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Abstract

Background: In vivo studies of HIV-1 pathogenesis and testing of antiviral strategies have been
hampered by the lack of an immunocompetent small animal model that is highly susceptible to HIV-
I infection. Although transgenic rats that express the HIV-1 receptor complex hCD4 and hCCR5
are susceptible to infection, HIV-1 replicates very poorly in these animals. To demonstrate the
molecular basis for developing a better rat model for HIV-1 infection, we evaluated the effect of
human CyclinTi (hCycT}) and CRMI (hCRMI) on Gag p24 production in rat T cells and
macrophages using both established cell lines and primary cells prepared from hCycTI/hCRMI
transgenic rats.

Results: Expression of hCycT| augmented Gag production 20-50 fold in rat T cells, but had little
effect in macrophages. Expression of hCRM| enhanced Gag production 10-15 fold in macrophages,
but only marginally in T cells. Expression of both factors synergistically enhanced p24 production
to levels approximately 10—40% of those detected in human cells. R5 viruses produced in rat T cells
and macrophages were fully infectious.

Conclusion: The expression of both hCycTl and hCRMI appears to be fundamental to
developing a rat model that supports robust propagation of HIV-1.

Background agents. However, these models have shortcomings, such

A small-animal model of HIV-1 infection is needed for
development of prophylactic vaccines and more efficient
antiviral therapies. Current animal models of HIV infec-
tion, including non-human primates [1-4] and severe
combined immunodeficiency (SCID) mice transplanted
with fetal human cells [5,6], have made significant contri-
butions to our understanding of lentiviral pathogenesis
and to the development of vaccines and therapeutic

as their limited availability and high cost, their permissiv-
ity restricted to related retroviruses of nonhuman pri-
mates, as well as the absence or insufficient induction of
an immune response against HIV-1. Therefore, a better
small-animal model is needed.

Rodents may be useful models if they can be infected with
HIV-1. Because they are established experimental animals,
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inbred strains are available, and genetic manipulations
can be performed. However, a fully permissive model has
not been developed yet because of several inherent blocks
to HIV-1 replication in rodent cells. One major block to
HIV-1 replication is at the level of viral entry into the cell;
this may be overcome by introducing human CD4
(hCD4) and CCR5 (hCCR5) [7,8]. Indeed, transgenic (Tg)
rats expressing these receptors support some HIV-1 repli-
cation, albeit poorly [8], whereas Tg mice expressing
hCD4 and hCCRS do not support any HIV replication [9].
These results suggest that rats may provide a good small-
animal model.

Studies on rodent cell-specific defects in the HIV-1 life
cycle after viral entry provide the molecular basis for
improving the propagation of HIV in rodents. However,
several studies using established cells lines [7,10,11] have
indicated that there are cell line specific defects in each
step of the viral life cycle. Moreover, technical difficulties
have hampered detailed analyses of the function of cellu-
lar cofactors in rodent T cells and macrophages, particu-
larly primary cells.

A study of the effects of rodent cellular factors on the func-
tion of the viral factors Tat and Rev will be of importance
because of the essential roles these proteins play in viral
propagation. Currently, controversial results have been
reported regarding the existence of a profound block affect-
ing Tat function in rodent cells. In early studies, human
CyclinT1 (hCycT1), identified as a Tat interacting protein
that is crucial for transcription during HIV-1 replication
[12], was expressed in mouse NIH 3T3 fibroblasts and tran-
scriptional activity was dramatically enhanced [13,14].
Moreover, hCycT1 Tg mice supported the enhanced expres-
sion of an integrated HIV-1 provirus [15]. A single amino
acid difference between human and mouse CyclinT1
(mCycT1), which has a tyrosine at residue 261 in place of
the cysteine amino acid in hCycT1, causes almost a com-
plete loss of Tat cofactor activity [13,14]. In contrast to
mouse cells, rat cells support significant amounts of Tat
function, even though rat CyclinT1 (rCycT1) has a tyrosine
at residue 261 and shares ~96% sequence homology with
mCycT1. Only 2-5 fold enhancement of Tat function by
overexpression of hCycT1 in rat cells has been reported.
Moreover, since the reported experiments lacked the
expression of rCycTl as a control, uncertainty remains
whether it was the quantity or the quality of exogenously-
expressed hCycT1 which augmented Tat function
[7,16,17]. On the other hand, a substantial increase in Gag
protein levels upon hCycT1 expression in a rat myelo-
monocytic precursor cell line has been reported [18].

Rev function is involved in the expression of the unspliced
9-Kb and partially-spliced 4-Kb RNAs that encode the HIV
viral genome and the structural proteins [19]. Rev activity
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that supports HIV-1 replication in rodent cells has also
been debated, although a reduction in the ratio of the
unspliced 9-kb transcript to the fully-spliced 2-kb viral
transcript in rodent cells has generally been reported
[7,10]. Moreover, the role of the rat counterpart of
hCRM1, which exports HIV RNAs in cooperation with Rev
[20,21], has been incompletely explored. Instead, overs-
plicing or a reduced stability of unspliced transcripts in
rodent cells compared to human cells has been proposed
[22], which has been reported to be repaired by the
expression of the human p32 protein [23].

In this study, we investigated the effect of human
CyclinT1 and CRM1 expressed in rat T cells and macro-
phages, including primary cells, in order to identify a
molecular basis for improving a rat model for HIV-1 infec-
tion. Our results show that co-expression of hCycT1 and
hCRM1 synergistically promotes Gag p24 production.
Interestingly, cell type specific requirements for these two
human factors were detected.

Methods

Cells and plasmids

Rat T cell lines, FPM1 [25] and C58(NT)D (ATCCTIB-236),
a rat macrophage line, NR8383 (ATCC CRL-2192), and
human T cell lines, Jurkat and Molt4RS, were used for prop-
agation of HIV-1. TZM-bl cells were used to measure the
infectivity of HIV-1 according to previously described pro-
cedures [26]. NR8383hCRM1, FPM1hCRM1, FPM1hCT,
and FPM1hCT/hCRM1 expressing hCRM1, hCycT1, or
both were constructed as described previously [40].

To construct hemagglutinin  (HA)-tagged hCycT1,
pBCycT, which harbors the human cyclinT1 cDNA in the
pCXN2 vector, was used as a template for PCR with for-
ward (5'-ggtctagagcactatggagggagagaggaag-3') and reverse
(5'-gggaattcatgcatagtctggtacatcgtaggggtacttaggaaggggat-
ggaagtggtgg-3') primers with the following amplification
conditions: 2 min at 94°C, 30 cycles of 30 s at 94°C, 60 s
at64°C, 2.5 min at 72°C, and a final extension for 10 min
at 72°C. The amplified DNA was digested and inserted
between the EcoRI and Xbal sites of pCXN2 [41].

Rat Cyclin T1 mRNA was extracted from rat ER-1 neol
cells using the Absolute RNA extraction Kit (Stratagene)
and amplified by RT-PCR using the following primers: 5'-
ccgaattcaagcactatggagggagagaggaa-3' and  5'-ccgaattcatg
catagtctggtacatcgtaggggtacttaggaagaggtggaagaggtge-3'. The
amplification conditions were: 94°C for 2 min, 30 cycles
of 15sat 94°C, 30s at 60°C, 2.5 min at 68°C, and a final
extension for 5 min at 68°C. The amplified DNA was
digested and inserted into the EcoRI site of pCXN2.

To construct pSRarCRM1-HA, pSRarCRM1 was used for

PCR with the following primers: 5'-ctggaatcacttggcagct-
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gagctctacagagagagtcca-3' and 5'-
tatggtaccttaagcataatcaggaacatcgtatgggtagtcacacatttcttct-
gggatttc-3'. The amplification conditions were: 2 min at
94°C, 20 cycles of 30 s at 94°C, 1 min at 62°C, 2 min at
68°C, and a final extension for 10 min at 68°C. The
amplified DNA was digested and inserted into the Sacl
and Kpnl sites of pSRarCRM1.

The following plasmids were used in this study: pSRa296
[42]; pCRRE [35]; pApol [24]; pMaxGFP (Amaxa) and
pCDMB-gal [43]; pNL4-3 [30]; pYU-2 [28]; p89.6 [32];
pLAI-2 [31]; pYK-JRCSF [27]; and pNLADS8-EGFP [29].
pH1-luc (a gift from Dr. A. Adachi) contains a luciferase
coding sequence downstream of the HIV-1 LTR.
pSRahCRM 1-HA was a gift from Dr. T. Kimura.

Development of Human Cyclin Tl Transgenic (Tg) Rats
An hCycT1 BAC (RZPD;RZPDB737F032099D) was
microinjected into fertilized rat (F344) eggs. To identify
Tg rats, total genomic DNA extracted from rat tail snips
was examined by PCR using two sets of PCR primers with
one primer annealing the BAC backbone vector and the
other annealing the 5' or 3' end of hCyclin T1 genomic
DNA. Primers CIB3 (gccaacgctcaatceggttctcge) and
CTGB3 (gctattttccagetgttctegagtg) were used for the 5' end.
Primers CTB4 (ttattccctagtccaaggatgac) and CIGB4
(cagacaatagactatcaagacactgtg) were used for the 3' end.
PCR was performed using 500 ng of DNA as a template
with the following amplification conditions: 94°C for 2
min, 30 cycles of denaturation (94°C for 1 min), anneal-
ing (58°C for the 5' end primers and 54°C for the 3' end
primers, 30s), extension (72°C, 1 min), and a final exten-
sion (72°C, 5 min).

