1 HIV Viral Load Working Group

The investigators who contributed HIV-1 plasma RNA viral load (VL) data to this project

are listed in Table 1. The data include VL measurements from 25 studies of 44 sub-

cohorts across the 7 geographic regions of North America, Europe, Asia, South America,

West Africa, East Africa, and Southern Africa. The data reflect a total of 71,668 VL
measurements from 17 different countries.

Table S1.1: HIV Viral Load Working Group.

024 Team

Muhimbili Univ., Muhimbili Med.
Ctr.

Centre for Infectious Disease
Research in Zambia

Family Health International

Site by Investigators Tinstitution City, Country
icountry
Burkina  [Nicolas Nagot, Helen A Weiss, Philippe Centre Muraz, LSHTM & University [Bobo-Dioulasso, Burkina Faso; London, UK;
Faso Mayaud,Philippe Van de Perre,for the ANRS of Montpellier Montpellier, France
1285 Study Group
Denmark  [Nicolai Lohse and Niels Obel for the Danish HIVjAarhus University Hospital and IAarhus and Copenhagen, Denmark
Cohort Study [Copenhagen University Hospital
Rigshospitalet
India JAmita Gupta,Ramesh S. Paranjape,Madhuri National AIDS Research Institute & |Pune, India; Baltimore, USA
Thakar,Nikhil Gupte,,Robert Bollinger the BJ Medical College; Johns
Hopkins School of Medicine
Jared Baeten, Julie Overbaugh,Kishorchandra ~ JUW & FHCRC Seattle, USA; Mombasa, Kenya
Mandaliya o .
Kenya Coast Provincial General Hospital
Grace John Stewart, Phelgona Otieno,, Julie University of Nairobi & UW Nairobi, Kenya; Seattle, USA
Overbaugh, Dorothy Mbori-Ngacha
Malawi James Kublin, Padmaja Patnaik, Irving Hoffman, [University of Malawi & UW Blantyre, Malawi; Seattle, USA; Chapel Hill,
Bill Miller . . Research Triangle Park, USA
UNC & Family Health International
Charles Jere, Richard Pendame, Terrie Taylor,
Malcolm Molyneux
Malawi, [Taha Taha, Lynda Emel, Tom Fleming, Elizabeth|SCHARP Seattle, USA; Blantyre, Malawi Lilongwe,
. Brown, Anthony Mwatha, Lei Wang, Moses i . Malawi; Dar es Salaam, Tanzania ; Lusaka,
Tanzania, [sinkala, George Kafulafula, Gernard Msamanga, Malawi College of Medicine Zambia
7 ambia Megan Valentine, Robert Goldenberg for HPTN Lilongwe Clinical Research

JAldo Lucchetti, Rosario Zufiiga, Jorge Sanchez

IMPACTA CTU

Lima, Peru




Netherlands|

HIV Monitoring Foundation

lAcademic Medical Centre, University
of Amsterdam

Peru Connie Celum, Jared Baeten, Richard uw Seattle, USA
[Zuckerman, Helen Weiss, Wil Whittington
Jorge Sanchez, Jesus Peinado, Juan Guanira IMPACTA CTU Lima, Peru
Senegal Geoffrey Gottlieb, Stephen Hawes, Papa Salif ~ [University of Washington, University |Seattle, Washington; Dakar, Senegal
Sow of Dakar
Gavin Churchyard, Katherine Fielding lAurum Institute for Health Research JJohannesburg, South Africa; London, UK
& LSHTM
Sinead Delany, Nkuli Mlaba, Godspower Reproductive Health & HIV Research Johannesburg, South Africa; London, UK
South IAkpomiemie, Tim Clayton, Wendy Stevens Unit, Wits University
Africa Helen Rees, Philippe Mayaud & LSHTM
Gabriela Paz Bailey, David Lewis US CDC & National Institute for JAtlanta, USA,; Johannesburg, South Africa
[Communicable Diseases
Spain Jordi Casabona for the PISCIS Study Group Centre d’Estudis Epidemiolo” gics Barcelona, Spain
sobre ITS/VIH/SIDA de
Catalunya
Tanzania afaie Fawzi, Donna Spiegelman, Ellen Harvard & Boston, USA; Dar es Salaam, Tanzania
Hertzmark, Ferdinand Mugusi, o
(Gernard Msamanga, for the Tanzania Vitamin ~ [Muhimbili University College of
Iand HIV Infection Trial Team Health Sciences
The Frank de Wolf and Colette Smit for the Dutch  |Department of Human Retrovirology, JAmsterdam, The Netherlands

Uganda Neil French and Christine Watera MRC Programme on AIDS, London [Entebbe, Uganda and London, UK
School of Hygiene and Tropical
Medicine
Canada D. William Cameron University of Ottawa at The Ottawa  [Ottawa, Canada
Hospital
Curtis L. Cooper University of Ottawa at The Ottawa |Ottawa, Canada
Hospital
USA, John T. Brooks, Rose Baker US CDC JAtlanta, USA
HOPS/
HIV Insight
USA, IAlvaro Munoz, Lisa Jacobson John Hopkins School of Public Health|Baltimore, USA
MACS
cohort
USA, 3 Ronald Bosch for the ACTG trials group Harvard School of Public Health Boston, USA
IACTG
studies IThis study was supported in part by the AIDS
Clinical Trials Group funded by the National
Institute of Allergy and Infectious Diseases (Al
68636, Al 38858, Al 68634, Al 38855).
\Various Christl A Donnelly MRC Centre for Outbreak Analysis  fLondon, UK
datasets and Modelling, Department of
Infectious Disease Epidemiology,
Imperial College London
arious Steve Self Fred Hutchinson Cancer Research Seattle, USA
datasets Center
arious Skillman, Thomas Fred Hutchinson Cancer Research Seattle, USA
datasets Center
\Various Daniel Meade Fred Hutchinson Cancer Research [Seattle, USA
datasets Center




