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ABSTRACT
T follicular helper cells (Tfh) play crucial roles in the development of humoral immunity. In the B cell-rich
germinal center of lymphoid organs, they select for high-affinity B cells and aid in their maturation.
While Tfh have known roles in B cell malignancies and have prognostic value in some epithelial cancers,
their role in lung tumour initiation and development is unknown. Through immune cell deconvolution,
we observed significantly increased Tfh in tumours from two independent cohorts of lung adenocarci-
nomas and found that this upregulation occurs early in tumour development. A subset of tumours were
stained for T and B cells using multicolour immunohistochemistry, which revealed the presence of
tumour-adjacent tertiary lymphoid organs in 17/20 cases each with an average of 16 Tfh observed in the
germinal center. Importantly, Tfh levels were correlated with tumour mutational load and immunogenic
cancer testis antigens, suggesting their involvement in mounting an active immune response against
tumour neoantigens.
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Introduction

The selection of B cells that produce high-affinity antibodies
depends on T follicular helper cells (Tfh), antigen-experienced
CD4 + T cells that migrate to B cell zones in lymphoid tissue
following antigen presentation.1,2 In these germinal centres,
Tfh select for high affinity B cells by providing survival and
proliferation signals and ultimately guide the diversity of B
cell receptors.1,3 Beyond their role in the germinal centre
reaction, Tfh deregulation and dysfunction have been shown
to influence infection, autoimmune disease, and both solid
and hematologic tumours.1 Though the study of Tfh function
and dynamics has primarily focused on secondary lymphoid
organs, this germinal centre reaction is recapitulated in ter-
tiary lymphoid organs (TLOs).

TLOs are transient structures formed under conditions of
chronic inflammation that functionally and structurally
resemble secondary lymphoid organs, including the full spec-
trum of Tfh function.4 In addition to sites of chronic infection
and autoimmune disease, TLOs have been detected in a range
of solid cancer types, including lung, breast, colorectal, and
skin, where they mediate antitumour immunity via CD8 + T
cell and antibody-based cytotoxicity.4 The presence and den-
sity of TLOs correlate with favourable patient outcome in the
vast majority of primary and metastatic tumours investigated,
though the role of TLO-specific Tfh remains poorly defined.4

In lung cancer, follicular B cell and dendritic cell density
independently correlate with favourable overall and

recurrence-free survival.5,6 Mechanistically, this antitumour
effect is associated with the activation of B cell maturation
machinery and presence of tumour antigen-specific
antibodies.6 Despite the well-characterized role of infiltrating
B cells and TLOs, the role of Tfh in human lung cancers
remains understudied.7 Infection models have revealed that
circulating Tfh function differently from those in lymphoid
tissue and correlate with opposing outcomes.8 In human
breast cancers and mouse models of colorectal cancer,
increased Tfh correlates with increased survival.9,10

Mutated cancer antigens, or neoantigens, have emerged as
critical targets of the antitumour immune response. Increased
neoantigen loads have been associated with improved
responses to checkpoint blockade in cancers, and neoantigen
specific T cells have been isolated in patients responding to
immune checkpoint inhibitors.11 The role of neoantigen-spe-
cific CD4 + T cells in guiding anti-tumour immunity has been
demonstrated, but due to the extensive ex vivo T cell expan-
sion required to identify these cells, the original phenotypes of
the CD4 + T cells are lost. The role that CD4+ Tfh cells play
in orchestrating the neoantigen-specific antitumour immune
response has yet to be investigated.

Here, we assess Tfh dynamics and identify potential immu-
nological targets in human lung tumour tissue through inte-
gration of transcriptomic and histologic data. We identify
elevation of Tfh in tumour tissue through in silico deconvolu-
tion of microdissected tumour-derived gene expression
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profiles against known Tfh-specific signatures compared to
matched non-malignant tissue and validate these findings in
two external cohorts of lung adenocarcinoma, as well as
through direct immunohistochemical staining of stromal ter-
tiary lymphoid organs. We identify Tfh elevation as an early
event in human lung tumour development. Additionally, we
establish an association of Tfh levels with nonsynonymous
mutational load and with immunogenic cancer testis antigen
expression.

