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Background: The purpose was to examine the prognostic impact of features of tumor cells and immune

microenvironment in patients with follicular lymphoma treated with and without anti-CD20 monoclonal antibody

therapy.

Patients and methods: Tissue microarrays were constructed from archived tissue obtained from patients on three

sequential Southwest Oncology Group (SWOG) trials for FL. All three trials included anthracycline-based

chemotherapy. Anti-CD20 monoclonal antibodies were included for patients in the latter two trials.

Immunohistochemistry was used to study the number and distribution of cells staining for forkhead box protein P3

(FOXP3) and lymphoma-associated macrophages (LAMs) and the number of lymphoma cells staining for myeloma-

associated antigen-1 (MUM-1). Cox proportional hazards regression was used to evaluate the association between

marker expression and overall survival (OS).

Results: The number or pattern of infiltrating FOXP3 cells and LAMs did not correlate with OS in sequential SWOG

studies for FL. The presence of MUM-1 correlated with lower OS for patients who received monoclonal antibody but

not for those treated with chemotherapy alone.

Conclusions: Immune cell composition of lymph nodes did not correlate with OS in this analysis of trials in FL. The

mechanism of the observed correlation between MUM-1 expression and adverse prognosis in patients receiving

monoclonal antibody therapy requires confirmation.
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introduction

The clinical behavior of follicular lymphoma (FL) is variable.
Clinical prognostic factors specific to FL have been described
in the follicular lymphoma international prognostic index
(FLIPI) [1]. This index is used widely in risk stratification
for clinical trials. However, within each risk group defined by
the FLIPI there is variability in outcome, reflecting the
underlying biological heterogeneity of this disease.
Identification of biological risk factors may add to the

predictive value of the FLIPI and lead to the identification
of new therapeutic targets.
The introduction of monoclonal antibody therapy has had

a major impact on the management of FL. Prospective
randomized studies in the first-line and relapsed settings have
demonstrated improved progression-free and overall survival
(OS) rates for patients treated with chemotherapy in
combination with rituximab compared with chemotherapy
alone [2–4]. In addition, population-based cooperative group
and single-center studies have all reported recent improvements
in OS for patients with FL, indicating that monoclonal antibody
therapy may modify the clinical behavior of this disease [5–7].
Gene expression profiling (GEP) studies have provided an

insight into the pathobiology of FL and indicated that
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characteristics of the host immune response are of particular
importance [8]. Gene signatures characteristic of T-cell or
macrophage host immune responses were in fact highly
predictive of outcome. Subsequent studies have thus focused on
the potential prognostic importance of T-cell subsets and
macrophage infiltration in FL using immunohistochemistry-
based techniques, most commonly as tissue microarrays
(TMAs) [9–16]. These studies have produced conflicting results
with respect to the prognostic impact of CD68+
lymphoma-associated macrophage (LAM), tumor-infiltrating
lymphocytes, and the number and patterns of infiltration with
regulatory T cells (Tregs) characterized by expression of
forkhead box protein P3, FOXP3. Recent data reported by one
of the authors indicate that expression of the multiple
myeloma-associated antigen-1/interferon regulatory factor 4
(MUM-1/IRF4) may have clinical significance in FL [17].
The prognostic significance of these biomarkers has been

variable, with discrepant results perhaps due to technical
factors and/or differences in patient populations. One factor
that may be of prime importance is the inclusion of
monoclonal antibodies in some studies but not in others. The
inclusion of rituximab has apparently overcome the adverse
prognostic effect of some clinical factors. Indeed, recent studies
in diffuse large B-cell lymphoma (DLBCL) have also shown that
biological prognostic factors may be highly treatment
dependent. These studies have indicated that the addition of
rituximab to standard chemotherapy for advanced DLBCL
appears to modify the prognostic impact of bcl-2 and bcl-6
expression [18, 19]. It is possible that this might also be true for
patients with FL [16].
Further studies of biological prognostic factors in low-grade

