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qg-value of HLA-related association in each Phylogentically corrected Log2 Odds Ratio
strata (pLOR) towards “escape’”

integrase  B4403  E E670D B ' R 0,000 0.000

The table shows the results of the association analysis between HLA Class | alleles and HIV viral polymorphisms in HIV Pol. The columns of the table detail the HIV protein, the associated HLA Class | allele and viral polymorphism,
whether the association lies in, or within, the flanking region of a known restricted epitope and whether this association is expected to revert in HLA-mismatched hosts. The q values for the statistically significant associations for
the whole cohort, the ‘high’ CD4 count subgroup (>500 cells/l) and ‘low’ CD4 count subgroup (<100 cells/l) are shown, followed by the log,-adjusted odds ratios for the ‘high’ and ‘low’ groups. In the final column, the p value is
reported, where there is a significant difference between the two odds ratios.

doi:10.1371/journal.pone.0019018.t002
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Table 3. HLA-related associated polymorphisms in the HIV Nef protein in different CD4 count strata.

qg-value of HLA-related association in each Phylogentically corrected Log2 Odds Ratio (pLOR)
strata towards “escape’”

Nef B42 A A26P ' V R 0.013 0.053

Nef B8101 L L76T/V E R 0.000 0.018

Nef B4403 Y Y102H F 0.000 0.000

Nef Co701 K K105R E R 0.000 0.124 0.000 2177 2334 0.0250

Nef A23 F F143Y F 0.000

The table shows the results of the association analysis between HLA Class | alleles and HIV viral polymorphisms in HIV Nef. The columns of the table detail the HIV protein, the associated HLA Class | allele and viral polymorphism,
whether the association lies in, or within, the flanking region of a known restricted epitope and whether this association is expected to revert in HLA-mismatched hosts. The q values for the statistically significant associations for
the whole cohort, the ‘high’ CD4 count subgroup (>500 cells/ul) and ‘low’ CD4 count subgroup (<100 cells/ul) are shown, followed by the log,-adjusted odds ratios for the ‘high’ and ‘low’ groups. In the final column, the p value is
reported, where there is a significant difference between the two odds ratios. '

doi:10.1371/journal.pone.0019018.t003
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Figure 2. Changes in associations between HLA Class [ alleles and HIV amino acid polymorphisms for patients with CD4 cell counts
<100 cells/ul compared with patients with CD4 cell counts >500 cells/ul. The change in the strength of associations between HLA Class |
alleles and specific HIV amino acid polymorphisms in patients with high and low CD4 cell counts is shown for HIV-1 (a)) Gag, (b.) Pol and (c.) Nef.
Change in strength of the association is reported on the Y-axis as a log(2)-adjusted value. Associations are recorded on the X-axis according to the
restricting HLA Class | allele and the specific viral polymorphism - e.g. B45-H28R in Gag means that in the presence of HLA B*45, Gag amino acid 28
mutates from a Histidine (H) to an Arginine (R). In this case there is at least a 40-fold change in the log(2)-adjusted odds ratio for this association in

patients with CD4 counts <100 cells/jul compared with less progressed patients with CD4 cell counts >500 cells/pl. (All fold changes are capped at a
value of 40).

doi:10.1371/journal.pone.0019018.g002
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Figure 3. Viral replication capacity (VRC) according to CD4 cell count and plasma viral load. The viral replicative capacity (VRC) of
chimeric NL4-3 viruses recombined with patient autologous gag-protease genes is compared with a laboratory recombinant HIV-1 NL4-3 strain. In
(a.), The VRC of isolates from the Bloemfontein cohort is presented stratified by CD4 T cell count. The p-values are calculated using the Mann-Whitney
test. In (b.), plasma viral load (logq, copies/ml) is correlated against the VRC from samples from the Bloemfontein cohort. In both panels VRC i is
presented as a percentage relative to the fitness of the control NL4-3 virus.

doi:10.1371/journal.pone.0019018.g003
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Figure 4. Viral replication capacity according to HLA Class | and CD4 cell count. (a) Viral replication capacity (VRC) of chimeric NL4-3 viruses
containing patient autologous gag-protease stratified by HLA Class I. The VRC is expressed as percentage growth rate compared to control strains.
The p-value is calculated using Mann-Whitney test. Panel (b.) shows further stratification according to CD4 cell count. The y-axis depicts VRC,
expressed as percentage growth and the x-axis depicts HLA class I, with each HLA class | category divided further into “low” CD4 T cell count strata
(<100 cells/mm3) and “high” CD4 T cell count (>500 cells/mm3). The p-value is calculated using Mann-Whitney test.

doi:10.1371/journal.pone.0019018.g004

Compensatory mutations accrue in advanced HIV
infection in patients with HLA B*57 and B*5801

As the T242N mutation has been previously linked with
compensatory mutations we analysed our cohort to see if these
accrued in late stage disease to explain the rise in viral fitness
despite the maintenance of T242N. For the T242N mutation in
TW10, compensatory mutations have previously been published
(H219Q), 1223V and M228) [27], and so we examined the
frequency of these mutations in the different CD4 T cell count
strata (Figure 6). We found a cumulative increase in the number of
compensatory mutations in patients with T242N in individuals
with lower CD4 cell counts, consistent with the increase in fitness
in the previous analyses (P =0.013).

Together these data suggest that advanced HIV disease is
associated with an increase in viral fitness, which may contribute
to the rise in plasma viral load frequently seen in AIDS. However,
this increase in fitness is multifactorial and we report two processes
specific to different HLA Class I alleles — reversion due to immune
relaxation and compensatory mutations — to potentially explain
these findings.

Discussion

In this study, we have explored the hypothesis that progression
to AIDS is associated with a rise in viral replicative capacity, and
the mechanisms associated with this. We proposed that a rise in
viral fitness in AIDS could be due either to a relaxation of CTL-
imposed selection pressure resulting in the reversion of costly
mutations or, alternatively, if immune pressure is maintained,
compensatory mutations might restore the fitness costs of
persisting escape mutations.

We initially tested the hypothesis by looking for evidence of
changes in T cell-imposed selection pressure measured by gamma
interferon ELISPOT assays. We found that the breadth of the
response narrowed as the CD4 count declined and that,
specifically, the contribution of Gag responses to the overall
response decreased. It has previously been reported that acute
- HIV infection is associated with narrow, high affinity T cell
responses which broaden as patients progress into chronic
infection [37]. Here, we see the reverse of this process with a
return to a much narrower range of T cell responses. It would also
be interesting to measure whether there was a loss of high affinity
T cells in the advanced stage patients in this cohort as this might
be compatible with a weakening in selection pressure.

Although we identified a narrowing of the T cell responses in
AIDS, the ELISPOT data alone are not sufficient to infer changes
in selection pressure. We therefore looked for evidence of
differential selection in patients with high and low CD4 cell
counts using a statistical HLA Class I association study. By
combining sequence and HLA data from the Bloemfontein cohort
and the Durban cohort, we were able to define two groups of
patients with CD4 counts less than 100 cells/pl (n=196) and
greater than 500 cells/ul (n=299). These CD4 count strata were
defined to represent extremes of HIV-related disease without
reducing the power of the analysis. The WHO have defined that
antiretroviral therapy should be commenced at a CD4 count of
350 cells/pl. Below 200 cells/pl, opportunistic infections become

@ PLoS ONE | www.plosone.org
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more common. A count of 100 cells/pl or below, therefore,
represents advanced HIV disease and progression to AIDS. Above
500 CD4 cells/pl it would be highly unusual for there to be
opportunistic infections and the most recent NIH guidelines do not
recommend treating above this level [38].

