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ABSTRACT

In West/West Central Africa, CRF02_AG is the most prevalent HIV-1 strain and circulates in the milieu of
rare subtypes, circulating recombinant forms (CRFs), and unique recombinant forms (URFs). The molecu-
lar complexity of HIV-1 epidemics in this region and the need to extensively sample large populations, such
as in the case of vaccine trials, pose seemingly conflicting requirements between full-genome sequencing and
high-throughput low-resolution assays. Here we describe the development and evaluation of a multiregion hy-
bridization assay (MHAcrf02) for the efficient genotyping of CRF02_AG in West/West Central Africa. Sub-
type A, G, and CRF02_AG-specific fluorescent probes were designed flanking five recombination breakpoints
in CRF02_AG and were used in real-time PCRs. A panel representing West/West Central African HIV-1 ge-
netic diversity was evaluated by MHAcrf02. The sample set, previously characterized by full-genome se-
quencing, included CRF02_AG and CRF02_AG-containing recombinants (n = 28), other subtypes, CRFs, and
URFs (n = 34). DNA from peripheral blood mononuclear cells, cocultures, and plasmids was used as tem-
plate. When the patterns of probe reactivity were evaluated. CRF02_AG was identified with a 100% speci-
ficity and sensitivity. In conclusion, MHAcrf02 will permit more efficient characterization of HIV-1 in
West/West Central Africa, where CRF02_AG is an important strain. Together with other regional genotyp-
ing assays MHA crf02 will contribute to the development of a global picture of HIV-1 diversity and geographic
distribution, providing a strong foundation for intervention, including vaccine development.

INTRODUCTION

HE HIV-1 paNDEMIC is characterized by the circulation of

multiple genetic subtypes and many more intersubtype re-
combinants.!* Some of the recombinants have been found in
only one patient [i.e., unique recombinant forms (URFs)], while
others have widely spread in populations [i.e., circulating re-
combinant forms (CRFs)].

Extensive HIV-1 genetic diversity is represented in the
strains that have been found in West/West Central Africa.>~>
In this region, CRFO2_AG, a recombinant with a complex mo-
saic genomic structure, is the predominant strain, circulating in

the milieu of many other subtypes, CRFs, and URFs. Based on
previous reports, the proportion of HIV-1 infections with
CRF02_AG ranges from 95 to 50% in different West/West Cen-
tral African countries>~2% Although the surveillance has not
been systematic, and various genotyping approaches have been
used with variable power to discriminate the CRFO2_AG from
other forms, it appears that CRFO2_AG reaches its highest pro-
portion of strains in the far West, with a gradual decrease to
50% or less in Central Africa.>~%7 Another important finding
has been that no single other clade accounted for the rest of the
HIV-1 cases.6-8:11,12,1923-25 CRF02_AG is typically embedded
in epidemics with a very complex mixture of rare subtypes and
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other recombinants. This has also led to the emergence of “sec-
ond-generation” recombinants between the CRF and the other
clades.”-?8:2

CRF02_AG is one of six globally prevalent HIV-1 strains'~*
and, accordingly, it has been selected for use in candidate HIV-
1 vaccines. In the context of cohort development for interven-
tions, there is a great need for a high-throughput genotyping
tool that can clearly describe the molecular picture in the re-
gion. There seem to be conflicting methodologicalrequirements
for such an assay. On the one hand, it should be able to dis-
tinguish between CRFO2_AG and related strains, and all other
clades circulating in the region (including A/G recombinants
not related to CRFO2_AG). Currently, this can be achieved only
by full-genome sequencing, a low-throughput and expensive
technique 3°-32 On the other hand, genotyping of large cohorts
can be assessed only by high-throughput tests, which have the
drawback of low genetic resolution. Partial sequencing and het-

a)

