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The human intestinal tract is highly colonized by a vast number of microorganisms. Despite this permanent challenge, infec-
tions remain rare, due to a very effective barrier defense system. Essential effectors of this system are antimicrobial peptides and
proteins (AMPs), which are secreted by intestinal epithelial and lymphoid cells, balance the gut microbial community, and pre-
vent the translocation of microorganisms. Several antimicrobial proteins have already been identified in the gut. Nonetheless, we
hypothesized that additional AMPs are yet to be discovered in this setting. Using biological screening based on antimicrobial
function, here we identified competent antibacterial activity of high-mobility-group box 2 (HMGB2) against Escherichia coli. By
recombinant expression, we confirmed this biologically new antimicrobial activity against different commensal and pathogenic
bacteria. In addition, we demonstrated that the two DNA-binding domains (HMG boxes A and B) are crucial for the antibiotic
function. We detected HMGB2 in several gastrointestinal tissues by mRNA analysis and immunohistochemical staining. In addi-
tion to the nuclei, we also observed HMGB2 in the cytoplasm of intestinal epithelial cells. Furthermore, HMGB2 was detectable
in vitro in the supernatants of two different cell types, supporting an extracellular function. HMGB2 expression was not changed
in inflammatory bowel disease but was detected in certain stool samples of patients, whereas it was absent from control individ-
uals. Taken together, we characterized HMGB2 as an antimicrobial protein in intestinal tissue, complementing the diverse reper-
toire of gut mucosal defense molecules.

Mammalian surfaces are in close contact with microbes. Espe-
cially the skin and the gut have to deal with high loads of

bacteria, fungi, and viruses (1–3). The human gut is one of the
most densely populated ecosystems and harbors approximately
100 trillion microbes (4). However, despite this enormous chal-
lenge, due to a very effective immune system, infections are rare
events.

In the gut, the first line of defense against microorganisms is
the intestinal epithelium, which is covered by a thick mucus layer
containing highly glycosylated proteins (5, 6). In addition to phys-
ical protection, this barrier is strengthened by chemical defense
molecules, including antimicrobial peptides and proteins (AMPs)
(7). AMPs are effective weapons against a huge variety of micro-
organisms, including viruses, fungi, and bacteria, and are pro-
duced by all multicellular organisms (8–10). AMPs have a high
level of diversity and can be subdivided into several classes based
on their secondary structure (9). Two major characteristics of
most AMPs are a positive net charge and an amphipathic structure
(8, 9). These features seem to be crucial for the electrostatic attrac-
tion to negatively charged phospholipids of bacterial membranes
and integration into the microbial cell membrane (11). Although
the exact mode of action for many AMPs is not yet clear (8), there
are various models illustrating microbial killing. Some AMPs act
directly on the bacterial cell membrane by enzymatic or nonenzy-
matic mechanisms (12, 13). Others work via metal chelation,
thereby limiting trace elements such as Mn2� and Zn2�, which are
essential for microbial survival (14, 15).

Well-investigated AMPs in humans are lysozyme, secretory
phospholipase A2 (sPLA2), calprotectin, cathelicidin, and the de-
fensins (2). Human defensins can be subdivided into �- and �-de-
fensins based on the pattern of their disulfide bonds (8) and are
expressed by granulocytes, epithelial cells, and small intestinal
Paneth cells (7). A breakdown of the host antimicrobial barrier
can have critical and clinically relevant consequences, as it seems

to be central in the development of chronic inflammatory bowel
diseases (IBDs). Crohn’s disease (CD) of the small intestine, for
example, is associated with different defects in small intestinal
secretory Paneth cells, which permanently produce large amounts
of different AMPs, including defensins, lysozyme, sPLA2, and
others (16–18). In addition, attenuated induction of inducible
�-defensins as well as decreased expression levels of human �-de-
fensin 1 are associated with the colonic phenotype of CD (3, 17,
19). The disease-associated changes of AMP expression and func-
tion are mediated by a broad variety of different mechanisms,
including host genetic and environmental alterations (20). Due to
the resulting compromise of antimicrobial barrier function, com-
mensal and pathogenic microbes are able to invade the mucosa
and trigger and perpetuate a secondary inflammatory response.
Single-nucleotide polymorphisms in defensin genes and altera-
tions in their expression are also linked to several other diseases,
including atopic dermatitis, periodontitis, cystic fibrosis, and
asthma (21), underlining their important function in the human
immune system.

While most AMPs are cytosolic proteins and partly stored in
secretory granules, some nuclear proteins also exhibit antimicro-
bial activity. More than 70 years ago, Miller et al. demonstrated
that histones, in addition to their important transcriptional regu-
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latory roles, exhibit antibiotic function (22). Since then, antimi-
crobial activity has been found for several histones, histone frag-
ments, or histone-like proteins from different species and tissues,
including the human intestine (23–26). Furthermore, the nuclear
protein high-mobility-group box 1 (HMGB1) was identified as an
important player in inflammatory reactions (27). HMGB1 was
originally described as a transcriptional regulator of several genes
through various mechanisms, including direct interactions with
nucleosomes and transcription factors (28). However, increasing
evidence points to additional important functions of HMGB1
outside the nucleus. Recently, HMGB1 was isolated from human
adenoid glands and testis tissue and was identified as a protein
with antimicrobial activity (29, 30). In addition, Yanai and col-
leagues have shown that proteins of the HMGB family act as sen-
tinels for immunogenic nucleic acids in the cytosol and are in-
volved in the activation of Toll-like receptors by nucleic acids (31).
HMGB1 can be passively released from necrotic cells, but it can
also be actively secreted, which has been described for macro-
phages and monocytes (32–34).

In this study, we aimed to identify as-yet-unknown antimicro-
bial peptides using a biological functional approach. Using non-
inflamed colonic tissue, we isolated high-mobility-group box 2
(HMGB2) as a competent and broadly antimicrobial host defense
molecule in gastrointestinal (GI) epithelial tissues.

MATERIALS AND METHODS
Bacterial and fungal strains. The bacterial strains used were Escherichia
coli K-12, Bifidobacterium adolescentis Ni3,29c (clinical isolate), Bifidobac-
terium breve PZ 1343 (from probiotic VSL#3), Lactobacillus acidophilus
PZ 1130 (clinical isolate), Lactobacillus fermentum PZ 1162 (clinical iso-
late), Bacteroides vulgatus DSM 1447 (from the German Collection of
Microorganisms and Cell Cultures [DSMZ]), Streptococcus salivarius
subsp. thermophilus DSM 20617 (DSMZ), and Bifidobacterium longum
DSM 20219T (DSMZ). In addition, Escherichia coli ATCC 25922, Pseu-
domonas aeruginosa ATCC 27853, Enterococcus faecalis ATCC 29212, and
Candida albicans ATCC 10231 (pathogenic strains were provided by the
Department for Laboratory Medicine, Robert Bosch Hospital Stuttgart,
Stuttgart, Germany) were used.

