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Introduction

Three structurally related Vav proteins, Vav1–3, have been

identified in mammals [1–3]. While Vav1 is expressed pri-

marily in cells of the hematopoietic system, Vav2 and

Vav3 have broader expression. Vav proteins comprise

multiple domains characteristic of signal transducing pro-

teins, including a Dbl homology domain (DH) [3–6]. The

DH domain is crucial for Vav proteins to function as

GTP/GDP exchange factors (GEFs) and promote signaling

through activation of Rho-family small GTPases such as

Rac1, Cdc42 and RhoA [1–3,5,7–9]. Vav1 is a 95-kDa pro-

tein which becomes rapidly activated in T cells, e.g. by

Lck-catalyzed phosphorylation of Tyr-174 in response to

T-cell receptor (TCR) and CD28 stimulation [5,10–16].

By enabling the binding of GTP to, and thus the activation

of, GTPases, Vav1 and Vav2 play key roles in lymphocyte

signaling, cytoskeletal rearrangements, cell migration,

cytokine production, proliferation and the formation of

the immunological synapse [5,17–26]. Vav1 is critical for

T-cell development and T-cell-dependent immunity,

whereas Vav2 appears to be more important for B-cell
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Summary

Vav proteins mediate T- and B-cell activation by functioning as GTP/GDP

exchange factors for small GTPases. We have studied the role of Vav1 and

Vav2 in allogeneic T-cell activation, antibody responses and allograft rejection.

Alloantigen-induced proliferation of T cells from Vav1- and Vav1/Vav2-knock-

out (ko) mice was decreased by >90% in a mixed lymphocyte reaction. In

whole-blood cultures, Vav deficiency led to markedly impaired T- and B-cell

activation. Expansion of Vav1- or Vav1/Vav2-ko T cells (C57BL/6) was reduced

after transfer into severe combined immune deficiency/beige recipient mice

(BALB/c). After priming with 2,4-dinitrophenyl (DNP)–keyhole limpet hemo-

cyanin, T-cell-dependent anti-DNP IgM and IgG antibody levels were normal

in Vav1-ko mice but undetectable in Vav1/Vav2-ko mice. The median survival

time of BALB/c cardiac allografts transplanted into C57BL/6 Vav1-ko mice

(n ¼13) or Vav1/Vav2-ko mice (n ¼ 5) was >100 and >77 days, compared

with 8–9 days in the corresponding wild-type mice. Vav1/Vav2-ko mice with

<100 days graft survival developed bacterial skin infections and were prema-

turely killed with beating cardiac allograft. Long-term surviving transplants of

single and double ko mice showed mild cellular interstitial rejection and mild

to severe vascular remodeling. In conclusion, our studies show for the first

time that the absence of Vav1 and Vav1/Vav2 in ko mice strongly reduces

alloreactivity and results in long-term allograft survival, whereas antibody

responses were only affected in Vav1/Vav2 ko mice.
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activation [27–32]. Recent research also suggests a role

of Vav proteins in innate immunity [26,33,34]. Vav pro-

teins have been studied in Vav-knockout (ko) mice

[17,19,28,35] and in Vav-deficient humans [32].

Regarding potential roles of Vav proteins in immune

reactions leading to allograft rejection, there has been

limited indirect evidence in that T cells are known players

in graft rejection. To evaluate the role of Vav1 and Vav2

in alloreactivity and transplantation, we have studied

Vav1 or Vav1/Vav2-ko mice in various immunological

models. Our results show for the first time that the ko of

Vav1 or Vav1/Vav2 in mice (i) leads to strongly reduced

alloreactivity in vitro and in vivo and, (ii) importantly,

profoundly prolongs survival times of fully mismatched

heart allografts.

Animals and methods

Mice

Vav1- and Vav1/Vav2-ko mice were generated as des-

cribed previously [28,36]. Vav1 ko mice were crossed onto

a C57BL/6 (H-2b haplotype) background (originally

received from Charles River WIGA, Sulzfeld, Germany)

for at least 10 generations. Vav1/Vav2-ko mice were either

crossed onto a C57BL/6 background for nine generations

or maintained on a pure 129Sv background. Vav1- and

Vav1/Vav2-ko and the respective wildtype (wt) mice were

used as recipients of fully MHC-mismatched beige BALB/c

(H-2d haplotype, Charles River WIGA) primarily vascu-

larized cardiac grafts. Females were used as both graft

donors and recipients. Several transplanted Vav1/Vav2-ko

mice became obviously sick and were killed with beating

cardiac allografts. The mice were fed ad libitum with

standard diet and maintained at 21 ± 2 �C and 55 ± 10%

relative humidity with a time-regulated 12-h light period.

For the systemic graft-versus-host reactivity (GvH) model,

female C.B-17 severe combined immune deficiency

(SCID)-beige mice were supplied by Taconic, Bomholt

Denmark and kept under specific pathogen-free (SPF)

conditions. All mice were used at 6–10 weeks of age. For

the DNP–KLH model, BALB/c female mice between 8 and

10 weeks of age were used. Mice were housed under con-

ventional conditions in filter-top-protected cages and

cared for in accordance with Swiss federal law and the

NIH Principles of Laboratory Animal Care.

