
1714 haematologica | 2021; 106(6)

Received: December 20, 2019.

Accepted: May 14, 2020.

Pre-published: May 15, 2020.

©2021 Ferrata Storti Foundation
Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode. 
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

Correspondence: 
ANDREW L. FELDMAN
feldman.andrew@mayo.edu

Haematologica 2021
Volume 106(6):1714-1724

ARTICLE Non-Hodgkin Lymphoma

https://doi.org/10.3324/haematol.2019.245860

Ferrata Storti Foundation

Breast implant-associated anaplastic large cell lymphoma (BIA-
ALCL) is a recently characterized T-cell malignancy that has raised
significant patient safety concerns and led to worldwide impact on

the implants used and clinical management of patients undergoing recon-
structive or cosmetic breast surgery. Molecular signatures distinguishing
BIA-ALCL from other anaplastic large cell lymphomas have not been
fully elucidated and classification of BIA-ALCL as a World Health
Organization entity remains provisional. We performed RNA sequencing
and gene set enrichment analysis comparing BIA-ALCL to non-BIA-
ALCL and identified dramatic upregulation of hypoxia signaling genes
including the hypoxia-associated biomarker CA9 (carbonic anyhydrase-
9). Immunohistochemistry validated CA9 expression in all BIA-ALCL,
with only minimal expression in non-BIA-ALCL. Growth induction in
BIA-ALCL-derived cell lines cultured under hypoxic conditions was pro-
portional to upregulation of CA9 expression, and RNA sequencing
demonstrated induction of the same gene signature observed in BIA-
ALCL tissue samples compared to non-BIA-ALCL. CA9 silencing blocked
hypoxia-induced BIA-ALCL cell growth and cell cycle-associated gene
expression, whereas CA9 overexpression in BIA-ALCL cells promoted
growth in a xenograft mouse model. Furthermore, CA9 was secreted into
BIA-ALCL cell line supernatants and was markedly elevated in human
BIA-ALCL seroma samples. Finally, serum CA9 concentrations in mice
bearing BIA-ALCL xenografts were significantly elevated compared to
those in control serum.  Together, these findings characterize BIA-ALCL
as a hypoxia-associated neoplasm, likely attributable to the unique
microenvironment in which it arises. These data support classification of
BIA-ALCL as a distinct entity and uncover opportunities for investigating
hypoxia-related proteins such as CA9 as novel biomarkers and therapeu-
tic targets in this disease.
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ABSTRACT



Introduction

Anaplastic large cell lymphomas (ALCL) are a heteroge-
neous group of CD30-positive T-cell lymphomas with
varying clinical presentation, prognosis, and molecular
pathogenesis.1 Breast implant-associated (BIA)-ALCL is a
rare form of ALCL arising in association with breast
implants placed for reconstructive or cosmetic purposes.2

It typically occurs in the peri-implant capsule and/or effu-
sion an average of 9 years after implant placement. The
cytological and immunophenotypic features of BIA-ALCL
are similar to those of systemic and primary cutaneous
ALK-negative ALCL, including the presence of hallmark
cells, CD30 positivity, and frequent loss of T-cell markers
such as CD3 and CD5. The prognosis of patients with
BIA-ALCL is associated with clinical stage, particularly the
presence or absence of a mass-forming lesion and/or
locoregional lymph node involvement, which influence
the therapeutic approach.3,4 Complete surgical excision of
the peri-implant fibrous capsule is essential and sufficient
in patients without a mass or lymph node involvement,
whereas systemic chemotherapy is recommended in
those with advanced disease.3,5 Based on these distinct
clinical features, the revised World Health Organization
(WHO) classification recognizes BIA-ALCL as a provision-
al entity.2

The molecular pathogenesis of BIA-ALCL remains
incompletely understood. Recent studies have suggested a
possible relationship to underlying chronic allergic reac-
tion and bacterial biofilm infection.6,7 Rearrangements of
ALK, DUSP22, and TP63 are consistently absent, referred
to as the triple-negative (TN) genetic subtype.8,9 Recurrent
JAK1 and STAT3 gene mutations have been identified9-12

and, like many other ALCL,13,14 BIA-ALCL shows consis-
tent activation of the JAK-STAT3 pathway as detected by
immunohistochemistry for Tyr705-phosphorylated
STAT3.9,12,15 In vivo studies have demonstrated that inhibi-
tion of JAK-STAT signaling by sunitinib or ruxolitinib
effectively suppresses growth of TLBR cell lines derived
from BIA-ALCL,15,16 suggesting potential therapeutic utility
of these drugs for patients with advanced disease. In addi-
tion to mutations affecting the JAK-STAT signaling path-
way, gene alterations in epigenetic modifiers are also fre-
quent in BIA-ALCL.17

However, these findings have not identified a molecular
profile of BIA-ALCL that is unique to the peri-implant

microenvironment in which it originates. Identification of
unique molecular features specific for BIA-ALCL could
lead to discovery of biomarkers: that improve early detec-
tion, diagnosis, and follow-up; identify candidate targets
for therapy or preventive strategies; and provide justifica-
tion to upgrade the WHO classification of BIA-ALCL from
a provisional to a definite entity. We therefore interrogat-
ed the gene expression profile of BIA-ALCL. 

