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RESEAUX DE TRANSMISSION ET PHYLODYNAMIQUE DU VIH
DANS LA REGION CENTRE-VAL DE LOIRE

Objectif : Nous avons cherché a identifier et caractériser les réseaux de transmission
du VIH au sein de la région Centre-Val de Loire pour contribuer a I'orientation des
mesures de lutte contre I'épidémie locale.

Méthodes : Nous avons réalisé une analyse phylogénétique des séquences du géne
pol du VIH obtenues dans la région entre 2010 et 2020, couplées au recueil
épidémiologique de maniére anonymisée. Une distance génétique < 1.5% a été
appliquée pour identifier les clusters, et des modéles phylodynamiques ont été utilisés
pour étudier la dispersion des variants au sein de la région.

Résultats : 1305 séquences ont été incluses et ont permis d’identifier 33 clusters de
plus de 3 individus (3 & 16 sujets par cluster), incluant un total de 170 patients. Nous
avons identifié le mode de transmission HSH (OR 2.69, p < 0.01), la charge virale (OR
1.39, p <0.01) et la domiciliation dans le Loir-et-Cher (OR 3.17, p < 0.05) comme étant
des facteurs de risque dappartenir & un cluster. Etre originaire d’Afrique
subsaharienne (OR 0.05, p < 0.01) était inversement associée a ce risque. Parmi les
gros clusters de N = 7 individus le contréle de la virémie avait une médiane de 75%
(IQR 74-87) versus 84% pour I'ensemble de la cohorte. Le clade CRF06_cpx était
impliqgué dans un cluster en expansion persistante. Les inférences
phylogéographiques ont mis en évidence des évenements de dispersion entre les
départements, variables selon les modes de transmission et a travers le temps. Des
évenements de dispersion multidirectionnels entre migrants et individus nés en France
ont été détectés dans la région.

Conclusion : Les interventions de santé publique doivent étre adaptées aux
spécificités épidémiques territoriales au sein des publics cibles de I'infection par le VIH.
Dans la région Centre-Val de Loire, les orientations seraient la poursuite du
déploiement de la PrEP et du TASP chez les HSH et un acces généralisé au dépistage
chez les migrants dés I'arrivée. L’analyse phylogénétique en temps réel pourrait étre
la prochaine étape dans le contrdle de I'épidémie.

Mots clés : Transmission du VIH, Phylogénétique, Clusters, Phylodynamique, Santé
des migrants



HIV TRANSMISSION NETWORKS AND PHYLODYNAMIC ANALYSIS
IN A REGION-WIDE STUDY TO UNRAVEL LOCAL DRIVERS OF THE
EPIDEMIC IN FRANCE

Background : Centre-Val de Loire region has one of the most elevated rate of positive
HIV testing in France. We aimed to identify and characterize HIV transmission
networks within the region in order to develop an appropriate local response.

Methods : We realized a phylogenetic analysis of HIV pol sequences collected in the
region between 2010-2020, combined with anonymized epidemiological data. A
genetic distance < 1.5% was applied to identify clusters, and a phylogenetic approach
was used to study viral dispersal within the region.

Results : 1305 sequences were included and 33 clusters of N = 3 were inferred,
including 170 individuals (3-16 per cluster). We identified MSM (OR 2.69, p < 0.01),
higher viral load (OR 1.39, p < 0.01) and residency in Loir-et-Cher department (OR
3.17, p < 0.05) as risk factors of clustering. Originating from sub-Saharan Africa was
inversely associated with clustering (OR 0.05, p < 0.01). Among large clusters of N =
7, virological control was achieved in a median of 75% of visits (IQR 74-87) vs 84% for
the total cohort. Clade CRF06_cpx was involved in an ongoing cluster growth and 14
clusters were still active despite PrEP introduction. Multidirectional dispersal events
between migrants and individuals born in France were inferred within the region.

Conclusions : Public health interventions should be locally tailored to the targeted
population and HIV molecular surveillance may help. MSM but not migrants are
involved in transmission clusters, suggesting that further expansion of PrEP and TASP
in MSM and generalized access to HIV screening for migrants may have the greatest
positive impact in this setting.

Key words : HIV transmission; phylogenetic networks; clusters; phylodynamics;
migrants’ health
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La nuit printaniére
s’achéve

avec la floraison des cerisiers
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RESEAUX DE TRANSMISSION ET PHYLODYNAMIQUE DU VIH
DANS LA REGION CENTRE-VAL DE LOIRE

By the year 2020, UNAIDS estimates at more than 37.7 million people living with HIV (PLHIV)
in the world, among which 1.5 million are new infections, with a remaining high death toll of
more than 680 000 people per year [1]. Fast-Track targets of 90-90-90 have not been reached
for 2020 but 84% of PLHIV know their status, from which 87% have access to treatment, 90%
of them are virally suppressed, with the current objective of 95-95-95 by 2030. Prevention and
testing are at utmost importance to limit new contaminations and their effectiveness could be
enhanced by the targeting of key populations.

