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Abstract

Histones invoke strong proinflammatory responses in many
different organs and cells. We assessed biological responses
to purified or recombinant histones, using human and mu-
rine phagocytes and mouse lungs. H1 had the strongest abil-
ity in vitro to induce cell swelling independent of require-
ments for toll-like receptors (TLRs) 2 or 4. These responses
were also associated with lactate dehydrogenase release. H3
and H2B were the strongest inducers of [Ca%*]i elevations in
phagocytes. Cytokine and chemokine release from mouse
and human phagocytes was predominately a function of
H2A and H2B. Double TLR2 and TLR4 knockout (KO) mice
had dramatically reduced cytokine release induced in mac-
rophages exposed to individual histones. In contrast, macro-
phages from single TLR-KO mice showed few inhibitory ef-
fects on cytokine production. Using the NLRP3 inflamma-
some protocol, release of mature IL-1p was predominantly a
feature of H1. Acute lung injury following the airway delivery
of histones suggested that H1, H2A, and H2B were linked to
alveolar leak of albumin and the buildup of polymorphonu-

clear neutrophils as well as the release of chemokines and
cytokines into bronchoalveolar fluids. These results demon-
strate distinct biological roles for individual histones in the
context of inflammation biology and the requirement of
both TLR2 and TLR4. ©2017 S. Karger AG, Basel

Introduction

Extracellular histones are increasingly viewed as im-
portant factors in infectious and noninfectious (“sterile”)
sepsis, the latter developing after hemorrhagic shock,
nonpenetrating trauma, ischemia-reperfusion injury,
and other situations [1]. The toxic effects of histones, as
cationic proteins and membrane-active agents, were de-
scribed many decades ago [2-4]. Histones appear to func-
tion as DAMPs (damage-associated molecular patterns),
and are thought to react with toll-like receptors (TLRs) 2
and 4, and perhaps other TLRs, to induce a variety of bio-
logical responses in a variety of cell types, although details
of these interactions are insufficient for a full understand-
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ing of the mechanisms involved [5-9]. Extracellular his-
tones are known to have strong proinflammatory and
procoagulant activities [7, 10-14]. In recent studies, the
instillation of histones into the airways caused acute lung
injury (ALI) with intense inflammation, alveolar edema,
venous thrombosis, and severe defects in gas exchange
[15]. The intravenous infusion of histones caused throm-
bus formation in arterioles and capillaries of the lungs,
sometimes resulting in acute right heart dilatation and
failure that can be fatal [14]. It is also known that histones
can damage vascular endothelial and alveolar epithelial
cells [13-18], causing reduced barrier function in the
lung. Histone presence has been associated with multior-
gan failure [9-11, 16, 17, 19]. It has long been known that
histones also have bacteriostatic and bactericidal activi-
ties [20], thus amplifying responses of the innate immune
system. Histone mixtures have been employed in most
published studies of biological responses. These mixtures
usually consist of all 5 histones (H1, H2A, H2B, H3, H4).
Based on the recent availability of recombinant or puri-
fied histones, it has been possible to study the biological
responses induced by individual histones using technical
approaches that appear to exclude a role for contaminat-
ing lipopolysaccharide (LPS) [21].

It is also known that histones undergo post-transla-
tional modifications (the addition or deletion of methyl
or acetate groups), which may result in changes in func-
tional responses to histones [22, 23]. In addition, arginine
residues may undergo deiminase caused by PAD4 (pep-
tidyl deiminase 4) in neutrophils, converting arginine to
citrulline [24]. Such changes may lead to the appearance
of autoantibodies reactive with citrulline-containing his-
tones, which may cause autoimmune complications [25,
26].

In the current study, we used purified or recombinant
histones in order to define their ability to trigger biologi-
cal responses in phagocytic cells (polymorphonuclear
neutrophils - PMNs, and macrophages), as well as their
ability to induce ALIL

Materials and Methods

Animals

Male C57BL/6 wild-type (wt) and knockout (KO) mice were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
Mice (9-12 weeks old, 25-30 g) were housed 5 per cage under con-
ditions that were free of specific pathogens. Male pathogen-free
Sprague-Dawley rats (250-300 g) were purchased from Harlan
Laboratories (Indianapolis, IN, USA). The animals were provided
with a standard food diet and water. All animals were maintained
according to protocols approved by the University of Michigan
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Committee on the Use and Care of Animals and in accordance
with the National Institutes of Health institutional guidelines. The
KO mice used in the current studies were TLR27~, TLR4/~, and
TLR2/47/~, purchased from the Jackson Laboratory or provided by
Dr. Gabriel Nuilez.

Thioglycollate-induced peritonitis was initiated by intraperi-
toneal injection of 1.5 mL of 4% sterile thioglycollate (Becton
Dickinson & Company, Sparks, MD, USA). Leukocytes were col-
lected 4 h after intraperitoneal thioglycollate instillation for the
isolation of peritoneal neutrophils and 4 days after thioglycollate
instillation for isolating peritoneal exudate macrophages (PEMs).
PMNs and PEMs were isolated and prepared as described previ-
ously [21]. Briefly, at the appropriate time points, after euthaniz-
ing the mice, elicited cells were harvested by peritoneal lavage with
cold Ca?*/mg?*-free PBS, and then centrifuged at 1,500 rpm for
5 min to isolate the cells. The cell pellet was washed in PBS and
resuspended in RPMI 1640 (Gibco, Grand Island, NY, USA) sup-
plemented with 0.1% BSA (bovine serum albumin). For isolating
the macrophages, the peritoneal cells were allowed to adhere to
the plate through culturing for 2 h at 37°C [27]. The nonadherent
cells were removed by gentle washing with warm PBS. The re-
maining cells, confirmed to be mainly (>90%) macrophages by
F4/80 staining, were cultured and stimulated with individual his-
tones.

