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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, systemic, and massive virus replication, while SHIV-#64 replicated
more slowly and reached lower titers, Whereas KS661 systemically depleted 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 to the small intestine and leads to CD4™ T-cell depletion in infected animals during

acute infection.

The highly pathogenic simian-human immunodeficiency vi-
rus (SHIV) SHIV-C2/1-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
KS661 massively replicates and depletes CD4" T cells in both
peripheral and mucosal lymphoid tissues during the initial 4
weeks postinfection (16). On the other hand, the isogenic
SHIV-#64 (#64), which was derived from SHIV-89.6P, is
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).
After 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
kineties and subsequent clinical courses for these isogenic
SHIVs with distinct pathogenicities, we examined proviral
DNA, infectious-virus-producing cells (IVPCs), and CD4" T-

* Corresponding author. Mailing address: Laboratory of Primate
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cell depletion in peripheral and mucosal lymphoid tissues of 17
infected (Table 1) and 7 uninfected adult rhesus macaques
(Macaca mulatta). 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, tissues were collected and analyzed up to 27 days postin-
fection (dpi) as described previously (16, 17).

Gross virus replication 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
macaques (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 x 10° £ 15.9 % 10°
copies/ml) was about 10 times higher than that in #64-infected
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 % 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 % 10° TCIDy) MM300, MM309 MM313, MM334, MM392, MM393 MM308, MM310, MM394, MM395
#64 (2 % 10° TCIDy,) MM379, MM390 MM372, MM373*, MM2391 MM374, MM378

* TCIDy,, 50% tissue culture infective doses; *, MM373 received 2 X 107 TCIDg, of #64.

These data suggest that the decline in circulating CD4" T cells
in KS661-infected animals was more severe and more repro-
ducible than that in the #64-infected monkeys.

Another highly pathogenic SHIV, SHIV-DHI12R, is known
to 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

KS661

lymph 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 titers,
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 contrast, #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-
keys (<10* copies/pg of DNA) was considerably smaller than

_—l—-d
o

1|1:i %

FIG. 1. Plasma viral RNA loads and profiles of circulating CD4* T cells for monkeys intrarectally infected with highly pathogenic KS661 and

moderately pat

nic #64. (A and B) Plasma viral RNA loads were measured by quantitative reverse transeriptase PCR. The detection limit of

this assay was 10° 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 blood immediately before infection (day 0 postinfection) was defined as 100% for each

monkey.
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FIG. 2. (A) Proviral DNA loads in tissues of KS661- and #64-infected monkeys at 6, 13, and 27 dpi. Viral 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 blood mononuclear cells; Ing., inguinal; Ax., axillary; Mes., mesenteric; BM, bone marrow; =, not done. (B) Numbers of IVPCs in tissues
of KS661- and #64-infected monkeys at 6, 13, and 27 dpi. Numbers of IVPCs were determined by an infectious plague assay 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 lissues
from the #64-infected animals were smaller than those in the
tissues from KS661-infected animals around the initial 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 plaques that formed in the cell layer were counted after 10
days of cultivation, and the number of I'VPCs 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 TVPCs (more than 500/
10* cells) at 13 dpi. The numbers of IVPCs 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 lymphocytes (LPL) of
MM390 (166 IVPCs/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 monkeys
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 discase
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-

NOTES 643

bers were measured by immunohistochemistry analyses as de-
scribed 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 dpi harbored few such cells (Fig. 3A, panel b). #64
caused virtually no CD4* cell depletion in the thymus at 27 dpi
(Fig. 3A, panel c). In the mesenteric 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 e). Unlike KS661, #64 did not reduce the level of CD4™
cells (Fig. 3A, panel f). The jejunum samples from uninfected
animals contained CD4" cells in the lamina propria and folli-
cles of gut-associated 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 CD4" cell depletion caused by #64 prompted us to
analyze the frequencies of CD4" T cells (including CD4 and
CDS8 doubly positive cells) in a variety of tissues by flow cy-
tometry (Fig. 3C). KS661 caused systemic CD4™ T-lymphocyte
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 (P =
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 CD4 " T cells were significantly depleted by the moder-
ately pathogenic #64.

