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Nucleic acids have long been established as immunostimu-
lants, serving as both pathogen-associated molecular patterns 
(PAMPs) and damage-associated molecular patterns (DAMPs) 
released during infection and injury, respectively.[1] While 

Extracellular traps (ETs), such as neutrophil extracellular traps, are a physical 
mesh deployed by immune cells to entrap and constrain pathogens. ETs are 
immunogenic structures composed of DNA, histones, and an array of variable 
protein and peptide components. While much attention has been paid to the 
multifaceted function of these structures, mechanistic studies of ETs remain 
challenging due to their heterogeneity and complexity. Here, a novel DNA-
histone mesostructure (DHM) formed by complexation of DNA and histones 
into a fibrous mesh is reported. DHMs mirror the DNA-histone structural frame 
of ETs and offer a facile platform for cell culture studies. It is shown that DHMs 
are potent activators of dendritic cells and identify both the methylation state of 
DHMs and physical interaction between dendritic cells and DHMs as key tuning 
switches for immune stimulation. Overall, the DHM platform provides a new 
opportunity to study the role of ETs in immune activation and pathophysiology.
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previous studies have mainly focused on 
the immunogenicity of soluble nucleic 
acids from bacterial, viral, and endog-
enous sources,[2,3] recent findings have 
reported the potent immunostimulatory 
potential of nucleic acids electrostatically 
complexed to natural or synthetic polyca-
tions, including lipids,[4] peptides,[5] and 
proteins.[6] In a biological corollary of this 
phenomenon, activated neutrophils and 
other immune cells have been recently 
reported to secrete extracellular traps 
(ETs), decondensed chromatin meshes 
associated with a diverse assortment of 
proteins and peptides.[7] Notably, while 
ETs entrap pathogens and thus limit the 
spread of infection,[7,8] excessive accu-
mulation of ETs is implicated in overt 

immune activation[9,10] and pathogenesis of autoimmune disor-
ders including systemic lupus erythematosus.[11–15] Mechanistic 
studies of this paradoxical phenomenon remain challenging, 
however, due to the complexity and heterogeneity of ETs; 
numerous immunostimulatory entities, including nuclear 
DNA, mitochondrial DNA,[10,16,17] histones,[18] and calprotectin 
(S100A8/A9),[19,20] are associated with ETs. Additionally, differ-
ences in stimuli, disease state, and even neutrophil isolation 
method yield highly variable ET compositions and therefore 
impact study reproducibility.[11,19,21] Compounding these prob-
lems are the extensive and low-yield procedures required to 
produce ETs for analysis: it was previously reported that 1 × 106 
human peripheral neutrophils yielded only 700–900  ng of ET 
DNA.[22]

Here, we sought to address these challenges by developing 
a novel cell-free DNA-histone mesostructure (DHM), a plat-
form composed solely of the two major structural components 
of ETs: DNA and histones. We show that DHMs mimicking 
the nanoscale architecture of ETs potently active dendritic cells 
(DCs) via physical interaction and those DHMs composed 
of unmethylated DNA further enhance immune activation. 
These results suggest that classical ET-associated immune 
activation can be attributed in part to the DNA-histone skel-
eton of these structures, thus providing novel insight on ET 
biology.

Specifically, we developed a stepwise sessile droplet-based 
process for forming DHMs (Figure  1A). Our initial studies 
were focused on identifying the optimal amount of DNA, 
trehalose, and histone for the formation of stable DHMs  
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(Figures S1, Supporting Information). Our optimized proce-
dure involved the following steps. We first deposited 5–10  µL 
of methylated DNA (100  ng µL−1; methylated 48  kbp lambda 
phage DNA) and trehalose (400  × 10−3 m) solution on a glass 
or polystyrene substrate and dehydrated for 24 h, yielding a 
vitrified shell structure. The inclusion of trehalose aided with 
the formation and stability of the final DHM, as trehalose is 
known to improve the uniformity of the dehydrated DNA 
layer[23–25] and stabilize both proteins[23] and nucleic acids[24] 
upon vitrification. Subsequent rehydration of the vitrified DNA-
trehalose shell with 5–10 µL of a histone solution (2 mg mL−1)  
formed a dense network of nanometer-scale fibers as evi-
denced by scanning electron microscopy (SEM) and atomic 
force microscopy (AFM) (Figure 1b–d). For comparison, endog-
enous neutrophil-derived ETs (NETs) exhibited similar mor-
phology, size range, and fibrous pattern as shown by SEM, 
AFM, and immunohistochemistry (Figure 1e–g and Figure S2, 

