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Abstract In India, the low prevalence of HIV-associated de-
mentia (HAD) in the Human immunodeficiency virus type 1
(HIV-1) subtype C infection is quite paradoxical given the
high-rate of macrophage infiltration into the brain. Whether
the direct viral burden in individual brain compartments could
be associated with the variability of the neurologic manifesta-
tions is controversial. To understand this paradox, we exam-
ined the proviral DNA load in nine different brain regions and
three different peripheral tissues derived from ten human sub-
jects at autopsy. Using a highly sensitive TaqMan probe-based
real-time PCR, we determined the proviral load in multiple
samples processed in parallel from each site. Unlike previous-
ly published reports, the present analysis identified uniform
proviral distribution among the brain compartments examined
without preferential accumulation of the DNA in any one of
them. The overall viral DNA burden in the brain tissues was
very low, approximately 1 viral integration per 1000 cells or
less. In a subset of the tissue samples tested, the HIV DNA
mostly existed in a free unintegrated form. The V3–V5 enve-
lope sequences, demonstrated a brain-specific compartmental-
ization in four of the ten subjects and a phylogenetic overlap

between the neural and non-neural compartments in three oth-
er subjects. The envelope sequences phylogenetically
belonged to subtype C and the majority of them were R5
tropic. To the best of our knowledge, the present study repre-
sents the first analysis of the proviral burden in subtype C
postmortem human brain tissues. Future studies should deter-
mine the presence of the viral antigens, the viral transcripts,
and the proviral DNA, in parallel, in different brain compart-
ments to shed more light on the significance of the viral bur-
den on neurologic consequences of HIV infection.
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Introduction

Of the various subtypes of human immunodeficiency virus
type I (HIV-1) and their recombinant forms, subtype C strains
are responsible for approximately half of the global infections
(Esparza and Bhamarapravati 2000) and nearly all the infec-
tions in India (Siddappa et al. 2005). The central nervous sys-
tem (CNS) is one of the early targets of the viral infection. The
monocytoid cells, including blood-derived macrophages and
resident microglia, constitute the primary targets for the virus
in the brain (Fischer-Smith et al. 2001). Serious neurologic
complications, however, are manifested only during the later
stages of the infection, coinciding with the development of
AIDS (An et al. 1999; Gonzalez et al. 2000). HIV-1-
associated neurocognitive disorders (HAND) may be classified
into three different categories in increasing order of clinical
severity-asymptomatic neurocognitive impairment (ANI), mild
neurocognitive disorder (MND) and HIV-associated dementia
(HAD) (Antinori et al. 2007; Zhou and Saksena 2013).
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The CNS infection of subtype C differs in the clinical mani-
festations from that of other HIV-1 subtypes, especially in the
advanced stages of the infection. In India, the incidence/
prevalence of HAD among asymptomatic and drug-naive sub-
jects is reported to be significantly low, only 1–6 %
(Satishchandra et al. 2000; Wadia et al. 2001; Riedel et al.
2006; Gupta et al. 2007) as opposed to 20–35 % in the USA
and Europe (Heaton et al. 1995; White et al. 1995; Sacktor et al.
2002). A few recent studies from India, employing recommend-
ed batteries of neuropsychological testing (including the
International HIV dementia scale), found that ANI was mani-
fested in a high proportion of AIDS patients, whereasMNDwas
seen in a significantly smaller proportion and HADwas detected
rarely, reconfirming the findings of the previous clinical studies.
In one study, ANI was detected in 69 % of AIDS patients tested
(WHOStage III) compared to 6%withMNDand only 3%with
HAD (Muniyandi et al. 2012). Similar findings were reported in
a different study of HIV-positive patients on HAART (CD4
counts >200/mm3) with prevalence of 30 % of ANI, 2.5 % of
MND and none with HAD (Saini and Barar 2014). In a cross-
sectional survey using 132 subjects of a multiethnic South Asian
population consisting of Chinese, Malay, and Indian races, the
prevalence of HIV-associated dementia was reported to be as
small as 1.5 % of the HAND cases while ANI and MND con-
stituted 22.7 and 15.9 %, respectively (Chan et al. 2012). Using
Luria-Nebraska scales in clinically asymptomatic HIV-positive
subjects, Singh et al. identified cognitive dysfunction, but not
MND or HAD in the subjects (Singh et al. 2011).

Multiple factors may underlie the low frequency of HAD in
India. Unlike in the industrialized countries, the HIVepidemic in
India is characterized by the presence of a huge burden of op-
portunistic infections of the brain which may lower the real
prevalence of HAD (Shankar et al. 2005). Furthermore, the dif-
ferences in the host factor landscape may also underscore the
reported low prevalence of HAD in India. Interestingly, the ab-
sence of multinucleated giant cells in the brain tissues of the
postmortem samples and the uniform presence of infiltrating
macrophages in all the brain tissues appear to be unique for the
HIV epidemic of India (Mahadevan et al. 2007). The various
neurological manifestations of HIV infection, unique in the
Indian context, including the rarity of HIV-associated neoplasia,
the absence of a diffuse infiltrative lymphocytosis syndrome
involving peripheral nerves and the rare presence of spinal cord
pathology including vacuolar myelopathy even among asymp-
tomatic cases have been reviewed (Shankar et al. 2005).

Mechanisms underlying the pathogenesis of HAD, charac-
terized by neuronal injury and death, are many, including di-
rect cytotoxicity of the viral proteins such as gp120, Vpr, Rev,
Nef, and Tat (Zhou and Saksena 2013). The secretion of the
proinflammatory cytokines and chemokines as a consequence
of the viral infection is also implicated in the viral
neuropathogenesis. HIV-associated dementia is directly corre-
lated with the recruitment of activated monocytes to the brain

(Glass et al. 1995; Liu et al. 2000), suggesting that the mono-
cytes possibly trigger a cascade of events that ultimately leads
to neuronal death (Persidsky et al. 2000; Gartner and Liu
2002; Gonzalez-Scarano and Martin-Garcia 2005). A
dicysteine motif in Tat has been implicated in direct monocyte
chemotaxis in vitro (Albini et al. 1998). Importantly, we pre-
viously demonstrated that of all the HIV-1 genetic subtypes, in
subtype C Tat alone, the dicysteine motif (C30C31) essential
for the chemotactic function exhibits a C31S polymorphism
making it a compromised monocyte chemokine (Ranga et al.
2004). Reconstitution of the dicysteine motif in subtype C Tat
made the viral protein as toxic as the subtype B counterpart to
primary neurons in a severe combined immune deficiency
(SCID) mouse HIV encephalitis model (Rao et al. 2008).

