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Abstract

Recent evidence indicates the presence of macrophage subpopulations that express the
TCRap in chronic inflammatory diseases such as tuberculosis and atherosclerosis and in
the tumor microenvironment. Here, we demonstrate that a second subpopulation of macro-
phages expresses rearranged heavy and light chain immunoglobulins. We identify immuno-
globulin expression in human and murine monocytes, in ex vivo differentiated macrophages
and macrophages from the tumor microenvironment of five randomly selected distinct
human tumor entities. The immunoglobulin heavy and light chains are expressed in a small
macrophage subfraction (~3-5%) as combinatorial and individual-specific immune recep-
tors. Using Sanger sequencing and deep sequencing, we routinely find markedly restricted
Ig repertoires in monocytes/macrophages compared to normal B cells. Furthermore, we
report the complete Ig heavy and light chain sequences of a fully functional immunoglobulin
from a single tumor-associated macrophage. These results demonstrate that Ig expression
is a defining feature of monocytes and also macrophages in the tumor microenvironment
and thus reveal an as yet unrecognized modus operandi of host defense in professional
phagocytes.

Introduction

Macrophages are ubiquitous versatile immune cells and key players in major chronic inflam-
matory diseases [1]. Based on their myeloid origin and their status as professional phagocytes
they function as pillars of the innate immune system [2].

Traditional immunological dogma holds that flexible immune recognition in higher verte-
brates represented by combinatorial immunoglobulins (Ig) and T cell receptors (TCR) is an
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exclusive feature of lymphoid effector cells [2,3]. In the past decade, however, a series of studies
has provided evidence for the existence of recombinatorial immune receptors outside the lym-
phoid lineage [4,5]. The initial observation was made in 2006 by Puellmann et al. who demon-
strated constitutive expression of variable T cell off receptors in a subpopulation of neutrophils
[6-8]. Subsequent studies showed production of T cell receptors (TCR) o/f/yd in monocytes/
macrophages [9,10] and TCRY® in eosinophils [11]. Importantly, TCR based myeloid variable
immune receptors have been implicated in various chronic diseases including autoimmune
disease [12], chronic periodontitis[13], tuberculosis [9] and atherosclerosis [14]. Moreover, a
most recent study from our laboratory provides evidence for expression of variable TCRa/ by
macrophages in the tumor microenvironment [15].

Separate from these studies, recent evidence points to the possibility that myeloid immune
effector cells are also capable of expressing immunoglobulin (Ig) heavy and light chain genes
[16,17].

In the tumor milieu, cytokines secreted by tumor cells can induce monocyte maturation
along an alternative path of activation [18]. These tumor-associated macrophages (TAM) are
thought to act as key players in the host’s immune response to tumors. Available evidence sug-
gests roles of TAM in promoting tumor growth and progression [19-22], and marked TAM
infiltration has been associated with a poor clinical outcome in tumor patients [23-25]. How-
ever, the exact role of macrophages in the tumor microenvironment remains ambiguous.

Given the above observations that two major myeloid cell types i.e. granulocytes and mono-
cytes/macrophages, synthesize combinatorial TCRaff immunoreceptors and that preliminary
evidence suggests Ig expression in monocytes, we tested whether monocytes and macrophages
are capable of expressing complete combinatorial immunoglobulins. A particular focus in our
study was put on tumor-associated macrophages.

Materials and methods
Patient samples

All tumor and blood samples were excess material derived from patients in the course of their
medical care. The use of these specimens and mononuclear cells from the healthy donor was
approved by the Ethics Committee of the Faculty of Medicine Mannheim, University of Hei-
delberg (Permit Number: 2014-562N-MA; 2012-293N-MA). All patients provided written
informed consent. The samples were strictly anonymized.

Isolation of macrophages from solid tumors

CD14" cells were isolated from solid tumors. The tumors were finely minced with a scalpel
and digested with collagenase IV (190 U/ml) and DNase I (500 U/ml). The cells were washed
in cold PBS and erythrocytes were lysed. Cells were further purified using CD14 MACS
MicroBeads (Miltenyi Biotec) following the manufacturer’s instructions. For single cell analy-
sis an additional purification step was performed with CD14 Dynabeads (Life technologies).

Isolation of CD19" B cells, CD14" monocytes and CD34" progenitor cells

As a control group, B cells were isolated from blood samples of three patients with inflamma-
tory diseases (cell group “BCI”) and from a buffy coat of a healthy donor (cell group “BC”).
PBMCs were isolated over a Ficoll Hypaque gradient and purified with CD19 MACS MicroBe-
ads. CD14" blood monocytes from healthy individuals were isolated and differentiated as
described previously [9]. Burst-forming unit-erythroid (BFU-E) and colony-forming units
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containing granulocytes and macrophages (CFU-GM) were generated from human CD34 pro-
genitor cells as previously described [26].

Mice

Male C57BL/6 mice and IL-7 receptor knockout mice (IL-7R™") were bred and maintained at
the animal facility of the Medical University of Géttingen, Germany, according to the
Deutsche Tierschutzgesetz (LAVES Niedersachsen 33.9.42502-05-A-08/09), after protocol
review and approval by the committee of animal welfare of the University of Gottingen

(“Tierschutzkommission™). After cervical dislocation, macrophages from the bone marrow
were collected and purified by CD11b- MACS as described previously [10].

Flow cytometry

Flow cytometric analyses were performed on a FACSCanto flow cytometer (BD Biosciences)
as previously described [9,10] using the following antibodies: anti-human CD19-APC-H7,
anti-human CD14-FITC, anti-human CD79b-APC and anti-human CD16-PE; anti-mouse
CD11b-FITC and anti- mouse CD19-PE (all BD Biosciences).

