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Abstract
Objectives: Chronic in�ammatory diseases, including diabetes and cardiovascular disease, are
heterogeneous and often co-morbid, with increasing global prevalence. Uncontrolled type 2 diabetes
(T2D) can result in severe in�ammatory complications. As neutrophils are essential to in�ammation, we
conducted RNA-seq transcriptomic analyses to investigate the association between neutrophil gene
expression and T2D phenotype. Further, as specialized pro-resolving lipid mediators, including resolvin E1
(RvE1), can actively resolve in�ammation, we further surveyed the impact of RvE1 on isolated
neutrophils.

Methods: Cell isolation and RNA-seq analysis of neutrophils from N=11 T2D and N=7 healthy individuals
with available clinical data was conducted. Additionally, cultured neutrophils (N=3 T2D, N=3 healthy)
were perturbed with increasing RvE1 doses (0nM, 1nM, 10nM, or 100nM) prior to RNA-seq. Data was
evaluated through a bioinformatics pipeline including pathway analysis and post hoc false-discovery rate
(FDR)-correction.

Results: We observed signi�cant differential expression of 50 genes between T2D and healthy
neutrophils (p<0.05), including decreased T2D gene expression in in�ammatory- and lipid-related genes
SLC9A4, NECTIN2 and PLPP3 (p<0.003). RvE1 treatment induced dose-dependent differential gene
expression (uncorrected p<0.05) across groups, including 59 healthy and 216 T2D neutrophil genes.
Comparing T2D to healthy neutrophils, 1097 genes were differentially expressed across RvE1 doses,
including two signi�cant genes, LILRB5 and AKR1C1, involved in in�ammation (p<0.05). 

Conclusions: In�ammatory- and lipid-related genes were differentially expressed between T2D and
healthy neutrophils, and RvE1 dose-dependently modi�ed gene expression in both groups. Unraveling the
mechanisms regulating abnormalities in diabetic neutrophil responses could lead to better diagnostics
and therapeutics targeting in�ammation and in�ammation resolution.

Background
The increasing global prevalence of chronic in�ammatory diseases, such as diabetes, is of critical
concern to human health. The global prevalence of diagnosed adult diabetes was ~415 million in 2015,
and is estimated to rise to ~642 million by 2040 (1). Type 2 diabetes (T2D) is modulated by defective
metabolic and immune responses and can lead to in�ammatory complications, including kidney, nerve,
cardiovascular, eye, and periodontal diseases (2), with up to 60% of diabetic individuals having moderate
to severe periodontitis (3). Nevertheless, the endogenous pathways that trigger and sustain unresolved
low-grade in�ammation in T2D are not completely understood. While acute in�ammation is a protective
immune response, chronic in�ammatory diseases result from uncontrolled in�ammation and failure of
immune cells to restore homeostasis. In particular, the critical role of neutrophils in both the initiation and
resolution of in�ammation has become apparent, with neutrophil abnormalities a common link across
chronic in�ammatory diseases, including diabetes (4–8). Such neutrophil abnormalities in chronic,
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unresolved in�ammation include impaired neutrophil adhesion, migration, chemotaxis, cytokine
signaling, and phagocytosis, as well as increased neutrophil in�ltration, oxidative stress and
degranulation (4,5,9). Appropriate resolution of in�ammation programs aim to restore tissue homeostasis
following acute in�ammation and neutrophil migration (5,10). This active process involves key
endogenous lipid ligand mediators, such as the specialized pro-resolving mediator resolvin E1 (RvE1),
which can bind and transduce agonist signals through innate immune receptors on neutrophils to resolve
in�ammation (4,11).

Despite considerable exploration in the genetics of T2D, primarily through genome-wide association
studies (GWAS), and the identi�cation of over 200 implicated genomic regions, to date there has been
limited ability to translate genetic information into clinically actionable subtypes of this highly
heterogeneous condition (12,13). Further, identi�ed genomic variants tend to have very small effect sizes
and these genetic studies have been heavily biased by inclusion of primarily European populations. While
genetics unequivocally plays an important role in T2D, with heritability estimates ranging from a low of
25% to a large twin cohort that estimated 72% heritability (14), the role of gene expression has been less
studied, particularly in the context of disease-relevant cell types. Indeed, as T2D is associated with both
increased adipose tissue and circulating in�ammatory mediators, which induce insulin resistance and
develop a state of chronic and unresolved in�ammation (15), a global survey of transcriptomics provides
an unbiased method to investigate functional mechanisms of T2D. Non-targeted, unbiased
transcriptomics thus has the potential to elucidate novel mechanisms important for disease biomarkers
and drug e�cacy, especially by revealing unknown pathways of myeloid immune cells and providing
dynamic molecular information important to understanding neutrophil heterogeneity in disease.

As neutrophils are essential to both initiation and resolution of in�ammation and their gene expression in
diabetes has not been previously studied, we conducted RNA sequencing (RNA-seq) transcriptomic
analyses to investigate gene expression in human neutrophils from T2D and healthy subjects. In this
study, we found that T2D individuals had higher blood glucose and more advanced periodontal disease
compared to healthy individuals, consistent with worsening overall systemic health. When we
investigated global neutrophil gene expression, we observed signi�cant downregulation of several
in�ammatory- or lipid metabolism-related genes in T2D neutrophils. We further conducted a perturbation
study to investigate the impact of exogenous RvE1 treatment on T2D and healthy neutrophil gene
expression and the in�ammatory cytokine signaling response. Our results demonstrate distinct trends in
gene expression and cytokine level differences between T2D and healthy neutrophils that was modi�ed
by RvE1 treatment. To our knowledge, this study represents the �rst investigation into global neutrophil
transcriptomics in type 2 diabetes.

Results
Clinical Characteristics of Study Subjects
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Our study population (including both the main transcriptomics and cell culture perturbation analyses)
consisted of 13 T2D cases and 8 healthy controls with clinical and demographic information on: age,
gender, self-reported ethnicity, self-reported smoking status, body-mass index (BMI), blood total
cholesterol, blood glucose, percent hemoglobin A1C (HbA1c), periodontal condition, neutrophil cell
counts, and monocyte cell counts (Table 1). The T2D individuals in the cohort had higher blood glucose
and more advanced periodontal disease compared to healthy individuals. Diabetes diagnosis was
con�rmed by elevated blood glucose and HbA1c levels, with blood glucose > 126 mg/dl and HbA1c > 6.5
% indicating diabetes, consistent with clinical criteria and the literature (16); HbA1c was not measured for
healthy control individuals in this cohort. T2D individuals tended to have higher cholesterol, BMI,
neutrophil counts, and monocyte counts, but these factors did not reach statistical signi�cance, while
T2D individuals were signi�cantly older than healthy individuals (p=0.007).

 

Global Gene Expression Levels of Neutrophils in Health and Disease

We observed statistically signi�cant differential expression of 50 genes (FDR-corrected p<0.05, Figure 1A,
Table 2, Supplementary Fig. S1) between T2D and healthy neutrophils. Differentially expressed genes
were primarily in�ammatory- or lipid-associated and were almost universally downregulated in T2D
individuals relative to healthy individuals, with the exception of GTSCR1 (Gilles de la Tourette syndrome
chromosome region, candidate 1), a non-coding RNA gene that was upregulated in T2D neutrophils.

The top 3 differentially expressed genes were downregulated in T2D neutrophils (Figure 1B):
in�ammatory signaling gene SLC9A4 (solute carrier family 9 member A4; log(FC)=-5.42, FDR-corrected
p=0.001), immune regulating gene NECTIN2 (nectin cell adhesion molecule 2; log(FC)=-3.77, FDR-
corrected p=0.002), and anti-in�ammatory gene PLPP3 (phospholipid phosphatase 3; log(FC)=-5.37, FDR-
corrected p=0.002); while only GTSCR1 was upregulated in T2D neutrophils (log(FC)=3.71, FDR-corrected
p=0.02, Figure 1B).

