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Background. The reasons for differences in vaccine effectiveness between live attenuated influenza vaccine (LAIV) and inacti-
vated influenza vaccine (IIV) are not clear.

Methods. Blood samples were obtained before vaccination and at days 7 and 21 postvaccination with 2015–2016 quadrivalent 
IIV or LAIV. Serologic response to the vaccine was measured by hemagglutination inhibition assay. Targeted RNA sequencing and 
serum cytokine analysis were performed. Paired analyses were used to determine gene expression and were compared between IIV 
and LAIV recipients. Classification And Regression Trees analysis (CART) identified the strongest associations with vaccine response.

Results. Forty-six enrollees received IIV, and 25 received LAIV. The mean age was 11.5 (±3.7) years. Seroconversion with IIV 
was associated with changes in expression of PRKRA and IFI6. Nonseroconversion for both IIV and LAIV was characterized by 
increased interferon-stimulated gene expression. Seroprotection with both vaccines was associated with altered expression of CXCL2 
and CD36. For LAIV, CART showed that changes in expression of CD80, CXCL2, and CASP1 were associated with seroprotection. 
Serum cytokines showed that IIV seroconversion was associated with decreased CCL3. LAIV seroprotection tracked with decreased 
tumor necrosis factor–α and interferon-γ.

Conclusions. Distinct markers of seroconversion and seroprotection against IIV and LAIV were identified using immunophe-
notyping and CART analysis.
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Influenza infection presents a global health challenge with lim-
ited therapeutic options. Recommended annual vaccination 
coverage is suboptimal, and vaccine effectiveness (VE) varies 
across seasons, virus strains, and vaccine types. Even in seasons 
with good vaccine strain match to circulating viruses, VE is 
often around 50%–60%. For example, in children, VE for live 
attenuated influenza vaccine (LAIV) and inactivated influenza 
vaccine (IIV) during the 2014–2015 season were insignificant 
against the A/H3N2 strain but were effective against influenza 
B [1]. LAIV was found to be ineffective when compared with 
IIV against the A/H1N1/pdm09 virus strain again during the 
2015–2016 influenza season [2].

One method used to understand influenza VE is to study 
immune response to vaccination using standard increases in 
hemagglutination inhibition (HI) antibody titers to demon-
strate the short-term response to vaccination. However, both 
humoral and cell-mediated immune responses may determine 
influenza vaccine efficacy [3]. Peripheral blood mononuclear 
cells (PBMCs) express genes that may correlate with protection 
from influenza [4], and methods for measuring RNA transcripts 
in PBMC subsets after influenza vaccination have been described 
[5]. A  positive correlation between HI titers and upregulation 
of interferon-responsive genes early after IIV vaccination has 
been reported [6–8]. Elevated antibody titers to IIV have also 
been associated with upregulation of B-cell-specific transcripts, 
immunoglobulin genes, and proliferation-associated genes [9] 
and may be predictors of vaccine-specific antibody and plas-
mablast responses at 7 days postvaccination [10]. The presence 
of proinflammatory cytokines correlates with subjective symp-
toms after influenza vaccination but is not predictive of antibody 
response [11–13]. Conversely, Fas ligand (sFasL) and interleukin 
(IL)-12p40 are negative predictors of antibody response to vacci-
nation [14].

Little research has been conducted on correlates of immune 
protection induced by vaccination in children. Furthermore, 
decisions on whether to recommend LAIV have been made 
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primarily on data from VE in children, but the immune mecha-
nisms have been less well described. Previous work has demon-
strated differential gene expression (targeted RNA seq) between 
2015–2016 LAIV and IIV recipients [15] that may account for 
differences in VE between the 2 vaccine types.

The purpose of this study was to compare changes in 
gene expression (RNA sequencing from PBMCs and serum 
cytokines) among children who had received either the LAIV or 
IIV in the 2015–2016 season, with antibody response to vacci-
nation. We believe that identifying these differences will permit 
optimal vaccine design for a vaccine with high immunogenicity.