Mouse PMNs were also harvested from bone marrow by flush-
ing femurs with Hanks’ balanced salt solution (HBSS, Gibco).
Erythrocytes were lysed in hypotonic buffer. The cells were washed
in PBS and layered on Histopaque 1077 (Sigma-Aldrich, St. Louis,
MO, USA) for density gradient centrifugation (500 g, 30 min,
4°C). The pellet (PMNs) was washed with PBS prior to down-
stream applications. PMN purity was 85 + 2% as determined by
Wright-stained cytospin preparations [28].

For some studies, the SV40-transformed mouse alveolar mac-
rophage cell line, MH-S, was used [29]. MH-S cells were main-
tained in RPMI 1640 containing 25 mM HEPES, 10% heat-inacti-
vated FBS (fetal bovine serum) and 1% penicillin/streptomycin
[29] to be treated with individual histones.

Human Macrophage Cell Lines (U-937 and THP-1)

U-937 and THP-1 monocytic cell lines from American Type
Culture Collection (ATCC, Manassas, VA, USA) were cultured in
RPMI 1640 containing 10% heat-inactivated FBS, 1% penicillin/
streptomycin, modified to contain 10 mM HEPES, 2 mM L-gluta-
mine, 1 mM sodium pyruvate, 4,500 mg/L glucose, and 1,500
mg/L sodium bicarbonate (THP-1 had additionally 0.05 mMm
2-mercaptoethanol), at 37°C under 5% CO,. U-937 monocytes
were differentiated into macrophages using phorbol-12-my-
ristate-13-acetate (PMA; 10 ng/mL) according to the method of
Izeboud et al. [30, 31]. Similarly, PMA (10 ng/mL) was used to
differentiate THP-1 monocytes according to the method de-
scribed by Park et al. [32].

Isolation of PMNs from Human Blood

Peripheral venous blood was obtained from healthy human
volunteers in tubes containing heparin. PMNs were isolated from
whole blood by sedimentation in dextran followed by the hypo-
tonic lysis of residual RBCs, and finally centrifugation after layer-
ing the cells on Histopaque 1077 (Sigma-Aldrich). The PMN pellet
was washed with PBS prior to the experiments. PMN purity was
>90% assessed by Wright-stained cytospin preparations.
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Table 1. Endotoxin levels of histone preparations by the Limulus amebocyte lysate method

Histone Source Endotoxin levels, Company

type EU/50 pg histone!

H1 Purified from calf thymus 0.0551 Sigma-Roche
H2A Xenopus recombinant 0.0891 Cayman Chemical
H2B Xenopus recombinant 0.0806 Cayman Chemical
H3 Purified from calf thymus 0.0006 Sigma-Roche

H4 Human recombinant 0.0626 Cayman Chemical

! Stocks of purified histone concentrations were 1 mg/mL; endotoxin levels were represented as EU/50 pg
protein or histone. In most experiment studies, 50 ug/mL of histones were used. Numbers represent calculated

amounts of EU under these conditions.

Acute Lung Injury

Histone-induced ALI was performed as previously described
[15]. Briefly, following anesthetization with ketamine, mice re-
ceived 100 pg of individual histones (H1, H2A, H2B, H3, H4) in-
tratracheally (i.t.) during inspiration in a volume of 50 uL PBS.
Sham control mice received sterile PBS. To assess the leakage of
mouse albumin, bronchoalveolar lavage fluids (BALFs) were ob-
tained 8 h later, when albumin leak into the lung peaked, by the
slow instillation and retraction of 1 mL of PBS. Neutrophils were
counted on a hemocytometer following the lysis of erythrocytes.
BALFs were aliquoted and stored at -80°C until use.

After obtaining BALFs, lungs were harvested from mice and
inflated with optimum cutting temperature (Fisher Healthcare,
Houston, TX, USA) and frozen in liquid nitrogen. The lung tissues
were held at -80°C for immunohistochemistry studies. After ob-
taining the frozen sections (4 pm thick), hematoxylin and eosin
(HE) staining was performed to assess the inflammation patterns
in lungs induced by ALL

Isolating PMNNs and Macrophages from Murine Airways

For comparing peritoneal macrophages and PMN data with
the alveolar phagocytes data, we isolated PMNs and macrophages
(PMNs from mice and macrophages from rats) and investigated
their responses to different individual histones. Airway mouse
PMN s were isolated from BALFs 6 h after the induction of ALI by
i.t.injection of 60 ug of LPS. The average yield of the exudate PMNs
was 3.3 +0.46 x 10° per mouse. For this set of experiments, we used
20 mice to obtain enough PMNss to expose them to different indi-
vidual histones. Airway macrophages were isolated from rats in-
stead of mice due to the very small number of macrophages present
in normal mouse airways. The protocol detail for isolating rat al-
veolar macrophages from airways has been described elsewhere
[33]. Nonadherent cells were removed after 2 h of seeding the har-
vested cells in a 24-well culture plate. Adherent cells (alveolar mac-
rophages) were treated with different individual histones.

