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Abstract

Among nonhuman primates, SIV-infected Asian pigtailed macaques (PM) are relatively more
susceptible to infection and disease progression than SIV-infected rhesus macaques (RM). In
addition, SIV-infected African natural hosts such as the sooty mangabeys (SM) are resistant to
disease. The mechanisms associated with such species-related variable clinical outcomes remain
ill-defined but hold the potential to provide insights into the underlying mechanisms surrounding
HIV pathogenesis. Recent findings indicate that the expression of the heterodimeric gut homing
integrin a4f7 can influence both susceptibility and disease progression in RM. It was reasoned
that differences in the frequencies/surface densities of a4p7-expressing lymphocytes might
contribute to the differences in the clinical outcome of SIV infection among NHPs. In this article,
we report that CD4™ T cells from PM constitutively express significantly higher levels of a4p7
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than RM or SM. Retinoic acid, a key regulator of a4f37 expression, was paradoxically found at
higher levels in the plasma of SM versus RM or PM. We also observed pairing of §7 with oE
(aEB7) on CD4™ T cells in the peripheral blood of SM, but not PM or RM. Finally, the differential
mean density of expression of a4B7 in RM versus SM versus PM was predominantly dictated by
species-specific sequence differences at the level of the 37 promoters, as determined by in vitro
reporter/promoter construct transfection studies. We propose that differences in the regulation and
expression of a4f37 may explain, in part, the differences in susceptibility and SIV disease
progression in these NHP models.

The GALTS are a major target of both HIV-1 infection in humans and SIV infection in
nonhuman primates (NHPs) (1-5). GALT represents the largest immune organ and contains
a significant fraction of the total CD4* T cell compartment. Because GALT is exposed, in a
continuous way, to microbial challenges, the activation state of GALT CD4* T cells is
constitutively elevated (reviewed in Ref. 6). Because both HIV and SIV preferentially target
activated CD4* T cells, the increased level of activation in GALT provides an environment
conducive for viral replication. As a consequence, GALT is a primary target of viral
replication in the early stages of infection. This typically leads to a profound depletion of
GALT CD4* T cells and the nonspecific destruction of other cell lineages within GALT.
This pathology, which is apparently irreversible, is thought to contribute to the chronic
immune activation that is associated with poor prognoses (7). This putative link between
viral replication in GALT and chronic immune activation prompted us and others to carry
out studies aimed toward understanding the basic mechanisms by which CD4* T cells
selectively traffic to GALT, and how modulating CD4* T cell migration into GALT might
impact infection and disease progression.

We focused our initial studies on a4f37, a heterodimeric integrin receptor that mediates
trafficking of cells, including the CD4* T cells, to the GALT (8-10). Several lines of
investigation highlight the potential importance of a4B7-expressing CD4* T cells in
HIV/SIV infection. These include: 1) CD4* T cells expressing high levels of a4p7 (a4p7M)
are the preferential targets of HIV/SIV infection (11, 12); 2) certain recombinant HIV and
SIV gp120s have been shown to bind to the a4p7 molecule in vitro (8, 13); 3) increased
frequencies of a4p7M-expressing CD4* T cells within GALT at the time of infection appear
to correlate with increased viral loads and rate of disease progression post SIV infection
(14); 4) the i.v. administration of a novel recombinant rhesus mAb against a4p7 (a4p7
mADb) to rhesus macaques (RM) just before and during acute i.v. or intrarectal SIV infection
led to marked reductions in GALT viral loads (15, 16); of note, these a47 mAb-treated RM
did not exhibit signs of disease progression, whereas control RM succumbed to AIDS within
2y postinfection; and 5) finally, and perhaps most intriguingly, i.v. administration of the
same anti-a4f7 mAb just before and during acute intravaginal exposure to SIV prevented
transmission of infection in 6 of 12 RM. When infection did occur, viremia was delayed and
GALT was largely protected (17).

Although there remains much to be learned regarding the role of a437 in HIV pathogenesis,
the earlier mentioned studies, taken together, indicate that a4p7-expressing cells are likely to
play an important role in HIV disease. With these observations in mind, we set out to
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investigate whether differences in the frequencies of a4p7-expressing cells and/or the
surface expression of this integrin could contribute to the variable susceptibility to infection,
and differential rate of disease progression, that distinguish SIV infection of the three major
NHP species that are routinely used to study SIV pathogenesis. It is generally recognized
that pigtailed macaques (PM) are significantly more susceptible to infection and progress to
disease more rapidly post SIV infection than RM using the same isolates of SIV (18, 19).
Sooty mangabeys (SM), which, unlike PM or RM, are a natural host of SIV, respond to
infection in a strikingly different way that suggests that they have adapted to SIV. When SM
are infected (either naturally or experimentally), they typically exhibit high-level viremia,
but only rarely do they experience development of immunodeficiency disease (20). Of note,
extensive SIV replication occurs within the GALT of SM.

Considering these differences, we examined the frequencies and densities of a4f37-
expressing cells in animals from each species. While conducting these studies, we
recognized that there exists a paucity of information surrounding the manner in which a4p7
expression is regulated in NHPs. We therefore conducted studies aimed at identifying
factors that differentially impact the expression of a4p7 in NHPs.