Preparation of rat primary cells and human cells

Rat primary T cells were enriched from splenocytes using
a nylon wool column. More than 95% of the cells were
CD3+ cells, as evaluated by Flow Cytometry (FACS Cali-
bur; Becton Dickinson). The cells were stimulated for 2
days with an anti-rat CD3 mAb (5 pg/ml) and an anti-rat
CD28 mAb (0.5 pg/ml) that had been coated on the cul-
ture plates. CD4+T cells were then isolated by negative
selection using anti-rat CD8 MicroBeads (Miltenyi Bio-
tec). Isolated CD4+CD8-T cells were >90% pure, as deter-
mined by staining with anti-rat-CD4 (BD Biosciences
Pharmingen) and anti-rat-CD8 (BD Biosciences Pharmin-

gen).

Rat peritoneal macrophages were isolated from rats that
had been treated with 3% thioglycollate for 3 days. The
macrophages were coated with anti-rat CD11b and iso-
lated using goat anti-mouse IgG MicroBeads (Miltenyi
Biotec). Isolated CD11b+ peritoneal cells were >90% pure,
as determined by staining with mouse anti-rat-ED2 (BD
Biosciences). Isolated CD11b* ED2+ peritoneal cells were
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cultured for 2 h at 37°C to allow them to adhere to the
plates.

Human peripheral blood mononuclear cells (PBMCs)
were isolated from healthy donors using Ficoll Paque Plus
{Amersham Biotechnology) density centrifugation. The
cells were activated with 5 ug/ml phytohemagglutinin-P
(PHA-P) (SIGMA) and 20 U/ml IL-2 (PeproTech EC) for 3
days at 37°C. Peripheral blood lymphocytes (hPBLs) were
harvested as non-adherent cells.

Human monocytes were isolated from PBMCs using anti-
CD14 conjugated to magnetic beads (Miltenyi Biotec),
and allowed to adhere on dishes at 37°C for 1 h in RPMI
1640 supplemented with 1% human serum. Human
monocyte-derived macrophages (MDMs) were then gen-
erated by incubation in RPMI 1640 supplemented with
15% FBS, antibiotics, and GM-CSF (10 U/ml) (R & D) for
5 days.

Electroporation

Cell lines (2 x 106) and primary T cells (1 x 107) were elec-
troporated in 100 ul of Nucleofector Solution (Cell line
Solution V, Mouse T cell and human T cell Nucleofector
kit, Amaxa Biosystems, ) using the conditions (FPM1;T-03,
C58(NT)D;T-20, NR8383;T-27, and rat primary T;X-01,
Jurkat;X-01, Molt4R5;A-30, hPBL;U-14) and plasmids
described in the Figure Legends. After 48 h, p24 in the
supernatant and in cells was quantified using a p24 ELISA
kit (Zeptometrix). In some cases, the viruses were concen-
trated by centrifugation at 15,000 rpm for 90 min in a
microcentrifuge and p24 was quantitatively recovered
from the pellets.

Western Blotting

Cells were lysed in buffer containing 10 mM Tris-HCI, pH
7.4, 1 mM MgCl,, 0.5% NP40, and protease inhibitors or
sample buffer without mercaptoethanol and dye, and pro-
tein concentrations were determined by BCA assay. Sam-
ples containing 50 pg protein were then subjected to
Western blotting using anti-CycT1 (Novocastra Laborato-
ries Ltd), anti-CRM1 {42], anti-HA (Behringer), or anti-B-
actin (SIGMA).

Infection

Rat peritoneal macrophages and human MDMs were
seeded at a density of 5 x 105 cells/well in 24 well plates
and cultured for 1 day at 37°C. Macrophages were then
inoculated with VSV-G-coated N1L43 and NLADS8-EGFP
(50 ng), which were prepared by transfection of pNL4-3
or pNLADS8-EGFP along with pVSV-G to 293 T cells with
Fugeneo, in the absence or presence of 20 uM PMPA [44]
overnight at 37°C. Finally, cells were washed gently 5
times and 2.ml of RPMI containing 15% FCS with or with-
out PMPA was added.
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Figure |

Effect of hCycT| and hCRM| expression in rat T cell lines (part 1). (A) FPMI cells were electroporated with 2 pg
pApol, | pg pMax-GFP, and | pg pCXN2, pCXN2hCycTI-HA, pBhCycTl, or pCXN2rCycTI-HA. After 2 days, p24 levels in
the medium were measured by ELISA. The percentage of living cells was approximately 18% and approximately 95% of the liv-
ing cells were GFP* based on FACS analysis. The ratio of p24 in the CycT| containing samples relative to mock treated samples
was calculated. The total amount of p24 in the hCycT-HA containing sample was 119 pg. Values are means of duplicate sam-
ples. rCycT! and hCycT| were detected by Western blotting using anti-HA. (B) FPMI cells were electroporated with 2 pg
pApol, | pug pMax-GFP, and 0.5 pg pSRa296, pSRae hCRMI-HA, pSRarCRMI-HA, or pSRathCRMI. The percentage of living
cells was approximately 4%, and 60% of the living cells were GFP*. The total amount of p24 in the sample containing hCRM|
was |46 pg. In the right panel, | pg pCNXhCycT| was included. Values are means of duplicate samples. The total amount of
p24 in the sample containing hCRMI was 15.7 ng. (C) pSRa296, pSRahCRMI-HA, or pSRarCRMI-HA (0.5 pg) were electro-
porated into FPMI and Molt4 cells, and 50 pg/ml cycloheximide was added after 24 h. The cells were then collected at 0, 6, and
12 h after the drug addition, and analyzed by Western blotting. Various amounts of the ceil lysates were used for blotting (25
ug of hCRMI-HA containing FPMI, 5 pg rCRMI-HA containing FPMI, and 25 pg of hCRMI-HA or 10 pg of rCRMI-HA con-

taining Molt4, respectively).

Page 4 of 12

{page number not for citation purposes)

— 212 —



Retrovirology 2009, 6:43

Results

Synergistic Effects of hCycT! and hCRMI in Rat T cell
lines

Since controversial results regarding the activity of Tat in
rat cells have been reported, we compared the effect of
hCycT1 versus rCycT1expression in rat T cells. To express
the HIV-1 genome and CycT1 in rat T cells, we used the
electroporation of CycT1 and an HIV-1 genome express-
ing plasmid, since we experienced very low rates of HIV-1
infection even with VSV-G coated particles. In our hands,
electroporation was the only way to introduce enough
HIV genome into rat T cells. We co-electroporated pMax-
GFP or pCDM-fgal to monitor the efficiency of electropo-
ration. When we electroporated pApol, which was con-
structed by deleting 328 base pairs in the pol gene of the
infectious pNL43 genome [24], and HA-tagged hCycT1 or
1CycT1 into FPM1 cells, a rat CD4+T cell line transformed
with HTLV-1 [25], Gag p24 production was enhanced sev-
eral fold in the presence of hCycT1-HA. However, hCycT1
expression was very low. In contrast, rCycT1-HA was effi-
ciently expressed, but did not alter Gag p24 production.
Since hCycT1-HA may be unstable, we next used an
untagged hCycT1 for co-electroporation. We detected a 40
fold enhancement of Gag production in the presence of
hCycT1 (Fig. 1A). The band corresponding to hCycT1 was,
however, hardly detected by Western blot analysis (data
not shown). The reason why untagged hCycT1 enhanced
expression more efficiently than hCycT1-HA is currently
unclear, because the intracellular amounts of these
hCycT1s cannot be exactly compared due to the different
abilities of the anti-HA mAb and anti-hCycT'1 antibody.

Next, to assess Rev activity in rat T cells, we compared the
effects of hCRM1 and rCRM1 on HIV-1 propagation.
When we electroporated HA-tagged CRM1 expression
plasmids and pApol into FPM1 cells, p24 production was
not significantly increased. The level of hCRM1-HA
detected by Western blotting was very low. However, we
reproducibly observed a 2-4 fold enhancement of p24
production in cells transiently expressing untagged
hCRM1, but not rCRM1 (Fig. 1B). These results suggest
that endogenous rCRM1 supports p24 production less
efficiently than the hCRM1 and that Rev function is not
absolutely blocked in rat T cells. To examine the stability
of CRM1-HA, we added cycloheximide to inhibit transla-
tion in CRM1-transfected T cells and examined CRM1
protein levels over time. In both rat and human T cells,
hCRM1-HA was much less stable than rCRM1-HA (Fig.
1C), partly accounting for the lower amounts of hCRM1
(See Fig. 1B).

