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Abstract Recent findings indicate the presence of T cell receptor (TCR)-based combinatorial immune receptors beyond T
cells in neutrophils and monocytes/macrophages. In this study, using a semiquantitative trilineage immune repertoire
sequencing approach as well as under rigorous bioinformatic conditions, we identify highly complex TCR transcriptomes
in human circulating monocytes and neutrophils that separately encode repertoire diversities one and two orders of
magnitude smaller than that of T cells. Intraindividual transcriptomic analyses reveal that neutrophils, monocytes, and T
cells express distinct TCRp repertoires with less than 0.1% overall trilineage repertoire sharing. Interindividual comparison
shows that in all three leukocyte lineages, the vast majority of the expressed TCRf variants are private. We also find that
differentiation of monocytes into macrophages induces dramatic individual-specific repertoire shifts, revealing a surprising
degree of immune repertoire plasticity in the monocyte lineage. These results uncover the remarkable complexity of the two

phagocyte-based flexible immune systems which until now has been hidden in the shadow of T cells.
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Introduction

Adaptive immunity in higher vertebrates is built on two
recombinatorial immune receptor systems — im-
munoglobulins and T cell receptor (TCR). The current im-
munological understanding is that these molecular
machineries of variable immune recognition are strictly
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confined to the lymphoid lineage [1,2]. Recent findings of
variable immune receptor expression in myeloid immune
cells now query this longstanding dogma. In 2006,
Puellmann et al. [3,4] demonstrated that subpopulations of
neutrophil granulocytes from healthy humans and mice
constitutively express TCRs that are based of TCR a- and 8-
chain (TCRap). In humans, the neutrophil TCRaf is ex-
pressed across the entire life-span and has been shown to
undergo immunosenescence [5]. Next to the TCRap,
granulocytes also express the alternative variant of TCR
which consists of the y and § antigen binding subunits

Peer review under responsibility of Beijing Institute of Genomics, Chinese Academy of Sciences / China National Center for Bioinformation and Genetics Society of China.

https://doi.org/10.1016/j.gpb.2019.02.004

1672-0229 © 2021 The Authors. Published by Elsevier B.V. and Science Press on behalf of Beijing Institute of Genomics, Chinese Academy of Sciences / China National Center

for Bioinformation and Genetics Society of China.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.gpb.2019.02.004
http://www.elsevier.com/locate/gpb
http://www.sciencedirect.com
http://www.elsevier.com/locate/gpb
http://www.elsevier.com/locate/gpb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gpb.2019.02.004&domain=pdf

Fuchs T et al | Complex TCRp Transcriptomes in Phagocytes 927

(referred to as TCRyd) [6,7]. These unexpected findings
demonstrate that neutrophil granulocytes possess the same
flexible antigen recognition machinery as T cells. Moreover,
recent studies provide conclusive evidence that small sub-
populations of monocytes, the second major phagocyte
population in the circulation next to neutrophils, also con-
stitutively express TCRaf variable immune receptors [8,9].
Importantly, both the TCRaf in neutrophils and in macro-
phages have been implicated by us and others in disease
[10-14]. Of note, most recent studies from our laboratory
and others provide evidence for the expression of the second
variable immune receptor based on immunoglobulin heavy
and light chain genes by cells of the myeloid lineage [15—
17].

Proof-of-concept experiments using spectratyping and
small-scale standard Sanger sequencing of the hypervari-
able TCR complementary determining region 3 (CDR3)
regions have revealed diverse and individual-specific TCR
repertoires in neutrophils and monocytes/macrophages, and
thus clearly demonstrate that the TCRof} expressed by both
myeloid phagocyte lineages are combinatorial immune re-
ceptors [3,5,8]. Based on this, we have put forward the
hypothesis that in higher vertebrates variable immune re-
cognition may function on a wider cellular basis than cur-
rently thought [18,19].

CDR3 spectratyping and small-scale sequencing,
however, represent biased experimental systems with
limited sensitivity that are not suited to assess the true and
detailed repertoire diversity of the recently identified ex-
tralymphocytic combinatorial TCRs in neutrophils and
monocytes/macrophages. With the recent advent of deep
sequencing which allows detection of minute quantities of
mRNA copies and simultaneous identification of millions
of sequences, a technological platform for global analysis of
entire transcriptomes at an unprecedented level of resolu-
tion has become available [20,21]. Several methods for
immune repertoire profiling by deep sequencing are avail-
able [22] and have been widely used in different kinds of
studies [23-26].

