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Abstract

Background—Migration and travel are major drivers of the spread of infectious diseases.
Geographic proximity and a common language facilitate travel and migration in Mesoamerica,
which in turn could affect the spread of HIV in the region.

Methods—6,092 HIV-1 subtype B partial po/sequences sampled from unique antiretroviral
treatment-naive individuals from Mexico (40.7%), Guatemala (24.4%), Honduras (19%), Panama
(8.2%), Nicaragua (5.5%), Belize (1.4%), and El Salvador (0.7%) between 2011-2016 were
included. Phylogenetic and genetic network analyses were performed to infer putative
relationships between HIV sequences. The demographic and geographic associations with
clustering were analyzed and viral migration patterns were inferred using the Slatkin-Maddison
approach on 100 iterations of random subsets of equal number of sequences per location.

Results—A total of 1,685/6,088 (27.7%) of sequences linked with at least one other sequence,
forming 603 putative transmission clusters (range: 2-89 individuals). Clustering individuals were
significantly more likely to be younger (median age 29 vs 33 years, p<0.01) and men-who-have-
sex-with-men (40.4% vs 30.3%, p<0.01). Of the 603 clusters, 30 (5%) included sequences from
multiple countries with commonly observed linkages between Mexican and Honduran sequences.
Eight of the 603 clusters included more than 10 individuals, including two comprised exclusively
of Guatemalans (52 and 89 individuals). Phylogenetic and migration analyses suggested that the
Central and Southern regions of Mexico along with Belize were major sources of HIV throughout
the region (p<0.01) with genetic flow southward from Mexico to the other nations of
Mesoamerica. We also found evidence of significant viral migration within Mexico.

Conclusion—International clusters were infrequent, suggesting moderate migration between
HIV epidemics of the different Mesoamerican countries. Nevertheless, we observed important
sources of transnational HIV spread in the region, including Southern and Central Mexico and
Belize.

Keywords
Mesoamerica; Migration; Network; Clusters; HIV

1. INTRODUCTION

Migration and travel have been implicated as major factors in the spread of HIV since the
earliest days of the epidemic (1, 2). The association of travel with HIV infection largely
reflects the long-recognized link of travel with the risk of acquiring sexually transmitted
infections (3, 4). Travel may involve changes in sexual behavior, including an increase in the
number of sexual partners and contacts with sex workers (3). Migrants are also at higher risk
of acquiring infections due to factors such as social isolation, poor living conditions, and
increased risk taking (5). Furthermore, once infected, these same individuals are at risk of
bringing the infection to susceptible populations (6). Phylodynamic analyses have
demonstrated how HIV likely spread first along key transportation corridors in the
Democratic Republic of Congo and West Africa before spreading out into rest of the
population (7, 8). Similarly, historical evidence suggests that much of the HIV epidemic in
Mesoamerica, consisting of Mexico and the Central American nations of Guatemala,
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Nicaragua, Honduras, Belize, El Salvador, Panama, and Costa Rica, has its origins in the
United States (US) (7, 9-12). It is likely that the epidemic spread from the US to
Mesoamerica as labor and economic migrants from Mesoamerica to the US returned home
(9, 10, 12-14). Many of the Mesoamerican nations have also suffered tremendous
sociopolitical upheaval all along the 20th century, with geopolitical forces leading to
substantial shifts of populations across the region (15). However, little is known about how
HIV spread throughout Mesoamerica, and the role of migration and travel in the diffusion of
this epidemic in the region is still to be addressed.

The current HIV epidemic in Mesoamerica is concentrated in several high-risk groups, with
HIV prevalence in these groups varying from nation to nation. Men who have sex with men
(MSM) are highly affected across Mesoamerica, with prevalence as high as 20% in Panama
(16). In the region, a high level of stigma is associated with HIV (17) and with
homosexuality (18-20) causing marginalization of this population, which in turn leads to
non-disclosure of sexual risk increased risk-taking behavior (21). As a consequence, many
MSM in Mesoamerica consider themselves heterosexual, but are sexually active with both
men and women (22). Sex workers are another group at high-risk for acquiring HIV
infection, with HIV prevalence higher in transgender or male sex workers than female sex
workers in the region(16). However, less is known about the potential transmission links
between these high-risk populations and their role in the dynamics of the overall
Mesoamerican epidemic.

