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Abstract

Atypical antipsychotic medications such as risperidone are widely prescribed for diverse

psychiatric indications including schizophrenia, bipolar disorder and depression. These

medications have complex pharmacology and are associated with significant endocrine and

metabolic side effects. This class of medications also carries FDA black box warnings due

to increased risk of death in elderly patients. Clinical reports indicate that patients treated

with these medications are more susceptible to infections; however, the underlying mecha-

nisms/pharmacology are unclear. We have previously reported that risperidone and it’s

active metabolite distributes to the bone marrow in clinically relevant concentrations in pre-

clinical species, leading us to hypothesize that the hematopoietic system may be impacted

by these medications. To test this hypothesis, using proteomic and cytokine array technol-

ogy, we evaluated the expression of genes involved in inflammatory and immune function

following short term (5 days) and longer term (4 weeks) treatment in healthy animals. We

report that low-dose risperidone treatment results in global immunosuppression in mice,

observed following 5 days of dosing and exacerbated with longer term drug treatment (4

weeks). These data are consistent with increased susceptibility to infection in patients

administered these medications and have profound implications for the increasing off-label

prescribing to vulnerable patient populations including children and the elderly.

Introduction

Antipsychotic medications are FDA approved for treatment of psychosis associated with

schizophrenia and bipolar disorder as well as severe depression and autism-related irritability.

These medications have complex pharmacology, antagonizing myriad G protein coupled

receptors (GPCRs) including dopamine D2, serotonin 5HT2, alpha adrenergic, histaminergic

and muscarinic receptors. It is thought that antipsychotic efficacy is linked primarily to central

antagonism of dopamine D2 and 5HT2c receptors [1–2]. Over the past 10–15 years, off-label

prescribing of these medications has been increasing for diverse indications such as attention
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deficit/hyperactivity disorder (ADHD), insomnia, and agitation associated with dementia,

despite lack of evidence for efficacy and black box FDA warnings relating to patient safety [3–

5]. Antipsychotics are associated with serious side effects including obesity, dyslipidemia, dia-

betes, increased risk of fractures and bone loss [6–11].

Although the reasons are not well defined, antipsychotic medications are also associated

with increased mortality in vulnerable populations receiving off-label prescriptions including

children [12] and older adults [13–14]. Clinical data indicate that schizophrenic patients are

more susceptible to infections [15]; the role of medications, per se, on the increased susceptibil-

ity to infections in this population has not been clearly delineated. Off-label antipsychotic use

in elderly patients is associated with a higher incidence of urinary tract infections [16], and a

prospective study of Parkinson’s disease patients treated with antipsychotics found a 2-fold

greater incidence of infection compared to those who are not [13]. Despite these observations,

the role of antipsychotic medications in determining susceptibility to infectious disease is not

understood. We have previously reported that the antipsychotic drug, risperidone (RIS) dis-

tributes to bone marrow in preclinical models (female c57bl/6 mice) following a single oral

dose [17]. This drug distribution coupled with the associations of antipsychotic use with

increased incidence of infection in patients led us to hypothesize that the bone marrow com-

partment may be a key target of RIS action, resulting in altered immune function and

increased susceptibility to infection. Here we report, using a pre-clinical model of young adult

mice, that RIS and the active metabolite, 9-OH-risperidone (paliperidone; PAL) distribute to

the marrow compartment, and that acute (5 days) and chronic (4 week) RIS treatment results

in global immunosuppression in healthy animals.

Methods

Animal care and use

The preclinical model employed for these studies uses 7–8 week old male C57BL/6J mice, fed

standard mouse chow (18% protein rodent chow; Envigo) and treated once daily with vehicle

(VEH; 0.1% acetic acid, PO) or a low, clinically relevant dose of risperidone for 5 days (Sigma;

0.75 mg/kg, PO) or 4 weeks (Sigma; 1 mg/kg, PO). This drug dose was chosen based upon pre-

liminary PK studies conducted in our laboratory [17] which reflect plasma drug exposure con-

sistent with what is observed clinically [18]. At the end of each treatment period, mice were

sacrificed by CO2 asphyxiation (5 day treatment) or avertin (2.5% in PBS) injection (4 week

treatment). Plasma (EDTA), heart, liver, bone marrow, spleen, and thymus were collected for

analysis. All animal study protocols were approved by the University of New England IACUC

committee.

Drug exposure

Concentrations of RIS and the active metabolite, PAL, in plasma and bone marrow were deter-

mined by liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis as previ-

ously reported [17]. Briefly, RIS and PAL were extracted from both plasma and bone marrow

via protein precipitation with acetonitrile. Separation was accomplished using a Waters

XBridge C18 analytical column (3.0 x 50 mm, 3.5 μm). Mobile phase consisted of 0.1% formic

acid in purified water (A) and 0.1% formic acid in acetonitrile (B). The flow rate was 0.4 mL/

min, and heated to 60˚C. Gradient elution was employed, with initial conditions 95% A and

5% B. Solvent composition was held at the initial conditions for 1.0 minutes, and then was

ramped over the following 1.5 minutes to 95% B. Composition was maintained at 95% B for 1

minute. RIS and PAL were detected via an Agilent (Waldbronn, Germany) 6460 triple quadru-

pole mass spectrometer operated in positive ion MRM mode. The following transitions were
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monitored: RIS (411.2!191.0) and PAL (427.2!207.0). Significant differences between

groups were determined by two-tailed T test using GraphPad Prism.

