:\' frontiers

In Immunology

ORIGINAL RESEARCH
published: 31 March 2022
doi: 10.3389/fimmu.2022.860418

OPEN ACCESS

Edited by:

Maria Tagliamonte,

G. Pascale National Cancer Institute
Foundation (IRCCS), Italy

Reviewed by:

Martyn Andrew French,
University of Western Australia,
Australia

Huanbin Xu,

Tulane University, United States

*Correspondence:
Paolo Palma
paolo.palma@opbg.net

TPresent address:

Stefano Rinaldli,

Fuhong Therapeutics, Lexington, MA,
United States

#These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Viral Immunology,

a section of the journal
Frontiers in Immunology

Received: 22 January 2022
Accepted: 03 March 2022
Published: 31 March 2022

Citation:

Ruggiero A, Pascucci GR, Cotugno N,
Dominguez-Rodriguez S, Rinaldi S,
Tagarro A, Rojo P, Foster C,

Bamford A, De Rossi A, Nastouli E,
Klein N, Morrocchi E, Fatou B,
Smolen KK, Ozonoff A, Di Pastena M,
Luzuriaga K, Steen H, Giaquinto C,
Goulder P, Rossi P, Levy O, Pawha S,
Palma P and the EPIICAL Consortium
(2022) Determinants of B-Cell
Compartment Hyperactivation in
European Adolescents Living With
Perinatally Acquired HIV-1 After Over
10 Years of Suppressive Therapy.
Front. Immunol. 13:860418.

doi: 10.3389/fimmu.2022.860418

Check for
updates

Determinants of B-Cell Compartment
Hyperactivation in European
Adolescents Living With Perinatally
Acquired HIV-1 After Over 10 Years
of Suppressive Therapy

Alessandra Ruggiero "?*, Giuseppe Rubens Pascucci*, Nicola Cotugno "%,

Sara Dominguez-Rodriguez*%, Stefano Rinaldi®’, Alfredo Tagarro*®”%, Pablo Rojo*%,
Caroline Foster®, Alasdair Bamford'%""'2, Anita De Rossi'®"#, Eleni Nastouli'’,

Nigel Klein'®, Elena Morrocchi, Benoit Fatou®"7'8, Kinga K. Smolen %7,
Al Ozonoff'%'”, Michela Di Pastena ', Katherine Luzuriaga®’, Hanno Steen
Carlo Giaquinto?', Philip Goulder?2, Paolo Rossi'3, Ofer Levy "7, Savita Pahwa®,
Paolo Palma™3* and the EPIICAL Consortium

16,17,18
’

" Academic Department of Pediatrics (DPUQ), Research Unit of Clinical Immunology and Vaccinology, Bambino Gesu
Children’s Hospital, IRCCS, Rome, ltaly, 2 Department of Neuroscience, Biomedicine and Movement Sciences, University of
Verona, Verona, ltaly, S Chair of Pedliatrics Department of Systems Medicine, University of Rome ““Tor Vergata”, Rome, ltaly,
4 Pediatric Research and Clinical Trials Unit (UPIC), Instituto de Investigacion Sanitaria Hospital 12 de Octubre (IMAS12),
Madrrid, Spain, ® Fundacion para la Investigacion Biomédica del Hospital 12 de Octubre, RITIP (Traslational Research
Network in Pediatric Infectious Diseases), Madrid, Spain, ¢ Department of Microbiology and Immunology, University of Miami
Miller School of Medicine, Miami, FL, United States, 7 Department of Pediatrics, Infanta Sofia University Hospital. Infanta Sofia
University Hospital and Henares University Hospital Foundation for Biomedical Research and Innovation (FIIB HUIS HHEN),
San Sebastian de los Reyes, Madrid, Spain, € Universidad Europea, Madrid, Spain, ° Department of Pediatric Infectious
Diseases, Imperial College Healthcare NHS Trust, London, United Kingdom, 0 MRC Clinical Trials Unit at UCL, London,
United Kingdom, 7 Great Ormond Street Hospital for Children NHS Trust, London, United Kingdom, 2 University College
London Great Ormond Street Institute of Child Health, London, United Kingdom, 3 Department of Oncology, Surgery and
Gastroenterology, University of Padova, Padova, ltaly, ' Istituto Oncologico Veneto (IOV)- IRCCS, Padova, ltaly, '° Infection,
Immunity & Inflammation Department, UCL GOS Institute of Child Health, London, United Kingdom, 6 Precision Vaccines
Program, Boston Children Hospital, Boston, MA, United States, '” Harvard Medical School, Boston, MA, United States,

18 Department of Pathology, Boston Children’s Hospital, Boston, MA, United States, ' UOSD Unit of Clinical Psychology —
Dept. of Neuroscience and Neurorehabilitation, Bambino Gest: Children’s Hospital, IRCCS, Rome, Italy, 2° Program in
Molecular Medicine, Umass Chan Medical School, Worcester, MA, United States, 27 Department of Mother and Child Health,
University of Padova, Padova, Italy, 22 Department of Paediatrics, University of Oxford, Oxford, United Kingdom

Background: Despite a successful antiretroviral therapy (ART), adolescents living with
perinatally acquired HIV (PHIV) experience signs of B-cell hyperactivation with expansion of
‘namely’ atypical B-cell phenotypes, including double negative (CD27-IgD-) and termed age
associated (ABCs) B-cells (T-bet+CD11c¢c+), which may result in reduced cell functionality,
including loss of vaccine-induced immunological memory and higher risk of developing B-
cells associated tumors. In this context, perinatally HIV infected children (PHIV) deserve
particular attention, given their life-long exposure to chronic immune activation.
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B-Cell Hyperactivation in Perinatal HIV

Methods: We studied 40 PHIV who started treatment by the 2" year of life and
maintained virological suppression for 13.5 years, with 5/40 patients experiencing
transient elevation of the HIV-1 load in the plasma (Spike). We applied a multi-
disciplinary approach including immunological B and T cell phenotype, plasma
proteomics analysis, and serum level of anti-measles antibodies as functional correlates
of vaccine-induced immunity.

Results: Phenotypic signs of B cell hyperactivation were elevated in subjects starting ART
later (%DN T-bet+CD11c+ p=0.03; %AM T-bet+CD11c+ p=0.02) and were associated
with detectable cell-associated HIV-1 RNA (% AM T-bet+CD11c+ p=0.0003) and
transient elevation of the plasma viral load (spike). Furthermore, B-cell hyperactivation
appeared to be present in individuals with higher frequency of exhausted T-cells, in
particular: %CD4 TIGIT+ were associated with %DN (p=0.008), %DN T-bet+CD11c+
(p=0.0002) and %AM T-bet+CD11c+ (p=0.002) and %CD4 PD-1 were associated with %
DN (p=0.048), %DN T-bet+CD11c+ (p=0.039) and %AM T-bet+CD11c+ (p=0.006). The
proteomic analysis revealed that subjects with expansion of these atypical B-cells and
exhausted T-cells had enrichment of proteins involved in immune inflammation and
complement activation pathways. Furthermore, we observed that higher levels of ABCs
were associated a reduced capacity to maintain vaccine-induced antibody immunity
against measles (%B-cells CD19+CD10- T-bet+, p=0.035).

Conclusion: We identified that the levels of hyperactivated B cell subsets were strongly
affected by time of ART start and associated with clinical, viral, cellular and plasma soluble
markers. Furthermore, the expansion of ABCs also had a direct impact on the capacity to
develop antibodies response following routine vaccination.

