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Abstract

Human immunodeficiency virus type 1 (HIV) infection of the central nervous system frequently causes HIV-
associated neurocognitive disorders (HAND). The role of HIV Nef and other accessory proteins in HAND
pathogenesis is unclear. To determine whether HIV nef undergoes adaptive selection in brain, we cloned 100 nef
sequences (1 =230 brain and n=70 lymphoid) from four patients with AIDS and HIV-associated dementia
(HAD). Normalized nonsynonymous substitutions were more frequent at the divergence of lymphoid and brain
sequences, indicating stronger adaptive selection in brain compared to lymphoid tissue. Brain-specific non-
synonymous substitutions were found within an NHj-terminal CTL epitope, the PACS1 binding motif, or
positions predicted to be important for activation of the myeloid-restricted Src family tyrosine kinase Hck. These
results suggest that adaptive selection of HIV nef in brain may reflect altered requirements for efficient repli-
cation in macrophages and brain-specific immune selection pressures.

UMAN IMMUNODEFICIENCY VIRUS TYPE I (HIV) infects

macrophages and microglia in the central nervous sys-
tem (CNS) and causes HIV-associated neurocognitive disor-
ders (HAND) in 10-30% of AIDS patients.l Env and nef, two
genes likely to influence HAND pathogenesis, > undergo
divergent evolution between brain and lymphoid tissue,”
suggesting viral adaptation to the unique brain environment.
Likewise, divergence of cerebrospinal fluid (CSF) and lym-
phoid env sequences correlates with an increase in adaptive
selection.®” A functional consequence is likely to be an in-
creased capacity to replicate in macrophages and microglia,
the main target cells for HIV infection in brain."* Nef ex-
pression enhances HIV replication in macrophages, influ-
ences the release of proinflammatory cytokines from infected
macrophages,®’ and induces neurological disease in a murine
model when expressed in the absence of other HIV proteins.'”
If Nef undergoes functional adaptation in the brain environ-
ment, phylogenetic analysis of brain and lymphoid nef se-
quences may reveal evidence of adaptive selection.

To generate a dataset of nef sequences for phylogenetic
analysis, we used single HIV genome copies to polymerase
chain reaction (PCR) amplify nef from autopsy tissues from
four AIDS patients with HIV-associated dementia (HAD) and
moderate to severe encephalitis (Table 1). Nef sequences from
patients MACS2 and MACS3 were previously reported by
Agopian et al.>'" The sequences from patients MACS1 and
UK®6 were not previously described. Viral loads in the brain

were ~2- to 150-fold lower than in spleen or lymph node
(Table 1). PCR amplified nef genes were sequenced and 100
unique sequences from all four patients were used to con-
struct a neighbor-joining phylogenetic tree based on Max-
imum Composite Likelihood distances (Fig. 1).'* The
consensus tree out of 10,000 bootstrapped trees is shown.
Sequences from each patient clustered together, forming pa-
tient-specific nodes. Furthermore, sequences from each tissue
clustered together, forming two tissue-specific nodes within
each patient-specific node. Using the Slatkin-Maddison-
based Panmixis test,'® distinct compartmentalization of Nef
sequences by tissue was highly significant (p-values <0.0001
for all four patient sets).

Brain nefs were more closely related to each other than were
lymphoid nefs in all four patients. Indeed, the average genetic
distance between brain nef sequences was 1.3- to 5-fold closer
than that between lymphoid nef sequences (Table 2). Reduced
genetic distance in brain nef sequences was significant for
MACS1 and MACS2 (Table 2, Student’s t test p-value
<0.0001) but not for MACS3 and UK®6 (p-values =0.0574 and
0.1080, respectively). Therefore, reduced genetic diversity, as
measured by genetic distance within the brain, is not a con-
served feature of brain nef sequences.

To determine whether nef is under brain-specific selection
pressures in late stage disease, the SNAP analysis program
(available at http: //www hiv lanl.gov) was used to compare the
average ratio of normalized synonymous to nonsynonymous

lDeparhnent of Cancer Immunology and AIDS, Dana-Farber Cancer Institute, Boston, Massachusetts.
2Depart’ment of Neurology, Harvard Medical School, Boston, Massachusetts.
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TABLE 1. CLINICAL CHARACTERISTICS OF STUDY SUBJECTS AND TISSUE SAMPLE VIRAL LOADS

Viral load (HIV copy #/10° cells)®

Patient Last CD4 count (cells/ul) Clinical dementia® HIV encephalitis® Brain® Lymphoid?
MACS1¢ 2 Yes Severe 194 254 (SP)
MACS2°¢ 52 Yes Moderate 156 1080 (LN) 300 (SP)
MACS3¢ 95 Yes Moderate 80 12600 (LN)
UK6 54 Yes Severe 82 291 (SP)

*Determined by clinical history prior to and neuropathological examination at autopsy.
PReal time PCR quantitation of HIV genomes/(Real time PCR quantitation of CCR5 copies/2 copies of CCR5 per cell x10° cells).

