:\' frontiers

In Immunology

ORIGINAL RESEARCH
published: 23 April 2021
doi: 10.3389/fimmu.2021.592731

OPEN ACCESS

Edited by:

Andrew Currie,
Murdoch University,
Australia

Reviewed by:

Srinivasa Reddy Bonam,
Institut National de la Santé

et de la Recherche Meédicale
(INSERM), France

Rym Ben-Othman,

University of Western Australia,
Australia

*Correspondence:
Vidya Arankalle
varankalle@yahoo.com

Specialty section:

This article was submitted to
Vaccines and

Molecular Therapeutics,

a section of the journal
Frontiers in Immunology

Received: 07 August 2020
Accepted: 31 March 2021
Published: 23 April 2021

Citation:

Kulkarni-Munje A, Malshe N,
Palkar S, Amlekar A, Lalwani S,
Mishra AC and Arankalle \/ (2021)
Immune Response of Indian
Preterm Infants to Pentavalent
Vaccine Varies With Component
Antigens and Gestational Age.
Front. Immunol. 12:592731.

doi: 10.3389/fimmu.2021.592731

Check for
updates

Immune Response of Indian
Preterm Infants to Pentavalent
Vaccine Varies With Component
Antigens and Gestational Age

Archana Kulkarni-Munje !, Nandini Malshe?, Sonali Palkar?, Aniket Amlekar?,
Sanjay Lalwani? Akhilesh Chandra Mishra® and Vidya Arankalle”

" Department of Communicable Diseases, Interactive Research School for Health Affairs, Bharati Vidyapeeth (Deemed To Be
University) University, Pune, India, 2 Department of Paediatrics, Bharati Vidyapeeth (Deemed To Be University) University
Medical College, Pune, India

Childhood vaccination plays critical role in protecting infants from several dreaded
diseases. Of the global 15 milion preterm (PT) infants with compromised immune
system born annually, India contributes to >3.5 million. Generation of adequate
vaccine-induced immune response needs to be ensured of their protection. Immune
response of Indian PT (n = 113) and full-term (FT, n = 80) infants to pentavalent vaccine
administered as per the national recommendation was studied. Antibody titers against
component antigens of pentavalent vaccine, immune cells profiing (T and B cells,
monocytes and dendritic cells) and plasma cytokines were determined pre- and post-
vaccination. Additionally, cell-mediated recall immune responses to pentavalent antigens
were evaluated after short time antigenic exposure to infant PBMCs. Irrespective of
gestational age (GA), all the infants developed adequate antibody response against
tetanus, diphtheria, and protective but lower antibody levels for Haemophilus influenzae
type-b and hepatitis B in preterm infants. Lower (~74%) protective antibody response to
pertussis was independent of gestational age. PT-infants exhibited lower frequencies of
CD4 T cells/dendritic cells/monocytes, increased plasma IL-10 levels and lower
proliferation of central and effector memory T cells than in term-infants. Proliferative
central memory response of FT-infants without anti-pertussis antibodies suggests
protection from subsequent infection. Responder/non-responder PT-infants lacked
immunological memory and could be infected with Bordetella. For hepatitis B, the recall
response was gestational age-dependent and antibody status-independent. Humoral/
cellular immune responses of PT-infants were dependent on the type of the immunogen.
Preterm infants born before 32 weeks of gestation may need an extra dose of pentavalent
vaccine for long lived robust immune response.

Keywords: preterm birth, immune response, pentavalent vaccine, recall immune responses,
immunological memory
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INTRODUCTION

The introduction of universal immunization program for infants
has drastically reduced the dreaded diseases-associated mortality
and morbidity in children. However, due to poor vaccination
coverage, deaths continue to occur in the developing countries.
Approximately 17,000 children from around the world under the
age of five succumb daily, mostly to vaccine preventable diseases
(VPD) (1). Globally, an estimated 14.9 million infants are born
preterm, i.e., before 37 weeks of pregnancy. The risk of infection
in preterm (PT) infants increases nine-fold when compared to
their full term (FT) counterparts (2-5) and correlates inversely
with gestational age (6); furthermore, PT infants face an
increased risk of VPDs emphasizing importance of vaccination
(7, 8). It is generally recommended that the preterm infants
should be vaccinated using the same schedules as those usually
recommended for full-term infants with the only exception of
birth dose of hepatitis B vaccine, to be administered to babies
weighing > 2000 g (9, 10). In view of premature immunity and
introduction of more and more immunogens at/around one
time, it is of utmost importance to verify if the preterm babies
generate satisfactory immune response to all the vaccine
components. Immunization of preterm infants from Poland
and Spain with a 13-valent pneumococcal conjugate vaccine at
the ages of 2, 3, 4 and 12 months led to lower but acceptable
antibody levels (11). Based on the response to Haemophilus
influenzae type b (Hib) vaccine, schedule modification (12) and
need for boosters (13) were recommended in Japan and Poland,
respectively. In Bangladesh, hepatitis B vaccine (Hep-B)
generated protective, but, <100 mIU/ml anti-HBs titers in
26.4% Preterm infants (14). While revisiting data on immune
response of preterm infants from different countries to
hexavalent DTPa-HBV-IPV/Hib vaccine (>1600 preterm
infants including 596 with GA <32 weeks, and 127 with GA
<29 infants), excellent seropositivity against diphtheria (98.7%),
tetanus (100%) and pertussis (92.4%) was recorded. However, for
hepatitis B and Hib, seropositivity rates and antibody
concentrations appeared to be lower (15). Based on the studies
reported from Italy, it was surmised that though the
administration of hexavalent vaccine leads to high
seroprotection rates in preterm infants, lower antibody titers
against HBV, Hib, poliovirus serotype 1, and pertussis) seem to
have been associated with lower gestational age (16).

Under universal Immunization Program, Government of
India offers a large number of free vaccines to its infants that
are administered at recommended ages of the infants (17). To
avoid multiple injections and enhance coverage, several

Abbreviations: PT, Preterm; FT, Full-term; GA, Gestation age; VPD, Vaccine
preventable diseases; CBA, Cytometric bead array; mDC, Myeloid dendritic cells;
pDC, Plasmacytoid dendritic cells; BPD, Bronchopulmonary dysplasia ; RDS,
Respiratory distress syndrome; GM-CSF, Granulocyte-macrophage colony-
stimulating factor; BCG, Bacille Calmette-Guérin; GMT, Geometric mean titer;
PRP, Polyribosylribitol phosphate; IQR, Interquartile range; MFI, Mean
fluorescence intensity; RBC, Red blood cells; HiB, Haemophilus influenzae type
B; NRBC, Nucleated RBC; HBsAg, Hepatitis B surface antigen; LF, Limits of
flocculation; IOU, International opacity units; IU, International unit; PBMC,
Peripheral blood mononuclear cells; BCMA, B cell maturation antigen.

combination vaccines are being introduced. India contributes
to >3.5 million preterm births annually and thus protection of
these infants against VPDs remains a top priority. Though
immune response of full term (FT) infants is widely reported
for the newly introduced vaccines (18-20), studies in preterm
infants are restricted to BCG and hepatitis B (21-24). This study
examines for the first time, antibody and cellular responses of PT
infants to the pentavalent vaccine (Diphtheria and Tetanus
Toxoids, B. pertussis (whole cell), hepatitis B and Haemophilus
influenza Type b Conjugate) in comparison with their
FT counterparts.

MATERIALS AND METHODS

Sample Size

In the absence of data in preterm infants from India, the sample
size for the study was calculated based on 10% inferiority (Sealed
Enveloped Ltd. 2012. Power calculator for continuous outcome
non-inferiority. Available from: https://www.sealedenvelope.
com/power/continuous-noninferior/trial). At a significance
level (alpha) of 5%, 90% power (1-beta), standard deviation of
outcome = 2 and non-inferiority limit, d = 1, 69 samples were
needed in each group. Considering 15% drop outs, 80
subjects/group were required.

Study Population

The study was conducted during 2017 to 2018. Figure 1 provides
details of recruitment and follow up of study participants. After
requesting 256 parents, 193 infants attending the pediatric
department of Bharati hospital Pune for vaccination and

Total number of infants screened for study participation

(N=256)
I [ |
PT1 PT2 FT
(N=61) (N=100) (N=95)
Number of parents signed Informed consent
I I l
PT1 PT2 FT
(N=36) (N=80) (N=80)
Screen failure after enrolment
[ | ]
PT PT2
(N=2) (None) (None)
Final participants
PT1 PT2 FT
(N=33) (N=80) (N=80)
Number of infants completed the study
I I I
PT1 PT-2 FT
(N=24) (N=55) (N=54)

FIGURE 1 | Study participant disposition. Out of 256 screened infants, parents
of 198 infants gave informed consent for participation in the study. Two preterm
infants from PT1 group were failed two meet inclusion criteria hence excluded
from the study. Finally, 133 infants were able to complete the study.
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routine checkup could be included. Among these, 33 were very
preterm (gestation age [GA], 28-32 WK, PT1), 80 were moderate
to late preterm (GA, 32-36 WK, PT2) and 80 were full term
infants with >37 weeks of gestation (FT). All infants were born to
HBsAg and HIV negative mothers. Exclusion criteria included
past or current receipt of immunoglobulins, known suspected
congenital or acquired immunodeficiency, chronic
administration (defined as >14 days) of immunosuppressant or
other Immune modifying drugs since birth (prednisone or
equivalent for >0.5 mg/kg/day, inhaled or topical steroids were
allowed). The study was approved by the institutional human
ethics committee. After obtaining a written informed consent
from the parents, demographic and baseline characteristics of the
participants were recorded. HBV vaccine birth dose was given to
the infants weighing > than 2000 g. National immunization
schedule for pentavalent vaccine was followed (17, 25). At the age
of 6 weeks, first dose of pentavalent vaccine [DTwP-HBV-HIB
vaccine, Biological E Ltd., India, (For details please refer
supplementary information)] was administered. The
subsequent doses of the same vaccine were given at 10th and
14th week of age. At the end of the follow up, blood samples
could be collected from 54 (FT), 24 (PT1) and 55 (PT2) infants

(Figure 1).

