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 26 

ABSTRACT  27 

HIV circumvents HLA class I-restricted CD8+ T cell responses through selection of 28 

escape mutations that leave characteristic mutational "footprints" - also known as 29 

HLA-associated polymorphisms (HAPs) - on HIV sequences at the population 30 

level. While many HLA footprints are universal across HIV subtypes and human 31 

populations, others can be region-specific as a result of the unique immunogenetic 32 

background of each host population. Using a published probabilistic 33 

phylogenetically-informed model, we compared HAPs in HIV Gag and Pol (PR-RT) 34 

in 1,612 subtype B-infected, antiretroviral treatment-naïve individuals from Mexico 35 

and 1,641 from Canada/USA. A total of 252 HLA class I allele subtypes were 36 

represented, including 140 observed in both cohorts, 67 unique to Mexico and 45 37 

unique to Canada/USA. At the predefined statistical threshold of q<0.2, 358 HAPs 38 

(201 in Gag; 157 in PR-RT) were identified in Mexico, while 905 (534 in Gag and 39 

371 in PR-RT) were identified in Canada/USA. HAP identified in Mexico included 40 

both "canonical" HLA-associated escape pathways and novel associations, in 41 

particular with HLA alleles enriched in Amerindian and mestizo populations. 42 
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Remarkably, HLA footprints on HIV in Mexico were not only fewer but also on 43 

average significantly weaker than those in Canada/USA, though some exceptions 44 

were noted. Moreover, exploratory analyses suggested that the weaker HLA 45 

footprint on HIV in Mexico may be due, at least in part, to weaker and/or less 46 

reproducible HLA-mediated immune pressures on HIV in this population. The 47 

implications of these differences for natural and vaccine-induced anti-HIV immunity 48 

merit further investigation. 49 

IMPORTANCE 50 

HLA footprints on HIV identify viral regions under intense and consistent pressure 51 

by HLA-restricted immune responses and the common mutational pathways that 52 

HIV uses to evade them. In particular, HLA footprints can identify novel 53 

immunogenic regions and/or epitopes targeted by understudied HLA alleles; 54 

moreover, comparative analyses across immunogenetically distinct populations 55 

can illuminate the extent to which HIV immunogenic regions and escape pathways 56 

are shared versus population-specific, information which can in turn inform the 57 

design of universal or geographically-tailored HIV vaccines. We compared HLA-58 

associated footprints on HIV in two immunogenetically distinct North American 59 

populations - Mexico and Canada/USA. We identify both shared and population-60 

specific pathways of HIV adaptation, but also make the surprising observation that 61 

HLA footprints on HIV in Mexico are overall fewer and weaker than in 62 

Canada/USA, raising the possibility that HLA-restricted antiviral immune responses 63 

in Mexico may be weaker, and/or escape pathways somewhat less consistent, 64 

than in other populations.     65 
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INTRODUCTION 66 

CD8+ cytotoxic T lymphocytes (CTLs) recognize short, HIV-derived peptide 67 

epitopes presented by Human Leukocyte Antigen (HLA) class I molecules on the 68 

surface of infected cells, thereby modulating early viremia control (1, 2) and the 69 

establishment of the viral set-point (3). HLA-restricted CTL also exert strong 70 

evolutionary pressure on HIV in vivo, promoting viral adaptation through the 71 

selection of escape mutations (4) that interfere with epitope processing (5), prevent 72 

binding of the viral peptide to HLA (6, 7), or affect HLA-peptide recognition by the T 73 

cell receptor (8, 9). Early observations that CTL escape in HIV tended to occur 74 

along predictable mutational pathways in persons responding to a given HLA-75 

restricted viral epitope (10-13) led to the development of statistical approaches to 76 

systematically identify HLA-associated polymorphisms (HAPs), also known as 77 

HLA-associated "footprints" on HIV, using large population-based datasets of viral 78 

sequences linked to HLA types (13). These analyses, which identify amino acids 79 

that are statistically over- (or under-) represented among persons expressing a 80 

given HLA allele while correcting for host and viral genetic confounders (14, 15) 81 

confirmed the broadly reproducible nature of CTL escape in HIV (16-20). These 82 

studies also revealed that certain HLA-associated footprints can be host 83 

population-specific, due to substantial immunogenetic variation across human 84 

populations.  For example, even though HIV subtype B predominates in Japan, 85 

Canada, USA and Australia, two-thirds of HAPs in Japan are not observed in the 86 

latter epidemics (17) due to the unique HLA distribution of the Japanese 87 

population.  88 
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Identification of HLA-associated footprints is relevant to HIV vaccine design. An 89 

effective vaccine will need to elicit sustained immune responses capable of 90 

recognizing genetically diverse viral strains, from which HIV cannot escape (ideal) 91 

or can only escape at substantial fitness cost (15). One promising strategy is to 92 

select immunogenic yet mutationally constrained viral regions as vaccine antigens 93 

[e.g. (21, 22)], which can be further optimized for natural sequence coverage [e.g. 94 

using mosaic designs (23, 24)].  HLA footprints are vaccine-relevant because they 95 

identify HIV regions under significant and consistent immune pressure by particular 96 

HLA-restricted CTL (i.e. immunogenic regions) and the common mutational 97 

pathways that HIV uses to evade them. As such, evaluation of HLA footprints in 98 

concert with information on sequence conservation, mutational fitness costs and 99 

escape mechanisms can be used to identify immunogenic yet constrained viral 100 

regions and immune-relevant natural HIV sequence variation within them. For 101 

example, conserved epitopes and their common variants that retain intracellular 102 

processing and HLA binding ability might be considered as immunogens, albeit 103 

with some caution (25). In particular, comparative analyses of HLA footprints in 104 

immunogenetically distinct host populations wherein the same HIV subtype 105 

circulates can illuminate the extent to which viral immunogenic regions and escape 106 

pathways are universal versus host population-specific, thus potentially informing 107 

the design of universal and geographically-tailored vaccine strategies. 108 

Towards this goal, we compare HLA-associated HIV footprints in Gag and Pol in 109 

two large North American populations: the immunogenetically distinctive Mexican 110 

mestizo population, which features a mixture of Caucasian and Amerindian HLA 111 
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alleles (20, 26-29), and Canada/USA. Our study thus represents a unique 112 

opportunity to investigate the impact of host immunogenetics on HLA-associated 113 

adaptation in geographically proximal HIV subtype B epidemics. The present study 114 

significantly extends a preliminary study of HIV Pol adaptation by our group (20) by 115 

increasing cohort size by more than fivefold, performing all adaptation analyses at 116 

HLA subtype-level resolution, and additionally analyzing Gag. As such, it 117 

represents the largest comparative study to date of differential HIV adaptation to 118 

HLA across human populations. Gag and Pol were studied because these proteins 119 

are rich in conserved epitopes where escape can be fitness-costly (30-32) and 120 

where responses to these epitopes are associated with superior viremia control (7, 121 

12, 14, 33-35). Overall, our results confirm that adaptation of HIV to HLA in Mexico, 122 

like in other global populations, occurs along broadly predictable pathways. HLA 123 

footprints observed in Mexico include canonical adaptation pathways described in 124 

many other populations (e.g. B*57 Gag-T242N (36) and B*51 RT-135X (11), as 125 

well as novel pathways attributable to the unique HLA distribution of Mesoamerican 126 

peoples (e.g. Gag A*02:06–F44Y, B*39:02-E319D, and A*68:03-K436R; PR 127 

B*39:06-V15I, B*39:02-K70R, and RT B*39:02-E79D, A*68:03-R103K, and 128 

B*35:12-P294S/T). Of note however, HLA-associated HIV footprints in Mexico 129 

were overall fewer, and their strengths of selection significantly weaker, than in 130 

Canada/USA, raising the intriguing hypothesis that HLA-restricted immune 131 

responses to HIV in Mexico may be less potent, and/or HIV mutational escape 132 

pathways somewhat less consistent, than in other populations.   133 
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MATERIALS AND METHODS 134 

