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Background. A previous analysis of children infected with human immunodeficiency virus (HIV) in the Women
and Infants Transmission Study showed a strong correlation between low activated CD8" T lymphocytes in the
first 2 months of life and good immunological prognosis. We sought to extend these observations to neurode-
velopmental prognosis.

Methods. Ninety-eight HIV-infected children born before 1994 with flow cytometric data from the first 2
months of life and adequate neurodevelopmental testing through age 30 months were studied. Children were
divided into those with low (<5% CD8"HLA-DR" cells or <25% CD8'CD38" cells) or high (>5% CD8"HLA-
DR" cells or >25% CD8'CD38" cells) immune activation at 1 and/or 2 months of age. Analysis was performed
using survival analysis, Cox’s proportional hazard regression, and longitudinal regression models.

Results. Absence of immune activation, measured as <5% CD8"HLA-DR" cells, was strongly associated with
better performance on the psychomotor developmental index of the Bayley scales of infant development through
the third year of life. This association persisted after adjustment for CD4 cell count, viral load, and progression
to acquired immunodeficiency syndrome (P = .005). An association with the mental development index was also
present (P = .048). Significant association between neurodevelopmental outcomes and <25% CD8"'CD38" cells
was not seen.

Conclusions. In this prospective cohort study of HIV-infected children, there was a significant favorable
association of low immune activation in peripheral T cells at age 1 or 2 months, measured by a low percentage
of CD8"HLA-DR" cells, with subsequent psychomotor and mental development. This association was independent
of other indices of severity and progression of HIV infection.

Neurodevelopmental deficits are frequent in children
who acquire HIV infection through mother-to-child
transmission [1]. The severity of HIV-associated CNS
disease ranges from subtle neurobehavioral abnormal-
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ities to frank encephalopathy [2]. The prevalence of
encephalopathy among HIV-infected children has di-
minished from an estimated 50%-90% early in the
AIDS epidemic to recent estimates of 20%—40% [3].
The rate of progression of HIV encephalopathy is var-
iable, but the prognosis is poor without receipt of
HAART [4-7].

Pediatric HIV-associated CNS disease can be inde-
pendent of systemic HIV disease and has been reported
both as the first AIDS-defining symptom [8, 9] and
later in the course of disease [10]. Clinical associations
with encephalopathy have included hepatosplenome-
galy or lymphadenopathy in the first 3 months of life
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[5] and decreased weight and head circumference at birth [9,
11]. HIV-infected infants with cytomegalovirus infection de-
veloped HIV-associated CNS disease more frequently than did
those infected with HIV alone [12].

In the Women and Infants Transmission Study (WITS) co-
hort, a culture result positive for HIV within the first 48 h of
life (indicating in utero infection) was associated with a more
rapid decline in neurobehavioral functioning, compared with
a perinatal infection [13]. Other virological factors associated
with HIV-associated CNS disease were detectable p24 antigen
in mothers and infants [9], elevated plasma HIV RNA loads
in the first year of life [5], and, for later-onset encephalopathy,
high HIV RNA loads in CSF [9, 14, 15].

Results of immunological studies have been inconsistent
[14]. In general, higher CD4 cell counts, lower CD8 cell counts,
and higher CD4:CD8 ratios have been associated with better
neurobehavioral functioning [16]. However, contradictory data
for adults [17] and children [18] have been presented. Tardieu
et al. [9] found that encephalopathy in the first year of life was
associated with normal or high levels of CD4" T lymphocytes,
in contrast to later-onset encephalopathy, in which CD4" T
lymphocytes were deficient. In the WITS, CD4 cell counts var-
ied widely at the time of encephalopathy onset [5].

In general, elevated CD8'HLA-DR', CD8'CD38", and
CD8"HLA-DR*CD38" subsets, markers of activated CD8" cells,
are seen in more advanced disease [19-22]. Moreover, in a
recent study of HIV-infected children, we showed that slow
immunological progression up to age 8 years was predicted by
a CD8'HLA-DR" T lymphocyte percentage <5% at age 1-2
months [23]. This study did not address CNS manifestations.

