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Abstract

Introduction: Smoking is known to affect whole-blood expression and methylation profiles.  
Although whole-genome methylation studies indicated that effects observed in blood may be driven by 
changes within leukocyte subtypes, these phenomena have not been explored using expression profiling.

Material and methods: This study reanalyzed data from the Correlated Expression and Disease  
Association Research (CEDAR) patient cohort recruited by Momozawa et al. (E-MTAB-6667). Data 
from gene expression profiling of immunomagnetically sorted CD4+, CD8+, CD14+, CD15+, and CD19+ 
cells were processed. Differential expression analyses were conducted in each immune cell type,  
followed by gene ontology analysis and supplementary investigations.

Results: Ninety-four differentially expressed genes were found (CD8+ n = 58, CD14+ n = 20, 
CD4+ n = 14, CD19+ n = 2). Two key smoking-related genes were overexpressed in specific cell types: 
LRRN3 (CD4+, CD8+) and MMP25 (CD8+, CD14+). In CD4+ cells smoking was associated with reduced 
expression of the NK cell receptor KLRB1, suggesting CD4+ subpopulation shifts and differences in 
interferon signaling (reduced IRF1 and IL18RAP in smokers). Key results and their integration with an 
immune protein-protein interaction network revealed that smoking influences integrins in CD8+ cells 
(ITGB7, ITGAL, ITGAM, ITGB2). C-type lectin CLEC4A was reduced in CD8+ cells and CLEC10A was 
increased in CD14+ cells from smokers; moreover, CLEC5A (CD8+), CLEC7A (CD8+) and CLEC9A 
(CD19+) were related to smoking in supplementary analyses. CD14+ cells from smokers exhibited over-
expression of LDLR and the formyl peptide receptor FPR3. 

Conclusions: Smoking specifically alters vital immune regulation genes in lymphocyte subtypes, 
especially CD4+, CD8+ and CD14+ cells.

Key words: smoking, expression profiling, lymphocyte, macrophage, monocyte, B cell, T cell, 
ulcerative colitis, C-type lectin domain family.

(Cent Eur J Immunol 2022; 47 (3): 246-259)

Introduction

Smoking is a key environmental factor in inflammatory 
bowel diseases (IBD), increasing the risk for Crohn’s dis-
ease, but – surprisingly – being one of the strongest known 
protective factors against ulcerative colitis [1]. This effect 
does not depend on nicotine alone [2] and is hypothesized 
to relate to the aryl hydrocarbon receptor (AHR), the acti-
vation of which is beneficial in colitis [3], with a number 
of mechanisms that may be involved. Therefore, dissec-
tion of the impact of smoking on the immune system is 

a research topic with potential therapeutic implications in 
ulcerative colitis.

The use of high-throughput technologies, including 
methylome and transcriptome profiling, has enabled  
unprecedented insight into the effects of smoking on hu-
man biology. Most notably, the influence of smoking on 
methylation across hundreds of thousands of CpG islands 
has been determined in whole blood and also in select-
ed tissues. Nevertheless, our knowledge of the effects of 
smoking in individual cell types remains scarce. CD14+ 
monocytes/macrophages were explored in the Multi- 
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Ethnic Study of Atherosclerosis (MESA), where altered 
methylation of AHRR and F2RL3, previously found in the 
whole blood, was confirmed [4, 5]. Yet, altered methyl-
ation of LRRN3, which provides arguably the strongest 
smoking-related transcriptomic signal, was not detected in 
CD14+ cells. Su et al. found that smoking-related chang-
es in methylation levels of a number of smoking-related 
genes (including AHRR, ALPPL2, GFI1) were most pro-
nounced in granulocytes, but not in B cells [6]. In the same 
study the colon homing receptor GPR15, associated with 
smoking in whole blood, was differentially methylated  
in smokers’ T and B lymphocytes [6] and integrin subunit 
gene ITGAL (required for LFA-1 formation) methylation 
was only changed in T cells. A deconvolution-based study 
of myeloid- and lymphoid-specific changes in methylation 
attributable to smoking showed a tendency towards hypo- 
methylation of typical targets in myeloid cells (AHRR, 
GFI1, ALPPL2) and hypomethylation of GPR15 in lym-
phocytes, in line with findings from Su et al. [5]. 

Bauer et al. replicated smoking-induced GPR15 and 
AHRR gene overexpression [7]. Additionally, they per-
formed RNA sequencing in GPR15+ vs. GPR15– T cells 
(CD3+) and drew attention to the association of GPR15 
gene expression with frequency of smoking-induced 
GPR15+ T cells [8]. Tsaprouni et al. found that GPR15 
overexpression and also that of CPOX (located near 
GPR15) and AHRR were associated with smoking [9]. 
Paul and Amundson showed smoking-related increas-
es in GPR15 and AHRR gene expression (2- and 5-fold, 
respectively) [10]. In a meta-analysis of transcriptomic 
studies, Huan et al. confirmed the positive association of 
GPR15 (and also LRRN3, CLEC10A, LEF1) with smok-
ing, but could not replicate AHRR [11]. In addition to 
Su et al. demonstrating differences in DNA methylation 
in separated leucocytes, Bauer et al. reported that a sin-
gle CpG in AHRR in granulocytes was implicated. Both 
the level of methylation at this CpG and the frequency of 
GPR15+CD3+ T cells were considered strong biomarkers 
for distinguishing smokers from non-smokers [12].

Since GPR15 is a homing receptor for lymphocytes 
into the colon, it is of special importance in the context 
of the protective influence of smoking against ulcerative 
colitis. We showed that GPR15 expression in whole blood 
is associated with smoking in a cohort of patients with IBD 
(IBD-Character) [13]. A context for the interpretation of 
this finding was provided by Xiong et al. In their experi-
ments AHR activation could increase GPR15 expression 
in regulatory T lymphocytes, in cooperation with FOXP3, 
leading to inflow of immunosuppressive GPR15+ T

reg
 cells 

into the colon [14].
A large analysis of whole blood transcriptomes under-

scored overexpression of LRRN3 and GPR15 in smokers 
[11], and this is indeed a consistent finding across differ-
ent studies [15]. Notwithstanding, many questions about 
the influence of smoking on specific immune cell types 

remain open with regard to a broad range of genes. Smok-
ing-related transcriptomic changes are evident, but their 
origin remains uncertain. As highlighted by Bauer, work 
focusing on individual cell types is necessary to under-
stand processes behind changes in the whole blood [16]. 
Single-cell analysis promises to extend our understanding 
of the relationship between smoking and immunity even 
further. However, smoking-related single-cell studies thus 
far have focused on the airway epithelium [17, 18] and 
a rationale is needed to fuel such advanced investigations 
in the context of autoimmunity. 

To further our knowledge of smoking-related changes 
in the immune system, we explored a large dataset from 
the CEDAR [19] study, made publicly available by Momo-
zawa et al. We aimed to define smoking-related character-
istics of gene expression profiles in CD4+, CD8+, CD14+, 
CD15+, and CD19+ cells.

Material and methods

The complete transcriptomic dataset from the Cor-
related Expression and Disease Association Research 
(CEDAR) study was obtained from ArrayExpress 
(E-MTAB-6667) [19]. Briefly, volunteers were recruited 
within a colon cancer screening program and a number of 
tissues and cells were collected, including immunomag-
netically separated cells [19]. Only participants classified 
as healthy with available data on smoking status were  
included in this reanalysis.

Transcriptomic data processing and differential 
expression analysis

The data were read using read.idat from limma, with the 
appropriate manifest file (Illumina Human HT-12 V4 R2), 
filtering out microarrays having an estimated proportion 
of expressed probes < 10% (propexpr). Background cor-
rection and quantile normalization were conducted using  
the neqc function. The obtained expression matrix was 
then subject to batch correction using the ComBat func-
tion from the sva package, with batches identified from 
microarray plate numbers. The log2 expression (plus off-
set) of most control probes was within the range 4.5-4.6, 
with the highest control probe value just below 4.9. There-
fore, the complete batch-corrected dataset was filtered to 
include only probes with median expression > 5, reducing 
the number of probes from 47,323 to 19,932. This also led 
to exclusion of GPR15. Furthermore, a correlation anal-
ysis was conducted as a quality check to detect outlying 
samples with a median correlation with all other samples 
smaller than the 5th centile (r < 0.861). These samples were 
excluded to maximize the cohesion of the dataset. Princi-
pal component analysis revealed moderate sample cluster-
ing by cell type. Samples with incomplete phenotype data 
(n = 25) were removed. Data obtained from CD4+, CD8+, 
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CD14+, CD15+, and CD19+ cells were extracted. Differen-
tial expression analysis was conducted using limma (lmFit 
and eBayes) by cell type, compensating for age, sex, and 
body mass index. P values were adjusted using the false 
discovery ratio procedure (Benjamini-Hochberg). Differ-
entially expressed genes were subject to fuzzy clustering 
(squared Euclidean distances) and visualized (cluster and 
factoextra R packages).

