RAC2 Haplotypes in Autoimmune Diseases -

doi:10.1093/molbev/msr164

Table 1. Nucleotide Diversity and Summary Statistics.

0, (x107% 7 (X107 Tajima’s D Statistic Fu and Li's D* Fu and Li’s F*
Region Pop §° Rank Rank Rank P Rank P Rank P
RAC2;s (4,202 bp) YRI 21 11,75 078 1389 0.93 0.61 090 0.085 0.021 0.66 0.38 026 075 024
CEU 14 783 078 11.00 0.87 1.28 0.87 0.079 -—0.28 0.47 0.41 027 062 037
AS 14 7.83 0.82 10.01 0.86 0.88 0.77 0.22 0.17 0.65 0.43 0.47 070 034
RAC2; (5,560 bp)  YRI 53 2238 099 2741 099 0.80 095 0.032 0.72 090 0.052 0.89 094 0.028
CEU 42 1774 098 2351 099 1.15 0.83 0.11 0.95 0.85 0.10 121 090 0.073
AS 39 1647 099 1584 095 —0.14 047 039 1.66 >0.99 0.0038 1.23 091 0.086

* Population.
® Number of segregating sites.

neutrality was observed for RAC2;,; (table 1). Coalescent
simulations using different demographic models (Marth
et al. 2004; Voight et al. 2005) yielded very similar results
and are available as supplementary table 52, Supplementary
Material online.

In order to further explore the possibility that nucleotide
diversity at the RAC25 region has been maintained by se-
lection, we applied an MLHKA by comparing polymor-
phisms and divergence levels at RAC2;,s and RAC2;-
with 16 NIEHS genes resequenced in the three populations
we analyzed (see Materials and Methods). Under neutral
evolution, the amount of within-species diversity is pre-
dicted to correlate with levels of between-species diver-
gence since both depend on the neutral mutation rate
(Kimura 1983). The MLHKA test (Wright and Charlesworth
2004) is commonly used to verify this expectation. Results
are shown in table 2 and indicate that for RAC2;, a signif-
icant excess of polymorphisms compared with divergence
is observed in all populations. Conversely, no deviations
from neutral expectations was observed for the RAC2;,,5 re-
gion (with only borderline significance in YRI).

Under a balancing selection regime, polymorphisms may
be maintained in populations for a time, which is longer
than expected under neutrality. We used GENETREE to es-
timate the TMRCA of the RAC2;  haplotype genealogy.
The method is based on a maximum likelihood coalescent
analysis (Griffiths and Tavare 1994, 1995) and assumes an
infinite-site model without recombination. Therefore, hap-
lotypes and sites that violate these assumptions need to be
removed. Given the relatively low recombination rate in
the region, only nine single segregating sites had to be re-
moved. The resulting gene tree, rooted using the chimpan-
zee sequence, is partitioned into two deep clades, with
clade A further divided into two minor branches (fig. 7)
(clades A1 and A2). Using this method, the TMRCA of

Table 2. MLHKA Test.

MLHKA
YRI
Fixed CEU AS
Region Sub® k° P K° P K® P
RAC2,s 30 235 0048 224 013 225 089
RAC2; 59 32426 X 1072372 40 X 107% 3.50 8.6 X 10™*

* Number of fixed substitutions (human/chimpanzee).

® Selection parameter (k > 1 indicates an excess of polymorphism relative to
divergence).

the whole genealogy amounted to 2.54 My (standard
deviation: 0.374 My), whereas the two subclades (A1
and A2) have a shallower TMRCA of around 1.1 My.

Haplotype Analysis and Association with
Autoimmune Diseases

in order to gain insight into the distribution of RAC2
haplotypes in human populations, we constructed a me-
dian-joining network (Bandelt et al. 1999) using all variants
identified in RAC2;,s and RAC2;- with the exclusion of sin-
gletons (fig. 3). The topology largely recapitulates the one
obtained using GENETREE with two major clades (A and B),
and haplotypes in clade A subdivided into two further hap-
logroups (referred to as A1 and A2) (fig. 3). There are clear
differences in the distribution of RAC2 haplotypes among
the three populations we analyzed, although F values
(Wright 1950) were not exceptional compared with those
calculated for 5 kb reference windows (supplementary ta-
ble §3, Supplementary Material online). Estimates of allelic
richness (and private allelic richness) within haplogroups
were calculated using a rarefaction procedure (Kalinowski
2004) to account for different haplogroup frequency; re-
sults indicated that haplogroup A2 had the lowest genetic
diversity among the three haplotype clades, whereas B hap-
lotype tended to have high allelic richness (supplementary
table $4, Supplementary Material online).

The pivotal role of RAC2 in immune response led us to
verify whether the three major haplogroups were differen-
tially represented when healthy controls were compared
with subjects suffering from autoimmune diseases such
as MS and CD, two diseases with a strong genetic basis
(Weng et al. 2007, Nielsen et al 2008, Langer-Gould
et al. 2010) that suggests the presence of shared genetic
determinants.

We selected two variants: rs2899284, located along the
major branch separating clades A and B, and rs739041 that
identifies haplogroup A1 (fig. 3). The typing of these two
variants allows unequivocal haplogroup inference in Euro-
pean populations, as they are nonrecurrent in the phylog-
eny. The allele frequency of rs2899284 (T) and rs739041 (C)
in the three populations we analyzed were as follows: CEU,
0.22 and 0.45; YRI, 0.27 and 0.67; and AS, 0.10 and 0.30.

The two SNPs were genotyped in 387 patients with
RRMS and in 149 subjects suffering from CD; two indepen-
dent cohorts of sex- and aged-matched controls were also
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Fis. 2. Estimated haplotype tree for the RAC2;- gene region. Mutations are represented as black dots and named for their physical position
along the regions. The absolute frequency of each haplotype is reported.

analyzed. Using logistic regression analysis, haplotypes
belonging to haplogroup B resulted to be significantly as-
sociated to disease status in both the RRMS and CD case/
control studies (table 3).

152899284

15739041

Fic. 3. Median-joining network of RAC2 haplotypes. Each node
represents a different haplotype, with the size of the circle
proportional to frequency. Branch lengths are proportional to the
number of nucleotide differences. Circles are color coded according
to population (green: YRI, blue: CEU, and red: AS). The most recent
common ancestor (MRCA) also shown (black circle). The three
major haplogroups are evidenced, as well as the position of the two
SNPs genotypes in patients and controls.

3324

Although we did not expect substantial levels of popu-
lation structure in our cohorts as all subjects were ltalians
with Caucasian ancestry, we verified that the results we ob-
tained are not secondary to cryptic substructure. To this
aim, we genotyped RRMS subjects and controls for 15 null
SNPs (see Materials and Methods). This procedure was not
performed for CD patients as additional genetic material
was unavailable. We used null SNPs to apply the GC
method (Devlin et al. 2001): Calculation of the inflation pa-
rameter A resulted in a value of 0.92, suggesting that there is
no substantial stratification in our samples. Yet, the GC
method may not be conservative when few markers are
used (Balding 2006). Thus, we used the program STRUC-
TURE 2.1 (Pritchard et al. 2000; Falush et al. 2003) and in-
cluded the inferred ancestry proportions of individual cases
and controls as continuous covariates in the logistic regres-
sion analysis. A significant result was again obtained for
haplotypes belonging to haplogroup B.

We next verified whether RAC2 haplotypes also affected
disease expression in RRMS and CD by testing for correla-
tions between haplotypes and age at disease onset. This
latter information was available for 325 and 147 RRMS
and CD patients, respectively. As shown in table 4, no as-
sociation was observed between age at onset in CD and
RAC2 haplotypes. Conversely, in the case of MS, haplotypes
in group B were associated with a significantly earlier pre-
sentation of symptoms, whereas the opposite was observed
for haplotypes in cluster A2 (table 4). The same results
were obtained after accounting for the presence of the
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Table %. Association of RAC2 Haplotypes with Susceptibility to RRMS and CD.

Haplogroup Frequency OR (95% Cl) P OR (95% CI)* p*
RRMS (n = 387) Controls (n = 335)

Al 0.270 0.289 0.91 (0.71-1.13) 0.426 0.91 (0.71-1.14) 0.416

A2 0.390 0.424 0.85 (0.69-1.07) 0.166 0.85 (0.68-1.07) 0.161

B 0.340 287 1.30 (1.04-1.64) 0.024 1.31 (1.05-1.66) 0.022
CD (n = 149) Controls (n = 164)

Al 0.267 0.287 0.90 (0.64-1.30) 0.556 NP NP

A2 384 0.439 0.78 (0.58-1.09) 0.136 NP NP

B 0.349 0.274 1.41 (1.01-1.99) 0.048 NP NP

Note—Cl, confidence interval; NP, not performed; OR, odds ratio.
* Adjusted for admixture.

HLA-DRB*15 allele, a known risk factor for RRMS in Cau-
casians (supplementary table 85, Supplementary Material
online).

Discussion

RAC2 is a protein expressed in the hematopoietic cell lineage

and is involved in signal transduction in various cellular pro-
cesses, such as chemotaxis, cytoskeletal rearrangement, cel-
lular differentiation, and proliferation (Heasman and Ridley
2008). Production of proinflammatory cytokines and cysteine
cysteine (CC) chemokines, secretion of reactive oxygen spe-
cies by neutrophils, and cyclooxygenase-2 (COX-2) produc-
tion by macrophages are also modulated by RAC2 (Heasman
and Ridley 2008). Thus, RAC2 is a key player in the inflam-
mation process, acting at different levels, and being involved
in multiple mechanisms of immunity.

