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H I V / A I D S B R I E F R E P O R T

Dependence on the CCR5
Coreceptor for Viral Replication
Explains the Lack of Rebound of
CXCR4-Predicted HIV Variants in
the Berlin Patient

Jori Symons,1 Linos Vandekerckhove,2 Gero Hütter,3

Annemarie M. J. Wensing,1 Petra M. van Ham,1 Steven G. Deeks,4

and Monique Nijhuis1

1Department of Medical Microbiology and Virology, University Medical Center,
Utrecht, The Netherlands; 2Department of Internal Medicine, Infectious Diseases
and Psychosomatic Medicine, Ghent University Hospital, Belgium; 3Institute of
Transfusion Medicine and Immunology, Heidelberg, Germany; and 4Department of
Medicine, University of California, San Francisco

The “Berlin patient” is the first patient cured of HIV-1 infec-
tion after allogeneic transplantation with nonfunctional
CCR5 coreceptor stem cells. We demonstrate that CXCR4-
predicted minority viruses present prior to transplantation
were unable to rebound after transplantation due to their de-
pendence on CCR5 for replication and high genetic barrier
toward CXCR4 usage.

Keywords. HIV; cure; Berlin-Patient; coreceptor; stem cell
transplantation.

The “Berlin patient” is the first individual in whom human im-
munodeficiency virus (HIV) type 1 (HIV-1) infection has been
cured following allogeneic transplantation to treat acute mye-
loid leukemia [1, 2]. The stem cells used were homozygous for
the Δ32 frameshift mutation (CCR5Δ32), resulting in absence of
the CCR5 receptor at the cellular surface [3]. Heterozygosis for
CCR5Δ32 is associated with slower disease progression, and in-
dividuals homozygous for CCR5Δ32 are naturally resistant to
CCR5-tropic HIV [3]. Binding of the viral envelope glycopro-
tein gp120 to a coreceptor (CCR5 or CXCR4) is essential for

HIV entry into CD4+ host cells. HIV coreceptor tropism is
mainly determined by the third hypervariable loop of the
viral envelope (gp120-V3) [4].

The Berlin patient had a plasma viral load of 6.9 × 106 copies/
mL during an episode of treatment interruption prior to stem
cell transplantation (SCT). The viral population was predicted
to be CCR5-tropic based on standard genotypic tropism testing
(Geno2Pheno[coreceptor] false-positive rate [FPR] 24.2%) [1].
Detailed analysis using ultradeep sequencing detected a 2.9%
minority viral population predicted to be CXCR4-tropic
(Geno2Pheno[coreceptor] FPR range, 2.7%–9.3%). Two months
after SCT, successful reconstitution of CD4+ T cells with the ho-
mozygous CCR5Δ32 phenotype was observed [1]. These donor
derived T cells displayed normal levels of CXCR4 coreceptor
surface expression. Given the detection of CXCR4-predicted
viral variants prior to SCT, one would expect these variants to
appear after SCT, especially as antiretroviral therapy was dis-
continued during the transplant procedure. However, no viral
rebound was observed, and the patient remained free of HIV
infection for >5 years post-SCT [5].

Previously, we demonstrated that some viruses capable of
using CXCR4 have a clear CCR5 coreceptor preference in
vivo [6]. Based on these findings, we postulate that a rebound
of the CXCR4-predicted variants in the Berlin patient did not
occur due to dependence on the CCR5 coreceptor for viral
replication.

METHODS

HIV coreceptor tropism was assessed in silico using 4 different
prediction tools: Geno2Pheno[coreceptor] [7], position-specific
scoring matrices Web PSSMX4-R5 [8], the 11–25 rule [9], and
net charge [10–12] (Supplementary Methods). The result of
the Geno2Pheno[coreceptor] interpretation is given as a quantita-
tive value, the FPR, which defines the probability of classifying a
CCR5-predicted virus falsely as CXCR4-predicted variant. The
Geno2Pheno[coreceptor] system is based on a statistical learning
method called a support vector machine that is trained with a
set of nucleotide sequences with corresponding exclusive
CCR5- or CXCR4-capable phenotypes [11].