Materials and Methods

Ethics statement

We obtained heparinized blood samples and rectal biopsies from RM, SM, and PM from
cohorts of animals being studied by us on various protocols or as specimen requests from the
Yerkes National Primate Research Center. The housing, care, diet, and maintenance
conformed with the guidelines of the Committee on the Care and Use of Laboratory
Animals of the Institute of Laboratory Animal Resources, National Research Council, and
the Department of Health and Human Services guidelines titled Guide for the Care and Use
of Laboratory Animals. The Emory Institutional Animal Care and Use Committee approved
the collection of blood and rectal biopsies before the initiation of these studies. All animals
were negative for SIV, simian T cell lymphotropic virus, and simian retrovirus. PBMC
samples from chimpanzees were obtained from the colonies at Yerkes National Primate
Research Center, and the rest of the NHP species were obtained as a courtesy from the
Texas Biomedical Research Institute, San Antonio, TX (African Green Monkeys); the
Atlanta Zoo, Atlanta, GA (Drills); and the Institute for Primate Research, Karen, Kenya (the
remaining African species).

Ab staining and flow-cytometric analysis

We performed polychromatic flow-cytometric analysis on aliquots of PBMCs and gut tissue
isolated mononuclear cells as previously described (15). The reagents used included
allophycocyanin anti-a4p7 (National Institutes of Health NHP Reagent Resource, National
Institutes of Health contract HHSN272200900037C), PE-Cy5 anti-a4/CD49d (clone 9F10),
PE anti-p7 integrin (clone FIB504), FITC anti-aE (#1M1856CU; Beckman Coulter), PE-Cy5
anti-p1 (clone MAR4), V450 anti-CD4 (clone L200), Alexa 700 anti-CD3 (clone SP34-2),
AmCyan anti-CD8 (clone SK1), allophycocyanin-Cy7 anti-CD20 (clone L27), and PE-anti-
NKG2A (clone 2199). The Abs were purchased from Beckman Coulter (Brea, CA),
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eBioscience (San Diego, CA), or BD Biosciences (San Jose, CA). Gated populations of
CD3™ (for all T cells) and CD3~ (for all other cell lineages) were analyzed for the frequency
of CD4* cells that expressed a4f7 and a4, B1, B7, and aE. Data on a minimum of 10,000
events were acquired and analyzed using FlowJo software (Treeland, Ashland, OR). Studies
also included the analysis of the potential coexpression of a4p1 and a4f7. For these studies,
aliquots of PBMCs from normal RM were either stained with allophycocyanin-conjugated
recombinant rhesus anti-a4p7 mAb (directed at the heterodimeric form of a4f7) and a
previously defined optimum concentration of biotinylated recombinant human VCAM-1
followed by PE-avidin or the same anti-a487 mAb followed by normal rhesus 1gG and PE-
avidin (for purposes of control and establishing gates). The protocol for the staining using
recombinant VCAM-1 has been published elsewhere (21). One of the major caveats of these
flow-cytometric studies is the concern whether the reagents used cross-react equally with the
corresponding CD molecules in cells from the various NHP species. We screened multiple
clones of Abs, and the earlier mentioned clones were found to provide the most satisfactory
results, but caution should be noted with regard to specificity in the interpretation of the data
presented in this article.

Mononuclear cell isolation from the blood and biopsy tissues

PBMCs and colorectal biopsy mononuclear cells were isolated as described previously (15).
In brief, heparinized blood samples were obtained and mononuclear cells were isolated
using Ficoll-Hypaque gradient centrifugation. Colorectal biopsies from select species of
monkeys were subjected to a series of purification steps, and finally isolated by Percoll
gradient and isolated using standard techniques as described previously (15). The yields and
viability of the pooled cells extracted from the biopsy tissues varied considerably; the
viability ranged from 62 to 84% as determined by trypan blue dye exclusion method.

In vitro infection of CD4" T cells from PM, RM, and SM with SIVmac239

Enriched populations of CD4* T cells (by negative selection; Miltenyi Biotech) from
RM/PM/SM were cultured for 2 d in vitro with complete growth medium (RPMI 1640
medium + 10% heat-inactivated FCS supplemented with antibiotics and GlutaMAX) in the
presence of anti-CD3/CD28-conjugated immunobeads + rHu—1L-2 (20 U/ml). The cells
were then washed and cultured at 2 x 108/ml in either media (control) or infected with
SIVmac239, and the supernatant fluids were collected at varying time intervals up to day 18
and assayed for levels of p27, using commercial p27 ELISA kit (ABL, Rockville, MD).
Similar studies were conducted with PBMCs from PM, RM, and SM that were either treated
with normal rhesus 1gG (control)-coated beads or treated with a previously determined
optimal concentration of the primatized recombinant anti-a437 mAb-coated beads, and the
nonadherent population was collected and activated with Con A + IL-2 for 2 d and then
infected with the same amount of SIVmac239, and the supernatant fluids collected at
various time intervals and assayed for p27 as noted earlier.

Cell activation and retinoic acid treatment

PBMCs were isolated and activated in vitro using anti-CD3/CD28-conjugated
immunobeads (two beads/cell, Tosyl-activated beads obtained from Life Technologies and
conjugated in our laboratory with clones FN-18 for anti-CD3 and clone 9.3 for anti-CD28)
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in media containing human rlL-2 (20 U/ml; kind gift from Hoffman-LaRoche, Nutley, NJ)
for 24 h. Aliquots of such in vitro—activated cells were then cultured for another 24 h in the
same media (control) or media supplemented with 1 uM of all trans retinoic acid (RA;
Sigma-Aldrich). The studies involving the use of RA were conducted in the absence of light,
and the cultures were maintained in the dark until harvest. Cells were washed, fixed, and
subjected to flow-cytometric analysis. Experiments involving the use of inhibitors that
included FK866, a noncompetitive inhibitor of nicotinamide phosphoribosyltransferase,
were performed by their addition to the cell cultures in media as indicated. Controls included
cells cultured in media without the inhibitor. The cultures were once again washed, fixed,
and subjected to flow-cytometric analysis.

