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IgE-FceRI Interactions Determine HIV Coreceptor Usage and
Susceptibility to Infection during Ontogeny of Mast Cells’

J. Bruce Sundstrom,”* Gregory A. Hair,* Aftab A. Ansari,* W. Evan Secor,’
Alasdair M. Gilfillan,” Dean D. Metcalfe,* and Arnold S. Kirshenbaum*

Progenitor mast cells (prMCs), derived from CD34* precursors are CD4*/CCR5*/CXCR4* and susceptible to CCR5(R5)-tropic
virus but only marginally susceptible to CXCR4(X4)-tropic HIV. As infected prMCs mature within extravascular compartments,
they become both latently infected and HIV-infection resistant, and thus capable of establishing an inducible reservoir of CCR5-
tropic infectious clones. In this report we provide the first evidence that IgE-FceRI interactions, occurring during a unique period
of mast cell (MC) ontogeny, enhance prMC susceptibility to X4 and R5X4 virus. IgE-FceRI interactions significantly increased
expression of CXCR4 mRNA (~400- to 1800-fold), enhanced prMC susceptibility to X4 and R5X4 virus (~3000- to 16,000-fold),
but had no significant effect on CD4, CCR3, or CCRS expression, susceptibility to RS virus, or degranulation. Enhanced suscep-
tibility to infection with X4 virus occurred during the first 3-5 wk of MC ontogeny and was completely inhibited by CXCR4-
specific peptide antagonists and omalizumab, a drug that inhibits IgE-FceRI interactions. IgE-FceRI coaggregation mediated by
HIVgp120 or Schistosoma mansoni soluble egg Ag accelerated maximal CXCR4 expression and susceptibility to X4 virus by
prMCs. Our findings suggest that for HIV-positive individuals with atopic or helminthic diseases, elevated IgE levels could
potentially influence the composition of CXCR4-tropic and R5X4-tropic variants archived within the long-lived tissue MC res-

ervoir created during infection.

tudies show HIV can be phenotypically classified by

which specific chemokine coreceptors are engaged by its

viral envelop glycoproteins during entry and infection of
the host cell. The CCRS-tropic variants (RS viruses) and CXCR4-
tropic variants (X4 viruses) use target cell-expressed CCRS5 and
CXCRA4, respectively, whereas R5X4 viruses can use either CCRS
or CXCR4 (1). During HIV disease, RS, X4, or R5X4 virus in-
fection can become established within different habitats inside tis-
sue compartments. These habitats consist of pools of various sus-
ceptible target cells that support productive or latent virus
infection, and hence persistence. Collectively, these viral habitats
constitute a dynamic “ecosystem” of virus infection. The compo-
sition of the virus populations and the various constituent target
cell pools within the ecosystem strongly influence the predominant
HIV coreceptor-using variants that emerge during the course of
infection. A complex and dynamic balance of multiple immuno-
logical, virological, and physiological conditions may thus influ-
ence the range of different target cells, including both T cell and
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non-T cell lineages that express both CD4 and relevant chemokine
coreceptors. In many individuals with HIV infection, predomi-
nance of virus with the CXCR4-tropic phenotype is associated
with a more rapid progression to AIDS (1).

Among the non-T cell lineages that are susceptible to HIV
infection, progenitor mast cells (prMCs)? are unique in that they
can develop into mature, latently infected tissue mast cells
(MCs) (2—4). MCs are long-lived and are also widely distrib-
uted among diverse tissue compartments through the body, in-
cluding gastrointestinal tissues, which are now recognized as an
important site of viral replication and T cell depletion during
acute HIV infection (5-8). Early studies by Irani et al. (9)
showed that the number of tryptase/chymase-positive MCs in
intestinal mucosal and submucosal tissues of patients with ad-
vanced AIDS and with severely reduced number of T cells re-
mained unchanged relative to uninfected subjects. These finding
are consistent with the concept that MCs are present at sites of
active viral replication, are long-lived, and are resistant to cy-
totoxic effects of virus infection. Thus, due to their longevity,
their resistance to viral cytopathicity, and their ability to harbor
latent infectious virus, MCs can serve as an inducible reservoir
of persistent HIV infection (4, 10).

FceRI™ prMCs cultured in vitro from fetal or adult CD34™ pro-
genitors express significant levels of not only CD4, but also both
CXCR4 and CCRS. In addition, they are readily susceptible to
R5-HIV but only marginally susceptible to X4-HIV (2, 4, 10).
These infection susceptibility characteristics also hold for circu-
lating prMCs isolated in vivo (10). In this study, we present evi-
dence that FceRI-bound IgE (IgE-FceRI), or aggregated IgE-
FceRI significantly enhance prMC expression of CXCR4 and their

3 Abbreviations used in this paper: prMC, progenitor mast cell; MC, mast cell; SS,
strong stop; B-hex, B-hexosaminidase; SmEA, Schistosoma mansoni egg Ag; DC,
dendritic cell; HAART, highly active antiretroviral therapy.
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susceptibility to X4 and R5X4 virus within a unique developmen-
tal period during MC ontogeny. Furthermore, IgE-FceRI aggrega-
tion mediated by superallergens, such as HIVgp120 or soluble
Schistosoma mansoni egg Ag (SmEA), also enhances susceptibil-
ity of prMCs to X4 and R5X4 virus. These findings indicate that
IgE may significantly influence the overall fitness advantage for
X4 and R5X4 virus in the MC reservoir of persistent HIV infec-
tion. The clinical implications of these findings are that HIV-pos-
itive individuals with pre-existing comorbid conditions associated
with elevated IgE levels, such as atopic disease or helminthic in-
fections, may have increased risk for infection with X4- and
R5X4-HIV.