FL are therefore required in patients who have been
consistently staged and treated, with prolonged follow-up,
and including patients treated before and after the introduction
of rituximab, to assess the impact of this and other
monoclonal antibodies. We therefore examined the prognostic
significance of LAMs, FOXP3-positive Tregs, and expression
of MUM-1 in patients with FL treated on three Southwest
Oncology Group (SWOG) protocols, including chemotherapy
with no monoclonal antibody (S8809) [20], with rituximab
(S9800) [21], and with the anti-CD20 radioimmunoconjugate
I 131-tositumomab (S9911) [22].

patients and methods

selection of trials
Sequential trials conducted by SWOG for patients with previously

untreated, advanced FL were identified, which spanned the period during

which anti-CD20-directed monoclonal antibody therapy was introduced

and for which archival tissue blocks were available. The studies identified

were S8809, S9800, and S9911. Results of each of these studies have been

published previously. All studies were conducted with the approval of local

institutional review boards.

S8809 was a randomized trial in which 571 patients with advanced FL

were treated initially with six to eight cycles of combination chemotherapy

with ProMACE–MOPP (prednisone, methotrexate, doxorubicin,

cyclophosphamide, etoposide, mechlorethamine, vincristine, procarbazine,

and prednisone) [20]. Patients who responded were randomly assigned to

observation alone, or interferon a2b consolidation, given three times per

week for 2 years. With a median follow-up of 15.6 years, the 5-year

progression-free survival and OS rates were 43% and 73%, respectively. No

differences in overall or progression-free survival were observed according

to the randomized arm.

S9800 was a phase II study in which 85 eligible patients with previously

untreated advanced FL were treated with six cycles of combination

chemotherapy with cyclophosphamide, doxorubicin, vincristine, and

prednisone (CHOP) followed by rituximab, given at 1-week intervals for 4

weeks [21]. With a median follow-up of 9.6 years, the 5-year progression-

free survival and OS rates were 46% and 88%, respectively.

S9911 was a phase II study in which 90 previously untreated patients with

advanced FL were treated with six cycles of CHOP followed 4–8 weeks later

by anti-CD20-directed radioimmunotherapy with tositumomab/I 131-

tositumomab [22]. The overall response rate to this regimen was 90%

[67% complete response (complete response is defined as complete

disappearance of all previously documented disease)]. With a median

follow-up of 8.0 years, the 5-year progression-free survival and OS rates

were 68% and 88%, respectively.

patient selection
Archived tissue blocks were identified from the SWOG lymphoma

repository. Tissue blocks were available from 103 patients treated on

protocol S8809, 30 patients on S9800, and 47 patients on protocol S9911.

Four of the 30 patients from the S9800 and 5 of 47 from the S9911 study

did not receive monoclonal antibody on protocol, primarily because they

failed to achieve an adequate response to initial CHOP. These patients have

been included in the final analysis to avoid potential bias introduced by

excluding patients who did not respond to chemotherapy, particularly since

it is possible that these patients subsequently received monoclonal antibody

therapy off protocol. Exclusion of these patients from the analysis did not

significantly affect the results of the study for any of the markers.

TMA construction
After identification of cases, an initial histologic review was undertaken for

confirmation of diagnosis and to assess adequacy of tissue for microarray

construction. All cases were classified according to the World Health

Organization classification [23].

For each case, 1-mm cores were prepared in triplicate.

Immunohistochemistry was carried out using an automated

immunostainer (Ventana Medical Systems, Tucson, AZ) and monoclonal

antibodies to CD68 (PGM1; DAKO, Carpinteria, CA), MUM-1 (Mum1p;

DAKO), and FOXP3 (clone 22510; Abcam, Cambridge, MA). No other

immunohistochemical studies were carried out. The number of cells and

patterns of infiltration were assessed. Tregs (FOXP3) were scored as positive

cells per 5 high-power fields (5 hpf) and according to pattern (follicular/

perifollicular versus evenly distributed) as previously described [17]. LAMs

(CD68) were scored as intrafollicular (IF) LAMs per 5 hpf and

extrafollicular (EF) LAMs per 5 hpf as previously described [17]. An hpf for

the purposes of this study was a ·1000 field (Olympus BX41, 22-mm-

diameter ocular; Olympus America, Center Valley, PA). MUM-1-positive

cells were scored according to percentage of tumor cells with 20% as the

cut-off. MUM-1-positive cells were generally within follicles and care was

taken to ensure that the cells did not represent IF plasma cells. All staining

was carried out in the laboratories of the Department of Anatomic

Pathology at the Cleveland Clinic and interpreted by one of us (EDH).

