (Fig. 3A, panel
h). Interestingly, #64 caused CD4" cell depletion in the small
intestine comparable to that caused by KS661 (Fig. 3A, panel
i). To confirm the observed cell reduction in the jejunum sam-
ples, we randomly selected a total of 40 fields on the tissue
sections from each animal for viewing at a total magnification
of %400, counted CD4 ™ cells, and averaged the numbers (Fig.
3B). The CD4" cell densities in the jejunum samples from the
#64-infected monkeys were significantly lower than those in
the samples from uninfected animals (P < 0.001). This gut-
specific CD47 cell depletion caused by #64 prompted us to
analyze the frequencies of CD4" T cells (including CD4 and
CD8 doubly positive cells) in a variety of tssues by flow cy-
tometry (Fig. 3C), KS661 caused systemic CD4 ™ T-lvmphocyte
depletion by 27 dpi (Fig. 3C). In agreement with the immuno-
histochemistry results, #64 significantly depleted CD4™ T cells
only in the jejunum intraepithelial lymphocytes and LPL (# =
0.01 and 0,003, respectively) (Fig. 3C) by 27 dpi, although we
examined only two #64-infected monkeys at 27 dpi. In conclu-
sion, the CD4™ T-cell depletion patterns caused by KS661 and
#64 were distinct, and the small intestine was the only site in
which CD47 T cells were significantly depleted by the moder-
atelv pathogenic #64.

Taken together, our results show that #64 disseminated
more slowly and replicated less than KS661 in systemic lym-
phoid tssues, as well as in peripheral blood, during the acute
phase of infection. We believe that because of its low rate and
low levels of replication, #64 could not cause irreversible in-
jury before the host mounted an immune reaction. As a resull,
CD4" T cells were not completely depleted in all the tissues
examined, except in the small intestine. These results suggest
that the small intestine is the tissue most sensitive Lo virus-
induced CD4" T-cell depletion during the acute phase of in-
fection. Recent reports revealed that severe acute depletions

FIG. 3. Profiles of CD4" T cells in svstemic lymphoid tissues during acute infection. (A) |

i hemical s

ining for CD4 molecules

(stained brown) in the thymus, mesenteric {mes.) LN, and jejunum tissues of KS661- or #64-infected monkeys at 27 dpi. in addition to those of
uninfected monkevs. Black scale bars, 100 jum; white scale bars in insets of panels g. b, and i, 30 pm. (B) Comparison of CD4" cell frequencies
in the jej LPL of uninfected and #64-infected monkeys at 27 dpi. A total of forty randomly selected fields (tolal magnification, x400) of at
least four tissue sections per animal were used for the analysis of jejunum LPL. P values (determined by Student’s ¢ test with 95% confidence
intervals) are for comparisons of each #64-infected monkey with uninfected monkeys. (C) Percentages of CD4™ T cells among total lymphocytes
from KS661- and #64-infected monkevs. In each graph, data for 0 dpi (time points postinfection are shown along the x axis) are averages of
percentages for seven uninfected control monkeys. Percentages of CD4” T cells (including CD4 and CD8 doubly positive cells) were obitained by
first gating lymphocytes and then CD3" T cells with a flow cyrometer. PBMC, peripheral blood mononuclear cells: Ing., inguinal; Jej., jejunum:
iEL. intraepithelial lymphocytes: BM. bone marrow; Col., colon; *, P < (.05 (percentage at 0 dpi versus that at 27 dpi; Student’s ¢ test with a 95%
confidence interval).
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of mucosal CD4™ T cells have been observed in simian immu-
nodeficiency virus-infeeted monkeys (11, 12, 24, 25) and hu-
man immunaodeficiency virus-infected humans (2, 5, 13). The

o

J. VIROL.

a rhesus macaque treated with anti-CDS mAb during a primary infection
with a nonpathogenic virus. Proc. Natl. Acad. Sci. USA 96: 14040- 14054,

. Joug, 5. V., Z LI, L. Foresman, E. B, Stephens, L.-J. Zhao, 1. Adany, ). M.

Hmn' H. M. MecClure, and O. Narayan. 1996, Chimeric dmianhuman
ficiency virus that causes toss of CD4* T cells and

acute depletion of mucosal CD4™ T cells and the di
outcome are correlated (1, 3, 21, 26). However, a decrease of
mucosal CD47 T cells has also been ohserved in the early
phases of natural host infections, such as SIVagm infection in
African green monkeys and SIVsmm infection in sooty manga-
bevs, which typically do not progress o AIDS (4, 14, 19). In
addition, the levels of apoptosis and immune activation and the
degrees of CD4™ T-cell restoration differ between progressors
and nonprogressors in simian immunodeficiency virus models
(4, 14, 19). Taken together, these results raise the possibility
that the severe acute depletion of mucosal CD4™ T cells is not
sufficient to induce AIDS. The restoration of CD4™ T cells and
normal immune function after the severe acute depletion may
define the eventual disease outcome (20). The abilities of
K5661- and #64-infected monkeys to restore the immune sys-
tem may be different, because KS661, but not #64, impairs
thymic T-cell differentiation (18). Currently, we are focusing
on the restoration of CD47 T cells and the functional aspect of
the immune cells in the small intestines of animals infected
with KS661 and #64 to further darify the determinant(s) of
the disease outcome.
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Ahstract

Expanding the HIV-1-derived regions in the SHIV genome may help to clarify the viral restriction factors determining the host range. In this
study, we constructed a new SHIV having the reverse transcriptase and integrase-encoding regions of HIV-1 in addition to the 3’ half genomic
region of HIV-1, This SHIV, termed SHIVni/3m, could replicate in a monkey CD4™T cell line, HSC-F, although its replication in monkey
PBMCs was very weak. After SHIVrti/3m was passaged in HSC-F cells for 26 weeks, it gradually began to replicate in monkey PBMCs.
This monkey-cell-adapted virus, termed SHIVri/3mP, could replicate in rhesus macaques. The whole genome of SHIVRi/3mP was sequenced
and was found to differ from SHIVti/3m at eleven positions. We constructed a series of mutants having some or all of these mutations and
investigated their replication kinetics. The mutational analysis revealed that all of the mutations, but mainly the mutations in env, were respon-
sible for the adaptation in HSC-F cells and were enough to replicate in thesus PBMCs. Of all the SHIVs reported so far that can infect rhesus
mankeys in vivo, SHIVri/3mP is the one that is genetically the closest to HIV-1.
© 2008 Elsevier Masson SAS. All rights reserved.