The state of RAC2 expression influences the ability of this
gene to trigger inflammatory responses. Some pathogens, in
fact, downregulate RAC2 transcription to escape cellularinnate
immune response (i.e, respiratory burst activation), facilitating
their intracellular survival (Carlyon et al. 2002). Similarly, both
bacterial and viral pathogens were shown to have the ability to
target the protein product of RAC2 and alter its activity
(Janardhan et al. 2004 Chung et al. 2010; Groves et al. 2010).
Among these pathogens, the SIV- and HIV-encoded Nef pro-
teins interact with RAC2 to alter T-cell function (Janardhan
et al. 2004). Notably, recent data indicate a significant associ-
ation between chromosome microsatellite markers in 22q12-
13 (where RAC2 is located) and resistance to HIV infection in
HIV exposed but uninfected individuals (Kanari et al. 2005). An
accurate analysis of this region allowed the identification of
RAC2 gene SNPs that were significantly associated with the re-
sistance phenotype displayed by exposed uninfected individ-
uals and with the development of particularly potent

Table 4. Association of RAC2 Haplotypes with Age at Onset in
RRMS and IBD.

Disease Haplogroup BETA P
RRMS (n = 325) Al 0.382 0.602
A2 1.551 0.029
B -1.519 0.025
CD (n = 147) A1l -0.137 0.940
A2 -1.558 0.349
B 1.578 0.326

NoTe—BETA is the regression coefficient.

HIV-specific cell-mediated immunity (Kanary Y, Hakata Y,
et al. 2012).

In general, these observations indicate that RAC2 may be
involved in host~pathogen genetic conflicts; consequently,
the gene may represent a target of natural selection and
harbor variants that affect the susceptibility to infectious
diseases or other immunological phenotypes in humans.
Nonetheless, inspection of available databases revealed
no polymorphic amino acid variation segregating at detect-
able frequency in human populations, suggesting that func-
tional polymorphisms in RAC2, if present, may occur within
regulatory noncoding regions. We therefore exploited in-
terspecific genetic diversity data to identify gene regions
that may harbor functional noncoding sequences and an-
alyzed their evolutionary pattern in three human popula-
tions. Our data indicate that the genomic portion covering
the 3’ gene region displays extremely high nucleotide di-
versity, an excess of intermediate frequency alleles, and
a higher level of within-species diversity compared with in-
terspecific divergence, as assessed by the MLHKA test.

All these features strongly suggest the action of balanc-
ing selection. In particular, analysis of haplotype genealogy
indicated the presence of three clades, which is consistent
with a model of multiallelic balancing selection. This obser-
vation is in line with values of SFS-based statistics (Tajima’s
D and Fu and Li's F* and D* statistics), which are not strik-
ingly positive, as the skew towards intermediate frequency
variants tends to be less marked in a multiallelic selection
model than in the case of biallelic selection. Calculation of
the TMRCA for the RAC2;. haplotype genealogy yielded
and estimate of 2.54 My, a coalescence time deeper than
those estimated for most neutrally evolving autosomal hu-
man loci, which range from 0.8 to 1.5 My (Garrigan and
Hammer 2006). Overall, these data strongly suggest that
long-term balancing selection has maintained distinct
functional alleles in RAC2. Inspection of polymorphisms
located along the major branches of the genealogy indi-
cated that several variants in DNasel hypersensitive sites
divide clade A and B haplotypes. In particular, variants
rs933222, rs933221, rs4821610, and rs4821609 occur within
a 600 bp portion located downstream the transcription
end site; this region displays histone marks associated with
enhancers (H3K4Me1 and H3K27Ac) in lymphoblastoid
cell lines, suggesting that one or a combination of these
SNPs alter RAC2 transcriptional activity and represent
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functional variants. Experimental analyses will be required
to evaluate this possibility. Similarly, rs9798725 (immedi-
ately downstream the transcription end site) occurs within
a sequence conserved in mammals and separates the two
major clades of the phylogeny.

It is worth mentioning that evolutionary scenarios dif-
ferent from balancing selection might account for the re-
sults we obtained. One alternative possibility is that the
high nucleotide diversity we observed at the RAC2;: gene
region is the result of a relaxation of selective constraint
(which allows accumulation of new mutations). Yet, the
region was selected because of the presence of DNasel hy-
persensitive sites and sequence elements conserved across
mammals and primates. Thus, relaxation of functional con-
straints would have occurred recently, with the only in-
volvement of human populations. Moreover, nucleotide
diversity in the region is extremely high, ranking above
the 98th percentile in the distribution of reference win-
dows. These latter are randomly drawn from resequenced
genes and most of them cover intronic regions, where func-
tional constraints are expected to be relatively relaxed;
thus, we believe that the high diversity at RAC23. is more
likely to result from a selective process. Indeed, an alterna-
tive explanation to balancing selection is diversifying selec-
tion, which refers to a situation whereby genotypes are
favored merely because they are different and therefore re-
sults in the maintenance of multiple alleles. This is an in-
teresting possibility that might fit the evolutionary history
of a gene involved in immune response that, as mentioned
above, is targeted by different pathogen species. Yet, the
molecular signatures of balancing and diversifying selection
are difficult to disentangle, and population genetics anal-
yses only provide a snapshot of a dynamic evolutionary
process, making it difficult to precisely determine the un-
derlying selective regime. For example, although Fsy was
not exceptionally high, clear differences can be appreciated
in the distribution of RAC2 haplotypes across ethnic
groups, suggesting that locally exerted selective pressures
might have been acting during a more recent time frame.

From a biological perspective, one possibility is that the
three major RAC2 haplotypes are differentially active in dis-
tinct cell types or modulate gene expression in response to
diverse stimuli. A similar hypothesis has been proposed to
explain long-term balancing selection in the promoter region
of major histocompatibility complex class Il genes (Cowell
et al 1998; Beaty et al 1999; Loisel et al. 2006). This view
is consistent with the recent demonstration (Dimas et al.
2009) that the majority of variants affecting gene regulation
in the human genome are cell-type specific, and that cell-
specific regulatory elements tend to localize relatively distant
from the transcription start site. An alternative possibility is
that distinct alleles may have been selected to prevent the
down-modulation or misregulation of RAC2 transcription
exerted by pathogens (Carlyon et al. 2002). Under these sce-
narios, the selective pressure acting on RAC2 is expected to
be pathogen driven. Yet, other authors (Ferrer-Admetila
et al. 2008) have recently suggested that the maintenance
of genetic diversity at immune response loci may result from
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the need to balance protection against invading pathogens
with maintenance of self-tolerance. Indeed, our data indicate
that haplotypes in RAC2 associate with predisposition to MS
and CD. Specifically, haplotypes belonging to clade B were
significantly more common in patients compared with con-
trols, and in RRMS patients, the presence of B haplotypes
correlated with an earlier presentation of disease symptoms.
Growing evidences in recent years have indicated that a por-
tion of susceptibility alleles is shared among two or more
autoimmune conditions (reviewed in Zenewicz et al
2010). This observation has been interpreted in terms of
common disease pathways being involved in the pathogen-
esis of autoimmune disorders and partially explains the cooc-
currence of distinct autoimmune conditions in patients and
families. Indeed, several studies have indicated that some de-
gree of comorbidity is observed between MS and CD in af-
fected individuals and their family members (Weng et al
2007; Nielsen et al. 2008; Langer-Gould et al. 2010). Therefore,
our association of the same haplotype with susceptibility to
both MS and CD can be regarded as a strong confirmation of
the causal role of RAC2 variants in the pathogenesis of au-
toimmune diseases. ,

As mentioned above, RAC2 is thought to have a central
role in the regulation of RICD, a mechanism that contrib-
utes to the maintenance of CD4+ T-cell tolerance. Phys-
iologically, RICD occurs more often with self rather that
foreign antigens and is therefore considered as a “proprio-
cidal” form of cell death that limits T-cell expansion in the
presence of persistent antigen (reviewed in Snow et al
2010). In this light, gene products involved in RICD can
be regarded as excellent candidates to carry variants asso-
ciated with autoimmune diseases. Indeed, polymorphisms
in Fas and FasL have previously been associated with sus-
ceptibility to MS (Zayas et al. 2001; van Veen et al, 2002;
Kantarci et al. 2004; Lucas et al 2004), and a recent ge-
nome-wide association study for primary sclerosing chol-
angitis (Melum et al. 2011), an autoimmune conditions
that often occurs in IBD patients, identified an SNP close
to the BCL2L11 gene (also known as BIM), another key
player in the elicitation of RICD (Snow et al. 2010). There-
fore, our data are in agreement with the conundrum
whereby distinct susceptibility variants for a given trait
may occur in genes that participate in a shared molecular
pathway.

Despite the fact that our data indicate RAC2 as a suscep-
tibility gene for autoimmune diseases, it remains to be eval-
uated whether the predisposition to autoimmunity can be
regarded as a selective pressure during the evolutionary his-
tory of humans. In fact, Plenge (2010} reported that the prev-
alence of several autoimmune disorders, including MS, is
increasing in human communities (at least in developed
countries) but their contribution to population fitness
throughout human history, although unknown, can hardly
be regarded as comparable to that of infectious diseases.
Therefore, we tend to favor a model whereby balancing se-
lection in the RAC2 regulatory 3’ gene region is pathogen
driven, and the resulting maintenance of susceptibility alleles
for CD and MS can be regarded as a by-product of long-term
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selection (reviewed in Sironi and Clerici 2010). Indeed, path-
ogen-driven balancing selection has previously been shown
to maintain a subset of susceptibility alleles for IBD in human
populations (Fumagalli, Pozzali, et al. 2009).

In summary, data herein show that integration of differ-
ent approaches can provide valuable insight into the loca-
tion of putative functional variants and on haplotype
structure, which in turn can be applied to association stud-
ies. We describe for the first time an association between
specific haplotypes of the RAC2 gene and autoimmunity.
Therapeutic approaches aimed at inhibiting or, at least, de-
creasing RAC2 expression and/or activity could be benefi-
cial in these patients. Statins were shown to interfere with
RAQC2 activity, limiting both T-cell activation and COX-2
macrophages production (Brinkkoetter et al. 2006; Habib
et al. 2007). Notably, recent results indicated that atorvas-
tatin, a statin, has beneficial antiinflammatory effects in CD
patients (Grip et al. 2008).

Therefore, these results, although needing validation in
bigger cohorts, suggest that RAC2 plays a potentially im-
portant role in the immunopathogenesis of autoimmune
disease, possibly as a consequence of the ability of this gene
to regulate T lymphocytes activity. Modulation of RAC2 ac-
tivity might be a novel potential therapeutic target in pa-
tients with autoimmune diseases.