Here, we performed a global comparison of TCRp
transcriptomes in neutrophils, monocytes/macrophages, and
T cells by cross-sectional deep sequencing in a cohort of
healthy individuals. The trilineage transcriptome sequen-
cing was conducted using a method specifically optimized
for the analysis of the hypervariable CDR3 regions in re-
combinatorial TCRs. This approach combined amplicon
rescued multiplex (ARM)-PCR which was developed by
our laboratory [27] with high-throughput sequencing.
ARM-PCR is a multiplex RT-PCR technique that minimizes
PCR bias and allows the detection of single transcripts and
semiquantitative analysis of transcript frequencies.
Moreover, data analysis was conducted using a newly de-
veloped computational strategy that rigorously eliminates

high-throughput sequencing artifacts [26,28]. The SMART
bioinformatic approach uses a cascade of filters, including
sequencing error filter, mosaic sequencing filter, PCR am-
plification performance filter, reference sequence filter, and
frequency threshold filter, to eliminate artifactual sequences
at every quality control checkpoints (unpublished data). The
results presented here provide global interlineage, inter-
individual, and intralineage comparisons of the TCRp
transcriptomes expressed by neutrophils, monocytes/
macrophages, and T cells under high-stringency bioinfor-
matic conditions.

Results

Circulating neutrophils and monocytes express distinct
and highly complex TCRp transcriptomes

To gain a detailed global overview of the range of the TCR
diversity expressed by neutrophils, monocytes, and T cells
in the circulation and to address the question of inter-
individual variation, we conducted ARM-PCR-based high-
throughput TCRp transcriptome sequencing in a cohort of 5
randomly selected Caucasian individuals (2 males and 3
females, age range: 26—48 years). None of the donors had
known illnesses at the time of the blood draw or presented
with clinical or laboratory signs of inflammatory disease.
We focussed on the analysis of the TCRp transcriptomes,
because the TCRB CDR3 sequences code for the antigen-
binding loop of the mature TCRaf complex and thus re-
present an individual’s molecular armamentarium for spe-
cific target recognition in host defense.

Highly pure CD15" neutrophils, CD14" monocytes, and
CD3" T lymphocytes were separately collected from a
single blood draw of each individual using density gradient
separation followed by lineage-specific Magnetic Cell
Sorting (MACS) purification. The average cell number
(mean + SD) of the purified leukocyte subpopulations was
8.6 x 10° £2.5 x 10° (n = 15) and cell purities were > 99.1%
as assessed by flow cytometry with the exception of one
monocyte preparation which contained only 96% CD14"
cells (donor III) (Figure S1). RT-PCR profiling of lineage-
specific marker genes demonstrated that no noticeable
cross-contamination had occurred between the three leu-
kocyte lineages (Figure S2). In addition, to explore the in-
tralineage dynamics of the TCRp transcriptome in the
monocyte lineage, aliquots of CD14" monocytes from three
randomly selected members of the cohort were differ-
entiated in vifro into proinflammatory M1 macrophages
[29] in the presence of the cytokine IFNy.

To correct for sequencing artifacts under high-stringency
conditions, all sequence reads were subjected to the
SMART filtering algorithm (unpublished data). This re-
sulted in approximately 41.74 million effective sequence
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reads, of which about 41.30 million could be assigned to
TCRP CDR3 intervals (Table S1). Subsequently, all se-
quence reads were filtered with the SMART frequency
threshold set to > 1. This strategy, in which all single-copy
TCRB variants were a priori discarded, resulted in a total of
1,431,472 unique TCRPB CDR3 variants from the three
peripheral blood leukocyte subpopulations of the five do-
nors and the monocyte-derived M1 macrophages. A TCRf
CDR3 sequence is considered unique if it represents a
nonredundant series of amino acids, which is in a stop-
codon-free reading frame and contains both translated
conserved Vg and Jg motifs. Of note, conventional bioin-
formatic analysis yielded a 30% higher total number of
unique TCRB CDR3 sequences (n = 2,121,216), which
documents that the SMART filter eliminates significant
portions of next-generation sequencing (NGS) errors under
high-stringency conditions (Figure S3; Table S1).
Altogether, we identified 598 V;-J; combinations among
the 1,431,472 unique TCRP CDR3 nucleotide sequences
(Figure S4), which accounted for about 95.8% of the 624
potential Vg-J3 combinations predicted to yield functional
rearrangements as cataloged in the ImMunoGeneTics
(IMGT) database [30]. Among the 15 samples of freshly

collected leukocyte subpopulations, we found no significant
differences in TCR Vg or Jg usage and trimming of nu-
cleotides at the Vg and Jg coding ends in CDR3 intervals
between neutrophils, monocytes, and T cells (Figures S5
and S6). Interlineage comparison of CDR3 length dis-
tributions, however, showed that the neutrophils from the
majority of the individuals exhibited non-Gaussian patterns
(Figure S7), which is in agreement with previous observa-
tions relying on CDR3 length spectratyping [3,5]. Con-
sistent with this, analysis of the addition of nontemplated
nucleotides showed non-Gaussian patterns in neutrophils,
whereas Gaussian profiles were observed in most of the
monocyte and T cell populations (Figure S8). This suggests
discrete differences in the V(D)J recombination process
between neutrophils and mononuclear cells.

