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Studies on NETosis demand reliable and convenient markers to monitor the progress of
this form of cell death. Because a determining step in the release of nuclear chromatin
NETs requires the conversion of arginine residues to citrulline residues in histones by
peptidylarginine deiminase, citrullinated histones can provide such a marker. Here, we
evaluate antibody reagents for the detection of citrulline residues in histones and observe
alarming differences between commercial antisera and mouse and rabbit monoclonal
antibodies in their ability to detect their nominal target residues. Differences between
antibodies that are currently used to detect citrulline residues in histones could jeopar-
dize efforts to reach a scientific consensus and instead lead to inconsistent and even
conflicting conclusions regarding the regulation of histone deimination. Our results will
assist others in planning their initial or ongoing studies on peptidylarginine deiminase
activity with the use of currently available antibodies. Furthermore, we argue that, along
with the careful attention to experimental conditions and calcium concentrations, vali-
dated antibody reagents are urgently needed to avoid possible setbacks in the research
on NETosis.
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The years since 2004 have seen an explosive rise in interest in neutrophil cell death mechanism.
Much of the interest was sparked by the discovery of NETosis by Brinkmann et al. (1), which
implicated this unique form of cell death in infectious and autoimmune diseases. It is difficult to
adequately summarize all the remarkable discoveries since that landmark paper was published. Some
examples include the relation between NETosis, autophagy (2), apoptosis (3), necroptosis (4), and
granzyme-mediated cell death (5). Insights into the regulation of NETosis have defined the roles of
cell surface receptors (6), protein kinases (7), elastase, and myeloperoxidase (8). The participation
of NETs has been demonstrated in inflammatory diseases such as acute lung injury (9), thrombosis
(10), cystic fibrosis (11), vasculitis (12), gout (13), diabetes (14), and even Alzheimer’s (15). NETosis
also directly contributes to the induction of autoantibodies in major autoimmune diseases such as
rheumatoid arthritis (16) and systemic lupus erythematosus (17). The process of chromatin NET
release may not be unique to vertebrates, as plants (18) and slime molds (19) have mechanisms to
release nuclear chromatin under specific circumstances. Subtypes of NETs have been reported and
an important form of NETosis has been identified in which neutrophils release nuclear DNA but
continue certain functions such as chemotaxis despite the casting of NETs (20). Similarly, NETs
consisting of mitochondrial DNA have been characterized that may be compatible with continued
functions of neutrophils (21-23). NETs are also released by other granulocytes (24), macrophages
(25), and mast cells (26).
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NETosis is characterized by large-scale morphological transi-
tions that can be seen as the swelling of the lobed nucleus, the
rupture of the nuclear envelope, and the release of NETs that can
stretch to many times the size of a single neutrophil (27). Thus,
NETosis has been measured by automated image analysis (28), by
quantitative fluorescence activated cytometry (29), and by immu-
nofluorescence detection of colocalized DNA and neutrophil
granule components (30). The detection of deiminated histones
represents an important hallmark of NETosis because the enzyme
responsible for histone modification, peptidylarginine deiminase
IV (PAD4), is activated on a massive scale during the progress
of NETosis (31). Indeed, the activation of PAD4 is intimately
linked with the production of autoantibodies to citrullinated
proteins. These antibodies are sensitive and predictive criteria
in a number of autoimmune diseases (3, 32-34). Importantly,
several groups of researchers have provided evidence that NET
release is dramatically impaired by the genetic deficiency (35)
or the pharmacological inhibition of PAD4 (36), and that PAD4
inhibitors offer promising starting points to develop autoimmune
disease therapies (37, 38).