To identify mutations in the HIV genome associated with
individual HLA Class I alleles we used an established technique
using phylogenetic dependency networks [31], which has been
widely implemented in the HIV literature [12,14,35,39]. In this
approach, the risk of error due to viral founder effects and
misidentification of co-variant sites is corrected for by integrating
the phylogeny of the sequences into the analysis. Identified
associations are hypothesised to be the result of cytotoxic T cell
imposed selection pressure and in other analyses such associations
have been proven experimentally. Although there have been a
number of HLA-association studies reported, none have stratified
patients according to disease progression and compared the
strength of selection in different strata according to loge-adjusted
odds ratios.

In our cohorts we identified 151 HLA-associated mutations in
HIV-1 gag, pol or nef that were significant in patients with either
high or low CD4 cell counts. By comparing logy adjusted odds
ratios in the CD4 strata, we found that there was evidence for
both immune relaxation and intensification in patients with low
CD4 counts compared with high CD4 counts. This suggests that
for some HLA Class I-restricted responses the selection pressure
imposed by CTL is maintained at very low CD4 cell counts but
that for others there may be reversion of escape mutations
associated with a reduction in selection pressure. Interestingly,
the majority of events compatible with immune relaxation were
in HIV Gag, which was also the protein for which there was a
relative narrowing of T cell ELISPOT responses in AIDS
patients.

Two key sites potentially reflecting immune ‘persistence’ and
‘relaxation’ were the HLA B*57/B*5801 associated T242N
mutation and the B¥8101 associated T186S mutation, respective-
ly. For the former, the association analysis provided evidence for
on-going mutation associated with compensatory mutations,
whereas for the latter there was evidence for reversion. A
limitation of this study is that it is cross-sectional rather than
longitudinal, potentially biasing our data interpretation. An
alternative explanation for immune relaxation is that the patients
who progress are the ones who do not make an immune response
and so do not select mutants, therefore enriching patients with low
CD4 counts with wild-type viruses. This would be compatible with
the finding that targeting certain key epitopes may be associated
with different speeds of clinical progression [40], but does not
explain the eventual outcome of those patients enriched for
immune escape mutations with high CD4 cell counts. To
determine which occurs would require a prospective longitudinal
study of untreated progression to AIDS. In our cohort, analyses of
HLA B*8101 positive individuals with data on ELISPOT
responses and viral sequence, show that for patients with CD4
counts between 200-500 cells/pl, 50% (3/6) who did not
recognise TLY carried the T186S mutant. In contrast, for patients
with CD4 counts <100 cells/ul there were no ELISPOT negative
patients with T186S (0/2), suggesting that these had reverted
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Figure 5. Viral replication capacity (VRC) in viruses with mutants in (a) Gag TL9 and (b) Gag TW10 according to HLA Class | and CD4
cell count. In panel (a), the y-axis depicts viral replication fitness (VRC) of chimeric NL4-3 viruses containing patient autologous gag-protease,
expressed as percentage growth rate compared to a control recombinant NL4-3 strain. The x-axis depicts the stratification of patients according to (i)
HLA-B*8101, (ii) polymorphic status within the gag TL9 epitope in all patients, (i) polymorphic status of gag TL9 in patients with HLA B*8101, (iv)
presence of T186S in gag in Gag TL9, and (v) T186S5 further stratified according to the CD4 T cell count (<100 cells/ul or >500 celis/ul). The p-value is
calculated using Mann-Whitney test. In (b), patients are stratified according to (i) HLA-B*57 or B*5801 alleles, (ii) polymorphic status within the gag
TW10 epitope, (iii) polymorphic status of TW10 in patients with HLA-B*57 or B*5801 alleles, (iv) polymorphic status of amino acid position 242 (within
TW10 epitope — T242N) in all patients and (v) by T242N in patients with HLA-B*57 or B*5801 according to CD4 count. The viral isolates possessing
other known costly escape mutations (A163G and T186S) are excluded from this analysis. The p-value is calculated using Mann Whitney test.
doi:10.1371/journal.pone.0019018.g005
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Figure 6. Prevalence of compensatory mutations with the T242N mutation in the HLA-B57 and B*5801 restricted epitope, Gag
TW10. In the 100% stacked column, the y-axis shows the number of mutations accumulated at the three Gag protein amino acid sites (H219Q, 1223V
and M228l) that compensate for the T242N mutation [27]. The x-axis depicts the categorical CD4 T cell count strata and the number of patients within
each strata (the “High CD4"” group refers to patients with CD4 T cell counts >500 cells/pl, the “Intermediate CD4" group refers to patients with CD4 T
cell counts between 200 and 400 cells/pl, and the “Low CD4" group refers to patients with CD4 T cell counts <100 cells/pl).

doi:10.1371/journal.pone.0019018.g006

rather than having been consistently wild type, although in this
study numbers are too small to be conclusive.

Viral fitness was measured using a recombinant assay in which a
patient-derived RT-PCR amplicon of HIV-1 gag-protease was
inserted into a gag-protease-deleted pNL4-3 plasmid. The advantage
of this approach is that it uses the full gag gene from the patient
sequence as well as the associated protease that encodes the enzyme
for cleavage of the Gag-Pol protein. The disadvantage of this assay
is that it is in a parallel rather than competitive format, and
therefore may lack sensitivity for small fitness differences. In
addition, the construct is a recombinant of a subtype B backbone
with a subtype C insert. Although this approach has been
published elsewhere [32], any data should be interpreted relative
to the control virus rather than as an absolute measure of viral
fitness. Choice of control is important. We used a subtype B wild-
type backbone (pNL4-3Agag-protease) into which we recombined
the pNL4-3 gag-protease. 'This controlled for any change in fitness
due to the recombination step.

We found that VRC was significantly greater in patients with
low CD#4 cell counts and there was a significant, although weak,
correlation with plasma viral load. These data, which are
consistent with a population-based study of HIV subtype B-
infected individuals [33], are amongst the first supporting a link
between viral fitness and plasma viral load, and show that this ex
vivo assay reflects viral replication #n vivo. Analysing our data by
HILA Class I revealed that HLA Class I alleles that are associated
with clinical advantage (B*8101, B*57, B*5801) were associated
with impaired viral fitness, as had been inferred from previous
analyses of the reversion of transmitted escape mutations in HLA
mismatched hosts [22,23]. Interestingly, however, the increase in
viral fitness with lower CD4 cell counts did not appear to be
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restricted to beneficial HLA alleles and was also present in a
selection of viruses from patients with ‘neutral/other’ alleles.

The HLA-amino acid association analysis showed that for HLA
B*8101 there was a decrease in mutations in the Gag TL9 epitope
at low CD4 cell counts, whereas for HLA B*57/B*5801 there was
persistence of the T242N escape mutation in TW10. The fitness
assays showed that the T186S mutation in TL9 was associated
with a fitness cost (P<<0.0001) and it is therefore possible that in
patients with B*8101 and low CD4 counts, the decrease in
prevalence of the T186S mutation reflects reversion to a fitter
strain coincident with the weakening of T cell responses. For
B*57/B*5801 we saw a different pattern. Here, possession of HLA
B*57/B*5801 was associated with less fit viruses in conjunction
with the T242N mutation in the Gag TWI10 epitope, but in
patients with low CD4 counts fitness was restored even though
T242N persisted. We therefore sought compensatory mutations to
explain this finding. For T242N there are four documented
compensatory mutations at Gag codons 219, 223, 228 and 248
[27]. For this analysis of subtype G HIV-1 we excluded codon 248,
as the 248A variant represents the subtype C consensus. When we
stratified patients with T242N according to CD# strata we found a
significant (p=0.013) increase in numbers of compensatory
mutations at lower CD4 counts, consistent with the rise in VRC.