Ethics Statement 135 

This study was approved by the Ethics Committee of the National Institute of 136 

Respiratory Diseases (INER) in Mexico City (codes E02-05, E10-10), the institution 137 

leading and coordinating the study, and was conducted according to the principles 138 

of the Declaration of Helsinki. All participants gave written informed consent before 139 

blood sample donation. 140 

Mexican cohort 141 

Antiretroviral-naïve, chronically HIV-1 subtype B-infected Mexican individuals were 142 

enrolled from 2000 to 2014 as part of a national project to assess HIV molecular 143 

epidemiology, drug resistance surveillance and HLA adaptation. Participants were 144 

enrolled by convenience sampling in HIV clinics and reference hospitals in Mexico 145 

City and the states of Baja California, Campeche, Chiapas, Chihuahua, Colima, 146 

Guerrero, Hidalgo, Jalisco, Michoacan, Morelos, Nuevo Leon, Oaxaca, Puebla, 147 

Queretaro, Quintana Roo, Sinaloa, Sonora, State of Mexico, Tabasco, Tlaxcala, 148 

Veracruz, and Yucatan. Each participant donated a single blood sample from 149 

which plasma and buffy coat/peripheral blood mononuclear cells were isolated and 150 

cryopreserved. All blood samples were processed at the Center for Research in 151 

Infection diseases (CIENI) of INER in Mexico City. HIV plasma viral load was 152 

determined with the m2000 system (Abbott, Abbott Park, IL, USA). CD4+ T cell 153 

counts were determined by flow cytometry using the TruCount Kit in a FACSCanto 154 

II instrument (BD Bioscience, San Jose, CA, USA). 155 
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Reference Canada/USA cohort 156 

A reference population, comprising two published cohorts of antiretroviral 157 

treatment-naïve, HIV-1 subtype B infected individuals from Canada (the British 158 

Columbia Observational Medical Evaluation and Research [HOMER] cohort; 159 

n=1,103) (16, 37) and the USA (AIDS Clinical Trials Group [ACTG] protocol 5142 160 

participants who also provided human DNA under ACTG protocol 5128; n=538) 161 

(38, 39), for whom HIV sequences linked to HLA class I types were available, was 162 

used as a comparison group. The Canada/USA cohort was chosen as a reference 163 

because the epidemics in these two countries and in Mexico are geographically 164 

linked, concentrated in persons with similar risk factors and predominantly HIV 165 

subtype B. The Canada/USA cohorts, along with another from Australia, were 166 

previously used to identify HLA-associated polymorphisms in HIV subtype B (7); 167 

here, the Canada/USA cohorts were re-analyzed for HLA footprints specific to 168 

North America.  As described in (16, 37) the majority of HLA class I types were 169 

defined at subtype-level resolution; missing or intermediate-resolution data were 170 

imputed to subtype-level using a machine learning algorithm trained on HLA-A, B 171 

and C subtypes from >13,000 individuals with known ethnicity (40). Extensive 172 

validations of method robustness to HLA imputations are provided in (7), as are 173 

instructions for access to paired HIV/HLA data from this cohort.  174 

HIV gag and pol amplification and sequencing in the Mexican cohort 175 

Viral RNA was isolated from cryopreserved plasma (1 mL) using the QIAamp Viral 176 

RNA kit, (QIAGEN, Valencia, CA, USA). For gag amplification, primers 623Fi 177 

AAATCTCTAGCAGTGGCGCCCGAACAG (HXB2 genomic nucleotide positions 178 
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623-649) and 2cRx (2826-2849) were used for the first round RT-PCR (41) with 179 

Super Script III OneStep RT PCR kit (Invitrogen, Carlsbad, CA, US) and the 180 

following PCR conditions: 30 min at 55 ºC and 2 min at 94°C, followed by 35 cycles 181 

of (15 s at 94 ºC, 30 s at 55 ºC and 2 min at 68 ºC), and finishing with 5 min at 68 182 

ºC. Second-round products were obtained with primers G1 183 

GCAGGACTCGGCTTGCTGAA (691-710) and G10 TATCATCTGCTCCTGTATC 184 

(2,343-2,325) using Platinum Taq DNA polymerase (Invitrogen) and the following 185 

PCR conditions: 3 min at 94 ºC, followed by 35 cycles of (30 s at 94 ºC, 30 s at 56 186 

ºC, 2 min at 72 ºC), and finishing with 5 min at 72 ºC. All positive gag products 187 

confirmed by agarose gel electrophoresis were purified using QIAquick PCR 188 

Purification Kit (QIAGEN). Sequences were obtained with eight primers (G2F, 189 

GCGGCGACTGGTGAGTA (734-750); GS1R, TTATCTAAAGCTTCCTTGGTGTCT 190 

(1074-1097); GAS3F, CATCAATGAGGAAGCTGCAG (1401-1420) GAS4R, 191 

GGTTCTCTCATCTGGCCTGG (1462-1481); GAS5F, 192 

CTCTAAGAGCCGAGCAAGCT (1697-1716); GAS6R, 193 

AAAATAGTCTTACAATCTGG (1771-1790); HPR1977F, 194 

GTTAAGTGTTTCAATTGTGG (1957-1976) and GA2274R 195 

TCTTTATTGTGACGAGGGGTCG (2274-2295) using the BigDye v3.1 chemistry 196 

on a 3730xl Genetic Analyzer (Thermo Fisher, Waltham, MA, USA). Sequences 197 

were assembled and manually edited using Geneious v5.6.7 (Biomatters, 198 

Auckland, NZ), then aligned using MEGA 7 software (42). 199 

For pol (PR-RT) sequences, amplification of HIV protease (99 amino acids) and 200 

the first 335 amino acids of the reverse transcriptase (RT) was performed using a 201 
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 10 

previously described in-house protocol (43). Sequences were obtained with a 202 

3730xl Genetic Analyzer (Thermo Fisher) and were assembled using the 203 

automated basecalling software RECall (44). Negative controls were included in all 204 

amplification runs and monthly phylogenetic controls were performed, including 205 

laboratory HIV strains, to detect possible contamination.  206 

HIV subtyping 207 

HIV subtypes were determined using REGA HIV Subtyping Tool (3.0) 208 

(http://dbpartners.stanford.edu:8080/RegaSubtyping/stanford-hiv/typingtool/) and 209 

confirmed with the Recombination Identification Program (45) (RIP, 210 

https://www.hiv.lanl.gov/content/sequence/RIP/RIP.html). All non-subtype B 211 

sequences were removed prior to analysis. 212 

Phylogenetic analyses and cluster identification  213 

HIV gag and pol sequences were aligned to the HIV HXB2 reference strain using 214 

an in-house alignment algorithm based on HyPhy (46), and columns where HXB2 215 

was gapped were stripped out. Shannon entropy of amino acid alignments was 216 

computed using the Los Alamos HIV sequence database 217 

(https://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy.html) with 500 218 

randomizations. Maximum likelihood phylogenies were inferred using FastTree 219 

(http://www.microbesonline.org/fasttree) using the generalized time-reversible 220 

(GTR) model (47, 48). Phylogenies were colored using Rainbow Tree (49) 221 

(https://www.hiv.lanl.gov/content/sequence/RAINBOWTREE/rainbowtree.html). 222 

Patristic distances were extracted from cohort-specific phylogenies using 223 
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PATRISTIC (50). Gag and pol sequence clusters, defined by within-cluster patristic 224 

distances ≤1.5% and bootstrap support values 90%, were identified using Cluster 225 

Picker (The University of Edinburgh, UK) (51). This genetic distance threshold has 226 

been used previously for inferring transmission clusters in chronic cohorts (52). HIV 227 

genetic compartmentalization between cohorts was assessed using the Fixation 228 

index (FST) score (53) implemented in HyPhy (46). 229 

HLA typing in the Mexican cohort 230 

Genomic DNA was extracted from a minimum of 6 million PBMC or 200 L of buffy 231 

coat using QIAmp DNA Blood Mini Kit (QIAGEN). HLA class I HLA-A, -B, and -C 232 

typing was performed to subtype-level (4 digit) resolution using a modified in-house 233 

sequence-based method (54). Briefly, 1 kb fragments including exon 2 and 3 of 234 

HLA-A, -B and -C were amplified using universal, locus-specific primers and Roche 235 

