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Abstract
Co-stimulatory signals are important for development of effector and regulatory T cells. In this
case, CD28 signaling is usually considered inert in the absence of signaling through the TCR. By
contrast, mitogenic rat CD28 mAbs reportedly expand regulatory T cells without TCR stimulation.
We found that a commercially available human CD28 mAb (ANC28) stimulated PBMCs without
TCR co-ligation or cross-linking; ANC28 selectively expanded CD4+CD25+FoxP3−(T effector)
and CD4+CD25+FoxP3+ (Treg) cells. ANC28 stimulated the CD45RO+ CD4+ (memory)
population whereas CD45RA+CD4+ (naïve) cells did not respond. ANC28 also induced
inflammatory cytokines. Treg induced by ANC28 retain the Treg phenotype longer than did co-
stimulated Treg. Treg induced by ANC28 suppressed CD25− T cells through a contact-dependent
mechanism. Purity influenced the response of CD4+CD25+ cells because bead-purified
CD4+CD25+ cells (85–90% pure) responded strongly to ANC28, whereas 98% pure FACS-sorted
CD4+CD25 bright (T-reg) did not respond. Purified CD4+CD25int cells responded similarly to the
bead-purified CD4+CD25+ cells. Thus, pre-activated CD4+ T cells (CD25int) respond to ANC28
rather than Treg (CD25bright). The ability of ANC28 to expand both effectors producing
inflammatory cytokines as well as suppressive regulatory T cells might be useful for ex vivo
expansion of therapeutic T cells.
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Introduction
A central dogma of cellular immunology is that activation of naive T cells requires two
signals, one transmitted through the T cell receptor and the second signal received through
CD28 or other co-stimulatory receptors[1]. In this model, TCR activation without a co-
stimulatory signal leads to T cell inactivation (paralysis, anergy); co-stimulatory signals
block the inactivation step, leading to T cell activation. In the original descriptions of the
Two Signal Model, receipt of Signal Two alone has little effect on the T cell because,
otherwise, bystander activation or inactivation would result.
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CD28 has emerged as the most important co-stimulatory receptor of T-lymphocytes, at least
for activation of naive T cells. In experimental systems, the natural ligands of the TCR, the
cognate MHC–peptide complexes, and of CD28, the B7 family members CD80 and CD86,
can be replaced by CD3 and CD28 mAbs, which are used to study T cell activation in vitro.
There is growing evidence that certain human [2–4], rat [4–8] and mouse [4] CD28 mAb
trigger T cell activation and mitogenesis in the absence of overt co-ligation of the TCR.
These antibodies have been called superagonistic or mitogenic CD28. However, the
molecular mechanism of their action is still unclear. Mitogenic CD28 bind to CD28
differently than conventional CD28 antibodies. Conventional CD28 antibodies bind at the
“top” of the molecule, i.e. in the area of natural ligand’s binding site, whereas a mitogenic
CD28 mAb binds laterally to the IgV domain, involving the C-D loop at its bottom [4] A
kinetic segregation model was proposed in which cross–linking of CD28 by mitogenic mAb
to a plastic surface or an Fc receptor on an APC leads to a much closer approximation of the
T cell membrane to the opposing surface than in the case with conventional CD28-specific
mAb. This allows kinases to dominate over phosphatases which are excluded because of
large extracellular domains, and signaling is thus initiated [9]. The Hünig/Hanke groups
extensively characterized the mitogenic anti-rat CD28 mAb JJ316, which preferentially
expanded regulatory T cells (Treg) and induced anti-inflammatory cytokines in vitro and in
vivo with therapeutic abilities in vivo [6–13]. In particular, JJ316 prevented EAE and
adjuvant arthritis in rats [6,10]. This model rationalized a phase I in vivo trial of a
humanized mitogenic anti-human CD28 mAb, TGN1412, the properties of which are known
from the report prepared by the British Expert Scientific Group (ESG) on phase I clinical
trials[14].The trial was stopped due to rapid induction of multi-organ failure in six
volunteers receiving the mAb. Contamination with known agents causing toxic shock (such
as LPS) was ruled out and the symptoms were likely caused by a cytokine storm [15,16].
The failure of experiments using TGN1412 in cynomolgus macaques to reveal toxicity [17]
underscores the need for better understanding the mechanism of mitogenic CD28 mAbs.

The reported preferential activation of only regulatory T cells by JJ316 was a key finding
because Treg are a useful subset of T cells with therapeutic implications for modulating the
immune system. Treg are normally unresponsive using conventional CD3 and CD28
antibody stimulation and do not proliferate. However, in those studies reporting expansion
of regulatory T cells by JJ316, the purity of the starting cells was not well defined [7,18].
Thus, in those studies, CD4+CD25+ cells were isolated by magnetic columns with about 85–
90% purity, so that a wide range of CD25 expressing cells were obtained including the
CD25 bright (Treg). In addition, data about the Teff /Treg ratio before and after JJ316
stimulation were not reported. Because of the reduced purity, it is therefore possible that
mitogenic CD28 might stimulate other subsets of human T cells in addition to Treg.

