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B-cell immunity and vaccine induced antibody protection
reveal the inefficacy of current vaccination schedule in infants
with perinatal HIV-infection in Mozambique, Africa
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Summary eBioMedicine
Background Despite antiretroviral treatment (ART), immune dysfunction persists in children with perinatal HIV 2023;93: 104666
infection (HEI). Here we investigated the impact of HIV status on maternal antibody (Ab) passage, long-term vaccine ~ Pvblished Online 3 July

. . . . 2023
induced immunity and B-cell maturation. https://doi.org/10.

1016/j.ebiom.2023.
Methods 46 HIV Exposed Uninfected (HEU), 43 HEI, and 15 HIV unexposed uninfected (HUU) infants were ;04666

vaccinated with 3 doses of DTaP-HepB-Hib-PCV10-OP at 2, 3, and 4 months at Matola Provincial Hospital, Maputo,
Mozambique. Tetanus toxoid specific (TT) IgG, HIV Ab and B-cell phenotype characteristics were evaluated at entry,
pre-ART, 5, 10, and 18 months in this longitudinal cohort study.

Findings Baseline (maternal) plasma TT Ab levels were significantly lower in HEI compared to both HEU and HUU
and a faster decay of TT Ab was observed in HEI compared to HEU with significantly lower TT AD levels at 10 and 18
months of age. TT unprotected (UP) (<0.1 IU/mL) HEI showed higher HIV-RNA at entry and higher longitudinal
HIV viremia (Area Under the Curve) compared to TT protected (P) HEI. A distinct HIV-AD profile was found at entry
in HEI compared to HEU. B-cell phenotype showed a B-cell perturbation in HEI vs HEU infants at entry (mean age
40.8 days) with lower transitional CD10+CD19+ B-cells and IgD+CD27- naive B-cells and an overall higher frequency
of IgD—CD27- double negative B-cell subsets in HEI.

Interpretation B-cell perturbation, presenting with higher double negative IgD-CD27- B-cells was observed in
neonatal age and may play a major role in the B-cell exhaustion in HEI. The ability to maintain TT protective Ab titers
over time is impaired in HEI with uncontrolled viral replication and the current vaccination schedule is insufficient to
provide long-term protection against tetanus.
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Articles

Research in context

Evidence before this study

Despite long-term viral suppression due to effective ART,
B-cell perturbation experienced by persons living with HIV
may persist and contribute to a lower ability to induce and
maintain memory responses for vaccine preventable diseases.
Previous analysis on cross sectional data revealed a lower
vaccine induced seroprotection upon routine immunization in
children living with HIV. However, timing of vaccine induced
immunity persistence and of B cell immune exhaustion
remain unknown in children with perinatal HIV infection.

Added value of this study

This study provides a longitudinal evaluation of tetanus
response upon routine immunization in a cohort of children
living with HIV and uninfected children born to mothers living
with HIV in a cohort in southern Mozambique (the TARA
cohort). Data collected at 40 days of life show that 50% of
children living with HIV do not have maternally derived
Tetanus Ab compared to 25% of exposed uninfected and 6%
of unexposed uninfected children. A similar perturbation was
further confirmed at 9 and at 18 months of age, especially in
children with higher plasma HIV-RNA. A distinct maternal HIV
antibody (Ab) passage was further shown in children living
with HIV where a distinct HIV Ab footprint was found
compared to exposed uninfected children.

Introduction

With implementation of ART for prevention of human
immunodeficiency virus (HIV) transmission from
mother to child, the majority of children born to
women with HIV do not acquire perinatal HIV-
infection. Of those children who are infected, most
acquire the virus from their mothers at the time of
delivery or shortly thereafter by breast-feeding. Despite
long-term viral suppression due to effective ART and
humoral impairment experienced in persons with
HIV, B-cell perturbation may persist and contribute to
a lower ability to induce Ab and maintain immunologic
memory responses against vaccine preventable
diseases.'” This persistent perturbation is commonly
attributed to a “inflammaging” process which was
shown by a substantial expansion of pro inflammatory
B-cell subsets**® in addition to a persistently lower
memory B-cells (IgD—CD27+) and resting memory B-
cells (IgD—CD27+CD21+).>” Besides B-cell associated
perturbation found in children with HIV, alterations in
transplacental passage of maternal IgG, previously
shown to be influenced by maternal humoral pertur-
bation,® may result in lower protection from vaccine
preventable diseases in the vulnerable neonates. We
here focused our analysis on tetanus Ab response,
which still represents a challenging vaccine prevent-
able disease to eradicate. In 2015, 79% of deaths due to

An in-depth immunological B cell characterization in infants
with HIV infection showed a paradoxical perturbation,
characterized by a higher frequency of a B-cell subset so far
known to be increased in aging or inflammatory conditions or
in other infectious diseases such as cytomegalovirus and
malaria. Such a B cell subset characterized by the absence of
maturational molecules CD27 and IgD, and previously shown
after years of HIV exposure, was present in the children at a
very early phase (40 days of life). A machine learning
approach, albeit limited by the small sample size, revealed
how memory B cell subsets at entry could predict the ability
of children living with HIV to maintain a protective vaccine
induced titer at 10 months of age.

