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Introduction: B cells are important regulators of both adaptive and innate immunity.
The normal liver contains significant numbers of B cells, and their numbers increase
dramatically in immune-mediated liver diseases. Our previous observations suggest a
hepatoprotective effect of the antidepressant mirtazapine in human and experimental
immune-mediated liver disease. Therefore, we performed a series of experiments to
determine the impact of mirtazapine treatment on hepatic B cell homeostasis, as reflected
by B cell number, trafficking and phenotype using flow cytometry (FCM) and intravital
microscopy (IVM) analysis. Mirtazapine treatment rapidly induced a significant reduction in
total hepatic B cell numbers, paralleled by a compositional shift in the predominant hepatic
B cell subtype from B2 to B1. This shift in hepatic B cells induced by mirtazapine treatment
was associated with a striking increase in total hepatic levels of the chemokine CXCL10,
and increased production of CXCL10 by hepatic macrophages and dendritic cells.
Furthermore, mirtazapine treatment led to an upregulation of CXCR3, the cognate
chemokine receptor for CXCL10, on hepatic B cells that remained in the liver post-
mirtazapine. A significant role for CXCR3 in the hepatic retention of B cells post-
mirtazapine was confirmed using CXCR3 receptor blockade. In addition, B cells
remaining in the liver post-mirtazapine produced lower amounts of the proinflammatory
Th1-like cytokines IFNg, TNFa, and IL-6, and increased amounts of the Th2-like cytokine
IL-4, after stimulation in vitro.

Conclusion: Mirtazapine treatment rapidly alters hepatic B cell populations, enhancing
hepatic retention of CXCR3-expressing innate-like B cells that generate a more anti-
inflammatory cytokine profile. Mirtazapine-induced hepatic B cell shifts could potentially
represent a novel therapeutic approach to immune-mediated liver diseases characterized
by B cell driven pathology.
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HIGHLIGHTS

Depression is common and often treated with antidepressants.
However, how antidepressants alter immunity remains poorly
understood. B cells are white blood cells that regulate how our
immune system controls diseases, including liver disease. We
found that treatment of mice with the widely used antidepressant
mirtazapine causes a rapid shift in the B cell population within
the liver, from a more pro-inflammatory type to a type that limits
inflammation. This shift was in turn linked to decreased B cell
patrolling within the blood vessels in the liver and through them
sticking to other immune cells within the liver that also regulate
liver immune responses. These findings suggest that mirtazapine
can change how our liver responds to infections or other causes
of injury and may contribute to improved outcomes in patients
with liver disease.
INTRODUCTION

Patients with various chronic health conditions, including those
with chronic liver disease (CLD), have a higher prevalence of
depression compared with age- and gender-matched healthy
controls, greatly reducing their health-related quality of life
(HRQOL) (1–3). This common comorbidity has prompted the
investigation of various aspects of this association, most
importantly, the role of immunity in the pathogenesis of
depression (4, 5), and the potential effect of prescribed
antidepressants on the immune system (6). A growing body of
evidence indicates that many of the commonly prescribed
antidepressants possess immunomodulatory properties,
including altering plasma cytokine levels, changing immune
cell numbers, impacting the proliferation abilities of immune
cells, altering membrane transporters in immune cells, and
changing regulatory immune cell populations (7–9). Given the
strong association between depression and CLD, we assessed the
impact of antidepressant treatment on CLD outcomes. We
identified that the atypical antidepressant mirtazapine, alone
among antidepressant subtypes, exhibited a significant
protective effect in patients with the autoimmune liver disease
primary biliary cholangitis (PBC), including a substantial
decrease in mortality, decompensated cirrhosis, and liver
transplantation (10).

Mirtazapine is an atypical antidepressant used primarily to
treat major depressive disorder, but is also prescribed to treat a
number of other conditions including anorexia, anxiety, nausea
and vomiting, Parkinsonian tremor, and insomnia (9).
Mirtazapine is presumed to exert its’ biological effect through
antagonist effects on multiple receptor subtypes, including
norepinephrine (a2 adrenergic), serotonin (5HT2c; 5HT2a,
5HT3) and histamine (H1) receptors (11). Importantly,
serotonin receptors and histamine receptors are widely
Abbreviations: FCM, Flow cytometry; CLD, Chronic liver disease; HRQOL,
Health-related quality of life; PBC Primary biliary cholangitis; MFI, Mean
fluorescence intensity; IVM, intravital microscopy; FMO, Fluorescence-minus-
one; FOV, Field of view; PMA, phorbol myristate acetate.
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expressed on various immune cells, and immunoregulatory
functions have been recognized for both serotonin and
histamine, including modulation of cytokine secretion,
immune cell maturation and activation, antigen presentation,
humoral immunity, and recruitment (12, 13). Although evidence
exists for an immunomodulatory effect of mirtazapine, few
mechanistic studies have looked at the impact of mirtazapine
on liver immunity. El-Tanbouly et al. showed that mirtazapine
suppressed the progression of liver fibrosis in a mouse model
(14), and we recently identified that mirtazapine altered hepatic
innate immune responses and suppressed immune-mediated
liver injury in a mouse model (15).

