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T cell receptor (TCR)-mediated activation of CD4* T cells is known
to require multivalent engagement of the TCR by, for example,
oligomeric peptide-MHC complexes. In contrast, for CD8* T cells,
there is evidence for TCR-mediated activation by univalent en-
gagement of the TCR. We have here compared oligomeric and
monomeric L9 and Kb peptide-MHC complexes and free peptide as
stimulators of CD8* T cells expressing the 2C TCR. We found that
the monomers are indeed effective in activating naive and effector
CD8* T cells, but through an unexpected mechanism that involves
transfer of peptide from soluble monomers to T cell endogenous
MHC (KP) molecules. The result is that T cells, acting as antigen-
presenting cells, are able to activate other naive T cells.

CD8* T lymphocytes | T cell receptor | major histocompatibility
complex | antigen presentation | lymphocyte activation

Antigen-driven activation of cells of the immune system
generally involves multivalent antigen engagement that
leads to clustering or “crosslinking” of cell-surface receptors.
This concept arose largely from observations of antigen-induced
capping of surface immunoglobulins on B cells (1, 2) and
multivalent antigen triggering of histamine release from mast
cells (3). Whether multivalent engagement of T cell antigen
receptors (TCR) is required to initiate T cell activation has been
difficult to determine, primarily because the antigens are
peptide-MHC complexes normally found as integral membrane
proteins on the surfaces of other cells. However, experiments
using soluble recombinant MHC molecules lacking transmem-
brane domains and carrying defined synthetic peptides have
shown clearly that peptide-MHC oligomers, but not monomers,
can activate CD4* T cells (4-7). Thus, for CD4" T cells,
multivalent engagement of TCR is sufficient to initiate cellular
activation, whereas monovalent engagement is apparently
nonproductive.

For CD8" T cells, however, the issue remains unclear. Several
studies have found that multivalent engagement is required to
activate these cells (4, 8-10), but some evidence suggests the
sufficiency of monovalent TCR engagement to trigger a cytolytic
response, such as the requirement for such a small number of
peptide-MHC complexes per target cell in cytolytic assays, to
imply that a single complex can trigger the cytolytic response
in CD8 T cells (11). Activation of CD8"* T cells by soluble
peptide-MHC monomers has been clearly observed in the
presence of CD8 molecules (12, 13). It was suggested from that
result that monovalent engagement of TCR can serve as the
initiating event when it results in TCR association with CD8 (12).
However, in another study, TCR-CDS8 heterodimerization in-
duced by peptide-MHC monomers was observed but was found
not to activate the cells (9).

In this study, we investigated the requirements for initiating
signaling processes in naive and activated CD8" T cells carry-
ing the 2C TCR. The 2C TCR recognizes various peptide—
MHC complexes, including (i) the potent allogenic activator
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QLSPFPFDL-LY (QL9-L¢), which binds with the highest affinity
so far measured for any TCR/peptide-MHC interaction
[Kqa =~ 0.07-0.1 uM (14)]; and (if) an agonist isolated from a
random peptide library (15) SIYRYYGL-K" (SIY-KY),
which binds almost as strongly to 2C cells if cell-surface CDS is
present (Kq =~ 0.3 uM) but more weakly if cells do not express
CDS8[Kq > 3 uM (16)]. Using soluble monomeric and oligomeric
forms of these class I MHC—peptide complexes, we find that
monomers can induce a variety of characteristic T cell activation
processes in naive and effector CD8" T cells, but only if the T
cells express a class I MHC molecule able to form peptide-MHC
complexes with peptide released from the offered peptide—
MHC monomers. In addition to clarifying how MHC monomers
activate CD8™" T cells, these results show that CD8" T cells can
act as antigen-presenting cells (APCs) able to stimulate naive
T cells to undergo a variety of activation and development
processes.