Materials and Methods

Materials and reagents

Human IgE myeloma protein from three different sources, supplied by Dr.
A. A. Ansari and Dr. A. S. Kirshenbaum (National Institutes of Health,
Bethesda, MD) and EMD Biosciences, were tested in preliminary pilot
experiments as described below. IgE myeloma protein, supplied by Dr.
A. A. Ansari (National Institutes of Health, Bethesda, MD), was then used
in all subsequent experiments. Preparation of biotinylated human IgE my-
eloma protein (IgE-biotin; EMD Biosciences) was performed using the
Pierce EZ-Link Sulfo-NHS-Biotinylation kit according to the manufactur-
er’s instructions. These IgE-biotin preparations contained an average of 2.4
biotin molecules per molecule of IgE. Streptavidin (125 ng/ml; Sigma-
Aldrich) was used in IgE-biotin cross-linking studies. Omalizumab (Ge-
nentech) was used to block IgE binding to prMCs. The CCRS peptide
antagonist RCP188 and the CXCR4 antagonist RCP138 were obtained
from Raylight. Soluble SmEA was produced as described (11) and HIV-
15,1 gp120 recombinant protein (catalog no. 4961) was obtained from the
National Institutes of Health AIDS Research & Reference Reagent Pro-
gram (Germantown, MD).

In vitro culture and infection of prMCs

Human prMCs were cultured from adult CD34 ™" pluripotent progenitors
isolated from circulating PBMC under Institutional Review Board-ap-
proved protocols as described (10). Rhesus macaque prMCs were de-
rived from CD34™" pluripotent progenitors isolated from freshly pre-
pared aspirates of rhesus macaque bone marrow collected under
protocols approved by the Institutional Review Board at Emory Uni-
versity and Yerkes National Primate Research Center. To isolate rhesus
macaque pluripotent progenitors, the protocol for immunomagnetic
positive selection of human CD34 ™" cells was modified by substituting
an anti-rhesus CD34" mAb-specific clone 563 for the positive selection
of rhesus CD34™ progenitors (Stem Cell Technologies). Rhesus ma-
caque CD34" pluripotent progenitor-derived prMCs were then devel-
oped in vitro exactly as previously described for human prMCs using
human recombinant IL-3, IL-6, and stem cell factor (PeproTech) (10).
LAD?2 cells were maintained in serum-free medium with stem cell fac-
tor (100 ng/ml) (12). HIV/SHIV-susceptible human or rhesus macaque
prMCs were routinely used at 3—5 wk of culture for infection studies
except where otherwise indicated. HIV . is an HIV-1/group M, sub-
type B, X4 virus strain (X4-HIV or virus) that replicates efficiently in
macrophages exclusively through use of CXCR4 as a coreceptor.
HIV 1y, was obtained from the National Institutes of Health Research
and Reference Reagent Program (catalog no. 10454). The well-charac-
terized R5 HIV-1 strain (R5-HIV or virus) HIV-15,; was obtained
from Dr. S. Gartner, Dr. M. Popovic, and Dr. R. Gallo (Division of
AIDS, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Bethesda, MD (13)) through the National Institutes
of Health Research and Reference Reagent Program (catalog no. 510).
The CXCR4-tropic strain SHIV,;, (14) and the CCR5-CXCR4-tropic
strain SHIVgq ¢p (15, 16) (R5X4-HIV or virus), which are able to infect
hematopoietic cells of both rhesus macaque and human origin, were a
gift from Dr. F. Villinger (Emory University, Atlanta, GA). All virus
infection experiments were conducted by challenging treated target
cells with virus (multiplicity of infection ~0.1), then performing two
washes in sterile PBS (pH 7.2) that did not contain Ca?*/Mg**. Mock-
infected target cell controls were prepared the same way in the absence
of virus. To test the relative effects of IgE and IgG on susceptibility to
virus infection, prMCs were pretreated overnight with IFN-vy (20 ng/ml;
PeproTech) to up-regulate functional expression of FcyRI (17).

Igé AND MC IN HIV CORECEPTOR USAGE

Determining relative expression of chemokine receptor gene
expression by real-time quantitative PCR

Total RNA was prepared from 1-2 X 10° MCs using the QIAamp RNAe-
asy Mini kit protocol (Qiagen). Real-time quantitative PCR was performed
in triplicate in 50-ul volumes with iScript One-step RT-PCR Mastermix
with SYBR Green (Bio-Rad), 200—-400 of ng RNA, and the chemokine
coreceptor gene-specific validated primers (SuperArray) for CCR3 (catalog
no. PPHOO612A, band size 170 bp), CCRS (catalog no. PPHO0615A, band
size 188 bp), and CXCR4 (catalog no. PPHOO621A, band size 150 bp).
PCR was performed using a Bio-Rad Icycler real-time PCR system with
the following program: 95°C, 10 min; 50 cycles of 95°C, 30 s; 55°C, 30 s;
and 72°C, 30 s.

Determining viral entry and infection of prMCs by detection of
viral strong stop (SS) cDNA

Susceptibility of MCs to infection with HIV at the level of viral entry was
determined by measuring relative levels of RS and X4 virus SS DNA by
real-time quantitative PCR using the common SS primers M667 (sense)
GGCTAACTAGGGAACCCACTG and AASS5 (antisense) CTGCTA
GAGATTTTCCACACTGAUC, used at a final concentration of 200 nM.
The viral SS DNA, amplified from 400 ng of sample DNA, consisted of an
89-bp DNA product reverse-transcribed from the U5 and R sequences from
the 5’ untranslated region as previously described (10).