B cells are found in the healthy human liver where they
account for up to 8% of the total hepatic lymphocyte population.
Several hepatic B cell subpopulations are known to exist,
including classical antibody producers, B2 B cells, and the
innate-like B1 B cells (16, 17). Hepatic B cell numbers expand
considerably in the context of most CLD’s, and conventionally
have been implicated in disease pathogenesis (18). However, it is
now appreciated that B cells can play opposing roles in regulating
diseases, with different B lymphocyte subsets functioning as both
regulators and inducers of immune responses (19–21). The
recent identification of distinct B cell cytokine secreting
populations that can be polarized to secrete Th1-like cytokines
(B effector 1; Be1) or Th2-like cytokines (B effector 2; Be2)
further highlights the importance of B cells as modulators of
immune responses (22, 23). A number of reports have
demonstrated that B lymphocytes can express functional
receptors impacted by mirtazapine, including H1, 5HT3, and
5HT2A receptors (12, 24, 25). In addition, mirtazapine treatment
could also potentially impact hepatic B cells indirectly, by
interacting with receptors expressed on other immune cell
populations within the liver, leading to shifts in cytokine
release profi les and modulating the overall immune
microenvironment. Therefore, these observations, combined
with our previous findings, prompted us evaluate the potential
effect of mirtazapine on the hepatic B cell population.
MATERIALS AND METHODS

Animals and Experimental Treatments
Wild type 8–10-week-old male C57BL/6 mice (Jackson Labs, Bar
Harbor, Maine), CD19-ZsGreen or CD19-tdTomato reporter
mice were used. All animals were treated according to the
criteria outlined in the ‘‘Guide for the Care and Use of
Laboratory Animals’’ prepared by the National Academy of
Sciences and published by the National Institutes of Health
(NIH publication 86-23 revised 1985). All procedures were
approved by the University of Calgary Animal Care
Committee (#AC18-0154) and performed as per the guidelines
of the Canadian Council on Animal Care. The fewest number of
mice were used in each experiment to ensure scientific validity
and were determined based on our significant previous work
with this mouse model and techniques used (15, 26, 27). The
number of animals used for individual experiments are reported
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in corresponding figure legends. To delineate the impact of
mirtazapine on hepatic B cell homeostasis, we treated mice
with a single injection of mirtazapine 20 mg/kg suspended in
1% aqueous solution of Tween80® or vehicle intraperitoneally
(IP; dose optimized in our previous studies) (15); animals were
studied 3-5 hrs later.

Antibodies and Other Reagents
The following reagents and antibodies were obtained from
indicated sources: Percoll® (GE HealthCare Biosciences, Baue
D’urfe, Quebec, Canada), dimethyl sulfoxide, TWEEN® 80 and
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO),
RPMI 1640 medium, HEPES, fetal bovine serum (FBS), and
phosphate-buffered saline, Non-Essential Amino Acids Solution
(100X), L-glutamine (200 mM), sodium pyruvate (100 mM),
penicillin-streptomycin (10,000 U/mL) (Invitrogen, Life
Technologies, Carlsbad, USA). Mirtazapine (CAS No: 85650-
52-8; Tocris Bioscience, Bristol, UK). V-PLEX Proinflammatory
Panel 1 (mouse) Kit (K0081381) (Meso Scale Diagnostics
LLC, MD, USA). BD Cytofix/Cytoperm and the BD Perm/
Wash, (BD, ON, Canada). Mouse CD19 Positive Selection
Kit II (STEMCELL Technologies Canada Inc. BC, Canada).
Anti-mouse CD11b (M1/70), anti-mouse Ly-6G (1A8),
anti-mouse CD11c (N418), anti-mouse CD19 (6D5), anti-
mouse CXCR3 (CXCR3-173), anti-mouse CD45 (30-F11),
anti-mouse CD5 (53-7.3) (Biolegend, CA U.S.A). Anti-mouse
CD16/CD32, anti-mouse IgM (eB121-15F9), anti-mouse
CD3 (145-2C11), anti-mouse Ly6C (HK1.4), anti-mouse
B220 (RA3-6B2), (eBioscience. San Diego, CA, USA). BCA
Protein Assay kit (23227) (Pierce, USA). Anti-mouse
CXCL10/IP-10 (6D4) (Novus Biologicals, Colorado, USA).
To investigate the potential involvement of the chemokine
receptor CXCR3 in hepatic B cell subset changes, an anti-
CXCR3 neutralizing monoclonal antibody (clone CXCR3-173;
250mg/mouse), or Armenian hamster IgG isotype control
(BioXcell), were administered intravenously (iv) 1 h before
mirtazapine administration.