We show here that a commercially available CD28 antibody, ANC28, expands and activates
human PBMCs, purified CD4 T cells and the CD45RO+CD4+ subset (memory CD4 T cells)
with secretion of inflammatory cytokines. It does not require cross-linking. ANC28
preferentially expands most CD4+ CD25+ cells, which include effector and regulatory T
cells, rather than only Treg. ANC28-activated Treg have effector mechanisms resembling
Treg described by others [19]. Magnetically purified CD4+ CD25+ or CD25int responded
strongly to ANC28. By contrast, 98% pure CD4CD25bright (FACS-sorted) cells did not
respond to ANC28, suggesting that, in contrast to previous reports, mitogenic CD28
antibodies are not specific for Treg. The likely explanation of the failure of phase I in vivo
trial of a humanized mitogenic anti-human CD28 mAb, TGN1412 may be related to these
observations.
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Results
ANC28 induces T cell proliferation, activation and cytokine production independently of
TCR co-ligation

Based on preliminary observations suggesting that ANC28 signaled in the absence of TCR
co-ligation, we asked whether ANC28 had other properties characteristic of ‘mitogenic’
CD28 antibodies for primary resting T cells. We analyzed the expansion and activation of
CFSE-labeled unfractionated PBMC stimulated with CD3, PHA, ANC28 or 28.2 alone, or
CD28 mAb in combination with CD3. Significant expansion (76.5±2.1%; p<0.05, ANC28
vs 28.2) and activation (59.85±4.1%; p<0.05, ANC28 vs 28.2) were induced by ANC28, and
were superior to other stimuli including co-stimulation (Fig. 1A).

Without TCR/CD3 co-ligation, cross-linked but not soluble TGN1412 CD28 mAb induced
TNF-α, IL-6, and IL-8 from human PBMCs [20]. By contrast, soluble ANC28 induced high
levels of similar cytokines including TNF-α, IL-6 and IL-8 from one donor and IL-8 from
another donor (Fig. 1B). These results indicate that ANC28 does not require TCR- co-
ligation or cross-linking to activate human PBMCs and, with respect to cytokine production,
it resembles TGN1412 CD28 mAb.

Selectively expansion of CD4CD45RO by ANC28
The stimulatory capacity of ANC28 prompted us to further characterize the cell populations
affected by ANC28.ANC28, but not 28.2, induced proliferation in about three quarters of
CFSE-labeled CD4+ T cells and a minor fraction of CD8+ T cells (Fig. 2A).

The difference in expansion of CD4+ (74.7% ± 0.6) and CD8+ (12%±11.6) T cells was
reproducible and significant (p ≤ 0.01). The poor responses of CD8+ T cells might be due to
the low percentage of CD28+CD8+ T cells (CD4 vs. CD8, 85±6.2% vs. 48.6±4.7% of cells;
Fig 2B). A previously described human mitogenic CD28 antibody, BW828 [2] expanded
CD4 memory cells whereas another human antibody 5.11A1[21] expanded both naïve
CD45RA+ and CD45RO+ CD4 T cells suggesting differential reactivity of T cells when
stimulated with different mAbs. To test whether ANC28 expanded only memory CD4 cells,
we compared responses of negatively selected CD45RO+ or CD45RA+ CD4 T cells.
ANC28 induced proliferation in the CD4CD45RO+ subset but not in CD4CD45RA+ cells.
However, both subsets expanded in response to conventional co-stimulation with CD3 and
28.2. Expansion of CD4+CD45RO+ T cells by ANC28 was comparable to CD3 and 28.2
stimulation (Fig 2C). Contrary to CD8, most CD4CD45RA (92±6.4%) express higher levels
of CD28 whereas about 75% (75±7) of the CD4CD45RO T cells express CD28 (Fig.2B).
Naive cells need stronger activation signals than memory T cells, which may be why they do
not respond to ANC28. However, when IL-2 was added, naïve cells could be expanded by
ANC28 (data not shown), indicating that the limiting factor is the ability to make IL-2.

We also examined Th1/Th2 and inflammatory cytokines after ANC28, 28.2 or combination
(28.2 and CD3) treatment in bulk CD4+ T cells or in CD4+CD45RO+memory cells. ANC28,
but not 28.2, induced the inflammatory cytokines, IL-8, IFN-γ, TNF-α and IL-10 from both
subsets (Fig.2D&E). Levels of IL-2 were significantly higher in ANC28-treated
CD4+CD45RO+ cultures than in co-stimulated cultures (1248±288 vs 430±271pg/ml;
ANC28 vs 28.2 and CD3; p= 0.02). By contrast, levels of IL-2 were lower in ANC28-treated
bulk CD4 cultures. We believe that lower levels of IL-2 in bulk CD4 culture might be due to
the consumption of IL-2 by CD45RA cell, as purified CD45RA did not respond to ANC28
but did respond when IL-2 was added (data not shown). By contrast, co-stimulation has a
direct effect on both CD45RA and CD45RO populations so they both expand and produce
IL-2. Except for IL-2, the levels of cytokines produced by ANC28 stimulation were greater
in both CD4 and CD45RO cultures than those produced after CD3 and 28.2 stimulation and
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TNF- α levels were significantly greater in ANC28-treated CD4 cultures (2244 pg/ml ±705
vs 78±73; ANC28vs28.2 and CD3; p≤ 0.01). In contrast to the previously reported work
with mitogenic rat CD28 mAb JJ316 [8,10], these data suggest that ANC28 induces
inflammatory, rather than anti-inflammatory cytokines.