Implications of all the available evidence

These data provide evidence for the inability of children living
with HIV to maintain protective antibody titers following the
current vaccination schedule for tetanus in Mozambique. The
present longitudinal study comprehensively determined the
evolution of B-cells over the first 2 years of life and revealed a
hallmark of immune activation and exhaustion in infants
living with HIV since the age of 40 days. These data further
confirm the impact of HIV on vaccine induced memory and
suggests that B-cell immune profiling may be used in the
future as a predictive factor able to personalize the
vaccination schedule of HIV-infected children.

tetanus (44’612 of 56’743) regardless of HIV status
were estimated to occur in south Asia and sub-Saharan
Africa.’

Here we investigated the longitudinal development
of B-cells and B-cell perturbation in children with peri-
natal HIV infection from 1 month up to 18 months of
age in a cohort enrolled in Maputo, Mozambique, Africa
named TARA (Toward AIDS Remission Approaches).
We further investigated the response and maintenance
of tetanus vaccine induced humoral response and
baseline predictors of good vaccine-induced immunity
in children living with HIV.

Methods

Study participants

HIV exposed uninfected infants (HEU), infants with
perinatal HIV infection (HEI) and HIV Unexposed in-
fants (HUU) were recruited at 1-2 months of age and
followed at Matola Provincial Hospital in Maputo,
Mozambique and followed between February 2017 and
October 2020. HEU continued the post-natal prophy-
laxis with Nevirapine (NVP), while HEI started ART at
the time of HIV diagnosis with Zidovudine (AZT) or
Abacavir (ABC) plus Lamivudine (3TC) and Lopinavir/
Ritonavir (LPV/r). HIV diagnosis was determined by 2
positive PCR tests using Alere™ q HIV-1/2 molecular
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diagnostic platform within the second month of age.
Infants with two positive virologic tests were classified
as HEI and infants with negative virologic tests were
classified as HEU, while HUU were infants born to
mothers with negative HIV test results.

All infants received vaccinations as designated by
local recommendations including BCG, DTaP-HepB-
Hib-PCV10-OP at 2, 3 and 4 months and measles-
rubella vaccine at 9 and 18 months of age. Whole
blood was collected before starting ART and at 1, 2, 5, 9,
10, 17 and 18 months after ART initiation Lost to follow
up and numbers of deceased participants over time have
been previously reported.''' All study partcipants re-
ported had a full compliance to TT vaccination. Study
design has now been showed in Supplementary Fig. S1.

HIV viral load determination and CD4 counts
HIV-1 Plasma viral load was quantified using COBAS®
AmpliPrep/COBAS® TagMan® HIV-1 Test, version 2.0
(Roche Diagnostics, Germany) with a limit detection of
20 copies/ml, and Ampliprep CAP/CTM analyzer.

Absolute Lymphocyte/CD4 counts were quantified
using BD Multitest™ anti-CD3FITC/anti-CD8PE /anti-
CD45PerCP /anti-CD4APC and TruCount tubes (Becton
Dickinson, USA) and analyzed in FACSCalibur flow
cytometry (Becton Dickinson, USA).

Ethics statement

The study was approved by the Mozambique National
Bioethical Committee (IRB00002657, reference 102/
CNBS/2016) and the Ministry of Health (MOH) of
Mozambique (MISAU) and by the Institutional Review
Board of University of Miami (IRB00010711). All In-
fants’ caregivers consented the participation in the study
through written signed informed consent.

Sample collection and storage
Venous blood was collected and processed within 2 h
and plasma was stored at —80 °C. Peripheral blood
mononuclear cells (PBMCs) were isolated by Ficoll and
cryopreserved in liquid nitrogen.

Humoral response to tetanus and HIV

HIV-1 Ab were analyzed by Western blot analysis (WB)
(Medical Systems, Italy) and WB score was calculated as
previously shown.? WB blots are available in
Supplemental Western Blot. Tetanus IgG titers were per-
formed by EUROIMMUN ELISA (EUROIMMUN-Italia,
Padova, Italy) (cat. no. EI 2060-9601G) and Measles IgG
titers were evaluated by EUROIMMUN ELISA (EURO-
IMMUN-Italia, Padova, Italy) (cat. no. EI 2610-9601G) and
evaluated according to serologic titers of protection.

B-cell phenotype analysis

Cryopreserved PBMC were thawed and rested overnight
in RPMI-1640 with 10% FBS, 1% Pen-Strep, and 1%
Glutamine, blocked with Human TruStain FcX
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(Biolegend) and stained with previously titrated mono-
clonal antibodies (listed in Supplementary Table S1 and
gating strategy in Supplementary Fig. S2). Stained
PBMC were fixed and acquired on a Cytek Aurora Flow
Cytometer and analyzed by FlowJo software (version
10.8.1).

