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Factors that affect naive T cell proliferation in syngeneic lym-
phopenic hosts were investigated. 2C T cell receptor (TCR) trans-
genic T cells lacking both CD8 and CD4 survived but hardly
proliferated. Proliferation of CD8+ 2C cells was proportional to the
abundance of cognate peptide/MHC complexes and was severely
inhibited by injection of anti-CD8 antibody. Weakly reactive self-
peptides slightly enhanced CD8+ 2C cell proliferation whereas a
potent agonist peptide promoted much more rapid proliferation,
but inflammation-stimulating adjuvant had only a small effect on
the rate of cell proliferation. The findings suggest that under
uniform lymphopenic conditions, the widely different rates of
proliferation of T cells expressing various TCR, or the same TCR in
the presence or absence of CD8, reflect the strength of interaction
between TCR and MHC associated with particular self-peptides.

aive T cells tend to undergo proliferation in lymphopenic

hosts, a phenomenon referred to as lymphopenia-induced
proliferation (LIP) or homeostasis-driven proliferation (1, 2).
However, whether a T cell proliferates at all and how fast it
proliferates varies considerably among T cells expressing differ-
ent T cell receptors (TCRs; ref. 3). Upon adoptive transfer into
syngeneic lymphopenic recipients, naive CD8 T cells bearing 2C,
P14, OT-I, or 318 TCR proliferate, whereas CD8 T cells bearing
H-Y TCR survive but do not proliferate (4-7). CD4 T cells
expressing DO11 or 1H3.1 TCR proliferate, whereas CD4 T cells
expressing OT-II TCR do not (8-10). Similarly, only 30-50% of
transferred polyclonal naive CD4 or CD8 T cells proliferate in
lymphopenic recipients after 1-2 weeks of transfer (8, 11, 12).

In addition to requiring “space,” LIP normally requires the
presence of syngeneic MHC molecules (5, 8-11, 13), indicating
that the engagement of TCR with endogenous peptide/MHC
complexes (pepMHC) in the recipient is necessary. The ob-
served diversity in the proliferative capacity of different T cells
in apparently identical lymphopenic recipients, where they pre-
sumably experience the same “empty space,” was thought to
result from differences in their TCR interactions with cognate
endogenous pepMHC complexes. It has been assumed, but not
demonstrated, that only those pepMHC complexes that are
abundant or interact with relatively high affinity with TCR are
able to stimulate LIP, whereas relatively scarce complexes and
those interacting weakly with TCR may be only sufficient for T
cell survival but not proliferation.

Naive T cells also undergo proliferation after stimulation by
cognate antigen. Compared with LIP, antigen-stimulated T cell
proliferation is markedly faster (11). Antigen also stimulates T
cells to express activation markers CD44, CD69, and CD25, to
acquire effector functions, such as cytolytic activity and secretion
of IFN-v, and to differentiate into long-lived memory cells (5,
14). During LIP, CD8 T cells likewise acquire CD44 and
differentiate into memory cells but they do not express CD25,
CD69, or IFN-v, or become cytolytic (7, 11, 15). One obvious
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difference between the pepMHC complexes involved in antigen-
and lymphopenia-induced T cell responses involves complexes
having peptides of endogenous (self) versus exogenous (nonself)
origin. Another difference involves the costimulatory signals and
cytokines elicited under conditions in which foreign antigens
normally are introduced.

We have studied the rates of proliferation and activation of
naive T cells expressing a particular TCR (2C) in lymphopenic
recipients in which the levels of cognate pepMHC and potential
costimulatory molecules could be manipulated. The effect of the
CDS8 coreceptor on LIP also was determined because CDS8
enhances the affinity of TCR for some pepMHC complexes (16).
Our findings indicate that whether or not a T cell proliferates
under fixed lymphopenic conditions is determined by a threshold
set by at least two principal parameters: the number of copies of
particular pepMHC epitopes on antigen-presenting cells (APCs,
the epitope density) and the TCR affinity for the epitopes. Below
the threshold, T cells do not proliferate. Above it, their rate of
proliferation is proportional to the epitope density. With the 2C
TCR studied here, self-pepMHC complexes are incapable of
driving the proliferating T cells to differentiate into effector cells
in lymphopenic hosts even in the presence of inflammatory
stimuli. Activation of these naive cells to express IFN-y and
cytolytic activity requires the engagement of a sufficient number
of TCR by appropriate pepMHC complexes in addition to
inflammatory stimuli