“Brain samples were collected from the frontal lobe.

9Lymphoid tissue samples were collected from spleen (SP) and/or lymph node (LN).
“Clinical history and neuropathology were previously described in Gorry et al.® and Agopian et al.>!

substitutions (dS/dN). In all four patients, dS/dN values were
consistently higher in lymphoid tissue than in brain, implying
that nef in lymphoid tissue is under stronger negative selection
pressure (Table 2). To determine what type of selection occurred
at the divergence of lymphoid and brain sequences, the average
dS/dN values within each tissue or between brain and lymphoid
sequences were generated for each patient (Table 2). The dS/dN
value between brain and lymphoid tissue was 1.3- to 2.9-fold
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lower than the dS/dN value within lymphoid tissue (Mann—
Whitney p-value <0.0001). This finding suggests stronger
adaptive selection occurred at the divergence between brain and
lymphoid sequences.

The dS/dN ratio is an index of the cumulative number of
substitutions but does not identify the codons where these
substitutions occurred. To identify codons undergoing posi-
tive selection at the divergence between lymphoid and brain,
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FIG.1. Phylogenetic analysis of brain- and lymphoid-derived Nef sequences. The consensus neighbor joining tree based on
10,000 reconstructions was created using MEGA 4.0 software using the Maximum Composite Likelihood method. The input
CLUSTAL W nucleotide alignment included sequences from all patients and tissues. The scale bar (lower right) represents the
length of a branch where 2 nucleotide substitutions occurred out of 100 total nucleotides. Significant bootstrap values (>95)
representing the frequency out of 100 trees in which the node occurs are shown at the indicated positions.
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TABLE 2. DIVERSITY AND SELECTION WITHIN AND BETWEEN TISSUE COMPARTMENTS

Within lymphoid Within brain Between brain and lymphoid

Patient Sequence comparison ~ Min.*  Avg®  Max*  Min.  Avg.  Max. Min. Avg. Max.
MACS1 Genetic distance® 0.3 2.0 3.8 0.0 0.4° 1.0 2.40 3.4° 4.03
ds /dN? 1.23 9.14 42.8 1.00 1.48° 3.75 3.49 5.53¢ 7.92
MACS2 Genetic distance® 0.3 2.4 5.6 0.00 1.1° 2.0 44 5.4¢ 6.4
dS/de 1.23 4.59 46.9 1.00 1.62¢ 3.68 0.95 1.71¢ 2.48
MACS3 Genetic distance® 0.0 1.7 42 0.33 1.1 1.8 2.0 3.4° 6.1
dS/de 0.91 3.77 22.3 1.00 1.23¢ 1.82 1.38 2.81¢ 4.52
UK®6 Genetic distance® 0.8 2.7 14 0.2 2.1 45 3.3 4.7¢ 6.0
dS/dN? 0.74 8.12 214 0.72 3.94¢ 5.32 0.98 2.76° 6.36

“Min., minimum observed value; Avg., average observed value; Max., maximum observed value.

PGenetic distance is the number of nucleotide substitutions per 100 sites calculated with the maximum composite likelihood method in
Mega 4.0 software. The average pairwise genetic distances for all lymphoid sequences (Within lymphoid), for all brain sequences (Within
brain), and between each brain and lymphoid sequence (Between brain and lymphoid) are shown.

“Significantly different than within lymphoid (Mann-Whitney test p-value <0.0001).

ISNAP (Synonymous Nonsynonymous Analysis Program) was used to calculate the Jukes—Cantor correction of the observed proportion of
synonymous substitutions relative to the number of total possible synonymous substitutions (dS) and the Jukes—Cantor correction of the
observed proportion of nonsynonymous substitutions relative to the number of total possible nonsynonymous substitutions (dN). The ratio of
dS to dN was subsequently calculated. Average values for the groups described above are shown.