Liver Sample Preparation and Processing
(i) Isolation of hepatic immune cells: At specified time points
post-treatment, mice were anesthetized (isoflurane; 2%, v/v in
O2) and livers were perfused with 20 ml ice-cold PBS (19). The
entire liver was removed and rinsed in cold-sterile PBS and
underwent mechanical dissection, followed by density gradient
centrifugation in (35% over 70%), as described previously (19) to
isolate hepatic immune cells.

(ii) Preparation of liver homogenate: To assess hepatic
chemokine (CXCL10) levels, the liver was perfused with 20 ml
of ice-cold PBS, followed by 3ml of buffer containing protease
inhibitors. The whole liver was then removed, cleaned, and
homogenized in 2 ml of buffer containing protease inhibitors,
centrifuged, passed through a 0.45-micron filter, and the
homogenate stored at -20˚C (15).

Flow Cytometry and Gating Strategies
Isolated hepatic leukocytes labelled using multicolor flow
cytometry staining, as previously described (19). Cells were
Frontiers in Immunology | www.frontiersin.org 3
incubated with anti-CD16/CD32 to block non-specific binding
to Fc III/II receptors followed by a wash step and subsequent
incubation with conjugated antibodies to cell surface markers.
For intracellular cytokine detection of CXCL10, cells were
stained with antibodies to cell surface antigens, fixed and
permeabilized with the BD Cytofix/Cytoperm, and stained with
conjugated anti-CXCL10. Samples were acquired either using
Attune™ Acoustic Focusing flow cytometer (Applied
Biosystems, Ontario, CA) or Cytoflex LX (Beckman Coulter,
California, USA). Data were analyzed using FlowJo® software
(Treestar, OR, USA). Gating proceeded as follows: After doublet
exclusion, gating on forward scatter (FSC-A) and side scatter
(SSC-A) parameters was set to include all leukocytes and exclude
cell debris. B cells were identified as CD3-IgM+, B-2 B cells as
(CD5-CD11b-) and B1a B cells as CD11b+CD5+ (28–30).
Monocytes were identified as CD11b+Ly6G-Ly6C+ (15) and
dendritic cells as CD11b+CD11c+ (31). Fluorescence-minus-
one (FMO) controls were used for the accurate designation of
cells with fluorescence above background levels (15). Cell
numbers were calculated based on the percentage of cells
found in the gate of interest and the total numbers isolated
from each liver.

Assessment of Cytokine and
Chemokine Levels
Levels of the CXCR3-chemokine ligand CXCL10 were measured
in liver homogenates by Luminex® (Eve Technologies
Corporation, Calgary, Canada). Liver homogenate protein
concentrations were quantified using a BCA Protein Assay kit
(Pierce, USA) and results expressed as pg/mg protein (15). To
measure CXCL10 production from myeloid cells, enriched
mouse peritoneal macrophages were cultured with mirtazapine
or vehicle in vitro for 24 hrs. Murine peritoneal macrophages
were obtained following injecting of naïve C57Bl/6 mice with a
4% thioglycolate, as described previously (32), and seeded into
24-well tissue culture plates (density of 1 × 106 cells/well) in 500
ml RPMI 1640 medium supplemented with 10% FBS, 1 mM
sodium pyruvate, 2 mM L-glutamine, and 100 units/ml penicillin
and streptomycin, and non-essential amino acids (NEAA). Cell
were treated with mirtazapine (10 mM) (15), or vehicle (0.2%
DMSO), and cultured for 24 h. Supernatants were collected, and
CXCL10 levels in cell culture supernatants were measured by
Luminex® (Eve Technologies Corporation, Calgary, Canada).