The low prevalence of HIV-associated dementia in India is
quite paradoxical, especially in the light of the heavy macro-
phage infiltration demonstrated in all the brain compartments
examined (Mahadevan et al. 2007). The severity of dementia
was shown to be correlated with the magnitude of the macro-
phage infiltration to the brain (Glass et al. 1993). In an attempt
to explain the differences in the severity of neuropathological
manifestation in HIV infection, Wiley et al. proposed a possi-
ble association between the local viral burden in the brain
compartments and neurologic complications (Wiley et al.
1994). Using a range of techniques, including PCR for the
amplification of the viral nucleic acids and/or immunohisto-
chemistry for viral antigens, the relative abundance of the viral
infection of various brain tissues was quantitated by many
groups. A direct correlation between the RNA viral load in
the brain or the levels of the viral antigens and the severity of
neurological manifestations was demonstrated in the SIV pig-
tailed macaque experimental model (Zink et al. 1999). In the
human infection, however, a correlation of this nature was
either weak (An et al. 1996; Lazarini et al. 1997; Fujimura
et al. 1997) or absent (Glass et al. 1995; Johnson et al. 1996).
Given the rare occurrence of dementia in the subtype C infec-
tion of India, it was not practically feasible to design a study to
compare the association between the severity of the neurolog-
ical manifestations and the burden of the viral infection in the
brain tissues. We instead attempted to ask if the proviral load
in the brain tissues would differ in different compartments of
the brain in the Indian scenario. We demonstrate that the pro-
viral burden in various brain compartments was broadly uni-
form without a preferential accumulation of the viral DNA in
any specific compartment.

Results

Phylogenetic analysis of the envelope sequences

Tissue samples from different neural and peripheral tissues
collected at autopsy were available from 10 HIV-1
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seropositive diseased subjects, for the present study (Table 1).
All the subjects were adults and with the exception of one
individual (A26-10), all were drug-naive. The CD4 cell count
and the viral load details were not available for many of the
subjects due to short hospital stay prior to death. Importantly, a
majority of the study subjects, 7 of 10, contained one or the
other opportunistic infection of the brain as summarized in the
table. Three of the 10 subjects (cases 4, 7, and 10) do not have
an OI. Cases 4 and 7 have Guillain–Barre (GB) syndrome (an
immunemediated neuropathy) and case 7 died of a road traffic
accident.

A 703-bp gene segment of the envelope spanning V3–V5
was amplified from the genomic DNA extracted from differ-
ent brain compartments available for each subject using the
nested-PCR strategy. The brain compartments consisted of the
frontal cortex, hippocampus, caudate nucleus putamen, thala-
mus, amygdala, cerebellum, cervical cord and choroid plexus.
Additionally, the envelope segment was also amplified from a
few peripheral compartments consisting of the liver, lymph
node (paratracheal), and spleen. We isolated multiple samples
from each compartment and processed them simultaneously
as well as repeated the extraction procedure to enhance the
chances of successful amplification. We could successfully
amplify the envelope gene segment from nine of the ten sub-
jects from different neural and peripheral compartments. From
subject A26-10, who was on antiretroviral therapy, however,
we could amplify the envelope sequence only from two pe-
ripheral tissues, the paratracheal lymph node and the spleen.

The envelope sequences were aligned, manually edited,
gap-stripped and a neighbor-joining tree was constructed to
infer the phylogenetic relationship (Fig. 1). All the envelope
sequences clustered with the two subtype C reference

sequences and separated clearly from the non-subtype C ref-
erence sequences (A, B, D, F1, G, and H) ascertaining that all
the infecting viral strains in our cases phylogenetically
belonged to subtype C. The sequences also clustered in a
subject-specific manner. Interestingly, in subject MLC221-
05, the sequences derived from two brain compartments (fron-
tal cortex and hippocampus) clustered separately from se-
quences derived from three other compartments (cerebellum,
thalamus, and lymph node) from the same individual.
Incidentally, only these two sequences were found to be X4-
or dual-tropic in a subsequent analysis (see below). In three
subjects (A1-13, A46-06, and M03-11) env sequences only
from the neural compartments were available. In a subset of
four subjects (A15-11, MLC221-05, A46-06, and A26-10), a
phylogenetic separation was evident between the neural and
non-neural tissues. In the rest of the three subjects (A32-11,
A20-12, and M316-11), phylogenetic separation between the
neural and non-neural tissues was not seen as the sequences
from these two compartments mixed freely implying free mi-
gration of viral strains between different tissue compartments.

Genetic analysis of the V3 loop

The V3 loop of HIV-1 envelope plays a critical role in
determining the cellular tropism of the viral strain and
importantly the coreceptor preference (Hartley et al.
2005). Additionally, a switch from CCR5 to CXCR4 use
is also suggestive of the disease progression. Given the
prognostic value of the coreceptor switch for disease pro-
gression, several algorithms have been developed to pre-
dict the coreceptor preference of the V3 loop. We exam-
ined several molecular properties of the env sequences and
applied the algorithms to predict the coreceptor require-
ment of the V3 sequences. The multiple sequence align-
ment of the amino acid residues of the V3 loop demon-
strated that the V3 loop was largely conserved across the
viral strains (Fig. 2). Many molecular features within V3,
characteristic of subtype C and suggestive of CCR5 pref-
erence were preserved. The V3 loop in all the viral strains
comprised of 35 amino acid residues with the exception of
subject MLC221-05 where the loop contained only 34
residues. The crown of V3 loop in the majority of the viral
strains contained the GPGQ motif, which is characteristic
of subtype C, unlike in other viral subtypes that usually
contain the GPGR motif. The GPGQ motif, highly sug-
gestive of CCR5 use (Cilliers et al. 2003), was seen
among the viral strains derived from all the 10 subjects
regardless of the tissue differences. Of note, in subject
MLC221-05, sequences derived from two different neural
compartments (frontal cortex and hippocampus) appeared
exceptional in containing a GPGK motif. Interestingly,
these two sequences were predicted to be dual-tropic or
X4-tropic viruses by two different algorithms (Table 2).

Table 1 The clinical profile of the study subjects

Case Autopsy
ID

Age/sex PMI
(hrs)

ART CD4
counts/mm3

Diagnosis

1 MLC221-05 45/M 19.5 Naïve ND DTB

2 A44-06 38/F 4.0 Naïve ND CM

3 A46-06 36/F 4.2 Naïve ND TE

4 A26-10 40/F 7.2 ART 586 GBS

5 M03-11 50/M NA Naïve ND TE

6 A15-11 55/F NA Naïve 30 DTB

7 M316-11 25/F 7.3 Naïve 30 RTA

8 A32-11 35/F 2.3 Naïve 11 CM

9 A20-12 45/F NA Naïve ND TE

10 A01-13 35/F NA Naïve ND GBS

ARTantiretroviral therapy,CM crytococcal meningitis,DTB disseminated
tuberculosis, GBS Guillain–Barre syndrome, F female, hrs hours, ID
identification number, M male, NA not available, ND not done, PMI
postmortem interval, RTA road traffic accident, TE toxoplasma
encephalitis
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The presence of the basic amino acids arginine and lysine
at positions 306 and 322 is characteristic of subtype B and
in subtype C these residues are replaced by serine and
isoleucine, respectively (Zhang et al. 2010). Serine 306
and isoleucine 322 were highly conserved in nearly all
the viral sequences (Fig. 2).

