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Abstract

The majority of HIV infections in the United States can be traced back to a single introduction in late 1960s or
early 1970s. However, it remains unclear whether subsequent introductions of HIV into the United States have
given rise to onward transmission. Genetic transmission networks can aid in understanding HIV transmission.
We constructed a genetic distance-based transmission network using HIV-1 pol sequences reported to the U.S.
National HIV Surveillance System (n=41,539) and all publicly available non-U.S. HIV-1 pol sequences
(n=86,215). Of the 13,145 U.S. persons clustered in the network, 457 (3.5%) were genetically linked to a
potential transmission partner outside the United States. For internationally connected persons residing in but
born outside the United States, 61% had a connection to their country of birth or to another country that shared a
language with their country of birth. Bayesian molecular clock phylogenetic analyses indicate that introduced

nonsubtype B infections have resulted in onward transmission within the United States.
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Introduction

GENETIC AND PHYLOGENETIC APPROACHES have suc-
ceeded in elucidating the spread of HIV-1 around the
world."* For example, phylogenetic approaches have dem-
onstrated how HIV-1 subtype B migrated across Europe and
East Asia.>* Moreover, these approaches have documented
the introduction and continuous spread of non-B subtypes
and circulating recombinant forms (CRFs), for example, in
France and the United Kingdom.>® Importantly, international
routes of HIV migration represent potential points of inter-
vention to reduce the spread of the virus.

The HIV-1 epidemic in the United States likely began as the
result of the introduction of a single subtype B founder variant
from Haiti during the late 1960s or early 1970s.” Currently,
more than 1.2 million individuals are living with HIV infection
in the United States,® with subtype B accounting for ~95% of
infections.”™"! The remaining 5% of infections within the
United States comprise a variety of non-B subtypes and CRFs,
which are the result of multiple independent introductions of
HIV-1 into the United States. However, evidence for onward
transmission of introduced non-B HIV strains is sparse'” (e.g., a
single heterosexual couple'?).

Transmission networks inferred from genetic sequences al-
low the study of viral dynamics on a local or national level.'*"

Moreover, these networks provide the means to improve the
effect of targeted treatment intervention.”® Recent work by
Wertheim ez al.” has demonstrated how the global diversity of
HIV can be efficiently queried for transmission links by com-
paring genetic distances between isolates. This approach can
identify transmission clusters: groups of HIV-positive persons
whose viral strains are highly genetically similar, implying a
direct or indirect transmission link among these individuals.
Since 2001, the Centers for Disease Control and Preven-
tion (CDC) has funded projects in selected jurisdictions to
collect HIV sequences from persons newly diagnosed with
HIV, which were subsequently reported to the National HIV
Surveillance System. We used these surveillance data to
characterize instances where a person diagnosed within the
United States has a potential transmission partner genotyped
in another country and identify clusters suggestive of onward
transmission of HIV introduced into the United States.

Methods
Sequence data

We included HIV-1 pol (protease and reverse transcrip-
tase) sequences reported during 2001 through 2012 to the
U.S. National HIV Surveillance System through three
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projects: antiretroviral drug resistance testing (ARVDRT);
the dried blood spot (DBS) project; and Variant, Atypical,
and Resistant HIV Surveillance (VARHS).21 We included
one sequence per person. When more than one sequence
had been obtained from an individual, the longest sequence
was used; 80% of these sequences were obtained within 1
year since diagnosis. Sequences <500 nucleotides in length
were excluded. The resulting U.S. dataset comprised 41,549
sequences genotyped within the United States, represent-
ing ~ 11% of all persons with a recent HI'V diagnosis within
the United States. A detailed description of the U.S. National
HIV Surveillance System transmission network and related
geographic sampling is available in Oster et al.**

All publicly available HIV-1 pol sequences (HXB2 coordi-
nates 2253-3869), one sequence per individual, were down-
loaded from the Los Alamos National Laboratory (LANL) HIV
Sequence Database (www.hiv.lanl.gov/). Again, sequences that
were <500 nucleotides in length were excluded. Problematic
sequences, defined by LANL as containing 25% ambiguous
nucleotides, were excluded. Because the focus of this study was
international linkage, sequences obtained within the United
States were excluded from the LANL dataset. We also ex-
cluded LANL sequences without country of sampling infor-
mation. The resulting non-US LANL dataset comprised 86,490
international sequences.

