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T Cell Deletion in High Antigen Dose Therapy of
Autoimmune Encephalomyelitis

Jeffrey M. Critchfield,* Michael K. Racke,
Juan Carlos Zuniga-Pfliicker, Barbara Cannella,
Cedric S. Raine, Joan Goverman, Michael J. Lenardot

Encounters with antigen can stimulate T cells to become activated and proliferate, become
nonresponsive to antigen, or to die. T cell death was shown to be a physiological response
to interleukin-2—stimulated cell cycling and T cell receptor reengagement at high antigen
doses. This feedback regulatory mechanism attenuates the immune response by deleting
a portion of newly dividing, antigen-reactive T cells. This mechanism deleted autoreactive
T cells and abrogated the clinical and pathological signs of autoimmune encephalomyelitis
in mice after repetitive administration of myelin basic protein.

Despite the role of acquired immunity in
mounting a defensive reaction against infec-
tious agents, it is known that high doses of
antigen can paradoxically suppress immune
responses in adult animals (1-3). This type
of antigen-specific tolerance, termed high
dose suppression or high zone tolerance,
involves extrathymic mechanisms in mature
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T lymphocytes (4, 5). In other experimental
settings, mature T lymphocytes have been
shown to die after T cell receptor (TCR)
stimulation by processes that may involve
the Fas antigen, interferon-y or T cell
growth lymphokines, and cytolytic mecha-
nisms, but it is not understood what role
these processes play in high dose suppression
(6-11). To better understand the paradox of
high dose suppression, we studied its mech-
anism in two in vitro models: a CD4* T
lymphocyte clone, A.E7, that is suppressed
at high doses of a pigeon cytochrome ¢
peptide containing amino acids 81 to 104
(PCC) (12) and primary lymph node T cells
(LNTCs) from a mouse line that is trans-
genic for a TCR (V,2.3, V;8.2) that recog-
nizes myelin basic protein (MBP) peptide
(Acl-11) and confers susceptibility to ex-
perimental allergic encephalomyelitis (EAE)
(13). EAE is an autoimmune disease model
in which axon sheaths of the central nervous

1139



system are destroyed by infiltrating T cells
that are specific for myelin protein compo-
nents MBP or proteolipid protein (PLP)
(14-16). This causes a relapsing paralysis
similar to the human disorder multiple scle-
rosis (14, 15). We also examined the mech-
anism of high antigen dose treatment in
EAE (15).

The proliferation of A.E7 cells was maxi-
mal at 0.0l puM PCC antigen and then
increasingly suppressed with greater concen-
trations (Fig. 1A) (17). For V 2.3, V,8.2%
LNTGCs, proliferation peaked at a hlgher an-
tigen concentration (10 uM MBP), but fur-
ther increases in antigen also suppressed pro-
liferation (Fig. 1B). Quantitation of viable T
cells after 72 hours in both systems revealed a
reduction of more than 90% at high antigen
doses compared with doses that gave maximal
proliferation, which paralleled the [*H]thymi-
dine incorporation (Table 1). Cell cycle
blockade could have accounted for decreased
cell numbers, but the same fraction (70%) of
viable A.E7 cells had entered S phase as
indicated by bromodeoxyuridine (BrdU) in-
corporation at both high and low concentra-
tions of antigen (Table 1). This contradictory
lack of proliferation at high antigen doses
despite cell cycle progression and interleu-
kin-2 (IL-2) production (below) was ex-
plained by the microscopic observation of cell

201A -20
15 +15 +
10 10E
3
N
5 - 54
0

o], T v — - 1
0.0001 0.001 0.010.1 1 10
PCC(81-104) (uM)

501B

N
e

[*H]Thymidine incorporation (104 cpm) —0—
w
o

n
o
I

10

361 01 1 7o 100 1000
MBP (1M)

Fig. 1. High dose suppression in (A) AE7 T
cells and (B) V, 2%, Vg8* transgenic LNTCs.
[3H]Thymidine |ncorporat|on assay (in counts
per minute) for proliferation (squares) and bio-
assay of IL-2 (circles). In a separate experiment
with V 2%, V 8+ transgenic LNTCs, production
of IL-2 (per milliliter) was 1 U, 3 U, 9.4 U, and
11.8 U at 0.1, 10, 100, and 750 uM antigen,
respectively. Data are representative of five
experiments.
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death by apoptosis in both A.E7 cells and
LNTCs exposed to high or low concentra-
tions of antigen, but not in samples without
antigen (18).

