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Abstract

Breast implant-associated anaplastic large cell lymphoma is a new provisional entity in the revised World Health Organization
classification of lymphoid malignancies, the pathogenesis and cell of origin of which are still unknown. We performed gene
expression profiling of microdissected breast implant-associated anaplastic large cell lymphoma samples and compared their
transcriptional profiles with those previously obtained from normal T-cells and other peripheral T-cell lymphomas and validated
expression of selected markers by immunohistochemistry. Our results indicate that most breast implant-associated anaplastic
large cell lymphomas exhibit an activated CD4+ memory T-cell phenotype, which is associated with CD25 and FoxP3
expression. Gene ontology analyses revealed upregulation of genes involved in cell motility programs (e.g., CCR6, MET, HGF,
CXCL14) in breast implant-associated anaplastic large cell lymphomas compared to normal CD4+ T-cells and upregulation of
genes involved in myeloid cell differentiation (e.g., PPARg, JAK2, SPI-1, GAB2) and viral gene transcription (e.g., RPS10,
RPL17, RPS29, RPL18A) compared to other types of peripheral T-cell lymphomas. Gene set enrichment analyses also revealed
shared features between the molecular profiles of breast implant-associated anaplastic large cell lymphomas and other types of
anaplastic large cell lymphomas, including downregulation of T-cell receptor signaling and STAT3 activation. Our findings

provide novel insights into the biology of this rare disease and
further evidence that breast implant-associated anaplastic
large cell lymphoma represents a distinct peripheral T-cell
lymphoma entity.
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Introduction

Breast implant-associated anaplastic large cell lymphoma is
a rare malignancy that arises around mammary prosthetic
implants in patients who have undergone breast augmen-
tation or reconstruction [1-3]. In the recent revision of
the World Health Organization classification of lymphoid
neoplasms, breast implant-associated anaplastic large cell
lymphoma has been included as a provisional entity [4].

Anaplastic large cell lymphomas comprise different
entities (i.e., systemic, primary cutaneous, breast implant-
associated), which despite sharing the presence of CD30-
positive large atypical lymphocytes, substantially differ in
their clinical presentation and behavior [4-8]. Among sys-
temic anaplastic large cell lymphomas, those harboring
translocations of the anaplastic lymphoma kinase gene
(ALK) (ALK-positive anaplastic large cell lymphoma) have
a more favorable clinical course compared to those lacking
this genetic lesion (ALK-negative anaplastic large cell
lymphoma) [6, 7]. Breast implant-associated anaplastic
large cell lymphoma has an ALK-negative phenotype and
cases confined to the peri-implant breast seroma, without
invasion of the fibrous capsule, have excellent outcomes
[5], similar to primary cutaneous anaplastic large cell lym-
phomas [7, 8].

The pathogenesis of breast implant-associated anaplastic
large cell lymphoma remains elusive. Chronic stimulation
of the immune system elicited by prosthetic materials and
biofilms, perhaps in genetically predisposed individuals, has
been hypothesized to have a role in disease pathogenesis
[9]. However, in contrast to other forms of ALK-negative
anaplastic large cell lymphomas, the molecular features
underlying breast implant-associated anaplastic large cell
lymphoma pathobiology are largely unknown, thus limiting
the identification of biomarkers that could assist in diag-
nosis, prognosis and appropriate therapeutic intervention.

Gene expression profiling studies have revealed distinct
but also common features among anaplastic large cell
lymphomas, independent of ALK status, implying shared
pathways of lymphomagenesis [10, 11]. Indeed, identifica-
tion of a set of 30 differentially expressed genes in both
ALK-positive and ALK-negative anaplastic large cell lym-
phomas compared to other types of peripheral T-cell lym-
phomas suggested the existence of a common anaplastic
large cell lymphoma signature, including the loss of T-cell
receptor signaling [11]. Different classifiers have been
proposed to distinguish ALK-negative anaplastic large cell
lymphoma from peripheral T-cell lymphoma, not otherwise
specified, including CD30+ cases [11, 12]. However, it has
been shown that CD30+ peripheral T-cell lymphomas, not
otherwise specified, and ALK-negative anaplastic large cell
lymphomas share an expression signature that is distinct
from that of CD30- peripheral T-cell lymphomas, not

otherwise specified, which is characterized by the reduced
expression of T-cell receptor-associated proximal tyrosine
kinases (LCK, FYN, ITK) and molecules regulating T-cell
differentiation/activation (CD69, ICOS, CD52, NFATc2),
as well as increased JUNB and IRF4 expression [13, 14].

To gain insights into the transcriptional landscape of
breast implant-associated anaplastic large cell lymphoma
and its relationship with other types of peripheral T-cell
lymphomas, we performed gene expression profiling of
microdissected tumor samples of breast implant-associated
anaplastic large cell lymphoma and compared the expres-
sion profiles with those reported for other types of ana-
plastic large cell lymphomas, angioimmunoblastic T-cell
lymphoma and peripheral T-cell lymphomas, not otherwise
specified.

Methods
Sample collection

Gene expression and immunohistochemical analyses of six
breast implant-associated anaplastic large cell lymphoma
cases were performed, which were collected from the
Sant’Andrea Hospital of Rome, Spedali Civili of Brescia,
and Ca’ Granda Hospital of Milan (Italy). The clin-
icopathological characteristics of these breast implant-
associated anaplastic large cell lymphomas were detailed
previously [1, 2, 5, 15, 16]. Another six breast implant-
associated anaplastic large cell lymphoma cases were
obtained from the Sant’Andrea Hospital, San Giovanni
Hospital and Campus Biomedico in Rome, San Bortolo
Hospital in Vicenza, and Columbia University Medical
Center in New York (USA) for validation analyses.
Detailed pathological features of all breast implant-
associated anaplastic large cell lymphomas are summar-
ized in Table 1. In addition, four cases each of ALK-
positive anaplastic large cell lymphoma, ALK-negative
anaplastic large cell lymphoma, and peripheral T-cell lym-
phoma, not otherwise specified, diagnosed at the Sant’ An-
drea Hospital, Rome, and 16 cases of cutaneous anaplastic
large cell lymphoma, diagnosed at Ca’ Granda Hospital,
Milan were used as controls for mRNA- or protein-based
validation assays. The study was approved by the Ethics
Committee of Sant’ Andrea Hospital/University “Sapienza”
of Rome (EC n. 82 SA_2017) and research was performed
in accordance with the Declaration of Helsinki.

