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Individual variability in responses to vaccination can result in vaccinated subjects failing to develop a
protective immune response. Vaccine non-responders can remain susceptible to infection and may com-
promise efforts to achieve herd immunity. Biomarkers of vaccine unresponsiveness could aid vaccine
research and development as well as strategically improve vaccine administration programs. We previ-
ously vaccinated piglets (n = 117) against a commercial Mycoplasma hyopneumoniae vaccine (RespiSure-
One) and observed in low vaccine responder piglets, as defined by serum IgG antibody titers, differential

5?2 ‘é‘;ﬁr:ges onse phosphorylation of peptides involved in pro-inflammatory cytokine signaling within peripheral blood
Kinome P mononuclear cells (PBMCs) prior to vaccination, elevated plasma interferon-gamma concentrations,
Biomarker and lower birth weight compared to high vaccine responder piglets. In the current study, we use kinome

analysis to investigate signaling events within PBMCs collected from the same high and low vaccine
responders at 2 and 6 days post-vaccination. Furthermore, we evaluate the use of inflammatory plasma
cytokines, birthweight, and signaling events as biomarkers of vaccine unresponsiveness in a validation
cohort of high and low vaccine responders. Differential phosphorylation events (FDR < 0.05) within
PBMCs are established between high and low responders at the time of vaccination and at six days
post-vaccination. A subset of these phosphorylation events were determined to be consistently differen-
tially phosphorylated (p < 0.05) in the validation cohort of high and low vaccine responders. In contrast,
there were no differences in birth weight (p > 0.5) and plasma IFNy concentrations at the time of vacci-
nation (p > 0.6) between high and low responders within the validation cohort. The results in this study
suggest, at least within this study population, phosphorylation biomarkers are more robust predictors of
vaccine responsiveness than other physiological markers.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Phosphorylation

1. Introduction

Despite the demonstrated utility of vaccines for controlling
infectious diseases in humans and animal populations, vaccination
programs are sometimes challenged by inter-individual variation
in vaccine-induced immune responses. This is particularly true
for large populations which are heterogeneous with respect to
age, genetics, and health status. Individuals who fail to develop a
protective immune response against the vaccine, or ‘“vaccine
non-responders”, can remain at risk for infection and may compro-
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mise the protection afforded to the population through herd
immunity [19,41,50]. Variability in vaccine-induced immune
responses can reflect characteristics of either the vaccine or the
individual; not all vaccines are equally effective in inducing consis-
tent immune responses and not all individuals are equally effective
in eliciting a response to a given vaccine. From the perspective of
the vaccine, inconsistent responses can reflect issues relating to
antigen optimization [52], vaccine formulation [8,22], and vaccine
administration [61]. Similarly, individual-level factors including
age [11,26], body weight [43,49], health status [25], genetic poly-
morphisms [42,44,54], and microbiome composition [17,21] can
impact individual vaccine-induced immune responses. Efforts to
understand the host factors that mitigate vaccine responses have
focused on the distinct, but related, activities of understanding
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molecular mechanisms of vaccine responsiveness and identifying
biomarkers that anticipate the extent of these outcomes [45].

Understanding the biochemical basis of vaccine responsiveness
and identifying vaccine response biomarkers both rely on inter-
preting the complex molecular mechanisms underlying effective
immunological responses to vaccination. Thus, several -omic
approaches have been applied to define host responses to vaccina-
tion, but the major emphasis has been on transcriptional analysis.
This includes defining gene expression events in response to vacci-
nes against yellow fever virus [14], influenza virus [20,36,37], hep-
atitis B virus [10], shingles virus [27] tetanus toxoid [1], foot-and-
mouth-disease virus [22], and Mycoplasma hyopneumoniae (M.
hyopneumoniae) [5,29]. Defining patterns of gene expression
within peripheral blood leukocytes that correlate with various
quantifiable vaccine outcomes (eg. functional antibody responses,
cell-mediated immune responses, or adverse effects) can be uti-
lized for predicting these vaccine outcomes and furthers our
understanding of their molecular mechanisms [15]. Molecular
events following vaccination, including vaccine-induced gene
expression events, have been utilized as input data for a variety
of machine learning and statistical models to predict vaccine
responsiveness [14,36,55]. Additionally, characterizing the base-
line immune environment that modulates vaccine responses are
equally valuable for discerning vaccine outcomes, yet relatively
few studies have taken this approach [10,13,48,58]. Therefore,
approaches capable of depicting the state of the immune environ-
ment at the time of vaccination, as well as describe the immune
response to vaccination may provide a more complete perspective
on the molecular events driving vaccine responsiveness.

Kinase-mediated phosphorylation of proteins is a central mech-
anism of regulation of cellular responses. With that, there is
increasing priority to investigate phenotypes in terms of patterns
of global cellular kinase activity (kinome analysis). One effective
approach for kinome analysis is to utilize peptide arrays is which
short (15-mer) peptides are used as surrogate substrates for cellu-
lar kinases [2]. These peptides represent specific biological phos-
phorylation events, in which the phosphoacceptor site is situated
in the central position while maintaining the surrounding amino
acid residues as present in the corresponding protein. Upon expo-
sure of the array to a cellular lysate, the degree of phosphorylation
of each peptide reflects the activity of the associated kinase. Com-
paring phosphorylation profiles of arrays corresponding to differ-
ent biological conditions enables quantification of the relative
activities of specific kinases as well as anticipation of the extent
of phosphorylation of the proteins represented by the peptides
[2]. Peptide arrays have proven a cost-effective, robust tool for
kinome profiling. Coupled with the emergence of software that
predicts the phosphoproetomes of species of interest, there is the
opportunity to rapidly generate arrays that are customized with
respect to species and biological process. This is particularly valu-
able for investigations where there is limited available of species-
specific reagents [9].

