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Abstract

Background
Second generation antipsychotics (SGAs) are front-line treatments for schizophrenia and related
psychoses. Recent evidence has linked SGA use with an increased risk of pneumonia-related deaths.
However, the mechanisms underlying this increased susceptibility remain unclear. In this study we
evaluated the role of the SGA olanzapine on the immune response to infection with the clinically relevant
strain of Staphylococcus aureus USA300.

Methods
In vitro studies: Isolated whole blood obtained from healthy volunteers was stimulated with USA300 in
the presence and absence of 6, 20 or 60ng/ml olanzapine and phenotyped using flow cytometry. In vivo
studies: C57Bl/6 mice were treated with 2.2mg/g olanzapine via oral gavage for 16 days. On day 14,
mice received intrapulmonary USA300 (1x106 cfu/mouse) in the presence or absence of prior lung injury
induced by repeated aspiration with 2mg/kg Porcine Pancreatic Elastase (PPE) on days 4, 8 and 12 (a
two-hit model to recapitulate chronic lung injury). A subgroup of animals also received daily therapy with
the inhaled corticosteroid budesonide. 4, 24, and 48 hours post infection, animals were euthanised and
microbiological and inflammatory parameters were quantified. Pharmacoepidemiology of deaths in
patients prescribed olanzapine: We evaluated the association of pneumonia-related deaths, olanzapine
therapy, respiratory comorbidities and inhaled corticosteroid (ICS) prescribing using the UK-based
National Programme on Substance Use Mortality (NPSUM) database of drug-related deaths.

Results
In in vitro stimulated whole blood, olanzapine was associated with reduced expression of granulocyte
CD88, IL-1β and IL-6, and increased CXCR4. Olanzapine treatment significantly reduced neutrophil
recruitment and activation in immunocompetent mice, although not associated with changes in bacterial
burden. In the two-hit murine infection model, olanzapine treatment significantly reduced pulmonary
TNF-α and neutrophil elastase, which was associated with increased pulmonary, kidney and splenic
bacterial load, and a systemic inflammatory response. Combination therapy with the corticosteroid
budesonide further impaired bacterial clearance. Pharmacoepidemiological analysis revealed an
increased risk of pneumonia-related deaths in patients co-prescribed olanzapine and inhaled ICSs –
used as a proxy marker of co-morbid lung disease – vs patients prescribed olanzapine in the absence of
an ICS.

Conclusion
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Olanzapine suppresses neutrophil responses, increasing disease severity from lung infection in mice
with prior lung injury. This was exacerbated by concomitant administration of the ICS, budesonide. Our
data suggests that patients on olanzapine may have a compromised immune response to bacterial
pneumonia which may contribute to clinical observations that patients taking regular olanzapine have an
increased incidence of pneumonia, particularly if they are receiving an ICS for a co-morbidity.

Background
Second generation antipsychotics (SGAs) such as clozapine, olanzapine, quetiapine and risperidone are
the most effective acute and long-term treatments for schizophrenia and related psychosis (1). Whilst
known adverse effects of SGAs include weight gain, lethargy, sedation and headache (2), other reports
have highlighted an association between SGA use and pneumonia (3, 4). Clozapine has a well-
recognised association with neutropenia increasing susceptibility to bacterial infections, resulting in
limited clozapine prescribing. However, there is some evidence that other SGAs, including the structurally
similar olanzapine and quetiapine, may also induce neutropenia (5–9). Research by our own group using
the National Programme on Substance Use Mortality (NPSUM) revealed that olanzapine and quetiapine
also increased the risk of pneumonia-related deaths with adjusted odds ratios (AORs) of 1.49 and 1.44
respectively (10) suggesting a link between the two SGAs and pneumonia. These findings therefore raise
the possibility that certain SGAs can impair the host immune system to increase susceptibility to severe
infection.

Whilst SGAs are not primarily immunomodulatory drugs, recent mechanistic studies and in vivo models
have demonstrated that chronic olanzapine therapy can alter the expression of inflammatory cytokines
including IL-6, IL-1β, IL-2, Il-10 and TNF-α (11–17). Other immunosuppressive mechanisms include off
target effects of SGAs on the platelet-activating factor receptor (PTAFR) and thromboxane A2 receptor
(18). These receptors mediate capillary permeability at the alveolar level, leading to alveolar oedema
which may increase susceptibility to pneumonia (19).

The biological mechanisms underlying this susceptibility to pneumonia in patients on chronic SGAs
remains unclear. Given their widespread use in the treatment of schizophrenia and psychosis, there is a
clear need to understand this interaction in more detail to improve the pharmacovigilance of SGA use. In
this study, we have therefore evaluated the impact of olanzapine on immune cell function in response to
bacterial stimulation using the community-acquired strain of the Gram-positive bacteria Staphylococcus
aureus (USA300) both in vitro using healthy volunteer human blood and in in vivo murine models of
pulmonary infection.

Materials and Methods
In vitro bacterial culture conditions and maintenance for bacterial infection.

The methicillin resistant community acquired S. aureus strain USA300 (20) was donated by Dr
Alessandra Bragonzi from the Infection and Cystic Fibrosis Unit, San Raffaele Scientific Institute, Milan,
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Italy. Following collection and culture, bacteria were stored at -80°C. For all studies, a loopful of USA300
was taken from the frozen stock cultures and streaked onto a trypticase soy agar (TSA) plate and
incubated at 37°C overnight. 2- colonies were then inoculated into 20 ml trypticase soy broth (TSB) and
incubated for 16 hours at 37°C under shaking conditions (120rpm). Post incubation, the overnight
culture was diluted by placing 2 OD (Optical Density; absorbance at 600nm) of bacterial culture
(approximately 1x109 cfu) into 20ml of fresh TSB and incubated for 3–4 hours to reach log phase of
growth. Once at log phase, bacterial cultures were centrifuged at 2700 g for 20 minutes at 4°C and
suspended in sterile PBS. Cultures were then diluted to a working concentration of 2x107 cfu/ml (OD
0.1).

In vitro healthy volunteer blood stimulation
Previous work has suggested that SGA therapy can alter immune cell activation and cytokine release. We
therefore first examined whether olanzapine therapy affected immune cell activation in healthy human
peripheral blood.

Ethical approval

for healthy volunteer work was obtained from the University College London Research Ethics Committee
(reference 19181/001). We adapted previously published protocols (PMID: 38655251 & 42376746) and
stimulated healthy volunteer whole blood or peripheral blood mononuclear cells (PBMC) with USA300
(1x107cfu/ml) and three concentrations of olanzapine (6, 20, and 60 ng/ml) for 15 minutes, representing
the range of patient serum concentrations based on pharmacokinetic data (PMID: 19440083)).