Supplementary Material

Supplementary tables 1-5 are available at Molecular Biology
and Evolution online (http:/ fwww.mbe.oxfordjournals.org/).
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0X40 protein is highly expressed on activated CD4-positive T cells that are susceptible for human immuno-
deficiency virus type 1 (HIV-1) infection. To target and kill HIV-1-infected OX40™ T cells, we used a
recombinant vesicular stomatitis virus (rVSV) lacking its envelope glycoprotein (AG) and instead expressing
HIV-1 receptors CD4/CXCR4 and 0OX40 ligand (OX40L). Expression of OX40L as well as HIV-1 receptors on the
VSV particles led to specific infection of 0X40™ T cells, including primary cells, either acutely or chronically
infected with X4 HIV-1. Consequently, the rVSV rapidly eliminated these infected cells and caused a marked
reduction of HIV-1 viral load in culture. Inclusion of the OX40L gene in the VSV recombinant led to
significantly better infection and HIV-1 elimination compared with an rVSVAG expressing only HIV-1
receptors. A novel rVSVAG encoding both HIV-1 receptors and OX40L has a potentially greater therapeutic

value than an rVSVAG expressing only HIV-1 receptors.
© 2011 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.

1. Introduction

The institution of highly active antiretroviral therapy (HAART)
has been highly effective in reducing human immunodeficiency
virus type 1 (HIV-1) viral loads, significantly prolonging the time
interval between infection and the development of acquired immu-
nodeficiency syndrome, and reducing mortality [1,2]. However,
there are some clear limitations to HAART-based therapies. Among
them is the failure to eradicate persistently/latently HIV-1-
infected cell reservoirs. This view has led to a number of studies
that have used a variety of complementing or alternative anti-HIV
therapeutic strategies. These include the use of immunotoxins [3-
5], a recombinant vesicular stomatitis virus (rVSV) [6], pseudotype
viruses [7,8] and armed NK cells [9], each aimed at targeting the
elimination of HIV-1-infected cells.

Human 0X40 (CD134) is a type I transmembrane protein ex-
pressed primarily on activated T cells and is a member of the tumor
necrosis factor receptor superfamily [10-12]. Human 0X40 ligand
(OX40L, CD252) is a type 1l transmembrane protein expressed by
several cell types, including activated dendritic cells and belongs to

* Corresponding author.
E-mail address: kokuma@nih.go.jp (K. Okuma).
Y. Takahashi is currently at the Department of Pathology and Laboratory Medicine,
Emory University School of Medicine, Atlanta, Georgia.
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the TNF superfamily [ 13-17]. In context of the present studies, 0X40-
OX40L interaction promotes cell-cell adhesion between activated
CD4* T cells and vascular endothelial cells [ 18] and migration of CD4*
T cells to B cell follicles in peripheral lymph nodes [19]. In addition,
several members of the TNF superfamily have been shown to promote
cell death [20]. It is notable that the ligation of 0X40 by OX40L induces
apoptotic cell death in co-cultures of a number of cell lines expressing
this pair of cognate receptor/ligand [21,22].

Thus, we reasoned that 0X40 could serve as a novel therapeutic
target for anti-HIV therapy since it is expressed at relatively high
mean densities on activated CD4* T cells that are selectively more
permissive to HIV-1 infection/propagation. Given that 0X40 func-
tions as an adhesion molecule with OX40L, it seemed logical to
capitalize the rVSV targeting X4 HIV-1-infected cells and generate
an rVSV additionally expressing OX40L on the viral surface to en-
hance the efficiency of infection of HIV-1-infected 0X40* cells.
Such an rVSV was thus generated in this study and examined for its
antiviral potential in vitro.

2. Subjects and methods
2.1. Cells and virus

BHK-21 cells (Riken BRC Cell Bank, Tsukuba, Japan) were grown
in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% fetal bovine serum and and 1% Antibiotic-

0198-8859/11/$32.00 - see front matter © 2011 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights reserved.
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Antimycotic (Gibco, Carlsbad, CA) solution. BHK-G cells [6] (pro-
vided by Dr Rose) were cultured in DMEM supplemented with 10%
FBS, 750 pg/ml geneticin, and 0.5 ug/ml tetracycline [23]. Expres-
sion of VSV G by BHK-G cells was induced by transferring cells to a
tetracycline-free DMEM. The parent 293T cells and 293T cells
transfected with and stably expressing 0X40 (293T/0X40) were
grown in Iscove's modified Dulbecco’s medium (Sigma-Aldrich)
supplemented with 10% FBS and 1% Antibiotic-Antimycotic solu-
tion. The Molt-4 cell line transfected with and stably expressing
0X40 (Molt-4/0X40) [22] and the Molt-4/0X40 cell line persis-
tently infected with HIV-1,;; (Molt-4/IlIB/OX40) [22] were cul-
tured in RPMI-1640 medium (Sigma-Aldrich) supplemented
with 10% FBS and 1% Antibiotic-Antimycotic solution.

Primary CD4* T cells were isolated from peripheral blood
mononuclear cells obtained from a healthy donor by a MACS neg-
ative selection kit (Miltenyi Biotec, Gladbach, Germany) and acti-
vated every 3 days using anti-CD3/CD28-conjugated Dynabeads
(Invitrogen, Carlsbad, CA) in RPMI-1640 medium supplemented
with 10% FBS, 1% Antibiotic-Antimycotic solution, 20 U/ml recom-
binant human interleukin (rhIL)-2 (Shionogi Pharmaceutical,
Osaka, Japan) and 20 ng/ml rhiL-4 (Peprotec, London, UK). Primary
CD4* T cells initially stimulated for 3 days with anti-CD3/CD28
immunobeads were washed and then infected with recombinant
X4 HIV-1-expressing enhanced green fluorescent protein (EGFP)
as described below. Two days later an aliquot of these primary cells
was incubated in a 1:10 dilution of a phycoerythrin-conjugated
mouse anti-0X40 monoclonal antibody (clone B-7B5){16,21] at4°C
for 30 minutes, washed, and analyzed to determine the frequency
of HIV-1-infected (EGFP*) and OX40™" cells by flow cytometry
using a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ).

A recombinant virus derived from HIV-1y,,_;, NL-EGFP strain
[24], that was engineered to express EGFP upon infection was
produced by transient transfection of 293T cells with an expression
plasmid containing this construct (provided by Dr Koyanagi). HIV-1
p24 levels of the viral stocks were determined with an enzyme-
linked immunosorbent assay kit (Zepto Metrix, Buffalo, NY).

2.2. Plasmid construction

To construct an rVSV plasmid lacking the G gene and encod-
ing human OX40L in addition to human CD4/CXCR4, the 0X40L
gene was first amplified by PCR from the expression vector
pSGP34-1 [14] with Vent polymerase (New England Biolabs,
Ipswich, MA) using a forward primer 5'-GATCGGGCCCCCTAGG-
TATGAAAAAAACTAACAGTAATCAAAATGGAAAGGGTCCAACCCCT-
GGAAG-3’ and a reverse primer 5'-AAGGAAAAAAGCGGCCGCTCA-
AAGGACACAGAATTCACCAGGATTTTGATGGATAAGAATCAGTTC-3".
The forward primer contained an Avrll site (bold) and a VSV tran-
scription stop-start signal (underlined). The reverse primer con-
tained a Notl site (bold). Next, the PCR product was digested with
Avrll and Notl and cloned into pVSVAG-CC4 [6] encoding CD4/
CXCR4 instead of G (a gift from Dr Rose) that had been digested
with the same enzymes, yielding pVSVAG-CC4XL.

2.3. Isolation of VSV recombinants

An rVSVAG expressing CD4, CXCR4 and OX40L (termed VSVAG-
CC4XL) was isolated according to established methods [25,26].
Briefly, 1 million BHK-21 cells were dispensed into each 10-cm-
diameter dish, and the cells were then infected with vIF7-3 [27] at
a multiplicity of infection of 10. One hour later these cells were
transfected with 10 ug of pVSVAG-CC4XL described above and
helper plasmids using the TransIT-LT1 reagent (Mirus, Madison, WI)
and incubated at 37°C for 48 hours. Culture supernatants were then
harvested from the dishes, passed through filters to remove vTF7-3
and transferred to fresh BHK-G cells expressing the induced G.
Culture supernatants harvested were diluted in FBS-free DMEM,

and then added to BHK-G cells expressing the induced G in Mini-
mum Essential Medium (Invitrogen) containing 10% FBS, 1%
Antibiotic-Antimycotic and 1% methylcellulose. Following infec-
tion, individual plaques isolated from the cells were grown on fresh
BHK-G cells expressing the induced G again. Such plaque-purified
viruses were then titrated on BHK-G cells expressing the induced G
in MEM containing methylcellulose, and titers were determined as
PFU/ml. VSVAG and VSVAG-CC4 were prepared as previously
reported [6,28].

G-complemented rVSVs mentioned above were incubated with
a total of 1x10° BHK-21 cells seeded onto a 6-well plate at an MOl
of 1. After adsorption of the viruses, the supernatant fluid was
aspirated and the cells were washed with FBS-free DMEM at least
twice to remove residual input viruses. The cells were then incu-
bated in fresh complete DMEM at 37°C for 24 hours and the culture
media were used as non-G-complemented viruses.

2.4. Indirect immunofluorescence

A total of 50,000 293T cells seeded into each well of an eight-
well Lab-Tek I chamber slide (Nunc, Rochester, NY) were trans-
fected with or without the expression plasmids for X4 HIV-1 Env
(HXB2-env) {29] and Rev [30] using Lipofectamine LTX with PLUS
reagent (Invitrogen). Two days later the 293T cells were incubated
with an equal volume of media containing VSVAG, VSVAG-C(C4, or
VSVAG-CC4XL. Control consisted of cells that were mock-infected.
After 15 hours' infection, the cells were fixed in phosphate-buffered
saline containing 4% paraformaldehyde, washed in PBS containing
20 mmol/l glycine (PBS-Glycine) and permeabilized with 1% Triton
X-100 in PBS-Glycine. The cells were then incubated in a 1:5 dilu-
tion of a mouse anti-VSV nucleoprotein (N) mAb (clone 10G4;
courtesy of Dr Lyles) [31] at 37°C for 20 minutes, washed, and then
incubated with a 1:50 dilution of a fluorescein isothiocyanate-
conjugated goat anti-mouse Ab (Beckman Coulter, Brea, CA) at 37°C
for 20 minutes. After washing in PBS-Glycine, the cells were ob-
served by fluorescence microscopy and the expression of VSV N
protein in the cells was visualized as a measure of VSV infection. To
compare infectivity of each rVSV, the total number of fluorescent
(VSV-infected) cells in each well were counted and the percentage
infectivity calculated.