Keywords: SHIV;, Chimeric virus: Intggrase; Animal model; Monkey, Adaptation

1. Introduction

An obstacle to research on human immunodeficiency virus
type 1 (HIV-1) is that the only susceptible animal to HIV-1 in-
fection is chimpanzee (Pan troglodytes), which is an endan-
gered species. Thus, infection of simian immunodeficiency
virus (SIV) in macaque monkeys has been used as an alterna-
tive animal model for HIV-1 infection in humans. However,

* Corresponding author. Tel/fax: +81 75 751 4037.
E-mail address: cido® virus.kyoto-u.ac jp (E. Ido).
! Present address: Depamment of Virology, University of Heidelberg,
Heidelberg, Germany,

1286-4579/S - see front matier © 2008 Elsevier Masson SAS. All dghts reserved.

doi:10.1016/j. micinf.2008.02.001

differences between HIV-1 and SIV have limited the utility
of SIV/monkey models to test the functions of HIV-1 gene
products in vivo. To overcome this limitation, simian/human
immunodeficiency chimeric viruses (SHIVs) containing env
and its adjacent accessory genes of HIV-1 have been con-
structed and shown to infect monkeys [1,2]. Because SHIVs
have the Env proteins of HIV-1, they could be used as challenge
viruses to evaluate vaccines targeting Env in monkeys [3]. The
prototype SHIVs were non-pathogenic, but other groups devel-
oped pathogenic SHIV's by passaging initially avirulent strains
of SHIVs in animals [4,5). These pathogenic SHIVs have
proved to be powerful tools for investigating the pathogenic na-
ture of HIV-1. Nowadays, SHIV/monkey systems are widely
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used to understand the biological properties of HIV-1 and to de-
velop preventive measures against AIDS,

SHIVs have not only helped to establish animal models for
HIV-1 infection in humans, but they also have provided impor-
tant clues about why HIV-1 cannot replicate in monkey cells.
The ability of SHIVs to replicate in monkey cells suggested
that replaceable genes were not the determinants for the repli-
cation defect of HIV-1 in monkey cells. In this respect, r1, vpr,
vpu, tat, rev, env and nef seemed not to be involved in the spe-
cies-specific tropism of HIV-1 replication [6]. In addition, the
capsid of HIV-1 has been reported to be one of the targets of
a restriction factor in monkey cells [7], and a cellular protein
TRIMS5a was shown to block HIV-1 infection in Old World
monkey cells [8]. In other studies, Vif was reported to over-
come another species-specific intracellular restriction factor
in primate cells [9], and APOBEC3 family proteins as host
cell factors were found to be deeply involved in the function
of Vif [10]. Besides, a novel restriction factor was identified
as Lv2 and the determinants for Lv2 were mapped to gag
and env [11]. Thus, unknown restriction mechanisms may still
exist in primate cells.

Our strategy has been to construct SHIVs by expanding the
HIV-1-derived regions in the SHIV genome, which may help
to clarify the viral restriction factors determining the host
range and to elucidate the mechanisms of innate defense
against the HIV-1 infection in monkey cells. It was previously
shown that the rt region of pol of SIV can be replaced by that
of HIV-1 [12]. Recently, we constructed a new SHIV termed
SHIVrt/3m, which had the r region of pol in addition to the
3’ half of the HIV-1 genome [13]. SHIV/3m could infect
and replicate not only in monkey peripheral blood mononu-
clear cells (PBMCs) but also in macaque monkeys. Among
the monkey-infecting SHIVs constructed at that time,
SHIVrt/3m had the broadest region of the HIV-1 genome,

In this study, we report the construction of a new SHIV
containing the integrase (IN)-encoding region (inr region) of
pol of HIV-1 in addition to rr and the 3’ half of the HIV-1 ge-
nome on the background of SIVmac. The new SHIV, termed
SHIVrti/3m, could replicate not only in monkey PBMCs but
also in rhesus monkeys in vivo after adapting to monkey cells.
Having r1, in1, vpu, vpr, tat, rev, env and nef of HIV-1, SHIVrti/
3rn is much closer to HIV-1 than any other rhesus monkey-in-
fecting SHIVs. Moreover, we constructed a series of mutants
containing some or all of the mutations identified in the mon-
key-cell-adapted strain of SHIVrti/3m and investigated the ef-
fect of the respective mutations on the viral replication.
Recently, two HIV-1 derivatives, termed stHIV-1 [14] and
NL-DTS5 [15] having only the intact vif and CA or a part of
it of SIV respectively, were found to replicate in rhesus
PBMCs after passaging several times in human and/or monkey
cell lines. To the best of our knowledge, however, there is no
evidence that these derivatives were able to replicate in rhesus
monkeys, although the replication of a derivative virus of NL-
DTS5 (termed NL-DTSR) in pig-tailed macaques was reported
very recently [16]. Therefore, we can still say that SHIVrti/3m
is the closest to HIV-1 among the rhesus monkey-infecting
SHIVs reported so far.

2. Materials and methods
2.1. DNA constructs

Infectious molecular clones of HIV-1 (pNL432) [17] and
SIVmac (pMA239) [18] were used as parental provirus
DNAs. In addition, two infectious molecular clones, pSHIV-
rti (Ido et al, ms. in preparation) and pNM-3m [8] were
used. The former plasmid contains rf and inr of HIV-1 on an
SIVmac background. Briefly, the junction of pr of SIVmac
and rt of HIV-1 was created as described previously [13]
and the junction of int of HIV-1 and vif of SIVmac was created
by inserting the PpuMI — PpuMI fragment (nt 5492 and nt
5370 in pMA239) containing the full vif of SIVmac between
the two Avrll sites in ins of HIV-1 (nt 5431 and nt 5661 in
pNL432) after blunt-ligation. The latter plasmid possesses
env and adjacent accessory genes such as vpr, vpu, tat, rev
and nef of HIV-1 on an SIVmac background.

A fragment of pSHIV-rti spanning from Spel (nt 2026 in
pMAZ239, gag) to NspV (nt 6131 in pMA239, vif) was inserted
into the corresponding position of pNM-3rn. The newly gener-
ated full-genome plasmid was termed pSHIVrti/3m (Fig. 1).

Substitution mutant plasmids of pSHIVrti/3m were created
by site-directed mutagenesis by PCR with appropriately mod-
ified primers based upon the sequencing analysis. As for the T-
to-C mutation in the primer binding site (PBS), we replaced
a fragment of pSHIV-rti/3m spanning from Narl (nt 1079 in
pMA239, PBS) to Dralll (nt 1627 in pMA239, gag) with
the corresponding region of pSHIV-C2/1 KS661. SHIV-C2/1
KS661 is a molecular clone derived from a pathogenic
SHIV-C2/1 strain that has the same T-to-C substitution in
the PBS [19].

2.2, Cell cultures

M8166, a CD4 " human T cell line, is a subclone of C8166
cells [20]. HSC-F is a cynomolgus monkey CD4"T cell line
from a fetal splenocyte that was immortalized by infection
with Herpesvirus saimiri subtype C [21]. M8166 cells and
HSC-F cells were maintained in RPMI 1640 medium contain-
ing 10% heat-inactivated fetal bovine serum (FBS). 293T cells
were maintained in Dulbecco’s modified Eagle’s medium con-
raining 10% FBS. PBMCs from healthy rhesus monkeys
(Macaca mulatia) were cultured as described previously [8].
For the depletion of CD8" cells, rhesus PBMCs were treated
with mouse anti-human CD8 monoclonal antibody (NU-Ts/c;
Nichirei, Japan) and sheep anti-mouse IgG magnetic beads
(Dynabeads M-450; Dynal A. S, Oslo, Norway).

