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Introduction
One of the major challenges in translational research is the devel-
opment of therapeutics that are precisely targeted to the desired 
site of action. Precise targeting is also important for minimizing 
systemic side effects. However, optimizing the delivery of indi-
vidual prototype drugs is time consuming and sometimes not 
feasible. The use of cage-like protein nanoparticles holds great 
promise for overcoming this bottleneck problem (1). First, by har-
nessing their intrinsic tropism or by tagging a molecular zip code, 
site specificity can be achieved. Second, these nanoparticles can 
incorporate a variety of payloads, thus offering the ability to treat 
various disease processes. Conversely, many disease conditions 
may share similar pathophysiology (e.g., ischemia-reperfusion 
injury in various organs). In that case, the same therapeutics can 
be mounted to different nanoparticles in order to attain tissue 
specificity. Finally, the internal cavity of nanoparticles can be used 
as a nanoscale reaction vessel, template for material synthesis, 
or a place to sequester cytotoxic molecules, providing layers of 
potential applications.

In the kidney, proximal tubules are particularly susceptible to 
various nephrotoxic insults, such as endotoxin (2, 3). Therefore, 
development of proximal tubule–specific nanoparticles is high-
ly desirable. However, the existence of the glomerular filtration 
barrier poses a major challenge to delivering nanoparticles to the 

proximal tubules. For example, ferritin, a prototype of very small 
cage-like protein (diameter 12 nm), is still too large to pass through 
the glomerular filtration barrier (4–6). To date, only non–protein 
based synthetic nanoparticles, such as quantum dots, are known 
to pass the filtration barrier (7–9). These synthetic nanoparticles 
have no modifiable inner space and present biocompatibility and 
biodegradability challenges.

In this study, we report that DNA-binding protein from 
starved cells (Dps), a very small protein-based nanoparticle, pass-
es through the glomeruli and reaches the proximal tubule from the 
apical side. Dps is a hollow dodecameric protein cage that possess-
es putative cytoprotective properties in its native form. By adding 
a dinuclear manganese (Mn) cluster, we demonstrate that Dps can 
be converted into a powerful antioxidant that mitigates proximal 
tubular damage in a model of sepsis-induced kidney injury. This is 
the first-in-class protein cage nanoparticle that can be targeted to 
renal proximal tubules via glomerular filtration.

Results
Dps passes the glomerular filtration barrier and reaches the proximal 
tubule. We have previously identified, isolated, and characterized 
the archaeal antioxidant Dps from hyperthermophilic acidophile 
Sulfolobus solfataricus (10–12). The Dps protein self assembles 
into a hollow dodecameric structure with tetrahedral symmetry, 
giving rise to one of the smallest nature-derived cages. The outer 
shell diameter is 9 nm, and the interior diameter is 5 nm (Figure 
1A). The cut-off diameter of glomerular filtration for a spheroidal 
molecule is thought to be 6 to 7 nm based on studies of synthetic 
nanoparticles, though deviations from this general size dependen-
cy exist (7–9, 13–16). Using Texas red–conjugated Dps and intra-
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Dps localized to the S1 segment of proximal tubules, predominant-
ly in the endosome/lysosome compartments (Figure 1F). In paral-
lel, Dps decreased from the vasculature during that time frame. 
After 1 hour, a diffuse cytoplasmic Dps signal became apparent, 

vital microscopy, we tested to determine whether Dps can cross 
the glomerular filtration barrier (Figure 1, B and C). We found that 
Dps was readily filtered and reabsorbed by the proximal tubules 
(Figure 1, D and E). Within 30 minutes of systemic administration, 

Figure 1. Dps is filtered through glomeruli and endocytosed by proximal tubules. (A) Transmission electron microscopy image of S. solfataricus Dps. (B) 
Overview of intravital imaging protocol. (C) Schematic of renal tubule structure. Glom, glomerulus; S1, S2, and S3, proximal tubule subsegments; TAL, thick 
ascending loop of Henle; DT, distal tubule; CD, collecting duct. (D) Representative image of glomerulus and S1 proximal tubules 30 minutes after Dps i.v. 
(Texas red; n = 3 independent experiments). Mice were injected with Dps via tail vein, and the distribution of Dps was determined with intravital 2-photon 
microscopy. Note that male mice have extension of S1 segment into the Bowman’s capsule in the glomerulus. (E) Dps (red) and 70 kDa dextran (green) 
were injected via jugular vein. In this experiment, the mouse kidney was freshly dissected 60 minutes after Dps injection and imaged ex vivo in order to 
determine the distribution of Dps in the deep cortex that is beyond the reach of intravital 2-photon microscopy. (F and G) Intravital time-course imaging 
under indicated time points. Arrowheads point to the endosome/lysosome layer (S1 apical). Arrows point to cytoplasmic Dps signal beyond the endosome/
lysosome layer (S1 basal). (H) Electron microscopy image of S1 proximal tubule 60 minutes after Dps i.v. Arrow points to Dps in the cytoplasm. (I and J) 
Intravital imaging of the kidney under indicated time points. (K) Quantification of Dps fluorescence intensity for the indicated time points and subcellular 
regions. Locally weighted regression curve fitting was applied for generating the trajectories and error lines (gray).