Constructing transmission networks

To construct a transmission network, we used a local im-
plementation of HIV-TRACE (www.hivtrace.org), following
the protocol outlined by Wertheim et al.> First, sequences
were aligned to an HIV-1 reference sequence (HXB2) in a
pairwise fashion based on codon structure. Insertions relative
to HXB2 were filtered from downstream analyses.

Next, the Tamura-Nei 93 (TN93)* genetic distance was
calculated for all sequence pairs (~ 16.3 billion compari-
sons). TN93 is the most complex nucleotide substitution
model that can be represented by a closed-form solution, al-
lowing rapid pairwise genetic distance calculation. More
complex nucleotide substitution models do not improve ac-
curacy of short genetic distance estimates.** Pairs whose ge-
netic distance fell at or below a given TN93 distance threshold
(1.5% in primary analyses) were connected (via an edge).

These pairs represent potential transmission partners: in-
dividuals whose sequences are far more similar than would be
expected by chance. This genetic distance cutoff was selected
because after a decade of longitudinal sampling, HIV pol
sequences in mono-infected patients typically do not diverge
more than 1% from baseline sequences.25 Therefore, a cutoff
of 1.5% is slightly conservative compared with the expected
2% divergence between two transmission partners after a
decade. We also explored the effects on clustering of more
conservative and liberal genetic distance cutoffs (1.0% and
2.0%), and the effect of excluding 48 codons associated with
drug resistance mutations.'' To prevent spurious linking of
low-quality sequences (i.e., those with a high proportion of
nucleotide ambiguities), genetic distances between ambigu-
ous bases (e.g., R, Y, M) and known bases (e.g., A, C, T, G)
were averaged over resolutions of the ambiguous base (i.e., Y
is treated as 50% C and 50% T).

Finally, we assembled transmission clusters by connecting
persons (nodes) who shared potential transmission partners.
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Therefore, every person in a transmission cluster is the po-
tential transmission partner of at least one other person in that
cluster.

Sequences that were unexpectedly similar (£2.0% TN93
genetic distance) to the HXB2 reference sequence were ex-
cluded from the analysis as potential laboratory contami-
nants. In all, 10 U.S. sequences and 275 LANL sequences
were excluded. Therefore, our final dataset included 127,754
sequences.

Among U.S. persons who clustered (either domestically or
internationally), we compared the percentage that clustered
internationally by demographic and geographic characteristics
and transmission category. We also used multivariable re-
gression in SAS, version 9.3 (SAS Institute, Cary, NC) to ac-
count for confounders; the model included age, race/ethnicity,
transmission category, birthplace, population of area of resi-
dence, year of diagnosis, and U.S. census region. Transmission
category was hierarchically assigned,® and information was
imputed for individuals missing these data.?

For foreign-born U.S. persons with a potential transmission
partner genotyped in another country, we calculated the per-
centage linked to their country of birth. Among the remainder,
we determined what percentage linked to a country that shared
an official/dominant language with their country of birth, as
listed in the Central Intelligence Agency’s World Factbook
(www.cia.gov/library/publications/the-world-factbook/).

