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The immune cell infiltrate populating
meningiomas is composed of mature,
antigen-experienced T and B cells
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Background. Meningiomas often harbor an immune cell
infiltrate that can include substantial numbers of T and B
cells. However, their phenotype and characteristics
remain undefined. To gain a deeper understanding of
the T and B cell repertoire in this tumor, we characterized
the immune infiltrate of 28 resected meningiomas repre-
senting all grades.

Methods. Immunohistochemistry was used to grossly
characterize and enumerate infiltrating lymphocytes. A
molecular analysis of the immunoglobulin variable
region of tumor-infiltrating B cells was used to character-
ize their antigen experience. Flow cytometry of fresh
tissue homogenate and paired peripheral blood lympho-
cytes was used to identify T cell phenotypes and character-
ize the T cell repertoire.

Results. A conspicuous B and T cell infiltrate, primarily
clustered in perivascular spaces, was present in the micro-
environment of most tumors examined. Characterization
of 294 tumor-infiltrating B cells revealed clear evidence of
antigen experience, in that the cardinal features of an
antigen-driven B cell response were present. Meningiomas
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harbored populations of antigen-experienced CD4+ and
CD8+ memory/effector T cells, regulatory T cells, and T
cells expressing the immune checkpoint molecules PD-1
and Tim-3, indicative of exhaustion. All of these pheno-
types were considerably enriched relative to their frequency
in the circulation. The T cell repertoire in the tumor micro-
environment included populations that were not reflected in
paired peripheral blood.

Conclusion. The tumor microenvironment of meningio-
mas often includes postgerminal center B cell populations.
These tumors invariably include a selected, antigen-experi-
enced, effector T cell population enriched by those that
express markers of an exhausted phenotype.

Keywords: B cell, meningioma, T cell, tumor-infiltrating
lymphocytes.

eningiomas are brain tumors that arise from the
| \ / I meninges surrounding the brain and spinal cord
and are among the most common adult neo-
plasms of the CNS.! Although 80% of meningiomas are
slow-growing nonmalignant World Health Organization
(WHO) grade I tumors,” they may still cause harm via
mass effect on neighboring structures. Favorable outcomes
for those WHO grade I tumors can often be achieved by
complete surgical resection. However, the atypical menin-
giomas, WHO grades Il and I1I, can have more devastating
effects.
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Despite optimal management that includes surgical re-
sectionand radiation treatment, patients with grade [l and
grade III tumors have 5-year survival rates of 78.5% and
44%, respectively, and corresponding 10-year survival
rates of 53.3% and 14.2%. Unfortunately, there is no
consensus for treatment strategies, and after several sur-
geries, treatment options are often limited. Thus, treat-
ment strategies beyond radiation and surgery for these
patients are needed.*> One such strategy that is being ex-
plored in other primary brain tumors, such as gliomas, is
immunotherapy.®’ Currently, our understanding of the
relationship between meningiomas and the immune
system is limited. By further exploring these interactions,
we aim to determine whether immunotherapeutic strate-
gies could be used to target meningiomas.

Several studies in non-CNS tumors, such as lung
cancer, melanoma, ovarian cancer, and colon cancer, in-
dicate that the presence of lymphocytes can be a critical
determinant of clinical prognosis.”~'" Furthermore, it
has been suggested that the types and distribution patterns
of these infiltrating lymphocytes can be more powerful
prognostic indicators than the previously used pathologi-
cal criteria for tumor staging'? or oncogene expression.
For example, a high tumor infiltrating CD8+ /regulatory
T cell (Treg) ratio is often correlated with long-term sur-
vival.'* However, high levels of T cell response and anti-
body production can also be present in progressively
growing tumors, indicating that an immune response
does not necessarily result in immune protection.”” The
interaction between tumors and the immune system is
complex, and its outcome cannot be predicted from the
size of the infiltrate alone.

Immune cell infiltrates of meningiomas can include
variable numbers of T cells, B cells, plasma cells, and mac-
rophages.'®~2° Although the presence of immune cells in
meningiomas has been well delineated at a descriptive
level, many of the characteristics of these cells remain
unknown. Understanding whether such cells demonstrate
antigen experience, have developed into activated effector
cells, or display exhausted phenotypes is one of the first
steps toward understanding their role in tumor biology.
In the present work, we began to determine the role of
the immune cells that populate the tumor parenchyma
in meningiomas.