Measurement of RA and retinol from plasma samples

Retinoids were extracted from 150-300 pl frozen plasma using a previously described
liquid—liquid extraction method (22-24). All sample preparations were performed under
yellow lights. RA was quantified by liquid chromatography-tandem mass spectrometry with
atmospheric pressure chemical ionization in positive-ion mode on an AB Sciex 5500
QTRAP hybrid triple-quadruple mass spectrometer (Foster City, CA) (22-24). Retinol was
quantified by HPLC/UV on a Waters Aquity H-Class UPLC with a PDA detector (Milford,
MA) (24). Retinoid concentrations were determined from calibration curves (for each
analyte) constructed from authentic standards. The levels of plasma retinoid are expressed as
moles per milliliter fluid. Results are expressed as mean + SE based on the average of 7-12
animals.

Measurement of plasma levels of TGF-p1

Heparinized blood specimens were centrifuged at 450 x g at 4°C immediately after
collection, and the plasma was removed and centrifuged one more time at 450 x g to ensure
maximal depletion of platelets. The plasma was then aliquoted and cryopreserved until
assay. The levels of rhesus TGF-B1 were quantitated using a commercial ELISA kit
(MyBiosource, San Diego, CA). This protocol was determined to be optimal for the
measurement of plasma levels of TGF-f1.

Cloning and sequencing of promoter regulatory sequences into the pGL3 vector

The full-length a4, 7, and a.E promoters regulatory regions from SM, RM, and PM were
amplified from genomic DNA with gene-specific primers and cloned into the pGL3 vector
containing a luciferase reporter gene (Promega, Madison, WI) and sequenced using Sanger
sequencing. The Emory Custom Cloning Core Facility performed the sequencing and
subcloning. The sequences were deposited in GenBank with the accession numbers
KP140955-KP140960 (http://www.nchi.nlm.nih.gov/genbank/).

Phylogenetic analysis

Primate a4, 57, and aE promoter regulatory region sequences generated in this study were
aligned with additional primate sequences obtained from the GenBank database through
BLAST searches. In addition, we retrieved the CCR5 promoter sequences available from
diverse primates. GenBank accession numbers of the retrieved primate sequences are listed
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in Supplemental Table I. The Integrin a4, sequence of Callimico goeldii (Goeldi’s
marmoset), recently sequenced by a next-generation technique in our laboratory (M.A.
Soares, unpublished results) has also been included. Alignments were generated with
MEGA v.5.2 (25) using the Muscle algorithm, and the output files were subject to
phylogenetic inference by maximum likelihood (ML) using PhyML v. 3.0 (26) and by
Bayesian inference (BI) using Mr. Bayes v. 3.2.1 (27) in two runs with sampling at each 100
generations of a total of 1 million generations. The model of evolution was tested with the
Bayesian Information Criterion on Model Generator (28), indicated Kimura 80 (29) with vy
distribution for Integrin a4, and Hasegawa-Kishino-Yano (30) with v distribution for
Integrin 57, and Final trees were edited with MEGA v.2.1. Both ML bootstrap with 1.000
replicates and BI posterior probability values were determined. Only values greater than the
cutoffs of 75% and 0.99, respectively, were considered significant and plotted in the final
phylogenetic trees.

Transfection and reporter gene analysis

Cell culture studies—CEMX174 and HuT78 cells were grown in complete RPMI 1640
medium, and the cell lines were cultured and maintained at 37°C in a 5% CO, humidified
incubator. Cells were typically harvested during the exponential growth phase for
transfection studies. The Herpes papio in vitro B lymphoblastoid cell lines (B-LCL)
established from RM and SM were similarly maintained in complete RPMI 1640 medium as
described earlier.

Transfection studies—CEMX174, HuT78 cells, and the monkey B-LCLs were
transfected using the Amaxa nucleofection technology (Amaxa, Koln, Germany). Cells were
suspended in a solution supplied with the Amaxa Human T cell nucleofector kit (VPA-1002
LONZA), following the Amaxa guidelines for cell line transfection (see Amaxa literature for
further details about this kit). In brief, 100 pl of a 10 x 10° cell suspension was mixed with
either 1 ug pmaxGFP only or combined with 5 pg pGL3-DNA and transferred to the
provided cuvette and nucleofected using an Amaxa Nucleofector apparatus (Amaxa). Cells
were transfected using the VV-001 pulsing parameter and were immediately transferred into
tubes containing 1 ml 37°C prewarmed culture medium, and aliquots were equally divided
into individual wells of a 12-well plate with or without 1 pM RA. After transfection, cells
were cultured for 24-48 h in the case of cell lines and for 6-24 h for the B-LCL, and the
cultures were subjected to luciferase measurements. GFP plasmid was used as internal
control in the assay to normalize for transfection efficiency. A fraction of cells from the
same wells continued in culture for 72 h and were measured using flow cytometry to
measure GFP.

A plasmid containing four repeats of an RA response element with luciferase reporter was
used as a positive control as separate cuvette to measure RA-induced gene expression.

Statistical analysis

Statistical significance was assessed using the two-tailed, unpaired Student t test or multiple
comparisons. The surface expression of CD4, CD8 was displayed as mean + SD.
Differences over time were analyzed using Tukey’s multiple comparison tests and the
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Mann-Whitney U test. All the reported p values were based on two-sided testing. Statistical
analyses were performed using Prism 5 Statistical software packages: *p < 0.05, **p <
0.001, ***p < 0.0001.