METHODS

Subjects and Eligibility

This study was conducted in the fall of 2015 before influenza was 
circulating in the region [16]. Intended vaccine recipients aged 
3 through 18 years were recruited. Exclusion criteria included 
body weight under 17 kilograms, having an immunosuppressive 
disease, taking immunosuppressive medicine or high-dose oral 
steroids, pregnancy, and having a severe allergy to the influenza 
vaccine or its components. Parents chose which form of the 
quadrivalent vaccine—LAIV (FluMist, MedImmune) or IIV 
(either Fluzone, Sanofi Pasteur, or Fluarix, GlaxoSmithKline, 
as determined by their health insurance provider)—would be 
administered to their child. Demographic data were provided 
by the families and extracted from the electronic medical record 
(EMR). Prior vaccine history was available for all participants in 
the EMR or in the state immunization registry.

Specimen Collection and Processing

On day 0, participants provided blood samples using PAXgene 
tubes (Becton Dickinson) for total RNA and serum separa-
tor tubes for HI and cytokines before receiving influenza 
vaccine. They returned on day 7 (range, 6–10  days) and 
on day 21 (range, 20–35  days) for additional blood draws. 
Within 4–6 hours of collection, samples were processed and 
serum was stored at –70°C until further analysis. Total RNA 
from day 0 and day 7 was isolated and sequenced for a cus-
tom panel of 89 transcripts using the TruSeq Targeted RNA 
Expression method, as previously described (Supplementary 
Table  1) [15]. HI titers against all 4 strains in that sea-
son’s vaccine—A/California/7/2009 (H1N1)pdm09-like, A/
Switzerland/9715293/2013 (H3N2), B/Phuket/3073/2013-like 
virus, B/Brisbane/60/2008-like virus—from day 0 and day 21 
were assayed by the Batelle Laboratory through the Centers 
for Disease Control and Prevention [17]. Cytokines from day 
0 and day 21 were analyzed by cytokine multiplex using the 
Bioplex platform (Biorad, Hercules, CA) [18].

Statistics

In all analyses, children were grouped by the vaccine received. 
Demographic characteristics of participants included age group 
(3–8 years vs 9–17 years), sex, race (black vs nonblack), health 

insurance (public vs private insurance), parent’s educational 
level (high school or less vs some college or higher degree), and 
household smoking status (yes vs no).

Seroprotection was defined as day 21 HI titer ≥1:110. This 
level is commonly used in pediatric studies as it correlates with 
protection in 50% of children after influenza vaccination [19]. 
Seroconversion was defined as a rise in HI titers from day 0 to day 
21 of 4-fold or more if day 0 titers were ≥1:10, or a day 21 titer of 
1:40 if day 0 titers were <1:10. Cytokine and HI levels were found 
to be skewed by Shapiro-Wilks tests of normality; therefore, they 
were log2-transformed. For differential gene analysis, we com-
pared various sample groups with a gene expression filter of >1 
counts per million in at least half the samples in a given group.

Analyses included chi-square tests and paired t tests and 
were performed using SAS software (SAS Institute, Inc., Cary, 
NC) and SPSS, version 24.0 (IBM Corp.  Released 2016. IBM 
SPSS Statistics for Windows, Version 24.0. Armonk, NY). 
Paired comparisons for RNA seq differential expression were 
completed using DESeq2 with nondefault options for sharing-
Mode = “fit-only” and fitType = “local” [20]. Statistical signifi-
cance was set at P < .05.

CART Analysis

Classification And Regression Trees (CART) [21] software was 
used to develop recursive partitioning models to determine the 
set of day 0 to day 7 changes in RNA seq that were most pre-
dictive of the vaccine HI response. This nonparametric statis-
tical method for multivariable data creates decision trees with 
maximum sensitivity and specificity based on a series of dichot-
omous splits. CART was conducted on 2 equal-sized samples 
(development and validation) with simple random sampling 
without replacement. The target variables were seroprotec-
tion or seroconversion of HI titers at day 21 by vaccine strain. 
Predictor variables were day 0 to day 7 RNA seq and cytokine 
differences and demographics.

The decision trees were pruned to determine the tree with the low-
est number of misclassified subjects and highest sensitivity. Receiver 
operating characteristic (ROC) curves, area under the curve (AUC), 
sensitivity, specificity, and positive and negative predictive values 
were estimated using CART. The sensitivity from the CART model 
was determined using the final seroconversion/protection positive 
terminal node, and specificity was determined using the previous 
seroconversion/protection negative terminal nodes.

Study Approval

This study was approved by the University of Pittsburgh 
Institutional Review Board. Written informed consent was 
obtained from the participants’ parents with the children’s 
assent as appropriate.