Phylogenetics and molecular clock analyses

We identified non-B clusters that contained a minimum of
four sequences, at least two of which were sampled within the
United States and were potential transmission partners.
Subtype classification was performed using COMET.*’

Non-B clusters with multiple potential transmission part-
ners within the United States were subjected to molecular
clock analysis in a Bayesian Markov-chain Monte Carlo
framework in BEAST v1.8.0.*%° Each molecular clock
analysis was run for 10,000,000 generations, sampling every
2,500 generations. The first 1,000,000 generations were dis-
carded as burn-in. Analyses were performed using a simple
nucleotide substitution model (HKY) and a strict molecular
clock under a constant population size. More complicated
models (e.g., GTR + I'4, uncorrelated lognormal relaxed
molecular clock, and exponential population growth) were
explored, but these additional parameters were not supported
by the data (e.g., the exponential growth rate parameter in-
cluded zero). Convergence and mixing was assessed in Tra-
cer v1.5, and all parameters achieved an effective sample size
>200. Within these clusters, we identified strongly supported
clades (i.e., posterior probability >20.95) of U.S. sequences,
which provide evidence for onward transmission within the
United States. For computational tractability, the largest non-
B cluster with evidence on onward transmission within the
United States (2,062 sequences) was broken into sub-clusters
for molecular clock analysis.

Results

Of the 41,539 U.S. HIV-1 sequences included in our net-
work analysis, 13,145 (32%) shared a link with another se-
quence either domestically or internationally and were part of
the inferred transmission network (Table 1). Of the sequences
from the U.S. National HIV Surveillance System that
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TABLE 1. CHARACTERISTICS OF PERSONS WITH HIV-1 SEQUENCES AND PERCENTAGE
THAT CLUSTER DOMESTICALLY AND INTERNATIONALLY

Clustered Clustered
domestically only internationally
Total Adjusted
% of those % of those prevalence

Category n % n clustering n clustering ratio®
Total 41,539 100 12,688 97 457 3 —
Sex

Male 32,400 78 10,987 96 438 4 —

Female 9,139 22 1,701 99 19 1 —
Age at HIV diagnosis (year)

<13 245 1 29 94 2 6 —

13-19 2,282 5 1,154 99 16 1 1.8 (0.1-42.6)

20-29 13,951 34 5,836 97 190 3 1.3 (0.7-2.1)

30-39 11,507 28 3,090 95 152 5 1.3 (0.7-2.1)

40-49 8,733 21 1,810 96 70 4 1.0 (0.6-1.8)

50-59 3,749 9 645 97 18 3 0.9 (0.5-1.8)

>60 1,072 3 124 93 9 7 2.1 (0.94.8)
Race/ethnicity

Asian/NHOPI 779 2 238 84 47 16 10.9 (6.8-17.6)

Black/African American 19,645 47 5,460 99 37 1 —

Hispanic/Latino 9,307 22 2,810 95 136 5 3.7 (2.5-5.5)

White 10,755 26 3,853 95 224 5 6.2 (4.3-8.9)

Other 1,053 3 327 96 13 4 4.6 (2.4-8.6)
Transmission category

MSM 25,142 61 9,596 96 400 4 —

MSM and injection drug use 1,621 4 487 98 12 2 0.5 (0.3-1.0)

Injection drug use (male) 2,220 5 305 96 12 4 0.8 (0.4-1.6)

Injection drug use (female) 1,692 4 269 99 4 1 0.5 (0.2-1.3)

Heterosexual contact (male) 3,259 8 579 98 12 2 0.8 (0.5-1.5)

Heterosexual contact (female) 7,306 18 1,418 99 14 1 0.5 (0.3-0.8)

Other 300 1 35 92 3 8 1.7 (0.1-27.3)
Country of birth

United States 26,524 64 8,592 97 234 3 —

U.S. dependency 574 1 98 92 8 8 1.6 (0.7-3.7)
Other (non-U.S.) 6,170 15 1,381 92 120 8 2.0 (1.6-2.6)

Unknown 8,271 20 2,617 96 95 4 1.3 (1.1-1.7)
Population of area of residence at HIV diagnosis