Flow Cytometry

For flow cytometry studies, the cells were assessed using a BD
LSRII flow cytometry system (BD Biosciences, San Jose, TX, USA)
with Diva Software. Data were analyzed using FlowJo software
7.6.4 (Tree Star, Ashland, OR, USA). In total, 5 x 10* cells (PMNs
or macrophages) were analyzed for forward (Fwd) and side scatter
properties. The dot plots and figures each show >5 x 10* events.
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For evaluating the histone-induced buildup of intracellular calci-
um [Ca?*]i, cells were first incubated with Fluo-3 AM (Life Tech-
nologies) for 20 min (PEMs at 37°C and PMNs at room tempera-
ture). After washing, the cells were incubated with purified his-
tones (50 pg/mL) and evaluated within a few seconds for [Ca?*]i
increase by flow cytometry. For the analysis of cell swelling in-
duced by histones the mean of the Fwd scatter was derived, reflect-
ingashiftin cell size. For each flow experiment, triplicate measure-
ments in 3 or more experiments were obtained.

Lactate Dehydrogenase Cytotoxicity Assay

Supernatant fluids were obtained from PMNs or PEMs ex-
posed to purified histones using phenol red-free media (Gibco).
The percentage of cytotoxicity (lactate dehydrogenase, LDH, re-
lease) from each treatment condition (H1, H2A, H2B, H3, and H4)
was measured compared to LDH content in total lysis fluids in-
duced by 0.1% Triton detergent (Sigma-Aldrich). LDH release was
measured according to the manufacturer’s instructions (Cayman
Chemical, Ann Arbor, MI, USA).

ELISAs

Supernatant fluids from histone-exposed PMNs, macrophages
or cell lines collected at 4 h, and the levels of the TNF, IL-6, and
IL-1p cytokines were measured using ELISA kits (R&D Systems,
Minneapolis, MN, USA). Mouse albumin ELISA from Bethyl Lab-
oratories (Montgomery, TX, USA) was used to detect the amount
of albumin leak into the lungs according to the manufacturer’s
instructions. BALFs were also examined for their content of cyto-
kines (TNF, IL-6, and IL-1P) using the ELISA Kits.

Reagents

H1 and H3 purified histones were purified from calf thymus
which were purchased from Roche (Indianapolis, IN, USA). The
rest of the histones (recombinant histones, H2A, H2B, and H4)
were purchased from Cayman Chemical. Histone preparations
were evaluated for LPS content, as measured by the LAL (Limulus
amebocyte lysate) method (Lonza, Basel, Switzerland; Table 1).
Histone stocks were dissolved in PBS (pH 7.4) and stored at -80°C
until use. LPS (Escherichia coli 0111:B4), PMA, and BSA were
from Sigma-Aldrich. All culture media were purchased from Gib-
co (Life Technologies). Cells were counted using a Neubauer cy-
tometer. Trypan blue (Sigma-Aldrich) was used for viability de-
termination.
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Fig. 1. Cell swelling and LDH release from phagocytes exposed to
purified or recombinant histones. Cell swelling and LDH release
were quantitated using mouse PEMs and peritoneal PMNs ex-
posed to recombinant/purified histones (50 ug/mL, 4 h at 37°C) (a).
Cell swelling was measured by Fwd light scatter in flow cytometry
while total LDH in cell lysates was determined by an enzyme-based
colorimetric assay (b-e). All frames are representative of results

Statistical Analysis

Data were analyzed and graphed using GraphPad Prism soft-
ware (v.6, GraphPad, La Jolla, CA, USA). All values are expressed
as the mean + SEM. Significant differences between 2 independent
groups were determined using independent ¢ tests and between
more than 2 groups using 1-way ANOVA. Differences were con-
sidered significant at p < 0.05.

Results

Presence of LPS in Purified and Recombinant Histone

Preparations

Table 1 documents the levels of endotoxin present (en-
dotoxin units) in the various purified or recombinant his-
tone preparations, using the LAL assay as described previ-
ously [21]. This is a particular concern since H2A, H2B,
and H4 were from recombinant sources (Table 1). Since

Biological Responses to Purified Histones

from 4 separate experiments. b-e n > 4 separate experiments for
each bar. * p < 0.05 compared to the negative controls (white bars
representing cells incubated with buffer; b, c). d, e Limited dose
responses for histone-induced release of LDH. LDH was measured
in cell supernatant fluids and in lysates (detergent induced 100%
lysis control) to obtain the percent release of LDH, as determined
by ELISA.

many experiments employed 50 ug of the purified (or re-
combinant) histones, the table shows the extrapolated en-
dotoxin content (EUs) for each of the histone prepara-
tions. The highest EU values were in the Xenopus recom-
binant histones (H2A, H2B), but even here the values were
<0.09 EUs in samples of histones (using 50 ug/mL). In the
H1, H3, and H4 preparations, EU values were <0.06. To
determine what level of contaminating endotoxin would
significantly affect our results, a dose-response curve of
endotoxin (E. coli 0111:B4 LPS) treatment on mouse
PEMs was performed. Endotoxin treatment of PEMs with
<1 EU resulted in negligible TNF release after 4 h, as mea-
sured by ELISA (online suppl. Fig. 1; for all online suppl.
material, see www.karger.com/doi/10.1159000452951).
Therefore, we believe that the low level of contaminating
endotoxin in histone preparations did not significantly
impact the findings of this study.
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Fig. 2. Cell swelling and LDH release from PEMs by H1 is independent of a requirement for TLR2 and TLR4.
a-c Cell swelling defined by Fwd light scatter of PEMs exposed to individual histones (50 pg/mL, 4 h, 37°C), us-
ing Wt (a), TLR27~ (b), and TLR47/~ (¢) PEMs. d, e LDH release from Wt, TLR27/~, and TLR4~/~ PEMs exposed
to H1 (25 or 50 pg/mL, 1 h, 37°C). Each bar represents at least 4 separate experiments.