ANC28 stimulates T cells without cross-linking
Previously described mitogenic CD28 antibodies BW828[2] and JJ316[5] required cross-
linking for their stimulatory capacity. In addition, immobilized but not soluble TGN1412
induced secretion of inflammatory cytokines from human PBMCs [20]. By contrast, soluble
ANC28 was active in all our experiments. Moreover, negatively selected CD4 T cells free of
contaminating monocytes to mediate cross-linking also were expanded by soluble ANC28
(data not shown). To further test the requirement of cross-linking, we used F (ab’)2 ANC28
and found that CD4 T cells expand similarly to both intact and F(ab’)2 ANC28 (Fig 3).
These results suggest that cross-linking via FcR is not required for ANC28 to activate T
cells.

ANC28 expands CD4+CD25+Foxp3− and CD4+CD25+Foxp3+ cells
Recent studies indicated that mitogenic CD28 mAb selectively expand Treg cells in vitro
[7,18] and in rats, mice and humanized mice [8,22]. To test if ANC28 also selectively
expands Treg, we examined Treg markers after expansion of PBMCs from seven healthy
donors (age 25–35 years). The fraction of CD4+CD25+Foxp3+ T cells increased five- to 18-
fold after ANC28 (18.4%±10) compared to 28.2 treatment (2.23%±1.5; p<0.004, Fig.4A).
However, CD4+CD25+Foxp3− T cells were also expanded 6 to 23-fold more in ANC28-
treated cultures than in those treated with 28.2 (29%±17 vs 2.5%±3; p <0.002; Fig 4B),
indicating that ANC28 preferentially expands bulk CD4+CD25+ rather than just
CD4+CD25+Foxp3+ (Treg). ANC28 also expanded both CD25+ Foxp3+ and CD25+ Foxp3−
cells when starting with purified CD4 T cells (p <0.005 compared to 28.2; Fig4C). The ratio
of Teff / Treg (mean±SD of three experiments) was greater than one at every time point (Fig
4D).This is in contrast to a previous report in which selective expansion of T regs by
mitogenic CD28 apparently contracted T effectors cells [18]. The fraction of CD25+ Foxp3+

cells were more stable in ANC28- induced culture than after co-stimulation (CD3 and
CD28.2; Fig. 4E; p < 0.05). Treg induced by ANC28 increased in number until about day 3
of culture and then remained at a stable level for more than 6 days without exogenous IL-2
(Fig 4E). By contrast, co-stimulated CD4 cells that expressed FoxP3 returned to baseline
expression after six days, indicating that TCR signals might inhibit FoxP3 expression in
vitro. The numbers of CD4 T cells increased about 6–8 fold in ANC28 –treated and co-
stimulated cultures starting with 5×105 cells. The number of CD25+FoxP3+ CD4 T cells in
the starting population constituted about 2.5×104 about (5–7%).These Tregs increased 20–
22 fold after 3 days and were similar in co-stimulated culture and ANC28 stimulated
cultures (4.5×105±1.2×105 vs 4.7×105±1.1×105 ANC28 vs co-stimulation). After 6 days of
culture, more T regs were present in ANC28 treated cultures than in co-stimulated cultures
(4.2×105 ± 6×104 vs 1.3×105 ±1 ×104; ANC28 vs co-stimulation; p < 0.05). These data
suggest that after 6 days the absolute numbers of Tregs were also more after ANC28
treatment compared to co-stimulation.

IL-2 is important for natural Treg development in mice and IL-2R signaling is required for
Treg function[23]. Therefore, we tested whether IL-2 was required for ANC28-induced Treg
development. Anti-IL-2 inhibited Treg formation by 92% (p <0.001). TGF-β is required for
inducing Treg cells in some systems [24]. Anti-TGF-β antibodies blocked about 50% of
CD25+Foxp3+ cell generation from bulk CD4+ cells, whereas anti-IFN-γ and anti-TNF-α
antibodies inhibited Treg formation only 20–25% (Fig. 5A). The latter inhibitory effects
were not significant after Bonferroni correction for multiple comparisons. These findings
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suggest that at least IL-2 is critical for the induction and/or expansion of Treg by ANC28,
consistent with the importance of IL-2 in Tregs development, whereas IFN-γ, TNF-α and
TGF-β might have more limited roles.

ANC28 stimulates T cells through PI3K-like pathway
The cytoplasmic tail of CD28 binds PI3K after T cell activation and a role for PI3K
activation has been implicated in some, but not all, CD28 signaling pathways [25–29]. T cell
activation during co-stimulation does not require PI3K signaling. However, TCR-
independent CD28 signaling involved in glucose metabolism [25], trafficking of cells [29]
and mitogenic responses does require PI3K. A recent report showed superagonistic anti-
CD28 (5.11A1) stimulated T cells independently of PI3K [21]

To test whether ANC28-mediated induction of T cells requires PI3K kinase, we assayed
CD25+ and CD25+ Foxp3+ formation in the presence of wortmannin. This compound is
highly selective for the serine-threonine kinases PI3K and polo-like kinases, with an IC50 in
vitro of about 5 nM for each enzyme [30,31]. However, the half-life of aqueous wortmannin
at 37°C is about 10 min. Therefore, to ensure an inhibitory dose throughout the culture
period, we, like others, used wortmannin in the range of 100–200 nM. In three experiments
(Fig. 5B), 100 nM wortmannin inhibited ANC28-induced Treg formation by 70–98%,
consistent with the involvement of PI3K and/or PLK1. In each experiment, the reduction of
CD25+Foxp3+ cells paralleled the reduction in CD25+Foxp3− cells (not shown). Moreover,
LY294002, a stable inhibitor of PI3 and polo-like kinases, dose dependently inhibited CD69
and CD25 up-regulation after 6 hrs (without LY294002 vs with 24uM LY294002; 39±4 vs
11±1; p=0.003) as well as after 3 days (Fig 5C). Treg formation induced by ANC28 was
also inhibited (data not shown) by LY294002. These results suggest that PI3K is involved in
the T cell stimulation caused by ANC28.