<50,000 2,357 6 680 99 8 1 —

50,000-499,999 4,019 10 1,200 98 24 2 1.4 (0.7-2.9)

2>500,000 34,949 84 10,778 96 424 4 1.5 (0.7-3.4)
Year of diagnosis

1999 or earlier 2,745 7 108 93 8 7 4.4 (2.0-9.7)

2000-2004 2,236 5 316 93 23 7 3.0 (1.94.7)

2005-2009 22,768 55 7,138 96 261 4 1.4 (1.1-1.6)

2010-2012 13,790 33 5,126 97 165 3 —
Region of residence at HIV diagnosis®

Northeast 12,509 30 3,130 95 156 5 3.4 (2.3-5.0)

Midwest 8,689 21 3,941 98 65 2 —

South 12,344 30 3,034 94 200 6 1.6 (1.1-2.5)

West 7,908 31 2,569 99 33 1 2.2 (1.5-3.3)

?Adjusted prevalence ratios were derived from a multivariable model that included all listed categories except sex, which is included as a
stratification within transmission category. 95% confidence intervals are shown in parentheses.

Numbers do not sum to total due to persons residing outside the United States at time of diagnosis.

MSM, men who have sex with men; NHOPI, native Hawaiian or other Pacific islander.

clustered within the network, 457 (3.5%) shared a link witha  Characteristics of persons with international potential
sequence sampled outside the United States in the LANL transmission partners

sequence database. Of these 457 U.S. persons, 360 (79%)

linked to a subtype B sequence, and 97 (21%) linked to a In the multivariate analysis, persons in the U.S. National
nonsubtype B sequence. Forty-three U.S. persons linked to  HIV Surveillance System born outside the United States were
CRFO1_AE, 28 to CRF02_AG, and 11 to a BG CRF. significantly more likely to have an international connection
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than those born inside the United States (Table 1). Of the 128
individuals born outside the United States who clustered in-
ternationally, 45 (35%) shared a link with a LANL sequence
from their country of birth. Of the remaining individuals, 33
(40%) shared a link with a LANL sequence from a country
that shared an official/dominant language with their country
of birth. Within the United States, the percentage of persons
with international links did not vary by population of the area
of residence (Table 1).

Among persons in the U.S. National HIV Surveillance
System who clustered with at least one other person, the
percentage of persons with an international potential trans-
mission partner varied significantly by race/ethnicity (Ta-
ble 1). Approximately 5% of whites who clustered in the
network had an international connection. In contrast, Asians,
Native Hawaiians, or Other Pacific Islanders in the United
States were more likely to have international connections
(16%). Only 1% of clustered blacks/African Americans had
an international connection. Hispanics/Latinos had a similar
proportion of internationally clustered individuals as whites,
around 5%.

Among individuals with different transmission categories,
there were significant differences in the percentage that had a
domestic transmission partner versus an international trans-
mission partner (Table 1). However, the magnitude of these
differences was smaller than those by race/ethnicity.

Improved ability to resolve domestic clusters
with international sequences

In total, we inferred 9,814 transmission clusters in the
network analysis. The majority, 6,083 clusters, contained
only international sequences. Notably, international se-
quences improved our ability to connect persons in the U.S.
National HIV Surveillance System. A total of 31 clusters
containing persons genotyped within the United States were
linked to other U.S. persons only via international sequences
from the LANL database.

Onward transmission within the United States

We found phylogenetic evidence for onward transmission
of recently introduced non-B strains in the United States.
Thirteen non-B clusters included at least four sequences, of
which at least two were sampled within the United States and
were potential transmission partners. Of these 13 clusters,
five were amenable to molecular dating analyses (i.e., 210
sequences genotyped over multiple years; Figure 1 and Ta-
ble 2). Our approach was biased toward detecting more recent
introductions, since inclusion in clusters requires the geno-
typing of a potential transmission partner for every member
of the cluster. Within these clusters, most of the U.S. clades
(potentially representing onward transmission within the
United States; bold in Fig. 1) had a time of most recent
common ancestor (tMRCA) within the past decade (Table 2).
However, cluster 3 suggests that transmission within the
United States has been ongoing since the 1990s. In addition,
three of these clusters (1, 2, and 4) have multiple distinct
clades of U.S. sequences, pointing to at least two separate
introductions of HIV into the United States from the same
larger transmission cluster.