Supporting Information), consistent with the literature.[7,26] In 
particular, analyses of the SEM images indicated comparable 
fiber diameters of DHMs and endogenous NETs, with the 
mean values of values of 33 ± 9 nm (DHMs) and 35 ± 13 nm 
(NETs) (Figure  1h). An additional 24 h re-vitrification of this 
network improved its structural integrity and substrate attach-
ment, and a final rehydration and washing step removed all 
extraneous components and rendered the DHMs ready for use. 
These optimized procedures allow for the efficient patterning of 
large numbers of DHMs within multiwell plates ideal for high-
throughput cell-based assays. Notably, a full 96-well plate with 
8 µL DHM in each well requires only ≈77 µg DNA and 1.5 mg 
histones; an equivalent plate containing neutrophil-derived ETs 
could require in excess of 1 × 108 neutrophils.[22]

In order to interrogate the interaction of DHMs and immune 
cells, we added 104 murine bone marrow-derived dendritic cells 
(BMDCs) to 96-well plates containing DHMs or equivalent 
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Figure 1.  Formation and structural characterization of DHMs and their comparison to extracellular traps. A) i) DHMs are formed by the addition of a 
DNA-trehalose droplet to a well of a 96-well plate. ii) This droplet is dehydrated for 24 h under vacuum and iii) reconstituted with a histone solution. 
iv) Air drying the resulting structure for 24 h produces a vitrified shell, which can be rehydrated and washed away, v) leaving the pure structure attached to 
the 96-well plate bottom. B) SEM and C) AFM line profile scan of a DHM. D) An illustration of a sessile droplet-derived DHM structure, and its sequen-
tial dehydration-rehydration method of formation. E) An illustration of ET production showing the decondensing chromatin, and eventual ET release. 
F) SEM and G) AFM line profile scan of NET. H) Fiber diameters of DHMs and NETs were measured from on the SEM images. Scale bars = 20 µm.
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mass of soluble DNA or histone controls for 24 h (Figure  2). 
DHMs triggered robust secretion of IL-12p40 from BMDCs, 
generating 13-fold and 48-fold higher levels of IL-12p40, com-
pared with DNA and histone, respectively (p < 0.001, Figure 2a). 
Additionally, BMDCs incubated with DHMs produced TNF-α, 
whereas incubation with soluble DNA or histone did not 
produce any detectable levels of TNF-α (p < 0.001, Figure 2b). 
Last, DHMs improved secretion of IL-6 from BMDCs, with 
3.8-fold (p < 0.05) and 9.6-fold (p < 0.01) increased levels, com-
pared with DNA and histone, respectively (Figure  2c). DHM-
mediated IL-6 production was dependent on Toll-like receptor-9 
(TLR9), a DNA-sensing receptor in antigen-presenting cells;[27] 
DHM-triggered release of IL-6 was abrogated in BMDCs from 
TLR9−/− mice (p < 0.0001, Figure 2d). Additionally, this activa-
tion correlated with an increase in cellular uptake of the mate-
rial, as cells proximal to fluorophore-labeled DHMs displayed 
significantly higher signal relative to dispersed soluble DNA in 
live cell microscopy (Figure  2e). Taken together, complexation 

of DNA and histones into ET-mimicking DHMs increases their 
cellular uptake and immunogenicity, demonstrating the immu-
nostimulatory potential of the skeletal ET structure alone.