Differential ratio analysis with intermediary 
inference (DRAIMI)

In order to supplement differential expression analysis 
and gain insights into genes involved in the observed dif-
ference, we performed immune-focused differential ratio 
analysis with intermediary inference (DRAIMI). DRAIMI 
identifies top differentially expressed transcript ratios to 
make it possible to find the most common directly linked 
intermediators within a protein-protein interaction net-
work. Thus, DRAIMI approaches the transcriptomic data 
in a new way to facilitate integration of a large external 
data source and help generate hypotheses about molecular 
processes. Details of DRAIMI along with an example of 
its use are provided elsewhere [13]. 

Genes pertaining to a specific pathway were selected 
for DRAIMI as required, in this case 2078 genes from the 
major Reactome immunity pathway, which were present 
in the dataset. The analysis needed to be targeted because 
random-access memory required for DRAIMI grows ex-
ponentially with the number of genes. A 100-fold bootstrap 
analysis was performed: 10 smokers and 10 controls were 
randomly selected, and the gene ratios were compared 
using the Mann-Whitney U test. Ratios were then sorted 
by the median p value from the 100 repetitions of analy-
sis, obtaining the most highly consistent results. The top 
1000 differentially expressed ratios were then overlaid on 
the Reactome protein-protein interaction network to infer 
proteins directly linking the products of genes forming  
the ratios. An intermediary score was obtained and then 
corrected for the number of interactions in the protein- 
protein interaction networks (i.e., a ratio of the number  
of interactions identified on the basis of top 1000 ratios  
vs. the number of all interactions of the given protein in 
the network).

Investigation of the similarity to immune cell 
transcriptomic profiles

CIBERSORTx is a tool widely used to deconvolute 
cell types from bulk expression profiling data. LM22 is the 
main immune cell signature set used with CIBERSORTx. 
Here, CIBERSORTx was used on transcriptomes from im-
munomagnetically sorted cells. This was done to identify 
shifts in transcriptomic profiles that would resemble key 
characteristics of specific immune cells. As an example, 
CIBERSORTx profiles of CD4+ cells in one group may 
show a relative enrichment in transcriptomic characteristics 
of NK cells. CIBERSORTx was run with quantile normal-
ization. Student’s t-test was used to compare the obtained 
similarity scores between smokers and non-smokers.

Random forests and elastic net regression: 
a supplementary analysis

To explore other effects in the available data, we used 
random forests and elastic net regression as implemented 
in the packages ranger and glmnet, with five repeats of  
10-fold cross-validation (caret) and down-sampling, 
aiming at maximalization of the area under the receiver- 
operating characteristic curve. Random forests (n = 101 
trees) were grown with mtry values of 1-12, the minimum 
node size of 2, and three split rules (Gini, extratrees and 
Hellinger). The elastic net tuning grid comprised 1000 
alpha and lambda combinations over 10 alpha values.  
The varImp function was used to extract information on 
the relative contribution of variables to the best random 
forest and elastic net regression models. The cut-off impor-
tance of 50 was chosen arbitrarily. Gene ontology analysis 
was done using the Broad Institute’s Gene Set Enrichment 
Analysis with the hallmark gene set.

Results
The CEDAR study recruited healthy adult Europeans 

(median age 54.6 years) with a smoking rate of 21.6% and 
obesity rate of 15.7% with no other important medical con-
ditions (Table 1). The smokers were younger than con-
trols (p < 0.001), necessitating a correction of differential 
expression analyses. Whereas 52 genes were found to be 
upregulated, 42 were downregulated (Table 2, Supplemen-
tary Table 1). Most of the differentially expressed genes 
were found in CD4+ and CD8+ T lymphocytes (n = 72), 
and CD14+ macrophages/monocytes (n = 20). Notably, no 
differentially expressed genes were found in CD15+ cells 
(polymorphonuclear leukocytes).

CD4+ cells (T lymphocytes, helper)

LRRN3, a signature gene of smoking, was the most 
overexpressed in CD4+ cells (Table 3). LRRN3 alone could 
differentiate between smokers and non-smokers with AUC 

Table 1. Basic group characteristics. The CEDAR cohort 
recruited healthy Europeans

Parameter All Smokers Non-smokers

n 273 59 214

Smoking 59 (27.6%) 59 (100%) 0 (0%)

Age (years) 54.6 ±13.4 49.2 ±11.9 56.1 ± 13.4

Gender (female) 54.6% 59.3% 53.3%

BMI (kg/m2) 26.0 ±4.4 25.0 ±4.6 26.2 ± 4.3
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of 0.75 (95% CI: 0.68-0.82). The most underexpressed 
genes were KLRB1 and IRF1, followed by six other genes, 
including IL18RAP (Figs. 1, 2). Clustering of differentially 
expressed genes indicated that two different LRRN3 tran-
scripts were related, but could still be assigned to two dif-
ferent clusters, the first of which also included IRF1, while 
the second contained IL18RAP and KLRB1 (Fig. 3).

Genes differentially expressed in CD4+ cells showed 
a significant enrichment of GO terms related to interferon α 
response (p

FDR 
= 0.0186), complement, and inflammatory 

responses (p
FDR 

= 0.0261), despite a low number of input 
genes (IRF1, LPAR6, ME1, and IL18RAP were path-
way-related). Gene ontology powered by top genes from 
machine learning hinted at the involvement of interferon α 
response, IL2-STAT5 signaling, allograft rejection, inter-
feron γ response (random forest), as well as MTORC1 sig-
naling, tumor necrosis factor α (TNF-α), and interleukin 
(IL)-6 signaling (elastic-net).

DRAIMI indicated hypothetical roles for three groups 
of genes in mediating smoking-related effects in CD4+ 

Table 2. Number of genes up- and downregulated depending on smoking in each cell type and detailed counts of ana-
lyzed samples

Cells Typically represents Total n Smoking n Non-smoking n Upregulated genes Downregulated genes

CD4+ T lymphocytes, helper 283 66 217 6 8

CD8+ T lymphocytes, cytotoxic 286 61 225 26 32

CD14+ Monocytes/macrophages 276 60 216 18 2

CD15+ Granulocytes/neutrophils 288 59 229 0 0

CD19+ B lymphocytes 302 60 212 2 0

Table 3. Genes differentially expressed in CD4+ cells from smokers vs. non-smokers

Gene logFC p p
FDR

Gene

LRRN3 0.508 4.98 × 10–7 0.00614 Leucine Rich Repeat Neuronal 3

KLRB1 –0.738 7.04 × 10–7 0.00614 Killer Cell Lectin Like Receptor B1

IRF1 –0.518 9.24 × 10–7 0.00614 Interferon Regulatory Factor 1

TMEM64 –0.355 2.18 × 10–6 0.00822 Transmembrane Protein 64

LOC148137 0.248 2.46 × 10–6 0.00822

ME1 –0.430 2.48 × 10–6 0.00822 Malic Enzyme 1

LRRN3 0.598 3.63 × 10–6 0.00914 Leucine Rich Repeat Neuronal 3

PLCD1 0.327 3.67 × 10–6 0.00914 Phospholipase C Delta 1

FBXL16 0.346 6.89 × 10–6 0.0153 F-Box And Leucine Rich Repeat Protein 16

ETFA –0.257 1.13 × 10–5 0.0224 Electron Transfer Flavoprotein Subunit Alpha

LOC100130886 –0.341 1.24 × 10–5 0.0224

ILMN_1853876 –0.304 1.62 × 10–5 0.0267 Illumina probe ILMN_1853876

IL18RAP –0.652 1.77 × 10–5 0.0267 Interleukin 18 Receptor Accessory Protein

P2RY5 0.415 1.88 × 10–5 0.0267 Lysophosphatidic Acid Receptor 6

Fig. 1. Volcano plot of genes under- (left) and overex-
pressed (right) in CD4+ cells (T lymphocytes, helper) from 
smokers vs. non-smokers. All statistically significant find-
ings are labeled
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cells: ubiquitin-protein ligases (TRIM21 and TRIM25), 
HLA genes, and IL-18 (Supplementary Table 2). Analy-
sis of transcriptomic profiles using CIBERSORTx sug-
gested a considerably more cytotoxic profile in smokers, 
and a relative loss of expression characteristics of Tregs  
(Supplementary Table 3). 