Flow cytometry

Splenocytes (3.8 · 105 cells/well) or whole-blood lympho-

cytes were activated in duplicate cultures using the 96-well

round-bottomed microtiter plates (Nunclon Surface,

Nunc, Denmark). Heparinized whole blood (20 ll) was

dispensed into each well and ConA or phorbol 12-myris-

tate 13-acetate (PMA)/antiCD28 antibody was added and

the mixture (200 ll final volume) was then incubated at

37 �C in 5% CO2. Samples were washed once with Cell-

Wash (BD Biosciences, Basel, Switzerland). The tubes were

centrifuged at 450 g for 5-min, supernatants discarded

and the cell pellet resuspended in the remaining 100 ll

buffer. Nonspecific binding was prevented by incubation

with heat aggregated mouse IgG for 30 min. Fluorescent-

labeled antibodies in wash buffer were added in a total

volume of 20 ll, mixed and incubated for further 30 min

in the dark at room temperature. Samples were stained

with phycoerythrin (PE)-labeled anti-mouse CD3 mono-

clonal antibody (mAb) (final concentration 1 lg/ml; BD

Biosciences), allophycocyanin (APC)-labeled anti-mouse

CD4 or peridinin–chlorophyll–protein (PerCP)-labeled

anti-mouse CD8 mAb (0.5 lg/ml; BD Biosciences) and

fluorescein isothiocyanate-labeled anti-mouse CD69 mAb.

Erythrocytes were lysed, cells were washed and fixed with

200 ll 1:10 diluted CellFix (BD Biosciences). Data were

acquired on a FACScalibur flow cytometer (BD Biosciences)

using CellQuest Plus software (BD Biosciences). Lympho-

cytes were gated in the forward scatter/right-angle scatter

dot blot and further analyzed for expression of subset and

activation markers. Data were calculated from dot blots or

histograms as percentage of cells stained positively for

activation markers within the target population.

Mixed lymphocyte reaction

T cells from Vav1-ko and Vav1/Vav2-ko C57BL/6 mice

(H-2b) were isolated and tested in a mixed lymphocyte

reaction (MLR) using irradiated BALB/c splenocytes

(H-2d) as allogeneic stimulus. Single cell suspensions of

splenocytes from individual Vav-ko and wt C57BL/6 mice

were prepared by passage through a 70-lm nylon cell

strainer (BD Biosciences) in HBSS (Invitrogen AG, Basel,

Switzerland). Cells were washed twice with HBSS and

resuspended at a concentration of 1 · 108 cells/ml in run-

ning buffer [PBS (Invitrogen), 0.5% bovine serum

albumin (BSA) (Fluka, Buchs, Switzerland), 2 mm EDTA

(Fluka)]. Purification of T cells was performed with a

mouse pan T-cell isolation kit according to the manufac-

turer instructions (Miltenyi Biotec GmbH, Bergisch Glad-

bach, Germany). Briefly, non-T cells were magnetically

labeled with a cocktail of biotin-conjugated monoclonal

antibodies (mAbs) as primary labeling reagent and anti-

biotin mAbs conjugated to MicroBeads as secondary

labeling reagent. Magnetically labeled non-T cells were

separated from unlabeled T cells using an AutoMACS

separator (Miltenyi). T cells passing through the column

were adjusted to a concentration of 4 · 106/ml in com-

plete RPMI-1640 assay medium (Invitrogen) containing

10% heat inactivated fetal calf serum, 100 U/ml penicillin,
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100 lg/ml streptomycin (Invitrogen) and 50 lm 2-merca-

ptoethanol (Fluka). The purity of the T cells was analyzed

by cytometric measurement of CD3-positive cells and was

usually 70–98%.

The one-way MLR was performed in 96-well flat bot-

tom plates (Costar, Bodenheim, Germany) in 200 ll com-

plete assay medium/well with purified T cells from

Vav-ko or wt C57BL/6 mice and irradiated splenocytes

from BALB/c mice as stimulator cells. Cell concentrations

were 1 · 105, 2 · 105 and 4 · 105 cells/well for responder

cells and 2 · 105, 4 · 105 and 8 · 105 cells/well for sti-

mulator cells. Cultures were incubated for 4 days at 37 �C

in 5% CO2. One lCi 3H-thymidine (Amersham, Bucking-

hamshire, UK) was added to each well and the plates

were incubated for additional 5 h. Cells were subsequently

harvested (BetaplateTM 96-well harvester, Wallac, Perkin-

Elmer, Schwerzenbach, Switzerland) on filter paper Filter-

mat A (Wallac), which was processed for radioactivity

counting in liquid scintillation counter [Beta Plate Scint

in a BetaplateTM Counter (Wallac)]. Mean values and SD

of triplicate cultures of the different combinations are

shown as histograms. In cases where available cell num-

bers from individual mice were limited values of single

cultures are shown.