Of the signi�cant differentially expressed neutrophil genes, 34% (17/50) had known immune or
in�ammation related roles, with 24% (12/50) of genes linked to lipid or glucose metabolism (Table 2). In
addition to NECTIN2 and PLPP3, 15 other annotated immune or in�ammation associated genes had
signi�cantly lower gene expression in T2D neutrophils (Table 2), while KCNH4, GNPDA1, TLCD2, VEGFA,
MFSD2A, PNPLA1, GPR4, and LPCAT1 showed lower expression in T2D neutrophils and had previously
been linked to lipid or glucose metabolism. Indeed, several signi�cant differentially expressed genes,
including PLPP3, SPHK1, ABCG1, and PTGES, have previously been indicated to have both lipid- and
in�ammatory-related roles.

This interaction between lipid and in�ammatory pathways was further evident when we investigated
neutrophil gene expression by biological pathways and observed that most of the signi�cant biological
pathways were lipid-related, despite the abundance of immune- and in�ammatory-related genes among
our signi�cant results (Table 3, Supplementary Figs. S2-S3).
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Overall, 13 pathways and 19 diseases were over-represented (uncorrected p<0.05) in our cohort by gene
expression differences. The top 5 over-represented KEGG pathways were heavily lipid-related:
sphingolipid metabolism, ether lipid metabolism, phospholipase D signaling pathway, Fc gamma R-
mediated phagocytosis, and glycerophospholipid metabolism; though only sphingolipid metabolism was
statistically signi�cant after Bonferroni or FDR correction (corrected p=0.02, Supplementary Table S1). Of
the 19 over-represented diseases, 15 remained signi�cant by FDR correction, but none remained
signi�cant after Bonferroni correction, and all 19 had only a single differentially expressed gene
represented in that particular disease pathway. The top 5 disease pathways were: citrullinemia, Paget's
disease, endometriosis, junctional epidermolysis bullosa, and avascular necrosis/osteonecrosis of
femoral head (Supplementary Table S2). Additionally, top GO biological process, molecular function, and
cellular component pathways were interrogated (17,18). Though none reached signi�cance after
Bonferroni or FDR correction, the top GO pathways also included lipid-related and plasma membrane
pathways (Table 3).

When we investigated the top KEGG and GO biological pathways (Table 3) by individual gene expression
across the top 50 genes, we observed hierarchical clustering of pathway and gene expression by groups
of individuals (Figure 2). These clusters primarily separated out diabetic and healthy individuals and
included disease heterogeneity in gene levels.

 

Neutrophil Gene Expression by Lipid Ligand Resolvin E1 Dose-Response

Because endogenous in�ammatory pathways are de�cient in chronic in�ammatory diseases like T2D, we
aimed to understand whether treating isolated neutrophils with an exogenous lipid ligand resolution
mediator, RvE1, would impact transcription phenotypes.

We conducted a perturbation experiment across a range of clinically relevant RvE1 doses (0-100nM) and
observed that, as expected, dosing of the RvE1 ligand impacted T2D neutrophils differently than healthy
neutrophils. We investigated this dose-response phenotype between three comparisons: 1) T2D
neutrophils only, 2) healthy neutrophils only, and 3) T2D vs. healthy neutrophils.

RvE1 treatment induced differential gene expression (uncorrected p<0.05) across doses (Figure 3),
including 59 genes in healthy and 216 genes in T2D neutrophils. Comparing T2D to healthy neutrophils,
1097 genes were differentially expressed across treatment doses, including two statistically signi�cant
(FDR-corrected p<0.05) in�ammatory genes, LILRB5 (leukocyte immunoglobulin like receptor B5) and
AKR1C1 (aldo-keto reductase family 1 member C1). Neutrophils from T2D subjects had a stronger
response to RvE1 treatment dose-dependently (more differentially expressed genes), particularly at the
clinically relevant dose, 100nM (11) (117 differentially expressed genes between100nM and 10nM RvE1),
showing modi�ed gene expression by RvE1 treatment. In contrast, healthy neutrophils were not as
perturbed by RvE1 dosing (few differentially expressed genes between doses), though some effect was
observed at the 10nM dose (25 differentially expressed genes between 10nM and 0nM RvE1). Treatment
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of T2D neutrophils with 100nM RvE1 resulted in a reduction in the number of differentially expressed
genes in T2D neutrophils compared to healthy neutrophils (98 genes when T2D neutrophils were treated
with 100nM RvE1 versus 169 genes without RvE1 treatment, 0nM).

An interesting observation was that, in general, the differentially expressed neutrophil genes across RvE1
doses tended to be unique to each comparison: 1) T2D, 2) healthy, or 3) T2D vs. healthy groups. Within
each comparison the genes differentially expressed remained mostly consistent across RvE1 doses.
However, the genes differentially expressed between T2D and healthy neutrophils in the cell culture
perturbation model without RvE1 treatment were generally not the same as the signi�cant differentially
expressed serum neutrophil genes observed in the main analysis, with the exception of NECTIN2, HTRA3,
and ABCG1, which were differentially expressed in both serum and cell culture. Interestingly, when we
perturbed T2D neutrophils with 100nM RvE1 and did not perturb healthy neutrophils, only HTRA3
remained strongly differentially expressed (p<0.05), while NECTIN2 and ABCG1 showed less differential
expression. Overall, there were distinct trends in neutrophil responses to RvE1 perturbation between
diabetic and healthy neutrophils in cell culture.

 

Diabetic and Healthy Neutrophil Cytokines Respond Differently to Resolvin E1 Perturbation

To con�rm that gene expression changes in�uenced neutrophil protein expression, we analyzed cytokine
production of neutrophil cell culture supernatants following the same RvE1 dose-response studies.
Results showed trends of differential in�ammatory cytokine concentrations between T2D and healthy
neutrophils and across RvE1 doses. Out of a panel of 20 human cytokines, the concentration of 8
cytokines (MIP-1α, IL-4, IL-8, MIP-1β, P-Selectin, sICAM-1, TNF-α, and IL-1α) were within the range of
quanti�cation and were included in the analysis (Figure 4, Supplementary Tables S3-S4). Without any
RvE1 perturbation there were differences in levels of these cytokines between T2D and healthy cell
cultured neutrophils, with T2D neutrophils having higher TNF-α and P-Selectin levels but lower MIP-1β, IL-
8, and sICAM-1 levels. Across all RvE1 doses, P-Selectin and sICAM-1 levels remained consistently higher,
while IL-8 levels remained lower in T2D compared to healthy neutrophils. However, at 1nM RvE1
treatment, MIP-1β levels in T2D neutrophils rose to the baseline levels of healthy neutrophils, while
healthy neutrophil levels stayed consistent. At higher RvE1 doses, including 10nM and 100nM, MIP-1β
levels rose in both T2D and healthy neutrophils; there was a stronger, dose-dependent increase among
healthy neutrophils. After treatment with 10nM or 100nM RvE1, TNF-α levels were elevated in healthy
neutrophils, reaching levels seen in T2D neutrophils; a similar effect was observed at 100nM RvE1 for P-
Selectin, though healthy levels (1511pg/mL) did not rise to fully match T2D levels (1751pg/mL). We also
observed some distinct neutrophil cytokine pro�les in individual subjects, consistent with known inter-
individual cytokine variation. The cytokine level differences did not reach statistical signi�cance at this
sample size. Overall, we observed trends of several potentially interesting differences in cytokines
between T2D and healthy neutrophils, indicating that both diabetic and healthy neutrophils may have a
distinct functional signaling response to RvE1 treatment in a dose-dependent manner.
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Discussion
We conducted the �rst study of neutrophil gene expression in the chronic in�ammatory disease type 2
diabetes. We observed differential expression between T2D and healthy neutrophils of several
in�ammatory- or lipid-associated genes, indicating the potential for distinct transcriptomic pro�les
between these groups among a key and novel immune cell type. Further, as many of the signi�cant
differentially expressed genes had direct lipid- or glucogenesis-related roles, neutrophil transcriptomics
may provide a window directly into relevant disease pathogenesis beyond their role in immune or
in�ammatory genes.

