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The lymph node paracortex is composed of a network
of fibroblastic reticular cells (FRC) and reticular fibers
linking sinuses to blood vessels. Using immunostain-
ing for the inducible enzyme/adhesion molecule tis-
sue transglutaminase (TG), we demonstrate coordi-
nate regulation of multiple stromal cell types of this
reticular network including FRC, endothelial cells
and sinus lining cells. Tissue transglutaminase is ex-
pressed at low levels in the paracortex around pri-
mary follicles but is markedly up-regulated in stromal
cells around hyperplastic germinal centers and then
down-regulated around regressing follicles. In cul-
tured FRC, TG is induced 5- to 20-fold and becomes
colocalized with matrix proteins by treatment with
interleukin-4, but not by other cytokines that are
commonly increased in lymph upon immune activa-
tion. Coordinate TG up-regulation is observed sur-
rounding nodules of follicular lymphoma (14 of 15
cases) and in the FRC and endothelium of classical
Hodgkin’s disease, two tumor types that also showed
an activated paracortical phenotype. Small lympho-
cytic lymphoma showed minimal TG staining, with
other lymphoma types showing patterns suggesting
differential TG regulation. Using TG as a stromal
marker, we have identified differential modulation of
the phenotype of the lymph node reticular network
that parallels change in the B-cell compartment.
(Am J Pathol 2003, 163:165–174)

The regulation of the germinal center reaction has been
the primary focus of study in lymph node biology. Re-
cently, the role of the extrafollicular regions of lymph node
in regulating immune function have received more atten-
tion.1 In the lymph node paracortex, there is a dense

reticular network, lined by fibroblastic reticular cells
(FRC), that spans the lymph node from the subcapsular
sinus to the medullary blood vessels. FRC ensheath,
maintain, and are supported by reticulin fibers that criss-
cross the entire lymph node space, with the exception of
the follicles. The reticular network, originally demon-
strated by electron microscopy studies, has also been
functionally defined by a combination of structural and
tracer studies.2

The nodal reticular network has been conceptualized
by Anderson and Shaw1 as a concentric arrangement of
nested cylinders or “corridors” of FRC that encircle nodal
blood vessels and radiate outwards to the sinuses. A
potential space between the FRC and the reticular fibers,
termed a “conduit”, has been postulated to mediate fluid
flow directly from the sinuses to the perivascular space.3

Several studies have demonstrated that soluble mole-
cules, including cytokines and chemotactic chemokines,
can follow the conduit system and rapidly move from the
lymph node sinuses to blood vessels deep in the lymph
node.2,4 Soluble mediators can thus be delivered to the
abluminal side of the high endothelial venules (HEV), the
blood vessels which mediate entry of lymphocytes from
the bloodstream. In this way, cytokines entering the
lymph from sites of inflammation can rapidly modulate the
adhesive properties of HEV and increase the trafficking of
leukocytes into the lymph node.4,5

The functional state of the lymph node could also be
differentially regulated by controlling the phenotype of
the reticular network which provides the “corridor” where
antigen-presenting cells and lymphocytes migrate and
interact. To search for such dynamic changes in this
network occurring during the immune reaction, we use
immunostaining for an inducible enzyme, tissue transglu-
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taminase (TG), a protein involved in mediating extracel-
lular matrix production, and integrin adhesion. We dem-
onstrate coordinate regulation of TG in sinus lining cells
(SLC), FRC, and endothelial cells of the reticular network
in various reactive and neoplastic lymph node conditions
and in cultured FRC by interleukin (IL)-4 treatment.