These data show that viral fitness increases with progression to
AIDS. Whether this is cause or effect is difficult to determine,
although the fact that we see evidence for both reversion and
compensatory mutations in the same cohort indicates that
progression may be a mixture of the two. What is clear is that
viral fitness is a significant component of progression to AIDS and,
as such, should be considered as a target for intervention, for
example through vaccines aimed at epitopes which escape with
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high fitness costs. Trials such as DART have shown that
antiretroviral therapy can be extremely effective in regions such
as sub-Saharan Africa [41], however the costs and logistics of
provision are complex. Any intervention that could prevent new
infections or delay a requirement for therapy could have major
economic and health implications and therefore combining such a
vaccine with antiretroviral provision could be a productive
strategy.
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Cellular immune control of HIV is mediated, in part, by induction of
single amino acid mutations that reduce viral fitness, but compen-
satory mutations limit this effect. Here, we sought to determine if
higher order constraints on viral evolution exist, because some
coordinately linked combinations of mutations may hurt viability.
Immune targeting of multiple sites in such a multidimensionally
conserved region might render the virus particularly vulnerable,
because viable escape pathways would be greatly restricted. We
analyzed available HIV sequences using a method from physics to
reveal distinct groups of amino acids whose mutations are collec-
tively coordinated (“HIV sectors”). From the standpoint of muta-
tions at individual sites, one such group in Gag is as conserved as
other collectively coevolving groups of sites in Gag. However, it
exhibits higher order conservation indicating constraints on the vi-
ability of viral strains with multiple mutations. Mapping amino acids
from this group onto protein structures shows that combined muta-
tions likely destabilize multiprotein structural interactions critical
for viral function. Persons who durably control HIV without medi-
cations preferentially target the sector in Gag predicted to be most
vulnerable. By sequencing circulating viruses from these individu-
als, we find that individual mutations occur with similar frequency
in this sector as in other targeted Gag sectors. However, multiple
mutations within this sector are very rare, indicating previously un-
recognized multidimensional constraints on HIV evolution. Targeting
such regions with higher order evolutionary constraints provides a
novel approach to immunogen design for a vaccine against HIV and
other rapidly mutating viruses.

cytotoxic T-lymphocyte response | elite controllers | random matrix theory

Despite the efficacy of life-extending medications, HIV con-
tinues to wreak havoc around the world, particularly in poor
nations. An efficient vaccine is urgently needed, and such a vac-
cine is likely to be one that induces both antibody and cytotoxic
T-lymphocyte (CTL) responses (1-3). The extreme variability of
the HIV envelope has precluded vaccine-induced generation of
broadly neutralizing antibodies (1) that can prevent acquisition,
leading some to focus on CTL-based vaccines (4) to prevent
disease progression and possibly to limit acquisition (5).

CTLs recognize and respond to viral peptides presented by
class I MHC proteins. Single point mutations within and sur-
rounding such HIV epitopes targeted by CTLs can enable escape
from immune pressure, leading to a focus on targeting conserved
regions of the HIV proteome. Conserved regions are defined to
be ones where the frequency of occurrence of mutations at single
sites is small, indicating [according to evolutionary theory (6)]
that the corresponding mutant viral strains are replicatively less
fit. Thus, if such a site is targeted, the outgrowth of a mutant
virus that escapes the immune pressure is less likely (7). The
emergence of a compensatory mutation that restores fitness is a
challenge to this approach (8).

11530-11535 | PNAS | July 12,2011 | vol. 108 | no.28

Characterizing the frequency of occurrence of viral strains
based on the effects of mutations at single sites results in a unidi-
mensional measure of conservation, which ignores potential cou-
plings between the effects of multiple simultaneous mutations due
to structural/functional constraints. A useful multidimensional
measure of sequence variation would be obtained if groups of sites
in the viral proteome could be identified, such that sites within
a group coevolve in a collectively interdependent manner to in-
fluence virus viability but each group evolves independent of other
groups. If such groups exist, it is possible that a greater proportion
of the combinations of mutations involving sites in the group
are harmful in some groups compared with other groups. Such
a group of sites is multidimensionally more conserved in that
multiple mutations are more likely to hurt virus fitness and harmful
combinations are less likely to be compensated for by mutations in
another group (as it coevolves independently). Such regions
should be particularly vulnerable to multiple points of CTL pres-
sure, because escape pathways would be restricted. Targeting
multiple points would promote the emergence of multiple muta-
tions to escape the immune pressure, but multiple mutations in
such a region would be more likely to result in unfit viruses.

Thus, we sought to determine collectively coevolving groups
of residues in HIV proteins. We analyzed publicly available se-
quences from the Los Alamos HIV Sequence Database (http://
www.hiv.lanl.gov/) of clade B HIV proteins derived from patients
with diverse genotypes using random matrix theory (RMT) (9) to
identify groups of sites (not pairs) that evolve collectively, pre-
sumably because they act together to perform a function im-
portant for the virus. RMT has been applied to diverse realms of
physics, to analyze stock price fluctuations (10, 11), and to ana-
lyze sequences of an enzyme (12). Although inspired by Halabi
et al. (12), we outline our analysis of HIV proteins by analogy
with analyses of financial markets.

From price fluctuations of various stocks over time, one can
compute the extent of correlation between changes in price of
a pair of stocks, averaged over all available time points. This yields
a matrix of pair correlations. Each element of the matrix describes
correlations between a particular pair of stocks, and mathematical
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properties of the entire matrix (Results) reveal groups of stocks  HIV without medications to determine whether such mechanisms
whose price fluctuations are collectively interdependent. These  might contribute to durable immune control. These data support
properties of the matrix are influenced by “noise” because of a fi-  our predictions. We suggest how this new understanding can be
nite sample of times and correlations that reflect changes in  harnessed to design immunogens for a vaccine against HIV.
overall stock prices attributable to external forces (e.g., reces-
sions). RMT has been used to “clean” the correlation matrix of Results
these effects and obtain groups of companies whose economic  Sequence Analysis Identifies Significant HIV Sectors. Each aligned
activities are intrinsically collectively coupled and essentially in-  sequence of an HIV polyprotein is analogous to stock price data
dependent of others (10, 11). Consistent with intuition, each group ~ at a particular time point. In a specific sequence, one asks if
was composed of stocks that define known economic “sectors,”  a mutation away from the most frequent amino acid (“wild type”)
such as financial service companies and automotive companies. at a particular position i appears simultaneously with a similar
A similar analysis has enabled us to identify collectively mutation at another site j, and this is done for all pairs of ami-
coevolving groups of sites in the HIV proteome (which we term  no acids. Average values for the frequency of occurrence of
HIV sectors). Further, we have identified a sector in which  double mutations for each pair of sites in the protein (f; for sites i
mutations at multiple sites are collectively more constrained, and  and j) are obtained by repeating this procedure for all sequences
thus might be particularly vulnerable to multiple points of im-  (Methods and SI Appendix 1). Similarly, the frequencies with
mune pressure. We examined immune targeting and sequenced ~ which mutations are observed at individual sites (f; and fj for
circulating viruses in those rare persons who are able to control  sites i and j) are obtained. A pair correlation matrix, C, can be
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Fig. 1. Defining collectively coevolving groups of sites (sectors) in Gag. (4, Upper) Number of eigenvalues (ordinate) of the correlation matrix, C, for Gag,
(defined in the main text) with a given magnitude (abscissa) is shown. In total, 1,600 sequences of Gag polyproteins (500 residues long) were used. Note that
a relatively large number of sequences of HIV proteins are available. (Lower) Distribution of eigenvalues obtained from 1,000 randomly generated matrices of
the same size as C for Gag (described in the main text and S/ Appendix 2). (B) Analyzing the eigenvectors corresponding to eigenvalues larger than the highest
eigenvalue for random matrices yields collectively coevolving groups of sites or “sectors” (S/ Appendix 3-7). Sites within a sector are grouped together along
the rows and columns so that groups of collectively coevolving sites are vivid as squares along the diagonal of a heat map representing the values of the
correlations (obtained from the “cleaned” correlation matrix as described in S/ Appendix 2). (C) Mean frequency of the dominant amino acid at single sites
within each of the five Gag sectors. (D-F) Threshold value defining a significant correlation was chosen to be such that correlations with magnitudes greater
than this value arise with vanishing probability in the randomized matrices (P < 0.02). Changing this threshold value does not change qualitative results (S/
Appendix, Fig. $11). (D) Percentage of significant negative (C; < —0.03) pair correlations within each sector. (E) Percentage of significant positive (G > 0.1) pair
correlations within each sector. (F) Percentage of significant three-site negative (Cy < —0.01) correlations within each sector (method in S/ Appendix 17). (G)
Percentage of significant three-site positive (G > 0.1) correlations within each sector.
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defined, each element of which, Cy (for sites i and j), reflects
the interdependence of mutations at these two sites. Cj; =
(fy =)/ /V:V; and measures the difference between the fre-
quency of occurrence of a double mutant and that which would be
observed if the two mutations occurred independently; the var-
iances of the distributions of mutations (V; and V;) at sites i and j,
respectively, normalize the values of C;; for different pairs of sites.
Another method (12) for computing Cy yielded qualitatively
similar results (S Appendix, Fig. S6).

