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Virus-specific and shared
gene expression signatures in
immune cells after vaccination
in response to influenza and
vaccinia stimulation

Huy Quang Quach®, Krista M. Goergen?, Diane E. Grill?,
lana H. Haralambieva’, Inna G. Ovsyannikova®,
Gregory A. Poland* and Richard B. Kennedy*

*Mayo Clinic Vaccine Research Group, Division of General Internal Medicine, Mayo Clinic, Rochester,
MN, United States, 2Department of Quantitative Health Sciences, Mayo Clinic, Rochester, MN, United States

Background: In the vaccine era, individuals receive multiple vaccines in their
lifetime. Host gene expression in response to antigenic stimulation is usually
virus-specific; however, identifying shared pathways of host response across a
wide spectrum of vaccine pathogens can shed light on the molecular
mechanisms/components which can be targeted for the development of
broad/universal therapeutics and vaccines.

Method: We isolated PBMCs, monocytes, B cells, and CD8* T cells from the
peripheral blood of healthy donors, who received both seasonal influenza
vaccine (within <1 year) and smallpox vaccine (within 1 - 4 years). Each of the
purified cell populations was stimulated with either influenza virus or vaccinia
virus. Differentially expressed genes (DEGs) relative to unstimulated controls
were identified for each in vitro viral infection, as well as for both viral infections
(shared DEGs). Pathway enrichment analysis was performed to associate
identified DEGs with KEGG/biological pathways.

Results: We identified 2,906, 3,888, 681, and 446 DEGs in PBMCs, monocytes, B
cells, and CD8" T cells, respectively, in response to influenza stimulation.
Meanwhile, 97, 120, 20, and 10 DEGs were identified as gene signatures in
PBMCs, monocytes, B cells, and CD8" T cells, respectively, upon vaccinia
stimulation. The majority of DEGs identified in PBMCs were also found in
monocytes after either viral stimulation. Of the virus-specific DEGs, 55, 63, and
9 DEGs occurred in common in PBMCs, monocytes, and B cells, respectively,
while no DEGs were shared in infected CD8" T cells after influenza and vaccinia.
Gene set enrichment analysis demonstrated that these shared DEGs were over-
represented in innate signaling pathways, including cytokine-cytokine receptor
interaction, viral protein interaction with cytokine and cytokine receptor, Toll-
like receptor signaling, RIG-I-like receptor signaling pathways, cytosolic DNA-
sensing pathways, and natural killer cell mediated cytotoxicity.
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Conclusion: Our results provide insights into virus-host interactions in different
immune cells, as well as host defense mechanisms against viral stimulation. Our
data also highlights the role of monocytes as a major cell population driving gene
expression in ex vivo PBMCs in response to viral stimulation. The immune
response signaling pathways identified in this study may provide specific
targets for the development of novel virus-specific therapeutics and improved
vaccines for vaccinia and influenza. Although influenza and vaccinia viruses have
been selected in this study as pathogen models, this approach could be
applicable to other pathogens.

KEYWORDS

influenza vaccine, smallpox vaccine, virus infection, gene expression signature,
transcriptomic analysis, pathway analysis

1 Introduction

Although each pathogen has its unique characteristics,
pathogen-associated molecular patterns (PAMPs) are conserved
across a broad spectrum of pathogens (1). It is well-known that
the host relies on limited sets of pattern-recognition receptors
(PRRs) to recognize PAMPs, subsequently triggering a variety of
signaling pathways as part of the rapid innate immune response (2-
4). Therefore, host responses to pathogens are pathogen-specific
although certain immune response pathways are shared across
multiple pathogens due to the conservation of PAMPs within
those pathogens. While understanding pathogen-specific host
responses is critical for the development of pathogen-specific
therapeutics (5), identifying shared pathways across a wide
spectrum of pathogens can shed light on the molecular
mechanisms and/or components which can be targeted for the
development of broad or even universal therapeutics and vaccines.

The analysis of gene expression signatures in blood leukocytes
has been intensively utilized as a robust approach to characterize
host responses after infection or vaccination (6). As such, gene
transcripts have been used to distinguish a variety of viral infections
(7-12) or to differentiate viral from bacterial infections (13-16).
This approach has been also applied to study immune responses
(17-19) after vaccination. We have recently applied this approach
to compare T-cell transcriptional responses to high-dose and
adjuvanted influenza vaccines in older adults (20). A common
feature in these studies is that gene expression was characterized
in peripheral blood mononuclear cells (PBMCs) after a single
pathogen stimulation. Therefore, information on shared pathways
of host immune responses to multiple vaccine pathogens is limited
and subject to confounding due to differences in experimental/
analytical approaches between studies.

In the vaccine era, almost everyone receives numerous vaccines
in their lifetime, often including 1-2 vaccines annually. We
surmised that it would be possible to identify shared biological
pathways associated with gene expression across multiple
pathogens. We also hypothesized that different cell types of blood
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leukocytes bear unique gene expression signatures. To test this
hypothesis, we analyzed gene expression in PBMCs, monocytes, B
cells, and T cells isolated from peripheral blood of donors who
previously received both influenza vaccine (within <1 year) and
smallpox vaccine (within 1 - 4 years). We then compared and
contrasted vaccine-specific gene expression signatures to identify
shared pathways associated with transcriptional responses to the
two vaccine pathogens across different cell subtypes.

2 Materials and methods

The following methods are similar or identical to our previously
published studies (20-22).

2.1 Ethics statement

This study involved human participants and was approved by
The Mayo Clinic Institutional Review Board (IRB# 11-000576).
Written informed consents was obtained from each donor before
blood collection.

2.2 Blood samples and cell separation

Blood samples were obtained from healthy blood donors (n =
10) who received both seasonal influenza vaccine (within <1 year)
and smallpox vaccine (within 1 - 4 years). Age and gender
characteristics of blood donors are summarized in Supplemental
Table S1. The peripheral blood mononuclear cells (PBMCs) were
isolated from blood, following our previously reported protocol
(22). Isolated PBMCs were suspended in a freezing media (20%
heat-inactivated FCS, 10% DMSO in RPMI 1640 media) and stored
in liquid nitrogen for future use.

MACS MicroBead isolation kits were used to separate
monocytes (catalog no. 130-096-537; Miltenyi Biotec, San Diego,
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CA), B cells (catalog no. 130-091-151), and CD8" T cells (catalog
no. 130-096-495) from the PBMCs, following the manufacturer’s
protocols. The frequency of monocytes (CD14°CD16"), B cells
(CD19%), CD8" T cells (CD3"CD8") in the PBMCs and their
purities after separation were assessed by flow cytometry.

