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m Pediatric hematopoietic cell transplant (HCT) recipients exhibit poor serologic responses to

_ influenza vaccination early after transplant. To facilitate the optimization of influenza
+ Baseline numbers of

certain immune cells

redicted influenza . _ o .
\F/)accine peripheral blood mononuclear cells collected from pediatric HCT recipients enrolled in a

immunogenicity in multicenter influenza vaccine trial comparing high- and standard-dose formulations over 3
pediatric HCT influenza seasons (2016-2019). We fit linear regression models to estimate relationships
between immune cell subpopulation numbers before vaccination and prevaccination to
postvaccination geometric mean fold rises in antigen-specific (A/H3N2, A/H1N1, and B/
Victoria) serum hemagglutination inhibition antibody titers (28-42 days, and ~6 months after
2 doses). For cell subpopulations identified as predictive of a response to all 3 antigens, we
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vaccination timing, we sought to identify B- and T-cell subpopulations associated with
influenza vaccine immunogenicity in this population. We used mass cytometry to phenotype
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recipients.

 Immune reconstitution
profiles could inform
optimal influenza

vaccination timing after
pediatric HCT. Among 156 HCT recipients, we identified 33 distinct immune cell subpopulations; 7

conducted a sensitivity analysis including time after transplant as an additional covariate.

significantly predicted responses to all 3 antigens 28 to 42 days after a 2-dose vaccine series,
irrespective of vaccine dose. We also found evidence that baseline absolute numbers of naive
B cells, naive CD4" T cells, and circulating T follicular helper cells predicted peak and
sustained vaccine-induced titers irrespective of dose or timing of posttransplant vaccine
administration. In conclusion, several B- and T-cell subpopulations predicted influenza
vaccine immunogenicity in pediatric HCT recipients. This study provides insights into the
immune determinants of vaccine responses and may help guide the development of tailored
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vaccination strategies for this vulnerable population.

Submitted 6 November 2023; accepted 29 January 2024; prepublished online on The full-text version of this article contains a data supplement.
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Introduction

Influenza infection causes significant morbidity among immuno-
compromised individuals, including pediatric hematopoietic cell
transplant (HCT) recipients.'™ Pediatric HCT recipients exhibit a
suboptimal response to influenza vaccination compared with their
immunocompetent counterparts.>® One approach to improve
response is to administer high-dose inactivated influenza vac-
cines.” " In our recent multicenter, randomized controlled trial, a 2-
dose series of high-dose trivalent influenza vaccine (HD-TIV) was
associated with significantly higher geometric mean hemagglutinin
inhibition (HAI) titers against influenza A/H3N2 and A/H1N1
compared with 2 doses of standard-dose quadrivalent influenza
vaccine (SD-QIV) in pediatric HCT recipients, 3 to 35 months after
transplant.®'*

Previous studies of influenza vaccine responses in HCT recipients
have identified several factors associated with immunogenicity,
including absolute lymphocyte number,%'>'® B-cell number," """
posttransplant timing of vaccination,'*"52° concurrent immuno-
suppressive therapies,®'® and graft-versus-host disease.’®'° Few
studies, mainly in adult HCT recipients, have attempted to identify
specific immune cell subsets that correlate with vaccine response.
The collective findings of these studies identified various B-cell
subpopulations as critical to vaccine responses, whereas associ-
ations between T-cell subpopulations and immunogenicity were
inconsistent.""”

Predictors of influenza vaccine response have not been consistent
across studies, possibly because of limitations such as small
sample sizes, lack of detailed immunophenotyping, or insufficient
representation of HCT recipients in the early posttransplant
stage.”'” Notably, previous studies that focused specifically on
pediatric HCT recipients were underpowered and did not include
immunophenotyping.® Current guidelines recommend that HCT
recipients receive 1 to 2 standard-dose influenza vaccines at least
3 to 6 months after transplant but do not incorporate immunologic
parameters to guide vaccination strategies.?’>?

To address this gap, we sought to identify the association between
immune cell subsets, quantified at the time of vaccination, and
influenza vaccine immunogenicity using 33-parameter mass cytom-
etry by time of flight (CyTOF) for detailed T- and B-cell phenotyping.
Our goal was to identify specific cell subpopulations able to predict
vaccine responses in this unique patient population. The identifica-
tion of these immunologic predictors could inform the optimal timing
of influenza vaccination after HCT and facilitate further mechanistic
studies on influenza vaccination in individuals who are
immunocompromised.

Methods
Study design and participants

The samples for this study were isolated from pediatric HCT
recipients who were aged 3 to 17 years, and 3 to 35 months after
allogeneic HCT at the time of enrollment in a phase 2, multicenter,
double-blinded, randomized controlled trial (www.clinicaltrials.gov
identifier: NCT02860039) comparing 2 doses of HD-TIV with 2
doses of SD-QIV at 9 US study sites over 3 consecutive influenza
seasons (2016-2017, 2017-2018, and 2018-2019).'*'*
Each study participant was randomized to receive 2, 0.5 mL
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intramuscular doses of either HD-TIV or SD-QIV with a target
interval of 28 to 42 days between vaccine doses (at the time of this
study, the HD formulation of the quadrivalent vaccine was not
available). Blood collection for serum and peripheral blood mono-
nuclear cells (PBMCs) was performed on the day of the first
vaccination, 28 to 42 days after the second vaccination (to esti-
mate peak immunogenicity), and ~6 months after the second
vaccination (to estimate sustained immunogenicity). The parent
study enrolled 170 participants, all of whom received at least 1
study vaccine. We collected race and ethnicity data from parents
or legal guardians to comply with the National Institutes of Health
policy and guidelines on the inclusion of women and minorities as
subjects in clinical research.

