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This study evaluated the impact of human immunodeficiency
virus (HIV) and combination antiretroviral therapy (cART) on
immune activation during pregnancy in a Zambian cohort of
HIV-exposed but uninfected children followed up from birth.
Activated CD8" T cells (CD38" and HLA-DR") were com-
pared among HIV-uninfected (n=95), cART experienced
HIV-infected (n = 111), and cART-naive HIV-infected (n = 21)
pregnant women. Immune activation was highest among HIV-
infected/cART-naive women but decreased during pregnancy.
Immune activation HIV-infected women who started cART
during pregnancy was reduced but not to levels similar to those
in HIV-uninfected women. The effects of elevated maternal im-
mune activation in pregnancy on subsequent infant health and
immunity remain to be determined.
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Activation of CD8" T cells (hereafter referred to as “im-
mune activation”) is a key response required for clearance of
viral infection. With chronic infection, levels may remain el-
evated in peripheral blood [1] and are a hallmark of human
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immunodeficiency virus (HIV) infection [2]. HIV pathogen-
esis, including chronic CD8" T-cell activation, is based on 3 key
findings: (1) the persistent detection of HIV-specific effector cy-
totoxic T cells, (2) the presence of cell surface protein receptors
that stimulate naive T cells into differentiated effector pheno-
types [3], and (3) an acute/active cytokine profile detected in
serum [4]. Ongoing immune activation and resulting inflam-
mation are thought to lead to poor immune reconstitution, in-
creased risk of cardiovascular disease, and metabolic changes,
despite effective antiretroviral therapy (ART) [5].

Although combination ART (cART) reduces viral load and
immune activation, some individuals retain a degree of im-
mune activation even with undetectable viral load [6]. This is
particularly concerning in pregnancy, when immunity is tightly
regulated to permit immune activation to fight maternal infec-
tions [7] (protection of the mother) and immune quiescence to
accommodate the presence of paternal antigens (protection of
the fetus) [8]. During pregnancy, perturbations in this process
due to acute and chronic infections have severe effects on fetal
development [8].

Early studies of pregnancy and HIV disease progression
identified several unique immune alterations in HIV-infected
pregnant women. Mikyas et al [9] report immune activation in
HIV-infected pregnant women (not on cART) above levels ob-
served in HIV-uninfected pregnant and nonpregnant controls,
including increases in percentages of CD8" T cells expressing
HLA-DR and CD38 (markers of chronic immune activation).
These changes were observed earlier in pregnancy and persisted
until delivery in HIV-infected women, compared with transient
changes observed in HIV-uninfected pregnant women [9]. Of
concern, in utero exposure to maternal HIV infection that does
not lead to congenital infection (ie, HIV-exposed, uninfected
[HEU] infants) can lead to increased infectious disease mor-
bidity and mortality rates in newborns and alterations in im-
mune cell populations consistent with T-cell immune activation
[10].

Between 2000 and 2018, the number of childhood HIV in-
fections decreased by >60%, owing mostly to antenatal ART
[11]. This is tempered by increased infectious diseases mor-
bidity and mortality rates among HEU children compared with
HIV-unexposed children [12]. The cause of this increased dis-
ease burden is unknown, but possible maternal factors include
HIV disease progression, exposure to antiretrovirals, and/or
coinfections. These maternal factors may have a common im-
munologic pathway of antigen/microbial exposure leading to
sustained immune activation [13]. Given the links of chronic
inflammation/immune activation during pregnancy with poor
pregnancy outcomes, there is an urgent need to understand the
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role of maternal immune activation during pregnancy and how
it is modified by cART, whether initiated before or after con-
ception. Our hypotheses are that immune activation is highest
in ART-naive HIV-infected and lowest in HIV-uninfected
women and that it would increase toward delivery.

