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ABSTRACT
Objective:We examined individual differences in CD4/CD8 T-cell ratio trajectories and associated risk profiles from acute HIV infection
(AHI) through 144 weeks of antiretroviral therapy (ART) using a data-driven approach.
Methods:A total of 483 AHI participants began ART during Fiebig I–Vand completed follow-up evaluations for 144 weeks. CD4+, CD8+,
and CD4/CD8 T-cell ratio trajectories were defined followed by analyses to identify associated risk variables.
Results: Participants had a median viral load (VL) of 5.88 copies/ml and CD4/CD8 T-cell ratio of 0.71 at enrollment. After 144 weeks of
ART, the median CD4/CD8 T-cell ratio was 1.3. Longitudinal models revealed five CD4/CD8 T-cell ratio subgroups: group 1 (3%) exhibited a
ratio >1.0 at all visits; groups 2 (18%) and 3 (29%) exhibited inversion at enrollment, with normalization 4 and 12weeks after ART, respectively;
and groups 4 (31%) and 5 (18%) experienced CD4/CD8 T-cell ratio inversion due to slow CD4+ T-cell recovery (group 4) or high CD8+ T-cell
count (group 5). Persistent inversion corresponded toARTonset after Fiebig II, higherVL, soluble CD27 andTIM-3, and lower eosinophil count.
Individuals with slow CD4+ T-cell recovery exhibited higher VL, lower white blood cell count, lower basophil percent, and treatment with
standard ART, as well as worse mental health and cognition, compared with individuals with high CD8+ T-cell count.
Conclusions: Early HIV disease dynamics predict unfavorable CD4/CD8 T-cell ratio outcomes after ART. CD4+ and CD8+ T-cell trajec-
tories contribute to inversion risk and correspond to specific viral, immune, and psychological profiles during AHI. Adjunctive strategies to
achieve immune normalization merit consideration.
Key words: HIV, CD4/CD8 T-cell ratio, machine learning, GBTA, trajectories, ART.
AHI=acuteHIVinfection,ART=antiretroviral therapy,AUC=area
under the curve,DTG = dolutegravir, EIA= enzyme immunoassay,
GBM= gradient-boostedmultivariate regression,GBMTA = group-
based multitrajectory analysis, IgM = immunoglobin M, IQR = in-
terquartile range, QOL = quality of life, PWH = people with HIV,
VL = viral load, WBC = white blood cell
INTRODUCTION

The CD4/CD8 T-cell ratio represents an important indicator of
HIV disease severity and response to antiretroviral therapy

(ART) (1). People with HIV (PWH) with persistent CD4/CD8
T-cell ratio inversion (defined as a ratio <1.0) exhibit elevated bio-
markers of T-cell activation, exhaustion, and immunosenescence
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(2–6). Relatedly, prior work using a bioinformatic framework (7)
suggests that CD4/CD8 T-cell ratio is a robust biomarker of T-cell
pathogenesis among PWH. Persistent CD4/CD8T-cell ratio inversion
has been implicated in inflammatory mechanisms involved in the
development of non–AIDS-related health comorbidities that emerge
in the context of otherwise successful ART (4,5).

Unfortunately, up to 90% of PWH who initiate ART during
chronic infection do not achieve CD4/CD8 T-cell ratio normaliza-
tion after 2 or more years of sustained viral suppression (8,9). A
number of studies report that higher viral load (VL), lower CD4+
T-cell count, and lower CD4/CD8 T-cell ratio at treatment onset pre-
dict CD4/CD8 T-cell ratio inversion after prolonged use of ART
commenced during chronic infection (9–15). However, a few stud-
ies indicate that a subset of PWH exhibit persistent CD4/CD8 T-cell
ratio inversion due to high CD8+ T-cell counts after ART (5,16,17).
Most studies to date have been focused on chronic HIV. Few studies
have examined the contribution of CD4+ and CD8+ T-cell perturbations
onCD4/CD8T-cell ratio riskprofilesmodeled fromearlier disease stages.

