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Neutrophils help to clear pathogens and cellular debris, but can also cause collateral

damage within inflamed tissues. Prolonged neutrophil residency within an inflammatory

niche can exacerbate tissue pathology. Using both genetic and pharmacological

approaches, we show that BCL-XL is required for the persistence of neutrophils within

inflammatory sites in mice. We demonstrate that a selective BCL-XL inhibitor

(A-1331852) has therapeutic potential by causing apoptosis in inflammatory human

neutrophils ex vivo. Moreover, in murine models of acute and chronic inflammatory

disease, it reduced inflammatory neutrophil numbers and ameliorated tissue pathology.

In contrast, there was minimal effect on circulating neutrophils. Thus, we show a

differential survival requirement in activated neutrophils for BCL-XL and reveal a new

therapeutic approach to neutrophil-mediated diseases.

Introduction

Neutrophils (also called polymorphonuclear leukocytes [PMNs]) are the most abundant circulating human
leukocyte (�60%), being produced in bone marrow (BM) at 1011 cells/d1 to balance the normallyshort
half-life of terminally differentiated cells released into the peripheral blood.2 However, whencirculating
neutrophils are recruited from blood to sites of infection or inflammation, their life span andfunctional ef-
fects can be extended by local environmentalfactors.

Neutrophils provide first-line defense against pathogens and cellular debris. They shapeimmune re-
sponses through the production of cytokines, chemokines, and direct cell interactions.3 However, neutro-
phils can also cause tissue damage, such as in rheumatoid arthritis (RA),4 gout,5 and immunopathology
in antiviral responses (eg, influenza pneumonia,6 COVID-197).

Neutrophil life span is extended within inflamed tissues by inflammatory cytokines such as granulocyte-
macrophage colony-stimulating factor (GM-CSF), tumor necrosis factor, granulocyte colony-stimulating
factor (G-CSF), and interleukin-1 (IL-1) and IL-6.8 Accordingly, genetic ablation or therapeutic antago-
nism of these cytokines attenuates many inflammatory diseases.9-12 Although cytokine-targeted biologics
offer improved specificity and efficacy compared with traditional anti-inflammatory drugs, some patients
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Key Points

� Neutrophils switch to
BCL-XL for survival
upon exposure to
inflammatory
cytokines.

� Inhibition of BCL-XL
preferentially depletes
neutrophils from sites
of inflammation, but
not those circulating
in the steady state.
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do not respond, or lose their response over time.13 Therefore, alter-
native therapeutic options, particularly targeting aberrant neutrophilic
inflammation, are still required.

Apoptosis regulates the life span of immune cells though the BCL-2
family of proteins.14 Anti-apoptotic members (BCL-2, BCL-XL, BCL-
W, MCL-1, and A1/BFL-1) bind to pro-apoptotic effectors BAX/
BAK, preventing their activation and initiation of cell death. Diverse
stress stimuli induce a second pro-apoptotic group, the BH3-only
proteins (BID, BIM, PUMA/BBC3, BAD, NOXA/PMAIP, BIK/BLK/
NBK, BMF, and HRK/DP5), which selectively compete for binding
with the anti-apoptotic proteins, thus facilitating release of BAX/
BAK. BAX/BAK then permeabilize the mitochondrial outer mem-
brane, releasing cytochrome c (and other factors such as SMAC/DI-
ABLO) into the cytosol to form the apoptosome, leading to
activation of caspases and irreversible demolition of the cell. Certain
BH3-only proteins (eg, BIM, PUMA) may activate BAX/BAK
directly.15–17

Intriguingly, immune cells rely on distinct anti-apoptotic BCL-2 pro-
teins for their survival.18,19 This requirement may be altered by extrinsic
factors such as cytokine exposure20 or cellular activation.18,21,22 Giv-
en the profound changes between neutrophils circulating in the pe-
ripheral blood and those trafficking to inflamed tissue sites, we
reasoned that their reliance on individual survival proteins might also
change.

A-1331852 is a highly potent and selective inhibitor of BCL-XL with
oral bioavailability that is well tolerated in mice.23,24 All inhibitors of
BCL-XL induce rapid and reversible thrombocytopenia23,25,26 be-
cause of on-target induction of apoptosis in platelets. Although clini-
cally manageable, this effect complicates clinical translation.
However, there is increasing recognition that platelets can amplify
inflammation by regulating immune cell recruitment and func-
tion.27–29 Neutrophils also appear to interact with platelets to pro-
mote thrombosis in severe viral pneumonia (eg, influenza, COVID-
19), in addition to causing direct lung damage.30–32 Thus, relative
thrombocytopenia may not always be a barrier to the clinical evalua-
tion of BCL-XL inhibitors in inflammatory disease.