Expand High Fidelity PCR system (Roche Applied Science, Laval, PQ, Canada). 236 

PCR products were cleaned up with ExoSAP-IT (Affimetrix, Cleveland, OH, USA) 237 

and sequenced on a 3730xl Genetic Analyzer using BigDye 3.1 chemistry (Thermo 238 

Fisher). HLA allele assignment was done using uTYPEv6 (Thermo Fisher) by 239 

comparison to the IMGT/HLA database (55, 56). Using this method, a total of 92 240 

HLA-A, 91 HLA-B, and 39 HLA-C allele pairs within the Common and Well-241 

Documented Catalogue (57) present polymorphism phase ambiguities at the 242 

resolution level of the first (i.e. allele-level) or second (i.e. subtype-level) HLA fields 243 

(Table S1). These ambiguities were resolved by assigning the most frequent allele 244 

combination according to linkage disequilibrium data obtained from our Mexican 245 

mestizo population. Ambiguous HLA pairs due to polymorphic differences outside 246 
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exons 2 and 3 were managed as G groups, including A*74:01:01G (A*74:01 in the 247 

analysis, encompassing A*74:01/A*74:02), C*18:01:01G (C*18:01 in the analysis, 248 

encompassing C*18:01/C*18:02), C*17:01:01G (C*17:01 in the analysis, 249 

encompassing C*17:01/C*17:02/C*17:03), and C*04:01:01G (C*04:01 in the 250 

analysis, encompassing C*04:01/C*04:09N) among others. All HLA haplotypes 251 

were confirmed using the HLA completion web tool (40) (available at 252 

http://boson.research.microsoft.com/hla/).  Additionally, a total of 33 HLA-A or HLA-253 

C types that failed amplification or sequencing were imputed using the same tool. 254 

HLA haplotypes with unresolved HLA-B loci were not imputed and were considered 255 

missing data (this included 8 individuals with both HLA-B alleles and 8 with one 256 

HLA-B allele missing). Raw HLA typing data are available via direct request to the 257 

authors.  258 

Further validation of our HLA typing method in the context of a Mexican mestizo 259 

population was performed analyzing HLA data from 323 individuals from Mexico 260 

City for whom HLA typing had been performed by amplifying exons 1 to 8 for HLA-261 

A and HLA-C, and exons 1 to 7 for HLA-B followed by next generation sequencing 262 

(TruSight HLA Kit, Illumina), thereby resolving gametic phase and achieving the 263 

highest possible typing resolution. In a blinded manner, we extracted the exon 2 264 

and 3 consensus sequences (i.e. without gametic phase resolution) from these 265 

patients and re-interpreted them as above. Accuracy was 99.89% when comparing 266 

HLA subtypes assigned by sequencing all exons with gametic phase resolution 267 

versus exons 2 and 3 without gametic phase resolution when comparing HLA 268 
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subtypes at four-digit resolution (only 1 out of 969 HLA loci was inaccurate). The 269 

results of this validation are shown in Table S2.  270 

HLA frequency comparison 271 

HLA allelic frequencies in Mexico and Canada/USA were compared using the Los 272 

Alamos HIV Database HLA Comparison tool 273 

(https://www.hiv.lanl.gov/content/immunology/hla/hla_compare.html) which 274 

computes two-sided exact Fisher’s test p-values corrected for multiple 275 

comparisons using Storey's q-value, which estimates the false discovery rate (58). 276 

Results with p<0.05 and q<0.2 were deemed statistically significant.   277 

Identification and comparison of HLA-associated polymorphisms, including 278 

formal tests for differential escape between populations 279 

HLA-associated polymorphisms in HIV subtype B Gag and PR-RT were identified 280 

in the Mexico and Canada/USA cohorts separately, using a published 281 

phylogenetically informed statistical model that corrects for potential host and viral 282 

genetic confounders including HLA linkage disequilibrium, the HIV phylogeny and 283 

HIV codon covariation (14). The model identifies two types of associations: 284 

“adapted” (viral amino acids over-represented in individuals expressing the HLA 285 

allele; representing the inferred escape form) and “non-adapted” (viral amino acids 286 

under-represented in individuals expressing the HLA allele, representing the 287 

inferred susceptible form). All associations with q<0.2 were organized into immune 288 

escape maps. We also wished to compare the strengths of association of individual 289 

HAPs across the two cohorts. To do this, we took the union of all HAPs identified in 290 
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Mexico and/or Canada/USA that were restricted by HLA class I alleles observed in 291 

a minimum of 10 individuals in both cohorts and applied a published 292 

phylogenetically-corrected logistic regression to test whether their strengths of 293 

selection by the restricting HLA allele differed significantly between the cohorts (17, 294 

59). Briefly, for each HAP of interest, the model computes a p-value testing 295 

whether HLA-mediated selection is the same in Mexico compared to Canada/USA 296 

(null hypothesis) or whether selection differs between cohorts (alternative 297 

hypothesis) (17). As before, q<0.2 was defined as the significance threshold for the 298 

differential escape analysis. Finally, to demonstrate that our HLA 299 

imputation/ambiguity resolution method does not significantly affect HAP recovery 300 

or association strength in the Mexican cohort, we repeat all analyses excluding all 301 

ambiguous and imputed HLA loci for this cohort and verify that all original 302 

observations still hold (Table S3, Figure S1).   303 

RESULTS 304 

Cohort description 305 

We studied two cohorts of antiretroviral-naïve, HIV-1 subtype B chronically infected 306 

individuals from Mexico (n=1,612) and Canada/USA (n=1,641). Both cohorts were 307 

predominantly male (Mexico: 78.5%; Canada/USA 85.1%). Median age at 308 

enrolment was 30 [IQR 24-38] years in Mexico and 37 [32-44] years in 309 

Canada/USA. The median pVL was 4.75 [IQR 4.18-5.27] Log10 RNA copies/ml in 310 

Mexico and 4.98 [4.55-5.46] Log10 RNA copies/ml in Canada/USA. Median CD4+ 311 

T-cell counts were 311 [IQR 121-519] cells/µl in Mexico and 260 [110-400] in 312 
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Canada/USA. Calendar year of enrolment was 2000-2014 in Mexico and 1996-313 

2004 for Canada/USA.  314 

Gag and PR-RT sequence diversity in Mexico and Canada/USA 315 

We first assessed HIV subtype B diversity and phylogenetic relationships between 316 

our cohorts. Gag and PR-RT sequences were available for 1,450 and 1,529 317 

individuals respectively in Mexico, and 1,320 and 1,555 individuals respectively in 318 

Canada/USA. Cohort-specific consensus amino acid sequences differed at only 5 319 

(of 500, 1%) Gag codons (positions 30, 312, 389, 403, 490) and 2 (of 434, 0.5%) 320 

PR-RT codons (PR 93 and RT 272). Overall, Gag amino acid entropy was 321 

significantly higher in Mexico compared to Canada/USA (median 0.056 versus 322 

0.026 respectively; p<0.0001): in particular 38.2% (191/500) of Gag codons 323 

showed significantly higher entropy in the Mexican cohort, while only 4% (20/500) 324 

showed higher entropy in the Canada/USA cohort (Figure 1, Table S4). In 325 

contrast, PR-RT entropy in Mexico was comparable to Canada/USA both overall 326 

(median 0.022 versus 0.031 respectively; p=0.08) and in terms of the proportion of 327 

codons with significantly higher entropy in one cohort versus the other (~17-18%) 328 

(Figure 1 and Table S5). Next, we inferred phylogenies from Gag and PR-RT 329 

nucleotide alignments (Figure 2). As expected, overall Gag sequence diversity 330 

exceeded that of PR-RT. Also, as expected, given their proximity on the North 331 

American continent, Mexico and Canada/USA sequences were quite intermixed in 332 

the phylogenies (fixation indices [FST] were very low for both Gag [0] and PR-RT 333 

