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Trafficking and cell adhesion are key properties of cells of the immune system. However, the molecular
pathways that control these cellular behaviors are still poorly understood. Cybr is a scaffold protein highly
expressed in the hematopoietic/immune system whose physiological role is still unknown. In vitro studies have
shown it regulates LFA-1, a crucial molecule in lymphocyte attachment and migration. Cybr also binds
cytohesin-1, a guanine nucleotide exchange factor for the ARF GTPases, which affects actin cytoskeleton
remodeling during cell migration. Here we show that expression of Cybr in vivo is differentially modulated by
type 1 cytokines during lymphocyte maturation. In mice, Cybr deficiency negatively affects leukocytes circu-
lating in blood and lymphocytes present in the lymph nodes. Moreover, in a Th1-polarized mouse model,
lymphocyte trafficking is impaired by loss of Cybr, and Cybr-deficient mice with aseptic peritonitis have fewer
cells than controls present in the peritoneal cavity, as well as fewer leukocytes leaving the bloodstream. Mutant
mice injected with Moloney murine sarcoma/leukemia virus develop significantly larger tumors than wild-type
mice and have reduced lymph node enlargement, suggesting reduced cytotoxic T-lymphocyte migration. Taken
together, these data support a role for Cybr in leukocyte trafficking, especially in response to proinflammatory
cytokines in stress conditions.

Leukocytes are extremely mobile cells capable of controlling
their interactions with other cells or with the extracellular
matrix in a fast and efficient manner (25). How the signal
received from the extracellular environment is transduced in-
tracellularly to coordinate the appropriate cell response is a
major question in leukocyte biology. Scaffold proteins, contain-
ing various protein-protein interaction domains, are emerging
as molecules able to rapidly integrate signals from different
pathways through the interaction with multiple partners, espe-
cially in situations of rapid cellular response to an external
stimulus (21).

Cybr (also known as B3-1/36.3K zipper-containing protein
[8], CBP [12], Cytip [3], and CASP [14]) is a 359-amino-acid
(aa) scaffold protein containing two adjacent protein-protein
interacting domains: a 90-aa PDZ (postsynaptic density pro-
tein-95/discs-large/ZO-1) domain and a 20-aa leucine-rich do-
main. In particular, the leucine-rich domain is responsible for
Cybr interaction with cytohesin-1, a guanine exchange factor
(GEF) for the ARF (ADP-ribosylation factors) GTPase family
members (3, 27), which have been implicated in cellular vesic-
ular transport and actin cytoskeleton remodeling during cell
migration (19, 20, 24).

Cybr is highly expressed in the hematopoietic/immune sys-
tem. Northern analysis of human RNA shows a main transcript
of about 1.3 kb in thymus, spleen, peripheral blood leukocytes

(PBLs), lymph node, bone marrow, and lung. In PBLs cul-
tured in vitro, Cybr transcription is up-regulated by cyto-
kines, including interleukin-2 (IL-2) and IL-12 alone or syn-
ergistically. IL-18 alone has no effect; however, it synergizes
with IL-12 (27).

Cybr interaction with members of the cytohesin family (14,
27) is interesting because of its ability to control ARF function
and because the Cybr-cytohesin complex has been shown to
regulate LFA-1 (lymphocyte function associated antigen 1)-
mediated cell adhesion in T cells. Specifically, Cybr diminishes
stimulated adhesion of LFA-1 to intracellular adhesion mole-
cule 1 (ICAM-1) (3). In addition, Cybr regulates T-cell detach-
ment from contact zones with dendritic cells (10). Together,
these findings place Cybr in a crucial position to control cell
adhesion and trafficking of cells of the immune system.

In order to study the physiological relevance of Cybr func-
tion, we have investigated type 1 cytokine modulation of Cybr
expression in vivo and the effect of Cybr-targeted deletion in
mice. We found that Cybr is expressed at low levels in CD3-
negative, less differentiated thymocytes. Stimulation with IL-12
and IL-18 reduces the amount of Cybr transcript in more
mature splenic cells. Targeted deletion of Cybr in mice does
not seem to affect the development of the immune system,
although it does cause a reduction of circulating white blood
cells and of lymphocytes present in the lymph nodes of adult
animals. Moreover, lack of Cybr causes a deficit in lymphocyte
trafficking in the presence of Th1-type cytokines, and in a
model of aseptic peritonitis it causes a reduction in the number
of cells in the inflamed peritoneal cavity and simultaneously
causes fewer leukocytes to leave the blood circulation. To
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investigate its role in the mounting of an immune response to
a pathogen, we studied the effect of Cybr deletion in mice
injected with Moloney murine sarcoma virus/Moloney murine
leukemia virus (MMSV/MuLV, hereafter called M-MSV) ret-
roviral complex. Intramuscular injection of M-MSV causes
sarcomas to develop at the inoculation site after a short period
of latency. Subsequently, tumors regress because of a strong
immune reaction primarily mediated by cytotoxic T lympho-
cytes (CTL) specific for viral antigens (16). Thus, any change in
the animal immune response can be readily quantified based
on tumor size and time required for tumor regression. Cybr-
deficient mice injected with M-MSV develop larger tumors
than controls. In addition, they show a reduction in lymph
node enlargement, suggesting that Cybr deficiency negatively
affects the number of specific CTL. Taken together, these data
provide evidence that Cybr plays a role in trafficking and/or cell
adhesion of cells of the immune system.