ANC28 induces functional Treg
To assess the functional state of ANC28-induced Treg, we tested ANC28-stimulated T cell
subsets for their ability to suppress co-stimulated proliferation of autologous PBMC (Figs.
6A & 6B). 80% of CFSE-labeled PBMC proliferated in the absence of added Treg. ANC-
induced CD25+ cells dose-dependently suppressed up to 60% of the proliferation at effector:
responder ratios of 1:1 and ANC28-induced CD25+cells suppressed better than added
CD25− cells at all ratios ( p ≤ 0.005; Fig. 6B).

Natural CD4+ Treg cells suppress through a contact-dependent mechanism, whereas
suppression by other “Tr1” or “Th3” regulatory cells requires cytokines [19]. To test
whether suppression by ANC-induced Treg cells required cell-contact or was due to soluble
factors, co-cultures of Treg and responder cells were separated by a Transwell™ membrane.
No suppression was detected in these cultures (Fig. 6C). By contrast, cultures containing
anti-IL-10 or anti-TGF-β or anti-IL-10 and anti-TGF-β together had profound suppression (p
<0.025 in each case). These results showed that contact was responsible for suppression
caused by ANC induced T regs.

ANC28 does not expand CD25bright (naturally occurring Treg)
The Hünig/Hanke labs reported that mitogenic CD28 mAb selectively caused proliferation
of rodent Treg cells in vitro and in vivo [6–8,18,22]. These results are consistent with our
data using bead - purified CD25+ cells. By contrast, we found that the FACS-sorted 98%
pure CD25 bright fraction of CD4 T cells did not respond to ANC28 (Fig. 7A), which
suggests that ANC28 must target other CD4 memory T cells. 80–90% of CD25bright starting
population expressed FoxP3 but after 3 days in ANC28- treated cultures this percentage
decreased dramatically to from 1 to 12% (7±4.3%). Loss of FoxP3 and CD25 expression by
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3 days might be due to an unresponsiveness of this population to ANC28 and /or lack of
IL-2. When we repeated this same experiment in the presence of IL-2, we found that 100U/
ml of exogenous IL-2 maintained the survival of some cells as well as CD25 and FoxP3
expression in CD25bright cells (44±7% vs 7±4.3%; with vs without IL-2, p = 0.004, Fig 7B),
with only a small expansion in ANC28 treated cultures. However, 50U/ml IL-2 was not
enough to maintain FoxP3 and CD25 expression and the cells were killed with 150 –200 U/
ml IL 2(Fig 7B). Indeed, when we purified CD25+ cells by magnetic columns, the cells were
85–90% pure and thus contained CD25 bright, CD25int as well as a few CD25− CD4 T cells.
The representation of FoxP3 positive cells in this starting population was between 25–30%
(data not shown). This semi-pure cell population responded strongly to ANC28 and almost
all (90 ± 7%, Fig 8A) CFSE labeled cells proliferated in response to ANC28. In addition,
after three days of ANC28 treatment; about 40% of the cells expressed FoxP3 (Fig8A).

To further test whether only CD25int cells responded to ANC28, we sorted CD4+ cells into
CD25+, CD25int or CD25− cells by FACS. As expected, FACS-sorted CD25int (2–3%
FoxP3+) responded similarly to the bead-purified CD25+cells. In addition, the Treg
phenotype (34±9%) was detected after 3 days (Fig 8B), whereas only a small percentage
(6±5%) of CD25− cells expanded in response to ANC28 (data not shown).These findings
indicate that CD25int CD4+ memory cells (recently activated T cells) rather than
CD25brightcells respond to ANC28.

To explore whether CD25int T cells were responsible for the expansion of CD25bright T cells
in magnetically purified semi-pure populations, we mixed FACS sorted CD25int and CFSE
labeled CD25 bright T cells at a 2:1 ratio and treated the cells with ANC28. CD25bright did
not expand even in the presence of CD25int cells (Fig.8C), which suggests that ANC28
specifically expands only CD25int cells.CD25bright cells neither expand nor maintain FoxP3
expression after ANC28 treatment even when IL-2 is added or when CD25int CD4 T cells
are mixed with CD25bright cells, therefore we conclude that ANC induced functional Tregs
in bulk CD4 T cells culture (Fig.4C & D) specifically generate from CD25int cells not from
CD25bright cells.