The following flow cytometry panels were used to assess granulocyte, classical monocyte, CD4+ and

CD8+ lymphocyte immunophenotypes:

Panel 1: Granulocyte phagocytosis – pHRodo, CD16, CD66b, and DCFDA

Panel 2: Granulocyte cell markers and cytokines – CD16, CD24, CD66b, CD86, CD88, CXCR4, IL-1β,
and IL-6.

Panel 3: Monocyte phagocytosis – pHRodo, CD14, CD16, HLA-DR, and DCFDA

Panel 4: Monocyte cell markers and cytokines – CD14, CD16, HLA-DR, CCR2, CXCR4, CD80, CD86,
PD-L1, IL-1β, IL-6, IL-10, and TNF-α.

Panel 5: Lymphocyte proliferation and cytokines – CellTrace, CD3, CD4, CD8, CD19, IL-2, IL-10, and
IFN-γ.

Panel 6: Lymphocyte cell markers – CD3, CD4, CD8, CD19, CD25 (IL-2R), CD28, CD127 (IL-7R),
CD152 (CTLA-4), CD274 (PD-L1), and CD279 (PD-1).

Full details on products, concentrations and methods are available in the Supplemental Methods.
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In vivo murine model
Given the role played by neutrophils in the innate immune response to bacterial infection, we evaluated
the impact of olanzapine therapy on the host immune response in a murine model of acute pulmonary
infection with USA300. Animals were treated with 2.2mg/kg/day olanzapine or vehicle for 14 days prior
to infection with 1x106 cfu/mouse USA300. The olanzapine dose used in this study is the murine
equivalent dose of olanzapine used clinically. Animals were then culled 4-, 24- and 48-hours post
infection by terminal anaesthesia with 25% w/v urethane and parameters of pulmonary inflammation
and bacterial burden assessed.

Animals

All animal experiments were performed in accordance with the Animals (Scientific Procedures) Act 1986
with 2012 amendments (PP1060882), with local ethical approval from the KCL Animal Welfare and
Ethical Approval Board (AWERB). All studies are reported in compliance with ARRIVE guidelines. Animal
numbers were determined by power calculations and internal laboratory experience. Male and Female
mice aged 8–10 weeks were sourced from a commercial breeder (Charles River, UK). Mice were housed
in individually ventilated cages under standard conditions of 22 ± 2°C with a 12:12 light:dark cycle. Mice
had access to chow RM1(E) diet (Special Diets Service) and water ad libitum throughout and provided
with wood shavings, shredded paper and cardboard tubes for environmental enrichment. All animals
were provided with a minimum acclimatisation period of 7 days upon arrival at KCL before the
commencement of the study.

Acute pulmonary infection with USA300.

To investigate the impact of the olanzapine on the host immune response to pulmonary infection, mice
were dosed with 2.2mg/kg/day olanzapine or vehicle control (1% DMSO in PBS) once daily via oral
gavage (p.o.) for 16 days. 14 days post-onset of olanzapine therapy, animals were anaesthetised under
inhaled isoflurane anaesthesia and infected with 50µl 2x107 cfu/ml USA300 via intratracheal (i.t.)

administration, delivering a final inoculum of 1x106 cfu/mouse. Animals were monitored at regular
intervals for signs of pain and distress, and body weight measured daily.

To fully model the clinical scenario where a schizophrenia patient prescribed olanzapine suffers from a
chronic respiratory comorbidity resulting in the requirement for concomitant therapy with an ICS, our
final set of experiments was to evaluate the impact of combining olanzapine treatment with the ICS,
budesonide, in our two-hit model of pulmonary infection with USA300 as previously described (21), given
the known additional immunosuppressive effects of inhaled corticosteroids. Mice were challenged with
2mg/kg porcine pancreatic elastase via intranasal (i.n.) administration on days 4, 7 and 12 of olanzapine
dosing. In further studies, to assess the impact of ICS treatment, animals were treated with
3.3mg/kg/day budesonide (i.n.) daily concomitantly with olanzapine therapy.
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Quantification of inflammatory cell recruitment
4-, 24- and 48-hours post infection with S. aureus USA300, animals were terminally euthanised using 25%
w/v urethane via intraperitoneal (i.p.) injection. At each time-point peripheral blood was collected by
cardiac puncture into syringes preloaded with acid citrate dextrose (ACD) at a ratio of 1:9 ACD:Blood.
After blood collection, a bronchoalveolar lavage (BAL) was performed via the insertion of a 22-gauge
cannula into the trachea and flushed 3 times with sterile PBS. Total cell counts were enumerated by
adding BAL fluid to Tuerk’s nuclear stain in a 1:1 ratio and quantified using an improved Neubauer
chamber and a bright field microscope under a 20X objective (Leica DM2000 LED). Cytospin slides were
prepared and 100µl BAL fluid added into a cytopsin funnel and centrifuged at 1000 rpm for 5 minutes
under medium acceleration (Shandon, UK). Slides were then stained using Diff-Quick and the percentage
of inflammatory cells calculated over a representative portion of the slide.

Quantification of pulmonary and systemic bacterial load
After BAL, at each time point, lungs, spleen and kidneys were aseptically removed and homogenised in
2ml sterile PBS. Tissue homogenates were then serially diluted 1:10 in sterile PBS and plated on TSA
plates which were then incubated at 37°C overnight under static conditions and bacterial colony forming
units (CFUs) enumerated.

Quantification of soluble inflammatory markers using ELISA
At each timepoint, BAL fluid and peripheral blood was centrifuged at 4000 g for 10 minutes at 4°C and
BAL supernatant and blood plasma stored at -80°C for subsequent cytokine analysis. Total levels of
soluble inflammatory markers including TNFα, Neutrophil Elastase (NE) and C-reactive protein (CRP),
were measured in BAL fluid and plasma by ELISA according to the manufacturer’s (R&D Systems)
protocols.

The National Programme on Substance Use Mortality
(NPSUM)
In this study we evaluated the association of pneumonia-related deaths, olanzapine therapy, respiratory
comorbidities and ICS prescribing using the UK-based drug-related deaths database, the NPSUM. The
King’s College London Biomedical and Health Sciences, Dentistry, Medicine and Natural and
Mathematical Sciences Research Ethics Sub-Committee (BDM-RESC) re-confirmed in August 2026, that
NPSUM does not require BDM-RESC review as all subjects are deceased.