To determine B cell cytokine secretion profiles, freshly
isolated single-cell suspensions of hepatic leukocytes were
prepared from the livers of mice at 5 hrs post-mirtazapine or
vehicle treatment. and were enriched for B cells using a CD19
Positive Selection Kit II (STEMCELL Technologies Canada Inc.
BC, Canada) (hepatic B cell purity was confirmed to be > 96%). B
cells (2× 105 in 200 ml/well) were stimulated with a cocktail of
phorbol 12-myristate 13-acetate (PMA) and ionomycin (50ng/
ml and 1 mg/ml, respectively; eBioscience) for 24 h in complete
RPMI-1640 media (supplemented with 10% fetal calf serum,
nonessential amino acids, L-glutamine, b-mercaptoethanol, and
penicillin-streptomycin; all reagents Invitrogen, Canada). Cell
culture supernatants were harvested and analyzed for cytokines
using V-PLEX Proinflammatory Panel 1 Mouse Kit (K0081381,
March 2021 | Volume 12 | Article 622537
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Meso Scale Diagnostics, Rockville, Maryland) according to
manufacturer’s instructions. The multiplexing analysis was
performed using the MESO QuickPlex SQ 120 system (Meso
Scale Diagnostics).

Liver Intravital Microscopy and Analysis
Surgical preparation of animals for liver intravital microscopy
was performed as previously described (33). B cells were
visualized with the use of CD19-ZsGreen or CD19-tdTomato
reporter mice, or by labelling with Brilliant Violet 421-
conjugated anti-mouse CD19 (6D5) antibodies (Biolegend).
For CXCR3 blockade experiments, anti-CXCR3 (clone
CXCR3-173; 250mg/mouse) was administered 1hr before
mirtazapine (or vehicle), and images were acquired 4-5 hrs
post-mirtazapine. Kupffer cells were visualized using an Alexa
Fluor 488-conjugated anti-mouse F4/80 (BM8) antibody
(Biolegend). Quantification of B cells/field of vision (FOV),
and CD19+/F4/80+ contact interactions, were done using LasX
analysis software; an interaction was defined as a CD19+ cell
positioned < 2µm away from F4/80+ cell for >30 seconds. For
sinusoidal diameter calculations, ten sinusoids/FOV were
measured via LasX software and averaged to determine the
mean sinusoid diameter for that FOV (3 FOV/animal, 5-6
animals/group). Sinusoidal particle speed was calculated as
fluorescent bead distance traveling through 80-120 µm of
sinusoid/seconds, from start to end of a given distance (5
measurements/animal, 5-6 animals/group). The flow rate was
calculated by multiplying velocity by sinusoidal area, where
area= pr2 (r = radius of sinusoid; 5 measurements/animal, 5-6
animals/group). B cell behavior was analyzed using LasX
software; every CD19+ cell in 3 FOV/animal was analyzed in
videos >5 min to assess distance traveled and cell velocity. For B
cell migration plots, X/Y position was normalized to a reference
point (0,0), and each cell’s X/Y trajectory position was plotted for
each time point. Every cell/FOV was tracked for 10 mins
(2 randomly selected FOVs per treatment group). Resulting
trajectories were plotted as a representative schematic using
GraphPad Prism (version 8.4.3).

Statistical Analyses
All data are shown as mean ± standard error of the mean (SEM).
For comparisons between two groups, an unpaired Student’s t-
test was used. For comparisons between more than two groups an
analysis of variance followed by the Student-Newman-Keuls post-
hoc test was performed (Graph-Pad V8.4.3, San Diego, CA).
RESULTS

Mirtazapine Treatment Induces a Rapid
Reduction in Intrahepatic B Cell Numbers
and Shifts the Hepatic B1a and B2
Subset Profile
Using flow cytometric analysis, we found that mirtazapine
treatment induced a significant decrease in hepatic B cell
numbers, compared with vehicle-treated controls (Figure 1A).
Frontiers in Immunology | www.frontiersin.org 4
Moreover, this mirtazapine-induced reduction in hepatic B cells
was not uniform among the major B cell subsets. Specifically,
mirtazapine treatment led to a disproportionate enrichment of
B1a B cells, and a parallel reduction in the B2 cell population
within the liver (Figures 1B, C).

We speculated that the rapid decrease in overall hepatic B
cell numbers may be due to a mirtazapine-related increase
in sinusoidal blood flow driving non-adherent, or poorly
adherent, B cells from the liver. Indeed, using IVM we
found that mirtazapine treatment-induced an increase in the
hepatic sinusoidal blood volumetric flow rate, associated
A