Materials and Methods

Soluble Peptide-K Complexes. Soluble murine class I MHC pro-
teins H-2 K and L9 were produced by expression in Escherichia
coli and folded in vitro in the presence of peptide, as described
for human class I MHC proteins (17), except that the heavy
chains carried a C-terminal biotinylation signal peptide (bsp;
refs. 18 and 19). E. coli expression vectors coding for KP-bsp,
Ld-bsp, and human B,M were a gift from J. Lippolis and J.
Altman (National Institutes of Health Tetramer Facility). Pep-
tides were synthesized by using 9-fluorenylmethoxycarbonyl
chemistry and verified by using mass spectrometry: OVA (SI-
INFEKL), SIY (SIYRYYGL), and QL9 (QLSPFPFDL). For
preparation of oligomers, folded peptide-MHC complexes were
biotinylated at the bsp sequence by using birA enzyme (Avidity,
Denver). Biotinylated complexes were isolated by gel filtration
and oligomerized by stepwise addition of streptavidin to one-
fourth of the molar ratio of the MHC (20). Oligomers were
characterized by gel filtration and nondenaturing SDS/PAGE.
Protein concentration was estimated by UV absorbance (€280 nm
= 90,000 M~ Lcm™! for K" 108,000 M~ lcm™! for LY). Imme-
diately before use, peptide-MHC complexes were repurified by
gel filtration chromatography (Superdex 200, Pharmacia) to
remove aggregates and any free peptide released during storage.

Fluorescent Labeling of Class | MHC Complexes. In some experi-
ments, the association of MHC complexes with cells was mon-
itored by flow cytometry, by using fluorescein labels incorpo-
rated into the K® and L¢ heavy chain sequences at the free
cysteine present at position 122. Cysteine 122 is not very reactive

Abbreviations: TCR, T cell receptor; MFI, mean fluorescence intensity; bsp, biotinylation
signal peptide; APC, antigen-presenting cell.
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and generally was found in the reduced state after conventional
isolation, so that treatment with reducing agent was not required
to generate a free thiol before labeling. For labeling, purified
MHC-peptide complex (100 uM) in PBS, pH 7.4, was treated
with a 20-fold molar excess of fluorescein maleimide (Molecular
Probes, 20 mM in DMSO). The mixture was incubated for 1 h at
room temperature, and peptide-MHC complexes were reiso-
lated by gel filtration to remove unreacted fluorescein. Labeling
efficiency, determined by UV absorbance, was ~99%.

T Cell Clones. Murine CD8" T cell clones 4G3 (specific for
OVA-K®) (21) and L3.100 (expressing the 2C TCR, specific for
SIY-K® and QL9-LY) (22) were cultured at 37°C, 5% COs, in
RPMI medium with 10% FCS; cells were used 6—7 days after
weekly stimulation by using irradiated APCs (EG7OVA and
P815, respectively).

Naive T Cell Purification. Rag—/~ 2C TCR transgenic mice (H-2%)
(23) were used as a source of naive T cells. Lymph nodes were
isolated, and naive T cells were purified from APCs by depletion
of CD44" cells by using magnetic sorting. At least 99% of the
resultant cell population expressed the 2C TCR, with 60—-70% of
the 2C TCR-positive population CD8* and 30-40% CDS8. In
some experiments, Rag™'~ 2C TCR transgenic mice, crossed
onto a constitutive GFP transgenic background, were used as the
source of naive T cells (24, 25). Naive H-2K>~/~D"~/~ 2C T cells
were obtained by adoptive transfer of 107 bone marrow cells
from mice carrying the 2C transgene on an H-2KP~/~DP~/~
background (26) into sublethally irradiated RAG™/~, H-2b*
C57BL/ 6 recipients. This procedure allows the H-2KY~/~Db~/~
T cells to undergo positive selection in an H-2°*environment.
Eight weeks after transfer, T cells isolated from the recipients
were mostly 2C TCR* H-2KP~/~D~/~ and were further purified
to ~98% by depletion of (host) CD44" cells using magnetic
sorting.

