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Abstract 

The CD28 costimulatory receptor has a pivotal role in T cell biology as this molecule 

amplifies T cell receptor (TCR) signals to provide an efficient immune T cell response. There 

is a large debate about how CD28 mediates these signals. Here, we designed a CD28 gene 

targeted knock-in mouse strain lacking the cytoplasmic tail of CD28. As is the case in CD28-

deficient (CD28 knock-out) mice, regulatory T cell homeostasis and T cell activation are 

altered in these CD28 knock-in mice. Unexpectedly, the presence of a CD28 molecule 

deprived of its cytoplasmic tail could partially induce some early activation events in T cells 

such as signaling events or expression of early activation markers. These results unravel a 

new mechanism of T cell costimulation by CD28, independent of its cytoplasmic tail.    
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Introduction   

Costimulatory molecules are essential to achieve complete T cell activation. CD28 is a 

founding member of the costimulatory receptor family [1]. A large number of experiments 

have been performed to assess the role of the cytoplasmic tail of this molecule including 

studies using primary T cells in transgenic (Tg) mice or retroviral reconstitution on the CD28-

deficient background [2,3]. In these experiments, CD28 expression is under control of a 

heterologous promoter, and not under endogenous control.  

Several signaling motifs can be identified in the cytoplasmic tail  of CD28. One of the 

strategies used to investigate the importance of the CD28 cosignaling has been to generate 

tail-less CD28 mutants defective in signaling on a CD28 null background. Such CD28 mutant 

were expressed using the human CD2 promoter in CD28-deficient mice; cell surface 

expression of the transgene was detected on splenic T cells at levels higher than those from 

WT mice [4]. Tail-less CD28 Tg T cells were shown to be functional in terms of cytokine 

production and proliferation, to be insensitive to CD28 engagement via CD28 mAbs or via 

B7-transfected CHO cells. These findings have been confirmed by retroviral infection of these 

tail-less mutants in CD28-deficient T cells [5,6].  

However, studies of TCR Tg T cells from CD28-deficient mice expressing a tail-less CD28 

mutant showed that the CD28 cytoplasmic tail is important for the recruitment of signaling 

molecules but not required for CD28 clustering at the T cell surface [7]. This tail-less CD28 

receptor clustering has been described to play a regulatory function in the initial steps of T 

cell activation. In addition to inducing signaling events via its cytoplasmic tail, CD28 surface 

expression facilitates some TCR-induced signaling events during cell-cell interactions [8]. To 

study the role of CD28 in adhesion versus signaling in naive T cells where CD28 expression 

is controlled by endogenous elements, we designed a mouse strain lacking the cytoplasmic 

tail of CD28, tail-less CD28 gene targeted knock-in mouse (termed CD28 KI). This new 
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mouse strain allows the analysis of the role of CD28 on T cells allow to exclude specifically, 

independent of signaling via its cytoplasmic tail. Here, we analyze the influence of the loss of 

the entire CD28 cytoplasmic tail on T cell activation and the incidence on bacterial infections. 

In other words, does CD28 ligation induce signal events in the absence of its cytoplasmic tail? 
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Materials and methods 

Animals 

CD28-deficient mice (CD28 KO), described previously [9], were bred onto a B6 background 

and were maintained in our animal facility. C57BL/6 (B6) and BALB/c mice were purchased 

from Charles River Laboratories (L’Arbresle, France) and Janvier Labs SAS (Le Genest St 

Isle, France). All mice used were cared for in accordance with institutional guidelines. All 

experimental
 
protocols were in agreement with the French Guidelines for animal handling and 

were approved by the Inserm ethical committee. 

 

Gene targeting and generation of tail-less CD28 knock-in mice 

Tail-less CD28 knock-in (KI) mice (CD28 N163* also termed CD28 KI) were generated in 

the laboratory (Figure S1A). A targeted mutagenesis in the exon 4 of cd28 allowed the 

substitution of an asparagine codon (N163) by a stop codon. A neomycin selection cassette 

surrounded by loxP sites and a thymidine kinase cassette were introduced. The recombination 

vector was electroporated into embryonic stem (ES) cells of 129/Sv mice. After dual 

selection, ES cells were injected into blastocytes of C57BL/6 cells mice by Service 

d’Expérimentation Animale de Transgénèse et de Recombinaison Homologue (SEAT/UPS 44 

CNRS, Villejuif, France). Chimeric males were mated with Cre-transgenic mice, in order to 

generate heterozygous mice without the
 
neomycin selection cassette. Genotype analyses were 

performed on
 

genomic DNA from tail biopsies with PCR primers F 

(5’AAGGCTCCTCAGGGTCATTT3’) and R (3’GCTGGTAAGGCTTTCGAGTG5’). Mice 

heterozygous for the deletion on a mixed 129/Sv by C57BL/6
 
background were intercrossed 

to generate homozygous CD28 KI mouse strain. Tail-less CD28 KI mouse strain were 

backcrossed with C57BL/6 cells mice at least 10 times.  
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Antibodies 