Qualitative reproducibility was determined as part of standard laboratory

assay validation and controlled with each run.

Reproducibility of CD68 and FOXP3 quantitative scoring was tested by

random blinded recounting of 20 cases for CD68 and 15 cases for FOXP3

on separate days. Pearson correlation (R) was 0.90 for EF counts and

0.82 for IF counts (P < 0.0001). The correlation for FOXP3 was 0.94

(P < 0.00001).
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survival and statistical analysis
Associations between various features of marker expression and OS were

evaluated by Cox proportional hazards regression. All analyses were

stratified by chemotherapy alone (S8809) versus chemotherapy plus

monoclonal antibody (S9800/S9911). Due to the sample size limitations,

the primary analyses consist of univariate models. Multivariate models

adjusting for age and lactate dehydrogenase (LDH) were also explored. To

explore whether prognostic effect of any marker differed by whether

monoclonal antibody therapy was given, interaction terms were added to

these models, and they were also fit separately within each treatment

stratum.

results

patient characteristics

Characteristics for eligible patients with tissue available for
microarray construction are shown in Table 1. With respect to
demographics, risk factors, and survival, patients with available
tissue were generally similar across the three studies, although
those from S9800 were somewhat older, those from S9911 had
a lower frequency of elevated LDH, and those from S8809 had
slightly worse survival. The distribution of international
prognostic index (IPI) risk factors was similar across all three
studies. Since not all FLIPI risk factors were available for S9800,
we used the IPI [24] risk factors, which have been shown
previously to have prognostic value in FL [25]. For S8809, the
distribution of FLIPI scores was 0: 36%, 1: 38%, and 2: 26%.
For S9911, the percentages were 36%, 45%, and 19%,
respectively. For none of the three studies did the baseline
characteristics of the subset of patients with tissue available

differ substantially from those of the study population as
a whole. However, survival was better in this subset of
S8809 patients (5-year OS = 80% versus 69% among those
excluded).

results of immunostaining

Results of immunostaining according to each study and for the
entire patient population are shown in Table 2 and illustrated
in Figure 1. For technical reasons, not all data were available for
each case. MUM-1 data were available for 180 patients, FOXP3
counts were available for 152 patients, CD68 EF counts in
144 patients, and CD68 IF counts in 138 patients. For FOXP3
staining, the median positive cells per 5 hpf were 169
[interquartile range (IQR) 106–253]. A follicular or
perifollicular pattern of infiltration was seen in 19.3% cases. For
IF and EF LAMs, the median counts (IQR) were 68 (55–84) and
146 (120–188), respectively. Positive MUM-1 expression
(defined as ‡20% tumor cells with staining) was seen in 13.9%
of cases. Biomarker distributions across the three studies were
similar. No differences were observed in biomarker distribution
between patients in the S8809 and S9911 studies. Although
patients in the S9800 study had higher FOXP3 and LAM counts
than the other study populations, in light of the small sample
size, these differences could be due to chance.

survival analysis

The results of univariate analysis of the association between OS
and biomarker levels and patterns of staining are summarized
in Table 3. Results are presented for LAM and FOXP3 counts

Table 1. Characteristics of patients with tissue available for microarray construction

S8809 (N = 103) S9800 (N = 30) S9911 (N = 47)

Male 55 (53%) 19 (63%) 28 (60%)

Caucasian 92 (89%) 30 (100%) 45 (96%)

Median age (range) 47.4 (26.1–69.4) 54.8 (27.8–75.5) 49.9 (22.9–66.8)

Follicular grade

1 48 (47%) 12 (40%) 22 (46%)

2 34 (33%) 15 (50%) 15 (32%)

3a 14 (13%) 2 (7%) 5 (11%)

3b 0 (0%) 1 (3%) 0 (0%)

Missing 7 (7%) 0 (0%) 5 (11%)