A recent study of 84 individuals who initiated ART during the
first 120 days of infection revealed that the study participants, as a
group, achieved amedian CD4/CD8 T-cell ratio >1.0 after 12months
of treatment (9). However, this milestone was not achieved univer-
sally by all study participants, as 30% of the study sample did not
achieve a CD4/CD8 T-cell ratio >1.0 at any study visit. Furthermore,
the median CD8+ T-cell count declined after ART initiation, suggest-
ing that persistent inversion resulted from suboptimal CD4+ T-cell
recovery. However, the study was not designed to identify the un-
derlying disease mechanisms and associated risk profiles.

We leveraged the unique study design of RV254/SEARCH 010, a
prospective investigation of acute HIV infection (AHI) and long-term re-
sponse to ART (18–20). Novel to the current analysis, we used a recent
advance in longitudinal multitrajectory clustering to identify the indepen-
dent contributions of CD4+ and CD8+ T-cell profiles (before and after
ART) on divergent CD4/CD8 T-cell ratio trajectories modeled from the
first 30 days of HIV infection through 144 weeks of suppressive ART.
Risk profiles and early mechanisms of persistent CD4/CD8 T-cell inver-
sion were examined using a combination of group-based statistics and
machine learning methods focused on information acquired at en-
rollment, before the onset of viral suppression from ART.

METHODS

Study Participants and Procedures
The study design for RV254/SEARCH 010 is described in detail elsewhere
(ClinicalTrials.gov identification NCT00796146) (18–20). Briefly, eligibil-
ity criteria included the following: a) 18 years of age or older, b) confirmed
diagnosis of AHI (Fiebig stages I–V), c) no history of ART, and d) ambu-
latory outpatient status. Data included in this analysis were acquired be-
tween 2009 and 2020. Participants initiated de novo ART and completed
extensive clinical phenotyping at enrollment with structured follow-up
visits thereafter through week 144. All study visits were completed at a sin-
gle site in Bangkok, Thailand, with excellent fidelity to the parent protocol.
Enrollment was voluntary, and participants provided written informed con-
sent after a thorough explanation of the study procedures. The protocol was
approved by the institutional review boards at the Faculty of Medicine,
Chulalongkorn University, Yale School of Medicine, University of California,
San Francisco, and Walter Reed Army Institute of Research.

Participant Characterization at Enrollment
Potential predictors of CD4/CD8 T-cell ratio trajectories included multidi-
mensional data acquired at the time of enrollment into RV254/SEARCH
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010 (i.e., pre-ART; see Table, Supplemental Digital Content 1, http://
links.lww.com/PSYMED/A870, for complete list of variables). The number
of data observations for each variable is provided hereinafter in parentheses.
As noted, a subset of participants underwent cellular immunophenotyping
because this procedure was designated as optional in the parent protocol.
Methods are summarized hereinafter with more detail available in prior
publications (18–23).

Demographics (n = 483): age, sex, gender identity, and educational
attainment.

HIV VL (n = 482): absolute and log-transformed VL. HIV-RNA quan-
tification was performed using the COBAS AMPLICOR HIV-1 Monitor
Test v1.5 or COBAS TaqmanHIV-1 Test v2.0 (RocheMolecular Systems).

Fiebig stage (n = 483): Fiebig stages I–V was determined using a hier-
archical algorithm applied to nucleic acid testing, sequential immunoassay,
p24 antigen, andWestern blot testing (24). The staging included the follow-
ing: Fiebig I: RNA+, p24 antigen−, negative by immunoglobin M (IgM)–
sensitive enzyme immunoassay (EIA); Fiebig II: RNA+, p24 antigen+, neg-
ative by IgM-sensitive EIA; Fiebig III: RNA+, positive by IgM-sensitive EIA,
Western blot; Fiebig IV: RNA+, positive by IgM-sensitive EIA, Western blot in-
determinate; and Fiebig V: RNA+, Western blot+ without p31 protein band.