Taken together, our results show that #64 disseminated
more slowly and replicated less than KS661 in systemic lym-
phoid tissues, 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 result,
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 to 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 systemic lymphoid tissues during acute infection. (A) Immunohistochemical staining 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 monkeys. Black scale bars, 100 pm; white scale bars in insets of panels g, h, and i, 50 wm. (B) Comparison of CD4* cell frequencies
in the jejunum LPL of uninfected and #64-infected monkeys at 27 dpi. A total of forty randomly selected fields (total magoification, %400) 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 monkeys. In each graph, data for 0 dpi (time points postinfection are shown along the x axis) arc averages of
percentages for seven uninfected control monkeys. Percentages of CD4™ T cells (including CD4 and CD8 doubly positive cells) were obtained by
first gating lymphocytes and then CD3* T cells with a flow cytometer. PBMC, peripheral blood mononuclear cells; Ing., inguinal; Jej., jejunum;
iEL, intraepithelial iymphocytes; BM, bone marrow; Col., colon; «, P < 0.05 (percentage at 0 dpi versus that at 27 dpi; Student’s f test with a 95%

confidence interval).
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of mucosal CD4™ T cells have been observed in simian immu-
nodeficiency virus-infected monkeys (11, 12, 24, 25) and hu-
man immunodeficiency virus-infected humans (2, 5, 13). The
acute depletion of mucosal CD4™ T cells and the disease
outcome are correlated (1, 3, 21, 26). However, a decrease of
mucosal CD4™ T cells has also been observed in the early
phases of natural host infections, such as SIVagm infection in
African green monkeys and SIVsmm infection in sooty manga-

beys, which typically do not progress to 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
KS661- 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 CD4™ T cells and the functional aspect of
the immune cells in the small intestines of animals infected
with KS661 and-#64 to further clarify the determinant(s) of
the disease outcome.
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Plasma samples from individuals infected with human immunodeficiency virus type 1 (HIV-1) are known to
be highly strain specific in their ability to neutralize HIV-1 infectivity, Such plasma samples exhibit significant
nentralizing activity against antologous HIV-1 isolates but typically exhibit little or no activity against heter-
ologous strains, although some cross-neutralizing activity can develop late in infection. Monkeys infected with
the simian-human immunodeficiency virns (SHIV) clone DH12 generated antibodies that neutralized SHIV
DHI12, but not SHIV KBY. Conversely, antibodies from monkeys infected with the SHIV clone KBY neutralized
SHIV KBY, but not SHIV DH12. To investigate the role of the variable loops of the HIV-1 envelope glycoprotein
gpl20 in determining this strain specificity, variable loops 1 and 2 (VI/V2), V3, or V4 were exchanged
individually or in combination between SHIV DH12 and SHIV KBY. Despite the fact that both parental viruses
exhibited significant infectivity and good replication in the cell lines examined, 3 of the 10 variable-loop
chimeras exhibited such poor infectivity that they could not be used further for neutralization assays. These
results indicate that a variable loop that is functional in the context of one particular envelope background will
not necessarily function within another. The remaining seven replication-competent chimeras allowed unam-
biguous assignment of the sequences principally responsible for the strain specificity of the neutralizing
activity present in SHIV-positive plasma. Exchange of the V1/V2 loop sequences conferred a dominant loss of
sensitivity to neutralization by autologous plasma and a gain of sensitivity to neutralization by heterologous
plasma. Substitution of V3 or V4 had little or no effect on the sensitivity to neutralization. These data
demonstrate that the V1/V2 region of HIV-1 gp120 is principally responsible for the strain specificity of the

neutralizing antibody response in monkeys infected with these prototypic SHIVs,

In order to achieve complete and durable protection against
human immunodeficiency virus (HIV), it has been suggested
that a vaccine may have to elicit a potent, broadly neutralizing
antibody response as well as a strong cell-mediated immune
response (93). Multiple studies have shown that passive trans-
fer of HIV-specific antibodies is able to provide sterile protec-
tion against HIV type 1 (HIV-1) or simian-HIV (SHIV) chal-
lenge, whether administered intravenously or mucosally, in
various animal models of infection (3, 32, 57, 58, 70, 73, 85).
Moreover, several unusual, well-characterized monoclonal an-
tibodies that are broadly acting, relatively potent, and capable
of neutralizing viruses in a cross-clade manner have been iso-
lated from HIV-infected individuals (7, 9, 13, 34, 78, 88, 91).
These studies demonstrate that neutralizing antibodies can, at
least in theory, provide protection against HIV-1 infection.
However, envelope-based immunogens developed to date have
not been capable of eliciting a robust antibody response with