DNP–KLH model

The antigen chosen for immunization was 2,4-dinitrophe-

nyl (DNP) (Sigma-Aldrich Chemie GmbH, Buchs, Swit-

zerland), conjugated to keyhole limpet hemocyanin

(KLH) (Calbiochem, Läufelfingen, Switzerland) at a ratio

of 20 DNP/KLH (per 100 kDa). Antigen was adsorbed to

colloidal aluminum hydroxide (Alu-Gel-S, SERVA, Hei-

delberg, Germany) and injected intraperitoneally in mice

on day 0 at 30 lg/mouse. For the serum antibody analy-

sis, mice were bled from the tail vein on day 8, and

serum was extracted after clotting for 6 h and stored at

)20 �C. The levels of anti-DNP-IgM and anti-DNP-IgG

(as well as the overall levels of IgM and IgG) were deter-

mined. Elisa plates (Greiner 655081, Frickenhausen, Ger-

many) were coated with BSA–DNP (3 lg/ml), anti-IgM

or anti-IgG, diluted in PBS, by overnight incubation at

4 �C. After removal of BSA–DNP solution residual, pro-

tein-binding sites were blocked with 2% BSA in PBS for

1 h at room temperature. Plates were washed thrice with

PBS containing 0.05% Tween 20. This washing procedure

was applied between each step. Serial threefold dilutions

of the sera were performed in 2% BSA–PBS and plates

incubated overnight at 4 �C. Bound IgM and IgG protein

were measured using biotin-labeled goat anti-mouse IgM

or IgG antibody (No. 1020-08/1030-08; Southern Biotech-

nology Associates, Birmingham, AL, USA) and streptavi-

dine-conjugated alkaline phosphatase (E2636; Sigma).

Enzyme activity was determined after the addition of sub-

strate p-nitrophenyl phosphate (1 mg/ml) in 1 m dietha-

nolamine, pH 9.8, for 30 min at room temperature. The

reaction was stopped with 1 n NaOH and quantitated

colorimetrically. Five mice per experimental group were

used. The serum samples from each mouse were analyzed

individually to calculate mean and SD.

Systemic GvH

Single cell suspensions were prepared from spleens of

Vav1- or Vav1/Vav2-ko mice and wt littermate controls.

After red blood cell lysis with ACK buffer (Sigma-Ald-

rich), cells were labeled with 2 lm carboxyfluorescein

diacetate succinimidyl ester (CFSE) for 10 min at 37 �C.

SCID-beige recipient mice were injected i.v. with 20 · 106

unfractionated wt splenocytes or 40–60 · 106 spleen cells

from Vav1- and Vav1/2 double-ko donors, respectively,

to transfer 7 · 106 T cells (as determined by anti-CD3

staining). Four days after transfer, cell suspensions were

prepared from individual SCID recipient spleens and

T-cell recovery analyzed by four-color flow cytometry,

CFSE, anti-CD4-PE, anti-CD8-PerCP and anti CD3-APC

(all antibodies were purchased from BD Pharmingen,

Basel, Switzerland). Flow cytometry data were acquired

on a FACScalibur (BD Biosciences) using CellQuest soft-

ware. Data were analyzed with FlowJo software (Treestar,

San Carlos, CA, USA).

Estimates of CD4+ and CD8+ T-cell numbers per

recipient spleen were calculated as the product of the

total number of viable spleen cells (hemocytometer count,

trypan blue exclusion) and the percentage of CD3+ CD4+

and CD3+ CD8+ spleen cells within the live lymphocyte

forward/side scatter gate. The percentage of CD4+ or

CD8+ T cells that had undergone a certain number of cell

cycles were derived from marker settings on CFSE histo-

grams. For cell cycle distribution plots, the arithmetic

means and SD of all individual data per recipient group

are shown.

Cardiac allotransplantation

Heterotopic heart transplantation was performed as des-

cribed by Corry et al. [37] using aseptic surgery tech-

niques. Briefly, animals were anesthetized using

isoflurane. Following heparinization of the donor mouse,

the chest was opened and the heart rapidly cooled with

ice cold saline. The aorta and pulmonary artery were

ligated and divided and the donor heart was stored in ice

cold saline. The recipient was prepared by dissection and

cross-clamping of the infra-renal abdominal aorta and

vena cava. The graft was implanted with end-to-side anas-

tomoses between the donor right brachiocephalic trunk
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and the recipient aorta and the donor right pulmonary

artery to the recipient vena cava. Grafts were monitored

by daily palpation and were considered rejected upon ces-

sation of palpable ventricular contractions.

Animals were randomly assigned to groups. Study A

(n ¼ 5 per group): (i) BALB/c-to-Vav1 ko (C57BL/6),

(ii) BALB/c-to-Vav1 wt (C57BL/6); study B: (i) BALB/

c-to-Vav1 ko (C57BL/6) (n ¼ 8), and (ii) BALB/c-to-

BALB/c as syngeneic control (n ¼ 3); study C (n ¼ 5/

group): (i) BALB/c-to-Vav1/Vav2 ko (C57BL/6), (ii)

BALB/c-to-Vav1/Vav2 wt (C57BL/6), (iii) BALB/c-to-

Vav1/Vav2 ko (129Sv) and (iv) BALB/c-to-Vav1/Vav2 wt

(129Sv). During autopsy of long-term survivors, whole

blood was sampled to perform MLR studies as described

above.