MATERIALS AND METHODS

Generation of Cybr-deficient mice. The Cybr-specific targeting vector was
obtained by recombineering technology (5). Briefly, an 8.8-kb fragment contain-
ing Cybr exon 1 (EX1) was retrieved from BAC 265C23 (ResGen; Invitrogen
Corp., Huntsville, AL) into the targeting vector. Subsequently, by recombination
in the DY380 bacterial strain, a loxP site was introduced 83 bp upstream of EX1.
Finally, a cassette containing the neo resistance gene flanked by both loxP and
Frt sites was placed 63 bp downstream of EX1. Cybr mutant mice were generated
by a standard gene-targeting approach using the CJ7 embryonic stem cell line as
previously described (4, 28). Removal of EX1 was accomplished by crossing the
offspring of chimeras with the targeted allele to a Cre deleter strain kindly
provided by M. Lewandoski (15). All the mice used in the experimental proce-
dures were backcrossed at least four generations and negatively selected for the
presence of Cre. All animals were treated in accordance with the guidelines
provided by the Animal Care and Use Committee of the National Cancer
Institute at Frederick, MD.

In vivo hydrodynamic delivery of cytokine-encoding DNA. The hydrodynamic
gene transfer procedure was conducted as described previously (29). Animals
were separated into different groups and injected through the tail vein with the
following: 15 �g of empty vector control cDNA; 5 �g of IL-12 cDNA (pscIL-12,
p40-p35 fusion gene) plus 10 �g of IL-18 cDNA (pDEF pro-IL-18); IL-12 cDNA
alone or IL-18 cDNA alone in 1.6 ml of sterile 0.9% sodium chloride solution.
All of the plasmids are driven by human elongation promoter 1-� and were
purified using Endofree Mega kits (QIAGEN, Valencia, CA). Mice were in-
jected through their tail vein in a 5-s push using a 27.5-gauge needle at day 0. At
different time points mice were bled and euthanized, and then different organs
and tissues were collected and processed for single-cell suspension.

Thymocyte and splenocyte isolation. CD3� and CD3� thymocytes as well as
CD4� CD8� CD3� and CD4� CD8� CD3� spleen cells were separated using
magnetic beads (Miltenyi Biotec) according to the manufacturer’s instructions.
Briefly, following the lysis of red blood cells by hypotonic wash, pooled spleno-
cytes were cultured in plastic flasks for 1 h to obtain adherent cells (macrophage-
enriched fraction). The thymocyte suspension and the spleen nonadherent cells
were incubated in biotinylated anti-CD3 antibody or in biotinylated anti-CD3,
anti-CD4, and anti-CD8 antibodies, respectively, for 30 min at 4°C. Cells were
washed, resuspended in 1� phosphate-buffered saline (PBS), and incubated with
streptavidin magnetic beads for 15 min at 4°C. Cells were washed again, resus-
pended in 1� PBS, and eluted in columns to recover the unlabeled negatively
selected CD3� thymocytes or CD4� CD8� CD3� splenocytes (B-cell-enriched
fraction). The columns were removed from a magnetic field, and the positively
selected CD3� cell fraction from thymocytes or CD4� CD8� CD3� splenocytes
(T-cell-enriched fraction) was collected in 5 ml of 1� PBS.

Northern and RT-PCR analyses. Total RNA was isolated from different tis-
sues and cell suspensions by a single-step phenol-chloroform extraction proce-
dure (RNA STAT-60; Tel-Test “B” Inc., Friendswood, TX) and analyzed by
classical Northern blot analysis. Cybr transcripts were detected by using a mouse
Cybr full-length-specific probe (spanning EX1 to EX8). Quantization of the
amount of Cybr transcript was obtained using IQMac 1.2 (Molecular Dynamics).
The results were normalized to the content of cyclophilin transcript. Reverse
transcription-PCR (RT-PCR) was performed using SuperScript RT-PCR System

(Invitrogen-GIBCO, Gaithersburg, MD) according to the manufacturer’s in-
structions.

Automated blood cell counts were performed using the HEMAVET 850
apparatus (CDC Technologies Inc, Oxford, CT). Data were analyzed and plotted
using PRISM 3.0 (GraphPad Software, Inc., San Diego, CA).

Histological procedures. Five-micrometer sections from paraffin-embedded
tissues were stained with anti-CD45R (1:200) (B220, RA3-6B2; Pharmingen, San
Jose, CA), anti-CD3 (1:600) (Dako, Carpinteria, CA), and anti-mouse F4/80
(1:25) (Caltag, Burlingame, CA) for B-cell-, T-cell-, and macrophage-specific
immunostaining, respectively. Apoptotic cells were detected with the Apoptag kit
(Intergen, Purchase, NY) following the manufacturer’s recommendations.

Flow cytometric analysis. For fluorescence-activated cell sorter (FACS) anal-
ysis, samples were prepared as previously described (7). All the unlabeled anti-
bodies, PE (phycoerythrin), fluorescein isothiocyanate, PerCP, and PE-Cy5 con-
jugated, were purchased from BD Pharmingen (San Jose, CA).

