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A blood-borne antigen induces rapid T-B cell contact:
a potential mechanism for tolerance induction
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SUMMARY

Understanding the difference between the development of a productive T-cell response and
tolerance is central to discerning how the immune system functions. Intravenous injection of
soluble protein is thought to mimic the presentation of self-serum and orally introduced antigens. It
is generally toleragenic. The current view is that this outcome reflects the failure of ‘immunogenic’
dendritic cells to relocate to the T-cell zone of the secondary lymphoid tissues. Here, using a
peptide/I-E* tetramer and antibodies to stain splenic sections, we showed that antigen-specific T
cells were activated in the spleen within hours of injection or feeding of protein. The activated T
cells were found to be located at the T-B junction, the bridging zone and the B-cell area, interacting
directly with B cells. In addition, B cells gain the ability to present antigen. Our results suggest a
way for T cells to be stimulated by blood-borne antigen presented by naive B cells, a potential

mechanism of tolerance induction.

INTRODUCTION

It has been suggested that the nature of the antigen-presenting
cell (APC) plays a critical role in determining whether a T-cell
encounter with antigen elicits tolerance or a productive T-cell
response.'™ Studies based on cell-transfer experiments using
cultured, antigen-loaded cells, have suggested that resting B
cells and fibroblasts can induce tolerance,s_7 whereas mature
dendritic cells (DCs) can prime a T-cell response.*® More
recent experiments have favoured the notion that different
lineages of DCs, or different activation states of these cells,
are responsible for either priming or tolerance.'® Antigen
administration that fails to induce activation and/or migration
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of DCs leads to tolerance.”*'! It is assumed that the site of
induction of a toleragenic or immunogenic response is the T-cell
area of the secondary lymphoid organs. This is supported by the
observation that when recipients of ovalbumin (OVA)-specific
T-cell receptor (TCR) transgenic CD4 cells are immunized with
OVA in adjuvant, the transgenic T cells in the lymph node first
proliferate in the T-cell zone before migrating into the B-cell
follicles 2 days later.'* In contrast, when mice are given OVA
peptide in saline intravenously, antigen-specific T cells remain
in the T-cell area of the lymph node when examined 3 days
later."?

The introduction of soluble protein antigen through the
blood has long been established as a model for studying the
mechanism of T-cell tolerance induction. This system appears to
mimic the presentation of self-serum proteins and orally admi-
nistered antigens. This route of antigen administration allows
almost immediate access of antigen to B cells, DCs and
macrophages in the spleen,'* a lymphoid organ that seems
dedicated to processing blood-borne antigens. However, it is
not clear whether tolerance induction is caused by selective
antigen presentation by a subset of APCs. An understanding of
this process requires the ability to follow antigen-specific T cells
to determine where they encounter antigen and what APCs they
are in contact with after antigen administration.

In the past, we have administrated pigeon cytochrome ¢
protein (cyt ¢) to induce peripheral T-cell tolerance'® in mice
transgenic for the TCR B-chain of the SC.C7 T-cell clone. Here,
we report a histological analysis of early events in the spleen in
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this tolerance-induction model. Within a few hours after antigen
administration, B cells acquire the ability to present antigen to T
cells, and activated T cells can be found contacting B cells at the
T-B cell border, the bridging zone and the B-cell area of splenic
follicles. Lack of costimulatory molecules such as B7.1 or 7.2
(CD80, CD86) on naive B cells'®!” has been correlated with
their inability to induce immunogenic responses.®'® This find-
ing suggests that early T-B cell contact may be an important
step in tolerance induction by blood-borne antigens.