2 Evidence for co-infections driving higher HIV-1
plasma RNA viral loads

Sub-Saharan Africa (SSA) has a high burden of infectious diseases other than HIV
infection, including malaria, tuberculosis (TB), and helminthes among other tropical
diseases, as well as high prevalence of herpes simplex virus type 2 (HSV-2). African
populations have been found to have high levels of serum immune activation markers
compared to developed countries [1-3], possibly from extended exposure to a range of
pathogens. Over 70% of the 500 million clinical malaria infections that occur every year
arise in SSA [4]. Mounting evidence suggests that HIV co-infections induce transient, but
substantial increases in VL as a consequence of increased HIV replication associated with
the immune response. Malaria induces a seven-fold increase in VL that lasts for 6 to 8
weeks following the acute illness [5, 6]. Active tuberculosis has been associated with 2.5-
fold increase in VL [7-9]. Helminthic infections and leishmaniasis have also been linked
to higher levels of VL, though not consistently [10-15]. Other studies have suggested a
role for bacterial pneumonia episodes in increasing VL [9, 16]. In addition, a growing
body of in vitro evidence suggests that co-infection with malaria [17, 18] and tuberculosis
[19-21] can lead to substantially higher rates of HIV replication.

Herpes simplex virus type 2 (HSV-2), a sexually transmitted infection (STI), is also
important given its high prevalence in SSA [22-24], persistence with frequent sub-clinical
and clinical reactivation [25], and elevated levels of VL [26-30]. Reductions in VL of
0.25 to 0.53 log;o have been reported with HSV-2 suppressive therapy [31-37]. In
addition to higher VL, symptomatic and asymptomatic recurrences of HSV-2 infection
are associated with increased genital HIV-1 shedding among co-infected individuals [38-
40]. This increase in genital HIV-1 plasma RNA viral load seen with HSV-2 co-infection
places this STI in a special position compared to other non-STI co-infections, such as
malaria and TB.

A recent systematic review and meta-analysis of existing evidence has found that acute
malaria increases VL by 0.67 logio copies/mL (95% CI: 0.15, 1.19), HSV-2 infection
(seropositivity) by 0.18 log;o copies/mL (95% CI: 0.01, 0.34), and TB disease by 0.40
logso copies/mL (95% Cl: 0.13-0.67) [41]. There was also a trend towards decreased VL
following malaria treatment (-0.25 log10 copies/mL, 95% CI: -0.59, 0.10), and HSV
suppressive therapy (-0.28 log10 copies/mL, 95% CI: -0.36, -0.19), but there was no
evidence of an association of tuberculosis treatment with VL reduction (-0.02 log10
copies/mL, 95% CI -0.19, 0.15).



3 HIV-1 plasma RNA viral load database and statistical
analyses

3.1 General description of HIV-1 plasma RNA viral load
database

We studied the effect of geographic region on viral load using data from 25 studies of 44
sub-cohorts of HIV infected but antiretroviral therapy naive patients across 7 geographic
regions. The studies include a total of 71,668 VL measurements. Data from each sub-
cohort in every study consists of the average logio VL for subjects in the following CD4
categories: < 200, 200-349, 350-499, and > 500 cells/mm?®. The CD4 categories may
contain VL measures for different individuals, or for the same individuals at different
points in time.

We considered the effects of the following factors on logso viral load: region (North
America, Europe, Asia, South America, East Africa, West Africa, and Southern Africa)
or country (South Africa); CD4 category; pregnancy; sex; HIV sub-type (the predominant
sub-type in the local region); and assay (the predominant viral load assay used in the
study). Table S3.1 includes a description of the sub-cohorts used in the VL analysis.

3.2 Statistical methods analyzing HIV-1 plasma RNA viral load
database

Mean log;o HIV-1 plasma RNA viral load was modeled using a linear model that
includes as predictors: region (North America, South America, Europe, West Africa, East
Africa, Asia, South Africa, and the rest of Southern Africa), sex, CD4 category,
pregnancy status, an interaction between CD4 category and sex, and an interaction
between CD4 and pregnancy status. Let vL denote the logio VL in region i and CD4

category j. The model stipulates that
E(VLY)) = a, + & + B; +y;Female + r7;Pregnant

where «, 3, and n are the parameters of the statistical model and Female and Pregnant

are indicators of female and pregnant subcohorts. Studies with unknown pregnancy status
were treated as not pregnant. The impact of this assumption was assessed using
sensitivity analyses (see Section 3.4 below). The effects of viral sub-type and assay could
not be statistically adjusted due to the high co-linearity with region. In future prospective
studies use of the same viral load assay would be necessary to compare VL across
regions. The model weights each observation by the sample size in that category in the
study (i.e. CD4 category by sex category by pregnancy status). This weighting has the
effect of up-weighting larger studies and down-weighting smaller studies. Robust
standard errors are reported for the estimated model coefficients. These standard errors
allow for correlation between observations from the same study (across sub-cohorts and
CD4 categories).



Table S3.1: Summary of the characteristics of studies and sub-cohorts included in the regional HIV-1 plasma RNA viral load