MAbs with the following specificities were used for flow cytometry (FCM): CD3ε (clone: 

145-2C11), CD4 (clone: RM4-5), CD8 (clone: 53-6.7), CD25 (clone: PC61.5), CD28 

(clone: 37.51), CD44 (clone: IM7), CD69 (clone: H1.2F3), H-2Kb (clone: AF6-88.5.5.3) and 

FoxP3 (clone: FJK-16s) (all eBioscience, Paris, France), CD127 (clone: A7R34) (Biolegend, 

San Diego, CA, USA), anti-TCR Vβ6 (clone: RR4-7) and anti-TCR Vβ8.1/8.2 (clone: 

MR5.2) (BD Biosciences, Le Pont-De-Claix, France). A chimeric antibody CD80-Ig was used 

to determined CD28 affinity for its ligand CD80 (R&D Systems, Lille, France). Goat 

polyclonal anti-CD28 biotinylated antibodies were used for immunoblotting (R&D Systems, 

Lille, France).  

 

Flow cytometry (FCM) analysis 

Cells were washed twice in FCM buffer (PBS, 2% FCS, 1mM EDTA, 0.02% NaN3). Cell 

number was determined by Trypan blue staining. From 2.5 x 10
5 

to 10
6
 cells were then 

incubated with conjugated-antibodies for 30 min at 4°C, washed twice with FCM buffer and 

fixed with 4% paraformaldehyde. For intracellular staining, cells were permeabilized and 

fixed with Cytofix/Cytoperm (BD Biosciences, Le Pont-De-Claix, France), incubated with 

conjugated antibodies for 30 min at 4°C and washed twice with Permwash buffer (BD 

Biosciences, Le Pont-De-Claix, France). All data were acquired on an FACS LSR II SORP 4 

lasers flow cytometer (Becton Dickinson, Le Pont-De-Claix, France) and analyzed with 

FlowJo software (Tree Star, Ashland, OR, USA). 

 

T cell activation 

For CD3/CD28 stimulation, 2.5 x 10
5
 CD4

+
 T cells isolated from the spleen were mixed (ratio 

1:1) with Dynabeads Mouse CD3/CD28 T Cell Expander (Life Technologies, Cergy-

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 7 

Pontoise, France) in 96-well round bottom plates (200 µL) and incubated for 3 days (37°C, 

5% CO2) with recombinant IL-2 (60 U/mL). For staphyloccoccal enterotoxin B (SEB; Sigma 

Aldrich Chemie S.a.r.l., L'isle d'Abeau Chesnes, France) stimulation, SEB was dissolved in 

sterile phosphate buffered saline (PBS) at 1 mg/ml and further dilutions were done in RPMI-

1640 media supplemented with 10 % FCS. 5 x 10
5
 splenocytes were incubated for 24 hrs with 

different concentraions of SEB in 96-well round bottom plates. For allogeneic stimulation, 

BALB/c mouse splenocytes were pre-activated for 24 hrs with LPS (10 µg/mL). Then, 2.5 x 

10
5
 CD4

+
 T cells were mixed (ratio 1:3) with 7.5 x 10

5
 BALB/c mouse splenocytes irradiated 

with 50Gy as antigen presenting cells (APCs) and incubated for 3 or 4 days with recombinant 

IL-2 (60 U/mL). For PMA/ionomycin stimulation, 2.5 x 10
5
 CD4

+
 T cells

 
were incubated for 

3 to 4 days with 10 ng/mL phorbol myristate acetate and 1 µg/mL ionomycin. Activation was 

assessed by FACS analysis for activation markers expression at the cell surface and by ELISA 

(eBioscience, Paris, France) for IFN- production. 

 

Regulatory T cell stimulation 

CD4
+
 cells were obtained by antibody-mediated magnetic bead depletion from lymph nodes 

or spleen (Miltenyi Biotec, Paris, France). Purity was checked by FCM and was always more 

than 97%. For regulatory T cell stimulation, 10
5
 splenocytes were mixed (ratio 1:2) with 

Dynabeads Mouse CD3/CD28 T Cell Expander and were incubated for 72h (37°C, 5% CO2) 

with recombinant IL-2 (1 µg/mL corresponding to 10
5
 units/mL) and TGF- (1 ng/mL) 

purchased from R&D Systems (Lille, France). Regulatory T cell stimulation was assessed by 

FACS analysis. 