Here, we demonstrate that BCL-XL maintains neutrophil survival se-
lectively within inflamed tissues. This survival switch occurs in re-
sponse to inflammatory cytokines. Concordantly, antagonism of
BCL-XL prevented the accumulation of activated neutrophils in sy-
novial, pulmonary, and peritoneal compartments in several inflamma-
tory disease models in mice, but had minimal effect on the numbers
of circulating neutrophils or other immune cell populations. As ex-
pected, there was depletion of platelets due to their well-docu-
mented dependence on BCL-XL for survival.23,25,26 These results
provide insight into the differential usage of BCL-2 family members
by neutrophils and suggest BCL-XL antagonists be considered for
the treatment of inflammatory diseases associated with neutrophil-
mediated tissue damage.

Methods

Mice and reagents

All mice were on a C57BL/6 (B6) background and were housed
under specific pathogen-free conditions; experiments were ap-
proved by the Walter and Eliza Hall Institute of Medical Research
animal ethics committee (see supplemental Methods).

A-1331852 (BCL-XL inhibitor; made in house), S63845 (MCL-1 in-
hibitor; Active Biochem, Kowloon, Hong Kong), and ABT-199
(BCL-2 inhibitor; Active Biochem) were dissolved in dimethyl sulfox-
ide for in vitro use. A-1331852 was prepared for in vivo use in vehi-
cle (2.5% dimethyl sulfoxide, 10% ethanol, 27.5% PEG-400, 60%
Phosal 50 PG)23 and administered at 100 mg/kg by oral gavage.
Tamoxifen (2 mg) was administered by oral gavage in vehicle con-
taining 5% ethanol and 95% corn oil.

Mouse subset analysis, flow cytometry, and

cell sorting

Single-cell suspensions from tissues and blood were prepared and
analyzed (see supplemental Methods).

Immunoblotting

Whole-cell protein extracts were prepared by lysis in radioimmuno-
precipitation assay buffer containing protease and phosphatase in-
hibitors and western blotting performed (see supplemental
Methods).

Mouse cell culture

For survival assays, cells were cultured at 1 to 2 3 104/well
(sorted neutrophils) or 2 to 3 3 105 (unsorted blood leukocytes)
in RPMI 1640 supplemented with 10% (v/v) fetal calf serum and
recombinant mouse GM-CSF or G-CSF (R & D Systems) as indi-
cated. Cells were cultured for a minimum 2-hour preconditioning
step (37�C, 5% CO2) to allow for sufficient cytokine stimulation,
before fresh media containing GM-CSF or G-CSF, and 1 mM A-
1331852, S63845, or ABT-199 was added and cells cultured for
a further 16 hours. For combination treatment, 2.5 mM dexametha-
sone (DEX; Sigma) and 1 mM A-1331852 were used. Cells were
stained with surface markers (if required) and survival measured by
flow cytometry following the addition of propidium iodide (PI) and a
standardized number of APC calibration beads. Data show the ab-
solute number of viable (PI2) neutrophils recovered at each
condition.

Human sample collection and culture

Synovial fluid was collected by knee arthrocentesis from patients at
the Rheumatology Unit, Royal Melbourne Hospital, Melbourne, Aus-
tralia. Samples of peripheral blood were collected via venipuncture
of healthy volunteers through the Volunteer Blood Donor Registry.
All samples were obtained under the approval of human ethics com-
mittees (Walter and Eliza Hall Institute of Medical Research, Royal
Melbourne Hospital) with written informed consent from all patients
involved. Neutrophils were enriched on a Ficoll-Paque density gradi-
ent33 and cultured at 1 to 2 3 104/well in RPMI 1640 supple-
mented with 10% (v/v) fetal calf serum and recombinant human
GM-CSF or human G-CSF (R & D Systems) as indicated for a mini-
mum of 2 hours before fresh media containing GM-CSF or G-CSF
and 1 mM A-1331852, S63845, or ABT-199 was added and cells
cultured for a further 16 hours. Cytokine preconditioning was imple-
mented for all experiments (irrespective of in situ exposure) to en-
sure active stimulation of survival signaling before the addition of
drug inhibitors. Upon harvesting, neutrophils were identified by sur-
face staining with anti-CD16-PE and anti-CD66b-APC (both BioLe-
gend); cell survival was measured by flow cytometry following the
addition of PI and a standardized number of APC calibration beads.
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Data show the absolute number of viable (PI2) neutrophils recov-
ered at each condition.