Materials and Methods

Lymph Node Samples

Representative cases of normal and neoplastic lymph
nodes were selected from the pathology files of the Uni-
versity of Texas M.D. Anderson Cancer Center. We in-
cluded histologically and immunophenotypically typical
cases of follicular hyperplasia with progressive transfor-
mation of germinal centers (PTGC, n � 4), follicular hy-
perplasia without PTGC (n � 6), chronic lymphocytic
leukemia/small lymphocytic lymphoma (CLL/SLL, n �
12), including 3 cases with increased prolymphocytes,
follicular lymphoma (n � 15), mantle cell lymphoma
(MCL, n � 4), nodal marginal zone B-cell lymphoma
(MZL, n � 4), lymphoplasmacytic lymphoma/Walden-
ström macroglobulinemia (n � 3), diffuse large B-cell
lymphoma (n � 8), Burkitt lymphoma (n � 1), nodular
sclerosis Hodgkin’s disease (n � 4), nodular lymphocyte
predominant Hodgkin’s disease (LPHD, n � 4) and dif-
fuse LPHD/T-cell/histiocyte-rich large B-cell lymphoma
(n � 3). This study was conducted in accordance with an
approved protocol by the institutional review board; in-

vestigations were performed in accord with the Helsinki
Declaration of 1975.

Immunohistochemistry and
Immunofluorescence Studies

Immunostaining was performed on deparaffinized tissue
sections of formalin-fixed material following microwave-
enhanced antigen retrieval. Detection used avidin-bioti-
nylated peroxidase-conjugated regents (Vectastain Elite,
Vector, Burlingame, CA or LSAB� kit, Dako, Carpinteria,
CA) with 3,3�-diaminobenzidine tetrahydrochloride as the
chromogenic substrate. The primary antibodies, includ-
ing transglutaminase and working dilutions, are summa-
rized in Table 1.24

For immunofluorescence, the primary antibodies were
applied for one hour, followed by a mixture of biotinylated
horse anti-goat immunoglobulin (Ig) (1:200; Vector) and,
depending on the primary antibody used, FITC-labeled
rabbit anti-mouse IgG (1:100; Sigma) to detect monoclo-
nal primary antibodies, or Cy2-labeled donkey anti-rabbit
IgG (1:200; The Jackson Laboratory, Bar Harbor, ME) to
detect rabbit primary antibodies. As the third step, Texas
Red-labeled streptavidin (TXR-SAV, 1:200; Jackson) and
Cy2-labeled donkey anti-rabbit IgG (1:100; Jackson)
were used. In some double-labeling experiments two
monoclonal mouse primary antibodies (mAb) were used.
In such cases the first primary mAb was followed by
biotinylated horse anti-mouse IgG (1:200; Vector), and

Table 2. Oligonucleotide Sequences and Reaction Conditions for qRT-PCR

Primer
position

Probe
position

Primer cc
(nM)

Probe cc
(nM)

Mg2� cc
(mM) Sequence

�-actin 1020� 100 4 ATCAAGATCATGCTCCTCCTGAGCGC
997� 400 CCCTGGCACCCAGCAC

1067� 400 GCCGATCCACACGGAGTAC
TG 564� 100 4 TCCAGGTACACAGCATCCGCTGGG

537� 300 CTTCATTTGCTCTTCAACGC
614� 300 ACATACTCCTGCCGCTCCTC

Table 1. Antibodies Utilized

Antigen Clone Source
Concentration/dilution

(retrieval method)

Actin (���) HHF-35 Novocastra 1:500 (citrate)
CD21 IF8 Dako 1:200
CD31 JC/70A Dako 1:60 (citrate)
CD68 PG-M1, KP-1 Dako 1:200
CD90/Thy-1 5E10 PharMingen 1:200
CLA HECA-452 (rat IgM) PharMingen 1:100 (citrate)
DC-SIGN h209 (rat IgG2a) Ebioscience 1:50
Desmin D33 Dako 1:50 (citrate)
Factor XIIIa Rabbit polyclonal Calbiochem 1:300 (citrate)
Fascin 55K-2 Dako 1:1000
Fibronectin FN-3E2 Sigma 1:400 (citrate)
Keratin Cam5.2 Dako 1:10 (citrate)
Prolyl hydroxylase-� 3-2-B12 ICN 1:200 (citrate)
S100 Rabbit polyclonal Dako 1:200 (citrate)
Tenascin TN2 Dako 1:50 (trypsin-EDTA)
Transglutaminase (guinea pig liver) Goat polyclonal Reference 24 5 �g/ml (citrate)
Transglutaminase (guinea pig liver) CUB7402 Neomarkers 1:300 (citrate)
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blocked by the Mouse on Mouse kit (Vector). This was
followed by the second primary mAb, FITC-labeled rabbit
anti-mouse IgG (1:100; Sigma), and simultaneously ap-
plied TXR-SAV and Cy2-labeled donkey anti-mouse IgG
(1:100; both from Jackson). Slides were viewed in a
Nikon Optiphot fluorescent microscope using epifluores-
cence illumination with appropriate filters.

