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Abstract

Since the original description of T cell anergy in CD4 clones from mice and humans, a number of
different unresponsive states have been described, both in vivo and in vitro, that have been called
anergic. While initial attempts were made to understand the similarities between the different models,
it has now become clear from biochemical experiments that many of them have different molecular
mechanisms underlying their unresponsiveness. In this review we will detail our own work on the
in vivo model referred to as adaptive tolerance and then attempt to compare this biochemical state
to the multitude of other states that have been described in the literature.

INTRODUCTION

Anergy is a hyporesponsive state that a lymphocyte can assume following an encounter with
antigen. This state is to be distinguished from programmed cell death by a half life of greater
than several days and from immunoregulation and suppression by the intrinsic nature of the
biochemical alteration. T cell clonal anergy was first described as an in vitro model of tolerance
for T cell clones from both humans and mice [1,2]. Presentation of antigen under suboptimal
activation conditions led to a hyporesponsive state in which IL-2 production and T cell
proliferation were subsequently impaired following rechallenge of the T cells with optimum
stimulation conditions. Anergy was induced in several different ways. Initially, it was achieved
by T-cell receptor (TCR) occupancy with agonist peptide/MHC complexes in the absence of
APC costimulation [3,4]. Then it was induced by TCR occupancy with partial agonist peptides
in the presence of APC costimulation [5]. Other methods included TCR cross-linking with
anti-CD3 on a plate [6], treatment of the T cells with ionomycin followed by high density
culture [7,8], and T cell self-presentation of agonist peptides by human clones that express
MHC class Il molecules [1]. Freshly explanted T cells were also anergized by the blocking of
costimulation with CTLA4-Ig during stimulation with soluble anti-CD3 and splenic APC [9].
In vivo studies soon followed in which a variety of manipulations were shown to produce an
anergic-like state. The first was through injection of superantigens in which a fraction of the
cohort of VB-stimulated cells becomes anergized (instead of being deleted) after the initial
expansion and contraction phases of the response [10-12]. Subsequent antigen-specific models
used TCR transgenic T cells stimulated once or twice with soluble peptides i.v. [13] or
stimulated once after transfer of the T cells into syngeneic hosts to decrease their frequency
[14]. In another variation, the TCR transgenic T cells were transferred into intact, irradiated,
or lymphopenic (Rag®° or CD3¢%/°) hosts expressing the antigen [15-18]. Finally, these
transgenic mice have been used in an oral tolerance model when the antigen is fed at high doses
[19] and in a transfusion-induced tolerance model prior to an allogeneic cardiac transplant
[20].
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Initially it was thought that these various forms of anergy induction produced the same
biological state because all of them were characterized by a failure to produce IL-2 and sustain
proliferation following T cell activation [21]. However, as each of these models has been
explored in more detail, it has become clear that many of them are quite unique and probably
represent different biological states of unresponsiveness. In our laboratory we have compared
T cell clonal anergy with the in vivo double transgenic model called adaptive tolerance, and
found them to be quite different [22]. Biologically, clonal anergy represents a growth arrest
state in which the production of only selective cytokines (IL-2 and IL-3) is significantly
impaired in response to TCR stimulation. It does not require antigen to maintain the state and
it can be reversed by stimulation with IL-2 [23]. In contrast, adaptive tolerance results in the
down-regulation of all TCR-induced cytokine production, requires antigen persistence to
maintain the state, and is not reversed by the addition of I1L-2 [18,21,24]. A recent biochemical
comparison showed that adaptive tolerance entails a block in TCR stimulation at the level of
Zap-70’s phosphorylation of LAT, while clonal anergy was confirmed to be a block further
downstream in the Ras-MAP kinase pathway [22]. Thus, the possibility exists that each of the
models described above represents a different biologic state with its own biochemical negative
feedback regulation preventing T cell activation. In this brief review, we have decided to
summarize our recent published and unpublished biochemical experiments on the adaptive
tolerance model of anergy and then to compare this type of anergy with what is known about
all the other models currently described in the literature.

THE MODEL OF ADAPTIVE TOLERANCE
EARLY BIOCHEMICAL EVENTS IN TCR SIGNAL TRANSDUCTION

THE MODEL

TCR signaling begins with allosteric changes in the receptor following its cross-linking by
pMHC complexes presented by the APC [25]. This leads to phosphorylation of the TCR(-chain
by the Src family kinases Lck and Fyn [26]. This phosphorylation creates a docking site for
Zap70 recruitment to the TCR and its subsequent activation by Lck and autophosphorylation
[27]. Activated Zap-70 in turn phosphorylates the membrane-associated Linker of Activated
T cells (LAT), which then serves as a membrane docking site for phospholipase C-y1 (PLC-
v1) and Grb2/mSOS [28,29]. The latter acts as a guanine nucleotide exchange factor to convert
Ras-GDP to Ras-GTP at the plasma membrane, leading to activation of Rafl and the Erk/MAP
kinase pathway, as well as PI3Kinase [30]. The former becomes activated by Zap-70
phosphorylation and cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) in the membrane
into the two second messengers inositol triphosphate (IP3) and diacylglycerol (DAG) [31]. IP3
interacts with receptors on the endoplasmic reticulum (ER) to release calcium from intracellular
stores, which in turn opens CRAC channels in the plasma membrane, allowing extracellular
calcium to enter the cell [32]. These increases in intracellular calcium activate calmodulin,
which binds to the phosphatase calcineurin and activates it to dephosphorylate the transcription
factor NF-AT [33]. This allows NF-ATs to move into the nucleus and participate in gene
activation [34]. In the other arm of the response, DAG recruits protein kinase C theta (PKC-
0) to the plasma membrane [35] where it interacts with CARMAL [36] to eventually activate
the NF-«xB pathway via degradation of the inhibitor of NF-xB (I1xB) [37]. DAG also synergizes
with the increased calcium to activate Ras-GRP1, another activator of the Erk/MAP kinase
pathway [30]. This pathway augments the production and activation of the transcription factor
AP-1, which synergizes with NF-AT and NF-xB to initiate transcription of new genes such as
IL-2 [38]. Costimulation through the CD28 molecule plays a key role in amplifying the
signaling of the NF-«xB pathway through activation of PI3Kinase and AKT [39].

