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Background: Follicular lymphomas present with various immunohistologic patterns. The immu-
nohistochemical markers used in the diagnosis of follicular lymphoma show variable degrees of
sensitivity and specificity, and thus, additional germinal center markers are required. Smad1 has
been reported to be overexpressed in follicular lymphoma, but little is known regarding the ex-
pression patterns of Smad proteins in human lymphoid tissue. Methods: In the present study, we
performed immunohistochemistry for traditional germinal center markers and for Smad1 in hu-
man reactive lymphoid and follicular lymphoma tissues to investigate Smad1’s usefulness in the
diagnosis of follicular lymphoma. Results: In the reactive germinal centers, most cells were posi-
tive for Smad1. Among the 27 follicular lymphoma cases, 17 of 21 (80%) were Smad1 positive,
17 of 27 (63%) were positive for CD10, and 23 of 27 (85%) were positive for Bcl6. Notably, three
cases expressed CD10 only, and one only expressed Bcl6. All these cases were grade 3 tumors
and showed follicular and diffuse growth patterns. Gonclusions: These results indicate that
Smad1 is a candidate as a germinal center marker. Furthermore, they suggest that the Smad sig-
naling pathway might be involved in follicular lymphoma.
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Follicular lymphoma (FL) is the neoplastic counterpart of
normal germinal center (GC) B-cells and can present with vari-
ous immunohistologic patterns which make them difficult to
distinguish from other B-cell lymphomas." Of the GC markers
used in the diagnosis of FL, CD10 is a traditional marker of GC
B cells and has long been regarded as a reliable marker of both
GCs and FL.* The reported CD10 positivity rates in FL vary
widely, though most reports indicate positivity rate of 60% to
90%.’ Furthermore, CD10 showed less expression in grade 3
FL than in indolent grades 1 or 2 FL.*

Another marker for GC B cells is the Bcl6 protein. The in-
tense and diffuse staining for this protein can also identify tu-
mors arising from follicular GCs.” Bcl6 expression is most promi-
nent in FL and displays an expression pattern similar to that of
GCs.” Immunohistochemical staining for Bcl6 and CD10 can
identify tumors of GC B-cell origin, and their co-expression has
generally been used as a marker of tumors with a GC B-cell ori-
gin.’

The immunohistochemical markers typically used in the di-
agnosis of FL, such as CD10 and Bcl6, show variable degrees of
sensitivity and specificity and lack concordance of expression.'
Thus, additional GC markers are needed. Recently, several oth-
er markers such as human GC associated lymphoma (HGAL),
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LIM-only transcriptional factor 2 (LMO2), and interferon regu-
latory factor 8 (IRF 8), have been explored.' In the search for
new GC markers, Smadl was found to be overexpressed in FL
compared to normal GC B cells in a gene expression profiling
study, suggesting its possible utility.” In the present study, we
performed immunohistochemistry for Smad1 in human FL tis-
sues to investigate its usefulness for the diagnosis of FL, and we
compared these findings to other traditional GC markers.

MATERIALS AND METHODS

Cases

We retrieved paraffin-embedded tissue blocks of 27 FL cases
from the surgical files at our hospital. All cases were diagnosed
according to the World Health Organization (WHO) criteria.’
The B-cell nature of these tumors was confirmed by the immu-
nohistochemical detection of B-cell (CD20) and T-cell (CD3)
markers in the paraffin-embedded sections. Tumors were graded
as grade 1, 2, or 3 according to the proportion of large cells
(centroblasts). In addition, tumors were classified as follicular,
follicular and diffuse, or focally follicular according to the pro-
portion of follicular pattern present. To distinguish large, con-
fluent follicles or interfollicular involvement from diffuse areas,
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we stained for follicular dendritic cells using CD21. The study
subjects consisted of 17 male and 10 female patients with ages
ranging from 23 to 68 years (mean, 47 years). Twenty-one tu-
mors were located in lymph nodes and six were in extranodal
sites (tonsil, 5; maxilla, 1). Reactive lymph node tissues were used
as a control.