Sam ple ID Country Type ol sample
Subtype 4 G0KE_KER2008 Renys co-culturc
99KE_KNH1088 Kenya co-cukinre
99KE_KNH1I3S Kenya co-culture
00KE KNH1144 Kenya co-culture
GOKE_KNH1207 Renya co-cuiture
00KE KNH1209 Kenya co-culture
00KE_KSM4030 Kenya co-culture
97TZ02 Tanzania clone
97TZ03 Tanzania clone
Subtype G CAMA4049 Cameroon co-culture
HH§793 Kenya clone
CRF02_AG CAMO02BBY Camercon co-culture
CAMOOSBBY Cameroon co-culture
CAMOOSBEY Cameroon co-culture
CAMOI3BBY Cameroon co-culture
CAMOI4BBY Camecroon co-culture
CAMOISBBY Cameroon co-cultnre
CAMI970LE Cameraon PEMCs
CAMZ21625A Cameroon PBMCs
CAM234854 Cameroon PBMCs
CAMO074NY Cameroon PBMCs
CAMOISEND Cameroon PBMCs
CAMOI9IND Cameroon PBEMCs
CAMO0925M O Cameroon PBMCs
CAMIIB8NG Cameroon PBMCs
CAMI1237NG Cameroon PEMCs
CAMIZINY Cameroon PBMCs
CAMI1475M Y Cameroon PBMCs
CAM1669LE Cameroon PBMCs
CAMI677LE Cameroon PEMCs
CAM4082STN Cameroon PEMCs
CAM4410HAL Cameroon PEMCs
D263 Diibouti clone
CRFO02-containing recom binanis CAM23398A Camecroon PEMCs
CAM1590LE Cameroon PBMCs
CAMO190M A Cameraon PBMCs
CAMI90ILE Cameroon PEMCs
CAM3228M N Cameroon PEMCs
CAMISOTLE Camecroon PEMCs
CRF11 cpx CAMOISEN D Camecroon co-culre
CAMA404IHAN Cameroon co-culmre
CAM2190SA Cameroon PEMCs
CAMI7I0LE Cameroon PBMCs
CAMA4118STN Cameroon PBMCs
CRF13_cpx CAM3226M N Cameroon PBMCs
Subtype D CAMO09BBY Cameroon co-culiure
CAMO175BA Camecroon
AQ84RIM 1 Uganda co-culre
CAM4412HAL Cameroon PBEMCs
Sabtype F2 CAMOI6BBY Cameroon co-culure
Unigue recombinant forms CAMO01BBY Cameroon co-culture
CAM3163M N Cameroon PBMCs

CAMI278NG
CAMI1296NG

Cameroon
Cameroon
Camesoon
Cameroon
Cameroon
Camecroon
Cameroon
Camesoon
Cameroon
Cameroon

CAMI1152NG
CAMi402M V
CAMI867LE
CAMO9EIM O
CAMO130NY
CAM4008HAN
CAMi9ISLE
CAMO90SM O
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eroduplex mobility assay (HMA) are among the latter geno-
typing tools that have been applied in the study of CRF02_AG
epidemics 3:6:8:10,12.25.33-36

A novel group of regional genotyping tests, the multiregion
hybridization assays (MHAs), seems to bridge this method-
ological gap.3” These assays are based on the hybridization of
clade-specificfluorescent probes in a real-time PCR. MHAs are
being used to describe complex epidemics, each tailored to the
limited genetic diversity in the regions: subtypes A, C, and D
in East Africa,?” B and F in South America,?® and B, C, and
CRFO1_AE in Southeast Asia,* respectively.

Utilizing a similar MHA approach, we present the develop-
ment of MHAcrf02, a high-throughput genotyping tool for the
study of CRFO2_AG in the West/West Central African HIV-1
epidemics. The simultaneous assessment of different HIV-1 ge-
nomic regions by a real-time PCR-based technique confers a
high sensitivity and specificity to the assay, which make it suit-

Kk H I
F2 ootono CRF11_cpx
— -/\
FL ] o (% o
- N\ e ”A CRF13_cpx

D D. 00 I:|I G

= 100 160 100 [ ]
C [m] 100

0.10
a4 oo e —CRFOL AE
R )
- o G
S [m]
A |:| :
a O CRF13 epx
o
J
HE o
s
A CRF11_cpx
® A|:| Ol ghyo o C
Q_ o 0.10
D K F2 Fl1

Samples employed in the development of MHAcrf02. (a) List of the genotypes of the specimens, their country of ori-

gin, and type of sample. The CRF02_AG genomic content was 80% for CAM2339SA, 75% for CAMI1590LE, 65% for
CAMO190MA, 55% for CAM1901LE, 90% for CAM3228MN, and 40% for CAM1807LE. Unique recombinants contained sub-
types A, D, F2, G, and CRFO1_AE. Accession numbers of newly and previously reported sequences are listed in Materials and
Methods. (b) Neighbor-joining tree based on full-length sequences of subtype A, G, D, F2, CRF02_AG, CRF11_cpx, and
CRF13_cpx strains. The tree was built using Kimura two-parameter distance method (transitionfransversion = 2).*3 Strains stud-
ied by MHAcrf02 are shown as (H] and reference sequences are shown as (["]). Bootstrap values supporting clade-defining nodes
are shown (over 100 replicates). (¢) Neighbor-joiningtree of CRFO2_AG-containing recombinants and unique recombinant forms,

represented as (@) and (A), respectively.