Centre-Val de Loire (CVL) region in France is beyond the global goal for detection of
the undiagnosed population, with one of the lowest rate of HIV testing (60/1000 inhabitants) in
France, but the highest rate for positive tests (1.4/1000 HIV screening) after Paris region in the
country despite having one the lowest population (2.6 million inhabitants) and density (65.7
inhabitant/km?) in France [2]. CVL also presents the lowest medical density with 350 physicians
per 100,000 inhabitants. The region and its 6 departments may be linked to hotspots of HIV
transmission fueled by the “hidden epidemic”. Introduction of pre-exposure prophylaxis (PrEP)
in 2016 in France might have had variable impact differing from targeted populations, creating
a gap in prevention access. Between 2015-2019, 39.9% of new seropositive persons in CVL
were men who have sex with men (MSM) and 42.9% were heterosexuals born in a different
country (N = 487 new diagnoses). Those rates differ locally as newly diagnhosed born in Sub-
Saharan Africa represented 54.5% of cases in Loiret department (n = 178 cases). Morevover,
the PARCOURS survey suggest HIV infection amongst migrants commonly occurs after their
arrival in France and is linked to social hardship [3,4]. With poor access to prevention, migrant
population may be an increasing driver of HIV epidemic in Western Europe since the PrEP-

era.
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Molecular cluster identification has proven to be an effective tool to identify key populations for
tailored interventions [5,6]. Previous national phylogenetic analysis have shown evidence that
Paris was a central hub for HIV dissemination, especially subtype B and Circulating
Recombinant Form (CRF) CRF02_AG, but those networks mainly implied MSM and data on
transmission networks in the migrant population is lacking [7,8]. Clusters are commonly
acquired within the region and former studies have concordantly identified clusters among
migrants and migrants within local clusters [9—11]. Better understanding of local epidemic can
be accessed in region-wide studies, with locally growing clusters identification [12].

To identify and characterize HIV transmission networks in CVL region we performed
phylogenetic analysis on all HIV pol sequences collected within the region over the last decade.
We additionally realized phylogeographic inference of phylogenetic clades for transmission
events within the region, between different risk groups, and between individuals of different
origins. We defined local risk factors of clustering and unraveled drivers of transmissions

dispersal to provide potential key public health interventions toward a better epidemic control.
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METHODS

Ethical Statement

Ethical approval (no. 2020_056) was provided by the Ethics Committee in Human Research
ERERC Centre Val de Loire, Tours, France on 10 July 2020. All subjects of this study gave
their informed and written consent for the reuse of their anonymized data for research purposes
and their inclusion in the Dossier Medico-Epidemiologique du VIH (DOMEVIH) database. An
additional individual and collective information of the current study was provided mentioning
patients’ rights accordingly to the European General Data Protection Regulation. This research

follows the recommended framework for phylogenetic analysis [13,14].

Study population and data collection

We realized an observational, retrospective, multicentric study using DOMEVIH database,
which includes clinical, laboratory and epidemiological data from all patients followed in seven
general hospitals of Centre-Val de Loire region (France): Tours (Indre-et-Loire), Orleans
(Loiret), Blois (Loir-et-Cher), Chartres (Eure-et-Loir), Dreux (Eure-et-Loir), Bourges (Cher) and
Chateauroux (Indre). All individuals aged 15 years and 3 months old or above, HIV-infected,
who agreed to DOMEVIH database inclusion, and had a drug-resistance genotyping between
year 2010-2020 were included in this study. Collected data included: age at diagnosis; sex;
geographic department (administrative subdivision) of residency; birthplace; CDC HIV infection
category at diagnosis; risk group; date of diagnosis (defined as date of first available date of
seropositivity or self-declared); CD4 counts and HIV-1 viral loads; HBV or HCV co-infection;
associated STI (positive testing for syphilis, Neisseria gonorrhoeae, Chlamydia trachomatis,

or reported diagnosis of any STI in medical records) at any point of follow-up.

Clinical proxy estimation of infectiousness
The initial period of infectiousness was estimated as the interval between the date of diagnosis

and the first negative viral load (threshold 50 copies/mL). Persistent replication despite ARV
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(antiretroviral) therapy was estimated using the ratio of the number of detectable viral loads to
the number of viral load measurements subsequent to the first undetectable viral load.

Sufficient virological control was defined as a ratio = 90%, taking into account viral blips.

Pol gene sequencing

Drug resistance genotyping was realized either in Tours University Hospital’s or Orleans
Regional Hospital’s Virology laboratory by sequencing pol gene encoding HIV-1 reverse
transcriptase (RT) and protease from patients’ plasma samples as previously described [15].
HIV drug resistance for Protease Inhibitors (PI), Nucleoside Reverse Transcriptase Inhibitors
(NRTI) and Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTI) was assessed using

the 2021 Stanford University HIV-1 genotypic resistance interpretation algorithm

(https://hivdb.stanford.edu). HIV-1 subtypes were determined uploading sequences
individually into the REGA HIV-1 automated Subtyping Tool version 3 and confirmed by in-

house phylogenetic analysis [16].

Transmission network reconstruction

We employed HIV Transmission Cluster Engine (HIV-TRACE; www.hivtrace.orq) to infer

transmission network clusters using pol gene sequencing [17]. All pairwise distances were
calculated and a putative linkage between each pair of two sequences was considered
whenever their sequences were <1.5% distant (0.015 substitutions/site, TN93 substitution
model), similarly to previous studies [7,11,18]. When calculating pairwise genetic distance, all
nucleotide ambiguities were resolved and only sequences with less than 0.2% ambiguities
were retained. Clusters comprised of only two linked nodes were identified as dyads.
Singletons were defined as individuals without any identified connection for the given genetic

distance.
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Identification of representative phylogenetic clades

After sequence curation, transmission networks that best approximate the epidemic dynamics
were identified according to Cuypers et al. [19]. CVL region HIV patrtial pol sequences were
complemented with available location-annotated publicly available HIV pol sequences from
other countries. We used BLAST to select the 50 closest genomes to each of our sequences
in order to maintain the most relevant set of background sequences [20]. This selection
accounted for a total of 6,728 sequences outside of CVL region, for a total of 8033 sequences
in background dataset. These sequences were aligned to the HXB2 pol reference sequence
(GenBank accession K03455). Next, phylogenetic trees were inferred using FastTree2 under
the GTR+I substitution model [21]. From these trees, well-supported clades (i.e. Shimodaira
Hasegawa (SH) local support of at least 0.9) including only sequences from CVL were

identified [22].