Immunoblotting

Immunoblot analyses were performed with standard techniques using the following antibod-
ies: chicken anti-human IgA, chicken anti-human Igk, mouse anti-human IgM, goat-human
IgG, HRP. Proteins were extracted with TRI Reagent (Sigma) and dissolved in 1% SDS + 8M
urea in 50mM Tris (pH 8.0) (vol/vol 1:1).

Immunocytochemistry

Immunostaining was performed as described previously [10]. The following antibodies were
used: Mouse anti-human antibodies to TCRBF1 (clone 8A3) (1:50, Thermo Scientific), rabbit
anti-human IgM (1:50, acris). Goat anti-mouse IgG Alexa 488 labeled (Invitrogen), donkey
anti-rabbit IgG, Cy3 (Jackson ImmunoResearch) were used as secondary antibodies. Mouse
IgG1, rabbit IgG (BD Biosciences) isotype control antibodies were used as negative controls.
For fluorescence imaging DRAQ5™ (1:2000) (Alexis) was used for nuclear staining.

RT-PCR, repertoire PCRs, CDR3 length spectratyping analysis and cloning

Total RNA from pooled purified CD14" cells was reverse transcribed with oligo(dT) primers
targeting mRNA. RT-PCR expression profiling was performed with primers for IgM, IgG
heavy chains and x and A light chains. To establish Ig-repertoires, the collected RNA samples
were reverse-transcribed into cDNA using the Reverse Transcription System (Promega). After
PCR with the FastStart High Fidelity PCR System (Roche) and specific primers, PCR products
were applied to an agarose gel and positive bands were excised. The PCR products were
extracted using the QIAquick Gel Extraction Kit (Qiagen) and were subsequently cloned
(TOPO TA Cloning Kit, Invitrogen) for individual sequence analyses. Size spectratyping of the
antigen binding CDR3 regions were performed as previously reported [6,9]. Length variant
analysis of the human and mouse Ig CDR3 regions were assessed using the D4-labeled primers
D4-ccctgteccgetttegetceca (human IgA), D4-tccttgaccaggcageccag(human
IgGl), D4-tgctgctgatgtcagagttyg (human IgM) and D4 tcaaggatgctcttgggaga
(murine IgM), respectively.
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Ig heavy chain locus recombination assay

DNA from 10® monocytes was isolated using the Wizard Genomic DNA purification Kit (Pro-
mega). Screening for IgVH — IgJH rearrangements at the Ig heavy chain locus was performed
by PCR utilizing a modified non-multiplex approach according to the protocols by van
Dongen et al. [27] and confirmed by sequencing.

Single cell analysis

Single cells were prepared using a protocol adapted from Kim et al. [28]. The cells were coated
with CD14 Dynabeads and resuspended in PBS containing 2% BSA (~100 cells/ml). Under a
microscope, single cells were aspirated with 0.5 ul medium and transferred into 3.5 pl resus-
pension buffer (5x RT buffer, OneStep RT PCR Kit, Qiagen). The reaction tubes were kept at
-80°C until the next step. RT-PCR followed the protocol from Kim et al. [28] using the One-
Step RT-PCR Kit (Qiagen) and specific reverse primers for IgM, IgG, Igk and IgA. Each reac-
tion was then split into four aliquots and PCRs using specific forward and reverse primers for
either IgM, IgG, Igk or Igh were performed following the protocols described above.

Sanger sequencing and next-generation sequencing

Sanger sequencing was performed on an ABI Prism 310 one capillary sequencer. Large groups
of samples were commercially sequenced by StarSEQ (Mainz, Germany). Obtained sequences
were aligned and edited with MEGA 5.0 [29] and assigned the best matching germline variable
region according to the integrative database VBASE2 [30]. A clonotype describes a unique
sequence variant found in the repertoire. The results analyzed here only take functional rear-
rangements into account. For the next-generation sequencing approach the semi-quantitative
technique of amplicon rescued multiplex (ARM)-PCR was used [31]. This technique relies on
the use of universal primers at the exponential phase of PCR amplification to minimize target
sequence-specific PCR amplification biases. Total TAM RNA was transcribed into cDNA
using the OneStep RT PCR kit (Qiagen). The Ig transcriptomes were then amplified by
ARM-PCR utilizing a set of nested Ig-specific Illumina primers provided by iRepertoire, Inc
[32]. In the first amplification round (15 cycles), Ig heavy chain V segments were targeted spe-
cifically by nested forward and reverse primers. A pair of common sequence tags was linked to
all internal primers, which were targeted in the second round of amplification (40 cycles) by
universal primers. PCR samples were subsequently purified by gel electrophoresis and sent to
iRepertoire for NGS. Large-scale sequencing of was performed on a HiSeq2000 DNA
sequencer (Illumina) using the standard [llumina sequencing protocols. The NGS data has
been deposited in the NCBI Sequence Read Archive (SRA) (Accession #SAMN09662874,
SAMNO09662875, SAMN09662876).

Alignment of immunoglobulin repertoire sequences and data filtering

Complementary determining regions (CDR3s) were defined as the segment that encompasses
all amino acids flanked by the conserved amino acid sequences Y[YFLI]C at the 3'end of the V
gene segment and [FW]GXGT (X stands for 1 of 20 amino acids) within the ] segments. Raw
data was analyzed by iRepertoire using the previously described IR map program [32]. The
best matches of germline V and ] gene were searched by determining alignments between Illu-
mina platform product and germline sequences in the IMGT/GENE-DB database.