METHODS

Study Population and Enroliment

These results were collected as part of an ongoing observa-
tional cohort study designed to determine morbidity and mor-
tality rates among HEU children compared with children born
to HIV-uninfected control women. Initiated in May 2019, the
Zambia Infant Cohort Study intends to enroll 750 HIV-infected
and 750 HIV-uninfected pregnant women to be followed up
for infant clinical outcomes through 6 months postpartum.
Women are recruited from a primary health facility in the
Chawama township located in Lusaka, Zambia, which has a
sociodemographically homogenous population. Prevention of
mother-to-child-transmission services are part of routine ante-
natal care, including opt-out HIV testing and immediate cART
provision.

Pregnant women aged >15 years seeking routine antenatal
care, who were in in their first 26 weeks of pregnancy by ultra-
sonographic gestational dating and accepted informed consent,
were enrolled. Women requiring delivery at a higher level of
care were excluded. Recorded maternal enrollment character-
istics included sociodemographic, cART regimen (if HIV in-
fected) and initiation date. HIV serostatus was verified using
Alere Determine HIV-1/2 immunoassay with confirmation by
SD Bioline HIV-1/2 antibody immunoassay (Abbott). First-line
cART was initiated according to Zambian guidelines. “cART ex-
perienced” was defined as receipt of cART for any duration be-
fore enrollment, versus “cART naive” Baseline determinations
were done for CD4" T-cell count and viral load, with lower
limit of detection of 20 HIV RNA copies/mL plasma (Cobas
Ampliprep/Cobas Taqman, version 2.0; Roche Diagnostic).
Participants were scheduled to return approximately 3 weeks be-
fore the expected delivery date for repeated ultrasonography and
end-of-pregnancy immune activation status. HIV-uninfected
women were retested at delivery to confirm serostatus.

Flow Cytometry

T-cell immune activation was determined with flow cytometry
using freshly collected whole blood directly stained with a cock-
tail of antibodies in conjunction with absolute counting beads
(LeukoSure Fluorospheres; Beckman Coulter Life Sciences).
Prepared cells were acquired with a FC500 flow cytometer
(Beckman Coulter). CD4" and CD8" populations were gated
from the CD3" T-cell population, and evaluated for coexpression
of CD38 and HLA-DR. Antibody-fluorochrome combina-
tion and clones are as follows: CD3-fluorescein isothiocyanate
(UCHT1), CD4-PC7 (RPA-T4), CD8-phycoerythrin (SK1),

CD38-PC5 (HIT2) and HLA-DR (G46-6) (Beckman Coulter).
The degree of immune activation was calculated as a percentage
of CD38"HLA-DR" expressed on CD3"CD8" lymphocytes.

Statistical Analyses

Baseline maternal factors, HIV infection characteristics and
immune status were compared between HIV-infected and
HIV-uninfected women and between cART-experienced and
cART-naive HIV-infected women, using x* Fisher exact and
2-sample ¢ tests. Immune activation in HIV-uninfected women
was measured at 2 time points during pregnancy. Differences
in mean immune activation were compared at baseline and at
the third trimester between HIV-uninfected women and cART-
naive and cART-experienced HIV-infected women. A mixed
effects model was used to compare mean immune activation
across groups (HIV infection and cART status), controlling for
gestational age. Two sensitivity analyses were also performed:
(1) excluding women whose second immune activation meas-
urement was within 1 week of birth, to account for possible
increase in immune activation markers at onset of delivery,
and (2) excluded cART-experienced women if the duration
of cART was <6 mo. The conclusions from these sensitivity
models did not differ from those from our main analysis (see
Supplementary Data).

RESULTS

Of the first 206 deliveries into the Zambia Infant Cohort Study,
111 women (54%) were HIV infected at enrollment and 95
(46%) were HIV uninfected. Baseline characteristics in HIV-
infected and HIV-uninfected pregnant women were similar
for educational attainment, smoking, and body mass index
(Table 1). HIV-infected women were older (30 vs 25 years for
HIV-uninfected women; P <.001) and more often employed
(37.8% vs 22.1%; P < .01). HIV-uninfected women had fewer
prior pregnancies than HIV-infected women (1 vs 2, respec-
tively) and were enrolled earlier in gestation than HIV-infected
mothers (19 vs 20 weeks; P = .04).