IPI score

0 61 (59%) 15 (50%) 27 (58%)

1 34 (33%) 11 (37%) 19 (40%)

2/3 8 (8%) 4 (13%) 1 (2%)

IPI risk factors

Performance status >1 1 (1%) 1 (3%) 0 (0%)

>1 Extranodal sites 15 (15%) 4 (13%) 13 (28%)

Lactate dehydrogenase

> upper limit of normal

28 (27%) 9 (30%) 5 (11%)

Age >60 7 (7%) 9 (30%) 6 (13%)

Stage 3 or greater 102 (99%) 29 (97%) 42 (89%)

Randomized 56 (54%) N/A N/A

Interferon arm 34 (61% of 56) N/A N/A

5-Year overall survival (%) 80 83 85

IPI, international prognostic index.
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dichotomized at the median levels given in Table 2. Other cut-
off levels were also explored, including the previously published
threshold of 17 hpf for EF CD68 [17]. Finally, all biomarker
levels were also analyzed as continuous variables. In none of
these analyses was a significant association observed between
OS and either numbers or patterns of LAM or FOXP3 staining,
either in the entire patient cohort or within either treatment
stratum.
As shown in Table 3, in the entire dataset, elevated MUM-1

expression was associated with a nearly twofold increase in the

risk of death [hazard ratio (HR) = 1.75, 95% confidence
interval (CI) 0.95–3.22, P = 0.07]. The test for interaction
between monoclonal antibody therapy and MUM-1 expression
was also significant (P = 0.04), indicating that the effect of
MUM-1 expression on survival is modified by monoclonal
antibody therapy. Within S8809 patients (chemotherapy only),
MUM-1 expression was not associated with survival [HR (95%
CI) = 1.21 (0.57, 2.59), P = 0.62]. Within S9800/S9911 patients
(chemotherapy plus monoclonal antibody therapy), however,
elevated MUM-1 expression was associated with a nearly

Table 2. Results of immunostaining

S8809 S9800 S9911 Overall

MUM-1, % 20%+ 15.5 (N = 103) 13.3 (N = 30) 10.6 (N = 47) 13.9 (N = 180)

FOXP3, % uniform

distributiona
81.3 (N = 80) 75.0 (N = 28) 83.3 (N = 42) 80.7 (N = 150)

FOXP3 count median (IQR) 169 (94–277) (N = 82) 200 (137–263) (N = 28) 156 (113–205) (N = 42) 169 (106–253) (N = 152)

CD68EF count median (IQR) 126 (103–153) (N = 68) 246 (189–293) (N = 29) 141 (125–178) (N = 47) 146 (120–188) (N = 144)

CD68IF count median (IQR) 70 (58–82) (N = 64) 88 (69–108) (N = 28) 57 (50–68) (N = 46) 68 (55–84) (N = 138)

a Uniform distribution versus presence of perifollicular/follicular pattern.

MUM-1, myeloma-associated antigen-1; FOXP3, forkhead box protein P3; and IQR, interquartile range.

Figure 1. Examples of immunostaining. (A,D) CD68 stain showing low and high numbers of macrophages, respectively. (B,E) Forkhead box

protein staining shows a perifollicular pattern (B). High magnification shows nuclear expression (E). (C,F) A case showing expression of myeloma-

associated antigen-1 at low (C) and high (F) magnifications. For all images, low magnification = ·100, whereas high magnification = ·400 (original

magnification).

Table 3. Hazard ratios for overall survival according to immunohistochemistry

S8809 S9800/S9911 (stratified by study) Overall (stratified by study)

MUM-1: 20%+ versus <20% 1.21 (0.57, 2.59) 4.85 (1.71, 13.81) 1.75 (0.95, 3.22)a

FOXP3: uniform distribution versus other 0.72 (0.33, 1.59) 1.74 (0.39, 7.75) 0.91 (0.46, 1.83)

FOXP3: above median versus below 1.12 (0.58, 2.16) 1.10 (0.37, 3.24) 1.12 (0.64, 1.95)

CD68EF: above median versus below 0.88 (0.40, 1.93) 0.39 (0.10, 1.48) 0.71 (0.35, 1.43)

CD68IF: above median versus below 0.74 (0.35, 1.58) 1.43 (0.43, 4.80) 0.90 (0.47, 1.70)

a Test for interaction between MUM-1 expression and treatment stratum significant at P = 0.04.

