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ABSTRACT

To understand the interplay between host cytotoxic T-lymphocyte (CTL) responses and the mechanisms by which HIV-1 evades
them, we studied viral evolutionary patterns associated with host CTL responses in six linked transmission pairs. HIV-1 se-
quences corresponding to full-length p17 and p24 gag were generated by 454 pyrosequencing for all pairs near the time of trans-
mission, and seroconverting partners were followed for a median of 847 days postinfection. T-cell responses were screened by
gamma interferon/interleukin-2 (IFN-vy/IL-2) FluoroSpot using autologous peptide sets reflecting any Gag variant present in at
least 5% of sequence reads in the individual’s viral population. While we found little evidence for the occurrence of CTL rever-
sions, CTL escape processes were found to be highly dynamic, with multiple epitope variants emerging simultaneously. We
found a correlation between epitope entropy and the number of epitope variants per response (r = 0.43; P = 0.05). In cases in
which multiple escape mutations developed within a targeted epitope, a variant with no fitness cost became fixed in the viral
population. When multiple mutations within an epitope achieved fitness-balanced escape, these escape mutants were each main-
tained in the viral population. Additional mutations found to confer escape but undetected in viral populations incurred high
fitness costs, suggesting that functional constraints limit the available sites tolerable to escape mutations. These results further
our understanding of the impact of CTL escape and reversion from the founder virus in HIV infection and contribute to the
identification of immunogenic Gag regions most vulnerable to a targeted T-cell attack.

IMPORTANCE

Rapid diversification of the viral population is a hallmark of HIV-1 infection, and understanding the selective forces driving the
emergence of viral variants can provide critical insight into the interplay between host immune responses and viral evolution.
We used deep sequencing to comprehensively follow viral evolution over time in six linked HIV transmission pairs. We then
mapped T-cell responses to explore if mutations arose due to adaption to the host and found that escape processes were often
highly dynamic, with multiple mutations arising within targeted epitopes. When we explored the impact of these mutations on
replicative capacity, we found that dynamic escape processes only resolve with the selection of mutations that conferred escape
with no fitness cost to the virus. These results provide further understanding of the complicated viral-host interactions that oc-

cur during early HIV-1 infection and may help inform the design of future vaccine immunogens.

Exploring the dynamic interplay between human immune re-
sponses and the mechanisms by which HIV-1 evades these
responses can help inform which types and specificity of immu-
nity a vaccine should elicit. At peak viral load, the viral population
is usually homogenous (1-3). In approximately 75% of HIV
transmissions, a single variant (the “founder” virus) establishes
fulminant infection with expansion throughout the body (3-8).
The appearance of the first HIV-specific cytotoxic T-lymphocyte
(CTL) responses is temporally associated with the initial decline in
peak viremia (9), likely due to the ability of these early CTLs to
eliminate HIV-infected cells and thus curtail viral replication. As a
result, founder-specific CTL responses impose selective pressure
on the viral population, and consequently, mutations both within
and flanking targeted epitopes are selected from within the virus
population that confer escape from the immune response (5, 10—
13). Furthermore, if the founder virus carries mutations previ-
ously selected to confer CTL escape in the transmitting partner,
these mutations sometimes revert to the more sensitive form upon
transmission to a new host not sharing that HLA allele (14). On
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the basis of these findings, CTL pressure in the form of selective
escape and, to a lesser extent, reversion has been suggested to be a
major driving force of early HIV evolution.
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Preferential CTL targeting of the Gag protein has been associ-
ated with lower viral loads during chronic infection and thus is
largely considered to be the most critical target for CTL-based
vaccines (15-18). Escape and potential reversion mutations
within Gag epitopes during both acute and chronic HIV infections
have been widely reported. One factor that is believed to influence
the likelihood of escape and reversion is the impact of the muta-
tion on the replicative fitness of the virus (13, 19-22). Given the
differential structural and functional constraints across the Gag
protein, some amino acid sites exhibit high replicative fitness costs
upon mutation, whereas others can readily tolerate multiple dif-
ferent amino acid substitutions (23-26). Understanding CTL es-
cape and reversion pathways during acute infection can help iden-
tify vulnerable viral regions that elicit the greatest fitness
consequences if changed. The most well-defined CTL escape and
reversion pathways are from responses targeted by HLA alleles
associated with control of HIV replication (notably B*27 and
B*57). These responses consistently promote dominant escape
and reversion pathways in which only a select few mutations are
required (27-29). However, in many responses detected during
primary HIV-1 infection, clear evidence of reversions is difficult to
determine and escape pathways are less consistent (5, 11, 30).
Interestingly, frequent sampling of viral populations during acute
infection revealed that escape processes can be highly dynamic,
with multiple simultaneous or rapidly sequential and mutually
exclusive escape mutations arising within a targeted epitope (5). It
is unclear which selective forces promote these dynamic escape
processes and why some variants are selected over others. Under-
standing fitness-balanced escape processes in complex escape
pathways is likely to help in the design of HIV vaccines that are
widely immunogenic and encompass the most vulnerable viral
regions (31).

To gain critical insight into the early CTL response, escape, and
reversion processes and linked fitness consequences, we studied
founder-specific Gag immune responses and ensuing viral evolu-
tion in six phylogenetically and epidemiologically linked HIV
transmission pairs. We performed massively parallel viral se-
quencing at frequent intervals, permitting a detailed view of Gag
evolution during the first few years of untreated HIV-1 infection.
Furthermore, we generated autologous peptide sets for each indi-
vidual, which permitted the detection of Gag-specific T-cell re-
sponses in both the transmitting partner near the time of trans-
mission and the seroconverter’s responses to both the founder
sequence and unique viral variants that arose over time. We found
little evidence for CTL reversion occurring during primary infec-
tion. In contrast, the vast majority of CTL escape processes de-
tected were highly dynamic, with often multiple epitope variants
presentin the viral population. Overall, these dynamic escape pro-
cesses were found to resolve with the selection of fitness-balanced
escape mutations. Our results provide further definition and un-
derstanding of the complicated viral-host interactions that occur
during early HIV-1 infection and highlight the value of frequent
sampling of the viral population to better capture these highly
dynamic host-pathogen interactions.

MATERIALS AND METHODS

Study subjects. All subjects were recruited through the University of
Washington Primary Infection Clinic (PIC) (32-34). The relevant insti-
tutional review boards approved all human subject protocols, and all sub-
jects provided written informed consent before enrollment. Seroconvert-
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ing partners (SP) were recruited during primary HIV infection (Fiebig
stages I to V) and followed at frequent intervals. Transmitting partners
(TPs) were recruited for a single visit around the time of transmission.
Duration of infection was recorded as days post onset of symptoms (dps),
which refers to the onset of symptoms of primary infection, a median of 12
days after acquisition (32). All SPs were antiretroviral therapy naive dur-
ing the study period, and no TPs were on therapy at the time point ana-
lyzed. HLA typing was performed using sequence-based typing as previ-
ously described (35).