Immunohistochemistry

Immunohistochemical analysis was petformed using forma-
lin-fixed, paraffin-embedded materials with primary antibodies
to CD10 (1:100, Novocastra Laboratories Led., Newcastle upon
Tyne, UK), Bcl6 (1:600, Novocastra Laboratories Ltd.), and
Smad1 (1:400, Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA). Briefly, sections were deparaffinized in xylene, rehydrat-
ed, washed in distilled water, immersed in 10 mM citrate buffer
(pH 6), and either microwaved or autoclaved. They were then
treated with 3% hydrogen peroxide solution to reduce endoge-
nous peroxidase activity, washed in phosphate-buffered saline,
and incubated with the primary antibodies. Bound antibodies

were detected by the streptavidin biotin method using an LSAB
kit (Dako Co., Carpinteria, CA, USA). The sections were then
treated with diaminobenzidine and counterstained with Mayer
hematoxylin. Tumor cells were considered positive only when
we observed distinct membranous or cytoplasmic staining for
CD10 and Smad! or distinct nuclear staining for Bcl6. Marker
expression was considered positive when more than 20% of the
neoplastic lymphocytes were stained.

RESULTS

Histologic findings

The morphologic findings of the 27 FL cases are summarized
in Table 1. There are seventeen grade 3 tumors, nine tumors
with a follicular and diffuse growth pattern, and one tumor with
a focally follicular growth pattern.

Immunohistochemical findings

In reactive GCs, most cells (centrocytes and centroblasts) were

Table 1. Morphologic and immunohistochemical findings for follicular lymphomas

Case No. Sex Age (yr) Location Pattern Grade CD10 Bcl Smad1
1 F 34 LN-N F 2 + + +
2 F 68 Tonsil F&D 8] + -

3 F 66 LN-N FF 3 - + +
4 F 50 LN-N F 1 + + +
5 M 48 LN-N F 2 + + +
6 M 57 LN-I F & + + +
7 M 35 LN F 3 + + +
8 F 47 LN = 3 - + +
9 M 52 LN-SM F 3 - + +

10 F 37 LN-N F 1 + + +

11 M 23 LN-SM F 3 + + +

12 M 42 LN-N F&D 3 + - -

13 M 42 Tonsil F&D 3 + - -

14 F 40 Tonsil F&D 8 - + +

15 M 62 Maxilla F&D 3 - + +

16 M 48 Tonsil F&D 3 — + +

17 F 45 Tonsil F&D 3 - + -

18 M 60 LN-M F 1 + + +

19 F 53 LN-S F&D 3 - + +

20 M 47 LN-N F&D 3 - + +

21 M 35 LN F 1 + + +

22 F 38 LN-N F 1 + + ND

23 M 60 LN-M F 1 + - ND

24 M 45 LN-N F 3 - + ND

25 M 4 LN-A F 2 + + ND

26 M 34 LN-R F 2 + + ND

27 M 61 LN-N F 3 + + ND

LN, lymph node; N, neck; I, inguinal; SM, submental; M, mediastinal; S, salivary; A, axillary; R, retroperitoneal; F, follicular; F&D, follicular and diffuse; FF, focally

follicular; +, positive; —, negative; ND, not-done.
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positive for Smad1. No other cells expressed Smad1, with the ex-
ception of scattered plasma cells, which were more strongly posi-
tive than the GC cells (Fig. 1). Smadl immunostaining was not
performed in six cases of FLs because of a shortage of Smad1 anti-
body. Of the tested FL cases, 17 of 21 (80%) were Smad1+ (Fig.
2A). When we tested common GC markers, 17 of 27 (63%)
were positive for CD10 (Fig. 2B) and 23 of 27 (85%) were posi-
tive for Bcl6 (Table 2, Fig. 2C). Of the 21 cases immunostained
for all three antibodies, all of the grade 1 and 2 tumors were pos-
itive for Smad1, CD10, and Bcl6. For the 15 grade 3 tumors,
three were positive for all three markers, eight co-expressed
Smad1 and Bcl6, three expressed CD10 only and one expressed
Bcl6 only (Table 3). Most tumors with a follicular growth pattern
were positive for Smadl, CD10, and Bcl6 (9 of 11, 82%), and
the remaining were positive for Smad1 and Bcl6 (n = 2). Howev-
er, of the nine tumors with a follicular and diffuse pattern, five
co-expressed Smad1 and Bcl6, three expressed CD10 only, and
one expressed Bcl6 only. The one case with a focally follicular
pattern was positive for Smadl and Bcl6 but was negative for
CD10 (Table 4).
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DISCUSSION

This immunohistochemical study was undertaken to investi-
gate the usefulness of Smad1 for the diagnosis of FL in human
reactive lymphoid and FL tissues and to compare Smadl to the
traditional GC markers. Our results indicate the Smad signaling
pathway is involved in the maintenance of homeostasis in hu-
man lymphoid follicles, and our results demonstrate that Smad1
is a candidate GC marker. In addition, they suggest that the
Smad signaling pathway might be functionally active in FL.

