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ABSTRACT The molecular chaperone �B-crystallin
has emerged as a target for cancer therapy due to its
expression in human tumors and its role in regulating
tumor angiogenesis. �B-crystallin also reduces neuroin-
flammation, but its role in other inflammatory condi-
tions has not been investigated. Here, we examined
whether �B-crystallin regulates inflammation associ-
ated with tumors and ischemia. We found that CD45�

leukocyte infiltration is 3-fold increased in tumors and
ischemic myocardium in �B-crystallin-deficient mice.
Notably, �B-crystallin is prominently expressed in
CD11b� Gr-1� immature myeloid cells (IMCs), known
as regulators of angiogenesis and immune responses,
while lymphocytes and mature granulocytes show low
�B-crystallin expression. �B-Crystallin deficiency re-
sults in a 3-fold higher accumulation of CD11b� Gr-1�

IMCs in tumors and a significant rise in CD11b� Gr-1�

IMCs in spleen and bone marrow. Similarly, we noted a
2-fold increase in CD11b� Gr-1� IMCs in chronically
inflamed livers in �B-crystallin-deficient mice. The ef-
fect of �B-crystallin on IMC accumulation is limited to
pathological conditions, as CD11b� Gr-1� IMCs are
not elevated in naive mice. Through ex vivo differenti-
ation of CD11b� Gr-1� cells, we provide evidence that
�B-crystallin regulates systemic expansion of IMCs
through a cell-intrinsic mechanism. Our study suggests
a key role of �B-crystallin in limiting expansion of
CD11b� Gr-1� IMCs in diverse pathological condi-
tions.—Dieterich, L. C., Schiller, P., Huang, H., Wawrousek,
E. F., Loskog, A., Wanders, A., Moons, L., Dimberg, A.
�B-Crystallin regulates expansion of CD11b�Gr-1� imma-
ture myeloid cells during tumor progression. FASEB J. 27,
151–162 (2013). www.fasebj.org

Key Words: heat-shock protein B5 � inflammation � cancer �
myelopoiesis

Tumor progression depends not only on the prolifera-
tion and survival properties of the malignant cells but is
significantly affected by cells in the tumor microenviron-
ment (1, 2). Tumor cells secrete cytokines and chemo-
kines that mediate leukocyte recruitment into the tumor,
by direct chemotaxis, by activating endothelial cells to
up-regulate leukocyte adhesion molecules, and by induc-
ing a systemic response which leads to generation and
expansion of immune cell populations, including a mix-
ture of immature myeloid cells (IMCs) of both the gran-
ulocytic and monocytic lineages. In mice, these cells are
commonly defined by expression of the surface markers
CD11b and Gr-1 and have been shown to accumulate in
various tumor models in the bone marrow, spleen, and
peripheral blood and at the tumor site. Functionally,
IMCs have been implicated in tumor angiogenesis and
tumor refractoriness to VEGF-targeted therapy (3, 4). In
addition, IMCs have been shown to be potent suppressors
of T-cell-mediated immune responses in various tumor
models and are, therefore, often referred to as myeloid-
derived suppressor cells (MDSCs). The mechanisms that
lead to myeloid expansion and accumulation in response
to tumors are not completely understood, but several
cytokines, such as IL-6, granulocyte macrophage colony
stimulating factor (GM-CSF), Bv8, and vascular endothe-
lial growth factor (VEGF), have been implicated in this
process (5–7).

�B-Crystallin (HspB5) is a molecular chaperone that
is expressed in various tissues under physiological con-
ditions and can be further up-regulated in several cell
types in response to stress. �B-crystallin increases cell
survival through its function as a chaperone and by
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reducing intracellular levels of reactive oxygen species
(ROS) (8, 9). In addition, �B-crystallin has been shown
to directly interfere with the apoptotic machinery by
blocking mitochondrial translocation of proapoptotic
Bax and Bcl-Xs and through inhibition of proteolytic
maturation of procaspase-3 (10, 11). Aside from its
well-established prosurvival properties, �B-crystallin has
been implicated in various cellular processes, including
cell cycle regulation, where it acts together with F-box
protein 4 to target cyclin D1 for proteasomal degrada-
tion (12). Consistent with its strong cytoprotective
activity, �B-crystallin is expressed in various types of
human tumors, including head and neck carcinoma
and basal-type breast cancer, where it correlates with
poor prognosis (13–18). In addition, we and others
have shown that �B-crystallin expression is increased in
tumor vessels and that �B-crystallin regulates survival of
endothelial cells during tumor angiogenesis (19, 20).

Recent data have identified �B-crystallin as an impor-
tant negative regulator of immune responses in different
models of neuroinflammation. Notably, �B-crystallin lim-
its inflammation and inhibits pathological brain damage
in mouse models, including experimental autoimmune
encephalitis (EAE) and stroke (21, 22). Extracellular
�B-crystallin has been suggested to inhibit inflammation
by binding to microglial cells or to proinflammatory
cytokines (23, 24). Intracellularly, �B-crystallin has been
shown to modulate NF-�B signaling and may, thereby,
alter expression of proinflammatory factors (25, 26).
However, the precise mechanisms of immune regulation
by �B-crystallin are not fully understood, and its potential
role in modulating inflammation in other pathological
settings, including cancer, has not been investigated.