Keywords: T-bet, CD11c, perinatal HIV/AIDS, B-cell hyperactivation, proteomic profiling immune activation, late
ART, exhausted T-cells, caHIV-1 RNA

INTRODUCTION

HIV-1 replication is associated with abnormalities in all major
lymphocyte populations, including the B-cell compartment which
results in hyperactivation and exhaustion (1-5). While early
antiretroviral therapy (ART)-initiation partially averts this
detrimental condition (6), late ART initiation during the chronic
stage of HIV infection results in hyperactivation of the immune
system with the expansion of exhausted B cell subsets, including
activated memory (AM), double negative (DN)- and tissue-like
memory B cells (TLM) (1, 4, 6, 7). In addition, recent studies have
shown the presence of a particular subset of B-cells characterized
by the surface expression of the transcription factor T-bet and the
adhesion molecule CD11c and the so-called termed age associated
B-cells (ABCs) (8, 9). This particular B-cell subset is physiologically
induced by infecting agents, and it is found to be increased in
settings of chronic stimulation triggered by self and non-self
antigens (8-10). Overall, chronic B cell activation observed
during HIV infection has been related to a reduction of
functional resting memory B cells resulting in precocious waning
of routine vaccine-induced antibody titers (11-13) and increased
risk of age-associated pathologies (14, 15), including malignancies
(16). Indeed, a B cell lymphoproliferative disorder such as

Hodgkin’s Lymphoma has remained stable or even increased in
HIV-positive adults since the introduction of ART and is ~11-fold
higher than in the HIV-negative population (17). In this context,
perinatally HIV infected children deserve particular attention,
given their life-long exposure to chronic immune activation. It
remains unknown whether early ART initiation during acute HIV
infection followed by long-term virological suppression could
control the levels of chronic immune activation and prevent
abnormalities in the B-cell compartment. Longitudinally well
characterized, adolescents living with perinatally acquired HIV-1
(PHIV) with no virologic or therapy failure and overall sustained
virus suppression represent a unique opportunity to investigate this
scientific question. Indeed, cohorts of children who started ART in
infancy and maintain virological suppression are rare due to the
rate of poor adherence observed in children. In the present work,
we studied a European PHIV who have been treated with ART for
>13 years with a documented history of viral suppression. We
performed extensive characterization of the B-cell including
phenotypic sign of B-cell hyperactivation (DN and ABCs) (18); T
cell phenotyping with the added value of high-resolution proteomic
analysis using mass spectrometry. Serum levels of anti-measles
antibodies (Abs) were also analyzed as correlates of functional
humoral immune response.
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MATERIALS AND METHODS

Study Population

The CARMA (Child and Adolescent Reservoir Measurements on
early suppressive ART) cohort is part of the existing EPIICAL
consortium (Early treated Perinatally HIV Infected individuals:
Improving Children’s Actual Life) (19, 20), a multi-center, multi-
cohort global collaboration primarily supported by PENTA
foundation (Pediatric European Network for the Treatment of
AIDS). CARMA included 40 perinatally HIV infected children
(PHIV) with the following inclusion criteria: (1) start of ART
within the 2™¢ year of life; (2) =5 years of age; (3) viral
suppression (<400 copies/mL) achieved in the first 12 months
after initiation of ART and maintained for at least 5 years with 4
plasma viral load tests performed each year prior to enrolment;
(4) a single viral load between 400 and 1000 ¢/mL (Spike) was
permitted annually returning to less than 50 ¢/ml on next testing
(within 3 months); (5) plasma viral load of <50 HIV-1 RNA
copies/ml at enrolment. Wider characteristics of participants
were described elsewhere (19) and relevant info is provided in
Table 1. CD4 counts were collected at the hospital visits, and
vaccination history was available from patients’ files.

Samples Collection

Plasma samples were obtained by centrifugation of EDTA-blood
at 2000xg for 10’ and stored at -80°C until use. Peripheral blood
mononuclear cells (PBMCs) were isolated using Ficoll density
gradient centrifugation, resuspended in fetal bovine serum (FBS)
supplemented with 10% dimethyl sulfoxide (DMSO), and stored
in liquid nitrogen until use.

B and T-Cell Phenotypic Analysis

PBMCs from 40 PHIV were thawed, washed, and stained with
the LIVE/DEAD fixable BV510 dead cell stain kit according to
manufacturer’s protocol (Life Technologies, Carlsbad, CA), used
to assess viability: positive cells were thus excluded from the
analysis as they were considered as dead. For B-cell phenotype,

TABLE 1 | Characteristics of the study population.

CARMA COHORT
N 40
Gender, M (%) 13/40 (32.5%)
Spike yes or no, n (%) 5/40 (13%)
At ART start
Age median months (IQR) 4.1(0.3-6.2)
CD4* T cells median percentage (IQR) 30.5 (19.2-42.5)
Plasma HIV-1 RNA median copies/pL (IQR) 5.3 (4.1-5.7)
Time to suppression median months (IQR) 4.69 (2.562-6.26)
At analysis
Age median years (IQR) 13.5 (8.7-16.6)
Time on ART median years (IQR) 13.5(8.1-16.5)
CD4* T cells median percentage (IQR) 41.0 (33.8-46.2)
caHIV-1 DNA median (copies/10° PBMCs) (IQR) 48.4 (6.7-112.5)
caHIV-1 RNA (Pol) median (copies/10° PBMCs) (IQR) 0.0 (0.0-1.4)
caHIV-1 RNA (LTR) median (copies/10° PBMCs) (IQR) 2.7 (0.0-44.1)
anti-Measles IgG, median 1U/I (IQR) 617 (411-936)
anti-Measles IgG, median years from vaccination (IQR) 5 (2-8)

M, male; IQR, interquartile range.

after washing with PBS 10% FBS, cells underwent surface
staining with the following monoclonal antibodies (mAbs,
from BD Biosciences): CD3, CD10, CD16 (BV510), CD19
(APC-R700), CD21 (APC), CD27 (FITC), IgD (BV421), IgM
(PE-CF594), IgG (BV605), CD11C (PC-7). Finally, stained cells
were resuspended in 1% paraformaldehyde (PFA) and acquired
using Stained cells were acquired on Cytoflex (Beckman Coulter,
Brea, CA) and analysed with Flow]Jo v10.0.8 (Tree Star) software.
Following surface staining fixing and permeabilization of cells
(BD permeabilization solution II 1x), cells were stained with an
anti T-bet BV650 (04-46, BD). For T-cell phenotype, LIVE/
DEAD Fixable Blue Dead Cell Stain Kit from Thermo Fisher
Scientific (Boston, MA) was used to detect and exclude dead
cells. After washing with PBS 10% FBS, cells underwent surface
staining with the following monoclonal antibodies as previously
described (21): LAG3 BV650, TIGIT PE-Cy7, CD19 Alexa Fluor
700, HLA-DR PE, CCR7 FITC, CD38 BV711, PD-L1 BV711,
PD-1 BV421, and CD8 PerCP from BioLegend (San Diego, CA);
CD3 BUV496, CD4 APC-Cy7, CD4 APC-H7, PD-1 BV650,
CXCR5 Alexa Fluor 647, and CD27 BV480 from BD
Biosciences (San Jose, CA); and CD45RO PE-Cy5.5 from
Beckman Coulter (Fullerton, CA). Finally, stained cells were
resuspended in 1% paraformaldehyde (PFA) and acquired using
Stained cells were acquired on a BD LSRFortessa (BD
Biosciences) and analysis performed using FlowJo v10.0.8
(Tree Star) software. Gating strategies for B-cell phenotypes, T-
bet and CD11c are provided in Figure 1. Gating strategies for T-
cell analysis were shown previously (22). Positive cell gating was
set using fluorescence minus one control. All the reagents were
tested and titrated for optimum concentration before usage.