Histopathology and immunohistochemistry

Cardiac allografts of study A were cut longitudinally and

fixed in 4% buffered formalin together with the native

heart for histological evaluation. In the other studies,

cardiac allografts were cut transversally to enable morph-

ometric analysis of vascular remodeling. Fixed tissues

were processed and embedded in paraffin according to

standard procedures. Three-micrometer-thick sections

were stained with hematoxylin and eosin and Van Gie-

son for elastic fibers for light microscopic examination

by an observer blinded to the identity of groups. Acute

and chronic rejections were graded on scale of 0 (no

rejection or no vascular intimal thickening) to 3 (severe

acute cellular rejection or severe vascular intimal thicken-

ing) [38].

In addition, severity of vascular remodeling was quanti-

fied by computer-assisted image analysis using a Zeiss

Image Analysis system KS400 (Carl Zeiss, Munich,

Germany). Vascular remodeling is reported as the neoin-

timal index (NI), which was analyzed on two sections per

graft (study B and study C) taken always from the same

relative levels of the graft ventricle (at 1/3 and 2/3 from

the apex toward the atria). In study A, NI was calculated

from one longitudinal section. Vessels with a diameter

>35 lm from each graft were measured by computer-

assisted image analysis. The NI was calculated as follows:

NI ¼ area defined by the internal elastic lamina minus

area of the lumen/total area defined by the internal elastic

lamina · 100. Individual measurements per each graft

were averaged (mean ± SEM).

Cardiac allografts from Vav1-ko mice with survival

times >100 days (n ¼ 12) were analyzed immunohisto-

chemically. Standard procedures were applied using mAbs

anti-alpha smooth muscle actin (aSMA, clone 1A4, Dako-

Cytomation, Glostrup, Denmark), anti-CD3 (clone

CD3-12, Serotec Ltd, Oxford, UK), anti-CD45R (clone

RA3-6B2, Serotec Ltd) and anti-F4/80 (clone CI:A3-1,

Serotec Ltd) and the streptavidin–biotin–peroxidase com-

plex technique. Spleen tissue served as positive control

sample. Negative immunohistochemical staining controls

were obtained by replacing the primary antibodies with

antibody isotype controls (Zymed Laboratories, Inc., San

Francisco, CA, USA).

Results

Inhibition of ConA- or PMA/aCD28-induced T-cell

stimulation in whole blood

Previous studies demonstrated impaired activation of

lymphocytes derived from Vav1-ko animals [17]. Here

we stimulated lymphocytes in whole blood, obtained

from wt and Vav-ko mice, with either ConA or a com-

bination of PMA/aCD28 and measured upregulation of

CD69 which is an early activation marker for T and B

cells and represents an integral part of the activation

process (Table 1). Using ConA stimulation, it was shown

that the expression of CD69 in Vav1-ko CD4+, CD8+

and B220+ cells was decreased by 81%, 89% and 74%,

respectively when compared with CD4+, CD8+ and

B220+ wt controls. Surprisingly, Vav1/Vav2-ko lympho-

cytes showed a higher level of CD69 expression in

response to ConA than the respective Vav1-ko lympho-

cyte subsets, but still less than the respective wt controls.

Table 1. CD69 expression (% positive

cells) on lymphocyte subsets in whole

blood stimulated by ConA or PMA/

aCD28. Blood was collected and stimu-

lated in vitro by ConA or PMA + aCD28

for 16 h. CD69 expression was meas-

ured by flow cytometry.

Mouse Cells

ConA PMA + aCD28

wt (n ¼ 5) ko wt (n ¼ 5) ko

Vav1 CD4+ 36 ± 4 7 ± 1 (n ¼ 6) 72 ± 8 53 ± 1 (n ¼ 6)

CD8+ 61 ± 3 7 ± 1 (n ¼ 6) 61 ± 12 41 ± 7 (n ¼ 6)

B220+ 69 ± 7 18 ± 2 (n ¼ 6) 50 ± 12 30 ± 6 (n ¼ 6)

Vav1/Vav2 CD4+ 57 ± 4 22 ± 2 (n ¼ 7) 85 ± 3 70 ± 4 (n ¼ 7)

CD8+ 70 ± 4 56 ± 6 (n ¼ 7) 89 ± 3 78 ± 4 (n ¼ 7)

B220+ 60 ± 2 57 ± 6 (n ¼ 7) 47 ± 6 84 ± 3 (n ¼ 7)

Means ± SE of percentage values (n ¼ 5–7).

wt, wildtype; ko, knockout.
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Using the PMA/aCD28 protocol, it was shown that the

absence of Vav1 or both Vav1/Vav2 led to a small inhi-

bition of lymphocyte activation, with the exception

Vav1/Vav2-ko B220 cells where an activation (+79%)

was noticed (Table 1). Thus, these lymphocyte activation

studies in whole-blood cultures show that the lack of

Vav proteins leads to impairment of T- and B-cell acti-

vation dependent on Vav isoform, cell type and stimula-

tion protocol.

Inhibition of alloantigen-driven T-cell proliferation

Mixed lymphocyte reaction assays were performed to

explore whether alloantigen-driven proliferation of

lymphocytes is mediated by Vav1-dependent signaling.

