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Abstract
Toll-like receptors (TLRs) are essential components of the innate immune system, and their ligands
are important activators of neutrophils. Bruton’s tyrosine kinase (Btk) has been reported to mediate
signaling through toll-like receptors (TLRs) in many cell types, however, the role of Btk in TLR
activation of neutrophils remains unclear. Impaired TLR-induced neutrophil function was found in
mice with loss of Btk and in humans with TLR-signaling defects, but the integrity of TLR pathways
in X-linked agammaglobulinemia (XLA) neutrophils has not been assessed. In this study LPS (TLR4)
or an imidazoquinoline compound (TLR7/8) activated XLA neutrophil shedding of surface CD62L,
and phosphorylated MAP kinases p38, JNK and ERK. TLR activation also induced normal
respiratory burst and retarded apoptosis for XLA neutrophils, comparable to normal controls. These
data demonstrate that the loss of Btk in XLA neutrophils does not impair functional responses to
TLR signals.
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Introduction
X-linked agammaglobulinemia (XLA) is a primary immunodeficiency disease resulting from
mutations in a cytoplasmic tyrosine kinase, Bruton’s Tyrosine Kinase (Btk). The defect is
characterized by a block in B cell maturation leading to a loss of peripheral blood B cells and
severely reduced serum immunoglobulins[1,2]. Prior to receiving replacement immune
globulin (Ig), patients with XLA experience invasive pyogenic infections, resulting in
significant morbidity and mortality[3–5]. Interestingly, although Btk expression is abundant
in neutrophils as well as many other cells of hematopoietic lineage, patients maintained on
sufficient Ig therapy are generally healthy[6,7], suggesting that Btk is either dispensable outside
the B-cell compartment, or that compensatory kinases maintain normal functions in other cells
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[8]. However, a number of recent studies have demonstrated that Btk plays an important, or
possibly essential, role in signaling through several Toll-like receptors (TLRs) which recognize
conserved pathogen-associated molecular patterns such as lipopolysaccharides (LPS),
bacterial DNA, or single-stranded viral RNA (ssRNA)[9–19]. These observations have
suggested that in addition to the loss of humoral immunity, subjects with XLA might have
additional innate immune defects.

The first suggestion that Btk might be important in TLR signaling came from work in Xid mice
in which a point mutation in the pleckstrin homology domain of the Btk gene results in loss of
Btk function. LPS induced production of TNF-α and IL-1β was found impaired in these mice
and Xid macrophages and neutrophils had reduced generation of reactive oxygen intermediates
and defective LPS clearance[16,20,21]. Further work in Btk deficient mice and the human
monocyte line THP1 showed that TLR2, 4, 7, 8 and 9 ligands phosphorylated Btk, and that
Btk could be co-immunoprecipitated with myeloid differentiation primary response gene (88)
(MyD88), toll-interleukin 1 receptor domain containing adaptor protein (TIRAP, also known
as the MyD88 adaptor-like protein, or Mal), and Interleukin-1 receptor-associated kinase 1
(IRAK1), key components of the TLR signaling complex[9,12,22,23].

TLRs have selected patterns of distribution on immune cells, with the final effector functions
differing depending on the cell type. Neutrophils, the most abundant immune cell and first
responders to infection, express most of the TLRs[24]. When neutrophil TLRs bind their
ligands, signaling pathways are activated which triggers the shedding of surface L-selectin,
upregulation of surface integrins, priming of respiratory burst, increased cytokine production
and phagocytosis, and slowed progression to apoptosis [24].

Taking advantage of TLR induced changes in adhesion molecules, von Bernuth et al. showed
the impaired shedding of L-selectin was characteristic of subjects with mutations in NF-κB
essential modulator (NEMO) or IL-1R associated kinase (IRAK-4); this test was suggested for
clinical screening for these defects. Neutrophils of these subjects had previously been shown
to have decreased LPS-induced NADPH oxidase activation, impaired superoxide production
[25] and defective neutrophil migration and phagocytosis [26]. However, if Btk is integral to
TLR signaling in neutrophils, subjects with XLA should show similar neutrophil defects. XLA
patients occasionally are found to be neutropenic, typically coinciding with the severe infection
that suggests the presence of an immunodeficiency and potentially, neutrophil dysfunction
[4,27], however, neutropenia is not a characteristic of XLA patients on sufficient Ig
replacement. To date no study has directly assessed TLR induction of pro-inflammatory
signaling pathways and effector functions in primary XLA neutrophils. The present study
assesses the activation and downstream activity of TLR4 and TLR7/8 effector functions, to
examine whether the distinct signaling pathways activated by extracellular and endosomal
TLRs are intact.