Case Identification

Page 7/22



Cases reported by 1st March 2025 where olanzapine had been prescribed to decedents were extracted
from the NPSUM database to evaluate the rate of ICS co-prescribing. ICS prescribing was used as a
proxy measure of co-morbid lung disease. Smoking status of decedents is not routinely reported to the
NPSUM.

Analysis was carried out as previously described (10). Odds ratios (ORs) were calculated to test if the
incidence of pneumonia-related death was worsened in patients co-prescribed olanzapine and ICSs vs
prescribing of olanzapine without an accompanying ICS prescription.

Data Presentation and Analysis
Data from in vitro and in vivo studies are expressed as mean (± SEM). Data were tested for normality
using the Shapiro-Wilks normality test in GraphPad Prism (Version 10.6.0). Data that passed normality
testing were analysed using a one-way ANOVA with Sidaks multiple comparison post-test, or students t-
test when only 2 groups were analysed. Data was plotted using GraphPad prism. A P value < 0.05 was
considered significant.

NPSUM data analysis and statistical tests (ORs) were performed using IBM® SPSS™ Statistics for
Windows version 31 (IBM Corp, New York, USA).

Results
Olanzapine treatment reduces granulocyte activation following stimulation with USA300 in vitro

In granulocytes, there were no differences in CD16, CD24, CD66b or CD86 expression observed following
olanzapine therapy (Supplementary Fig. 1A-D). However, we observed a trend for a concentration-
dependent reduction in CD88 expression following olanzapine treatment, although this did not reach
statistical significance (Supplementary Fig. 1E). Additionally, we observed a non-significant trend for an
olanzapine mediated increase in CXCR4 (Supplementary Fig. 1F). No differences were detected for
either DCDFA (Supp Fig. 1G) or pHRodo (Supp Fig. 1H) following olanzapine therapy as a measure of
reactive oxygen species (ROS) production and phagocytosis respectively. We also observed a non-
significant trend for a reduction in intracellular cytokines IL-1β (Supp Fig. 1I) and IL-6 (Supp Fig. 1J)
respectively. On analysis of monocyte activation, no changes in surface expression of HLA-DR, CCR2,
CD80, CD86, CXCR4 or PD-L1 were observed (Supp Fig. 2A-F). However, infection induced reductions in
both DCDFA (Supp Fig. 2G) and pHRodo (Supp Fig. 2H) were significantly reversed following olanzapine
treatment. However, no changes in intracellular IL-1β or IL-6 were observed (Supp Fig. 2I & J). Finally,
CD127 was significantly reduced in both CD4+ and CD8+ T cells following stimulation with USA300,
which was reversed with olanzapine treatment (Supp Fig. 3D & 4D). No other differences in cell surface
expression markers or intracellular cytokines were detected between olanzapine or vehicle treated
controls for either CD4+ or CD8+ T Cells respectively (Supplementary Figs. 3 & 4).
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Taken together, the analysis of human immune cells isolated from healthy peripheral blood, pretreated
with olanzapine prior to stimulation with USA300, revealed several alterations in innate immune
phenotypes and cytokine production in granulocytes and monocytes.

Olanzapine impairs pulmonary inflammation to pulmonary infection with USA300 in a murine model

Infection with 1x106 cfu/mouse induced localised resolving pulmonary infection at all time points
compared to sham infected controls with peak infection 4 hours following inoculation (Sham: 0 ± 0
cfu/lung; 4hrs: 6.53 ± 0.22 log cfu/lung; 24hrs: 3.14 ± 0.13 cfu/lung; 48hrs: 2.16 ± 0.23 log cfu/lung,
Fig. 1A). This was associated with pulmonary leukocyte recruitment (26.63 ± 3.97 cells/ml at 4 hours,
62.42 ± 17.21 cells/ml at 24 hours; and 19.61 ± 4.07 cells/ml at 48 hours, Fig. 1B), which was reflected by
a concurrent increase in both neutrophils (4hrs: 8.38x104 cells/ml; 24hrs: 8.61 ± 5.00x104 cells/ml;

48hrs: 9.41 ± 1.96x104 cells/ml, Fig. 1C) and mononuclear cells (4hrs: 15.25 ± 4.41x104 cells/ml; 24hrs:
19.62 ± 6.85x104 cells/ml; 48hrs: 10.20 ± 2.97x104 cells/ml, Fig. 1D). Treatment with 2.2mg/kg
olanzapine daily had no effect on bacterial load at any time point (Fig. 1A). Furthermore, no significant
differences were observed between vehicle or olanzapine treated animals for either total pulmonary
leukocyte (Fig. 1B) or monocyte recruitment (Fig. 1D). However, 4 hours post-infection, olanzapine
treatment significantly reduced pulmonary neutrophil recruitment compared to vehicle controls (Vehicle:
8.38 ± 0.79x104 cells/ml vs OLZ: 3.63 ± 0.73x104 cells/ml, P < 0.001, Fig. 1C). This was also reflected by
a significant reduction in neutrophil activation as measured by neutrophil elastase levels in BAL fluid
(Veh: 454 ± 99 pg/ml vs OLZ: 222 ± 36pg/ml, P < 0.05, Fig. 1E) and in the levels of TNF-α (Veh: 3987 ± 
632pg/ml vs OLZ: 2099 ± 627pg/ml, P < 0.05, Fig. 1F).

NPSUM Analysis

Initial studies using immunocompetent healthy mice demonstrated a significant impairment of
pulmonary neutrophil recruitment and activation in response to olanzapine therapy. However, this did not
impact either pulmonary bacterial load or the development of systemic infection. We therefore
hypothesised that a subpopulation of patients with underlying lung disease/injury and prescribed
chronic olanzapine therapy may be more prone to infections than others. ICS prescribing was used as a
proxy measure of co-morbid inflammatory lung disease.