Experimental Procedures

Mice. 2C TCR transgenic mice were on the recombination
activating gene-1 deficient (RAG1~/") background (2C/RAG;
ref. 17) and unless otherwise specified had been backcrossed
with C57BL/6 (B6, H-2") mice for 10 generations. Some of the
2C/RAG mice used for assaying the relative proportion of
CD8", CD4*, and CD8 CD4~ 2C cells were not backcrossed
with B6 mice. Mice deficient in transporters associated with
antigen processing (TAP) and B2-microglobulin (82m) on the
B6 background were from the Jackson Laboratory. (K°DP)~/~
and C37/~ mutant mice on the H-2" background were, respec-
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tively, from Hidde Ploegh and Michael Carroll of Harvard
Medical School, Boston. F5 TCR transgenic mice on the H-2°
background were from Demitris Kioussis of the National Insti-
tute for Medical Research, London and were bred onto the
RAG1~/~ background. RAG1~/~ mice were backcrossed with
B6 mice for 13 generations. For adoptive transfer, RAG1 ™/~
recipients were not irradiated, but recipients deficient in TAP,
KPDP, B2m, or C3 were irradiated (650 rad) 2 days before
transfer. 2C/RAG mice were thymectomized under anesthesia
by vacuum suction. All mice were kept in specific pathogen-free
facility and used between 6 and 10 weeks of age.

Adoptive Transfer. For analysis of LIP, lymph node cells were
labeled with carboxyfluorescein diacetate-succinimidyl ester
(CFSE) and then transferred into RAG1~/~, TAP~/~, B2m /",
or (K°DY)~/~ recipients. In some cases, the recipients were
injected i.p. with peptides [p2Ca (LSPFPFDL), dEV8 (EQYK-
FYSV), SYRGL (SIYRYYGL), or SIINFEKL] in PBS. In some
cases, the recipients were injected with dEV8 or SYRGL in
complete Freund’s adjuvant (CFA) or CFA alone at the base of
the tail and the scruff of the neck. For anti-CD§ antibody
treatment (clone 2.43, ref. 18), CFSE-labeled lymph node cells
were transferred into irradiated C3~/~ recipients that were then
injected with 500 ug of anti-CD8« twice. Proliferation of the
transferred T cells in the lymph nodes and spleens was assayed
between day 5 and day 9 after transfer. Results shown on transfer
experiments are one of 2-5 representative experiments.

Antibodies, Intracellular IFN-y Staining, and Flow Cytometry. Anti-
bodies to CDS8, CD4, TCR, CD25, CD69, CDl11c, CD2, CDS5,
B220, and K" were purchased as conjugates from PharMingen.
Clonotypic antibody 1B2, specific for the 2C TCR, was conju-
gated to biotin. Cells were stained in the presence of 2.5 ug/ml
anti-FcR antibody in PBS containing 0.1% BSA and 0.1% NaN3
and analyzed on a FACScaliber, collecting 10,000 to 1,000,000
live cells per sample. To detect intracellular IFN-vy, cells were
surface-stained with antibody to CD8 before being fixed and
stained for IFN-vy.

T Cell Activation in Vitro. Lymph node cells from 2C/RAG mice
were labeled with CFSE. A total of ~5 X 10°/ml 2C cells were
incubated (37°C) with 1 X 107 M QL9 peptide (QLSPFPFDL)
and a 5-fold excess of irradiated BALB/c (H-29) splenocytes.
After 72 h, 2C T cells were assayed for proliferation, activation
markers CD25 and CD69, and intracellular IFN-vy.

Cytolytic Assay. Freshly isolated lymph node cells from RAG1~/~
recipients were used in a 6-hr CTL assay using >'Cr-labeled
T2-KP cells as target in the presence or absence of 1 X 108 M
SYRGL. Except for sextuplet wells to determine spontaneous
and maximum °'Cr release, all samples were assayed in triplicate.
Specific lysis was calculated as: [(experimental counts — spon-
taneous counts)/(total counts — spontaneous counts)] X 100.