Here we explore the phylodynamics of HIV across Mesoamerica, using a large cohort of
individuals recruited over the past 5 years as part of the Mesoamerican Project to better
understand regional epidemics, the viral transmission links between them, and risk groups
across the region.

2. METHODS
2.1. Study Populations

Antiretroviral treatment (ART)-naive HIV-infected individuals were enrolled between
October 2010 and February 2016 as part of the multicenter cross-sectional Mesoamerican
Project to assess HIV transmitted drug resistance, molecular epidemiology and viral
diversity across Mexico and Central America. Individuals were included at the time of
diagnosis at participating clinics, or at follow-up visits prior to starting ART according to
national guidelines. Every eligible person attending each participating site was offered the
opportunity to participate in the study. No exclusion criteria were applied except for known
previous exposure to ART. All participants gave written informed consent to participate in
the study.

Socio-demographic data from participants were collected through direct application of a
questionnaire at the time of sample donation. Each participant provided a single blood
sample that was processed at the Centre for Research in Infectious Diseases (CIENI) of the
National Institute of Respiratory Diseases (INER) in Mexico City, a WHO-designated
laboratory for HIV genotyping, fulfilling procedural and infrastructure requirements for
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good laboratory practices and quality assurance, after a maximum of 72 hours from
collection.

Participating institutions in Central America included: Belize: Ministry of Health,
Belmopan; Guatemala: Roosevelt Hospital, Guatemala City (a national referral center) (23);
El Salvador: Rosales National Hospital, San Salvador; Honduras: University School
Hospital, Tegucigalpa; National Cardio-Pulmonary Institute, Tegucigalpa; Mario Catarino
Rivas Hospital, San Pedro Sula; Atlantida Hospital, La Ceiba; South Hospital, Choluteca
(five of the largest HIV clinics across the country) (24); Nicaragua: Roberto Calder6n
Hospital, Managua (the largest reference center in the country) (25); Panama: Gorgas
Memorial Institute for Health Studies, Panama City (a national referral center) (26). In the
case of Mexico, a national collaborative network was established with clinics in 12 states
(27) and further expanded in 2015 to include a total of 17 states (28). The estimated
sampling depth of the new diagnoses in each of the participating nations is shown in
Supplemental Table S3 and Figure S5. The protocol was reviewed and approved by the
Ethics Committee of the INER and by local Committees in each Central American country.

2.2. Sequencing

Partial HIV po/ (HXB2 positions 2253-3554) was bulk sequenced from free plasma virus
(extraction from 1 mL of plasma, QIAmp Viral RNA Kit, QIAGEN, Valencia, CA), using a
previously described in-house protocol (23), with a 3730x| Genetic Analyzer instrument
(Thermo Fisher, Waltham, MA). Sequences were assembled using the web-based automated
sequence analysis tool RECall (University of British Columbia, Vancouver, Canada) (29).

2.3. Transmission Cluster Inference

We employed HIV-TRACE (HIV TRAnsmission Cluster Engine; www.hivtrace.org) using
the protocol described by Wertheim et al (30) to infer transmission clusters. Briefly, all
partial HIV pol sequences were aligned to HXB2 reference sequence. All pairwise distances
were computed and a putative linkage between two individuals was considered whenever
their pol sequences were <0.015 substitutions/site divergent (TN93 substitution model) (31—
33). When calculating pairwise genetic distance, all nucleotide ambiguities were resolved
and only sequences with less than 1.5% ambiguities were retained (34). Problematic
sequences, including those closely related to HXB2 and NL4-3, which could be deemed as
possible contaminants, were flagged and repeated based on phylogenetic analyses performed
on a monthly basis as an internal laboratory control. Multiple linkages were then combined
into putative transmission clusters. Clusters comprised of only two linked nodes were
identified as dyads. This approach will detect clusters of recent transmission in which the
clustering viruses are genetically similar, implying a direct or indirect epidemiological
connection (34).