To examine the effects of both hCycT1 and hCRM1 on
HIV-1 propagation in rat T cells, including FPM1 and
C58(NT)D cells, we co-electroporated these expression
plasmids with pApol. Additionally, we co-transfected
pH1-Luc, which expresses the luciferase gene driven by
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the HIV-1 LTR, to examine the effect of hCycT1 and
hCRM1 on Tat-directed gene expression. Expression of
hCycT1, but not hCRM1, enhanced LTR-derived expres-
sion several fold, consistent with the previously reported
functions of these proteins. Notably, the enhancement of
p24 production by hCycT1 was substantially greater than
that of the luciferase activity. Furthermore, levels of extra-
cellular p24 were more enriched than intracellular levels,
and hCycT1 synergistically cooperated with hCRM1 to
augment the synthesis of p24 by approximately 100 fold
(Fig. 2A and 2B). These results suggest that hCycT1
enhanced the transcription of the LTR-driven HIV-1 pre-
mRNA. Since the pre-mRNA is the source of mRNAs
encoding Gag, Tat and Rev, its increase may trigger posi-
tive feedback in the synthesis of HIV-1 pre-mRNA as a
result of increased Tat protein levels and in the amounts
of unspliced mRNA as a result of increased Rev protein
levels. Thus, Gag would be produced much more effi-
ciently than luciferase. Subsequently, the enhanced Gag
expression facilitates the more efficient release of viral par-
ticles. The level of p24 produced by rat T cells expressing
both hCycT1 and hCRM1 was approximately 25-33% of
the levels produced by the human T cell line Molt4 (data
not shown).

To examine the effect of hCycT1 and hCRM1 on HIV-1
propagation using a full length HIV-1 clone, we electropo-
rated pNL4-3 into FPM1 T cells that continuously
expressed hCycT1 and hCRM1, and then quantified the
production of p24. Again, hCycT'1 greatly augmented p24
production, and hCRM1 had a moderate effect. Notably,
the levels of hCycT1 and hCRM1 expression in FPM1 cells
were similar to those in Molt4 cells (Fig. 2C). Thus,
expression of these human factors should support robust
HIV-1 propagation in rat T cells.

Synergistic Effects of hCycT| and hCRMI in rat
macrophages

We examined the effect of hCycT1 and hCRM1 on p24
production and LTR-driven expression in the rat macro-
phage cell line NR8383, using the experimental
approaches described above. Transient expression of
rCRM1-HA in NR8383 cells did not affect p24 produc-
tion, whereas hCRM 1-HA enhanced p24 production 5-10
fold, although the level of hCRM1-HA expression was
much less than that of rCRM1-HA (Fig. 3A). Expression of
hCy¢T1 enhanced p24 production by only a few fold. The
expression of hCycT'1 was readily detected by Western
blotting (Fig. 3B), in contrast to the low levels in rat T
cells. Neither hCycT1 nor hCRM 1 expression significantly
affected luciferase expression driven by the HIV LTR (Fig.
3C). We also detected a greater than 10 fold enhancement
of extracellular and intracellular p24 production in the
presence of untagged hCRM1 (Fig. 3C), but not rCRM1
(data not shown). When hCycT1 and hCRM1 were co-
expressed, they synergistically augmented p24 production
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Figure 2
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Effect of hCycT1 and hCRMI expression in rat T cell lines (part 2). (A) FPMI and (B) C58(NT)D cells were electro-
porated, as above, with the exception that 0.4 pg pHI-Luc and 0.2 ug pCDMp-gal were used instead of pMax-GFP. LTR activity
and transfection efficiency were measured by luciferase and f-gal assays using cell lysates. The luciferase/B-gal activity or the
amount of p24 was calculated, and the value of the mock sample was normalized to |. Values are means of triplicate samples
and the SD was calculated. The amount of p24 in the FPM| and C58(NT)D samples containing hCycTI/hCRMI was 3.7 and 2.8
ng, respectively. (C) FPMI celis continuously expressing hCycT | and hCRMI were electroporated with 4 ug pNL4-3 and | pg
pMaxGFP. The percentage of living cells was approximately 10%, and 50% of the living cells were GFP*. The amount of p24 in
the FPMIhCT/hCRMI sample was 6.0 ng. Approximately 10 pg of each cell lysate were subjected to Western blotting.
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Figure 3

Synergistic effect of hCycT1 and hCRMI in rat macro-
phage cell lines. (A) NR8383 cells were electroporated as
described in Fig. |B. The percentage of living cells was approx-
imately 20—40%, and approximately 75% of the living cells
were GFP*. The amount of p24 in the sample containing
hCRMI-HA was 196 pg. Approximately 50 pg samples of the
cell lysates were subjected to Western blotting as described in
the Methods. (B) NR8383 cell lines were electroporated as
described in Fig. | A. The percentage of living cells was approx-
imately 15%, and approximately 60% of the living cells were
GFP*. The amount of p24 in the sample containing hCRMI -
HA/hCycT | was 56 pg. (C) NR8383 cell lines were electropo-
rated with 2 ng pApol, 0.4 pg pHI-Luc and 0.2 ug pCDMB-gal
along with or without | pg pphCycT| and 0.5 g pSRahCRM.
pSRa296 was added to adjust the total amount of the plas-
mids. The amounts of p24 in the cell lysate and medium of the
sample containing hCRMI/hCycT1 were 488 and 96 pg,
respectively. Values are means of triplicate samples.

by greater than 20-50 fold in NR8383 cells (Fig. 3B and
3C). The amount of extracellular p24 increased more than
intracellular p24, as seen in T cells, suggesting that the
increase in Gag expression facilitated more efficient
release of viral particles. These results clearly indicate that
hCRM1 augments p24 production in rat macrophages
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Infectivity of HIV-1 produced in rat and human cells.
The medium [containing 50 or 500 pg of p24] from the vari-
ous cell types electroporated with infectious clones was used
to infect TZM-bl cells, and luciferase activity in the TZM-bl
cells infected with various progeny viruses was normalized to
that in cells infected with HIV-1 released from Jurkat cells.
The relative infectivity of HIV-1 from Jurkat cells was normal-
ized to |. N.D: not determined.

more efficiently than hCycT1, in contrast to the effects of
the two proteins in rat T cell lines.

Infectivity of HIV-1 produced by rat cells

To investigate whether HIV-1 produced by rat cells is infec-
tious, we electroporated infectious HIV-1 molecular clones
into rat and human cells and evaluated the infectivity of the
progeny viruses using the indicator TZM-bl cells, which
express luciferase upon HIV infection [26]. Luciferase activity
versus inoculated p24 was used as a surrogate marker of
infectivity. Interestingly, R5 viruses produced in rat T cells,
including the JR-CSF [27], YU-2 [28], and NL-AD8 [29]
strains, were equally infectious compared to those produced
by human T cells, whereas rat T cell-derived x4 and dual
tropic viruses such as N14-3 {30], LAI-2 [31], and 89.6 [32]
varied in their infectivity. In contrast, both R5 and x4 viruses
produced in the macrophage cell line exhibited infectivities
comparable to those from human cells (Fig. 4).

Characterization of hCycT| and hCRMI Tg rats

To examine the role of hCycT'1 in primary cells, we con-
structed transgenic (Tg) rats that express hCycT1. Since the
regulation of cyclinT1 gene expression is complex {33}, a
BAC harboring the entire human cyclinT1 gene, which is
assumed to contain all the regulatory sequences, was
microinjected into fertilized rat eggs. To confirm the
expression of hCycT1 in the Tg rats, cells isolated from
both thymus and spleen were analyzed by Western blot-
ting using anti-hCycT1. Thymocytes, but not splenocytes,
of Tg rats expressed hCycT1 (Fig. 5A). Since hCycT1 is
expressed during the activation of human lymphocytes
[33], we stimulated the splenocytes with anti-CD3 and
anti-CD28. Expression of hCycT1 was detected within 1
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Characterization of hCycT1 and hCRMI Tg rats. (A)
The expression of hCycT | in spleen- and thymus-derived cells
from WT or hCycT1 Tg rats was confirmed by Western blot-
ting using anti-hCycT . (B) T cells derived from the spleen of
WT or hCycT1 Tg rats were stimulated with anti-rat-CD3 and
anti-rat-CD?28. Cells were collected at the indicated times and
subjected to Western blotting using anti-hCycT1. (C) The
expression of hCycT1 and hCRMI in spleen- and thymus-
derived cells (C), total T and CD4*CD8" T cells (D), and mac-
rophages (E) in WT or Tg rats was confirmed by Western
blotting using anti-hCycT | and anti-hCRMI. T cells derived
from the spleen of WT or hCycT! Tg rats were stimulated
with anti-rat-CD3 and anti-rat-CD?28.

day and peaked 2 days after stimulation (Fig. 5B). Interest-
ingly, rat splenocytes stimulated with phytohemaglutinin
(PHA) and IL-2 did not express hCyCT1 (data not
shown).

Expression of hCRM1 in Tg rats was also examined, using
a previously established Tg rat [34]. hCRM1 was expressed
in both thymocytes and splenocytes activated with anti-

hitp://iwww.retrovirology.com/content/6/1/43

CD3/CD28 (Fig. 5C). hCRM1 was not expressed in
unstimulated splenocytes (data not shown), consistent
with hCRM1 expression in human PBMC [34]. We further
characterized total T cells and CD4+CD8-T cells prepared
from double Tg rats in comparison to rat total T cells and
human CD4+CD8- T cells 2 days after stimulation. Both
hCycT1 and hCRM1 were expressed in activated
CD4+CD8- T cells prepared from the Tg rat, similar to
human CD4+CD8-T cells (Fig. 5C and 5D). Both hCycT1
and hCRM1 were expressed in rat peritoneal macrophages
at levels equivalent to expression in human monocyte-
derived macrophages (MDMs) (Fig. 5E).