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/9


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 9 4 3jci.org   Volume 129   Number 9   September 2019

nm icosahedral nanoparticle, ref. 17–19; see Methods 
regarding the synthesis and characteristics of P22). 
Distribution of P22 in the kidney was restricted to 
nonendothelial interstitial cells, as shown in Supple-
mental Figure 3, C–E. No filtration or tubular uptake 
of P22 was observed). In contrast to the Dps uptake by 
hepatic endothelial cells, renal endothelial cells did 
not accumulate Dps. Additionally, sporadic uptake 
of Dps by supporting cells around blood vessels was 
observed in various organs including the ones in the 
renal capsule (Figure 2, G and H, Supplemental Fig-
ure 3F, and Supplemental Video 1).

In summary, Dps preferentially accumulated in 
the kidney via glomerular filtration followed by proximal tubular 
endocytosis. To our knowledge, this is the first example of a fil-
terable cage-like protein nanoparticle. The slightly larger cage-like 
protein, ferritin, did not pass through the glomeruli, consistent 
with previous reports (refs. 5, 6, and Figure 2I; see Methods for 
synthesis of the ferritin nanoparticle).

Modified Dps confers renoprotection in a model of sepsis-induced 
kidney injury. We next demonstrated the therapeutic properties 
of Dps in a model of endotoxemic kidney injury. Systemically 
administered endotoxin (LPS) was filtered through the glomeruli 
and caused oxidative damage to proximal tubules during the early 
phase of sepsis (~4 hours) (20–22). Because Dps has putative cata-
lase-like functions and targets the injury-prone proximal tubules, 
we hypothesized that Dps has the ability to limit kidney injury by 
reducing oxidative stress.

To this end, we synthesized 2 types of Dps: unmodified Dps and 
manganese-bound Dps (MnDps). Unmodified Dps is believed to sta-
bilize DNA through the formation of Dps-DNA complexes in archaea 
and bacteria (23, 24). In addition, Dps oxidizes ambient iron from Fe2+ 
to Fe3+ and creates an iron oxide mineral at the ferroxidase center in 
each Dps subunit. This oxidation and mineralization reaction of iron 
requires the reduction of H2O2 (10). Therefore, in the presence of tissue 
oxidative stress, Dps might provide antioxidant activity, depending 
on the availability of free iron. In contrast, MnDps exerts antioxidant 
effects similar to those of Mn catalase. The added Mn is tightly bound 
to the ferroxidase center and not displaced by equimolar amounts of 
iron (25). Therefore, MnDps could provide stable and powerful anti-
oxidant effects irrespective of free iron availability in vivo.

suggesting that some Dps escaped from the endosome/lysosome 
compartments (Figure 1, G and H). Four hours after injection, 
the overall Dps signal in the proximal tubules was reduced. This 
occurred without a concomitant increase of Dps signal in the 
bloodstream, suggesting that Dps was metabolized in the proxi-
mal tubules, although transcytosis and recycling of Dps back into 
circulation cannot be fully ruled out (Figure 1, I–K, and Supple-
mental Figure 1A; supplemental material available online with this 
article; https://doi.org/10.1172/JCI127511DS1). In addition, there 
was minimal Dps signal in the lumen of distal tubules, indicating 
that filtered Dps was effectively endocytosed by the upstream 
proximal tubules (Supplemental Figure 1B). The residual Dps was 
concentrated in the inner medulla and appeared in the final urine 
(Supplemental Figure 1, A and C–J). No difference was found in 
Dps signal kinetics between jugular vein and tail vein injections 
(Supplemental Figure 1K).

Importantly, other organs showed substantially less Dps sig-
nal compared with the kidney. The organs examined included 
the bone marrow, liver, lung, spleen, pancreas, brain, and heart 
(Figure 2, A–E, and Supplemental Figure 2, A–F). As is the case 
for various other nanoparticles, the liver had some accumula-
tion of Dps, albeit much less in quantity compared with that 
in renal proximal tubules. More specifically, Dps was taken up 
by the hepatic endothelial cells, not by Kupffer cells (Figure 2B 
and Supplemental Figure 3, A and B). This was best exemplified 
when Dps was coadministered with another nanoparticle, P22, 
resulting in differential distribution of the 2 species in the endo-
thelium and Kupffer cell, respectively (Figure 2F; P22 is a 60 