Surgical and stool specimens. Human surgical specimens were ob-
tained during colectomy at Robert Bosch Hospital Stuttgart. Stool speci-
mens were also taken at Robert Bosch Hospital Stuttgart. Patients gave
written consent, and the study was approved by the local ethical commit-
tee at the University of Tübingen, Germany.

Protein extraction from intestinal tissue. Human mucosal sigma tis-
sue was disrupted by a ball mill, mixed with ice-cold extraction buffer
(60% [vol/vol] acetonitrile and 1% [vol/vol] trifluoroacetic acid [TFA] in
water), and incubated for 1.5 h on ice. Samples were centrifuged at
16,000 � g, the supernatant was dried by vacuum centrifugation, and the
sediment was dissolved in 10% (vol/vol) ethanol. After a second centrif-
ugation step, the pH of the supernatant was adjusted to 8.0 and then
analyzed by high-performance liquid chromatography (HPLC) on an
Agilent 1200 series system (Agilent, USA). To enrich positively charged
proteins, samples were concentrated on a HiTrap Heparin HP 1-ml col-
umn (GE Healthcare, USA) in 0.01 M Tris– 0.01 M citric acid in water (pH
8.0). Cationic proteins were eluted with 0.01 M Tris– 0.01 M citric acid–2
M sodium chloride (NaCl) in water (pH 8.0). The eluate was dried by
vacuum centrifugation, the sediment was dissolved in 10% (vol/vol) eth-
anol, and the pH was adjusted to 4.0. The cationic protein fraction was
then further analyzed by HPLC using a Vydac 218TP-C18 column (250 by
4.6 mm, 5 �m; Grace, USA) with a flow rate of 0.5 ml/min. The gradient
was increased from 95% buffer A (0.18% [vol/vol] TFA in water) and 5%
buffer B (0.15% [vol/vol] TFA in acetonitrile) to 52% buffer B in 94 min.

Fractions with a volume of 0.6 ml were collected, dried, and dissolved in
10% (vol/vol) ethanol.

Protein extraction from stool samples. Stool samples were obtained
from control individuals and Crohn’s disease and ulcerative colitis (UC)
patients. Five hundred milligrams of stool sample was mixed with 1,500 �l
extraction buffer (60% [vol/vol] acetonitrile, 1% [vol/vol] TFA in water)
and incubated for 2 h on ice. Samples were centrifuged at 16,000 � g for 20
min. One thousand microliters of supernatant was dried by vacuum cen-
trifugation, and the sediment was dissolved in 100 �l water.

Radial diffusion assay. For measurement of antibacterial activity, a
classical or modified radial diffusion assay (RDA) was used as previously
described (35, 36). Briefly, E. coli K-12, E. coli ATCC 25922, P. aeruginosa
ATCC 27853, E. faecalis ATCC 29212, and C. albicans ATCC 10231 were
grown on Columbia blood agar plates for 18 to 24 h at 37°C, while anaer-
obic bacteria were grown for up to 48 h in an anaerobic jar (AnaeroGen;
Oxoid, USA). Bacteria and fungi were then inoculated in liquid Trypticase
soy broth (TSB) medium and incubated for 16 to 20 h at 37°C. Cells were
washed and diluted to an attenuance value (optical density at 620 nm
[OD620]) of 0.1, of which 300 �l of lactobacilli and 150 �l of all other
anaerobic bacterial strains and pathogenic strains (P. aeruginosa, E. faeca-
lis, and C. albicans) were used. For E. coli strains, about 4 � 105 CFU/ml
were used. Antimicrobial testing was carried out in 10 mM sodium phos-
phate buffer containing 0.3 mg/ml of TSB powder and 1% (wt/vol) low-
electroendoosmosis (EEO)-agarose (AppliChem, Germany) under aero-
bic (E. coli strains, P. aeruginosa, E. faecalis, and C. albicans) or anaerobic
(other bacterial strains) conditions with lysozyme (Sigma-Aldrich, USA);
recombinantly expressed HMGB2, A-box, B-box, acidic-tail, or synthetic
carboxy-terminal peptide (EMC Microcollections, Germany); or HPLC-
purified tissue extracts. The pH was adjusted to 5.7 or 7.4. To generate a
reducing environment, 2 mM dithiothreitol (DTT) was added. After 3 h of
incubation, an overlay gel containing 6% (wt/vol) TSB powder, 1% (wt/
vol) low-EEO-agarose, and 10 mM sodium phosphate buffer was applied
onto the first gel. After 18 to 20 h of incubation, the inhibition zone
diameter was measured. All experiments were repeated at least 3 times.

Tricine-sodium dodecyl sulfate (SDS) gel electrophoresis and silver
staining. HPLC-purified tissue fractions showing antimicrobial activity
were further analyzed. Twenty percent of each fraction was mixed with
sample buffer (4% [wt/vol] SDS, 6 M urea, 12% [wt/vol] glycerol, 50 mM
Tris, 0.01% [wt/vol] Serva Blue G [pH 6.8]), electrophoresis was done
with Tricine-SDS gels (3.9% stacking gel, 9.7% spacer gel, and 21.4%
separation gel) under nonreducing conditions according to methods de-
scribed previously by Schägger et al. (37), and gels were visualized by silver
staining.

Peptide mass fingerprinting. For antimicrobially active fractions,
protein bands were cut out of the gel and washed twice with peptide mass
fingerprinting (PMF) buffer 1 (50 mM ammonium bicarbonate in water)
and PMF buffer 2 (25 mM ammonium bicarbonate and 50% [vol/vol]
acetonitrile in water). Gel slices were reduced with 10 mM DTT in PMF
buffer 1, subsequently alkylated with 5 mM iodoacetamide in PMF buffer
1, washed, and dried by vacuum centrifugation. The in-gel digest was
performed with 62.5 ng trypsin (V511; Promega, USA) in PMF buffer 1 at
37°C for 18 h. The peptides were eluted from the gel slices with 0.1%
(vol/vol) TFA in water at room temperature for 45 min. Fragments were
purified, concentrated, and cocrystallized with �-cyano-4-hydroxy cin-
namic acid. Fragments were then analyzed by matrix-assisted laser de-
sorption ionization–time of flight mass spectrometry (Ultraflex TOF/
TOF; Bruker, Germany), and proteins were identified by PMF using
Mascot (Matrix Science) and the NCBI database.