Measurement of systemic immune markers

Serum concentrations of forty immune markers (cytokines, chemokines, and soluble Intercel-

lular Adhesion Molecule [ICAM]-1) were measured in mice treated with RIS or VEH for 5

days or 4 weeks using the Proteome Profiler Mouse Cytokine Array (R&D Systems, Minneap-

olis, MN) according to the manufacturer’s procedures. Arrays were imaged using a FluorChem

Q instrument and quantified using ImageQuant v. 8.2. Each duplicate array spot representing

a unique immune marker was normalized to each of 3 reference spots per array (N = 3 mea-

surements per spot). Normalized measurements were averaged for each spot, and the duplicate

spots for each feature were then averaged to generate a total measure for each immune marker.

Unique arrays were run for each animal (N = 6 animals per condition [i.e., 5 day VEH-treated

mice 1 hour post-dosing; 5 day RIS-treated mice 1 hour post dosing; 5 day VEH-treated mice

3 hours post-dosing; 5 day RIS-treated mice 3 hours post dosing; 4 week VEH-treated mice 3

hours post-dosing; 5 day RIS-treated mice 3 hours post dosing]). Significant differences

between groups for each immune function marker were determined by two-tailed T test using

GraphPad Prism. Responses were categorized as follows: acute onset/transient effects (those

present at 5 days plus 1 hour of dosing only), early onset/transient effects (those present at 5

days plus 3 hours of dosing only), early onset/persistent effects (those present at 5 days plus 3

hours of dosing and 4 weeks of dosing), late onset effects (those present at 4 weeks of dosing),

or chronic effects (early onset/persistent effects plus late onset effects).

Histology

Spleen, thymus, and femur were collected during necropsy from each animal following 5 days

of RIS or VEH. Tissues were post-fixed in 4% paraformaldehyde overnight. Bones were decal-

cified using 10% EDTA across 3 weeks. Tissues were embedded in paraffin and 5 mm sections

were taken for staining using hematoxylin and eosin (H&E) in order to qualitatively assess

changes in pathology. Two sections from each animal were examined via brightfield micros-

copy at 4x, 10x, and 40x magnifications using a Keyence BZ-X710 inverted widefield digital

microscope. Images were collected using BZ-X analyzer software.

Immunological function pathway analysis

Entries for all measured cytokines were accessed from the Kyoto Encyclopedia of Genes and

Genomes (KEGG) Database [19]. Pathways for each measured immune marker involved in

immune function (N = 27 pathways) or responses to specific infectious diseases (N = 24 path-

ways) were pulled and analyzed. Pathways involving measured features that are not linked to

immune function or infectious disease responses were not included in the analysis. The num-

ber of altered cytokines present at wild-type levels (i.e., that of VEH-treated mice) were tabu-

lated in VEH and RIS treatment groups at each effect stage (acute onset/transient, early onset/

transient, early onset/persistent, and chronic). Chronic exposure values reflect the total cyto-

kines that were altered at both 5 days and 4 weeks. Heat maps reflecting the total altered

immune factors for each pathway at each effect stage were generated. Each immune factor

present at significantly higher levels in one group was allotted proportional wavelength in their

assigned color on a scale from 55 nm to 255 nm (VEH = red; RIS = green) (Immune Function

Pathway map λ = 21 nm per altered measure; Infectious Disease Response Pathways λ = 33

nm per altered measure). Multiple factors present at significantly higher levels contribute
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additively to color intensity. Absence of change between groups in immune mediator levels in

an effect category are colored black (λ = 0 nm).

Proteomic analysis

A proteomic analysis of heart tissue was performed as part of a larger study focused on side

effects of antipsychotic drugs. Whole hearts and portions of liver from RIS-treated (N = 5) and

VEH-treated (N = 4) male mice were homogenized in HTNG lysis buffer (20 mM HEPES,

150mM NaCl, 1.5mM MgCl2, 10% glycerol, 1% Triton-X 100 1mM EDTA, protease-inhibitor

cocktail (Calbiochem). Protein concentration of the supernatant was determined by BCA

(pierce). 40 μg of protein was used from each sample. Tryptic digests of protein samples were

performed using the ProteoExtract digestion kit (Calbiochem). Tryptic peptides were then sep-

arated on a Ultimate RSLC system 3000 (ThermoFisher/Dionex) nanoscale liquid chromato-

graph and infused onto a 5600 TripleTOF mass spectrometer (Sciex). Sequential window

acquisition of all theoretical spectra (SWATH) was used to profile all proteins in each sample

using a data-independent acquisition method. A human-specific ion library comprising 4091

proteins was constructed using ProteinPilot software (Sciex). For identification of peptides,

multiple fragment ion chromatograms were retrieved from the spectral library for each peptide

of interest. These spectra were compared with the extracted fragment ion traces for the corre-

sponding isolation window to identify the transitions that best identify the target peptide.

