UC San Diego
UC San Diego Previously Published Works

Title

Phylodynamics and migration data help describe HIV transmission dynamics in internally

displaced people who inject drugs in Ukraine

Permalink

|https://escholarship.orgc/item/Z85 1 V48§

Journal

PNAS Nexus, 2(3)

ISSN
2752-6542

Authors

Kovalenko, Ganna
Yakovleva, Anna

Smyrnov, Pavlo

Publication Date
2023-03-03

DOI
10.1093/pnasnexus/pgad008

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,

available at |https://creativecommons.org/licenses/bv/4.0/1

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/2851v482
https://escholarship.org/uc/item/2851v482#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

PNAS PNAS Nexus, 2023, 2, 1-8

https://doi.org/10.1093/pnasnexus/pgad008

n eX U S Advance access publication 20 January 2023
Research Report

Phylodynamics and migration data help describe HIV
transmission dynamics in internally displaced people
who inject drugs in Ukraine

Ganna Kovalenko®®!, Anna Yakovleva®’, Pavlo Smyrnovd, Matthew Redlingerb, Olga Tymetsd, Anna Korobchuk?, Anna Kolodiazieva®,
Anna Podolina®, Svitlana Cherniavska®, Britt Skaathunf, Laramie R. Smith (&), Steffanie A. Strathdeef, Joel O. Wertheim',
Samuel R. Friedmans, Eric Bortz®, Ian Goodfellow®, Luke Meredith® and Tetyana I. Vasylyeva (2"

“Division of Virology, Department of Pathology, University of Cambridge, Cambridge CB2 0QN, UK

PDepartment of Biological Sciences, University of Alaska, Anchorage, AK 99508, USA

“Medical Sciences Division, University of Oxford, Oxford OX3 9DU, UK

dAlliance for Public Health, Kyiv 01601, Ukraine

€Odesa Regional Virology Laboratory, Odesa 65000, Ukraine

‘Division of Infectious Diseases and Global Public Health, University of California San Diego, La Jolla, CA 92093-0507, USA
eDepartment of Population Health, NYU Grossman School of Medicine, New York, NY 10016, USA

*To whom correspondence should be addressed: Email: tvasylyeva@health.ucsd.edu

'G.K. and A.Y. contributed equally to this work.

Edited By: Richard Stanton

Abstract

Internally displaced persons are often excluded from HIV molecular epidemiology surveillance due to structural, behavioral, and social
barriers in access to treatment. We test a field-based molecular epidemiology framework to study HIV transmission dynamics in a hard-
to-reach and highly stigmatized group, internally displaced people who inject drugs (IDPWIDs). We inform the framework by Nanopore
generated HIV pol sequences and IDPWID migration history. In June-September 2020, we recruited 164 IDPWID in Odesa, Ukraine, and
obtained 34 HIV sequences from HIV-infected participants. We aligned them to publicly available sequences (N =359) from Odesa and
IDPWID regions of origin and identified 7 phylogenetic clusters with at least 1 IDPWID. Using times to the most recent common
ancestors of the identified clusters and times of IDPWID relocation to Odesa, we infer potential post-displacement transmission
window when infections likely to happen to be between 10 and 21 months, not exceeding 4 years. Phylogeographic analysis of the
sequence data shows that local people in Odesa disproportionally transmit HIV to the IDPWID community. Rapid transmissions post-
displacement in the IDPWID community might be associated with slow progression along the HIV continuum of care: only 63% of
IDPWID were aware of their status, 40% of those were in antiviral treatment, and 43% of those were virally suppressed. Such HIV
molecular epidemiology investigations are feasible in transient and hard-to-reach communities and can help indicate best times for
HIV preventive interventions. Our findings highlight the need to rapidly integrate Ukrainian IDPWID into prevention and treatment
services following the dramatic escalation of the war in 2022.