Phylogeographic inference
Phylogeographic inference was performed using the asymmetric discrete phylogeographic
model implemented in the BEAST 1.10.5 software package [23]. To promote estimation
accuracy and precision of the migration rates and the nucleotide substitution rates, the
migration and substitution model (GTR+I") were shared across the clades [24]. Estimates of
the expected number of migration events between all pairs of locations (Markov jumps) were
computed through stochastic mapping techniques [25]. Specifically, we looked at migration
from outside the study region to the study region (viral introductions) and migration within the
region (between French departments). Sampling uncertainty was allowed by assigning missing
risk group information as an ambiguous risk that can take the value of the different risk groups.
The starting state of a change in location or risk group is referred to as “from” and where the
virus migrated is referred to as the “to”.

In the absence of clear temporal signal, evolutionary rate parameter can commonly be
estimated by using independently derived evolutionary rate parameters [26]. For subtype B
(47% of our cohort), the evolutionary rate for pol is estimated between ~0.001 and ~0.003
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substitutions/site/year (s/sly). For this reason, we specified a normal distribution as prior on
the mean clock rate with mean 0.002 s/s/y and standard deviation such that the 95% CI ranges
from 0.001 s/s/y to 0.003 s/s/y. We used a relaxed clock model in clades with 210 taxa and a
strict clock model was assumed for smaller clades. A constant size coalescent tree prior was
specified for all clades.

To interrogate HIV dispersal within the region, we analyzed all clades of size = 3
sequences (n=56). MCMC chains were run sufficiently long to ensure adequate mixing.
Maximum clade credibility (MCC) trees were obtained with TreeAnnotator 1.10 and
convergence and mixing properties were inspected using Tracer 1.7. Using the same
approach, we developed additional discrete phylogeographic models using the country of
origin as main trait and risk group to interrogate the spread across risks between individuals
from different origin. To interrogate HIV dispersal across individuals of different origins, we

analyzed all clades of size = 3 sequences (n=38).

Statistical analysis

Variations between 2 groups were compared using Mann-Whitney’s unpaired test for
quantitative variables. Contingency tables analysis was performed using Fisher’s test for 2
proportions comparison and Chi? test for multiple proportions comparison. For multivariate
analysis, logistic regression was used to identify risk factors for being part of a cluster of N = 3
[27]. Covariates included age, sex, transmission mode, HBV, HCV, STI coinfection, birth
country, department of residency, infectivity control, ART resistance, viral load, CD4 count.
Final model was based on Akaike information criterion and covariates’ clinical relevance.
Significant interactions were checked. Individuals with lacking data of interest were not
included in the multivariate model. For all calculations, statistical significance was defined as
a p-value of < 0.05. Statistical analyses were performed using both R software version 3.1
through the GMRC Shiny Stat interface from Strasbourg University Hospital (2017) and

GraphPad Prism version 9.1.1.
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RESULTS

Flow chart. Of the 1546 available HIV genotypes, 1305 patients matching the DOMEVIH

database and age limit were then included in the phylogenetic analysis. (Appendix 2).

Transmission networks. We inferred a total of 86 clusters using a pairwise distance matrix
with a genetic distance of less than 1.5% (Figure 1), comprising 20.7% of the population. 1029
individuals were singletons, 106 were clustered in dyads and 170 in clusters of N = 3 (n = 33
clusters). Clusters size ranged between 16 (n = 1 cluster), 10to 7 (n = 7 clusters), 6 to 4 (n =
9 clusters) and 3 individuals (n = 16 clusters). Multiple clusters connected individuals from
different transmission risk groups. Several large transmission clusters have emerged or
developed in the years since the implementation of PrEP in France in 2016. DRM removal did

not impact the network inferences (Appendix 1).

Clustering individuals identified  Clustering individuals identified Current
prior to 2011 prior to 2017

HoEm omm Elme
II...II...-.===:.II.

]
bm, ENemm
Bm  OSpggy O

Risk group: - MSM . Bisexual . Heterosexual . PWID - Others Unknown

Figure 1. HIV transmission networks in Centre-Val de Loire region between 2010 and 2020. N =
86 clusters, including 53 dyads (N = 2) and 35 clusters of N = 3. Each person is represented individually;
square = man and circle = woman. Lines represent pairwise distance between 2 individuals. A genetic
distance threshold of 1.5% was applied to define clusters. New identification after 2017 are posterior to
PrEP introduction in France.
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N
Sex (F/M/T)

Age at diagnosis
16-25
26-35
36-49
=50

Department of residency

Indre-et-Loire
Loiret
Loir-et-Cher
Cher
Indre
Eure-et-Loir
Sarthe
Others
Contamination
MSM
Heterosexual
PWID
Others
Unknown
Birth Country
Metropolitan France
Migrants
French overseas
Europe
Sub-Saharan Africa
North Africa
Others
Unknown
Acute infection
CDC category
A
B
C
CD4 (cell count/mm3)
median (x IQR)
Viral load (copies/ml)
median (z IQR)
Virological control
Controlled
Never undetectable
Insufficient control
No follow up
Clade
B
02_AG
06_cpx
ART resistance
Coinfection
HBV
HCV
STI

Total

1305
494 (38) /
810 (62)/ 1

269 (21)
472 (36)
391 (30)
173 (13)

560 (43)
358 (27)
142 (11)
148 (11)
30 (2)
14 (1)
15 (1)
38 (3)

433 (33)
694 (53)
67 (5)
35 (3)
76 (6)

715 (55)
579 (44)
20 (2)
31 (2)
468 (36)
27 (2)
33 (3)
11 (1)
97 (7)

1038 (80)
35 (3)
232 (18)

371 (192-576)

15,000
(141-110,000)

1094 (84)
39 (3)
124 (10)
48 (4)

611 (47)
285 (22)
21 (2)
348 (27)