2.3. Transfection and infection

To generate infectious virus particles, 5 ug of pSHIVrti/3m
was introduced into 1.5 x 10° M 8166 cells by the DEAE-dex-
tran method [18]. The culture medium was changed every
3 days and the supernatant was filtered (0.45 pm pore size)
and stored at —80°C. Then, virion-associated RT activity
was measured as described previously [22]. The supernatant
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Fig. 1. Genomic structure of a newly constructed SHIVni/3m. Solid and open boxes represent sequences derived from HIV-1 (NL432) and STVmac (MA239),

respectively. Arrows indicate the used restriction enzyme sites.

with the highest RT level was used as a virus stock. In the
mutational experiment, to avoid unwanted mutations, we
transfected 293T cells using FuGene6 (Roche, USA).
Twenty-four hours after transfection, we washed the cells
once with the medium, and after another 24 h (48 h post trans-
fection) the culture supernatants were harvested, filtered and
stored at —80 “C. The virus inoculum used for in vitro infec-
tion was adjusted to contain a known amount of RT units (typ-
ically 2 x 10° RT units) or multiplicity of infection (moi) by
adding the appropriate volume of the medium to the virus
stock. MB166 cells (5 x 10° cells/well), HSC-F cells
(1 % 10° cells/well) or monkey PBMCs (1 x 10° cells/well)
were infected with a virus and cultured in a 96-well plate.
The culture supernatant was harvested every 3 days and its
RT activity was monitored.

2.4. In vitro passage and inoculum

To adapt SHIVrti/3m to monkey cells, we passaged the vi-
rus in HSC-F cells. Briefly, fresh HSC-F cells were added to
SHIVrti/3m-infected HSC-F cells at a ratio of 1:1 once
a week. The culture supernatants were harvested every
week. The supernatant of 26 weeks after starting the passage
was used for the in vitro and in vivo infection experiments.
To determine the viral infectivity of the virus stocks, the
50% tissue culture infectious dose (TCIDsg) was calculated
by using M8166 cells or HSC-F cells [6]. The amount of the
p27 antigen in the stock was measured with a SIV Core Anti-
gen Assay kit (Coulter, USA).

2.5. DNA sequencing

To identify the nucleotide changes in the SHIVrti/3m ge-
nome that occurred during the passage in monkey cells, we se-
quenced the viral genome from the beginning of the R region
of the 5" LTR to the end of the U5 region of the 3’ LTR of the
passaged SHIVri/3m (termed SHIVrti/3mP). Briefly, total

DNA was extracted from the SHIVrti/3mP-infected HSC-F
cells by using a DNeasy Tissue Kit (QIAGEN, Germany).
Eight fragments of the viral genome ranging in size from
one to two thousand base pairs were then amplified by PCR.
The amplified fragments were purified with a QIAquick
PCR Purification Kit (QIAGEN, Germany) and sequenced
by an automated DNA sequencer (ABI 3100).

2.6. Inoculation of monkeys

All animals were housed in a P3-level monkey storage
facility, and were treated in accordance with regulations ap-
proved by the Committee for Experimental Use of Non-human
Primates in the Institute for Virus Research, Kyoto University.
Three adult rhesus monkeys of presumably Chinese origin,

., MM318 (male), MM319 (female) and MM336 (male), were

inoculated intravenously with the virus stock of SHIVrti/
3mP with 2 x 10%, 2 x 10% and 1 x 10° TCIDso, respectively.
After the inoculation, blood samples were collected periodi-
cally from the monkeys and were separated into plasma and
PBMCs. Then, plasma viral RNA loads, proviral DNA, and
CD4 T cells and CD&8 T cells were analyzed, and virus isola-
tion was attempted by coculturing.

2.7. Detection of proviral DNA in PBMCs

Proviral DNA in PBMCs of inoculated monkeys was de-
tected with nested PCR using the primers designed to specif-
ically amplify the V3 region of HIV-1 (pNL432) env, which is
present in the SHIVrti/3rn genome, as described previously
[13).

2.8. Determination of plasma viral RNA loads
Plasma viral RNA loads were determined by quantitative

RT-PCR. The RT reaction and PCR were performed as de-
scribed previously [23].
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2.9. Tirration of antibody

Antibody titers of the monkey plasma were measured by
particle agglutination according to the instructions of the man-
ufacturer (Genedia HIV-1/2, Fujirebio, Tokyo, Japan).

3. Resulis
3.1, In vivro replication of SHIVrii/3rn

When M8166 cells were infected with the filtered superna-
tant that was harvested after transfection with pSHIVrti/3m,
we observed cytopathic effects (CPE) in the infected cells
and rising RT activity in the supernatants approximately
2 weeks after infection, indicating pSHIVrti/3rm was capable
of producing infectious virions (data not shown),

The replication kinetics of SHIVrti/3rn in M8166 cells,
HSC-F cells (a monkey CD47T cell line) and monkey PBMCs
are shown in Fig. 2. In M8166 cells, SHIVrti/3m started to
replicate around 10 days post infection and the virion-associ-
ated RT activities gradually increased (Fig. 2a). The replica-
tion of SHIVrti/3m was slower than that of NM-3m (a
parental virus of SHIVrti/3m) based on their initial rises and
peak values. In HSC-F cells, SHIVrti/3m replicated well,

although the replication of SHIVrti/3m was delayed compared
with that of NM-3r by approximately 9 days and its peak
value was somewhat lower (Fig. 2b). In cultured monkey
PBMCs, however, the replication of SHIVIi/3m was very
weak and slightly above the detection level, whereas NM-
3m replicated well (Fig. 2c).

3.2, In vitro replication of SHIVr1i/3rnP

The RT value of the culture supermnatant of HSC-F cells in-
fected with SHIVrti/3mP reached a peak 9 days after the in-
fection and then gradually decreased (FFig. 2b). Moreover,
SHIVrti/3mP showed a fairly improved replication capacity
in rhesus PBMCs compared with the original SHIVrti/3m
(Fig. 2¢). On the other hand, the growth-kinetics of SHIVrti/
3mP in M8166 cells was similar to that of the original
SHIV:ti/3m (Fig. 2a). These results indicated that SHIVrti/
3mP specifically acquired an ability to replicate in monkey
cells including PBMCs.

3.3. In vive replication of SHIVriii3rnP

In each of three rhesus monkeys intravenously inoculated
with SHIVrti/3mP, the plasma viral RNA loads reached peak

7000 2000 . ' . .
a b
6000 .
1500 - -
[ B
- W) - N
£ £ oo} E
§ om 1%
2000 ! P | i
1000 F E
% s 0 15 22 2 %0 s 0 15 22 s
Days post infection Days post infection
2000 . ' . . - y .
[~
_ 1500+
g
_g 1000
£
00 + .
0
0 s i 15 2 25 0 S5 W 15 2w 25

Days post infection

Weeks post inoculation

Fig 2. Growth kinetics of SHIVni/3m and SHIVrii3mP. Replication of the viruses in (a) a human CD4™T cell line, M8166, (b) 2 monkey CD4™T cell line, HSC-F,
and tc) PBMCs from a rhesus monkey. The cells were infected with SHIVRi/3mP or cell-free virus stocks from M8166 cells transfected with the respective chi-
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Plasma viral RNA loads were measured by quantitative RT-PCR as described in Section 2. O, MM31§; @, MM319: [0, MM336.
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Table 1
Virological and logical of SHIVi/3mP-inoculated monkeys
Week DNA-PCR’ Antibody titers”

MM31E  MM3I19  MM3Ile MM3IE  MM3I9 MM336
o - - - <32 <31 <32
1 + + - <32 =32 <32
2 + + - 1024 512 iz
3 } + - 2048 1024 64
4 + + + 8192 4096 1024
6 + + + 8192 4096 1024
8 + + + 8192 2048 1024
10 + + + 8192 4096 1024
16 + + + 8192 >16,384 4096
20 + + + 89 216,384 1024