Properties of this correlation matrix, termed eigenvectors,
contain information about collective coevolution of sites. Each
eigenvector represents a specific combination of sites, whose
mutations occur in a coupled way but are essentially independent
of mutations in a combination of sites represented by another ei-
genvector. The data on HIV evolution can be represented as de-
pendent on these combinations of sites (eigenvectors), rather than
individual sites. The association of each site with a particular ei-
genvector is specified by a number that can be positive or negative.
An eigenvector is also associated with a number, called an eigen-
value, whose magnitude reflects the contribution of this eigen-
vector to the correlations between sites (SI Appendix, Eq. $4).

Eigenvalues of the correlation matrix, C, for HIV Gag poly-
proteins are shown ordered according to their magnitudes (Fig.
14, Upper). The corresponding eigenvectors describe groups of
sites whose mutations are collectively linked, presumably by the
requirements of maintaining viral fitness. However, the infor-
mation in some eigenvectors is not significant because of noise
(attributable to a finite sample of sequences) or because it re-
flects phylogeny (13).

RMT theorems can help to determine which eigenvectors re-
flect the influence of noise because they describe the properties of
correlation matrices derived from independent random variables.
For example, given the length of the Gag polyprotein and the
number of available sequences, RMT states (S Appendix, Eq. S3)
that the largest eigenvalue would equal 2.4 if the correlation matrix
reflected noise only. However, this theorem assumes that the
length of the polyprotein and the number of sequences are very
large. If we randomly shuffle the identity of amino acids at each site
over all aligned sequences of a particular HIV protein and recal-
culate C, we obtain a random correlation matrix of the same size
as our sample (SI Appendix 2). The distribution of eigenvalues
obtained by randomizing the sequences 1,000 times is shown in
Fig. 14, Lower. We see that the RMT theorem is rather accurate
even for finite samples, because very few eigenvalues exceed 2.4
and none exceed 3. The continuous part of the eigenvalue spec-
trum for the real-sequence alignment for HIV proteins is bounded
in the same way as that for the randomized sequences (compare
panels in Fig. 14 for Gag). The eigenvectors corresponding to
eigenvalues <3 correspond to noise.

As noted before (12), and derived more completely in S7 Ap-

pendix 3, the contribution of phylogeny alone to a representation

of the data in terms of eigenvectors should result in an eigenvector
where the contributions from each individual site in the poly-
protein have the same sign. For all HIV polyproteins, the largest
eigenvalue corresponds to such an eigenvector. Because each
eigenvector is independent, we conclude that the eigenvector
corresponding to the largest eigenvalue describes correlations
attributable to phylogeny (13). Eigenvectors corresponding to the
next few largest eigenvalues contain information on collective
correlations between groups of sites that originate largely from
relationships between evolutionary constraints and sequence.

By parsing these eigenvectors, groups of sites (sectors) in HIV
proteins that coevolve together but essentially independent of
others were identified. Many sites do not collectively coevolve
with any other sites, and thus do not belong to any sector. For Gag,
we found five strongly collectively coupled groups of sites (S7
Appendix 6 and Fig. S4), which we term sectors 1-5. As expected,
we also found an additional group of residues that is weakly

11532 | www.pnas.org/cgi/doi/10.1073/pnas.1105315108

coupled collectively, as a result of mutations arising in the context
of specific HLA class I molecules that drive mutations at multiple
sites (SI Appendix 8 and Figs. S4 and S5). The weakly collective
linkage between this group of sites is attributable to HLLA-associated
“footprints” [i.e., these mutations arise in persons with the same
HILA type (14)]; thus, we do not consider this quasi-sector further.

Gag sectors 1-5 can be visualized as a heat map reflecting the
correlations between sites (Fig. 1B). As expected, the sites that
comprise a sector are not contiguous along the linear protein
sequence. The positions of the sites along the rows and columns
in Fig. 1B group the sites in a sector together. For example, if
a sector was composed of sites 27, 45, and 53 along the linear
protein sequence, these sites would be adjacent to each other
along a row or column. Each group of sites that comprises
a sector is outlined in red. We observed similar groupings for other
HIV proteins (SI Appendix, Figs. S7-S10). We focus further
analysis on Gag because of data indicating correlations between
Gag-specific responses and viral control (15) and a strong impact
of Gag mutations on viral fitness (16).

Identification of an Immunologically Vuinerable Sector in Gag. From
the standpoint of identifying regions with single sites that are
more conserved, all five Gag sectors are equivalent (Fig. 1C).
However, if one examines the relative occurrence of positive and
negative correlations between multiple mutations at sites that
comprise each collectively evolving sector, differences between
the sectors become apparent.

Negative correlation between sites implies that the multiple
mutant is observed less frequently than if the individual mutations
were to arise independently. For example, consider a simple case
where a pair of sites (i and j) is negatively correlated, with each site
being 90% conserved [i.e., the frequency with which single muta-
tions at sites i and j are observed is 10%, (f; = f; = 0.1)]. For C;
(proportional to f;; — fif;) to be negative, the frequency with which
the double mutant is observed (fi;) must be less than 1%. This
implies that when multiple sites are negatively correlated, the
multiple mutant is considerably less fit compared with the single
mutants. If immune pressure is applied to multiple sites in a sector,
escaping the immune pressure is likely to require more than one
mutation. The greater the proportion of negative correlations in
the sector, the more difficult it is to both escape the CTL pressure
and maintain virus fitness, because muitiple mutations are much
less tolerated, likely because of fitness-limitations.

Positive correlation between sites implies that the corre-
sponding multiple mutants are observed more frequently than if
the mutations were to occur independently. Thus, positive cor-
relations can be associated with compensatory mutations; in-
deed, known compensatory mutations do appear as positive
correlations (SI Appendix, Table S9). Thus, sectors characterized
by larger numbers of positive correlations would be less effective
targets, because escape from CTLs without substantial loss in
virus fitness is more likely.

For pairs of sites within a sector, one finds that Gag sector 3
contains the largest proportion of negative correlations compared
with other sectors and a relatively small number of positive cor-
relations (Fig. 1 D and E). This is also true for three-site (Fig. 1 F
and G) and higher order correlations. The magnitudes of the
negative pair correlations between sites in sector 3 are as large
as they can be, given the level of single site conservation in this
sector (details in ST Appendix 11), meaning that the double mutants
are expected to be observed very rarely. The eigenmaps in S/ Ap-
pendix, Fig. S4 B and C also show that several sites in sector 3 are
collectively (i.e:, at higher order) negatively correlated to several
others, which is not true for other sectors. Note that we do not
identify important negative pair correlations by screening all pair
correlations for those that exceed a cutoff (17). Rather, we first
identified groups of sites (sectors) that are significantly collectively
coupled (because RMT theorems help to eliminate noise-induced
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correlations). We then examined the signs of multibody corre-
lations only within these meaningful collectively coupled sectors.