Convergent evolution due to ART resistance pressure has the potential to confound
evolutionary analyses (35). However, pure sampled population included only sequences
from purportedly ART-naive individuals. Furthermore, HIV-TRACE analysis has been
shown to be robust to the inclusion of codons associated with drug resistance (30, 34).

Infect Genet Evol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaillon et al.

Page 5

Nonetheless, we explored the effect of inclusion/exclusion of sites associated with drug
resistance.

The time to most recent common ancestor (TMRCA, years) of the largest clusters (size >10
individuals) were estimated using a Markov Chain Monte Carlo (MCMC) framework as
implemented in BEAST v1.8.1 (36) with BEAGLE to improve run-time (37). We used a
discretized gamma distribution (GTR + I'y) to account for among-site rate variation. The
molecular clock was calibrated using sequence sampling dates under a relaxed uncorrelated
lognormal molecular clock model and a gamma prior on clock rate(38). Two separate runs
of 50 x 108 chain steps were performed, sub-sampling parameters every 20,000 steps. After
removing 10% of burn-in and combining evolutionary parameters and trees using
LogCombiner. Convergence of the chains was inspected using Tracer v1.5. The TMRCA
estimates were expressed as mean and 95% highest posterior density (HPD) years before the
sampling year of the most recent sequence in the cluster.

2.4. Compartmentalization of the Epidemics

We evaluated the population genetic structure of the overall Mesoamerican HIV-1 epidemic
by using genetic diversity to compute the Fixation index (FsT) (39) between each national
epidemic in a pairwise fashion applied on 100 random subsets of 40 sequences. Briefly, the

™
fixation index is defined as FST:i where 7, is the estimate of mean pairwise intra-
compartment (i.e. location) genetic distance (TN93)(31), and npis its inter-compartment
counterpart. Both quantities were computed by comparing all sequences sampled from two
different countries, with the requirement that they share at least 150 aligned nucleotide
positions. The null hypothesis of a random distribution of genetic variation was rejected
when permutation testing, using 10,000 randomizations of sequence locations, revealed
significant compartmentalization between populations from different countries. The p value

of the permutation test must be <0.05 to establish significance.

2.5. Viral Migration

To determine the major routes of viral migration throughout Mesoamerica, we used the
Slatkin-Maddison approach (40) implemented in HyPhy, where we inferred the number of
migration events between the populations of each Mesoamerican nation (41). To better
characterize this viral diffusion in the region, Mexico was divided into 3 regions: (1) the
Northern Region (states of Baja California, Jalisco, Tamaulipas, Nuevo Leon, Sonora,
Sinaloa, Colima, Chihuahua), (2) the Central Region (states of Puebla, Distrito Federal,
Estado De Mexico, Morelos, Oaxaca, Michoacan, Guerrero, Tlaxcala, Hidalgo) and (3) the
Southern region (states of Quintana Roo, Yucatan, Veracruz, Campeche, Tabasco, Chiapas)
(Supplemental Figure 1). To accommaodate for the differences in sample size (available
number of sequences for each geographic location), we repeated these analyses on 100
iterations of random subsets of equal number of sequences per location (Belize, El Salvador,
Honduras Guatemala, Northern Mexico, Central Mexico, Southern Mexico, Nicaragua and
Panama). Given the historical relationship between the HIV epidemics in the US and across
Mesoamerica (14, 42-44), we repeated these analyses after including random subsets of
equal number of HIV-1 subtype B sequences collected in the United States during the same
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time period. HIV-1 subtype B partial pol sequences (HXB2 coordinates: 2253—-3554) at least
500 nucleotides long and collected in the United States since 2011 were downloaded from
the Los Alamos National Laboratory (LANL) HIV sequence database on May 23th 2017.
Only 1 sequence per individual, based on classification in the LANL database, was retained.
We inferred the major sources and sinks of viral migration with a one-way ANOVA
approach after Bonferroni adjustment for multiple comparisons.