In search of a simplified in vivo model for peripheral tolerance to a persistent neo-self antigen,
we isolated CD4™* T cells from a pigeon cytochrome ¢ (PCC)/I-EX-specific, TCR-transgenic
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mouse (5C.C71-VB3*Vall*) crossed onto a Rag2-deficient background. This naive
monoclonal population (>90% CD4*) was then transferred into a second transgenic mouse
expressing a membrane-targeted version of PCC (mPCC) expressed under the control of an
MHC class | promoter and an Ig enhancer [18]. In order to obtain enough T cells for a traditional
biochemical analysis of signal transduction events, the recipient mPCC transgenic was crossed
onto a CD3¢%/° background. In this lymphopenic environment, the naive T cells undergo a 100
fold expansion over a 4 day period. The subsequent contraction phase is only about 2 fold and
the remaining cells enter a hyporesponsive state in which all cytokine production following
TCR signaling is decreased about 10 fold and proliferation to antigen in vivo is greatly reduced,;
turnover in BrdUrd-labeling studies revealed about 5% new cell cycling per day [24]. This
state of adaptive tolerance is stably entrenched by 2-3 weeks and persists for at least 4 or 5
months. For biochemical studies of T cell activation, the cells were purified 1-2 months after
transfer from lymph nodes and spleen of the recipient mice by negative selection using
magnetic beads coupled with antibodies specific for mouse 1gG, CD45(B220), CD11b, and
MHC class 11 [22]. The analyzed population was generally >90% CD4* VB3* T cells. The cells
were stimulated for 2 to 30 min with biotinylated anti-TCRp and anti-CD4 cross-linked with
Streptavidin. The reaction was stopped by cell lysis with a buffer containing 1% NP40 and
total lysates or specific immunoprecipitates were analyzed by SDS PAGE and Western
blotting. Control T cells were either naive cells or these cells pre-activated with PCC and APC
followed by expansion in IL-2 and resting for approximately 2 weeks.

T CELL RECEPTOR SIGNALING

TCR and CD4 Levels—Following initial T cell activation with PCC and I-EK APC, the TCR
is down-regulated within a few hours of stimulation, but then returns to levels found on naive
T cells by around 24 hours. T cells that have entered the adaptive tolerant state show the same
mean fluorescence intensity of TCR staining as naive cells, although the distribution of the
population is broader. Preactivated T cells show a similar pattern. In contrast to TCR, CD4
levels are significantly increased (1.4 fold) on the tolerant T cells [22]. Preactivated T cells
showed a similar increase, suggesting it is a property of antigen-activated CD4* T cells
[unpublished data].

Src Family Kinases—The initiating tyrosine kinases following TCR and CD4 cross-linking
are thought to be Lck and Fyn. The amount of Lck in the tolerant T cells is the same as that in
naive T cells. Its activation following TCR cross-linking is also the same as measured in total
cell lysates by the amount of Lck tyrosine phosphorylation induced at amino acid position 394.
Immunoprecipitation of Lck and performance of an in vitro kinase assay showed a slight
decrease (35%) in activity on the exogenous substrate myelin basic protein as well as by
autophosphorylation [22]. Since CD4 levels are increased on the tolerant cells, there is also
more associated Lck available for kinase activity at the cell surface. Thus, it appears that this
initiating kinase is not rate limiting for TCR/CD4 signaling of the tolerant cells.

In contrast, the amount of Fyn in resting tolerant T cells is significantly elevated over that in
naive T cells [22]. This increase ranged from 1.75 to 10.6 fold (geometric mean of 3.75) and
was not further augmented by TCR and CD4 cross-linking. Immunoprecipitation followed by
an in vitro kinase assay showed enhanced activity of Fyn on itself and the exogenous substrate
enolase. This activity did not change with T cell stimulation. Most of the enhancement could
be accounted for by the increase in the amount of Fyn in the cells. The possibility that the
augmentation in Fyn isan instrumental part of maintaining the adaptive tolerant state was tested
by crossing the Fyn®© onto the B10.A TCR-5C.C7 Rag2°/ background. T cells from this
animal still became anergic following adoptive transfer, suggesting that Fyn was not required
for the induction or maintenance of adaptive tolerance [unpublished data].

Semin Immunol. Author manuscript; available in PMC 2007 October 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Choi and Schwartz

Page 4

Tyrosine Phosphorylation—Within one minute after TCR and CD4 cross-linking, a
number of proteins become phosphorylated on tyrosine residues as seen by Western blotting
of whole cell lysates with a generic anti-phospho-tyrosine antibody. Adaptively tolerant T cells
show a number of differences in this pattern compared to both naive and pre-activated T cells
(Figure 1). The induced phosphorylations of proteins of 38kD (LAT?) and 120kD (cCbl?) are
greatly curtailed in the tolerant cells. Phosphorylations of p95 and p75 proteins were slightly
reduced. In contrast, phosphorylation of a p23 protein (TCR{?) was enhanced. There was also
a constitutive enhancement in the amounts of two phospho-proteins of 30 and 52-59kD that
were not induced very much by T cell activation. The latter most likely includes Fyn as
discussed above.

TCR-Zeta Chain Phosphorylation—The critical substrates for Src family kinases in
initiating TCR signal transduction are the ITAM motifs in the cytoplasmic tails of the CD3y,
CD33, CD3¢, and CD3( chains of the receptor complex. The epsilon chain has one pair of these
motifs, while the zeta chain has three pairs. Phosphorylated zeta chain protein migrates as two
forms on PAGE: a 21kD form representing phosphorylation of 4 tyrosines in these motifs, and
a 23kD form representing full phosphorylation of 6 tyrosines [40]. The amount of zeta chain
immunoprecipitated from tolerant T cells was equivalent to that from naive T cells and did not
change following activation (Figure 2 - row 3). The increase shown in pre-activated cells was
not reproducible. Blotting with the anti-phospho-tyrosine mAb shows the presence of p21 in
unstimulated tolerant cells (Figure 2 - row 4). This is observed to a much less degree in naive
and pre-activated T cells. Nonetheless, cross-linking of TCR and CD4 for 2 min induces
comparable amounts of p23 in all 3 populations. This confirms that there is adequate Src family
kinase activity in tolerant T cells to fully activate TCR zeta.