Determination of the MIC. An assay to determine the MIC, slightly
modified from a method described previously (38), was used. E. coli K-12
cells were grown on Columbia blood agar plates for 16 h at 37°C. Three to
five colonies were used to inoculate TSB medium. After 2.5 to 3 h, cells
were washed with 10 mM sodium phosphate containing 1% (wt/vol) TSB
(pH 7.4) and diluted to an OD600 of 0.4. The bacterial suspension was
diluted 1:100 with 10 mM sodium phosphate containing 1% (wt/vol) TSB
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(pH 7.4). Fifty microliters of water containing various concentrations of
recombinant HMGB2 (0.6 �g/ml to 320 �g/ml) was mixed with 50 �l of
the bacterial suspension to give approximately 5 � 105 CFU/ml. The
sterility control contained 100 �l of 10 mM sodium phosphate containing
1% (wt/vol) TSB (pH 7.4), and the growth control contained 50 �l water
mixed with 50 �l of the bacterial suspension. After 2 h of incubation at
37°C, 100 �l of 2� TSB was added. Dilutions of 1:100 and 1:1,000 were
generated with water; 100 �l was plated onto Luria broth (LB) plates; and
after 18 h of incubation at 37°C, colonies were counted. In the case of a
1:100 dilution, CFU/ml was calculated by using the equation CFU/ml �
colonies � 10/10�2. In the case of a 1:1,000 dilution, CFU/ml was calcu-
lated by using the equation CFU/ml � colonies � 10/10�3. CFU/ml val-
ues were plotted against concentrations in �g/ml. The experiment was
repeated three times.

Construction of expression vectors. For recombinant expression, the
gene sequence of human HMGB2 (NCBI database accession number
NM_002129.3) was optimized for E. coli K-12 codon usage (Eurofins
MWG Operon, Germany) (see Table S1 in the supplemental material)
(designated rHMGB2 below), cloned into the pCR2.1 vector via
TOPO-TA cloning, and amplified with E. coli TOP10 (Eurofins MWG
Operon). This construct was used as the template for subcloning of
HMGB2, A-box, B-box, and acidic-tail peptides by PCR with specific
primers (see Table S2 in the supplemental material) and Taq polymerase.
PCR products were ligated into the pSUMO3 vector (Invitrogen, USA)
with T4 DNA ligase. The expression constructs were transformed into
Mach1-T1 cells (Invitrogen), amplified, and confirmed by sequencing.

Recombinant expression of HMGB2, A-box, B-box, and acidic-tail
proteins. Recombinant expression of HMGB2, A-box, B-box, and acidic-
tail proteins was performed by using the Champion pET SUMO protein
expression system (Invitrogen). Based on the characteristics of the vector,
the protein of interest was expressed as a fusion protein with the recogni-
tion site of the SUMO protease and an amino-terminal His tag. The con-
structed plasmids pSUMO3-rHMGB2, pSUMO3-A-Box, pSUMO3-
B-Box, and pSUMO3-Acidic-tail were transformed into BL21(DE3)
competent cells (Invitrogen) and plated onto LB plates containing kana-
mycin (50 �g/ml). The transformants were incubated at 37°C with shak-
ing (250 rpm) in LB medium with kanamycin (50 �g/ml) for 16 to 20 h.
The culture was then diluted 1:20 with LB medium (kanamycin [50 �g/
ml]) and grown to an OD600 of 0.4 to 0.6, and protein expression was
induced with 1 mM isopropyl-beta-D-thio-galactopyranoside. After 5 to 6
h, cells were harvested and resuspended in lysis buffer (50 mM potassium
phosphate, 400 mM NaCl, 100 mM potassium chloride [KCl], 10% [vol/
vol] glycerol, 0.5% [vol/vol] Triton X-100, 10 mM imidazole [pH 7.8]).
The disruption of the cells was performed by 3 cycles of sonication on ice.
After centrifugation at 16,000 � g at 4°C for 15 min, the supernatant was
analyzed with a HisTrap HP column (GE Healthcare) with LEW buffer
(50 mM monosodium phosphate [NaH2PO4], 300 mM NaCl, 25 mM
imidazole [pH 7.8]). The polyhistidine-tagged fusion protein was then
eluted with elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM
imidazole [pH 8.0]) and dialyzed against cold phosphate-buffered saline
(PBS). The fusion protein concentration was determined by using a
NanoDrop 2000 spectrophotometer (Thermo Scientific, USA) at an A280

with the protein weight and extinction coefficient (see Table S3 in the
supplemental material). The protein was then digested with SUMO pro-
tease 2 (LifeSensors, USA) at a ratio of 1 U protease to 125 to 250 �g fusion
protein at 30°C for 16 to 18 h to cleave off the SUMO fusion protein and
polyhistidine tail. Based on the characteristics of the vector, the protein of
interest had no additional amino acids after the cleavage. To obtain pure
recombinant protein, a second purification step was carried out with a
HisTrap HP column, followed by a final purification step by HPLC (Vy-
dac 218TP-C18 column, 250 by 4.6 mm, 5 �m; Grace) with a gradient of
5% buffer B to 52% buffer B in 50 min (buffer A, 0.18% [vol/vol] TFA in
water; buffer B, 0.15% [vol/vol] TFA in acetonitrile). The fraction con-
taining HMGB2, A-box, B-box, or acidic-tail protein was dried by vac-
uum centrifugation and dissolved in water. The protein concentration of

HMGB2 was determined by using a NanoDrop 2000 spectrophotometer
at an A280 with the calculated protein weight and extinction coefficient
(see Table S3 in the supplemental material). The purity of HMGB2 was
verified by SDS-PAGE with Coomassie staining and Western blotting. To
monitor the size of the expressed protein, a Precision Plus Protein Kalei-
doscope standard (Bio-Rad, USA) was used. Due to inappropriate amino
acid composition of the acidic-tail protein, the concentrations of the A-
box, B-box, and acidic-tail proteins were measured by using a bicin-
choninic acid assay (39). The purity was also checked by SDS-PAGE with
Coomassie staining. Amino acid sequences of all expressed proteins are
shown in Table S4 in the supplemental material.

