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It is well established that dendritic cells and macrophages play a role in antigen presen-
tation to B and T cells and in shaping B and T cell responses via cytokines they produce.
We have previously reported that depletion of neutrophils improves the production of
mucosal IgA after sublingual immunization with Bacillus anthracis edema toxin as adju-
vant. These past studies also demonstrated that an inverse correlation exists between
the number of neutrophils and production of IgA by B cells. Using specific inhibitors of
elastase, we addressed whether the elastase activity of neutrophil could be the factor
that interferes with production of IgA and possibly other immunoglobulin isotypes. We
found that murine splenocytes and mesenteric lymph node cells cultured for 5 days in the
presence of neutrophil elastase inhibitors secreted higher levels of IgG and IgA than cells
cultured in the absence of inhibitors. The effect of the inhibitors was dose-dependent and
was consistent with increased frequency of CD138+ cells expressing IgG or IgA. Finally,
neutrophil elastase inhibitors increased transcription of mRNA for AID, IL-10, BAFF and
APRIL, factors involved in B cell differentiation. These findings identify inhibitors of elas-
tase as potential adjuvants for increasing production of antibodies.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

A series of finely regulated events lead to maturation of B cells and
their differentiation into plasma cells that secrete antibodies [1].
Thus, after antigen stimulation of IgM-bearing inactivated B cells,
these cells undergo Ig class switch recombination (CSR) to pro-
duce antibodies of different isotypes but with the same antigen
specificity than the IgM. The activation-induced cytidine deam-
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inase (AID or AICD) plays a crucial role in CSR and somatic
hypermutation [2]. Additional signals for immunoglobulin CSR
are provided by the ligation of CD40L on B cells and other fac-
tors such as B cell-activating factor of the TNF family (BAFF), and
a proliferation-inducing ligand (APRIL). Furthermore, an array
of cytokines including IL-4, IL-13, IFN-γ, TGF-β, and IL-10 regu-
late the Ig class switching toward selected isotype and subclasses,
while other provide survival and proliferation signals (IL-5, and
IL-6), or enhance antibody affinity maturation in the germinal cen-
ters (i.e., IL-21) [3]. A number of cells contribute co-stimulatory
and cytokines signals required for Ig CSR and production of anti-
bodies by B cells. Macrophages and dendritic cells contribute via
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their expression of CD40 and secretion of BAFF, APRIL, as well as
pro-inflammatory (i.e., IL-6, IFN-γ) and anti-inflammatory (i.e.,
TGF-β, IL-10) cytokines. Epithelial cells can produce BAFF and
APRIL, as well as cytokines, including IL-6 and TGF-β. Cytokines
produced by T helper cell, and innate lymphoid cells in mucosal
tissues, play an important role in both Ig CSR and affinity matu-
ration. Mast cells produce IL-6 and IL-10 and a mast cell activator
compound (i.e., compound 48/80) was shown to promote IgA
responses in vivo by stimulating the migration of dendritic cells
(DC) into T cell area [4].

Neutrophils represent the largest number of myeloid cells in
the blood stream and the major phagocytic cells that eliminate
invading pathogens [5]. We have reported an inverse relationship
between IgA response and the early recruitment of neutrophils
in sublingual tissues and cervical lymph nodes after sublingual
immunization with Bacillus anthracis edema toxin as an adju-
vant [6]. Neutrophils were also found to suppress IgA production
in vitro via mechanisms independent of NF-κB pathway [6]. The
primary (or azurophilic) granules of neutrophils contain defensins,
myeloperoxidase, lysozymes, and three serine proteases: neu-
trophil elastase, cathepsin G and protease 3 [5, 7]. Neutrophil
elastase (NE) is a cationic glycoprotein stored in readily active
form in primary granules at concentrations exceeding millimolar
range and thus, making it a major antimicrobial enzyme of neu-
trophils [8, 9].

We addressed whether the elastase activity of neutrophils could
mediate their suppressive effect on IgA production. Here we show
that inhibitors of NE activity stimulate production of IgG and IgA
by spleen and mesenteric lymph node cells in vitro, which indicates
that elastase-like serine proteases modulate Ig CSR by B cells and
production of antibodies.

