
Hematopoe(c-‐stem-‐cell	  based	  
therapy	  for	  HIV	  disease	  

	  
	  

Josef	  Bodor	  
	  

Ins(tute	  of	  Experimental	  Medicine	  
Prague,	  Czech	  Republic	  





Intracellular	  immuniza.on	  with	  gene-‐modified	  
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2012)	  

a stem cell is an in vivo assay in which a particular cell or cell type
can be shown to repopulate and reconstitute the entire hemato-
poietic system after myeloablative and otherwise lethal condi-
tioning. Ethical concerns obviously make this impossible to
test in humans. A significant advance to this field was provided
by the development of mouse models allowing the engraftment
and multilineage differentiation of human hematopoietic progen-
itor cells (Bhatia et al., 1998; Guenechea et al., 2001; Kaneshima
et al., 1990; Lapidot et al., 1992; Larochelle et al., 1996; McCune
et al., 1988, 1991; Namikawa et al., 1990). A critical limitation of
this approach is the inability to test the effect of the conditioning
regimens on engraftment and to evaluate the long-term genera-
tion of all lineages. Accordingly, large animal models (e.g.,
monkeys and dogs) were used to study HSC biology and trans-
plantation, and studies in the early 1990s demonstrated that
marrow cells can be enriched for subpopulations that possess
long-term repopulating capabilities (Berenson et al., 1988).
These studies used the marker CD34, which is still used today
if one wishes to perform ‘‘stem cell’’ enrichment or selection in
patients or T cell depletion. Although there are many other
markers [(e.g., Rholow cells identified by functional assays
(McKenzie et al., 2007) or so-called ‘‘side populations’’ (Goodell
et al., 1997)], such methods have not advanced into routine
clinical use for HSC selection or transplantation. Even if more
purified populations of stem cells can be obtained with novel
markers, the number of such cells that can be routinely obtained
may be insufficient to support rapid engraftment and expansion
in vivo.

At present, it is the general consensus that ‘‘true’’ self-renew-
ing human HSCs are found within a CD34+ population and that

engraftment of a suitably conditioned host with a sufficient
number of such cells will result in long-term multilineage hema-
topoiesis. To obtain the requisite number of purified cells,
sophisticated methods for clinical grade, high-speed cell sorting
have been developed. Once this technology is refined and
approaches are developed to expand such cells ex vivo, it is
likely that defined hematopoietic stem and/or progenitor cell
populations can be targeted for genetic modification and used
to treat nonfatal conditions such as treated HIV disease.
Expansion of HSCs
Over the past 20 years, numerous efforts have been made to
expand HSCs in vitro so they will be more readily accessible
for use in vivo. Initial studies relied on hematopoietic growth
factors such as G-CSF, SCF, Flt3, IL-3, IL-6, and thrombopoietin
(McNiece et al., 2000), but these approaches failed to result in
substantial HSC expansion. Since then, a number of other
factors have been studied: HOXB4 and NUP98 (Gurevich et al.,
2004; Krosl et al., 2003; Sauvageau et al., 2004), Notch ligands
(Delaney et al., 2010), WNT (Reya et al., 2003), pleiotrophin (Him-
burg et al., 2010), and prostaglandin (North et al., 2007, 2009).
The use of angiopoietin-like 5 and insulin-like growth factor has
also been reported to provide some benefit for HSC expansion
in vitro (Zhang et al., 2008). Probably themost successful expan-
sion reagent to be identified has been the purine derivative Stem-
Regenin 1 (SR1), which promotes the ex vivo expansion of
CD34+ cells (Boitano et al., 2010), and is reportedly responsible
for a 50-fold increase in the number of CD34+ cells obtained in
culture and a 17-fold increase in the number of cells able to
engraft in NSG mice. The ability of these expanded HSCs to
engraft in humans is unknown.
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Figure 1. Intracellular Immunization with Gene-Modified Hematopoietic Stem Cells
Long-lived, self-renewing, multilineage hematopoietic stem cells (HSCs) could be modified such that they and their progeny resist HIV infection. The host
could thereafter be repopulated with a hematopoietic system (including CD4+ T and myeloid targets for HIV) that is resistant to the replication and spread
of HIV.

138 Cell Stem Cell 10, February 3, 2012 ª2012 Elsevier Inc.

Cell Stem Cell

Review



The	  replica.ve	  cycle	  of	  HIV	  (Kiem	  et	  al.	  
Cell	  Stem	  Cell,	  2012)	  

(Allers et al., 2011; Hütter et al., 2009). In this case, an HIV-posi-
tive patient with acute myeloid leukemia received an allogeneic
stem cell transplantation using cells from a donor homozygous
for the CCR5-D32 mutation. The patient efficiently engrafted
with CCR5 null cells and, as of this report 4 years later, remains
free of readily detectable circulating virus, even in the absence of
antiretroviral therapy (Allers et al., 2011). Unfortunately, alloge-
neic stem cell transplantation has significant associated morbid-
ities, limiting the widespread application of this approach
beyond patients with AIDS-associated malignancies. Further-
more, because CCR5!/! stem cell donors are rare (particularly
among non-European ethnic groups) and must still be HLA-
matched with prospective HCST recipients, fewer than 1% of
AIDS patients would likely be eligible for this treatment (Hütter
and Thiel, 2011). Thus, there is a critical need for a strategy to
create autologousCCR5!/! stem cells and bypass each of these
problems.
The recent emergence of DNA editing proteins, including zinc

finger nucleases (Urnov et al., 2005), TAL effector nucleases
(Bogdanove and Voytas, 2011), and homing endonucleases
(Stoddard, 2011), has created the possibility that any genetic
locus can be specifically and permanently inactivated. This
approach can be applied to CCR5 in any cell type, including
a patient’s own HSCs. Initial studies used zinc finger nucleases
to disrupt CCR5 in primary human T cells (Perez et al., 2008).
In subsequent work, zinc fingers were used to disrupt CCR5 in
human HSCs, which were then tested in a humanized mouse
model of HIV infection (Holt et al., 2010). Disruption occurred in
17% of CCR5 alleles, resulting in HSCs with either heterozygous
or homozygous disruptions. The modified HSCs were able to
support multilineage hematopoiesis in the mice. After subse-
quent HIV challenge, the CCR5-disrupted progeny cells had
a selective advantage over the unmodified cells. Compared
with control animals, those receiving modified cells had lower
HIV loads and higher numbers of human cells. Based on these
promising results, clinical trials of zinc finger nucleases targeting
CCR5 in peripheral T cells are currently underway.
A potential concern of CCR5-directed therapies is that they

will drive selection of so-called ‘‘X4’’ viruses with tropism for
CXCR4, the other chemokine coreceptor utilized by HIV for
binding and entry into target cells. Although there has been
interest in simultaneously disrupting CXCR4 and CCR5,