Peptides and gamma interferon/interleukin-2 (IFN-y/IL-2) Fluoro-
Spot. For each subject, a set of autologous 15-mer peptides overlapping by
11 amino acids (aa) was synthesized (Sigma-Aldrich, St. Louis, MO). Pep-
tide sets were designed to reflect all Gag p17 and p24 variants present in
>59% of corrected sequence reads from each individual’s viral population.
Peptides from all subjects were pooled based on 15-mer windows, result-
ing in a total of 85 peptide pools used to screen all pairs.

The IFEN-v/IL-2 FluoroSpot assay was used for detection of Gag-spe-
cific T-cell responses in all SPs and TPs as previously described (36).
Briefly, cryopreserved peripheral blood mononuclear cells (PBMC) were
thawed and incubated in R10 medium overnight before stimulation. Be-
tween 70,000 and 100,000 PBMC/well were plated in 96-well IPFL plates
and stimulated overnight with peptide pools or individual 11-mers added
at a final concentration of 2 pg/ml. Each plate contained two wells stim-
ulated with 1.8 pg/ml of phytohemagglutinin (PHA) as a positive control
and six negative-control wells of cells incubated with medium alone. Spots
were counted using the AID iSpot FluoroSpot reader system.

All TPs and SPs with sufficient PBMC samples (n = 10) were first
screened for responses to the 85 Gag peptide pools. SPs were screened at
one or two time points during the first year of infection, and TPs were
screened at one time point following transmission. PBMC time points
were selected based on sample availability and closest correspondence to
time points from which viral sequences were obtained. For each positive
pool, the autologous peptides from each partner pair (i.e., from both the
TP and SP) were tested in duplicate in a confirmatory IFN-y/IL-2
FluoroSpot. Positivity for both pool and single variant responses was de-
fined as (i) >55 spot-forming cells (SFC)/million PBMC, (ii) >4 times the
average of at least six negative-control wells, (iii) >3 standard deviations
above average negative-control wells, and (iv) at least 5 spots per well.

Functional avidity. Optimal epitopes (the shortest and most immu-
nogenic sequence) were determined for all positive responses detected in
SPs to the 15-mer peptides. Optimal epitopes were first predicted based on
well-known epitopes in the Los Alamos National Laboratory HIV se-
quence database (HIVDB) as well as on HLA binding motifs (37). Single
amino acid truncations and extensions of the predicted optimal epitope
were designed as previously described (38). All potential optimal epitopes
were synthesized (Sigma-Aldrich) and tested over 8 log,, dilutions using
IFN-+v/IL-2 FluoroSpot. The peptide concentration needed to induce the
half-maximal response rate (half-maximal effective concentration
[ECs,]) was determined for each peptide. The sequence with the lowest
EC,, (i.e., highest avidity) was designated the optimal epitope. If an indi-
vidual recognized variants in a particular region as determined by the
15-mer peptide analysis, then additional peptides were generated to re-
flect the optimal epitope containing these variants. Variant peptides were
also titrated over 8 log,, dilutions using IFN-y/IL-2 FluoroSpot, and the
EC,, was calculated. The majority of responses were IFN-vy secretions,
and therefore, all EC,,s were calculated based on IFN-y.

PIC38417 immunogenicity assays. For PIC38417, a total of 93 HIV-1
whole-genome sequences were obtained from 9 time points starting at 25
dps through 247 dps (5). Autologous 15-mer peptides were designed to
cover amino acid sites undergoing positive selection and displaying mu-
tually exclusive substitution patterns (n = 14 amino acid sites, corre-
sponding to five distinct peptide regions). Additional 15-mer peptides
were generated to reflect all variants detected over 247 days of follow-up at
these sites. IFN-y ELISpot assays were performed as previously described
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(39) on cryopreserved PBMC from 53 dps and 247 dps. Optimal epitopes
were determined as described above.

Pyrosequencing. DNA sequencing was performed as described in ref-
erence 40. Briefly, HIV-1 RNA was extracted from the plasma of infected
individuals using the QIAamp viral RNA minikit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. cDNA was synthesized using
the TaKaRa BluePrint first-strand synthesis kit (Clontech 6115A) accord-
ing to the manufacturer’s protocol, using gene-specific primers, F683 (5’
CTCTCGACGCAGGACTCGGCTTG-3") and R3337-1 (5'-TTTCCYAC
TAAYTTYTGTATRTCATTGAC-3") for gag-pol, at a final concentration
of 400 nM. First- and second-round PCRs were performed using Kapa
HiFi HS (Kapa Biosystems, Boston, MA). Emulsion PCR and sequencing
were performed according to the manufacturer’s GS FLX Titanium pro-
tocols (Roche). PCR products were added to the emulsion PCR at a ratio
of 1 or 2 molecules per bead. The picotiter sequencing plate was prepared
with a single gasket, creating two regions. Four million enriched beads
were distributed equally across the two regions.

To process output from 454 sequencing, raw sequences were screened
to remove any reads that were less than 100 bp or contained the ambigu-
ous base N. Sequences generated for each sample were then aligned to
a participant-specific consensus using BLAST with the following pa-
rameters: match, 1; mismatch, —1; gap existence, 1; and gap extension,
2. Reads were corrected using the Indel-Carryforward Correction
(ICC) method (41).

In cases where material and/or viral load was limiting, 15 to 20 single-
template-derived Sanger sequences were generated as previously de-
scribed (5).

Generation of mutant NL4-3 viral stocks. Mutations identified dur-
ing epitope evolution in PIC64236 RK9 (T,g, E,g, Ry, and Q,4), PIC68008
TW10 (E,,5 and N,,,), and PIC38417 NL9 (D,q, Te41> and Ag,,) and FF9
(R;, and E,,) were introduced into the HIV-1, , ; genome. Site-directed
mutagenesis was performed using restriction-free cloning off synthesized
gblocks (synthetic gene products up to 500 bp) containing the mutation of
interest (Integrated DNA Technologies, Coralville, IA). The gblock con-
taining the mutated site of interest was amplified in a first round of PCR
using primers listed in Table S1 in the supplemental material (42). The
first round of PCR used Phusion Hot Start Flex polymerase (New England
BioLabs, Ipswich, MA) and the following conditions: 98°C for 30 s; 25
cycles of 98°C for 8 s, 55°C for 20 s, and 72°C for 15 s; and a final extension
at 72°C for 5 min. Amplified gblock PCR fragments were purified using a
PCR cleanup kit (Clontech). One hundred nanograms of purified ampli-
fied double-stranded gblock DNA was used as a primer in the second-
round PCR using the following conditions: 98°C for 30 s; 25 cycles of 98°C
for 8 s, 60°C for 20 s, and 72°C for 1 min 15 s; and a final extension step at
72°C for 5 min (42).