Splenic T cells isolated from Vav1-ko C57BL/6 mice or

wild-type controls on a C57BL/6 background were stimu-

lated with irradiated BALB/c spleen cells. Vav1-ko T cells

showed a markedly reduced proliferation compared with

wt T cells (Fig. 1a). To characterize the alloresponsiveness

of Vav1/Vav2-ko T cells, an analogous MLR study was

performed with purified splenic T cells from Vav1/Vav2-

ko mice. As shown in Fig. 1c, T cells lacking Vav1 and

Vav2 largely failed to proliferate in response to irradiated

BALB/c spleen cells. To explore whether the allogeneic

responsiveness of Vav-ko mice changes following allo-

transplantation, splenic T cells purified from Vav1- or

Vav1/Vav2-ko heart allograft recipient mice 100 days after

transplantation were co-cultured with BALB/c spleen cells.

Essentially, no alloreactivity was observed (Fig. 1b,d). In

summary, these MLR studies demonstrate a central role

of Vav proteins in promoting allo-specific T-cell prolifer-

ation in vitro.

Deficiency in Vav1 or Vav1/Vav2 inhibits the

alloantigen-driven expansion of T cells in vivo

We tested whether T cells from Vav1-ko and Vav1/

Vav2-ko mice are capable of normal alloantigen-driven

cell cycle progression in a murine systemic GvH model.

CFSE-labeled spleen cells from mutant and wt mice

(C57BL/6 background) were transferred into SCID mice

(BALB/c background). Four days later, total spleen cell

numbers and numbers of T cells retrieved from recipient

spleens were determined and their CFSE staining inten-

sity pattern analyzed. A generally reduced cellularity of
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Figure 1 Effect of Vav1 and Vav1/Vav2 deficiency in T cells on their allogeneic responsiveness in an in vitro mixed lymphocyte reaction. Prolifer-

ation was measured by 3H-thymidine incorporation. Splenic T cells from Vav1-ko C57BL/6 mice or wildtype (wt) littermates were co-cultured with

irradiated BALB/c spleen cells (a, b). Vav1-ko T cells were collected from naı̈ve C57BL/6 mice (a) or heart allograft-transplanted C57BL/6 mice on

day 100 post-transplantation (b). Splenic T cells from Vav1/Vav2-ko C57BL/6 or wt mice were co-cultured with irradiated BALB/c spleen cells

(c, d). Vav1/Vav2-ko T cells were collected from naı̈ve C57BL/6 mice (c) or cardiac allograft-transplanted C57BL/6 mice on day 100 post-transplan-

tation (d). Solid black bars indicate cultures with wt responder cells; grey bars indicate cultures with knockout (ko) responder cells. Mean values

and SD of triplicate cultures are shown. When the number of cells obtained from individual mice was limited, values of single cultures are shown.

(a) Results obtained from one wt and one ko mouse. (b)–(d) Results obtained from one wt mouse and two ko mice.
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recipient spleens was not observed after the transfer of

Vav-1-ko cells when compared with the transfer of wt T

cells [Fig. 2a(i)]. By contrast, the numbers of Vav1-ko T

cells were reduced by about 40% for CD4+ T cells and

50% for CD8+ T cells [Fig. 2a(ii)] The cell cycle distri-

bution patterns of CFSE-stained cells showed that Vav1-

ko T cells still contained about 6% CD4+ T cells and

12% CD8+ T cells with maximal CFSE staining intensity,

defined as zero cell cycles [Fig. 2a(iii,iv)]. The CFSE

staining intensity of the majority of wt T cells (about
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Figure 2 Vav1 and Vav1/Vav2 defici-

ency inhibited expansion of alloreactive

T cells in vivo. Carboxyfluorescein diace-

tate succinimidyl ester-labeled donor

spleen cells were injected into fully

MHC-mismatched severe combined

immune deficiency/beige mice. Four

days after transfer, alloreactivity was

assessed by T-cell recovery from recipi-

ent spleens and cell cycle analysis by

FACS. (a) Vav1-ko and (b) Vav1/Vav2-ko

cells.
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55% for CD4+ and 65% for CD8+ T cells) was consis-

tent with six cell divisions. These proportions were

about 10–20% lower for Vav1-ko T cells. Similar to the

study with Vav1-ko T cells, total recipient splenic cellu-

larity was not diminished after transfer of Vav1/Vav2-ko

T cells [Fig. 2b(i)]. However, numbers of Vav1/Vav2-ko

T cells were dramatically reduced by 70% and 80% for

CD4+ and CD8+ T cells, respectively [Fig. 2b (ii)]. Cell

cycle distribution patterns for CD4+ and CD8+ T cells

were very similar compared with data obtained with

Vav1-ko T cells [Fig. 2b (iii, iv)].

Thus, the systemic GvH reaction of Vav1- and Vav1/

Vav2-ko responder T cells was reduced when compared

with the corresponding wild-type T cells.

