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detecting cancer. Second, in an effort to focus our recombinant 
antibody expression efforts on those B cells that displayed evi-
dence of clonal expansion driven by antigen stimulation, we 
performed deep sequencing of the Ig genes of B cells collected 
from seven different tumors. Deep sequencing demonstrated 
somatic hypermutation but no dominant clones. These strate-
gies may be useful for the study of B cell antibody expression, 
although identification of a dominant clone and unique thera-
peutic targets may require extensive investigation.
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Introduction

Lung cancer is a heterogeneous disease, composed of can-
cer cells within a complex microenvironment containing 

Abstract Intratumoral B lymphocytes are an integral part of 
the lung tumor microenvironment. Interrogation of the antibod-
ies they express may improve our understanding of the host 
response to cancer and could be useful in elucidating novel 
molecular targets. We used two strategies to explore the rep-
ertoire of intratumoral B cell antibodies. First, we cloned VH 
and VL genes from single intratumoral B lymphocytes iso-
lated from one lung tumor, expressed the genes as recombinant 
mAbs, and used the mAbs to identify the cognate tumor anti-
gens. The Igs derived from intratumoral B cells demonstrated 
class switching, with a mean VH mutation frequency of 4 %. 
Although there was no evidence for clonal expansion, these 
data are consistent with antigen-driven somatic hypermutation. 
Individual recombinant antibodies were polyreactive, although 
one clone demonstrated preferential immunoreactivity with 
tropomyosin 4 (TPM4). We found that higher levels of TPM4 
antibodies were more common in cancer patients, but meas-
urement of TPM4 antibody levels was not a sensitive test for 
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blood vessels, fibroblasts, and immune cells, including B 
and T lymphocytes, and an assortment of myeloid cells 
such as natural killer cells, neutrophils, myeloid derived 
suppressor cells, macrophages, and DCs [1, 2]. Some 
immune cells have pro-tumorigenic activity, whereas 
others are anti-tumorigenic. B lymphocytes have been 
ascribed both pro- and anti-tumorigenic activities [3–5]. 
Many functional types of B cells that affect tumor growth 
or dissemination have now been identified, including B 
cells that support Th1 cells and cytotoxic T lymphocytes, 
B cells that promote angiogenesis, B regulatory cells that 
both suppress T effector cells and support T regulatory 
cells, and B cells that express class-switched, affinity-
matured antibodies [5].

When bound to their targets, antibodies can activate the 
innate immune system by engagement of Fcγ receptors on 
effector cells and by activation of the classical complement 
cascade, and it is likely that these activities account for the 
observed pro-tumorigenic properties of B lymphocytes. 
Circulating immune complexes are responsible for activat-
ing FcγR-dependent signaling in myeloid cells and instiga-
tion of a pro-tumorigenic program [6–8], and are associated 
with poor prognosis in several types of human cancer [9]. 
These data support a hypothesis that B cells promote an 
inflammatory state that promotes malignant progression.

However, the presence of intratumoral B lymphocytes 
is associated with increased survival in several types of 
cancers, including non-small cell lung cancer (NSCLC) 
[10–12] and others [13–16], suggestive of anti-tumorigenic 
effects. These effects may at least be partly target specific. 
Analysis of B cells from tumors and metastatic lymph 
nodes found hypermutated antibody genes and expan-
sion of class-switched memory cells and plasmablasts in 
patients with bladder cancer [17]. Intratumoral germinal 
centers (GCs) have been reported to be present in NSCLC 
[18–20], breast cancer [21–24], colon cancer [25], and 
germ cell cancers [26]. In NSCLC, GCs are associated with 
early-stage disease [19], suggesting that a humoral immune 
response may hold these tumors in check. Dieu-Nosjean 
and colleagues have extensively characterized “tertiary 
lymphoid structures” at the invasive margins of NSCLC 
tumors that contain a T cell zone with mature DCs, and 
GCs with proliferating B cells and follicular DCs (reviewed 
in [27]). The combination of high densities of both follicu-
lar B cells and mature DCs is associated with survival [20].