Frequencies of a4p7-expressing CD4* T cells and other hematopoietic cell lineages from
RM, PM, and SM

We first evaluated the frequencies of a4B7-expressing CD4* T cells in PBMC samples from
a number of RM, PM, and SM. A representative profile of a4p7-expressing CD4* T cells
from each of these three NHP species is displayed in Fig. 1 (with the shaded area
representing the medium and the area to the right and the numbers within each panel
representing the mean + SD values of the frequencies of a4p7M-expressing cells). As noted,
there is a marked increase both in the frequencies and in the mean fluorescent intensity
(MF1) of a4p7 expression by CD4* T cells from the PM as compared with the SM and RM.
When the other cell lineages were examined, the RM, by far, had the highest frequencies of
CD8* T, NK, and B cells that expressed a4p7 (see Fig. 1B). In particular, the values
obtained for CD8" T cells/NK cells and B cells in RM were clearly significantly higher than
in SM (p < 0.001 and p < 0.01, respectively). We also cultured enriched populations of
CD4* T cells from each of the three species for 48 h in media containing Con A + IL-2 and
then infected them with SIVmac239 as described in Materials and Methods. Supernatant
fluids were collected at varying time intervals and assayed for levels of p27. As reported in
Fig. 1C, the CD4* T cells from PM not only produced the highest level of p27 but
kinetically showed peak activity at day 7 as compared with day 10 for RM and SM. These
data are consistent with the in vivo findings of increased susceptibility to SIV infection of
PM versus RM. Furthermore, SIV infection of in vitro Con A + IL-2 activated PBMCs from
all three species (n =5 RM; n =3 PM, and n = 5 SM) that were depleted of a47-expressing
CD4* T cells showed significantly lower (RM: 32 + 17 ng/ml, PM: 28 + 16 ng/ml, and SM:
39 £ 14 ng/ml; Fig. 1D) levels of p27 as compared with PBMCs treated with normal rhesus
Ig from the same three species (Fig. 1E). Our observation that the depletion of a4f7-
expressing CD4* T cells led to significant decreases in the levels of p27 in all three species
suggests that a4B7-expressing CD4* T cells are the major source of virus in such in vitro
culture conditions.

Relationship between a4p7 and other integrins expressed by CD4* T cells

Integrins are primarily expressed as transmembrane cell adhesion molecules that bind
noncovalently with their cognate ligands. They are heterodimeric proteins composed of an
a- and p-chain that bind to cell-surface molecules and also to select extracellular matrix
proteins (31, 32). In vertebrates, to date, at least 18 forms of the a and 8 of the  subunits
have been identified that combine in a variety of combinations to generate 24 different
integrin heterodimers (Fig. 2A). A detailed description of the nature of these heterodimers
has been reviewed elsewhere (33). The variable levels of a4p7 expression by CD4* T cells
in the PBMCs from RM, SM, and PM prompted us to determine whether the differences
noted were secondary to differential pairing of the a4 and 7 subunits with other integrin a-
and B-chains, respectively, in the different species. Previous studies have documented that
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the a4 chain can pair with either the 37 chain or, alternatively, the $1 chain (34, 35).
Detailed analysis of B7 and p1 expression in humans and mice suggests that these two [3-
chains effectively compete for pairing with a4 (35), and that there exists an apparent
hierarchy in pairing at the molecular level such that a4 preferentially pairs with 1.
Likewise, the p7 chain can alternatively pair with either a4 or aE (35). Notably, in general,
neither a4, aE, B1, nor $7 remains on the cell surface in a homodimeric or an unpaired state
(34). To investigate possible differences in pairing among the three species, we stained
CD4* T cells from each with mAbs specific for a4, B1, B7, and oE. We also used an mAb
that recognizes the heterodimeric form of the a437 molecule exclusively. The gating
strategy used is depicted in Fig. 2B, and a representative profile of a4p7-expressing PBMCs
from RM, PM, and SM on the gated population of CD3*/CD4" T cells is displayed in Fig.
2C (column 1, top, middle, and bottom rows, respectively). The remaining profiles reflect
results obtained on the gated population of CD3*/CD4"/a4B7™ cells. As shown in the upper
right quadrant of each profile in columns 2—4 of Fig. 2C, there is a distinct population of
a4B7* cells that also bind to anti-a4, -B1, and -7, respectively. There also appears a distinct
population of cells that express a4 or 1 that are nonreactive with the a4f7 mAb (Fig. 2C,
columns 2, 3), which very likely reflects the pairing of these two chains to form a4$1. Of
note, the CD4* T cells from SM were unique in that they presented aE* cells in both a4p7*
and a4f7~ populations (Fig. 2C, column 5, bottom row). Detection of a.E on peripheral
CD4* T cells from SM was highly reproducible and indicates a stark difference among the
three NHPs analyzed (Table I). In this regard, we note RM and PM share in common with
humans a near absence of a.E on peripheral CD4* T cells (data not shown). To determine
whether these differences also appeared in CD4* T cells from the gut mucosa, we obtained
gut biopsies from RM (n = 6), PM (n = 2), and SM (n = 10), and isolated cells using
standard procedures as described elsewhere (36) and performed flow-cytometric analysis.
We found similar results as described for PBMCs, suggesting that in gut tissues a4 is also
associated with either 1 or p7, forming a4p1 and a4fB7 heterodimers, respectively, in all
three species. In addition, aE was predominantly expressed by the central memory CD4* T
cells from SM, but none of the CD4* T cell subsets from RM or PM (Supplemental Fig. 1A,
1B). The failure of the anti-aE reagent to react with peripheral blood—derived cells from RM
and PM was not secondary to nonreactivity of the mAb because cervical biopsies from all
three species showed a readily detectable population of aE-expressing CD4* T cells in such
biopsies (data not shown). Next, in efforts to determine whether a4p1 was expressed by a
subset of CD4* T cells distinct from the cells that express a4f7, PBMCs were stained with
biotinylated VCAM-1 followed by PE-avidin and allophycocyanin-conjugated anti-a4f7,
and the staining was performed in the presence of buffer containing Mg?* (because
VCAM-1 selectively binds to a4p1, but not a4B7, in the presence of Mg2*). As shown in
Supplemental Fig. 2, a majority of the CD4* T cells coexpress a4B1 and a4B7. Furthermore,
to determine whether this pairing is influenced by age, we studied infant (3- to 8-mo-old)
RM and SM and found that such pairing is present at an early age (Table I), confirming that
the differences noted are not likely due to development events but are an inherent feature of
the species.
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Cloning, sequencing, and phylogenetic analysis of a4, p7, aE, and CCR5 promoters from
RM, SM, and PM and their reporter gene analysis