2.3 mRNA sequencing

Cells (1x10°) of each population (PBMCs, purified monocytes,
B cells, CD8" T cells) were incubated for 6 hours in a 37 °C, 5% CO,
incubator under three conditions: i) cell culture media only (RPMI
1640 with glutamine supplemented with 10% FCS, Pen/Strep,
nonessential amino acid, HEPES buffer) as unstimulated control,
ii) influenza virus (A/H1N1/California/07/2009-like strain) in cell
culture media with a virus/cell incubation ratio of 5, and iii) vaccinia
virus (New York City Board of Health strain) in cell culture media
with the virus/cell incubation ratio of 5. After incubation, the cells
were collected and subjected to total RNA extraction using a Qiagen
RNeasy Plus Mini Kit (catalog no. 74134) and Qiagen RNAProtect
reagent (catalog no. 76104), following a step-by-step instruction in
the manufacturer’s protocol. Extracted RNA was qualitatively and
quantitatively evaluated by Agilent 2010 Bioanalyzer assay (Agilent,
Palo Alto, CA) and a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA).

The extracted RNA (150 ng) was sequenced at Mayo Clinic’s
Gene Sequencing Core Facility (Rochester, MN). Briefly, the
TruSeq® Stranded mRNA Library Prep v2 (Illumina, San Diego,
CA, USA) was used to create cDNA libraries, following the
manufacturer’s protocol used at Mayo Clinic Core Facility.
Mumina’s HiSeq 2000 S2 Reagent Kit (51 cycles) was used to
perform paired-end read on the Illumina HiSeq 2000 Instrument.
Gene sequencing data was aligned using the MAP-RSeq V1
pipeline to the h19 human genome as outlined in Kalari et al.
(23). The viral sequences were mapped to the vaccinia virus
ACAM2000 genome (AY313847.1) and the influenza A/
California/07/2009 HIN1 genome.

2.4 Statistical analysis

Gene expression was normalized for each cell subset (PBMCs,
purified monocytes, B cells, CD8" T cells) using Conditional
Quantile Regression (CQN), which adjusts for GC content and
gene length bias, via the cqn R package (24). Any post-normalized
genes with <16 counts and genes with coefficient of variation in the
lower 20™ percentile in all groups were removed from further
analysis. After filtering, 12,733, 11,641, 12,201, and 12,501 human
genes remained for the PBMCs, monocytes, B cells, and T cells,
respectively. The edgeR package (25, 26) was used to identify
differentially expressed genes (DEG) by fitting quasi-likelihood
negative binomial generalized log-linear model, utilizing the offset
provided by the CQN normalization and blocking on subject. DEGs
were identified based on fold change (FC) of gene expression as
compared to corresponding uninfected samples with a threshold set
at abs(log2FC) >0.585 and p-value <0.05. All p-values associated
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with DEG results were unadjusted. Gene set enrichment analysis
(GSEA) and over-representation analysis using KEGG pathways
was performed using the clusterProfiler package in R (27). Pathway
analyses were performed under the settings: i) the minimum
geneset size of 3, ii) the maximum geneset size of 800, iii) the p-
value cutoff of 0.05, and iv) adjusted p-values were calculated using
the Benjamini-Hochberg method (28). GSEA provides a statistical
framework using the hypergeometric distribution to test if KEGG
pathways are overrepresented by significant DEGs.

3 Results

3.1 Differentially expressed genes in
influenza-stimulated cells

After blood collection, we isolated PBMCs, and purified
monocytes, B cells, and CD8" T cells were using commercial
magnet-based separation kits (Figure 1). We incubated each of
these cell populations with either influenza virus or vaccinia virus
and profiled gene expression in each cell subset (Figure 1).
Differential gene expression analysis identified a total of 2,906,
3,888, 681, and 446 differentially expressed genes (DEGs) in
influenza-stimulated PBMCs, monocytes, B cells, and CD8" T
cells, respectively (Figures 2A-D). Interestingly, PBMCs and
monocytes shared 1,763 DEGs, while PBMCs had 322 and 284
DEGs in common with B cells and CD8" T cells, respectively
(Figure 2E). In overlapping DEGs, we observed a similar pattern
of gene expression in PBMCs and monocytes (Figure 2F). The
expression patterns of DEGs were also similar between PBMCs and
B cells (Figure 2G), and between PBMCs and CD8" T cells after
influenza stimulation (Figure 2H), although some genes
differentially regulated in B cells and CD8" T cells.

Among the DEGs in each cell population, the highest fold
changes of gene expression were observed in PBMCs and
monocytes (Table 1). PBMCs and monocytes also shared
numerous DEGs, including seven of top ten up-regulated genes
(IFNAL1, IFNA2, IFNA7, IFNA10, IFNA13, [FN17, TEKT1) and
two of top ten down-regulated genes (CCL24 and SCRT2) (Table 1).
In contrast, the expression level of DEGs in B cells and T cells were
~100-fold lower than that in PBMCs and monocytes (Table 1). Both
B cells and T cells did not share any DEGs with PBMCs among their
top DEGs (Table 1). Meanwhile, B cells and T cells shared some
genes encoding for interferon induced proteins, such as IFIT1,
RSAD2, among their top DEGs (Table 1).

To further understand the biological pathways associated with
the DEGs, we performed gene set/pathway enrichment analysis
using the clusterProfiler package and KEGG modules and pathways
(27). We found that DEGs in PBMCs, monocytes, B cells, and CD8"
T cells were significantly enriched in 42, 30, 11, and 26 pathways
(adjusted p <0.05), respectively (Figure 3). Influenza A and
coronavirus disease-COVID-19 pathways were among the top
enriched pathways in all influenza-stimulated cell populations
(Figure 3). The NOD-like receptor signaling pathway was also
enriched in each of the four cell populations upon influenza
stimulation (Figure 3). Similar to the pattern of gene expression
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Study design. Healthy subjects (n = 10) who received both seasonal influenza vaccine (within the prior year) and smallpox vaccine (with the prior 1-4
years) were enrolled for this study. Blood was sampled from each subject and PBMCs were isolated from blood. Monocytes, B cells, and CD8* T
cells were separated from PBMCs using MACS MicroBead isolation kits. Each cell population was then incubated with either influenza virus (A/H1IN1/
California/07/2009-like strain) or vaccinia virus (NYCBOH strain). Cells in cell culture media served as unstimulated controls. After infection, RNA was
extracted from incubated cells and gene expression in each cell population was profiled.

(Figure 2F), almost all signaling pathways associated with DEGs in
monocytes were also found in PBMCs, including JAK-STAT
signaling pathway, cytosolic DNA-sensing pathway, Toll-like
receptor signaling pathway, RIG-I-like signaling pathway,
cytokine-cytokine receptor pathway, and PI3K-Akt signaling
pathway (Figure 3).

3.2 Differentially expressed genes in
vaccinia-stimulated cells

We also identified DEGs in vaccinia-stimulated cells (Figure 4).
In general, the number of DEGs in vaccinia-stimulated cells was
approximately 30-fold less than that in the influenza-stimulated
cells. Specifically, a total of 97, 120, 20, and 10 DEGs were identified
in PBMCs, monocytes, B cells, and CD8" T cells after vaccinia
stimulation, respectively (Figures 4A-D). Of vaccinia-induced
DEGs, 36 DEGs were identified in both PBMCs and monocytes
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(Figure 4E). We also observed a similar expression pattern of
overlapping DEGs in PBMCs and monocytes (Figure 4F), PBMCs
and B cells (Figure 4G). Only one common DEG was identified in
PBMCs and CD8" T cells, but its expression was in opposite
directions (Figure 4H). Similar to influenza stimulation (Table 1),
vaccinia-stimulated PBMCs and monocytes shared multiple
interferon-encoding genes, such as IFNA7, IFNA17, among their
top DEGs (Table 2).