Although some tumor antigens have been identi-
fied (e.g., LAGE-1, MAGE family, p53, NY-ESO-1 in 
NSCLC [20]), the targets of intratumoral B cell anti-
bodies are largely unknown. Further characterization of 
antigen-stimulated intratumoral B cells and identification 
of tumor antigens will be useful in studying B cell func-
tion, but also in potentially developing new diagnostic 
tests and identifying novel therapeutic targets. Here we 

explored two strategies for characterizing intratumoral B 
cell antibodies expressed in lung tumors. The first strat-
egy—cloning and expression of Igs from isolated intratu-
moral lymphocytes (ITLs)—while very effective at gen-
erating recombinant antibodies from individual B cells, is 
labor intensive. The second strategy focuses recombinant 
antibody production only on those B cells that show evi-
dence of antigen-stimulated clonal expansion, so may per-
mit the identification of antibodies that arise specifically 
in response to tumor antigens. This strategy uses deep 
sequencing to identify expanded nucleotide sequences 
associated with B cell clones.

Materials and methods

Patients

This study was approved by our Institutional Review 
Board, and all patients signed an informed consent prior to 
enrollment in the study. None of the patients had a primary 
immune deficiency. ITLs used for antibody cloning were 
isolated from tumor tissue, freshly resected at Duke Uni-
versity Medical Center, from a 75-year-old female 40 pack-
year smoker with a 1.8-cm stage 1A adenocarcinoma in the 
right upper lobe. For the TPM4 ELISA study, we isolated 
serum from blood collected in red-top Vacutainer tubes 
from 26 patients with a new diagnosis of NSCLC and 21 
without evidence of cancer (Table 1). The NSCLC group 
included seven patients with stage I disease, two with stage 
II, four with stage III, and two with stage IV. Sera were 
stored at −80 °C until use. For the deep sequencing study, 
we collected freshly resected tumor samples from seven 
additional patients with NSCLC. Six out of seven of these 
patients’ tumors contained GCs by pathological analysis, 
conducted as described in Ref. [19]. The age, gender, his-
tology, and stage of these patients are shown in Table 2.

Cell lines

Human embryonic kidney 293T cells were maintained in 
DMEM containing 10 % (v/v) heat-inactivated FBS and 
50 µg/ml gentamicin. Lung carcinoma H460 cells (ATCC) 
were maintained in RPMI-1640 medium containing 10 % 
(v/v) FBS. Media and supplements were obtained from 
Gibco (Invitrogen, Carlsbad, CA), and cells were main-
tained in a humidified atmosphere at 37 °C and 5 % CO2.

B cell isolation and FACS

We isolated ITLs from lung tumor specimens by first 
placing the tissue in a Petri dish containing RPMI-1640 
medium supplemented with 20 mM HEPES (RPMI/



Cancer Immunol Immunother 

1 3

HEPES) and teasing the tissue into very small fragments 
with an 18-gauge needle. We then filtered the tissue frag-
ment suspension sequentially through 100- and 40-µm 
pore-size nylon membranes and pelleted the cells by cen-
trifugation for 10 min at 400×g at 18 °C. We resuspended 
the cell pellet in 2 ml RPMI/HEPES and isolated the lym-
phocytes over a Ficoll-Paque Plus (GE Healthcare, Upp-
sala, Sweden) cushion according to the manufacturer’s 
instructions. We resuspended the final lymphocyte pellet in 
Bambanker (Wako Chemicals, Richmond, VA) cell freez-
ing medium and stored the cells at −80 °C until FACS.

For sorting of memory B cells and plasma cells, we first 
thawed the ITLs and washed them in PBS. We then stained 
the cells with Aqua vital dye (Invitrogen, Carlsbad, CA) 
and a combination of the following antihuman antibod-
ies: CD3 phycoerythrin (PE)-Cy5, CD14 PE-Cy5, CD16 
PE-Cy5, CD235a PE-Cy5, CD45 PE-Texas Red, CD19 
allophycocyanin (APC)-Cy7, CD27 PE-Cy7, CD38 APC-
Cy5.5, IgM FITC, and IgD PE (BD Biosciences, Mountain 
View, CA; Beckman Coulter, and Invitrogen). During the 
sort, we used forward- versus side-scatter gating to select 
for lymphocytes, and geometric gates to eliminate dou-
blet events. We gated B cells as CD45+, CD3−, CD14−, 
CD16−, CD235a−, and CD19+; total memory B cells were 
further identified as IgD negative (IgD−). B cells were 
sorted individually into 96-well PCR plates containing ice-
cold PBS, dithiothreitol, and RNAsin (Promega, Madison, 

WI) and stored at −80 °C until further processing. We per-
formed FACS on a BD FACSAria (BD Biosciences, San 
Jose, CA) and analyzed the data with FlowJo (Tree Star, 
Ashland, OR).

