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Promiscuous Foxp3-cre activity reveals a differential
requirement for CD28 in Foxp3 and Foxp3 T cells
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Costimulatory signals by CD28 are critical for thymic regulatory T-cell (Treg) development. To determine the functional relevance
of CD28 for peripheral Treg post thymic selection, we crossed the widely used Forkhead box protein 3 (Foxp3)-CreYFP mice to
mice bearing a conditional Cd28 allele. Treg-speci c CD28 de ciency provoked a severe autoimmune syndrome as a result of a
strong disadvantage in competitive tness and proliferation of CD28-de cient Tregs. By contrast, Treg survival and lineage
integrity were not affected by the lack of CD28. This data demonstrate that, even after the initial induction requirement,

Treg maintain a higher dependency on CD28 signalling than conventional T cells for homeostasis. In ay

clones that escape central tolerance in the thymus are censored by

peripheral tolerance mechanisms, including anergy, clonal deletion

and control by regulatory T cells (Treg). The pathology of both

mice and humans with defective Forkhead box protein 3 (Foxp3),

the key transcription factor for Treg, demonstrate the central role

for Treg in maintaining tolerance and preventing aberrant

in ammation.

set out to generate mice where the loss of CD28 is
restricted to the Treg lineagddxp3 Cd28’ ). Surprisingly, this
strain of mice revealed that CD28 was lost on conventional CD4 cells,
5 in addition to Foxp3 Treg, demonstrating the promiscuous expres-
Multiple molecules have been described to be important for Tregn of Foxp3© Despite the loss of CD28 on a proportion of
formation, maintenance and function. Indeed, one of thst to be conventional CD#T cells we observed a lymphoproliferative disorder
implicated in Treg control of autoimmunity was the receptor CD28, &s Foxp3€Cd28’ mice. CD28-decient Treg were at a competitive
CD28-decient non-obese diabetic mice have exacerbated autoidisadvantage compared with control cells. This is due to reduced
mune diabetes, which can be prevented by the transfer o Treg. proliferation in the absence of CD28, as neither Treg lineage stability
nor survival was affected by the loss of CD28 on Treg cells. Taken
together, this demonstrates that CD28 expression on Tregs is
important for Treg proliferation and the suppression of aberrant
lymphocyte expansion.



RESULTS T cells (Figures 1a and b). Deletion was observed in both naive and,
FoxP¥Cd28’/ mice reveal promiscuous Foxp3 expression to a lesser extent, antigen-experienced conventional T cells, with
In order to determine the post-selection functions for CD28 in FéxpZonsiderable variation in the level of deletion (Figures 1b and c),
Treg, we crossed the previously described Foxp3-CreYFP knodkilicative of low-level stochastic Cre activation in non-Tregs or a
mice!t® (thereafter referred to a$oxp8™ to mice carrying a lineage precursor. Notably, the level of CD28 excision is higher in
conditional CD28 alleleqd28’ ) derived from EUCOMM embryonic haive T cells than in antigen-experienced CH82LT cells

stem celld” CD28 excision was monitored by surface staining féFigure 1b), consistent with the function of CD28 in allowing
CD28, which validated Cre activity within Treg, with@ént deletion transition between these activation states. Furthermore, we observed

of CD28 within YFP Treg (Figures 1a and b). Unexpectedly, and ifi" indirect correlation between the level of non-spe€D28 excision
contrast to previous studies published using Foep$ allelel>16.18 and the frequency of CDED25 T cells (Figure 1c). As CD28-
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we also observed the deletion of CD28 from conventional *CDge cient T ceII_s are_poo_r IL-2 producers;®this _reductlon |_n_Tre_g
numbers in mice with high levels of non-speciCD28 excision is

likely due to impaired IL-2-mediated Treg homeostis.