We next reasoned that the differences in integrin expression among the three NHPs
examined may be because of differences in the promoters. This prompted us to PCR amplify
and clone the a4, p7, and oE promoters using cDNA from RM, SM, and PM into a pGAL4
vector. We sequenced several clones, obtained consensus sequences, and identified several
regulatory sequences present in each of the promoters. We then performed a phylogenetic
analysis that incorporated Old World and New World monkey sequences obtained from the
literature or GenBank. As a point of reference, we also included CCR5 promoter sequences.
As shown in Fig. 3A, the a4 sequences of new world and old world monkeys formed
separate clusters. Next, in old world monkeys, the a4 sequences from the Asian RM and PM
formed a close cluster and as expected, the a4 sequences from the African SM formed a
different cluster, suggesting that there is divergence in the a4 promoter sequences among
RM, PM, and SM. Next, we also aligned 7 promoter sequences (Fig. 3B) and found similar
separate clusters between old and new world monkey species, and as with a4 promoter
sequences, 37 sequences from RM and PM formed a closer cluster compared with sequences
from SM. Similar results were obtained for oE and CCR5 promoters as shown in Fig. 3C
and 3D. The SM promoters always formed separate clusters from PM and RM for each of
the promoters analyzed, suggesting that the differences in clustering of the promoter
sequences indeed are a reflection of the divergence times of the different species. This
difference could potentially contribute to differential expression of each of the integrin
subunits and the subsequent formation of heterodimers in cells from RM, PM, and SM.

Furthermore, we also examined the a4, 37, and oE promoter regulatory sequences from PM,
RM, and SM for putative transcription factor binding sites (TFBSs). As shown in Fig. 4,
extensive genetic variations are apparent. First, the a4 promoter (Fig. 4A) is composed of
>3240 bp, and binding sites (represented by bars) for several common transcriptional factors
(SRY, CdXA, AML-1aDelta E, MZF1, LYf-1) were noted within the a4 promoter
sequences from the three species of NHPs; several of them were restricted at different
locations within the promoters. The 37 promoter regulatory sequence (Fig. 4B) is shorter
than the a4 sequence (2465-bp length), and we noted similar TFBSs as seen with the a4
promoters but also the identification of several additional TFBSs such as those for the p300,
IFN-stimulated response element, among other transcription factors. Notably, whereas the
CP2 promoter-binding site was restricted to the a4 promoter, the p300 and IFN-stimulated
response element were restricted to the 37 promoter. Analysis of the oE promoter regulatory
sequences (Fig. 4C) showed that although the RM and PM promoter regulatory region was
composed of 3000 bp, there is a large insertion of ~300 bp in the SM aE promoter
regulatory sequence. However, we could not identify any unique TFBSs within this 300-bp
insertion noted for SM. Taken together, these TFBS analyses failed to identify any readily
detectable major difference in TFBSs between these species for each of the a4, f7, and oE
genes.

In parallel, we also examined the functional response of each of the promoters regulatory
regions for a4 and B7 integrin chain from each of the three species using transient
transfection assays. We used both established (CEMX174 and HUT78) and B-LCLs
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prepared from the PBMCs of PM, RM, and SM. GFP plasmids were used as internal
controls during transfection studies to normalize gene expression levels for transfection
efficiency. As shown in Fig. 5, the levels of a4 promoter activity from PM, RM, and SM
were similar in each of the two established cell lines and in the B-LCLSs tested. We also
tested the B7 promoter constructs. Whereas the PM showed the highest levels of 37 promoter
activity, the RM B7 promoter showed significantly lower levels, but the lowest levels of 37
promoter—driven gene expression were noted for SM as compared with PM and RM (Fig. 5).
These findings were highly reproducible (a minimum of three experiments) and confirmed
that the SM B7 promoter—driven expression was consistently lower as compared with the 37
promoter from RM and PM, even within species-specific cells, indicating that these findings
were indeed promoter specific. The finding that CD4* T cells from SM express significantly
higher constitutive and induced levels of aE presumably in association with 7 on the cell
surface prompted us to analyze gene expression levels of the oE promoter. Of interest, we
found that although the promoter construct for oE gave essentially similar signals in the two
established cell lines (Fig. 6A, 6B), the a.E promoter gave markedly lower signals in the B-
LCL from SM, but not RM (Fig. 6C, 6D). These data suggest that the preferential pairing of
aE with 7 in SM is not likely secondary to differences at the promoter level but due to yet
to be defined mechanisms.