Characterization of global patterns of phosphorylation-
mediated signal transduction activity (kinome analysis) have pro-
ven effective for defining immunological and metabolic responses
in the context of host-pathogen interactions [3,23,60], cancer [51],
and stress [7,38]. In an investigation of responses of cattle to
restraint stress, kinome analysis of peripheral blood mononuclear
cells (PBMCs) implicated signaling events associated with carbohy-
drate metabolism that supported the use of plasma glucose levels
as a simple, economical biomarker of stress in cattle [7]. Robertson
et al. [46] established a panel of phosphorylation events implicated
in innate immune signaling that was correlated with the suscepti-
bility of honeybees to Varroa mite infestation. These phosphoryla-
tion biomarkers discriminated the susceptibility of honeybee
colonies to Varroa mite infestation prior to exposure to the patho-
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gen, demonstrating proof-of-concept that phosphorylation
biomarkers have value for phenotype prediction [46,47]. Previ-
ously, our group conducted transcriptional and kinome analysis
on PBMCs collected from piglets prior to M. hyopneumoniae vacci-
nation to identify differences between high and low vaccine
responders [28,35]. While the transcriptional analysis did not
detect pre-vaccination differences in gene expression, kinome
analysis revealed differential phosphorylation events in PBMCs
prior to vaccination that were functionally enriched in pro-
inflammatory cytokine signaling [28].

This study utilizes the previously described population of pig-
lets vaccinated against M. hyopneumoniae using a commercial vac-
cine (RespiSure-One) to characterize signaling events within
PBMCs at 2 and 6 days following vaccination. Additionally, we fur-
ther evaluate the utility of birthweight, pro-inflammatory plasma
cytokine levels prior to vaccination, and these signaling events as
biomarkers for vaccine responsiveness. Using vaccine-induced
serum immunoglobulin G (IgG) responses as the metric for vaccine
responsiveness, we classify high (HR) and low (LR) vaccine respon-
ders into discovery and validation cohorts and conduct kinome
analysis on PBMCs collected prior to vaccination and 2- and 6-
days post-vaccination. While M. hyopneumoniae antibody
responses are not considered to be completely protective of M.
hyopneumoniae infection in swine [8,52], the commercial vaccine
provided a valuable tool for inducing a range of antibody responses
useful for examining variable vaccine responsiveness. Multiple dif-
ferential phosphorylation events are identified between the HR
and LR within the discovery cohort both prior to vaccination and
at six days post-vaccination. Many of these differential phosphory-
lation events were consistent between HR and LR within the vali-
dation cohort at their respective time points. Conversely, birth
weight and plasma cytokine levels failed to differentiate HR and
LR within the validation cohort, suggesting that at least within this
study population, signal transduction events in blood leukocytes
prior to, and early after vaccination are more sensitive predictors
of vaccine responsiveness than other physiological markers.

2. Methods
2.1. Animal Care and vaccination

The experimental protocol (AUP00001125) was approved by
the University of Alberta Animal Care and Use Committee-Live-
stock in accordance with the Canadian Council on Animal Care
guidelines. The animals used for this study have been described
previously [28]. Briefly, piglets (n = 117) were vaccinated intra-
muscularly with one dose (1 mL) of RespiSure-One (Zoetis, U.S.A)
at 28 days of age (Day 0) and received a booster vaccination at
52 days of age (Day 24). The trial was terminated when piglets
were 63 days of age (Day 35). Bodyweight was recorded at O-
(Birth), 24- (Weaning), and 63-days of age. A nasal swab from each
piglet was tested prior to vaccination on Day 0 to confirm the pig-
lets were negative for M. hyopneumoniae. Maternal serological sta-
tus was not measured for sows in this study, but animals within
the facility had been reported as M. hyopneumoniae-free at the time
of this study and for several years prior to this study. Sows were
not vaccinated with RespiSure-One to reduce the possibility that
vaccine-induced antibodies measured in piglets were of maternal
origin.

2.2. Serum and plasma Collection, and PBMC isolation
Whole blood was collected from the jugular vein prior to pri-

mary vaccination at 28 days of age (Day 0) and following vaccina-
tion at 30 (Day 2) and 34 (Day 6) days of age in 0.4% EDTA (Sigma-
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Aldrich) in Ca?* and Mg?'-free phosphate-buffered saline (PBS).
The protocol for PBMC isolation, serum, and plasma collection
has been described previously [28].

2.3. Mycoplasma hyopneumoniae-specific IgG ELISA and Stratification
of high and low responders

Methods for determining M. hyopneumoniae-specific IgG titers
in serum have been described previously [28,35]. All piglets within
the study population were included in the M. hyopneumoniae-
specific IgG titer population distribution (Fig. 1A). Piglets were
stratified into high and low responders using M. hyopneumoniae-
specific IgG titers quantified at 63 days of age (Day 63). However,
several piglets were excluded from high and low responder cohorts
based on the limited availability of archived PBMC samples. Thus,
twelve piglets for which there was sufficient sample to perform
kinome profiling on all three days were selected to represent the
high (n = 6) and low (n = 6) vaccine responders within the discov-
ery cohort. Eight additional piglets with sufficient sample were
selected to represent the high (n = 4) and low (n = 4) vaccine
responders within the validation cohort. One piglet classified as a
high responder in the validation cohort (“388B”) on Day 0 did
not have PBMCs collected on Day 6 and was substituted with
another high responder (“893R”) for the Day 6 validation analyses
only.