Methods

Gene expression profiling
Human studies were conducted with approval of the

Institutional Review Boards at Mayo Clinic and The University of
Texas MD Anderson Cancer Center. We performed RNA sequenc-
ing on formalin-fixed paraffin-embedded tumor tissue from 11
patients with BIA-ALCL (Table 1). All were female and their mean
age was 55 years (range, 44-73 years). All had received textured
implants. As described previously,14 RNA from AllPrep extraction
was used to prepare sequencing libraries (TruSeq RNA Access,
Illumina) and sequenced on a HiSeq 4000 (Illumina). Reads were
aligned to hg38 with MAP-RSeq18 modified to use the STAR align-
er.19 Gene-level read counts based on Ensembl version 78 were
transformed into reads per kilobase per million mapped reads
(RPKM). Gene expression data were compared to those of 24 pre-
viously sequenced non-BIA-ALCL of TN genetic subtype (10 pri-
mary cutaneous ALCL and 14 systemic ALK-negative ALCL14).
Gene set enrichment analysis (GSEA) was performed using GSEA
software (Broad Institute) as described previously.14

Immunohistochemistry
Immunohistochemistry for CA9 was carried out on formalin-

fixed paraffin-embedded sections of 17 BIA-ALCL and 48 non-
BIA-ALCL (from patients with a mean age of 54 years). The WHO
subtypes of these latter were primary cutaneous ALCL (n=13),
ALK-negative ALCL (n=24), and ALK-positive ALCL (n=11).
Genetic subtypes included 11 ALK-positive, ten with DUSP22
rearrangements, two with TP63 rearrangements, and 25 TN.
Deparaffinized tissue sections were heated in pH 6.0 citric acid
buffer in a steam cooker for 30 min. After incubation with 3%
hydrogen peroxide for 10 min and 5% bovine serum albumin for
10 min, the slides were incubated with anti-CA9 rabbit monoclon-
al antibody (1:100 dilution, clone D47G3; Cell Signaling
Technology) at 4°C overnight. Sections were then incubated with
horseradish peroxidase-conjugated anti-rabbit secondary antibody
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Table 1. Clinical and pathological features of 11 patients with breast implant-associated anaplastic large cell lymphoma.
Patient #           Age             Sex              ALK          DUSP22-R        TP63-R             T*                N*                  M*            Stage*             Subtype†

151                          46                    F                   Neg.                    Neg.                    Neg.                    T1                    N0                      M0                   IA                       In situ

224                          55                    F                   Neg.                    Neg.                    Neg.                    T2                    N0                      M0                   IB                  Tumor type
403                          47                    F                   Neg.                    Neg.                    Neg.                    T1                    N0                      M0                   IA                       In situ

425                          45                    F                   Neg.                    Neg.                    Neg.                    T2                    N2                      M0                  IIB                 Tumor type
2680                        74                   F                   Neg.                    Neg.                    Neg.                    T1                    N0                      M0                   IA                       In situ

2896                        65                   F                   Neg.                    Neg.                    Neg.                    T4                    N0                      M0                  IIA                  Tumor type
3176                        61                   F                   Neg.                    Neg.                    Neg.                    T4                    N0                      M0                  IIA                  Tumor type
3177                        57                   F                   Neg.                    Neg.                    Neg.                    T1                    N0                      M0                   IA                       In situ

3181                        76                   F                   Neg.                    Neg.                    Neg.                    T2                    N0                      M0                   IB                  Tumor type
3183                        63                   F                   Neg.                    Neg.                    Neg.                    T4                    N0                      M0                  IIA                  Tumor type
3184                        41                   F                   Neg.                    Neg.                    Neg.                    T4                    N0                      M0                  IIA                  Tumor type

Age in years. F: female; Neg.: negative; R: rearrangement. *TNM (tumor-node-metastasis) staging according to Clemens et al.49 †Histological subtype according to Laurent et al.17



(Biocare Medical), developed with 3,3’-diaminobenzidine, and
counterstained with hematoxylin. Stains were scored in a blind
fashion by two hematopathologists (NO and ALF). For CA9, scor-
ing was based on percentage of tumor cells with membranous
staining.  