Data analysis was conducted using the newly developed five-step SMART filtering strategy
This advanced computational strategy relies on a cascade of filtering algorithms that eliminate
artifactual sequences at five distinct quality control checkpoints: (i) sequencing error filter, (ii)
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mosaic sequencing filter, (iii) PCR amplification performance filter, (iv) reference sequence fil-
ter and (v) frequency threshold filter, respectively. All mapped CDR3 reads were subjected to
the SMART strategy and the frequency threshold filter was set to >1. Under these conditions
all single copy Ig heavy chain CDR3 sequence variants were disregarded.

Statistical analysis

The Shannon-Wiener index [33,34] was used to compare the significance of repertoire diver-
sity between cell groups. p<0.001 was considered statistically significant.

Results
Expression of immunoglobulins in monocytes/ macrophages

In preliminary assessments we tested whether the monocytic lineage expresses immunoglobu-
lins (Ig). For this human peripheral blood CD14" monocytes were obtained from two healthy
donors and monocyte differentiation into Th1-polarized macrophages was induced in the
presence of IFNy. In fact, RT-PCR profiling of these cells demonstrated constitutive expression
of Ig heavy and light chains, but also critical components of the Ig signaling complex in both
CD14" monocytes and IFNy macrophages (Fig 1A). Similar results were obtained with the
Th2-stimulus IL-4 (S1 Fig). The high purity (>>99.5%) of isolated CD14" monocytes (Fig 1B)
and consistent absence of expression of the B cell marker CD22 indicated that these results
were not attributable to B cell contamination.

Consistent with the existence of a bona fide Ig" human macrophage subpopulation, immu-
noblot revealed the presence of both Ig heavy (IgM, IgG and IgA) and Ig light chains (Igk) in
the IFNYy in vitro differentiated macrophages from the two healthy donors (Fig 1C; S2 Fig).

Next, we determined expression of Ig in individual circulating monocytes. For this, freshly
isolated CD14" monocytes were stained for [gM. We detected IgM expression in a small
(~5%) monocyte subpopulation (Fig 1D; S3 Fig). Of note, this subfraction was clearly distinct
from the previously reported TCRo. bearing monocyte/macrophage subpopulation [9] as evi-
denced by co-staining with antibodies to TCRo. Further analysis of the respective subpopula-
tion points to the highest immunoglobulin expression in classical monocytes (CD14¥/CD16")
(54 Fig).

Together, these results reveal that subpopulations of peripheral blood monocytes and in
vitro activated monocyte-derived macrophages express immunoglobulins both on the gene
expression and protein level.

Human and murine macrophages express variable immunoglobulin heavy
chain repertoires

Based on the results demonstrating rearrangement of the TCRp locus in human monocytes/
macrophages and evidence of RAG1/2 and TdT in these cells [10], rearrangement of the Ig
heavy chain locus in monocytes was investigated. The first recombination event at the Ig heavy
chain locus juxtaposes one D and one J gene segment, with deletion of the intervening DNA
followed by the second step of Ig heavy chain rearrangement, i.e. V— D] recombination giving
rise to a fully rearranged VD] variable region gene. A modified PCR assay based on the method
by van Dongen et al. [27] was applied. In fact, the PCR assay revealed recombination for Dyl
and Dy5, respectively, using the J consensus primer reported by van Dongen et al. [27] and
Vulb and Vy3a — DJ rearrangements in normal human CD14" monocytes (Fig 2A and 2B).
Together, these experiments provide evidence for both D— J and V— DJ rearrangements of
the Ig heavy chain locus in normal peripheral blood monocytes.
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Fig 1. Human monocytes and macrophages isolated from healthy individuals express immunoglobulin heavy and
light chains. (A) Circulating human monocytes (Mono) and IFNYy activated macrophages (IFNY),respectively,
constitutively express the genes for the Ig heavy and light constant chains (IgM, IgG, Igk, Ig)) and critical components
of the Ig signalling complex (CD79a, CD79b, Syk, LAB). RT-PCR profiling is shown for CD14* monocytes and IFNy
in vitro differentiated macrophages from two representative healthy individuals and CD19" B cells from an additional
healthy donor. Expression of B cell (CD22) and monocyte/macrophage marker genes (CD14) are demonstrated as
reference. CD79a, CD79b B-cell antigen receptor complex-associated protein alpha and beta chain; Syk spleen tyrosine
kinase; LAB linker for activation of B cells. (B) Flow cytometry of freshly isolated MACS purified CD14" monocytes
representatively shown for one individual demonstrates purity of routinely >99.5%. The lineage surface markers CD14
and CD19 are shown. (C) Detection of immunoglobulin IgG in monocytes and macrophages by immunoblot. Whole
cell lysates of CD14" monocytes, IFNy-activated CD14* macrophages, CD19* B cells and CD2* T cells from donors 3
and 4 were separated under reducing conditions. An antibody against IgG was used for detection. (D)
Immunocytochemical double-staining reveals the presence of TCRp (green) and IgM (red) expressed by two separate
subpopulations of CD14" monocytes. Shown is a IgM" monocyte (left) next to a TCRB" monocyte (right) surrounded
by double- negative monocytes. The results are representative of three individuals. Nuclei (blue), DRAQS5. Isotype
controls for the anti-TCRof and anti-IgM antibodies are shown in the supplements (S3 Fig).

https://doi.org/10.1371/journal.pone.0204108.9001

The analysis of all expressed CDR3 length variants for IgM, IgG and IgA, respectively, in
human IFNy macrophages from two healthy individuals demonstrated constitutive expression
of the immunoglobulin isotypes (Fig 2C, S5 Fig). We found that the expressed immunoglobu-
lin repertoires are complex and individual-specific suggesting that the immunoglobulin iso-
types are rearranged and expressed in macrophages.

