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T cell receptors (TCRs) on T lymphocytes in an individual bind foreign
peptides bound to major histocompatibility complex (MHC) molecules
expressed in that individual (designated MHCA). Results from radia-
tion bone marrow chimeras and TCR transgenic mice indicate that this
complex form of antigen recognition is the result of positive selection
of clones with low affinity for self peptide:MHCA complexes during
development. Here we used a sensitive peptide:MHC tetramer en-
richment method to quantify the role of positive selection in the
generation of the preimmune polyclonal T cell repertoire in normal
individuals. We made the surprising observation that mouse and
human naive T cells capable of binding to foreign peptide:MHCA were
present at the same frequency in hosts that expressed MHCA or a
different MHC isoform (MHCB). However, most of the clones in MHCB

hosts also recognized self peptide:MHCA complexes. When these
‘‘alloreactive’’ T cells were removed from the MHCB repertoire via
negative selection in an MHCA host, the number of foreign peptide:M-
HCA-binding T cells was reduced to one fifth and many of the
remaining cells did not respond to the peptide. Therefore, although
positive selection on MHCA was not required to produce foreign
peptide:MHCA-binding clones, it had a large effect on selecting
responsive clones.

CD4� T lymphocyte � MHC restriction � negative selection �
T cell receptor � tetramer

Each T cell expresses a unique T cell receptor (TCR) capable of
binding to a short peptide embedded in a major histocompat-

ibility complex (MHC) molecule on the surface of host cells (1, 2).
The repertoire of mature T cells found in a given individual contains
clones capable of responding to foreign peptides bound to the type
of MHC encountered in the thymus of that individual. This
property of T cell antigen recognition is known as MHC restriction
(3). The T cell repertoire is also self-tolerant, due in large part to
intrathymic negative selection via apoptosis of clones that express
TCRs with a high affinity for self peptides bound to self MHC
molecules (4).

T cell clones with these features are thought to be selected from
a large pool of immature cells based on the affinity of their TCRs
for the MHC molecules encountered in the thymus (5). Evidence
supporting this hypothesis comes from bone marrow chimera
experiments in which mice homozygous for MHC allele A (MHCA)
are irradiated and transplanted with F1 bone marrow cells co-
expressing MHCA and a different allele, MHCB. Immunization of
these chimeras with a foreign antigen produces T cell responses
specific for immunogen-derived foreign peptide:MHCA that are at
least 50 times larger than those specific for immunogen-derived
foreign peptide:MHCB, despite the fact that antigen-presenting
cells in these mice express both MHCA and MHCB (6, 7).

This restricted recognition of foreign peptide:MHCA by mature
T cells has been explained by the phenomenon of positive selection
(5). It has been shown that low affinity TCR binding to self
peptide:MHCA on radio-resistant thymic epithelial cells is required
for a T cell clone to complete development in the MHCA thymus

(8, 9). Low affinity for a self peptide:MHCA is thought to predis-
pose a T cell clone to high affinity recognition of a foreign
peptide:MHCA.

Analyses of transgenic mice expressing a single TCR have also
yielded evidence for positive selection. For almost all of the TCR
transgenic lines studied to date, mature T cells only develop in
the presence of the form of MHC expressed by the strain from
which the original T cell clone was derived (5, 10). Although only
a relatively small number of different TCR transgenic lines have
been tested (5), results from these lines indicate that foreign
peptide:MHCA-specific T cells survive selection in MHCA but
not MHCB hosts.

The aforementioned studies relied on monoclonal T cells or
postimmune polyclonal T cells. Thus, the question still remains: how
does positive selection shape the polyclonal preimmune repertoire
in normal individuals? Assessment of the normal situation would
require analysis of a foreign peptide:MHCA-specific T cell popu-
lation in the preimmune polyclonal repertoires of normal individ-
uals that do or do not express MHCA. We performed this exper-
iment in mice and humans using the sensitive method of
peptide:MHC tetramer/magnetic bead-based enrichment.