T Cell Activation Assays. Activation assays were carried out in
96-well plates with 50,000-100,000 cells per well in 50 ul. Plates
were preblocked by overnight incubation with 1% BSA in PBS
solution at 4°C. Cells were incubated with dilutions of peptide—
MHC complexes or free peptide in culture medium for 2, 3, or
6 h at 37°C, then washed in cold FACS buffer (PBS with 1% BSA
and 0.1% sodium azide) and stained with fluorescent antibodies
(PharMingen) to cell surface markers such as TCR (a-pan-
TCRpB), CD69, CD25, and CDS, for analysis using a Becton
Dickinson FACS Calibur flow cytometer. Data from flow cy-
tometry experiments are shown in units of mean fluorescence
intensity (MFI). For experiments with soluble or plate-bound
QL9-LY complexes, an excess of purified QL9 peptide was
included to prevent degradation or peptide loss from the com-
plex. QL9 peptide alone does not activate 2C (H-2°) cells up to
concentrations of at least 10 uM. For antigen representation
assays, naive 2C T cells (GFP~) were incubated with peptide—
MHC complexes or free peptide for 3 h at 37°C, washed four
times, and resuspended in media. Naive GFP* 2C T cells were
added, and the GFP* and GFP~ cells were incubated together
for an additional 3 h at 37°C before staining, as described above.
Responses by GFP* and GFP~ cells were separated by gating on
GFP fluorescence. For proliferation assays, naive 2C T cells were
incubated in the presence of soluble or plate-bound stimuli in
96-well plates for 3 days at 37°C, after which [*H]thymidine (1
wnCi/well) was added, and the cells were incubated at 37°C for
an additional 12 h before harvest and assay for *H incorporation.
For IFN-vy assay, naive 2C T cells were treated with immobilized
anti-CD3, soluble peptide-MHC complex, or peptide alone for
3 days at 37°C, then restimulated with SIY peptide in the
presence of brefeldin-A. After 6 h, the cells were stained for CD8
and TCR, fixed with paraformaldehyde, and stained with anti-

13730 | www.pnas.org/cgi/doi/10.1073/pnas.212515299

A B
= 110. |

[o2]

(4 A peptide| ©
Q [a ] |

— O

oligomer

004 " 50/ —— L1 E—

g ) | ; SRR | 1 | SR B

10712 109 106 10712 109 106 1012 109 106
Cone. (M) Conc. (M) Conc. (M)

70 150,
D A T 5 S E L SIY-KY|
b OVAK?Y

o 5 o
8100 P,

]

—= 30
L3.100 4G3
1044 1 | 1 504 1 | 1
10715 1012 109 106 1071510772 109 10%
Conc. (M) Conc. (M)

Fig. 1. Activation of CD8" T cell clones by class | MHC monomers and
oligomers. (A-C) Response of a T cell clone expressing the 2C TCR (L3.100) to
MHC monomers, oligomers, and free peptide. (A) TCR down-regulation in
response to 3-h incubation with SIY-KP oligomer (filled squares), SIY-K® mono-
mer (filled circles), and SIY peptide alone (open circles). Mean fluorescence
intensity (MFI) shown on y axis. (B) CD69 up-regulation (MFI) and (C) CD25
up-regulation (MFI) in response to the same treatment as A. (D and E)
Specificity of the response. (D) TCR down-regulation (MFI) is observed for
L3.100 incubated for 3 h with SIY-KP monomers (circles) but not for nonspecific
OVA-KP (inverted triangles). (E) Response of a T cell clone specific for OVA-KP
complex (4G3) shows TCR down-regulation (MFI) after 3 h of incubation with
OVA-KP monomers (inverted triangles), but not with SIY-KP (circles).

IFN-vy antibodies in the presence of 0.1% saponin, and then
analyzed by flow cytometry as described above.

Results

Activation of CD8* T Cell Clones by Class | MHC Monomers. Soluble
peptide-MHC complexes carrying a biotinylation signal se-
quence at the heavy chain C terminus were produced by a
standard in vitro folding method (17). Streptavidin-mediated
oligomerization (19) yielded primarily tetramers (=70%), with
small amounts of trimers (~=20%), dimers (=3%), and mono-
mers (7%) (as detected by high-resolution gel filtration; see Fig.
7, which is published as supporting information on the PNAS
web site, www.pnas.org). We prepared monomers and oligomers
of the 2C agonist STY-K" and the nonactivating control complex
OVA-K" and tested their ability to stimulate the CD8" T cell
clone L3.100, which carries the 2C TCR (22). Several conven-
tional activation markers were observed after incubation of
L.3.100 cells with STY-K® complexes, including down-regulation
of TCR (Fig. 14) (27), up-regulation of the early activation
marker CD69 (Fig. 1B) (28), and up-regulation of the high-
affinity IL-2 receptor a subunit CD25 (Fig. 1C) (29). SIY-K®
oligomers (Fig. 1 A-C, squares) were more potent than mono-
mers (filled circles) and consistently induced equivalent activa-
tion responses at lower concentrations than the corresponding
monomer. Activation depended on the specific peptide-MHC
combination, because OVA-K® complexes, which carry a differ-
ent peptide, did not activate L3.100 cells (Fig. 1D), although
they did activate 4G3 T cells, which are specific for OVA-KP
(Fig. 1E) (21).