Keywords: HIV, displacement, people who inject drugs, Ukraine, phylodynamics

Significance Statement

As human displacement is on the rise globally, it is crucial to develop ways in which infectious disease transmission can be monitored
in displaced populations. We tested a molecular epidemiology framework that relies on molecular epidemiology methods and port-
able HIV sequencing from samples collected from a hard-to-reach population of internally displaced people who inject drugs
(IDPWIDs). We show that by phylogenetically identifying potential HIV transmission clusters, estimating times of the clusters’ origin,
and referencing these times against the time of IDPWID’s arrival to a new region, we can estimate an approximate window during an
IDPWID'’s displacement journey when HIV transmissions are likely to happen. Further analysis indicated that HIV is primarily trans-
mitted from local populations to IDPWID.
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Introduction

An estimated 100 million people (over 1% of the global population)
are currently forcibly displaced following economic, political, and
climate instability (1). Internally displaced persons (IDPs, people
who do not cross international borders) constitute the majority
of forcibly displaced people. In 2021, 59.1 million IDPs were resid-
ingin low- and middle-income countries, 90% of whom have been
displaced due to conflict and violence (2). In 2014, Ukraine, the
country with the second-largest HIV epidemic in Europe (3), had
between 1.4-2.1 million IDPs (Fig. 1A), the highest number in
Europe, following the beginning of the war in eastern Ukraine (in
Donetsk and Luhansk Oblasts) and the annexation of Crimea
(Fig. 1B) (4). Medical, economic, and social consequences of such
large-scale displacement will have a long-lasting effect both on
displaced and host populations.

Between 2014 and 2020, Odesa, a city on the Black Sea specu-
lated to be the “birthplace” of Ukrainian HIV epidemic (7), has be-
come home to nearly 40,000 Ukrainian IDPs (4). The prevalence of
HIV and injection drug use (IDU) in IDPs resettled in Odesa re-
mains unknown. Due to Russia’s stigmatizing approach to drug
use (e.g. banning of medications for opioid use disorder), internal-
ly displaced people whoinject drugs (IDPWIDs) disproportionately
fled the occupied regions (8). Several successful HIV prevention in-
terventions for PWID have been implemented in Odesa since 2013
(9, 10), but it is unknown whether IDPWID have had appropriate
access to these preventive services upon relocation and whether
HIV-infected IDPWID are enrolled in care. Generally, PWID in
Ukraine progress less along the HIV care continuum compared
with the general population: the latest available data for PWID
in Ukraine showed that in 2017, 58% of HIV-infected PWID were
aware of their status, of whom 70% were on ART, and of whom
74% were virally suppressed (6), which was substantially lower
than the same indicators for the general HIV-infected population
in Ukraine in 2019 (68-80-94%, respectively) (5), though such com-
parisons are complicated by the absence of more recent data from
PWID.

A number of factors mediate the relationship between dis-
placement and HIV. For example, unstable housing post-
displacement can be a barrier to accessing HIV care, and increas-
ing the HIV vulnerability of displaced people (11). This might be
exacerbated by behavioral risk factors such as IDU (12). IDPs’ so-
cial networks can play an important role: post-displacement so-
cial support networks can reduce HIV vulnerability in IDPs (13),
but being in networks where IDU is prevalent puts displaced peo-
ple at risk of injection initiation post-displacement (14).

Our previous phylogeographic analysis of HIV sequences avail-
able through routine drug-resistance testing illustrated that
population displacement in Ukraine redistributed existing HIV in-
fections and predisposed local outbreaks, particularly in PWID
populations (15). While this analysis helped to reconstruct HIV
transmission pathways and reveal key contextual insights, it like-
ly undersampled IDPs, and particularly IDPWID, given that they
are less likely tobe in care and be selected for drug-resistance test-
ing. This issue is not specific to Ukraine; global efforts to reinforce
HIV molecular surveillance in the context of forced displacement
are hindered by the scarcity of available sequencing data, primarily
due to practical laboratory limitations concerning hard-to-reach
mobile populations, such as IDPs. In the settings of large-scale
forced displacement, access to well-equipped laboratories is often
limited. While field-based sequencing using lab-in-a-suitcase ap-
proach has been applied to other pathogens (16-18), it has not
been utilized for HIV.

Here, we present results of the first study to combine rapid
field-deployable Nanopore HIV sequencing conducted in a field-
simulated environment and migration data collected from a
hard-to-reach transient population (IDPWID). We integrate genet-
ic and sociobehavioral information in a sociomolecular frame-
work to describe HIV transmission and care dynamics among
IDPWID following displacement in Ukraine. We suggest that by
combining phylodynamic analysis with data about displacement
histories, we can identify times when HIV transmissions are likely
to happen in IDPWID. We also use phylogeographic analysis to in-
fer HIV transmission patterns between displaced and local
populations.