Laser microdissection and RNA extraction
Many breast implant-associated anaplastic large cell lym-
phoma samples have necrosis and a limited number of

viable cells and the tumor cells are often adherent to the
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surface of the fibrous capsule and/or partially infiltrate it
along with other inflammatory cells. Hence, to enrich
for tumor cells and minimize contamination by RNA
derived from non-neoplastic stromal and inflammatory
cells, we performed laser microdissection of formalin-fixed
paraffin embedded tissue sections of breast implant-
associated anaplastic large cell lymphomas using the
Laser Microdissector S CUT (Nikon Instruments, New
York, USA) as previously described [17]. Total RNA was
then extracted and purified using High Pure miRNA Isola-
tion Kit (Roche, Basel, Switzerland) from a total of ~3000
microdissected tumor cells per breast implant-associated
anaplastic large cell lymphoma (Supplementary Figure 1)
and from whole-tissue sections of peripheral T-cell lym-
phoma, not otherwise specified, cutaneous anaplastic large
cell lymphoma and systemic ALK-negative and ALK-
positive anaplastic large cell lymphoma samples with high
tumor content, according to the manufacturer’s instructions.

Gene expression analysis

RNA extracted from six microdissected breast implant-
associated anaplastic large cell lymphoma cases was pro-
cessed using the Whole-Genome DASL assay and hybridized
on HumanHT-12 v4 Expression BeadChips (Illumina, San
Diego, CA, USA) according to the vendor’s instructions.

Gene expression profile analysis of six breast implant-
associated anaplastic large cell lymphomas was performed
and the profiles were compared with those generated pre-
viously for 10 samples of purified normal CD4+ T cells, 6
ALK-positive anaplastic large cell lymphomas, 6 ALK-
negative anaplastic large cell lymphomas, 10 angioimmu-
noblastic T-cell lymphomas, and 80 peripheral T-cell lym-
phomas, not otherwise specified, including 18 CD30+
peripheral T-cell lymphomas, not otherwise specified (i.e.,
CD30 antigen being expressed by >50% of neoplastic cells)
[12]. Gene expression analysis was carried out according to
MIAME guidelines. The data of each array were normalized
using the “limma” package of Bioconductor [18] in R
version 3.3.1. Background correction was inferred from
detection of p-values and subtracted from the data, and the
data were further quantile-normalized. Since the data were
generated using different versions of the DASL array,
common probes were selected for analysis. To remove
batch effects, we used the ComBat package [19] in R ver-
sion 3.3.1 as previously described [20]. Mean-variance
normalization was performed using geWorkbench software
(Supplementary Figure 2) [21].

Unsupervised and supervised analysis (including princi-
pal component analysis and hierarchical clustering) and
assessment of differentially expressed genes was carried out
using GeneSpring GX 12 (Agilent, USA), as previously
described [12]. When identifying differentially expressed
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genes, by either #-test or one-way ANOVA, genes with at
least twofold change in expression level and a p-value <
0.05 were chosen for supervised analysis. Genes associated
with RPS10 were identified using Pearson correlation (i.e.,
those with correlation > 0.5).

Gene Ontology Consortium Panther Classification Sys-
tem was used for identifying the enrichment of signatures in
differentially expressed genes (http://geneontology.org/pa
ge/go-enrichment-analysis). Gene set enrichment analysis
software of the Broad Institute (http://software.broa
dinstitute.org/gsea/index.jsp) was employed to assess sig-
nificant enrichment of Hallmark gene sets, considering
those with False Discovery Rate <0.05.

Cell type deconvolution was performed using the
CIBERSORT algorithm [22].

Real-time polymerase chain reaction analysis

Real-time quantitative polymerase chain reaction was per-
formed with a Rotor-Gene Q system (Qiagen) using the
Quantinova Probe RT-PCR kit (Qiagen) according to the
manufacturer’s instructions. Parallel amplification reactions
were carried out using TagMan gene expression assays with
the RPSI0 probe Hs01652370_gH and ACTB probe
Hs01060665_g1. The polymerase chain reaction cycling
conditions were as follows: 45 °C for 10 min, 95 °C for 5
min, followed by 40 cycles at 95 °C for 5 s and 60 °C for 30
s. Assays were performed in duplicate instead of triplicate
due to the low amount of RNA obtained from micro-
dissected samples. Gene expression results for RPS10 were
normalized to ACTB expressions and calculated using the
AACt method as previously described [23]. Results were
expressed as relative levels of RPSI0 mRNA in different
peripheral T-cell lymphoma samples (9 breast implant-
associated anaplastic large cell lymphomas, 16 cutaneous
anaplastic large cell lymphomas, 4 ALK-positive anaplastic
large cell lymphomas, 4 ALK-negative anaplastic large cell
lymphomas, 4 peripheral T-cell lymphomas, not otherwise
specified) compared to RPS10 mRNA of a breast par-
enchyma sample that was chosen to represent 1x expres-
sion. The breast tissue sample was chosen as an external
reference based on the mRNA expression profiles of normal
tissues reported by The Human Protein Atlas (http://www.
proteinatlas.org/ENSG00000124614-RPS10/tissue).  The
expression levels of RPSI0 mRNA among the different
samples were compared using the Student’s z-test.