65 (5)
124 (10)
139 (11)

No cluster / Dyads

1135
479 (42) / 655 (58) / 1

240 (21)
420 (37)
326 (29)
149 (13)

483 (43)
329 (29)
111 (10)
124 (11)
28 (2)
12 (1)
12 (1)
36 (3)

307 (27)
661 (58)
63 (6)
33 (3)
71 (6)

562 (50)
565 (50)
17 (1)
27 (2)
466 (41)
23 (2)
32 (3)
8 (1)
67 (6)

891 (79)
29 (3)
215 (19)

365 (185-569)

8920 (75-96,600)

939 (83)
32 (3)
120 (11)
a4 (4)

483 (43)
259 (23)
11 (1)
322 (28)

62 (5)
117 (10)
94 (8)

Clusters (n 2 3)

170

15 (9) / 155 (91)

29 (17)
52 (31)
65 (38)
24 (14)

77 (45)
29 (17)
31 (18)
24 (14)
2@
2(1)
3(2
2@

126 (74)
33 (19)
4(2)
2(1)
5(@3)

153 (90)
14 (8)
32
4(2)
2(1)
4(2)
1(1)
3(2)

30 (18)

147 (86)
6 (4)
17 (10)

417 (247-611)

61,250
(8883-195,250)

155 (91)
7(4)
4(2)
4(2)

128 (76)
26 (15)
10 (6)
26 (15)

3(2
7(4)
45 (26)

p-value

<0.01

0.06

<0.01

<0.01

<0.01

<0.01

0.02

0.06

<0.01

<0.01

<0.01

<0.01

0.04
<0.01
<0.01
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Table 1. Clustered and nonclustered participants characteristics. Data are N (%), except if stated
otherwise. CD4 and viral load are first available results in DOMEVIH database. Virological control was
defined as : controlled if undetectable at last visit or = 90% of undetectable viral load since first
undetectability ; no follow up was defined as strictly less than 3 viral load testing in DOMEVIH database.
ART resistance was defined as at least one class (PI, NRTI or NNRTI) resistance following Stanford
algorithm. p-values for univariate two-sided analysis between “No cluster / dyads” and “clusters” groups
were calculated using Fisher’'s exact test for 2 proportions comparisons, Chi? test for more than 2
proportions comparisons or unpaired Mann-Whitney test for variations between 2 groups. PWID =

Persons Who Inject Drugs.

Population characteristics and risk factors of clustered individuals. Table 1 displays
characteristics of participants, including 62% of men, 33% MSM and 44% individuals board in
a foreign country. Available sequences mainly came from 4 CVL region departments: Indre-
et-Loire (43%), Loiret (27%), Loir-et-Cher (11%) and Cher (11%) (see map - appendix 3). 348
(27%) individuals had ART resistance, among which 46 (4%) had Pl resistance, 187 (14%) to
NRTI and 267 (20%) to NNRTI. ART resistance was less frequent in clusters (15% vs 28%, p
< 0.01) but shared resistance within cluster was observed in 6 clusters (2 of n =6, 2 of n = 4,
2 of n = 3). Individuals in clusters were more frequently diagnosed at acute infection (18% vs
6%, p <0.01) and CDC stage A (86% vs 79%, p = 0.02).

We performed a multivariate analysis to determine risk factor of clustered individuals (Figure
2). MSM (OR 2.69, p < 0.01), higher first viral load (OR 1.39 p < 0.01), residency in Loir-et-
Cher (OR 3.17, p < 0.05) were factors significantly associated with increased risk of clustering.
There were no migrants among the identified clusters and birth in sub-Saharan Africa was

inversely associated with clustering (OR 0.05, p < 0.01).
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Factor aOR [95% CI] P value
Men 1.66 [0.78- 3.68] -t 0.20
Age (10 years increase) 1.08 [0.92- 1.26] -h- 0.35
MSM contamination 2.69 [1.60- 4.69] I s ] <0.01
HCYV infection 0.49 [0.19- 1.09] el 0.10
STls 1.42[0.88- 2.26] - 0.15
Location (ref: out of CVL) |

Cher 1.48 [0.51- 5.00] ——— 0.49

Eure et Loir 1.62[0.07-17.93] i 0.71

Indre 0.93[0.12- 5.32] g 0.94

Indre et Loire 1.59 [0.60- 5.06] —_— 0.39

Loir et Cher 3.17 [1.07-10.89] | e <0.05

Loiret 0.92[0.32- 3.04] e 0.87
Birthplace (ref: France) |

North Africa 1.07 [0.28- 3.28] i 0.91

Sub-Saharan Africa  0.05[0.01- 0.17] i | <0.01

Europe 1.51[0.41- 4.46] i 0.49

Other countries 0.50 [0.15- 1.35] .S 0.22
Viral load (1 log increase) 1.39 [1.24- 1.57] | - <0.01
LT CD4 (1 log increase)  1.39 [0.86- 2.29] i 0.19

]
0.01 0.025 0.05 0.1 025 05 1 25 5 10 25

Figure 2. Risk factors of clustering. Risk factors of being part of cluster of size N = 3 were calculated
in a multivariate analysis using logistic regression. Individuals included in the analysis were those with
no lacking data of concern (N = 1179 including 159 in clusters of N = 3). STI = Sexually Transmitted

Infection. CVL = Centre-Val de Loire region.