SWATH analysis was performed using PeakView software, and MarkerView software was uti-

lized for principal component analysis and T-test comparisons [20]. Detailed proteomic analy-

sis methods are available at PeptideAtlas (Identifier: PASS01349). The proteomic data were

analyzed in the following pairwise comparisons: heart RIS to heart control. An adjusted p-

value was calculated for each protein in each pairwise data set using the FDR method. Two sig-

nificant protein lists were then made for each pairwise data set using the raw and adjusted p-

values with a threshold of 0.05. Proteins associated with immune functions or phenotypes

showing altered expression during RIS treatment relative to VEH-treated controls were binned

and tabulated for this study.

Results

Animal health

The dose of drug selected for these studies results in total plasma drug concentrations that fall

in the low end of the clinical range and causes no significant change in feeding, body weight or

general behavior as previously published [9, 17, 21]. In all treatment cohorts, animals appeared

healthy and gained weight, as expected. In the 4 week treatment cohort, VEH animals (n = 8)

weighed 23.3 +/- 0.95 on day 1 and 25.6 +/- 1.16 g at the culmination of the study. RIS animals

(n = 9) weighed 23.1 +/- 0.93 g on day 1 and 25.2 +/- 1.91 g at the end of the study. In the 5 day

treatment cohort, animals treated with VEH and RIS for 5 days averaged 24.33 +/- 0.57 and

24.1 +/- 0.87 g on d1 and 24.8 +/- 0.45 and 24.02 +/- 0.51 g on d5, respectively.

Drug distribution to the marrow compartment

RIS and the active metabolite (PAL) distributed to marrow of male mice following 5 days of

dosing, and concentrations were higher in marrow than in plasma at 1 and 3 hours post-dose

(10–15 fold higher in marrow vs. plasma; P<0.05; (Fig 1). Samples from vehicle treated ani-

mals had no drug or metabolite concentrations detectable above the limit of quantification

(LOQ) of the assay (1 nM). These data are consistent with our previous report of RIS and PAL

distribution to bone marrow of female mice following a single oral dose [17].

Antipsychotic drug induced immunosuppression
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Detection of systemic immune markers

Plasma concentrations of 40 cytokines or chemokines were measured in plasma from mice

treated for 4 weeks or 5 days with RIS or VEH. Significant changes or trends between VEH-

and RIS-treated groups were observed for 31 of 40 measured immune markers at at least one

effect stage (i.e., acute onset/transient, early onset/transient, early onset/persistent, or late

onset; Table 1; Figs 2 and 3). Twenty-one (>50%) of the evaluated immune markers were

diminished relative to VEH controls after only 5 days of RIS treatment, and were persistently

diminished through 4 weeks of RIS treatment.

Histology

H&E staining of bone marrow, thymus, and spleen showed changes across cohorts between

RIS- and VEH-treated mice (Fig 4) after 5 days of dosing. Bone marrow sections from RIS-

treated mice did not have evidence of hypocellularity or overt defects in lymphoid cells.

However, sections revealed extensive myeloid dysplasia and nectroptotic myeloid lineage

cells (Fig 4A). Thymus sections from RIS-treated mice showed hyaline staining throughout

the tissue, most notably along vessel walls. Many animals had visible fat infiltration in the

thymus, indicating the tissues were in the early stages of steatosis (Fig 4B). There were no

apparent changes at the cellular level in the spleen; however, the overall organization of the

white pulp was altered in RIS-treated mice, featuring loss of marginal zones and germinal

centers (Fig 4C).

Immune function pathway analysis

Cytokines measured in this study are integral to several immune function and infectious

disease response pathways in the KEGG database, and the complete panel of cytokines with

serum levels altered during RIS treatment are shown via heat maps (Fig 5). The intensity of

red is directly proportional to the number of measured immune mediators depressed in

RIS-treated mice relative to VEH-treated mice for each pathway. The intensity of green is

directly proportional to the number of mediators that are increased in RIS-treated mice for

each pathway. Alterations in at least one measured immune marker level were induced by

RIS treatment in all examined pathways with the exception of the Ras signaling pathway. A

small number of pathways were transiently enhanced or depressed by RIS treatment before

recovering fully or subsequently becoming dysregulated. Twenty-one pathways include

depressed immune markers after five days of RIS treatment, and nineteen were further dys-

regulated by four weeks. Twenty-three of the twenty-seven immune function pathways had

reduction of at least one cytokine after four weeks of RIS treatment (Fig 5A). Twenty-four

infectious disease response pathways included immune markers measured in this study,

and all but Helicobacter infection involve at least one immune marker altered by RIS treat-

ment. After five days of treatment, RIS treatment caused dysregulation of pathways involved

in defense against twenty-one different infectious diseases. All disruptions persisted

through 4 weeks of treatment, and sixteen of the twenty-one were further dysregulated fol-

lowed longer drug treatment (Fig 5B).

Fig 1. Risperidone/Paliperidone concentrations after 5 days of treatment. Plasma and bone marrow concentrations of

risperidone (white bars) and its active metabolite paliperidone (grey bars) were measured 1 and 3 hours post dosing.