RESULTS

The study consists of 71 children; 25 had received LAIV, and 
46 had received IIV. Vaccine recipients did not differ by any 
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demographic variable (Supplementary Table 2). The majority of 
the children (59%) did not receive influenza vaccine of any type 
in the previous season (2014–2015): 13/25 (52%) of the LAIV 
recipients and 29/46 (63%) of the IIV recipients. Significantly 
more IIV recipients than LAIV recipients were seroprotected 
and demonstrated seroconversion at day 21 against all 4 vaccine 
strains (P < .019 for all) (Table 1).

Differential Gene Expression from PBMCs After Vaccination With IIV 
or LAIV

Influenza vaccination resulted in significantly altered gene 
expression depending upon vaccine type (Supplementary 
Table 3). Receipt of IIV was associated with decreased expres-
sion of IL1B, CCL2, and ICAM1, all pro-inflammatory mono-
cyte and granulocyte genes, and with increased expression of 
CD24, a known B-cell activator, and DEFA4. LAIV was asso-
ciated with a significantly increased expression of interferon 
pathway genes DDX58, IRF7, MX1, IFI6, CXCL10, and CASP1 
and decreased expression of BCL2, VEGFA, and IL6, regula-
tors of cell growth and apoptosis. These data indicate a unique 
PBMC gene response to vaccine type, as was observed with a 
nearly identical cohort [15].

Differential Gene Expression From PBMCs After Vaccination With IIV or 
LAIV by Seroconversion Status

Vaccine recipients were stratified by seroconversion status for 
each vaccine strain (Table 2). In 29 IIV recipients who serocon-
verted for H1N1, a smaller number of genes was significantly 
differentially expressed than among 17 patients who did not sero-
convert (Table 2). There were 3 genes associated with H1N1 sero-
conversion, DEFA4 (upregulated), CXCL2, and ICAM1 (down 
regulated), genes involved in monocyte and neutrophil inflam-
mation. Lack of H1N1 seroconversion following IIV revealed 10 
differentially expressed genes, including increases in the interfer-
on-stimulated genes DDX58, IFNAR1, IFIT3, and MX1.

One-half of IIV recipients seroconverted to H3N2; there were 
6 differentially expressed genes, including decreased expres-
sion of inflammatory genes ICAM1, GZMK, IL1B, and CD8A. 
For H3N2 nonconverters, only CD24 (upregulated) and CCL2 
(downregulated) were significantly different, similar to H1N1 
nonconverters.

There were 22 patients who seroconverted to B Brisbane, in 
whom 2 genes were significantly altered, CD8A (downregu-
lated) and TNFSF10 (upregulated). Nine differentially expressed 
genes correlated with a lack of seroconversion, including CD24 
(upregulated) and CCL2 (downregulated).

For the 24 B Phuket seroconverters, 4 genes were dif-
ferentially expressed: CD8A and IL1B (downregulated) 
and DEFA4 and HLA-A (upregulated). In 22 nonconvert-
ers, 5 genes, including CCL2, CXCL2, IL8, TGFB1 (down-
regulated), and CD36 (upregulated), were differentially 
expressed, similar to B Brisbane. Altered inflammatory gene 
expression (including CD8A) was observed in children who 
seroconverted to IIV, whereas nonseroconversion was asso-
ciated with changes in 3 conserved genes, CD24, CD36, and 
CCL2, for all strains, as well as interferon-stimulated genes 
for H1N1 nonconversion.

Few children vaccinated with LAIV seroconverted. The 
bottom of Table 2 shows the differentially expressed genes for 
nonseroconverters. Alterations in gene expression of interfer-
on-related transcripts were common in participants who were 
nonconverters, including increases in DDX58, IFIT3, MX1, 
IRF7, IFI6, and CXCL10. These data illustrate a correlation 
between interferon gene expression and failure to seroconvert 
in children following receipt of LAIV.