In this report, we show that �B-crystallin regulates
tumor-associated inflammation by limiting systemic ex-
pansion of immature myeloid cells. We found that
genetic deficiency of �B-crystallin resulted in increased
leukocyte recruitment and expansion of IMCs in mice
challenged with subcutaneous tumors and with chemi-
cally induced chronic liver damage. Furthermore, we
show that IMCs express prominent levels of �B-crystal-
lin, and that the differences in myeloid expansion in
�B-crystallin deficient (cryab�/�) mice are likely due to
an IMC intrinsic mechanism.

MATERIALS AND METHODS

Mice

Mice deficient for �B-crystallin and HspB2 (cryab�/�) were
described previously (27) and were bred in house. 129S6/
SvEvTac and C57BL/6 wild-type mice were obtained from
Taconic M&B (Bomholt, Denmark). All animal work was
performed according to the guidelines for animal experimen-
tation and welfare provided by Uppsala University and ap-
proved by the Uppsala County regional ethics committee.

Tumor models

F9 teratocarcinoma cells and T241 fibrosarcoma cells were
derived from American Type Culture Collection (Manassas,

VA, USA) and maintained in DMEM (Life Technologies,
Carlsbad, CA, USA) � 10% FCS (Sigma-Aldrich, St. Louis,
MO, USA). Male cryab�/� mice aged 8–10 wk and age-
matched 129S6/SvEvTac mice were anesthetized by isoflu-
rane inhalation (Forene, Abbott Laboratories, Abbott, IL,
USA), and 106 F9 cells in PBS were implanted subcutane-
ously. On d 13 after injection, mice were euthanized, tumors
and spleens were harvested, and the tumor tissue was imme-
diately frozen in dry ice/isopentane (Sigma-Aldrich) for
preparation of sections.

T241 fibrosarcoma cells were subcutaneously implanted
into female C57BL/6 mice (106 cells in PBS/mouse). Mice
were euthanized on d 21 after injection, and the spleens were
harvested.

Myocardial infarction

Myocardial infarction was induced by left anterior descending
(LAD) coronary artery ligation essentially as described previ-
ously (28). Briefly, 12-wk-old female cryab�/� and age-
matched 129S6/SvEvTac wild-type mice were anesthetized
with isoflurane, fixed in the supine position, and intubated
with an endotracheal tube connected to a positive pressure
respiration unit (TSE Systems, Bad Homburg, Germany) set
to 1.5-2 ml and 70 strokes/min. The left thorax was opened in
the fourth intercostal space by transection of the intercostal
muscles. The pericardium was opened, and the LAD coronary
artery was ligated distal to the main coronary bifurcation. The
infarction was immediately discernible from discoloration of
the ventricle. Thorax and skin were closed and sutured. At 7 d
postinfarction, mice were euthanized and perfused with 4%
paraformaldehyde (PFA; Sigma-Aldrich) in PBS. Infarcted
hearts were collected, snap-frozen in dry-ice/isopentane, or
treated with 1% PFA overnight and transferred to 70%
ethanol before embedding in paraffin.

Diethylnitrosamine (DEN) model of chronic liver damage

Chronic liver damage was induced by single intraperitoneal
injection of Diethylnitrosamine (DEN; 20 mg/kg, Sigma-
Aldrich) into 2-wk-old male offspring of cryab�/� heterozy-
gous couples. Mice were genotyped using primers described
by Brady et al. (27). At 30 wk after injection, mice were
euthanized, and the right hepatic lobe was collected, half of
which was immediately frozen for preparation of cryosections,
while the other half was fixed in 4% PFA, dehydrated, and
embedded in paraffin for preparation of sections.

For analysis of foci of cellular alterations and inflammatory
foci, serial sections (100-�m distance) were stained with
hematoxylin and eosin and examined by a pathologist (A.W.)
in a blinded fashion. Large, intermediate, and small foci of
cellular alterations were counted in 3 serial sections and
scored semiquantitatively. Scores were calculated according
to the formula: score � (NLF � 3) � (NIF � 2) � (NSF � 1),
where LF, IF, and SF are large, intermediate, and small foci,
respectively. Presence of inflammatory foci in the livers was
scored as follows: 0 � no foci, 0.5 � 1 focus, or 1 � several
foci.

Immunofluorescence and immunohistochemistry

For immunofluorescence stainings, 6-�m sections of snap-
frozen tissue embedded in optimal cutting temperature
(OCT) compound (Tissue-Tek Sakura, Zoeterwoude, The
Netherlands) were fixed in ice-cold acetone (Sigma-Aldrich)
for 10 min and equilibrated in PBS. Slides were blocked in 3%
BSA (Roche Diagnostics, Mannheim, Germany) in PBS
(blocking solution) for 1 h before incubation with primary
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antibodies diluted in blocking solution overnight at 4°C.
Slides were washed with PBS, and secondary antibodies
diluted in blocking solution were incubated for 1 h at room
temperature, followed by nuclear staining with Hoechst
33342 (Sigma-Aldrich), washing in PBS, and mounting with
Fluoromount G (Southern Biotech, Birmingham, AL, USA).
For CD11b/Gr-1 stainings, slides were first stained for Gr-1, as
described above, and subsequently incubated with a PE-
conjugated antibody against CD11b. Stainings with nonbind-
ing isotype-matched antibodies served as controls for nonspe-
cific staining (Supplemental Fig. S1A, B). Primary antibodies
were rat anti-mouse CD45 (clone 30-F11; BD, Franklin Lakes,
NJ, USA), rat anti-mouse Gr-1 (clone RB6-8C5, BD), PE-
conjugated rat anti-mouse CD11b (clone M1/70, BD), rat
anti-mouse CD68 (clone FA-11; AbdSerotec, Düsseldorf, Ger-
many), goat anti-mouse CD45 (R&D, Abingdon, UK), and
were used at 1 �g/ml (CD45, Gr-1), or 2 �g/ml (CD11b,
CD68). Control antibodies rat IgG2a, rat IgG2b, PE-conju-
gated rat IgG2b (all BD) and goat IgG (Vector Laboratories,
Burlingame, CA, USA) were used at the same concentrations
as the corresponding primary antibodies. Secondary antibod-
ies donkey anti-rat conjugated to Alexa Fluor 488, goat
anti-rat conjugated to Alexa Fluor 555 (Life Technologies),
and donkey anti-rat conjugated to Cy3 (Jackson Immunore-
search, Suffolk, UK) were used at 2 �g/ml.