[0.006]). Moreover, while no statistically supported clusters containing sequences 334 

from both cohorts were found at genetic distance 1.5% and bootstrap support 335 
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90%, increasing the distance threshold to 4.5% yielded 3 clusters for Gag and 4 336 

in PR-RT containing sequences from both cohorts with 90% bootstrap support. On 337 

average, Mexican Gag and PR-RT sequences exhibited higher median patristic 338 

distances compared to Canada/USA sequences (Gag: 0.1612 and 0.1132; PR-RT: 339 

0.1145 and 0.0912 for Mexico and Canada/USA respectively; p<0.0001 in both 340 

cases). Overall, results support an interlinked North American HIV-1 subtype B 341 

epidemic where overall nucleotide diversity is higher in Mexico.  342 

HLA allelic frequency comparison between Mexico and Canada/USA 343 

 A total of 252 HLA class I alleles, defined at subtype-level resolution, were 344 

observed (Figure 3 and Table S6). Of these, 140 were observed in both cohorts, 345 

67 were observed exclusively in Mexico and 45 exclusively in Canada/USA. In 346 

Mexico, the most frequent HLA alleles were A*02:01, A*24:02, and A*02:06 for the 347 

A locus; B*35:01, B*39:05, and B*40:02 for the B locus; and C*04:01, C*07:02, and 348 

C*03:04 for the C locus. In Canada/USA, these were A*02:01, A*03:01, and 349 

A*01:01 for the A locus; B*07:02, B*35:01, and B*08:01 for the B locus; and 350 

C*07:02, C*07:01, and C*04:01 for the C locus (Figure 3). Of the 252 HLA alleles 351 

observed, 86 (22 HLA-A, 46 HLA-B, and 18 HLA-C) differed significantly (p<0.05 352 

and q<0.2) in frequency between Mexico and Canada/USA (Figure 3) (note: when 353 

HLA frequencies were computed separately by cohort, 81 alleles differed 354 

significantly in frequency between Canada and Mexico, 77 between USA and 355 

Mexico, but only 57 between Canada and USA, Table S6). Of these 86 HLA 356 

alleles, 41 were significantly more frequent in Mexico compared to Canada/USA, 357 

these included A*24:02, A*02:06, A*68:01, A*31:01, A*68:03, B*39:05, B*40:02, 358 
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B*39:06, C*04:01, C*07:02, C*01:02, alleles which are enriched in mestizo and 359 

Amerindian populations (26, 27, 29). Consistent with previous reports, (20, 60), 360 

most canonical protective HLA alleles (60) were enriched in the Canada/USA 361 

cohort compared to Mexico (e.g. B*57:01, B*58:01, B*27:05, B*13:02, B*42:01, 362 

B*44:03, A*25:01, A*32:01). Overall, results reveal marked immunogenetic 363 

differences between Mexico and the Canada/USA cohorts.  364 

Differential HLA footprints on HIV Gag and PR-RT in Mexico and Canada/USA 365 

Given the marked immunogenetic differences in neighboring North American 366 

populations, we hypothesized that HLA-associated polymorphisms would also 367 

differ between them. We identified HAPs in the Mexican and Canada/USA datasets 368 

using established methods (14) and constructed HIV immune escape maps 369 

showing HAPs identified in one or both cohorts at q<0.2 (Figures 4 and 5; Tables 370 

S7 and S8). In the Mexican dataset, we identified a total of 201 HAPs (108 371 

adapted; 93 non-adapted) that occurred at 95 (of 500, 19%) Gag codons, that were 372 

restricted by 66 HLA alleles. In the Canada/USA dataset, we identified a total of 373 

534 HAPs, significantly more than in the Mexican dataset (p<0.0001), at 166 374 

(32.3%) Gag codons, that were restricted by 77 HLA alleles. Overall, these 375 

summed to 662 unique HAPs identified in Gag, of which 73 (11.02%) (35 adapted 376 

and 38 non-adapted, occurring at 26 Gag codons), were identified in both cohorts, 377 

128 were identified only in Mexico, and 461 were identified only in Canada/USA at 378 

the predefined statistical threshold of q<0.2 (Figure 4). Consistent with previous 379 

reports (7) the total proportion of p24Gag codons harboring HAPs was lower than 380 

that of the rest of Gag, both in Mexico (12.1%, 28/231 for p24, vs. 24.5%, 66/269 381 
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for other Gag proteins) and in Canada/USA (19.0%, 44/231 vs. 45.4%, 122/269). 382 

This is expected given p24Gag's high overall sequence conservation (>50% of 383 

codons are 99.5%-100% conserved, which precludes identification of HLA 384 

associations at these positions). However, if one instead uses the total number of 385 

variable codons as the denominator, p24 ranks among the richest areas in the HIV 386 

proteome for HLA associations (7, 61); which is true also for Mexico.  387 

In PR-RT, we identified 157 HAPs (78 adapted and 79 non-adapted) restricted by 388 

58 HLA alleles, occurring at 70 codons, in the Mexican dataset. In the 389 

Canada/USA dataset we found 371 HAPs (201 adapted and 170 non-adapted) 390 

restricted by 78 HLA alleles, occurring at 105 codons, (again significantly more 391 

than in Mexico, p=0.0039) (Figure 5). Overall, these summed to 470 unique HAPs 392 

identified in PR-RT, of which 58 (12.3%) were identified in both cohorts, 99 were 393 

identified only in Mexico, and 313 were identified only in Canada/USA at the 394 

predefined statistical threshold of q<0.2.  Of note, all 7 codons (5 in Gag and 2 in 395 

PR-RT) where the consensus amino acid differed between cohorts showed 396 

evidence of HLA selection. 397 

As noted above, a substantial fraction of HAPs were observed in both cohorts at 398 

q<0.2, further supporting the existence of "universal" HLA-associated escape 399 

pathways across human populations globally. These "shared" associations 400 

included canonical CTL escape pathways within epitopes restricted by protective 401 

HLA class I alleles - including B*57:01/B*57:03-Gag-T242N (within the TW10 
402 

epitope restricted by these alleles), B*27:05-Gag-R264K and L268M (within the 403 

B*27-restricted KK10 epitope) (62-66), and B*51:01-RT-I135T (within the B*51-404 
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restricted TI8 epitope) (66, 67) as well as previously described HAPs within optimal 405 

epitopes (7) (including A*03:01-K28Q/R, A*24:02-K30R, B*57:03-A146P, B*14:01-406 

K302R (68), B*07:02-S357G (69) and B*40:02-R429K (70) in Gag; B*44:03-E35D 407 

(71) in Protease; and A*11:01-K166R (72), B*35:01-D177E (73), and A*03:01-408 

K277R (74) in RT) (Figures 4 and 5).  409 

However, we also observed a substantial number of novel HAPs in Mexico that 410 

were not within previously described optimal epitopes. Moreover, these novel 411 

HAPs tended to be associated with Amerindian HLA alleles. Examples include 412 

A*02:06-F44Y, B*35:16-X82I, A*26:01-D230E, B*39:02-R286X, B*39:02-N315X, 413 

B*39:02-E319D, B*35:12-X357G, A*02:06-P386X, and A*68:03-K436R in Gag; 414 

B*39:06-V15I in protease; and A*02:06-I274V, and A*02:06-V276I in RT.  415 

Taken together, HLA footprints in Mexico include both "canonical" HIV escape 416 

pathways shared across global populations as well as novel HAPs restricted by 417 

HLA alleles typically found in Amerindian or mestizo populations. 418 

HLA footprints on HIV in Mexico are scarcer and weaker than in Canada/USA 419 

A particularly striking observation from our analysis was the overall lower number 420 

of HLA footprints in Mexico compared to Canada/USA, despite cohorts being of 421 

comparable sizes. For example, considering only HIV codons at which adapted 422 

associations were identified with one or more HLA alleles, not only did the Mexican 423 

cohort exhibit fewer such codons in Gag compared to Canada/USA (108 at 75 Gag 424 

codons vs. 273 at 133 Gag codons respectively, p<0.0001) but Mexico also 425 

exhibited a lower number of adapted associations per codon (up to three HLA 426 
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alleles per codon vs. up to 7 HLA alleles per codon in Canada/USA) (Figure 6). 427 

