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A B S T R A C T

Purpose
Previous studies have demonstrated the prognostic importance of the immune microenvironment
in follicular lymphoma (FL). To investigate the molecular mechanisms during which tumor-
infiltrating T cells (TILs) are altered in the FL microenvironment, we studied highly purified CD4 and
CD8 TILs from lymph node biopsies at diagnosis in treatment-naive patients with FL compared
with reactive tonsils and the peripheral blood of healthy donors.

Patients and Methods
Gene expression profiling of highly purified CD4 and CD8 TILs was performed on the Affymetrix
platform. Diagnostic tissue microarrays from an independent patient set (n � 172) were used to
verify protein expression and analyze any impact of TIL-expressed genes on outcome. Time-lapse
imaging was used to assess T-cell motility.

Results
The most upregulated genes in both CD4 and CD8 TILs were PMCH, ETV1, and TNFRSF9. PMCH is
not expressed in peripheral blood T cells, but expression is highly induced on culture with FL. Both CD4
and CD8 TILs from patients with FL have significantly impaired motility compared with those of healthy
TILs from reactive tonsils and this can be induced on healthy T cells by FL cells. During multivariate
analysis, a model incorporating the number and location of T cells expressing PMCH, NAMPT, and
ETV1 showed prognostic significance for overall survival and for time to transformation.

Conclusion
We showed altered gene expression in TILs in FL and demonstrated that altering the immune
microenvironment in FL affects overall survival and time to transformation in this disease.

J Clin Oncol 31:2654-2661. © 2013 by American Society of Clinical Oncology

INTRODUCTION

Follicular lymphoma (FL) is an indolent disease
with a very heterogeneous clinical course.1 Though
some patients with FL live decades without treat-
ment, others have rapid disease progression and
short survival, and 30% of patients undergo histo-
logic transformation to diffuse, large B-cell lym-
phoma (DLBCL).2 The Follicular Lymphoma
International Prognostic Index3 stratifies patient
risk but has limitations. Recent studies have demon-
strated frequent mutations in FL, particularly inac-
tivating mutations of the MLL2 gene4 that likely
drive FL development. Prognostic biomarkers based
on disease biology that can accurately predict clinical
behavior and aid in disease management are needed.

Cancer cells induce distinctive microenviron-
ments conducive to cancer cell growth. The immune

microenvironment plays an important role in FL
outcome, and the genes and proteins expressed by
infiltrating T cells and macrophages are among the
most important predictors of outcome.5-10 The
mechanisms through which the immune microen-
vironment affects FL outcome are poorly under-
stood. Tumor cells alter cytolytic T cells11 and
recruitment of protumor macrophages.12,13 CD4
and CD8 tumor-infiltrating lymphocytes (TILs) in
FL have impaired function and suppressed recruit-
ment of critical signaling proteins to the immuno-
logic synapse.14 However, these studies shed little
light on how FL cells alter the immune environment
heterogeneously. To attempt to examine the mech-
anisms through which FL TILs affect outcome, we
analyzed global gene expression profiles of highly
purified CD4 and CD8 TILs from FL compared with
reactive tonsil. We show altered gene expression in
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FL TILs and demonstrate that the number and location of TILs with
altered expression of PMCH, NAMPT, and ETV1 affects overall sur-
vival (OS) and time to transformation (TT).

PATIENTS AND METHODS

Ethical Considerations and Samples

Ethical approval for the study was obtained from the East London and
The City Health Authority Local Research Ethics Committee 3. Cryopreserved
cell suspensions were obtained from the tissue bank of St Bartholomew’s
Hospital. All patients consented to storage and use of specimens for research
purposes. Lymph nodes (LN) and cryopreserved single-cell suspensions were
obtained from previously untreated FL patients and reactive tonsils were used
as controls. See Data Supplement for further details.