Methods

Patient samples

83 pairs of fresh frozen lung adenocarcinoma (LUAD)
tumours and adjacent non-malignant tissue were obtained
from the BC Cancer Agency (BCCA) under written, informed
consent approved by the UBC/BCCA Research Ethics Boards.
Histological sections were reviewed by a lung pathologist and
microdissected to > 80% tumour cell content as previously
described.12 Total RNA was extracted using Trizol reagent
(ThermoFisher, MA) and gene expression profiles were gen-
erated using the Illumina WG6 microarrays.

Immune cell deconvolution

Relative immune cell fractions were enumerated from BCCA,
The Cancer Genome Atlas (TCGA), and Stage I LUAD data-
sets using CIBERSORT.13 Outliers were identified and
removed via nonlinear regression followed by false discovery
correction (FDR-BH p < 0.01).14

Immunohistochemistry

In order to confirm the immune cell patterns in our primary
cohort obtained through deconvolution, formalin fixed paraffin
embedded (FFPE) tumour tissues from 20 among the 83 patients
described above were cut into 4 μm-thick sections. Sections were
baked at 37°C overnight and deparaffinized. Antigen retrieval
was performed using decloaking chamber plus with Diva decloa-
ker (Biocare). Automated blocking (peroxidazed-1, background
sniper 1) and first round staining (Panel 1: anti-CD3 (SP7/
Spring Biosciences), anti-CD8 (C8/144B/Sigma-Aldrich), Panel
2: anti-PD1 (NAT105/Abcam), anti-PD-L1 (SP142/Spring
Biosciences), DaVinci Green diluent, Mach2 Double Stain #2,
Ferenghi Blue, DAB) was performed within a Intellipath FLX
rack. Slides were removed, rinsed with dH2O, incubated in SDS-
glycine pH2.0 for 45 minutes at 50°C, and rinsed with dH2O.
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Slides were returned to the Intellipath FLX racks for automated
staining with Mouse AP polymer, Warp Red chromogen, and
CAT hematoxylin counter stain. Second round staining included
Panel 1: anti-CD79a (SP18/Spring Biosciences) or Panel 2: anti-
CD8 (C8/144B/Sigma-Aldrich), DaVinci Green diluent, Mouse-
AP polymer, Warp Red chromogen, and 1:5 dilution of CAT
hematoxylin counterstain. Images were analyzed using a
Pannoramic Digital Slide Scanner from 3D Histotech and the
Pannoramic Viewer software. 4–5 8000 × 8000 pixel regions
were investigated per tissue section for a total of 93 regions
analyzed. Each region was independently evaluated in triplicate

for immunohistological quantification of tertiary lymphoid
organs and T follicular helper cells.

Validation cohorts

Gene expression profiles from unmatched LUAD and non-
malignant lung tissues were obtained from The Cancer
Genome Atlas (TCGA) (ntumour = 517, nnormal = 59), and
matched samples from the LUAD Stage I cohort (ntu-
mour = nnormal = 32, GSE63459).16 The expression profiles
for the TCGA cohort were generated using the Agilent 244K
custom gene expression G4502A_07_3 microarray,17 while
the profiling of the matched LUAD Stage I cohort used the
Illumina HumanRef-8 v3.0 expression beadchip.16 For all
single gene expression comparisons, outliers were identified
and removed via nonlinear regression followed by false dis-
covery correction (FDR-BH p < 0.01).14 For heatmaps, hier-
archical clustering by Euclidean distance was performed on
Z-score-normalized gene expression values.