The same was true when all HLA-associated codons (adapted and non-adapted) 428 

were analyzed (data not shown). Specifically, of all Gag codons harboring HLA-429 

adapted associations, fewer than 10% were identified exclusively in Mexico, while 430 

the remainder were observed in both cohorts (41%) or in Canada/USA only (49%) 431 

(Figures 6A-6C). Similar results were observed for PR-RT (78 adapted 432 

associations at 49 positions in Mexico vs. 201 adapted associations at 87 positions 433 

in Canada/USA, p<0.0001), where 10% were exclusively observed in Mexico, 40% 434 

were observed in both cohorts and 50% were observed in Canada/USA only 435 

(p<0.0001) (Figure 6D-6F). As a result, the number of "immunogenic zones" 436 

(defined as consecutive HIV amino acids harboring an adapted HLA association) 437 

also differed markedly between cohorts: whereas stretches of up to 11 positions 438 

under HLA pressure were observed in Canada/USA (e.g. Gag 118-128), the 439 

longest such zone was only 3 amino acids for Mexico. Furthermore, where 440 

immunogenic zones did occur in Mexico, these tended to coincide with zones also 441 

identified in Canada/USA (e.g. Gag 146-148; PR 35-37). 442 

The scarcer HLA footprint in Mexico is likely to be at least partially attributable to 443 

the higher HIV and HLA diversity in Mexico compared to Canada/USA (Figures 1-444 

3): this increases the total number of HLA-HIV pairwise comparisons required for 445 

Mexico, yielding a more stringent p-value cutoff mapping to q<0.2 for this cohort. 446 

Indeed, HAP identification required 726,206 HLA-HIV comparisons for Mexico 447 

compared to 592,677 for Canada/USA, such that q<0.2 mapped to p<10-4 in 448 

Mexico, but p<10-3 in Canada/USA (Tables S7-S8). However, our observations are 449 
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not solely explained by multiple comparisons correction. This is because, in 450 

addition to HLA footprints being overall scarcer, the statistical strengths of 451 

association between HLA alleles and HIV codons in Mexico are also overall 452 

weaker than those observed in Canada/USA. For example, a comparison of 453 

ranked -log10 transformed p-values for the top 201 Gag and 157 PR-RT 454 

associations between cohorts (201 and 157 because these represented the total 455 

number of HAPs identified at q<0.2 in Gag and PR-RT in Mexico) reveals that the 456 

Canada/USA one was always higher (i.e. more significant) than its corresponding 457 

Mexican one of the same ranking (Figure 7A-7B). This indicates that the strongest 458 

HLA footprints in Mexico are overall far weaker than the strongest HLA footprints in 459 

Canada/USA. Moreover, when analyzing only the -log10 p-value distribution of 460 

HAPs identified in Mexico, we observed lower (less significant) overall values for 461 

those identified exclusively in Mexico compared to those shared with Canada/USA, 462 

for both Gag (p<0.0001) and PR-RT (p=0.0435) (Figure 7C-7D). Thus, not only 463 

does the strength of association between HLA alleles and HIV codons appear to be 464 

inherently weaker in Mexico compared to Canada/USA, but of the HLA footprints 465 

that are detectable in Mexico, the strongest tend to be ones that are already 466 

known, whereas the novel HAPs restricted by unique mestizo HLA alleles tend to 467 

be even weaker.  468 

 We extended this analysis by comparing HAP selection strength across 469 

cohorts in a pairwise fashion. To do this, we took the union of all HAPs identified in 470 

either Mexico and/or Canada/USA that were restricted by HLA alleles observed in 471 

a minimum of 10 individuals in both cohorts (it is not possible to compare strengths 472 
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of selection of HAPs restricted by HLA alleles that are not observed, or only very 473 

rarely observed, in a given cohort). This yielded a total of 995 HAP for analysis 474 

(Table S9).  Pairwise comparison of the absolute log-transformed odds ratios (Abs 475 

lnOR) of selection for each HAP across the two cohorts revealed statistically 476 

significantly higher values for Canada/USA (median 1.1; IQR 0.57-1.8) compared 477 

to Mexico (median 0.67; IQR 0.32-1.4), Wilcoxon matched pairs test (p<0.0001) 478 

(Figure 8A).  These results remained consistent upon stratification by HIV protein 479 

and when analyses were restricted to unique HLA-HIV codon pairs (to avoid 480 

double-counting of adapted and non-adapted associations at the same codon) 481 

(p<0.0001, data not shown). Similarly, results remained consistent when the 482 

analysis was restricted to shared HAPs (a total of 73 HAPs in Gag and 58 in PR-483 

RT were observed in both Mexico and Canada/USA and were restricted by HLA 484 

alleles observed in at least 10 individuals in both cohorts): again, the absolute log-485 

transformed odds ratios of selection of these HAPs were significantly higher in 486 

Canada/USA (median 1.8 IQR 1.3-2.5) compared to Mexico (median 1.7 IQR 1.1-487 

2.0) overall (Wilcoxon matched pairs test; p<0.0001) (Figure 8B). These results 488 

remained consistent upon stratification by HIV protein and when analysis was 489 

restricted to unique HLA-HIV codon pairs (all p<0.05, data not shown). Our 490 

observations thus indicate that, on a per-HAP basis, HLA footprints on HIV in 491 

Mexico are on average significantly weaker than in Canada/USA.  492 

Scarcer and weaker HLA footprints on HIV in Mexico are not explained by 493 

challenges associated with HLA typing in this population 494 
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HLA class I typing of highly admixed human populations can be challenging due to 495 

elevated genetic diversity. To rule out ambiguous and/or imputed HLA calls as 496 

possible contributors to our observation of scarcer and weaker HLA footprints on 497 

HIV in Mexico, we repeated all analyses excluding N=255 HLA loci for which the 498 

original types were ambiguous in the Mexican cohort (these included 222 [92 HLA-499 

A, 92 HLA-B, and 39 HLA-C] loci with phase ambiguities and 33 HLA-A or -C types 500 

that had been imputed due to failed amplification/sequencing. Results were entirely 501 

consistent with those of the original manuscript (Figure S1).  Firstly, the number 502 

and location of HLA-associated polymorphisms identified Mexico were >80% 503 

consistent with those reported in the original manuscript (~20% discordance is 504 

expected given our use of a q-value correction for multiple testing; at q<0.2 we 505 

expect ~20% of identified associations to be false-positives; Figure S1A).  506 

Secondly, the p-values of HLA-associated polymorphisms identified in the original 507 

and revised analyses are highly concordant (Spearman’s R=0.825, p<0.0001), 508 

Figure S1, panel B). Most importantly, results of the re-analysis fully corroborate 509 

our original observations of significantly fewer and weaker HLA-associated 510 

footprints in Mexico compared to Canada/USA (Figure S1, panels C-H).  Results 511 

indicate that the scarcer and weaker HLA footprints on HIV in Mexico are not 512 

explained by challenges associated with HLA typing in this population.  513 

Exploring reasons for weaker HLA selection on HIV in Mexico  514 

Two possibilities, that are not necessarily mutually exclusive, could explain the 515 

scarcer and weaker HLA footprints on HIV in Mexico. The first is that HLA-516 

restricted CTL responses on a given HIV codon are weaker, and/or the virus 517 
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preferred escape pathways less predictable, in Mexico than elsewhere. Therefore, 518 

for each shared adapted HAP restricted by an HLA allele observed in a minimum 519 

of 10 individuals in both cohorts, we compared its prevalence in persons 520 

expressing the restricting HLA with the hypothesis that, if HLA-mediated selection 521 

was weaker or less predictable in Mexico, polymorphism prevalence in HLA-522 

expressing persons would be overall lower in Mexico compared to Canada/USA. 523 

The second possibility is that HIV sequences circulating in Mexico already harbor a 524 

high burden of HLA-adapted mutations, thus reducing power to detect further 525 

enrichment of these variants in persons expressing the restricting HLA. We 526 

therefore also compared the prevalence of each shared adapted HAP in persons 527 

lacking the restricting HLA with the hypothesis that, if circulating adaptation was 528 

higher in Mexico, these values would be overall higher in Mexico compared to 529 

Canada/USA. 530 

We take the well-described B*51:01-RT I135T mutation as an example. While it is 531 

identified in both cohorts, its lnOR of selection is 1.23 in Mexico versus 2.40 in 532 