Results
Detection of Naive Foreign Peptide:MHCA-Binding T Cells in Mice
Expressing MHCB. Positive selection had not been studied in the
preimmune polyclonal T cell repertoire because individual foreign
peptide:MHC-specific populations are extremely small. Recently,
however, we (11) and then others (12–14) overcame this problem
using peptide:MHC tetramers and magnetic bead-based enrich-
ment (15) to identify naive foreign peptide:MHC-specific T cells in
mice. This technique has the capacity to identify most if not all of
the relevant T cells in a mouse with a limit of detection of about 5
cells per mouse (11).

Tetramer enrichment was initially used to study the T cell
repertoires of inbred mouse strains. Two peptide:murine MHCII
tetramers were used for this purpose. Both tetramers contained the
I-Ab MHCII molecule expressed by the C57BL/6 (B6) strain. One
contained a peptide called 2W1S, which is a variant of an I-Ab-
binding peptide from the � chain of the murine I-Ed MHCII
molecule (16). The other tetramer contained peptide 427–441 from
the FliC protein of Salmonella typhimurium (17). Both peptides are
immunogenic in B6 mice (11, 16, 17).

These tetramers were used with magnetic enrichment to enu-
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merate peptide:I-Ab-specific naive T cells in mouse strains express-
ing I-Ab (B6) or other MHCII molecules (BALB/c and NOD). As
expected based on past work (11), each naive B6 mouse contained
small populations of CD4� (Fig. 1A) CD44low 2W1S:I-Ab� and
FliC:I-Ab� T cells in the spleen and lymph nodes (Fig. 1B).
Remarkably, 2W1S:I-Ab� and FliC:I-Ab� CD4� T cells were also
detected in the spleen and lymph nodes of BALB/c and NOD mice
(Fig. 1B), which express I-Ad and I-Ed, or I-Ag7 molecules. The T
cells in all strains were detected via specific binding of the tetramers
to the relevant TCRs as evidenced by the finding that the 2
tetramers detected mutually exclusive populations (Fig. 1B). In
addition, each tetramer stained very few CD8� T cells [�5 per
mouse (11)], or CD4� T cells from TCR transgenic lines (18, 19)
that could only recognize ovalbumin peptide:MHCII ligands (Fig.
1C). B6 and BALB/c mice contained about 170 2W1S:I-Ab� and 30
FliC:I-Ab� naive CD4� T cells in the spleen and lymph nodes (Fig.
1D). C.B10-H2b and B6.C-H2d mice had 339 � 14 (n � 3) and 84
� 12 (n � 3) 2W1S:I-Ab� CD4� T cells, respectively. In contrast,
NOD mice contained about 600 2W1S:I-Ab� and 160 FliC:I-Ab�

CD4� T cells (Fig. 1D). FVB (H-2q) mice contained twice as many
2W1S:I-Ab� naive CD4� T cells (586 � 113, n � 5) as B6 mice.

A similar situation was observed in the thymus. Tetramer en-

richment was performed on all of the thymocytes from individual
6–8 week old mice. Mutually exclusive 2W1S:I-Ab- and FliC:I-Ab-
binding cells were detected in the CD4SP but not CD8SP thymo-
cyte populations (Fig. 1A) in B6, BALB/c, and NOD mice (Fig. 1B).
The average sizes of the 2W1S:I-Ab� CD4SP populations in B6,
BALB/c, and NOD mice were 180, 130, and 245 cells per mouse,
respectively, whereas the FliC:I-Ab� CD4SP populations in both B6
and BALB/c strains were 15 cells per mouse and 45 cells per NOD
mouse (Fig. 1D). Therefore, foreign peptide:I-Ab-binding CD4� T
cells were generated in the thymuses and exported to the periphery
in mice that expressed I-Ad and I-Ed at the same frequency as in
mice that expressed I-Ab molecules, and at an even higher fre-
quency in mice that expressed I-Ag7.

Foreign Peptide:I-Ab-Specific T Cell Populations in B6 and BALB/c Mice
Have Different Compositions. Although the foreign peptide:I-Ab-
binding CD4� populations in B6 and BALB/c mice were numeri-
cally similar, the fine specificity of their constituent clones could
have been different. This was a likely possibility because the
population in B6 but not BALB/c mice was subjected to negative
selection by self peptide:I-Ab complexes. Radiation bone marrow
chimeras were used to address this point. (B6 � BALB/c) F1 bone
marrow cells were injected into lethally irradiated BALB/c (I-Ad/
I-Ed) or B6 (I-Ab) hosts to produce F1 � BALB/c or F1 � B6
chimeras. Because negative selection is caused mainly by radio-
sensitive bone marrow-derived cells (20) and positive selection by
the radio-resistant thymic epithelium (21) (Fig. 2A), the T cell
repertoires in these mice would be expected to be devoid of clones
with high affinity for self peptides bound to I-Ab, I-Ad, and I-Ed

molecules, and positively selected for clones with low affinity for self
peptides bound to either I-Ab or I-Ad and I-Ed molecules.

