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ABSTRACT

This study reveals a novel form of immunoregulation: engagement on CD4 T cells
of the complement regulator CD46 promotes Tyl effector potential, but as
interleukin-2 (IL-2) accumulates, “switches” cells toward a regulatory phenotype,
attenuating IL-2 production via the transcriptional regulator ICER/CREM, and
upregulating IL-10 following interaction of the CD46-tail with SPAKinase.
Activated CD4 T cells produce CD46 ligands, and blocking CD46 inhibits IL-10
production. Furthermore, CD4" T cells in rheumatoid arthritis fail to switch,
consequently producing excessive interferon-y. Finally, ¥d T cells, which rarely
produce IL-10, express an alternative CD46-isoform and cannot switch.
Nonetheless, T cell receptor ¥5-CD46 co-engagement suppresses effector
cytokine production, establishing that CD46 employs multiple mechanisms to

regulate different T cell subsets during an immune response.

The suppression of immune responses against self-antigen is vital to the limitation of
autoimmunity. Similarly, the timely contraction of T cell responses to infections is critical
for protection against immunopathologies arising from exuberant inflammation. The
cytokine interleukin-10 (IL-10) is critical in immunosuppression’, inhibiting production of
the proinflammatory cytokines tumor necrosis factor (TNF) and IL-12 in macrophages
and dendritic cells (DCs)"?, and suppressing IL-2 and interferon-y (IFN-y) production by
effector T cells®. Thus, 11107~ mice succumb to colitis because of their inability to
regulate immune responses against gut flora®, and susceptibility to colitis was likewise
reported for human families carrying mutations in genes encoding IL-10 receptor
chains®. Moreover, while murine IL-10 deficiency accelerates the clearance of
Toxoplasma gondii or Trypanosoma cruzi infections, such mice succumb to tissue

damage caused by over-production of proinflammatory cytokines®®.

IL-10 can be produced by many cell types including DCs, macrophages, B cells, and T
cells, among which Ty2 cells and adaptive regulatory T (Trec) cells, such as Tr1 cells,
have been implicated as prime sources™’®. However, uncertainty as to the nature of

critical IL-10-producing cells in vivo, particularly in humans, has been fuelled by the
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realization that under certain conditions, high amounts of IL-10 can be secreted by
some natural Treg cells®, Ty17 cells™®, and Ty1 cells"™™. Indeed, IL10-producing Ti1
cells have sparked much interest because they appear key to regulating immune

responses to certain infections' "

, and because their induction might be a mechanism
by which tolerance is induced in the presence of persistent (self)-antigen'®. Thus, there

is particular interest in understanding what regulates IL-10 production by Ty1 cells.

CD46 is a ubiquitously-expressed human type | transmembrane glycoprotein, originally
identified as a complement regulatory protein. We previously showed that co-
engagement of the T cell receptor (TCR) and CD46 on human CD4" T cells induces
high IL-10 secretion, moderate IFN-y production and granzyme B and perforin
expression'®?. Indeed, this phenotype, plus the IL-10-dependent, FoxP3-independent
capacity to suppress bystander effector T cells establishes a similarity of CD3-CD46-
activated T cells to Tr1 cells?". Moreover, both CD46-dependent IL-10 induction and Tr1

generation are highly dependent on exogenous IL-2"'9?"

, suggesting that CD46 might
naturally be a key factor in the switch of Ty1 cells to a Tr1-like phenotype, however, this

has not been directly investigated.

CD46 binds the opsonins C3b and C4b and functions as a cofactor in their proteolytic
degradation by serine protease factor 1*2. CD46 also functions as a receptor for several
important human pathogens, such as Streptococcus pyogenes®>?*. Four isoforms of
CDA46 arise by alternative splicingzs. All isoforms contain four conserved complement
control repeats (CCPs), followed by variant forms of a highly O-glycosylated region
(designated ‘B’ and ‘C’), a transmembrane anchor, and one of two possible cytoplasmic
domains, designated CYT-1 and CYT-2 (Supplementary Fig 1). Thus, the four
commonly expressed CD46 isoforms are BC1 (denoting glycosylated regions B and C
connected to CYT-1), BC2, C1 and C2. Both CYT-1 and CYT-2 contain kinase
substrates, and are tyrosine-phosphorylated upon CD46 cross-linking of human CD4™ T
cells®, that also activates the TCR adaptor proteins p120-CBL and LAT?, Vav, Rac and
Erk**, and additionally regulates FMS-like tyrosine kinase 3 (FLT3) and FLT3 ligand
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expression®’. Thus CD46 activation has a high intrinsic potential to regulate T cell

function, and has been reported as a T cell co-stimulator.

Interestingly, interaction of T cells with antigen presenting cells (APCs) induces the
secretion of complement proteins (such as C3, factor B and factor D) and the
subsequent generation of complement activation fragments®' by both cell populations.
Such a scenario might provide local ligands for CD46, thereby affecting cell fate.
Indeed, CD46 cross-linking by C3b and C4b during TCR activation can induce Tr1-like
cells'. Likewise, the presence of S. pyogenes during TCR activation in vitro promotes
IL-10-secreting Tr1-like cells?®®. Nonetheless, cultures of Tr1-like cells induced by CD46
engagement paradoxically display high IFN-y and other features of Ty1 cells®?, raising
again the question of whether CD46 engagement is critically involved in Ty1-Tr1

“switching” '°.

Whereas conventional CD4" T cell activation defines the adaptive response, it is now
appreciated that the early phases of immune responses are substantively contributed to
by unconventional T cells of which yd cells are a prototype. Although such cells
proliferate, and display rapid and effusive effector function, little is known about how
their potential to promote immunopathology is controlled. Indeed, there is no clear case
for the existence of TCRY5" Foxp3* Treg cells under normal circumstances®®, and scant
evidence for induction of IL-10" Tr1-like ¥ cells. Given its potential to induce IL-10 in
adaptive T cells, it is important to examine whether Yo cells are responsive or not to
CD46-TCR co-stimulation.

Finally, it was also important to consider the significance in vivo of CD46-mediated
regulation of T cells by examining patients with inflammatory disease. By undertaking
these various analyses, the current study establishes that the IL-2-dependent TCR-
CD46 co-activation of human T cells is a powerful means to promote Ty1 cells and then
to switch them to IL-10 production. This pathway is absent in unconventional T cells and

is impaired in rheumatoid arthritis. At the same time, CD46 displays additional modes
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of immunosuppression, permitting it to regulate an immune response across its

temporal progression.