Statistical analysis

Unless otherwise noted, statistical analysis was per-
formed using R (version 4.2.2) or Python (version
3.8.10). The choice of the most appropriate statistical
test was performed according to data distribution.
Normality assumption was tested by the Shapiro Wilk
test and homogeneity of variance was validated by Lev-
ene’s test. For sample size calculation, power analysis
was performed using effect size informed by Cohen’s
d according to tetanus Ab response after vaccination
(5 months) in HIV exposed and HIV infected children
(effect size = 0.68). Accordingly, a sample size of 35 per
group estimates to achieve 80% power using a two-tailed
t-test at 0.05 alpha level. Given that our Mozambique
cohort consisted of more than 40 HEI and more than 40
HEU we estimated an ample power to test hypotheses
included in the project. Differences between groups
were tested using the Welch T test (two-tailed) if both
distributions were normal, or conversely, with the non-
parametric Mann-Whitney U test. Fisher’s exact test
(two-tailed) was applied to test differences in categorical
data. Missing values were filtered out of the analysis.
P-values of <0.05 were considered significant and the
Bonferroni correction was applied to control the family-
wise error rate (FWER) when multiple comparisons
were performed. A full report of statistical results,
including n values for groups and time points is avail-
able in a Mendeley repository file (https://doi.org/10.
17632/b3d2p9fzg3.1). An Exploratory Data Analysis
(EDA) was performed and Principal Component Anal-
ysis (PCA) was used as a modeling approach to reduce
the number of variables in analysis and to summarize
the most important information to identify the key
drivers of variation in the data.

Prediction score by XGBoost classification

A machine learning approach was applied to identify
whether 10 months TT vaccine-induced immunity in
HEI could be predicted using baseline data (B-cell
phenotype, clinical data, and HIV related data). We
compared the performance of 27 different classification
algorithms via LazyPredict (version 0.2.12). Best per-
forming models were selected based on a tradeoff be-
tween Accuracy, ROC AUC and F1 score metrics when
tested on a 60/40 (train/test) split. XGBoost (XGB)
classification algorithm, which is a scalable end-to-end
tree boosting system that can and capture non-linear
relationships between the features and the target vari-
able, was chosen for the construction of the final model.
A matrix of paired HEI baseline data and the TT vaccine
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protection outcome at 10 months were used as input in
xgboost (version 1.7.4)."* Incomplete data were filtered
out and due to the remaining limited sample size
(n = 22), we opted for a nested Leave One Out Cross
Validation (LOO-CV) approach®” to maximize perfor-
mance in training and testing the final model. A nested
LOO-CV approach is an effective way to address the
issue of small sample size by maximizing the amount of
data used for model training while still being able to test
the model’s performance on unseen data. This method
involves repeatedly splitting and testing the data using a
leave-one-out strategy. This process is repeated until
every observation has been used as a test set. The first
inner cross validation layer is used to optimize the
model’s hyperparameters (learning rate, max_depth,
min_child_weight, n_estimators, reg alpha, reg_
lambda, and subsample) using hyperopt software
(version 0.2.5),'° and the second inner cross validation
layer is used to select the best set of features to train the
model using sklearn (version 1.0.2) recursive feature
elimination algorithm RFECV.” SHAP (SHapley Addi-
tive exPlanations)® values were used to explain the
contribution of each selected feature in the model to-
wards the prediction. SHAP attributes a fair value to
each feature by considering all possible combinations of
features, the sum of all feature values is equal to the
prediction output. The same approach at later time-
points (18 and 19 months of age) could not be tested due
to the small sample size.

Results

Patients’ characteristics

The studies were conducted in 43 infants diagnosed
with HIV (HEI), and 46 HIV exposed uninfected (HEU)
and an additional group of 15 HIV unexposed unin-
fected (HUU). Clinical, virological and immunological
parameters, as well as number of participants enrolled
per visit are reported in Table 1. Mean age at entry was
40 days and no differences in terms of age and gender
were reported between the study groups (Table 1).
Weight was significantly lower in HEI (p = 4.03, 95% CI
[3.8, 4.25]) compared to HEU (p = 4.44, 95% CI [4.18,
4.69]; p = 0.017) and this difference persisted up to 9
months of age.