Induction of Cell Swelling and LDH Release by

Histones

In Figure la, mouse PEMs were exposed to various
purified histones (50 pg/mL). Fwd light scatter was mea-
sured by flow cytometry in order to quantitate cell swell-
ing [21]. It was clear that H1 was the most active histone,
while other histones had much less activity. With the ex-
ception of H1, other purified histones produced Fwd
light scatter patterns close to that of the buffer control
(Fig. 1a). PEMs and PMNs were exposed to buffer (nega-
tive control) or to various purified histones (50 ug/mL),
and LDH release was measured in supernatant fluids, us-
ing detergent-lysed cells to calculate 100% release com-
pared to LDH caused by histone presence. For PEMs
(Fig. 1b), the most active histone causing LDH release
was H1, with much lower LDH release in the presence of
the other purified histones. In the case of PMNss (Fig. 1¢),
negative control cells had relatively low amounts of LDH
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release (approximately 17%) compared to total cellular
LDH, and the rank order of histones causing LDH release
from PMNs was H1>H2A>H2B, while H3 and H4 in-
duced very little LDH release, similar to that in the nega-
tive controls. Histone concentrations between 12.5 and
50 ug/mL were used on PEMs and PMNss (Fig. 1d, e). The
patterns of LDH release induced by histones were dose
dependent. Patterns of LDH release were similar to those
found in Figure 1b and ¢, with H1 having the strongest
LDH-releasing activity. In general, cell swellingand LDH
release were most strongly induced by H1 in a dose-de-
pendent manner and to a lesser extent by other histones,
especially H2A and H2B.

Cell Swelling and LDH Release Do Not Require TLR2

or TLR4

Since TLR2 and TLR4 have been suggested to function
as receptors for histones [7-9], we performed studies in

Fattahi/Grailer/Lu/Dick/Parlett/Zetoune/
Nuriez/Ward
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which PEMs from Wt or from TLR2-KO or TLR4-KO
mice were exposed to individual histones (50 pg/mL). Wt
PEMs (Fig. 2a) as well as TLR2-KO and TLR4-KO PEMs
were used (Fig. 2b, ¢), and cell swelling and LDH release
were measured. Cell swelling in Wt PEMs exposed to H1
is shown in Figure 2a, in which PEMs were treated with
buffer (control) or with H1 (50 pug/mL) or other purified
histones (50 ug/mL). Exposure to H1 caused the greatest
increased Fwd light scatter (cell swelling). When com-
panion studies were done with TLR2 or TLR4 KO PEMs
(Fig. 2b, ¢), the patterns for the amount of Fwd light scat-
ter in PEMs exposed to H1 were similar to those obtained
from Wt PEMs. As shown, cell swelling in macrophages
was predominately a function of H1. LDH release was
measured in Wt PEMs and compared to PEMs from
TLR2-KO (Fig. 2d) and TLR4-KO (Fig. 2e) mice. Wheth-
er the HI concentration was 25 or 50 pg/mL, virtually no
differences in LDH release were found between Wt cells
and TLR2-KO PEMs (Fig. 2d) or with TLR4-KO PEMs
(Fig. 2e). It seems clear that cell swelling and LDH release
in PEMs exposed to H1 do not require TLR2 or TLR4.

Biological Responses to Purified Histones

Reduced PEM Cell Swelling and LDH Release in the

Presence of Extracellular Potassium

Since we have recently shown that relatively high
concentrations of extracellular potassium (K*; 25 mM)
sharply reduced the amount of IL-1f released following
the stimulation of PEMs with LPS and followed by ATP
or histones [21], we studied the inhibitory effects of ex-
tracellular potassium chloride (KCl) on cell swelling and
LDH release involving PEMs (Fig. 3). The presence of
KCl (25 mM) substantially reduced the amount of cell
swelling (Fig. 3a, b) and LDH release (Fig. 3c) from
PEMs exposed to H1. The data in Figure 3b and ¢ indi-
cate that cell swelling as well as LDH release was depen-
dent on the concentration of H1 employed and that ex-
tracellular presence of KCl greatly reduced the cell swell-
ing and release of LDH. These data may relate to
suggestions in the literature that cell swelling can be
linked to the function of Na'/K*-ATPase, which is
blocked by high levels of extracellular KCI that occur
during the depolarization of cells [34]. Alternatively,
high levels of extracellular KCl may provide osmotic

] Innate Immun 2017;9:300-317
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pressure to reduce K* efflux in the event that H1 acts as
a pore-forming protein or otherwise makes the mem-
brane more permeable.

Histone Induction of Elevations of [Ca®*]i in

Phagocytic Cells

In these studies, we measured the extent to which
phagocytic cells (macrophages and bone marrow PMNs)
exposed to histones developed increases in [Ca®']i.
Mouse bone marrow PMNs were isolated as described
[28] because of the very low levels of PMNs in mouse
blood. In Figure 4, mouse macrophages (PEMs; Fig. 4a)
and bone marrow PMNs (Fig. 4b) were preloaded with
Fluo-3 AM for 20 min and, after washing, the cells were
exposed to various purified histones (50 pg/mL) and
evaluated for Ca?* flux immediately (within a few sec-
onds) thereafter by flow cytometry. Figure 4a shows a
shift to the right in the Fluo-3 AM signal after exposure
of cells to H3, indicating increased [Ca?*]i. For all other
histones, the [Ca**]i levels clustered close to the negative
control curve. When bone marrow PMNs were used