RESULTS

IL-10 secretion is regulated by CD46 and IL-2

Although activation of purified human CD4" T cells with stimulating monoclonal
antibodies (mAbs) to CD3 and CD46 in the presence of IL-2 induces high IL-10
secretion and confers a suppressive phenotype“’, CD3-CD46-activated T cells can also
produce high amounts of IFN-y (Fig. 1a,"®). To better understand these seemingly
paradoxical effects of CD46, we varied the strength of the activating signals. While
changing the concentrations of the CD3 and CD46-specific mAbs did not significantly
affect IFN-y or IL-10 secretion measured 72h post activation (data not shown), IL-10
production was strongly regulated by exogenous IL-2 (Fig. 1b). Specifically, in <0.5
U/ml IL-2, CD3-CD46 activation induced high IFN-y secretion, compared to T cells
activated with either anti-CD3 or anti-CD3 plus anti-CD28. Anti-CD3 and anti-CD46 also
induced transient expression of IL-2, detectable at 24h following activation in the
absence of exogenous IL-2 (Fig. 1c). Increasing IL-2 beyond 5 U/ml did not further
increase IFN-y production, but in IL-2 concentrations of 5-10 U/ml, CD3-CD46-activated
T cells from different donors all displayed strong IL-10 secretion in addition to IFN-y,
with the level of IL-10 produced increasing with the amount of IL-2 (Fig. 1b). This was
highly specific to IL-10, since no conditions promoted the production of IL-4, IL-5, or IL-
17 (data not shown). CD46-induced IFN-y peaked 24h post activation and then steadily
declined, whereas IL-10 was barely detectable before 24h and peaked at 72h (Fig. 1c).
Thus, CD46-mediated IFN-y production preceded IL-10 secretion even in high IL-2

cultures that are most conducive to IL-10 production.

IFN-y" and IL-10" cells are successively induced
We next investigated the single cell dynamics of CD3-CD46-induced IFN-y and IL-10
secretion. Purified CD4" T cells were activated with mAbs to CD3 alone or in

combinations with mAbs to CD28 plus CD46 in the presence of a neutralizing mAb to
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IL-2, or either low (5 U/ml) or high (50 U/ml) doses of IL-2. Active cytokine secretion was
measured 36h post activation (Fig. 1d). Blockage of IL-2 inhibited cytokine production
under every condition analyzed. However, in the presence of IL-2, anti-CD3-CD46
activation or anti-CD3-CD28-CD46 activation induced three discrete T cell populations
with distinct secretion profiles: IFN-y'IL-107, IFN-y'IL-10" and IFN-y'IL-10" cells (Fig.
1d). Cultures with 5 U/ml IL-2 contained higher frequencies of IFN-y-secreting cells
(17.4% * 5.2% IFN-y'IL-10" and IFN-y'IL-10" [in CD3-CD46-activated cultures])
compared to IL-10-producing T cells (12.0% * 1.8%, IFN-y'IL-10" and IFN-yIL-10%),
whereas 50 U/ml IL-2 induced a significant increase in IL-10" cells (24.7% * 5.8%
IFNY*IL-10" and IFN-y"IL-10%). By contrast, although CD3-CD28-stimulated cultures also
contained all three IFN-y-IL-10-secreting T cell populations, there was no IL-2-
dependent change in the ratio of IFN-yproducing vs. IL-10-positive T cells, and the total
number of IL-10-producing cells remained low even in high IL-2 (Fig. 1d). Although the
data in Fig. 1d reflect assays at 36h, cellular cytokine staining at 12h, 72h, and 90h post
stimulation also mirrored the results from our previous kinetic study (Fig. 1c): at 24h,
CD46 costimulation promoted mostly IFN-y*IL-10" cells, even in high IL-2, with the peak
of IL-10-producing cells arising subsequent to this. By 90h, the overall number of

cytokine-secreting cells declined substantially (data not shown).

The described experiments were performed with purified CD4" T cell populations that at
minimum include naive and memory CD4" T cells, and natural Treg cells. To exclude
the possibility that the observed CD46-elicited populations reflect selective reactivation
and/or expansion of one or more of these subsets, anti-CD3-CD46 activation protocols
were applied to highly purified naive CD4" T cells (CD4"CD45RA'CD45ROCD 127~
CCR7°CD25". As before, IFN-y'IL-107, IFN-y'IL-10" and IFN-yIL-10" cells were
detected in the presence of high IL-2 for 36h (Supplementary Fig. 2). However,
activation of naive T cell cultures induced a lower frequency of IL-10" cells compared to
IFN-y" cells (1.6% * 0.7% vs 5.6% + 1.9%; Supplementary Fig. 2). Conversely, use of
anti-CD3-CD46 to re-stimulate naive cells previously activated and expanded with
mAbs to CD3 and CD46 substantially increased the proportion of both IFN-y'IL-10" and
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IFN-yIL-10" T cells (Supplementary Fig. 2; right panels). Moreover, the frequencies of
IFN-y"IL-10" and IFN-yIL-10" cells were significantly increased by each additional
CD3/CDA46 re-stimulation. Again, no IL-4 or IL-5 was detected in any of these cultures
(data not shown). Secondary CD3-CD46 stimulation also increased IL-10 production,
albeit to a lesser extent, from T cells initially activated with anti-CD3 alone
(Supplementary Fig. 2; left panels). In short, the IL-2-dependent emergence over time
of IL-10-producing cells does not obviously reflect the selective response of a pre-

existing subset.

The capacity of the different cell populations induced by anti-CD3-CD46 to regulate T
cell activation was then assessed. CD4" T cells were activated through CD3-CD46
ligation and subsequently sorted into IFN-y"IL-107, IFN-y'IL-10" and IFN-yIL-10" cell
subsets, which were then cultured for 18h in 1 U/ml IL-2. The supernatants of the three
cell types continued to contain high IFN-y; approximately equal amounts of IFN-y and
IL-10; and high amounts of IL-10 with negligible IFN-y, respectively (data not shown).
When freshly purified CD4" T cells were cultured in the presence of these supernatants
together with immobilized cross-linking antibodies to CD3 and CD28, their proliferation
(measured at day 6) was substantially inhibited by the supernatants of the CD3-CD46-
induced IFN-y*IL-10" cells, and of the IFN-yIL-10" T cells (Fig. 1e). The inhibition was
not evoked by supernatants from IFN-y'IL-10" T cells, nor by supernatants from T cells
activated for 72h via CD3-CD28 (Fig. 1d). IL-10 upregulated by anti-CD3-CDA46 is the
primary soluble mediator of this effect because regulation was almost completely

blocked by a neutralizing mAb to IL-10.

CD46-induced IL10 originates in a Tyl subset

To assess whether CD46-induced IFN-y'IL-10" and IFN-y'IL-10" T cells originate from
the IFN-y'IL-10" Ty1 cells that first arise, or whether each cell population arises with
different kinetics from separate cell populations (diagrammed schematically in Fig. 2a),
two sets of experiments were performed. First, purified CD4" T cells were activated via

CD3 plus CD46 in high IL-2 in the presence of neutralizing mAbs to IFN-y; a condition
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known to inhibit Ty1 development®. As expected, a significant decrease was observed
after 48h in the number of IFN-y'IL-10" T cells (from 14% + 4% to 4% +2.5%, Fig. 2b).
However, this treatment also substantially reduced the percentages of CD46-induced
IFN-y"IL-10" cells from 16% * 2% to 2.5% * 1.5%, and of the IFN-yIL-10" cells from
18% £ 3% to 1.5% £ 0.5%. Thus, limiting Ty1 differentiation limits the “IL-10-switch”. IL-
10 neutralization did not decrease the cell numbers of any of the T cell populations
induced but rather slightly increased their representation (IFN-y'IL-10" from 14% + 4%
to 17.5 + 4%; IFN-y'IL-10" from 16% * 2% to 19.5% % 6.5%; IFN-y'IL-10" from 18% +
3% to 18.5% £ 2.5%, Fig. 2b). These data suggest at minimum that the continuous
production of IL-10 initially induced via CD3, CD46 and IL-2-mediated signals does not
depend on positive feedback by IL-10 itself.