Large clusters investigation. 8 large clusters of n = 7 individuals have been inferred, with
individuals diagnosed between 2000 and 2020 (Figure 3 and Table 2). Our dataset was more
effective to infer clusters for individuals diagnosed after 2013-2015. The largest inferred cluster
(A, n = 16) had a first individual diagnosed in 2000, peaked in 2012 and continues to grow
through 2020, mainly in Indre-et-Loire (94%). Cluster C (clade 06_cpx) had only ongoing new
diagnoses since its first case in 2017 until 2020, shared between Loir-et-Cher (67%), Indre-et-
Loire (22%), Loiret (11%). Cluster D new cases emerged in 2015 in Loiret (100%), but no new
case has been diagnosed since 2016. Cluster D was also the only large cluster with 100% of
its members with under presumptive virological control (= 90% of undetectability since first
undetectability), while median estimated infectiousness of all large clusters was significantly

lower than that of the nonclustered individuals (75% versus 83%, p < 0.01) .

26



100 18 i
@ Singletons

Em|n cluster
— A
- B
— C

100 9

Figure 3. Year of diagnosis of clustered individuals between 2010-2020 in CVL. (A) Cumulated
growth and (B) Growth per year of large clusters (N 2 7). Data are shown only from 1999. Each bar
represents the total number of newly diagnosed individuals per year (left axis), the proportion of
clustered individuals (any size of cluster) being displayed in green and the proportion of unclustered
individuals being displayed in grey. Cluster size is represented on right axis.
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Figure 4. Dispersal across departments, by risk (A) and through time (B). Only supported events
(BFagj = 3) are displayed.
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Clades’ type and spatio-temporal activity. We performed phylogeographic inference using
a Bayesian phylogenetic approach that enabled estimation of viral introductions of new clades
and timing of transmission events, between individuals across CVL region’s departments as
well as individuals from different origins (Appendix 4). tMRCA was inferred for 210 clades (634
sequences) with 30 clades from the same location and 48 clades of the same origin of size =
3. This approach enabled to infer viral dynamics within the region (Appendix 5). We
represented dispersal across departments by risk groups and through time (Figure 4 and
Appendix 6) and between individuals from different origins (Figure 5 and Appendix 7), for
events with BFag = 3. Most recent transmission events were inferred among heterosexuals
from Indre to Loir-et-Cher. Regarding spread of HIV clades in the CVL region between
individuals of different origins, we inferred MSM transmission from sub-Saharan Africa to
metropolitan France, but also heterosexual transmission from France to migrants and between

migrants from different origins.
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Figure 5. Dispersal between individuals from different origins. Circle sizes are proportional to the

number of supported events (BFaqj2 3). HTS = Heterosexual.
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DISCUSSION

We realized a local-scale study to improve insight on HIV epidemic dynamic and drivers of
transmission in order to organize targeted interventions. CVL region clusters were largely
composed of MSM, born in France, more frequently diagnosed during acute infection, with
higher viral loads and subtype B infection. Contrarily to national data, subtype CRF02_AG
represented only a minority of MSM clusters in CVL region [7,8,28]. Migrants were remarkably
absent of the inferred regional transmission networks based on genetic distance analysis. ART
resistance was scarce among clusters, as well as HBV and HCV coinfections. However STI
were high, and as previously suggested could be a surrogate to infer increased at risk sexual
behavior among clustered individuals [29].

We identified risk factors for clustering that were specific of CVL region, in addition to
factors similar to other Western European countries such as MSM, natives and non-late
presenters [27]. MSM may engage in more frequent at risk of transmission to multiple partners
Higher viral loads could be a consequence of more acute diagnoses, or due to increased viral
virulence. [30]. Higher viral load is also associated to higher infectivity, thus increasing in turn
the risk of virus transmission and foster cluster growth. Interestingly, Loir-et-Cher department
was associated with an increased risk of clustering within the region. This department is one
of the most under-resourced in infectious diseases specialists and STD screening centers in
CVL region. Phylogeographic analysis also underline multiple transmission events from or
toward this department across the region. This must be interpreted with caution due to its
dependency over sampling comprehensiveness. The higher number of clusters in Indre-et-
Loire and Loiret could be biased to oversampling in those departments, but is largely explained
by the fact that they encompass the two largest metropolitan areas in the CVL region (Orleans
and Tours). This was not the case for Loir-et-Cher where clustering rate may be linked to
important transmission networks. Our data suggest that Loir-et-Cher and Indre-et-Loire might

be important hubs for local HIV networks. We also show that 14 clusters emerged in CVL
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despite PrEP implementation in 2016, underlining the need to improve its access for key
populations across the region.

One of our primary focuses was to better understand the determinants of HIV epidemics
among migrants who represent about 40% of PLHIV in the region. Our study shows that they
were clearly not involved in transmission clusters based on viral genetic distance. Singletons
may not have been connected to any clusters for several reasons that may coexist. First, in
case of HIV contamination with missing chains of transmission from our dataset, i.e.
undiagnosed individuals, participating to the “hidden epidemic”. Second, cluster inference was
based on a short genetic distance (1.5%) ruling out a link between 2 individuals whose
transmission occurred longer time ago, with greater individual viral evolution, consistent with
the higher proportion of late-presentation diagnosis at CDC stage C. Other clades such as
CRF02_AG may have a different evolutionary rate than subtype B which cannot be taken into
account in this analysis [26]. Migrants epidemiological profile was different than individuals
born in metropolitan France (Appendix 8). Primarily from sub-Saharan Africa, they included
more women, heterosexual transmission, lower CD4 at diagnosis, and more frequently
infection by CRF02_AG. Our data cannot address if migrants’ contamination may have
happened outside CVL region (in their birth country or during their migration process).
However, our phylogeographic analysis identified clades with greater genetic distance but
specific to the CVL region, which enabled to infer transmissions events between individuals
from different origins within the region. This may be a small but significant signal that this
population is involved in the hidden epidemic within our region, reinforcing the suspicion from
previous surveys that up to half of them have contracted HIV upon arrival. [3]. We also were
able to infer transmission in multiple directions from different risk groups, illustrating that
transmission do not always come from individuals originating from endemic countries and can
occur in both directions. However, our dataset is likely lacking other transmission dynamics
from individuals who were not part of the analysis and further interpretation of these results is