To understand the mechanism of T cell
death in high-zone tolerance, we examined
the influence of IL-2. Both A.E7 cells and
transgenic LNTCs produced maximal IL-2
at suppressive doses of antigen, in accord
with our findings that early activation
events, including IL-2 gene expression, pro-
ceed normally at high antigen doses (Fig.
1A) (19). To determine whether IL-2 pro-
duced early after stimulation took part in
activation-induced T cell death at late times
(10, 11), we studied the effects of IL-2 and
antigen on the viable T cell recovery.
LNTCs with the V2.3, V8.2 TCR were
activated with the Acl— 11 peptide for 48
hours, washed to remove the antigen, and
then cultured in IL-2 (3, 12, 25, or 50
IU/ml) for an additional 48 hours (20) (Ta-
ble 2). Incorporation of [*H]thymidine at
this time showed the expected correlation
between cell cycle progression and IL-2 con-
centration. The IL-2-treated cells were then
rechallenged with increasing doses of pep-

tide antigen in the continued presence of
IL-2. The loss of V 2.3%, Vp8.2% T cells
compared with the unstimulated controls
was greater with higher antigen concentra-
tions at all doses of IL-2. Moreover, cell loss
at any dose of antigen was increased in direct
proportion to the concentration of IL-2 used
in the initial stimulation. Cells treated with
IL-2 at 3 U/ml behaved like resting LNTCs:
The V8.2% cells expanded at low but not
high peptlde amounts.

We next tested whether endogenously
produced IL-2 was necessary for death. Be-
cause LNTCs die from lymphokine with-
drawal (11), we used A.E7 cells stimulated
with antigen (1 or 10 uM) in the presence
of 3C7, a monoclonal antibody (mAb) that
blocks the a chain of the IL-2 receptor, or
mAb S4B6, which neutralizes [L-2 itself
(20). Both mAbs protected A.E7 cells from
antigen-induced death, but an IL-4-block-
ing mAb (11B11) did not (Table 2). Thus,
activated T helper cell-type 1 (Ty1 cells)
can make sufficient IL-2 to lead to their
own demise.

These results raised the possibility that
high doses of antigen could be used to

Table 1. Viable cell recovery after the stimulation of resting T lymphocytes with high doses of antigen. The
number of CD4* T cells (in thousands) was quantitated by flow cytometry with antibodies to V11 for
A.E7 cells and antibodies to V8.2 for V 2+, V,8* LNTCs after stimulation (70). Doses of 100 and 750
wM were not tested in AE7. In other expenments stimulation of V2%, V;8* LNTCs with antigen doses
<10 pM showed gradual increases in cell number to a maximum between 1and 10 pM.

Antigen stimulation (uM)

Cells tested
0 0.01 0.1 1 10 100 750
Resting A.E7 0.6 (11)* 4.4 (74)* 2.9 (73)* 0.4 (68)* 0.4 (73)*
Resting V 2+, 1.5 27.7 0.9 1.2
Vg8+ LNTCs

*In separate experiments, the percent of V 11+ cells that incorporated BrdU in an 18-hour pulse (70) was
measured.

Table 2. Role of IL-2—stimulated cell cycling in the loss of viable cells after antigen stimulation. The
percent reduction of viable cells represents the cell number at indicated antigen dose divided by
the cell number for 0 wM antigen sample for the same treatment group. The number of cells
recovered for 0 pM (in thousands) were 16.4, 36.5, 87.7, and 83.4 for IL-2 at 3, 12, 25, and 50 IU/m,
respectively. Negative numbers indicate cell expansion.

Percent reduction of viable cells

Treatment [*H]Thymidine after antigen (M)
incorporation
IL-2 mAb (cpm)
(U/mt) specificity 1 10 1%
V,2.3%, V,8.2* LNTCs*

3 - 4,985 -197 -28 79
12 - 41,651 30 57 92
25 - 70,038 41 83 93
50 - 115,578 78 90 95

