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Abstract

Perinatally HIV-infected children (PHIV), despite successful antiretroviral therapy, present
suboptimal responses to vaccinations compared to healthy-controls (HC). Here we investigated
phenotypic and transcriptional signatures of HIN1-specific B-cells (HIN1-Sp) in PHIV,
differentially responding to trivalent-influenza-vaccine (T1V), and HC. Patients were categorized
in responders (R) and non-responders (NR) according to hemagglutination-inhibition-assay at
baseline and 21 days after TIV. No differences in HIN1-Sp frequencies were found between
groups. H1N1-Sp transcriptional analysis revealed a distinct signature between PHIV and HC. NR
presented higher PIK3C2B and NOD2 expression compared to R, confirmed by downregulation
of PIK3C2B in resting-memory of R after HIN1 /n-vitro stimulation. In conclusion this study
confirms that qualitative rather than quantitative analyses are needed to characterize immune
responses in PHIV. These results further suggest that higher PIK3C2B in HLN1-Sp of NR is
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associated with lower HIN1 immunogenicity and may be targeted by future modulating strategies
to improve TIV responses in PHIV.
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1. Introduction

Despite effective antiretroviral therapy (ART), HIV infected patients present a suboptimal
immunity to vaccines due to a depletion of central memory CD4+ T cells and memory B-
cells [1-3]. We have previously reported lower serologic responses upon trivalent inactivated
influenza vaccine (TIV) in perinatally HIV infected children (PHIV) [4,5]. We further
defined transcriptional profiles of memory T [6] and B-cell subsets [7] associated to a

lower TIV response in these patients. It is still unclear however, whether specific gene
expression pathways of HLN1-specific B-cells (H1N1-Sp) rather than their frequency, may
be responsible of reduced humoral immunity to HIN1 after TIV [8]. Overall, AKT, class

I PI3K molecules and mTOR pathway seems to play a crucial role in the development

of protective responses towards flu in humans [9]. This molecular signaling has been
recently related to a direct suppression of entry and replication of Influenza A virus [10].

In addition, class | PI3K molecules were shown in mice to actively suppress class switch
recombination and antibody-secreting cells in the early stage of the antibody response

[11]. Following the hypothesis that this pathway within Ag specific B cells, could be
involved in the Ab responses upon vaccination we recently reported from a single cell
transcriptional profile approach, how PTEN, traditionally known as a class | PI3K inhibitor
is upregulated in elderly HIV infected patients responding to TIV [12]. Recently PIK3C2B,
a class Il molecule, was shown to be involved in the AKT/mTOR signaling both in

neuronal cells and in prostatic cancers [13-15]. To date no evidence have been reported
linking the PI3K class Il molecules to the Ag specific B cell function. With the final

aim to dissect possible distinct transcriptional signatures of Ag specific B cells in samples
collected from patients presenting differential responses upon TIV, we used a microfluidics
Multiplex RT-PCR approach (Fluidigm, Biomark) for a curated gene panel (Supplementary
Table 1), not limited only to the class 1l PI3K/AKT pathway. Here, we investigated the
transcriptional profile of PI3K/AKT signaling pathway together with genes related to B cell
home-ostasis, proliferation and differentiation on HIN1-specific B-cells (HLN1-Sp) of either
PHIV under effective ART differentially responding to TIV or age-matched healthy controls
(HC). Our results underline as PI3BK/AKT signaling plays a pivotal role in persevering B
cell dysfunction displayed by HIV-infected patients [16] leading to a suboptimal vaccine
response.
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2. Materials and methods

2.1. Study design

23 PHIV and 10 HC were enrolled at Bambino Gesu Children’s Hospital. Written informed
consent was obtained from all subjects or parents/guardians of all minors for participation
in a prospective open label influenza vaccine study. The study was conducted according

to Good Clinical Practice guidelines and the Declaration of Helsinki. Bambino Gesu
Children’s Hospital ethics committee approved the study. Only PHIV with a long-term
viral control (= 24months) and good adherence to ART were considered eligible. Patients’
characteristics are described in Table 1. Participants were immunized between October 2012
and February 2013 with a single dose of seasonal 2012-2013 Inactivated Influenza Vaccine
Trivalent Types A and B (Split Virion) VAXIGRIP® (Sanofi Pasteur). The strains included
in the vaccine were A/California/7/2009 (HIN1) pdm09-like strain (abbreviated as HIN1),
A/Victoria/361/2011 (H3N2)-like strain (abbreviated as H3N2), and B/Wisconsin/1/2010-
like strain (abbreviated as B) as previously described [7]. PBMCs and plasma samples were
collected at the time of immunization (T0) and 3 weeks after (T1), according to Food and
Drug Administration Guidance for Industry (FDA, 2011) criteria. Vaccine responders (R)
and non-responders (NR) were defined according to FDA (fda.gov).Patients with HAI titer
to HIN1 at T1 of =1:40 and = 4-fold increase compared to baseline were classified as
R.Afterwards, additional samples (PBMCs) collected at T1 (from 19 PHIV and HC) were
used to investigate HLN1-Sp in the present study.