We previously have used these same activation markers in
studies of the response of CD4" T cells, where we observed
activation by class II MHC oligomers but not by monomers (7).
In contrast, the CD8" T cells clearly were activated in the
presence of class I MHC monomers. Given this result, we
performed several control experiments to verify that no multi-
valent protein was present in the experiments. Because immo-
bilized monomeric STY-K" is a potent T cell stimulus, we verified
that the activation was not due to adventitious immobilization of
the soluble molecules on the BSA-blocked assay wells. Removal
of the medium containing SIY-K® before addition of T cells
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completely abrogated activation (not shown). Activation by the
monomeric preparations was not likely to be the result of
contaminating MHC oligomers or aggregates, as none were
observable by gel filtration (detection limit ~0.5%) (Fig. 7) or
by native gel electrophoresis (not shown), and a miniscule
amount of oligomer contamination would not be expected to
account for the observed activity of the monomer preparations,
because oligomers were only ~6-fold more potent activators
than the monomers (1.5-fold per peptide-MHC complex; Fig. 1
A-C, filled symbols).

Because SIY peptide alone was able to induce activation
processes in the T cells (Fig. 1 A-C, open circles), we wanted to
evaluate any contribution of released peptide to the observed
monomer activation. Peptide-MHC monomers and oligomers
routinely were separated from free peptide by gel filtration
immediately before the activation assay. We incubated the
peptide-MHC preparations under assay conditions and sepa-
rated free peptide by centrifugal ultrafiltration. Bioassay of the
filtrates using peptide-induced cytotoxic T lymphocyte-mediated
lysis of target cells indicated that very little peptide was released
during the 3-h assay period [the approximate half-time for
peptide release was 27 h, consistent with earlier studies (30)].
Moreover, in many experiments, the response to peptide-MHC
monomers was significantly greater than that induced by an
equivalent amount of peptide alone (see below). These details
suggest that the observed activation induced by MHC monomers
could not be accounted for by release of peptide into the
solution.

Activation of Naive T Cells by Peptide-MHC Monomers. To investigate
whether naive T cells could be activated by incubation with
monomeric peptide-MHC complexes, we used T cells freshly
isolated from 2C TCR*/* RAG /= (H-2") transgenic mice. We
observed that the purified naive 2C T cells exhibited TCR
down-regulation (Fig. 24), CD69 up-regulation (Fig. 2B), and
CD25 up-regulation (not shown), in response to peptide-K®
monomers and oligomers. Activation levels and half-maximal
activation concentrations were similar to those observed with the
T cell clones, with tetramers activating substantially more po-
tently than monomers. In addition to these activation markers,
we also observed that naive 2C cells that proliferated in response
to soluble SIY-KP (Fig. 2C). In this assay, the SIY-g» monomers
were substantially more active than free peptide (compare open
and filled circles), further indicating that the monomer activation
was not due to simple peptide release into the medium. The T
cell proliferation due to denatured (boiled) SIY-K" was similar
to that induced by the corresponding concentration of purified
peptide alone, suggesting that endotoxins or other bacterial
products potentially present in the SIY-KP preparations were not
contributing significantly to the observed activation (Fig. 2C).

To evaluate the importance of CDS8 in the 2C-KP® system, we
analyzed the substantial CD8~ subpopulation present in naive T
cells isolated from 2C TCR transgenic mice and compared it to
the corresponding CD8* population. Both CD8" and CD8~
subpopulations exhibited activation responses after treatment
with specific STY-K® but not control OVA-K® monomers, al-
though the CD8~ population required ~103-fold greater con-
centration to induce comparable activation levels (Fig. 2D and
Fig. 8, which is published as supporting information on the PNAS
web site).