Differential Gene Expression From PBMCs After Vaccination With IIV or 
LAIV by Seroprotection Status

These analyses were repeated with seroprotection as the inde-
pendent variable. IIV induced seroprotection in the majority of 
participants for all 4 strains (Table 3). Common to all vaccine 
strains was downregulation of inflammatory genes such as IL8, 
ICAM1, and CXCL2 among other common transcripts. In the 7 
H3N2 nonseroprotected patients, there were 14 unique differ-
ential gene expressions, including induction of the interferon 
genes IFIT3, IRF7, DDX58, IFI6, and MX1. IFIT3 and IFI6 were 
also identified in 4 B Phuket nonseroprotected patients. These 
data indicate that IIV-induced interferon gene expression cor-
relates with failed H3N2 and B Phuket seroprotection in a lim-
ited number of patients.

Approximately three-fifths of children who received LAIV 
were seroprotected at day 21 (Table  3, bottom). In H1N1 
seroprotected patients, the inflammatory genes IL6 and 
CXCL2 were significantly decreased. H1N1 nonprotected 
patients had increased expression of the interferon-related 
genes IRF7, IFIT3, IFI6, and CXCL10, as well as CASP1. 
H3N2 seroprotection was associated with differential gene 
expression of 13 unique genes, including inflammatory and 

Table  1. Proportion of Children Who Were Seroprotected and 
Seroconverted by Vaccine Type and Strain

Overall
(n = 71),  
No. (%)

Vaccine Type

P 
Valuea

LAIV
(n = 25), 
No. (%)

IIV
(n = 46), 
No. (%)

Seroprotection (1:110) at day 21

 A/H1N1 59 (83) 15 (60) 44 (96) <.001

 A/H3N2 54 (76) 15 (60) 39 (85) .019

 B Brisbane 53 (75) 14 (56) 39 (85) .008

 B Phuket 57 (80) 15 (60) 42 (91) .002

Seroconversion at day 21

 A/H1N1 29 (41) 0 (0) 29 (63) <.001

 A/H3N2 27 (38)  4 (16) 23 (50) .005

 B Brisbane 25 (35)  3 (12) 22 (48) .003

 B Phuket 26 (37) 2 (8) 24 (52) <.001

Abbreviations: IIV, inactivated influenza vaccine; LAIV, live attenuated influenza vaccine.
aChi-square test or Fisher exact test.
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interferon-stimulated genes. Lack of H3N2 protection was 
associated with increased expression of CASP1, an IL-1β-
activating protease critical to pyroptosis. For the B viral 
strains, increased IFN-stimulated gene expression and CD36 

were associated with seroprotection. A  lack of protection 
revealed 3 and 11 differentially expressed genes for B Brisbane 
and B Phuket, respectively. These included 2 common genes, 
IL6 (downregulated) and TNFSF10 (upregulated). These data 

Table 2. Differentially Expressed Genes Associated With Seroconversion to IIV or LAIV

Inactivated Influenza Vaccine

H1N1 Seroconverted H3N2 Seroconverted B Brisbane Seroconverted B Phuket Seroconverted

Yes (n = 29) No (n = 17) Yes (n = 23) No (n = 23) Yes (n = 22) No (n = 24) Yes (n = 24) No (n = 22)

Upregulated

BAK1 BAK1

CD24 CD24 CD24

CD36 CD36 CD36 CD36

IFIT3

IFNAR1

MX1

TNFSF10 TNFSF10

DEFA4 DEFA4

HLA-A

DDX58

IRF7

Downregulated

CCL2 CCL2 CCL2 CCL2

CD8A CD8A CD8A CD8A

CXCL2 CXCL2 CXCL2

ICAM1 ICAM1

FASLG

IL1B IL1B IL1B IL1B

IL8 IL8

TGFB1

GZMK

Live Attenuated Influenza Vaccine

H1N1 Seroconverted H3N2 Seroconverted B Brisbane Seroconverted B Phuket Seroconverted

No (n = 25) No (n = 21) No (n = 22) No (n = 23)

Upregulated

CASP1 CASP1 CASP1 CASP1

CD36 CD36 CD36 CD36

DDX58 DDX58 DDX58 DDX58

IRF7 IRF7 IRF7 IRF7

TNFSF10 TNFSF10 TNFSF10 TNFSF10

IFIT3 IFIT3 IFIT3

CXCL10 CXCL10

IFI6 IFI6

MX1 MX1 MX1

Downregulated

IL8

CD8A CD8A

IL6 IL6

VEGFA

CCL2

BCL2 BCL2 BCL2 BCL2

CXCL2 CXCL2 CXCL2 CXCL2

CXCR4 CXCR4 CXCR4 CXCR4

Abbreviations: IIV, inactivated influenza vaccine; LAIV, live attenuated influenza vaccine.
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Table 3. Differentially Expressed Genes Associated With Seroprotection to IIV or LAIV