* The presence of viral DNA in PBMCs was determined by PCR using
& primer pair for amplification of the V3 region of HIV-1 env. (+) Viral
DNA was detected: (—) no viral DNA was detected,

* Measured by particle agglutination (Genedia HIV-1/2, Fujirchio).

values (10°—10° copies/ml) at only a week post inoculation
(p..) (Fig. 2d). The plasma viral RNA loads of MM319 and
MM336 gradually decreased and fell below the detectable
level at 6 weeks p.i. On the other hand, the plasma viral
RNA load of MM3 18 remained relatively constant and was de-
tectable up to 20 weeks p.i., though it once fell below the de-
tection level at 10 and 12 weeks pi. Proviral DNAs were
continuously detected in PBMCs of all the monkeys from 1
or 3 weeks p.i. to the end of the observation period (Tuble 1).
In all of the monkeys, antibodies were first detected at 2 weeks
pi. and remained at high titers (Table 1). In addition, we
reisolated infectious viruses from the PBMCs of one monkey
(MM318 at 2 weeks p.i.). These data indicated that SHIVrti/
3mP was competent to infect and replicate in monkeys. On
the other hand, none of the monkeys showed any clinical signs
or significant changes in the ratio of CD4* to CD8™T cells,
suggesting that SHIVrti/3mP was non-pathogenic (data not
shown).

3.4. Sequence analysis of the passaged viruses

Eleven mutations were found throughout the SHIVrti/3mP
genome, seven of which were within the env gene (Table 2).
All the substitutions were non-synonymous. The virus ob-
tained from the culture supernatant of the SHIVrti/3rmP-
infected PBMCs at around the peak of RT activity was slightly
different from SHIVrti/3mP (Table 2). It differed at the muta-
tion in the matrix region and had two additional mutations,
one in the gpl20 region and a silent mutation in the gp4]
region.

3.5. Construction and in vitro replication
of SHIVrti/3rn mutants

Of the 13 mutations (eleven found in SHIVrti/3mP and two
additional in the supernatant of SHIVrti/3mp-infected rhesus
PBMCs), 10 were shared by the two viruses, and therefore
were considered more likely to be involved in the adaptation
to monkeys. We created five mutants of the original
SHIVrti/3m plasmid, each having a different combination of
the 10 mutations (Fig. 3). The plasmids of all the mutants
were transfected into 293T cells and the culture supernatants
were harvested as virus stocks.

PCAEn and PCAINEn showed almost the same infectivity
indices and their values were the highest among all the
mutants (Fig. 4a). PCA120 and PCA41 possessed almost the
same infectivity indices in HSC-F cells. However, PCA
showed a slightly lower infectivity index with this assay sys-
tem. SHIVrti/3m hardly replicates in HSC-F cells. Therefore,
the value of TCIDsg/ng p27 was much lower than 0.1 and not
plottable in Fig. 4a.

In HSC-F cells, PCAEn replicated to the highest titer
among the examined constructs (higher than that of SHIVrti/
3mP), and the day of peak was almost the same among

Table 2

Nucleotide mutations in SHIVRi3mP

Position’ Nucleotide Amino acid Genomic region

ot Virus SHIVrti/im SHIVA/3mP rhPBMC" SHIVAi/Am SHIVni/3mP thPBMC"

1085 MA239 i c C PBS

1316 MA239 T TIC T v VIA v ma

2252 MA239 A G G K R R ca

4245 NL432 G A GIA D D DN inr

6710 NL432 A AG AIG S SIG S/G £
6773 NL432 G G/A G/A D DN DN env V2
6803 NL432 A G G N D D (gpl20) Cc4
7056 NL432 (] T T A v v Cc4
7607 NL432 T 47 TIC -] S P Vs
7854 NLA432 A G G D G G (a8 [1]
8125 NL432 T T/A T/A N N/K NEK env cll
8350 NL432 T T TIC Y ¥ Y (gpdl) cn
8463 NL432 A G G N S H C12

* Positions in parental pMA239 or pNL432,
* Viruses in the supematant of the SHIVriAmP-infected rhesus PBMCs.
© Silent mutation
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Fig. 3. Genomic structures of newly constructed SHIVri/3m mutants. Solid and open boxes represent sequences derived from HIV-1 (NL432) and SIVmac
(MA239), respectively, Asterisks indicate the positions of the introduced mutations. PBS, T1085C; ca, A2252G; int, G4245A; gpl20, A6T10G, G6TT3A,

A6803G and CT056T; gpdl, AT854G, T8125A and AS463G.

them (13 days post infection) (Fig. 4b). Thus, it was obvious
that PCAEn had the same or better replication capacity than
SHIVrti/3mP, suggesting that the 9 mutations introduced
into the PCAEn genome were responsible for the adaptation
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and both the gp120 and gp41 regions contributed to the adap-
tation. On the other hand, PCAINEn having all the 10 muta-
tions replicated to a bit lower titer than PCAEn (Fig. 4b),
indicating that the additional mutation in jnr appeared to
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Fig. 4. Biological properties of mutants of SHIVrti/3m. (a) Infectivity of the mutamt viruses. Cell-free virus stock was prepared in 293T by transfection of respec-
tive mutated plasmid of SHIVriAm. TCIDsp was measured in HSC-F cells as described in Matenials and methods. Amount of p27 antigen was measured by
ELISA and infectivity was defined as TCIDs per ng of p27 antigen in this study. (b) and (c), replication kinetics of the mutants in HSC-F cells, and (d) in PBMCs
from a rhesus monkey. The cells were infected with the cell-free virus stocks and virion-associated RT activity in the culture supernatants was monitored every
3 days. All the experiments were repeated more than three times and representative data are shown. A, SHIVni3m: A, PCA: O, PCA120; l, PCA4]; ©,

PCAEn; O, PCAINEn; @, SHIVri3mP (polyclone), x, mock infection
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have a slightly negative effect on the replication of PCAEn in
HSC-F cells. Moreover, PCAEn replicated much faster than
SHIVrti/3m, PCA, PCA120 and PCA41 and the day of peak
was around 13 days post infection (Fig. 4c). PCA41 showed
almost the same or somewhat better replication capacity
than PCA120 in terms of the initial rise of RT activity. These
results again indicated that the mutations in both gp120 and
gp41 were required for the adaptation. Although PCA showed
little infectivity in the TCIDsq assay (the endpoint was 14 days
post infection), it replicated slowly at 15 days post infection.
On the other hand, the original SHIVrti/3m prepared in
293T cells did not show any evidence of replication.