Figure 2. Distribution of Dps in various organs. (A) Intra-
vital imaging of calvarium bone marrow niche. No Dps was 
observed in the bone marrow space. Green 70 kDa dextran 
was used to identify the structure. (B–E) Ex vivo imaging 
of liver, lung, spleen, and pancreas, approximately 1 hour 
after Dps i.v. injection. In some experiments, green 70 kDa 
dextran was also administered. (F) Dps and P22 (Alexa Fluor 
488; green) were coadministered i.v. and imaged 1 hour 
later. Stellate cells exhibit distinct autofluorescence signal. 
(G and H) Intravital imaging of the renal capsule 1 hour 
after Dps alone or Dps and P22 coadministration. (I) Ferritin 
(Alexa Fluor 405; blue) and 150 kDa TRITC dextran (orange) 
were administered via jugular vein. Imaging of freshly dis-
sected kidneys revealed occasional ferritin in the glomeruli 
and interstitium, but not in renal epithelial cells, including 
S1. n = 3 independent experiments.
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Figure 3. MnDps reduces endotoxin-induced renal tissue damage. (A) Serum creatinine levels 24 hours after 5 mg/kg LPS i.p. with 18 mg/kg unmodified 
Dps, MnDps, or PBS vehicle i.v. Administration of Dps, MnDps, or vehicle was done via tail vein immediately before LPS i.p. injection. *P < 0.05 vs. LPS+-
vehicle or LPS+Dps, 1-way ANOVA followed by pairwise t tests with corrections for multiple testing using the Benjamini and Hochberg procedure. n = 8 per 
condition. Error bars show SD. (B and C) Kidney tissue Kim1/Havcr1 and Ngal/Lcn2 levels under indicated conditions 24 hours after 5 mg/kg LPS i.p., as 
determined with quantitative PCR. n = 4–5 per condition as depicted with dot plots. *P < 0.05 vs. LPS+vehicle or LPS+Dps. (D) Total catalase activity levels 
(endogenous and exogenous catalase activities) are shown for indicated conditions. *P < 0.05 vs. LPS 4 hours + vehicle. (E) Endogenous protein catalase 
levels were determined by Western blot. LPS, 4 hours; catalase, MW, 60 kDa; actin, 42 kDa, n = 3 per condition. (F–H) Staining for 8-OHdG, a marker of 
oxidative stress/oxidized DNA and RNA, under indicated conditions (LPS 4 hours). Insets provide enlarged views, ×40. n = 3 per condition. (I) Mice were 
treated under indicated conditions, and kidney tissues were fractionated for cytoplasm and nuclei and analyzed by Western blot for Nrf2 (MW, ~100 kDa). 
MnDps treatment reduced nuclear translocation of Nrf2 as compared with vehicle control after LPS challenge for indicated durations. (J) Western blot anal-
ysis of kidney tissues for Hmox1 under indicated conditions (MW, 32 kDa). Induction of Hmox1 was limited with MnDps treatment.
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Characterization of in vivo Dps effects. Tolerability and poten-
tial adverse effects are major concerns for any type of nanoparti-
cle therapy. Therefore, we next performed global transcriptomics 
analysis of the kidney from nonseptic mice treated with unmodified 
Dps, MnDps, or vehicle control. We found that multiple genes were 
differentially expressed as a result of Dps/MnDps treatment and 
that these changes were particularly pronounced during the early 
course of exposure (4 hours; Figure 4A). When comparing unmod-
ified Dps with MnDps, MnDps-treated kidneys had higher gene 
expression levels in several pathways, including ribosome biogen-
esis/translation, downregulation of which is crucially involved in 
sepsis pathology (ref. 27, Figure 4, B and C, and Supplemental Fig-
ure 5, C and E). We also noted some activation of innate immune 
responses in both Dps- and MnDps-treated kidneys (Figure 5, A–D, 
and Supplemental Figure 5). Whether such responses confer pos-
itive immunomodulatory effects or result in low-grade adverse 
immunogenic reaction remains to be determined. Histopathology 
analysis revealed no evidence of morphologic damage or infiltra-
tion of immune cells up to 24 hours after Dps/MnDps treatment 
(neutrophils, macrophages, T and B cells; Supplemental Figure 6).

To extend our safety analyses, we next performed a large-
scale GPCR screening and examined potential interactions 
between Dps and GPCRs (Figure 6). GPCRs constitute the larg-
est class of cell-surface receptors, including a diverse range of 
cytokine/chemokine receptors, and are thus an important class 
of cell-surface receptors to interrogate (28). Reassuringly, of all 