Paliperidone concentrations expectedly exceeded risperidone in both plasma and bone marrow. Concentrations of

risperidone and paliperidone were found in at least 10-fold excess in bone marrow compared to plasma at both time points.

https://doi.org/10.1371/journal.pone.0218937.g001
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Immunoproteomic changes in the heart and liver during RIS treatment

Twenty-three proteins found in pathways associated with immune functions or infectious dis-

ease phenotypes showed altered expression (P< 0.05) in the heart during RIS treatment rela-

tive to VEH-treated controls after 4 weeks (Table A in S1 Tables). Similarly, twenty-eight

Table 1. Cytokine profiles in a preclinical model of RIS therapy.

Cytokine/Chemokine 5 Day Treatment 4 Week Treatment Temporality of Effect

1 hour 3 hour

ICAM-1 # $ $ Acute, transient

IL-16 # $ #a Acute, transient

IL-6 " $ $ Acute, transient

C5a # #a $ Acute/Early, transient

IL-2 #a # $ Acute/Early, transient

IL-3 $ #a $ Early, transient

CXCL1 $ # $ Early, transient

IL-4 $ # $ Early, transient

IL-23 $ #a $ Early, transient

TREM-1 $ # $ Early, transient

MIP-1α $ # #a Early onset, chronic

TNF- α $ # #a Early onset, chronic

I-309 #a #a # Early onset, chronic

IL-17 $ # # Early onset, chronic

IL-7 $ # # Early onset, chronic

CXCL9 (MIG) $ # #a Early onset, chronic

IL-1ra $ # #a Early onset, chronic

IL-1β $ # # Early onset, chronic

IL-27 $ # # Early onset, chronic

TIMP1 $ # # Early onset, chronic

ITAC $ # # Early onset, chronic

IL-13 $ # # Early onset, chronic

IP10 (CXCL10) $ # # Early onset, chronic

MCP1 (CCL2) $ # # Early onset, chronic

IL-12 $ # # Early onset, chronic

CXCL12 $ $ # Late onset, chronic

INFγ $ $ # Late onset, chronic

BCA-1 $ $ # Late onset, chronic

IL-1α $ $ # Late onset, chronic

CXCL2 (MCP2) $ $ # Late onset, chronic

G-CSF $ $ # Late onset, chronic

M-CSF $ $ $ Unchanged

GM-CSF $ $ $ Unchanged

IL-5 $ $ $ Unchanged

CCL5 (RANTES) $ $ $ Unchanged

IL-10 $ $ $ Unchanged

TARC $ $ $ Unchanged

MIP-1β $ $ $ Unchanged

CCL11 (eotaxin) $ $ $ Unchanged

aFeature was trending toward significance in alteration, with a P value between 0.1 and 0.05

https://doi.org/10.1371/journal.pone.0218937.t001
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proteins found in these pathways showed altered expression in the liver (P< 0.05; Table B in

S1 Tables). Quantitative raw data have been deposited and can be accessed via PeptideAtlas

(Identifier: PASS01349).

Discussion

The highly prescribed antipsychotic, risperidone, distributes to bone marrow in mice and is

associated with global immunosuppression. Initial findings made in the context of a larger

Fig 2. Immunological parameters after 4 weeks of treatment. Levels of 40 different cytokines or chemokines were measured by normalized pixel density (% of

reference spots, Y axis) after 4 weeks of continuous risperidone (black bars) or vehicle (grey bars) treatment. Seventeen cytokine/chemokines were significantly (�,

P<0.05) reduced in risperidone-treated mice relative to vehicle-treated mice. An additional 5 markers were substantially reduced, with P values ranging between 0.05

and 0.1 (marked). No markers were significantly elevated in risperidone-treated mice.

https://doi.org/10.1371/journal.pone.0218937.g002

Fig 3. Immunological parameters after 5 days of treatment. Levels of 40 different cytokines or chemokines were measured by normalized pixel density (% of reference

spots, Y axis) after 5 days of continuous risperidone (black bars) or vehicle (grey bars) treatment. Measurements were made 1 hour (A) and 3 hours (B) after the fifth

dose. Only ICAM1, C5a, and IL-16 were significantly (�, P<0.05) 1 hour post treatment; however, 18 cytokine/chemokines were significantly (�, P<0.05) reduced by 3

hours. Two or 4 additional markers were substantially reduced with P values ranging between 0.05 and 0.1 (marked) at 1 and 3 hours, respectively. IL-6 was significantly

elevated in risperidone-treated mice at 1 hour post treatment, but the effect was lost by 3 hours. Markers that were reduced at 1 hour (ICAM1, C5a, and IL-16) all

rebounded to normal levels by 3 hours; however, both markers that were trending downward at 1 hour (IP10 and IL-2) were significantly reduced in treated mice by 3

hours.

https://doi.org/10.1371/journal.pone.0218937.g003
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Fig 4. Histopathological changes after 5 days of treatment. Hematoxylin and eosin staining of bone marrow, thymus, and spleen showed changes across cohorts

between risperidone- versus vehicle-treated mice. Bone marrow sections (A) from risperidone-treated mice revealed myeloid dysplasia (green arrow heads) and
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study on the side effects of antipsychotic medications showed proteomic changes in the heart

and liver involving proteins involved in immune function during RIS treatment. While not

primary immunological organs, these changes in the heart and liver indicated that genes

encoding proteins that can impact immune responses are directly or indirectly responsive to

the presence of RIS (Tables A and B in S1 Tables). In order to validate these findings in a bio-

logically relevant manner, we assessed whether systemic changes in functional immune media-

tors occur during RIS treatment. Reduced plasma concentrations of multiple cytokines and

immune modulators were observed following short term (5 days) and chronic (4 week) dosing.