To apply our findings in humans to a controlled experimental system, we isolated CD11b"
macrophages from the bone marrow of lymphocyte-deficient IL-7R™", and C57Bl/6 mice and
analyzed the IgM heavy chain repertoires. The former were used as biological model organism
from which B cells are substantially reduced to approximately <1% of wildtype C57Bl/6 mice
[35,36]. In accordance with the human findings, we saw variable IgM expression in bone mar-
row macrophages from both IL-7R”" mice lacking lymphocytes and normal C57Bl/6 mice (Fig
2D, S6 Fig).

Taken together, the combined results from Ig VD] rearrangement analysis and CDR3
mRNA expression profiling indicate that a subpopulation of monocytes/macrophages
expresses recombinatorial Ig heavy chains in both humans and mice.

Myeloid progenitors express recombinatorial immunoglobulins

Evidence for Ig locus rearrangement in mature CD14" monocytes and reports of immuno-
globulin expression in CD34" progenitor cells [37] strongly suggested that Ig recombination
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Fig 2. Monocytes and macrophages express rearranged immunoglobulins. Detection of D — ] (A) and V — DJ (B)
rearrangements in the Ig heavy chain gene locus of human CD14" monocytes. Arrows denote the presence of Dy1,
Dy5— J and Vy1b, 3a— ] rearrangements which were confirmed by sequencing. Genomic organization of the
identified rearrangements is schematically drawn. (C) Length variant analysis of the antigen-binding complementarity
determining region 3 (CDR3) demonstrates the constitutive expression of individual-specific IgM, IgG and IgA
variable heavy chain repertoires, respectively, by IFNy macrophages from two healthy donors (donor 3 and 4).
Vu—Cuara specific cDNA segments were amplified by RT-PCR and separated by capillary electrophoresis (“CDR3
spectratyping”). A scaled synopsis of all expressed V chains is shown (Z). The detailed CDR3 length spectratypes for
each expressed V chain are shown in the supplement (S5 Fig). (D) Profiling of IgM V heavy chain expression in bone
marrow CD11b* macrophages from wildtype mice (wt) and mice lacking lymphocytes (IL-7 receptor knockout mice,
IL-7R™). FACS analysis shows the purity of the isolated CD11b* bone marrow macrophage fractions. All macrophages
were purified by CD11b-MACS. IgM Vy chain gene expression was assessed by RT-PCR amplification of rearranged
Vui—Cum cDNA segments. Expressed Vi chains are highlighted by filled boxes, empty boxes represent nonexpressed
Vi chains. Numbers denote individual Vi chains. The detailed CDR3 length spectratypes are shown for the five Vi
chains that are expressed by both wildtype and IL-7R " mice (bottom). Note the reduced repertoire diversities in
lymphocyte-deficient IL-7R”~ mice relative to wildtypes. The detailed CDR3 length spectratypes for all expressed V
chains are shown in the supplement (S6 Fig).

https://doi.org/10.1371/journal.pone.0204108.g002

might already occur at an early stage of myeloid development. To test the variability of myeloid
Ig at this early developmental stage, CD34" hematopoietic progenitor cells were stimulated by
GM-CSF and subsequently formed colony forming units (GM-CFU). IgG, IgM and IgA V
mRNA expression profiling was performed on 7 randomly selected colonies. CDR3 length
spectratyping revealed expression of single or few rearranged V heavy chain clonotypes (1
IgM, 5 IgG and 6 IgA, respectively) (Fig 3, S7 Fig). The majority of the CFU-GM displayed a
monoclonal expression pattern consistent with the clonogenic nature of the myeloblasts and
monoblasts in this assay. This confirms that Ig locus rearrangement occurs already during the
early phase of in vitro myeloid lineage differentiation.

Tumor-associated macrophages express restricted Ig repertoires

Recent evidence revealed the presence of TCRof bearing macrophage subpopulations in the
tumor microenvironment [15]. We therefore investigated next whether macrophage-derived
Ig are also implicated in tumor-associated inflammation. To address this, we first tested
whether TAM from freshly excised human tumor specimens express combinatorial Ig heavy
and light chains. For this, purified TAM from a human esophagus carcinoma (TAM-1) and a
melanoma patient (TAM-2) were freshly obtained. Using RT-PCR analysis for leukocyte
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Fig 3. Myeloid progenitors express variable immunoglobulins. Expression of rearranged IgM, IgG and IgA Vy
CDR3 clonotypes in granulocyte/ macrophage progenitor colonies (CFU-GM) obtained from CD34" progenitors of a
healthy individual. Filled boxes indicate positive expression of one of the 11 known human Ig Vi chains (x-axis) in a
single colony. Colonies are identified by numbering on the y-axis. The repertoires for each of the expressed Vy; chains
were determined by CDR3 spectratyping. Three detailed Vi repertoires are representatively shown. The repertoires of
additional CFU-GM colonies are summarized in the supplement (S7 Fig).

https://doi.org/10.1371/journal.pone.0204108.9003

lineage markers, B lymphocytic cells were undetectable in the tumor macrophage preparations
(Fig 4A). Recombination analysis of expressed Vi3—C, V,-C and V,-C segments, respectively,
revealed that a variety of rearranged Ig heavy chains (IgG1, IgG3, IgM) and also Igx and Igh
light chains were detectable in the melanoma-derived TAM (Fig 4B). This demonstrates that
macrophages in the tumor microenvironment exhibit Ig combinatorial diversity.