Cell Culture and Cytokine Stimulation

Fibroblastic reticular cells were isolated from human be-
nign hyperplastic lymph nodes following manual dissec-
tion of the cortex away from the medullary areas and the
capsule. The stroma was partially depleted of lympho-
cytes by manual disaggregation. Stromal fragments were
then treated with the enzymes hyaluronidase and a mixed
collagenase solution to obtain a cell suspension. The
culture was depleted of monocytes and dendritic cells by
briefly adhering tissue fragments to plastic. Similar cul-
tures of primary dermal fibroblasts were obtained from a
skin biopsy specimen following enzymatic digestion. The
purity of established cultures was assessed by immuno-
histochemistry and immunofluorescence for CD21,
CD31, CD68, CD90/Thy-1, muscle-specific actin (HHF-
35), desmin, and S100 protein.

Adherent fibroblastic cultures were maintained by con-
tinuous passage at 37°C in a 5% CO2 atmosphere in
RPMI1640 medium (Life Technologies, Inc., Grand Is-
land, NY) containing 15% fetal bovine serum, 2 mmol/L
L-glutamine (Life Technologies, Inc.), 10 mmol/L 4-(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(FisherBiotech, Fair Lawn, NJ), and a combination anti-
biotic-antimycotic (all from Life Technologies, Inc.). At
time of cytokine stimulation, FRC cultures were between
31 and 50 days old and were assayed in 6-well plates or
in multiwell glass slide chambers. Cytokines tested in-
cluded human tumor necrosis factor (TNF, 20 ng/ml; BD
Biosciences, Woburn, MA), interferon-� (Sigma), IL-4 (10
ng/ml; Peprotech, Rocky Hill, NJ) and IL-6 (10 ng/ml;
Peprotech). RNA was extracted after 4, 24, and 72 hours
of culture with cytokines.

RNA Analysis by Quantitative RT-PCR

Total RNA was extracted using Trizol reagent (Gibco-
BRL, Gaithersburg, MD) and dissolved in 20 �l of 1X
polymerase chain reaction (PCR) buffer supplemented

Figure 1. Changes in tissue transglutaminase staining in reticular cells during
the course of the germinal center reaction. a: TG staining pattern around a
subcapsular primary follicle (1° Foll) is restricted largely to inner SLC (indi-
cated by arrows). b: Around a hyperplastic germinal center (GC), TG
staining shows strong staining of interfollicular FRC and many blood vessels.
c: High magnification shows variable TG staining in the paracortical area
which is strongest in FRC and weaker in endothelium and occasional inter-
stitial histiocytoid/dendritic cells. d: TG expression is decreased in stroma
around a progressively transformed follicle (PTGC) but is seen in scattered
histiocytoid/dendritic cells within the altered follicle and in the inner SLC and
capsular fibroblasts (arrows)

Figure 2. A model of the lymph node reticular network extending from SLC
to the HEV. At the upper left, an expanded view of the proposed structure is
shown with a dendritic cell (DC) migrating from the subcapsular sinus
through a corridor created by reticular fibers lined by FRC. Solute, repre-
sented as small dots, is shown spreading down a conduit between the FRC
and the reticular fiber. The reticular network does not extend into the GC
(Adapted from the model of Anderson and Shaw).
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with 5 mmol/L MgCl2, 10 mmol/L dithiothreitol (DTT), 4
units of RNasin (Promega, Madison, WI), 3 units of DNase
I (Gibco-BRL) and incubated for 30 minutes at 37°C to
digest contaminating DNA. An additional 20 �l of distilled
water was added and DNase I was inactivated at 75°C for
10 minutes.