Purification of cells for ex vivo chemotaxis assay. Spleens were aseptically
removed and gently disrupted through a cell strainer (pore size, 100 �m; Becton
Dickinson) to obtain single-cell suspensions. Erythrocytes were removed by using
a Mouse Erythrocyte Lysing kit (R&D Systems, Minneapolis, MN). CD11b�,
CD4�, CD8�, and CD19� cells were enriched by magnetic separation using an
MS� column (Miltenyi Biotech, Auburn, CA). Cells were then resuspended in
chemotaxis medium (RPMI 1640 medium containing 1% bovine serum albumin,
25 mM HEPES, pH 8.0) at 1 � 106 to 5 � 106 cells/ml. Chemokines, including
RANTES, SDF-1� (stromal derived factor 1�), SLC (secondary lymphoid tissue
chemokine), BCA (B-cell-attracting chemokine 1), MCP-5 (macrophage che-
moattractant protein 5), and JE, were diluted in chemotaxis medium and placed
in the lower wells of a micro-Boyden chemotaxis chamber (Neuro Probe, Gaithers-
burg, MD). Five-micrometer polycarbonate membranes were placed over the
chemokines. Detection of lymphocyte chemotaxis required that the membranes
be precoated with 50 �g/ml of fibronectin. After the microchemotaxis chamber
was assembled, 50 �l of cells was placed in the upper wells. The filled chemotaxis
chambers were incubated in a humidified CO2 incubator for 60 min (CD11b�) or
3 h (lymphocytes). After incubation, the membranes were removed from the
chemotaxis chamber assembly followed by gently removing cells from the upper
side of the membrane. The cells on the lower side of the membrane were stained
using a Rapid Stain kit (Richard Allen, Kalamazoo, MI). The number of mi-
grated cells in three high-powered fields (�200) was counted by light microscopy
after coding the samples. Quantitation of mouse cell chemotaxis was computer
assisted using the BIOQUANT program (R & M Biometrics, Nashville, TN).
Results are expressed as the mean value of the migration of triplicate samples
with the standard errors shown by bars. Chemotactic indices were calculated as
follows: (mean number of migrating cells in sample)/(mean number of cells in
media control).

Adoptive transfer of CFSE-labeled lymphocytes. Single-cell suspensions were
obtained from spleens of donor female wild-type (WT) and Cybr null mice.
Splenocytes were then labeled with 5,6-carboxyfluorescein diacetate (CFSE) as
previously described (2). A total of 10 � 106 lymphocytes were injected into the
tail vein of recipient C57BL/6 females. In different experiments, cells were
subjected to enrichment for a specific population before labeling and injection.
For enrichment purposes, Spin Sep negative selection kits for B and T cells from
Stem Cell Technologies (Vancouver, Canada) were used. Recipient females
were sacrificed in most of the experiments 1 h after the injection (11). However,
a time course experiment was performed at different time points from 15 min up
to 150 min after injection.

Aseptic peritonitis induction. Aseptic peritonitis was induced by intraperito-
neal injection of 0.5 ml of pristane (2,6,10,14-tetramethylpentadecane; Sigma),
and peritoneal cells were recovered as previously described (6). Briefly, at 6 or 7
days postinjection, mice were euthanized by CO2 asphyxiation, and then inflam-
matory cells were harvested by washing the peritoneal cavity with 10 ml of
ice-cold PBS–1% bovine serum albumin and immediately processed for FACS
analysis.

M-MSV retroviral complex preparation and tumor induction. Tumor cell
extract containing defective M-MSV (Moloney murine sarcoma virus copelleted
with its natural helper, Moloney murine leukemia virus) was prepared from
primary sarcomas induced by serial passages in 1-week-old BALB/c mice. M-
MSV extract had an in vitro titer of 5 � 105 focus-forming units/ml on 3T3/FL
cells. Aliquots of 0.15 ml of M-MSV extract were injected intramuscularly in
the thigh region of adult mice. Tumor growth was monitored daily by caliper
measurement starting 5 days after inoculation, when sarcomas become ap-
parent (22, 23).
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RESULTS

Cybr expression is differentially regulated by cytokines at
different stages of T-lymphocyte development. IL-12 synergizes
with IL-2 and IL-18 to increase Cybr expression in human
PBLs (27). However, virtually nothing is known of the effect of
cytokines on Cybr expression in vivo. By Northern blot analysis
of mouse tissue RNA, we confirmed that Cybr is mostly ex-
pressed in organs of the immune system, such as spleen, thy-
mus, bone marrow, and lymph nodes, as reported for humans
(27 and data not shown). Other organs in which Cybr tran-
scripts are detectable at lower levels are lung, kidney, and testis
(data not shown). Next, we sought to determine if Cybr ex-
pression in mice is increased by proinflammatory type 1 cyto-
kines such as IL-12 in combination with IL-18, as reported for
human PBLs. For this, we employed an in vivo hydrodynamic
delivery of cDNA encoding IL-12 alone or the combination of
IL-12 and IL-18 (29). In thymocytes, IL-12 alone enhanced
Cybr expression by two- to threefold, and addition of IL-18
synergistically increases Cybr expression up to fourfold after
96 h from the treatment of the animal. IL-18 alone had no

effect, as reported for humans (Fig. 1A). Thus, IL-12 and IL-18
act in vivo as reported for human PBLs in vitro. Surprisingly,
RNA analysis from the same animals shows that the same
cytokines down-regulate Cybr expression in splenocytes (Fig.
1B). Again, IL-12 synergizes with IL-18 and causes a Cybr
expression reduction of about 80%. IL-12 alone reduces Cybr
levels to about 50%, while IL-18 has no effect. To exclude the
possibility that the Cybr expression changes observed in thy-
mus and spleen were due to a shift in cell composition of those
organs caused by cytokine treatment, we studied the individual
cell populations including enriched CD3� or CD3� thymo-
cytes (Fig. 1C), macrophages (M�), and T and B lymphocytes
from spleen (Fig. 1D). In the thymus, less differentiated CD3�

T cells show a lower expression level of Cybr compared to the
CD3� fraction. However, upon stimulation with IL-12 and
IL-18, the CD3� T cells respond by significantly up-regulating
Cybr mRNA, while the mature CD3� T cells do not show any
significant response. In general, splenocytes have relatively
high basal levels of Cybr expression, and following cytokine
treatment, all cell populations, including the T lymphocytes,

FIG. 1. In vivo analysis of Cybr gene expression. (A) Th1 cytokines increase Cybr expression in thymus. Quantitation of Northern blots from
RNA obtained from thymus of C57BL/6 mice 96 h after intravenous injection of a cDNA encoding IL-12, IL-18, or both (12 � 18). The empty
vector was injected in animals and used as a control (CTR). In each experiment, two mice were used. Expression of the �2.0-kb Cybr-specific
transcript is quantified relative to housekeeping cyclophilin (cyclo) gene expression. Results are representative of at least three separate
experiments. (B) Th1 cytokines reduce Cybr expression in spleen. RNA derived from splenocytes obtained from the same animals used for
thymocyte analysis was obtained and analyzed as described for panel A. (C and D) Cybr expression in different thymus (C) and spleen (D) cell
populations in response to cytokines. CD3� and CD3� thymocytes were obtained from the thymus of CTR- or IL-12 cDNA- and IL-18
cDNA-injected mice. The spleens from the same mice were harvested to obtain B-cell (CD19�)-, T-cell (CD3�)-, or M� (CD11b�)-enriched
populations. Specific cell population enrichment was performed as described in Materials and Methods and was verified by FACS analysis as more
than 90%.
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decrease the amount of Cybr message. Taken together, our
data indicate that in T cells, Cybr is up- or down-regulated in
response to cytokine stimulation depending on their differen-
tiation stage. Moreover, our results suggest that Cybr may play
a role in lymphocyte function in response to proinflammatory
cytokines.

Generation of Cybr knockout mice. To investigate Cybr’s
role in vivo, we generated a Cybr-deficient mouse by gene
targeting deletion. We used recombineering technology to con-
struct a vector to conditionally inactivate Cybr (5). As de-
scribed in Materials and Methods, we flanked the first coding
exon (EX1) with loxP sites because it contains the ATG start-
ing codon (Fig. 2A). Correct targeting of Cybr in ES cells was
confirmed by Southern analysis both at the 5� and 3� ends (data
not shown). Deletion of Cybr EX1 was accomplished in vivo by
crossing the Cybr targeted mouse line with a Cre deleter strain
(15) (Fig. 2B). To investigate whether deletion of EX1 was
sufficient to generate a Cybr null allele and no truncated pro-
teins were made, we raised an antibody against the Cybr car-
boxy terminus, which is downstream of EX1. Western blot
analysis of Cybr knockout (KO) splenocytes with the anti-Cybr
antibody shows that no Cybr-specific protein is produced in the
mutant mice (Fig. 2C). Moreover, deletion of one allele causes
a �50% reduction of Cybr, suggesting that two intact alleles
are required to have normal Cybr protein levels in vivo.

Cybr-deficient mice have reduced numbers of lymphocytes
present in the lymph nodes and leukocytes circulating in
blood. Cybr-deficient mice are viable and are born at the ex-
pected Mendelian ratio. They appear normal and are fertile.
Since the highest level of Cybr expression is in lymphoid or-
gans, we stained sections from thymus, spleen, and lymph
nodes with anti-CD45R (for B cells), anti-CD3 (T cell specific),
and anti-mouse F4/80 (for macrophages) to look for the pres-
ence and distribution of the major cell populations in these
organs. In the absence of Cybr, we could not detect any obvi-
ous histological abnormality or any difference in the number of
apoptotic cells in lymphoid organs (data not shown). Further-
more, flow cytometric analysis of lymphoid organs using anti-
bodies specific to B and T lymphocytes and macrophages did
not reveal any significant difference in mutant animals com-
pared to controls (data not shown). However, we did find that
Cybr-deficient mice older than 6 months have significant re-
ductions in the numbers of circulating white blood cells (WBC)
and lymphocytes in the inguinal lymph nodes (Table 1). WBC
deficits were almost entirely caused by a decrease in circulating
lymphocytes and secondarily by a reduction in the neutrophilic
and monocytic fractions (data not shown). Flow cytometric
analysis of circulating leukocytes did not reveal a specific re-
duction in T, B, or Gr-1- and Mac-1-positive cells. Likewise,
flow cytometric analysis of inguinal lymph nodes from adult
Cybr-deficient mice shows that the reduction affects both T
and B lymphocytes (data not shown). Analysis of other im-
mune system organs or districts including thymus, spleen, bone
marrow, and the peritoneal cavity does not show any other
apparent deficits (Table 1). Taken together, these results sug-
gest that Cybr deficiency affects recirculation of blood leuko-
cytes and peripheral lymph node lymphocytes.

