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ABSTRACT

Background Citrulline post-translational modification

of proteins is mediated by protein arginine deiminase
(PADI) family members and has been associated with
autoimmune diseases. The role of PADI-citrullinome in
immune response in cancer has not been evaluated. We
hypothesized that PADI-mediated citrullinome is a source
of neoantigens in cancer that induces immune response.
Methods Protein expression of PADI family members was
evaluated in 196 cancer cell lines by means of indepth
proteomic profiling. Gene expression was assessed using
messenger RNA data sets from The Cancer Genome Atlas.
Immunohistochemical analysis of PADI2 and peptidyl-
citrulline was performed using breast cancer tissue
sections. Citrullinated 12—-34-mer peptides in the putative
Major Histocompatibility Complex-Il (MHC-II) binding range
were profiled in breast cancer cell lines to investigate the
relationship between protein citrullination and antigen
presentation. We further evaluated immunoglobulin-bound
citrullinome by mass spectrometry using 156 patients with
breast cancer and 113 cancer-free controls.

Results Proteomic and gene expression analyses
revealed PADI2 to be highly expressed in several cancer
types including breast cancer. Inmunohistochemical
analysis of 422 breast tumor tissues revealed increased
expression of PADI2 in ER— tumors (p<0.0001); PADI2
protein expression was positively correlated (p<0.0001)
with peptidyl-citrulline staining. PADI2 expression exhibited
strong positive correlations with a B cell immune signature
and with MHC-II-bound citrullinated peptides. Increased
circulating citrullinated antigen—antibody complexes
occurred among newly diagnosed breast cancer cases
relative to controls (p=0.0012).

Conclusions An immune response associated with
citrullinome is a rich source of neoantigens in breast
cancer with a potential for diagnostic and therapeutic
applications.

INTRODUCTION

Dysregulated  protein  citrullination by
peptidyl arginine deiminases (PADI) has
been associated with autoimmune diseases,
with recent interest in its relevance to cancer
given the occurrence of autoimmunity as a
manifestation of cancer.' * PADI comprises
a family of enzymes that, in the presence of
calcium ions, catalyze the post-translational

I

modification of proteins via the deamination
of arginine to citrulline. In total, five PADI
family members are known with sequence
homology ranging from 70% to 95%.> To
date no enzyme has been identified that can
reverse protein citrullination. The role of
protein citrullination has been best investi-
gated in the context of rheumatoid arthritis
(RA), where elevated protein citrullination,
notably of keratins, filaggrin, vimentin, actin,
histones, nucleophosmin, and nuclear lamin
C, has been shown to elicit an autoimmune
response.3 * Autoimmunity in RA is consid-
ered to be principally facilitated through
Major Histocompatibility Complex (MHC)
class II-mediated presentation of citrullinated
peptides that elicit a B cell response.’® There
is also currently increased interest in MHC-II
neoantigens as shaping tumor immunity.”
Comprehensive assessment of the expres-
sion of PADI family members in cancer has
been limited. PADI4 has been investigated
largely with respect to its interactions with
histone H3, ING4, p53, and HDAC2.*"
Moreover, the extent to which protein
citrullination in tumors induces an immune
response is largely unexplored. Studies aimed
at interrogating antitumor immunity against
citrulline-peptides of vimentin and o-enolase
have demonstrated that these peptides can
trigger a CD4+ T cell response,'” ' providing
evidence that protein citrullination in tumors
may be immunogenic. Given the antigenicity
of citrullinated proteins, exploration of PADI
family members among cancer types and
their impact on citrullination and immune
response has potential for the development
of tumor vaccines with citrullinated antigens
or for identification of citrullinated antigens
as biomarkers for cancer detection or predic-
tion of response to immunotherapy.7 s
Herein, we evaluated the protein expres-
sion of PADI family members among 196
cancer cell lines reflective of 12 common
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cancer types by proteomic profiling as well as by analysis of
messenger RNA (mRNA) expression data sets from The
Cancer Genome Atlas (TCGA) for 9721 human tumors
consisting of 32 different cancer types. Using mass spec-
trometry, we further explored the association of PADI2
with the citrullinome of 28 breast cancer cell lines and
confirmed the findings of PADI2 expression and citrul-
lination in 422 breast tumors analyzed by immunohisto-
chemistry (IHC). We additionally interrogated whether
PADI2-mediated citrullination is associated with a distinct
tumor immunophenotype using TCGA gene expression
data sets and immunohistochemical analysis of human
breast cancer tumors. We further provide evidence for
circulating autoantibodies against citrullinated tumor-
associated proteins in breast cancer.

METHODS

Mass spectrometry analyses

Breast cancer cell line citrullinome analysis

Proteomic analysis was performed as previously
described.'" For indepth citrullinome analysis, 28 breast
cancer cell lines (MCF7, MDA-MB-231, SKBR3, HCC1954,
HCC1143, BT474, HCC1500, T47D, ZR75-1, HCC1937,
HCC1599, HCC202, HCC1806, MDA-MB-468, HCC2218,
HCC70, HCC1187, Hs578T, BT549, MCF10A, MCF12A,
MDA-MB-361, HCC1395, CAMAl, HCC38, MDA-MB-
436, BT20, and MDA-MB-157) were labeled with 13C6
Lys (#CNLM-2247; Cambridge Isotope Laboratories) in
RPMI 1640 containing 10% dialyzed Fetal Bovine Serum
(FBS) and 1% penicillin/streptomycin cocktail (Gibco).
Stable Isotope Labeling by Amino acid in Cell culture
(SILAC labeling)* was performed to discriminate FBS-
derived proteins from cell proteins.

For proteomic analysis of whole cell lysates, —2x10”
cells were lysed in 1mL of Phosphate-Buffered Saline
(PBS) containing octyl-glucoside (1% w/v) and protease
inhibitors (cOmplete Protease Inhibitor Cocktail, Roche
Diagnostics), followed by sonication and centrifugation
at 20,000x gwith collection of the supernatant and filtra-
tion through a 0.22pm filter. Two milligrams of Whole
Cell Extract (WCE) proteins were reduced in Dithio-
threitol (DTT) and alkylated with acrylamide before
fractionation with Reversed Phase-High Performance
Liquid Chromatography (RP-HPLC). A total of 84 frac-
tions were collected at a rate of 3 fractions/min. Mobile
phase A consisted of Water (H,O): Acetonitrile (ACN)
(95:5, v/v) with 0.1% Trifluoroacetic acid (TFA). Mobile
phase B consisted of ACN:H,O (95:5) with 0.1% TFA.
Collected fractions from HPLC were dried by lyophiliza-
tion, followed by insolution digestion with trypsin (Mass
Spectrometry Grade, Thermo Fisher Scientific).