* Corresponding author. Mailing address: New England Primate Re-
search Center, One Pine Hill Drive, Southborough, MA 01772-9102.
Phone: (508) 624-8040. Fax: (508) 624-8190. E-mail: ronald_desrosiers
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¥ Published ahead of print on 3 September 2008.

the broad target specificity and high plasma concentrations
that are likely lo be necessary for protection (5, 12, 20, 22,
24-26, 31, 56, 59, 62, 92).

- HIV-1 infection in humans typically elicits high levels of
antibodies directed against the viral surface glycoprotein
gpl120. It has been estimated that as much as 5% of all immu-
noglobulin in some HIV-infected individuals may be directed
to the virus-encoded surface glycoprotein (6). However, the
abilities of these antibodies to neutralize HIV-1 infectivity are
extremely limited in both potency and breadth. The neutraliz-
ing antibodies that are elicited upon HI'V-1 infection tend to be
highly strain specific; they neutralize autologous virus most
effectively but exhibit little or no neutralizing activity against
heterologous HIV-1 strains (10, 11, 61, 74, 81). Due to rapid
sequence evolution within the envelope protein in response 1o
immune pressure and selection, the original antibody popula-
tion loses potency over the course of infection as persistently
replicating viruses acquire resistance to antibody-mediated de-
tection. There is a responsive shift in the production of neu-
tralizing antibodies over time, apparently evolving new target
specificities to counter newly emerged viral variants (1, 29, 33,
81, 95).

The HIV-1 envelope glycoprotein is the primary target for
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antibody-mediated neutralization (2, 4). In order to circum-
vent antibody recognition, HIV-1 has evolved a number of
shielding strategies to occlude conserved epitopes and limit the
accessibility of glycoprotein spikes on the surfaces of virions to
antibody binding. The mature envelope spike exists as a trimer
of gp120-gp41 noncovalently associated heterodimers. Each
trimer is tightly packed in a closed conformation such that
epitopes that otherwise might serve as targets for antibody
binding and neutralization reside in the core of the protein and
are not readily exposed (45, 66, 67. 77). Additionally, gp120
contains five distinct regions that are characterized by exten-
sive sequence variation. Four of these hypervariable regions
are thought to form loops through intrachain disulfide bonds
that are exposed on the outer surface of the envelope protein,
resulting in the occlusion of conserved core envelope epitopes
from antibody recognition prior to viral entry (38, 40, 50,
54, 96).

A number of studies have been performed to explore the
roles of the variable loops as immunological decoys or in
shielding conserved elements within the core of the envelope.
Surprisingly, the deletion of the entire variable loop 1 and 2
(V1/V2) complex, as many as 100 amino acids, can still yield
replication-competent HIV-1 or simian immunodeficiency vi-
rus (SIV) (44, 97). These V1/V2 deletion mutants are substan-
tially more sensitive to neutralization by a panel of monoclonal
antibodies targeting multiple epitopes on gp120 (14, 44, 46, 52,
83, 84, 87, 97). Several highly strain-specific neutralizing anti-
bodies targeting the V1 and/or V2 loop have been identified,
although exact epitopes have not yet been defined (18, 27, 28,
30, 89). A considerable body of evidence suggests that the
majority of anti-V3 antibodies are also strain specific and can
efficiently neutralize tissue culture-adapted virus strains but
not primary isolates (65). In SIV infection, the V4 loop con-
tains a conformational, neutralization-sensitive epitope in
which sequence changes emerge to escape antibody detection
(43, 90).