Sample Collection and Processing
After written informed consent from parents, 1 to 3 ml venous
blood (in majority, 1-1.5 ml) was collected from the infants in

EDTA, at two time points. 1] Before the administration of first dose
of pentavalent vaccine and, 2] One month after the last dose of
pentavalent vaccine. For multiparameter flow cytometry analyses,
whole blood was used within 3 h of collection and from remaining
blood, PBMCs and plasma were separated by Ficoll hypaque
density gradient method and cryopreserved at —196°C and —-80°C,
respectively, for recall response study and cytokine profiling.

Multi-Parameter Flow Cytometry Analyses
for Inmune Cell Quantitation

The whole blood was incubated with flurochrome conjugated
antibodies (CD3, CD8, CD4, CD19, CD27, and IgD) in one tube
and CD3, CD19, CD56, CD14, CD11C, CDIC, HLA- DR, and
CD123 (please refer Supplementary Table 1 for dye, manufacturer
and clone of each antibody) in another tube for 30 min in dark at
room temperature. After RBC lysis by 1x FACs lysis buffer (Cat no-
349202 BD, Biosciences) and wash (FACS Buffer- PBS with 2% BSA),
the stained cells were stored at 4°C in fixative (3% paraformaldehyde
in PBS) till acquisition on Navios Flow cytometer (Beckman Coulter,
Brea, Cal) using Navios acquisition software; acquisition was
performed within 24 h of staining procedure. Gating strategy is
depicted in Figures 2A, B. Total 100,000 events were recorded. After
lymphocyte gate identification, lymphocyte population was
segregated depending on CD3 expression and then CD3 positive
cells were further discriminated on the basis of CD4 and CD8
expression to identify CDA4T cells (CD3+CD4+) and CD8 T cell
(CD3+CD4+) frequencies. CD3 negative population was separated
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FIGURE 2 | Flow cytometry gating strategy to identify lymphocyte subsets. Representative flowcytometry dot plots from the PBMCs of one of the study
participants. (A) Gating strategy used to identify T cells and B cell subsets. The lymphocytes were live gated during acquisition using the side and forward scatter dot
plot display. Lymphocyte population was further discriminated on the basis of CD3 expression. CD3 positive population was used to identify CD4 and CD8 T cells.
Whereas CD3 negative population was used to identify B cells and its subsets such as memory B cells and class switched/unswitched B cells, class switched
memory B cells (CSMB) and unswitched memory B cells (USMB). (B) Gating strategy used to identify antigen presenting cells (mDC, pDC and Monocytes).During
acquisition, with the help of side and forward scatter, cells of lymphomonocyte gate were identified and the cells from this population were further distinguished on
the basis of absence of lineage markers (CD3, CD19 and CD56). Lineage negative population was further discriminated as CD14+ and CD14- population to identify
monocyte population. CD14 negative population was again distinguished on the basis of HLA-DR expression. Both positive (CD11c and CD1C) population from
HLA-DR positive cells was identified as myeloid Dendritic Cells (mDC). Plasmacytoid dendritic cells (pDC) were identified as HLA-DR+CD11C-CD123 + cells.

In infants with high NRBC (nucleated RBC) count, contour plot was used to identify lymphocyte gate for further analyses.
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on the basis of CD19 expression to identify B cell population
(CD3-CD19+) that was categorized in memory B cells
(CD3-CD19+CD27+) depending on their CD27 expression. To
identify the class switched population, IgD based negative gating
strategy was used. Class switched B cells were identified as CD3—
CD19+IgD- and unswitched B cells as CD3-CD19+IgD+ whereas
class switched memory B cells as CD3-CD19+CD27+IgD— and
unswitched memory B cells as CD3-CD19+CD27+IgD+ cells
(Figure 2A). The monocyte population (CD3-CD14+) was
discriminated using CD14 expression on CD3 negative population.
CDl1c and CD1C expression on HLA-DR + CD3-CD56—CD19-
cells was considered for detecting myeloid dendritic cell frequency
whereas the plasmacytoid dendritic cells were identified as
CD3-CD56-CD19- CDI123+ HLA-DR +CD11 C- cells. The
immune cell frequencies were expressed in proportion to total
lymphocyte population (Figure 2B). The flow cytometry data were
analyzed by using Flow Jo version7, Tree star.

Plasma Cytokine Profiling by Cytometric
Bead Array Analysis

Cytokine analysis was done using the Human CBA flex kits by
simultaneous detection of IFN-v, IL-2, IL-4, IL-5, IL-6, IL-10, IL-
13, IL-12p70, IL-17, TNF-a, and IL-21 (BD Biosciences, San
Jose, California). Employing thawed aliquots of plasma, CBA
analysis was performed as per the manufacturer’s instructions.
The samples were acquired on the same day on FACS Fusion
machine by using FACS Diva software (version 3.0) FCAP Array
Software (BD Biosciences, San Jose, CA, USA) was used to build
standard curves and to calculate cytokine levels in plasma.

Serology

The antibody (IgG) titers against all the components of
pentavalent vaccine were determined by ELISA following
instructions of the manufacturers. The anti-HBs levels were
determined using TNO certified Anti-surase quantitative
ELISA kits by General Biologicals Corporation, Taiwan. For
determination of IgG antibody levels for Diphtheria, Tetanus,
and Haemophilus influenzae b, EN ISO 9001:2000 certified kits
from DeMeditec, Germany were used while for pertussis, kits
from Euroimmune (Perkin Elmer company-EN ISO 9001, EN
ISO 13485/CMDCAS) were used. The IgG antibody cut-off
considered for protection was >0.01 IU/ml for diphtheria (26)
and tetanus (27), 210 mIU/ml for hepatitis B (28) and >0.15 pg/
ml for Hib (29). For long term protection against HiB, the cut-off
of 21.0 pg/ml was considered. For pertussis, which has no
recognized serological correlate of protection, IgG level >22 U/
ml for whole cell, was considered as vaccine response (30).

Recall Immune Response

The individual components of the pentavalent formulation were
kindly provided by the Serum Institute of India, Pvt. Ltd. (SIIPL,
Pune, India). Based on antibody titers against component antigens of
pentavalent vaccine, ten representative samples including responders
and non-responders against each of the antigen from all study groups
(PT1, PT2 and FT) were selected (the details about antibody titers are
provided in Supplementary Table 2). PBMCs of these samples
obtained at post vaccination visits were revived and rested

overnight at 37°C in 5% CO2 incubator. Next day, after live cell
count by trypan blue, cells were washed with complete media (10%
RPMI) and approximately 0.3 x 10° cells were exposed to each of
component antigens separately [(tetanus toxoid (3.3 LF/ml),
diphtheria toxoid (2.4 LF/ml, PRP of Hib, 1 pg/ml), HBsAg (1 ug/
ml) and the whole cell of pertussis (0.18 IOU/ml) for 6 h. A pre-
stimulation period of 2 h was included before the addition of 10 ug/ml
Brefeldin A(B7651; Sigma-Aldrich, St. Louis, USA) and anti-human
CD107a (Degranulation marker) APC-Cy7. To check constitutive
cellular frequency and their phenotypic and functional profile, cells
without any stimulation were used as negative control. Anti-CD3 and
anti-CD28 stimulation was used as positive control. After 6 h, the cells
were kept overnight at 4°C followed by staining procedure as follows.
Cells were washed with 1x PBS twice and stained by live/dead stain
followed by surface staining for following markers. (CD3, CD4, CD8,
CD45 RA, CD62L, CCR7, CD19, CD27, CD138, HLA-DR, CD11C,
CD1C, CD80, CD86, CD300a, CD154, CD269, CD40, IgD, CD123,
CD56, and CD14) Following fixation by 3% paraformaldehyde and
thorough washing by FACS Buffer (I1x PBS-EDTA with 2%BSA),
cells were permeabilized by BD FACS Perm-II (Cat no-340973; BD
Biosciences) and stained for intracellular markers (IFN-y, TNF-o,, and
IL-2). Cells were acquired on FACS Fusion (BD, Biosciences).
Approximately, lymphocyte gated 50,000 thousand events were
acquired. Data were analyzed by Flow Jo tree star (version 7.6.5).
Gating strategy for recall immune responses is denoted in
Supplementary Figure 1. (Supplementary Information is
provided for manufacturer, dye and clone of each antibody in
Supplementary Table 3)

To assess the comparative efficacy of pentavalent vaccination in
term and preterm infants, PBMCs exposed to short term antigenic
stimuli with component pentavalent vaccine immunogens were
analyzed for memory profile and functionality of B cells, T cells
and dendritic cells. The memory profile comprised central (CD3+
CD4+CD45RA-CD62L+CCR7+) and effector memory T cells
(CD3+CD4+CD45RA-CD62L-CCR7-) and their ability to
secrete cytokines such as IFN-y, TNF-o. and IL-2; CD107a
expression was used as a marker for CD8 T cell-mediated
cytotoxicity. In case of B cells, memory B cells (CD3-CD19+
CD27+), plasma cell frequency (CD3—-CD19+CD138+) and B cell
maturation antigen expression (BCMA-CD269) density was
determined. Myeloid (Lineage negative-HLA-DR+CD11C+
CD1C+) and plasmacytoid DCs (Lineage negative-HLA-DR+
CD11C-CD123+) were analyzed for up regulation of maturation
markers such as CD80 and CD86.