Finally, we evaluated the ability of K> monomers and oli-
gomers to drive conversion of the naive cells to effector cells. We
relied on the ability of effector cells, but not naive cells, to
produce IFN-vy after stimulation (39). After treatment with
SIY-K® monomers or oligomers, the 2C cells responded to
antigenic stimulation with production of IFN-vy (Fig. 2E). Al-
though less effective than SIY-KP, free SIY peptide alone also
was able to elicit a small degree of conversion to effector cells
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Fig. 2.  Activation of naive CD8" T cells by class | MHC monomers and
oligomers. (A and B) Response of naive T cells expressing the 2C TCR to MHC
monomers, oligomers, and free peptide. (A) TCR down-regulation in response
to 2-h treatment with SIY-KP oligomer (filled squares), SIY-K® monomer (filled
circles), and SIY peptide alone (open circles). Mean fluorescence intensity (MFI)
shown on y axis. (B) CD69 up-regulation (MFI) in response to the same
treatment. (C) Proliferation of naive 2C T cells measured by 3H-thymidine
incorporation 3 days after treatment in response to SIY-K® monomer (filled
circles), SIY peptide alone (open circles), denatured (boiled) SIY-KP monomer
(X), and nonspecific OVA-K® monomer (inverted triangles). (D) TCR down-
regulation (MFI) of CD8" (circles) or CD8~ (diamonds) populations present in
purified naive 2C T cells in response to SIY-KP monomers (filled symbols) or SIY
peptide alone (open symbols). (E) Maturation of naive 2C T-cells in response to
MHC monomers, oligomers, and free peptide. Naive 2CT cells were stimulated
with immobilized anti-CD3 antibody (10 wg/ml), SIY-KP oligomers, SIY-KP
monomers, or free SIY peptide for 3 days. Intracellular IFN-y production was
measured after 6-h restimulation by SIY peptide (bold line). The shaded area
corresponds to isotype control staining.

IFN-y

(Fig. 2E and data not shown), a response that conventionally is
believed to require the participation of costimulatory molecules.

Activation Mechanism: Direct Engagement or Uptake /Representa-
tion? The results presented above indicate that addition of
peptide-MHC monomers to CD8* T cells is sufficient to induce
T cell activation. Such activation could occur by direct mono-
valent engagement of TCR by soluble MHC (Fig. 34), which
conventionally is the interpretation given to such results (12).
However, another process could also lead to the observed
activation. Peptide-MHC complexes that bind to TCR on one
cell could release peptides that are then transferred onto that T
cell’s endogenous MHC proteins for presentation to other T cells
(Fig. 3B). Although T cells generally are not thought to be
antigen-presenting cells, we observed potent activation of such
cells after treatment with peptide alone (Figs. 1 and 2), and T cell
fratricide has been described previously (31). Participation of T
cell costimulatory and adhesion molecules in the activation
process could help to explain the observed high sensitivity of the
L3.100 and naive 2C T cell response to soluble MHC monomers
(EDso =~ 1 nM), which contrasts with the relatively weak binding
affinity measured for the corresponding MHC-TCR interaction
[K4 =~ 300 nM (16)]. To distinguish between these two mecha-

PNAS | October 15,2002 | vol.99 | no.21 | 13731

IMMUNOLOGY



MH
TCR
: Presenting
Responding Cell
Cell Responding
; Cell
Direct monovalent Indirect
engagement re-presentation
Fig.3. Two potential mechanisms for activation of T cells by MHC monomers.

(A) Binding of monomeric peptide-MHC complexes to cell-surface T cell
receptors directly leads to activation (direct engagement model). (B) Transfer
of peptide from the soluble MHC molecules to endogenous MHC molecules
expressed by the T cell indirectly leads to activation of another T cell through
interaction with peptide-MHC complexes on the surface of the first cell
(representation model). Binding of soluble peptide-MHC to cell-surface TCR
(or CD8) could facilitate peptide transfer, although other mechanisms are
possible.

nisms, we performed additional activation studies, as described
below.