Second-round PCR products were digested with Dpnl and trans-
formed into One Shot TOP10 E. coli (Invitrogen). Single colonies were
picked and grown overnight, followed by plasmid DNA extraction using
QIAprep Spin Miniprep kit (Qiagen); desired mutations were confirmed
by Sanger sequencing.

Plasmid preps were prepared using the QIAPrep HiSpeed Plasmid
Midi kit (Qiagen) with an additional endotoxin removal step for use in
mammalian cell transfection experiments (43). HEK 293T cells were
transfected with 2 pg of plasmid DNA using the XtremeGENE 9 DNA
transfection reagent (Roche, San Francisco, CA). Following 48 h at 37°C,
cell-free supernatants were collected and cleaned by double centrifuga-
tion. Viral aliquots were stored at —80°C until use. The titer for each stock
was calculated by determining endpoints in a serial dilution assay (44) on
PBMC from a single uninfected donor. Positive wells were identified by
p24 enzyme-linked immunosorbent assay (ELISA) (45).

Pairwise growth competition assay. PBMC from the same uninfected
donor as used for virus titer determination were infected with NL4-3 and
variant virus 72 h after PHA stimulation (43). Cells were cultured in
Iscove’s modified Dulbecco’s medium (IMDM) supplemented with
20U/ml of human IL-2 (hIL-2; Roche), 10% fetal bovine serum (Sigma-
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Aldrich), and 1% penicillin-streptomycin. Viruses were added at a multi-
plicity of infection (MOI) of 0.005 to 3 X 10°> PBMC/well and were
washed 24 h postinfection (43). All dual infections were done in triplicate
at a minimum. Cell-free supernatant (400 pl) was collected from each
replicate on days 0, 3, 5, 7, and 9 and stored at —80°C in 200-pl aliquots.

Viral RNA was extracted from supernatant aliquots with a QIAxtractor
robot (Qiagen) as described in the manufacturer’s protocol. cDNA was
synthesized using SuperScript III (Invitrogen) with primer RT2 or ED5
(see Table S1 in the supplemental material) with the following conditions:
50°C for 1.5 h followed by 70°C for 15 min. Depending on the competi-
tion, the PIC64236_RK9, PIC68008_TW10, PIC38417_FF9, or
PIC38417_NL9 region was PCR amplified using epitope-specific gblock
primers (see Table S1 in the supplemental material) and Phusion Hot
Start Flex polymerase under the following conditions: 98°C for 30 s; 25
cycles of 98°C for 8 s, 70°C for 20 s, and 72°C for 30 to 60 s; and a final
extension step at 72°C for 5 min. Purified PCR products containing the
gene of interest were submitted directly for Sanger sequencing. Chro-
matograms were assembled and edited using Geneious 5.6.5 (Biomatters
Ltd., Auckland, New Zealand).

The relative proportion of the two viruses in culture over time was
determined by measuring the area under the curve on chromatograms at
the mutated nucleotide of interest using the Chromatquant web tool
(http://indra.mullins.microbiol.washington.edu/cgi-bin/chromatquant
.cgi). The relative fitness (1+s) was estimated using a web-based linear
regression algorithm (http://bis.urmc.rochester.edu/vFitness
/FitnessMulti.aspx) that allows for the assessment of the rate of change in
mutant frequency over multiple data points within exponential virus
growth phase from days 3 to 7 (43).

Data analysis. Breadth of responses in SPs and PIC38417 was calcu-
lated as the number of optimal epitopes defined during the first year of
infection. In other TPs, breadth was calculated based on the number of
targeted 15-mer peptides. Responses to two consecutive overlapping 15-
mers were counted as a single epitope. Escape mutations were defined as
variant amino acids that did not elicit a positive response in the 15-mer
peptide screen.

Statistical analysis. Nonlinear regressions were performed to deter-
mine the EC,, in the functional-avidity analyses. Relative fitness differ-
ences between viruses were determined using Student’s ¢ test. P values
were not corrected for multiple comparisons. GraphPad Prism X was used
for all statistical analyses.

RESULTS

Detection of primarily IFN-y-secreting Gag-specific T-cell re-
sponses in transmitting and seroconverting partners. Six epide-
miologically and phylogenetically linked HIV-1 transmission
pairs from the Seattle Primary Infection Clinic (PIC) were in-
cluded in this study. HIV RNA derived from plasma from sero-
converting partners (SPs) were first sequenced a median of 25 days
post onset of symptoms (dps) and then followed for a median of
827 dps, whereas transmitting partner (TP) plasma RNA was se-
quenced at one time point at a median of 28.5 dps in the SP (Table
1). Viral sequences corresponding to Gag pl7 and p24 coding
regions were obtained by 454 pyrosequencing of a median of 245
viral templates or by generating 15 to 20 single-template derived
Sanger sequences when material and/or viral load was limiting
(40). Phylogenetic analysis supported a single viral variant estab-
lishing infection in 5/6 SPs, whereas PIC51861 had at least two
founding variants.

For each partner pair, we generated autologous 15-mer pep-
tides overlapping by 11 amino acids (aa), corresponding to full-
length Gag p17 and p24 sequences. These peptides reflected the
founder sequence and any amino acid variant found in =5% of
sequence reads obtained from either the TP or SP at any time
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TABLE 1 PIC partner pair characteristics”

TABLE 1 (Continued)