The study was reviewed and approved by the institutional review
board at each of the study sites. All parents or guardians provided
written informed consent, and participants aged >7 years provided
assent. Study data were collected and managed using a REDCap
database hosted by Vanderbilt University.

Isolation of PBMCs

Overall, PBMCs were isolated from blood samples of 156 pediatric
HCT recipients drawn just before the first vaccination; the
remaining 14 were excluded from analysis because of low cell
viability (n = 10) or lack of a baseline specimen (n = 4). Whole
blood was collected into prefilled Leucosep tubes (Greiner Bio-
One, Monroe, NC) containing Ficoll-Paque PLUS (GE Health-
Care, Piscataway, NJ) and processed on the day of collection.
Whole blood was centrifuged at 800g for 15 minutes. The buffy
coat was removed, pelleted by low-speed centrifugation (400g),
washed 2 times with phosphate-buffered saline (PBS), and coun-
ted on a Coulter Ac-T diff Hematology Analyzer (Beckman Coulter,
Brea, CA). The cells were washed a third time and resuspended in
media composed of 90% fetal bovine serum (Atlanta Biologicals,
Norcross, GA) containing 10% dimethyl sulfoxide (Sigma-Aldrich,
St. Louis, MO). Cells were cryopreserved at —80°C in a Stra-
taCooler (Fisher Scientific, Hampton, NH) overnight and trans-
ferred to liquid nitrogen storage.

Hemagglutination inhibition assays

Sera were prepared from whole blood and frozen at each site,
shipped to Vanderbilt University Medical Center, and then bulk-
shipped to Sanofi Global Clinical Immunology for blinded HAI
assay testing for each vaccine-specific antigen.'®'*

Mass cytometry

For each sample, 2 x 10° PBMCs were incubated first with a
viability reagent (10 pM cisplatin, Enzo Life Sciences, Farmingdale,
NY) in 1 mL serum-free RPMI 1640 for 3 minutes.?® Cisplatin was
quenched by washing once with RPMI 1640 containing 10% fetal
bovine serum followed by 2 washes in PBS/1% bovine serum
albumin (BSA). A master mix containing 31 antibody-metal conju-
gates (CyTOF reagents purchased from Fluidigm, Sunnyvale, CA;
supplemental Table 1) was added to each sample (100 pL PBS/
1% BSA total staining volume) and incubated at room temperature
for 30 minutes. Cells were then washed twice with PBS, fixed for
15 minutes with 1.6% paraformaldehyde at room temperature,
washed once with PBS, and permeabilized at —20°C in 1 mL
100% cold methanol overnight. The following day, cells were
washed at 800g with PBS, followed by a PBS/1% BSA wash, and
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stained with anti—-Ki-67 for 20 minutes at room temperature. Cells
were then incubated with 250 nM iridium intercalator (Fluidigm and
DVS Sciences, Sunnyvale, CA)>* in the presence of 1.6% para-
formaldehyde for 20 minutes at room temperature before storing at
4°C. Before running on the Helios mass cytometer (CyTOF; Flu-
idigm), cells were washed twice in PBS, washed once with
deionized water, and then resuspended at 5 x 10° cells per mL in
deionized water for mass cytometry analysis that day. Before data
acquisition, all sample tubes were spiked with EQ Four Element
Calibration Beads (Fluidigm). Cells were filtered immediately
before injection into the mass cytometer using a 35 pm nylon mesh
cell-strainer cap (BD Biosciences, San Jose, CA).

Data acquisition and preliminary analysis

Data were acquired with a Helios CyTOF instrument and CyTOF
software version 7.1 for Helios. Dual-count calibration and noise
reduction (cell length, 10-75; lower convolution threshold, 10)
were applied during acquisition. Data were transformed to “arc-
sinh” scales with cofactors from 15 to 50.2°

Mass cytometry gating strategy

Flow cytometry standard files were bead-normalized using the
“premessa” R package bead normalization tool and analyzed using
FlowJo 10.8.7%7 CD45" live singlet cells were identified using a
gating strategy proposed by Lee et al.?®

Batch effects

Data were acquired over the course of 38 runs (batches). A control
sample consisting of a biological replicate from a large blood draw
from a single individual was included in each run. However, a
different PBMC control was used in the last 2 runs because of
limited sample availability. To determine whether the inclusion of the
last 2 runs was appropriate, a batch effect analysis on the first 36
runs was performed. Initially, bead-normalized CD45" live singlet
events from the 36 technical replicate samples included in the first
36 runs were isolated and concatenated. After applying “arcsinh(x/
5)" transform, the “uwot” R package was used to create a uniform
manifold approximation and projection (UMAP) from the concate-
nated files.’> UMAP mean centers per replicate were charted on the
UMAP plot. The mean centers did not show significant variation and
no batch-specific UMAP islands or regions were observed. The
bead-normalized CD45" live singlet events were then batch-
corrected using the “CytofBatchAdjust” R package.®® We then
performed a formal analysis comparing differences before and after
correction. A UMAP was created from concatenated files from
uncorrected experimental data and separately on the corrected
experimental data. A nearest neighbor search was performed
separately on each UMAP plot and the mean batch heterogeneity for
each data point's local neighborhood, defined as its 200 nearest
neighbors, was quantified. The difference between observed and
theoretical heterogeneity was calculated and a paired test showed
no significant increase in heterogeneity between the UMAP without
correction and the UMAP with correction using this nearest
neighbor method (P = .55). Given this result, batch correction was
not performed, and the last 2 runs were included in the analysis.