Results

Requirement for CD8 in Lymphopenia-Induced 2C Cell Proliferation.
Most T cells in 2C TCR transgenic mice on the syngeneic (H-2°)
RAGI17/~ background (2C/RAG) were CD8¥; only a few were
CD47 (0.1-6%); but many were negative for both CD8 and CD4
(Fig. 14). The relative proportions of CD8*, CD4*, and
CD8~CD4~ (referred to as double negative, DN) 2C T cells
varied from mouse to mouse, but in general, the proportion of
DN 2C cells was significantly higher in 2C/RAG mice that had
been backcrossed onto the B6 background than in nonback-
crossed mice (on average 45% vs. 22%; Fig. 1C). Compared with
CD8* 2C T cells, DN 2C cells had the same size, expressed the
same level of TCR and CD2 and similar levels of CD5 and HSA,
were mostly low or negative for CD44, and did not express CD25
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Fig. 1.  Analyses of surface markers of CD8" and DN 2C T cells and their
relative abundance before and after thymectomy. (A) Lymph node cells from
backcrossed 2C/RAG mice were assayed for 2C TCR, CD4, and CD8. The
histogram shows 2C TCR expression as detected by clonotypic antibody 1B2.
The two-dimensional dot plot shows CD8 and CD4 expression by 1B2* cells.
Numbers indicate the percentages of CD4*, CD8", and CD4-CD8~ 2C cells. (B)
Comparison of the cell size (forward light scatter) and indicated cell surface
markers between CD8 (thin line) and DN (bold line) 2C cells in 2C/RAG mice.
Lymph node cells were assayed for 2C TCR, CD4, CD8 plus CD2, CD44, CD25,
CD69 (not shown), CD5, HSA, or B220. Histograms are generated by gating on
1B2*CD8"CD4~ or 1B2*CD8 CD4" cells. (C) Percentages of CD8* and DN 2C
cells in the lymph nodes of various types of mice. Lymph node cells from
backcrossed (F10) and nonbackcrossed 2C/RAG mice and thymectomized
2C/RAG (F10) mice 6 or 12 weeks after surgery were assayed for 2C TCR, CD4,
and CD8. CD8" and DN 2C cells are shown as percentages of total 1B2* cells.
Each symbol represents one mouse. (D) Percentages of CD8* and DN 2C cells
in peripheral blood at different time points after thymectomy. 2C/RAG mice
(F10) were thymectomized at 6-8 weeks of age. Peripheral blood leukocytes
were assayed for the expression of 2C TCR, CD4, and CD8. The percentages of
CD8" and DN 2C cells are shown as a function of time for each mouse.

and CD69 (Figs. 1B and 2D). Unlike DN T cells in fas mutant
mice, DN 2C cells in 2C/RAG mice did not express B220. Thus,
DN 2C cells from 2C/RAG mice express relatively normal cell
surface markers except the lack of CDS.

The 2C TCR recognizes the SYRGL peptide in association
with K® (syngeneic) and the QL9 peptide in association with L¢
(allogeneic; refs. 19-21). The binding of the 2C TCR to
SYRGL-K® and QL9-L¢ complexes is affected differently by
CD8. The SYRGL-KP complex is bound with high affinity by the
2C TCR on CD8" cells but with 10-100 times lower affinity by
the same receptor on CD8~ cells. Correspondingly, CD8" 2C
cells require ~5,000-fold lower concentration of the SYRGL
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Fig.2. Requirement for CD8 for lymphopenia-induced 2C cell proliferation.

(A) CFSE-labeled lymph node cells (1 x 106 CD8*1B2*) from 2C/RAG mice were
transferred into RAG1~/~ recipients. Seven days later, lymph node cells were
recovered from recipients and analyzed for 2C TCR, CD4, CD8, and CFSE. CFSE
profiles are shown for CD8" and DN 2C cells. Percentages refer to proportion
of cells that proliferated within 7 days. (B) CFSE-labeled lymph node cells from
2C/RAG mice were incubated with 10 ng/ml of anti-CD8« antibody on ice for
30 min and transferred into irradiated C37/~ recipients (1 X 10® CD8+1B2*/
recipient). The recipients were injected with 500 p.g of anti-CD8« immediately
after transfer and again the next day. As a control, CFSE-labeled 2C cells were
treated in the same way but without antibody and recipients were not
injected with antibody. Lymph node cells from recipients were analyzed for 2C
TCR, CD4, CD8p, and CFSE 5 days after transfer. CFSE profiles are shown for
CD8B" and DN 2C cells in anti-CD8-treated and untreated recipients. Percent-
ages refer to proportion of cells that proliferated within 5 days. (C) CFSE-
labeled lymph node cells from 2C/RAG mice were stimulated in vitro with
irradiated BALB/c splenocytes in the presence of 1 X 107 M QL9 peptide for
3 days. Cells were analyzed for 2C TCR, CD4, CD8, and CFSE. CFSE profiles are
shown for CD8* and DN 2C cells. (D) Lymph node cells (not labeled by CFSE)
were stimulated as in C. Cells were analyzed for 2C TCR, CD4, CD8, plus CD44,
CD25 (notshown), CD69, or intracellular IFN-y. Histograms of CD44, CD69, and
IFN-y expression by CD8* and DN 2C cells are compared before (shaded) and
after stimulation (bold).