2.4. Porcine-Specific magnetic multiplex cytokine analysis

The protocol for the porcine-specific magnetic multiplex cyto-
kine assay has been described previously [28]. The lower limit of
quantification (LLOQ) values for all cytokines are given:
interferon-gamma (IFNYy) (14.4 pg/mL), interleukin 1-beta (IL-1B)
(37.5 pg/mL), and tumor necrosis factor-alpha (TNFa) (39.8 pg/
mL). Samples below the LLOQ were manually recorded as ¥ the
LLOQ value. IFNy and IL-1B were measured simultaneously while
TNFo was measured separately.

2.5. Kinome analysis

The kinome array experiments were performed as previously
described with modifications [28] (Supplemental Fig. 1). Kinome
array experiments for each time-point (Day 0, Day 2, and Day 6)
were conducted on independent days. No difference (p > 0.9) in
inter-array variation between experiments conducted on different
days was observed (Supplemental Fig. 2). Peptide-spot phosphory-
lation intensities from piglets in the discovery cohort on each time-
point were transformed separately from piglets in the validation
cohort using a variance-stabilizing normalization (VSN) method

through the online software, PIIKA (https://saphire.usask.ca/

saphire/piika/) [56]. Peptide-spot phosphorylation intensities from
piglets in the validation cohort at all time-points were subse-
quently transformed using the VSN method with the inclusion of
piglets within the discovery cohort datasets to allow for compara-
ble scales. Technical replicates were averaged together, and fold-
change (FC) for each peptide phosphorylation intensities was cal-
culated using Log, values. FC = 2~d, where d = (average intensity
of group y - average intensity of group x). The negative reciprocal
of FC was calculated when d < 1 for interpretation purposes.

2.6. Data and statistical analysis

All data analysis and data visualizations were performed using
GraphPad Prism version 9.0 (GraphPad Software, San Diego, Cali-
fornia USA, https://www.graphpad.com). Principal component
analysis (PCA) was conducted and visualized using ClustVis version
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1.0 with the parameters: transformation = “no transformation”,
row scaling = “unit variance scaling”, PCA method = “SVD with
imputation” [32]. Log, M. hyopneumoniae-specific IgG titers and
body weight for discovery HR and LR were determined to be nor-
mally distributed (Kolmogorov-Smirnov test, p > 0.1). Log, M.
hyopneumoniae-specific IgG titers, plasma cytokine levels, and
bodyweights for the validation HR and LR could not be determined
to be normally distributed due to the small sample size. A Mann-
Whitney U test was used to determine differences in median
Log, M. hyopneumoniae-specific IgG titers, plasma cytokine con-
centrations, and body weight between HR and LR cohorts. To deter-
mine differential phosphorylation events, a repeated-measures
two-way ANOVA with Geisser-Greenhouse correction was con-
ducted using the average VSN-transformed intensity for each phos-
phorylation event with the factors “Day” and “Response”. Sidak’s
multiple comparisons were conducted between HR and LR for each
Day. A Benjamini-Hochberg False Discovery Rate (FDR)-Correction
(5%) was applied to p-values on each Day. Phosphorylation events
were considered differentially phosphorylated between high and
low responders under two criteria: there was an effect (p < 0.05)
of either the “Response” factor or the “Response x Day” interac-
tion, and there was a difference (FDR < 0.05) between HR and LR
after FDR-correction. Phosphorylation events were considered dif-
ferentially phosphorylated between Day 0, Day 2, or Day 6 under
two criteria: there was an effect (p < 0.05) of either the “Day” factor
or the “Responder x Day” interaction, and there was a difference
(FDR < 0.05) between Day 0 and Day 2, Day 0 and Day 6, or Day
2 and Day 6 after FDR-correction. Mann-Whitney U-tests were
used to determine differences in median phosphorylation intensity
between HR and LR in the validation cohort. P-values and FDR-
values were considered statistically significant at p < 0.05 and
FDR < 0.05, respectively.

3. Results

3.1. Stratification of discovery and validation cohorts using Vaccine-
induced Mycoplasma hyopneumoniae-specific IgG titers

A population of piglets (n = 117) were vaccinated with a com-
mercial M. hyopneumoniae vaccine (RespiSure-One) at 28-days of
age (Day 0) and given a booster at 52-days of age (Day 24). Serum
M. hyopneumoniae-specific 1gG titers were quantified at 63-days of
age (Day 35), eleven days following booster vaccination, using an
IDEXX M. hyo Ab ELISA (Fig. 1A). Within this population, serum
IgG titers of high (HR) responders from the 90th percentile
(n=6; range, 12.13-13.67; median, 12.81) and low (LR) responders
from the 10th percentile (n = 6; range, 5.85-7.65; median, 7.19)
were used to establish the “discovery cohort”. Due to limited sam-
ple availability piglet “HR5” was substituted with a different piglet
within the 90th percentile of serum IgG titers (“HR7”) for subse-
quent analyses [28]. Between the HR and LR in the discovery
cohort there was a 48-fold difference (p < 0.01) in median M. hyop-
neumoniae-specific serum IgG titers (Fig. 1B). A second sub-
population of HR from the 80th percentile of serum IgG titers
(n = 4; range, 11.95-12.21; median, 11.97) and LR from the 20th
percentile of serum IgG titers (n = 4; range, 7.84-8.04; median,
7.96) were used to establish the “validation cohort”. There was a
16-fold difference (p < 0.01) in median M. hyopneumoniae-
specific IgG titers between the validation HR and LR (Fig. 1B).
The HR within the validation cohort had a lower rank-sum differ-
ence (Mann-Whitney U test, p < 0.05) in log2 M. hyopneumoniae-
specific IgG titers compared to HR within the discovery cohort.
Conversely, LR within the validation cohort had a higher rank-
sum difference (Mann-Whitney U test, p < 0.01) in log2 M. hyop-
neumoniae-specific IgG titers than the discovery LR. Thus, high
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Fig. 1. Stratification of high and low responder piglets using Mycopl hyop specific IgG responses 11 days following booster vaccination. A. M.