not possible.
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Overall, we hypothesize that as a result of differences in the epidemic profile among
MSM and migrants, public health interventions might need to differ according to the targeted
population. Migrants, who present less frequently with STIs associated with at risk sexual
behavior and more frequently at late-stage diagnosis, with a likely higher share of undiagnosed
population, should probably benefit firstly from improved screening programs to close the gap
in the HIV care continuum. MSM, on the contrary, seem to be well reached by the HIV
screening strategy, but are at increased risk of infection through transmission clusters with at
risk sexual behavior. Accelerating the implementation of PrEP would likely have a much
greater impact in reducing this risk and blocking transmission chains. Large clusters analysis
also accentuates the importance of treatment as prevention (TASP). Indeed, if cluster growth
may be fueled by undiagnosed individuals, all clusters that extended through the last decade
also included individuals with insufficient virological control, who may have contributed to
cluster expansion. Individuals in clusters had better overall virological control, but this tendency
may differ in large clusters. Importantly for regional surveillance, we detected a large cluster
of a less frequent clade, CRF06_cpx, which was still expanding in 2020, largely in Loir-et-Cher,
with only 70% of estimated virological control since first undetectability.

Our dataset, although limited to an administrative region, provided 1305 sequences
over a decade, enabling robust phylogenetic analysis. Almost all PLHIV whose genotyping test
was realized within the region were included. However, some centers were undersampled as
they could outsource this analysis outside the region, such as in Paris. Data from different
centers also differed over the time-period, underpowering potential dynamics before 2013 and
after 2018. Similarly to other studies using phylogenetic networks, the interpretation of our
results is limited by data completeness. Undiagnosed population may have created a different
interpretation of HIV dynamics if they were represented. It is thus not possible to interpret
events among individuals who are not present in our dataset. A genetic distance link inference
cannot be interpretated as direct transmission between 2 individuals, because intermediate or
common ancestor for this event may not be shown. Those links can also differ according to
the genetic distance cutoff, i.e. a higher distance could create new clusters.
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Near-real time phylogenetic analysis have been developed to identify and swiftly
respond to cluster growth [31,32]. It offers significant additional insight to contact tracing
[33,34]. Notification to physicians following a newly-diagnosed individual being part of a cluster
or formerly diagnosed individuals part of growing clusters could help reinforce screening and
prevention around cluster members as well as support for better observance to individuals with
poor virological control.

In conclusion, phylogenetic, dynamics and dispersal analysis have a high potential to
guide tailored public health measures implementation, even locally in region wide-studies
where national molecular surveillance are lacking. Real-time phylogenetic identification and
notification of clusters may help limit the spread of HIV in the future, in conjunction with

clinicians caring for PLHIV, as well as field actors to link with communities.
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Appendix 1. Sensitivity analysis for network inference. Number of clusters and maximum cluster
size, as a function of the TN93 distance threshold. Maximum cluster size (red) and number of clusters
(blue) are similar using raw data (right) or with drug-related mutations (DRM, left) removal, with both
1.5% genetic distance (up) or 5% genetic distance (down) threshold.
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Appendix 2. Flow chart.

37



Seine-S;int-Denis
Val-d'Oise

Yvelines

Val-de-Marne

500
400
300
200
100

Sampling:

Appendix 3. Sampling map overview. Each department is colored according to the number of

individual sequences sampled in the data set.
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Appendix 4. Viral introductions (A) and timing of transmission events across departments (B)
and between individuals from different origin (C) in Centre-Val de Loire region. Sampling was
conducted between 2010 and 2021. Each colored bar represents, respectively, in red the number of
viral introductions per year, in yellow the number of transmission events across departments per year,
and in green the number of transmission events between individuals from different origin per year.
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Appendix 5. Viral dynamics across departments (A) and between individuals from different
origins (B). Sankey plot showing the proportions of transmission events from each source department
(on the left) toward the recipient department (on the right). Only results with adjusted Bayes factor (BFadj)
of =2 3 are shown.
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HIV transmission events

Centre-Val de Loire region, France
Department of origin Department of destination Events

Cher Loiret 8.1 (15.4%) 130.3 10.6
Eure-et-Loir Indre-et-Loire 2.6 (4.9%) 25.6 7.9
Indre Loir-et-Cher 3.1 (5.9%) 26.4 24.3
Loiret 23.4 (44.5%) 604.4 3.4
Indre-et-Loire Sarthe 2.9 (5.5%) 1389.8 1449.5
Cher 5 (9.5%) 41.2 8.3
Loir-et-Cher Eure-et-Loir 1.6 (3%) 12.9 3.6
Indre-et-Loire 5.2 (9.9%) 12.7 7.2
Loiret Paris 0.7 (1.3%) 14.5 334

Appendix 6. Dispersal between across departments. BF = Bayes factor. BFag = Adjusted Bayes
factor.