T Cell Epitope PACSI1 Binding
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MACS1 Brain MGGKWSKCSL GGWPAIRERM RRAEPAAD-- --G-VGAASR DLEKHGALTN SNTVTNNAAC AWLEAQEKEE -VGFPVRPQV
Lymphoid MGGKWSKSSS VGWPAIRERM RRAEPAAD-- --G-VGAASR DLEKHGALTS SNTVTNNAAC AWLEAQEEEE -VGFEVRPQV
MACS2 Brain MGGKWSKSSV VGWPTVRERM R----RAEPA ADG-VGAASR DLERHGAITS SNTAANNATL AWLEAQKEEE -VGFPVEPQV
Lymphoid MGGKWSKRSG GGWAAVRERM RRAEPRAEPA AEG-VGPASR DLERHGAITS SNTAANNATL AWLEAQEEEE EVGFPVRPQV
MACS3 Brain MGGKWSKCSV GGWSAVRERM RRAEPATEPA AAG-VGAVSR DLEKHGAITS SNTPATNADC AWLEAQE-KE EVGFFEVRPQV
Lymphoid MGGKWSKCGL GGWSAVRERM RRAEPATEPA AAG-VGAVSR DLEKHGAITS SNTPATNADC AWLEAQEQEE EVGFPVRPQV
UK6 Brain MGGKWSKSSM IGWPTVRERM RRAEP----A ADG-VGAVSR DLEKHGAITS SNTAANNADC AWLEAHEDEE -VGFEVREQV
Lymphoid MGGKWSKSSK IGWPTVREREM RQAEPAAEPA ADG-VGAVSR DLARHGAITS SNTAATNADC AWLEAHEDEE -VGFPVEPQV
SFKiinding
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MACS1 Brain PLRPMTYKAA VDLSHFLKEK GGLEGLIHSQ KRQDILDLWI YHTQGYFPDW QONYTPGPGIR YPLTFGWCFK LVPVDFDEVE
Lymphoid PLRPMTYRAA VDLSHFLKEK GGLEGLIHSQ RRQDILDLWI YHTQGYFPDW QONYTPGPGIR YPLTFGWCFK LVEFVDPDEVE
MACS2 Brain PLRPMTYKGA FDLSHFLKEK GGLEGLIYSQ KRQDILDLWV YHTQGYLPDW QCYTPGPGIR YPLTFGWCFK LVPVEFEEIE
Lymphoid PLRPMTYKGA FDLSFFLKEK GGLEGLIWSQ KRQDILDLWV YNTQGYLPDW QCYTPGPGVR YPLTFGWCFK LVFVEPEKVE
MACS3 Brain PLRPMIYKAA LDISHFLKEK GGLEGLIYSQ RRQDILDLWV YNTQGYFPDW QNYTPGPGVR YPLTFGWCFK LVPVDPDQVE
Lymphoid PLRPMTYKAA LDMSHLLKEK GGLEGLIYSK KRQEILDLWV YNTQGYFPDW QNYTPGPGVR YPLTFGWCFK LVPVDPDQVE
UK6 Brain PLRPMTHRAR IDLSHFLRKE GGLEGLIYSQ RRQDILDLWV YHTQGYFPDW QNYTPGPGIR YPLTFGWCFK LVPVEPEKVE
Lymphoid PLRPMTHRAA IDLSHFLREKE GGLEGLVYSQ RRQDILDLWV YHTQGYFPDW QNYTPGPGTR YPITFGWCFK LVPVEPEKVE
SEK Binding
170 180 190 200 210
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MACS1 Brain KANEGENNSL LHPISQHGME DSEREVIVWEK FDSRLAFHHM AREKYPEYYK NC
Lymphoid KANEGENNSL LHPISQHGME DSEREVLVWK FDSLLAFHHM AREKYPEYYK NC
MACS2 Brain EANKGENNCL LHPMSLHGME DPEREVLVWK FDSRLAFHHM AREKHPEYFEK NC
Lymphoid EANEGENNCL LHPMSQHGMD DPEKEVLVWEK FDS-LARHHV AREKHPEYFK NC
MACS3 Brain EATEGENNSL LHPICLHGME DPEGEVIMWK FDSRLAFHHM AREKHPEFYK DC
Lymphoid EATEGENNSL LHPICLHGME DPEGEVIMWK FDSRLAFHHM ARREKHPEFYK DC
UK6 Brain EANEGENNCL LHPMSLHGMD DPEKEVLVWK FDSLLAFQHV ARELHPEFYK DC
Lymphoid EANEGENNCL LHPMSQHGMD DPEKEVILVWK FDSTLAHQHV ARELHPEFYK DC