Age-dependent changes of gene expression in CD4+ 
cells in non-smokers were moderate (absolute R < 0.5), 
but in smokers some slightly more pronounced asso-
ciations with age were found including, among others, 
a C-type lectin CD248 (R = –0.63), LRRN3 (R = –0.62), 
and the inducer of T-cell apoptosis LGALS1 (R = 0.59; 

complete results can be found in Supplementary Table 4). 
LRRN3 correlated negatively with age both in smokers and 
non-smokers (R = –0.47).

CD8+ cells (T lymphocytes, cytotoxic)

Fifty-eight genes were differentially expressed in CD8+ 
cells (Table 2), of which the top 10 are presented in Table 4. 
The full results of differential expression analysis can be 
found in Supplementary Table 1. LRRN3 was by far the 
most overexpressed gene and was represented by two 
separate Illumina probes (Fig. 4). In CD8+ cells, it could 
identify smokers with AUC of 0.84 (95% CI: 0.78-0.91). 

Fig. 2. Box and violin plots of the expression of most strongly differentially expressed genes in CD4+, cells depending 
on smoking status. Some additional genes with important roles in immunity are also included (IL18RAP, ITGB7, ITGAL, 
CYBB). The expression level of CD8+ and CD14+ control probes was approximately 5
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The lower expression of CLEC4A in smokers was also 
detected with two probes. Metalloproteinase MMP25 was 
overexpressed in CD8+ cells from smokers (Table 4). Two 
large, overlapping clusters were identified by fuzzy clus-
tering, where some of the genes appeared related: ITGB7 
and ITGAL, LILRA2 and CLEC4A, and also LILRA5 and 
CYBB (Fig. 5).

Processes associated with the influence of smoking on 
CD8+ cells included allograft rejection (p

FDR 
= 5.66 × 10-3) 

and upregulation of KRAS signaling (p
FDR 

= 4.96 × 10-2). 
Again, also in the case of CD8+ cells DRAIMI high-

lighted several HLA members, which in this cell type 
achieved particularly high scores. They were followed 
by integrins ITGAM, ITGB2 and also a C-type lectin  
CLEC5A, which we recently showed to strongly predict 
the need for treatment escalation in ulcerative colitis [13]. 
A comparison with reference profiles of immune cells sug-
gested the potential presence of monocytes with a cytotox-
ic phenotype within the investigated CD8+ cell pool [20].

Moderate relationships were found between age and 
gene expression in CD8+ cells (R < 0.5 in controls). In 
smokers, the expression of transforming growth factor β 
(TGF-β) activated kinase TAB1 (MAP3K7IP1) seemed to 
correlate with age more strongly than in controls (R = 0.58 
vs. –0.03). An inverse difference was found for a C-type 
lectin CLEC7A (NFKBIZ; R = –0.42 vs. 0.07).

CD14+ cells (monocytes/macrophages)

Ninety percent of genes differentially expressed in 
CD14+ cells were overexpressed (Fig. 6). The most import-
ant of those were formyl receptor FPR3 (Table 5), SASH1 
and MMP25. The difference in FPR3 expression between 
smokers and non-smokers was high enough to yield AUC 
of 0.77 (95% CI: 0.70-0.84). Contrary to CLEC4A reduc-
tion in T cells, monocytes/macrophages showed a smok-
ing-related increase in CLEC10A. Interestingly, smoking 
correlated with increased expression of the low-density 

lipoprotein receptor gene (LDLR) in macrophages. In 
cluster analysis, some genes appeared particularly closely 
related (via the highest membership of cluster 1, > 0.95): 
ARMC10, SASH1, CLEC10A, TUBGCP5, GFRA2, FPR3, 
suggesting closely related expression (Fig. 7).

No specific pathways were detected in genes differen-
tially expressed in CD14+ cells, though GO terms for ran-
dom forest results related to the mitotic spindle, apoptosis, 
and Notch signaling.

In CD14+ cells, mediator inference suggested possible 
roles for the adhesion molecule CEACAM8 and the metal-
loproteinase inhibitor TIMP2. Comparison with reference 
immune cell profiles indicated that CD14+ cells in smokers 
might be more pro-inflammatory.

Relationships of gene expression with age in CD14+ 
cells from controls were weak (R ≤ 0.3). In smokers some 

Fig. 3. Fuzzy clustering of genes differentially expressed 
in CD4+ cells depending on smoking status. The number 
of clusters was arbitrarily set at 2
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Table 4. Top 10 genes differentially expressed in CD8+ cells from smokers vs. non-smokers

Gene logFC p pFDR Gene

LRRN3 0.813 3.99 × 10–15 7.96 × 10–11 Leucine Rich Repeat Neuronal 3

LRRN3 0.935 2.25 × 10–12 2.24 × 10–8 Leucine Rich Repeat Neuronal 3

CLEC4A –0.485 1.07 × 10–6 0.00712 C-Type Lectin Domain Family 4 Member A

MMP25 0.566 1.47 × 10–6 0.00735 Matrix Metallopeptidase 25

LILRA5 –0.704 1.85 × 10–6 0.00736 Leukocyte Immunoglobulin Like Receptor A5

UBE2E2 –0.421 2.56 × 10–6 0.00852 Ubiquitin Conjugating Enzyme E2 E2

NDFIP2 –0.422 3.39 × 10–6 0.00897 Nedd4 Family Interacting Protein 2

CLEC4A –0.613 4.01 × 10–6 0.00897 C-Type Lectin Domain Family 4 Member A

RCBTB2 0.320 4.05 × 10–6 0.00897 RCC1 And BTB Domain Containing Protein 2

LSR 0.341 6.7 × 10–6 0.0134 Lipolysis Stimulated Lipoprotein Receptor

LILRA2 –0.706 8.17 × 10–6 0.0136 Leukocyte Immunoglobulin Like Receptor A2
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associations with age proved stronger, including that of 
ALDH1A3 (involved in retinoic acid signaling; R = –0.45 
in smokers vs. 0.02 in controls), CD40 (R = 0.50 vs. –0.09) 
and AIM2, which can detect dsDNA to activate the inflam-
masome (R = 0.34 vs. –0.04).

CD15+ cells (granulocytes)

No genes were differentially expressed between smok-
ers and non-smokers in CD15+ cells. Consequently, no 
gene ontology analysis was conducted. DRAIMI suggest-
ed the involvement of phospholipase PLA2G4A (arachi- 
donic acid metabolism), followed by STAT6 (and STAT3). 
Transcriptomic profile deconvolution hinted at possible  

reduced capacity of these cells for antigen presenta- 
tion [21].

In CD15+ cells of controls the relationships of gene 
expression with age were weak (R < 0.3). The inhibitory 
receptor LAIR1 was more strongly associated with age in 
smokers (R = 0.44 in smokers vs. 0.01 in controls). 

CD19+ cells (B lymphocytes)

Only two genes were overexpressed in CD19+ cells: 
ATF5 and MGAT3 (Table 6, Fig. 8). Despite a few dif-
ferences in CD19+ cells, ATF5 alone could potentially 
help in differentiating between smokers and non-smokers  
(AUC = 0.69, 95% CI: 0.61-0.76). Immune mediator in-
ference hinted at a potential role of MRTFA, which may 
promote transcription of pro-inflammatory genes, as well 
as the adhesion molecule CEACAM6. Comparison with 
reference expression profiles was inconclusive, consistent 
with the few transcriptomic differences found.

Since in CD19+ only two genes were differentially  
expressed, gene ontology analysis was conducted using  
the main results of elastic-net modeling, implicating interfe- 
ron α responses (p

FDR 
= 1.96 × 10-3). Full lists of genes 

identified by elastic-net regression and random forests as 
related to smoking in all the analyzed cell types are pre-
sented in Supplementary Tables 5 and 6. 