The presence of a neutral serine at position 11 and of an
aspartic acid or aspargine with a negatively charged side chain
at position 25 is suggestive of CCR5 use (Jensen et al. 2006).
While nearly all the V3 sequences in our samples contained a
serine residue at position11, a large majority of the viruses
contained an aspartic acid or an asparigine residue at position
25 (Table 2). Interestingly, the two MLC221-05 sequences
derived from the frontal cortex and hippocampus demonstrat-
ed a deletion of the aspartic acid at position 25 although they
retained serine at position 11. Furthermore, the net charge of
the V3 loop is also suggestive of the coreceptor use of the

envelope (Briggs et al. 2000). A net charge of 4 or a lower
value is indicative of CCR5 use and a charge 5 or above is
suggestive of dual- or X4-tropism. With the exception of the
two MLC221-05 sequences derived from the frontal cortex
and hippocampus, all the other V3 sequences contained a
net charge of 4 or less (Table 2) suggesting that the envelopes
may preferably use CCR5 for infection. Furthermore, the V3
loop typically contains a single N-glycosylation site (NNTR),
the preservation of which is suggestive of CCR5 use and the
loss of CXCR4 use (Pollakis et al. 2001). All the V3 se-
quences with the exception of one (frontal cortex of A46-06)
preserved the N-glycosylation site.

The position-specific scoring matrix (PSSM) strategy
demonstrated not only improved predictive power for sub-
type C (Jensen et al. 2003), but also proved to be more
efficient in analyzing the transition from CCR5 to CXCR4
use in subtype B. With the exception of a small number of

Fig. 1 Phylogenetic analysis of the envelope sequences: Neighbor-
joining phylogenetic tree of 54 HIV-1 envelope (V3–V5) sequences
(249 bp) derived from nine different neural and three non-neural tissue
samples of ten subjects at post-mortem. Filled and open circles represent
the sequences of neural and non-neural origin, respectively. The reference
sequences representing the viral subtypes were downloaded from the HIV

sequence database. The two subtype C reference sequences are identified
with an asterisk. Horizontal branch lengths are to the scale of 0.02
nucleotide substitution per site. Vertical separation is only for clarity.
Values at the nodes indicate the percentage bootstrap values that
support branching out of a total of 1000 resamplings. The bootstrap
values 70 % and higher are shown. C subtype C, Ref reference sequences
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viral strains (frontal and hippocampus of MLC221-05,
lymph node of A44-06, spleen of A26-10), the large ma-
jority of the V3 sequences were found to be R5-tropic
(Table 2). The application of the geno2pheno predictor

too provided comparable results. Collectively, the above
results suggested that the large majority of the viral V3
loop sequences derived from diverse neural and peripheral
tissues demonstrated a preference for CCR5.

Fig. 2 Multiple sequence
alignment of the V3-loop amino
acid residues: The 35 amino acid
residues constituting the V3-loop
of HIV-1 env and derived from
different neural and non-neural
tissues of 10 subjects are aligned
with subtype C reference
molecular clone Indie-C1 se-
quence (AB023804) at the top. The
sequence coordinates, however, are
as per HXB2. The patient and
tissue identity numbers are shown
on the left side. Dots indicate
sequence homology and the
dashes, gaps. The BGPGQ^ motif
and the positions 11 and 25 are
highlighted using square boxes.
The potential N-linked
glycosylation site is underlined. Am
amygdala, Cb cerebellum, Cc
cervical cord, Cd caudate, Cp
choroid plexus, Fc frontal cortex,
Hp hippocampus, Ln lymph node,
Li LIVER, Pu putamen, Sp spleen,
Th thalamus
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Table 2 Genetic analysis of the envelope (V3–V5)

Tissue ID PNGS PSSM score FPR% V3a Aa 11,25

V3 V4 V5 V3–V5 C B

HXB2 36,1 34,4 13,1 177,10 −2.90, X4 3.47, X4 0,X4 9,9 RK

Indie 35,1 32,4 17,2 177,12 −29.93, R5 −9.06, R5 83,R5 6,4 SD

MLC221-05 Fc 34,1 21,3 16,1 160,11 −11.88, R5X4 or X4 8.603, R5X4 or X4 1.7, X4 8,7 S-