Reverse transcription (RT) and PCR were run in 96-well
plates. The reaction was carried out in 10 �l buffer con-
taining 2 �l extracted cellular RNA, 500 �mol/L of each
dNTP, 200–300 nmol/L of reverse primer, 10 mmol/L DTT
and 10 units of Superscript II reverse transcriptase (Life
Technologies). The reaction mixture was incubated at
50°C for 30 minutes followed by heat inactivation at 72°C
for 10 minutes. The entire 10-�l RT reaction mixture was
used for subsequent PCR amplification by adding 40 �l
of PCR master mix to the same wells. The PCR reaction
mixture included 1X PCR buffer, 200 �mol/L of each
dNTP, and 1.25 units Taq polymerase (Roche Molecular
Biochemicals, Indianapolis, IN) in a final volume of 50 �l.
The optimal concentration of MgCl2, primers, and the
fluorogenic Taqman probe varied depending on the tar-
get transcript. The oligonucleotide sequences and reac-
tion conditions are summarized in Table 2. Amplification
and data acquisition were performed in an ABI Prism
7700 Sequence Detector (Applied Biosystems, Foster
City, CA) using the following cycle conditions: initial de-
naturation at 95°C for 1 minute, followed by 40 cycles of
denaturation at 95°C for 12 seconds, and annealing at
60°C for 1 minute.

RT-PCR reactions were run in triplicate for the stan-
dards and in duplicate for unknown samples. For each
duplicate reaction a “no-RT” control was run, which in-
cluded all components of the RT mixture except reverse
transcriptase. Each run consisted of a synthetic RNA
(sRNA) or DNA standard (typically 200 fg to 20 attog) in
triplicate, 20 to 25 unknown samples in duplicate, one
“no-RT” well for each duplicate unknown to control for
tissue-derived DNA contamination, and a “no template”
control well consisting of all of the components of the RT
and PCR reaction mixtures, except RNA, to control for
extraneous DNA contamination. To enable us to deter-
mine the number of molecules in the starting material,
sRNA (for TG) or single-strand DNA (for �-actin) was

used to construct standard curves. sRNA was tran-
scribed from TG cDNA that was tailed via PCR to intro-
duce the promoter of the T7 RNA polymerase using the
MEGAshortscript Kit (Ambion, Austin, TX) as previously
described. Tenfold serial dilutions of the sRNA or single-
strand DNA were used to generate the TG and �-actin
standard curves, respectively.

Statistics

We used Students’s t-test for paired samples to evaluate
the statistical significance of measured mRNA differ-
ences between control and IL4-treated cell cultures.

Results

Transglutaminase Immunostaining of the
Paracortical Axis of Lymph Node

Paraffin-section immunostaining of sections from all 10
reactive lymph nodes studied detected variable TG im-
munoreactivity in at least four stromal cell types: SLC,
endothelial cells, FRC, and rare histiocytoid/dendritic
forms that included occasional epithelioid histiocytes in
follicles. Transglutaminase staining was strongest in the
FRC and HEV and showed weaker staining of other en-
dothelium and weak staining of rare histiocytoid/dendritic
cells (Figure 1). Transglutaminase was negative in lympho-
cytes and largely absent in lymphoid follicles with the ex-
ception of scattered histiocytes and endothelium of rare
blood vessels.

There were three distinct patterns of reticular network
staining by TG that showed regional variations within the
lymph node, usually corresponding to the stage of mat-
uration of the follicles in that area. Surrounding primary
follicles, there was prominence of strongly TG� SLC
(Figure 1a) but minimal staining of FRC network and
paracortical blood vessels. In contrast, around hyper-
plastic germinal centers, the HEV and perifollicular FRC
network were strongly TG� (Figure 1b). HEV around
well-developed germinal centers sometimes demon-
strated polarized TG staining with the apical cytoplasm

Table 3. Tissue Transglutaminase Staining Pattern of Reticular Cell Types in Reactive Lymph Node

Cell type
Surrounding primary

follicle
Surrounding secondary

follicle
Surrounding regressed

follicle

FRC TG� TG�� TG�/�
SLC TG��, plump TG�, flattened TG�, inconspicuous
CLA� HEV TG�/�, inconspicuous TG��, prominent TG�/�, variable
TG� dendritic forms Few Few Increased in PTGC follicles

Staining intensity of tissue TG was graded as intense (��), moderately intense (�), variably positive (�/�), and dim/negative (�).