F1 � B6 chimeras had significantly more naive 2W1S:I-Ab� or
FliC:I-Ab� CD4� T cells in the spleen and lymph nodes than F1 �
BALB/c chimeras (225 versus 48, and 47 versus 18, respectively)
(Fig. 2B). Similarly, the number of 2W1S:I-Ab� CD4SP thymocytes
in F1 � B6 chimeras (139 � 39, n � 4) was significantly greater (P
value � 0.001) than the number in F1 � BALB/c chimeras (15 �
3, n � 4). Therefore, when negative selection was induced by self
peptides bound to I-Ab, I-Ad, and I-Ed molecules, naive foreign

Fig. 1. Detection of naive foreign peptide:MHCA-binding T cells in mice ex-
pressingMHCB. (A)Gatesusedto identifyTcells inpeptide:I-Ab tetramer-enriched
spleen and lymph node or thymus samples. T cells were identified as CD3� B220-
CD11b-F4/80-CD11c-events (Left),whichwerefurthergatedintoCD4� andCD8�

populations (Right). (B) FliC:I-Ab tetramer versus 2W1S:I-Ab tetramer staining for
CD4� T cells from 2W1S:I-Ab and FliC:I-Ab tetramer-enriched spleen and lymph
node or thymus samples from naive mice. (C) CD44 versus 2W1S:I-Ab tetramer
staining on CD4� T cells from 2W1S:I-Ab tetramer-enriched spleen and lymph
node samples of an OTII Rag2�/� or a DO11.10 Rag1�/� TCR transgenic mouse. (D)
Total CD4� 2W1S:I-Ab� (circles) or FliC:I-Ab� (triangles) cells from the spleen and
lymph nodes (Left) or thymus (Right) of individual mice with the mean values for
each group indicated as horizontal bars and numerically under each set of values
(Upper: 2W1S:I-Ab; Lower: FliC:I-Ab).

Fig. 2. Foreign peptide:I-Ab-specific T cell populations in F1 � parent chimeras.
(A) Summary showing the MHCII molecules responsible for positive and negative
selection of CD4� T cells in F1 � parent chimeras. (B) CD44 versus 2W1S:I-Ab

(Upper)orFliC:I-Ab (Lower) tetramer stainingforCD4� Tcells fromthespleenand
lymph nodes of a naive F1 � B6 (Left) or F1 � BALB/c (Right) chimera and total
CD4� 2W1S:I-Ab� (circles) or FliC:I-Ab� (triangles) cells from the spleen and lymph
nodes of individual F1 � B6 or F1 � BALB/c chimeras with the mean values for each
group indicated as horizontal bars. P values are indicated on the plot.
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peptide:I-Ab-specific CD4� T cell populations were larger when
positively selected in thymuses expressing I-Ab than in thymuses
expressing I-Ad/I-Ed molecules. This finding indicated that many
clones in the foreign peptide:I-Ab-specific populations in intact
BALB/c mice were also specific for self peptide:I-Ab complexes.
The presence of these ‘‘alloreactive’’ clones indicated that the
2W1S:I-Ab� and FliC:I-Ab� CD4� T cell populations in BALB/c
mice had a different clonal composition than the comparable
populations in B6 mice.

Foreign Peptide:I-Ab-Specific T Cell Populations in BALB/c Mice Were
Less Functional Than Those in B6 Mice. The differences in fine
specificity raised the possibility that the T cell populations in B6 and
BALB/c mice might respond differently to immunization. The
activation of 2W1S:I-Ab-binding CD4� T cells in B6 and BALB/c
mice was assessed 5 days after i.v. injection of 2W1S peptide plus
the adjuvant lipopolysaccharide (LPS) to test this possibility. As
shown in Fig. 3A, this injection induced the naive 2W1S:I-Ab�

population in B6 but not BALB/c mice to undergo robust clonal
expansion and conversion to the CD44high phenotype. However,
this was probably not a true test of the function of the 2W1S:I-Ab-
binding T cells in BALB/c mice because I-Ad or I-Ed molecules
would present the 2W1S peptide in this case.

