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ABSTRACT Multimeric peptide/class II MHC staining
reagents were synthesized and shown to bind with appropriate
specificity to T cell hybridomas. A small, expanded population
of T cells detected with one of these reagents in peptide-
immunized C57BL/10 mice persisted for several months. This
population expanded further on secondary immunization.
Equating the extent of binding of this reagent to T cell receptor
affinity, we saw little correlation of immunizing peptide dose
to T cell receptor affinity at the peak of the primary response.
However, there was an inverse relation between peptide dose
and the apparent receptor affinity of the T cells that were
present several months after a primary response or after a
secondary stimulation either in vivo or in vitro.

Tracking the cellular dynamics of antigen-specific T cell re-
sponses in vivo has been difficult, not only because the
responding precursors occur at low frequency, but also because
the peptide/MHC ligand for the T cell receptor (TCR) is cell
bound and of low affinity. These latter problems have been
overcome by methods for producing soluble MHC molecules
bearing single peptides (1-4) and for producing fluorescent
multimeric versions of these molecules (5-10). The coopera-
tive binding achieved with these multivalent ligands produces
an avidity high enough that antigen-specific T cells can be
detected by flow cytometry. In examining the binding of these
types of reagents to T cells with receptors of known affinity for
monovalent peptide/MHC, we observed a direct correlation
between the extent of multimer binding and receptor affin-
ity (10).

The phenomenon of affinity maturation is well established
in B cell responses. With multiple immunizations of T cell-
dependent antigens, B cells bearing Ig receptors of steadily
increasing affinity grow to dominate the B cell pool (11, 12).
These cells appear to arise by selection of somatically mutated
receptors as antigen becomes limiting (13-15). Recent studies
have demonstrated that T cells having higher average affinity
for peptide/MHC are selected after multiple exposures to
antigen (16, 17). Whether this affinity maturation is primarily
the result of the experience of repeated exposure to antigen or
a shaping of the T cell repertoire during antigen waning
(18-20) is unknown.

We examined these questions for CD4* T cells responding
to a peptide presented by the mouse class II MHC molecule,
IAP. We tracked the frequency and relative affinities of
peptide/MHC-binding T cells during both primary and sec-
ondary immune responses. Our results show that with repeated
or prolonged exposure to antigen, limiting doses of antigen
select for T cells with higher-affinity receptors.
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MATERIALS AND METHODS

Mice and Immunizations. C57BL/10 SnJ mice were pur-
chased from The Jackson Laboratory and housed in the
Animal Care Facility at the National Jewish Medical and
Research Center. Synthetic 3K peptide (3Kp; ASFEAQKAK-
ANKAVD, 15-mer), 2W peptide (2Wp; AWGALAN-
WAVDS, 12-mer), and 4Sp (ASFEASGASANSAVDSA, 15-
mer) peptides were prepared, purified by reverse-phase chro-
matography, and analyzed by MS by the Biological Resource
Center at the National Jewish Center. Mice 8—14 weeks old
were injected s.c. between the shoulder blades with 100 ul of
emulsified complete Freund’s adjuvant (CFA) containing 50
pg or 0.5 ug synthetic peptide. For analysis of the secondary
immune response, mice were injected s.c. with 50 pg or 0.5 ug
peptide in incomplete Freund’s adjuvant (IFA) at two sites
along the back 9 weeks after the primary immunization.
Draining lymph nodes were harvested 8 days after the primary
immunization and 5 days after the secondary immunization for
further analyses.

In Vitro T Cell Stimulation and Hybridoma Production. For
the analysis of multimer-specific staining of T cells expanded
in vitro, 4 X 10° lymph node cells from immunized mice were
incubated with various concentrations of 3Kp or a control
peptide that binds IAP avidly, 4Sp, in 1-ml cultures containing
1% mouse serum in Click’s medium for 4.5 days. Cells from
1-ml cultures were stained as described below.