MULTIREGION HYBRIDIZATION ASSAY FOR CRF02_AG

able for the support of population-basedinterventionsin the re-
gion, including the development of HIV-1 vaccines.

MATERIALS AND METHODS

Samples

In the development of the MHAcrf02, a panel of 62 sam-
ples, from which a virtually full-length sequence had been ob-
tained, was used. Samples were chosen so that they represent
the HIV-1 genetic diversity in West/West Central Africa, and
included CRF02_AG, subtypes A, D, F2, and G, CRF11_cpx,
CRF13_cpx, and URFs (Fig. 1a). CRFO2_AG-containing sec-
ond-generation recombinants where also represented in the
panel. Samples were collected mainly in Cameroon, and spec-
imens from Kenya, Tanzania, Uganda, and Djibouti were also
used. Depending on availability, primary peripheral blood
mononuclear cells (PBMCs), cocultures, or nearly full-length
HIV-1 genomes cloned in plasmids (TOPO-TA vectors, Invit-
rogen, Carlsbad, CA), were employed.

PBMC DNA was extracted using the MagnaPure robotic nu-
cleic acid extraction procedure (Roche Diagnostics Corp., In-
dianapolis, IN), following the manufacturer’s instructions. Co-
culture and plasmid DNA were extracted manually using
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QIAamp DNA and QIAGEN Plasmid kits (Qiagen Inc., Va-
lencia, CA), respectively.

Nearly full-length HIV-1 genome sequencing was performed
as previously described 33! Sequences were manually aligned
with reference strains of relevant subtypes and CRFs.*° Phylo-
genetic relatedness was established using DNADIST, NEIGH-
BOR, SEQBOOT, and CONSENSE, included in the PHYLIP
software package version 3.2c.*! The obtained trees were vi-
sualized using TREETOOL.*?> Bootscanning (sliding window
of 300 bases) was used to confirm the genomic structures*3

MHAcrf02

The principle of the MHAcrf02 is to amplify short fragments
along the HIV-1 genome and assess the hybridization of clade-
specific fluorescent probes in a real-time PCR.37 The amplified
regions were positioned flanking recombination breakpoints
that have been previously mapped on the CRF02_AG genomic
structure.”-'® The assay is performed in a nested format. In sep-
arate first-round PCRs, five regions of the HIV-1 genome (the
p24/p2/p7 part of gag, the 5’ part of the RT, the RnaseH/INT
part of pol, the vpu/5’ extreme of gp120, and part of gp41) are
amplified using universal primers (Fig. 2). Then, each ampli-
con is distributed in one (in the cases of the gag and the RT re-
gions) or two (in the cases of RnaseH/INT part of pol,
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FIG. 2. Design of the multiregion hybridization assay for CRF_02 (MHAcrf02). Five regions of the HIV-1 genome flanking
recombination breakpoints in CRFO2_AG are amplified in a first-round PCR. Real-time PCRs with clade-specific fluorescent
probes that hybridize at either side of the breakpoints are performed. Probes specific for subtypes A, G, and CRFO2_AG are used
in separate reactions. The names of the different amplicons generated in the PCRs and their sizes are given. The mosaic genomic
structure of CRF02_AG and the mapping of HIV-1 genes are shown on the top. See text for details.
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vpu/gp120, and gp41) separate sets of second-round PCRs. Each
of these reactions is performed in a Tagman real-time format,
with universal primers, and fluorescent probes with specificity
for subtypes A or G. When possible, CRF02_AG-specific
probes are also used, taking advantage of nucleotide substitu-
tions that distinguish the subtype A portion of CRF02_AG.
Probes for each clade are used in separate real-time PCR reac-
tions. All probes were labeled at the 5” end with 6-carboxyflu-
orescein (FAM) and had Black Hole Quencher (BHQ) at the 3’
end (Biosource, Camarillo, CA). Probes were designed to have
melting temperatures (77,) between 61 and 66°C. Probe se-
quences were selected considering regions of high within-clade
conservation but that contained at least three mismatches be-
tween subtypes distributed along the probe sequence. When
necessary, to improve the probe specificity, a deliberate mis-
match was introduced so that the probe would still hybridize to
homotypic strains but not to heterotypic ones, as suggested by
de Baar et al.** The sequences of primers and probes used in
MHACcrf02 are shown on Table 1.