FIG. 2. Alignment of predicted brain- and lymphoid-derived Nef amino acid sequences. Consensus nucleotide sequences
were generated using Bioedit software from CLUSTAL W alignments of each patient-specific tissue set of sequences in which
the representative base occurred in at least 60% of sequences in the set. Consensus nucleotide sequences associated with each
patient-specific tissue were used to generate a predicted amino acid sequence. The resulting amino acid sequences were
aligned with CLUSTAL W. Residues of interest are in bold. “T Cell Epitope” indicates residues within reported CTL or CD4™"
T helper epitopes. “PACS1 Binding” indicates residues interacting with the PACS1 protein. “SFK Binding” indicates residues
that may influence the association of Nef with Src family kinases.
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TABLE 3. SLAC® PREDICTED SITES OF POSITIVE SELECTION IN BRAIN AND LymMPHOID TISSUE

Consensus amino acid (frequency)®

Codon (NL4-3 residue #) Tissue MACS1 MACS2 MACS3 UK6 p Value®

10 (10) Brain L (10/10) V  (7/7) VvV  (6/6) M (4/7) 0.0049
Lymphoid S (7/7) G (25/26) L (25/28) K (5/6)

22 (22) Brain R (10/100 R  (7/7) R (6/6) R 7/7) 0.0935
Lymphoid R  (7/7) R (23/26) R (25/28) Q  (4/6)

32 (28) Brain D (10/10) D  (6/7) A (6/6) D (6/7) 0.0672
Lymphoid D  (6/10) E (26/26) A (27/28) D  (6/6)

158 (152) Brain E  (10/10)0 E  (7/7) Q  (4/6) K (7/7) 0.0868
Lymphoid E (6/10) K (26/26) Q (15/28) K (6/6)

194 (188) Brain R (10/100 R  (7/7) R (6/6) L 7/7) 0.0932
Lymphoid L  (10/10) H  (12/26) R  (27/28) T (5/6)

Q  (11/26)

*Single Likelihood Ancestor Counting (HyPhy software package) was used to reconstruct ancestral sequences at each node of the
phylogenetic tree shown in Fig. 1. Substitutions are calculated at each branch and terminal node. Wherever a variation occurs, the dS and dN

were calculated.

PConsensus amino acid is the residue at that position in >60% of sequences. Where no consensus residue was apparent, the two most
frequent residues are shown. Frequency indicates the fraction of total sequences from the tissue of each patient in which the residue occurred.

p Values are based on a two-tailed binomial distribution that measures how likely the observed proportion of synonymous substitutions
differs from the expected value derived from a global dN/dS ratio fitted to reconstructed ancestral states at each patient-specific node of the
maximum likelihood phylogenetic tree. p-values < 0.1 were considered significant.

we employed SLAC analysis'* (Single Likelihood Ancestor
Counting, HyPhy software) to calculate the probability that
codon variation is due to either negative or positive selection.
SLAC identifies codons under positive (adaptive) selection
when significantly greater than expected amounts of non-
synonymous substitutions are found. When significantly
greater than expected amounts of synonymous substitutions
are found, the codon is categorized as being under negative
(purifying) selection. Analysis of brain and lymphoid se-
quences from all four patients identified five codons under
positive selection (Table 3). At codons 32 and 158, positive
selection is a result of variation between patients rather than
between tissues. Codons 10 and 194 were conserved within
each tissue, but varied between brain and lymphoid tissue in
4/4 or 3/4 patient data sets, respectively. Codon 22 varied
between brain and lymphoid tissue only for patient UKe6.
Substitutions at codons 10 and 194 may therefore be impor-
tant for nef adaptation to the brain microenvironment.
Codon 10 did not have a preferred amino acid for brain or
lymphoid sequences (Table 3 and Fig. 2). This codon is located
within an epitope recognized by both cytotoxic T lympho-
cytes and CD4 helper T cells®; as such, different residues

may be required to escape immune surveillance within spe-
cific tissues. Tissue-specific changes were also observed in five
other codons contained in these T cell epitopes (Fig. 2). SLAC
analysis of lymphoid nef sequences alone indicated that po-
sitions 10 and 14 were under negative selection in patients
UK6 and MACS2, respectively (Table 4). At codon 10, there
was evidence for stronger adaptive selection and weaker
negative selection at the divergence between lymphoid and
brain sequences.