Western blotting. One hundred micrograms of intestinal tissue ex-
tract was mixed with sample buffer (see the section on Tricine-SDS elec-
trophoresis above), boiled for 5 min, and electrophoresed in a 12% SDS-
polyacrylamide gel. The proteins were then transferred onto a Protran
nitrocellulose membrane (Whatman, USA), washed with PBS and 0.1%
(vol/vol) Tween 20 (PBST), blocked for 1 h in 3% (wt/vol) bovine serum
albumin (BSA) in PBST, and incubated for 16 h at 4°C in 1% (wt/vol) BSA
in PBST containing 0.042 �g/ml polyclonal rabbit HMGB2 antibody
(ab11973; Abcam, United Kingdom). The membrane was washed and
incubated for 1 h in 1% (wt/vol) nonfat powdered milk in PBST contain-
ing a 1:10,000 dilution of goat anti-rabbit IgG horseradish peroxidase
(HRP)-conjugated secondary antibody (Jackson Immuno Research,
USA). This was followed by 6 washing steps with PBST and 5 min of
incubation with Super Signal West Dura extended-duration substrate
(Thermo Scientific, USA). For visualization, a LAS-1000 cooled camera
imaging system (Fujifilm, Japan) was used. Densitometric analyses were
done with AIDA evaluation software (Raytest, Germany).

Immunodot blotting. One microliter of supernatant of cells from
stimulation experiments (Caco2/TC7 cells or peripheral blood mononu-
clear cells [PBMCs]) or stool extracts was pipetted onto a Protran nitro-
cellulose membrane (Whatman). To determine the HMGB2 concentra-
tion in stool extracts, various amounts of recombinant HMGB2 were also
applied onto the membrane and used as a standard. After 10 min of incu-
bation, the membrane was washed for 10 min with PBST. The membrane
was then treated like the Western blot membrane after the first washing
step.

High-performance liquid chromatography analysis. To analyze the
purity of the recombinantly expressed A-box, B-box, and acidic-tail pro-
teins, 15 �g of each peptide was analyzed by HPLC using a Vydac 218TP-
C18 column (250 by 4.6 mm, 5 �m; Grace) and gradients from 5% buffer
B to 52% buffer B in 50 min and from 52% buffer B to 95% buffer B in 5
min (buffer A, 0.18% [vol/vol] TFA in water; buffer B, 0.15% [vol/vol]
TFA in acetonitrile).

Real-time PCR. Intestinal biopsy specimens were taken at Robert
Bosch Hospital (Stuttgart, Germany). After TRIzol extraction according
to the manufacturer’s protocol (Invitrogen), the total RNA was checked
for quality and transcribed into cDNA by using oligo(dT) primers and the
avian myeloblastosis virus (AMV) reverse transcriptase kit according to
the manufacturer’s protocol (Promega). cDNA corresponding to 10 ng of
RNA served as the template for specific oligonucleotide primer pairs (see
Table S2 in the supplemental material). mRNA copy numbers were mea-
sured by real-time PCR using a LightCycler 480 instrument (Roche Diag-
nostics, Germany). For quantification, an internal plasmid standard was
used, as previously described (40).

Immunohistochemistry. For HMGB2 immunostaining, we utilized a
two-step immunoperoxidase procedure (EnVision; Dako, Denmark).
Paraffin slides (3 �m) were deparaffinized and rehydrated. Antigen re-
trieval was performed for 30 min in a steamer with 0.01 M citrate buffer
(pH 9.0). This was followed by a 10-min blocking step with Endogene
peroxidase blocking solution (Dako) and immunohistochemical staining
with polyclonal rabbit HMGB2 antibody (0.21 �g/ml) (ab11973; Abcam)
in TBST (20 mM Tris base [pH 7.4], 0.14 M NaCl, 2.5 mM KCl, 0.1%
Tween 20) for 1 h at room temperature. To uncover HMGB2, a second
HRP-labeled antibody (Dako) was used and detected with 3=-diamino-
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benzidine tetrahydrochloride (Dako). Hematoxylin was used for counter-
staining.

Cell culture experiments. The colon cell line Caco2/TC7 (kindly pro-
vided by Oliver Burk) was cultivated in Dulbecco’s modified Eagle me-
dium (DMEM; Gibco Life Technologies, Germany) in a humidified at-
mosphere at 37°C in 5% CO2. Fetal calf serum (FCS) (10% [vol/vol]; PAA
Laboratories, Austria), 1% (vol/vol) penicillin-streptomycin (Gibco Life
Technologies), 1% (vol/vol) nonessential amino acids (NEAA) (Gibco
Life Technologies), and 1% (vol/vol) sodium pyruvate (NaP) (Gibco Life
Technologies) were added. For stimulation experiments, 45,000 cells were
seeded per well into 24-well culture plates (Thermo Scientific, USA). After
24 h, cells were washed with PBS (Gibco Life Technologies) and incubated
in DMEM with 1% (vol/vol) NEAA (Gibco Life Technologies) and 1%
(vol/vol) NaP (Gibco Life Technologies) for 20 h. After 20 h, cells were
washed with PBS (Gibco Life Technologies) and 500 �l DMEM with 1%
(vol/vol) NEAA (Gibco Life Technologies), and 1% (vol/vol) NaP (Gibco
Life Technologies) containing either 50 ng/ml interleukin-1� (IL-1�)
(Sigma, USA), interleukin-4 (ImmunoTools, Germany), interleukin-13
(Sigma, USA), interleukin-22 (ImmunoTools), tumor necrosis factor al-
pha (TNF-�) (Sigma), or gamma interferon (IFN-�) (Abcam) was added.
Control cells were treated with DMEM with identical supplements, ex-
cluding cytokines. After 3 h, 24 h, and 48 h, supernatants of two wells
under the same conditions were combined and dried by vacuum centrif-
ugation. The sediment was dissolved in 100 �l water and used for immu-
nodot blotting.