Cb 35,1 29,2 17,0 174,8 −28.21, R5 −8.131, R5 76.5, R5 5,3 SD

Hp 34,1 21,3 16,1 160,11 −11.88, R5X4 or X4 8.603, R5X4 or X4 1.7, X4 8,7 S-

Th 35,1 29,4 17,1 174,11 −28.21, R5 −8.131, R5 76.5, R5 5,3 SD

Cp 35,1 28,0 17,0 173,8 −28.21, R5 −8.131, R5 76.5, R5 5,3 SD

Cd 35,1 29,4 17,1 173,11 −28.21, R5 −8.407, R5 76.5, R5 5,3 SD

Ln 35,1 29,4 16,1 172,10 −28.21, R5 −8.131, R5 76.5, R5 5,3 SD

A44-06 Fc 35,1 31,3 10,1 167,11 −25.17, R5 −8.407, R5 71.2, R5 6,4 SE

Cb 35,1 30,3 X 173,2 −27.92, R5 −6.339, R5 74.4, R5 5,4 SG

Cc 35,1 30,3 15,0 173,3 −25.62, R5 −9.234, R5 64.0, R5 6,3 SE

Ln 35,1 30,1 24,0 183,2 −19.80, R5 −1.240, R5X4 or X4 19.5, R5 5,4 SG

A46-06 Fc 35,1 29,6 17,1 172,12 −25.59, R5 −4.122, R5 17.1, R5 6,4 SD

Cb 35,1 25,4 18,0 173,8 −29.93, R5 −9.057, R5 83.0, R5 6,4 SD

Cc 35,1 25,5 X 114,8 $ −25.62, R5 −9.234, R5 83.0, R5 6,3 SD

A26-10 Ln 35,1 35,4 17,2 178,12 −24.7, R5 −5.551, R5 30.1, R5 7,5 SD

Sp 35,1 34,0 15,0 179,4 −21.9, R5 −0.558, R5X4 or X4 74.3, R5 7,5 PD

M03-11 Cb 35,1 31,4 12,0 172,13 −25.36, R5 −8.86, R5 51.6,R5 6,4 SD

Th 35,1 27,5 16,1 169,13 −28.44, R5 −9.126, R5 76.7, R5 6,4 SD

Am 35,1 32,4 14,1 172,13 −25.36, R5 −8.863, R5 51.6, R5 6,4 SD

Cd 35,1 32,4 14,1 172,13 −25.36, R5 −8.863, R5 51.6, R5 6,4 SD

Pu 35,1 32,4 14,1 172,13 −25.36, R5 −8.863, R5 51.6, R5 6,4 SD

A15-11 Fc 35,1 24,4 14,0 162,8 −30.5, R5 −9.565, R5 86.9, R5 6,4 SD

Cb 35,1 24,3 15,1 163,11 −30.5, R5 −9.565, R5 86.9, R5 6,4 SD

Cc 35,1 24,3 15,1 163,11 −30.5, R5 −9.565, R5 86.9, R5 6,4 SD

Th 35,1 23,0 14,0 163,3 −30.5, R5 −9.565, R5 86.9, R5 6,4 SD

Ln 35,1 24,3 13,0 173,6 −29.93, R5 −9.057, R5 83.0, R5 6,4 SD

Sp 35,1 25,2 14,0 173,4 −29.93, R5 −9.057, R5 83.0, R5 6,4 SD

M316-11 Fc 35,1 34,4 15,2 170,12 −29.93, R5 −9.057, R5 83.0, R5 6,4 SD

Cb 35,1 30,4 14,2 170,12 −24.45, R5 −5.613, R5 59.0, R5 6,5 SE

Cc 35,1 30,4 15,2 170,12 −28.06, R5 −7.636, R5 66.0, R5 6,5 SG

Th 35,1 30,4 15,2 170,11 −27.0, R5 −6.473, R5 82.9, R5 6,5 SS

Cd 35,1 30,5 17,2 173,13 −27.49, R5 −8.86, R5 89.3,R5 6,4 SE

Hp 35,1 31,5 14,1 172,13 −24.48, R5 −9.169, R5 42.3, R5 6,4 SD

Ln 35,1 30,4 17,2 170,13 −27.0, R5 −6.473, R5 82.6, R5 6,5 SS

Sp 35,1 30,4 15,2 170,12 −27.0, R5 −6.473, R5 69.5, R5 6,5 SS

A32-11 Fc 35,1 31,5 16,0 174,12 −26.92, R5 −8.834, R5 52.1, R5 6,4 SD

Cb 35,1 31,5 17,1 175,13 −24.64, R5 −9.146, R5 69.5, R5 6,4 SE

Cc 35,1 31,5 16,1 174,13 −26.92, R5 −8.834, R5 69.5, R5 6,4 SD

Th 35,1 31,5 16,1 174,13 −26.92, R5 −8.834, R5 69.5, R5 6,4 SD

Hp 35,1 31,5 16,1 174,11 −26.92, R5 −8.834, R5 86.9, R5 6,4 SD

Pu 35,1 31,5 16,1 174,13 −26.92, R5 −8.834, R5 69.5, R5 6,5 SD

Ln 35,1 31,4 16,0 174,11 −26.92, R5 −8.834, R5 96.0, R5 6,4 SD

A20-12 Fc 35,1 26,5 15,1 165,11 −26.28, R5 −7.291, R5 96.0, R5 6,5 SD

Cb 35,1 25,1 13,0 175,5 −26.28, R5 −7.291, R5 96.0, R5 6,5 SD

Cc 35,1 26,5 15,1 165,11 −26.28, R5 −7.291, R5 96.0, R5 6,5 SD
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Genetic analysis of the non-V3 loop sequences

Non-V3 env loops (V1/V2, V4, and V5) are known to influ-
ence several biological properties of the envelope including
the coreceptor switching (Hartley et al. 2005). To examine the
molecular features suggestive of such biological influences,
we aligned amino acid sequences spanning C3, V4, C4, and
V5 derived from the clinical samples (Fig. 3). While both the
constant domains C3 and C4 were relatively conserved, the
variable regions V4 and V5 were highly variable among the
subjects. Especially the length of the V4 loop was significant-
ly shorter due to extensive deletion of the amino acid residues
in all the study subjects. While the V4 loop consisted of 32
amino acid residues in Indie-C1, the reference subtype C mo-
lecular clone, the number of the residues was shorter in the V4
loop comprising of as few as 21 residues in most of the sub-
jects and in many of the tissues. The number of PNGS varied
broadly spanning from no PNGS (choroid plexus of subject
MLC221-05) to having as many as 7 (frontal cortex of subject
A15/1). The V5 loop, unlike V4, did not vary much with
respect to amino acid length and the number of PNGS.

Quantification of proviral DNA copy number in the neural
compartments

In addition to the nature of the viral antigens, the viral burden
may directly contribute to neuropathogenesis in HIV infection
of the brain (An et al. 1996). It is not understood if the viral
load in different brain compartments could be varied in an
infected subject and at different stages of the viral infection
and how such a variation might impact the pathological man-
ifestations (Bell et al. 1993). To address some of these ques-
tions, we developed a highly sensitive TaqMan probe-based
real-time PCR, using the primer pair N2185 and N2186 and
targeting a highly conserved regionwithin the U5-PBS region,
with a detection sensitivity of less than 10 copies of the

integrated virus. Proviral load of HIV-1 was determined in
the 10 subjects from the available samples of 9 different brain
compartments and three different peripheral tissues (Table 3).
Unfortunately, in some subjects, the availability of the tissues
was restricted to a few compartments. The analysis led to three
or four important observations.

First, the proviral load in the brain tissues was found to be
low to moderate often ranging in single to three digits per
microgram of genomic DNA or 0.14 million brain cells.
Regardless of the low copy number, the presence of the viral
DNA could be detected and quantitated in all the brain com-
partments in 5 of the 10 subjects (A44-06, A46-06, A15-11,
A32-11, and A01-13). In subject A32-11, for instance, sam-
ples from seven different brain compartments were available
and the presence of the viral DNAwas detected in all the seven
compartments. In two other subjects (M03-11 and A20-12),
the viral DNAwas identified in five of the six brain compart-
ments. The other three subjects belonged to the low copy
group. In subjects MLC221-05 and M316-11, the virus was
found only in 2/6 and 1/6 brain compartments, respectively. In
these two subjects, only a single sample out of five or ten
independent samples, within a compartment demonstrated
amplification suggesting extremely low viral burden. In sub-
ject A26-10, the only person on antiretroviral therapy, the
virus could not be amplified from any of the nine brain com-
partments and two of the three peripheral compartments. In
this subject, only in the spleen, only one of the five samples
demonstrated amplification at very low copy number.

Second, the data collectively suggested a uniform distribu-
tion of the viral infection across the different compartments of
the brain especially when five of the nine brain tissues (frontal
cortex, cerebellum, putamen, thalamus, and cervical cord), for
which a large number of samples were available, were com-
pared (Table 3). Unlike a few of the previous reports, we did
not find uneven accumulation of the viral DNA in any single
brain compartment. For instance, the mean viral load values in

Table 2 (continued)

Tissue ID PNGS PSSM score FPR% V3a Aa 11,25

V3 V4 V5 V3–V5 C B

Pu 35,1 26,5 15,1 165,11 −26.28, R5 −7.291, R5 96.0, R5 6,5 SD

Li 35,1 26,5 15,1 165,11 −26.28, R5 −7.291, R5 96.0, R5 6,5 SD

Ln 35,1 26,5 15,1 165,11 −26.28, R5 −6.629, R5 89.1, R5 6,5 SD

Sp 35,1 26,5 15,1 165,11 −26.28, R5 −7.291, R5 86.9, R5 6,5 SD

A01-13 Fc 35,1 28,4 17,2 171,12 −25.81, R5 −9.436, R5 89.6, R5 6,4 SD

Cb 35,1 28,4 17,2 171,12 −25.81, R5 −9.436, R5 89.6, R5 6,4 SD

Cc 35,1 28,4 17,2 171,12 −25.81, R5 −9.436, R5 89.6, R5 6,4 SD

Hp 35,1 28,4 17,2 171,12 −25.81, R5 −9.436, R5 89.6, R5 6,4 SD

PNGS potential N-glycosylation sites, PSSM position-specific scored matrix, FPR false positive rate, X not available, $ only V3–V4
aNet charge, positive charge
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the frontal cortex (n=35 derived from eight subjects), cerebel-
lum (n=35 derived from seven subjects) and cervical spinal
cord (n=28 derived from six subjects) 94.9±339.5, 101.5±
314.5, and 91.1±247.2, respectively, were not significantly
different from one another. Third, a comparison of the viral
DNA load between the neural and peripheral compartments
demonstrated a significant difference. The presence of the
virus was readily detected in the spleen and the paratracheal
lymph node, but not in the liver. Although the non-availability
of samples in many subjects hampered a meaningful interpre-
tation, the mean viral load levels were significantly higher in
the two peripheral tissues (the lymph node and the spleen) as
compared to three neural tissues (frontal cortex, cerebellum,
and cervical cord). While the mean viral loads in the lymph
node and the spleen were 449.4±787.9 (n=22 derived from
five subjects) and 210.5±318.0 (n=21 derived from four sub-
jects), respectively. The combined mean viral load of these
two peripheral compartments 332.7±610.9 (n=43 derived
from six subjects) was significantly higher (p=0.001) than