CD10 is a cell surface metalloproteinase that reduces the cel-
lular responses to peptide hormones and is found on neutro-
phils, B lymphoblasts, some T lymphoblasts, normal follicular
center cells, follicular helper T cells, and some nonhematopoiet-
ic cells."” CDI10 is a traditional marker of GC B cells and has
long been regarded as a reliable marker for both GC and FL.”
Furthermore, its expression is well correlated with the t(14;18)
(932;921) chromosomal translocation, which is the most reli-
able diagnostic criterion for FL.* DNA microarray analysis has

also confirmed the association between CD10 and other genes

Fig. 1. Immunohistochemical pattern of Smad1 in reactive germinal centers. Most centrocytes and centroblasts are positive for Smad1 with
moderate intensity. Scattered plasma cells are more strongly positive than germinal center cells (A, B).

Fig. 2. Immunohistochemical pattern of follicular lymphoma. The tumor cells are positive for Smad1 (A), CD10 (B), and Bcl6 (C).
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Table 2. Summary of Immunohistologic results for follicular lym-
phomas

CD10 Bcl6 Smad1
Positive 17 23 17
Negative 10 4 4
Positive rate (%) 63 85 80

Table 3. Immunohistologic results according to tumor grade for 21
follicular lymphomas

Ly [ 82%72'231 c%q%l,e 8(36

1 4 0 0

2 2 0 0

3 3 8 3(CD10), 1 (Bcl6)
Total 9 8 4

Triple (+): Bcl6+, Smadi+, CD10+.

Table 4. Immunohistologic results according to growth pattern for
21 follicular lymphomas

Growth patter Triple +) 52%72'2231 C%q%lfe E(zge
Follicular 9 2 0
Follicular and diffuse 0 ® 3(CD10), 1 (Bcle)
Focally follicular 0 1 0

Total 9 8 4

Triple (+): Bcl6+, Smadi+, CD10+.

associated with GC cells.” However, CD10 positivity in FL var-
ies widely, and most reports on the topic indicate that 60% to
90% of tumors are CD10 positive.” Furthermore, CD10 expres-
sion is frequently weak to negative in WHO grade 3 FLs," and
in one study, CD10 was detected in only 20% of these tumors.'
Therefore, the lack of CD10 expression does not preclude FL' or
exclude the possibility that neoplastic lymphocytes originated
from follicular center cells in diffuse large B-cell lymphoma
(DLBCL)." In the present study, CD10 was positive in 63% of
the 27 FL cases as follows: grade 1 (6 of 6, 100%), grade 2 (4 of
4, 100%), and grade 3 (7 of 17, 41%); follicular (14 of 17,
82%), follicular and diffuse (3 of 9, 33%), and focally follicular
(0 of 1, 0%). Our findings are consistent with other studies'
and confirm that CD10 expression is frequently weak to absent
in high grade FL or in FL with a diffuse growth pattern.

Bcl6 protein is another GC B-cell marker,' and its expression,
which is independent of Bcl6 gene rearrangement, is largely re-
stricted to GC B cells (centroblasts and centrocytes) in normal
human lymphoid tissues."” Intense and diffuse staining for this
protein can also identify tumors arising from follicular GCs.” In
B-cell lymphoma, Bcl6 expression is most prominent in FL and
Burkitt's lymphoma, in which it displays a pattern of expression
similar to that of GCs. Bcl6 staining has been useful in detect-
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ing tumors of GC B-cell derivation in DLBCL.” In addition,
staining for Bcl6 and CD10 in combination can identify tumors
of GC B-cell origin in archival specimens, and their co-expression
is generally used as a tumor marker of tumor of GC B-cell ori-
gin.” Furthermore, BclG's expression has been reported in CD10
negative, MUM1-positive FL, which frequently presents as
high grade FL in the absence of the t(14:18) translocation. Bclb
is a useful adjunct for the diagnosis of CD10 and/or Bcl2-nega-
tive FL! and is a more reliable marker than CD10, as it is con-
served in high grade, interfollicular, and diffuse areas."" In the
present study, Bcl6 was expressed in 85% of 27 FL cases as fol-
lows: grade 1 (5 of 6, 83%), grade 2 (4 of 4, 100%), and grade
3 (14 of 17, 82%); follicular (16 of 17, 94%), follicular and dif-
fuse (6 of 9, 67%), and focally follicular (1 of 1, 100%). These
results suggest that Bcl6 is superior to CD10), especially for the
diagnosis of high grade FL or FL without a predominant follic-
ular pattern.