In CD19+ cells, the transcript most strongly associat-
ed with age in controls was metalloproteinase inhibitor 
TIMP1 (R = 0.32). In smokers, C-type lectin CLEC9A was 
more strongly correlated with age than in healthy partici-
pants (R = 0.52 vs. 0.09), and LRRN3 was more negative-
ly associated with age vs. controls (R = –0.50 vs. –0.02). 
Effects similar as for LRRN3 were also found for CD160, 
LEF1, TXK, ITK and IL18RAP.

Fig. 4. Volcano plot of genes under- (left) and overex-
pressed (right) in CD8+ cells (T lymphocytes, cytotoxic) 
from smokers vs. non-smokers. Top 20 most significant 
probes are labeled

Fig. 5. Fuzzy clustering of genes differentially expressed 
in CD5+ cells depending on smoking status reveals a con-
tinuum within which some genes are moderately grouped. 
When the number of clusters is set at 2, two main clusters 
are revealed along dimension 1
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Fig. 6. Volcano plot of genes under- (left) and overex-
pressed (right) in CD14+ cells (monocytes, macrophages) 
from smokers vs. non-smokers. All statistically significant 
findings are labeled
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Comparison with meta-analysis  
by Huan et al.

The percentage of differential expression findings 
overlapping with the whole-blood meta-analysis by Huan 
et al. was dependent on cell type: CD4+ 30.7%, CD8+ 
25.0%, CD14+ 68.4%, CD19+ 50% (1 of 2) [11]. The over-
lapping genes are summarized in Table 7. 

Discussion
This study reanalyzed data from Momozawa et al. and 

identified sources of gene expression signatures associ-
ated with smoking exposure in CD4+, CD8+ and CD14+ 
cells from 273 healthy Europeans [19]. In these cell types,  
CEDAR transcriptomes revealed almost a hundred differ-
entially expressed genes, including some of the best-known 
actors of immunity (IRF1, IL18RAP, IL4R, NFKB2). Ad-
ditional insights were gained by the application of auxil-
iary methods of transcriptomic analysis, such as DRAIMI 
and immune profile investigation. The results demonstrate  
the differential effects of smoking on immune cell types 
and highlight the need for even more fine-grained analysis.

CD4+ cells (helper T lymphocytes)

Circulating T lymphocytes are sensitive to tobacco 
smoke. CD4+ cell abundance increases with the number of 
cigarettes smoked per day, as well as with the Brinkman 
index, which is a measure of cigarette smoke exposure 
[22]. Smoking enhances Th1 cytokine synthesis and reg-

ulates programmed cell death through apoptosis in CD4+ 
cells [23]. Our analysis characterized the impact of smok-
ing on the CD4+ cell expression profile, exposing the role 
of LRRN3 (leucine-rich repeat neuronal 3), PLCD1 (phos-
pholipase C delta 1), FBXL16 (F-box and leucine-rich 
repeat protein 16), and P2RY5 (lysophosphatidic acid re-
ceptor 6) as top positive predictors of smoking [24, 25]. 
These findings coincide with previous reports describing 
LRRN3-driven discrimination of smoking status [26, 27]. 

Table 5. Top 10 genes differentially expressed in CD14+ cells from smokers vs. non-smokers

Gene logFC p pFDR Gene

FPR3 0.493 7.93 × 10–11 1.07 × 10–6 Formyl Peptide Receptor 3

SASH1 0.512 1.08 × 10–10 1.07 × 10–6 SAM And SH3 Domain Containing 1

SASH1 0.569 5.04 × 10–10 2.78 × 10–6 SAM And SH3 Domain Containing 1

MMP25 0.896 5.58 × 10–10 2.78 × 10–6 Matrix Metallopeptidase 25

CLEC10A 0.509 8.57 × 10–10 3.42 × 10–6 C-Type Lectin Domain Containing 10A

ILMN_1838767 0.424 1.12 × 10–9 3.73 × 10–6 Illumina probe ILMN_1838767

ADAMDEC1 0.695 2.41 × 10–8 6.85 × 10–5 ADAM Like Decysin 1

RGL1 0.468 2.99 × 10–8 7.46 × 10–5 Ral Guanine Nucleotide Dissociation Stimulator Like 1

PID1 0.477 3.85 × 10–7 0.000835 Phosphotyrosine Interaction Domain Containing 1

TUBGCP5 0.289 4.19 × 10–7 0.000835 Tubulin Gamma Complex Associated Protein 5

LMNA 0.485 5.61 × 10–7 0.00102 Lamin A/C

Fig. 7. Fuzzy clustering of genes differentially expressed 
in CD14+ cells depending on smoking status. Some of the 
genes from cluster 1 are particularly closely grouped (see 
discussion)
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Table 6. Genes differentially expressed in CD19+ cells from smokers vs. non-smokers

Gene logFC p pFDR Gene

ATF5 0.381 2.76 × 10–6 0.035 Activating Transcription Factor 5

MGAT3 0.433 3.58 × 10–6 0.035 Beta-1,4-Mannosyl-Glycoprotein 4-Beta-N-Acetylglucosaminyltransferase
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Furthermore, cigarette smoking was associated with in-
creased expression of P2RY5 (lysophosphatidic acid re-
ceptor 6), which is a putative tumor and inflammation 
suppressor [28, 29]. In contrast to Maas’ study [27], our 
analysis did not confirm the association of gene expression 
with body mass index.

Negative correlations with smoking were noted for 
KLRB1 (killer cell lectin-like receptor B1), which togeth-
er with other findings (CLEC4A, CLEC10A) exposes the 
importance of lectins in the smoking-induced immune dis-
turbance. Rebuli et al. also describe the downregulation of 
KLRB1 in cigarette smokers in the nasal epithelium [30]. 
Furthermore, this gene is involved in the production of es-
sential cytokines by T cells (TNF and interferon γ) in Th1 
cells, IL-4 in Th2 cells, and IL-17 in Tregs) [31]. It is in-
teresting to consider that reduced KLRB1 expression might 
be related to lower counts of CD4+ natural killer cells [32]. 
Overall, it would be interesting to learn whether the counts 
of CD4+ cells expressing KLRB1+ are reduced by smoking. 

Fig. 8. Volcano plot of genes under- (left) and overex-
pressed (right) in CD19+ cells (B lymphocytes) from smok-
ers vs. non-smokers. All statistically significant findings 
are labeled
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Table 7. Differentially expressed genes overlapping between this study and the whole-blood meta-analysis by Huan et al. 
(as per Supplementary Table 2 at doi: 10.1093/hmg/ddw288). Genes overexpressed (+) and underexpressed (–) in smok-
ing are shown

CD4+ CD8+

LRRN3 Leucine Rich Repeat Neuronal 3 + FBXL16 F-Box And Leucine Rich Repeat Protein 16 +

FBXL16 F-Box And Leucine Rich Repeat 
Protein 16

+ PTGDS Prostaglandin D2 Synthase –

KLRB1 Killer Cell Lectin Like Receptor B1 – CYBRD1 Cytochrome B Reductase 1 –

HAVCR2 Hepatitis A Virus Cellular Receptor 2 –

CD14+ PILRA Paired Immunoglobin Like Type 2 Receptor 
Alpha

–

SASH1 SAM And SH3 Domain Containing 
1

+ RCBTB2 RCC1 And BTB Domain Containing Protein 2 +

PID1 Phosphotyrosine Interaction Domain 
Containing 1

+ MAP4K1 Mitogen-Activated Protein Kinase Kinase 
Kinase Kinase 1

+

CLEC10A C-Type Lectin Domain Containing 
10A

+ CHST15 Carbohydrate Sulfotransferase 15 –

FPR3 Formyl Peptide Receptor 3 + RNF144B Ring Finger Protein 144B –

FUCA1 Alpha-L-Fucosidase 1 + ADAP2 ArfGAP With Dual PH Domains 2 –

RGL1 Ral Guanine Nucleotide Dissociation 
Stimulator Like 1

+ DPM2 Dolichyl-Phosphate Mannosyltransferase 
Subunit 2, Regulatory

–

ALDH1A1 Aldehyde Dehydrogenase 1 Family 
Member A1

– NDFIP2 Nedd4 Family Interacting Protein 2 –

LMNA Lamin A/C + ITGB7 Nedd4 Family Interacting Protein 2 +

SLC44A1 Solute Carrier Family 44 Member 1 +

ADAMDEC1 ADAM Like Decysin 1 + CD19+

GFRA2 GDNF Family Receptor Alpha 2 + MGAT3 Beta-1,4-Mannosyl-Glycoprotein 4-Beta-N-
Acetylglucosaminyltransferase

+
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IRF1 (interferon regulatory factor 1) was downregulat-
ed by smoking, possibly altering the balance of interferon 
responses. IL18RAP (interleukin 18 receptor accessory 
protein) is another noteworthy transcript downregulated 
in smokers, which plays a role in IBD [33], lupus, and 
coronary artery disease [34]. The Monica Risk, Genet-
ics, Archiving and Monograph (MORGAM) project links 
proinflammatory IL-18 synthesis with exposure to nicotine 
[35, 36], while the loss of IRF1 impairs interferon-γ-medi-
ated cell signaling in monocytes of smokers [37]. Overall, 
further examination of T helper lymphocytes in the context 
of smoking and autoimmunity is warranted.