Immunohistochemistry for CD45 was performed on forma-
lin-fixed, paraffin-embedded (FFPE) 6-�m sections of isch-
emic mouse hearts, and immunohistochemistry for Gr-1 was
performed on OCT-embedded, cryopreserved sections. FFPE
sections were deparaffinized with xylene and rehydrated by
incubation in a descending ethanol series (99.5, 95, 70, 0%).
Epitope recovery was performed by incubating slides in
boiling 0.01 M sodium citrate (pH 6.0) for 5 min. Endoge-
nous peroxidase was blocked with 1% H2O2 for 20 min. Slides
were washed twice in PBS, and nonspecific binding was
blocked with 2% normal rabbit serum (Dako, Glostrup,
Denmark) in PBS (blocking solution) for 30 min at room
temperature. Primary antibodies (same as in fluorescence
stainings) were incubated for 1 h at room temperature or
overnight at 4°C and were detected using biotinylated goat
anti-rat antibody (1:200; Vector Laboratories) and streptavi-
din conjugated to horseradish peroxidase (1:200; Vector
Laboratories). A nonbinding isotype antibody served as a
control (Supplemental Figure S1C). All antibodies were di-
luted in blocking solution, and slides were washed 3 times in
PBS between the incubation steps. The staining was devel-
oped with 3=3=-diaminobenzidine substrate (DAB; Sigma-
Aldrich and Life Technologies), according to the manufac-
turer’s protocol. Slides were subsequently counterstained
with hematoxylin (Histolab, Gothenburg, Sweden) and
rinsed with tap water before mounting using permanent
aqueous mounting solution (Dako).

Microscopy and image analysis

Microscopic pictures of tumor and myocardial sections were
taken with a Nikon Eclipse E100 microscope equipped with a
Nikon DXM 1200 camera (Nikon Instruments Europe, Am-
stelveen, The Netherlands) or an Orca C10600 camera
(Hamamatsu Photonics, Hamamatsu City, Japan) using the
following objectives: Plan Apochromat �10/0.45, �20/0.75,
and �40/0.95 (Nikon). For liver sections, an LSM700 confo-
cal microscope (Carl Zeiss, Jena, Germany) with a Plan
Apochromat �20/0.8 objective was used.

Fluorescence images were analyzed with ImageJ (U.S.
National Institutes of Health, Bethesda, MD, USA). For
counting of positively labeled cells, positively stained area was
identified by manual thresholding and was subjected to
watershed separation before counting of objects within the

area of interest. Objects smaller than 10 pixels were excluded
from the analysis. Gr-1� cells in ischemic myocardium were
counted manually. The number of cells was expressed in
relation to the total area of interest. For analysis of CD45
staining in immunohistochemistry images, Easy Image Anal-
ysis software (Rainfall, Stockholm, Sweden) was used. Posi-
tively stained area was identified by manual thresholding and
expressed as a fraction of the total area of interest.

FACS analysis and sorting of leukocytes from tumors,
spleens, and bone marrow

Freshly isolated spleens were passed through a 70-�m cell
strainer to prepare a cell suspension. Bone marrow was
isolated from the tibia and femur by flushing the bones with
RPMI � 5% FCS. Erythrocyte lysis was performed using ACK
buffer (10 mM KHCO3, 150 mM NH4Cl, and 0.1 mM EDTA,
pH 7.4). Cells were resuspended in FACS buffer (1% FCS,
0.02% NaN3 in PBS) and passed through a 70-�m cell strainer
before labeling with directly conjugated antibodies for 30 min
at 4°C. Cells were subsequently washed and resuspended in
FACS buffer. DAPI (Sigma-Aldrich) was used for discrimina-
tion of dead cells, and samples were analyzed on an LSRII
cytometer (BD). For sorting, a FACS Vantage Cell Sorter or a
FACS Aria sorter (BD) was used.

The following antibodies were used: APC-conjugated Gr-1
(BioLegend, San Diego, CA, USA), FITC-conjugated Gr-1
(BD), PE-conjugated CD11b (BD), FITC-conjugated Ly6G
(BioLegend), APC-Cy7-conjugated Ly6C (BD), APC-conju-
gated Ly6C (BioLegend), FITC-conjugated CD8 (BD), PE-
conjugated CD4 (BD), PE-conjugated B220 (BD), and FITC-
conjugated F4/80 (BioLegend). All directly conjugated
antibodies and corresponding isotype controls (BioLegend,
BD) were used at a concentration of 2 �g/ml.