Antibody cloning and expression

We amplified the Ig heavy and light chain variable (VH 
and VL) gene regions from the sorted single B cells by RT-
PCR using a method first described by Tiller et al. [28] and 
modified by Liao et al. [29]. Briefly, we reverse-transcribed 
total RNA from single B cells using Superscript III reverse 
transcriptase (Invitrogen, Carlsbad, CA) and human IgG, 
IgM, IgD, IgA, Ig kappa (κ), and Ig lambda (λ) constant 
region primers; the sequences of these primers are in Sup-
plementary Table 2 of Liao et al. [29]. We then used the 
resulting cDNA in nested PCRs to amplify the heavy chain 
(VH) and light chain (VLκ and λ) variable regions as pre-
viously described [29]. Single-cell RT-PCR yielded eight 
heavy chain gene products from eight wells; in three wells, 
two different light chains were isolated. The VH and VL 
genes were sequenced and annotated for Ig gene families, 
somatic mutations, CDRs, and clonality using methods pre-
viously described [30, 31]. One light chain gene was not 
further characterized due to poor subsequent expression; 
two light chain genes from different wells were predicted to 
encode identical proteins at the amino acid level, and only 
one of these was used further. Therefore, there were nine 
light chain genes. The characteristics of the eight distinct 

Table 1  TPM4 ELISA study: patient characteristics

Characteristic Cancer No cancer

Age (years)

 Mean ± SD 70.5 ± 8.7 58.8 ± 10.7

Gender

 Female 11 12

 Male 15 9

Tobacco use

 Pack-years 35.1 ± 24.8 31.5 ± 29.3

Pathologic stage

 IA 9

 IB 5

 IIA 0

 IIB 4

 IIIA 3

 IIIB 1

 IV 4

Cell type

 Adenocarcinoma 16

 Squamous cell 5

 Large cell, neuroendocrine 1

 NSCLC 3

 Large cell lung cancer 1

Table 2  Deep sequencing study: patient characteristics

Characteristic Value

Age (years)

 Mean ± SD 71.7 ± 12.5

Gender

 Female 3

 Male 4

Tobacco use

 Pack-years 32.6 ± 18.3

Pathologic stage

 IA 1

 IB 3

 IIA 0

 IIB 1

 IIIA 1

 IIIB 0

 IV 1

Cell type

 Adenocarcinoma 4

 Squamous cell 2

 Large cell lung cancer 1
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heavy chain genes and nine light chain genes are given in 
Supplementary Table 1.

Using tag sequences that were part of the second-round 
nested PCR primers, we cloned the VH and VL genes into 
human Ig(γ) and Ig(λ) pcDNA3.1(+) (Invitrogen) expres-
sion vectors and sequenced the inserts to confirm identity 
with the original PCR product [29].

Recombinant antibody purification

For production of recombinant antibodies, we co-trans-
fected 293T cells with pairs of pcDNA3.1(+) plasmids 
containing VH and VL genes. Each plasmid pair contained 
VH and VL genes obtained from sorted single memory B 
cells. Plasmids encoding each of the two heavy chain genes 
originally associated with two light chain genes in the PCR 
well were transfected in heavy-light pairs to produce both 
possible antibodies for further characterization and were 
assigned individual recombinant antibody designations 
(Supplementary Table 1). Cells were cultured for 4 days in 
Pro293a-CDM serum-free medium (Lonza, Walkersville, 
MD) containing 1X GlutaMAX and 50 µg/ml gentamicin, 
after which we collected the culture medium containing 
the recombinant antibodies. We concentrated the medium 
using Centricon Plus-70 30 K MWCO centrifugal concen-
trators (Millipore, Billerica, MA) and purified each recom-
binant antibody using protein G agarose (Pierce, Thermo 
Scientific, Rockford, IL).

Immunoblotting

We tested recombinant antibodies for reactivity against 
H460 lung carcinoma cell lysate proteins by immunoblot. 
Proteins were separated by 1D-PAGE on a gel with a sin-
gle preparative well and blotted to polyvinylidene fluoride 
membrane (PVDF, Millipore), and the PVDF inserted into 
a Surf-Blot apparatus (Idea Scientific Co., Minneapolis, 
MN) that creates individual channels that permits multi-
ple different primary antibodies to be run simultaneously. 
We allowed the primary antibodies to interact with the blot 
for 2 h at room temperature, washed the membrane, and 
detected bound antibody with goat antihuman IgGγ chain-
HRP conjugate. This was followed by incubation in chemi-
luminescent substrate and X-ray film exposure.