One of the crucial genes in measuring the response of 
CD4+ cells to smoking, GPR15 (G-protein-coupled recep-
tor 15), was absent from this analysis because of being fil-
tered out due to insufficient expression. Smoking is known 
to increase GPR15 expression and also to increase the fre-
quency of GPR15+ T helper cells, which are thought to 
play a role in autoimmunity, especially in the gut because 
of the colon-homing capacity of GPR15 [14] that may be 
dependent on AHR. 

Our study does not provide sufficient evidence to sup-
port or refute the observations of the decreased percentage 
of naïve CD4+ cells and increased memory CD4+ cells. 
Smoking and cigarette smoke extract are known to direct 
CD4+ cell development toward the Th17 phenotype, but 
we did not find typical Th17 regulators or cytokines to 
be overexpressed in smokers [38]. Smoking exposure was 
also seen to promote CD25 expression by CD4+ lympho-
cytes, but without accompanying growth in FOXP3 ex-
pression, indicating the lack of full regulatory competences 
for which the latter molecule is necessary. In general, the 
results of this transcriptomic analysis might point towards 
a reduction in CD4+ NK cells and activation of compensa-
tory production of interferons and IL-18.

CD8+ cells (cytotoxic T lymphocytes)

Evidence on CD8+ cell prevalence in smokers is incon-
sistent. Most studies report increased frequency of CD8+ 
T lymphocytes and their activation upon exposure to cig-
arette smoke [39, 40]. Both Nadigel et al. [41] and Qiu 
et al. [39] described a higher percentage of activated and 
cytotoxic CD8+ T cells in the peripheral blood of smokers 
compared to non-smoking individuals. Conversely, Elisia 
et al. [42, 43] found no smoking-related increase in the 
number of CD8+ T cell subsets. Our analysis identified 
a number of genes that exhibit elevated expression in cy-
totoxic T cells from smokers. 

The top correlation was found for LRRN3. The data 
also revealed that in smokers CD8+ cells more strongly 
expressed MMP25 (matrix metallopeptidase 25), RCBTB2 
(RCC1 and BTB domain-containing protein 2), and LSR 
(lipolysis stimulated lipoprotein receptor). Metalloprotein-
ases modulate chemokine activity, thus controlling various 
aspects of the immune response to inflammation [44]. Spe-
cifically, MMP25 can impede the activity of α-1-antitryp-

sin inhibitor, potentially contributing to the destruction of 
lung parenchyma.

In the present study, we also identified several neg-
ative correlates not previously associated with smoking:  
CLEC4A (C-type lectin domain family 4 member A), 
LILRA5 (leukocyte immunoglobulin-like receptor A5), 
UBE2E2 (ubiquitin-conjugating enzyme E2 E2), and ND-
FIP2 (Nedd4 family interacting protein 2). Clec4A4 can 
bind antigens and participates in TLR-mediated activation 
of CD8α− dendritic cells, which induce a CD8+ T cell cy-
totoxic response under inflammatory conditions [45-47]. 
Of note, this might be related to RUNX3, the dysregulation 
of which in CD8+ cells (via DNA hypermethylation) also 
contributes to inflammatory diseases [48].

The molecular roles of LRRN3 are underexplored. Be-
cause of the strength of effect it may be hypothesized that 
LRRN3 is directly affected by smoking and that its overex-
pression brings about some of the final effects of smoking 
on lymphocytes. Querying the R2 platform (Amsterdam 
Medical Center) for correlates of LRRN3 in a whole blood 
transcriptomic dataset from trauma patients reveals that the 
strongest correlate is lymphocyte enhancer-binding factor 
LEF1 (R = 0.865, p = 1.45 × 10-52) and that some of the 
top negative correlates include IL-8 receptor and neutrophil 
chemoattractant CXCR1, along with IL10RB, STAT3, and 
transcription factors CEBPD, and NFE2 [49]. This would 
suggest that LRRN3 is related to T cell function, but more 
research is needed on this gene, which so strikingly relates 
to smoking.

In CD8+ cells smoking was associated with exhaustion, 
but in this study the smoking-related expression profile did 
not fit the exhaustion signatures [50]. We have also not 
found any similarity between the exhaustion signature pre-
sented by Biasci et al. to prognosticate the course of IBD 
and the smoking-related differences in gene expression 
in CD8+ cells [51]. Although the observed transcriptomic 
characteristics of smokers’ CD8+ cells do not readily fit 
a functional interpretation, future research may focus on 
the impact of smoking on CD8+ cell integrins and C-type 
lectins.

CD14+ cells (monocytes, macrophages)

We found that in C14+ cells tobacco smoking was most 
strongly associated with the expression of FPR3 (formyl 
peptide receptor 3), which recognizes N-formylmethionine 
peptides from Enterobacteriaceae [52]. Smokers present 
decreased prevalence of Enterobacteriaceae in the cecum 
[53]. Cigarette smoke generates damage-associated mol-
ecules, which interact with pattern recognition receptors 
upon tissue stress. Damage-associated molecular patterns 
activate cellular components of innate immunity, such as 
macrophages [40]. Increased FPR3 could also be explained 
by factors other than microbiota: formyl methionyl leucyl 
phenylalanine is increased in smokers and leads to an in-
crease of formyl methionyl leucyl phenylalanine receptors 
on neutrophils [54]. However, in CD15+ cells in this study 
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the expression of FPR genes was not increased in smokers 
(nor were any other transcriptomic changes found). 

Other genes strongly overexpressed in CD14+ cells of 
smokers included TUBGCP5 (tubulin gamma complex as-
sociated protein 5), SASH1 (SAM and SH3 domain contain-
ing 1), CLEC10A (C-type lectin domain containing 10A, 
ADAMDEC1 (ADAM like decysin 1), RGL1 (Ral guanine 
nucleotide dissociation stimulator like 1), PID1 (phosphoty-
rosine interaction domain containing 1), and LMNA (lamin 
A/C). Notably, SASH1 strengthens signal transduction of 
the TLR4-NFKB axis. Changes regarding C-type lectins 
in CD14+ and CD8+ cells may have potential implications 
for ulcerative colitis [55]. Finally, increased expression of 
LDLR in CD14+ cells from smokers might suggest mecha-
nisms behind smoking-induced atherosclerosis. 

These findings are consistent with previous smoking-re-
lated gene studies, which reported upregulation of SASH1, 
PID1, and MMP25 in peripheral blood monocytes in the 
MESA study and in another study of smoking in patients 
infected with human immunodeficiency virus [4, 56, 57]. 
SEMA6B, which was significant in the MESA study, was 
not replicated with expression profile-wide statistical cor-
rection in CD14+ cells, and P2RY6 was filtered out at the 
quality check stage. MMP25 was not found to be associated 
with smoking in the meta-analysis by Huan et al. [11], 
possibly because this cell-specific signal from monocytes 
and CD8+ cells proved too weak relative to neutrophils.