In this model of endotoxemic kidney injury, we found that 
MnDps treatment significantly improved kidney function as com-
pared with unmodified Dps or vehicle control (Figure 3, A–C, and 
Supplemental Figure 3, G–I). The therapeutic effect of MnDps was 
dose dependent (Supplemental Figure 3, J and K). As expected, 
kidney tissues from mice treated with MnDps had the highest total 
catalase activity, as measured by an assay that accounts for both 
endogenous protein catalase and Dps-mediated H2O2 reduction 
(Figure 3D). Endogenous protein catalase levels were unaffected, 
suggesting that MnDps-derived catalase activity was the main 
contributor to the overall reduction of tubular oxidative stress 
(Figure 3, E–H). Note also that, because of the reduction of oxida-
tive stress, activation of nuclear factor, erythroid 2 like 2 (Nrf2, also 
known as Nfe2l2), the master regulator of antioxidant responses, 
and its downstream target Hmox1 (26) were not observed (Figure 
3, I and J). There was no difference in the numbers of neutrophils, 
macrophages, and T and B cells in MnDps-treated mice compared 
with mice treated with vehicle or unmodified Dps (Supplemental 
Figure 4). The biodistribution of Dps after systemic endotoxin 
challenge remained the same as that observed in control animals 
(Supplemental Figure 3L). Additionally, because endotoxin can 
increase the permeability of the filtration barrier, we also exam-
ined the biodistribution of ferritin after endotoxin challenge. Fer-
ritin remained nonpermeant and was taken up by mobile macro-
phages (Supplemental Figure 3M). Collectively, these data support 
a unique role for MnDps as a proximal tubule–specific antioxidant.

Figure 4. Transcriptomic changes induced by Dps exposure in the kidney. (A) RNA-Seq analysis of kidney tissues obtained from mice treated with vehicle 
control, Dps, or MnDps for indicated durations. Heatmap generated from top 1000 genes by ANOVA is shown (n = 3 per condition, 1 MnDps 24-hour sample 
omitted from the final analysis). The color-coded vertical bars correspond to B and C and Figure 5, in which identical colors are used. (B and C) Pathway enrich-
ment analysis for a set of genes that are upregulated by MnDps treatment, but not by Dps, at 4 hours. The diameter and color of each node indicate gene size 
and FDR adjusted P values, respectively. (C) Specific genes that contributed to the enriched pathways are depicted. Fold change = MnDps/Dps (4 hours).
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300+ GPCRs assayed, we found no significant activation in any 
of the receptors by Dps or MnDps. In summary, Dps was well tol-
erated and had no overt adverse effects.

Finally, we present an example of Dps modulation whereby 
its biodistribution markedly changed. This was done by adding 
an alkyne moiety to the Cys101 residue (Figure 7A). This mod-
ification did not significantly increase the size of Dps (Figure 
7B). However, alkyne modification rendered the glomerular fil-
tration barrier much less permeable to Dps, as indicated by the 
absence of alkyne-Dps signal in the proximal tubule of healthy 
animals (Figure 7C). Tubular alkyne-Dps signal was detect-
ed only in endotoxin-treated mice, indicating that endotoxin 

disrupted the filtration barrier (Figure 7D). What constitutes 
the filtration barrier remains controversial (7–9, 13–15, 29–37), 
and determining the cause of the filtration pattern change of 
alkyne-Dps is beyond the scope of this study. Notwithstanding, 
our findings underscore the importance of even minor physi-
cochemical modifications and their effects on the glomerular 
permeability of nanoparticles in vivo. This also underscores 
the need for careful experimental determination of glomerular 
permeability of each nanoparticle regardless of size. In addition 
to their effects on glomerular permeability, physicochemical 
alterations can also affect the differential uptake of substances 
by various tubular segments. This is demonstrated using neutral 

Figure 5. Transcriptomic changes induced by Dps exposure in the kidney. (A and B) Genes and pathways that are upregulated by both MnDps and Dps 
treatment at 4 hours are shown. Fold change = (mean of MnDps and Dps)/control (4 hours). (C) Genes and pathways that are downregulated by MnDps 
treatment, but not by Dps, at 4 hours are shown. Fold change = MnDps/Dps (4 hours). (D) Genes and pathways that are downregulated by both MnDps and 
Dps at 4 hours. Fold change = (mean of MnDps and Dps)/control (4 hours).
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and anionic low molecular weight dextran as a model molecule 
(Supplemental Figure 7, A–D). Collectively, these studies illus-
trate the challenges and promises of designing nanoparticles 
that target renal proximal tubules.

Discussion
In this study, we investigated the in vivo effects of Dps — the smallest 
class of cage-like protein nanoparticles. We found that Dps is readily 
filtered and transiently accumulates in the proximal tubules. While 
Dps did not exert antioxidant effects in its native form in vivo, addi-
tion of Mn to the ferroxidase center resulted in reduction of oxidative 
stress and significant renoprotection in an animal model of sepsis. 
Even though sepsis is a systemic disease, the use of organ-targeted 
nanoparticles is essential in order to avoid potential off-target effects. 
For example, whereas antioxidant therapy is beneficial to damaged 
renal epithelial cells, unintended delivery of antioxidants to immune 
cells could negatively affect their ability to fight pathogens.