The first-round PCR contained GeneAmp 10X PCR Buffer
(Applied Biosystems, Foster City, CA), 250 uM each dNTP,
1.5 mM MgCl,, 400 nM of each outer primer, 2.5 U of Am-
pliTag DNA Polymerase (Applied Biosystems), and 10 ul of
extracted DNA, in a final volume of 50 wl.The thermocycle
routine was 1 cycle at 95°C for 10 min, then 30 cycles of 95°C
10 sec, 55°C 30 sec, and 72°C 1 min, and a final extension at
72°C for 7 min, in an ABI 9600 thermocycler. The second-
round PCRs contained Tagman 2x Universal PCR Master Mix
(Applied Biosystems), 400 nM of each inner primer, 250 nM
probe, and 5 ul of first-round PCR product, in a final volume
of 25 ul. PCR amplification was performed in a 96-well ABI
PRISM 7900HT Sequence Detection System (Applied Biosys-
tem) at 95°C 15 sec, 55°C 30 sec, and 60°C 1 min for 40 cy-
cles. Fluorescence intensity was monitored during the reaction
and was analyzed using the SDS v2.1 software (Applied Biosys-
tem). The threshold was set based on negative controls and re-
sults were considered positive when the threshold cycle (Ct)
was lower than 30 and if an exponential increase in the nor-
malized fluorescence intensity for over five consecutive cycles
was observed. Negative real-time PCR results due to lack of
sample amplification were assessed by electrophoresisin a 2%
agarose gel.

The lower detection limit of MHAcrf02 as determined by the
reactivity of serial dilutions of HIV-1 plasmids was 7-70 input
copies (data not shown).

RESULTS

Evaluated samples

The aim of this study is to develop a high-throughputassay
that can distinguish CRFO02_AG from other subtypes, CRFs,
and URFs that circulate in West/West Central Africa. For this
purpose, we assembled a panel of samples from which a virtu-
ally full-length HIV-1 sequence had been obtained and that in-
cluded much of the HIV-1 diversity in the region.

In Figure 1, 62 strains employed in the development of the
assay are shown. The panel included CRFO2_AG (n = 22), the
parental subtypes A (n =9) and G (n = 2), as well as other
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clades frequently found in West/West Central Africa, such as
CRF11_cpx (n = 5), CRF13_cpx (n = 1), subtype D (n = 4),
F2 (n = 1), and unique recombinants between subtypes A, D,
F2, G, and CRFO1_AE (n = 12). Accounting for second-gen-
eration recombinants between CRF02_AG and other subtypes
that have been described,/?82% six samples that contained
40-90% of CRF02_AG in their genomic structure were also in-
cluded. The type of sample used and their countries of origin
are shown in Figure 1a. The phylogeneticidentity of the strains
analyzed is shown on Figure 1b and c.

Design of the assay

Five regions along the HIV-1 genome that included the HIV-
1 structural genes gag, pol, and env were selected based on the
recombinant structure of CRFO2_AG (Fig. 2). Universal first-
round PCR primers were located flanking known recombina-
tion breakpoints in CRF02_AG. Each amplicon was then dis-
tributed into several second-round PCRs, each with a
clade-specific fluorescent probe, in a Tagman real-time PCR
format.

In the first-round PCR, five different amplicons were gen-
erated: gag, RT, pol I/11, vpul/gp 120, and gp41 1/11. In the cases
of pol I/11, vpu/gp120, and gp41 /11, each amplicon was then
distributed into two separate sets of real-time PCRs (pol I and
pol 11, vpu and gp120, and gp41 1 and gp41 11, respectively),
each with its own set of inner primers. In that way the geno-
type at each side of the recombination breakpoint could be as-
sessed. The gag and RT amplicons were each distributed into
a single set of corresponding real-time PCRs (gag and RT, re-
spectively). Thus, eight different sets of second-roundreal-time
PCRs were designed.

In the second-round PCRs, 16 fluorescent probes that had
specificity for clades A or G were used. In addition to that, two
CRF02_AG-specific probes were designed based on the dif-
ferences that exist within the clade A radiation between the
CRF02_AG lineage and other lineages (i.e., CRFO1_AE and
East African subtype A).”-!8 As a consequenceof this, 18 probes
were designed. Each probe was used in a separate PCR.