Immunohistochemistry

Immunohistochemistry for T-cell antigens, IRF4, PDI,
LMP-1, and KSHV/LANA-1 was performed on formalin-
fixed paraffin embedded tissue sections at different centers
according to standard methods. Immunohistochemistry for

RPS10 (clone EPR8545), FoxP3 (clone 236A/E7), and
MET (clone 1454Y) (all from Abcam, UK) was performed
on formalin-fixed paraffin embedded tissue sections of 9
breast implant-associated anaplastic large cell lymphomas,
16 cutaneous anaplastic large cell lymphomas, 4 ALK-
negative anaplastic large cell lymphomas, 4 ALK-positive
anaplastic large cell lymphomas, and 5 peripheral T-cell
lymphomas, not otherwise specified, and an HRP-labeled
polymer detection system was used for visualization
(Envision System, Agilent). Additionally, 2 primary effu-
sion lymphoma, 2 Epstein Barr virus (EBV)-positive diffuse
large B cell lymphoma, 1 multiple myeloma, and 4 Hodgkin
lymphoma (2/4 EBV+) cases were stained for RPSI10.
Breast tissue was used as a positive control for RPS10 based
on the protein expression profiles of normal tissues reported
by The Human Protein Atlas (http://www.proteinatlas.org/
ENSG00000124614-RPS10/tissue). RPS10, FoxP3, and
MET expression was scored in a semiquatitative manner as
follows: 0 (negative), 1 (weak), 2 (moderate), 3 (strong).
Student’s #-test was used to compare the expression levels
of RPS10, FoxP3 and MET among the different
lymphomas.

Results

Breast implant-associated anaplastic large cell
lymphomas have a molecular profile similar to
activated CD4+ memory T-cells

Assuming that lymphoma cells represent aberrant (func-
tional) states of normal T-cell subsets, we applied the
deconvolution algorithm CIBERSORT to the breast
implant-associated anaplastic large cell lymphoma tran-
scriptional profiles, in order to identify their closest normal
counterpart. CIBERSORT is an analytical tool developed to
evaluate fractions of normal immune subpopulation in
complex tissues using gene expression data. It is based on a
547 gene signature matrix LM22 allowing distinction and
enumeration of 22 different immune cell subsets [22]. The
CIBERSORT analysis output was consistent with the
immunohistochemistry determined immunophenotype of
tumor cells, with most breast implant-associated anaplastic
large cell lymphomas exhibiting a predominance of acti-
vated CD4+ memory T-cell signatures and the CD4—/CDS8
— sample (case 4) showing enrichment for gamma-delta T-
cell signatures (Fig. 1A, B).

Subsequently, we compared the CIBERSORT deconvo-
lution output of microdissected breast implant-associated
anaplastic large cell lymphoma cells with that obtained from
previously generated profiles of other peripheral T-cell
lymphomas (including systemic anaplastic large cell lym-
phomas, angioimmunoblastic T-cell lymphomas and

SPRINGER NATURE
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Fig. 1 CIBERSORT analysis indicates that breast implant-associated
anaplastic large cell lymphomas correspond to activated CD4+
memory T-cells (A). Inmunohistochemical profiles of breast implant-
associated anaplastic large cell lymphoma (BI-ALCL) samples used
for gene expression profiling (B). Strong nuclear FoxP3 staining was
noted in all CD44 CD25+4 breast implant-associated anaplastic large
cell lymphomas (representative image—BI-ALCL 2), while CD8+
breast implant-associated anaplastic large cell lymphomas showed

peripheral T-cell lymphomas, not otherwise specified) with
a high proportion of neoplastic cells. The only significant
difference that emerged from the comparison of immune
cell signatures between breast implant-associated anaplastic
large cell lymphomas and other peripheral T-cell lympho-
mas was in the fraction of regulatory T-cells, which were
overrepresented in breast implant-associated anaplastic
large cell lymphomas compared to systemic anaplastic large
cell lymphomas (Supplementary Table 1). This finding
prompted us to investigate the expression of the regulatory
T cell-related transcription factor FoxP3 in 12 breast
implant-associated anaplastic large cell lymphomas, 14
cutaneous anaplastic large cell lymphoma, 4 ALK-positive
anaplastic large cell lymphomas, 4 ALK-negative anaplastic
large cell lymphomas, and 4 peripheral T-cell lymphomas,

SPRINGER NATURE

CD79a+, PAX5-, CD25+, FoxP3+, MET+

absent or variable weak expression (representative image—BI-ALCL
5) and the CD4—CD8— case (BI-ALCL 4) lacked FoxP3 expression
(original magnification x400). MET staining showed strong cyto-
plasmic and membrane positivity in all except two breast implant-
associated anaplastic large cell lymphomas. Only one of the two CD8
+ cases expressed MET (BI-ALCL 5) and the CD4—CD8— case
showed focal weak expression (BI-ALCL 4) (original magnification
x400) (C)

not otherwise specified by immunohistochemistry (Fig. 5SA,
C). Along with one peripheral T-cell lymphoma, not
otherwise specified, which showed diffuse and intense
nuclear staining for Foxp3, only breast implant-associated
anaplastic large cell lymphoma cases showed significant
FoxP3 expression, especially the 6 breast implant-
associated anaplastic large cell lymphoma cases co-
expressing CD4 and CD25. The two CDS8+ breast
implant-associated anaplastic large cell lymphomas, the
CD4—/CD8— case and the three cases with focal or absent
CD4 or CD25 expression showed either weak or absent
Foxp3 immunoreactivity (Table 1 and Fig. 1C). Since pre-
vious studies suggested a T helper 17/T helper 1-skewed
local immune response in implants with capsular fibrosis or
breast implant-associated anaplastic large cell lymphomas
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[24, 25], we investigated the expression of Thl7-related
genes IL17A, IL6, TGFBI1, and RORCI in breast implant-
associated anaplastic large cell lymphomas compared to
normal CD4+ T-cells. Of note, the breast implant-
associated anaplastic large cell lymphoma cases showed a
significant enrichment in RORCI and ILI7A transcripts
(Supplementary Figure 3). These results suggest either
activation-induced FoxP3 expression or a T helper-like
regulatory T-cell status of a proportion of breast implant-
associated anaplastic large cell lymphomas.