Gene set enrichment analysis demonstrated that vaccinia-
induced DEGs in PBMCs, monocytes, and CD8" T cells were
significantly (adjusted p <0.05) enriched in 64, 29, and 9
pathways (Figure 5). No pathway was significantly associated with
vaccinia-induced DEGs in B cells. Similar to influenza-induced
DEGs (Figures 3A, B), vaccinia-induced DEGs in PBMCs and
monocytes were enriched in multiple innate pathways, including
cytosolic DNA-sensing pathway, RIG-I receptor signaling pathway,
Toll-like receptor signaling pathway, JAK-STAT signaling pathway,
and NOD-like receptor signaling pathway (Figures 5A, B).
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Identification of differentially expressed genes (DEGs) in influenza-stimulated cells. (A-D) Volcano plots show the distributions of DEGs in PBMCs,
monocytes, B cells, and CD8" T cells. DEGs are defined as genes with p <0.05 and fold change (FC) >1.5, equivalent to log2FC >0.585 (for up-
regulated genes) or <0.67 (equivalent to log2FC <-0.585 for down-regulated genes) as compared to corresponding unstimulated controls. Down,
down-regulated; NS, nonsignificantly different; Up, up-regulated genes. (E) Venn diagram shows overlapped DEGs among PBMCs, monocytes, B
cells, and CD8" T cells. (F=H) A comparison of expression pattern of overlapped DEGs between PBMCs and monocytes (F), PBMCs and B cells (G),

PBMCs and CD8" T cells (H). For comparison purpose in (F=H) the levels of gene expression in PBMCs were sorted.

TABLE 1 Top DEGs in influenza-stimulated cells.

Top 20 DEGs in influenza-stimulated PBMCs

No. Gene name Fold change Gene name Fold change

1 IFNAS 2181.955 7.04E-09 11 FNDC4 0.145373 8.44E-09
2 IFNA14 726.0143 1.73E-16 12 RASALL 0.145041 L1E-11

3 IFNAL 678.3852 1.98E-07 13 C501f20 0.141976 6.08E-11
4 IFNA2 607.6028 3.85E-17 14 SCRT2 0.133294 1.14E-07
5 IFNA7 559.336 3.74E-07 15 NRGI 0.128385 9.47E-08
6 IFNA17 373.914 1.76E-06 16 STEAP4 0.119966 9.26E-09
7 IFNA13 291.8295 1.52E-06 17 CXCL6 0.119082 1.26E-09
8 SERPINB10 232.9731 5.44E-13 18 ALOX15B 0.116041 2.87E-09
9 TEKT!1 193.4793 1.0GE-13 19 MYCLI 0.11461 24E-10

(Continued)
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TABLE 1 Continued

Top 20 DEGs in influenza-stimulated PBMCs

Gene name Fold change ; Gene name Fold change
10 ‘ IFNA10 151.9787 4.34E-13 ‘ 20 ‘ CCL24 0.076289 1.98E-12
‘ Top 20 DEGs in influenza-stimulated monocytes

1 IFNA1 1511.601 2.92E-07 11 SHF 0.172435 2.15E-09
2 IFNA7 1362.34 1.78E-06 12 DTX1 0.167912 1.3E-06

3 IFNA17 1263.123 5.21E-06 13 EMILIN1 0.167355 1.72E-08
4 IFNA5 744.4645 2.71E-16 14 LMCD1 0.165757 2.45E-07
5 IFNA16 656.0336 3.28E-15 15 SYT1 0.141535 9.13E-07
6 MS4A5 568.8181 8.83E-06 16 C2lorf67 0.135241 2.74E-07
7 IFNA13 505.4156 4.98E-06 17 CMTM$ 0.131482 8.34E-06
8 IFNA2 447.5793 4.8E-16 18 CCL24 0.09982 1.8E-10

9 TEKT1 445.7084 1.98E-15 19 OLFM2 0.097763 3.03E-08
10 IFNA10 417.3111 7.5E-12 20 SCRT2 0.063292 1.95E-07
Top 20 DEGs in influenza-stimulated B cells

1 OASL 9.618311 2.31E-08 11 SCD 0.414793 1.75E-10
2 IFIT1 9.153269 4.22E-06 12 PEG10 0.399879 9.61E-10
3 CMPK2 6.92906 2.39E-06 13 TUBB4A 0.394574 4.17E-07
4 IFIT3 5.018015 1.28E-05 14 C3orf37 0.393327 6.55E-10
5 IF144L 4.864317 3.43E-06 15 Clorf233 0.393102 0.00038

6 CCL2 4.823913 0.00922 16 KLF15 0.367394 1.2E-05

7 RSAD2 4.599041 5.89E-05 17 SLC38A11 0.356771 5.22E-11
8 BCL2L14 4.491828 0.000623 18 NPW 0.344144 9.47E-06
9 OLR1 4.210285 0.001037 19 LOC100507254 0.337172 3.71E-09
10 IF144 3.98739 2.55E-05 20 CTGF 0.311241 2.57E-08
Top 20 DEGs in influenza-stimulated T cells

1 IFIT1 13.98099 1.76E-05 11 GDF10 0.511657 0.001692
2 CXCL11 9.346556 1.7E-05 12 PRSS23 0.493313 5.07E-07
3 RSAD2 8.150847 0.000141 13 MIR4323 0.489808 0.012527
4 IF144L 7.970153 3.95E-05 14 PODN 0.483733 0.000127
5 CMPK2 7.262956 0.000144 15 ADAMTS1 0.476493 0.000123
6 CXCL10 7.177282 1.95E-05 16 CMKLR1 0.446075 2.32E-06
7 IFIT3 6.931951 0.00024 17 MYCLL 0.435182 0.012756
8 CXCL9 6.493048 8.53E-06 18 ITGAM 0.405805 1.29E-08
9 USP18 5.441969 0.000483 19 CXCRI1 0.391311 0.002656
10 IFI6 5.069574 0.000428 20 CX3CR1 0.360917 1.67E-09

In each cell subset, top 10 up-regulated genes (No. 1-10) and top 10 down-regulated genes (No. 11-20) were selected based on their fold changes of expression compared to corresponding
unstimulated controls. Full list of DEGs and their additional information are available in Supplemental Tables S2-S5.
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Additional information of these pathways is provided in Supplemental Tables S10-S13.

3.3 Shared DEGs in each cell population
after influenza and vaccinia stimulation

We next explored the commonalities of DEGs in each cell
population after influenza and vaccinia stimulation. Of DEGs
induced either by influenza or vaccinia virus, we identified a total
of 55, 63, and 9 shared DEGs in PBMCs, monocytes, and B cells,
respectively (Figure 6). Meanwhile, no shared DEGs were identified
in CD8" T cells. Although we observed a similar expression pattern
in PBMCs and monocytes after viral stimulation; a significant
number of shared DEGs were expressed in different directions
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upon influenza and vaccinia stimulation (Figures 6A, B). In
contrast, shared DEGs in B cells were expressed similarly after
influenza and vaccinia stimulation (Figure 6C).