Finally, we inoculated the cells with the mutant viruses at
a moi of 0.05 to investigate their replication competence in
rhesus PBMCs. To avoid the suppressive effect of CD8™ cells
on the viral replication, we employed CD8-depleted PBMCs
in this experiment. The polyclonal SHIVrti/3mP replicated ef-
ficiently in the CD8-depleted PBMCs (Fig. 4d). PCAINEn,
a putative molecular clone of SHIVrti/3mP, also replicated
well, although the RT value of the day of peak was lower com-
pared to that of SHIVrit/3mP. On the other hand, the replica-
tion competence of PCAEn was fairly weak. Taken together,
these results indicate that the mutation in int was required
for the replication in rhesus PBMCs. Although the replication
competence of PCAINEn was not equivalent to that of
SHIVrti/3mP, these results suggested that the 10 mutations
in PCAINEn were sufficient to allow it to replicate in rhesus
PBMCs and, especially, the mutation in int played an impor-
tant role in the replication competence,

4. Discussion

Since plasma viral RNA loads quickly rose to high titers in
monkeys intravenously inoculated with SHIVrti/3mP (Fig. 2d),
SHIVrti/3mP appears to be suited for use to test whether some
antiviral therapies can inhibit the early phase of an HIV-1 infec-
tion. Specifically, because SHIVrti/3mP has RT and IN of
HIV-1, it can be used to evaluate the efficacy of therapies
that use a combination of HIV-1-specific RT and IN inhibitors.
In addition, neutralizing antibodies are generally believed to
have a role in preventing HIV-1 infection [24] and passive im-
munization has been tried in macaques [25]. By using SHIVrti/
3mP having Env of HIV-1, therapies that simultaneously use
a combination of replication inhibitors and neutralizing anti-
bodies can be evaluated in vivo. Moreover, because the plasma
viral RNA loads of MM318 were maintained up to 20 weeks
p.i. (Fig. 2d), SHIVrti/3mP might infect monkeys persistently.
However, in order to use SHIVrti/3mP to evaluate antiviral
therapies during persistent infection, the replication capacity
of SHIVrti/3mP needs to be enhanced and stabilized by further
serial animal passages in vivo.

Of the 11 non-synonymous mutations found in SHIVrti/
3mP, seven in env were responsible for its adaptation to rhesus
monkeys (Fig. 4b). This raises the possibility that the inability
of SHIVrti/3m to replicate in monkey cells involves Env-
mediated replication processes such as binding and fusion of
incoming virions. Three of the four mutations in the gpl20

region were located within the V2 region and its vicinity,
a region that was thought not to be involved in receptor and
coreceptor binding. The nucleotide at position 7056 (C) in
SHIV-NM-3m, which was substiuted with a T in SHIVrti/
3mP (leading to an Alanine-to-Valine substitution), was re-
ported to be associated with the binding of the virion to
CD4 [26). However, because SHIV-NM-3m replicates well
in HSC-F cells, monkey CD4 seems to readily bind to Env
of HIV-1. Therefore, it seems unlikely that the change is re-
quired in this step to adapt SHIVi/3m to monkey cells. As
for the mutations in the gp41 region, a G-to-A substitution
(nt 7854), which was identified in the SHIVrti/3mP genome
(Table 2), was reported to enhance the fusogenic activity of
HIV-1 [27]. Consistent with this observation, cells infected
with PCA41, PCAEn and PCAINEn (which have this muta-
tion) showed a more severe CPE than other mutants (data
not shown), suggesting that the mutation is involved in the
fusion activity. Thus, the enhanced fusion activity of
SHIVrti/3mP might explain its ability to overcome the replica-
tion barrier in HSC-F cells. Kamada et al. reported two non-
synonymous mutations (nts 6633 and 7043) during the passage
of NL-DTS5 in 2 monkey cell line [12]. There were no common
mutations between their study and ours.

In this study, we identified several amino acids that
appeared to be involved in the adaptation of SHIVrti/3m to
monkey cells. One report argued about the roles of amino
acids in the neighboring domains [28]. Nevertheless, the find-
ings in that report are not exactly consistent with the phenom-
ena in this study. For example, the mutation in ca is located
near the C-terminus of the capsid protein (CA). In HIV-1,
the corresponding position of this substitution is located in
the hydrophobic core of the crystallographic CA dimer [29].
Mutations in this region resulted in the loss of CA assembly
and thus in the loss of infectivity [30]. However, the fact
that PCA replicated in HSC-F cells indicated that CA assem-
bly was not severely affected by this mutation. Therefore, the
mutations in PBS, ca and inr might be involved in a replication
process other than those reported so far. The mutation in CA
might be involved in the disassembly of incoming virions.
Elucidating the roles of these mutations should uncover new
aspects of CA and IN in virus replication,

Preliminary studies in our laboratory indicated that all the
mutants constructed in this study show little difference in the
processes that occur in the late phase of replication such as pro-
duction of the viral protein and maturation. Together with the
results that mutations in env were mainly responsible for the
adaptation, we speculate that the adaptation occurred in pro-
cesses in the early phase of replication such as binding, fusion,
and uncoating. At the early stage of HIV-1 infection, a cellular
protein, TRIM5a, restricts HIV-1 replication by targeting CA
of HIV-1 [7]. Another restriction factor mediated by Gag and
Env (known as Lv2) has been reported to work mainly against
HIV-2 infection and, in some cases, against HIV-1 infection in
monkey cells [11]. Such restrictive mechanisms might also ex-
ist in the replication of SHIVti/3m in monkey cells,

SHIVrti/3m has a large HIV-1 component (Fig. 1) and an
ability to replicate in monkey PBMCs and in rhesus monkeys
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(Figs. 2 and 4 and Table 1). Although two HIV-1 derivatives
that has only CA (or a part of it) and the vif of SIV were re-
ported to replicate in monkey PBMCs [11,12], there is no
evidence that these derivatives were able to replicate in rhesus
monkeys. Therefore, we can still say that SHIVni/3m is the
closest to HIV-1 among the rhesus monkey-infecting SHIVs
reported so far.
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Despite crucial importance of non-human primates as a model of human infectious diseases, group 1 CD1
genes and proteins have been poorly characterized in these species. Here, we isolated CD1A, CD1B, and (D1C
cDNAs from rhesus macague lymph nodes that encoded full-length CD1 proteins recognized specifically by

monoclonal antibodies to human CD1a, CD1b, and CD1c molecules, mspectively. The monkey group 1 CD1
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isoforms contained amino acid residues and motifs known to be critical for intramolecular disulfide bond
formarion, N-linked glycosylation, and endosomal trafficking as in human group 1 CD1 molecules. Notably,
monkey CD1b molecules were capable of presenting a mycobacterial glycolipid to human CD1b-restricted
T cells, providing direct evidence for their antigen presentation function. This also detects for the first time
a trans-species crossreaction mediated by group 1 CD1 molecules. Taken together, these results underscore
substantial conservation of the group 1 CD1 system berween humans and rhesus macaque monkeys.

© 2008 Elsevier Inc. All rights reserved.

Besides MHC class 1- and ll-restricted af T cells that rec-
ognize protein antigens (Ags), discrete subsets of T cells exist
in humans that specifically recognize non-protein Ags in a
T-cell receptor (TCR)-dependent manner. These include «ff T
cells that recognize lipid, glycolipid, and lipopeptide Ags in the
context of group 1 CD1 molecules (CD1a. CD1b, and CD1c) as
well as Vy2°V§2® v8 T cells that recognize pyrophosphorylated
isaprenoid intermediates [1.2]. Both T cell subsets have been
implicated in host defense against mycobacterial infection [3],
and therefore, animal species that have evolved these T cells
in addition to MHC-restricted T cells would serve as an ideal
animal model of human tuberculosis. The murine model has
long been studied extensively, and by taking advantage of ver-
satile genetic manipulation and a fine array of reagents, many
important aspects of host defense against tuberculosis have
been demonstrated explicitly, that include a critical role for
MHC-restricted T cells [4]. However, a significant difference in
pathology has been noted between the two species [3). and the
lack of T cells in mice that cor respond to human group 1 CD1-
resricted T cells and Vy2°V&2" y& T cells makes the animals less

* Corresponding authors, Fax: +81 75 752 3232 (M. Sugita), +81 75 761 9335 (T.
Igarashi).

useful particularly in an attempt to develop a new chemical
class of non-protein vaccines against tuberculosis. In contrast
to mice and rats, guinea pigs exhibit pathology that is compa-
rable, if not identical, to that in human tuberculosis, and recent
studies have shown that they contain four CDIB genes and
three CDIC genes |5,6]. Nevertheless, CD1a-restricted T cells as
well as CD1d-restricted NKT cells may not exist in guinea pigs.
These and other significant differences in the organization and
function of the immune system between humans and rodents
often make it difficult to translate the results obtained from
rodent models to humans. Further, certain human pathogens,
such as HIV-1, exhibit highly limited host selectivity, and are
unable to infect into rodents and other commonly used labo-
ratory animals.