Materials and Methods

Clinical Specimens

Meningioma specimens were obtained from 28 patients
undergoing neurosurgical craniotomies for clinical indi-
cations unrelated to the current work. The sources of
tissue included Columbia University Medical Center,
Massachusetts General Hospital Cancer Center Tumor
Bank, and Yale School of Medicine. For meningiomas
025, 027, 029, 032, 033, and 034, peripheral blood
samples were obtained from the same patients at the
time of the surgery. The clinical demographics are sum-
marized in Table 1. Sections from all of the specimens
were snap-frozen in optimal cutting temperature (OCT)
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Table 1. Meningioma specimen demographics and mean TIL
counts

Tumor Grade T Cells B Cells Plasma Cells
ID (WHO) (n) (n) (n)
3104 | 3 0 0.1
3113 I 1.7 0.2 13
3115 I 9 0.2 0
3125 | 8.4 0.2 0
3129 I 0.1 23 0
103111 | 0.1 0 0
2739 | 2.3 0.1 0
4217 I 3.2 0 0
001 | 3.4 1.8 1.2
002 | 1.7 0.3 0.6
004 I 9.2 1.4 0.2
025 | 2.4 4.2 0
032 | 1 0.3 0.67
033 I 0.3 0 0.3
034 I 0.3 0 0
027 | 5.1 0.3 0
029 I 1.4 0.2 0
2111 Il 2.2 0 0
3106 Il 1.1 0 0
3123 I 2.4 0.2 0
3152 Il 4.2 0 0
3118 Il 9.7 0.3 0
1343 I 2.9 0 0
1408 Il 2.1 0.2 0
15016 Il 5.9 0.1 0
2628 1 3 0.2 0
3097 1 0.6 0 0
3119 I 2.7 0 0.1

compound immediately following surgical removal.
Many of the specimens that were large enough were also
dissected so that segments could be fixed in paraformalde-
hyde and embedded in paraffin. Sections from several
fresh specimens were reserved for flow cytometry-based
analysis. Fluorescence-activated cell sorted naive and
antigen-experienced B cells from normal healthy subjects
were used as controls. Institutional review boards at each
facility approved this study, and informed consent was
obtained from all subjects when required.

Immunohistochemistry

Immunohistochemistry was performed on either
paraformaldehyde-fixed paraffin-embedded tissues or
OCT-embedded frozen tissues as previously described.”!
Murine monoclonal anti-human CD20 (Clone L.26, Dako
Cytomation) was used at a dilution of 1:250, anti-human
CD3 (Clone F7.2.38, Dako Cytomation) at 1:50, and anti-
human CD138 (Clone MI15, Dako Cytomation) at 1:50.
Primary antibodies were applied for 1 h at room tempera-
ture. Slides were washed in Tris-HCI (50 mM, pH 7.4)
and incubated with anti-mouse secondary antibodies for



1 h at room temperature. After further washing, the slides
were developed using diaminobenzidine chromogen and
counterstained with hematoxylin. Tumor-infiltrating lym-
phocytes (TILs) were enumerated under 400X magnifica-
tion within 9 fields.

Immunoglobulin Variable Region Cloning

Immunoglobulin (Ig) variable region of heavy chain (V)
libraries were constructed from frozen tumor specimens
(8 pm thickness) and from defined control subsets that in-
cluded fluorescence-activated cell sorted naive (CD19+
CD27—) and antigen-experienced (CD19 + CD27+) B
cells derived from the peripheral blood mononuclear
cells (PBMCs) of normal healthy subjects. Total mRNA
was extracted using the RNeasy Mini kit (Qiagen) accord-
ing to the manufacturer’s instructions. From the total
RNA, cDNA was synthesized and human Ig variable
region genes were amplified according to the protocol de-
scribed by Wang and Stollar,** with minor modifications
described by our group.?’

Immunoglobulin Vi Sequence Analysis

The Ig Vg sequences were analyzed wusing the
ImmunoGeneTics/V-Query and Standardization (IMGT/
V-Quest) tool (www.imgt.org)*® to assess isotype distribu-
tion, somatic hypermutation, and clonal expansion. The
first 10 primer encoded codons of framework region 1
(FR1) were excluded from this analysis. Allelic polymor-
phism was not considered in the assessment, because the Ig
variable gene alleles have very few such nucleotide substitu-
tions,>* and the IMGT database includes various alleles for
alignment. Chimeric molecules arising from PCR amplifica-
tion artifacts were not included in any analyses.*” The vari-
able region cloning procedure also captures the 5’ end of the
Ig constantregion, allowing the Ig isotype and thereby extent
of isotype switching to be determined. By aligning each se-
quence to the most homologous germline segments (V, D,
and J), the nucleotide mutations and amino acid replace-
ments were counted. Clonal expansion and intraclonal
variants were determined as previously described.?’