2.2. HINlresponses

Hemagglutination Inhibition Assay (HAI) test was performed and analyzed as previously
described [7]. Briefly, plasma samples from all participants were pre-treated and diluted

1:4 in receptor-destroying enzyme (RDE) Il (Boule Nordic AB) at 37 °C overnight, then
incubated at 56 °C for 30 min. 4 HIN1 A hemagglutination units from H1N1 virus type
AJ/California/7/2009 NYMC X-179A (GlaxoSmithKline) were incubated for 15 min at room
temperature with an equal volume of RDE Il treated plasma samples (in serial 2-fold
dilutions, from 1:10 to 1:1280). After 50 ul of 0.5% erythrocytes from turkey were added to
each sample. After 60 min the plate was acquired.

2.3. Flow cytometry, cells sorting and RNA extraction and multiplexed RT-PCR

PBMCs from T1 were thawed, resuspended in RPMI medium and stained with surface
antibodies: CD3 (UCHT1), CD4 (SK3), CD8 (SK1), CD56 (NCAM16.2), CD10 (HI10a),
CD14 (M¢P9) (Dump channel, BV510, BD), CD19 ECD (HD237, Beckman Coulter),
CD21 PeCy5 (Bly4, BD), CD27 BV605 (L128, BD), IgD PeCy7 (1A6-2, BD), gp140 (PE),
H1N1 probe (PE), and Aqua marker to discriminate live/dead cells (BV510) and acquired
using a four-way sorting mode on a FACS Avria Il (BD). The gating strategy shown in

Fig. 1A was used to determine B-cells subsets from total B, and to sort-purify a total of
100 cells per subset into different FACS tubes [6] containing CellsDirect One-Step PCR
buffer and pooled TagMan Gene Expression Assays (5 ul of 2x CellsDirect Reaction mix,
0.5 pl of Superscript 111 + Taq Polymerase, 2.5 ul of 0.2x TagMan primer pool, and 1 pl

of resuspension buffer). Samples were transferred into PCR tubes. HIN1 peptides, kindly
provided by Sequirus (PA, USA) were used for /n-vitro stimulation and reverse transcription,
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pre-amplification and multiplexed RT-PCR were performed as previously described [6].
Briefly pre-amplified samples were acquired on a 96.96 dynamic array IFC (Fluidigm). The
pre-mix for the assay was made with 3 pl 20x TagMan Gene Expression Assay (Applied
Biosystems) and 3 ul 2x Assay Loading Reagent (Fluidigm). The pre-mix for the samples
was made with 3 pul TagMan Universal PCR Master Mix (2%, Applied Biosystems), 0.3

ul 20x GE Sample Loading Reagent (Fluidigm), and 2.7 pl of diluted cDNA. 5 pl of this
preparation were loaded into the Fluidigm and results analyzed as in [6].

2.4. Statistical analysis

Outliers from gene expression analysis were filtered as follow: 1) removal of low Cellular
Detection Rate depending on the dataset distribution; 2) removal of low expressed genes;
and 3) removal of samples with extreme gene expression values (= +/— 7 standard deviation).
Analysis were conducted through multi-contrast analysis pipeline using /imma package for
R (software R 3.0.2 GUI 1.62) as previously described [17] taking into account no HIN1
specific cells ANOVA analysis, performed by SingulaR (SingulaR analysis toolset 3.0),
loaded on R allowed identification of differentially expressed genes (DEGs). Fold Change
(FC) derived from mean Et values ere plotted on volcano plots, generated in Prism 6.0
(GraphPad). Only FC > 2.5 or < -2.5 with a pvalue <.05 was used to define DEGs.

GSEA was performed with genemania.org as previously described [7]. Phosphatidylinositol
signaling system pathway was created using the KEGG online tool KEGG Mapper —
Search&Color Pathway.

