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The prognosis for delayed immune recovery @

in HIV-infected children might be associated
with pre-cART CD4" T cell count irrespective
of co-infection with tuberculosis

Funsho J. Ogunshola’, Ruhul A. Khan? and Musie Ghebremichael'*"

Abstract

Background Immune reconstitution following the initiation of combination antiretroviral therapy (CART) significantly
impacts the prognosis of individuals infected with human immunodeficiency virus (HIV). Our previous studies have
indicated that the baseline CD4™ T cells count and percentage before cART initiation are predictors of immune recov-
ery in TB-negative children infected with HIV, with TB co-infection potentially causing a delay in immune recovery.
However, it remains unclear whether these predictors consistently impact immune reconstitution during long-term
intensive cART treatment in TB-negative/positive children infected with HIV.

Results We confirmed that the baseline CD4" T cell count is a significant predictor of immune recovery follow-

ing long-term intensive cART treatment among children aged 0 to 13 years. Children with lower CD4* T cell count
prior cART initiation did not show substantial immunological recovery during the follow-up period. Interestingly, chil-
dren who were co-infected with TB and had higher baseline CD4* T cell count eventually achieved good immunolog-
ical recovery comparable to the TB-negative HIV-infected children. Hence, the baseline CD4* T cell count at the onset
of treatment serves as a reliable predictor of immunological reconstitution in HIV-infected children with or without TB
co-infection. Taken together, this follow-up study validates our previous findings and further establishes that initiating
CART early alongside early HIV testing can help prevent the diminished CD4* T cell count associated with inadequate
immunological reconstitution.
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Introduction

The human immunodeficiency virus (HIV) targets the
immune system and weakens defense against opportun-
istic infections such as tuberculosis (TB). Individuals
infected with HIV are not only at high risk of develop-
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one of the strategies recommended by the World Health
Organization (WHO) to prevent TB [3, 4]. This strat-
egy has significantly transformed the deadly effects of
HIV infection into a manageable disease by suppressing
viral replication, promoting the recovery of CD4* T cell
count, and improving the survival and overall quality of
life of HIV-infected individuals [5]. Although cART has
demonstrated a significant reduction in the activation of
infected cells among people living with HIV (PLHIV),
an estimated 15-30% of PLHIV still struggle to attain
optimal recovery of CD4" T cell count despite under-
going intensive cART treatment [6, 7]. In addition, the
incidence of TB among cART-treated people remains
considerably higher than in the general population, indi-
cating an underlying immunological dysfunction [8].
While the risk factors for active TB have been linked to
immunological dysfunction in HIV-infected people who
have not received cART [5], little is known for cART-
treated individuals. For instance, it is unclear whether
suboptimal virological suppression or poor immuno-
logical recovery following intensive cART treatment
increases the residual risk of TB reactivation/acquisition.
Additionally, while partial immune recovery contributes
to the control of opportunistic infections, the clinical
picture in the case of HIV/TB co-infection is different,
as severe active TB infections can occur even at high
CD4* T cell count [9]. To date, there is no therapy that
can effectively restore the CD4* T cell count to normal
levels. Thus, further studies to characterize CD4% T cell
recovery among PLHIV with or without TB co-infection
are urgently needed.

The hallmark of HIV infection is the depletion of
CD4* T cells, which is an important contributor to the
increased risk of developing active TB [10]. HIV infection
can result in changes across T cell subsets with altered
differentiation profiles and increased levels of immune
activation, which persist even in individuals on/after
cART [11, 12]. Continuous HIV stimulation and activa-
tion render T cells dysfunctional [13], and the necessary
diversification and balance of T cell populations, impor-
tant to ensure maintenance of immune homeostasis, is
progressively lost [14]. Among others, thymus produc-
tion of CD4* and new naive T cells, as well as prolif-
eration of peripheral naive T cells become progressively
exhausted/impaired as the infection progresses [15],
rendering the body immunocompromised and unable to
combat opportunistic infections.