B

C

FIGURE 1 | Mirtazapine treatment significantly decreases hepatic B cell
numbers and induces compositional changes in hepatic B cell subtypes.
(A) Administration of mirtazapine resulted in ~ 2-fold reduction in numbers of
hepatic B cells 5 hrs post-Mirtazapine administration vs vehicle treated mice
(***p ≤0.0008 n = 5 mice/group). (B) B1a B cells are significantly enriched
within the livers post-mirtazapine treatment (**p ≤0.001; n = 5 mice/group).
(C) Hepatic B2 cells are significantly reduced in mirtazapine-treated vs.
vehicle-treated treated mice (**p ≤0.004; n = 5 mice/group).
March 2021 | Volume 12 | Article 622537
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with a significant increase in hepatic sinusoid diameter,
compared to vehicle-treated control mice. In contrast, the
velocity of intravenously administered particles within the
hepatic sinusoids was not altered by mirtazapine treatment
(Supplementary Figures 1A–D). Following mirtazapine
treatment, intravascular B cell migration (as measured by
IVM) was significantly reduced, as reflected by reduced cellular
velocity and reduced distance travelled by hepatic B cells in the
mirtazapine treated group (Figures 2A–C).

To address possible mirtazapine-related B cell toxicity as a
potential cause of reduced hepatic B cell numbers, whole mouse
peripheral blood was incubated with mirtazapine or vehicle in
vitro for 4 hrs. Cells were stained with annexin V and a cell
viability dye and subsequently analyzed by flow cytometry.
Mirtazapine did not induce direct apoptotic or cytotoxic effects
on B cells (Supplementary Figures 2A–C).

Mirtazapine Treatment Rapidly Increases
Hepatic CXCL10 Levels and Upregulates
CXCR3 Expression on Intrahepatic B Cells
Flow cytometric analyses 5 hrs post-mirtazapine revealed a
marked upregulation of CXCR3 expression on intrahepatic B
cells reflected by an increase in both the percentage of CXCR3-
positive B cells (Figure 3A) and an increase in CXCR3
expression per cell (Figure 3B). Macrophage derived CXCL10
has previously been implicated in the regulation of B cell
phenotypic changes (34). Therefore, we determined the impact
of mirtazapine treatment on hepatic CXCL10 levels. We found
Frontiers in Immunology | www.frontiersin.org 5
that mirtazapine treatment induced a significant increase in
hepatic CXCL10 protein levels 5 hrs post-treatment (vehicle:
1.610 ± 0.081 pg/mg vs. mirtazapine: 192.5± 60.8 pg/mg;
**p ≤ 0.004; n = 5 and 7 mice/group). Moreover, mirtazapine
treatment significantly increased the proportion of CXCL10
expressing monocytes (Figure 3C) and dendritic cells (Figure
3E)), and increased CXCL10 expression (as mean fluorescence
intensity; MFI) in hepatic monocytes (Figure 3D) and dendritic
cells (Figure 3F), in the liver of mirtazapine treated mice
compared to vehicle treated controls. Importantly, treatment of
mouse macrophages with mirtazapine in vitro did not induce
CXCL10 production, indicating mirtazapine does not directly
stimulate macrophages to produce CXCL10 (vehicle: 6.9 ± 0.76
pg/ml vs. mirtazapine: 7.5 ± 0.89 pg/ml; ns [p ≤ 0.62];
n=4/group).

CXCR3 Mediates the Preferential
Retention of B Cells Within the Liver
Following Mirtazapine Treatment
To identify cellular interactions responsible for the retention of B
cells within the liver post-mirtazapine treatment, we performed
IVM analysis of hepatic B cell and Kupffer cell interactions post-
mirtazapine treatment using CD19-tdTomato reporter mice
(B cells appear “red” in IVM). Using IVM, we observed a
significantly higher proportion of hepatic B cells in contact
with Kupffer cells after mirtazapine treatment, compared to
vehicle-treated mice (Figures 4A, B). Furthermore, in vivo
antibody-mediated blockade of CXCR3 significantly reduced
A B

C

FIGURE 2 | Reduced sinusoidal patrolling activity of hepatic B cells after mirtazapine treatment. Mice were treated with mirtazapine or vehicle, and cell mobility
parameters such as velocity and total distance traveled (the cumulative length of the trajectory) per cell were quantified from analyses of live cell imaging results.
(A) Mean movement velocity of hepatic B cells and (B) average distance traveled by hepatic B cells. Data are shown as mean +/- SEM, Student’s t test +p ≤ 0.05,
*p ≤ 0.02 n = 4/7mice/group. (C) Representative plots of B cell motion trajectories from one field of view of vehicle or mirtazapine treated livers. Each vector
represents displacement of an individual B cell for an imaging period of >5 min relative to their starting position.
March 2021 | Volume 12 | Article 622537

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Almishri et al. Mirtazapine and Hepatic B Cell Homoeostasis
hepatic B cells within the liver post-mirtazapine treatment,
compared to mirtazapine treated mice that received isotype
control (Figures 4C, D). These observations indicate that
CXCR3 plays an important role in differential B cell retention
within the liver after mirtazapine treatment.