peptide than CD8~ 2C cells to achieve half-maximal lysis of KP*
target cells. In contrast, QL9-L9 was bound about equally well by
the 2C TCR on CD8* nd CD8~ cells, and these cells were equally
effective in lysing QL9-LI* target cells (16, 22). In view of the
pronounced effect of CD8 on the affinity of 2C TCR for
syngeneic pepMHC complexes, we compared the survival and
proliferation of CD8" and DN 2C T cells under lymphopenic
conditions.

Lymph node cells from 2C/R AG mice, consisting of >95% 2C
cells (Fig. 14), were labeled with CFSE and then transferred into
nonirradiated syngeneic RAG1~/~ recipients. As shown by
CFSE profiles in Fig. 24, 7 days after transfer >95% of CD8*
2C cells had proliferated (2.3 divisions on average), whereas
<25% of DN 2C cells showed a reduced level of CFSE in the
same time period. That CD8 was required for 2C cell prolifer-
ation was further demonstrated by treating transferred recipients
with anti-CD8 antibody. To minimize the possibility of comple-
ment-mediated cell lysis, syngeneic mice deficient in comple-
ment component C3 (C37/7) were used as recipients. CFSE-
labeled 2C cells were incubated with anti-CD8« on ice for 30 min
and then transferred into irradiated C3~/~ recipients that were
injected with anti-CD8« antibody. Proliferation of CD8* 2C
cells in the anti-CD8a-treated recipients 5 days after transfer was
considerably less than in untreated recipients and approximated
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that of DN 2C cells in either treated or untreated recipients (Fig.
2B). Similar results were obtained with transferred 2C cells that
had not been incubated with anti-CDS8 antibody in vitro (data not
shown).

To rule out the possibility that DN 2C cells from 2C/RAG
mice are defective in capacity for proliferation, we compared the
proliferation of CD8* and DN 2C cells to in vitro stimulation
with allogenic QL9-L¢ complexes presented by BALB/c spleno-
cytes. Both CD8* and DN 2C cells proliferated to the same
extent in response to the QL9-L9 stimulation within 3 days and
expressed similar levels of activation markers CD69, CD44, and
CD25, and intracellular IFN-y (Fig. 2 C and D and data not
shown). Thus, consistent with previous observations (16, 23, 24),
DN 2C cells are capable of undergoing proliferation and acti-
vation in response to high affinity TCR ligation by QL9-L¢
complex.

Although CDS8 is required for LIP of 2C cells, it has only a
small effect on 2C cell survival. About 45% of 2C cells were DN
in backcrossed 2C/RAG mice (Fig. 1C). If CD8 were required
for their survival, the DN cells would have to be maintained by
rapid replenishment with newly generated DN 2C cells from the
thymus. In that event, the DN 2C cells would be expected to
disappear rapidly upon thymectomy. Thus, we thymectomized
2C/RAG mice and followed the levels of CD8" and DN 2C cells
in peripheral blood for 12 weeks. The proportion of CD8* 2C
cells increased around 25-30% 1 week after thymectomy in all
seven mice (Fig. 1D). Over the next 12 weeks, the proportion of
these cells increased slowly in four mice but were maintained at
an essentially constant level in three others. Conversely, the
proportion of DN 2C cells decreased: the rate of decrease was
variable and by 12 weeks the proportion of DN cells in lymph
nodes had dropped to about 20% on average from the original
45% (Fig. 1C). These results suggest that CD8 does not have a
major effect on 2C cell survival.

Survival of DN 2C cells in lymphopenic recipients also was
compared with that of CD8* and CD4" 2C cells by transferring
purified CD44~/° (>99%) 2C cells that were CD8*, CD4™, or
DN into RAG1~/~ recipients. After 1 month 1.5 X 10° CD8* 2C
cells were recovered from recipient’s spleen and lymph nodes
after transfer of 1 X 10° CD8FCD44~/° cells. A total of 2.3 X
10° CD4™" cells were recovered when 7 X 105 CD4+*CD44 /o
cells were transferred initially. And 6 X 10* DN cells were
recovered after transfer of 1 X 109 CD44~/1° DN cells. Because
>90% of transferred cells are usually lost after i.v. injection,
these results again suggest that DN 2C cells survive whereas
CD8* 2C cells proliferate in lymphopenic recipients.