PIC ID (paired by Sequenced time Viral HLA class PIC ID (paired by Sequenced time Viral HLA class
partner) point (dps)® load I partner) point (dps)® load I
PIC37628 (TP) 49 11,934 A*02/A*24
B*35/B*35 PIC15332 (TP) 35 5,483 A*03/A*29
C*04/C*04 B*07/B*15
C*03/C*07
PIC64236 (SP) 29 26,713 A*30/A*30
49 4,283 B*42/B*53 PIC51861 (SP) 26 11,535 A*24/A*24
91 7,123 C*06/C*17 47 4,233 B*35/B*40
146 4,202 84 388 C*04/C*07
257 12,293 112 4,375
428 12,631 194 990
896 8,796 250 NA
1,265 11,330 532 <50
903 190
PIC67505 (TP) -26 14,009 A*01/A*24 @ Days after onset of symptoms. Data for transmitting partners (TPs) and
B*08/B*18 seroconverting partners (SPs) are grouped vertically, as indicated by the presence and
C*07/C*12 absence of shading. ID, identifier; NA, not available.
b Days postonset of symptoms.
PIC68008 (SP) 24 11,736 A*01/A*33  °ND, not determined due to lack of available sample.
32 7,503 B*14/B*57
60 2,922 C*06/C*08
207 515
366 905 point. Each subject was screened for responses by IFN-y/IL-2
872 7,065 FluoroSpot using both partners’ autologous peptide sets. TPs were
1250 1,219 screened for responses at the same visit date as used for sequenc-
ing. SPs were screened for responses at 1 to 3 visit dates during the
PIC11473 (TP) 3 102,720 AIOZ/A?Z first year of HIV-1 infection depending on sample availability.
lé*?)z//léflgz One TP (.PIC395'22) and one SP (PIC90770) coulld not be scree?ned
due to insufficient PBMC. We also determined the optimal
PIC90770 (SP) 3 469,830 A*01/A*11  epitopes for responses detected in SPs. All SPs were antiretroviral
11 NA B*07/B*40  therapy naive, and no TPs were on treatment on or near the visit
16 42,810 cx02/c*05 used for immunological assays.
43 41,710 In the tested TPs, we detected a median of two Gag-specific
71 12,220 T-cell responses with a median magnitude of 1,552 SFC/million
99 14,170 (Fig. 1) at the single time point tested. Within the SPs, we com-
129 18,210 pared breadth and magnitude of Gag-specific T-cell responses de-
;z; ;?’ggg tected.before.and after .100 dps. We found an increase in breadth
76 p 6:0 o over time, with a m.edlan of 1.25 Gag responses before 100 dps
751 12,137 increasing to a median .Of 4.5 responses following 100 dps (Fig.
1A). Similarly, the median magnitude increased from 456 SFC/
million prior to 100 dps to a median of 1,199 SFC/million after 100
PIC39522 (TP) 56 5,483 ND* dps (Fig. 1B). Cytokine responses were primarily IFN-y™, with an
IL-2 response detected in only one TP (PIC11473 [data not
PIC99203 (SP) 2 WA A02/A%68 ) 5wn]). In a previous study of progressive HIV infection, 95% of
48 1,938 s IFN-v ELISpot responses were found to be CTL mediated (46).
63 768 C*03/C*15 . .
e A However, given the use of bulk PBMC in our assays, we cannot
174 22308 rule out the possibility that we were also detecting CD4™ T-cell
212 603 responses.
370 3,636 Little evidence for reversion in the evolution of TP-targeted
epitopes in SPs. We defined a reversion pattern as the transmis-
PIC68415 (TP) 22 22,243 A*02/A*29  sion of a sequence containing an amino acid of lower frequency in
B*51/B*51  the Los Alamos National Laboratory HIV sequence database
C*0/C*14  (HIVDB) that confers escape from a TP T-cell response, followed
PIC44149 (SP) » 3,755 A*OL/A*24 by a reversion. to a hig}.ler-frequency sensitive amino acid (i.e’.,
63 4100 B*07/B*0g  Pre-escape amino acid) in the SP (5). Although we found no evi-
128 394 cro7/cr07  dence for this pattern in the six TP epitopes that evolved over time
161 <50 in SP, we did observe two unique cases of viral evolution in
259 1,408 epitopes targeted by TPs (Fig. 2).
350 1,563 Phylogenetic analyses identified at least two founder variants
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in SP PIC51861 (data not shown). Two variants within ;ASVLSG
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GELDRWEKI,,, E,,, and A, (positions refer to Gag residues
within the HXB2 reference strain) were identified in the SP by 35
dps, whereas only the E,, variant was detected in the TP’s
(PIC15332) plasma. Although the A, variant was dominant early
in the SP’s infection, the E,, variant rose in frequency and was the
dominant variant by 532 dps (Fig. 2A). The TP had T-cell re-
sponses to 15-mer peptides containing E,, but not the A, variant,
indicating that the A, mutation could confer escape from T-cell
recognition (Fig. 2A). Thus, rather than being absent in the TP
and arising de novo in the SP, the A, variant could have been
emerging in the TP and present at levels below detection at the
time of transmission. The fact that the E,, variant eventually be-
came dominant in the SP suggests that the escape mutation (A ,)
carried fitness costs that prevented fixation over the sensitive
amino acid form (E,,).

In TP PIC37628, the dominant variant in ;s VEEKAFSPEVIP
MFSALAE,,, around the time of transmission contained V, s/
A,6. A minor variant, V,54/S,,¢, was also detected at a frequency
0f 5.3%, and this emerged as the founder sequence in SP PIC64236
(Fig. 2B). Over time, an I,5, mutation, reflecting a dramatic de-
crease in HIVDB frequency (V, 98%, I, 1%), arose in the SP and
mostly replaced the founder sequence by 428 dps (Fig. 2B). Both
the V 5o and 1,5, variants and the A, and S,,¢ variants were
recognized by the TP (Fig. 2B), suggesting that these did not rep-
resent classical TCR or binding escape variants in the TP. Inter-
estingly, A, is predicted to have a higher human proteasome
cleavage score (0.7676) using a proteasomal cleavage prediction
algorithm (http://www.cbs.dtu.dk/services/NetChop/) compared
to Sy56 (0.3168), suggesting that A,,; may have dominated in the
TP viral population as a result of disrupted processing of the tar-
geted epitope (47, 48).

We found two additional examples of viral evolution within
the SP viral population in regions previously targeted by the TP;
however, these did not suggest occurrence of CTL reversions (Fig.
2C and D).

Highly dynamic T-cell epitopic escape processes are com-
mon during HIV-1 infection. We identified a total of 20 Gag-
specific responses in SP during the first year of infection. Over the
course of follow-up, subsequent viral evolution occurred in 13
epitopes, while seven epitopes remained unchanged (Fig. 3 and
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4A). Dynamic epitope evolution was common, with multiple
epitope variants detected in 9/13 evolving responses and a median
of 2 variants per response (Fig. 4A). Interestingly, we found a
moderate correlation between the number of epitope variants
detected and epitope entropy (Spearman p = 0.43; P = 0.05)
(Fig. 4B).