To comprehend and compare the entire diversity of im-
mune repertoire transcriptomes, we developed a software
algorithm that allows to visualize repertoire diversity, V-J
usage, and the frequency of individual TCR CDR3 tran-
script variants. Using this “diversity tree plot” analysis,
trilineage comparison of the TCR transcriptomes revealed
a unique diversity pattern for each leukocyte lineage in each
individual tested (Figure 1A, Figure S9). We noted an
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Figure 1 Trilineage transcriptome sequencing uncovers highly diverse TCRp repertoires in neutrophils and monocytes

A. The diversity plots visualizing the relative abundance of the TCR$ CDR3 transcript variants expressed by human circulating CD15 " neutrophils, CD14"
monocytes, and CD3" T cells. Two healthy individuals (II and V) are representatively shown whose leukocyte subpopulations were purified from a single
blood draw. Each spot in a plot represents a rearranged TCRJ transcript that encodes a unique TCRP CDR3 sequence. It is defined by a unique color and its
area is proportional to the relative transcript frequency. A TCRB 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 Vg and J; motifs. The position of each spot within the plot area is
defined according to Vi usage (x-axis: Vg —Vp;) and J; usage (y-axis: Jg;—Jg). Large spots reflect biases of the underlying immune repertoire. Each plot
has a distinct color code. Total number of identified nonredundant TCRf CDR3 variants is indicated under each diversity tree plot. B. Synopsis of unique
TCRP CDR3 variants expressed by circulating myeloid phagocytes (neutrophils and monocytes) and T lymphocytes, respectively, from five healthy
individuals (I-V). The average number of the expressed TCR3 CDR3 variants is shown for each lineage at the bottom and is represented by a horizontal
line in each column diagrams The CD14" monocyte sample from donor III (labeled by an asterisk) was excluded from the statistical analysis because it
contained significant amounts of CD3" cells (Figure S1). CDR3, complementarity determining region 3.
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unexpectedly high repertoire diversity in both the neutrophil The vast majority of the TCRp variants expressed by
and monocyte fractions from all individuals. The average neutrophils, monocytes, and T cells are lineage-specific
numbers (mean + SD) of the expressed distinct TCRf ) ) )

CDR3 variants were 842 + 845 for neutrophils (CD15, We next 1nv§st1gated. whether a}nd to which degree the
n = 5), 5615 + 1428 for monocytes (CD14", n = 4), and TCRp transcriptomes in neutrophils, monocytes, and T cells

276,150 + 70’572 for T cells (CD3+, n= 5)’ respectively share individual TCRB variants. To ldentlfy sl.la‘red TCRB
CDR3 sequences, we performed pairwise bioinformatic

(Figure 1B). The repertoire diversities of unique TCRf ; ’ )
comparisons of the transcriptomes in all three leukocyte

CDR3 sequences ranged from 207 to 2488 for neutrophils . ;
(CD15"), from 4107 and 7634 for monocytes (CD14", n = lineages. In all comparisons, the average per.centage of
4), and from 146,890 to 348,533 for T cells (CD3"). These TCRP CDR3 variants that were unique to a lineage was

results confirm that the TCRP repertoire diversity expressed 87.2% (Figure Z.A and B, Fig}“? $10; Table 52). tl"hi.s de-
by T cells in the circulation, which has as yet only been monstrates that in healthy individuals the vast majority of

assessed in single individuals in proof-of-concept studies th? TCRB CDI_B varia.nts in the c.ir.culation are exp re.ssed in
[27,31-33], amounts on average to ~ 3 X 10° variants. More a llpe?ge-spe01ﬁc fashion. .In addition, we noted that in each
importantly, the average TCRP repertoire sizes of mono- 1gd1V1dua1 both neutrophlls ar.1d m.onocytes displayed a
cytes and neutrophils and are in the range of 1 10* and higher degree ofrepertm.re sharing with T cells (31.§ +103
1 x 10°, and thus differ from T cells by one and two orders and 26.9 + 7.1, respectively) than that shared with each

of magnitude, respectively. other (8.6 £ 9.1, P <0.01).
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Figure 2 TCRPp repertoire transcriptomes of neutrophils, monocytes, and T cells are largely lineage-specific