The source of the many transmission clusters introduced
into the United States can be inferred from their phylog-

1049

enies (Fig. 1). Cluster 1, which comprises 2,062 sequences,
likely originated in Southeast and East Asia and has been
previously characterized by Wertheim et al.? as one of the
largest international transmission clusters.” The U.S. iso-
lates (bold in Fig. 1) were found in Asians and whites
residing in the Northeastern United States, two of whom
were born in China (Table 2). Cluster 2 is primarily a
Cuban cluster, with evidence for two distinct introduction
events into the United States that resulted in onward
transmission. Notably, none of the men who have sex with
men (MSM) that comprise the U.S. portion of the cluster
were born in Cuba. Clusters 4 and 5 appear to have orig-
inated in the Philippines, and the U.S. members of these
clusters are MSM from a variety of racial/ethnic back-
grounds, three of whom were born in Mexico.

The oldest introduced transmission cluster in the United
States we inferred, cluster 3, does not include any international
sequences that might shed light on its country of origin. The U.S.
isolates were found in MSM residing in the Northeast United
States and were linked to five CRF02_AG sequences from Great
Britain'> ; however, these British sequences were not included in
the dating analysis, because they were published without asso-
ciated genotyping year. Notably, these British sequences were
interspersed among the U.S. sequences, implying repeated
transmission between these countries. No U.S. person in cluster
3 was born in a region with a high prevalence of CRF02_AG,
such as West Africa (where CRF02_AG accounts for 50% of
HIV-1 prevalence) or North Africa/Middle East (18% preva-
lence)’ (Table 2), and no potential transmission partner outside
the United States and Great Britain was detected in the LANL
database. Therefore, the geographic origin of this cluster remain
unclear.

The nine smaller non-B clusters are also suggestive of
onward transmission of recently introduced HIV-1 into the
United States (clusters 6-13 in Table 2); however, these
clusters were too small for molecular dating analyses to de-
termine their tMRCA. These smaller clusters represent a
wide array of persons of different race/ethnicities, different
transmission risk factors, and HIV subtypes. Of these smaller
clusters, only one (cluster 12) included a link to a sequence in
the LANL database: an isolate from Singapore (GenBank
Accession No. AY870205).

Sensitivity analysis

We explored the sensitivity of our findings on interna-
tional clustering to the network inference parameters
(Supplementary Table S1; Supplementary Data are avail-
able online at www.liebertpub.com/aid). The total number
of nodes and edges rises and falls with more liberal and
conservative TN93 genetic distance cutoffs (2.0% and 1.
0%, respectively) for potential transmission partners. How-
ever, the variables that are significantly associated with in-
ternational linkage are relatively consistent among these
cutoffs. Transmission category is not associated with inter-
national linkage using these other genetic distance cutoffs,
although most transmission risk categories did not differ
significantly from each other with respect to the extent of
international linkage at the 1.5% TN93 cutoff. Excluding
codons associated with drug resistance mutations'' did not
have a notable effect on the transmission network or corre-
lates of international linkage.
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FIG. 1. Maximum clade credibility trees for clusters suggesting onward transmission of nonsubtype B strains imported
into the United States. Cluster 1 was subsampled into 1A and 1B for phylogenetic inference and display. U.S. sequences
with evidence of onward transmission within the United States are indicated with bold branches. Posterior probability
support for a given node 20.95 is designated with an asterisk. Time in indicated on the x-axis.
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Discussion