We noted that the fluorescence signal from Texas red– and 
Alexa Fluor–conjugated Dps was attenuated after the 3- to 4-hour 
time points. However, MnDps-mediated antioxidant effects and 
catalase-like activity were observed up to 24 hours after LPS. Wheth-
er this was due to ongoing catalytic activity derived from residual 
Dps subunits or secondary gene expression changes is unclear (e.g., 
reduced gene expression of oxidizing enzymes; the fluorophores 
used are stable in a wide range of pH in vivo, including the kidney 
[refs. 38, 39], and thus, fluorescence artifacts are less likely).

Nanoparticle delivery to the proximal tubules is a product of 
the interplay among glomerular filtration, tubular reabsorption, 
and secretion (40). The use of intravital microscopy allowed high 
spatial and temporal resolution and was crucial for determining 
the contribution of these various processes to the final delivery 
of Dps to the proximal tubules. Microscopic examination fur-
ther revealed axial differences in proximal tubule endocytosis of 
nanoparticles. Dps localized to the S1 proximal tubule, but not 
to S2/S3 subsegments. Importantly, S1 is also the primary site of 
endotoxin uptake, which in turn causes oxidative damage to down-
stream S2/S3 subsegments (20). We have previously proposed a 
model in which S1 acts as the sensor and sink for endotoxin in the 
filtrate (3). Activated S1 then mediates injury signals to the S2/
S3. We speculate that MnDps therapy abrogated the propagation 
of injury signals by restoring the redox balance in S1 with MnDps 
catalase activity. Interestingly, S2/S3, but not S1, subsegments 
were enriched with peroxisomes and endogenous catalase (refs. 
20, 41, and Supplemental Figure 7E). The interplay and crosstalk 
between S1 and S2/S3 subsegments are highly complex and not 
well understood.

In conclusion, we have shown the in vivo application of the 
extremely small cage-like protein nanoparticle targeting proxi-
mal tubules. The feasibility of translating Dps therapy to human 
diseases remains to be determined. As a step toward advancing 
nanoparticle therapy, further characterization and optimization 
are necessary, including the minimization of potential immunoge-

Figure 6. Dps does not activate GPCRs. PRESTO-Tango GPCR assay system consists of 315 constructs in individual plasmids fused to a cleavable tTA tran-
scription factor. These plasmids were transfected into 293T cell–derived cell line HTLA, which expresses a β-arrestin2-TEV fusion gene and tTA-induced 
luciferase reporter. When a specific GPCR is activated, the β-arrestin2-TEV fusion gene is recruited to the membrane-bound GPCR, where it cleaves tTA, 
allowing for its transport to the nucleus and subsequent activation of the tTA-activated luciferase reporter gene. Using a substrate to quantify luciferase 
expression, the activation of GPCRs by agonists was measured (median values of quadruplicates; 2 independent experiments). As a reference, activation 
of various GPCRs induced by kidney tissue lysates is shown in the separate columns.
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teins was induced by isopropyl β-d-thiogalactopyranoside when opti-
cal density at 600 nm of the culture media reached 0.6. The cells were 
harvested by centrifugation, and cell pellets were stored at –80°C until 
subjected to a protein purification process.

To purify protein cage nanoparticles, cell pellets were resuspend-
ed in lysis buffer (50 mM MES, 100 mM NaCl, pH 6.5 for Dps, 50 mM 
HEPES, 100 mM NaCl, pH 7.5 for ferritin, 50 mM sodium phosphate, 
100 mM NaCl, pH 7.0 for P22). Lysozyme, DNase, and RNase were 
supplemented to final concentrations of 50, 60 and 100 μg/mL, respec-
tively. The cell suspensions were incubated at room temperature for 30 
minutes and then lysed by sonication. The cell debris was removed by 
centrifugation. Dps was purified from the supernatants by size-exclu-
sion chromatography (10 × 300 mm Superose 6, GE Healthcare Life 
Sciences, in 20 mM NaCl, 20 mM Tris, pH 7.5). Eluted fractions corre-
sponding to Dps protein were combined and dialyzed against a Tris buf-
fer (20 mM Tris, 20 mM NaCl, pH 7.5) and then purified further by anion 
exchange chromatography (Mono Q; GE Healthcare Life Sciences) in a 
gradient of 20 to 1000 mM NaCl in 20 mM Tris, pH 7.5. Similarly, ferri-
tin was purified by size-exclusion chromatography (50 mM HEPES, 100 
mM NaCl, pH 7.5) followed by anion exchange chromatography in a gra-
dient of 20 to 1000 mM NaCl in 20 mM Tris, pH 7.5. P22 was purified 
by ultracentrifugation of the lysis supernatant at 215,600 g (Piramoon 
Technologies, F50L-8 × 39 rotor) for 50 minutes through a 35% (wt/vol) 
sucrose cushion. The resulting protein pellets were resuspended in the 
lysis buffer and then purified by size-exclusion chromatography (16 × 
600 mm Sephacryl S-500; GE Healthcare Life Sciences).

nicity (42). In this regard, rapid renal clearing of nanoparticles may 
be advantageous because it limits their contact time with immune 
cells. In addition to mitigating endotoxin-induced kidney injury, 
this unique cage-like protein nanoparticle could be applied as a 
therapy to other forms of renal tubular injury. The self-organizing 
property of the cage subunit enables effective modulation of their 
protein characteristics because introduction of a single amino 
acid mutation in the monomer translates into the entire assem-
bly. Therefore, they can be tailored to improve their effectiveness 
in renal diseases with widely varying pathology. Moreover, we 
believe that Dps and other nanoparticles can serve as unique tools 
to advance our understanding of the physiology of glomerular fil-
tration and tubular endocytosis.