Discussion
In this work, we found that a commercially available human CD28 mAb “ANC28.1”
(ANC28; clone 5D10; mouse IgG1κ; Ancell Corp., Bayport, MN) is mitogenic for human T
cells, especially for CD4 memory T cells. Previously, Schafer et al. (1999) showed that,
similar to a conventional anti-CD28 antibody (28.2), cross-linked ANC28 caused activation
of p38α mitogen-activated protein kinase in memory CD45RO T cells [32].In that study, the
ability to stimulate p38α through CD28 in memory cells was not limited to mitogenic CD28
mAb[32]. Previously,we reported that ANC28 not CD28.2 mediates down-regulation of
CD28 mRNA, similar to that caused by CD80 [33]. In the present study, neither plate-bound
nor soluble 28.2 stimulated T cells, but both forms of ANC28 were potent mitogens for T
cells, especially for CD4+CD45RO+ T cells. ANC28 resembles previously described human
mitogenic CD28 mAbs (Table 1). Similar to BW828 [2,3], ANC28 selectively expanded
only the CD4CD45RO subset of T cells, and similar to TGN1412 [20], it induces
inflammatory cytokines, TNF-a, IL-6, and IL-8 from human PBMCs. However, in contrast
to ANC28, all other previous described mitogenic or superagonistic CD28 required cross-
linking for their action. Use of the F(ab)’2 fragment of ANC28 shows that FcR - mediated
cross-linking is not required.

The evidence that T cell activation by mitogenic CD28 mAb does not require simultaneous
TCR co-ligation by MHC:peptide complexes is compelling. First, the fraction of CD4+ T
cells that respond to these antibodies is large. Thus, the majority of rat CD4+ T cells [7,8]
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and nearly all T cells from RAG-deficient mice expressing the ovalbumin-specific OT2
transgenic TCR [22] responded to mitogenic CD28 mAb. The latter result is especially
persuasive because it is unlikely that the OT2 T cells would be cryptically activated. These
findings in rats and mice are supported by the observations here and by other [2] that
mitogenic human CD28 mAbs activate a large fraction of CD4+ T cells.

Second, in a study using cell lines, Dennehy et al. found that mitogenic CD28 signaling
required components typically associated with the TCR: CD3-ζ, the CD3-ζ-associated
kinase Zap70, and the adaptor molecule SLP-76 [4]. This group argued that mitogenic CD28
mAb enhance “tonic” signaling by the TCR complex, but studies using mice deficient in
both class I and class II MHC molecules will be required to rule out low affinity MHC:TCR
interactions. The studies of Deenehy et al. were consistent with those of Raab et al. who
found (using a non-mitogenic CD28 mAb or CHO cells expressing B7) that CD28 can
signal independently of TCR if VAV and SLP-76 are over-expressed [34,35]. In their
studies, CD28 ligation led to PI3-kinase activation and recruitment of VAV and SLP-76
through the plectin-homology domains. This pathway was invoked to explain “in trans”
activation in which B7 expressed by “third party” cells can co-stimulate T cells that had
previously received Signal One. The TCR-independent CD28 signaling pathway described
by Raab et al. [34,35] might be different from that used by mitogenic CD28 mAb, but a
major role for PI3-kinase in signaling through ANC28 was suggested in our work by the
inhibition of T cell activation by wortmannin and Ly294002. This result is different than that
reported for another mitogenic CD28 antibody, 5.11A1 [21]. Our results, however, do not
exclude the possibility that mitosis-associated Polo-like kinases are additional targets
[30,36].

Memory T cells are likely candidates for CD28 signaling since they exhibit enhanced
activation properties relative to naïve T cells and have a reduced activation threshold
[37,38]. Normal function by memory CD4 and CD8 T cells were seen in CD28−/− mice
[39,40]. In vitro activation of memory T cells in the absence of CD28 engagement by B7
ligands was also normal [37,41] The CD28/B7 co-stimulatory pathway was thus generally
considered dispensable for memory T cell responses. However, Ndejembi et al reported that,
although recall functions like up-regulation of activation marker expression on memory CD4
cells are independent of CD28 co-stimulation, optimal IL-2 production and, most
importantly, expansion of memory CD4 T cells, required CD28 costimulation [42].
Interestingly, our findings suggest that signaling through CD28 alone can be sufficient for
activation and expansion of memory CD4 T cells.

Like other studies, we observed that ANC28 preferentially expands CD4 T cells over CD8 T
cells in unfractionated PBMCs (data not shown), however, we did not find expansion of just
Treg by ANC28. Indeed, T-effector cells (CD4+CD25+) expanded more than Treg
(CD4+CD25+FoxP3+) in unfractionated PBMCs and in purified CD4 T cells (Fig 4). This is
in contrast to an in vitro study using mitogenic CD28 JJ316 [8,18], which reported a 4-fold
greater expansion of Treg than effector CD4 T cells. A major criticism of that study is that
CTLA-4 rather than FoxP3 was used to identify Treg.

Lin et al. [18] and Beyersdorf et al [7] stated that mitogenic CD28 expanded purified
regulatory T cells. However, in those studies, bead- purified CD4+CD25+ were considered
Treg. When we used a similar approach for CD4+CD25+ purification, we also found
massive expansion of CD4+CD25+ cells by ANC28 (Fig 7C). However, bead- purified
CD4+CD25+ preparations contained not only CD25bright (Treg) but also included CD25int

(mixture of T-effectors and Treg) CD4 T cells. When CD4+CD25 bright (highly purified
Treg), were purified by flow sorting, they did not respond to ANC28 (Fig 7B), suggesting,
that bead – purified CD25+ CD4 T cells (85–90%, pure) contain both CD25int and
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CD25bright cells, which ultimately confuse interpretation of results. Thus it is entirely
possible that the previously reported JJ316 did not selectively expand rat Treg.

Our study offers an explanation for previous in vitro studies in which JJ316 was reported to
expand only Treg. Our findings, however, can not explain the reported therapeutic effects
and the lack of production of inflammatory cytokines in autoimmune rodent models by
JJ316. However, the therapeutic effect might have been due to blockade of CD28 by JJ316,
rather than activation of Treg.