Results and discussion

Neutrophil elastase inhibitors stimulate production of
IgG and IgA

NE contributes to tissue destruction in inflammatory diseases
including emphysema, glomerulonephritis, rheumatoid arthritis
[10] and colitis [11]. NE also exacerbates lung pathologies via
stimulation of goblet cell metaplasia and mucus production [12].
The latter effect of NE was shown to be associated with stimulation
of cytokine responses (i.e., KC and IL-5) and recruitment of lym-
phocytes and eosinophils in the airways [12]. Another study has
shown that NE regulates lung inflammatory responses after infec-
tion with P. aeruginosa, and that purified NE stimulates IL-6, TNF-
α and MIP-2 responses by murine macrophages [13]. The effects
of NE extend beyond regulation of cytokine responses, because
uptake of NE by breast cancer cells upregulates their MHC class
I molecule expression and enhances the presentation of tumor-
associated antigen [14].

To address whether NE regulates immunoglobulin production,
spleen cells were cultures for 5 days in the presence of doses
of the Sivelestat (ONO-5046), a potent and specific inhibitor of

neutrophil elastase [15]. Analysis of immunoglobulin isotypes in
culture supernatants showed that Sivelestat reduced secretion
of IgM in a dose-dependent manner (Fig. 1A). This effect more
likely reflected immunoglobulin class switching because it corre-
lated with a dose-dependent increase of IgG and IgA secretion
(Fig. 1A). To elucidate how the inhibitor stimulated secretion of
immunoglobulins, splenocytes were analyzed by flow cytometry
after 2 days of culture. The presence of Sivelestat did not affect
the frequency of myeloid cells (CD11b+) Supporting Information
Fig. 1A), T cell subsets (Supporting Information Fig. 1B) or B cells
(CD19+) (Fig. 1B). Interestingly, this inhibitor increased the fre-
quency of CD138+ among CD19+ cells (Fig. 1B, Supporting Infor-
mation Figs. 1C and D). A significant number of CD138+CD19+

cells induced by Sivelestat expressed surface IgG and a low
but significant percentage of CD138+CD19+ cells expressed sur-
face IgA (Supporting Information Fig. 1D). Intracellular cellu-
lar staining of immunoglobulin isotypes confirmed induction of
CD138+CD19+IgG+ and CD138+CD19+IgA+ cells by Sivelestat
(Fig. 1B and C). Addition of Sivelestat also increased secretion
of IgG and IgA by splenocytes cultured in the presence of LPS
(Fig. 1D).

To confirm that the effect of Sivelestat on IgG and IgA produc-
tion was a characteristic of elastase inhibitors, we next evaluated
Alvelestat (AZD9668), a fluorinated inhibitor of NE. Alvelestat
reduced IgM and increased IgG and IgA secretion by splenocytes
in vitro (Fig. 2A). This effect was dose-dependent and significant
increase in IgA production was also seen when Alvelestat was
added to splenocytes cultured in the presence of LPS (Fig. 2B).
We next analyzed the cellular changes induced by Alvelestat to
support IgG and IgA production. The frequencies of CD11b+ (Sup-
porting Information Fig. 2A) or CD19+ splenocytes (Fig. 2C), were
not affected after 2 days culture in the presence of Alvelestat. This
treatment however, increased the frequency of CD4+ T cells (Sup-
porting Information Fig. 2B). Of interest for antibody secretion,
Alvelestat increased the frequency of CD138+CD19+ cells, which
expressed surface IgG or a low but significant percentage of surface
IgA (Fig. 2C, Supporting Information Fig. 2C and D). Production of
IgG or IgA by Alvelestat-induced CD138+CD19+ was further con-
firmed by intracellular cellular staining of immunoglobulin iso-
types (Fig. 2C and D). We also established that the regulatory
effects of NE inhibitors on B cell differentiation and IgG and IgA
production were not limited to spleen cells. Thus, a similar pattern
of responses was seen in mesenteric lymph node cells cultured in
the presence of Alvelestat, which produced higher levels of IgG
and IgA in culture supernatants (Fig. 2E).