The upsurge of 1.5 fold in cellular frequency and phenotypic and
functional markers of immune cells after stimulation of respective
antigens as compared to constitutive expression obtained in the
PBMC:s without any stimulation was considered as a positive response.

Statistical Analysis

The data were analyzed using Graph pad prism (version 5). The
nonparametric Mann Whitey U test was employed to compare
the differences in immune cell subset frequencies and plasma
cytokine levels between the groups. Student’s T test was used to
compare antibody titers among the groups. Wilcoxon signed-
rank test is employed to determine difference between immune
cell subsets at baseline and after follow up visits. Spearman
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correlation is used to assess the bivariate correlation in between
the parameters using SPSS. Multivariate and univariate analysis
were performed using R programing.

RESULTS

Demographic details of 193 infants enrolled in the study are
summarized in Table 1. Out of the total 193 infants recruited,
33 were very preterm [PT-1 (GA, 28-32 WK)], 80 were
moderate preterm [PT-2(GA, 32-36 WK)] and 80 were full
term [FT (GA, >37 WK)]. The study included 24, 55 and 54
follow up samples from PT1, PT2 and FT infant study groups,
respectively. Overall, male gender was predominant in the
preterm groups as compared to the term group. We did not
observe any significant difference in age of infants at which
pentavalent vaccination was administered. (One way
ANOVA; at enrolment- p = 0.0807 and follow up visit-
p=0.0984) (Table 1).

Antibody Titers Prior to the First Dose

of Pentavalent Vaccine (at 6 to 10

Weeks Age)

This time point reflects maternal transfer of antibodies (Table 2).
In India, a birth dose is mandatory for hepatitis B and
administration of this dose to preterm/term infants is deferred
till the attainment of 2000g body weight. Therefore, immune
response to hepatitis B component of pentavalent vaccine is
considered separately.

Tetanus, Pertussis, Diphtheria, and HiB

In accordance with the mandatory immunization of pregnant
women with tetanus toxoid during the third trimester, all the
infants (except one from the PT-1 group) were circulative
protective anti-tetanus antibodies (=0.1 IU/ml) at the time of
vaccination. In contrast, very few infants exhibited protective
levels of anti-Pertussis toxin IgG antibodies (>22U/ml); none in
PT1, 6.25% in PT2 and 5% in the FT groups suggestive of lack of
these antibodies in the mothers. For diphtheria and HiB,
respective antibodies were present in 87.9%, 92.5%, 97.5% and
81.81%, 70%, 72.5% infants in PT1, PT2 and FT categories,
respectively. Of note, none of the infants from PT1 group
circulated anti-Dtx-IgG antibodies at protective levels of >0.1

IU/ml while only 17.6% and 25% of the PT2 and FT infants
exhibited such antibodies. For HiB, protective antibody positivity
(lug/ml) was recorded in 6.1% to 16.2% infants from the three
infant groups.

Figure 3 depicts comparisons of antibody levels against the
pentavalent antigens among the three study groups examined.
The levels of anti-Ttx, anti-Dtx and anti-PT antibodies were
significantly lower in PT1 than the PT2 infants (p = 0.0003,
<0.0001 and <0.0001, respectively) while levels of anti-PRP
antibodies were comparable (Figure 3).

Antibody Titers 1 Month Post-Pentavalent
Immunization (at 20 to 24 Weeks Age)

For tetanus, all the PT1/PT2 and FT infants exhibited anti-Ttx
antibodies at the level of 20.1 IU/ml. Though 100%
seroconversion was recorded for diphtheria in all the groups,
lower antibody levels (<0.11U/ml) were noted in 91.7% of PT1
infants as against comparable levels in PT2 (98.2%) and FT
infants (98.1%). For HiB, 95.8% to 100% infants from different
groups developed antibodies at >0.15 pg/ml level. However,
almost half of the PT1 infants (54.2%) did not induce
antibodies at >1 pg/ml as against 80 and 90.7% in PT2 and FT
groups. For pertussis, 26% to 28% infants from all the groups
lacked adequate antibodies at >22U/ml. Clearly, immune
response to pertussis was suboptimal in all the immunized
infants. Post-immunization anti-DTx, anti-TTx and anti-
Pertussis (PT) antibody titers were comparable in all the
groups examined. For HiB, the respective antibody titers were
significantly lower in PT1 infants than in the PT2 and FT groups
(p = 0.01-0.001) while no difference was noted among PT2 and
FT infants (p >0.05) (Table 2 and Figure 3).

Due to varied proportion of maternal antibody positives, we
compared fold rise in antibody titers among maternal Ab
positives and negatives in different study groups at 1 month
post-immunization (Table 3). Immunization in the presence of
high tittered maternal antibodies did not result in boosting effect
as evidenced by post-immunization titers. For HiB, a significant
proportion (31.8%, 68.2-75.9%) of Ab-positives did not induce
desired antibody response while for pertussis and Hepatitis B, the
response was independent of maternal antibody positivity.
Whether such infants continue to circulate high antibody titers
till receiving booster dose by 15th or 18th months of age in future
remains an open question.

TABLE 1 | Demographic characteristics of study groups.

Parameter PT1 (28-32 weeks) PT2 (32-36 weeks) FT (>36 weeks)
Number recruited 33 80 80
Number followed up 24 55 54
Gestation age (weeks) 30.4 34.1 37.9

*Age at enrolment (mean weeks + SD 10.2 + 2.85 6.5 +1.94 6.4+12
*Age at follow up (mean weeks + SD 24+1.4 20 £ 2.48 20+ 2.5
M/F 22/11 64/16 36/44

Birth weight (kg) (mean weeks + SD 1.02 + 0.34 1.69 + 0.43 2.9 +0.36

*Age difference among the groups was not significant (one-way ANOVA; at enrolment, 0.0807 and follow up visit, p = 0.0984)

Age at enrolment, before first dose of pentavalent vaccine.
Age at follow up, 1 month after last dose of pentavalent vaccine.
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TABLE 2 | Pre and post pentavalent vaccination antibody titres against tetanus, diphtheria toxoid, Haemophilus influenza B and Bordetella pertussis.

Name of antibody Baseline
PT1 (n=33) PT2 (n=80)

Anti-Tetanus- IgG

% Seroprotection and 95% CI (>0.01 1U/ 100 (100-100) 100 (100-100)

ml)

% Seroprotection and 93.93 (89.91-100) 100 (100-100)

95% Cl (=0.1 1U/ml)

GMT 1.56 2.71

Anti-Diphtheria-lgG

% Seroprotection and 87.87 (76-99.75) 92.5 (86.23—

95% CI (=0.01 1U/ml) 98.76)

% Seroprotection and 0 18.75 (9.47-

95% CI (0.1 1U/ml) 28.02)

GMT 0.02 0.04

Anti PRP-IgG

% Seroprotection and 95% CI (=0.15 pg/ 81.81 (67.78- 70 (569.1-80.89)

ml) 95.85)

% Seroprotection and 95% Cl (=1 pg/ml) 6.06 (0-14.74) 12.5 (4.63-20.36)

GMT 0.21 0.32

Anti-Pertussis-lgG

% Seroprotection and 95% CI (>20 U/ml) 0 (0-0) 6.25 (0.49-12)

GMT 0.050 0.67

GMT, geometric mean titer; 95% Cl, 95% confidence interval.

Hepatitis B

Anti-HBs Levels Prior to Pentavalent Vaccine
Administration

Maternal antibodies were detected in 57.7%, 70.7%, and 80%
PT1, PT2 and FT infants prior to pentavalent immunization
while 6.6% to 15% circulated protective anti-HBs levels. In PT2
infants receiving birth dose prior to pentavalent vaccine, 31/38
(81.57%) were anti-HBs positive while 30/42 (71.4%) without the
birth dose circulated these antibodies (p>0.1). In FT and PT1
groups, 5/80 and 33/33 infants, respectively, did not receive the
birth dose and hence such a comparison was not possible.
Protective anti-HBs levels were independent of birth dose. Pre-
immunization anti-HBs titers were comparable in all the groups
with or without birth dose of the vaccine (Table 4 and Figure 4).