Resting A.E7 cells

- None - 81 78

- Anti—IL-2R} - 4 0

- Anti-IL-4 - 71 73

*,2.3%, V, 8.2* LNTCs were activated and treated with the indicated doses of IL-2 for 48 hours and then
rechallenged with antigen for an additional 48 hours in the continued presence of IL-2. Control experiments
showed that the Ac1—11 peptide had no intrinsic toxicity on LNTCs (24). ‘fTreatment with mAb S4B6 [antibody
to IL-2 (anti-IL-2)] also prevented loss of A.E7 cells at 1 and 10 pM antigen.
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specifically eliminate responding T cells in
a disease setting. We tested whether re-
peated intravenous (iv) treatments with
large amounts of soluble MBP could delete
peripheral autoreactive T cells and there-
by improve the course of EAE. We used an
adoptive transfer model of EAE because it
reproducibly results in severe disease and
avoids thymic contribution to the enceph-
alitogenic pool (15). Transgenic V_2.3%,
Vg8.2" T lymphocytes were activated
with Acl-11 peptide for 4 days in vitro,
and then 3 X 107 cells were injected into
matched (B10.PL or PL/]) naive recipi-
ents (13, 21). Ten days later, the recipient
B10.PL mice had a significant fraction of
Vv, 2.3%, VBS.2+ cells among CD4* T
lymphocytes in the spleen (23.7%, com-
pared with 1.8% in mock transfer animals)
and had severe progressive limb paralysis
(disease grade 4) (Fig. 2A). In contrast,
animals that received eight iv treatments
of MBP (400 pg, twice daily on days 0, 2,
4, and 6) had an 84% deletion of V 2.3%,
Vp8.27 cells (3.8%) and no disease (Fig.
2B). Eight iv doses of the Acl-11 peptide
(1400 pg) also caused an 81% deletion of
V,2.3%, Vg8.2% cells (4.5%) and abro-
gated disease (Fig. 2C). Repeated injec-
tions of a control antigen (ovalbumin) had
little effect on the amount of encephalito-
genic cells or disease severity (disease
grade 3) (Fig. 2D). The CD4* cells that
expressed other TCRs were not deleted by
MBP treatment (Fig. 2). In PL/] mice,

untreated animals that received transgenic

cells had 11.9% V,2.3%, Vg8.2% cells
among splenic CD4* T lymphocytes (Fig.
2F) compared with 2.9% in mock transfer
mice (Fig. 2E), and repeated doses of MBP
again caused significant deletion, to 3.8%
V,2.3%, Vg8.2" cells (Fig. ZH). A single
dose of antigen caused much less cell loss
(Fig. 2G). Control animals that received
resting transgenic T cells and similar MBP
treatments showed no deletion, consistent
with our in vitro observation that cell
cycling is required for cell loss (11). Thus,
in two susceptible mouse strains, multiple
iv doses of soluble nominal antigen delet-
ed the activated encephalitogenic trans-
genic T cells with concomitant improve-
ment of disease.

Because the donors and recipients in the
transgenic experiments were not fully synge-
neic, we also evaluated iv MBP treatments in
EAE in syngeneic nontransgenic animals
(22). LNTCs from MBP-primed (PL X
SJL)F, mice that were activated in vitro with
MBP caused severe disease in naive recipients
after 7 to 10 days (Fig. 3A) (23). Multiple iv
injections of MBP (400 wg) abrogated clinical
symptoms: The mean clinical score in un-
treated mice was 3.1, but in treated mice it
was 0.1 (P < 0.0005) (Fig. 3A), and the
disease incidence was decreased (100% in the
untreated group; 20% in the treated group,
but the onset of disease was delayed more than
35 days). The same antigen therapy together
with 60,000 IU of IL-2 each day for the first 5
days after transfer also improved the disease:
The mean clinical score in untreated mice was

No peptide MBP Ac1-11 Ovalbumin
(Disease grade - 4) (Disease grade - 0) (Disease grade - 0) (Disease grade - 3)
A 6.723.7 B 9.1] 38 c 93145 | |D 7.0[17.7
54,5'15,1 68.8118.3 68.2 [18.0 i s57.7117.6
NB
>1 = s | 5 B10.PL
g D | @ sity
- N . i % S— e e
Normal Nopeptide  'P° MBP (1X) MBP (4X)
E 10.7 2.9 F 6.4111.9 G 5.917.5 H 7.1)3.8
67.4119.1 54.8126.9 57.6128.9 63.5125.6
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@ D @ 2
7 > e o
Al e Sl
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Fig. 2. Repeated doses of MBP cause peripheral deletion of specifically reactive transgenic T
lymphocytes. Contour plots showing three-parameter flow cytometry of transgenic lymphocytes
(V,2%, V,g8*) transferred into recipient mice. Splenocytes were gated on CD4* cells. Groups
include B10.PL mice that were (A) untreated or treated intravenously with (B) whole MBP (400 pg),
(C) Ac1-11 peptide (1.4 mg), or (D) ovalbumin (400 pg) twice daily on days 0, 2, and 4 after cell
transfer. Test groups in PL/J mice received (E) no transgenic cells or received cells and were (F)
untreated or intravenously treated with either (G) one injection of MBP (400 pg) on day O or (H) twice
daily injections of MBP on days 0, 2, 4, and 6 after transfer. Populations of nonreactive TCRs (V46)
showed no change in cell number. Disease was graded: 0, no symptoms; 1, limp tail; 2, moderate
hindlimb weakness; 3, severe hindlimb weakness; 4, hindlimb paralysis; 5, whole body paralysis;
and 6, death. Each flow cytometry plot is from an individual animal. Results are representative of