Abnormal trafficking of Cybr�/� lymphocytes in vivo. LFA-
1-deficient mice show migration deficits (1, 2). Since Cybr has
been shown to regulate LFA-1 function (3) and we have ob-

served reductions of circulating WBC and lymph node lym-
phocytes, we investigated whether Cybr-deficient mice have
abnormalities in leukocyte migration. We first analyzed
whether Cybr deficiency could affect cell migration by using a
classic in vitro chemotaxis assay. CD4�, CD8�, CD19�, and
CD11b� splenic cells were separated as described in Materials
and Methods and treated with a variety of chemokines known
to induce migration (Fig. 3A). In general, none of the isolated

FIG. 2. Generation of Cybr mutant mice. (A) Gene targeting strat-
egy to delete Cybr exon 1 (EX1). loxP sites (black triangles) were
inserted upstream and downstream of EX1. The neomycin resistance
cassette is flanked by both loxP and Frt (white triangle) sites. After the
initial screening of the positive ES cell clones, as described in Material
and Methods, a probe upstream of EX1 (black rectangle) was used for
the identification of the different targeted alleles. (B) Southern anal-
ysis of genomic DNA from Cybr mutant mice. Analysis of DNA di-
gested with the BglII restriction enzyme and probed with the 5� frag-
ment described for panel A yields the expected 3.6-kb band in a
wild-type mouse (wt) (lanes 1 and 4) and a rearranged 5.7-kb fragment
with the neo insertion (neo) in heterozygous and mutant mice (lanes 2
and 3, respectively). Following EX1 cre excision, the same probe de-
tects a 2-kb band corresponding to the null allele (ko) (lanes 5 and 6).
(C) Western blot analysis of lysates from splenocytes of wild-type
(�/�), heterozygote (�/�), and Cybr null (�/�) mice. Using an
antibody specific to the COOH terminus, Cybr is undetectable in null
mice. Lysate from the WEHI-231 B-cell line was used as positive
control.
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mutant cell populations showed significant migration abnor-
malities in response to the tested chemokines compared to
wild-type control cells (Fig. 3A). Only mild reductions in mi-
gration were noted for mutant B cells treated with SDF-1�
(CXCL12) and SLC (CCL21). These data suggest that either
Cybr does not affect the migration pathways activated by the
specific chemokines used in our assay or our test does not
reflect the more complex in vivo scenario. Therefore, we de-
cided to test the trafficking efficiency of Cybr-deficient leuko-
cytes in vivo by adoptive transfer in C57BL/6 mice. Splenic
single-cell suspensions were labeled with CFSE, as described
above (2). In one set of experiments, nonfractionated spleno-
cytes inoculated by tail vein injection were recovered from the
host after 1 h to see whether Cybr KO cells showed any anom-
aly in short-term migration to different organs (Fig. 3B). Only
nonsignificant differences were noted in percentages and ab-
solute numbers of CFSE-labeled mutant cells from different
groups found in peripheral blood, spleen, and inguinal lymph
nodes (Fig. 3B). Similar results were obtained in time course
experiments in which cells were harvested at different time
points, ranging from 15 to 150 min after tail vein injection
(data not shown). Since nonfractionated Cybr-deficient spleno-
cytes injected into C57BL/6 recipients did show small yet non-
significant abnormalities in their recirculation ability, we inves-
tigated whether specific subpopulations were impacted more
significantly by the Cybr mutation. Splenic CFSE-labeled T
and B lymphocytes were injected into recipient C57BL/6 mice
and recovered after 1 h. Again, no differences were found in
trafficking of either Cybr-deficient T (Fig. 3C) or B (Fig. 3D)
lymphocytes compared to wild-type lymphocytes. This lack of a
clear cell migration deficit was somewhat surprising in light of
the fact that Cybr has been reported to regulate LFA-1 binding
capacity, which is crucial for immune system cell trafficking and
recirculation in vivo (3).

Since Cybr expression is influenced by Th1-type cytokines
and might therefore affect cell migration ability after cytokine
stimulation, we next decided to assess the effect of Cybr defi-
ciency on cell trafficking in an in vivo system in which cytokines
are overexpressed. C57BL/6 recipient animals were prein-
jected with a mixture of IL-12- and IL-18-encoding cDNA.
After 24 h, the recipient mice were injected with CFSE-labeled
splenocytes from WT or Cybr null animals. Organs were col-
lected and analyzed for the presence of the labeled splenocytes
after 1 h as in the previous experiment. We found that in this
in vivo experimental paradigm, splenocytes from Cybr-defi-
cient mice were less efficient in migrating to the spleen, sug-
gesting a Cybr role in lymphocyte trafficking in Th1-polarized
conditions (Fig. 3E).