These data are consistent with clinically observed increased susceptibility to infection, and

have profound implications for off-label prescribing.

To our knowledge, the current study represents the most comprehensive analysis of anti-

psychotic-induced effects on immune system mediators in vivo, by evaluating concentrations

necroptotic cells (green arrows), whereas myeloid progenitors from vehicle-treated mice featured normal myeloid progenitors (silver arrows). Thymus sections (B) from

risperidone-treated mice showed hyaline staining, most notably along vessel walls (white arrows), and early steatosis (grey arrow). Cellular changes were not apparent in

the spleen between risperidone- and vehicle-treated mice; however, sections viewed at low magnification (C) show a disorganization of white pulp (boxed area) with loss

of marginal zones and germinal centers in risperidone-treated mice.

https://doi.org/10.1371/journal.pone.0218937.g004

Fig 5. Immune dysregulation and infectious disease susceptibility during risperidone treatment. Cytokines measured in this study are integral to several immune

function and infectious disease response pathways in the KEGG database. The number of altered cytokines present at wild-type levels at each effect stage (acute/transient

effect, early/transient effect, early/persistent effect, or chronic effect) were tabulated in VEH-treated (red) and RIS-treated (green) mice. Chronic exposure

measurements reflect the total cytokines that were altered at both 5 days and 4 weeks. Absence of altered cytokines in an effect category are colored black (λ = 0 nm).

The intensity of red reflects the number of immune markers significantly decreased during RIS treatment, and consequently the strength of function in VEH-treated

mice relative to function in RIS-treated mice, and vice versa regarding green intensity showing an expected enhancement of pathway function. Twenty-seven immune

function pathways (A) included measured cytokines, and alterations were apparent in all but the Ras signaling pathway. A small number of pathways were transiently

enhanced or depressed by RIS treatment before recovering fully or subsequently becoming dysregulated. Twenty-one pathways include depressed cytokines after five

days of RIS treatment, and nineteen were further dysregulated by four weeks. Twenty-three of the twenty-seven immune function pathways had reduction of at least one

cytokine after four weeks of RIS treatment. Twenty-four infectious disease response pathways (B) included measured cytokines, and all but Helicobacter infection

involve altered cytokines. RIS-treatment would increase susceptibility to Staphylococcus aureus and viral myocarditis acutely after dosing, but would not confer

increased risk by continuous therapy. RIS could transiently enhance responses to ten infections, though any enhancement would be offset by parallel reductions of a

different immune mediator during responses in six others (shown as equivalent red and green wavelengths, appearing as yellow). After five days of treatment, RIS

treatment causes dysregulation of pathways involved in defense against twenty-one different infectious diseases. All disruptions persisted through 4 weeks of treatment,

and sixteen of the twenty-one were further dysregulated followed longer drug treatment.

https://doi.org/10.1371/journal.pone.0218937.g005
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of forty distinct markers at multiple time points following RIS treatment (Figs 2 and 3). Plasma

concentrations of cytokines beyond normal limits have been reported several times in drug-

naive schizophrenic patients, leading to the hypothesis that the disease has a large inflamma-

tory component that is as yet poorly defined [22–25]. This is further supported by newer

reports of the responsiveness of schizophrenia to anti-inflammatory drugs [26–28]. Apparent

normalization of some cytokine levels following treatment of schizophrenia with antipsychotic

drugs as well as in vitro demonstrations of their ability to impact pro- and anti-inflammatory

cytokines [29–32] has led to speculation and analysis that immunomodulation is a previously

unrecognized component of their therapeutic effect for patients experiencing psychosis [33].

The notion of therapeutically relevant immunomodulation has been applied to lethal inflam-

matory conditions such as bacterial sepsis, wherein the typical antipsychotic drug trifluopera-

zine showed an improved survival and reduced organ damage in a preclinical model [34]. This

reciprocal potential for drug repurposing is reflective of the bi-directional interactions between

the immune and nervous systems, notable here for the demonstrated involvement of dopami-

nergic and serotonergic signaling in both processes. Previous studies evaluating the immuno-

modulatory effects of typical and atypical antipsychotic drugs have often been limited in scope

to the evaluation of single or small numbers of cytokines. Most explorations of cytokine levels

in humans have focused on schizophrenic patients, where mechanistic evaluations of the

impact of antipsychotic drugs on previously well-regulated immune functions are strongly

confounded due to the inherently dysregulated inflammatory responses in these patients. A

small number of studies evaluating the impact of cytokine release by immune cells such as den-

dritic cells and peripheral blood mononuclear cells have been carried out in vitro [29, 31]. In

some instances these studies led to conflicting findings with data from human patients; how-

ever, the inherent limitations of immune signal measurement in vitro and the complex inflam-

matory profile of schizophrenic patients make these discrepancies predictable.