Results

Study population

A total of 164 IDPWID were recruited in a Spatial and Temporal
Rapid Epidemiological Analysis in Migrants (STREAM) project in
Odesa, Ukraine, in June-September 2020 using respondent-driven
sampling (RDS) (19). We started recruitment with eight seeds who
were HIV infected and not receiving ART IDPWID (details in
Methods and Supplementary Text, Fig. 1C). Most participants re-
ceived three coupons to recruit peers; HIV-positive participants
who were not receiving ART at the time of recruitment received
up to eight coupons. Most participants identified as male (81.1%)
and arrived in Odesa between 2014 and 2015 (53.7%) (Table 1).
The median participant age was 37 years old (range 20-63) at
the time of enrollment. The median length of IDU experience
was 10 years (range 2-40) (Supplementary Table S1).

HIV prevalence, testing history, and cascade of
care

Previous HIV testing was reported by 91.5% (N=150) of partici-
pants, of whom 24% (N =36) reported a previous positive test re-
sult. We removed the seeds (N=38) from further calculations
because they were selected based on their HIV status and engage-
ment in care. Rapid testing as part of this study identified a total
seroprevalence of HIV of 35.8% (N = 56 out of the 156 non-seed par-
ticipants). Of those who tested positive for HIV by rapid test, 63%
(N=35) knew their HIV-infected status. Of those, 40.0% (N=14)
were on ART treatment at the time of the survey; 43% (N=6)
were virally suppressed (latest viral load measurement <50 cop-
ies/mL and no HIV amplification in this study) (Fig. 1D).

Migration journey, housing, and IDU

Most IDPWID had resided in Donetsk Oblast before 2014 (51.2%)
and left it within a year from the beginning of the war in April
2014 (69.5%) (Fig. 1A and B, Table 1). The majority of them imme-
diately settled in Odesa following displacement (68.3%); of the
rest, the most common regions for intermediate settlement prior
to arrival in Odesa included Kyiv city (28.8%) and Kharkiv (25%)
among other locations across Ukraine, Russia, and Poland.
Those who immediately settled in Odesa reported that transit
time between leaving their region of origin and arriving to Odesa
was <2 days, while those settled elsewhere prior to arrival in
Odesa had a median transit phase of 294 days (range 20 days—
5.5 years). The majority of IDPWID in our sample settled with rel-
atives, friends, or in rented accommodation, both immediately
following displacement and at the time of the study in 2020 (50
and 60.4%, respectively). Of those who resided in an IDP shelter
immediately following displacement (11.6%), the median length
of stay was 7 months (range 1 month-6 years). Over three times
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Fig. 1. (A) Timeline chart of key events of the Russia war on Ukraine and the number of internally displaced people in Ukraine over time. (B) Map of
Ukraine illustrating migration journeys. Beige color indicates regions that were often a place of settlement prior to arrival to Odesa. (C) Recruitment flow
diagram. IDU, injection drug use; ART, anti-retroviral treatment; IDPs, internally displaced persons; IDPWID, internally displaced people who inject
drugs. (D) Graphics of proportion of people engaged in each of the main stages of HIV continuum of care among key populations in Ukraine. PLWH, people
living with HIV. Estimates for PLWH and PWID were obtained from (5) and (6,).

more participants reported homelessness in Odesa at the time of
the study compared with immediately following displacement
(18.9 vs. 5.5% of the sample, respectively). In this study, 30.2% (N
=49) of IDPWID did not report IDU prior to the conflict, of whom
48.9% (N=24) reported starting IDU after relocation to Odesa.
PWIDs in unstable housing situation at the time of the survey
were more likely to report IDU in the last 30 days (4> =3.9, P=0.048).