Methods and Materials
Patients and controls

This study included 8 XLA patients of age 12 to 43 years. All patients were profoundly
hypogammaglobulinemic, had fewer than 0.1% B cells in peripheral blood. Mutational
analyses to confirm the diagnosis of XLA were kindly performed by Dr M. E. Conley. Lack
of Btk expression by these patients was confirmed by western blot as described below (Figure
1). All subjects were well at the time of the study and on replacement Ig in standard doses;
blood samples were collected before monthly infusions. Control subjects were healthy adult
volunteers. These studies were done using an Institutional Review Board approved protocol
and informed consent.
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Neutrophil isolation
Whole blood was mixed 1:1 with 3% dextran (MP Biomedicals, Solon, OH) in PBS and
erythrocytes allowed to sediment for 30 minutes. The leukocyte rich supernatant was then
applied to a Ficoll-Hypaque (GE Healthcare, Uppsala, Sweden) density gradient
centrifugation. PBMCs were removed, and remaining erythrocytes in the pelleted mixture were
lysed by hypotonic NaCl treatment. Purified neutrophils were resuspended in Hanks’ Balanced
Salt Solution (HBSS, Gibco, Carlsbad, CA) supplemented with 10% Fetal Calf Serum, 1%
penicillin/streptomycin.

TLR induced CD62L Shedding
The assay for neutrophil CD62L shedding was performed as described by von Bernuth et al.
Briefly, 100 L of heparinized whole blood was incubated for 1 hour at 37°C alone or in the
presence of the of a water-soluble R848, imidazoquinoline compound TLR7/8 ligand CL097
(0.1 μg/mL–5.0μg/mL) (Invivogen, San Diego, CA), LPS (1ng/mL-1μg/mL) (Invivogen) or
as a control, phorbol 12-myristate 13-acetate (PMA) (1ng/mL-1μg/mL) (Sigma, St. Louis,
MO). In the control, CL097, and PMA treated cells 10μg/mL polymixin B (Sigma) was added
before treatment with TLR ligand. Erythrocytes were then lysed in (1.3M NH4Cl, 100mM
KHCO3, 1mM EDTA). Remaining leukocytes were incubated for 15 minutes on ice in PBS
+2% fetal calf serum with FITC-conjugated monoclonal anti-CD62L BD Biosciences, San
Diego, CA) or isotype control, washed three times in PBS/FCS; CD62L surface expression
was analyzed via flow cytometry on a FACSCalibur (BD Biosciences). Granulocytes were
gated according to forward-scatter/sideways-scatter and the mean fluorescence intensity (MFI)
of CD62L surface expression determined.

Western blot
Neutrophils in complete HBSS media were plated at 5×106 cells/mL and allowed to rest for 6
hours at 37°C. After 1 hour, neutrophils were incubated for an optimized time of 5 minutes
with the optimized concentrations of 2.5μg/mL CL097 or 100ng/mL LPS, and subsequently
centrifuged at 4°C and lysed with lysis buffer (1% Triton X-100, 20mM Tris [pH 7.4], 40mM
NaCl, 5mM EDTA, 50mM NaF, 30mM Na4P2O7) supplemented with protease and
phosphatase inhibitors (Thermo Scientific, Rockford, IL, USA). Protein was quantified with
the Micro BCA Protein Assay Kit (Thermo Scientific), and subsequently fractionated on 12%
SDS-PAGE gels (Thermo Scientific), transferred to nitrocellulose membrane (Whatman,
Dassel, Germany) and developed with rabbit-anti-phospho-p38 MAPK R&D Systems,
Minneapolis, MN), rabbit-anti-phospho-p44-42MAPK (ERK1/2) (Cell Signaling), rabbit-anti-
phospho SAPK/JNK (Cell Signaling), goat-anti-Btk (Santa Cruz Biotechnology, Santa Cruz,
CA), and mouse-anti-β-actin (Cell Signaling), followed by incubation in the appropriate
horseradish peroxidase-conjugated secondary antibody (SantaCruz Biotechnology) and
protein visualized using Immobilon Western HRP Substrate (Millipore, Billerica, MA).