The top genes signi�cantly down-regulated in T2D neutrophils compared to healthy neutrophils tended to
be biologically relevant across in�ammatory- and lipid-associated gene pathways and included SLC9A4,
NECTIN2, and PLPP3.

SLC9A4 is a plasma membrane solute carrier protein that acts in homeostatic pH regulation and proton
transport, including to eliminate metabolism-generated acids and absorb sodium, with an important role
in signal transduction (19,20). SLC9A4 is in a genomic region with genes involved in the IL-1 receptor (IL-
1R) and IL-18 pathways (21,22). This SLC9A4/IL-1R/IL-18 locus has important roles in cytokine signaling
and in�ammatory response (21,22). The IL-18 pathway induces synthesis of the cytokine IFN- γ in T cells,
which has been shown to act in mucosal in�ammation in celiac disease (21,23). Celiac disease is a
chronic in�ammatory and autoimmune disease that shares several genetic risk loci with type 1 diabetes
(21). A celiac disease GWAS identi�ed associations with the SLC9A4/IL-1R/IL-18 locus, and a variant in
this locus further showed an allelic dosage effect that reduced IL18RAP mRNA expression in celiac
patients, indicating a direct link between this locus' genotype and biologically relevant gene expression in
a chronic in�ammatory disease (21). This reduced IL-18 cytokine expression in celiac disease is
consistent with the overall reduced expression of SLC9A4 observed among diabetic neutrophils in our
study. Another GWAS linked SLC9A4 with regulation of IL-33/ST2 (suppression of tumorigenicity 2, part
of the IL-1R family) signaling, which has previously been implicated in both immune and in�ammatory
diseases, including cardiovascular disease (22). In addition, a variant in SLC9A4 was associated with
eosinophil, though not neutrophil, cell counts in a GWAS of white blood cell subtypes utilizing subjects
from the BioBank Japan Project, further indicating a direct role for SLC9A4 in immune cell activity (24).

NECTIN2 is a cholesterol responsive, adherens junction plasma membrane glycoprotein (25,26). NECTIN2
is also involved in extravasation and angiogenesis, and may act at vascular in�ammation sites to
regulate transendothelial leukocyte migration (25,26). This study is the �rst exploration of NECTIN2
expression in neutrophils. We observed downregulation of NECTIN2 among T2D subjects, which is
consistent with a continuous cell migration phenotype. Further, we observed higher cholesterol levels
among our T2D subjects, consistent with both the role of NECTIN2 and the known propensity for high
cholesterol in diabetic patients. Previous evidence has shown that NECTIN2 also regulates immune
system responses, including modulating T cell signaling and viral pathogenesis (27). Further, NECTIN2
has shown potential associations with several diseases, including chronic in�ammatory diseases.
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PLPP3 is a plasma membrane adherens junction phospholipid phosphatase that converts phosphatidic
acid to diacylglycerol and has roles in lipid metabolism and Wnt signaling (19,28,29). The Wnt signaling
pathway is involved in a menagerie of cellular functions and development, and its dysfunction has been
linked to diseases including cancer, metabolic syndrome, diabetes, and diabetic neuropathy (30). It has
also previously been demonstrated that silencing PLPP3 in an endothelial cell line enhanced
in�ammatory cytokine secretion, leukocyte adhesion, cell survival, and migration, while its overexpression
reversed those effects and instead induced apoptosis (31). This is consistent with our observation of
reduced PLPP3 expression among T2D neutrophils, as PLPP3 normally acts in a protective role as a
negative regulator of in�ammatory cytokines and leukocyte adhesion. In addition, GWAS have previously
associated variants in PLPP3 with several chronic in�ammatory diseases, including coronary artery
disease (32–35) and eosinophilic esophagitis (36). Thus, the lipid regulatory and anti-in�ammatory roles
of PLPP3 in chronic in�ammatory diseases lend further evidence for a metabolic-immune axis in
diabetes (8).

It is worth note that our study of neutrophil transcriptomics found that most signi�cant gene expression
was downregulated in T2D neutrophils compared to healthy neutrophils. It has traditionally been thought
that gene expression in diabetic individuals would be increased, particularly among in�ammatory and
immune genes, and indeed gene expression studies of pancreatic islet cells showed increased gene
expression in diabetes (37). However, as neutrophils experience severe dysregulation in individuals with
chronic in�ammatory disease (4,5,9), we do not believe it is surprising to see a downregulation of many
key immune and in�ammatory genes. Diabetic neutrophils are known to exhibit impaired immune
responses and cell migration (4,5,9), and we observed a marked reduction in neutrophil chemotaxis in
T2D compared to healthy neutrophils (data not shown), consistent with the downregulated gene
expression observed in this study. Further, a recent study in adipose tissue showed that apolipoprotein M
expression was decreased in T2D and obese individuals compared to lean individuals (38), further
indicating a role for downregulation of genes in diabetes pathogenesis.

When we further explored neutrophil gene expression by biological pathways, we observed strong links
between lipid- and in�ammatory-associated genes and pathways, further emphasizing the role of the
metabolic-immune axis in diabetes (8). Plasma membrane cellular pathways were also over-represented,
consistent with the roles of our top differentially expressed genes. Hierarchical clustering of over-
represented and biologically relevant pathways by individual expression of signi�cant differentially
expressed genes in these pathways tended to sort individuals by disease status. However, disease
heterogeneity could be observed in the clustering, with some T2D individuals in a healthy cluster and vice
versa, indicating the potential to identify subsets of disease severity through neutrophil transcriptomics.

To investigate the functional activity of T2D and healthy neutrophils and whether diabetic neutrophil
dysregulation could be restored to a healthy, rather than diseased, phenotype, we treated cell cultured
neutrophils from T2D and healthy individuals with the small lipid ligand resolution mediator RvE1. We
observed that RvE1 dose-dependently modi�ed both T2D and healthy neutrophil gene expression in cell
culture, suggesting a tendency for RvE1 treatment to shift neutrophils toward a healthy phenotype.
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However, across treatment doses, only two genes were signi�cantly differentially expressed between T2D
and healthy neutrophils: LILRB5 and AKR1C1.

LILRB5 is an immune system gene that can bind major histocompatibility complex (MHC) class I
molecules on antigen-presenting cells, inhibiting stimulation of an immune response (39). AKR1C1
catalyzes the reaction of progesterone to its inactive form but may also regulate in�ammatory cytokine
signaling pathways (40), consistent with some altered cytokine concentrations observed in this study. As
LILRB5 and AKR1C1 remained signi�cantly differentially expressed regardless of RvE1 treatment dose,
they may re�ect molecular changes in neutrophil in�ammatory pro�les.

In general, the genes differentially expressed between untreated T2D and healthy neutrophils differed
between the human serum and cell culture models. This may be due to in vivo vs. ex vivo neutrophil
differences, inter-individual variation in neutrophil responses, as not all individuals whose neutrophils
were cultured were also included in the baseline serum neutrophil analysis, or they may represent
different genes targeting similar pathways. Indeed, when we investigated the top KEGG and GO pathways
associated with differential gene expression between T2D and healthy cell cultured neutrophils with a low
(1nM) dose of RvE1, the top pathways were primarily immune related, though there was less of a lipid
pathway role (data not shown).