Ab maternal passage and vaccine induced Ab
response in HEU and HEI

Baseline ADb levels at study entry, presumed to be
maternally transferred as well as vaccine induced Ab
responses were investigated in longitudinal samples of
HEU and HEI. Tetanus responses at entry were also
compared with HUU samples. We found lower mater-
nally derived Tetanus (TT) antibodies in HEI (n = 34,
p=0.33,95% CI[0.18, 0.48]) compared to HEU (n = 36,
i = 0.66, 95% CI [0.41, 0.91]) (p = 0.002) (Fig. 1A).
Indeed 17 out of 34 HEI (50%) analyzed for TT Abs at

entry showed no protective titer (<0.1 mlIU/mlL)
compared to 9 out of 36 (25%) in HEU and 1 out of 15
(6.5%) in HUU (see table in Fig. 1A). HUU infants
presented significantly higher TT Ab levels (p = 1.94,
95% CI [1.15, 2.73]) compared to both HEI and HEU
(p < 0.001 for both). For both HEI and HEU a good
response at 5 months of age upon TT vaccination was
found with a higher titer in HEI (u = 2.06, 95% CI [1.67,
2.45]) compared to HEU (p = 1.40, 95% CI [1.14, 1.65])
(p =0.006). TT Ab titer was further investigated at 9, 10,
18 and 19 months of age and overall data showed that
HEI present a more pronounced waning compared to
HEU, with significantly lower TT AD titers at 10 months
(HEL p = 0.68, 95% CI [0.48, 0.87]; HEU: p =0.99, 95%
CI [0.78, 1.94]) and at 18 months of age (HEL p = 0.5,
95% CI [0.29, 0.71]; HEU: p = 0.76, 95% CI [0.51, 1.00))
(Mann Whitney test p = 0.019 and 0.039 respectively)
further confirmed by linear mixed effect model
(Supplementary Fig. S3A). These data regarding the
lower ability to maintain vaccine induced Ab were
confirmed by lower measles Ab at the time of the
booster dose (18 months of age) in HEI compared to
HEU (Supplementary Fig. S3B).

HIV specific humoral response in HEl and HEU

To investigate the HIV Ab maternal passage, Western
blot analysis of 10 distinct HIV Ag was investigated at
entry and at 10 months of age in HEU and at all time-
points in HEI (entry, 5, 9, 10, 18, 19 months). The
Western blot score (WB score'®), was similar at entry
between the groups (Fig. 1B) and waned at 10 months
in both groups with a significantly lower WB score in
HEU (u = 0.68, 95% CI [0.44, 0.92]) compared to HEI
(B = 22, 95% CI [1.59, 2.81]) (p < 0.001). From a
qualitative perspective, Western blot analysis showed a
distinct repertoire of HIV Antibodies in HEI compared
to HEU. Indeed, at entry gp160 Ab were significantly
higher in HEI, whereas p55 and p17 Abs were higher in
HEU compared to HEI (Fig. 1C). No differences were
found for HIV Ab specific to p66, p24, gp120, p51, p39
and p31 between HEI and HEU at entry (Fig. 1C). HIV
ADb analysis at 10 months of age showed an overall
reduction in HIV Ab with the persistence of higher
levels in p24, gp120, gp41 and gp160 in HEI compared
to HEU (Fig. 1D), suggesting these values to be autol-
ogous Ab rather than deriving from maternal passage.
In order to investigate whether the HIV Ab could differ
in infants with distinct maternal passage of TT Ab, HIV
WB score was investigated in TT protected at entry
(=0.5 IU/mL) (TT P) compared to TT unprotected (<0.5
IU/mL) (TT UP) (Fig. 1E). A higher mean Western blot
score was found in TT UP at 9 months of age compared
to TT P (p = 0.03) (Supplementary Fig. S3C). Same
result, albeit not significant presumably due to the
smaller sample size, was found in TT UP (pu =2.82, 95%
CI [1.83, 3.8]) compared to TT P (p=1.84, 95% CI [1.09,
2.59])) at 10 months (Fig. 1E-G). Relation between
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Entry (n = 89) 5 months (n = 78) 9 months (n = 75) 18 months (n = 69)
HEU (n = 46) HEI (n = 43) P-value HEU (n = 40) HEI (n = 38) P-value HEU (n = 39) HEI (n = 36) P-value HEU (n = 34) HEI (n = 35) P-value

Sex

Male (Female) 22 (24) 17 (26) 052 19 (21) 14 (24) 037 19 (20) 14 (22) 047 17 (17) 14 (21) 0.47
Age (days)

Mean (sd) 39.97 (12.84) 40.79 (13.68) 07 152.5 (7.32) 153.47 (5.27) 0.61 276 (4.49)  273.05 (4.26) 0.005 549.91 (5.17) 549.0 (5.01) 0.09
Weight (kg)

Mean (sd) 4.44 (0.84)  4.03 (0.73) 0.017 7.25(111) 6.47 (1.17) 0.003 8.56 (0.96) 7.94 (1.08) 0.01  10.08 (1.11) 9.51 (1.23) 0.051
Height (cm)

Mean (sd) 5334 (3.28) 5239 (2.95) 016  63.25 (2.61) 61.58 (2.76) 0.008 69.67 (2.65) 67.47 (2.32) <0.001 7637 (2.88) 76.77 (3.37) 0.6
Age at ART initiation (days)