The aim of the current study was to investigate the rela-
tionship between CD8"HLA-DR" or CD8"CD38" lymphocyte
percentage, measured at age 1-2 months, and neurodevelop-
mental outcomes in the first 3 years of life.

PATIENTS AND METHODS

Patient population. The WITS was a multicenter, prospec-
tive, longitudinal study of HIV-infected women and their chil-
dren [24]. Study sites included eastern Massachusetts; New
York, New York; Houston, Texas; San Juan, Puerto Rico; and
Chicago, Illinois. HIV-infected, pregnant women aged 15-44
years consented to the study after approval from each site’s
institutional review board in accordance with federal guidelines
and regulations. Consent for children was obtained from the
children’s guardians at birth.

Pediatric study visits occurred at birth; at age 7 days; at ages
1, 2, 4, 6, 9, and 12 months; and every 6 months thereafter.
Physical examinations were performed, samples were obtained,
and histories were recorded at every visit. Gestational age was
determined by a combination of prenatal ultrasonographic
findings, fundal height, and menstrual history. Maternal hard

drug use (cocaine, opiates, other injectable drugs, and/or meth-
adone) was assessed by urine toxicological analysis and/or self-
reporting [25]. Children were considered to be infected with
HIV when =2 peripheral blood cultures were positive at any
age [26]. Children born between 1989 and 1994 were consid-
ered in this analysis.

Neurodevelopmental assessments. Neurobehavioral data
were collected through use of the Bayley scales of infant de-
velopment (BSID) [27] at ages 4, 9, 12, 15, 18, 24, and 30
months. Assessments were conducted in the child’s primary
language by the examiner or through an interpreter. Children
were not tested when febrile or after invasive procedures. Al-
though a revised edition of the BSID became available in 1993,
the first edition was used to ensure consistency [28]. The as-
sessment was administered by psychometricians or pediatric
psychologists after centralized training in test administration
and scoring. Intertester reliability was established. Scheduled
quality-assurance calls helped to maintain reliability. Summary
scores of the mental developmental index (MDI) and psycho-
motor developmental index (PDI) are expressed as standard
scores with a mean value of 100 and an SD of 16 [27]. Children
with standard scores below the lowest possible age-normed
score were assigned a standard score of 49. This is the con-
vention in neurodevelopmental studies but may result in an
overestimate of performance for these children [29]. However,
this approach reduced the influence of outliers and may have
resulted in a better estimate of the true mean than would an
estimate that includes these values as missing or zero. Of 105
children with PDI data, 19 had at least 1 PDI score assigned
to 49 (a total of 45 of 518 person-visits with PDI data). Of 100
children with MDI data, 17 had at least 1 MDI score assigned
to 49 (a total of 40 of 529 person-visits with MDI data). Chil-
dren were tested on a mean of 5 occasions.

Laboratory tests and flow cytometry. Routine blood tests
were performed at hospital laboratories certified by the College
of American Pathologists or other recognized quality-assurance
programs. Flow cytometric analysis and HIV culture were per-
formed at each site. All laboratories participated in quality-
assurance programs of the AIDS Clinical Trials Group [30].

For dual-color flow cytometric analysis, samples were pre-
pared by whole-blood lysis [31]. The same reagent lots were
used at all sites (Becton-Dickinson) and consisted of an isotype
control (IgG1 and IgG2a), CD45/CD14 (gating reagent), CD4/
CD8 (compensation reagent), CD3/CD4 (CD4" T lympho-
cytes), CD3/CD8 (CD8" T lymphocytes), CD8/CD38 (activated
CD8" T lymphocytes), CD8/HLA-DR (activated CD8" T lym-
phocytes), CD37/CD16"CD56" (natural killer cells), and CD37/
CD19 (B lymphocytes), conjugated to fluorescein isothiocy-
anate and phycoerythrin, respectively [32]. Results were ex-
pressed as a percentage of total lymphocytes, except for
CD8'HLA-DR" T lymphocytes, which were expressed as the
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Figure 1.