Based on the chromatogram profile, 84 fractions were
pooled into 24 fractions for Liquid Chromatography-
Tandem mass spectrometry (LC-MS/MS) analysis per cell
line. In total, 2688 fractions were subjected to Reversed
Phase Liquid Chromatography-Tandem mass spec-
trometry (RPLC-MS/MS) using a nanoflow LC system

(EASYnano HPLC System, Thermo Fisher Scientific)
coupled online with LTQ Orbitrap ELITE mass spec-
trometer (Thermo Fisher Scientific). Separations were
performed using 75pm inner diameter (id) x 360pm
od x 25 cm long fused-silica capillary column (Column
Technology) slurry packed with 3pm, 100 A° pore size
C18 silica-bonded stationary phase. Following injection
of ~500ng of protein digest onto a C18 trap column
(180 pm id x 20 mm; Waters), peptides were eluted using
a linear gradient of 0.35% mobile phase B (0.1 formic
acid in ACN) per minute for 90 min, then to 95% B for
an additional 10 min, all at a constant flow rate of 300nL/
min. Eluted peptides were analyzed by LTQ Orbitrap
ELITE in a data-dependent acquisition mode. Each full
MS scan (400-1800 m/z) was followed by 20MS/MS
scans (Collision-Induced Dissociation (CID) normalized
collision energy of 35%). Acquisition of each full mass
spectrum was followed by acquisition of MS/MS spectra
for the 20 most intense +2, +3,or +4 ions within a duty
cycle; dynamic exclusion was enabled to minimize redun-
dant selection of peptides previously selected for MS/MS
analysis. Parameters for MS1 were 60,000 for resolution,
1x10° for automatic gain control target, and 150 ms for
maximum injection time. MS/MS was done by CID frag-
mentation with 3x10* for automatic gain control, 10 ms
for maximum injection time, 35 for normalized collision
energy, 2.0m/z for isolation width, 0.25 for activation ¢
value, and 10 ms for activation time.

MS/MS spectra were searched against the UniProt
human proteome database (January 2017) using Sequest
HT in Proteome Discoverer V.1.4 pipeline. One fixed
modification of propionamide at Cys (71.037114Da)
and three variable modifications, oxidation at Met
(15.9949Da), deamidation at Arg (0.984016Da), and
SILAC 13C6 at Lys (6.0201 Da), were chosen. The mass
error allowed was 10 parts per million (ppm) for parent
monoisotopic and 0.5Da for Tandem mass (MS2) frag-
ment monoisotopic ions. Full trypsin was specified as
protein cleavage site, with possibility of two missed cleav-
ages allowed. The searched result was filtered with False
Discovery Rate (FDR)=0.01,and the peptides with deam-
idated Arg at C-terminal of the tryptic peptides were
considered as false identification and removed as well.

Plasma Ig-bound citrullinome analysis

Clinical subjects for Ig-bound analysis

Plasma samples were collected from 156 women with
newly diagnosed breast cancer (0-0.8 years) as cases
and 40 age-matched cancer-free women as control. For
the cases, only patients who had no documented distant
metastasis at the time of sample collection were included
in this study. Written informed consent was obtained.
The timing of blood draw was after the diagnostic biopsy
and prior to neoadjuvant chemotherapy, or definitive
surgery in patients who did not receive chemotherapy in
the neoadjuvant setting® (online supplemental tables S4
and S6). The additional 73 healthy control plasmas were
obtained from MD Anderson Cancer Center Gynecologic
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Tissue Bank following institutional review board approval
and informed consent (online supplemental table S4).

Plasma Ig-bound workflow

Plasma immunoglobulin (Ig)-bound proteins were
prepared and analyzed as described previously.** Twen-
ty-six pooled plasma samples from 156 women with newly
diagnosed breast cancer and 12 pooled plasma samples
from 113 cancerfree subjects as controls were analyzed
(online supplemental table S4). Briefly, 100 pL of pooled
plasma for each experimental condition was processed
with the immuno-depletion column Hu-14 10x100mm
(#5188-6559; Agilent Technologies, Santa Clara, Cali-
fornia, USA) to remove the top 14 high abundance
proteins: albumin, IgG, IgA, transferrin, haptoglobin,
fibrinogen, ol-antitrypsin, oal-acid glycoprotein, apoli-
poprotein Al, apolipoprotein All, complement C3, trans-
thyretin, IgM, and o2-macroglobulin. The bound fraction
was used for IgG-bound protein analysis as previously
described.***

LC-High-Definition MSE (HDMSE) data were acquired
in resolution mode with SYNAPT G2-S using Waters Mass-
lynx (V.4.1, SCN851). The capillary voltage was set to 2.80
kV, sampling cone voltage to 30 V, source offset to 30 V,
and source temperature to 100°C. Mobility used high-
purity N, as the drift gas in the Ion-Mobility Spectrom-
etry (IMS) TriWave cell. Pressures in the helium cell, trap
cell, IMS TriWave cell, and transfer cell were 4.50 mbar,
2.47e-2 mbar, 2.90 mbar, and 2.53e-3 mbar, respectively.
The IMS wave velocity was 600 m/s, the helium cell DC
was 50 V, the trap DC bias was 45 V, the IMS TriWave
DC bias was 3 V, and the IMS wave delay was 1000 ps.
The mass spectrometer was operated in V-mode with a
typical resolving power of at least 20,000. All analyses
were performed using positive mode Electrospray Ioniza-
tion (ESI) using a NanoLockSpray source. The lock mass
channel was sampled every 60s. The mass spectrometer
was calibrated with a [Glul]-fibrinopeptide solution
(300fmol/pL) delivered through the reference sprayer
of the NanoLockSpray source. Accurate mass LC-HDMSE
data were collected in an alternating low-energy (MS)
and high-energy (MSE) mode of acquisition with mass
scan range from 50 m/z to 1800 m/z. The spectral acqui-
sition time in each mode was 1.0s, with a 0.1s interscan
delay. In low-energy HDMS mode, data were collected
at constant collision energy of 2eV in both trap cell and
transfer cell. In high-energy HDMSE mode, the collision
energy was ramped from 25 eV to 55 eV in the transfer cell
only. The RF applied to the quadrupole mass analyzer was
adjusted such that ions from 300 m/z to 2000 m/z were
efficiently transmitted, ensuring that any ions observed
in the LC-HDMSE data less than 300 m/z were known to
arise from dissociations in the transfer collision cell.