Tissue-specific substitutions were dispersed throughout
the PACSI1 binding motif, a motif essential for the ability of
Nef to downmodulate MHC Class I (Fig. 2). As we previously
repor’ced,5 the glutamate-to-lysine change in all MACS2 brain
Nefs at codon 67 and in the majority of MACS3 brain Nefs at
codon 69 diminishes MHC Class I downmodulation.” MACS3
brain sequences without the glutamate-to-lysine change
contain a proline-to-serine change at position 122, which also
diminishes the ability of Nef to downmodulate MHC Class 1.
Here, we extend these findings to include an analogous amino
acid substitution of a glutamate-to-lysine at codon 68 in
MACS] brain Nefs (Fig. 2). SLAC analysis of lymphoid se-
quences indicates that negative selection likely occurred at

TaBLE 4. SLAC® PREDICTED SITES OF LYMPHOID-SPECIFIC NEGATIVE SELECTION

Codon (NL4-3 residue #) Patient p Value® Codon description

10 (10) UK6 0.0257 NH,-terminal T cell epitope
14 (14) MACS2 0.0167 NH,-terminal T cell epitopes
67 (62) MACS2 0.0041 MHC-I downmodulation

68 (63) MACS1 0.0904 MHC-I downmodulation

69 (insertion at 63) MACS3 0.0709 MHC-I downmodulation

“Single Likelihood Ancestor Counting (HyPhy software package) was used to reconstruct ancestral sequences at each node of a lymphoid-
only phylogenetic tree. Substitutions are calculated at each branch and terminal node. Wherever a variation occurs, the dS and dN were

calculated.

®p Values are based on a two-tailed binomial distribution that measures how likely the observed proportion of synonymous substitutions
differs from the expected value derived from a global dN/dS ratio fitted to reconstructed ancestral states at each node of patient-specific

maximum likelihood phylogentic trees.
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these positions in patients MACS1, MACS2, and MACS3
(Table 4). In the PACS1 binding motif, as at codon 10, there
is evidence for stronger adaptive selection and weaker
negative selection at the divergence between lymphoid and
brain.

Codon 194 (position 188 relative to the NL4-3 sequence) is
under positive selection at the divergence between lymphoid
and brain sequences in patients MACS1, MACS2, and UK6
but not patient MACS3. However, MACS3 brain sequences
contain a substitution at codon 96 (NL4-3 residue 90, Fig. 2), a
site that is predicted to interact directly with the Src family
kinase (SFK) SH3 domain.'® Codon 194 (188) along with res-
idues 91 (85), 95 (89), 96 (90), and 197 (191) form a motif
containing determinants of Nef’s ability to associate with
activated PAK?2 kinase."! Mutation of this motif has been
shown to disrupt the ability of Nef to activate Hck, a myeloid-
restricted Src family kinase (SFK).Y” Therefore, residues
within the PAK2 association motif and those that interact with
the SKF SH3 domain may act in concert to activate Hck. Thus,
all four patient sequence datasets contain tissue-specific
changes at positions that may influence the ability of Nef to
activate Hck.

In summary, we showed that the divergence between
lymphoid and brain nef sequences in late stage disease is
characterized by stronger adaptive selection and weaker
negative selection. These adaptive mutations, which likely
accrued following negative selection at an earlier stage of
disease,'® occurred in three distinct regions in HIV Nef.
Adaptive mutations in the CTL and CD4" T helper epitopes
surrounding position 10 are likely tissue-specific escape mu-
tations caused by the differential frequency of HIV-specific
CTLs in brain versus peripheral blood."” Brain-specific,
adaptive mutations in the PACS1 binding domain abrogate
the ability of Nef to downmodulate MHC Class .° This may
reflect a decrease in fitness advantage for downmodulating
MHC Class I in brain, perhaps due to its lower expression on
ramified microglia® or reduced CTL selection pressure in the
brain compared to lymphoid tissue, and possibly an increase
in the fitness advantage for altering the composition of the
T cell epitope in this domain. Adaptive mutations also oc-
curred within a motif potentially involved in Nef-mediated
Hck activation, which may enhance replication and patho-
genesis by increasing the promoter activity of the HIV LTR,*'
inducing proliferation of infected microglia®* and/or dys-
regulating the immune response by altering macrophage
phagocytosis and chemotaxis.”® Evidence of viral adap-
tive selection at the divergence between lymphoid and brain
nef sequences implies that brain-derived nef sequences adap-
tively evolve to enhance viral replication in brain macro-
phages and microglia and escape brain-specific immune
surveillance.

Sequence Data

GenBank accession numbers for sequences used in this
study are as follows: GU049621-GU049630 (MACS1 brain),
GU049631-GU049641 (MACSI spleen), DQ885391-DQ885408
(MACS2 brain), DQ358037-DQ358047 and GU049642-
GUO049646 (MACS2 spleen), DQ358015-DQ358036 (MACS2
lymph node), DQ885409-DQ885420 (MACS3 brain), DQ885421-
DQ885454 (MACS3 lymph node), GU049653-GU049659
(UK®6 brain), GU049647-GU049652 (UK6 spleen).
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