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FIG. 2. Variable-loop exchanges made between SHIV DHI2 and SHIV KB9, (A) Comparative amino acid alignment of variable-loop
sequences between SHIV DHI12 and SHIV KB9. (B) Schematic representation of a variable-loop exchange(s) within the SHIV DHI12 and SHIV

KB9 gp120 envelope glycoproteins.

Infectivities of the SHIV-derived variable-loop chimeras. At
3 days postinfection, three of the five SHIV KB9-derived vari-
able-loop chimeras, SHIV KDV3, SHIV KDV4, and SHIV
KDV1234, demonstrated substantial infectivity that was only
slightly less than that of parental SHIV KB9 (Fig. 3A). Al-
though quantifying SEAP at day 3 postinfection best approxi-
mated a single round of infection, additional assays were per-
formed at day 5 postinfection to assess whether SHIV KDV12
and SHIV KDV124 required further rounds of replication to
produce quantifiable SEAP, reflective of impaired infectivity
of these particular variable-loop chimeras (Fig. 3B). However,

at all time points examined, SHIV KDV12 and SHIV KDV124
produced little or no SEAP activity and were not used further
for neutralization assays.

The infectivities of the SHIV DH12-derived variable-loop
chimeras displayed a somewhat different pattern than those of
the reciprocal SHIV KB9-derived chimeras in that all of the
SHIV DHI12-derived chimeras were substantially less infec-
tious than the parental SHIV DH12 when assayed for SEAP
production 3 days postinfection (Fig. 3C). At day 5 postinfec-
tion, four of the five SHIV DHI12-derived chimeras (SHIV
DKV12, SHIV DKV4, SHIV DKV124, and SHIV DKV1234)
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chimeric viruses. Virus stocks were obtained from transfection

-loop
of HEK 293T cells, normalized by the amount of p27, and used to infect C8166-45 LTR-SEAP cells. (A) SEAP activity was measured at 3 days
postinfection with SHIV KB9 and SHIV KB9-derived variable-loop chimeras, (B) SEAP activity was measured at 5 days postinfection with SHIV
KBY-derived chimeras. (C) SEAP activity was measured at 3 days postinfection with SHIV DHI12 and SHIV DH12-derived variable-loop chimeras.

(D) SEAP activity was measured at 5 days postinfection with SHIV DHI12-derived chimeras. SEAP

uction of some viruses at high p27

concentrations was not included in this analysis because limited additional rounds of wild-type (wt) infection had lysed the majority of target

SEAP-producing cells by day 5.

demonstrated substantial infectivity (Fig. 3D), SHIV DKV3
displayed low and inconsistent SEAP production at all time
points postinfection examined and was also not included in
further neutralization assays.

All SHIV-derived variable-loop chimeras were also assessed
for infectivity in the CD4"* CCR5* HeLa-derived TZM-bl cell
line (23, 76, 94), the human B-cell/T-cell hybrid line LTR-
SEAP-CEMx174 (60), and a newly derived LTR-SEAP-MT4
cell line. SHIV DKV3, SHIV KDV12, and SHIV KDV124 also
demonstrated little or no infectivity in these cells, not allowing
further assays in any of the cell lines examined (data not
shown). Viral growth curves were performed in both C8166-45
and MT4 cells for all parental SHIVs and SHIV-derived chi-
meras. Replication of the SHIV-derived variable-loop chime-
ras in these two cell lines largely recapitulated and was consis-
tent with the infectivity measurements described above (data
not shown).