Our previous studies showing that RIS and the active metabolite, PAL, distribute to bone

marrow raised the distinct possibility of direct action on the hematopoietic system via GPCR

antagonism [17]. This necessitated a prospective, in vivo study where confounding variables

such as underlying inflammatory disorders or concurrent infections could be tightly con-

trolled. Concentrations of RIS and PAL in the marrow compartment are higher than observed

in plasma and exceed the Kd for binding to GPCRs known to be targeted by these drugs,

including dopaminergic and serotinergic receptors. Changes in inflammatory responses can

be driven by changes in dopaminergic and serotonergic signalling through various mecha-

nisms [35–43], and therefore antagonism of these receptors makes some level of inflammatory

modulation predictable. We have previously reported [17] that dopamine is present in the

marrow compartment and that RIS exhibits direct effects on osteoclast differentiation, demon-

strating that bone marrow is a pharmacologically relevant compartment for RIS action. Given

the expression of some of the target receptors within the hematopoietic system and the interac-

tion between dopaminergic and serotonergic signalling and inflammation, pharmacologically

active drug concentrations in bone marrow are likely significant. Histopathologic changes

were apparent in bone marrow after only 5 days of drug exposure, supporting the notion that

RIS is acting on cells that regulate myeloid cell maturation either directly or indirectly. While

neutropenia is a known side effect of clozapine [44–46], it is increasingly seen as a complica-

tion of other atypical antipsychotic drugs. A prospective study and several case reports describe

either neutropenia or panleukopenia induced by RIS treatment of patients treated either for

psychosis or off-label uses [47–51]. Our findings of myeloid dysplasia and necroptosis in bone

marrow (Fig 4A) following RIS exposure are consistent with these clinical findings, and pro-

vide a mechanism for the observed effect in patients.
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Histopathologic changes observed within the thymus (Fig 4B) and spleen (Fig 4C) after 5

days of RIS treatment are indicative of systemic impacts on distal lymphoid organs. Changes

seen within the thymus (i.e., steatosis, hyaline staining) are consistent with those seen in natu-

ral thymic involution and atrophy due to aging [52]; however, these changes were accelerated

in RIS-treated animals as indicated by their absence in VEH-treated mice. Clinical outcomes

of thymic atrophy include immune dysregulation and lowered immunological function [53].

Immune function pathways related to T cell maturation/differentiation were among the most

heavily impacted by RIS treatment (Fig 5A, Chronic Effects), strongly suggesting that dysregu-

lated cytokine signalling during RIS treatment is a mechanism for the observed thymic

pathology.

The effects observed in the current study are seen in a pre-clinical model using unchal-

lenged animals without a confounding disorder that impacts immune signalling. Impacts on

immune function by RIS treatment seen here are predictive of impacts on non-schizophrenic

patients who are prescribed RIS off-label. Interactions between immune function pathways

and those describing the pathophysiology of chronic diseases such as type II diabetes mellitus

and nonalcoholic fatty liver disease are likely to be similarly impacted by the observed reduc-

tion of certain inflammatory mediators (e.g., TNF-α) in RIS-treated mice. It is notable that

many of the clinical features of these diseases such as insulin resistance and dyslipidemia are

known side effects of long-term antipsychotic use [6, 7, 10]. The immune markers measured

are part of the mapped immune responses to twenty-four different infectious diseases (Fig 5B),

and twenty-one of these pathways were chronically disrupted with multiple diminished cyto-

kines after only 5 days of RIS treatment. It is important to note that the KEGG database has

mapped responses to a total of twenty-seven infectious diseases, and therefore RIS treatment

dysregulates 85% (78% chronically; 7% transiently) of the mapped infection defense responses.

Disrupted response pathways during pertussis, measles, influenza A, and hepatitis B would be

particularly acute in children and adolescents [54–57], who as a population can experience off-

label use of antipsychotics in the treatment of ADHD. Disruption in the responses to legionel-

losis, influenza A, and Staphylococcus aureus infection, all of which are significant causes of

morbidity and mortality in nursing home residents [58–60], are also predictable. Off-label

antipsychotic drug use in nursing homes has been reported to be as high as 37% of patients

(with and without dementia) [61]. Taken together, this suggests that 1 in 3 nursing home resi-

dents would be at elevated risk for infections specifically known to cause adverse outcomes in

their population.

Based on our preclinical model, it is predictable that reductions in cytokine levels during

RIS treatment would disrupt responses to the overwhelming majority of infectious diseases in

immunocompetent individuals, and could further compound function in immunocompro-

mised individuals. This is consistent with clinical observations of elevated levels of infection in

both schizophrenic and non-schizophrenic patients treated with antipsychotic drugs, and the

global immune dysregulation induced by RIS suggests a mechanism that can account for this

phenomenon. Consideration of off-label prescribing in children with ADHD, a broadly immu-

nocompetent population, and older adults with insomnia or dementia, a broadly immuno-

compromised population, should therefore be weighed strongly against the lack of evidence

for efficacy of antipsychotics for these conditions.