2.5. Cell fusion assay

Molt-4/1IB/OX40 cells (1 x 10°) were seeded in each well of a
96-well plate and mock-infected or superinfected with 15 ul of
VSVAG, VSVAG-CC4, or VSVAG-CC4XL to test whether the expres-
sion of OX40L induced by VSVAG-CC4XL infection affected cell
fusion. In parallel, to examine if the neutralizing anti-OX40L mAb
(5A8) [21,22] efficiently blocked the effect of 0X40L on cell fusion
activity through binding to 0X40, either VSVAG-CC4 or VSVAG-
CC4XL was preincubated with 10, 20, 50, or 100 pg/ml of anti-
0X40L or an isotype-identical control mouse mAb at 37°C for 1 hour
followed by infection with the rVSV constructs. After incubation for
15 hours, the cells were observed under the microscope. To quan-
tify cell fusion induced by rVSV infection, the numbers of syncytia
within 3 random fields were determined. In addition, the percent-
age cell fusion inhibited by the addition of anti-OX40L mAb at each
concentration was calculated.

2.6. Detection of HIV-1-infected cells after VSV infection

To evaluate the killing effect of rVSVs on X4 HIV-1 persistently
infected cells, 1 x 10° Molt-4/11IB/OX40 cells were washed, seeded
in each well of a 12-well plate, and then mock-infected or superin-
fected with 500 ul of VSVAG, VSVAG-CC4 or VSVAG-CC4XL. As a
control experiment, to determine the killing effect of rVSVs on
HIV-1-uninfected 0X40~ cells, 2.5 X 10° Molt-4/0X40 cells in each
well of a 12-well plate were mock-infected or infected with 500 pl
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of VSVAG-CC4 or VSVAG-CC4XL. While the cells were incubated for
8 days, a portion (10%) of the culture medium was collected from
each well daily and replaced by an equal volume of fresh medium.
The standard Trypan-blue dye exclusion technique was utilized for
determining the frequency of live (HIV-1-infected) cells using a
hemocytometer. The data are reported as % cell viability at each
time point relative to the total cell number at the starting time
point.

To evaluate the killing effect of rVSVs on cells acutely infected
with X4 HIV-1, 2.5 x 10° Molt-4/0X40 cells or 7.0 X 10 primary
day 3 anti-CD3/CD28-activated CD4* T cells were seeded in each
well of a 12-well plate, and a stock of NL-EGFP strain containing 80
ng p24 was inoculated into each well. At 2 days after HIV-1 infec-
tion, the cells were mock-infected or superinfected with 500 ul
of either VSVAG-CC4 or VSVAG-CC4XL (or with either G-
complemented rVSV at an MOI of 0.1). The infection was fol-
lowed for an additional 3 days. As a control for the determination
of EGFP-negative cells, neither NL-EGFP nor rVSV was inoculated
to the control culture. The culture medium was collected from
each well at each time point, and the cultures replenished with
the same amount of fresh media. The cells obtained were then
fixed and viable cells were analyzed by flow cytometry to detect
EGFP™ (NL-EGFP-infected) cells. The data obtained are reported
as percentage of control values derived on viable mock-infected
cells collected at each time point.

2.7. Determination of HIV-1 viral load in culture

For the determination of HIV-1 viral loads, aliquots of the cul-
ture medium collected at each time point were analyzed for p24
levels using a commercially available ELISA kit.

Furthermore, when either Molt-4/l1IB/0X40 cells or NL-EGFP
acutely infected Molt-4/0X40 cells were mock-infected or super-
infected with rVSVs, HIV-1 titers in the culture supernatants were
determined as follows. After VSV infection, aliquots of the culture
supernatants obtained every other day were serially diluted and
dispensed into Molt-4/0X40 cells (1 x 10* per well) seeded in
96-well plates. The plates were incubated at 37°C for 5-7 days and
p24 levels in the supernatant fluid quantitated using the ELISA kit
and the frequency of EGFP™ cells determined by fluorescence mi-
croscopy. The titers for each of the assays were determined by
end-point titration and are reported as infectious units per
milliliter.

2.8. Statistical analysis

The data presented herein were analyzed using the Student ¢
test with GraphPad Prism (version 4.0c for Windows XP; GraphPad
Software).

3. Results
3.1. Construction and isolation of VSVAG-CC4XL

With the aim of developing a novel anti-HIV-1 therapeutic
agent, a strategy for targeting HIV-1-infected CD4* T cells through
0X40-0X40L interaction was considered. In the studies reported
here, the rVSV the G gene of which was replaced with the X4 HIV-1
receptors, CD4 and CXCR4, termed VSVAG-CC4 (Fig. 1), was used, as
cells transfected with and expressing this recombinant were previ-
ously reported to be cytotoxic for X4 HIV-1-infected target cells via
Env-receptor interactions [6]. It was reasoned that the inclusion of
0X40L protein in addition to CD4 and CXCR4 and expressed on the
membrane of cells transfected with VSVAG-CC4XL (Fig. 1) may
increase the efficiency of VSV targeting and superinfecting HIV-1-
infected cells through binding of OX40L to its cognate receptor
0X40 expressed on the cell surface of HIV-1-infected target cells.
Figure 1 summarizes the various constructs prepared as described

vevwt3{ N H P HMH G M L ks
vsvac 3{ N _H P HMH L s

vsv;sc;cca 3{ N _H P HmHcos Hexcral L ”//”i-s'

vsvsecoae 3{ N MW P M M H cpa chcm L”///'!-S‘
OX40L

Fig. 1. Schematic structure of the rVSVs used. The order of the genomes of the rVSV
constructs used in the studies, including the wild-type construct, is displayed. The
VSVAG construct is G gene-deleted, which was replaced with the genes encoding
human CD4 and CXCR4 inserted between the M and L genes of the VSVAG genome.
In addition, the gene encoding human OX40L was cloned downstream of the CXCR4
gene in the VSVAG-CC4 genome, yielding the VSVAG-CC4XL construct. Expression of
the OX40L protein after infection was confirmed by indirect immunofluorescence.

in the Subjects and methods section and used in the studies re-
ported here, including the control constructs.

3.2. Efficient infection of Env-expressing 0X40™ cells with
VSVAG-CC4XL

In an effort to determine the effects of OX40L co-expression in
addition to CD4 and CXCR4 by the VSVAG-CC4XL-transfected cells,
we first examined its infectivity using HIV-1 Env-expressing 0X40™
target cells. 293T/0X40 cells were transfected with the expression
plasmids for X4 HIV-1 Env and Rev, and then aliquots were either
mock-infected or infected with an equal volume of VSVAG, VSVAG-
CC4, or VSVAG-CC4XL. Additional controls included the use of the
nontransfected 293T/0X40 cells infected with the various con-
structs. After 15 hours infection, the cells were tested by immuno-
fluorescence using anti-VSV N mADb, followed by FITC-conjugated
anti-mouse IgG. As shown in Fig: 2A, whereas the mock-infected
cells did not express the N protein and VSVAG did not infect Env-
expressing 293T/0X40 cells, the VSVAG-CC4 and VSVAG-CC4XL
constructs both showed clear evidence of infection in these cells.
Importantly, microscopic quantification showed that the VSVAG-
CC4XL construct led to an eightfold higher frequency of infected
cells compared with the VSVAG-CC4 construct (Fig. 2B). In contrast,
non-Env-expressing 293T/0X40 cells were not susceptible to in-
fection with the rVSVs tested (Fig. 2A). These results confirm that
infection of cells with rVSVs expressing HIV-1 receptors instead of
G is Env-dependent and suggest that the enhancement of infectiv-
ity was most likely mediated by the interaction between 0X40 at
the cell surface and OX40L incorporated into the envelope of VSV
particles.

3.3. Enhanced cell fusion induced by infection of HIV-1-infected
0X40" cells with VSVAG-CC4XL

We reasoned that the inclusion of the 0X40L molecule with CD4
and CXCR4 expressed on the cells infected by the rVSV might
enhance the cell fusion process following interaction with Env-
expressing 0X40™" cells. To test this possibility, we mock-infected
or infected aliquots of the Molt-4/11IB/OX40 cell line with equal
volumes of either VSVAG, VSVAG-CC4 or VSVAG-CC4XL and 15
hours later the cells were observed by microscopy. In addition, for
purposes of controls, we included infection of aliquots of the Molt-
4/0X40 cell line with the same rVSV constructs. As seen in Fig. 3A,
infection of Molt-4/IIIB/OX40 cells with either VSVAG-CC4 or
VSVAG-CC4XL induced significant syncytia, whereas infection of
cells with either mock or VSVAG did not lead to detectable levels
of syncytia-forming cells (Fig. 3A, upper and middle panels).
Once again, not only did infection of the cells with the VSVAG-
CC4XL construct increase the number of syncytia, but the syncy-
tia were also significantly larger than those induced using the
VSVAG-CC4 construct (Fig. 3A, middle panels). In contrast, no

- 320 —



298 C. Tsuruno et al. / Human Immunology 72 (2011) 295-304

A Mock

VSVAG

Env
)

Env

+

B 1000

800
800~
700
600~
500+

% infectivity

400
300+
200+
100+

Mock VS¥AG

VSVAG-CC4 VSVAG-CC4xXL

VEVAG-CCA  VSVAG-COaXL

Fig. 2. In vitro infectivity of the rVSVs in cells expressing both the X4 HIV-1 Env and the 0X40 protein. (A) The 293T/0X40 cells were initially transfected with or without an
expression plasmid for X4 HIV-1 Env for 2 days. The Env-expressing [Env (+)] or non-Env-expressing [Env (—)] 0X40™ cells were either mock-infected or infected with VSVAG,
VSVAG-CC4, or VSVAG-CC4XL. After 15 hours’ incubation, the cells were fixed and examined by indirect immunofluorescence (x 100 magnification) using a mouse anti-VSV
N mAb followed by a FITC-conjugated anti-mouse IgG to detect VSV-infected cells. The stained cells were observed by fluorescence microscopy with an Olympus IX-FLA
apparatus, and photographs of the cells were taken with an Olympus DP71 digital camera using an Olympus IX70 microscope. (B) The relative infectivity of each virus was
quantified by enumerating the total number of fluorescent cells per well and by determining the frequency of VSV-infected cells relative to VSVAG-CC4 ~infected cultures. The
cultures were performed in triplicates and the data expressed as % infectivity (mean + SE). The data obtained were also analyzed by Student’s t test and the percent infectivity
of the VSVAG-CC4XL construct was determined to be significantly higher than that of the VSVAG-CC4 construct (denoted by ***, p < 0.001). Representative data from one of

three independent experiments are shown.

detectable syncytia were noted when the Molt-4/0X40 cells
were mock-infected or infected with either of the rVSV con-
structs (data not shown).