The present study examines the role of variable-loop se-
quences in the strain specificity of antibody-mediated neu-
tralization. To investigate if certain variable loops might be
responsible for the strain-specific neutralizing activity char-
acteristic of HIV-1-positive plasma, we constructed a panel
of chimeric viruses between SHIV DHI2 and SHIV KB9,
exchanging each variable loop between both SHIV enve-
lopes individually and in combination. We then examined
the effects of these variable-loop exchanges on virus infec-
tivity and sensitivity to highly strain-specific plasma samples
collected from SHIV DHI12- and SHIV KBY-infected mon-
keys. Seven of the 10 SHIV-derived variable-loop chimeras
were replication competent and capable of inducing robust
secreted alkaline phosphatase (SEAP) production in the
CB166-45 LTR-SEAP cell line. We demonstrate that the
exchange of the V1/V2 loop complex between SHIV DHI2
and SHIV KB9 is consistently associated with a dramatic
loss of sensitivity to autologous plasma and a gain of sensi-
tivity to heterologous plasma. Our results demonstrate that
the V1/V2 loop is the principal determinant of the strain
specificity of the neutralizing-antibody response in SHIV-
infected monkeys.

VI/VZ LOOPS IMPORTANT IN STRAIN-SPECIFIC NEUTRALIZATION 11055
MATERIALS AND METHODS
PCR genesis and pl Mutations within emv were gen-

crated by a two-step PCR method that combined the technique of splicing by
mminpmam&on?dl(ﬁ?}lopnmuzprhnqpmdmﬂﬂuke—dhaed
PCR ngEnesis Lo P ions into the hemi

For SHIV KB9, muulmmn;ewuwp:dmmdm!hci I:.lliufthcgmomo
which was obtained from the NIH AIDS Research and Reference Reagent
Program (Division of AIDS, National Institute of Allergy and Infectious Dis-
eases, NTH) (47). The full-length proviral plasmid DNA of SHIV DHI2 was
kindly provided by T. Igarashi and M. A. Martin (86). Tohdlhu:q:uml
mutagenesis efficiency for the SHIV DHIZ eavelope seq p

gene was subcloned from the full-length genome.

For the splicing by overlap extension step of our mutagenesis protocol, two
overapping PCR products were generated, with the desired substitution incor-
porated in the region of overlap. Specifically, dtlmpliﬁodlndhmtpxﬂed
fragment was the complete varnhl:-lwp undcr igation. Each
primer included, in its 5 porti to the backbone
:mﬁapwqucmmd.hiuJ half, nudootidummp!murymthml:hle—
loop sequence of interest. These primers were combined with the plasmid DNA
containing the vunhle-lonp uqmne. The mul! was pool of PCR products
containing the amplified variabl P hy:m;h:-nmﬂed over-
hangs of seq campl ¥ to the recip These
purified variable-loop amplicons were used in lieu of pm-nen for site-directed
mutagenesis (Stratagene, La Jolla, CA) reactions using the envelope subclones as
template DNA

The following paired primers were used to generate the amplimu umr)'
for creating the vamblu-loop chimeric lopes (the first ¢ lized letter
indi the SHIV | k ‘lndlheSHIVmﬂﬂthltlllh:im
ufﬂnvnmhlulonpcnimngadkmd:mndhylhe[mnmmlhbmmmpuxto
the variable-loop identification; within the primer the loop seq
that are being introduced are underlined): KdVIV2F, §* CC CCA CTC TGT
GIT ACT TTA AAT TGC ACT GAT TTG AAG AAT GG 3'; KAVIVIR, 5
GGC CTG TGT AAT GAC TGA GGT GTT ACA ACT TAT CAA CCT ATA
GC 3'; KAV3F, 5 CAG CTA AAT GAA TCT GTA GTA ATT AAT TGT
ACA AGA CCC AAC AAC AAT ACA AGA AAA GGG ¥'; KdV3R, 5' CCA
TITTGCTCT ACT AAT GTT ACA ATG TGC TIG TCT TAT ATC TCC 35
KdV4F, 5' GGA GGG GAA TTT TTC TAC TGT AAT ACA AAA AAA CTG
3 KdV4R, 5' CC TAC TTT CT'G CCA CAT ATT TAT AAT TTG TTT TAT
TCT GCA TGG GAG TGT GAT AGT GIC ATT TCC 3'; DAVIV2F, 5’ CC
CCA CTCTGT GTT ACT TTA CAT TGC ACT AATTIG AAT ATC AC3';
DKVIVIR, 5' GG ACA GGC CTG TGT AAG GGT TGA GGT GTT ACA