Supporting information

S1 Tables. Proteomic Changes in Heart (Table A) and Liver (Table B) Following RIS Treat-

ment (4 Weeks).

(DOCX)

Antipsychotic drug induced immunosuppression

PLOS ONE | https://doi.org/10.1371/journal.pone.0218937 June 26, 2019 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218937.s001
https://doi.org/10.1371/journal.pone.0218937


Acknowledgments

We are grateful to Dr. Ramaz Geguchadze, Mr. Peter Caradonna (University of New England

Histology and Imaging Core) and Ms. Denise Giuvelis (University of New England Behavioral

and Genotyping Core) for technical support. We thank Ms. Barbara Conley for proteomic

sample preparation and Mr. Kieran Wynne for proteomic assistance. We thank Dr. Robert

Cawley for helpful discussions. The content of this manuscript is solely the responsibility of

the authors and does not necessarily represent the official views of the National Institutes of

Health.

Author Contributions

Conceptualization: Meghan May, Karen L. Houseknecht.

Data curation: Meghan May, Deborah Barlow, Karen L. Houseknecht.

Formal analysis: Meghan May, Megan Beauchemin, Calvin Vary, Deborah Barlow, Karen L.

Houseknecht.

Funding acquisition: Karen L. Houseknecht.

Investigation: Meghan May, Megan Beauchemin, Calvin Vary, Deborah Barlow, Karen L.

Houseknecht.

Methodology: Meghan May, Deborah Barlow, Karen L. Houseknecht.

Project administration: Karen L. Houseknecht.

Resources: Karen L. Houseknecht.

Supervision: Karen L. Houseknecht.

Writing – original draft: Meghan May, Karen L. Houseknecht.

Writing – review & editing: Meghan May, Karen L. Houseknecht.

References
1. Jensen NH, Cremers TI, Sotty F. Therapeutic potential of 5-HT2C receptor ligands. ScientificWorld-

Journal. 2010; 10:1870–85. https://doi.org/10.1100/tsw.2010.180 PMID: 20852829

2. Reynolds GP. Receptor mechanisms of antipsychotic drug action in bipolar disorder—focus on asena-

pine. Ther Adv Psychopharmacol. 2011; 1(6):197–204. https://doi.org/10.1177/2045125311430112

PMID: 23983947

3. Kuehn BM. Efforts stall to curb nursing home antipsychotic use. JAMA. 2013; 310(11):1109–10. https://

doi.org/10.1001/jama.2013.276603 PMID: 24045726

4. Olfson M, Blanco C, Liu SM, Wang S, Correll CU. National trends in the office-based treatment of chil-

dren, adolescents, and adults with antipsychotics. Arch Gen Psychiatry. 2012; 69(12):1247–56. https://

doi.org/10.1001/archgenpsychiatry.2012.647 PMID: 22868273

5. Sohn M, Moga DC, Blumenschein K, Talbert J. National trends in off-label use of atypical antipsychotics

in children and adolescents in the United States. Medicine (Baltimore). 2016; 95(23):e3784.

6. Calarge CA, Acion L, Kuperman S, Tansey M, Schlechte JA. Weight gain and metabolic abnormalities

during extended risperidone treatment in children and adolescents. J Child Adolesc Psychopharmacol.

2009; 19(2):101–9. https://doi.org/10.1089/cap.2008.007 PMID: 19364288

7. Houseknecht KL, Robertson AS, Zavadoski W, Gibbs EM, Johnson DE, Rollema H. Acute effects of

atypical antipsychotics on whole-body insulin resistance in rats: implications for adverse metabolic

effects. Neuropsychopharmacology. 2007; 32(2):289–97. https://doi.org/10.1038/sj.npp.1301209

PMID: 17035934

8. Liperoti R, Onder G, Lapane KL, Mor V, Friedman JH, Bernabei R, et al. Conventional or atypical anti-

psychotics and the risk of femur fracture among elderly patients: results of a case-control study. J Clin

Psychiatry. 2007; 68(6):929–34. PMID: 17592919

Antipsychotic drug induced immunosuppression

PLOS ONE | https://doi.org/10.1371/journal.pone.0218937 June 26, 2019 13 / 16

https://doi.org/10.1100/tsw.2010.180
http://www.ncbi.nlm.nih.gov/pubmed/20852829
https://doi.org/10.1177/2045125311430112
http://www.ncbi.nlm.nih.gov/pubmed/23983947
https://doi.org/10.1001/jama.2013.276603
https://doi.org/10.1001/jama.2013.276603
http://www.ncbi.nlm.nih.gov/pubmed/24045726
https://doi.org/10.1001/archgenpsychiatry.2012.647
https://doi.org/10.1001/archgenpsychiatry.2012.647
http://www.ncbi.nlm.nih.gov/pubmed/22868273
https://doi.org/10.1089/cap.2008.007
http://www.ncbi.nlm.nih.gov/pubmed/19364288
https://doi.org/10.1038/sj.npp.1301209
http://www.ncbi.nlm.nih.gov/pubmed/17035934
http://www.ncbi.nlm.nih.gov/pubmed/17592919
https://doi.org/10.1371/journal.pone.0218937


9. Motyl KJ, Dick-de-Paula I, Maloney AE, Lotinun S, Bornstein S, de Paula FJ, et al. Trabecular bone loss

after administration of the second-generation antipsychotic risperidone is independent of weight gain.

