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ABSTRACT
Chemokine receptor interactions coordinate leukocyte
migration in inflammation. Chemokine receptors are
GPCRs that when activated, are phosphorylated by
GRKs to turn off G protein-mediated signaling yet re-
cruit additional signaling machinery. Recently, GRK3
was identified as a negative regulator of CXCL12/
CXCR4 signaling that is defective in human WHIM syn-
drome. Here, we report that GRK3�/� mice exhibit nu-
merous features of human WHIM, such as impaired
CXCL12-mediated desensitization, enhanced CXCR4
signaling to ERK activation, altered granulocyte migra-
tion, and a mild myelokathexis. Moreover, GRK3�/�
protects mice from two acute models of inflammatory
arthritis (K/BxN serum transfer and CAIA). In these
granulocyte-dependent disease models, protection of
GRK3�/� mice is mediated by retention of cells in the
marrow, fewer circulating granulocytes in the periph-
eral blood, and reduced granulocytes in the joints dur-
ing active inflammation. In contrast to WHIM, GRK3�/�
mice have minimal hypogammaglobulinemia and a pe-
ripheral leukocytosis with increased lymphocytes and

absent neutropenia. Thus, we conclude that the loss of
GRK3-mediated regulation of CXCL12/CXCR4 signaling
contributes to some, but not all, of the complete WHIM
phenotype and that GRK3 inhibition may be beneficial in
the treatment of inflammatory arthritis. J. Leukoc. Biol.
94: 1243–1251; 2013.

Introduction
Chemokine receptors are GPCRs that are critically involved in
leukocyte migration [1], and their mutation can lead to al-
tered signaling and migratory behavior, leading to immune
system impairment. For example, in the autosomal-dominant
human immunodeficiency syndrome WHIM, leukocytes exhibit
enhanced chemotaxis toward the ligand of CXCR4 (stromal
cell-derived factor 1 or CXCL12) and impaired CXCR4 desen-
sitization and internalization [2]. The most-affected WHIM
kindreds possess functional mutations in the carboxy terminus
of the CXCR4 chemokine receptor [3]. However, two unre-
lated WHIM humans (“WHIM-WT” patients) have been de-
scribed with normal CXCR4 gene status [4]. These WHIM-WT
subjects possess unique, functional defects in GRK3 that when
corrected, lead to a restoration of normal CXCR4 internaliza-
tion kinetics [4].

GRKs phosphorylate the carboxy terminus of chemokine
receptors and other GPCRs in an agonist-dependent fashion
[5, 6]. Agonist-activated GPCR signaling is turned off by intra-
cellular GRKs through a process known as homologous desen-
sitization, leading to uncoupling from heterotrimeric G pro-
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teins and receptor internalization that is facilitated further
through the binding of �-arrestin [5, 6]. As it pertains to leu-
kocyte trafficking, this negative-feedback loop is important in
the regulation of chemokine receptor signaling and surface
expression and thus, in determining how leukocytes move in
homeostatic and proinflammatory conditions.

Among the seven GRK family members, there is a high de-
gree of sequence homology [6], as well as overlapping tissue
prevalence [7]. Whereas it is often assumed that structural and
expression pattern similarities translate into functional overlap,
clear, functional differences have been identified among
highly related GRKs. With respect to CXCR4 signaling in the
human embryonic kidney 293 cell line, GRK2 serves as a nega-
tive regulator of agonist-dependent ERK1/2 activation,
whereas GRK3 and -6 are observed to positively regulate
ERK1/2 output from CXCL12 activation; importantly, differ-
ent residues are phosphorylated within activated CXCR4 by
each of these kinases [8, 9]. Other biochemical studies have
found that compared with WT CXCR4, WHIM-mutant CXCR4
receptors that lack the carboxy-terminal 19 residues internalize
and activate ERK1/2 more slowly; GRK6 but not GRK3 fails to
associate with this particular mutant receptor [10]. Thus, com-
pelling data exist to support GRK2, -3, and -6 having differen-
tial effects on the regulation of CXCR4 and its output to
MAPK/ERK signaling [4, 8, 10].