Gene Expression Profiling

The Affymetrix Expression GeneChip (Affymetrix, Santa Clara, CA)
protocol one-cycle procedure with Affymetrix Human Genome U133 plus 2.0
GeneChips were used with 1 �g total RNA as starting material. GeneChip data
were analyzed using Partek and R software (R Project for Statistical Comput-
ing, Wien, Austria) by two independent experts with 99% similarity in the
extracted results. Pathway analysis was performed using Ingenuity software.

Tissue Microarrays

Representative Tissue Microarrays (TMAs) were prepared as triplicate
1-mm diameter cores as previously described9 and in the final validation set of
172 patients at St Bartholomew’s Hospital from FL LN biopsies obtained at
diagnosis for whom clinical outcome was available. Reactive follicular hyper-
plasia lymph node samples (n � 12) were arrayed as controls. TMAs were
constructed and immunohistochemistry (IHC) staining and analysis was per-
formed.9 Suitable Abs for paraffin-embedded sections were available for
pro-melanin-concentrating hormone (PMCH), PMCH variant 1 (ETV1),
nicotinamide phosphoribosyltransferase (NAMPT), and CD200, and their
expression was studied in more detail. Stained slides were evaluated for per-
centage of positive cells and expression (mean intensity) via a computerized
image analysis system (Ariol, Applied Imaging Molecular Devices, Sunnyvale,
CA); pathologist-trained visual parameters were employed, including location
relative to the neoplastic follicle: interfollicular, intrafollicular, and total core
area. Expert histopathologist analyses (A.M. and M.C.) independently vali-
dated the IHC automated analysis.

Time-Lapse Imaging

Random movement of CD4 and CD8 TILs (105 lymphocytes) were
assessed on intercellular adhesion molecule–1 coated �-Slides VI ibiTreat
80,606 (ibidi, Martinsried, Germany) slides.15 Images were taken with a Nikon
BioStation IM microscope using a 20�objective lens at 20-second intervals for
1 hour. Cells were tracked and analyzed with NIS-Element software (Nikon,
Melville, NY). Motility Index was calculated by the average frequency of motile
cells from three microscopic fields multiplied by their average velocity (�m/S).

Statistical Analysis

Expression data were analyzed within the R statistical environment via
Bioconductor packages (http://www.bioconductor.org) using stringent qual-
ity control criteria. For CD4 and CD8 subtypes, Limma was used to fit a linear
model to normalize expression data for each probe to detect differentially
expressed genes between healthy and FL samples. 16 False discovery rates were
estimated using the Benjamini-Hochberg method.17 For the IHC data, two
independent analyses (categoric and continuous data) were performed to
increase the robustness of statistical inferences. Data analysis was performed by
using the X-Tile statistical package (Yale University, New Haven, CT),18 en-
abling cut points to be determined for markers without validated normal
ranges. X-Tile divides the cohort into two independent data sets (a test set and
a validation set) in a 1:2 ratio, determines optimal cut points for each marker
for the test set, and applies this to the validation set.19 Kaplan-Meier curves
defined by these cut points were generated, and statistical significance of
differences arising from differential expression of each marker were deter-

mined in the validation set using the log-rank test. Continuous data analysis
assessed the prognostic effect of each of these biomarkers treated as continuous
variables using Cox regression analysis. Outcomes measured from date of
diagnosis to occurrence of event or date of last follow-up were OS and TT, the
time from FL diagnosis to histologically confirmed diffuse, large B-cell lym-
phoma transformation. Kaplan-Meier plot and the Gehan-Breslow-Wilcoxon
methods were used for survival analysis. Biomarkers and clinical risk factors
for OS and TT were analyzed using a Cox proportional hazards regression
model. For each outcome, models were formulated using forward selection,
starting from the most significant clinical prognostic variable in the univariate
analysis, adding factors and retaining only significant variables (P � .05) at
each step. Backward selection method starting from the full model was used to
check that the prognostic factors maintained significance in the final model.20

For all patients, variables included in the backward and forward selection
procedures comprised age, stage, grade, and sex, as well as PMCH, NAMPT,
and ETV1 number and location. The proportional hazards assumption for
each predictor in the final model was assessed by testing correlation between
the ranked failure times and the scaled Schoenfeld residuals. The proportional
hazards assumption was not rejected in any of the models. The predictive
performance of the final model was evaluated using measures of discrimina-
tion to distinguish patients with different prognostic factors, quantified using a
Harrell’s c (concordance) index.20 All statistical analyses were performed in
STATA (STATA, College Station, TX).