 

Phosphoflow by FACS analysis  
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Cells were stimulated 5-30 min with Dynabeads Mouse CD3/CD28 T Cell Expander and 

recombinant IL-2 (10ng/mL). Phosphoflow analysis was then performed by cytometry as 

previously described [10]. Briefly, cells were fixed and permeabilized, incubated with anti-

phospho-Akt S473 or anti-phospho-ERK-1/2 T202/Y204 mAbs (Cell Signaling Technology, 

Danvers, MA, USA) and appropriate biotinylated secondary antibodies. Finally, revelation 

was performed using Streptavidin-phycoerythrin solution (Beckman Coulter, Roissy, France). 

All data were acquired by FACS analysis. 

 

Bacterial preparation, mice inoculation and antibodies response analysis 

Coxiella burnetii RSA493 Nine Mille strain was cultured in L929 cell line as previously 

reported [11]. Monolayers of L929 cells were infected for 7 to 10 days and bacteria were 

harvested, sonicated and quantified by Gimenez stain. Bacterial viability was assessed using 

the LIVE/DEAD BacLight kit (Molecular Probes) as previously reported [11]. Wild type 

(WT), CD28 KO and CD28 KI mice housed in biosafety level 3 laboratory were inoculated 

with 5x10
5
 bacteria per mouse using intra-peritoneal route (i.p.). Whole blood specimens were 

sampled by retro-orbital puncture at days 14 and 21 post-inoculation (pi) (n = 5 for WT and 

KO mice and n = 4 for KI mice) for serology experiments (see below). Serum was obtained 

by centrifugation of blood from infected mice at 700g for 10 min. Obtained serum was stored 

at –80°C until analysis for the presence of specific antibodies anti- C. burnetii. Smears of C. 

burnetii antigens methanol-fixed were incubated with serial dilutions of serum for 30 min at 

37°C. After washing, the presence of immunoglobulins G (IgG) against C. burnetii was 

revealed using fluorescein-conjugated goat antibodies (Abs) directed against mouse IgG 

diluted at a 1:400. The samples were titered by the end point. 

 

Statistical analysis 
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Results shown represent means ± SD. Statistical analysis was performed with Student and 

ANOVA tests using Prism software (La Jolla, CA, USA).  
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Results  

Characterization of CD28 tail-less KI mice 

 To address the role of the CD28 cytoplasmic tail in T cell activation, we generated CD28 tail-

less KI (CD28 KI) mice. This truncated CD28 protein, CD28 tail-less (CD28 TL) contains the  

first 162 residues and lacks the intracellular domains involved in the binding to signaling 

molecules (Figure 1A). CD28 surface expression in CD28 KI thymocytes is similar to WT 

thymocytes (Figure S1B). By western blot, we assessed the molecular weight of CD28 TL, 

which is lower than that of CD28 WT (Figure S1C). The CD28 extracytoplasmic Ig domain 

binds to the CD80 and CD86 ligands. CD80-Fc (Figure S1D) and CD86-Fc (data not shown) 

fusion proteins bind similarly to the surface of thymocytes from CD28 KI or WT mice. As 

reported for CD28 KO mice [9], analysis of CD4/CD8, CD25/CD44 and H-2Kb/CD69 

fractions in thymus showed no major difference in T cell development between CD28 KI and 

WT mice (Figure S1E-G). Moreover, CD28 KI splenocytes were analyzed for their surface 

expression of CD28 (Figure 1A), showing no difference compared to WT cells. Thus, the 

truncated CD28 receptor is normally expressed at the surface of the CD28 KI T cells and is 

recognized by its natural ligands B7.  

 

CD28 tail-less (CD28 TL) engagement can amplify T cell signals during T cell 

costimulation  

In the context of TCR crosslinking, CD28 ligation induces an optimal activation of signaling 

pathways such as PKB/Akt and ERK-1/2 activation [12]. Using phosphoflow analysis, we 

analyzed the phosphorylation of Akt (Ser-473) and ERK-1/2 (Thr-202 / Tyr-204) from CD4
+
 

T cells both in CD25
-
 or CD25

high
 subtypes. Cells were stimulated with CD3/CD28 beads and 

phosphorylation was measured as fold induction compared to untreated control. As expected, 

Akt and ERK-1/2 phosphorylation was higher in CD25
high

 cells than CD25
-
 cells (Figure 1B).  

Phosphorylation rates in CD28 KI cells were intermediate between CD28 KO and WT cells: 
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respectively for Akt 1.74  0.05, 1.15  0.10 and 1.86  0.06, and for ERK-1/2 1.85  0.14, 

1.30  0.21 and 2.32  0.16 (CD25
high

 cells with 30 min CD3/CD28 stimulation). These 

results show that CD28 lacking its cytoplasmic tail, is able to significantly increase the TCR 

activation signal by activation of PI3K-Akt and MAPK pathways.  