Interestingly, three genes were differentially expressed in both neutrophil cell culture without RvE1
treatment and the baseline serum analysis, including NECTIN2, HTRA3, and ABCG1. Importantly,
treatment of the T2D neutrophils in cell culture with 100nM of exogenous RvE1 was able to reduce the
level of differential expression of NECTIN2 and ABCG1, suggesting a partial normalization of these
neutrophils with RvE1 treatment.

We then used cytokine pro�ling to further interrogate the functional effect of RvE1 treatment on T2D and
healthy neutrophils. We observed trends in different in cytokine pro�les between T2D and healthy
neutrophils both with and without RvE1 treatment. In general, T2D neutrophils tended to have a stronger
response to RvE1 treatment, particularly at higher, clinically relevant, RvE1 doses. Without any RvE1
treatment, we observed higher levels of pro-in�ammatory cytokines P-Selectin and TNF-α among T2D
compared to healthy neutrophils, though levels of pro-in�ammatory MIP-1β, IL-8, and sICAM-1 cytokines
were decreased in T2D neutrophils. As cytokines have complex and often overlapping roles in pro- and
anti-in�ammatory pathways, the relative contribution of each cytokine to neutrophil dysfunction in T2D
will require further investigation. We also observed differences in cytokine pro�les by subject, consistent
with known inter-individual variation (41). Our study was limited by its small sample size, which made
more detailed subgroup analysis not feasible. However, even at this sample size, this novel cell type has
shown distinct differences in transcriptomic and functional cytokine pro�ling between T2D and healthy
individuals, including following RvE1 treatment, indicating that larger follow-up studies are warranted.
Importantly, our cytokine pro�ling experiments showed that both T2D and healthy neutrophils were viable
and capable of both producing cytokines and responding to RvE1 treatment, demonstrating the
importance of concentration-based therapeutics for exogenous lipid ligands.
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Key strengths of our study include the novel exploration of a biologically relevant cell type (neutrophils) in
chronic in�ammatory diseases, investigations of both gene level transcriptomics and pathway analyses,
and the further exploration of the impact of a key molecule in in�ammation resolution (RvE1) on gene
expression and functional cytokine levels.

Overall, we showed that neutrophils may act differently in individuals with chronic in�ammatory
diseases, speci�cally diabetes, compared to healthy individuals. Further validation of proteomic
differences between diabetic and healthy individuals could elucidate important in�ammation
mechanisms and potential pathways related to resolvin treatment effects, including in subgroups of
disease with clinically relevant diabetes comorbidities, such as those with cardiovascular disease or
periodontitis. Unraveling these mechanisms of neutrophil dysregulation in chronic in�ammatory diseases
could ultimately elucidate in�ammation and resolution targets for better diagnostic and therapeutic
treatment options.

 

Materials And Methods
Study Subjects

Subject recruitment has been described previously (11). Brie�y, T2D and healthy subjects were recruited
from the patient cohorts of the Center for Clinical and Translational Research at the Forsyth Institute
under Forsyth Institute Institutional Review Board-approved protocols (Protocol #11-03 and #13-07). In
addition, all experiments were performed in accordance with the relevant human subjects ethical
guidelines and regulations. All subjects gave signed informed consent prior to study evaluations. Clinical
periodontal data and peripheral venous blood were collected. The diagnosis of T2D was made by the
subject’s primary care physician following American Association of Diabetes guidelines (16). Information
was collected on subject demographics (age, gender, self-reported ethnicity, and self-reported smoking
status), BMI (kg/m2), blood total cholesterol, blood glucose (point-of-care), percent HbA1c, and
periodontal condition (42). HbA1c was used to determine the level of glycemic control for diabetic
subjects. Neutrophil and monocyte cell counts were determined by lab assay (described below).
Individuals were excluded if they were taking insulin sensitizers, nonsteroidal anti-in�ammatory drugs, or
antimicrobials within 3 months of study initiation. For this transcriptomics study, a total of 13 T2D and 8
healthy subjects were included for analysis, all of whom were unrelated and over 18 years of age (range:
29-70 years of age). This included 11 T2D and 7 healthy subjects in the main transcriptomics analysis of
serum neutrophils, as well as 3 T2D and 3 healthy subjects whose neutrophils were cultured for
perturbation experiments (1 T2D and 2 healthy subjects were included in both the main and perturbation
analyses). All cell culture and transcriptomics analysis were performed at the Forsyth Institute. Data
analysis and cytokine experiments were completed at the J. Craig Venter Institute.
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Human Neutrophil Isolation and Cell Culture

Human neutrophils were isolated from whole blood by Ficoll-Histopaque density-gradient centrifugation
(Histopaque-1077 and Histopaque-1119; Sigma-Aldrich), as has been described previously (11). Brie�y,
neutrophils were isolated after isotonic lysis of RBCs and counted with a hemocytometer; neutrophil
viability (>95%) was assessed using trypan blue live/dead staining (43). Monocyte exclusion was
completed by plating. A separate monocyte fraction was isolated for monocyte counting. For culture
experiments, isolated neutrophils were incubated with RPMI 1640 medium (Sigma-Aldrich) supplemented
with 10% FBS (v/v) (Life Technologies) at 37°C. Wright-Giemsa staining was used to identify individual
cell types and con�rm neutrophil isolation and purity (routinely >98%) (11).

 

Resolvin Perturbation Experiments

After cell isolation, cultured neutrophils from T2D subjects (N=3) and healthy controls (N=3) were treated
with one of four doses of exogenous RvE1 (0nM, 1nM, 10nM, or 100nM) in RPMI and cultured for 1 hour
at 37°C. Following incubation, cells were spun down and divided in half for protein and RNA-seq
analyses, respectively. Cell culture supernatant was frozen at -80°C and extracted for subsequent cytokine
analyses. For the perturbation experiments, gene expression was compared between exogenous RvE1
dose-response treatments in 1) T2D neutrophils only, 2) healthy neutrophils only, and 3) T2D versus
healthy neutrophils.

 

Cytokine Analyses

Frozen (-80°C) cell culture supernatant from the perturbation experiments (N=3 T2D and N=3 healthy
subject cultured neutrophils perturbed at 0nM, 1nM, 10nM, or 100nM RvE1) was brought up to room
temperature and assayed using the Invitrogen human in�ammation 20-plex ProcartaPlex cytokine panel
(Thermo Fisher Scienti�c) on a Luminex 200 instrument (Luminex) in RPMI. The 20 assayed cytokines
were: MIP-1α, IL-1β, IL-4, IP-10, IL-6, IL-8, IL-10, IL-12p70, IL-13, IL-17A, IFN-γ, GM-CSF, TNF-α, MIP-1β, IFN-α,
MCP-1, P-Selectin, IL-1α, sICAM-1, and E-Selectin. Following manufacturer protocols, all samples were run
on a plate with 7 standards (diluted 1:4) and a control (RPMI only), with all samples, standards, and
controls run in duplicate (44).

Quality control (QC) steps were conducted according to manufacturer recommendations. Brie�y, any
standards with <70 or >130 % recovery of beads were invalidated. Samples were also checked to ensure
they had a bead count of >30 beads recovered (all samples had >100 beads recovered and none were
excluded at this step). Results were reported as average pg/mL for all measured cytokines following QC.
Values at or below the lower limit of quanti�cation (LLOQ) for each cytokine (based on the standard curve
after QC) were reported at the LLOQ (the average value of the lowest validated standards). LLOQ for the
cytokines (in pg/mL) were as follows: MIP-1α=7.18, IL-1β=8.84, IL-4=155.02, IP-10= 4.67, IL-6=29.64, IL-
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8=2.47, IL-10=8.37, IL-12p70=12.23, IL-13=5.61, IL-17A=30.68, IFN-γ=12.28, GM-CSF=231.09, TNF-α=9.74,
MIP-1β=30.76, IFN-α=2.10, MCP-1=15.01, P-Selectin=1089.78, IL-1α=2.92, sICAM-1=445.56, and E-
Selectin=2894.92.