Inactivated Influenza Vaccine

H1N1 Seroprotected H3N2 Seroprotected B Brisbane Seroprotected B Phuket Seroprotected

Yes (n = 44) No (n = 2) Yes (n = 39) No (n = 7) Yes (n = 39) No (n = 7) Yes (n = 42) No (n = 4)

Upregulated

CD36 CD36 CD36

DEFA4 DEFA4

CASP1

TNFSF10 TNFSF10

CD24

IFI6 IFI6

BAK1

DDX58

GTPBP1

IFIT3 IFIT3 IFIT3

IRF7

MX1

Downregulated

CCL2 CCL2 CCL2

CD8A CD8A CD8A CD8A

CXCL2 CXCL2 CXCL2 CXCL2

CXCR4 CXCR4

ICAM1 ICAM1 ICAM1 ICAM1

CCL7

IL8 IL8 IL8 IL8

CD86

GNLY

GZMA

GZMB GZMB

IL1A

IL1B IL1B IL1B

PRF1

Live Attenuated Influenza Vaccine

H1N1 Seroprotected H3N2 Seroprotected B Brisbane Seroprotected B Phuket Seroprotected

Yes (n = 15) No (n = 10) Yes (n = 15) No (n = 10) Yes (n = 14) No (n = 11) Yes (n = 15) No (n = 10)

Upregulated

CASP1 CASP1 CASP1

CXCL10 CXCL10

IFI6 IFI6

MX1 MX1 MX1

TNFSF10 TNFSF10 TNFSF10 TNFSF10

IRF7 IRF7 IRF7

DDX58 DDX58

CD36 CD36 CD36

IFIT3 IFIT3

Downregulated

CXCL2 CXCL2 CXCL2 CXCL2

CXCR4 CXCR4 CXCR4

CCL2

VEGFA VEGFA VEGFA

GZMB

IL6 IL6 IL6 IL6

GNLY

TNFA

IL12A

BCL2 BCL2 BCL2

TLR3

IL8 IL8 IL8

Abbreviations: IIV, inactivated influenza vaccine; LAIV, live attenuated influenza vaccine.
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indicate that LAIV-associated interferon-stimulated gene 
responses dominate the PBMC gene signature.

Classification and Regression Tree Analysis of IIV Seroconversion and 
LAIV Seroprotection

CART analyses were performed to determine if a subset of 
gene targets could be utilized to predict seroconversion or 
seroprotection status following vaccination. Seroconversion 
status for each strain was combined, resulting in an N of 184 
(46 patients × 4 strains). IIV seroconversion best fit resulted 
in the node structure in Figure 1, with an ROC value of 0.72 
(specificity, 67.4%; sensitivity, 59.2%) using significant differ-
ential expression of 2 IFN-induced genes, PRKRA and IFI6. 
This finding is consistent with altered IFN-stimulated gene 
expression in nonseroconverters observed using differential 
gene expression analysis.

For LAIV, seroprotection was similarly evaluated, with 
an N of 100 (25 patients  ×  4 strains). LAIV seroprotec-
tion was fit in the node structure shown in Figure  2 with 
an ROC value of 0.76 (specificity,  53%; sensitivity,  51%) 
using 3 differentially expressed genes, CD80, CXCL2, and 
CASP1. These data are consistent with differential gene 

expression analysis findings that CXCL2 was associated 
with seroprotection and CASP1 was associated with a lack 
of seroprotection.

Cytokine Concentration in Serum After Vaccination With IIV or LAIV by 
Seroconversion Status

Overall, serum cytokine concentrations decreased significantly 
between day 0 and day 7 for recipients of either vaccine (data 
not shown). Seroconversion to the H1N1 strain of the IIV was 
associated with decreases in CCL4 and IL-9 levels, whereas 
H3N2, B Brisbane, and B Phuket seroconversion was associ-
ated with decreased CCL3 (Table  4). Nonseroconversion was 
associated with a decrease in several cytokines for each strain. 
Significant association of cytokines with seroprotection status 
following receipt of IIV was not observed.