analysis.
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Baeten[45] East Kenya Sept Vit A HIV-positive 173 | <200 59 | F Target NP A dominant
Africa 1998- | supplements women amplification by &D
Jun attending transcription-
2000 outpatient mediatedamplificat
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General
Hospital in 200-349
Mombasa
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John East Kenya Oct HIV disease Pregnant 31 | <200 54 | F Target NP A dominant
Stewart[46] Africa 2000- progression in | women amplification by &D
Jun breast attending 4 transcription-
2005 feeding & Nairobi mediated
formula clinics with amplification
feeding VCT offered (TMA)
mothers
59 | 200-349 4.9
49 | 350-500 4.9
104 | >500 4.2
Delany[47] South South Acyclovir From 0 | <200 F Target NP C
Africa Africa suppression community amplification by
or support RT-PCR
groups for
people 71 200-349 4.4
living with
HIV/AIDS in 90 | 350-500 4.0
fg"ha””ESb“ 138 | >500 37
Kublin[6] Southern | Malawi Feb Malaria Through 30 | <200 52| M Target NP C
Africa 2000 treatment VCT ona amplification by
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2001 Thyolo
District,
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2001 Thyolo
District,
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9 10 | Churchyard[48, | South South May Workplace & Health 2,411 | <200 47 | M Signal NP C
49] Africa Africa 1999- PEPFAR service of a amplification by
April program gold mining branched DNA
2002 company
923 [ 200-349 4.2
3,334 | 350-500 3.8
628 | >500 35
9 11 | Churchyard[48, | South South May Workplace & Health 2,696 | <200 48 | F Signal NP C
49] Africa Africa 1999- PEPFAR service of a amplification by
April program gold mining branched DNA
2002 company
1,187 | 200-349 4.0
654 | 350-500 3.6
648 | >500 3.0
9 12 | Churchyard[48, May Workplace & Health 32 | <200 35 | F Signal P C
49] 1999- PEPFAR service of a amplification by
April program gold mining branched DNA
2002 company
13 | 200-349 3.6
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13 | >500 3.3
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10 14 | Brooks & North United Jan HIV HIV clinics 256 | <200 49 | F Target NP B
Baker[50] America States 1992 outpatient in the amplification by
- visits United RT-PCR
March States
1995
216 | 200-349 4.2
229 | 350-500 3.9
281 | >500 35
10 15 | Brooks & North United Jan HIV HIV clinics 7 | <200 39 | F Target P B
Baker[50] America States 1992 outpatient in the amplification by
- visits United RT-PCR
March States
1995
19 | 200-349 3.5
9 [ 350-500 4.0
12 | >500 2.5
11 16 | Paz Bailey South South Acyclovir Clinics in 121 | <200 51 (M Target NP C
Africa Africa therapy Gauteng amplification by
Province, RT-PCR
South Africa
120 | 200-349 4.9
69 | 350-500 4.7
59 | >500 4.5
12 17 | Sanchez South Peru Sentinel Sentinel 39 | <200 47 | M Target NP B
America Surveillance surveillance amplification by
program RT-PCR
50 | 200-349 4.1
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55 | >500 4.2
14 19 | Goldenberg, Southern Malawi Jun Antibiotics to Antenatal 87 | <200 48 | F Target P C
Taha Mwatha Africa 2001 reduce clinics with amplification by
& Donnell[51] —Feb mother to VCT offered RT-PCR
2003 child
transmission
of HIV
83 | 200-349 4.4
47 | 350-500 4.4
53 | >500 4.1
14 20 | Goldenberg, Southern | Malawi Jun Antibiotics to Antenatal 154 | <200 48 | F Target P C
Taha, Mwatha Africa 2001 reduce clinics with amplification by
& Donnell[51] —Feb mother to VCT offered RT-PCR
2003 child
transmission
of HIV
210 | 200-349 4.6
163 | 350-500 4.4
196 | >500 4.0
14 21 | Goldenberg, Southern | Zambia Jun Antibiotics to Antenatal 105 | <200 47 | F Target P C
Taha, Mwatha Africa 2001 reduce clinics with amplification by
& Donnell[51] —Feb mother to VCT offered RT-PCR
2003 child
transmission
of HIV
171 | 200-349 4.4
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156 | 350-500 4.2
153 | >500 3.7
14 22 | Goldenberg, East Tanzania Jun Antibiotics to Antenatal 95 | <200 44 | F Target P A, C&D
Taha, Mwatha Africa 2001 reduce clinics with amplification by
& Donnell[51] —Feb mother to VCT offered RT-PCR
2003 child
transmission
of HIV
122 | 200-349 4.1
94 | 350-500 3.8
163 | >500 35
15 23 | Celum[32] South Peru Valcyclovir Research 0 | <200 F Target NP B
America suppression organization amplification by
in Lima, RT-PCR
Peru
6 | 200-349 5.0
10 | 350-500 45
4 | >500 4.1
16 24 | Celum[35] South Peru Valcyclovir Research 5 | <200 47 | M Target NP B
America suppression organization amplification by
in Lima, RT-PCR
Peru
7 | 200-349 4.7
0 | 350-500
4 | >500 4.2
17 25 | Munoz[52-54] North United Mar Natural Cohort of 1,145 | <200 51 (M Signal NP B
America States 1984 history of HIV MSM in the amplification by
- April United branched DNA
1985 States
1,172 | 200-349 4.6
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18 26 | de Wolf[55] Europe Netherlands Amsterdam Cohort of 4,891 | <200 48 | M Target NP B
cohort - HIV-positive amplification by
Natural men NASBA
history of HIV followed in
Amsterdam
5,937 | 200-349 4.4
5,138 | 350-500 4.3
4,302 | >500 4.1
18 27 | de Wolf[55] Europe Netherlands Amsterdam Cohort of 1,189 | <200 46 | F Target NP B
cohort - HIV-positive amplification by
Natural women NASBA
history of HIV followed in
Amsterdam
1,425 | 200-349 4.2
1,106 | 350-500 4.0
1,185 | >500 3.8
18 28 | de Wolf[55] Europe Netherlands Amsterdam Cohort of 78 | <200 45 | F Target P B
cohort - HIV-positive amplification by
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history of HIV followed in
Amsterdam
112 | 200-349 3.8
114 | 350-500 3.3
141 | >500 3.1
19 29 | Cameron North Canada 1995- HIV HIV clinic 70 | <200 47 | M Signal NP B
America 2008 outpatient data from amplification by
clinic Canada branched DNA
70 | 200-349 45
157 | 350-500 4.3
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19 30 | Cameron North Canada 1995- | HIV HIV clinic 35 | <200 46 | F Signal NK B
America 2008 outpatient data from amplification by
clinic Canada branched DNA
62 | 200-349 3.9
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87 | 350-500 3.7
110 | >500 3.6
20 31 | Cooper North Canada HIV HIV clinic 157 | <200 48 | M Signal NP B
America outpatient data from amplification by
clinic Canada branched DNA
99 | 200-349 4.3
60 | 350-500 4.3
35 [ >500 3.8
20 32 | Cooper North Canada HIV HIV clinic 48 | <200 48 | F Signal NP B
America: outpatient data from amplification by
clinic Canada branched DNA
24 | 200-349 3.6
7 | 350-500 4.5
7 | >500 3.6
20 33 | Cooper North Canada HIV HIV clinic 7 | <200 43 | F Signal P B
America outpatient data from amplification by
clinic Canada branched DNA
6 | 200-349 3.6
7 | 350-500 3.6
8 | >500 2.5
21 34 | Casabona[56] Europe Spain Jan Baseline data | Cohort 1,366 | <200 49 | M RT PCR, bDNA, or | NP B
2004- | for a cohort initiating NASBA
Oct starting ART ART among
2005 10 hospitals
in Spain
721 | 200-349 4.5
581 | 350-500 4.4
810 | >500 4.0
21 35 | Casabona[56] Europe Spain Jan Baseline data | Cohort 379 | <200 49 | F RT PCR, bDNA, or | NK B
2004- | for a cohort initiating NASBA
Oct starting ART ART among
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2005 10 hospitals
in Spain
231 | 200-349 4.2
182 | 350-500 4.0
297 | >500 3.6
22 36 | Lohse[57] Europe Denmark 1995- | ART naive Population 609 | <200 52 (M Target NP B
2007 HIV cohort based amplification by
cohort study RT-PCR
439 | 200-349 4.6
422 | 350-500 4.3
510 | >500 3.9
22 37 | Lohse[57] Europe Denmark 1995- | ART naive Population 242 | <200 48 | F Target NK B
2007 HIV cohort based amplification by
cohort study RT-PCR
182 | 200-349 4.2
131 | 350-500 4.0
218 | >500 3.5
23 38 | Gupta[58] Asia India Aug Post partum Urban, 43 | <200 49 | F Target NP C
2002- | women public amplification by
Jul hospital in RT-PCR
2004 Pune, India
108 | 200-349 4.4
171 | 350-500 4.2
305 | >500 3.8
23 39 | Gupta[58] Asia India Aug Post partum Urban, 43 | <200 50 | F Target NP C
2002- women public amplification by
Jul hospital in RT-PCR
2004 Pune, India
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306 | >500 3.8
23 40 | Gupta[58] Asia India Aug Post partum Urban, 43 | <200 48 | F Target NP C
2002- | women public amplification by
Jul hospital in RT-PCR
2004 Pune, India
126 | 200-349 4.6
164 | 350-500 4.2
297 | >500 3.8
24 41 | Bosch[59] North United Cohorts inthe | Prospective 596 | <200 55 (M Target NP B
America States ACTG cohort of amplification by
randomized individuals RT-PCR
to ART — randomized
baseline data in trials,
United
States 250 | 200-349 5.0
222 | 350-500 4.7
155 | >500 4.4
42 | Bosch[59] North United Cohorts inthe | Prospective 110 | <200 53| F Target NP B
America States ACTG cohort of amplification by
randomized individuals RT-PCR
to ART - randomized
baseline data in trials,
United
States 64 | 200-349 4.7
51 | 350-500 4.5
49 [ >500 4.1
25 43 | Gottlieb[60, 61] | West Senegal 1994- | Cohort data STD and 111 <200 5.2845 F PCR assay (in NP
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participants at | Diseases Amplicor HIV-1
baseline Clinic Monitor test,
developed with
91 200-349 4.5256 F Roche to include NP AG
non-clade B types) recombinatio
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3.3 Summary of results of statistical analyses