In addition to enabling the investigation of the DNA-his-
tone backbone of ETs, DHMs provide a modular platform in 
which components can be exchanged or modified to study their 
individual roles in the ET structural framework. We leveraged 
this unique opportunity to examine the role of DNA methyla-
tion in ET-mediated immune activation. Endogenous ETs are 
composed of both methylated nuclear DNA and hypomethyl-
ated mitochondrial DNA;[10] while hypomethylated DNA is 
known to be immunostimulatory,[28,29] its specific and mecha-
nistic contribution to ET immunogenicity remains unknown. 
We therefore used either methylated DNA or non-methylated 
DNA (nmDNA) to construct DHMs or nonmethylated DHMs 
(nmDHMs). BMDCs incubated with nmDHMs induced a 
3.2-fold increase in IL-6 production, compared with the DHM 
group (p < 0.0001, Figure 2f). Intriguingly, soluble methylated 
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Figure 2.  DHMs and nmDHMs induce inflammatory responses and promote DC uptake of DNA. BMDCs were incubated with DHMs or soluble 
component controls for 24 h, and supernatants were assayed by ELISA for A) IL-12p40, B) TNF-α, and C) IL-6. D) BMDCs from WT and TLR9−/− mice 
were incubated with DHMs or soluble controls for 24 h and assayed for IL-6 by ELISA. E) DCs were incubated with fluorophore-labeled DHMs or 
soluble DNA and monitored by live cell microscopy. DNA uptake by cells in fields of view proximal to DHMs or in soluble DNA-containing wells was 
quantified in both area (DNA + Pixels) and amount (total intensity in DNA + Pixels) F) WT or MyD88−/− mice were incubated with DHMs, nmDHMs, 
or soluble controls for 24 h. Supernatants were assayed for IL-6 by ELISA. G) Synergistic effect between DNA and histone was calculated for DHMs 
and nmDHMs using the data in (F). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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DNA and nmDNA both induced low levels of IL-6, suggesting 
amplified immune activation by nmDNA complexed into 
nmDHM. We also sought to ascertain whether immune acti-
vation by DHMs or nmDHMs was mediated by the MyD88 
pathway downstream of TLR activation.[1] Upon incubation with 
either DHMs or nmDHMs, BMDCs from MyD88−/− mice pro-
duced significantly reduced levels of IL-6, compared with WT 
BMDCs (p  <  0.0001, Figure  2f), indicating MyD88-mediated 
immune activation for both DHMs and nmDHMs. In addition, 
we calculated the “synergistic effect” between DNA and histone 
on DHM- or nmDHM-mediated production of IL-6, as shown 
in Equation (1)[30]

Synergistic Effect
Effect of combinatorial stimulus

Effect of individual stimuli
100%

∑( )
= ×

	

(1)

Compared with DHMs, nmDHMs exhibited a 4.2-fold 
increase in the synergistic effect (Figure  2g), suggesting that 
nonmethylated DNA amplifies the already synergistic nature of 
DNA-histone complexation shown in DHMs.

Due to the low yield of isolation procedures for endogenous 
ETs,[31] combined with the aforementioned heterogeneity of 
ET samples, it also remains challenging to study the role of 
physical interactions between immune cells and ETs. Our 
DHM platform permits such analysis, given its consistent and 
scalable nature. We leveraged this capacity to better understand 
how physical interaction of BMDCs with DHMs or nmDHMs 
impact DC activation. Specifically, after an 18 h BMDC-DHM 
co-culture, BMDCs physically adhered on DHMs, defined as 
“attached,” were isolated by removing DHMs from wells via 
pipetting and digestion with DNase I. This cell fraction was 
then compared with the BMDCs which had adhered to the well 
bottom around the DHMs, defined as “surrounding” (Figure S3, 
Supporting Information). We then examined BMDCs for the 
expression of co-stimulation markers, CD40, CD80, and CD86 
using flow cytometry. Consistent with cytokine data (Figure 2f), 
nmDHMs significantly enhanced the surface expression of 
CD40, CD80, and CD86 on BMDCs, compared with DHMs for 
BMDCs either “attached” to or “surrounding” the structures 
(Figure 3). Interestingly, all markers of DC activation, with the 
exception of CD40 for nmDHMs, were significantly increased 
on “attached” BMDCs compared with “surrounding” cells, 
suggesting the importance of physical contact in promoting 
immune activation. Taken together, these results show that 

physical contact between DCs and DHMs/nmDHMs induces 
robust immune response.

In summary, we have developed DHMs mimicking the skel-
etal DNA-histone substructure of ETs and demonstrated their 
pro-inflammatory nature. We have shown that DNA and his-
tone formulated into DHMs promote synergistic activation of 
DCs, dependent on classic TLR signaling pathways, and that 
immune activation is further amplified by the inclusion of 
nmDNA in DHMs. Additionally, our studies provide prelimi-
nary evidence for the importance of physical contact between 
DNA-histone fibers and DCs in prompting an immunostimu-
latory response. These findings shed light on the established 
immune activation mediated by ETs, indicating that such 
behavior can be at least partly attributed to the complexed 
DNA-histone backbone. The spatiotemporal proximity of DNA 
and histones complexed together in this manner mediates a 
potent immunogenic combination upon which other ET com-
ponents can build.

More broadly, our DHM platform represents an opportu-
nity to study the ET substructure and its role in other patho-
physiological conditions. As described in this report, its 
modularity allows for the insertion or swapping of individual 
components, which will enable investigations on the effects 
of individual ET-associated proteins and peptides. The com-
bination of clinical promise and interest in ETs alongside 
the aforementioned challenges of mechanistically studying 
biological samples in vitro position this platform to shed 
further insight on the diverse physiological and pathophysi-
ological impact of ETs.

