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ABSTRACT
Thesis Title: Lymph node structure change following tolerance induction and
immunization
Name of Candidate: Aparna Baxi
Thesis Advisor: Dr. Jonathan S Bromberg, Professor, Microbiology and
Immunology
Background
Costimulatory blockade plus donor-specific transfusion (DST) induces long-term
graft acceptance, however the mechanism by which this tolerance occurs remains
incompletely defined. The lymph node (LN) contains a basic scaffolding structure
comprised of collagens, laminins and stromal fibers such as ER-TR7. These fibers
form a protein meshwork foundation for cell interactions and bind chemokines
that guide cells to specific, instructive microdomains. This study tested the
hypothesis that tolerance induction or immunization involves modification of
lymph node structure and chemokine expression, which affect the localization of
graft reactive T cells.

Methods
Tolerance was induced by treating C57BL/6 mice with BALB/c DST + anti-

CD40L mAb, while immunity was induced by treating mice with DST only. Mice
were euthanized 12 hours to 7 days post-treatment and LNs were studied by
quantitative immunohistochemistry or quantitative RT-PCR to define the amount
and location of the structural elements collagen III, ER-TR7, desmin, laminin, the
chemokines CCL19 and CCL21 and localization of graft reactive cells.

Results
LN in tolerant and immune mice displayed distinct structural modifications and
chemokine expression. In the LN of tolerant mice, ER-TR7 increased and peaked
at day 5 post-tolerance induction while, it remained close to levels observed in
naïve LNs following immunization. Following tolerance induction or
immunization, an increase in laminin, desmin and collagen III occurred. With
respect to chemokines, CCL19 presence increased gradually after day 3 in tolerant
mice. In contrast, CCL19 presence peaked at day 3 in immune mice. Interestingly,
CCL21 presence decreased following both tolerance induction and immunization.
At 12 hours post treatment, LN follicular reticular cells (FRCs) from tolerant LNs
seemed to express higher amounts of CCL21 as compared to immune FRCs that
expressed CCL19. Graft reactive cells accumulated gradually in LN cortical ridge
and T cell areas for tolerant LNs as compared to immune LNs.

Conclusion
Tolerance induction results in structural changes within the LN. ER-TR7 and
laminin are essential LN structural stromal fibers, and CCL19 is important for T

cell and dendritic cell LN chemoattraction. These results suggest that tolerance
induction leads to changes in both LN structure and function. These changes can
subsequently affect T cell migration, homing and differentiation in the LN.
Hence, this remodeling choreographs the encounters and interactions between
antigen reactive cells and their cognate antigen resulting in tolerance as opposed
to immunity. These findings suggest that the LN is a malleable structure, and
changes in both physical structure and chemokine expression affect LN function.
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CHAPTER 1: INTRODUCTION

Solid organ transplantation is the treatment of choice for end-stage organ failure.
Continued function of these grafts is in part dependent upon effective modulation
of the recipient’s immune system resulting in the suppression of anti-donor
responses. Successful immunomodulation is the result of the continuing advances
in immunosuppressive therapy. Immunosuppressive drugs used in clinical
transplantation fall roughly into three categories and are anti-inflammatory,
cytotoxic or inhibit intracellular signaling pathways. Although these drugs
effectively prolong graft survival, they are also associated with several
undesirable secondary complications including increased risk of opportunistic
infections and cancer, renal toxicity, damage to intestinal epithelium,
teratogenicity and anemia. Consequently, induction of tolerance to the graft
without general immunosuppression remains the ultimate goal in transplantation.
Several experimental protocols that selectively target T cell activation and/or
survival have been designed by exploiting the concepts of antigen presentation
and costimulation. Historic experiments have shown that pre-transplant donorspecific splenocyte transfusion (DST) improves allograft survival in humans
(Brennan et al., 1995). Combination of DST with CD40-CD40L costimulatory
blockade utilizing anti-CD40 ligand antibody (anti-CD40L mAb) further prolongs
graft survival in mice (Larsen et al., 1996). However, the exact mechanism for
tolerance induction by this treatment remains incompletely understood.
1

1.1 Immunology of Graft Rejection
The immune system is designed to distinguish between “self” and “non-self”.
During development in the thymus (T cells) or bone marrow (B cells),
lymphocytes are exposed to self antigens and are edited or deleted if they either
recognize self antigens (B cells) or bind too strongly to self major
histocompatibility complex (MHC) molecules (T cells).
Graft rejection is primarily a T cell mediated response. T cells can readily
recognize non-self MHC molecules and generate an alloreactive anti-donor
response if the donor and recipient MHC differ. The frequency of T cells reactive
to non-self MHC molecules is relatively high (1-10%) (Janeway’s
immunobiology 7th ed), and these differences at MHC loci are a potent trigger of
rejection (Valente et al., 1998; Janeway’s immunobiology 7th ed.).
Activation of naïve T cells requires both antigen presentation via MHC and
costimulatory signals. Antigens are presented by MHC class I and class II
molecules expressed on cell surfaces. MHC class I molecules are expressed by
most nucleated cells and present intracellular antigens to CD8+ T cells. MHC
class II molecules, expressed by professional antigen presenting cells (APCs),
present extracellular antigens exclusively to CD4+ T cells. Professional APCs
express costimulatory molecules in addition to MHC class II molecules, whereas
other cell types express only MHC class I under normal conditions. Under certain
2