Canada/USA, a statistically significant difference (phylogenetically-informed logistic 533 

regression test p=8.4x10-7). Computing the frequencies of RT I135T in HLA-534 

B*51:01 and non-B*51:01 expressing individuals across cohorts, we note that less 535 

than 50% (68/143) of B*51:01-expressing Mexican individuals harbor 135T 536 

compared to nearly two thirds of B*51:01-expressing individuals in Canada/USA 537 

(105/144) (Fisher's exact test p<0.0001). This suggests that the weaker 538 

association between B*51:01 and RT-135T in Mexico is because B*51-restricted 539 

CTL in this population do not respond as strongly or frequently to the TI8 epitope 540 
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(or that HIV does not escape as reproducibly via selection of T at this position in 541 

response to this pressure) compared to HIV-subtype B infected populations to the 542 

north. On the other hand, the prevalence of RT-I135T in persons lacking B*51:01 is 543 

approximately 20% in both cohorts (282/1350 and 256/1330 for Mexico and 544 

Canada/USA respectively; Fisher's exact test p=0.3), suggesting that the weaker 545 

association between B*51:01 and RT-135T in Mexico is not attributable to elevated 546 

frequencies of circulating HIV harboring this mutation.   547 

When we applied these analyses to all 61 adapted shared HAPs we observed that, 548 

overall, the proportion of individuals expressing the restricting HLA and harboring 549 

the adapted HIV variant was a median of 2.9% lower in Mexico compared to in 550 

Canada/USA (IQR -11.25 – 0.65%; p=0.0020, Wilcoxon matched pairs test), 551 

(Figure 8C), supporting weaker HLA-mediated selection in the latter region. There 552 

was nevertheless a wide distribution in the data, with certain polymorphisms 553 

observed more frequently in one cohort compared to the other. For example, 554 

among the HAPs that were observed more frequently among HLA-expressing 555 

persons in Canada/USA compared to Mexico were well-characterized escape 556 

mutations restricted by protective HLA alleles, including Gag B*57:03-242N (with 557 

45.5% (5/11) of Mexican B*57:03s selecting for N in comparison to 75% (18/24) of 558 

Canada/USA B*57:03s), Gag B*58:01-242N (60%, 12/20 vs. 86.5%, 44/51, for 559 

Mexico and Canada/USA respectively), and B*51:01-RT135T (see above). By 560 

contrast, a minority of HAPs were observed more frequently among HLA-561 

expressing persons in Mexico, including Gag B*57:03-146P (observed in 81.8% vs. 562 

54.8% of B*57:03-expressing persons in Mexico compared to Canada/USA).   563 
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On the other hand, the frequencies of HAPs among individuals lacking the relevant 564 

HLA allele were not overall significantly different between cohorts (p=0.9, Wilcoxon 565 

matched pairs test), though we did note examples of specific HIV polymorphisms, 566 

restricted by relatively common HLA alleles in Mexico that were significantly more 567 

prevalent in circulation in Mexico compared to Canada/USA (e.g. Gag A*24:02-568 

30R: circulating frequency 54% in Mexico compared to 33% in Canada/USA; and 569 

A*31:01-403K: 58% in Mexico vs. 37% in Canada/USA) (Fisher’s exact test 570 

p<0.0001 for both HAPs) (Figure 8D). Taken together, our observations suggest 571 

that, even though pre-adaptation of HIV to certain common HLA alleles is observed 572 

in Mexico, the sparser and weaker HLA footprints on HIV in Mexico may overall be 573 

more attributable to weaker CTL pressure (and/or less reproducible escape) in this 574 

population compared to those to the north.  575 

Exceptions: HLA footprints that are stronger in Mexico than in Canada/USA 576 

Although our results reveal an overall weaker HLA footprint on HIV in Mexico than 577 

Canada/USA, there are nevertheless some exceptions. To identify these, we took 578 

all HAPs identified in Mexico that were restricted by HLA alleles observed in a 579 

minimum of 10 individuals in Canada/USA, and applied a phylogenetically-580 

corrected logistic regression test to compare their strengths of association across 581 

cohorts. Of the 233 HAPs analyzed (137 in Gag and 96 in PR-RT), 45 (19.31%) 582 

exhibited significantly stronger selection, as measured by higher absolute lnOR, in 583 

Mexico compared to Canada/USA (all p<0.05, q<0.2) (Figure 9). Among these 584 

were A*24:02-374G, A*02:06-386P, B*15:01-126S, B*08:01-398Q in Gag, 585 

B*39:01-15 in PR, and C*04:01-324D in RT, suggesting that these HLA alleles 586 
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mount stronger and/or more consistent immune pressure on these HIV sites in the 587 

Mexican population compared to those farther north. Of note, we found no 588 

examples of Mexican HAPs that exhibited diametrically opposed selection in 589 

Canada/USA (that is, where the significant HIV adapted form for a given HLA allele 590 

in Mexico represented the significant non-adapted form in Canada/USA, or vice-591 

versa).   592 

DISCUSSION 593 

Although HLA-associated polymorphisms in HIV are being increasingly elucidated 594 

in global populations (14, 16, 17, 20, 37-39), our study is notable because it 595 

compares HLA footprints identified in Mexico, which comprises a highly genetically 596 

admixed and thus immunogenetically unique mestizo population that includes 597 

mainly Amerindian and European, but also African and East Asian ancestry 598 

components (26, 27), to those in HIV subtype B-infected populations to the north, 599 

(16, 37-39, 75), allowing us to investigate the impact of host immunogenetics on 600 

HIV adaptation in neighboring epidemics. We observed that HLA footprints on HIV 601 

in Mexico include well-known associations such as those restricted by "protective" 602 

HLA class I alleles (e.g. Gag B*57:01-T242N, Gag B*27:05-R264K/L268M (62-66), 603 

and RT B*51:01-I135T (66, 67)), as well as novel associations restricted by HLA 604 

alleles enriched in mestizo populations (e.g. B*39:02, B*39:05, B*35:12, B*35:14, 605 

A*02:06, A*68:03). Our results strengthen the growing body of evidence supporting 606 

both "universal" and region-specific immune escape pathways attributable to host 607 

population immunogenetic composition (17, 20).  608 
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An unanticipated observation was that HLA footprints in Mexico were overall 609 

sparser (we observed 61% fewer HAPs in Mexico compared to Canada/USA) and 610 

on average weaker (in terms of lower odds ratios and higher p-values) compared 611 

to those in Canada/USA. While the higher HLA and HIV diversity in Mexico 612 

reduces statistical power to identify associations to some extent, in part because of 613 

the need to correct for a larger number of HLA/HIV comparisons, this is not the 614 

sole explanator. Similarly, challenges associated with HLA typing of the highly 615 

genetically admixed Mexican population was also ruled out as an explanator in 616 

detailed sensitivity analyses (Figure S1). Rather, exploration of our data suggested 617 

that the sparse HLA footprint on HIV in Mexico is not due to widespread viral pre-618 

adaptation (25) to HLA class I alleles (though individual exceptions were noted), 619 

but rather due to weaker or less frequent HLA-restricted CTL responses on HIV, 620 

and/or less reproducible viral escape from these responses, in the Mexican 621 

population. The canonical B*51:01-RT-I135T association provides an example. 622 

Despite similar HLA-B*51:01 and RT codon 135 frequencies across cohorts, this 623 

association is significantly weaker in Mexico compared to Canada/USA. The 624 

observation that RT-135T is not as prevalent among B*51:01-expressing persons 625 

in Mexico (47.6%) compared to those in Canada/USA (72.4%) (note: the same is 626 

true when one considers all RT codon 135 variants, i.e. RT-I135X, which occur in 627 

72% of B*51:01-expressing persons in Mexico compared to 94% in Canada/USA), 628 

but the frequency of RT-135T is comparable (~20%) in individuals lacking B*51:01  629 

across cohorts suggests that the weaker B*51 footprint on this HIV codon in 630 

Mexico is due to weaker B*51:01-mediated immune pressure (and/or less 631 

reproducible viral escape) in Mexico compared to Canada/USA, and not due to 632 
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accumulation of this variant in circulation.  This observation contrasts with Japan, 633 

where a similarly weak association between B*51:01-and RT-I135T at the 634 

population level in this region is instead attributable to the accumulation of this 635 

variant in circulation to the point that it has become consensus (11, 17)..   636 