The Hepatic B Cell Population
Post-Mirtazapine Treatment Exhibits a
Shift Towards Th2-Like Effector
Cytokine Production
The reduction in hepatic B cell numbers and skewing of the
hepatic B1a: B2 B cell ratio induced by mirtazapine, prompted us
to investigate whether B cells remaining within the liver post-
mirtazapine also generated an altered cytokine profile. Indeed,
we found that B cells remaining within the liver post-mirtazapine
treatment secrete less proinflammatory cytokines after in vitro
stimulation (i.e. IFNg, TNF-a, and IL-6) coupled with enhanced
IL-4 production (Figures 5A–D). In contrast, hepatic B cells
isolated from mirtazapine treated mice and stimulated in vitro
produced similar amounts of the cytokines IL-12p70, IL-5 and
Frontiers in Immunology | www.frontiersin.org 6
IL-10 as did B cells isolated from vehicle treated mice
(Supplementary Figures 3A–C).
DISCUSSION

We examined the impact of the atypical antidepressant
mirtazapine on hepatic B cells and found that administration
of mirtazapine in mice profoundly impacts hepatic B cell
homeostasis and effector function. In addition to its metabolic,
secretory and excretory functions, the liver is also appreciated for
its complex immunological activities facilitated by a diverse
population of tissue-resident immune cells. In particular, B
cells reside in the healthy liver, and an increase in hepatic B
cell numbers has traditionally been implicated in the
development of CLD (18). However, accumulating clinical and
experimental evidence suggests that B cell-depleting reagents can
also aggravate a number of diseases, including those affecting the
liver (19, 21, 35, 36). These observations attest to functional
heterogeneity of B cells. In this study, we observed a significant
A B

D

E F

C

FIGURE 3 | Upregulation of hepatic CXCL10 levels and increased proportions of CXCR3-expressing hepatic B cells after mirtazapine treatment. (A) Mirtazapine
treatment significantly enriches hepatic CXCR3 expressing B cells 5hrs post- treatment, compared to vehicle-treated controls (***p ≤0.0001; n = 5 mice/group).
(B) Hepatic B cells in mirtazapine-treated mice demonstrate a higher mean fluorescence intensity (MFI) for CXCR3 expression than B cells from vehicle-treated mice
(***p ≤0.0003; n = 5 mice/group). Mirtazapine treatment increases production (MFI) and frequency (%) of CXCL10+ hepatic monocytes (C, D) and dendritic cells
(E, F) *p ≤0.034 for (C), (*p ≤0.0064 for (D), **p ≤0.007 for (E); and **p ≤0.0099 for (F); n = 5 mice/group.
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and rapid decrease in hepatic B cell numbers after mirtazapine
treatment. Moreover, hepatic B cells that remained in the liver
post-mirtazapine treatment were enriched in B1a B cells, with
fewer B2 B cells, compared to hepatic B cell populations found in
control mice. There is a growing body of literature ascribing a
protective role for the innate-like B1a B cell subset in many
diseases (21, 37, 38). However, studies exploring the role of the
B1a B cell subset in the context of liver disease are scarce. An
elegant study by Yang et al. implicated dysfunctional B1a cells
and associated defective regulatory functions in the pathogenesis
of a murine model of primary biliary cholangitis (PBC) (39).
Thus, tipping the balance of the B-cell pool towards more innate-
like effector-regulatory B cells could be a potential mechanism
through which mirtazapine exerts a protective effect in the
context of a wide array of human immune-mediated illnesses,
including the liver disease PBC, as we have documented in
epidemiological studies from our group (10, 40).