Box plots showing range (whiskers), 25th—75th percentiles (shaded box), median (horizontal line), and outliers (open circles and asterisk)

of psychomotor developmental index at ages 4, 12, 18, 24, and 30 months, in relation to immune activation as measured by the percentage of
CD8*HLA-DR* cells. The number of children with tests at each age (n/is shown below each plot.

calculated subpopulation of CD8" T lymphocytes. Conversion
to a subpopulation of CD8" T lymphocytes was not possible
for CD8/CD38 because of the extensive error expected when
gating for the CD38 fluorochrome.

Definitions. Preterm birth was defined as birth before 37
gestational weeks. Maternal antiretroviral drug use during preg-
nancy included treatment or prophylaxis. Rapid disease pro-
gression was defined as a category C event or death before age
18 months [33].

Intrauterine infection was defined by a culture result positive
for HIV from blood drawn within 48 h after birth. Intrapartum
transmission was defined by a culture result negative for HIV
during the first 48 h and positive results of culture thereafter.

Encephalopathy was defined by the presence for at least 2
months, in the absence of an etiology other than HIV-1 infec-
tion, of at least 1 of the following: (1) failure to attain or loss
of developmental milestones or loss of intellectual ability, ver-
ified by standard neuropsychological tests; (2) impaired brain
growth, acquired microcephaly (determined by head circum-
ference), or brain atrophy determined by CT or MRI; and (3)
acquired symmetric motor deficit manifested by =2 of the
following: paresis, pathological reflexes, ataxia, or gait distur-
bances [5].

Following the definitions derived from receiver operating
characteristic curves from a WITS study of pediatric long-term
immunological nonprogressors [23], infants with <5%
CD8'HLA-DR" cells or <25% CD8*CD38" cells at age 1 or 2

months were defined as having early low immune activation,
and infants with >5% CD8'HLA-DR" cells or >25%
CD8'CD38" cells were defined as having early high immune
activation. For children with 2 separate flow cytometry mea-
surements at these ages, the results were averaged.

Statistical analysis. Statistical analyses were performed
with SAS software, version 9.1 (SAS). Differences in the cate-
gorized variables between groups with early low immune ac-
tivation and high immune activation were assessed by Pearson’s
x° test or Fisher’s exact test. Mean values of continuous vari-
ables between the 2 groups were compared using Student’s ¢
test. All P values were 2 tailed.

Survival analysis and Cox’s proportional hazard regression
were used to evaluate the relationship between early immune
activation and time to the first occurrence of either the MDI
or PDI being >1 SD below the mean (i.e., a BSID score of <84)
[2]. Infants without an event at the end of follow-up contrib-
uted to censored observations. Time to lost to follow-up did
not differ between early low and early high immune activation
groups. Differences in Kaplan-Meier estimates of the cumu-
lative probability of scoring >1 SD below the mean for each
of the 2 developmental indices were assessed using the log-
rank test.

Longitudinal regression analyses were used to model the
changes in MDI and PDI, accounting for correlation between
repeated observations for the same infant. Our models included
terms representing random intercepts, autocorrelation, and
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Figure 2. Box plots showing range (whiskers), 25th—75th percentiles (shaded box), median (horizontal line), and outliers (open circles and asterisk)
of mental developmental index at ages 4, 12, 18, 24, and 30 months, in relation to immune activation as measured by the percentage of CD8'HLA-
DR* cells. The number of children with tests at each age (n) is shown below each plot.

measurement error, following the approach proposed by Diggle
[34]. The unadjusted model included the CD8"HLA-DR" or
CD8'CD38" group (early low vs. early high immune activa-
tion), age (continuous), and the interaction between immune
activation groups and age. The effect of immune activation on
changes in BSID score is represented by the interaction term
in these models. The adjusted models included adjustment for
timing of infection (in utero vs. intrapartum), maternal hard
drug use, rapid disease progression, prematurity, plasma HIV
RNA load during the first 2 months of life, and CD4"* lym-
phocyte counts during the first 2 months of life. Variables used
for adjustment were chosen a priori on the basis of 2 previous
studies from the WITS [11, 23].