that of all of the three neural compartments (the frontal cortex,
cerebellum, and cervical cord) 96.2±303.5 (n=98 derived
from ten subjects). The mean viral load in the peripheral com-
partment, thus, appears to be three- to four-fold higher as
compared to that of the neural compartment. Lastly, using a
nested Alu-PCR strategy, we found that a large proportion of
the viral DNA in the brain tissues remained in unintegrated
form and that the ratio between the integrated and unintegrat-
ed viral DNA is variable from tissue to tissue. For this analy-
sis, we randomly selected four different subjects (A44-06,
M03-11, A15-11, and A32-11) and seven different tissues to
examine what proportion of the viral DNA in the tissues exists
in the integrated form. We performed the real-time PCR, as
described above, using the primer pair N2185 and N2186, to
determine the total number of the viral DNA copy numbers in
the brain tissues. This real-time PCR detects both the integrat-
ed and unintegrated viral DNA forms regardless of the inte-
gration status. Additionally, we performed a nested Alu-PCR
to determine the number of proviral copies that exist only in

Fig. 3 Multiple amino acid sequence alignment of C3, V4, C4, and V5
regions: The amino acid residues spanning C3-V5 and derived from
different neural and non-neural tissues of 10 subjects are aligned with
subtype C reference molecular clone Indie-C1 sequence (AB023804) at
the top. The sequence coordinates, however, are as per HXB2. The patient

and tissue identity numbers are shown on the left side. Dots indicate
sequence homology and the dashes gaps. The potential N-linked glyco-
sylation sites are underlined. Am amygdala, Cb cerebellum, Cc cervical
cord,Cd caudate, Cp choroid plexus, Fc frontal cortex,Hp hippocampus,
Ln lymph node, Li liver, Pu putamen, Sp spleen, Th thalamus
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the integrated form as described previously with a few modi-
fications (Bachu et al. 2012). The first round of the PCR am-
plifies a population of the diverse integration events as the
forward primer targets a highly conserved region in the R
region of the 3′ LTR and the reverse primer anneals to a con-
served sequence in the highly repetitive Alu sequence in the
human genome. The second round of the PCR, using an inner
set of primers, amplifies a 103-bp fragment spanning the R-
U5 region within the 3′ LTR. Using a Jurkat cell population
containing a reporter virus stably integrated in diverse loca-
tions of the genomic DNA, we generated a standard curve and
determined the absolute copy number of the integrated provi-
ral copies from each of the selected samples using the regres-
sion analysis. Thus, using these two different amplification
strategies, we simultaneously determined the total and inte-
grated viral DNA copies in the seven clinical samples selected
randomly (Fig. 4). The difference between the two numbers is
considered as the copy number of the unintegrated DNA. The
analysis showed that in most of the clinical samples tested, the
proportion of the unintegrated viral DNA was significantly
larger than the integrated DNA. The ratio between the inte-
grated and unintegrated DNA varied broadly across the sam-
ples. The proportion of the unintegrated viral DNA varied
from as high as 86.7 % (Cc of A44-06) to as low as 67.0 %
(Th of M03-11). In five of the seven clinical samples (Cb, Cc,
and Ln of A44-06, Ln of A15-11 and Pu of A32-11), more
than 80 % of the detected viral DNA existed in the unintegrat-
ed form. In the cerebellum of subject A44-06 for instance, we
found 1550.1±1808.9 and 237.8±273.6 copies of the viral

DNA per microgram of genomic DNA, in the unintegrated
and integrated forms, respectively. These values were 187.2
±152.8 and 92.2±81.5 copies, respectively, for the unintegrat-
ed and integrated forms of DNA in thalamus of subject M03-
11. In other words, for every copy of integrated viral DNA, 2
to 6.5 copies of the viral DNAwere found in the unintegrated
form in the brain tissues tested. Our data are consistent with
the previous reports that in the brain tissues a larger proportion
of the viral DNA exists in an unintegrated form (Shaw et al.
1985; Pang et al. 1990; Teo et al. 1997).

Discussion

The primary aim of the present study is to examine the
pattern of the proviral load distribution in different com-
partments of the human brain in subtype C infection. To
this end, we used a highly sensitive real-time PCR to
determine the absolute numbers of the proviral DNA in
the genomic DNA of the brain tissues of ten different
subjects. Although the proviral DNA viral load is not rep-
resentative of the active viral replication, a significant
association was reported between the viral RNA load
and the proviral DNA load previously (Novitsky et al.
2009). Importantly, the proviral load can represent a more
sensitive assay since both integrated and unintegrated
forms of the viral DNA can be detected. Our own data
(Fig. 4) and a few previous publications showed that a
larger proportion of the viral DNA in the brain tissues

Fig. 4 The relative proportion of the integrated viral DNA in different
brain tissues. The absolute number of the total viral DNA copies from
different neural and peripheral tissues was determined using a TaqMan
probe-based real-time PCR targeting a 93-bp amplicon spanning the U5-
PBS region. The absolute number of the integrated viral copies in the
same genomic DNA samples was determined using a nested Alu-LTR
PCR amplifying a 103 bp fragment spanning the R-U5 region. The data

are representative of two independent experiments and presented as the
mean of three to five replicate samples from each compartment±S.D. U
and I represent the percent values of the unintegrated and integrated viral
DNA copies, respectively, as shown. The subject and tissue identities are
illustrated. Cb cerebellum, Cc cervical cord, Fc frontal cortex, Ln lymph
node, Th thalamus, and Pu putamen
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exists in the unintegrated form (Shaw et al. 1985; Pang
et al. 1990; Teo et al. 1997).

We found that the overall DNA viral load across different
brain compartments was low to moderate, typically in one to
three digits per microgram of the genomic DNA (Table 3).