Our results suggest that sector 3 is the most immunologically
vulnerable multidimensionally constrained region in Gag, be-
cause multiple mutations are most constrained in this sector.
Because sequence analysis methods are not exact, we tested this
prediction, and its consequences for HIV infection and vacci-
nation, against existing and new experimental data.

Sector 3 Is Immunologically Vulnerable Because of the Importance
of Assembling Multiprotein Structures Critical for Viral Capsid
Formation. In sector 3, 52 of the 57 sites are contained in the p24
protein but their locations within an individual p24 protein appear
random (Fig. 24; individual amino acids in SI Appendix, Table
S1). However, hexamers of the p24 protein form the viral capsid
(18), and superimposing sector 3 sites on the structure of the p24
hexamer (19) shows that the preponderance of these sites (~68%)
is at interfaces between p24 proteins in a hexamer or at interfaces
between the hexamers that form the capsid (Fig. 2B). Coevolution
of this group of sites originates from constraints important for
assembly of functional multiprotein structures, highlighting the
importance of determining collective correlations.

The structural locations of sector 3 sites suggest the origin of
negative correlations. Whereas one mutation in interface residues
may still allow formation of p24 hexamers and assembly of the
hexamers to form the viral capsid, multiple simultaneous mutations
would likely destabilize these protein-protein interfaces. Fitness
cost predictions of multiple mutations in sector 3, and comparisons
with available data (20), are included in ST Appendix, Table S9-S11.

Sector 1 sites also reflect structural constraints associated with
supramolecular assembly because they largely comprise the core
of the hexamer (Fig. 2C). However, our analyses suggest that
sector 1 is not as immunologically vulnerable as sector 3. This is
because of the following:

i) The ratio of negative to positive correlations for pairs of
mutations is a factor of 3 greater for sector 3.

ii) At the level of three-site correlations, the ratio of negative
to positive correlations is more than threefold greater for
sector 3.

iii) Sector 3 is characterized by collective higher order negative
correlations between sites that are absent in sector 1 (S7
Appendix, Fig. S4).

A

These results may be because multiple mutations in sector 3
residues result in disruption of intra- and interhexamer inter-
faces, whereas mutations in the core of the hexamer are less
likely to disrupt virion assembly (21).

Elite Controllers of HIV Preferentially Target Multiple Sites in Sector 3.
Our results suggest that applying CTL pressure at multiple sites
contained in sector 3 is likely to facilitate durable control of viral
load to low levels; multiple mutations that allow immune escape
are more likely to hurt viral fitness significantly, because multidi-
mensional escape pathways are restricted. Can HLA (human
MHC class I) molecules present peptides containing multiple sites
within the identified vulnerable region? Because elite controllers
achieve viral control (16), we first analyzed the locations of sites
contained in peptides targeted in individuals with HLA alleles
associated with spontaneous HIV control (HLA-A*25, B*57,
B*27, B*14, Cw*08) (22). Remarkably, the sector with the largest
proportion of sites contained in the dominant peptides targeted by
controllers is sector 3 (P = 3-1077; Fig. 34 and SI Appendix, Table
S3). CTL pressure imposed by individuals with these HLA alleles,
however, is not the driver of this collectively coevolving group of
sites for reasons that include:

i) There are clear structural explanations (Fig. 2) for the col-
lective correlations that characterize sector 3 sites, and
structural features are independent of immune pressure.

ii) Negative correlations cannot be induced by immune pres-
sure, because mutations induced in persons with the same
HLA would be more likely to arise than if they occurred
independently.

iii) As noted, a quasi-sector describes weak correlations associ-
ated with HLA-associated mutations (SI Appendix, Fig. S5),
and these sites are not a part of sector 3.

Thus, the sector we identify to be most vulnerable by analyses
of viral sequences and supramolecular structures is the most
targeted by controilers.

Examining targeted epitopes lends further insights. For ex-
ample, eight amino acids in the dominant epitopes targeted by
B57-restricted CTLs are in sector 3; this multiplicity is further
augmented by the enhanced cross-reactivity of these CTLs (23).
B14* individuals target three amino acids in this sector. Popu-
lation studies indicate that HLA-B57*/B14" persons are partic-

Fig. 2. Protein structures reveal the origin of collective correlations. (A) Sector 3 sites represented on the structure of the p24 monomer (PDB ID code 3GV2)
are shown as purple spheres. (B) Sector 3 sites represented on the structure of the p24 hexamer (PDB code 3GV2) and the structure of the interface between
hexamers (PDB code 2KOD). Sites at interfaces between two p24 proteins belonging to two adjacent hexamers are shown in green, and sites at interfaces
between two p24 molecules within a hexamer are shown in red. The few remaining sites in sector 3 that are not part of these interfaces are shown in purple.

(C) Sector 1 sites are shown in cyan on the structure of the p24 hexamer.
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Fig. 3. Concentration of sites from the dominant epitopes presented by
elite controllers in each sector and comparison of mutation patterns in
sectors 1 and 3 in viruses derived from elite controllers. (A) Epitope is defined
as dominant if it is the most targeted (in Gag) by individuals with the cor-
responding HLA allele. Concentration is the number of epitope sites in the
sector divided by the total number of residues in the sector. The P value of
association with each sector is in S/ Appendix 10. Only sector 3 is significantly
enriched with sites from the dominant epitopes of HLA molecules associated
with control. Sectors 4 and 5 are not targeted at multiple points because
they contain only 10 and 14 sites, respectively. Sectors 1 and 3 are targeted
at multiple points. (B) Comparison of the number of unique viral strains
obtained from a cohort of elite controllers that contains different numbers
of mutations in sectors 1 and 3.

ularly efficient controllers of HIV infection. Our results suggest
that this is because viral strains that can escape the multiple
points of immune pressure in this sector are likely to have very
low fitness. Thus, point mutants with lower viral fitness that only
partially escape immune pressure or strains with multiple muta-
tions that are not negatively correlated are likely to be the only
options for the virus. This is consistent with the observed lower
viral load and lower average viral fitness in controllers (16). Note
also that CTLs restricted by HLA molecules associated with
progression do not target sector 3 sites significantly (P = 0.37;
SI Appendix, Table S3).

Virus Sequences from Patients Show That Multiple Mutations in
Sector 3 Are Unlikely. Roughly 10% of sites in sectors 1, 4, and 5
are targeted by controllers, and sector 2 is not targeted (Fig. 34).
However, because sectors 4 and 5 are composed of only 10 and
14 sites, respectively, only 1 site (and epitope) is targeted by
controllers in these sectors. Because sector 1 comprises 79 sites,
many sites in sector 1 are targeted by controllers. If two regions
of the proteome are equally targeted, all things being equal, the
number and types of mutations observed in these regions should
be similar. Sectors 1 and 3, both in Gag, exhibit similar levels of
single site conservation, but we find that sector 3 is more mul-
tidimensionally constrained. Thus, we predict that even though
sector 3 is targeted more than sector 1, fewer HIV strains with

11534 | www.pnas.org/cgi/doi/10.1073/pnas.1105315108

multiple mutations in sector 3 sites would be viable compared
with those with similar mutations in sector 1.

