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Introduction

Whether worldwide HIV virulence has been increasing, decreasing, or remaining constant
through time is still debated. Modeling work has suggested that prevalence and treatment
coverage within countries may impact HIV virulence evolution at the population level, but these
factors have not yet been considered in data analyses of HIV virulence changes. Additionally,
disparities in HIV burden, including in prevalence and treatment coverage, exist between black
and white men who have sex with men (MSM) in the US and worldwide. If differences in
prevalence and treatment coverage impact mean population HIV virulence, this impact could be

seen in disparities in virulence levels between these groups.

Methods

| utilized the NESCENT-CASCADE dataset, which combines data from 32 HIV cohorts
representing individuals from 184 countries around the world. This contained individual-level
HIV virulence marker data as well as other individual-level covariates. Prevalence data came
from the Institute of Health Metrics and Evaluation and treatment coverage data from the World

Bank. Because different treatment initiation guidelines would likely affect virulence evolution



differently, these analyses only consider the time period in which treatment was based on CD4
guidelines. | utilized a multilevel modelling approach to allow for random effects at the country
level and also utilized univariate and multivariable linear regression analyses to examine
differences in HIV virulence with prevalence and treatment coverage differences in
heterosexuals. As prevalence and treatment coverage were assessed on the country level, they
are more likely to be representative of rates in the heterosexual population than the MSM
population, given the much larger size of the former. Therefore, we only included heterosexuals
in these analyses. | utilized linear regression and a Welch two-sample t-test to examine

differences in virulence between black and white MSM in the US and Europe.

Results

The proportion of variance attributable to the country of origin was so small that it indicated that
this effect was not meaningful. Higher prevalence was significantly associated with higher
virulence in both univariate and multivariable analyses (p<0.001). Higher CD4-based treatment
coverage was also significantly associated with lower virulence level in the multivariable
analysis (p=0.001). No differences in virulence marker level were found between black and

white MSM (p=0.556) but slight differences in virulence change though time were seen.

Conclusion

Consistent with previous modeling findings, a comparative analysis of 32 HIV cohorts finds that
prevalence and treatment coverage both impact HIV virulence at the population level in
heterosexuals. These factors should be considered when examining virulence levels through
time. More data should be analyzed to determine if this effect extends to other groups, such as

MSM.



INTRODUCTION

Research has yielded conflicting reports of whether worldwide HIV virulence has been
increasing [1, 2], decreasing [3, 4], or remaining stable [5, 6] through time. These conflicts may
be in part due to the heterogeneous environments in which the virus is evolving. Modeling work
has shown that factors such as anti-retroviral therapy (ART) coverage [4, 7] and prevalence [8]
may influence HIV virulence evolution. However, to my knowledge at the time of this writing no
empirical analysis has included these predictors in comparing virulence evolution through time
across populations.

HIV virulence is likely to evolve in response to increasing ART coverage in distinct ways
depending on the treatment scheme and the environment in which transmissions take place.
The current WHO recommendation, made in 2015, is to initiate ART as soon as HIV is
diagnosed (test-and-treat [9]). My recent modeling work has suggested that, with test-and-treat,
HIV virulence may decrease with higher ART coverage [10], although this depends on model
assumptions and the population of interest, and is in contrast to previous literature on the impact
of test-and-treat scale up on HIV virulence [7, 11, 12].

Prior to test-and-treat, the WHO recommendation was to treat individuals based on their
CD4 counts [13]. Modeling work has suggested that with CD4-based treatment initiation
schemes, HIV virulence may remain stable [7, 14] or decrease [4] with higher ART coverage.
Evolutionary arguments can be made in favor of either virulence decrease or stability in the
presence of CD4-based treatment coverage. Because more virulent viruses lead to lower CD4
levels in their hosts faster than less virulent viruses [15], Payne et al’s [4] model suggests that,
in a CD4-based treatment scheme, individuals with highly virulent strains of HIV would be
treated sooner than individuals with less virulent strains. When an individual becomes virally
suppressed, they cease to be able to transmit the virus onward. Therefore, highly virulent
strains would be unable to transmit more often than less virulent strains, leading to decreasing
virulence in the overall population. In contrast, Herbeck et al. [7] found in their modeling study
that this effect was balanced by the highly virulent viruses’ greater chance of transmission
before treatment initiation.