In all the cases, inner and outer primers were placed in ar-
eas of high sequence conservation between subtypes, whereas
the probes were located in regions of high within-clade con-
servation but high between-subtype divergence. The inclusion
of mixed bases was kept to a minimum and limited to the cases
when it was necessary to increase the universality of the primers
or the sensitivity of the probes. The nucleotide sequences of
outer and inner primers and probes are shown in Table 1.

Performance of MHAcrf02 on the tested panel

The performance of the MHAcrf02 was assessed on a panel
of 62 samples. The overall rate of reactivity for the eight re-
gions tested was 467/496 (94.15%). When each of the ampli-
fied regions was assessed separately, the PCR reactivity was
87,97, 97, 89, 95, 97, 91, and 89% for gag, RT, pol 1, pol 11,
vpu, gp120, gp41 1, and gp41 11, respectively. No statistically
significantdifference was found between the PCR reactivity for
CRF02_AG samples when compared to the other subtypes and
recombinant forms. In pattern recognition-basedassays such as
MHACcrf02, the number of reactive PCRs per sample is also im-
portant. In the current assay, 54/62 samples (87%) had at least
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TABLE 1. PRIMERS AND PrROBES USED IN THE MULTIREGION HYBRIDIZATION AssaYy FOR CRF02_AG (MHAcrf02)
Name Sequence (5" — 3')? Forward/reverse
gag
Outer primers GAGOF GATGACAGAYACCTTRYTGGTCCA Forward
GAGOR CCTGGCCTCCCYTTGYTGGAA Reverse
Inner primers GAGIF GGGCTACATTAGAAGAAATGATGACAGCA Forward
GAGIR CARTCTTTCATTTGRTGTCCYTCYTT Reverse
Probes
CRF02 GAG-02 CARTTGAAACAYTTTATTGTTCTCTGGC Reverse
A GAG-A CARTTGAAACAYTTWATYSTTYTCTGGC Reverse
G GAG-G CAATTGCAACAGTTRATADTTCTTYTYGGGC Reverse
RT
Outer primers RTOF GCCATTGACAGAAGARAAAATAAAAGC Forward
RTOR CCTGTGGAAGCACATTGTAYTGATA Reverse
Inner primers RTIF GGGCCTGAAAATCCATAYAATACTC Forward
RTOF GCRTCCCCYACATCTAGTACTGTT Reverse
Probes
A RT-A TTARRCCIGCTGGATGYGGTATTC Reverse
G RT-G TTAAYCCYGCRGTATGAGGTATYC Reverse
pol /11
Outer primers POLOF ACAAAYCAAAAGACTGAATTACATGCAAT Forward
POLOR TGCCATATYCCTGGACYACAGTCTAC Reverse
pol 1
Inner primers POLI-IF GCACAACCAGACAGGAGTGAATCAGA Forward
POLI-IR TTATCTACTTGTTCATTTCCTCCAATTCC Reverse
Probes
A POLI-A AGGTAGACTTTGTCCTTTYCTATTARCTTCTC Reverse
G POLI-G AGGTAGACCTTTTCCTTTTTTATTAGCTGTTC Reverse
pol 11
Inner primers POLII-IF GTACCAGCACACAAAGGGATTGG Forward
POLII-IR GCAGATTAAAATCACTAGCCATTGCTCT Reverse
Probes
A POLII-A CATGTTCTTATTGAGCTTTATCTATCCCATC Reverse
G POLII-G CATGVTCTTATTGGGCTTTATATATGCCATC Reverse
vpulgp120
Outer primers VPGPOF GCATYTCCTATGGCAGGAAGAAGC Forward
VPGPOR GCATGTGTRGCCCARACATTATG Reverse
vpu
Inner primers VPUIF CATCAAAATCCTRTACCAAAGCAGTRAGT Forward
VPUIR TCACTCTCATTNCCACTRTCTTCTGC Reverse
Probes
A VPU-A CCACACAACTATTGCTAKGATTAGYGC Reverse
G VPU-G CACAAYTRTGGCTGCTATGAATGCTAC Reverse
gp120
Inner primers GP120IF CAGAAGAYAGTGGNAATGAGAGTGA Forward
GP120IR GGTNTCTGCRTCTYYCCACACAGGTA Reverse
Probes
CRF02 GP120-02 YGTGACCCACAANTYKTYAGCATTACA Reverse
A GP120-A ACCCACAAKTTKTCTGCAGYACTACA Reverse
G GP120-G TRACCCACAARTTATYTA AGGCACTACA Reverse
gp41 /11
Outer primers GKGP410F GAGCAGCAGGAAGCACTATGG Forward
GKGP410R TGGTAGCTGAAGAGGCACAGG Reverse
gp4l1
Inner primers GP411-IF GTCAATAACGCTGACGGTACAGG Forward
GP41I-IR CCAAATYCCTAGGAGCTGTTGATC Reverse
Probes
A GP411-A CAGATGTTGTTGAGCCTCAATAGCCYTCA Reverse
G GP411-G CAGATGCTGCTGCGCCTITATAG Reverse