Activation by Soluble Monomers Requires the Presence of Endoge-
nous MHC Proteins. To evaluate the ability of a soluble monomer
to activate 2C cells without contribution from the peptide
representation pathway, we made use of the allogeneic agonist
(QL9-LY) that has been described for the 2C TCR. QL9 peptide
pulsed onto cell-surface L¢ of transfected APCs (T2-L¢) was a
potent stimulator for 2C cells (Fig. 44), confirming previous
work using other activation markers; and soluble QL9-L¢ mono-
mer bound tightly to 2C (Fig. 4B), consistent with previous
measurements (14, 16). The 2C T cells express K® but not L9
molecules on their surface. By comparing the response to soluble
SIY-KP, which can access the representation pathway, with that
of QL9-L94, which cannot, we were able to evaluate the role of
representation by endogenous T cell MHC molecules to the
observed activation processes. In contrast to STY-KP monomers,
QL9-L¢ monomers were not able to stimulate 2C TCR down-
regulation and CDG69 up-regulation (Fig. 4 C and D). To
demonstrate that the recombinant QL9-LY complexes were
functionally active, we used plate-bound QL9-L to stimulate 2C
T cells: both TCR down-regulation (Fig. 4E) and CD69 up-
regulation (not shown) were observed. Taken together, these
results show that the allogeneic QL9-LY monomer bound to the
2C TCR but did not induce activation processes, whereas the
syngeneic SIY-K" monomer induced substantial activation de-
spite being an intrinsically weaker-binding ligand. Thus, no
detectable activation was induced by direct binding of peptide—
MHC monomers to TCR, and activation of 2C T cells induced
in the presence of peptide-K® monomers requires the partici-
pation of endogenous (K*) MHC molecules.

To further evaluate the role of endogenous MHC in activation
by soluble peptide-MHC monomers, we used 2C T cells that
lacked the classical class I MHC molecules KP and D (26) (see
Materials and Methods). We compared the activation of 2C
TCR* KP~/~DV/~ cells and normal (K°*) 2C T cells after
incubation with soluble peptide-MHC monomers. Binding
curves for fluorescent SIY-K® monomers were nearly identical
for normal naive and KP~/~D"~/~ 2C cells (Fig. 54, open and
filled circles), as were TCR expression levels. Activation by
SIY-pulsed T2-K® APCs was nearly indistinguishable between
the two cell types, as measured by TCR down-regulation (Fig.
5B). However, activation by soluble SIY-K® monomer was
severely reduced for the KP=/~DP~/~ 2C cells (Fig. 5B). The
response was not completely eliminated, and the low level of
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Fig.4. CD8" T cell activation by MHC monomers requires endogenous MHC
proteins. 2C T cells expressing Kb, but not L9, are activated by soluble mono-
mers of the syngeneic SIY-KP but by not the potent alloantigen QL9-L9. (A)
Response of naive 2C T cells to 3 h of incubation with peptide-pulsed APCs. T2
cells expressing KP were pulsed with OVA (inverted triangles) and SIY (circles)
peptides, and T2 cells expressing L were incubated with QL9 peptide (dia-
monds). TCR mean fluorescence intensity (MFI) shown on y axis. (B) Binding of
fluorescein-labeled SIY-KP (circles), OVA-KP (inverted triangles), or QL9-Ld
(diamonds) to naive 2C T cells. Cell-associated fluorescence was measured
after incubation with MHC monomers for 30 min at4°C, washing, and fixation
with paraformaldehyde. (C and D) Response of naive 2C T cells to 3 h incuba-
tion with SIY-KP (circles), OVA-KP (inverted triangles), or QL9-LY (diamonds)
monomers. (C) TCR down-regulation (percentage of maximum TCR expres-
sion), and (D) CD69 up-regulation (MFI). (E) TCR down-regulation of naive 2C
T cells in response to 6-h incubation with plate-bound and soluble monomers
or free peptide. Open bars represent SIY or SIY-KP; shaded bars represent QL9
or QL9-Ld.

monomer-induced TCR down-regulation observed for the K°~/
~Db~/~ cells (Fig. 5C) probably resulted from the small fraction
of contaminating K®* cells in the T cell preparations. Nonethe-
less, these results show clearly that T cell activation by soluble
SIY-KP relies largely or completely on the participation of
endogenous KP,