Serum transfer-induced arthritis

Arthritis was induced in male recipients by 100 mL intraperitoneal (IP)
injection of pooled serum from arthritic K/BxN mice.34,35 Disease pro-
gression was monitored by daily clinical assessment of each paw as
follows: 0, no edema/erythema; 1, inflamed digits; 2, mild edema/ery-
thema over 1 surface of paw; 3, edema/erythema involving the entirety
of the paw; and 4, edema/erythema involving the entirety of the paw
and joint ankylosis. A composite score for each animal comprising the
addition of scores from each paw (4 in total; maximum score, 16 per
animal) is shown. Experiments displayed are pooled from a minimum

of n5 2 experiments with therapeutic intervention commencing when
mice display signs of established disease (days 2-4; average arthritis
score, 6-7).

OVA model of allergic lung inflammation

Lung inflammationwas induced as described.36 Micewere immunized
IPwith 200ml alum/ovalbumin (OVA) comprising 20mg low-endotoxin
chicken ovalbumin (Worthington) and 2.25 mg aluminum hydroxide
(Sigma-Aldrich) in sterile phosphate-buffered saline (PBS) on day 1
(d1) and d7. Mice were rested for 3 weeks before being challenged
daily for 4 consecutive days with nebulized 2% (w/v) OVA (Sigma-Al-
drich) in PBS for 15 minutes. Mice were bled a minimum of 2 hours
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Figure 1. Enumeration of and expression of anti-apoptotic BCL-2 family proteins bymouse neutrophils recovered after culture. (A) B6 (wild type) or BAX2/2BAK2/2

viable neutrophil (PMN) recovery was assessed before or after culture in standard media (B) B6 neutrophils were cultured with or without GM-CSF or G-CSF at the indicated dose

for 16 hours before the number of viable PMNwas determined by flow cytometry. Data are shown as mean6SD of viable PMN per well. Data show a single representative

experiment of n5 3 experiments. (C)Western blot analysis was performed on freshly isolated B6mouse neutrophils (T0) or those cultured with 5 ng/mLG-CSF (1G) or 5 ng/mL

GM-CSF (1GM). Data from n 5 3 independent experiments with protein expression displayed relative to actin loading control. Data analyzed using a 2-tailed Student t test.

*P, .05, **P, .01, ***P, .001.
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following the last dose of drug, euthanized, underwent bronchoalveo-
lar lavage (BAL), and spleen and femur collected.

Peritonitis

Peritonitis was induced by IP injection with either 10 mg lipopoly-
saccharide (LPS) (Sigma-Aldrich) or 1 mg monosodium urate
(MSU) crystals (InvivoGen) in PBS. Mice were bled and euthanized
16 to 18 hours after drug treatment as indicated with peritoneal la-
vage and spleen collected. For methylated bovine serum albumin
(mBSA)-specific peritonitis, mice were sensitized to antigen by intra-
dermal injection of 200 mg mBSA in complete Freund adjuvant on
d0 and incomplete Freund adjuvant on d14 with peritonitis induced
by IP injection of 200 mg mBSA in PBS on d21 as described.37

Mice were bled and peritoneal lavage collected on d28.

Statistical analysis

Statistical comparisons were made using a 2-tailed Student t test
(Prism v 9.0 software, Graphpad, CA). Data were shown as the
means 6 standard deviation (SD) or standard error of the mean
(SEM) as indicated with P values , .05 considered statistically
significant.

Results

Neutrophil apoptosis is reduced under inflammatory

conditions correlating with increased expression of

anti-apoptotic BCL-2 family proteins

Neutrophils are short-lived under steady-state conditions in vitro and in
vivo; however, exposure to inflammatory cytokines greatly extends their
survival. To explore this effect, we cultured mouse neutrophils in vitro.
Although B6 (wild type ) neutrophils underwent extensive