Comparative neutralization of the SHIV DH12-derived vari-
able-loop chimeras by DHI12-positive and KB9-positive mon-
key plasma. We next measured the neutralization sensitivities
of the parental SHIV DH12 and the infectious SHIV DH12-
derived variable-loop chimeras to plasma samples taken from
monkeys infected with either SHIV DH12 or SHIV KB9 at
multiple time points postinfection. Figure 4 shows two represen-
tative neutralization curves demonstrating the neutralization
sensitivities of parental SHIV DH12 and the SHIV DH12-
derived variable-loop chimeras when assayed with SHIV KB9-

positive plasma from animal 477-99 (Fig. 4A) and SHIV
DHI2-positive plasma from animal Rh418 (Fig. 4B), both col-
lected 12 weeks postinfection. Refiective of the neutralization
sensitivities shown in Fig. 1, parental SHIV DHI12 displayed
complete resistance to neutralization by SHIV KB9-positive
plasma and was extremely sensitive to neutralization by the
matched SHIV DHI12-positive plasma. Fifty percent neatral-
ization of SHIV DHI2 by the positive plasma from animal
Rh418 was achieved at a dilution of 1:20,000. Moreover, the
neutralization phenotype of SHIV DKV4 closely mirrored that
of the parental SHIV DH12. SHIV DKV4 was also highly
resistant to heterologous SHIV KB9-positive plasma and ex-
tremely sensitive to autologous SHIV DHI12-positive plasma,
achieving 50% neutralization at the same dilution, 1:20,000.
However, when the SHIV KB9 V1/V2 loop was introduced
into the SHIV DH12 envelope background, the neutralization
pattern was reversed. The SHIV DKVI12 variable-loop chi-
mera demonstrated extreme sensitivity to neutralization by the
SHIV KB9-positive plasma from animal 477-99, achieving 509
neutralization at a dilution of 1:15,000. Additionally, SHIV
DKV12 had lost sensitivity to the SHIV DH12-positive plasma
collected from animal Rh418; no neutralization was observed
even at the lowest dilution of plasma tested, 1:40. This gain of
sensitivity to heterologous plasma and loss of neutralization by
autologous plasma was dominant, as the two SHIV DH12-
derived chimeras that contained the SHIV KB9 V1/V2 loop
complex in combination with other variable loops, SHIV
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FIG. 4. Representative neutralization curves of SHIV DHI2 and SHIV DHI2-derived loop chimeras with plasma from SHIV-infected
monkeys. (A) Neutralization of SHIV DH12 and SHIV DH12-derived loop chimeras by plasma from a SHIV DH12-infecled monkey, Rh418,
collected 13 weeks postinfection. (B) Neutralization of SHIV DH12 and SHIV DH12-derived loop chimeras by plasma from a SHI'V KB9-infected

monkey, 477-99, collected 12 weeks postinfection. wi, wild type.

DKV124 and SHIV DKV1234, both maintained complete re-
sistance to SHIV DH12-positive plasma and substantial sensi-
tivity to neutralization by SHIV KB9-positive plasma.

To ensure that the distinctive neutralization sensitivities of
the SHIV DH12-derived variable-loop chimeras were not spe-
cific to a particular plasma sample or time point postinfection,
we performed more extensive analyses using several additional
plasmas from independent experiments to extend the results
(Table 1). All plasma samples examined confirmed the neu-
tralization phenotypes demonstrated by Fig. 4. Specifically,
four plasma samples collected from two monkeys infected with
SHIV KB9 (477-99 and 481-99) at 12 and 24 weeks postinfec-
tion were able to effectively neutralize all of the SHIV DH12-
derived variable-loop chimeras that contained the SHIV KB9

V1/V2 region, to which the parental SHIV DHI12 and SHIV
DKV4 remained completely resistant. Moreover, these V1/V2
loop chimeras acquired total resistance to neutralization by
five SHIV DH12-positive plasmas, taken from two infected
animals (RHTPP and RH418) at 10, 12, and 24 weeks postin-
fection, all of which efficiently neutralized the parental SHIV
DHI2 and SHIV DKV4,