hyopneumoniae-specific IgG titers (log;) in the study population (n = 117). High and low responders from two sampling subsets, the discovery (n = 12; filled circles) and
validation (n = 8; filled squares) cohorts are denoted. B. Median M. hyopneumoniae-specific 1gG titers (log,) of high (HR) and low (LR) responders within the discovery cohort
(n = 6/group; filled circles) and the validation cohort (n = 4/group; filled squares). P-values were determined using the Mann-Whitney U tests.

and low responders within the validation cohort represent a less
extreme phenotype of vaccine-induced IgG responses compared
to the discovery cohort.

3.2. Comparison of plasma cytokine concentrations and birthweight
between low and high responders

Previously, we observed that LR piglets within the discovery
cohort had higher plasma concentrations of IFNy (p < 0.05), IL-18
(p = 0.06), and TNFa (p = 0.12) on Day 0 when compared to HR
of the discovery cohort [28] (Fig. 2A). In the current study, there
was no statistical difference in plasma concentrations of IFNy
(p > 0.60), IL-1B (p < 0.99), or TNFa (p < 0.99) on Day 0 between
the LR and HR within the validation cohort (Fig. 2B). When com-
paring bodyweights, HR within the discovery cohort had a higher
birth weight (p < 0.01) and weaning weight (p < 0.05) compared
to LR of the discovery cohort (Fig. 2C) [28]. In contrast, there was
no difference in either birth weight (p > 0.5) or weaning weight
(p > 0.5) between the HR and LR of the validation cohort
(Fig. 2D). These data suggest that plasma cytokine concentrations
and physiological differences in bodyweight do not correlate with
vaccine responsiveness as the magnitude of vaccine responses
becomes less extreme.

3.3. Kinome analysis of discovery cohort on Day 0, 2, and 6

To determine the phosphorylation events within blood leuko-
cytes associated with vaccine-induced antibody responses, kinome

analysis was performed on PBMCs collected from HR and LR imme-
diately prior to vaccination (Day 0) and 2- and 6- days post-
vaccination (Days 2 and 6). Kinome profiles were generated using
the 282 phosphorylation events represented on the peptide array
and principal component analysis (PCA) was conducted on HR
and LR for each time-point. Prior to vaccination on Day O, there
is a high intra-group similarity between LR piglets, whereas the
HR had a greater amount of variability when considering all 282
phosphorylation events represented of a kinome profile (Fig. 3A).
Kinome profiles on Day 2 do not perfectly cluster based on vaccine
responsiveness phenotypes and have overlapping 95% confidence
intervals between LR and HR kinome profiles (Fig. 3B). Finally,
PCA of Day 6 kinome profiles reveals PC1 (23.3%) was capable of
separating HR and LR kinome profiles, suggesting multiple phos-
phorylation events can differentiate HR and LR (Fig. 3C). We then
compared individual phosphorylation events between HR and LR
within the discovery cohort at each time-point to determine speci-
fic biomarkers that strongly associate with vaccine responsiveness.

3.4. Differential phosphorylation events within discovery cohort

To identify the unique phosphorylation events between HR and
LR within the discovery cohort at each time-point, a repeated-
measures two-way ANOVA using the factors “Response” (High vs
Low) and “Day” (Day 0 vs Day 2 vs Day 6) was conducted using
the 282 phosphorylation intensities from the kinome analysis.
Day 0: Ten differential phosphorylation events (FDR < 0.05) on
Day 0 were detected between the HR and LR of the discovery
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cohort (Table 1). Among the peptides differentially phosphorylated
between HR and LR on Day O there were peptide targets representing
mediators of immune-function such as B-cell linker protein (BLNK),
interleukin 6 receptor (IL6ST), tumor necrosis factor receptor-
associated factor 6 (TRAF6), and cell signaling mediators such as
AKT1, protein phosphatase 2 catalytic subunit alpha (PPP2CA), and
calmodulin (CALM1). Eight of the 10 phosphorylation events had
higher phosphorylation (FC > 1) in LR compared to HR. Day 2: There
were no individual phosphorylation events detected as significantly
different on Day 2 between the discovery HR and LR at an FDR of 5%
(Table 1). Day 6: Eleven differential phosphorylation events
(FDR < 0.05) on Day 6 were detected between the HR and LR of the
discovery cohort (Table 1). Among the Day 6 differential phosphory-
lation events, there were peptide targets representing proteins
involved in cell signaling mediation like phosphoinositide-3-
kinase regulatory subunit 1 (PIK3R1) and receptor of activated C
kinase 1 (RACK1), cytoskeletal proteins like stathmin 1 (STMN1)
and PPP2CA, and proteins with known immunological signaling
functions like TRAF6, SYK, and nuclear factor of activated T-cells 2
(NFAT2). Seven of the 11 differential phosphorylation events had
higher intensity (FC > 1) in the LR compared to the HR. In comparing
the biomarkers detected on Day 0 and 6, three differential phospho-
rylation events on identical target sites, TRAF6_Y353, STMN1_S15,
and PPP2CA_T304, were temporally consistent with similar fold-
changes at each time-points.