Furthermore, in efforts to determine if the enhancement in cell
fusion was mediated by specific interaction between 0X40 and its
cognate ligand, use was made of an anti-OX40L neutralizing mAb
(5A8). Aliquots of the Molt-4/I1IB/OX40 cells were thus incubated
with either the VSVAG-CC4 or the VSVAG-CC4XL construct that
was pretreated with the indicated concentrations of the anti-
OX40L mAb. Treatment of aliquots of the same rVSV constructs
with an isotype control mAb was used as a control. After 15 hours,
the numbers of syncytia induced by each rVSV construct were
enumerated under the microscope. As seen in Fig. 3A (lower pan-
els), there was a marked reduction in the frequency of syncytia in
Molt-4/11IB/OX40 cells incubated with VSVAG-CC4XL preincubated
with the anti-OX40L mAb, compared with preincubation of the
cells with the isotype control mAb. Additionally, augmentation in
the frequency of cell fusions by VSVAG-CC4XL infection was inhib-
ited by pretreatment with the anti-OX40L mAbD in a dose-dependent
manner (Fig. 3B). As expected, pretreatment of VSVAG-CC4 with
either the anti-OX40L or the control mAb did not affect the
induced cell fusion (Fig. 3B). These data suggest that the major
contributor for the augmentation of cell fusion was due to the
interaction between the 0X40 molecule and its cognate ligand.
These findings also indicate that the OX40L protein expressed by
VSVAG-CC4XL was functional because of the marked increase in
the efficiency of not only the rVSV infection but also the rVSV-
induced cell fusion.

3.4. Elimination of cells chronically infected with HIV-1 by VSVAG-
CC4XL infection is associated with a reduction of HIV-1 viral load

The above findings of the high efficiency of infection noted using
the VSVAG-CC4XL construct early postinfection prompted us to
carry out studies to determine the potential of this construct to
induce cytotoxicity and to inhibit HIV-1 production upon pro-
longed culture of the superinfected cells.

An initial experiment was carried out in efforts to determine
whether VSVAG-CC4XL elicited a cytotoxic effect on HIV-1 Env-
negative OX40™ T cells. Aliquots of Molt-4/0X40 cells were infected
with either VSVAG-CC4 or VSVAG-CC4XL and for purposes of con-
trol mock-infected, and then the number of live cells were counted
daily for a total of 8 days. As shown in Fig. 4A, VSVAG-CC4XL had a
marginal effect compared with mock and VSVAG-CC4 all through
the time of culture.

Thus, after aliquots of HIV-1 Env* 0X40* Molt-4/11IB/0X40 cells
were washed, equal volumes of VSVAG, VSVAG-CC4, or VSVAG-
CC4XL were added to the cells. A control culture was left uninfected
with rVSV (mock-infected). A portion of replicate cultures repre-
senting each combination was harvested daily for a total of 8 days
and the number of viable cells determined. As shown in Fig. 4B,
after superinfection with either VSVAG-CC4 or VSVAG-CC4XL, the
percentage of live cells began to decrease immediately and rapidly
(approximately 40% and 10% on day 1) with 2-5% thereafter and
<1% by day 3, respectively. In cells mock-infected or infected with
VSVAG, the percentage of live cells continued to increase and
reached around 400% by day 4 and day 6, respectively, and then
began to decrease gradually. These data not only document the
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Fig. 3. Induction of cell fusion by superinfection of HIV-1~infected cells with the rVSVs. (A) The Molt-4/l1IB/OX40 cells were mock-infected or superinfected with VSVAG,
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anti~-OX40L mAb (bottom right) or the control mAb (bottom left) are displayed. (B) Either VSVAG-CC4 or VSVAG-CC4XL was pretreated with the anti-OX40L mAbD at the
concentrations indicated and subsequently incubated with aliquots of the Molt-4/111B/OX40 cells. Fifteen hours later, the superinfected cells were observed by microscopy and
the numbers of syncytia were counted. This assay was performed in triplicate. The data shown are reported as percent cell fusion noted in cultures superinfected with the
VSVAG-CC4 construct pretreated without the mAb (mean + SE), The data obtained were also analyzed by Student’s t test. The values obtained in cultures incubated with
VSVAG-CC4XL pretreated with the anti-OX40L mAb at each concentration were significantly different from the values noted in cultures incubated with VSVAG-CC4XL
pretreated without the mAb (denoted by ***, p < 0.001). Representative results from one of three independent experiments are shown.
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effectiveness of VSVAG-CC4XL and VSVAG-CC4 for lysing the target
cells but also demonstrate the higher relative efficiency of the
former than that of the latter on mediating the lytic effect.
Supernatant fluids from such cultures were also analyzed for
levels of p24. As seen in Fig. 4C, supernatant fluids from the mock-
infected cultures or those infected with VSVAG showed robust p24

levels that reached plateau levels at approximately 1500 ng/ml. In
contrast, p24 levels in the cultures superinfected with VSVAG-CC4
or VSVAG-CC4XL peaked at approximately 150 ng/ml on day 2 after
infection and then declined down to approximately 50-90 ng/ml
by day 8. Throughout this assay, infection with the VSVAG-CC4XL
construct inhibited p24 production more efficiently than that with
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Fig.4. Depletion of HIV-1 chronically infected target cells by superinfection with the rVSVs results in reduction of HIV-1 viral load. Aliquots of the Molt-4/11IB/OX40 cells were
washed and then mock-infected or superinfected with VSVAG, VSVAG-CC4 or VSVAG-CC4XL. As a control, aliquots of the Molt-4/0X40 cells were mock-infected or
superinfected with either VSVAG-CC4 or VSVAG-CC4XL. A fraction of triplicate culture from each combination was harvested daily for a total of 8 days, and the number of
viable cells determined using Trypan blue dye exclusion and the supernatant fluids of Molt-4/11IB/OX40 cell culture assayed for the level of HIV-1 p24 by ELISA. (A) Percent
viability of the Molt-4/0X40 cells (mean *+ SE). (B) Percent viability of the Molt-4/111B/OX40 cells (mean = SE). The indicated symbol ¥ represents below the level of detection.
(C) Levels of p24 (mean = SE) as determined in the supernatant fluids. The data obtained were also analyzed by Student’s t test, and the values in the supernatant fluid of

A

% cell viability

HIV-1 titer

C. Tsuruno et al. / Human Immunology 72 (2011) 295-304

16000

1600

sasd

166

24350

10

Aetsiasd

O Mock

B VSVAG-CC4

- VSVAG-CCAXL

100

U o

"

% ceil viability

10

[ngimL }
2000+

1000+

1004

Concentration of p24

-
ol

v T ¥ T v ¥

1 2 3 4 -3 & 7 8

Days post-VSV infaction

~O~ Mock

- VSVAG

-~ V8VAG-CC4

= VSVAG-CCAXL

Days post-VSV infection

O Mock

e YSVAG

-~ VSVAG-CCa

- VSVAG-CCAXL

[WimL ]
8.0x0°

5.0x10°

1.0:40°
1.0x408%

B.0xd04

¥ 4 T T v v v 3

k3 k4 3 4 5 L1 7 8
Days post-¥SV infoction

£33 Mock
ZZ VSVAG
£ VSVAG-CC4

R VSVAG-CC4XL

1 3 3 7
Days post-VSV infection

-~ 328 —



C. Tsuruno et al. / Human Immunology 72 (2011) 295-304 301

the VSVAG-CC4 construct with marked differences (p < 0.05) noted
at days 6 and 8 postinfection (Fig. 4C).

In efforts to confirm the effects of the marked reduction of p24
synthesis, supernatant fluids from the same cultures were assayed
for levels of viral titers as outlined in the Subjects and methods
section. As seen in Fig. 4D, supernatant fluids from the mock-
infected or VSVAG-infected cultures showed titers that fluctuated
between 1.0 x 10° and 8.0 X 10° IU/ml after infection. However, the
titers in the supernatant fluids collected from cultures superin-
fected with VSVAG-CC4 or VSVAG-CC4XL decreased to around
1.0 X 10%and 6.0 x 10*1U/ml on day 1 post-infection (eightfold and
>100-fold inhibition in comparison with mock infection), respec-
tively. Subsequently the titers continued to decline and reached
about 3.0 x 10* and 1.5 x 10* IU/ml on day 7 (>200-fold and
>500-fold inhibition relative to mock infection), respectively.
These data therefore confirmed the results obtained with the mon-
itoring of p24 levels and underscore the antiviral effect of the
VSVAG-CC4XL construct.