Immunophenotyping by flow microfluorometry

Analysis of the surface expression of CXCR4 and FceRI-bound IgE on
paraformaldehyde-treated prMC was performed by immunophenotyping
and flow microfluorometry with a BD Biosciences FACSCalibur using
CellQuest software as reported previously (10).

B-Hexosaminidase (B-hex) release assay

The prMCs were sensitized overnight with IgE-biotin (100 ng/ml). Cells
were then washed to remove excess IgE-biotin and cross-linked using
streptavidin as reported (17). Levels of B-hex were reported as a percentage
of total cell contents released.

Statistical analyses

Results from real-time quantitative PCR and $-hex release assays are re-
ported as mean = SEM. Data presented are representative of results ob-
tained from experiments using prMCs from three different human and rhe-
sus macaque donors. The fold increase expression of chemokine coreceptor
gene mRNA and viral SS ¢cDNA expression relative to reference control
groups as determined by real-time quantitative PCR was computed by the
2724 method (18). Where indicated, p values for statistically significant
differences in gene expression between experimental groups or between
experimental groups and reference controls were computed by the pairwise
fixed reallocation randomization test using the relative expression software
tool (REST software) (19). Significant differences reported for B-hex re-
lease were determined by one-way ANOVA. A value for p < 0.05 was
considered significant.

Results
IgE enhances CXCR4 expression and X4-HIV susceptibility by
prMCs

To determine the effect of IgE-FceRI interactions on CXCR4 ex-
pression and X4-HIV susceptibility, prMCs derived from human
CD34™" cells (3-5 wk of culture) were incubated with varying
concentrations of IgE, and the kinetics of viral chemokine core-
ceptor expression were determined. A significant concentration-
dependent increase (~1600-fold) over the constitutive expression
of CXCR4 mRNA was observed in prMCs after treatment with
IgE (n = 3 experiments) (Fig. 14). Induced CXCR4 mRNA ex-
pression, which appeared to peak at 48 h, was IgE concentration-
dependent over a broad range from 10 to 1000 ng/ml. The cell
surface expression of IgE-induced CXCR4 was slightly delayed,
peaking after 72 h, but subsequently followed a similar pattern of
kinetics (Fig. 1B). The mean fluorescent intensity in the expression
of CXCR4 increased by an average of 7.7- and 9.7-fold after 72 h
treatment (n = 2 experiments) with IgE concentrations of 100 and
1000 ng/ml, respectively (Fig. 1C). In contrast, IgE treatment
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IgE-induced expression of CXCR4 and enhanced susceptibility to infection with X4-HIV by prMCs from 3-5 wk cultures is dose- and

time-dependent. A, Relative fold increase in real-time quantitative PCR measurement of chemokine coreceptor mRNA expression by prMCs pulsed for 24,
48, or 72 h with 10, 100, or 1000 ng/ml IgE. #*, p = 0.017 significant difference between experimental groups; *, p = 0.017 significant difference between
untreated (NT) reference controls. B, Flow microfluorometry of CXCR4 expression (x-axis) of gated populations of CD117* prMCs pulsed for 48, 72, or
96 h in the absence or presence of 100 ng/ml IgE and immunostained with PE-labeled human CXCR4-specific mAb. The maximum percentage (% Max)
of total gated cells (y-axis) at a given fluorescent intensity (represented on the x-axis) is shown. C, Flow microfluorometry of CXCR4 expression (x-axis)
of gated populations of CD117" prMCs pulsed for 72 h in the absence or presence of 10, 100, or 1000 ng/ml IgE and immunostained with PE-labeled human
CXCR4-specific mAb. The maximum percentage (% Max) of total gated cells (y-axis) at a given fluorescent intensity (represented on the x-axis) is shown.
D, Relative fold increase in real-time quantitative PCR measurements of X4-HIV SS ¢cDNA expression in prMCs pulsed for 24, 48, or 72 h with 10, 100,
or 1000 ng/ml IgE and then challenged overnight (18 h) with X4-HIV before quantitative PCR measurements of SS cDNA. #*, p = 0.017 significant
difference between experimental groups; *, p = 0.017 significant difference between untreated (NT) reference controls.

showed no measurable inductive effect above the constitutive ex-
pression for either CCR3 or CCRS (Fig. 1, A and B).
IgE-induced CXCR4 mRNA and cell surface expression also
correlated with an increased susceptibility of prMCs to infection
with X4-HIV. The critical determinant for HIV replication and
productive infection in MCs is at the level of viral entry and not a
function of viral reverse transcription, proviral integration and
transcription, or posttranscriptional processing and virion assem-
bly (2). Similarly, our laboratory has shown that virus entry, re-
verse transcription, proviral integration, and productive or induc-
ible latent infection occurs in circulating prMCs and placental
tissue MCs obtained from an HIV-infected pregnant women on
highly active antiretroviral therapy (HAART) (10). These stud-
ies therefore suggest that measurement of viral SS DNA, one of
the earliest indicators of viral entry, is an effective measure to
determine infection of prMCs. At each IgE treatment time point
(24, 48, or 72 h), prMCs were challenged overnight with X4-
HIV. Measurements of relative levels of viral SS cDNA indi-

cated that prMCs were most susceptible to overnight infection
with X4 virus 48 h after IgE exposure, paralleling the IgE-
induced increase in CXCR4 expression (n = 3 experiments)
(Fig. 1, compare D with A).