We further identified over-represented pathways associated with
the shared DEGs after influenza and vaccinia stimulation to
understand their biological functions. We found that shared DEGs in
PBMCs and monocytes were significantly over-represented in 35 and
26 biological pathways, respectively (Figure 7). These pathways
included: cytokine-cytokine receptor interaction, Toll-like receptor
signaling pathway, NOD-like receptor signaling pathway, RIG-I-like
receptor signaling pathway, viral protein interaction with cytokine and
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FIGURE 4
Identification of DEGs in vaccinia-stimulated cells. (A—D) Volcano plots show the distributions of DEGs in PBMCs, monocytes, B cells, and CD8* T
cells incubated with vaccinia virus. (E) Venn diagram shows overlapped DEGs among vaccinia-stimulated PBMCs, monocytes, B cells, and CD8*
T cells. (F-H) A comparison of expression pattern of overlapped DEGs between PBMCs and monocytes (F), PBMCs and B cells (G), PBMCs and
CD8* T cells (H). For comparison purpose in (F=H), the levels of gene expression in PBMCs were sorted.

TABLE 2 Top DEGs in vaccinia-stimulated cells.

Top 20 DEGs in vaccinia-stimulated PBMCs

No. Gene name Fold change Gene name Fold change

1 HIST1H4B 14.82992 5.3E-06 11 SIGLEC15 0.56646 0.012112

2 IFNA17 12.72248 0.01125 12 OR2B11 0.56639 0.02211

3 IFNAS 12.50059 0.011594 13 XIRP1 0.55963 0.002415

4 IFNA2 9.718248 4.3E-05 14 CCL22 0.55423 7.1E-06

5 IFNA14 9.684393 0.000185 15 ZNF366 0.550802 3.89E-06

6 IFNA7 8.327709 0.022589 16 CCL8 0.514673 0.014367

7 IFNA10 7.110967 0.001202 17 CLECAF 0.507814 0.000387

8 HIST1H4E 6.306492 3.37E-06 18 GREM1 0.48265 4.95E-05

9 VTRNAI-3 5.144499 2.02E-06 19 ORYA4 0.423488 0.010843

10 HIST1H4C 4.131405 7.48E-06 20 CCL11 0.27434 0.009736

Top 20 DEGs in vaccinia-stimulated monocytes

1 IFNA17 11.63274 0.020463 11 HYAL4 0.547074 0.007491

2 HIST1H4E 10.21971 7.98E-11 12 NRCAM 0.532147 6.28E-08

(Continued)
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TABLE 2 Continued

Top 20 DEGs in vaccinia-stimulated PBMCs

10.3389/fimmu.2023.1168784

Gene name Fold change Gene name Fold change
3 IFNA7 9.452872 0.032506 13 Cl0orf81 0.523123 0.039039
4 HIST1H4B 8.827368 1.25E-08 14 SNORA16B 0.522103 0.001467
5 HSPA4L 7.710156 1.34E-13 15 MTUSI1 0.506773 3.63E-05
6 SERPINHI 6.382744 2.3E-15 16 LINC00487 0.460149 0.048456
7 MRVI1-AS1 5.148515 0.045137 17 AMH 0.412942 0.005379
8 IFNAS 5.134458 0.024392 18 FOXD4 0.392176 0.015616
9 ESPNL 4.556629 0.041009 19 EPHAG 0.368833 0.002251
10 CYP7A1 4.295212 2.08E-06 20 METTL21C 0.098127 0.03412
Top 16 DEGs (10 up-regulated and 6 down-regulated genes) in vaccinia-stimulated B cells
1 MIR374B 1.876026 0.011394 9 LOC100133985 1.62534 0.003572
2 HIST1H4E 1.800007 0.00086 10 MTRNR2L7 1.603618 0.046264
3 MIR3679 1.793666 0.03245 11 KLF15 0.661182 0.005598
4 HIST1H1D 1.754327 0.015881 12 RAX2 0.660299 0.008124
5 SCARNA1 1706011 0.003422 13 PLEKHA4 0.64964 0.008154
6 IQGAP3 1.705527 0.001947 14 SLC35G5 0.647834 0.012933
7 LOCY1450 1.702022 0.001277 15 MYLPF 0.642104 0.01482
8 TAS2R46 1.669156 0.007607 16 ANP32AP1 0.626549 0.01517
Top 10 DEGs (8 up-regulated and 2 down-regulated genes) in vaccinia-stimulated T cells
1 MIR4467 1.764117 0.000538 6 LOC100303749 1.553224 0.030204
2 RNF223 1.663955 0.014388 7 UQCRBP1 1530758 0.044532
3 MTRNR2L6 1.590673 0.029816 8 SRRM4 1523065 0.000494
4 MIR101-1 1.58819 0.012361 9 SRGAP3 0.662062 0.000663
5 HCGY 1.55889 0.003262 10 KLF1 0.647852 0.011399

In vaccinia-stimulated PBMCs and monocytes, top 10 up-regulated genes (No. 1-10) and top 10 down-regulated genes (No. 11-20) were selected based on their fold changes of expression
compared to corresponding unstimulated controls. In vaccinia-stimulated B cells, top 10 up-regulated genes (No. 1-10) were also selected based on their fold changes, but only 6 DEGs (No. 11-
16) were down-regulated. Similarly, in vaccinia-stimulated CD8" T cells, 8 (No. 1-8) and 2 DEGs (No. 9-10) were up-regulated and down-regulated, respectively. Full list of DEGs and their

additional information are available in Supplemental Tables S6-59.

cytokine receptor, JAK-STAT signaling pathways, cytosolic DNA-
sensing pathway, and natural killer cell mediated cytotoxicity. In
contrast, only one shared DEG was identified in B cells and it was
significantly associated with the taste transduction pathway.

4 Discussion

Understanding host transcriptomic responses to pathogens after
vaccination is critical for the development of vaccines (5). In this study,
we identified virus-specific DEGs in PBMCs, monocytes, B cells, and T
cells isolated from healthy donors who had been immunized with both
seasonal influenza vaccine and smallpox vaccine. Among the virus-
specific DEGs, we were able to identify shared DEGs and their
associated biological pathways after influenza and vaccinia virus
stimulation. Our data showed a significant number of innate
signaling pathways associated with shared DEGs were activated in

Frontiers in Immunology

response to influenza and vaccinia virus stimulation. Our data also
highlighted the role of monocytes as a cell population driving
transcriptomic responses in PBMCs to both viruses. These results
suggest that this specific cell type may be useful as sentinels to monitor
the physiologic response during an infection or after vaccination.