Breast implant-associated anaplastic large cell
lymphomas display deregulated cell motility,
downregulation of T-cell receptor signaling, and
STAT3 activation

Supervised comparative analysis of breast implant-
associated anaplastic large cell lymphoma and non-
neoplastic CD4+ T-cell transcriptional profiles showed
866 differentially expressed genes (Supplementary Table 2).
Among these, 310 genes were upregulated and 556 genes
were downregulated in breast implant-associated anaplastic
large cell lymphoma samples compared to normal T-cells.
Based on the expression of these 866 genes, three-
dimensional principal component analysis showed that
anaplastic large cell lymphomas segregated independently
from T-cells with the percentage of variance between the
groups of 52.3% (Fig. 2A). Similarly, hierarchical cluster-
ing of breast implant-associated anaplastic large cell lym-
phomas and normal T cells based on the expression of
differentially expressed genes showed a clear separation of
the two groups (Fig. 2B). Gene ontology analysis of the
differentially  expressed transcripts showed
representation of biological processes related to regulation
of protein kinase C activity, cell-matrix adhesion and cell
locomotion, and migration and motility in breast implant-
associated anaplastic large cell lymphomas. Intriguingly,
along with CCR6 and CXCL14, MET and its ligand HGF
were among the genes that contributed to the enrichment in
cell locomotion and migration and motility programs in
breast implant-associated anaplastic large cell lymphomas
(Supplementary Table 3). This finding was further investi-
gated in situ by immunohistochemistry for MET protein in
12 breast implant-associated anaplastic large cell lympho-
mas, 14 cutaneous anaplastic large cell lymphomas, 4 ALK-
positive anaplastic large cell lymphomas, 4 ALK-negative
anaplastic large cell lymphomas, and 4 peripheral T-cell
lymphomas, not otherwise specified (Fig. 5A, C). MET was
intensely expressed on the membrane and in the cytoplasm
of 10/12 (83%) breast implant-associated anaplastic large
cell lymphomas and weakly and focally in the CD4/CD8-
double negative breast implant-associated anaplastic large
cell lymphoma (case 4), no staining was observed in 1 of

over-

the 2 CD8+ breast implant-associated anaplastic large cell
lymphoma (case 3) (Fig. 1B). Among the other peripheral
T-cell lymphomas, systemic anaplastic large cell lympho-
mas consistently showed strong membranous and cyto-
plasmic staining, whereas the cutaneous anaplastic large cell
lymphoma and peripheral T-cell lymphoma, not otherwise
specified, cases showed more heterogeneity, ranging from
strong to no expression (Fig. 5A, C).

Gene set enrichment analysis also identified activation of
STAT3 signaling in breast implant-associated anaplastic
large cell lymphoma samples when compared to normal T-
cells (Fig. 2C). This finding is in accord with the recent
descriptions of frequent activating mutations of the JAK/
STAT pathway genes in breast implant-associated anaplastic
large cell lymphomas [15, 26].

The gene ontology biological processes significantly
downregulated in breast implant-associated anaplastic large
cell lymphomas compared to normal T-cells included viral
gene expression—transcription—translation programs related
to the downregulation of genes such as EIF3L, EIF3B,
EIF3G, and MCTS-1, prototypical inflammatory pathways
such as IL-12, and TNF and, analogously to what has been
observed for systemic ALCLs, T-cell receptor signaling
(Supplementary Table 3). The latter finding was further
confirmed by gene set enrichment analysis and a molecular
classifier based on the expression of genes representative of
T-cell receptor signaling, which showed similarities
between breast implant-associated anaplastic large cell
lymphomas and systemic anaplastic large cell lymphomas
(Fig. 2C, D).

The transcriptional profile of breast implant-
associated anaplastic large cell lymphoma is distinct
from other peripheral T-cell ymphomas

We next sought to investigate transcriptional differences
between breast implant-associated anaplastic large cell
lymphomas and other peripheral T-cell lymphomas. First,
we conducted unsupervised analysis of breast implant-
associated anaplastic large cell lymphomas and systemic
ALCLs (systemic anaplastic large cell lymphomas, ALK-
negative and ALK-positive). Breast implant-associated
anaplastic large cell lymphomas and systemic anaplastic
large cell lymphomas appeared distinct by both principal
component analysis and hierarchical clustering (Fig. 3A, B).
The distinction was also evident on supervised analysis
(ANOVA, p-value <0.05, Bonferroni correction) (Fig. 3C,
D), with hierarchical clustering showing a closer relation-
ship of breast implant-associated anaplastic large cell lym-
phomas with ALK-negative rather than ALK-positive
anaplastic large cell lymphomas. The supervised compar-
ison revealed 38 differentially expressed genes between
breast implant-associated anaplastic large cell lymphomas

SPRINGER NATURE
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Fig. 2 Supervised analysis of breast implant-associated anaplastic
large cell lymphomas (BI-ALCL) vs non-neoplastic CD4+ T-cells.
Principal component analysis (A) and hierarchical clustering (B). Gene
set enrichment analysis indicates significant enrichment of genes that
encode mediators of STAT3 signaling and significant diminution of

and systemic anaplastic large cell lymphomas (z-test, p-
value <0.05, fold-change >2), (Supplementary Table 4),
which neatly separated the two groups (Supplementary
Figure 4A). Of note, according to the expression of a single
gene, RPS10, which emerged as the top ranked gene in this
signature (p=1.53x 1077, fold-change 5.75), the two
entities could be discriminated with high accuracy (100%).
A higher number of genes was found to be differentially
expressed when breast implant-associated anaplastic large
cell lymphomas were compared with either ALK-positive or
ALK-negative anaplastic large cell lymphomas. In parti-
cular, 317 genes were differently expressed between breast
implant-associated anaplastic large cell lymphomas and
ALK-positive anaplastic large cell lymphomas (140 genes
upregulated and 177 genes downregulated), while 272
genes were differentially expressed between breast implant-