BIA-ALCL xenograft models
Studies were approved by the Mayo Clinic Institutional Animal

Care and Use Committee (IACUC) under protocol A00002776.
Five-week-old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)
mice were purchased from The Jackson Laboratory and main-
tained under standard laboratory conditions. Cell lines TLBR-1,
TLBR-2, and TLBR-3 were established from BIA-ALCL by one of
the authors (ALE).15,20 and were maintained in RPMI-1640 (Gibco)
supplemented with 10% fetal bovine serum (Clontech), 1% peni-
cillin/streptomycin (Gibco), and 100 U/mL interleukin-2 (R&D
202-IL-050).  TLBR-1, -2, and -3 cells were cultured at a concentra-
tion of 0.5 x 106/mL for 72 h and resuspended in phosphate-
buffered saline. Mice were injected subcutaneously in the right
flank with TLBR-1, -2, or -3 cells. Tumor volumes were calculated
in mm3 using the formula l2×L/2, where l and L represent the short-
est and longest dimensions, respectively.  

Additional methods are described in the Online Supplementary
Material.

Results

Increased expression of hypoxia signaling pathway
genes is a hallmark of BIA-ALCL

We performed RNA sequencing to identify gene expres-
sion signatures that might distinguish BIA-ALCL from
other types of ALCL. Since BIA-ALCL are consistently of
TN genetic subtype,9 we compared BIA-ALCL to other
TN ALCL to avoid bias from the distinct expression pro-
files of other genetic subtypes14 (Figure 1A). A distinct clus-
ter of genes was upregulated in BIA-ALCL, which formed
the basis for subsequent analyses. Two clusters of genes
were expressed only in non-BIA cases: one was enriched
for keratin genes and consisted of biopsies at epithelial
sites (skin and tongue) and the other contained Y-linked
genes and represented male patients.

We then performed GSEA to identify candidate molec-
ular signatures for genes upregulated in BIA-ALCL (Figure
1B, Online Supplementary Table S1). We focused on the sec-
ond highest ranking gene set, HALLMARK HYPOXIA
(normalized enrichment score [NES], 2.727; false discov-
ery rate q-value [FDR], 0.000), as a candidate molecular
feature distinctive of BIA-ALCL. The highest ranking gene
set, HALLMARK EPITHELIAL MESENCHYMAL TRAN-
SITION (NES, 2.963; FDR, 0.000) and other subsequent
pathways mostly related to collagen formation and extra-
cellular matrix organization, likely reflecting stromal com-
ponents in the fibrous capsule surrounding the breast
implant and seroma in BIA-ALCL samples.21 Supporting
these GSEA results, examination of differential expression
of genes and absolute RPKM values between BIA-ALCL
and non-BIA-ALCL revealed significantly higher expres-
sion levels of downstream target genes of the hypoxia sig-
naling pathway such as VEGFA, VEGFB, SLC2A3 (encod-
ing GLUT3), and CA9 (carbonic anhydrase-9; RPKM,
mean ± standard deviation: 16.5 ± 20.2 vs. 0.4 ± 0.7;
P<0.001, t-test) (Online Supplementary Figure S1). Among
genes associated with hypoxia, CA9 showed the highest
fold-change between BIA-ALCL and non-BIA-ALCL

(FC=5.296, FDR, 3.07x10-8) (Figure 1C).  Collectively, these
results suggest that increased expression of hypoxia sig-
naling pathway genes is a transcriptional hallmark of BIA-
ALCL. We did not identify a significant difference in CA9
expression between in situ and tumor-type BIA-ALCL as
described by Laurent et al.17 (Table 1), or distinct gene sig-
natures associated with clinical stage; associations
between gene expression and clinicopathological features
should be evaluated in future, larger studies.