Effect of PepMHC Levels on the Rate of 2C Cell Proliferation. Different
T cells proliferate at different rates in lymphopenic hosts (8, 12).
For example, CD8" 2C T cells proliferated much faster than
CD8" F5 T cells after transfer into the identical RAG1 ™/~
recipients, whereas F5 cells proliferated as fast as 2C cells after
stimulation by their respective agonist peptides in CFA (Fig. 34).
Various factors could have contributed to the observed differ-
ence, including a possible difference in “space,” the abundance
of self-pepMHC complexes recognized by 2C and F5 TCR and
the receptor’s affinities for these complexes. However, for CD8*
and DN 2C cells, which express the same TCR at the same level,
the difference in their proliferation in the same lymphopenic
recipients cannot be attributed to a difference in space or in
abundance of self-pepMHC complexes. Their difference in
proliferation must reflect the strength of the TCR-self pepMHC
interaction in the presence or absence of CDS.

The requirement of CDS for 2C cell proliferation, but not for
their survival, suggests that the extent of TCR engagement by
pepMHC complexes needs to exceed a certain threshold before
T cells can proliferate under lymphopenic conditions. If so, one
might expect a decrease in CD8* 2C cell proliferation when the
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Fig. 3. Effect of pepMHC on the proliferation of 2C cells in lymphopenic

recipients. (A) Comparison of proliferation of CD8* 2C and CD8" F5 cells in
lymphopenic recipients that were either untreated or injected with cognate
agonist peptides in CFA. CFSE-labeled lymph node cells (1 X 10 CD8+TCR™)
from 2C/RAG or F5/RAG mice were transferred into syngeneic RAG1~/~
recipients. Two days later, some of the 2C T cell recipients were challenged
with 50 ug of SYRGL peptide in CFA and some of the F5 T cell recipients were
challenged with 50 pg of NP68 (ASNENMDAM) peptide in CFA. Lymph node
cells from recipients were analyzed for TCR, CD8, and CFSE 5 days after
transfer. Proliferation of CD8" 2C and CD8" F5 cells are shown. Percentages
refer to proportion of cells that proliferated within 5 days. Numbers in
parentheses indicate the average division of cells that proliferated. (B) Com-
parison of CD8" 2C cell proliferation in various lymphopenic recipients. CFSE-
labeled lymph node cells from 2C/RAG mice (1 X 106 CD8*1B2*) were trans-
ferred into RAG1~/~ recipients or irradiated TAP~/~, B2m~/~, or (K°Db)~/~
recipients. Five days later, lymph node cells were analyzed as in A. CFSE profiles
of CD8* 2C cells from one representative experiment are shown (Left). Per-
centage refersto proportion of cells that proliferated within 5 days. Peripheral
blood leukocytes were assayed for CD11cand KP. KP expression by CD11c* cells
is shown (Right). (C) Effect of peptides on KP expression and 2C cell prolifer-
ation. CFSE-labeled lymph node cells from 2C/RAG mice (1 X 10° CD8*1B27)
were transferred into irradiated TAP~/~ recipients. Recipients were either
untreated or injected i.p. with 200 ug of SIINFEKL, 200 ng of dEVS, or 0.4, 2,
and 50 ug of SYRGL in PBS on the day of transfer and the next day. Lymph node
cells from recipients were assayed for CD11c and Kb, or 2C TCR, CD8 plus CFSE
5 days after transfer. CFSE profiles of CD8" 2C cells are shown (Left). Percent-
ages and numbers in parentheses are as in A. Expression of K® on CD11c* cells
inlymph nodes is shown as histograms (Right). Percentages of positive cells are
shown.

level of MHC class I expression is reduced in the recipients.
Accordingly, we transferred CFSE-labeled 2C cells into
RAG1/~ (KPDP*) recipients and recipients deficient in TAP,
K® and DY, or B2m. In accord with the highest level of K®
expression in RAG17/~ recipients, >95% of the transferred
CD8* 2C cells proliferated within 5 days (2.5 divisions on
average, Fig. 3B). In contrast, in 2m~/~ or (K’DP) /" recipients,
where there was little or no K® expression, many fewer trans-
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ferred CD8* 2C cells proliferated (<40%). The level of KP
expression in TAP~/~ recipients was intermediate between
RAG17/~ and B2m~/~ or (K"D®)~/~ recipients, and the per-
centage of CD87 2C cells that proliferated was also intermediate
(=70%). Thus, the extent of lymphopenia-induced 2C cell
proliferation is proportional to the level of MHC class I expres-
sion in the recipients.