The acquired LC-HDMSE data were processed and
searched against the UniProt human proteome data-
base (January 2017) through ProteinLynx Global Server
(Waters Company) with false discovery rate of 4%. The
modification search settings and the deamidated Arg,

C-terminal miss cleavage assessment were the same with
the cell line citrullinome. The plot values are represented
as the number of citrullinated proteins relative to the total
unique peptides per sample as to adjust for batch effects
that occurred during the data acquisition. The Ingenuity
Pathway Analysis (IPA) network analysis of plasma IgG-
bound was done by calculating the ratio of the spectral
counts of the citrullinome in each BC receptor subtype
compared with healthy controls with greater than or
equal to 1.5.

Plasma autoantibody western blot assay

The recombinant unmodified vimentin (#11234; Cayman
Chemical) was incubated with 100mM 4-(2-hydroxyethy
1)-1-piperazineethanesulfonic acid (HEPES) (pH 7.6)
containing 100mM NaCl and 1mM CaCl, buffer and
stored under room temperature for lhour, and the
citrullinated form was prepared. Each of the recombi-
nant unmodified vimentin and citrullinated vimentin was
loaded 0.1 pg, 0.5 pg, and 1.0pg to Criterion XT 12%
gel and transferred to Polyvinylidene difluoride (PVDF)
membrane using Trans-Blot Turbo Transfer System
(#1704150; BioRad). From the healthy control (n=8
pooled) and Triple negative breast cancer (TNBC) stage
II (n=11 pooled), 2 pL of plasmas was diluted 150-fold with
0.05% casein dissolved in Tris-buffered saline containing
0.01% Tween 20 (TBST) and incubated with the recom-
binant proteins transferred PVDF membrane for 2 hours,
respectively. Then after washing the membrane with
TBST, the secondary antibody of ECL anti-human IgG
horseradish peroxidase-linked whole Ab (GE Health-
care #NA933) was added and stored for 1hour in room
temperature, followed by Clarity Western ECL (#170-
5061; BioRad) detection. The band intensities were read
by Image] V.1.46r (https://imagej.nih.gov/).

Plasma autoantibody ELISA assay

Clinical subjects for the plasma ELISA assay

Eleven newly diagnosed stage II TNBC patient plasmas
and 31 healthy controls were used for autoantibody assays.
Case plasmas were derived from a subset of patients in
the breast cohort that were used for proteomic analyses of
Ig-bound proteins that had sufficient volume. The inde-
pendent set of healthy control plasmas was obtained from
the MD Anderson Cancer Center Gynecologic Tissue
Bank as described above (online supplemental tables S4
and S6).

Plasma autoantibody assay method

Concentrations of antivimentin and anticitrullinated
vimentin autoantibodies were determined using Luminex
bead-based immunoassays on the MAGPIX instrument
(Luminex Corporation, Austin, Texas). Samples were
analyzed in the same batch in random order. MagPlex
Microspheres were conjugated with purified recombi-
nant vimentin (#11234; Cayman Chemical) and recombi-
nant citrullinated vimentin (#21942; Cayman Chemical)
at 5 pg/million concentration. The samples were tested at
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the final dilution of 1:16,250. The acid dissociated auto-
antibodies were prepared by 5pL plasma diluted 50-fold
with 0.1 M Gly-HCI (pH 3.0), stored under room tempera-
ture for 30 min, and exchanged buffer to Reagent Diluent
Concentrate 2 buffer (#841380; R&D Systems) using Zeba
Spin Column (#89890; Thermo Fisher Scientific). The
samples were incubated with MagPlex beads for 2hours
at room temperature on a shaker. After the samples were
washed with Phosphate-Buffered Saline with Tween 20
(PBST), PE-conjugated secondary antibody was used to
incubate samples for 30 min. The measured fluorescent
intensity of each well was read using MAGPIX instrument.
The TNBC stage II plasmas in online supplemental table
S4 were used for the assay, and anonymous individual
subject information is presented in online supplemental
table S6.

Cell surface Human Leukocyte Antigen (HLA)-bound peptidyl-
citrullinome

A total of 5x10° HCC1954 and TNBC MDA-MB-468 cells
were used for culture in peptidyl-citrullinome analysis
using the LTQ Orbitrap ELITE as described previously.*
The MS/MS spectra were searched against the UniProt
human proteome database (January 2017) using Sequest
HT in Proteome Discoverer V.1.4 pipeline. The search
was conducted for amino acid lengths from 8 to 34. Two
variable modifications, oxidation at Met (15.9949Da)
and deamidation at Arg (0.984016Da), were chosen. The
mass error allowed was 10 ppm for parent monoisotopic
and 0.5Da for MS2 fragment monoisotopic ions. The
searched result was filtered with FDR=0.01. The identi-
fied peptides with amino acid lengths putatively from 8 to
11 were considered as MHC-I binding peptides and from
12 to 34 as MHGCHII binding peptides.

We additionally performed in silico binding affinity
predictions between peptides and MHC-II molecules
using the well-established prediction tool NetMHCI-
Ipan V.2.3.%”* Briefly, identified peptide sequences were
loaded to the prediction tool NEetMHC-II pan2.3, then
the data were sorted by the binding peptide core affinity
prediction (IC50, nM) with MHC-II pocket assessed by
the artificial intelligent network SSNAlignment, and
the percentile rank that is generated by comparing the
peptide’s score against the scores of one million random
15 mers selected from Swiss-Prot database.