Chemokine-receptor/ligand interactions have been identified
as critical recruitment and retention signals for immune cells,
including B cells (41–44). We found a striking upregulation of
CXCR3 on the surface of hepatic B cells, and an increased
proportion of CXCR3-expressing B cells in the B cell pool
retained within the liver post-mirtazapine treatment. In
keeping with previous observations (34), we speculated that the
mirtazapine-related up-regulation of CXCR3 in hepatic B cells
might promote preferential retention of different B cell subsets
Frontiers in Immunology | www.frontiersin.org 7
within the liver through interactions with its’ ligand CXCL10,
following mirtazapine treatment. Therefore, we determined
changes in hepatic expression of CXCL10 post-mirtazapine
treatment. Indeed, hepatic CXCL10 levels increased
significantly after mirtazapine therapy. Our flow cytometry
data showed that in normal liver immune cells CXCL10 is
expressed primarily by hepatic macrophages and dendritic
cells. Moreover, a significant increase in CXCL10 expression by
these immune cells was noted at 5 hours post-mirtazapine
treatment, a finding further implicating a potential role for
CXCR3: CXCL10 interactions in the differential hepatic B cell
retention we had observed post-mirtazapine. The effect of
mirtazapine on CXCL10 production by macrophages appears
to be indirect since the treatment of macrophages with
mirtazapine in vitro did not induce CXCL10 production. We
next investigated the functional role of CXCR3 in hepatic B cell
retention by administrating an anti-CXCR3 neutralizing
antibody prior to mirtazapine treatment. CXCR3 blockade
significantly reduced hepatic B cell numbers in mirtazapine
treated mice compared to isotype treated controls receiving
mirtazapine, providing clear evidence for a functional role of
CXCR3 in mediating B cell retention within the liver post-
mirtazapine treatment. Consistent with our findings, CXCR3
has been previously implicated in non-B lymphocyte immune
cell retention in the liver (45). Furthermore, it has been
established that CXCR3 ligands can trigger integrin-mediated
A B

DC

FIGURE 4 | CXCR3 chemokine receptor contributes to preferential retention of B cells within the liver. (A) Quantification of F4/80+ and CD19+ cell interactions in
livers 3 hrs. post-vehicle or mirtazapine treatment (*p ≤0.02; n = 6 mice/group). (B) Representative liver IVM image from a mouse 3 hrs post-vehicle (left) and 3 hrs
post-mirtazapine treatment (right) showing enhanced intimate B cell (CD19+; red) and Kupffer cell (F4/80+; blue) interactions in mirtazapine vs vehicle treated mice.
(C) Reduction in hepatic B cells in mirtazapine-treated mice after CXCR3 blockage. B cells (CD19+) were counted in at least 5 FOV images/mouse (*p ≤0.05 n = 4
mice/group). (D) Representative liver IVM images from mice 3 hrs. post-treatment. Mirtazapine + isotype control upper panels, and mirtazapine + anti-CXCR3
neutralizing antibody (lower panels). Green staining indicates F4/80+ Kupffer cells and red staining indicates CD19+ B cells.
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adhesion of CXCR3-expressing hepatic and peripheral blood
lymphocytes to integrins (46, 47).

Increased liver sinusoidal diameter and increased sinusoidal
blood volumetric flow rate were both observed in the
mirtazapine-treated group, compared to the vehicle control
group, suggesting a role for mirtazapine-related receptor
blockade in the regulation of sinusoidal hemodynamics.
Indeed, it has been previously shown that serotonin reduces
hepatic sinusoidal blood flow, an effect that was inhibited by 5-
HT2 receptor antagonists (48). Therefore, it is plausible that
by antagonizing endogenous serotonin induced 5-HT2 -
mediated receptor activity in the liver, mirtazapine causes
sinusoidal dilation, as indicated by increased sinusoidal
diameter. In addition to overall blood flow, these alterations to
hemodynamic parameters are anticipated to impact the retention
and behavior of intravascular leukocytes within the liver. We
speculate that the increased hepatic sinusoidal volumetric flow
rate that occurred post-mirtazapine treatment caused the
removal of non- or poorly-adherent B cells from the liver,
leaving behind B cells that were firmly anchored by enhanced
interactions with either the sinusoidal endothelium or Kupffer
cells within the liver, following mirtazapine treatment. Indeed,
mirtazapine treatment rapidly induced changes in hepatic B cell
motility patterns, as reflected by reduced speed of movement
and decreased distance travelled. These alterations in B cell
Frontiers in Immunology | www.frontiersin.org 8
movement suggest reduced patrolling of the liver vasculature
in mirtazapine-treated animals. Moreover, mirtazapine induced
an increase in hepatic B cell – Kupffer cell adhesive interactions
in vivo, mediated by B cell expression of the chemokine receptor
CXCR3, further enhancing the retention of a specific population
of hepatic B cells.