The detection of deiminated histones in vivo has been inter-
preted as evidence for NETs, as may occur in nephritis associ-
ated with vasculitis (39), thrombus formation (29), lung injury
(40), and due to alum adjuvant stimulation (41). Detection of
histone deimination has also been helpful in testing aspects of
PAD4 regulation (42). However, inconsistencies between results
reported by different labs have also appeared in the literature. For
example, one widely used stimulus, PMA, has resulted in conflict-
ing results in the literature. Thus, PMA was observed to induce
deimination (35) or suppress deimination (7). Our result was
surprising due to the frequent use of PMA to induce the release of
NETs, and the common assumption that PAD activity is required
for NET release to occur. Therefore, we carefully analyzed the
phenomenon and observed that PMA also suppressed histone
deimination in the presence of A23187 ionophore, a compound
that by itself is a strong inducer of deimination (7). We further
established that PMA inhibited PAD4 via activation of PKCo/p.
Our results have been confirmed by Douda et al. who character-
ized two alternate forms of neutrophil cell death leading to NET
release (42). In addition, apoptosis induction may block histone
deimination (3) or promote it (5). Certainly, the conflicting
results could be explained by various differences in the execu-
tion of these experiments, including details of buffers and media
used during stimulation, yet one testable possibility was that the
reagents for detecting deimination were inconsistent.

The most convenient way to measure histone deimination is
with antibodies that recognize citrulline residues within their
specific antigenic epitope. Various commercial antibodies based
on polyclonal sera or monoclonal antibodies (Mab) are available
for immunochemical detection of deiminated histones. Caution
is advised, as polyclonal antisera may differ from animal to animal
according to stochastic events that generate antibody specificity.
Conversely, Mabs can be highly specific but may also be sensitive
to subtle changes in the epitope due to contributions from flank-
ing residues.

Thus, we set out to assess the reliability and consistency of
different commercial antibodies against deiminated histones.

To provide samples for our analysis, we prepared whole cell
lysates from freshly isolated human neutrophils that were treated
with diverse stimuli to induce or suppress histone deimination.
For a commonly accepted baseline, we analyzed the lysates with
antibodies to diacetyl monoxime/antipyrine-modified citrullines
(Figure 1A), using a detection kit from Millipore (43). To assess
the quantity and integrity of the core histones, we used antibod-
ies to total histone H3 (Cell Signaling Technologies, #4620S) to
generate the blot shown in Figure 1B. All incubations, except for
unstimulated neutrophils (lanes 1), contained 200 pM calcium
in addition to the diverse stimuli. In all cases, the yields of intact
H3 were comparable, except in samples treated with 20 pM chel-
erythrine along with ionophore (lanes 5) or lanthanum 200 pM
(lanes 11), which showed partial cleavage of H3 (Figure 1B). Most
treatments induced moderate to high levels of histone deimina-
tion, except, as previously reported, 20 pM chelerythrine and
20 nM PMA (lanes 5 and 9, Figure 1A), which showed little to no
deimination (7). The most intense deimination was observed in
cells that were incubated with 5 pM chelerythrine and ionophore
(lanes 4), and cells incubated with lanthanum (Figure 1A).

A widely used polyclonal antibody that recognizes histone H3
with citrulline residues at positions 2, 8, and 17 (Abcam #ab5103,
Lot GR247556) could detect histone deimination (Figure 1C)
in roughly similar measure as the modified citrulline antibody
(Figure 1A), although the Abcam antibody also reacted weakly
with unstimulated and 20 nM PMA-treated neutrophil lysates.
We have compared different lots of this antibody and observed
lot-to-lot variability (data not shown). This lot detected a small
increase in deimination in the presence of extracellular calcium
(lane 2), presumably reflecting the enzymes requirement for
calcium. However, a significant increase was noted, once iono-
phore opened access for calcium across the plasma membrane
(lane 3). There was an even greater enhancement of deimina-
tion with 5 pM chelerythrine (lane 4), a selective inhibitor of
certain protein kinase C isozymes. Raising the concentration
of chelerythrine to 20 pM impaired histone deimination (lane
5). Mechanical damage to the plasma membrane, as may be
induced by frustrated phagocytosis of hydroxyapatite crystals,
also enhanced deimination (lane 6, Figure 1C), and this effect
could be further stimulated by addition of LPS or fMLP (lanes 7
and 8). In contrast, incubation in calcium with 20 nM PMA did
not stimulate deimination (lane 9), despite the fact that NETosis is
greatly induced by this compound (data not shown). Manganese,
and, more intensely, the combination of calcium and lanthanum
(lanes 10 and 11), induced deimination.