ART regimen (n = 483): ART regimen, time from enrollment to ART
onset, and time from estimated date of infection to ART. Before 2017, indi-
viduals received efavirenz, tenofovir disoproxil fumarate, and either
lamivudine or emtricitabine, with a subset randomized to an intensified pro-
tocol that also included raltegravir plus maraviroc for 24 weeks. From 2017
forward, newly enrolled participants were prescribed abacavir, lamivudine,
and dolutegravir (DTG), with a subset receiving maraviroc intensification
for 96 weeks. Individuals enrolled before 2017 were switched to the
DTG-based regimen. The change in ART regimen was implemented for
the entire cohort in 2017 (unless medically contraindicated). Participants
were virally controlled at the time of the switch. Prior work reveals similar
clinical profiles before and after the switch to a DTG-based regimen (25).

Cellular immunophenotyping (n = 134): a subset of participants en-
rolled into RV254/SEARCH 010 completed optional procedures to facili-
tate cellular immunophenotyping. Plasmamarkers of inflammation and im-
mune activation were quantified using either enzyme-linked immunoassay
or multiplex immunoassay on a Luminex 200 (Millipore). Data were ana-
lyzed using a five-parameter fit logistic curve.

Routine laboratory assays (n = 480): total count and percent values
from complete blood cell count analysis, antihepatitis C antibodies, hepati-
tis B surface antigen, and anti–hepatitis B Surface antigen antibodies were
measured using chemiluminescent microparticle immunoassay (Abbott).

Mental health (n = 459), quality of life (QOL; n = 446), and substance
use history (n = 446): participants completed the Patient Health Questionnaire-9
(26,27) and a self-report measure of QOL (28). Item-level responses and total
scoreswere included in the analysis. Substance use historywasdeterminedvia cli-
nician interview and self-report. Past and current use (last 4months) for each drug
class was considered in the classification models (see Table, Supplementary Dig-
ital Content 1, http://links.lww.com/PSYMED/A870, for specific drug classes).

Cognitive performance (n = 358) and neurological clinical screen (n = 483):
participants completed tests of psychomotor speed, cognitive flexibility, and
finemotor speed and dexterity. The tests were translated into Thai in prior stud-
ies (19,29,30). Research nurses administered and scored the cognitive tests af-
ter completing a thorough training and certification program. Raw scores were
included in the analyses. A neurological screen was conducted by a study pro-
tocol physician. Item-level results were included in the analysis.

Statistical Analysis
Group-based multitrajectory analysis (GBMTA) was used to identify sub-
groups of individuals who followed similar CD4+, CD8+, and CD4/CD8
T-cell profiles from enrollment to week 144. Details regarding the GBMTA
method are provided elsewhere (31–35). Briefly, GBMTA is a specialized
form of finite mixture modeling that identifies distinctive clusters of individ-
ual trajectories within a given sample. The approach uses a multinomial
modeling strategy to designate the optimal solution based on the observed
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Bayesian information criteria value. The first step explored fit for model so-
lutions ranging from two to six clusters. Larger Bayesian information criteria
are indicative of a better-fitting model (31,34). As a conservative approach,
we also examined the average posterior probability, odds of correct classifica-
tion defined by posterior probabilities of group membership for each cluster,
and relative entropy to confirm the optimal model solution (32,33,35–39).

Participant characteristics at the time of enrollment were compared be-
tween the CD4/CD8 T-cell ratio trajectory subgroups defined by the cluster-
ing results using multivariate analysis of variance for continuous variables
and χ2 for categorical variables (Table 1). To minimize type I error, compar-
isons across clusters using traditional parametric methods focused on a subset
of information from the enrollment visit (e.g., demographics, VL, Fiebig
stage; see Table, Supplemental Digital Content 1, http://links.lww.com/
PSYMED/A870). Results were adjusted for multiple comparisons.