CXCR4 is widely expressed on many cell types throughout the
body and is critical for multiple physiologic processes, including
B cell, cardiovascular, and cerebellar development. Therefore,
CXCR4 may not be a suitable target for disruption in pluripotent
stem cells. By contrast, CXCR4 null mice have normal T cell
development (Nagasawa et al., 1996) and it may be possible to
successfully knock out CXCR4 in T-lineage restricted progenitor
cells. An initial study of zinc-finger-mediated disruption of
CXCR4 in a humanized mouse model of HIV infection showed
that this approach was well tolerated and provided resistance
to CXCR4-tropic virus (Wilen et al., 2011). Nevertheless, the
safety of CXCR4 disruption in humans remains a major concern.
Introduction of Genes that Interfere with HIV Infection
and Replication
An alternative strategy of HSC modification for HIV therapy
involves inserting new genetic elements that can inhibit critical
processes such as viral entry or replication (see Figure 4 and
Table 1). For instance, a gp41-derived peptide (C46) that is
structurally similar to the FDA-approved fusion inhibitor enfuvir-
tide can effectively inhibit HIV entry. An initial clinical trial of
C46-expressing, modified autologous T cells in ten patients
showed that the therapy was well tolerated (van Lunzen et al.,
2007). The addition of C46 into HSCs was also evaluated in
a macaque model of HIV infection (Trobridge et al., 2009);
marking efficiencies were 4%–7% in peripheral T cells, and the
modified T cells were protected from subsequent HIV challenge.
Of note, resistance to enfuvirtide occurs rapidly when it is used in
the absence of a fully suppressive antiretroviral regimen, raising
the possibility that C46-based HSC therapy might also be asso-
ciated with the development of viral resistance. However, the
genetic barrier for developing C46 resistance may be higher
than for enfuvirtide resistance. Resolution of this issue will ulti-
mately require experimental evaluation in vivo.
Exogenous elements can also be used to interfere with other

essential viral processes. In stem cells, the key HIV regulatory
protein Rev has been targeted using dominant mutant or trans-
dominant forms of Rev (Bonyhadi et al., 1997; Kang et al.,
2002; Podsakoff et al., 2005; Su et al., 1997). HIV Tat and its over-
lapping genes have also been targeted in stem cells using
hammerhead ribozymes, catalytically active RNA structures
that target critical gene regions (Amado et al., 2004; Mitsuyasu
et al., 2009). TAR decoys have been used to inhibit viral

Figure 4. The Replicative Cycle of HIV
Two major strains of HIV-1 (R5 and X4) bind to
target cells by concerted interactions between the
envelope protein (Gp120) and CD4, and the che-
mokine coreceptors, CCR5 and CXCR4, respec-
tively, leading to a fusion event with the plasma
membrane that allows entry of the virion capsid
into the cytoplasm. Reverse transcription of viral
genomic RNA forms a series of replicative inter-
mediates that may ultimately integrate into the
host cell genome. Transcription and generation of
spliced and unspliced forms of the viral RNA
allows movement and packaging of the diploid
viral genome in the cytoplasm, a step enabled in
part by HIV-1 protease. Budding and release of
new viral progeny for repeated rounds of infection
is then facilitated by virally encoded release and
infectivity factors. Each of these steps can be
(or might be) disabled by specific drug and/or
gene therapy.
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Genetic Acceleration of AIDS
Progression by a Promoter

Variant of CCR5
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Robert W. Doms, Joseph Margolick,* Susan Buchbinder,†

James J. Goedert,‡ Thomas R. O’Brien,‡
Margaret W. Hilgartner,§ David Vlahov,!
Stephen J. O’Brien,¶ Mary Carrington

The CCR5 gene encodes a cell surface chemokine receptor molecule that serves
as the principal coreceptor, with CD4, for macrophage-tropic (R5) strains of
human immunodeficiency virus–type 1 (HIV-1). Genetic association analysis of
five cohorts of people with acquired immunodeficiency syndrome (AIDS) re-
vealed that infected individuals homozygous for a multisite haplotype of the
CCR5 regulatory region containing the promoter allele, CCR5P1, progress to
AIDSmore rapidly than thosewith other CCR5 promoter genotypes, particularly
in the early years after infection. Composite genetic epidemiologic analyses of
genotypes bearing CCR5P1, CCR5-!32, CCR2-64I, and SDF1-3"A affirmed dis-
tinct regulatory influences for each gene on AIDS progression. An estimated 10
to 17 percent of patients who develop AIDS within 3.5 years of HIV-1 infection
do so because they are homozygous for CCR5P1/P1, and 7 to 13 percent of all
people carry this susceptible genotype. The cumulative and interactive influ-
ence of these AIDS restriction genes illustrates the multigenic nature of host
factors limiting AIDS disease progression.

The human CCR5 and CCR2 chemokine recep-
tor genes, which serve as coreceptors with CD4
for HIV, are tightly linked on chromosome 3p21-
22, separated by 20 kb (1–4). Common allelic
variants in both genes are associated with slower
progression to AIDS after infection (1, 5–11).
The protective influences of CCR5-!32 and

CCR2-64I are independent in AIDS cohorts, and
the two mutations have never been found on the
same chromosome haplotype (5, 10). The phys-
ical proximity of CCR2 and CCR5, the equiva-
lent functional efficiency of alternative CCR2
allelic products as chemokine or HIV-1 corecep-
tors (9), and the rarity of HIV-1 strains that use
the CCR2 receptor (4) have led to the speculation
that CCR2-64I may be hitchhiking (or tracking
by linkage disequilibrium) with an undiscovered
CCR5 variant, perhaps in the cis-regulatory re-
gion, that is directly responsible for the CCR2-
64I protective effect (5, 9–11).

The promoter region of CCR5 has been
characterized, and transcription is regulated by
two domains, the stronger of which is located
within the region that includes intron 1, exon 2,
and part of exon 3 (12–14). Four common
allelic variants (CCR5P1–P4) were detected in
a denaturing high-pressure liquid chromatogra-
phy (DHPLC) screen of AIDS patients (Fig. 1)
(15). Six rare alleles (CCR5P5–P10) were dis-
covered as heterozygotes upon subsequent sin-
gle-strand conformation polymorphism (SSCP)
screening of five AIDS cohorts (15). Sequence
analysis of the CCR5 promoter region of indi-
viduals homozygous for the CCR5P1–P4 vari-
ants and heterozygotes of the six rare variants
revealed 10 polymorphic nucleotide positions
that describe the 10 CCR5 promoter haplotype
alleles, referred to as promoter alleles (Fig. 1).

An SSCP-based genotype survey of CCR5P
alleles among 2603 individuals enrolled in five

AIDS cohorts (1, 5, 16, 17) indicated that CCR2-
64I was always found on a CCR5P1-bearing
haplotype and that CCR5-!32 was consistently
found on a CCR5P1 haplotype as well. This
conclusion is derived from the observation that
CCR2-64I/64I homozygotes were always
CCR5P1/P1 homozygotes (N # 43) and CCR2-
$/64I heterozygotes (N # 559) were invariably
heterozygous or homozygous for CCR5P1. Sim-
ilarly, CCR5-!32/!32 homozygotes were al-
ways CCR5P1/P1 homozygotes (N # 18),
whereas CCR5-$/!32 heterozygotes were in-
variably heterozygous or homozygous for
CCR5P1 (N # 298). Finally, none of 657 indi-
viduals who lacked the CCR5P1 allele had either
the CCR5-!32 or the CCR2-64I allele (P %
0.0001). Because of these associations, the entire
CCR2-CCR5 complex can be considered as a
six-allele genotype system, based on the compos-
ite [CCR2($/64I ).CCR5P(P1–P4).CCR5($/
!32)] haplotype (CCR5P denotes promoter re-
gion alleles; CCR5 refers to the coding region
alleles). The haplotypes using the same locus
order are [$.P1.$], [64I.P1.$], [$.P1.!32],
[$.P2.$], [$.P3.$], and [$.P4.$]. The six
respective haplotype frequencies observed in
Caucasians (N # 1383) were 0.358, 0.098,
0.104, 0.085, 0.14, and 0.354; in African Amer-
icans (N # 1006) the respective frequencies were
0.258, 0.155, 0.018, 0.229, 0.191, and 0.147 (18).