Vav1/Vav2 deficiency prevents T-cell-dependent antibody

response to DNP–KLH

Immunization of mice with DNP–KLH enables assess-

ment of T-cell-dependent antibody production. While the

anti-DNP titer was largely suppressed in cyclosporine

(CsA)-treated mice, Vav1-ko mice are fully capable of

mounting a T-cell-dependent antibody response indica-

ting that Vav1-dependent and CsA-dependent pathways

are different (data not shown). By contrast, no formation

of anti-DNP IgM and anti-DNP IgG antibodies was

detectable in Vav1/Vav2-ko mice (Fig. 3).

Deficiency in Vav1 or Vav1/Vav2 leads to long-term

cardiac allograft survival

Following the demonstration in vitro and in vivo that al-

loresponses are markedly reduced in T cells lacking Vav1

or Vav1/Vav2, we embarked on allotransplantation stud-

ies in Vav-ko mice. We addressed the question whether

cardiac allograft survival times and histological severity of

rejection were changed in Vav1- or Vav1/Vav2-ko mice.

Median survival times (MSTs) of cardiac allografts in

Vav1-ko C57BL/6 mice were prolonged to >100 days

without immunosuppressant treatment, while allografts of

C57BL/6 wt controls were rejected with an MST of 8 days.

In two independent studies, nine of 13 transplanted mice

reached day 100 post-transplantation with beating allo-

grafts, while four allografts stopped beating between days

20 and 59 (Table 2). When a reverse transplantation was

performed, i.e. cardiac allografts from Vav1-ko C57BL/6

mice were transplanted into BALB/c recipients, the MST

was only 8 days (n ¼ 2).

Transplantation studies in double ko animals were ini-

tially performed using mice on a C57BL/6 background.

The genotypes were confirmed by Vav1 and Vav2 ko-spe-

cific PCR assays. In Vav1/Vav2-ko C57BL/6 mice, two of

five animals reached day 100 post-transplantation with

beating allografts, while the remaining three animals

were killed with beating cardiac allografts caused by skin

04020001050

000200010000600030

IgM > DNP IgG > DNP

IgM > DNP IgG > DNP

Background

WT

Vav1-ko

Background

WT

Vav1/Vav2-ko

Anti-DNP serum titre (reciprocal, x10–3)

Anti-DNP serum titre (reciprocal)

Figure 3 Anti-2,4-dinitrophenyl (DNP)

antibody formation in Vav1- and Vav1/

Vav2-ko mice. DNP–keyhole limpet

hemocyanin was injected intraperito-

neally into wildtype or mutant mice, and

serum antibody levels were determined

on day 8.
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infections and body weight loss on days 47, 69 and 77

post-transplantation (Table 2). Wild-type mice rejected

allografts with MST 9 days. To explore whether the gen-

etic background played a role in the health condition

seen, Vav1/Vav2-ko mice on a 129Sv background were

studied. Similar to C57BL/6 mice, four of five Vav1/

Vav2-ko 129Sv mice were killed before day 100 with MST

>75 days due to the development of skin infections by

pasteurellaceae and Staphylococcus aureus. Wt mice on

129Sv background showed graft survival times of 11 days

MST. Both wt mice on C57BL/6 and 129Sv background

did not show any signs of sickness.

Histopathology and vessel morphometry of cardiac

allografts in Vav1- and Vav1/Vav2-ko recipients

In the control group, histological examination of all

allografts of wt recipients showed acute cellular rejection

with endothelialitis (grade 3). No signs of rejection were

found in syngeneic transplants with two of the three iso-

grafts showing slight signs of fibrosis. Cardiac allografts of

Vav1-ko recipients revealed mild acute cellular rejection

and mild to severe chronic vasculopathy in all >100 days

allografts (n ¼ 9, Fig. 4). The NI, a measure of vessel

occlusion, showed high inter-animal variability with val-

ues ranging from 25% to 93% (mean ± SD, 53.6 ± 23%).

Grafts of Vav1-ko recipients, which were rejected before

day 100, showed acute cellular rejection (grade 3) with

different degrees of interstitial fibrosis. Immunohisto-

chemical examination revealed mild interstitial cellular

rejection composed of scattered T and B cells, and peri-

vascular infiltrates of macrophages and mild to severe

transplant vasculopathy with aSMA-positive cells and sin-

gle T/B cells and macrophages.

Histological examination of cardiac allografts of Vav1/

Vav2-ko recipients on both C57BL/6 and 129Sv back-

ground showed mild cellular interstitial rejection and

mild transplant vasculopathy (NI measurements per-

formed on two animals with >100 days graft survival:

32% and 25%), while the allografts of wt recipients

showed severe acute cellular rejection with endothelialitis

(Fig. 5).

Table 2. Cardiac allograft survival times in Vav1- or Vav1/Vav2-knockout (ko) mice. BALB/c cardiac allografts were transplanted into wildtype

(wt) or mutant mice of C57BL/6 or 129Sv background.

Study group Recipient of BALB/c heart Individual graft survival MST

A Vav1 wt C57BL/6 7, 7, 8, 8, 8 8

A + B Vav1-ko C57BL/6 20, 28, 50, 59, >100, >100, >100, >100, >100, >100, >100, >100, >100 >100

B BALB/c >100, >100, >100 >100

C Vav1/Vav2 wt C57BL/6 9, 9, 9, 10, 25* 9

C Vav1/Vav2-ko C57BL/6 >47�, >69�, >77�, >100, >100 >77

C Vav1/Vav2 wt 129Sv 10, 10, 11, 11, 11 11

C Vav1/Vav2-ko 129Sv >39�, >40�, >75�, >76�, >100 >75

MST, median survival time.