Second, purified CD4" T cells were activated via CD3 or CD3-CD46 in low levels of IL-
2, and the resulting IFN—y*IL-10‘ cells isolated. When, after 4 days of expansion, the
cells were re-stimulated via CD3-CD46, they produced a high percentage of IFN-y"IL-
10" and IFN-y'IL-10" cells (Fig. 2c). Taken together, these two data sets strongly
suggest that CD46-induced IL-10-secreting T cells obligatorily derive from an initial “Ty1
phase’. In agreement with this, CD3-CD46-mediated re-activation of Ty1 cells primed
through CD3-CD28 activation of naive T cells in the presence of IL-12 and neutralising
mAb to IL-4 (strong Th1-skewing), also promotes IFN-y'IL-10" and IFN-yIL-10" cells

(data not shown).

CD3-CD46-induced IL-10 cells retain Tyl markers

T cell lineages are characterized by specific transcription factor expression and
activation: Ty1 differentiation is accompanied by STAT1 and STAT4 phosphorylation
and T-bet expression**®; Th2 cells require STAT6 activation and expression of
GATA3*3®; and natural Trec cells are characterized by FoxP3 expression®. When
purified CD4" T cells were activated via CD3-CD46 for 36h in high IL-2, all resultant
cells expressed a predominantly Ty1 profile (Table I). In mice, IL-10-secretion by Ty1

18,36

cells requires extracellular-signal regulated kinase (ERK) activation ™. Likewise,

CD46-dependent, TCR-independent induction of ERK1 and 2 in human CD4" T cells
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was previously reported®. All three CD46-induced T cell populations contained high
amounts of pERK1 and 2 (Table I). Signaling through the IL-2 receptor complex induces
Janus kinase (JAK)-mediated STAT5 phosphorylation. Consistent with the fact that
CD46-induced IL-10 production is IL-2-dependent, pSTAT5 was detected in IFN-y"IL-
10" and IFN-y'IL-10" cells, although it was lower in IFN-yIL-10" T cells, perhaps

consistent with their limited proliferative capacity ('°; data not shown).

CD3-CD46 signals regulate IL-2 secretion

Drawing further parallels with Ty1 cells, IL-2 expression was examined since it is a Ty1
hallmark reportedly lost by Ty1 cells that have the ability to co-secrete IL-10"® . |L-2
expression had previously been detected in CD3-CD46-activated CD4" T cell cultures
(Fig. 1c), and when examined in more detail, >85% of IFN-y" cells actively secreted IL-2
at 36h post CD3-CD46 activation (Fig. 3a), whereas this was true for <25% of IL-10-
secreting cells (Fig. 3a;'%). Of these, 50-60% co-expressed IFN-y (data not shown).
Thus, CD3-CD46-activated cells shared with Ty1 cells the production of IL-2 that

ceased with the induction of the IL-10-secreting state.

Gene array comparisons of CD3-CD46-activated versus CD3-CD28-activated primary
CD4" T cells revealed significantly higher levels of mRNA encoding the ICER/CREM
protein in CD46-activated cells (data not shown). Translocation to the nucleus of
ICER/CREM attenuates IL-2 gene transcription®’. Flow cytometry confirmed that CD3-
CD46 ligation induced ICER/CREM protein in all three subsets (Fig. 3b and Table 1).
Unexpectedly, expression was highest in IFN-y"IL-10" cells, which continue to express
IL-2 (Table I). However, immunoblotting of cytoplasmic and nuclear fractions revealed
consistent ICER/CREM nuclear translocation only after 48h of CD3-CD46 (Fig. 3c) or
CD3-CD28-CD46 activation (data not shown), coincident with the appearance of IL-10

in the culture medium (Fig. 1c). CD3 activation alone or CD3-CD28 activation did not
lead to measurable ICER/CREM nuclear translocation at any time point (data not
shown). To determine if ICER/CREM bound preferentially to the IL-2 promoter in IL-10"
cells, chromatin immunoprecipitation (ChIP) using an ICER/CREM-specific mAb was
applied to IFN-y'IL-10" and IFN-yIL-10" cells purified 36h post CD3-CD46 activation. IL-
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2 promoter-specific DNA sequences were precipitated only from IL-10" cells, and not
from IFN-y" T cells (Fig. 3d). Thus, CD3-CD46 activation induces strong ICER/CREM
expression in Ty1 cells but this is inactive in IFN-y" cells that continue to produce IL-2.
Instead, active nuclear translocation occurs preferentially in IL-10" cells, consistent with
their decreased IL-2 production. Note that IL-2 production is not attenuated secondarily
via IL-10 production because neither IL-10 neutralization during CD3-CD46 activation,
nor the addition of recombinant human IL-10 during CD3-IL-2 stimulation affected
ICER/CREM translocation or IL-2 production (data not shown).

The CYT-1 domain of CD46 promotes IL-10 via SPAK

As outlined above, CD46 is commonly expressed in four isoforms with two possible
cytoplasmic domains, CYT-1 and CYT-2 (Supplementary Fig. 1)*. To determine
whether CYT-1 or CYT-2 differentially affect IL-10-switching, Jurkat T cells stably
expressing either the BC-CYT-1 (BC1) or BC-CYT-2 (BC2) isoforms were generated.
Untransfected Jurkat cells express only the C2 isoform and do not produce IFN-y or IL-
10 upon CD3-CD46 activation in the presence of IL-2 (Fig. 4a and data not shown). By
contrast, this property was acquired by BC1-transfected cells but, importantly, not BC2-

transfected cells (Fig. 4a).

A yeast two-hybrid screen identified the Ste20 (SPS1)-related proline alanine-rich
kinase (SPAK) as an interaction partner with CYT-1 and CYT-2 (data not shown). SPAK
is a broadly expressed serine-threonine kinase implicated in mitogen activated protein
kinase (MAPK) regulation and T cell activation®®*°. Immunoprecipitation confirmed that
SPAK binds to CD46 constitutively in unstimulated primary CD4" T cells (Fig. 4b).
Whereas CD3 activation completely disrupts the CD46-SPAK interaction within 15
mins., this is partially preserved when CD46 is also engaged (Fig. 4b, lanes 8-11).
SPAK also co-immunoprecipitated with CD46 (but neither CD3 nor CD28) in
unstimulated Jurkat T cells (data not shown). When SPAK expression was knocked
down in purified CD4" T cells by siRNA, there was decreased capacity to produce IL-10
upon CD3-CD46 activation (Fig. 4c). Consistent with this, Jurkat cells stably transfected
with SPAK responded to CD3-CD46 activation by IL-10 production, whereas cells

10
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transfected with a kinase-dead SPAK mutant (ASPAK) did not produce IL-10 under any
of the activation conditions tested (Fig. 4d). In short, the induction of IL-10 by CD46-
CD3 activation of human T cells is at least in part attributable to a signaling pathway
from the CYT-1-BC1 tail of CD46 via SPAK. This notion is supported by the finding that
protein knockdown of SPAK (Supplementary Fig. 3a) significantly reduced the

previously observed CD46-mediated hyperphosphorylation of ERK?*2432

, a key factor in
IL-10 upregulation in T cells®® (Supplementary Fig. 3b). The observation that SPAK
silencing abrogated both CD3- and CD46-induced JNK phosphorylation suggests that
SPAK might also contribute to JNK activation in a CD46-independent pathway. By
contrast, and as a specificity control, p38 phosphorylation in CD3 and CD3-CD46-
activated T cells remained largely unaffected by SPAK protein knockdown

(Supplementary Fig. 3b).