HIV virulence is also likely to be affected by the overall prevalence levels within its
environment. Goodreau et al.’s modeling study [8] found that simulations with higher prevalence
values also had higher virulence levels, although this effect was non-linear. One likely
explanation for this pattern is that with high prevalence there are fewer susceptible individuals in
a population. This shifts the evolutionary landscape so that a highly virulent virus’ increased
transmission probability is advantageous enough to offset the decreased host lifespan, and

overall mean population virulence levels will increase over time.



HIV may also evolve differently in men who have sex with men (MSM) and heterosexual
populations. Anal intercourse has a higher transmission probability than vaginal [16].
Relationship patterns are also different between MSM and heterosexuals [17]. Changes in
relationship patterns and probability of transmission may change the evolutionary environment
and shift the optimal virulence of HIV depending on the groups in which the majority of
infections in a country occur.

Large disparities in HIV burden exist between black and white MSM worldwide [18]. In
the US, black gay and bisexual men made up 37% of HIV diagnoses among all gay and
bisexual men in 2017 [19]. This disparity is further illustrated in Atlanta, GA, where prevalence is
43% in black MSM and 13% in white MSM [20]. Treatment coverage disparities are also present
between these groups [21, 22]. In the HIV Outpatient Study, fewer black men than white men
had achieved viral suppression (72% and 91% respectively) [22]. If prevalence and treatment
coverage affect virulence evolution, virulence differences may be apparent when examining
patterns of virulence through time between these groups.

Combined together, these various lines of modeling work suggest that there may be
multiple different reasons why empirical populations appear to be undergoing a range of
changes in virulence with time. Comparisons of multiple populations in terms of these various
predictive factors and the observed changes in virulence over time within them may help to
determine the role each seems to be playing in practice. In this analysis, | address three
guestions about HIV virulence, prevalence, and treatment coverage: (1) does HIV prevalence
impact the virulence of the viruses that individuals acquire? (2) does treatment coverage impact
the virulence of viruses that individuals acquire? and (3) is the large disparity in HIV burden

between black and white MSM reflected in the virulence of viruses men acquire?

METHODS
HIV Virulence Measure

The outcome in each analysis is HIV virulence. The measure of virulence used here will
be set point viral load (SPVL): the viral load (VL) that occurs at the beginning of the chronic
phase of HIV, after the high peak in VL during the acute phase has stabilized. SPVL is a good
proxy for HIV virulence, as high SPVLs are associated with fast disease progression, as well as
high risk of transmission [23]. SPVL is generally measured on the logio scale, and differences in

SPVL as small as 0.3 logio copies/mL are associated with faster progression to AIDS [23].



Study Population

The NESCent-CASCADE dataset (Table 1) combines 32 HIV cohorts from around the
world. It consists of patients from 184 different countries who are over the age of 15, with ART-
naive CD4 or VL data, and with a known date of seroconversion based on either an HIV-positive
antibody test taken within three years of a documented negative antibody test or laboratory
evidence for recent seroconversion (real-time PCR positivity or incomplete Western blot).
Seroconversion dates range from 1981-2014. Country of origin information is also known, and
here refers to patients’ original country of origin, not the location of the cohort study that they
were enrolled in. Risk group information is available for MSM, heterosexuals, and persons who
inject drugs (PWID). Derived variables include the date of seroconversion (based on laboratory
evidence, reported seroconversion illness, or the midpoint of last negative and first positive
tests) and SPVL (calculated as the mean of log.o VL data points between one and three years

after seroconversion, excluding points after treatment initiation).