Comparative neutralization of the SHIV KB9-derived vari-
able-loop chimeras by DHI12-positive and KB9-positive mon-
key plasmas. One of the benefits of the design of these exper-
iments was our ability to measure both gain and loss of
function in both directions with the two sets of reciprocal
chimeras and the two sets of plasma specific for one SHIV
clone or the other. We thus performed neutralization assays
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FIG, 5. Representative neutralization curves of SHIV KBY9 and
SHIV KB9-derived loop chimeras with plasma from SHIV-infected
monkeys. (A) Neutralization of SHIV KB9 and SHIV KB9-derived
loop chimeras by plasma from a SHIV DH12-infected monkey, Rh418,
collected 13 we:f;rmun(oﬂbn. (B) Neutralization of SHIV KB9 and
SHIV KB9-de loop chimeras by plasma from a SHIV KB9-in-
fected monkey, 477-99, collected 12 weeks postinfection. wt, wild type.

with the reciprocal SHIV KB9-derived variable-loop chimeras,
using SHIV KB9-positive plasma from animal 477-99 collected
12 weeks postinfection (Fig. 5A) and SHIV DHI12-positive
plasma from animal Rh418 collected 12 weeks postinfection
(Fig. 5B). As previously observed (Fig. 1), the parental SHIV
KB9 was sensitive to neutralization by the SHIV KB9-positive
plasma from animal 477-99, with 50% neutralization occurring
at a dilution of 1:2,500. Furthermore, SHIV KB9 was com-
pletely resistant to neutralization by the SHIV DHI12-positive
plasma from animal Rh418. Both SHIV KDV3 and SHIV
KDV4 demonstrated neutralization phenotypes similar to that
of the parental SHIV KBY. Fifty percent neutralization of
SHIV DKV3 and SHIV DKV4 was achieved by the autolo-
gous, SHIV KB9-positive plasma at a dilution of 1:5,000, and
both chimeras were completely resistant to the heterologous
SHIV DH12-positive plasma at all dilutions tested. The ex-
change of the DH12 V1/V2 loop complex in SHIV KDV1234,
however, conveyed the same reversal of neutralization sensi-
tivity observed with the reciprocal exchange of the V1/V2 loop
sequences described above. SHIV KDV1234 demonstrated al-
most complete resistance to SHIV KB9-positive plasma, only
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reaching 50% neutralization at the very low plasma dilution of
1:80, and acquired specific sensitivity to SHIV DH12-positive
plasma, achieving 509 neutralization at a dilution of 1:10,500.

We again performed more extensive analyses using several
SHIV-positive plasmas to assess the neutralization sensitivities
of the SHIV KB9-derived variable-loop chimeras across inde-
pendent experiments and multiple time points postinfection
(Table 2). Similar to the previous experiment, the trends ob-
served (Fig. 5) were consistent with the results observed using
plasmas from four animals at several time points and from
independent experiments. In all SHIV KB9-positive plasmas
examined, parental SHIV KB9, SHIV KDV3, and SHIV
KDV4 demonstrated similar, high-titer neutralization sensitiv-
ities, whereas SHIV KDV1234 showed little to no sensitivity,
even al the lowest dilutions of plasma tested. Furthermore,
when screened for sensitivity to SHIV DH12-positive plasma,
parental SHIV KB9, SHIV KDV3, and SHIV KDV4 were
completely resistant; however, SHIV KDV1234 was extremely
sensitive to all SHIV DH12-positive heterologous plasma sam-
ples, achieving 50% neutralization at high dilutions of plasma,
varying between 1:3,000 and 1:10,500 (Table 2).