HIV transmission events
Centre-Val de Loire region, France

Country of origin Country of destination
Algeria Guadeloupe 0.3 (0.7%) 5.2 3.7
Portugal 0.1 (0.2%) 3.3 5.5
Brazil France 1.4 (3.5%) 26 5.9
Cote d’lvoire 4.3 (10.6%) 551.8 43.7
Algeria 4.9 (12.1%) 19,696.6 23.0
Brazil 0.1 (0.2%) 3.1 3.7
Denmark 0.2 (0.5%) 4.6 6.9
France Finland 0.7 (1.7%) 26.0 4.1
Unknown 5.1 (1.2%) 39,4215 46.0
Portugal 0.5 (1.2%) 14.6 91.3
Senegal 1.1 (2.7%) 52.9 25.2
Uruguay 1 (2.5%) 46.6 93.0
Unknown Denmark 0.2 (0.5%) 5.7 3.4
Portugal 0.2 (0.5%) 6.3 6.0
MOrocco Algeria 1 (2.5%) 29.1 37.2
France 5.9 (14.6%) 702.2 56.7
Congo 5.3 (13.1%) 569.4 4.2
Rep.Dem. DuCongo oo 7.8 (19.3%) 519.6 3.1
Roumania Denmark 0.1 (0.2%) 3.6 4.1
Portugal 0.1 (0.2%) 3.0 3.8
Senegal Mayotte 0.1 (0.2%) 4.1 3.0
Uruguay Portugal 0.1 (0.2%) 3.1 3.8

Appendix 7. Dispersal between individuals from different origins. BF = Bayes factor. BFadgj =
Adjusted Bayes factor.
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Migrants

Bornin

p-value

Metropolitan France

N 579 715
Sex (FIMIT) 357 (62) /221 (38)/ 1 131 (18)/ 584 (82) <0.01
Age at diagnosis
16-30 250 (43) 265 (37) <001
31-49 273 (47) 334 (47) '
=50 56 (10) 116 (16)
Department of residency
Indre-et-Loire 232 (40) 328 (46)
Loiret 217 (37) 137 (19)
Loir-et-Cher 50 (9) 87 (12)
Cher 42 (7) 105 (15) <0.01
Indre 12 (2) 18 (3)
Eure-et-Loir 7 (1) 6 (1)
Sarthe 4 (1) 11 (2)
Others 11 (2) 23 (3)
Contamination
MSM 39 (7) 393 (55)
Heterosexual 468 (81) 219 (31) <0.01
PWID 19 (3) 48 (7)
Others 9(2) 15 (2)
Unknown 44 (8) 40 (6)
Acute infection 13 (2) 84 (12) <0.01
CDC category
A 454 (78) 575 (80) 0.30
B 13 (2) 22 (3)
C 112 (19) 118 (17)
CD4 (cell count/mm3) 296 (150-468) 443 (234-636) <0.01
Viral load (copies/ml)
median ( IQR) 13,205 (225-101,500) 15,000 (78-120,000) 0.92
Virological control
Controlled 456 (79) 630 (88)
Never undetectable 25 (4) 13 (2) <0.01
Insufficient control 72 (12) 51 (7)
No follow up 26 (4) 21 (3)
Clade
B 63 (11) 545 (76) <001
02_AG 199 (34) 84 (12)
06_cpx 12 (2) 8 (1)
ART resistance 168 (29) 179 (25) 0.11
Coinfection
HBV 53 (9) 12 (2) <0.01
HCV 44 (8) 79 (11) 0.04
STI 14 (2) 72 (10) <0.01

Appendix 8. Migrant population characteristics. CD4 and viral load are first available results in
DOMEVIH database. Virological control was defined as : controlled if undetectable at last visit or = 90%
of undetectable viral load since first undetectability ; no follow up was defined as strictly less than 3 viral
load testing in DOMEVIH database. ART resistance was defined as at least one class (PI, NRTI or
NNRT]I) resistance following Stanford algorithm. p-values for univariate two-sided analysis between “No
cluster / dyads” and “clusters” groups were calculated using Fisher's exact test for 2 proportions
comparisons, Chi? test for more than 2 proportions comparisons or unpaired Mann-Whitney test for
variations between 2 groups.
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Etude PHYLOVIH : information aux patients

Une étude visant & identifier les dynamigues de ransmission du VIH en région Centre-\/al de Loire est
actuellement menée par 'Unité INSERM U1259 MAVIVH, et le Comité de Coordination Régionale de
lutte contre le VIH (COREVIH) Centre-Val de Loire. Cette étude permettra notamment, in fine, de
proposer des actions pour améliorer le dépistage des partenaires potentiels et les poliiques de
prévention.

Cette &ude nécessite 'udilisation du données du Dossier Médico-Epidémiclogique du VIH (DOMEWIH)
contenues dans votre dossier patient informatizé conservé au sein de votre(vos) établissement(s)
hospitalier(s) de suivi. Ces données sont d&ja recueillies en routine pour vofre prise en charge et votre
suivi, ¢'est pourguoi nous vous informons aujourd’hui. Les données uiilisées comprendront les données
relatives & votre infection par le VIH, ainsi que les données de séquengage du virus.

Le recueil ne vous engage a rien. Yos nom et prénom ne seront jamais mentionnés_ Vous pouver vous
opposer sans justification & ce recueil & but de recherche, et ceci & fout moment de Fétude. Un refus
SErA Sans conseguence sur voire prise en charge actuelle ou future, ou la relation avec votre médecin.

A cet égard, vous disposez d'un droit d'accés et de rectification et d’opposition aux informations
vous concemant, ainsi que d’un droit dintroduire une réclamation auprés de la commission
nationale informatique et libertés ; conformément & la lol informatique et libertés n*78-17 du &
janvier 1978 modifiée et au réglement général pour la protection des données personnelles entré
en application le 25 mai 2018. Pour exercer vos droits, merci de contacter l'investigateur principal de
Fétude - Karl STEFIC, Unité de virologie, CHRU de Tours, hdpital Bretonneau, 2 Boulevard Tonnelle,
37044 Tours cedex 9 ou par mail - karl stefic@univ-tours.fr

Les données recueillies seront consenvées jusqu'a deux ans aprés la demiére publication relative &
létude. Les résultats de Fétude seront communiqués aux professionnels de santé impligués et mis a
disposition sur le site du COREVIH Centre-\Val de Loire (hitpsfaww . corevihcpe. frf).

Pour toute autre question relative & la protection des données personnelles ou en cas de difficulté sur
Fexercice de vos droitz, merci de contacter le Délégué a la Protection des Données (dpo@ chu-tours fr).