Data clustering and visualization

Files with >80 000 CD45" live singlet events after FlowJo gating
were downsampled to 30 000 cells per individual, with a total of
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4 321 765 cells for downstream analysis. The downsampled data
set was transformed using an “arcsinh(x/5)" transform. After
transformation, the “RANN" R package was used to conduct a
nearest neighbor search on the data®' The “future.apply”
R package was used to parallelize the search across 50 threads.*?
A sparse weighted adjacency matrix was then constructed using
the “Matrix” R package.*® Nodes were considered linked to their
30 nearest neighbors (self-exclusive).

The sparse matrix was saved to disk in mtx format and read into
Python (version 3.9.12) with the “mmread” method from the “sci-
py.io” package.>* The adjacency matrix was passed to the Leiden
community detection algorithm using the “leidenalg” package to
partition cells into discrete subpopulations.®® A resolution param-
eter of 1.5 and seed 123 was used. This produced a total of 33 cell
subpopulations. The relative frequencies of these subpopulations
were calculated and converted to absolute numbers by multiplying
them by each participant's absolute lymphocyte number. The
absolute cell subpopulation numbers were used for all downstream
statistical tests and reconstitution characterization. To visualize the
underlying data structure, the UMAP algorithm was run on the
transformed data set using the “umap” Python package with
default settings.®® The “flowCore” R and “FlowKit" Python pack-
ages were used to process flow cytometry standard files.?”*®
R (version 4.1) was used to perform pseudorandom operations
such as down-sampling.

Statistical analysis

We used R (version 4.3.0) to perform all analyses. Absolute and
relative frequencies were used to describe categorical variables
and the median and interquartile range (IQR) were used to
describe continuous variables. In the regression analyses, we used
multiple imputation by chained equations with M = 500 iterations
using the “mice” package in R to address missing data. We
included 156 individuals in the mass cytometry analysis and cell
subpopulation identification as outlined above. However, 2 partic-
ipants died before postdose 2 titer measurements and were
excluded from all regression analyses. Therefore, regression ana-
lyses for early postvaccine 2 immunogenicity included data from
154 participants. In addition, 2 participants died after postvaccine
2 measurements but before 6-month measurements; these par-
ticipants contributed to regression analyses involving postdose 2
titers but were not imputed in analyses of 6-month titers. Therefore,
regression analysis for late postvaccine 2 immunogenicity included
data from 152 participants. For each combination of antigens
featured in both HD-TIV and SD-QIV (ie, A/lH3N2, A/H1N1, and B/
Victoria) and 33 distinct cell subpopulations, we performed linear
regression on log-transformed titers to estimate the relationship
between the geometric mean fold-rise (GMFR) in HAI titer, that is,
from prevaccination to 28 to 42 days after 2 vaccine doses (or
“peak immunogenicity”), and cell number. Cell numbers were
modeled using the transformation log (x + 1) so that an observed
cell subpopulation number of 0 was mapped to O under the
transformation while preserving monotonicity. To improve precision,
we included the intervention group (ie, HD-TIV or SD-QIV) as a
covariate because it is highly predictive of postvaccine titer.
Furthermore, we used the Benjamini-Yekutieli method to adjust
P values for multiplicity, thereby controlling the false discovery rate;
P values based on this adjustment were declared statistically sig-
nificant based on a nominal threshold of a = .05. For cell
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subpopulations identified as predicting response to all 3 antigens,
we performed subsequent sensitivity analyses including time after
transplant as an additional covariate to determine whether these
subpopulations provide additional value in predicting vaccine
immunogenicity beyond time after transplant as a proxy for immune
reconstitution. Our secondary analysis (and associated sensitivity
analysis) involved HAI titers ~6 months after the second dose (or
“sustained immunogenicity”), for which our approach mirrored that
of the primary analysis. In this sensitivity analysis for sustained
immunogenicity, we also included subpopulations that predicted
peak immunogenicity against all 3 antigens in the primary analysis.

Results

Clinical characteristics of the cohort

PBMCs were available from blood samples of 156 pediatric HCT
recipients drawn immediately before the first vaccination, and these
individuals comprised the analytic sample. The median age at first
vaccination was 11.8 years (IQR, 6.8-14.3), with a male representation
of 56.4% (n = 88 individuals). The race and ethnicity distribution of our
cohort, as reported by parents or legal guardians, was as follows:
non-Hispanic American Indian or Alaska Native (n = 1; 0.6%), non-
Hispanic Asian (n = 6; 3.8%), non-Hispanic Black (n = 27; 17.3%),
Hispanic or Latino (n = 33; 21.2%), non-Hispanic White (n = 77;
49.4%), and non-Hispanic other (n = 12; 7.7%). The non-Hispanic

other category included non-Hispanic Indian (n = 1; 0.6%), non-
Hispanic Indian American (n = 1; 0.6%), non-Hispanic Middle
Eastern (n = 2; 1.3%), non-Hispanic multiracial (n = 3; 1.9%), and
unknown or unspecified (n = 5; 3.2%). The most common reason for
transplantation was malignancy (n = 84; 53.8%), and the median time
from transplant to first vaccination was 8.0 months (IQR, 4.6-13.6). A
total of 79 individuals (50.6%) were randomized to HD-TIV, and 77
were randomized to SD-QIV (49.4%). The clinical characteristics of
the study cohort are detailed in supplemental Table 2.