306 J Innate Immun 2017;9:300-317
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(Fig. 4b) H3 was a predominant activator of the [Ca*']i
increase, but H2B also induced increases in [Ca?*]i, while
the other 4 histones caused limited, if any, increases in
[Ca?*]i. When peritoneal exudate PMNs were used, we
found results similar to those for bone marrow PMNs
(data not shown). It is not clear why PEMs responded
only to H3, while the responses in PMNs were also robust
in the presence of either H2B as well as H3. The quanti-
tative changes in [Ca?*]iin PEMs (Fig. 4c) and bone mar-
row PMNs (Fig. 4d) as a function of individual histones
as determined by flow cytometry are shown. Figure 4a
and c display similar results, namely that H3 was the
dominant inducer of [Ca**]i increases in PEMs. Figure
4d confirms the data in Figure 4b, namely that H3 was a
dominant inducer of [Ca®']i in bone marrow PMNs,
closely followed by H2B. These data suggest that, under
the experimental conditions employed, H3 is the domi-
nant histone causing elevations in [Ca®*]i in PEMs, while
in the case of bone marrow PMNs, H3 as well as H2B
induced increased [Ca?*]i. The other histones were es-
sentially inactive. When we used the lower dose of the

Fattahi/Grailer/Lu/Dick/Parlett/Zetoune/
Nuriez/Ward



Table 2. Mediator release from PEMs

exposed to purified histones (37° C, Cytokine/chemokine H1 H2A H2B H3 H4
4 h incubation)
IL-6
ECsg, ug/mL >66 14 10 >67 >59
Peak levels, pg/mL <2 609 414 <5 <7
TNF
ECsp, ug/mL 6 5 5 >28 >64
Peak levels, pg/mL 81 1,554 1,636 121 616
IL-1B
ECsp, pg/mL >42 >38 >47 >46 >100
Peak levels, pg/mL 91 183 248 103 0
CXCL1
ECs, pg/mL 10.2 24 10 >50 >50
Peak levels, pg/mL 241 18,237 12,125 1,940 1,504
CXCL2
ECs, ug/mL 10 25 5 >50 >50
Peak levels, pg/mL 1,188 17,796 19,752 4,650 3,515
CCL3
ECs, pg/mL 26 5 5 >50 >50
Peak levels, pg/mL 47 21,684 82,712 321 473

ECs, effective concentration causing 50% of the maximal response.

histones (10 pg/mL instead of 50 ug/mL), H3 was still the
predominant histone with this activity, and the signal for
H2B from PMNs was low, similar to other purified his-
tones (data not shown). The data suggest that H3 has the
dominant but not exclusive activity for causing [Ca®*]i
increases in PEMs and PMNs.

Cytokine and Chemokine Release from

Histone-Activated Macrophages

The data in Table 2 document mediator (cytokines
and chemokines) release from mouse PEMs exposed to
a variety of concentrations (10-100 pg/mL) of purified
histones (37°C, 4 h). This allowed calculations of the
ECs5 values (effective concentration inducing 50% of the
maximal response, which can be calculated when a pla-
teau in mediator release develops). The values shown are
the actual concentrations of mediators released from
PEMs for each of the purified histones. The release of cy-
tokines (IL-6, TNF, IL-1PB) and chemokines (CXCL1
[KC], CXCL2 [MIP-2a],and CCL3 [MIP-1a]) was quan-
titated by ELISA. A range of doses of individual histones
(10-100 pg/mL) was employed in order to construct
dose-response curves for the 3 cytokines and 3 chemo-
kines. Histone concentrations causing 50% release (ECs)
were computationally determined. When EC;, values
were expressed as being beyond the highest indicated
histone concentration, this indicated that the responses
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had not yet reached a plateau. This was predominately
the case with IL-1p, resulting in relatively low levels of
IL-1p released in comparison to other mediators. The
cytokine responses, in general, were lower than the che-
mokine responses (e.g. when H2A was used as the ago-
nist, IL-6 levels peaked around 610 pg/mL, while chemo-
kine levels peaked between 12,000 and 21,000 pg/mL).
IL-1p peak production in PEMs of IL-1P was rather small
(0-250 pg/mL). In general, the most effective histones for
the induction of mediator release were H2A and H2B. H3
and H4 induced much lower levels of mediator release.
Also, when compared to results with H2A and H2B, H1
had reduced activity for cytokine and chemokine release.
Given the data in Table 2 in which ECs, values for the
histone-induced release of mediators varied over a broad
range (5 to >100 pg/mL), it was clear that the biological
responses to histones varied with the mediator being
measured. Chemokine release was more robust than cy-
tokine release. The mediator pattern suggested that his-
tones caused more chemokine release than cytokine re-
lease.

Cytokine Responses to Histones in Human and Mouse

Phagocytic Cells

The data in Figure 5 define the release of TNF, IL-6,
and IL-1p from the human monocytic cell lines THP-1
(ATCC®TIB-202™)and U-937 (ATCC® CRL-1593.2™).
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Fig. 5. Cytokine release from human phagocytic cells (THP-1, human monocytes; U937, human myeloid cells;
and PMNs purified from human blood) exposed to buffer (negative control) or individual histones (50 ug/mL,
4 h, 37°C) followed by cytokine analysis by ELISA of supernatant fluids. Each bar represents at least 4 separate
experiments. The cell number for each sample was 1 x 10%/mL. * p < 0.05.