Results

Tfh are elevated in tumour tissue

Advances in gene expression profiling and in silico immuno-
logical techniques have enabled the elucidation of the infil-
trating immune profile of solid tumours. Thus, we analyzed
tumour and normal tissue gene expression data from a cohort
of 83 matched lung adenocarcinomas (LUAD) and paired
non-malignant lung tissue. In order to identify the immune
cell types most significantly enriched in tumour tissue, expres-
sion profiles were analyzed using CIBERSORT, a deconvolu-
tion algorithm that infers relative cell content of 22 immune
cell types.13 Tumour enrichment of cell types was measured
by fold change in tumour versus non-malignant lung tissue.
The most dramatically increased immune cell subsets were
regulatory T cells (Tregs) (mean fold change (FC) = 9.21),
naive macrophages (M0) (mean FC = 5.11), and T follicular
helper cells (Tfh) (FC = 4.33) (Figure 1A). Expression of
plasma cell markers were also found to be increased in
tumour samples compared to normal (FC = 2.87)
(Figure 1A). While Tregs and M0 macrophages have been
extensively described in lung cancer,18,19 Tfh cells remains
relatively understudied.

To validate our finding that Tfh expression signatures were
significantly upregulated in lung cancers, we analyzed expres-
sion signatures of Tfh in an independent cohort of LUAD
(TCGA, n = 576). Using the same analysis pipeline, we found
that Tfh expression signatures were significantly elevated in
tumours compared to normals (FC = 3.28) (Figure 1B).
Hierarchical clustering based on the 57 CIBERSORT Tfh
signature genes was able to separate tumours from non-malig-
nant samples in the matched BCCA cohort (Figure 1C).
Expression of PDCD1 and CXCR5, encoding PD1 and
CXCR5, were elevated in tumour tissue in both cohorts (Fig
S1). These genes are specifically weighted to Tfh cells in the
CIBERSORT LM22 signature and are commonly used to
define Tfh populations by flow cytometry.13 Of note, BCL6,
encoding the defining transcription factor for Tfh
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differentiation, showed no elevation in tumour tissue nor did
TCF7 (encoding TCF1), PRDM1 (BLIMP-1), or ICOS (ICOS)
(Fig S1), all of which have been shown to regulate Tfh differ-
entiation via BCL6 and other key transcription factors.20,21

ICOS was in fact reduced in tumour tissue, possibly due to the
transient and temporally-specific nature of ICOS-dependent
Tfh promotion in the TLO.21 In summary, in two indepen-
dent lung cancer cohorts, we found that expression signatures
of Tfh cells were upregulated in tumours and that expression
of Tfh signature genes was able to distinguish tumours from
non-malignant tissue.

Tfh are associated with B cell activation and plasma cells

Given the critical role of Tfh cells in the activation and
maturation of B cells and the potential for plasma B cells to
play a key role in antitumour immunity, we next

investigated relative levels of B cell expression signatures
in the two cohorts. We found that plasma cells were sig-
nificantly elevated in tumour tissue compared to normal
tissue in both cohorts (Figure 2A). Tfh also play an active
role in facilitating differentiation of memory B cells – how-
ever, no increase in memory subsets was observed in
tumour tissue in the BCCA cohort (Fig S2). Additionally,
when we divided the cohort into high, intermediate and low
Tfh expression levels, we found that relative fraction of
plasma cells increased proportionally with Tfh levels in
both cohorts, suggesting a possible linkage between the
two cell types (Figure 2B). In support of the presence of
an active B cell response, we noted increased tumour
expression of BATF, a transcription factor that regulates B
cell class-switch recombination and Tfh differentiation.22

Expression was elevated in tumour tissue in both cohorts
(Fig S3), consistent with an active germinal centre response.