CD15+ cells (granulocytes, including neutrophils)

Smoking affects the number of peripheral neutrophils, 
with smokers having a higher count of circulating gran-
ulocytes compared to non-smokers [58, 59]. Studies by 
You et al. [5] and Su et al. [6] describe hypomethylation 
of several neutrophil-related genes. To further explore 
the influence of smoking, we analyzed gene expression 
in CD15+ cells of smoking- and non-smoking individu-
als. Gene expression did not differ depending on the re-
ported tobacco smoke exposure. Supplementary random 
forest analysis suggested possible involvement of SNX24 
and TPM2, which play a role in neutrophil biology [60]. 
Although we know of no studies focusing specifically on 
CD15+ transcriptomes in the context of tobacco smoking, 
whole-blood analyses must have been powerful enough to 
detect any neutrophil-specific signals. Nevertheless, out 
of the genes known to be associated with smoking, those 
most strongly associated are shown by multiple lines of 
evidence to be differentially expressed in other types of 
cells. In summary, few expression characteristics in CD15+ 
were linked to smoking in the current study.

CD19+ cells (B lymphocytes)

Chronic exposure to tobacco smoke increases the pool 
of circulating CD19+ B cells and the abundance of the 
class-switched memory B subset [61, 62]. In this work, 

we explored transcriptomic characteristics specific for the 
CD19 marker and smoking status. The strongest positive 
correlates included ATF5 (activating transcription factor 5), 
which is a cyclic AMP-dependent transcription factor, and 
MGAT3 (β-1,4-mannosyl-glycoprotein 4-β-N-acetylglu-
cosaminyltransferase). ATF5 potentially regulates the cell 
cycle in a CDC34-related manner [63]. Smokers present 
higher expression of CDC34 compared to non-smoking in-
dividuals [63]. In the context of IBD, it may be interesting 
that ATF5 has the potential to mediate the effects of IL-1β 
on CEB/P proteins, which are also transcription factors.

Epigenome-wide association studies of smoking-re-
lated methylation changes highlighted sites not only 
within AHRR (aryl-hydrocarbon receptor repressor), but 
MGAT3 as well [64]. MGAT3 may impact IgG N-glyco-
sylation [65] and the methylation pattern of MGAT3 loci 
in CD19+ B lymphocytes also distinguishes forms of IBD 
[66]. MGAT3 expression can be stimulated by cadherin 
E and may lead to increased formation of N-glycans [67]. 
Therefore, the results obtained in CD19+ cells may suggest  
involvement of the stress response and glycosylation in  
the response to smoking.

Results and autoimmune diseases

Genes associated with smoking in the current study are 
not only related to immune pathways, but some of them  
are also known to be involved in autoimmune and inflam-
matory diseases. This can be demonstrated using a set 
of examples from the main results: KLRB1, IRF1 and  
IL18RAP (CD4+), KYNU, CLEC4A and ITGB7 (CD8+). 
Variants in KLRB1 were associated with its greater ex-
pression in multiple sclerosis, and KLRB1 expression was 
reduced following treatment with interferon β [68], poten-
tially revealing the impact on NK cells. Variants in IRF1 
may predispose not only to IBD, but also to systemic scle-
rosis [69]; signatures of IRF1 activity can be found in the 
IBD transcriptome [13]. IL18RAP genetics were associated 
with IBD, celiac disease, eosinophilia, atopy, and autoim-
mune thyroid disease; moreover, whole blood IL18RAP 
expression was associated with the course of rheumatoid 
arthritis [70]. Of note, IL18RAP lies close to genes en-
coding IL1 receptors. KYNU (kynureninase) takes part in 
tryptophan metabolism and may have pro-inflammatory 
effects in psoriasis, atopic dermatitis and Crohn’s disease 
[71]. Higher CLEC4A expression was associated with the 
response to abatacept in rheumatoid arthritis [72]. Finally, 
ITGB7 encodes part of integrin α

4
β

7
, which plays a key 

role in IBD and is targeted by vedolizumab. Understanding 
whether any of these genes plays a special role in trigger-
ing disease or just belongs to more or less important actors 
of inflammation remains a current research challenge. This 
discussion cannot cover all the potential clinical links, in-
cluding chiefly non-autoimmune conditions, such as pre-
mature aging (LMNA), brain diseases (ALDH1A, GFRA2), 
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atherosclerosis (LDLR), dyschromatosis (SASH1) and fu-
cosidase deficiency (FUCA1).

Generalization and limitations

Our study reanalyzed a cohort from the CEDAR data-
set by Momozawa et al., who recruited patients within 
a colon screening program and focused on IBD-related 
expression quantitative trait loci. The abundance of im-
mune cells was not investigated. Furthermore, interpre-
tation of immune cell markers in our study is unsophis-
ticated to avoid further complicating the results: it must 
be remembered that immunomagnetic separation does 
not yield entirely pure populations, and that expression of 
CD4+, CD8+, CD14+, CD15+ and CD19+ markers is not 
completely specific for the discussed cell populations; e.g., 
CD4+ can be expressed by natural killer cells, CD8+ can 
be found on dendritic cells, and CD19+ is also expressed 
on plasmocytes. The interpretation must therefore be cau-
tious. This study does not address epigenetic changes such 
as DNA methylation, potentially underlying gene expres-
sion, and protein expression levels or activity, though gene 
expression and protein abundance often do not correlate. 
With regard to machine learning techniques, it should be 
considered that they focus on selection of uncorrelated 
markers with the highest discriminative value. Therefore, 
they select one of the expression probes from a group of 
highly correlated markers, effectively making it the sole 
representant of a co-expression module. Because only Eu-
ropeans were included in the study by Momozawa et al., 
the results cannot be generalized to the global popula-
tion, and extrapolation to patients with IBD is uncertain. 
At recruitment vaping was rare and therefore the conclu-
sions from the study also cannot be extended to users of 
e-cigarettes. Moreover, no details on cumulative smoking 
exposure, past smoking status or passive smoking were 
available. Although we found that gender and BMI are 
not confounders of smoking-related cellular phenotype, 
we may not exclude other confounding factors. The use of 
CIBERSORTx in this study is different from the tool’s in-
tended aim and therefore the interpretation of the obtained 
results was especially cautious. Because of insufficient 
data in the literature, in the interpretation of the present 
findings we make use of information derived from vari-
ous models and sources. These limitations are balanced 
by a large population and complete expression profiling 
of immunomagnetically separated cells, which provided 
unique insight into smoking-related transcriptomic changes 
in the principal immune cell types.

Conclusions
This study highlights several immune cell-specific cor-

relates of smoking. LRRN3 overexpression, a transcriptom-
ic hallmark of smoking, is driven by CD4+ and CD8+ cells. 

On the other hand, macrophages and to some extent CD8+ 
cells of smokers overexpress MMP25, another gene associ-
ated with smoking in multiple studies. C-type lectin family 
members’ expression is differentially affected by smoking 
in CD8+ and CD14+ cells. The most consistent ontology 
terms associated with smoking included immunity path-
ways, many of which are related to interferons.

In conclusion, smoking alters vital immune regu-
lation genes in lymphocyte subtypes, especially CD8+ 
cells. Further research is needed to understand the role of 
cell-specific responses to smoking in autoimmune diseas-
es, possibly by examining CD4+, CD8+ and CD14+ cell 
subpopulations via single-cell sequencing.

Funding
JW received funding from the Polish National Science 

Center (2017/25/B/NZ5/02783). ATA was funded by EU 
FP7 grant IBD-Character (2858546).

JKN reports personal fees from Norsa Pharma, grant 
support from Biocodex Microbiota Foundation and non-fi-
nancial support from Nutricia outside the submitted work. 
ED and ATA report no conflict of interest. JW reports per-
sonal fees and non-financial support from Biocodex, BGP 
Products, Chiesi, Hipp, Humana, Mead Johnson Nutrition, 
Merck Sharp & Dohme, Nestle, Norsa Pharma, Nutricia, 
Roche, Sequoia Pharmaceuticals, and Vitis Pharma, out-
side the submitted work, and also grants, personal fees and 
non-financial support from Nutricia Research Foundation 
Poland, also outside the submitted work.

The supplementary tables are available at https://doi.
org/10.5281/zenodo.7245263 (Zenodo repository).

References
1. 	Piovani D, Danese S, Peyrin-Biroulet L, et al. (2019): Envi-

ronmental risk factors for inflammatory bowel diseases: an 
umbrella review of meta-analyses. Gastroenterology 157: 
647-659.e4.

2. 	Ingram JR, Thomas GAO, Rhodes J, et al. (2005): A random-
ized trial of nicotine enemas for active ulcerative colitis. Clin 
Gastroenterol Hepatol 3: 1107-1114.