conditions, such as inflammation, MHC class II is expressed on cells of various
tissues such as endothelial cells, proximal tubule cells and kidney mesangial cells
(Brennan et al., 1995) allowing these cell types to function as “nonprofessional”
APCs. This expression of MHC class II molecules in the presence of appropriate
costimulatory signals may aid in initiating and/or propagating rejection. On the
contrary, in absence of costimulatory signals APCs could cause T cell anergy that
may help protect the graft from immune damage (Brennan et al., 1995).
Alloantigen presentation occurs via two pathways. The direct presentation
pathway involves donor APCs that travel with the transplanted graft, known as
passenger leukocytes, which migrate out of the graft following transplantation and
travel to recipient lymph nodes and activate recipient T cells. Direct presentation
results in acute rejection and can be avoided by treatment of the graft with
antibodies against passenger leukocytes. Indirect alloantigen presentation occurs
by recipient APCs taking up and processing allogeneic graft proteins and
presenting them to T cells. Relative contributions of these pathways to graft
rejection still need to be understood. In context of tolerance induction with DST,
a study by Niimi et al. (2000) using haplotype-shared blood as DST suggests that
indirect presentation of antigens (presentation of alloantigens in context of self
MHC) is essential to induce DST mediated tolerance.
Once activated, graft reactive T cells undergo clonal expansion and mediate a
variety of anti-graft responses. For example, activated T cells can activate
macrophages, resulting in intra-graft tissue injury and fibrosis. Activated T cells
3

also move towards B cell follicles, aiding in germinal center formation and
providing stimulus for B cells to generate alloantibodies. At a later stage of
proliferation, activated T cells differentiate into effector T cells and activate
cytotoxic CD8+T cells that further damage the graft tissue.
1.2 Costimulation
Costimulatory signals provided by APCs are necessary to drive the proliferation
and differentiation of naïve, graft reactive T cells. Lack of costimulatory signals
during antigen presentation induces T cell anergy and/or activation induced cell
death (Tan et al., 1993), which could aid in graft survival. Several therapies have
been developed on the basis of this concept and target different costimulatory
pathways to generate or suppress immune reactions. Some commonly used
therapies use CTLA-4 immunoglobulin to inhibit the CD28/B7 costimulatory
pathway (Linsley et al., 2009), and antibodies to neutralize the costimulatory
molecules OX40L (Croft et al., 2010) and CD70 (McDonagh et al., 2008).
One critical costimulatory pathway required for generating CD4+ T cell responses
is the CD40-CD40 ligand (CD40L) interaction (Grewal et al., 1995). Indeed,
interruption of this pathway results in long-term allograft survival (senior author
Noelle, circa 1994). The CD40-CD40L costimulatory pathway belongs to the
Tumor Necrosis Factor (TNF) superfamily and regulates humoral and cellular
responses. CD40L (CD154) is expressed on activated T cells and binds to CD40
expressed on APCs. Association of CD40 and CD40L is followed by bidirectional
signaling; CD40L sends activating signals to T cells and CD40 induces the APC
4