SPRINGER NATURE

B

B BlALCL

B Normal cD4 T cells

SALCL

plot: _TCR_§

BI-ALCL

Grey zone

a————

Normal CD4 T cells

T-cell receptor signaling genes (TCR pathway) (C). A molecular
classifier based on the expression of genes representative of T-cell
receptor signaling showed similarities between breast implant-
associated anaplastic large cell lymphomas (BI-ALCL) and systemic
anaplastic large cell lymphomas (sALCL) (D)

associated anaplastic large cell lymphomas and ALK-
negative anaplastic large cell lymphomas (186 genes upre-
gulated and 86 genes downregulated) (Supplementary
Tables 5, 6). Gene ontology enrichment analysis revealed
that the most overrepresented biological programs in breast
implant-associated anaplastic large cell lymphomas as
compared to ALK-positive anaplastic large cell lymphomas
were related to the signal recognition particle (SRP)-medi-
ated transport of proteins to the endoplasmic reticulum and
viral gene expression and transcription (Supplementary
Table 7), due to the overexpression of several ribosomal
protein genes in breast implant-associated anaplastic large
cell lymphomas (e.g., RPS10, RPS19, RPL17, RPLI8A).
By comparing breast implant-associated anaplastic large
cell lymphomas with ALK-negative anaplastic large cell
lymphomas, the most overrepresented programs were
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macromolecule metabolic processes, myeloid cell differ-
entiation, and endoplasmic reticulum stress-induced

SPRINGER NATURE



224 A. Di Napoli et al.
A s E
B [
| ATL =
B BlALCL
B ALK-ALCL
B ALK+ ALCL
i B Normal CD4T cells
|
o \\\ B PTCL-NOS c
- -z
14 PTCL-NOS
°
[ J
®
V-asis
D i E ] E P,
°
* B CD30-PTCL-NOS
o2 ¢
W CD30+ PTCL-NOS
s 8 83039 L 1 B sALCL
S @ e L
8 T g - =)
PR =l N R >
: o, v sALCL
-1
Cumulative variance 34.21% Cumulative variance 100%

B BI-ALCL

B CD30- PTCL-NOS

B CD30+PTCL-NOS

B sALCL

Fig. 4 Relatedness of breast implant-associated anaplastic large cell
lymphoma to peripheral T-cell lymphoma subtypes. Breast implant-
associated anaplastic large cell lymphoma (BI-ALCL) is closer to
peripheral T-cell lymphoma, not otherwise specified (PTCL-NOS),
than to ALK-positive anaplastic large cell lymphoma (ALK+ ALCL)
and ALK-negative anaplastic large cell lymphoma (ALK— ALCL).
Principal component analysis based on the mean expression of all
genes (A). Hierarchical clustering (B). A molecular classifier based on
the expression of genes discriminating systemic anaplastic large cell
lymphoma (sALCL) vs peripheral T-cell lymphoma, not otherwise
specified (PTCL-NOS), showed similarities between breast implant-
apoptosis (Supplementary Table 8). No specific gene
ontology biological processes could be attributed to
downregulated genes in breast implant-associated anaplastic
large cell lymphomas as compared to ALK-positive or
ALK-negative anaplastic large cell lymphomas.

We then compared the gene expression profiles of breast
implant-associated anaplastic large cell lymphomas, sys-
temic anaplastic large cell lymphomas, and other common
types of peripheral T-cell lymphomas, including angioim-
munoblastic T-cell lymphomas and peripheral T-cell lym-
phomas, not otherwise specified. These neoplasms could
not be distinguished by unsupervised (principal component
analysis and hierarchical clustering) (Fig. 3E, F) or super-
vised (ANOVA, p-value<0.05, Bonferroni correction)
analyses (Fig. 3G, H). However, when cases belonging to
each category were grouped (the mean expression being
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associated anaplastic large cell lymphoma and the latter group (C).
Relationship with systemic anaplastic large cell lymphoma (SALCL),
CD30 + peripheral T-cell lymphoma, not otherwise specified (CD30+
PTCL-NOS), and CD30— peripheral T-cell lymphoma, not otherwise
specified (CD30— PTCL-NOS). The relationship between breast
implant-associated anaplastic large cell lymphoma (BI-ALCL) and
peripheral T-cell lymphoma, not otherwise specified, does not appear
limited to CD30+ peripheral T-cell lymphoma, not otherwise speci-
fied. Principal component analysis (D), principal component analysis
based on the mean expression of all genes (E), and hierarchical
clustering (F)