RESULTS

Abnormal Gene Expression Profile of CD4 and CD8

TILs in FL

To determine the mechanism through which TILs in patients
with FL are altered and affect FL outcome, we analyzed gene expres-
sion profiles of highly purified CD4 and CD8 TILs from 12 FL patients
who were previously treatment-naive and compared them with
seveb reactive tonsillar controls (GEO Series accession number
GSE27928).21 After purification, mean purity was 98.05% for FL CD4
TILs (range, 95.8% to 99.2%), 96.15% for CD8 TILs (range, 94.1% to
98.5%); 96.95% for tonsillar CD4 cells (range, 91.5% to 99.3%), and
for tonsillar CD8 cells 98.03% (range, 96.0% to 99.5). Unsupervised
clustering of all samples using all differentially expressed probe sets for
both CD4 and CD8 TILs correctly distinguished healthy and FL sam-
ples. Using a P value cutoff of .05, log2-fold change cutoff of less than 1
or more than 1, and a false discovery rate of 0.05 for the derived gene
lists, 182 genes were upregulated and 85 genes downregulated in CD4
cells; 481 genes were upregulated and 163 genes downregulated in
CD8 cells (Fig 1; Data Supplement). Pathway analysis is also shown in
the Data Supplement. In both CD4 and CD8 TILs, 109 genes were
deregulated in common; 95 were upregulated but only 13 downregu-
lated (Data Supplement).

Altered mRNA expression was validated using quantitative real-
time polymerase chain reaction, and representative results for PMCH
and ETV1 are shown in Figure 2. Genes altered on FL TILs were barely
detectable on FL (n � 12) or tonsillar B cells (n � 10; Fig 2B) and are
detected at much lower levels in tonsillar T cells or peripheral blood
(PB) CD4 or CD8 cells in healthy individuals (Fig 2). We demon-
strated altered protein expression of PMCH, ETV1, CD200, and
NAMPT by dual-staining immunohistochemistry (Fig 2C), using
TMAs from a well-characterized independent cohort of 172
treatment-naive FL patients. Median follow-up time for these patients
was 11.48 years (range, 3.67 to 35.77 years), and 41 of these patients’
disease subsequently progressed (Data Supplement). This approach
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requires monoclonal antibodies (mAbs) that stain reliably in paraffin-
embedded tissue. We focused attention on PMCH, NAMPT, CD200,
and ETV1 (Data Supplement). Although there is considerable interest
in TNFRSF9 in FL, we could not overcome technical difficulties in the
TMA, even after using three different mAbs. Mean intensity (MI)
expression in TMA for PMCH, NAMPT, and ETV1 was significantly
higher in FL patients (n � 172) compared with those of reactive LN
(n � 12; P � .001; Figs 2C and 2D).

Coculturing Healthy Allogeneic T Cells With FL Cells

To determine whether the FL cells directly alter TIL protein
expression, healthy PB allogeneic T cells were cocultured alone, with
purified FL cells (n � 7), or with tonsillar B cells (n � 4) in cell-cell
contact or in transwell cultures for 48 hours. PMCH, ETV1, CAV1,
CRTAM, and CXCL13 mRNA levels were quantified by quantitative
real-time polymerase chain reaction from purified T cells. PMCH
expression was induced highly by coculture with FL cells (Fig 3).
Optimal induction of both PMCH and ETV1 expression occurred in
transwell culture (data not shown), suggesting induction by soluble
factors, whereas CAV1 expression on T cells was induced by direct
culture with FL cells and not with healthy B cells (Fig 3). Expression of
CRTAM on T cells was not altered by coculture with FL cells but was

suppressed by coculture with healthy B cells. Expression of CXCL13
was not altered under any of coculture conditions studied (data
not shown).