Given that GRK3 defects have been associated with CXCR4
dysregulation and clinical WHIM in humans [4], our hypothe-
sis was that GRK3�/� mice would exhibit similar immuno-
logic phenotypes. In GRK3�/� mice, CXCR4 receptor inter-
nalization and ERK signaling were prolonged in immune cells
consistent with WHIM [2]. Additionally, GRK3�/� mice had
increased granulocytes in the BM and reduced numbers of
neutrophils in the blood but only during pronounced inflam-
mation in granulocyte-dependent disease models of inflamma-
tory arthritis. GRK3�/� mice had minimal hypogammaglobu-
linemia, which has been reported as variable in WHIM pa-
tients [11, 12]. However, in clear contrast to patients with
WHIM [11, 12], neutropenia was not present at baseline in
GRK3�/� mice, and a notable lymphocytosis in the periph-
eral blood was found to persist at baseline and during active
inflammation in GRK3�/� mice. These data suggest that
GRK3 may regulate signaling pathways that lead to specific
immune cell functions that differ between granulocytes and
lymphocytes and that GRK3�/� alone in mice does not fully
recapitulate the complete WHIM phenotype. Our data suggest
that this selective immunoregulation may be advantageous in
autoimmune-mediated inflammation, such as inflammatory
arthritis.

MATERIALS AND METHODS

Animals
The GRK3�/� mouse strain [13–15] was kindly provided by Dr. Robert J.
Lefkowitz (Duke University, Durham, NC, USA). GRK3�/� (�12 genera-
tions back-crossed) and WT age-matched male C57Bl/6 mice were used for
all experiments under standard Institutional Animal Care and Use Commit-
tee-approved protocols in the Association for Assessment and Accreditation

of Laboratory Animal Care-accredited vivarium of the University of North
Carolina.

Inflammatory arthritis models
K/BxN was induced by injecting 5 �l/g mouse weight i.p., with sera pooled
from K/BxN transgenic mice on Days 0 and 2, per our previously pub-
lished protocol [16]. CAIA was induced by injecting 5 mg/mouse i.p. of
arthrogenic mAb (Chondrex, Redmond, WA, USA) 5-clone cocktail on Day
0, followed by 50 mg i.p. LPS on Day 3, according to manufacturer instruc-
tions. Mice were measured by a blinded observer for (1) a clinical disease
score index and (2) measurement of paw swelling from baseline. The clini-
cal disease score index was performed with the following scoring system: 0 �

normal paw; 1 � mild but definite swelling of the ankle or digits; 2 � mod-
erate redness and swelling of an ankle � any number of digits; 3 � maxi-
mal redness and swelling of the entire paw and digits, with or without anky-
losis. The maximum score/paw was 3, with a total score obtainable of 12/
mouse. Paw swelling was measured by calipers and assessed daily as the
millimeter swelling over baseline; both scoring methods have been pub-
lished previously and validated by our group in inflammatory arthritis mod-
els [16].

Chemotaxis
Transendothelial migration assays were performed with EA.hy926 endothe-
lial cell-coated, 5 �m pore-sized Transwells. The migration of BM-derived
granulocytes, in response to media or chemokine ligands (PeproTech,
Rocky Hill, NJ), was determined by anti-Ly6G staining and flow cytometry
analysis of migrated cells into the lower chamber, as per our previously
published protocol [16].

BM analysis
For histopathology, two femurs/animal were isolated and fixed for 24 h in
Tellyesnickzky/Fekete fixative, decalcified using EDTA, and embedded in
paraffin. Serial, 5- to 7-mm sections were stained with H&E and analyzed by
a blinded veterinary pathologist for morphologic analysis using an Olympus
Bx41 microscope. Images were captured with an Olympus DP72 camera
using CellSens imaging software. The objective used for the images in mar-
row studies (see Fig. 2) was 40�. For each sample, 200 cells were counted
and classified by type and stage. The myeloid:erythroid ratio was calculated
by dividing the number of myeloid precursor cells by the number of ery-
throid precursor cells, according to reports published previously [17]. For
hematopoietic cell-count analysis of the BM, both femurs and tibias/mouse
were flushed, and red cells were lysed. With the use of trypan exclusion,
total viable hematopoietic cells were counted manually by a hemocytometer
for a total cell count. Hematopoietic, mature subsets from the BM were
defined by forward- and side-scatter and the following cell-surface markers:
erythroid TER-119-PerCP, myeloid Gr-1-APC-Cy7 and CD11b-BV421, lym-
phoid CD3-FITC and B220-PE. Antibodies were purchased from BioLegend
(San Diego, CA, USA), except CD3-FITC, from BD PharMingen (San Di-
ego, CA, USA). Cell populations were enumerated by multiplying the per-
cent positive of forward- and side-scatter-gated cells by total BM cell counts.
Granulocyte subset-gating strategy was based on Ueda et al. [18]. The lin-
eage-negative hematopoietic cell subsets were phenotyped by excluding all
lineage-positive cells (TER-119-, Gr-1-, CD11b-, CD3-, CD4-, CD8-, and B220-
PeCy5), examining c-kit (eFluor780 or APC) and Sca-1 (PeCy7) popula-
tions, and then subsetting further for multipotent progenitor stem cells
with CD34 (eFluor450) and CD16/32 (PE or APC) or signaling lymphocyte
activation molecule stem cells with CD48 (FITC) and CD150 (APC). All
antibodies were purchased by eBioscience (San Diego, CA, USA), except
for CD150, which was purchased from BioLegend.