To compare cytokine levels between groups, unpaired t-tests were used with a signi�cance threshold of
p<0.05 and no assumption of consistent standard deviation.

 

RNA Sequencing Analysis

RNA-seq was conducted identically for both the serum and cell culture neutrophil experiments. Brie�y,
RNA was trizol extracted and quanti�ed by Bioanalyzer (Agilent) to con�rm RNA-quality (RIN score cutoff
of 7.5). Library preparation was conducted using a TruSeq stranded mRNA kit (Illumina), with quality
con�rmed by Bioanlyzer and sequencing conducted with a Nextseq 500 high output v2 kit on a MiSeq
instrument (Illumina). Resulting RNA-seq data was evaluated through a standard bioinformatics pipeline.
Brie�y, paired-end Illumina sequencing reads were mapped to GRCh38, after quality �ltering and
trimming, and quanti�ed using STAR v.2.2.0.1 (45) with all default parameters (except
“outFilterMismatchNoverLmax” set at 0.05). Reads mapped to each gene in the genome were quanti�ed
using htseq-count v.0.9.1 (46) with the following parameters: “-f bam -r pos -s yes”.

Differential gene expression analysis was conducted using edgeR v.3.18.1 (47). Genes were excluded
from subsequent analysis if they did not have a count per million (CPM)>4 in at least 4 samples. The
weighted trimmed mean of M-values (TMM) method (47) was used for normalization. Common
dispersion was estimated with parameters method="deviance", robust=TRUE. Trended dispersion and tag-
wise dispersion was estimated with default parameters. Gene counts were �tted with a negative binomial
generalized log-linear model. Likelihood ratio tests were conducted for the speci�ed contrasts of the
coe�cients, and multiple testing was subjected to a false discovery rate (FDR) correction.

Genes of interest were highlighted for visualization using R library “beanplot” (48).  Heatmaps
highlighting signi�cant genes used relative abundances built using R library “vegan” (49) and rendered
using R library “heatmap.2”.

 

Pathway Analyses

We also conducted pathway analyses using iPathwayGuide (Advaita Bio). For the main analysis, we
subjected the list of all FDR-corrected p-values to association with pathway networks using a threshold of
0.05 for statistical signi�cance (p-value) and a log fold change (FC) of expression with an absolute value
of at least 0.6. Pathways were analyzed from the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (Release 84.0+/10-26, Oct 17) (50,51) and Gene Ontology (GO) Consortium database (2017-
Nov6) (17,18), as well as investigating the network of regulatory relations from BioGRID: Biological
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General Repository for Interaction Datasets v3.4.154. October 25th, 2017 (52), and diseases from the
KEGG database (50,51).

Over-represented (uncorrected p<0.05) and statistically signi�cant associations (Bonferroni or FDR-
adjusted p<0.05) with pathway classi�cations for “disease pathways”, “biological processes”, “molecular
functions”, and “cellular components” were captured. The underlying differentially expressed genes from
the strongest pathway classi�cations were rendered and expression levels presented in heatmaps using
the R library “heatmap.plus”.

For the heatmaps, additional KEGG terms of interest were selected based on previous literature regarding
dental outcomes and the development of T2D (3,8,12). These additional terms were highlighted as part of
signi�cant networks from the iPathwayGuide analysis, such as the JAK-Stat signaling pathway. Relative
abundances for the subset of genes assigned to these terms in the KEGG database (50,51) were used for
rendering to labelled heatmaps

References
1. Ogurtsova K, da Rocha Fernandes JD, Huang Y, Linnenkamp U, Guariguata L, Cho NH, et al. IDF

Diabetes Atlas: Global estimates for the prevalence of diabetes for 2015 and 2040. Diabetes Res Clin
Pract. 2017 Jun;128:40–50.

2. Fradkin JE. Confronting the urgent challenge of diabetes: an overview. Health Aff Proj Hope. 2012
Jan;31(1):12–9.

3. Preshaw PM, Alba AL, Herrera D, Jepsen S, Konstantinidis A, Makrilakis K, et al. Periodontitis and
diabetes: a two-way relationship. Diabetologia. 2012 Jan;55(1):21–31.

4. Serhan CN, Levy BD. Resolvins in in�ammation: emergence of the pro-resolving superfamily of
mediators. J Clin Invest. 2018 02;128(7):2657–69.

5. Feehan KT, Gilroy DW. Is Resolution the End of In�ammation? Trends Mol Med. 2019 Mar
1;25(3):198–214.

�. Alba-Loureiro TC, Munhoz CD, Martins JO, Cerchiaro GA, Scavone C, Curi R, et al. Neutrophil function
and metabolism in individuals with diabetes mellitus. Braz J Med Biol Res Rev Bras Pesqui Medicas
E Biol. 2007 Aug;40(8):1037–44.

7. Andersen B, Goldsmith GH, Spagnuolo PJ. Neutrophil adhesive dysfunction in diabetes mellitus; the
role of cellular and plasma factors. J Lab Clin Med. 1988 Mar;111(3):275–85.

�. Hotamisligil GS. Foundations of Immunometabolism and Implications for Metabolic Health and
Disease. Immunity. 2017 Sep;47(3):406–20.

9. Serhan CN, Chiang N, Dalli J, Levy BD. Lipid mediators in the resolution of in�ammation. Cold Spring
Harb Perspect Biol. 2014 Oct 30;7(2):a016311.

10. Van Dyke TE, Wilson-Burrows C, Offenbacher S, Henson P. Association of an abnormality of
neutrophil chemotaxis in human periodontal disease with a cell surface protein. Infect Immun. 1987



Page 14/26

Sep;55(9):2262–7.

11. Freire MO, Dalli J, Serhan CN, Van Dyke TE. Neutrophil Resolvin E1 Receptor Expression and Function
in Type 2 Diabetes. J Immunol Baltim Md 1950. 2017 15;198(2):718–28.

12. Langenberg C, Lotta LA. Genomic insights into the causes of type 2 diabetes. The Lancet. 2018
Jun;391(10138):2463–74.

13. Udler MS. Type 2 Diabetes: Multiple Genes, Multiple Diseases. Curr Diab Rep. 2019 Aug;19(8):55.

14. Willemsen G, Ward KJ, Bell CG, Christensen K, Bowden J, Dalgård C, et al. The Concordance and
Heritability of Type 2 Diabetes in 34,166 Twin Pairs From International Twin Registers: The
Discordant Twin (DISCOTWIN) Consortium. Twin Res Hum Genet. 2015 Dec;18(6):762–71.

15. Hellmann J, Zhang MJ, Tang Y, Rane M, Bhatnagar A, Spite M. Increased saturated fatty acids in
obesity alter resolution of in�ammation in part by stimulating prostaglandin production. J Immunol
Baltim Md 1950. 2013 Aug 1;191(3):1383–92.

1�. American Diabetes Association. 2. Classi�cation and Diagnosis of Diabetes. Diabetes Care. 2015
Jan 1;38(Supplement 1):S8–16.

17. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene Ontology: tool for the
uni�cation of biology. Nat Genet. 2000 May;25(1):25–9.