At the end of follow-up, we found that in nine epitopes, a single
epitope variant became fixed in the viral population (i.e., the re-
placement variant). The time to fixation was long, with a median
of 575 days between the time point in which the response was
first detected and that at which the replacement variant
achieved >80% frequency in the viral population (Fig. 4C). Over
this long course of virus-host interactions, we found limited sim-
ilarities in the mutational patterns of T-cell escape leading to the
selection of a replacement variant, highlighting the remarkable
plasticity of T-cell escape processes. The following distinct pat-
terns of CTL escape in cases were observed.

(i). Classical escape. In PIC68008, the p17 founder sequence
6sQPSLQTGSEELKSLY,, began to decline following 366 dps and
F,, became the major variant (Fig. 3C). Only the 15-mer reflecting
the founder sequence was recognized at both 207 dps and 1453
dps, indicating that the F,, mutation conferred escape (Fig. 3C).
The optimal epitope was determined to be ,, GSEELKSLY, (GY9)
and was predicted to be restricted by A*01. Interestingly, his trans-
mitting partner (PIC67505) also had responses to overlapping 15-
mer peptides containing the Y, variant (;;QPSLQTGSEELKSLY
NTVAg;) but not to peptides containing the F., variant (Fig. 2C).
Both variants were detected in his virus population, suggesting
that F.5 was an escape mutation at the time of transmission. TP
PIC67505 also expresses HLA A*01, and although we did not de-
termine the optimal epitope in him due to lack of sample avail-
ability, the same GY9 epitope may have also been targeted. Taken
together, these observations show that it is possible that because
the sensitive form of the epitope was in the founder, PIC68008 was
able to target and promote the same escape pathway as the one
predicted in the linked TP.

(ii) Cross-reactive responses. In the PIC51861-targeted p17
peptide ,EKIRLRPGGKKKYKL,;, an R,g variant arose by 112
dps and was predominant by 532 dps (Fig. 3A). Peptides spanning
the founder and R,g variant were recognized with comparable
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FIG 4 Multiple variants often found within targeted epitopes. (A) Number of epitope variants detected in each of the 20 responses detected in the SPs. The
absence of detection of epitope variants indicates a persistent epitope. (B) Epitope entropy is correlated to the number of epitope variants detected per response.
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between the time the response was first detected and the time in which the replacement variant achieved >80% frequency in the viral population.

magnitude responses at both 54 and 1,322 dps (Fig. 3A). However,
the optimal epitope in this case was ; JKIRLRPGGKKKY,, (KY12),
which was recognized with ~8-fold higher avidity than the emerg-
ing variant sequence (see Fig. S1A in the supplemental material),
suggesting that the R, variant likely conferred escape through loss
of avidity.

(iii) Sequential responses. In PIC68008, the p24 founder se-
quence ,,;VHQAISPRTLNAWVK 5, declined following 60 dps
and was undetectable by 366 dps, replaced by the P, ,, variant (Fig.
3C). Neither variant was recognized at 47 dps (Fig. 3C), both
variants were recognized by 207 dps, and by 1,453 dps, only a
high-magnitude response to the P, variant was detected (Fig.
3A). At 207 dps, the optimal epitope was ;,, ISPRTLNAW ;5 (IW9
[see Fig. SIB in the supplemental material]), a B*57 targeted
epitope. The P, mutation is a well-characterized escape muta-
tion that disrupts processing of the IW9 epitope (49), suggesting
that it was selected to confer escape from ITW9-specific T cells.
However, the emerging strong and specific response to the over-
lapping P, ,4-containing epitope, ;,HQPISPRTL,5, (HL9), sug-
gests that the P, ,, mutation was selected because it conferred es-
cape to IW9 but subsequently became targeted as a result of the
creation of a new epitope, HL9 (see Fig. SIC in the supplemental
material). Despite CTL targeting for over 3 years, however, no
escape mutations were observed in the HL9 epitope. We found
similar patterns of de novo mutations broadening Gag-specific

responses over time in PIC68008 (DE10/DR11 [Fig. 3C]) and
PIC64236 (LY12/LI10 [Fig. 3B]).

(iv) Simultaneous escape and reversion. One of nine epitopes
showed evidence for simultaneous escape and reversion processes.
In SP PIC44149, the p24 founder sequence ,,SLENTIAVLFCVH
QRy,; at 22 dps (Vy,/Fge [Fig. 3D]) was not detected in his TP
PIC68415, who instead had Ig,/Fg, as the major variant (Fig. 2E).

Closely following transmission, TP PIC68415 responded to a
15-mer peptide in Gag;,_o;, which contains the immunodominant
A*02 SL9 epitope (,,SLENTIAVL,, [Fig. 2E]). Although we did
not fine map the response due to limited sample availability, it is
highly likely that this epitope is being targeted since PIC68415
expresses HLA-A*02. While I, is present in approximately 24% of
sequences from the HIVDB, Fg; is found in only <3%. Five of six
variants tested, all except Sg¢, were recognized by TP PIC68415
(Fig. 2E), indicating that the majority of variation occurring at site
86 does not disrupt recognition, potentially because it is outside
the SL9 epitope. It is possible that Fgq disrupts processing of the
SL9 epitope and thus was maintained in the TP viral population as
an escape mutation.

Multiple mutations arose in SP PIC44149 at position 86 (L,
Sse» Cger and Yge) with the eventual fixation of Y, (Fig. 2E and
3D). Notably, Yy is found in 97% of HIVDB sequences, whereas
all other observed mutations are rare. At the single time point
tested (169 dps), responses to 15-mers corresponding to the

FIG 3 Epitopes targeted in SP and their sequence variants. (A) PIC51861; (B) PIC64236; (C) PIC68008; (D) PIC44149; (E) PIC99203. Optimal epitopes were
experimentally defined except where noted and are represented by shaded areas within 15-mer sequences. Red labels indicate epitope variants that reached >80%
frequency in the viral population (i.e., the replacement variant), and yellow highlighting represents de novo epitopes containing escape mutations to founder-
specific responses. Time points used for immunological assays are noted for each SP.
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FIG 5 Early escape mutations confer fitness costs compared to replacement variants. (A) Frequency of variants at amino acid positions 23, 28, and 30 within
Gag,,_3; in PIC64236. (B) Magnitude of IFN-y T-cell response by PIC64236 to 15-mers reflecting variation in Gag,,_s; at 41 dps (open bars) and 321 dps (filled
bars). (C) RK9 epitope (K,4/K,,/K,5 ECs, of 468 ng/ml, black; R,5 EC5, of 631 ng/ml, blue; Q,4 not recognized, dark gray; Q,, not recognized, light gray) in
PIC64236 at 41dps. (D) Highly basic region located in the N-terminal domain of p17. Blue indicates basic residues. The diagram was adapted from reference 53.
(E) Fitness costs of observed RK9 epitope variants relative to K28 within an otherwise homologous HIV-1,_; background.