The frequency distribution of CCR5 pro-
moter alleles and alternative genotypes was
compared among 474 uninfected individuals
from “at risk” cohorts and 1353 HIV-1–in-
fected patients stratified by ethnic group. No
significant differences in CCR5P allele or
genotype frequencies were observed in Cau-
casians or African Americans or in a more
stringent analysis of documented high-risk
uninfected individuals from the MACS and
MHCS cohorts (17, 18).

The influence of CCR5 promoter alleles on
the rate of AIDS progression among HIV-1–
infected Caucasian (N # 700) and African
American (N # 162) seroconverters (individuals
whose infection date can be estimated as the time
between the last negative HIV-1 antibody test
and the first positive test) was examined in a
survival analysis. A Cox proportional hazards
model (19, 20) was used to compare progression
to AIDS among genotype combinations of com-
mon CCR5P alleles for combined and separate
cohorts, including those CCR5, CCR2, and SDF1
genotypes previously shown to confer resistance
to AIDS progression (20, 21). Four AIDS end-
points reflecting advancing morbidity were eval-
uated: (i) CD4 % 200 cells/mm2; (ii) AIDS-1993,
as defined by the U.S. Centers for Disease Con-
trol and Prevention (22) (that is, HIV-1 infection
plus AIDS-defining illness or decline of CD4 T
lymphocytes to %200 cells/mm3), or death; (iii)
the more stringent AIDS-1987 definition (22)
(HIV-1 infection plus AIDS-defining illness), or
death; and (iv) death during follow-up for an
HIV-1–infected patient.
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A	  schema.c	  representa.on	  of	  Treg	  
immunosuppression	  by	  cAMP	  following	  gp120	  

liga.on	  to	  CD4	  

inhibitory pathway,8 which is anchored by a
scaffold consisting of Ezrin, Ezrin binding
protein 50, and the Csk binding protein PAG
in T-cell lipid rafts, and completely turns off
proximal T-cell receptor mediated signaling
by inhibition of Lck (see figure). As a conse-
quence, the HIV virus may, through gp120
ligation of CD4, elicit Treg-mediated sup-
pression of effector T cells, through the cAMP
inhibitory pathway, leading to T-cell dysfunc-
tion and reduced HIV-specific immune re-
sponses. Furthermore, gp120-derived mimics
may be used to exploit this mechanism favor-
ably to turn off unwanted immunity (see
figure).
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Comment on Maradei et al, page 1270

SOS: too many irons in the fire!
----------------------------------------------------------------------------------------------------------------
Marcos de Lima M D ANDERSON CANCER CENTER

In this issue of Blood, Maradei and colleagues investigate the role of prehematopoi-
etic stem cell transplantation hyperferritinemia as a risk factor for sinusoidal ob-
struction syndrome.1 They show that increased levels of ferritin (presumptively
reflecting increased iron stores) increases the incidence of this complication after
allogeneic transplantation.

I ron is the 6th most abundant element in the
universe comprising most of the constitu-

ents of the Earth (35%).2 Going from the big
picture of the universe to the smaller theater of
human life, iron is important in many biologic
processes. Iron biology and potential implica-
tions of iron overload have not received much
attention in hematopoietic stem cell transplan-
tation (HSCT), largely due to the lack of prac-
tical ways to address excess body iron during
the peritransplantation period. Consequently,
there has been a discrepancy between the ex-
plosion of biologic and genetic knowledge and
clinical application as it pertains to iron over-
load significance and treatment in HSCT.

Ferritin keeps iron in a nonreactive state,
preventing the Fenton chemical reaction that
leads to the formation of oxygen radicals. Al-
though most ferritin is kept intracellularly, the
circulating fraction is used as a surrogate for
iron stores. Interestingly, little is known about
the role of serum ferritin compared to trans-
ferrin.3 Moreover, ferritin is an acute phase
reactant and may be elevated for a variety of
reasons.

Maradei et al show that a pretransplant
ferritin level above 1000 ng/dL is an indepen-
dent risk factor for decreased 5-year survival
and is associated with a high incidence of he-
patic sinusoidal obstruction syndrome (SOS,
also referred to as veno-occlusive disease or
VOD), a poorly understood but often deadly
complication of HSCT. Allogeneic transplan-
tation, busulfan-based conditioning regimen,
and use of imatinib before HSCT completed
the list of SOS-associated risk factors identi-
fied by multivariate analysis.

The authors had pretransplant ferritin
levels from most of the patients from their
institution and used a standard clinical defini-
tion of SOS. No transfusion information was
provided, and there were no other measure-
ments of iron stores, such as MRI of the liver.4

The rate of SOS was high, a phenomenon fre-
quently seen when busulfan is given orally
without dose adjustments. The high rates of
SOS likely allowed the statistical detection of
the ferritin effect. The limitations in estimat-
ing the actual iron stores here raise an issue:
If the ferritin elevation does not reflect iron
stores, what does this association tell us? In
addition, the increased risk of SOS with pre-
SCT imatinib observation is potentially im-
portant (although based on a small subgroup),
and deserves evaluation in larger cohorts.

A schematic representation of regulatory T cell (Treg) immunosuppression by cAMP following gp120 ligation of
CD4. Upon triggering of CD4 on Tregs by gp120 protein or possibly by gp120-derived agonists, Lck becomes
active and turns on cAMP production by adenylyl cyclase possibly through interaction with a G protein. cAMP
is transferred from Treg to effector T cells through cell-to-cell contacts called GAP junctions that allow diffusion
of small molecules down the concentration gradient and into effector T cells. Once inside effector cells, cAMP
inhibits immune function through PKA–Csk inhibitory pathway that turns off T-cell activation proximally under
the T-cell receptor. This could be damaging in HIV, leading to defective anti-HIV immune responses, but a
wanted effect when using gp120-derived agonists to modulate the unwanted immunity in tissue rejection or
excessive autoimmune responses. Professional illustration by Paulette Dennis.
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CD3/CD28	  mAb	  s.mula.on	  directs	  ICER/CREM	  to	  the	  
cytoplasm	  in	  conven.onal	  CD4+	  T	  cells	  but	  not	  in	  Tregs	  

promoter and its suppression in response to increased cAMP
levels. This leads to low NFATc1 concentrations, a block in cel-
lular proliferation and IL-2 synthesis and, thereby, to the sup-
pression of CD4+ T cells.