3. 	Naganuma M, Sugimoto S, Mitsuyama K, et al. (2018):  
Efficacy of indigo naturalis in a multicenter randomized con-
trolled trial of patients with ulcerative colitis. Gastroenterol-
ogy 154: 935-947.

4. 	Reynolds LM, Lohman K, Pittman GS, et al. (2017): Tobac-
co exposure-related alterations in DNA methylation and gene 
expression in human monocytes: the multi-ethnic study of 
atherosclerosis (MESA). Epigenetics 12: 1092-1100.

5. 	You C, Wu S, Zheng SC, et al. (2020): A cell-type decon-
volution meta-analysis of whole blood EWAS reveals lin-
eage-specific smoking-associated DNA methylation changes. 
Nat Commun 11: 1-13.

6. 	Su D, Wang X, Campbell MR, et al. (2016): Distinct epigen-
etic effects of tobacco smoking in whole blood and among 
leukocyte subtypes. PLoS One 11: e0166486.



Central European Journal of Immunology 2022; 47(3)

Jan Krzysztof Nowak et al.

258

7. 	Bauer M, Linsel G, Fink B, et al. (2015): A varying T cell 
subtype explains apparent tobacco smoking induced single 
CpG hypomethylation in whole blood. Clin Epigenetics 7: 81.

8. 	Bauer M, Hackermüller J, Schor J, et al. (2019): Specific 
induction of the unique GPR15 expression in heterogeneous 
blood lymphocytes by tobacco smoking. Biomarkers 24:  
217-224.

9. 	Tsaprouni LG, Yang TP, Bell J, et al. (2014): Cigarette 
smoking reduces DNA methylation levels at multiple genom-
ic loci but the effect is partially reversible upon cessation.  
Epigenetics 9: 1382-1396.

10. 	Paul S, Amundson SA (2014): Differential effect of active 
smoking on gene expression in male and female smokers.  
J Carcinog Mutagen 5: 1000198.

11. 	Huan T, Joehanes R, Schurmann C, et al. (2016): A whole-blood 
transcriptome meta-analysis identifies gene expression signa-
tures of cigarette smoking. Hum Mol Genet 25: 4611-4623.

12. 	Bauer M, Fink B, Thürmann L, et al. (2015): Tobacco smok-
ing differently influences cell types of the innate and adaptive 
immune system-indications from CpG site methylation. Clin 
Epigenetics 7: 83.

13. 	Nowak JK, Adams AT, Kalla R, et al. (2022): Characteri-
zation of the circulating transcriptomic landscape in inflam-
matory bowel disease provides evidence for dysregulation of 
multiple transcription factors including NFE2, SPI1, CEBPB, 
and IRF2. J Crohns Colitis 16: 1255-1268.

14. 	Xiong L, Dean JW, Fu Z, et al. (2020): Ahr-Foxp3-RORγt 
axis controls gut homing of CD4+ T cells by regulating 
GPR15. Sci Immunol 5: eaaz7277.

15. 	Arimilli S, Madahian B, Chen P, et al. (2017): Gene expres-
sion profiles associated with cigarette smoking and moist 
snuff consumption. BMC Genomics 18: 156.

16. 	Bauer M (2018): Cell-type-specific disturbance of DNA 
methylation pattern: a chance to get more benefit from and to 
minimize cohorts for epigenome-wide association studies. Int  
J Epidemiol 47: 917-927.

17. 	Duclos GE, Teixeira VH, Autissier P, et al. (2019): Charac-
terizing smoking-induced transcriptional heterogeneity in the 
human bronchial epithelium at single-cell resolution. Sci Adv 
5: eaaw3413.

18. 	Goldfarbmuren KC, Jackson ND, Sajuthi SP, et al. (2020): 
Dissecting the cellular specificity of smoking effects and re-
constructing lineages in the human airway epithelium. Nat 
Commun 11: 2485.

19. 	Momozawa Y, Dmitrieva J, Théâtre E, et al. (2018): IBD risk 
loci are enriched in multigenic regulatory modules encom-
passing putative causative genes. Nat Commun 9: 1-18.

20. 	Baba T, Ishizu A, Iwasaki S, et al. (2006): CD4+/CD8+ mac-
rophages infiltrating at inflammatory sites: a population of 
monocytes/macrophages with a cytotoxic phenotype. Blood 
107: 2004-2012.

21. 	Abi Abdallah DS, Egan CE, Butcher BA, Denkers EY (2011): 
Mouse neutrophils are professional antigen-presenting cells 
programmed to instruct Th1 and Th17 T-cell differentiation. 
Int Immunol 23: 317-326.

22. 	Nakata A, Takahashi M, Irie M, et al. (2007): Relationship 
between cumulative effects of smoking and memory CD4+ T 
lymphocyte subpopulations. Addict Behav 32: 1526-1531.

23. 	Tejero JD, Armand NC, Finn CM, et al. (2018): Cigarette 
smoke extract acts directly on CD4 T cells to enhance Th1 
polarization and reduce memory potential. Cell Immunol 331: 
121-129.

24. 	Chen BB, Glasser JR, Coon TA, Mallampalli RK (2013: 
Skp-Cullin-F box E3 ligase component FBXL2 ubiquiti-
nates aurora B to inhibit tumorigenesis. Cell Death Dis 4: 
e759-e759.

25. Couto PP, Bastos-Rodrigues L, Schayek H, et al. (2017): 
Spectrum of germline mutations in smokers and non-smok-
ers in Brazilian non-small-cell lung cancer (NSCLC) patients. 
Carcinogenesis 38: 1112-1118.

26. Baiju N, Sandanger TM, Saetrom P, Nost TH (2021): Gene 
expression in blood reflects smoking exposure among 
cancer-free women in the Norwegian women and cancer 
(NOWAC) postgenome cohort. Sci Rep 11: 680.

27. 	Maas SCE, Mens MMJ, Kühnel B, et al. (2020): Smoking- 
related changes in DNA methylation and gene expression are as-
sociated with cardio-metabolic traits. Clin Epigenetics 12: 157.

28. 	Crawford JM (2008): The origins of bladder cancer. Lab In-
vest 88: 686-693.

29. 	Rybaczyk L, Rozmiarek A, Circle K, et al. (2009): New bioin-
formatics approach to analyze gene expressions and signaling 
pathways reveals unique purine gene dysregulation profiles 
that distinguish between CD and UC. Inflamm Bowel Dis 15: 
971-984.

30. 	Rebuli ME, Glista-Baker E, Hoffman JR, et al. (2021): Elec-
tronic-cigarette use alters nasal mucosal immune response to 
live-attenuated influenza virus. a clinical trial. Am J Respir 
Cell Mol Biol 64: 126-137.

31. 	Truong KL, Schlickeiser S, Vogt K, et al. (2019): Killer-like 
receptors and GPR56 progressive expression defines cytokine 
production of human CD4+ memory T cells. Nat Commun 
10: 2263.

32. 	Bernstein HB, Plasterer MC, Schiff SE, et al. (2006): CD4 
expression on activated NK cells: ligation of CD4 induces 
cytokine expression and cell migration. J Immunol 177: 3669-
3676.

33. 	Harrison OJ, Srinivasan N, Pott J, et al. (2015): Epithelial- 
derived IL-18 regulates Th17 cell differentiation and Foxp3+ 
treg cell function in the intestine. Mucosal Immunol 8: 1226-
1236.

34. 	Ponasenko AV, Tsepokina AV, Khutornaya MV, et al. 
(2022): IL18-family genes polymorphism is associated with 
the risk of myocardial infarction and IL18 concentration in 
patients with coronary artery disease. Immunol Invest 51: 
802-816.

35. 	Takahashi HK, Iwagaki H, Hamano R, et al. (2006): Α7 nico-
tinic acetylcholine receptor stimulation inhibits lipopolysac-
charide-induced interleukin-18 and -12 production in mono-
cytes. J Pharmacol Sci 102: 143-146.

36. 	Grisoni ML, Proust C, Alanne M, et al. (2008): Haplotypic 
analysis of tag SNPs of the interleukin-18 gene in relation 
to cardiovascular disease events: the MORGAM project. Eur  
J Hum Genet 16: 1512-1520.

37. 	Dhillon NK, Murphy WJ, Filla MB, et al. (2009): Down mod-
ulation of IFN-gamma signaling in alveolar macrophages iso-
lated from smokers. Toxicol Appl Pharmacol 237: 22-28.