Ex vivo p24 production in T cells derived from hCycTI/
CRMI Tg rats

To investigate the effects of hCycT1 and hCRM1 on p24
production in primary T cells, we prepared T cells from
splenocytes of wild-type (WT) and Tg rats and stimulated
them with anti-CD3/CD28. As a control, isolated human
PBLs were activated. In these experiments we used pCRRE
[35], which harbors an HIV-1 genome with a deletion in
the region from pol to vpr, instead of pApol [24], since
introducing either pApol or the full-sized HIV-1 genome
into the primary T cells by any method, including electro-
poration or VSV-G coated virus, had limited success.

T cells derived from hCycT1 Tg rats produced approxi-
mately 10-15 fold more p24 than WT T cells. In T cells
derived from hCRM1 Tg rats, p24 production increased
approximately 3 fold over WT cells. T cells-derived from
hCycT1/CRM1 doubly Tg rats produced p24 at levels 24—
40 fold greater than WT, and this level was ~40% of that
produced by hPBLs (Fig. 6A). We further examined p24
production by CD4+CD8-T cells prepared from double Tg
rats in comparison to WT rat and human cells. CD4+*CD8-
T cells prepared from double Tg rats produced p24 in the
medium approximately 180 fold more efficiently than WT
rat cells; this level was ~11% of the amount of p24 pro-
duced by human CD4+CD8-T cells (Fig. 6C). These results
indicate that the synergistic effects of hCycT1 and hCRM1
promoted the production of p24 in rat primary T cells ex
vivo.

When intracellular p24 was evaluated by ELISA, increases
of approximately 7 and 17 fold were observed in total T
and CD4+CD8-T cells, respectively (Fig. 6B and 6D}, con-
siderably less than the amount of extracellular p24
described above. The ratio of extracellular p24 to intracel-
lular p24 increased gradually as p24 production
increased, suggesting a more efficient virus release from
the double Tg rat T cells compared to WT rat T cells.

Ex vivo p24 production in peritoneal macrophages derived
from hCycTI/ICRMI Tg rats

To investigate HIV-1 propagation in macrophages derived
from Tg rats, we prepared CD11b*ED2* peritoneal macro-
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Figure 6
Quantification of p24 production in the total T cell fraction and CD4*CD8- T cell fraction derived from

hCycTI/CRMI Tg rats. Stimulated spleen-derived T cells from WT or Tg rats and hPBL were electroporated with 4 g
PCRRE and | pg pMax-GFP, and p24 production in the supernatants (A) and cell lysates (B) was measured by ELISA (left
panel). The percentage of living cells was 30—40%, and 28-40% of the living cells were GFP*, The right panels represent the fold
activation of Tg versus WT rats. Stimulated CD4*CD8- T cells derived from WT, hCycTI/CRMI Tg rats, and human blood
were electroporated, as above, and p24 production in the supernatants (C) and cell lysates (D) was measured. The percentage
of living cells was ~10%, and 30-40% of the living cells were GFP*. Values are the means of duplicate samples.
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Figure 7

Quantification of p24 production in rat peritoneal
macrophages. (A) Rat peritoneal macrophages or human
MDMs were infected with VSV-G pseudotyped NL4-3 virus.
The amount of p24 in the medium was then measured by
ELISA. (B) The infected cells were harvested 12 days after
infection and intracellular p24 levels were evaluated. (C) The
ratio of the amount of extracellular to intracellular p24 was
calculated. (D) Infectivity of viruses present in the medium 5
days after infection was measured using TZM-bi cells.
NLADS-EGFP was used to infect 5 x 105 macrophages from
double Tg rats or human PBL, and the medium was recov-
ered 5 days after infection. Values are the means of triplicate
samples.

phages and subsequently infected the cells using HIV-1
pseudotyped with VSV G protein. Although WT peritoneal
macrophages produced a considerable amount of HIV-1
progeny virus in the absence of hCRM1 and hCycT1
expression, macrophages derived from hCycT1/CRM1
doubly Tg rats produced 6 fold higher levels of p24 at their
peak (Fig. 7A). This level corresponds to 20% of the
amount of p24 produced by human MDMs (data not
shown). Macrophages from hCRM1 Tg rats supported a
several fold increase in p24 production, but hCycT1
expression had a smaller effect. Macrophages treated with
PMPA, a reverse transcriptase inhibitor, did not produce
significant amounts of p24, confirming that the p24
measured represents production of progeny viruses and

http://www.retrovirology.com/content/6/1/43

not inoculum. The amount of intracellular p24 also
increased to some extent in the Tg rats, but to a lesser
extent than p24 levels in the medium (Fig. 7B). Approxi-
mately 67% of the p24 synthesized in the doubly Tg cells
was released into the medium and the ratio of extracellu-
lar p24 to intracellular p24 increased as viral production
increased (Fig. 7C).

The infectivity of the viruses, which were harvested 5 days
post infection, was evaluated using TZM-bl cells. Figure
7D shows that both R5 and x4 viruses produced from rat
macrophages retained infectivity levels similar to those
from human PBLs and MDMs.

Discussion

In the present study, we demonstrated the effects of
hCycT1 and hCRM1 on augmentation of HIV-1 Gag pro-
duction in both established and primary rat T cells and
macrophages. hCyc¢T1 enhanced p24 production pro-
foundly in rat T cells, suggesting that hCycT1 is an essen-
tial gene that should be included in the construction of a
rat model of HIV-1 infection. Although our results are in
contrast to the previous reports of only a 2-5 fold increase
in early gene expression in rat primary T cells and epithe-
lial cells expressing hCycT1 [7,10,16,17], the overall
effects stemmed from the increased HIV-1 pre-mRNA in
response to hCycT1 expression included an increase in
Tat/Rev proteins and enhanced efficiency of p24 release
from T cells. This may explain the remarkable enhance-
ment of p24 levels in the extracellular milieu. Our results
support and extend the effect of hCycT1 expressed in rat
primary T cells originally described by Michel etal [17].In
contrast, hCycT'1 expression in macrophages had only a
minor effect on p24 production. Since the level of LTR-
driven luciferase activity in NR8383 cells in the absence of
hCycT1 was similar to Molt4 cells {(data not shown), the
high basal activity of LTR-driven gene expression may
explain the diminished effect of hCycT1 expression. These
data are consistent with the relatively high HIV-1 LTR
activity in primary macrophages [7,16,17]. Since rCycT1,
like mCycT1, has a tyrosine at residue 261 in place of the
hCycT1 cysteine [7], which is crucial for binding to the
TAR element, rCycT1 itself may not be functional in LTR-
driven expression. Instead, rat epithelial cells and macro-
phages may support transcription in a Tat independent
manner. Alternatively, other factors in these cells may
cooperate with rCycT1 for efficient LTR-driven expression.

The expression of hCRM1 in the rat macrophage line
NR8383 profoundly augmented the production of p24,
suggesting that Rev function is impaired and that inclu-
sion of the hCRM1 gene in construction of a rat model for
HIV-1 infection should be considered. Moreover, the pro-
found effects of hCRM1 expression have been observed in
several rat epithelial cell lines (data not shown); rCRM1
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may support Rev function less efficiently. However, the
effect of hCRM1 was not as great in T cell lines, primary T
cells, or macrophages, compared to the macrophage cell
line. These observations suggest that CRM1 function may
be affected by factors involved in the formation of gag
mRNA, such as the cell type-specific efficiency of splicing.

In mouse cells, defects in HIV particle formation and
release have been reported [11] due to incorrect transport
of gag mRNA from the nucleus to the cytoplasm [36]. The
release of viral particles from both primary rat T cells and
macrophages was inefficient when p24 production was
low. However, when p24 production was enhanced by
expression of hCycT1 in T cells or hCRM1/hCycT1 in mac-
rophages, p24 was released more efficiently. These results
suggest that the intracellular concentration of Gag protein
is critical for efficient virus formation. However, rat teth-
erin, which is resistant to Vpu-induced degradation, may
reduce the release of viral particles, although this effect
was demonstrated using tetherin overexpression [37].
Since we observed that the efficiency of viral release was
variable under different conditions (compare panels of
Fig. 6), the inhibitory effect of rat tetherin may be an
important subject for future study.

Both R5 and x4 viruses produced from rat macrophages
are as infectious as those produced by human macro-
phages, consistent with the report of Keppler et al. [8]. In
contrast, x4 and dual-tropic viruses that were produced in
rat T cells had varying infectivities, although several R5
strains produced in rat T cells were as infectious as human
T cell-produced viruses. These differences in infectivity
may be ascribed to the envelope because the AD8 strain
was constructed by substituting M-tropic env for the coun-
terpart env fragment in pNL4-3 [29]. Investigating the
causes of these differences in infectivity will enable us to
make a rat model that allows for propagation of various
strains of HIV-1.

The efficiency of the early steps of infection, including
reverse transcription, nuclear import, and integration in
macrophages and T cells of Sprague-Dawley rats is compa-
rable to human cells, in contrast to the low rate of integra-
tion in mouse T cells [8,16,38]. We have also efficiently
infected rat macrophages using VSV-G-coated viruses.
However, the very low rate of infection of primary T cells
from the rat F344 strain used in this study has hampered
our detailed analysis, and suggested that inhibitory factors
affecting viral penetration, similar to monkey Trim5a
[39], may be present. Further studies on the mode of HIV
infection in each rat strain will be required.