Isolation and stimulation of peripheral blood mononuclear cells.
Fifty milliliters of blood in S-Monovette tubes (S-Monovette, Sarstedt,
Germany) was combined and mixed 1:1 with PBS (Gibco Life Tech-
nologies). Biocoll separating solution (Biochrom, Germany) was filled
in a tube, carefully overlaid with a blood-PBS mixture, and subse-
quently centrifuged at 300 � g for 25 min without break. PBMCs were
collected from the interphase of PBS, combined in a new tube, and
centrifuged at 300 � g for 5 min. The pellet was dissolved in 10 ml PBS
(Gibco Life Technologies), followed by centrifugation at 300 � g for 5
min. To culture the PBMCs, 500 ml of RPMI 1640 medium (Gibco Life
Technologies) was supplemented with 10% (vol/vol) FCS (PAA Lab-
oratories), 0.1 g/liter penicillin-streptomycin (Gibco Life Technolo-
gies), 10 mM HEPES (pH 7.4) (Merck, Germany), 2 mM L-glutamine
(Biochrom), 0.13 mM L-asparagine (Serva Electrophoresis, Germany),
0.05 mM 2-mercaptoethanol (Merck), 1 mM NaP (Gibco Life Tech-
nologies), and 3 ml 100� nonessential amino acids (Biochrom), and
the pellet was dissolved in 60 ml of this medium. Finally, 2.5 �g phy-
tohemagglutinin L (Roche, Germany) per ml was added, and PBMCs
were cultivated in a humidified atmosphere at 37°C in 5% CO2. After
48 h or 72 h, cells were centrifuged at 2,500 � g, and the supernatant
was used for immunodot blotting.

RESULTS

The human intestine is permanently challenged by large amounts
of microorganisms. Hence, an effective antimicrobial barrier is
crucial in maintaining a beneficial homeostasis toward a diverse
microbial community to prevent translocation of microorgan-
isms into the intestinal mucosa. Although various and diverse
antimicrobial peptides that protect the gut epithelium have al-
ready been identified, we hypothesized that additional as-yet-un-
identified proteins are also involved in this defense. Therefore, our
aim was to identify new AMPs from intestinal tissue. We extracted
proteins from human sigmoid mucosa and separated cationic
from noncationic proteins by cation-exchange chromatography.
Positively charged proteins and peptides were further purified by
reversed-phase HPLC based on their hydrophobicity. As a first
selection based on antimicrobial function, the fractions were
screened for activity against the E. coli K-12 laboratory strain by a
radial diffusion assay (35). Of 100 fractions, 13 showed consider-

able inhibition of bacterial growth of E. coli K-12 (Fig. 1A). To
investigate if the observed activity is caused by single proteins or a
protein mixture, we checked the purity of the active fractions by
Tricine-SDS gels and silver staining. If fractions contained one
single protein, it was likely that this protein was responsible for the
observed antimicrobial activity. In such cases or when only a few
bands were detected by staining, they were cut out of the gel,
digested with the protease trypsin, and analyzed by matrix-as-
sisted laser desorption ionization mass spectrometry using pep-
tide mass fingerprinting. This workflow led to the identification of
histones (H1b, H1d, H2a, and H2b), RNase 3, ribosomal protein
S19, and high-mobility-group box 1 (data not shown), for which
antimicrobial activity has already been described (24, 26, 29, 30,
41, 42). Of note, we did not identify defensins in antimicrobially
active fractions. A possible explanation for this is that some bands
that could not be identified by PMF contained defensins or that
defensins were present primarily in the fractions with multiple
peptide bands and subsequently were not analyzed. In one anti-
microbially active fraction that eluted after 76 min at about 32.9%
acetonitrile (Fig. 1A), we detected two protein bands that could
both be identified via PMF as HMGB2 (Fig. 1B). This finding
established the hypothesis that HMGB2 has antimicrobial activity,
which is a new biological function of this protein.

Characterization of the antimicrobial activity spectrum of
HMGB2. To verify the antimicrobial activity of HMGB2 and to
investigate its antimicrobial activity in more detail, we expressed
the protein recombinantly in E. coli with a pET-SUMO expression
system. The purity of HMGB2 was checked by polyacrylamide gels
and Coomassie staining. Additionally, we performed Western
blotting to verify the presence of HMGB2 with a specific antibody
(Fig. 2A). Recombinantly expressed HMGB2 showed a double
band at around 25 kDa (expected size, 24.03 kDa) (UniProtKB
accession number P26583), probably due to different HMGB2
variants or posttranslational modifications. We also detected a
double band at around 50 kDa, probably caused by a dimeric
form, which has already been described for HMGB1 (43).
HMGB2, similar to HMGB1, has three cysteine residues and can
thus most likely dimerize via intermolecular disulfide bridges.

To confirm the presence of HMGB2 protein in colonic tissue,
we analyzed intestinal sigma extract by Western blotting and de-
tected HMGB2 at around 25 kDa and the dimerization product at
50 kDa (Fig. 2B), which is in accordance with the recombinantly
expressed protein. In addition, two bands, potentially degradation
products, were detected at around 12 kDa and 15 kDa. To charac-
terize the antimicrobial activity of HMGB2, we tested the recom-
binantly produced protein against several bacterial strains that are
part of the normal human microbiota. We found activity against
E. coli K-12, B. adolescentis, and S. salivarius subsp. thermophilus,
while activity against L. acidophilus was rather weak but still de-
tectable (Fig. 2C). All growth-inhibitory effects were concentra-
tion dependent. For bacterial strains of L. fermentum, B. vulgatus,
B. longum, and B. breve, we did not detect any growth-inhibitory
effect at the tested concentrations of HMGB2 (data not shown).
To analyze if HMGB2 also exhibits antimicrobial activity against
pathogenic bacteria and fungi, several strains were treated with the
recombinantly expressed protein. We detected inhibition zones
for E. coli ATCC 25922 and P. aeruginosa (Fig. 2D), whereas no
activity against E. faecalis was detected (data not shown). C. albi-
cans could be inhibited only if large amounts (10 �g) of HMGB2
were used (data not shown).
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Further characterization of the antimicrobial activity of
HMGB2. The human intestine is characterized by different milieu
conditions with various pHs and redox potentials (44). Our group
recently demonstrated how a reducing environment can strongly
influence the antimicrobial activity of a specific defensin (36, 45).
In detail, we found that human �-defensin 1 becomes active
against bifidobacteria, lactobacilli, and the opportunistic fungus
Candida albicans under reducing conditions. Hence, we studied
whether changes in pH and the generation of a reducing environ-
ment affect the antibacterial activity of HMGB2. In modified ra-
dial diffusion assays, we tested 2 �g of protein under standard
conditions (pH 7.4), reducing conditions (pH 7.4 and 2 mM
DTT), acidic conditions (pH 5.7), and acidic, reducing conditions
(pH 5.7 and 2 mM DTT) against several bacterial strains (Fig. 3A).
However, altering these environmental conditions did not lead to
evident changes in the activity of HMGB2. Only for E. coli did we
find slightly decreased activity under conditions different from
those of the standard environment.