We found that there are large and statistically significant differences in mean log;o VL
between geographic regions, after adjusting for the effects of CD4 category, sex, and
pregnancy status. North America serves as our reference region. We estimate that
Europe and South America do not have significantly different mean log;o VL than North
America (Europe: 0.02 lower, 95% CI: 0.12 lower to 0.08 higher; South America: 0.17
lower, 95% CI: 0.63 lower to 0.30 higher). West Africa, East Africa, and Southern
Africa are estimated to have significantly higher mean log;, viral loads than North
America (West Africa: 0.29 higher, 95% CI: 0.11 to 0.47; East Africa: 0.71 higher, 95%
ClI: 0.48 to 0.93; Southern Africa: 0.74 higher, 95% CI: 0.55 to 0.92). Of note, South
Africa is estimated to have a significantly lower mean logy, viral load than North
America (0.33 lower, 95% CI: 0.18 to 0.49) (see Section 3.5 below for further
discussion). We estimate that Asia has a 0.14 higher mean log, viral load than North
America (95% CI: 0.03 to 0.26). The estimated differences in mean log;p VL from North
America are shown in Table S3.2. The regional differences in mean VL compared to the
North America are displayed in Figure S3.1.

Table S3.2: Estimated differences in mean logip VL from North America.

Estimated Difference in Mean | Standard Error | p-value

Logio VL from

North America
North America 0.00 -- -
Europe -0.02 0.05 0.66
South America -0.17 0.24 0.49
Asia 0.14 0.06 0.03
West Africa 0.29 0.09 <0.01
East Africa 0.71 0.12 <0.01
Southern Africa 0.74 0.10 <0.01

South Africa -0.33 0.08 <0.01




Figure S3.1: Estimated regional differences in mean log;o VL compared with the mean
VL in North America.
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3.4 Sensitivity analyses on the statistical modelling

Sensitivity analyses were conducted to assess the robustness of the results to model mis-
specification. First, we investigated the impact of the extreme logo VL observations
from South America (see Table S3.1). When these observations were omitted from the
analysis, the results were qualitatively unchanged. Second, studies with unknown
pregnancy status were excluded. This change resulted in very minor alterations in the
estimated regional effects. Finally, we examined the effect of excluding the three sub-
cohorts in South Africa where a specific bDNA assay was used (see Section 3.5 below).

3.5 Discrepancy of the data from South Africa

The VL data from South Africa include 5 sub-cohorts. For three of these cohorts, VL
measurements were done at the same central laboratory using the branched DNA (bDNA)
assay. These cohorts all showed lower VL data than the other South African cohorts,
suggesting a systematic bias towards lower VL measurements. A South African study
that compared the bDNA assay with a PCR assay found that for subtype C the 3.0 bDNA



assay gave a 0.58 logio lower viral load measure than the Roche 1.5 PCR assay (paired t-
test, p<0.001, Figure S3.2) [62]. On the basis of these data, we hypothesized that the low
level of VL in these three sub-cohorts from South Africa might be due to the VL assay
used at this laboratory. It bears notice that, historically, commercially available RNA
tests tended to be optimized to detect subtype B, the predominant HIV-1 subtype in North
America and Europe, and were frequently suboptimal in detecting HIV-1 genetic forms
or subtypes found in other parts of the world [63].