Quantitative Total HIV-1 DNA Assay

Cell associated total HIV-1 DNA (caHIV-1 DNA)was quantified
in PBMCs of 40 PHIV by real-time quantitative reverse
transcription PCR (qRT-PCR) as previously described (23). All
measurements were done in triplicates. Results are reported as
copies of HIV-1 per million cells.

Quantitative caHIV-1 RNA Assay

Cell associated HIV-1 RNA (caHIV-1 RNA) was quantified as
described in (22). Briefly, Qiasymphony automated platform was
used to isolate total cellular RNA (DSP virus/pathogen mini kit
(Qiagen). RNA was further processed in an in-house assay using
primers of previously validated assays (24, 25) to selectively
amplify total (LTR) and unspliced (pol) ca-HIV-1 RNA via qRT-
PCR. In order to express caHIV-1 RNA copies per 10° PBMC,
the caHIV-1 RNA measurements were normalized against
cellular genes TBP1 and IPO8 expression.

Plasma Proteomics Preparation

and Analysis

Plasma proteomics data was produced using a High-performance
liquid chromatography mass spectrometry (HPLC/MS) method as
previously described (26). The sample processing employed an
MStern blotting protocol previously developed and validated in
house (27-30). In brief, 1 uL of plasma (~50 ug of proteins) was
mixed in 100 pL of urea buffer. Following reduction and alkylation
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FIGURE 1 | Time of ART initiation and cell associated HIV-1 RNA (caRNA) are associated with phenotypic signs of B cell hyperactivation. Gating strategy is
shown in (A); in (B) showed levels of DN in adolescents with perinatally aquired HIV-1 (HIV) and healthy controls (HC); (C, D) correlations between ABCs cells
and age at ART start are shown; (E) correlation plot between viral correlates of recent replication and ABCs / exhausted T-cells are shown; differential analysis
between levels of ABCs cells and caRNA or SPIKE being detected vs non-detected is shown in (F, G). p values are calculated using Mann Whitney test in

(B, F, G). Spearman p values are shown in (B-D). Significance was set at p>0.05. DN, double negative; AM, activated memory; SW, Switched B-cells (memory
B-cells); UNSW, Unswitched B-cells; MFI, mean fluorescent intensity.

of the cysteine side chains, an amount of 15 pg of proteins was
loaded on to a 96-well plate with a polyvinylidene fluoride (PVDF)
membrane at the bottom (Millipore-Sigma), which had been
previously activated and primed. Trypsinization of the proteins
adsorbed to the membrane was achieved by incubation with the
protease for 2h at 37°C. Resulting tryptic peptides were eluted off

the membrane with 40% acetonitrile (ACN)/0.1% formic acid
(FA). The peptides were subsequently cleaned-up using a 96-well
MACROSPIN C18 plate (TARGA, The NestGroup Inc.). The
samples were analysed on the same LC/MS system as the data-
dependent acquisition (DDA) runs using identical LC parameters
(45 minutes gradient, 59 minutes total runtime). The m/z range
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375-1200, covering 95% of the identified peptide, was divided into
15 variable windows based on density, and the following
parameters were used for the subsequent DIA analysis: resolution
35000 @ m/z 200, AGC target 3e6, maximum IT 120 ms, fixed first
mass m/z 200, NCE 27. The DIA scans preceded an MS1 Full scan
with identical parameters yielding a total cycle time of 2.4s. We use
a previously published in house generated spectral library (26). All
DIA data were directly analysed in Spectronaut v12.0.20491.18
(Biognosys, Switzerland). Standard search settings were employed,
which included enabling dynamic peak detection, automatic
precision nonlinear iRT calibration, interference correction,
and cross run normalization (total peak area). All results
were filtered by a g-value of 0.01 (corresponding to an FDR of
1% on the precursor and protein levels). Otherwise default settings
were used.

Anti-Measles IgG

Plasma Anti-Measles IgG titers were measured using
EuroImmunAnti-Morbillo ELISA (IgG) (LOT E180111AE),
following manufactures instruction. Results are given as UI/L.

Statistical Analyses

Between-group comparisons were performed using non-
parametric U-Mann-Whitney test for continuous variables or
Fisher’s exact test for categorical variables. Spearman correlation
(rho) was used to describe the association between continuous
variables. Proteins and cell populations with >70% zero values or
>50% missing data were omitted from heatmaps. To focus on
single associations (Figures 1D, 2B, 3A), only statistically
significant correlations (p-values <0.05) were shown. In other
cases, to highlight clustering patterns all correlations were shown
(Figure 3A and Supplementary Figure 1). The chromatic scale is
proportional to the Spearman correlation, using red for positive
correlations (rho > 0) and blue for negative ones (rho < 0). To
investigate the biological role of the proteins belonging to the two
clusters (Figure 3A), a pathway enrichment analysis in Reactome
2016 and GO Biological Process 2021 databases was performed
using the R package “enrichr” v3.0 (31). Statistical analyses were
performed using R (version 4.1.1) or GraphPad Prism 6.0 software
(San Diego, CA).

RESULTS
Study Cohort

Patient characteristics are shown in Table 1. Overall, we
analyzed 40 PHIV (males 13/40, 32.5%) that started ART at a
median of 4.1 months (IQR 0.3-6.2), achieved virological
suppression after a median of 4.69 (2.52-6.26), and were
successfully on ART for median 13.5 years (8.1-16.5). We
measured caHIV-1 DNA (caHIV-1 DNA median 48.8 copies/
10° PBMC), caHIV-1 RNA in the Pol and LTR regions. Overall,
5/40 (13%) had experienced up to two transient elevations of the
plasma HIV-1 RNA load (herein referred to as ‘Spike’, HIV-1 VL
between 400-999 ¢/mL, returning to VL <50 ¢/ml at next blood
draw) (Table 1 and Figure 1).

Time of ART-Start and caRNA Are
Associated With Phenotypic Signs of

B Cell Hyperactivation

We performed an extensive immune phenotyping focusing on the
B-cell compartment (gating strategy shown in Figure 1A). We
found that DN B-cells were expanded in HIV-infected as
compared to age-gender matched (N=20; 65% female; median
age= 11.3 years, IQR=7.6-16.1) HIV-unifected individuals
(historical internal data from the clinical immunology lab,
Figure 1B) (7, 32, 33). We further explored the expression of
T-bet+CD11c+ as sign of B-cell hyperactivation. The proportion
of DN and AM expressing both T-bet and CD11c were positively
associated with the time of ART initiation, with expansion of T-
bet"'CD11c" DN B cells (p=0.03, Figure 1C) and T-bet'CD11c"
AM B cells (p=0.02, Figure 1D) in those individuals with delayed
ART initiation. We further explored if these ABCs were
associated with the HIV-reservoir. Whereas caHIV-1 DNA
showed no association, both total caHIV-1 RNA (LTR) and
unspliced caHIV-1 RNA (Pol) demonstrated a positive
association with the ABCs (Figure 1E). caHIV-1 RNA was
associated with B cells, AM and DN expressing T-bet" alone or
together with CDI11c, with higher levels of these B-cell
populations present in individuals with detectable ongoing virus
expression (Figures 1E, F). We further stratified the study
participants by those who did (group I= 5) or did not (group
II= 35) experience Spikes (Figure 1G). Group I had significantly
higher levels of AM T-bet+ cells compared to group II (p=0.04,
Figure 1G). These data showed that age at ART initiation is
strongly correlated with levels of B-cell hyperactivation in PHIV
as well as ongoing HIV-1 replication.