CD46 also regulates the effector phase of ¥ T cell

VYOVoe2 T cells, the major v T cell subset in human peripheral blood, are primarily
biased towards a Ty1-like phenotype, but the generation from these of Tr1-like cells has
not been convincingly demonstrated. If CD46-regulation is a major means of Tr1-like
cell induction, we reasoned that the scarcity of IL-10-producing Vy9Voé2 T cells might be
associated with differences in the CD46 pathway. Indeed, although Vy9Vé2 T cells
express CD46, albeit at lower levels than CD4" T cells (Supplementary Fig. 4a), these
different subsets strikingly differ by their expression pattern of CD46 variants. The BC2
isoform, which did not confer IL-10 production in CD3-CD46-stimulated Jurkat-
transfectants (Fig. 4a), is unequivocally the major isoform in VY9Vé2 T cells (Fig. 5a).
As expected, stimulation of these donors’ peripheral blood mononuclear cells (PBMC)
with HMBPP (a Vy9Vo62 T cell-specific agonist) provoked negligible IL-10 production,
and this was not increased by CD46 co-stimulation, even in high IL-2 (Fig. 5b).
However we noted some decrease in IFN-y production (data not shown, but see below)
that contrasted with the promotion of IFN-y by anti-CD3-CD46 in CD4" T cells (Fig. 1a
and b).

11
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To further investigate this more direct immunosuppressive role of CD46, PBMC from
three additional donors were stimulated with HMBPP, with or without IL-2 and CD46
cross-linking. Again, CD46 did not induce IL-10 (data not shown), but consistently
decreased IFN-y production and TNF secretion (Fig. 5c). This effect was not due to
CD46-induced cell death, because the proportions of apoptotic (AnnexinV®) and
necrotic (AnnexinV" PI") VyQV82 T cells and the overall proportion of Vy9Vé2 T cells
were each comparable in PBMC stimulated with HMBPP and IL-2 in the absence or
presence of the anti-CD46 antibody (Supplementary Fig. 4b). A direct
immunosuppressive effect of CD46 on Vy9Vé2 cells was also evident in CD25 down-
regulation (Fig. 5d, upper panel), especially in the absence of IL-2, which was in stark
contrast to the response of CD4" T cells (Fig. 5d, lower panel). To preclude potential
interfering effects of other subpopulations, flow-sorted Vy9Vé2 T cells (>95% pure) from
two donors were stimulated with HMBPP while CD4" T cells from the same donors were
separately activated via CD3-CD28. While CD46 co-stimulation during these activation
conditions clearly allowed the detection of IFN-y*IL-10" and IFN-yIL-10" CD4" T cells,
such subpopulations were not detected among Vy9Vo2 T cells (Fig. 5e), and IFN-y
production was again generally decreased in high IL-2 (Fig. 5f). Finally, the possibility
that IL-10 could be induced by CD46 re-stimulation of Vy9V62 T cells (as observed for
naive CD4" T cells, Supplementary Fig. 2) was investigated. A polyclonal T cell line
(>75% Vy9V52"), obtained after incubation of PBMC with HMBPP and IL-2, was thus
stimulated with HMBPP and/or IL-2 and CD46. Again, CD46 decreased both TNF and
IFN-y secretion (Supplementary Fig. 4c), but could not induce significant IL-10
production (data not shown). While these results validate the finding that the BC1
isoform is necessary to switch cells to IL-10 producers, they also show that activation of
the BC2 isoform of CD46 directly inhibits Ty1-like responses by a major subset of
unconventional T cells that are strongly implicated in the early phases of immune
responses. Thus, CD46 appears to employ two distinct mechanisms to regulate the

production of pro-inflammatory cytokines.

Defective CD46 signals might contribute to autoimmunity

12



377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407

Further evidence that CD46 actively regulates IL-10 in human pathophysiology was
obtained from comparing the responses to CD3-CD46 activation in the presence of 25
U/ml IL-2 of CD4" T cells from three healthy donors and three adult patients with
rheumatoid arthritis (RA). The baseline expression of CD3, CD46 and CD25 was similar
among all T cell samples (data not shown), yet at 36h post activation the cultures from
RA patients contained higher percentages of IFN-y'IL-10” and IFN-y*IL-10" but very few
IFN-y'IL-10" T cells (Fig. 6a). In addition, while amounts of IFN-y and IL-10 in the
supernatants of T cells from healthy donors were roughly similar, T cells from RA
patients produced >10 fold more IFN-y than IL-10 (Fig. 6b) and supernatants derived
from these cells had no suppressive activity (data not shown). Because chronic
inflammatory conditions such as RA are often attributed to inappropriate responses to
persistent antigen, cytokine expression was examined after T cell re-stimulation with
CD3-CD46. Cultures of T cells from healthy donors showed increased switching to the
IFN-y'IL-10" state, now containing approximately equal distributions of IFN-y-producing
(IFN-y'IL-10" and IFN-y'IL-10%) and IL-10-secreting (IFN-y'IL-10" and IFN-yIL-10%) T
cells (Fig. 6¢), with a 1:1 ratio of IFN-y and IL-10 secreted into the culture media (data
not shown). In contrast, re-stimulated cultures from RA patients lacked a significant IFN-
¥ IL-10" population, with a diminution even in IFN-y'IL-10" cells relative to the cells’
initial stimulation (Fig. 6c¢). Thus, the ratio of IFN-y:IL-10 in the culture media was now
~20:1 (data not shown). Importantly, T cells from normal donors and RA patients
responded similarly to CD3-CD28 activation (Supplementary Fig. 5a-c) and Ty1 and
Tn2-driving cytokines (Supplementary Fig. 5d), showing that the observed
deregulation of IFN-y vs. IL-10 expression in RA relates to a defect in CD46

responsiveness.

To further investigate IL-10-switching in arthritis, CD4" T cells were isolated from the
synovial fluid of both inflamed knee joints of a juvenile arthritis patient. Of note, primary
T cells from synovial fluid mostly exhibit an activated CD25", CD45RO" phenotype,
although CD3 and CD46 expression levels were equivalent (data not shown). Similar to
the results obtained with blood-derived CD4" T cells from RA patients, these synovial T
cells did not switch to the IFN-yIL-10" state after an initial CD3-CD46 stimulation (Fig.
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6d); produced significantly more IFN-y than IL-10 during expansion (Fig. 6e); were
mostly ‘locked’ into the IFN-y'IL-10~ state upon restimulation (Fig. 6f); and secreted ~30
times more IFN-y than IL-10 into the culture medium after restimulation (data not
shown). These data strongly suggest that the CD3-CD46-IL-2-mediated regulation of
the proinflammatory IFN-y* (Ty1) phenotype to an immunoregulatory IL-10-only-
secreting phenotype is dysfunctional in RA and juvenile arthritis patients. Moreover, the
defect seems primarily to lie in the ‘shut down’ of IFN-y production, since IL-10 secretion

itself by T cells from RA patients is induced almost normally upon CD46 engagement.