Table 1: Derivation of sample

Variable (nested) n %
NESCENT-CASCADE total 32874 -
With SPVL 17177 /32874 52.3
SPVL & Prevalence Analysis and SPVL & Treatment Coverage Analysis

With seroconversion after 1990 16289 /17177 94.8

With seroconversion before 2011 15394 /16289 94.5

With country of origin 10234 /15394 66.5
SPVL & Prevalence Analysis

With country-specific prevalence data 9898 /10234 96.7

In heterosexual risk group 2896 /9898 29.3
SPVL & Treatment Coverage Analysis

With country-specific treatment coverage data 7336 /10234 71.7

In heterosexual risk group 2107 /7336 28.7
SPVL in Black & White MSM Analysis

With seroconversion before 2011 16282 /17177 94.8

In Europe or the United States 11219 /16282 68.9

In MSM risk group 7869 /11219 70.1

With black or white race* 2226 /7869 28.3

* The low proportion here reflects that many cohorts did not report participant race.

In order to facilitate comparison with prevalence and treatment coverage data (described
below), only those patients with seroconversion date after 1990 will be included in those
analyses. All three analyses will examine only those seroconversions occurring before 2011,
prior to the HPTN 052 trial's announcement of the role of ART in the reduction in transmission of
HIV between partners in serodiscordant relationships [24]. Treatment based on CD4 guidelines

would no longer have been universal after that time, as PEPFAR, the US Department of Health



and Human Services, and the World Health Organization (WHO) then amended their treatment
recommendations regarding those in serodiscordant relationships [25]. As different treatment
initiation guidelines would likely affect SPVL evolution differently, these analyses only consider
the time period in which treatment was based on CD4 guidelines.

Prevalence and Treatment Coverage Data

Predictors in the first two analyses included country- and year-specific prevalence and
treatment coverage data. Annual prevalence estimates for the period 1990-2017 were obtained
from the Global Burden of Disease Study [26], via the Institute of Health Metrics and Evaluation
(IHME) online data center. Prevalence was measured as cases/100,000 total population. There
were 85 countries represented in this dataset that were also found in the NESCENT-CASCADE
dataset.

Annual ART coverage estimates (% of persons living with HIV (PLWH) on ART) between
1990-2017 were obtained from the World Development Indicators dataset [27], through the
World Bank data center. This dataset covers many countries, especially those in the developing
world, but does not include information on all countries globally. Notably, data on ART coverage
in the United States were not present in the World Bank dataset, nor in similar large datasets,
including WHO, AVERT, AIDSvu, or UNAIDS. Data from the CDC on linkage to care, receipt of
HIV medical care, and viral suppression in the United States were available between 2010-2015
[28]; however, as there were only three cases in the study population that occurred in
individuals of United States origin with seroconversion during or after 2010, the United States
was not included in the analysis of ART coverage and SPVL. There were 69 countries
represented in the World Bank dataset also found in the NESCENT-CASCADE dataset.

Risk-group specific prevalence or ART coverage data were not available in sufficient
detail (country- and year- specific rates for countries in this analysis) in order to analyze MSM
data separately from heterosexuals. Country-level prevalence and ART coverage data was
more likely to be representative of rates in heterosexuals than in MSM given the much larger
size of the former population. Although heterosexuals made up a smaller proportion of infections
in our dataset than MSM, they comprise a large majority of the denominator in country-wide
assessments of prevalence and treatment. This makes these assessments better reflections of
the environments in which heterosexuals become infected than they are of MSM environments.
Therefore, only heterosexuals were included in the analysis of the effects of prevalence and

treatment coverage.



Statistical Analysis
SPVL Differences with Prevalence and Treatment Coverage

In order to estimate differences in SPVL with prevalence or treatment coverage
changes, | used multilevel models (specifically linear mixed effects models) of the association
between individual-level SPVLs (dependent) and country-level estimated prevalence or ART
coverage (independent). Covariates included individual-level sex and age at seroconversion, as
these have both been shown to impact SPVL [29, 30]. This model allowed for homogeneity
within countries and heterogeneity across countries: | hypothesized that individuals within a
country would be more alike in unmeasured factors that impact SPVL, such as relationship
duration or the likelihood of concurrent relationships [31]. | used a random intercepts model,
which allows for country-level differences in the starting virulence level. This approach contrasts
with a random slopes model, which implies that there would be country-level effects on the
relationship between SPVL and prevalence or SPVL and treatment coverage. The random

intercepts model took this form:
Yi =V T XL +&;

where Y.j is the value of the outcome variable for a particular case with individual i and country j.