Identification of immune cell subpopulations

We identified 33 distinct immune cell subpopulations by mass
cytometry. Major islands included B cells, CD4™ T cells, and CD8"
T cells (Figure 1). The panel of markers that we used effectively
differentiated various T-cell subpopulations, including naive CD4*
T cells (CD4™ Tn; CD45RO™ CCR7"; subpopulations 5, 7, and 21),
naive CD8* T cells (CD8" Tn; subpopulation 8), CD4" central and
effector memory T cells (CD45RO"; subpopulations 2, 12, 19, 20,
and 24), and CD8" central memory T cells and effector memory
T cells (subpopulations 6, 9, 15, 16, and 23; Figures 1 and 2).

Associations between baseline cell numbers and
peak immunogenicity

The median absolute CD19", CD4*, and CD8* numbers at
baseline were 384 (IQR, 152-677), 347 (IQOR, 189-611), and 325

Figure 1. UMAP from a 33-parameter CyTOF antibody
panel. This UMAP was generated from 156 pediatric HCT
recipients before influenza vaccination. Major islands of B cells,
CD4* T cells, and CD8" T cells are demarcated.
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Figure 2. Heat map of cell subpopulations identified by CyTOF. The numbers of several cell subpopulations predicted subsequent serological responses to multiple vaccine
immunogens, including 1 and 18 (B cells), 5 and 7 (naive CD4"* T cells), 19 (cTth cells), and 28 (memory CD8* T cells).

cells per pL (IQR, 127-659), respectively. For each antigen, our
analyses showed a statistically significant association between
higher absolute CD19* and CD4% numbers at baseline and
increased vaccine immunogenicity at 28 to 42 days after 2 vaccine
doses. In contrast, we did not find sufficient evidence of an asso-
ciation between the absolute CD8" number at baseline and peak
vaccine immunogenicity, except for A/H3N2 (supplemental
Table 3).

1884 AMARIN et al

Analysis of B-cell subpopulations showed that 3 of 9 identified
subpopulations (1, 4, and 18) were statistically significantly asso-
ciated with peak vaccine immunogenicity for all 3 antigens
(Table 1). These B-cell subpopulations were adjacent to each other
on the UMAP (Figure 1), and had similar expression of CXCR5,
CD20, and HLA-DR, and either absent (subpopulations 1 and 4) or
low (subpopulation 18) CD27 expression, suggesting these were
naive or early memory B-cell subpopulations (Figure 2). Each of
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Table 1. Linear regression models estimating the relationship between baseline cell numbers and GMFR of influenza antibody titers from
before to 28-42 days after vaccination, adjusted for influenza vaccine dose, in 154 pediatric HCT recipients

A/H3N2 A/H1N1 B/Victoria
Estimate (95% CI) P value Estimate (95% CI) P value Estimate (95% CI) P value
B-cell subpopulations
18* 1.51 (1.32-1.74) <.001 1.40 (1.22-1.61) <.001 1.62 (1.43-1.83) <.001
14 1.25 (1.11-1.41) .005 1.12 (0.99-1.26) .49 1.22 (1.10-1.36) .003
4 1.23 (1.10-1.37) .008 1.20 (1.07-1.34) .026 1.31 (1.18-1.46) <.001
1* 1.23 (1.09-1.39) .010 1.23 (1.10-1.37) .008 1.28 (1.15-1.43) <.001
30 1.94 (1.28-3.06) .057 1.76 (1.14-2.70) 14 1.82 (1.10-3.01) 17
10 1.17 (1.08-1.33) .16 1.13 (1.00-1.28) .46 1.22 (1.08-1.39) .022
25 1.28 (1.02-1.60) .28 1.28 (1.04-1.59) .23 1.44 (1.16-1.79) .010
32 2.86 (0.95-8.65) .45 3.88 (1.42-10.6) 12 6.69 (2.70-16.6) <.001
22 1.11 (0.92-1.32) >.99 1.13 (0.96-1.32) 97 1.16 (0.97-1.38) .70
CD4* T-cell subpopulations
7 1.33 (1.18-1.51) <.001 1.25 (1.12-1.41) .004 1.30 (1.16-1.46) <.001
19* 1.40 (1.19-1.65) .001 1.33 (1.13-1.55) .009 1.43 (1.23-1.66) <.001
5* 1.24 (1.09-1.40) .012 1.25 (1.12-1.40) .004 1.26 (1.12-1.41) .002
24 1.54 (1.19-2.01) .017 1.32 (1.04-1.68) .23 1.40 (1.08-1.80) 10
2 1.43 (1.10-1.85) .087 1.33 (1.01-1.74) .35 1.35 (1.04-1.74) 19
21 1.24 (1.04-1.49) .16 1.21 (1.02-1.43) .28 1.23 (1.04-1.46) A7
12 1.07 (0.84-1.36) >.99 1.06 (0.84-1.34) >.99 1.11 (0.86-1.42) >.99
20 0.99 (0.85-1.15) >.99 1.04 (0.89-1.21) >.99 1.00 (0.85-1.17) >.99
27 0.84 (0.62-1.14) >.99 0.93 (0.70-1.24) >.99 0.95 (0.69-1.30) >.99
CD8"* T-cell subpopulations
8 1.33 (1.17-1.51) <.001 1.29 (1.15-1.46) .002 1.33 (1.18-1.49) <.001
23 1.70 (1.34-2.15) <.001 1.42 (1.12-1.79) .056 1.69 (1.38-2.08) <.001
16 1.20 (1.00-1.43) .36 1.12 (0.94-1.33) >.99 1.11 (0.94-1.30) >.99
9 1.20 (1.00-1.44) .39 1.15 (0.95-1.39) .97 1.14 (0.96-1.35) 91
15 0.88 (0.75-1.03) .65 0.94 (0.81-1.09) >.99 0.93 (0.80-1.08) >.99
6 0.95 (0.84-1.07) >.99 0.97 (0.86-1.10) >.99 0.99 (0.87-1.12) >.99
Unclassified subpopulations
13 1.20 (1.00-1.43) .36 1.17 (0.98-1.39) .62 1.20 (1.00-1.44) .34
3 0.80 (0.63-1.01) .45 0.75 (0.59-0.94) .15 0.77 (0.59-0.99) .34
29 1.59 (0.87-2.90) .81 1.43 (0.81-2.52) >.99 1.13 (0.70-1.81) >.99
0 1.00 (0.83-1.21) >.99 0.94 (0.78-1.14) >.99 0.98 (0.83-1.16) >.99
11 1.14 (0.92-1.40) >.99 1.15 (0.95-1.40) L7 1.19 (0.97-1.47) .70
17 0.95 (0.76-1.19) >99 1.00 (0.82-1.22) >.99 0.90 (0.72-1.11) >.99
26 1.15 (0.91-1.45) >.99 1.10 (0.88-1.38) >.99 1.22 (0.96-1.54) .70
28 0.92 (0.66-1.29) >.99 0.99 (0.72-1.35) >.99 0.90 (0.67-1.22) >.99
31 1.36 (0.61-3.01) >.99 0.99 (0.51-1.95) >.99 1.01 (0.55-1.87) >.99