PADI2 siRNA knockdown

Transient knockdown of PADI2 was performed by
transfecting cells with 50nM of siControl (Silencer
Select Negative Control No 1; Thermo Fisher Scien-
tific), siPADI2#1 (s22187; Thermo Fisher Scientific),
and siPADI2#2 (s22188; Thermo Fisher Scientific) in
Lipofectamine RNAIMAX (Thermo Fisher Scientific).
After 72 hours of transfection, total RNA was isolated
using RNeasy Mini Kit (Qiagen, Germantown, Mary-
land). Reverse transcription was performed with 1ng
of total RNA using High-Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher Scientific) and real-time

PCR performed using TagMan Gene Expression Assays
(Hs00247108_m1, PADI2 FAM-MGB; Thermo Fisher
Scientific). 18S (Hs99999901_s1, VIC-MGB; Thermo
Fisher Scientific) was used as an internal control. All
samples were assayed in triplicate.

Proteins were extracted using 8 M urea and 50mM
triethylammonium bicarbonate (TEAB) with protease
inhibitor cocktail (cOmplete Protease Inhibitor Cock-
tail, Millipore Sigma). A total of 100 pg protein was used
for Tandem Mass Tag (TMT) labeling per channel. After
reduction with TCEP (tris(2-carboxyethyl) phosphine)
and alkylation with acrylamide, proteins were digested
with Lys-C (Wako) overnight at 37°C. Digested peptides
were desalted with MonoSpin C18 column (GL Sciences,
Tokyo, Japan) and dried by speedvac. The tryptic peptides
were resuspended in 0.1 M TEAB buffer/acetonitrile and
reacted with each TMT channel for 1 hour (TMTsixplex
Isobaric Label Reagent Set, Thermo Fisher Scientific)
and then quenched with hydroxylamine, mixed together,
and dried by speedvac. Tryptic peptides were subse-
quently fractionated under high-pH conditions using
MonoSpin L C18 column (GL Sciences) in 0.1% trime-
thylamine /acetonitrile with step elution of acetonitrile
into 10 fractions.

Fractionated peptides were injected into an EASYnano
HPLC System (Thermo Fisher Scientific) online
coupled with Q Exactive Mass Spectrometer (Thermo
Fisher Scientific). The system was equipped with Waters
Symmetry Cl8 nanoAcquity trap column (180pm x
20mm, 5pm) and a CI8 analytical column (75pm x
200mm, 3pm) (Column Technology). The separation
column temperature was set ambient, and the tempera-
ture of the tray compartment in the autosampler was set
at 6°C. The parameters for mass spectrometer were the
following: spray voltage 2.5 kV, capillary temperature
320°C, Fourier Transform (FT) resolution 70,000, AGC
target value 3x106, and 1 microscan with 30 ms injection
time. Mass spectra were acquired in a data-dependent
mode in the range of 350-1800 m/z. The step gradient
of normalized collision energy 20, 25, and 35 was applied
to induce fragmentation. Acquisition of each full mass
spectrum was followed by acquisition of MS/MS spectra
for the 10 most intense +2, +3,or +4 ions within a duty
cycle. The acquired LC-MS/MS data were processed by
Proteome Discoverer V.1.4 (Thermo Fisher Scientific).
Sequest HT was used as a search engine with the param-
eters including fixed modification of Cys alkylated with
acrylamide (+71.03714), Lys with TMT (+229.162932,
N-terminal and Lys), and variable modification of Met
oxidation (+15.99491) and Arg deamidation (+0.984016).
Mass error of 10 ppm was allowed for the parent MS1 and
0.02Da was allowed for the MS2 fragments. Data were
searched against the UniProt human database (2017)
and were further filtered with FDR=0.01 and TMT ratios
were quantified.

4

Katayama H, et al. J Immunother Cancer 2021;9:002549. doi:10.1136/jitc-2021-002549


https://dx.doi.org/10.1136/jitc-2021-002549
https://dx.doi.org/10.1136/jitc-2021-002549
https://dx.doi.org/10.1136/jitc-2021-002549
https://dx.doi.org/10.1136/jitc-2021-002549

3

Open access

Table 1 Citrullinated protein count in breast cancer tissues (n=422) in relation to PADI2 expression and clinical parameters

PADI2 expression*

Low- Moderate-
Variable Low moderate high High Comparison P valuet OR (95% CI)t
Age
<50 77 57 40 60 Age <50vs >50 0.0477 1.55 (0.91 to 2.59)
>50 43 45 48 52
Grade
=l 93 68 56 50 Grade I+llvs lI <0.0001 8.12 (3.83 to 17.44)
I} 11 21 22 48
Unknown 16 1k} 10 14
Stage
I 12 11 10 10 Stage | vs lI+Il1+IV 0.8284 1.13 (0.49 to 2.75)
I 90 75 62 85 Stage I+llvs llI+IV 0.8618 1.01 (0.51 to 2.01)
11l 17 15 16 17
\Y 1 1 0 0
Receptor subtype
Luminal A 61 30 19 17 HR+ vs HR- <0.0001 6.71 (3.75 to 11.66)
Luminal B 32 29 17 21 TNBC vs non-TNBC  <0.0001 4.33 (2.41t0 8.12)
HER2-enriched 7 14 14 22
TNBC 20 29 38 52
Citrullination
Low 19 9 9 11 Citrullination <0.0001 4.45 (2.48 t0 7.78)
(low+low-moderate vs moderate-high+high)
Low-moderate 77 57 49 42 Citrullination <0.0001 7.97 (2.5 to 25.95)
(high vs rest)
Moderate-high 21 29 22 40
High 3 7 8 19

*PADI2 and peptidyl-citrulline (citrullination) staining positivity: low: 0%—-24%; low-moderate: 25%-49%; moderate-high: 50%-74%; high: >75%.
1P value represents two-sided X test for trend between PADI2 staining positivity and the respective comparative groups.

1OR (95% CI) for comparison of high PADI2 (>75% staining positivity) vs low PADI2 (0%—-24% staining positivity) expression.

HR, Hormone Receptor; PADI2, protein arginine deiminase 2; TNBC, Triple Negative Breast Cancer.

Immunohistochemistry

Clinical subjects for breast cancer tissue microarray analysis
Breast cancer tissue microarrays (TMA; BC081120C,
BR20810, and BR20811), including 127 Luminal A, 99
Luminal B, 57 HER2-enriched, and 139 TNBC from a
total of 422 patient tissues, were used for assessment
of PADI2 expression related to clinical parameters and
coexpression with peptidyl-citrulline (table 1).