CA9 protein is consistently expressed in BIA-ALCL 
but not in other ALCL

CA9 is a well-established biomarker of hypoxia and
tumoral expression of CA9 is widely used in the
histopathological diagnosis of hypoxia-related cancers.22

Therefore, having identified a hypoxia-associated signa-
ture and high CA9 mRNA expression in BIA-ALCL, we
performed immunohistochemistry to investigate CA9
protein expression in BIA-ALCL and non-BIA-ALCL. CA9
was expressed on the cell membrane of BIA-ALCL cells
(% positive staining, mean ± standard deviation, 91 ±
15%) but not in admixed inflammatory cells, validating
the RNA sequencing data at the protein level (Figure 2A).
A relatively narrow range of protein scores was observed
by immunohistochemistry, compared to a wide range of
CA9 gene expression values. The correlation between the
two was not statistically significant, likely due to gene
expression values reflecting contributions from non-neo-
plastic cells whereas immunohistochemistry was scored
only in the tumor cells. Conversely, CA9 was mostly neg-
ative in non-BIA-ALCL (ALK-positive, 2 ± 6%; ALK-nega-
tive, 5 ± 11%; cutaneous, 3 ± 5%; P<0.0001, Dunn multi-
ple comparison test) (Figure 2B). We also stratified CA9
protein expression by genetic subtype of ALCL (Figure
2C). BIA-ALCL (all TN) showed significantly more CA9
expression than ALK-positive ALCL, DUSP22-rearranged
ALCL, and TN non-BIA-ALCL, suggesting that high CA9
expression in BIA-ALCL is attributable to BIA presenta-
tion rather than TN genetic subtype. Taken together, these
data indicate that CA9 is specifically expressed in BIA-
ALCL at the mRNA and protein levels.

Hypoxia-induced CA9 expression drives growth 
of BIA-ALCL cells

We next examined CA9 expression in BIA-ALCL cell
lines under normoxic and hypoxic conditions. Expression
of HIF-1α was evaluated to confirm the response to
hypoxia. Western blotting of TLBR-1, -2, and -3 cells cul-
tured under normoxic or hypoxic conditions revealed dis-
tinct patterns of CA9 expression in each cell line, provid-
ing unique models for further study (Figure 3A). In TLBR-
1, CA9 was expressed under baseline normoxic condi-
tions, suggesting constitutive expression of the hypoxic
program. CA9 expression was further induced by hypox-
ia. In TLBR-2, CA9 was absent under normoxic conditions
but was induced under hypoxic conditions, consistent
with a canonical hypoxia response. In contrast, CA9
expression in TLBR-3 was absent under normoxic condi-
tions and only minimally induced by hypoxia.

To explore the functional significance of these distinct
patterns of CA9 expression, we evaluated the effects of
hypoxia with or without siRNA-mediated silencing of
CA9 on BIA-ALCL cell growth (Figure 3B). In TLBR-1,
which showed evidence of a constitutive hypoxia pro-
gram under normoxic conditions, hypoxia induced only a
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Figure 1. Breast implant-associated anaplastic large cell lymphomas show upregulation of hypoxia-associated genes. (A) Heatmap of genes differentially expressed
between breast implant-associated (BIA) anaplastic large cell lymphomas (ALCL) and other ALCL of triple-negative (TN) genetic subtype (lacking rearrangements of
ALK, DUSP22 and TP63). A distinct signature of genes overexpressed in BIA-ALCL is seen. Signatures in subgroups of non-BIA ALCL include a keratin (KRT) signature
seen in biopsies at epithelial sites (skin and tongue) and a Y-linked signature seen in male patients. See also Online Supplementary Figure S1. (B) Gene set enrich-
ment analysis shows upregulation of genes associated with hypoxia in BIA-ALCL. See also Online Supplementary Table S2. NES: normalized enrichment score; FDR:
false discovery rate. (C) A volcano plot indicating differentially expressed genes between BIA-ALCL and other TN ALCL. Hypoxia-related genes from HALLMARK HYPOX-
IA and SEMENZA HIF1 TARGETS gene sets are indicated in red.
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slight increase in growth (14 ± 13% above normoxic base-
line, P<0.05, Mann-Whitney test). Silencing CA9 inhibited
this growth to 77 ± 6% of normoxic baseline (P<0.001). In
TLBR-2, a proposed model of canonical hypoxia response,
hypoxia substantially increased growth by 281 ± 79%
(P<0.0001) and this increase was reversed nearly to nor-

moxic baseline by CA9 silencing (P<0.001 vs. control
siRNA). In TLBR-3, which was resistant to hypoxia-
induced CA9 expression, no significant increase in growth
was induced by hypoxia. In summary, these data indicate
that hypoxia-induced growth in BIA-ALCL cell lines fol-
lows a pattern similar to that of hypoxia-induced expres-

N. Oishi et al.

1718 haematologica | 2021; 106(6)

Figure 2.  Breast implant-associated anaplastic large cell lymphomas consistently express CA9. (A) Representative microscopic images of immunohistochemistry
for CA9 in breast implant-associated (BIA) anaplastic large cell lymphoma (ALCL), systemic ALK-positive ALCL, systemic ALK-negative ALCL, and primary cutaneous
ALCL (40× original magnification). (B) BIA-ALCL show significantly higher CA9 expression than other forms of ALCL. (C) The increased expression of CA9 in BIA-ALCL
is independent of genetic subtype.  All BIA-ALCL tested have triple-negative (TN) genetics (lacking rearrangements of ALK, DUSP22, and TP63). BIA-ALCL show sig-
nificantly higher CA9 expression than ALCL with any of these rearrangements, as well as TN non-BIA-ALCL. ***P<0.001; ****P<0.0001.
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sion of CA9 and that CA9 drives BIA-ALCL cell growth
under hypoxic conditions.