spontaneous death after 16 hours of culture (.95% dead), consistent
with death occurring via apoptosis, neutrophils lacking critical effec-
tors BAX/BAK (BAX2/2BAK2/2) were completely resistant (,5%
dead) (Figure 1A). Exposure to inflammatory cytokines GM-CSF or G-
CSF reduced spontaneous apoptosis, with �80% viable neutrophils
recovered after culture (1 ng/mL) (Figure 1B). Anti-apoptotic BCL-2
family proteinsMCL-1, A1 andBCL-XL have all been implicated in reg-
ulating mature neutrophil apoptosis.38–41 Conversely, mature neutro-
phils express very little BCL-2, even under G- or GM-CSF stimulation,
although it is readily detectable in immature precursors.41–44 Freshly
isolated neutrophils expressedMCL-1 and BCL-XL, but no detectable
A1 (Figure 1C). Culture with GM-CSF significantly increased the lev-
els of MCL-1, BCL-XL, and A1. Culture with G-CSF also significantly
increased MCL-1 and BCL-XL, but did not induce A1 expression.
Based on these results, we hypothesized that MCL-1 or BCL-XL (or
both) could be maintaining neutrophil survival through a pathway com-
mon to bothGM-CSF andG-CSF cytokine signaling.

BCL-XL inhibitor A-1331852, but not inhibitors of

MCL-1 or BCL-2, restores neutrophil apoptosis

under inflammatory conditions

Given that both MCL-1 and BCL-XL levels correlated with cytokine-
mediated survival, we next tested the effect of inhibiting each of these
proteins, as well as BCL-2, on neutrophil viability in vitro. Mouse leuko-
cytes were cultured with or without G-CSF or GM-CSF before selec-
tive inhibitors of MCL-1 (S63485), BCL-XL (A-1331852), or BCL-2
(ABT-199) were added and cells cultured for a further 16 hours. As ex-
pected (Figure 1), few viable neutrophils were recovered in the ab-
sence of inflammatory cytokines irrespective of drug treatment (Figure
2A). Although neutrophils cultured with MCL-1 or BCL-2 inhibitors
showed similar survival responses to both GM-CSF and G-CSF
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Figure 2. Mouse neutrophils require BCL-XL for enhanced survival during inflammation. (A) Leukocytes from B6 mice were preconditioned in culture in the

presence or absence of their respective inflammatory cytokines (i) GM-CSF or (ii) G-CSF at the indicated dose for 16 hours. Cells were then cultured in the presence or

absence of 1 mM BCL-XL inhibitor (A-1331852), MCL-1 inhibitor (S63845), or BCL-2 inhibitor (ABT-199). After 16 hours, viable neutrophils (PMN) were enumerated by

flow cytometry. Data are shown as mean 6 SD of viable PMN per well. Data show a single representative experiment of n 5 3 experiments. (B) B6 mice were injected with

10 mg LPS or PBS control IP. Sixteen hours later mice were treated with 100 mg/kg BCL-XL inhibitor or vehicle by oral gavage. After 16 hours, peritoneal cells were

recovered by lavage and viable PMN enumerated by PI staining and flow cytometry. Data show a single representative experiment of 2 experiments; n 5 4 animals/group;

mean 6 SEM . All data were analyzed using a 2-tailed Student t test. *P , .05, **P , .01, ***P , .001.
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Figure 3. Inhibition of BCL-XL kills neutrophils from inflamed human and mouse joints and halts the progression of STIA. (A) STIA was induced in

Rosa26CreERT2.Bcl-xfl/fl mice. Arthritic mice were treated for 4 days with 2 mg tamoxifen (1TM) or vehicle control (2TM) by oral gavage starting day 4 postserum injection to

induce deletion of Bcl-x leading to loss of BCL-XL protein (as indicated by arrows). Following treatment (d8 postserum injection), PMN were enumerated in joint and blood by PI

staining and flow cytometry. Data show pooled data from n5 2 experiments; 10-11 animals/group; mean 6 SEM. (B) STIA was induced in B6 mice by IP injection of K/BxN
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relative to drug-naïve controls, the survival of neutrophils cultured with
BCL-XL inhibitor was significantly impaired (Figure 2Ai,ii). BCL-XL in-
hibitor reduced the recovery of viable neutrophils at all concentrations
of GM-CSF tested compared with control (0.01, 0.1, 1 ng/mL GM-
CSF) (Figure 2Ai). It also significantly reduced neutrophil recovery at
concentrations of G-CSF that promoted survival (1 ng/mL) (Figure
2Aii). Neutrophils lacking BAX/BAK (BAX2/2BAK2/2) were
completely resistant to death induced by all drug inhibitors (supple-
mental Figure 1). As expected,14 the MCL-1 and BCL-2 inhibitors ef-
fectively killed B cells present within the mixed leukocyte cultures,
confirming pharmacological activity (supplemental Figure 2). As re-
ported previously, neutrophils genetically deficient in A1 survived
equally as well as A1-sufficient controls when cultured with GM-
CSF,45 unless BCL-XL function was also impaired (supplemental Fig-
ure 3). To confirm our resultswithin a pathophysiologically relevant set-
ting, we tested BCL-XL inhibition in mice in response to
lipopolysaccharide (LPS), a known inducer of inflammatory cytokines
such as GM-CSF in vivo.46 Mice were injected with LPS IP to induce
sterile peritonitis before treatment with either BCL-XL inhibitor or vehi-
cle control by oral gavage. Other controls included mice that did not
receive LPS before treatment. LPS administration induced significant
IP neutrophil recruitment. Concordant with our in vitro data, viable neu-
trophil numbers in the peritoneal cavity of BCL-XL inhibitor treated
LPS-induced mice were markedly reduced (.fivefold) compared with
vehicle-treated LPS-induced mice, so much so that the recovery was
comparable to mice that never received LPS stimulation (Figure 2B).
These data implicate BCL-XL as an important mediator of neutrophil
survival under inflammation both in vitro and in vivo.