Bone. 2012; 50(2):490–8. https://doi.org/10.1016/j.bone.2011.08.005 PMID: 21854880

10. Patel JK, Buckley PF, Woolson S, Hamer RM, McEvoy JP, Perkins DO, et al. Metabolic profiles of sec-

ond-generation antipsychotics in early psychosis: findings from the CAFE study. Schizophr Res. 2009;

111(1–3):9–16. https://doi.org/10.1016/j.schres.2009.03.025 PMID: 19398192

11. Rigler SK, Shireman TI, Cook-Wiens GJ, Ellerbeck EF, Whittle JC, Mehr DR, et al. Fracture risk in nurs-

ing home residents initiating antipsychotic medications. J Am Geriatr Soc. 2013; 61(5):715–22. https://

doi.org/10.1111/jgs.12216 PMID: 23590366

12. Ray WA, Stein CM, Murray KT, Fuchs DC, Patrick SW, Daugherty J, et al. Association of Antipsychotic

Treatment With Risk of Unexpected Death Among Children and Youths. JAMA Psychiatry. 2019; 76

(2):162–71. https://doi.org/10.1001/jamapsychiatry.2018.3421 PMID: 30540347

13. Ballard C, Isaacson S, Mills R, Williams H, Corbett A, Coate B, et al. Impact of Current Antipsychotic

Medications on Comparative Mortality and Adverse Events in People With Parkinson Disease Psycho-

sis. J Am Med Dir Assoc. 2015; 16(10):898.e1–7.

14. Ralph SJ, Espinet AJ. Increased All-Cause Mortality by Antipsychotic Drugs: Updated Review and

Meta-Analysis in Dementia and General Mental Health Care. J Alzheimers Dis Rep. 2018; 2(1):1–26.

https://doi.org/10.3233/ADR-170042 PMID: 30480245

15. World Health Organization. Schizophrenia https://www.who.int/news-room/fact-sheets/detail/

schizophrenia: World Health Organization; 2018 [updated 9 April 2018. Fact Sheet]. Available from:

https://www.who.int/news-room/fact-sheets/detail/schizophrenia.

16. van Strien AM, Souverein PC, Keijsers CJPW, Heerdink ER, Derijks HJ, van Marum RJ. Association

Between Urinary Tract Infections and Antipsychotic Drug Use in Older Adults. J Clin Psychopharmacol.

2018; 38(4):296–301. https://doi.org/10.1097/JCP.0000000000000895 PMID: 29894393

17. Motyl KJ, Beauchemin M, Barlow D, Le PT, Nagano K, Treyball A, et al. A novel role for dopamine sig-

naling in the pathogenesis of bone loss from the atypical antipsychotic drug risperidone in female mice.

Bone. 2017; 103:168–76. https://doi.org/10.1016/j.bone.2017.07.008 PMID: 28689816

18. Mauri MC, Paletta S, Maffini M, Colasanti A, Dragogna F, Di Pace C, et al. Clinical pharmacology of

atypical antipsychotics: an update. EXCLI J. 2014; 13:1163–91. PMID: 26417330

19. Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new perspectives on genomes,

pathways, diseases and drugs. Nucleic Acids Res. 2017; 45(D1):D353–D61. https://doi.org/10.1093/

nar/gkw1092 PMID: 27899662

20. Gillet LC, Navarro P, Tate S, Röst H, Selevsek N, Reiter L, et al. Targeted data extraction of the MS/MS

spectra generated by data-independent acquisition: a new concept for consistent and accurate prote-

ome analysis. Mol Cell Proteomics. 2012; 11(6):O111.016717. https://doi.org/10.1074/mcp.O111.

016717 PMID: 22261725

21. Motyl KJ, DeMambro VE, Barlow D, Olshan D, Nagano K, Baron R, et al. Propranolol Attenuates Ris-

peridone-Induced Trabecular Bone Loss in Female Mice. Endocrinology. 2015; 156(7):2374–83.

https://doi.org/10.1210/en.2015-1099 PMID: 25853667

22. Drzyzga L, Obuchowicz E, Marcinowska A, Herman ZS. Cytokines in schizophrenia and the effects of

antipsychotic drugs. Brain Behav Immun. 2006; 20(6):532–45. https://doi.org/10.1016/j.bbi.2006.02.

002 PMID: 16580814

23. Gaughran F. Immunity and schizophrenia: autoimmunity, cytokines, and immune responses. Int Rev

Neurobiol. 2002; 52:275–302.

24. Gray A. Schizophrenia: Inflammatory Ideas. The Pharm J. 2016; 296 (7885) https://doi.org/10.1211/PJ.

2016.20200305
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