A. Pairwise interlineage comparisons of the TCRp repertoire transcriptomes between human circulating neutrophils (CD15", purple), monocytes (CD14",
green), and T cells (CD3", grey), representatively shown for individual IV. For each lineage, the relative proportions of unique TCRp CDR3 variants that
are also expressed by the respective other lineages are shown in the circle graphs. The pairwise interlineage comparisons of the remaining donors are
shown in Figure S10. The numbers of the respective shared CDR3 sequences are listed in Table S2. B. Interlineage sharing of expressed TCRB CDR3
variants between neutrophils, monocytes, and T cells. The numbers of shared CDR3 variants are assessed by pairwise comparisons and shown for each
healthy individual (I-V) and each leukocyte lineage (CD15", CD14", and CD3"). C. Total number of exclusive TCRf CDR3 variants from individuals I-V
(left) and average number of exclusive TCRP CDR3 variants per individual (right) expressed by the neutrophil, monocyte, and T cell lineages, respectively.
A CDR3 variant is defined as exclusive if it is expressed by only one individual and by one leukocyte lineage. D. Synopsis of the 10 most frequently
expressed TCRB CDR3 variants in each lineage, representatively shown for individual I. Transcript frequencies and the used V; chains are indicated. The
total numbers of unique TCRP CDR3 variants that were identified in the CD15", CD14", and CD3" cells from this individual are shown at the bottom
(3, TCRB CDR3). A single CDR3 variant that is shared between the CDI15" and CD3" lineages is highlighted in purple. E. The portions of individual
subfractions of the TCRP transcriptomes displaying common expression in neutrophils, monocytes, and T cells (trilineage expression). The mean value for
individuals -V is indicated by a horizontal line.
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We then determined the portion of TCR3 CDR3 variants
that are solely expressed by one lineage for all five in-
dividuals. For this, the TCRp transcriptomes were corrected
for interlineage and interindividual CDR3 sequence re-
dundancies. The total numbers of CDR3 variants exclusive
to each lineage were 2653 for neutrophils (CD15"), 33,275
for monocytes (CD14") and 1.28 x 10° for T cells (CD3"),
respectively (Figure 2C, left). The average numbers of ex-
clusive variants per individual were 531 + 653 for neu-
trophils (CD15"), 6660 + 5395 for monocytes (CD14"), and
273,711 + 69,992 for T cells (CD3"), respectively (Figure
2C, right).

Theoretically, interlineage repertoire sharing can be at-
tributed to genuine expression of the same CDR3 variants
by two lineages and/or result from interlineage cross-
contamination during cell preparation. To address this
question, we conducted cell titration experiments in which
either CD15" cells or CD3" cells were mixed with known
numbers of CD3" input cells. The quantitative effect of
CD3" input cells on the neutrophil TCR transcriptome was
detectable when the proportion of CD3" cells was 1% and it
increased proportionally with growing numbers of CD3"
input cells in the cell mix (Figure S11). These cell mixing
experiments clearly documented that our ARM-PCR TCRp
transcriptome sequencing approach is a semiquantitative
technique which maintains quantitative proportions. This
notion was further substantiated by serial template dilution
experiments in murine T cells (Figure S12). Importantly, we
found no correlation between cell purity and the percentage
of TCRP CDR3 variants that were shared by any two leu-
kocyte lineages (Figure S13; Table S3). Given that ARM-
PCR-based transcriptome sequencing is a semiquantitative
technique, one would expect that the ranking order of the
most frequent CDR3 variants expressed by contaminating
cells is proportionally translated into a cell mix as observed
in our mixing experiments (Figure S14). However, pairwise
analysis of the 50 most frequently expressed CDR3 variants
in each of the three lineages did not reflect cross-
contamination effects (Figure 2D, Figure SISA-E). This is
further supported by the interlineage differential use of the
constant chain which we observed for shared CDR3 se-
quences (Figure S15F). These results show that the CDR3
variants shared between neutrophils, monocytes, and T cells
reflect authentic independent co-expression rather than in-
terlineage cross-contamination artifacts, although minor
cross-contamination effects cannot be entirely ruled out.

The high degree of lineage-specific TCRP repertoire
expression we observed suggests that only a limited fraction
of the TCRB CDR3 sequences is simultaneously expressed
by all three lineages in a given individual. In fact, compu-
tational analysis revealed that a minor fraction ranging from
0.006% to 0.08% of each individual’s combined trilineage
TCRp repertoire pool displayed simultaneous expression in

neutrophils, monocytes, and T cells (Figure 2E; Table S4A).
On average, a 0.03% fraction of CDR3 variants showed
trilineage expression. These findings identified a common
pool of TCRP variants in neutrophils, monocytes, and T
cells that were directed against identical antigens indicative
of a concerted host defense. Interindividual comparison of
these common trilineage TCRP repertoires revealed that
they differed considerably between each donor and thus
demonstrated that the concerted TCRP responses are
individual-specific (Table S4B).