Inducible deletion ofBcl-x or treatment with BCL-XL

inhibitor A-1331852 depletes neutrophils from

inflamed joints and attenuates established disease

in mice with experimental arthritis

Serum transfer-induced arthritis (STIA) is a neutrophil-dependent ex-
perimental mouse model of RA that mimics the effector phase of hu-
man disease.47,48 The transfer of autoreactive serum from arthritic
K/BxN mice leads to deposition of immune complexes in joints and
recruitment of neutrophils and other innate leukocytes leading to
cartilage loss, bone erosion, and other clinical features of human
RA. To test the requirement for BCL-XL in maintaining neutrophil
survival in this model, we used Rosa26CreERT2.Bcl-xfl/fl mice
whereby Bcl-x (and thus BCL-XL) could be globally deleted by ta-
moxifen administration.49,50 Disease was induced by serum transfer
(d0) and allowed to establish as determined by daily clinical assess-
ment of arthritis score. On d4 postserum, mice were dosed daily for
4 days with tamoxifen to induce Bcl-x deletion and euthanized on
d8. Remarkably, although arthritis in BCL-XL-sufficient mice became
more severe as expected, BCL-XL-deficient mice did not worsen

(Figure 3A). Concordant with the arthritis scores, joints recovered
from BCL-XL-deficient mice contained significantly fewer neutrophils
(fourfold) compared with those of BCL-XL-sufficient mice
(Figure 3A), whereas numbers of blood neutrophils between the 2
groups were not significantly different.

Next, we repeated the experiments using BCL-XL inhibitor drug
A-1331852.23,24 In these experiments, mice were gavaged with
BCL-XL inhibitor or vehicle commencing day 2 postserum, when all
mice showed signs of clinical disease. Mice were dosed daily for 5
days and euthanized on d7. Concordant with the genetic-deletion
data, BCL-XL inhibitor reduced the progress in clinical severity com-
pared with vehicle controls (Figure 3B) and also significantly re-
duced neutrophil numbers in joints (threefold) but not in blood
(Figure 3B) or BM (supplemental Figure 4). Interestingly, when neu-
trophils from control animals were assessed for BCL-2 family protein
expression, BCL-XL was found to be upregulated in joint compared
with blood, consistent with enhanced expression resulting from local
inflammation (Figure 3C; supplemental Figure 5).

To determine whether these findings extrapolated to humans, we
obtained synovial fluid neutrophils from human patients with inflam-
matory joint disease and blood from healthy controls, and tested
their BCL-2 protein requirements under inflammation in vitro. En-
riched neutrophils were cultured with or without human GM-CSF or
G-CSF for at least 2 hours before inhibitors of MCL-1 (S63485),
BCL-XL (A-1331852), or BCL-2 (ABT-199) were added and cells
cultured for a further 16h. Concordant with our mouse data (Figures
1 and 2) and published literature,51,52 few viable neutrophils were
recovered after culture in the absence of cytokine (Figure 3D). Addi-
tion of G- or GM-CSF improved neutrophil viability, an effect attenu-
ated by BCL-XL inhibitor treatment (Figure 3D). Interestingly,
although blood PMN from healthy donors exposed to inflammatory
cytokines were preferentially sensitive to BCL-XL inhibition, MCL-1
inhibitor also had a significant effect (supplemental Figure 6).

Taken together, these data demonstrate a requirement for BCL-XL
expression in the pathogenesis of RA, suggesting a particular role in
the maintenance of neutrophils within locally inflamed joints, but not
in steady-state systemic circulation.