Clonal Expansion and Intraclonal Variation

Clones were identified through the invariably unique se-
quences of their third complementarity determining
region (CDR3). Identical sequences from nonconsecutive
tissue sections defined clonal expansion, whereas identi-
cal sequences within one tissue section were considered
to be the product of PCR amplification rather than ex-
panded clones, as the two cannot be reliably distin-
guished. This highlights the need for the preparation of
distinct tissue libraries to properly evaluate clonal expan-
sion. If 2 or more sequences had an identical CDR3 and
differed by at least 2 somatic mutations or at least 1
amino acid replacement in the Vi region, they were con-
sidered to be derived from clonally related B cells, which
we termed clonal variants. The PCR enzyme used here in-
troduces <0.6 base changes into the amplified variable
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regions, which are ~360 bp in length.”® Thus, we consid-
ered variants to be present when at least 2 bases were dif-
ferent. Statistical analysis of the sequencing data was
performed with the x” test and Student’s z-test using
GraphPad Prism v6.0 software.

Quantification of Antigen-Driven Selection Strength

After using IMGT/V-Quest to determine the germline
genes and the junction regions for each sequence, we
divided the sequences into clones. For meningioma 004
(95 sequences from serial sections), we were left with 1
clone of 6 sequences, 5 of size 4, 3 of size 3, and 4 of size
2. The rest were mono sequence clones. After the sequences
were divided into clones and a germline was assigned for
each clone, we used BASELINe?” in a focused binomial
test formulation*®* to quantify the strength of antigen-
driven selection acting on the sequenced B cells. Due to un-
certainty in the germline assignment of the D segment and
surrounding N and P additions,*” we used only mutations
in the V and J regions for the selection analysis.

Immunophenotyping and T Cell Receptor Variable B
Repertoire Analysis by Flow Cytometry

Fresh single-cell suspensions from meningiomas were ob-
tained by Percoll gradient centrifugation after mechanical
dispersion through nylon mesh cell strainers in Roswell
Park Memorial Institute media. Matched fresh PBMCs
were isolated by Ficoll-Hypaque gradient centrifugation.
For immunophenotyping analysis, flow cytometric analysis
was performed with the following anti-human surface and
intracellular antibodies: anti-CD4-V450 (Clone RPA-T4,
BD Bioscience), anti-CD8-V500 (Clone RPA-T8, BD
Bioscience), anti-Tim-3-PE (Clone F38-2E2, BioLegend),
anti-PD-1-PerCp-CyS5.5 (Clone EH12.1, BD Bioscience),
anti-CD45RA-APC (Clone HI100, BD Bioscience),
anti-CD45RO-APC-H7 (Clone UCHL1, BD Bioscience),
anti-CD25-Alexa700 (Clone BC96, BioLegend), and
anti-Foxp3-FITC (Clone PCH101, eBioScience). The T
cell receptor variable B domain (TCR VB) repertoire in
tumor-infiltrating T cells (TIL-Ts) and whole blood was de-
termined using the TCR VB repertoire kit (IOTest Beta
Mark, Beckman Coulter) according to the manufacturer’s
protocol. Cells were stained simultaneously with anti-
CD3-APC (Clone UCHT1, BD Bioscience), anti-CD4-PE-
Cy7 (Clone SK3, BD Bioscience), anti-CD8-PerCP-CyS5.5
(Clone SK1, BioLegend),and 1 of 8 sets of antibody directed
against 3 distinct TCR VB families. In this manner, TCR
usage from a total of 24 distinct V@ families (about 70%
coverage of normal human TCR V repertoire) was detect-
ed. All flow cytometric analyses were conducted on a LSR
Fortessa instrument (BD Bioscience), and FlowJo 9.4.11
software was used for analysis. To analyze differences in
VB family usage, we calculated P-values using Pearson’s
x> test to determine whether the observed TIL-T VB
family frequency matched that expected from paired
whole blood, controlling for tube and total count
number. The Bonferroni correction was applied to
control for family-wise error rate.

NEURO-ONCOLOGY * NOVEMBER 2013 1481



Fang et al.: Adaptive immune response in meningiomas

Results

Immunobistochemistry of Tumor-Infiltrating
Lymphocytes

All meningioma specimens were first examined for the
presence of an immune cell infiltrate using immunohisto-
chemical markers for B cells (CD20+; Fig. 1A), plasma
cells (CD138+; Fig. 1B), and T cells (CD3+; Fig. 1C-
E). The frequency of cells was determined from the immu-
nohistochemistry slides. Considerable variation among
the specimens was observed. B cells were found in 17/
28 (61%) of the tumors (Table 1). The density of the B
cell infiltrate was sparse in most specimens (Fig. 1A and
F). However, several had a more defined and conspicuous
infiltrate with clustering in the perivascular space.
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Antibody-producing plasma cells were observed in 8/28
(28.5%) of the tumors (Table 1). The plasma cell
density was very sparse, often more diffuse than that of
B cells and present in fewer specimens (Fig. 1B and F). T
cells were seen in all 28 specimens, and their density was
greater than that of B cells (Fig. 1A—C and Table 1). T
cells often assembled in clusters in the perivascular
space (Fig. 1D and E) but were occasionally seen in the
tumor parenchyma in the absence of such clusters. To
determine how the immune cell infiltrate was distributed
throughout the entire tumor, one specimen with a robust
infiltrate of both B and T cells (004) was serial sectioned
along its z-axis to build a 3-dimensional reconstruction.
The density, distribution patterns, and phenotype of the
TILs were homogeneous throughout the entire tumor, in-
dicating that no particular region provided a preferential