We chose influenza and smallpox vaccines as vaccine models
for multiple reasons. First, influenza vaccine is administered
annually in the U.S; therefore, it is a logical choice to study.
Meanwhile, after its eradication in 1980, routine smallpox
vaccination ceased (29). However, vaccinia virus is used as a
vector for the development of multiple vaccines. Public concern
still exists concerning the safety of these vaccines and there have
been an increased number of zoonotic orthopoxvirus outbreaks. A
recent global re-emergence of monkeypox (30), another member of
Poxviridae, further heightens this public concern. As a result,
vaccinia virus serves as a re-emerging pathogen model which
may require a vaccination campaign to re-establish herd
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FIGURE 5

KEGG pathways associated to DEGs in vaccinia-stimulated PBMCs (A), monocytes (B), and CD8 T cells (C). All KEGG pathways shown are
statistically significant (adjusted p <0.05). NES, normalized enrichment score. Red color indicates suppressed pathways (NES <0) while bule color
indicates activated pathways (NES >0). The size of each red or blue dot represents the total number of genes (size of geneset) in the pathways.

Additional information of these pathways is provided in Supplemental Tables S14-S16.

Previously, we profiled transcriptomic responses in blood
leukocytes after influenza vaccination (21, 33-37) and smallpox
vaccination (38-42). We and others repeatedly observed the
activation of interferon-encoding genes in PBMCs after either
influenza (35-37, 43) or vaccinia stimulation (38, 40). Consistent to
these previous findings, in this study we found that interferon-
encoding genes were up-regulated in both PBMCs and monocytes
stimulated with either influenza virus (Table 1) or vaccinia virus
(Table 2). Transcriptional analysis has also found that interferon-

these pathways will aid the development of general or even  encoding genes were among the top activated genes in human PBMCs
infected with different viruses (7, 12). Together, these findings

universal therapeutics and vaccines.

immunity (31, 32). Second, by choosing two distantly related
viruses, such as influenza (a small RNA virus that replicates in
the nucleus) and vaccinia (a large DNA virus that replicates in the
cytoplasm), we aimed to demonstrate that shared signaling
pathways of host responses exist across highly diverse pathogens.
In other words, we demonstrated that some shared signaling
pathways were activated in response to the stimulation of a wide
spectrum of pathogens. Therefore, these signaling pathways should
be principal pathways in response to viral infections and identifying
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FIGURE 6
Expression patterns of overlapped DEGs in PBMCs (A), monocytes (B), and B cells (C) after influenza and vaccinia stimulation. No overlapped DEGs
were identified in CD8+ T cells. For comparison purpose, the expression levels of DEGs in influenza-stimulated cells were sorted.
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consolidate a defensive role of interferons in viral infections. Serving as
the first line of innate defense, interferon production is amongst the
first innate responses against viral infection (44, 45); hence, this could
explain for the up-regulation of interferon-encoding genes observed in
this and other studies. In turn, the production of interferons is activated
by the JAK-STAT signaling pathway (44-46), which was consistently
amongst the top enriched signaling pathways in this study (Figures 3, 5,
7). Altogether, these findings suggest the JAK-STAT signaling pathway
as a main target for the development of viral therapeutics or
vaccines (46).

After influenza stimulation, the identified DEGs were enriched
in influenza A and coronavirus disease-COVID-19 pathways in
each cell population (Figure 3). These results suggest a similarity
between these two respiratory viruses in the way they are recognized
and targeted by the host immune system, as observed by others
across respiratory viruses (9, 47). More importantly, even with the
influenza and vaccinia viruses used in this study, we could identify
35 and 26 biological pathways associated with shared DEGs in
PBMCs and in monocytes, respectively (Figure 7). These shared
pathways were mainly involved in the activation of innate immune
responses, such as NOD-like, Toll-like, RIG-I-like receptor
signaling pathways, cytokine-cytokine receptor interaction,
cytosolic DNA-sensing pathway, and natural killer cell mediated
cytotoxicity (Figure 7). Altogether, these observations suggest that
the host relies on a similar set of PRRs to sense the presence of
pathogens and trigger similar innate immune pathways in
responses to pathogens (1-4, 48). Therefore, these innate immune
pathways could potentially be targeted for the development of
broader viral therapeutics or be used to inform the use of
appropriate adjuvants for vaccines.
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Consistently, we observed the similarity in DEGs and their
expression patterns in PBMCs and in monocytes upon either
influenza or vaccinia (Tables 1, 2; Figures 2A, B, F, 4A, B, F, 6A, B).
As a result, the biological pathways associated with the DEGs in
PBMCs and in monocytes were also similar (Figures 3A, B, 5A, B,
7A, B). These results reflect the importance of monocytes as a cell
population driving transcriptomic responses. This may be due to the
remarkable degree of plasticity observed in myocytes, in which they can
rapidly sense and respond to diverse invaders (49, 50). Our results
suggest that monocytes could be a major target cell type for viral
therapeutics and/or serve as a cellular biomarker for infection/
vaccination. In fact, previous studies have found that monocytes are
the main target for a variety of viral infections, including influenza,
dengue, measles, Zika (51-54). Our results further demonstrate the
heterogenous nature of PBMC samples and the limitations in using
whole blood or PBMCs to evaluate transcriptomic changes after
infection or vaccination. While useful as an initial step, examination
of isolated cell subsets or the use of single cell technologies are more
powerful and increasingly taking the place of bulk RNA-Seq.

In contrast, B cells and CD8" T cells provided limited
information on transcriptomic responses and the biological
pathways associated with DEGs in B cells and CD8" T cells did
not show a specific trend (Figures 2-5). This could be due to the fact
that receptors on B cells and T cells are binding to specific viral
epitopes, rather than DAMPs. B cells and T cells are involved in
adaptive immune responses, which chronologically occurs after the
activation of innate responses triggered by PRRs.

Our study has both strengths and limitations. The strengths of this
study mainly lie in our study design. As such, first we studied the
transcriptomic responses induced by two viral vaccine pathogens,
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which minimizes variation and confounding due to the differences in
experimental/analytical approaches between studies. To the best of our
knowledge, this study is one of the first studies identifying shared
transcriptomic responses induced by these two vaccine pathogens in
the same host. Second, rather than study only PBMCs we expanded the
transcriptomic characterizations in purified monocytes, B cells, and T
cells. By studying the transcriptomic responses in these purified cell
subset populations and comparing the responses in these cell
populations with the responses in PBMCs, we found that the
transcriptomic responses in PBMCs were driven by monocytes.
Meanwhile, our observations were limited to 10 subjects, mainly due
to the difficulty in recruiting study participants who met the
requirements for this study. A future study with the same design, but
with a larger study cohort may consolidate the results observed in this
study. In this study, we used only two virus models. A future study
including more pathogens of different types, such as bacteria, virus,
fungi would facilitate the development of universal therapeutics or
vaccines for a broader spectrum of pathogens. In addition, we used fold
change of gene expression and unadjusted p value to identify DEGs.
While the fold change shows a relative expression of each individual
gene in virus-infected cells as compared to control cells, unadjusted p
value may be impacted by multiple testing, where the expression of a
certain gene is influenced by others (55).

In conclusion, we identified both virus-specific and shared
DEGs in response to influenza and vaccinia stimulation and their
associated biological pathways in this study. Our results highlight
monocytes as a main cell type driving transcriptomic responses in
the PBMCs. The shared biological signaling pathways observed in
this study may provide molecular insights into virus-host
interactions, serving as targets for the development of novel virus-
specific therapeutics and new generic vaccines for vaccinia and
influenza. Although influenza and vaccinia viruses have been
selected in this study as pathogen models, we believe that this
approach is applicable to other pathogens including SARS-CoV-2.