Results
Stimulation of Conventional CD4+ T Cells with CD3/CD28 mAbs
Leads to Cytosolic Localization of ICER/CREM. Immunohistochemi-
cal staining of freshly isolated conventional CD4+ T cells and
nTregs with Abs specific for ICER/CREM or NFATc1 revealed
a predominant nuclear occurrence of ICER/CREM and cytosolic
localization of NFATc1 in both cell types (Fig. 1 A and B,
“fresh”). A similar cellular distribution was observed in paraffin-
embedded sections of murine spleens; almost all follicular lym-
phocytes showed ICER/CREM in the nucleus and NFATc1 in
the cytoplasm (Fig. S1A). Upon priming and/or restimulation
with CD3/CD28 mAbs, however, we detected ICER/CREM in
the cytoplasm of conventional CD4+ T cells, whereas ICER/
CREM remained in the nucleus in Tregs (Fig. 1 A and B,
“primed”; quantified in Fig. S1 B–G). This cytosolic localization
of ICER/CREM in conventional CD4+ T cells was partially
impaired in T cells from CD28-deficient mice (Fig. S2), sug-
gesting a role for costimulatory CD28 signals in the cytosolic
localization of ICER/CREM. In the absence of such signals,
upon stimulation with phorbol ester plus ionomycin, ectopical-
ly expressed ICER could not be detected in the cytosol of HEK
293 T cells (Fig. S3A). Similar to the function of Foxp3, the
nuclear localization of ICER led to inhibition of Il2 promoter
linked to a luciferase reporter gene (Fig. S3B). When conven-
tional CD4+ T cells restimulated by CD3/CD28 mAbs were also
treated with forskolin (which elevates intracellular levels of
cAMP through activation of adenylyl cyclase; Fig. 1C), ICER/
CREM was detected in the nucleus. A similar effect was ob-

served on blocking of cAMP degradation by 3-isobuthyl-1-methyl
xanthine (IBMX), an inhibitor of PDEs (Fig. 1A). In addition,
direct contacts between nTregs and conventional CD4+ T cells
in standard Treg assays led to the increased presence of ICER/
CREM in the nucleus of conventional CD4+ T cells (Fig. S4).
The nuclear localization of ICER/CREM in conventional CD4+

T cells corresponded to a marked suppression of endogenous IL-2
mRNA synthesis on forskolin (or IBMX) treatment of conven-
tional CD4+ T cells restimulated with CD3/CD28mAbs (Fig. 1D).
Under both conditions, NFATc1 was found in the nuclei of con-
ventional CD4+ T cells (Fig. 1A), whereas in nTreg cells NFATc1
was predominantly found in the cytosol and remained unaffected
by any of the treatments mentioned previously (Fig. 1B).

Direct Contacts with nTregs Induce cAMP-Dependent Nuclear Local-
ization of ICER/CREM in Conventional CD4+ T Cells in Vivo. nTregs
exhibit inherently high levels of intracellular cAMP (Fig. 1C) and
are capable of conferring cAMP into conventional CD4+ T cells
in a contact-dependent fashion (3). Therefore, we asked whether
direct contacts between nTregs and conventional CD4+ T cells
would induce the nuclear localization of ICER/CREM on acti-
vation in vivo. To test this, we used the vital dye calcein that
spreads from donor to recipient cells via gap junctions (17).
RAG-2–deficient CD90.1+ OT-II mice, which bear CD4+ T cells
expressing a transgenic ovalbumin323–339 (OVA323–339)-specific
T-cell receptor (TCR) but lack nTregs, were immunized with
OVA323–339 peptide in complete Freund’s adjuvant by injection
into the left hind footpad. Six hours later, calcein-loaded con-
genic OVA323–339-specific nTregs expressing CD90.2 were
adoptively transferred. After 24 h, CD4+ T cells from draining
and nondraining lymph nodes were isolated and sorted by FACS
(Fig. 2). A substantial portion of the CD4+CD90.1+ T cells from
draining lymph nodes of immunized mice exhibited high calcein

Fig. 1. CD3/CD28 mAb stimulation
directs ICER/CREM to the cytoplasm in
conventional CD4+ T cells but not in
nTregs, whereas elevated cAMP levels
direct ICER/CREM to the nucleus. Con-
ventional CD4+ T cells (A, fresh) or nTregs
(B, fresh) primed and expanded by CD3/
CD28 mAbs (primed) were restimulated
either alone (CD3/CD28) or in the pres-
ence of forskolin (CD3/CD28 + Forsk)
or IBMX (CD3/CD28 + IBMX) (SI Materials
and Methods), leading to elevated in-
tracellular cAMP levels (C). Treated cells
were analyzed for ICER/CREM and NFATc1
localization by confocal microscopy. Nei-
ther ICER nor NFATc1 shuttle in nTregs
but in conventional CD4+ T cells. (C) In-
tracellular cAMP levels were assessed in
conventional CD4+ T cells and nTregs us-
ing ELISA. (D) Quantification of endoge-
nous IL-2 mRNA levels in conventional
CD4+ T cells treated as indicated by
quantitative real-time PCR. Data are
shown as mean ± SEM (n = 3–4; P < 0.05).
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Figure 1. nTreg cells direct ICER into the nucleus of activated conventional CD4+ T cells via cAMP (A) “Supraphysiologically” high intracellular
cAMP levels are generated in nTreg cells, at least in part, by Foxp3-mediated downregulation of the Pde3b gene [19]. Furthermore, Foxp3 also
downregulates miR-142-3p targeting adenylyl cyclase (ADCY9) mRNA resulting in upregulated cAMP production [20]. cAMP is then transferred
from nTreg cells to the activated conventional CD4+ T cells via gap junction intercellular communications (GJICs) [9]. There cAMP has at least
two effects: first it induces ICER expression and second it enables the nuclear localization of ICER leading to transcriptional attenuation of IL-2
synthesis by suppression of NFATc1/α gene expression and/or formation of inhibitory NFAT/ICER protein complexes [28,44]. In addition, cAMP
may upregulate surface expression of CTLA-4 in suppressed conventional CD4+ T cells [5], thus conferring a B7 inhibitory signal to target cell
populations as depicted in Fig. 2. (B) In the absence of nTreg cells, for example, after ablation of nTreg cells in DEREG mice, TCR triggering and
CD28 costimulation via CD28 superagonist (CD28SA) mAb results in cytosolic localization of ICER, which disables its function as a transcriptional
repressor leading to unopposed NFAT-driven transcription [28]. When ICER is ousted to the cytosol, NFAT is translocated into nucleus and drives
vigorous IL-2 expression in conventional CD4+ T cell upon CD28 costimulation (activated T cell). (C) GJICs transferring cAMP from nTreg to
conventional CD4+ T cells lead to the maintenance of ICER in the nucleus of both cell populations during nTreg-cell-mediated suppression. In the
presence of a CD28 signal (either CD3/CD28 in vitro or CD28A in vivo), ICER and NFAT colocalize in the nucleus of activated conventional CD4+