To compare the rabbit antisera to MAbs, which represent more
stable immunological reagents, we examined three commercially
available MADbs that were promoted as detection reagents for
citrulline residues. A mouse MAD to citrullinated histone H3
(Abcam, #ab80256, clone 7C10), which was listed as reacting
against H3 with citrullines at positions 2, 8, and 17, showed a
drastically different pattern of reactivity than the antisera used
above (Figure 1D). In this instance, the antibody appeared insen-
sitive to large increases in deimination, as the antibody did not
distinguish between unstimulated lysates and lysates prepared
following the incubation with ionophore. In fact, the signal was
low to absent in the samples treated with 5 pM chelerythrine or
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FIGURE 1 | Differences among commercial antibody-based reagents
for the detection of deiminated core histones. Human neutrophils were
purified from healthy donor blood according to published procedures and
incubated for 2 h in HBSS (lane 1) or HBSS with 200 pM calcium chloride
(lane 2) and A27632 ionophore (lane 3), ionophore with 5 uM chelerythrine
(lane 4), or 20 pM chelerythrine (lane 5). Cells were also incubated in the
presence of 200 uM calcium chloride and hydroxyapatite (lane 6) with added
LPS (lane 7), or fMLP (lane 8), 20 nM PMA (lane 9), manganese chloride (lane
10), or lanthanum chloride (lane 11). The whole cell lysates were run on

(Continued)

FIGURE 1 | Continued

a denaturing 12% PAGE and blotted to nitrocellulose membrane prior to
reaction with diacetyl monoxime/antipyrine and detection of modified
citrullines with the antibody and following instructions from Millipore (A).
Alternatively, blots were blocked for 1 h at RT with 5% bovine serum albumin
(BSA) or 5% milk in TBST [Tris-buffered saline (TBS) and Tween 20, 25 mM
Tris (pH 7.2), 150 mM NaCl, and 0.1% Tween 20] and rinsed before overnight
incubation at 4°C with a dilution of primary Abs (as recommended by the
supplier) in 2.5% BSA in TBST. Subsequently, membranes were washed and
incubated for 1 h with donkey anti-rabbit secondary Ab IR800 (catalog
#925-32213) or goat anti-mouse (catalog #926-32210) as secondary
antibodies available from LI-COR, washed three times with TBST and twice
with TBS alone and developed on an Odyssey imaging system. Blots were
reacted with antibodies to total histone H3, obtained from Cell Signaling
Technologies (B), rabbit antisera to citrullines at positions 2, 8, and 17 of
histone H3, Abcam, catalog #ab5103 (C), mouse Mab to citrullines at the
same positions, also from Abcam, clone 7C10 (D), a rabbit Mab to citrulline
at position 2 of H3, Abcam, catalog #176843 (E), and a mouse IgM Mab to
poly-citrulline, F95 from Millipore (F). For comparison, we used a rabbit
antiserum to citrullines in the amino terminus of H4, supplied by Millipore
under #07-596 (G). Filled arrowheads indicate position of H3 on the
membrane, whereas the open symbol points to the position of H4. The
membrane in (A) displays additional reactivity to proteins of slower mobility
on the gel (lane 4). The distance to which marker proteins had migrated and
their masses in kilodaltons are indicated on the margin of (A).

lanthanum, which gave the most intense signals with the two
antisera used above (Figures 1A,C).

In contrast, a rabbit Mab from the same supplier (Abcam,
#176843) that binds to citrulline at the second position of his-
tone H3, could detect a strong increase of H3 deimination with
ionophore treatment and a further enhancement with 5 pM
chelerythrine (Figure 1E). This antibody also gave a strong signal
with the lysate treated with lanthanum, although it showed only
a marginal signal increase with lysates from cells incubated with
hydroxyapatite in combination with LPS or fMLP, and no reac-
tion with manganese or PMA-treated cell lysates.

Results with F95 (Figure 1F), a mouse IgM reported to rec-
ognize citrullines in a context-independent manner (Millipore,
MABN328), further emphasized the drastic differences between
MAbs to citrulline epitopes. The same neutrophil lysates as used
in the examples above showed no increase in histone deimina-
tion with addition of ionophore or hydroxyapatite treatment in
calcium buffer. Thus, the signal that was detected with histones
from unstimulated cells showed little to no modulation following
induction of deimination. In addition, enhanced deimination
that was induced with 5 pM chelerythrine or with lanthanum was
nearly completely undetectable (Figure 1F). These results were
inconsistent with the previous observations. On a longer expo-
sure, F95 IgM could detect citrullination of other proteins, as seen
by the increased reactivity with proteins of increased molecular
weights (data not shown). Thus, there is a specific problem with
the detection of citrullines in histones by F95.