Biological role of RA in cell activation and expression of a4p7

It has been previously documented that select cell lineages within GALT synthesize RA
from vitamin A. RA attracts cells to home to the gut tissue via the upregulation of a4p7 (37,
38). We next asked whether the species-specific differences described earlier might, in part,
be due to differences in the response of CD4" T cells from the different species to RA. We
failed to identify any detectable dose or kinetic difference in the response of cells from these
species to RA for optimal a437 expression (data not shown). Activated cells treated with RA
upregulated the expression (MFI) of a4p7 >4- to 8-fold compared with unstimulated control
cells in cultures from RM as shown for representative profile (Fig. 7A) with similar results
obtained for RM, PM, and SM (Fig. 7B). As previously shown with humans and mice (39),
preactivation of the CD4* T cells is a requirement for RA-mediated upregulation of a437
expression by RA. This prerequirement for cell activation was confirmed with the use of
FK866, a noncompetitive inhibitor of nicotinamide phosphoribosyltransferase. As shown in
Fig. 7C and 7D, the addition of FK866 completely blocked RA induction of a4f37 on
activated RM PBMCs.

Measurement of plasma levels of RA and retinol from the three groups of monkeys

In addition to inherent differences in the RA signaling pathway in T cells that might
contribute to species-specific differences in their a4p7 expression, we reasoned that the
availability of the ligand (i.e., RA) in vivo could also play a role. To assess this possibility,
we measured retinol and RA levels in the plasma of PM, RM, and SM (n = 10 each).
Surprisingly, we found higher plasma levels of RA in SM than that in RM or PM, as shown
in Fig. 8A (p < 0.0001). In contrast, there was no significant difference in plasma retinol
concentration of SM versus either of the two species, although mean retinol levels between
RM and PM did show a significant difference (p < 0.05; Fig. 8B). The relatively higher
levels of RA (known to induce the expression of a4f7) in SM when compared with RM was
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surprising in light of the relatively lower frequency of a4p7* T cells in SM. A possible
explanation for these apparently discordant observations may lie in the increased plasma
levels of TGF-1 in SM as compared with RM and PM (Fig. 9), and the manner in which oE
and a4 both pair with B7. It is known that in humans and mice, f1 and 37 compete for
binding to a4, and it appears that at the molecular level a4 preferentially binds to 1. A
similar preference may exist for aE and a4 in competing for §7, such that increased
expression of aE leads to a downregulation of a4f37. In response, SM may increase the
production of RA. Yet for reasons not yet understood, increased RA levels are unable to
counterbalance the high levels of TGF-B1, resulting in low levels of a437 on CD4* T cells.
In this regard it will be important to determine the hierarchy of pairing of aE versus a4 with
37 because it is that pairing that may establish a distinct trafficking pattern in SM.
Ultimately, then, TGF-$1 may play a key role in the origin of disease resistance in SM.

Levels of a4f7 expression by hematopoietic cells from natural versus non-natural hosts of

SIvV

The fact that African SM that are the natural hosts of SIV showed the lowest level of a4f7-
expressing CD4* T cells and the two Asian non-natural hosts (PM and RM) showed higher
levels of a4B7-expressing CD4* T cells prompted us to determine whether the low levels
noted for SM were characteristic of other African NHPs, most of which are also natural
hosts of SIV (20). PBMCs from blood samples from a number of African NHP species were
analyzed for the frequencies of CD4* T, CD8* T, NK, and B cells. As shown in Table II,
although we observed differences in the frequencies of the various cell lineages that express
a4p7 in the blood of the various African species, there is no apparent link between the
expression of a4f37-expressing cells and natural versus non-natural hosts. In addition,
because the blood samples studied were obtained from monkeys of varying ages, we carried
out studies to determine whether the species-specific difference in a4f7 expression in the
three species that we noted earlier was acquired as a function of age. We therefore studied
infant (3- to 8-mo-old) RM and SM, and found that such differences were already apparent
at an early age (Table I1). Thus, the differences we noted were not due to ontogenetic
differences in the species studied.

Discussion

The a4f37 integrin is one of the major gut-homing markers expressed by a variety of
hematopoietic cell lineages in both mouse and human (34, 40). Its role in facilitating the gut
homing of cells with pathogenic potential has been documented in the pathology of a
number of human diseases that involve GALT, including graft-versus-host disease (41),
Crohn’s disease (42), ulcerative colitis (43), and inflammatory bowel disease (44). These
findings have prompted studies aimed at determining the therapeutic efficacy of mAbs (such
as vedolizumab) against a4p7 in patients with Crohn’s, ulcerative colitic, and inflammatory
bowel disease with some very encouraging results (reviewed in Ref. 45). More recently, the
role of a4f7-expressing cells has been highlighted in human HIV-1 infection and the NHP
model of SIV infection (14-17, 46, 47) in which, during the early stages of disease, the
GALT is the major target of infection and pathology. Thus, a4B7-expressing CD4* T cells
have been shown to be one of the major targets of HIV/SIV infection, and increased
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frequencies of this subset within the GALT have been shown to be associated with greater
levels of infection and a more rapid disease course (14). Our laboratory has been involved in
studies defining the in vivo effects of the administration of an anti-a487 mAb during acute
SIV infection of RM infected i.v., intrarectally (15, 16), and more recently while undergoing
low-dose repeated intravaginal SIV exposure (17). The central rationale for these studies
was to determine whether inhibiting the interaction between HIV/SIV env and the a4f37
molecule and/or impeding the trafficking of cells to the GALT using mAbs against a437
could limit GALT pathology and possibly prevent mucosal transmission. Indeed, the results
of such studies have shown great promise in limiting GALT pathology and even prevention
of SIV transmission (17).

Considering the results of our studies noted earlier coupled with the report that SIV infection
results in markedly different disease course in SM, RM, and PM, it was reasoned that a more
complete characterization of the expression of a487 in NHPs might provide some unique
insights into the basis for these distinct clinical outcomes. To this end, we carried out the
studies reported in this article that show that CD4* T cells from PM, the species that is
associated with rapid disease progression, show the greatest levels of constitutive and RA-
induced a4p7 expression. SM, which rarely progress to disease, showed the lowest a 47
expression levels, whereas RM express a relatively intermediate level (rank order: PM > RM
> SM). Thus, this order parallels in an inverse way the rate of disease progression associated
with SIV infection of these three species of NHPs. These findings appear to remarkably
parallel the differences in the expression of CCR5 by CD4* T cells in these species (48, 49).
The potential relationship(s) between the regulation of a4f37 and CCR5 expression is a
subject currently under study.