IHC workflow

Healthy TMA (BNO0Ola) and breast cancer tissue
sections (HuCAT297, HuCAT298, 2017-16604A TNBC,
Fmg0105378 Her2+, and Fmg030209B5 ER+) were
purchased from US Biomax (Rockville, Maryland, USA),
and healthy mammary gland tissue section was obtained
from Zyagen (HP-414). Sections were deparaffinized in
xylene, rehydrated in a descending ethanol series, and
then treated with 3% hydrogen peroxide for 10min.
Antigen retrieval was conducted in a pressure cooker in
1X ImmunoDNA Retriever with Citrate (Bio SB, Santa
Barbara, California, USA) and 0.1% Tween 20 at 121°C

for 15min. Sections were hybridized with 1:2000 times
diluted anti-PADI2 monoclonal antibody (66386-1-1g;
Proteintech, Rosemont, Illinois, USA), 1:1000 times
diluted anticitrulline monoclonal antibody (Clone F95;
Millipore Sigma, Burlington, Massachusetts, USA), 1:250
times diluted anti-CD20cy monoclonal antibody (Clone
L.26; Agilent Technologies), 1:50 times diluted anti-CD19
monoclonal antibody (Clone LE-CDI19; Agilent Tech-
nologies), and 1:1000 times diluted anti-pan-cytokeratin
monoclonal antibody (Clone AE1/AE3+5D3; Abcam,
Cambridge, UK) for 16hours at 4°C. After washing with
Tris Buffered Saline (TBS) for 5min x3, signal develop-
ment was performed by Histofine DAB-2V Kit (Nichirei
Bioscience, Tokyo, Japan). Images were scanned by MD
Anderson Cancer Center (MDACC)-North Campus
Research Histology Core Laboratory and analyzed using
Aperio Imagescope (Leica Biosystems, Buffalo Grove, Illi-
nois, USA). For PADI2 and citrulline IHC evaluation was
independently performed by three operators. Positivity of
cancer cells was scored as low (0%—-24%), low-moderate
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(25%-49%), moderate-high (50%-74%), and high
(75%-100%),and p values were calculated by two-sided
X* test for trend between PADI2 staining positivity and
the respective comparative groups. Since BR20810 and
BR20811 consisted of duplicate tissues per patient, we
derived an average score.

For antigen absorption-based IHC, we used a previously
developed method® with slight modification. Anti-PADI2
antibody was 2000x and mixed with various concentra-
tions of recombinant citrullinated fibrinogen (#18473;
Cayman Chemical) and uncitrullinated fibrinogen
(#16088; Cayman Chemical) and incubated at 4°C over-
night. After centrifugation at 20,000x g for 30 min, the
supernatant was used as primary antibody for IHC. Reac-
tivity of the antibody was confirmed using breast invasive
ductal carcinoma tissue sections, and positive staining
was observed in the presence of unmodified fibrinogen,
whereas staining was abrogated in the presence of citrul-
linated fibrinogen (online supplemental figure S2A-C).

Gene expression data

TCGA gene expression data, HM450 methylation data,
and clinical data were downloaded from cBioPortal.”
Gene expression for the Curtis ef aldata set’ was obtained
through the Oncomine database.™

Immune cell signature analyses

Immune signatures were derived as previously described.”
Briefly, specific immune cell infiltration was computa-
tionally inferred using RNA-Seq data based on gene sets
overexpressed in one of 24 immune cell types according
to Bindea et al® Scoring of TCGA cancer samples for
each of the immune cell signatures and for expression of
antigen presentation MHC class I (APM1) genes (HLA-
A/B/C, B2M, TAP1/2, TAPBP) or antigen presentation
MHC class II (APM2) genes (HLA-DR/DQ/DP/DM) is
described elsewhere.”

Statistical analyses

Unsupervised hierarchical clustering heatmaps were
generated using R statistical software. Figures were gener-
ated using R statistical software or GraphPad Prism V.8.
Spearman’s correlation analyses were performed to assess
relationships between continuous variables. Fisher’s exact
tests were used to assess relationships between categorical
variables. All statistical tests were two-sided unless speci-
fied otherwise.

RESULTS

PADI2 is highly expressed in breast cancer among various
cancer types

Analysis of proteomic mass spectrometry data for 196
cancer cell lines representing 12 different cancer types
revealed that, of the five family members, PADI2 had
the highest expression with particularly elevated levels
in breast cancer (figure 1A). Using mRNA expression
data sets from TCGA, we further interrogated differential

expression of PADI family members among 9721 human
tumors consisting of 32 different cancer types. Concor-
dantwith proteomic data, relative to the other PADI family
members, PADI2 exhibited the highest mRNA expres-
sion levels (RNA Seq V2 RSEM) among the cancer types
(figure 1B). We determined the differential expression
of PADI2 among breast cancer subtypes in 1725 breast
tumors and 144 normal breast tissues from the Curtis et
al cohort.® Breast tumors exhibited statistically signifi-
cantly elevated mRNA expression of PADI2 compared
with normal breast tissues with an increasing trend from
Luminal A/B, HR-/HER2-enriched to TNBC tumors
(Dunn’s multiple comparison test, two-sided p<0.001;
figure 1C). Spearman’s correlation analyses between
PADI2 mRNA expression and HM450 methylation B
values further indicated statistically significant inverse
associations for most of the cancer types, suggesting that
PADI2 gene expression is in part regulated through DNA
methylation (figure 1D).