46 samples tested for
seroconversion to 4 IIV strains

PRKRA
≤ 572.5 or > 572.5?

PRKRA ≤ 572.5
(n = 112)

IFI6
≤ 7138.5 or >7138.5?

IFI6 ≤ 7138.5
(n = 96)
32.3%

IFI6 > 7138.5
(n = 16)

75.0% seroconverted

PRKRA > 572.5
(n = 72)

76.4% seroconverted

Figure  1. Gene expression associated with inactivated influenza vaccine (IIV) 
seroconversion. Classification And Regression Trees analysis was performed on 46 
patient samples comparing seroconversion status of each IIV strain with differen-
tial gene expression (n = 184). The magnitude of the change in gene expression 
between day 0 and day 7 was utilized to identify the depicted node structure. IIV 
seroconversion was fit with a receiver operating characteristic curve value of 0.72 
(specificity, 67.4%; sensitivity, 59.2%).

25 samples tested
for seroprotection against 4 LAIV strains

CD80
≤ 110 or > 110?

CD80 ≤ 110
(n = 68)

CD80 > 110
(n = 32)

84.4% seroprotected

CXCL2
≤ –3606 or > –3606?

CXCL2 ≤ –3606
(n = 20)

25.0% seroprotected

CXCL2 > –3606
(n = 48)

CASP1
≤ 1926 or > 1926?

CASP1 ≤ 1926
(n = 28)

46.4% seroprotected

CASP1 > 1926
(n = 20)

70.0% seroprotected

Figure  2. Gene expression associated with live attenuated influenza vaccine 
(LAIV) seroprotection. Classification And Regression Trees analysis was performed 
on 25 patient samples comparing seroconversion status of each inactivated influ-
enza vaccine strain with differential gene expression (n = 100). The magnitude of 
the change in gene expression between day 0 and day 7 was utilized to identify the 
depicted node structure. LAIV seroprotection was fit with a receiver operating char-
acteristic curve value of 0.76 (specificity, 53%; sensitivity, 51%).
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LAIV recipients showed significantly decreased G-CSF, 
CCL4, and IL-5 cytokine concentrations following vaccina-
tion. These 3 cytokines also significantly correlated with a lack 
of seroconversion for H1N1, H3N2, and B Brisbane (Table 4). 
The number of children who seroconverted to LAIV was small; 
hence the results were inconclusive. Seroprotection with LAIV 
was associated with decreased interferon (IFN)-γ and tumor 
necrosis factor (TNF)–α for 3 of the strains tested (Table  5). 
These data show differences between LAIV and IIV effects on 
serum cytokines in the context of vaccine immunogenicity, as 
measured by HI.

DISCUSSION

After showing great promise as an alternative needle-sparing 
influenza vaccine and being preferentially recommended in 
2014–2015, LAIV has been shown to have decreased effective-
ness during successive seasons [1, 22, 23]. Despite a formula-
tion change in 2015–2016 with a more heat-stable strain of A/
H1N1, no significant improvement in VE was found. Therefore, 
LAIV was not recommended by the Advisory Committee on 
Immunization Practices (ACIP) or endorsed by the American 
Academy of Pediatrics (AAP) for the 2016–2017 or 2017–2018 
seasons [24, 25]. The reasons why LAIV demonstrated low 

VE, especially against A strains, have not been elucidated, thus 
providing rationale for studies of immune response to vaccina-
tion. Further, there is limited information available regarding 
immune correlates of antibody responses to IIV in children. 
Previous studies have examined peripheral blood responses and 
reported significant differences between LAIV and IIV [6, 7, 10, 
26]. Moreover, in a preliminary study of PBMC transcriptomics 
following influenza vaccination of children, significant differ-
ences in gene expression were reported between LAIV and IIV 
[15]. This study was designed to refine that analysis by compar-
ing gene expression and cytokines associated with significant 
HI responses to the 2 vaccines.

Using a targeted panel of 89 transcripts, several differen-
tially expressed genes were identified for each vaccine type 
with distinct patterns for children who demonstrated serocon-
version to the 4 vaccine influenza strains when compared with 
nonseroconverters.