considered for each gene), the different entities could be
segregated (Fig. 4A, B). Intriguingly, at the transcriptional
level, breast implant-associated anaplastic large cell lym-
phomas showed an apparent closer relationship to periph-
eral T-cell lymphomas, not otherwise specified, rather than
to anaplastic large cell lymphomas. This observation was
confirmed when a classifier able to discriminate between
peripheral T-cell lymphomas, not otherwise specified, and
systemic anaplastic large cell lymphomas was applied
(Fig. 4C). This finding probably reflects the genotypic and
phenotypic heterogeneity of peripheral T-cell lymphomas,
not otherwise specified, despite no significant difference
being observed when CD30+- and CD30— peripheral T-cell
lymphoma, not otherwise specified cases (according to
immunohistochemistry) ~ were considered separately
(Fig. 4D-F). Alternatively, this result might be related to
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differences in the genes that distinguish systemic anaplastic
large cell lymphomas from breast implant-associated ana-
plastic large cell lymphomas and the latter from other per-
ipheral T-cell lymphomas. Indeed, the number of
differentially expressed genes between breast implant-
associated anaplastic large cell lymphomas and systemic
anaplastic large cell lymphomas (i.e., 317 genes vs ALK-
positive and 272 genes vs ALK-negative) is higher than
between breast implant-associated anaplastic large cell
lymphomas and peripheral T-cell lymphomas, not otherwise
specified (i.e., 137 genes) (supplementary Figure 4A, B).
Among the 137 genes differentially expressed between
breast implant-associated anaplastic large cell lymphomas
and peripheral T-cell lymphomas, not otherwise specified,
76 were upregulated and 61 were downregulated in breast
implant-associated anaplastic large cell lymphomas (Sup-
plementary Table 9). On gene ontology enrichment analy-
sis, downregulated genes (e.g., LCK, ICOS, FYN, CCL19,
CCL21, STATI, CD7) turned out to be significantly
involved in specific cellular functions and pathways
including T-cell activation and costimulation, cytokine-
mediated signaling and immune response, whereas upre-
gulated genes (e.g., HGF, VEGFA, PDGFA) were involved
in the regulation of branching structure morphogenesis
(Supplemental Table 10). The difference was more pro-
nounced between breast implant-associated anaplastic large
cell lymphomas and angioimmunoblastic T-cell lymphomas
featuring 1289 differentially expressed genes (608 upregu-
lated and 681 downregulated in breast implant-associated
anaplastic large cell lymphoma, Supplementary Table 11).
Gene ontology programs associated with genes that were
downregulated in breast implant-associated anaplastic large
cell lymphomas (e.g., TNFRSIS, PDCD2, CD2) were
involved in regulation of hemopoiesis, leukocyte activation,
apoptotic process, and cytokine production, while the
upregulated genes were related to cellular and biological
processes (Supplementary Table 12).

Of note, supervised comparative analysis of breast
implant-associated anaplastic large cell lymphomas with
other peripheral T-cell lymphoma subtypes (z-test, p-value
<0.05, fold-change > 2), identified 5 genes, namely RN7SK,
RPS10, CCR6, ODF2L, and LOC642947 (Supplementary
Figure 4B), which were overexpressed in breast implant-
associated anaplastic large cell lymphomas. Among these
genes, RPS10 was again the most significant one (z-test, p-
value <0.0001, fold-change >2.7).

Taken together, these data indicate that the molecular
profile of breast implant-associated anaplastic large cell
lymphomas is different from other peripheral T-cell lym-
phomas, including systemic anaplastic large cell
lymphomas.

RPS10 emerges as a distinguishing marker of breast
implant-associated anaplastic large cell ymphoma
among peripheral T-cell lymphomas

To validate the gene transcripts detected by microarray
analysis that could discriminate breast implant-associated
anaplastic large cell lymphomas from the other types of
peripheral T-cell lymphomas, we focused on RPSI0 that
was part of the 5 gene differentially expressed signature
(Supplementary Figure 4B). Real-time quantitative poly-
merase chain reaction analysis was performed on 11 breast
implant-associated anaplastic large cell lymphoma, 4 ALK-
positive anaplastic large cell lymphoma, 4 ALK-negative
anaplastic large cell lymphoma, and 4 peripheral T-cell
lymphoma, not otherwise specified cases. Moreover, 16
cutaneous anaplastic large cell lymphoma samples, for
which gene expression profiling data generated by the
DASL assay were not available for comparison, were
included in the real-time quantitative polymerase chain
reaction validation experiment. This analysis confirmed that
breast implant-associated anaplastic large cell lymphomas
are characterized by a significantly higher mRNA expres-
sion of RPSI0 compared to other peripheral T-cell lym-
phomas (p <0.05) (Fig. 5A, B). We then looked for genes
whose expression was significantly correlated with that of
RPS10 (Pearson correlation>0.5) in breast implant-
associated anaplastic large cell lymphomas, systemic ana-
plastic large cell lymphomas and peripheral T-cell lym-
phomas, not otherwise specified. We found 46 genes that
were significantly correlated with RPS/0. By gene set
enrichment analysis, these 46 genes were significantly
enriched in specific cellular functions or components com-
prising RNA metabolism, viral RNA transcription and
replication, and the integrin complex (Supplementary
Figure 5).