Figure S3.2: Differences in logio VL between the bDNA V 3.0 and Roche Amplicor
HIV-1 MONITOR (HIM) 1.5 PCR assay among subtype C HIV infections in South
Africa [62].
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We explored the impact of excluding these three sub-cohorts from our statistical
analyses. Removing these three sub-cohorts left two South African sub-cohorts for which
the PCR assay had been used. The estimated mean VL in South Africa increased, and the
difference in estimated mean VL between South Africa and North America changed from
a 0.33 lower mean VL ( 95% CI: -0.49 to -0.18) to a 0.19 higher mean VL (95% CI: -
0.02 to 0.39). Figure S3.3 shows the estimated regional differences in mean VL
excluding the three South Africa cohorts compared to the estimates obtained when
including them.



Figure S3.3: Estimated regional differences in average logip VL from North America
before (black) and after (red) excluding the three sub-cohorts from South Africa.
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4 Mathematical modeling formalism assessing the
epidemiological impact of the VL effect

4.1 Model equations and description

A deterministic compartmental model was constructed through extension of earlier
models [64, 65] to describe the HIV epidemic in sub-Saharan Africa in presence of the
heightened VL effect. The model stratifies the population into compartments according to
HIV sero-status and stage of HIV infection, sexual-risk activity group, and exposure to a
biological cofactor (higher VL) that affects HIV infectivity. The model consists of a
system of eight coupled nonlinear differential equations for each risk group:

ds(i : . . -
B~ (1 ) 4Ny ) - 15) - AZS )
dy, (i) _

S =AM - w4 () -0, 0)

Ll _ %, - b, -, Y, 0)

AU R AORTERAG
@

dBdSt(i) = £ (i) 1N, (i) — #BS (i) - A BS (i)
%:Am BS(i) - 4BY, (i) — @, BY, (i)
%:%Bvﬁ)—usn(i)—% BY, (i)
%:% BY, (i) - #BY; (i) — a3, BY; (i)

The index i stands for an i -sexual risk population where i =1, 2,3, 4 represent the low,
low to intermediate, intermediate to high, and high risk groups, respectively. Here, S(i)
is the HIV susceptible population and BS(i) is the HIV susceptible population that

would experience the biological cofactor of heightened VL once it is infected with HIV,
potentially due to a higher burden of co-infections and challenged immune response.

Y (i)and BY, (i) are the HIV infected populations without and with the biological
cofactor, respectively. The index & marks the stage of HIV pathogenesis; o =1,2,3
stand for acute, latent, and late stages respectively. N(i) is the population size, and N,(i)
is the initial population size, of each i -risk group. N™ is the total population size of all
risk groups. Lastly, f;(i) is the fraction of the entering susceptible population that is
exposed to the heightened VL biological cofactor for each i -risk group.



HIV pathogenesis is described by the three stages of acute, latent, and late and our model
assumes negligible antiretroviral therapy coverage in the population. The progression of
HIV is described by «, , the rate of progression from acute to latent stage, «, , the rate
from latent to late stage, and @, , the rate of HIV/AIDS disease mortality. 4 is the birth
(and death) rate. The rates A3 are the HIV forces of infection (hazard rates of

infection) experienced by the susceptible populations (S(i)and BS(i)). AS® is given by

HIV

S(i) _
Ay = Psiy X

] Py, 'Ya’(j)
Z tYar(j)—>S(i)G (l, J) Yo ()
=123

PsyS (1) + Z pYan(j)Ya"(j)+pBS(j)BS(j)+ z pBYan(j)BYa"(j)
@123 @123

j=1234

. pBY,(j)BYa'(j)
+ 2, tay (yosyC () . : :
a’:zl,;,s Ple (1250 PsyS(1)+ z pY,Z~(j)Ya"(J)+pBS(j)BS(J)+ z pBYO/(j)BYa"(J)

a"=1,2,3 a"=1,2,3
(2)

In these expressions, p, ., describes the effective new sexual partner acquisition rate for

each population variable X (i) . Note that we use the term effective rate of partner change,

as opposed to rate of partner change, since this parameter does not merely reflect the
actual rate at which individuals change their partners, but also represents other behavioral
mechanisms that effectively enhance this quantity such as concurrency and topology of
sexual networks [66-68], and variability in risk behavior [69].

The mixing among the four risk groups is dictated by the sexual-mixing matrix G (i, j)

that provides the probability that an individual in risk group i would choose a partner in
risk group j[70]. It is given by the expression

PspS()+ 2 ALY () +PapBU+ D Pay,(yBY.- (i)
G(i, j)=es, +(1-e) @123 =123
[ps(k)S(kH 2 Pt (K)+ P50 B+ X pBYm(J')BYa”(k)]
4

a'=123 a"=123
©)

Here, s, ; is the identity matrix and the parameter e [0,1] measures the degree of

k=123

assortativeness in the mixing. At one extreme,e =0, mixing is fully proportional, while at
the other extreme e =1, mixing is fully assortative, as individuals choose partners only
from within their risk group.

The parameters t, ., ., and t stand for HIV transmission probability per
partnership in a partnership between a member of the susceptible population S(j) and a
member of the HIV infected populations Y,_ (i) and BY (i), respectively. They are

expressed in terms of HIV transmission probability per coital act per HIV stage in this

BY, ())—>S(J)




partnership ( pg'g)ﬁs(j) ), the frequency of coital acts per HIV stage in this partnership
(N, wescpy)» and the duration (7, ,s;,) Of this partnership, using the binomial model

HIV nYa(i)HS(i)TYa(i)HS(J)
Ly (s :1_<1‘ pYa(i)»su)) (4)
HIv nBYa(i)HS(J)TBVa(i)HS(i)
Lay, ()-s(i) :1_(1_ pBYa(i)»sm) ®)
Here
HIV _ log(Vlay, /vy, ) HIv
pBYa(i)—>S(j) - 245 pYa(i)—>S(j) (6)
Nay, iyostiy = (1 Ao ) M, sy (7)
7'-E‘Yo((i)<—>5(i) = 7'-Yo,(i)<—>5(j) (8)

In these expressions, 2.45'°g<V'BY“/V'Y”) is the enhancement in HIV transmission probability

per coital act due to the heightened VL based on the Rakai study findings (HIV
transmission probability per coital act increases by a factor of 2.45 with each log;

increase in VL) [71]. The parameter q,,,, describes the fractional decrease in coital

frequency due to the presence of the heightened VL biological cofactor (to account for
co-infection morbidity because the increase in VL is potentially due to co-infections).