Data availability statement

The data presented in the study are deposited in Synapse, under
Project SynID syn52165181.

Ethics statement

This study was approved by The Mayo Clinic Institutional
Review Board. Each study participant provided their written
informed consents before blood collection.

Author contributions

HQ analyzed data, wrote, and revised the manuscript. KG and DG
analyzed mRNA sequencing data and reviewed the manuscript. RK,
IH, and IO carried out the experiments, and critically reviewed and
edited the manuscript. GP and RK acquired research funding,

Frontiers in Immunology

12

10.3389/fimmu.2023.1168784

supervised the project, and edited the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the NIH through the NIAID Population
Genetics Analysis Program Contract No. HHSN266200400065C and
Contract No. HHSN272201000025C, and by the National Institutes of
Health Grants U01 AI89859 and R01 AT132348. The funding agencies had
no role in study design, data collection and analysis, decision to publish, or
preparation of this manuscript.

Conflict of interest

Dr. GP offers consultative advice to Johnson & Johnson/Janssen
Global Services LLC, and is the chair of a Safety Evaluation Committee
for novel investigational vaccine trials being conducted by Merck
Research Laboratories. Dr. GP also offers consultative advice on
vaccine development to Merck & Co Keniworth, NJ., Medicago
Quebec City, Quebec, GlaxoSmithKline Brentford, United Kingdom,
Sanofi Pasteur Lyon, France, Emergent Biosolutions Gaithersburg,
MD, AstraZeneca Cambridge, United Kingdom, Janssen Beerse,
Belgium, Vyriad Rochester, MN, Moderna Cambridge, MA. Drs. GP
and IO hold patents related to vaccinia and measles peptide vaccines.
Drs. RK, GP, and IO hold a patent related to vaccinia peptide vaccines.
Drs. GP, RK, and IO have received grant funding and royalties from
ICW Ventures for pre-clinical studies on a peptide-based COVID-19
vaccine. Drs. GP, RK, IO and IH hold a patent related to the impact of
single nucleotide polymorphisms on measles vaccine immunity. Dr.
RK has received funding from Merck Research Laboratories to study
waning immunity to mumps vaccine. These activities have been
reviewed by the Mayo Clinic Conflict of Interest Review Board and
are conducted in compliance with Mayo Clinic Conflict of Interest
policies. This research has been reviewed by the Mayo Clinic Conflict
of Interest Review Board and was conducted in compliance with Mayo
Clinic Conflict of Interest policy.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1168784/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1168784/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1168784/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1168784
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Quach et al.

References

1. Akira S, Hemmi H. Recognition of pathogen-associated molecular patterns by
TLR family. Immunol Lett (2003) 85:85-95. doi: 10.1016/S0165-2478(02)00228-6

2. Mogensen TH. Pathogen recognition and inflammatory signaling in innate
immune defenses. Clin Microbiol Rev (2009) 22:240-73. doi: 10.1128/CMR.00046-08

3. Amarante-Mendes GP, Adjemian S, Branco LM, Zanetti LC, Weinlich R,
Bortoluci KR. Pattern recognition receptors and the host cell death molecular
machinery. Front Immunol (2018) 9:2379. doi: 10.3389/fimmu.2018.02379

4. Li D, Wu M. Pattern recognition receptors in health and diseases. Signal
transduction targeted Ther (2021) 6:291. doi: 10.1038/s41392-021-00687-0

5. Rivera A, Siracusa MC, Yap GS, Gause WC. Innate cell communication kick-
starts pathogen-specific immunity. Nat Immunol (2016) 17:356-63. doi: 10.1038/
ni.3375

6. O'connor D, Pollard AJ. Characterizing vaccine responses using host genomic
and transcriptomic analysis. Clin Infect Dis (2013) 57:860-9. doi: 10.1093/cid/cit373

7. Zaas AK, Chen M, Varkey J, Veldman T, Hero AO 3rd, Lucas J, et al. Gene
expression signatures diagnose influenza and other symptomatic respiratory viral
infections in humans. Cell Host Microbe (2009) 6:207-17. doi: 10.1016/
j.chom.2009.07.006

8. Ljungberg K, Mcbrayer A, Camp JV, Chu Y-K, Tapp R, Noah DL, et al. Host gene
expression signatures discriminate between ferrets infected with genetically similar
HINT1 strains. PloS One (2012) 7:¢40743. doi: 10.1371/journal.pone.0040743

9. Andres-Terre M, Mcguire HM, Pouliot Y, Bongen E, Sweeney TE, Tato CM, et al.
Integrated, multi-cohort analysis identifies conserved transcriptional signatures across
multiple respiratory viruses. Immunity (2015) 43:1199-211. doi: 10.1016/
jimmuni.2015.11.003

10. Li HK, Kaforou M, Rodriguez-Manzano J, Channon-Wells S, Moniri A,
Habgood-Coote D, et al. Discovery and validation of a three-gene signature to
distinguish COVID-19 and other viral infections in emergency infectious disease
presentations: a case-control and observational cohort study. Lancet Microbe (2021)
2:¢594-603. doi: 10.1016/S2666-5247(21)00145-2

11. Thair SA, He YD, Hasin-Brumshtein Y, Sakaram S, Pandya R, Toh J, et al.
Transcriptomic similarities and differences in host response between SARS-CoV-2 and
other viral infections. iScience (2021) 24:101947. doi: 10.1016/j.is¢i.2020.101947

12. Tsalik EL, Fiorino C, Aqeel A, Liu Y, Henao R, Ko ER, et al. The host response to
viral infections reveals common and virus-specific signatures in the peripheral blood.
Front Immunol (2021) 12:741837. doi: 10.3389/fimmu.2021.741837

13. Ramilo O, Allman W, Chung W, Mejias A, Ardura M, Glaser C, et al. Gene
expression patterns in blood leukocytes discriminate patients with acute infections.
Blood (2007) 109:2066-77. doi: 10.1182/blood-2006-02-002477

14. Sweeney TE, Wong HR, Khatri P. Robust classification of bacterial and viral
infections via integrated host gene expression diagnostics. Sci Transl Med (2016)
8:346ra391. doi: 10.1126/scitranslmed.aaf7165

15. Bodkin N, Ross M, Mcclain MT, Ko ER, Woods CW, Ginsburg GS, et al.
Systematic comparison of published host gene expression signatures for bacterial/viral
discrimination. Genome Med (2022) 14:18. doi: 10.1186/s13073-022-01025-x

16. Ko ER, Henao R, Frankey K, Petzold EA, Isner PD, Jaehne AK, et al. Prospective
validation of a rapid host gene expression test to discriminate bacterial from viral
respiratory infection. JAMA network Open (2022) 5:227299-€227299. doi: 10.1001/
jamanetworkopen.2022.7299

17. Khan A, Shin OS, Na J, Kim JK, Seong R-K, Park M-S, et al. A systems
vaccinology approach reveals the mechanisms of immunogenic responses to Hantavax
vaccination in humans. Sci Rep (2019) 9:1-14. doi: 10.1038/s41598-019-41205-1