We next examined the effect of injecting lymphopenic recip-
ients with peptides that associate with K® on APC, forming
pepMHC for which the 2C TCR has different affinities. CFSE-
labeled 2C cells were transferred into irradiated TAP1~/~ mice
and some recipients were injected i.p. with various peptides in
PBS. In lymph nodes of TAP1~/~ mice receiving no peptide,
~46% of CD11c* APC expressed a low level of KP and ~50%
of CD8" 2C cells proliferated 5 days after transfer (1.27 divisions
on average, Fig. 3C). Administration of dEVS, a weakly reactive
self-peptide, resulted in a significant increase in the KO-
expressing cells (64%) but only a slightly increase in CD8" 2C
cell proliferation (Fig. 3C). The same results were obtained if
self-peptide p2Ca was injected (data not shown). Administration
of the potent agonist peptide SYRGL resulted in a more
profound increase in KP-expressing cells (=90%) and a dramatic
acceleration of 2C cell proliferation as indicated by the prolif-
eration of all CD8" 2C cells (>6 divisions on average). Decreas-
ing the amount of SYRGL peptide injected reduced the per-
centages of KP-expressing APCs, but still a large fraction of
CD8" 2C cells proliferated rapidly (>3 divisions). In contrast,
administration of SIINFEKL peptide, which binds strongly to K?
but is not recognized by 2C TCR, resulted in a large increase in
the KP-expressing APCs (=73%) but had no effect on the rate
of CD8* 2C cell proliferation. The significance of these results
becomes evident on considering that CD8* 2C cells do not
recognize SIINFEKL-K® and that the affinity of the TCR on
these cells for p2Ca-K® is about 1,000-fold lower than for
SYRGL-K" (21, 22). In addition, the order in which the peptides
bind to K molecules on TAP/~ APC is SIINFEKL =
SYRGL > dEVS8 > p2Ca (H.N.E., unpublished observation).
The results in Fig. 3C suggest, therefore, that the rate of 2C cell
proliferation in lymphopenic mice depends on the TCR’s affinity
for particular peptide-K® complexes and their density on APC.
The findings also suggest that when no peptide is injected into
the recipients proliferation of the transferred CD8* 2C cells
occurs in response to particular endogenous (self)-peptide-K®
complexes. The p2Ca and dEVS peptides were identified as
self-peptides by screening mouse tissue fractions with the L* or
KPm3 *+ target cells (20, 25), but they are probably not sufficiently
potent agonists (with KP) to account for the observed 2C T cell
proliferation in recipients given no exogenous agonist.

Effect of PepMHC and Inflammation on 2C Cell Proliferation and
Activation. To examine the effect of inflammation on 2C cell
proliferation in lymphopenic recipients, CFSE-labeled 2C cells
were transferred into RAG1~/~ recipients, and 2 days later
recipients were injected s.c. with CFA or SYRGL peptide in
CFA, or i.p. with SYRGL peptide alone. After 5 days, ~85% of
CD8* 2C cells proliferated in untreated recipients (1.9 divisions
on average; Fig. 44). Injection of CFA without peptide resulted
in a slightly enhanced 2C cell proliferation (95%, 2.5 divisions on
average). Similar results also were obtained in recipients where
inflammation was induced by injecting E. coli lipopolysaccharide
(data not shown). In contrast, almost all CD8* 2C cells prolif-
erated more vigorously in recipients injected with SYRGL (>6
divisions on average). Administration of SYRGL in CFA re-
sulted in slightly faster proliferation of CD8" 2C cells (>7
divisions on average; Fig. 44). Consistent with the extent of cell
proliferation, more CD8* 2C cells were recovered from lymph
nodes of SYRGL- and SYRGL/CFA-treated recipients than in
untreated or only CFA-treated recipients (Fig. 44).
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Fig. 4. Effect of peptide and CFA on CD8* 2C cell proliferation and activa-