Proteomics revealed PADI2-mediated citrullinome in breast
cancer

We next examined whether the extent of protein citrulli-
nation was reflective of differential expression of PADI2
among the breast cancer subtypes. Global analysis of the
protein citrullinome in whole cell lysates of 28 breast
cancer cell lines (8 Luminal A/B, 5 Hormone Receptor
(HR)-/HERZ2-enriched, and 15 TNBC) by mass spectrom-
etry with a strict criteria of FDR=0.01 revealed that the
total number or citrullinated spectra in the cell lines had
positive correlation with PADI2 expression level (Pearson
correlation=0.302; figure 2A) and TNBC had signifi-
cantly higher number of citrullinated proteins compared
with Luminal A/B (p=0.0118; figure 2B). The heatmaps
in figure 2C demonstrate the discrimination between
Luminal A/B, HR-/HER2-enriched and TNBC (anal-
ysis of variance, two-sided p<0.05). Of the citrullinated
proteins identified in the whole cell lysates, their cellular
localization was classified as nucleus (22.8%), cytoplasm
(59.6%), plasma membrane (10.5%), and extracellular
space (7.0%) based on Ingenuity Pathway Analysis (www.
ingenuity.com)®” (online supplemental table S1). We also
identified citrullinated vimentin (online supplemental
table S1) and citrullinated o-enolase (online supple-
mental table S2), which are known to occur in autoim-
mune diseases.”* "’

Positive correlation of PADI2 and citrullinome in TMA analysis
To confirm the association of PADI2 expression with
protein citrullination in breast tumor tissues, we assessed
PADI2 protein expression and citrullinome by means
of IHC in 422 breast tumors (table 1). PADI2 protein
expression in the cohort of 422 breast tumors was statisti-
cally significantly higher in grade III versus grades I and II
tumors (X* test, two-sided p<0.0001), Estrogen Receptor
(ER)- (HR-/HER2-enriched and TNBC) versus ER+
(Luminal A/B) (X? test, two-sided p<0.0001), and TNBC
versus non-TNBC (X? test, two-sided p<0.0001) (table 1).
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Figure 1 PADI family gene and protein expression in various cancer types. (A) Proteomic analysis of PADI family protein
expression in whole cell lysates from 196 cancer cell lines stratified by cancer type. Values represent spectral counts of the
peptides in common as well as unique sequences that distinct PADI family members. The PADI2 protein expression was
highest among other family members and relatively enriched in breast cancer. (B) mRNA levels of PADI family members for 9721
TCGA-derived human tumors consisting of 32 different cancer types. Data were obtained from cBioPortal that were normalized
based on autoscaled z-score.*® Concordantly, PADI2 gene expression was highest among other PADI family members. (C)
Gene expression of PADI family members in the Curtis et al breast cohort®® for 144 normal breast tissues as well as 1725
breast tumors stratified by hormone receptor subtype. Statistical significance was determined by Dunn’s multiple comparison
test, and significant elevation of PADI2 was observed in breast cancer compared with normal control. (D) Heatmap depicting
Spearman’s correlation coefficients between PADI2 mRNA expression and HM450 methylation B values for 32 different cancer
types as well as all cancers combined. HM450 methylation data were obtained from cBioPortal.>° TCGA abbreviations: ACC,
adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous
cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid
neoplasm diffuse large B cell ymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck
squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary
cell carcinoma; LAML, acute myeloid leukemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD,
lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma;
PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; SARC,
sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA,
thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal
melanoma. mRNA, messenger RNA; PADI, protein arginine deiminase; TCGA, The Cancer Genome Atlas; NSCLC, Non-Small
Cell Lung Cancer; TNBC, Triple Negative Breast Cancer.

PADI2 expression was not associated with age or stage =~ PADI2 protein expression (OR: 4.45, 95% CI 2.48 to 7.78;
in a statistically significant manner (table 1). Staining  X* test, two-sided p<0.0001; table 1, online supplemental
for peptidyl-citrulline (low+low-moderate vs moderate-  figure S3). Staining for PADI2 and peptidyl-citrulline was
high+high) was significantly positively correlated with ~ negative in mammary gland, colon, kidney, liver, lung,
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Figure 2 Hormone receptor specificity of citrullinome in breast cancer cell lines. (A) Scatter plot illustrating the correlation
(Pearson correlation, 95% CI) between the total number of citrullinated mass spectra and PADI2 mRNA expression in breast
cancer cell lines. (B) Distribution plots illustrating the number of citrullinated proteins in whole cell lysates of breast cancer
cell lines stratified by hormone receptor positivity. Statistical significance was determined using Wilcoxon rank-sum test.
(C) Heatmap of whole cell lysate citrullinome. Unsupervised heatmaps illustrate the percentage of differentially expressed
citrullinated proteins across the hormone receptor subtypes (one-way analysis of variance, two-sided p<0.05). mRNA,
messenger RNA; PADI, protein arginine deiminase; TNBC, Triple Negative Breast Cancer.

stomach, rectum, and esophagus, as well as the tumor’s
adjacent normal tissue (online supplemental figure S4).

PADI2 is associated with tumor immunophenotype

We determined whether PADI2 is a major contributor
to protein arginine deamination by knocking down
PADI2 with Small interfering RNA (siRNA) in the TNBC
HCC1187 cell line and performing global assessment of
protein citrullination by immunoblots as well as by mass
spectrometry analysis. Knockdown of PADI2 reduced
PADI2 mRNA and protein (figure 3A). Immunoblots
demonstrated reductions in protein citrullination glob-
ally (figure 3B). Mass spectrometry-based analyses simi-
larly demonstrated that citrullinated digested peptides
were statistically significantly reduced (paired two-sided
t-test, p<0.0001) compared with control (figure 3C). We
next evaluated the cell surface HLA-bound peptidome
of HR-/HERZ2-enriched (HCC1954) and TNBC (MDA-
MB-468) cell lines as a means to evaluate MHC antigen
presentation.” Specifically, we screened for the presence
of citrullinated peptides that were putatively in the MHC
class II binding peptide length (12-34 amino acids) or
in the MHC class I binding peptide length (6-11 amino

acids) with mild acid elution method that can recover
class I?® and class I1.*' We identified 23 (MHC class II)
and 1 (MHC class I) citrullinated peptides in HCC1954
and 126 (MHC class IT) and 0 (MHC class I) in MDA-MB-
468 (figure 3D, online supplemental table S2), indicating
predominance of citrullinated peptides within the MHC
class II binding peptide length, compared with the MHC
class I binding peptide length (Fisher’s exact test, two-
sided p=0.022 for HCC1954 and p<0.0001 for MDA-MB-
468) (figure 3D). The citrullinated peptides identified
were further searched with the affinity prediction software
NetMHCIIpan \/.4.1,27 2 considered as unmodified form,
and the immunogenicity of actual citrullinated forms was
possibly enhanced compared with the predicted result
(online supplemental table S2).