Hypoxia and CA9 expression drive unique gene
signatures in BIA-ALCL cells

We examined the effects of hypoxia and CA9 knock-
down on gene expression in BIA-ALCL cells by perform-
ing RNA sequencing in TLBR-2 cells, which showed evi-
dence of a canonical hypoxia response in the preceding
experiments. As anticipated, CA9 mRNA was markedly
upregulated under hypoxic conditions and effectively
downregulated by CA9 siRNA (both, P<0.0001) (Figure
4A). A heatmap of genes whose expression varied signifi-
cantly showed clusters of genes with unique expression
patterns as well as clusters of genes with expression pat-
terns shared between two of the three conditions (Figure
4B). We used GSEA to explore these findings further
(Figure 4C). Notably, the set of genes overexpressed in
BIA-ALCL tissue samples as compared with TN non-BIA-
ALCL (Figure 1A) was markedly enriched in TLBR-2 cells
cultured under hypoxic conditions (NES=2.325;
FDR=0.000), providing in vitro validation of the tissue-
based finding that BIA-ALCL are characterized by a
hypoxia signature. Furthermore, the HALLMARK
HYPOXIA gene set identified in BIA-ALCL versus non-
BIA-ALCL tissue samples (Figure 1B) was also significant-
ly enriched in hypoxic TLBR-2 cells (NES=2.151,
FDR=0.000), among other gene sets related to metabolic
pathways such as HALLMARK GLYCOLYSIS, REAC-
TOME METABOLISM OF CARBOHYDRATES, and
REACTOME GLUCOSE METABOLISM (Online
Supplementary Table S2). In contrast, siRNA-mediated CA9
knockdown was associated with significant depletion of
cell cycle pathways, including REACTOME S PHASE
(NES=-2.214; FDR=0.000) as well as MYC target gene sets
and multiple other cell cycle-associated gene sets (Online
Supplementary Table S3). These findings corroborate previ-
ous data showing that CA9 inhibition induced cell cycle
arrest in glioblastoma cells, and specifically a marked
reduction of cells in S phase.23 We also performed an
exploratory analysis comparing RNA sequencing data in
TLBR cell lines.  Although only TLBR-1 significantly
expressed CA9 at baseline, other hypoxia-related genes
were relatively overexpressed in TLBR-2 or TLBR-3
(Online Supplementary Figure S5), suggesting heterogeneity
that merits investigation in larger future studies.

CA9 overexpression drives BIA-ALCL growth
in a xenograft model

We evaluated the effects of CA9 on BIA-ALCL cell
growth further by using a lentiviral system to overexpress
CA9 in TLBR-3 cells, which lack both baseline and hypox-
ia-inducible CA9 expression (Figure 3A). Corroborating
CA9 siRNA data from TLBR-1 and -2 cells, CA9 overex-
pression in TLBR-3 augmented cell growth in vitro (Online
Supplementary Figure S2).  We then examined the effect of
CA9 overexpression in a xenograft model. The median
time after inoculation to establishment of palpable subcu-
taneous tumors was 17 days in the CA9 group and 26
days in the control (empty vector-transduced) group
(P=0.004, log-rank test) (Figure 5A). At 38 days, when the
first animal required euthanasia because of tumor size,
tumors were 1,764 ± 1,526 mm3 in the CA9 group and 126
± 130 mm3 in the control group (Figure 5B); differences in
tumor growth were highly significant (P<0.0001, two-

way repeated measure analysis of variance with the
Geisser-Greenhouse correction). Using this protocol-
defined euthanasia endpoint, median overall survival was
47 days in the CA9 group and 76 days in the control group
(P=0.0008, log-rank test) (Figure 5C). Thus, CA9 acceler-
ates tumor growth in the TLBR-3 BIA-ALCL xenograft
model.