There were 3,218 decedents reported to the NPSUM by 1st March 2025 who were in receipt of an active
olanzapine prescription at the time of their death, of which 96 had been co-prescribed an ICS and 3,122
who had not. Pneumonia was cited as a cause of death in 10 patients who were co-prescribed
olanzapine and an ICS and 147 who had been prescribed olanzapine in the absence of an ICS. As
incidence of pneumonia-related death in the co-prescribed population was therefore 2.35 times higher
than in those prescribed olanzapine in the absence of an ICS (95% CIs 1.20–4.62, p < 0.01), we next
evaluated the impact of olanzapine therapy in a two-hit murine model of pulmonary infection. This
incorporates prior elastase-mediated lung injury as a model of chronic respiratory disease prior to
pulmonary infection with USA300, as described previously (21).
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Olanzapine significantly impairs the immune response to pulmonary infection in animals with underlying
lung injury

Infection with 1x106 cfu/mouse USA300 following repeated elastase challenge resulted in significant
pulmonary infection at all timepoints which peaked at 4 hours post infection (4hrs: 4.91 ± 0.08 log
cfu/lung; 24hrs: 3.77 ± 0.08 log cfu/lung; 48hrs: 2.89 ± 0.07 log cfu/lung, Fig. 2A), with bacterial numbers
in systemic organs such as the spleen (Fig. 2B) and kidney (Fig. 2C) remaining below the limit of
detection (< 1.5 log cfu/organ). This pulmonary infection was associated with significant influx of
inflammatory leukocytes (4hrs: 29.08 ± 4.04x104 cells/ml; 24hrs: 28.61 ± 5.51x104 cells/ml; 48hrs: 35.17 

± 5.66x104 cells/ml, Fig. 2D) characterised by both pulmonary neutrophilia (4hrs: 10.37 ± 1.82x104

cells/ml, 24hrs: 6.55 ± 1.85x104 cells/ml, 48hrs: 12.65 ± 3.07x104 cells/ml, Fig. 2E) and monocyte
recruitment (4hrs: 19.45 ± 3.06x104 cells/ml, 24hrs: 21.12 ± 4.03x104 cells/ml, 48hrs: 22.52 ± 3.36x104

cells/ml, Fig. 2F).

Following daily olanzapine therapy, significant increases in pulmonary bacterial load were seen
compared to vehicle controls at both 4 (Veh: 4.91 ± 0.08 vs OLZ: 5.60 ± 0.10 log cfu/lung, P < 0.001 and
24hrs (Veh: 3.77 ± 0.08 vs 4.05 ± 0.08 log cfu/lung, P < 0.05) post infection (Fig. 2A). This was also
associated with significant increases in bacterial load detected in both the spleen (Veh: 0.78 ± 0.37 vs
OLZ: 2.38 ± 0.21 log cfu/spleen, P < 0.001, Fig. 2B) and kidney (Veh: 1.08 ± 0.46 vs OLZ: 2.78 ± 0.36 log
cfu/kidney, P < 0.01) at 4 hours post infection consistent with the infection spreading from the lung
systemically. This observation was accompanied by reductions in pulmonary neutrophil recruitment, with
a non-significant reduction observed at 4 hours post infection (Veh: 10.37 ± 1.82x104 cells/ml vs OLZ:
5.00 ± 1.20x104 cells/ml), and a significant reduction at 48 hours post infection (Veh: 12.65 ± 3.07x104

cells/ml vs OLZ: 4.36 ± 1.40x104 cells/ml, P < 0.05) (Fig. 2D). No changes in mononuclear cells were
detected (Fig. 2E). We also observed reduced pulmonary levels of (BAL Fluid) TNF-α (24hrs: P < 0.05),
Neutrophil Elastase and CRP (4hrs: P < 0.001) (Figs. 3A-C). However, whilst local inflammatory
responses were observed to be supressed, markers of systemic inflammation were significantly elevated
24 hours post infection as measured by plasma levels of TNF-α (P < 0.05), Neutrophil Elastase (P < 0.05)
and CRP (P < 0.05) (Figs. 3C-E).

Combined treatment with olanzapine and budesonide delays bacterial clearance in a two-hit model of
pulmonary infection with USA300.

Budesonide therapy was associated with a significant elevation in pulmonary bacterial load at 48 hours
post infection (OLZ + Veh: 3.04 ± 0.14 log cfu/lung vs OLZ + BUD: 3.53 ± 0.12 log cfu/lung, P < 0.05,
Fig. 4A). Budesonide therapy in addition to olanzapine therapy had no additional impact on the degree of
bacterial load in either the spleen (Fig. 4B) or kidney (Fig. 4C), or on pulmonary leukocyte recruitment
(Figs. 4D-F).

Discussion
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SGAs such as olanzapine are one of the most commonly prescribed antipsychotics. However, there is
increasing evidence linking chronic SGA prescription with increased risks of pneumonia-related deaths
(10, 22, 23). Whilst agranulocytosis has been recognised, albeit rare (24), the mechanisms behind this
association are unclear, research has suggested that this may include effects of these drugs on immune
cell function (11–17). In this study we identified that the SGA olanzapine significantly reduced neutrophil
recruitment and activation in a model of lung infection, but that in immunocompetent mice, this was not
sufficient to alter the progress of the respiratory infection. However, in animals subjected to prior lung
injury to model chronic respiratory diseases such as COPD, and/or receiving the ICS budesonide,
treatment with olanzapine then had a significant impact on neutrophil function leading to an increased
pulmonary bacterial load and the development of systemic infection and associated inflammation.
These findings were consistent with analysis of the NPSUM that revealed that patients prescribed ICS
alongside olanzapine had a higher risk of pneumonia-related death.

Preliminary in vitro studies were inconclusive but highlighted a trend for a reduction in the cell surface
granulocyte CD88 (responsible for chemotaxis and ROS production) and intracellular cytokines IL-1β and
IL-6 induced by USA300 stimulation in the presence of olanzapine consistent with previous literature,
potentially indicating an olanzapine-mediated inhibition of neutrophil activation, independent of
granulopoiesis (16, 25).

Following infection with S. aureus USA300 in immunocompetent mice, we observed a significant
reduction in both pulmonary neutrophil recruitment and activation (as measured by pulmonary neutrophil
elastase release) following olanzapine therapy. Anecdotal evidence has reported that similar to
clozapine, olanzapine therapy can also induce neutropenia in patients (5–9). However, total systemic
leukocyte numbers were unchanged in our study suggesting that olanzapine directly interferes with
neutrophil recruitment and activation following bacterial infection rather than influencing neutrophil
production. Furthermore, our studies also revealed a significant reduction in the release of
proinflammatory cytokines including TNF-α. As TNF-α is one of the earliest pro-inflammatory cytokines
released from alveolar macrophages and epithelial cells following pathogen invasion, this suggests a
potential wider suppression of innate immunity, consistent with previous studies which have shown that
olanzapine can reduce the release of pro-inflammatory cytokines including TNF-α, IL-6, IFN-γ, and IL-12
from inflammatory cells (26–29). Therefore, whilst we observed significant impacts on neutrophil
recruitment and activation, these data would also suggest a wider impact of olanzapine on the innate
immune response within the respiratory tract. The combination of impaired localised inflammation
alongside an increase in both systemic bacterial load and inflammatory markers is consistent with
enhanced severity of the infection in animals treated with olanzapine compared to vehicle controls.