18. Alcorn JF, Avula R, Chakka AB, Schwarzmann WE, Nowalk MP, Lin CJ, et al.
Differential gene expression in peripheral blood mononuclear cells from children
immunized with inactivated influenza vaccine. Hum Vaccin Immunother (2020)
16:1782-90. doi: 10.1080/21645515.2020.1711677

19. Zhang Y, Guo X, Li C, Kou Z, Lin L, Yao M, et al. Transcriptome analysis of
peripheral blood mononuclear cells in SARS-CoV-2 naive and recovered individuals
vaccinated with inactivated vaccine. Front Cell Infection Microbiol (2022) 1467.
doi: 10.3389/fcimb.2021.821828

20. Haralambieva IH, Quach HQ, Ovsyannikova IG, Goergen KM, Grill DE, Poland
GA, et al. T cell transcriptional signatures of influenza A/H3N2 antibody response to
high dose influenza and adjuvanted influenza vaccine in older adults. Viruses (2022) 14.
doi: 10.3390/v14122763

21. Haralambieva IH, Ovsyannikova IG, Kennedy RB, Zimmermann MT, Grill DE,
Oberg AL, et al. Transcriptional signatures of influenza A/HIN1-specific IgG memory-
like B cell response in older individuals. Vaccine (2016) 34:3993-4002. doi: 10.1016/
j-vaccine.2016.06.034

22. Quach HQ, Chen J, Monroe JM, Ratishvili T, Warner ND, Grill DE, et al. The
influence of sex, BMI, and age on cellular and humoral immune responses against
measles after a 3rd dose of MMR vaccine. ] Infect Dis (2022) 227:141-50. doi: 10.1093/
infdis/jiac351

Frontiers in Immunology

13

10.3389/fimmu.2023.1168784

23. Kalari KR, Nair AA, Bhavsar JD, O’brien DR, Davila JI, Bockol MA, et al. MAP-
RSeq: Mayo analysis pipeline for RNA sequencing. BMC Bioinf (2014) 15:1-11.
doi: 10.1186/1471-2105-15-224

24. Hansen KD, Irizarry RA, Wu Z. Removing technical variability in RNA-seq data
using conditional quantile norMalization. Biostatistics (2012) 13:204-16. doi: 10.1093/
biostatistics/kxr054

25. Robinson MD, Mccarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. bioinformatics (2010)
26:139-40. doi: 10.1093/bioinformatics/btp616

26. Mccarthy DJ, Chen Y, Smyth GK. Differential expression analysis of multifactor
RNA-Seq experiments with respect to biological variation. Nucleic Acids Res (2012)
40:4288-97. doi: 10.1093/nar/gks042

27. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A universal
enrichment tool for interpreting omics data. Innovation (2021) 2:100141. doi: 10.1016/
jxinn.2021.100141

28. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat society: Ser B (Methodological) (1995)
57:289-300. doi: 10.1111/j.2517-6161.1995.tb02031.x

29. Organization WH. The global eradication of smallpox: final report of the Global
Commission for the Certification of Smallpox Eradication Geneva, December 1979.
World Health Organization (1980).

30. Minhaj FS, Ogale YP, Whitehill F, Schultz J, Foote M, Davidson W, et al.
Monkeypox outbreak—nine states, May 2022. Morbidity Mortality Weekly Rep (2022)
71:764. doi: 10.15585/mmwr.mm?7123el

31. Morens DM, Folkers GK, Fauci AS. The challenge of emerging and re-emerging
infectious diseases. Nature (2004) 430:242-9. doi: 10.1038/nature02759

32. Zumla A, Hui DS. Emerging and reemerging infectious diseases: global
overview. Infect Dis Clinics (2019) 33:xiii-xix. doi: 10.1016/.idc.2019.09.001

33. Kennedy RB, Ovsyannikova IG, Haralambieva IH, Oberg AL, Zimmermann
MT, Grill DE, et al. Immunosenescence-related transcriptomic and immunologic
changes in older individuals following influenza vaccination. Front Immunol (2016)
7:450. doi: 10.3389/fimmu.2016.00450

34. Zimmermann MT, Oberg AL, Grill DE, Ovsyannikova IG, Haralambieva IH,
Kennedy RB, et al. System-wide associations between DNA-methylation, gene
expression, and humoral immune response to influenza vaccination. PloS One (2016)
11:€0152034. doi: 10.1371/journal.pone.0152034

35. Ovsyannikova IG, Oberg AL, Kennedy RB, Zimmermann MT, Haralambieva
IH, Goergen KM, et al. Gene signatures related to HAI response following influenza A/
HINI vaccine in older individuals. Heliyon (2016) 2:¢00098. doi: 10.1016/
j-heliyon.2016.00098

36. Ovsyannikova IG, Salk HM, Kennedy RB, Haralambieva IH, Zimmermann MT, Grill
DE, et al. Gene signatures associated with adaptive humoral immunity following seasonal
influenza A/HIN1 vaccination. Genes Immun (2016) 17:371-9. doi: 10.1038/gene.2016.34

37. Voigt EA, Grill DE, Zimmermann MT, Simon WL, Ovsyannikova IG, Kennedy
RB, et al. Transcriptomic signatures of cellular and humoral immune responses in older
adults after seasonal influenza vaccination identified by data-driven clustering. Sci Rep
(2018) 8:739. doi: 10.1038/5s41598-017-17735-x

38. Haralambieva TH, Oberg AL, Dhiman N, Ovsyannikova IG, Kennedy RB, Grill
DE, et al. High-dimensional gene expression profiling studies in high and low
responders to primary smallpox vaccination. J Infect Dis (2012) 206:1512-20.
doi: 10.1093/infdis/jis546

39. Ovsyannikova IG, Kennedy RB, O'byrne M, Jacobson RM, Pankratz VS, Poland
GA. Genome-wide association study of antibody response to smallpox vaccine. Vaccine
(2012) 30:4182-9. doi: 10.1016/j.vaccine.2012.04.055

40. Kennedy RB, Ovsyannikova IG, Pankratz VS, Haralambieva IH, Vierkant RA,
Jacobson RM, et al. Genome-wide genetic associations with IFNy response to smallpox
vaccine. Hum Genet (2012) 131:1433-51. doi: 10.1007/s00439-012-1179-x

41. Kennedy RB, Ovsyannikova IG, Pankratz VS, Haralambieva IH, Vierkant RA,
Poland GA. Genome-wide analysis of polymorphisms associated with cytokine
responses in smallpox vaccine recipients. Hum Genet (2012) 131:1403-21.
doi: 10.1007/s00439-012-1174-2

42. Kennedy RB, Oberg AL, Ovsyannikova IG, Haralambieva IH, Grill D, Poland
GA. Transcriptomic profiles of high and low antibody responders to smallpox vaccine.
Genes Immun (2013) 14:277-85. doi: 10.1038/gene.2013.14

43. Giacomelli Cao R, Christian L, Xu Z, Jaramillo L, Smith B, Karlsson EA, et al. Early
changes in interferon gene expression and antibody responses following influenza
vaccination in pregnant women. J Infect Dis (2022) 225:341-51. doi: 10.1093/infdis/jiab345