Local complement production drives IL-10 secretion

Evidence underpinning CD46 as a key regulatory axis was provided by the finding that
highly purified (APC-free) CD3-activated CD4" T cell cultures contained the CD46 ligand
C3b (data not shown), and show high C3b deposition onto their cell surfaces (Fig. 7a).
C3b generation was increased by co-stimulation with either CD28 or CD46. The
prospect that this functionally engages CD46 was supported by the clear finding that
low level IL-10 production induced by CD3 or CD3-CD28-activation of CD4™ T cells was
reduced essentially to background levels by addition of soluble CD46 (Fig. 7b).

DISCUSSION

The irrefutable evidence for the importance of IL-10 in suppressing immunopathology
now extends to humans, where it has both biological and clinical implications®. As a
result, there has been much interest in IL-10-producing cells. This area of study has
progressed from the concept of an IL-10 lineage, to one that embraces cells that switch
to IL-10 production from an earlier incarnation as IFN-y-producing Ty1 cells. Cultures

that co-express IL-10 and IFN-y have been clearly documented’"'*

, and such a switch
would have the seeming advantage of inducing a regulatory cytokine and
simultaneously suppressing an effector cytokine based on the recognition of the same
antigen. Nonetheless, how such a switch might naturally occur, particularly in humans,
has not hitherto been examined in detail®®. This study makes the case that human Ty1

cells are promoted by the co-engagement of the TCR and CD46, but that as
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environmental IL-2 increases, as would be the case in a flourishing effector response, a
switch to regulatory IL-10 production occurs, concomitant with diminished endogenous

IL-2 production.

Attesting to the importance of this mechanism, we find it to be defective in RA patients.
Moreover, it is striking that this switching also does not function in the main subset of
human 75 cells, since such cells are known to express IL-10 only very rarely>®. CD46-
induced IL-10 production requires expression of CYT-1 of CD46; CYT-1 bearing
isoforms are expressed in CD4" T cells but are undetectable in y3 T cells. Together,
these findings would be consistent with the CD46-TCR activation regime being a
primary means of peripheral IL-10 induction tightly regulated by the respective CD46
isoform expression patterns. Interestingly, the analysis of ¥ cells does show an effect of
CD46-TCR co-engagement: instead of switching to IL-10 production, the cells display a
substantial suppression of effector function, and decrease in IL-2R expression. These
data permit us to propose that CD46 employs distinct mechanisms to regulate the
immune response from its beginning to its close: in the early stages it may promote IFN-
vy in conventional T cells, while controlling the rapidly activated effector functions of
unconventional T cells; in the later stages, it switches conventional T cells to regulatory

T cells.

It is now widely acknowledged that the complement system functions well beyond a
simple danger recognition and microbial clearance system and participates actively in
adaptive immune responses*’. Two relatively new paradigms regarding complement
functions have renewed interest in this evolutionary old innate system: first, complement
not only plays a role in the induction of T cell responses but also in their contraction —
thus, consequently in immune homeostasis?®****; second, the local production of
complement components by immunocompetent cells participates decisively in shaping
adaptive immune responses®'*'#*. The latter observation — mostly derived in mouse
models - is in good agreement with our novel observation that C3b is produced early
after CD3-activation of human CD4" T cells and is increased upon co-stimulation. Thus,

our data allow us to suggest a model in which presentation of antigen and TCR
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engagement induces the subsequent generation of CD46 ligands, providing a means for
CD46 activation early during T cell activation. Such activated cells are now poised to
integrate the third signal — high environmental IL-2 reflecting a successfully expanded

Tw1 response — and switch appropriately into the Treg cell or contraction phase.

This scenario then raises the question about the hierarchy of CD46 activation
(specifically in relation to CD28 co-stimulation) in IL-10 induction by Ty1 cells. The
complete inhibition of CD3-CD28 co-stimulation-induced IL-10 production by
interference with ‘intrinsic’ CD46 activation suggests a dominant role for CD46 in IL-10
expression by Ty1 cells. Moreover, such ‘physiological’ CD46 engagement through C3b
or C4b produced by activated T cells might provide the molecular mechanisms by which
IL-10-secreting Tr1 cells are induced in vitro by other groups. The generation of ‘classic’
adaptive IL-10 (and IFN-y)-producing Tr1 cells in culture requires minimally repetitive
CD3-CD28 activation (or exposure to DCs) of CD4" T cells in the presence of high IL-
274 _ which are conditions conducive for CD46 engagement and CD46-induced IL-10

production.

Testing the notion that CD46 is important in regulating CD4" and y8 T cell responses in
a small animal model is currently hampered by the fact that rodents lack CD46
expression on somatic cells and that a murine molecule recapitulating CD46’s role in
TCR-IL-2-dependent IL-10 induction has not yet been identified®®. A previous study in
humans, however, connects significantly decreased IL-10 expression upon CD46
activation of CD4" T cells with multiple sclerosis (MS)*. Although the switch from the
Tu1 to Tr1 state was not examined in this study, low IL-10 production by T cells from MS
patients correlated with an abnormal increase in CYT-2 expression, consistent with our
finding that CYT-1 but not CYT-2 is required for IL-10 expression. These data combine
with our novel observation that T cells from RA patients are unable to promote the
CD46-mediated Tu1-Tr1 switch to implicate defects in this pathway in clinically
significant autoimmune and/or inflammatory conditions. It is now tempting to speculate
that a high intrinsic ‘signal threshold’ of T cells to switch from the Ty1 to Tr1 phenotype

upon IL-2-dependent CD46-activation might be a risk factor for autoimmunity.
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Consistent with this is a recent correlation of certain CD25 polymorphisms with MS, RA
and type 1 diabetes*’. Conversely, a low intrinsic threshold for CD46-IL-2-mediated IL-
10 production might protect from autoimmunity but possibly at the price of an increased

risk for chronic infections.

Interestingly, the induction of IL-10 from naive CD4" T cells through TCR-CD46-IL-2
activation required repetitive stimulation of cells. This is reminiscent of the observation
that the tolerance-inducing switch of Ty1 cells into an IL-10"IFN-y" state in mice requires
persistence of (self-)antigen'®. Similarly, only continuous exposure of nonallergic
beekeepers to high doses of bee venom induces the switch from IFN-y-secreting Th1
cells into IL-10-producing Tr1-like cells indicated by the decrease of T cell-mediated
cutaneous swelling®®. After antigen withdrawal, bee venom-specific T cells again
produce only high IFN-y and no IL-10 upon first reactivation and switch to IL-10
production only upon repetitive stimulation. CD46-activated Ty1 or Tr1 cells follow a
similar scheme: sorted IFN-yIL-10" T cells switch back to initial IFN-y production after
expansion and restimulation (data not shown). These data are consistent with the
recent concept that IL-10-secreting cells might not necessarily represent a lineage but
rather the ‘endpoint’ of a successful effector T cell response. Indeed, they comply with
the facts that Ty1, Ty2 and Tyu17 cells can produce IL-10, and that to date, no Tr1-
specific lineage marker has been identified. Consequently organs, such as the gut, skin
and lung, where there is chronic interaction between the host and the environment
might provide a local milieu — through continuous stimulation - that ‘locks’ Ty1 cells into
a regulatory state, potentially explaining the abundance of IL-10-secreting Tr1 cells in

these sites*.