MATERIALS AND METHODS

Mice and antigen administration

B10.BR (The Jackson Laboratory, Bar Harbor, ME), 5C.C7
TCR-B'® and TCR-aB chain? transgenic mice (on the B10.BR
background) (all 8-10weeks of age) were injected intrave-
nously (into the retro-orbital venous sinus) or fed by intragastric
gavage (20-gauge feeding needles) with phosphate-buffered
saline (PBS) containing pigeon cyt ¢ (Sigma, St Louis, MO)
or with PBS alone. The cyt ¢ protein was size-purified by
centrifugation (Smin at 23000g) with centricon 10 filters
(Millipore, Bedford, MA), to remove peptide fragments. Ani-
mals were handled in accordance with NIH guidelines. The
animal facility at Stanford University is accredited by the
Association for Assessment of Accreditation of Laboratory
Animal Care.

Tetramer staining of splenic sections

Spleen from 5C.C7 TCR-af} transgenic mice injected intrave-
nously with cyt ¢ in PBS was embedded in warm (65°) 4% (wt/
vol) agarose (Invitrogen, Carlsbad, CA) in PBS and cooled at 4°
for 5 min. Sections of 400 um were cut in PBS using a vibrating
microtome (microtome series 1000). Sections were layered onto
glass slides (SuperFrost plus; Fisher Scientific, Nepean,
Ontario, Canada) and blocked for 30 min with 0-1% bovine

serum albumin (BSA) in PBS. Phycoerythrin (PE)-conjugated
moth cytochrome ¢ (MCC) 88-103/I-E* tetramer was generated
according to our previously published protocol.'® Sections were
stained with PE-conjugated MCC 88-103/I-E* tetramer and
fluorescein  isothiocyanate (FITC)-conjugated anti-B220
(RA3-6B2; Pharmingen, San Diego, CA) in 0-1% BSA/PBS
for 60 min at room temperature. Slides were viewed and ana-
lysed using a Multiprobe 2010 laser-scanning confocal micro-
scope, ImageSpace (Molecular Dynamics, Sunnyvale, CA) and
photoshop (Adobe).

In addition, spleens were embedded in Tissue-tek OCT and
snap-frozen in a bath of 2-methylbutane immersed in liquid
nitrogen. Cryosections (of 6 pm) were cut within 1 hr of freezing
and fixed with 2% paraformaldehyde for 90 seconds on Super-
frost plus (Fisher Scientific) glass slides. Sections were incu-
bated with PE-conjugated rat anti-mouse B220 (Pharmingen) at
2-5 pg/ml and horseradish peroxidase (HRP) conjugated MCC
88-103/I-E* tetramer for 1 hr at room temperature, then devel-
oped using the tyramine signal amplification (TSA)-direct green
signal amplification (NEN Life Science Products, Boston, MA)
for 3min and analysed using a Nikon (Melville, NY) laser-
scanning confocal microscope and Bio-Rad (Hercules, CA)
Lasarsharp 3-1.

While the cyt c-specific T cells can be identified using the
tetramer reagent in the 400-pm, ‘live’, unfixed spleen sections as
well as in cryosections fixed by a brief treatment with parafor-
maldehyde, no signal can be detected on spleen sections fixed
with acetone, formaldehyde, or glutaraldehyde (data not shown).

Immunohistochemical analysis of cryosections

Air-dried spleen cryosections (6—7 um) were acetone-fixed
twice, dried overnight and blocked with 0-1% BSA/10% normal
mouse serum/1 : 100 Fc block (CD16/CD32; 2-4G2; Pharmin-
gen) for 90 min. They were stained with PE-conjugated anti-
B220 (RA3-6B2; Pharmingen) and biotinylated anti-CD69

Figure 1. Activation and migration of splenic T and B cells in response to blood-borne antigen. Sections (400 um) of spleens from
5C.C7 af T-cell receptor (TCR) transgenic mice injected intravenously, 4 hr previously, with phosphate-buffered saline (PBS) alone
(a), or with PBS containing 70 pg of cytochrome ¢ protein (cyt ¢) (b), were double-stained with phycoerythrin (PE)-conjugated MCC
88-103/I-E* tetramer and fluorescein isothiocyanate (FITC)-conjugated anti-B220 and viewed using a laser-scanning confocal
microscope with a 10x objective (panels a and b) or a 60x objective (panel c). Antigen-specific T cells are viewed as red and B
cells are green. The T-cell area is marked by ‘T’ and the B-cell area is marked by ‘B’ in panel (a). Similar results were obtained from
three PBS- and three cyt c-injected animals.
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Figure 2.