Anti-HBs Levels Post-Pentavalent Vaccine
Immunization

One-month post-pentavalent immunization, 91.7% to 100%
infants from all the three groups seroconverted to anti-HBs,
88.8% to 100% with protective antibody levels (GMT, 253.8—
306.8). ~8% PT infants lacked protective levels of anti-HBs
antibodies. Post-immunization anti-HBs titers did not vary
significantly when the infant groups were compared with
respect to the receipt of the birth dose (PT2 p = 0.45 and FT
p = 0.15). Overall, FT infants developed higher antibody levels
than the PT1 (p = 0.02) and PT2 (p = 0.005) infants (Table 4,
Figure 4).

The serological results demonstrated clear differences in the
immunogen-specific antibody positivity rates and proportions
with protective titers in the infant groups examined. To
understand basis for such differences, we examined circulating

Post pentavalent vaccination

FT (n=80) PT1 (n=24) PT2 (n=55) FT (n=54)
100 (100-100) 100 (100-100) 100 (100-100) 100 (100-100)
100 (100-100) 100 (100-100) 100 (100-100) 100 (100-100)

3.57 1.44 1.47 1.82
97.5 (94.07- 100 (100-100) 100 (100-100) 100 (100-100)
100.92)

25 (15.51-34.48)  91.66 (81.6-100)  98.18 (95-100)  98.14 (95.19-100)

0.05 0.53 0.65 0.70
725 (62.71-82.28)  95.83 (88.56— 100 (100-100)  98.14 (95.19-100)
100)
16.25 (8.16-24.33)  54.16 (36.03- 80 (70.49-89.5) 90.74 (84.38-
72.9) 97.09)
0.35 1.58 4.20 7.71
5(0.22-9.77) 75 (59.23-90.76)  72.72 (62.14— 74.07 (64.47-
83.31) 83.67)
0.16 29.23 25.64 30.28

immune cells, cytokines and recall immune responses to
immunogens of pentavalent vaccine.

Enumeration of Circulating Immune Cells
The median frequency of immune cells (%) and the interquartile
ranges (IQR) are summarized in Table 5.

Prior to Pentavalent Vaccine
Administration

The preterm infants showed lower frequency of CD4 cells (PT-
1, 10.6%; PT2, 12.9%) when compared to the FT infants
(15.5%, p <0.0001 and 0.008, respectively). The proportion of
CD8 T cells was higher in PT1 infants (17.5%) than in the PT2
(10.86%, p <0.0001) and FT infants (12.11%; p = 0.01). CD4/
CD8 ratio was equal to 1 or above in 33.3% PT1, 52.5% PT2
and 83.8% FT infants (Figures 5A-C). Additionally, PT1
infants were armed with lower number of antigen-presenting
cells such as dendritic cells and monocytes. The proportions of
both subsets of dendritic cells, myeloid dendritic cells and
plasmacytoid dendritic cells were lower in the PT1 group
than in PT2 (p = 0.0009 and 0.0057) and FT (p = 0.0035
and 0.0014) infants. Similarly, lower monocyte frequencies were
recorded in the PT1 infants when compared to PT2 (p=0.004)
and FT (0.0007) categories (Figures 5D-F).

Post-Pentavalent Vaccination

At this time, the CD4 and CD8 frequencies were similar to
enrolment i.e. lower CD4 and higher CD8 proportions in PT1
infants as compared to PT2 and term groups resulting in lower
CD4/CDS8 ratio in the PTI1 infants. In contrast to pre-
vaccination, the frequencies of monocytes and mDC at post-
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FIGURE 3 | Antibody titers against component antigens of pentavalent vaccine. The vertical scatter dot plots present antibody titers against (A) Tetanus (anti-Ttx),
(B) Diphtheria (anti-Dtx) toxoids, (C) anti-PRP (HiB), (D) anti-Pertussis toxin (Bordetella) before (at baseline) and after pentavalent vaccination. Dotted lines in the
graph indicate seroprotective antibody titers. Error bars- Mean with SEM.

TABLE 3 | Fold rise in antibody titres in presence and absence of maternal antibody (MT-Ab).

Immunogen Infants with MT-Ab Infants without MT-Ab
Number with > 4fold rise in titers/Total Number with Number of infants seroconverting to protective levels/total number
MT-Ab (%) without MT-Ab (%)

PT1 PT2 FT PT1 PT2 FT
Tetanus Toxoid 2/22 (9.1) 2/55 (3.6) 0/54 0/0 0/0 0/0
Diphtheria 18/19 (94.7) 49/55 (89.1) 46/54 (85.2) 03/083 (100) 0/0 0/0
Toxoid
Hib (PRP) 15/22 (68.2) 41/55 (74.5) 41/54 (75.9) 0/0 0/0 0/0
Whole cell Pertussis 8/10 (80) 31/39 (79.5) 23/32 (71.9) 9/13 (69.2) 13/16 (81.2) 8/33 (24)
Hepatitis B surface antigen 12/13 (92.3) 36/39 (92.4) 33/36 (91.7) 9/9 (100) 11/14 (78.6) 36/36 (100)

Except for a small proportion of PT1 (2/22) and PT2 (2/55) infants, 4fold rise in anti-TT titers was not recorded post-immunization. It would be necessary to determine dynamics of these
antibodies till boosted by an additional dose in 15th to 18th month.
MT-Ab, maternal antibodly.
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TABLE 4 | Anti-HBs IgG titres in all study groups categorized on the basis of HBV birth dose administration.

Parameter Pre-pentavalent vaccination

Birth status (No) PT1 (33) PT2 (80)

Irrespective of birth dose

Anti-HBs+ve 19 (57.7%) 59 (73.7%)

>10mlIU/ml 2(6.06%) 6 (7.5%)

GMT 0.31 2.68
Birth dose administered

Number 0 39

Anti-HBs+ve - 33(94.2%)

>10 miU/ml - 4 (10.25%)

GMT - 1.86
No birth dose

Number 33 41

Anti-HBs+ve 19 29 (70.73%)

(57.7%)
>10mIU/ml 2(6.06%) 2(4.87%)
GMT 0.31 214

GMT, geometric mean Titer.
Values in bold represent total number of infants in the corresponding categories.

vaccination time point were comparable among all the three
groups. However, pDC frequencies continued to be lower in the
PT1 infants than in PT2 (p=0.01) and FT (p=0.03) infants.

Plasma Cytokine Profiles Pre- and
Post-Pentavalent Vaccination

For this, 18, 36, and 33 paired serum samples, respectively, from
PT1, PT2 and FT infants obtained pre and post pentavalent
vaccination were tested. Among the Th-1 cytokines, TNF-o
levels were significantly higher in term infants when compared
to PT1 infants (p = 0.03) at enrolment visit. In contrast, the levels
of IL-10, a Th-2 cytokine were higher in very preterm infants as
compared to term infants (p = 0.001) and moderate preterm
infants (p = 0.014) (Figure 6). Post-vaccination, IL-10 levels
continued to be higher in very preterm infants than in the
moderate preterm infants (Figures 6A, B). Marginal
differences without any statistical significance were observed
for the other cytokines tested at both the time points. With
age, IL-21 and TNF-a level increased in the PT-2 and term
infants while IL-4 increase was seen in the term infants
(Figure 6C).

Correlation Analyses
Next, we evaluated relationship of antibody titers against vaccine
component antigens with variables such as gestational age and
several immune cells/cytokines present in PT1/PT2/FT infants at
the time of vaccination (Table 6). Of the immune cell parameters
evaluated, univariate analysis revealed significant association of
only few with antibody response. Gestation age was identified as
a significant variable influencing antibody response to tetanus,
diphtheria, pertussis and HBsAg, but not to HiB. For HiB and
HBsAg, only single parameter was significant and hence
multivariate analysis was not possible.

Anti-tetanus response was significantly associated with CD4,
CD8, monocyte and pDC frequencies, but, multivariate analysis
identified gestation age as the only predictor for antibody titers.

Post-pentavalent vaccination

FT (80) PT1 (24) PT2 (55) FT (54)
55 (68.7%) 24(100%) 44 (97.8%) 54(100%)
12 (15%) 22 (91.7%) 40 (88.8%) 54(100%)
0.52 253.8 275.9 306.8
75 0 28 50
1 (68%) - 27 (96.42%) 50(100%)
11 (14.6%) - 26(92.85%) 50(100%)
0.53 - 157.4 312.72
5 24 27 4
4 22 27 4
(80%) (91.7%) (100%) (100%)
1(20%) 22(91.7%) 24(88.88%) 4(100%)
1.09 122.4 130.98 306.76

In case of diphtheria toxoid, univariate analysis showed
significant associations of humoral response with CD4,
unswitched memory B cells, dendritic cells (mDC and pDC)
and monocyte frequencies, however, multivariate analysis
revealed a strong association with pDC only. For pertussis with
compromised seroprotective titers in all the study groups, a
significant association with gestation age, monocyte, and
plasma levels of IL-6, IL-10, and IL-2 was found in univariate
analysis, but plasma IL-6 levels emerged to be the significant
parameter in multivariate analysis (Table 6).