RESULTS

HIV-infected singleton children born to HIV-infected women
enrolled in the WITS between 1989 and 1994 who had com-
pleted at least 1 BSID assessment were included in the analysis.
Of 1080 women, 1039 delivered 869 liveborn infants. Of these
869 infants, 836 were singletons. Of these 836 infants, 137 were
infected with HIV, and 100 of the HIV-infected infants had
flow cytometry data at 1 and/or 2 months of age that included
CDS8'HLA-DR" cell measurements, and an additional 5 chil-
dren had data that included CD8*CD38" cell measurements.
Of the 100 infants with early CD8"HLA-DR" cell measure-
ments, 94 (94%) had at least 1 completed BSID score. Of 105

infants with early CD8"CD38" cell measurements, 98 (93%)
had at least 1 BSID score.

On the basis of flow cytometry results at ages 1 and 2 months,
infants were divided into 2 groups, with infants with high im-
mune activation separated from those with low immune ac-
tivation, measured by the percentage of CD8"HLA-DR" cells
(high activation, n = 70; low activation, n = 24) or
CD8'CD38" cells (high activation, n = 51; low activation,
n = 47), with use of the criteria given above [23]. A univariate
analysis of maternal and infant characteristics that compared
groups with high and low immune activation was performed.
This analysis included maternal education (completed to grade
<12 vs. grade =12); ethnicity; alcohol, cigarette or hard drug
use during pregnancy; maternal antiretroviral drug receipt dur-
ing pregnancy; maternal age; mode of delivery (elective cesarean
vs. vaginal or other cesarean delivery); infant sex; birth weight;
head circumference; plasma HIV RNA loads at 1 and/or 2
months of age; timing of infant infection (in utero vs. intra-
partum); and infant antiretroviral treatment during the first 30
months of life. None of these variables was significantly related
to immune activation (all P values >.10). In contrast, significant
associations were found between low immune activation and
high CD4" lymphocyte concentration at 1 and/or 2 months of
age (P = .02 and P = .01 for low immune activation measured
by CD8"HLA-DR" cells and CD8*CD38" cells, respectively), a
higher incidence of preterm birth (P = .04 and P = .03), and
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Figure 3. Relationship between immune activation—as measured by CD8*HLA-DR* cell percentage of >5% or <5% at age 1-2 months (A) or as
measured by CD8'CD38" cell percentage of >25% or <25% at age 1-2 months (B}—and Kaplan-Meier estimate of time to below-normal score (>1
SD below the mean) on the psychomotor developmental index of the Bayley scales of infant development. Solid lines, high immune activation; dotted

lines, low immune activation.

a lower incidence of rapid disease progression (P = .05 and
P = .33).

The associations between early immune activation markers
and subsequent neurodevelopmental scores were then exam-
ined. Figures 1 and 2 show box plots of BSID scores, comparing
infants with high and low immune activation markers, mea-
sured by percentage of CD8"HLA-DR" cells at age 1-2 months.
There is a trend toward decreasing standard scores as infants
grow older, with a nonsignificant separation between the 2
immune activation groups. Further analysis of these trends with
univariate regression modeling indicated a clear downward pro-
gression for infants in the group with a low percentage of

CD8'HLA-DR" cells, compared with the group with a high
percentage (P<.001). Similar trends, although less consistent,
were seen for CD8"CD38" percentage groups.