HIV sequence data

As a proof-of-principle, we conducted all wet laboratory workin a
field-simulated environment at the Odesa Regional Virology
Laboratory, utilizing a “lab-in-a-suitcase” approach (ARTIC
Network) and using only portable and field-applicable equipment
for Oxford Nanopore Technologies (ONT) sequencing as described
elsewhere (16-18) (see Supplementary Text for more details). Of
the 64 serum samples collected from participants who tested
HIV-positive with a rapid HIV test, HIV was amplified in 47 sam-
ples which were further selected for library preparation and se-
quencing. No amplification in the other 17 samples as visualized
by agarose gel electrophoresis was likely due to the low initial
amount of the viral template RNA; 9 of those samples were from
participants who were on ART. Of the 47 sequenced samples, 34
resulted in the assembly of partial pol gene sequences of protease
(PR) and reverse transcriptase (RT) regions (1.1 kb); the remaining
13 sequences had lower coverage depth (<20x threshold).

All 34 assembled sequences were assigned as HIV-1 subtype Al
(Supplementary Table S2). Only one major non-nucleoside RT

inhibitor (NNRTI) DRM (K103N) was identified in 2 STREAM sam-
ples which constituted 6% or the total number of sequences (N=
34) and 7% of the treatment-naive individuals for whom we ob-
tained sequences (N=28); 2 other NNRTIs (V179I and V179E)
were identified in 12 other STREAM samples (35%) (see
Supplementary Text for more details).

Additionally, we downloaded 359 reference sequences avail-
able through the Los Alamos National Laboratory (LANL) database
sampled in Odesa, Donetsk, Luhansk, and Crimea (N=252, 81, 16,
and 10, respectively). Together with the 34 sequences generated in
this study, the reference sequences formed a full data set (N =393)
further used for phylogenetic analysis.

Description of HIV transmission clusters

We inferred a maximum likelihood (ML) phylogenetic tree based
on the sequences in the full data set and identified 19 potential
transmission clusters: 12 of them included reference sequences
only and were described before (9), the other 7 included at least
one IDPWID sequence from the STREAM project. The 7 STREAM
clusters comprised 15 sequences (13 STREAM and 2 reference se-
quences): 6 dyads and 1 triad (Table 2 and Fig. 2). Of the 13
STREAM participants whose sequences were in transmission clus-
ters, 10 (77%) reported previous HIV testing post-displacement to
Odesa, of those 9 (90%) knew about their HIV-positive status prior
to participation in the STREAM study, and of those 6 had never
taken ART (67%). Of the 3 participants who were on ART, two
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Table 1. Characteristics of IDPWID recruited in Odesa in 2020.

N %
Part 1. Sociodemographic characteristics
Sex Male 133 811
Female 31 189
Age (years), median 37 (20-63)
(range)
Part 2. Migration information
Home region Crimea 35 213
Donetsk 84 512
Lugansk 45 274
Alternative settlement Yes, resided in another region 52 317
prior to arrival in Odesa  No, settled in Odesa 112 683
immediately
Settlement prior toarrival ~ Kyiv 15 28.8
to Odesa Kharkiv 13 25

Other (Ukraine, Russia, Poland) 24 462
Duration of transit phase 294 (20-2005)

(days), median (range)

Arrival to Odesa 2014-2015 88 537
2016-2020 76 463
IDU initiation Prior to conflict 113 69.8
After conflict 49 302
IDU initiation Prior to migration 138 85.2
After migration 24 148
Housing (immediately Own house or flat 13 79
fo]lowing migratjon) With relatives/friends/rented 99 60.4
Shelter for IDPs 19 116
Frequently changed 20 122
Homeless 9 55
Other (incl. hostel, 4 2.4
rehabilitation center)
Length of stay in IDP 7.1 (1-72)
shelter (months),
median (range)
Housing (now) Own house or flat 18 11
With relatives/friends/rented 82 50
Shelter for IDPs 12 73
Frequently changed 19 116
Homeless (living on the street, 31 189

in abandoned buildings, or
train stations)
Other 2 12

had their most recent viral load measurements at >200 copies/uL
(49,300 and 14,500).