For sorting of CD45� cells from tumors, freshly dissected
tumors were minced and digested using collagenase IV (Sig-
ma-Aldrich) and DNase I (Roche Diagnostics) in PBS at 37°C
for 30 min. Cells were passed through a 70-�m cell strainer,
red blood cells were lysed, and, after a further filtration step,
cells were resuspended in PBS � 5% normal horse serum
(Vector Laboratories). Cells were stained indirectly using rat
anti-mouse CD45 (2 �g/ml, BD) and donkey anti-rat conju-
gated to Alexa Fluor 488 (10 �g/ml; Life Technologies).

Isolation of naive peritoneal macrophages and bone
marrow-derived granulocytes

Peritoneal macrophages were isolated from 8- to 10-wk-old
male cryab�/� and age-matched 129S6/SvEvTac mice by
peritoneal lavage. To this end, mice were anesthetized with
ketamine/xylazine and injected i.p. with 5 ml RPMI (Life
Technologies) � 5% FCS. The peritoneum was massaged for
10 min before recovery of the lavage fluid. Cells were washed
once before extraction of RNA.

For the isolation of bone marrow-derived granulocytes, bone
marrow cells were washed once with HBSS (Life Technologies) and
separated by centrifugation over 4 ml Histopaque 1119 and 4 ml
Histopaque 1077 (Sigma-Aldrich) at 700 g for 30 min. Polymor-
phnuclear cells (granulocytes) were collected from the interphase
and washed once before extraction of RNA.

RNA extraction and gene expression analysis

Total RNA was extracted using the RNeasy Micro Kit (Qiagen)
according to the manufacturer’s instructions. Up to 1 �g of RNA
was used for reverse transcription using random primers and
SuperScript III (Life Technologies), according to the manufac-
turer’s instructions. Quantitative real-time PCR was done using
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SYBR-Green or TaqMan probes (Life Technologies). The fol-
lowing primers/probes were used: hprt, fwd CAAACTTT-
GCTTTCCCTGGT, rev TTCGAGAGGTCCTTTTCACC; cryab,
fwd TCAAAGTCAAGGTTCTGGGG, rev GGAGATGAAGC-
CATGTTCGT; vegfa, fwd AAGGAGAGCAGAAGTCCCATGA,
rev CTCAATTGGACGGCAGTAGCT; il6, fwd GATGGATGC-
TACCAAACTGGA, rev GGTACTCCAGAAGACCAGAGGA;
cxcl12, fwd CCAAACTGTGCCCTTCAGAT, rev TA-
ATTTCGGGTCAATGCACA; csf2, fwd TGTCACCCGGCCTTG-
GAAGCA, rev GCTGGATTCAGAGCTGGCCTGG; hprt,
Mm01324427_m1; hspb2 , Mm00517908_m1; arg1 ,
Mm00475991_m1; c y bb , Mm01287742_m1; nc f1 ,
Mm00447921_m1; vegfa , Mm03015193_m1; mmp9 ,
Mm00442991_m1.

All reactions were run in triplicates. For gene expression
analysis, relative expression (RE) values were calculated ac-
cording to the formula: REgene x � 2�(Ct hprt � Ct gene x), and the
mean expression for each triplicate was calculated.

Ex vivo culture of myeloid cells

CD11b� Gr-1� cells were sorted from the bone marrow of
naive 8-to 10-wk-old cryab�/� and age-matched 129S6/
SvEvTac mice and were cultured for 72 h in RPMI � 15% FCS
and penicillin/streptomycin (Life Technologies) in the pres-
ence of 1 �M all-trans retinoic acid (ATRA) or 60 ng/ml
recombinant mouse GM-CSF (Immunotools, Friesoythe, Ger-
many). Subsequently, cells were subjected to FACS analysis as
described previously. Cell cycle analysis was performed using
the method described by Vindelov et al. (29).

Differential leukocyte counts

For comparison of peripheral leukocyte counts in adult naive
mice, wild-type and cryab�/� littermates were used. Female 8-
to 10-wk-old cryab�/� and littermate 129S6 wild-type mice
were anesthetized by isoflurane inhalation, and blood sam-
ples were collected by cardiac puncture. Differential counting
of peripheral leukocytes was performed at the clinical chem-
istry unit of the University Veterinary Hospital (UDS), Upp-
sala, Sweden (http://www.slu.se/sv/universitetsdjursjukhuset/
klinisk-kemiska-laboratoriet/).

Statistical analysis

Data were analyzed using GraphPad Prism 5.0 (GraphPad
Software, La Jolla, CA, USA). Bars represent mean � sd
values. For comparison of 2 groups, 2-tailed Student’s un-
paired t test was used. For comparison of several groups, 1-way
ANOVA with Tukey’s multiple-comparison test was used. A
value of P 	 0.05 was considered statistically significant.