The differences observed between anti-human ANC28 and anti-rat JJ316, however,
underscore the difficulty of extrapolating from one mAb to another or between species.
Indeed, ANC28 is different from other mitogenic CD28 antibodies because it does not
require cross-linking and it signals via PI3 kinase.

Stebbings et al did show that the TGN1412 can induces inflammatory cytokines from
human PBMCs [20], but it was unclear how this mitogenic CD28 antibody induced
inflammatory cytokines if it selectively expanded regulatory T cells. Typically the
production of Tregs correlates with anti-inflammatory cytokines, not inflammatory
cytokines. Those authors did not explore the mechanism of inflammatory cytokine
production nor did they characterize subpopulations of cells expanded by mitogenic CD28.
Our results indicate that, with respect to cytokine production, ANC28 resembles the
mitogenic human CD28 mAb TGN1412 [20]. If TGN1412 and ANC28 share similar
molecular mechanisms and specificity for T cells, our study provides an explanation of the
recent failure to translate CD28-driven Treg activation to humans using TGN1412[15].The
clinical use of TGN1412 was predicated on the assumption that mitogenic CD28 antibodies
selectively expand Treg. However, ANC28 activates and expands all CD4+CD25+ cells
(CD25int) including T effectors and Treg rather than just Treg. Our results are consistent
with the hypothesis that TGN1412 initiated a “cytokine storm” in the volunteers through
polyclonal activation of CD4 CD25int memory T cells, releasing toxic levels of IFN-γ, TNF-
α, IL-8 and other inflammatory cytokines.

It now appears that mitogenic CD28 mAbs induce high levels of inflammatory cytokines
both in vivo and in vitro challenging the clinical efficacy of these antibodies. The Hünig/
Hanke groups reported selective expansion of regulatory T cells by mitogenic rat or human
CD28 [6–13], yet the mitogenic anti-human CD28 caused a cytokine storm in the phase I in
vivo trial [15,16]. Our study provides a plausible explanation for this contradiction; (1)
stimulation through mitogenic CD28 activates pathogenic effector T cells as well as
protective regulatory T cells. (2)ANC28 selectively expands only memory cells whereas
naïve cells do not respond with ANC28. Since the activation requirements of memory cells
are generally much less stringent than those of naive cells, it is likely that other reported
mitogenic CD28 also preferentially activate memory T cells. Therefore, mitogenic
antibodies that do not induce widespread immune activation in mice and rats (with
predominantly naive T cells) are capable of doing so in humans (who have more memory
cells).

This hypothesis predicts that mitogenic CD28 should be pathogenic in mice expressing large
numbers of memory cells, but does not explain the failure of TGN1412 to induce
inflammation in cynomolgus or rhesus monkeys. In that case, we speculate that subtle
difference in the cynomolgus and rhesus CD28 molecules limit the ability of TGN1412 to
activate the TCR-independent signaling pathway. If so, studies using mutagenized CD28
molecules should reveal the structural features of CD28 critical for permitting TCR-
independent signaling. Although our studies have excluded a requirement for FcR molecules
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for T cell activation in vitro, it remains possible that species differences between the binding
characteristics of monkey and human FcR could contribute to in vivo toxicity.

Stimulation through mitogenic CD28 mAb can be quite distinct from stimulation through
other classes of ligands (conventional CD28 mAb; soluble B7; plate-bound ligands). Just as
pharmacological agents can imperfectly mimic the natural “physiological” ligands of
receptors, yet provide important insights into the function of those receptors, we believe that
ANC28 and similar mAb can give us insight into the functions of CD28.

An important observation of our study is that mitogenic CD28 (ANC28) induces stable
FoxP3 expression and the cells have suppressive activity. This is in contrast to CD3
stimulation which induces transient FoxP3 expression and cells with no suppressive activity
[43]. However, direct comparison between these two studies is not possible because ANC28
generates Tregs from CD25int whereas in other study FoxP3+ expressing T cells are
generated from CD25− T cells [43].

ANC28 might be useful tool for dissecting the poorly understood CD28/B7 pathway
involved in memory T cell activation and may be useful for ex vivo expansion of antigen
specific effecter and regulatory T cells for therapeutic purpose.

Materials and Methods
Isolation of human PBMCs, and purification of different subsets of T cells

All studies using samples from human volunteers follow protocols approved by the BCM
institutional review board. PBMC from healthy donors were obtained after informed consent
and purified over Ficoll-Hypaque gradients (Sigma Aldrich, St. Louis, MO). CD4+ or CD8+

T cells were purified via negative selection by magnetic cell sorting (Miltenyi Biotech,
Auburn, CA) as per manufacturer’s protocols. The purity of subsets averaged 95% as
determined by flow cytometry. CD45RA+ or CD45RO+ subsets of CD4 T cells were also
purified by negative selection by bead cell sorting (Stem Cell, Vancouver, Canada) with
purity greater than 97%. Negatively selected CD4 cells, immunostained with CD25 PE and
CD4 FITC were then sorted into three groups; bright CD25+, CD25int or CD25− CD4+ T
cells by a FACS-ARIA cell sorter (Becton Dickinson,) with post-sort purity of 97–99%.
CD4+CD25+ cells were also purified by magnetic columns (Miltenyi Biotech, Auburn, CA)
with 85–90% purity.