Recruitment of ZAP-70 to TCRZ and Its Activation by Phosphorylation—Once the
zeta or epsilon chain is phosphorylated on both tyrosines in a pair of ITAM motifs, it can recruit
Zap-70 to bind stably to the receptor complex (Figure 2 - row 1). Surprisingly, tolerant T cell
receptors bind more Zap-70 (following co-precipitation with anti-TCRZ) than either naive or
pre-activated T cells. There are two possible reasons for this. One is because the tolerant cells
express significantly more Zap-70, as measured by Western blotting of total cell lysates (Figure
2 - row 5). The other is that tolerant cells have more p21 activated zeta chains in their resting
state (Figure 2 - row 4). The Zap-70 bound to p21, however, does not become stably activated
by tyrosine phosphorylation (Figure 2 - row-2). Following TCR and CD4 cross-linking, all 3
populations show an enhancement in the binding of Zap-70, but again the tolerant cells bind
much more. Some of this Zap-70 is tyrosine phosphorylated, but, surprisingly, the total amount
is the same for all 3 populations (Figure 2 - row 2). This is also seen on the tyrosine
phosphorylation blot of total cell lysates (p70 bands in Figure 1). This suggests that in activated
tolerant T cells the bound Zap-70 molecules have less tyrosine phosphorylation per molecule
or that a cohort of the molecules bound to p23 is not phosphorylated (similar to the Zap-70
molecules bound to p21).

Immunoprecipitation of Zap-70 after TCR and CD4 cross-linking also revealed the same
amount of total phosphorylation in all three cell populations, and a similar amount of
phosphorylation was observed at the individual sites when blotting total lysates with antibodies
specific for Y292, Y319, and Y493 [22]. However, an in vitro kinase assay using the exogenous
substrate cdb3 revealed a selective decrease in activity in anti-Zap-70 immunoprecipitates from
the tolerant cells (1/4 of that for naive cells) [22]. In addition, if the tolerant cells were
stimulated with antigen and APC, instead of antibody cross-linking, a significant decrease in
total tyrosine phosphorylation of Zap-70 was observed (Figure 3). In this comparison between
naive and tolerant T cells, the tyrosine phosphorylation of site 319 was 2.9 fold lower (34%)
in the tolerant cells without normalization to Zap-70, and 4.8 fold lower (21%) with

Semin Immunol. Author manuscript; available in PMC 2007 October 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Choi and Schwartz

Page 5

normalization. Our conclusion from all these studies is that the tolerant cells have a partial
impairment in Zap-70 function.

The reason for the increase in total Zap-70 in the tolerant cells is not known. cCbl can bind to
Y292 on Zap-70 after it is phosphorylated at this site, and act as an E3 ubiquitin ligase to target
Zap-70 for degradation by the proteosome [41,42]. Normally cCbl is tyrosine phosphorylated
following TCR stimulation, but this is blunted in tolerant T cells (Figure 4A and the p120 band
in Figure 1). If cCbl requires this phosphorylation for its E3 ligase activity, then its impaired
phosphorylation in tolerant cells in the face of chronic TCR stimulation might reduce the
turnover of Zap-70 and account for the increase in its steady state level.

LAT Phosphorylation and Localization to the Plasma Membrane—The major
downstream substrate of Zap-70 in vivo is the adaptor molecule LAT. This molecule is post-
translationally modified by palmitoylation, which allows LAT to attach to the inner leaflet of
the plasma membrane and localize in detergent resistant membranes (DRM) referred to as lipid
rafts [43]. The total amount of LAT was similar in all 3 cell populations. In both naive and
tolerant T cells, LAT is localized almost exclusively in the membrane fraction of the cell and
this does not change after stimulation with anti-TCR and anti-CD4 cross-linking (Figure 5A).
The portion that is distributed in DRMs is also similar after stimulation (Figure 5B). In contrast,
the amount of LAT phosphorylation at site Y191 (Y195 in mouse) that takes place following
stimulation is significantly less for molecules both in and out of the lipid rafts. Examination
of each of the individual tyrosine phosphorylation sites on LAT with anti-phospho-peptide
specific antibodies (Y136, Y175, Y195, and Y235) revealed that all the sites were similarly
affected [22]. This impairment represents the primary block in the TCR signaling pathway that
we have observed in the tolerant T cells. The mechanism for how this comes about, however,
is unknown. We are currently looking for a ZAP-70 inhibitor that blocks at this step.

PLC-y1 Phosphorylation and Mobilization of Downstream Events—The amount of
PLC-y1is comparable in all 3 T cell populations. It binds to LAT at site Y136 after this amino
acid has been phosphorylated by ZAP-70. PLC-y1 is then activated in the receptor complex
by tyrosine phosphorylation at amino acid Y783. This phosphorylation event is greatly
impaired in the tolerant T cells 1 to 2 minutes after TCR and CD4 cross-linking. In assays for
both total tyrosine phosphorylation in immunoprecipitates of PLC-y1 and specific anti-
phospho-Y 783 phosphorylation in Western blots of total cell lysates, the activation level was
only 5-10% of that seen in either naive or pre-activated T cell populations [22]. As a
consequence of this impairment, the downstream mobilization of intracellular calcium by IP3
production from PIP, cleavage is profoundly reduced. Whether this in turn prevents the
dephosphorylation of NF-AT by calcinuerin and prevents its shift to the nucleus is currently
under investigation.

Inhibition of PLC-y1 activation also reduces DAG formation. This should impair PKC-6
activation and mobilization of NF-kB to the nucleus. We have only examined the degradation
of IxBa in tolerant T cells and found this to be impaired. DAG is also required for activation
of RasGRP1. In conjunction with the inhibition of LAT phosphorylation, which should reduce
plasma membrane bound Ras activation via Grb2-SOS, we expected to see a profound
impairment in the activation of the ERK/MAP kinase pathway. However, the inhibition of
ERK phosphorylation was relatively mild (2-3 fold), suggesting that the tolerant cells have
other ways of stimulating this pathway [44].