Figure 1. Relative expression of immune cell subsets in bulk gene expression data. A) CIBERSORT was used to deconvolve cell fractions of 22 immune cell
subsets in matched tumour (n = 83) and normal (n = 83) samples, and the tumour to normal ratio of each cell type was calculated per each matched pair and the
mean across the cohort calculated. B) Relative cell fraction of T follicular helper cells (Tfh) in bulk expression data from BCCA (ntumour = 83, nnormal = 83) was
compared using a Wilcoxon sign-rank test and validated in the TCGA unpaired cohort (ntumour = 517, nnormal = 59, Mann Whitney U test). C) Unsupervised hierarchical
clustering of tumour (pink) and normal (turquoise) tissues from BCCA based on row-normalized expression of Tfh signature genes (blue = low expression, red = high
expression). All boxplots display the median value, with 25th to 75th percentile values denoted by the box and minimum and maximum values by the error bars.
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Figure 2. T follicular helper cells are associated with plasma cells and are present in the germinal center of tertiary lymphoid organs. A) The relative cell
fraction of plasma cells in bulk expression data from BCCA (ntumour=83, nnormal=83) was compared using a paired t-test (p < 0.0001) and validated in the TCGA
unpaired cohort (ntumour=517, nnormal=59, p < 0.0001). B) Relative cell fraction of plasma cells in relation to T follicular helper cell (Tfh) fraction was assessed by
stratification of TCGA tumours into tertiles according to Tfh fraction. C) Quantification of tertiary lymphoid organs (blue, left Y axis) and Tfh (green, right Y axis) across
20 tumour sections from BCCA. D) Immunohistochemistry images of serial sections stained for: (left panels) CD79a (red), CD3 (blue), CD8 (brown), and counterstained
with haematoxylin, and (right panels) CD8 (red), PD1 (blue), PD-L1 (brown), and counterstained with haematoxylin. Yellow arrows indicate CD3+ PD1+ cells (blue
stain, both panels); black arrows indicate CD3+ CD8+ PD1+ cells (blue and brown stain (left), red stain (right); red arrows indicate areas of adjacent CD3+ and CD79a
+ cells (left panel) as well as adjacent PD1+ and PD1- cells (right panel). Upper images: 10x magnification, lower images 20x magnification. All boxplots display the
median value, with 25th to 75th percentile values denoted by the box and minimum and maximum values by the error bars.
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Thus, we found that the increased expression signature of
Tfh was associated with activated B cell responses, poten-
tially providing a mechanism for increased anti-tumour
humoral activity.

TLOs are common within lung adenocarcinoma

Tfh are important to the formation and function of TLOs,
including those found in the stroma of solid cancers.1 To
assess whether Tfh and TLO were active in lung cancers, we
performed immunohistological analysis for T and B cells on a
representative subset of tumours (n = 20) from the BCCA
discovery cohort.23 Each section was stained using multiplex
immunohistochemistry for CD79a (B cells), CD3 (T cells),
and CD8 (cytotoxic T cells), and 4–5 immune-dense regions
per section investigated for a total of 93 regions analyzed. For
our analysis, Tfh were defined as CD3+ CD8- T cells identi-
fied in the follicular zone of TLOs. TLO were defined as
lymphoid aggregates containing separate but adjacent B and
T cell zones; we verified the structural similarity of TLOs with
lymph nodes stained with the same protocol, and immune-
dense regions with no discernible germinal centre structure
were excluded from this analysis (Fig S4A). We found that 17
of 20 full tumour sections contained at least one TLO, with a
mean of 4.4 TLOs per section (Figure 2C). We quantified the
number of Tfh (follicular CD3+ CD8-) per sample, with a
mean of 75.7 Tfh per section and 15.6 Tfh per TLO
(Figure 2C, indicated by black arrows in Fig S4A). As
expected, the number of Tfh correlated with TLO size (Fig
S4B). Importantly, direct cell-to-cell contact between T and B
cells were frequently observed by histology in the germinal

centre light zone (Figure 2D), suggesting active facilitation of
B cell responses in tumours. This was consistent with our in
silico results showing association between expression of Tfh
and plasma cell markers. We verified that these CD3+ CD8-
cells stained positive for PD1 in adjacent sections, providing
further evidence that these are bona fide Tfh (Figure 2D). The
observation of increased plasma cell presence within bulk
tumour expression profiles as well as the presence of TLOs
in the majority of LUAD samples provides a potential link
between Tfh and plasma cells within the LUAD
microenvironment.