TAM Ig heavy and light chain repertoires are less diverse than those of B
cells

We then performed a detailed profiling of the CDR3 heavy and light chain Ig repertoires
expressed by TAM obtained from the patients with esophagus cancer, melanoma and colon
cancer, respectively, (TAM-1, TAM-2, TAM-3) (Table 1). To this end, the IgM, IgG, Igk and
Igh repertoire diversities were assessed by cloning and Sanger sequencing of the expressed Ig
CDR3 variants. Peripheral blood B cells from three acute and chronic inflammatory diseases
including common cold (BCI-1), Crohn’s disease (BCI-2) and chronic polyarthritis (BCI-3)
were co-analyzed as reference. Using this approach, we identified 6 distinct IgG heavy chain
CDR3 variants and 3 Igk variants in the esophagus cancer-derived TAM-1 (Fig 4C, Table 2, S1
Table). In the melanoma-derived TAM-2 a total of 4 IgG CDR3 variants and 12 Igk CDR3 var-
iants were detected whereas only Igk variants (n = 5) were identified in the colon cancer
tumor macrophages (TAM-3). In general, the B cell populations from the patients with acute
and chronic inflammation exhibited significantly higher repertoire diversity ranging from 10-
35 (IgG) and 21-29 (Igk) CDR3 variants, respectively (S8 Fig).

The most frequent Ig heavy chain CDR3 variant was ARVPINYDILTGTDY which was
expressed both by esophagus cancer TAM and melanoma-derived TAM. Interestingly, this
variant was the only one that was shared by distinct TAM populations. In contrast, CDR3
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Fig 4. Tumor-associated macrophages express restricted Ig repertoires. (A) RT-PCR expression profiling of TAM
cell preparations for B cell (CD19, CD22), T cell (CD2) and monocyte/ macrophage marker genes (CD14, CD68),
respectively, demonstrates absence of detectable quantities of B or T cells. The results shown for tumor patients TAM-
1 and TAM-2 are representative of all TAM cell preparations. PBMC, peripheral blood mononuclear cells (positive
control); -, no template added. (B) CD14+ macrophages isolated from a human melanoma patient (TAM-2) express
combinatorial heavy (IgG1, IgG3, IgM) and light chain genes (Igk,Igh). Diagnostic amplification products span Vyg—C,
and V,-C and V,-C segments, respectively, and were generated using consensus primers for the indicated variable
chains (Vii, Vj, Vii). -, no template added. Note expression of an additional IgG1 transcript (IgG1*, +97 bp) which is
generated by intron retention within the Cy gene and gives rise to an alternative C-terminus (unpublished data). (C)
IgG and Igx repertoire diversities in tumor macrophages from patients TAM-1 to TAM-3. Sector areas correspond to
the relative frequency of individual clonotypes within a given Ig CDR3 repertoire and are sorted by size. Each sector
within a circle chart represents a unique CDR3 variant and the number of identified variants is shown in the center.
Clonotype frequencies in B cells from patients with acute and chronic inflammatory diseases are shown for reference
(BCI-1, BCI-2, BCI-3). Note that TAM express less diverse IgG and Igk repertoires than B cells from patients with
inflammatory diseases. The total number of Sanger sequenced clonotypes are shown at the bottom of each pie chart.

https://doi.org/10.1371/journal.pone.0204108.g004

variant sharing was more frequently observed for the Igk light chain repertoires. The most fre-
quent Igk variant, QQYNTYPLT, for example, was expressed both by TAM-2 and B cells from
the patient with common cold (BCI-1) (S2 Table).

The marked restriction of the TAM Ig repertoires was striking. V4-61/D2-2/J;3 and Vy4-
31/D3-3/Jy4 were the most common VD] heavy chain recombinatorial variants which were
present 20 findings in TAM-1 (49%) and TAM-2 (59%), respectively. None of the B cell heavy
chain repertoires showed a similar restriction with the most frequent rearrangements ranging
between 6% and 12% (S3 Table, S4 Table).

Profiling of TAM Ig heavy chain repertoire transcriptomes by ultra-deep
sequencing
To substantiate the above results obtained by conventional cloning and sequencing on a large

scale level, we analyzed two tumor macrophage populations from patients with colon cancer
(TAM-4, TAM-5) utilizing the highly sensitive technique of ultra-deep sequencing. For this,
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Table 1. Characteristics of the tumor-associated macrophages (TAM), B cells from patients with inflammatory diseases (BCI) and normal B cells (BC) used in this

study.

Patient
TAM-1
TAM-2
TAM-3
TAM-4
TAM-5
TAM-6
TAM-7
TAM-8
TAM-9
TAM-10
BCI-1
BCI-2
BCI-3
BC
BC-2

Age

63
73
63

unk.

unk.

62
77
25
76
47
23
43
62

unk.