Recently, the value of non-human primates as a model of
human infectious diseases has been appreciated greatly for elu-
cidating pathogenesis and for developing vaccines and therapies
against microbial infections, such as AIDS and tuberculosis [7.8].
Nevertheless, little has been defined about the genes, proteins, and
function of the group 1 CD1 molecules in non-human primates,
and therefore, the present study was aimed at identifying the rhe-
sus macaque group 1 CD1 system. We found it highly compara-
ble to that in humans, and rhesus macaque CD1b molecules were
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indeed able to present a2 human CD1b-presented mycobacterial
glycolipid Ag to specific human T cells.
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Marterials and methods

Isolation of rhesus macaque group 1 CD1 cDNAs. Rhesus mon-
keys (Macaca mulatta) were used in accordance with the institu-
tional regulations approved by the Committee for Experimental
Use of Nonhuman Primates of the Institute for Virus Research,
Kyoto University, Kyoto, Japan. Total RNA was extracted from
rhesus macaque lymph nodes using the RNeasy mini kit (Qiagen,
Hilden, Germany), and the first-strand ¢cDNA was synthesized
from 0.5 mg of the total RNA using oligo{dT) and PrimeScript
reverse transcriptase (Takara Bio. Inc.. Otsu, Japan). To amplify
specific transcripts, the samples were subjected to PCR amplifi-
cation with Pfu DNA polymerase (Stratagene, La Jolla, CA) for 35
cycles of 30s at 94 °C, 1 min at 55 °C (for CD1A) or 60°C (for CD1B
and CD1C), 2min at 72 °C, and a final cycle of 10min at 72°C. The
primers used were: 5'-GCG GTA CCA AAT AAC ATC TGC AAATGA
C-3' (sense) and 5'-GCC TCG AGA AGG AGG ATC ATG GTG TAT
C-3' (anti-sense) for CD1A; 5'-GCG GTA CCA GTA AGA AGT TGC
ATC TCC C -3' (sense) and 5'-GCC TCG AGG GAG CAG ACA TGG
TGA GGG C-3' (anti-sense) for CD1B; 5'-GCG GGT ACC ACC ATG
CTG TTT CTG CAG TTT-3' (sense) and 5'-GCG GCG GCC GCA TTG
TAC TAG GCT CCT GG-3' (anti-sense) for CD1C. The PCR products
were purified and cloned into pcDNA3.1(+) (Invitrogen, Carlsbad,
CA), and DNA sequencing was done in bath directions. This pro-
cedure was repeated twice to confirm that no PCR-associated
errors were introduced.

Transfection. A rhesus macaque kidney epithelial cell line, LLC-
MEK2 [9], was obtained from ATCC (Manassas, VA). The cells were
transfected with pcDNA3.1(+) containing either rhesus macaque
CD1A, CD1B, or CDI1C by a calcium phosphate precipitation
method. using the mammalian transfection kit (Stratagene). The
transfected cells were then cultured in DMEM media (Invitrogen)
supplemented with 10% fetal calf serum (Hyclone, Logan, UT)
and G418 (0.5 mg/ml) (Invitrogen), and the CD1-expressing cells
were then enriched by labeling with specific antibodies (Abs),
followed by positive selection with magnetic beads coated with
goat anti-mouse IgG Abs (Invitrogen). A human lymphoblastoid
cell line, T2 [10], was transfected with pCEP4 (Invitrogen) con-
taining CD1A or CD1B of either human or rhesus macaque ori-
gin by electroporation as described [ 11], followed by selection in
RPMI1640 media (Invitrogen) containing 0.2 mg/ml hygromycin
B (Invitrogen). A human cervical epithelial cell line, Hela [12],
was transfected with rhesus macaque CD1C in pcDNA3.1(+) by a
calcium phosphate precipitation method, and selection was per-
formed as described above. These stably transfected cells were
used as Ag-presenting cells (APCs) in T cell transfectants stim-
ulation assays.

Flow cytometry. The expression of CD1 proteins on the surface
of the LLC-MK2 cell transfectants as well as rhesus macaque thy-
mocytes were analyzed by flow cytometry as described [13,14],
using the BD FACSCanto Il flow cytometer, The mouse monoclonal
Abs (mAbs) used were 10H3 (anti-human CD1a) | 15], SN13 (anti-
human CD1b) (Ancell, Bayport, MN), M241 (anti-human CD1c)
(Ancell), and SP34 (anti-monkey CD3) (BD Biosciences, Franklin
Lakes, NJ). MAbs MOPC-31C (BD Biosciences) and RPC5.4 (ATCC)
were used as negative controls.

T cell transfectants stimulation assays. TCR-deficient urkat
cells, |.RT3, reconstituted with either the dideoxymycobactin-
specific, CD1a-restricted TCR (J.RT3/CD8-2), the glucose mono-
mycolate (GMM)-specific, CD1b-restricted TCR (J.RT3/LDN5) or
the mannosyl phosphomycoketide-specific, CD1c-restricted TCR
(].RT3/CD8-1) have been described previously [16]. The TCR-
reconstituted cells (5 x 10%/well) were cultured with irradiated
APCs expressing a relevant CD1 isoform (1 x 10°/well) in wells
of 96-well, flat-bottomed microtiter plates (200 ul media/well)
in the presence of 10ng/ml phorbol myristate acetate (PMA)

(Sigma, St. Louis, MO) and either the organic extract of Myco-
bacterium tuberculosis H37Ra (for |.RT3/CD8-2 and |.RT3/CD8-1)
or Rhodococcus equi GMM (for |.RT3/LDNS) at indicated concen-
trations. After 20h, aliquots of the culture supernatants were
collected, and the amount of interleukin-2 (IL-2) released into
the supernatants was measured by the I1L-2 ELISA kit (BD Bio-
sciences).