No. cells (ave)

T cells B cells

Plasma cells

Fig. 1. Meningiomas harbor B, plasma, and T cell infiltrates within the tumor microenvironment. Immunohistochemistry demonstrated the
presence of CD20+ B cells (A), CD138+ antibody-secreting plasma cells (B), and CD3+ T cells (C). T cells often assembled in clusters
(arrow) in perivascular spaces (arrow head) (D and E). The images shown are representative of the specimens that had a visible infiltrate
under a 100X (A-C), 200X (D), and 400X (E) field. The inset is a magnification of the arrow-indicated site. The mean cell counts (within 9
fields per specimen under a 400X field) included all the specimens examined (F). Error bars indicate SEM.
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environment for the infiltrate. We then compared the
WHO grade of all 28 specimens with characteristics of
the infiltrate. Neither the frequency nor the type of cells
in the infiltrate correlated with tumor grade (not shown).

Molecular Characterization of Tumor-Infiltrating B Cell
Immunoglobulin Variable Regions

Having identified tumor-infiltrating B cells (TIL-Bs) in
most of the meningiomas we examined, we next con-
structed Ig Vy libraries from the snap-frozen and serially
sectioned meningioma specimens to assess whether the
TIL-Bs had the characteristic features of an antigen-
driven response. This analysis was based on the Ig Vy,
as its sequence complexity is significantly greater than
that observed in the light chain variable region. Isotype
switching, somatic mutation and amino acid replace-
ment, and clonal expansion with intraclonal variation
provide clear evidence of an antigen-driven B cell re-
sponse; thus, each of these characteristics was assessed.

B cells derived from nontumor sources were compared
with those derived from the meningiomas. In TIL-Bs,
there was abundant somatic mutation. On average, each
Ig Vi of ~400 nucleotides had a mean of 19 nucleotide mu-
tations (relative to the germline allele), resulting in 11 amino
acid substitutions in TIL-Bs. There were even more nucleo-
tide mutations in TIL-Bs than in antigen-experienced B cells
from healthy subjects (mean = 15 nucleotide mutations)
(P =.0138, Student’s t-test; Fig. 2A). The amino acid muta-
tion values (mean = 9 amino acid substitutions) were con-
sistent with those of sorted antigen-experienced B cells (not
significant, Student’s ¢-test; Fig. 2B), while sorted naive B
cells showed few somatic mutations (<1 on average), as ex-
pected (P < .0001, Student’s #test; Fig. 2A and B). No Vy
gene was amplified from the control reactions that did not
contain RNA. No sequence overlap between different
tumor specimens was found. These results indicate
that no contamination or cross-contamination between
tumors occurred. Our immunohistochemistry-based
study indicated that several tumors did not harbor B
cells, but the molecular analysis confirmed their presence
inthe same specimens. This discrepancy is likely due to the
lower sensitivity of the immunohistochemistry performed
with frozen specimens.

Meningioma 004 provided a representative example of
the characteristics of TIL-Bs in meningiomas. Ig Vi librar-
ies were constructed from 3 nonconsecutive sections.
Interestingly, we found clonally related TIL-Bs across
these distinct sections, indicating either that clonal expan-
sion and migration occurred within the tumor or that these
clones evolved in a lymph node and then migrated to mul-
tiple regions within the tumor. Clonal expansion and intra-
clonal variation were typical among the B cells that
infiltrated the meningioma microenvironment. Among a
total of 294 sequenced TIL-Bs from 22 meningioma spec-
imens, 46 % were members of B cell clones, and the remain-
ing 54% were unrelated to one another. On average, each
meningioma that we examined contained 3 B cell clones
(families) and 6 B cells that were members of clones, of
which 5 were clonal variants. Overall, among the clonally
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expanded TIL-Bs, 80% could be identified as variants,
based on their distinct somatic mutation patterns relative
to their clonal family members. The frequency of a specific
B cell clone in the peripheral blood of normal individuals is
about 1/20 000;>" this indicates that the B cells we exam-
ined from the tumors were not derived from blood.
Furthermore, we observed no clonal expansion within
the sorted naive or antigen-experienced B cell populations
we studied (P < .0001, x* test; Fig. 2C and D).

Given that naive B cells are defined by their expression
of IgM, we examined the isotype distribution of the
TIL-Bs and sorted antigen-experienced B cells. As expect-
ed, sorted antigen-experienced B cells had largely under-
gone class switching to the IgG isotype and were thus
not different from those derived from the tumor (not sig-
nificant, x” test; Fig. 2E), suggesting that the TIL-Bs were
also antigen experienced.