For production of T cell hybridomas, lymph node cells
harvested 8 days after primary immunization with either 50 ug
or 0.5 ug peptide were stimulated in vitro for 5 days with 100
or 0.1 pg/ml 3Kp, respectively. Surviving viable T cells were
expanded an additional 3 days with IL-2 before fusion with the
BW5147 a3~ thymoma as described (21). Hybridomas were
screened for antigen specificity by testing for IL-2 produced in
response to C57BL/10 splenocytes with or without the immu-
nizing peptide at 25 pg/ml as described (22).

Production of Soluble Peptide-IAP Molecules and Multi-
meric Staining Reagents. Soluble TAP molecules were pro-
duced in High Five (Invitrogen) insect cells by using a deriv-
ative of the dual-promoter vector pAcUWS51 (PharMingen)
that has been described (3). For each construct, the B chain
carried a leader sequence followed by an antigenic peptide
sequence and a glycine-rich linker at its amino terminus end
(4). The carboxyl terminus of the B8 chain carried a peptide tag
allowing for biotinylation at a unique position by the birA
enzyme (10, 23).

Soluble peptide-IA® heterodimers were purified from cul-
ture supernatants by affinity chromatography with the M5/114

Abbreviations: TCR, T cell antigen receptor; CFA, complete Freund’s
adjuvant; IFA, incomplete Freund’s adjuvant; PESA, phycoerythrin-
conjugated streptavidin; 3Kp, 3K peptide; 2Wp, 2W peptide.
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mADb (24). The yield of MHC class II heterodimer in the 0.01-
to 1-ug/ml range was determined by sandwich ELISA, cap-
turing with plate-bound M5/114 mAb and detecting with
biotinylated 17/227 mAb (25). Biotinylation efficiency was
determined by ELISA relative to samples cleared of biotin-
ylated protein by using avidin-agarose beads (Vector Labora-
tories).

Biotinylated, peptide-IA® heterodimers were purified by
size-exclusion chromatography on Superdex-200, and fluores-
cent multimeric complexes were prepared from peptide-TIAb-
bio molecules and phycoerythrin-conjugated streptavidin
(PESA) as described (10).

Flow Cytometric Analysis. Flow cytometry was performed
on a FACSCaliber instrument, and analysis used CELL QUEST
Software (Becton Dickinson) and MKFLOW histogram analysis
software (available on request). Hybridomas were stained and
analyzed for TCR and CD4 content by using biotinylated H597
(26) and the APC-conjugated anti-CD4 antibody RM4-5
(PharMingen).

Lymph node cells, either freshly isolated or cultured, were
washed and incubated with peptide-IA® multimers for 2 hr at
37°C in tissue culture medium containing 10% FCS. Typically,
5-8 X 10° cells were incubated with 40 wg/ml staining reagent
in a final volume of 300 wl. The cells were incubated an
additional 45 min with antibodies against CD4 (allophycocya-
nin-conjugated RM4-5), B220 (cy-chrome-conjugated RA3-
6B2), and CD44 (fluorescein-conjugated IM7) (PharMingen).
Approximately 10° events were analyzed by flow cytometry.

RESULTS

Multivalent cell-staining complexes of soluble IA® molecules
with covalently associated antigenic peptides were prepared as
described in Materials and Methods, using procedures that have
been used previously to prepare staining reagents from soluble
IAY and TE* molecules (10). Soluble TAP molecules harboring
the 3K, 2W, or mouse Ea(52-68) (E«) peptide sequences (Fig.
1A4) were singly biotinylated in vitro through a sequence tag on
the C terminus of the B chain and assembled into soluble
multimers with PESA. The three IAP staining reagents, 3K-
IAP/PESA, 2W-IA"/PESA, and Ea-IAP/PESA along with a
reagent constructed with a different isotype of MHC class II,
MCC-IE¥/PESA (10), were used to stain the T cell hybridomas
B3K05.06 and B2W01.01, which are specific for 3Kp and 2Wp
bound to TAP, respectively (Fig. 1B). Each hybridoma stained
strongly with the appropriate multimeric reagent. For each
hybridoma, the three inappropriate reagents bound at a similar
low level, although slight nonspecific binding was seen with the
Ea-TAP/PESA reagent.