Secreted CA9 in BIA-ALCL cell line models and
patients’ samples

Secreted CA9 has been proposed as a biomarker for
CA9-expressing malignancies.22,24-26 We therefore evaluated
secretion of CA9 into the supernatants of BIA-ALCL cell
lines. Secreted CA9 could be detected in culture super-
natants of TLBR-1, -2, and -3 cells at concentrations mir-
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Figure 3. CA9 expression and growth of breast implant-associated anaplastic
large cell lymphoma cell lines. (A) TLBR-1, -2, and -3 breast implant-associated
(BIA) anaplastic large cell lymphoma (ALCL) cell lines show distinct patterns of
CA9 expression under normoxic and hypoxic conditions. HIF-1α serves as a pos-
itive control for hypoxia. TLBR-1 shows constitutive CA9 expression under nor-
moxic conditions, which is further enhanced by hypoxia.  TLBR-2 lacks constitu-
tive CA9 expression but CA9 is induced by hypoxia (canonical hypoxia response).
TLBR-3 shows minimal hypoxia-induced CA9 expression. The effects of siRNA-
mediated CA9 silencing are shown. Representative data from three independent
experiments. (B) Growth of TLBR-1, -2, and -3 cells mirrors CA9 expression.
TLBR-1 cells, which constitutively express CA9, show only slight growth induction
by hypoxia. Growth is inhibited by CA9 silencing. TLBR-2 cells, which show a
canonical hypoxia response, have marked hypoxia-induced growth which is
almost completely reversed by CA9 silencing. Hypoxia does not induce either
growth or CA9 expression in TLBR-3 cells. *P<0.05; ***P<0.001;
****P<0.0001; n.s., not statistically significant.
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Figure 4. Gene signatures associated with hypoxia and CA9 expression in breast implant-associated anaplastic large cell lymphoma cells. (A) CA9 mRNA expres-
sion is induced by hypoxia and inhibited by CA9 siRNA in TLBR-2 breast implant-associated (BIA) anaplastic large cell lymphoma (ALCL) cells. RPKM: reads per kilo-
base per million mapped reads; ****P<0.0001. (B) Heatmap showing relative gene expression in TLBR-2 for each of the three conditions shown in panel A.  RNA
sequencing was performed in triplicate for each condition.  (C) Top panel: TLBR-2 cells cultured under hypoxic conditions show significant enrichment for the set of
genes overexpressed in BIA- versus non-BIA-ALCL tissue samples (“tissue-derived gene set,” defined as log2FC >1 and FDR ≤0.05; cf. Figure 1A). Middle panel: the
HALLMARK HYPOXIA gene set identified by gene set enrichment analysis in BIA- versus non-BIA-ALCL tissue samples is also significantly enriched in hypoxic TLBR-
2 cells. See also Online Supplementary Table S2. Bottom panel: hypoxic TLBR-2 cells treated with CA9 siRNA show marked depletion of REACTOME S PHASE and
other gene sets related to cell cycle and MYC targets. See also Online Supplementary Table S3. FC: fold change; NES: normalized enrichment score; FDR: false dis-
covery rate.
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roring their cellular expression levels (Figure 6A). Since
BIA-ALCL cells can secrete CA9, we next examined
whether CA9 could be detected in peri-implant seroma
specimens involved by BIA-ALCL. Indeed, all ten BIA-
ALCL seroma specimens evaluated contained detectable
CA9, with a mean concentration of 84,046 ± 118,695
pg/mL (range, 423-360,262 pg/mL) (Figure 6B). In contrast,
seromas lacking involvement by BIA-ALCL showed a
mean concentration of 502 ± 390 pg/mL (range, 9-887
pg/mL; P<0.0001, Mann-Whitney test).

Four serum and/or plasma samples from BIA-ALCL
were available to evaluate CA9 concentrations (Online
Supplementary Figure S3). While the CA9 concentration in
normal human serum or plasma is <25 pg/mL,24,26 the plas-
ma CA9 concentration was 128 pg/mL in one BIA-ALCL
patient. Because the number of human blood samples
available for testing was limited, we examined whether
CA9 secreted from BIA-ALCL cells might be detectable in
serum samples using mouse xenograft models. We har-
vested subcutaneous TLBR-1, -2, and -3 tumors when
each tumor reached a volume of 1,000 mm3 and obtained
simultaneous serum samples. Tumor lysate CA9 concen-
trations from TLBR-1, -2, and -3 were 108,175±39,252
pg/mL, 231,070 ± 88,185 pg/mL, and 6,903 ± 1,871 pg/mL,
respectively, based on standardized total protein concen-
trations of 1 mg/mL; all pairwise comparisons showed sig-
nificant differences (Online Supplementary Figure S4). A
similar pattern of serum CA9 concentrations was
observed, with mean values for TLBR-1, -2, and -3 tumor-
bearing mice of 170 ± 46 pg/mL, 183 ± 170 pg/mL, and
122 ± 119 pg/mL; values in all groups were significantly
higher than CA9 concentrations in serum obtained from
non-tumor-bearing mice (46 ± 11 pg/mL) (Figure 6C).
Taken together, these findings indicate that CA9 can be
secreted from BIA-ALCL cells and is detectable in peri-
implant seroma fluid involved by BIA-ALCL.  Serum CA9
concentrations are elevated in sera from BIA-ALCL
xenograft-bearing mice and serum levels in BIA-ALCL
patients should be evaluated in larger cohorts.