To test this prediction, we sequenced viruses obtained from
elite controllers because they target both sectors 1 and 3. We
obtained 72 sequences from plasma and 103 including both
plasma and peripheral blood mononuclear cells (PBMCs). The
qualitative results obtained from analyzing either set of se-
quences are the same (Fig. 3B and ST Appendix 18). As per our
predictions, the frequency of single mutations in sectors 1 and 3
is similar but multiple mutations are significantly rarer in sites
that comprise sector 3. Our results suggest that this is because
viral strains that can escape multiple points of immune pressure
in sector 3 are more likely to be associated with negative cor-
relations, and hence have particularly low replicative fitness be-
cause of defective capsid assembly. Thus, they are unlikely to be
viable, and we do not observe them. These results show that the
calculated differences between collective correlations among sites
that comprise sector 3 and other sectors (Fig. 1) result in quali-
tative differences in viral mutations observed in humans that
target sector 3 sites. Note also that almost all the few viral strains
that we observe with multiple mutations in sector 3 are associated
with positive correlations (SI Appendix, Fig. S13). Although only
positive correlations can correspond to compensatory mutations,
positive correlations can also correspond to multiple mutants
that are only moderately less fit compared with single mutants,
unlike negative correlations, which are only associated with
multiple mutants that are very deleterious.

Our results strongly support our hypothesis that applying CTL
pressure at multiple points in a multidimensionally constrained
group of sites can trap the virus, because we find that controllers
target multiple sites in sector 3, but strains with multiple muta-
tions in sector 3 are not viable. Thus, viable strains are still likely
to be subject to immune pressure.

Immunogens That May Induce CTL Responses in a Population That
Hurt HIV. Can such potent responses be induced by vaccination in
persons who are not blessed with HL.A alleles that mount the
correct dominant responses? Individuals with other HLA alleles
present subdominant peptides containing sites in the vulnerable
regions we have identified (using the Epitope Tables of the Los
Alamos HIV Molecular Immunology Database, http:/www.hiv.
lanl.gov/content/immunology/tables/tables.html). This suggests the
following strategy for design of immunogens that could induce
memory CTL responses targeting the most vulnerable regions of
HIV in a population: Select protein segments that simultaneously
maximize sites in sector 3 (and some sites in sector 1), which are
characterized by negative correlations, and those contained in
subdominant and dominant epitopes presented by HLA molecules
that span a broad section of a population. Such immunogens
should elicit memory CTLs that only target the multidimensionally
conserved regions of HIV, because epitopes that are dominantly
targeted ineffectually are excluded. During natural infection, these
memory CTLs are expected to mount robust responses that hit
HIV where it hurts early, before naive CTLs mount ineffective
dominant responses. Mounting the right responses early is im-
portant for HIV infections (2), because there is a short window of
time before the immune system is compromised.

To illustrate this strategy, we considered a target population,
white Americans with the 25 most frequent haplotypes (~39% of
this population) (24). We create all groups of 10 known epitopes
(as an example) presented by HLA-A/B molecules that comprise
these haplotypes and select the top 10 groups according to the
two criteria noted above (S Appendix 12). One top-scoring im-
munogen (p24 residues 160-188 and 240-277) contains at least 1
or 2 targeted epitopes in 97% and 56% of the target population,
respectively (a lower bound, because many epitopes are un-
known). Previous empirical data show that controllers target p24
sites 240-272 (25). Sites 160188 contain only 1 epitope tar-
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geted by known controllers but represent an equally vulnerable
region that provides broad coverage.

Discussion

Immunogens designed in this way fo include only the multi-
dimensionally constrained regions of the HIV proteome, which
also contain epitopes presented by diverse HLAs in a population,
are candidates for peptide vaccines using synthetic vectors (26),
or by linking each segment together, they can be analogs of
mosaic immunogens (27) delivered by traditional vectors. Such
an immunogen would target the most vulnerable regions of HIV
rather than the whole proteome. Targeting the latter is more
likely to elicit responses from which HIV can escape via muta-
tions (28), while hindering a focused response directed at regions
of immunological vulnerability we have identified. Our goal of
identifying such regions, and the methods we have used toward
this end, are different from previous efforts to study coevolution
of HIV proteins (e.g., 14, 29-31). Further analysis following the
logic described by us should reveal additional regions of HIV
proteins that are muitidimensionally constrained, thereby en-
hancing the list of regions that are candidates for inclusion in
a potent vaccine. A practical vaccine may also require inclusion
of CD4 epitopes and flanking residues needed for antigen pro-
cessing which do not contain protein segments that are likely to
elicit ineffectual memory CTL responses. In vitro experiments
and studies with animal models are required to develop this
new concept, which might also be applied to design efficacious
immunogens against other viruses. Our results also suggest the
design of new small-molecule inhibitors of HIV replication.
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Methods

HIV Sequences and Similarity Analysis. Multiple sequence alignments of nu-
cleotide sequences of HIV-1 Gag, RT, and Nef were downloaded from the Los
Alamos HIV Sequence Database (http/www.hiv.lanl.gov/) (clade B, one se-
quence per patient). We checked the phylogenetic homogeneity of each set
by performing a principal component analysis of the similarity matrix of
sequences (S/ Appendix 5).

identification of HIV Sectors. The correlation matrix for a given set of
sequences is cleaned from phylogeny and noise using RMT (as described in the
main text and S/ Appendix 1-4). The definition of sectors follows the strategy
proposed by Halabi et al. (12), grouping positions with a particular spectral
signature into a sector (S/ Appendix 6).

Targeting by Elite Controllers. We defined a set of epitopes dominantly tar-
geted by HLA alleles associated with control (22), using a published dataset of
the frequency of recognition of epitopes in an HLA-specific population (32).

Sequencing Viruses from Elite Controliers. HIV-1 Gag was amplified using
nested RT-PCR from previously frozen PBMCs or plasma from elite con-
trollers as previously described (33). PCR products were purified, and cycle-
sequencing reactions were performed using 60 HIV-1-specific sequencing
primers. Population sequences were obtained using an ABI 3730 PRISM
(Applied Biosystems) automated sequencer. Gag mutations in the sequences
derived from elite controllers were defined with reference to the clade B
consensus sequence.
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Abstract

Chronic HIV-1 infection is characterized by immune cell dysfunctions driven by chronic immune activation.
Plasma HIV-1 viral load (VL) is closely correlated with disease progression and the level of immune activation.
However, the mechanism by which the persistent presence of HIV-1 damages immune cells is still not fully
understood. To evaluate how HIV-1 affects disruption of T cell-mediated immune responses during chronic
HIV-1 infection we determined the functional profiles of T cells from subjects with chronic HIV-1 infection. We
measured the capacity of peripheral blood mononuclear cells (PBMCs) to produce 25 specific cytokines in
response to nonspecific T cell stimulation, and found that the capacity to produce Th-1-related cytokines (MIP-
la, MIP-15, RANTES, IFN-y, and MIG), sIL-2R, and IL-17, but not Th-2-related cytokines, was inversely cor-
related with plasma VL. The capacities to produce these cytokines were interrelated; notably, IL-17 production
had a strong direct correlation with production of MIP-1a, MIP-18, RANTES, and IFN-y. In both CD4" and
CD8" T cells, dysfunctional production of cytokines was associated with T cell activation (CD38 expression) and
exhaustion (PD-1 and/or CTLA-4 expression) status of memory subsets. Although the capacity to produce these
cytokines was recovered soon after multiple log;o reduction of plasma viral levels by antiretroviral therapy,
memory CD8™ T cells remained activated and exhausted after prolonged virus suppression. Our data suggest
that HIV-1 levels directly affect the ability of memory T cells to produce specifically Thl- and Thl7-related
cytokines during chronic HIV-1 infection.