CFSE staining
One million cells were suspended in 0.5 µm carboxyfluorescein succinimidyl ester diacetate
(CFSE; Sigma-Aldrich) in PBS + 2%FBS and incubated at 37°C for 10 min. Cells were
diluted in 10% FBS containing RPMI and washed 3 times in fresh media.

mAb and inhibitors
The following antibodies were obtained from BD Biosciences, San Jose, CA, USA: FITC–
conjugated anti-CD4, CD25, CD45RO; PE-conjugated antibodies for CD25, CD45RA and
CD69; PE-Cy5 and PE-Cy7-conjugated anti-CD4, CD8 respectively; and unlabeled anti-
CD3 and anti-CD28. A conventional, non-mitogenic, CD28 mAb served as negative control
(28.2, Mouse IgG1κ, BD Biosciences, Franklin Lakes, NJ). The mitogenic CD28 mAb was
“ANC28.1” (unlabeled and PE-conjugated) and its F(ab')2 fragment (clone 5D10; mouse
IgG1κ; Ancell Corp., Bayport, MN). To avoid confusion with a conventional mAb named
“ANC28.1 clone 15E8” [44], we refer to the 5D10 mAb as “ANC28”. Neutralizing
antibodies were IL-10 (JES3-19F1), IL-2, an isotype-matched control from BD Biosciences,
TGF-β123 (1D11), TNF-α, and IFN-γ (R&D Systems, Minneapolis, MN). PI3-kinase
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inhibitors, wortmannin and LY294002, were obtained from Upstate (Temecula, CA) and
Calbiochem (San Diego, CA), respectively.

Cell culture
PBMC’s were cultured at 1×106 cells/well or 0.1−0.5×106 cells/well of purified subsets
(CD4, CD8, CD25int,CD25+ or CD25−) at 37°C in 5% CO2 in 12 or 24 or 48 well plates in
RPMI-1640 supplemented with 10% heat-inactivated fetal calf serum, HEPES buffer,1 mM
sodium pyruvate, non-essential amino acids, 2 mM L-glutamine and 100 U/ml penicillin.
Antibodies were used at 3 µg/ml mitogenic (ANC28), 3 µg/ml (conventional 28.2), 10 µg/
ml plate-bound anti-CD3, or 1.5 µg/ml soluble anti-CD28 (BD).

Cytokine measurements
Supernatants from cells cultured with CD3, ANC28, 28.2, or co-stimulated with CD3 and
either 28.2 or ANC28 were collected after 48 or 72 hrs and cytokines measured by Th1/Th2
and inflammatory cytokine bead array (CBA kit, Becton-Dickinson, San Jose, CA).

Flow cytometry
To measure intracellular Foxp3, cells were stained with PE-Cy5-antiCD4 and FITC or PE-
conjugated anti-CD25 before incubating in Fixation Buffer (E-Bioscience, San Diego, CA,
USA) for 30 min at 4°C and permeabilisation Buffer (E-bioscience). Cells were blocked
with rat serum before staining with PE or FITC–conjugated anti-Foxp3 antibody (PCH101
and 236A/E7; E-Bioscience). Because of a controversy about anti-FoxP3 clone PCH101
specificity[24], we used two different clones for FoxP3 staining. About 1–2% more FoxP3+

CD4 T cells were found using PCH101 compared to 236A/E7. Samples were acquired by
flow cytometry (XL2, Beckman Coulter, Inc, Miami, FL) and analyzed by Expo32 software.

Suppression assay
CFSE-labeled, fresh PBMC were cultured with or without the indicated numbers of
CD4+CD25+ and co-stimulated with 2 µg/ml soluble anti-CD3 and 2 µg/ml mAb CD28.2
for 5 days. Cell mixtures were cultured in 6-well plates with or without 20 µg/ml anti-TGF-
β, anti-IL-10 or isotype-matched control abs or in 4 µM Transwell plates (CoStar, Corning,
NY) to separate Treg and responder cells.

Statistical analyses
Results are expressed as the mean ± standard deviation. Differences were tested using paired
or unpaired Student’s t tests, as appropriate.