25

Sex
F
M

=

c
5
~

=
5
~

M

SEIEIEC IS

Medical condition Isolated cells Source Cell type
Esophagus carcinoma Macrophages Solid tumor TAM
Melanoma Macrophages Solid tumor (metastasis)
Adeno-carcinoma Macrophages Solid tumor
Colorectal carcinoma Macrophages Solid tumor
Colorectal carcinoma Macrophages Solid tumor
liver carcinoma Macrophages Solid tumor
Colorectal carcinoma Macrophages Solid tumor
lymphoma Macrophages Lymphoma filtrate
Colorectal carcinoma Macrophages Solid tumor
glioblastoma Macrophages Solid tumor
Common cold B cells Peripheral blood BCI
Crohn’s disease B cells Peripheral blood
Chronic polyarthritis B cells Peripheral blood
- B cells Peripheral blood BC
- B cells Peripheral blood

F = female, M = male; TAM = Tumor- associated macrophages; BCI = B cells of patients with inflammatory disease; BC = B cells of healthy controls; unk. = unknown

https://doi.org/10.1371/journal.pone.0204108.t001

TAM-4 and TAM-5 were subjected to ARM-PCR based Ig heavy chain transcriptome

sequencing [31,32]. This resulted in 6284 effective sequence reads for both samples which
could be assigned to 150 unique IGH CDR3 segments (S5 Table, S9 Fig). A unique IGH CDR3
sequence was defined as a nonredundant fragment of amino acids which is in a stop-codon-
free reading frame and contains both translated conserved Vi and Ji motifs. To correct for
sequencing artifacts all sequence reads were subjected to high-stringency filtering algorithm
with the transcript frequency threshold set to >1. This conservative approach, in which all sin-
gle copy CDR3 variants were a priori disregarded, resulted in the identification of a total of 65
unique Ig heavy chain CDR3 variants from the TAM subpopulations of the two donors. As a
reference, we performed transcriptome sequencing under identical conditions on peripheral
blood CD19" B cells from a healthy donor which resulted in the identification of 25.827 unique
Ig heavy chain CDR3 variants (510 Fig). In both colon cancer TAM populations we noted that
the distribution of the CDR3 clonotypes was markedly skewed with only a few CDR3 clono-
types making up the majority of all CDR3 transcripts. The most frequently expressed Ig heavy

Table 2. Total number of clones analyzed for each patient and repertoire.

Cell type Patient IgM IgG Igk Igh
TAM TAM-1 34 (0) 38 (1) 15 (0)
TAM-2 40 (1) 34 (0) 34 (6) 36 (0)
TAM-3 53 (2) 40 (4)
BCI BCI-1 39 (0) 37(2)
BCI-2 18 (0) 26 (1)
BCI-3 34(2) 31 (5)
BC BC 34 (1) 35 (0)

Sequences which contained stop codons or frameshifts are in parentheses and were not taken into account for further

analyses.

https://doi.org/10.1371/journal.pone.0204108.t002
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Fig 5. TAM Ig heavy chain repertoire transcriptome profiles assessed by ultra-deep sequencing. (A) Shown are the
Ig Vi; CDR3 repertoires of TAM isolated from two patients with colorectal cancer (TAM-4, TAM-5) as assessed by
ultra-deep sequencing. The circle graphs visualize the relative abundance of the Ig heavy chain CDR3 transcript
variants that are expressed by each TAM population. Each sector in a circle represents a rearranged Ig heavy chain
transcript that encodes a unique CDR3 sequence. It is defined by a unique color and its area is proportional to the
relative transcript frequency. The total numbers of identified Ig Vi; CDR3 variants are indicated. A CDR3 sequence is
considered unique if it represents a nonredundant fragment of amino acids, which is in a stop-codon-free reading
frame and contains both translated conserved Vi and Ji; motifs. The 10 most frequently expressed Ig heavy chain
CDR3 variants in each TAM population are and their respective percentage (in parentheses) are shown. (B) IgHV and
IgHJ gene usage by TAM-4. The 3D expression frequency maps display the relative transcript abundance for each
expressed IgHV,/IgH], combination. Individual human Ig heavy chain V-genes and J-genes (hIGHV,, hIGHJ,) are
annotated according to the nomenclature used by the IMGT/GENE database (http://www.imgt.org/IMGTindex/
IMGTgene-db.html). X-axis: IgHV gene. Y- axis: IgH]J gene. Z-axis: relative expression frequency. (C) Evidence for
convergent recombination of a TAM Ig heavy chain CDR3 region (patient TAM5). Shown is the differential use of
the human IGHV5-51 and IGHV5-a genes which converge to produce the same Ig heavy chain CDR3 variant
(ARRYYYASIGHYSYDL) (arrow). This CDR3 variant was identified by deep sequencing. Total numbers of sequence
reads representing this CDR3 variant are indicated (right).

https://doi.org/10.1371/journal.pone.0204108.g005

chain CDR3 transcript variant in the TAM-4 population was VKDVLTVSGAGWGDC (34%), fol-
lowed by ARRYFDTRGHPLDF (32%) and ARDGGSGSYNWEDP (10%), respectively (Fig 5A).
The dominance of a single heavy chain variant was even more striking in the TAM-5 popula-
tion in which the clonotype ARRYYASIGHYSYDL represented 94% of all identified CDR3 Ig
heavy chain transcripts (S5 Table).

To identify shared Ig heavy chain CDR3 sequences, we performed pairwise bioinformatic
comparisons between the TAM-4 and TAM-5 Ig transcriptomes. Interestingly, we found that
no CDR3 sequences were shared between the two TAM Ig heavy chain repertoires. Moreover,
none of the TAM Ig heavy chain CDR3 variants that were expressed in the two colon cancer
tissues were identified in the other sequenced repertoires (TAM-1, TAM-2, TAM-3). Together,
this suggests that the Ig heavy chain variants in TAM populations are expressed in an individ-
ual-specific fashion.