Mean (sd) n.a. 40.28 (14.02) / n.a. 40.71 (14.26) / n.a. 38.72 (11.51) / n.a. 38.34 (11.46) /
Days to viral suppression n.a. [19/43] / n.a. [18/38] / n.a. [19/36] / n.a. [19/35] /

(<20 cp/mL) [%] mean (sd) 351.79 (170.93) 354.27 (175.28) 351.79 (170.93) 351.79 (170.93)
Days to viral suppression n.a. [25/43] / n.a. [24/38] / n.a. [25/36] / n.a. [25/35] /

(<400 cp/mL) [’;J\%;p]r], mean (sd) 291.52 (299.23) 290.87 (305.39) 291.52 (299.23) 291.52 (299.23)
AUC HIV-RNA (cp/mL)

Mean area (sd) n.a. na. / n.a. 6.97-10° (8.38-10°% / n.a. 8.84-10° (1.28-107) / n.a. 1.29-107 (2.05:107)  /
HIV-RNA (cp/mL)

Mean (sd) n.a. 3.01-10° (3.80-10%) / n.a. 1.07-10° (2.49-10%) / n.a. 7.55:10°® (2.08-10%) / n.a. 1.65-10°° (5.45-10°°) /
Peak viremia (cp/mL)

Mean (sd) na. 4.60-10° (4.1210%) / na. 4.34-10° (4.04-10%) / na. 4.07-10° (3.97-10%)  / na. 417-10° (3.98-10%) /
CD4+ T cells %

Mean (sd) n.a. 33.59 (10.33) / n.a n.a. / n.a. 25.65 (9.97) / n.a. 32.66 (8.10) /
WHO stage

(I/Mmavy n.a. 39/2/1/1 / n.a. 32/4/1/1 / n.a. 30/4/2/0 / n.a. 25/6/4/0 /
ART therapy

Npatients (Drugs) n.a. 32 (AZT+3TC+LPV/rit) / n.a. 27 (AZT+3TC+LPV/rit) / n.a. 18 (AZT+3TC+LPV/rit) / n.a. 5 (AZT+3TC+LPV/rit) /

2 (ABC+3TC+LPV/rit)
0 (ABC+AZT+3TC)

1 (AZT+3TC+NVP)

8 (n.a.)

0 (ABC+3TC+LPV/rit)
0 (ABC+AZT+3TC)

1 (AZT+3TC+NVP)
10 (n.a.)

2 (ABC+3TC+LPV/rit)
0 (ABC+AZT+3TC)

0 (AZT+3TC+NVP)
16 (n.a.)

2 (ABC+3TC+LPV/rit)
1 (ABC+AZT+3TC)

0 (AZT+3TC+NVP)
27 (n.a.)

Table 1: Patient’s characteristics.
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Fig. 1: Tetanus and HIV Ab in newborns and over time. Scatter plot in panel A shows longitudinal TT Ab response in HEU, HEl and HUU, with
mean values as black dotted lines. Red dotted lines indicate threshold of protection (0.1 IU/mL) and the threshold for borderline of serologic
protection (0.5 IU/mL). Table in panel A shows distribution among Protected individuals (>0.5 IU/mL), Borderline (0.1 < x < 0.5 IU/mL),
unprotected (<0.1 IU/mL). Violin plots in panel B and E show the Western blot (WB) score calculated as described in the method section. Spider
plots in panel C, D, F, G are calculated with a cumulative WB score, divided by the total number of patients for which the Ab measurement was
performed. Differences between HEI and HEU in panels from A to G were calculated as described in Methods. Significant p-values across the
distinct antigen of the spider plots are shown as asterisks (* = p < 0.05; ** = p < 0.01; *** = p < 0.001).
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longitudinal HIV-RNA and HIV WB score is further
singularly analyzed in all time points (Supplementary
Fig. S4).

The impact of HIV replication on vaccine induced
immunity

In order to investigate the impact of HIV replication on
vaccine induced Ab response, a longitudinal analysis of
HIV-RNA was performed between TT P and TT UP
among the HEI group. Significantly higher HIV-RNA
cp/mL in TT UP vs TT P were found at entry (TT UP:
n =8, u=35810°% 95% CI [2.08-10° 5.08-10°]; TT P:

n =26, p = 1.46-10*, 95% CI [0, 3.90-10%; p = 0.02) and
at 9 months of age (TT UP: n = 10, p = 2.38-10%, 95% CI
[9.42:10%, 4.67-10°; TT P: n = 21, p = 7.60-10%, 95% CI
[0, 1.55-10°; p = 0.02) (Fig. 2A). HIV exposure,
measured by the area under the curve of HIV-RNA, was
significantly higher in TT UP compared to TT P in all
time points (Fig. 2B). This result further suggests that
HIV-RNA significantly impacts the vaccine induced Ab
maintenance rather than Ab production after immuni-
zation. No differences were found in terms of CD4 T
cell count and CD4 T cell percentages between TT UP
and TT P (data not shown).