To investigate viral replicative capacity and coreceptor depen-
dence, we generated recombinant viruses. Because full envelope
sequences were not generated prior to SCT, we cloned patient-
derived gp120-V3 loop sequences of the CXCR4-predicted
viruses and the most dominant CCR5-predicted strain of the
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patient in the background of a CXCR4-using laboratory refer-
ence strain (pHXB2-Δgp120-V3). As a control, we also
introduced gp120-V3 of HXB2 or CCR5-tropic BaL in the
background of pHXB2-Δgp120-V3 (Supplementary Methods,
Table 1). Coreceptor preference of the recombinant viruses was
assessed in T cells (U373-MAGI-CCR5E and U373-MAGI-
CXCR4CEM cell lines [13] expressing CD4+CCR5+CXCR4− or
CD4+CCR5−CXCR4+) or in natural target cells (healthy donor
peripheral blood mononuclear cells [PBMCs] or patient-
derived PBMCs post-SCT) in the presence or absence of core-
ceptor inhibitors (Supplementary Methods).

Target cell selection assays were performed to investigate evo-
lution toward CXCR4 usage. Recombinant CXCR4-predicted
viral variants (X2bp and X3bp) and CCR5-predicted variant
Rbp or the cBaL control virus were continuously cultured in
an increasing percentage of U373-MAGI-CXCR4CEM cells
(Supplementary Methods).

RESULTS

The 2.9% CXCR4-predicted minority of the viral population
observed prior to SCT consisted of 7 unique variants with an
FPR ranging from 2.7% to 9.3% (X1bp–X7bp). In addition to
Geno2Pheno[coreceptor] [11], we used 3 other prediction algo-
rithms (position-specific scoring matrix [PSSMX4-R5], net char-
ge rule, and 11/25 rule) [12] to assess coreceptor tropism
(Figure 1). Of the 7 variants predicted to be CXCR4-tropic by
Geno2Pheno[coreceptor], only 1 strain (X3bp) was predicted to
use CXCR4 in all other prediction tools. This viral variant har-
bored the positively charged amino acid lysine at position 25 of
the gp120-V3 loop, which is strongly associated with CXCR4
usage [14].

We investigated viral replicative capacity of these variants by
cloning of the patient-derived gp120-V3 loop sequence in the
backbone of the CXCR4-tropic HXB2 reference strain. The
dominant CCR5-predicted and 5 of the 7 CXCR4-predicted
strains among which the single viral variant predicted to be

CXCR4-tropic by all 4 algorithms (X3bp) were replication com-
petent (Figure 2A).

Subsequently, coreceptor usage was assessed in MAGI cell
lines expressing either CCR5+ or CXCR4+ as coreceptor [13].
The dominant CCR5-predicted strain from the patient (Rbp)
and the CCR5-tropic control virus (cBaL) were able to infect
the cells expressing CCR5 but not those expressing CXCR4
(Figure 2B). The CXCR4-tropic reference strain (cHXB2) was
only able to infect CXCR4 expressing cells reflecting a full
CXCR4 phenotype. Remarkably, all patient-derived CXCR4-
predicted variants, including X3bp, replicated only in cells ex-
pressing CCR5, demonstrating CCR5 dependence (Figure 2B).

Because coreceptor preference may differ in cell lines vs nat-
ural target cells that express both coreceptors, we also assessed
coreceptor usage in PBMCs [6]. We used maraviroc (MVC), a
CCR5 antagonist, to mimic the CCR5Δ32/Δ32 phenotype. Like-
wise, we used AMD-3100 to block CXCR4 coreceptor binding.
As expected, the dominant patient-derived CCR5-predicted
strain and cBaL were fully inhibited by MVC and not by
AMD-3100 (Figure 2C), reflecting a full CCR5 phenotype.
The control virus cHXB2 was completely inhibited by AMD-
3100, and no effect of MVC was observed (Figure 2C). Interest-
ingly, the CXCR4-predicted variants were not inhibited by
AMD-3100 but demonstrated CCR5 dependence in natural tar-
get cells, as shown by complete inhibition of replication by
MVC (Figure 2C).