1�. The Gene Ontology Consortium. The Gene Ontology Resource: 20 years and still GOing strong.
Nucleic Acids Res. 2019 Jan 8;47(D1):D330–8.

19. Gaudet P, Livstone MS, Lewis SE, Thomas PD. Phylogenetic-based propagation of functional
annotations within the Gene Ontology consortium. Brief Bioinform. 2011 Sep;12(5):449–62.

20. Arena EA, Longo WE, Roberts KE, Geibel P, Nateqi J, Brandstetter M, et al. Functional role of NHE4 as
a pH regulator in rat and human colonic crypts. Am J Physiol Cell Physiol. 2012 Jan 15;302(2):C412-
418.

21. Hunt KA, Zhernakova A, Turner G, Heap GAR, Franke L, Bruinenberg M, et al. Novel celiac disease
genetic determinants related to the immune response. Nat Genet. 2008 Apr;40(4):395–402.

22. Ho JE, Chen W-Y, Chen M-H, Larson MG, McCabe EL, Cheng S, et al. Common genetic variation at the
IL1RL1 locus regulates IL-33/ST2 signaling. J Clin Invest. 2013 Oct 1;123(10):4208–18.

23. Salvati VM, MacDonald TT, Bajaj-Elliott M, Borrelli M, Staiano A, Auricchio S, et al. Interleukin 18 and
associated markers of T helper cell type 1 activity in coeliac disease. Gut. 2002 Feb;50(2):186–90.

24. Okada Y, Hirota T, Kamatani Y, Takahashi A, Ohmiya H, Kumasaka N, et al. Identi�cation of Nine
Novel Loci Associated with White Blood Cell Subtypes in a Japanese Population. PLoS Genet
[Internet]. 2011 Jun 30 [cited 2019 Oct 9];7(6). Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3128095/

25. Son Y, Lee B, Choi Y-J, Jeon SA, Kim J-H, Lee H-K, et al. Nectin-2 (CD112) Is Expressed on Outgrowth
Endothelial Cells and Regulates Cell Proliferation and Angiogenic Function. PLOS ONE. 2016 Sep
27;11(9):e0163301.



Page 15/26

2�. Rossignoli A, Shang M-M, Gladh H, Moessinger C, Foroughi Asl H, Talukdar HA, et al. Poliovirus
Receptor-Related 2: A Cholesterol-Responsive Gene Affecting Atherosclerosis Development by
Modulating Leukocyte Migration. Arterioscler Thromb Vasc Biol. 2017 Mar;37(3):534–42.

27. Warner MS, Geraghty RJ, Martinez WM, Montgomery RI, Whitbeck JC, Xu R, et al. A cell surface
protein with herpesvirus entry activity (HveB) confers susceptibility to infection by mutants of herpes
simplex virus type 1, herpes simplex virus type 2, and pseudorabies virus. Virology. 1998 Jun
20;246(1):179–89.

2�. Roberts R, Sciorra VA, Morris AJ. Human type 2 phosphatidic acid phosphohydrolases. Substrate
speci�city of the type 2a, 2b, and 2c enzymes and cell surface activity of the 2a isoform. J Biol
Chem. 1998 Aug 21;273(34):22059–67.

29. Humtsoe JO, Liu M, Malik AB, Wary KK. Lipid phosphate phosphatase 3 stabilization of beta-catenin
induces endothelial cell migration and formation of branching point structures. Mol Cell Biol. 2010
Apr;30(7):1593–606.

30. Ng LF, Kaur P, Bunnag N, Suresh J, Sung ICH, Tan QH, et al. WNT Signaling in Disease. Cells [Internet].
2019 Aug 3 [cited 2019 Oct 10];8(8). Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6721652/

31. Touat-Hamici Z, Weidmann H, Blum Y, Proust C, Durand H, Iannacci F, et al. Role of lipid phosphate
phosphatase 3 in human aortic endothelial cell function. Cardiovasc Res. 2016;112(3):702–13.

32. Coronary Artery Disease (C4D) Genetics Consortium. A genome-wide association study in Europeans
and South Asians identi�es �ve new loci for coronary artery disease. Nat Genet. 2011 Mar
6;43(4):339–44.

33. Schunkert H, König IR, Kathiresan S, Reilly MP, Assimes TL, Holm H, et al. Large-scale association
analysis identi�es 13 new susceptibility loci for coronary artery disease. Nat Genet. 2011 Mar
6;43(4):333–8.

34. Dichgans M, Malik R, König IR, Rosand J, Clarke R, Gretarsdottir S, et al. Shared genetic susceptibility
to ischemic stroke and coronary artery disease: a genome-wide analysis of common variants. Stroke.
2014 Jan;45(1):24–36.

35. Sun Y-X, Gao C-Y, Lu Y, Fu X, Jia J-G, Zhao Y-J, et al. Association between PPAP2B gene
polymorphisms and coronary heart disease susceptibility in Chinese Han males and females.
Oncotarget. 2017 Feb 21;8(8):13166–73.

3�. Kottyan LC, Davis BP, Sherrill JD, Liu K, Rochman M, Kaufman K, et al. Genome-wide association
analysis of eosinophilic esophagitis provides insight into the tissue speci�city of this allergic
disease. Nat Genet. 2014 Aug;46(8):895–900.

37. Varshney A, Scott LJ, Welch RP, Erdos MR, Chines PS, Narisu N, et al. Genetic regulatory signatures
underlying islet gene expression and type 2 diabetes. Proc Natl Acad Sci U S A. 2017 Feb
28;114(9):2301–6.

3�. Sramkova V, Berend S, Siklova M, Caspar-Bauguil S, Carayol J, Bonnel S, et al. Apolipoprotein M: a
novel adipokine decreasing with obesity and upregulated by calorie restriction. Am J Clin Nutr. 2019



Page 16/26

Jun 1;109(6):1499–510.

39. Zhang Z, Hatano H, Shaw J, Olde Nordkamp M, Jiang G, Li D, et al. The Leukocyte Immunoglobulin-
Like Receptor Family Member LILRB5 Binds to HLA-Class I Heavy Chains. PloS One.
2015;10(6):e0129063.

40. Matsumoto R, Tsuda M, Yoshida K, Tanino M, Kimura T, Nishihara H, et al. Aldo-keto reductase 1C1
induced by interleukin-1β mediates the invasive potential and drug resistance of metastatic bladder
cancer cells. Sci Rep [Internet]. 2016 Oct 4 [cited 2019 Apr 17];6. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5048132/

41. Brodin P, Davis MM. Human immune system variation. Nat Rev Immunol. 2017 Jan;17(1):21–9.

42. Armitage GC. Development of a classi�cation system for periodontal diseases and conditions. Ann
Periodontol. 1999 Dec;4(1):1–6.

43. Yagi M, Kantarci A, Iwata T, Omori K, Ayilavarapu S, Ito K, et al. PDK1 Regulates Chemotaxis in
Human Neutrophils. J Dent Res. 2009 Dec;88(12):1119–24.

44. Pessoa LC, Aleti G, Choudhury S, Nguyen D, Yaskell T, Zang Y, et al. Host-Microbial Interactions in
Systemic Lupus Erythematosus and Periodontitis. bioRxiv. 2019 May 8;631051.

45. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinforma Oxf Engl. 2013 Jan 1;29(1):15–21.

4�. Anders S, Pyl PT, Huber W. HTSeq--a Python framework to work with high-throughput sequencing
data. Bioinforma Oxf Engl. 2015 Jan 15;31(2):166–9.

47. Robinson MD, Smyth GK. Small-sample estimation of negative binomial dispersion, with
applications to SAGE data. Biostat Oxf Engl. 2008 Apr;9(2):321–32.