3.5. Assessment of the therapeutic potential of VSVAG-CC4XL in a
T-cell line acutely infected with HIV-1

In efforts to determine whether use could be made of the
VSVAG-CC4XL construct as a therapeutic agent, cell cultures
acutely infected with X4 HIV-1 NL-EGFP strain were used. In this
assay, the Molt-4/0X40 instead of the Molt-4/I1IB/0OX40 cell line
was used to minimize a role for the HIV-1 Env. The Molt-4/0X40
cell line was initially infected with the NL-EGFP for 2 days and then
aliquots incubated with equal volumes of either VSVAG-CC4 or
VSVAG-CC4XL. Controls consisted of NL-EGFP-infected cultures
that were not superinfected with rVSV (mock-infected) and of cells
cultured with neither the NL-EGFP nor the rVSV. A fraction from
replicate cultures was harvested daily for 3 days. The cells were
subjected to flow cytometric analysis for the frequency of EGFP*
(HIV-1-infected) cells and the supernatant fluids used to deter-
mine the levels of HIV-1. It should be noted that HIV-1 infection of
the cultures in general leads to a reduction in the number of cells
because of the lytic action of the replicating virus. Thus, data pre-
sented are a reflection of the net effects and depicted as % of control
values of EGFP* cells in the mock-infected cultures. As shown in
Fig. 5A, superinfection with VSVAG-CC4 or VSVAG-CC4XL led a net
decrease in the frequency of EGFP™ cells with values of 70% and 40%
of control values, respectively, on day 3 post-VSV infection. Once
again, the data clearly demonstrate the higher efficiency of VSVAG-
CC4XL compared with VSVAG-CC4 in eliminating HIV-1-infected
cells.

The supernatant fluids collected from the same cultures were
assayed for p24 levels. As seen in Fig. 5B, supernatant fluids from
the cultures mock-infected or superinfected with VSVAG-CC4
showed increasing p24 levels which reached around 500 or 300
ng/ml, respectively, on day 2 post-VSV infection. In contrast,
throughout this assay p24 levels in the cultures superinfected with
VSVAG-CC4XL were lower (~100 ng/ml) than those in the other
cultures with significant differences (p < 0.01 and p < 0.05, respec-
tively) noted on day 2.

Furthermore, the supernatant fluids collected from the same
cultures were assayed for HIV-1 viral titers. As seen in Fig. 5C,
whereas the titers in supernatant fluids from the cells mock-
infected or superinfected with VSVAG-CC4 increased from around
0.5 x 10°IU/ml on day O to about 3.0 x 10° IU/ml on day 1 post-VSV
infection, the supernatant fluids from the cultures superinfected

with VSVAG-CC4XL showed titers of approximately 0.3 x 10° 1U/ml
on day 1 (10-fold reduction). In addition, whereas the supernatant
fluids from the mock-infected cells continued to show high titers
on day 3, those from the VSVAG-CC4-infected or VSVAG-CC4XL-
infected cultures showed remarkably reduced titers of 0.3 X 10° or
0.1 x 10° IU/ml on the same day (10-fold or 30-fold lower than
mock infection), respectively. These findings once again indicate
that VSVAG-CC4XL is more effective at reducing HIV-1 viral load
than VSVAG-CC4, most likely due to increased ability both to detect
and kill cells infected with HIV-1 acutely as well as chronically.

3.6. Therapeutic potential of VSVAG-CC4XL in primary CD4" T cells
acutely infected with HIV-1

Finally, efforts were made to determine the potential of VSVAG-
CC4XL as a therapeutic agent in primary CD4" T cells acutely in-
fected with HIV-1 instead of the use of transformed T-cell lines.
Primary CD4™" T cells were initially activated for 3 days and then
infected with NL-EGFP strain. At 2 days postinfection the frequency
of EGFP* (HIV-1-infected) and OX40™" cells was analyzed by flow
cytometry. This analysis revealed that more than 1% of the entire
live cell population were EGFP* and approximately two thirds of
the EGFP* cells were OX40*. These findings prompted us to inocu-
late rVSVs at the same time the cells were infected with HIV-1.
These cells were thus superinfected with G-complemented VSVAG-
CC4 or VSVAG-CC4XL at an MOI of 0.1. As controls, NL-EGFP-
infected cultures that were not superinfected with rVSV (mock-
infected) and cells cultured with neither the NL-EGFP nor the rVSV
were prepared. Culture medium from replicate cultures was har-
vested daily for 3 days. The cells were analyzed by flow cytometry
again for the frequency of EGFP* cells and the supernatant fluids
used to determine the levels of HIV-1 p24.

As seen in Fig. 6A, superinfection with VSVAG-CC4 or VSVAG-
CC4XL led a decrease in the frequency of EGFP™ cells with values of
81% or 69% of control values on day 2 post-VSV infection, and 71% or
63%onday 3, respectively. Further, Fig. 6B showed that supernatant
fluids from the cultures mock-infected or superinfected with
VSVAG-CC4 or VSVAG-CC4XL exhibited increasing p24 levels
which reached 177, 85, or 72 ng/ml, respectively, on day 3 post-VSV
infection. These data repeatedly demonstrate the higher efficiency
of VSVAG-CC4XL compared with VSVAG-CC4 both in eliminating
HIV-1-infected cells and in reducing HIV-1 viral load. These results
clearly indicate that VSVAG-CC4XL has a greater therapeutic poten-
tial than VSVAG-CC4 against HIV-1 infection not only of trans-
formed cell lines but also of primary cells.

4. Discussion

Results of our present study demonstrate that 0X40 engage-
ment with rVSVAG expressing HIV-1 receptors in addition to
0OX40L (VSVAG-CC4XL) enhanced the killing effect of rVSVAG ex-
pressing HIV-1 receptors alone (VSVAG-CC4) on HIV-1-infected
cells. This finding indicates that 0X40-OX40L interactions not only
promote cellular adhesion but also apoptotic cell death, as previ-
ously reported [18,21,22]. In addition, the expression of OX40L
additionally enhanced both rVSV infectivity and cell death com-
pared with values obtained by rVSV infection alone, respectively.

The failure of the VSVAG-CC4 construct to completely reduce
the number of X4 HIV-1 persistently infected Molt-4/11IB/0X40
cells in contrast to the success of the VSVAG-CC4XL construct to
more efficiently eliminate the cells (Fig. 4B) needs to be addressed.
We hypothesize that there could be a low frequency (~5%) of cells

cultures incubated with VSVAG-CC4 compared with VSVAG-CC4XL were significantly different (denoted by *, p < 0.05). (D) Aliquots of the supernatant fluids obtained at the
indicated time points were serially diluted twofold and subsequently inoculated into the Molt-4/0X40 cells. At 7 days post-culture, levels of p24 in the supernatant fluids were
quantitated by ELISA. The titers of HIV-1 were determined by end-point titration and are reported as IU/ml calculated. The data shown are mean -+ SE of the values of the
triplicates. The results displayed are representative of one of three independent experiments.
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Fig. 5. Effects of the rVSVs on an 0X40-expressing CD4* T cell line acutely infected with HIV-1. The Molt-4/0X40 cells were initially infected for 2 days with the recombinant
X4 HIV-1 encoding EGFP. Aliquots of such infected cells were mock-infected or superinfected with either VSVAG-CC4 or VSVAG-CC4XL. The co-infected triplicate cultures
were incubated for an additional 3 days. A portion (10%) of each culture was harvested daily and the cells and supernatant fluid assayed. The data obtained were analyzed by
Student’s t test. (A) The frequency of EGFP-positive (HIV-1-infected) cells was analyzed by flow cytometry daily after VSV infection. The results shown represent percentage
of control values (mean + SE). The values obtained in cultures superinfected with VSVAG-CC4 were significantly different from the values obtained in cultures superinfected
with VSVAG-CC4XL (denoted by *, p < 0.05). (B) Aliquots of the supernatant fluids obtained until day 2 post-VSV infection were assayed by ELISA to determine levels of HIV-1
p24. The results shown represent percentage of control values (mean + SE). The values obtained in cultures superinfected with VSVAG-CC4 were significantly different from
the values obtained in cultures superinfected with VSVAG-CC4XL (denoted by *, p < 0.05 and **, p < 0.01). (C) Aliquots of the supernatant fluids obtained on days 0, 1, and 3
post-VSV infection were serially diluted threefold and added to the Molt-4/0X40 cells cultured in the microtiter plates. Five days later, the plates were scored for the presence
of EGFP™ cells by fluorescence microscopy using the Olympus CKX41 microscope. The titers at each time point were determined by end-point titration and are displayed as
IU/ml calculated. The data shown are representative of one of three similar independent experiments.

that do not express the HIV-1 Env at the cell surface of the Molt-4/
I1IB/OX40 cells which are latently infected with HIV-1, and thus
VSVAG-CC4 was not able to eliminate the target cells completely.
Such latently infected cells could however be easily targeted by the
VSVAG-CC4XL construct, as it does not need to bind the Env but can
bind 0X40 on the cell surface via its expression of 0X40L. Given the
fact that stimulation of 0X40 with its cognate ligand induces HIV-1

and lead these cells to apoptosis. Otherwise HIV-1 production by
the activation of the potentially latently infected cells might induce
the expression of Env at the cell surface, leading to rVSV re-
targeting/infection/killing of the cells.

Thus, the functional OX40L molecule expressed by VSVAG-
CC4XL appears to exert versatile effects upon superinfection that
include virus-cell adhesion, cell activation and apoptotic cell death

production in the latently infected cells, followed by apoptotic cell
death [21], the OX40-OX40L interaction might similarly activate
the potentially latently infected cells among Molt-4/I111B/OX40 cells

through the ligation with its receptor.
In an effort to further delineate the therapeutic window for such
an approach, the duration of the antiviral effect of the rVSVs was
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assayed. (A) The frequency of EGFP* (HIV-1-infected) cells was analyzed by flow cytometry daily after VSV infection. The results shown represent percentage of control values
(mean + SE). (B) Aliquots of the supernatant fluids obtained were assayed daily by ELISA to determine levels of HIV-1 p24. The results shown represent percentage of control
values (mean + SE). data displayed are representative of one of three similar independent experiments.

intriguing. As there was rapid and marked reduction in the number
of Molt-4/11IB/OX40 cells (Fig. 4B), we dispensed fresh Molt-4/I1IB/
0X40 cells without the rVSVs directly into each culture three times
during the experiment (for 10 days). It was of note that the progeny
rVSVs in such cultures could keep killing the freshly added cells
rapidly to the same extent as the initial cells placed in culture,
indicating that these rVSVs retain their potential for a substantial
time period. These data also suggest that OX40L as well as the HIV-1
receptors are consistently expressed on the progeny virions from
the genome of replication-competent VSV and stably expressed in a
functional form sufficient enough to elicit effects through binding to
their receptor/ligand even after a single administration of the rVSV.