to express B7 molecules which further induces activation and proliferation of T
cells (Miga et al., 2001; Janeway’s immunobiology 7th ed). Hence, this pathway is
important not only for generation of T cell responses, but also for B cell
activation, Ig isotype switching and germinal centre formation. In context of
therapeutic targeting, as CD40L is transiently expressed on activated CD4+ T
cells and is rarely expressed on other lymphoid tissues, it is possible to selectively
target antigen activated CD4+ T cells by blocking CD40L with anti-CD40L
monoclonal antibodies.
1.3 Donor Specific Transfusion
Experiments performed as early as 1972 demonstrate that pre-treatment of
allograft recipients with donor-specific blood results in prolonged graft survival in
mice (Wood et al., 1984) and humans (Brennan et al., 1995). Some potential
mechanisms by which this phenomenon occurs include the induction of T cell
anergy as a result of costimulatory signal absence on APC (Schwartz et al., 1990)
and the generation of idiotypic antibodies against T cell receptor or MHC
(Singhal et al., 1982; Mohanakumar et al., 1987).
However, pretreatment with DST in absence of supportive immunosuppressants
also results in the development of cytotoxic T cell reactions and antibodies to
donor HLA antigens. The principal concern of DST pretreatment, therefore, was
the risk of sensitization instead of tolerance induction (Brennan et al., 1995).
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It was later shown that co-administration of DST and anti-CD40L synergistically
enhanced allograft survival (Parker et al., 1995; Larsen et al., 1996) and generated
experimental transplant tolerance. Since CD40L plays a crucial role in activating
humoral responses, costimulatory blockade by anti-CD40L mAb therapy was
described as blocking CD4+ T cell help for B cell activation (Noelle RJ et al.
1992) and was also shown to induce tolerance and prolong graft survival (Wood
et al.,2008; Bishop et al., 2001). Experiments by Quezada et al. (2003)
demonstrated that treatment with DST or anti-CD40L alone modestly prolonged
graft survival but in combination prolonged graft survival significantly (Fig. 1).
The mechanism for tolerance generated by this treatment remains to be
completely defined, and studies regarding this mechanism have used different
allograft and transgenic models. Such models suggest anti-CD40L mAb may
function by forming a physical barrier to prevent T cells from receiving activation
signals (Blazar et al., 1997). Others have found anti-CD40L mAb to drive graft
reactive cells to an anergic state without their deletion (Wood et al., 2008, Nathan
et al., 2002). Another model used transgenic CD4+ graft reactive T cells (TEa
cells) that express a T cell receptor (TCR) specific for donor I-Ed ( MHC class II
molecule allotype) presented by recipient I-Ab. TEa cells were used to
demonstrate that anti-CD40L mAb may mark graft reactive cells for deletion by
complement fixation (Sanchez-fueyo et al., 2002). Further, anti-CD40L mAb
treatment blocked TEa Tg T cell expansion by approximately 50% (Quezada et
al., 2003). Anti-CD40L blockade also exerts profound effects on the longevity,
function and differentiation of DCs (Miga et al., 2001). Following DST and anti6

CD40L mAb treatment, graft reactive cells undergo a phase of acute activation
and proliferation followed by apoptosis or conversion to regulatory T cells (Treg)
in LNs (Burrell et al., 2011). While these experiments give useful insights into the
mechanism for tolerance, a clear understanding of this system remains elusive.

Figure 1: Skin graft rejection by alloreactive TEa Tg T cells delayed by
DST+Anti-CD40L mAb treatment. C57BL/6 RAG KO mice were skin grafted
(d0) and with injected with DST (d-1). Combined treatment with DST+AntiCD40L mAb significantly prolonged graft survival as compared to DST or antiCD40L mAb alone.(Quezada et al., 2003)

1.4 LN Structure
Lymph nodes (LN) are highly organized secondary lymphoid organs (SLO)
distributed throughout the body and are linked together by lymphatic vessels.
Structurally, LNs are divided into 3 separate regions: the cortex that forms the
outer most layer, the paracortex underlying the cortex, and the medulla forming
the inner most layer. Macrophages, B cells and follicular dendritic cells (FDC) are
arranged in primary follicles in the cortex, and T cells and dendritic cells localize
7

in the paracortex. Lymphocytes enter paracortical areas from peripheral blood
through tiny post-capillary venules (high endothelial venules, HEV) and less often
through lymphatic vessels.
The LN is composed of stromal cell subsets that form structural scaffolding,
provide architectural support, and contribute to the cellular interactions occurring
in the LN (Mueller et al., 2009; Burrell et al. 2011). These stromal cell
populations include follicular dendritic cells (FDCs), fibroblastic reticular cells
(FRCs), lymphatic endothelial cells (LECs) and blood endothelial cells (BECs).
FRCs form a characteristic dense network around HEVs and guide lymphocyte
migration (Katakai et al., 2004(b)). These cells also produce the chemokines
CCL19 and CCL21, which have roles in lymphocyte migration (Luther et al.,
2000) and CCL2, which prevents lymphocyte homing to LNs (Katakai et al.,
2004(a)). FRCs in T cell zones express extracellular components that make up
the extra cellular matrix (ECM). These components include ER-TR7 and
laminins. ER-TR7 is a fibrous antigen that is detected by the Erasmus University
Rotterdan-thymic reticulum antibody 7 (Steele et al., 2009). Laminins are a family
of trimeric glycoproteins that are components of the basement membrane and are
integral in the formation of the structural scaffolding for most organs. ER-TR7
forms a fibrous meshwork throughout the lymph node. The formation of this
intricate meshwork depends on signaling through TNFR and LTβR family
cytokines and changes in response to antigen challenge (Katakai et al, 2004).
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Figure 2: LN structure. Fluorescent IHC (left) and schematic diagram (right)
illustrate the basic structural compartments of the LN. Cortical ridge areas
between T and B cell zones have FRCs and a dense ERTR7 network. IHC image
stained for ER-TR7 in mouse LN; 100x.
HEVs are important for shaping the immune responses as they are sites for
lymphocyte entry, and hence molecular interactions between endothelial cells and
the entering lymphocytes. Stromal cells lining these HEVs express the
chemokines CCL19 and CCL21 (Luther et al., 2000; Forster et al., 2008) that bind
to CCR7 on lymphocytes and provide directional cues to these lymphocytes.
Moreover, CCL19 and CCL21 expression shapes LN T cell zone (Gunn MD et
al., 1999) by attracting DCs and T cells to the T cell zone, where T cells, B cells
and DCs interact and shape the adaptive immune response. (Scandella E et al.,
2008, Forster et al., 2008).
By producing chemokines, adhesion and structural proteins FRCs not only form
physical scaffolding and conduits that allow cells and antigens (Link et al., 2011)
9