In contrast, no enhancement above constitutive levels of sus-
ceptibility to infection with R5-HIV was observed in IgE-
treated prMCs (n = 3 experiments) (Fig. 2A). Thus, IgE-in-
duced up-regulation of CXCR4 expression uniquely correlated
with IgE-induced susceptibility to infection with X4-HIV by
prMCs. To confirm that exposure to X4-HIV leads to both viral
entry and integration and productive infection of MCs, the hu-
man MC line LAD2 (12), which expresses high levels of CD4,
CCRS5, and CXCR4, was challenged overnight (18 h) with virus.
Increased levels of viral SS DNA measured in LAD2 cells cor-
responded with high levels of HIV p24 at day 35 postinfection
in parallel cultures of virus-infected LAD2 cells, thus confirm-
ing that measurement of HIV viral entry predicts productive
infection in MCs (Fig. 2B).
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FIGURE 2. IgE-FceRI interactions do not influence susceptibility to
R5 HIV infection. A, Relative fold increase in real-time quantitative
PCR measurements of expression of HIV SS ¢cDNA expression in 4-5
wk prMCs (RS virus) and 3—-4 wk prMCs (X4 virus) pulsed for 48 h
with 100 or 1000 ng/ml IgE and then challenged overnight with RS or
X4-HIV. *x, p = 0.017 significant difference between experimental
groups; *, p = 0.017 significant difference between untreated (NT)
reference controls. B, Relative fold increase in real-time quantitative
PCR measurements (histograms and primary y-axis on the left) of HIV
SS c¢DNA expression in LAD2 MCs challenged overnight (18 h) with
R5- or X4-HIV before quantitative PCR measurement of SS cDNA.
Levels of HIV p24 in culture supernatant fluids from parallel cultures of
LAD?2 cells infected with either R5 or X4 virus or left uninfected (Me-
dia) were determined by ELISA after day 35 in culture (line graph and
secondary y-axis on the right).

Specificity of IgE-enhanced susceptibility for X4 and R5X4 virus
and CXCR4 expression

Next, we characterized the specificity of IgE treatment for en-
hanced susceptibility to X4 virus by prMCs. The prMCs (3-5
wk) were stimulated with IgE (100 ng/ml) for 48 h and chal-
lenged overnight with X4 (HIV-1;..), RS (HIV-1g,,), or
R5X4 (SHIVg, ¢p) virus in the presence or absence of CXCR4
or CCRS peptide antagonists. The level of viral SS cDNA was
then determined by real-time quantitative PCR. The CXCR4
peptide antagonist RCP138 completely blocked infection of
prMCs challenged with X4 virus but had no effect on SS cDNA
expression in RS virus-challenged prMCs (n = 3 experiments)
(Fig. 3A). Similarly, the CCRS peptide antagonist RCP188
completely inhibited infection of prMCs challenged with RS
but did not alter X4 virus infection of IgE-stimulated prMCs
(Fig. 3A).

This same approach was used to assess the specific effects of
IgE stimulation on the susceptibility of prMCs to R5X4 virus.
As shown in Fig. 3B, in the absence of chemokine coreceptor
peptide antagonists, IgE stimulation of prMCs nearly doubled
the levels of viral SS ¢cDNA over unstimulated prMCs after
challenge with R5X4 virus. Conversely, challenge with R5X4
virus in the presence of both RCP138 and RCP188 completely
inhibited infection of IgE-treated prMCs. Furthermore, levels of
SS ¢DNA in IgE-treated prMCs after R5X4 virus infection in
the presence of RCP138 or RCP188 alone were comparable to
those present in virus-infected IgE-naive prMCs in the absence
of either chemokine coreceptor peptide antagonist (Fig. 3B).

IgE AND MC IN HIV CORECEPTOR USAGE

IgE uniquely enhances CXCR4 expression with minimal MC
activation

Induction of CXCR4 expression by IgE was compared with in-
duction by IgG to measure the specificity of the response by
prMCs. IgE is the least abundant serum Ig with a concentration
ranging from 100 to 150 ng/ml in normal (nonatopic) individuals
and 1-2 pg/ml in atopic individuals. In contrast, the normal range
for plasma levels of IgG is from 1 to 10 mg/ml (20). Therefore, to
compare how IgG-FcyRI interactions affected CXCR4 expression
relative to IgE, experimental groups of 3- to 5-wk-cultured prMCs
were pretreated overnight with or without IFN-vy (20 ng/ml), which
up-regulates FcyRI receptors on human MCs (17). The cultured
prMCs were then incubated with human IgG or with IgE for 48 h.
The functional expression of CXCR4 on prMCs was induced only
by IgE and not IgG, even when prMCs were treated with IgG at
levels 5000- to 10,000-fold greater than IgE (n = 3 experiments)
(Fig. 3C). We also verified that IgE treatment-enhanced CXCR4
expression of prMCs was not simply the result of nonspecific ac-
tivation as IgE treatment induced minimal MC degranulation. IgE
levels that stimulated a 1500-fold increase in CXCR4 expression
caused f-hex release of less than 10% compared with ~60% re-
lease from prMCs incubated with cross-linked IgE (IgE-streptavi-
din) (Fig. 3D).