Atenrollment the majority (81%) of HIV-infected women were
cART experienced (n = 90), and 19% were cART naive (n = 21;
Table 2). cART-naive women HIV-infected were younger than
cART-experienced women (mean age [SD], 29 [3] vs 30 [6]
years; P = .18) and had higher body mass index at similar weeks
of gestation (26.70 [4.58] vs 24.37 [3.87] [calculated as weight
in kilograms divided by height in meters squared].; P =.02).
Among cART-experienced women, 72 (80%), had taken cART
for >6 months and 89 (99%) were on first-line cART regimen.
cART-naive women had lower mean (SD) CD4" T-cell counts
(264/pL [195/uL] vs 438/uL [1941/uL]; P = .02) than the cART-
experienced women, and higher mean viral loads (4.5 [0.8] vs
3.0 [1.2] log,, HIV RNA copies/mL plasma; P < .001).

HIV-uninfected women had significantly lower levels of
immune activation at baseline compared with HIV-infected
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Table 1. Demographic Characteristics of Study Cohort

Women, No. (%)?

Characteristic HIV Uninfected (n = 95) HIV Infected (n = 111) PValue
Baseline maternal
Age, mean (SD) y 25 (5) 30 (6) <.001
Married 76 (80.0) 98 (88.3) .10
Employed 21(22.1) 42 (378) .01
Educational level
No formal education 3(3.2) 3(2.7) .54
Less than college 81 (85.3) 100 (90.1)
College 11 (11.6) 8(7.2)
Nonsmoker during pregnancy 95 (100) 111 (100.0)
No alcohol use during pregnancy 92 (96.8) 95 (85.5) .005
BMI, mean (SD)° 24.77 (4.19) 24.81 (4.10) 92
Obstetric
GA, mean (SD), wk 19 (3) 20 (4) .04
Parity, mean (SD) 1(1) 2(2) <.001
Immune status
Previous tuberculosis diagnosis 1(1.1) 5 (4.5) 22
CD4* T-cell count, mean (SD), cells/uL 807 (1735) 405 ( 205) <.001
Baseline immune activation, mean (SD), %° 26.2 (13.0) 39.6 (18.8) <.001

Abbreviations: BMI, body mass index; cART, combination antiretroviral therapy; GA, gestational age; HIV, human immunodeficiency virus; SD, standard deviation.
“Data represent no. (%) of women unless otherwise specified.

°BMI is calculated as weight in kilograms divided by height in meters squared.

°lmmune activation is expressed as the percentage of CD8*CD3* T cells expressing CD38 and HLA-DR.

women (26% vs 40%; P < .001) (Figure 1A). At baseline, im-  26%, 36% and 57%, respectively (P <.001, pairwise compari-
mune activation levels in HIV-uninfected, cART-experienced sons) (Figure 1A). Late third trimester immune activation
HIV-infected, and cART-naive HIV-infected women were levels in the HIV-uninfected, cART-experienced HIV-infected,

Table2. Characteristics of Human Inmunodeficiency Virus—Infected Women

Women Tested, cART-Naive Women Tested, cART-Experienced P
Characteristic No. Women No. Women Value
Baseline maternal
Age, mean (SD), y 21 29 (3) 90 30 (6) 18
BMI, mean (SD)? 21 26.70 (4.58) 90 24.37 (3.87) .02
Obstetric
GA, mean (SD), wk 21 19 (4) 90 20 (4) 47
HIV infection
CD4* T-cell count, mean (SD), cells/uL 21 264 (195) 90 438 (194) <.001
HIV diagnosis before conception, no. (%) 21 2(9.5) 90 69 (78.4) <.001
Detectable viral load, (>20 log,, HIV RNA copies/mL plasma), no. (%) 19 16 (84.2) 79 30 (38.0) .001
Viral load, mean (SD), log,; HIV RNA copies/mL plasma 16 4.5(0.8) 30 3.0(1.2) <.001
Duration of cART no. (%)
None 21 NA .58
<1 mo 0 9(10.0)
1-6 mo 0 9(10.0)
>6 mo 0 72 (80.0)
First-line cART regimen, (%) 21 21 (100) 90 89 (99) <.001
Immune activation, mean (SD), %°
Baseline 21 57.0)16.2) 90 35.5 (17.0) <.001
Third trimester 21 470 (19.8) 90 36.1 (13.7) .003