DISCUSSION

Studies that use SHIVs benefit from the combination of an
established animal model for HIV infection and access to an
extensive array of HIV-1 reagents, including stored plasma
samples and genetically modifiable molecular clones. Using
two well-characterized SHIV clones and plasma collected from
animals infected with the virus matched to each clone, we
designed a straightforward panel of variable-loop chimeras in
each SHIV background to evaluate the role of each loop se-
quence in determining the strain specificity of antibody-medi-
ated neutralization. The beauty of these experiments was that,
by using two sets of reciprocal chimeric constructs and
matched SHIV-positive plasma samples, we were able to mea-
sure both gain and loss of sensitivity to strain-specific neutral-
ization based on the presence or absence of a particular vari-
able-loop sequence. All SHIV-derived variable-loop chimeras
that included an exchanged V1/V2 variable loop lost sensitivity
to positive plasma samples from monkeys infected with the
autologous virus and acquired specific sensitivity to positive
plasma from monkeys infected with the SHIV strain containing
that V1/V2 sequence originally. The plasma dilutions at which
the V1/V2 variable-loop chimeras were 50% neutralized were
quite similar to the dilutions needed to neutralize the viruses
from which the V1/V2 sequences were derived. The presence
of these exchanged V1/V2 loop complexes was the dominant
factor in establishing a neutralization phenotype for each vari-
able-loop chimera, These results demonstrate unambiguously
that the V1/V2 variable-loop complex is principally responsible
for the strain-specific neutralizing activity observed in plasma
from monkeys infected with these prototypic SHIVs.

The V3 loop of gp120 is often viewed as a major target of
anti-HIV antibody responses and an important immunogen to
be considered in vaccine design (8, 37, 42, 53, 64, 71, 72, 82).
Arguments for the importance of V3 include the targeting of
V3 by antibodies from the majority of HIV-1-infected individ-
uals (15, 92), the ability of some anti-V3 monoclonal antibod-
ies to potently neutralize HIV-1 infectivity (19, 35, 36, 48), and
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V3's structural conservation (21, 41, 51, 98). Even though
much effort has gone into defining the nature and character-
istics of anti-V3 antibody responses, others have pointed out
that most anti-V3 antibodies are actually quite limited in their
abilities to neutralize primary isolates of HIV-1 (7, 39, 55, 63).
Our results indicate that HIV-1 V3 is not a target of the
neutralizing-antibody response to any appreciable extent in
monkeys infected with the prototypic SHIV strains DH12 and
KB9. It is, of course, possible that V3 may be an important
target for neutralization in the context of R5-only HIV-1 in-
fection or at later time points in the course of monkey infection
with these same SHIV strains (49). However, the results re-
ported here provide strong evidence for the predominance of
the V1/V2 loop complex in determining the strain-specific neu-
tralizing-antibody response that characterizes both HIV-1 and
SHIV infections.

Using very different approaches and reagent sets, Pinter et
al. and Ching et al. have also recently concluded that the
V1/V2 region is the dominant determinant of HIV-1 neutral-
ization sensitivity (16, 75). In contrast to their studies, our
studies employed plasma matched to the cloned virus with
which the monkeys were infected, did not use viruses that were
globally sensitive to antibody-mediated neutralization, and em-
ployed variable-loop swaps in both directions. Nonetheless, all
three studies similarly found a dominant role for V1/V2 in
determining sensitivity to antibody-mediated neutralization. It
will be important in the future to perform analogous experi-
ments with CCR5-using clade B HIV-1 isolates and matched
plasma collected from HIV-1-infected individuals.

Others have found more complex determinants for the strain
specificity of the neutralizing-antibody response (17, 68). The
study by Moore et al. published in 2008 (68) is the only study
in addition to our own that performed reciprocal exchanges of
variable loops in both directions. Although Moore et al. found
a substantial role for V1/V2 in determining the strain specific-
ity of the neutralizing-antibody response to clade C HIV-1
infection, the C3-V4 region also contributed importantly (68).
It is possible that clade, tropism, and individual-to-individual
variation could contribute to the degree of dominance of the
V1/V2 region.