These findings are in line with a previous report that deple-
tion of neutrophils before systemic injection of vaccines increased
the magnitude of antigen-specific CD4+ T cell responses, and the
levels of antigen-specific serum IgG responses [16]. These authors
showed that neither reactive oxygen species, nor nitric oxide, were
involved in the suppressive effect of neutrophils. It should be noted
that their study identified antigen presentation by macrophages
and dendritic cells as the step limited by neutrophils and that
neutrophils mediate this effect in the absence physical interac-
tions with dendritic cells or T cells [16], suggesting that secreted
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Figure 1. The neutrophil elastase inhibitor Sivelestat stimulates immunoglobulin class switching. Spleen cells were cultured for 5 days (A and
D) or 2 days (B and C) in the presence of increasing doses of Sivelestat. (A) IgM, IgG and IgA secreted in culture supernanants were measured
by ELISA. (B and C) Flow cytometry analysis. Cells were stained extracellularly with anti-CD19 and anti-CD138 and intracellularly with anti-IgG
and anti-IgA Abs. (B) Gating strategy for analysis of IgG+CD138+ and IgA+CD138+ cells among CD19+ cells. (C) Percentage of CD138+IgG+ and
CD138+IgA+ among CD19+ B cells. (D) Spleen cells were cultured for 5 days in the presence of LPS (0.05 μg/mL) and increasing doses of Sivelestat.
The amounts of IgM, IgG and IgA secreted culture supernanants were measured by ELISA. Results are expressed as means ± SD and are from at
least four independent experiments. *p � 0.05, **p � 0.01, ***p � 0.005.
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Figure 2. The fluorinated elastase inhibitor Alvelestat stimulates immunoglobulin class switching and production of IgG and IgA. Spleen cells were
cultured for 5 days (A and B) or 2 days (C and D) in the presence of increasing doses of Alvelestat. (A) IgM, IgG and IgA secreted in supernatants of
cells cultured alone, or (B) IgA secreted in supernatants of cells cultured in the presence of LPS) were measured by ELISA. (C and D) Flow cytometry
analysis. Cells were stained extracellularly with anti-CD19 and anti-CD138, and intracellularly with anti-IgG and anti-IgA Abs. (C) Gating strategy
for analysis of IgG+CD138+ and IgA+CD138+ cells among CD19+ cells. (D) Percentage of CD138+IgG+ and CD138+IgA+ among CD19+ B cells. (E) IgM,
IgG and IgA secreted in supernatants of mesenteric lymph node cells after 5-day culture in the presence of Alvelestat were measured by ELISA.
Results are expressed as means ± SD and are from at least four independent experiments. *p � 0.05, **p � 0.01, ***p � 0.005.
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factors were responsible for the effect. Our new finding that inhi-
bition of NE activity stimulates secretion of IgG and IgA indicates
that elastase is the molecule (or one of the molecules) secreted
by neutrophils that impairs antibody production, and perhaps
adaptive immunity. This notion is consistent with the report that
increased levels of NE in hematopoietic stem cells and progenitor
cells in the bone marrow of mice fed high-fat diet was associated
with reduced B lymphocytes production [17].

The neutrophil elastase inhibitors stimulate cytokine
signals for Ig class switch recombination

To gain insight into mechanisms used by NE inhibitors to facilitate
production of IgG and IgA, we analyzed the expression of AID,
BAFF and APRIL, and IL-10, transcripts in spleen cells cultured
24 hrs in the presence of NE inhibitors. Both Alvelestat and Sive-
lestat were found to stimulate AID mRNA synthesis (Fig. 3A). The
NE inhibitors also induced expression of BAFF, APRIL (Fig. 3B)
and IL-10 mRNA in a dose-dependent manner (Fig. 3C).

Neutrophil elastase and the related serine proteases cathepsin
G and proteinase 3, were shown to regulate cytokine responses
through activation or degradation of cytokines, cytokine recep-
tors, or toll-like receptor [5, 18]. This is consistent with our finding
that NE inhibitors stimulate IL-10 expression, but also BAFF and
APRIL in cultures of splenocytes. IL-10 was reported to regulate
expression of AID for induction of Ig CSR [19] and it is well-
established that IL-10 facilitates Ig class switching for production
of IgA [20]. Thus, our data suggest that NE inhibitors stimulate
antibody production through stimulation of AID and inhibition
of the activation/degradation of cytokines and cytokine receptors
by elastase. NE was also shown to inhibit maturation and func-
tion of dendritic cells, including expression of the costimulatory
molecules CD40, CD80 and CD86 [21]. Thus, the presence of neu-
trophil inhibitors may have promoted the maturation of dendritic
cells and their expression BAFF and APRIL and perhaps costimu-
latory molecules (i.e., CD40) for enhanced antibody production.
Although Alvelestat and Sivelestat are specific NE inhibitors, one
should consider that they might also inhibit related elastase-like
enzymes. In this regard, activated human B cells were reported to
express a trypsin-like serine protease on the cell surface [22].