Conclusion
Expression of both hCycT1 and hCRM1 synergistically
enhanced p24 production in rat T cells and macrophages

hitp://www.retrovirology.com/content/6/1/43

to levels approximately 10-40% of those detected in
human cells. R5 viruses produced in the rat cells were
infectious. Moreover, the efficiency of the early steps of
HIV-1 infection in some rat cells has been reported to be
comparable to human cells [8,16]. Collectively, these
results suggest that rats that express human CD4, CCR5,
CycT1, and CRM1 may provide the basis for a good model
system that supports multiple cycles of HIV-1 infection.
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Recent findings established that primary targets of HIV/SIV are lymphoid cells within the gastrointestinal
(GI) tract. Focus has therefore shifted to T-cells expressing oup; integrin which facilitates trafficking to
the GI tract via binding to MAdCAM-1. Approaches to better understand the role of op;+ T-cells in
HIV/SIV pathogenesis include their depletion or blockade of their synthesis, binding and/or homing capa-
bilities in vivo. Such studies can ideally be conducted in rhesus macaques (RM), the non-human primate
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T-cells recombinant rhesus ouB; antibody resulted in significant initial decline of auf;+ lymphocytes and
Rhesus macaque sustained coating of the oyf5 receptor in both the periphery and GI tissues.
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Alphadbeta7 integrin

1. Intreduction

It is now established that the gut-associated lymphoid tissue
(GALT) is the major initial target of pathology during acute infection
of humans with HIV-1 or rhesus macaques (RM) with SIV [1-9].
During this period of primary infection, a significant frequency of
CD4+ memory T-cells, which are CCR5+ and already in a state of
activation due in part to exposure and response to intestinal flora,
serve as prime targets for the virus leading to their infection and
subsequent depletion via direct cytopathic effects and/or indirect
mechanisms of apoptosis. The degree of impact of this major local-
ized effect has been hypothesized to significantly influence the
course of disease and has therefore led to a more detailed study
of the mechanisms associated with T-cells that migrate and/or re-
side within the gastrointestinal tract. The intestinal homing recep-
tors CCR9 and ayp; play one of the central roles in promoting the
migration of lymphocytes into intestinal mucosal tissue via binding
to CCL25 and mucosal addressin cell adhesion molecule-1 (MAd-
CAM), respectively [10~15]. The oup5 cell surface receptor has re-

* Supported by NIH RO1 Al 078773-01, NOI Al 040101, R24 RR016001, grants
from the Thailand Research Fund and the Ministry of Health, Labor and Welfare,
Japan.

* Corresponding author.

E-mail address: pathaaa@emory.edu (A.A. Ansari).

0008-8749/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016{j.cellimm.2009.06.012

ceived much attention particularly in light of a recent study by
Arthos et al. which demonstrated that the HIV-1 envelope protein
gp120 binds to an active form of o4p; on CD4+ T-cells and initiates
LFA-1 activation that facilitates formation of a viral synapse leading
to celi-to cell spreading further facilitating viral infection [ 16]. Thus,
the ability of the host to defend itself against lentiviral infection is
likely to depend on the nature (such as phenotype and frequency) of
these gut-homing lymphocytes, For instance, gut-homing virus-
specific NK cells and CD8+ CTLs may contribute to the containment
of HIV/SIV viral replication while gut-homing CD4+ T-cells besides
their expected T helper cell activity may simply provide additional
targets for the virus and sustain its replication. A detailed under-
standing of the immune responses in mucosal sites particularly
during early stages of infection is therefore critical and because
there is increasing evidence to support a significant contributing
role for asf,+ cells in HIV pathogenesis, it is important to fully
understand the part played by these cells in early viral infection
and subsequent disease progression, One approach that can be ta-
ken to accomplish this aim is by conducting in vivo studies that uti-
lize an anti-ol4B; monoclonal antibody to either block a4f; receptor
and trafficking or to deplete oB+ cells prior to or during acute viral
infection. This can best be studied in RM recognized to be the opti-
mal non-human primate model for the study of AIDS. When
infected with SIV, this species exhibits CD4+ T-cell depletion,
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chronic immune activation, immune exhaustion and disease
remarkably similar to HIV infection in humans [17-24]. Further-
more, the GI pathology observed in acutely HIV-infected patients
is similar to the pathology exhibited by SIV-infected RM [3,7-
9,25]. However, while the expression of oy8; on major cell lineages
in humans has been documented, there is a paucity of data with re-
gards to ouP;-expressing cells and the effect of SIV infection on this
gut-homing marker in RM. In humans, flow cytometry utilizing Act
1, a murine monoclonal antibody specific for human o8, integrin
(henceforth referred to as murine oup; mAb), showed expression
of both low and high density ogB; (ctsB7'°" and asB;"2") on adult
T-cells and B-cells while NK cells, eosinophils, and neonatal T-
and B-cells exhibited a o,B,'°% pattern of expression [10,12,26].
Furthermore, while o4B,'°% was expressed by naive T- and B-
cells, oyB,"&" was observed on memory T- and B-cells. Cell subsets
with an ouB; =" phenotype are believed to express this receptor in
an active form and are thought to be those that preferentially mi-
grate to and following binding to their cognate MAdCAM ligand, re-
side within the GI tract. Several studies primarily conducted
utilizing murine models have shown that the induction of o8;"#"
expression on T-cells is attributed to retinoic acid (RA), which is a
vitamin A metabolite catabolized specifically by either mucosal
dendritic and/or stromal cells {11,15,27-32].

Thus, it was reasoned that baseline studies on the cell lineages
that express oL in tissues from RM would be a pre-requisite prior
to pursuing in vivo osps+ cell-depleting and/or blocking studies in
SiV-infected macaques. The purpose of the current study was there-
fore twofold; first, to characterize and compare oy, expression lev-
els on the major cell lineages involved in innate and adaptive
immunity from healthy uninfected RM by multi-parameter flow
cytometry and to evaluate the in vitro and in vivo effects of RA
and SIV infection, respectively, on a4p; induction and/or mobiliza-
tion of oyf+ lymphocyte subsets. Second, after acquiring a sound
understanding of these factors, to conduct a preliminary safety
and efficacy study of the in vivo administration of a monoclonal rhe-
sus ofl,+ antibody in RM, The results of our studies show a differ-
ential pattern of o,p; expression among the major cell lineages and
their subsets which is similar to what has been reported for human
lymphocytes. In vitro incubation with RA was also found to signifi-
cantly induce ousB, expression on activated T-cells. Furthermore,
while significant decreases in the frequency of a,8;+ lymphocytes
were noted in rectal biopsy tissues, no significant changes in the
frequency of a4B,+ cells were noted in the periphery of chronically
SiV-infected RM. Of interest was the finding that there was a rapid
disappearance of select subsets of o,f,+ NK and o,f,+ CD4+ T-cells
in the periphery during the acute infection period. Finally, a preli-
minary study was conducted to define the potential in vive deple-
tion and/or blocking activity of a novel ouf; monoclonal antibody
(modified to create a less immunogenic rhesus recombinant con-
struct Rh-o4B;) which was administered intravenously as a single
bolus dose to healthy RM. The infusion of a single dose (50 mg/
kg) of Rh-ot4f; mAb was found to be non-toxic and lead to an initial
significant decline followed by a failure to detect (up to 5 weeks)
asp7+ lymphocytes in both peripheral and GI compartments. Col-
lectively these data provides the foundation for in vitro and
in vivo manipulation of o,p;+ lymphocytes for potential mechanis-
tic-based experiments in SIV-infected animals. The implications of
these current findings for future studies are discussed.

2. Materials and methods
2.1. Animals
Healthy uninfected and SIV-infected RM were housed at the

Yerkes National Primate Research Center (YNPRC) of Emory Uni-
versity. Their housing, care, diet and maintenance was in confor-

mance to the guidelines of the Committee on the Care and Use of
Laboratory Animals of the Institute of Laboratory Animal Re-
sources, National Research Council and the Health and Human Ser-
vices guidelines “Guide for the Care and Use of Laboratory
Animals.” The RM involved in the cross-sectional and longitudinal
study were infected intravenously with 200 TCID50 of SIVmac239.
All uninfected and SIV-infected RM used in the study were male
and age matched adults.

2.2. Specimen collection and blood processing

Peripheral blood mononuclear cells (PBMC) were isolated by
standard Ficoll-Hypaque gradient centrifugation from heparinized
whole blood. This procedure in addition to those for specimen col-
lection of and lymphocyte isolation from colon, jejunum tissues,
rectal biopsies and bronchial alveolar lavage (BAL) were performed
as described previously [33-35].