3.5. Phosphorylation biomarkers in the validation cohort (Day 0)

To validate the robustness of the differential phosphorylation
events discovered on Day 0 and 6, we then tested the capability

of the phosphorylation events to discriminate a set of high and
low vaccine responders from a validation cohort using both PCA
and comparative analysis. On Day 0, PCA of the 282-peptide
kinome profiles from the HR and LR within the validation cohort
do not perfectly separate individuals based on vaccine responsive-
ness phenotype (Fig. 4A). Piglets within the validation cohort were
given new IDs to blind their vaccine response phenotypes and only
the phosphorylation intensities of the 10 differential phosphoryla-
tion events on Day O (described in Table 1) were used in a subse-
quent PCA. Using the 10 differential phosphorylation events
identified in the discovery cohort, PC1 (52%) is capable of reducing
the inter-group overlap of 95% confidence intervals (Cis) between
HR and LR within the validation cohort in comparison to the untar-
geted 282-peptide kinome profile (Fig. 4B).

We then determined if the 10 differentially phosphorylated
peptides identified in the discovery cohort on Day 0 were similarly
differentially phosphorylated between the HR and LR within the
validation cohort. Comparative analysis revealed multiple phos-
phorylation events from piglets within the validation cohort had
similar magnitude and direction of changes in phosphorylation
as observed in the discovery cohort (Fig. 4C). Phosphorylation
events such as STMN1_S15, TRAF6_Y353, CALM1_Y99, and
PPP2CA_T304, were consistently differentially phosphorylated
(p < 0.05) within the validation cohort, while the remaining phos-
phorylation events had no difference (p > 0.05) between HR and LR
in the validation cohort. Altogether, multiple phosphorylation
events observed in the discovery cohort on Day 0 persist between
HR and LR within the validation cohort. As differences in plasma
cytokine concentrations (Fig. 2B) or body weight (Fig. 2D) had
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failed to differentiate HR and LR of the validation cohort prior to
vaccination, these data suggest phosphorylation patterns have
greater consistency in associating with vaccine-induced antibody
responses at the time of vaccination.

3.6. Phosphorylation biomarkers in the validation cohort (Day 6)

To test the robustness of the differential phosphorylation events
between HR and LR within the discovery cohort on Day 6 for dis-
criminating vaccine responders, we repeated the analyses con-
ducted on the Day O kinome profiles using the Day 6 kinome
profiles of the validation cohort. One piglet classified as HR in
the validation cohort (“388B”) on Day 0 did not have PBMCs col-
lected on Day 6 and was substituted with another HR (“893R")
for subsequent Day 6 validation cohort analyses. PCA of the HR
and LR within the validation on Day 6 using the entire 282-
peptide kinome profile revealed indistinct clustering of HR and
LR, suggesting a random profile of peptide phosphorylation events
are incapable of differentiating high and low vaccine responders
(Fig. 5A). Reducing the consideration to the 11 phosphorylation
events identified in the discovery cohort on Day 6 (described in
Table 1) reveals that a combination of PC1 (45%) and PC2 (21.7%)

can separate HR and LR within the validation cohort (Fig. 5B). Com-
parative analysis of the 11 phosphorylation events that were dif-
ferentially phosphorylated between HR and LR within the
discovery cohort on Day 6 were consistently different between
HR and LR within the validation cohort (Fig. 5C). Specifically, the
phosphorylation events STMN1_S15 and Nuclear factor of acti-
vated T-cells 2 (NFAT2)_S245 are differentially phosphorylated
(p < 0.05) between the validation HR and LR, while Kelch-Like
ECH-Associated Protein 1 (KEAP1)_Y293/5, and SYK_Y348 had a
trend (p = 0.11) toward differential phosphorylation. All these
phosphorylation events demonstrate highly similar patterns of
direction and magnitude of change in the discovery and validation
cohorts. There were no suspected differences (p > 0.11) between
HR and LR within the validation cohort for the remaining biomar-
ker phosphorylation events, indicating thresholds of limitation for
discriminating less extreme vaccine responders.

3.7. Temporal changes in phosphorylation in the discovery cohort
To investigate the changes of phosphorylation events within

PBMCs following vaccination, a repeated-measures two-way
ANOVA with the factors “Response” (High vs Low) and “Day”



S. Lipsit, A. Facciuolo, E. Scruten et al.

Vaccine: X 11 (2022) 100167

Table 1
Differential phosphorylation events within PBMCs between low and high responders on Day 0, Day 2, and Day 6 in the discovery cohort.

Target Name Target Site UniProt ID FC* FDR" q-value

Day 0 STMN1 S15 P16949 -1.89 0.0143
TRAF6 Y353 Q9Y4K3 —-2.33 0.0143
BLNK Y178 Q8WV28 1.55 0.0163
CALM1 Y99 PODP23 -1.66 0.0163
FGFR1 Y653 P11362 -1.70 0.0163
IL6ST S782 P40189 1.75 0.0163
PPP2CA T304 P67775 —2.04 0.0163
AKT1 T308 P31749 -2.10 0.0214
STAT4 S722 Q14765 -1.88 0.0254
RPS6KB1 S447 P23443 -1.62 0.0400

Day 2 - - - - -

Day 6 STMN1 S15 P16949 -1.62 0.0142
TRAF6 Y353 Q9Y4K3 -2.16 0.0142
PPP2CA T304 P67775 -1.96 0.0142
NFAT2 S245 095644 241 0.0142
STMN1 S37 P16949 —2.66 0.0142
PIK3R1 Y556 P27986 -1.65 0.0142
SMAD1 S214 Q15797 1.40 0.0142
RAB5A T202 P20339 -1.84 0.0142
RACK1 Y194 P63244 -1.80 0.0253
SYK Y348 P43405 1.48 0.0362
KEAP1 Y141 Q14145 1.27 0.0362

2 Fold-change (FC) is calculated as a change from low responders (x) to high responders (y).
b False-discovery rate (FDR) was applied to Sidak’s multiple comparison tests between high and low responders on each time-point. FDR was set at 0.05.