To circumvent this problem, activation was measured 5 days after
i.v. injection of F1 spleen cells that were pulsed in vitro with 2W1S
peptide. In this case, the 2W1S:I-Ab-binding T cells in both strains
would be exposed to 2W1S:I-Ab complexes on the F1 antigen-
presenting cells. As shown in Fig. 3B, injection of 2W1S-pulsed F1
spleen cells into B6 mice stimulated the naive 2W1S:I-Ab� popu-
lation to undergo marked clonal expansion and conversion to the
CD44high phenotype, whereas injection of unpulsed F1 spleen cells
did not. 2W1S-pulsed but not unpulsed F1 spleen cells also stimu-

lated the naive 2W1S:I-Ab� population in BALB/c mice to convert
to the CD44high phenotype and undergo some expansion (Fig. 3B
and C). The expansion was much less than that observed in B6 mice
(Fig. 3C, P value � 0.01), suggesting that the naive 2W1S:I-Ab�

population in BALB/c mice was less functional than that in B6 mice.
Again, however, it is possible that this experiment was not a fair test
of the functionality of the BALB/c population. The F1 spleen cells
were certainly rejected by both B6 and BALB/c recipients. This
process could have released the 2W1S peptide from the F1 cells
such that it could be bound by I-Ab molecules on recipient
antigen-presenting cells and re-presented to the naive 2W1S:I-Ab�

T cells. Because this type of re-presentation may not occur in
BALB/c mice, the naive 2W1S:I-Ab� population in BALB/c mice
would be at a disadvantage.

Radiation bone marrow chimeras were again useful for address-
ing this issue. F1 � B6 and F1 � BALB/c chimeras both contained
F1 antigen-presenting cells capable of producing peptide:I-Ab com-
plexes, and contained T cell repertoires that were tolerant of self
peptide:I-Ab complexes. The only difference was that one reper-
toire was positively selected on I-Ab and the other on I-Ad/I-Ed (Fig.
2A). The capacity of peptide:I-Ab-specific T cells in these mice to
respond to an antigen was tested by injection of 50 �g of 2W1S
peptide plus LPS. The population of �200 2W1S:I-Ab� T cells in
naive F1 � B6 chimeras increased 120-fold to 24,000 cells 6 days
after injection, whereas the initial population of 40 cells in naive F1
� BALB/c chimeras increased only 16-fold to 640 cells (Fig. 4A and

Fig. 3. Foreign peptide:I-Ab-specific T cell populations in BALB/c mice were less
functional than those in B6 mice. (A) CD44 versus 2W1S:I-Ab tetramer on CD4� T
cells from 2W1S:I-Ab tetramer-enriched spleen and lymph node cells from a B6
(Left)orBALB/c (Right)mouse5daysafter i.v. injectionof50�g2W1Speptideand
5 �g LPS. (B) CD44 versus 2W1S:I-Ab tetramer plots as in A from a B6 (Upper) or
BALB/c (Lower) mouse 5 days after i.v. injection of unpulsed (Left) or 2W1S
peptide-pulsed (Right) F1 splenocytes. The mean percentage (� SEM, n � 3) of
CD44high cells in the 2W1S:I-Ab� population is indicated on each plot. (C) Mean
CD44high 2W1S:I-Ab� cells (� SEM, n � 3) from B6 or BALB/c mice 5 days after i.v.
injection of 2W1S peptide-pulsed F1 splenocytes. **, P value � 0.01.