MERCI

WA

¢ TOURS

Coantre-Val de Laire

—ﬁ—.ﬂ: WH mm‘{/ mr VETSIR | o id cersbdecin CDRE ! H
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CHRU

HEPITALE CE TOURS Pole / Secteur d'activité : Médecine
. Unité fonctionnelle : Médecine interne et maladies
£ infectieuses
owdd
CQREVIH

Corare Yl e | owrg

Consentement pour I'informatisation du dossier meédical
DONMEVIH

Vouns consultez ou vous étes hospitalisé(e) dans un centre hospitalier qu bénéficie
d'un systéme informatisé du dossier medical Les principales mformations de votre dossier
meédical powrront donc étre informatisées.

Localement, ce dossier medical informatisé permettra aux praticiens hospitaliers qui
wvous suivront d’accéder rapidement et de maniére synthétique aux principales informations
wons concernant lors des consupltations ou hospitalisations. Par ailleurs et si vous 1 acceptez,
votre dossier rendu anonyme poutra étre utilisé a des fins de recherches médicales,
epidéemuologiques et économigues en dehors du service hospitalier.

Un programme autorisé a ce jour par la Commission Nationale Informaticque et des
Libertés a défini les procédures qui garantissent la confidentialité des informations,
I"anonymat et le strict respect du secret medical.

Vous ponirez avolr accés aux informations vous concernant par I intermeédiaire de
wvotre médecin ou un avtre médecin de votre choix et obtenir les précisions que vous souhaitez

swr les procédures garantissant vos droits et sur les recherches auxquelles votre dossier
contribuera.

Votre participation a ces recherches impligunant I'informatisation de votre dossier
meédical est vivement souhaitée car ¢’est grice i la réunion de tous les cas individuels
gue des résultats pourront étre obtenus.

51 vous étes d’accord, venillez écrire de votre main « Lu et approuve », dater et signer.
Cet accord est révisable a tout moment sur votre demande.

Mention : « Lu et approuve »

Date :
Nom/Prénom :
Signature du patient -

Je soussigné, D , certifie avowr expligque les modalités et les ﬂbjecn& de
Iinformatisation dans le DOMEVTH du dossier médical de Mr/Mme e
Date :

Signature du médecin

Version 2.0 du 19032018
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GROUPE ETHIQUE D’AIDE A LA RECHERCHE CLINIQUE POUR LES PROTOCOLES DE
RECHERCHE NON SOUMIS AU COMITE DE PROTECTION DES PERSONNES

ETHICS COMMITTEE IN HUMAN RESEARCH

AVIS

Responsable de la recherche : Dr Guillaume GRAS | Dr Karl STEFIC [ Nived COLLERCANDY
Titre du projet de recherche : Dynamique de transmission du VIH en région Centre-Val de Loire :
I'apport de la phylogéngtique

N’ du projet : 2020 056

Le groupe éthique d'aide a la recherche clinique donne un avis
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Dr Béatrice Birmelé
Présidente du Groupe Ethique Clinique

2, Bd Tonmelé - 37044 TOURS Cedex 9 - Tel. 02.18.37.08.50
Courriel : espace-ethiquei@®chu-toursfr
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48 pages — 2 tableaux — 5 figures — 8 appendices
Résumé :

Objectif : Nous avons cherché a identifier et caractériser les réseaux de transmission du VIH au sein de la région
Centre-Val de Loire pour contribuer & I’orientation des mesures de lutte contre 1I’épidémie locale.

Méthodes : Nous avons réalisé une analyse phylogénétique des séquences du gene pol du VIH obtenues dans la région
entre 2010 et 2020, couplées au recueil épidémiologique de maniére anonymisée. Une distance génétique < 1.5% a été
appliquée pour identifier les clusters, et des modeles phylodynamiques ont été utilisés pour étudier la dispersion des
variants au sein de la région.

Résultats : 1305 séquences ont été incluses et ont permis d’identifier 33 clusters de plus de 3 individus (3 a 16 sujets
par cluster), incluant un total de 170 patients. Nous avons identifié le mode de transmission HSH (OR 2.69, p < 0.01),
la charge virale (OR 1.39, p < 0.01) et la domiciliation dans le Loir-et-Cher (OR 3.17, p < 0.05) comme étant des
facteurs de risque d’appartenir & un cluster. Etre originaire d’Afrique subsaharienne (OR 0.05, p < 0.01) était
inversement associée a ce risque. Parmi les gros clusters de N > 7 individus le contrdle de la virémie avait une médiane
de 75% (IQR 74-87) versus 84% pour I’ensemble de la cohorte. Le clade CRF06_cpx était impliqué dans un cluster
en expansion persistante. Les inférences phylogéographiques ont mis en évidence des évenements de dispersion entre
les départements, variables selon les modes de transmission et a travers le temps. Des événements de dispersion
multidirectionnels entre migrants et individus nés en France ont été détectés dans la région.

Conclusion : Les interventions de santé publique doivent étre adaptées aux spécificités épidémiques territoriales au
sein des publics cibles de I’infection par le VIH. Dans la région Centre-Val de Loire, les orientations seraient la
poursuite du déploiement de la PrEP et du TASP chez les HSH et un accés généralisé au dépistage chez les migrants
des I’arrivée. L analyse phylogénétique en temps réel pourrait étre la prochaine étape dans le contrdle de I’épidémie.

Mots clés : Transmission du VIH, Phylogénétique, Clusters, Phylodynamique, Santé des migrants

Jury :
Président du Jury : Professeur Francois MAILLOT

Directeur de thése : Docteur Guillaume GRAS

Membres du Jury :  Docteur Leslie GRAMMATICO-GUILLON
Docteur Adrien LEMAIGNEN
Docteur Karl STEFIC

Date de soutenance : 13 juin 2022