*wt genotype verified by PCR.

�Killed with beating heart because of impaired health.

Figure 4 Histopathology of BALB/c beating cardiac allografts in Vav1-ko C57BL/6 mice removed on day 100 post-transplantation. Grafts were

processed for histological examination as described under Methods. (a) Graft shows intimal thickening in intramural arteries (Van Gieson, ·400).

(b) Graft shows minimal interstitial, peri-vascular and intimal infiltration of T cells (aCD3, ·400).
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Discussion

Using murine in vitro and in vivo models of immune

responses, we showed that deficiency of Vav1 strongly

suppressed alloreactivity. This led to long-term survival of

fully mismatched heart allografts. Graft histology revealed

low-grade inflammatory cell infiltration combined with

the presence of vascular remodeling. Subsequent studies in

Vav1/Vav2-ko mice showed that the double ko, while also

supporting long-term graft survival, could not prevent

infiltration and vascular changes. These results suggest that

Vav proteins play a crucial role in alloreactivity which is

in line with the key role of Vav proteins in T-cell activa-

tion by signal 1 and signal 2 [3,8,13,14]. Interestingly,

while Vav1/Vav2 deficieny fully prevents T-cell-dependent

antibody responses in mice, Vav1-ko mice showed a

normal antibody response to ONP-KLH. Thus, although

Vav1 is essential for CD4+ T-cell-dependent alloreactivity,

it is dispensable for a CD4+ T-cell-dependent antibody

response.

Vav1 is a central signal transduction protein in T cells

that is activated via stimulation through the TCR and/or

CD28 [8,13–16,39]. Previous work has shown that T cells

lacking Vav1 or Vav1/Vav2 largely fail to respond to

standard activation protocols such as stimulation with

ConA or anti-CD3/anti-CD28. By contrast, full activation

was still achieved when lymphocytes were exposed to

PMA alone demonstrating that Vav signaling occurs

upstream of PKC-dependent pathways. Our studies in

whole blood cultures (Table 1) and in splenocytes derived

from the same animals (not shown) confirmed the

important role of Vav1 in T-cell signaling. Activation of

lymphocytes with a combination of PMA and CD28 were

also slightly impaired (Table 1) which is in line with the

reported role of Vav proteins in signaling pathways

downstream of CD28 [16,39].

We explored the impact of Vav deficiency on alloreac-

tivity in vitro and in vivo. Our initial MLR studies using

Vav1-ko splenocytes and irradiated BALB/c cells as an

allogeneic stimulus suggested a strong impairment of

T-cell alloreactivity due to the absence of Vav1. This ini-

tial result led to further studies as Vav-ko mice have a

defect in lymphocyte maturation leading to lowered T-cell

numbers in Vav1-ko mice and lowered T- and B-cell

numbers in Vav1/Vav2-ko mice (28). Therefore, it was

important to compensate for differences in cell number

and use purified T cells from Vav1 and Vav1/Vav2 ko

mice in the follow-up in vitro MLR studies. In these stud-

ies, we demonstrated that alloreactivity was also largely

impaired when using the same number of T cells from wt

and Vav1-ko or Vav1/Vav2-ko mice (Fig. 1). This result

suggests that the impaired signaling previously character-

ized in Vav1- and Vav1/Vav2-ko T cells is mainly respon-

sible for the suppressed alloresponse in MLR studies.

Lack of alloresponse in vitro was confirmed in a mouse

model of systemic GvH reaction, showing markedly dimin-

ished alloantigen-driven T-cell expansion in vivo, in partic-

ular with Vav1/Vav2 double-ko responder T cells. CFSE

staining intensity patterns revealed only slight differences,

which is probably due to the late time point of data acqui-

sition. Our previous experience using standard immuno-

suppressants such as CsA in this model had identified the

time period of 4 days between donor T-cell transfer and

retrieval to be optimal for a large ‘window’ in overall T-cell

recovery, although earlier time points are superior for

demonstrating differences in CFSE staining intensity pat-

terns (data not shown). Due to the limited availability of

Vav-ko mice, further CFSE staining studies with different

time points have not been performed yet in this model.

Although we have demonstrated a critical role of Vav1 in

MLR and GvH, it is possible that differences in the respon-

siveness of Vav-ko T cells could be due to impaired thymic

Figure 5 Histopathology of BALB/c cardiac allografts. (a) Beating allograft in Vav1/Vav2-ko C57BL/6 mice was removed on day 100 post-trans-

plantation. The graft shows mild interstitial cellular rejection and no vascular remodeling in the intramural coronary artery shown [hematoxylin

and eosin (H&E), ·100]. (b) Acutely rejecting allograft was harvested from wild-type recipient C57BL/6 mice. The graft shows the typical severe

interstitial cellular rejection associated with endothelialitis (H&E, ·100).
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development. To test this possibility, conditional Vav1-

and Vav1/Vav2-ko phenotypes would be needed where

mature lymphocytes are affected selectively.