Fig. 4. 2W1S:I-Ab-specific T cell populations in F1 � BALB/c chimeras are less
functional than those in F1 � B6 chimeras. (A) CD44 versus 2W1S:I-Ab tetramer on
CD4� T cells from 2W1S:I-Ab tetramer-enriched spleen and lymph node cells from
a F1 � B6 (Left) or F1 � BALB/c (Right) mouse 6 days after i.v. injection of 2W1S
peptideandLPS. (B)MeanCD4� 2W1S:I-Ab� cells (�SEM,n�3ateachdose) from
F1 � B6 (filled symbols) or F1 � BALB/c (open symbols) chimeras 6 days after i.v.
injection of the indicated amounts of 2W1S peptide and LPS. Values that are
significantly greater than the naive values are indicated by asterisks: ***, P
value � 0.001; **, P � 0.01; *P � 0.05. The numbers near each data point
represent the fold increase of CD4� 2W1S:I-Ab� cells calculated by dividing the
mean number of CD4� 2W1S:I-Ab� cells from immunized mice by the mean
number of CD4� 2W1S:I-Ab� cells from the naive chimeras shown in Fig. 2. (C)
Normalized fold expansion percentage values � [(mean number at indicated
dose � mean naive number)/(mean number at 50 �g dose � mean naive num-
ber)] � 100.
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B). Thus, 2W1S:I-Ab-binding T cells that were positively selected by
I-Ad/I-Ed and negatively selected by I-Ab were capable of respond-
ing to 2W1S, but 7-fold less well on a per cell basis than those that
were positively and negatively selected by I-Ab.

The antigen dose used for immunization was reduced to assess
the functional avidity of the T cells in the chimeras. The 2W1S:I-
Ab� T cells in F1 � B6 chimeras increased 34-fold following
injection of 1 �g of 2W1S (Fig. 4B). Notably, the cells in F1 �
BALB/c chimeras were also capable of responding to this low dose
of 2W1S as evidenced by a 6-fold expansion over the starting
number. When the fold expansions were set to 100% at the 50 �g
dose, it became clear that antigen dose-response curves for the cells
in each population that were capable of expansion were very similar
(Fig. 4C). Together, the results lead to 2 conclusions: (i) 5- to 7-fold
more of the 2W1S:I-Ab-binding CD4� T cells that were positively
selected on I-Ab were capable of responding to 2W1S than was the
population that was selected on I-Ad/I-Ed, and (ii) the functional
avidities of the cells that were capable of responding in both
populations was similar.

Detection of Naive Foreign Peptide:MHCA-Binding T Cells in Humans
Expressing MHCB. The experiments comparing the T cell reper-
toires in mice indicated that naive foreign peptide:MHCA-
binding T cells were present in expressing MHCB hosts. We
sought to confirm this conclusion in humans. Magnetic bead
enrichment was performed on peripheral blood mononuclear
cells (PBMCs) from influenza virus vaccinated people using a
tetramer containing the influenza hemagglutinin (HA) peptide
307–319 (22) bound to HLA-DR4 (DR4).

All vaccinated individuals who expressed DR4 contained a
CD45RAlow HA:DR4-binding CD4� T cell population at a fre-
quency of about 140 cells per million CD4� T cells (Fig. 5A and B).
The lack of CD45RA (Fig. 5A) suggested that these were the
memory cell progeny of naive cells that had responded to the
vaccine (23). DR4� individuals also had much smaller (6 cells per
million CD4� T cells) populations of CD45RAhigh naive HA:DR4-
binding CD4� T cells (Fig. 5A and B). These cells may not have
been activated because they did not enter the draining lymph nodes
during the time that the vaccine antigen was presented there.
HA:DR4 tetramer binding to both CD45RAlow and CD45RAhigh

CD4� populations was TCR-specific, as it bound to less than 1 cell
per million CD8� T cells (Fig. 5A and B).

Remarkably, CD45RAhigh naive HA:DR4-binding CD4� T cells
were detected in most DR4� individuals at a similar frequency (5
cells per million total CD4� cells) as in DR4� individuals (Fig. 5A
and B). In contrast to DR4� individuals, DR4� individuals had very
few CD45RAlow HA:DR4-binding CD4� memory T cells despite
having been vaccinated (Fig. 5A and B). This finding could have
been related to the fact that the antigen-presenting cells in DR4�

individuals do not express DR4, and thus would be incapable of
presenting the DR4-restricted HA peptide after vaccination. In any
case, the presence of naive phenotype HA:DR4-binding CD4� T
cells in people lacking DR4 indicated that positive selection on DR4
was not absolutely required for the generation of this population.