Peripheral blood analysis
Whole blood (40 �l) was stained and analyzed by FACS using BD Tru-
COUNT tubes for absolute cell counts, adapted from protocols published
previously [19] and manufacturer’s instructions. Cell populations analyzed

1244 Journal of Leukocyte Biology Volume 94, December 2013 www.jleukbio.org



included total cell count (CD45-PerCP or -APC-Cy7), B cells (B220-PeCy7
or -PB), T cells (CD3-PE or -PB), monocytes (MOMA2-FITC), and neutro-
phils (LyG-PECy5, -FITC, or -PE). Antibodies were purchased from BD Bio-
sciences (San Jose, CA, USA), except for MOMA2, which was provided by
Beckman Coulter (Brea, CA, USA); CD3-PE or Ly6G-PeCy5, purchased
from Abcam (Cambridge, MA, USA); and CD3-PB, purchased from Bio-
Legend.

qRT-PCR
Total RNA was prepared using a Qiagen RNeasy genomic-free kit and
cDNA synthesized with Superscript II RT (Invitrogen, Carlsbad, CA, USA),
followed by qRT-PCR. Both 18S and IDUA served as reference genes, per
our primer sequences and protocol published previously [20]. For MPO,
the following primers were used: forward 5=-ATC ACG GCC TCC CAG
GAT ACA ATG-3= and reverse 5=-ACC GCC CAT CCA GAT GTC AAT G-3=.
For elastase, the following primers were used: forward 5=-CCT TCT CTG
TGC AGC GGA TCT TC-3= and reverse 5=-ACA TGG AGT TCT GTC ACC
CAC-3=.

GPCR internalization assay
Ableson virus-immortalized pre-B cells [21] were derived from GRK3�/�,
GRK5�/�, and WT BM. To quantitate internalization, we adapted from
previously published protocols [2]. Briefly, cells lines were stimulated with
200 nM CXCL12 (Shenandoah Biotechnology, Warwick, PA, USA) or me-
dia, washed in ice-cold glycine-HCl-NaCl buffer, and then stained for sur-
face expression of CXC4 (R&D Systems, Minneapolis, MN, USA) and ana-
lyzed by flow cytometry. Cells were kept in ice-cold reagents and at 4°C af-
ter ligand stimulation to arrest further internalization. Data are expressed
as percent change in surface expression of CXCR4 compared with baseline
in media.

Western immunoblotting
Standard protocols were used with dilutions of phospho-ERK1/2 (1:1,000)
and total ERK1/2 (1:1,000) primary antibodies (Cell Signaling Technology,

Danvers, MA, USA) on cell lysates of primary BM cells after incubation
with 1 �g/ml CXCL12 (Shenandoah Biotechnology).

Serum Igs
Total levels of Igs, IgM, IgA, IgE, IgG, and subclasses IgG1, IgG2a, IgG2b,
IgG2c, and IgG3, were quantitated by ELISA from naive mouse sera, ac-
cording to the manufacturer’s instructions (Immunology Consultants Labo-
ratory, Newberg, OR, USA).