Our initial hypothesis was that the level of a4B7 expression on CD4* T cells would correlate
with disease resistance/susceptibility distinguishing natural host species of SIV from the
non-natural hosts. To address this issue, we examined PBMC samples from a variety of
NHP species for the frequencies of a4B7 expression on CD4* T cells, CD8* T cells, NK
cells, and CD20* B cells. As shown in Table I, there did not appear to be any strict
relationship between the Asian and African origin of the donor of the PBMCs and the
frequencies of the a4p7-expressing cell lineages. These data need to be interpreted with
caution because we are assuming that the reagents we used are equally cross-reactive
between species. We did screen a large number of Ab clones and the mAbs we used were
identified as the most optimal available. We submit, however, that the data from the studies
reported in this article provide one important clue. The data indicate that CD4* T cells from
SM express relatively lower levels of a4f7, but ~10% of these CD4* T cells constitutively
coexpress readily detectable levels of aE most likely associated with 37 (see Fig. 2). This
distinguishes SM, not only from PM and RM, but also from humans, all of which exhibit a
very low frequency of aE* CD4* T cells circulating in blood. Thus, it appears that in the
peripheral blood of SM (the natural hosts of SIV), the 37 integrin is expressed and pairs with
the aE chain. The aE chain is not expressed by cells from the peripheral blood of RM or PM
(the non-natural hosts). It is quite possible that this unique expression profile of integrins
may promote a pattern of homing that is distinct from homing to the GALT leading to
distinct disease course. In support of this hypothesis, differential localization of SIV-infected
target cells to the small as compared with the large intestine has been previously shown to
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lead to marked differences in clinical outcome in RM (50). These findings are consistent
with the report of marked differences in the composition of cells that comprise the innate
and acquired immune system in the small versus the large intestine (51). In this regard, it is
important to note that results from previous studies suggest that a4p7* T cells switch to
express aEB7* T cells once they localize to mucosal tissues and that this expression is
regulated by TGF-B1 (33, 52-55). Studies of the mechanisms by which TGF-$1 regulates
the levels of aEB7 expression revealed that although this cytokine increases the expression
of aE and 7 mRNA transcripts and the cell-surface expression of aEB7, it also decreases
a4 at the mRNA level (54). Furthermore, it has been suggested that there is a known axis
between TGF-B1, RA, and the pairing of B1, 7, a4, and o E expressed by T cells at least in
mice (56). These findings are consistent with differences in the plasma levels of TGF-B1 that
we noted to be significantly higher in SM as compared with RM and PM (Fig. 9). We thus
posit that the gut epithelial cells from SM synthesize significant levels of TGF-$1 that
induce the upregulation of aEB7 that results in differences in the trafficking of the SIV-
susceptible cells that, in turn, contributes to the disease resistance of this species. Results of
the studies reported in this article show that this difference in integrin expression patterns in
SM as compared with RM and PM was not only true for blood cells but also for a4B7* T
cells isolated from gut biopsies of these species. Studies are in progress to determine
whether this phenomenon is unique to SM or is a general phenomenon for other natural
hosts of SIV.

Data from our transient transfection studies with reporter promoter constructs further
suggest that a correlation exists between 7 promoter activity and surface expression of
adf7. We observed that §7 promoter—driven gene expression was lower in SM as compared
with RM and PM, which was inversely correlated with the surface expression levels of aE
in the different species; expression levels of aE were much higher in SM as compared with
RM and PM. Furthermore, there was no correlation between surface expression of oE and
promoter-driven expression among the three species, suggesting that regulation may be
occurring through yet to be defined mechanisms. This finding suggests that there may be a
feedback mechanism in these species to regulate these integrins that contributes to the
susceptibility or control of SIV-induced disease. Recently, it has been shown that virion-
associated or free gp120 had the capacity to reduce the activation and proliferation of naive
B cells by releasing TGF-B1, and which, in turn, upregulated the expression of FcRL4 (53).
These data suggest that TGF-B1 induction by infection might contribute to the pathogenesis.
The data presented in this article suggest that differential levels of TGF-B1 in the NHP
species being studied might contribute to differences in disease progression. The promoter
gene analysis revealed the presence of extensive variations among the three species tested
and, to the best of our knowledge, this is the first study to report promoter-driven gene
expression studies of a4, 37, and aE in the three species of NHPs used extensively in HIV
pathogenesis and vaccine studies. Phylogenetic analysis further confirms that SM a4, 7,
aE, and CCR5 sequences formed separate clusters from RM and PM, suggesting that there
may be evolutionary-conserved sequence patterns that exist among different species of
monkeys, which helps them to recognize pathogen as friend or enemy.