Treatment with BCL-XL inhibitor A-1331852 does

not induce systemic depletion of most immune cell

populations in arthritic mice, with the exception

of platelets

To further explore the therapeutic utility of BCL-XL inhibitors in in-
flammatory diseases, we next determined drug effects on other im-
mune cells. BCL-XL inhibitor treatment was repeated in STIA mice
as described previously and then immune cells in blood and spleen
assessed. Remarkably, BCL-XL inhibitor treatment had little effect

Figure 3. (continued) Disease severity was measured using a standardized visual scoring system.74 Following inhibitor treatment (d7 postserum injection) PMN were

enumerated in joint and blood by PI staining and flow cytometry. Data shown were pooled from 2 experiments (n 5 10/group STIA); mean 6 SEM. (C) Joint and blood

PMN were sorted from arthritic mice and western blot analysis performed to assess MCL-1, BCL-XL, A1, and actin expression. BCL-XL expression is displayed relative to

actin loading control. Data shown were pooled from 2 experiments (n 5 10/group); mean 6 SEM. (D) Cell aspirates were obtained from inflamed joints of inflammatory

arthritis patients and enriched for neutrophils on a Ficoll gradient. Cells were preconditioned in culture in the presence or absence of GM-CSF or G-CSF at the indicated

dose for 16 hours. Cells were then cultured in the presence or absence of 1 mM BCL-XL inhibitor (A-1331852), MCL-1 inhibitor (S63845), or BCL-2 inhibitor (ABT-199).

After 16 hours, viable PMN were enumerated by flow cytometry. Data are shown as mean 6 SD of PMN recovery per well. Data show a single representative experiment of

n 5 2 experiments. All data were analyzed using a 2-tailed Student t test. *P , .05, **P , .01, ***P , .001.
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Figure 4. BCL-XL inhibitor preferentially targets neutrophils at sites of inflammation, without systemic depletion of other immune cell populations in

mice, apart from platelets. STIA was induced in B6 mice by IP injection of K/BxN serum. Arthritic mice were treated for 5 days with 100 mg/kg BCL-XL inhibitor or

vehicle by oral gavage starting d2 postserum injection. Following inhibitor treatment (d7 postserum injection) viable neutrophils (PMN), monocyte/macrophage (mono/mac;

M), T cells (T), B cells (B), plasmacytoid dendritic cell (pDC; P), conventional dendritic cell (cDC; C) were enumerated in (A-B) blood and (D-E) spleen by PI staining and

flow cytometry. Platelets were enumerated in whole blood by analysis on an Advia 2120i automated hematological analyzer (C). Data shown were pooled from 2

experiments (n 5 10 mice/group; mean 6 SEM). All data analyzed using a 2-tailed Student t test. *P , .05, **P , .01, ***P , .001.
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on most immune populations (Figure 4). Within blood, no reduction
in monocyte/macrophage or T-cell populations were observed; as
expected (Figure 3B), circulating neutrophils were also not reduced
(Figure 4A-B). There was a small (statistically significant) reduction
in circulating B cells. Most notably, the number of circulating plate-
lets was substantially reduced in BCL-XL inhibitor treated mice
compared with vehicle controls, demonstrating effective drug-medi-
ated inhibition of BCL-XL function (Figure 4C).23,25,26 Within the
spleen, no reduction in the numbers of any immune cell populations
was observed; there was a small increase in the numbers of neutro-
phils and lymphocytes (both T and B) (Figure 4E).

These data demonstrate that BCL-XL inhibitor treatment is highly
selective for depletion of inflammatory neutrophils and circulating
platelets within STIA mice, with little effect on other immune cells.

Treatment with BCL-XL inhibitor A-1331852 rapidly

depletes neutrophils from the peritoneal cavity in an

experimental mouse model of gout

Next, we considered if BCL-XL inhibition could also effectively treat
other neutrophil-mediated inflammation. MSU-induced peritonitis in
mice simulates immune responses seen in human gout. Leukocyte
recruitment is mediated by a cascade of inflammatory cytokines,
most prominently IL-1, with neutrophils pivotal in pathogenesis.53

We induced peritonitis in mice by IP injection of 1 mg MSU and 16
hours later sorted neutrophils harvested from peritoneal cavity (PC)
or blood. Control mice were injected with saline. Concordant with
our arthritis findings discussed previously, neutrophils isolated from
the inflamed peritoneal cavity of MSU-treated mice trended toward
higher BCL-XL expression compared with those from blood from
the same animals, or blood from controls, although this did not
reach statistical significance (Figure 5A). We observed a similar
neutrophil effect when peritonitis was induced in sensitized mice by
injection of mBSA (supplemental Figure 7). Blood neutrophils from