Importantly, we expressed the viral load in terms of copy
number per microgram of genomic DNA rather than the
weight of the brain tissue used for the DNA extraction, thus
eliminating the variation in the recovery of the DNA from the
tissues influencing the DNA copy number. Given that approx-
imately 7.1 pg of genomic DNA constitute the genome of a
normal human somatic cell, 1 μg of the genomic DNA is
expected to have derived from 0.14×106 cells. Following this
maxim, we found that the proviral load in our clinical samples
to be low or moderate as reported by others previously.
Bockstahler et al. reported a rate of one proviral DNA per
1000 cells in the brain tissue (Bockstahler et al. 1995). In
our samples, we found one copy of the viral DNA per 432
cerebellar cells (324.3 copies/μg, subject A44-06, Table 3) or
6034 frontal cortex cells (23.2 copies/μg, subject A20-12,
Table 3). Of note, although our analysis did not differentiate
between the integrated and unintegrated forms of the virus, it
reflected the overall viral DNA burden in the brain tissues. Of
note, gene expression was reported from unintegrated viral
DNA forms suggesting that these viral DNA forms can be of
pathological significance (Stevenson et al. 1990; Wu 2004).

The low copy number proviral load distribution across the
brain compartments is consistent with a few previous reports
of subtype B infection (An et al. 1996; Fujimura et al. 1997).

Unlike a few earlier studies that reported an uneven viral
distribution in the brain compartments, our study found a
broadly uniform distribution of the viral DNA across different
brain compartments and failed to see differential accumulation
the viral DNA in any specific brain compartment. Importantly,
there was no agreement among the previous publications, with
respect to which brain compartment contains more viral bur-
den. Achim et al. demonstrated higher levels of viral antigens
and DNA in the deep gray matter (Achim et al. 1994).
Fujimura et al. found larger proviral DNA load in the medial
temporal lobe than in the frontal lobe (Fujimura et al. 1997).
Brew et al. showed higher viral antigen expression in the
globus pallidus than in the basal ganglia (Brew et al. 1995).
Wiley et al. demonstrated higher levels of viral RNA in a few
brain compartments such as the basal ganglia and hippocam-
pus as compared to some others including the cerebellar cor-
tex and mid-frontal cortical gray matter (Wiley et al. 1998).
Examining eight different regions in the brain, Kumar et al.
found that the viral transcript levels were significantly higher
in the caudate nucleus (Kumar et al. 2007). To the best of our
knowledge, unlike the previous studies, the present study is
the first one to determine proviral DNA load in different brain
compartments of subtype C infection. Additionally, unlike
several previous studies, we used a highly sensitive real-time

PCR technique to quantitate the viral DNA. As hypothesized
previously, the proviral burden in the brain tissues in the early
and late phases of the infection could be different (Bockstahler
et al. 1995). The viral proliferation may be restricted to a few
specific compartments in the early phases of the infection
while in the late phases, the increased viral load may cause
more uniform distribution across different brain tissues. It
would be difficult to resolve this issue given that studies of
this nature can be conducted only in the terminal stage using
the brain tissues available following the death of the subjects.

To examine the phylogenetic relatedness between the viral
sequences in brain and the peripheral tissues, we compared the
V3–V5 envelope sequences within each subject. In three sub-
jects (A1-13, A46-06, and M03-11), sequences only from the
neural tissues were available hence such a comparison was not
possible. In four of the cases (A15-11, MLC221-05, A46-06,
andA26-10) a phylogenetic separationwas evident, as expect-
ed, suggesting compartmentalized evolution of the viral se-
quences in the brain similar to that reported by others previ-
ously (Ohagen et al. 2003; Lamers et al. 2011). Interestingly,
in the remaining three subjects (A32-11, A20-12, and M316-
11), the V3–V5 sequences between the neural and non-neural
tissues clustered together suggesting a lack of phylogenetic
separation and a free exchange of the viruses between com-
partments possibly as a consequence of enhanced permeabil-
ity between the brain and the blood in the advanced stages of
the infection (Fig. 1). Future studies should attempt to confirm
the phenomenon of free exchange of the viral strains between
the brain and blood using lineage markers and single-cell se-
quencing techniques. For instance, CD163 is expressed only
on perivascular macrophages, but not on microglial cells. And
the significance of the CD163+CD16+monocytes in blood has
been implicated in the neuropathogenesis in rhesus macaques
(Fischer-Smith et al. 2008). Our data in these three subjects are
consistent with the proposition that viral dissemination is pos-
sible between the neural and non-neural compartments in the
advanced stages of the viral infection (Alexaki et al. 2008). In
a similar study, Burkala et al. compared envelope sequences
derived from five subjects among three different compart-
ments the spleen, brain and choroid plexus (Burkala et al.
2005). A clear separation between the brain- and spleen-
derived sequences was evident only in three subjects. In two
subjects (B and E), sequences from the three different com-
partments mixed freely suggesting dissemination of the viral
sequences between blood and the brain. Likewise, Lamers
et al. reported a significant phylogenetic overlap between the
brain and peripheral compartments in their sequences espe-
cially in subjects who died of pathologies other than HIV-
associated dementia (Lamers et al. 2011).

We acknowledge a major limitation of the current study. A
possible contamination of the brain tissues with blood, in
principle, could explain the phylogenetic relatedness between
the env sequences of the neural and non-neural tissues in the
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three subjects. Unfortunately, plasma samples were not avail-
able from the study subjects hence the genetic diversity of the
env in the blood could not be determined and a comparison
with the brain sequences could not be performed. We, how-
ever, believe that contamination was not a possible explana-
tion underlying the observation. The possibility of viral DNA
of the blood contaminating the brain tissue is insignificant
given that the mean frequency of the blood cells containing
an integrated virus is too small especially after washing the
tissues to remove blood. As reviewed by Pace et al., the rate of
the integrated viral copy numbers found in the peripheral
blood, as estimated by many studies, was approximately only
1000 copies of DNA per million CD4 cells in regular
progressors with the upper limit being 4.6 times higher
(Pace et al. 2011). Although the CD4 counts of many of our
study subjects is not known, considering the advanced stage
of the infection in many of the subjects, the CD4 count and the
impending integrated DNA burden is expected to be low.
Furthermore, in four of the 10 subjects (A15-11, MLC221-
05, A46-06, and A26-10), a phylogenetic separation of the
env sequences between the neural and non-neural compart-
ments was evident (Fig. 1) asserting against the possibility
of contamination.

In our study, we determined a total of 54 envelope se-
quences derived from different neural and non-neural com-
partments of the 10 study subjects, spanning the V3 to V5
regions. A coreceptor use prediction of the V3 loop of the
sequences using two different algorithms, the PSSM or the
geno2pheno, indicated that all the sequences, with the excep-
tion of one subject, were R5-tropic (Table 2). In subject
MLC221-05, env sequences derived from two different neural
compartments, the frontal cortex, and the hippocampus, but
not from others, predicted to be X4- or dual-tropic. The enve-
lope sequences derived from frontal cortex and hippocampus
ofMLC221-05 demonstratedmany unusual properties includ-
ing the shorter V3 loop length (consisting of only 34 amino
acids instead of 35), the deletion of the aspartic acid residue at
position 25 of the V3 loop, the crown of the V3 loop contain-
ing the GPGK variation instead of the GPGQ motif typical of
subtype C and the total positive charge of the V3 loop being
unusually high for subtype C. All these molecular variations
may have contributed to the unusual CXCR4 coreceptor
preference of the two envelope sequences of the subject.
Unlike in subtype B, the coreceptor switch from CCR5 to
CXCR4 is highly uncommon in subtype C infections
(Hartley et al. 2005). The significance of the presence of
the envelope sequences that are X4- or dual-tropic in only
two, but not other, brain compartments of MLC221-05 is
not known. Phenotypic assays to characterize the
coreceptor requirement of these envelopes will be neces-
sary to confirm the bioinformatic predictions of our analy-
ses. Thus, the predicted coreceptor preference of the env
sequences was in line with the expected preference of

subtype C and of the brain-derived sequences (Gorry
et al. 2001; Ohagen et al. 2003).