Statistical analyses
For clinical disease and paw-swelling curves, linear mixed models were used
as described previously [16, 20]. The overall group effect was assessed us-
ing a LR test (��0.05) with SAS v9.2. For qRT-PCR, flow cytometry, ELISA,
histopathology, and chemotaxis data, a two-tailed Student’s t-test was used
with Prism v4.

RESULTS AND DISCUSSION

GRK3�/� impairs ligand-dependent CXCR4
internalization and enhances chemotaxis and ERK1/2
activation
Impaired CXCR4 internalization in the presence of the
chemokine CXCL12 is observed in cells isolated from WHIM
syndrome patients or mice harboring the WHIM-associated
CXCR4 mutation (i.e., Cxcr4�/1013) [2, 22]. CXCL12-activated
CXCR4 signaling is turned off by GRKs via homologous desen-
sitization; the final step is receptor internalization [5, 6]. To
test the specific role of GRK3 in internalization of activated
CXCR4 by primary immune cells, we created BM-derived pre-B
cell lines from GRK3�/� and WT mice using Abelson virus
immortalization [21]; GRK5�/� pre-B cell lines were also

Figure 1. GRK3�/� BM-derived leukocytes have impaired CXCR4 internalization, enhanced chemotaxis, and increased ERK1/2 activation when
exposed ex vivo to CXCL12. (A) Abelson virus-immortalized pre-B cells were derived from GRK3�/�, GRK5�/�, and WT BM. GRK3�/� cells
(n�7) had impaired internalization of CXCR4 after exposure to 50 nM CXCL12 when compared with GRK5�/� (n�6) and WT (n�12) cells.
CXCR4 receptor internalization in stimulated leukocytes was calculated as follows: receptor geometric mean fluorescence intensity of CXCL12-
treated cells/receptor geometric mean fluorescence intensity of unstimulated cells � background fluorescence (*P�0.05; **P�0.01; ***P�0.001).
�, Change. (B) Ly6G� granulocytes isolated from BM of GRK3�/� (n�13) and WT mice (n�13) have enhanced chemotaxis to CXCL12 (50
and 100 ng/ml) in transendothelial migration assays. PMN, Polymorphonuclear neutrophil. (C) Isolated BM from GRK3�/� mice has prolonged
and increased ERK1/2 activation when stimulated over 60 min with 1 �g/ml CXCL12 (represenatative of one of three experiments). The gel was
not cut or enhanced. p-, Phosphorylated.
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generated as an additional control, as this kinase is not
thought to regulate the CXCR4 receptor [8, 9]. The cells were
stimulated ex vivo with CXCL12, and the expression of surface
CXCR4 over time was analyzed by flow cytometry. GRK3�/�
pre-B cells exhibited sustained levels of surface CXCR4 expres-
sion after ligand stimulation, ranging from a 13–52% increase
when compared with WT and GRK5�/� cells for over 30 min
of observation (Fig. 1A).

To test for functional effects of GRK3�/� on chemotaxis,
primary BM-derived cells were isolated, and Ly6G� granulo-
cytes were examined for their migratory behavior toward
CXCL12, as granulocytes are known to migrate abnormally in
WHIM [2, 4]. GRK3�/� Ly6G� granulocytes exhibited en-
hanced chemotaxis to CXCL12, similar to what has been
shown in WHIM and WHIM-WT patients [2, 4] when com-
pared with WT cells (P�0.05; Fig. 1B). GRK3�/� B and T
lymphocytes showed enhanced migration, albeit less than that
of granulocytes (data not shown).

Chemokine GPCRs, when stimulated, activate the MAPK
pathway, and CXCR4 receptor stimulation is known to activate
ERK1/2 specifically [8, 10]. To determine whether CXCL12/
CXCR4 intracellular signaling was enhanced in GRK3�/� BM
as it is in WHIM [2], whole BM leukocytes were isolated, stim-
ulated ex vivo with CXCL12, and examined for ERK1/2 activa-
tion status. GRK3�/� leukocytes showed enhanced and pro-
longed ERK1/2 activation compared with WT leukocytes (Fig.
1C). Thus, we have found that similar to WHIM and
WHIM-WT patients, GRK3�/� in mice reveals a pivotal role
for this kinase in CXCL12-promoted desensitization, internal-
ization of CXCR4, chemotaxis, and ERK1/2 activation in im-
mune cells.