Kaplan-Meier estimates of the time to below-normal per-
formance (<84 on the MDI or PDI) are plotted in figures 3
and 4 and show a higher cumulative probability of below-
normal BSID scores for infants with early high immune acti-
vation, particularly for PDI scores and for immune activation
measured by CD8"HLA-DR" cells.

In table 1, we modeled the slope of BSID scores over time
and adjusted for the maternal and infant variables that have
been associated with changes in neurodevelopmental prognosis
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Figure 4. Relationship between immune activation—as measured by CD8*HLA-DR* cell percentage of >5% or <5% at age 1-2 months (A) or as
measured by CD8°CD38" cell percentage of >25% or <25% at age 1-2 months (B}—and Kaplan-Meier estimate of time to below-normal score (>1
SD below the mean) on the mental developmental index of the Bayley scales of infant development. Solid /ines, high immune activation; dotted lines,

low immune activation.

in other WITS studies (CD4" cell count at age 1-2 months,
rapid disease progression, gestational age at birth, timing of
infant infection, maternal hard drug use during pregnancy, and
plasma HIV RNA loads at age 1-2 months). Infants with low
immune activation (<5% CD8"HLA-DR" cells) at 1 and/or 2
months of age had significantly better neurodevelopment than
did those with high immune activation, which was reflected in
both the PDI (adjusted-model P = .005) and the MDI (ad-
justed-model P = .048). Low percentage of CD8"HLA-DR*
cells was a superior marker of prognostic outcome, compared
with low percentage of CD8'CD38" cells.

We also examined both death and development of enceph-
alopathy in children with low and high immune activation. In
neither instance were significant associations found, although
trends for encephalopathy were in the same direction as for
lower BSID scores. For immune activation measured by
CD8"HLA-DR" cells, 2 of 24 children with low activation died,
compared with 15 of 76 children with high activation (Fisher’s
exact test P = .35), and 2 of 24 children with low activation
developed encephalopathy, compared with 19 of 76 children
with high activation (P = .09). Time-to-event analyses also
failed to show significant differences (log-rank P = .20 for
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Table 1. Estimates of the expected slope of scores on Bayley scales of infant devel-
opment, according to early markers of immune activation, based on longitudinal regression

models.

Expected monthly change (95% CI)

Marker of immune activation,
outcome, model®

Early low
immune activation

Early high
immune activation =

CD8*HLA-DR
Psychomotor
Unadjusted
Adjusted
Mental
Unadjusted
Adjusted
CD8*CD38
Psychomotor
Unadjusted
Adjusted
Mental
Unadjusted
Adjusted

—0.24 (=1.07 to 0.59)
—0.09 (-0.96 to 1.13)

—0.51 (=1.33 to 0.30)

—0.24 (—1.26 t0 0.77)

—0.80 (=1.60 to 0.00)
—0.81 (=1.87 to 0.24)

—-0.92 (-1.19to —0.65) .017
—0.91 (-1.27 to —0.56) .005

—0.79 (—1.06 to —0.563) .308

—0.92 (-1.26 to —0.58) .048

—0.70 (=1.02 to —0.38) .692
—0.50 (-0.94 to —0.06) .316

—0.87 (-1.65t0 —0.08) —0.52 (—-0.83 to —0.20) .145
—0.90 (—1.90 to 0.09)

—0.68 (-0.99 to —0.16) .268

@ Variables adjusted for were timing of infant infection, maternal hard drug use during pregnancy, rapid
disease progression within the first 18 months, gestational age, CD4* lymphocyte count during the first 2
months, and plasma HIV-1 RNA load during the first 2 months of life (as a continuous variable).

b P value for difference between groups.

death and P = .10 for encephalopathy). For separation of
groups by percentage of CD8"CD38" cells, the associations were
even less clear—8 of 49 children with low activation died, com-
pared with 9 of 56 children with high activation, and 8 of 49
children with low activation developed encephalopathy, com-
pared with 15 of 56 children with high activation (Fisher’s exact
test P = 1.00 and P = .24, respectively; log-rank P = .97 and
P = .22, respectively).