Potential negative regulatory molecules increased in the tolerant cells—In
addition to Fyn discussed above, adaptively tolerant T cells show modest increases in CD5
surface levels and increases in the cytoplasmic levels of the tyrosine phosphatases Shp2 and
to a lesser extent Shpl [unpublished data]. These molecules could be involved in negative
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feedback regulation and so we have begun to test their roles in adaptive tolerance by crossing
the Rag2%/° 5C.C7 TCR transgenic mouse to CD5-deficient and the Shp1 moth eaten viable
mutations. Both affect thymic selection, reducing the number of CD4* T cells that mature.
However, purification of the resting subset in the periphery and transferring it into the
CD3&%° host expressing pigeon cytochrome ¢ revealed a completely normal expansion and
tolerance induction process suggesting that despite their augmentation, these two negative
signaling molecules are not critical for the induction or maintenance of adaptive tolerance
[unpublished data].

COMPARISON WITH OTHER MODELS OF T CELL ANERGY

Biochemical studies on the induction and maintenance of T cell anergy in a variety of different
systems have not been extensively carried out, because of a limitation in the number of cells
available for analysis. Nonetheless, there have been enough differences described to warrant
a preliminary comparison among the different models. In Table 1 we summarize the changes
in expression of many of the proteins thought to be involved in the tolerance process and in
Table 2 we summarize the impairments in activation of some of these proteins (usually as an
assessment of phosphorylation of critical amino acids). The only extensive signaling
comparison that has been performed in the same laboratory is between a murine clonal anergy
model and an adaptive tolerance model restimulated under the same conditions [22]. We will
first describe that comparison and then focus on individual signaling molecules and their altered
status in particular anergic systems.

Clonal Anergy vs Adaptive Tolerance

The response to PCC was measured in the murine T cell clone A.E7 after induction of clonal
anergy by stimulation with plate bound anti-TCRp for 16h in the absence of anti-CD28 or
APCs, followed by washing and 7 days of rest in culture medium. These clonally anergic T
cells showed no changes in their levels of TCR, CD4, and Zap-70, in contrast to the increases
seen in adaptively tolerant T cells for CD4 and Zap-70. On stimulation by streptavidin cross-
linking with anti-TCR and anti-CD4, Zap-70 phosphorylation of clonally anergic cells after 2
minutes was only slightly less than that of a non-anergized control population (<2 fold
different) [22]. This small decrease was mostly seen in phosphorylation at site Y292, but it
was not accompanied by a decrease in the tyrosine phosphorylation of cCbl (Figure 4B), as
was seen in adaptively tolerant T cells (Figure 4A). Zap-70 kinase activity was unimpaired in
vitro and the tyrosine phosphorylation of its in vivo substrates, LAT and PLC-y1, was only
decreased 30-55%, compared to a 90-95% decrease in adaptively tolerant T cells. As a
consequence, activation of calcineurin and dephosphorlyation of NF-AT were normal. Instead,
the signaling pathways affected in clonal anergy were the activation of MAP kinases and the
mobilization of NF-«xB to the nucleus. Previous studies [45] had shown that activation of Ras
to the GTP-bound state was impaired and recent studies [46] have shown that this is a
consequence of an increase in diacylglycerol kinase (DGK)-alpha levels which rapidly depletes
DAG by phosphorylation and prevents activation of RasGRP1. The effect on NF-xB is
presumably from suboptimal mobilization of PKC-6 to the plasma membrane. Why LAT/Grb2/
SOS activation of Ras is not adequate for MAP kinase activation is unclear. Perhaps it is
antagonized by the Ras-GAP protein CAPRI, which only requires increased calcium levels for
its activation at the plasma membrane [30]. Finally, the block in IL-2 production in clonal
anergy can be reversed with a DGK inhibitor [46]. By contrast, this inhibitor has no effect on
adaptively tolerant T cells and there is no evidence for increased expression at the mRNA level
[unpublished data].
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Human Clonal Anergy and the Role of Fyn

The original studies of anergy induction in alloreactive human T cell clones revealed the
preferential association of the Src-family tyrosine kinase Fyn in immunoprecipitates with
TCR{ when the cells were stimulated with alloantigen alone [47]. In contrast, if B7
costimulation was also present, then Lck and Zap-70 were preferentially precipitated instead
of Fyn. In addition, after the cells were induced into the anergic state, the activity of the Fyn
protein was significantly increased. An increase in the amount or activity of Fyn has been seen
inanumber of other anergy models (Table 1). These observations led Boussiotis and colleagues
to persue the role of Fyn in maintaining the clonal anergic state [48]. They found that Fyn was
constitutively phosphorylated and associated with enhanced binding of cCbl through Fyn’s
SH3 domain. cCbl also became tyrosine phosphorylated during anergy induction. Thus, it too
was constitutively active and associated with the CrkL-C3G guanine nucleotide exchange
protein for Rapl, which in turn was found mostly in its active GTP-bound form. Active Rapl
bound Rafl and was postulated to sequester it away from Ras, preventing activation of the
MEK-1/ERK pathway and subsequent IL-2 production. They also observed a block in Ras-
GTP formation in anergic cells, similar to what was found in murine clonal anergy. Therefore,
they postulated that it was the ratio of Ras-GTP to Rap1-GTP that determines whether the ERK
pathway gets activated [48]. Generalization of this model, however, has been controversial.
First, T cell clones from both the Fyn and CrkL knock out mice can still be anergized
[unpublished data, 46], suggesting that the Rap1l activation pathway was not critical and that
augmented DGK-a and its limitation on Ras-GTP formation is sufficient for the anergic
phenotype. Furthermore, initial attempts to inhibit lymphocyte activation in a transgenic mouse
expressing a constitutively active form of Rap1-V12 were not successful, although this mouse
did show enhancementin T cell integrin activation [49]. A more recent study, using a transgenic
mouse expressing a different and more potent constitutively active mutation (Rap1-63E), was
successful at inhibiting peripheral CD4 T cell function [50]. The phenotype, however, was
quite complex. No block in ERK activation or proliferation was seen in thymocytes and the
block in peripheral T cell function and signaling were largely mediated by an enhanced
frequency of CD4*, CD103*, CD25* regulatory T cells. Removal of these cells left a population
of CD4*, CD25" T cells manifesting less than a 2 fold impairment in IL-2 production and
proliferation, and it was unclear whether all the Foxp3* Tregs had been removed. Overall,
these results suggest that the Rap1 activation pathway is not a major component in the
maintenance of T cell clonal anergy.