Tfh infiltrate early in tumour development and correlates
with somatic mutational burden

Understanding the temporal dynamics of adaptive immune
responses to tumours at different stages may provide insight
into the tumour components that are recognized by the
immune system. Thus, we assessed Tfh and plasma cell mar-
ker expression through tumour progression by stratifying the
TCGA LUAD dataset (n = 576) according to tumour stage.
Tfh signatures were increased in Stage I tumours and
remained constantly elevated in Stage I-IV (Figure 3A).
Similarly, the plasma cell signature was consistently upregu-
lated in Stage I tumours compared to normals and remained
constant with increasing stage (Figure 3A), consistent with
our previous observations of coordinated elevation of Tfh and
plasma cells. Similar results were observed in an additional
cohort of 32 Stage I LUAD with matched non-malignant
profiles (Fig S5).16

Figure 3. Relative fraction of T follicular helper cells by tumour stage and mutation burden across TCGA tumours. A) Relative cell fraction of T follicular
helper cells (Tfh) was assessed in relation to tumour stage and compared to normal lung. B) Tumors were stratified into tertiles according to Tfh fraction, and
quantification of non-silent mutations per megabase was assessed in relation to Tfh fraction (n = 275). C) Each tumor was assessed as either expressing or not six CT
antigens. The number of tumors within each tertile that expressed the immunogenic CT antigens MAGE-A1 and MAGE-A3 and the non-x-chromosome CT antigens
PRM1, POTEB, POTEA, and POTEG was assessed (n = 576). All boxplots display the median value, with 25th to 75th percentile values denoted by the box and
minimum and maximum values by the error bars.
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Adaptive immune responses are known to occur early in
and throughout tumourigenesis in response to tumour-asso-
ciated antigens and neoantigens.24 In order to explore the
association of Tfh with neoantigen load, we analyzed a subset
of tumours (n = 275) with characterized somatic mutational
loads.17 When stratified by Tfh levels, the number of non-
silent somatic mutations per megabase increased significantly
with Tfh signatures (Figure 3B). Since increased mutational
load may identify tumours with specific mutational drivers,
we assessed whether Tfh expression associated with KRAS or
EGFR status, common driver mutations in NSCLC with het-
erogeneous immune infiltration patterns.25 Interestingly,
there was no significant difference of Tfh levels in tumours
bearing mutated KRAS or EGFR compared to those with wild-
type KRAS or EGFR (Fig S6), suggesting that Tfh recruitment
relates to the number of mutations rather than specific driver
mutations.

We also assessed the association of Tfh with MAGE-A and
MAGE-A3 (Figure 3C), immunogenic cancer testis (CT) anti-
gens in NSCLC towards which T cell responses have been
detected.26,27 We found that tumours with the highest levels of
Tfh were more likely to express the CT antigens MAGE-A1 and
MAGE-A3, while the overall cancer testis antigen expression
levels did not change (Fig S7). Conversely, CT antigens that
had not previously been described to elicit T cell reactivity
were not upregulated in Tfh high tumours. These data support
the hypothesis that Tfh may initiate or augment anti-tumour
immunity against specific immunogenic proteins such as CT
antigens.

Discussion

Therapeutic interest in the capacity of antibodies to restrain
tumour growth combined with increased spatial understanding
of immune cells in the tumour microenvironment has drawn
interest to the pivotal role of Tfh. Indeed, various systems-based
analyses have highlighted Tfh as key modulators of the immune
landscape across cancer types.10,13 Here, we establish that Tfh are
elevated in LUAD tissue and correlate with elevated plasma cells
in TLOs. Furthermore, elevated levels of Tfh can be observed in
Stage I tumours, and correspond to increasedmutational burden
and immunogenic CT antigen expression.

In silico deconvolution techniques have enabled large-scale
retrospective analysis of the cellular content of tumours and
other pathologies. However, such analyses can be skewed by
the presence of cell types omitted from the signature file, parti-
cularly in the case of highly heterogeneous tumour types. Thus,
validation of such analyses must be carefully considered. We
opted for a histology-based approach as it allowed us to analyze
the same samples we used for the in silico analysis, and because it
enabled us to investigate the spatial structure and organization of
lymphocytes within the tumour microenvironment.
Accordingly, the presence of T cells in the follicular zone of
tumour-adjacent TLOs allowed us to directly visualize T-B cell
interactions in situ, which would not have been possible with
flow cytometry. Our report of elevated Tfh in tumours by histol-
ogy is corroborated by a recently-published single-cell transcrip-
tomic analysis of 14 non-small-cell lung tumours, which
revealed an increase of CXCL13hi CD4 + T cells in tumour tissue

compared to matched non-malignant lung tissue or peripheral
blood from the same patient.28