Deficient recruitment of Cybr�/� inflammatory cells to the
peritoneal cavity in an aseptic peritonitis model. We have
found that in vivo Cybr expression is modulated by proinflam-
matory cytokines (Fig. 1). Furthermore, LFA-1 has been
shown to have a crucial role in cell adhesion and migration
during inflammation (18). Thus, we decided to induce aseptic
peritonitis by injecting 0.5 ml of pristane in the peritoneal
cavity of Cybr wild-type and mutant animals and assess the
presence of inflammatory cells. Blood was collected 7 days
before pristane treatment as a control. Seven days after the
pristane injection, mice were bled again and immediately sac-
rificed to harvest the peritoneal cells. As shown in Fig. 4A,
Cybr KO mice had a significantly lower number of peritoneal
inflammatory cells than the wild-type controls (22.53 � 106 	
3.80 � 106 versus 29.91 � 106 	 3.85 � 106). FACS analysis
showed that this reduction was generalized to all cell types. In
fact, Cybr-deficient mice had lower numbers of peritoneal
CD4� and CD8� T lymphocytes, B cells, Mac-1�/Gr-1� M�
cells (Fig. 4B), and Mac-1� and Gr-1� cells (data not shown).
Interestingly, the change in cell counts from before the induc-
tion of inflammation to the day of inflammatory cell collection
was different in the peripheral blood of Cybr KO mice from
that of wild-type littermates (Fig. 4C). In fact, Cybr KO mice
had a smaller number of WBC before the pristane injection
than wild-type controls (7.764 � 103/�l 	 1.09 � 103/�l versus
9.740 � 103/�l 	 0.71 � 103/�l; Fig. 4C); however, after peri-
tonitis induction, Cybr mutant mice showed only a limited
decrease in the number of circulating WBC, while wild-type
control animals had an almost 50% reduction caused by peri-
toneal inflammation (Fig. 4C). Moreover, WBC differential
count analysis showed that the observed differences might
mostly be due to neutrophils failing to efficiently exit the blood-
stream, since they are present in greater numbers in the cir-
culation of Cybr KO mice (1.922 � 103/�l 	 0.3884 � 103/�l
versus 1.332 � 103/�l 	 0.1425 � 103/�l; Fig. 4D, bottom right
panel). These results suggest that the cells recirculating to the
inflamed peritoneal cavity are affected by the lack of Cybr.

Cybr deficiency enhances M-MSV-induced tumor growth in
vivo. The above data suggest a function for Cybr in the recir-
culation of cells of the immune system (Fig. 4). To test whether
Cybr affects the response of antigen-specific T lymphocytes to
a pathogenic microorganism infecting the host in a specific
location, we studied the growth of M-MSV-induced tumors in
Cybr-deficient mice. In this model, intramuscular injection of
M-MSV causes sarcomas to develop at the inoculation site
after a short period of latency. Subsequently, tumors regress
because of a strong immune reaction primarily mediated by
CTL specific for viral antigens (16). Cybr mutant mice injected

TABLE 1. Cell counts in different organs and tissues of the immune system of Cybr-deficient micea

Mouse type WBC (103 cells/�l) Thymusb Spleenb Bone marrowb,c Inguinal lymph nodesb Peritoneal cellsb

WT 9.98 	 0.87 93.40 	 5.68 55.61 	 10.14 35.35 	 2.06 3.68 	 1.04 2.11 	 0.46
KO 7.52 	 1.15 96.56 	 17.72 62.07 	 11.01 34.25 	 2.36 2.04 	 0.43 2.50 	 0.63

P value 0.0018 NS NS NS 0.0347 NS

a Each analysis includes at least six mice. KO, Cybr deficient. P values were obtained by Student t test analysis of the data. NS, not significant.
b Total number of cells (in millions).
c Total numbers from cell counts of two femurs.
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FIG. 3. Ex vivo chemotaxis response and adoptive transfer of Cybr-deficient splenocytes. (A) Ex vivo chemotaxis response is not impaired in
CD4�, CD8�, CD19� (B cells), and myeloid (CD11b�) cells. Cells were enriched by magnetic separation from spleen single-cell suspensions and
tested for their migratory capacity in micro-Boyden chambers in response to different factors (SDF, Rantes, MCP, SLC, and BCA). Chemotactic
indices for wild-type (open bars) and Cybr-deficient (black bars) cells were calculated with the following formula: (mean number of migrating cells
in sample)/(mean number of cells in media control). Results are expressed as the mean value of the migration of triplicate samples plus or minus
the standard errors of the means. (B, C, and D) Circulation of wild-type (WT) and mutant (KO) CFSE-labeled nonfractionated splenocytes (B),
enriched T cells from spleen (C), and enriched B cells from spleen in blood, lymph nodes, and spleen (D). Note that Cybr KO nonfractionated
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with M-MSV exhibited a higher, although nonsignificant, level
of tumor incidence than wild-type controls (20/23 [87%] versus
14/20 [70%], respectively). Notably, tumor-bearing Cybr KO
mice developed significantly larger sarcomas than wild-type

mice (Fig. 5A). Although most animals were sacrificed at day
13 from the injection to analyze spleen and lymph node cellu-
larity, in a group of animals (n 
 5) in which tumor growth was
monitored for up to 1 month, sarcomas ultimately regressed

splenocytes and T cells and B cells enriched from spleen showed percentages (data not shown) and absolute numbers of CFSE� cells comparable
to those of the wild type circulating in the periphery or migrated to the inguinal lymph nodes and spleen of nontreated recipients 1 h after
inoculation. (E) When recipient animals are preinjected with a mixture of IL-12- and IL-18-encoding cDNA, 24 h prior the intravenous injection
of labeled cells, Cybr KO CFSE� splenocytes show a small but significant deficit in recirculation to spleen, while numbers of CFSE� Cybr KO cells
are comparable to those of wild-type cells in blood and inguinal lymph nodes.