Clusters 3 and 5 likely originated post-conflict and after the
time of the IDPWID arrival to Odesa. The time to the most recent
common ancestor (TMRCA) for clusters 3 and 5 was inferred to be
in July 2017 [95% highest posterior density (HPD) February 2013-
February 2020] and November 2017 [October 2014-January
2020], respectively. For cluster 3, the likely transmission window
was between November 2015 and July 2017 (no later than

February 2020) based on the time of arrival to Odesa of the last
participant in the cluster and the cluster TMRCA. Participants in
cluster 3 both had the K103N mutation (mutation sites were
masked in all phylogenetic analyses). For cluster 5, the transmis-
sion likely happened between January 2017 and November 2017,
based on the same criteria. The other five clusters are unlikely
to represent direct transmission based on the fact that some par-
ticipants come from different regions and cluster TMRCAs pre-
date their arrival to Odesa; the TMRCAs for clusters 1, 2, 4, 6,
and 7 were estimated to be in 2006 (2000-2011), 2009 (2001-
2016), 2013 (2007-2018), 1997 (1987-2007), and 2003 (1992-2011),
respectively.

Phylogeographic analysis

We performed phylogeographic analysis to describe patterns of
viral lineage movement between the IDPWID and local popula-
tions. The initial analysis included 252 reference Odesa sequences
(“Local-Odesa” group which included sequences sampled from
the general population and various transmission risk groups; at
least 20% of these sequences were from PWID (9)) and 34
STREAM sequences (“IDPWID” group). This analysis showed that
the absolute majority (99.7%, 95% HPD: 91-100%) of viral lineage
migration events (instances when a viral lineage moved from
one group to another) were from the “Local-Odesa” to the
“IDPWID” group. Since the number of sequences was substantially
greater in the “Local-Odesa” group, we ran multiple sensitivity
analyses to balance the number of sequences in both groups
and match the number of sequences in the “Local-Odesa” and
“IDPWID” groups (N=34 each and N=68 total for each sub-
sample). For this purpose, analyses were repeated with the follow-
ing subsampling approaches for the “Local-Odesa” group: (i) 10
analyses with 34 random sequences from Odesa; (ii) 10 analyses
only with Odesa sequences from PWID; (iii) 1 analysis with 34 of
the most recent sequences from Odesa (the most recent sequen-
ces from the “Local-Odesa” group included sequences collected
in 2017, 2018, and 2019). In all these analyses, the “Local-Odesa”
group remained the main viral lineage exporter—the average per-
cent of viral lineage migration events across all 21 subsamples
was 99% (95% BCI: 97-100%) (Supplementary Table S3).

In addition, to estimate the viral lineage movement pattern in-
dependently from the participants’ displacement status, we per-
formed a permutation test. To that effect, in each of the 10
subsamples from the first subsampling approach above, we ran-
domly rearranged (shuffled) displacement status assignments
for the sequences. In this analysis, 6 out of the 10 subsamples ac-
counted on average for 99% (BCI: 95-100%) of viral lineage migra-
tion events from the “Local-Odesa” to the “IDPWID” group. Four
out of 10 subsamples showed 99% (BCI: 94-100%) average propor-
tion of viral lineage movements from the “IDPWID” to the
“Local-Odesa” group.

Table 2. Cluster composition and time to the most recent common ancestor (TMRCA) for HIV phylogenetic clusters.

Seq GenBank ID Cluster No. of TMRCA  TMRCA 95% HPD  Time of IDPWID Home region

sequences arrival to Odesa
[OP899421, MT348863] 1 2 2006 2000-2011 May 2018 Crimea
[OP899419, OP899437] 2 2 2009 Nov 2001-Jan 2016  Aug 2014, Jun 2015 Donetsk, Crimea
[OP899435, OP899443] 3 2 Jul 2017 Feb 2013-Feb 2020  Nov 2015, May 2015 Donetsk, Lugansk
[OP899440, OP899441] 4 2 Sep 2013 Nov 2007-Jan 2018 Dec 2015, Sep 2017 Crimea, Crimea
[OP899424, OP899410, OP899423] 5 3 Nov 2017 Oct 2014-Jan 2020 Jan 2017, Mar 2016, Jan 2017 Donetsk, Donetsk, Donetsk
[OP899431, MT348826] 6 2 1997 1987-2007 Mar 2020 Donetsk
[OP899432, OP899434] 7 2 2003 1992-2011 Jul 2016, Jul 2015 Crimea, Crimea
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Fig. 2. Maximum likelihood phylogenetic tree based on the sequences in the full data set. The colored circles on the tips correspond to the home regions
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on the plot below with corresponded colors (each color corresponds to a cluster as marked on the phylogenetic tree above). Scale bars indicate
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Discussion

Here, we tested a framework for rapid epidemiological investiga-
tions in a hard-to-reach population often omitted from molecular
epidemiological surveillance efforts and showed that a combin-
ation of phylodynamic analysis and information on migration his-
tory allows estimating the window when transmissions likely
occurred post-displacement. IDPWIDs are particularly at risk for
HIV soon after displacement and they are receiving HIV dispropor-
tionally from local communities.