three experiments.
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3.2, but in treated mice it was 0.5 (P <
0.0005) (24), suggesting that anergy, which is
reversed by IL-2, was not involved (25). In
contrast, IL-2 treatment without antigen re-
challenge was rapidly fatal (24). The majority
of treated animals remained disease-free, al-
though retransfer of encephalitogenic T cells
into treated animals after three-and-a-half
disease-free months caused a rapid onset of
paralysis (24), implying the absence of long-
lived suppressor cells. Histopathologically,
animals that received encephalitogenic cells
but no treatment exhibited destruction of
the spinal cord architecture with extensive
areas of demyelinated axons on a background
of fibrillary astrogliosis and macrophages con-
taining myelin debris compared with controls
(Fig. 3B) (18). In mice treated with iv MBP,
there was dramatic protection of the myelin
sheaths from inflammation and immune dam-
age, and in many areas of the spinal cord,
there was essentially normal cytoarchitecture
(Fig. 3B).

We also detected T cell deletion in
nontransgenic animals by staining MBP-
activated LNTCs before transfer with a
vital membrane dye 1,1’-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil) that is measurable by flow
cytometry (Fig. 3C) (23). Nine days after
transfer CD4™*, Dil-stained cells were de-
tected in the lymph nodes of untreated
animals that developed severe hindlimb
paralysis (disease grade 3). After the iv
administration of MBP on days 0, 2, and 4
after transfer, abrogation of clinical signs of
EAE was associated with an 80% reduction
in CD4*, Dil™* cells. Similar doses of oval-
bumin only slightly reduced the CD4*,
Dil* cells and disease severity which may
be due to nonspecific lymphokine effects or
competition for MHC presentation. Prolif-
eration assays of T cells from treated ani-
mals revealed a decreased precursor fre-
quency of MBP-specific cells, indicating
functional tolerance (23).

We found that the paradoxical suppres-
sion of T cell responses by high antigen doses
is due to apoptosis caused by large concen-
trations of IL-2 and antigen. This seems
counterintuitive because one would expect
that T cells should expand more vigorously
(to provide better immune protection) if
confronted with a large inoculum of a patho-
gen. However, we have shown that antigen
responses are governed by an intrinsic bio-
chemical feedback mechanism in T cells.
We found that a sequence of three events
leads to apoptosis: (i) T cell activation and
growth lymphokine synthesis, (ii) cell cycle
progression, and (iii) TCR reengagement
causing apoptosis. Thus, T cells “sense” the
intensity of an immune response by the
amount of cell cycling. Further antigen stim-
ulation then attenuates the immune re-
sponse by decreasing the number of reactive
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Fig. 3. Repeated in-
jections of MBP ab-
rogate EAE. (A) The
mean clinical score
of affected animals
versus days after the
transfer of encephal-
itogenic LNTCs into
naive recipient mice.
The (PL x SJL)F, 0

(5]
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three experiments. (B) Histopathological sections from identi-
cal regions of the dorsal spinal cord at L7 from mice that were
either untreated (middle panel) or treated with MBP (bottom
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panel) (16). Control sample (top panel) represents nontrans-

ferred, non-MBP-treated mice (magnification x271).
phocytes are deleted by repeated MBP administration.

). (€) Nontransgenic, MBP-reactive T lym-
Histograms showing detection of

encephalitogenic LNTCs that before transfer were stained with the fluorescent vital membrane
dye Dil. Live lymph nodes harvested from the various treatment groups were gated on CD4* cells
(50,000 events) and analysis of Dil intensity is shown. Treatment groups include nontreated mice
and mice administered either ovalbumin or MBP (400 n.g) twice daily on days 0, 2, and 4 after
transfer. The percent deletion is calculated as 1 — (cell number detected in treated/cell number
detected in untreated). Results are representative of four experiments.

T cells and thereby self-regulates the produc-
tion of IL-2 (and other lymphokines). We
have called this feedback mechanism “pro-
priocidal regulation” (11). In the present
experiments, T cell death stabilizes IL-2
accumulation over a 1000-fold range of an-
tigen (Fig. 1A). Because lymphokines are
toxic in large doses, the propriocidal mech-
anism protects the organism from being in-
jured by its own immune response (26).
Thus, our results provide a biologically co-
herent explanation for the paradox of death
at high antigen doses.