into the LN but also provide cues that dictate the migration and interactions of
immune cells that reside in the SLO. These observations suggest a model wherein
the lymphoid organ undergoes structural remodeling as the transplant recipient
responds to donor antigens (Burrell et al., 2011). Lymphocyte fate depends on the
presence on antigen, costimulatory signals, cellular interactions and molecules
(chemokines, adhesion molecules) encountered upon entrance in the SLO. LN
structure aids in shaping these interactions and, therefore, shapes the subsequent
immune response.
Multiple studies for over a decade that have focused on dissecting the signals that
determine cell migration and fate indicate that the final outcome of an immune
response is influenced heavily by the path leukocytes travel during the immune
response (Burrell et al., 2011). Thus, an integrated understanding of spatial and
temporal changes occurring during an alloreactive response would provide a
better understanding of the complex molecular and cellular events required for
graft tolerance, leading to identification of novel therapeutic targets.
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CHAPTER 2: MATERIALS AND METHODS
Mice:
All animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Maryland, Baltimore. C57BL/6 (H-2b)
and BALB/c (H-2d) mice were purchased from the Jackson Laboratory. T cell
receptor (TCR)-transgenic (Tg) TEa mice on the C57BL/6 background were
obtained from A. Y. Rudensky (Memorial Sloan Kettering Cancer Center, New
York, NY, USA). All mice used were female, between 6 and 10 weeks of age and
were housed under specific pathogen-free conditions in the University of
Maryland Animal Facility. All experiments were performed with age- and sexmatched mice.

In Vivo Treatments:

Figure 3: Tolerance induction/ immunization treatments: Tolerance was
induced by DST+ anti CD40L m Ab injection (i.v) and immunity was induced by
injecting DST only. Mice were euthanized days 3, 5 and 7 post-treatment.
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To induce immunity, mice were injected intravenously (i.v.) via tail vein with 107
BALB/c splenic lymphocytes (donor specific transfusion, DST). To induce
tolerance, mice were injected i.v. via tail vein with DST in conjunction with
0.25mg anti-CD40L mAb (clone MR1, purified by BioXCell, West Lebanon, NH,
USA). CD4+ TEa TCR Tg T cells were purified from pooled splenic and LN
lymphocytes using the CD4+ negative selection EasySep kit according to the
manufacturer’s instructions (StemCell Technologies, Vancouver, BC, Canada).
Cells were then checked for purity (>90%) and labeled with eFluor 670
(eBioscience, San Diego, CA, USA).

Mouse Dissections:
Mice were euthanized by ketamine-xylazine (200 µl, 100mg/ml ketamine+
20mg/ml xylazine) injection, i.p (intra peritoneal), followed by cervical
dislocation at various time-points (12 hours, 24 hours, 3 days, 5 days and 7 days)
post induction of tolerance or immunity, as indicated. Spleens and cervical,
brachial, axillary and inguinal lymph nodes (LNs) were isolated.
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Immunohistochemistry:
Dissected LNs and spleens were frozen in O.C.T. (optimal cutting temperature)
compound (Tissue-Tek). 5µm sections of tissue were cryo-cut and stained with
antibodies detecting mouse ER-TR7 (BMA Biomedicals), desmin, laminin
(Abcam), collagen III (SouthernBiotech), gp38, CD31 (eBioscience), CCL19,
CCL21 (R&D Biosystems) and PNAd (BD Pharmigen) at for 1 hour at room
temperature. Secondary antibodies were from Jackson Immunoresearch. Sections
were blocked with 5% donkey serum, for donkey-generated secondary antibodies,
and/or 5% goat serum for goat-generated secondary antibodies, in PBS
(phosphate buffered saline) for 30 minutes. The stained sections were fixed with
3% PFA and quenched with 1% glycerol in PBS. Data are indicative of 3-4
mice/group; 1-3 LN/mouse.