Expression of Melanin-Concentrating Hormone

Receptor 2 by Tissue Macrophages

PMCH was the most highly differentially expressed gene in both
CD4 and CD8 FL TILs. Melanin-concentrating hormone (MCH)
serum level did not differ in patients with FL (n � 40) compared with
healthy donors (n � 10; P � .196; data not shown). Although no
MCH receptor expression was observed on the FL cells or TILs, dual
staining demonstrated expression of MCH receptor 2 (MCHR2), but
not MCHR1, on a subset of tumor-infiltrating macrophages (Fig 4)
with higher level of expression in the interfollicular versus intrafollicu-
lar areas (data not shown). MCHR2 was also expressed on a subset of
tonsillar macrophages.

Motility of CD4 and CD8 TILs From FL Patients Are

Drastically Impaired

ACTN1 was among the most down-regulated genes in FL TILs
and analysis highlighted disruption in actin-based motility and cyto-
skeleton signaling pathways, similar to that seen in our previous T cell
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Fig 1. Heat maps showing differentially expressed genes in highly pure tumor-infiltrating lymphocytes (TILs) CD8 and CD4 from patients with follicular lymphoma (FL)
at diagnosis compared with healthy donors. (A) Dendrogram of differentially expressed genes by unsupervised analysis (P � .05; false discovery rates � 0.05) showed
182 genes were significantly upregulated (red) and 85 genes were significantly downregulated (blue) in CD4 cells from patients with FL. (B) CD8 cells showed 481
genes were significantly upregulated and 163 genes downregulated in patients with FL.
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studies in FL,14 AML22 and CLL.23 We performed migration tracking
on sorted CD4 and CD8 TILs from treatment naive FL patients
(n � 7) compared with tonsillar controls (n � 4) to assess the func-
tional effects of tumor cell induced actin-based motility disruption.
Compared to tonsillar T cells, both CD4 and CD8 FL TILs had signif-
icantly impaired motility index scores (P � .025) (Fig 5). Movies of
representative T cells from FL and tonsil are presented in supplemen-
tal data. A significant reduction in motility index of T cells (P � .0002)
was seen after coculture of healthy allogeneic T cells with FL cells
compared with tonsillar B cells (data not shown).

Impact of PMCH, ETV1, and NAMPT Expression and

Clinical Outcome

We examined the clinical significance of altered expression of
PMCH, ETV1, and NAMPT on FL CD4 and CD8 TILs using IHC on
the FL TMA. The value of this approach is that it allows examination of
not only the number of TILs expressing the altered protein but also
their location. We examined the number of T cells expressing each
protein of interest within the malignant follicle (intrafollicular), in the
interfollicular area, and overall. The results demonstrate the complex-
ity of interactions between FL and TILs. Higher number of TILs
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expressing PMCH in the intrafollicular (P � .03; Fig 6A) or interfol-
licular (P � .0003; Fig 6B) areas was associated with improved OS and
disease-specific survival (data not shown). The same was true when
TILs were analyzed for percentage expression of cells or MI for PMCH
(data not shown). This difference was maintained independently of
previous rituximab treatment (data not shown). Higher number of
NAMPT-expressing TILs was associated with improved OS in both
the intrafollicular (P � .02) and interfollicular (P � .0087) areas. The
results for ETV1 suggest a more complex, location-dependent inter-
action. Patients with a high number of intrafollicular ETV1-
expressing TILs had poor OS (P � .045), whereas patients who had a
high number of interfollicular ETV1-expressing TILs had improved
OS (P � .03). In multivariate analysis, none of the proteins examined
alone retained independent significance for OS (Data Supplement).
However, we were able to build a model based on a combination of
these biomarkers, with the best model being the number of PMCH-
and NAMPT-expressing cells in the interfollicular area plus the ratio
of ETV1 cells in the interfollicular/intrafollicular area, with a high
combined score identifying patients with improved OS (hazard ratio,
0.32; 95% CI, 0.1 to 0.61; P � .007).