(continued)
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TABLE 1. PRIMERS AND PROBES USED IN THE MULTIREGION HYBRIDIZATION Assay FOR CRF02_AG (MHAcrf02) (ConT’D)
Name Sequence (5" — 3')* Forward/reverse
gp41 11
Inner primers GP411I-1F CAARNTGGCTRTGGTATATAARAATAT Forward
GP4111-IR GTYTGYCTTGCTCKCCACCT Reverse
Probes
A GP4111-A CAGAYCCATNYCCCAAACCCARG Forward
G GP4111-G CAGAYCCTTACCCACCACCAGMGG Forward

#Deliberately induced mismatches are underlined.

seven positive PCRs out of eight, with no significant differ-
ences among clades. These results clearly indicate the sensi-
tivity of MHAcrf02.

The observed probe-reactivity patterns for the studied panel
are shown on Figure 3a. The 22 CRF02_AG strains shared a
pattern consistent with the structure of CRF02_AG: they re-
acted with probes GAG-02, GAG-A, RT-G, POLI-A, POLII-
G, VPU-G, GP120-02, GP411I-A, and GP41II-G (which will be

a) Expected pattern

referredto as “homologous” probes), and they did not react with
probes GAG-G, RT-A, POLI-G, POLII-A, VPU-A, GP120-A,
GP120-G, GP411-G, and GP41II-A (which will be referred to
as “heterologous” probes). Within the CRF02_AG cluster, mi-
nor deviations from this pattern were observed and were caused
by failure in PCR, lack of “homologous’-probe reactivity, or
unexpected reaction with “heterologous” probes, as previously
reported for other MHA systems.?’ In the case of “second-gen-

for CRF02_AG - -
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containing POLII-A
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forms | GP41IL-G
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FIG. 3. Performance of MHAcrf02 on the assessed panel (n = 62). (a) Probe reactivity patterns of samples sorted by geno-
type. Black, white, and gray boxes represent positive probe reaction, lack of probe reaction, and lack of PCR reaction, respec-
tively. The expected probe-reactivity pattern for CRF02_AG is shown on the top, and homologous probes are depicted with an
asterisk. (b) Analysis of the reactivity of MHAcrf02 probes on CRF02_AG samples (n = 22). Homologous probes are under-

lined. See text for details.
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eration” recombinants, parts of the CRF02_AG pattern were
conserved, which allow for the characterization of these strains
as related to CRF02_AG.

The CRF02_AG probe-reactivity pattern was specific for this
clade and different from that of parental subtypes A and G, and
other relevant subtypes, CRFs and URFs (Fig. 3a). Note that a
level of reactivity for non-CRF02_AG samples with “homolo-
gous” probes is expected, for example, subtype A samples are
expected to react with three “homologus” probes (i.e., GAG-
A, POLI-A, and GP411-A) and five “heterologous”probes (i.e.,
RT-A, POLII-A, VPU-A, GP120-A, and GP411I-A). Other sub-
types, CRFs, and URFs may react with a number of “homolo-
gous” and “heterologous” probes depending on the A- or G-
subtype genomic content and the homology with MHAcrf02
probes.