3. Results

3.1. PHIV and HC present similar level of HIN1-specific B-cells despite their ability to
respond to TIV

19 PHIV on effective ART and under viral suppression and 8 age-matched HC, previously
enrolled in an influenza study [4] were randomly selected to investigate gene expression
profiles and define possible biomarkers of TIV response. Responders (R) to TIV were
individuals that showed at least 4-fold increase in HIN1 antibody titers (measured with
Hemagglutination Inhibition Assay (HAI)) 21 days post-vaccination (T1) (Table 1) [4]. All
HC fulfilled these criteria. No significant differences among the groups were found in terms
of number of participants, gender, age, lymphocytes/pl, CD4+, CD19+, CD19 + CD27 +
IgD—-. All PHIV where under viral control (HIV RNA < 50 copies/mL) at the time of the
study with a long history (>2 years) of viral control (Table 1). Flow cytometry analysis,
performed on samples collected at T1, using a fluorescently labeled HIN1 probe and a
panel of monoclonal antibodies, allowed us to identify HLN1-Sp (as previously described

in [18]) (Fig. 1A-2A) and revealed no differences in terms of total B-cells, naive (IgD +
CD27-) and switched memory (IgD-CD27+) B-cells (Fig. 1B). As we previously reported
[7], HC showed higher frequency of CD21+ resting memory (RM: live, CD10-, CD19+
IgD- CD27+ CD21+) compared to R and non-responders (NR) (p=.035 and p= .04,
respectively) while activated memory (AM: live, CD10-, CD19+ IgD- CD27+ CD21-)
were significantly higher in PHIV for both R (p =.03) and NR (p = .023) when compared
to HC (Fig. 1C). No differences were found between the groups in terms of frequency of
H1N1-Sp among lgG+ switched memory B cells (Fig. 2B), frequency and absolute count of
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H1N1-Sp among total CD20+ B cells (data not shown) and B cell subsets distribution (data
not shown).

3.2. PHIV H1IN1-Sp present higher expression of genes related to apoptosis susceptibility
and immune activation compared to HC

Equal numbers (100 cells, ~2 ng RNA) of live IgD-negative HLN1-sp were sort-purified
and evaluated for transcript of a previously validated gene panel using the Fluidigm
BioMark [7]. The multi-contrast analysis identified 5 DEGs comparing HLN1-sp of PHIV
vs HC (Fig. 3A). Pathway analysis, applied to DEGs upregulated in PHIV (IL2RA, CD28
and PPPIR13B), pointed to immune activation and B-T lymphocyte interaction networks
(data not shown). Indeed, IL2RA (logFC = 8.89, p=.005), a gene encoding for the
subunit a of IL-2 receptor, and CD28 (logFC = 10.64, p = .02), play a central role in

the B-T cells interactions towards activation and proliferation. Also, the upregulation of
PPP1R13B (logFC = 12.77, p=.01), which encodes for a member of the ASPP (apoptosis-
stimulating protein of p53) family of p53 interacting proteins, suggests a gene profile
prone to exhaustion and activation in HIN1-sp of PHIV compared to HC. In line with
this, other molecules suggested by the GSEA (not shown) and actively involved in the
regulation of such DEGs were CD80, CD86, I1L2, CTLA4, ICAM1. On the other hand,
the down-regulated DEGs in PHIV were CD38 (logFC = -14.680, p=.002) and IGHM
(logFC = -5.30, p=.03) both coding for protein involved in proliferation and IgM within
mechanisms of primary and low specificity defense responses upon infection.

3.3. PIK3C2B is downregulated in HIN1-Sp of R compared to NR, and in RM of R, after
H1N1 in-vitro stimulation

Multi contrast analysis of HIN1-Sp was performed in PHIV differentially responding to
TIV in order to define specific profiles associated to HIN1 response after TIV. A 2 DEGs
signature showing down-regulation of NOD2 (logFC = -20.11, p=.003) and PIK3C2B
(logFC = -6.67, p=.02) was found in R compared to NR (Fig. 3B).Also in Fig. 3 C

the phosphatidylinositol signaling system pathway is reported, showing in blue the down-
regulated DEGs in R versus NR. Gene Set Enrichment Analysis (GSEA) revealed that top
related networks to these DEGs are mainly involved in the activation during inflammation
or activation mechanisms following surface antigen (Ag) recognition (data not shown)
and directed towards NFkB activation. Other genes associated to the pathway were PI3K
subunits (PIK3CB, PIK3R1, PIK3R2, PIK3R3) and additional activation markers such as
CD28 and IKBKG that regulate NFKB activity.