Antigen identification

We identified the protein antigens responsible for immuno-
reactive bands in 1D-PAGE immunoblots by first probing 
2D-PAGE blots of H460 lysate proteins with recombinant 
antibodies as described above. We then used the location 
of the immunoreactive spot as a guide to locate the protein 
of interest on a duplicate Coomassie-stained 2D-PAGE gel 

of the same lysate sample. Proteins in the stained spot were 
identified at the Duke Proteomics Facility by in-gel tryptic 
digestion, matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MS) peptide fingerprinting, 
and nano-liquid chromatography MS/MS.

We carried out 2D-PAGE by loading the protein sample 
(125 µg of H460 lysate protein in 7 M urea, 2 M thiourea, 
2 % (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate, 20 mM dithiothreitol, 0.2 % (w/v) 
Bio-Lyte 3-10 ampholytes, and bromophenol blue (trace)) 
by passive rehydration into 7 cm, pH 3–10 NL Ready-Strip 
IPG strips (Bio-Rad, Hercules, CA). Isoelectric focusing 
was carried out at 4000 V for a total of 10,000 V-h using 
a Protean IEF Cell (Bio-Rad). We then incubated the IPG 
strips sequentially in equilibration buffers consisting of 
1X NuPAGE LDS sample buffer (Invitrogen) containing 
50 mM dithiothreitol or 125 mM iodoacetamide for 15 min 
each. We carried out second dimension separation by SDS-
PAGE on 4–12 % NuPAGE Bis–Tris ZOOM gels (Invit-
rogen). Gels to be stained were incubated in SimplyBlue 
SafeStain (Invitrogen) for 1 h followed by destaining with 
water. Blotting to PVDF was carried out as for 1D-PAGE 
immunoblotting.

TPM4 ELISA

We evaluated the presence of antibodies against TPM4 
in sera from patients with or without lung cancer by 
ELISA. Recombinant human TPM4 containing a 6x-His 
tag (Fitzgerald Industries, Acton, MA) was immobilized 
for 1 h at room temperature in the wells of His-Select 
nickel-coated 96-well plates (Sigma-Aldrich, St. Louis, 
MO) that had been pre-blocked with IgG-free BSA. After 
removing unbound proteins by washing in PBS containing 
0.1 % (v/v) Tween-20 (PBST), we added serum that had 
been diluted 1:50 in PBST to the wells and incubated the 
plates for 1 h at room temperature. After washing the wells, 
bound antibody was detected with antihuman IgGγ chain-
HRP (1:1000) followed by the development in 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) and hydrogen 
peroxide. Absorbance was determined at 405 nm in a plate 
reader. The final absorbance values were calculated by sub-
tracting the absorbance of wells without TPM4 from those 
with TPM4. The p value was calculated according to Stu-
dent’s t test.

Next generation sequencing (NGS) of IgVH genes

We isolated ITLs from seven additional lung cancer patients 
as described above. The ITLs from each tumor were first 
divided into two aliquots: one being subjected to sorting 
individual B cells as described above, and the other aliquot 
used for sequencing. For sequencing, VH gene amplicons 
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were generated from total RNAs of the isolated ITLs by 
RT-PCR using the same VH1-6 primers as those used for 
isolation of Ig VH genes from the sorted single B cells and 
subjected to NGS using the Illumina platform (http://res.
illumina.com/documents/products/illumina_sequencing_
introduction.pdf). Sequences were annotated for Ig gene 
families, somatic mutations, CDRs, and clonality using 
methods previously described [31]. The clonal relationship 
of sequences generated by NGS was determined using the 
Cloanalyst software suite (http://www.bu.edu/computation-
alimmunology/research/software/) as described [32, 33].

Results

Antibody cloning and expression, purification, 
and confirmation of reactivity with tumor antigens

The overall work flow for the current study is shown in 
Supplementary Fig. 1. We performed FACS on 2.6 × 106 
total ITLs isolated from a 0.133 g (wet weight) piece of 
freshly resected early-stage lung adenocarcinoma. Total B 
cells, which constituted 17.6 % of the ITL population, were 
further delineated into transitional, naïve, and memory B 
cells (Fig. 1). Total B cells (CD19+) or memory B cells 
(CD19+ sIgD−) were sorted into individual wells of three 
96-well PCR plates.

Single-cell RT-PCR yielded heavy and light chain gene 
products from eight wells containing memory B cells, and 
these products were sequenced and cloned into expression 
vectors.