Furthermore, a much larger fraction of HAPs identified in Mexico constituted 637 

associations "shared" with Canada/USA, than vice-versa. For example, 36.6% 638 

(131/358) of HAPs identified in Mexico were shared with Canada/USA (that is, only 639 

63.4% were specific to Mexico) whereas, of the 905 associations identified in 640 

Canada/USA, 774 (85.5%) were exclusive to this region and only 131 (14.5%) 641 

were shared with Mexico. In other words, the "footprints" left on HIV by typical 642 

"Mexican" (i.e. mestizo) alleles were fewer than expected given the size of the 643 

cohort. Moreover, absolute -log10 p-values, and lnOR of HAP unique to Mexico 644 

were significantly weaker than those shared with Canada/USA. Finally, it is 645 

worthwhile to note that the stronger HLA footprint in Canada/USA compared to 646 

Mexico is not likely to be driven by the lower frequencies of canonical protective 647 

alleles in the latter region. Support for this is provided by our analyses comparing 648 

the proportion of individuals expressing the restricting HLA and harboring the 649 

escape variant of interest, which are agnostic to HLA frequency. For example, 650 

Gag-242N was observed in 75% (18/24) of B*57:03-expressing persons in 651 

Canada/USA but only 45.5% (5/11) in Mexico and Canada/USA respectively, 652 

suggesting weaker selection strength in Mexico independent of B*57:03 653 

prevalence. Together, our observations suggest that population-level HLA 654 
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pressures on HIV, in particular those attributable to HLAs enriched among 655 

mestizos, are inherently weaker in Mexico than in populations to the north.  656 

Before proposing possible underlying mechanisms, some limitations and potential 657 

confounders merit mention. First, cohort CD4 count distributions suggest more 658 

advanced infection in the Canada/USA compared to the Mexico cohort; we 659 

therefore cannot rule out a longer time for within-host escape mutations to 660 

accumulate (and thus enhanced ability to detect them) in the former. However, 661 

given that the majority of escape occurs in the initial year or two following infection 662 

(76-79), and that escape is sufficiently frequent and reproducible to be detected at 663 

the population level as early as 6 months post-infection (80), and that both study 664 

cohorts are well into chronic infection, this is unlikely to fully account for the weaker 665 

HLA footprints on HIV in Mexico. Second, the cohort enrolment period was later for 666 

Mexico (2000-2014) compared to Canada/USA (1996-2004), and HIV sequence 667 

diversity was higher, raising the possibility that the Mexican epidemic may have 668 

been "older" at time of sampling than the Canada/USA one (81), and thus more 669 

pre-adapted to its host population (11, 82, 83). If so, this could reduce our overall 670 

ability to identify HAPs; however, we observed no strong evidence to support 671 

widespread pre-adaptation to all HLA alleles in Mexico (though evidence of HIV 672 

adaptation to certain common HLA alleles was indeed noted (Figure 8D). 673 

Furthermore, despite both epidemics being HIV subtype B, we cannot rule out the 674 

possibility that regional differences in viral backbone may influence adaptation 675 

pathways. However, the phylogenetic intermixing of study HIV sequences, and the 676 

observation of cohort consensus differences at only 7/934 (0.75%) HIV codons 677 

 on D
ecem

ber 4, 2017 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 31 

argues against this as a major confounder.  It is also important to note that, when 678 

designating a particular HAP as "shared" vs. "unique" to a given cohort, we are 679 

referring to HAPs identified at q<0.2 in both vs. only one cohort respectively. HAPs 680 

"unique" to a given cohort may still be present the other cohort above this 681 

significance threshold. Finally, we have not measured HLA-associated immune 682 

responses directly in this study; rather, we are using HLA footprint data to make 683 

inferences regarding the strength and reproducibility HLA-restricted antiviral 684 

cellular immune responses in given host populations (7).  685 

We propose some hypotheses as to why HLA-mediated pressures on HIV may be 686 

weaker in Mexico. Firstly, it is possible that targeting of specific HLA-restricted CTL 687 

epitopes, and/or immunodominance hierarchies, are not as consistent in Mexico as 688 

in other populations. Host immunogenetic differences in genes encoding proteins 689 

that interact with HLA - in particular the T-cell receptor repertoire - could also 690 

explain differential recognition and/or escape within a given HLA-restricted CTL 691 

epitope across human populations (17). Indeed, our observation of substantial 692 

differential selection of HIV polymorphisms by HLA alleles present in both cohorts 693 

(Figures 8, 9) supports host factors beyond HLA in mediating these differences. 694 

Marked differences in HLA subtype distributions (e.g. the vast diversity of HLA-695 

B*35 subtypes in Mexico compared to Canada/USA) may also play a role, as 696 

closely-related HLA alleles with similar or identical epitope binding motifs may 697 

nevertheless target epitopes at different frequencies, with different functional 698 

avidities, and elicit differential escape pathways (17, 59). The possibility of HLA 699 

locus-specific differences is also intriguing. Consistent with a dominant influence of 700 
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HLA-B in mediating anti-HIV immune responses (84), >50% of HAPs identified in 701 

Mexico and Canada/USA were HLA-B restricted; however, whereas an average of 702 

12 HAPs were identified per HLA-B allele in Canada/USA, only 2.8 HAP were 703 

identified per HLA-B allele in Mexico. By contrast, the average number of HAPs per 704 

HLA-A and -C allele were only twofold lower in Mexico compared to Canada/USA 705 

(e.g. 5 and 3.4 per HLA-A and HLA-C allele in Mexico compared to 11 and 7.8 in 706 

Canada/USA, respectively), raising the intriguing possibility that individual HLA-B 707 

alleles may not restrict as broad or potent anti-HIV immune responses in Mexico as 708 

elsewhere. Also intriguing was our observation of relatively strong positive 709 

relationships between HLA frequency and the number of HLA-restricted adapted 710 

HAPs in Canada/USA (Spearman’s rho=0.4098 and p=0.003 for Gag; Spearman’s 711 

rho=0.3358 and p=0.0062 for PR-RT) but far less so in Mexico (p=0.0954 and 712 

rho=0.2137 for Gag and p=0.0539 and rho=0.2893 for PR-RT) (data not shown). 713 

Notable examples include B*35:01 (that restricts 3 adapted associations in Mexico 714 

and 12 in Canada/USA despite being present at comparable allele frequency) and 715 

A*02:01 (that restricts 2 adapted HIV associations in Mexico and 8 in Canada/USA 716 

despite being present at comparable frequency across cohorts. Converging 717 

selection pressures by different HLA alleles on the same HIV codon may also play 718 

a role: RT codon 135 for example harbors diametrically opposed HAPs restricted 719 

by different HLA alleles (B*51:01-135T and B*15:03-135I); it is intriguing that the 720 

latter HAP is among the few that are significantly stronger in Mexico than in 721 

Canada/USA, which could conceivably influence the strength of the B*51:01-135T 722 

association in Mexico. Overall, our observations highlight the need for detailed 723 

assessments of HLA-restricted CTL responses, possibly supplemented with the 724 
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characterization of T-cell receptor genetic and functional diversity in the Mexican 725 

mestizo population for select HLA-restricted HIV epitopes. Our observations also 726 

support extension of our analyses to other immunogenic HIV proteins such as Nef, 727 

which exhibit high HAP densities (7, 14, 17, 39).  728 

CONCLUSION 729 

Comparative HLA footprint studies are relevant to HIV vaccine design because 730 

they illuminate the extent to which viral immunogenic regions - and their associated 731 

escape pathways - are universal versus population-specific. Combined with 732 

information on sequence conservation, fitness costs and escape mechanisms, HLA 733 

footprints can be used to identify immunogenic yet constrained viral regions, and 734 

their common sequence variants, for potential vaccine inclusion. In particular, HLA 735 

footprints can guide the discovery of novel epitopes and/or immunogenic regions 736 