A high number of PMCH-expressing TILs in the intrafollicu-
lar area (P � .029) and a low number in the interfollicular area
(P � .033) was associated with shorter TT (Figs 6C and 6D). High
MI level of NAMPT expression in the intrafollicular area was
associated with longer TT (P � .0034; data not shown). A higher
number of ETV1-expressing cells in the intrafollicular area
(P � .02) and higher MI level in the interfollicular area (P � .0005)
were associated with shorter TT (Figs 6E and 6F). In multivariate
analysis, the number of PMCH-expressing cells in the interfollicu-
lar area (95% CI, 0.1 to 0.71; P � .008) and MI of NAMPT in
intrafollicular area (95% CI, 0.15 to 0.86; P � .021) were indepen-
dently associated with predicted prognosis of TT (Data Supple-
ment). A model combining the ratio of PMCH-expressing cells in
the interfollicular/intrafollicular area plus a high level of expres-

sion of NAMPT and a low level of expression of ETV1 in the
intrafollicular area best identified patients with longer TT (hazard
ratio, 0.19; 95% CI, 0.09 to 0.47; P � .003).

DISCUSSION

An important hallmark of tumor cells is their ability to evade
immune recognition. Understanding the relationships between
neoplastic cells and the immune microenvironment should help
facilitate improved therapeutic interventions. To determine the

150

100

50

0

PMCH
CAV1

Re
la

tiv
e 

m
RN

A 
Ex

pr
es

si
on

T al
one

T+ 
hea

lth
y B

T+ 
FL

 B

T+ 
FL

 B
 (T

ra
nsw

ell
)

T al
one

T+ 
hea

lth
y B

T+ 
FL

 B

T+ 
FL

 B
 (T

ra
nsw

ell
)

Fig 3. Relative fold change in mRNA expression results (by qualitative reverse-
transcriptase–polymerase chain reaction) for PMCH and CAV1 genes in alloge-
neic healthy T cells cultured alone (n � 4) or cocultured with follicular lymphoma
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transwell experiment (n � 4).
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C

Fig 4. Expression of MCHR2 by interfollicular tissue macrophages. Staining of
lymph node (LN) paraffin-embedded section using (A) anti-CD68 TexRed conju-
gated secondary Ab and (B) anti-MCHR2 and FITC-conjugated secondary Ab. (C)
A combination of (A) and (B), which shows the specific expression of MCHR2 by
interfollicular tissue macrophages. This is representative of 10 follicular lym-
phoma patients and five reactive LNs examined.
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molecular mechanisms through which FL cells alter the function of
tumor-infiltrating T cells, we performed gene-expression profiling
on highly pure CD4 and CD8 TILs and demonstrated profound
changes in gene expression.

The number, percentage, mean intensity of expression, and loca-
tion of TILs expressing PMCH, ETV1, and NAMPT in an FL TMA
had potential prognostic significance that was seen on univariate anal-
ysis. But the number, as well as the location of cells, had to be taken
into account in multivariate analysis to allow for the complex impact
on prognosis dependent on location of T cells expressing these altered
genes. The differing patterns of expression of the same protein on T
cells having an impact on OS and TT suggests that disease progression
and transformation may be differentially regulated by the immune
microenvironment. How these cells affect other cells specific to the
tumor microenvironment, including T regulatory cells and tumor-
associated macrophages, form the basis of ongoing studies.