tion. (A and B) CFSE-labeled lymph node cells from 2C/RAG mice (2.5 X 108
CD8*1B2*) were transferred into RAG1~/~ recipients. Two days later, some
recipients were injected i.p. with 50 ug of SYRGL in PBS, or s.c. with CFA alone
or 20 png of SYRGL in CFA. Five days after transfer, lymph node cells from
recipients were assayed for proliferation and expression of K°. (A) CFSE
profiles of CD8* 2C cells from one representative experiment are shown.
Percentages and numbers in parentheses are as in Fig. 3A. The total number
of CD8" 2C cells recovered from lymph nodes and spleens of each recipient are
shown. (B) Expression of KP on CD11c* cells in lymph nodes. Geometric mean
of Kb fluorescent intensity is shown. (C) The experiments were carried out as
in A and B, except that transferred 2C cells were not labeled with CFSE. Five
days after transfer, freshly isolated lymph node cells from recipients were
assayed for cytolytic activity and for 2C TCR, CD8 plus CD25, CD69, or intra-
cellular IFN-y. The histograms show the expression of IFN-y by CD8" 2C cells.
Thin line, isotype control; bold line, anti-IFN-y. The percentages of CD8" 2C
cells that express CD25 or CD69, and the percentages of specific lysis of target
cells by lymph node cells from various recipients (effector/target = 5:1) are
shown.

CFA induces the expression of costimulatory molecules (e.g.,
B7) and secretion of cytokines (e.g., tumor necrosis factor «) as
well as up-regulation of MHC molecules on APC. As shown in
Fig. 4B, all CD11c" cells from lymph nodes of RAG1~/~
recipients expressed K, but the levels, as indicated by geometric
mean of fluorescence intensity, were significantly increased in
mice treated with CFA, SYRGL, or SYRGL/CFA. Although the
enhanced 2C cell proliferation in CFA-treated recipients could
result from CFA-induced costimulation or cytokines, given the
effect of cognate pepMHC on LIP, the observed effect is at least
partly, if not mostly, due to the increased expression of K® in
association with cognate self-peptides. In support of this notion,
the costimulatory molecules CD28 and CD40L and cytokine
IL-2 are not required for lymphopenia-induced T cell prolifer-
ation (ref. 11 and data not shown).

To assess the relative contribution of pepMHC complexes and
costimulation/cytokines in naive T cell activation, we deter-
mined the cytolytic activity and the expression of CD25, CD69,
and IFN-y by CD87 2C cells freshly isolated from recipients that
were untreated or treated with CFA, SYRGL, or SYRGL/CFA.
Most CD8* 2C cells produced IFN-y in SYRGL/CFA-treated
recipients whereas very few CD8% 2C cells had more than
background staining for IFN-v in recipients given CFA only or
SYRGL in PBS, or were untreated (Fig. 4C). Consistently, a
significant fraction of CD8* 2C cells expressed CD25 and CD69
in SYRGL/CFA-treated recipients but not in other recipients,
and considerable cytolytic activity was detected only in lymph
node cells from SYRGL/CFA-treated recipients. Together,
these results show that while the rate of T cell proliferation is
predominantly determined by the abundance of cognate self-
pepMHC and TCR’s affinity for these complexes, activat-
ing naive T cell differentiation into effector cells requires both
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highly reactive exogenous agonist pepMHC complexes and
costimulation.

Discussion

Our findings that DN 2C cells hardly proliferated in lym-
phopenic recipients and that anti-CD8 antibody severely inhib-
ited the proliferation of CD8* 2C cells demonstrate that CDS8 is
required for lymphopenia-induced 2C T cell proliferation (Figs.
1 and 2). The significance of this requirement emerges from the
observations that a monomeric SYRGL-K" complex binds
strongly to the 2C TCR on CDS8™ cells (K4 ~ 0.3 uM) but with
10-100 times lower affinity to the same TCR on CD8™ cells (16,
26). If CD8 also enhances the 2C TCR affinity for self peptide-K®
complexes, as is highly likely, the very limited proliferation of
DN 2C cells in K°* RAG ™/~ hosts is understandable. However,
while the DN cells hardly proliferated in these mice, they
survived quite well (Fig. 1 C and D). The 2C TCR affinity
difference between CD8* and CD8" cells and the disparity in
behavior of these cells suggests that in the syngeneic lym-
phopenic mouse a TCR-pepMHC interaction threshold deter-
mines the fate of the transferred cells: the threshold for prolif-
eration is evidently higher than for survival.