Cross-linked IgE enhances CXCR4 expression and susceptibility
to X4 virus

MC may be activated either by IgE (monomeric IgE) or by IgE-
streptavidin (cross-linked IgE) through interactions with MC-
bound FceRI. To account for the possible interaction between mo-
nomeric IgE and undetected serum proteins, IgE purified from
three different myeloma sources were tested under serum-free cul-
ture conditions. Comparable levels of CXCR4 mRNA expression
(1200- to 1800-fold increase) were induced on 3- to 5-wk-cultured
prMC s after 48 h with all three IgE preparations (data not shown).
All subsequent experiments were conducted using a single source
of myeloma IgE, as described in Materials and Methods. However,
another possibility is that even in the absence of cross-linking,
monomeric IgE interactions with FceRI may still result in FceRI
aggregation and as a result low level MC activation over time (21).
Considering this possibility, we tested the hypothesis that IgE-
FceRI cross-linking would accelerate prMC expression of CXCR4
and enhanced susceptibility to X4-HIV. Streptavidin-mediated
cross-linking of IgE-biotin bound to FceRI on prMCs for 2 h in-
duced levels of CXCR4 mRNA expression (n = 3 experiments)
(Fig. 4A) and X4-HIV susceptibility (n = 3 experiments) (Fig. 4B)
that were similar to prMC treated with IgE alone for 48 h. Thus,
maximum levels of induced CXCR4 expression occurred much
more rapidly on prMCs following FceRI aggregation.

Superallergen-mediated enhancement of CXCR4 expression and
susceptibility to X4-HIV is IgE-dependent

Certain viral, bacterial, and helminthic proteins cross-link cell-
bound IgE nonspecifically and activate MCs and basophils by act-
ing as “superallergens” that directly induce IgE-FceRI complex
clustering or aggregation (22-24). We thus chose to examine the
ability of two well-characterized superallergens, SmEA and HIV-
1gp120, to mediate IgE-FceRI aggregation-dependent enhance-
ment of the functional expression of CXCR4 and the susceptibility
of prMCs to X4 virus. Schistosoma mansoni infection increases
SHIV replication and susceptibility to viral infection (25) in rhesus
macaques. The effects of SmEA-mediated IgE-FceRI aggregation
on enhancement of CXCR4 expression and X4 virus susceptibility
were therefore evaluated for both human (HIV-14,, strain) and
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b

1200 % rhesus macaque (SHIV,,, strain) prMCs because S. mansoni in-
1000 * i fection models in rhesus macaques have been well established (26)
800 =CXCRa and the results of these in vitro studies could thus be readily ex-
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6000 presence of IgE that was completely inhibited by omalizumab at
higher concentrations (100 or 1000 ng/ml) in both human and rhe-
sus macaque prMCs (n = 3 experiments) (Fig. 5A4). The increased

IgE 48 hi/-SA IGE 2 h/+SA IGE2hr-SA N IgE levels of SmEA-IgE-induced CXCR4 expression also significantly

FIGURE 4. Cross-linked IgE enhances CXCR4 mRNA expression and erllhanced susceptil?ility of b(?th human and rhesus pTMCS to X4
susceptibility to X4-HIV. A, Relative fold increases in CCR3, CXCR4, and  Virus (n = 3 experiments) (Fig. 5B). Results from real-time quan-
CCR5 mRNA expression in 3- to 5-wk-cultured prMCs that were treated with titative PCR revealed a dose-dependent increase in X4 virus SS
IgE (100 ng/ml) for 48 h without streptavidin (IgE 48 h/—SA), IgE for 2 h c¢DNA expression relative to medium controls (no IgE treatment)
followed by aggregation with streptavidin for 2 h (IgE 2 h/+SA), IgE for 2 h that correlated with the degree of SmEA-induced CXCR4 expres-
without streptavidin (IgE 2 h/—SA), and in control (No IgE) prMCs. *, p = sion (Fig. 5, compare B and A). Although the level of CXCR4
0.001 significant diﬁ“erenc.e betwet.an experi.rnenta.l groups and medium C.Ol’ltr.()l mRNA expression induced by SmEA-IgE interactions was less
groups (No IgE). B, Relative fold increase in X4-HIV SS cDNA expression in than half of the level of expression seen in prMCs after IgE-

prMCs treated with IgE (100 ng/ml) for 48 h without streptavidin (IgE 48 e . .. .
/—SA), IgE for 2 h followed by aggregation with streptavidin for 2 h (IgE 2 streptavidin biotin-treated activation (compare Figs. 5A and 4A),

h/+SA), IgE for 2 h without streptavidin (IgE 2 h/—SA), and untreated (No ~ comparable levels of X4 virus SS ¢cDNA and virus susceptibility
IgE), and then challenged overnight with X4-HIV. *, p < 0.001 significant ~ Wwere observed with both treatments (compare Figs. 5B and 4B).
difference between experimental groups and medium controls (No IgE). Similarly, 2 h of pretreatment of prMCs with IgE followed by
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FIGURE 5. Superallergens (SmEA or HIVgp120) mediate IgE cross-
linking-dependent enhancement of CXCR4 mRNA expression and suscep-
tibility to X4-HIV. A, Relative fold increase in CXCR4 mRNA expression
in human and rhesus prMCs (3-5 wk cultures) untreated or pulsed with IgE
(100 ng/ml) in the absence or presence of omalizumab (10, 100, and 1000
ng/ml) for 2 h and then treated with SmEA (10, 100, or 1000 ng/ml) for 2 h.
#, p = 0.03 significant difference between experimental groups and me-
dium control groups (No IgE). B, Relative fold increase in X4 virus SS
cDNA expression in human and rhesus prMCs untreated or pulsed with IgE
(100 ng/ml) in the absence or presence of omalizumab (10, 100, and 1000
ng/ml) for 2 h, treated with SmEA (10, 100, or 1000 ng/ml) for 2 h and then
challenged overnight with CXCR4-tropic HIVqy,. (human prMCs) or
SHIV;5, (thesus prMCs). *, p = 0.03 significant difference between ex-
perimental groups and medium control groups (No IgE). C, Relative fold
increase in X4-HIV SS cDNA expression in human prMCs treated with
IgE-biotin (100 ng/ml) alone for 2 h, IgE (100 ng/ml) plus medium (IgE +
Media), or IgE-biotin (100 ng/ml) for 2 h followed by aggregation with
different doses (0.1, 1.0, 10, or 20 ug/ml) of soluble recombinant
HIVgpl120 or streptavidin (SA, 125 ng/ml) for 2 h. The prMCs were then
incubated overnight with X4-HIV. *, p = 0.03 significant difference be-
tween experimental groups and IgE plus medium control groups.