RESULTS

Increased CD45� leukocyte infiltration in F9
teratocarcinomas in cryab�/� mice

To determine whether �B-crystallin regulates immune
responses in tumors, F9 teratocarcinoma tumors grown in
wild-type and cryab�/� mice were stained with antibodies
against CD45. Quantification of CD45� cells revealed a
3-fold increase in leukocyte infiltration in tumors in
cryab�/� mice as compared to wild type (Fig. 1A, B). A
majority of the CD45� cells were of myeloid origin,
expressing macrophage or granulocyte markers, whereas

few cells expressed the T-cell markers CD4 or CD8 or the
B-cell marker B220 (data not shown). Further staining
and analysis of tumor sections revealed that the subset of
myeloid cells expressing CD11b and Gr-1 (IMCs) was
significantly increased in F9 tumors in cryab�/� mice as
compared to wild-type mice (Fig. 1C, D), while the num-
ber of CD68� tumor-infiltrating macrophages was not
changed (Fig. 1E, F).

Tumor-induced systemic accumulation of CD11b�

Gr-1� IMCs is increased in cryab�/� mice

To analyze whether lack of �B-crystallin predominantly
results in alterations in local recruitment of IMCs to the
tumor site or whether it affects systemic myeloid expan-
sion, which is induced by tumor growth, we analyzed
the frequency of leukocyte populations in the spleens
of F9 tumor-bearing wild-type and cryab�/� mice by
FACS. In line with the differences observed in the
tumors, we found that splenic accumulation of CD11b�

Gr-1� cells was higher in cryab�/� mice, while the
frequency of spleen lymphocytes (CD8� and CD4� T
cells, B220� B cells) was similar between wild-type and
cryab�/� mice (Fig. 2A, B and Supplemental Fig. S2A,
B). Notably, no significant differences in CD11b� Gr-1�

splenocyte populations were detected in naive mice, indi-
cating a specific role of �B-crystallin in regulating accu-
mulation of these cells in pathological conditions (Fig.
2C). There was also no difference in the number of
leukocytes in the peripheral circulation of naive mice,
demonstrating that hematopoiesis is generally normal in
healthy cryab�/� mice (Supplemental Fig. S2C).

Gr-1 is a marker of mature granulocytes that is also
expressed by immature myeloid cells in tumor-bearing
mice. The Gr-1 antibody (clone RB6-8C5) binds two
different surface antigens on myeloid cells: Ly6G,
which is commonly associated with cells of the granu-
locytic lineage, and Ly6C, which is considered to be
preferentially expressed on cells of the monocytic lin-
eage. To clarify which of these subtypes is affected by a
lack of �B-crystallin, we used specific antibodies against
Ly6G and Ly6C to analyze tumor-induced splenic accu-
mulation of these cells by FACS. We found both sub-
types of myeloid cells significantly increased in the
spleens of tumor-bearing cryab�/� mice (Fig. 2D, F).

CD11b� Gr-1� IMC expansion in response to tumor
challenge is a consequence of increased generation of
myeloid cells in the bone marrow (reviewed in ref. 3, 6).
However, most CD11b� Gr-1� cells in the bone marrow
are mature granulocytes, whereas only a small propor-
tion represents CD11b� Gr-1� IMCs. Nevertheless, we
found a significant increase in CD11b� Gr-1� cells in
the bone marrow of tumor-bearing cryab�/� mice com-
pared to wild-type mice, consistent with increased ac-
cumulation of IMCs in tumors and spleens (Fig. 2G).
Further analysis showed that the CD11b� Ly6G� gran-
ulocytic cell population was significantly increased in
the bone marrow of tumor-bearing cryab�/� mice (Fig.
2H). There was also a trend toward a higher frequency
of CD11b� Ly6C� monocytic cells, which, however, did
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not reach statistical significance (Fig. 2I). Taken to-
gether, cryab�/� mice clearly have an increased systemic
expansion of myeloid cells in response to growing tumors,
which is reflected by increased numbers of CD11b� Gr-1�

cells in the tumors, spleens, and bone marrow.

Leukocyte recruitment and accumulation of immature
myeloid cells are increased during chronic myocardial
ischemia in cryab�/� mice

As previously reported, subcutaneous F9 tumors grown in
cryab�/� mice display deficient vasculature and increased
necrosis due to an important role of �B-crystallin in regulat-
ing survival of endothelial cells during tumor angiogenesis

(19). To determine whether the increased leukocyte recruit-
ment noted in cryab�/� mice was confined to tumor models
where deficient tumor angiogenesis may alter the microen-
vironment, or whether similar differences occurred in path-
ological conditions where the microenvironment can be
expected to be relatively equal between cryab�/� and wild-
type mice, we analyzed the inflammatory response in a
model of chronic myocardial ischemia. We examined leuko-
cyte recruitment in the infarct zone 7 d after chronic
coronary artery ligation, a time point at which it is well
established that myeloid cells are recruited to the infarct
zone and participate in wound healing and tissue regenera-
tion (30). We found a substantial increase in CD45� cells
residing in the infarct zone in cryab�/� mice as compared to
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Figure 1. Infiltration of leukocytes and CD11b� Gr-1� IMCs is increased in F9 tumors in cryab�/� mice. A) Immunofluorescence
images of CD45 staining (red) in F9 tumor sections of wild-type and cryab�/� mice. B) Quantification of CD45� cells in F9
tumors (n�5). C) Immunofluorescence images of CD11b (red) and Gr-1 (green) staining in F9 tumor sections of wild-type and
cryab�/� mice. D) Quantification of CD11b� Gr-1� cells relative to tumor area (n�6–7). E) Immunofluorescence images of
CD68 staining (red) in F9 tumor sections of wild-type and cryab�/� mice. F) Quantification of CD68� cells relative to tumor area
(n�5–7). Scale bars � 100 �m (A); 50 �m (C); 200 �m (E). Bars represent means � sd. *P 	 0.05.
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wild-type mice (Fig. 3A, B). In addition, CD45� cells were
frequently infiltrating the healthy, unaffected myocardium
around the infarct areas in cryab�/� mice (Fig. 3C, D). In
accordance with the augmented recruitment of CD11b�

Gr-1� cells previously noted in F9 tumors, further analysis
revealed that the number of Gr-1� myeloid cells was in-
creased in the infarct areas in cryab�/� mice, as compared to
wild-type mice (Fig. 3E, F). Taken together, these data
suggest that �B-crystallin negatively regulates leukocyte infil-
tration in various pathological conditions, such as tumor
growth and chronic ischemia.