Abbreviations

PLK polo-like kinases

PBMCs peripheral blood mononuclear cells
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Figure 1. ANC28 has properties of ‘mitogenic’ CD28 antibody
(A) CFSE-labeled PBMCs stimulated with CD3, PHA, ANC28 or 28.2 alone, or CD28 mAb
in combination with CD3 were analyzed for activation (CD25 up-regulation) and expansion
(CFSE dye dilution) by flow cytometry on day 6. Mean percent of dividing cells ± SD,
p<0.05 ANC28 vs. 28.2, N = 2 different donors. (B) Culture supernatants from PBMC
stimulated as indicated for 2 days tested by cytokine bead array.
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Figure 2. Selective expansion of CD4CD45RO cells by ANC28
CFSE-labeled purified (A) CD4, CD8 cells stimulated with 28.2 or ANC28 and (C)
CD4CD45RO, CD4CD45RA stimulated with ANC28, 28.2 or CD3+28.2 were analyzed by
flow cytometry on day 6. Mean percent of dividing cells ± SD, p<0.05 ANC28 vs. 28.2 and
p<0.05 CD4ANC28 vs CD8ANC28, N = 3 different donors. Expansion of CD45RO was
comparable with ANC28 or CD3+28.2 stimulation and the CD4CD45RA subset of T cells
was unresponsive to ANC28. (B) Purified CD4, CD8, CD45RA or CD45RO were stained
with PE–conjugated ANC28 and analyzed by flow cytometry for CD28 expression. Low
percentages of CD28+cells were present in CD8+ sub-population (N=2).
Mean ± SD indicate the production levels of indicated cytokines from (D) CD4 or (E)
CD4CD45RO cells. Culture supernatants two days after of stimulation by ANC28, 28.2 and
28.2+CD3 were assayed by cytokine bead arrays. ANC28 but not 28.2 induced high levels
of inflammatory cytokines including IL-2, IL-8, and TNF-α and IFN-γ. N = 3 different
donors. (E) Purified CD4, CD8, CD45RA or CD45RO were stained with PE–conjugated
ANC28 and analyzed by flow cytometry for CD28 expression. Low percentages of
CD28+cells were present in CD8+ sub-population (N=2).
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Figure 3. ANC28 does not require cross-linking to cause cell division
CFSE-labeled purified CD4 cells were stimulated with ANC28 or its F (ab)2 fragment and
analysed after 6 days. Similar level of proliferation were induced (Mean ±SD indicates
percentage of dividing cells;N = 2 different donors).
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Figure 4. ANC28 induces CD4+CD25+ phenotype ( Treg and T effectors)
PBMC from seven different donors were assayed for (A) CD4+CD25+FoxP3+ or (B)
CD4+CD25+ expression 6 days after culture with ANC28 or conventional mAb 28.2. Lines
connect cultures from the same donor. (C) Negatively-selected CD4 cells were stimulated
with ANC28, 28.2 or co-stimulated with anti-CD3 and 28.2 and assayed on days 3 and 6.
Data are representative of three independent experiments with different donors. (D) Ratio of
T effectors/Treg >1; mean percentage ± SD of CD4+CD25+ cells were greater than mean
percentage ± SD of CD4+CD25+FoxP3+ in both ANC28 and CD3+28.2 treated cultures at
every time point (N=3 different donors). (E) Percentages of CD4+CD25+FoxP3+ cells in
two series of experiments using three donors each. Results are means ± SD, ANC28 values
exceed those of 28.2-treated cultures at every time point (p <0.05). ANC28 values exceed
those of co-stimulated cultures on days 6 (p <.01, N = 6) and 9 (p <.001; N = 3)
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Figure 5. (A) Regulation of Treg formation
IL-2 is required for generation of Treg by ANC28. 10 µg neutralizing antibody for each
indicated cytokine or isotype matched control antibodies were added to CD4 cultures 30 min
prior to ANC28 treatment and analyzed on day 3. Inhibition by anti-IL-2 was significant (p
<0.001,* whereas anti-TGF-β, anti-IFN-γ and anti-TNF-α had moderate effects (N = 2
different donors).
ANC28 stimulates T cells through PI3K-like pathway (B) Wortmannin inhibits Treg
formation. CD4 cells were cultured with up to 200 nM wortmannin for 30 min, before
adding ANC28 or co-stimulatory treatments and analyzed on day 3, (N = 3 different donors)
(C) LY294002 inhibits activation (CD69 & CD25 up-regulation) in a dose dependent
fashion. CD4 cells were cultured with indicated amounts of LY294002 30 min. before
adding ANC28 and analyzed on day 3. Data representive of three independent experiments
(N=3 different donors)
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Figure 6. ANC28 induces functional Treg cells
(A) CD4+CD25+ cells were isolated using magnetic beads after 3 days from ANC28 treated
CD4 cultures and different amounts of these cells were co-cultured with CFSE-labeled
responder PBMCs in the presence of CD3+28.2 and analyzed on day 6 for measuring the
proliferation of responder PBMCs. Results are gated on CFSE+ cells to exclude unlabeled
CD4+CD25+cells. (B) CD25+ (●) from ANC28-activated cultures but not mock treated
CD25− (○) cells suppressed PBMCs dose-dependently (N = 3 different donors; p <0.05*, **
compared to without Treg in the culture). (C) Suppression was blocked by a permeable
membrane but not by anti-IL-10, anti-TGF-β or anti-IL-10 and anti-TGF-β together. Data
are representative of two independent experiments with means ± SD.
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Figure 7. CD4CD25bright (Treg) do not respond to ANC28
CFSE-labeled or unlabeled, FACS sorted (A) CD25bright T cells were stimulated with
ANC28 or 28.2 and analyzed after 3 days for CD25+FoxP3+ expression (Treg phenotype)
and after 6 days for expansion by flow-cytometry. Data representive of 4 independent
experiments (N= 4 different donors) (B) Exogenous IL-2 (100U/ml) maintains survival and
CD25 and FoxP3 expression of CD25bright cells; After 30 min. of ANC28 treatment 50, 100
or 150U/ml IL-2 were added in CD25bright culture, and analyzed after 3 days for CD25 and
FoxP3 expression by flow cytometry (N=2).
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Figure 8. CFSE-labeled or unlabeled, bead- purified
(A) CD25+ or (B) FACS sorted CD25int were stimulated with ANC28 or 28.2 and analyzed
after 3 days for CD25+FoxP3+ expression (Treg phenotype) and after 6 days for expansion
by flow-cytometry. Data representive of 4 independent experiments (N= 4 different donors)
(C) CD25bri cells were not expanded in the presence of CD25int cells; CFSE labeled
CD25bri cells were co-cultured with CD25int cells and analyzed after 5 days for expansion
and CD25 and FoxP3 expression. Data are representative of two independent experiments.
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