As Vav1 plays a critical role in alloreactivity, we per-

formed transplantation experiments using Vav-ko mice as

recipients of fully mismatched heart allografts. Here, we

show for the first time that the absence of Vav1 or Vav1/

Vav2 in mice resulted in long-term survival times of car-

diac allografts. Vav1-ko recipients of cardiac allografts

reached MST >100 days in the majority of mice without

any adjunct immunosuppression. These long-term survi-

ving grafts revealed signs of mild acute cellular rejection

and mild to severe chronic vasculopathy.

Analogously, Vav1/Vav2-ko recipients of cardiac allo-

grafts reached >75 days graft survival. Unfortunately, most

of the animals had to be killed before grafts reached

100 days post-transplantation because of impaired health.

In our hands, double ko mice kept for extended time peri-

ods seemed to be more susceptible to infectious diseases

resulting in obvious sickness and hence premature termin-

ation when compared with Vav1-ko mice. This was

confirmed by microbiological analysis of selected mice

that had been terminated prematurely. Interestingly, we

showed for the first time that Vav1/Vav2-ko mice are

unable to make T-cell-dependent antibodies (Fig. 3) which

are important in antiviral and antibacterial immune

responses. The fact that infections occurred during the

course of the study with Vav1/Vav2-ko mice but not with

Vav1-ko mice hints that type and/or degree of immunode-

ficiency in the two mice strains is different. In this context,

the recent discovery of a role of Vav1 and Vav2 in innate

immune receptor signaling may be relevant [31,33] in that

LPS-dependent signaling is impaired in primary Vav1/

Vav2-ko B cells. It is unknown whether transplantation

results obtained in Vav1/Vav2-ko mice were affected by

these local infections. Based on the occurrence of infec-

tions, it was decided, in contrast to the Vav1 ko study, not

to repeat the Vav1/Vav2 ko study to avoid potential undue

stress to the animals. While this decreased the statistical

relevance of the data for the single Vav1/Vav2-ko groups,

results have to be considered in the context of the fact that

very similar graft survival data were obtained with two dif-

ferent genetic backgrounds (C57BL/6 and 129Sv).

Like allografts in Vav1-ko recipients, long-term survi-

ving allografts in Vav1/Vav2-ko recipients showed only

mild cellular interstitial rejection. Whether development

of transplant vasculopathy is reduced by additional defici-

ency of Vav2 and the concomitant additional impairment

in antibody production needs to be addressed in a larger

number of grafts, as variability of neointima formation

between grafts is rather high. Studies concerning the

underlying mechanism of transplant vasculopathy are

ongoing.

While T-cell-dependent alloreactivity was impaired in

Vav1- and Vav1/Vav2-ko mice, B-cell-based immunity is

suppressed only in the double ko mice (Fig. 3). We have

not assessed whether Vav1/Vav2 deficiency also directly

(or only indirectly) affects B cells. Tedford et al. [28]

demonstrated that B-cell receptor (BCR)-driven B-cell

activation and proliferation are greatly impaired in Vav1/

Vav2-ko B cells. Our studies show that Vav1 deficiency

has no or little effect on selected B-cell functions but

clearly affects CD4+ T-cell function in alloreactivity with-

out impairing CD4+ T-cell helper function.

Future studies should address the role of Vav3 defici-

ency as well as combined deficiencies, e.g. Vav1/Vav3-ko

mice, with regard to effects on alloreactivity to improve

our understanding of the interplay and potential redund-

ancies of Vav proteins [40,41]. Importantly, as suggested

by our studies with Vav1/Vav2 double ko mice, the com-

bined deficiency of selected Vav proteins may further

improve graft acceptance. However, multiple Vav ko may

aggravate untoward side effects due to ‘over-immune-sup-

pression’. In this context, the observation of Martinez-

Gakidis [41] is relevant which showed that combined

deletion of Vav1 and Vav3 leads to impaired integrin-

mediated functions of neutrophils such as adhesion and

phagocytosis. Similar to Vav1, Vav3 is phosphorylated

and activated subsequent to TCR activation. However,

while Vav3 mediates serum response element-controlled

transcription, Vav1 is important for interleukin (IL)-2

production [40]. Complete deficiency of Vav1/Vav2/Vav3

was shown to lead to the development of mice without

gross organic defects, but severe impairment of immune

functions at both the cellular and the humoral levels [42].

In these studies, the absence of Vav3 was shown to aggra-

vate defects in T-cell proliferation and activation induced

by Vav1 deficiency alone. More insight is expected from

studies in knockin mice where specific Vav functions/

domains are inactivated, e.g. by single point mutations.

Vav1 carrying a R422G mutation that renders the PH

domain inactive and reduces GEF activity, leads to prolif-

eration defects in CD4+ T cells which, however, were less

pronounced than in Vav1-ko mice [43].

In conclusion, we show for the first time that mice lack-

ing Vav1 or Vav1/Vav2 exhibit impaired alloreactivity lead-

ing to long-term cardiac allograft survival. Interestingly,

antibody responses were minimal in Vav1/Vav2 ko com-

pared with Vav1-ko mice suggesting that reduced T-cell

function is the main basis for suppressed graft rejection.
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