Individuals With Expansion of Phenotypic
Signs of B Cell Hyperactivation Have
Elevated Levels of Exhausted T-Cells

We then explored whether the levels of DN and ABCs were
associated with levels of exhausted T-cells. Within the ABCs, we
included T-bet"CD11c", T-bet+ only B-cells, or levels of T-bet
(MFI) within the whole B compartment as well as within the
‘namely exhausted’ phenotypes (AM and DN). In assessing the T-
cell compartment, we focused on populations expressing
exhaustion biomarkers (showed in Figure 2A). Overall,
correlation analysis demonstrated direct positive associations
between B and T cells, suggesting that a certain extent of
immune hyperactivation/exhaustion persisted in different
cellular populations, even many years after successful treatment
and virological control (Figure 2B and Supplementary Table 1).
In particular: %CD4 TIGIT+ were associated with %DN
(p=0.008), %DN T-bet+CD1lc+ (p=0.0002) and %AM T-bet
+CD11c+ (p=0.002) and %CD4 PD-1 were associated with %
DN (p=0.048), %DN T-bet+CD11c+ (p=0.039) and %AM T-bet
+CD11c+ (p=0.006). Furthermore, AM T-bet'CD11c" was
associated with PD-1 expression on CD4 effector (p=0.006).
Similarly, LAG3 expression on transitional memory (TTM)
demonstrated a strong association with AM (p=0.002) and DN
(p=0.003) expressing both T-bet and CD1lc. These data
demonstrated that hyperactivation and exhaustion persists
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A HYPERACTIVATED B CELL COMPARTMENT
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FIGURE 2 | Levels of exhausted T-cells are positively associated with hyperactivated B-cells. In (A) a cartoon showing the main findings of the figures are
pictured. In (B) Heatmap plot showing Spearman correlations between exhausted T-cells and hyperactivated B-cells. Only significant correlations are shown
with red indicating positive correlations and Blue the negative ones. The colored scale going between 1 and -1 indicates the rho values. DN, double negative;

AM, activated memory. Significance was set at p<0.05.

simultaneously in both B and T cell compartments, even after
>10 years of ART.

Proteomic Profiles Associated With

B Cell Hyperactivation

To assess whether humoral/soluble factors might correspond to
hyperactivated phenotypes, we performed liquid chromatography/
mass spectrometry-based proteomics, detecting 338 plasma
proteins (26). The distinct immunological, virological, and
clinical features were correlated to the whole plasma proteomic
profile (Supplementary Figure 1). Two distinct clusters were

initially identified, which were negatively (36 proteins) or
positively (37 proteins) associated with phenotypic signs of B
cell hyperactivation and exhausted T-cells (Figure 3A). Such
protein clusters were further interrogated for their biological role
by enrichment analysis on Reactome and Gene Ontology (GO)
biological processes databases (Figure 3B). Most of the ‘positively
associated’ factors were classified within the immune
inflammation and complement cascade (bottom panels,
Figures 3B, C). Indeed, amyloid P component in serum (APCS)
and clustering (CLU), both involved in apoptotic, aging and tumor
progression processes (GO:0002673) together with complement
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FIGURE 3 | Association between proteomic profiling and levels of hyperactiva
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cascade molecules such as C5, CFI, C4BPA, CFB (R-HSA-173623)
were positively associated to selected features of phenotypic signs
of B cell hyperactivation and exhausted T-cells (Supplementary
Table 2). In addition, also proteins of light and heavy chain of
immunoglobulins, involved in humoral immune response
pathway (GO:0002920) such as IGLV1-47, IGHV4-34, IGLV2-
23, IGHV3-48 showed a positive association. Enrichment analysis
performed on negatively correlated proteins, showed no
association with inflammatory pathways but only with processes
involved in coagulation. Indeed, proteins such as APOH,
SERPINF2, HRG, involved in pathways of negative regulation of

blood coagulation (GO:0030195) and platelet degranulation (R-
HSA-76002), were negatively associated with features of
phenotypic signs of B cell hyperactivation or exhausted T-cells
(Supplementary Table 2).

Expansion of ABCs Is Associated With
B-Cell Dysfunctionality in PHIV

We further assessed whether the presence of ABCs could affect the
functionality of the B-cell compartment to maintain immunological
memory against vaccinations, such as measles. Interestingly, the
proportion of B-cells expressing T-bet only demonstrated a negative
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association with B-cells’ capacity to maintain immunological
memory to measles vaccination (Figure 4). Higher levels of CD19
+CD10-T-bet+ B cells were associated with reduced plasma
concentrations of anti-measles specific IgG (Figure 4A, rho=-
0.338, p=0.03546). Of note, this association was strong regardless
of the time of ART initiation (Figure 4B) or timing from the last
booster vaccination (Figure 4D).

DISCUSSION

In this work, we studied the determinants of B cell compartment
hyperactivation in a cohort of PHIV after over 10 years of
suppressive ART, started within 2 years of age. Higher levels of
DN and ABCs were found in individuals who started ART later,
with higher levels of HIV caRNA, levels of exhausted T-cells and
with specific proteomic profiles. The expansion of ABCs
appeared to have a direct impact on the ability of these
patients to maintain vaccine induced immunity over time.

PHIV children, particularly younger ones, are immunologically
distinct from adults with regards to plasticity and immune
regulation, resulting in a lower immune activation state (34).
Since chronic immune activation in treated HIV infection is
probably driven by residual HIV replication (35, 36), an
initiation of ART early in life followed by sustained suppression
of the viral replication should minimize levels of chronic activation
(37). In this work, we show that perinatally infected adolescents
starting ART early in life present lower frequency of DN and
ABCs compared to those starting ART later.

We next explored the virological determinants of the
expansion of ABCs in PHIV, with the rational that low level
virus replication may drive chronic immune inflammation and
consequentially driving the expansion of distinct B-cells subset.
Total HIV-1 DNA showed no correlation, probably reflecting the
fact that the contribution of the replication-competent virus is
diluted within the entire integrated virus reservoir, which is
mainly inactive (38). Further, we explored the markers of recent
virus replication. Both spliced and unspliced HIV-1 caRNA were
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FIGURE 4 | Association between ABCs and anti-measles humoral response. (A) Spearman correlation between CD19+CD10- B-cells T-bet+ and anti-Measle
plasma IgG titers, with rho and p defining the statistical significance. (B, C) Spearman correlation between anti-Measle plasma IgG titers and Age at ART in m and
years from measles vaccination, respectively, with rho and p defining the statistical significance. Color dots show the distribution of CD19+CD10- B-cells T-bet+.
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strongly associated with levels of ABCs. Spliced HIV-1 RNA may
reflect abortive HIV-replication, with only a minor part being
released as virus protein or exosome-associated fragments of
RNA that can still trigger immune activation (39). In contrast,
the unspliced HIV-1 RNA is thought to predict the replicative-
competence of the virus reservoirs and has been associated with
virologic failure and markers of immune activation in elite
controllers (37, 40, 41), besides been recently proposed as a
predictive marker of viral rebound (42). In addition, the
frequency of ABCs was higher in those PHIV who experienced
HIV-1 spikes in absence of virologic failure. The association
between expansion of atypical B cell subsets, caRNa and viral
Spikes is consistent with the hypothesis HIV-1 replication and
virus particle release fuels chronic immune activation (43).