FIG. 4. Analysis of inflammatory response by Cybr-deficient mice in a model of aseptic peritonitis. (A) Cybr-deficient and wild-type mice 7 days
after the control bleeding were injected intraperitoneally with 0.5 ml of pristane to induce peritoneal inflammation. After 7 additional days, mice
were bled and sacrificed to harvest cells by washing the peritoneal cavity with 10 ml of ice-cold PBS–3% bovine serum albumin. Cybr-deficient mice
showed a significantly smaller number of cells present in the peritoneal cavity after inflammation (21.94 � 106 	 3.7 � 106 versus 29.13 � 106 	
3.9 � 106). (B) Cytofluorimetric analysis of inflammatory cells from the peritoneal cavity shows that T cells (CD4� and CD8�), B (CD19�) cells,
and M� (Mac1�/Gr1�) are all reduced in Cybr KO mice compared to wild-type controls. (C) Cybr-deficient mice before injection (I) showed fewer
WBC (9.98 � 103/�l 	 0.87 � 103/�l versus 7.52 � 103/�l 	 1.15 � 103/�l; n 
 5). However, 1 week after pristane injection (II), WBC expressed
as percentages of initial WBC present 7 days before the peritonitis induction are significantly higher in Cybr-deficient mice than in wild-type
controls (77.06% 	 15.29% versus 59.13% 	 16.48%; data not shown). (D) At the time of sacrifice, after induction of inflammation (panels D2
and D4), Cybr-deficient mice had a significantly larger number of neutrophils circulating in the bloodstream (1.922 � 103/�l 	 0.3884 � 103/�l versus
1.332 � 103/�l 	 0.1425 � 103/�l; D4 versus D3) compared to the preinflammatory state (panels D1 and D3), while lymphocytes (D2 versus D1) and
monocytes (not shown) were not significantly different.
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with slower kinetics than those of controls (data not shown).
Moreover, the numbers of lymphocytes accumulating in tu-
mor-draining lymph nodes of Cybr-deficient mice were signif-
icantly reduced compared to those present in control mice
(20.8 � 106 	 14.4 � 106 versus 31.6 � 106 	 11.2 � 106; P 

0.0148, Mann-Whitney U test; Fig. 5B), while splenocyte num-
bers were not significantly different between the two groups of
mice (332.4 � 106 	 84.4 � 106 in mutants versus 328.7 � 106 	
72.4 � 106 in controls; Fig. 5B). In addition, preliminary data
suggest that there are fewer leukocytes infiltrating the tumors
as well as reduced numbers of virus-specific CTL in Cybr KO
mice compared to wild-type mice (data not shown). Taken
together, these results indicate that Cybr deficiency has a sig-
nificant impact on antigen-specific immune responses. Inter-
estingly, the finding that Cybr deficiency affects lymphocyte
accumulation in tumor-draining lymph nodes and recruitment
to the neoplastic site is consistent with the decrease in the
number of cells observed in the inflamed peritoneal cavity of
the aseptic peritonitis model.

DISCUSSION

Cybr is an intracellular scaffold protein that has been impli-
cated in intercellular adhesion of lymphoid cells by regulating
integrin deactivation and cytoskeletal rearrangements (3, 27).
Most Cybr functions have been attributed to its interaction
with cytohesin-1, a GEF for the ARF GTPases, that affects cell
ruffling and regulates cell adhesion through its association with
integrins (9). Indeed, in vitro studies have shown that Cybr
interaction with cytohesin causes a down-modulation of LFA-
1-mediated stimulated adhesion in T lymphocytes (3) and T-
cell detachment from dendritic cells (10). Such in vitro roles
are supported by the wide expression of Cybr as well as of
LFA-1 (2, 13) and cytohesins (30) in different populations of
the immune system. Nevertheless, virtually nothing is known
about Cybr function in vivo.

In this study, we report that Cybr expression in the murine
thymus is increased by IL-12 alone or synergistically with IL-
18, confirming similar findings for human PBLs. Surprisingly,
we found that splenocytes respond in an opposite way to the
same cytokines by down-modulating Cybr message. In stan-
dard pathogen-free housing conditions, Cybr-deficient mice
show a limited reduction in the number of circulating blood
leukocytes and peripheral lymph node lymphocytes. Our anal-
ysis suggests that this phenotype could be caused by trafficking
abnormalities. In fact, Cybr-deficient splenocytes show im-
paired migration to the spleen of Th1-polarized hosts by ex-
pression of proinflammatory type 1 cytokines. In addition, in
an aseptic peritonitis model, Cybr-deficient mice have fewer
inflammatory cells in the peritoneal cavity associated with re-
duced numbers of leukocytes exiting the bloodstream. Lastly,
Cybr-deficient mice are less efficient in eliminating virus-in-
duced sarcomas and have fewer cells in the draining lymph
nodes, as well as fewer lymphocytes infiltrating the tumor.

We have found that CD3�, less differentiated thymocytes
have a much lower level of expression of Cybr than the more
differentiated CD3� cells. However, less differentiated cells
respond to cytokines by increasing Cybr expression (Fig. 2C),
while more mature cells do not show any significant change in
its expression. Interestingly, all major cell populations of the
spleen, including M� and B and T lymphocytes, down-regulate
Cybr expression in response to IL-12 plus IL-18 (Fig. 1D).
Thus, it appears that cytokines induce Cybr expression in dif-
ferentiating T lymphocytes, but afterward more mature T cells
present in the spleen respond to cytokines, decreasing the
amount of cellular Cybr. These results are in agreement with
data obtained from dendritic cells where Cybr transcripts in-
crease significantly during in vitro induction of cell maturation
(3, 10). Therefore, it is conceivable that, while Cybr may be
required but not necessary during the early cellular differenti-
ation stages, more mature cells must lower the amount of Cybr
for proper response to cytokines (see below).