Our phylogeographic analysis indicated viral lineage move-
ment from local populations to IDPWID consistent with the pat-
tern observed in other migrants (20). In our analysis, very few of
the identified clusters included both sequences from IDPWID
and local populations; either attributable to the low IDPWID sam-
ple size in our analysis or to limited mixing between the local
population and IDPWID (21). IDPs often rely on support networks
from their home towns for socialization and to address daily
needs such as finding housing, creating tight networks post-
displacement (22). Limited adaptation, recently reported for
IDPs in Ukraine (23), could have created pockets of IDPWID within
the Odesa PWID community that were not linked to HIV preven-
tion. Such pockets would be susceptible to infections transmitted
from the local population, which IDPWID need to rely on to pro-
cure drugs or injection equipment.

Our framework based on combining TMRCA estimates of phylo-
genetic clusters and migration histories of peoplein the clusters al-
lowed us to estimate the window period during which HIV
transmission occurred post-displacement to be between 10 and
21months, notexceeding4 years. This method complements other

phylogenetically based methods to estimate post-displacement
HIV acquisition (24) by specifying the possible window for effective
interventions. Using larger data sets or full-length genomes for
analysis might allow further narrowing down of this window,
which can inform the timeliness of prevention measures.

To enable rapid applications of this approach in environments
without access to well-equipped laboratories, we performed all 1a-
boratory work in a field-simulated environment using only
field-applicable equipment (a “lab-in-a-suitcase” approach) and
ONT sequencing protocols that have already been effectively im-
plemented for viral genomic sequencing in resource-limited set-
tings (16-18). Our study recruited participants who were in a
relatively stable situation of prolonged displacement and thus in
our case all laboratory procedures could have been performed in
a standard laboratory, which is always a preferred approach.
However, in war-affected settings and other settings with on-
going forced displacement, local laboratories might not be
equipped for sequencing and participants might be often chan-
ging their place of residence, making it essential to receive rapid
input from molecular epidemiology analysis for timely HIV pre-
vention interventions. Here we show that in such extreme situa-
tions “lab-in-a-suitcase” is a rapid, feasible, and affordable
approach to study HIV transmission, which allows utilizing other
infrastructure or rely on mobile laboratory units. Moreover, as se-
curity conditions in such locations can deteriorate rapidly, also af-
fecting further population migration, a “lab-in-a-suitcase” can be
transported, assembled, and disassembled easily and quickly, al-
lowing the lab to be relocated immediately.

Although ONT sequencing initially reported high single-base
error rate (1-4%) making this technology inapplicable in clinical
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HIV settings, improvements in the sequencing biochemistry and
computational approaches for read accuracy, now render
Nanopore protocols comparable with those of Sanger sequencing
(25-28). While investigations in the use of MinION technology for
identification of point-mutations and potential clinical applica-
tions are on-going, the current technology is likely sufficient for
phylogenetic reconstruction, particularly that based on short se-
quences such as HIV PR-RT. Importantly, using ONT to produce
HIV sequences in the field can help significantly reduce the previ-
ous lag between obtaining samples, genetic sequencing, and ana-
lysis of sequence data (16), and can provide near real-time
evidence to inform HIV prevention services in rapidly developing
situations, like the on-going war in Ukraine. Furthermore, it can
make HIV sequencing more available and easier scalable in
resource-limited environments.