Human PMNs isolated from blood were also assessed.
For TNF production, the responses of THP-1 and U-937
cells demonstrated similar results, with H2A and H2B in-
ducing the most robust responses (around 3,000 pg/mL).
Human PMNs (from blood) also responded similarly to
the same histones, with TNF responses being lower when
compared to the THP-1 and U-937 cell lines. For IL-6, all
3 cell types had responses that were quantitatively similar
(peaking at 400-600 pg/mL), with H2A and H2B being
the most effective agonists. IL-1p production in U-937
cells was extremely low (<20 pg/mL). In general, cytokine
production in these 3 cell lines was most robust when
H2A or H2B histones were used as agonists (Fig. 5). Sim-
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ilar patterns for cytokine production were found with
mouse phagocytic cells (Fig. 6). In the case of mouse
phagocytes and the MH-S cell line, the TNF responses
revealed H2A and H2B as the most effective agonists,
with H1 in some cases causing smaller responses. For IL-
6, H2A and H2B consistently induced the most active cy-
tokine responses. For the release of IL-13, H2A and H2B
were also the most active agonists, the exception being in
peritoneal PMNs in which H1 seemed to be the most ac-
tive agonist. Overall, for cytokine release, whether in hu-
man or mouse phagocytes, H2A and H2B seemed to in-
duce the most active responses.
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Fig. 6. Cytokine release from mouse phagocytic cells exposed to purified histones. Conditions similar to those
described in Figure 5 were employed, using mouse macrophages, PMNs, and an alveolar mouse macrophage cell

line (MH-S). * p < 0.05.

Role of TLR2 and TLR4 in Cytokine Release from

PEMSs Exposed to Histones

For these studies, mouse PEMs from Wt, TLR2™~,
TLR4-, and double-KO mice (TLR2/47/") were used.
The doses of purified histones selected were 50 ug/mL,
based on the dose responses of histones approaching a
plateau of cytokine release (Table 2). The data in Figure
7 demonstrate in vitro cytokine production responses
(TNF, IL-6, IL-1p) in mouse PEMs from Wt, TLR27-,
TLR47-, and double-KO (TLR2/4”~) mice. Macro-
phages (1 x 10%mL) were incubated with buffer (nega-
tive control) or with purified histones for 4 h at 37°C.
Cell supernatant fluids were then obtained and analyzed

Biological Responses to Purified Histones

by ELISA. Consistent with the data in Figure 6, H2A and
H2B were the most active histones for cytokine release
from PEMs. It was clear that the most dramatic effects
were found in double-KO PEMs, in which case the
amount of cytokine released was close to the negative
control (buffer) conditions. The individual contribu-
tions of TLR2 and TLR4 were quite limited, but the ab-
sence of both TLRs dramatically reduced the cytokine
responses. These data are similar to reports using bone
marrow dendritic cells in which the double-KO cells had
dramatically reduced cytokine release induced by cells
exposed to histones [9].
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5 separate experiments.

Histones as “Activators” of Inflammasome: IL-13

Production from PEMs and the Role of TLR2 and

TLR4

H1, H2A, and H2B caused the release of IL-1, but the
amounts were rather limited (<175 pg/mL; Fig. 8a). To
determine if histones were effective in activating the
NLRP3 inflammasome, PEMs were first exposed to LPS
(100 ng/mL; 37°C for 4 h), followed by the addition of
purified histones (50 pg/mL) as “activators” of the inflam-
masome (37°C for 45 min). The release of mature IL-1p
was the endpoint. As shown in Figure 8b, exposure of
PEMs only to LPS resulted in the release of approximate-
ly 200 pg of IL-13/mL. When the effects of purified his-
tones as “activators” of the inflammasome were deter-
mined following cell exposure to LPS, a robust IL-1p pro-
duction from PEMs occurred (almost 10-fold more). The
most active histone was H1, causing release of approxi-
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mately 9,000 pg of IL-1B/mL. H2A and H2B were the next
most active agonists (causing nearly 1,600 and 1,400 pg
IL-1B/mL release, respectively). These data reinforce re-
cent evidence that histones are effective in functioning as
“activators” of the NLRP3 inflammasome following cell
“priming” with LPS [21]. In Figure 8c, using the same
protocol in another set of experiments, PEMs from Wt,
TLR2/-, TLR4~~, and double-KO (TLR2/4~/~) mice were
exposed to LPS (100 ng/mL) for 4 h at 37°C, followed by
purified histones for 45 min at 37°C. Not surprisingly, the
absence of TLR2 or TLR4 caused reduced responses
(around 4,000 and 1,500 pg/mL of IL-1p, respectively)
with H1 as the activator, which is consistent with the lit-
erature suggesting that TLR2 and TLR4 may be receptors
for histones. However, in the absence of both TLR2 and
TLR4 (double TLR2/4 KO), the signal was almost com-
pletely abolished.
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ALI Responses to Airway Administered Purified

Histones

In recent studies, we showed that airway instillation of
the histone mix was intensely lung damaging [15]. In Fig-
ure 9, purified histones (100 ug given i.t.) were instilled
into the airways of Wt mice. BALFs were obtained 8 h
later and assessed for leak of mouse albumin (determined
by ELISA) and for PMN content. H1 and H2B were the
most effective histones that by themselves were capable of
inducing substantial ALI as reflected in albumin leak
(Fig. 9a). H2A, H3, and H4 caused very low albumin leak
compared to that caused by H1. The BALF content of
PMNs was determined in the same BALF samples ana-
lyzed in Figure 9a and did not completely correlate with

Biological Responses to Purified Histones

followed by purified histones (50 ug/mL) as the “activators” for 45
min at 37°C. ¢ The inflammasome protocol was used in TLR27/,
TLR4~, and double TLR2/47~ in addition to Wt. Release of IL-1f
was the endpoint, as quantitated by ELISA of the cell supernatant
fluid. Each bar represents at least 5 separate samples. * p < 0.05.

the degree of mouse albumin levels in the lung (Fig. 9b).
Airway instillation of H1, H2A, and then H2B produced
roughly similar levels of PMN accumulation, while H3
and H4 were much less active. The effects of the histone
mix on lung induction of ALI are described in our recent
publication [15], although we have not studied the effects
of mixes of several purified histones.