To extend our analysis to antibodies to other deiminated core
histones, we tested a rabbit antiserum to the citrullinated amino
terminus of histone H4 (Millipore, #07-596). This polyclonal
antibody detected the enhanced level of deimination in the pres-
ence of 5 uM chelerythrine and lanthanum (Figure 1G), but it was
somewhat less sensitive to calcium/ionophore or hydroxyapatite
than the mouse antiserum to H3 (Figure 1C). This antibody
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showed cross-reactivity with proteins of greater molecular weight
than H4, as acknowledged by the supplier, which could be due
to a shared amino acid motif between histone H4 and H2A.
Nevertheless, the results with this antibody were comparable to
those obtained with the tri-citrullinated H3 antibody (Figure 1C)
and the rabbit MAD (Figure 1E).

In conclusion, we uncover a surprising level of inconsist-
ency between commercially available antibodies to citrulline-
containing epitopes. Others have recently pointed out the
need for commercial suppliers of antibodies to more carefully
assay and validate different lots of antibodies (44-48). This is
especially relevant for antibodies to histone post-translational
modifications, as histones incur numerous modifications that
are relevant for the functional properties of chromatin. An
International Working Group for Antibody Validation was
recently convened and published a set of recommendations for
antibody validation because of the enormous losses of research
funds due to the inconsistent data that arise based on currently
available antibody reagents (49). One useful resource is an online
repository of antibody-binding specificities that currently lists
over 100 antibodies to histone post-translational modifications
(47). Our results argue for a cautious approach to interpretations
of any single antibody for the determination of deiminase activ-
ity in neutrophils or other cell types of interest. Although the
modified citrulline antibody is more complicated to use than
the other antibodies, a prudent approach may include the use of

REFERENCES

1. Brinkmann V,Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, etal.
Neutrophil extracellular traps kill bacteria. Science (2004) 303(5663):1532-5.
doi:10.1126/science.1092385

2. Remijsen Q, Kuijpers TW, Wirawan E, Lippens S, Vandenabeele P, Vanden
Berghe T. Dying for a cause: NETosis, mechanisms behind an antimicrobial cell
death modality. Cell Death Differ (2011) 18(4):581-8. doi:10.1038/cdd.2011.1

3. Neeli I, Khan SN, Radic M. Histone deimination as a response to inflamma-
tory stimuli in neutrophils. J Immunol (2008) 180(3):1895-902. doi:10.4049/
jimmunol.180.3.1895

4. VandenBergheT, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele
P. Regulated necrosis: the expanding network of non-apoptotic cell death
pathways. Nat Rev Mol Cell Biol (2014) 15(2):135-47. doi:10.1038/nrm3737

5. Romero V, Fert-Bober ], Nigrovic PA, Darrah E, Haque UJ, Lee DM, et al.
Immune-mediated pore-forming pathways induce cellular hypercitrullination
and generate citrullinated autoantigens in rheumatoid arthritis. Sci Transl Med
(2013) 5(209):209ra150. doi:10.1126/scitranslmed.3006869

6. Behnen M, Leschczyk C, Moller S, Batel T, Klinger M, Solbach W, et al.
Immobilized immune complexes induce neutrophil extracellular trap release
by human neutrophil granulocytes via FegammaRIIIB and Mac-1. ] Immunol
(2014) 193(4):1954-65. doi:10.4049/jimmunol. 1400478

7. Neeli I, Radic M. Opposition between PKC isoforms regulates histone deimi-
nation and neutrophil extracellular chromatin release. Front Immunol (2013)
4:38. doi:10.3389/fimmu.2013.00038

8. Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil elas-
tase and myeloperoxidase regulate the formation of neutrophil extracellular
traps. J Cell Biol (2010) 191(3):677-91. doi:10.1083/jcb.201006052