With these specific binding reagents we developed condi-
tions for staining antigen-specific T cells freshly isolated from
the lymph nodes of immunized mice. C57BL/10 mice were
immunized with a high dose (50 ug) or a low dose (0.5 ug) of
synthetic 3Kp in CFA. Eight days after immunization, lym-
phocytes in the draining lymph nodes were analyzed for T cells
that bound the 3K-IA"/PESA staining reagent. Mice immu-
nized with CFA alone were used as negative controls. The
staining reagent Ea-IAP/PESA served as a control for non-
specific staining. The cells were counterstained with anti-CD4
to gate on CD4" T cells, anti-B220 to gate out B cells, and
anti-CD44 to identify activated/memory T cells. The results
are shown in Fig. 2. Fig. 2a shows the relation between CD44
expression and the staining with the peptide-IA®/PESA re-
agents among CD4™" T cells. Very few CD4* T cells from mice
immunized with CFA alone stained with either peptide-TIA®/
PESA reagent. However, in mice immunized with either 50 ug
or 0.5 pg 3Kp, a clear population of CD4* T cells binding the
3K-IAP/PESA, but not the Ea-IA®/PESA reagent, was seen.
These cells were confined to the CD44hgh population of CD4*
T cells.
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FiG. 1. Specific binding of peptide-IAP staining reagents to T cell
hybridomas. (4) Sequences of the antigenic peptide portion of the
staining reagents 3K-IA®/PESA, Ea-IAP/PESA, and 2W-IAP/PESA.
(B) T cell hybridomas (3 X 10°) specific for 3Kp/IAP (B3K05.06, Left)
and 2Wp/IAP (B2W01.01, Right) were incubated separately with the
three peptide-IAP/PESA-staining reagents or MCC-IE¥/PESA at 40
pg/ml in 100 ul of complete tissue culture medium for 2 hr at 37°C.
Washed cells were analyzed by flow cytometry for phycoerythrin
fluorescence, and histograms are shown. In Left and Right the histo-
gram of the stain performed with the cognate-staining reagent is the
dotted line and all other histograms are solid lines.

These T cells are better visualized in Fig. 2b, which shows
histograms of the binding of the peptide-IA’/PESA reagents
to CD47CD44beh T cells. When compared with the T cells
from mice immunized with CFA alone, there was a small, but
well-defined, expanded population of CD4+CD44"eh T cells
from the 3Kp-immunized mice that bound the 3K-IA®/PESA,
but not Ea-IAY/PESA, reagent. In mice immunized with 50 ug
antigen, these cells represented 1.3% of the CD4"CD44Pigh T
cells. Not surprisingly, fewer cells from mice given the lower,
0.5-pg immunizing dose stained, such that 0.6% of the
CD4+CD44hieh T cells stained with the 3K-IAP/PESA reagent.

We have shown previously that the intensity of staining of
CD4* T cells with MHC class II/PESA reagents is related
directly to the affinity of the TCRs for the peptide-MHC
construction used (10). We next tested whether limiting doses
of antigen could encourage the outgrowth of brightly staining
cells. The 0.5-ug dose of 3Kp used in the experiment described
above apparently was limiting, as judged by the fact that it
generated fewer antigen-specific T cells. However, we did not
see any evidence that this low dose selected T cells with
higher-affinity receptors within the 8 days of this primary
response, as judged by the extent of binding of the 3K-TAP/
PESA reagent. The average fluorescence of the 3K-IA®/
PESA-binding T cells was very similar for both the 50-ug and
0.5-ug dose (Fig. 2b).