Experimental Section
Formation of DHMs: Methylated (Item No. 91080-14-7, Millipore 

Sigma, Burlington, MA, USA) and nonmethylated (Item No N3011, 
New England Biolabs, Ipswich, MA, USA) lambda-phage DNA, and 
α,α-trehalose dihydrate (Item No T-104-4, Pfansteihl Inc, Waukegan, 
IL, USA) were solubilized in ultrapure water and combined to a final 
concentrations of 100 ng µL−1 and 400 × 10−3 m, respectively. Droplets 
of 5–10  µL DNA-trehalose solution were dispensed into 96-well plate 
wells and dehydrated in a desiccator for ≈24 h at 20 mmHg. The vitrified 
DNA-trehalose deposit was then rehydrated with an equivalent volume 
of 2 mg mL−1 calf thymus histone (Item No 9064-47-5, Millipore Sigma, 
Burlington, MA, USA) in 10  × 10−3 m Tris-HCl. These structures were 
dehydrated for ≈24 h at room temperature/pressure. Prior to their use, 
DHMs were washed with 100 µL changes of 10 × 10−3 m Tris-HCl.
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Figure 3.  Contact-enhanced activation of DCs by DHMs. BMDCs were incubated with DHMs or nmDHMs for 18 h, after which DHMs/nmDHMs were 
removed from the well and digested with DNase I. Cells attached to and surrounding DHMs were analyzed for surface marker expression of CD40, 
CD80, and CD86 by flow cytometry. **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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AFM Imaging: 10 µL DHMs were prepared in each well of an 8-well 
chambered coverslip (Item No 80826, ibidi GmbH, Martinsried, 
Germany), washed, and fixed using 4% PFA/PBS overnight. For 
primary cell-derived NETs, neutrophils were isolated from a single 
30  mL human whole blood sample using the commercially available 
MACSxpress Neutrophil Isolation Kit (Item No 130-104-434, Miltenyi 
Biotec GmbH, Bergisch Gladbach, Germany), yielding ≈19.6 × 106 cells 
that were suspended in RPMI culture media supplemented with 3% FBS 
and 1% anti–anti. A 150 µL volume solution containing 100 µL of cell 
suspension (106 cells mL−1) and 50 µL of additional culture media was 
added to each well of an 8-well chambered coverslip (Item No 80826, 
ibidi GmbH). NETosis was induced by adding 50  µL of 400  × 10−9 m 
PMA (to a final concentration of 100  × 10−9 m PMA) to each well and 
incubating neutrophils for ≈4 h to allow for the formation of NETs. The 
resulting NETs were then gently washed using PBS and fixed using 4% 
PFA/PBS overnight. Fixed NETs and DHMs were washed with DI-water 
and dried in a desiccator overnight. Chambered side walls were detached 
prior to imaging. AFM imaging was performed using a scanning probe 
microscope (Model Dimension 3100, Veeco Instruments, Inc., Plainview, 
New York, USA) using a pyramidal Si tip (Item No ACST-10, Applied 
NanoStructures, Inc., Mountain View, CA, USA). Resulting data was 
analyzed using the open-source Gwyddion SPM analytical software 
(Český Metrologický Institut, Brno, Czech Republic).

SEM Imaging: 8  µL DHMs and ETs were fixed overnight in 2% PFA/
PBS (Item No 15735, Electron Microscopy Services, Hatfield, PA, USA). 
Samples were washed with DI water, incubated overnight in 1% osmium 
tetroxide (Item No 19140, Electron Microscopy Sciences), washed using 
DI water, and subjected to ethanol dehydration across 10%, 25%, 50%, 
75%, 95%, and 100% ethanol (Item No 64-17-5, Thermo Fisher Scientific, 
Waltham, MA, USA) solutions at 10–15 min per solution. Samples were 
then washed twice with hexamethyldisilazane (Item No 16700, Electron 
Microscopy Sciences), which was evaporated at room temperature 
overnight, coated with gold using a modular sputter coater (SPI Supplies, 
West Chester, PA, USA), and imaged using a SEM/FIB (Model NOVA 200 
NanoLab, FEI Company, Hillsboro, OR, USA).