Log-transformed GMFR from before to after vaccination, 28 to 42 days after 2 doses. Boldface P values are statistically significant at a nominal threshold of a=0.05.

Cl, confidence interval.

*Statistically significant predictor of GMFR in serum HAI antibody titers for all 3 antigens after 2 vaccine doses.

these cell subpopulations expressed CCR8, with subpopulation 1
having the highest expression. Subpopulation 1 also had the
highest level of B and T lymphocyte attenuator expression. The
remaining B-cell subpopulations showed variable associations with
the peak response to 2 (subpopulation 14), 1 (subpopulations 10,
25, and 32), or none (subpopulations 22 and 30) of the antigens.
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Similarly, 3 of 9 CD4" T-cell subpopulations (5, 7, and 19) were
associated with higher GMFRs for all 3 antigens. Subpopulations 5
and 7 were related CD4" Tn cells, each CD45RO™ and expressing
CCR?7, CD27, CD28, and CD127 to varying degrees. Subpopu-
lation 19 was identified as circulating T follicular helper (cTfh) cells
(CD4* CXCR5* programmed cell death protein 1%).

IMMUNOPHENOTYPIC PREDICTORS OF VACCINE RESPONSE 1885

d-sjo1e/S80URAPEPOO|q/B10°SUOEIIgNdys.//:dny Wol) papeojumod

-811.210-€20C-APE EPO0|4/€50122Z/0881/8/8/4P!

202 Iudy Z|. uo 3senb Aq jpd-ujew



Subpopulation 24 (CD4* CD25* CD127"°" regulatory T cells) was
associated with a higher GMFR for A/H3N2 only.

Of the 6 identified CD8" T-cell subpopulations, only subpopulation
8 (CD8* Tn cells) showed associations with subsequent peak
antibody titers for all 3 antigens. Subpopulation 23 (memory CD8"
T cells) was associated with higher GMFRs for A/H3N2 and
B/Victoria, but not A/H1N1. No other subpopulations were found
to be associated with the peak vaccine response to any of the
antigens (Table 1).

The cell numbers for each of the 7 subpopulations associated with
the peak response to all 3 antigens were positively correlated with
time after transplant (Figure 3 for A/H3N2; supplemental Figure 1
for A/HIN1; and supplemental Figure 2 for B/Victoria). These
figures also depict the fold change in HAI titer from before to after
vaccination for each individual. Supplemental Figures 3-5 repro-
duce the correlations between cell numbers and time after trans-
plant but with individuals stratified using an HAI titer cutoff of 1:110
(<1:110 or >1:110; a proxy for seroprotection).®® We also found
that the numbers of these 7 cell subpopulations were positively
correlated. For example, the numbers of the 2 CD4" Tn cell sub-
populations (5 and 7) and CD8* Tn cell subpopulation 8 were the
most highly correlated (Spearman p > 0.80). However, they were
less well correlated with the numbers of other important cell sub-
populations such as cTfh cells (19) or B-cell subpopulations (4 and
18). This demonstrates that although the number of naive cells is a
measure of the degree of immune reconstitution, it is unlikely that a
single subpopulation optimally predicts vaccine response
(supplemental Figure 6). Therefore, we performed a sensitivity
analysis in which we included time after transplant as an additional
covariate. In this analysis, 5 of 7 cell subpopulations were associ-
ated with the peak response to at least 2 antigens (all except
subpopulations 4 and 5), and among those, B-cell subpopulations
1 and 18, and CD8" subpopulation 8 (Tn) were associated with
the peak response to all 3 antigens (Table 2). CD4" sub-
populations 7 (Tn) and 19 (cTfh) were strongly associated with
subsequent A/H3N2 (P = .005 and P = .021, respectively) and
B/Victoria titers (P =.029 and P = .013, respectively).