founder and the Ly, Cgq, and Yy, variants were detected. As in the
TP, no response was detected to the Sgq variant (Fig. 3D). Inter-
estingly, the optimal epitope contained the Lgq variant, 3; TVAVL
LCVg4 (TV8), which arose before 63 dps, suggesting that it was the
Lge variant that primed the TV8-specific response. The Fgq, Cge
and Y4 variants were all recognized with lower avidity (see Fig.
S1D in the supplemental material). Collectively, these results sug-
gest that following a rapid selection for mutations to replace the
Fg variant transmitted by the TP, one of these variants (Lg) be-
came the target of the SP host immune response. These dual se-
lective pressures may have promoted a complicated mutational
process that eventually resulted in the fixation of the Yy variant,
which was the most frequently occurring amino acid at this site in
the HIV database (putative reversion) and was also less well rec-
ognized by the TV8-specific response (escape).

Fixation of replacement variants reflects fitness-balanced es-
cape processes. Selection of CTL escape mutations is believed to
be the result of a balance between the replicative fitness costs of a
particular mutation and its ability to confer immune escape (13,
22). We hypothesized that while some transient mutations could
permit escape, the fitness costs of these mutations allowed for
further selection of more fit escape mutants. Hence, fitness com-
petition assays were performed between parental HIV-1 NL4-3
virus and NL4-3 variants with mutated sites corresponding to the
variants observed in PIC64236 RK9 (Fig. 3B) and PIC68008 TW10
(Fig. 3C). These epitopes displayed substitution patterns that in-
cluded an intermediate, transient variant(s) before fixation of a
replacement variant. Pairwise fitness competitions were per-
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formed with PBMC cultures from a single healthy donor, and
relative fitness was calculated by measuring the proportion of pa-
rental NL4-3 versus mutant virus at different time points follow-
ing infection, as previously described (43).

In PIC64236, the p17 founder sequence ;,EKIRLRPGGKKKY
KL;, began to decline after 91 dps until it was undetectable by 428
dps. Multiple independent variants (T,g, E,g, Q,3, Ryg, Qug, and
R;,) arose in the viral population by 146 dps, and Q,5 became
fixed by the end of the study period at 1,265 dps (Fig. 5A). At 41
dps, 15-mers representing the founder sequence and the Ry, vari-
ant (mutation C-terminal to epitope) were recognized with com-
parable magnitudes. By 321 dps, these two variants plus R, were
recognized. Peptides corresponding to the four other observed
variants did not elicit a response at either visit date, indicating that
those substitutions conferred escape (Fig. 5B). The optimal
epitope, ;;RLRPGGKKK, (RK9 [Fig. 5C]), was found in the 15-
mers representing the founder sequence and the Ry, variant, ac-
counting for their similar levels of IFN-vy induction. The R,s mu-
tation was previously reported to cause a decrease in avidity when
RK9 was restricted by HLA A*03 (50). In PIC64236, who does not
possess HLA A*03, this epitope was predicted to be restricted by
HLA A*30, as also reported in a study describing the promiscuity
of CTL epitopes (51), possibly explaining why the R, variant was
recognized with comparable avidity.

The RK9 epitope is located within the highly basic region
(HBR) of Gag p17 (Fig. 5D), which plays an important role fol-
lowing Gag targeting to the plasma membrane, where basic amino
acid residues (R and K) in the HBR interact with negatively
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FIG 6 Sequential selection of epitope variants due to fitness costs of multiple mutations within the TW10 epitope. (A) Frequency of variants at amino acid
positions 242, 247, and 248 within Gag,,_,55 over 1,250 dps of follow-up in PIC68008. (B) Magnitude of IFN-y T-cell response by PIC68008 to 15-mers reflecting
variation in Gag,,_5; at 47 dps (open bars), 207 dps (filled bars), and 1,453 dps (patterned bars, no responses detected). (C) TW10 epitope (founder EC,, of 575
ng/ml, black; E, 4 ECs, of 100 ng/ml, green; N,,, EC, of 19,953 ng/ml, red; N,,,/L,4, ECs, of 25,118,864 ng/ml, purple; N,,,/E, 4 not recognized, gray) in
PIC68008 at 47dps. (D) Host protein cyclophilin A interacts with p24 residues as described in references 27 and 54. (E) Fitness costs of single or double amino
acid substitutions relative to T242/G248 within an otherwise homologous HIV-1y , 5 background.

charged phospholipids (52). We engineered mutations in NL4-3
to reflect escape mutations occurring at aa 28 (K,4 in the founder
sequence) within the RK9 epitope, including a positively charged
amino acid (R,g), a negatively charged amino acid (E,g), and polar
uncharged amino acids (T,5 and Q,g). Neither the transient R
variant, which did not confer escape, nor the eventual dominant
escape Q,g variant conferred a fitness cost, whereas the E,g and T,
transient escape mutations had lower fitness than did the Qg4
eventual replacement (P = 0.02 for each [Fig. 5E]). Hence, the
eventual dominant mutant was unique in that it conferred both
escape and no loss of fitness.

Next we addressed why the majority of mutations occurred at
site 28, hypothesizing that this site was more tolerant to change
than other positively charged amino acid sites within the epitope.
Mutations were engineered into NL4-3 that mimicked the re-
placement variant (K to Q) at aa 26 and 27. Both of these muta-
tions conferred escape within the RK9 epitope (Fig. 5C); hence,
these mutations could have been selected as alternative escape
pathways. However, the Q,, mutation proved to be lethal, whereas
the Q,¢ mutation had no significant fitness cost (Fig. 5E).

Between 32 dps and 207 dps in PIC68008, the p24 founder
sequence, ,30TTSTLQEQVGWMTSN, 5, was first replaced by an
E,,s variant and then rapidly replaced by an N,,, variant that
became fixed by 366 dps. We also detected an N,,,/1,,, variant at
low levels in the viral population at both 366 dps and 1250 dps
(7.1% and 6.6% of sequence reads, respectively) (Fig. 6A). At 47
dps, PIC68008 recognized all 15-mer variants tested, but by 207
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dps only responses targeted against the founder sequence and the
E,,s variant were detectable, and no responses were detected at
1453 dps (Fig. 6B). The optimal epitope, ,,oTSTLQEQVGW,,,
(TW10), is an immunodominant epitope targeted by B*57 indi-
viduals during acute infection (27). While the founder sequence
and E, , were recognized with similar avidities at 47 dps, the N,,,
and N, ,,/1,,, variants had reduced avidity (Fig. 6C). Interestingly,
the E, s mutation has been reported to increase susceptibility to
the NK cell response by abrogating KIR3DL1 binding (53). We did
not KIR type our study subjects, and therefore, it is unknown if
NK-mediated selection pressures may have influenced the re-
moval of the E,,; mutation from the viral population.