GRK3�/� has increased granulocytes and precursors
in the marrow
Myelokathexis describes the hypercellular marrow observed in
WHIM, which is believed to occur by stromal-produced
CXCL12 acting on CXCR4-expressing hematopoietic cells that
have enhanced signaling responses and thus, do not exit the
marrow into the blood [12]. Given that the CXCL12/CXCR4
signaling in the GRK3�/� mouse mirrors that of WHIM and
WHIM-WT humans (Fig. 1), we chose to examine the cellular
composition of BM to determine whether GRK3�/� also
leads to myelokathexis. By visual inspection (Fig. 2A and B),
viable cell counts of total hematopoietic cells isolated from the
femurs and tibias of mice (Fig. 2C), and myeloid/erythroid
ratio comparisons by histopathology of the femurs (Fig. 2D),
there were more hematopoietic cells in GRK3�/� marrow
compared with controls, despite similar amounts of CXCL12
produced (Fig. 2E).

Differentiated lineage markers of BM cells, enumerating
lymphoid (B220, CD3), erythroid (Terr-119), and myeloid/
granulocyte subsets (Gr-1, CD11b), were increased slightly in
GRK3�/� mice (Fig. 3A), but notably, the mature granulo-
cyte subpopulation staining strongly for Gr-1hi/CD11bhi (Fig.
3B–D) was increased statistically in the BM isolates of
GRK3�/� mice (P�0.001). GRK3 heterozygous animals were
analyzed similarly and found to have an intermediate pheno-

type that was not statistically significant from WT controls
(data not shown).

Interestingly, Lin�, multipotent HSCs, defined as the LSK
population, were increased statistically (P�0.01) in GRK3�/�
mice (Fig. 2F). Similarly, the GMP (c-kit� Sca-1� CD16/32�
CD34�) population was also increased statistically (P�0.05;
Fig. 2F). Other HSC populations, such as the LT-LSK popula-
tion (c-kit� Sca-1� CD48� CD150�) and the CMP popula-
tion (c-kit� Sca-1� CD16/32� CD34�), were increased but
not statistically different between GRK3�/� mice and con-
trols (Fig. 2F).

Our flow cytometry data suggest that GRK3�/� contributes
to the observed, increased total numbers of HSC in the BM
(i.e., myelokathexis), with a bias toward granulocytes and their

Figure 2. GRK3�/� mice have a hypercellular BM. Representative
histopathology from femurs of WT (A) and GRK3�/� (B) mice show
hypercellularity in GRK3�/� animals (40� original resolution). Total
viable hematopoietic cells isolated from crushed femurs and tibias and
assessed by trypan blue exclusion were increased in GRK3�/� mice
(n�13) compared with WT mice (n�14; ***P�0.001, C). BM cellular
morphology was scored by a blinded histopathologist, and the myeloid:
erythroid ratio was found to be increased in GRK3�/� mice (n�20
separate femurs) compared with WT mice (n�20 separate femurs;
**P�0.01, D), despite similar copy number of BM-derived CXCL12, as
assessed by qRT-PCR (WT, n�4; GRK3�/�, n�5; E). (F) All subsets
of Lin� HSCs from femur and tibia BM isolates of GRK3�/� mice
(n�12) were increased, and GRK3�/� LSK (**P�0.01) and GMP
cell numbers (*P�0.05) were increased statistically compared with WT
(n�13) controls (LSK: c-kit� Sca-1�; LT-LSK: c-kit� Sca-1� CD48�
CD150�; GMP: c-kit� Sca-1� CD16/32� CD34�; CMP: c-kit� Sca-1�
CD16/32� CD34�).
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precursors. Given the importance of CXCL12 and CXCR4 sig-
naling in the BM niche [23] and in hematopoietic cell trans-
plantation [24], these data also suggest a potential role for
GRK3 in stromal/HSC interactions that could be manipulated
therapeutically in transplantation and/or stem cell mobiliza-
tion. This could be a valuable area for future study.