T but not in nTreg cells; the latter failing to translocate NFAT to the nucleus upon CD28 costimulation [28,40]. In the suppressed conventional CD4+

T cells, nuclear colocalization of ICER and NFAT leads to the inhibition of NFATc1/α gene induction and/or the formation of inhibitory NFAT/ICER
protein complexes, thus inhibiting NFAT-driven transcription [12,28].

regulated by Foxp3 indirectly [30]. It is noteworthy that signal-
ing through cAMP induces upregulation of CTLA-4 in the absence
of TCR stimulation in resting human CD4+ T cells [5]. There-
fore, cAMP-dependent signaling alone can trigger CTLA-4 expres-
sion in resting (and probably also in suppressed) conventional
CD4+ T cells using a pathway distinct from that of costimula-
tion. Moreover, forced retroviral expression of Foxp3 facilitates
ICER expression in Foxp3 transductants and allows such trans-
ductants to suppress activated conventional CD4+ T cells in a
CTLA-4-dependent fashion [12,28]. Thus, in conventional CD4+

T cells, ICER-driven transcriptional attenuation of IL-2 could be
conveyed by cAMP transfer via GJICs conferred by direct con-
tact with nTreg cells, which may proceed, together with contact-
dependent CTLA-4-mediated termination of T-cell proliferation,
even though these conventional CD4+ T cells lack endogenous
Foxp3 expression [31].

A new form of immunoregulation has recently been described
that implicates ICER in the switch toward a regulatory pheno-
type in T helper 1 (Th1) cells [32]. When ICER induction is trig-
gered in Th1 cells via the complement regulator CD46, IL-2 syn-
thesis is strongly attenuated in the absence of Foxp3 suggesting an
autonomous suppressive role for ICER. This is in agreement with
a previous study implying ICER-transgenic splenocytes in suppres-
sive function in the mixed lymphocyte reaction [33]. Therefore,
ICER may play an important role in the induced suppressive po-
tency of conventional CD4+ T cells leading to an inducible (i)Treg
cell phenotype and/or “infectious” tolerance of target cell popula-
tions.

The relationship between Foxp3 and cAMP has been further
explored in scurfy (sf) mice. Sf mice do not harbor functional
nTreg cells since the mice have a mutation in the Foxp3 gene
resulting in a lack of functional Foxp3 protein; the mice display
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Abstract: Local production of macrophage in-
flammatory protein-1! (MIP-1!), a !-chemokine
that blocks human immunodeficiency virus type 1
(HIV-1) entry into CD4" CC chemokine receptor
5" target cells, may be a significant factor in re-
sistance to HIV-1 infection and control of local
viral spread. The mechanisms governing MIP-1!
expression in T cells, however, are not well under-
stood. Our results suggest that MIP-1! RNA ex-
pression in T cells is dynamically regulated by
transcriptional factors of the cyclic adenosine
monophosphate (cAMP) responsive element (CRE)-
binding (CREB)/modulator family. Transient trans-
fection of primary human T cells with 5! deletion
and site-specific mutants of the human MIP-1!
promoter identified an activated protein-1 (AP-1)/
CRE-like motif at position –74 to –65 base pairs,
relative to the TATA box as a vital cis-acting ele-
ment and a binding site for inducible cAMP early
repressor (ICER). Ectopic expression of ICER or
induction of endogenous ICER with the cAMP ago-
nists forskolin and prostaglandin E2 resulted in the
formation of ICER-containing complexes, includ-
ing an ICER:CREB heterodimer to the AP-1/CRE-
like site and inhibition of MIP-1! promoter activ-
ity. Our data characterize an important binding
site for the dominant-negative regulator ICER in
the MIP-1! promoter and suggest that dynamic
changes in the relative levels of ICER and CREB
play a crucial role in cAMP-mediated attenuation
of MIP-1! transcription in human T cells. J. Leu-
koc. Biol. 79: 378–387; 2006.

Key Words: chemokine " promoter " CREB

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) is suppressed
by soluble factors secreted by activated CD8" T cells [1], of
which the C-C or ! chemokines, macrophage inflammatory
protein-1! (MIP-1!), MIP-1#, and regulated on activation,
normal T expressed and secreted (RANTES), are the most
significant [2]. These chemokines inhibit viral entry into
CD4" CC chemokine receptor 5 (CCR5)" target cells through
blocking or down-modulating CCR5, which is required as a

coreceptor by the majority of HIV-1 isolates [3–11]. Despite
apparently equal potencies of inhibition in vitro, their antiviral
activities in vivo may differ. Although there are conflicting data
about correlations between RANTES and MIP-1# expression
and progression to AIDS [12, 13], higher levels of MIP-1!
expression by peripheral blood (PB) T cells, activated in vitro
with lectin or specific antigen, have consistently correlated
with lack of infection in HIV-exposed individuals and with a
more favorable clinical course in HIV-infected people [14–
23]. These data suggest that production of MIP-1! at the site
of infection may be a factor in resistance to HIV-1 and inhi-
bition of local viral spread. The mechanisms governing MIP-1!
expression in PB T cells, however, are not clearly understood.
MIP-1! transcription is likely to be dynamically modulated by
the interplay of positive and negative transcriptional factors.
This kind of dual regulation of transcription has been demon-
strated for other cytokine and chemokine genes, including
interleukin (IL)-2, IL-4, granulocyte macrophage-colony stim-
ulating factor, tumor necrosis factor #, and LD78# [24, 25].

Activation of the cyclic adenosine monophosphate (cAMP)/
protein kinase A signal transduction pathway in PB T cells
results in expression of inducible cAMP early repressor (ICER)
and inhibits a number of T cell proliferative and effector
functions [26–28]. ICER is a truncated product of the cAMP-
responsive element (CRE)-modulator (CREM) gene, which is
transcribed via an internal promoter, P2. ICER occurs as four
isoforms generated by alternatively spliced transcripts (ICER I,
ICER I$, ICER II, and ICER II$). Each isoform retains the
CREM DNA binding and leucine zipper domains but lacks the
CREM transactivation domain [29, 30]. As a consequence,
ICER binds to CRE and activated protein-1 (AP-1) DNA
binding motifs and can interact via protein–protein interactions
with some transcriptional factors, including nuclear factor of
activated T cells (NF-AT), through its rel homology domain,
which facilitates DNA binding and interactions of NF-AT with
the AP-1 complex [26]. As a result of the lack of the transac-
tivation domain, however, ICER fails to recruit CRE-binding
protein (CREB)-binding protein and p300 (CBP/p300) and
thus represses CREB- and Jun-mediated transcription. Uncou-
pling of CBP/p300 may abrogate early stages of transcriptional
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monophosphate (cAMP) responsive element (CRE)-
binding (CREB)/modulator family. Transient trans-
fection of primary human T cells with 5! deletion
and site-specific mutants of the human MIP-1!
promoter identified an activated protein-1 (AP-1)/
CRE-like motif at position –74 to –65 base pairs,
relative to the TATA box as a vital cis-acting ele-
ment and a binding site for inducible cAMP early
repressor (ICER). Ectopic expression of ICER or
induction of endogenous ICER with the cAMP ago-
nists forskolin and prostaglandin E2 resulted in the
formation of ICER-containing complexes, includ-
ing an ICER:CREB heterodimer to the AP-1/CRE-
like site and inhibition of MIP-1! promoter activ-
ity. Our data characterize an important binding
site for the dominant-negative regulator ICER in
the MIP-1! promoter and suggest that dynamic
changes in the relative levels of ICER and CREB
play a crucial role in cAMP-mediated attenuation
of MIP-1! transcription in human T cells. J. Leu-
koc. Biol. 79: 378–387; 2006.
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) is suppressed
by soluble factors secreted by activated CD8" T cells [1], of
which the C-C or ! chemokines, macrophage inflammatory
protein-1! (MIP-1!), MIP-1#, and regulated on activation,
normal T expressed and secreted (RANTES), are the most
significant [2]. These chemokines inhibit viral entry into
CD4" CC chemokine receptor 5 (CCR5)" target cells through
blocking or down-modulating CCR5, which is required as a