Respiratory burst
To examine respiratory burst by a cytochrome C reduction assay, XLA or control neutrophils
were washed and resuspended in 10mM glucose in PBS at a concentration of 2×107 neutrophils/
mL. Neutrophils were combined 1:9 with stimulation buffer (138mM NaCl, 2.7mM KCl,
0.6mM CaCl2, 1.0mM MgCl2, 5mM glucose, 10mM NaH2PO4/Na2HPO4, pH 7.4), and
cytochrome C from equine heart (Sigma) was added to a concentration of 0.1mM. Cells were
plated in a 96 well plate in the presence or absence of 50μg/mL superoxide dismutase (SOD,
MP Biomedicals). Neutrophils were stimulated with 2.5μg/mL CL097, 100ng/mL LPS or
10ng/mL PMA for 20 minutes and absorbance of reduced cytochrome C read at 550nM
absorbance. SOD-inhibitable cytochrome C reduction was assessed by subtracting absorbance

Marron et al. Page 3

Clin Immunol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in samples pretreated with SOD, which corrects for non-superoxide mediated reduction.
Results are given relative to the baseline respiratory activity.

Production of superoxide radicals was also quantified using the dihydrorhodamine (DHR)
assay. For this, neutrophils in suspension in HBSS complete media were incubated with 5μg/
mL DHR (EMD Darmstadt, Germany) and allowed to rest at 37°C for 30 min. Samples were
treated with TLR ligands as above for 90 minutes. Neutrophils were subsequently washed in
PBS and intracellular rhodamine visualized on FACScalibur. Data is presented as the mean
fluorescence of rhodamine in activated samples, divided by the mean fluorescence of untreated
cells.

TLR induced Cell survival
Effective TLR activation prolongs the life span of neutrophils, delaying apoptosis [28]. To
examine this effect in Btk deficient cells, neutrophils were plated in HBSS complete media at
2×106 cells/mL and treated with 2.5μg/mL CL097, 100ng/mL LPS or 20ng/mL GM-CSF as a
positive control, (eBioscience, San Diego, CA). After 48 hours cells, were washed with PBS,
stained for Annexin 5 and propidium iodide (PI) (BD Pharmingen, San Diego, CA) and
assessed by flow cytometry.

Statistical Analysis
Statistical analysis was performed using PRISM 4.0 (GraphPad). An unpaired two-tailed t-test
was used for one-to-one comparisons of individual treatment groups to the correlating no-
treatment controls, or comparing within a treatment group for differences between control and
XLA patient cellular responses.

Results
Shedding of CD62

As shedding of leukocyte surface CD62L occurs upon successful TLR activation, we treated
blood from XLA patients and normal controls, with optimized concentrations of LPS, CL097
or as a control, PMA to assess whether this early marker of TLR signaling was intact.
Neutrophils of XLA subjects exhibited the same loss of neutrophil surface CD62L as control
neutrophils when exposed to these ligands, suggesting that TLR4 and TLR7/8 signaling
activation is retained (Figure 2a, b).

MAP kinase activation
TLRs activation also leads to phosphorylation of the MAP kinase families p38, ERK, and JNK
in neutrophils, all of which are involved in mediating effector functions; thus we assessed
whether these MAP kinases required Btk to attain an activated phosphorylated state. LPS and
CL097 treatment stimulated an increase in phosphorylation of p38, ERK, and JNK in both
control (n=6) and XLA neutrophils (n=6) Figure 3 shows representative data for one XLA
subject and a control.