Figure 3A and B show more detailed analyses of 2 IgG
sequences that demonstrate the clonal expansion and
intraclonal diversity that were typical in these TIL-B pop-
ulations. The two TIL-Bs (lj2 and 10/11 2 B) were both
detected in meningioma 004. Both silent and replacement
mutations were found throughout the variable regions,
including CDR3, compared with the germline Vi allele.
The two TIL-Bs shared the same mutation pattern in
FR1, CDR1, FR2, and CDR2. The FR3 region of lj2 con-
tained 1 additional amino acid substitution. Interestingly,
atone locus in the CDR3 region, 1j2 contained 2 point mu-
tations (from agt to aac), resulting in an amino acid substi-
tution (from S to N), while 10/11 2 B contained 1 point
mutation (from agt to agc), without an amino acid substi-
tution. This overlapping mutation pattern demonstrates
that these B cells are the progeny of the same parent cell,
which indicates that a process of antigen-driven matura-
tion took place, either within the meningioma environ-
ment or in a lymph node.

To further confirm that the TIL-Bs were antigen
driven, we employed an algorithm (BASELINe) that de-
tected selection by analyzing mutation patterns in exper-
imentally derived Ig sequences. Using BASELINe, we
observed negative selection in the framework regions
and slightly positive /neutral selection in the complemen-
tary determining regions (Fig. 4). The difference between
the selection estimates in the different regions was highly
significant (P =.0036), in agreement with normal
antigen-specific B cells. Collectively, these results indicate
that TIL-Bs had undergone activation, Ig class switching,
somatic hypermutation, and clonal expansion, all of
which are hallmarks of antigen exposure.

Phenotypes and Frequencies of Tumor-Infiltrating T Cells

Having demonstrated that most TIL-Bs were antigen ex-
perienced, we asked whether tumor-infiltrating T cells
TIL-Ts also exhibited the characteristics of an antigen-
driven response. We used flow cytometry to further
assess the phenotypes and frequencies of TIL-Ts and com-
pared those to PBMCs from the same patients. First, we
investigated the distribution of CD44 and CD8+ cells
within the T cell populations of tumor and matched
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Fig.2. Theimmunoglobulin repertoire of TIL-Bs and peripheral B cells. TIL-Bs (294 sequences), fluorescence-activated cell sorted naive B cells (34
sequences), and fluorescence-activated cell sorted antigen (Ag)-experienced B cells (45) were analyzed for evidence of antigen-driven
characteristics. (A and B) Extent of somatic mutation and amino acid (AA) replacement (average number), NT: nucleotide. Error bars indicate
SEM; (C) clonal expansion. Black columns represent the percentage of clonally expanded sequences, and white columns represent
percentages of the other analyzed sequences that were not clonally expanded sequences (singles); (D) intraclonal variants. Black columns
represent the percentage of B cells within the expanded clones that were variants (having undergone somatic mutation), and white columns
represent the percentage of B cells within the expanded clones that were not variants (individual B cells); (E) heavy chain isotype distribution
(%) in fluorescence-activated cell sorted antigen-experienced B cells and TIL-Bs. Statistical differences are shown when significant.

peripheral blood. Then, naive and antigen-experienced
subsets were examined based on the expression of
CD45RA and CD45RO. We found that there were
more CD8+ T cells than CD4+ T cells in the meningio-
mas, while this ratio was reversed in matched PBMCs
(Fig. 5A). That is, TIL-Ts had a lower frequency of
CD4+ cells and a higher frequency of CD8+ cells com-
pared with PBMCs, but the differences were not signifi-
cant (Student’s #-test; Fig. S5A). Among TIL-Ts
expressing CD4 or CD8, there was a significantly higher
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percentage of cells with a memory/effector phenotype
(CD45RO+CD45RA —) and a significantly lower fre-
quency of naive cells (CD45RO — CD45RA+) compared
with CD4+ and CD8+ PBMCs (P < .05, Student’s t-test;
Fig. 5B and C). The T cell infiltrate was also enriched in
CD4+ CD25+ Foxp3+ Tregs relative to matched
PBMC:s (P < .05, Student’s #-test; Fig. 5B). We next ex-
amined the negative regulatory or immune checkpoint
molecules programmed death-1 (PD-1) and T cell Ig and
mucin protein-3 (Tim-3) expression on TIL-Ts.** These
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Fig. 4. Quantification of antigen-driven selection strength using
BASELINe. The top half of the plot shows the estimated selection
strength in the complementary determining regions (CDR), while
the bottom part provides an estimate for the framework regions
(FWR). Negative sigma values indicate negative selection, while
positive values indicate positive selection. In the meningioma 004
sequences shown here, we observed negative selection in the
framework regions and slightly positive/neutral selection in the
complementary determining regions. The difference between the
selection estimates in the different regions is highly significant (P =
.0036), in agreement with normal antigen-specific B cells.