We assume that a threshold corresponds to a critical number
of stable TCR-pepMHC engagements formed per T cell-APC
encounter. Besides the TCR-pepMHC affinity (equilibrium
constant) and dissociation rate constant (kos), a major factor
determining the number of stable complexes is the total number
of copies of cognate pepMHC epitopes per APC (epitope
density; refs. 27 and 28). The effect of epitope density on LIP is
clearly indicated by the increased rate of CD8" 2C cell prolif-
eration in response to the increased levels of K® molecules on
APC in lymphopenic recipients (Fig. 3B). To visualize the effect
of TCR’s affinity for pepMHC complexes on the rate of LIP, we
compared the responses of CD8* and DN 2C cells and the effect
of injecting exogenous peptides. Injection of TAP~/~ recipients
with the SIINFEKL peptide, which is not recognized by 2C TCR,
resulted in a marked increase in KP-expressing APCs, but had no
effect on the rate of 2C cell proliferation (Fig. 3C). In contrast,
similar increases in KP-expressing cells induced by injection of
the SYRGL peptide resulted in extensive 2C cell proliferation,
demonstrating that it is not the MHC in association with any
peptide but only in association with particular peptide(s) that is
required for LIP, as shown previously for some other T cells (10,
13). The much more rapid CD8" 2C cell proliferation in
lymphopenic recipients injected with the SYRGL peptide is
likely due in part to the high affinity of the 2C TCR for the
SYRGL-K® epitope as well as the substantial increase in density
of the epitope (Figs. 3C and 4). Thus, once the threshold for a
given epitope is reached, the rate of T cell proliferation seems
to be proportional to that epitope’s abundance and thereby
to the number of TCR-pepMHC engagements per T cell-APC
encounter.

The quantitative effect of cognate pepMHC complexes on LIP
provides an explanation for the observed spectrum of prolifer-
ative responses in syngeneic lymphopenic recipients of naive T
cells expressing various TCR: some proliferate rapidly, some
proliferate slowly, and some survive but hardly proliferate. In the
periphery, mature T cells express a TCR repertoire whose
capacity to engage an array of self-pepMHC complexes is
probably limited by thresholds for positive and negative selection
of immature T cells in the thymus (1). Our findings suggest that
T cells may be able to survive, but not proliferate, under
lymphopenic conditions if the affinity of their TCR for self-
pepMHC epitopes is too low or these epitopes are too scarce. T
cells that express OT-II and H-Y TCR, and 2C T cells that lack
both CD8 and CD4 likely belong to this category. In contrast, for
CD8* 2C cells the affinity of 2C TCR for self-pepMHC com-
plexes is more likely at the high end of the limit, resulting in a
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relatively high rate of proliferation. CD8" F5 cells proliferated
slower than CD87 2C cells in identical recipients, suggesting that
the F5 cells formed fewer stable TCR-self pepMHC complexes
than the 2C cells.

Both LIP and exogenous antigen-induced proliferation in
lymphopenic recipients lead to memory T cell differentiation (7,
11, 15). However, the two processes differ in many aspects. The
antigen-induced T cell response is associated with extensive TCR
down-regulation, whereas no significant TCR down-regulation
was detected on CD8* 2C cells as compared with DN 2C cells
in LIP (data not shown). The lymphopenia-induced T cell
proliferation was also much less than exogenous antigen-induced
proliferation (Figs. 3 and 4). Most importantly, proliferating
CD8* 2C cells in lymphopenic recipients were not activated to
express CD25 and CD69 or to display effector functions, such as
secretion of IFN-v, even in the presence of inflammatory stimuli
(Fig. 4), indicating that self-pepMHC complexes are too weak to
fully activate naive 2C cells. Although administration of the most
potent antigenic peptide SYRGL resulted in a rapid prolifera-
tion of CD8* 2C cells, the proliferating cells still did not express
CD25, CD69, or IFN-y. Only by administrating the SYRGL
peptide in CFA were proliferating CD8* 2C T cells activated to
express CD25, CD69, and IFN-y. These results indicate that
while the rate of T cell proliferation is predominantly deter-
mined by the number of stable TCR-pepMHC engagements
formed per T cell-APC encounter, activation of naive T cell
differentiation into effector cells requires both extensive TCR
ligation and costimulation.
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The inability of self-pepMHC complexes to drive proliferating
T cells to differentiate into effector cells in lymphopenic hosts
even in the presence of a strong inflammatory stimulus points to
an important barrier that enables T cells in general to distinguish
between antigenic and innocuous self peptides. This barrier
obviously helps to prevent extensive autoimmune responses,
particularly in lymphopenic individuals. Nevertheless, lym-
phopenic individuals are known to be at much higher risk in
developing certain autoimmune diseases (29, 30). One possible
explanation is that after proliferation, the remaining T and
probably B cells in these individuals differentiate into memory
cells, which require a lower dose of antigen or autoantigen for
activation. Our findings presented here also suggest another
possibility. Because those T cells whose TCR bind relatively
strongly to self-pepMHC epitopes, especially those that are
relatively abundant, tend to proliferate more than other T cells
in lymphopenic hosts, thereby enriching the resulting T cell
population for autoreactive T cells.
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