38. 	Liang Y, Shen Y, Kuang L, et al. (2018): Cigarette smoke ex-
posure promotes differentiation of CD4+ T cells toward Th17 
cells by CD40-CD40L costimulatory pathway in mice. Int  
J Chron Obstruct Pulmon Dis 13: 959-968.

39. 	Qiu F, Liang CL, Liu H, et al. (2016): Impacts of cigarette 
smoking on immune responsiveness: up and down or upside 
down? Oncotarget 8: 268-284.



Central European Journal of Immunology 2022; 47(3)

Immune cell-specific smoking-related expression characteristics are revealed by re-analysis of transcriptomes from the CEDAR cohort  

259

40. 	Brusselle GG, Joos GF, Bracke KR (2011): New insights into 
the immunology of chronic obstructive pulmonary disease. 
Lancet 378: 1015-1026.

41. 	Nadigel J, Préfontaine D, Baglole CJ, et al. (2011): Cigarette 
smoke increases TLR4 and TLR9 expression and induces cy-
tokine production from CD8(+) T cells in chronic obstructive 
pulmonary disease. Respir Res 12: 149.

42. 	Elisia I, Lam V, Cho B, et al. (2020): Exploratory examina-
tion of inflammation state, immune response and blood cell 
composition in a human obese cohort to identify potential 
markers predicting cancer risk. PLoS One 15: e0228633.

43. 	Elisia I, Lam V, Cho B, et al. (2020): The effect of smoking 
on chronic inflammation, immune function and blood cell 
composition. Sci Rep 10: 194480.

44. 	Parks WC, Wilson CL, López-Boado YS (2004): Matrix 
metalloproteinases as modulators of inflammation and innate 
immunity. Nat Rev Immunol 4: 617-629.

45. 	Uto T, Fukaya T, Takagi H, et al. (2016): Clec4A4 is a reg-
ulatory receptor for dendritic cells that impairs inflammation 
and T-cell immunity. Nat Commun 7: 11273.

46. 	Schlecht G, Leclerc C, Dadaglio G (2001): Induction of CTL 
and nonpolarized Th cell responses by CD8alpha(+) and 
CD8alpha(-) dendritic cells. J Immunol 167: 4215-4221.

47. 	Maldonado-López R, De Smedt T, Pajak B, et al. (1999): Role 
of CD8alpha+ and CD8alpha- dendritic cells in the induc-
tion of primary immune responses in vivo. J Leukoc Biol 66:  
242-246.

48. 	Dybska E, Adams AT, Duclaux-Loras R, et al. (2021): Wait-
ing in the wings: RUNX3 reveals hidden depths of immune 
regulation with potential implications for inflammatory bowel 
disease. Scand J Immunol 93: e13025.

49. 	Warren HS, Elson CM, Hayden DL, et al. (2009): A genomic 
score prognostic of outcome in trauma patients. Mol Med 15: 
220-227.

50. 	Wasén C, Turkkila M, Bossios A, et al. (2017): Smoking ac-
tivates cytotoxic CD8+ T cells and causes survivin release in 
rheumatoid arthritis. J Autoimmun 78: 101-110.

51. 	Biasci D, Lee JC, Noor NM, et al. (2019): A blood-based 
prognostic biomarker in IBD. Gut 68: 1386-1395.

52. 	Bufe B, Teuchert Y, Schmid A, et al. (2019): Bacterial MgrB 
peptide activates chemoreceptor Fpr3 in mouse accessory ol-
factory system and drives avoidance behaviour. Nat Commun 
10: 1-16.

53. 	Wang H, Zhao JX, Hu N, et al. (2012): Side-stream smoking 
reduces intestinal inflammation and increases expression of 
tight junction proteins. World J Gastroenterol 18: 2180-2187.

54. 	Matheson M, Rynell AC, McClean M, Berend N (2003): Cig-
arette smoking increases neutrophil formyl methionyl leucyl 
phenylalanine receptor numbers. Chest 123: 1642-1646.

55. 	Li TH, Liu L, Hou YY, et al. (2019): C-type lectin recep-
tor-mediated immune recognition and response of the micro-
biota in the gut. Gastroenterol Rep (Oxf) 7: 312-321.

56. 	Lorenz DR, Misra V, Gabuzda D (2019): Transcriptomic 
analysis of monocytes from HIV-positive men on antiretrovi-
ral therapy reveals effects of tobacco smoking on interferon 
and stress response systems associated with depressive symp-
toms. Hum Genomics 13: 59.

57. 	Verdugo RA, Zeller T, Rotival M, et al. (2013): Graphical 
modeling of gene expression in monocytes suggests molecular 
mechanisms explaining increased atherosclerosis in smokers. 
PLoS One 8: e50888.

58. 	Tyagi A, Sharma S, Wu K, et al. (2021): Nicotine promotes 
breast cancer metastasis by stimulating N2 neutrophils and 

generating pre-metastatic niche in lung. Nat Commun 12: 
1-18.

59. 	Andreoli C, Bassi A, Gregg EO, et al. (2015): Effects of ciga-
rette smoking on circulating leukocytes and plasma cytokines 
in monozygotic twins. Clin Chem Lab Med 53: 57-64.

60. 	Chen MH, Raffield LM, Mousas A, et al. (2020): Trans-ethnic 
and ancestry-specific blood-cell genetics in 746,667 individu-
als from 5 global populations. Cell 182: 1198-1213.e14.

61. 	Burchiel SW, Lauer FT, Factor-Litvak P, et al. (2019): An 
increase in circulating B cells and B cell activation markers 
in peripheral blood is associated with cigarette smoking in 
a male cohort in Bangladesh. Toxicol Appl Pharmacol 384: 
114783.

62. 	Brandsma CA, Kerstjens HAM, van Geffen WH, et al. 
(2012): Differential switching to IgG and IgA in active smok-
ing COPD patients and healthy controls. Eur Respir J 40:  
313-321.

63. 	Zhao XC, Wang GZ, Wen ZS, et al. (2020): Systematic iden-
tification of CDC34 that functions to stabilize EGFR and pro-
mote lung carcinogenesis. EBioMedicine 53: 102689.

64. 	Barcelona V, Huang Y, Brown K, et al. (2019): Novel DNA 
methylation sites associated with cigarette smoking among 
African Americans. Epigenetics 14: 383-391.

65. 	Shen X, Klarić L, Sharapov S, et al. (2017): Multivariate 
discovery and replication of five novel loci associated with 
immunoglobulin G N-glycosylation. Nat Commun 8: 447.

66. 	Klasić M, Markulin D, Vojta A, et al. (2018): Promoter meth-
ylation of the MGAT3 and BACH2 genes correlates with the 
composition of the immunoglobulin G glycome in inflamma-
tory bowel disease. Clin Epigenetics 10: 75.

67. 	Pinho SS, Reis CA, Paredes J, et al. (2009): The role of 
N-acetylglucosaminyltransferase III and V in the post-tran-
scriptional modifications of E-cadherin. Hum Mol Genet 18: 
2599-2608.

68. 	Søndergaard HB, Sellebjerg F, Hillert J, et al. (2011): Al-
terations in KLRB1 gene expression and a Scandinavian 
multiple sclerosis association study of the KLRB1 SNP 
Rs4763655. Eur J Hum Genet 19: 1100-1103.

69. 	González-Serna D, Ochoa E, López-Isac E, et al. (2020): 
A cross-disease meta-GWAS identifies four new susceptibili-
ty loci shared between systemic sclerosis and Crohn’s disease. 
Sci Rep 10: 1862.

70. 	Cherlin S, Lewis MJ, Plant D, et al. (2020): Investigation of 
genetically regulated gene expression and response to treat-
ment in rheumatoid arthritis highlights an association between 
IL18RAP expression and treatment response. Ann Rheum Dis 
79: 1446-1452.

71. 	Harden JL, Lewis SM, Lish SR, et al. (2016): The tryptophan 
metabolism enzyme L-kynureninase is a novel inflammatory 
factor in psoriasis and other inflammatory diseases. J Allergy 
Clin Immunol 137: 1830-1840.

72. 	Yokoyama-Kokuryo W, Yamazaki H, Takeuchi T, et al. 
(2020): Identification of molecules associated with response 
to abatacept in patients with rheumatoid arthritis. Arthritis Res 
Ther 22: 46.