We also assessed the presence of cytokines (TNF, IL-1,
and IL-6; Fig. 9c-e) and chemokines (CXCL1, CXCL2, and
CCL3; Fig. 9f-h) in BALF. As shown in Figure 9c-e, in
general, cytokine appearance in BALF was most intensely
expressed after airway instillation of H1, H2A, and H2B.
H3 and H4 were much less active. The patterns were fairly
similar to those for BALF PMNss (Fig. 9b). With respect to
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Fig. 9. Ability of individual histones to induce ALI (by i.t. instilla-
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lungs. a Mouse albumin content as assessed by ELISA. b PMN ac-

the appearance of chemokines in BALF, the pattern was
somewhat chemokine specific. CXCL1 and CXCL2 were
predominately expressed after the instillation of H2B,
while in the case of CCL3, H1, H2A, and H2B caused sim-
ilar patterns of expression, but CCL3 expression was <10%
of the levels of expression for CXCL1 and CXCL2. Itis pos-
sible that the chemokines were being expressed by a variety
of cell types in the lung. Generally, the lung expression pat-
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cumulation in BALFs. For each bar, n = 5 separate mice measured
using standard microscopy for the enumeration of cells. All me-
diators were measured by ELISA in BALF cytokines (c-e) and che-
mokines (f-h). * p < 0.05.

terns of mediators were rather similar to the expression
patterns in PMNs and macrophage described in Figure 6.
IL-6 was the most abundantly expressed cytokine, followed
by TNF and IL-1p. For chemokines, H2B appeared to be
the most consistent inducer of chemokine release, with
levels of CXCL1 and CXCL2 being close to 4,000 pg/mL,
while levels of CCL3 were much lower.
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Fig. 10. Cytokine release from alveolar rat macrophages and al-
veolar mouse neutrophils. Alveolar macrophages were isolated
from rat BALFs (a-c) and alveolar neutrophils were isolated from
mouse BALFs 8 h after inducing ALI by i.t. injection of 60 pug LPS

Cytokine Release from Alveolar Rat Macrophages and

Alveolar Mouse Neutrophils Exposed to Histones

These experiments were extensions of the data in Fig-
ure 6 in which mouse phagocytes or cell lines were used
to assess the histone-induced release of cytokines from
cells. For the additional studies shown in Figure 10, we
used alveolar macrophages lavaged from normal rat
lungs. Retrieval from normal mouse lungs would have
required more than 40 mice for our experiments. We also
obtained BALF PMNs from mouse lungs after the induc-
tion of ALIL. Alveolar macrophages were isolated from rat
BALFs (Fig. 10a—c) obtained from normal lungs, while
alveolar neutrophils were isolated from mouse BALFs
6 h after inducing ALI by i.t. injection of 60 ug of LPS
(Fig. 10d-f). In both experiments, rat macrophages and
mouse PMNs from the airways (1 x 105/mL) were incu-
bated with buffer (negative control) or with purified his-
tone (50 ug/mL) for 4 h at 37°C. As shown in Figure 10a-
¢, H2A and H2B consistently induced cytokine appear-
ance while H1 had less biological activity, similar to the
data in Figure 6. In the case of mouse PMNs (from LPS-
induced ALI lungs), H2A and H2B consistently induced

Biological Responses to Purified Histones

(d-f). In both experiments, rat macrophages and mouse PMNs
from the airways were incubated with buffer (negative control) or
with purified histone (1 x 106/mL) for 4 h at 37°C. All cytokines
were measured by ELISA in BALFs. * p < 0.05.

the highest level of TNF and IL-6, with H1 next in the
order (Fig. 10d-f). For IL-1p, the descending order of ac-
tivity was HI>H2A>H2B>H3>H4. Generally the pattern
of cytokine production by airway macrophages and neu-
trophils was in line with those from peritoneal macro-
phages and neutrophils (Fig. 6).

HE Staining of Lung Tissue from Mice after Inducing

ALI by Individual Histones

Figure 11a provides morphological features of ALI in-
duced by control buffer (PBS) or purified histones (100
ug, given i.t.). The image shows the appearance of normal
lung with very thin alveolar walls and few, if any, leuko-
cytes. At 8 h after H1 instillation, PMN accumulation in
alveolar walls and occasionally in alveolar spaces was ap-
parent (Fig. 11b). At 8 h after H2A instillation, PMN ac-
cumulation both in alveolar wells and occasionally in al-
veolar spaces was observed (Fig. 11c), and effects were
somewhat similar at 8 h after the instillation of H2B
(Fig. 11d). At 8 h after H3 instillation, occasional PMNs
in interstitial locations in alveolar walls were demonstrat-
ed (Fig. 11e). Finally, Figure 11f shows the effects of H4
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Fig. 11. HE staining of lung tissue from mice after inducing ALI by individual histones. a Histology of control
buffer-induced changes in the lung. b-f Histology of the lung and alveolar walls 8 h after i.t. instillation of 100 pg
H1 (b), H2A (c), H2B (d), H3 (e), and H4 (f). Original magnification x40.

(after 8 h of instillation), with only occasional PMNs in
the alveolar walls. It appears that H1, H2A, and H2B in-
duced the most robust buildup of PMNs in BALF from
mice given purified histones i.t. The morphological data
are consistent with those in Figure 9.