Abbreviations: BMI, body mass index; cART, combination antiretroviral therapy; GA, gestational age; HIV, human immunodeficiency virus; NA, not applicable; SD, standard deviation.
“BMI is calculated as weight in kilograms divided by height in meters squared.
°lmmune activation is expressed as the percentage of CD8*CD3* T cells expressing CD38 and HLA-DR.

1164 « JID 2022:225 (1 April) « BRIEF REPORT



P<.0001

A 100~
& 80
0
=A ]
EQ 60
.83 i
<
2% 40
28
EL
a
O 204
0 T T
HIV negative  HIV positive
(n=95) (=111
C 100
l NSD
& 80
=0
O _
a +
°§-4
52 60
o
< 4
£ %
E‘Q 40
O
EL ]
A
O
20 +
0 T T

Baseline Third trimester
(mean, 35.5%) (mean, 36.1%)

Figure 1.

B 100
NSD
+ 80
©
)
xA ]
3
g a 60
<z
£& 404
g a
EX
a
O 20 4
0 T T
Baseline Third trimester
(mean, 27.0%) (mean, 27.8%)
D 100+
P<.001
& 80
XA
~ O 4
=7
RoN-4
g2 60
EE
SRS
g
22 40-
@)
E& 1
a
@)
20
| a
0 T T

Baseline Third trimester
(mean, 57.0%) (mean, 47.0%)

Immune activation levels in peripheral blood of human immunodeficiency virus (HIV)-uninfected and HIV-infected women. CD8" T cells coexpressing activation

markers HLA-DR and CD38 were identified using flow cytometry and expressed as the mean and standard deviation of the percentage of CD3*CD8* population double-positive
for CD38 and HLA-DR. Statistical assessment was done with Student ¢ test. A, Distribution of immune activation levels from pregnant HIV-uninfected (circles) and HIV-
infected (diamonds) women early in the second trimester (baseline). Closed diamonds represent HIV-infected women who were naive to combination antiretroviral therapy
(cART) at baseline. B-D, Trajectory of immune activation during pregnancy; the third trimester time point was approximately 3 weeks before delivery. A reference line con-
necting the means is included for clarity. B, HIV-uninfected women. C, HIV-infected women on cART before this pregnancy. D, HIV-infected women with cART initiated at the

baseline visit. Abbreviation: NSD, no significant difference.

and cART-naive HIV-infected groups were 27%, 36% and 47%
(P <.004, pairwise comparisons), respectively. Immune ac-
tivation remained constant throughout pregnancy for HIV-
uninfected and cART-experienced HIV-infected women.
cART-naive HIV-infected women had a significant 10% de-
cline in immune activation during the same interval (P = .001)
(Figure 1B-1D).

We observed a significant interaction between gestational age
and mean immune activation (P < .001). There were no signif-
icant changes in immune activation with weeks of gestation in
either HIV-uninfected women (slope, 0.01; 95% confidence in-
terval, —01 to .04; P = .29) or cART-experienced HIV-infected
women (0.01; —.02 to .03; P = .66); the mean percentage of im-
mune activation increased in both populations by about 1% per

week of gestation. There was, however, a significant decrease in
immune activation in cART-naive HIV-infected women (slope,
—0.11; 95% confidence interval, —.16 to —.06; P <.001), indic-
ative of an 11% reduction in immune activation per week of
gestation/time on cART.