Figure4.

(H1-2F3) in PBS/0-1% BSA for 2hr and then counterstained
with avidin—-HRP for 30 min. Slides were developed using the
TSA-direct green signal amplification (NEN Life Science Pro-
ducts) for 3min and analysed using an BX60 microscope

(A) af TCR transgenic | B TCR transgenic (Olympus, Melville, NY).

Flow cytometry

A total of 1 x 10° cells from the spleen or lymph node were
stained with avidin—PE-coupled MCC 88-103/I-EX tetramer, as
described previously."> In addition, antibodies against CD4
(PE-conjugated GK1-5), B220 (cy-chrome conjugated RA3-
6B2; Pharmingen), CD69 (FITC-conjugated H1-2F3; Pharmin-
gen), CD86 (PE-conjugated GL1; Pharmingen) and Vo chain
of the 5C.C7 TCR-Vall (PE-conjugated RR8-1), were used.
Propidium iodide (PI) at 1 pg/ml was added in the last wash.
, . Cells were analysed on a Becton-Dickinson (San Diego, CA)
ol ol fluorescence-activated cell sorter (FACScan) apparatus (Stan-
o al ™ h ford University FACS Facility). A total of 50000 events
! ol was collected. Pl-positive cells were excluded from the
! analysis.

01 1 10 100 1000 01 1 10 100 1000

In vitro antigen-presentation assay
CD69 Mice were injected intravenously with either PBS or a single 70-
ng dose of cyt ¢ protein in PBS, and killed 4 hr later. Splenic B
cells were purified by MACS sorting to >96% purity using anti-
B220, anti-rat immunoglobulin beads and MS columns (Milte-
nyi Biotec, Auburn, CA). A total of 2 x 10 total spleen cells or
2 x 10° purified splenic B cells were incubated with 1 x 10° of

01 1 10 100 01 1 10 100

tetramer 5C.C7 af TCR transgenic lymph node cells in 200pul of
complete RPMI medium. After 12 hr, cells were stained with
Figure 3. antibodies against CD69 (coupled with FITC), CD4 (coupled
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Figure 2. Intravenous cytochrome ¢ protein (cyt ¢) administration
induces rapid contact between activated antigen-specific T cells and
B cells. Splenic cryosections from 5C.C7 aff T-cell receptor (TCR)
transgenic mice, injected 1 hr previously with phosphate-buffered saline
(PBS) (a) or 70 pg cyt ¢ in PBS (panels b and c), were co-stained with
phycoerythrin (PE)-conjugated anti-B220 and horseradish peroxidase
(HRP)-conjugated MCC 88-103/I-E* tetramer (panels a and b) or with
PE-conjugated anti-B220 and biotinylated anti-CD69 (c), followed by
avidin HRP, and developed using the tyramine signal amplification
(TSA)-direct green signal amplification kit. B cells are red and activated
T cells are green. Yellow interfaces between green and red cells indicate
close T-B contact. Images are representative of tissue sections from 20
PBS-injected and four cyt c-injected mice at 1 hr. A 20x objective with
confocal microscopy (panels a and b) or a 60x objective with standard
fluorescence microscopy (panel c) were used.