Extensive interindividual variation of the trilineage
TCRp repertoire pools

We then investigated the extent of interindividual variation
of the TCR repertoires that were expressed by each of the
neutrophil, monocyte, and T cell lineages in all individuals.
For this, we identified the expressed TCR CDR3 variants
that were exclusive to a single individual (“private” TCRf
repertoire pool) and the fractions that were shared between
individuals. Pairwise comparison of the five TCRp tran-
scriptomes in each leukocyte subpopulation showed that the
vast majority of the expressed CDR3 variants (87.5%—
99.7%) were private (Figure 3A). These results uncovered a
surprising level of variation between the individually ex-
pressed TCRp repertoire pools in all three leukocyte po-
pulations. We noted that the average portion of “public”
TCRp sequences, i.e., CDR3 variants that are shared by all
individuals, was only 0.2% =+ 0.1% in monocytes. In con-
trast, neutrophils (1.2% = 0.8%) and T cells (1.4% = 0.5%)
had 6- to 7-fold larger fractions of shared TCR CDR3
variants (Figure 3B). In total, we identified 0, 4, and 3447
“public” TCRB CDR3 sequences exclusive to neutrophil,
monocyte, and T cell lineages, respectively (Table S5).
Pairwise comparison of “public” TCR variants between
distinct lineages resulted in the identification of five TCRf
CDR3 variants that were commonly expressed by the neu-
trophils and T cells from all individuals (Figure 3C). We
uncovered nine CDR3 variants that were commonly ex-
pressed by the monocytes and T cells from all individuals,
and four TCRP clonotypes displayed neutrophil-monocyte
bilineage expression. Overall, we found that only four out of
the total number of 1,317,651 exclusive TCRp variants
displayed trilineage expression in all five donors (Figure
3D). These findings uncover the extensive interindividual
variation of the TCRp repertoire pools expressed by neu-
trophils, monocytes, and T cells, and demonstrate that they
predominantly encode private immune repertoires.

Substantial TCRP transcriptome changes
monocyte-to-macrophage differentiation

during

Next, we sought to explore the intralineage dynamics of the
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Figure 3 Extensive interindividual variation of the neutrophil, monocyte, and T cell TCRp repertoire pools

A. Pairwise comparisons of TCRp transcriptomes between the five individuals within each leukocyte lineage. The fraction of shared TCR variants is
indicated in yellow. B. Average percentage of “public” TCRp variants expressed by each leukocyte lineage. “Public” TCRp variants refer to CDR3
sequences that are expressed by all individuals within a lineage. The average percentage for each leukocyte lineage represent the mean + SD of ratios of
each individual’s “public” variants / all variants ratios (n = 5). C. Pairwise interlineage comparisons of “public” TCRp variants between neutrophils,
monocytes, and T cells. Detailed sequences of “public” CDR3 variants shared between the indicated leukocyte lineages are shown on the right. D.
Identification of four trilineage “public” TCRp variants by global analysis of all trilineage TCRp transcriptomes.

TCRP transcriptome in myeloid phagocytes. Of particular
interest, in this context, is the critical process of monocyte-
to-macrophage differentiation by which short-lived mono-
cytes turn into long-lived macrophages and the question
whether this process has an impact on TCR repertoire di-
versity. Small-scale spectratyping experiments have sug-
gested that TCR repertoire changes occur during this
process [8]; however, this question has not been addressed
systematically and in detail. To obtain a global under-
standing of TCR repertoire changes during monocyte-to-
macrophage differentiation, we analyzed the TCRJ tran-
scriptomes in the monocyte lineage before and after they
had undergone in vitro differentiation into macrophages.
Aliquots from CD14" monocytes from three randomly se-
lected donors (I, IV, and V) were differentiated into proin-
flammatory M1 macrophages for 6 days (Figure 4A). Cell
viability of all cultured macrophages was > 95% (data not
shown), and total cell counts were similar to those of
monocytes (Table S1). We consistently noted a dramatic
decline in the total numbers of the expressed TCRJ variants

in the M1 macrophage populations from all individuals
relative to monocytes (donor I: 4443 — 201; donor IV:
6276 — 14; donor V: 4107 — 1438) (Figure 4A, Figure
S16). Thus, in vitro differentiation of monocytes into M1
macrophages is sufficient to induce dynamic and
individual-specific changes in the entire TCRp transcriptome.
Surprisingly, pairwise comparison of the 10 most frequently
expressed TCRp variants in each individual revealed that
the vast majority of these sequences completely differed
between the monocyte and the M1 macrophage populations
(Figure 4B, Figure S17). This suggests that extensive re-
pertoire changes have occurred during monocyte differ-
entiation into proinflammatory macrophages. Consistent
with this, global comparison of the TCRp transcriptomes
showed that 64%—-80% of the M1 macrophage repertoires
were not expressed by monocytes (Figure 4C; Table S6).
These findings strongly suggest that monocytes undergo
large-scale reprogramming of their TCRp transcriptomes
during differentiation into M1 macrophages, resulting in the
expression of largely distinct TCRP immune repertoires.


https://www.sciengine.com/doi/10.1016/j.gpb.2019.02.004
https://www.sciengine.com/doi/10.1016/j.gpb.2019.02.004
https://www.sciengine.com/doi/10.1016/j.gpb.2019.02.004
https://www.sciengine.com/doi/10.1016/j.gpb.2019.02.004
https://www.sciengine.com/doi/10.1016/j.gpb.2019.02.004