aggregation with recombinant HIVgp120 (0.1, 1.0, 10, or 20 ug/
ml) resulted in a significant dose-dependent increase in suscepti-
bility to X4-HIV with viral SS ¢cDNA expression comparable to
levels of SS ¢cDNA measured in SmEA-IgE and IgE-streptavidin
biotin-treated prMCs (Fig. 5, compare C and B).

IgE-enhanced CXCR4 expression and susceptibility to X4-HIV
is determined by prMC maturational stage

MC susceptibility to infection with HIV is uniquely limited to
discreet maturational stages during which they express CD4 and
relevant chemokine coreceptors to permit viral entry and infection
(2, 4). We thus investigated whether prMCs have a unique devel-
opmental stage during which treatment with IgE induces an up-
regulation of CXCR4 expression and a corresponding enhanced
susceptibility to X4 HIV. As observed in previous experiments
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FIGURE 6. IgE-dependent enhancement of CXCR4 mRNA expression
is determined by the maturational stage of prMCs. Relative fold increase in
real-time quantitative PCR measurements of CCR3 (A), CCR5 (B), and
CXCR4 (C) mRNA expression in human prMCs pulsed with IgE (100
ng/ml, 48 h) at weekly intervals (2—-11 wk in culture). Fold increase in
chemokine coreceptor mRNA expression was normalized against the mean
value of triplicate measurements of the lowest specific mRNA expression
coinciding with prMCs at 11 wk in culture. *, p = 0.03 significant differ-
ence between IgE-treated and untreated groups at each weekly interval.

(Fig. 1A), treatment with IgE (48 h) had no effect on the consti-
tutive expression of CCR3 or CCRS in prMCs (Fig. 6, A and B).
However, a striking pattern of IgE-induced enhancement of
CXCR4 mRNA expression was observed. As shown in Fig. 6C,
IgE-induced CXCR4 mRNA expression was detectable in cells
cultured for 2 wk, peaked in prMCs cultured for 4 wk, and de-
creased in older cultures. By wk 89, MCs had become refractory
to IgE-induced expression of CXCR4 (n = 3 experiments).
IgE-FceRI interactions exclusively increased susceptibility to
X4 virus in prMC. Measurements of viral SS cDNA indicated that
stimulation with IgE had no effect on the susceptibility of prMCs
to RS HIV at any point during development (Fig. 7A4). However,
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FIGURE 7. IgE-dependent enhancement of susceptibility to infection
with X4-HIV is determined by the maturational stage of the prMCs. Rel-
ative fold increase in real-time quantitative PCR measurements of R5-HIV
(A) and X4-HIV (B) SS cDNA expression in human prMCs pulsed with
IgE (100 ng/ml, 48 h) at weekly intervals (2-11 wk in culture) and then
incubated overnight with R5- or X4-HIV. Fold increase in SS cDNA ex-
pression was normalized against the mean value of triplicate reproducible
measurements of the lowest specific cDNA expression coinciding with
prMCs at 11 wk in culture. *, p = 0.03 significant difference between
IgE-treated and untreated groups at each weekly interval.
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stimulation with IgE (48 h) resulted in a dramatic enhancement of
prMC susceptibility to X4-HIV, which peaked in 4-wk cultures,
parallel with IgE enhancement of CXCR4 expression during the
same period (compare Figs. 7B and 6C). Again, mature (7 wk or
more) MCs were refractory to IgE-induced susceptibility to X4-
HIV infection (n = 3 experiments).

Discussion

In ~50% of HIV patients, a “switch” to a dominant CXCR4-tropic
phenotype occurs, corresponding to an accelerated rate of CD4™ T
cell loss and a shift to T,;2 immunity (1). Although the precise
mechanisms have not been elucidated, the CCR5-to-CXCR4 tropic
shift in coreceptor usage among emerging variants is influenced by
HAART, antiviral immune responses and the dynamic interactions
between viral quasispecies and their various target cell populations
within viral habitats and reservoirs (27-30). Our findings that IgE-
FceRI interactions up-regulate functional expression of CXCR4
and thus expand the window of susceptibility of prMCs to both X4
and R5X4 viruses (1), and that this expanded range of virus sus-
ceptibility occurs during a well-defined period of early MC devel-
opment (2), are significant because they provide new insights into
how IgE-mediated allergy or helminthic coinfection may facilitate
the establishment of a MC reservoir of persistent X4 virus infec-
tion. This mechanism may influence a movement to a predominant
X4 virus phenotype and the progression of HIV/AIDS in infected
individuals.