Fluorescence Microscopy:
Fluorescence microscopy of stained sections was done using a Nikon Eclipse
E800 biological research microscope equipped with the CFI60 optical system,
under 4 excitation channels: TRITC, FITC, DAPI and Cy5. 15-20 images were
captured per slide (1 slide per mouse for n=1)
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Volocity Image Analysis Software:
IHC images were captured and analyzed using Volocity image analysis software
from PerkinElmer. Volocity was used to detect positive staining for the indicated
marker in the image and analyze its presence in terms of area (μm2), which can be
summarized as the sum (total area staining positive for the indicated marker) or
count (number of areas staining positive for the indicated marker) of the analyzed
data for the areas detected. For analysis of structural data, the sum of total area
staining positive for each structural element for each image was quantified. For
chemokine analysis, areas (1 area was approximately equal to 1 cell) staining
positive for the chemokine were counted. For TEa cell localization analysis,
cortical ridge and T cell areas were marked manually as the region of interest and
TEa cells were enumerated.

Figure 4: Detection of components using Volocity image analysis software:
Total area staining positive in the LN section (total area) was detected based on
intensity of the indicated marker in the image analyzed. Representative IHC
image stained for desmin and laminin, showing detection of laminin by Volocity
image analysis software. 200x.
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Cell Preparations:
Isolated spleens were processed into single-cell suspensions using 30µm pore size
nylon mesh, treated with ACK lysis buffer (Lonza, Basel, Switzerland) to remove
RBCs and cells resuspended in 1× PBS. Isolated LNs were processed using a
lymph node stromal cell Librase Blenzyme Digest protocol and CD45- stromal
cells were negatively enriched using magnetic separation (MACS, Myltenyi
Biotec). Viable cells were enumerated using Trypan blue.

Fluorescence Activated Cell Sorting:
LN stromal cell populations were isolated as described above stained at room
temperature with anti-CD45 (clone 30-F11; channel FITC), anti-Podoplanin
(gp38, clone eBio8.1.1; channel PE) and anti-CD31 (clone 390; channel APC)
from eBioscience. Cells were sorted based on expression of fluorescent markers
with a FACSAria at the UMGCC Flow Cytometry Shared services at the
University of Maryland, Baltimore. The CD45- cells were sorted as fibroblastic
reticular cells (FRCs; gp38+, CD31-), blood endothelial cells (BECs; gp38-,
CD31+) and lymphatic endothelial cells (LECs; gp38+, CD31+). Each n-value
represents 4 mice for each treatment, with total n-value= 2.
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Quantitative Real-Time RT-PCR:
RNA was extracted from sorted stromal cell populations (FRCs, LECs, BECs)
using TRIzol reagent. The extracted RNA was treated with DNase I kit (Qiagen),
and cDNA was prepared by reverse transcription using the Omniscript Reverse
Transcription kit (Qiagen) as indicated in the manufacturer’s protocol. Real-time
PCR was performed using an ABI Prism 7900 HT Sequence Detection System
(Applied Biosciences) with SYBR Green as the reporter (Qiagen). All gene
expressions were normalized to the expression of Cyclophylin A.

Statistical Analysis:
GraphPad Prism 4.0c software (California Corporation, CA) was used to analyze
immunohistochemistry and quantitative RT-PCR data using one-way ANOVA
and Student’s unpaired t-tests.
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CHAPTER 3: RESULTS
3.1 The LN Structural Components ER-TR7, Desmin, Laminin and Collagen
III Change Following Tolerance Induction and Immunization:
Since LN structural components change post antigen challenge (Katakai et al.,
2004a) we expected the LN structure to change through the course of response to
both tolerance induction and immunization. To assess changes in LN structure
during the development of tolerance (treatment with DST and anti-CD40 mAb)
vs. immunity (treatment with DST, only), mice were euthanized at days 3, 5 and 7
post-treatment. LNs were isolated and analyzed by quantitative IHC and LN
structure was examined via the presence of 4 proteins: ER-TR7, desmin, laminin
(secreted by LN stromal cells), and collagen III (col III) that is present in the
reticular fibers (Mueller and Gremain, 2009; Burrell et al., 2011). As compared to
naïve LNs, the presence of col III, laminin, ER-TR7, and to a lesser extent,
desmin increased and showed a distinct peak at day 5 post tolerance induction
(Fig. 5b). Laminin and col III expression increased post immunization and peaked
at day 5. The amounts of ER-TR7 and desmin remained unchanged over time in
immune LNs. Laminin and col III were downregulated at day 3, and levels of all
four proteins were close to those observed in naïve LN (baseline) by day 7
following both treatments (Fig. 5b). These data suggest that LN structure
undergoes characteristic changes at different time-points following tolerance
induction and immunization.
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3.2 Distinct Changes in Tolerant And Immune LN Structure:
Since tolerance induction and immunization have different immunological
consequences, we expected tolerant and immune LN structures to follow different
patterns of structural change when compared to each other. Changes in col III,
desmin and laminin remained consistent between tolerant and immune LNs at all
time-points. ER-TR7 was significantly upregulated at day 5 following tolerance
induction while it remained close to naïve levels following immunization (Fig.
5c). These results demonstrate that the LN structure undergoes distinct changes
following the induction of tolerance and immunity, which might aid in defining
and shaping the consequent immune response. These data may also indicate that
ER-TR7 plays a role in tolerance induction.