(85, 86), which may be of particular importance in understudied populations with 737 

unique HLA distributions.  HLA footprints may similarly prove useful in the context 738 

of therapeutic vaccinations for reservoir eradication (87) - for example, by 739 

analyzing autologous HIV reservoir sequences to assess the burden of escape 740 

therein.  Our study extends a growing body of evidence supporting both universal 741 

and population-specific HLA-associated footprints on HIV, even among 742 

neighboring epidemics where the same HIV subtype circulates. While the 743 

identification of shared immunogenic regions in Gag and Pol could support the 744 

notion of an HIV subtype B vaccine tailored to North American sequence diversity, 745 

the identification of novel HIV adaptation pathways restricted by typical "mestizo" 746 

HLA alleles, and more importantly the unexpected observation of a significantly 747 
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scarcer and weaker HLA "footprint" on HIV in Mexico, raises intriguing questions 748 

regarding the strength and quality of HLA-restricted antiviral immunity in the 749 

Mexican mestizo population and what implications this might have for vaccine-750 

induced immune responses. Detailed characterization of HLA-restricted CTL 751 

responses in this unique population are thus merited.  752 
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FIGURE LEGENDS 794 

 Figure 1. Entropy differences in Gag and PR-RT on HIV from Mexico and 795 

Canada/USA. Comparison of Shannon entropy scores at each HIV position 796 

between cohorts. Each box represents an HIV codon. The top panel shows the 500 797 

Gag positions; the bottom panel shows the 99 Protease (PR) and the first 335 798 

reverse transcriptase (RT) codons. Positions with significantly different Shannon 799 

entropy between Mexico and Canada/USA (p<0.001) are colored: blue for 800 

positions with higher entropy in Mexico and gray for positions with higher entropy in 801 

Canada/USA. Black dots denote positions with different consensus amino acids 802 

between cohorts. The complete list of entropy values for Gag and PR-RT is 803 

available in Tables S4 and S5 respectively. 804 

Figure 2. Genetic diversity of HIV-1 subtype B Gag and PR-RT from Mexico 805 

and Canada/USA. Unrooted maximum likelihood phylogenetic trees inferred from 806 

(A) Gag (n=2,771) and (B) PR-RT sequences (n=3,084), drawn on the same 807 

genetic distance scale. Branch color indicates the cohort to which the sequence 808 

belongs to. Purple branches denote the HXB2 subtype B reference sequence. (C) 809 

Number of clusters defined by within-cluster patristic distances ≤1.5% and 810 

bootstrap support 90% in each tree. Median pairwise genetic distance 811 

comparison between Mexico (blue box) and Canada/USA (gray box) for Gag (D) 812 

and PR-RT (E). 813 

Figure 3. Differences in HLA frequencies between Mexico and Canada/USA. 814 

Comparisons of HLA frequencies between Mexico (n=1,612, blue bars) and 815 

Canada/USA (n=1,641, gray bars). HLA alleles are ordered by descending 816 
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frequency in the Mexican cohort. HLA alleles with less than 0.1% frequency in the 817 

Mexican cohort are not shown. The complete list of comparisons can be found in 818 

Table S6. * p<0.05 and q<0.2. 819 

Figure 4. Comparative Gag immune escape map for Mexico and Canada/USA. 820 

Escape map showing the location of HLA-associated polymorphisms in HIV-1 821 

subtype B gag sequences from Mexico (n=1,450) and Canada/USA (n=1,320). at 822 

p<0.05 and q<0.2. The reference sequence represents the cohort-specific 823 

consensus sequence: blue for Mexico and gray for Canada/USA. Black dots 824 

denote codons where the consensus sequence differences between cohorts. Panel 825 

A: Gag positions 1 - 300; Panel B: Gag positions 301 - 500. One hundred amino 826 

acids are displayed per line; vertical bars separate blocks of 10 amino acids. 827 

“Adapted” amino acids are shown in bold green letters and “Non-Adapted” amino 828 

acids are shown in bold blue letters, along with their restricting HLA allele(s) (blue 829 

for Mexico, gray for Canada/USA, and red for "shared" associations observed at 830 

q<0.2 in both cohorts. Published optimal epitopes harboring HLA-polymorphism 831 

associations are shown above the consensus sequences in black. The complete 832 

list of associations can be found in Tables S7 and S8.  833 

Figure 5. Comparative PR-RT immune escape map for Mexico and 834 

Canada/USA. Escape map showing the location of HLA-associated 835 

polymorphisms in HIV-1 subtype B PR-RT sequences from Mexico (n=1,529) and 836 

Canada/USA (n=1,555). Panel A PR positions 1 - 99 and RT positions 1 - 200; 837 

Panel B. RT positions 201 - 335. Features of this map are the same as in Figure 4. 838 

The complete list of associations can be found in Tables S7 and S8.  839 
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Figure 6. Distribution of Gag and PR-RT HIV codons harboring adapted HLA 840 

associations in Mexico and Canada/USA. Panels A-C depict Gag while D-F 841 

depict PR-RT. Panels A and D show HIV codons harboring adapted associations in 842 

Mexico, panels B and E show HIV codons harboring adapted associations in 843 

Canada/USA. The number in each box corresponds to the number of HLA-adapted 844 

associations observed at that specific position. Panels C and F provide a merged 845 

map, showing HLA-adapted associations present in Mexico only (blue), 846 

Canada/USA only (gray), and in both cohorts (red).  847 

Figure 7. Comparison of HAP p-value distributions between Mexico and 848 

Canada/USA. -Log10 p-value transformations for the top 201 Gag HAPs found in 849 

Mexico and Canada/USA (A) and the top 157 PR-RT HAPs found in Mexico 850 

Canada/USA (B) are shown. Transformed p-values are ranked from smallest (least 851 

significant) to largest (most significant) in each cohort and plotted as paired 852 

observations. The red line represents the null expectation. Panels C and D show 853 

the -Log10 p-value  distribution of shared vs. unique HAPs observed in Mexico in 854 

Gag (C) and PR-RT (D). 855 

Figure 8. Weaker HLA-associated footprint in Mexico compared to 856 

Canada/USA. Panel A: Pairwise comparisons of the absolute log-transformed 857 

odds ratios (Absolute lnOR) for all HAPs identified in Mexico and/or Canada/USA, 858 

that were restricted by HLA alleles observed in a minimum of 10 individuals in both 859 

cohorts (n=995).  Panel B: same as A, but restricted to "shared" HAPs (i.e. those 860 

identified in both cohorts at q<0.2 in the original analysis; n=131). Results support 861 

a significantly weaker HLA-associated footprint in Mexico compared to 862 
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Canada/USA.  Panel C: The difference in the percentage of persons expressing 863 

the restricting HLA and harboring the relevant adapted HIV variant in Mexico 864 

versus Canada/USA, where a negative value indicates the variant is less frequently 865 

found among HLA-expressing persons in Mexico. The horizontal line denotes the 866 

median, box edges denote the 25 and 75 percentiles, whiskers denote 10-90 867 

percentiles and individual outliers are labeled. The p-value is derived from a 868 

Wilcoxon matched pairs test applied to the corresponding variant frequencies 869 

between cohorts.  Panel D: The difference in the percentage of persons lacking the 870 

restricting HLA and harboring the relevant adapted HIV variant in Mexico versus 871 

Canada/USA. The p-value is derived from a Wilcoxon matched pairs test applied to 872 

the corresponding variant frequencies between cohorts. 873 

Figure 9. HLA-associated HIV polymorphisms showing stronger HLA-874 

associated selection in Mexico than in Canada/USA. We took all HLA-875 

associated HIV polymorphisms (HAPs) identified in Mexico that were restricted by 876 

HLA alleles observed in a minimum of 10 individuals in Canada/USA, and applied 877 

a phylogenetically-corrected logistic regression test to compare their strengths of 878 

association across cohorts. HAP displaying significantly stronger HLA-associated 879 

selection in Mexico (p<0.05, q<0.2) in Gag (A) and PR-RT (B) are shown. The 880 

complete list of comparisons is available in Table S9.                                  881 
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