To confirm the antimicrobial activity of HMGB2 obtained by
RDA, we used an assay to determine the MIC. E. coli K-12 bacteria

were incubated with HMGB2 and plated onto agar plates. After an
overnight incubation, the colonies were counted, and the CFU/ml
was calculated. A concentration-dependent activity of the protein
was observed, validating that HMGB2 can indeed inhibit bacterial
growth of E. coli K-12. A concentration of 832 nM (20 �g/ml)
HMGB2 was sufficient for total repression of bacterial growth.

A-box and B-box proteins are crucial for the antimicrobial
activity of HMGB2. As we identified antimicrobial activity as a
novel function of HMGB2, we were interested to determine which
part of the protein is important for this function. To address this
question, we expressed the two DNA-binding domains HMG box
A (A box) and HMG box B (B box) and the acidic carboxy-termi-
nal tail (acidic tail) recombinantly (Fig. 4A). After purification by
HPLC, the peptides were analyzed by SDS-PAGE and Coomassie
staining. A-box and B-box proteins could be detected at approx-
imately 12 kDa and 13 kDa (expected, 9.8 and 10.6 kDa; ExPASy
ProtParam) (Fig. 4A). The acidic-tail peptide could not be visual-
ized by Coomassie staining, probably due to the extraordinary
amino acid composition (see Table S4 in the supplemental mate-
rial). The peptide contains mainly acidic amino acids (aspartic

FIG 1 (A) Purification of HMGB2 from colonic mucosal extracts. Mucosa extract was separated by reverse-phase HPLC, and the antimicrobial activity of
collected protein fractions against Escherichia coli K-12 was tested. Antimicrobial activity determined by RDA is illustrated as an inhibition zone diameter (black
bars). HMGB2 containing fraction 62 is marked with a frame; the antimicrobial inhibition zone and gel electrophoresis run of this fraction are shown. mAU,
milli-absorbance unit. (B) Amino acid sequence of HMGB2 and results of PMF analysis of fraction 62. Green boxes represent peptide masses which were
calculated from detected masses and could be assigned to theoretical peptide fragments of HMGB2. Red letters indicate sequences of HMGB2 that could be
covered by experimentally obtained fragments.
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acid and glutamic acid), which could explain the detection prob-
lems with this staining method. Nonetheless, we analyzed all three
peptides by HPLC and confirmed their purity (Fig. 4B).

The recombinantly expressed A-box, B-box, and acidic-tail
peptides were used for antimicrobial activity assays against E. coli
K-12 at pH 7.4 and 5.7 (Fig. 4B). A-box and B-box peptides
showed concentration-dependent antimicrobial activity and ef-
fectively inhibited growth of E. coli K-12 at pH 7.4 and 5.7. In
contrast, the acidic-tail peptide did not show any activity at pH 7.4
and was active only at amounts of 10 �g at pH 5.7. To exclude
potential errors during detection and determination of the con-
centration of the acidic-tail peptide, we also tested a chemically
synthesized peptide, which contained the last 22 amino acids of
the carboxy terminus (C-peptide) of HMGB2. The C-peptide did
not show any antimicrobial activity against E. coli K-12, E. coli
ATCC 25922, and P. aeruginosa, whereas the A-box and B-box
peptides exhibited growth-inhibitory effects (Fig. 4C and D and
data not shown). Consequently, both the A box and B box seem to
be the crucial domains for the antimicrobial activity of HMGB2.

HMGB2 is expressed in gastric and intestinal tissue. Proteins
of the HMGB family were originally identified as chromatin-asso-
ciated proteins from calf thymus cells (46). As we identified
HMGB2 from colonic tissue extracts, we wanted to compare the
expression levels of HMGB2 mRNA in different parts of the gas-
trointestinal (GI) tract. In the stomach, the number of HMGB2
mRNA copies per 10 ng total RNA was around 24,000 in the cor-
pus and around 33,000 in the antrum (Fig. 5A). In the intestine,
expression levels were comparable to those in gastric tissue, with
around 34,000 copies in the duodenum, around 71,000 copies in
the ileum, and 65,000 copies in the colon. To confirm this expres-
sion at the protein level and to investigate its localization, we per-
formed immunohistochemical staining of gastrointestinal tissue
with a specific antibody directed against HMGB2 (Fig. 5B). As
expected, HMGB2 was detected in stomach and intestinal tissue
and was located mainly in the nucleus. However, localization re-

vealed moderate staining in inflammatory cells and the strongest
staining in epithelial cells, which might support its function in
epithelial protection. In addition to its primarily nuclear localiza-
tion, in the duodenum, ileum, and colon, we observed weak stain-
ing for HMGB2 in the cytoplasm, again supporting the hypothesis
of a second function of the protein aside from its role in the nu-
cleus (Fig. 5B and data not shown).

HMGB2 expression is unchanged in IBD. Altered expression
of AMPs is associated with infectious diseases, and reduced ex-
pression of defensins is associated with inflammatory bowel dis-
eases, especially Crohn’s disease (17). Here we identified antimi-
crobial activity as a new function of HMGB2. To analyze whether
HMGB2 expression might also be altered in patients who suffer
from IBD, its mRNA level was quantified in IBD patients and
controls. However, no significant mRNA differences could be
detected between CD, UC, and control patients after normaliza-
tion to the housekeeping gene �-actin (Fig. 6A). Similarly, no
protein differences in immunohistochemical staining for HMGB2
of colonic tissues from IBD patients and controls were observed
(Fig. 6B).

HMGB2 is known primarily as an intracellular protein, al-
though antimicrobial defense is a process occurring extracellu-
larly. To investigate if HMGB2 can be localized extracellularly, we
investigated supernatants of the intestinal epithelial cell line
Caco2/TC7 and of primary peripheral blood mononuclear cells
for the presence of HMGB2. As shown in Fig. 7A and B, for both
cell types, HMGB2 was detected in the supernatants. In Caco2/
TC7 cell supernatants, HMGB2 was detectable independent of
stimulation by cytokines, with a weak signal after 3 h and with a
more intense signal after 24 h and 48 h. In addition, we detected
HMGB2 in stool extracts from 5 out of 9 CD patients and 5 out of
9 UC patients but none out of the 9 analyzed control individuals
(Fig. 7C). The HMGB2 amounts did not correlate with the disease
severity of the patients and varied strongly. The concentration of
detected HMGB2 ranged from 0.1 �g/ml protein extract in UC