molecules, often observed on TIL-Ts, are associated with
an exhausted phenotype.*> Compared with PBMCs in

both CD4+ and CD8+ TIL-Ts, we found a significant in-
crease in the expression of PD-1 (P < .05, Student’s #-test)
and a trend of increased expression of Tim-3, but no sig-
nificance difference (Student’s #-test) (Fig. 5D). These col-
lective changes in the TIL-T populations suggested that
they experienced antigen-driven activation, which was
consistent with our findings for TIL-Bs.

We used an additional, complementary approach to
determine whether the tumor microenvironment includ-
ed an immune repertoire that differed from that in the pe-
riphery. The T cell repertoire, assessed by TCR Vf3 usage,
from both the TILs and periphery was determined. The
CD4+ and CD8+ subsets were examined separately. In
agreement with other reports, the T cell repertoire
varied among individual patients,** so we focused on
comparing the repertoire of TIL-Ts and PBMCs from
the same patient. The TCR VP repertoire expressed by
CD4+ TIL-Ts generally resembled the diverse TCR V3
profile expressed by CD4+ T cells in matched peripheral
blood (Supplementary data). The usage of some V@ fam-
ilies in the CD4+ subset was statistically different, but the
overall profile was quite similar. The TCR repertoire of
CD8+ T cells in the TILs was, however, quite different
from that in matched peripheral blood. Relative to
matched peripheral blood, a number of families were con-
siderably overrepresented in the TIL-Ts, while some were
less apparent or not represented at all (Fig. 6 and
Supplementary data). The CD8+ TCR Vf repertoire
from meningioma 032 is shown as a representative case
and highlights these differences well (Fig. 6). Here, 3 fam-
ilies (VB3, 20, and 21.3) were preferentially expressed
within the TILs, such that they represented more than
half of the TCR V repertoire. However, in the paired pe-
riphery, these families accounted for only 8% of the
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Fig. 6. TCRVp repertoire of a meningioma T cell infiltrate and paired
blood. An informative example of the expansions and omissions
within the tumor T cell repertoire compared with those of the
peripheral blood is shown. In this example, the TCR VB usage
within the CD3+CD8+ T cell population from meningioma 032
and matched peripheral blood are compared. Statistical differences
are shown when significant.

repertoire. Particular families were substantially dimin-
ished in the TILs. For example, the VB2 family was
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overexpressed in the peripheral blood (6.3%) of tumor
032 but was absent from the TILs (P < .05, x” test; Fig. 6).

Discussion

TILs are harbored by many solid tumors, including mela-
noma, colon cancers, breast cancers, lung cancer, intracra-
nial germinomas, and meningiomas.”">>~" The precise
nature of the role TILs play remains to be thoroughly de-
scribed. TILs appear to have a tumoricidal capacity, as
their adoptive transfer participates in the resolution of es-
tablished cancer in murine tumor models®® and successful
regression of human neoplasms.*” However, inflammation
can also play the opposite role by promoting tumor pro-
gression.*” This can be achieved by selecting for tumor
cells that are capable of survival in the context of an
immune response (immunoediting)*! or by contributing
to conditions within the tumor microenvironment that fa-
cilitates tumor outgrowth.'>**

Although TILs have been intensely studied in a number
of tumors, fewer studies have been focused on meningio-
mas. This may be due to the fact that meningiomas are
often considered benign neoplasms and are more easily
treated than gliomas and medulloblastomas, resulting in
favorable outcomes. However, their recurrence rates



vary 7% —25% for WHO grade I, 29% —-52% for WHO
grade I, and 50%—94% for WHO grade III,** the latter
being associated with a 1.5-year median survival.**
Moreover, benign meningiomas can still cause significant
problems due to mass effects and limited surgical access
inherent to their proximity to the skull base. Given that
immunotherapy is emerging as a conceivable treatment
approach and that the TILs of meningiomas have not
been thoroughly characterized, a more complete under-
standing of the TIL repertoire is needed. Accordingly,
we focused our study on further defining the phenotypes
of the immune cell infiltrate in a series of meningiomas.

To begin, immunohistochemistry was used to identify
the presence of B and T cells within meningioma tissues,
and then the number of TIL subsets was counted to quan-
tify the infiltrate. The organization of the infiltrate along
with its distribution throughout the tumor was also as-
sessed. We undertook a molecular characterization of
the B cell antigen receptor repertoire to test whether
these cells had previously encountered antigen. Flow cy-
tometry was performed to determine which T cell
subsets were present and whether they displayed pheno-
typic markers associated with tumor evasion of cellular
immunity. Finally, a flow cytometry-based TCR Vf3
chain usage assay allowed us to determine the profile of
the T cell repertoire in these tumors. Comparing the
results found in the tumor with those from matched
blood considerably strengthened all of the flow cytome-
try-based studies; we were able to observe enrichment of
cell types in the tumor that would not have been appreci-
ated by studying the tumor-derived cells alone.