Recall Immune Responses to Constituent
Immunogens of Pentavalent Vaccine

To understand the comparative response of term and preterm
infants to pathogen exposure, infant PBMCs from immunized
infants were stimulated with component antigens of pentavalent
vaccine. Live/dead staining of PBMCs demonstrated
approximately 90% viability (median, 92.36; IQR, 85.47-96.32).
Memory profile and functionality of B cells, T cells and dendritic
cells was determined (Figure 7). None of the infants from all the
study groups exhibited any modulation when the PBMCs were
stimulated with tetanus or diphtheria. For the remaining three
immunogens, birth status-specific alterations were noted. As
against significant rise (>1.5-fold) of all the indicated markers
in the FT group, the response of both PT1 and PT2 was much
lower. PT1 documented an increase of 2.06 fold (Bordetella:
central memory CD8 T cells, CD300a MFI) and 2.35-fold (HiB:
TNEF-0, and IFN-y bifunctional central memory CD8 T cells). In
the PT2 infants, central memory CD8T cells (CD300a MFI)
increased 2.2 fold with pertussis and 1.02-fold, increased, central
memory CD8 T cells (TNF-o0 MFI) and BCMA+ plasma cells
raised 1.5-fold with HBsAg while central memory CD8 T cells
(CD300a MFI) increased 2.33 fold for HiB. Overall, there was a
prompt proliferation of central memory T cell compartment
with Thl cytokine secretion in term infants as compared to
preterm infants. Immune cells of term infants showed highest
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FIGURE 4 | Effect of administration of Hepatitis B Vaccine dose at birth on anti-HBs titers at pre and post pentavalent vaccination. Hepatitis B vaccine birth dose is
administered to infants weighing > 2000 g. Pre (baseline) and post-pentavalent vaccination anti-HBs titers are depicted with respect to the administration of birth
dose: (A) (Irrespective of birth dose), (B) (no birth dose administered) and (C) (birth dose administered). The vertical scatter dot plots in the figure represent the
antibody titers against HBsAg at pre and post pentavalent visits. Dotted line in the graph indicates the seroprotective antibody titers. Error bars- Mean with SEM.

capability to respond to the component immunogens,
particularly inactivated whole cell of Bordetella, HBsAg and
PRP moiety of Hemophilus influenzae B, suggestive of robust
immunological memory development.

DISCUSSION

The primary aim of our study was to assess if the current national
recommendations for pentavalent immunization of preterm
infants are appropriate and ensure adequate immune response.
For this, we first compared our results among FT infants with
recent Indian studies (18). Post-pentavalent vaccination
antibody positivity for tetanus, diphtheria, HiB and hepatitis B

was similar to previous reports (18, 20, 24). In contrast,
seroconversion rate against pertussis was alarmingly lower
(74.1%). In view of the growing number of pertussis infections
globally, this is indeed a matter of concern and additional studies
are needed to assess if this is an isolated observation or a national
concern. We would like to point out here that percent
seroconversion to PT was found to vary from >95% (18, 20) to
~70% (31, 32). The vaccine administered during this study was
provided by the government of India under the national
universal immunization program (17).

Though we did not collect blood samples from the mothers,
infant samples collected at ~6 weeks of age do reflect maternal
antibody pattern in relation to the pentavalent antigens.
Positivity rates were comparable to previously reported studies
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conducted during 2006 to 2009 (18, 20). Next, post-
immunization antibody titers against the vaccine components
were compared in relation to the gestational age. Different
categories did not differ in mounting protective antibody
response against tetanus and diphtheria. Though induction of
anti-HiB antibodies at 20.15 ug/ml level was comparable in all
the infants, the proportion of infants developing >1 ug/ml levels
was lower preterm infants. Over 50% of the PT1 infants and 20%
of the PT2 infants did not develop desired antibody levels and
hence could be susceptible later. Of concern, suboptimal
antibody response against pertussis was independent of
gestational age (72-74%) and could be related to the vaccine
response in general.

For hepatitis B, excellent and comparable (97.8-100%) anti-
HBs positivity was observed in all the three groups,
approximately 8% (PT1) and 11% (PT2) infants without
protective anti-HBs levels. Nonetheless, FT infants with better
developed immune system induced higher anti-HBs titers than
the PT1 (p=0.02) and PT2 (p=0.005) infants. Administration of
birth dose to the PT2 infants did not significantly influence
antibody positivity/titers. Comparable anti-HBs response in full
term, normal weight and underweight Indian infants was
documented after receiving hepatitis B vaccine at birth and
pentavalent vaccination as per recommended schedule (33).
The data suggests that rather than birth weight, gestational age
plays crucial role in deciding immune response.

Another important issue is the presence and titers of maternal
antibodies in relation to birth status and effect on the
development of antibody response post-vaccination. For
tetanus, Diphtheria and HiB, almost all the infants were born
to mothers with respective antibodies. For hepatitis B, rise in
titers was independent of maternal antibody positivity (Table 3).
In contrast, significantly lesser FT infants without maternal anti-
pertussis antibodies (8/33, 24.2%) developed >4-fold higher titers
than those with these antibodies (23/32, 71.9%, p<0.001). High
anti-TT titers reflect mandatory immunization of pregnant
women with TT. Except for a small proportion of PT1 (2/22)
and PT2 (2/55) infants, 4 fold rise in anti-TT titers was not
recorded post-immunization. Clearly, maternal antibodies did
interfere with boosting effect. In fact, a drop was evident. It
would be necessary to determine dynamics of these antibodies till
receipt of the booster dose at 15 to 18 months age. Following a
tetanus booster at 15 months, comparable humoral and cellular
responses were recorded in FT and PT infants. At 15 months,
premature infants exhibited lower levels of anti-tetanus
antibodies, those born at a gestational age of < 32 weeks with
lowest levels (34).

Taken together, our study revealed that as compared to the
FT group Indian preterm infants develop adequate antibody
response against tetanus and diphtheria, lower titers against
HiB and HBsAg while suboptimal anti-pertussis response was
independent of gestational age. To understand the basis for
such differential responses, we determined relationship of
gestation age with proportion of circulating immune cells
and cytokines at pre- vaccination. Similar to an earlier
observation, all the preterm infants exhibited lower frequency
of CD4 and higher CD8 cells at the age of 6 to 8 weeks (35).
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(D) Myeloid dendritic cells, (E) Plasmacytoid Dendritic Cells and (F) monocytes. Error bars- Mean with SEM.

Additionally, the PT1 infants were armed with lower number of
antigen-presenting cells such as dendritic cells and monocytes.
At this time, lower TNF-o. and raised IL-10 levels characterized
PT1 infants.

Three months later, PT1 infants continued to have lower
CD4 cells and pDCs and, higher CD8 cells as well as IL-10 levels
while the other parameters returned to levels similar to other
infants. CD8 cells from cord blood of preterm infants were
shown to be highly activated and hyper-responsive to
inflammatory stimuli in vitro (36). Activation of T-cell-
mediated immunity, particularly CD8 T cells, takes place
during the first postnatal days in preterm infants with RDS
(respiratory distress syndrome) and this activation is associated
with development of bronchopulmonary dysplasia (BPD) (37).
Pathogenesis of BPD is multifactorial (38). In the preterm
infants, priming of adaptive immunity leading to augmented
inflammatory response may be one of the factors contributing
to the pathogenesis of BPD and other chronic complications.
Indeed, history of RDS (Respiratory distress syndrome) in our
infant series was gestational age-driven; as against 23.5%
moderate preterm and 1.2% of FT infants, majority of the
very preemies (70%) suffered from RDS (data not shown).

To identify parameters influencing immune response to
individual components of pentavalent vaccine, multiple
regression analysis was done. In univariate analysis, a
significant association of GA with antibody response was
found for all the antigens except HiB. Importantly, GA was
identified as a significant independent variable influencing
response to tetanus (p = 0.0005) and to a lesser degree for
pertussis (p = 0.054) and diphtheria (p = 0.06). Though the
response to tetanus was universal, GA did influence titers,
increasing with GA.

Frequency of pDCs emerged to be the single independent
variable positively impacting humoral response to diphtheria. It
is pertinent to note that recombinant granulocyte-macrophage
colony-stimulating factor (GM-CSF) could improve immune
response to the diphtheria component in a multivalent vaccine
(39). GM-CSF and IL-3 were able to efficiently promote pDC
survival (40). A significant and direct correlation between the
number of pDCs and the development of protective humoral
immune response to measles vaccine at 3 months post-
vaccination is noteworthy (41).

Pertussis component of the vaccine leading to suboptimal
antibody response across all the infant groups is of special
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FIGURE 6 | Plasma cytokine levels in PT1, PT2 and FT infants prior to (A) and post-(B) pentavalent vaccination. The vertical column bar graphs represent A1] Th1
cytokines (IFN-y, IL-2, TNF-o), A2] Th2 cytokines (IL-4, IL-5, IL-6, IL-10, IL-13) and A3] Th17 and miscellaneous cytokines before vaccination; B1, B2, and B3 plots
present respective cytokines at post-pentavalent vaccination. (C) The line graphs denote the changes in plasma IL-4, IL-17, IL-21, and TNF-a levels in all the infant
groups before and after pentavalent vaccination. Error bars- Mean with SEM.
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TABLE 6 | Multivariate analysis to identify independent variables influencing antibody response to the pentavalent vaccine components*.