The TW10 epitope lies within a region of Gag p24 that interacts
with host protein cyclophilin A (Fig. 6D), which is crucial for a
number of viral processes (27, 54). In PIC68008, a mutually ex-
clusive substitution pattern occurred within TW10 in which a
transient E, ;¢ variant first emerged and was subsequently replaced
by N,,, (Fig. 6A). Neither mutation resulted in significant fitness
costs in the HIV; 4, ; background (Fig. 6E), consistent with other
recent studies with PBMC (43, 55). As this epitope displayed a
mutually exclusive substitution pattern, we hypothesized that
multiple simultaneous mutations could incur a fitness cost, pos-
sibility due to greater disruption of the cyclophilin A interaction.
To explore this, an N,,,/E, 4 double mutant was tested. In con-
trast to the single mutants, peptides, including both mutations did
not elicit immune responses, suggesting that the double mutation
permitted more efficient escape (Fig. 6C). However, the double
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FIG 7 Single escape mutations do not confer fitness costs in FF9 epitope. (A) Frequency of variants at sites 11 and 12 within Gag-Pol,_,, over 247 dps of
follow-up. (B) Magnitude of IFN-vy response to 15-mers reflecting variation in Gag-Pol,_,, at 53 dps (open bars) and 247 dps (filled bars). (C) FF9 epitope
(founder EC5, of 513 ng/ml, black, left axis; R;,/E,, EC5, 0f 33,113 ng/ml, gray, right axis) in PIC38417 at 53 dps. (D) Nucleotide changes corresponding to G11R
or K12E amino acid substitutions within the frameshift stimulator stem-loop (57). (E) Fitness costs of single or double amino acid substitutions relative to

G11/E12 within an otherwise homologous HIV-1y , 5 background.

mutation conferred significant fitness costs compared to E, ;s (P =
0.001) or N,,, (P = 0.003) alone (Fig. 6E). Our results agree with
previous studies that reported significant fitness costs of simulta-
neous mutations occurring at sites 242 and 248 and others within
the TW10 epitope, which highlights the functional constraints of
this epitope (28, 56).

Maintenance of multiple escape mutants in the absence of
fitness costs. In a previous study (5), we reported a number of
mutually exclusive substitution patterns occurring throughout
the viral genome of PIC38417. Given the results found in
PIC64236 and PIC68008, we assessed whether the observed mu-
tually exclusive substitution patterns in PIC38417 were the result
of fitness-balanced escape processes in viral proteins other than
Gag p17 and p24. To this end, we tested for responses by IFN-y
enzyme-linked immunosorbent spot (ELISpot) assay using an au-
tologous peptide set corresponding to sites within the viral pro-
teome displaying mutually exclusive substitution patterns. We
found evidence for two cases of CTL response and subsequent
viral escape in Gag-Pol and Env gp41.

In Gag-Pol, the founder sequence ,AFPQGKARKFSSEQTR,,
began to decline following 50 dps, as two mutually exclusive mu-
tations (R,; and E,,) arose in the Pol sequence, without impact on
the Gag amino acid sequence (Fig. 7A). All three variants were
present in the viral population at the end of the study period. Only
the founder sequence elicited a T-cell response at 53 dps, indicat-
ing that R;, and E,, conferred escape (Fig. 7B). The optimal
epitope FPQGKARKEF,, was predicted to be restricted by B*35
(Fig. 7C). Interestingly, G;, and K, are encoded within the Gag-
Pol frameshift stimulator loop (Fig. 7D), which promotes a —1
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translational frameshift that results in translation of the Gag-Pol
protein (57). The R;; and E,, substitutions each involve a single
nucleotide change, which is likely to affect the RNA base pairing of
the stimulator loop.

Despite changes imposed on the stimulator loop, neither the
R, or E;, mutations impaired fitness (Fig. 7E). However, an R;,/
E,, double mutant had a 2-fold reduction in avidity compared to
the founder peptide, although it elicited a higher-magnitude re-
sponse (Fig. 7C). The double mutant also had significantly re-
duced fitness compared to the R, (P = 0.0009) or E,, (P = 0.002)
mutant alone (Fig. 7E), in agreement with a previous report that
multiple simultaneous mutations within the stimulator loop neg-
atively affect viral viability (57).

In Env gp41, the founder env sequence 3 ISNYTNITYTLIENS,o
declined after 40 dps and was undetectable by 116 dps, while mul-
tiple mutations arose in a mutually exclusive substitution pattern
at sites 640, 641, and 644 (Fig. 8A). The IFN-v response to the
founder sequence was robust at 53 dps but declined by 247. One
cross-reactive variant (Hg,,) was also recognized at 53 dps but not
at 247 dps. All other variants tested (D4, Sgao> Teas> Leas> and
Agy,) failed to elicit a response at either visit date, indicating that
they conferred escape (Fig. 8B). The optimal epitope, 3, NYTNII
YTL,,s, was predicted to be restricted by A*24 (Fig. 8C). This
epitope is located within the gp41 C-terminal heptad repeat
(CHR) (Fig. 8D), which binds to the N-terminal heptad repeat
(NHR) to facilitate viral fusion with the host cell membrane (58).
Interestingly, the residues mutated during the escape process are
not involved in the interaction between the CHR and NHR (58).
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In contrast, the HLA anchor residues in the epitope (638 and 645)  reverting sites, but only those associated with contemporaneously
are directly involved in binding with the NHR (58). targeted TP epitopes, as responses often wane following fixation of