For expression of recombinant antibodies, we co-
transfected appropriately matched pairs of VH and VL Ig 
gene-containing plasmids into 293T cells and harvested 
the recombinant antibody-containing cell culture superna-
tant after 96 h of culture. Although there were eight heavy 
chain genes synthesized, because of the unexpected synthe-
sis of additional PCR products encoding light chain genes, 
two additional VH-VL pairs of plasmids were transfected, 
yielding a total of ten pairs of plasmids transfected into 
293T cells. (See Supplementary Table 1.) The resulting 
ten recombinant antibodies were purified from the cell cul-
ture supernatants using protein G agarose. An image of a 
silver-stained polyacrylamide gel containing all ten purified 
recombinant antibodies is shown in Supplementary Fig. 2. 
Both heavy Ig chains (bands above the 55-kDa marker) and 
light Ig chains (bands between the 25- and 35-kDa mark-
ers) are visible in each lane.

Since these recombinant antibodies had been cloned 
from tumor-infiltrating B cells, we were interested in exam-
ining their immunoreactivity against lung cancer proteins. 
We did this by probing blots of proteins from the lung car-
cinoma cell line H460 with each recombinant antibody. 
One-dimensional immunoblots showed the recombinant 
antibodies to be immunoreactive against multiple proteins, 
suggesting polyreactivity [34]. Two-dimensional immu-
noblots confirmed this but also showed that one antibody, 
T009, was exceptionally immunoreactive against a protein 
of approximately 35 kDa (data not shown). This raised the 
possibility that T009 might exhibit a functional monore-
activity toward this antigen in vivo and might even exhibit 
tumor selectivity. Hence, we set out to determine the iden-
tity of the protein responsible for this immunoreactivity.

Antigen identification and confirmation

In order to identify the ~35-kDa immunoreactive pro-
tein seen in immunoblots, we used T009 to perform an 
additional 2D immunoblot of an H460 lysate and then 
aligned the resulting immunoreactive spot with a spot on 
a duplicate gel stained with Coomassie (Fig. 2). The spot 
was cut out of the stained gel and submitted to the Duke 
Proteomics Facility for identification by nano-liquid 
chromatography MS/MS. This analysis identified tropo-
myosin alpha-4 (TPM4) as the putative immunoreactive 
protein.

To determine whether recombinant antibody T009 
indeed recognized TPM4, we performed an immunoblot 
analysis of purified recombinant TPM4 protein (Supple-
mentary Fig. 3a). As shown in the figure, T009 is clearly 
immunoreactive against TPM4. We also confirmed that 
serum antibodies, from the same patient from whose tumor 
lymphocytes the TPM antibody genes were cloned, recog-
nize purified TPM4 protein (Supplementary Fig. 3b).

Fig. 1  B cell populations among ITLs isolated from a lung tumor. 
ITLs are sorted as described in Patients and Methods. The percent-
ages in each quadrant refer to the proportions of naïve (N), transi-
tional (T) and memory B cells (M), and plasmablasts (P). The image 
is generated with FlowJo (Tree Star, Ashland, OR)

http://res.illumina.com/documents/products/illumina_sequencing_introduction.pdf
http://res.illumina.com/documents/products/illumina_sequencing_introduction.pdf
http://res.illumina.com/documents/products/illumina_sequencing_introduction.pdf
http://www.bu.edu/computationalimmunology/research/software/
http://www.bu.edu/computationalimmunology/research/software/
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TPM4 is a member of the tropomyosin family of actin 
binding proteins. Anaplastic lymphoma kinase (ALK) is 
a receptor-type protein tyrosine kinase that is rendered 
oncogenic as a result of its fusion to TPM4 in inflamma-
tory myofibroblastic tumor [35]. We investigated whether 
the antibody to TPM4 may have arisen due to the pres-
ence of such a fusion event by performing fluorescence 
in situ hybridization analysis on the tumor tissue that 
provided the B cells from which recombinant antibody 
T009 was cloned. However, no evidence for a transloca-
tion involving TPM4 was found in this tissue (data not 
shown).

Since it was possible that anti-TPM4 antibodies 
in this patient’s serum arose due to a tumor-specific 
immune response, we were interested in comparing the 
prevalence of the antibodies in serum from lung cancer 
patients and individuals without cancer. We surveyed 
the serum from 26 patients with lung cancer and 21 
without lung cancer using a direct ELISA developed in 
our laboratory. As shown in Fig. 3, antibodies against 
TPM4 were detected in serum from patients both with 
and without lung cancer. Approximately 42 % (11/26) 
of patients with lung cancer had the antibody compared 
to 29 % (6/21) without cancer. Although these differ-
ences are not statistically significant (p = 0.118), by 
ROC analysis the sera exhibiting the five highest ELISA 
values (>47.74) were all from patients with lung cancer 
(specificity = 100 %, sensitivity = 20 %).