18

a.

b.
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c.

Figure 5: LN structural proteins changed distinctly in tolerant and immune
LNs at different time-points: LNs from mice treated with DST (immune) or
DST+ anti-CD40L mAb (tolerant) were analyzed for the presence of ER-TR7,
desmin, collagen III (col III) and laminin. (a) Representative image to show the
structural components in a LN section (image taken from a day 3 immune LN);
magnification: 200x (b) LN structural proteins changed at different time-points
and peaked at day 5 in tolerant and immune LNs. (c) Tolerant and immune LN
structural components in (b) as compared to each other changed differently and
exhibited distinct changes, ER-TR7 expression was higher in tolerant LNs at day
5. d0= naïve, (n= 4 mice per group). * represents p values< 0.05 for comparison
with naïve LN (b) , for comparison between immune and tolerant LNs at a given
time-point. Sum= total area positive for indicated marker (in µm2).
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3.3 CCL19 and CCL21 Chemokine Expression Differs In Tolerant vs.
Immune LNs:
Chemokine expression is essential for the recruitment of lymphocytes and affects
the consequent immune response. As we focused on the contribution of stromal
cells to tolerance induction, we assayed the presence of CCL19 and CCL21,
which are expressed by stromal cells and play crucial roles in lymphocyte
migration. To assess the chemokine expression profile of the total LN in response
to tolerance induction and immunization, isolated LNs were stained for CCL19
and CCL21 and quantified by IHC. At day 3 post-treatment, CCL19 presence
increased in immune LNs while it remained close to baseline (naïve level) for
tolerant LNs (Fig. 6a). Tolerant and immune LNs showed similar levels of CCL19
at days 5 and 7 post-treatment. Presence of CCL21 was downregulated in tolerant
and immune LN when compared to the presence of this chemokine in naïve LN
and expressed its lowest level on day 5 (Fig. 6b). These results show delayed
upregulation of CCL19 following tolerance induction and indicate that optimal
regulation of CCL19 expression might be crucial for inducing tolerance.
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Figure 6: LN expression of CCL19 and CCL21changes following the
induction of tolerance and immunity: LNs from tolerant and immune mice
were stained and quantified for chemokines CCL19 (a) and CCL21 (b). (a)
CCL19 was upregulated at day 3 in immune LNs, and gradually upregulated in
tolerant LNs. (b) CCL21 expression decreased for tolerant and immune LNs as
compared to naïve. d0 = naïve, (n= 3-4 mice per group). * represents p values<
0.05 (considered significant) for comparison between immune and tolerant LNs at
a given time-point. Count = number of cells.
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3.4 CCL19 and CCL21 Presence In LN FRCs Differs Under Tolerance And
Immunity:
FRCs overlay the LN structural scaffolding and express and produce the
chemokines CCL19 and CCL21 (Luther et al., 2000). To assess chemokine
presence associated with FRCs, LN sections were stained with CCL19/CCL21,
gp38 and CD31, and analyzed by quantitative IHC. Cells staining positive for
gp38 and negative for CD31 (gp38+CD31-) were categorized as FRCs. There was
no significant change in the proportion of CCL19 expressed by FRCs in immune
and tolerant LNs at different time-points; days 3, 5 and 7 (Fig. 7b). The
percentage of FRCs positive for CCL21 decreased for immune and tolerant
groups, declining the most at day 5 as with total CCL21 presence. At day 7 posttreatment, the percentage of CCL21+FRCs remained lower than naïve levels
(baseline) for tolerant LNs and returned to baseline for immune LNs (Fig. 7c).
These results show that CCL21 expression is downregulated in tolerant FRCs,
which could lead to tolerance induction by limiting lymphocyte migration and
interaction.
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a.

b.

c.

Figure 7: Percentage of FRCs positive for CCL19 and CCL21 in tolerant and
immune LNs: LNs from tolerant and immune mice were stained and quantified
for chemokines CCL19 and CCL21 with respect to their expression by FRCs. (a)
Detection of FRC (gp38+, CD31-) and chemokine+ FRCs in a LN section (image
from naïve LN); magnification: 200x (b) The percentage of FRCs that were
CCL19+ (%CCL19+FRC) remained similar at all time-points for tolerant and
immune LNs. (c) The percentage of FRCs that were CCL21+ (%CCL21+FRC)
decreased at day 5 for both groups and remained low for tolerant LNs. d0= naïve,
(n= 3-4 mice per group). * represents p values< 0.05 (considered significant) for
comparison between immune and tolerant LNs at a given time-point; % of
FRC+chemokine= number of FRC+chemokine/ total number of FRCs.
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3.5 CCL19 and CCL21 Expression in Tolerant And Immune LN FRCs
Differs At 12 Hours Post Antigen Exposure:
CCL19 and CCL21 expressed by stromal cells may affect lymphocyte entry into
the LN. At early time-points, expression profiles of CCL19 and CCL21 are
important factors for determining the speed and magnitude of lymphocyte entry
into the LNs (Forster et al., 2008). To assess these profiles, mice were euthanized
12 hours post tolerance induction or immunization and fluorescently sorted FRCs
were analyzed by quantitative RT-PCR. FRCs from tolerant LNs showed lower
expression of CCL19 and higher expression of CCL21 as compared to FRCs from
immune LNs (Fig. 8a, b). Activation by CCL19 leads to a robust receptor (CCR7)
desensitization, unlike activation by CCL21 (Kohout et al., 2004), which might
indicate that CCL19 induced signaling is short-lived as compared to CCL21
induced signaling. These data might suggest that tolerant FRCs engage
lymphocytes for a longer period of time, although only at earlier time-points, as
CCL21 expression seems to be similar for tolerant and immune FRCs at day 3
post-treatment (Fig. 8b).
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a.