TLR induced Neutrophil oxidative burst
As TLR signaling pathways in neutrophils appeared intact, TLR effector functions were then
assessed. TLR activation of neutrophils normally leads to priming the cells for the release of
reactive oxygen species needed to kill phagocytosed pathogens[25,29]. To examine priming
of respiratory burst, isolated XLA or control neutrophils were incubated with cytochrome C
and stimulated with LPS, CL097 or, as a control, PMA. The level of cytochrome C reduction
by the superoxide radicals produced following neutrophil activation was then assessed. As
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shown in Figure 4a induction of superoxide production in XLA neutrophils was comparable
to control neutrophils.

To further investigate TLR induced respiratory burst, PMA, CL097, or LPS stimulated
neutrophils were examined for dihydrorhodamine reduction. Figure 4b shows the mean
fluorescence intensity (MFI) of activated cells, relative to baseline fluorescence in untreated
cells. Both XLA and control neutrophils demonstrated a significant and similar induction of
reactive oxygen species when incubated with CL097 and LPS. (As expected, the level of PMA
activation for both XLA and control neutrophils was greater than either TLR activation.) There
was no statistically significant difference between control and XLA rhodamine levels within
each treatment group.

TLR and delayed apoptosis
TLR agonists promote the survival of activated neutrophils [28]. To test whether TLR
activation prolongs the survival of Btk deficient neutrophils, isolated neutrophils from controls
and XLA patients were incubated with LPS, CL097 or as a positive control, GM-CSF, which
also prolongs neutrophil survival[30]. For both control and XLA neutrophils, treatment with
LPS and CLO97 significantly reduced the amount of neutrophil staining by annexin V (Figure
5a) and incorporation of PI (Figure 5b) showing that this facet of TLR function was also
retained in XLA neutrophils. GM-CSF, as expected, also reduced markers of apoptosis and
cell death.

Discussion
Based predominantly on mouse models and cell lines, a number of previous studies have
concluded that Btk is a key component of selected cell-specific TLR signaling pathways[9–
11,14,17,31]. LPS stimulated Xid or Btk −/− murine macrophages displayed impaired
production of TNF-α and IL-1β [17,20], IL-10[17], impaired AP-1 and NF-κB activation[10,
12,17], as well as diminished production of reactive oxygen intermediates[16]. On the other
hand, studies on human XLA dendritic cells, monocytes and macrophages have provided
contradictory results, showing both reduced[18,22,32] or normal TLR cytokine secretion
responses[33,34].

TLR pathways are crucial to activation of a variety of inflammatory cells including neutrophils,
and it is not surprising that neutrophil function might be impaired in patients with mutations
in IRAK4 or NEMO, key signaling intermediates in the NF-κB pathway activated by TLR
ligation[25,26]. The original observation that an individual with IRAK4 deficiency had
defective CD62L shedding[35], led to the suggestion of a clinical test to screen for TLR defects
[36]. While L-selectin shedding was clearly abnormal in subjects with IRAK-4 and NEMO
defects, the neutrophils of XLA subjects examined here demonstrated normal loss of CD62L
upon TLR activation, suggesting that this marker of neutrophil activation is Btk-independent.
To further assess TLR-induced signaling, activation of p38, ERK, and JNK was assessed, as
TLR activation of these pathways regulates important neutrophil functions such as adhesion,
migration, activation of NF-κB signaling, and downstream cytokine release[26,37,38].
However, there was no difference in activation of these kinases in XLA neutrophils compared
with controls. Turning to an essential downstream effector function, respiratory burst, we found
that TLR activated XLA neutrophils were also comparable to controls. In addition, XLA
neutrophils treated with TLR agonists demonstrated delayed apoptosis, further confirming the
fidelity of TLR activation and signaling pathways in the absence of Btk. Other TLR-induced
effector functions, such as phagocytosis or chemokine production, have not been investigated
in XLA neutrophils, so further studies are warranted.
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The results of these studies appear to be in concert with the clinical phenotype of XLA subjects,
as patients maintained on adequate Ig-replacement therapy do not have infections suggestive
of innate immune defects[25,36,39,40]. While XLA patients may be neutropenic during acute
infections[27], which might suggest accelerated apoptosis or increased susceptibility to stress,
XLA neutrophils displayed normally enhanced survival on culture with TLR ligands. However,
it remains possible that sufficient replacement Ig could ameliorate the outcomes of any Btk
related TLR defects. Possibly in concert with this, Btk−/− mice challenged with LPS had
defective neutrophil mediated clearance, which was reversed by infusions with murine IgM
natural antibody [21].