The overall increase in BM cellularity in GRK3�/� mice,
although statistically significant, is less than what is typically
seen in WHIM patients with CXCR4 mutations [11] but has
clear effects that are more pronounced on granulocyte precur-
sors and the Gr-1hi/CD11bhi mature subset (Figs. 2 and 3).
One potential explanation is that although GRK3 regulates
CXCR4 signaling through the MAPK pathway and has func-
tional outcomes in granulocytes, some overlap likely exists with
GRK2- and/or GRK6-mediated phosphorylation of activated

CXCR4 and resultant recruitment of �-arrestin [8, 25]. Thus,
in some granulocyte subpopulations and perhaps even more
so in other mature hematopoietic subsets (i.e., lymphocyte
and/or erythroid lineages), GRK2 and/or -6 may be able to
compensate for the loss of GRK3 function, leading to appro-
priate cellular exodus from the BM.

GRK3�/� mice exhibit partial hypogammaglobulinemia
As the syndrome’s name implies, hypogammaglobulinemia can
be a feature of WHIM; however, variable titers of antibody iso-
types have been described [12], and the exact mechanism is
not well understood. We examined total IgG, IgM, IgA, and
IgE, as well as IgG subclasses in GRK3�/� mice, which were
largely preserved, with statistical decreases seen only in IgA,
IgE, and IgG1 levels (Table 1). One potential explanation is

Figure 3. GRK3�/� mice have increased
numbers of Gr-1hi/CD11bhi granulocyte
subset in the BM. (A) Numbers of my-
eloid/granulocyte (CD11b, Gr-1), lym-
phoid (B220, CD3), and erythroid (Ter-
119) subpopulations were determined by
immunofluorescent staining and flow cy-
tometric analysis from the BM of age- and
gender-matched GRK3�/� and WT
C57/BLl6 mice. (B) The granulocyte sub-
population CD11bhi/Gr-1hi was increased
significantly in GRK3�/� mice (n�9/
group; data represented as mean�sem;
***P�0.001). Representative dot plots of
granulocyte subset analysis for (C) WT
and (D) GRK3�/� BM.

TABLE 1. GRK3�/� Mice Have Selective Hypogammaglobulinemia Compared with WT Controls

IgG �g/mL
IgG1a

�g/mL
IgG2a

ng/mL
IgG2b

�g/mL
IgG2c

�g/mL
IgG3

�g/mL IgM �g/mL IgAa �g/mL IgEb ng/mL

WT 927 � 163.4 226 � 27.2 1231 � 29.1 2329 � 259.0 142 � 33.3 274 � 28.2 1895 � 100.9 154 � 46.7 55.5 � 6.9
GRK3�/� 1048 � 65.4 158 � 16.0 1215 � 21.9 3310 � 357.8 152 � 21.2 298 � 18.9 1842 � 209.2 60.8 � 7.6 37.3 � 3.2

GRK3�/� mice (�n�15) and WT mice (n�10) were bled by tail nick at 8 weeks of age. Total IgM, IgA, IgE, IgG, and IgG subclasses IgG1,
IgG2a, IgG2b, IgG2c, and IgG3 were measured from serum. IgG1, IgA, and IgE (aP�0.05; bP�0.01) were reduced significantly in GRK3�/�
mice.
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that GRK3 may not substantially alter B cell functions that con-
trol overall �-globulin production or class-switching, particu-
larly as a complete absence was not observed for any of the Ig
classes or subclasses. However, the possibility exists that hypog-
ammaglobulinemia may be more pronounced in an immuniza-
tion model, in which a de novo antigen is presented, and anti-
bodies are generated in response. Future studies investigating
the quantitative and qualitative capacity of GRK3�/� B cells
in de novo antibody responses will need to be performed to
elucidate further this aspect of the GRK3�/� immune pheno-
type. Of note, it is interesting that one WHIM-WT patient,
identified as P3, with decreased GRK3 mRNA and protein had
“low normal” immune �-globulins [2], which is somewhat re-
flective of the phenotype in GRK3�/� mice that we describe
here.