Figure 3. Blood-borne cytochrome ¢ protein (cyt ¢) induces rapid T-
cell activation in the spleen. (A) Spleen cells from 5C.C7 T-cell receptor
(TCR) af-chain transgenic mice (left panels) and B-chain transgenic
mice (right panels), which had been injected intravenously with 70 pg of
cytc 1hr (aand e), 2.5hr (b and f), 4 hr (c and g) and 72 hr (d and h)
previously, were isolated and stained with antibodies against Vall,
CD4, CD69, B220 and propidium iodide (PI). Histograms represent
CD69 expression on T cells (Val1 positive, B220 and PI negative). The
dotted lines represent CD69 expression on T cells from animals injected
with phosphate-buffered saline (PBS), 4 hr previously. Similar results
were obtained from 20 (0 hr), three (1 hr), four (2.5 hr), eight (4 hr), and
six (72 hr) 5C.C7 ap-transgenic mice and from 19 (0 hr), four (1 hr), four
(2.5 hr), six (4 hr), and four (72 hr) SC.C7 B-transgenic mice. (B) Spleen
cells from 5C.C7 TCR B-chain transgenic mice injected intravenously
4 hr previously with PBS alone (a), or with PBS containing 70 pg of cyt ¢
(b), were stained with MCC 88-103/1-EX tetramer, anti-CD69 and anti-
B220 antibodies. PI- and B220-positive cells were excluded from the
analysis.

Figure 4. Injection of cytochrome ¢ protein (cyt ¢) induces rapid T- and
B-cell contact in the spleen of T-cell receptor (TCR) B-chain transgenic
mice. Splenic cryosections from SC.C7 TCR f-transgenic mice injected
with phosphate-buffered saline (PBS) (a), or with PBS containing 70 pg
of cyt ¢, 2.5hr (b) and 4 hr (d) previously, or fed intragastrically with
0-5mg of cyt ¢ 4hr previously (c), were stained with phycoerythrin
(PE)-conjugated anti-B220 and biotinylated anti-CD69 followed by
avidin horseradish peroxidase (HRP), and developed using the tyramine
signal amplification (TSA)-direct green signal amplification kit. Acti-
vated T cells appear green and B cells appear red. Yellow interfaces
between green and red cells indicate close T-B contact. “T” indicates T-
cell areas and ‘B’ indicates B-cell areas. A 10x objective (panels a, b
and c¢) or a 60 objective (panel d) were used with standard fluorescence
microscopy. Two additional experiments showed similar results. No
staining was observed on spleen sections where only the TSA-direct
green reagent was used (data not shown).

with PE), and B220 (coupled with cy-chrome). B220- and PI-
positive cells were excluded from the analysis.

RESULTS

Intravenous cyt ¢ administration induces rapid
antigen-specific T-cell activation and T-B cell contact

Previously, we have fed cyt ¢ to 5C.C7 TCR-B-chain transgenic
mice to study the mechanism of oral tolerance induction. These
mice have normal T-cell development and T-cell compartments,
as well as small intestine that is indistinguishable from that of

© 2002 Blackwell Science Ltd, Immunology, 107, 420-425

normal mice on histological analysis (data not shown). The
5C.C7 TCR-B-chain transgenic mice have elevated frequencies
of cyt c-specific T cells (3-5% of total CD4" T cells as
compared to <0-01% in normal B10.BR mice). This frequency
of antigen-specific T cells is comparable to the frequency of
autoreactive cells seen in some autoimmune disease models.
Using an MCC 88-103/I-E* tetrameric staining reagent, we
showed that multiple feedings of ‘low dose’ (0-5mg) cyt ¢
protein to these mice reduced the number of antigen-specific T
cells in the peripheral lymphoid organs, as well as T-cell
antigen-specific interleukin-2 (IL-2) production and prolifera-
tion, as assayed in vitro. Furthermore, our results showed that
the orally administered cyt ¢ protein is rapidly distributed to,
and recognized in, the peripheral lymphoid organs. Within 6 hr
of cyt ¢ administration, CD69 expression is found on antigen-
specific T cells in the Peyer’s patches, mesenteric lymph nodes
and spleen. In addition, total spleen cells from mice fed 6 hr
earlier gained the ability to stimulate cyt c-specific T cells.”
These observations suggest that orally introduced cyt ¢ can pass
directly from the gut lumen into the bloodstream, and that T-cell
tolerance induction in this experimental system is similar to that
induced by administration of protein antigens systemically in
the absence of adjuvant.