3. RESULTS

3.1. Mesoamerican Cohort

After quality filtering, 6,088 subtype B HIV sequences from unique individuals, with
associated sociodemographic and geographic information, and sampled between 2011 and
2016 across Mesoamerica, were analyzed (Figure 1). Nearly 30% of participants were
female, and 57% identified as heterosexual, with only 1.3% reporting intravenous drug use
(Table 1 and Supplemental Table S1). Late presentation to clinical care was frequent, with a
median CD4+ T cell count of 239 cells/mm3,

3.2. Mesoamerican Transmission Network

Inference of putative transmission links within the study cohort identified 603 clusters that
included 1,685/6,088 (27.7%) individuals. Clusters ranged in size from 2 to 82 individuals,
and 167 (27.7%) had 3 or more individuals (Figure 2A). Eight clusters included >10
individuals, and were considered large clusters. These results were robust to the inclusion
and exclusion of site associated with drug resistance. The median age at diagnosis of
clustering individuals was 29 (IQR: 24-37), which was significantly lower (p<0.001) that
that of non-clustering individuals (median age of 33, IQR: 27-42). Of the 3,439 (25.4%)
sequences from individuals identifying as heterosexual, 873 (25.4%) clustered with at least
one other sequence, while significantly more, 680 of the 2,015 (33.7%) sequences from
individuals identifying as men who have sex with men (MSM) or bisexual clustered
(p<0.001). Males were significantly more likely to clusters than women (p<0.0001, Table 1).
Half of the clusters were exclusively male (303/603, 50.2%). Even among the 291 (48.3%)
clusters that include only self-identified heterosexuals, 51 (17.5%) did not include women.
We also found 140 (23.2%) mixed clusters including both self-identified heterosexual
individuals and MSM. Fourteen (2.3%) clusters included PWID, all but three of them also
heterosexual men and women.

Of the 603 clusters, 271 (44.9%) included individuals sampled in Mexico, and 182 (30.2%)
included individuals sampled in Guatemala. Sequences from Guatemala (p<0.0001) and
Nicaragua (p<0.0001) were significantly more likely to cluster (Table 1). Overall 573 (95%)
of the clusters were comprised of individuals from only one nation. The computed Fgt tests
revealed that the sampled epidemics in each of the Mesoamerican nations were
compartmentalized (>95% positive Fs7, p <0.01 for each country) with respect to the overall
Mesoamerican epidemic.

Nevertheless, some cross-border transmission was inferred, as 30 of the clusters (5%)
included sequences from two or more countries (Figure 2B and Supplemental Table S2):
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19/30 (63.3%) included Mexican sequences with commonly observed linkage between
Mexico and Honduras (9/30 [30.0%] clusters).

3.3. Large Transmission Clusters

Eight of the 603 clusters included at least 10 individuals. These included four clusters with
individuals exclusively from Guatemala, ranging in size from 13 to 82 individuals; two
clusters with individuals exclusively from Mexico; and two with individuals exclusively
from Nicaragua (Table 2; Supplemental Figure S2). The largest cluster of 82 Guatemalan
individuals included almost exclusively men (81/82, 98.8%), the majority of whom reported
having sex with men (64/82, 78%). The three other large clusters in Guatemala were
predominantly heterosexual clusters. The Guatemalan MSM cluster included younger
individuals than the heterosexual clusters (p<0.05). Individuals in all large Guatemalan
clusters came mostly from Guatemala City (70/82 [85.4%], 13/21 [61.9%], 12/20 [60%],
and 8/13 [61.5%] respectively). The large Mexican clusters were composed mainly of MSM
(9/10 [90%] and 8/11 [73%], respectively), and from individuals from the state of Puebla
(8/10 [80%] and 9/11 [82%], respectively). One of the Nicaraguan clusters was comprised
mainly MSM (9/12 [75%]), whereas the other was predominantly heterosexual (15/17
[88%]). The inferred timing of the most common recent ancestor for all the large clusters
varied from 1999 [95% HPD:1992-2004] to 2004 [95% HPD:2000-2008] (Table 2,
Supplemental Figure S2).