A HIV cp/mL in Tetanus Protected and Unprotected HEI patients
107
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Fig. 2: The impact of HIV on vaccine induced response. Violin plots in panel A show the HIV RNA copies in HEI who were TT protected (P) or
unprotected (UP); dotted lines indicate the mean. Panel B shows the area under the curve of the cumulative HIV RNA in UP and P patients.
Differences at distinct time points between the groups are defined as described in Methods (* = p < 0.05; ** = p < 0.01; *** = p < 0.001).
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Longitudinal evaluation of the B-cell compartment
in HEI and HEU

Multiparameter flow cytometry analysis (FCM) was uti-
lized to investigate B-cell phenotype at all time-points.
The analysis of differentially expressed features
(DEFs), which in our study represent B cell subsets,
with statistically significant changes (adj. p-value < 0.05)
in their frequency, showed major differences between
HEI and HEU at entry compared to later time-points.

Out of the 330 B-cell phenotype features analyzed, 11
DEF (3%) were found at entry (1-2 months of age)
compared to 2 and 3 DEF found respectively at 5 and 10
months of age (Fig. 3A). These data suggest that B-cell
impairment occurs very early in life in HEI compared to
HEU. Indeed, the B-cell subsets were skewed towards
more mature B-cells in HEI compared to HEU with a
significantly higher frequency of mature B-cells
(CD19+CD10- live B-cells) (HEIL: p = 88.38, 95% CI
85.55, 91.22]; HEU: p = 77.23, 95% CI [73.36, 81.10];
p = 0.003) and lower transitional (CD19+CD10+ live B-
cells) (HEL: p = 9.48, 95% CI [7.11, 11.85}; HEU:
i = 19.34, 95% CI [15.47, 23.20]; p = 0.005) and naive B-
cells (CD19+CD10-CD27-IgD+ live B-cells) (HEIL:
p =91.78, 95% CI [90.44, 93.11]; HEU: p = 95.44, 95%
CI [94.85, 96.03]; p = 0.006) (Fig. 3B). Both total double
negative (CD19+IgD—CD27—; DN) B-cell (HEI: p = 7.85,
95% CI [6.54, 9.16]; HEU: 1 = 3.89, 95% CI [3.32, 4.45])
and CD21- DN (HEL p = 81.74, 95% CI [77.92, 85.55];
HEU: p = 62.89, 95% CI [57.87, 67.89]) were signifi-
cantly higher in HEI compared to HEU (p < 0.001 for
both subsets) (Fig. 3B). In contrast, the unswitched
memory B-cell subset (CD19+CD27+IgD+CD21+) at
entry was significantly higher in HEU (p = 0.28, 95% CI
[0.22, 0.35]) compared to HEI (p = 0.11, 95% CI [0.08,
0.15)) (p = 0.007) (Fig. 3C).

The B-cell phenotype at entry was further evaluated
by principal component analysis (PCA). As shown in
Fig. 3D, PC5 was able to discriminate between HEU and
HEI and performed better compared to other compo-
nents analyzed (data not shown). The top loading fea-
tures driving the PC5 are shown in Fig. 3E (bottom
panel). Six out of the ten top loading features fall within
the DN B-cell subsets between HEI and HEU at a very
early stage of life.

B-cell maturation in the first 18 months of life
differs between HEI and HEU

To investigate the impact of age on the B-cell evolution
in the entire cohort, and in both HEU and HEI,
PCA was performed on B-cell phenotype data
(Supplementary Fig. SA-C, respectively). PC1, was able
to discriminate samples by age when both HEI and
HEU data were included into the analysis. Top loading
contributors were within the DN B-cells (Supplementary
Fig. S5A). Surface markers indicative of B-cell matura-
tion and activation after Ag encounter, such as CD21,
IgM and IgG out of total DN B-cells, were contributing

to PC1 and in turn to B-cell maturation in both groups.
Specifically, IgG, CD21, out of total DN found in later
time points and IgM+ and CD21- and CD38+ in
younger children.

To further investigate whether the aging process of
the B-cell compartment was differentially driven ac-
cording to the HIV status, PCA deriving from B-cell
phenotype data was investigated separately at all time
points for HEU (Supplementary Fig. S5B) and HEI
(Supplementary Fig. S5C). For both groups PC1 was
able to discriminate age at sampling (Supplementary
Fig. S5 D and E). For HEI, bubble plot in
Supplementary Fig. S5C further shows the HIV RNA at
sampling. As expected, due to the natural history of the
HIV perinatal infection and due to the impact of ART,
larger bubbles were found in early time points. The
analysis of top contributors revealed a different set of B-
cell subsets driving aging in HEI and HEU. Whereas in
HEU 5 out of the 10 top contributors were within the
switched memory, B-cell memory and only 4 contribu-
tors were within the DN B-cell subsets. In HEI, 9 (90%)
out of 10 top contributors to aging were within the DN
B-cell subsets further confirming the importance of this
B-cell subset in the perturbed aging of the B-cells of
children living with HIV.