9. Rossaint J, Herter JM, Van Aken H, Napirei M, Déring Y, Weber C, et al.
Synchronized integrin engagement and chemokine activation is crucial in
neutrophil extracellular trap-mediated sterile inflammation. Blood (2014)
123(16):2573-84. doi:10.1182/blood-2013-07-516484

10. Yalavarthi S, Gould TJ, Rao AN, Mazza LE, Morris AE, Ntnez-Alvarez C, et al.
Release of neutrophil extracellular traps by neutrophils stimulated with anti-
phospholipid antibodies: a newly identified mechanism of thrombosis in the

this antibody for comparison to the other reagents. Other ways
of detecting citrulline have been reported, but they may require
more sophisticated equipment or more complicated analyses.
Generally, the current challenge in the field of NETosis research
with regard to histone deimination is acute and requires reliable,
accepted, and broadly available reagents. Increased efforts to
isolate monoclonal mouse or rabbit Ab, including possibly by
recombinant methods, should be promoted. Notably, advances in
phage display technology have led to the discovery of antibodies
that are specific for various post-translational protein modifica-
tions, including acetylation, phosphorylation, methylation, and
citrullination (50) and that allow their efficient conversion into
IgG molecules (51).

AUTHOR CONTRIBUTIONS

IN conducted the laboratory research and assisted in the drafting
and revision of the manuscript. MR conceived the experimental
approach, interpreted the data, and wrote the manuscript.

ACKNOWLEDGMENTS

The authors acknowledge the grant support from the Lupus
Research Institute and the University of Tennessee Health Science
Center Pilot Award. The expert assistance of Mr. Tim Higgins,
Senior Illustarator, is acknowledged.

antiphospholipid syndrome. Arthritis Rheumatol (2015) 67(11):2990-3003.
doi:10.1002/art.39247

11. Marcos V, Zhou-Suckow Z, Onder Yildirim A, Bohla A, Hector A, Vitkov L,
et al. Free DNA in cystic fibrosis airway fluids correlates with airflow obstruc-
tion. Mediators Inflamm (2015) 2015:408935. doi:10.1155/2015/408935

12. Kessenbrock K, Krumbholz M, Schénermarck U, Back W, Gross WL, Werb Z,
et al. Netting neutrophils in autoimmune small-vessel vasculitis. Nat Med
(2009) 15(6):623-5. d0i:10.1038/nm.1959

13. Schauer C, Janko C, Munoz LE, Zhao Y, Kienhofer D, Frey B, et al. Aggregated
neutrophil extracellular traps limit inflammation by degrading cytokines and
chemokines. Nat Med (2014) 20(5):511-7. d0i:10.1038/nm.3547

14. Wong SL, Demers M, Martinod K, Gallant M, Wang Y, Goldfine AB, et al.
Diabetes primes neutrophils to undergo NETosis, which impairs wound
healing. Nat Med (2015) 21(7):815-9. doi:10.1038/nm.3887

15. Zenaro E, Pietronigro E, Della Bianca V, Piacentino G, Marongiu L, Budui S,
et al. Neutrophils promote Alzheimer’s disease-like pathology and cognitive
decline via LFA-1 integrin. Nat Med (2015) 21(8):880-6. d0i:10.1038/nm.3913

16. Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, Gizinski A,
Yalavarthi S, Knight JS, et al. NETs are a source of citrullinated autoantigens
and stimulate inflammatory responses in rheumatoid arthritis. Sci Transl Med
(2013) 5(178):178ra140. doi:10.1126/scitranslmed.3005580

17. Dwivedi N, Upadhyay ], Neeli I, Khan S, Pattanaik D, Myers L, et al. Felty’s
syndrome autoantibodies bind to deiminated histones and neutrophil extra-
cellular chromatin traps. Arthritis Rheum (2012) 64(4):982-92. doi:10.1002/
art.33432

18. Tran TM, MacIntyre A, Hawes M, Allen C. Escaping underground nets:
extracellular DNases degrade plant extracellular traps and contribute to
virulence of the plant pathogenic bacterium Ralstonia solanacearum. PLoS
Pathog (2016) 12(6):e1005686. doi:10.1371/journal.ppat.1005686