It is widely accepted that CD4" T cell count follow-
ing cART initiation is the most important predictor of
immune recovery [5]. Adequate immune recovery is
defined as the attainment of CD4* T cell count within
the range observed in healthy adult individuals (i.e., 500—
1500 cell/pl) [16]. Our earlier work demonstrated that
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the baseline CD4" T cell count and percentage are reli-
able predictors for infants attaining this status [17]. How-
ever, the dynamics of immune reconstitution of PLHIV
under long-term cART seems to vary among different
populations and regions [18]. Early studies indicate that
CD4* T cell recovery is sustained for more than 3 years
in individuals with advanced HIV-1 infection who receive
cART [5, 19]. Within the first 3 to 6 months of intensive
cART, there is typically a significant increase in CD4* T
cell count, which is followed by a second phase of slower
increase in most cases [20]. Notably, these studies mostly
focus on HIV infected individuals, and there is limited
knowledge on the long-term impact of cART treatment
on immune recovery in HIV/TB co-infected individu-
als. In general, the lower the CD4* T baseline cell count
are when cART is initiated, the longer it takes to reach
desired levels of immune recovery [21, 22]. Investigations
have suggested that CD4* T cell recovery may plateau
before the physiological range is reached, especially in
those who start cART at a very low CD4* T cell count
[22, 23]. Determining the impact of early cART initiation
on immunological recovery in individuals co-infected
with TB will provide essential information for effective
monitoring and treatment of this population.

Whereas cART treated individuals with suboptimal
immune recovery are referred to as “discordant immune
responders” [24], the underlying mechanisms for this
discrepant post-cART developments are still ill-defined,
with discordant immune recovery being associated with
a number of factors such as ageing, lower nadir CD4* T
cell count, residual viral replication, increase T cell death,
immune hyperactivation, altered ratio of regulatory T
cells to Th17 cells, tissue fibrosis and specific metabolic
profiles [25-27]. TB co-infection has also been pro-
posed as a potential factor that can affect the long-term
chances of immune recovery through increased apop-
tosis of CD4*' T cells [1, 28, 29]. Thus, clinical events, in
particular, the kinetics of CD4" T cell recovery in cART
treated PLHIV with or without TB will be highly inform-
ative in predicting immune recovery. In our previous
analysis of baseline data from HIV-infected children, we
reported that the baseline CD4" T cell count could pre-
dict immune recovery [17]. In this follow-up study, we
explored historical data both pre- and post treatment
initiation to elucidate the dynamics of immune recovery
among HIV-infected children with or without TB co-
infection following extensive cART treatment.

Materials and methods

Study participants

The study included data collected from a retrospec-
tive study of HIV-positive children. The children were
between 0—13 years of age, received cART between June
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2004 and December 2009 in Accra, Ghana. All the chil-
dren were on their first-line regimen of nonnucleoside
analog-based cART consisting of zidovudine (AZT) or
stavudine (d4T) plus lamivudine (3TC), plus either nevi-
rapine (NVP) or efavirenz (EFV). The children diagnosed
with active TB at the time of cART treatment initiation
received simultaneous treatment for TB alongside cART.
Participant’s characteristics such as age and gender were
collected at study entry. Moreover, CD4* T-lymphocyte
count and percentage were quantified after surface stain-
ing (CD3* CD4") by standard flow cytometry using a
FACS Count system (Becton—Dickinson, Franklin Lakes,
NJ) at Korle-Bu Teaching Hospital in samples collected
before and after the initiation of cART. A patient was
defined as having achieved immune recovery if they
reached and maintained a target CD4* T-lymphocyte
percentage of 25% following the initiation of cART [30,
31]. The rationale, organization, and recruitment of the
subjects, procedures used for quantification of CD4*
T-lymphocyte have been described previously [30, 32].
The study protocol was approved by the Institutional
Review Board of the Yale University School of Medicine
and the University of Ghana Medical School.

Statistical analysis

Descriptive measures (such as frequency, percent,
median and IQR) were used to summarize data. Analy-
sis of repeated measures, using piecewise linear mixed-
effects models, was conducted to assess the overtime
change in CD4" T cell count and compare the change in
CD4* T cell count by immune recovery status, adjust-
ing for potential confounders. TB status and age at
study entry were included as time-independent covari-
ates in the model. The model allowed for different rates
of CD4* T cell changes during the pre-treatment and
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post-treatment phases of the study. Moreover, the model
allowed the intercept and the rate at which CD4" T cell
count changes over time to vary across participants.
Further, the model does not require participants to have
the same number of visits or measurements and uses all
available data instead of eliminating subjects with miss-
ing data, resulting in unbiased estimates of the model
parameters when data were missing at random.