Although such T cell plasticity ensures the important flexibility to respond to
microenvironmental signals appropriately, it poses a major obstacle in the therapeutic
usage of IL-10-secreting Ty1 suppressor cells. Tr1 cells generated in a controlled in
vitro environment might reacquire a proinflammatory Ty1 phenotype after injection into
autoimmune or transplant patients. Identifying the ‘molecular signature’ that

characterizes the effector and the regulatory phase of CD46-induced Ty1 and Tr1 cells
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might provide a means to actively ‘induce and lock’ these cells into the desired
functional state. Our capacity to identify specific signaling events required for IL-10
induction in Ty1 T cells (for example, the CD46-CYT-1-mediated activation of SPAK as
well as expression and nuclear translocation of ICER/CREM) could be a useful step in

creating a platform to monitor and potentially manipulate these pathways in the future.

ACKNOWLEDGEMENTS

We thank K. Murphy for advice and helpful discussion and C. Hawrylowicz for help with
manuscript revision. This work was supported by the American Asthma Foundation
(formerly Sandler Program for Asthma Research, SPAR) (J.P.A. and C.K.), the
Wellcome Trust, and Cancer Research UK (A.H. and P.V.), NIH grant AlI037618
(J.P.A.), the Medical Research Council (MRC) Centre for Transplantation, Guy’s
Hospital, King’'s College (G.L. and C.K.), and the Department of Health, National
Institute for Health Research (NIHR) comprehensive Biomedical Research Centre
award to Guy’s & St Thomas’ NHS Foundation Trust in partnership with King’s College
London and King’s College Hospital NHS Foundation Trust (G.L.F, A.H and C.K).

AUTHOR CONTRIBUTIONS

J.C,GLF, PV, AR, AF, ILJ, T.S. and C.K performed the experiments, discussed
that data and corrected the manuscript; G.L. provided financial support for I.J. and T.S.
and aided in data discussion; J.P.A. provided numerous vital reagents, helped
designing the experiments involving CD46-mediated signaling events, assisted in
interpreting the data and revised the manuscript; A.C. designed the experiments
involving the rheumatoid arthritis patients and provided the patient samples; A.H.
designed the experiments using yo T cells and revised the manuscript; C.K. designed

the study and wrote the manuscript.

COMPETING INTEREST STATEMENT

18



563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584

585
586
587
588
589
590
591
592

The authors declare no competing financial interest.

FIGURE LEGENDS

Figure 1. IL-2 regulates Ty1 vs. Tr1 effector function in CD3-CD46-activated CD4" T
cells. (a) IFN-y and IL-10 were detected in the supernatants of purified T cells activated
for 72 hours with the mAbs shown in combination with IL-2 (25 U/ml) (data represent
means = SD, n=8). CD46-induced IL-10 secretion requires high levels of exogenous IL-
2 (b; three independent donors shown), and is preceded by IFN-y secretion (c).
Exogenous IL-2 was not provided when assessing IL-2 secretion, while 50 U/ml IL-2
was used when measuring IFN-y or IL-10 secretion. Data represent means + SD (n=3).
(d) Cytokine secretion at 36h demarcated three distinct populations: IFN-y'IL-107, IFN-
Y'IL-10%, and IFN-y'IL-10" (data representative of six experiments). (e): T cells activated
for 36h via CD3-CD46 in the presence of IL-2 (50 U/ml) were separated by flow
cytometry based upon their secretion profile (IFN-y'IL-107, IFN-y"IL-10" and IFN-y IL-
10") and cultured independently for further 18h (low IL-2). The resulting supernatants
from these expanded cultures were then each mixed with freshly purified CD4" T cells
and the T cell plus supernatant mixtures activated via CD3-CD28 (+/-— a neutralizing
anti-IL-10 mAb), and proliferation measured at day 6. As controls, freshly purified T cells
were also CD3-CD28-activated in the presence of fresh media or supernatants derived
from 72h CD3-CD28-activated T cells (left three bars). NA, non-activated; *P < 0.05, **P
< 0.01 (Student’s t-test).

Figure 2. CD46-IL-2 signals induce a switch from a Ty1 to a suppressive Tr1 phenotype
in CD4" T cells. (a) CD46-induced suppressive IL-10-secreting cells might develop from
an initial Ty1 effector (1), or from a distinct cell subset (2). (b) Inhibition of Ty1 lineage
induction using a neutralizing mAb to IFN-y blocked the production of IL-10 by cells
stimulated via CD3 and CD46 in the presence of 50 U/ml IL-2, whereas IL-10 blockade
was ineffective. Data are means + SD (n=3). (c) CD46-induced IFN-y'IL-10" cells give

rise to IFN-y'IL-10" and IFN-yIL-10" cells: purified T cells were activated via CD3 or
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CD3-CD46 for 36h in the presence of IL-2 (5 U/ml), and IFN-y'IL-10" cells isolated by
flow cytometry. Following expansion for 4 days with 5 U/ml IL-2, these cells were then
re-stimulated as shown, and secretion of IFN-y and IL-10 assayed 18h post-activation
(data representative of four experiments). NA, non-activated; *P < 0.05, **P < 0.01
(Student’s t-test).

Figure 3. CD46-mediated signals contribute to the regulation of IL-2 expression by
CD4" T cells. (a) CD46-induced IL-10 production is coupled with loss of IL-2 secretion.
T cells were stimulated for 36h via CD3-CD46, and active secretion of IFN-y, IL-10 and
IL-2 measured. Note that the population of IL-10*IL-2" cells in the lower right panel are
also IFN-y" (not shown). Data representative of three experiments. (b) Intracellular flow
cytometry demonstrates increased ICER-CREM expression following 36h activation
with  mAbs to CD3-CD46. Grey-filled histogram, isotype staining control. (c)
Immunoblotting of cytoplasmic (C) and nuclear (N) protein fractions reveals that CD3-
CD46-mediated activation of purified T cells induces nuclear translocation of ICER-
CREM after 48h. Data representative of two experiments. (d) ChIP analysis of CD3-
CD46-induced IFN-y'IL-10" and IFN-y"IL-10" cells demonstrates that ICER-CREM binds
to the IL-2 promoter uniquely in IL-10" cells. The left panel shows PCR amplification of
an IL-2 promoter-specific sequence from the genomic DNA of each cell population
(control), with the right panel showing amplification of the same sequence from ICER-
CREM-precipitated DNA samples (data representative of three experiments). NA, non-
activated; PP DNA, ICER-CREM Ab-precipitated DNA.