The immune system is highly coordinated: the cytokine
network regulates interactions between cells, and cytokine
balance dictates how the immune system responds. Cytokine

introduction

LASMA VIRAL LoAD (VL) and CD4-positive T cell count are

two surrogate markers of HIV-1 disease progression.!
Throughout the course of infection both innate and adaptive
immune systems are highly activated, and disease progres-
sion is strongly correlated with immune activation status.>?
Notably, immune activation is observed in both HIV-1 and
pathogenic SIV infection, but not in nonpathogenic SIV in-
fection in a natural host.*® Moreover, studies have shown that
T cells in patients with high VL and progressive disease are
less functional, have less proliferative capacity, and are more
exhausted than T cells in patients with low VL and slow
disease progression.®? In those patients, exhaustion is seen
not only in HIV-1-specific T cells, but also in nonspecific T
cells.""*® These data suggest that immune cells have lost their
original function due to persistent hyperactivation, which
depends on VL, during chronic HIV-1 infection.

production determines the specific helper functions of CD4*
T cells and allows balance in immiune responses in vivo.'* ¢ A
possible explanation of the impaired immune response in
chronic HIV-1 infection is that the ability of T cells to balance
cytokine production has been altered, just as alteration of
balance between Th1- and Th2-type immune response affects
the clinical course of certain infectious diseases and autoim-
mune syndromes.'”*®

To evaluate T-cell impairment resulting from persistent
immune activation during chronic HIV-1 infection, we com-
pared the cytokine expression spectra of peripheral blood
mononuclear cells (PBMCs) in response to nonspecific
T cell stimulation in treatment-naive HIV-1-infected subjects
with low or high VL. We also examined the differentiation
states and activation levels of CD4* and CD8™ T cells from

Division of Infectious Diseases, Advanced Clinical Research Center, and *Department of Infectious Diseases and Applied Immunology,
Research Hospital, The Institute of Medical Science, The University of Tokyo, Tokyo, Japan.
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HIV-1-infected subjects to elucidate relationships between
cytokine expression capacity and T cell phenotypic status.

Materials and Methods
* Study design

HIV-1-infected individuals who were under medical su-
pervision at our clinic were asked to provide blood samples
for this study. Blood samples were taken from selected pa-
tients in the chronic phase of HIV-1 infection, with CD4
counts >200 cells/ml. We requested blood samples from
antiretroviral therapy (ART)-naive patients with either low
plasma viral load (VL) values (<5000 copies/ml; LVL group)
or high VL values (>25,000 copies/ml; HVL group), and from
treatment-experienced patients who had received ART >2
years (Tx group). Blood samples were also obtained from a
small number of HIV-1-infected patients who had first initi-
ated ART within the previous 1-2 months. As controls, blood
samples were obtained from HIV-1-seronegative individuals
(healthy controls; HC).

All participants gave written informed consent, and the
study was approved by the institutional review boards of the
Institute of the Medical Science of the University of Tokyo
(No. 11-2-0329 and 20-47-210521).

PBMC cultures and PHA stimulation

PBMCs were isolated from heparinized whole blood by
Ficoll-Paque PLUS density gradients (GE Healthcare, Piscat-
away, NJ) and cryopreserved in liquid nitrogen until use. The
frozen cells were thawed 1 day before stimulation and cul-
tured in R10 medium [RPMI 1640 medium (Sigma, St. Louis,
MO) supplemented with 10% heat-inactivated fetal calf serum
(ECS; Sigma), 100U penicillin/ml, 100 ug/ml streptomycin
(Sigma), 2 mmol/liter L-glutamine (Sigma), and 10 mmol/
liter 4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(HEPES; Sigma)] at 37°C, 5% CO,. The following day 5x 10°
cells/well were cultured in 250 ul/well of R10 medium with
or without 2 ug/mi phytohemagglutinin L (PHA; Roche Ap-
plied Science, Mannheim, Germany). Culture supernatants
were harvested after 48h and stored at —80°C until use for
multiple cytokine assays.

Quantification of cytokines

The human cytokine 25-plex antibody kit (Invitrogen
Corporation, Carlsbad, CA) was used to measure the levels of
25 cytokines in culture supernatants: interleukin (IL)-1 re-
ceptor antagonist protein (IL-1RA), IL-18, IL-2, soluble IL-2R
(sIL-2R), 1L4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40/70, IL-13,
IL-15, IL-17, eotaxin, interferon gamma (IFN-y)-induced
protein 10kDa (IP-10), monocyte chemoattractant protein-1
(MCP-1), monokine induced by IFN-y (MIG), macrophage
inflammatory protein lalpha (MIP-1a), MIP-18, regulated on
activation normal T cell expressed and secreted (RANTES),
tumor necrosis factor-a (TNF-0), granulocyte-macrophage
colony-stimulating factor (GM-CSF), IFN-¢, and IFN-y. The
detection limits for the cytokines measured by the kit were as
follows: IL-5, IL-6, IL-8, 3pg/ml; MIG, 4 pg/ml; IL-4, IL-10,
IFN-y, IP-10, eotaxin, 5 pg/ml; IL.-2, 6 pg/ml; IL-7, IL-13, IL-
15, IL-17, TNF-a,, MIP-1o, MIP-18, MCP-1, 10 pg/ml; IL-15,
1L-12p40/70, IFN-o, GM-CSF, RANTES, 15pg/ml; IL-1RA,
sIL-2R, 30 pg/ml. As the amounts of IL-6, IL-8, TNF-o, MIP-
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lo, MIP-18, IP-10, MiG, and MCP-1 produced from PHA-
stimulated PBMCs were beyond the range of the assay, we
diluted the samples 10-fold prior to measurement of these
cytokines. However, IL-8 levels were out of range in most
patient samples and could not be measured accurately.

Samples were loaded onto the Luminex100 system (Lu-
minex Corporation, Austin, YX), and samples were quantified
by analysis of the median fluorescence intensity of the beads
using MasterPlex QT version 2.5 (Luminex Corporation). The
assays were performed according to the manufacturer’s in-
structions, and all samples were run in duplicate.

Identification of cytokine-producing cells in PBMCs

CD14" cells (monocytes), CD8" T cells, CD4" T cells, and
CD56*CD16* (NK) cells were isolated sequentially from
PBMCs of each healthy subject. Magnetic cell separation
(MACS) selection was performed using anti-CD14, anti-CD8,
and anti-CD4 antibody-conjugated microbeads or using the
CD56"CD16* NK cell isolation kit (Miltenyi Biotic, Bergisch
Gladbach, Germany). The purity of each cell fraction was
>95% as determined by flow cytometry.

Fractionated cells were cultured separately or were co-
cultured in the presence of 2 ug/ml PHA at 37°C, 5% CO,, for
48 h. Levels of MIP-1¢, MIP-15, RANTES, IL-2R, IFN-y, and IL-
17 in culture supernatants were measured with DuoSet ELISA
Development Systems (R&D Systems). The absolute numbers
of each cell fraction used in the experiments were calculated
from the average proportion of each subset in PBMCs.

Antibodies

The fluorochrome-conjugated monoclonal antibodies
(mADb) used in the study were as follows: fluorescein iso-
thiocyanate (FITC)-labeled anti-MIP-1a, anti-MIP-18, and
anti-RANTES (R&D Systems, Minneapolis, MN); FITC-
labeled anti-PD-1 and anti-Ki67, phycoerythrin (PE)-labeled
anti-Bcl-2, peridinin cholorophyll protein/cyanin5.5 (PerCP
Cy5.5)-labeled anti-CD38 and anti-CD3, PE Cy7-labeled anti-
CCR?7, allophycocyanin (APC)-labeled anti-CD45RA, and
pacific blue-labeled anti-CD4 (BD Biosciences, San Jose, CA);
APC AlexaFluor 750-labeled anti-CD4, pacific blue-labeled
anti-IFN-y, and AlexaFluor 647-labeled anti-IL-17A
(eBioscience, San Diego, CA); PE-labeled anti-IL-4 (Becton
Dickinson, Franklin Lakes, NJ); APC Cy7-labeled anti-CD3
(BioLegend, San Diego, CA); and Pacific Orange-labeled anti-
CD8 (Invitrogen).