 

Late T cell activation events are less impaired in CD28 KI than in CD28 KO T cells 

CD4
+
 T cells isolated from the three different mouse strains were stimulated with CD3/CD28 

beads for 3 days. The percentage of activated T cells corresponding to CD69
POS

 or CD44
POS

 

cells (Figure 2A & 2B, left panels) was measured and production of IFN- was evaluated 

(Figure 2C). Similar results were obtained in CD28 KO and CD28 KI conditions for CD69 

expression (Figure 2A), however the percentage of CD44
 POS

 cells in CD28 KI is higher than 

CD28 KO T cells (Figure 2B). The detection of another activation marker, CD25 shows 

similar results in that CD28 KI appears at an intermediate range between CD28 KO and WT 

conditions (Figure S2B). This difference is mainly due to a difference in the percentage of 

cells with a low level of CD25 expression (Figure S2C). The percentage of cells with a high 

level of CD25 expression (Figure S2D) is very low both in CD28 KI and CD28 KO T cells. 

As this high CD25
+
 population could be due to a endogenous IL-2 stimulation, this suggests 

that both CD28 KI and CD28 KO T cells are defective for the production of this cytokine. 

Therefore, upon CD3/CD28 beads stimulation, IFN- production is reduced both in CD28 KI 

and CD28 KO T cells (Figure 2C). By phospho-Akt flow analysis, a PI3K/Akt signaling 

induction is detected in CD4
+
 T cells from CD28 KI mice (Figure 1B). The loss of IL-7R 

(CD127) expression was reported as a hallmark of PI3K activation in effector CD4
+
 T cells 

[13]. Therefore, the percentage of CD127
POS

 cells was measured in CD4
+
 T cells from lymph 

nodes of the different mouse strains (Figure S3). Upon CD3/CD28 T cell stimulation, the 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 12 

percentage of CD127
POS

 cells is lower in WT than in CD28 KO mice and CD28 KI condition 

has an intermediate phenotype.  

Using a bacterial superantigen such as Staphylococcal enterotoxin B (SEB) to activate T cells, 

Similar results were obtained in CD28 KO and CD28 KI conditions for CD69 expression 

(Figure S4). Furthermore, CD4
+
 T cells were also stimulated by irradiated BALB/c 

splenocytes as antigen presenting cells (APC) for 3 or 4 days, then activation marker 

expression (CD69 and CD44) were measured by flow cytometry (Figure 2A & 2B). No 

significant increase of CD69 and CD44 expression level was detected at day 3 either in CD28 

KI or in CD28 KO T cells (Figure 2A & 2B, left panels). However, at day 4 post-

allostimulation, CD28 KI T cells showed an intermediate induction phenotype compared to 

CD28 KO and WT cells (Figure 2A & 2B, right panels). These results show that the 

cytoplasmic tail of CD28 is required to induce functional costimulatory events in primary T 

cells. However, in some cases, signaling events induced by CD28 engagement occur in 

absence of its cytoplasmic tail.   

 

The CD28 cytoplasmic tail is required for regulatory T cells homeostasis 

CD28 costimulation by its ligands CD80/CD86 is essential for regulatory T cells (Tregs) 

homeostasis and Treg subset is strongly decreased in CD28 KO mice [14]. The presence of 

CD25
+
/FoxP3

+ 
Tregs was measured in splenocytes from the three different mouse strains 

(Figure 3A, left panel). As was observed in CD28 KO, CD28 KI mice showed a clear 

reduction of  CD25
+
/FoxP3

+
 cells compared to WT mice. We used a Treg stimulation assay to 

induced Treg differentiation and proliferation. By focusing on regulatory CD25
+
/FoxP3

+ 

subset, we obtained a strong decrease in CD28 KI similar to CD28 KO, compared to WT cells 

(respectively 4.52  0.53, 6.44  0.62 and 15.05  1.45) (Figure 3A, right panel). However, in 

the same assay, the total CD25
+
 T cell population corresponding mainly to activated effector 
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T cells is decreased in CD28 KO, but not in CD28 KI conditions (Figure 3B). The results 

suggest that the cytoplasmic tail of CD28 is mandatory for Treg homeostasis and activation, 

but not for effector T cell activation. 

 

The cytoplasmic tail of CD28 is required to drive an optimal IgG production during 

Coxiella burnetii infection 

Q fever is a zoonosis caused by Coxiella burnetii, an obligate intracellular microorganism that 

replicates in myeloid cells. The development of a protective immune response against C. 

burnetii requires an adaptive immune response as shown by Honstettre et al. [15]. Despite the 

fact that the CD28 gene inactivation in mice leads to a decrease of IgG production, it also 

leads to a decrease of C. burnetii burden in tissues [16]. We analyzed the CD28 KI mice 

immune response to infection by C. burnetii. There were no significant differences in C. 

burnetii burden in both blood and spleen compared to CD28 KO mice, but we found an 

increased burden in liver (Figure 4A). IgG production was assessed and we found a large 

decrease of Igs both in CD28 KI and CD28 KO mice compared to B6 (WT) mice. Ig titers are 

slightly but significantly higher in CD28 KI than in CD28 KO mice at 14 days, but then this 

decrease is comparable in CD28 KO and in CD28 KI mice, 21 days after infection by C. 