coreceptor by the majority of HIV-1 isolates [3–11]. Despite
apparently equal potencies of inhibition in vitro, their antiviral
activities in vivo may differ. Although there are conflicting data
about correlations between RANTES and MIP-1# expression
and progression to AIDS [12, 13], higher levels of MIP-1!
expression by peripheral blood (PB) T cells, activated in vitro
with lectin or specific antigen, have consistently correlated
with lack of infection in HIV-exposed individuals and with a
more favorable clinical course in HIV-infected people [14–
23]. These data suggest that production of MIP-1! at the site
of infection may be a factor in resistance to HIV-1 and inhi-
bition of local viral spread. The mechanisms governing MIP-1!
expression in PB T cells, however, are not clearly understood.
MIP-1! transcription is likely to be dynamically modulated by
the interplay of positive and negative transcriptional factors.
This kind of dual regulation of transcription has been demon-
strated for other cytokine and chemokine genes, including
interleukin (IL)-2, IL-4, granulocyte macrophage-colony stim-
ulating factor, tumor necrosis factor #, and LD78# [24, 25].

Activation of the cyclic adenosine monophosphate (cAMP)/
protein kinase A signal transduction pathway in PB T cells
results in expression of inducible cAMP early repressor (ICER)
and inhibits a number of T cell proliferative and effector
functions [26–28]. ICER is a truncated product of the cAMP-
responsive element (CRE)-modulator (CREM) gene, which is
transcribed via an internal promoter, P2. ICER occurs as four
isoforms generated by alternatively spliced transcripts (ICER I,
ICER I$, ICER II, and ICER II$). Each isoform retains the
CREM DNA binding and leucine zipper domains but lacks the
CREM transactivation domain [29, 30]. As a consequence,
ICER binds to CRE and activated protein-1 (AP-1) DNA
binding motifs and can interact via protein–protein interactions
with some transcriptional factors, including nuclear factor of
activated T cells (NF-AT), through its rel homology domain,
which facilitates DNA binding and interactions of NF-AT with
the AP-1 complex [26]. As a result of the lack of the transac-
tivation domain, however, ICER fails to recruit CRE-binding
protein (CREB)-binding protein and p300 (CBP/p300) and
thus represses CREB- and Jun-mediated transcription. Uncou-
pling of CBP/p300 may abrogate early stages of transcriptional

1 Correspondence: Institute of Human Virology, University of Maryland, 725
W. Lombard St., Baltimore, MD 21201. E-mail: reitz@umbi.umd.edu

Received May 9, 2005; revised September 26, 2005; accepted September
28, 2005; doi: 10.1189/jlb.0505255.

378 Journal of Leukocyte Biology Volume 79, February 2006 0741-5400/06/0079-378 © Society for Leukocyte Biology

J.	  Leukoc.	  Biol.	  2006	  



Approaches	  to	  modifying	  hematopoie.c	  stem	  cells	  for	  
HIV	  resistance	  (Kiem	  et	  al.	  Cell	  Stem	  Cell,	  2012)	  

nonintegrating vector systems are especially well suited for
delivery of zinc finger nucleases or other DNA-editing enzymes
that can induce permanent knockout of specific genetic loci
after only transient expression. However, and as with all new
reagents, more safety studies are needed to confirm the lack of
off-target effects and genotoxicity (Mussolino and Cathomen,
2011).

Selection of Gene Functions to Confer Resistance to HIV
Approaches aimed at modifying HSCs to treat HIV disease can
be grouped into two main themes: targeted disruption of cellular
genes involved in HIV entry, such as the CCR5 coreceptor, and
the introduction of genes that interfere with HIV replication,
such as fusion inhibitors or host restriction factors (Figure 3).
Targeted Gene Knockdown or Knockout
CCR5 is a G protein-coupled chemokine receptor that also func-
tions as a critical coreceptor during entry of ‘‘R5’’ strains of HIV.
Given redundancies in the immune system, CCR5 is not critical
for normal immune function and certain healthy individuals carry
a mutation in the CCR5 gene that prevents expression of a
functional protein. This CCR5-D32 (D32) mutation is present in

5%–14% of individuals of European descent but is rare in
persons of African or Asian descent. HIV disease progresses
more slowly in individuals with a single copy of the D32 mutation
(de RodaHusman et al., 1997), while homozygous individuals are
largely resistant to HIV infection (Liu et al., 1996; Samson et al.,
1996). Thus, CCR5 has been an attractive antiviral target, and
the successful development ofmaraviroc, an allosteric, noncom-
petitive inhibitor of CCR5, has proven that inhibition of this
receptor effectively inhibits HIV replication in a safe and durable
manner (Gilliam et al., 2011).
Because of its proven clinical importance, CCR5 has been

intensely studied as a target for stem cell therapies. Several
approaches have been taken to inhibit functional expression of
CCR5, including the introduction of siRNA (Kim et al., 2010;
Shimizu et al., 2010), ribozymes (DiGiusto et al., 2010; Feng
et al., 2000), trans-dominant mutant forms of CCR5 (Luis Abad
et al., 2003), and single chain intracellular antibodies (Stein-
berger et al., 2000; Swan et al., 2006).
The potential efficacy of permanent CCR5 elimination was

dramatically illustrated by the so-called ‘‘Berlin patient,’’ the
only documented example of an apparent cure of HIV infection

Figure 3. Approaches to Modifying Hematopoietic Stem Cells for HIV Resistance
Both transient and permanent CCR5 suppression can be achieved using nonintegrating delivery vectors. By contrast, durable expression of HIV resistance
elements will likely require integrating delivery vectors. While concerns remain about the possibility of insertional mutagenesis (as observed previously with
gamma-retrovirus vectors), the safety of integrating approaches has improved greatly in recent years with the development of lentivirus and foamy virus vectors.
Heavier arrows depict desired outcomes; lighter arrows depict less desirable outcomes.
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CCR5	  genotyping	  

CCR5 genotyping. CCR5 expressing cells (wild type; 
the first lane) or cells with Δ32 mutation (heterozygous; 
the second lane) and cells homozygous for Δ32 
mutation (CCR5Δ32/Δ32; the third lane) were detected 
using PCR. Genomic DNA was extracted from cells 
isolated from peripheral blood mononuclear cells and 
subjected to CCR5-specific PCR spanning the Δ32 
region. To study the CCR5 gene variant in HIV target 
cells, genomic DNA was extracted and subjected to 
PCR amplification with primers for the CCR5 gene 
spanning the Δ32 region from nucleotide 826 to 1138 on 
the chromosome 3p21.31 (accession no: NM_000579). 
The expected fragments were 312 bp for the CCR5 
wild-type (wt) and 280 pb for the Δ32 variant. These 
fragments (denoted by arrows) have been excised from 
the native acrylamide gel and individually sequenced to 
confirm exact location of Δ32 deletion.	