GRK3�/� decreases disease sequelae in two models
of acute inflammatory arthritis
The induction of antibody-induced arthritis is independent of
B and T lymphocytes [26] and importantly, is highly depen-

dent on granulocytes for disease induction and severity [27].
WHIM subjects have impaired granulocyte migration [11, 12];
therefore, we chose two complementary inflammatory arthritis
models (K/BxN serum transfer and CAIA) to assess in vivo
granulocyte migration and disease progression in GRK3�/�
mice. In both models, GRK3�/� mice had less inflammatory
arthritis by two independent measures of paw swelling (P�0.01
CAIA; P�0.0001 K/BxN; Fig. 4A and C) and clinical disease
score (P�0.0001 CAIA; P�0.0001 K/BxN; Fig. 4B and D). We
show additionally that GRK3�/� Ly6G� granulocytes do not
migrate differently to the proinflammatory chemokines C5a,
IL-8, and LTB4 (Fig. 4E), which are known to be relevant in
antibody-induced arthritis disease models, and their target
GPCRs are affected by other GRKs [28]. This supported our
hypothesis further that GRK3�/� granulocytes migrate to
joint less (Fig. 5B–D) in inflammation, as they are retained in
the marrow (Fig. 3B–D), where CXCL12 is produced and
where there is a heightened signaling response (Fig. 1). In-
deed, GRK3�/� arthritic paws had both decreased quantita-
tive mRNA expression of key neutrophil markers, MPO, and

Figure 4. Acute inflammatory arthritis is decreased in GRK3�/� mice in the K/BxN serum transfer and CAIA models, despite similar trafficking
to proinflammatory chemokines. Significant decreases were observed in paw swelling (A, CAIA; C, K/BxN) and clinical disease (B, CAIA; D,
K/BxN) between GRK3�/� mice and WT controls. Paw-swelling data represent mean difference in millimeters from baseline thickness of the
ankles � sem over time (CAIA: LR�13.5, df�3, P�0.01; K/BxN: LR�90.3, df�3, P�0.0001). Clinical disease data are based on a 0–3 grading for
each paw (CAIA: LR�23.4, df�3, P�0.0001; K/BxN: LR�28.7, df�2, P�0.0001). Each figure represents two independent experiments with a total
of 11 mice/group. (E) Transendothelial migration assays of Ly6G� granulocytes in response to 10 nM LTB4, 100 nM C5a, and 100 �g/ml IL-8.
Data are represented as percent migration of the total input � sem; n � 6 experiments for each chemokine ligand, and there was no statistical
difference in migration between GRK3�/� and WT mice.

1248 Journal of Leukocyte Biology Volume 94, December 2013 www.jleukbio.org



elastase (Fig. 5C), and Ly6G� cells were decreased in number
by flow cytometry (Fig. 5D). Thus, our findings that GRK3�/�
have attenuated inflammatory arthritis by having heightened
granulocyte responses to CXCL12 produced in the marrow
and not to C5a, IL-8, and LTB4 produced at the site of inflam-
mation may be advantageous with respect to autoimmunity.
Kinase inhibition is becoming established as an effective thera-
peutic strategy in rheumatoid arthritis [30], and future studies
of GRK3 inhibition in preclinical autoimmune models and in
the regulation of other chemokine GPCRs may be warranted.

GRK3�/� mice exhibit lymphocytosis at baseline
and during active inflammation
GRK3�/� mice produce normal litters, live a normal lifespan,
have normal immune organogenesis, do not exhibit any obvi-
ous clinical phenotype when housed in pathogen-free condi-
tions, and are unchallenged by inflammatory stimuli (data not
shown). Despite not being challenged with obvious infectious
pathogens, naive GRK3�/� mice demonstrate a leukocytosis
with expansion of T and B lymphocytes in the peripheral
blood at baseline (Fig. 5A). This expansion is leukocyte sub-
type-specific in that granulocytes are similar in number in the
unchallenged, naive state between GRK3�/� mice and con-
trols (Fig. 5A). Only during active inflammation are neutro-
phils decreased in the peripheral blood of GRK3�/� mice
relative to WTs, whereas lymphocytes continue to be elevated
(Fig. 5B). This observation suggests that GRK3-mediated regu-
lation of GPCR signaling may have differential effects in differ-

ent leukocyte subsets, a phenomena that has been observed in
other GRK3�/� strains. Specifically, studies using GRK6�/�
mice have demonstrated a positive regulatory role of GRK6 in
T cell chemotaxis toward CXCL12, whereas an opposite effect
is observed in neutrophils [31, 32]. GRK2 and -3 do not phos-
phorylate the same serine/threonine residues of the CXCR4
receptor as GRK6 [8], suggesting differential modulation of
CXCL12/CXCR4 signaling and the potential for different cel-
lular outcomes. CXCR4 signaling is critical to lymphopoiesis,
as CXCR4�/� leads to an absence of B cell and granulocyte
formation [33]. Thus, it is conceivable that GRK3 has a more
pronounced effect on granulocyte trafficking in response to
CXCL12/CXCR4 interactions (as also suggested by our mar-
row studies of Figs. 2 and 3), whereas differentiation, matura-
tion, and migration may be differentially affected in lympho-
cyte lineages in the absence of GRK3 expression.