One explanation for the failure to see any influence of
antigen dose on the apparent affinity of the responding T cells
was that the single, short round of antigen selection was not
enough to allow for the overgrowth of the higher-affinity cells.
Therefore, we examined T cells from mice before and after
they were boosted with antigen in IFA about 2 months after the
initial immunization. Mice that received CFA alone in the first
immunization received IFA alone in the second. Mice that
received 50 pg or 0.5 ug of 3Kp initially received twice that
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F1G. 2. Direct detection of antigen-specific CD4" T cells from
normal C57BL/10 mice after primary immunization with 3K peptide.
(4) C57BL/10 mice were immunized with CFA alone (row 1) or with
50 g (row 2) or 0.5 ug (row 3) of 3Kp in CFA. After 8 days, a sampling
of cells pooled from the draining nodes of 6-10 mice was stained with
antibodies against CD4, B220, and CD44 and with the multimeric
staining reagents 3K-IAP/PESA (Left) or Ea-IAP/PESA (Right).
Peptide-IAP/PESA vs. FITC-CD44 plots are shown for CD4*, B220~
cells. (B) Histograms of the events that fall in the boxed portions of
the dot plots in 4 are shown. Histograms from mice immunized with
50 ug 3Kp, 0.5 ng 3Kp, or CFA alone are shown in solid, dotted, and
dashed lines, respectively. (Upper) The percentages of CD4+CD44high
cells (%) from 3Kp-immunized mice that stain with 3K-IAP/PESA are
shown, as well as the mean fluorescence intensities (mfi) of the
specifically staining cells. Control Ea-IAP/PESA histograms were
matched and subtracted from the 3K-IAP/PESA histograms to calcu-
late the percentage of specifically staining cells and their mean
fluorescence intensities.

dose again in the secondary immunization. The results are
shown in Fig. 3.

Expanded, 3K-TA®/PESA-binding T cells were still detect-
able in the peptide-immunized mice 2 months after the
primary immunization, although their frequency had dropped
to ~0.5% of CD4+*CD44high cells in mice immunized with
either dose of peptide. However, the relative staining inten-
sities had changed. The T cells from mice immunized with the
high dose of antigen still showed a broad pattern of staining,
suggesting T cells with a broad range of receptor affinities. In
contrast, the T cells from mice immunized with the low dose
of antigen now were skewed toward a more intensely staining
population, indicating higher-affinity receptors. This result
suggests that with a low antigen dose, T cells with higher-
affinity receptors tended to overgrow during the waning
primary response.

Secondary immunization caused the rapid expansion of
3K-1Ab-specific T cells. Five days after secondary immuniza-
tion, 2-3% of CD4*"CD44"eh T cells from mice given either
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F1G. 3. Expansion in the number of antigen-specific CD4 T cells
detected with 3K-IAP/PESA upon secondary challenge with 3K
peptide. C57BL/10 mice were immunized with 50 pg (Upper) or 0.5 pg
(Lower) 3Kp in CFA and then left alone (Left) or restimulated 9 weeks
later with 100 ug (Upper Right) or 1 ug (Lower Right) 3Kp in IFA.
Control mice were treated with IFA only (dotted line). Five days after
treatment with IFA and peptide, cells from draining lymph nodes were
pooled and aliquots were stained as described in the legend to Fig. 2
and in Materials and Methods. Staining data are shown as described in
the legend to Fig. 2.

peptide dose bound the 3K-TA?/PESA reagent. The difference
in the level of staining between mice that received high or low
doses of antigen was maintained. Whereas T cells from mice
immunized twice with the high dose of antigen stained broadly,
T cells from mice immunized twice with the low dose of
antigen clearly were skewed toward brighter staining. Together
these results suggested that T cells with higher-affinity recep-
tors eventually blossomed out in these mice under the influ-
ence of limiting antigen.