Homozygous	  Defect	  in	  HIV	  Coreceptor	  
CCR5	  (Landau	  et	  al.	  1996	  Cell	  86:367)	  

Cell
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Figure 3. EU CKR-5 Containsa 32 bp Internal
Deletion

(A) The nucleotide sequences of wild-type
CKR-5 derived from normal donor (above)
and EU cDNAs (below) are shown. The nucle-
otide sequence from normal donor CKR-5
cDNA was determined for the complete 1055
bp codingsequence and foundto be identical
to that reported by Samson et al. (1996). The
nucleotide sequence of 2 EU CKR-5 cDNAs
were identical to wild-type over the complete
coding region with the exception of a 32 bp
deletion. Nucleotide sequence of the 200 bp
region of CKR-5 encompassing the deletion
was also determined for cDNAs derived from
clones EU2.11, EU2.15, EU2.16, EU2.17, and
EU3.1. Each contained the identical deletion
with no additional nucleotide changes. Only
the region flanking the deletion is shown. The

deleted region (nt 794 to 825) is shaded. Amino acids encoded out of frame as a result of the deletion beginning at codon 185 are shown in
italics. Nucleotide numbering (above) is from the first nucleotide of the reported CKR-5 sequence (Samson et al., 1996). Amino acid residue
numbers are shown below.
(B) Oligonucleotide primers used for nucleotide sequencing of CKR-5 cDNA and detecting the deleted allele by PCR. The coding region is
indicated by dark shading. Primers have been designated by nucleotide position at which they hybridize. Oligonucleotides used in PCR for
detecting the deletion are shown as lightly shaded arrows. Oligonucleotides for cloning the full-length cDNA are shown at either end.

individuals are likely to contain fully functional Fusin. with a single exception. In one EU2-derived CKR-5
cDNA, a single G to A change at nt 559 that encodesThe reason that some T-cell clones from EU2 support

T-tropic virus replication at levels somewhat reduced an Arg to Lys change was found. This alteration was
not present in any of the three other EU2 CKR-5 cDNAsto that of control cells (Dragic et al., 1996) is not clear

but could be due to a slight decrease in the amount of sequenced and may have arisen by misincorporation
during RT–PCR.coreceptor on the cell surface or to increased synthesis

of the yet uncharacterized Fusin ligand. In addition,
CKR-1 cDNA amplified from EU2 RNA was fully active
in mobilizing intracellular calcium upon binding to Defective CKR-5 Is Encoded in the Genomic
RANTES or MIP-1� (data not shown). These findings DNA and Inherited
strongly suggest that EU2 and EU3 express CKR-5 The 32 bp deletion found in EU CKR-5 RNA could have
mRNA that does not encode a functional HIV-1 corecep- resulted from an aberrant splice to cryptic splice sites
tor. Thus, the resistance of EU2 and EU3 to infection by or could have been due to the presence of the deletion
macrophage-tropic HIV-1 strains is likely to be due to in the CKR-5 gene itself. To distinguish between these
geneticalteration of CKR-5. Furthermore, the EU pheno- possibilities, we amplified a portion of CKR-5 containing
type is not the result of a generalized defect in several the deleted region from EU2, EU3, and control donor
coreceptors, but is likely to be restricted to a defect in genomic PBMC DNA. PCR amplification using the flank-
CKR-5. ing primers SP4.760 and PM6.942 (Figure 3B) yields

predicted fragments of 182 bp and 150 bp for the wild-
type and deleted alleles, respectively. PCR amplificationEU CKR-5 RNA Contains a 32 Base Coding

Sequence Deletion from EU2 and EU3 genomic DNA with these primers
showed only the 150 bp band (Figure 4, lanes 3 and 5).To define the predicted genetic alteration, we deter-

mined the nucleotide sequence of the complete 1055 In contrast, only the 182 bp band was amplified from
LW5 control donor DNA. These findings confirmed thebp coding region of CKR-5 cDNA clones derived from

EU2, EU3, and a normal donor. Nucleotide sequences presence of the CKR-5 deletion in the genomic DNA of
both EU individuals. In addition, we examined the CKR-5were determined on both strands using the set of prim-

ers shown in Figure 3B. This analysis revealed an identi- alleles of 13 of the remaining 23 EU individuals in the
cohort. Only one other individual’s CD4� cells werecal 32 bp deletion in each of the EU2 and EU3 cDNAs.

The deletion spans nucleotides 794 to 825 in a region highly resistant to infection, and the genomic DNA of
this individual had only deleted CKR-5. The other 22corresponding to the second extracellular loop of the

receptor (Figure 3A). The deleted allele encodes a 215 samples were either fully or partially infectable (Paxton
et al., 1996) and of those tested, only wild-type CKR-5amino acid protein (the wild-type receptor is 352 amino

acids) in which the C-terminal 31 amino acids are trans- allele was present (data not shown).
To rule out possible PCR-related artifacts, the CKR-5lated out of frame. This deletion was present in all four

independently amplified EU2 CKR-5 cDNAs and in the allele status of these individuals was confirmed by geno-
mic Southern blot analysis. High molecular weight DNAtwo EU3 cDNAs sequenced. Each of six cDNAs ampli-

fied from normal control T cell clones LW4.39 and isolated from PBMC of EU2, EU3, and EU3�s parent
and a normal donor was cleaved with EcoRI and BglIILW5.49 was identical to wild-type CKR-5, as was a sin-

gle CKR-5 amplified from PBMC of another control un- restriction endonucleases. This releases a 283 bp wild-
type or 251 bp deleted fragment. Southern analysis con-exposed individual. In each EU-derived cDNA, no nucle-

otide changes were noted outside the 32 bp deletion, firmed that EU2 and EU3 DNA contains only the deleted



The	  Geographic	  Spread	  of	  the	  CCR5	  Δ32	  HIV-‐Resistance	  
Allele	  (Novembre	  et	  al.2005,	  Plos	  Biol	  3(11):	  e339)	  	  

and Mercier [12] suggested that the cline and other features
of the geographic distribution imply a Viking origin. In
particular they proposed that the allele was present in
Scandinavia before 1,000 to 1,200 y ago and then was carried
by Vikings northward to Iceland, eastward to Russia, and
southward to central and southern Europe. The age and
geographic distribution of the allele are consistent with the
qualitative predictions of the Viking hypothesis [12,17], but
there has been no quantitative analysis of the Viking
hypothesis or alternative hypotheses.