Whereas sites involved with binding to NHR are highly con-  escape mutations (22). With peptides reflecting only a snapshot of
served among HIV-1 clade B sequences, other sites within this  the TP infection, this may explain why we found a lower breadth
region are highly variable. Consequently, there were amino acid  of responses in the TP than at later time points in the SP, in which
differences in sites 640, 641, and 644 between the PIC38417  the responses detected corresponded to the current viral popula-
founder sequence and NL4-3. Several of the observed escape mu-  tion. We found a low frequency of potentially reverting sites, and
tations were engineered into NL4-3 at the three evolving sites  the ongoing evolution observed at these sites over the first 1 to 3+
(Dgao» Toa1> and Ag,,), as well as at the anchor residues involved in  years of infection did not reflect expected reversion patterns. The
NHR binding (Ag;s and Ry,s), the latter with mutations predicted  relative paucity of reversions in our experimental study compared
to disrupt binding to HLA-A*24 (59). The Dg,, and A4, muta-  to reversions determined using HLA associations in large cohort
tions did not incur significant fitness costs relative to parental  studies is in line with the finding that escape mutations identified
NL4-3, while T4,, had a minor fitness deficit (Fig. 8E). Interest-  as HLA-associated systematically favor those that escape and re-
ingly, both mutations at anchor residues were lethal (Fig. 8E), vertrapidly (61). Interestingly, several of the SPs had relatively low
highlighting the functional constraints of the CHR-NHR binding  viral loads during eatly infection. As transmitted polymorphisms

for virus viability. have been associated with lower viral loads, the lack of reversions
in these subjects may have contributed to the maintenance of low
In this study, massively parallel sequencing of viral populations We identified Gag-specific T-cell responses to 20 epitopes

was combined with detection of T-cell responses using autologous ~ within the first year of infection in the six SPs, with 13 evolving
peptides in six pairs of linked HIV transmissions to provide a  over the course of the study period. The majority of evolving
unique perspective into T-cell escape and reversion processes dur-  epitopes displayed complex escape processes, which were fre-
ing HIV infection. quently dynamic, with the emergence of multiple near-simultane-

Reports have been variable on the extent of CTL reversions ous mutations. Our study revealed a correlation between epitope
during primary HIV infection (5, 11, 60). As our study included entropy and quantity of epitope variants, which suggests a rela-
transmission pairs, we were able to screen TPs for T-cell responses  tionship between the tolerance for variability within the epitope
near the time of transmission, allowing us to determine potential and selection for multiple escape mutations. Thus, epitope en-
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tropy may serve as a useful predictor of the number of potential
escape pathways available following a targeted response.

Previously reported escape mutations were found in several
targeted epitopes (e.g., RK9, TW10, and IW9), confirming that
common escape mutations often occur across different individu-
als (27, 28, 49, 63). However, frequent sampling, as done in this
study, revealed that even though a single common escape muta-
tion typically became fixed in the viral population, the evolution-
ary processes leading to that selection were complex, with the
emergence and loss of various transient escape mutations. In some
cases, these processes can take years to resolve. In this study, we
found that it took a median of 575 days from detection of response
to selection of a replacement variant. Importantly, the precision of
these calculations is greatly influenced by the time points available
for analysis. Therefore, these findings further emphasize the need
for frequent sampling from acute through chronic infections in
order to accurately define these timelines and afford a more com-
prehensive understanding of the complexity of viral adaptation to
cellular immune responses.

The majority of T-cell responses to evolving epitopes demon-
strated some level of cross-reactivity to the variants that arose over
time. In some cases, variants were recognized with a lower func-
tional avidity (e.g., N,4, in PIC68008), which may reflect a de-
crease in cytotoxic potential (64-66), and consequently, these
variants may persist in the viral population due to weakened CTL-
mediated pressure. Recognition of epitope variants can also result
from de novo responses to the same peptides as previously selected
to confer escape (30, 67). We found that escape mutations can also
promote responses to new epitopes located in close proximity to
the originally targeted epitope. Therefore, escape processes during
primary HIV infection have the potential to increase the breadth
and depth of Gag-specific CTL responses. We recently reported
that during chronic HIV infection, progressors maintain higher
levels of epitope variant recognition than viremic controllers (36).
Our current results demonstrate that cross-reactivity and induc-
tion of de novo responses to epitope variants over time may lead to
the high levels of variant recognition observed during chronic
progressive infection.

To explore the impact of epitopic mutations on viral replica-
tive capacity, we performed viral fitness assays using NL4-3 viruses
modified to reflect mutations observed during the dynamic escape
processes observed. In targeted epitopes in which a replacement
variant was selected (PIC64236 RK9 and PIC68008 TW10), we
found that compared to the replacement variant, transient muta-
tions either carried replicative fitness costs or did not confer es-
cape. The fitness costs we observed, while significant, were not
very pronounced; however, we may be underestimating this effect
due to engineering the mutations into the backbone of the fast-
growing lab strain NL4-3 rather than within the subjects’ autolo-
gous virus. Nonetheless, our data suggest that even minor fitness
defects can prevent fixation of a particular escape variant. These
results indicate that eventual selection of a replacement variant
and resolution of dynamic escape processes are the result of an
optimal balance between immune escape and replicative fitness
costs. Interestingly, in epitopes that remained variable over the
course of the study period (PIC64236 NL9 and FF9), the majority
of detectable mutations conferred escape without incurring repli-
cative fitness costs.

We found that escape processes involve mutations occurring at
one site within an epitope or a complex mutually exclusive substi-
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tution pattern, suggesting that functional constraints limit the
number of sites tolerant to mutation(s) in order to facilitate es-
cape. We explored this directly in our viral fitness assays by engi-
neering NL4-3 viruses to express mutations that reflect alternative
escape pathways (i.e., mutations at different sites in the epitope or
simultaneous mutations). While all of these mutations conferred
escape through loss of recognition or decreased avidity, dramatic
replicative fitness costs were observed, and in some cases, these
mutations were lethal. These observations help explain why mu-
tations are limited to particular sites or to single mutations during
dynamic escape processes. Importantly, by using complementary
sequencing and epitope mapping techniques, these types of escape
patterns can be revealed and can help identify viral regions that are
immunogenic yet functionally constrained.

In summary, we have shown that the principle of fitness-bal-
anced immune escape guides the selection of mutations in com-
plicated dynamic escape processes. Several vaccine immunogens
have been designed to induce CTL responses that have the poten-
tial to circumvent escape pathways either by only including re-
gions that are under such high functional constraints that they
cannot mutate without loss of function (24) or by inducing im-
mune responses to commonly occurring variants (68, 69). The
complex escape pathways identified in this study highlight the
difficulty of blocking all viable variants representing escape routes
for the virus. However, our results indicate that some viral regions
are limited in the number of sites available to facilitate escape.
Potentially, having potent cross-reactive or overlapping T-cell re-
sponses directed against low entropy regions may allow for suffi-
cient coverage of the sites tolerant to mutation. This may exert
sufficient selective pressure on the virus to mutate the intolerable
sites or select for simultaneous mutations, which could have
greater fitness consequences and thus significantly contribute to
viral control. Further investigations into the identification of these
vulnerable viral regions may aid in the design of improved im-
munogens based on HIV Gag.
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