Whilst studies in immunocompetent mice revealed an olanzapine mediated reduction in innate immune
responses to pulmonary infection, these modest changes did not translate to an increased infection
severity. We postulated that a high-risk sub-population of patients prescribed olanzapine exhibit this
increased susceptibility to pneumonia-related mortality. It is widely known that 70–80% of patients with
schizophrenia are heavy smokers, with 30–40% diagnosed with COPD (30, 31). Chronic inflammation
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associated with COPD results in localised dysfunctional immune responses characterised by functional
impairment to inflammatory cells including alveolar macrophages, airway epithelial cells and neutrophils
underpinning progressive structural damage, and impaired pathogen clearance (32). ICS remain highly
prescribed in COPD patients alongside bronchodilators, and further analysis of the NPSUM revealed that
patients receiving ICS treatment demonstrated a greater susceptibility to pneumonia-related death. We
therefore evaluated the effect of olanzapine using a two-hit model where animals had an underlying lung
injury following treatment with repeated elastase challenge to model lung injury found in patients with
COPD prior to infection (21).

We and others have previously reported that repeated challenge with PPE induces a lung phenotype
consistent with the COPD lung characterised by pulmonary neutrophilia, alveolar damage, and mucus
hypersecretion (21, 33, 34). Significantly this model demonstrates reduced pro-inflammatory cytokine
release such as TNF-α, IL-6, MCP-1 and mouse KC (the functional murine homolog of human IL-8) in
response to bacterial infection highlighting impaired innate immune function which led to impaired
pathogen clearance (21). In the current study, olanzapine therapy further suppressed infection-induced
pulmonary neutrophil recruitment and activation, and pulmonary pro-inflammatory cytokine release
(TNF-α and CRP) compared to vehicle controls, which was associated with increased bacterial load 4
and 24 hours post infection. Notably, olanzapine mediated exacerbation of localised immune
suppression was also associated with the induction of a systemic immune response and disseminated
infection, consistent with poorer clinical outcomes and increased mortality as observed in the NPSUM
analysis (10).

These studies clinically suggest a scenario whereby olanzapine mediated immune suppression on its
own is insufficient to increase the risk of pneumonia, yet when combined with prior neutrophilic lung
damage, the response to infection is significantly impaired. In the NPSUM analysis we used ICS
prescription as a marker of co-morbid respiratory disease, however ICS are well known for their
immunosuppressive activity. We therefore conducted final studies where ICS therapy was considered as
a treatment-related factor in addition to olanzapine in the 2-hit model through intranasal administration
of the corticosteroid budesonide. Whilst budesonide is known for its anti-inflammatory functions, we did
not see any further reductions in neutrophil recruitment/activation with the addition of budesonide
treatment, nor did we see any further increase in disseminated infection. However, we did observe
elevated pulmonary bacterial load at 48 hours, indicating that the combination of both olanzapine and
budesonide in the diseased lung further impairs bacterial clearance. These results are consistent with
both the NPSUM analysis and widespread reports that long-term ICS therapy is associated with
increased pneumonia risk through impaired bacterial clearance (35–37).

Limitations of the study
Whilst this study demonstrates a clear role for olanzapine mediated impairment of the immune
response, this study possesses a number of limitations. In vitro experiments on healthy human
peripheral blood were restricted to stimulation with heat-killed USA300. Whilst heat-killed bacteria retain
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an ability to stimulate surface expressed PRRs, there may be reduced activation, alongside an inability to
induce replication-dependent immune signatures limiting the depth of the immune response. We also
acknowledge the small sample size in these studies. Therefore, future work is needed further explore the
direct cell mediated responses in the presence/absence of SGAs. Our in vivo studies clearly highlight an
olanzapine mediated reduction of neutrophil recruitment and activation but olanzapine effects on bone
marrow were beyond the scope of this study. Therefore, future work is required to assess whether
olanzapine induced impairment of immune cell function if mediated through either direct drug-receptor
interactions or through changes of immune cell production and maturation from hematopoietic stem
cells within the bone marrow. In the pharmacoepidemiological analysis, whilst ICS prescribing was used
as a proxy measure of prior lung disease, indication for prescription was seldom reported to the NPSUM.
Furthermore, smoking status could not be considered as this is not routinely reported to the NPSUM.

Conclusion
This study provides mechanistic evidence for a direct impact of olanzapine therapy on the host immune
response to infection with a particular effect observed on neutrophil motility and function. Whilst this
immunomodulatory effect alone is insufficient to worsen the overall response to bacterial infection,
when combined with lung damage consistent with chronic respiratory diseases and their associated
therapies, the risk of pneumonia and associated disease severity is significantly elevated. The
translational implications of this data require careful consideration. Clinically, it is important to recognise
that patients receiving SGAs such as olanzapine, particularly those with chronic respiratory
comorbidities may represent a patient subgroup that requires closer monitoring/interventions during
respiratory infection. Future work involving observational clinical trials involving patients on long-term
SGA beyond just olanzapine therapy will be important to establish whether and to what degree these
preclinical results translate into clinical practice enabling a greater understanding of the associated risks
and required monitoring needed with SGA therapy.

Declarations
Ethical approval and consent to participate - Ethical approval for healthy volunteer work was obtained
from the University College London Research Ethics Committee (reference 19181/001). All animal
experiments were performed in accordance with the Animals (Scientific) Procedures Act 1986 with 2012
amendment (PPL: P1P1060882), with local ethical approval from King’s College London. Animal studies
are reported in compliance with the ARRIVE guidelines.

The King’s College London Biomedical and Health Sciences, Dentistry, Medicine and Natural and
Mathematical Sciences Research Ethics Sub-Committee (BDM-RESC) re-confirmed in August 2026, that
NPSUM does not require review as all subjects are deceased

Consent for publication – Not applicable

Page 13/22



Availability of data and materials – The datasets used and/or analysed during the current study are
available from the corresponding author on reasonable request.

Competing interests – The authors declare that they have no competing interests

Funding - This study was conducted as part of the PhD research of AS funded by the Centre for
Pharmaceutical Medicine Research at King’s College London and did not receive any additional funding. 