Progression along the continuum of care, which affects post-
displacement HIV transmission, was substantially lower in
IDPWID (63% aware of their status/40% in treatment/43% virally
suppressed) compared with that previously reported for non-
displaced PWID in Ukraine (58%/70%/74%, respectively) (6) who
were already behind the general population in Ukraine (68%/80%/
94%, respectively) (5) (Fig. 1D). Less than half of the IDPWIDs were
linked to care, indicating a huge gap in care engagement for
Ukrainian IDPs, as we previously suggested (17). Though normal
RDSis recognized as an effective sampling approach for HIV studies
in displaced populations (29), we recognize that ART uptake in our
sample might be under-estimated given enhanced coupon distribu-
tion for HIV-positive participants who were not in treatment.
However, the lower level of viral suppression in this cohort (less
than half of those in treatment were virally suppressed) is an un-
biased indicator of lower levels of HIV treatment engagement among
IDPWID. The observed increase in homelessness, an independent
risk factor for HIV acquisition for PWID (10), at the time of the study
(18.9%), compared with the period immediately following displace-
ment (5.5%), could also affect progression along the HIV care con-
tinuum. IDPs are likely to reside in high-risk environments with
limited prevention and treatment resources, thus long-term hous-
ing solutions for IDPs could help minimize infection risks (8).

Many IDPWID in our sample initiated IDU after the beginning of
the conflict (30.2%), half of those (48%) started injecting after they
reached Odesa. Substance use among forcibly displaced people as
a coping mechanism following conflict, violence, and migration
stress is well documented in current literature (30) and will require
a special focus in Ukraine, particularly in regions that are currently
occupied by Russia where drug use is criminalized (31). While these
data are subject to reporting biases, we expect these to be low in our
sample, as is often the case for those for whom the recall events
were more emotional or marked a transition point in their life,
like war or forced displacement events for IDPWID (32).

As the war in Ukraine escalated to a full-scale invasion in
February 2022 when Russia invaded multiple regions of Ukraine,
resulting in the largest refugee crisis in Europe since World War
I (Fig. 1A) (33), challenges in curbing the HIV epidemic in the
country have reached unprecedented levels. ART drug supply dis-
ruptions, struggles in delivering prevention services, and huge re-
duction in HIV testing will have detrimental effect on the
Ukrainian HIV epidemic (34, 35). For IDPWID, criminalization of
drug use on the occupied territories and the customary exclusion
of people who use drugs from HIV treatment services will create
additional challenges (31). We show that integration of detailed
sociodemographic and migration data alongside phylodynamic
inference can help resolve transmission dynamics in this
hard-to-reach populations and identify gaps in treatment and

prevention efforts. Specifically, deciphering the infection timing
in this study provides evidence for the necessity to scale up HIV
prevention interventions within the timeframe of risk—the first
2 years following migration. Increased monitoring and under-
standing of the dynamics of infectious disease transmission net-
works, timing of transmission events, and risk factors unique to
the experiences faced by IDPs is a crucial step in the development
of effective health interventions.

Methods

Study design and participants

This study was approved by the University of Oxford Tropical
Research Ethical Committee (Reference: 530-20). Written in-
formed consent was obtained from all participants. We used
modified RDS technique (19) to recruit IDPWID starting with eight
index cases, who were defined as people who (i) reported IDU in
the last 30 days, (ii) were internally displaced from Donetsk,
Luhansk, or Crimea because of the war irrespective of their na-
tionality, (ili) were living with HIV, but were not receiving ART
treatment at the time of study enrolment, and (iv) were at least
18 years old. The number of distributed coupons differed depend-
ing on the HIV status of a participant (Fig. 1C): the index cases and
HIV-positive network members who were not in treatment at the
time of the interview were given eight coupons to recruit other
IDPs with history of IDU; HIV-positive IDPWID receiving ART
and HIV-negative network members were offered three coupons
to recruit other IDPWID. Recruitment was terminated after the
field study period of 3 months was completed.

Data collection

Participants were interviewed by social workers from the non-
governmental organization “Way Home” about their migration
history, their sociodemographic and housing information, and
screened for HIV using Wondfo One-Step HIV1/2 Whole Blood/
Serum/Plasma. All participants who tested positive for HIV during
the study were counseled by trained healthcare workers and
linked to care. Whole blood samples (6 mL) were collected from
all participants, and serum was isolated at the Odesa Regional
Virology Laboratory and stored at —80°C.

Statistical analysis

We defined current IDU status as IDU in the last 30 days (yes/no).
We dichotomized the housing status into stable (living in one’s
own house or flat, living with relatives or friends, and living in
rented accommodation) and unstable (living in IDPs shelters, fre-
quently changing accommodation, being homelessness and other
housing types for example hostels and rehabilitation centers). We
used a y° test to investigate whether there was a significant differ-
ence in recent IDU status by housing status post-displacement.