b.

Figure 8: Tolerant and immune LN FRCs upregulate CCL19 12 hours
following antigen exposure: LN were sorted for stromal cell populations 12
hours post tolerance induction or immunization, and mRNA for CCL19 (a) and
CCL21 (b) were quantified with qRT-PCR. CCL21 expression was upregulated in
tolerant FRCs as compared to immune (a), and CCL19 expression was
upregulated in immune FRCs as compared to tolerant (b). (n= 2 per group, 4 mice
per n value). p values< 0.05 (considered significant) for comparisons between
tolerant and immune LNs.

3.6 Graft Reactive Cells Predominantly Localize in CR and T Cell Areas in
Tolerant And Immune LNs:
Changes in LN structure and chemokine expression may ultimately affect the fate
of graft reactive cells (TEa cells). T cells interact with APCs primarily in the
cortical ridge (CR) areas before migrating to T cell areas (Katakai et al., 2004a).
Hence, we looked at antigen-specific cell localization in CR and T cell areas. To
assess antigen-specific cell localization, TEa cells were labeled with eFluor and
injected along with tolerance induction and immunization treatments. Mice were
euthanized at 12 hours, 1 day and 3 days post-treatment and LNs were analyzed
by quantitative IHC. At 12 hours post-treatment, CR and T cell areas of immune
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LNs had more TEa cells as compared to tolerant LNs. TEa cells gradually
accumulated in CR and T cell areas of tolerant LNs and were similar to cell
numbers observed in immune LNs by day 3 (Fig. 9b). The percentage of TEa cells
in the CR and T cell area did not change significantly in both cases. These results
show that TEa cells predominantly localize in CR and T cell area (until day 3)
under both tolerant and immune conditions. TEa cell entry and migration in
tolerant LNs is gradual which might be useful for graft survival. Furthermore,
earlier abundance of TEa cells in immune LNs could be a result of elevated
CCL19 expression and might lead to earlier TEa cell activation and graft
rejection.
a.
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b.

c.

Figure 9: Graft reactive cells predominantly localize in CR and T cell area
following tolerance induction and immunization: TEa TCR transgenic CD4+ T
cells (TEa cells) were labeled with eFluor and injected with during tolerance
induction and immunization. Isolated LNs were analyzed by quantitative IHC for
the number of TEa cells present in CR and T cell area. (a) Representative image
of graft reactive cell localization in tolerant (left) and immune (right) LNs (12hr
time-point); magnification: 100x (b) TEa cells accumulated gradually in CR and
T cell area of tolerant LN. (c) Percentage of TEa cells in CR and T cell area =
Count of TEa in CR and T cell area/ Total TEa cell count in LN, remained
comparable for tolerant and immune LN. (n=2-3 mice per group). * represents p
values< 0.05 (considered significant) for comparison between immune and tolernt
LNs at a given time-point.
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CHAPTER 4: DISCUSSION