Figure 3. Immunofluorescent analysis of tissue transglutaminase-positive cells in reactive lymph node. a: The FRC network shows strongest TG (red)
immunoreactivity in the subcapsular areas with the reverse pattern seen with desmin (green), detected with goat anti-TG/TXR; desmin/Cy2. b: The FRC network
shows strong immunoreactivity for both actin (red) and TG (green), generating a yellow signal (detected with mouse anti-TG/Cy2; actin/TXR). c: The inner SLC
are positive for TG (red) and negative for CD31 (green), with the reverse pattern seen for the outer SLC (detected with goat anti-TG/TXR; CD31/Cy2). d: Among
blood vessels, HEV show the strongest staining for TG (green) with the endothelium also positive for CLA (red), thus appearing as yellow (detected with mouse
anti-TG/Cy2; CLA/TXR). e: Dendritic cells and histiocytes in an intranodal sinus are strongly positive for fascin (green) but variably positive for TG (red) (goat
anti-TG/TXR; fascin/Cy2). f: Migrating DC of various stages show variable staining for Factor XIIIa but are mostly negative for TG (red) (goat anti-TG/TXR;
FXIIIA/Cy2). The arrow indicates the location of subcapsular sinus.
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more intensely positive for TG. Endothelium of other
blood vessels showed more uniform (and weaker) cyto-
plasmic staining for TG (Figure 1c).

The pattern of TG staining around late-stage germinal
centers depended on the pattern of follicular dissolution.
Around regressed germinal centers, TG immunostain-
ing was often restricted to endothelium in small blood
vessels with minimal FRC staining. In cases with PTGC,
the perifollicular areas showed strong TG only in en-
dothelium and histiocytoid cells (Figure 1d). Three
PTGC cases also showed increased numbers of CLA�
TG� histiocytoid/dendritic cells within the transformed
follicles.

Modulated Expression of Tissue
Transglutaminase in Different Reticular Cell
Types

The reticular network of lymph nodes can be conceptu-
alized as a continuous network linking the sinuses to the
abluminal side of the HEV through the corridors created
by the reticular network (Figure 2). We used dual-labeling
immunofluorescence to examine variations in TG staining
in all stromal cell types comprising this reticular network
(Table 3).

To analyze the FRC network, dual-immunofluores-
cence for TG combined with actin, desmin, keratin,
CD90/Thy-1, and prolyl hydroxylase-� was used. The
FRC network including the perivenular fibroblast, a sin-
gle-layer stromal cell sheath around the HEV, was posi-
tive for TG (Figure 3,a and b). Regional phenotypic vari-
ations in the FRC network were noted with desmin
positivity most pronounced in the deep paracortex and
TG expression highest in those FRC adjacent to the si-
nuses (Figure 3a).6 Keratin/CAM5.2 highlighted only a
small subset of TG� FRC in the deep paracortex (not
shown). Dual-staining with components of the reticular
fibers (ie, tenascin and fibronectin) show close relation-
ship of TG� FRC with the reticular fibers throughout the
interfollicular zones of the lymph node, but abruptly end-
ing at the follicle.

SLC were analyzed using TG and CD31 and Factor
XIIIa and showed polarized TG staining, with the CD31�
outer SLC on the capsular side of the sinus showing no
immunoreactivity for TG, in contrast to the strong TG
staining of the inner SLC (Figure 3c). Transglutaminase
staining was strongest in the plump, protruding SLC
noted in sinuses in quiescent areas of the lymph node,
whereas weaker TG staining was noted in the flattened
SLC adjacent to well developed follicles. TG was positive
in all CD31� endothelium with the strongest staining
noted in the CLA� endothelium of HEV surrounding hy-
perplastic germinal centers (Figure 3d). Dual-labeling
with TG and Factor XIIIa, S100 protein, DC-SIGN, Factor
XIIIa, or fascin to detect dendritic and histiocytic forms
revealed partial TG staining of fascin� dendritic cells
within sinuses but an absence of TG staining in intranodal
interdigitating dendritic cells (Figure 3e) suggesting
strongest TG expression in the intrasinusoidal dendritic
cell subset. The FXIIIa� subset of dendritic cells were
also largely negative for TG (Figure 3f). The fascin�,
S100�/- histiocytes of the germinal centers (ie, tingible-
body macrophages) were usually weakly TG�.