44. Sen GC. Viruses and interferons. Annu Rev Microbiol (2001) 55:255-81.
doi: 10.1146/annurev.micro.55.1.255

45. Walker FC, Sridhar PR, Baldridge MT. Differential roles of interferons in innate
responses to mucosal viral infections. Trends Immunol (2021) 42:1009-23.
doi: 10.1016/j.it.2021.09.003

frontiersin.org


https://doi.org/10.1016/S0165-2478(02)00228-6
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.3389/fimmu.2018.02379
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1038/ni.3375
https://doi.org/10.1038/ni.3375
https://doi.org/10.1093/cid/cit373
https://doi.org/10.1016/j.chom.2009.07.006
https://doi.org/10.1016/j.chom.2009.07.006
https://doi.org/10.1371/journal.pone.0040743
https://doi.org/10.1016/j.immuni.2015.11.003
https://doi.org/10.1016/j.immuni.2015.11.003
https://doi.org/10.1016/S2666-5247(21)00145-2
https://doi.org/10.1016/j.isci.2020.101947
https://doi.org/10.3389/fimmu.2021.741837
https://doi.org/10.1182/blood-2006-02-002477
https://doi.org/10.1126/scitranslmed.aaf7165
https://doi.org/10.1186/s13073-022-01025-x
https://doi.org/10.1001/jamanetworkopen.2022.7299
https://doi.org/10.1001/jamanetworkopen.2022.7299
https://doi.org/10.1038/s41598-019-41205-1
https://doi.org/10.1080/21645515.2020.1711677
https://doi.org/10.3389/fcimb.2021.821828
https://doi.org/10.3390/v14122763
https://doi.org/10.1016/j.vaccine.2016.06.034
https://doi.org/10.1016/j.vaccine.2016.06.034
https://doi.org/10.1093/infdis/jiac351
https://doi.org/10.1093/infdis/jiac351
https://doi.org/10.1186/1471-2105-15-224
https://doi.org/10.1093/biostatistics/kxr054
https://doi.org/10.1093/biostatistics/kxr054
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.15585/mmwr.mm7123e1
https://doi.org/10.1038/nature02759
https://doi.org/10.1016/j.idc.2019.09.001
https://doi.org/10.3389/fimmu.2016.00450
https://doi.org/10.1371/journal.pone.0152034
https://doi.org/10.1016/j.heliyon.2016.e00098
https://doi.org/10.1016/j.heliyon.2016.e00098
https://doi.org/10.1038/gene.2016.34
https://doi.org/10.1038/s41598-017-17735-x
https://doi.org/10.1093/infdis/jis546
https://doi.org/10.1016/j.vaccine.2012.04.055
https://doi.org/10.1007/s00439-012-1179-x
https://doi.org/10.1007/s00439-012-1174-2
https://doi.org/10.1038/gene.2013.14
https://doi.org/10.1093/infdis/jiab345
https://doi.org/10.1146/annurev.micro.55.1.255
https://doi.org/10.1016/j.it.2021.09.003
https://doi.org/10.3389/fimmu.2023.1168784
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Quach et al.

46. Fleming SB. Viral inhibition of the IFN-induced JAK/STAT signalling pathway:
development of live attenuated vaccines by mutation of viral-encoded IFN-antagonists.
Vaccines (2016) 4:23. doi: 10.3390/vaccines4030023

47. Krishnamoorthy P, Raj AS, Roy S, Kumar NS, Kumar H. Comparative
transcriptome analysis of SARS-CoV, MERS-CoV, and SARS-CoV-2 to identify
potential pathways for drug repurposing. Comput Biol Med (2021) 128:104123.
doi: 10.1016/j.compbiomed.2020.104123

48. Takeuchi O, Akira S. Recognition of viruses by innate immunity. Immunol Rev
(2007) 220:214-24. doi: 10.1111/j.1600-065X.2007.00562.x

49. Hou W, Gibbs JS, Lu X, Brooke CB, Roy D, Modlin RL, et al. Viral infection
triggers rapid differentiation of human blood monocytes into dendritic cells. Blood ]
Am Soc Hematol (2012) 119:3128-31. doi: 10.1182/blood-2011-09-379479

50. Mitchell AJ, Roediger B, Weninger W. Monocyte homeostasis and the plasticity
of inflammatory monocytes. Cell Immunol (2014) 291:22-31. doi: 10.1016/
j.cellimm.2014.05.010

Frontiers in Immunology

14

10.3389/fimmu.2023.1168784

51. Fesq H, Bacher M, Nain M, Gemsa D. Programmed cell death (apoptosis) in
human monocytes infected by influenza A virus. Immunobiology (1994) 190:175-82.
doi: 10.1016/S0171-2985(11)80292-5

52. Anderson R, Wang S, Osiowy C, Issekutz AC. Activation of endothelial cells via
antibody-enhanced dengue virus infection of peripheral blood monocytes. J Virol
(1997) 71:4226-32. doi: 10.1128/jvi.71.6.4226-4232.1997

53. Michlmayr D, Andrade P, Gonzalez K, Balmaseda A, Harris E. CD14+ CD16+
monocytes are the main target of Zika virus infection in peripheral blood mononuclear
cells in a paediatric study in Nicaragua. Nat Microbiol (2017) 2:1462-70. doi: 10.1038/
541564-017-0035-0

54. De Marcken M, Dhaliwal K, Danielsen AC, Gautron AS, Dominguez-Villar M.
TLR7 and TLRS activate distinct pathways in monocytes during RNA virus infection.
Sci Signaling (2019) 12:eaaw1347. doi: 10.1126/scisignal.aaw1347

55. Jafari M, Ansari-Pour N. Why, when and how to adjust your P values? Cell J
(2019) 20:604-7. doi: 10.22074/cellj.2019.5992

frontiersin.org


https://doi.org/10.3390/vaccines4030023
https://doi.org/10.1016/j.compbiomed.2020.104123
https://doi.org/10.1111/j.1600-065X.2007.00562.x
https://doi.org/10.1182/blood-2011-09-379479
https://doi.org/10.1016/j.cellimm.2014.05.010
https://doi.org/10.1016/j.cellimm.2014.05.010
https://doi.org/10.1016/S0171-2985(11)80292-5
https://doi.org/10.1128/jvi.71.6.4226-4232.1997
https://doi.org/10.1038/s41564-017-0035-0
https://doi.org/10.1038/s41564-017-0035-0
https://doi.org/10.1126/scisignal.aaw1347
https://doi.org/10.22074/cellj.2019.5992
https://doi.org/10.3389/fimmu.2023.1168784
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Virus-specific and shared gene expression signatures in immune cells after vaccination in response to influenza and vaccinia stimulation
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Blood samples and cell separation
	2.3 mRNA sequencing
	2.4 Statistical analysis

	3 Results
	3.1 Differentially expressed genes in influenza-stimulated cells
	3.2 Differentially expressed genes in vaccinia-stimulated cells
	3.3 Shared DEGs in each cell population after influenza and vaccinia stimulation

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