We have reported that mature tissue MCs can archive latent,
inducible infectious HIV in vivo (10). Data presented in this study
now show that IgE-FceRI binding, even in the absence of cross-
linking Ag, and at IgE concentrations as low as 100 ng/ml, can
expand the presence of both X4- and R5X4-HIV in populations of
prMCs that supply the developing MC reservoir of persistent in-
fection (Figs. 1C and 3, A and B). Although the data obtained with
IgE in the absence of Ag would support a role for monomeric IgE
in the regulation of specific MC responses as has been previously
reported (31), we cannot rule out the possibility that the responses
were due to dimers or small oligomers of IgE forming over the
duration of the experiments. Regardless, these responses were ob-
served under conditions, which were not sufficient to induce sig-
nificant MC degranulation (Fig. 3D).

Our data also revealed that, in the presence of streptavidin- or
superallergen-induced coaggregation, up-regulation of CXCR4 ex-
pression occurs much more rapidly and suggest that maximum
levels of virus susceptibility can be achieved with submaximal
induction of CXCR4 mRNA expression (compare Figs. 1, 4, and
5, A and B). These findings indicate that IgE-FceRI aggregation
can promote the inductive signaling pathway leading to functional
expression of CXCR4 on prMCs. Furthermore, the IgE effect is
specifically mediated through an FceRI-dependent pathway. Oma-
lizumab, which effectively inhibits binding of IgE to FceRI (the
predominant IgE receptor expressed throughout MC ontogeny)
(32), specifically uncoupled and completely abolished IgE-depen-
dent enhancement of prMC CXCR4 expression and susceptibility
to X4-HIV (Fig. 5, A and B). The broader implications of these
findings are that pre-existing comorbid conditions such as atopic
disease or helminthic infections with elevated IgE levels may sig-
nificantly contribute to the establishment of X4 and R5X4 virus
within the MC reservoir during HIV infection.

Our observation that 3- to 5-wk-old prMCs, but not mature (8-
wk-old or more) MCs (Figs. 6 and 7), were susceptible to X4 virus
infection in the presence of IgE or cross-linked IgE has at least two
important consequences. First, transmission of X4 virus to prMCs
occurs not only in the presence of receptor-bound IgE but also
predominates in those tissue compartments that support the growth
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and maintenance of the HIV-susceptible FceRI"/CD4/CCR5™"/
CXCR4™ prMC phenotype. MCs with this progenitor phenotype
are found in the circulation (33). However, whether tissue MCs
with a similar IgE-sensitive progenitor phenotype are present
within specialized tissue compartments (e.g., the gastrointestinal
tract) remains to be determined. Secondly, up-regulation of the
functional cell surface expression CXCR4 in CD34™ progenitor
cells is mediated by a cAMP-dependent pathway (34). Up-regula-
tion of cell surface expression of CXCR4 on lymphocytes by
cAMP (35, 36) has not only been shown to enhance chemotaxis in
response to SDF-1, but also susceptibility to infection with HIV
(37). Ongoing studies in our laboratory with LAD cells (12), which
emulate in many ways the IgE inducible expression of CXCR4 on
primary 3- to 5-wk-old prMCs, support the involvement of cAMP
in the inducible expression of CXCR4 on these prMCs (our un-
published observation). Therefore, our findings that IgE-mediated
regulation of CXCR4 on MCs recedes as they mature (Figs. 6 and
7) suggest that signaling pathways mediated by IgE-FceRI inter-
actions may also coordinately change and evolve as prMCs ma-
ture. A broader implication of these findings is that progenitors of
potentially other, yet to be described, cell lineages may also be-
come transiently susceptible to HIV infection during unique stages
of development and then covertly maintain latent persistent infec-
tion in a similar fashion as they mature into otherwise HIV infec-
tion-resistant cell phenotypes.

These results also underscore the general theme and overall sig-
nificance of the relationship between MC maturational or devel-
opmental stages and susceptibility to both R5- and (now) X4-HIV
infection. The dynamic constitutive (IgE-independent) expression
of CXCRS5 and corresponding relative susceptibility to infection
with RS virus varies with the developmental stage of prMCs de-
rived from either fetal (2, 4) or adult CD34 " -derived committed
progenitors (Figs. 6 and 7). As shown in Fig. 6, constitutive ex-
pression of CXCRS5 is maximal at 2-3 wk of culture and then
begins a dramatic decline. These observations may explain differ-
ences in maximum levels of RS SS ¢cDNA obtained from prMCs
exposed to virus at wk 45 (Fig. 2A) and wk 3—4 (Fig. 3, A and B).
MCs appear unique among non-T cell lineages in that their
transient susceptibility to infection to both RS and X4 viruses is
related to biological and IgE-independent and —dependent
physiologic characteristics at different stages of development.
Thus, during ongoing HIV infection, conditions that are asso-
ciated with MC mobilization, recruitment and survival, such as
IgE-mediated allergy, schistosomiasis, or other helminth infec-
tions (31, 38), may establish a reservoir of latently infected
“tissue” MCs harboring infectious R5-, X4-, and R5X4-HIV
within diverse tissue compartments.