The results are consistent with up-regulation of TG in
FRC, dendritic cells and blood vessels in the sinusoidal
and paracortical areas subtending hyperplastic germinal
centers. In the reticular network surrounding follicles in
the later stages of the germinal center reaction, TG ex-
pression was down-regulated in most cells, expressed
only in SLC and at the basal level seen in non-activated
endothelium.

Cytokine Induction of Tissue Transglutaminase
in Primary FRC

We next examined the effect on TG expression of several
cytokines that are highly increased in the lymph during
immune activation. These included TNF, interferon
gamma (IFN-�), IL-4, and IL-6. We tested the effects of
each of these cytokines, alone and in combination, on
early-passage primary cultures of FRC isolated from re-
active lymph node (Figure 4).

Primary lymph node fibroblast cultures were uniformly
positive for CD90/Thy-1 and negative for S100, CD21,
and CD31 (Figure 5a, inset). As shown in Figure 4a, IL-4

Figure 4. Transcriptional regulation of tissue transglutaminase in cultured
FRC as determined by qRT-PCR. a: TG transcriptional induction in FRC to
response to IL-4 treatment as compared to TNF (average of two experi-
ments). b: A representative experiment comparing TG expression in FRC
following exposure to different proinflammatory cytokines.
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treatment of cultured FRC for 1, 2, and 24 hours resulted
in dramatic increases in TG mRNA levels as assayed by
qRT-PCR. IFN-� treatment induced minimal TG up-regu-
lation and IL-6 and TNF did not induce TG transcription
(Figure 4b). In contrast, TNF treatment strongly up-regu-
lated transcription of a number of other genes tested
including the chemokine gene GRO�, which showed
100-fold induction (not shown), Thus, the cultured FRC
were appropriately responsive to stimulatory cytokines.
Cultured dermal fibroblasts showed a similar pattern of
TG induction with IL-4 (not shown).

Figure 5 shows the results of immunofluorescence
analysis of primary FRC cultures treated with 10 ng/ml of
IL-4 for 72 hours. In untreated FRC cultures, TG was
weakly expressed (Figure 5a). In IL-4-treated cells, cell
spreading and cytoplasmic TG content were enhanced

(Figure 5b). In addition, a redistribution of TG was seen,
with most of the reactivity deposited along delicate fibril-
lar extracellular structures. Labeling for fibronectin
showed a similar pattern supporting colocalization of TG
with extracellular matrix. Immunofluorescence with mus-
cle-specific actin revealed only scattered strongly posi-
tive myofibroblastic cells comprising approximately 10%
of all cells, with a pattern of staining distinct from that of
TG (Figure 5b, inset).

Reticular Network Staining Patterns in
Lymphoma

We next analyzed stromal phenotypes in lymph nodes
involved by lymphoma (summarized in Table 4). In all

Figure 5. Tissue transglutaminase up-regulation and redistribution in cultured FRC following IL-4 treatment. a: Immunofluoresence pattern in untreated FRC
shows low-level diffuse TG immunoreactivity. Inset shows uniform membrane staining of cultures for CD90/Thy-1. b: FRC cultures treated with 10 ng/ml of IL-4
for 72 hours show marked up-regulation and redistribution of TG. Inset shows variable staining of FRC for smooth muscle actin. c: Fibronectin staining pattern
in unstimulated FRC shows deposition in extracellular matrix fibrils. d: Fibronectin staining pattern in IL-4 stimulated FRC shows an similar distribution with cellular
TG staining at points of contact with extracellular matrix. Dual-staining showed TG colocalization with fibronectin (not shown).