The analysis of the specificity of the MHAcrf02 probe sys-
tem for CRFO2_AG is shown on Figure 3b. For 22 CRF02_AG
samples, the average reactivity with “homologous” probes was
88% (range: 68—-100%), while the average reactivity with “het-
erologous” probes was 4% (range: 0-18%).

l_—_| CRF02_AG

I:] Others
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NN NN
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CRF02_AG with 0K
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g. 1 negative PCR

h. 2 negative PCRs

i. 3 negative PCRs

CRF02_AG-containing
recombinants

a. 40% CRF02_AG d. 65% CRF02_AG

b. 80% CRF02_AG e. 90% CRF02_AG
c¢. 55% CRF02_AG f. 75% CRF02_AG

Establishment of criteria for identification of
CRF02_AG by MHAcrf02

To clearly establish a criterion for classifying a sample as
CRF02_AG or a CRF02_AG-containing recombinant, an anal-
ysis of the number of “homologous” and “heterologous” probes
reacting in samples of different clades was carried out. In Fig-
ure 4, two separate groups were defined. On the one hand,
CRF02_AG samples and CRF02_AG-containing recombinants
grouped together in a region defined by four to nine reactive
“homologous” probes and zero to two “heterologous” probes.
Within this group, three subclusters were defined based on their
PCR and probe reactivity in MHAcrf02 and their genomic struc-
ture: CRF02_AG with eight reacting PCRs (n =17),
CRF02_AG with five to seven reacting PCRs (n =5), and
CRF02_AG-containing recombinants (n = 6). The samples in
the first subgroupreacted with seven to nine “homologous” and
zero to two “heterologous” probes. In the second group, the
lack of reactivity at the PCR level prevented the sample from
hybridizing to the probes, as reflected in the lower number of
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FIG. 4. MHAcrf02 results on CRF02_AG (n = 22), CRF02_AG-containing recombinants (n = 6) and samples belonging to

other clades (n = 34). The number of samples reacting with different numbers of “homologous” and “heterologous” probes is

shown. For the CRF02_AG group, specimens with nonreactive PCRs are highlighted. The CRFO2_AG genomic content of sec-

ond-generation recombinants is shown. See text for details.
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reacting “homologous” probes observed (range = 7-5). In the
CRF02_AG-containing recombinants, a trend for samples with
a lower content for CRFO2_AG in their genomic structure to-
ward lower numbers of reacting “homologous” probes was ob-
served.

Importantly, samples from all the other subtypes, CRFs, and
unique recombinants clustered separately from the CRF02_AG.
In no case did any non-CRF02_AG sample react simultane-
ously with more than three “homologous” and less that three
“heterologous” probes. No clear identification of individual
non-CRF02_AG clades could be established based on the num-
ber of reacting “homologous” and “heterlogous” probes, even
though a trend could be observed (i.e., subtype A samples re-
acted with one to three “homologous” and four to five “het-
erologous” probes, subtype G reacted with four “homologous”
and four “heterlogous” probes, data not shown).

Thus, we could clearly establish a cut-off for the genotyp-
ing of a sample by MHAcrf02: only samples that reacted si-
multaneously with four or more “homologous” and two or less
“heterologous” probes would be classified as CRF02_AG or
CRF02_AG-containing recombinants. Based on this classifica-
tion, the MHACcrf02 would perform with a sensitivity and speci-
ficity of 100%. The system proved to be so robust that neither
the lack of reaction in some PCRs nor the recombination of
CRFO02_AG with other clades interfered with the classification.

DISCUSSION

The aim of present work was to design a genotyping tool to
aid the evaluation of the HIV-1 epidemics in West/West Cen-
tral Africa in the setting of large cohorts. The results presented
in this paper clearly indicate that MHAcrf02 meets the re-
quirements for such a tool. First, MHAcrf02 allows for the spe-
cific detection of CRF02_AG and CRF02_AG-containing re-
combinants in a milieu of other complex strains, including the
parental subtypes A and G, other subtypes, CRFs, and URFs.
None of the 34 non-CRF02_AG samples assessed was classi-
fied as CRFO2_AG by this assay. High throughput, a crucial
characteristicin tests aimed at the analysis of large cohorts, can
also be achieved through MHAcrf02 because of the use of the
PCR and real-time PCR technologies3’ With this assay, a
trained technician having all the necessary resources could test
ca. 100 samples in a week. In addition, MHAcrf02 is applica-
ble to primary clinical samples. The performance of the test on
primary PBMCs was comparable to that observed on HIV-1
clones and cocultures (data not shown). When preceded by a
retrotranscription step, the assessment of plasma HIV-1 RNA
samples showed results equivalent to those of primary PBMCs
(data not shown). Finally, MHAcrf02 performed with high
specificity and sensitivity.