We assume a constant birth rate in the model and we do not stratify the population
according to sex. The best data on HIV transmission probability per coital act indicates
that, in absence of male circumcision, there are no differences between HIV transmission
probability per coital act from male to female and from female to male [72, 73]. The
sources of the disparity in HIV prevalence among men and women appear to be primarily
due to behavioral patterns such as age cohort mixing (young women with older men)
[74].

4.2 Biological and behavioral input to the model

The model assumptions in terms of parameter values are summarized in Table S4.1 and
S4.2 along with their references.

HIV transmission probabilities per coital act are extracted from the measurements of
Wawer et al [73] in Rakai, Uganda by collapsing the sub-strata in their classification of
incident, prevalent, and late stages into the three stages of acute, latent, and late as
delineated in Ref [65]. There are, however, three distinctions from Wawer’s analysis of
the stages. We included in our definition of acute stage seroconversions those occurring
in both members of an initially seronegative couple during the same follow up interval in
the Rakai study and merged the rest of the seroconversions classified as incident stage
with the latent stage [65]. This was done since the latter seroconversions would have
likely occurred during latent infection rather than acute infection of the index partner.
The second distinction is that we recalculated the transmission probabilities [65] using



the binomial model for the partnership transmission probability [75]. Lastly, for HIV
transmission probability during acute infection we used recent re-analyses of the Rakai
data [76, 77].

The durations of the acute, latent, and late stages are assumed to be 49 days (acute), 9
years (latent), and 2 years (late). These choices are based on the transmission probability
classification in Wawer et al. [73], Pinkerton’s analysis of the Rakai data for acute
infection [77], the measured time from seroconversion to death in the Masaka cohort in
Uganda [78], recent findings in the Mombasa cohort in Kenya [79], and recent
compilation of data by UNAIDS indicating that the average duration from HIV
acquisition to death in absence of antiretroviral therapy is about 11 years [80, 81].

The population is divided into four sexual-risk classes of low, low to moderate, moderate
to high, and high risk groups. The risk groups are defined using the data of the Four City
study [82]. Female sex workers and their male clients constitute the high risk group.
Populations with more than one non-spousal, one non-spousal, and no non-spousal
partnerships in the previous year characterize the intermediate to high, low to
intermediate, and low risk groups, respectively. The duration of the sexual lifespan is set
at 35 years to conform with the 15-49 years age groups that are typically used to define
the sexually active population by the WHO as well as many HIV studies [83, 84].

We used the general population survey of the Four City study [83] to fit HIV prevalence
levels in Kisumu, Kenya, the representative setting we adopted to assess the impact of the
VL effect; and antenatal clinic surveillance data [85, 86] to fit the time series trends in
HIV prevalence. Please note that antenatal surveillance data do not necessarily reflect the
HIV population prevalence level [87], though they are valuable in describing prevalence
trends. Our prediction for HIV prevalence in Kisumu appears to underestimate the
epidemic since the general population survey for Kisumu found substantially lower
prevalence than provided by the antenatal surveillance data.

Table S4.1: Model assumptions in terms of parameter values.

Assumption Parameter value Sources

Rate ratio increase in HIV per coital 2.45 [71]

transmission probability per one-logy, rise in

HIV viral load

Logarithmic increase in HIV viral load level in 0.46 Statistical analyses of VL database

sub-Saharan Africa due to the HIV plasma viral with 20% reduction in estimated

load infectivity enhancement effect ( regional differences to account for
potential systematic biases in

log (VIBY,I /VIYa )) comparing VL across regions

Reduction in coital frequency associated with 20% Conservative assumption



the heightened VL (Qporp )

HIV transmission probability per coital act per stage of infection ( pYH'X)_)S(j) ):

Acute stage 0.0360
Latent stage 0.0008
Late stage 0.0042

Duration of each of HIV stages (]/@ ):

Acute stage 49 days
Latent stage 9.0 years
Late stage 2.0 years

Frequency of coital acts per HIV stage (n, ., ¢, ):

Acute stage 10.6 per month
Latent stage 11.0 per month

Late stage 7.1 per month

Fraction of the initial population size in each risk group ( N, (i)/ N ):

Low risk 65.4%
Low to intermediate risk 22.9%
Intermediate to high risk 9.3%
High risk 2.5%

Effective new sexual partner acquisition rate ( o, ):

Low risk 0.1 partners/year

Low to intermediate risk 1.3 partners/year

Intermediate to high risk 5.5 partners/year

High risk 43.0 partners/year

[73, 76, 77]
[73]
[73]

[73, 77]
[78, 80, 81]

[73]

[73]
[73]

[73]

(88]
(88]
(88]

(89]

Representative values calibrated to
the Kisumu epidemic

Ibid
Ibid

Ibid



Duration of sexual partnerships ( z, (oS ):

Low risk with low risk

Low risk with low to intermediate risk

Low risk with intermediate to high risk

Low risk with high risk

Low to intermediate risk with low to
intermediate risk

48 months

36 months

24 months

12 months

24 months

12 months

Low to intermediate risk with
intermediate to high risk

Low to intermediate risk with high risk

Intermediate to high risk with

intermediate to high risk

6 months

6 months

Intermediate to high risk with high risk

High risk with high risk

Degree of assortativeness (€ )

Duration of sexual lifespan (]/,u)

1 months

1 week

0.224

35 years

Representative value

Ibid
ibid
Ibid

Ibid

Ibid

Ibid

Ibid

Ibid

(89]

Representative value calibrated to

the Kisumu epidemic

[65, 82]

Table S4.2: Effect of heightened VL on HIV transmission probability per coital act