Author Contributions

AS: Data curation (lead); formal analysis (equal); investigation (equal); methodology (supporting);
writing-original draft (supporting).

SS: Data curation (supporting); investigation (supporting); methodology (supporting); writing-review and
editing (supporting)

AK: Data curation (supporting); investigation (supporting); methodology (supporting); writing-review and
editing (supporting).

BR: Data curation (supporting); investigation (supporting); methodology (supporting); writing-review and
editing (supporting).

CP: Formal analysis (supporting); investigation (supporting); methodology (supporting); ; writing-review
and editing (supporting).

DT: Formal analysis (supporting); investigation (supporting); methodology (supporting); ; writing-review
and editing (supporting).

NA: Data curation, investigation, methodology; writing-review and editing (supporting).

TS: Data curation, investigation, methodology; writing-review and editing (supporting).

MS: conceptualisation (supporting); funding acquisition (supporting); resources (supporting);
supervision (supporting); writing-review and editing (supporting); writing-review and editing (supporting).

CC: conceptualisation (equal); data curation (equal); formal analysis (supporting); funding acquisition
(equal); methodology (supporting); project administration (equal); resources (equal); supervision (equal);
writing-original draft (supporting); writing-review and editing (supporting).

RA: Conceptualisation (equal); data curation (equal); formal analysis (equal); funding acquisition
(supporting); investigation (lead); methodology (equal); project administration (equal); resources (lead);
supervision (equal); writing-original draft (lead); writing-review and editing (lead).

References

Page 14/22



1. Taylor DM, Barnes TRE, Young AH. The Maudsley Prescribing Guidelines in Psychiatry. Maudsley
Prescr Guidel Psychiatry [Internet]. 2021 Dec 17 [cited 2026 Jul 23]; Available from:
https://onlinelibrary.wiley.com/doi/book/10.1002/9781119870203

2. Knol W, Van Marum RJ, Jansen PAF, Souverein PC, Schobben AFAM, Egberts ACG. Antipsychotic
drug use and risk of pneumonia in elderly people. J Am Geriatr Soc [Internet]. 2008 Apr [cited 2026
Jul 23];56(4):661–6. Available from: https://pubmed.ncbi.nlm.nih.gov/18266664/

3. Dzahini O, Singh N, Taylor D, Haddad PM. Antipsychotic drug use and pneumonia: Systematic review
and meta-analysis. J Psychopharmacol [Internet]. 2018 Nov 1 [cited 2026 Jul 23];32(11):1167–81.
Available from: https://pubmed.ncbi.nlm.nih.gov/30334664/

4. Nosè M, Recla E, Trifirò G, Barbui C. Antipsychotic drug exposure and risk of pneumonia: a
systematic review and meta-analysis of observational studies. Pharmacoepidemiol Drug Saf
[Internet]. 2015 Aug 1 [cited 2026 Jul 23];24(8):812–20. Available from:
https://pubmed.ncbi.nlm.nih.gov/26017021/

5. Duggal HS, Gates C, Pathak PC. Olanzapine-induced neutropenia: mechanism and treatment. J Clin
Psychopharmacol [Internet]. 2004 Apr [cited 2026 Jul 23];24(2):234–5. Available from:
https://pubmed.ncbi.nlm.nih.gov/15206675/

6. Malhotra K, Vu P, Wang DH, Lai H, Faziola LR. Olanzapine-Induced Neutropenia. Ment Illn [Internet].
2015 [cited 2026 Jul 23];7(1):5871. Available from:
https://pmc.ncbi.nlm.nih.gov/articles/PMC4508633/

7. Prabhugot JS, Thangadurai P. Olanzapine Induced Neutropenia: A Case Report. Indian J Psychiatry.
2022;64(9):679.

8. Teter CJ, Early JJ, Frachtling RJ. Olanzapine-induced neutropenia in patients with history of
clozapine treatment: Two case reports from a state psychiatric institution [2]. J Clin Psychiatry.
2000;61(11):872–3.

9. Cordes J, Streit M, Loeffler S, von Wilmsdorff M, Agelink M, Klimke A. Reversible neutropenia during
treatment with olanzapine: three case reports. World J Biol Psychiatry [Internet]. 2004 Oct [cited
2026 Jul 23];5(4):230–4. Available from: https://pubmed.ncbi.nlm.nih.gov/15543518/

10. Copeland CS, Wallman P, Morgan D, Owen E, Taylor D. A case–control study of antipsychotic use and
pneumonia-related mortality in the United Kingdom. Acta Psychiatr Scand [Internet]. 2023 Mar 1
[cited 2026 Jul 23];147(3):301–13. Available from: /doi/pdf/10.1111/acps.13532

11. Bilici M, Tekelioǧlu Y, Efendioǧlu S, Ovali E, Ülgen M. The influence of olanzapine on immune cells in
patients with schizophrenia. Prog Neuro-Psychopharmacology Biol Psychiatry [Internet]. 2003 [cited
2026 Jul 23];27(3):483–5. Available from: https://pubmed.ncbi.nlm.nih.gov/12691784/

12. Hori H, Yoshimura R, Yamada Y, Ikenouchi A, Mitoma M, Ida Y et al. Effects of olanzapine on plasma
levels of catecholamine metabolites, cytokines, and brain-derived neurotrophic factor in
schizophrenic patients. Int Clin Psychopharmacol [Internet]. 2007 Jan [cited 2026 Jul 23];22(1):21–
7. Available from: https://pubmed.ncbi.nlm.nih.gov/17159456/

Page 15/22



13. Zhang Q, He M, Deng C, Wang H, Huang XF. Effects of olanzapine on the elevation of macrophage
infiltration and pro-inflammatory cytokine expression in female rats. J Psychopharmacol [Internet].
2014 Dec 1 [cited 2026 Jul 23];28(12):1161–9. Available from:
https://pubmed.ncbi.nlm.nih.gov/25336715/

14. Stapel B, Sieve I, Falk CS, Bleich S, Hilfiker-Kleiner D, Kahl KG. Second generation atypical
antipsychotics olanzapine and aripiprazole reduce expression and secretion of inflammatory
cytokines in human immune cells. J Psychiatr Res [Internet]. 2018 Oct 1 [cited 2026 Jul 23];105:95–
102. Available from: https://pubmed.ncbi.nlm.nih.gov/30216787/