Multiple mechanisms likely underpin the association between
caHIV-1 RNA and B-cell compartment hyperactivation: 1) HIV-
1 particles can interact directly with B cells surface-bound via the
CD21 receptor with complement 3 (C3) fragment both in
peripheral blood and lymph nodes of HIV-1 patients (44); and
2) B-cells may function as Antigen Presenting Cells (APC) taking
direct contact with follicular T-cells to trigger an anti-HIV-
response. Transient circulation of few HIV-1 virus, despite
continuous virologic control, could sustain a state of chronic
immune activation affecting both B and T cells compartment
that could result in expansion of signatures associated with
hyperactivation, exhaustion, and atypical phenotypes (22, 45).
Consistent with this hypothesis, our results showed that ABCs
existed simultaneously with T-cell expressing PD-1, TIM-3 and
LAG-3 which are inhibitory receptors that are found to be
increased on the T-cell surface as a consequence of persistent
activation and described as markers of cells exhaustion (46).
Furthermore, T-bet+CD11lc+ B-cells were associated with
exhausted Tfth in accordance with other models of chronic
antigenic stimulation such as auto-immune diseases (47), such
as lupus. In fact, the excessive T-bet+CD11c+ ABCs (48) not
only contribute to the production of auto-Abs but they also
promote aberrant Tth cell differentiation resulting in inadequate
affinity-based germinal center B-cell selection and Ab-affinity
maturation in lupus mouse models.

We next address if signs of chronic immune activation could
be identified within our cohort’s repertoire of plasma soluble
factors, thus supporting the expansion of atypical B-cells (44).
Our untargeted proteomic analysis showed that proteins
involved in pro-inflammatory and complement activation
processes were positively associated with ABCs. While it was
previously shown that the initiation of ART during the acute
phase of the infection in HIV-infected adults reduced levels of
immune activation (35, 36), we here show that early initiation
of ART in PHIV does not prevent the persistence of correlates of
chronic immune activation, despite a history of long-term viral
suppression (>10 years). Specifically, APCS and CLU, both
involved in processes of cell apoptosis, inflammation, and
lymphoproliferative processes (49-51) were positively
associated with caHIV-RNA, immune checkpoint-inhibitors
(TIGIT and PD1 on T cells) and ABCs. Accordingly, such
proteins were shown to be higher in HIV-infected adults

experiencing a poor immune reconstitution and disease
progression despite viral control (52). Furthermore, the
positive associations between activated or T-bet+/CD11c+ and
of light and heavy chain of immunoglobulins (GO:0002920)
(IGLV1-47,IGHV4-34, IGLV2-23, IGHV3-48) further showed a
residual B-cell activation and dysfunction persists despite long
term viral suppression as also recently showed in adults (53).

Proteomics further showed that the complement cascade
activation pathway was enriched in proteins positively associated
with immunological hyperactivation features including CLU. As
previously demonstrated, the complement activation contributes
to a chronic pro-inflammatory environment even in well-
controlled HIV infected adults (54). Whereas the activation of
the complement cascade during acute HIV infection is largely via
activation of the classical pathway (52, 55), recent studies highlight
how complement factors bind IgG3 on exhausted B cell subsets
(TLM) in HIV-positive individuals (44, 56). In line with this
evidence, our results showed a positive association of both caHIV-
RNA and ABCs (T-bet+CD11lc+ DN and AM) with plasma
complement cascade proteins.

Correlation analysis further revealed an association of
proteins involved in coagulation processes with features of
hyperactivation. As previously shown in adults, a pro-
coagulative imbalance, partially resolved by ART initiation
during the acute infection (35, 36) and persisting over time in
HIV infected adults (57), was confirmed in our cohort where a
regulation of fibrinolysis was negatively associated with ABCs
and exhausted T-cells. Overall, plasma proteomic profiling may
suggest that the persistence of complement cascade perturbation,
rather than inflammatory and coagulation proteins, may
contribute to B -cell exhaustion and signs hyperactivation in
long term virally controlled (>10 years) PHIV.

Finally, we tested if the of signs of B cell hyperactivation could
reflect an impairment of the maintenance of the humoral response
towards childhood vaccination, such as measles immunization
which should be maintained throughout life in physiological
conditions. Recent findings on lymph nodes suggest that chronic
immune activation favors T-bet expression on B cells which is
detrimental to the generation of effective humoral immunity, both
as a result of accumulation outside GC and induction of immune-
regulating mechanisms (58). In line with this, we found that a
higher proportion of peripheral B-cells expressing T-bet were
negatively associated with anti-measles serum IgG levels. These
data are not biased by the natural Ab decay because patients were
analyzed at similar median years from vaccination. While our
study featured multiple strengths, as with all research it also had
some limitations to consider. The small size of the CARMA cohort
limited the power of correlation analysis to detect associations; it
would be interesting to expand the immunological profiling to a
larger cohort. The lack of a control group of exposed uninfected
HIV individuals and potentially of another group that started
therapy after 2 years of age, to deeply investigate the impact of late
ART start. The data on the association between % T-bet+ B-cells
and weaning of anti-Measles antibodies titers appear to have weak
statistical power that warrant further confirmation in bigger
cohorts. Cross-sectional study design.
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CONCLUSIONS

In conclusion, our study demonstrated that B cell hyperactivation is
still visible despite >10 years of suppressive ART which can negatively
affect the capacity of B-cell compartment to maintain a vaccine-
induced functional Ab response. Further studies are needed in order
to confirm whether hereby described signatures of hyperactivation/
inflammation can inform simplified methods to stratify the risk of
disease progression or of development lymphoproliferative disorders
in cohorts of long-term suppressed PHIV.
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T-cells.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 860418


http://penta-id.org/
http://penta-id.org/
http://penta-id.org/
https://www.frontiersin.org/articles/10.3389/fimmu.2022.860418/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.860418/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ruggiero et al.