There are multiple mechanisms by which the V1/V2 loop
complex may be acting in order to dramatically alter the neu-
tralization sensitivities of the SHIV-derived V1/V2 variable-
loop chimeras. Most directly, the V1/V2 loop sequence may
contain the epitope targets of ncutralizing antibodies in the
plasma from monkeys infected with either SHIV DHI2 or
SHIV KBY, In this scenario, exchanging the V1/V2 loop com-
plex between the two SHIVs will concomitantly switch the
targets for antibody recognition and neutralization. Alterna-
tively, the V1/V2 variable-loop complex might shield particular
epitopes from antibody recognition while allowing others to be
bound and neutralized by circulating antibody. The conforma-
tional change in envelope following a V1/V2 loop exchange
may shift this shielding to occlude previously exposed epitopes
and expose previously shielded epitopes to antibody recogni-
tion, leading to reciprocal gains and losses of neutralization
sensitivity. Lastly, the V1/V2 loop complex might be critically
involved in the formation of complex, conformational neutral-
izing determinants. Consequently, the V1/V2 loop exchange
would disrupt such epitopes and render the resultant virus

1. VoL

refraclory to neutralization by autologous SHIV-positive
plasma while creating a conformational structure that could be
recognized and neutralized by heterologous SHIV-positive
plasma, Extensive epitope mapping will be necessary to discern
which of these potential mechanisms is principally responsible
for the V1/V2-dependent determination of the strain-specific
neutralizing activity described by this study.

Despite robust replication and infectivity of both parental
viruses in C8166-45 LTR-SEAP cells, three of the SHIV-de-
rived variable-loop chimeras (SHIV DKV3, SHIV KDV12,
and SHIV KDV124) exhibited poor infectivity and were not
included in further studies. Our inability to obtain infectious
recombinant viruses with these chimeras strongly suggests that
although one variable loop is able to function within the con-
text of its parental envelope spike, this same loop was non-
functional when introduced into a different envelope context.
The reduced infectivity resulting from the variable-loop ex-
change does not appear to be an inherent characteristic of the
amino acid sequence, as infectivity was not impaired in the
reciprocal exchange. These differences are most likely based
upon inherent differences in the abilities of the envelope com-
plexes to tolerate a heterologous variable-loop exchange.
£p120 is thought to be stabilized in its tight, compact confor-
mation within the envelope spike by intratrimeric interactions
between monomers and by an extensive glycosylation network,
the pattern of which differs between envelope species (80, 95).
Mismatched variable-loop sequences and/or differential
N-linked glycosylation patterns of the SHIV-derived variable-
loop chimeras may destabilize the trimeric envelope frame-
work such that specific loop exchanges (DKV3, KDVI12, and
KDV124) result in viruses with severely reduced infectivity.

One of the most daunting challenges for HIV-1 vaccine
strategies aimed at eliciting a protective neutralizing antibody
response is overcoming the enormous sequence variability that
is a hallmark of the envelope protein. Thus far, such attempts
have demonstrated little success, as the neutralizing activities
elicited by the particular envelope immunogens tested have
characteristically displayed low potency and/or high strain-spe-
cific neutralizing activity. An ideal immunogen would elicit
potent neutralizing antibodies that were capable of neutraliz-
ing a broad range of diverse primary HIV-1 isolates and would
avoid inducing antibodies that were weak and strain specific.
There are at least two distinct approaches to achieve this. The
first is to design an envelope-based immunogen that will elicit
antibodies focused on conserved elements within gpl120 that
are able to access these epitopes in the context of the mature
trimer spike on the surface of the virion. An alternative ap-
proach is to include a mixture of envelope sequences in an
immunogen pool that can cover as broad a range of sequence
variation as possible, thus inducing antibodies capable of neu-
tralizing a large spectrum of primary isolates. This approach
seems daunting if one is trying to adequately represent the
sequence diversity of the entire envelope protein. However, if
the sequence variation within the V1/V2 variable loop is the
principal determinant of antibody-mediated neutralization, as
indicated by the present study, this would considerably limit
the range of sequences that would need to be included in such
an envelope immunogen pool.
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ARTICLE INFO ABSTRACT
Article history: Despite crucial importance of non-human primates as a model of human infectious diseases, group 1 CD1
Received 11 October 2008 genes and proteins have been poorly characterized in these species. Here, we isolated CD1A, CDIB, and CDIC
Avallable online 23 October 2008 cDNAs from rhesus macaque lymph nodes that encoded full-length CD1 proteins recognized specifically by
monoclonal antibodies to human CD1a, CD1b, and CD1¢ molecules, respectively. The monkey group 1 CD1
isoforms contained amino acid residues and motifs known to be critical for intramolecular disulfide bond
m"’-' = formation, N-linked glycosylation, and endosomal trafficking as in human group 1 CD1 molecules. Notably,
ol P monkey CD1b molecules were capable of presenting a mycobacterial glycalipid to human CD1b-restricted
Mycobacteria T cells, providing direct evidence for their antigen presentation function. This also detects for the first time