We next evaluated whether elevated PADI2 expression
is associated with a distinct tumor immunophenotype.
Using TCGA-derived mRNA expression data sets for 974
breast tumors, we first performed Spearman’s correlation
analyses between tumor PADI2 mRNA expression and
gene expression profiles of checkpoint blockade-related
genes as well as gene expression signatures reflective of
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Figure 3 Association between citrullinome and tumor immune response in breast cancer. (A) Relative mRNA and protein
expression of PADI2 following siRNA-mediated knockdown of PADI2 in HCC1187 TNBC cell line. Statistical significance was
determined by two-sided Student’s t-test: **p<0.001, ****p<0.0001. (B) Immunoblots for anti-peptidyl-citrulline following
siRNA-mediated knockdown of PADI2 in HCC1187 TNBC cell line. Bar plot to the right illustrates densitometry analysis of
anti-peptidyl-citrulline normalized against beta-actin. (C) Downregulation of citrullinome following siRNA-mediated knockdown
of PADI2 in HCC1187 TNBC cell line. Scatter plots represent the delta in signal intensity of the TMT channels subtracted by
siRNA-PADI2-treated cells to si-control; statistical significance was determined by two-sided paired t-test of the citrullinated
peptide TMT ratios. (D) Cell surface MHC peptides identified in HCC1954 (HER2-enriched) and MDA-MB-468 (TNBC) breast
cancer cell lines. Statistical significance was determined by Fisher’s exact test. The putative MHC class Il binding peptide
length (12-34 amino acids) containing Arg citrullinated peptides were searched against the NetMHClIpan V.4.1,%” 28 considered
as unmodified form, and the binding affinity is presented in online supplemental table S2. (E) Heatmap depicting Spearman’s
correlation coefficients between mRNA expression of PADI family members and immune gene signatures in TCGA of all

breast cancers (n=974). The broken red line highlights the association between mRNA expression PADI family members and

B cell gene-based signatures. PADI2 was strongly positively correlated with B cell gene-based signatures. (F) TCGA-derived
gene expression revealed elevated levels of PADI2 and gene signatures of B cells in TNBC (n=115) compared with non-TNBC
(Luminal A/B and HER2-enriched combined; n=859) tumors. Statistical significance was determined using two-sided Wilcoxon
rank-sum test. mMRNA, messenger RNA; TCGA, The Cancer Genome Atlas; TNBC, Triple Negative Breast Cancer; NC, Negative
Control; TMT, Tandem Mass Tag; MS2, Tandem mass; MHC, Major Histocompatibility Complex; si, small interfereing.

immune cell infiltrates.” Statistically significant positive  Citrullinome contributes to B cell tumor immune infiltration
correlations were observed between PADI2 mRNA and and autoantibody elevation in breast cancer

virtually all checkpoint blockade-related genes as well ~— To further confirm the association of PADI2 protein
as gene expression signatures reflective of immune cell  expression with increased tumor protein citrullina-
infiltrates (figure 3E, online supplemental table S3). tion and with increased tumor infiltration of B cells, we
PADI2 mRNA expression was most positively correlated  performed ITHC on breast cancer tissue section slides
with a gene signature for B cell infiltrates (p<0.0001, for PADI2, anti-peptidyl-citrulline, pan-cytokeratin,
figure 3E; Spearman’s r=0.49 (0.44-0.53), online supple- and B cell markers CD19 and CD20 (figure 4A). Our
mental table S3). TNBC is considered to be more immu- findings confirmed that elevated PADI2 and increased
nogenic than non-TNBC because of genomic instability =~ protein citrullination were associated with infiltrating
and higher rates of mutation.** We previously reported B cells (figure 4A). We therefore aimed to determine
that TNBC exhibited enhanced immune cell infiltrates ~ whether a tumor B cell response facilitated by PADI2-
compared with non-TNBC tumors.” The higher expres-  mediated citrullination would manifest in elevated circu-
sion of PADI2 in TNBC was associated with an enhanced B lating plasma autoantibodies. We evaluated IgG-bound
cell response (p<0.0001) in comparison with non-TNBC  proteins by mass spectrometry, with 26 plasma pools from
(Luminal A/B and HR-/HERZ2-enriched combined) 156 patients with breast cancer (10 ER+, 8 HR-/HER2-
(figure 3F, online supplemental figure S1). Notably, enriched, 8 TNBC pools) and 11 healthy control pools
the association between mutational burden (defined  from 113 cancer-free subjects (online supplemental table
herein as the number of mutation events per case) with S4). The number of IgG-bound citrullinated proteins
mRNA expression of PADI2 (Spearman’s r=0.10 (95% CI  was statistically significantly higher in plasmas of breast
-0.05 to 0.26), p=0.17) or B cell gene-based signatures cancer cases compared with controls (Wilcoxon rank-sum
(Spearman’s r=—0.10 (95% CI -0.25 to 0.06), p=0.20) test, two-sided p=0.0012, figure 4B, left; Area under the
was non-significant in basal-type TNBC tumors (online  curve (AUC)=0.80, figure 4B, right). IgG-bound citrul-
supplemental figure S1). These findings implicate that  linated proteins elevated in patients with breast cancer
the association between PADI2 and B cell gene signatures ~ were further characterized by IPA network analyses. In
is independent of mutational burden. Luminal A, the top 1 and top 2 networks were cytokeratin
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Figure 4 PADI2-mediated citrullination and B cell tumor infiltration. (A) Representative IHC sections for PADI2, peptidyl-
citrulline (citrulline), B cell markers CD19 and CD20, and the tumor marker PanCK in mammary gland and breast tumors
stratified by hormone receptor subtype (original magnification x200). (B) Immunoprecipitated IgG-bound citrullinome identified
by mass spectrometry in plasma from subjects with breast cancer. Distribution of citrullinated proteins normalized against

total unique peptides (see the Methods section) in 26 pooled plasma samples of newly diagnosed breast cancer consisting

of 156 patients and 12 pooled plasma samples corresponding to 113 cancer-free subjects (see online supplemental table