Immunogen Variable

Birth status
CD4%
CD8%
pDC%
Monocyte%
Birth status
CD4%
Unswitched memory B cells%
mDC%
pDC%
Monocyte%
Birth status
Monocyte%
IL-2 (pg/ml)
IL-6 (pg/ml)
IL-10 (pg/ml)
mDC%

Birth status

Tetanus toxoid

Diphtheria toxoid

B. pertussis (Whole cell)

HiB(PRP)
HBsAg

Univariate (p value) Multivariate (p value)

<0.001 0.0005
0.048 0.2
0.045 0.2
0.028 0.2
0.025 0.15
0.046 0.06
0.049 0.09
0.042 0.16
0.002 0.2
0.007 0.03

0.04 0.6
0.049 0.054
0.01 0.055
0.02 0.055
<0.001 0.001
0.04 0.8
0.025 NA
0.034 NA

*Parameters with significant influence on antibodly titers in univariate analysis were included for multivariate analysis. NA, Not Applicable.

significance. In addition to IL-6 as the most significant
independent factor (p=0.001), GA, monocytes and IL-2 seem
to be impacting the antibody response as well (p = 0.054-0.055).
Cytokine regulation and co-stimulatory molecules are pivotal to
the immunological switch from innate to adaptive immunity. IL-
6 was shown to contribute to the generation of B. pertussis-
specific IL-17 responses (42). Studies have suggested that B.
pertussis infection skews the host immune response toward the
expansion of Th17 cells (43, 44). Further, IL-17 promoted
macrophage killing of B. pertussis while depletion of IL-17 led
to reduction in the efficacy of B. pertussis whole-cell vaccine (45).
In mice, efficient clearance of B. pertussis and vaccine-induced
immunity against the pathogen were shown to be IL-6 dependent
(46). Despite identifying role of IL-6 in generating adequate anti-
pertussis antibody response, the question of less efficacy of the
vaccine even in term infants remains unanswered. It is indeed
intriguing that despite lower frequency of CD4 and higher CD8
cells in the PT infants and lower number of antigen-presenting
cells such as dendritic cells and monocytes in the PT1 infants,
anti-pertussis antibody titers were comparable with the FT
infants. Additional studies are needed to confirm this
observation and to identify factors for the GA-independent
immune response to pertussis. Whether BCG immunization
selectively helped preterm infants in attaining anti-pertussis
antibody titers similar to FT infants need to be examined.

We next attempted to evaluate if antibody negative infants
will be able to mount cellular immunity responses if exposed to
the respective pathogens. For this, recall responses were studied
in 10 infants from each group. Data revealed that immunologic
memory was not just a function of GA, but, varied with different
immunogens. T cell or B cell subset proliferation was not seen for
tetanus and diphtheria with high antibody response by all the
infants and HiB with adequate protective antibodies.

Proliferation of central memory compartment of CD4 and
CD8 T cells with polyfunctional response in FT infants with or
without anti-pertussis antibodies revealed that these infants are

likely to be protected following exposure to the pathogen. On the
contrary, non-responders as well as responders from PT1 and
PT2 groups were unable to develop immunological memory as
indicated by the absence of proliferating memory T cells. Clearly,
PT infants with immature immune system lacked efficient
cellular response that could affect subsequent protection
from Bordetella.

For hepatitis B component, the recall response was gestation
age dependent and not influenced by the presence or absence of
protective antibody levels. All FT infants mounted efficient
antibody as we as cellular immunity in terms of memory CD8
T cells with TNF-o production. PT2 infants with or without
protective antibody levels could induce similar responses. On the
other hand, irrespective of the antibody status, very preemies
were unable to induce rise in memory T cells. On exposure, these
infants may be susceptible to the virus.

India being a TB-endemic country, BCG (live attenuated
Bacille Calmette-Guérin) at birth is mandatory (17). BCG is a
known immunomodulator and shown to reduce overall neonatal
mortality as a non-specific beneficial effect (47, 48). In our study,
all the FT infants received BCG at birth while the preterm infants
were immunized with BCG after 34 weeks of gestation (34-20
weeks). Except for 4 infants receiving BCG and pentavalent
vaccine simultaneously, the gap between these vaccinations was
1 to 4 weeks. In PT infants, proportions of mDCs, pDCs and
monocytes before pentavalent vaccination were independent of
timing of BCG administration (data not shown). Of note, in
Gambia, administration of BCG to newborns at the time of
priming markedly increased the cellular and Ab responses to the
hepatitis B vaccine (at birth), but had only a limited influence on
the cytokine response to tetanus toxoid and no effect on the Ab
responses to tetanus and diphtheria toxoids (at 2 months
age) (49).

In summary, our data provides comparative antibody
response of Indian infants classified according to gestational
age, to the component immunogens of the pentavalent vaccine.
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FIGURE 7 | Fold changes in functional parameters of immune cells following individual pentavalent component antigenic stimulation of cultured PBMCs. Bar
diagrams in the figure exhibit the fold rise in frequency of immune cells and expression of different markers after short term exposure to (A) Bordetella (Whole cell)
(B) HBsAg (C) Haemophilus Influenzae B (PRP) in all study groups. The major memory T cell types are mentioned above the lines. Fold rise in relevant parameters
are shown in boxes. In recall response analyses, PBMCs of infants without any stimulation were used as controls. The cellular frequency and their phenotypic and
functional characteristics obtained in unstimulated PBMCs were considered as baseline values to estimate fold changes induced by stimulation with component
antigens of pentavalent vaccine. [Concentration of antigens used for stimulation-(Tetanus toxoid (3.3 LF/ml), Diphtheria toxoid (2.4 LF/ml, PRP of Hib, 1 pg/ml), HBs
Ag (1 pg/ml) and the whole cell of pertussis (0.18 I0U/ml); Incubation time, 6 h]. As against significant rise (>1.5 fold) of all the indicated markers in the FT group,
PT1 documented 2.06 fold (Bordetella: central memory CD8 T cells, CD300a MFI) and 2.35 fold (HiB: TNF-o, and IFN-y bifunctional central memory CD8 T cells). In
PT2 infants, 2.2 fold (Bordetella: central memory CD8 T cells, CD300a MFI), 1.5 fold (HBsAg: central memory CD8 T cells, TNF-a. MFI, and BCMA+ plasma cells)
and 2.33 fold (HiB: central memory CD8 T cells, CD300a MFI).

In view of the changing maternal antibody positivity and
concentrations, such studies are essential at predefined
intervals or whenever necessary. It is satisfying to note that
irrespective of gestational age, all the preterm infants developed
adequate antibody response against tetanus, diphtheria and,
protective but lower antibody levels for HiB and hepatitis B as
compared to their full-term counterparts. Suboptimal response
to pertussis in all the infant groups emerged as a major concern.
In addition to generating data on the relationship of circulating

immune cells and cytokines with GA, the results revealed that
both humoral and cellular immune responses of preterm infants
were dependent on the type of the immunogen. Preterm infants
born before 32 weeks of gestation may need an extra dose of
pentavalent vaccine for long lived robust immune response. A
further follow up till the receipt of booster dose is necessary to
identify the window of susceptibility to these pathogens. For
policy makers, our observations need to be extended to a large
cohort representing different parts of the country.

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 592731


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kulkarni-Munje et al.

Indian Preterms and Pentavalent Vaccine

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the institutional human ethics committee, Bharati
Vidyapeeth (Deemed to be) University, Pune. Written informed
consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

VA conceptualized the study, reviewed results and analyses,
and finalized the manuscript. AK-M planned and performed
the work, analyzed the data, and wrote the manuscript. AM
reviewed the results and contributed to the manuscript. NM,
SP, and SL were responsible for subject recruitment, collection
of relevant clinical information, and follow-up. AA performed
parts of the experiments and provided help to AK-M. All
authors contributed to the article and approved the
submitted version.

REFERENCES

1. UNICEEF. Levels & Trends in Child Mortality, Report 2014 (2014). Available at:
http://www.who.int/maternal_child_adolescent/documents/levels_trends_
child_mortality_2014/en/.

2. Stoll BJ, Hansen NI, Bell EF, Shankaran S, Laptook AR, Walsh MC, et al.
Neonatal Outcomes of Extremely Preterm Infants From the NICHD Neonatal
Research Network. Pediatrics (2010) 126:443-56. doi: 10.1542/peds.2009-
2959

3. Stoll B], Hansen NI, Adams-Chapman I, Fanaroff AA, Hintz SR, Vohr B, et al.
Neurodevelopmental and Growth Impairment Among Extremely Low-Birth-
Weight Infants With Neonatal Infection. ] Am Med Assoc (2004) 292:2357-
65. doi: 10.1001/jama.292.19.2357

4. Hornik CP, Fort P, Clark RH, Watt K, Benjamin DK, Smith PB, et al. Early
and Late Onset Sepsis in Very-Low-Birth-Weight Infants From a Large
Group of Neonatal Intensive Care Units. Early Hum Dev (2012) 88:569-74.
doi: 10.1016/S0378-3782(12)70019-1

5. Kent A, Makwana A, Sheppard CL, Collins S, Fry NK, Heath PT, et al.
Invasive Pneumococcal Disease in UK Children <1 Year of Age in the Post-
13-Valent Pneumococcal Conjugate Vaccine Era: What are the Risks Now?
Clin Infect Dis (2019) 69:84-90. doi: 10.1093/cid/ciy842

6. Malloy MH. Changes in Infant Mortality Among Extremely Preterm Infants:
US Vital Statistics Data 1990 vs 2000 vs 2010. J Perinatol (2015) 35:885-90.
doi: 10.1038/jp.2015.91

7. Bonhoeffer J, Siegrist CA, Heath PT. Immunisation of Premature Infants.
Arch Dis Child (2006) 91:929-35. doi: 10.1136/adc.2005.086306

8. Steiner L, Diesner SC, Voitl P. Risk of Infection in the First Year of Life in
Preterm Children: An Austrian Observational Study. PLoS One (2019) 14:
€0224766 1-11. doi: 10.1371/journal.pone.0224766

9. Watterberg K, Benitz W, Hand I, Eichenwald E, Poindexter B, Stewart DL,
et al. Elimination of Perinatal Hepatitis B: Providing the First Vaccine Dose
Within 24 Hours of Birth. Pediatrics (2017) 140:e20171870 1-7. doi: 10.1542/
peds.2017-1870

FUNDING

The study was funded by the Department of Health Research,
Government of India under Grant in Aids Scheme Inter-Sectoral
Convergence and Coordination for Promotion and Guidance on
Health Research with the main objective on research studies with
emphasis on public health (grant R.11012/03/2017-HR).