To further investigate the role of PIK3C2B in R and NR, an additional aliquot of PBMCs
collected from these patients at T1, was stimulated /n-vitro with HIN1 peptides and
multiplexed RT-PCR was performed on B-cell subsets as previously described [6] (Fig. 4A).
Interestingly, PIK3C2B showed down regulation in in-vitro stimulated samples of R when
compared to unstimulated in the RM subset (Fig. 4B). No differences were found in NR in
terms of PIK3C2B gene expression variation after in-vitro stimulation in NR B-cell subsets.
Interestingly, CXCL10 a downstream molecule of the PIK3C2B pathway was upregulated
in RM only of NR. On the other hand, R showed upregulation of CXCL10 in AM, double
negative (DN: live, CD10-, CD19+, IgD-, CD27-) and Naive B-cells (Naive: live, CD10-,
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CD19+, IgD+, CD27-), presumably suggesting that this activation in non-RM B-cells is
PIK3C2B-independent after /n-vitro stimulation (Fig. 4C).

4. Discussion

PHIV present a suboptimal serological and cellular response upon immunization [19]. With
regards to Influenza vaccination, we have previously reported distinct B-cell signatures

in PHIV differentially responding to TIV [4,7]. It is still unclear, however, whether such
differences could be driven by qualitative rather than quantitative disturbances of memory
B-cells involved in the development of protective immune response towards HIN1 virus.

In the present study, we show that no differences exist in terms of frequency, absolute
counts and B-cell subsets distribution of HIN1-Sp between PHIV and HC. In addition, no
differences were found between R and NR. These data are in line with ART-treated HIV
infected adults after TIV [20,21]. AM were found significantly higher in PHIV (both R and
NR) compared with HC. AM (CD19+ IgD- CD27+ CD21-) have been described in the HIV
scenario to be associated to a chronic exposure to HIV viremia in chronically HIV-infected
patients and to dominate abnormal HIV specific responses [22]. In the past few years

we and other groups have shown that despite long term viral control perturbation at both
frequency and transcriptional level persist in vertically HIV infected children in activated
memory B cells [7]. This subset is also expanded in other models of primary immune
deficiencies characterized by recurrent infection and chronic immune activation such as
chronic granulomatous disease [23].Also mature activated B cells (CD10-CD21-), analyzed
regardless the expression of the memory molecule CD27, were shown to be correlated to a
lower H1N1 response upon trivalent inactivated vaccination [4].

To further dissect whether specific gene programs, related to antibody-secreting cells
(ASCs) proliferation, and class switch recombination (CSR) may determine a lower
serologic response in NR we characterized at a transcriptional level purified HIN1-Sp from
both PHIV (R and NR) and HC. For our transcriptional analysis we used the Fluidigm
Biomark platform, in order to interrogate gene expression of a limited and curated panel

of 96 genes from Ag specific and non-Ag specific B-cell subsets. Although this approach
represents a limit compared with the unbiased whole-transcriptome analyses (e.g., RNA
sequencing or microarray), it allowed to obtain a large amount of transcriptional information
on highly relevant cell types such as Ag specific B- cells and from a relatively low cell
numbers obtained from pediatric samples [24].

In line with our previous reports [7,24], comparisons between HIN1-Sp of HC and PHIV,
revealed a higher expression of genes involved in immune activation and inflammation
(CD28, IL2RA, and PPP1R13B) in PHIV. These data suggest that transcriptional
perturbation persists at Ag specific level in these patients despite long term effective ART
and viral control.

In the present study we further aimed at dissecting transcriptional pathways of HIN1-Sp
involved in immune responses upon Ag stimulation possibly informing the ability of PHIV
to respond to TIV. Whereas specific genes such as BLIMP1, BCL6 or AID have been
shown to drive the B cell towards ASCs, CSR or Germinal Center reactions, fewer evidence
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has been reported on signaling pathways involved in such mechanisms, especially at the
peripheral blood level and in Ag-specific B-cells [25]. Different models have proposed that
class I PI3K activation is intimately linked to ASC and CSR in B-cells [26]. Indeed, it
prevents premature CSR during the early phases of the Ag encountering [11] thus reducing
over clonal expansion when high Ag loads link to the B-cell receptor. Fewer studies have
been proposed with respect to the class 11 molecules of PI3K. Interestingly these molecules,
such as PIK3C2B, have been shown to be involved in the AKT/mTOR signaling pathway in
other cell lines [13,27,28] and no evidence, to date has been produced linking such pathway
with B cell function. In the present study, multi-contrast analysis from gene expression data
deriving from H1N1-Sp comparisons from samples collected 21 days post TIV revealed

a higher expression of PIK3C2B in NR compared to R, suggesting a lower ability of