7o; represents the random intercept with:
— _ 2
Y0j = 5 T, A N(0,c;,)
where «,; represents the country-level impact on the intercept. X represents the fixed

covariates (X1 = sex, X2 = age, Xz = country-specific prevalence or treatment coverage) that

impact the slope of the equation ( #), and
2
& ~N(0,0%)

gives the individual-level randomness. This model was implemented in the Ime4 R package. |
performed an additional ANOVA analysis to determine p-values for the fixed covariates.

The proportion of random effect variance attributable to country in either analysis was so
small (see results) that it indicated that this effect was not meaningful and random effects were
not present here, so the linear mixed modeling approach suggested by my hypothesis was not
appropriate [32]. As this was the case, | removed the random effects from the model and utilized
a linear regression analysis instead.

| performed univariate and multivariable linear regression of the association between

individual-level SPVLs (dependent) and country-level estimated prevalence or ART coverage



(independent) and the same covariates of individual-level sex and age at seroconversion as in
the previous model.

SPVL Differences between Black and White MSM

| assessed differences in mean population SPVL (MPSPVL) between black and white
MSM from US and Europe through time. Only the US and Europe were included in this analysis
due to the paucity of data from black MSM of other regions of origin in this dataset. | performed
a linear regression analysis of the association between MPSPVLs (dependent) and year of
seroconversion, race, and their interaction (independent) to assess differences through time,
and a Welch two-sample t-test between SPVLs (dependent) and race (independent) to assess
overall MPSPVL differences.

In all analyses, statistical associations were performed using R 3.6.0. Statistical
significance was determined at the p=0.05 level. Confounding was determined by comparing
estimated measures of association before and after adjusting for potential confounding factors;
a factor was considered a confounder if the difference between the measures was 10% or

greater.

RESULTS

The demographic characteristics of the study population are presented in Table 2. The
first two analyses examined heterosexuals with countries of origin found in the different datasets
relevant to each analysis, while the third analysis examined MSM in the US and Europe.

Therefore, all samples are presented separately.

Table 2: Summary of subject characteristics by analysis

SPVL & Prevalence SPVL & Treatment SPVLin Black &
Analysis Coverage Analysis White MSM Analysis
N 2897 2107 2226
Mean SD Mean SD Mean SD
SPVL 4.137 0.856 4.173 0.860 4.354 0.714
Age at Seroconversion n % n % n %
>20 83 2.9 61 2.9 25 1.1
20-29 1097 37.9 813 38.6 719 32.3
30-39 983 33.9 696 33.0 930 41.8
40-49 466 16.1 334 15.9 407 18.3
50+ 268 9.3 203 9.6 145 6.5
Ethnic Group n % n % n %
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Asian
Black
Hispanic
White
Unknown
Year of Seroconversion
1984-1989
1990-1994
1995-1999
2000-2004
2005-2011
Sex
Male
Female

14
643
1 <
486
1753
n
101
536
1035
1225
n
1124
1773

0.5
22.2
00.1
16.9
60.5

%

3.5
18.5
35.7
42.3

%
38.8
61.2

0.4
29.9
0.0
11.9
57.8
%

0.0
0.0
46.2
53.8
%
38.2
61.8

51

2175

453
149
219
397
1008

2226

2.3

97.7

%
20.4
6.7
9.8
17.8
45.3
%
100

SPVL Differences with Prevalence

In the SPVL and prevalence analysis, the multilevel model found that the proportion of

random effect variance attributable to country was 1.18%. This indicated that no meaningful

country-level effects on SPVL were present. Male sex, higher age at seroconversion, and higher

prevalence were significantly associated with higher SPVL (Table 3a). The positive change in

SPVL with increasing prevalence can be seen in Figure 1.