19. Zhang X, Zhuchenko O, Kuspa A, Soldati T. Social amoebae trap and kill
bacteria by casting DNA nets. Nat Commun (2016) 7:10938. doi:10.1038/
ncomms10938

20. Yipp BG, Petri B, Salina D, Jenne CN, Scott BN, Zbytnuik LD, et al. Infection-
induced NETosis is a dynamic process involving neutrophil multitasking
in vivo. Nat Med (2012) 18(9):1386-93. doi:10.1038/nm.2847

Frontiers in Immunology | www.frontiersin.org

November 2016 | Volume 7 | Article 528


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1126/science.1092385
https://doi.org/10.1038/cdd.2011.1
https://doi.org/10.4049/jimmunol.180.3.1895
https://doi.org/10.4049/jimmunol.180.3.1895
https://doi.org/10.1038/nrm3737
https://doi.org/10.1126/scitranslmed.3006869
https://doi.org/10.4049/jimmunol.1400478
https://doi.org/10.3389/fimmu.2013.00038
https://doi.org/10.1083/jcb.201006052
https://doi.org/10.1182/blood-2013-07-516484
https://doi.org/10.1002/art.39247
https://doi.org/10.1155/2015/408935
https://doi.org/10.1038/nm.1959
https://doi.org/10.1038/nm.3547
https://doi.org/10.1038/nm.3887
https://doi.org/10.1038/nm.3913
https://doi.org/10.1126/scitranslmed.3005580
https://doi.org/10.1002/art.33432
https://doi.org/10.1002/art.33432
https://doi.org/10.1371/journal.ppat.1005686
https://doi.org/10.1038/ncomms10938
https://doi.org/10.1038/ncomms10938
https://doi.org/10.1038/nm.2847

Neeli and Radic

Immunoblotting for Deiminated Histones

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Yousefi S, Mihalache C, Kozlowski E, Schmid I, Simon HU. Viable neutrophils
release mitochondrial DNA to form neutrophil extracellular traps. Cell Death
Differ (2009) 16(11):1438-44. d0i:10.1038/cdd.2009.96

Caielli S, Athale S, Domic B, Murat E, Chandra M, Banchereau R, et al.
Oxidized mitochondrial nucleoids released by neutrophils drive type I
interferon production in human lupus. ] Exp Med (2016) 213(5):697-713.
doi:10.1084/jem.20151876

Lood C, Blanco LP, Purmalek MM, Carmona-Rivera C, De Ravin SS,
Smith CK, et al. Neutrophil extracellular traps enriched in oxidized mitochon-
drial DNA are interferogenic and contribute to lupus-like disease. Nat Med
(2016) 22(2):146-53. d0i:10.1038/nm.4027

Goldmann O, Medina E. The expanding world of extracellular traps: not
only neutrophils but much more. Front Immunol (2013) 3:420. doi:10.3389/
fimmu.2012.00420

Boe DM, Curtis B], Chen MM, Ippolito JA, Kovacs EJ. Extracellular traps
and macrophages: new roles for the versatile phagocyte. J Leukoc Biol (2015)
97(6):1023-35. doi:10.1189/j1b.4R11014-521R

von Kéckritz-Blickwede M, Goldmann O, Thulin P, Heinemann K, Norrby-
Teglund A, Rohde M, et al. Phagocytosis-independent antimicrobial
activity of mast cells by means of extracellular trap formation. Blood (2008)
111(6):3070-80. doi:10.1182/blood-2007-07-104018

Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, et al. Novel
cell death program leads to neutrophil extracellular traps. J Cell Biol (2007)
176(2):231-41. doi:10.1083/jcb.200606027

Brinkmann V, Goosmann C, Kithn LI, Zychlinsky A. Automatic quantifica-
tion of in vitro NET formation. Front Immunol (2013) 3:413. do0i:10.3389/
fimmu.2012.00413

Gavillet M, Martinod K, Renella R, Harris C, Shapiro NI, Wagner DD, et al.
Flow cytometric assay for direct quantification of neutrophil extracellular
traps in blood samples. Am ] Hematol (2015) 90(12):1155-8. doi:10.1002/
ajh.24185