ACKNOWLEDGMENTS

The authors are indebted to all the participant infants and their
parents. The authors thank Dr. Anjali Kelkar, Department of
Pathology, Bharati Hospital and Dr. Madhuri Thakar, National
AIDS Research Institute, Pune for providing flow cytometry
facilities. The authors would like to thank Serum Institute of
India Pvt. Ltd (SIIPL) for providing the component antigens of
pentavalent vaccine. Thanks are due to Tushar Bhosale, Rahul
Patil and the staff of Pediatric Department, Bharati Hospital.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.592731/
full#supplementary-material

10. Gagneur A, Pinquier D, Quach C. Immunization of Preterm Infants. Hum
Vaccines Immunother (2015) 11:2556-63. doi: 10.1080/21645515.2015.
1074358

Martinon-Torres F, Czajka H, Center KJ, Wysocki ], Majda-Stanislawska E,
Omenaca F, et al. 13-Valent Pneumococcal Conjugate Vaccine (PCV13) in
Preterm Versus Term Infants. Pediatrics (2015) 135:e876-86. doi: 10.1542/
peds.2014-2941

Tsuda K, Iwasaki S, Horiguchi H, Mori M, Nishimaki S, Seki K, et al. Inmune
Response to Haemophilus Influenzae Type B Conjugate Vaccine in Preterm
Infants. Pediatr Int (2012) 54:64-7. doi: 10.1111/j.1442-200X.2011.03505.x
Szynczewska E, Chlebna-Sokot D. Immunogenicity and Safety of Heptavalent
Conjugate Vaccine Against Streptococcus Pneumoniae in Pre-Term Polish
Infants. Vaccine (2011) 29:7107-13. doi: 10.1016/j.vaccine.2011.06.124
Mollah AH, Naher N, Rahman S, Chowdhury AM. Antibody Titre Against 3
Doses of Hepatitis B Vaccine Among Preterm and Term Babies. Mymensingh
Med J (2012) 21:109-13.

Omeiniaca F, Vazquez L, Garcia-Corbeira P, Mesaros N, Hanssens L, Dolhain J,
et al. Immunization of Preterm Infants With GSK’s Hexavalent Combined
Diphtheria-Tetanus-Acellular Pertussis-Hepatitis B-Inactivated Poliovirus-
Haemophilus Influenzae Type B Conjugate Vaccine: A Review of Safety and
Immunogenicity. Vaccine (2018) 36:986-96. doi: 10.1016/j.vaccine.2018.01.005
Chiappini E, Petrolini C, Caffarelli C, Calvani M, Cardinale F, Duse M, et al.
Hexavalent Vaccines in Preterm Infants: An Update by Italian Society of
Pediatric Allergy and Immunology Jointly With the Italian Society of
Neonatology. Ital ] Pediatr (2019) 45:1-14. doi: 10.1186/s13052-019-0742-7
National Health Portal. Universal Immunisation Programme. Gov India
(2018). Government of India. Available at: https://www.nhp.gov.in/
universal-immunisation-programme_pg.

Sharma H]J, Yadav S, Lalwani SK, Kapre SV, Jadhav SS, Chakravarty A, et al.
Immunogenicity and Safety of an Indigenously Manufactured Reconstituted
Pentavalent (Dtwp-HBV+Hib) Vaccine in Comparison With a Foreign
Competitor Following Primary and Booster Immunization in Indian
Children. Hum Vaccin (2011) 7:451-7. doi: 10.4161/hv.7.4.14208

11.

12.

13.

14.

15.

16.

17.

18.

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 592731


https://www.frontiersin.org/articles/10.3389/fimmu.2021.592731/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.592731/full#supplementary-material
http://www.who.int/maternal_child_adolescent/documents/levels_trends_child_mortality_2014/en/
http://www.who.int/maternal_child_adolescent/documents/levels_trends_child_mortality_2014/en/
https://doi.org/10.1542/peds.2009-2959
https://doi.org/10.1542/peds.2009-2959
https://doi.org/10.1001/jama.292.19.2357
https://doi.org/10.1016/S0378-3782(12)70019-1
https://doi.org/10.1093/cid/ciy842
https://doi.org/10.1038/jp.2015.91
https://doi.org/10.1136/adc.2005.086306
https://doi.org/10.1371/journal.pone.0224766
https://doi.org/10.1542/peds.2017-1870
https://doi.org/10.1542/peds.2017-1870
https://doi.org/10.1080/21645515.2015.1074358
https://doi.org/10.1080/21645515.2015.1074358
https://doi.org/10.1542/peds.2014-2941
https://doi.org/10.1542/peds.2014-2941
https://doi.org/10.1111/j.1442-200X.2011.03505.x
https://doi.org/10.1016/j.vaccine.2011.06.124
https://doi.org/10.1016/j.vaccine.2018.01.005
https://doi.org/10.1186/s13052-019-0742-7
https://www.nhp.gov.in/universal-immunisation-programme_pg
https://www.nhp.gov.in/universal-immunisation-programme_pg
https://doi.org/10.4161/hv.7.4.14208
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kulkarni-Munje et al.

Indian Preterms and Pentavalent Vaccine

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

Rao R, Dhingra MS, Bavdekar S, Behera N, Daga SR, Dutta AK, et al. A
Comparison of Immunogenicity and Safety of Indigenously Developed Liquid
(Dtwphb-Hib) Pentavalent Combination Vaccine (Shan 5) With Easyfive
(Liq) and Tritanrixhb + Hiberix (Lyo) in Indian Infants Administered
According to the EPI Schedule. Hum Vaccin (2009) 5:425-9. doi: 10.4161/
hv.5.6.7816

Sharma H, Yadav S, Lalwani S, Gupta V, Kapre S, Jadhav S, et al. A Phase III
Randomized, Controlled Study to Assess the Immunogenicity and Tolerability
of Dtpw-HBV-Hib, a Liquid Pentavalent Vaccine in Indian Infants. Vaccine
(2011) 29:2359-64. doi: 10.1016/j.vaccine.2011.01.054

Thayyil-Sudhan S, Kumar A, Singh M, Paul VK, Deorari AK. Safety and
Effectiveness of BCG Vaccination in Preterm Babies. Arch Dis Child Fetal
Neonatal Ed (1999) 81:F64-6. doi: 10.1136/fn.81.1.F64

Arora NK, Ganguly S, Agadi SN, Irshad M, Kohli R, Deo M, et al. Hepatitis B
Immunization in Low Birthweight Infants: do They Need an Additional Dose?
Acta Paediatr Int ] Paediatr (2002) 91:995-1001. doi: 10.1080/
080352502760272722

Bhave S, Bhise S, Chavan SC, Naik SS, Pusapati RVLN, Bavdekar A, et al.
Hepatitis B Vaccination in Premature and Low Birth Weight (LBW) Babies.
Indian Pediatr (2002) 39:625-31.

Sood A, Singh D, Mehta S, Midha V, Kumar R. Response to Hepatitis B
Vaccine in Preterm Babies. Indian J Gastroenterol (2002) 21:52-4.
Balasubramanian S, Shah A, Pemde HK, Chatterjee P, Shivananda S, Guduru
VK, et al. Indian Academy of Pediatrics (IAP) Advisory Committee on
Vaccines and Immunization Practices (ACVIP) Recommended
Immunization Schedule (2018-19) and Update on Immunization for
Children Aged 0 Through 18 Years. Indian Pediatr (2018) 55:1066-74.
doi: 10.1007/s13312-018-1444-8

WHO position paper on Diphtheria vaccine. Wkly Epidemiol Rec. World
Health Organization (2006). pp. 24-32.

WHO Position Paper on tetanus vaccines. Wkly Epidemiol Rec, World Health
Organization Vol. 81. (2006). pp. 198-208.

WHO position paper on Hepatitis B vaccines. Wkly Epidemiol Rec, World
Health Organization Vol. 79. (2004). pp. 255-63.

Kayhty H, Peltola H, Karanko V, Makela PH. The Protective Level of Serum
Antibodies to the Capsular Polysaccharide of Haemophilus Influenzae Type
B. J Infect Dis (1983) 147:1100. doi: 10.1093/infdis/147.6.1100

World Health Organization. Position Paper on Pertussis Vaccines. Wkly
Epidemiol Rec (2005) 80:31-9.