MUM-1, myeloma-associated antigen-1; FOXP3, forkhead box protein P3.
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fivefold increase in the risk of death [HR (95% CI) = 4.85 (1.71,
13.81), P = 0.0031] (Figure 2). No significant association
between MUM-1 pattern and survival was observed. In
multivariate models adjusting for age and LDH, all results were
similar.
Since previously published studies indicated that MUM-1

was not expressed in FL [23], we used immunohistochemistry
to identify several additional MUM-1-expressing FL cases from
the Cleveland Clinic that had not been included in the prior
analysis. A dual-color quantum dot immunofluorescent assay
was then carried out to assess bcl-6 and MUM-1 expression
simultaneously. Staining of hyperplastic lymphoid follicle
centers confirmed that <2% of bcl-6+ cells coexpressed MUM-
1, consistent with the mutually exclusive expression of these
two transcription factors in normal B-cell development.
However, the three MUM-1-positive FL cases tested each
showed clear coexpression of nuclear MUM-1 and bcl-6
(Figure 3).

discussion

Evidence from several recent studies indicates that the OS for
patients with FL has improved in recent years [5–7]. This may
reflect improvements in treatment, including the introduction

of anti-CD20 monoclonal antibody-based therapy.
Randomized studies in the first-line and salvage setting have
confirmed that the addition of rituximab to standard
combination chemotherapy for patients with FL improves
event-free survival and OS [2–4].
The FLIPI describes clinical risk factors that are useful in risk

stratification for clinical trials in FL and for planning initial
therapy for patients with this disease [1]. Although this model
has prognostic value in FL, there is marked variability in
outcome for patients within each FLIPI risk group, indicating
the underlying biological heterogeneity of this disease. The
identification of ‘biological’ prognostic factors is therefore
essential in FL to allow risk stratification in clinical trials and to
identify potential new therapeutic targets in this disease.
Several recent studies have described characteristics of the

tumor microenvironment related to host immune response,
which may have prognostic value in patients with FL. GEP has
identified immune response signatures with prognostic
significance which appear to be independent of clinical
prognostic factors [8]. The signatures described were not
derived from tumor cells but from infiltrating
immunoregulatory cells. Two signatures were identified—one
composed of genes mainly expressed by T cells and associated
with a favorable prognosis and one composed of genes mainly
expressed by macrophages and follicular dendritic cells that are
associated with an unfavorable prognosis.
Several subsequent studies have used immunohistochemical

techniques to investigate the potential prognostic significance
of infiltrating cells of T-cell and macrophage lineage in FL.
Results from these studies have been variable. In most studies,
total T-cell numbers have not been shown to have any
prognostic value in FL. By contrast, some studies have reported
that the number or pattern of infiltrating FOXP3-positive Tregs

is predictive of survival independent of clinical factors [10,
12, 13].
Farinha et al. [9] investigated LAM content in 61 patients

treated between 1987 and 1993 with a multi-agent
chemotherapy regimen followed by involved-field radiation
therapy. In this study, the presence of <15 CD68-positive
macrophages per hpf was associated with a favorable prognosis.
This retained significance in multivariate analysis which
included IPI score.
More recent studies have indicated that the prognostic

significance of the tumor microenvironment in FL may be
treatment dependent. de Jong et al. [16] have reported that
patterns of infiltration with FOXP3-positive T cells and CD68-
positive macrophages have opposite prognostic significance in
patients treated with alkylating agent-based therapy compared
with purine analogue-based therapy. Canioni et al. [15] have
demonstrated that high macrophage counts were associated
with poor prognosis in patients with FL treated with
chemotherapy alone but that this effect was apparently
abrogated in patients receiving rituximab in addition to
chemotherapy. Median follow-up in this study was relatively
short at 42.9 months.
In contrast to most of the previously reported studies, the

current series includes patients treated in a consistent,
protocol-directed fashion, before and after the addition of
monoclonal antibody therapy, in the context of prospective
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Figure 2. Overall survival according to myeloma-associated antigen-1

expression for patients receiving chemotherapy plus monoclonal antibody

on studies S9800 and S9911 (A) and chemotherapy only on study

S8809 (B).
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clinical trials with long-term follow-up. We found no
correlation between number or pattern of FOXP3-positive Tregs

with OS. Likewise, the number of LAMs was not associated
with OS.
Expression of MUM-1 has been reported in around 15%–