Transmission networks can identify routes of international
HIV migration. Of the 13,145 persons in the U.S. National
HIV Surveillance System who were part of a transmission
cluster, 457 linked to a person who was genotyped outside the
United States. The majority of internationally linked U.S.
persons who were born outside the United States had a po-
tential transmission partner who was genotyped in either their
country of birth or a country that shared an official/dominant
language with their country of birth. The importance of
shared language has also been demonstrated by work on the
Swiss HIV Cohort Study, which found evidence of prefer-
ential within-group transmission among German and French
speaking persons.'® Although we cannot exclude the possi-
bility that the linked non-U.S. sequences from the LANL
database were obtained from the same individuals in the U.S.
National HIV Surveillance System, these linkages point to
international travel of HIV to countries of birth and shared
language.

We found instances of nonsubtype B HIV transmission
clusters within the United States. Given that we do not have
data on social/familial relationships for persons in the U.S.
National HIV Surveillance System, we cannot exclude the
possibility that some of the smaller clusters represent migra-
tion of multiple HIV-infected potential transmission partners
into the United States (e.g., clusters 1A, 1B, and 5). Never-
theless, given the relative rarity of international linkage
among persons in the National Surveillance System, the larger
clusters (i.e., four or more potential transmission partners
within the United States) can most parsimoniously be ex-
plained by onward transmission of HIV-1 recently introduced
into the United States.

Studies of HIV transmission networks tend to focus on only a
single country or geographic region.'>'®!° Here, we found that
by including sequences representing the global diversity of
HIV, we were able to infer indirect connections between per-
sons within the United States through one or more international
sequences. This finding demonstrates the added benefit of in-
cluding the global diversity of HIV in transmission network
analyses, even if the aim of an analysis is local in scope (as
suggested by Wertheim er al.?). The relevance of this finding
can be seen in the recent work by Takebe et al. ,4 who looked at
international migration of HIV in Japanese MSM.

Molecular surveillance has the potential to direct HIV in-
tervention and therapies (e.g., treatment-as-prevention and
pre-exposure prophylaxis).”’ In a public health setting, demo-
graphics and transmission category may assist in identifying
groups of highest priority for targeted intervention.'®>**' Given
the ability of HIV to spread across large geographic distances
and establish onward transmission clusters, these surveillance
efforts should be broad in scope.

The analysis presented here is likely affected by a number
of limitations related to sequence acquisition both in the
United States and abroad. First, the National HIV Surveil-
lance System varies in completeness both by reporting ju-
risdiction and year. As the National HIV Surveillance System
expands data collection to additional jurisdictions and com-
pleteness of reporting becomes more complete, this issue will
diminish in importance. Moreover, although the National
HIV Surveillance System reconciles duplicates within its
database, it is possible that some sequences in the LANL
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database may be from the same person in the National HIV
Surveillance System who was also genotyped outside the
United States. It is also possible that multiple sequences in
the LANL database may be from the same person, despite
checks that are in place at LANL to ensure de-duplication.

The sequences deposited in the LANL database are not uni-
form with respect to geography or HIV burden, since these se-
quences are submitted as part of published research. Therefore,
our approach is biased against finding potential transmission
partners between persons in the United States and persons in
under-sampled regions of the world, particularly in sub-Saharan
Africa. This shortcoming may explain why we were unable to
find the country of origin for cluster 3. Increased surveillance of
viral genetic diversity in sub-Saharan Africa should help ame-
liorate this problem.*>

Importantly, potential transmission partners identified in
this study are not necessarily direct transmission partners.
There are likely intermediate infections separating sequences
that are connected in our network. Nonetheless, identifying
closely related sequences is a good proxy for inferring the
path of the virus across a social network.

Conclusion

Genetic transmission network analysis using HIV sur-
veillance data is an important tool for understanding the
dynamics of viral spread. Expanded surveillance efforts
within the United States and abroad will increase our ability
to trace the path of viral spread around the world.
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