Triggering by Soluble MHC Monomers Does Not Require Direct Expo-
sure. In the proposed representation mechanism (Fig. 3B), T cells
that have not been directly exposed to antigen are activated by
contact with other T cells that present peptide antigens on their
surface. To determine whether our results stemmed from this
mechanism, we used naive 2C T cells expressing GFP (24, 25) to
track antigen exposure in a mixed T cell population. The
presence of GFP does not interfere with T cell activation, and
GFP* 2C T cells exhibited K® monomer and peptide activation
profiles that were essentially indistinguishable from their GFP~
counterparts (see Fig. 9, which is published as supporting
information on the PNAS web site). In the experiments shown
in Fig. 6, GFP~ 2C cells were incubated with specific K°
monomers for 3 h at 37°C, then washed and cultured with
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efficiently activated by soluble MHC monomers. (A) Binding of fluorescein-
labeled MHC monomers to naive 2C T cells (filled symbols) and 2C*, Kb=/~Db~/—
T cells (open symbols). Binding is shown for SIY-KP (circles) and OVA-KP
(inverted triangles). MFI shown on y axis. (B) Bar graph showing the percent
of TCR down-regulation for treatment of naive 2C T cells (shaded bars) and
2C*, KP=/=Db~/~ T cells (open bars) with peptide-pulsed T2-KP cells and soluble
SIY-KP monomer. (C) Concentration dependence of TCR down-regulation
(MFI) response in KP*/+Db*/* (filled symbols) and Kb~/~DP~/~ (open symbols)
naive 2C T cells after 3-h incubation with soluble SIY-KP (circles) and OVA-KP
(inverted triangles).

untreated GFP* 2C cells for an additional 3 h before analysis of
activation markers by flow cytometry. Untreated GFP™* cells
indirectly exposed to antigen, as well as GFP~ cells that had been
directly exposed to antigen, exhibited characteristic TCR down-
modulation (Fig. 64) and CD69 up-regulation (Fig. 6B) re-
sponses. Thus, activation of naive 2C T cells did not require
direct exposure to monomeric SIY-K" complexes. To evaluate
the efficiency of the uptake/representation mechanism, we
compared the titration profiles for GFP* T cells that were
directly exposed to monomer or peptide (Fig. 6 C and D), with
the profiles for GFP* T cells that had been cocultured with
GFP~ monomer- or peptide-pulsed counterparts for 3 h (Fig. 6
E and F). The profiles were similar, with only ~10-fold decreased
sensitivity for the indirectly exposed cells. The difference is likely
due to more effective activation in the continuous presence of
stimulators for the directly exposed GFP* cells (Fig. 6 C and D),
as compared with the indirectly exposed GFP* cells (Fig. 6 E and
F). These results indicate that uptake/representation can pro-
vide an efficient antigenic stimulus able to activate untreated T
cells, and that such a process is sufficient to account for all or
nearly all of the T cell activation induced by soluble class I
peptide-MHC monomers (and perhaps also for soluble oli-
gomers, to some extent).

Discussion

The results presented here demonstrate that CD8* cytolytic T
cells and freshly isolated naive CD8* T cells can be activated
effectively by cognate soluble peptide-MHC monomers. Rather
than arising directly from monomeric engagement of the TCR,
however, the activation apparently stems from a mechanism that
involves transfer of peptide from monomer to T-cell MHC
molecules. Support for this mechanism rests on two independent
lines of evidence. First, T cells were stimulated effectively only
when they expressed the same MHC as the activating monomer:
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Fig.6. Tcell activation by uptake and representation of antigen. Naive GFP*
2C T cells were activated by exposure to GFP~ 2C T cells that previously had
been treated with MHC monomers. (A and B) GFP~ cells were treated with
control media or SIY-KP for 3 h, washed, and then GFP* cells were added to the
GFP~ cells in fresh media. The cells were incubated together for an additional
3 h at 37°C. (A) TCR down-regulation and (B) CD69 up-regulation. The hori-
zontal scale is GFP fluorescence level which distinguishes the directly treated
(GFP™) and indirectly exposed (GFP*) T cells. (C and D) Response of directly
treated GFP* 2CT cells. (C) TCR down-regulation by GFP* 2CT cellsin response
to 3-h incubation with SIY-KP (filled circles) or SIY peptide (open circles). MFI
shown on y axis. (D) CD69 up-regulation (MFI) by GFP* 2C T cells in response
to the same treatment. (E and F) Response of indirectly exposed GFP* 2CT cells.
(E) TCR down-regulation (MFI) by GFP* 2CT cells incubated for 3 h with GFP~
2C T cells that had been pretreated with SIY-KP (filled circles) or SIY peptide
(open circles). (F) CD69 up-regulation (MFI) of GFP* 2CT cellsin response to the
same stimuli.