Gandhi DJ, Dhaded SM, Ravi MD, Dubey AP, Kundu R, Lalwani SK, et al.
Safety, Inmune Lot-to-Lot Consistency and non-Inferiority of a Fully Liquid
Pentavalent Dtwp-Hepb-Hib Vaccine in Healthy Indian Toddlers and Infants.
Hum Vaccines Immunother (2016) 12:946-54. doi: 10.1080/21645515.
2015.1100779

Sil A, Ravi MD, Patnaik BN, Dhingra MS, Dupuy M, Gandhi DJ, et al. Effect of
Prophylactic or Therapeutic Administration of Paracetamol on Immune
Response to Dtwp-Hepb-Hib Combination Vaccine in Indian Infants.
Vaccine (2017) 35:2999-3006. doi: 10.1016/j.vaccine.2017.03.009

Verma C, Faridi MMA, Narang M, Kaur IR. Anti-Hbs Titers Following
Pentavalent Immunization (Dtwp-HBV-Hib) in Term Normal Weight vs Low
Birthweight Infants. Indian Pediatr (2018) 55:395-9. doi: 10.1007/s13312-
018-1280-x

Perin MCAA, Schlindwein CF, de Moraes-Pinto MI, Simao-Gurge RM, de
Mello Almada Mimica AF, Goulart AL, et al. Inmune Response to Tetanus
Booster in Infants Aged 15 Months Born Prematurely With Very Low Birth
Weight. Vaccine (2012) 30:6521-6. doi: 10.1016/j.vaccine.2012.08.056
Peoples JD, Cheung S, Nesin M, Lin H, Francesca Tatad AM, Hoang D, et al.
Neonatal Cord Blood Subsets and Cytokine Response to Bacterial Antigens.
Am ] Perinatol (2009) 26:647-57. doi: 10.1055/s-0029-1220788

Scheible KM, Emo ], Yang H, Holden-Wiltse J, Straw A, Huyck H, et al.
Developmentally Determined Reduction in CD31 During Gestation is

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Associated With CD8+ T Cell Effector Differentiation in Preterm Infants.
Clin Immunol (2015) 161:65-74. doi: 10.1016/j.clim.2015.07.003

Turunen R, Vaarala O, Nupponen I, Kajantie E, Siitonen S, Lano A, et al.
Activation of T Cells in Preterm Infants With Respiratory Distress Syndrome.
Neonatology (2009) 96:248-58. doi: 10.1159/000220764

Hwang JS, Rehan VK. Recent Advances in Bronchopulmonary Dysplasia:
Pathophysiology, Prevention, and Treatment. Lung (2018) 196:129-38.
doi: 10.1007/s00408-018-0084-z

Grasse M, Meryk A, Miggitsch C, Grubeck-Loebenstein B. GM-CSF Improves
the Immune Response to the Diphtheria-Component in a Multivalent
Vaccine. Vaccine (2018) 36:4672-80. doi: 10.1016/j.vaccine.2018.06.033
Ghirelli C, Zollinger R, Soumelis V. Systematic Cytokine Receptor Profiling
Reveals GM-CSF as a Novel TLR-Independent Activator of Human
Plasmacytoid Predendritic Cells. Blood (2010) 115:5037-40. doi: 10.1182/
blood-2010-01-266932

Garcia-Leon ML, Bonifaz LC, Espinosa-Torres B, Hernandez-Pérez B,
Cardiel-Marmolejo L, Santos-Preciado JI, et al. A Correlation of Measles
Specific Antibodies and the Number of Plasmacytoid Dendritic Cells is
Observed After Measles Vaccination in 9 Month Old Infants. Hum
Vaccines Immunother (2015) 11:1762-9. doi: 10.1080/21645515.
2015.1032488

Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
Developmental Pathways for the Generation of Pathogenic Effector TH17 and
Regulatory T Cells. Nature (2006) 441:235-8. doi: 10.1038/nature04753
Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM,
et al. Interleukin 17-Producing CD4+ Effector T Cells Develop Via a Lineage
Distinct From the T Helper Type 1 and 2 Lineages. Nat Immunol (2005)
6:1123-32. doi: 10.1038/ni1254

Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH, et al. A Distinct
Lineage of CD4 T Cells Regulates Tissue Inflammation by Producing
Interleukin 17. Nat Immunol (2005) 6:1133-41. doi: 10.1038/ni1261

Higgins SC, Jarnicki AG, Lavelle EC, Mills KHG. TLR4 Mediates Vaccine-
Induced Protective Cellular Immunity to Bordetella Pertussis : Role of IL-17-
Producing T Cells. J Immunol (2006) 177:7980-9. doi: 10.4049/
jimmunol.177.11.7980

Zhang X, Goel T, Goodfield LL, Muse SJ, Harvill ET. Decreased Leukocyte
Accumulation and Delayed Bordetella Pertussis Clearance in IL-6 —/- Mice.
J Immunol (2011) 186:4895-904. doi: 10.4049/jimmunol.1000594

Brook B, Harbeson DJ, Shannon CP, Cai B, He D, Ben-Othman R, et al. BCG
Vaccination-Induced Emergency Granulopoiesis Provides Rapid Protection
From Neonatal Sepsis. Sci Transl Med (2020) 12:eaax4517. doi: 10.1126/
SCITRANSLMED.AAX4517

Bassat Q, Moncunill G, Dobafio C. Making Sense of Emerging Evidence on
the non-Specific Effects of the BCG Vaccine on Malaria Risk and Neonatal
Mortality. BMJ Glob Heal (2020) 5:¢002301. doi: 10.1136/bmjgh-2020-002301
Ota MOC, Vekemans J, Schlegel-Haueter SE, Fielding K, Sanneh M, Kidd M,
et al. Influence of Mycobacterium Bovis Bacillus Calmette-Guérin on
Antibody and Cytokine Responses to Human Neonatal Vaccination.
J Immunol (2002) 168:919-25. doi: 10.4049/jimmunol.168.2.919

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.

Copyright © 2021 Kulkarni-Munje, Malshe, Palkar, Amlekar, Lalwani, Mishra and
Arankalle. 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

April 2021 | Volume 12 | Article 592731


https://doi.org/10.4161/hv.5.6.7816
https://doi.org/10.4161/hv.5.6.7816
https://doi.org/10.1016/j.vaccine.2011.01.054
https://doi.org/10.1136/fn.81.1.F64
https://doi.org/10.1080/080352502760272722
https://doi.org/10.1080/080352502760272722
https://doi.org/10.1007/s13312-018-1444-8
https://doi.org/10.1093/infdis/147.6.1100
https://doi.org/10.1080/21645515.2015.1100779
https://doi.org/10.1080/21645515.2015.1100779
https://doi.org/10.1016/j.vaccine.2017.03.009
https://doi.org/10.1007/s13312-018-1280-x
https://doi.org/10.1007/s13312-018-1280-x
https://doi.org/10.1016/j.vaccine.2012.08.056
https://doi.org/10.1055/s-0029-1220788
https://doi.org/10.1016/j.clim.2015.07.003
https://doi.org/10.1159/000220764
https://doi.org/10.1007/s00408-018-0084-z
https://doi.org/10.1016/j.vaccine.2018.06.033
https://doi.org/10.1182/blood-2010-01-266932
https://doi.org/10.1182/blood-2010-01-266932
https://doi.org/10.1080/21645515.2015.1032488
https://doi.org/10.1080/21645515.2015.1032488
https://doi.org/10.1038/nature04753
https://doi.org/10.1038/ni1254
https://doi.org/10.1038/ni1261
https://doi.org/10.4049/jimmunol.177.11.7980
https://doi.org/10.4049/jimmunol.177.11.7980
https://doi.org/10.4049/jimmunol.1000594
https://doi.org/10.1126/SCITRANSLMED.AAX4517
https://doi.org/10.1126/SCITRANSLMED.AAX4517
https://doi.org/10.1136/bmjgh-2020-002301
https://doi.org/10.4049/jimmunol.168.2.919
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Immune Response of Indian Preterm Infants to Pentavalent Vaccine Varies With Component Antigens and Gestational Age
	Introduction
	Materials and Methods
	Sample Size
	Study Population
	Sample Collection and Processing
	Multi-Parameter Flow Cytometry Analyses for Immune Cell Quantitation
	Plasma Cytokine Profiling by Cytometric Bead Array Analysis
	Serology
	Recall Immune Response
	Statistical Analysis

	Results
	Antibody Titers Prior to the First Dose of Pentavalent Vaccine (at 6 to 10 Weeks Age)
	Tetanus, Pertussis, Diphtheria, and HiB
	Antibody Titers 1 Month Post-Pentavalent Immunization (at 20 to 24 Weeks Age)
	Hepatitis B
	Anti-HBs Levels Prior to Pentavalent Vaccine Administration
	Anti-HBs Levels Post-Pentavalent Vaccine Immunization

	Enumeration of Circulating Immune Cells
	Prior to Pentavalent Vaccine Administration
	Post-Pentavalent Vaccination
	Plasma Cytokine Profiles Pre- and Post-Pentavalent Vaccination
	Correlation Analyses
	Recall Immune Responses to Constituent Immunogens of Pentavalent Vaccine

	Discussion
	Data Availability Statement
	Ethics Statement
	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 true
  /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 true
  /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 true
  /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