Smad proteins play a key role in signal transduction of trans-
forming growth factor beta (TGF-P) family members, including
TGF-P and bone morphogenetic proteins.'”"> Lymphoid tissues
and stromal cells (in a mouse model), and T-cells of the develop-
ing thymus show widespread expression of the common media-
tor, Smad4, and show moderate expression of the TGF-B—specif-
ic Smads 2 and 3." Using gene expression profiling, Smad1
was found to be the most differentially overexpressed gene in
FL compared to normal GC B cells.* However, little is known
about the expression pattern of Smad proteins in human lym-
phoid tissue. In the present study, most GC cells (centrocytes
and centroblasts) were positive for Smad1 in reactive GCs, and
although scattered plasma cells were more strongly positive
than GC cells, no other cells expressed Smad1l. Furthermore,
Smad1 expression was observed in 17 of 21 cases (80%) of FL,
which is similar to the positive expression rate of Bcl6. Smadl
was positive in all grade 1 and 2 tumors and in 11 of 15 grade 3
tumors (73%). Regarding growth patterns, all tumors with a fol-
licular pattern (11 of 11, 100%) and five of nine tumors with a
follicular and diffuse pattern (56%) were Smad1-positive. One
tumor showing a focally follicular growth pattern was also posi-
tive for Smad1. Therefore, the addition of Smad1 to the routine
diagnostic panel for FL might be useful, especially for the diag-
nosis of high-grade tumors without a predominant follicular
growth pattern. These findings can be extended to the identifi-
cation of follicular origin tumors in DLBCL. Further studies are
needed to determine that Smad1 expression shows higher sensi-
tivity and specificity in FL than those in other B-cell lympho-
mas, including mantle cell lymphoma, MALT lymphoma,
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small lymphocytic lymphoma.

TGF-B is a potent growth inhibitor of most cells, and cellular
insensitivity to growth inhibition by TGF-f is a hallmark in the
genesis and progression of human cancer. This can be directly
linked to inactivating mutations or the loss of expression of var-
ious signaling molecules. Therefore, TGF- and its signaling
proteins are regarded as widely established tumor suppressors."’
The major effects of TGF-B in B-cells are the inhibition of DNA
synthesis and the induction of cell cycle arrest, in addition to the
induction of apoptosis in some B-cell lines.® FLs are the neo-
plastic counterparts of normal GC B cells,' and the overexpres-
sion of Bcl-2 in FL cells due to t(14;18)" may prevent TGF-B-
induced apoptosis.®

Although extensively investigated in solid tumors, there have
not been many reports of the Smad-associated pathways in B-
cell lymphoma."” Using gene expression profiling, Smad1 was
found to be the most differentially overexpressed gene in FL com-
pared to the normal GC B cells.” The overexpression of Smad1
may increase the sensitivity of FL cells to the effects of TGF-
and contribute to the hypoproliferative nature of these cells.* One
study reported that 13 of 29 (45%) FL or transformed FL samples
showed weak to moderate intensity nuclear staining in more than
10% of cells by immunostaining for phosphospecific Ser463/465
Smad1 (Smad1-P) antibody (Cell Signaling Technology, Bever-
ly, MA, USA), which is not presently commercially available.
Normal lymphoid tissue was wholly negative or rarely positive
for GC cells. In that study, the presence of an active Smadl
pathway was suggested in FL but not in reactive B cells." In the
present study, Smad1 expression was observed in 17 of 21 FL cas-
es (80%), using Smad1 (A-4) antibody (sc-7965), which detects
cytoplasmic Smad1. Furthermore, many Smad1-positive tumors
(10 of 21, 48%) showed strong or moderate positivity in the ma-
jority of the tumor cells.

TGF-P signaling through a family of transmembrane recep-
tors and ligand binding to type II receptors results in the recruit-
ment and transphsphorylation of type I receptors that then signal
downstream responses and induce phosphorylation of Smad pro-
teins.”” Once phosphorylated, R-Smads, such as Smad]1, associate
with Smad4, translocate to the nucleus, and regulate the TGF-3
pathway.'* However, a part of the phosphorylated Smad1 remains
in the cytoplasm as well. Taken together, these results suggest
that the Smad signaling pathway might be involved in this type
of lymphoma. Investigation of the expression of other proteins
in the Smad signaling pathway and molecular studies are war-
ranted to determine the mechanisms of the Smad1-specific path-
way in FL.
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