Several studies support an association between the ability of 
a vaccine to induce an interferon response and VE [6, 7, 15, 27]. 
Cao reported that IFN-stimulated genes were increased early 
postvaccination (day 1) but were elevated later (day 7) follow-
ing LAIV vaccination. This observation was more dramatic in 
children younger than 5 years of age when compared with older 

Table 4. Serum Cytokines Associated With Seroconversion to IIV or LAIV

Inactivated Influenza Vaccine

H1N1 Seroconverted H3N2 Seroconverted B Brisbane Seroconverted B Phuket Seroconverted

Yes (n = 29) No (n = 17) Yes (n = 23) No (n = 23) Yes (n = 22) No (n = 24) Yes (n = 24) No (n = 22)

Downregulated

CCL4

IL-9 IL-9 IL-9

IL-8 IL-8

IL-12 IL-12 IL-12

IL-13 IL-13 IL-13 IL-13

TNF-A TNF-A TNF-A TNF-A

CCL3 CCL3 CCL3

VEGF VEGF VEGF

EOTAXIN

G-CSF

IL-4

IL-1B

IFNG

Upregulated

IL-7

Live Attenuated Influenza Vaccine

H1N1 Seroconverted H3N2 Seroconverted B Brisbane Seroconverted B Phuket Seroconverted

Yes (n = 0) No (n = 25) Yes (n = 4) No (n = 21) Yes (n = 3) No (n = 22) Yes (n = 2) No (n = 23)

Downregulated

IL-5 IL-5

G-CSF G-CSF G-CSF

CCL4 CCL4 CCL4

Abbreviations: IIV, inactivated influenza vaccine; LAIV, live attenuated influenza vaccine.
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children [6]. The later IFN-stimulated gene response to LAIV 
was also shown to be a distinct differentiator with IIV [7, 15]. 
Our data support the critical role of IFN and illustrate a correl-
ation between interferon gene expression and failure to sero-
convert in children following LAIV and IIV. For IIV, increases 
IFN-stimulated genes were only seen in the context of failed 
seroconversion to H1N1. However, CART analysis revealed that 
seroconversion with IIV to all influenza vaccine strains could be 
indicated by changes in expression levels of the IFN-stimulated 
genes PRKRA and IFI6. These data suggest that increased IFN-
stimulated gene expression 7  days after vaccination may be a 
strong indicator of failed seroconversion, regardless of vaccine 
type. The number of seroconverters to LAIV was insufficient to 
identify markers of immunogenicity in this context; however, 
the strong IFN-stimulated gene signature induced by LAIV is 
consistent with failed seroconversion.

Conversely, altered inflammatory gene expression appeared 
to predict seroconversion and seroprotection. Decreased 
inflammatory gene expression (including CD8A) was observed 
in children who seroconverted to IIV, whereas nonseroconver-
sion was associated with 3 conserved genes, CD24, CD36, and 
CCL2. Although it may be difficult to make direct comparisons 
with children who received LAIV, these results were supported 
by a study in adults that demonstrated an inverse age-related 
association between the presence of inflammatory gene signa-
tures and seroconversion [28].

Seroprotection status for both vaccines was associated 
with inflammatory gene expression changes. IIV- and LAIV-
induced seroprotection was associated with decreased CXCL2 
and increased CD36 expression; CXCL2 and CD36 are mono-
cyte-regulating genes. Several other inflammatory genes were 
associated with specific influenza strains. The current study 
included a limited number of children who were not seropro-
tected following IIV, which restricts the conclusions that can 
be drawn. However, failed seroprotection with LAIV was asso-
ciated with increased TNFSF10 and CASP1 expression. These 

genes regulate apoptosis- and pyroptosis-mediated death in 
immune cells. CART analysis of LAIV seroprotection status 
further implicated differential CXCL2 and CASP1 expression. 
Taken together, the current study has identified several con-
served candidate markers of seroconversion in PBMCs across 
responses to the 4 vaccine strains.