CD11b� Gr-1� IMCs are increased in a model of
chronic liver damage in cryab�/� mice

To investigate whether myeloid expansion in cryab�/�

mice also occurs during chronic inflammatory condi-

tions that may precede tumor growth, we challenged
wild-type and cryab�/� mice with an intraperitoneal
injection of DEN, which results in chronic liver dam-
age, inflammation, and premalignant cellular altera-
tions over a time course of 6–9 mo (31). Scoring of foci
of cellular alterations 30 wk after DEN injection re-
vealed no difference between wild-type and cryab�/�

mice (Fig. 4A, B), while there was a trend toward
increased numbers of inflammatory foci (Fig. 4C, D)
and increased infiltration of leukocytes (CD45� CD68�

cells) in the livers of cryab�/� mice (Supplemental Fig.
S3A, S3B). Notably, however, we found a clear increase
in CD11b� Gr-1� cells in chronically inflamed livers of
cryab�/� mice 30 wk after DEN challenge (Fig. 4E, F),
while no change was observed in the number of ma-
ture, CD68� macrophages (Supplemental Fig. S3C).
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These data indicate that increased expansion of
CD11b� Gr-1� IMCs occur in chronic inflammatory
settings that precede tumor development in cryab�/�

mice.

�B-crystallin is prominently expressed in tumor-
infiltrating leukocytes and in CD11b� Gr-1� cells in
spleens of tumor-bearing mice

Despite its suggested function as a negative regulator of
immune responses, the putative expression pattern of
�B-crystallin in leukocytes has not been investigated.
Through FACS sorting of CD45� cells from F9 tumors
and subsequent analysis of gene expression by quanti-

tative PCR (qPCR), we found that �B-crystallin mRNA
is robustly expressed in tumor-infiltrating leukocytes
(Fig. 5A). A low expression of �B-crystallin was detect-
able in the CD45� fraction, which consists of F9 tumor
cells (which express negligible levels of �B-crystallin)
and CD45� stromal cells, consistent with expression of
�B-crystallin in a subset of tumor-associated endothelial
cells (19). To investigate whether �B-crystallin expres-
sion is confined to a specific leukocyte subset, we
isolated CD11b� Gr-1� IMCs, CD8� T cells, CD4� T
cells, and B220� B cells from spleens of F9 tumor-
bearing mice by FACS sorting and determined the
expression of �B-crystallin in these fractions by qPCR.
Notably, we found �B-crystallin to be predominantly
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expressed in CD11b� Gr-1� IMCs, while expression in
all lymphocyte subsets was low. Analysis of other my-
eloid cell populations revealed an intermediate expres-
sion of �B-crystallin in peritoneal macrophages and low
expression in bone marrow-derived granulocytes iso-
lated from tumor-bearing mice (Fig. 5B). A similar level
of �B-crystallin expression was found in the corre-
sponding cell populations in naive mice (data not
shown).

CD11b� Gr-1� cells, which expand during tumor
growth, represent a heterogeneous mixture of imma-
ture myeloid cells, which might vary considerably depend-
ing on the mouse strain and the tumor model (3, 6). To
determine whether �B-crystallin is expressed in tumor-
induced CD11b� Gr-1� cells in other tumor models, we
analyzed expression of �B-crystallin in cells isolated
from the spleens of C57BL/6 mice bearing T241 fibro-

sarcoma tumors. Similar to 129S6 mice bearing F9
tumors, we found that �B-crystallin was prominently
expressed in CD11b� Gr-1� cells in T241 tumor-bear-
ing mice, while expression in B220� B cells was low
(Fig. 5C).

To characterize systemically induced CD11b� Gr-1�

cells in F9 tumor-bearing mice, we analyzed expression
of a panel of genes that have previously been associated
with suppression of T-cell function or induction of
angiogenesis. Arginase-1 (Arg1), which mediates sup-
pression of T-lymphocyte proliferation and activation,
was not expressed in CD11b� Gr-1� cells isolated from
spleens (Supplemental Fig. S4A), which is consistent
with previous reports that Arg1 is induced in CD11b�

Gr-1� cells, particularly within the tumor microenviron-
ment (6, 32). In contrast, spleen-derived CD11b� Gr-1�

cells robustly expressed the NADPH oxidase 2 (NOX2)
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subunits p91 phox and p47 phox, which have previ-
ously been associated with T-cell suppression through
ROS production (33) (Supplemental Fig. S4B, C). In
addition, the proangiogenic factors VEGF-A and MMP9
were significantly expressed in spleen-derived CD11b�

Gr-1� cells (Supplemental Fig. S4D, E).
Cryab�/� mice are also deficient in another small

heat-shock protein, HspB2, which could contribute to
the increased inflammatory response in these mice.
However, using qPCR, we could not detect HspB2
expression in any of the leukocyte populations analyzed
(data not shown).