Costimulatory Receptor Blockade and p27kirl

Models that use antibodies and solubilized receptors to inhibit costimulation during activation
of primary T cells were initially viewed as an extension of clonal anergy models, because they
were assumed to be allowing signal 1 to be delivered in the absence of signal 2 [9]. However,
subsequent biochemical studies indicated that this state of anergy is very different [51]. Spleens
stimulated with soluble anti-CD3 in the presence of CTLA4-Ig to block B7 molecules results
in an anergic state in which PLC-y1 activation and increases in intracellular calcium are
blocked, in addition to inhibitory effects on the Ras/MAP kinase pathway [51]. Thus this state
seems more akin to adaptive tolerance or a combination of this and clonal anergy.

This model has also been used to support a role for the cell cycle inhibitor p275iPL in anergy
induction [52-54]. Knock out or mutant mice lacking the cyclin-Cdk-binding domain of
p27KiPL show no effects on proliferation or 1L-2 production following initial activation, but
later rounds of division and cytokine production are enhanced. These mice are also resistant
to anergy induction by costimulatory blockade and this was correlated with continued cell cycle
progression because of a failure to phosphorylate Smad3 [52]. In contrast, clonal anergy
induction was not impaired in p275iP1-deficient mice [55] and the cell cycle arrest caused by
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the drug Sanglifehrin A does not result in anergy induction [56]. Thus, again these two types
of anergy appear to be different.

Anergy Induced by Superantigens

Two basic models have been employed to study anergy induced by superantigens. The first
involved injection of Mis-1a* spleen cells into Mls-1a negative mice and study of the
responding VB6™ T cells [10]. Biochemical studies utilized a VB8.1* transgenic mouse
expressing this Mls-1a-reactive TCRp chain on 95% of its T cells [57]. The second model
involved injection of the bacterial superantigen SEB, which induces anergy in all VB8* T cells
[11,12]. In this case biochemical studies were done on SEB-stimulated splenic T cells [58] or
spleen cells from a TCR transgenic expressing 90%Vp8* T cells [59]. The Mls-1a studies
revealed a block in the tyrosine phosphorylation of two proteins, p38 and p75, following anti-
CD3 stimulation [57]. The former is likely to have been LAT and the latter was possibly Slp-76.
The SEB studies revealed an impairment in the tyrosine phosphorylation of p36 (LAT?) and
p70 (Zap-70?) proteins as well as a p150 protein following SEB stimulation [58]. The direct
immunoprecipitation of Zap-70 showed that indeed its phosphorylation was impaired in the
anergized T cells. In addition, in the TCR transgenic model, activation of PLC-y1 and
generation of IP3 were impaired resulting in a decreased intracellular calcium response [59].
No impairment of Erk1 phosphorylation was observed. The anergic state could be overcome
by a calcium ionophore and its induction prevented by a constitutively active calcineurin
transgene. Finally, in a variant model with multiple injections of the superantigen SEA, the
inductions of both AP-1 and NF-«xB p65 binding to their response elements in the IL-2 locus
were blocked [60]. This model, however, is more complicated as it displays both suppressive
and anergic components [61]. So a more direct assay of the NF-xB pathway in SEB-induced
anergy is still needed.

A knock out of the E3 ubiquitin ligase Cbl-b has also been examined in a model of multiple
injections of SEB [62]. Following one injection of SEB in WT mice, both Cbl-b and GRAIL
are up-regulated [8,62]. After the second injection, the normal hyporesponsive, cytokine-
production state seen in WT mice fails to materialize in the cells from the Cbl-b knock out
mouse and many of the animals die from a cytokine storm [62]. This has been interpreted as
evidence for a critical role of Cbl-b in maintaining the superantigen-induced anergic state.
However, the system is quite complicated with both regulatory T cells and anergy affecting
both CD4 and CD8 effector cells. Which components are altered by the Cbl-b deficiency is
not clear. In addition, the elimination of a general negative feedback mechanism may simply
lower the threshold for activation of the whole T cell signaling machinery (as seen in the
augmentation of the primary expansion in the KO) and allow a normally blunted response to
now be adequate to cause immunopathology [13].

In general, the biochemical results in the superantigen models are very similar to the findings
for adaptive tolerance discussed earlier. Zap-70 and LAT phosphorylation are significantly
decreased resulting preferentially in impairment of signaling in the calcium/calcineurin and
NF-kB pathways. However, there are a few reported discrepancies. For example, the failure
to phosphorylate Zap-70 in the initial SEB-induced anergy experiments resulted from a failure
to recruit it to the TCR complex because of an impairment in TCR( phosphorylation [58]. This
suggests that the Src-family kinases were not activated. However, a direct examination of this
in the SEB/TCR transgenic model found both Lck activation and TCR( phosphorylation [59],
consistent with the state of adaptive tolerance. Another variable is the impact on MAP kinase
activation. SEB-induced anergic cells had no impairment of Erk1 phosphorylation, whereas
this pathway was partially blocked in adaptive tolerance. In the Mls-1a-induced anergy model,
however, both Erk and Jnk phosphorylation were significantly impaired following TCR cross-
linking, while phosphorylation of p38 (after resting the cells for 3 hours to alleviate stress-
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induced activation) was significantly enhanced [63]. This dichotomy was confirmed with in
vitro kinase assays. Interestingly, inhibiting p38 activation with the drug SB203580 partially
reversed the block in proliferation and I1L-2 production as well as inhibited IL-10 production
by the anergic T cells. Because over-expression in a T cell hybridoma of the Tab1 protein, an
activator of p38, reproduced a state similar to that of MIs-1a-induced anergy, including
impairment of Erk phosphorylation, the authors proposed that augmentation of p38 was the
primary cause of the inhibition of Erk activation. This mechanism, however, could not explain
the Jnk inhibition they observed and the level of Tab1l protein subsequently turned out to be
the same in naive and anergic T cells. Furthermore, blocking p38 with SB203580 in the adaptive
tolerance model did not reverse the block in IL-2 production and even inhibited the residual
production at high concentrations [unpublished data]. Thus, the importance of changes in MAP
kinase signaling for maintaining superantigen-induced anergy seems moot. For the most part,
then, we would conclude that superantigen-induced anergic states in vivo are closely related
to adaptive tolerance and involve a major impairment of the calcium/calcineurin pathway and
a varying degree of impairment in the Ras/MAPKinase pathways.