Table 4. Tissue Transglutaminase Staining Patterns of Stroma in B-Cell Non-Hodgkin’s Lymphoma and Hodgkin’s Disease

Cell type SLL/CLL FL, classical HD MCL, MZL

FRC TG�/�, inconspicuous TG��, prominent TG�/�, inconspicuous
SLC TG��, plump TG�, flattened Inconspicuous
HEV endothelium TG�/�, inconspicuous TG��, prominent TG�/�, variable
TG� dendritic forms Present in sinuses,

frequently FXIIIa�
Scattered in paracortex,

FXIIIa�
Numerous, usually

FXIIIa�

Staining intensity of tissue TG was graded as intense (��), moderately intense (�), variably positive (�/�), and dim/negative (�).
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cases of CLL/SLL, most blood vessels, including CLA�
HEV, did not express TG and TG� FRC were largely
indiscernible (Figure 6a). CLL cases showed open si-
nuses with plump, TG� SLC (Figure 6a inset). This pat-
tern of prominent TG� SLC, TG-negative HEV and virtual
absence of FRC in CLL/SLL resembled the pattern seen
around unstimulated primary follicles.

In follicular lymphoma, there was uniform and marked
up-regulation of TG in the entire FRC network in 14 of 15
cases (Figure 6b), and a prominence of strongly TG�
HEV in 12 of 15 cases. TG� SLC were inconspicuous in
11 of 15 cases. This pattern resembled that seen around
hyperplastic germinal centers, but in contrast to reactive
lymph nodes, this pattern was uniformly present around
neoplastic follicles without regional variations in a given
lymph node. Both MCL and MZL showed weak-to-nega-
tive TG staining of the FRC network but prominent
FXIIIA�/TG� histiocytoid cells. CLA� HEV were present,
but typically only weakly TG� (Figure 6c).

In nodular sclerosis Hodgkin’s disease, strong TG
staining was seen surrounding tumor nodules in all stro-
mal cell types, including FRC, HEV and interstitial den-
dritic cells as well as capsular fibroblasts (Figure 6d).
Nodular LPHD showed the lowest levels of TG stromal
staining of any tumor type, with only TG� SLC and oc-
casionally weakly TG� blood vessels. In contrast, the 3
cases of diffuse LPHD/T-cell/histiocyte-rich large B-cell
lymphoma were associated with strong expression of TG
in FRC, blood vessels and histiocytes (not shown).

Discussion

We used immunostaining for the inducible enzyme TG to
highlight changes occurring in the reticular network of
normal and neoplastic lymph nodes. In reactive follicular

hyperplasia, we noted coordinated up-regulation of TG
expression in the paracortical FRC network and blood
vessels surrounding hyperplastic follicles at the peak of
B-cell expansion. Similarly, the paracortical areas sur-
rounding nodules in follicular lymphoma showed marked
TG staining of blood vessels and FRC. In contrast, the
areas surrounding follicles where the germinal center
reaction was terminating (either regressed or trans-
formed follicles) showed down-regulation of TG in endo-
thelium and the FRC network.

Transglutaminase staining thus uncovers coordinate
regulation of cell types of the reticular network in tandem
with the various stages of the germinal center reaction.
This effect was often variable within a single lymph node;
one area with multiple well-developed germinal centers
will show strong paracortical TG expression, whereas an
adjacent area with mostly regressing follicles will show
minimal TG expression in the paracortex. It is likely that
up-regulation of TG is a marker of functional paracortical
activation because high TG expression in endothelial
cells is associated with strong CLA staining and activated
HEV morphology.7

Transglutaminase had been previously characterized
as a cytokine- and retinoid-inducible molecule and it has
diverse intracellular and extracellular activities that in-
clude stabilization of the extracellular matrix related to its
cross-linking activity, activation of cell adhesion, signal
transduction, and participation in (or protection against)
apoptosis.8–10 The type and duration of the antigenic
stimuli usually determine the particular cytokines that
appear in a sequential fashion in lymph draining into the
subcapsular sinuses. These cytokines include IL-1, TNF,
IFN-�, IL-4, and IL-6.11 Comparing these factors, we have
shown that IL-4 is capable of markedly inducing TG
expression in cultured nodal FRC and results in redistri-