Figure 4. The intracellular CYT-1 domain of CD46 and SPAK kinase are required for IL-
10 production in CD4" T cells. (a) Jurkat T cells stably transfected with the CD46 BC1
isoform (Jurkat-BC1) are able to secrete IL-10 following 48h CD3-CD46 activation,
whereas Jurkat-BC2 are unresponsive. Data are means + SD (n=3). (b) Primary human
CD4" T cells were activated for 15 minutes using the antibodies indicated, and cell
lysates used for immunoprecipitation with a CD46-specific or isotype control mAb.

Immunoblotting with an anti-SPAK antibody revealed an association between CD46 and
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SPAK, but not between SPAK and CD3 (data not shown). Untreated lysates from non-
activated cells were loaded as control (‘lysate”). Data representative of three
experiments. (c) siRNA-mediated knockdown of SPAK expression leads to reduced IL-
10 secretion by purified CD4" T cells activated for 36 hours with mAbs against CD3-
CD46. As a control, T cells were either transfected with a non-specific siRNA or with
buffer alone (“mock”). Data represent means = SD (n=3). (d) IL-10 production by CD3-
CD46-stimulated Jurkat T cells could be restored by over-expression of wild-type SPAK
(Jurkat-SPAK), but not a kinase-dead version (Jurkat-ASPAK). Data represent mean *
SD (n=3). NA, non-activated; NT, non-transfected; **P < 0.01 (Student’s t-test).

Figure 5. CD46 directly regulates yo T cell function. (a) PCR analysis of CD46 isoform
usage by human yd T cells from three donors reveals a predominant expression of BC2,
compared with the variable expression pattern commonly observed in CD4" T cells?®.
CHO cell lines transfected with single isoforms of CD46 are shown as control. (b, c, d)
PBMC were stimulated with HMBPP (10nM) +/- anti-CD46 mAb in the absence (open
bars) or presence (closed bars) of 100 U/ml IL-2. Cross-linking of CD46 failed to induce
IL-10 production by human v T cells (b). However, it reduced the production of IFN-y
and TNF (c), as well as CD25 expression (d), by VY9Vé2 T cells, in marked contrast to
increased CD25 expression by CD4" T cells. (e) Purified cultures of CD4" or VyV82 T
cells (both >97% pure) were activated with anti-CD3 mAb or HMBPP respectively, in the
presence of anti-CD46 mAb and 100 U/ml IL-2. IFN-y'IL-10" and IFN-yIL-10"
populations were detected in CD4" but not Vy9V82 T cells. (f) Production of IFN-y by
purified VYOVo2 T cells was decreased by the anti-CD46 antibody in the absence (open

bars) and presence (closed bars) of IL-2. D1-D8 represent independent donors.

Figure 6. CD4" T cells from rheumatoid arthritis (RA) patients are defective in the CD3-
CD46-induced IFN-y-IL-10 switch. (a) Blood-derived T cells from three healthy donors
(HD A-C) and three RA patients (RA A-C) were CD3-CD46-activated (50 U/ml IL-2) for

36h and cytokine secretion assessed. Shown is the mid-value in percentages of each
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population (n=2). (b) T cells were activated as described for panel (a), and then
maintained in culture for 5 days with 50 U/ml IL-2. The levels of cytokines in the
supernatant were assessed at day 4. (c) Cells were then CD3-CD46 re-stimulated (50
U/ml IL-2) for 8h, and the percentage of cytokine-secreting cells (Cyt") determined (mid-
value, n=2). (d) T cells from the synovial fluid of a juvenile arthritis (JA) patient are also
defective in CD3-CD46-induced IL-10 production. T cells from the synovial fluid of both
the left (JA-IK) and right (JA-rk) knees were analysed alongside blood-derived T cells
from two healthy donors (HD D and E) for: (d) the percentage of cytokine secreting cells
(mid-value, n=2) upon primary CD3-CD46 stimulation; (e) cytokine secretion during
expansion; and (f) the proportion of IL-10, IFN-vy, or IL-10-IFN-y-secreting cells (mid-

value, n=2) upon secondary stimulation (as described for (a), (b) and (c) respectively).

Figure 7. Engagement of CD46 by locally produced C3b drives IL-10 expression in
CD3-CD28-costimulated CD4" T cells. (a) Purified CD4" T cells were left non-activated
(grey filled histogram) or activated with the indicated immobilized mAbs for 12h as
indicated, at which point C3b surface deposition was assessed by flow cytometry. Using
ELISA, soluble C3b could be detected in the supernatants of all activated cell cultures
(data not shown). Data are representative of four experiments. (b) The addition of
soluble CD4 (sCD46) during activation of purified T cells with mAbs against CD3 +/-
CD28 inhibited the production of IL-10 in a dose-dependent manner, assessed at 36h
post-activation. Accordingly, the presence of immobilized C3b increased IL-10
production by these cells (data not shown). Data are representative of three

experiments. NS = data did not reach statistical significance.

METHODS

Donor and blood samples

Purified T cells were obtained from buffy coats (National Blood Service) or blood
samples from healthy volunteers. Informed consent was obtained from all subjects

included in the study and blood or synovial fluid were collected and processed with the
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approval and in accordance of the King’s College Ethics Committee guidelines
(Reference No: 06/Q0705/20). Adult patients with inflammatory arthritis (including
rheumatoid arthritis and juvenile idiopathic arthritis) were recruited to the study. All
patients had active disease with disease activity scores for 28 joints (DAS28) > 5.1,
representing moderately severe activity, in spite of therapy with combination disease
modifying anti-rheumatic drugs methotrexate, hydroxychloroquine and sulphasalazine.

Synovial fluid was obtained during therapeutic knee joint arthrocentesis.

Cells, antibodies and recombinant proteins

T cells were maintained as previously described'®. Chinese hamster ovary (CHO) cells
and Jurkat T cells were purchased from the American Tissue Culture Centre and
cultured according to the manufacturer’s protocol. Cell-stimulating Abs were bought
from BD Biosciences, San Diego, CA (anti-CD28; CD28.2), purified from a specific
hybridoma line (anti-CD3; OKT-3) or generated in house (anti-CD46; TRA-2-10%). The
polyclonal rabbit SPAK antiserum was bought from Cell Signaling Technology, Inc.
(Danvers, MA) and the antibodies against phosphorylated and non-phosphorylated
ERK1/2, JNK and p38 from BD Biosciences. Neutralizing mAbs to human IL-2 (MQ1-
17H12), IL-4 (MP4-25D2), IL-10 (JES3-19F1) and IFN-y (4S.B3), recombinant human
IL-4, IL-10, IL-12 and IFN-y for in vitro Ty1 or T2 induction as well as fluorochrome-
conjugated Abs to phosho-Stat4, phospho-Stat5 and phospho-Staté were purchased
from BD Biosciences (and used with fixing and staining buffers suggested by the
manufacturer). Recombinant C3b was bought from Complement Technologies Inc.
(Tyler, TX). Soluble CD46 was generated by cloning the cDNA coding for SCRs 1-4 of
human CD46 into the pET15-b vector. BL21(DE3) bacteria were transfected with the
construct and recombinant soluble CD46 then purified from the inclusion bodies and
refolded according to a method described by White et al.*®. Functional activity of sCD46
was monitored in C3b binding and cofactor assays. Fluorochrome-conjugated mAbs to
human CD4, CD25, CD45RA, CD45R0O, CCR7, and Foxp3 and AnnexinV-APC were
from BD Pharmingen (San Diego, CA). PE-labeled anti-mouse/human T-bet was
purchased from eBiosciences (Hatfield, UK). FITC-labeled anti-human pan y6 TCR and

anti-human V&2 TCR were purchased from Beckman Coulter (Brea, CA). The anti-
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CD46 mAb TRA-2-10 and anti-human ICER-CREM mAb (Abcam, Cambridge, UK) were
labeled with PE using the Invitrogen Zenon® Mouse R-phycoerythrin Mouse IgG,
Labeling Kit (Invitrogen). Hydroxymethyl-butenyl-pyrophosphate (HMBPP), a
phosphoantigen specifically activating human Vy9Vé2 T cells, was kindly provided by