lonomycin-induced anergy and E3 ubiquitin ligases

The early finding that cyclosporin A had the ability to inhibit clonal anergy induction led
Jenkins and colleagues to test whether calcium signaling alone could induce the anergic state
[64]. The calcium ionophore, ionomycin, was capable of transiently creating an unresponsive
state after overnight exposure, but this state decayed over a 4 day period and the CD4* clone
regained its ability to proliferate and produce IL-2. Nonetheless, Macian and colleagues
pursued the molecular events occurring under this treatment of Th1 clones and determined a
key role for NF-AT activation in the absence of AP-1 interactions, which resulted in the
induction of a unique set of genes involved in the negative regulation [7]. These included
several tyrosine phosphatases and DGK-a. (which we now know plays a critical role in the
maintenance of clonal anergy) [46]. Also in clonal anergy induction, there is an up-regulation
of the transcription factors Egr2 and Egr3, downstream of NF-AT, which appears to be an
important part of this negative regulatory program [65]. Another part of the induced program
included the up-regulation of the E3 ubiquitin ligases, Cbl-b, ltch, and Grail as well as the
ubiquitin binding protein Tsg101 [8]. On subsequent restimulation or even just homotypic cell
adhesion in high density cultures, membrane translocation of Itch and Nedd4 to the detergent
insoluble fraction was triggered, followed by monoubiquitination and the partial degradation
of PKC-0 and RasGAP via endosomal sorting to lysosomes. Grail is already located in
endosomal compartments, but its substrates there are not known. In addition, these E3 ligases
synergized with the elevated levels of Cbl-b to inactivate PLC-yland completely degrade it.
As a consequence calcium signaling through the TCR was fully inhibited, even in primary T
cells. Although T cell/APC synapses initially formed in these anergic cells, the structures were
not stable, with disintegration of the outer LFA-1 ring occurring after about 20 minutes.
Interestingly, Itch and Cbl-b knock outs were resistant to ionomycin-induced anergy induction
and did not down-regulate PLC-y1 or PKC-6. Their immunological synapses, however, were
only partially stabilized.

A recent paper has claimed that the palmitoylation of LAT is impaired in ionomycin-induced
anergy and that this critical signaling molecule fails to localize properly in lipid rafts for
phosphorylation following TCR activation [66]. This result is controversial, however, as the
original studies of Heissmeyer et al. found LAT to be totally membrane associated with a
normal distribution in the detergent insoluble fraction [8]. The same is true in adaptive tolerance
(Figure 5). In humans with Rheumatoid arthritis, however, anergic T cells isolated from the
synovial joint fluid were found to have decreased LAT at their plasma membranes as a result
of oxidative stress interfering with its palmitoylation [67].
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Initially ionomycin-induced anergy was thought to mimic clonal anergy. However, both its
functional and biochemical negative consequences are much more profound. In this state
cytokine/chemokine inhibition includes IL-4, IFN-y, and MIP-1a, while these are not much
affected in clonal anergy [7,21]. The two states do have in common an increase in the level of
DGK-a [46]; however, ionomycin-induced anergy has profound negative effects on PLC-y1
activity stemming from increases in the E3 ligases [8], while the calcium/calcineurin signaling
pathway is fairly normal in clonal anergy [68]. In addition, introduction into an anergic Thl
clone of a dominant negative Cbl protein (via an adenovirus vector) did not reverse the block
in IL-2 production [46]. PLC-y1 activity is down in adaptive tolerance; but the level of this
protein is not affected [22] and T cells harboring the Cbl-b mutation can still be anergized
[unpublished data]. Other proteins, such as Ras-GAP, which are also down-regulated in
ionomycin-induced anergy [8], are in fact up-regulated in adaptive tolerance [unpublished
data]. Finally, synapse formation is impaired even at the beginning of APC contact in adaptive
tolerance [unpublished data], as opposed to only after 20 minutes in ionomycin-induced anergy
[8]. Thus, it appears that ionomycin-induced anergy has a number of unique features that make
it worthy of consideration as a separate category of anergy. It is possible that the strong 16
hour pharmacologic signal turns on all possible negative feedback mechanisms via the massive
activation of the AP-1-independent/NF-AT transcription factor pathway as suggested by Rao
and colleagues [7].

TCR transgenic mice immunized with soluble peptide antigens

This model exists in two forms. TCR transgenic mice are either directly injected iv. with soluble
peptide ligands [13,66] or a cohort of cells (1-5 million) is transferred to a syngeneic non-
transgenic recipient, which 24 hours later is injected with the peptide ligand [69]. Biochemistry
experiments have been done mostly in the first model [66], because the second yields very few
cells for analysis. In the first model, however, it is often difficult to be sure that all the cells
are equally stimulated, because the large numbers of cells with the same receptor compete with
one another for pMHC complexes. Despite these caveats, these two models are the most
commonly used because they are easy to perform in vivo. The controls in these experiments
were naive mice and mice given LPS along with the peptide or mice given the antigen in
adjuvant. The first molecule described to be involved in anergy in this system was CTLA-4
[70]. Administration of blocking anti-CTLA-4 antibody at the time of peptide injection
prevented anergy induction. Subsequent studies with CTLA4%0 mice, however, gave mixed
results with no effect on anergy induction in some cases [13,71] and a significant inhibition in
others [72]. In different models, no effect was observed in adaptive tolerance using the
CTLAA4%/0[73], whereas blocking antibodies interfered in the induction by low dose antigen of
a hyporesponsive state in primed CD4* T cells [74] and in an anti-CD3 induced unresponsive
state in spleen cells [75]. Because CTLAA4 is found constitutively on Tregs as well as activated
CD4™ effectors, and because it can negatively signal the T cell as well as activate the APC to
make IDO, it is possible that the different outcomes in different models will relate to ways in
which the anergic state is induced and maintained[76,77].