Methods
Preparation of protein cage nanoparticles. S. solfataricus Dps, mouse 
heavy-chain ferritin, and virus-like particle derived from bacterio-
phage P22 were heterologously expressed using E. coli expression 
system and purified by previously described procedures with some 
minor modifications (43–46). Briefly, Dps and ferritin were cloned 
into the pET-30a(+) vector (Novagen). P22 scaffolding protein and 
coat protein (S39C mutant) were cloned into the first and the second 
multicloning sites of the pRSFDuet-1 vector. All constructs were trans-
formed into ClearColi BL21(DE3) (Lucigen), which is an engineered 
E. coli strain that generates nonimmunostimulatory LPS. Transformed 
cells were grown on Miller’s LB medium at 37°C. Expression of pro-

Figure 7. Modulation of surface characteristics and its effects on biodistribution. (A) Synthesis of alkyne-Dps. Deconvoluted mass spectrometry data 
for Dps subunit (MW, 21753.8) and bromo-alkyne–labeled Dps subunit (N-propargyl bromoacetamide; MW, 21851.3) are shown. (B) Volume-averaged 
hydrodynamic diameter and corresponding correlation function (inset) of Dps and that labeled with N-propargyl bromoacetamide (alkyne-Dps) measured 
with dynamic light scattering. (C and D) Differential distribution of alkyne-Dps in vivo with and without LPS challenge is shown (red). Arrows point to S1 
proximal tubules where alkyne-Dps was detected only in LPS-challenged mice. Alkyne-Dps and LPS were administered i.v. and i.p., respectively, 4 hours 
before tissue harvest. To visualize alkyne-Dps, Alexa Fluor 555–azide was conjugated to alkyne-Dps using copper(I)-catalyzed azide-alkyne cycloaddition 
(click chemistry) after tissue harvest. Nuclei were stained blue with DAPI; green shows autofluorescence. 
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i.p. injection (E. coli serotype, 0111:B4, MilliporeSigma). For therapeutic 
experiments, mice were injected with Dps at indicated doses (9 mg/kg, 
18 mg/kg [~2 nmol Dps/30 g mouse] or 27 mg/kg) via tail vein immedi-
ately before LPS i.p. Control animals received an equal volume of PBS 
vehicle. Dps was freshly synthesized before each set of experiments and 
used within 2 weeks. Stability of Dps in PBS was confirmed using native 
gel Western blot analysis (Supplemental Figure 7F). For intravital imag-
ing with Dps, ferritin, or P22, we titrated the dose of each nanoparticle 
according to their dye concentrations (4 nmol dye/mouse per each type 
of nanoparticles). The average numbers of dyes conjugated to each cage 
were as follows: 4.5/Dps cage, 5.4/ferritin cage, and 104.8/P22 cage. 
Neutral 3 kDa dextran (Texas red) and anionic 3 kDa dextran (Cascade 
Blue) were from Invitrogen, and 4 mg/kg body weight of each type of 
dextran was administered i.v.

Intravital 2-photon imaging and ex vivo tissue imaging. Live animal 
imaging was performed using an Olympus FV1000-MPE confocal/
multiphoton microscope equipped with a Spectra Physics MaiTai Deep 
See laser and gallium arsenide 12-bit detectors. The system is mounted 
on an Olympus Ix81 inverted microscope stand with a Nikon 20× and 
60× NA 1.2 water-immersion objective. The laser was tuned to 810-nm 
excitation and used for all studies. Animals were placed on the stage with 
the exposed intact kidney, liver, or calvarium placed in a coverslip-bot-
tomed cell culture dish bathed in isotonic saline, as previously described 
(50). Other organs were primarily imaged ex vivo in this study. The rec-
tal temperature was monitored using a thermometer. Two ReptiTherm 
pads (Zoo Med) and a heated water jacket blanket were used to maintain 
the temperature at around 36°C. Whole-organ ex vivo imaging was per-
formed using a Leica MZ 12.5 stereomicroscope equipped with a Leica 
MC 170 HD digital microscope camera. Serum and urine fluorescence 
signals were measured using a CLARIOStar plate reader instrument.