We also used gradient-boosted multivariate regression (GBM) (40,41)
to explore predictors of CD4/CD8 T-cell ratio trajectory cluster classification
using the more diverse range of multidimensional information available in
the RV254/SEARCH 010 biorepository (e.g., cytokine profiles, cognitive
performance, mental health). GBM is a form of ensemble machine learning
that yields similar classification accuracy to more computationally intensive
methods such as Super Learner (42) whileminimizing error due to overfitting
(43–49). We used the Python-based program CatBoost (40,41) to build the
GBM models. Feature selection used an in-house program based on
SciKit-learn (50) and PDPBox (51). Classmembershipwas determined using
a probability score based on the sigmoid function (1/(1 + e−x)), 0.5 decision
boundary, and gradient descent to minimize prediction error. Highly corre-
lated features (r > 0.65) were managed by selecting the feature with the
highest mutual information criterion value. Consistent with prior work
(44–47), the number of features in the final algorithm was determined by
model saturation, defined as the point at which inclusion of additional fea-
tures resulted in <1 standard deviation gain in classification accuracy rela-
tive to the base model. For the current analysis, model saturation was
achieved with 10 features. Validity of the classification algorithm was de-
termined using fivefold cross-validation repeated five times (a total of 25
trials). The mean area under the curve (AUC) from the validation trials
served as the final metric of model performance.
TABLE 1. Demographic and HIV Clinical Characteristics at Enroll

Total Sample
Trajectory
Group 1

No. (%) participants 483 (100) 14 (2.9) 8

Age, y 26 (23–31) 29 (24–37) 2

Identify as cisgender men, n (%) 470 (97.3) 12 (85.7) 8

Fiebig I, n (%) 71 (14.7) 2 (14.7) 2

Fiebig II, n (%) 118 (24.5) 4 (28.6) 2

Fiebig III, n (%) 205 (42.5) 3 (21.4) 3

Fiebig IV, n (%) 57 (11.8) 4 (28.6) 1

Fiebig V, n (%) 31 (6.4) 1 (7.1)

Viral loadlog10 5.88 (5.24–6.73) 5.55 (5.08–6.54) 5.4

PHQ-9 total 9 (6–13) 9 (6–15) 1

CD4+ T-cell count 368 (266–495) 573 (431–684) 44

CD8+ T-cell count 523 (336–887) 483 (243–788) 42

CD4/CD8 T-cell ratio 0.71 (0.43–1.04) 1.53 (0.79–2.44) 1.1

Achieved CD4/CD8 T-cell ratio normalization, wk 0

Changed ART regimen, n (%) 216 (44.7) 5 (36) 4

PHQ-9 = Patient Health Questionnaire-9; ART = antiretroviral therapy.

Values are reported as medians (interquartile range) unless otherwise noted. Patient Health
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RESULTS
Demographic and HIV Clinical Indices at Enrollment
A total of 483 individuals (470 cisgender men and 13 cisgender
women)were included in the analysis. Themedian age of the study
participants was 26 (interquartile range [IQR] = 23–31 years), and the
median years of educational attainment was 18 (IQR = 14–18). At
enrollment, the median plasma CD4+ T-cell count was 368
(IQR = 266–495) cells/ml, median CD8+ T-cell count was 523
(IQR = 336–887) cells/ml, median CD4/CD8 T-cell ratio was 0.71
(IQR = 0.43–1.04), and median VL was 5.88 (IQR = 5.24–6.73)
copies/ml. In terms of ART regimen, 216 (44.7%) participants under-
went a change from an efavirenz-based regimen to a DTG-based
regimen during the observation period. The switch occurred for
all participants enrolled in the cohort in 2017. Individuals were iden-
tified as being virally suppressed at the time of the ART change.
Published work by our team (25) revealed a modest increase in
CD4+ T-cell count after the switch but no other clinically relevant
outcomes after the ART regimen. The proportion of study partici-
pants who underwent the scheduled ART regimen change did not
differ by cluster designation (p = .19).

CD4/CD8 T-Cell Ratio Trajectories From AHI Through
144 Weeks of ART
The GBMTA identified five distinct CD4/CD8 T-cell trajectory
subgroups (average posterior probability of .92, average odds of
correct classification of 17, and relative entropy of 0.93; Figure 1).
Only one trajectory group (group 1; 3% of the participants) had a
CD4/CD8 T-cell ratio ≥1.0 at each visit. The other four trajectory
subgroups exhibited CD4/CD8 T-cell inversion at enrollment with
different profiles extending through week 144. Trajectory groups
2 (18%) and 3 (29%) achieved CD4/CD8 T-cell ratio normalization
within 4 and 12 weeks after ART initiation, respectively. The
ment