TLOs have emerged as critical structures of interest in
cancer immunology, having been observed in a variety of
solid tumour types including lung.5,29 Though the presence
and density of TLOs have been found to correlate with better
patient outcomes across tumour types,4 further investigation
into their mechanism of antitumour immunity as well as
drivers of their formation is warranted. In particular, the
role that TLO B cells play in anti-tumour immunity has
been understudied. Studies have demonstrated that B cells
can have either a pro- or anti-tumour effect, based in part
on their developmental stage and isotype.30 Indeed, a recent
scRNAseq analysis of five non-small-cell lung tumours iden-
tified B cells as the most tumour-enriched stromal cell type,
with approximately a threefold increase in tumours compared
to non-malignant tissue from a distal region within the same
lobe; within this fraction, follicular (CD20+ CXCR4+ HLA-
DR+) and plasma (IgG+) cells were particularly enriched,
supporting our findings.31 Given the well-described mechan-
ism by which Tfh control the regulation of germinal center B
cells, we speculate that Tfh cells may play key roles in deter-
mining the pro- versus anti-tumour effects of intratumoural B
cells. Tfh also play an active role in facilitating differentiation
of memory B cells – however, no increase in memory subsets
was observed in tumour tissue in the BCCA cohort (Fig S2),
possibly due to their migration to the periphery.32 Recent
reports have implicated IL-6 in germinal centre formation
via increased differentiation of CD4 + T cells into a Tfh
phenotype.33 Given the pro- and anti-tumoural role of IL-6
in lung cancer, TLO formation may represent yet another
function of this pleiotropic molecule through modulation of
the tumour microenvironment as well as on tumour cells
themselves.34,35

Stratification by tumour stage revealed that Tfh elevation
occurs even in early-stage lung adenocarcinoma. Furthermore,
the observed association between Tfh levels and non-silent
mutational load suggests that the presence of tumour neoanti-
gens may drive recruitment and aggregation of Tfh and TLO.
Indeed, a study that examined lung TLOs in secondary tumours
derived from various primary sites showed higher TLO density
in metastases derived from highly mutated melanoma, lung, and
prostate cancers compared to less mutated renal and breast
cancers,29 suggesting neoantigens play a major role initiating
TLO responses.24 Antibodies may bind altered surface proteins
resulting from such neoantigens, and high affinity, neoantigen-
specific TCR on Tfh may induce B cell maturation and Ig class
switching. Given that successful anti-PD1 therapy is associated
with neoantigen load, we speculate that Tfh may be central
players in neoantigen-specific antitumour immunity. Similarly,
the association between high Tfh levels and tumour expression
of the CT antigens MAGE-A1 and MAGE-A3 suggests Tfh may
augment CT antigen-specific immunity. These mechanisms
may amplify the anti-tumour immune response by integrating
the activity of T, B, and NK cells through antibody-directed cell
cytotoxicity.36 Due to the high expression of PD1 on Tfh cells,
the effects of anti-PD1 therapy on Tfh function may have
implications for immunotherapeutic success and warrants
further investigation.
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Acronyms

BCL6 B Cell CLL/Lymphoma 6
CXCR5 C-X-C Motif Chemokine Receptor 5
FFPE Formalin-fixed paraffin-embedded
ICOS Inducible T Cell Costimulator
LUAD Lung adenocarcinoma
M0 Uncommitted macrophage
PDCD1 Programmed Cell Death Protein 1
PRDM1 Positive Regulatory Domain I-Binding Factor 1
TCF7 T Cell Factor 7
TCGA The Cancer Genome Atlas
Tfh T follicular helper cell
TLO Tertiary lymphoid organ
Treg Regulatory T cell
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