Detailed comparison of the TAM-4 and TAM-5 V-] usage and the frequency of individual
CDR3 transcript variants revealed highly restricted and unique repertoire diversity patterns
with a striking bias towards the use of single V and J genes. We found that the TAM-4 popula-
tion predominantly used IgVH3-23 and IgJH4 (Fig 5B). Interestingly, these are also the most
utilized Ig V-] heavy chain genes in B cells [38]. Conversely, the macrophages from the second
colon cancer (TAM-5) relied mostly on the usage of IgVH5-51 and IgJH5 (S11 Fig). Convergent
recombination is a mechanism by which divergent Ig variable heavy chain sequences are
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assembled in B cells to produce identical CDR3 at the amino acid level [38,39]. To test whether
this mechanism is also operative in TAM, we performed a detailed VD] recombination analysis
in TAM-5. Indeed, we found evidence for the differential use of the IGHV5-51 and IGHV5-a
genes which converged to form an identical Ig heavy chain CDR3 variant (ARRYYYASIGHYS
YDL) (Fig 5C).

Ig clonotype analysis in single macrophages

Given the above combined evidence for Ig production by macrophages, we finally sought to
assess in detail the actual pairing of the Ig heavy and light chain in a single macrophage.

For this, we performed the single cell Ig clonotype analysis on five different tumor tissues
including a liver carcinoma, a glioblastoma, a lymphoma and two colon cancer (TAM-6 —
TAM-10). From these a total of 102 single tumor macrophages were subjected to expression
profiling of the IgG, IgM, Igk and IgA chains, respectively, followed by cloning and sequencing.
Out of this pool of single TAM we were able to identify eight Ig complete heavy chain
sequences and two light chain sequences (S6 Table).

In addition, we analyzed 424 single tumor macrophages that were isolated from esophagus
cancer tissue (patient TAM-1). This resulted in the identification of a complete Ig clonotype
which encoded a functional IgG heavy and a corresponding Igk light chain (Fig 6). This Ig clo-
notype was detected in three distinct single tumor macrophages. The IgG heavy chain of this
TAM clonotype was generated by a Viz4-4/D1-26/J34 VD] rearrangement and the associated
K light chain displayed a V,1-5/] 4 rearrangement. We also identified three additional com-
plete IgG heavy chain sequences in our TAM-1 single cell clonotype analysis. Two of these
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Fig 6. Single cell Ig clonotype analysis in a tumor-associated macrophage. (Top) CD14"-MACS macrophages
purified from tumor tissue of a patient with esophagus cancer (TAM-1). The light microscopic image shows anti-
CD14" coated magnetic beads attached to four individual macrophages. CD14" bead positive cells were subsequently
subjected to single cell Ig clonotype analysis. (Bottom) Complete IgGk clonotype expressed by a single tumor-
associated macrophage isolated from the above patient. The detailed peptide sequences of the IgGxk heavy and
corresponding light chain are shown. The major antigen-binding CDR3 regions are gray shaded. Single cell Ig
clonotype analysis was assessed by single cell RT-PCR, cloning and subsequent Sanger sequencing.

https://doi.org/10.1371/journal.pone.0204108.g006
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were identical to those for which the heavy-light chain pairing could be established and one
utilized an ORF V gene. Furthermore, we clonotyped a functional IgM chain, however, we
were unable to detect the corresponding light chain (data not shown). Together, these single
cell expression profiling results demonstrate that tumor macrophages are capable of producing
functional Ig heavy and light chain clonotypes.

Discussion

This study demonstrates, for the first time, constitutive expression of combinatorial Ig heavy
and light chains in (i) human peripheral blood monocytes, (ii) ex vivo differentiated macro-
phages and (iii) macrophages from the tumor micromilieu. Furthermore, we describe the first
complete molecular structure of a macrophage-derived immunoglobulin at the single cell i.e.
monoclonal level. Our results rely on combined evidence from RT-PCR, DNA rearrangement
analysis, immunoblot, immunocytochemistry, Ig CDR3 length spectratyping, deep-sequencing
based Ig transcriptome profiling and single cell Ig clonotype analysis, respectively. Moreover,
we show expression of combinatorial Ig in murine macrophages.

Traditionally, production of variable immune receptors has been regarded as a unique fea-
ture of T and B lymphoid cells. However, recent evidence has accumulated during the past
decade that indicates the expression of combinatorial immune receptors outside the lymphoid
lineage. For example, combinatorial T cell receptor expression has been shown for human
neutrophil, eosinophil, monocyte and macrophage subpopulations in the context of inflamma-
tory diseases such as atherosclerosis, tuberculosis, periodontitis and cancer [6-15]. Moreover,
previous studies have reported Ig heavy and/or light chain expression outside the realm of B
lymphoid cells in malignant cells including human epithelial cancer cells [40], nasopharyngal
carcinoma cells [41], leukemia cells [42] and diverse tumor cell lines [43-45]. In this context,
Ig synthesis has largely been considered an aberrant feature of transformed somatic cells.
However, recent studies in neuronal cells [46], epithelial cells [47], epidermal cells [48] and
endothelial cells [49] suggest that non-transformed cell types are also capable of “ectopic”
immunoglobulin production.

The widely accepted strict restriction of immunoglobulin production to lymphocytes and
that of phagocytosis capacity to myeloid cells is further challenged by the discovery of B1 cells
[50], NKB cells [51] and B1 phagocytes [52]. The latter are immunoglobulin-expressing phago-
cytic cells and are believed to originate from B1 cells. Recent evidence demonstrating the exis-
tence of a CD11b" immunoglobulin-expressing B1 cell subpopulation further challenges the
existing dogma [53]. However, the biological function of these cell populations is currently
unclear.