Molecular modeling of rhesus macaque CD1b proteins. Molecular
maodeling of the rhesus macaque CD1b molecule was performed,
using the homology modeling software PDFAMS (Protein Dis-
covery Full Automatic Modeling System; In-Silico Sciences, Inc.,
Tokyo, Japan) as described [17]. Briefly, the primary sequence
of the rhesus macaque CD1b molecule was aligned with the
sequence of the human CD1b molecule available from the Pro-
tein Data Bank (1UQS), using RPS-BLAST. Amino acid residues
differing between the two molecules were mutated, and the
obtained 3-dimensional structure was optimized by the simu-
lated annealing method. Subsequently, the molecular model was
subjected to energy minimization, using the SYBYL software,
The overall structure and the cavity surface of the modeled rhe-
sus macaque CD1b molecule were depicted in association with
GMM from Nocardia farcinica by utilizing the MOLCAD module
of SYBYL

Results and discussion
Identification of rhesus macaque group 1 CD1 cDNAs

To isolate full-length cDNAs encoding rhesus macaque CD1a
and CD1b, the first strand cDNA was synthesized from lymph
node total RNA by reverse transcription, and then, PCR was car-
ried out with specific pairs of 5'-end and 3'-end primers that
were designed based on the rhesus macaque genomic CDTA and
CD1B sequences. The rhesus macaque genomic CD1C sequence
was only partially available, and the 3 "-end sequence was under-
mined. Therefore, rhesus macaque CD1C cDNA was amplified by
PCR using a specific 5'-end primer and a 3 "-end primer that was
designed based on the sequence of 3'-untranslated region of the
human CD1C genome, The PCR products thus obtained were of
expected size (approximately 1 kb) and the identity of the prod-
ucts was determined by DNA sequences. ldentical nucleotide
sequences were obtained after two independent PCR amplifica-
tions, ruling out the possibility for PCR-associated errors,

Alignment of the deduced amino acid sequences of the puta-
tive rhesus macaque CDIA, CD1B, and CDIC genes with the corre-
sponding human CD1 proteins revealed a high-degree homology
between the two species (85.6% for CD1a, 94.6% for CD1b, 90.4%
for CD1c) (Fig. 1). The cysteine residues (indicated with triangles)
involved in the intrachain disulfide bond formation in the x2 and
the 3 domains as well as the putative N-linked glycosylation
sites (indicated with asterisks) in the «1 and the 2 domains were
totally conserved |2). Further, the cytoplasmie tyrosine-based motif
(YXXZ where Y is tyrosine, X is any amino acid, and Z is a hydro-
phobic amino acid) and its flanking sequences that are known to
regulate differential early endosomal and lysosomal trafficking of
CD1b and CD1c proteins [ 12,18,19] were identical between the two
species (Fig. 1).

To monitor protein expression of these rhesus macaque CD1
genes, we first screened mAbs against human CD1 proteins for
their cross-reactivity to rhesus macaque thymocytes, a cell type
that is presumed to express all forms of group 1 CD1 molecules,
As shown in Fig. 2A, mAb clones 10H3 (anti-human CD1a), SN13
(anti-human €D1b), and M241 (anti-human CD1c) labeled a sig-
nificant fraction of CD3%™ thymocytes in a pattern comparable to
that for human thymocytes [20]. We then stably transfected each
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huChla MLFLLLPLLAVL- PGDGNADGLKEPLSFHVTWI ASFYNHSWKONLVSGWLSODLOTHTWDSNSST IVFLCPWSRONF SNEEWKELE

rhCDla MLFLLLPLLAVL- PGGGNADGLKEPVSFHVIRISS FN:I-!SNKRHLVG GYLGHLOTHTSDRNCSTIIFLWANS RC‘-‘:FSNKE”K.ELE

bhuCDlb MLLLEFQLLAVLF PGGNEEHAFUGPTSFHVIQTSSFTNS THAQTOGSGWLDDLY IHGWDSDSGTAL FLEPHS KGNFSDKEVAELE

rhCD1lb MLLLPFOLLAVLFPGGDSERAFOGPTSPHVIQTSES ﬂ:SﬂWSGHLDDI.Q IHGWDSDEGTAILLKPWSKGNFSDEEFAELE

*
hucChle MLFLOFLLLALLLPGGDNADASQEHVSFHVIQLFS FVNQSWARGOGSGWLDE LOTHGWDSESGT T IFLHNWS KGNFSNEELSDLE
rhCDle MLFLOFLLLAVL - SCGDNADA - QEHVEFYTIQI LSFANQSWAQSQGSGWLDELQTHGWESESGR I IFLETWS KSNFSNEELSDLE
leader a1 domain
v *

huCDhla TLFRIRTIRSFEGIRRYAHELQPEYPFEIQVTGGCELHSGKVSGSFLOLAYOGSDFVSFONNSWLPYPVAGNMAKHFCKVLN -QN

rhChla MLLHICCVRFLEGMRRYSRELOFEY PPEIQVTGOCELHEOKFSGSFLRLAYQGEDFMS FQ:N‘SHLFS PVAGHMAKRLCEVIN-RN

hucCDlb EIFRVYIFGFAREVQDFAGDFOMKY PFEIQGIAGCELHSCGAIVEFLRGALGGLDFLSVENASCVPSPEGGSRAQRFCALI I -QY

hCD1b EIFRVYIPGFAQEVODFAGDPQIQYPFEIQGIAGCELHSGGAIVSFLRGA LRGLDFLSVK:ASC\FPSPEGGS KAQKVCALIM-QY

huChle LLFRFYLFGLTREIQDHASQDYSKY PFEVQVEAGCELHSGKS PEGFFOVAFNGLOLLSFONTTWVPS PGCGSLAQSVCHLLNHQY

rhChlc LLFRVYFFGLTRE IQDHASQDYSKY PFEVOVKAGCELHEGKNPEGFFRVAFNGLOLLSFONTTWVPSPDGGS LAPGVCHLLNHOY

a2 domain
b 8 v

huCDla QHENDITHNLLSDTCPRFILGLLOAGKAHLOROVKPEAWLSHGPSPGPGHLOLVCHVSGFYPRKPVWVMWHRGEQEQUGTORGDIL

rhCDla QHQONDT IHSLLSDTCPRLILGLLDAGKAHLORQVKPEAWLSRGLSPGPGRLOLVCHVSGFYPKPVWVMWMRGEQEQOGTORGDIL

huCDlb QGIMETVRILLYETCPRYLLGVLNAGKADLOQROVEPEAWLSSGPSPGPGRLOLVCHVSGFYPRFVWVMWMRGEQEQCUGTULGDIL

rheDhllk QOGIMETVRILLYETCPRYLLGVLNAGKADLORQVKPEAWLSSGPSPAPGRLOLVCHVEGFYPREPVWVMWMODEQEQRGTQLGDIL

huCDle EGVTETVYNLIKRSTCPRFLLGLLDAGKMYVHRQVAPEAWLSSRFSLGSGOLLLVCHASGF Y PKPVWVTHMRNEQEQLGTKHGDI L

rhCDlc EGVTETVYNLIRSTCPRFLLGLLDAGKMY LHRQVRPEAWLSSRRSLGSGRLLLVCHASGFY PEPVWVTWMENEQEQVGTKHGDVL

a3 domain
v
huChla PSADGTWYLRATLEVAAGEAADLSCRVKHSSLEGODIVLYWEHHSSVGFIILAVIVE-LLLLIGLALWF-RKRCFC
rhCDla FPNADGTWYLRATOEVAAGEAADLSCRVKHSSLEGQDI ILYWEHHSSMGLIILAVIVP-LLLLIGLALWF-RERCFR
*