No restricted clonal expansion associated with ITLs

We performed in-depth analysis of Ig VH genes from RNA 
isolated from ITLs from seven additional lung cancer 

Fig. 2  Identification of the 
immunoreactive 2D gel spot 
as TPM4. Proteins from the 
lung cancer cell line H460 are 
separated on duplicate 2D gels. 
One gel is blotted to PVDF and 
probed with recombinant anti-
body T009, and the other gel is 
stained with Coomassie blue. 
The immunoreactive spot on the 
PVDF (arrow in a) is aligned 
with a spot on the stained gel, 
which is excised (arrow in b) 
and subjected to in-gel trypsin 
digestion and nano-liquid 
chromatography MS/MS. All 
eight peptides identified from 
the MS analysis (shown in bold 
and underlined in c) mapped to 
TPM4. Molecular weight mark-
ers, in kDa, are shown to the left

70 -

55 -

35 -
25 -

a

70 -

55 -

35 -
25 -

b

TPM4_HUMAN (100%), 28,522.4 Da
Tropomyosin alpha-4 chain OS=Homo sapiens GN=TPM4 PE=1 SV=3
8 unique peptides, 8 unique spectra, 8 total spectra, 69/248 amino acids 
(28% coverage)

MAGLNSLEAV KRKIQALQQQ ADEAEDRAQG LQRELDGERE RREKAEGDVA
ALNRRIQLVE EELDRAQERL ATALQKLEEA EKAADESERG MKVIENRAMK 
DEEKMEIQEM QLKEAKHIAE EADRKYEEVA RKLVILEGEL ERAEERAEVS 
ELKCGDLEEE LKNVTNNLKS LEAASEKYSE KEDKYEEEIK LLSDKLKEAE 
TRAEFAERTV AKLEKTIDDL EEKLAQAKEE NVGLHQTLDQ TLNELNCI

c

Fig. 3  Prevalence of anti-TPM4 antibodies in lung cancer patients 
and controls. Serum from 26 patients with lung cancer and 21 with-
out are tested by ELISA against immobilized recombinant TPM4. 
All sera are diluted 1:50. Optical density values at 405 nm from wells 
containing only blocking agent are subtracted from those with TPM4 
plus blocking agent. All negative blank-corrected values are reported 
in the plot as zero. The horizontal lines show the average blank-cor-
rected values
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patients by using Illumina NGS technology with the aim of 
obtaining evidence for clonal expansion of antigen-stimu-
lated B cells. Since we had also sorted individual B cells 
from these same seven ITL samples, if evidence for clonal 
expansion was obtained, we could later identify individual 
B cell members of these clones by single-cell RT-PCR and 
sequencing and use only those B cells for recombinant 
antibody production. Sequence analysis identified a total 
of 155,901 functional VH gene sequences with individual 
patient samples containing from 3327 to 77,182 functional 
sequences (Fig. 4, Supplementary Table 2). Sequences rep-
resenting all VH gene families were identified and exhib-
ited a distribution typically found in peripheral B cells [30].

We have further determined the clonal relationship of 
sequences generated by NGS using the Cloanalyst software 
suite. We examined the top 20 clonal lineages from each of 
seven individuals analyzed. These top 20 lineages have VH 
members ranging from 252 members to as many as 2243 
members on average. We found these lineages distributed 
in wide ranges of VH/JH gene families with various heavy 
chain CDR3 lengths and found no biased use of a particu-
lar VH gene family or subfamilies among these seven indi-
viduals (Supplementary Fig. 4). These results clearly dem-
onstrated that analysis of the VH repertoire in seven lung 
cancer specimens revealed no skewing in VH usage.