A discernible T and B cell infiltrate was present in the
microenvironment of most meningiomas examined;
these tumors often harbored B cells and invariably includ-
ed a T cell infiltrate. However, heterogeneity between
tumors, both in terms of cell type and frequency, was a
consistent finding. B cell Ig variable regions revealed
clear evidence of antigen experience. The CD8+ T cell
frequency was higher than CD4+, a ratio that was re-
versed in the periphery of the subjects we studied. Tregs,
capable of suppressing immune responses, were enriched
in the tumor. Although the T cells were antigen experi-
enced memory/effector cells and were enriched relative
to the blood, many displayed a phenotype associated
with exhaustion (PD-1+, Tim-3+), indicating that they
may not be capable of mounting an effective response.
The shape of the T cell repertoire (identified by V3
usage) inthe CD4+ and CD 8+ compartments was differ-
ent than that found in the peripheral blood of the same in-
dividual, suggesting that the T cells migrating and residing
in the tumor were selected by a specific antigen or antigens
expressed in the tumor.

Little is known about TIL-Bs, which often co-localize
with T cells, enhancing T cell responses by producing an-
tibodies, stimulatory cytokines, and chemokines and
serving as local antigen presenting cells (APCs).*®
Interestingly, the presence of B cells in tumors is thought
to have a paradoxical effect. In tumor immunity, activat-
ed B cells may play a beneficial role in the chronic immune
process by expressing the costimulatory activities needed
to activate naive CD4+ T cells and by acting as APCs
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capable of promoting immune responses.*’ Conversely,
resting B cells can inhibit T cell responses via a mechanism
deyendent on major histocompatibility complex class
I1.%¢ B cells need to encounter their specific antigen to ac-
tivate their function. The presence of substantial B cell
numbers dispersing throughout the microenvironment
of many meningiomas suggests a role for an antigen-
driven, antibody-mediated immune response within the
meningioma tissue or nonspecific lymphocyte recruit-
ment by inflammatory and chemotactic cytokines.

The vast majority of B cells that were present in the
tumors we studied were antigen experienced, indicating
that they had migrated to the tumor after maturingin a ger-
minal center. Given that immunohistochemistry indicated
that the B cell family infiltrate included a small fraction of
plasma cells, we concluded that these were primarily
memory B cells. Infiltrates of clonally expanded memory
B cells have been observed in other solid tumors.*” These
B cells had switched from IgM to the IgG isotype. The
process of Ig isotype switching requires specific interac-
tions between CD4+ T cells and B cells along with the ex-
pression of activation-induced deaminase. Ig isotype
switching is a codependent process involving the B cell re-
ceptor and CD40 and CD40L (ligand). CD40, expressed
on B cells, isa member of the tumor necrosis factor receptor
superfamily and is critical for B cell Ig isotype switching
and the formation of the germinal center. Binding to
CD40L expressed on activated T cells to CD40 on B cells
activates the isotype switching process. Thus, the role of
CD40 and CD40L is a crucial event in T cell priming and
ultimately Ig isotype switching.*® That IgG frequency
was significantly higher than IgM frequency suggests that
these B cells most likely undergo additional clonal expan-
sion outside of the tumor microenvironment at a nearby
site where they can interact with antigen-specific T cells
and migrate to the tumor. It is possible that tumor antigens
could drive this process.

TIL-Bs could mediate their effects through the produc-
tion of tumor-specific antibodies. To investigate this pos-
sibility, we looked for evidence of an antigen-driven
immune response within the tumor tissue by examining
the nature of the B cell infiltrate in meningiomas. The mo-
lecular features of the B cell antigen receptor expressed by
tumor-associated B cells were elucidated, thereby describ-
ing the characteristics of the B cell infiltrate. Although B
cells appear to represent the lowest frequency of the
immune cell infiltrates, they do not appear to be innocu-
ous. Indeed, these are fully mature functional B cells.
Our phenotypic characterization of the intratumoral B
cell repertoire revealed that the resident B cells included
(i) expanded sets of clones, (ii) intraclonal variation,
(iii) Ig genes that had undergone isotype switching, and
(iv) somatic mutations within these genes. These are funda-
mental features of antigen-driven B cell maturation requir-
ing T cell help and CD40-CD40L interaction. Although
mature, antigen-experienced B cells were present, we did
not observe extranodal lymphoid-like follicles that have
been shown to populate a number of other tumor
types.”"**°% These structures, present in normal lymph
nodes, are the site of antigen-driven B cell affinity matura-
tion. That such structures are absent from meningiomas
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suggests that the experienced B cells present in the tumor pa-
renchyma mature elsewhere and then migrate to the tumor.