To test further the idea that, given enough expansion, lower
doses of antigen will select for T cells with higher-affinity
receptors, we looked at T cells from immunized mice expanded
further in vitro with various doses of antigen. Fig. 4 shows the
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F1G. 4. T cells from immunized mice that were expanded in vitro on
low doses of 3K peptide stained more intensely and at higher frequency
with 3K-IAP/PESA than cells expanded on high doses of peptide. Eight
days after mice were immunized with 50 or 0.5 ug 3Kp, lymph nodes were
harvested and cells were cultured for 4.5 days in vitro at five different
starting concentrations of 3Kp. Control Ea-IAP/PESA histograms were
matched to and subtracted from the 3K-IAP/PESA histograms, and a
normalized number of the specific, 3K-IAP/PESA-staining events are
depicted in each histogram.
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data with T cells taken from mice 8 days after immunization
with 50 ug or 0.5 ug 3Kp and expanded further in vitro with
various doses of 3Kp. The number of cells staining with the
3K-IAP/PESA reagent rose dramatically in these cultures.
With either in vivo peptide dose, in vitro restimulation with
high doses (10-100 ug) of 3Kp resulted in a broad pattern of
staining with 3K-IAP/PESA, indicating a wide range of re-
ceptor affinities. As the dose of peptide fell to =1 pg/ml, the
staining pattern clearly skewed toward more brightly staining
cells, indicating the outgrowth of high-affinity T cells. This was
true for T cells from mice primed originally with either dose
of the peptide. Qualitatively similar results were obtained with
T cells taken from mice 5 days after the secondary immuni-
zation (data not shown).

A surprising aspect of the results in Fig. 4 was the substantial
portion of the T cells that expanded in vitro with 3Kp that failed
to bind the 3K-TAP/PESA reagent at all. This was particularly
noticeable with the T cells expanded in high doses of the
peptide. For example, although 36% of the CD4"CD44"gh T
cells from mice immunized with 50 ug and then expanded in
vitro in 0.01 pg/ml 3Kp stained specifically with 3K-IAP/
PESA, only 16% of the analogous cells that were expanded in
vitro in 100 pg/ml 3Kp stained with 3K-IAP/PESA. It is
possible that these T cells that fail to stain have extremely low
affinity for 3Kp presented by IAP or that these blasting T cells
responded to a trace contaminant present when synthetic 3Kp
was presented by IAP. Alternatively, 3Kp may be able to bind
to IA® in more than one frame, whereas the major frame is
fixed by the linker on the 3K-IA*/PESA probe.

To take a closer look at these in vitro expanded T cells, we
used them to produce T cell hybridomas. T cells were stimu-
lated with 3Kp, using either 50 ug in vivo/100 pg in vitro or 0.5
pginvivo/0.1 pgin vitro. After 5 days in vitro, surviving T cells
were expanded further in IL-2 in the absence of antigen. Fig.
5A shows the pattern of staining of these T cell blasts before
fusion. These results are similar to those seen in Fig. 4. Among
the cells repeatedly exposed to high doses of peptide, a low
percentage bound 3K-IAP/PESA (=~4% of CD4"CD44bich
cells), and those that did showed a wide range of affinities. In
contrast, a higher percentage of cells expanded with a low dose
of 3Kp stained with 3K-IA?/PESA (=~20% of CD4*CD44high
cells), and they were skewed toward higher affinities. These T
cell blasts were fused by standard techniques to produce T cell
hybridomas.

Individual T cell hybridomas were analyzed for binding of
3K-TIAP/PESA and for the level of surface T cell receptor. The
results are summarized in Fig. 5B, which shows the frequency
of T cell hybridomas that stained at various intensity levels for
both T cell fusions. The intensity data are normalized to the
level of surface T cell receptor on each hybridoma. Only two
of 25 (8%) of the hybridomas produced with high-dose 3Kp
expanded T cells stained with 3K-IA®/PESA. The normalized
staining intensity of these two was among the lowest seen. On
the other hand, 10 of 26 (38%) of the hybridomas produced
with T cells expanded with a low dose of 3Kp-bound 3K-IA"/
PESA, and these were skewed toward higher-intensity stain-
ing, i.e., higher-affinity binding to the peptide-IA’/PESA
complex. These results confirmed that repeated exposure to
low doses of the peptide selected for T cells with higher-affinity
receptors. They also again reveal the presence of T cells that
failed to bind 3K-IAY/PESA after expansion with syn-
thetic 3Kp.