Table 3: Linear mixed model and linear regression analyses of the relationship between
prevalence and SPVL. 3a: Linear mixed model. 3b: Univariate linear regression model. 3c:
Multivariable linear regression model.

a

Random Effects

Variance SD
Country 0.008 0.091
Residual 0.691 0.831
Fixed Effects
Estimate Std Error Significance
Intercept 3.665 0.062 -
Sex (ref. = female) 0.278 0.034 <0.001
Age at Seroconversion 0.009 0.002 <0.001
Prevalence 3.177 0.783 <0.001
b
Estimate Std Error Significance
Intercept 4.099 0.018 <0.001
Prevalence 2.039 0.490 <0.001
c
Estimate Std Error Significance
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Intercept 3.678 0.056 <0.001

Sex (ref. = female) 0.287 0.034 <0.001
Age at Seroconversion 0.008 0.002 <0.001
Prevalence 3.273 0.491 <0.001

Country
Algeria s Chad = Germany iaysa Sierra Leone
Angola = Colombia == Ghana
ritania Somaia
0000 South Atica

Mozambique Spain

Argentina == Comoros == Greece
Armenia w= Cuba = Guinea

Ja. -
= %2. Austia s Czech Republic == Guinea-Bissau

yof Belgium == Democratc Republicoffie Congo ™= Guyana - Namitia Suriname
PR R Benin we= Denmark - it Nepa Swedsn
foo * . x Botswana s Dominica - lndia Niger Tajiistan

Brazi w= Dominican Republic = kaq Nigeria Thaiand

Buigaria == Equawrial Guinea == feland Norway Togo

£ e L . Burkina Faso - Erive.
Burund = Esonia - Kazakhstan Prippines Turkey

Cambodia == Etiopia = Kenya Poland Uganda
Cameroon == Finland = Lesotio Porugal Usaine
Canada s France .
= Cape Verde == Gabon - Litwania Rwanda Zambia

= Cenval Atican Repubic ™= Georgia Madagascar Senegal Zimbabwe

0
Prevalence

Figure 1: Relationship between SPVL and prevalence by country. The blue line shows the
regression line for the relationship.

In the univariate linear regression analysis, we found a significant association between
higher prevalence and higher SPVL (Table 3b). We also found a significant positive association
in the multivariable linear regression analysis (Table 3c). Both male sex and higher age at

seroconversion were also significantly associated with higher SPVL.

SPVL Differences with Treatment Coverage

In the SPVL and treatment coverage analysis, the multilevel model found that the
proportion of random effect variance attributable to country was 3.46%. Again, this indicated
that meaningful effects on SPVL were not found at the country level. While a significant
association between treatment coverage and SPVL was not found here, SPVL was significantly
positively associated with male sex and higher age at seroconversion (Table 4a). Changes in

SPVL with increasing treatment coverage are shown in Figure 2.

Table 4: Linear mixed model and linear regression analyses of the relationship between
prevalence and SPVL. 4a: Linear mixed model. 4b: Univariable linear regression model. 4c:
Multivariable linear regression model.

a

Random Effects

Variance SD
Country 0.025 0.157
Residual 0.691 0.831
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Fixed Effects

Estimate Std Error Significance
Intercept 3.762 0.075 -
Sex (ref. = female) 0.300 0.041 <0.001
Age at Seroconversion 0.009 0.002 <0.001
Treatment Coverage -0.104 0.154 0.499
b
Estimate Std Error Significance
Intercept 4.185 0.031 <0.001
Treatment Coverage -0.033 0.068 0.631
c
Estimate Std Error Significance
Intercept 3.868 0.062 <0.001
Sex (ref. = female) 0.307 0.040 <0.001
Age at Seroconversion 0.008 0.002 <0.001
Treatment Coverage -0.226 0.069 0.001
10 i ;=s:;iiis§ T
. WA a1l = E TR
B 1 : B -i%iillh | N =
H e ’ ! ' l:| i S i 8 o il s
T ot Ig; oo - ous = Guresom, el ol
: e T B B
i - cxchretic -

Treatment Coverage

Figure 2: Relationship between SPVL and treatment coverage by country. The blue line shows
the regression line for the relationship.