(Day 0 vs Day 2 vs Day 6) was conducted to identify temporal dif-
ferences in phosphorylation within LR and HR of the discovery
cohort. These differential phosphorylation changes could not be
validated in the validation cohort as not all piglets in the validation
cohort had paired samples.

3.8. Day 0 and Day 2

LR had 10 (2 increasing; 8 decreasing) unique phosphorylation
changes (FDR < 0.05) while HR had zero (Table 2). Day 0 to Day 6:
LR had 1 (increasing) unique phosphorylation change (FDR < 0.05)
while HR had zero (Table 2). Day 2 to Day 6: LR had 21 (5 increas-
ing; 16 decreasing) unique phosphorylation changes (FDR < 0.05)
while HR had 1 (decreasing) unique phosphorylation change
(FDR < 0.05) (Table 2).

Of the phosphorylation changes from Day 0 to Day 2 and Day 2
to Day 6 within LR, there are 4 that significantly change over both
time-intervals: Murine double mutant 2 (MDM2)_S166, interferon
regulatory factor-3 (IRF-3)_S402, STMN1_S37, and TRAF6_Y353.
All of these phosphorylation events had opposite fold-changes
between Day O to Day 2 and Day 2 to Day 6. NFAT2_S245 is the
only peptide target to had differential phosphorylation among all
three time intervals within LR. Cyclin Dependent Kinase Inhibitor
1B (CDKN1B)_Y74 was the only peptide target differentially phos-
phorylated within HR between Day 2 and Day 6. Overall, LR exhibit
a larger number of differential phosphorylation changes following
vaccination compared to HR, with the majority of these changes
occurring between 2- and 6-days post-vaccination.

4. Discussion

In this study, we utilized a population of piglets with a wide
range of antibody responses to a commercial M. hyopneumoniae
vaccine to examine variables associated with vaccine responsive-
ness. Kinome analysis detected numerous phosphorylation differ-
ences within PBMCs between a discovery cohort of high and low
vaccine responders with up to a 48-fold range in median serum
M. hyopneumoniae-specific IgG titers at the time of vaccination
and 6-days post-vaccination. Multiple phosphorylation differences

were consistent in a validation cohort of high and low vaccine
responders and these phosphorylation events were capable of dif-
ferentiating high from low responders better than an untargeted
kinome profile. This analysis contributes to the early molecular
events occurring following vaccination between HR and LR and
explores the use of peptide phosphorylation signatures which cor-
relates with the vaccine responsiveness in piglets before and after
vaccination.

Our previous investigation identified elevated concentrations of
plasma IFNYy at the time of vaccination in LR compared to HR [28].
Further, LR had lower birthweight than HR despite efforts within
the study design to exclude very low and very high birth weight
piglets. The piglets described in our previous study were utilized
as the discovery cohort in the current study, but with one subject
substitution. In the current investigation, no differences in plasma
cytokines and birth weight between HR and LR of the validation
cohort are evident. Other studies have implicated pro-
inflammatory events, such as TNFa secretion from B-cells, expres-
sion of inflammatory gene networks in PBMCs, or natural killer T-
cell frequencies, to be negatively associated with vaccine-induced
antibody responses in humans and mice [10,11,12,31]. As well,
previous studies examining responses to typhoid vaccine found
that low birth weight was considered a risk factor for impaired
antibody responses within adolescent humans and infants
[30,34]. The lack of effect of pro-inflammatory cytokines or birth
weight on vaccine-induced IgG titers may reflect the small sample
size of the validation cohort, or vaccine responses being impeded
by some other factor. Alternatively, it could also be a result of
the HR and LR of the validation cohort representing less extreme
vaccine responsiveness than the discovery cohort, possibly sug-
gesting that the predictive value of these physiological biomarkers
is restricted to extremes of vaccine responsiveness. If the hypoth-
esis that differences in birth weight or pro-inflammatory events
can anticipate the extremes of vaccine non-responsiveness is vali-
dated, this may still be of value to livestock and human healthcare
industries to identify those at risk of eliciting the weakest immune
response. Ultimately, physiological factors such as plasma cytokine
concentrations and body weight measurements reveal inconsisten-
cies for discriminating HR and LR, whereas kinase-mediated signal-
ing differences appear to be more reliable.
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Fig. 4. Biomarker phosphorylation events between high and low responders on Day 0 in the validation cohorts. Principal component (PC) analysis of the high (HR; n = 4;
dark grey) and low (LR; n = 4, light grey) responders within the validation cohort using A. 282 peptides phosphorylation events represented on the kinome array and B. 10
peptide phosphorylation events determined to be differentially phosphorylated between HR and LR within the discovery cohort on Day 0. PCs with the highest variance (%)
are shown. Ellipses represent 95% confidence intervals. C. Phosphorylation intensities of the 10 differentially phosphorylated peptides on Day 0 of LR (circles) and HR
(squares) within the discovery (filled shape) and validation (empty shape) cohorts. The horizontal line represents the group median. Statistical tests are only shown for
comparisons between LR and HR within the validation cohort. P-values were determined using the Mann-Whitney U test. *p < 0.05.