DISCUSSION

We have produced a set of fluorescent, multimeric class II
MHC reagents of the TA® haplotype. These reagents bind
strongly and with appropriate specificity to T cell hybridomas
(Fig. 1). With these reagents we have detected antigen-specific
CD4" T cells in normal mice immunized with a peptide
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Fi1G. 5. T cell hybridomas generated on low doses of 3K peptide
were far more likely to bind 3K-IAP/PESA, and bind it strongly, than
hybridomas raised on high doses of peptide. Lymphocytes from mice
immunized once with 50 or 0.5 ug 3Kp in CFA were cultured for 4.5
days in vitro with 100 (Left) or 0.1 (Right) pg/ml 3Kp, respectively, and
live cells were expanded in the presence of IL-2 for an additional 3
days. (A) Histograms of CD4+"CD44high [ymphoblasts stained with
3K-IAP/PESA (solid lines) or Ea-IAP/PESA (dotted lines) reagents
are shown. Hybridomas made from these lymphoblasts that produced
IL-2 in response to C57BL/10 splenocytes and the addition of 3Kp at
25 ug/ml were scored as 3Kp/IAP specific. (B) Collections of 3Kp/
IAP-specific T cell hybridomas raised on high doses (Left) or low doses
(Right) of 3Kp were stained separately with 3K-IAP/PESA and anti-C3
antibody. The results are plotted as the percentage of hybridomas vs.
the relative mean fluorescence intensity obtained with 3K-IA*/PESA
as a percentage of the mean fluorescence intensity obtained with
anti-Cf.

antigen. The frequency of antigen-specific CD4" T cells
detected 8 days after a primary immunization in CFA was
~1% of CD47CD44"igh T cells. Although accurate measure-
ments of the frequency of antigen-specific precursor T cells in
unimmunized mice have not been possible, frequencies of
about 1 in 10° have been estimated. Thus, our results indicate
a very large expansion during the primary response, on the
order of 103-fold. Previously estimated frequencies of antigen-
specific CD4* T cells in immunized mice have varied consid-
erably, from values similar to those reported here to some
much lower (27-31). Recent experiments with multimeric class
I reagents have, in several cases, found extraordinarily high
frequencies of antigen-specific CD8* T cells in virally infected
mice, again much higher than had been predicted by other
methods (9, 32-35). The application of methods such as the
limiting dilution analysis and companion ELISPOT analysis
generally has underestimated the frequency of antigen-specific
T cells, because they can be less sensitive than direct staining
and because not all antigen/MHC-binding T cells may have the
function scored in the assay (production of a particular cyto-
kine, cytotoxic T lymphocyte activity, help for B cell re-
sponses, etc.).

The most intriguing observation in this study was the inverse
relation between antigen dose and the intensity of staining of
the responding T cells with the specific multimer reagent.
Although not evident at the peak of the primary response, the
skewing to brighter-staining T cells by exposure to low-antigen
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doses was evident 2 months after the primary response (Fig. 3)
in mice responding to a secondary immunization (Fig. 3) and
among T cells expanded in vitro (Fig. 4). CD4 levels were
similar among the differentially staining populations (data not
shown). In vitro experiments with T cell hybridomas bearing
receptors of known affinity have established a direct correla-
tion between this affinity and the extent of binding of the class
II multimeric reagents (10). Therefore, the most straightfor-
ward interpretation of our results is that, given enough time,
limiting antigen favors the outgrowth of T cells with high-
affinity receptors. This shaping of the TCR repertoire toward
higher affinities in T cell responses to secondary antigenic
challenge relative to naive T cell responses recently has been
demonstrated in both a bacterial infection model (16) and a
classical peptide-immunization model (17) by using related,
multimeric MHC-staining tools.