Trajectory
Group 2

Trajectory
Group 3

Trajectory
Group 4

Trajectory
Group 5

9 (18.4) 140 (29.0) 151 (31.3) 89 (18.4)

9 (25–35) 26 (22–30) 25 (22–29) 26 (22–31)

4 (94.4) 136 (97.1) 150 (99.3) 88 (98.9)

1 (23.6) 21 (15.0) 13 (8.6) 14 (15.9)

5 (28.1) 36 (25.7) 37 (24.5) 16 (18.2)

0 (33.7) 64 (45.7) 73 (48.3) 35 (39.8)

0 (11.2) 15 (10.7) 17 (11.3) 11 (12.5)

3 (3.4) 4 (2.9) 11 (7.3) 12 (13.6)

2 (4.78–6.38) 5.94 (5.22–6.60) 6.20 (5.44–6.99) 5.81 (5.38–6.75)

0 (7–14) 9 (5–14) 9 (5–12) 9 (6–13)

9 (343–619) 335 (260–451) 279 (218–386) 488 (358–616)

3 (253–672) 427 (270–640) 541 (380–973) 929 (576–1630)

8 (0.8–1.6) 0.87 (0.6–1.2) 0.54 (0.3–0.8) 0.52 (0.3–0.8)

4 12 n/a n/a

1 (47) 52 (37) 72 (48) 46 (52)

Questionnaire-9 (PHQ-9).
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FIGURE 1. CD4+, CD8+, and CD4/CD8 T-cell ratio trajectories defined by the group based multitrajectory analysis. CD4+ T-cell
(top row), CD8+ T-cell (middle row), and CD4/CD8 T-cell ratio (bottom row) trajectories. Trajectory group 1 includes individuals
with CD4/CD8 T-cell ratio ≥1.0 at enrollment and each follow-up visit. Trajectory group 2 includes individuals who achieved
normalization by week 4 after ART onset. Trajectory group 3 represents individuals who achieved normalization by week 12.
Trajectory group 4 represents individuals with persistent inversion despite 144 weeks of ART due to slow CD4+ T-cell recovery after
ART. Trajectory group 5 represents individuals with persistent inversion due to high CD8+ T-cell count. ART = antiretroviral therapy.

CD4/CD8 T-Cell Ratio Trajectories in Acute HIV
difference in time to normalization was due to a more rapid increase
in CD4+ T-cell count for individuals in trajectory group 2. Trajec-
tory groups 4 (31%) and 5 (18%) exhibited persistent CD4/CD8
T-cell ratio inversion through week 144, because of either slow
CD4+ T-cell recovery after ART (group 4) or early and ongoing
high CD8+ T-cell counts (group 5).

Comparisons Between CD4/CD8 T-Cell Ratio
Normalization Versus Persistent Inversion
Because of the limited number of individuals with a CD4/CD8
T-cell ratio ≥1.0 at all visits (3% of the total sample), comparisons
between the trajectory subgroups on initial risk profiles focused on
the subgroups who exhibited CD4/CD8 T-cell ratio inversion at
enrollment. Results from the multivariate analysis of variances re-
vealed that individuals who initiated ART in Fiebig I or II were
more likely to achieve CD4/CD8 T-cell ratio normalization
(groups 2 and 3) compared with individuals who initiated treat-
ment in Fiebig III–V (groups 4 and 5; χ2 = 6.5, p = .011). At en-
rollment, individuals who achieved normalization were older
(p = .005), and had lower VL (p < .001), higher CD4+ T-cell
count (p < .001), lower CD8+ T-cell count (p < .001), higher
Psychosomatic Medicine, V 84 • 976-983 979
CD4/CD8 T-cell ratio (p < .001), higher total lymphocyte percent
(p = .030), higher eosinophil percent (p = .009), and lower levels
of sCD27 (p = .018) and TIM-3 (p = .041) compared with individ-
uals with persistent inversion through week 144.