Kolaczkowska E, Jenne CN, Surewaard BG, Thanabalasuriar A, Lee WY,
Sanz M]J, et al. Molecular mechanisms of NET formation and degradation
revealed by intravital imaging in the liver vasculature. Nat Commun (2015)
6:6673. doi:10.1038/ncomms7673

Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, et al. Histone hypercitrulli-
nation mediates chromatin decondensation and neutrophil extracellular trap
formation. J Cell Biol (2009) 184(2):205-13. d0i:10.1083/jcb.200806072
Kaplan MJ, Radic M. Neutrophil extracellular traps: double-edged swords
of innate immunity. JImmunol (2012) 189(6):2689-95. doi:10.4049/
jimmunol.1201719

Liu CL, Tangsombatvisit S, Rosenberg JM, Mandelbaum G, Gillespie EC,
Gozani OP, et al. Specific post-translational histone modifications of
neutrophil extracellular traps as immunogens and potential targets of lupus
autoantibodies. Arthritis Res Ther (2012) 14(1):R25. doi:10.1186/ar3707
Dwivedi N, Radic M. Citrullination of autoantigens implicates NETosis in the
induction of autoimmunity. Ann Rheum Dis (2014) 73(3):483-91. doi:10.1136/
annrheumdis-2013-203844

Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4 is essential
for antibacterial innate immunity mediated by neutrophil extracellular traps.
J Exp Med (2010) 207(9):1853-62. doi:10.1084/jem.20100239

Lewis HD, Liddle ], Coote JE, Atkinson SJ, Barker MD, Bax BD, et al. Inhibition
of PAD4 activity is sufficient to disrupt mouse and human NET formation. Nat
Chem Biol (2015) 11(3):189-91. doi:10.1038/nchembio.1735

Willis VC, Gizinski AM, Banda NK, Causey CP, Knuckley B, Cordova KN, etal.
N-alpha-benzoyl-N5-(2-chloro-1-iminoethyl)-L-ornithine amide, a protein
arginine deiminase inhibitor, reduces the severity of murine collagen-induced
arthritis. J Immunol (2011) 186(7):4396-404. doi:10.4049/jimmunol.1001620
Knight JS, Zhao W, Luo W, Subramanian V, O’'Dell AA, Yalavarthi S,
et al. Peptidylarginine deiminase inhibition is immunomodulatory and

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

vasculoprotective in murine lupus. J Clin Invest (2013) 123(7):2981-93.
doi:10.1172/JCI67390

Yoshida M, Sasaki M, Sugisaki K, Yamaguchi Y, Yamada M. Neutrophil
extracellular trap components in fibrinoid necrosis of the kidney with myelop-
eroxidase-ANCA-associated vasculitis. Clin Kidney ] (2013) 6(3):308-12.
doi:10.1093/ckj/sft048

Yoo DG, Winn M, Pang L, Moskowitz SM, Malech HL, Leto TL, et al. Release
of cystic fibrosis airway inflammatory markers from Pseudomonas aerugi-
nosa-stimulated human neutrophils involves NADPH oxidase-dependent
extracellular DNA trap formation. JImmunol (2014) 192(10):4728-38.
doi:10.4049/jimmunol.1301589

Munks MW, McKee AS, Macleod MK, Powell RL, Degen JL, Reisdorph NA,
et al. Aluminum adjuvants elicit fibrin-dependent extracellular traps in vivo.
Blood (2010) 116(24):5191-9. doi:10.1182/blood-2010-03-275529

Douda DN, Khan MA, Grasemann H, Palaniyar N. SK3 channel and mito-
chondrial ROS mediate NADPH oxidase-independent NETosis induced by
calcium influx. Proc Natl Acad Sci U S A (2015) 112(9):2817-22. doi:10.1073/
pnas.1414055112

Senshu T, Sato T, Inoue T, Akiyama K, Asaga H. Detection of citrulline residues
in deiminated proteins on polyvinylidene difluoride membrane. Anal Biochem
(1992) 203(1):94-100. doi:10.1016/0003-2697(92)90047-B

Bock I, Dhayalan A, Kudithipudi S, Brandt O, Rathert P, Jeltsch A. Detailed
specificity analysis of antibodies binding to modified histone tails with peptide
arrays. Epigenetics (2011) 6(2):256-63. doi:10.4161/epi.6.2.13837