B-Cell Hyperactivation in Perinatal HIV

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Moir S, Fauci AS. Pathogenic Mechanisms of B-Lymphocyte Dysfunction in
HIV Disease. J Allergy Clin Immunol (2008) 122(1):12-9; quiz 20-1. doi:
10.1016/j.jaci.2008.04.034

. Moir S, Ho J, Malaspina A, Wang W, DiPoto AC, O'Shea MA, et al. Evidence

for HIV-Associated B Cell Exhaustion in a Dysfunctional Memory B Cell
Compartment in HIV-Infected Viremic Individuals. ] Exp Med (2008) 205
(8):1797-805. doi: 10.1084/jem.20072683

. Amu S, Ruffin N, Rethi B, Chiodi F. Impairment of B-Cell Functions During HIV-

1 Infection. AIDS (2013) 27(15):2323-34. doi: 10.1097/QAD.0b013e328361a427

. Pensieroso S, Galli L, Nozza S, Ruffin N, Castagna A, Tambussi G, et al. B-Cell

Subset Alterations and Correlated Factors in HIV-1 Infection. AIDS (2013) 27
(8):1209-17. doi: 10.1097/QAD.0b013e32835edc47

. Palma P, Rinaldi S, Cotugno N, Santilli V, Pahwa S, Rossi P, et al. Premature

B-Cell Senescence as a Consequence of Chronic Immune Activation. Hum
Vaccines Immunother (2014) 10(7):2083-8. doi: 10.4161/hv.28698

. Moir S, Buckner CM, Ho J, Wang W, Chen ], Waldner A]J, et al. B Cells in

Early and Chronic HIV Infection: Evidence for Preservation of Immune
Function Associated With Early Initiation of Antiretroviral Therapy. Blood
(2010) 116(25):5571-9. doi: 10.1182/blood-2010-05-285528

. Pensieroso S, Cagigi A, Palma P, Nilsson A, Capponi C, Freda E, et al. Timing

of HAART Defines the Integrity of Memory B Cells and the Longevity of
Humoral Responses in HIV-1 Vertically-Infected Children. Proc Natl Acad
Sci U S A (2009) 106(19):7939-44. doi: 10.1073/pnas.0901702106

. Karnell JL, Kumar V, Wang J, Wang S, Voynova E, Ettinger R. Role of CD11c

(+) T-Bet(+) B Cells in Human Health and Disease. Cell Immunol (2017)
321:40-5. doi: 10.1016/j.cellimm.2017.05.008

. Phalke S, Rivera-Correa J, Jenkins D, Flores Castro D, Giannopoulou E,

Pernis AB. Molecular Mechanisms Controlling Age-Associated B Cells in
Autoimmunity. Immunol Rev (2022). doi: 10.1111/imr.13068

Knox JJ, Myles A, Cancro MP. T-Bet(+) Memory B Cells: Generation, Function,
and Fate. Immunol Rev (2019) 288(1):149-60. doi: 10.1111/imr.12736
Malaspina A, Moir S, Orsega SM, Vasquez J, Miller NJ, Donoghue ET, et al.
Compromised B Cell Responses to Influenza Vaccination in HIV-Infected
Individuals. ] Infect Dis (2005) 191(9):1442-50. doi: 10.1086/429298

Kerneis S, Launay O, Turbelin C, Batteux F, Hanslik T, Boelle PY. Long-Term
Immune Responses to Vaccination in HIV-Infected Patients: A Systematic
Review and Meta-Analysis. Clin Infect Dis (2014) 58(8):1130-9. doi: 10.1093/
cid/cit937

Cotugno N, De Armas L, Pallikkuth S, Rinaldi S, Issac B, Cagigi A, et al.
Perturbation of B Cell Gene Expression Persists in HIV-Infected Children
Despite Effective Antiretroviral Therapy and Predicts HIN1 Response. Front
Immunol (2017) 8:1083. doi: 10.3389/fimmu.2017.01083

Pallikkuth S, de Armas L, Rinaldi S, Pahwa S. T Follicular Helper Cells and B
Cell Dysfunction in Aging and HIV-1 Infection. Front Immunol (2017)
8:1380. doi: 10.3389/fimmu.2017.01380

Rinaldi S, Pallikkuth S, George VK, de Armas LR, Pahwa R, Sanchez CM, et al.
Paradoxical Aging in HIV: Immune Senescence of B Cells Is Most Prominent
in Young Age. Aging (2017) 9(4):1307-25. doi: 10.18632/aging.101229
Zicari S, Sessa L, Cotugno N, Ruggiero A, Morrocchi E, Concato C, et al.
Immune Activation, Inflammation, and Non-AIDS Co-Morbidities in HIV-
Infected Patients Under Long-Term ART. Viruses (2019) 11(3):200. doi:
10.3390/v11030200

Shepherd L, Borges AH, Harvey R, Bower M, Grulich A, Silverberg M, et al.
The Extent of B-Cell Activation and Dysfunction Preceding Lymphoma
Development in HIV-Positive People. HIV Med (2018) 19(2):90-101. doi:
10.1111/hiv.12546

Wu C, Fu Q, Guo Q, Chen S, Goswami S, Sun S, et al. Lupus-Associated
Atypical Memory B Cells Are Mtorcl-Hyperactivated and Functionally
Dysregulated. Ann Rheum Dis (2019) 78(8):1090-100. doi: 10.1136/
annrheumdis-2019-215039

Foster C, Dominguez-Rodriguez S, Tagarro A, Gkouleli T, Heaney ], Watters
S, et al. The CARMA Study: Early Infant Antiretroviral Therapy-Timing
Impacts on Total HIV-1 DNA Quantitation 12 Years Later. ] Pediatr Infect Dis
Soc (2021) 10(3):295-301. doi: 10.1093/jpids/piaa071

Palma P, Foster C, Rojo P, Zangari P, Yates A, Cotugno N, et al. The EPIICAL
Project: An Emerging Global Collaboration to Investigate Immunotherapeutic

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Strategies in HIV-Infected Children. J Virus Erad (2015) 1(3):134-9. doi:
10.1016/S2055-6640(20)30510-0

Rinaldi S, de Armas L, Dominguez-Rodriguez S, Pallikkuth S, Dinh V, Pan L,
etal. T cell Immune Discriminants of HIV Reservoir Size in a Pediatric Cohort
of Perinatally Infected Individuals. PLoS Pathog (2021) 17(4):1009533. doi:
10.1371/journal.ppat.1009533

Rinaldi S, Pallikkuth S, Cameron M, de Armas LR, Cotugno N, Dinh V, et al.
Impact of Early Antiretroviral Therapy Initiation on HIV-Specific CD4 and
CD8 T Cell Function in Perinatally Infected Children. J Immunol (2020) 204
(3):540-9. doi: 10.4049/jimmunol.1900856

Butler K, Inshaw J, Ford D, Bernays S, Scott K, Kenny J, et al. BREATHER
(PENTA 16) Short-Cycle Therapy (SCT) (5 Days on/2 Days Off) in Young
People With Chronic Human Immunodeficiency Virus Infection: An Open,
Randomised, Parallel-Group Phase II/III Trial. Health Technol Assess (2016)
20(49):1-108. doi: 10.3310/hta20490

Busby E, Whale AS, Ferns RB, Grant PR, Morley G, Campbell ], et al.
Instability of 8E5 Calibration Standard Revealed by Digital PCR Risks
Inaccurate Quantification of HIV DNA in Clinical Samples by qPCR. Sci
Rep (2017) 7(1):1209. doi: 10.1038/s41598-017-01221-5

Jones GM, Busby E, Garson JA, Grant PR, Nastouli E, Devonshire AS, et al.
Digital PCR Dynamic Range Is Approaching That of Real-Time Quantitative
PCR. Biomol Detect Quantif (2016) 10:31-3. doi: 10.1016/j.bdq.2016.10.001
Bennike TB, Bellin MD, Xuan Y, Stensballe A, Moller FT, Beilman GJ, et al. A
Cost-Effective High-Throughput Plasma and Serum Proteomics Workflow
Enables Mapping of the Molecular Impact of Total Pancreatectomy With Islet
Autotransplantation. J Proteome Res (2018) 17(5):1983-92. doi: 10.1021/
acs.jproteome.8b00111