Comparisons Between Inversion Due to Slow CD4+
T-Cell Recovery Versus High CD8+ T-Cell Count
Individuals with persistent inversion due to slow CD4+ T-cell recov-
ery (group 4) had lower CD4+ and CD8+ T-cell counts, white blood
cell (WBC) count, total lymphocytes, and platelet count as well as
higher VL (absolute), neutrophil count, and plasma IL-12 at enroll-
ment compared with individuals in group 5 with high CD8+ T-cell
count (p values < .05). The two trajectory subgroups with persistent
inversion did not differ by Fiebig stage, VL (log10), or CD4/CD8
T-cell ratio at enrollment.

Machine Learning Classification of Slow CD4+ T-Cell
Recovery Versus High CD8+ T-Cell Count
The algorithm to classify individuals into CD4/CD8 T-cell ratio
normalization versus inversion subgroups yielded poor accuracy
(AUC = 65%). Better results were obtained from the GBMmodel
October 2022
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that examined predictive features associated with slow CD4+ T-cell
recovery (group 4) versus high CD8+ T-cell count (group 5). This
model yielded an average AUC of 74% (accuracy = 69%, F1
score = 77%, precision = 73%, and recall = 81%; Figure 2). The
classification algorithm was derived from the following 10 features
(ranked by relative importance): a) total WBC, b) response to QOL
item 15 (“Howwell are you able to get around?”), c) VL (absolute),
d) Color Trails 1 performance, e) VL (log10), f ) response to QOL
item 6 (“To what extent do you feel your life to be meaningful?”),
g) response to QOL item 13 (“How available to you is the informa-
tion that you need in your day-to-day life?”), h) randomization to
standard ART versus intensified ART, i) basophil percent, and j) re-
sponse to Patient Health Questionnaire-9 item 10 (“How difficult
have these problems made it for you to do your work, take care
of things at home, or get along with other people?”).

Partial dependency plots (52) provided in Figure, Supplemental
Digital Content 2, http://links.lww.com/PSYMED/A871, depict the
directionality of each feature in relation to trajectory risk group. Higher
VL, lowerWBC,worse performance onColorTrails 1,worseQOL rat-
ings, and higher disruption from mental health symptoms predicted
classification into trajectory group 4 (i.e., slowCD4+T-cell recovery af-
ter ART). Absolute and log-transformed VL contributed to the perfor-
mance of the algorithm. A post hoc analysis confirmed that the two
VL indices were not redundant features (r = 0.56). The discordance be-
tween absolute and log-transformedVL is depicted in the partial depen-
dency plots, which show that low absolute VL predicted inversion due
to high CD8+ T-cell count (trajectory group 5), whereas low and high
log-transformedVL predicted inversion due to slowCD4+T-cell re-
covery (trajectory group 4).

Summary of Study Findings
There is substantial individual heterogeneity in CD4/CD8 T-cell
ratio trajectories after ART initiated during the earliest stages of in-
fection. We identified five distinct CD4/CD8 T-cell ratio trajectory
subgroups, three of which led to CD4/CD8 T-cell ratio normaliza-
tion and two led to persistent inversion. Furthermore, we identified
FIGURE 2. Machine learning classification of slow CD4+ T-cell rec
collectively classified individuals into trajectory group 4 (slow CD4+
+ T-cell count). Variables are listed in rank order of relevance to clas
15 (“How well are you able to get around?”), c) VL (absolute), d)
transformed), f ) QOL item 6 (“To what extent do you feel your life to
information that you need in your day-to-day life?”), h) ART rando
percent, and j) response to PHQ-9 item 10 (“If you checked off any p
your work, take care of things at home, or get along with other pe
group 4. Randomization to intensified ART predicted classificatio
regression; HAART = highly active antiretroviral therapy; QOL= quali
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unique immune risk profiles of persistent inversion, one that was
characterized by slow CD4+ T-cell recovery after ART and a sec-
ond that was characterized by early and ongoing high CD8+ T-cell
count. Importantly, individuals who initiated ART after Fiebig II,
when disease dynamics such as VL and cytokine induction intensify,
were most likely to exhibit CD4/CD8 T-cell ratio inversion after
144 weeks of suppressive ART. Machine learning analysis identified
a novel combination of viral, immune, and psychological indices at
enrollment that predicted risk for CD4/CD8 T-cell ratio inversion
due to slow CD4+ T-cell recovery after treatment, which accounted
for the majority of cases of persistent inversion after ART.