Discussion

In this gene expression profiling study comparing BIA-
ALCL to their non-BIA counterparts, we found that BIA-
ALCL demonstrate a hypoxia signature, likely attributable
to the unique microenvironment in which they arise.
Notably, the carbonic anhydrase CA9 was expressed con-
sistently in BIA-ALCL and only minimally in non-BIA-
ALCL. CA9 promoted hypoxia-induced growth in BIA-
ALCL cell lines in vitro and in mouse xenograft models. In
addition, CA9 was significantly elevated in human seroma
samples involved by BIA-ALCL and in serum from BIA-
ALCL xenograft-bearing mice. These findings identify
unique biological features of BIA-ALCL, support its classi-
fication as a WHO entity distinct from other forms of
ALCL, and uncover opportunities to explore hypoxia-relat-
ed proteins and pathways in novel diagnostic, preventive,
or therapeutic strategies for patients with this disease.

RNA sequencing with transcriptomic analysis and
GSEA revealed enhanced expression of hypoxia signaling
pathway genes as a hallmark of BIA-ALCL. A recent study
by Di Napoli et al. also compared the transcriptome of
BIA-ALCL to that of other peripheral T-cell lymphomas
including non-ALCL.27 The authors identified a number of

notable findings, including upregulation of genes involved
in cell motility (e.g., CCR6, MET, and HGF), myeloid cell
differentiation (e.g., PPARG and JAK2), and viral gene tran-
scription (e.g., RPS10), and downregulation of T-cell
receptor signaling genes. Differentially expressed genes
reported by Di Napoli et al. tended to show similar
changes in our dataset (Online Supplementary Figure S6).
However, the gene ontology analysis of Di Napoli et al.
compared BIA-ALCL to non-neoplastic T cells, whereas
our study was designed to identify differences between
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Figure 5. CA9 accelerates breast implant-associated anaplastic large cell lym-
phoma growth in a mouse xenograft model. (A) Mice inoculated with TLBR-3
breast implant-associated anaplastic large cell lymphoma cells stably trans-
duced with a CA9 lentiviral vector develop palpable tumors faster than mice
inoculated with cells transduced with vector control. (B) Mice inoculated with
TLBR-3 cells overexpressing CA9 develop larger tumors than mice inoculated
with control-transduced TLBR-3 cells. (C) Overall survival is shorter in mice bear-
ing CA9-overexpressing TLBR-3 tumors than in those bearing control-transduced
tumors.

A

B

C



BIA-ALCL and TN ALCL arising at other anatomic sites.
Therefore, these two studies are complementary and
emphasize different aspects of BIA-ALCL pathogenesis
for further study. Of note, occasional non-BIA-ALCL
(especially with TN genetics) showed a moderate degree
of CA9 expression, highlighting the need for additional
future study of hypoxia-associated pathways in T-cell
neoplasms other than BIA-ALCL.28

BIA-ALCL arises in a unique tumor microenvironment
consisting of the breast prosthesis, seroma fluid, and sur-
rounding fibrous capsule. Local hypoxia is a well-estab-
lished factor promoting the development of tissue fibro-
sis,29,30 and tissues with artificial prostheses are postulated
to be hypoxic.31,32 For example, Kim et al. showed that the
thickness of the fibrous capsule around silicone implants in
rats was reduced by stem cell-derived endothelial precur-
sor cell conditioned medium, which promotes wound
healing at least in part by reducing tissue ischemia, suggest-
ing the peri-implant microenvironment is hypoxic even in
the non-neoplastic setting.33 The ability to tolerate low
oxygen tension may be critical for pre-neoplastic cells situ-
ated between the prosthesis and peri-implant fibrous cap-
sule to survive and proliferate in the early stages of BIA-
ALCL lymphomagenesis. Since most patients with
implants do not develop BIA-ALCL, however, future stud-
ies should examine possible interplay between hypoxia
and recurrent genetic events reported in this disease, such
as mutations in JAK-STAT and epigenetic modifier genes.17