In the univariate linear regression analysis, we did not find a significant association
between treatment coverage and SPVL (Table 4b). However, in the multivariable linear
regression analysis, higher treatment coverage was significantly associated with lower SPVL
(Table 4c). This suggests that the relationship between treatment coverage and SPVL is
confounded by sex and age at seroconversion. SPVL was also significantly positively

associated with both male sex and higher age at seroconversion.
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SPVL Differences between Black and White MSM

We found a suggestion of a difference in trends in SPVL through time between black
and white MSM (Table 5), although this was not significant. The change in SPVL in black and
white MSM over time is shown in Figure 3a. In the regression analysis, when accounting for
year of seroconversion and the interaction of seroconversion year and race, white MSM had
lower SPVLs, although this was not significant. No significant differences in overall SPVL
between black and white MSM were found, with mean SPVLs of 4.31 (95% CI 4.15, 4.47) and
4.36 (95% CI 4.33, 4.39) in black and white men respectively (p=0.556). Overall SPVL
differences between black and white MSM are shown in Figure 3b.

Table 5: Linear regression analysis of the differences in SPVL between black and white MSM
through time

Estimate Std Error  Significance
Intercept 4.516 0.185 <0.001
Year of Seroconversion* -0.014 0.011 0.181
Race (ref. = black) -0.250 0.189 0.186
Interaction between Year of 0.019 0.011 0.072

Seroconversion and Race

* Year of seroconversion was entered into the model with 1984 (the earliest seroconversion
year) as 1, 1985 = 2, etc. to aid in parameter interpretability

PVL
-{
PVL

Year of Serocorversion Race

Figure 3: SPVL and race. 3A: The relationship between SPVL and year of seroconversion.
Lines are the regression lines by race. This suggests there may be a difference in trends
through by race, although this difference is not statistically significant. 3B: Boxplot of SPVL by
race. Mean SPVL in black men = 4.31 (95% CI 4.15, 4.47) and mean SPVL in white men = 4.36
(95% CI 4.33, 4.39).
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DISCUSSION

In this analysis, | explored potential hypotheses about the associations between SPVL
and prevalence or treatment coverage in order to determine if these factors may partially explain
the large amount of variability between estimates of HIV virulence through time in different
populations, as previous modeling work has predicted. These results show that prevalence
within a country is indeed predictive of incident SPVL so that individuals who become infected in
higher prevalence countries will be more likely to acquire viruses with higher SPVLs. This
relationship is complicated by the fact that prevalence level was highly, though not entirely,
determined by country. However, this still supports modeling work that showed differences in
SPVL evolution with prevalence level [31, 33]. This also suggests that future work examining
HIV virulence evolution should consider changing prevalence levels as a predictor of virulence.

The results further show that treatment coverage under CD4-based treatment initiation
programs may also affect SPVL, as the multivariable analysis showed a small decrease in
SPVL with higher treatment coverage. This effect was not seen in the univariate analysis,
suggesting that not accounting for sex or age at seroconversion suppressed this relationship.
These results are in agreement with data from the Rakai Community Cohort Study. Here,
treatment was administered using CD4-based initiation guidelines and SPVL decreased with
date of seroconversion (-0.022 log10 copies/mL per year after adjusting for other covariates, Cl
-0.04; -0.002) [14]. This relationship contrasts slightly with previous modeling work that showed
no changes in SPVL evolution with most CD4-based treatment initiation schemes, although
some small decreases in virulence were seen with higher treatment coverage in other scenarios
in the same analysis [7].

These results showed that there were no discernable country-level effects on SPVL.
This conflicted with the hypothesized impacts of unmeasured factors, such as relationship
duration or concurrency level, that are more likely to be similar for individuals within the same
country than in different countries. However, the small amounts of variance attributable to the
country showed that either this was not the case here or that the assumption that countries were
a good proxy for behavioral homogeneity was incomplete.

| also examined potential differences SPVL between black and white MSM in the US and
Europe both in absolute terms and through time. While there were not significant differences in
SPVL by race, there was a suggestion that SPVL may be changing through time differently in
black and white MSM. This may reflect how disparities in prevalence and treatment coverage
between these groups further change the evolutionary environment for HIV, causing it to evolve
differently over time in each group. However, this analysis was constrained by the small number
of black MSM in this dataset.
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This project has several limitations. The prevalence and ART uptake data only extend to
1990 and likely predominantly reflect the environments in which heterosexual infections were
acquired. While extensive, the NESCent-CASCADE dataset is missing SPVL, country-specific
origin data, and race for many individuals, limiting the numbers available for this analysis.
Restricting the first two analyses to heterosexuals further limited the available data. Country of
origin data may also not capture where an individual was at the time of their seroconversion. VL
measurements in the NESCent-CASCADE dataset span decades and countries, making
complete comparability of VL measurement methods unlikely. A fairly wide window of time was
allowed in estimating seroconversion date (up to 3 years between positive and negative HIV
tests). This makes seroconversion dates and ages less precise and more open to
misclassification.