2.3. Viral load determination

Plasma viral [oads were determined using a competitive reverse
transcriptase polymerase chain reaction assay by the Virology Core
Lab supported by the Emory University CFAR. To determine if the
o4 subset of CD4+ T-cells were preferentially infected with SIV,
PBMC were isolated from the peripheral blood of 6 SIV-infected
rhesus macaques during the chronic stage of infection. All monkeys
were asymptomatic at the time of blood sampling. We selected
three monkeys that had high (>100,000 copies/ml) and three mon-
keys that had low plasma viral loads (<10,000 viral copies/ml) to
determine the potential role of plasma viral load on cellular viral
loads in the CD4+ T-cell subsets. CD4+ T-cells were first enriched
by depleting all cell lineages except CD4+ T-cells using a cocktail
of monoclonal antibodies. This was followed by incubating the
remaining enriched population of CD4+ T-cells with murine c,p;
mAb at 5 pg/ml per million cells at 4 °C for 30 min. The cells were
then washed and resuspended in PBS and incubated with anti-
mouse Ig conjugated immuno-beads following concentrations as
recommended by the commercial vendor. The enriched population
of CD4+ ap,+ and the remaining CD4+ osB;— cells were then used
to determine the levels of SIV. An aliquot of the CD4+ wyp,— iso-
lated population was subjected to flow cytometric analysis to
determine degree of purity and found to contain >92% CD4+ and
<0.01% oP,+ cells. RNA was isolated from two million cells from
each of the subsets from each of the monkeys using GuHCl/Protein-
ase K viral lysis solution and guanidium thiocyanate carrier solu-
tion. Viral RNA was eluted in 20 ul RNAse free water and stored
at —80 °C until use, Viral RNA from all the samples was then indi-
vidually reverse transcribed using enhanced avian RT first strand
synthesis kit and RNAse free oligoprimers (SIVgagrt). Level of viral
copies were quantified in each of the cDNA sample using real time
PCR using SYBR greenER for iCycler kit and the following RNAse
free primer pairs:

SIV gagrt F: TTA TGG TGT ACC AGC TTG GAG GAA TGC

SIV gagrt R: CCA AAC CAA GTA GAA GTC TGT GTC TGT TCC ATC

The sensitivity of the assay was determined to be 10 viral cop-
ies/ml.

2.4. Flow cytometry

Multipie clones of monoclonal antibodies with specificity for
human CD3, CD8alpha, CD8beta, CD95, CD28, alpha4 integrin
(CD49d), beta7 integrin, CD16, CD14, CD20, CD56, and NKG2A,
were first screened to identify those that provided optimal cross-
reactivity for the identification of various T-cell, B-cell and NK cell
lineages and subsets of cells from RM as described previously [33-
35]. Our in-house purified and biotinylated murine oyB; mAb was
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incubated with cells for 15 min followed by 10 min staining with
PE-Cy7 or APC conjugated streptavidin for the determination of
the frequency and absolute numbers of o4+ lymphocytes.
Stained cells fixed with 1% paraformaldehyde were analyzed on
either a FACS Calibur or a LSRIH flow cytometer (BD Biosciences,
San Jose CA). Flow cytometric acquisition and analysis of samples
as well as the gating strategy for identifying total NK cells and its
subsets, the CD4+ and CD8+ T-cells subsets in lymphoid cells from
rhesus macaques has been described previously [33,34].

2.5. In vitro effects of Retinoic acid (RA) on o4pexpression

PBMC or isolated CD4+ T-cells purified by magnetic beads (Dy-
nal Invitrogen) were cultured in RPMI 1640 media containing anti-
biotics and 10% fetal calf serum (heretofore referred to as media).
Aliquots of such cells were cultured in media containing anti-
CD3/CD28 antibody-conjugated magnetic beads [35] andfor 50 U
IL-2 for 5days at 37°C, 5% CO, in the presence or absence of
10 nM all-trans RA (Sigma-Aldrich). The cells were then washed
and analyzed for the frequency and relative density of ouf;+
expression by standard flow cytometry using the FACS Calibur
system.

2.6. Generation and production of rhesus recombinant o8,
monoclonal antibody (Rh-a48; mAb)

Immunoglobulin heavy and light chain variable regions were
synthesized as minigenes comprising complementarity determin-
ing regions of murine o,B; mAb [26], and human heavy and light
chain variable region framework sequences. Synthesized variable
region minigenes were subcloned into expression vectors contain-
ing rhesus IgG1 heavy chain or rhesus kappa light chain constant
region sequences.

For large scale production of recombinant antibody, recombi-
nant heavy and light chain vectors were packaged in retroviral vec-
tors and used to infect CHO cells using the GPEx® expression
technology (Catalent Pharma Solutions, Middleton, WI). A pool of
transduced cells was grown in serum free medium and secreted
antibody purified by protein A affinity chromatography. The puri-
fied Rh-o487; mAb was placed in phosphate buffer, pH 6.5, and con-
firmed to contain <1 EU/mg of antibody.

2.7. Characterization of recombinant Rh-a4f7 mAb

Specificity of Rh-o4p; was confirmed by cross-blocking experi-
ments, Briefly, oB;+ expressing Hut 78 cells were incubated with
varying concentrations of Act I or a control mouse antibody. After
washing, cells were stained with the recombinant Rh-os$; conju-
gated to the fluorophore APC. Affinity of recombinant Rh-ouB;
was compared to the murine oyp; mAb by incubating serial dilu-
tions of both antibodies with a fixed number of Hut 78 cells and
measuring antibody concentration before and after incubation.
The affinity constant (K4) for each antibody was calculated as pre-
viously described [36). Similar cross-blocking experiments were
performed on PBMC isolated from uninfected RM.

2.8. Detection of cell bound Rh-a4p7 following in vivo treatment of RM

Aliquots of PBMC and intra-epithelial lymphocytes isolated
from heparinized blood and rectal biopsy samples, respectively,
were stained with the biotinylated murine o4f; mAb followed by
streptavidin PE-Cy7 to determine if the murine o,B; mAb binding
was blocked by the Rh-oL4f; mAD in vivo. To determine if decreases
in [evels of ayB,+ lymphocytes as detected by the murine oy, mAb
were due to depletion or blocking, an aliquot of the same cells were
also stained with anti-o, integrin-PE or anti-8, integrin-APC which

recognize epitopes distinct from the murine oyf; and Rh-oy,pB;
mAbs. Since oy integrin-PE+ lymphocytes also include o+ lym-
phocyte populations, the data shown herein includes staining with
B; integrin-APC only, since cells bound by this Ab would most
likely represent the same population detected by the murine
o4f7 and the Rh-o,48; mAbs.

2.9. Measurement of plasma levels of Rh-o487

Levels of rhesus recombinant Rh-o4f; antibody in monkey plas-
ma were measured using the oyp;+ expressing CD8+ human T-cell
line, HUT 78 in a flow cytometry-based assay. Plasma obtained
from each monkey before and after Rh-oisf; mAb administration
was serially diluted in PBS/2% FBS and incubated with 10° HuT
78 cells for 30 min. Cells were then washed twice with PBS and
incubated for 30 min with polyclonal goat anti-human IgG-PE
(Jackson ImmunoResearch, West Grove, PA) that had been shown
to cross react with rhesus IgG. Cells were washed twice with PBS
and fixed with PBS/2% formalin. Stained cells were analyzed on a
FACS Calibur flow cytometer for PE fluorescence. The mean channel
fluorescence intensity (MFI) of cells stained with monkey serum
was compared to MFI of cells stained with known concentrations
of the Rh-o48,; mAb. Whenever possible, the mean of two measure-
ments made at different serum dilutions was used. The sensitivity
of this assay was <4 pg/ml.

2.10. Statistical analysis

Data are represented as means + standard deviation (SD) and
were analyzed by using the two-tailed Student’s t test. A P value
of <0.05 was considered to be statistically significant.

3. Results
3.1. Characterization of oyf7 expression in cell lineages from RM

Previous characterization of of; on human leukocytes using
the murine Act1 mAb has shown this mAb to specifically recognize
the o7 heterodimer [10,26]. These studies showed that while T-
cells and B-cells express both o,f,°" and o,B,"#" populations,
NK cells exhibited a predominantly o,p,'®” phenotype. Previous
studies have also examined the induction of o,p; expression on
SIV-specific CD8+ T-cells in RM [37,38], but to date, a comprehen-
sive analysis of profiles of op;-expressing cell lineages and their
subsets from RM has been lacking. Our laboratory therefore set
out to first characterize oyB; expression profiles on T-cell and its
subsets, B-cells and NK cell subsets isolated from healthy unin-
fected RM, Using multi-parameter flow cytometry, the biotinylated
murine o4f; mAb was tested for reactivity along with a panel of
mAb reagents that have previously been shown by several labs
including ours to be optimal for the identification of the aforemen-
tioned cell populations in the PBMC samples from 9 uninfected RM.,
It should be noted that high and low densities of oB,+ expression
were more discernable on the FACS Calibur flow cytometer while
an overlay of histograms was necessary to better identify these
two sub-populations on the LSRI flow cytometer. This is likely
due to basic system differences between these two flow cytometry
instruments such as laser voltages or compensation settings, but it
is important to note that the frequencies of oyp,+ lymphocytes ac-
quired by the two flow cytometers was still similar, if not identical.
As shown by the representative FACS profiles in Fig. 1A, the analy-
sis of NK cells (defined as CD3—-CD8+CD14—CD20-NKG2A+) and
their subsets based on CD16 and CD56 expression [34] revealed
that, in agreement with the previous characterization of human
NK cells, >50% total RM NK cells generally expressed low mean
densities of o,B, with the majority of ap,+ cells being the cyto-
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Fig. 1. Representative LSR Il facilitated flow cytometric profiles of o4B; expression on total and subset populations of {A) NK cells, (B) B-cells and (C) T-cell lineages in PBMC
from 9 healthy uninfected RM. For detection of auB;+ cells, PBMC from 9 RM were surface stained with biotinylated murine oB; mAb followed by secondary staining with
streptavidin PE-Cy7. Shown is representative data (n =9 RM) with gating indicating o,B,+ populations in comparisen to background levels. To better indicate o,B;' and
a4B;"#" densities, (C) also includes an overlay of ouf;+ naive, 47+ TCM and o+ TEM for CD4+ and CD8+ T-cells.