Establishing the baseline phosphorylation profiles for a given
tissue may be valuable in characterizing an individual’s current
biological state. Kinome analysis of PBMCs collected from both
humans and swine have displayed individual-specific phosphory-
lation profiles that remained consistent over multiple weeks, sug-
gesting individuals can possess temporally stable cell-signaling
phenotypes in blood leukocytes [57]. Here, we observed numerous
differences prior to vaccination at the level of phosphorylation
between HR and LR within the discovery cohort, to which a subset
of these events were consistent in the validation cohort. The
hypothesis that host immune status can influence the response
to vaccination has been an area of recent exploration
[10,20,58,59]. In humans vaccinated against hepatitis B (HB) virus,
non-responders (classified as having anti-HB titers < 10 IU/L 30-
days post-vaccination) had greater gene expression of immune-
related genes within blood and higher absolute granulocytes than
responders (anti-HB > 10 IU/L) at the time of vaccination [4]. Con-
versely, transcriptional profiling of young individuals vaccinated
against influenza virus revealed greater baseline gene expression
events within high responders (classified by HAI titers 28-days
post-vaccination) than low responders [20]. Our study utilizes
young (<9 weeks old) piglets that may not appropriately represent

a ‘baseline’ immune state at the time of vaccination described in
other studies that use mature adults as cohorts, especially given
that postnatal immune responses, hormonal factors, leukocyte
populations, and cytokine production can vary within young,
developing humans and livestock [6,16,24,39,40]. In swine, pre-
vaccination differences in transcriptional networks were observed
within PBMCs prior to M. hyopneumoniae-vaccination collected
from high and low antibody responders defined at 118-days
post-vaccination [5]. Thus, our work aligns with these previous
studies supporting the hypothesis that the activity of the immune
system prior to vaccination may have profound implications on the
resulting immune response.

Post-vaccination biomarkers may provide insight into the bio-
logical mechanisms associated with an impaired (or unimpaired)
immune response. A signature of 11 differential phosphorylation
events of peptides representing proteins with immune functions
and cell signaling activity were discovered between HR and LR 6-
days post-vaccination. However, no phosphorylation events were
discovered 2-days post-vaccination. The absence of differentially
phosphorylated peptides 2-days post-vaccination may be a conse-
quence of the strict criteria for detecting differential phosphoryla-
tion events but could be an accurate reflection of the temporal
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signaling responses to vaccination. Comparatively, Munyaka et. al
(2019) conducted a transcriptional analysis of the PBMCs of a lar-
ger sample of the HR and LR used in this study and failed to iden-
tify differentially expressed genes at the time of vaccination or at
6-days post-vaccination. However, multiple genes expressed 2-
days post-vaccination were capable of discriminating animals
based on M. hyopneumoniae-specific IgG titers [35]. None of the
genes contributing to the discrimination of HR and LR in the tran-
scriptional analysis were represented on our peptide array, nor
could they be directly linked to the differentially phosphorylated
targets implicated in the kinome analysis. Gene expression events
involved in inflammatory and antigen presentation networks were
positively correlated with vaccine-specific serum IgG responses as
early as 24-hours following vaccination in pigs vaccinated with
experimental M. hyopneumoniae vaccine formulations [29]. In pigs
vaccinated against tetanus toxoid, gene transcripts involved B-cell
receptor signaling were elevated within PBMCs from high anti-
tetanus toxoid-antibody responders compared to low antibody
responders 2-4 weeks following vaccination, yet no differences
in signaling pathways were detected at the time of vaccination
[1]. Given the number of peptide targets differentially phosphory-
lated on Day 6 in our study, these data suggest that both kinomic
and transcriptomic characterizations can offer novel perspectives

on the molecular changes within blood leukocytes associated with
post-vaccination antibody responses in swine.

Consideration of the temporal differences in phosphorylation
supports the conclusion of distinct signaling environments within
the HR and LR groups between 2- and 6-days post-vaccination.
Comparing the number of differentially phosphorylated events
temporally changing within LR and HR reveals that LR have a
greater number of changes from Day O to 2 (10) and Day 2 to
Day 6 (21) compared to HR (0 and 1, respectively). Within this
same cohort of piglets, Munyaka et. Al (2019) observed a greater
number of gene transcripts involved in immune activation within
HR at 2-days post-vaccination and a decrease in transcripts associ-
ated with immune activation at 6-days post-vaccination compared
to LR [35]. At the level of kinome, we observe dissimilar trends; HR
have no significant phosphorylation changes 2 and 6-days follow-
ing vaccination, while LR have significant phosphorylation changes
between 2 and 6-days post-vaccination. This could suggest that
vaccine unresponsiveness within the population reflects the activ-
ity of cellular processes that hinder vaccine responsiveness in the
LR as opposed to successful immune response mechanisms in the
HR. However, this may also be reflective of certain peptide targets
represented on the array that bias the detection of differential
phosphorylation events to processes occurring within the LR.
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Phosphorylation events with differential changes between Days 0, 2, and 6 within PBMCs from low (LR) and high responders (HR).