3'; DEV3F, 3' CAG CTG AAT GAA ACT

GTA GAAATT AAT TGT ACA AGA CCC AAC AAC AAT ACA AGA GAA
AGG 3'; DKV3R, §' G CCA TTT TAC TTT ACT AAT GTT ACA ATG TGC
TTG TCT TAT ATC TCC 3'; DKVAF, 5 GT GGA GOG GAATIT TTCTAC
TGT AAT ACA GCA CAA CTG TIT AAT AGT ACTTGG 3': DVAR.5' C
CTG CCA CAT GTT TAT AAT TTG TTT TAT TCT GCA TTG GAG TGT
QAI.IAIQIQ.AIIIC& 3 (Sigma Genosys, The Woodlands, TX),

lopes within the 1 were
seqnenmdlnurily RCCUACY, Lnthecunnrumdmmuimdmnhlcbops
exchanged in combination, this process was repeated S g of
these combinatorial constructs was performed nlbuequeul to each muum
step. Fnll-bnglh proviral DNA donu of enc.h muu.n'l \nrt construcied.

DNA seq Cloned plasmi ions were se-
quenced with & CEQS000 muimalysh synem using a dye terminator cycle-
sequencing chemistry kit as specified by the manufacturer (Beckman-Coulter,
Fullerton, CA). .

Virus stocks and cell uﬂm.‘l‘ng:mnl:vlrmums g of the appropriate
full-length proviral DNA plasmid was fected into 1.5 % 10° HEK 293T cells
using the calcium phmph.lle meﬂnnd (Promega, Madisan, WI). The medium was

+ d 24 hp were harvesied on day 3 posttrans-
Iemjon. Virus mmama:hm in the supernatant were quantified by dulemmmg
the coneentration ntp‘ﬂ' capsid pmtcln mlngan igen cap assay, g
o the facturer’s i (Adh i Biosci L ies, Inc.,
Kensington, MD). HEK 293T, MT4, C8166, nnd CH166-45 LTR-SEAP cells were

ltured and maintained as described p ly (10, 60).

Infectivity assay., Viral infectivity wu quantnﬁud using the C8166-45 LTR-
SEAP indicator cell line (60). cmsus LTR-SEAP cells contain a Tat-inducible
SEAP reporter g STV infecti aflhem!hmbemmed
by SEAP concentrations in the nell-ﬁee I Nine serial i dilu-
tions were made, starting from 10 ng of p27 capsid equivalents of HEK 293T
cell-produced stocks. C8166-45 LTR-SEAP cells (8.000) were added to each
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when assayed with SHIV DH12 and SHIV KB9, (A) Neutralization of SHIV

collected at 0, 12, and 24 weeks (wk) postinfection.

positive plasm:
(B) Neutralization of SHIV DH12 and SHIV KB9 with positive plasma from a SHIV DH12-infected monkey, Rh418, collected at 0, 12, and 24
mnfeﬂun. (C) Neutralization of SHIV DH12 and SHIV KB9 with positive plasma from a SHIV KBS%-infected monkey, 477-99 collected
24 weeks postinfection, as well as with plasma from a SHIV-negative, specific-pathogen-free (SPF) monkey. (D) Neutralization of SHIV
DH12 and SHIV KBY with positive plasma from a SHIV KB9%-infected monkey, 481-99, collected 12 and 24 weeks postinfection, as well as with

plasma from an SPF monkey.

well. The cells were incubated at 37°C in a humidified CO, incubator. Three days
postinfection, SEAP activity was measured in the cell-free supernatant {(Applied
Biosystems, Foster City, CA).