Discussion

Tumor growth reflects a dynamic, multidimensional rela-
tionship between cancer cells and host cells, including stro-
mal, endothelial, and immune cells [36, 37]. Tumors can 

be infiltrated with many types of immune cells, some that 
may foster and others that may inhibit tumor growth and 
progression [38]. GCs, normally found in secondary lym-
phoid organs such as the spleen and lymph nodes, can also 
develop in tumors. They are well-defined loci of B cells, 
T cells, and DCs in which B cells proliferate and undergo 
differentiation, somatic hypermutation, and affinity matura-
tion [39]. The presence of GCs in tumors is consistent with 
an in situ immune response to tumor antigens. We aimed 
to identify the targets of antibodies produced directly by 
intratumoral B cells in lung cancer. This would allow us 
to explore the possibility that tumor antigens targeted by 
these intratumoral B cells may be relevant therapeutic tar-
gets or that the antibodies they produce may be diagnostic 
biomarkers.

Many TAAs have been identified in the serum by tech-
niques such as SEREX [40]. However, serum antibod-
ies have unknown etiology; e.g., they may be preexisting 
autoantibodies that weakly recognize tumor antigens. Nev-
ertheless, it is clear that some intratumoral B cells express 
antibodies against tumor antigens. Punt et al. [41] isolated 
and cultured tumor-infiltrating B cells and tested the IgG 
from culture supernatants: the IgG from 25 of 36 B cells 
from tumor cell suspensions showed reactivity with autolo-
gous tumor targets. Ten of thirteen IgGs reacted with allo-
geneic tumor targets of the same histological diagnosis, but 
no reactivity was found with tumor targets of a different 
histology. Antibodies produced by B cells within a tumor 
may be more likely to be directed against relevant targets 
than those produced by peripheral B cells, particularly if 
they demonstrate antigenic stimulation, class switching, 
affinity maturation, and somatic hypermutation. To date, 
very few targets of antibodies produced by B cells located 
within a tumor have been directly identified. Kotlan et al. 
[23] constructed an scFv library from IgG variable chain 
genes derived from human medullary breast carcinoma-
infiltrating B lymphocytes and isolated an scFv that binds 
to gangliosides, which had been previously identified as 
TAAs. Also, Yasuda et al. [42] engrafted human lung tumor 
tissue in SCID mice and identified antibodies to mutated 
p53 in the mouse serum. These antibodies had presumably 
originated from B cells in the engrafted tumor tissue.

Germain et al. [20] identified intratumoral B cells that 
express antibodies that bind well-known tumor antigens, 
such as the cancer-testis (CT) antigens LAGE-1, MAGE 
family, and NY-ESO-1, as well as p53. Some of these anti-
bodies bound to more than one antigen, thus demonstrating 
polyreactivity.

Here, we have used methodology originally developed 
to study the role of antigen in the progression of chronic 
lymphocytic leukemia [43] and later modified by research-
ers in the HIV field to permit the cloning of human anti-
bodies from antigen-secreting B cells [29, 44]. Our study 

Fig. 4  VH gene sequences in the intratumoral B lymphocytes from 7 
NSCLC patients. Depicted are the number of unique, functional VH 
gene sequences from each of seven individuals (each represented by 
a different color bar on the z-axis) as determined by deep sequencing 
of their intratumoral B lymphocyte DNA
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represents the first attempt to adapt this methodology to 
characterize single B cells isolated from a lung cancer and 
to identify their stimulating antigens. In this approach, 
Ig VH and VL genes are amplified by RT-PCR from sin-
gle sorted B cells and separately inserted adjacent to 
sequences encoding constant regions in the expression 
vector pcDNA3.1(+). Transient transfection of the result-
ing heavy chain and light chain plasmids into human 293T 
cells yields mature antibody, which is then purified. The 
purified antibody is used to probe two-dimensional immu-
noblots of lung tumor cell lysates. The protein is excised 
from a corresponding stained gel and identified by peptide 
fingerprint analysis and sequencing by tandem mass spec-
trometry. Antibody reactivity with purified target protein is 
then confirmed.

In the current study, we focused on lung cancer where 
the majority of patients have advanced stage disease at 
presentation when cure is unlikely. Hence, new therapeu-
tic and diagnostic strategies are clearly needed [45]. This 
approach provided a unique opportunity to take cues from 
the host immune response to the tumors and possibly dis-
cover new therapeutic or diagnostic targets. From this 
study, several interesting observations were made:

First, we showed that the ITLs demonstrated class 
switching as only one of the mAbs tested was originally 
IgM; the remaining mAbs were IgG1, IgG3, and IgA1 
(Supplementary Table 1). The mean heavy chain mutation 
frequency was 4.00 % ± 1.61 % (range 1.72–6.16 %), a 
mutation frequency typical of antibodies isolated from vac-
cine recipients [46, 47]. None of the recovered mAbs were 
clonally related to each other, and a range of VH genes was 
used (Supplementary Table 1). In addition, heavy chain 
complementarity-determining region 3 loops ranged from 
9 to 25 amino acids (median 13 amino acids) with no sin-
gle length predominating. These data are consistent with an 
antigen-driven maturation, although recruitment of preex-
isting memory B cells to the tumor cannot be excluded.