Discussion
The presence of 2W1S:I-Ab-binding T cells in I-Ab� mice and
HA:DR4-binding T cells in DR4� individuals would appear to be
at odds with the theory of positive selection. However, several
pieces of evidence indicated that these T cells differed from the
2W1S:I-Ab-binding T cells in B6 mice or HA:DR4-binding T cells
in DR4� individuals. First, the unlawful 2W1S:I-Ab-binding T cells
in BALB/c mice or HA:DR4-binding T cells in DR4� individuals
did not become activated following injection of 2W1S or HA. This
finding could have been related to the fact that these peptides
cannot bind to I-Ad/I-Ed or non-DR4 HLA molecules. Alterna-
tively, 2W1S:I-Ad/I-Ed or HA:non-DR4 complexes may have
formed but were unrecognizable by 2W1S:I-Ab- or HA:DR4-

binding T cells. Thus, unlike the 2W1S:I-Ab- or HA:DR4-binding
T cells in B6 mice or DR4� people, the 2W1S:I-Ab- or HA:DR4-
binding T cells in BALB/c mice or DR4� humans were not useful
participants in the immune responses to these peptides.

The second piece of evidence indicating that the 2W1S:I-Ab-
binding T cells in BALB/c mice differed from those in B6 mice
related to fine specificity. The finding that the number of 2W1S:I-
Ab-binding cells in F1 � BALB/c chimeras was 5-fold lower than the
number in intact BALB/c hosts indicated that many of the cells in
BALB/c mice were also specific for unknown self peptide:I-Ab

complexes and would have been deleted in an I-Ab-expressing
thymus. Huseby et al. (24) described similar cells in transgenic mice
expressing a single self peptide:MHC complex. These cells recog-
nized peptides bound to many allelic forms of MHC and were
tolerant of many TCR contact residue substitutions in the peptide.
The absence of these peptide:MHC degenerate/promiscuous clones
in normal hosts indicates that although they may be positively
selected, they are then normally removed by negative selection via
recognition of a diverse set of self peptide:MHC ligands.

Because many of the 2W1S:I-Ab-binding T cells in BALB/c mice
were also specific for unknown self peptide:I-Ab complexes, they
could be thought of as alloreactive T cells. It should be noted,
however, that these cells did not show signs of activation following
injection of F1 spleen cells that were not pulsed with 2W1S peptide.
Thus, it is possible that the self peptide:I-Ab complexes that caused
the deletion of such cells in F1 � BALB/c chimeras were different
from those displayed by B6 spleen cells. Alternatively, the TCRs on
these cells may have had a high enough affinity for certain self

Fig. 5. Detection of naive foreign peptide:MHCA-binding T cells in humans
expressing MHCB. (A) Contour plots of CD45RA versus HA:DR4 tetramer fluores-
cence intensity for CD19� CD4� (Upper) or CD8� (Lower) cells from tetramer-
enriched samples from a subject who expresses DR4 (Left) or a different subject
who expresses non-DR4 alleles (Right), 1 year after influenza virus vaccination. (B)
The number of CD45RAlow (filled circles) or CD45RAhigh (open circles) CD4�

tetramer� cells per million total CD4� T cells and CD8� tetramer� cells per million
total CD8� T cells (triangles). The mean values indicated as horizontal bars are
shown for each group.
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peptide:I-Ab complexes to cause deletion of immature T cells but
not high enough to activate mature cells as described in another
system (25).

Notably, some foreign peptide:I-Ab-binding naive CD4� T cells
remained in F1 � BALB/c chimeras. This finding indicates that
some genuine foreign peptide:I-Ab-specific, self peptide:I-Ab-
tolerant T cells can be positively selected by I-Ad and/or I-Ed. The
alternative explanation that these clones were positively selected by
I-Ab molecules expressed on the F1 bone marrow derived cells was
ruled out by earlier work showing bone marrow-derived cells cannot
mediate positive selection of CD4� T cells (26). However, it is
important to note that the 2W1S:I-Ab-binding populations in F1
� BALB/c chimeras were 5-times smaller than the comparable
ones in F1 � B6 chimeras. Thus, positive selection on self MHC
(in this case defined as the I-Ab of the tetramer) had a beneficial
effect on naive population size. This effect was smaller than the
40- to 600-fold effects observed in classic experiments by Bevan
(6) and Sprent (7) for cytotoxic and helper T cell responses in
immunized mice.