SHIV-positive plasmas, Five plasma samples taken ot selected time pohl:

jul of R10 were added to each well. The plate was placed in a humidified chamber
within a O, incubator at 37°C for 3 1o 7 days. SEAP activity was measured.
Neutralizing activities for all antibodies and plasma samples were measured in
triplicate using a Victor V multilabel counter (Perkin-Elmer, Norwalk, CT) and

postinfection from rhesus macaques infected with SHIV DHI2 were obtai
from Malcolm Martin (National Institute of Allergy and Infectious Discases,
NIH, Bethesda, MD), Four plasma samples taken at selected time points postin-
bﬂﬂﬁmﬂmmmmmmmmﬂdﬂeﬁmn
previ ll‘lld)‘,_ fi ‘auhaNu" ! anue h Center.

Ni The i of each virus to both SHIV-

key pl ‘uﬁmﬂumwoﬁ nssay as
dmﬂbodwwbmk(&l%mequhﬂmttnljngdﬂ?mldmﬂnwu
determined to be the lowest level of virus input sufficient 1o give a reliable SEAP
signal within the linear range of the assay for all of the virus strains used, SEAP
wmmmlﬁwwmduﬁym’mmm“mm
clently high over background to give (at least 10-fold),
ranging from 3 days for SHIV DHI2, SHIV KBS, SHIV KDV3, and SHIV
KDV4 to 5 days for SHIV DKV12, SHIV DKV4, SHIV DKV1234, and SHIV
KDV1234 and 7 days for SHIV DKV124,

To perform neutralization assays, 96-well plates were organized as follows.
Twenty-five microliters of medium (RPMI 1640 supplemented with 10% fetal
bovine serum, penicillinstreptomyein, L-glutamine, and HEPES buffer [R10])
was added to each well in the first three columns. To the wells in the remaining
columns (columns 4 to 12), 25-ul aliquots of i fold dilutions of test
plasma or antibody, resuspended in medium, were added. All plasmas were heat
inactivated at 56°C for 30 min before use in neutralization assays. For monkey
plasma, 25 i of a 1:10 dilution of plasma was mixed with 75 p! of the test virus.
This constituted a 1:40 dilution in the representative graph. Virus equivalent 1o
1.5 ng of p27 capsid protein in a total volume of 75 ! of R10 was then added 10
each well in columns 3 to 12, Virus-free medium was added to each well in
columns | and 2 (mock infoction), The plate was incubated for 1 h at 37°C.
Following this incubation, 8,000 C8166-45 LTR-SEAP cells resuspended in 100

ported as the ge p SEAP activity,

RESULTS

Stringent strain-specific neatralization of SHIV DHI2 and
SHIV KB9. The choice of SHIV DHI2 and SHIV KBY as
representative viruses in this study was based on several fac-
tors: (i) both SHIVs are well-characterized, genetically modi-
fiable molecular clones; (ii) positive plasmas from monkeys
infected with the matched molecular clones over several time
points postinfection were available; and (iii) positive plasmas
from infected animals displayed extremely slrmgcnl strain-
specific neutralizing activity.

To assess the specificity of the neutralizing nctmty present in
monkeys infected with SHIV DH12 or SHIV KB9, neutraliza-
tion assays were performed using plasma samples from animals
RHTPP and Rh418, collected 0, 12, and 24 weeks postinfection
with SHIV DH12 and plasma samples from animals 477-99
and 481-99, collected 0, 12, and 24 weeks postinfection, with
SHIV KB9 (Fig. 1). Assays performed with plasma collected
prior to infection (week zero) demonstrated no
nonspecific neutralizing activity for either SHIV DHI2 or
SHIV KB9. Highly strain-specific neutralizing activity was ob-
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TABLE 1. Neutralization of SHIV-DHI12 chimeras with positive plasmas
- G Neutralization activity for SHIV-DHI12 and DH12-derived chimeric virus®
Animal Infecting SHIV e KB wi*
sera (wh) o DKV12 DKV3 DKV4 DEVI24 DKV123¢
RHTPP DH12 10 - 9,000 - ND 12,000 - -
12 — 7,000 = ND 15,000 = —
24 = 2,000 = ND 7,500 ¥ -
Rh418 DH12 12 = 20,000 = ND 20,000 = 40
24 - 10,000 - ND 10,000 - -
477-99 KB9 12 2,500 = 15,000 ND 40 20,000 8,000
24 5,000 - 8,000 ND - 9,000 7,000
481-99 KB% 12 1,000 = 130 ND > 300 420
24 1.100 - 650 ND 40 1,100 BOO
o™, wild type.
*The di i 1 nllhﬂﬁnﬂmdﬂnﬂmmm&uhwmuﬁhmﬁmﬁmﬂwm Sﬂ‘imhﬂmmwm
achieved, mnltlbelowmdnutm(hldmt concentration) of plasma tested. ND, not o d doe to i q d viruses.