Of note, a striking difference was found in the length of the
V4 loop in all the ten subjects examined, regardless of the
tissue origin. The V4 loop was subjected to extensive deletion
in all the subjects, the significance of which is not clear
(Fig. 2). While the length of the V4 loop in HXB2 and
Indie-C1 consists of 34 and 32 amino acids, respectively, the
loop consisted of 21–35 amino acid residues in the sequences
examined. A previous analysis demonstrated that while in
subtype B, the V4 loop length ranges between 26 and 40
residues, in subtype C, the loop tends to be shorter ranging
between 20 and 37 residues (Gnanakaran et al. 2007). Thus, a
shorter V4 loop appears to be characteristic of subtype C.
Shorter V1/V2 loop of env are proposed to be associated with
enhanced affinity for receptors (Chohan et al. 2005). The bi-
ological significance of shorter V4 loop in subtype C remains
to be evaluated.

In summary, the present analysis of viral env sequences
derived from several neural and non-neural tissues of 10
HIV-1 seropositive subjects, in advanced stages of the infec-
tion, demonstrated uniform distribution of the proviral burden
among the brain compartments without a preferential accumu-
lation of the viral DNA in any specific compartment. A large
majority of the envelope sequences demonstrated CCR5-
tropism as expected. In a subset of the subjects, a free ex-
change of the viral sequences between the neural and periph-
eral compartments was identified. A simultaneous determina-
tion of the presence of the viral antigens, the viral transcripts,
and the proviral DNA in different brain compartments may
shed more light on the significance of the viral burden to
neurologic consequences in the viral infection.

Methods

The clinical samples

The tissue samples, neural and non-neural, were collected
fromHIV-1 infected subjects within 20 h after death following
postmortem, between 2005 and 2013 and stored at the Human
Brain Tissue Repository, NIMHANS, Bangalore, India. The
sample collection was performed after obtaining an informed
consent from close relatives and with the approval of the
Institutional Scientific Ethics Committee, NIMHANS. The
tissues derived from nine different neural (frontal cortex, hip-
pocampus, caudate, putamen, thalamus, amygdala, cerebel-
lum, cervical cord and choroid plexus) and three peripheral
(liver, paratracheal lymph node, and spleen) compartments
were snap frozen and then stored in the deep freezer at
−80 °C until use. Tissue samples were transported to
JNCASR on dry-ice for the molecular biology work. The clin-
ical profile of the ten study subjects is summarized (Table 1).
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Of the ten subjects, who were all drug-naive, seven were
afflicted with opportunistic infections of the brain such as
toxoplasmosis, TBM, GB syndrome, disseminated tuberculo-
sis and cryptococcal meningitis, and associated GB syndrome.
These subjects therefore belong to CDC Stage C (as per CDC
staging, even in the absence of CD4 counts) or Clinical Stage
4 as per the WHO clinical staging system.

Tissue samples (20–50 mg) deposited in a fresh 1.5 ml
plastic vial were homogenized using a micropestle
(Z317314-1PAK, Sigma Aldrich, St Louis, MO, USA).
Prior to homogenization, we took the precaution to wash
the minced brain tissues multiple times to remove blood
cells that may harbor the viral DNA of the peripheral
compartment. The samples were subjected to 15–20 pulses
until a clear homogenate was formed. Genomic DNA was
extracted from the homogenized samples using a commer-
cial kit (GeneElute mammalian genomic DNA mini-prep
kit, Sigma Aldrich, St Louis, MO, USA) as per the man-
ufacturer’s instructions. The DNA concentration in the ex-
tracted samples was quantitated using a spectrophotometer
(ND-1000 spectrophotometer, NanoDrop Technologies,
Wilmington, USA) and 250 ng of the DNA was used for
the envelope amplification. A nested-PCR approach was
used to amplify a 700-bp fragment consisting of the V3–
V5 region in the envelope using the heteroduplex mobility
assay kit (The NIH AIDS Research and Reference pro-
gram). Primers ED5 (forward- 5′-ATGGGATCAAAGCC
TAAAGCCATGTG-3′) and ED12 (reverse- 5′-AGTGCT
TCCTGCTGCTCCCAAGAACCCAAG-3′) were used in
the first round of the amplification and primers ES7
(F-5′ TGTAAAACGACGGCCAGTCTGTTAAATGGC
AGTCTAGC 3′) and ES8 (R-5′ CAGGAAACAGCTAT
GACCCACTTCTCCAATTGTCCCTCA 3′) in the second
round. The PCR reaction conditions were the same for
both the rounds of amplification. The samples were dena-
tured at 91 °C for 15 s, annealed at 55 °C for 45 s and
extended at 72 °C for 1 min followed by a final extension
for 5 min. The first-round amplification was performed for
35 cycles and 2 μl of the amplified product were trans-
ferred to the second round. The amplification reaction of
25 μl contained 100 nM of each primer, 100 μM of each
dNTP and 0.25 unit of Taq-DNA polymerase, XT-20 PCR
system (Genei, Redmond, Washington, USA). The PCR
fragment was purified using a commercial kit (DNA Gel-
PCR purification mini-prep kit, Xcelris genomics,
Ahmedabad, India) and sequenced using the M13 se-
quencing primer (5′-GTAAAACGACGGCCAGT-3′).
DNA sequencing was performed on the ABI 377 automat-
ed sequencer using the ABI PRISM™ Dye Terminator
Cycle Sequencing Ready Reaction Kit. Every individual
gene sequence was subjected to the BLAST analysis
against the laboratory sequence database to confirm au-
thenticity. The envelope sequences reported here are

available under the accession numbers KM513799–
KM513852 from Genbank.

Phylogenetic analysis and subtype identification

As a standard quality control measure, all the sequences were
blasted against the Los Alamos HIV sequence database
(http://www.hiv.lanl.gov) as well as the laboratory database
to rule out the possibility of laboratory-generated contamina-
tion. HIV-1 reference sequences were downloaded from the
Los Alamos database (http://www.hiv.lanl.gov/components/
sequence/HIV/search/search.html). The sequences were
aligned using Bioedit Sequence Alignment Editor-ClustalW
Multiple alignment and the gaps were manually edited to keep
equal number of nucleotides for each sequence. Themolecular
evolutionary genetic analysis (MEGA5) software was used to
construct the neighbor-joining (NJ) tree with a selected model
and 1000 bootstrap replications. The nodal bootstrap values
selected for the tree were ≥70 %. After obtaining the NJ tree,
the tree was edited to display in the best fit mode. The refer-
ence subtype B (HXB2, K03455) and subtype C (Indie-C1,
AB023804), envelope sequences were used in the multiple
sequence alignment. The potential N-glycosylation sites were
identified using the software http://www.cbs.dtu.dk/services/
NetNGlyc/. The subtype identity of each sequence was
determined using the genotyping tool http://www.ncbi.nlm.
nih.gov/projects/genotyping/genotype.cgi located at NCBI.