Using country-specific prevalence and ART coverage data represent county level
averages and may not capture the actual environment in which individual infections were
acquired. However, heterogeneity in transmission environments that is not captured in the
country-wide data should, if anything, make our results conservative. In addition, data on
prevalence and ART coverage are limited by the availability of health data in developing
countries and may not be complete. ART coverage data were not available for all countries
represented in the NESCent-CASCADE dataset, and were not available mainly for high-income
countries instead of being missing randomly. By missing more high-income countries, where the
majority of infections occur in MSM, we may be mainly assessing trends of treatment coverage
and SPVL in heterosexual epidemics. This will limit the generalizability of our results to
countries with heterosexual epidemics.

In conclusion, this analysis suggests that prevalence and treatment coverage within a
country may impact HIV virulence levels in that country. Viral evolution may work to amplify
ongoing prevalence changes: in an expanding epidemic, prevalence increases could coincide
with parallel virulence increases, increasing the transmission rate and fueling higher prevalence.
In contrast, once prevalence begins to decline, corresponding virulence declines will magnify
the effect. In the past, increasing CD4-based treatment coverage may have had a similar
amplifying effect where increasing treatment coverage both decreased new infections by
preventing transmission directly, as well as by reducing viral virulence and thus transmission
rate. Future work continuing to examine this question with more complete data, in MSM, and
with modern test-and-treat approaches is necessary to determine if these effects extend further

and to all communities.

16



REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.

22.

Dorrucci, M., et al., Changes over time in post-seroconversion CD4 cell counts in the
Italian HIV-Seroconversion Study: 1985-2002. Aids, 2005. 19(3): p. 331-5.

Dorrucci, M., et al., Temporal Trends in Postseroconversion CD4 Cell Count and HIV
Load: The Concerted Action on Seroconversion to AIDS and Death in Europe
Collaboration, 1985-2002. The Journal of Infectious Diseases, 2007. 195(4): p. 525-534.
Keet, I.P.M., et al., Temporal trends of the natural history of HIV-1 infection following
seroconversion between 1984 and 1993. AIDS, 1996. 10(13): p. 1601-1602.

Payne, R., et al., Impact of HLA-driven HIV adaptation on virulence in populations of
high HIV seroprevalence. Proc Natl Acad Sci U S A, 2014. 111(50): p. E5393-400.
Herbeck, J.T., et al., Lack of evidence for changing virulence of HIV-1 in North America.
PLoS One, 2008. 3(2): p. €1525.

Muller, V., et al., Stable virulence levels in the HIV epidemic of Switzerland over two
decades. Aids, 2006. 20(6): p. 889-94.

Herbeck, J.T., et al., Evolution of HIV virulence in response to widespread scale up of
antiretroviral therapy: a modeling study. Virus Evol, 2016. 2(2): p. vew028.

Goodreau, S.M,, et al., Relational concurrency, stages of infection, and the evolution of
HIV set point viral load. Virus Evol, 2018. 4(2): p. vey032.

World Health Organization. Guideline on when to start antiretroviral therapy and on pre-
exposure prophylaxis for HIV. 2015.

Stansfield, S.E., et al., TasP coverage may increase without selecting for more virulent
HIV: a modeling study. , in Conference on Retroviruses and Opportunistic Infections
(CROI). 2019: Seattle, WA.

Roberts, H.E., P.J.R. Goulder, and A.R. McLean, The impact of antiretroviral therapy on
population-level virulence evolution of HIV-1. Journal of The Royal Society Interface,
2015. 12: p. 20150888.