Intriguingly, the recent observation by Huang et al. [16] and Wang et al. [17] that CD33"
monocytes and neutrophils from healthy individuals and patients with solid tumors express
IgM heavy chains and IgK light chains provided an initial clue for Ig production by myeloid
cells. However, these studies relied solely on gene expression profiling. Indeed, these studies
confirm our work on the observation that monocytes express IgM and IgK. In addition, we
show that both monocytes and macrophages from healthy individuals are capable of express-
ing IgG or IgA heavy chains and also Igh light chains. These results indicate that production of
Ig heavy and light chains is a genuine and physiological feature in a subset of monocytes and
macrophages. Consistent with this, evidence for Ig synthesis was also found in murine macro-
phages, even in the absence of B and T cells in macrophages from genetically modified mice.
Importantly, using single cell analysis, we were able to identify the complete heavy and light
chain clonotype of a specific immunoglobulin expressed by a macrophage isolated from the
tumor microenvironment. Together, these findings provide formal evidence that myeloid cells
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are indeed capable of producing functional immunoglobulins. Moreover, it will be challenging
to identify the specific epitope(s) that are recognized by this macrophage-derived antibody.

During B cell development, the Ig gene segments are rearranged to yield an enormous rep-
ertoire of antigen-binding receptors. Here, DNA rearrangement assays, CDR3 spectratyping,
conventional Sanger sequencing and deep sequencing analyses of human and murine immu-
noglobulins from monocytes/ macrophages confirm that the immunoglobulin heavy and light
chains underwent successful genomic V(D)] rearrangement. Interestingly, these repertoire
diversity analyses of ex vivo differentiated macrophages and tumor macrophages revealed that
macrophages express markedly restricted Ig repertoires relative to normal B cells or B cells
from patients with inflammatory diseases. Furthermore, the macrophage Ig repertoires show a
biased V- and J chain usage and are individual-specific consistent with the expression of a few
dominant clonotypes. The phenomenon of restricted Ig repertoires has also been described in
other non-B cell populations for example in neuronal cells [46] or endothelial cells [49].
Importantly, Huang et al [16] and Wang et al [17] also reported on marked restriction in vari-
ability of IgM and IgK expression in myeloid cells. Likewise, TCR repertoires expressed by
macrophages and neutrophils display a similar repertoire restriction compared to bona fide T
cells [6, 9]. Together, this strongly suggests that myeloid phagocytes, unlike lymphocytes, gen-
erally make use of only a limited spectrum of the available combinatorial immune receptors.

Our finding that GM-CFUs derived from CD34" cells express rearranged immunoglobulins
strongly suggests that VDJ rearrangement takes place at an early phase during myeloid differ-
entiation. It may occur even at an earlier stage as suggested by most recent work by others,
which was published during the course of our study that reports Ig expression by CD34"
hematopoietic stem cells [37].

Ig expression was detected in ~3-5% of macrophages analyzed by immunofluorescent
staining and single cell analysis. Interestingly, similar fractions of TCRaf3 expressing subpopu-
lations of neutrophil granulocytes (5-8%) [6] and human CD14" blood monocytes (~5%) [9]
have recently been demonstrated. This reveals the existence of two small but distinct subpopu-
lations in myeloid cells, which are able to rearrange the two variable immune receptor classes
(Ig and TCR). The exact function of these variable immune receptors expressed by myeloid
cells remains to be discovered.

However, it might be conceivable that macrophage-derived Ig are implicated in the anti-
tumor immune response. The restricted repertoires, biased V- and J-chain usage and conver-
gent recombination in the tumor macrophages may suggest that the Ig expressing macrophage
population present in tumors engages in an antigen-directed immune response and the
observed restricted Ig variants are the result of an adaptive response of macrophages to the
tumor. By sequencing the Ig repertoires of a larger number of tumor samples preferably several
samples of one tumor species we can establish a systematic overview of the macrophage Ig rep-
ertoires in the tumor milieu. Eventually, the distinct restriction of the TAM repertoires may
prove to be a potential target for diagnostic applications. However, the general function of
TAM remains controversial. In the future, the Ig expression in TAM can promote research in
cancer immunity to uncover their role in tumor development and progress.

In line with this, we show for the first time the complete heavy and light chain sequences of
a functional antibody expressed by a single macrophage isolated from the tumor microenvi-
ronment. The CD14" macrophage was manually selected under the microscope and subjected
to amplification and cloning of its recombined antibody genes. The identification of immuno-
globulin heavy and light chain sequences from this tumor macrophage ultimately confirms
that immunoglobulins are indeed produced by myeloid cells and not a result of residual B cells
or any non-specific membranous binding of extracellular Ig. Although the CDR3 light chain
sequence has been published in the context of West Nile Virus infection [54] and ocular
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adnexal marginal zone lymphoma [55], the heavy chain sequence is not listed in any database
and the antigen specificity of this first myeloid antibody is thus far unknown. Current work is
aimed to identify the antigen specificity of this first macrophage-derived antibody. With this
information, it will be possible to begin addressing the biological function of the immunoglob-
ulin-expressing macrophage subpopulation especially in the tumor microenvironment.

In conclusion, our results provide evidence for the existence of an immunoglobulin-based
variable immune receptor system regularly generated by somatic genetic recombination in a
subpopulation of human monocytes/ macrophages and also in TAM. These results add an all
new aspect to our current understanding of the role of macrophages in immunity especially in
the context of tumor host-defense.
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