One alternative is that a northern origin coupled with
typical levels of dispersal in Europe is adequate to explain the
geographic distribution of D32. Under this hypothesis, rare
long-distance dispersal events, such as Viking dispersal, play a
minor role in the spread of the advantageous allele. Another
alternative is that the allele may have arisen in central Europe
and increased to a higher frequency in the north because of a
geographical gradient in selection intensity [19]. There are
two plausible biological causes for a gradient in selection.
First, the selective advantage of D32 may have been larger in
the north. This hypothesis stems from anecdotal evidence
that indicates smallpox epidemics were more intense in
northern Europe [20]. A second mechanism is that a selective
cost associated with the D32 allele may have been stronger in
the south, and thus the overall selection intensity in favor of
D32 may have been weaker in the south and stronger in the
north. While there is little direct evidence that D32 carriers
are more susceptible to general infection [10,11], the
plausibility of a selective cost of D32 is supported by evidence
that chemokines play an important role in inflammatory
responses to infection [21,22] and by studies with mice that
show that CCR5 knockouts have poor immune responses to
various pathogenic infections [23–25]. These results suggest
some pathogens may have an advantage infecting D32 carriers
because the immune response is impaired by the absence of
functional CCR5 chemokine receptors. If such pathogens
tended to be more prevalent in the temperate climates of
southern Europe, then a selection gradient would arise. It is
even plausible that D32 could be disadvantageous in certain
areas where the protective effect is outweighed by the
disadvantage of a weakened immune response. In a model
with selection gradients, Viking dispersal may still contribute
to the spread of the allele, but the geographic origin of the

allele and the influence of spatially variable selection differ
from that in the Viking hypothesis.
A further question regarding the geographic spread of D32

is whether the historical selective agent acted only in Europe
and western Asia or on a larger geographic scale. In the
former case, the restriction of D32 to Europe and western
Asia is explained by spatially varying selection, and in the
latter, by insufficient time for the allele to have dispersed
farther.
Here we fit a simple population genetic model to the

geographic distribution of D32 in order to infer features of
the processes of dispersal and selection that shaped the
historical spread of the allele. In particular we conclude that
given current estimates of the age of the D32 allele, the allele
must have spread rapidly via long-range dispersal and intense
selection to attain its current range. We find the D32 allele is
likely restricted geographically because of limited time to
disperse rather than local selection pressures. In addition, we
show that the data are consistent with origins of the mutation
outside of northern Europe and modest gradients in
selection.

Results

To examine the geographic distribution of D32, we adapted
Fisher’s deterministic ‘‘wave of advance’’ [26] model of
selection and dispersal to a geographically explicit represen-
tation of Europe and western Asia. The wave-of-advance
model is a continuous-time, continuous-space, partial-differ-
ential-equation (PDE) model that describes the change in
allele frequency at any point in the range in terms of the
effects of dispersal and selection. The model treats dispersal
as a diffusion process, which implicitly assumes the effects of
dispersal can be approximated by considering only the mean
and variance of the dispersal distribution. Furthermore,
dispersal is assumed to be homogeneous across the range
and isotropic (i.e., the mean of the dispersal distribution is
zero). In the simplest form of the model, the allele under
selection is additive in effect and selection intensity is
assumed to be homogeneous across the range. We then
extended the model to allow for both east–west and north–
south gradients in selection intensity. The parameters of the
model are the initial population density (D), the initial
position of the mutation in terms of latitude and longitude
(x0 and y0, respectively), and the ratio (R) of the variance in
the parent–offspring dispersal distance distribution (r2) to
the additive selection coefficient s. When a gradient in
selection intensity was incorporated, sc was the selection
coefficient in the center of the gradient and GNS and GEW

were the percent changes in the selection coefficient per
kilometer of north–south and east–west distance, respec-
tively.
To apply the model to allele frequency data sampled from

different locations, we combined the spatially explicit PDE
model with a binomial sampling scheme (see Materials and
Methods). With this approach the data are viewed as being a
set of binomial samples from an underlying, unobserved
allele frequency surface that is generated by the PDE model.
One feature of this model is that while the underlying allele
frequency surface produced by the PDE model may be
unimodal and smooth, the resulting data are expected to be
noisy and multimodal owing to the binomial sampling step.

Figure 1. Shaded Contour Map of D32 Allele Frequency Data

The sampling locations are marked by black points. The interpolation is
masked in regions where data are unavailable.
DOI: 10.1371/journal.pbio.0030339.g001
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Peripheral	  CD4+	  T	  cells	  have	  equivalent	  levels	  of	  Tregs	  
in	  persons	  homozygous	  for	  the	  CCR5	  variant	  Δ32	  

CD127	  

CD4	  

CCR5Δ32/Δ32	   CCR5wt/Δ32	   CCR5wt/wt	  

Foxp3	  

CD25	  

7.6%	   8.8%	   7.0%	  

1.1%	   1.1%	   1.4%	  



Tregs	  homozygous	  for	  the	  CCR5	  gene	  variant	  ∆32	  can	  be	  
expanded	  in	  vitro	  tenfold	  ager	  CD3/CD28	  ac.va.on	  in	  the	  

presence	  of	  exogenously	  added	  recombinant	  IL-‐2	  	  



The	  concept	  of	  allogeneic	  stem	  cell	  transplantaCon	  of	  
the	  cells	  resistant	  to	  HIV	  	  

using	  a	  regimen	  to	  improve	  and	  modulate	  the	  funcCon	  of	  regulatory	  CD4+	  T	  
cells	  (Tregs)	  favors	  suppressing	  graO-‐versus-‐host	  disease	  (GvHD)	  while	  

retaining	  the	  benefits	  of	  graO-‐versus-‐leukemia	  (GvL)	  effect	  	  

•  In	   order	   to	   enable	   hematopoe.c	   stem	   cell	   (HSC)	   transplanta.on	   of	   the	  
cells	  resistant	  to	  HIV	  we	  intend	  to	  create	  database	  of	  bone	  marrow	  (BM)	  
donors	   as	   well	   as	   umbilical	   cord	   blood	   cells	   (UCB)	   homozygous	   for	  
CCR5∆32	  muta.on.	  

•  Secondly,	   based	   on	   detailed	   knowledge	   of	   cyclic	   adenosine	  
monophosphate	  (cAMP)-‐mediated	  suppression	  of	  alloreac.ve	  Tcons	  using	  
Tregs	   harboring	   Δ32	   muta.on	   we	   will	   strive	   to	   improve	   Treg	  
immunosuppression	   and	   op.mize	   capacity	   of	   the	   HIV	   glycoprotein	   (gp)	  
120	  to	  ameliorate	  GvHD.	  	  

•  For	  umbilical	   cord	   blood	   cells	   (UCB)	   homozygous	   for	   CCR5∆32	  muta.on	  
we	  will	  u.lize	  prostaglandin	  E2	   (PGE2)-‐mediated	  mechanisms	   to	   facilitate	  
allogeneic	   transplanta.on	   and/or	   downregulate	   CCR5	   expression.	   Key	  
advantage	  of	  this	  process	  is	  less	  stringent	  requirements	  for	  HLA	  matching	  
and	  be_er	  engragment	  of	  the	  cells	  resistant	  to	  HIV.	  	  