Concluding remarks

It was previously shown that neutrophil peptide defensins enhance
IgG, but not IgA responses against nasally co-administered vac-
cine antigens [23]. Here, we have shown that the serine protease
activity of neutrophil elastase, and possibly other serine protease
such as B cell elastase, also participate in the regulation of B
cell biology and adaptive immunity. However, unlike neutrophil
peptide defensins, NE negatively regulate differentiation of B lym-
phocytes into IgG and IgA secreting cells. We have previously
reported that depletion of neutrophils enhances IgA responses to
sublingual immunization with Bacillus anthracis edema toxin as

Figure 3. Mechanisms underlying the stimulatory effect of neutrophil
elastase inhibitor on IgG and IgA production. (A) Spleen cells were cul-
tured for 24 h in the presence of Alvelestat or Sivelestat and AID mRNA
responses were measured by quantitative real-time RT-PCR. (B and C)
Spleen cells were cultured for 24 h in the presence of Alvelestat or Sive-
lestat at the indicated doses. BAFF, APRIL (B) and IL-10 mRNA responses
were measured by quantitative real-time RT-PCR. Results are expressed
as means ± SD and are from at least three independent experiments.
*p � 0.05, **p � 0.01 compared to negative control.

adjuvant [6]. Our new finding show that inhibitors of serine pro-
teases could represent an alternative to neutrophil depletion as a
strategy for enhancing IgG and IgA responses.

Materials and methods

Mice

C57BL/6 mice were obtained from The Jackson Laboratory (Bar
Harbor, ME) and were used at 8–12 weeks of age. All experiments
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were in accordance with both National Institutes of Health and
Institutional Animal Care and Use Committee guidelines to avoid
pain and distress.

In vitro cultures

Single cell suspensions of spleen cells, mesenteric lymph nodes
were resuspended (2 × 106 cells/mL) in RPMI 1640 supplemented
with L-glutamine, HEPES, penicillin, streptomycin and 10% heat-
inactivated fetal calf serum. Cells were cultured for 1, 5, or 6 days
at 37°C and 5% CO2 in the presence of various doses of the neu-
trophil elastase inhibitor Sivelestat (ONO-5046, C20H22N2O7S)
or Alvelestat (AZD9668, C25H22F3N5O4S) (Selleckchem, Houston,
TX). In selected experiments, neutrophil elastase inhibitors were
added to cells cultured in the presence of Salmonella typhimurium
LPS (0.05 μg/mL, Sigma, Saint Louis, MO).

Real-time RT- PCR

For analysis of mRNA responses, cells were collected after 1 day
culture and washed once in RPMI before addition of TRIzol (Invit-
rogen, Carlsbad, CA). RNA was isolated and cDNA was synthe-
sized by using Superscript III (Invitrogen). Real-time PCR was
performed as previously described [24] and data were expressed
as relative mRNA expression = 2−��Ct where �Ct = Ctunknown –
CtHKG, and normalized against two house-keeping genes (HKG):
β-actin and HPRT1.

Flow cytometry analysis

Cell suspensions were collected after 2 days of culture and stained
with combinations of the following Abs: APC anti-CD11b (eBio-
science), AF700 anti-CD3e, AF750 anti CD4, PerCp-Cy5.5 anti-
CD8a, BV421 anti-IgG, AF750 anti-CD19 (Biolegend), PE anti-
CD138 (Syndecan-1, R&D Systems), FITC anti-IgA (Southern
Biotech). For intracellular detection of IgG and IgA, golgi-stop was
added to cell cultures 4 h before harvest and extracellular stain-
ing with anti-CD19 and anti-CD138 Abs. Cells were then fixed
and permeabilized before intracellular staining with anti-IgG and
anti-IgA Abs. Stained cells were analyzed with an Attune NxT flow
cytometer (Thermo Fisher Scientific, Waltham, MA).

Immunoglobulin isotype ELISA

The amount of immunoglobulin isotype secreted in culture super-
natants after 6 days of culture was measured as previously
described [25] by ELISA, using goat anti-murine IgM, IgG, and
IgA antibodies (Southern Biotech, Birmingham, AL) and extrapo-
lation against standards.

Statistical analysis

Results were expressed as mean ± one standard deviation. Statis-
tical significance was determined by ANOVA. Results were consid-
ered significant at p < 0.05. Statistical tests were performed using
GraphPad Prism 6 (GraphPad Software Inc, La Jolla, CA).
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