15. Fernandes MS, Barbisan F, Azzolin VF, Do Prado-Lima PAS, Teixeira CF, Da Cruz Jung IE et al. Lithium
is able to minimize olanzapine oxidative-inflammatory induction on macrophage cells. PLoS One
[Internet]. 2019 Jan 1 [cited 2026 Jul 23];14(1):e0209223. Available from:
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0209223

16. Turra BO, Barbisan F, Azzolin VF, Teixeira CF, Flores T, Braun LE et al. Unmetabolized quetiapine
exerts an in vitro effect on innate immune cells by modulating inflammatory response and
neutrophil extracellular trap formation. Biomed Pharmacother [Internet]. 2020 Nov 1 [cited 2026 Jul
23];131. Available from: https://pubmed.ncbi.nlm.nih.gov/33152899/

17. Zhao X, Zhu W, Bu Y, Li J, Hao Y, Bi Y. Effects of 6-week olanzapine treatment on serum IL-2, IL-4, IL-
8, IL-10, and TNF-α levels in drug-naive individuals with first-episode schizophrenia. BMC Psychiatry
2024 241 [Internet]. 2024 Oct 18 [cited 2026 Jul 23];24(1):703-. Available from:
https://link.springer.com/article/10.1186/s12888-024-06163-7

18. Sultana J, Calabró M, Garcia-Serna R, Ferrajolo C, Crisafulli C, Mestres J et al. Biological
substantiation of antipsychotic-associated pneumonia: Systematic literature review and
computational analyses. PLoS One [Internet]. 2017 Oct 1 [cited 2026 Jul 23];12(10):e0187034.
Available from: https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0187034

19. Rafeq R, Igneri LA. Infectious Pulmonary Diseases. Emerg Med Clin North Am [Internet]. 2022 Aug 1
[cited 2026 Jul 23];40(3):503–18. Available from: https://pubmed.ncbi.nlm.nih.gov/35953214/

20. Tenover FC, Goering RV. Methicillin-resistant Staphylococcus aureus strain USA300: origin and
epidemiology. J Antimicrob Chemother [Internet]. 2009 [cited 2026 Jul 23];64(3):441–6. Available
from: https://pubmed.ncbi.nlm.nih.gov/19608582/

21. Gustafsson CA, Srishanmuganathan S, Kelis AV, Muhidiin MA, Riffo-Vasquez Y, Lam C et al.
Pseudomonas aeruginosa infection exacerbates elastase induced lung damage: characterisation of
a novel murine two-hit model of pulmonary infection. Respir Res [Internet]. 2025 Dec 1 [cited 2026
Jul 23];26(1). Available from: https://pubmed.ncbi.nlm.nih.gov/41053828/

22. Boivin Z, Perez MF, Atuegwu NC, Metersky M, Alvarez CA, Anzueto A et al. Association of atypical
antipsychotics and mortality for patients hospitalised with pneumonia. ERJ open Res [Internet].
2019 Oct 1 [cited 2026 Jul 23];5(4). Available from: https://pubmed.ncbi.nlm.nih.gov/31720299/

23. Chekani F, Holmes HM, Johnson ML, Chen H, Sherer JT, Aparasu RR. Risk of Mortality Associated
With Atypical Antipsychotic use: A National Cohort Study of Older Adults With Depression and

Page 16/22



Parkinson’s Disease. Am J Geriatr Psychiatry [Internet]. 2020 Oct 1 [cited 2026 Jul 23];28(10):1079–
88. Available from: https://pubmed.ncbi.nlm.nih.gov/32147383/

24. Tolosa-Vilella C, Ruiz-Ripoll A, Mari-Alfonso B, Naval-Sendra E. Olanzapine-induced agranulocytosis:
A case report and review of the literature. Prog Neuro-Psychopharmacology Biol Psychiatry
[Internet]. 2002 Feb 1 [cited 2026 Aug 4];26(2):411–4. Available from:
https://www.sciencedirect.com/science/article/pii/S0278584601002585

25. Gardner I, Leeder JS, Chin T, Zahid N, Uetrecht JP. A Comparison of the Covalent Binding of
Clozapine and Olanzapine to Human Neutrophils In Vitro and In Vivo. Mol Pharmacol [Internet]. 1998
Jun 1 [cited 2026 Jul 23];53(6):999–1008. Available from:
https://www.sciencedirect.com/science/article/abs/pii/S0026895X24132695

26. Crespo-Facorro B, Carrasco-Marín E, Pérez-Iglesias R, Pelayo-Terán JM, Fernandez-Prieto L, Leyva-
Cobián F et al. Interleukin-12 plasma levels in drug-naïve patients with a first episode of psychosis:
Effects of antipsychotic drugs. Psychiatry Res [Internet]. 2008 Mar 15 [cited 2026 Jul
23];158(2):206–16. Available from: https://pubmed.ncbi.nlm.nih.gov/18243335/

27. Borovcanin M, Jovanovic I, Radosavljevic G, Djukic Dejanovic S, Stefanovic V, Arsenijevic N et al.
Antipsychotics can modulate the cytokine profile in schizophrenia: Attenuation of the type-2
inflammatory response. Schizophr Res [Internet]. 2013 Jun 1 [cited 2026 Jul 23];147(1):103–9.
Available from: https://www.sciencedirect.com/science/article/abs/pii/S0920996413001734

28. Baumeister D, Ciufolini S, Mondelli V. Effects of psychotropic drugs on inflammation: consequence
or mediator of therapeutic effects in psychiatric treatment? Psychopharmacology (Berl) [Internet].
2016 May 1 [cited 2026 Jul 23];233(9):1575–89. Available from:
https://pubmed.ncbi.nlm.nih.gov/26268146/

29. Hatziagelaki E, Tsiavou A, Gerasimou C, Vavougios G, Spathis A, Laskos E et al. Effects of
olanzapine on cytokine profile and brain-derived neurotrophic factor in drug-naive subjects with first-
episode psychosis. Exp Ther Med [Internet]. 2019 Feb 18 [cited 2026 Jul 23];17(4). Available from:
https://pubmed.ncbi.nlm.nih.gov/30906479/

30. Winterer G. Why do patients with schizophrenia smoke? Curr Opin Psychiatry [Internet]. 2010 Mar
[cited 2026 Jul 23];23(2):112–9. Available from: https://pubmed.ncbi.nlm.nih.gov/20051860/

31. Zeng G, Sun B, Zhong N. Non-smoking-related chronic obstructive pulmonary disease: a neglected
entity? Respirology [Internet]. 2012 Aug [cited 2026 Jul 23];17(6):908–12. Available from:
https://pubmed.ncbi.nlm.nih.gov/22845669/