Studies with human T cell clones have correlated TCR
down-regulation with the extent of stimulation by antigen (36,
37). Although receptor down-regulation may have decreased
the multimer-staining intensity of T cells from mice immu-
nized with high-antigen doses, it is unable to account entirely
for the differential staining observed for several reasons. The
broad staining pattern seen with high-antigen doses was stable
in mice several months after the primary immunization (Fig.
3). T cells expanded in vitro with a high-antigen dose and then
cultured in IL-2 in the absence of antigen maintained the
proportion of dully staining cells (Fig. 54). Additionally, the
staining pattern was maintained in T cell hybridomas derived
from the expanded T cells (Fig. 5B). A representative set of
hybridomas that did or did not stain with 3K-IA"/PESA also
was tested for IL-2 production in the presence of IAP bearing
antigen-presenting cells and various doses of 3Kp. Whereas all
hybridomas tested produced IL-2 in response to IAP-presented
synthetic 3Kp, the hybridomas that failed to bind 3K-TA®/
PESA required ~100-fold-higher concentrations of peptide
than did those that bound 3K-IAP/PESA detectably (data not
shown). Lastly, only those hybridomas that stained detectably
with 3K-TAP/PESA produced IL-2 in response to saturating
concentrations of biotinylated 3K-IA® bound to streptavidin-
coated plates (data not shown). Consistent with our results
using T cell hybridomas, it recently has been shown that ex vivo
CD8* T cells that bind peptide—class I MHC complexes more
avidly have greater sensitivity to peptide in cytotoxic T lym-
phocyte assays (16, 38).

T cells cannot take advantage of the mechanisms of somatic
mutation to create cells with higher-affinity receptors during
the course of an immune response. Therefore, the magnitude
of the effect of antigen dose on the average affinity of the
responding T cell population will depend on the breadth of T
cell receptor affinities available in the naive precursor pool. In
our experiments using a single peptide antigen, the overall
range of this effect was about 10- to 100-fold. Multiepitope
antigens, such as large proteins or whole organisms, could be
expected to stimulate a much more heterogeneous precursor
pool. In these cases, the effect of antigen dose on T cell
receptor affinity might be more dramatic. Although limiting
doses of antigen increase TCR affinity, the range of affinities
realized for any given antigen likely will be limited by a
relatively low upper limit. A variety of receptor association
constants measured in vitro has ranged from about 10° M~ to
5 X 10* M~! (39-45). 1t is possible that higher-affinity
receptors will not be found in vivo at any antigen dose, because
of the limitations imposed by the need for self-tolerance. A T
cell bearing a receptor with very high affinity to a foreign
peptide plus self-MHC may be almost certain to find a
self-peptide/self-MHC ligand during development that will
have an affinity high enough to cause its elimination.

Interestingly, although exposure to several rounds of high-
antigen concentration maintained low-affinity T cells in the
responding population, we saw no evidence for the loss or
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inactivation of high-affinity T cells in this population by
mechanisms such as clonal deletion or anergy. These higher-
affinity cells were still present in the staining patterns, and,
indeed, reexposure to low-antigen concentrations led to their
rapid outgrowth. These results suggest that, although antigen
dose may determine the proportion of expanded T cells with
a particular affinity, other factors, such as the adjuvant-
induced cytokine milieu, may be more important in determin-
ing T cell survival.

In trying to understand CD4" T cell memory, a thorny issue
has been to what extent the phenomenon of memory reflects
an expanded precursor pool vs. precursors with accelerated
response kinetics. Our results suggest that T cell memory
involves at least a substantial expansion of the precursor pool
detectable at several months after primary immunization to
the extent that peptide/CFA is a representative antigen/
adjuvant. A similar conclusion has been reached by using these
methods with CD8" T cells (9, 46).

Finally, one might expect that T cells with higher-affinity
receptors would be more effective in vivo in functions such as
eliminating pathogens, inducing inflammation, or helping B
cell antigen production. Our experiments have produced use-
ful tools for the generation, identification, and isolation of T
cells of different affinities that could be used to test this idea.
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