932 Genomics Proteomics Bioinformatics 19 (2021) 926-936

8000
«Q
2y Y
O & 6000 \
° S 4000 —
2y v
o
= A 2000
30
L
0 T T
CD14* Mo (IFN
Cell population (IFNy)
IFNy
6 days
CD14* monocyte M1 macrophage
B > TCRp CDR3
CD14+ monocyte M1 macrophage
= -
IFNy
n=4443 n=201
Top 10 CDR3 Frequency Top 10 CDR3 Frequency
ASSLAGQDQPQH 19,704 3801
ASSTTGLGNQPQH 9436 2896
ASSPGQINQPQH 9298 2390
ASSGQMFQPQH 8697 2221
ASSYPSWTSYEQY 8638 1871
ASRQRDTQY 7955 1616
ASSLTPTNTQY 7843 1481
ASSRDRVTEAF 7210 1339
ASSVLGTQY 7208 1338
ASSLIGASRTDTQY 7120 1283

CD14+ monocyte M1 macrophage

CD14" (20.4%)
IFNy
y

n=4443 n=201
— M1 (0.1%)
© _ CD14° (35.7%)
=1 IFNy
T W —>
=
©
= n=6276 n=14
M1 (7.4)— — CD14* (21.1%)
IFNy
\Yj [ m—
n=4107 n=1438

M1 (0.9%)

Figure 4 Large-scale reprogramming of the TCRp transcriptome of
monocytes during differentiation into macrophages

A. Comparison of the complete TCRp transcriptomes of circulating
CD14" monocytes and IFNy-polarized M1 macrophages in three healthy
individuals (I, IV, and V). Total numbers of distinct TCRB CDR3 variants
that are expressed before and after monocyte-to-macrophage differentia-
tion are shown. CD14" monocytes were purified from peripheral blood
and an aliquot was differentiated into M1 polarized macrophages in the
presence of IFNy for 6 days. Light microscopic images of the cells are
representatively shown for one individual. Scale bar, 50 um. B. The di-
versity plots showing a global view of the extensive repertoire changes
during monocyte differentiation into proinflammatory M1 macrophages
(representatively shown for individual I). Total numbers of the identified
unique TCRP CDR3 variants are indicated under the plots. The 10 most
frequently expressed CDR3 variants in each cell population (bottom) are
shown in detail. C. Global comparison of the TCRp transcriptomes of
CD14" monocytes (dark green) and M1 macrophages (light green) in the
three healthy individuals (I, IV, and V). The percentage of shared CDR3
variants is indicated for each TCRp transcriptome. The total number of
CDR3 sequences exclusively expressed by each population is shown at
the bottom of each cake chart.

Discussion

In this study, we report a direct and global comparison of the
TCRB transcriptomes expressed by neutrophils, monocytes,
and T cells in human circulation using a semiquantitative
large-scale sequencing approach optimized for analyzing
immune repertoires. Our interlineage, interindividual, and
intralineage TCRP immune repertoire analyses offer global
insights into the as yet unknown complexity and dynamics
of the two recently discovered myeloid recombinatorial
immune systems at an unprecedented level of resolution.

The first major finding of this study is that the TCRf
transcriptomes of peripheral blood neutrophils and mono-
cytes from healthy individuals encode TCR-like immune
receptors of an unexpectedly high repertoire diversity. We
find that the circulating pool of neutrophils of healthy in-
dividuals expresses on average approximately 1 X 10°
TCRB clonotype variants. This is a 10-fold higher repertoire
breadth than suggested by previous experiments using
conventional CDR3 spectratyping and standard Sanger se-
quencing, which predict individual-specific repertoire di-
versities in the range of 50-100 TCRp variants [3,5]. The
breadth of an individual’s monocyte TCRp repertoire is
significantly higher with maximum diversities of > 1x 10*
variants. TCRP repertoire sequencing in our cohort of
healthy young individuals reveals that the average TCRf
transcriptome of CD3" cells in the circulation comprises
~ 260,000 unique TCRp transcript variants. This is in
agreement with recent large-scale sequencing studies,
which report expression of ~ 350,000 distinct TCRp se-
quences in purified T cells and ~ 490,000 TCRp variants in
peripheral blood mononuclear cells (PBMC), respectively,
from single individuals under less stringent data filtering
conditions [27,31]. Of note, using our SMART filter (un-
published data) has only a minor quantitative effect on the
TCRB repertoire diversities of all three lineages. In contrast,
the rigorous elimination of all single-copy CDR3 variants
results in a 50% reduction of repertoire diversity in neu-
trophils and 30% lower complexities of TCRp tran-
scriptomes in monocytes and T cells (Figure S3). It is thus
possible that our highly stringent data analysis under-
estimates the true biological diversities of the trilineage
TCRJ transcriptomes.