2C cells, which express K but not L9, were activated by the
SIY-K® monomer but not by the more strongly binding QL9-L¢
monomer; and 2C T cells that lacked KP were not activated
efficiently by the SIY-K® monomer. Thus, T cell expression of
the appropriate class I MHC molecule is required for activation
by soluble peptide-MHC monomers. Second, 2C cells that were
not themselves exposed to the STY-K® monomer were activated
in trans by 2C cells that had been previously exposed to this
monomer. Thus, T cell class I MHC molecules can present
peptides derived from soluble peptide-MHC monomers. Both of
these independent results are consistent with a peptide repre-
sentation mechanism in which cognate peptides derived from
soluble MHC monomers are presented on the T cells’ own MHC
molecules.

Although we found no evidence for an activation response
triggered by monovalent engagement of the TCR, we cannot rule
out the possibility that some intracellular signals result from
monomeric engagement. Any such response, however, would
have to be very small relative to that induced by representation
of peptide and would not contribute significantly to the activa-
tion processes observed here. Because monomeric TCR engage-
ment is ineffective in activating CD8" T cells, it seems reason-
able to conclude that CD8* T cell triggering is due to TCR
clustering, as seen for CD4" T cells. However, we do not know
how many represented peptides are needed per cell for effective
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representation, and there remain important differences between
the activation of CD8* and CD4* T cells, particularly with
regard to the minimal peptide-MHC density required on con-
ventional presenting cells to induce T cell activation processes
(11, 32-35).

Precisely how peptide is transferred from soluble monomers
to T cell MHC molecules is unclear. The possibility that transfer
results from quantitative dissociation of complexes in culture
medium to yield free peptide that binds to T cell MHC is
incompatible with estimates of the SIY-K" complex’s lifetime
under conditions of the assay, and the observation that free
peptide usually induced less response than an equivalent con-
centration of peptide-MHC monomer. MHC-bound peptide is
protected from proteolytic degradation in culture medium, and,
by being slowly released, could be more effective than free
peptide in loading onto T cell MHC molecules. The efficiency of
peptide loading also might be enhanced by a high local concen-
tration of monomers at the cell surface after binding to TCR
and/or CD8 molecules. Still another possibility is that TCR-
bound monomers are internalized into T cell endocytic com-
partments where dissociating peptide is reloaded onto endoge-
nous class I MHC molecules for recycling to the cell surface.
Some evidence suggests that live cells are required for efficient
representation of monomer-derived peptides (see Fig. 10, which
is published as supporting information on the PNAS web site).
Further studies are needed to evaluate these possibilities.

T cell adhesion to APCs is known sometimes to result in T cell
acquisition of antigen from the presenting cell. This phenome-
non has been observed with CD4* and CD8* T cells and even
with B cells (36). The system described here is distinctive,
however, in that APCs are absent: it consists only of purified T
cells and soluble peptide-MHC monomers. It resembles most
closely the situation in which addition of cognate peptide at
relatively high concentration to cultured cytotoxic T lymphocyte
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clones can, in the absence of any other cells, result in specific T
cell-T cell interactions and extensive cell lysis (“fratricide”) (21,
31). Here, however, the resulting specific T cell-T cell interaction
leads not to fratricide of activated cells but to activation of naive
cells.

Much evidence indicates that, in general, activation of naive T
cells requires that they recognize peptide—-MHC complexes on
professional APCs, usually dendritic cells (37). Our finding that
naive T cells can act as APCs able to induce maturation of naive
T cells is unexpected. In connection with a possible physiologic
role of soluble peptide—-MHC monomers in this unusual T cell
behavior, it should be noted that soluble MHC proteins are
found in human serum and synovial fluid, most likely as soluble
peptide-MHC complexes (38).

In conclusion, CD8* T cells are activated by soluble MHC
monomers via a mechanism that involves T cell presentation of
peptide derived from MHC-peptide complexes. The ability of
CD8" T cells to acquire and present antigenic peptide derived
from soluble molecules and/or presenting cells could be impor-
tant in maturation of naive T cells in vivo.
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