Wilkins MR, Wood JA, Adu D, Lote CJ, Kendall MJ, Michael J. Change in
Plasma Immunoreactive Atrial Natriuretic Peptide During Sequential
Ultrafiltration and Haemodialysis. Clin Sci (1986) 71(2):157-60. doi:
10.1042/cs0710157

Bennike TB, Fatou B, Angelidou A, Diray-Arce ], Falsafi R, Ford R, et al.
Preparing for Life: Plasma Proteome Changes and Immune System
Development During the First Week of Human Life. Front Immunol (2020)
11:578505. doi: 10.3389/fimmu.2020.578505

Bennike TB, Steen H. High-Throughput Parallel Proteomic Sample
Preparation Using 96-Well Polyvinylidene Fluoride (PVDF) Membranes
and C18 Purification Plates. Methods Mol Biol (2017) 1619:395-402. doi:
10.1007/978-1-4939-7057-5_27

Lee AH, Shannon CP, Amenyogbe N, Bennike TB, Diray-Arce ], Idoko OT,
et al. Dynamic Molecular Changes During the First Week of Human Life
Follow a Robust Developmental Trajectory. Nat Commun (2019) 10(1):1092.
doi: 10.1038/s41467-019-08794-x

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al.
Enrichr: A Comprehensive Gene Set Enrichment Analysis Web Server 2016
Update. Nucleic Acids Res (2016) 44(W1):W90-7. doi: 10.1093/nar/gkw377
Cotugno N, Morrocchi E, Rinaldi S, Rocca S, Pepponi I, di Cesare S, et al. Early
Antiretroviral Therapy-Treated Perinatally HIV-Infected Seronegative
Children Demonstrate Distinct Long-Term Persistence of HIV-Specific T-
Cell and B-Cell Memory. AIDS (2020) 34(5):669-80. doi: 10.1097/
QAD.0000000000002485

Cotugno N, Zicari S, Morrocchi E, de Armas LR, Pallikkuth S, Rinaldi S, et al.
Higher PIK3C2B Gene Expression of HIN1+ Specific B-Cells Is Associated
With Lower HIN1 Immunogenicity After Trivalent Influenza Vaccination in
HIV Infected Children. Clin Immunol (2020) 215:108440. doi: 10.1016/
j.clim.2020.108440

Muenchhoft M, Prendergast AJ, Goulder PJ. Immunity to HIV in Early Life.
Front Immunol (2014) 5:391. doi: 10.3389/fimmu.2014.00391

Sereti I, Krebs SJ, Phanuphak N, Fletcher JL, Slike B, Pinyakorn S, et al.
Persistent, Albeit Reduced, Chronic Inflammation in Persons Starting
Antiretroviral Therapy in Acute HIV Infection. Clin Infect Dis (2017) 64
(2):124-31. doi: 10.1093/cid/ciw683

Sereti I, Altfeld M. Immune Activation and HIV: An Enduring Relationship. Curr
Opin HIV AIDS (2016) 11(2):129-30. doi: 10.1097/COH.0000000000000244
Malatinkova E, De Spiegelaere W, Bonczkowski P, Kiselinova M, Vervisch K,
Trypsteen W, et al. Impact of a Decade of Successful Antiretroviral Therapy
Initiated at HIV-1 Seroconversion on Blood and Rectal Reservoirs. Elife
(2015) 4:e09115. doi: 10.7554/eLife.09115

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 860418


https://doi.org/10.1016/j.jaci.2008.04.034
https://doi.org/10.1084/jem.20072683
https://doi.org/10.1097/QAD.0b013e328361a427
https://doi.org/10.1097/QAD.0b013e32835edc47
https://doi.org/10.4161/hv.28698
https://doi.org/10.1182/blood-2010-05-285528
https://doi.org/10.1073/pnas.0901702106
https://doi.org/10.1016/j.cellimm.2017.05.008
https://doi.org/10.1111/imr.13068
https://doi.org/10.1111/imr.12736
https://doi.org/10.1086/429298
https://doi.org/10.1093/cid/cit937
https://doi.org/10.1093/cid/cit937
https://doi.org/10.3389/fimmu.2017.01083
https://doi.org/10.3389/fimmu.2017.01380
https://doi.org/10.18632/aging.101229
https://doi.org/10.3390/v11030200
https://doi.org/10.1111/hiv.12546
https://doi.org/10.1136/annrheumdis-2019-215039
https://doi.org/10.1136/annrheumdis-2019-215039
https://doi.org/10.1093/jpids/piaa071
https://doi.org/10.1016/S2055-6640(20)30510-0
https://doi.org/10.1371/journal.ppat.1009533
https://doi.org/10.4049/jimmunol.1900856
https://doi.org/10.3310/hta20490
https://doi.org/10.1038/s41598-017-01221-5
https://doi.org/10.1016/j.bdq.2016.10.001
https://doi.org/10.1021/acs.jproteome.8b00111
https://doi.org/10.1021/acs.jproteome.8b00111
https://doi.org/10.1042/cs0710157
https://doi.org/10.3389/fimmu.2020.578505
https://doi.org/10.1007/978-1-4939-7057-5_27
https://doi.org/10.1038/s41467-019-08794-x
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1097/QAD.0000000000002485
https://doi.org/10.1097/QAD.0000000000002485
https://doi.org/10.1016/j.clim.2020.108440
https://doi.org/10.1016/j.clim.2020.108440
https://doi.org/10.3389/fimmu.2014.00391
https://doi.org/10.1093/cid/ciw683
https://doi.org/10.1097/COH.0000000000000244
https://doi.org/10.7554/eLife.09115
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ruggiero et al.

B-Cell Hyperactivation in Perinatal HIV

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Mexas AM, Graf EH, Pace M]J, Yu JJ, Papasavvas E, Azzoni L, et al.
Concurrent Measures of Total and Integrated HIV DNA Monitor
Reservoirs and Ongoing Replication in Eradication Trials. AIDS (2012) 26
(18):2295-306. doi: 10.1097/QAD.0b013e32835a5¢2f

Younas M, Psomas C, Reynes J, Corbeau P. Immune Activation in the Course
of HIV-1 Infection: Causes, Phenotypes and Persistence Under Therapy. HIV
Med (2016) 17(2):89-105. doi: 10.1111/hiv.12310

Pasternak AO, Lukashov VV, Berkhout B. Cell-Associated HIV RNA: A
Dynamic Biomarker of Viral Persistence. Retrovirology (2013) 10:41. doi:
10.1186/1742-4690-10-41

Hunt PW, Hatano H, Sinclair E, Lee TH, Busch MP, Martin JN, et al. HIV-
Specific CD4+ T Cells may Contribute to Viral Persistence in HIV
Controllers. Clin Infect Dis (2011) 52(5):681-7. doi: 10.1093/cid/ciq202
Pasternak AO, Grijsen ML, Wit FW, Bakker M, Jurriaans S, Prins JM, et al.
Cell-Associated HIV-1 RNA Predicts Viral Rebound and Disease Progression
After Discontinuation of Temporary Early ART. JCI Insight (2020) 5(6). doi:
10.1172/jci.insight.134196

Sokoya T, Steel HC, Nieuwoudt M, Rossouw TM. HIV as a Cause of Immune
Activation and Immunosenescence. Mediators Inflamm (2017) 2017:6825493.
doi: 10.1155/2017/6825493