Analysis of human cytokine responses to natural infection 
provides clues to the immune mechanisms that are critical in 
recovery and in the development of immunity. Serum cytokines 
have been associated with severe influenza illness in children 
[29]; thus, cytokine responses to influenza vaccines are expected. 
However, the timing of the expected cytokine response to influ-
enza vaccination has not been well described. In a study in adults 
who received IIV, serum cytokines were measured at various 
time points, and it appears that some changed rapidly after vac-
cination [30]. Talaat et al. reported elevated responses in IFN-γ 
and CXCL10 as early as 3 hours after immunization, with many 
returning to baseline within 2  days. However, IL-8 was found 
to be lower compared with baseline for up to 2 weeks [30, 31]. 
A  study of adults found that IIV was associated with a higher 
seroresponse rate than LAIV. Adults who seroconverted to IIV 
had higher prevaccination levels of IL-8 when compared with IIV 
nonresponders [13]. Previous studies in children also support the 
observation that patterns of immunity as measured by mucosal 
and serum cytokine responses differ in children vaccinated with 
IIV vs LAIV [12]. In this study, clear differences were observed 
between 3–18-year-old IIV and LAIV recipients. Specific 
cytokines that were negatively correlated with IIV-induced sero-
conversion were CCL3, and cytokines that were negatively cor-
related with nonconversion were TNF-α and IL-13. Decreased 
CCL3 associated with IIV seroconversion was also seen in chil-
dren during the 2014–2015 season (data not shown). CCL4, 
another monocyte chemokine, and G-CSF were associated with 
LAIV recipients who failed to seroconvert to the vaccine.

For IIV, no cytokines correlated with seroprotection status. 
LAIV-induced seroprotection was associated with decreased 

Table 5. Serum Cytokines Associated With Seroprotection to LAIV

Live Attenuated Influenza Vaccine

H1N1 Seroconverted H3N2 Seroconverted B Brisbane Seroconverted B Phuket Seroconverted

Yes (n = 15) No (n = 10) Yes (n = 15) No (n = 10) Yes (n = 14) No (n = 11) Yes (n = 15) No (n = 10)

Downregulated

IFNG IFNG IFNG

TNF-A TNF-A TNF-A

CCL11 CCL11

G-CSF G-CSF

IL-4 IL-4

IL-9 IL-9

IL-17A IL1-7A

IL-13

Abbreviations: IIV, inactivated influenza vaccine; LAIV, live attenuated influenza vaccine.
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IFN-γ and TNF-α concentration. These data indicate distinct 
immunomodulation by LAIV and IIV, with differential cyto-
kine suppression measured at 7 days postvaccination.

This study has several limitations. A  targeted panel of 89 
immune transcripts based on the experience of the investiga-
tors and knowledge of the current literature was used, whereas 
whole-genome RNA sequencing would likely provide additional 
insights. The measurement of cytokines and RNA seq were only 
performed at a single time point after vaccination. It may be 
useful to obtain serum specimens sooner after vaccination or in 
a dynamic fashion to best measure the immune response. This 
study does not address prior vaccination status due to the lim-
ited sample size. It is known that prior vaccination influences 
antibody and B-cell responses to influenza vaccination [32, 33]. 
A larger study may permit correlating prior vaccination history 
with cytokine and RNA gene expression. Cao demonstrated 
different responses between children <5 years of age and older 
children, whereas another study showed variation in responses 
between older and younger adults [6]. The patients in this 
study were between 3 and 18 years of age, with a mean age of 
11.5 years. The small sample size also precluded an analysis by 
age. The children included here were not followed through the 
respiratory season for the development of influenza infection or 
disease. Specimens to assess viral shedding after LAIV receipt 
were not obtained from participants. Finally, this study was 
conducted during a single influenza season; these results should 
be validated with an independent cohort. Although LAIV was 
not recommended by the ACIP or AAP in subsequent seasons, 
we are currently exploring these relationships in a cohort of 
children who received IIV during the 2016–2017 season.

This study demonstrates that immune phenotyping of PBMC 
gene expression and serum cytokine concentrations can be 
informative in association with antibody responses to IIV and 
LAIV. Although it is difficult to make comparisons given the 
lack of seroconversion in the majority of LAIV recipients, it is 
clear that a lack of antibody seroconversion for both vaccines 
was associated with induction of IFN-stimulated genes at day 
7 postvaccination. This study suggests that a prolonged anti-
viral response to the vaccine may not be desirable. Changes in 
inflammatory gene expression were associated with seroprotec-
tion responses for both vaccines, including CXCL2 and CASP1 
for LAIV. For children who seroconverted to IIV, decreased 
inflammatory gene expression (including CD8A) was observed; 
however, no cytokines correlated with seroprotection. Future 
vaccine development should incorporate these findings for 
optimal immunogenicity.

Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases 
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