Comparative Potency of Individual Histones in

Biological Responses

Online supplementary Table S1 is a very simplified dis-
play of the various biological activities, with 6 different
endpoints (cytokine release, increased [Ca?']i, cell swell-
ing, LDH release, induction of ALI, and functioning as
“activator” of inflammasome protocol). The determinants
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are listed from +/- (no consistent response) to ++++ (the
maximal response). For cytokine release from PMNs or
macrophages, H2A and H2B consistently induce the most
robust responses (release of TNF, IL-6, and IL-1p). In-
creased [Ca**]i in PMNs and macrophages is most robust
for H3, followed by H2B (in the case of PMNs). The induc-
tion of cell (PMNs, macrophages) swelling and LDH re-
lease is predominantly caused by H1. Induction of ALI is
most robust with H1, which is also the most robust histone
for cell swelling and LDH release. H1 was also the most
effective activator of the NLRP3 inflammasome protocol.
No information is currently available on how mixtures of
2 or 3 histones will affect biological responses.
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Discussion

Extracellular histones play an important role in organ
failure after sepsis [35, 36] and are major mediators of
death in sepsis [16, 19]. Our recent work on mice [37] as
well as that of others on humans [38] indicates that ex-
tracellular histones can adversely affect cardiac func-
tion, and that the appearance of extracellular histones is
linked to evolving cardiac dysfunction during sepsis
based on the protective effects of neutralizing mAbs to
both H2A and H4 [37]. A major problem in studies of
this kind is the lack of quantitative ELISA kits that can
identify and quantify individual histones. Until such
technology is available, our strategy is to determine the
biological activities of purified histones using reliable
cell targets such as phagocytic cells in which cytokine
(TNF, TIL-6, IL-1p) release can be reliably quantitated.
In such studies, it is critical to have histone preparations
that are essentially devoid of bacterial LPS, the presence
of which would greatly confound the interpretation of
results.

Another issue that needs careful attention is the extent
to which post-translational modifications develop in his-
tones. One of the changes in histones that occur is the ac-
tion of the enzyme, PAD4, which converts arginine in
histones to citrulline [24], causing autoimmune respons-
es in the setting of autoimmune diseases in mice and in
humans [25, 26]. While neutralizing antibodies to citrul-
linated H4 have been available for several years, there is
no comprehensive body of evidence that identifies the ex-
tent to which citrullinated histones contain biological ac-
tivities that are differentiated from noncitrullinated his-
tones.

In spite of all of these constraints, our studies suggest
that histones differ significantly in their biological ac-
tivities. For example, H2A and H2B appear to be espe-
cially active in stimulating human, mouse, and rat PMNs
and macrophages to release TNF, IL-6, and IL-1f. H1 is
the histone with predominant activity for inducing pore
formation leading to reversible cell swelling. This is as-
sociated with the activation of Na*/K*-ATPase, which
causes K* release. The histones associated with increased
[Ca**]i in PEMs or PMNs are H3 followed by H2B. Re-
garding cytokines induced by H2A and H2B, it is clear
that the double TLR KO involving both TLR2 and TLR4
virtually abolishes cytokine release from PEMs, whereas
single KO involving either TLR2 or TLR4 has very lim-
ited activity. Such patterns have been previously report-
ed in dendritic cells [9] and reinforce the original obser-
vations related to acute ischemic injury of the kidney in
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which it was postulated that both TLR2 and 4 are recep-
tors for histones [9]. Other biological activities involved
in ALI (in this report) have suggested an important role
for H1, H2A, and H2B (Fig. 9). While earlier reports us-
ing neutralizing mAbs to H4 have suggested that this
histone may be related to sepsis [16] and to ALI [15], it
is curious that we have not been able to demonstrate a
strong in vitro proinflammatory role for H4 in our cur-
rent studies.

The literature increasingly suggests a broad role for
histones in ALI [10, 13, 15], sepsis [16, 19, 37, 38], isch-
emic injury in kidneys [9], and a likely role for histones
in responses to chemical injury of the liver [8]. Based on
the lack of sensitive and reliable methods to identify and
quantitate the presence of individual histones in a variety
of inflammatory responses, when such biomarker mea-
surements for extracellular histones become available,
our understanding of the broad biology of histones should
be greatly enhanced.

It is not at all clear what the source(s) of these his-
tones is/are in situations such as sepsis, in which micro-
gram quantities of histones appear in plasma [37, 38].
One proven source is PMNs that, when activated, form
neutrophil extracellular traps (NETs), containing long
strands of DNA associated with elastase, myeloperoxi-
dase, and other products of secondary granules from
PMNs [18, 39]. Our own studies have shown that NET
formation from PMNs is linked to PMN activation by
C5a, which engages C5a receptors [40]. There may also
be other ways in which NETs can be formed. Such in-
formation may lead to new therapeutic interventions.
We have already shown that an antibody that neutral-
izes H2A and H4 suppresses the development of the car-
diomyopathy of sepsis [37]. Once we know more about
the histones that are present in pathological conditions,
we will have a better idea of histones as therapeutic tar-
gets.

Conclusion

Our studies suggest that there is considerable variation
in the ability of individual histones to induce biological
responses in phagocytic cells and also to produce ALIL It
is clear that not all histones can induce the same biologi-
cal responses (cell swelling and LDH release, production
of cytokines and chemokines, increases in [Ca*']i, and
induction of ALI). When reliable ELISA kits are available,
obtaining more information about the individual his-
tones present in inflammatory reactions should greatly
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enhance research efforts that will define the biological
roles of histones.

The literature suggests that histones may be ligands for
TLR2 and TLR4. Our data indicate that both TLR2 and 4
on phagocytes are required for responses to all individual
histones, in line with earlier reports on bone marrow den-
dritic cells. Although there are substantial constraints to
the reliable measurement of levels of individual TLRs and
histones by ELISA, it seems clear that the biology of ex-
tracellular histones is complex and will likely have thera-
peutic implications.
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