MSU treated animals appeared to have slightly higher BCL-XL ex-
pression compared with blood neutrophils from untreated controls
(Figure 5A). Minimal BCL-2 expression was detected in neutrophils
under any condition (supplemental Figure 8). To determine whether
BCL-XL inhibition could ameliorate MSU peritonitis, we gavaged
mice with BCL-XL inhibitor or vehicle control 5 hours after MSU in-
jection. Peritoneal cells were harvested 16 hours after MSU injec-
tion. As expected, MSU induced marked neutrophil recruitment to
the PC compared with saline alone (Figure 5B). MSU-induced neu-
trophil infiltration was reduced threefold (P , .01) by BCL-XL inhibi-
tor compared with vehicle control treatment (Figure 5B). No
difference in the number of circulating blood neutrophils was de-
tected between any of the groups of mice (Figure 5C).

These data support the idea that BCL-XL dependence is common
to neutrophils in inflamed sites.

Treatment with BCL-XL inhibitor A-1331852

preferentially depletes neutrophils, above other

lung-infiltrating immune cells, in a mouse model of

airway inflammation

Our results indicate that BCL-XL inhibition can deplete neutrophils
from inflamed tissue. Next, we tested selective BCL-XL inhibition on
neutrophils in a disease model where other inflammatory cells (eg,
eosinophils) predominate. The classical OVA challenge model of air-
way inflammation is a T cell-dependent model that induces eosino-
phil, neutrophil, and T-cell recruitment to the lungs of sensitized
mice.36,54 Mice were sensitized on d0 and d7 by IP injection of ei-
ther OVA/alum or alum alone. After 3 weeks, mice were challenged
with aerosolized OVA daily for 4 days to establish lung inflammation
before being treated orally with either BCL-XL inhibitor or vehicle,
as indicated (Figure 6A). Mice were euthanized 2 to 3 hours follow-
ing the last dose of treatment. As expected, OVA/alum mice treated
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Figure 5. BCL-XL inhibitor kills neutrophils elicited during MSU-induced peritonitis in a mouse model of gout. (A) B6 mice were injected with 1 mg MSU

crystals IP or left untreated (PBS). Blood (B) and peritoneal cavity (PC) neutrophils were sorted by flow cytometry 16 hours later, and western blot analysis performed to

determine the amount of BCL-XL and actin protein. BCL-XL expression is shown relative to actin loading control. A line connects data from each separate experiment. (B-C)

B6 mice were injected with MSU crystals IP or left untreated. Four hours post-MSU mice were treated with 100 mg/kg BCL-XL inhibitor or vehicle control by oral gavage.

Sixteen hours later, (B) peritoneal or (C) blood cells were collected and neutrophils enumerated by PI staining and flow cytometry. Data shown were pooled from 2

experiments (n 5 10/group; mean 6 SEM). All data were analyzed using a 2-tailed Student t test. **P , .01.
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with vehicle developed pulmonary inflammation with marked in-
creases in eosinophils, neutrophils, and T cells in the BAL (Figure
6B). Strikingly, BCL-XL inhibition led to a fivefold reduction in the
number of BAL neutrophils, whereas the numbers of eosinophils
and T cells were not significantly different from vehicle controls (Fig-
ure 6B). Numbers of blood neutrophils were unaffected by BCL-XL
inhibition (Figure 6C). Under these conditions, the number of blood
eosinophils and T cells were also modestly reduced in drug-treated
mice compared with vehicle (Figure 6C).

Although eosinophilic airway inflammation can be effectively con-
trolled by treatment with conventional glucocorticoid therapy, neutro-
philic airway inflammation is often refractory.55 Therefore, we
compared the sensitivity of neutrophils to glucocorticoids (DEX),
BCL-XL inhibitor, or both, with or without GM-CSF stimulation in vi-
tro (Figure 6D). Addition of DEX promoted neutrophil survival, which
was further enhanced under GM-CSF. Notably, BCL-XL inhibitor re-
duced the ability of DEX alone or DEX/GM-CSF combination to
promote neutrophil survival (10-fold and threefold, respectively).
Thus, BCL-XL inhibition restored neutrophil sensitivity to apoptosis,
even during glucocorticoid-enhanced survival, in the presence or ab-
sence of an inflammatory cytokine. These data show that BCL-XL in-
hibition preferentially depletes neutrophils in inflammatory tissue
sites, even during glucocorticoid treatment.