DISCUSSION
We identified substantial individual differences in CD4/CD8T-cell
ratio outcomes after 144 weeks of ART initiated during AHI. Al-
though themedian CD4/CD8 T-cell ratio significantly improved from
enrollment to week 144 (median ratio = 1.3), only 51% of the study
participants achieved CD4/CD8 T-cell ratio normalization. The high
frequency of persistent CD4/CD8 T-cell ratio inversion in this study
is particularly concerning given that all study participants began
treatment within the first 30 days of infection, and viral control
was maintained for 144 weeks (excluding occasional blips).

Results from this study extend findings from previous work (9)
that described CD4/CD8 T-cell ratio inversion in 30% of AHI par-
ticipants after 2 years of ART commenced during early infection.
The higher frequency of CD4/CD8 T-cell ratio inversion observed
in this study may reflect the longer duration of follow-up and/or
differences in participant characteristics at the time of treatment onset
(e.g., Fiebig stage, VL). Additional studies using longer follow-up pe-
riods are needed to determine if the CD4/CD8 T-cell ratio profile
among individuals who initiated early ART eventually approximates
the frequency of persistent inversion that is typically reported among
individuals who initiate treatment in chronic HIV.

An important finding from this study is the observation that
treatment onset after Fiebig stage II corresponded to persistent
CD4/CD8 T-cell ratio inversion. Fiebig II defines a stage of HIV
overy versus high CD8+ T-cell count. Variables at baseline that
T-cell recovery) versus trajectory group 5 (consistently high CD8
sification accuracy: a) total white blood cell count, b) QOL item
Color Trails 1 performance (psychomotor speed), e) VL (log10
be meaningful?”), g) QOL item 13 (“How available to you is the
mization to a boosted regimen versus standard ART, i) basophil
roblems, how difficult have these problems made it for you to do
ople?”). Unfavorable values predicted classification in trajectory
n in trajectory group 5. GBM = gradient-boosted multivariate
ty of life; PHQ-9 = Patient Health Questionnaire-9; VL = viral load.
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infection that is characterized by an escalation of HIV disease path-
ogenesis. Numerous studies have documented that HIV VL, CD4+
T-cell depletion, and cytokine induction intensify after Fiebig I
(53–55). It is possible that ART initiation in Fiebig II or later re-
sults in a larger latent viral reservoir and increased propensity for
low-level viral replication and CD4/CD8 T-cell ratio inversion.
Proviral DNA in CD4+ Tcells correlates with CD4/CD8 T-cell ra-
tio in some studies (56) but not others (57). Our findings suggest
that the link between viral reservoir burden and CD4/CD8 T-cell
ratio is most relevant to a specific subset of individuals (e.g., those
with persistent inversion due to slow CD4+ T-cell recovery).

sCD27 and sTIM-3 levels at enrollment also differed between indi-
viduals who achieved normalization versus those with persistent CD4/
CD8 T-cell inversion. These results are interesting given the known in-
volvement of both markers with T-cell functionality and HIV disease
pathogenesis (23). CD27 expression on T cells is functionally active
(58,59), and elevated levels of sCD27 in plasma are a surrogate marker
of immune activation and predictor ofmorbidity amongPWH receiving
suppressiveART (60,61). Althoughmembrane-boundTIM-3 onTcells
is a marker of exhaustion, the soluble form has been linked to HIV dis-
ease progression (62–64). Whether T-cell hyperactivation or exhaustion
is involved in the persistence ofCD4/CD8T-cell ratio inversion is an im-
portant area for further study. This is particularly true for the subset of in-
dividuals (18% of the study participants) who exhibited a robust CD4+
T-cell response after ART but experienced persistent CD4/CD8 T-cell
ratio inversion due to high CD8+ T-cell count before and after ART.