4�. Kampstra P. Beanplot: A Boxplot Alternative for Visual Comparison of Distributions. J Stat Softw
[Internet]. 2008 [cited 2019 Aug 22];28(Code Snippet 1). Available from:
http://www.jstatsoft.org/v28/c01/

49. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. vegan: Community Ecology
Package [Internet]. 2019. Available from: https://CRAN.R-project.org/package=vegan

50. Kanehisa M. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000 Jan
1;28(1):27–30.

51. Kanehisa M, Sato Y, Furumichi M, Morishima K, Tanabe M. New approach for understanding genome
variations in KEGG. Nucleic Acids Res. 2019 Jan 8;47(D1):D590–5.

52. Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M, et al. The STRING database in
2017: quality-controlled protein–protein association networks, made broadly accessible. Nucleic
Acids Res. 2017 Jan 4;45(D1):D362–8.

 

Declarations



Page 17/26

Declarations:

Ethics Approval and Consent to Participate:

Subjects were recruited from the patient cohorts of the Center for Clinical and Translational Research at
the Forsyth Institute under Forsyth Institute Institutional Review Board-approved protocols (Protocol #11-
03 and #13-07). In addition, all experiments were performed in accordance with the relevant human
subjects ethical guidelines and regulations. All subjects gave signed informed consent prior to study
evaluations.

 

Consent for Publication:

Not applicable.

 

Competing Interests:

The authors declare that they have no competing interests.

 

Availability of Data and Materials:

Transcriptome sequence read submission to the National Center for Biotechnology Information is
currently in process.

 

Funding:

This work was supported by U.S. Public Health Service Grants R00 DE0234804 (Freire), R01 DE025020
(Van Dyke), and K23 DE18917 (Hasturk) from the National Institutes of Health/National Institute of
Dental and Craniofacial Research. The funding bodies had no role in study design, collection, analysis,
data interpretation, or manuscript preparation.

 

Author Contributions:

Writing- Original draft: S.E.K. and M.F.; Writing- Editing: M.F., S.E.K., H.H., T.E.V.D.; Patient recruitment: H.H.
Study investigation: A.A., M.F., S.E.K. Prepared Graphs: S.E.K., J.M..; Assisted with sample processing:
M.F.; Assisted with sample analysis: S.E.K., J.M.; Funding Acquisition: M.F. for all results presented,
T.E.V.D. for lab supplies and H.H. for patient recruitment efforts. All authors reviewed the manuscript.



Page 18/26

 

Acknowledgements:

We thank Tsute Chen for excellent technical assistance in transferring the transcriptomics data to JCVI
for bioinformatic analyses. This work was initially performed at the Forsyth Institute and completed at
the J. Craig Venter Institute.

Abbreviations:

BMI

            Body-mass index

CPM

            Count per million

E-selectin

Endothelial-selectin

FDR

            False-discovery rate

GO

            Gene Ontology

GWAS

            Genome-wide association studies

HbA1c

            Hemoglobin A1C

IL-1R

            IL-1 receptor

IP-10

Interferon gamma-induced protein 10

KEGG



Page 19/26

            Kyoto Encyclopedia of Genes and Genomes

LLOQ

            Lower limit of quanti�cation

P-Selectin

Platelet-selectin

QC

Quality control

RNA-seq
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Table 1. Clinical demographics of study subjects.
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    Healthy
(N=8)

Type 2 Diabetic
(N=13)

Total Cohort
(N=21*)

p-
value

Age (mean in years ± SD)   39 (±9.63) 58 (±11.05) 51 (±14.04) 0.007

Gender (no., %) Male 4 (50%) 7 (53.85%) 11 (52.38%)

  Female 4 (50%) 6 (46.15%) 10 (47.62%) -

Ethnicity Caucasian 5 (62.50%) 4 (30.77%) 9 (42.86%)

Hispanic 0 1 (7.69%) 1 (4.76%)

African-American 3 (37.50%) 8 (61.54%) 11 (52.38%) -

Smoking Status (no., %) Smokers 1 (12.50%) 1 (7.69%) 2 (9.52%)

Former Smokers 0 2 (15.38%) 2 (9.52%)

  Never Smokers 7 (87.50%) 10 (76.92%) 17 (80.95%) -

BMI (kg/m ; mean ± SD)   28.56 (±4.47) 30.46 (±6.27) 29.74 (±5.61) 0.47

Blood Cholesterol (mg/dl; mean ± SD)   144.25
(±20.61)

183.77 (±66.97) 168.71 (±56.80) 0.12

Blood Glucose (mg/dl; mean ± SD) Normal (<100mg/dl) 96.50 (±3.54) - 96.50 (±3.54)

Pre-diabetes (100-
125mg/dl)

107 (±3.81) - 107 (±3.81)

  Diabetes (>126mg/dl) 209 267.77 (±123.38) 263.57 (±119.58) 0.003

HbA1c % (mean ± SD) Normal (<5.7% HbA1c) - - -

Pre-diabetes (5.7-6.4%
HbA1c)

- 6.15 (±0.17) 6.15 (±0.17)

Diabetes (>6.5% HbA1c) - 9.64 (±2.63) 9.64 (±2.63) -

Periodontal Condition (no., %) Healthy 8 (100%) 0 8 (38.09%)

Mild 0 3 (23.08%) 3 (14.29%)

Moderate 0 6 (46.15%) 6 (28.57%)

Severe 0 2 (15.38%) 2 (9.52%)

Gingivitis 0 2 (15.38%) 2 (9.52%) -

Neutrophil Count (mil. of cells, mean ±
SD)

  104.88
(±57.23)

123.69 (±65.68) 116.52 (±61.83) 0.51

Monocyte Count (mil. of cells, mean ±
SD)

  72.50
(±34.13)

99.59 (±73.72) 89.27 (±62.05) 0.34

* N=2 healthy and N=1 diabetic subjects were included in both the serum and cell culture perturbation analyses. p-values calculated by unpaired t-

tests (two-sided p-values; italicized p<0.05 significant). SD, standard deviation; BMI, body-mass index. 

 

Table 2. All statistically significant differentially expressed neutrophil genes comparing T2D (N=11) vs. healthy (N=7) subjects.
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e Gene Name Annotated Role Log(FC)
p-

value
FDR-corrected

p-value

9A4 solute carrier family 9 member A4 pH Regulation / Signaling -5.42 7.46E-08 0.001

CTIN2 Nectin cell adhesion molecule 2 Immune -3.77 2.23E-07 0.002

P3 phospholipid phosphatase 3 Lipids / Inflammation -5.37 3.38E-07 0.002

complement C3 Inflammation / Immune -3.61 7.92E-07 0.003

K2 interleukin-1 receptor-associated kinase 2 Inflammation / Immune -4.01 8.93E-07 0.003

NH4 potassium voltage-gated channel subfamily H
member 4

Lipids / Insulin -4.41 9.15E-07 0.003

rf61 chromosome 1 open reading frame 61 Transcription -4.71 2.08E-06 0.005

RL2  C-C motif chemokine receptor like 2 Inflammation / Immune -3.37 2.61E-06 0.005

PDA1 glucosamine-6-phosphate deaminase 1 Glucose Metabolism -2.95 2.70E-06 0.005

C4 chloride intracellular channel 4 Cell Processes -3.54 3.76E-06 0.007

R84 G protein-coupled receptor 84 Inflammation / Immune -3.41 4.09E-06 0.007

U plasminogen activator, urokinase Immune / Blood -3.83 7.31E-06 0.01

43A3 solute carrier family 43 member 3 Transmembrane Transport -3.34 1.04E-05 0.01

OV ras homolog family member V Cell Processes / Signaling -4.11 1.14E-05 0.01

P2 sphingosine-1-phosphate phosphatase 2 Inflammation / Immune -3.42 1.19E-05 0.01