Our results shed light on recent obser-
vations that strongly immunostimulatory
viruses delete responsive T cells and elimi-
nate a recall response (1-3, 7-9). Our data
imply that the stronger the initial prolifer-
ative response to antigen, the more vulner-
able T cells are to apoptosis by antigen
re-engagement. T cell stimulation can
therefore be viewed as a balance between
proliferation and death with the latter pre-
vailing at high concentrations of lympho-
kine and antigen. Thus, effective vaccina-
tion and the establishment of T cell mem-
ory will involve not only clonal expansion
but also the avoidance of T cell death. The
mechanism we describe also explains the
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observation that a period of “rest” facili-
tates anamnestic responses, because allow-
ing T cells to exit the cell cycle will reduce
their susceptibility to apoptosis (27).

We found that antigen administration
can be used to delete autoreactive T cells
and protect myelin sheaths from immuno-
logical damage. This in vivo deletion ad-
hered to the predictions made from our
in vitro investigations and likely results
from T cell apoptosis. The eradication of
disease-causing T cells by iv antigen infu-
sion has therapeutic potential. In a disease
for which the antigen is known, such as
myasthenia gravis, an antigen treatment that
targets T cells for deletion is now testable.
Thus, our studies provide a rational basis for
antigen-specific therapy in T cell-dependent
diseases.
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Premature p34°9<2 Activation Required
for Apoptosis

Lianfa Shi, Walter K. Nishioka, John Th’ng, E. Morton Bradbury,
David W. Litchfield, Arnold H. Greenberg*

Activation of the serine-threonine kinase p34°9°2 at an inappropriate time during the cell
cycle leads to cell death that resembles apoptosis. Premature activation of p34°9°2 was
shown to be required for apoptosis induced by a lymphocyte granule protease. The kinase
was rapidly activated and tyrosine dephosphorylated at the initiation of apoptosis. DNA
fragmentation and nuclear collapse could be prevented by blocking p34°9°2 activity with
excess peptide substrate, or by inactivating p34°9°2 in a temperature-sensitive mutant.
Premature p34°9°2 activation may be a general mechanism by which cells induced to
undergo apoptosis initiate the disruption of the nucleus.

On contact with target cells, cytotoxic T
lymphocytes (CTLs) release granule serine
proteases that trigger apoptosis (1-3). The
transmembrane pore-forming protein per-
forin probably facilitates protease entry into
the target cell (2, 3). Unlike developmen-
tally regulated programmed cell death, ap-
optosis induced by cytotoxic granule prote-
ases does not require new protein synthesis
(2, 3), suggesting that the protease initiates
nuclear disintegration through a posttrans-
lational mechanism. The p34°%°Z kinase is a
highly regulated serine-threonine kinase
(4) that, when complexed with cyclins A
and B, controls cell entry into mitosis; this
complex initiates the dissolution of the

L. Shi, D. W. Litchfield, A. H. Greenberg, Manitoba
Institute of Cell Biology, University of Manitoba, 100
Olivia Street, Winnipeg, Canada R3E OV9.

W. K. Nishioka, La Jolla Institute of Allergy and Immu-
nology, 11149 Torrey Pines Road, La Jolla, CA 92037,
USA.

J. Th'ng and E. M. Bradbury, Department of Biological
Chemistry, University of California, Davis, CA 95616,
USA.

*To whom correspondence should be addressed.

SCIENCE * VOL. 263 =*

25 FEBRUARY 1994

nuclear membrane and promotes chromatin
condensation, events that are also hall-
marks of apoptosis (5, 6). The resemblance
of apoptosis to the “mitotic catastrophe”
seen in eukaryotic cells overexpressing
p34°4<? at an inappropriate time during the
cell cycle (7, 8) prompted us to examine
the role of this kinase in apoptosis.
We examined the induction of p3
kinase in YAC-1 lymphoma cells by frag-
mentin-2 in the presence or absence of
perforin. Fragmentin-2 is a granule serine
protease produced by natural killer (NK)
cells that has homology to human cytotoxic
T lymphocyte (CTL) granzyme B (2). After
a 45-min treatment with these agents,
p344°? was immunoprecipitated from the
cell lysates with a polyclonal COOH-termi-
nal specific antibody (9) and the kinase
activity was measured with two p34°d?
peptide substrates [peptide A, derived from
casein kinase II (CKII) (9), and peptide B,
derived from nucleolin (10)] (11). In the
presence of constant amounts of perforin,
fragmentin-2 stimulated kinase activity in a
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