served in plasma samples collected from all four experimen-
tally infected monkeys at 12 and 24 weeks postinfection.
Plasma from animals RHTPP and Rh418, infected with SHIV
DHI12, showed extensive neutralization of SHIV DH12 yet had
no effect against the heterologous SHIV KB? (Fig. 1A and B,
respectively, and Table 1). Conversely, plasma from monkeys
477-99 and 481-99, infected with SHIV KBY, strongly neutral-
ized SHIV KB9, but not SHIV DH12 (Fig. 1C and D, respec-
tively, and Table 2). Most or all of the neutralizing activity was
accounted for by purified immunoglobulin fractions, indicating
that the neutralization was antibody mediated (data not
shown).

Further studies were directed at determining whether the
variable loops in gpl20 were principally responsible for the
strain specificity of the neutralizing antibody response and, if
s0, which variable loop or loops were primarily involved.

Construction of recombinant variable-loop chimeric SHIVs.
SHIV DH12 and SHIV KB9 were originally constructed using
SIVmac239 as the backbone and differ genetically in the env,
tat, rev, vpu, and vpr genes, which are derived from multiple
different HIV-1 species (47, 79, 86). Gp120 envelope se-

quences outside of the variable loops share an 82% amino acid
identity between these two SHIV clones. Within the variable
loops, however, homology is dramatically reduced, maintaining
only 58% amino acid identity (Fig. 2A). To investigate the
extent to which the variable loops of gp120 contribute to the
strain restriction of the neutralizing antibody response, each
variable-loop sequence was exchanged alone or in combination
with other loop sequences between SHIV DHI12 and SHIV
KBY (Fig. 2B). The nomenclature of each SHIV-derived vari-
able-loop chimera reflects this construction. For each variable-
loop chimeric virus, the backbone SHIV envelope sequence is
identified by the first abbreviated letter (D for SHIV DH12
and K for SHIV KB9), the SHIV clone from which the ex-
changed variable loop was derived is indicated by the second
letter, and the exchanged variable loop is identified by the
numerical designation of the loop sequence. For example,
SHIV DKV12 was constructed in the SHIV DH12 background
to contain the V1/V2 loop derived from SHIV KB9. Virus
stocks were generated by HEK 293T cell transfection, and
equivalent p27 quantities were used for all comparative exper-
iments.

TABLE 2. Neutralization of SHIV-KB9 chimeras with positive plasmas

Time point of

Animal DHI2 wi**

Neutralization activity for SHIV-KB9 and KB9-derived chimeric virus"

Infecting SHIV
- sera (wh) KB  xovz  xovs KDV4 KDV124 KDVIZ3
RHTPP DH12 10 9,000 - ND - = ND 3,000
12 7,000 - ND - - ND 5,000
24 2,000 - ND - - ND 2000
Rh418 DH12 12 20,000 - ND = = ND 10,500
2% 10,000 = ND - - ND 5,300
47799 KBY 12 = 2,500 ND 5,000 5,000 ND 80
2% = 5,000 ND 5,000 10,000 ND 100
48199 KB9 12 = 1,000 ND 1,500 1,280 ND =
24 - 1,100 ND 1,280 1,280 ND s
“ wi, wild type.
*The dicate th seciproal o the diltions of lasma requird o feduceth ifeciiyofth indicated viruscs by SO, =, SU% neutralzation was ot

adum&.mu:hehuuldnutiun{hi;lemmummm}ofplmamed.mw J due 1o inadeq ity of d viruses.
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