Figure 6. Tissue TG staining in lymphoma. a: Small lymphocytic lymphoma show a virtual absence of staining in HEV and the FRC network with strong TG
immunoreactivity limited to SLC (inset). b: Follicular lymphoma with strongly TG� FRC network, blood vessels and dendritic cells surrounding neoplastic
follicles. c: Mantle cell lymphoma shows numerous TG� histiocytoid cells with the FRC network negative for TG. d: Nodular sclerosis Hodgkin’s disease show
intensely TG� myofibroblasts in perinodular areas extending into adjacent uninvolved parenchyma (inset).
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bution of surface TG to areas of extracellular matrix dep-
osition. This suggests that IL-4 induction of TG may play
a role in formation and dynamic reorganization of the
reticular fiber network. Interestingly, lack of TG induction
by TNF, a cytokine that is a potent inducer of TG in
epithelial cell types,12 suggests a site-specific action of
lymph-derived cytokines.

A current model of lymph node structure postulates
that the reticular network can mediate rapid delivery of
cytokines and chemokines entering the lymph node to
the HEV.2 Our finding of phenotypic modulation of FRC
network by cytokines coupled with the known myofibro-
blastic nature of FRC would support an expanded model
of paracortical function that incorporates rapid functional
plasticity. Under some conditions, the local FRC network
may be in an “open” state, supporting high-throughput of
cells and solutes to the areas around the developing
follicle. This state, correlated with the peak of the germi-
nal center reaction, would be associated with up-regula-
tion of TG uniformly throughout the paracortex, possibly
to aid in cell motility. At other times, a “closed” state of the
reticular network might restrict cell migration from the
sinuses. At these times, the paracortex would be isolated
from extranodal inputs, with TG expression restricted to
the SLC.

Previous investigators have stressed that the paracor-
tex can function with the germinal center as part of a
single functional unit.13,14 The coordinate and localized
regulation of the paracortex in tandem with the follicle
microenvironment likely has important consequences for
follicle formation as well as germinal center function.
Subcortical primary follicles, lacking blood vessels and
histiocytes, are believed to act as the nidus for developing
secondary follicles.15 However, germinal center formation is
dependent on the production of several cytokines, particu-
larly lymphotoxin-�, by localized populations of nodal stro-
mal cells.16,17 During the initial stages of germinal center
formation cytokine activation of the paracortex, occurring
contemporaneously with the B-cell-antigen processing cell
interactions, could induce reorganization of the local para-
cortical FRC/blood vessel network, thus accommodating
germinal center expansion.

The characteristic pattern of TG staining in the stroma
of different lymphoma types suggests that a breakdown
in the normal regulation of the reticular network occurs in
most tumor types. An exception is follicular lymphoma, in
which TG staining paralleled that seen around secondary
follicles in hyperplastic lymph nodes. However, com-
pared with secondary follicles, FL showed a more exag-
gerated and persistent pattern of TG up-regulation. This
could be due to T-cell and B-cell derived IL-4 that, in
addition to modulating stromal cell function, may also
directly stimulate growth and/or survival of follicular lym-
phoma cells.18–22 The strong TG staining pattern in nod-
ular sclerosis Hodgkin’s disease likely reflects the fibro-
blastic and myofibroblast proliferations produced by the
abundant cytokines (including IL-4 and IL-13),23 se-
creted both by tumor cells and admixed non-neoplastic
T-cells. In contrast, CLL/SLL showed down-regulation of
TG in all but the subcapsular SLC. This pattern resembles
the pattern seen in unstimulated areas of a normal lymph

node. The staining patterns of MCL and MZL were rem-
iniscent of those seen around regressing follicles and
PTGC with increased TG� histiocytes and low expres-
sion in HEV and FRC.

Overall, TG immunostaining demonstrates that the im-
munophenotype of the reticular cells of the lymph node
paracortex is highly regulated over the course of the
normal immune response and in lymphoma. In reactive
lymph nodes, paracortical changes parallel the stages of
follicular maturation but this complex expression pattern
becomes perturbed and simplified in lymphomas of dif-
ferent types.
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