such cells to induce ASCs in a PIK3C2B-inhibition-dependent manner. We found, for the
first time in the context of pediatric HIV infection, a distinct signature in this pathway
exclusively within RM subset, where the highest affinity memory responses reside. Indeed,
PIK3C2B was downregulated only in samples of R, as observed after TIV and confirmed
by in-vitro stimulation with HLN1 peptides. In addition,CXCL10, showed to be triggered
by the PI3K activation [29], resulted positively induced after /n-vitro HIN1 stimulation

in RM of NR further suggesting the lack of inhibitory role of PIK3C2B in this specific
memory B cell subset in PHIV NR. This is in line with recent findings presented in

a cohort of horizontally HIV-infected elderly where PTEN, a PIK3 inhibitor, was found
upregulated in HIN1 responders [12]. The importance of this pathway is further supported
by a mice study showing that the Ag specific ASC induced by Blimp1 after Ag stimulation
is partially dependent on PI3K modulation [11]. Another DEG, found upregulated in NR
vs R was NOD2. NOD?2 codes for a protein that is mainly expressed in pheripheral blood
leukocytes and can induce the activation of the NF-xB or MAPK (through the interaction
with Receptor-interactin protein 2 (RIP2)) pathways to induce inflammatory reaction [30-
32]. It has also been recently described to be a negative regulator of the TLR2/TLR4

driven response [32]. The activation of both TLR2 and TLR4 has been strongly linked to
proliferation and ASCs production after /n vivo and /in-vitro stimulation [30]. These results,
may suggest that the NOD2, found upregulated in NR, leads to an inhibitory effect on the
TLR2/TLRA4 B cell driven response in HIN1-Sp after TIV thus hampering the capability

of these cells to undergo effective ASCs production and proliferation. Overall, these results
may suggest that the ability to control inflammation signals trough PIK3C2B and NOD

2 downregulation within HLIN1-Sp resting memory B-cells is needed in order to provide

a serologic and cellular response upon TIV in PHIV (depicted in graphical abstract). A
gain of function mutation in class | phosphoinositide 3-kinase & (PI3K&) was recently
associated to the Activated PI3-kinase delta syndrome (APDS), characterized by defective
antibody responses, inflammation and autoimmunity [33]. Since this field still remain poorly
investigated, deep studies on class 1l PI3K molecules such as PIK3C2B are needed in order
to understand if a similar mechanism as with PI3K& could be happening in NR PHIV.

In conclusion, the present study suggests that a 2 DEGs signature of HIN1-Sp B-cells of

PHIV is associated to TIV immunogenicity. Upregulation of PIK3C2B, found in PHIV NR,
may suggest the future use of vaccine-adjuvants aimed at specifically modulating PIK3C2B
activity, especially considering that specific compounds are currently under investigation for
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the APDs [34]. This study suggests that specific transcriptional signatures of Ag-specific
B-cells rather than their frequency, provide crucial information on the ability of PHIV to
respond to Influenza vaccination and should be further investigated by larger studies.

Supplementary data to this article can be found online at https://doi.org/10.1016/
j.clim.2020.108440.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A) Gating strategy for general B cell subsets. B) Frequencies of total Lymphocytes, total B
cells, IgD + CD27- (Naive) and IgD-CD27+ (Switched memory) in healthy controls (HC),
Non responder (NR) and Responder (R) patients. The Histogram in C) represent the median
values of 1IgD-CD27+ cells, expressing (REM) or not expressing CD21 (AM). *, pvalues
<0,04; **, p values <0,03 calculated between NR or R versusHC.
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A) Gating strategy used to identify B cell memory subsets and H1N1 specific cells. B) Dot
plot depicting frequency of HLN1-Sp among IgG+ switched memory B cells in all groups.
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Fig. 3.

A)gVoIcano plot representing Differentially Expressed Genes (DEGs) with a significant p
value, comparing the expression in PHIV versus HC; red dots show upregulated genes in
PHIV, while blue dots downregulated ones. B) Volcano plot depicting in blue downregulated
DEGs with a significant p value in R s NR patients; no upregulated genes were found. C)
Phosphatidylinositol signaling system pathway depicting in blue downregulated DEGs with
a significant p value in R vsNR patients.
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A) Cartoon depicting the strategy used to sort-purify 100 cells in 4 different subpopulations
for both R and NR (Created with Biorender.com). B-C) The two histograms represent

the fold change expression of B) PIK3C2B and C) CXCL10, respectively among B cell
subpopulations (RM, DN, Naive and AM) (* represents p values lower than 0.05) after
in-vitro stimulation.
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