However, it is important to note that the OX40 protein ex-
pressed by the HIV-1-infected cells becomes downregulated after
the return of the cells from the activated to a resting state. Conse-
quently, because the rVSVs primarily target HIV-1-infected acti-
vated T cells, the resting HIV-1-infected cells would have reduced
susceptibility to elimination by the rVSVs. In this respect, the
persistently/latently HIV-1-infected cell reservoirs that are resis-
tant to HAART drugs would similarly be resistant to VSVAG-CC4XL-
induced cytolysis due to the decreased expression of 0X40. Thus, other
strategies need to be used to eliminate such latently infected cells.

Our anti-HIV-1 strategy has major potential advantages over
HAART-based therapy because of the following reasons. (i) The
VSV specifically infects cells that are already HIV-(1) infected via

the membrane fusion following receptor-Env binding and then kills
the superinfected cells. Thus, such effector mechanisms are rea-
soned to more efficiently and rapidly target and eliminate HIV-1-
producing cells. It is also reasonable to assume that such effector
mechanisms would also target the HIV-1 latently infected cells
once they are reactivated presumably using histone deacetylase
inhibitors currently being planned for use in the clinic. (ii) Based on
the fact that the rVSV is replication competent, it is expected to
retain the therapeutic potential all during infection, as described
above. Thus a novel therapy with intermittent, but not continuous,
administrations of the rVSV might be possible. (iii) The rVSV only
proliferates in HIV-1-infected cells and thus the levels of rVSV
replication would be dependent on HIV-1 replication. Therefore,
the rVSV infection would decline along with HIV-1 clearance, at
least partially indicating relative safety in the use of rVSV. Mini-
mally, it seems reasonable to suggest that the strategy advanced
herein would be a powerful adjunct to HAART and in particular,
other therapies aimed at reactivation of latently infected cells.

In summary, our findings obtained in the present studies dem-
onstrate that the additional expression of OX40L by the rVSVAG
construct that also expresses the X4 HIV-1 receptors rendered the
recombinant even more infectious and cytopathic for HIV-1-
infected OX40™" cells and has a relatively potent effect on HIV-1
infection in culture. These results indicate the usefulness of the
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0X40 protein as a therapeutic target and underscore the high po-
tential of VSVAG-CC4XL as a novel drug.
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Imbalanced Production of Cytokines by T Cells Associates
with the Activation/Exhaustion Status of Memory
T Cells in Chronic HIV Type 1 Infection
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Abstract

Chronic HIV-1 infection is characterized by immune cell dysfunctions driven by chronic immune activation.
Plasma HIV-1 viral load (VL) is closely correlated with disease progression and the level of immune activation.
However, the mechanism by which the persistent presence of HIV-1 damages immune cells is still not fully
understood. To evaluate how HIV-1 affects disruption of T cell-mediated immune responses during chronic
HIV-1 infection we determined the functional profiles of T cells from subjects with chronic HIV-1 infection. We
measured the capacity of peripheral blood mononuclear cells (PBMCs) to produce 25 specific cytokines in
response to nonspecific T cell stimulation, and found that the capacity to produce Th-1-related cytokines (MIP-
1a, MIP-18, RANTES, IFN-y, and MIG), sIL-2R, and IL-17, but not Th-2-related cytokines, was inversely cor-
related with plasma VL. The capacities to produce these cytokines were interrelated; notably, IL-17 production
had a strong direct correlation with production of MIP-1x, MIP-18, RANTES, and IFN-y. In both CD4™ and
CD8* T cells, dysfunctional production of cytokines was associated with T cell activation (CD38 expression) and
exhaustion (PD-1 and /or CTLA-4 expression) status of memory subsets. Although the capacity to produce these
cytokines was recovered soon after multiple log;o reduction of plasma viral levels by antiretroviral therapy,
memory CD8" T cells remained activated and exhausted after prolonged virus suppression. Our data suggest
that HIV-1 levels directly affect the ability of memory T cells to produce specifically Thl- and Th17-related
cytokines during chronic HIV-1 infection.

Introduction The immune system is highly coordinated: the cytokine

network regulates interactions between cells, and cytokine

L.ASMA VIRAL LOAD (VL) and CD4-positive T cell count are

two surrogate markers of HIV-1 disease progression.'
Throughout the course of infection both innate and adaptive
immune systems are highly activated, and disease progres-
sion is strongly correlated with immune activation status.2?
Notably, immune activation is observed in both HIV-1 and
pathogenic SIV infection, but not in nonpathogenic SIV in-
fection in a natural host.* Moreover, studies have shown that
T cells in patients with high VL and progressive disease are
less functional, have less proliferative capacity, and are more
exhausted than T cells in patients with low VL and slow
disease progression.”'? In those patients, exhaustion is seen
not only in HIV-1-specific T cells, but also in nonspecific T
cells."**® These data suggest that immune cells have lost their
original function due to persistent hyperactivation, which
depends on VL, during chronic HIV-1 infection.

balance dictates how the immune system responds. Cytokine
production determines the specific helper functions of CD4*
T cells and allows balance in immune responses in vivo."** A
possible explanation of the impaired immune response in
chronic HIV-1 infection is that the ability of T cells to balance
cytokine production has been altered, just as alteration of
balance between Th1- and Th2-type immune response affects
the clinical course of certain infectious diseases and autoim-
mune syndromes.w‘18

To evaluate T cell impairment resulting from persistent
immune activation during chronic HIV-1 infection, we com-
pared the cytokine expression spectra of peripheral blood
mononuclear cells (PBMCs) in response to nonspecific
T cell stimulation in treatment-naive HIV-1-infected subjects
with low or high VL. We also examined the differentiation
states and activation levels of CD4" and CD8" T cells from
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HIV-l-infected subjects to elucidate relationships between
cytokine expression capacity and T cell phenotypic status.

Materials and Methods
Study design

HIV-1-infected individuals who were under medical su-
pervision at our clinic were asked to provide blood samples
for this study. Blood samples were taken from selected pa-
tients in the chronic phase of HIV-1 infection, with CD4
counts >200 cells/ml. We requested blood samples from
antiretroviral therapy (ART)-naive patients with either low
plasma viral load (VL) values (<5000 copies/ml; LVL group)
or high VL values (> 25,000 copies/ml; HVL group), and from
treatment-experienced patients who had received ART >2
years (Tx group). Blood samples were also obtained from a
small number of HIV-1-infected patients who had first initi-
ated ART within the previous 1-2 months. As controls, blood
samples were obtained from HIV-1-seronegative individuals
(healthy controls; HC).

All participants gave written informed consent, and the
study was approved by the institutional review boards of the
Institute of the Medical Science of the University of Tokyo
(No. 11-2-0329 and 20-47-210521).

PBMC cultures and PHA stimulation

PBMCs were isolated from heparinized whole blood by
Ficoll-Paque PLUS density gradients (GE Healthcare, Piscat-
away, NJ) and cryopreserved in liquid nitrogen until use. The
frozen cells were thawed 1 day before stimulation and cul-
tured in R10 medium [RPMI 1640 medium (Sigma, St. Louis,
MO) supplemented with 10% heat-inactivated fetal calf serum
(FCS; Sigma), 100U penicillin/ml, 100 ug/ml streptomycin
(Sigma), 2mmol/liter L-glutamine (Sigma), and 10 mmol/
liter  4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(HEPES; Sigma)] at 37°C, 5% CO,. The following day 5x 10°
cells/well were cultured in 250 ul/well of R10 medium with
or without 2 ug/ml phytohemagglutinin L (PHA; Roche Ap-
plied Science, Mannheim, Germany). Culture supernatants
were harvested after 48h and stored at ~80°C until use for
multiple cytokine assays.

Quantification of cytokines

The human cytokine 25-plex antibody kit (Invitrogen
Corporation, Carlsbad, CA) was used to measure the levels of
25 cytokines in culture supernatants: interleukin (IL)-1 re-
ceptor antagonist protein (IL-1RA), IL-18, IL-2, soluble IL-2R
(sIL-2R), IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40/70, IL-13,
IL-15, IL-17, eotaxin, interferon gamma (IFN-y)-induced
protein 10kDa (IP-10), monocyte chemoattractant protein-1
(MCP-1), monokine induced by IFN-y (MIG), macrophage
inflammatory protein lalpha (MIP-1a), MIP-1f, regulated on
activation normal T cell expressed and secreted (RANTES),
tumor necrosis factor-x (TNF-z), granulocyte-macrophage
colony-stimulating factor (GM-CSF), IFN-«, and IFN-y. The
detection limits for the cytokines measured by the kit were as
follows: IL-5, IL-6, IL-8, 3 pg/ml; MIG, 4pg/ml; IL-4, IL-10,
IEN-y, IP-10, eotaxin, 5pg/ml; IL-2, 6 pg/ml; IL-7, IL-13, IL-
15, IL-17, TNF-, MIP-12, MIP-18, MCP-1, 10 pg/ml; IL-18,
IL-12p40/70, IFN-, GM-CSF, RANTES, 15pg/ml; IL-1RA,
sIL-2R, 30 pg/ml. As the amounts of IL-6, IL-8, TNF-, MIP-
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1o, MIP-18, IP-10, MIG, and MCP-1 produced from PHA-
stimulated PBMCs were beyond the range of the assay, we
diluted the samples 10-fold prior to measurement of these
cytokines. However, IL-8 levels were out of range in most
patient samples and could not be measured accurately.