Despite the promiscuous activity of Cre, which should be con-
sidered when usinGoxp8™ mice, we assessed the function for CD28
in Treg after selection. Mal€oxp8™Cd28’ mice developed a
lymphoproliferative disorder, including lymphadenopathy, mild
splenomegaly, T-cell activation and lymphocytic organitrations
(Figures 2a and b and data not shown). In rare cases, mice presented
with disease progression similar to scurfy mice (with fatal disease at
4 weeks of age). However, disease onset and severity were highly
variable (Figures 2c and d), with other mice showing a milder
phenotypic appearance, similar to the observations of Turka and
colleague®® Correlation between the degree of T-cell activation and
promiscuousCd28excision (Figure 2e) indicates that lineage-speci
Treg excision resulted in severe disease, whereas promi€od@is
excision resulted in the milder form of disease, probably due to the
intrinsic defect in T-cell activation caused by the loss of CD28 (akin to
the Cd28knockout mouse?

Peripheral CD28 expression is required for Treg proliferation but is

dispensable for stability and survival

Despite the variability in the disease caused by non-gp€ce activity

in Foxp§™Cd28’ mice, we were able to assess the impacid#3

excision in Treg by limiting analysis to femBlxp8eW“cd28/ mice,

where X chromosome inactivation restricts Cre activity to 50% of the

hematopoietic compartment. In these mice, wild-type a©d28

deleted Treg are generated in equal proportions and survive within the

same microenvironment. IFoxp$™e"ECd28’ mice, CD28-decient

Treg registered a profound competitive disadvantage, with a relative

decrease in number of CD28-dgent Treg cells from the default

50 to ~20% of the total Treg (Figure 3). These results demonstrate

that post-Treg selection CD28 expression is critical for homeostasis,

indicating a function either in lineage stability, proliferation or

apoptosis.

As a serendipitous observation, we found that CD2&idet

Treg in femaleFoxp§™WCd28’ mice had reduced Foxp3 protein

expression when compared with wild-type Treg in the same mice

(Figure 4a). However, a similar reduction was observed also in

Foxp§'Cd28’* Treg when co-stained with congenically marked

wild-type Treg (Figure 4b). Therefore, decreased Foxp3 expression

was not caused by the loss of CD28 signalling and rather represents a

mild hypomorphic feature of thEoxp§'allele. Despite the false lead
Figure 1 Foxp3®'® activity is not restricted to Foxp3 Treg. @, b) Lymph Of depressed Foxp3 expression, Hwxp3locus contains a CD28
node CD4 lymphocytes were analysed for the presence of CD28cells response element in the conserved non-coding DNA sequeffte 3,
among YF': ] Treg and YtF_P noln-_Tfefg gDZ';OEPD?’Z“’TCdZﬁ " mha|95- which still allowed for the possibility that CD28 directly modulates the
a) representative ow cytometric analysis Tor cells 1Is shown. ili H ili
Eb)) ThF:e plot summarisesytthree indepezdent experiments with a total afi=9 ls.tab”lty of Foxp3 eXp.reSSI(.m’ and hence the stability of th.e Tre_g
(Treg) and n=6 (CD62L* and CD62L non-Treg): meart sem. (c) The ineage. We t_herefore mvestlggted whethe_r_ the loss of CD28 signalling
graph depicts the inverse relationship between the presence of CD28nhon- would result in reduced Treg lineage stability and whether ex-Foxp3
Treg and CD25 Treg in FoxpE™™iCd28 / females. Graph represents six cells, such as described by Miyz{oal.?l contributed to the above-
independent experiments with a total ofn= described population of CD28-deient non-Treg. To this end, Treg



from Foxp§™CD28’ and Foxp8Cd28’* mice were puried and
the methylation status of the Treg-specidemethylated region
(TSDR) was analysed (Figure 4c). The data showed complete
demethylation of the Treg-speci demethylated region in the
presence and absence of CD28 indicative of stable Foxp3 expression.



CD28-sufcient Treg (Figures 5a and b). To exclude the possible
in uence of the hypomorphiEoxp§™allele on Treg homeostasis, we
analysed the proliferation status oxp8eCd28’* Treg and found



CD28. Here we addressed the peripheral requirement of CD28
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