Furthermore, it would be of interest to compare the molec-
ular signature of BIA-ALCL with that of other effusion-
associated malignancies such as primary effusion lym-
phomas of B-cell origin, in which targetable hypoxic meta-
bolic pathways have been reported previously.34,35

Among genes within the hypoxic signature, we identi-
fied CA9 as being most robustly overexpressed in BIA-
ALCL, a finding we validated at the protein level by
immunohistochemistry. CA9 is a hypoxia-inducible
enzyme that catalyzes reversible hydration of carbon diox-
ide to bicarbonate ions and protons.22 CA9 is expressed in
a variety of solid cancers and has been associated with
poor prognosis.36-38 Overexpression of CA9 represents an
adaptive response to hypoxia by which cancer cells control
intracellular and extracellular pH, facilitating survival and
growth in an acidic tumor microenvironment.22,39-44 Our
data on silencing CA9 expression in hypoxia-inducible
TLBR-2 cells and overexpressing CA9 in hypoxia-insensi-
tive TLBR-3 cells indicate that CA9 promotes growth of
BIA-ALCL cells. Although CA9 inhibitors have been devel-
oped,23 the direct therapeutic implications of our findings
for BIA-ALCL are unclear since disease limited to the
hypoxic seroma and surrounding capsule is adequately
managed by surgery alone in most cases.3 We did not have
adequate tissue material from disseminated BIA-ALCL to
evaluate whether CA9 expression is retained outside its
native microenvironment. Nevertheless, understanding the
role of CA9 and other hypoxic signaling pathways in early
BIA-ALCL could lead to less invasive strategies to manage
localized disease and/or novel prosthetic approaches that
decrease the risk of its development.

Our findings also suggest that CA9 could be useful as a
biomarker for screening, detection, and/or follow-up of
BIA-ALCL. CA9 expression in normal human tissues is
limited to gastric, colonic, and gallbladder epithelium.22

Clear cell renal cell carcinoma is a prototypic malignancy
expressing high CA9, in which recurrent VHL mutations

lead to increased expression of hypoxia-associated genes
including CA9; accordingly, CA9 is a widely-used
immunohistochemical marker to distinguish clear cell
renal cell carcinoma from other renal tumors.45 In addition,
serum CA9 levels are associated with tumor size, grade,
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Figure 6.  CA9 as a candidate biomarker in breast implant-associated anaplas-
tic large cell lymphoma. (A) TLBR-1, -2, and -3 cell lines secrete CA9 into culture
supernatant proportionally to their cellular expression, as determined by west-
ern blot (cf. Figure 3A). Data represent three replicates measured by CA9
enzyme-linked immunosorbent assay. (C) Peri-implant seroma samples involved
by breast implant-associated (BIA) anaplastic large cell lymphoma (ALCL) have
significantly higher CA9 concentrations than those not involved by BIA-ALCL.  (C)
Serum samples obtained from mice bearing 1000 mm3 subcutaneous TLBR-1, -
2, and -3 tumors have significantly higher CA9 concentrations than those from
non-tumor-bearing mice. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001
(Mann-Whitney test). PBS: phosphate-buffered saline.
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and metastatic status of clear cell renal cell carcinoma and
high preoperative levels are associated with postoperative
recurrence.26 We demonstrated that CA9 is readily secret-
ed by BIA-ALCL cells in vitro and that significantly elevat-
ed CA9 concentrations are present in peri-implant sero-
mas involved by BIA-ALCL. Various inflammatory condi-
tions can cause peri-implant seromas,46,47 and the diagnosis
of BIA-ALCL in seroma fluid can be a significant challenge
if neoplastic cells are rare. Hanson et al. recently reported
specificity of an enzyme-linked immunosorbent assay for
CD30 in seroma specimens involved by BIA-ALCL,48

while Kadin et al. reported that BIA-ALCL cell lines secrete
a unique cytokine profile that includes interleukin-13.7 A
multi-analyte approach incorporating CA9 that evaluates
these proteins in seroma fluid could greatly facilitate the
diagnosis of BIA-ALCL when few atypical cells are pres-
ent and could potentially guide the decision regarding
implant removal in suspicious cases in which definite neo-
plastic cells cannot be identified. This prospect should
encourage international collaboration and standardized
seroma collection protocols to facilitate progress given the
rarity of BIA-ALCL. The role of serum CA9 measurement
in BIA-ALCL remains unclear because limited samples
were available for analysis. However, we identified elevat-
ed CA9 concentrations in serum samples from BIA-ALCL
xenograft-bearing mice, and the role of serum CA9 as a
possible biomarker to predict or monitor disease activity
should be evaluated in larger human studies.
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