Together, our trilineage analysis indicates that the TCRf
transcriptomes expressed by human monocytes and neu-
trophils encode highly complex immune receptor systems,
whose repertoire diversities are one and two orders of
magnitude smaller than that of T cells, respectively. Con-
sidering that the leukocyte response in inflammation is
typically characterized by the initial recruitment of neu-
trophils to sites of injury or infection which is followed by a
second wave of monocytes [34—36], this result reveals an
inverse correlation between the TCRp repertoire size and
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the temporal dynamics of immune cells. Consistent with
this, T cells, which are known to exhibit relatively slow
temporal dynamics [37], maintain the highest repertoire
diversity. A practical implication of our results is that future
TCR large-scale sequencing efforts designed to study TCR
repertoire diversity in T cells from whole blood or PBMC
need to take into account neutrophils and monocytes as
potential sources of TCRP repertoire expression.

The second important finding of this study is that the vast
majority of the TCRp repertoires expressed by an in-
dividual’s neutrophils, monocytes, or T cells are lineage-
specific. This clearly demonstrates that the three TCR-
based combinatorial immune systems target distinct antigen
pools, revealing a high degree of operative independence
between each receptor system. On the other hand, we ob-
serve that subfractions of each individual’s TCRp tran-
scripts consistently display bilineage or trilineage repertoire
sharing. The identification of these shared TCRp immune
receptor variants indicates that neutrophils, monocytes, and
T cells are capable of targeting the same antigens and thus
may cooperate in concerted immune responses against
common targets. Intriguingly, we find that in each in-
dividual, neutrophils and monocytes have more TCRf re-
pertoires in common with T cells than they shared with each
other. This suggests a closer cooperation between these
myeloid phagocytes and T cells than between neutrophils
and monocytes in the setting of specific host defense. It will
be challenging to determine whether this reflects a temporal
hierarchy in the targeting of common antigens between the
fast-acting phagocytic system and the slower-acting T
lymphoid system. Theoretically, the TCR repertoires in
neutrophils and monocytes could be generated by con-
taminating T cells in the cell preparations. In our hands, we
find no evidence for contamination issues, which was also
confirmed by several control experiments.

Third, we find that in all three distinct leukocyte popu-
lations, more than 87% of the individually expressed TCRf
repertoire pools are private, i.e., unique to a given in-
dividual. Thus, although neutrophils, monocytes, and T
cells differ considerably in the size and composition of their
TCRp repertoire pools, they display an equally high degree
of individual-specific TCRp repertoire expression. This
suggests that the three flexible TCR-based receptor systems
possess a similar individual immune plasticity.

Finally, analysis of the intralineage dynamics of the
TCRp transcriptome in the monocyte lineage reveals large-
scale reprogramming of the monocyte repertoire pool dur-
ing IFNy-induced monocyte differentiation into proin-
flammatory macrophages. This observation identifies IFNy
as a potent modulator of the monocyte TCR transcriptome.
Although it is currently unknown whether this is also the
case under in vivo conditions, our results uncover an en-
ormous repertoire plasticity of the monocyte/macrophage

recombinatorial immune receptor system. Also, it is unclear
whether the dramatic repertoire changes that occur during
monocyte-to-M1 macrophage differentiation represent a
regulatory response merely at the transcription level or at
the level of rearrangement. The latter seems not unrealistic
in light of the fact that monocytes express the RAG1/RAG2
recombinase complex and the terminal deoxynucleotide
transferase, which are integral components of the V(D)J
recombination machinery [7]. It will be challenging to ad-
dress this fascinating possibility in more detail.

Of note, new findings demonstrate the expression of
variable immunoglobulins in monocytes and macrophages
[15-17]. With this in mind it will be interesting to analyze
the complete immunological armamentarium of myeloid
and lymphoid cells in detail.

Taken together, the detailed molecular snapshot of the
steady-state TCRP immune repertoires expressed by human
neutrophils, monocytes, and T cells in the circulation
uncovers a scale of complexity of the neutrophil and
monocyte/macrophage TCR transcriptomes that surpasses
previous estimates by one or two orders of magnitude.

Our findings define the molecular basis for exploring a
new dimension in immunology — the interplay between the
TCR-based combinatorial host defense machineries of
neutrophils, monocytes/macrophages, and T lymphocytes.

Materials and methods

Study cohorts

The cohort of healthy individuals (n = 5) was recruited by
random selection from the group of 20-50-year-old male
and female members of the staff of the University Hospital
Mannheim. Exclusion criteria were: clinical or laboratory
signs of acute infection and inflammation, primary hema-
tologic disorders, immunosuppressive therapy, or a history
of acquired or congenital immunodeficiency disorders.