Associations between baseline cell numbers and
sustained immunogenicity

Having found consistent associations between cell subpopulation
numbers and peak HAI titers across our main and sensitivity ana-
lyses, we evaluated associations with sustained vaccine immuno-
genicity (ie, GMFR in HAI titer ~6 months after 2 vaccine doses).
We found that B-cell subpopulation 18, which was associated with
28 to 42 day postvaccination immunogenicity, was also associated
with sustained vaccine immunogenicity for all 3 antigens, and
subpopulation 1 maintained significance for A/HIN1 (P = .005)
and B/Victoria titers (P = .002). The CD4" Tn (subpopulation 7)
and CD4" cTth (subpopulation 19) cells maintained their associ-
ations with A/H3N2 (CD4" Tn, P < .001; CD4* cTfh, P < .001)
and B/Victoria titers (CD4* Tn, P < .001; CD4" cTth, P < .001).
Several other subpopulations identified in the main analysis were
associated with sustained vaccine immunogenicity for at least 1
antigen in this analysis (Table 3). A sensitivity analysis that factored
in time after transplant showed that B-cell subpopulation 18
remained associated with the sustained response to all 3 antigens,
whereas B-cell subpopulation 1 and CD4" T-cell subpopulations 7
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and 19 remained associated with the sustained response to 2
antigens (Table 4). All 4 of these subpopulations (1, 7, 18, and 19)
that predicted sustained immunogenicity against at least 2 anti-
gens were also among the 5 subpopulations that predicted peak
immunogenicity against at least 2 antigens regardless of influenza
vaccine dose and time after transplant.

Discussion

In this study, we leveraged high-dimensional immune profiling to
identify candidate predictors of the response to influenza vacci-
nation among 156 pediatric HCT recipients. Analyses in this cohort
identified specific B- and T-cell subpopulations associated with the
serologic response to vaccination, regardless of vaccine dose.
Importantly, several of these associations held even after
accounting for the time after transplant, a well-established predic-
tor of immunogenicity. These findings underscore the potential role
of specific cellular immune profiles in predicting vaccine immuno-
genicity and suggest that monitoring profiles such as these could
potentially enhance the effectiveness of vaccination strategies in
this patient population.

Previous studies have consistently demonstrated a positive rela-
tionship between the absolute lymphocyte number, especially the
B-cell number, and the HAI antibody response to influenza vacci-
nation in HCT recipients.”®®'®"'7 For instance, Karras et al found
that higher numbers of unswitched memory B cells and naive B
cells were associated with seroconversion in a cohort of pediatric
and adult HCT recipients.’ Similarly, Roll et al demonstrated that
baseline numbers of naive and memory B cells were associated
with the response to pandemic H1N1 (2009) influenza vaccination
in adult HCT recipients.'” Our results corroborate these findings,
showing that baseline numbers of several B-cell subpopulations
were associated with increased vaccine immunogenicity for >1
influenza antigens. We found that circulating absolute numbers of
naive B cells (subpopulation 1; CD19* CD20" CD277) and
memory B cells (subpopulation 18; CD19* CD20* CD27*)*° were
strongly associated with peak immunogenicity to all 3 vaccine
immunogens independent of time after transplant, and the baseline
cell numbers of both subpopulations were also associated with
sustained serologic responses to all 3 immunogens. This likely
explains the association of the absolute B-cell number, an aggre-
gate measure, with antibody responses in previous studies.

In contrast to prior studies, which showed no evidence of an
association between overall T-cell numbers and influenza vaccine
responses in HCT recipients,”"” our detailed CyTOF phenotypic
analysis unveiled statistically significant associations between
circulating numbers of several specific CD4* and CD8* T-cell
subpopulations and vaccine immunogenicity. Even with adjustment
for time after transplant, the absolute cell numbers of CD4* Tn
cells and memory CD4* cTth cells were associated with stronger
antibody responses, 28 to 42 days after 2 vaccine doses as well as
maintenance of these responses ~6 months after 2 vaccine doses.
cTth cells are known to provide critical help to B cells after antigen
exposure. Notably, several studies have shown that the expansion
of inducible costimulatory—expressing activated T follicular helper
cells during the early postvaccination period is correlated with
influenza antibody responses.*’*® Our study uniquely shows that
circulating numbers of cTfh cells have potential predictive value for
vaccine responses after HCT.
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Table 2. Linear regression models estimating the relationship between baseline cell numbers and GMFR of influenza antibody titers from
before to 28-42 days after vaccination, adjusted for influenza vaccine dose and time after transplant, in 154 pediatric HCT recipients

A/H3N2 A/H1N1 B/Victoria
Estimate (95% CI) P value Estimate (95% CI) P value Estimate (95% CI) P value

B-cell subpopulations

18* 1.37 (1.17-1.60) <.001 1.26 (1.08-1.46) .003 1.48 (1.27-1.72) <.001

1" 1.15 (1.03-1.30) .016 1.16 (1.03-1.29) .013 1.20 (1.08-1.34) .001

4 1.13 (0.99-1.28) .060 1.11 (0.99-1.24) .085 1.21 (1.08-1.36) .001
CD4* T-cell subpopulations

7 1.21 (1.06-1.39) .005 1.13 (0.99-1.29) .066 1.17 (1.02-1.34) .029

19 1.23 (1.03-1.46) .021 1.16 (0.98-1.37) .076 1.25 (1.05-1.49) .013

5 1.10 (0.97-1.25) 15 1.13 (1.00-1.28) .049 1.12 (0.98-1.28) 10
CD8* T-cell subpopulations

8 1.18 (1.03-1.36) .016 1.16 (1.01-1.33) .040 1.17 (1.02-1.36) .030

Log-transformed GMFR from before to after vaccination, 28 to 42 days after 2 doses. Boldface P values are statistically significant at a nominal threshold of a=0.05.