Surface phenotypic and intracellular cytokine staining

For intracellular cytokine staining, cryopreserved PBMCs
were thawed and cultured in R10 overnight. The following
day cells were stimulated with phorbol ester (PMA)/ calcium
ionophore (ionomycin) in the presence of Golgi inhibitor
(brefeldin A) for 5h. Cells were stained with a panel of
fluorescently labeled antibodies against cell-surface markers.
For detection of dead cells, the cells were also stained with
5 ug/ml ethidium monoazide bromide (EMA; Sigma). Cells
were washed twice and exposed to fluorescent light for 10 min
on ice to allow the EMA to bind to DNA in dead cells. Cells
were then fixed in 2% paraformaldehyde and permeabilized
in BD FACS Permeabilizing Solution 2 (BD Biosciences) prior
to antibody staining for intracellular molecules.
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Dead or dying cells were detected by surface phenotypic
staining with propidium iodide (PL; Sigma).

Flow cytometric analysis

Samples were analyzed on a FACSAria multilaser cyt-
ometer (Beckton Dickinson) running FACSDiva software,
with collections of 60,000-100,000 lymphocyte-gated events.
Data were analyzed with FlowJo software (Tree Star, Ash-
land, OR).

Statistical analysis

GraphPad Prism5 software (San Diego, CA) was used for
all statistical analysis. Differences between groups were tested
for statistical significance using the nonparametric Mann-
Whitney U test. Since previous studies revealed that pro-
duction of multiple cytokines by HIV-specific T cells was
limited in progressors compared to nonprogressors,>*’ the
production levels of cytokines were expected to differ among
LVL, HVL, and healthy control subjects. For this reason, we
did not consider multiple comparison correction for Mann-—
Whitney U tests to avoid false-negative results. Correlation
analysis was performed using Spearman’s rank correlation.
The level of significance for all analyses was set at p <0.05.

Resuits
Study population

Most analyses were performed using blood samples col-
lected from 35 HIV-1-infected, ART-naive patients, 15 HIV-1-
infected, treatment-experienced patients, and 16 HIV-1-sero-
negative individuals. Demographic characteristics of these 50
HIV-1-infected patients are presented in Table 1. The 35 HIV-
1-infected, ART-naive patients included 19 patients with low
VL (LVL group; median VL: 1200, range: 53 to 3600) and 16
patients with high VL (HVL group; median VL: 62,000; range:
25,000 to 500,000). The median CD4 counts in the LVL and
HVL groups were 449 (range: 316 to 749) and 407 (range: 228
to 520), respectively; the difference was not statistically sig-
nificant. The groups also showed no significant difference in
age, another factor that influences immune status.

The 15 HIV-1-infected individuals recruited into the study
to represent treatment-experienced patients had received
ART and successfully controlled their disease over a long
period of time (median: 66 months; range: 22 to 149 months).
To examine the impact of actively decreasing VL on the
functional profile of PBMCs, blood samples were also col-
lected from six HIV-l-infected patients who had initiated
treatment only in the previous 1-2 months.

Cytokine production in PHA-stimulated PBMCs

Cytokine measurements from cells cultured for 48 h in an
unstimulated state were at the limit of detection (data not
shown). We initially compared anti-CD3-antibody and PHA
as a nonspecific stimulus of PBMCs to induce cytokine pro-
duction, and found that the production levels of most cyto-
kines were much higher in PHA-stimulated PBMCs than in
anti-CD3-antibody-stimulated PBMCs (data not shown).
When cells were stimulated with PHA and cultured for 48 h,
production of most cytokines increased dramatically (Fig.
1A). There were no significant differences between any

groups in IL-2, IL-13, IL-15, IL-1f, IFN-a, TNF-«, eotaxin, or
IP-10 production (data not shown).

Cytokine production in PBMCs from treatment-naive HIV-
1 subjects was compared to cytokine production in PBMCs
from healthy control subjects. Median levels of many cyto-
kines in the HVL group were significantly different from
those in the healthy control group: MIP-1a [6.33 (range 0.99—
21.01) vs. 16.92 (10.36-23.87) ng/ml; p=0.0005], MIP-18 [8.51
(1.37-26.42) vs. 21.44 (10.26-34.11) ng/ml; p=0.0036], IFN-y
[1.50 (0.30-5.75) vs. 2.64 (0.79-5.78) ng/ml; p=0.0402], IL-7
[<0.01 (<0.01-0.67) vs. 0.04 (<0.01-0.07) ng/ml; p=0.0077],
IL-1Ra [18.93 (0.59-27.61) vs. 1.50 (0.55-14.95) ng/ml;
p=0.0184], IL-6 [0.63 (0.11-12.23) vs. 1.77 (0.68—4.93) ng/ml;
p=0.0254], and IL-10 [0.08 (<0.005-0.40) vs. 0.55 (0.13-0.83)
ng/ml; p=0.0031]. In contrast, significant differences between
the LVL group and the healthy control group were seen
only in levels of IL-10 [0.12 (<0.005-0.72) vs. 0.55 (0.13-0.83)
ng/ml; p=0.0050] and IL-1Ra [17.05 (0.49-28.31) vs. 1.50
(0.55-14.95) ng/ml; p=0.0282] (Fig. 1A). These data suggest
that although PBMCs from HVL subjects are abnormal in
some way, PBMCs from LVL subjects are almost normal in
terms of cytokine production.

As shown in Fig. 1A, mean cytokine levels were signifi-
cantly lower in HVL subjects compared to LVL subjects, as
follows: MIP-1a [6.33 (0.99-21.01) vs. 14.36 (2.29-29.16) ng/
ml; p=0.0077], MIP-15 [8.51 (1.37-26.42) vs. 20.14 (4.31-48.75)
ng/ml; p=0.0034], RANTES [2.01 (<0.015-4.57) vs. 3.40 (1.33-
6.90) ng/ml; p=0.0014], sIL-2R [2.30 (0.02-4.96) vs. 3.72 (1.72—
7.38) ng/ml; p=0.0136], IL-17 [0.04 (<0.01-0.12) vs. 0.08
(<0.01-0.17) pg/ml; p=0.0256], and IL-7 [ <0.01 (<0.01-0.67)
vs. 0.05 (<0.01-1.05) pg/ml; p=0.0029]. Notably, there was
an inverse correlation between VL and production of these
cytokines, and of IFN-y (Fig. 1B). No relationship was ob-
served between cytokine levels and CD4 cell count (data
not shown). These data suggest that VL directly affects the
capacity of PBMCs to produce certain cytokines during
chronic infection.

Thi- and Th17-type T cells have impaired cytokine
production in HVL subjects

Although PHA is considered a T cell mitogen, other cell
populations also produce cytokines in response to PHA
stimulation.”>?? The next step was to determine which cells
were responsible for the alterations in cytokine production
observed under our experimental conditions. The cytokines
whose production was inversely correlated with VL can be
produced by several cell populations in PBMCs. To identify
the major cell population producing these cytokines, we
fractionated PBMCs in healthy donors by positive selection
and determined the cell population producing these cyto-
kines. CD4* T cells, CD8™ T cells, monocytes (CD14 "), and
NK cells (CD56*CD16*) were isolated from PBMCs, cultured
separately or cocultured, and stimulated with PHA. We then
measured levels of MIP-1a, MIP-1, RANTES, IFN-y, sIL-2R,
and IL-17. Little or no production of these cytokines was de-
tected in any of the single cell fractions (Fig. 2A). Production
of cytokines MIP-1«, MIP-18, RANTES, IFN-y, and sIL-2R was
observed in cocultures of CD4" and CD14™ cells and in co-
cultures of CD8" and CD14" cells (Fig. 2A, and data not
shown). IL-17 production was detected only in cocultures of
CD4* and CD147 cells (Fig. 2A). As T cell stimulation by
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