FIG 2 (A) Western blot analysis of recombinantly expressed HMGB2 separated by a 12% SDS-polyacrylamide gel and treated with HMGB2-specific antibody.
Ten, 20, and 30 ng of recombinant peptide were analyzed. (B) Western blot analysis of colonic mucosal protein extracts from 3 patients separated by a 12%
SDS-polyacrylamide gel and treated with HMGB2-specific antibody. Equal loading was verified with �-actin antibody after stripping. (C) Antimicrobial activity
of 0.5, 1, and 2 �g of recombinantly expressed HMGB2 measured by RDA against Escherichia coli K-12, Streptococcus salivarius subsp. thermophilus, Bifidobac-
terium adolescentis, and Lactobacillus acidophilus. The diameter of inhibition zones is shown; experiments were repeated at least three times. Data are presented
as means, and error bars indicate standard errors of the means. The baseline at 2.5 mm represents the diameter of a sample well, corresponding to no
antimicrobial activity. (D) Antimicrobial activity of 0.5, 1, and 2 �g of recombinantly expressed HMGB2 measured by RDA against Escherichia coli ATCC 25922
and Pseudomonas aeruginosa. The diameter of inhibition zones is shown; experiments were repeated at least three times. Data are presented as means, and error
bars indicate standard errors of the means. The baseline at 2.5 mm represents the diameter of a sample well, corresponding to no antimicrobial activity.
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patients to 6.4 �g/ml protein extract in CD patients. As we have
measured significant antimicrobial activity of HMGB2 at concen-
trations of 5 �g/ml (Fig. 3B), these experiments can be interpreted
as a proof of concept that extracellular HMGB2 might indeed have
a possible physiological function in antimicrobial host defense.

DISCUSSION

To maintain peace in the heavily colonized human intestine, it is
crucial to limit microbial growth at the mucosal surface. Besides a
tight physical barrier provided by epithelial cells, antimicrobial
peptides are major players in the border patrol against microor-
ganisms. Although several AMPs have already been isolated from
the intestinal mucosa, we hypothesized that there are still some

that have not yet been identified. Therefore, we performed a func-
tional screening and, as expected, identified some known AMPs
(histones, RNase 3, ribosomal protein S19, and HMGB1). In ad-
dition to the previously described AMP HMGB1, we extracted and
identified HMGB2 as a novel high-mobility-group box protein
with potent antimicrobial activity. HMGB1 and -2 (formerly
called HMG1 and HMG2, respectively) are highly conserved pro-
teins with significant sequence similarity (	80% amino acid iden-
tity) (47). Both proteins contain two DNA-binding domains
(high-mobility-group boxes A and B) and an acidic carboxy ter-
minus (48). HMGB proteins can regulate the transcription of sev-
eral genes by various mechanisms. They can interact with nucleo-
somes (49, 50), general transcription factors (51), and specific
transcription factors like steroid hormone receptors and p53, p73,
NF-
B, POU, and HOX proteins (52). Many functions of
HMGB2 have been studied in mouse models. While a HMGB2
knockout leads to viable mice, with reduced fertility in male
mice, a HMGB1 knockout is lethal, and mice die within 24 h after
birth due to hypoglycemia (53, 54). To date, only a few studies
have investigated the expression of HMGB2 in human tissues,
with differing results. According to the data summarized at the
GeneCards website (http://www.genecards.org/), HMGB2 ex-
pression was found in colonic tissue by using a microarray (http:
//www.biogps.org/). A SAGE (Serial Analysis of Gene Expression)
study (http://www.cgap.nci.nih.gov/sage), on the other hand, did
not detect any expression. In contrast, here, in a more targeted
analysis, we detected HMGB2 expression in all studied gastroin-
testinal tissues.

There are only limited data available on an extranuclear role of
HMGB2. In contrast, in the last years, many studies emerged
which support important extranuclear functions of HMGB1.
HMGB1 can be actively secreted by several cell types, including
activated murine macrophages and human monocytes, via a
Golgi/endoplasmic reticulum (ER)-independent pathway. A first
stimulus (e.g., TNF-�) thereby leads to the acetylation of specific
lysine residues and the accumulation of HMGB1 in the cytoplasm.
Cytoplasmic HMGB1 can then be taken up by secretory endoly-
sosomes (in hematopoietic cells). A second signal leads to the
fusion of the endolysosomes with the cell membrane and the se-
cretion of HMGB1 (33, 55). In addition to active secretion, the
protein can be passively released by necrotic cells attracting im-
mune cells and transmitting a damage signal to neighboring cells
(32). Furthermore, HMGB1 seems to be an important player in
several inflammatory conditions, including sepsis. HMGB1 levels
are increased in the serum of sepsis patients as well as in a murine
sepsis model (34, 56). The administration of anti-HMGB1 anti-
bodies at a late state (24 h) could rescue mice that have already
developed signs of sepsis. In addition to such proinflammatory
and potentially fatal functions, HMGB1 has antimicrobial activity
(29, 30). Gong and colleagues showed that amino acids 201 to 205
in the acidic carboxy-terminal region seem to be crucial for this
function (57). As we identified antimicrobial activity for HMGB2,
we were interested in whether the carboxy terminus of HMGB2 is
also the crucial domain for this function and consequently ex-
pressed the A box, B box, and acidic tail recombinantly. In con-
trast to the findings of Gong et al., the acidic-tail protein did not
show significant antimicrobial activity and was active only at a
concentration of 10 �g at pH 5.7. A chemically synthesized pep-
tide which consisted of the last 22 amino acids of the C terminus of
HMGB2 did not show any antibacterial effects at all. Conversely,