Isolation of leukocyte subpopulations and culture of
monocytes/macrophages

Highly pure human neutrophils, monocytes, and T lym-
phocytes were isolated by ficoll gradient separation fol-
lowed by CD15", CD14", and CD3" MACS (Miltenyi
Biotec), respectively, as previously reported [5,8]. For each
individual, all three leukocyte lineages were purified from a
single blood draw. The culture of CD14" monocytes was
carried out for 6 days in X-VIVO 10 serum-free and
endotoxin-free medium (Cambrex) at a concentration of
5 % 10° cells/ml in the presence of IFNy (1000 U/ml) (Pe-
proTech) [8]. After 24-h culture, cells were washed and
medium was changed. Purity of isolated cell preparations
was determined by flow cytometry. Immediately after
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isolation, all cell populations were resuspended in RNA-
protect reagent (Qiagen).

ARM-PCR

ARM-PCR is a next-generation application of the semi-
quantitative Templex PCR method [38]. At the exponential
phase of the PCR amplification, both methods use universal
primers to minimize target sequence-specific PCR ampli-
fication biases. From each leukocyte lineage, total RNA was
transcribed into cDNA using the One-Step RT-PCR Kit
(Qiagen), and the TCRp transcriptomes were amplified by
ARM-PCR utilizing a set of nested TCRP gene-specific
primers as previously reported [27]. These included two
forward and two reverse nested primers to simultaneously
amplify each possible combination of V and J segments
(Forward-out, Fo; Forward-in, Fi; Reverse-out, Ro;
Reverse-in, Ri). To all internal primers (Fi and Ri), a pair of
common sequence tags was linked. After incorporation of
the tag sequences into the PCR products during the first
amplification cycles, the exponential amplification phase
was conducted using a pair of communal primers that were
specific for the tag sequences [27]." In the first amplification
round (15 cycles), only TCRp gene sequence-specific nes-
ted primers were used, and then the first-round PCR pro-
ducts were subjected to the second amplification round (40
cycles) using the Multiplex PCR Kit (Qiagen).

Assessment of ARM-PCR performance

For reliable characterization of immune repertoire diversity,
two important criteria need to be fulfilled by the ARM-PCR
amplification technique: 1) high reproducibility (i.e., the
variability of products that are amplified from identical
samples is minimized), and 2) semiquantitation (i.e., re-
lative quantitative proportions of the input sequences are
maintained). To assess the test-retest reliability of ARM-
PCR, two identical aliquots of the same input sample were
subjected to ARM-PCR reactions using V/J primers specific
for all human TCR chains, and the products were subse-
quently sequenced in one and the same sequencing run. We
found that the resulting correlation coefficients between
both input aliquots were 0.99 for distinct V-J combinations
and 0.93 for the 10.000 most abundant CDR3 sequences
tested (Figure S18). These high correlation coefficients re-
vealed the high test-retest reliability for the ARM-PCR
amplification procedure. To authenticate that ARM-PCR is
a semiquantitative method that maintains relative quantita-
tive proportions, serial dilutions of defined TCR ¢cDNA
templates were amplified by ARM-PCR and then subjected
to high-throughput sequencing; the copy numbers of the
specific TCRp CDR3 variants were determined (Figure
S12). The defined TCRp transcripts were obtained from T

cells from the mouse TCR transgenic lines OT-IL.Ragl ™
[39] and CBirl .Raglf/f [40], respectively, and mixed with T
cells from the wild-type mice (C57BL/6).

High-throughput sequencing

High-throughput sequencing of the TCRf CDR3 regions
was performed on a HiSeq2000 DNA sequencer (Illumina)
using the standard Illumina sequencing protocols.

Alignment of TCRp immune repertoire sequences

Paired-end sequence reads were joined together through
overlapping alignment with a modified Needleman-Wunsch
algorithm [41,42]. Subsequently, the merged sequences
were mapped to germline V, D, and J reference sequences
according to the method we previously reported [27] with
the exception that the BLASTn program was used as
mapping program with default parameters. Next, the
boundaries of the TCRf CDR3 regions were identified by
mapping the corresponding positions from mapped germ-
line reference sequences to joined reads. A TCRp CDR3
region was defined as the segment that contains all amino
acids flanked by the conserved amino acid sequences
Y[YFLI]C (3’ end of a V gene segment) and [FW]GXGT
(J segment; where X represents any of the 20 amino acids).

Data filtering using the SMART strategy

The newly developed five-step SMART filtering strategy
was used for data analysis (unpublished data). This ad-
vanced computational approach utilizes a cascade of fil-
tering algorithms that eliminate artifactual sequences at five
distinct quality control checkpoints: 1) sequencing error
filter, 2) mosaic sequencing filter, 3) PCR amplification
performance filter, 4) reference sequence filter, and 5) fre-
quency threshold filter; it can detect > 99% of erroneous
sequences in the immune repertoire. The SMART strategy
was employed on all mapped CDR3 reads and the frequency
threshold filter was set to > 1. Consequently, all single-copy
TCRp CDR3 sequence variants were discarded. For optimal
visualization of the complex TCRP transcriptome data,
novel software applications were developed which included
the Tree Map, 3D-Map, and V-J usage plots.

Ethical statement

Written informed consents were obtained from all
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