burnetii (Figure 4B). These results prove that the cytoplasmic tail of CD28 is required to drive 

an optimal IgG production during C. burnetii infection.  
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Discussion 

The CD28 receptor has been identified as a costimulatory molecule that can amplify TCR-

driven signals to induce functional events in T cells. Several partners have been identified to 

be associated to the cytoplasmic tail of CD28 [2,17], and we contributed to identify some of 

them such as the phosphatidylinositol 3’-kinase (PI3K) and some protein tyrosine kinases 

[18,19]. In order to precisely define the relative importance of each individual signaling motif 

in the CD28 sequence, some CD28 gene targeted KI mouse strains have been generated 

[20,21]. Despite the description of these elegant mouse models, in 2010, J. Boomer and J. 

Green entitled their review article in the Cold Spring Harbor Perspectives in Biology, “An 

enigmatic tail of CD28 signaling” [2]. Previous data assessing the function of tail-less version 

of CD28 have been performed using retroviral transfer into previously activated cells (which 

cannot achieve T cell development and activation of naïve T cells) or using transgenic CD28 

which is generally overexpressed compared to the endogenous CD28 expression levels. In this 

context, we generated a mouse strain lacking the entire cytoplasmic tail of CD28, tail-less 

CD28 gene targeted KI mouse. In contrast to the previously described CD28 tail-less models, 

CD28 engagement delivers some co-signals in CD28 tail-less KI T cells, suggesting that 

CD28 allows partial amplification of TCR signals in the absence of its cytosolic tail. How an 

adhesion molecule expressed at the T cell surface can participate to the T cell costimulatio is 

still a matter of debate [22]. 

Expression of the CD28 receptor and its ability to recognize B7 ligands are similar in 

C57BL/6 mice and CD28 KI animals. T cell homeostasis is well described in CD28 KO mice, 

where the numbers of effector T cells are normal but associated to a dramatic decrease of 

Tregs [9,14]. The overall T cell phenotype of the CD28 KI mouse strain is similar to the 

CD28 KO model, showing that the cytoplasmic tail of CD28 is mandatory for Treg 

development. Moreover, in both CD28 KO and CD28 KI mice, T cell responses are impaired 
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for activation marker expression, IFN- secretion or IgG production during bacterial infection. 

Unexpectedly, some differences appear between CD28 KO and CD28 KI mice, when T cell 

activation in effector T cells is assessed. In the context of TCR+CD28 costimulation, the 

magnitude of signaling events induced in CD28 KI T cells is always lower than WT T cells, 

but significantly higher than in CD28 KO T cells where by definition the CD28 molecule is 

not expressed. These results suggest that the engagement of the CD28 molecule is able to 

amplify TCR signaling at least partially via the presence of the CD28 costimulatory receptor 

at the plasma membrane.  

The lipid kinase, PI3K that directly binds to the cytoplasmic tail of CD28 [18], can be 

triggered via CD28 in the absence of a direct binding to the YxxM CD28 binding motif [23]. 

However, these observations do not exclude an indirect binding to the cytoplasmic tail. Here, 

we showed that in the context of TCR engagement, stimulation of CD28 can promote 

PI3K/Akt signaling in absence of its entire cytoplasmic tail. Bacterial superantigens can 

trigger T cell activation; these potent T cell activation inducers can create a bridge between 

TCR and CD28 receptor at the T cell surface to facilitate T cell signaling [24]. CD28 

triggering can enhance the PI3K/Akt signaling pathway in T cells when this receptor is 

located in specialized plasma membrane structures called raft nanodomains [25]. This specific 

membrane localization of CD28 followed by a receptor aggregation induced via its 

engagement, is able to promote the TCR cell signaling. Before the engagement of signaling 

proteins with the cytoplasmic tail, receptor oligomerization and plasma membrane 

sublocalization could represent the initial step of the costimulation events induced by CD28. 

It is well established that aggregation of receptors at the T cell surface is a potent mechanism 

to induce cell signaling events [26]. Among the signaling proteins associated with CD28 

signaling [2], the Src-family protein tyrosine kinase member Lck is anchored to the inner 

phase of the plasma membrane and is a resident of the lipid rafts. The CD28 molecule could 
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deliver a trans-signal to the TCR in naive primary T cells to prime TCR signaling. In this 

case, the CD28 molecule in the absence of its cytosolic tail could participate to TCR-mediated 

signals in a quantitative-manner by increasing TCR clustering and/or lipid raft coalescence 

[27]. One hypothesis in favour of a qualitative costimulatory model would be that the 

transmembrane domain of CD28 could be associated with unknown protein binding partners 

involved in cell signaling and/or cytoskeleton reorganization.  