FIG 3 (A) Antimicrobial activity of 2 �g of recombinantly expressed HMGB2
measured by RDA against Escherichia coli K-12, Bifidobacterium adolescentis,
Lactobacillus fermentum, and Streptococcus salivarius subsp. thermophilus at
pH 7.4 and pH 5.7 under reducing (� 2 mM DTT) and nonreducing (� DTT)
conditions in growth medium. The diameter of inhibition zones is shown;
experiments were repeated at least three times. Data are presented as means,
and error bars indicate standard errors of the means. The baseline at 2.5 mm
represents the diameter of a sample well, corresponding to no antimicrobial
activity. (B) Determination of the MIC of recombinantly expressed HMGB2
against Escherichia coli K-12. Bacteria and protein were incubated and plated
onto agar plates. After 18 h of incubation, CFU/ml were determined and plot-
ted against the HMGB2 concentration. Data are presented as means of three
experiments, and error bars indicate standard errors of the means.
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FIG 4 (A) Schematic model of HMGB2. (Top) Numbers indicate amino acid positions at the beginning and end of the domains. (Bottom) Five micrograms of
recombinantly expressed A-box and B-box peptides was separated by 18% SDS-polyacrylamide gels and stained with Coomassie. (B) Fifteen micrograms of
recombinantly expressed A-box, B-box, and acidic-tail peptides was separated by reverse-phase HPLC. Absorbance was monitored at 214 nm. (C) Antimicrobial
activity of various concentrations of recombinantly expressed A-box, B-box, and acidic-tail peptides measured by RDA at pH 7.4 and pH 5.7 against Escherichia
coli K-12. Experiments were repeated at least three times. Data are presented as means; error bars indicate standard errors of the means. The baseline at 2.5 mm
represents the diameter of sample wells, corresponding to no antimicrobial activity. (D) Antimicrobial activity of various concentrations of recombinantly
expressed A-box and B-box peptides and synthetic C-peptide measured by RDA at pH 7.4 against Escherichia coli ATCC 25922 and Pseudomonas aeruginosa.
Experiments were repeated three times. The baseline at 2.5 mm represents the diameter of sample wells.
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the A box and B box could effectively inhibit the growth of two E.
coli strains and P. aeruginosa. Because of the high level of similarity
of HMGB1 and -2, this contradictory result was surprising. How-
ever, the A-box and B-box peptides are both highly cationic (net
charges of �8 for the A box and �12 for the B box), which is a
characteristic feature of many known AMPs (9) and would there-
fore support their importance in this context.

Due to the limited available expression data for HMGB2 in
human tissues, we analyzed its expression in the GI tract by real-
time PCR and immunohistochemistry. Overall, we found signifi-
cant amounts of both transcript and protein expression through-
out the GI tract. We detected 24,000 to 33,000 copies (per 10 ng
total RNA) in gastric tissue and 34,000 to 71,000 copies (per 10 ng
total RNA) in intestinal tissue. Furthermore, the protein was de-
tectable in all analyzed tissues in epithelial and inflammatory cells
and was located mainly in the nucleus, which fits its important
nuclear functions. In addition to its nuclear localization, HMGB2

was also present in the cytoplasm of duodenal, ileal, and colonic
epithelial cells in minor amounts.

As the barrier function mediated by AMPs seems to be defec-
tive in inflammatory bowel diseases, we also analyzed whether
HMGB2 expression is altered in patients who suffer from such
disorders. However, no significant differences in mRNA expres-
sion levels could be detected between Crohn’s disease, ulcerative
colitis, and control patients. This stability of HMGB2 expression is
remarkable compared to other peptides like HBD2 and suggests
no major transcriptional regulation by inflammatory pathways. In
addition to HMGB2, there are other proteins, such as glyceralde-
hyde-3-phosphate dehydrogenase, that are constitutively ex-
pressed in all kinds of tissues and also exhibit antimicrobial activ-
ity (58).

A remaining question in our study is how the antimicrobial
function of HMGB2 might be linked to the defense against micro-
organisms in the GI tract, as the protein is located mainly in the

FIG 5 (A) mRNA transcript levels of HMGB2 per 10 ng total RNA in corpus, antrum, duodenum, ileum, and colon biopsy specimens from control individuals.
Data are presented as means; error bars indicate standard errors of the means. (B) Immunohistochemical analysis of antrum and duodenum biopsy specimens
from control individuals with HMGB2-specific antibody. Representative pictures are shown and were taken at �20 and �40 magnifications. HMGB2, high-
mobility-group box 2.

FIG 6 (A) mRNA expression of HMGB2 in ileal and colonic biopsy specimens from patients with Crohn’s disease and ulcerative colitis and controls. In patients,
specimens were subdivided into macroscopically inflamed and noninflamed mucosa. mRNA transcript levels per 10 ng total RNA are normalized to the
expression level of �-actin in the corresponding biopsy specimens. Data are presented as means; error bars indicate standard errors of the means. (B) Immu-
nohistochemical analysis of colonic biopsy specimens from patients with Crohn’s disease and ulcerative colitis and controls with HMGB2-specific antibody.
Samples from Crohn’s disease and ulcerative colitis patients were taken from inflamed mucosa. Representative pictures are shown and were taken at �20 and
�40 magnifications.
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nucleus. One point to consider is that the epithelial cells in the
stomach and intestine have a high rate of turnover (59). Thus,
passive release of intracellular peptides by shed cells of the con-
stantly renewing epithelium could likely be of biological relevance
in this setting. The content of dying epithelial cells, including nu-
clear proteins such as histones, HMGB1/2, and others, is thereby
released into the lumen. Consequently, intracellular components
such as HMGB2 might thus be recycled and support the actively
secreted AMPs in their war against pathogenic but also commen-
sal microorganisms. In addition to this passive release caused by
permanent cell turnover, Vitali and colleagues recently demon-
strated that HMGB1 can be actively secreted by cells in inflamed
intestinal tissues (60). The protein was detectable in stool samples
of children suffering from inflammatory bowel disease and was
suggested as a new marker for IBD. In healthy cells, HMGB1 was
located only in the nucleus. In inflamed tissues, however, the pro-
tein was additionally present in the cytoplasm, which is probably
important for the secretion of HMGB1. Furthermore, Pusterla
and coworkers showed that HMGB2 can also be secreted by my-
eloid cells and, like HMGB1, has chemoattractant activity (61). In
line with these observations, we were interested in whether
HMGB2 is also detectable in intestinal luminal contents, and we
analyzed a small cohort of stool samples from IBD and control
patients. While HMGB2 could not be detected in stool samples
from control patients, the protein was traceable in some IBD sam-

ples, with amounts of up to 6.4 �g per ml protein extract. The
antimicrobial activity assays that were executed during this study
showed that at these concentrations, HMGB2 can indeed impair
the growth of bacterial cells and therefore can influence the mi-
crobial composition of the gut. In addition, HMGB2 protein was
evident in the supernatants of two different in vitro-cultured cell
types, indicating that HMGB2 can end up being present extracel-
lularly. The intra- and extracellular presence of this new antimi-
crobial protein therefore further supports its relevance in the de-
fense against intestinal microorganisms.

As in this study, every year new findings in the field of AMPs
demonstrate how the strategic search for new effector molecules
still offers promising research avenues. The complex antibiotic
innate defense in our gut relies on a multilayered system in which
HMGB2 now represents a new player. Epithelial shedding and
therefore the release and recycling of some nuclear peptides such
as HMGB2 as antimicrobials could likely be functionally and po-
tentially clinically relevant in mucosal host defense.
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