Discussion

In steady-state, mature neutrophils have a short life span, but this is
extended during inflammation in response to local environmental
cues. Failure to appropriately regulate neutrophil life span can con-
tribute to tissue damage and chronicity in inflammatory diseases.56

Conversely, if inflammatory neutrophil survival is insufficient, clear-
ance of pathogens and cellular debris may be impaired. Thus, identi-
fying proteins that control neutrophil survival under different
conditions may provide selective targets for therapy.

We have identified BCL-XL as a critical regulator of inflammatory
neutrophils, but not circulating neutrophils in the steady-state. Con-
cordant with previous reports, freshly isolated neutrophils underwent
apoptosis in vitro because removal of critical apoptotic effectors BAX
and BAK completely prevented cell death. This response changed
markedly with exposure to inflammatory cytokines GM-CSF or G-
CSF (Figures 1-3). Although MCL-1 and BCL-XL both increased in
mouse neutrophils exposed to inflammatory cytokines, only deficiency
in BCL-XL attenuated extended survival under these conditions (Fig-
ures 2 and 3). Human neutrophils exposed to inflammatory cytokines
were also preferentially sensitive to BCL-XL inhibition (Figure 3D),
with those from blood showing additional codependence on MCL-1
(supplemental Figure 6). Concordant with previous reports,51,52 neu-
trophil viability was significantly compromised without exogenous cy-
tokines, even when cells were isolated from highly inflamed tissues
such as rheumatic joints (Figure 3D). This suggests the extended sur-
vival induced by inflammatory cytokines requires continuous exposure

in situ, a mechanism that may contribute to removal of inflammatory
neutrophils once local cytokine tapers.

MCL-1 is required for circulating neutrophil survival. Mice with neutro-
phils deficient in MCL-1 develop severe neutropenia57,58 and sponta-
neous apoptosis of human blood neutrophils correlates with loss of
MCL-1 protein.44,59 Circulating steady-state neutrophils do not ex-
press BCL-2, or BCL-W,41,44,60 but do express BAX and BAK.44,61 In
contrast, we show that inflammatory neutrophils under diverse condi-
tions depend on BCL-XL. This likely represents a “switch” from
steady-state survival maintained by short-lived MCL-1 (0.5- to 3-hour
half-life) to inflammatory-state survival, mediated by longer lived BCL-
XL (�16-hour half-life).42,62 Our finding that activation status influen-
ces BCL-XL may also explain why expression of BCL-XL in neutrophils
has been contentious.39–41,44,63 We acknowledge that circulating neu-
trophils may become sensitive to BCL-XL inhibition under systemic in-
flammation (eg, sepsis), or when appreciable amounts of inflammatory
cytokines access the circulation during tissue inflammation.

This switch to BCL-XL dependency in inflammatory milieus offer thera-
peutic selectivity by BCL-XL inhibition. We used several different mu-
rine models of inflammatory diseases and to treat with BCL-XL
inhibitor after disease commencement. In each case, we found a sig-
nificant reduction in inflammatory neutrophils, with little effect on the
numbers of BM or circulating neutrophils, or other immune cells (Fig-
ure 4). This was highlighted in STIA, a model of human RA. BCL-XL in-
hibition led to marked clinical improvement (Figure 3A-B) on par with
that of neutrophil-depleting antibody RB6-8C5 when given at a similar
time in the course of established disease,64 as well as other therapies
shown to provide clinical benefit to RA patients including anti-GM-
CSF,65 corticosteroids,66 andmethotrexate.67

The specificity of this drug treatment was highlighted in the OVA
lung model, where BCL-XL inhibitor reduced inflammatory neutrophil
numbers, but not the predominant eosinophil population. This effect
may have resulted from IL-5-induced BCL-2 expression in lung eosi-
nophils, enabling their survival in the absence of BCL-XL func-
tion.68,69 Lung infiltrating neutrophil numbers often correlate with
disease severity, and is inversely predictive of treatment suc-
cess.70,71 Although corticosteroids are commonly used against in-
flammation, neutrophils are refractory72; indeed, survival may even
be prolonged.73 We found that BCL-XL inhibition was able to atten-
uate even DEX-extended neutrophil survival (Figure 6D).

Here, we show that a BCL-XL inhibitor can selectively target neutro-
phils in inflamed sites, without causing systemic neutropenia. These
data provide compelling preclinical rationale to carefully evaluate in-
hibitors of individual BCL-2 family members, such as BCL-XL, as a
new approach to reducing the severity and chronicity of inflammato-
ry diseases.
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