DISCUSSION

We have shown that, in infants with HIV infection acquired
through mother-to-child transmission, a relative absence of ac-
tivated CD8" (CD8"HLA-DR") cells in the first few months of
life is strongly associated with good neurodevelopmental out-
comes in the first years of life, particularly on tests of psycho-
motor development. This parallels a similarly good prognosis
for the preservation of immunological markers—specifically,
circulating CD4" cells—until at least age 8 years [23]. The
instrument that we used, the BSID, is valid and normed for
testing only until age 30 months, and it is possible that the
association with better neurodevelopment may extend for
longer periods. However, longitudinal analyses spanning dif-
ferent neurodevelopmental tests present substantial methodo-
logical problems [29]. In any case, natural history studies have
indicated that the highest incidence of onset of HIV-associated
CNS disease is in the first 2 years of life [9]. The stronger
association with psychomotor development than with mental

development in the prelanguage stages of development is con-
sistent with previous findings for HIV-infected infants (2, 7,
13]. It is worth noting that the association of a lower percentage
of activated CD8" cells with better neurodevelopmental out-
come remained significant even after adjustment for overall
clinical prognosis [33], as well as for viral load and CD4" cell
count. Evidence of a significant role of CD8" lymphocytes in
HIV neuropathology has been implied for adults, in whom
higher numbers of activated CD8" lymphocytes in the brain
were associated with HIV-associated CNS disease [35].

In unaffected infants in the first months of life, the CD38
marker is found on >95% of CD8* T cells and is a marker of
both lymphocyte immaturity and activation [36, 37]. In the
WITS, the association of early low percentage of CD8*CD38"
cells with immunological progression was weaker than that of
CD8'HLA-DR" cells [23]. In adults, in contrast, the CD38
marker is considered to be a more reliable index of activation
than is HLA-DR, and association with progression to AIDS has
been described [38].

The mechanism of the association is not clear. It might be
that low CD8" cell activation predicts some third factor that,
in turn, influences neurological development. Viral load during
development could play a role; we did find that high CD8"
activation predicted a small but statistically significant increase
in viral load between ages 6 months and 30 months (data not
shown). Alternatively, the mechanism may be related to some
external factor that simultaneously activates CD8" cells and
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worsens the neurodevelopmental prognosis. Cytomegalovirus
or other virus coinfection would fit this role. Cytomegalovirus
infection is common in the first months of life, acute infection
stimulates the production of total CD8" cells in infants [12]
and both total and activated CD8" cells in adults [39], and
coinfection leads to worse overall and neurological prognoses
[12]. It is also possible that >1 mechanism was at work.

This study has limitations. First, subjects were selected in
part on the basis of the availability of flow cytometry data
during the first 2 months of life, and this could have been a
source of bias. Second, neurodevelopmental test results were
not available for every child at every visit. Third, as in any such
natural history study, confounding from other variables is pos-
sible. We adjusted our analyses for important covariates mea-
sured as part of the WITS protocol (CD4 cell counts at ages 1
and 2 months, prematurity, and rapid disease progression), and
we still found a strong association of neurodevelopmental out-
come with CD8"HLA-DR" cells measured in the first 2 months
of life. Nevertheless, there may be unmeasured variables that
were important confounders.

In conclusion, we found that HIV-infected infants with low
percentages of activated CD8" T cells at ages 1 and 2 months
had a better neurodevelopmental prognosis during the first 3
years of life than did infants with high percentages of activated
CD8" cells and that this association was independent of several
variables that predict outcome of HIV infection, as well as
overall clinical prognosis. The implication of these findings is
that the activation state of CD8" cells is important for the effects
of HIV infection on CNS development in infants. Efforts to
influence this activation might have preventive or therapeutic
effects.
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