The two risk profiles for persistent CD4/CD8 T-cell ratio inver-
sion (i.e., slow CD4+ T-cell recovery versus early and ongoing el-
evation in CD8+ T-cell count) did not differ at enrollment in terms
of Fiebig stage, VL, or CD4/CD8 T-cell ratio. However, individ-
uals in the slow CD4+ T-cell recovery trajectory group were more
likely to identify as cisgender women and to have lower CD4+ and
CD8+ T-cell counts, lower WBC and total lymphocyte counts, lower
platelet count, higher neutrophil count, and higher plasma IL-12. The
number of cisgender female participants in the study was limited, and
therefore, more firm conclusions regarding potential sex-related
outcomes cannot be ascertained from these data. Additional stud-
ies are needed to further explore potential sex-specific mecha-
nisms on CD4/CD8 T-cell ratio outcomes after ART initiation.

We used machine learning to explore a larger array of potential
predictors from the data acquired at the time of enrollment into
RV254/SEARCH 010. Specifically, ensemble machine learning
was used to ascertain whether information acquired at enrollment
could predict CD4/CD8 T-cell ratio subgroup trajectories after
144 weeks of sustained ART. The analysis aimed at differentiating
CD4/CD8 T-cell normalization versus inversion did not yield a
clear classification algorithm. By contrast, the analysis focused
on differentiating persistent CD4/CD8 T-cell inversion due to slow
CD4+ T-cell recovery (group 4) versus high CD8 T-cell count
(group 5) yielded a robust classifier based on a combination of
WBC, VL, cognitive performance, affective profiles, and random-
ization to standard ART, with worse values on these features (e.g.,
more severe emotional distress) corresponding to classification in
the slow CD4+ T-cell recovery subgroup (trajectory group 4).

To our knowledge, this is the first study to identify psycholog-
ical factors as important determinants of CD4/CD8T-cell ratio out-
comes among individuals who initiated suppressive ART during
the earliest stages of infection. The finding is not surprising given
the known interplay between mental distress and immune
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abnormalities (65–70), mediated by the neuroimmune axis
(71–73). Our finding that mental health indices corresponded to
persistent CD4/CD8 T-cell inversion due to slow CD4+ T-cell re-
covery is important. Although high CD8+ T-cell count represents
a risk profile consistent with chronic inflammation, the most com-
mon pathway to CD4/CD8 T-cell ratio inversion observed among
individuals enrolled in RV254/SEARCH 010 involved slow CD4
+ T-cell recovery after ART. It will be important to determine if
brief mental health interventions implemented during early infec-
tion precipitate CD4+ T-cell recovery after treatment onset.

This is also the first study to use a data-driven approach to
model CD4/CD8 T-cell ratio trajectory subgroups from acute in-
fection through 144weeks of suppressive treatment. Unique to this
study, the RV254/SEARCH 010 study enrolled individuals with a
range of Fiebig stages, which was important for the study findings.
Participants were also similar in terms of demographic profiles,
and they reported minimal confounding factors (e.g., severe sub-
stance use disorders). However, it should be noted that most partic-
ipants were Thai men who have sex with men, and therefore, the
results may not generalize to other populations. Furthermore, we
did not compare the results to demographically similar individuals
who initiated ART during chronic infection, and risk profiles were
limited to information acquired at enrollment. Additional studies
are needed to examine the contribution of risk factors that emerge
after ART (e.g., sexually transmitted disease, hepatitis C infec-
tion). Cellular immunophenotyping data were not available for
all participants included in this analysis. As such, additional stud-
ies are needed to investigate the reliability of the predictive algo-
rithms using nested cross-validation.

In summary, the present study reveals that nearly half of all indi-
viduals who complete 144 weeks of ART initiated within the first
30 days of HIV infection do not achieve a CD4/CD8 T-cell ratio
≥1.0. Failure to normalize the CD4/CD8 T-cell ratio resulted from
distinct perturbations in either CD4+ or CD8+ T-cell populations,
which correspond to unique viral, immune, and psychological risk
profiles evident at the time of treatment onset in AHI. These find-
ings provide important clinical insights into the potential pathways
and underlying mechanisms that explain individual heterogeneity
in CD4/CD8 T-cell ratio outcomes in the context of suppressive
ART. Further research is needed to investigate the potential for ad-
junctive treatment strategies to improve CD4/CD8 T-cell ratio pro-
files at the time of initial HIV diagnosis and initiation of ART.
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