Cl, confidence interval.

*Statistically significant predictor of GMFR in serum HAI antibody titers for all 3 antigens after 2 vaccine doses.

We also found that higher baseline numbers of CD8" Tn cells were
associated with stronger antibody responses 28 to 42 days after 2
vaccine doses. Although CD8" T cells are unlikely to directly
influence antibody responses, higher numbers of these cells across
time points may reflect differences in the kinetics of immune
reconstitution among individuals. The discrepancy between our
findings and previous studies is likely explained by the masking of
subpopulation-specific effects in aggregated analyses and high-
lights the importance of examining T-cell subpopulations in more
detail.

Our study extends insights from adult HCT recipient cohorts to a
pediatric HCT recipient population, indicating that immune profiles
in children are associated with influenza vaccination responses,
irrespective of vaccine dose and time after transplant. Importantly,
the correlations we found between immune cell subpopulations
and time after transplant reflect a cross-sectional, rather than lon-
gitudinal, analysis; we evaluated all participants at the time of
vaccination, albeit at different stages after transplantation. This
approach captures the heterogeneity in the rate of immune
reconstitution across individuals, which can vary widely and may
influence vaccine response. Therefore, although time after trans-
plant is an important surrogate of reconstitution, our findings indi-
cate that enumerating immune cell subpopulations may offer a
more precise means of forecasting influenza vaccine immunoge-
nicity and thereby offer potential for individualized influenza vacci-
nation strategies in pediatric HCT recipients. This perspective
aligns with previous studies of other vaccines in pediatric HCT
recipients, which underscores the potential benefits of an immune
recovery—based approach in enhancing vaccine response.**

Although sample size may limit the generalizability of our findings,
this is, to our knowledge, the largest influenza vaccination study of

pediatric HCT recipients to date. Despite this potential limitation,
our statistical analyses, which were adjusted for multiplicity, high-
lighted several consistent associations. Future studies with larger
cohorts and different immunocompromised populations, including
adult HCT recipients, are warranted to validate our findings. In
addition, further research is necessary to determine whether these
associations hold for other types of vaccines. Although we did not
examine the functional characteristics of the identified cell sub-
populations in our study, we predominantly identified naive cell
subpopulations as predictors of vaccine immunogenicity, and it is
unlikely that these cells would be antigen reactive. This suggests
that individuals with rapid immune reconstitution are more likely to
be vaccine responders. The only T-cell memory subpopulation we
found to be predictive of immunogenicity were cTth cells, and
numerous studies have confirmed the importance of these cells for
the generation of antibody responses.*’*#55°

Although we used a rather extensive number of antibodies to
identify cell subpopulations, it is likely that a more streamlined
panel could be useful for assessing individuals in a transplant
setting. The addition of antibodies to cell surface markers such
as CCR7, CD27, CD28, and CD127 could identify CD4* and
CD8"* Tn cells, CXCR5 and programmed cell death protein 1
could identify cTth cells, and B and T lymphocyte attenuator
and CCR6 could further identify B-cell populations. Our findings
also have potential clinical implications, in that with a relatively
small number of T- and B-cell markers, individuals at particularly
high risk of influenza and its complications but likely to exhibit
poor vaccine response, could be identified and targeted for
additional or alternative influenza prevention strategies.

In conclusion, our study underscores the value of high-dimensional
immune profiling in predicting serologic responses to influenza

Figure 3. Reconstitution of cell subpopulations after pediatric allogeneic HCT. The relationships between time after transplant and each cell subpopulation number per

mm?® of blood are shown (Spearman p). The size and color of symbols signify the fold change in HAI titer for A/H3N2 from before to after vaccination (28-42 days after 2 doses).

All P <.001. Data are presented for 143 individuals. Box plots alongside the main plots are disaggregated by titer fold difference (<4 or >4).
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Table 3. Linear regression models estimating the relationship between baseline cell numbers and GMFR of influenza antibody titers from
before to ~6 months after vaccination, adjusted for influenza vaccine dose, in 152 pediatric HCT recipients