Second, all ten antibodies produced from ITLs in our 
study appear to be polyreactive. Polyreactive antibodies 
are often low affinity (Kd of 10−3–10−7 M) that react with 
a variety of totally unrelated antigens [34]. In newborns, 
50 % of cord B cells express polyreactive antibodies [48], 
and in adults, 15–20 % of peripheral B cells express poly-
reactive antibodies [34]. Interestingly, polyreactive anti-
bodies in the circulation appear to have broad antimicrobial 
properties [49]. It is intriguing to speculate that polyreac-
tive antibodies in tumors may, in the aggregate, have anti-
tumor properties. However, some investigations have sug-
gested that they may cause tumor progression by forming 
immune complexes and activating the complement system 
[6, 8]. Polyreactive antibodies resemble germline antibod-
ies, and thus, a more fruitful approach to identifying mono-
specific antibodies expressed by B cells in tumors might be 

to focus on those cells that have undergone affinity matu-
ration and clonal expansion. Our approach would also be 
feasible using B cells in tumor-draining lymph nodes.

Third, we identified an antibody to TPM4 that was pre-
sent in both cancer and non-cancer sera, although higher 
levels of the antibody were associated with the sera of can-
cer patients. The gene encoding TPM4 is one of four tro-
pomyosin genes that are expressed in most normal tissues 
(www.genecards.org); however, alternative RNA splic-
ing produces approximately 40 diverse tropomyosin iso-
forms. The functions of the tropomyosins are to (a) regu-
late actin–myosin interaction and thus muscle contraction, 
and (b) regulate cytoskeletal functions such as cell adhe-
sion and motility. The number and diversity of tropomyo-
sin forms contribute to tissue specificity. With regard to 
cancer, a switch in expression from high to low molecular 
weight isoforms is correlated with cell transformation and 
acquisition of metastatic properties [50]. In breast cancer, 
increased expression of TPM4 is correlated with lymph 
node metastasis [51].

Since TPM4 is an intracellular protein that interacts 
with the cytoskeleton, it is not apparent how an antibody 
was generated against it; possibilities include that it was 
released from necrotic or apoptotic cells or it was presented 
on the cell membrane as part of an aberrant gene fusion 
event. However, we found no evidence for a TPM4 fusion 
event in the tumor from which the antibody had been 
cloned. This result and the fact that the antibody is found 
in non-cancer sera makes it more likely that TPM4 is anti-
genic upon release from dying cells [52].

These results, while demonstrating the power of recom-
binant antibody cloning from individual B cells, under-
scored the fact that choosing B cells randomly from iso-
lated ITLs is labor intensive for large-scale interrogation 
of the B cell response within tumors. Hence, we employed 
NGS in an attempt to first identify clonally amplified B 
cells that could then be used for recombinant antibody 
cloning and expression. Since we had also sorted individual 
B cells from these same seven ITL samples, we could iden-
tify individual B cell members of these clones by single-
cell RT-PCR and sequencing and use only those B cells for 
recombinant antibody production. In our study, however, 
deep sequencing revealed a pattern of VH gene families not 
substantially different from that expected for peripheral B 
cells. Although this could be reflective of true tumor-infil-
trating B cells, it is possible that there is a component of 
peripheral blood lymphocytes in an ITL sample. It is pos-
sible that tumor-draining lymph nodes may provide a more 
productive starting population of B cells.

The current study resulted in identifying predominately 
polyreactive antibodies, but an insufficient number of anti-
bodies were characterized to allow conclusions to be drawn 
regarding the antigen specificity of ITLs. While this study 

http://www.genecards.org
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succeeded in demonstrating a distribution of VH gene fam-
ilies equivalent to that found in peripheral blood B cells, 
we could find no evidence of a dominant clone within the 
tumor milieu. While further interrogation of individual 
clones could potentially identify tumor targets, it may be 
that one aspect of the intratumoral humoral response is a 
generalized host response to dying cancer cells and the 
presentation of intracellular antigens; additional studies are 
needed to confirm this hypothesis as we continue to explore 
and develop a comprehensive understanding of the host 
response to cancer. This area of research is essential to har-
ness the full potential of immunotherapy.
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