Stage of HIV HIV Percentage HIV Percentage
infection transmission transmission increase in transmission increase in
probability per | probability per | HIV probability per | HIV
coital act in coital act in transmission coital act in transmission
absence of presence of a probability per | presence of a probability per
heightened VL | heightened VL | coital act in heightened VL | coital act in
effect effect of size presence of a effect of size presence of a
0.58 logqg heightened VL | 0.46 logyg heightened VL
effect of size effect of size
0.58 logyg 0.46 logy
Acute 0.0360 0.0605 68% 0.0546 52%
Latent 0.0008 0.0013 68% 0.0012 52%
Late 0.0042 0.0071 68% 0.0064 52%




4.3 Population attributable fraction due to the VL effect
The population attributable fraction (PAF), the proportion of incident HIV infections that
are due to increased infectivity with the heightened VL effect, is defined by the
expression
Incidence of HIV arising from the HPVLIE effect at time t

Total incidence of HIV at time t

PAF (1) = 9)

while the cumulative PAF due to the VL effect since 1980 up to time t is defined as

Cumulative incidence of HIV arising from the HPVLIE effect from 1980 up to time t
PAF,, (t)=

Total cumulative incidence of HIV from 1980 up to time t
(10)

4.4 Further results on modeling the epidemiological impact of
higher HIV-1 plasma RNA viral loads in sub-Saharan Africa

4.4.1 Impact of the VL effect per risk group

Table S4.3 shows the impact of the VL effect on HIV prevalence and excess prevalence”
in the different risk groups (measures evaluated at endemic equilibrium to avoid the
intricacy of different time scales of the epidemic in the different risk groups).

The results indicate an inverse relationship such that the lower the risk, the higher the
percentage increase in HIV prevalence due to the VL effect. This suggests that the VL
effect has contributed to the general population epidemic in SSA by amplifying HIV
transmission among the low risk population.

Table S4.3: The impact of the VL effect on HIV prevalence by risk group.

HIV prevalence HIV prevalence Excess prevalence  Percentage increase in
. revalence
Risk group (%) (%) (%) P
(%)
No VL effect VL effect

Low risk 9.2% 11.3% 2.1% 22.5%
(general population)

Low to intermediate risk 52.4% 58.2% 5.8% 11.1%
Intermediate to high risk 66.5% 71.6% 5.1% 7.7%

“ Excess prevalence is defined as prevalence in presence of the VL effect minus the prevalence in absence
of the VL effect.



High risk 81.0% 84.6% 3.6% 4.4%

Total population 18.8% 21.5% 2.7% 14.2%

4.4.2 Impact of the VL effect assuming the full log,o increase in VL of
0.58

Figure S4.1 shows the prevalence and population attributable fraction, as in Figure 3 of
the main text, but now assuming the full average logs increase in VL of 0.58, the average
logio increase in VL found for the three regions of West Africa, East Africa, and
Southern Africa without the 20% reduction assumed in consideration of the potential
effects of uncontrolled variables that may affect the VL such as type of assay.

With the full log;o increase in VL and at the endemic equilibrium, the excess prevalence
increases to 4.2% (versus 2.9% in Figure 3 of main text), the PAF at the epidemic peak
increases to 21.2% (versus 14.4% in Figure 3 of main text), and the excess incidence rate’
increases to 1.06 per 100 person-year (versus 0.69 per 100 person-year in Figure 3 of
main text).

4.4.3 Impact of the VL effect assuming 20% faster disease
progression with heightened VL

Figure S4.2 shows the prevalence and population attributable fraction as in Figure 3 of
the main text, but assuming a 20% faster disease progression with the heightened VL. We
examine this effect because the impact of coinfection-mediated increases in VL on HIV
disease progression remains controversial. Although early evidence suggested accelerated
progression to AIDS and death in SSA, potentially due, in part, to the high burden of co-
infections [90], more recent evidence is mixed, with some supporting the view that co-
infections may have limited impact on enhanced HIV disease progression [91, 92].
Despite the evidence that HIV patients at sustained lower HIV viral load, such as due to
the CCR-5 delta 32 heterozygosity [93], have a slower disease progression [55, 94-99],
available data on survival from HIV sero-conversion to AIDS or death [78, 100] suggest
similar rates of progression in resource-rich and resource-poor settings in the absence of
HAART, in the face of much higher co-infection rates and earlier progression towards
symptomatic HIV disease [91]. More recent data from Karonga, Malawi [101] and
Mombasa, Kenya [79] also support this view. However, the Partners in Prevention RCT
of herpes suppressive therapy to reduce HIV transmission demonstrated a statistically
significant 17% delay in HIV progression among HIV-1/HSV-2 co-infected participants
receiving acyclovir [102]. It is not yet clear, however, whether this effect on disease

T Excess incidence rate is defined as incidence rate in presence of the VL effect minus the incidence rate in
absence of the VL effect.



progression reflects suppression of HSV-2 effects or actually direct effects of acyclovir
on HIV.

With the additional effect on disease progression and at the epidemic peak, the excess
prevalence reduces to 1.4% (versus 2.9% in Figure 3 of main text), and the PAF reduces
to 14.3% (versus 14.4% in Figure 3 of main text), but the excess incidence rate increases
to 0.92 per 100 person-year (versus 0.69 in Figure 3 of main text). The incidence rate
increases because, in order to fit the measured HIV prevalence in the presence of
increased mortality due to faster disease progression, HIV incidence must be higher to
generate enough infections to yield the measured HIV prevalence.

Figure S4.1: The time course of the HIV epidemic in Kisumu, Kenya in presence and
absence of the VL effect, assuming the full average logo increase in VL of 0.58 from the
VL data. (A) HIV prevalence in presence of the VL effect compared to the prevalence in

absence of the VL effect. (B) PAF (fraction of incident HIV infections) due to the VL
effect.
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Figure S4.2: Time course of the HIV epidemic in Kisumu, Kenya in the presence and
absence of the VL effect, assuming that the heightened VL effect accelerates disease
progression by 20%. (A) HIV prevalence in the presence of the VL effect compared to the
prevalence in absence of the VL effect. (B) PAF (fraction of incident HIV infections) due

to the VL effect.
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4.4.4 Impact of the VL effect at different levels of the heightened VL

Figure S4.3 shows the impact of the VL effect on the population attributable fraction at
different levels of the heightened VL assuming a reduction in coital frequency of 20%
with increased VL. A 0.25 logso arithmetic increase in VL is needed to counter the
assumed reduction in coital frequency of 20%. At one logy, increase in VL, the PAF is
39.9% (versus 14.2% at 0.46 logyg as in Figure 3 of main text).