3.4. Migration Analysis

To better understand international viral dispersion throughout the region, we performed
migration analyses as described above to infer prior and ongoing viral gene flow between
different locales. Given the relatively greater size of Mexico, along with its complex
geography and cultural variation, we analyzed these migration patterns after separating
Mexico into three regions (North, South and Central) (Figure 3 and Supplemental Figure 3).
We found that the Central (p<0.001) and Southern (p<0.05) regions of Mexico along with
the nation of Belize (p<0.001) were significant sources of viral migration to the other
Mesoamerican nations (Figure 3 and Supplemental Figure 3). Given the historical linkage
between the HIV epidemics in Mesoamerica and in the United States, we also performed a
similar analysis combining sequences collected across Mesoamerica in combination with
HIV-1 Subtype B sequences collected in the United States during the same time period.
Interestingly, we found significant bidirectional migration between the US and the Northern
and the Central region of Mexico (p<0.001) but not the other nations of Mesoamerica
(Supplemental Figure 4).

4. Discussion

This large-scale analysis of data collected from across Mesoamerica for surveillance of drug
resistance demonstrated similar clustering rates to published work analyzing US surveillance
data (32). We extended the type of analysis by Oster et al, to examine the HIV epidemic
across multiple international boundaries. This work demonstrates that socio-cultural and
political boundaries still limit the spread of HIV in Mesoamerica, as the sampled epidemic
was compartmentalized by nation, with small numbers of inferred transmission links
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between nations. However, those putative viral transmission links between individuals from
different nations were likely the result of human migration or travel, facilitated by having a
common language throughout the region. Such transmission links between geographically
disparate populations may impact the overall epidemic by bridging susceptible populations
(45), and may result in onward transmission (46).

Historically, the HIV epidemics across North and Central America was believed to have
been seeded from the US and the Caribbean epidemics, beginning first in the MSM
population (14, 42—-44). To better characterize the role of the US epidemic in the
Mesoamerican epidemic, we analyzed our data in combination with sequences from the US.
The significant bidirectional migration routes from and toward the US unveiled the critical
role of Mexico as a potential bridge between Northern and Southern HIV epidemics. Over
time, the epidemic has spread into the heterosexual population across Mesoamerica, but
particularly in Guatemala and Honduras (47). Spread of HIV between nations was then in
part shaped by patterns of travel and economic migration that have occurred in the region.
Eventually, after seeding at-risk populations across the region, our data and that from others
(48, 49) suggest that these epidemics then evolved regionally, with limited mixing across
nations, and risk groups.