Prediction of the coreceptor preference of V3

Coreceptor tropism of the V3 loop sequences was predicted
using the position-specific scored matrix BPSSM^ available at
http://fortinbras.us/cgi-bin/fssm/fssm.pl. Higher and lower
PSSM scores are suggestive of the CXCR4 and CCR5 use,
respectively. The amino acid sequences of third variable
region of all the envelope sequences obtained from the
tissue sample were used to generate a matrix of likelihood
ratio scores for each site in the sequences. Additionally, the
charge profile of the V3 loop (the 11/25 rule) was also evalu-
ated using geno2pheno available at http://indra.mullins.
microbiol.washington.edu/webpssm/. The false positive rate
percentage (FPR%) in geno2pheno analysis was calculated
taking the cut off value as 10 %. Net charge of V3 has been
calculated through http://indra.mullins.microbiol.washington.
edu/webpssm.

Measurement of proviral DNA load in the tissue samples

A TaqMan probe-based real-time PCR was developed to de-
termine the HIV-1 proviral DNA load in the genomic DNA
samples extracted from different neural and peripheral tissue
samples. A 93-bp region spanning the U5-PBS region of the
LTR, highly conserved among all the HIV-1 subtypes, was
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selected for the amplification. The forward primer N2185 (5′-
TAGTGTGTGCCCGTCTGTTG-3′, HXB2 554–573) and
the reverse primer N2186 (5′-TTCGGGCGCCACTGCT
AGA-3′, reverse complement, HxB2 628–646) were used in
the amplification in combination with the TaqMan probe
N2187 (5′-ACTCTGGTAACTAGAGATCCCTCAGACC-
3′, HxB2 578–605) that was labeled with 6-carboxyfluorescein
(FAM) at the 5′ end and 6-carboxytetramethyl rhodamine
(TAMRA) at the 3′ end. For the purpose of normalization, the
house-keeping gene glyceraldehydes-3-phosphate dehydroge-
nase (GAPDH) was used. The forward primer N2211 (5′-
GTGAACCATGAGAAGTATGACAAC-3′) and the reverse
primer N2212 (5′-CATGAGTCCTTCCACGATACC-3′) were
used in combination with the TaqMan probe, N2213 (5′-
CCTCAAGATCATCAGCAATGCCTCCTG-3′) that was la-
beled with FAM and TAMRA at the 5′ and 3′ ends, respectively.
The amplification reaction mixture of 25 μl volume contained
200 μM of each dNTP, 50 mM MgCl2, 100 nM of each of the
primers, 200 nM of Taqman probe, 0.5 unit of MyTaq™ HS
DNA polymerase (Bioline reagents limited, London, UK), and
500 ng of genomic DNA. The amplification conditions
consisted of an initial denaturation step of 3min at 95 °C follow-
ed by thermal cycling for 40 cycles of denaturation at 91 °C for
15 s and annealing and extension for 1 min at 60 °C. The am-
plification was performed using a real-time PCR machine
(CFX96™ Real-Time System, BioRad).

A standard curve was generated with each of the amplifi-
cations using genomic DNA extracted from HLM-1 cells that
contain a single copy of the integrated provirus per cell. The
standard curve was constructed using known number of pro-
viral copy number spanning from 10 to 10,000 copies per
reaction. Each amplification reaction, including that of the
standard curves, consisted of triplicate wells. Total amount
of DNA added to each reaction was kept constant using ge-
nomic DNA extracted from HeLa cells that were not infected.
The GAPDH PCR consisting of a fixed quantity of the geno-
mic DNA accompanied the HIV-1 PCR and the threshold
cycle (Ct) values of the former were used to normalize the
latter. The HIV PCR values were not considered if the
GAPDH PCR values differed by more than 0.5 Ct numbers.
The HIV-1 proviral copy number was derived from the regres-
sion analysis of the HLM-1 standard curve using the formula
[ProductT=(Templatei)2

n] where n is the number of cycle, i is
the Binitial template number .̂

To circumvent the problem of uneven distribution of
the virus-infected pockets within the tissues of a brain
compartment, we collected multiple samples from differ-
ent zones of each tissue (five or six) and processed them
independently and simultaneously through DNA extrac-
tion and real-time PCR. The quantitation was repeated at
least one more time and mostly two times. The viral load
was determined as the arithmetic mean of all the positive
results for a tissue compartment of each subject. Standard

quality control measures were implemented stringently to
avoid contamination. Each assay contained multiple vials
that lacked template DNA or contained genomic DNA
extracted from control brain tissues. In each independent
DNA extraction, brain tissues of two seronegative con-
trols were included to ensure the authenticity of the am-
plification. The proviral load was expressed as copy num-
ber detected per microgram of genomic DNA thus nor-
malizing for the differences in the DNA extraction from
the tissues. At the time of assay optimization, to ensure
efficient recovery of the genomic DNA from the tissue
samples, known amount of genomic DNA was added to
uninfected brain tissue samples prior to homogenization.
Following homogenization of the tissues and DNA extrac-
tion, the real-time PCRs were performed to quantitate the
amount of the pulsed proviral DNA recovered. The recov-
ery of the genomic DNA was found highly efficient typ-
ically around 90–95 % of the pulsed DNA. The HIV PCR
was highly efficient and sensitive consistently detecting
less than 10 copies of the viral template. The standard
curve reproducibly generated a high level of coefficient
value (R2>0.99).

Quantification of integrated DNA using a nested Alu-PCR.
The first round of the nested Alu-LTR PCR was performed
using the forward primer N2208 (5′-GATCTGAGCCTGGG
AGCTCTCTG-3′ HXB2 474–491) located in R region and a
reverse primer N1740 (5′-TGCTGGGATTACAGGCGTGA
G-3′) located in the Alu-repeats of cellular genomic DNA. A
mixed population of the PCR products was amplified in the
first round of the PCR. The second-round of the PCR was
performed using an inner set of primers N2481 (5′-AACT
AGGGAACCCACTGCTTAAG-3′, HXB2 500–523) and
N2209 (5′-TCTGAGGGATCTCTAGTTACCAGAGTC-3′,
HXB2 577–603) that amplifies a 103-bp fragment spanning
the R-U5 region. To generate a standard curve for measuring
the integrated viral copy number, Jurkat cells infected with a
VSV-G pseudotyped GFP reporter virus containing Indie-C1
LTR at a high M.O.I. of 0.4 and selected over a period of
3 weeks to ensure representation of diverse integration
events were used. At the end of the selection period, the in-
fected cell pool contained an integration incidence of 3.7±
0.64 copies per cell as quantified using a real-time PCR with
primers N2208 and N2209. The genomic DNA extracted from
these cells was used to generate an integration DNA standard
curve ranging from 1 to 105 copies/cell. The number of the
unknown viral integration events in the samples was quanti-
fied by regression analysis using the standard curve.
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