Finally, we investigated whether the viral constructs could
replicate in posttransplant-derived CCR5-Δ32/Δ32 PBMCs of
the Berlin patient. These experiments showed that the Berlin
patient’s new target cells can be infected by a CXCR4-tropic ref-
erence strain, but not with the pre-SCT patient-derived viruses
(Figure 2D).

Given the presence of long-lived CCR5-positive macrophages
[2] we explored the potential to evolve toward CXCR4 usage by
performing cell selection experiments. The CCR5-tropic con-
trol virus cBaL and the patient-derived Rbp, X2bp, and X3bp
were cultured in the presence of increasing percentages of
CXCR4-expressing cells (0%–90%). After 10 weeks of selection,

Figure 1. Coreceptor tropism prediction of patient derived gp120-V3 loop sequences obtained prior to stem cell transplantation. Schematic representation
of gp120-V3 loop amino acid sequences of the patient-derived dominant CCR5-predicted variant (Rbp) and CXCR4-predicted minority variants, X1bp–X7bp,
and the control viruses cBaL and cHXB2. Genotypic tropism prediction by Geno2Pheno[coreceptor] (10% false-positive rate) [7], PSSMX4-R5, net charge rule,
and 11/25 is given. CCR5 prediction is indicated in green; CXCR4 prediction in red.
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no coreceptor switch was observed, suggesting a relatively high
genetic barrier toward CXCR4 usage.

DISCUSSION

The Berlin patient is the first patient with a cured HIV infection.
Prior to SCT, the viral population was genotyped and a minor-
ity population was predicted to use the alternative CXCR4 cor-
eceptor in a Web-based algorithm (Geno2Pheno[coreceptor]) [1].
Considering the normal levels of CXCR4 coreceptor expression

on the donor-derived cells and susceptibility of these cells for
CXCR4-tropic virus, it was remarkable that HIV did not re-
bound post-SCT in the absence of combination antiretroviral
therapy (cART) [2]. Our study demonstrates that CXCR4-
predicted minority viruses present prior to transplant were
unable to rebound after transplant due to their dependence
on CCR5 for replication and a high genetic barrier toward
CXCR4 usage.

The main determinant of coreceptor usage is the
gp120-V3 loop. Genotypic prediction algorithms, such as

Figure 2. Replication capacity and phenotypic coreceptor usage. A, Replication capacity analysis in peripheral blood mononuclear cells (PBMCs) from
healthy donors expressing both coreceptors CCR5 and CXCR4 (picogram [pg] p24/100 µL supernatant at day 7). B, Coreceptor usage was determined by
expressing the percentage of viral entry in CXCR4 or CCR5 U373-MAGI cells. C, Replication capacity in PBMCs from healthy donors with 1 µM MVC (CCR5
antagonist) or 10 µM AMD-3100 (CXCR4 antagonist) or without inhibitor (pg p24/100 µL supernatant at day 7). D, Replication capacity in patient-derived
PBMCs obtained after allogeneic homozygous CCR5-Δ32 stem cell transplantation (SCT) as tested with 10 µM AMD-3100 or without inhibitor (pg p24/100 µL
supernatant at day 7). cHXB2 and cBal were used as control viruses. Rbp is the dominant CCR5-predicted viral construct and X1bp–X5bp are the viable
Geno2Pheno[coreceptor) CXCR4-predicted viral constructs. Error bars are standard deviation of quadruplicate wells. All experiments were performed at least
twice, and the figures are based on 1 representative experiment.
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Geno2Pheno[coreceptor], use this region to predict coreceptor
tropism. The result of the Geno2Pheno[coreceptor] interpretation
is given as a quantitative value, the FPR, which defines the prob-
ability of classifying a CCR5-predicted virus falsely as CXCR4-
predicted variant. Varying the threshold value for FPR classifi-
cation changes the sensitivity and specificity for CXCR4
tropism prediction. In clinical practice, conservative cutoff
FPR values that show good correlations with virological out-
come during CCR5 inhibitor–based therapy are generally
applied to prevent underestimation of the presence of
CXCR4-tropic viruses (FPR cutoffs 3.5%–10%) [11, 15]. The
lowest FPR of the minority variants in the Berlin patient prior
to SCT was 2.7%. Although this is below the lowest cutoff FPR
suggested for tropism prediction based on deep sequencing
(3.5%) and therefore genotypically predicted to be CXCR4-tro-
pic, the variant was dependent on CCR5 for viral entry in phe-
notypic assays. This single case study shows that predicted
genotypic coreceptor tropism may not always reflect biological
behavior and suggests that larger studies are needed to explore
the use a lower cutoff FPR for maraviroc eligibility in clinical
practice. In case of a CCR5Δ32-SCT procedure, a more lenient
FPR and/or phenotypic testing should be considered.