Baseline predictors of TT response in HEI revealed

by machine learning

To identify whether the TT vaccine-induced protection
observed at 10 months in HEI could be predicted based
on baseline data (B-cell phenotype, clinical data, and
HIV related data), we compared the performance of
different classification algorithms with default parame-
ters. Quadratic Discriminant Analysis (QDA), a supet-
vised learning algorithm that models the distribution of
each class with a quadratic surface, and XGBoost (XGB)
classification algorithm, which is a scalable end-to-end
tree boosting system, achieved the best performances
(Fig. 4, panel 2). Considering the small sample size
(n = 22), we selected XGBoost for the construction of the
final predictive model. A matrix of HEI baseline data
and the TT vaccine protection outcome at 10 months
were used as input for XGBoost classification in xgboost
(version 1.7.4). The final model was trained using the
best parameters and features selected during the opti-
mization process (‘learning rate 0.04, ‘max_depth”
9.0, ‘min_child_weight: 3.0, ‘n_estimators™ 226.0,
‘reg_alpha’: 0.93, ‘reg_lambda’: 0.73, ‘subsample’: 0.7),
resulting in an improvement of the unoptimized model
with an average accuracy score of 81.8 (+38.6) % on the
test (Fig. 4, panel 2). The model showed an accuracy
(measured as F1 score, which is the harmonic mean of
precision and recall) of 0.897 (90%) in predicting TT
protection at 10 months, with three patients out of 22
HEI being mispredicted, one false negative and two
false positive (Fig. 4, panel 3). The top contributors for
the score were subsets within the memory compartment
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Fig. 3: B-cell phenotype of HEI and HEU in the first 2 years of life. Bar plot in figure A shows the number of B-cell phenotype features
(subsets) which resulted significantly different after Bonferroni correction (adj. p-value < 0.05) between HEU and HEI at each time point. Violin
plots in panel B and C show the main distinctive features between HEU and HEI at entry, with mean values as black dotted lines. Principal
component analysis (PCA) analyzing the B-cell phenotype at entry in HEU and HEI is shown in panel D. The first 10 top loading features
contributing to PC4 and PC5 are shown in panel E.
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Can baseline data predict long-term TT vaccine induced response in HEI?
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Fig. 4: Prediction score of vaccine induced memory maintenance through a machine learning approach. Panel 1 reports data sources used
for model training. Panel 2 shows accuracy metrics (Accuracy in green, ROC AUC in magenta, and F1 score in red) of the classification algorithms
tested on a 60/40 (train/test) split, together with the SHAP values expressing the feature importance scores for the optimized selected model.
In panel 3 are reported the histogram of predictions and ROC curve of the model on the entire dataset (n = 22). Created with BioRender.com.

of the B-cells such as CD27+IgD-CD21-CD25+ and
IgM+ unswitched memory B-cells. None of these cell
subsets were found to be informative for either aging or
in differentiating HEI from HEU.

Discussion

Children with perinatal HIV-infection present a lower
ability to maintain vaccine induced immune protection."”
However, the mechanisms of low immune response and
the differential impact of maternal immune and virologic
status, HIV progression and B-cell perturbation remain
unknown especially in the very early phase of life. Here
we characterized tetanus immune response and B-cell
phenotype over the first 2 years of life, along with HIV
progression in HEI as compared to HEU and HUU in
order to investigate the efficacy of the current vaccination
schedule for tetanus protection in children born in
Mozambique and the B-cell characteristics underlying
vaccination efficacy in this population. Despite an overall
decrease in tetanus related morbidity and mortality,
tetanus remains endemic in resource limited settings
with the majority of tetanus-related deaths among

newborn babies and mothers who have not been suffi-
ciently immunized. Our data confirm that maternal
derived protection at a mean age of 40 days is impaired in
newborns with perinatal HIV with 50% of them being
unprotected as compared to HEU (25% unprotected) and
HUU (6.5% unprotected).**

Although previous studies have shown that a lower
Ab transfer is more likely to be due to reduced maternal
immunity rather than placental pathology or inflam-
mation,” the role of HIV in this scenario has been only
partially characterized.”” This aspect has never been
investigated in mother-child matched samples and
longitudinally in children after childhood immuniza-
tion. A study on women living with HIV and naive to
treatment showed a reduced IgG response compared to
HIV uninfected individuals.? A distinct cross sectional
study in children found a reduced TT seroprotection
level in HEI compared with age-matched children
without HIV* confirming the impact of the HIV status
of both the mother and children on vaccine induced
immunity. We further evaluated the impact of HIV
status on the maternal Ab passage through a qualitative
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analysis of distinct HIV Ab. Our data show that HEI and
HEU in neonatal age differed in terms of HIV Ab. The
ENV specific Ab for gp160 was positive in all HEI and in
less than 40% of HEU, suggesting a distinct HIV Ab
profile in HEI and possibly reflecting a diverse HIV
status of the mothers at delivery. This result is also in
line with a perturbed maternal passage of TT ab to HEI
as compared to HEU. The opposite ratio was found for
GAG specific Ab such as pl7 and p55 which were
mainly positive in HEU. In line with this, the HIV Ab
repertoire at birth could represent an alternative diag-
nostic test in the screening of MTCT or HIV progres-
sion in these infants.”