Cybr deficiency does not appear to significantly influence in
vitro chemotaxis of resting lymphocytes. In fact, splenocytes
from Cybr KO mice ex vivo respond to chemoattractant stimuli
without significant differences compared to WT cells in a clas-
sic micro-Boyden chamber system (Fig. 3A). However, in stress
conditions caused by overexpression of proinflammatory type 1
cytokines or induction of peritoneal inflammation, Cybr-defi-
cient mice show significant differences in cell migration com-

FIG. 5. Analysis of M-MSV-induced tumor growth in Cybr-defi-
cient mice. (A) Cumulative kinetics of tumor growth in Cybr knockout
(filled circles) and wild-type control littermates (open circles) from
three different experiments are shown. Twenty out of 23 (86.9%)
Cybr-deficient and 14 out of 20 (70.0%) wild-type mice injected intra-
muscularly with M-MSV developed sarcomas. Tumor size (in milime-
ters) was monitored up to day 13, when most of animals were sacri-
ficed. *, P � 0.05 (Student t test). (B) Total number of cells in spleen
and tumor-draining lymph node of tumor-bearing mice at day 13 from
the M-MSV inoculation. *, P � 0.05 (Mann-Whitney U test).
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pared to wild-type littermate controls. The different outcome
observed when Cybr is absent in an in vitro versus an in vivo
experimental system is somehow similar to that of LFA-1-
deficient cells. In fact, in vitro LFA-1-deficient T lymphocytes
migrate as efficiently as wild-type T cells along a gradient of
STCP-1 (CCL22) across fibronectin-coated inserts. However,
they are impaired in migrating through brain endothelial cells
(1). In addition, LFA-1-deficient mice exhibit reduced lymph
node cellularity and splenomegaly, consistent with a major role
of LFA-1 in normal lymphocyte recirculation (1, 2, 26).

In an aseptic peritonitis model, we have found that Cybr
deficiency affects the recirculation of immune system cells to
the inflamed peritoneal cavity. Since this phenotype does not
reflect the impact of Cybr deficiency on an adaptive specific
immune response, we employed the M-MSV-induced sarcoma
paradigm. Injections of Cybr mutant mice with the M-MSV
retrovirus complex induce the development of significantly
larger sarcomas and accumulation of fewer lymphocytes in
tumor-draining lymph nodes than wild-type controls. Thus,
loss of Cybr impairs the immune response to a pathogen in-
fection. Interestingly, the M-MSV-induced tumor phenotype
observed in Cybr mutant mice closely resembles previous find-
ings showing that systemic administration of an anti-LFA-1
monoclonal antibody alone or in combination with an anti-
ICAM-1 monoclonal antibody enhances the growth of tumors
induced by M-MSV in mice and prevents lymph node hyper-
plasia (22, 23). M-MSV-induced tumor regression is caused by
a strong T-cell-mediated immune reaction leading to the gen-
eration of CTL which eliminate cells transformed by the virus
(16). In this model, the tumor site is highly inflammatory, and
cytokines such as gamma interferon, which is induced by IL-12,
play a fundamental role in CTL induction (31). Cybr deficiency
might affect different phases of the immune response to M-
MSV, including (i) T-cell interaction with the endothelium
during migration to secondary lymphoid organs and the tumor
site, (ii) T-cell sensitization by tumor antigens or antigen-pre-
senting cells, and (iii) effector CTL adhesion to the tumor cells
and subsequent destruction. While we cannot rule out these
last two scenarios, the lower cell accumulation and recruitment
in reactive lymph nodes and tumors suggests that Cybr defi-
ciency negatively affects lymphocyte recirculation and reduces
the extravasation of leukocytes recruited by inflammatory cy-
tokines released at the tumor site. Further investigations will
help to determine which phase(s) of the immune response is
most critically affected by Cybr.

In nonstress conditions, Cybr-deficient mice do not show any
overt phenotype except for some abnormalities in peripheral
blood and lymph nodes (Table 1). Since Cybr has been shown
to down-regulate LFA-1 affinity/avidity, decreasing stimulated
adhesion of T lymphocytes to ICAM-1 (3), our data suggest
that most likely Cybr is not a unique player in the important
function of attenuating LFA-1 activation. The lack of more
dramatic developmental phenotypes suggests that Cybr-acti-
vated pathways may be controlled by other similar scaffold
proteins. Indeed, Cybr has significant homology with the scaf-
fold protein Tamalin (also known as Grasp, for Grp-1-associ-
ated scaffold protein). They share about 74% similarity (�55%
identity) at the PDZ domain, and most importantly, their
leucine-rich domains, which interact with cytohesins, are 65%
identical (�90% similar). While Tamalin is expressed pref-

erentially in brain, lung, and heart (12, 17, 27), it is also
expressed at lower levels in spleen and thymus (V. Coppola
and L. Tessarollo, unpublished observation). Thus, it is possi-
ble that even low levels of Tamalin expression can compensate
for Cybr deficiency. The generation of Tamalin-deficient mice
and consequently double mutants for both Tamalin and Cybr
may help address whether these genes have overlapping devel-
opmental functions in vivo.
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