Glucose monomycolate a trans-species crossreaction mediated by group 1 CD1 molecules. Taken together, these results underscore

n

substantial conservation of the group 1 CD1 systemn between humans and rhesus macagque monkeys.

© 2008 Elsevier Inc. All rights reserved.

Besides MHC class I- 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 aff T
cells that recognize lipid, glycolipid, and lipopeptide Ags in the
context of group 1 CD1 molecules (CD1a, CD1b, and CDic) as
well as Vy2*'V52' y& T cells that recognize pyrophosphorylated
isoprenoid 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 correspond to human group 1 CD1-
resricted T cells and Vy2'V52* v5 T cells makes the animals less

* Corresponding authors. Fax: +81 75 752 3232 (M. Sugita), +B1 75 761 9335 (T.
Igarashi).
E-mail addresses: tigarash®viruskyoto-u.acjp (T. Igarashi), msugita®virus,
kyoto-uac.jp (M. Sugita).
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useful particularly in an artempt 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, proteirs, 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
indeedable to present a human CD1b-presented mycobacterial
glycolipid Ag to specific human T cells.
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Materials 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 AAA TGA
C-3' (sense) and 5'-GCC TCG AGA AGG AGG ATC ATG GTG TAT
C-3' (anti-sense) for CDI1A; 5'-GCG GTA CCA GTA AGA AGT TGC
ATC TCC € -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 both 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-
MK2 [9], was obtained from ATCC (Manassas, VA). The cells were
transfected with pcDNA3.1{+) containing either rhesus macaque
CDIA, CD1B, or CDIC 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 CDIA 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 [T flow cytometer, The mouse monoclonal
Abs (mAbs) used were 10H3 (anti-human CD1a) [15], SN13 (anti-
human CD1b) (Ancell, Bayport, MN), M241 (anti-human CDlc)
(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 Jurkat
cells, ].RT3, reconstituted with either the dideoxymycobactin-
specific, CD1a-restricted TCR (J.RT3/CD8-2), the glucose mono-
mycolate (GMM)-specific, CD1b-restricted TCR (L.RT3/LDN5) or
the mannosyl phosphomycoketide-specific, CD1¢-restricted TCR
(J.RT3/CD8-1) have been described previously [16]. The TCR-
reconstituted cells (5 » 10*/well) were cultured with irradiated
APCs expressing a relevant CD1 isoform (1 x 105/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 J.RT3/CD8-2 and J.RT3/CD8-1)
or Rhodococcus equi GMM (for J.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 [L-2 ELISA kit (BD Bio-
sciences). .