In this study, we compared changes in LN structure and chemokine expression as
they relate to tolerance and immunity. We assayed two aspects of an immune
response: temporal changes in LN structure and chemokine expression, and the
effects these changes have on antigen-specific cell location. Our data
demonstrated that LN structural components and chemokine expression change
over time and are specific to tolerance vs. immunity.
These results expand upon previous experiments describing LN scaffolding as a
malleable structure and suggest that it adapts to immune challenge and affects the
immune response. FRCs overlay the LN scaffolding and secrete both fibrous
proteins and chemokines, consequently affecting cellular interactions within the
LN (Mueller and Germain, 2009). They predominantly localize in the paracortex
and form structural conduits that allow cells and antigens to flow and migrate
within the LN (Link et al., 2011; Pape et al., 2007). Electron microscopy based
studies have revealed that FRCs enclose collagen-containing reticular fibers that
are composed of extra-cellular matrix (ECM) and make up a 3-dimentional
network of extended fibers and cells bodies. These fibers physically interact with
immune cells and guide their movement within LN T cell zones (Gretz et al.,
1997; Bajenoff et al., 2006).
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Immature DCs collect antigens from tissues, carry them to LNs, process the
antigens to become mature DCs and present them to T cells (Romani et al., 2001).
Lymphocytes entering the LN travel through the FRC conduits where they
encounter these mature and immature DCs (Gretz et al., 1996, 1997).
Interestingly, immature DCs show higher affinity for ECM fibers than activated
DCs (Sixt et al., 2005) and since immature DCs lack costimulatory signals that
are essential for T cell activation, they may play role in inducing tolerance (Itano
and Jenkins, 2003).
Collagen fibers form the skeletal core of the LN reticular network and maintain
the overall LN structure (Gretz et al., 1997). Our results suggest that overall col
III expression remains the same for tolerant and immune LNs but increases 5 days
post treatment. This upregulation could be as a response to provide structural
support for upregulation of other structural components.
FRCs form a layer over ER-TR7+ scaffolds (Link et al., 2011). Expression and
distribution of ER-TR7 changes in response to an antigen challenge (Katakai et
al., 2004b). Confirming there results, our data showed upregulation in ER-TR7
expression (day 5 post treatment). Interestingly, ER-TR7 upregulation was
distinctly pronounced in tolerant LNs.
Many of the ECM components, such as laminin and fibronectin, constitute the
reticular fibers that are ligands for integrin adhesion receptors and influence cell
movement in vitro (Ahmed et al., 2005). Laminins have been localized to the
basement membrane layer of FRCs (Karttunen et al., 1989) and serve as the major
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adhesive proteins. They control cellular activities such as migration, proliferation
and proliferation by interacting with integrins and other cell surface components
(Aumailley et al., 1998). Our results suggest that laminin expression remains the
same for tolerant and immune LNs but increases at day 5 post treatment.
Another marker for stromal cells, desmin, is also expressed on FRCs (Mueller and
Gremain, 2009). Our data show that desmin expression does not change between
tolerant and immune LNs at all time-points. These results collectively suggest that
structural components are selectively regulated by FRCs at different time-points
under tolerance and immunity.
Moreover, all these structural components are densely packed around the cortical
ridge between T cell and B cell areas (Katakai et al., 2004a). DCs entering
regional LNs are thought to settle at the CR. In vitro adhesion experiments of DCs
to total LNs show higher affinity of DCs for CR as compared to other regions of
the LN, which suggests that specific interactions might exist between FRCs and
DCs in the CR. (Katakai et al., 2004a). Furthermore, imaging studies indicate the
CR region to act as a crossroad for DCs, B cells and T cells. Our structural data,
therefore, suggest that the CR areas might be more densely packed under
tolerance and might play a role in tolerance induction by diverting the flow of
antigen, APCs and naïve and/or activated T cells.
Furthermore, stromal cells also shape immune responses by secreting
chemokines, such as CCL19 and CCL21, that affect the migration of APCs and T
cells and increasing interactions between them (Luther et al., 2000; Link et al.,
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2007; Friedman et al., 2006). CCR7 (the receptor for CCL19 and CCL21)
expressed by lymphocytes and mature DCs (Sallusto et al., 1998) mediates signals
that are crucial for lymphocyte and DC migration in LNs. CCR7 deficient mice
are largely devoid of T cells in their SLOs and show delayed and weakened
immune response to an administered antigen (Forster et al., 1999). Interestingly,
CCL19 binding to CCR7 causes receptor desensitization, unlike in case of CCL21
(Kohout et al., 2004). These experiments indicate the importance of CCR7
mediated pathways and imply that CCL19 mediated responses may be short lived
as compared to those generated to CCL21. Our data showed an initial
upregulation of CCL21 (12 hours post treatment) and a delayed upregulation
(after day 3) of CCL19 under tolerance as compared to immune LNs where
CCL19 was upregulated in FRCs as early as 12 hours post immunization. These
results suggest that differential chemokine expression could result in a difference
in the speed and intensity of recruitment and homing of naïve T cells and APCs
into the LN under tolerance and immunity
Ultimately, the fate of antigen-reactive T cells depends on their interaction with
other immune cells and the physical location of these interactions. It has been
demonstrated that graft reactive cells have distinct fates depending on the timing,
duration and environment of their antigen exposure (Burrell et al., 2011). This
current study using graft reactive cells demonstrated that fewer TEa cells traffic
into CR of tolerant LNs (as compared to CR of immune LNs) at initial timepoints. This observation likely relates to the delayed CCL19 expression under
tolerance.
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In conclusion, LNs undergo changes with respect to their micro-structure and
chemokine expression during an immune response. These functional and temporal
changes subsequently choreograph T cell migration and homing to the LN and
their interactions with other cell types. Tolerance induction and immunization,
therefore, result in unique structural and functional changes indicating LN
scaffolding as a malleable structure.
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