The high expression of PMCH by TILs in patients and its poten-
tial association with survival and transformation suggests it may play
an important role in FL. The highest normal PMCH transcript level is
observed in the brain,24 where it may play a role in appetite
regulation.25-27 PMCH is proteolytically processed by tissue-specific
convertases to form several active peptides, including the orexigenic
peptide MCH.28 The role of the other PMCH-derived peptides, neu-
ropeptide EI and neuropeptide-glycine-glutamic acid, is not well un-
derstood and there are no published immune-related functions.
However, MCH has an immunomodulatory effect, it inhibits prolif-
eration of CD3-stimulated and nonstimulated PBMC, and it reduces
IL-2 release.29 In vitro–differentiated human Th2 cells highly selec-
tively express PMCH.30 Its main receptor, MCHR1, is expressed by
human PB granulocytes, monocytes, T cells, and B cells.31 We ob-
served MCHR2, but not MCHR1expression in FL lymph nodes, and
double staining demonstrated specificity for tissue macrophages, es-
pecially in the interfollicular areas. We postulate that FL induces T cell
production of MCH, which binds to the surrounding MCHR2-
expressing tissue macrophages, a novel way that malignant cells shape
their immune microenvironment. Increased tissue macrophages are
correlated with worse prognosis in FL,6,32 and we are investigating
MCH-induced macrophage alteration. The molecular mechanisms
through which ETV1 and NAMPT affect FL biology and outcome
remain unknown. ETS transcription factors appear critical regulators
of oncogenesis by different mechanisms in gastrointestinal stromal
tumors,33 prostate cancer,34 melanoma,35 and breast cancer.36 How-
ever, ETV1 expression has not previously been described in T cells, and
its role in FL TILs requires further investigation.

The disruption in actin-based motility and cytoskeleton polariza-
tion in TILs is in keeping with our previous studies of FL,14 acute
myeloid leukemia,22 and chronic lymphatic leukemia,23 in which we
have shown markedly decreased actin polymerization at T cell immu-
nologic synapse with reduced recruitment of phosphotyrosine-
signaling molecules.14,22,37 We recently characterized that cell surface
expression of regulatory molecules, including CD200, induce defec-
tive actin polymerization in hematologic malignancies, including FL
and in solid tumors.38 In this article, we show that FL-induced actin
changes also impair TIL motility, potentially a novel mechanism to
impair effective antitumor immune response by TILs, and that FL cells
can induce defects in healthy allogeneic T cells. These findings have
implications for autologous and allogeneic immunotherapy treat-
ment approaches, and clinical trials using immunomodulatory drugs
that can repair T cell defects14,37 are ongoing in patients with FL.

In conclusion, our findings improve our understanding of the
impact of tumor-infiltrating T cells in the microenvironment, identify
molecular pathways that are altered, and introduce novel genes that
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may affect FL biology and outcome. These results contribute to our
understanding of the complex interactions of lymphoma cells, TILs,
and macrophages in their microenvironment and help us generate
hypotheses. But until we have a better understanding of these interac-
tions, it does not yet seem feasible to incorporate IHC analysis of TILs
in FL for prognosis. However, because nonmalignant infiltrating im-
mune cells play a crucial role in outcomes in FL, understanding the
nature and impact of the abnormalities induced in TILs in these

patients is vital before any immunotherapeutic strategies can be im-
plemented to alter the immune microenvironment in FL.
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Fig 6. Overall survival (OS) and time to transformation (TT) of patients with follicular lymphoma (FL) according to high versus low expression of examined proteins
at time of diagnosis. Number of positive cells for PMCH expression (P � .03) in (A) intrafollicular and (B) interfollicular area (P � .0002). TT of patients with FL according
to number of PMCH-expressing cells in (C) intrafollicular (P � .029) and (D) interfollicular area (P � .033). TT for the same patients for (E) number of ETV1-expressing
cells in intrafollicular area (P � .02) and (F) mean intensity of ETV1 expression in interfollicular area (P � .0005).
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