Molecularmodeling of rhesus macaque CD1b proteins. Molecular
modeling 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 CDIA 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. Identical 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, CDIB, 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 «2 and
the «3 domains as well as the putative N-linked glycosylation
sites (indicated with asterisks) in the a1 and the a2 domains were
totally conserved [2]. Further, the cytoplasmic 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 CDJ
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, mADb clones 10H3 (anti-human CD1a), SN13
{anti-human CD1b). 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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huCDla MLFLLLPLLAVL-PGDGNADGLKEPLSFHVTWIASFYNHSWKONLVSOWLEDLOTHTWDSNSSTIVFLCPHSRGNFSNEEWKELE
rhCDla MLFLLLPLLAVL- PGGGNADGLXEPVSFHVIRISS m::mmmrmwsmcsrnnmsm:!mx
huCblb MLLLPFOLLAVLFPGGNSEHAFQGPTSFHVIQTSSFTHS THAQTQGSGNLDDLOIHGHNDSDSGTAI FLKPNS KGNF SDKEVAELE
rhCDlb MLLLPPQLLAVLFPGGDSERAFQGPTSFHVIQTSS n:smmcvmmmnmumms KGNFSDKEFAELE
huChlc MLFLQFLLLALLLPGGDNADASQEHVSFHVIQIFS FVNQSHARGQGSGHLDELQTHGWDSESGTIIPLHNWS KGNFSNEELSDLE
rhCDlc MLFLOFLLLAVL-SGGDNADA-QEHVEFYTIQI LSPFANQSWAQSQGSGWLDELQTHGWESESGRI IFLHTWS KSNFSNEELSDLE
Teader a1 domain
v *
huCDla TLFRIRTIRSFEGIRRYAHELQFEYPFEIQVIGGCELHSGKVSGSPLOLAYQGSDFVSFONNSWLPYPVAGNMAKHFCKVLN -ON
rhCDla MLLHICCVRFLEGMRRYSRELQFEYPFEIQVIGGCELHSGKFSGSFLRLAYQGSDFMSFONNSWLPSPVAGNMAXRLCKVIN-RN
huCDlb EIFRVYIFGFAREVODFAGDFQMEY PFEIQGIACCELHSGGAIVSFLRGALGGLDFLSVENASCVPSPEGGSRAQKFCALII-QY
rhCD1b EIFRVYIFGPAQEVQDFAGDPQIQYPFE :mmmsmmmn.svx:mmpm KAQKVCALIM-QY
huCDlc LLFRFYLPGLTREIQDHASQDYSKYPFEVQVKAGCELHSGKSPEGFFQVAFNGLOLLSFONTTHVPSPGCOGSLAQSVCHLLNHQY
rhCDlc LLFRVYFFGLTREIQDHASQDYSKYPFEVQVKAGCELHSGKNPEGFFRVAFNGLOLLSPQNTTHVPSPDGGSLAPGVCHLLNHQY
~ a2 domain
v v
huCDla (QHENDITHNLLSDTCPRFILGLLDAGKAHLQRQVKPEAWLSHGPSPGPGHLOLVCHVSGFYPKPVWVMWMRGEQEQQGTURGDIL
rhCDla QHONDIIHSLLSDTCPRLILGLLDAGKAHMIQROVKPEAWLSRGLSPGPGRLOLVCHVSGFYPKPVHVMWMRGEQEQQGTQRGDIL
huCD1b QGIMETVRILLYETCPRYLLGVLNAGKADLQRQVKPEAWLSSGPSPGPGRLQLVCHVSGFY PKPVHVMWMRGEQEQQGTQLGDIL
rhCD1b  QGIMETVRILLYETCPRYLLGVLNAGKADLQRQVKPEAWLSSOPSPAPGRLOLVCHVSGFYPKPVHVNWMQDEQEQRGTQLGDIL
huCDle EGVTETVYNLIRSTCPRFLLGLLDAGKMYVHRQVRPEAWLSSRPSLGSGQLLLVCHASGFYPKPVNVIWMRNEQEQLGTKHGDIL
rhCDle EGVTETVYNLIRSTCPRFLLGLLDAGKMYLHRQVRPEAWLSSRRSLGSGRLLLVCHASGFYPKPVHVIWMRNEQEQVGTKHGDVL
a3 domain
v
huCDla PSADGTWYLRATLEVAAGEAADLSCRVKHESLEGODIVLYWEHHSSVGFIILAVIVE-LLLLIGLALNF-RKRCFC
rhCDla PNADGTWYLRATQEVAAGEAADLSCRVKHESLEGQDIILYWEHHSSMGLIILAVIVP-LLLLIGLALWF-RKRCFR
*
huCD1b PNANWTWYLRATLDVADGEAAGLSCRVKHSSLEGQDI ILYWRNPTSIGSIVLAIIVPSLLLLLCLALWYMRRRSYQNIP
rhCD1b PNANWTWYLRATLDVAAGEAAGLSCRVEKHSSLEGQDIVLYWRNPTSTGSIVLAIMVPSLLLLLCLALWYMRRRSYQNIP
huCDlc PNADGTWYLOVILEVASEEPAGLSCRVRHSSLGGRDIILYWGHHFSMNWIALVVIVP-LVILIVLVLWF-KKHCSYQDIL
rhCblec PNADSTWYLOVILEVASEETAGLSCRVRHSSLGGODIILYWGHHFSMNWIALIVLVS-LVILIVLVLRF-KKHCSYQDIL