To identify the APCs in the spleen that cyt c-specific T cells
were encountering shortly after antigen administration, we
sought to localize antigen-specific T cells in histological sec-
tions using an MCC 88-103/I-EX tetramer. To establish the
staining conditions, we used spleen sections from mice trans-
genic for the aff TCR of the SC.C7 T-cell clone, which has a
much higher frequency of MCC 88-103/I-E*-specific T cells
(= 75% of the CD4" cells). Surprisingly, we found that in
splenic sections from mice that had been injected with cyt ¢
protein 4 hr earlier, the boundary between the T- and B-cell
zones had largely disappeared and the antigen-specific T cells
intermingled with B cells (Fig. 1). In contrast, the T- and B-cell
zones were clearly discernable in splenic sections from mice
injected with PBS (Fig. 1a, 2a). In fact, as early as 1 hr after cyt ¢
administration, T cells were observed to be in close contact with
B cells in the B-cell area (Fig.2), and the majority of these T
cells expressed the activation marker CD69 (Fig.3A).

This antigen-induced T-cell activation and movement can
also be readily observed in TCR [-chain transgenic mice.
Within 1-4 hr of injecting a single 70-pg dose of cyt ¢ protein,
all of the MCC 88-103/I-E* tetramer-positive T cells, but no
other cell population in the spleen, were CD69 positive in the
TCR B-chain transgenic mice (Fig.3B and data not shown).
This allowed us to use CD69 staining to identify cyt c-specific T
cells in the spleen at early time-points after antigen adminis-
tration. We found that within 1-4 hr of injecting cyt ¢ protein, the
majority of activated T cells were at the T-B interzone, in close
contact with B cells (Fig.4 and data not shown). Similarly,
feeding 0-5mg of cyt ¢ protein also induced antigen-specific
T-cell movement towards B-cell areas within 4 hr (Fig. 4c).

Splenic B cells are able to present intravenously
administered cyt ¢

Our results suggested that T cells have the opportunity to be
stimulated by B cells after antigen administration in our experi-
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Figure 5. Splenic B cells from mice injected with cytochrome ¢ protein
(cyt ¢) stimulate cyt c-specific T cells in vitro. A total of 1 x 10°> 5C.C7
af T-cell receptor (TCR) transgenic lymph node cells were cocultured
for 12 hr with 2 x 10° total splenic cells (panels a and b) or with 2 x 103
B220-enriched splenic cells (panels d and e) isolated from B10.BR mice
injected with phosphate-buffered saline (PBS) (a and d) or with a single
dose of 70 pg of cyt ¢ protein (b and e) 4 hr previously or 5C.C7 oy TCR
transgenic lymph node cells cultured in media alone (c). Cells were
stained with antibodies against CD69 [coupled to fluorescein isothio-
cyanate (FITC)], CD4 [coupled to phycoerythrin (PE)] and B220
(coupled with cy-chrome), to analyse for CD69 expression on CD4-
positive T cells. Three experiments showed similar results.

mental system. To test whether B cells were in fact able to
present antigen to T cells, BI0.BR or 5C.C7 B-chain TCR
transgenic mice were injected with a single 70-pug dose of cyt ¢
protein and killed 4 hr later. As shown in Fig. 5, purified splenic
B cells (>96% B220") were able to stimulate cyt c-specific T-
cell responses in vitro as well as, if not better than, total spleen
cells. This is consistent with our previous observation that
splenic cells from mice fed intragastrically 6 hr earlier with a
single dose of 5 mg of cyt ¢ protein can stimulate cyt c-specific
transgenic T cells in vitro.'> This is despite the fact that there is
no increase in the number of cyt c-specific B cells in either TCR-
B or -ap transgenic mice, as compared to normal mice (data not
shown).