40% of cases of FL in several studies [26–29]. Natkunam et al.
[27] described an analysis of MUM-1/IRF4 protein expression
using TMAs in a range of hematopoietic neoplasms and
reported MUM-1 staining in 23% of all FL cases examined,
with 79% of MUM-1-positive cases being grade 3 FL. Naresh
[29] reported similar findings in 46 patients with FL. Seventeen
cases expressed MUM-1, with 76% of MUM-1-positive cases
classified as grade 3. The clinical significance of MUM
expression has not, to our knowledge, been explored in
a uniformly treated group of patients. A single-center study in
94 patients with FL managed with variable strategies identified
MUM-1 in 23 of 87 assessable patients (27%) and showed that
the presence of MUM-1, although not independently predictive
of OS, was associated with a requirement for treatment at the
time of diagnosis.
The present study confirms the adverse prognostic impact of

MUM-1 positivity in FL. This effect appears to be restricted to
patients treated with anti-CD20 monoclonal antibody therapy.
The biological basis for this is unclear. Previous studies have
indicated that cytologic grade may be increased in MUM-1-

positive FL. However, we did not observe this in the present
study. A total of only 22 of 168 assessable patients had grade 3
FL (all but one grade 3a) and no correlation was observed
between FL grade and either MUM-1 expression or outcome
(data not shown).
MUM-1 has been identified as a marker of nongerminal

center-derived DLBCL, a subtype also associated with more
aggressive clinical behavior and poor prognosis. We
demonstrated that MUM-1 and bcl-6 are indeed abnormally
coexpressed in the same cells. The basis for abnormal
coexpression of MUM-1 and bcl-6 is a matter of current
investigation. In the setting of DLBCL, one mechanism appears
to be mutation of the MUM-1-binding site within the bcl-6
promoter [30, 31]. Whether this plays a role in FL is yet to be
determined. However, preliminary sequencing data from our
laboratory indicate that this is not the case in three samples of
MUM-1-positive FL since only germline sequence was
identified (data not shown).
In summary, we have shown that, in contrast to previous

studies, the number or patterns of infiltration FOXP3 cells and
LAMs did not have prognostic significance for patients treated
on sequential SWOG studies for FL before and after the
introduction of anti-CD20 monoclonal antibody therapy. The
presence of MUM-1 positivity was shown to be an adverse
prognostic factor in FL patients who received monoclonal

Figure 3. Dual myeloma-associated antigen-1 (MUM-1)/bcl-6 quantum dot immunofluorescence. Sections were stained with MUM-1 (Qdot 605) and bcl-

6 (Qdot655) and counterstained with diamidino-2-phenylindole to highlight nuclei. Images were digitally colorized (MUM-1 green and bcl-6 red). The left

panels show MUM-1 alone, middle panel bcl-6 alone, and right panels show combined overlay in the same microscopic field. The top row shows a reactive

germinal center from a tonsil in which only rare cells express MUM-1, numerous cells express bcl-6, and only a single cell coexpresses the two proteins

(circle). The middle row, from a MUM-1-negative follicular lymphoma (FL), shows malignant FL cells expressing only bcl-6. The bottom row, from

a MUM-1-positive FL, shows several MUM-1-expressing cells and numerous bcl-6-expressing cells. The MUM-1 and bcl-6 colocalize (circles).
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antibody but not in those treated with chemotherapy alone.
The mechanism underlying this is unclear and will require
further study. In view of the relatively small patient numbers
included in this study, these results should be considered
exploratory and will require independent confirmation. If these
results are confirmed in future studies, expression of MUM-1
may allow identification of a poor-risk patient population with
FL in which novel treatment approaches should be investigated.
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