A possible explanation for why Btk deficiency does not have significant clinical effects outside
the B cell compartment is that other members of the Tec kinase family may able to compensate
for Btk deficiency. The Xid and Btk−/− mice have a much less severe phenotype than XLA,
and one group has demonstrated this is due to compensatory activity of the homologous Tec
kinase[41]. Human neutrophils are known to also express Tec as well as Bmx, another Tec
kinase family member, and Btk, Tec and Bmx are often activated in concert upon neutrophil
stimulation. It is possible that these kinases are able to compensate for the loss of Btk in XLA
neutrophils [42]. We conclude that as for mast cells[31], Btk appears dispensable for essential
TLR induced functions in neutrophils.
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Abbreviations

XLA X-linked agammaglobulinemia

Btk Bruton’s tyrosine kinase

Ig immunoglobulin

TLR Toll-like receptor

LPS lipopolysaccharide

MFI mean fluorescence intensity

DHR dihydrorhodamine 123

SOD superoxide dismutase

PMA phorbol 12-myristate 13-acetate

GM-CSF granulocyte macrophage colony-stimulating factor

HBSS Hanks balanced salt solution

ssRNA single-stranded RNA

PI propidium iodide
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Figure 1. Btk expression in XLA cells
Leukocytes of 8 XLA patients examined by western blot, demonstrated no Btk expression in
contrast to cells of 3 normal controls.
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Figure 2. Neutrophil CD62L shedding
Whole blood was treated with TLR ligands CL097 (2.5μg/mL) or LPS 100ng/mL or PMA
10ng/mL for 1 hour, followed by RBC lysis and analysis of CD62L shedding from the surface
of neutrophils by FACS. Representative histograms of gated granulocytes from a control and
one XLA subject, demonstrated loss of CD62L with TLR activation (a). The MFI of FACS
analyses from XLA subjects (open circles, n=6) and controls (solid circles, n=6) is represented
graphically (b). An unpaired two-tailed t-test used to individually compare CD62L expression
on untreated XLA cells with treatment groups. ** denotes a p value of <0.005.
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Figure 3. MAPK signaling
Neutrophils isolated from blood of controls (n=6) or XLA subjects (n=6) were treated for 5
minutes with CL097 (2.5μg/mL) or LPS (100ng/mL), and phosphorylation of MAP kinases
p38, JNK and ERK was assessed by western blot. Representative results for two controls and
four XLA subject are shown in comparison to β-actin.

Marron et al. Page 12

Clin Immunol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Figure 4a and 4b: TLR induction of respiratory burst
Isolated neutrophils from normal controls (n=5) or XLA subjects (n=5) were first incubated
with cytochrome C, in the presence or absence of SOD, and treated for 20 minutes with CL097
(2.5μg/mL), LPS (100ng/mL) or PMA (10ng/mL). (a) Reduction of cytochrome C by the
superoxide radicals produced by neutrophils was assessed at 550nM absorbance. (b) Isolated
neutrophils from normal controls (solid circles, n=8) and XLA subjects (open circles, n=8)
were incubated with dihydrorhodamine and treated as in Figure 4a, and reduction of
dihydrorhodamine to rhodamine was assessed by FACS. These results are represented
graphically as MFI of the rhodamine signal. p-values shown are from a two-tailed t-test
comparing control and XLA responses within each treatment group.
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Figure 5. Assessing neutrophil apoptosis
Isolated neutrophils from normal controls (solid bars, n=4) or XLA subjects (open bars, n=4)
were cultured for 48 hours with CL097 (2.5μg/mL), LPS (100ng/mL) or GM-CSF (20ng/mL),
and induction of apoptosis assessed by Annexin V, (5a) or late apoptosis PI, (5b). Data is
represented as a percentage of Annexin or PI positive cells. P values denoted represent two-
tailed t-test comparison of each treatment to the untreated control neutrophils. No differences
were seen between normal and XLA neutrophils in any treatment group. Noted significance
(*p<0.05, **p<0.01, ***p<0.005) represents comparison to untreated neutrophils from same
patient or control subject.
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