The pronounced effect of mirtazapine on hepatic B cell
hemostasis was associated with a significant alteration in
hepatic B cell cytokine effector function. Hepatic B cells
isolated from vehicle or mirtazapine treated mice produced
comparable baseline levels of cytokines in the absence of
stimulation. However, the B cell pool retained within the liver
post-mirtazapine treatment produced decreased amounts of
several proinflammatory cytokines, including IFNg, TNFa and
IL-6, and enhanced secretion of the anti-inflammatory cytokine
IL-4, after in vitro stimulation, compared to the hepatic B cell
pool isolated from vehicle-treated mice. Cytokines are crucial
pathophysiological regulators of acute and chronic liver diseases,
and there has been considerable interest in developing
therapeutic agents that can modulate expression of specific
cytokines necessary for the regulation of hepatic inflammation
and repair (49). In the context of liver diseases, cytokines have
been assigned fundamental properties reflecting common
function, including proinflammatory cytokines (e.g. IL‐1a, IL‐
1b, TNF‐a, and IL‐2), immunoregulatory cytokines (e.g. IFN-g),
A B

DC

FIGURE 5 | Mirtazapine alters the cytokine secreting profile of the hepatic B cell population. Purified hepatic B cells were isolated from vehicle or mirtazapine treated
mice and stimulated in vitro) with PMA/ionomycin and cytokine release measured. Production of proinflammatory cytokines IFN-g (A), TNFa (B), and IL-6 (C) were
lower from the hepatic B cell population isolated from mirtazapine vs vehicle treated mice, whereas production of the anti-inflammatory cytokine IL-4 (D) was
increased in the B cell population isolated from mirtazapine vs vehicle treated mice. (A) ****p ≤0.0001 vehicle + PMA/ionomycin vs. all other groups; ++++p ≤0.0001
mirtazapine +PMA/ionomycin vs. all other groups, (B) ****p ≤0.0001 vehicle + PMA/ionomycin vs. all other groups; ++++p ≤0.0001 mirtazapine + PMA/ionomycin
vs. all other groups, (C) ****p ≤0.0001 vehicle + PMA/ionomycin vs. all other groups; ++++p ≤ 0.0001 mirtazapine + PMA/ionomycin vs. all other groups, and
(D) ****p ≤0.0001 vehicle + PMA/ionomycin and mirtazapine + PMA/ionomycin groups vs. all other groups; and +++p ≤0.001 vehicle + PMA/ionomycin
vs. mirtazapine + PMA/ionomycin group (n = 3 and 4 mice per group).
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and anti-inflammatory cytokines (e.g. IL-10 and IL-4) (49).
In contrast, IL-6 has a less well defined role in the context
of inflammatory liver disease, in that it has been ascribed
both pro‐ and anti‐inflammatory activities (50). Based on their
conventionally reported roles, our data suggest that mirtazapine
favors skewing of the B cell-related intrahepatic cytokine milieu
towards a more anti-inflammatory/immune-suppressive one. If
a similar change occurs in patients receiving mirtazapine, this
hepatic cytokine shift may alter immune responses away from a
more proinflammatory profile.

Although serotonin appears to be capable of modulating B
cell responses, this linkage remains somewhat controversial in
some models (51). Specifically, serotonin upregulates mitogen-
stimulated B lymphocyte proliferation, an effect mediated
through the 5-HT1A receptor subtype (52). Mirtazapine is
considered an antagonist of 5HT2A, 5HT2C and 5HT3
serotonin receptors, not 5HT1A receptors (53). Moreover, B
cells express 5HT2A and 5HT3 receptors (54, 55).We have
previously reported that mirtazapine treatment does not alter
total hepatic serotonin levels (15, 27). However, mirtazapine
treatment may potentially alter hepatic B cell responses by
blocking signaling through 5HT2A, 5HT2C and 5HT3
serotonin receptor subtypes, or by augmenting signaling
through other serotonin receptor subtypes (including 5HT1A)
by enhancing the local availability of serotonin (11). Additionally,
mirtazapine could potentially impact other innate or adaptive
immune cell types within the liver that express serotonin
receptors and modulate their activation and cytokine secretion
to subsequently alter hepatic B cell immune responses.

Here, we report the identification of a novel immuno
modulatory effect of mirtazapine on hepatic B cells, skewing
the hepatic B cell population towards a more B1 dominant
profile commonly associated with a more regulatory and/or
anti-inflammatory phenotype (21, 37, 38, 56). Our current
findings are consistent with our previously published results
showing that mirtazapine exerts anti-inflammatory effects within
the liver in a mouse model of immune-mediated hepatitis, and our
epidemiological findings showing a beneficial effect of mirtazapine
on adverse hepatic outcomes in patients with the liver disease PBC
(10, 15). Given the growing interest in identifying innovative
therapies that can be used as an alternative to pan-B cell-depleting
treatments, mirtazapine, or mirtazapine derivative, could
potentially represent a novel therapeutic strategy directed
towards enriching hepatic immune-regulatory B1a lymphocytes,
and reducing pathogenic B2 lymphocytes to beneficially alter
immune-mediated liver disease outcomes.
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