The degree of heterogeneity among the TILs in menin-
giomas has not been addressed. Indeed, it is possible that
there could be different microenvironments. Forexample,
it would be reasonable to consider that there could be
zones of augmented TILs, specifically in the perivascular
space and near the arachnoid cap. We investigated the
TILs throughout the z-axis of one specimen to further
investigate the possibility of heterogeneity as a cause.
Immunohistochemistry did not reveal such heterogeneity,
as the infiltrate was rather consistently distributed. B cell
repertoires of this tumor were prepared from 3 distinct
regions that were separated by at least 0.25 cm. The B
cell repertoires were surprisingly consistent and did not
suggest the presence of different microenvironments
located throughout the tissue. Interestingly, B cells
derived from the same clone (parent) were found in each
distinct region. This suggests that an antigen in the
tumor parenchyma recognized by this expanded B cell
clone, may be the target of these cells. Although such ex-
periments were beyond the scope of the present study,
there are established approaches to investigate this possi-
bility. These include expression of recombinant Ig’'>
and ex vivo B cell expansion’? from a dominant, tumor-
associated clone. The IgG derived from these approaches
could then be screened on meningioma-derived antigens.

Meningioma-derived T cells have been studied more
than B cells have been. In agreement with other studies,
we found T cells to be more frequent than B cells, both in
terms of the magnitude of the infiltrate and the number
of tumors including such cells. T cells of the CD8+
subtype within a number of solid tumors often outnumber
the CD4+ T cell population.’* This phenomenon is consis-
tent with our findings in that we invariably observed more
CD8+ Tcellsin all 28 tumors studied. When examined for
the presence of effector functions, both subsets included an
enrichment of antigen-experienced memory /effector cells
relative to those circulating in the same patients. This ap-
proach wherein the tumor homogenate was compared
with the PBMCs of the same individual allowed us to be
certain that the analysis was not erroneously focused on
cells derived from the tumor vasculature but included TILs.

In addition to CD4+ and CD8+ T cells, Tregs were
present in the infiltrates. Tregs have been observed in a
number of solid tumors,*>*° and their presence, although
less frequent than that observed in glioblastomas, has
been reported in meningiomas.’” This T cell subset is re-
sponsible for suppressing the immune response and may
assist the tumor in evading the immune system by affect-
ing the antigen-presenting process of dendritic cells,
directly contacting and lysing effector T cells, and secret-
ing cytokines such as interleukin 10 and transforming
growth factor B.%® The infiltrates examined also included
T cells expressing Tim-3 and PD-1, indicative of T cell ex-
haustion. Such cells have been observed among the infil-
trates of other solid tumors.’” Both the Tregs and
exhausted T cells were enriched in the tumor compared
with the periphery, indicative of preferential selection of
particular T cell clones in the tumor but not in the circula-
tion. The presence of these 2 cell types implies that the
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T cell response in meningiomas contributes to an immu-
nosuppressive environment.

We did not observe significant associations between the
characteristics of the TILs we identified and meningioma
WHO grades. Future studies comprising larger cohorts,
should evaluate whether such correlations exist. This is
particularly relevant given that meningioma subgroups
defined by several characteristics, including genetics and
anatomical location, have recently been reported.®”
Indeed, whether characteristics of the TILs further define
these established subgroups will be valuable for prognosis,
treatment response, and selection of therapeutic options. It
is becoming clear that the immune composition of primary
tumors is an essential prognostic factor for tumor eradica-
tion and overall survival,®" both of which represent impor-
tant consequences in clinical practice.

We must also continue to investigate how a tumor is
able to grow in an environment that includes a host
immune response. Does this occur because it is recogniz-
able as normal tissue and thus tolerated by immune
cells, or because it evades immunosurveillance? Future
immunotherapy, dependent on this understanding, may
be an effective adjunct to standard therapy, reversing im-
munologic tolerance in the tumor microenvironment. The
immune response is not entirely effective in eliminating
meningiomas. Given that these tumors include an infil-
trate of antigen-experienced B and T cells, it is possible
that an equilibrium has been established between the
tumor and the immune system.®> This balance may
resultin the slow growth thatis characteristic of many me-
ningiomas. More aggressive tumors may move past this
equilibrium into a phase of immune evasion allowing pro-
gression and metastasis. The collective data shown here
indicate that the microenvironment of meningiomas sup-
ports an active immune response that may be maintained
through the expression of specific antigens. This under-
standing of the microenvironment, along with the future
identification of such tumor antigens, provides the poten-
tial for the design, development, and clinical application
of immunotherapy that one day may include directed
cancer vaccines.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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