The discrepancy was explained by our finding that a smaller
fraction of the 2W1S:I-Ab-binding population in F1 � BALB/c mice
responded to antigen injection compared to the comparable pop-
ulation in F1 � B6 mice. Notably, the responsive cells in both groups
had the same functional avidity. These results are consistent with
the possibility that the 40 naive 2W1S:I-Ab tetramer-binding cells in
F1 � BALB mice contained a small subpopulation that responded
to 2W1S:I-Ab with exactly the same sensitivity as the majority of
cells in F1 � B6 mice, and a larger subpopulation that did not
respond even at the highest dose of antigen. Therefore, although
positive selection on MHCA was not absolutely required to produce
foreign peptide:MHCA-binding clones, it had a large effect on
selecting responsive clones.

Materials and Methods
Mice. Six- to 8-week-old C57BL/6 (B6), BALB/c, C.B10-H2b, B6.C-H2d, (B6 � BALB/c)
F1,NOD,andFVBmicewerepurchasedfromtheNationalCancer Instituteor from
The Jackson Laboratory. DO11.10 Rag1�/� and OT II Rag2�/� mice were bred in
facilities at the University of Minnesota. All mice were housed in specific patho-
gen-free conditions in accordance with University of Minnesota and National
Institutes of Health guidelines.

Bone-Marrow Chimeras. T cell depleted bone marrow cells obtained from (B6 �
BALB/c) F1 mice were injected intravenously into lethally irradiated (1,000 rad) B6

or BALB/c mice. Chimeras were used for experiments 8 to 12 weeks after bone
marrow transfer. Greater than 97% of the blood cells in the chimeras at this time
were of F1 origin as evidenced by co-expression of H-2Db and H-2Dd.

Peripheral Blood Analyses. Sixty milliliters of heparinized blood was drawn from
volunteers from whom informed consent was obtained according to a protocol
approved by the University of Minnesota institutional review board. Five
milliliters of blood was used for HLA typing by the University of Minnesota
Immunology/Histocompatibility Lab. Peripheral blood mononuclear cells (PB-
MCs) were isolated from the remaining 55 mL by Histopaque (Sigma) density
gradient centrifugation according to the manufacturer’s protocol. PBMCs
were then analyzed for HA:DR4-specific CD4� T cells by tetramer enrichment
as described below.

Antibodies. Fluorochrome-labeled antibodies specific for murine or human mol-
ecules were purchased from eBioscience, Caltag, or BD PharMingen.

Immunizations. Mice were injected intravenously with 50, 1, or 0.1 �g of 2W1S or
FliC peptides (GenScript Corp.) with 5 �g of LPS (List Biologicals) or 2 � 106 T cell
depleted (B6 � BALB/c) F1 splenocytes that were first incubated with 100 �g/mL
2W1S peptide at 37 °C for 2 h. Human subjects received the inactivated influenza
vaccine containing an H3N2 A virus, an H1N1 A virus, and a B virus via intramus-
cular injection.

Tetramer Production. Soluble 2W1S (EAWGALANWAVDSA):I-Ab and FliC (VQN-
RFNSAITNLGNT):I-Ab molecules were produced as described by Moon et al. (11).
A similar approach was used to produce soluble HA:DR4 molecules. A pRMHa-3
vector was constructed to encode the DRA*0101 chain followed by an acidic
leucine zipper and a BirA biotinylation signal sequence at the C terminus. A
separate pRMHa-3 vector was constructed to encode the influenza A virus hem-
agglutinin 307–319 peptide (PYKVKQNTLKLAT) (22) fused to DRB1*0401 by a
flexiblepolyglycine linker followedbyabasic leucinezipperandaHisepitopetag
at the C terminus.

Tetramer-based Enrichment. Tetramer-based enrichment was performed as pre-
viously described by Moon et al. (11, 15).

Statistical Methods. Standard error of the mean and P values were determined
using Prism software (GraphPad Software, Inc.). P values were calculated using
appropriate 2-tailed t test or ANOVA analysis followed by Bonferroni posttest
with a 95% confidence interval.
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