A/H3N2 A/H1N1 B/Victoria
Estimate (95% CI) P value Estimate (95% CI) P value Estimate (95% CI) P value
B-cell subpopulations
18* 1.47 (1.32-1.64) <.001 1.35 (1.16-1.57) .012 1.52 (1.34-1.73) <.001
1 1.21 (1.09-1.34) .005 1.17 (1.04-1.31) .18 1.22 (1.11-1.35) .002
30 1.88 (1.32-2.66) .006 1.64 (1.09-2.48) .29 1.66 (1.05-2.61) .26
4 1.18 (1.07-1.31) .016 1.12 (1.00-1.27) .64 1.24 (1.11-1.38) .002
25 1.26 (1.05-1.52) 14 1.25 (1.00-1.55) .60 1.38 (1.14-1.68) .015
14 1.11 (0.99-1.24) .59 1.10 (0.97-1.24) >.99 1.18 (1.05-1.32) .049
10 1.07 (0.94-1.21) >.99 1.06 (0.92-1.21) >.99 1.18 (1.03-1.34) 13
22 1.09 (0.95-1.26) >.99 1.13 (0.96-1.34) >.99 1.12 (0.96-1.31) .81
32 1.39 (0.54-3.53) >.99 2.08 (0.66-6.54) >.99 3.21 (1.30-7.91) 12
CD4* T-cell subpopulations
7 1.34 (1.20-1.48) <.001 1.22 (1.08-1.38) .075 1.28 (1.15-1.43) <.001
5 1.30 (1.17-1.44) <.001 1.19 (1.06-1.34) olE 1.24 (1.11-1.38) .002
19 1.37 (1.20-1.57) <.001 1.26 (1.06-1.49) 18 1.43 (1.23-1.66) <.001
24 1.56 (1.26-1.94) .001 1.34 (1.05-1.72) .29 1.58 (1.22-2.06) .008
21 1.30 (1.12-1.51) .006 1.17 (0.98-1.39) .89 1.19 (1.02-1.40) .26
2 1.45 (1.17-1.80) .009 1.27 (0.95-1.69) .97 1.43 (1.10-1.85) .075
12 1.08 (0.88-1.33) >.99 1.10 (0.85-1.42) >.99 1.23 (0.96-1.57) .56
20 1.01 (0.88-1.15) >.99 1.08 (0.92-1.26) >.99 1.07 (0.93-1.24) >.99
27 0.96 (0.74-1.24) >.99 0.90 (0.67-1.21) >.99 1.09 (0.82-1.46) >.99
CD8"* T-cell subpopulations
8 1.33 (1.20-1.49) <.001 1.22 (1.07-1.39) .098 1.27 (1.14-1.42) <.001
23 1.59 (1.30-1.95) <.001 1.36 (1.08-1.70) .18 1.63 (1.36-1.96) <.001
15 0.88 (0.77-1.00) 44 0.92 (0.80-1.06) >.99 0.93 (0.81-1.07) >.99
16 1.15 (0.99-1.35) .50 1.08 (0.90-1.29) >.99 1.16 (0.99-1.37) .50
6 0.95 (0.86-1.06) >99 0.96 (0.85-1.08) >.99 1.00 (0.89-1.13) >.99
9 1.12 (0.95-1.31) >.99 1.11 (0.92-1.34) >.99 1.15 (0.99-1.33) .49
Unclassified subpopulations
13 1.25 (1.08-1.46) .037 1.12 (0.92-1.36) >.99 1.20 (1.01-1.42) .28
11 1.25 (1.04-1.51) 17 1.09 (0.88-1.36) >.99 1.20 (0.99-1.46) 44
26 1.21 (0.99-1.48) .46 1.12 (0.89-1.40) >.99 1.24 (1.00-1.55) .39
29 1.55 (0.91-2.62) .70 1.45 (0.85-2.49) >.99 1.25 (0.80-1.96) >.99
0 1.12 (0.94-1.34) >.99 0.98 (0.81-1.19) >.99 0.98 (0.82-1.16) >.99
3 0.96 (0.76-1.21) >99 0.74 (0.57-0.97) .38 0.82 (0.65-1.03) .51
17 1.02 (0.82-1.26) >.99 1.03 (0.82-1.30) >.99 0.93 (0.75-1.14) >.99
28 0.86 (0.65-1.13) >.99 1.01 (0.75-1.36) >.99 0.89 (0.65-1.21) >.99
31 1.08 (0.53-2.20) >.99 1.13 (0.59-2.20) >.99 0.92 (0.47-1.81) >.99

Log-transformed GMFR from before to after vaccination, ~6 months after 2 doses. Boldface P values are statistically significant at a nominal threshold of a=0.05.
Cl, confidence interval.
*Statistically significant predictor of GMFR in serum HAI antibody titers for all 3 antigens after 2 vaccine doses.

vaccination among pediatric HCT recipients. The cell sub- vulnerable population. These findings establish a strong foundation
populations we identified provide crucial insights into the immune for future research focused on optimizing the effectiveness of
determinants of vaccine response, potentially guiding the future influenza vaccines specifically in pediatric HCT recipients, and
development of tailored vaccination strategies or identifying indi- possibly extending to other immunocompromised pediatric and

viduals at particularly high risk of poor vaccine response in this adult populations.
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Table 4. Linear regression models estimating the relationship between baseline cell numbers and GMFR of influenza antibody titers from
before to ~6 months after vaccination, adjusted for influenza vaccine dose and time after transplant, in 152 pediatric HCT recipients

A/H3N2 A/H1N1 B/Victoria
Estimate (95% CI) P value Estimate (95% CI) P value Estimate (95% CI) P value

B-cell subpopulations

18* 1.34 (1.18-1.51) <.001 1.25 (1.06-1.46) .007 1.40 (1.21-1.62) <.001

1 1.14 (1.03-1.26) .011 1.11 (0.99-1.25) .079 1.15 (1.04-1.28) .007

4 1.09 (0.98-1.21) 13 1.05 (0.93-1.19) 44 1.15 (1.03-1.29) .017
CD4* T-cell subpopulations

7 1.24 (1.11-1.40) <.001 1.13 (0.99-1.31) .079 1.17 (1.03-1.34) .016

5 1.19 (1.07-1.32) .001 1.10 (0.96-1.25) A7 1.12 (0.99-1.27) .079

19 1.22 (1.06-1.41) .005 1.13 (0.93-1.38) 21 1.29 (1.08-1.54) .004
CD8* T-cell subpopulations

8 1.22 (1.08-1.38) .002 1.12 (0.96-1.30) .16 1.14 (0.99-1.31) .061

Log-transformed GMFR from before to after vaccination, ~6 months after 2 doses. Boldface P values are statistically significant at a nominal threshold of a=0.05.

Cl, confidence interval.

*Statistically significant predictor of GMFR in serum HAI antibody titers for all 3 antigens after 2 vaccine doses.
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