DISCUSSION

Previously, we have shown that oral as well as intravenous
administration of cyt ¢ protein induces rapid T-cell activation
and tolerance by systemic presentation of this antigen.'> Here,
we show that within 1 to 4 hr of antigen administration, acti-
vated T cells are found in close proximity to B cells at the T-B
junction of splenic follicles. A productive T-cell response
generally requires the engagement of both the TCR and costi-
mulation molecules. Naive B cells do not express the costimu-
lation molecules B7.1 or 7.2, and cyt c injection does not induce
B7 expression on splenic B cells (data not shown). Thus, a
toleragenic signal will probably result from early contacts
observed between newly activated T cells and naive B cells.

While it is recognized that naive T cells responding to
antigen presented by naive B cells do not result in a productive
response from either cell type, the significance of this interac-
tion to in vivo tolerance induction is not clear. It has been
assumed that T cells do not come into contact with B cells in the
early phase of the response. Even so, if T cells were to come into
contact with B cells, non-antibody-directed antigen uptake by B
cells has been reported to be very inefficient?' and thus antigen
presentation would be poor. In contrast, we have shown that
after protein injection, antigen-specific T cells move rapidly
into the B-cell zones.

Our data also show that naive splenic B cells, which do not
have a higher-than-normal frequency of anti-cyt ¢ specificity,
can efficiently process and present blood-borne cyt ¢ protein.
This finding is consistent with the observation that nearly all B
cells in the spleen of CBA/J mice have substantial levels of hen
egg lysozyme (HEL) peptide/I-A* complex on their surface as
early as 1-2 hr after intravenous administration of HEL. Inter-
estingly, after HEL injection, peptide—major histocompatibility
complex (MHC) complexes can be detected on naive B cells
earlier than on DCs.'*** Our observation, that antigen-specific
T cells are in fact encountering naive B cells, is a significant
step towards recognizing naive B cells as the cell population
with the greatest potential to establish tolerance to self-serum
proteins. However, this observation does not imply that B
cells are the only APCs that are capable of inducing tolerance.
On the contrary, it adds to the large body of literature show-
ing that antigen targeted to a variety of different APCs
lacking appropriate costimulation can induce peripheral
tolerance. >

Recently, it has been reported that commercially available
stocks of proteins, such as HEL, BSA, OVA and collagens are
contaminated with lipopolysaccharide (LPS). This has raised
the issue of the appropriateness of using these proteins to mimic
the induction of tolerance by self-serum proteins. While the
display of processed HEL/I-A* complexes on splenic DCs after
intravenous injection of HEL protein was not observed when
HEL protein with low endotoxin levels or LPS hypo-responsive
mice were used, substantial levels of HEL/I-A* were found on
all B cells, irrespective of the LPS effect.'*

Previously, it has been observed that when peptide is injected
intravenously, B cells and DCs in the spleen have similar levels
of peptide loaded on their surface.'"* Thus, a previous report
showing that adoptively transferred T cells remain in the T-cell
zone after peptide injection'® may be because peptide rather
than protein antigen was administered. Also, there may be a
fundamental difference between our system, using TCR single-
chain transgenic mice, and a system where T cells are first
purified and then adoptively transferred into hosts.

The early and rapid migration of activated T cells into the B-
cell zone after oral or intravenous administration of antigen in
our 5C.C7 TCR B-chain transgenic mice is very different from
the T- and B-cell movement observed after immunization,
where T cells first proliferate in the T-cell zone in the lymph
nodes before migrating into the B-cell follicles 2 days later.'
Recently, chemokines have been identified that are important
for the induction of T- and B-cell movement after immunization
regimens.”®® Based on the findings presented here, we spec-
ulate that a unique set of chemokines and/or their receptors
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might be induced in response to soluble antigen administration,
accounting for this T-cell movement.
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