Kardava L, Moir S. B-Cell Abnormalities in HIV-1 Infection: Roles for IgG3
and T-Bet. Curr Opin HIV AIDS (2019) 14(4):240-5. doi: 10.1097/
COH.0000000000000547

de Armas LR, Pallikkuth S, Rinaldi S, Pahwa R, Pahwa S. Implications of
Immune Checkpoint Expression During Aging in HIV-Infected People on
Antiretroviral Therapy. AIDS Res Hum Retroviruses (2019) 35(11-12):1112—
22. doi: 10.1089/id.2019.0135

Pardons M, Baxter AE, Massanella M, Pagliuzza A, Fromentin R, Dufour C,
et al. Single-Cell Characterization and Quantification of Translation-
Competent Viral Reservoirs in Treated and Untreated HIV Infection. PloS
Pathog (2019) 15(2):¢1007619. doi: 10.1371/journal.ppat.1007619

Zhang W, Zhang H, Liu S, Xia F, Kang Z, Zhang Y, et al. Excessive CD11c(+)
Tbet(+) B Cells Promote Aberrant TFH Differentiation and Affinity-Based
Germinal Center Selection in Lupus. Proc Natl Acad Sci U S A (2019) 116
(37):18550-60. doi: 10.1073/pnas.1901340116

Rubtsova K, Rubtsov AV, Thurman JM, Mennona JM, Kappler JW, Marrack
P. B Cells Expressing the Transcription Factor T-Bet Drive Lupus-Like
Autoimmunity. J Clin Invest (2017) 127(4):1392-404. doi: 10.1172/JCI91250
Nascimento AF, Pinkus JL, Pinkus GS. Clusterin, a Marker for Anaplastic
Large Cell Lymphoma Immunohistochemical Profile in Hematopoietic and
Nonhematopoietic Malignant Neoplasms. Am ] Clin Pathol (2004) 121
(5):709-17. doi: 10.1309/GQ2RLNDWLBIWY6UU

Saffer H, Wahed A, Rassidakis GZ, Medeiros LJ. Clusterin Expression in
Malignant Lymphomas: A Survey of 266 Cases. Mod Pathol (2002) 15
(11):1221-6. doi: 10.1097/01.MP.0000036386.87517.AA

Nascimento AF, Hirsch MS, Cviko A, Quade BJ, Nucci MR. The Role of CD10
Staining in Distinguishing Invasive Endometrial Adenocarcinoma From

Adenocarcinoma Involving Adenomyosis. Mod Pathol (2003) 16(1):22-7.
doi: 10.1097/01.MP.0000043523.03519.FC

Schein TN, Blackburn TE, Heath SL, Barnum SR. Plasma Levels of Soluble
Membrane Attack Complex Are Elevated Despite Viral Suppression in HIV
Patients With Poor Immune Reconstitution. Clin Exp Immunol (2019) 198
(3):359-66. doi: 10.1111/cei.13366

Abudulai LN, Fernandez S, Corscadden K, Hunter M, Kirkham LA, Post J],
et al. Chronic HIV-1 Infection Induces B-Cell Dysfunction That Is
Incompletely Resolved by Long-Term Antiretroviral Therapy. | Acquir
Immune Defic Syndr (2016) 71(4):381-9. doi: 10.1097/QAI.0000000000000869
Troy SB, Rossheim AE, Hilliard DD, Cunningham TD. Brief Report:
Seroprevalence of Pertussis Infection in HIV-Infected Adults in the United
States. | Acquir Immune Defic Syndr (2016) 73(3):282-6. doi: 10.1097/
QAIL.0000000000001037

Stoiber H, Speth C, Dierich MP. Role of Complement in the Control of HIV
Dynamics and Pathogenesis. Vaccine (2003) 21 Suppl 2:577-82. doi: 10.1016/
S0264-410X(03)00203-2

Yu Q, Yu R, Qin X. The Good and Evil of Complement Activation in
HIV-1 Infection. Cell Mol Immunol (2010) 7(5):334-40. doi: 10.1038/
cmi.2010.8

Baker JV. Chronic HIV Disease and Activation of the Coagulation System.
Thromb Res (2013) 132(5):495-9. doi: 10.1016/j.thromres.2013.08.016
Austin JW, Buckner CM, Kardava L, Wang W, Zhang X, Melson VA, et al.
Overexpression of T-Bet in HIV Infection Is Associated With Accumulation
of B Cells Outside Germinal Centers and Poor Affinity Maturation. Sci Trans
Med (2019) 11(520). doi: 10.1126/scitranslmed.aax0904

52.

53.

54.

55.

56.

57.

58.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ruggiero, Pascucci, Cotugno, Dominguez-Rodriguez, Rinaldi,
Tagarro, Rojo, Foster, Bamford, De Rossi, Nastouli, Klein, Morrocchi, Fatou,
Smolen, Ozonoff, Di Pastena, Luzuriaga, Steen, Giaquinto, Goulder, Rossi, Levy,
Pawha, Palma and the EPIICAL Consortium. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 860418


https://doi.org/10.1097/QAD.0b013e32835a5c2f
https://doi.org/10.1111/hiv.12310
https://doi.org/10.1186/1742-4690-10-41
https://doi.org/10.1093/cid/ciq202
https://doi.org/10.1172/jci.insight.134196
https://doi.org/10.1155/2017/6825493
https://doi.org/10.1097/COH.0000000000000547
https://doi.org/10.1097/COH.0000000000000547
https://doi.org/10.1089/aid.2019.0135
https://doi.org/10.1371/journal.ppat.1007619
https://doi.org/10.1073/pnas.1901340116
https://doi.org/10.1172/JCI91250
https://doi.org/10.1309/GQ2RLNDWLB9WY6UU
https://doi.org/10.1097/01.MP.0000036386.87517.AA
https://doi.org/10.1097/01.MP.0000043523.03519.FC
https://doi.org/10.1111/cei.13366
https://doi.org/10.1097/QAI.0000000000000869
https://doi.org/10.1097/QAI.0000000000001037
https://doi.org/10.1097/QAI.0000000000001037
https://doi.org/10.1016/S0264-410X(03)00203-2
https://doi.org/10.1016/S0264-410X(03)00203-2
https://doi.org/10.1038/cmi.2010.8
https://doi.org/10.1038/cmi.2010.8
https://doi.org/10.1016/j.thromres.2013.08.016
https://doi.org/10.1126/scitranslmed.aax0904
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Determinants of B-Cell Compartment Hyperactivation in European Adolescents Living With Perinatally Acquired HIV-1 After Over 10 Years of Suppressive Therapy
	Introduction
	Materials and Methods
	Study Population
	Samples Collection
	B and T-Cell Phenotypic Analysis
	Quantitative Total HIV-1 DNA Assay
	Quantitative caHIV-1 RNA Assay
	Plasma Proteomics Preparation and Analysis
	Anti-Measles IgG
	Statistical Analyses

	Results
	Study Cohort
	Time of ART-Start and caRNA Are Associated With Phenotypic Signs of B Cell Hyperactivation
	Individuals With Expansion of Phenotypic Signs of B Cell Hyperactivation Have Elevated Levels of Exhausted T-Cells
	Proteomic Profiles Associated With B Cell Hyperactivation
	Expansion of ABCs Is Associated With B-Cell Dysfunctionality in PHIV

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Epiical Consortium
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