In conclusion, results from the studies presented in this article appear to show differences in
the expression pattern of the integrins a487 and aER7, together with differences in RA and
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TGF-B1 plasma levels in the NHPs analyzed. Such differences suggest that susceptible
species (RM, PM) have the same pattern and this pattern is distinct from the disease-
resistant species (SM). Of note, aER7 expression pattern in humans is similar to the
susceptible NHP species. Such differences could contribute to distinct trafficking patterns in
vivo and, as a consequence, impact disease progression. These observations form the
foundation for future studies that may help identify which of these differences alone or in
concert are the basis for the different disease outcome of SIV infection.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
(A) Representative profiles of the surface expression of a4f7 on the gated population of

CD3* CD4* T cells in the PBMCs from RM (n = 12), PM (n = 6), and SM (n = 12). The
numbers within each profile reflect the frequency (%) of a4p7M-expressing cells (mean +
SD); the shaded area represents the medium a4p7-expressing cells, and the area to the right
reflects cells that are classified as a4p7". (B) Quantification of the frequency (%) of a4p7+*
CD4*, CD8*, NK, and B cells (mean + SD) from the same number of RM, PM, and SM as
shown in (A). (C) Highly enriched populations of CD4* T cells from RM, PM, and SM (n =
12 RM and SM; n = 6 PM) stimulated for 2 d in vitro with anti-CD3/28 + IL-2 were cultured
in triplicate in vitro with SIVmac239, and supernatant fluid collected on days 4, 7, 10, 14,
and 18 was analyzed for the levels of p27. The mean + SD of the levels of p27 (ng/ml) for
each of the three species is shown. (D) PBMCs from RM, PM, and SM (n=5RM, n=3
PM, and n =5 SM) were either depleted of a4f7-expressing CD4* T cells or (E) treated
with normal rhesus 1gG and stimulated with Con A + IL-2 for 2 d and then infected with
SIVmac239, and supernatant fluids were collected on days 4, 7, 10, 14, and 18 d and
analyzed for the levels of p27 using commercial kits. *p < 0.05, ***p < 0.0001.
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FIGURE 2.
(A) Pairing patterns of various a- and $-chains of integrins and (B) a representative profile

of the gating strategy that was used to define the percentages of CD4" T cells expressing
adp7, a4, p1, B7, and aE in samples of PBMCs from the three species. (C) Representative
profiles of the flow-cytometric analysis of the pairing of a4, 1, B7, aE with a4p7 integrins
(columns 1-5, respectively) from RM (top row), PM (middle row), and SM (bottom row).
The analysis was performed on the gated population of CD3* CD4* T cells (as displayed in
C). This gated population was then analyzed for the expression of a4B7 by CD4™ T cells
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(column 1), and the gated population of CD4* a487* cells was then analyzed for their
coexpression of a4 (column 2), B1 (column 3), B7 (column 4), and oE (column 5).
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FIGURE 3.

Phylogenetic inferences of Integrin a4 (a4; A), Integrin p7 (37; B), integrin oE (aE; C), and
CCR5 (D) promoters of RM, SM, and PM compared with those of other NHPs. For all four
trees shown, both ML and Bl analyses were carried out, and they both rendered the same
tree topologies, which could be shown in single consensual trees. Sequences with asterisks
represent those generated in this study, whereas those with the “GB” suffix denote
sequences retrieved from the GenBank database. Numbers above and below each node of
the trees are the ML bootstrap and Bl posterior probability values, respectively, and only
values >75% and 0.99, respectively, are shown. Scale bars at the bottom of the trees
represent nucleotide substitutions per site.
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TFBS analysis of the (A) a4, (B) p7, and (C) aE promoters from RM, PM, and SM. Colored
bars represent binding sites of the various transcription factors.
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FIGURE 5.
Reporter gene analysis: the various a4 and B7 integrin repo

PM, RM, and SM were assayed after transfection as shown

> Macaque promotors

rter constructs of promoters from
. Transfections were performed

using AMAXA, and reporter gene expression was measured at 24-48 h for cell lines and
within 6-24 h for the B-LCL. Experiments were repeated three times and data calculated.
RA response element was used as a positive control and a GFP plasmid as an internal

control in the assay to normalize for transfection efficiency

. Data shown are expressed as

mean = relative luciferase units using the (A) CEMX2174 cell line, (B) HUT78 cell line, (C)

rhesus B-LCL, and (D) SM B-LCL. *p < 0.05.
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Reporter gene analysis of oE promoter—driven gene expression analysis using (A)
CEMX174 cell line, (B) HUT78 cell line, (C) rhesus B-LCL, and (D) SM B-LCL. All
experimental conditions were similar to those described in the legend for Fig. 5. **p <

0.001.
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Requirements for cell activation for the upregulation of a4p7 expression by RA treatment.
(A) Aliguots of PBMCs from normal healthy RM, PM, and SM were cultured for 48 h in
complete RPMI 1640 media alone (green), complete media containing 1 UM RA alone for
the last 24 h (orange), complete media containing anti-CD3/28 immunobeads + IL-2 alone
(red), and the anti-CD3/28 immunobeads + IL-2 along with 1 UM RA for the last 24 h
(blue). (C) The same experiment as outlined in (A) except an additional culture containing
the immunobeads + IL-2 and 1 pM RA was set up that included the addition of the inhibitor
FK866 that was added at the initiation of the culture. The cells were washed and the flow-
cytometric profile of CD4* T cells that expressed a4f7 is shown in (A) and (C). The
experiment was repeated three times, and the data obtained were expressed as fold change

(mean = SD) of MFI relative to baselines (B and D). **p < 0.001.
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FIGURE 8.

Measurements of plasma levels of RA and retinol. Levels of RA and retinol were extracted
from the plasma of RM, SM, and PM (n = 10 from each species). (A) Levels of RA
(pmol/ml) and (B) retinol (nmol/ml) in plasma were quantified by liquid chromatography-
tandem mass spectrometry (RA) or HPLC (retinol). Data shown are means = SD. *p < 0.05,

***p < 0.0001.
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FIGURE 9.
Measurement of plasma TGF-B1. Plasma levels of TGF-p1 were measured using a

commercial ELISA kit and plasma from uninfected PM (n = 18), RM (n = 10), and SM (n =
7) and reported as ng/ml. The p values were presented in the figure.
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