S4). Statistical significance was determined by two-sided Student’s t-test: <0.001. The AUC performance of the same cohort.
(C) Autoantibody reactivity against citrullinated VIM in individual patient plasma from 11 stage |l TNBC cases and 31 healthy
controls. The 11 stage Il TNBC patient plasmas were the same used for autoantibody reactivity against unmodified and
citrullinated VIM by immunoblotting assay (online supplemental figure S6). Statistical significance was determined by two-sided
Wilcoxon rank-sum test. (D) Classifier performance (AUC) of citrullinated VIM for distinguishing TNBC cases (n=11) from healthy
controls (n=31). (E) Autoantibody reactivity against citrullinated and unmodified VIM in TNBC case (orange) and healthy control
(blue) plasmas. Nodes and connecting lines represent matched samples. AUC, Area under the curve; Statistical significance
was determined by two-sided paired t-test. IHC, immunohistochemistry; PADI, protein arginine deiminase; PanCK, pan-

cytokeratin; TNBC, Triple Negative Breast Cancer; VIM, vimentin.

complex and estrogen-progesterone-centered networks,
whereas in TNBC a cytokeratin complex and an MYC-
centered network that included ENOI1 were observed
(online supplemental figure S5 and table S5). The HR-/
HER2-enriched subtype exhibited a cytokeratin complex
and an FNl-centered network (online supplemental
figure S5 and table S5).

To determine the extent to which autoantibody reac-
tivity is directed against citrulline-containing epitopes, we
first used a western blot approach and evaluated differen-
tial autoantibody reactivity against citrullinated and non-
citrullinated vimentin using plasma pools from patients
with newly diagnosed stage I TNBC (n=11 subjects/pool)
(online supplemental table S6) and healthy controls
(n=8 subjects/pool). We chose to focus on vimentin as
our antigen of interest as autoantibody reactivity against
vimentin has previously been reported in autoimmune
disease and cancer.”™*® The high autoantibody reactivity

against citrullinated vimentin was observed in the TNBC
stage II patient plasma pool compared with the healthy
control pool (online supplemental figure S6). We note
that immunoblots using plasma primary autoantibodies
can cause considerable background due to reactivity of
autoantibodies that are common between healthy control
and patients with cancer. Therefore, we additionally devel-
oped Luminex autoantibody ELISA assays to test autoanti-
body reactivity against citrullinated and non-citrullinated
vimentin using individual plasmas from patients with
newly diagnosed stage II TNBC (n=11) (online supple-
mental table S6) and healthy controls (n=31). Auto-
antibody reactivity against citrullinated vimentin was
statistically significantly elevated in cases compared with
controls (Wilcoxon rank-sum test, two-sided p=0.01, with
an AUC of 0.75 (95% CI 0.58 to 0.92); figure 4C,D) and
compared with non-citrullinated vimentin among cases
(two-sided paired t-test <0.001; figure 4E).
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DISCUSSION

We have undertaken a global analysis of PADI family
members across cancer types and assessed the extent
of citrullinome and its impact on immune response in
breast cancer. PADI2-mediated citrullination was found
to be strikingly elevated in breast tumor tissue compared
with adjacent non-tumor tissue or normal mammary
gland tissue and other organ sites. Importantly, we
provide compelling evidence that IgG-bound citrulli-
nated proteins are elevated in the plasma of patients with
newly diagnosed breast cancer compared with controls,
suggesting utility of autoantibodies against citrullinated
proteins as cancer biomarkers and utility of citrullinated
proteins and peptides as neoantigens.

To date, PADI4 has been the most investigated among
family members in the context of cancer. PADI4 is the
only PADI member known to encompass a nuclear trans-
port sequence to citrullinate nuclear proteins including
histones.*” Our comprehensive analysis revealed that with
respect to overall expression levels, PADI2 is preferen-
tially expressed at the protein level in cancer compared
with other PADI family members. Expression of PADI2 in
breast cancer cell lines was recapitulated in breast cancer
TMA. With the anti-PADI2 antibody, 2000-fold dilution
was used to ensure PADI2 expression was within the
linear range in the tumor tissues; healthy control stains
were negative when the same condition was applied. Our
proteomic analyses also demonstrated broad protein
citrullination among breast cancer cell lines as well as
breast tumors. Citrullination is contingent on PADI
expression and intracellular Ca® levels. In RA, cytosolic
Ca®" levels are increased compared with normal cellular
concentrations,48 and in tumors aberrant levels of Ca*
channels and pumps were expressed, "’ which may change
the intercellular Ca®* flux preferable to PADIs. Those
providing a rationale for our findings of elevated levels
of citrullination by PADI2 in breast cancer. Unsuper-
vised clustering of citrullinated proteins identified both
common and distinct signatures between breast cancer
molecular subtypes.

In contrast to limited prior studies of protein citrulli-
nation in cancer and their impact on immune response,
the occurrence of anti-citrulline autoantibodies in RA
driven by a B cell response is well documented.” In our
study, PADI2 exhibited statistically significant positive
correlations with tumor infiltrating B cells, indicative of
similarities with autoimmune disease. MHC analysis of
citrullinated peptides in breast cancer cell lines yielded
peptides in the MHCII binding sequence length,
supporting a B celllmediated immune response. Of
interestis the occurrence ofasubstantial fraction of citrulli-
nated proteins as derived from the nuclear compartment,
pointing to a similarity between breast cancer and auto-
immune diseases, for which elevated levels of circulating
antinuclear antibodies are diagnostic markers.”” >' Our
proteomic analyses provided strong evidence that IgG-
bound citrullinated proteins are statistically significantly

elevated in plasmas of patients with newly diagnosed
breast cancer as compared with respective controls. More-
over, we provide evidence that the presence of citrulline
markedly increases autoantibody reactivity. These findings
collectively provide a strong rationale for exploring the
utility of circulating autoantibodies against citrullinated
proteins for cancer detection.*** We recognize that some
autoantibodies to citrullinated proteins are likely to be
cancer type and subtype specific. Network analysis yielded
a cytokeratin complex in common among breast cancer
subtypes, whereas distinct features of hormone receptors-
centered network were observed in Luminal A and an
MYC centered network was observed in TNBC.

Given the current interest in cancer vaccine develop-
ment and in immunotherapy, our findings point to the
importance of citrullination for antigenicity. Interestingly,
we identified several citrullinated proteins that have been
targeted for vaccine development, including vimentin
and o-enolase.'* ' The importance of citrullination of
o-enolase in inducing anticancer immunity has been
recently demonstrated."” Our findings suggest broad rele-
vance of citrullination for inducing cancer immunity.

Correction notice This paper has been updated to amend author name 'Alejandro
M Sevillano'.
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