Many questions remain regarding the clinical significance and
the role of IgE in the pathogenesis of HIV infection in the presence
of coinfection, especially in the gut. Adult female S. mansoni re-
siding in the intestinal vasculature release eggs that potently in-
duce IgE and Th2 immune responses (39). The shift toward a Th2
immune environment limits host antiviral immune responses and
promotes survival of MCs (40). One prediction based on our find-
ings that IgE-FceRI interactions enhance expression of CXCR4
and susceptibility to X4 and R5/X4-tropic HIV/SIV (Figs. 1 and 3)
is that increased levels of IgE and prMCs during allergy or a hel-
minth infection would expand the presence of archived X4 and
R5X4 viruses in the MC reservoir and thus proportionately in-
crease the opportunity for X4 and R5X4 viruses to persist and
eventually emerge as viral fitness landscapes change during dis-
ease progression. To our knowledge, no formal studies correlating
IgE levels and CCRS5-to-CXCR4 tropism shifts during HIV or SIV
infection have been conducted. However, several new reports of
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clinical findings indicate that effective HAART, which suppresses
viral replication and evolution, creates an environment necessary
for the emergence of CXCR4-tropic variants archived in cellular
reservoirs, and are thus consistent with this prediction from our
model (27-29). Acute S. mansoni infection also increases suscep-
tibility to systemic SHIV Clade C infection in rhesus macaques
after mucosal virus exposure (25). The IgE-SmEA-mediated en-
hancement of rhesus macaque prMC susceptibility to X4-tropic
SHIV33a (Fig. 5) makes it feasible to study the consequences of
schistosomiasis coinfection and SHIV disease progression in this
nonhuman primate model of AIDS.

Many questions also remain regarding the relative clinical and
pathological significance of the MC lineage as a target of HIV
infection. Knowledge of the scope and diversity of susceptible
target cell populations that comprise different reservoirs of persis-
tent HIV infection during HAART now includes many non-T cell
lineages, such as macrophages, dendritic cells (DCs), and others
(41, 42). MCs represent a new lineage of target cells that share
many important similarities with macrophages and DCs in terms of
their ability to serve as agents of disseminated HIV infection (4,
10, 41, 42). All three of these cell lineages are primarily suscep-
tible to R5-HIV and only to a lesser extent X4-HIV (4, 10, 43, 44).
HIV-infected MCs, macrophages, and DCs are all capable of in-
teracting with and spreading HIV infection to susceptible popula-
tions of T cells (4, 10, 44, 45). Like macrophages, MCs are widely
distributed among various tissues, including the intestinal lamina
propria and gut mucosal tissues, which are now recognized as the
major anatomical sites for HIV transmission and replication during
acute infection (5, 7). MCs, like DCs, can be found in regional
lymph nodes and secondary lymphoid organs and can interact with
and induce clonal expansion of Ag-specific susceptible T cells (46,
47). However, although macrophages and DCs, as well as many
progenitor cells, constitutively express CXCR4, they remain re-
fractory or only marginally susceptible to infection with X4-HIV
(43, 44). Therefore, unlike MCs, their potential role in X4 virus
infection, expansion, and viral persistence is most likely limited.

Human MCs also differ from macrophages and DCs in their
ability to harbor latent inducible infectious HIV proviral DNA (4,
10). Reactivation of viral replication in latently infected mature
MCs does not affect MC viability and can be achieved through
multiple activation pathways, including signaling through TLR2,
TLR4, TLRY, and IgE cross-linking (4, 10). Also, because latency
is only established after infected prMCs differentiate into HIV-
infection resistant mature forms, clonally conserved virus can be-
come archived in the MC reservoir (4, 10).

The significance of this observation is becoming increasingly
apparent with reports of two important findings from studies of
persistent HIV infection during antiretroviral therapy. First, in
some patients on long-term effective HAART, the source of resid-
ual viremia from invariant clones not found in circulating T cells
may be a monocyte-macrophage lineage progenitor capable of pro-
ducing virus that can infect CD4™" T cells (48). It is unlikely that
macrophages are the source because viral evolution is accelerated
in infected tissue macrophages relative to T cells (49). Second,
there is new evidence that X4-HIV is archived during periods of
productive infection and is able to persist even after long-term
administration of effective HAART (27, 50). How this action hap-
pens and the extents to which MCs contribute to X4 virus persis-
tence during HAART have not been elucidated.

Our data suggest that MCs are the primary, if not exclusive,
FceRI-expressing cell lineage that may serve as an inducible target
for X4-HIV infection. Although other cell lineages, such as eosin-
ophils, do express mRNA and protein for FceRI, evidence from
both flow microfluorometry and functional assays indicate that
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FceRlI is not expressed in any significant levels on the cell surface;
thus limiting IgE-FceRI-induced responses by eosinophils (33,
51). Mature eosinophils do express low levels of CD4 and CXCR4
and are moderately susceptible to X4, but not RS, tropic HIV (52).
However, unlike MCs, they succumb to viral-mediated apoptosis
and necrosis and are thereby unlikely to serve as reservoirs of
latent infection. Furthermore, unlike MCs, eosinophils develop and
mature in the bone marrow from CD34™ progenitors and are re-
leased to the peripheral blood as mature cells. Because of their
relatively short half-life (7-14 days) compared with tissue MCs
(months) and the susceptibility of eosinophils to viral cytotoxicity
(unlike MCs), they would only present a minor contribution, if
any, to persistent retroviral infection.

Many important details regarding the clinical significance and
basic pathogenic mechanisms of the role of IgE in the establish-
ment of a MC reservoir of persistent X4-HIV infection in vivo
must be elucidated. For instance, the kinetics and conditions for
establishing a MC reservoir in vivo during atopy or helminthic
parasitic coinfection, as well as its significance to HIV disease
progression, especially during HAART, will have to be addressed
with the proper animal models. Our findings, however, make the
design and implementation of these studies conceivable. The re-
sults of IgE-SmEA-mediated enhancement of rhesus macaque
prMC susceptibility to CXCR4-tropic SHIV 45, (Fig. 5) provide the
opportunity to address these questions using the established rhesus
macaque models of schistosomiasis/SIV coinfection (40).
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