kine-producing CD16+/CD56+ and the cytolytic CD16+CD56— NK
cell subsets (Table 1). Low relative densities of a4B; expression
were also observed on the CD16—-CD56- NK cell subset in RM. In
contrast to what has been reported for human B-cells, op; expres-
sion on the majority of B-cells (Fig. 1B, Table 1) in RM was found to
be a,B,'°%. With regard to T-cells, greater than 35% of both CD4+
and CD8+ T-cells from healthy uninfected RM were found to
express of; with CD4+ T-cells exhibiting both o,8,'°% and oy, MM
phenotypes (Fig. 1C). Further gating based on CD28 and CD95
expression to distinguish naive (CD28+CD95-), TCM (CD28+
CD95+) and TEM (CD28 -CD95+) subsets in the periphery revealed
that while there was clearly a discrete sub-population of oB;Me"
expressing CD4+ TCM cells, the naive and TEM CD4+ T-cells were
0B All three (naive, TCM and TEM) CD8+ T-cell subsets
appeared to exhibit a o,;'°% phenotype (Fig. 1C). The average fre-
quencies of asp,+ cells for each cell lineage and its subsets in the
periphery of uninfected RM are summarized in Table 1, The exam-
ination of ouB; expression in intra-epithelial lymphaocytes isolated

from jejunum, colon and rectal tissue samples from two healthy
uninfected RM (Fig. 2, representative data) revealed a predomi-
nantly o,p;'®" phenotype on CD4+ T-cells, with the exception of
CD4+ memory cells, which expressed heterogeneous levels of
oB;"E" and were higher in frequency in the cells from the colon
and rectum as compared with jejunum biopsies, CD8+ T-cells and
its subsets from these tissue samples exhibited a predominantly
of,'°" phenotype (not shown).

The expression of a,B,"#" on CD4+ memory T-cells has been de-
scribed before and more recent studies have demonstrated that the
frequency of CD4+ T-cells that express o,p;"#" can be significantly
increased in vitro via activation in the presence of retinoic acid
[27,29,31], which is a vitamin A metabolite believed to be respon-
sible for promoting the gut-homing of [ymphocytes in vivo. In or-
der to determine if this held true for RM T-cells, purified CD4+ T-
cells were cultured in vitro with low levels of IL-2 and/or activated
with anti-CD3/CD28 Ab-conjugated magnetic beads in the pres-
ence or absence of all-trans RA. As shown in Fig. 3A and B, flow
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Frequency (Mean + SD) of o4 8,+ cells in major cell lineages and their subsets’ in PBMC
isolated from healthy uninfected RM (n=9).

Cell sub-population

Frequency of a4B,+ lymphocytes
detected using murine o8, mADb

(D3+CD4+ T-cells 519%15

Na - 66.7+20.9
™ 316262

TEM 189%6.7

CD3+CD8+ T-cells 60.6+16.8
Na 83.1:134
™ 344+126
TEM 44.8+15.2
(D3-CD20+ B-cells 485128
CD3-CD8+ NKG2A+ NK cells 68.2+14.38
(D16-CD56+ 68.7%£17.6
CD16+CD56— 774+ 19.6
(D16—-CD56— 47.0£29.8
(D16+C(D36+ 73.2+98

° RM lymphocytes were gated for the specific population (such as gated on
CD3+(D4+ T-cells) for analysis of the frequency of oup,+ cells within each sub-
population.

cytometric analysis on the FACS Calibur revealed that when com-
pared to resting CD4+ T-cells, the effect of RA on o4f; expression
was minimally enhanced when CD4+ T-cells were cultured with
only IL-2. However, a dramatic increase (~4-fold) in the frequency
of o,p,"#" CD4+ T-cells was observed when these lymphocytes
were activated in the presence of RA for 5 days. The induction of
o4p7 on CD8+ T-cells following incubation with RA was also exam-
ined but was not found to be significant, with activated cells exhib-
iting a less than twofold increase in the frequency of op,"&" CD8+
T-cells in the presence of RA for 5 days (data not shown). Thus,
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these data collectively demonstrate that o,B,; expression on RM
lymphocytes can be readily identified and results largely reflect
ouP; expression patterns similar to those noted for human lym-
phocytes. Furthermore, RA can be utilized successfully to manipu-
late and upregulate and potentially prepare large numbers of auf;+
expressing CD4+ T for autologous therapeutic transfusion studies.

3.2. In vivo administration of Rh-o,B; mAb results in a significant
decline in the level of a4+ lymphocytes in the periphery and GI
tissues

The findings that the murine o, mAb effectively cross-reacts
with o,f;+ lymphocytes from RM prompted us to determine
whether o,p,-expressing lymphocytes could be targeted in vivo.
In order to minimize the immunogenicity of the murine o4,
mAb in vivo, a rhesus recombinant IgG1 antibody was generated
as noted in Section 2, The recombinant Rh-oiyf; mAb was then con-
firmed by flow cytometry to exhibit specificity that was similar to
murine o4p; mAb. The human oyp;-expressing cell line, Hut 78,
was used to characterize Rh-oyf; mAb. The Rh-oup; mAb bound
to Hut 78 cells and could be completely cross-blocked by the
pre-incubation of cells with the parent murine o4p; mAb
(Fig. 4A). The affinity constant for Rh-oy; was similar to the mur-
ine ayp; mAb when measured by binding to Hut 78 cells with Ky
values of 6.4 x 107% and 1.8 x 10~'° for Rh-ots; mAb and murine
ol4f; mAD, respectively. The specificity of Rh-o,B; mAb was further
confirmed by the finding that pre-incubation of RM PBMC with Rh-
oL4B; was cross-blocked the binding of murine oy f; mAb by almost
100% in vitro (and vice versa). Of interest was the finding that the
pre-incubation with Rh-oyB; resulted in minimal cross-blocking of
anti-B, integrin mAb (Fig. 4B) or anti-CD49d (o, data not shown)
single chain specific mAb. Also of interest is our observation that

Total CD4 Naive CD4 TCM CD4 TEM CD4
222 238 264 1.6
PBMC
10.5 15.9
Jejunum
11.6 7 X
Colon
154 10.1
Rectum

—ip

Biotinylated murine 0,8, mADb + streptavidin PE-Cy7

Fig. 2. Representative flow cytometric profiles of o4, expression on total and subset populations of CD4+ T-cells in the gut of heaithy RM. Intra-epithelial lymphocytes were
isolated from colon, jejunum and rectal tissue samples from 2 healthy uninfected RM. The frequency of ayp;+ lymphocytes were determined on the LSR 11 as described in the
text. The number noted within each profile indicates only the frequency of cells expressing o,p,""®" densities. Shown for comparison are o,8,€" populations in CD4+ T-cell

subsets from uninfected RM PBMC.
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from 2 RM each time.

staining with anti-g, integrin mAb alone did not reveal distinct low
and high density B;+ expressing CD4+ T-cell sub-populations as
seen by staining with Rh-oup; or murine ouf; mAbs. Collectively,
these data suggest that the Rh-o48; mADb is directed at an epitope
formed by the o4p; heterodimer which is distinct from those that
are recognized by the individual o4 or B; mAbs. This finding was
exploited for the detection of cells bound by Rh-a4p; in vive (see
Section 2 and below). i

Control Mouse Ig Mouse -o,8- (10 ug/ml)
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Anti-B,-PE
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Fig. 4. Recombinant rhesus a4B; (Rh-04p;) is cross-blocked by murine oyf; mAb
but not B; mAb. (A) Hut 78 cells were pre-incubated with mouse isatype control
antibody (left panel), or with murine a48; mAb followed by staining with Rh-ot ;-
APC. (B) Hut 78 cells were pre-incubated with mouse isotype control antibody (left
panel) or with rhesus a,p7 followed by staining with B,-PE mAb.

Having characterized the binding and specificity properties of
Rh-o4B7, an acute in vivo administration study was then initiated
in two healthy uninfected RM RFm10 and RFn10 (649 and
7.17 kg, respectively). The Rh-o4B; mAb was diluted in sterile infu-
sion-grade saline and was gradually administered intravenously
(IV) to each of the two animals at a dose of 50 mgfkg, which
equates to a starting dose of 0.85 mg/ml of plasma based on the
assumption that each RM has approximately 60 ml blood/kg. The
monkeys demonstrated no adverse effects during or after the anti-
body infusion. Blood samples used for PBMC isolation, cell blood
counts (CBC) and blood chemistries were collected at baseline
and at days 1, 5, 8, 14, 22, 29, 36, 43, 56 and 63 post infusion. As
evident by the representative blood chemistries results (Supple-
mental data, Table 1), Rh-o,f; was well tolerated by both animals
and did not lead to any significant physiological changes. The plas-
ma levels of Rh-oyB; were also determined over the course of the
study (see Fig. 5) and were found to be at a maximum as expected
on Day 1 (603 and 676 pg/ml in RFm10 and RFn10, respectively)
followed by a decline thereafter with an alpha half life of approx-
imately 8 days. By day 29, notable concentrations were still de-
tected in plasma from both RFm10 (45 pg/ml) and RFn10 (35 pg/ml)
but undetectable levels were noted by day 56.