Taken together, our results show that the cytoplasmic tail of CD28 is mandatory for Treg 

development and is required to promote a full activation of effector T cells. However, in the 

absence of its cytoplasmic tail, CD28 can also induce some signaling events. These initial 

steps of cosignaling at the plasma menbrane should be further investigated. It is important to 

understand the behaviour of these cosignaling molecules when there are recognized by a 

ligand as a monomer or an oligomer, as therapeutic strategies using monoclonal antibodies 

have been designed to target cosignaling molecules [17].  

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 17 

Acknowledgements 

We thank Valérie Ferrier-Depraetere (Institut Paoli-Calmettes) for thoughtful reading of the 

manuscript. We are grateful to Pr. Doreen A. Cantrell (University of Dundee) for sharing her 

expertise in the "animal models and T cell signaling" research field. We are indebted to Anne-

Marie Mura and Mireille Richelme for their help to handle and manipulate mouse ES cells, to 

Danielle Depetris and Dr Marie-Geneviève Mattei for analyzing chromosome stability of ES 

cells, to Dr Cécile Goujet (SEAT, Villejuif) for injecting selected ES clones, to Nacer 

Boubenna for his help in the initial steps of the description of CD28 KI mouse strain, to 

Emilie Coppin (CRCM) and Marisa Goncalves Menoita (CIML) for their help in the 

biochemical assays and to Dr Anne-Marie Schmitt-Verhulst (CIML) for helpful discussions. 

The authors thank to Patrick Gibier, Jean-Christophe Orsoni (CRCM animal facility) and  

Fabrice Gianardi (inter-IFR animal facility) for taking care of the mouse strain colonies and 

the CRCM cytometry platform for FACS analysis.  

This work was supported by institutional grants from the Institut National de la Santé et de la 

Recherche Médicale, Centre National de la Recherche Scientifique and Aix-Marseille 

Université to CRCM and the Comité du Var de la Ligue Nationale contre le Cancer (J.A.N.). 

J.A. Nunès and D. Olive laboratory is supported by the Fondation pour la Recherche Médicale 

(Equipe FRM DEQ20140329534). V. Giroux was supported by a fellowship from the 

Fondation pour la Recherche Médicale, S.O. Morin by a fellowship from Aix-Marseille 

Université, C. Favre by fellowships from the Ministère de l’Enseignement Supérieur et de la 

Recherche and the Association pour la Recherche contre le Cancer. D. Olive is a scholar of 

the Institut Universitaire de France. 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 18 

References 

1. Riley JL, June CH (2005) The CD28 family: a T-cell rheostat for therapeutic control of T-

cell activation. Blood 105 (1):13-21. doi:10.1182/blood-2004-04-1596 

2004-04-1596 [pii] 

2. Boomer JS, Green JM (2010) An enigmatic tail of CD28 signaling. Cold Spring Harb 

Perspect Biol 2 (8):a002436. doi:cshperspect.a002436 [pii] 

10.1101/cshperspect.a002436 

3. Ogawa S, Watanabe M, Sakurai Y, Inutake Y, Watanabe S, Tai X, Abe R (2013) CD28 

signaling in primary CD4(+) T cells: identification of both tyrosine phosphorylation-

dependent and phosphorylation-independent pathways. Int Immunol 25 (12):671-681. 

doi:10.1093/intimm/dxt028 

4. Harada Y, Tokushima M, Matsumoto Y, Ogawa S, Otsuka M, Hayashi K, Weiss BD, June 

CH, Abe R (2001) Critical requirement for the membrane-proximal cytosolic tyrosine residue 

for CD28-mediated costimulation in vivo. J Immunol 166 (6):3797-3803 

5. Burr JS, Savage ND, Messah GE, Kimzey SL, Shaw AS, Arch RH, Green JM (2001) 

Cutting edge: distinct motifs within CD28 regulate T cell proliferation and induction of Bcl-

XL. J Immunol 166 (9):5331-5335 

6. Andres PG, Howland KC, Nirula A, Kane LP, Barron L, Dresnek D, Sadra A, Imboden J, 

Weiss A, Abbas AK (2004) Distinct regions in the CD28 cytoplasmic domain are required for 

T helper type 2 differentiation. Nat Immunol 5 (4):435-442. doi:10.1038/ni1044 

ni1044 [pii] 

7. Yokosuka T, Kobayashi W, Sakata-Sogawa K, Takamatsu M, Hashimoto-Tane A, Dustin 

ML, Tokunaga M, Saito T (2008) Spatiotemporal regulation of T cell costimulation by TCR-

CD28 microclusters and protein kinase C theta translocation. Immunity 29 (4):589-601. 

doi:S1074-7613(08)00419-6 [pii] 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 19 