Immunohistochemistry and click chemistry. To determine the distri-
bution of alkyne-Dps, tissues were harvested from mice that received 
alkyne-Dps. Alexa Fluor 555 azide was conjugated to alkyne-Dps after 
tissue harvest using click chemistry. Tissues were fixed with 4% para-
formaldehyde, sectioned (10 μm), and deparaffinized. Tissues were 
incubated for 30 minutes with 100 mM Tris Base, 1 mM CuSO4, 100 
mM ascorbic acid, 100 μM Alexa Fluor 555 azide (Molecular Probes), 
and 0.2% Triton X-100 at room temperature. Tissues were then washed 
in PBS with 0.1% Triton X-100 for 30 minutes × 3, counterstained with 
DAPI for 10 minutes, washed in PBS × 3, and imaged with an Olym-
pus FV1000-MPE confocal/multiphoton microscope. For standard 
immunohistochemistry, the following primary antibodies were used 
for immunostaining: 8-hydroxy-2′-deoxyguanosine (8-OHdG) (Abcam, 
catalog ab10802), F4/80 (clone CI:A3–1; AbD Serotec), Ly6G (clone 
RB6-8c5, Affymetrix 14-5931), and B220 (catalog BD-550286).

Electron microscopy. Kidney tissues were fixed with 2% parafor-
maldehyde and 2% glutaraldehyde in phosphate buffer, followed by 
osmium tetroxide staining with a uranyl acetate replacement (UAR-
EMS, Electron Microscopy Sciences). Specimen processing and trans-
mission electron microscopy imaging were performed at the Indiana 
University Electron Microscopy Center using Tecnai G2 12 Bio Twin. 
For peroxisome staining, the alkaline DAB method was applied (51). 
Alkaline DAB solution consisted of 20 mg DAB (MilliporeSigma, 
D5905) dissolved in 5 mL of 0.01M Teorell-Stenhagen buffer (0.05M 
stock; 0.05M H3PO4, 0.057M boric acid, 0.035M citric acid, 0.345M 
NaOH, pH 10.5). Fixed tissues (50 μm vibrato sections) were incubat-
ed in alkaline DAB solution for 30 minutes; H2O2 was then added at a 

Dps, ferritin, and P22 protein cages were conjugated with Texas 
red maleimide, Alexa Fluor 405 succinimidyl ester, and Alexa Fluor 
488 C5 maleimide (Invitrogen), respectively. In some experiments, Dps 
protein cages were conjugated with Alexa Fluor 488 C5 maleimide. For 
Dps, C126S mutant generated by site-directed mutagenesis was used 
for the dye conjugation. C126S Dps possesses 1 endogenous cysteine 
(Cys101) adjacent to the ferroxidase site (11). The protein (1.5 mg/mL in 
Dulbecco’s PBS [DPBS]) was mixed with Texas red maleimide dye in a 
stoichiometric ratio of 0.5 molar equivalent per subunit and reacted at 
room temperature for 4 hours with gentle rocking. The reaction was 
quenched with β-mercaptoethanol (1 mM final concentration), and then 
the protein was purified by size-exclusion chromatography with DPBS to 
remove unreacted dye. For conjugation of ferritin, the protein (2.5 mg/
mL in 100 mM sodium bicarbonate buffer pH 8.5) was reacted with the 
Alexa Fluor 405 succinimidyl ester in a concentration of 3 molar equiv-
alents per subunit at room temperature for 5 hours. The reaction was 
quenched with ethanoleamine (4 mM final concentration), and then 
the protein was purified by size-exclusion chromatography with DPBS 
to remove unreacted dye. For conjugation of P22, the protein (1.5 mg/
mL in DPBS) was reacted with Alexa Fluor 488 maleimide in a stoichio-
metric ratio of 0.25 molar equivalents per subunit at room temperature 
for 4 hours. The reaction was quenched with β-mercaptoethanol (1 mM 
final concentration). Unreacted dye was removed by 2× ultracentrifuga-
tion at 215,600 g for 50 minutes. The protein pellet was resuspended in 
DPBS. UV-Vis absorbance spectra and fluorescence emission spectra of 
dye- conjugated protein cages were measured with a UV-Vis spectrome-
ter (Agilent 8453) and a microplate reader (BioTek Synergy H1), respec-
tively. Fluorescence dye per protein subunit ratio of the purified Dps, 
ferritin, and P22 determined from UV-Vis spectra were 0.38, 0.23, and 
0.25, respectively. Dps (C126S) was also decorated with an alkyne group 
via chemical conjugation at Cys101 with N-propargyl bromoacetamide. 
N-propargyl bromoacetamide was synthesized as previously described 
(47). Dps protein (1.5 mg/mL in 100 mM HEPES, 50 mM NaCl, pH 6.5) 
was reacted with N-propargyl bromoacetamide (3.7 mM dissolved in 
DMF) at the ratio of 10-fold molar excess per protein subunit for 4 hours 
at room temperature. The modified protein was purified from the unre-
acted alkyne molecule by size-exclusion chromatography.