Fuchs SM, Krajewski K, Baker RW, Miller VL, Strahl BD. Influence of combi-
natorial histone modifications on antibody and effector protein recognition.
Curr Biol (2011) 21(1):53-8. doi:10.1016/j.cub.2010.11.058

Kungulovski G, Kycia I, Tamas R, Jurkowska RZ, Kudithipudi S, Henry C,
et al. Application of histone modification-specific interaction domains as an
alternative to antibodies. Genome Res (2014) 24(11):1842-53. d0i:10.1101/
gr.170985.113

Rothbart SB, Dickson BM, Raab JR, Grzybowski AT, Krajewski K, Guo AH,
etal. An interactive database for the assessment of histone antibody specificity.
Mol Cell (2015) 59(3):502-11. d0i:10.1016/j.molcel.2015.06.022

Zhao Y, Garcia BA. Comprehensive catalog of currently documented
histone modifications. Cold Spring Harb Perspect Biol (2015) 7(9):a025064.
doi:10.1101/cshperspect.a025064

Uhlen M, Bandrowski A, Carr S, Edwards A, Ellenberg J, Lundberg E, et al.
A proposal for validation of antibodies. Nat Methods (2016) 13(10):823-7.
doi:10.1038/nmeth.3995

Kiss MM, Babineau EG, Bonatsakis M, Buhr DL, Maksymiuk GM, Wang D,
et al. Phage ESCape: an emulsion-based approach for the selection of recom-
binant phage display antibodies. ] Immunol Methods (2011) 367(1-2):17-26.
doi:10.1016/j.jim.2010.09.034

Batonick M, Kiss MM, Fuller EP, Magadan CM, Holland EG, Zhao Q, et al.
pMINERVA: a donor-acceptor system for the in vivo recombineering of
scFv into IgG molecules. J Immunol Methods (2016) 431:22-30. doi:10.1016/
1.jim.2016.02.003

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Neeli and Radic. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

November 2016 | Volume 7 | Article 528


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/cdd.2009.96
https://doi.org/10.1084/jem.20151876
https://doi.org/10.1038/nm.4027
https://doi.org/10.3389/fimmu.2012.00420
https://doi.org/10.3389/fimmu.2012.00420
https://doi.org/10.1189/jlb.4RI1014-521R
https://doi.org/10.1182/blood-2007-07-104018
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.3389/fimmu.2012.00413
https://doi.org/10.3389/fimmu.2012.00413
https://doi.org/10.1002/ajh.24185
https://doi.org/10.1002/ajh.24185
https://doi.org/10.1038/ncomms7673
https://doi.org/10.1083/jcb.200806072
https://doi.org/10.4049/jimmunol.1201719
https://doi.org/10.4049/jimmunol.1201719
https://doi.org/10.1186/ar3707
https://doi.org/10.1136/annrheumdis-2013-203844
https://doi.org/10.1136/annrheumdis-2013-203844
https://doi.org/10.1084/jem.20100239
https://doi.org/10.1038/nchembio.1735
https://doi.org/10.4049/jimmunol.1001620
https://doi.org/10.1172/JCI67390
https://doi.org/10.1093/ckj/sft048
https://doi.org/10.4049/jimmunol.1301589
https://doi.org/10.1182/blood-2010-03-275529
https://doi.org/10.1073/pnas.1414055112
https://doi.org/10.1073/pnas.1414055112
https://doi.org/10.1016/0003-2697(92)90047-B
https://doi.org/10.4161/epi.6.2.13837
https://doi.org/10.1016/j.cub.2010.11.058
https://doi.org/10.1101/gr.170985.113
https://doi.org/10.1101/gr.170985.113
https://doi.org/10.1016/j.molcel.2015.06.022
https://doi.org/10.1101/cshperspect.a025064
https://doi.org/10.1038/nmeth.3995
https://doi.org/10.1016/j.jim.2010.09.034
https://doi.org/10.1016/j.jim.2016.02.003
https://doi.org/10.1016/j.jim.2016.02.003
http://creativecommons.org/licenses/by/4.0/

	Current Challenges and Limitations in Antibody-Based Detection of Citrullinated Histones
	Author Contributions
	Acknowledgments
	References