10.1016/j.immuni.2008.08.011 

8. Michel F, Attal-Bonnefoy G, Mangino G, Mise-Omata S, Acuto O (2001) CD28 as a 

molecular amplifier extending TCR ligation and signaling capabilities. Immunity 15 (6):935-

945. doi:S1074-7613(01)00244-8 [pii] 

9. Shahinian A, Pfeffer K, Lee KP, Kundig TM, Kishihara K, Wakeham A, Kawai K, Ohashi 

PS, Thompson CB, Mak TW (1993) Differential T cell costimulatory requirements in CD28-

deficient mice. Science 261 (5121):609-612 

10. Firaguay G, Nunes JA (2009) Analysis of signaling events by dynamic phosphoflow 

cytometry. Sci Signal 2 (86):pl3. doi:scisignal.286pl3 [pii] 

10.1126/scisignal.286pl3 

11. Meghari S, Bechah Y, Capo C, Lepidi H, Raoult D, Murray PJ, Mege JL (2008) Persistent 

Coxiella burnetii infection in mice overexpressing IL-10: an efficient model for chronic Q 

fever pathogenesis. PLoS Pathog 4 (2):e23. doi:10.1371/journal.ppat.0040023 

12. Appleman LJ, van Puijenbroek AA, Shu KM, Nadler LM, Boussiotis VA (2002) CD28 

costimulation mediates down-regulation of p27kip1 and cell cycle progression by activation 

of the PI3K/PKB signaling pathway in primary human T cells. J Immunol 168 (6):2729-2736 

13. Kerdiles YM, Beisner DR, Tinoco R, Dejean AS, Castrillon DH, DePinho RA, Hedrick 

SM (2009) Foxo1 links homing and survival of naive T cells by regulating L-selectin, CCR7 

and interleukin 7 receptor. Nature immunology 10 (2):176-184. doi:10.1038/ni.1689 

14. Salomon B, Lenschow DJ, Rhee L, Ashourian N, Singh B, Sharpe A, Bluestone JA (2000) 

B7/CD28 costimulation is essential for the homeostasis of the CD4+CD25+ 

immunoregulatory T cells that control autoimmune diabetes. Immunity 12 (4):431-440 

15. Honstettre A, Ghigo E, Moynault A, Capo C, Toman R, Akira S, Takeuchi O, Lepidi H, 

Raoult D, Mege JL (2004) Lipopolysaccharide from Coxiella burnetii is involved in bacterial 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 20 

phagocytosis, filamentous actin reorganization, and inflammatory responses through Toll-like 

receptor 4. Journal of immunology 172 (6):3695-3703 

16. Honstettre A, Meghari S, Nunes JA, Lepidi H, Raoult D, Olive D, Mege JL (2006) Role 

for the CD28 molecule in the control of Coxiella burnetii infection. Infect Immun 74 

(3):1800-1808. doi:10.1128/IAI.74.3.1800-1808.2006 

17. Chen L, Flies DB (2013) Molecular mechanisms of T cell co-stimulation and co-

inhibition. Nat Rev Immunol 13 (4):227-242. doi:10.1038/nri3405 

18. Pages F, Ragueneau M, Rottapel R, Truneh A, Nunes J, Imbert J, Olive D (1994) Binding 

of phosphatidylinositol-3-OH kinase to CD28 is required for T-cell signalling. Nature 369 

(6478):327-329. doi:10.1038/369327a0 

19. Garcon F, Ghiotto M, Gerard A, Yang WC, Olive D, Nunes JA (2004) The SH3 domain 

of Tec kinase is essential for its targeting to activated CD28 costimulatory molecule. Eur J 

Immunol 34 (7):1972-1980. doi:10.1002/eji.200324777 

20. Friend LD, Shah DD, Deppong C, Lin J, Bricker TL, Juehne TI, Rose CM, Green JM 

(2006) A dose-dependent requirement for the proline motif of CD28 in cellular and humoral 

immunity revealed by a targeted knockin mutant. J Exp Med 203 (9):2121-2133. 

doi:jem.20052230 [pii] 

10.1084/jem.20052230 

21. Dodson LF, Boomer JS, Deppong CM, Shah DD, Sim J, Bricker TL, Russell JH, Green 

JM (2009) Targeted knock-in mice expressing mutations of CD28 reveal an essential pathway 

for costimulation. Mol Cell Biol 29 (13):3710-3721. doi:MCB.01869-08 [pii] 

10.1128/MCB.01869-08 

22. Bachmann MF, McKall-Faienza K, Schmits R, Bouchard D, Beach J, Speiser DE, Mak 

TW, Ohashi PS (1997) Distinct roles for LFA-1 and CD28 during activation of naive T cells: 

adhesion versus costimulation. Immunity 7 (4):549-557 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 21 