MHACcrf02, as any other genotyping method, has its limita-
tions. The use of this assay is restricted to the study of the
West/West Central African samples for which it was specifi-
cally designed. Other regional MHAs have been developed,
such as MHAacd in East Africa,”” MHADf in South America,’®
or MHAbce in Southeast Asia.*® Another limitation is HIV-1
within-clade genetic diversity, which may prevent, in some
cases, the hybridization of primers and probes. In the current
study, failure in the PCR amplification and probe binding was
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observed, but in no case did it compromise the clear classifi-
cation of the samples. Furthermore, using the criteria for iden-
tification proposed here, CRFO2_AG samples with up to 3/8
negative PCRs were also successfully identified. HIV-1 genetic
diversity could also lead to the hybridization of probes to het-
erotypic strains, decreasing the specificity. In the present anal-
ysis, as the criteria of classificationrelied on the recognition of
patterns of probe reactivity rather than the reactivity at a sin-
gle or few loci, high specificity was achieved. The assessment
of both “homologous” and “heterologous” probes allowed for
the specific sorting out of CRF02_AG strains be it from parental
or from unrelated clades, and it rendered MHAcrf02 a capac-
ity to cope with the extensive HIV-1 genetic diversity found in
the region. Moreover, the location of the probes at both sides
of established recombination breakpoints in CRF02_AG mini-
mizes false positive results due to A/G intersubtype recombi-
nants phylogenetically unrelated to the CRF.

The emergence of second-generationrecombinants between
CRF02_AG and other clades is a phenomenon that should also
be monitored.”-?$-2% These recombinants may share epitopes and
other biologically relevant properties with the parental CRF,
while losing some of the motifs that react with MHAcrf02 “ho-
mologous” probes. The performance of this assay was tested
on a set of second-generationrecombinants with a CRF02_AG
genetic content ranging from 40 to 90%, and a varying level of
loss of recognition by “homologous” probes was observed.
However, 6/6 samples were successfully identified as
CRF02_AG-related, still reacting with a number of “homolo-
gous” and ‘“heterologous” probes that clearly differentiated
them from non-CRF02_AG strains. Nevertheless, it is expected
that strains with an even lower genetic content of CRF02_AG
may not be identified by this assay. The analysis of larger num-
bers of samples will provide a deeper insight into the perfor-
mance of the assay.

The mosaic genomic structure of CRF02_AG”-!3 on the one
hand, and the level of complexity and extent of the HIV-1 epi-
demics in West/West Central’-'® on the other, seem to pose con-
flicting methodological requirements for genotyping tools. No
other assay except for full-length genome (FLG) nucleotide se-
quencing, a low-throughput sophisticated technique, can be
used to accurately establish the genotype of strains in this re-
gion of the world.”!® Cohort-based studies require the use of
high-throughputassays to obtain adequate sampling of strains.
The MHACcrf02 assay can bridge this gap. MHAcrf02 and FLG
sequencing share the extensive examination of different areas
of the HIV-1 genome, while the former has a much larger
throughput. Nevertheless, MHAcrf02 is not meant to replace
FLG sequencing, rather it can be useful for the screening of
large numbers of samples and for selecting either interesting
specimens or a representative sample set for FLG sequencing.

Other approaches applied to this problem have included par-
tial-genome sequencing®%10-1233 and HMA.>>-34-36 The latter,
in its gag/env version, acknowledged the need to differentiate
CRF02_AG from subtype A and CRFO1_AE.% In addition to its
higher throughput, MHACcrf02 presents another advantage over
partial sequencing and HMA: by assessing simultaneously eight
differentHIV-1 genomic regions, MHAcrf02 is less prone to false
positiveresults due to A/G recombinantsunrelated to CRF02_AG.

CRFO02_AG is recognized as one of the six clades most glob-
ally prevalentin the HIV-1/AIDS pandemic, together with sub-
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types A, B, C, D, and CRFO01_AE.”!8 Tt has been selected for
use in candidate HIV-1 vaccines. This assay will permit more
efficient characterization of the region, countries, and cohorts
where CRFO2_AG is an important strain. Together with other
regional genotyping assays, MHAcrfO2 will contribute to the
developmentof a global picture of the HIV-1 diversity and ge-
ographic distribution, providing a strong foundation for inter-
vention. The first broad field test of this assay is underway.
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SEQUENCE DATA

Accession numbers for previously published Tanzanian,
Kenyan, and Djibutian sequences used in the development of
MHACcrf02 are AF361872, AF361873, AF457052, AF457063,
AF457065, AF457066, AF457068, AF457069, AF457079,
AF063223, and AF061640. GenBank accession numbers for
novel sequences are AY371121-AY371170.
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