32. Bhat TA, Panzica L, Kalathil SG, Thanavala Y. Immune Dysfunction in Patients with Chronic
Obstructive Pulmonary Disease. Ann Am Thorac Soc [Internet]. 2015 Nov 1 [cited 2026 Jul
23];12(Suppl 2):S169. Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC4722840/

33. Nishi Y, Boswell V, Ansari T, Piprawala F, Satchi S, Page CP. Elastase-induced changes in lung
function: Relationship to morphometry and effect of drugs. Pulm Pharmacol Ther [Internet]. 2003
[cited 2026 Jul 23];16(4):221–9. Available from: https://pubmed.ncbi.nlm.nih.gov/12850125/

Page 17/22



34. Shim WY, Seo SM, Kim DH, Park YJ, Kim NW, Yoo ES et al. A novel chronic obstructive pulmonary
disease mouse model induced by intubation-mediated intratracheal co-administration of porcine
pancreatic elastase and lipopolysaccharide. BMC Pulm Med [Internet]. 2024 Dec 1 [cited 2026 Jul
23];24(1). Available from: https://pubmed.ncbi.nlm.nih.gov/39533282/

35. Lee EG, Kim Y, Hwang Y, Il, Yoo KH, Lee SE, Jung KY et al. Comparison of pneumonia incidence
between long-acting muscarinic antagonist and inhaled corticosteroid plus long-acting beta agonist
in patients with COPD. Sci Reports 2023 131 [Internet]. 2023 May 20 [cited 2026 Jul 23];13(1):8183-.
Available from: https://www.nature.com/articles/s41598-023-35223-3

36. Ritchie AI, Singayagam A, Mitchell S, Wedzicha JA, Shah A, Bloom CI. The Effect of Inhaled
Corticosteroids on Pneumonia Risk in Patients With COPD-Bronchiectasis Overlap: A UK Population-
Based Case-Control Study. Chest [Internet]. 2023 Oct 1 [cited 2026 Jul 23];164(4):875–84. Available
from: https://journal.chestnet.org/action/showFullText?pii=S0012369223008085

37. Chen H, Sun J, Huang Q, Liu Y, Yuan M, Ma C et al. Inhaled Corticosteroids and the Pneumonia Risk
in Patients With Chronic Obstructive Pulmonary Disease: A Meta-analysis of Randomized Controlled
Trials. Front Pharmacol [Internet]. 2021 Jun 29 [cited 2026 Jul 23];12. Available from:
https://pubmed.ncbi.nlm.nih.gov/34267661/

Figures

Figure 1

Page 18/22



Olanzapine therapy impairs neutrophil recruitment to the lungs following pulmonary infection with
USA300. C57Bl/6 mice were treated daily with 2mg/kg olanzapine or vehicle control for 16 days via oral
gavage. On day 14, animals were inoculated with 1x106 cfu/mouse of the S. aureus strain USA300 via i.t.
administration. Animals were culled at 4, 24 and 48 hours post infection. Lungs were aseptically
removed for quantification of pulmonary bacterial load (A). Total leukocytes (B), neutrophils (C) and
monocytes (D) were quantified in BAL fluid. At 24 hours post infection Neutrophil Elastase E) and TNFα
(F) levels were quantified in BAL fluid via ELISA. Data are represented as mean ± SEM with n = 6-12
across 2 independent studies. Data were analysed using a one-way ANOVA and a Sidaks multiple
comparison post-test. * = P<0.05, ** = P<0.01, and *** = P<0.001.

Figure 2

Olanzapine significantly worsens acute pulmonary infection with USA300 in a model with prior lung
injury associated with chronic respiratory diseases. C57Bl/6 mice were treated daily with 2mg/kg
olanzapine or vehicle control for 16 days via oral gavage. On days 4, 8 and 12, mice were challenged with
2mg/kg PPE via intranasal administration. On day 14, animals were inoculated with 1x106 cfu/mouse of
the S. aureus strain USA300 via i.t. administration. Animals were culled at 4, 24 and 48 hours post
infection. Lungs (A), Spleen (B) and Kidneys (C) were aseptically removed for quantification of
pulmonary bacterial load and evidence of systemic bacterial dissemination. Total leukocytes (D),
neutrophils (E) and monocytes (F) were quantified in BAL fluid. Data are represented as mean ± SEM
with n = 5-6. Data were analysed using a one-way ANOVA and a Sidaks multiple comparison post-test. *
= P<0.05, ** = P<0.01, *** = P<0.001 and **** = P<0.0001.
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Figure 3

Olanzapine significantly alters pulmonary and systemic cytokine mobilisation following pulmonary
infection with USA300 in a model with prior lung injury associated with chronic respiratory diseases.
C57Bl/6 mice were treated daily with 2mg/kg olanzapine or vehicle control for 16 days via oral gavage.
On days 4, 8 and 12, mice were challenged with 2mg/kg PPE via intranasal administration. On day 14,
animals were inoculated with 1x106 cfu/mouse of the S. aureus strain USA300 via i.t. administration. The
inflammatory cytokines TNFα, Neutrophil Elastase and CRP were measured both in BAL fluid (A-C) and
in the systemic circulation (D-F) via ELISA. Data are represented as mean ± SEM with n = 5-6. Data were
analysed using a one-way ANOVA and a Sidaks multiple comparison post-test. * = P<0.05, and **** =
P<0.0001.
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Figure 4

Combined olanzapine and budesonide treatment delays bacterial clearance following acute pulmonary
infection with USA300 in a model with prior lung injury associated with chronic respiratory diseases.
C57Bl/6 mice were treated daily with 2mg/kg olanzapine, 3.3mg/kg Budesonide, vehicle control and
combinations thereof for 16 days via oral gavage. On days 4, 8 and 12, mice were challenged with
2mg/kg PPE via intranasal administration. On day 14, animals were inoculated with 1x106 cfu/mouse of
the S. aureus strain USA300 via i.t. administration. Animals were culled at 4, 24 and 48 hours post
infection. Lungs (A), Spleen (B) and Kidneys (C) were aseptically removed for quantification of
pulmonary bacterial load and evidence of systemic bacterial dissemination. Total leukocytes (D),
neutrophils (E) and monocytes (F) were quantified in BAL fluid. Data are represented as mean ± SEM
with n = 5-6. Data were analysed using a one-way ANOVA and a Sidaks multiple comparison post-test. *
= P<0.05, ** = P<0.01, *** = P<0.001 and **** = P<0.0001.
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