To better characterize the prior and ongoing transnational spread of HIV in the region, we
used phylogenetic analyses to infer putative viral migration events. Specifically, we inferred
from our sample that the Central Mexico region, within which lies Mexico City the largest
city in the Americas and one of the most cosmopolitan cities in the world (50), may have
played an important role as a source of viral migration throughout the region. As one of the
major economic engines of Mexico, the region attracts migrants not only from every region
within Mexico, but also from throughout Mesoamerica (50). It has been well established that
migrants are prone to more HIV risk behaviors through structural factors such as shifts in
behavioral norms and social support networks (51). When migrants return to their home
region, they may unknowingly infect partners, seeding local epidemics. Another group of
individuals that may be contributing to viral migration are those with sexually related
motivations to migrate or travel to Mexico City where they may escape from stigmatization,
or be able to live a more open life than their area of origin, similar to what has been
described about sexual migration to the US (52). Our data support this possibility, as 70%
(21/30) of our inferred international clusters included at least one MSM, and 46 of the 94
individuals (48.9%) found in international transmission clusters were MSM. The role of
MSM within the Mesoamerican epidemic may be even greater than suggested by these
results. We found that 51 (17.5%) of the 291 clusters considered to be exclusively
heterosexual by self-report of participants included men only. These results could be
explained by other routes of transmission (i.e. unreported injection drug use) or poor
sampling of the women linking these individuals, it is highly suggestive that as least a
proportion of self-reported male heterosexuals are likely to have been infected through sex
with men. These findings are similar to work by our group and others (53, 54). A recent
study in South America also revealed limited transmission links including individuals from
different countries (5.5%), with the major role of the states of Sdo Paulo, Goiés, Rio de
Janeiro, Mato Grosso, and Parana in Brazil as potential source of international links in South
America (11). While the sampling depth greatly varies across countries in both dataset,
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creating a potential sampling bias to conclude about their relative importance in the spread
of HIV-1B in Mesoamerica or in South America and despite the great differences in the
geographic distance, human mobility and spatial accessibility between South American and
Central American countries, our findings (5.6% of transnational linkages) were very similar
and suggest that HIV epidemics in Central and South America are predominantly driven by
local transmission with limited impact of viral migrations across countries (55).

This comprehensive analysis also provided insights in to the epidemics of each of the
Mesoamerican nations. Below we have organized these observations by nation.

In our sample (n=504), we found links between the Panamanian epidemic and Mexico and
Guatemala. Inference of the viral migration patterns also suggested some flow of HIV from
central Mexico to Panama. In Panama, the epidemic is known to be concentrated along the
economic corridor of the Panama Canal, including the central districts of San Miguelito and
Panama (which includes Panama City) (48). As an internationally important economic zone,
an increase in migration of workers, businessmen and executives, mainly from Guatemala
and Mexico to Panama for business reasons has been reported during recent years (48, 56).
In addition to tourism, this could explain the inclusion of Guatemalan and Panamanian
MSM in many international clusters observed in this study. Interestingly, even with this
increase in immigration, the main spread of the Panamanian epidemic seems to remain
national with Panama not representing a significant source of seeding of other regional
epidemics. This is consistent with recently published work suggesting a recent intra-national
spread of Panamanian clades with little overlap with other Central American countries (48,
49), although it is important to acknowledge that most of the Panamanian sequences
included in this study were obtained from individuals residing in the central districts, which
could limit detection of other possible connections.

In our sampled cohort from 2011-2016, Belize and Mexico were the predominant sources of
viral gene flow in Mesoamerica. Although with only ~330,000 citizens, Belize was reported
to have the highest estimated adult prevalence and incidence of HIV in Mesoamerica at
2.1% in 2007(57), but estimates have decreased to 1.4% in 2012 (58). As a more mature
epidemic, this could explain why Belize was frequently inferred to be a source in our
sampled epidemic. Consistent with this, in our network analysis we found several links
between individuals from Belize and Mexico, Guatemala, and Nicaragua. Clusters including
sequences from Mexico and Belize were mostly MSM clusters, while those including
sequences from other countries were mostly heterosexual. Interestingly, no local networks
were observed in our sample. Although sampling biases most surely exist as our Belize
cohort is small and highly biased to include persons from the districts of Belize, Orange
Walk, and Corozal, our observations could suggest an important role of sexual tourism in the
observed network.
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Although the estimated prevalence of HIV in Guatemala is low (0.7%) (58), analysis of our
sequence data suggested that Guatemala was a destination for viral gene flow in the region,
with evidence of migration from Honduras, Belize, El Salvador, and central Mexico. We also
inferred putative transmission links between sequences from Guatemalan individuals, and
those from Honduras, Nicaragua, Panama and Mexico as well. Given its proximity to
Mexico, Guatemala City and Guatemalan border towns are key transit points for migrants
traveling northward (59). Thus, while we did not find significant number of links between
southern Mexico and Guatemala during our sample period, the links to these other regions
may be explained by its role in a northward migration route to Mexico or the US (60, 61).
Notably, we did identify several large transmission clusters entirely comprised of individuals
sampled in Guatemala, including a large cluster of MSM, a population with an HIV
prevalence 10-20 times higher than the general population in Guatemala (62). The
observation of these large clusters could be partly explained by the high sampling density or
the Guatemalan cohort in our study, as participating individuals were recruited in one of the
largest reference hospitals in Guatemala City, which largely centralize clinical care of people
on antiretroviral treatment all around the country (23). Several other large clusters were
predominantly comprised of self-reported heterosexuals. While we cannot exclude
unobserved intermediate of shared sources of infections (63), these clusters highlight the
distinct transmission patterns in MSM and heterosexuals in Guatemala. The temporal
dynamics of the large MSM cluster, with the large number of infections identified in 2014—
2015, also highlights the need to increase screening and treatment in this vulnerable
population to slow its growth.