Results
The analysis included a total of two-hundred thirty-four
(n=234) HIV-infected children who initiated cART regi-
mens and had at least one post-cART CD4* T-lympho-
cyte count. These children were followed up during the
study period until they achieved immune recovery or
were censored on the last day of contact. Table 1 presents
demographic and clinical characteristics of the study
participants. Most of the study participants achieved
immune recovery (n=171, 73%) during the study period.
However, 27% percent (n=63) failed to achieve immune
recovery. Fifty-two percent of the participants (n=121)
were TB-positive at study entry and 50% of them were
males. There was no statistically significant difference in
gender (p=0.5570) and TB (p=0.2381) rates between the
recovered and non-recovered patients. The median age
of participants at study entry was 5.71 years, (IQR: 2.77—
7.82); the recovered patients were younger compared to
the non-recovered patients. Median baseline CD4" T-cell
count were significantly higher (p=0.0014) in patients
who recovered (484 cells/mm?3 IQR=274-892 cells/
mm?) compared to patients who did not achieve immune
recovery (279 cells/mm?3; IQR =76-517 cells/mm?3).
Figure 1 displays the pre-cART and post-cART lon-
gitudinal CD4" T-cell count for the study participants.
There was an overall decrease in pre-treatment CD4*

Table 1 Demographic and clinical characteristics of study participants

Continuous variables Median (IQR)
Age in years 571(2.77-782)
CD4" T cell count (cell/mm?) 392 (211-733)
Categorical variables N (%)
Gender

Male 118 (50%)

Female 116 (50%)
Tuberculosis

Negative 113 (48%)

Positive 121 (52%)
Recovery status

No 63 (27)

Yes 171 (73)
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Fig. 1 CD4+ T-cell count trajectories among children treated at Korle-Bu Teaching Hospital

T-cell counts over time, with an average rate of decrease
of 1.53+0.75 cells/mm?® per year (p<0.0420). However,
post-treatment CD4*% T-cell count increased over time,
with an increased average rate of 3.78+0.29 cells/mm3
per year (p <0.0001).

Figure 2 presents the pre-cART and post-cART lon-
gitudinal CD4* T-cell count for the study participants
by immune recovery status. There was a significant dif-
ference (A) in CD4% T-cell count at baseline between
the two groups (A=7.67 cells/mm?, p<0.0001). In both
groups, there was a decline in CD4* T-cell count before
treatment initiation. The rate of pre-cART decline was
significant for the non-recovered group (4.82 cells/mm?
per year; p=0.0001), but not for the recovered group
(0.24 cells/mm? per year; p=0.7742). The difference in
pre-cART rates of CD4" T-cell count decline was sig-
nificantly different between the two groups (A=4.58
cells/mm3; p=0.005). Although CD4* T-cell count sig-
nificantly increased in both groups post-cART treat-
ment, the rate of increase was higher in the recovered
group (3.75 cells/mm? per year; p <0.0001) compared to

the rates in the non-recovered group (1.74 cells/mm? per
year; p=0.003). The difference in these post-cART rates
of CD4* T-cell count increase was significantly different
between the two groups (A=2.01 cells/mm?3; p=0.0021).

In Fig. 3 the pre-cART and post-cART longitudinal
CD4* T-cell count of both groups were stratified based
on the TB status. Overall, TB status did not alter the
results observed in Fig. 2 thereby indicating that pre-
cART CD4* T-cell count is a significant determinant of
immune recovery in our dataset. Notably, the increase in
post-cART CD4" T-cell count was not significant in the
non-recovered group that are TB negative (0.96 cells/
mm?® per year; p=0.23).

Discussion

HIV cART treatment has been proven to be effective
in stabilizing and reconstituting CD4* T cell levels and
thus preventing progression to AIDS [33-35]. However,
not all cART-treated individuals successfully experience
immune reconstitution. In this follow-up study of our
prior work [17], we performed a detailed longitudinal
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Fig. 2 CD4+ T-cell count trajectories by recovery status among children treated at Korle-Bu Teaching Hospital

analysis of CD4" T cell count on historical data collected
from children who were followed up for at least 4 years
of intensive cART treatment. We used a rigorous statis-
tical modelling analysis to define how intensive cART
treatment shapes the kinetics of CD4* T cell count in
HIV-infected infants with or without active TB in order
to determine the main parameters informing immune
recovery, particularly in HIV/TB co-infected children.
The high-endemicity of HIV/TB co-infections in sub-
Saharan Africa complicates effective treatment of HIV,
increases the risk of developing AIDS [36], and altogether
makes it difficult to accurately monitor the progression
of these individuals following long-term intensive cART
treatment, further highlighting the need for better clini-
cal models of immune recovery that can be helpful in
predicting patients’ outcomes, in particularly in resource-
limited settings.