Sequencing and bioinformatics

For library preparation viral RNA was extracted from 140 pL serum
using QIAamp Viral RNA Minikit (Qiagen), following the manufac-
turer’s instructions. Extracted RNA was aliquoted and stored until
use at—80°C. We adapted the primer set and a One-Step RT-PCR as-
say for genotyping all HIV-1 group M subtypes and circulating re-
combinant forms developed by the Centers for Disease Control
and Prevention (36, 37). The assay amplifies a fragment of 1,100
base pairs of the HIV-1 partial gag-pol polyprotein with protease
and RT encoding regions (Supplementary Text, Supplementary
Table S4). The amplicons were purified with SPRI beads (x1 ratio),
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barcoded with native barcodes (EXP-NBD104 (1-12) and EXP-NBD114
(13-24)) and prepared with a ligation-based sequencing
kit (SQK-LSK109) (ONT) according to the ARTIC Network
nCoV-2019 Sequencing Protocol V3 LoCost (38). Final libraries
were loaded onto new R9.4.1 flow cells (FLO-MIN106) and se-
quenced with a MinION Mk1B device. The field environment was si-
mulated in the laboratory using a “lab-in-a-suitcase” approach
developed by the ARTIC Network (18) where hydroponic grow tents
were implemented to physically separate pre-PCR, post-PCR, and
master mix work to prevent contamination of stock reagents or
samples. Specifically, to simulate the “lab-in-a-suitcase” approach,
only 12 V batteries powered library preparation equipment, such as
vortexes, centrifuges, and miniPCR machines, was used. The
MinION devices were powered from a USB3 port of a laptop. A cu-
rated equipment list is available on the ARTIC Network website
(https:/artic.network/ebov/ebov-seq-kit.html).

Reads were basecalled and demultiplexed with Guppy version
4.3.4. The reads were mapped to nucleotide positions 2,100-
3,200 of HXB2 reference genome with minimap?2. The reference
was passed to Racon as a draft assembly and polished with the
mapped reads. The resulting consensus was polished with
Medaka. HIV subtype assignment was performed using REGA
HIV-1 Subtyping Tool V3 (39).

Phylogenetic analysis

We downloaded all publicly available through LANL sequences from
Odesa and regions of IDPWID origin (Donetsk, Luhansk, and Crimea)
with available sampling date information (Supplementary Text).
One-hundred and fifty of the Odesa sequences on LANL came from
the Transmission Reduction Intervention (TRIP) Study (9, 10, 40)
and had associated information on IDU. We aligned all STREAM se-
quences to the reference data using Muscle algorithm (41) in
Aliview (42), masked positions associated with drug resistance (43),
and used RAXML (44) to reconstruct ML phylogenetic tree. Potential
transmission clusters relevant to displacement were identified using
ClusterPicker (45) and defined as clades with two or more sequences,
at least one of which must be from IDPWID, that had within-cluster
genetic distance <2.0%, which is within commonly used thresholds
for HIV clusters definition (46).

We inferred molecular clock phylogenetic trees from the full data
set and estimated the TMRCA of all identified transmission clusters
using BEASTv1.10.8 (47) (BEAST analyses parameters are specified in
the Supplementary Text). To quantify viral exchange between local
Odesa population and IDPWID, we performed a discrete trait phylo-
geographic analysis using the tree distribution containing 2,000 trees
previously estimated in BEAST. Sequences from Donetsk, Luhansk,
and Crimea were pruned off the trees using PAUP as we were only in-
terested in the dynamics between local and IDPWID populations in
Odesa. We assigned STREAM sequences to the “IDPWID” group and
all other sequences from Odesa were assigned to “Local-Odesa”
group. To count the expected number of viral lineage migration
events among transmission groups, we used a robust counting
(Markov jumps) approach (15, 48). To control for the fact that we
had a significantly higher number of sequences from Odesa, we
ran three separate sensitivity analyses where we reduced the num-
ber of “Odesa” sequences to match the number of “IDPWID” sequen-
ces (details in the Supplementary Text).
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