Although one of the poorest countries in the region, Nicaragua also has the lowest estimated
adult HIV prevalence (0.3 %)(58). Civil war in Nicaragua lasted until the early 1990s, and
keeping many individuals isolated (64) possibly also limiting the spread of HIV into the
country. After the war, individuals began traveling to nearby nations for work. Consistent
with this, we inferred links between HIV infected individuals sampled in Nicaragua and the
neighboring nations of Guatemala, Belize and Honduras. We also found two large clusters
comprised only of Nicaraguans. As in the case of Guatemala, these large Nicaraguan
clusters could be explained by a high sampling density, as participating individuals were
recruited at the largest referral center in the country, caring for approximately a third of all
persons under antiretroviral treatment in Nicaragua (25). Our Bayesian phylogenetic
inferences of these clusters suggested that most of these infections occurred prior to 2009.
Interestingly, this cessation of growth corresponds with a massive increase in screening
(from 18,000 individuals in 2006 to 106,726 in 2008) (65). Additionally, analysis of the
demographic characteristics of persons included in the large clusters evidenced at least two
distinct epidemics in the country: transmission among young MSM with early infection and
a heterosexual epidemic involving older individuals in a more chronic stage of the infection,
which may require distinct targeted prevention efforts.
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During the early 1990s, the major focus of the central American HIV epidemic (not
including Mexico) was the nation of Honduras, with an estimated 60% of the region’s
infections found in the country (66). It has been hypothesized that the HIV epidemic,
initially most prominent in the port city of San Pedro Sula, was seeded by Caribbean sailors
(67). Particularly affected have been the Garifuna population, an ethnic minority that has
settled along the Atlantic coast and who have also settled Belize, Nicaragua, and Guatemala
(68). Interestingly, we found putative transmission links between Hondurans and infected
individuals in the nations of Nicaragua, Guatemala and Mexico. Infection among sex
workers also has played a major role in the Honduran epidemic with a prevalence of 10%
reported in 2007. In our sample (n=1157 sequences), nearly 40% of Honduran women had
an HIV sequence that clustered with another individual, which was the highest rate across
the Mesoamerican nations. Furthermore, we found that most of the females (9/19, 47.4%)
involved in international clusters were sampled in Honduras, which may be reflective of the
importance of sex work in viral migration in and out of Honduras.

As the largest nation in Mesoamerica, the phylodynamics of the Mexican HIV epidemic is
complex. Regional epidemics exist throughout the country, but they are also linked together.
To better understand the links between the regional Mexican epidemics, we divided the
country into three sections as described above. As expected, we found much closer ties
between southern and central Mexico with the rest of Mesoamerica, with our migration
analyses suggesting that central Mexico has been an important viral source to the epidemics
in the other Mesoamerican nations. Interestingly, although economic migrants through the
region are typically traveling northward through Guatemala into Mexico, our phylogenetic
and migration analyses suggest that viral genetic flow is southward from Mexico to the other
nations, including Guatemala. It remains unclear if this is a consequence of migrants
returning home after acquiring the infection (51), or another travel related explanation.