Dr. Hassan Jomaa (Justus-Liebig-Universitat, Giessen, Germany).

T cell isolation, y0 T cell line, Tyl and Ty2 cell generation

CD4" T lymphocytes were isolated from PBMC or synovial fluid using CD4 MicroBeads
(Miltenyi Biotec, Auburn, CA). Where indicated, T cells were isolated via cell sorting
after appropriate surface staining (CD4", CD45RA*, CD45R0O~, CD25~, CD127" and
CCR7" for naive CD4" T cells and pan anti-yd TCR for ¥ T cells). Purity of isolated
lymphocyte fractions was typically >97%. The polyclonal ¥5 T cell line (>75% TCR V§2")
was obtained after stimulation of PBMC with 10nM HMBPP and 100 U/ml IL-2. Fresh
medium +IL-2 was added every 2-3 days and cells were used for functional assays at
day 17. Ty1 and T2 cells were generated by activating and expanding sorted naive
CD4" T cells with mAbs to CD3 and CD28 (2 ug/ml) with a function-neutralizing mAb to
IL-4 (10 ug/ml) and rhIL-12 (10 ng/ml) for induction of a Ty1 phenotype and with anti-
IFN-y (10 pg/ml) and rhiL-4 (20 ng/ml) for Th2 induction.

T cell activation

Purified CD4" T cells were activated in 48-well culture plates (2.5 — 3.5 x 10° cells/well)
coated with mAbs to CD3, CD28 and/or CD46 (2.0 ug/ml each). Functional assays with
vo T cells were performed using the same protocol, except that HMBPP (10nM) was

used for stimulation.

Cytokine measurements
Cytokines were measured by using the Ty1/Ty2 Cytometric Bead Array (BD
Biosciences) or the human IFN-y, IL-10 or IL-2 Cytokine Secretion Assay Kits (Miltenyi

Biotec) in combination as per manufacturer’s protocol.
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Suppression assay

Purified T cells were CD3-CD46-activated in the presence of rhiL-2 (5 or 50 U/ml) for
36h. Cells were then FACS-sorted based on their IFN-y*IL-10", IFN-y*IL-10" or IFN-y IL-
10" secretion profiles and cultured separately for 18 hrs with low IL-2. Supernatants
from these cultures were harvested and then transferred to freshly purified T cells. T
cell/supernatant mixtures were activated for 6 days with mAbs to CD3 or CD3 and
CD28 and cell proliferation measured employing the CellTiter 96° AQueous One Solution

Cell Proliferation Assay from Promega (Madison, WI).

Chromatin Immunoprecipitation (ChIP) analysis

Binding of ICER-CREM to the IL-2 gene promoter was assessed utilizing the MAGnify™
Chromatin Immunoprecipitation System (Invitrogen) according to the manufacturer’s
protocol. A mAb to ICER-CREM conjugated to Protein G was used to
immunoprecipitate ICER-CREM-DNA complexes.

RNA silencing

siRNA targeting human SPAK (siRNA ID 898) and negative control siRNA were
purchased from Ambion (Austin, TX). siRNA was delivered into primary human CD4* T
cells by electroporation (2 x 10° cells ml/transfection buffer (Ambion); 3 ug/ml siRNA;
200V and 325 mF using the Bio-Rad Gene Pulser [Bio-Rad Laboratories, Hercules,
CA)). Transfection efficiency and cell viability was consistently above 80% and 75%,

respectively, and protein knock down peaked at 36-48h post-transfection.

PCR, RT-PCR and quantitative real-time RT-PCR analyses

PCR. IL-2 promoter-specific primer pair: +301 to +510 promoter site: forward *TTA CAA
GAA TCC CAA ACT? - reverse "TAGAGGCTTCATTATCAAA®,

RT-PCR. The CD46 isoform expression pattern was assessed in CD4" and y3 T cells by
using CD46-specific primers: forward *GTGGTCAAATGTCGATTTCCAGTAGTCG® -
reverse >"CAAGCCACATTGCAATATTAGCTAAGCCACA®)®.

Quantitative real-time RT-PCR. For the analysis of GATA3 expression, RNA isolated

from T cells was subjected to reverse transcription and the amounts of cDNAs specific
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for GATAS3 determined using the ABI Prism 7700 Sequence Detection System and a
GATAS-specific primer pair (hs00231122_M1, Applied Biosystems Inc., Foster City,

CA). The individual samples were normalized using human 18S rRNA housekeeping

gene expression (Applied Biosystems Inc).

Statistical analysis

Statistical analyses were performed using the Student’s two-tailed t-test (Excel software
[Microsoft, Redmond, WA]).
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Transcription IFN-fI L-10" IFN-1y+I L-10" IFN-Ty‘I L-10" Ty1? Th2°
factor ay (Tec) (Trec’
T-bet +++ +++ +++ ++++ -
Gata3® —/+ + + -+ 44+
Foxp3 - - - - -
p-STAT4 ++ +++ ++ ++++ ++
p-STAT5 +++ +++ + ++++ ++
p-STAT6 + + —/+ + ++++
p-ERK ++ +++ +++ ++++ ++
ICER/CREM +++ ++ + ++ ++

Table I. Expression profile of key T cell lineage transcription factors in CD46-
induced effector (Tyl) and suppressor (Trec) cell populations.

Purified CD4" T cells were CD3-CD46-activated for 36 hrs in high IL-2 and the subsequent IL-10 and IFN-

v Secretion Assays combined with intracellular FACS staining for the respective T cell lineage markers.

a, transcription factor expression levels were determined relative to the expression levels in either Ty1 or

TH2 cells with ++++, very strong (highest expression observed); +++, strong; ++, moderate; +, low; —/+,

weak but detectable; —, not detectable. Purity of generated Ty1 and TH2 cells (see Material and Methods)

was assessed by measuring the percentage of IFN-yIL4™ (Ty1) or IFN-y/IL-4* (T42) cells upon CD3-

CD28 restimulation and was > 85% in all assays.

b, due to the lack of a suitable Ab, mMRNA GATAZ3 levels were determined using quantitative real-time RT-

PCR analysis.
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Figure 6
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