Altered ex vivo differentiation of CD11b� Gr-1� cells
isolated from bone marrow of cryab�/� and wild-type
mice

Myeloid expansion in response to tumor development
or inflammation occurs in response to secretion of
cytokines, chemokines, and growth factors, including
VEGF-A, IL-6, GM-CSF, and CXCL12 (5, 6). Differences
in the systemic response in cryab�/� mice may, there-
fore, depend either on altered production of these
factors in the tumor or inflammatory site, or on intrin-
sic differences of the immature myeloid cells in re-
sponse to promyelogenic factors. Analyzing the expres-
sion of VEGF-A, IL-6, GM-CSF, and CXCL12 in F9
tumors by qPCR, we found no significant differences
between wild-type and cryab�/� mice (Supplemental
Fig. S4F–I). Therefore, we analyzed whether there were
intrinsic differences in the ability of IMCs to respond to
promyelogenic growth factors. To this end, we isolated
CD11b� Gr-1� cells from the bone marrow of wild-type
and cryab�/� mice and cultured them for 72 h in the
presence of ATRA, a known inducer of myeloid differ-
entiation (34), or in the presence of GM-CSF, which
induces myeloid cell proliferation and differentiation
(reviewed in ref. 35). Under these conditions, CD11b�

Gr-1� IMCs have been demonstrated to differentiate
toward a phenotype similar to macrophages and up-
regulate surface markers such as F4/80 (36). Our

analysis showed that the macrophage marker F4/80
and the monocyte marker CD14 were similarly induced
in wild-type and cryab�/� cells by GM-CSF, while ATRA
had no effects on these markers (data not shown).
Untreated and ATRA-treated cells were arrested in G1
after 72 h, while a proportion of GM-CSF-treated cells
proliferated (Fig. 6A). No changes in cell cycle arrest
could be observed between wild-type and cryab�/�

mice. However, we observed a shift in the balance
between Ly6G� granulocytic and Ly6G�Ly6C� mono-
cytic cells after 72 h culture in presence of ATRA, with
the first being slightly but significantly decreased and
the latter increased by almost 40% in cryab�/� cultures
(Fig. 6B, C). This suggests that �B-crystallin, which is
expressed in CD11b� Gr-1� IMCs, may regulate path-
ological myeloid expansion by altering the number of
immature myeloid cells of the granulocytic and mono-
cytic lineage by a cell intrinsic mechanism.

DISCUSSION

�B-Crystallin has been assigned multiple functions that
potentially affect tumor growth and has consequently
been suggested as a new target for tumor therapy (8).
Expression in tumor cells has been detected in various
types of human tumors and correlates with poor out-
come in breast cancer and cancer of the head and neck
(13–18). In addition, �B-crystallin is expressed in en-
dothelial cells in the tumor stroma (19, 20) and pro-
motes angiogenesis by protecting endothelial cells from
apoptosis and by stabilizing VEGF-A, a prominent
proangiogenic growth factor (19, 37–39). In this re-
port, we demonstrate an additional role of �B-crystallin
in regulating systemic expansion of immature myeloid
cells during tumor development. We show for the first
time that �B-crystallin is expressed in tumor-associated
leukocytes, particularly in CD11b� Gr-1� IMCs. Nota-
bly, this leukocyte population is specifically increased in
tumors, spleens, and bone marrow of cryab�/� mice
bearing F9 tumors, indicating that �B-crystallin limits
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systemic expansion of IMCs during tumor growth.
Increased accumulation of CD11b� Gr-1� cells was also
noted in conjunction with premalignant cellular alter-
ations in a model of chronic liver damage and carcino-
genesis induced by DEN, suggesting that �B-crystallin
may regulate IMCs in response to chronic tissue inflam-
mation prior to tumor induction.

Several previous reports have proposed an immune-
regulatory function of �B-crystallin in neuroinflamma-
tion (reviewed in ref. 40). Notably, �B-crystallin-defi-
cient mice show increased leukocyte infiltration and
worse outcome in EAE and experimental stroke (21,
22). Intravenous injection of recombinant �B-crystallin
ameliorates inflammation in these models, indicating
that �B-crystallin has an extracellular function in limit-
ing inflammatory responses. It has been suggested that
�B-crystallin may act directly on microglial cells and
alter the cytokine profile produced by those cells after
activation, but a potential receptor mediating these
changes has not been identified (24). In addition,
Rothbard et al. (23) proposed that extracellular �B-
crystallin may bind to and sequester proinflammatory
mediators. �B-crystallin has also been shown to modu-
late inflammation by intracellular mechanisms, for
example, by regulating NF-�B signaling and expression
of NF-�B target genes (25, 26). Consistent with our
current data showing that �B-crystallin regulates expan-
sion of myeloid cell populations by a cell-intrinsic
mechanism, bone marrow transplantation experiments
prior to stroke induction showed that cryab�/� bone
marrow-derived cells contributed to increased stroke
lesion size (21). Interestingly, this study showed an
increased infiltration of several leukocyte subtypes into
stroke lesions in cryab�/� mice, including CD11b�

Gr-1� cells. It remains to be investigated whether an
increased systemic expansion of immature myeloid
cells similar as described here contributes to the in-
creased inflammatory response noted in various models
of neuroinflammation.