There are several potential limitations to our analysis, related to sampling and quality of
data. First, our sample represents a convenience sample of individuals receiving HIV care at
centers participating in the Mesoamerican drug resistance monitoring program. However,
this sample is the largest collection of sequences sampled in Mesoamerica, with broad
geographic representation. In addition, sampling was not uniform across sites. To address
this, we used an iterative subsampling approach with 100 replicates to thus provide a fair
estimate of viral dynamics in the sampled period. Moreover, although we made every effort
to identify duplicates within our database (cross-referencing similar sequences by
demographic information), it is possible that some sequences represent individuals sampled
more than once in different locations. Our analysis also relied on self-reported transmission
risk data. Therefore, males who practiced sex with other men may have reported themselves
as heterosexual given concerns about stigma or differing perceptions on what constitutes an
MSM (69). Given our stringent thresholds for inferring linkages, and our manual screening
to remove duplicates, we anticipate that any remaining duplicates did not significantly affect
our analysis. Another limitation was the uncertainty in the duration of infection at the time
of sampling. While this would not impact our network analyses, the inferred temporal
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dynamics of a cluster could be skewed if the entire cluster had been chronically infected for
a long period of time. Inferences from our viral migration analyses are also reliant on our
sample, and thus may not accurately represent the migration of virus from one region to
another. For example, if the epidemic in Guatemala was seeded from US epidemic in 1980,
and the Honduran epidemic was seeded from the US in 1990, when looking only at the
Mesoamerican data, we may mistakenly infer that the Honduran epidemic was seeded from
Guatemala. Finally, it is important to note that potential transmission linkages inferred in
this study are not necessarily direct transmission partners, but may include intermediate
infections separating the observed connected sequences. Nonetheless, these inferred linkages
provide a reasonable proxy for understanding the viral dynamics across populations.

5. Conclusions

Overall, our work highlights the use of phylodynamic analyses to provide insights into the
role of migration and travel in the spread of HIV. These results provide objective support for
some of the epidemiologic theories regarding historical viral introductions and migrations
across Mesoamerica. Continued observations and phylodynamic analyses, particularly with
greater depth of sampling, may also have the potential to evaluate the impact changes in
demographic trends and policies on the Mesoamerican epidemic.
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Highlights

. Socio-cultural and political boundaries limit the spread of HIV across
MesoAmerica

. Mexico and Belize remain important of transnational HIV spread

. Large transmission clusters were identified in Mexico, Nicaragua, and
Guatemala.

. Heterosexual and same sex HIV epidemics are compartmentalized in
Guatemala
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A. Sampling distribution across Mesoamerica.
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Figure 1.
1A. Sampling distribution across Mesoamerica. The number of HIV pol sequences

included in the analysis are represented. 1B. Clustering Proportion. Heat map representing
the proportion of sampled HIV infected individuals within each geographic subdivision
clustering with at least one other individual. Data are presented at the Country level for El
Salvador, Belize, Nicaragua and Panama at the state/province level for Guatemala,
Honduras, and Mexico.
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A. INTRANATIONAL CLUSTERS
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Figure 2. HIV transmission clusters

The structure and demographic make-up of inferred HIV-1 transmission clusters from the
Mesoamerican cohort are illustrated. Nodes (rectangles and circles) represent connected
individuals in the overall network, and putative transmission linkages are represented by
edges (lines). A. Intra-national clusters. Nodes are color coded by the reported risk
behavior. B. Transnational Clusters. Nodes are color coded by the country of origin (left
panel) and the reported risk behavior (right panel). Only clusters with =3 individuals are
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presented. Clustering individuals from El Salvador (n=6) are not shown as they are only
included in dyads.
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Figure 3. Matrix of HIV migration events
An increase in redness represents a stronger migratory signal. Red asterisk indicates

significant major sources of viral migration. Viral migration patterns were inferred using the
Slatkin-Maddison approach on 100 iteration of random subsets of equal number of
sequences per location (see Methods for details).
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