huCDlb PNANWTWYLRATLDVADGEAAGLSCRVKHSSLEGQDL ILYWRNPTSIGEIVLAL IVPSLLLLLCLALWYMRRRSYQNLP

rhCD1b PNANWTWYLPATLDVAAGEAAGLSCRVKHSSLEGQDI VLYWRNPTSTGEIVLAIMVPSLLLLLCLALWYMRRRSYONIF

huchle PNADGTWYLGVILEVASEEPAGLSCRVRHSSLGGRDI ILYWGHHFSMNWIALVVIVE-LVILIVLVLWF-KKHCSYQDIL

rhCDle PNADGTWYLGVILEVASEETAGLSCRVRHSSLGGODI ILYWGHH FSMNWIALIVLVS - LVILIVLVLRF - KKHCSYQDIL

TM domain CYT domain

Fig. 1. Aligr of deduced amino acid es of human (hu) and rhesus macaque (rh) group 1 CD1 p Residues conserved the two species are shaded
in light gray. Solid wgles denate cystei d in all the group 1 CD1 proteins of both species that are p d to be involved in intradomain disulfide bond for-
mation. Asterisks indicate potential N-linked glycosylation sites. Dashes represent gaps that have been introduced to ™ domai b

domain; CYT domain, cytoplasmic domain,

of the putative rhesus macaque CD1A, CD1B, and CD1C genes into
a rhesus macaque kidney epithelial cell line, LLC-MK2, and their
protein expression was monitored by flow cytometry using the
cross-reactive mAbs (Fig. 2B), The 10H3 anti-human CD1a mAb
recognized only CDIA transfected cells, but not those transfec-
ted with the other genes. Similarly, the SN13 anti-human CD1b
mAb and the M241 anti-human CD1c mAb showed specific reac-
tivity to cells transfected with the CDIB and the CDIC genes,
respectively. These results provided both evidence for protein
expression of the isolated genes and further support for their
identity, and therefore, the nucleotide sequences of the putative
CD1A, CD1B, and CD1C cDNAs were deposited to the DDB]/Gen-
Bank/EMBL databases as those of rhesus macaque CDIA (Acces-
sion Nos: AB458511), CD1B( AB458512), and CD1C (AB458513),
respectively.

Trans-species activation of human T cells by rhesus macaque CD1b
molecules

With the exception of mice and rats, group 1 CD1 genes have
been identified in virtually all mammalian animals so far ana-
lyzed, but the Ag presentation function of their products has
not been demonstrated so explicitly as in humans [21]. This is
partly due to difficulties in obtaining specific T cell lines and
clones that recognize lipid Ags in the context of CD1 mole-
cules of a given animal species. Because of the highly con-
served amino acid sequences of human and rhesus macaque

group 1 CD1 proteins, we considered the possibility that rhe-
sus macaque CD1 molecules might bind lipid Ags that were
known to be presented by human CD1 molecules, and interact
with specific human TCRs. To address this, human TCRs derived
either from a dideoxymycobactin-specific, CD1a-restricted T
cell line (CD8-2), from a GMM-specific, CD1b-restricted T cell
line (LDN5) or from a mannosyl phosphomycoketide-specific,
CD1c-restricted T cell line (CD8-1) were reconstituted in TCR-
deficient Jurkat cells (JL.RT3) by gene transfer, and the T cell
reactivity to specific Ag in the presence of cell transfectants
expressing a relevant CD1 isoform of either human or rhesus
macaque origin was assessed by measuring IL-2 released from
the T cells. J.RT3/CD8-2 cells responded to dideoxymycobac-
tin in the presence of APCs expressing human CD1a molecules.
but not those expressing rhesus macaque CD1a molecules (Fig.
3, top panel). Similarly, |.RT3/CD8-1 cells responded to man-
nosyl phosphomycoketide in the presence of APCs express-
ing human CD1c molecules, but not those expressing rhesus
macaque CD1c molecules (bottom panel). Strikingly, however,
APCs expressing rhesus macaque CD1b molecules were capa-
ble of presenting GMM efficiently to JLRT3/LDN5 cells (middle
panel), providing evidence for their Ag presentation function.
The apparently more efficient Ag presentation function for rhe-
sus macaque CD1b molecules as com pared with human CD1b
molecules could be accounted for by the slightly higher expres-
sion on rhesus macaque CD1b transfectants than on human
CD1b transfectants (data not shown).
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Fig. 2. C tivity of anti-h CD1 mAbs to rhesus macaque group 1 CD1

proteins. (A) Rhesus macaque thymocytes were double-labeled with the SP34 anti-
€D3 mAb and either the 10H3 anti-human CD1a mAb, the SN13 anti-human CD1b
mAb. the M241 anti-human CD1c mAb, or negative control Abs, followed by analy-
sis by flow cytometry. (B) A rhesus macaque kidney cell line, LLC-MK2, that stably
transfected with either rhesus macaque CD 1A (LLC-MKZ rhCD1a), CD1B (LLC-MK2
rhCD1b), or CDIC (LLC-MK2 rhCD1c) were labeled with indicated mAbs and ana-
lyzed by flow cytometry,

Trans-species crossreaction has never been observed previ-
ously for any of the group 1 CD1 molecules. Nevertheless, a molec-
ular model of the rhesus macaque CD1b molecule has detected
the o1 and o2 helix structure as well as intramolecular pockets
(A, €', and F') and a tunnel (T") virtually identical to those for
human CD1b molecules [22.23], allowing stable interaction with
a human CD1b-presented mycobacterial Ag, GMM (Fig. 4). Further,
amino acid residues, such as ES0 and D83 in the a1 domain and
T157 and T165 in the 42 domain, that are proposed to be critical
for interaction with specific TCRs [24] are shared between rhe-
sus macaque and human CD1b molecules, suggesting a conserved
function for CD1b in these two species. The extent of amino acid
sequence conservation is higher in CD1b than in CD1a and CD1c
(Fig. 1), which may imply that immune responses to mycolic acid-
containing glycolipds are critical for host defense against tubercu-
losis. So far, no experimental animals have proved extremely use-

Ag

mock | & JRT3/ CD8-2
huCD1a | +
thcDa | 4

0 5000 10000
mock | + J.RT3 /LDN5
huCD1b | +
rhcDib | +

0 500 1000
mock | & JRT3 ] CD8-1
hucDic |
rhcbie | 3

0 500 1000 1500
IL-2 (pg/mL)

Fig. 3. Ag presentation function of rhesus macaque CD1b molecules. The RT3/
CD8-2 cells were cultured in the presence or absence of the organic extract of M.
tuberculosis (SOmg/ml) with T2 cells expressing either human CD1a (huCD1a) or
rhesus macaque CD1a (rhCD1a) or those that were mock-transfected (top panel L
The L.RT3/LDNS cells were cultured in the presence or absence of purified GMM (5
mg/ml) with T2 cells expressing either human CD1b (huCD1b) or rhesus macaque
CD1b (rhCD1b) or those that were mock transfected (middle panel). The |RT3/
CD8-1 cells were cultured in the presence or absence of the organic extract of M.
tuberculosis (1.56 mg/ml} with Hela cells expressing either human CD1c (huCD1c)
or rhesus macaque CD1c (rhCD1c) or those that were mock transfected (bottom
panel). After 20 h, the culture supernatants were harvested and the amount of IL-2
secreted into the supernatants were measured,

Fig. 4. A molecular model of rhesus macaque CD1b proteins. The rhesus macaque
CD1b structure was constructed, based on the crystal structure of the human CD1b-
GMM complex, (A) The overall structure of the rhesus macaque CD1b-GMM com-
plex is shown, in which the CD1b heavy chain is depicted in ribbon diagram and

ful as a model for studying the group 1 CD1-mediated i ity
in human infectious diseases. The present study underscores that
monkeys are indispensable for a variety of challenges, including
development of a new type of lipid-based vaccines against tuber-
culosis.
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