We analyzed the clinical parameters collected before
and after intensive cART treatment for a cohort of 234
children, including the time of cART treatment initia-
tion and their strict adherence to the treatment regimen.
We found that regardless of TB status, baseline CD4* T
cell count has the most significant impact on immune
recovery.

We previously reported that CD4" T cell count at the
time of treatment initiation could predict immune recov-
ery [17], particularly in TB-negative individuals. Here,
we describe baseline CD4" T cell count as a biomarker
for predicting immune recovery, confirming our previ-
ous findings while taking into account/exploring the
longitudinal development of immunity over a prolonged
amount of time. Notably, post-cART immune recovery
was not different across HIV-infected individuals regard-
less of TB infection status. Although the TB-negative
children had higher average baseline CD4* T cell count,
in line with our earlier findings [17], we did not observe
any statistically significant difference in the CD4* T cell
count trajectory between the two groups throughout the
follow-up study period.

Participants with the highest baseline CD4* T cell
count, regardless of their TB status, had the best trajec-
tory of CD4™ T cell count and recovered after long-term
intensive treatment, consistent with the findings from
earlier study [37]. Another study from sub-Saharan
Africa has also reported no difference in the immune
recovery of HIV-infected individuals with or without
TB co-infection after starting cART [38]. These find-
ings contrast with reports from high-income settings,
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Fig. 3 CD4+ T-cell counts trajectories by recovery status among TB negative (left) and TB positive (right) children treated at Korle-Bu Teaching

Hospital

which have linked the failure of immune recovery
among cART-treated individuals to the levels of viral
suppression [39, 40]. These divergent results are prob-
ably affected by additional variables, such as the qual-
ity and accessibility of public health systems, genetic
diversity, degrees of virological suppression, the timing
of treatment initiation, and the specific type of cART
provided to individuals across various cohort settings.
Our study’s significant limitation will be addressed in
future research that integrates multi-region sampling
and longitudinal analysis among cART-treated individ-
uals, with or without TB co-infection.

In this study, we rediscovered pre-cART CD4* T cell
count as an important biomarker that should be consid-
ered in predicting the fate of immune recovery follow-
ing cART in infants, corroborating previous findings
[17, 32]. By predicting immune recovery, these findings
can help improve the standard of care, particularly in
resource-limited settings. A longitudinal investigation
of CD4" T cell phenotypes of HIV-infected persons
with or without TB co-infection will help dissect the
specific mechanisms leading to different recovery sta-
tus in these individuals.

Conclusions

An important process that happens in PLHIV after
cART treatment is immune reconstitution, which is
indicated by an increase in the CD4" T cell count. Suc-
cess of intensive cART can be translated as sustained
recovery of CD4% T cells, which is the primary sur-
rogate marker used in clinical practice. We used lon-
gitudinal data collected from low-income settings to
evaluate the trajectory of immune recovery and vali-
date our earlier findings on using baseline CD4* T cell
count to predict immune recovery following cART. We
followed 234 HIV-infected children with or without TB
co-infection before and after the start of cART from the
cohort we described in our previous study. Our findings
show that pediatric children’s immune recovery is relia-
bly predicted by baseline CD4* T cell count. Our analy-
sis revealed that children with lower CD4" T cell count
before treatment initiation did not experience immune
recovery during the follow-up period, and the impact
of TB co-infection on immunological recovery is mini-
mal. Taken together, the findings further highlight the
importance of offering/starting cART treatment as
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soon as a patient is diagnosed with HIV which is piv-
otal to managing persons infected with HIV.

Study limitation

Acknowledging the retrospective nature of this study, it
is critical to recognize that the data collected spans over
15 years and that certain crucial information was unavail-
able during the analysis. Information such as TB treat-
ment, comorbidities (such as hematologic malignancy;,
type 1 diabetes, HCV/HBYV infections), viral suppression
status, and treatment history before the study initiation
is pivotal for drawing definitive conclusions regarding the
influence of TB on immune recovery. Consequently, it is
imperative to interpret the findings from this study with
caution.
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