TM domain domain

Fig. 1. Alignment of deduced amino acld sequences of human (hu) and rhesus macaque (rh) group 1 CD1 proteins. Residues conserved between the two species are shaded
in light gray. Solid triangles denote cysteines conserved in all the group 1 CD1 proteins of both species that are presumed to be involved in intradomain disulfide bond for-

mation, Asterisks indicate potential N-linked glycosylation sites. Dashes represent gaps that have been introduced to imize alig ™ d

domain; CYT domain, cytoplasmic domain.

of the putative rhesus macaque CD1A, CD1B, and CD1€ 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 CD1A (Acces-
sion Nos: AB458511), CD1B (AB458512), and CDIC (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

transmembrane

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 (J.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. .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 J.RT3/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 compared 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. Cross-reactivity of anti-human CD1 mAbs to rhesus macaque group 1 CD1
proteins. (A) Rhesus macaque thymocytes were double-labeled with the SP34 anti-
CD3 mAb and either the 10H3 anti-human CD1a mAb, the SN13 anti-human CD1b
mAb, the M241 anti-human CD1¢ mAb, or negative control Abs, followed by analy-
sis by flow cytometry. (B) A rhesus macague kidney cell line, LLC-MK2, that stably
transfected with either rhesus macaque CDIA (LLC-MK2 rhCD1a), CD18 (LLC-MK2
rhCD1b), or CDIC (LLC-MK2 thCD1¢) 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", C', 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 E80 and D83 in the a1 domain and
T157 and T165 in the 2 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-
ful as a model for studying the group 1 CD1-mediated immunity
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,

Acknowledgments

We thank Drs. M. Brenner, D. Olive, and C. Mawas for their gifts
of reagents. This work was supported by grants from the Ministry

Ag

mock | % JRT31CD8-2
nucDia | +
thcDta | 3
mock | + J.RT3/LDN5
hucotb | &
oot | +

o 500 1000
mock | & JRT3/CD8-1
hucDie | 3
thCD1c | +

0 500 1000 1500

IL-2 (pg/mL)

Fig. 3. Ag presemtation function of rhesus macague CD1b molecules. The LRT3/
CDB8-2 cells were cultured in the presence or absence of the organic extract of M.
tuberculosis (50 mg/mi) with T2 cells expressing either human CD1a (huCD1a) or
thesus macague CD1a (rhCD1a) or those that were mock-transfected (top panel).
The JRTI/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 macague
CD1b (rhCD1b) or those that were mock transfected (middle panel). The LRT3/
CDB-1 cells were cultured in the presence or absence of the organic extract of M.
tuberculosis (1.56 mgfml) with Hela cells expressing either human CD1c (huCD1c)
or rhesus macague CD1c (rhCD1ic) or those that were mock transfected (bottom
panel). After 20h, the culture supernatants were harvested and the amount of 1L-2
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