PBMC were analyzed by flow cytometry to determine the fre-
quency of major oyp,+ cell lineages and their subsets. Detection
of aup+ cells following in vive administration of the Rh-o,8; using
the parent murine o4f; mAb alone would not be feasible due to
cross-blocking. Attempts were made to directly detect Rh-oyB;
on PBMC utilizing PE-conjugated anti-rhesus IgG. However, despite
Fc blocking prior to in vitro staining, the background level with this
secondary antibody was too high to allow for clear identification of
cells bound by the Rh-osB, (data not shown). Based on the findings
that the Rh- osB; mAb does not block the reactivity of mAb against
either the oy intergrin or B; integrin single chain, it was reasoned
that use of the anti-B; integrin mAb would be preferable since
the anti-ay integrin mAb would not only bind to cells with bound
Rh-o,f7 but would also bind to cells that express op;. It was thus
reasoned that the detection of cells that are p,+ would likely repre-
sent cells that are bound with the Rh-a48; mAb in vivo. Thus, the
frequency of oyp,+ cells was determined by staining aliquots of
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Fig. 5. Plasma concentrations of Rh-tuf; following in vive infusion. Plasma was
isolated from heparinized blood at the indicated time points from animals RFm10
and RFn10 and the levels of Rh-048; mAb were measured using the oyf,+
expressing CD8+ human T-cell line HuT 78 in a flow cytometry-based assay. The
concentration of Rh-o4#, in each plasma sample was determined by comparing the
MFI of HuT 78 cells stained with monkey plasma to the MFI of HuT 78 cells stained
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cells with the parent murine o4B; mAb as well as with anti-g;
chain specific mAb. Results revealed that on Day 1 post infusion,
there was significant cross-blocking of o,p;+ T-cells and ouvs+
NK cells by Rh-ot48; mAD because staining of PBMC with the parent
murine o4 mAb showed a decline in frequency by ~95% while
the decline in the frequency of oB;+ B-cells was by ~80% in both
the monkeys (Fig. 6A, upper left panel). This decline occurred in
both oyB;'°" and a,B,"" subsets. The frequency of o+ lympho-
cytes remained low through Day 22 until a significant increase to
levels near baseline were noted by Day 43.

To distinguish between cross-blocking and a true decline in
o+ lymphocytes, staining with anti-B; mAb was performed
and also revealed a similar decline in p,+ lymphocytes on Day 1
post infusion (Fig. 6A, lower left panel). However, this was fol-
lowed by a rebound to ~60-70% of baseline on Day 5. These in-
creased values were maintained until day 22 with values
returning near baseline by Day 36. These data suggest that while
there is an initial and partial decline in the of;+ expressing cells,
this is followed by a recovery of cells that express ouf;+ but are
blocked by the in vivo presence of the Rh-o,B; mAb. The absolute
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Fig. 6. In vivo administration of Rh-o4B; leads to significant decline and subsequent cross-blocking of oyBs+ lymphocytes. Rh-oB; was infused IV at a dose of 50 mg/kg to 2
RM and the frequency and ABS of ouf;+ and 8,+ lymphocytes for each cell lineage in (A) the periphery and (B) Rbx, were determined at the indicated points post infusion.
Shown is representative data for total a4f,+ lymphocytes ($), ayp;+ CD4+ T-cells (M), of;+ CD8+ T-cells (A), oyfy+ B-cells (x), and ayp;+ NK cells (o).
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numbers (ABS) of total lymphocytes, CD4+ T-cells, CD8+ T-cells, B-
cells and NK cells expressing oyBs+ and B+ (Fig. 6A, right panels)
were also calculated in order to distinguish whether the observed
decreases in cell frequency were due to the cross-blocking effects
of Rh-o4B7 mAD or was due to a true decrease (depletion or re-dis-
tribution). As shown by the representative data in Fig. 64, the anal-
ysis of ABS of o+ and B+ T-cells, B-cells and NK cells revealed a
true decline in these cell populations in the periphery on Day 1
which reflects the cell frequency data. By day 63, the ABS of all
these lymphocyte subsets returned to baseline levels.

Since oyp,+ lymphocytes home to the Gl tract which is the tar-
get site of interest, the frequency of o+ and B,+ lymphocytes
was also determined in rectal biopsy (Rbx) samples from each ani-
mal at baseline, Day 1 and Day 14 post infusion with the Rh-op;
mAb. A similar analysis of BM and BAL samples was also performed
to determine the extent of Rh-o4f; bio-distribution in vivo. As
shown by the results in Fig. 6B, staining of isolated day 1 Rbx in-
tra-epithileal lymphocytes with either the murine oy8; mAb or
the anti-B; integrin mAb revealed a 10-fold and 3-fold decline in
the frequency of oupfy+ CD4+ T-cells and oup;+ CD8+ T-cells,
respectively. An approximately 2-fold decrease was also noted
for of,+ B-cells and ouB,+ NK cells in such Rbx tissues. By Day
14, the frequencies of all oup;+ lymphocyte populations were at
or near baseline. A similar pattern of decrease in the frequency of
o4p7+ lymphocytes was noted for bone marrow samples in that
significant declines in auf,+ lymphocytes were observed on Day
1 while a recovery to levels near baseline were noted on Day 14.
Data obtained from BAL samples did not reveal any clear trend
(data not shown). In summary, in vivo administration of a single
dose of 50 mg/kg of Rh-o4B; was well tolerated and resulted in sig-
nificant initial decline and a prolonged blocking of the o«,B; mole-
cule on peripheral o+ T-cells, B-cells and NK cells for a
significant period of time (up to 5 weeks) as well as a substantial
decrease in the frequency of these lymphocyte subsets in Rbx
and BM samples, but for a more transient time period.

3.3. Cross-sectional and longitudinal analyses of uninfected and SIV-
infected RM reveals early changes in the frequency and absolute
numbers (ABS) of select oyf7+ lymphocyte subsets during the acute
stage of infection

Since our main goal is to eventually administer the Rh-op;
mAb to RM prior to or during acute SlV-infection, it was deemed
important to first characterize and understand the changes, if

any, that occur in oyp;+ lymphocytes following SIV-infection. To
this end, both longitudinal and cross-sectional studies were con-
ducted to evaluate the acute and chronic effects, respectively, of
SiV-infection on o,P,+ expression on lymphocytes from the
periphery and Gl tissues of uninfected and SIV-infected RM. The
cross-sectional analysis of PBMC samples from SIVmac239 chroni-
cally infected RM (n = 9) with either high VL (>100,000 vRNA cop-
ies/ml plasma, n = 5) or low VL (<10,000 VRNA copiles/ml plasma,
n=4) and for comparison uninfected RM (n=5) failed to reveal
any significant changes (p > 0.05) in the frequency of oyB+ T-cell
subsets, a4B7+ B-cells or o4f,+ NK cell subsets in samples from
the SIV-infected animals during chronic infection as compared to
the uninfected control animals (data not shown). However, the
comparison of intra-epithelial lymphocytes isolated from Rbx from
2 uninfected and 2 SIV-infected RM 8-10 weeks post infection re-
vealed a »2-fold decline in the frequency of ayp,+ NK cells and
P+ T-cells particularly among oyp;+ CD4+ TEM cells and oup+
CD8+ T-cells (Fig. 7) while a relatively smaller decline was noted
for oyf;+ B-cells in these Rbx tissues. The relative viral loads in en-
riched populations of oyp,+ versus ouf,— enriched CD4+ T-cell
populations isolated from the peripheral blood of 6 chronically
SlV-infected but asymptomatic RM with both high and low (n=3
each) plasma VL was also determined but results revealed no sta-
tistically significant differences in cellular VL copy number be-
tween the o,B;+ and osf;— CD4+ T-cells (p > 0.05, data not shown),

In contrast to chronically SIV-infected RM, significant changes
in the frequency and ABS of select peripheral T-cell and NK cell
subsets were noted during the acute phase of SIV-infection. Analy-
sis of 4 RM prior to (following two consecutive baseline values) and
during the first 5 weeks of infection with SIVmac239 revealed that
a significant increase in both the frequency (Fig. 8A, left panel) and
ABS (not shown) of total NK cells occurred in the periphery which
is similar to our previous findings [34]. Analysis of the specific
aaf7+ NK cells and its subsets (Fig. 8A, right panel) revealed that
a nearly 4-fold decline occurred in the frequency of oyp,+
CD16-CD56+ and a4f;+ CD16—CD56— NK subsets at week 1 post
infection while a less significant decline was also noted in the fre-
quency of o,p;-expressing CD16+CD56— and CD16+CD56+ NK
subsets. The determination of absolute numbers (ABS) revealed
an approximate 2-fold decline by week 2 and the ABS of the
oyp;+ CD16—-CD56+ and oy B+ CD16—CD56— NK subsets remained
low through week 5 (not shown). However, a substantial increase
in the ABS of a4B,+ CD16+CD56— and CD16+CD56+ NK subsets was
observed, with a 4-fold and 2-fold increase, respectively, being

lymphocytes (Rbx samples)
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Fig. 7. Chronic SIV infection in RM leads to a decline in the frequency of most o4+ lymphocytes in the GALT. Intra-epithelial lymphacytes isolated from rectal biopsy
samples from uninfected (black bars, n = 2) and SIV-infected rhesus macaques (grey bars, n= 2, approximately 2 mths post infection) were stained with biotinylated murine
o4f; mADb and streptavidin-PE-Cy7 and analyzed by flow cytometry. Shown are the frequency of osB;+ cells within CD4+ and CD8+ T-cell subsets, NK cells and B-cells.
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