Figure S4.3: Impact of the VL effect on the population attributable fraction at different
levels of the heightened VL assuming a reduction in coital frequency of 20% with
increased VL.
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4.4.5 Impact of the VL effect at different levels of sexual activity
reduction with heightened VL
Figure S4.4 shows the impact of the VL effect on the population attributable fraction at
different levels of sexual activity reduction (expressed in terms of reduction in coital
frequency) with the heightened VL. A 34% reduction in coital frequency is needed to
counter the effect of the 0.46 logyo increase in VL. Furthermore, if the full average logio
increase in VL were 0.58 logo, as suggested by the VL data, then a 41% reduction in
coital frequency would be needed to counter the effect of the heightened VL.

Figure S4.4: Impact of the VL effect on the population attributable fraction at different
levels of coital frequency reduction with the heightened VL.
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4.5 Sensitivity and uncertainty analyses on the mathematical
modeling predictions

Figures S4.3 and S4.4, as well as S4.2, show sensitivity analyses to the magnitude of the
increase in logip VL, reduction in sexual activity associated with the heightened VL, and
shortening of the duration of latent infection (faster disease progression) associated with
the heightened VL. Here we report on additional uncertainty and sensitivity analyses.

We performed two further kinds of uncertainty and sensitivity analyses to assess the
robustness of our predictions for the impact of the VL effect on the key epidemiologic
measures of interest, namely excess prevalence, excess incidence rate, and the PAF. First,
we assessed the impact of uncertainty in the key parameters that directly drive the VL
effect including logo increase in VL and coital frequency reduction with the heightened
VL. We did so by allowing + 20% variation in each of these parameters (Figure S4.5).

Second, we examined the impact of uncertainty in the key structural parameters in the
model, including the behavioral and HIV progression parameters used to parameterize the
model (Figure S4.6). The biological inputs in our model, such as HIV transmission
probabilities and HIV stage durations are set by empirical data, as described above.
However, recent evidence suggests that the time from HIV infection to death can be as
short as 7.5 years with infection with subtypes D and AD recombinant and multiple
viruses [103, 104]. Conversely, recent compilation of data by UNAIDS suggests that the
average duration from HIV infection to death in absence of antiretroviral therapy is about
11 years [80, 81], one year longer than earlier estimates [78]. Therefore, we included
disease progression as one of the parameters in the sensitivity and uncertainty analyses
and examined the impact of its variability within a range of + 20% of the value used in
the model. It is noteworthy that we examine here the impact of disease progression as a
model structure parameter and not as an associated effect with the heightened VL. The
latter is already addressed in Figure S4.2.

Though the behavioral input in our model is informed by empirical data, the ambiguity in
the definition of what constitutes a sexual risk behavior introduces an element of
uncertainty in the values of the behavioral parameters [65]. Sexual risk behavior is a
complex phenomenon that cannot be directly observed and only indirect data are
available on sexual activity [105]. The indirect nature of evidence, the private and
sensitive nature of sexual behavior, the informational limitations of ego-centric sexual
behavior data, and the non-random biases in sexual behavior reporting including social
desirability and memory, can introduce elements of bias and uncertainty in available
measures [106-111]. It is also challenging to precisely quantify risk behavior due to the
multitude of facets of sexual behavior from partnership formation to contact with sex
workers, heterogeneity in partner change rates, and assortative and age cohort mixing,
among others. Network structure and concurrency of partnerships can further play a
major role in shaping the risk of exposure to HIV [66-68, 112].

Therefore, we examined the sensitivity of our predictions to the following variations in
the behavioral parameters: 1) overall £ 20% in all values of new sexual partner
acquisition rates, 2) overall £20% in all values of duration of sexual partnerships, 3)



overall &+ 20% in the fractions of the population in the low to moderate, moderate to high,
and high risk groups, with the rest of the population allocated to the low risk group, and
4) £+ 20% in the degree of assortativeness in the mixing between the risk groups.

Figures S4.5 and S4.6 show the results of the univariate sensitivity and uncertainty
analyses for the Kisumu calculations of Figure 3 of the main text, but now at the endemic
equilibrium to disentangle the temporal effects from the dynamic effects. The analyses
were done by Monte Carlo sampling from the specified ranges of uncertainty using the
uniform distribution for 1000 runs of the model for each parameter.

Our model predictions, as expected, are sensitive to variations in the direct drivers of the
VL effect, namely the magnitude of the heightened VL and the level of sexual activity
reduction associated with the heightened VL. However, our predictions for the excess
prevalence and the PAF are largely robust to variations in the model structure parameters.
Only the excess incidence rate shows some sensitivity to the partner change rates,
durations of sexual partnerships, and the distribution of risk behavior in the population.

In conclusion, our predictions of a substantial impact for the VL effect are robust with
respect to the variability and uncertainty in model structure parameters. The main drivers
of the VL effect are undoubtedly the logi increase in VL, as well as any assumed sexual
activity reductions associated with the heightened VL.

Figure S4.5: Sensitivity and uncertainty analyses of the drivers of the VL effect
including (A) logso increase in VL and (B) coital frequency reduction associated with the
heightened VL. These analyses are performed for the Kisumu calculations of Figure 3 of
the main text, but at the endemic equilibrium.
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Figure S4.6: Sensitivity and uncertainty analyses of the model structure parameters
including (A) new sexual partner acquisition rates, (B) duration of sexual partnerships,
(C) distribution of the population among the risk groups, (D) assortativeness in the
mixing between the risk groups, and (E) duration of HIV latent infection. These analyses
are performed for the Kisumu calculations of Figure 3 of the main text, but at the
endemic equilibrium.
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