We then investigated whether the increased expression of
RPSI0 in breast implant-associated anaplastic large cell
lymphomas could also be detected at the protein level. To
this end, we performed immunohistochemistry for RPS10 in
11 breast implant-associated anaplastic large cell lym-
phoma, 14 cutaneous anaplastic large cell lymphoma, 4
ALK-positive anaplastic large cell lymphoma, 4 ALK-
negative anaplastic large cell lymphoma, and 4 peripheral
T-cell lymphoma, not otherwise specified samples (Fig. 5A,
C). The staining intensity was in line with the expression
levels of RPSI0 detected by real-time quantitative poly-
merase chain reaction. Breast implant-associated anaplastic
large cell lymphoma tumor cells demonstrated strong
cytoplasmic RPS10 expression and systemic anaplastic
large cell lymphomas and peripheral T-cell lymphomas, not
otherwise specified showed weaker or very faint staining,
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Fig. 5 RPS10, FoxP3 and MET expression in breast implant-
associated anaplastic large cell lymphoma (BI-ALCL), cutaneous
anaplastic large cell lymphoma (cALCL), peripheral T-cell lymphoma,
not otherwise specified (PTCL-NOS), ALK-negative anaplastic large
cell lymphoma (ALK— ALCL) and ALK-positive anaplastic large cell
lymphoma (ALK+ ALCL) (A). Breast implant-associated anaplastic
large cell lymphomas showed the highest RPS10 expression levels
among all peripheral T-cell lymphomas by both real-time quantitative
polymerase chain reaction (B), and immunohistochemistry (C; original
magnification x200). Arrows indicate plasma cells with intense
respectively, while cutaneous anaplastic large cell lym-
phomas displayed marked heterogeneity, the staining
intensity ranging from strong to negative. Among the
background cells, an intense reactivity for RPS10 was
observed in plasma cells. This finding prompted us to verify
the hypothesis that RPS10 expression was associated with
high translational activity of either endogenous or viral
transcripts. To this end, we assessed RPS10 protein
expression in multiple myeloma and in different lymphomas
associated with Epstein Barr virus (EBV) or Human Herpes
virus-8 (HHV-8) infection, including two HHV-8-positive
pleural effusion lymphomas, one peripheral T-cell lym-
phoma, not otherwise specified with EBV-positive
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cytoplasmic staining for RPS10. Intense nuclear staining for FoxP3
was mainly observed in breast implant-associated anaplastic large cell
lymphomas with the exception of one peripheral T-cell lymphoma, not
otherwise specified. The majority of breast implant-associated ana-
plastic large cell lymphomas, ALK-positive anaplastic large cell
lymphomas, and ALK-negative anaplastic large cell lymphomas
expressed MET but cases of peripheral T-cell lymphoma, not other-
wise specified, and cutaneous anaplastic large cell lymphoma showed
variable expression of this receptor tyrosine kinase

Hodgkin/Reed Sternberg-like B-cells, one EBV-positive
diffuse large B cell lymphoma, and four Hodgkin lym-
phomas (2 EBV— and 2 EBV+). Tumor B-cells from virus-
infected lymphomas and multiple myeloma showed intense
cytoplasmic positivity, whereas staining was evident only in
scattered non-neoplastic plasma cells in the EBV-negative
Hodgkin lymphomas (Fig. 6). These findings suggest that
increased transcriptional activity, such as that occurring
during immunoglobulin production by normal or neoplastic
plasma cells or in response to viral infection, might be
responsible for the elevated RPS10 expression. A subset of
breast implant-associated anaplastic large cell lymphoma
samples (n = 4) analyzed for EBER, LMP-1, and LANA-1
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Fig. 6 Intense RPS10 expression in HHV-8+ pleural effusion lym-
phoma (A), multiple myeloma (B), EBV+ diffuse large B cell lym-
phoma (C), Hodgkin/Reed Sternberg-like EBV+ B-cells within a
peripheral T-cell lymphoma, not otherwise specified (D), and EBV+
Hodgkin lymphoma (E). Weaker staining was observed in EBV-

expression did not shown signs of EBV or HHV-8
infection.

Discussion

It has been speculated that breast implant-associated ana-
plastic large cell lymphoma tumor cells may be derived
from capsular T helper 1/T helper 17 cells [25]. Based on
our observations, most breast implant-associated anaplastic
large cell lymphomas have a transcriptional signature
similar to activated CD4+ memory T-cells and display
higher levels of RORC1 and IL17A transcripts relative to
normal T-cells. In addition, compared to systemic anaplastic
large cell lymphomas, breast implant-associated anaplastic
large cell lymphomas showed an enrichment in regulatory T
cell-related genes, which was mainly associated with a CD4
+/CD25+/FoxP34 immunophenotype. It is worth noting
that CCL18, CXCLI4, and CCR6, which were among the
genes upregulated in breast implant-associated anaplastic
large cell lymphomas compared to normal T-cells, encode
chemokines involved in the migration and differentiation of

negative Hodgkin lymphoma tumor cells (F) (A, C-F original mag-
nification x400; B original magnification x10 and x200). Insets show
immunohistochemistry for the HHV-8-encoded protein LANA-1 (inset
A; original magnification x400) or for the EBV-encoded protein LMP-
1 (inset C-E; original magnification x400)

specific leukocyte subsets. In particular, CCR6 is pre-
ferentially expressed by immature dendritic cells and
memory T-cells (both T helper 17 and regulatory T cells)
and it has a critical role in cellular migration to inflamma-
tory sites [27, 28]. CCL18 has been reported to be among
the most highly expressed chemokines in allergic diseases
and it is able to induce conversion of CD4+4/CD25—
memory T-cells to CD4+/CD254-/Foxp3+ regulatory T-
cells [29]. CXCL14 mediates a broad spectrum of biological
processes, including immune cell migration and anti-
microbial immunity [30] and it has recently been shown to
play a crucial role in promoting regulatory T-cell activation
in stroke [31]. Other genes upregulated in breast implant-
associated anaplastic large cell lymphomas that are known
to be involved in cell migration and induction of regulatory
T-cells were HGF and its receptor cMET. In murine auto-
immune models, HGF endows dendritic cells with sup-
pressive ability resulting in effective induction of regulatory
T-cells [32]. It has been shown that localization of antigen-
primed lymphocytes to antigen-rich non-lymphoid tissue,
which is essential for effector-T cell-mediated immunity, is
facilitated by the expression of a unique set of “homing”

SPRINGER NATURE



228

A. Di Napoli et al.

receptors acquired by memory T-cells [33, 34]. In this
regard, cMET has been shown to instruct T-cell cardio-
tropism and promote T-cell migration in an experimental
heart transplantation model via autocrine chemokine release
[35]. Furthermore, HGF-induced chemokinesis requires
STAT3 signaling activity [36]. Interestingly, over-
expression of cMET has been documented in HTLV-1-
infected T-cell lines and in adult T-cell leukemia/lymphoma
with a liver invasive phenotype [37], both of which have
constitutively activated JAK-STAT signaling [38]. Similar
to what has been described in Karpas 299 cells and in some
other ALCL cell lines [39], we also observed strong
membrane expression of cMET in ALK-positive and ALK-
negative anaplastic large cell lymphoma cases. It is plau-
sible that cMET expression by breast implant-associated
anaplastic large cell lymphoma and other anaplastic large
cell lymphoma subtypes might be the consequence of
mutational activation of STAT3 [15, 26, 40]. Alternatively,
gains of chromosome 7q encompassing the MET locus,
which are recurrent aberrations in cutaneous anaplastic large
cell lymphomas, could be responsible for its overexpression
[41].