The peptide models have also been used to demonstrate up-regulation of Cbl-b during anergy
induction [62]. The Cbl-b knock out mutation introduced onto several different TCR transgenic
backgrounds resulted in a failure to induce soluble peptide anergy and instead generated a
hyper-responsive state following repeated peptide injection. For Grail, a dominant negative
version was retrovirally transduced into the bone marrow cells of TCR transgenic mice and
used to reconstitute lethally irradiated syngeneic mice. Following peptide immunization,
isolated GFP*, TCR* transgenic T cells were found to be resistant to anergy induction [78].
Finally, peptide induction of anergy was abrogated in Egr3°/® mice [65]. Overall, it appears
that many aspects of this soluble peptide model are different from either clonal anergy or
adaptive tolerance and that therefore it should be viewed as a unique entity.
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CD8 models of anergy

The first study of anergy in CD8* T cells was done in murine T cell clones and showed a
functional phenotype similar to that of CD4* T cell clones [79]. The anergic cells had reduced
IL-2 production and proliferation on antigen stimulation, but the differentiated effector
functions of IFN-y production and CTL killing were normal. The state could be reversed by
stimulation with IL-2. No biochemical studies have ever been done in this system. In contrast,
one adaptive tolerance model has been examined for its biochemical defects. In this system
naive female Rag®® CD8* TCR transgenic T cells specific for the male H-Y antigen plus
H-2DP were transferred into lethally irradiated Rag®/® females reconstituted with 5 million
bone marrow cells from CD3s%/° males [80]. The anergic cells did not flux calcium at all and
the block was at the level of tyrosine phosphorylation. The Src kinases p56/ck and p597" were
hardly active and the zeta chains were not phosphorylated or associated with the rest of the
TCR. Instead, constitutive CD3e phosphorylation was observed and Zap-70 was bound to it
and also constitutively phosphorylated. Whether this was adequate to phosphorylate LAT was
not examined, but possibly not, since there was no activation of the calcium pathway [81]. This
anergic state appears to be very different than anything ever seen for CD4* T cells. It is not
clear, however, whether this is a lineage difference or simply a reflection of this particular
model.

Another anergic state called AINR has been described in CD8* T cells that have been fully
activated in the absence of CD4* T cell help [82]. These cells lose their ability to proliferate
and make IL-2, but retain the ability to make IFN-y and to kill. The state is reversible with IL-2
stimulation like CD4* T cell clonal anergy and biochemically the cells show a block in all three
MAP kinase pathways. The status of PLC-y1 and the calcium pathway, however, have not been
reported.

Oral Tolerance and a Transplant Model of Anergy

Addition of antigen by an oral or nasal route has been reported to induce a hyporesponsive
state involving regulatory T cells at low antigen concentrations or deletion and anergy at high
antigen doses [83]. Although potentially very complex, activation of the remaining T cells has
been studied in a few models. In a well studied high dose antigen model [19], stimulation of
orally tolerant, OVA-specific, TCR transgenic CD4" T cells with anti-TCR and anti-CD4
mADbs revealed a failure to phosphorylate ZAP-70, LAT and PLC-y1 resulting in reduced
calcium responses and a failure to mobilize NF-AT1 and 2 to the nucleus. Erk and Jnk
activation, however, were normal. Although TCR( chain phosphorylation was slightly
impaired, Lck kinase activity was normal. Overall this pattern looks very similar to our adaptive
tolerant state, which may emerge from the repeated presence of antigen entering from the gut.
However, these cells were also impaired in the down-regulation of p27XiP! following IL-2R
stimulation, which prevented the cells from dividing. The site of that inhibition was beyond
STAT5a activation. In another transgenic model specific for OVA [7], spleen and lymph node
CD4* T cells from high dose, 5 day orally tolerized mice were stimulated with an agonist
peptide and the up-regulation of 13 genes, found to be elevated in ionomycin-induced anergy,
were also detected here. This included DGK-o and several phosphatases. It will be interesting
to learn which of these many genes are critical for this anergic state.

Infusion of donor lymphocytes prior to organ transplantation has been known to improve graft
survival [84,85]. A CD8* TCR transgenic model of this form of tolerance was studied in a
mouse cardiac allograft situation, where a single infusion of F, donor spleen cells could
eliminate the MLR and reduce the CTL response [20]. The recovered T cells did not proliferate
or make IL-2 and IFN-y on restimulation with alloantigen. Biochemically the activation of
tyrosine phosphorylation with anti-TCR and anti-CD8 was impaired in the tolerant cells
compared to naive cells. ZAP-70 and LAT phosphorylation were completely absent and Lck
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autophosphorylation was greatly reduced suggesting a block in signaling at the earliest TCR
events. This is again different from adaptive tolerance, where Lck activity is not affected very
much.

T Regulatory Cells

The initial characterization of CD4*CD25" T regulatory cells (Tregs) revealed that they did
not proliferate or make IL-2 when stimulated with anti-TCR and anti-CD28 in vitro [86,87].
They would proliferate if IL-2 was added to the stimulus, but after expansion they still retained
their anergic phenotype. Initial experiments showed a partial impairment in anti-CD3-induced
calcium flux and a more profound defect when stimulated with peptide and splenic APC
[88]. Subsequent experiments also showed a partial inhibition of Ras activation (Ras-GTP)
and Erk phosphorylation with a modest decrease in PLC-y1 activation and a generalized
reduction in tyrosine phosphorylation, both in terms of magnitude and shortened kinetics
[89,90], although one group has reported a decrease in JNK rather than ERK phosphorylation
[91]. Total PLC-y1, PKC-6, and Ras were the same as in CD25 negative cells, suggesting that
enhanced function of E3 ligases was not responsible for the effect. The block in proliferation
and IL-2 production could largely be overcome by the addition of PMA and ionomycin and
partially reversed by adding the DGK-a inhibitor to anti-CD3 plus anti-CD28. The latter
stimulus enhanced the appearance of c-Rel and c-Jun in the nucleus but not c-Fos. The more
profound inhibition in 1L-2 production than would seem warranted by the modest reduction in
TCR signaling might be explained by the interference of Foxp3 with NF-AT’s pairing with
AP-1 that is required for a productive T cell activation program [92].