Samples were loaded onto the Luminex100 system (Lu-
minex Corporation, Austin, YX), and samples were quantified
by analysis of the median fluorescence intensity of the beads
using MasterPlex QT version 2.5 (Luminex Corporation). The
assays were performed according to the manufacturer’s in-
structions, and all samples were run in duplicate.

Identification of cytokine-producing cells in PBMCs

CD14* cells (monocytes), CD8" T cells, CD4™ T cells, and
CD56™CD16™ (NK) cells were isolated sequentially from
PBMCs of each healthy subject. Magnetic cell separation
(MACS) selection was performed using anti-CD14, anti-CD8,
and anti-CD4 antibody-conjugated microbeads or using the
CD56"CD16™ NK cell isolation kit (Miltenyi Biotic, Bergisch
Gladbach, Germany). The purity of each cell fraction was
>95% as determined by flow cytometry.

Fractionated cells were cultured separately or were co-
cultured in the presence of 2 ug/ml PHA at 37°C, 5% CO,, for
48 h. Levels of MIP-1x, MIP-18, RANTES, IL-2R, IFN-y, and IL-
17 in culture supernatants were measured with DuoSet ELISA
Development Systems (R&D Systems). The absolute numbers
of each cell fraction used in the experiments were calculated
from the average proportion of each subset in PBMCs.

Antibodies

The fluorochrome-conjugated monocional antibodies
(mADb) used in the study were as follows: fluorescein iso-
thiocyanate (FITC)-labeled anti-MIP-1x, anti-MIP-18, and
anti-RANTES (R&D Systems, Minneapolis, MN); FITC-
labeled anti-PD-1 and anti-Ki67, phycoerythrin (PE)-labeled
anti-Bcl-2, peridinin cholorophyll protein/cyanin5.5 (PerCP
Cyb5.5)-labeled anti-CD38 and anti-CD3, PE Cy7-labeled anti-
CCR?7, allophycocyanin (APC)-labeled anti-CD45RA, and
pacific blue-labeled anti-CD4 (BD Biosciences, San Jose, CA);
APC AlexaFluor 750-labeled anti-CD4, pacific blue-labeled
anti-IFN-y, and AlexaFluor 647-labeled anti-IL-17A
(eBioscience, San Diego, CA); PE-labeled anti-IL-4 (Becton
Dickinson, Franklin Lakes, NJ); APC Cy7-labeled anti-CD3
(BioLegend, San Diego, CA); and Pacific Orange-labeled anti-
CD8 (Invitrogen).

Surface phenotypic and intracellular cytokine staining

For intracellular cytokine staining, cryopreserved PBMCs
were thawed and cultured in R10 overnight. The following
day cells were stimulated with phorbol ester (PMA)/ calcium
ionophore (ionomycin) in the presence of Golgi inhibitor
(brefeldin A) for 5h. Cells were stained with a panel of
fluorescently labeled antibodies against cell-surface markers.
For detection of dead cells, the cells were also stained with
5 ug/ml ethidium monoazide bromide (EMA; Sigma). Cells
were washed twice and exposed to fluorescent light for 10 min
on ice to allow the EMA to bind to DNA in dead cells. Cells
were then fixed in 2% paraformaldehyde and permeabilized
in BD FACS Permeabilizing Solution 2 (BD Biosciences) prior
to antibody staining for intracellular molecules.
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Dead or dying cells were detected by surface phenotypic
staining with propidium iodide (PI; Sigma).

Flow cytometric analysis

Samples were analyzed on a FACSAria multilaser cyt-
ometer (Beckton Dickinson) running FACSDiva software,
with collections of 60,000~100,000 lymphocyte-gated events.
Data were analyzed with FlowJo software (Tree Star, Ash-
land, OR).

Statistical analysis

GraphPad Prism5 software (San Diego, CA) was used for
all statistical analysis. Differences between groups were tested
for statistical significance using the nonparametric Mann—
Whitney U test. Since previous studies revealed that pro-
duction of multiple cytokines by HIV-specific T cells was
limited in progressors compared to nonprogressors,*’® the
production levels of cytokines were expected to differ among
LVL, HVL, and healthy control subjects. For this reason, we
did not consider multiple comparison correction for Mann—
Whitney U tests to avoid false-negative results. Correlation
analysis was performed using Spearman’s rank correlation.
The level of significance for all analyses was set at p<0.05.

Results
Study population

Most analyses were performed using blood samples col-
lected from 35 HIV-1-infected, ART-naive patients, 15 HIV-1-
infected, treatment-experienced patients, and 16 HIV-1-sero-
negative individuals. Demographic characteristics of these 50
HIV-1-infected patients are presented in Table 1. The 35 HIV-
l-infected, ART-naive patients included 19 patients with low
VL (LVL group; median VL: 1200, range: 53 to 3600) and 16
patients with high VL (HVL group; median VL: 62,000; range:
25,000 to 500,000). The median CD4 counts in the LVL and
HVL groups were 449 (range: 316 to 749) and 407 (range: 228
to 520), respectively; the difference was not statistically sig-
nificant. The groups also showed no significant difference in
age, another factor that influences immune status.

The 15 HIV-1-infected individuals recruited into the study
to represent treatment-experienced patients had received
ART and successfully controlled their disease over a long
period of time (median: 66 months; range: 22 to 149 months).
To examine the impact of actively decreasing VL on the
functional profile of PBMCs, blood samples were also col-
lected from six HIV-l-infected patients who had initiated
treatment only in the previous 1-2 months.

Cytokine production in PHA-stimulated PBMCs

Cytokine measurements from cells cultured for 48h in an
unstimulated state were at the limit of detection (data not
shown). We initially compared anti-CD3-antibody and PHA
as a nonspecific stimulus of PBMCs to induce cytokine pro-
duction, and found that the production levels of most cyto-
kines were much higher in PHA-stimulated PBMCs than in
anti-CD3-antibody-stimulated PBMCs (data not shown).
When cells were stimulated with PHA and cultured for 48 h,
production of most cytokines increased dramatically (Fig.
1A). There were no significant differences between any

groups in IL-2, IL-13, IL-15, IL-18, IFN-a, TNF-u, eotaxin, or
IP-10 production (data not shown).

Cytokine production in PBMCs from treatment-naive HIV-
1 subjects was compared to cytokine production in PBMCs
from healthy control subjects. Median levels of many cyto-
kines in the HVL group were significantly different from
those in the healthy control group: MIP-1u [6.33 (range 0.99-
21.01) vs. 16.92 (10.36-23.87) ng/ml; p=0.0005], MIP-1 [8.51
(1.37-26.42) vs. 21.44 (10.26-34.11) ng/ml; p=0.0036], IFN-y
[1.50 (0.30-5.75) vs. 2.64 (0.79-5.78) ng/ml; p=0.0402], IL-7
[<0.01 (<0.01-0.67) vs. 0.04 (<0.01-0.07) ng/ml; p=0.0077],
IL-1Ra [18.93 (0.59-27.61) vs. 1.50 (0.55-14.95) ng/ml;
p=0.0184], IL-6 [0.63 (0.11-12.23) vs. 1.77 (0.68—4.93) ng/ml;
p=0.0254], and IL-10 [0.08 (<0.005-0.40) vs. 0.55 (0.13-0.83)
ng/ml; p=0.0031]. In contrast, significant differences between
the LVL group and the healthy control group were seen
only in levels of IL-10 [0.12 (<0.005-0.72) vs. 0.55 (0.13-0.83)
ng/ml; p=0.0050] and IL-1Ra [17.05 (0.49-28.31) vs. 1.50
(0.55-14.95) ng/ml; p=0.0282] (Fig. 1A). These data suggest
that although PBMCs from HVL subjects are abnormal in
some way, PBMCs from LVL subjects are almost normal in
terms of cytokine production.

As shown in Fig. 1A, mean cytokine levels were signifi-
cantly lower in HVL subjects compared to LVL subjects, as
follows: MIP-1a [6.33 (0.99-21.01) vs. 14.36 (2.29-29.16) ng/
ml; p=0.0077], MIP-1p [8.51 (1.37-26.42) vs. 20.14 (4.31-48.75)
ng/ml; p=0.0034], RANTES [2.01 (<0.015-4.57) vs. 3.40 (1.33~
6.90) ng/ml; p=0.0014], sIL-2R [2.30 (0.02—4.96) vs. 3.72 (1.72~-
7.38) ng/ml; p=0.0136], IL-17 [0.04 (<0.01-0.12) vs. 0.08
(<0.01-0.17) pg/ml; p=0.0256}, and IL-7 [ <0.01 (<0.01-0.67)
vs. 0.05 (<0.01-1.05) pg/ml; p=0.0029]. Notably, there was
an inverse correlation between VL and production of these
cytokines, and of IFN-y (Fig. 1B). No relationship was ob-
served between cytokine levels and CD4 cell count (data
not shown). These data suggest that VL directly affects the
capacity of PBMCs to produce certain cytokines during
chronic infection.

Th1- and Th17-type T cells have impaired cytokine
production in HVL subjects

Although PHA is considered a T cell mitogen, other cell
populations also produce cytokines in response to PHA
stimulation.®?2 The next step was to determine which cells
were responsible for the alterations in cytokine production
observed under our experimental conditions. The cytokines
whose production was inversely correlated with VL can be
produced by several cell populations in PBMCs. To identify
the major cell population producing these cytokines, we
fractionated PBMCs in healthy donors by positive selection
and determined the cell population producing these cyto-
kines. CD4"* T cells, CD8" T cells, monocytes (CD14"), and
NK cells (CD56"CD16*) were isolated from PBMCs, cultured
separately or cocultured, and stimulated with PHA. We then
measured levels of MIP-1«, MIP-14, RANTES, IFN-y, sIL-2R,
and IL-17. Little or no production of these cytokines was de-
tected in any of the single cell fractions (Fig. 2A). Production
of cytokines MIP-1a, MIP-1f, RANTES, IFN-y, and sIL-2R was
observed in cocultures of CD4* and CD14" cells and in co-
cultures of CD8" and CD14" cells (Fig. 2A, and data not
shown). IL-17 production was detected only in cocultures of
CD4" and CD14" cells (Fig. 2A). As T cell stimulation by
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