Smith, D.R. and N. Mideo, Modelling the evolution of HIV-1 virulence in response to
imperfect therapy and prophylaxis. Evol Appl, 2017. 10(3): p. 297-309.

World Health Organization, Scaling up Antiretroviral Therapy in Resource-limited
Settings: Treatment Guidelines for a Public Health Approach, in The 3 by 5 Initiative.
2003: Geneva, Switzerland.

Blanquart, F., et al., A transmission-virulence evolutionary trade-off explains attenuation
of HIV-1 in Uganda. eLife, 2016. 5: p. e20492.

Prince, J.L., et al., Role of transmitted Gag CTL polymorphisms in defining replicative
capacity and early HIV-1 pathogenesis. PLoS Pathog, 2012. 8(11): p. €1003041.

Patel, P., et al., Estimating per-act HIV transmission risk: a systematic review. AIDS
(London, England), 2014. 28(10): p. 1509-1519.

Glick, S.N., et al., A comparison of sexual behavior patterns among men who have sex
with men and heterosexual men and women. Journal of acquired immune deficiency
syndromes (1999), 2012. 60(1): p. 83-90.

Millett, G.A., et al., Common roots: a contextual review of HIV epidemics in black men
who have sex with men across the African diaspora. Lancet, 2012. 380(9839): p. 411-
23.

CDC Fact Sheet, HIV and African American Gay and Bisexual Men. 2019.

Sullivan, P.S., et al., Understanding racial HIV/STI disparities in black and white men
who have sex with men: a multilevel approach. PloS one, 2014. 9(3): p. €90514-e90514.
Beyrer, C., et al., Global epidemiology of HIV infection in men who have sex with men.
The Lancet, 2012. 380(9839): p. 367-377.

Buchacz, K., et al., Disparities in HIV Viral Load Suppression by Race/ethnicity among
Men who Have Sex with Men in the HIV Outpatient Study. AIDS Res Hum Retroviruses,
2018.

17



23.

24,
25.
26.
27.
28.
29.
30.
31.

32.

33.

Modjarrad, K., E. Chamot, and S.H. Vermund, Impact of small reductions in plasma HIV

RNA levels on the risk of heterosexual transmission and disease progression. AIDS,

2008. 22(16): p. 2179-85.

Cohen, M.S,, et al., Prevention of HIV-1 Infection with Early Antiretroviral Therapy. New

England Journal of Medicine, 2011. 365(6): p. 493-505.

Cohen, M.S., et al., Antiretroviral treatment of HIV-1 prevents transmission of HIV-1:

where do we go from here? The Lancet, 2013. 382(9903): p. 1515-1524.

Global Burden of Disease Collaborative Network, Global Burden of Disease Study 2017

(GBD 2017) Results, I.f.H.M.a.E. (IHME), Editor. 2018: Seattle, United States.

The World Bank, World Development Indicators. 2019.

Centers for Disease Control and Prevention, AtlasPlus. 2019.

Gandhi, M., et al., Does Patient Sex Affect Human Immunodeficiency Virus Levels?

Clinical Infectious Diseases, 2002. 35(3): p. 313-322.

Tang, J., et al., HLA allele sharing and HIV type 1 viremia in seroconverting Zambians

with known transmitting partners. AIDS Res Hum Retroviruses, 2004. 20(1): p. 19-25.

Goodreau, S.M., et al., Concurrent partnerships, acute infection and HIV epidemic

dynamics among young adults in Zimbabwe. AIDS Behav, 2012. 16(2): p. 312-22.

Starkweather, J. Linear Mixed Effects Modeling using R. 2010; Available from:

http://bayes.acs.unt.edu:8083/BayesContent/class/Jon/Benchmarks/LinearMixedModels
JDS Dec2010.pdf.

Stansfield, S.E., et al., Test-and-treat coverage and HIV virulence evolution among men

who have sex with men. in progress.

18


http://bayes.acs.unt.edu:8083/BayesContent/class/Jon/Benchmarks/LinearMixedModels_JDS_Dec2010.pdf
http://bayes.acs.unt.edu:8083/BayesContent/class/Jon/Benchmarks/LinearMixedModels_JDS_Dec2010.pdf