DHM Fluorescent Microscopy: 10  µL DHMs were prepared as 
previously described in each well of an 8-well chambered coverslip 
(Item No 80826, ibidi GmbH), washed, and immersed in 200  µL of 
PBS containing 3% BSA. DNA present within DHMs was labeled using 
0.1% (v/v) DAPI (Item No D1306, ThermoFisher Scientific), 0.01% (v/v) 
Sytox Green (Item No S7020, ThermoFisher Scientific), or 0.001% (v/v) 
PicoGreen (Item No P7581, ThermoFisher Scientific); and histones were 
immuno-labeled for 3 h using 1  µg mL−1 anti-H1 (Item No ab4629, 
Abcam, Cambridge, UK), -H2B (Item No ab1790, Abcam), -H3 (Item 
No ab1791, Abcam), or -H4 (Item No ab31830, Abcam) primary mAbs 
(1  µg per 5  µg DNA) derived from mouse or rabbit. The pre-stained 
DHMs were washed with PBS containing 1% BSA and incubated with 
1 µg mL−1 Alexa 568- or 647-labeled donkey-anti-mouse (Item No 20802, 
Biotium Inc., Fremont, CA, USA) and donkey-anti-rabbit (Item No 20811, 
Biotium Inc.) mAbs, respectively for 3 h. The final immunostained 
DHMs were washed with PBS three times and imaged by a spinning 
disk confocal microscope (Model UltraVIEW VoX, PerkinElmer, Inc., 
Waltham, MA, USA). The final multilayered images were generated and 
analyzed using the open-source ImageJ software (NIH).

BMDC Isolation and Culture: All work performed on animals was in 
accordance with and approved by the University Committee on Use 
and Care of Animals (UCUCA) at the University of Michigan, Ann Arbor 
(#PRO00008587). BMDCs were prepared as previously reported.[32] Briefly, 
murine femurs and tibiae were isolated from 6–8-week-old female C57BL/6 
mice (Jackson Laboratory), BALB/c mice (Envigo), or TLR9−/− or MyD88−/− 
mice and flushed to extract the bone marrow. After dispersal of aggregates, 
cells were plated in GM-CSF-containing RPMI (Item No 11875093, 
ThermoFisher Scientific) in Petri dishes and cultured for 10–12 days.

BMDC/DHM Analysis: For cytokine measurements, 104 BMDCs 
were seeded in 96-well plates containing DHMs or controls. After 24 h 
incubation, supernatants were collected and immediately frozen for later 
ELISA analysis (Item Nos DY 406/DY 410/DY 499, DuoSets, R&D 
Systems, Minneapolis, MN, USA). For flow cytometry, 2.5 × 104 BMDCs 

per well were added to 96-well plates wherein 36 wells contained DHMs 
and 24 wells were blank controls. For each replicate, the 36 DHMs were 
forcefully pipetted into a separate container and centrifuged, after which 
the supernatant was removed and replaced with 10 U mL−1 DNase I (Item 
No D5025, Millipore Sigma) in a Ca2+ and Mg2+-supplemented 10 × 10−3 m 
Tris-HCl buffer. In parallel, cells remaining in the DHM-containing and 
control wells were detached (using trypsin) and treated with DNase I. 
Cells were then washed; blocked with an anti-CD16/32 antibody (clone 
93, Item No 50-112-9520, eBioscience); treated with antibodies directed 
against CD40 (clone 3/23, Item No 745218, Becton Dickinson), CD80 
(clone 1G10, Item No A14724, Invitrogen), and CD86 (clone GL1, Item 
No 560582, Becton Dickinson); and analyzed by flow cytometry.

DNA was pre-labeled with Label IT commercial labeling kit (Mirus 
Bio), formed into DHMs as previously described or left in soluble form, 
and added to 12 well plates. BMDCs were plated at 500 000 cells/well and 
imaged using a fully-motorized inverted microscope (Olympus) affixed with 
a humidified isolation chamber maintained at 37 °C and 5% CO2. Time 
series images were acquired at fixed coordinates proximal to the DHM or 
in the soluble DNA wells over 24 hours, after which they were validated to 
confirm proper operation of autofocus machinery; image stacks which did 
not indicate reliable autofocus across the time series were removed from 
the data set. The remaining image frames, n = 2 for DHM and n = 7 for 
soluble DNA, were compiled with ImageJ software (NIH) analyzed using an 
in-house MATLAB script to quantify DNA uptake and retention.

Statistical Analyses: Statistics were acquired with GraphPad Prism 6.0 
(GraphPad) using one- or two-way ANOVA tests with Tukey’s multiple 
comparisons correction. Values are reported as mean ± SD with the 
following statistical values: *p  <  0.05, **p  <  0.01, ***p  <  0.001, and 
****p < 0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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