CD11b� Gr-1� IMCs have recently gained increasing
attention from the scientific community due to their
proangiogenic properties and have been associated with
tumor refractoriness to VEGF-targeted therapy (3, 4).
Furthermore, these cells have been reported to be
strong suppressors of T-cell-mediated immune re-
sponses through production of ROS and/or Arg1, and
are consequently often referred to as “myeloid derived
suppressor cells” (MDSC) (6). However, it is important
to note that CD11b� Gr-1� cells do not represent a
specific subset of myeloid cells. Rather, they are consid-
ered to be a mixture of various immature myeloid cells
of the granulocytic and monocytic lineages with varying
functions. We found that both Ly6G� granulocytic and
Ly6C� monocytic subtypes were similarly increased in
cryab�/� mice, suggesting that �B-crystallin either is
regulating the expansion of both subtypes or of a
common myeloid progenitor cell. CD11b� Gr-1� IMCs
from spleens and bone marrow of F9 tumor-bearing
mice expressed the NADPH oxidase NOX2 subunits
p47 phox and p91 phox, which have been connected

with ROS production and T-cell suppression (33).
However, increased inflammation and neurological
symptoms in cryab�/� mice during EAE (22), which is
considered a primarily T-cell-driven autoimmune dis-
ease, is not consistent with an elevation of MDSC.
Expansion of CD11b� Gr-1� IMCs and immune-inhib-
itory effects of these cells have been shown in the EAE
model previously (41, 42). However, the phenotype of
IMCs may differ considerably depending on the path-
ological context and the tissue microenvironment, and
�B-crystallin deficiency may have additional effects
during EAE, which favor immune mediated neurolog-
ical damage.

Notably, there are no differences in tumor size of F9
teratocarcinomas between cryab�/� and wild-type mice
(19). This may be due to the rapid growth rate of this
model and opposing effects of �B-crystallin deficiency
on tumor angiogenesis and myeloid expansion, which
can be expected to decrease, respectively increase,
tumor growth. The fact that F9 tumor growth was equal
enabled us to study systemic induction of CD11b�

Gr-1� cells without considering differences in tumor
burden. Nevertheless, the clear increase in expansion
of CD11b� Gr-1� IMCs described here suggests that
this effect must be considered when evaluating �B-
crystallin as a therapeutic target.

Systemic expansion of CD11b� Gr-1� IMCs may
either be due to differences in the expression of
tumor-derived factors regulating myelopoiesis and/or
mobilization of cells from the bone marrow or may
occur as a consequence of intrinsic differences in the
response of myeloid cells to these factors. Interestingly,
intratumoral expression of VEGF-A, IL-6, and GM-CSF,
known inducers of host myelopoiesis in pathology (5, 6),
and of CXCL12, which supports myeloid mobilization
and recruitment to the tumor site (6, 43), were similar
in tumors in cryab�/� and wild-type mice. Instead, we
found a significant shift in ex vivo differentiation of
cryab�/� bone marrow-derived CD11b� Gr-1� cells in
the presence of ATRA, with a decrease in the number
of Ly6G� granulocytic cells and concomitant increase
in Ly6G�Ly6C� monocytic cells. Although ex vivo treat-
ment with ATRA does not fully recapitulate the com-
plex processes in the bone marrow microenvironment
in a tumor-bearing host, these data still suggest that
�B-crystallin modulates tumor-induced expansion of
IMCs through an intrinsic mechanism, which is in line
with the prominent expression of �B-crystallin in im-
mature CD11b� Gr-1� cells. Interestingly, Arac et al.
(21) recently reported that increased inflammation in
stroke lesions could be partly transferred to wild-type
mice by transplantation of cryab�/� bone marrow,
which further supports our hypothesis that the anti-
inflammatory activity of �B-crystallin is at least partly
due to an intrinsic function in hematopoietic cells.
Molecularly, �B-crystallin has previously been impli-
cated in cell cycle regulation, more specifically, in the
ubiquitination and breakdown of cyclin D1 (12). Also,
lens epithelial cells derived from cryab�/� mice have
been reported to be hyperproliferative, to be genomi-
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cally unstable, and to have an impaired p53 checkpoint
(44, 45). However, further investigations are needed to
describe the precise molecular mechanism how �B-
crystallin modulates expansion and/or differentiation
of myeloid cells.

In summary, our data suggest that �B-crystallin limits
myeloid expansion during tumor development and in
chronic inflammatory conditions in a cell-intrinsic
manner, which needs to be considered if �B-crystallin
should be used as a therapeutic target. Inhibition of
�B-crystallin function might be beneficial for cancer
therapy due to reduction in angiogenesis, but adverse
effects due to increased myeloid expansion, inflamma-
tion, and possibly immune suppression might outweigh
these benefits. On the other hand, increased numbers
of IMCs might have beneficial effects in some patho-
logical conditions, such as sepsis, type 1 diabetes, or
organ transplantation (46–49). Furthermore, IMCs
may contribute to tissue repair and revascularization
after injury. Interestingly, cryab�/� mice have been
shown to have better heart recovery and performance
after myocardial infarction than wild-type mice (50),
and it is tempting to speculate that increased IMC
expansion contributes to this effect. Thus, further
studies are warranted to investigate whether increased
IMC expansion by targeting �B-crystallin can be ex-
ploited clinically.
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