Envelope regions outside the gp120-V3 sequence can modu-
late coreceptor affinity [16], and commercial phenotypic core-
ceptor usage assays are based on (near) full-length envelope
sequences representing the plasma population virus [11]. Un-
fortunately, prior to SCT, full envelope sequences were not gen-
erated from the Berlin patient, and no additional samples were
stored to enable full envelope sequencing. Therefore, we were
inherently limited in assessment of the coreceptor phenotype
of the minority variants and were restricted to the V3 loop se-
quences generated by ultradeep sequencing prior to SCT. In ab-
sence of patient-derived full envelope sequences, we decided to
clone the gp120-V3 loop sequences of the Berlin patient in the
background of a CXCR4-tropic HIV-1 laboratory strain to limit
bias for CCR5 usage.

In the Berlin patient, CCR5-tropic permissive cells could still
be detected for at least 5.5 months in the colon, and proviral
DNA was observed 2 months after SCT [1, 2]. More than 5
years post-SCT, extremely low levels of HIV DNA and RNA
were intermittently detected using very sensitive assays [5].
Given the volatile combination of long-lived CCR5-expressing
cells and a potential CCR5-tropic reservoir, HIV replication
could potentially have continued. Residual replication of
CCR5-tropic viruses in the setting of increasing numbers of
CCR5−CXCR4+ cells may then result in evolution toward
CXCR4 usage. We tested the evolution potential for the most
CXCR4-predicted patient-derived viruses and did not observe
viral evolution toward CXCR4 usage, suggesting a relatively
high barrier for coreceptor switch. Moreover, it has also been
hypothesized that the number of residual CCR5-expressing

CD4+ cells after SCT was too low to support replication of the
CCR5-tropic variants and therefore evolution toward CXCR4
usage [17].

A recent study in which 2 HIV-infected heterozygote
CCR5Δ32 patients with a small viral reservoir received a
CCR5WT/WT transplant in the presence of cART unfortunate-
ly demonstrated viral rebound after interruption of cART [18,
19]. In the Berlin patient, aside from absence of CXCR4-tropic
virus, the lack of a rebound of CCR5-tropic virus immediately
post-SCT in the absence of cART indicates that transplantation
of CCR5Δ32/Δ32 stem cells was pivotal to the apparent cure of
HIV. These results provide a rationale for CCR5-based SCT and
gene therapy studies in which in-depth analysis of HIV corecep-
tor usage is essential.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online
(http://cid.oxfordjournals.org). Supplementary materials consist of data pro-
vided by the author that are published to benefit the reader. The posted ma-
terials are not copyedited. The contents of all supplementary data are the
sole responsibility of the authors. Questions or messages regarding errors
should be addressed to the author.
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