Through the longitudinal characterization of the
vaccine-induced Ab response we showed that HEI do
not present a quantitative perturbation of the TT
response immediately following immunization. How-
ever, in the long-term, our data showed a worse ability of
HEI to maintain TT induced response compared to
HEU, further supporting previous cross-sectional
studies.”

The major impact of HIV on the ability of HEI to
maintain TT immunity over time was investigated. Both
HIV RNA and HIV Ab were significantly higher in TT
unprotected HEI starting from 9 months of age. These
data suggest that HIV exposure impacts the serologic
ability to maintain Ab protective threshold over time,
rather than playing a major role in the early response to
vaccination. Overall, these data confirm the unreliability
of the current vaccination schedule administered in
Mozambique, which mirrors many African countries,”
to ensure a protective Ab response upon tetanus espe-
cially in patients with low adherence and chronic viral
replication.

The results presented here suggest that the adaptive
cellular immunity compartment involving both long-
term resting B and T cells may be the key factors to
resolve the inability of these patients to keep long-term
memory upon vaccination as compared to healthy con-
trols.” In line with this, we wanted to define the timing
of B-cell perturbation following HIV-infection charac-
terizing the longitudinal evolution and maturation of
the B-cell compartment in children with perinatal HIV
infection. In contrast with the general idea that B-cell
perturbation derives from a chronic and long-term
exposure to HIV replication, we found that most dis-
tinguishing features of HEI compared to HEU were
present at 40 days of life. The major differences found at
baseline included a higher frequency of mature B-cells,
and lower naive and transitional B-cells in HEI
compared to HEU, supporting a higher B-cell differen-
tiation due to the acute infection. However, a distinctive
feature between HEI and HEU was within the DN B-
cells which were able to distinguish the groups at entry.
This peculiar subset was described as a hallmark of B-
cell exhaustion and aging, initially shown in elderly,”
later in primary immunodeficiency and autoimmune
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diseases,””' and more recently in people with HIV
infection including children with vertical HIV-infec-
tion.”*? In this scenario, our data provide novel infor-
mation on this B-cell paradoxical perturbation,
characterized by a higher frequency in infants with HIV
infection of a B-cell subset so far known to be increased
in aging or inflamed conditions or in other infectious
diseases such as cytomegalovirus or malaria, not tested
in the present study. Matching these results at multiple
time points we could show that the DN subset is the
main driver of B-cell development in HEI with CD38+
and IgG+ DN B-cells inversely contributing to aging.
This was not the case in HEU where mainly IgM+ IgG+
memory B-cells and CD21+ resting memory B-cells
were contributing to B-cell development. Following the
hypothesis that such perturbation may impact the ability
of these children to maintain vaccine induced TT Abs,
we explored whether baseline data could be fed into a
machine learning approach to predict TT protection at
10 months. Our analysis was able to define a predictive
score of long-term vaccine-induced protection according
to B-cell subsets at entry. Of note, two distinct memory
B-cell subsets were selected by the algorithm as infor-
mative. Instead, no subsets among the double negative
B-cells or other immune senescent B-cell subsets were
selected suggesting that “conventional” memory B-cells
are involved in the vaccine induced memory mainte-
nance in HEI Albeit limited by the small sample size,
the score was able to correctly predict 90% of partici-
pants (3 out of 22 were mispredicted). This approach
may redirect immunization schedules in a subset of
vulnerable patients in the future.

This study has some limitations. A broader serologic
and clinical status of the mother is needed to better
evaluate the significance of the findings at birth in these
children. Despite providing novel data on TT Ab
persistence in HEI, the same approach should be vali-
dated with other antigens included in the hexavalent
vaccine using larger longitudinal cohort studies. In the
context of machine learning, small sample size can be a
potential limitation as it may not provide enough data to
train a model effectively, leading to poor performance,
high variance, and overfitting. A small sample size may
also lead to a lack of diversity in the data, which can
further impact the performance and generalizability of
the model. In line with this, our results will need to be
confirmed in larger cohorts and data sets.

Despite the aforementioned limitations, the present
longitudinal study comprehensively determined the
evolution of B-cells over the first 2 years of life in HEI as
compared to HEU and describes the predominance of a
B-cell perturbation in children living with HIV from the
very early phases of life. It further confirms the impact
of HIV on vaccine induced memory maintenance and
suggests B-cell immune profiling may be used in the
future as part of a predictive score able to personalize
the vaccination schedule of HIV-infected children.
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