Our data suggest that the majority of breast implant-
associated anaplastic large cell lymphomas either arise from
or acquire the phenotype of activated memory T-cells that
are capable of homing to the peri-implant breast capsule.
Functional studies are needed in order to clarify whether a
proportion of breast implant-associated anaplastic large cell
lymphomas derive from Foxp3+4/CD25+ regulatory T-cells
that collect mainly within the inner layer of non-neoplastic
peri-breast implant fibrous capsules [24], acquire a reg-
ulatory T-cell program/fate upon neoplastic transformation
or upregulate FoxP3 as a consequence of cellular activation,
as observed in non-neoplastic T-cells, including memory
and effector CD4+ T-cells [42-44]. In keeping with the
latter is the hypothesis that breast implant-associated ana-
plastic large cell lymphomas originate from activated
mature cytotoxic T cells due to the frequent expression of
cytotoxic molecules such as Granzyme B (GrB) and T-cell
restricted intracellular antigen 1 (TIA1) [45, 46].

FoxP3 expression is uncommon in peripheral T-cell
lymphomas and until now has mostly been described in
adult T-cell leukemia/lymphoma, possibly acquired upon
neoplastic conversion of HTLV-1 infected CD4+ T-cells
[47, 48]. Weak expression of FoxP3 has also been observed
in ALK-positive anaplastic large cell lymphoma and it has
been reported to be induced by NPM/ALK through acti-
vation of its key effector STAT3 in this disease [49, 50].
Similarly, JAK-STAT pathway activation due to mutations
or other mechanisms might be responsible for the
induction or maintenance of a regulatory T cell-like phe-
notype in breast implant-associated anaplastic large cell
lymphoma.
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Another intriguing hypothesis emerging from our gene
expression profiling data is the possible involvement of an
infectious agent in the pathogenesis of breast implant-
associated anaplastic large cell lymphoma. Signatures
related to viral expression, transcription and translation
were revealed upon in silico comparison of breast implant-
associated anaplastic large cell lymphoma transcriptional
profiles with those generated from normal T-cells and ALK-
positive anaplastic large cell lymphoma. RPSI/0 was one of
the most differentially expressed genes between breast
implant-associated anaplastic large cell lymphoma and
other peripheral T-cell lymphomas. It has been shown that
RPS10 participates in ribosome biogenesis and in the cel-
lular translational machinery of eukaryotes [51, 52] and it
also has a crucial role in the formation of the binding site for
the internal ribosome entry site (IRES) of several viral
transcripts on the human 40S ribosomal subunit [53-55].
The contribution of viral infections to the pathogenesis of
specific B- and T-cell lymphomas, including lymphomas
presenting as effusions (i.e., primary effusion lymphoma) is
well recognized [56]. Our data lead us to speculate that viral
infection/re-activation might be a potential trigger of lym-
phomagenesis besides long-term bacterial infection (i.e.,
Ralstonia) acquired during implantation, which has been
suggested by others to favor the development of breast
implant-associated anaplastic large cell lymphoma [57, 58].
This hypothesis, however, requires further investigation.
Alternatively, as described for other ribosomal proteins,
genetic mutations or external stimuli such as chemical
agents, radiation and nutrient depletion could also impair
ribosome biogenesis, and result in the accumulation of a
ribosome-free form of RPS10 in breast implant-associated
anaplastic large cell lymphoma, which may have oncogenic
functions [59].

Finally, by comparing the breast implant-associated
anaplastic large cell lymphoma transcriptional signature to
previously obtained signatures of systemic anaplastic large
cell lymphoma, peripheral T-cell lymphoma-not otherwise
specified, and angioimmunoblastic T-cell lymphoma, we
show that breast implant-associated anaplastic large cell
lymphoma represents a distinct subtype of peripheral T-cell
lymphoma, not only from a morphological and clinical
perspective, but also at the molecular level. As observed in
other types of anaplastic large cell lymphomas, breast
implant-associated anaplastic large cell lymphoma sub-
stantially differs from peripheral T-cell lymphoma, not
otherwise specified, with regard to downregulation of
antigen-dependent T-cell receptor activation and signaling,
which is supported by the frequent T-cell antigen loss
observed in most breast implant-associated anaplastic large
cell lymphomas [46]. On the other hand, in comparison to
ALK-negative anaplastic large cell lymphoma, breast
implant-associated anaplastic large cell lymphoma is



Transcriptional analysis distinguishes breast implant-associated anaplastic large cell lymphoma from... 229

characterized by the upregulation of a myeloid cell
differentiation-related program, a finding supported by
studies reporting expression of the myeloid antigens CD15,
CD13, and CD33 in breast implant-associated anaplastic
large cell lymphomas [60, 61], similar to ALK-positive
anaplastic large cell lymphomas [62].

In conclusion, in the present study we describe the results
of the first comparative transcriptional analysis of breast
implant-associated anaplastic large cell lymphoma, which
reveals similarities of this neoplasm with activated CD4+
memory T-cells in most cases and differences between
breast implant-associated anaplastic large cell lymphoma
and other types of peripheral T-cell lymphomas, including
systemic anaplastic large cell lymphoma. Functional
investigations of the genetic programs and pathways deli-
neated in breast implant-associated anaplastic large cell
lymphoma could further advance our understanding of the
pathogenesis of this rare malignancy.
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