Previous studies examining GRK3�/� mice have demon-
strated a physiologic role for GRK3 in the regulation of olfac-
tory, M2/M3 muscarinic, and �-opioid receptor function [13–
15]. However, to date, no assessment of immune system im-
pairment has been made in this mouse strain since the
discovery of WHIM syndrome and identified patients with de-
creased GRK3 function yet wild-type CXCR4 gene status
(“WHIM-WT” patients) [2, 4]. The specific clinical phenotype
of GRK3-defective WHIM-WT patients is reported to include
myelokathexis and neutropenia [11], yet their precise molecu-
lar defect remains unclear, as the GRK3 [4] ORF was also
found to be of WT sequence in these patients. Interestingly,

Figure 5. GRK3�/� mice have a persistent lymphocytosis, an inability to increase neutrophil numbers
during active inflammation, and GRK3�/� arthritic paws have fewer granulocytes than WT mice in CAIA.
(A and B) Whole blood from GRK3�/� and WT mice was analyzed by flow cytometry, and leukocytes
were identified by CD45RA� and side-scatter using BD TruCOUNT tubes. Leukocyte subsets were gated
by size and granularity and subsetted further with the following markers: B220, B cells; CD3, T cells;
Ly6G, neutrophils. (A) Absolute numbers of total leukocytes (***P�0.001) and T and B lymphocytes
(**P�0.01) were increased in GRK3�/� mice (n�25) compared with WT (n�23) in naive mice. WBC,
White blood cell. In the CAIA model (B), GRK3�/� mice (n�6) had persistent lymphocytosis and de-
creased neutrophils in the blood (*P�0.5) compared with WT mice (n�6). (C) Day-6 arthritic forepaws
from CAIA-treated GRK3�/� (n�9) and WT (n�9) mice, with decreased relative mRNA expression of
MPO and elastase gene transcripts compared with IDUA housekeeping gene control, were quantitated by
qRT-PCR (*P�0.05). (D) Joint capsules of all four paws during early CAIA inflammation (Day 6) from
GRK3�/� (n�4) and WT (n�3) mice were dissected and dissolved with collagenase to liberate inflam-
matory cells, which were then analyzed by flow cytometry for forward- and side-scatter and gated for
Ly6G� granulocytes, per protocols published previously [20, 29]. Data are expressed as the mean abso-
lute number of intra-articular Ly6G� cells/paw � sem (*P�0.5).
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WHIM-WT P3 had decreased GRK3 mRNA and protein, sus-
pected to result from a post-transcriptional defect [4]. P3 had
a milder form of neutropenia and low normal immune �-glob-
ulins [2], reflective of our findings in the GRK3�/� mouse.
Clinical manifestations for the P4 WHIM-WT patient included
additional characteristics of severe infection with human papil-
loma virus [11], hypogammaglobulinemia, and lymphopenia,
in addition to severe neutropenia [34], but this patient had
normal GRK3 ORF, mRNA, and protein [4]. Thus, whereas
cells from patient P4 had defects that were restored in vitro by
GRK3 overexpression [4], the precise molecular defect of this
patient may not involve GRK3 directly per se. Therefore, our
phenotypic analysis of the GRK3�/� mouse provides interest-
ing insight into the absolute GRK3�/� and its effects on he-
matopoiesis that provide additional information beyond the
two WHIM-WT patients described previously.

Inhibitory blockade of CXCR4 signaling using perixafor (or
AMD3100) is beneficial in WHIM patients [35]. This recent
finding highlights the importance of understanding the
CXCL12/CXCR4 signaling pathway for therapeutic purposes
in WHIM and in other pathophysiologic conditions involving
the marrow, such as HSC mobilization and transplantation
[24]. Our data suggest that selective kinase targeting of GRK3
may serve additionally as a potential therapeutic target for
these disorders.
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