FAIP6 TNF alpha induced protein 6 Inflammation / Immune -3.01 1.69E-05 0.02

orf48 chromosome 15 open reading frame 48 Immune -4.01 1.84E-05 0.02

D2 TLC domain containing 2 Lipids -1.60 2.28E-05 0.02

CR1 Gilles de la Tourette syndrome chromosome region,
candidate 1

-* 3.71 2.39E-05 0.02

25A13 solute carrier family 25 member 13 Mitochondrial / Cell Processes -2.32 2.57E-05 0.02

1-
3F23.1

- - -2.68 2.68E-05 0.02

K1 sphingosine kinase 1 Lipids / Inflammation -3.33 2.73E-05 0.02

AH17 dynein axonemal heavy chain 17 Motility (Sperm) -2.94 2.79E-05 0.02

TC1 spermatogenesis and centriole associated 1 - -3.09 2.96E-05 0.02

GDS ral guanine nucleotide dissociation stimulator Cell Processes -2.69 3.01E-05 0.02

FA vascular endothelial growth factor A Cell Growth / Angiogenesis /
Lipids

-2.01 3.05E-05 0.02

RA3 HtrA serine peptidase 3 Signaling / Binding -3.81 3.37E-05 0.02

-
C7.4

- - -2.36 3.48E-05 0.02

SD2A major facilitator superfamily domain containing 2A  Lipids / Transmembrane
Transport (Brain)

-2.96 3.88E-05 0.02

P3 ArfGAP with GTPase domain, ankyrin repeat and
PH domain 3

Signaling (Brain) -2.61 3.90E-05 0.02

PLA1 patatin like phospholipase domain containing 1 Lipids -2.53 4.15E-05 0.02

G1 ATP binding cassette subfamily G member 1 Inflammation / Immune / Lipids -1.45 4.28E-05 0.02

ES prostaglandin E synthase Inflammation / Lipids -3.13 4.46E-05 0.02

1D30 TBC1 domain family member 30 Transport / GTPase -2.14 4.55E-05 0.02

R4 G protein-coupled receptor 4 Angiogenesis / Lipids -3.48 5.35E-05 0.03

00LD CD300 molecule like family member d Immune -2.41 5.97E-05 0.03

DC8B kelch domain containing 8B Cell Processes / Mitosis -2.25 7.90E-05 0.04

KRD33B ankyrin repeat domain 33B - -2.05 8.21E-05 0.04

AT1 lysophosphatidylcholine acyltransferase 1 Lipids -1.86 8.31E-05 0.04

-
B22.5

- - -3.87 9.27E-05 0.04

- uncharacterized LOC101927344 - -2.70 1.06E-04 0.05
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B4.7

F3 TNF receptor associated factor 3 Immune -2.01 1.22E-04 0.05

MB3 laminin subunit beta 3 Cell Processes -3.02 1.23E-04 0.05

AL alpha tocopherol transfer protein like - -2.13 1.25E-04 0.05

EM231 transmembrane protein 231 Ciliogenesis -2.28 1.28E-04 0.05

N1 antizyme inhibitor 1 Cell Growth / Homeostasis -1.90 1.30E-04 0.05

RCH3 membrane associated ring-CH-type finger 3 Endosomal Transport -2.31 1.38E-04 0.05

S1 LIM zinc finger domain containing 1 Cytoskeleton / Signaling -2.14 1.38E-04 0.05

R3LG1 natural killer cell cytotoxicity receptor 3 ligand 1 Immune -3.55 1.41E-04 0.05

TM1  sequestosome 1 Immune / Signaling -1.78 1.42E-04 0.05

* - indicates no information available. FDR-corrected p-value<0.05 (before rounding) considered significant. FC, fold-change; FDR, false discovery

rate. 

 

Table 3. Top over-represented pathways included in pathway analyses.

Pathway p-value p-value (FDR) p-value (Bonferroni)
KEGG Pathways
Sphingolipid metabolism 2.52E-04 0.02 0.02
Ether lipid metabolism 0.004 0.14 0.28
Phospholipase D signaling pathway 0.02 0.24 1
Fc gamma R-mediated phagocytosis 0.02 0.24 1
Glycerophospholipid metabolism 0.02 0.24 1
GO Biological Processes
Ammonium ion metabolic process 9.30e-5 0.10 0.15
Surfactant homeostasis 1.20e-4 0.10 0.20
GO Molecular Functions
Sphingosine-1-phosphate-phosphatase activity 1.20e-4 0.03 0.03
GO Cellular Components
Plasma membrane 2.00e-4 0.03 0.04
Integral component of plasma membrane 4.80e-4 0.03 0.11

Uncorrected p-value<0.05 considered over-represented; Bonferroni or FDR-corrected p-value<0.05 considered significant. FDR, false discovery

rate. 

Figures
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Figure 1

Neutrophils from type 2 diabetic subjects show down-regulated expression of in�ammatory and lipid
genes relative to healthy neutrophils. RNA-seq transcript expression of T2D (N=11) vs. healthy (N=7)
subject neutrophils. A) Volcano plot of ln-transformed gene expression (x-axis) and the FDR-adjusted
negative log-transformed p-value (y-axis). The dotted lines represent selected signi�cant differentially
expressed gene thresholds: 0.6 for fold-change, 0.05 for signi�cance. Blue and red indicate signi�cantly
down- and up-regulated genes, respectively. B) Bean plots of the ln-transformed relative abundance of
gene expression (line at mean) of the top 3 most signi�cant down-regulated genes and the one
signi�cant up-regulated gene (GTSCR1) plotted for T2D vs. healthy individuals.
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Figure 2

. Neutrophil gene expression in top biological pathways is primarily clustered by diabetic vs. health
status. RNA-seq transcript expression of T2D (D; N=11) vs. healthy (H; N=7) subject neutrophils. Heatmap
of T2D and healthy gene expression by over-represented KEGG and Gene Ontology (GO) pathways and
top 50 genes (FDR-corrected p<0.05) in those pathways. Blue indicates decreased and red indicates
increased gene expression.
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Figure 3

Resolvin E1 treatment has a stronger impact on gene expression in T2D relative to healthy neutrophils.
Number of genes differentially expressed (uncorrected p<0.05) by resolvin E1 (RvE1) treatment dose
(0nM, 1nM, 10nM, or 100nM) across groups: A) healthy only, B) T2D only, C) T2D (higher dose) vs.
healthy (lower dose) in cultured neutrophils (N=3 T2D, N=3 healthy). D) Number of genes differentially
expressed (uncorrected p<0.05) in healthy, T2D and T2D vs. healthy groups, comparing low (1nM vs.
0nM) to high (100nM vs. 0nM) RvE1 dose. E-F) Bean plots of the relative abundance of gene expression
(line at mean) of the two signi�cant differentially expressed genes (LILRB5 and AKR1C1; FDR-corrected
p<0.05) plotted for T2D vs. healthy individuals. T2D, type 2 diabetes.
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Figure 4

Type 2 diabetic and healthy neutrophils showed differential in�ammatory cytokine concentrations across
resolvin E1 doses. Human in�ammatory cytokine levels (cytokines: MIP-1α, IL-4, IL-8, MIP-1β, P-Selectin,
sICAM-1, TNF-α, IL-1α; average pg/mL) in response to resolvin E1 (RvE1) dose, comparing T2D (N=3) to
healthy (N=3) cultured neutrophils with: A) vehicle only (0nM), B) 1nM, C) 10nM, or D) 100nM RvE1
treatment. For each cytokine, values at or below the lower limit of quanti�cation (LLOQ; based on a 7-
standard curve at 1:4 dilution) were reported as the LLOQ value.
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