Target Name Target Site UniProt ID Responder Day-Day comparison FC* FDR" q-value
MDM2 5166 Q00987 LR Day 0 vs. Day 2 -1.95 0.0286
FOS T232 P01100 LR Day 0 vs. Day 2 —-1.52 0.0449
IRF-3 S402 Q14653 LR Day 0 vs. Day 2 1.78 0.0449
NFAT2 S245 095644 LR Day 0 vs. Day 2 1.75 0.0449
RACK1 Y194 P63244 LR Day 0 vs. Day 2 -1.63 0.0449
STMN1 S37 P16949 LR Day 0 vs. Day 2 -2.76 0.0449
SYK Y352 P43405 LR Day 0 vs. Day 2 -1.59 0.0449
CREB S133 P16220 LR Day 0 vs. Day 2 -1.91 0.0457
PIK3R1 Y556 P27986 LR Day 0 vs. Day 2 -1.52 0.0457
TRAF6 Y353 Q9Y4K3 LR Day 0 vs. Day 2 -2.49 0.0457
NFAT2 S245 095644 LR Day 0 vs. Day 6 —2.47 0.0295
CALM1 Y99 PODP23 LR Day 2 vs. Day 6 —2.53 0.0136
NFAT2 S245 095644 LR Day 2 vs. Day 6 -4.33 0.0136
STMN1 S15 P16949 LR Day 2 vs. Day 6 1.66 0.0181
BRAF1 S579 P15056 LR Day 2 vs. Day 6 1.70 0.0204
FGFR1 Y653 P11362 LR Day 2 vs. Day 6 1.61 0.0272
MK2 Y415 P16389 LR Day 2 vs. Day 6 1.77 0.0272
PLCG2 Y759 P16885 LR Day 2 vs. Day 6 1.60 0.0272
TBK1 S172 Q9UHD2 LR Day 2 vs. Day 6 2.30 0.0272
TRAF6 Y353 Q9Y4K3 LR Day 2 vs. Day 6 2.50 0.0272
GIT2 Y484 Q14161 LR Day 2 vs. Day 6 1.72 0.0396
SMAD1 S214 Q15797 LR Day 2 vs. Day 6 -1.38 0.0396
AMPK1 T174/5 Q13131 LR Day 2 vs. Day 6 2.39 0.0408
IRF-3 5402 Q14653 LR Day 2 vs. Day 6 -2.26 0.0408
MDM2 5166 Q00987 LR Day 2 vs. Day 6 1.58 0.0408
NFAT3 S676 Q14934 LR Day 2 vs. Day 6 1.80 0.0408
RAB5A T202 P20339 LR Day 2 vs. Day 6 2.01 0.0408
S0C3 Y221 014543 LR Day 2 vs. Day 6 1.66 0.0408
STMN1 S37 P16949 LR Day 2 vs. Day 6 2.54 0.0408
TAK1 T187 043318 LR Day 2 vs. Day 6 -1.29 0.0433
PLCG2 Y753 P16885 LR Day 2 vs. Day 6 1.63 0.0449
MAPK14 T179 Q16539 LR Day 2 vs. Day 6 1.85 0.0449
CDKN1B Y74 P46527 HR Day 2 vs. Day 6 -1.63 0.0295

2 Fold-change (FC) is calculated as a change from the earlier Day (x) to the later Day (y) for each Day-Day comparison.
b False-discovery Rate (FDR) was applied to Sidak’s multiple comparison tests for each set of Day-Day comparisons. FDR was set at 0.05.

Unfortunately, this study did not contain a placebo-control vacci-
nation cohort to discern whether differential changes in phospho-
rylation between time-points are not a result of developmental
processes within piglets which are unrelated to the vaccine
response and as a result, continued investigation into the underly-
ing mechanism of this phenotype is required.

The priorities of the current investigation were to further
explore previously identified physiological biomarkers, test the
capability of phosphorylation events to discriminate unknown vac-
cine responders, and discover post-vaccination signaling responses
within PBMCs. One shortfall of this study is the lack of in vitro val-
idation of the differential phosphorylation events identified
between the HR and LR. Therefore, the opportunity remains to
directly investigate the biological processes implicated by the
phosphorylation events discovered here. To compensate, we
adopted a conservative discovery approach when testing for differ-
ential phosphorylation events, including both a multiple compar-
ison correction and a false-discovery rate correction for each
time point. We utilized kinome profiles of less extreme vaccine
responders as a validation cohort to test the discovered phosphory-
lation events. Multiple differential phosphorylation events that
were tested in the validation cohort had a lower difference of
intensity between HR and LR compared to the HR and LR within
the discovery cohort. A similar observation was found when using
phosphorylation levels as biomarkers of Varroa mite susceptibility
in honeybees; baseline biomarkers discovered in subjects of the
most extreme phenotype had a lower magnitude of difference
when applied to independent subjects of less extreme phenotypes
[47]. Additionally, while the phenotype of the validation cohort
was blinded prior to kinome analyses, all animals originated from
the same facility and samples were processed on the same day.

10

Systemic factors due to animal handling or vaccination administra-
tion may have contributed to the variation in vaccine-induced anti-
body responses. Therefore, all differences detected between the
vaccine responders of this study must be replicated in an indepen-
dent population of vaccinated swine. As well, kinome analysis was
performed only on vaccine responders with the highest and lowest
serum IgG responses. The phosphorylation events described here
may not linearly correlate with vaccine-induced serum IgG
responses across the entire population, and future studies should
consider incorporating vaccine responders of median/average
responses for evaluating predictive capacities [20,53].

In conclusion, phosphorylation events are novel biomarkers of
vaccine responsiveness that are more robust in discriminating HR
and LR in this population than some physiological markers. Vac-
cine responsiveness biomarkers could also provide a tool to enable
more efficacious vaccination programs through the prescreening of
individuals to identify anticipated non-responders. Individuals
predicted to have impaired responses to the vaccine could be can-
didates for alternative regimens such as revaccination, novel vacci-
nation scheduling, or limiting social interaction with the
remainder of the population until effective vaccination can be
achieved. Additionally, kinome analysis presents as a technique
sensitive for delineating the complex phenotypes within heteroge-
neous species that may complement other systems biology
approaches. A future objective of this research includes using dif-
ferential phosphorylation signatures for predicting vaccine
responses in an independent population of piglets and testing the
robustness of prediction using other vaccine antigens. As well,
future trials should incorporate a metric of T-cell responses as it
is unknown whether these signatures only correlate with antibody
responses alone. Ultimately, these findings present a new
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perspective of the molecular events specifically associated with
vaccine responses within a species both critical to the livestock
industry and highly relevant to human immunology [18,33]. Par-
ticularly in livestock species, anticipating vaccine responsiveness
would be of considerable value and importance for implementing
more effective vaccination programs.
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