DISCUSSION

These results show 3 major findings. First, immune activation
in HIV-uninfected women is stable throughout pregnancy, in
contrast to the findings of Mikyas et al [9], in which a distinct
increase in immune activation was seen in the third trimester
in both HIV-uninfected and HIV-infected women minimally
suppressed on azidothymidine (AZT) monotherapy. Second,
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provision of cART significantly reduced immune activation but
not to levels observed in HIV-uninfected women, indicating
that cART regimens to prevent mother-to-child-transmission
do not normalize maternal immune activation in all women.
Third, our data highlight the broad range of immune activation
that exists in both HIV-infected and HIV-uninfected women,
possibly owing to non-HIV comorbid conditions. The effects of
sustained elevated immune activation during pregnancy on in
utero immune development are not fully understood.

cART in pregnant women initiated as early in pregnancy as
possible is now the global standard of care. A decrease in viral
load is thought to be the mechanism by which the marked de-
crease in vertical transmission in the presence of cART occurs.
However, less is known about the increased infant morbidity
and mortality rates seen among HEU children. Persistent in
utero exposure to maternal inflammation, either through or
accompanied by immune activation, could play a role in alter-
ations in infant immune dysregulation [14]. Compared with
HIV-infected women who had been receiving cART for at least
6 months before enrollment, cART-naive women had signifi-
cantly increased levels of immune activation.

An earlier study of HIV and immune activation during preg-
nancy found that HIV-infected women (receiving AZT alone)
had consistently higher levels of immune activation than HIV-
uninfected women [15]. Our data differ from that study in cART
exposure, participant ethnicity, time points of sample collec-
tion during gestation and in methodology. Despite prolonged
cART, baseline immune activation levels in cART-experienced
women remained slightly higher than those in HIV-uninfected
pregnant women (35% vs 27%; P < .001). Regardless of a signif-
icant reduction in immune activation levels during pregnancy
in the cART naive women, the reduction did not normalize to
the levels found in either cART-experienced women or HIV-
uninfected pregnant women. This residual high level of im-
mune activation throughout pregnancy in cART-naive women
results in fetal exposure to a proinflammatory milieu plausibly
associated with untoward immune effects in the developing
fetus and early infancy [10].

Our study had some limitations and strengths. We are unable
to determine whether maternal immune activation is a marker
for poor maternal health overall or a step in the pathogenesis
of infant morbidity and/or mortality. We captured standard
changes in the CD8" T-cell population, however, our panel may
not be directly reflective of the level of other important immune
cell populations, such as regulatory T cells, that are believed to
play a role in the immune tolerance [16]. Our study strengths
included a sample of HIV-uninfected pregnant women large
enough to generate normative values, allowing for direct com-
parisons with HIV-infected women. and the longitudinal na-
ture of the cohort. allowing observation of both populations of
HIV-infected women: those already receiving cART and those
newly starting it.

Importantly, our data highlight individual variation in im-
mune activation across all pregnant women. A small propor-
tion of HIV-uninfected women have immune activation levels
similar to those in women with newly diagnosed HIV. Similarly,
a subset of cART-experienced women have levels of immune
activation similar to those in cART-naive women, indicative of
the many triggers of immune activation. Finally, our study de-
sign that leveraged a homogeneous community helped to re-
duce confounding variables and also reflects the proportions
of HIV-infected pregnant women on pre- and postconception
cART. Given the associations between maternal infections
during pregnancy and effects on fetal development, in utero
exposure to elevated maternal immune activation—regardless
of the causative agent—may place the infant at increased risk
of illness or death. To date there is no predictive marker ob-
served in HEU infants that indicates susceptibility to untoward
outcomes. Given the wealth of data from HEU infants indica-
tive of infant immune disruptions present at birth as well as in-
creased infectious morbidity and mortality rates, it is plausible
that maternal immune activation has a role in infant immune

dysfunction.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by
the authors to benefit the reader, the posted materials are
not copyedited and are the sole responsibility of the au-
thors, so questions or comments should be addressed to the
corresponding author.
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