B Cell Anergy

One of the earliest models of anergy was described by Goodnow and colleagues in the double
HEL B cell receptor transgenics (BCR and antigen) [93]. This state can be induced in 4 days
in vivo and is manifested by a 90% down-regulation of the IgM BCR and a block in tyrosine
phosphorylation through the 1gD receptor [94]. Activation of the NF-kB and JNK pathways
are blocked, but ERK phosphorylation is normal [94]. The calcium/calcineurin pathway was
dampened, but sufficient NF-AT signaling was maintained to possibly induce a negative
regulatory program in vivo similar to ionomycin-induced T cell anergy. This signaling pattern
seems to be related to the rapid turnover of BCRs in response to antigen and depends heavily
on the cholesterol levels in the membrane [95]. When cholesterol is removed with methyl-p-
cyclodextrin, BCRs recycle to the surface and normal activation of the NF-kB pathway is
restored. Thus, while receptor sequestration in anergic B cells from chronic antigen stimulation
accomplishes a similar desensitization to antigen as seen in adaptive T cell tolerance, the
biochemical mechanism is quite different.

CONCLUSION

Table 1 lists most of the molecules that have been implicated in anergy induction or its
maintenance. Everything from BCR turnover to a transcription factor-induced negative
regulatory program has been invoked as the cause in one study or another. Enhancement of
phosphatases, kinases, E3 ligases, cell cycle inhibitors, and surface molecules mediating
coinhibtion have all been implicated. What seems clear is that all these possible mechanisms
do not operate in every model system. This apparent plethora of ways to keep lymphocytes in
check has undoubtedly evolved to optimize the effectiveness of the immune response as it
walks the fine line between destruction of the pathogen and prevention of immunopathology.
Just as there are many different peripheral tolerance mechanisms (deletion, anergy, and
regulation); so there appear to be a large number of different molecular mechanisms to carry
them out. Although this complexity has made the unraveling of the puzzle particularly difficult,
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in the long run this could be advantageous for pharmacologic intervention by providing
numerous possible targets for chemical intervention.
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Figure 1.

TCR induction of protein tyrosine phosphorylation.

Purified naive, adaptively tolerant, or preactivated T cells were stimulated for 1 min with
varying concentrations of anti-TCRp-biotin mAb (0, 1, or 10ug/ml) and anti-CD4-biotin mAb
at either 0 or 10 pg/ml, followed by cross-linking with streptavidin. Samples were lysed with
1% NP40 buffer and run on SDS-PAGE. Western blots were performed and probed with an
anti-phosphotyrosine mAb (anti-pTyr) and then reprobed with an anti-actin mAb.
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TCR-zeta chain phosphorylation.
Purified naive, adaptively tolerant, or preactivated T cells were stimulated for 1 min with

varying concentrations of anti-TCRp-biotin mAb (0, 1, or 10pg/ml) and anti-CD4-biotin mAb
at either 0 or 10 pg/ml, followed by cross-linking with streptavidin. Samples were lysed with
1% NP40 buffer, immunoprecipitated with anti-¢, mAb and run on SDS-PAGE. Western blots
were performed and probed with anti-phosphotyrosine mAb and then reprobed with anti-Zap70

mADb or anti-{ mADb.
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Figure 3.
Zap70 phosphorylation.

Purified naive and adaptively tolerant T cells were stimulated for 2 min or 5 min with the P13.9
cell line (MHC-I1*, B7.1*, ICAM-1%) that had been prepulsed with or without Ag (20uM MCC
81-104). Samples were lysed with 1% NP40 buffer, immunoprecipitated with anti-Zap70, and
run on SDS-PAGE. Western blots were performed and probed with an anti-phospho-Zap70
mADb specific for the tyrosine phosphorylation site Y319 on Zap70, and then reprobed with
anti-Zap70 mAb. The density of each band was determined using GelPro software. The relative
values for Zap70 (Y319) phosphorylation are expressed in the lower left figure, and the values
normalized to the total level of Zap70 expression are shown in the lower right figure.
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Figure 4.

cCbl phosphorylation.

Purified naive, adaptively tolerant, or preactivated 5C.C7 T cells in (A) or control and anergized
A.E7 T cellsin (B) were stimulated for 1 min with varying concentrations of anti-TCRp-biotin
mAb (0, 1, or 10pg/ml) and anti-CD4-biotin mAb at 10 pg/ml, followed by cross-linking with
streptavidin. Samples were lysed with 1% NP40 buffer, immunoprecipitated with anti-cCbl
antiserum, and run on SDS-PAGE. Western blots were performed and probed with anti-
phosphotyrosine mAb and then reprobed with anti-cCbl mAb.
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LAT localization and phosphorylation.

A, Purified naive and adaptively tolerant T cells were unstimulated or stimulated for 1 min
with anti-TCRp-biotin mAb (1pg/ml) and anti-CD4-biotin mAb (10ug/ml), followed by cross-
linking with streptavidin. Samples were lysed, and cytoplasmic and membrane fractions were
separated [67]. Western blots were done with an anti-phospho-LAT antiserum specific for the
tyrosine phosphorylation site Y191 on LAT and then reprobed with an anti-LAT mAb or an
anti-actin mAb.

B, Purified naive and adaptively tolerant T cells were stimulated for 1 min with anti-TCRp-
biotin mAb (1ug/ml) and anti-CD4-biotin mAb (10ug/ml), followed by cross-linking with
streptavidin. Samples were lysed, and Detergent Resistant Membranes (DRM) and Triton
soluble membrane fractions (Sol.) were separated on a sucrose gradient [43]. Western blots
were done with an anti-phospho-LAT antiserum specific for the tyrosine phosphorylation site
Y191 on LAT and then reprobed with an anti-LAT mAb.
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