23. Garcon F, Patton DT, Emery JL, Hirsch E, Rottapel R, Sasaki T, Okkenhaug K (2008) 

CD28 provides T-cell costimulation and enhances PI3K activity at the immune synapse 

independently of its capacity to interact with the p85/p110 heterodimer. Blood 111 (3):1464-

1471. doi:10.1182/blood-2007-08-108050 

24. Arad G, Levy R, Nasie I, Hillman D, Rotfogel Z, Barash U, Supper E, Shpilka T, Minis 

A, Kaempfer R (2011) Binding of superantigen toxins into the CD28 homodimer interface is 

essential for induction of cytokine genes that mediate lethal shock. PLoS Biol 9 (9):e1001149. 

doi:10.1371/journal.pbio.1001149 

25. Lasserre R, Guo XJ, Conchonaud F, Hamon Y, Hawchar O, Bernard AM, Soudja SM, 

Lenne PF, Rigneault H, Olive D, Bismuth G, Nunes JA, Payrastre B, Marguet D, He HT 

(2008) Raft nanodomains contribute to Akt/PKB plasma membrane recruitment and 

activation. Nat Chem Biol 4 (9):538-547. doi:10.1038/nchembio.103 

26. Ledbetter JA, June CH, Grosmaire LS, Rabinovitch PS (1987) Crosslinking of surface 

antigens causes mobilization of intracellular ionized calcium in T lymphocytes. Proc Natl 

Acad Sci U S A 84 (5):1384-1388 

27. Acuto O, Michel F (2003) CD28-mediated co-stimulation: a quantitative support for TCR 

signalling. Nat Rev Immunol 3 (12):939-951. doi:10.1038/nri1248 

 

 

 

 

 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 22 

Figure legends 

 

Figure 1. Analysis of signaling events induced by CD28 triggering in CD28 tail-less (CD28 

KI) T cells. (A) Peptide sequence corresponding to the deleted CD28 cytoplasmic region in 

CD28 KI mouse strain. Expression of CD28 measured by flow cytometry in CD4
+
 T cells 

from spleen of WT, CD28 KO and CD28 KI mice. (B) Phosphorylation induction of signaling 

key molecules, Akt (S473) and ERK-1/2 (T202/Y204) measured by phosphoflow in 

CD4
+
/CD25

-
 and CD4

+
/CD25

-
 cell subsets after CD3/CD28 beads stimulation of splenocytes 

from WT, CD28 KO and CD28 KI mice. Representative data from 3 independent experiments 

(n= 8-9 mice each genotype/experiment, mean ± SD), * P < 0.05.  

 

Figure 2.  Ex vivo stimulation of CD28 tail-less (CD28 KI) CD4
+
 T  cells. Isolated CD4

+
 T 

cells from spleen of WT, CD28 KO and CD28 KI mice were stimulated for 3 or 4 days.(A) 

Expression of CD69 activation marker measured by flow cytometry upon 3 days (left panel) 

or 4 days (right panel) of stimulation. (B) Expression of CD44 activation marker measured by 

flow cytometry upon 3 days (left panel) or 4 days (right panel) of stimulation. (C) IFN-γ 

accumulation is measured by ELISA following the 3 days of CD3/CD28 beads stimulation. 

Representative data from 2 independent experiments (n= 6 - 7 mice each 

genotype/experiment, mean ± SD), *** P < 0.001; **P < 0.01 and *P < 0.05.   

 

Figure 3. (A) CD25
+
/FoxP3

+
 regulatory T cells subsets were measured by flow cytometry in 

total CD4
+
 splenocytes from WT, CD28 KO and CD28 KI mice expression upon Treg 

stimulation conditions (CD3/CD28 beads + IL-2 + TGF-). (B) Under same stimulation 

condititions, CD25
+
 effector T cells were measured by flow cytometry in CD4

+
 splenocytes 

from WT, CD28 KO and CD28 KI mice expression upon Treg stimulation conditions (* P< 

0.05 compared to KO). 
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Figure 4. The response of mice to Coxiella burnetii infection. (A) Mice were infected with 

5x10
5
 C. burnetii via i.p. route and blood (200 µl), liver (25 mg) and spleen (10 mg) from 

WT, CD28 KO and CD28 KI mice were collected at day 14 post-infection. DNA was 

extracted in a 100µl final volume and the presence of C. burnetii was determined by qPCR 

using a 5 µl DNA extract. Results represented the number of DNA copies for 5 µl DNA 

extract and were expressed as mean ± SD, n = 5 for each group of mice. *,  P value < 0.05. 

(B) IgG response in WT, CD28 KO and CD28 KI mice. Whole blood specimens were 

sampled by retro-orbital puncture where serum was collected at 14 and 21 days post-

inoculation. The presence of IgG directed against C. burnetii was assessed by 

immunofluorescence. The results as titers are expressed as mean ± SD (n = 5 for each group 

of mice and per time point). * P < 0.05. 
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