S. solfataricus Dps exhibits a catalase-like activity when Mn is 
bound to an active site of the protein subunits (2 Mn per subunit) (11, 
25). Mn loading to Dps was performed following an established pro-
tocol (25). A stock solution of Mn (0.4 M) was prepared by dissolving 
MnCl2•4H2O in water. The Mn solution was added to Dps protein (1.5 
mg/mL) in a stoichiometry of 4-fold Mn per Dps subunit, and the mix-
ture was incubated at room temperature for 4 hours. Unbound Mn was 
removed by dialyzing the Dps solution against DPBS 2 times.

Animals. Male mouse strain C57BL/6J was obtained from the Jack-
son Laboratory. The endothelial-specific CreERT2 transgenic mice were 
generated by crossbreeding Tie2-CreER mice with Rosa26-TD-Tomato 
transgenic mice, as we described previously (48). Tamoxifen was inject-
ed i.p. into Tie2CreER/TD-Tomato mice once per day for 3 days at 50 
μg/g body weight (T5648; MilliporeSigma) dissolved in 250 μL sunflow-
er oil. Imaging was performed 1 week after tamoxifen induction. Lyso-
zyme-EGFP transgenic mice, in which myeloid cells are marked with 
EGFP, were from our established colony (49). All mice were 8 to 12 weeks 
of age and weighed 20 to 30 g. Munich Wistar Frömter rats were from 
our established colony. All animals were given water and food ad libitum 
throughout the study. Mice were subjected to a single-dose, 5 mg/kg LPS 
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and transferred to PVDF membranes. Antibodies used included the 
following: catalase (Abcam, catalog ab209211), Nrf2 (MilliporeSigma, 
catalog SAB4501984), Hmox1 (Abcam, catalog ab13243), and actin 
(Santa Cruz Biotechnology Inc., C-2, catalog sc-8432 AF680). Nucle-
ar fractionation was done using the Subcellular Protein Fractionation 
Kit for Tissues (Thermo Scientific, catalog87790). Native gel Western 
blotting was done using blue native gel electrophoresis on 4% to 16% 
Native PAGE (Novex). Dps nanoparticles were titrated in 2-fold dilu-
tions from 2.8 μg to 0.02 μg before loading on the gel. Samples were 
overlaid with blue cathode buffer and electrophoresed against cath-
ode buffer at 150 volts for 2 hours. Proteins in the gel were stained 
using the fast Coomassie G-250 staining protocol (Novex).

Catalase assay. Total catalase activity was measured using the Cay-
man Chemical Catalase Assay Kit (catalog 707002) per the manufactur-
er’s instructions. The assay is based on the reaction with methanol in the 
presence of an optimal concentration of H2O2, and the formaldehyde pro-
duced was measured colorimetrically. Half of a mouse kidney was lysed 
in 1 mL sample buffer using the Bertin Instruments Minilys Personal 
Homogenizer at full speed for 45 seconds in Precellys 2 mL Hard Tissue 
Homogenizing Ceramic Beads CK28. Homogenate was then centrifuged 
for 5 minutes at 10,000 g (4°C), diluted 1:100, and immediately assayed.

PCR. RNA extraction from snap-frozen kidneys was performed 
using TRIzol, and the extracted RNA was reverse-transcribed using High 
Capacity cDNA Reverse Transcription Kit (Life Technologies). TaqMan 
gene expression assays used included Havcr1/KIM1 (Mm00506686_
m1), Lcn2/NGAL (Mm01324470_ml), Eif2ak2 (Mm01235643_m1), Atf4 
(Mm00515325_g1), and glyceraldehyde-3-phosphate dehydrogenase 
(Mm99999915_g1). Real-time quantitative PCR amplifications were 
performed for 40 cycles using ViiA 7 Real-Time PCR systems. The ΔΔCt 
method was used to analyze the relative changes in gene expression.

Data availability. RNA-Seq data were deposited in the NCBI’s 
Gene Expression Omnibus database (GEO GSE131922).

Statistics. Data were analyzed for statistical significance and visual-
ization with R software 3.4.3. Error bars show SD. For multiple compar-
isons, 1-way ANOVA followed by pairwise t tests was performed using 
the Benjamini and Hochberg method to adjust P values. All analyses 
were 2-sided, and a P value of less than 0.05 was considered significant.

Study approval. All animal protocols were approved by the Indiana 
University Institutional Animal Care Committee and conform to the 
NIH Guide for the Care and Use of Laboratory Animals (National Acad-
emies Press, 2011).
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final concentration of 0.15% and incubated for another 1 hour at 37°C, 
washed in PBS, and subsequently processed for imaging.

GPCR assay. The PRESTO-Tango constructs, developed by the Bry-
an Roth lab (52), were obtained from Addgene (catalog 1000000068). 
We first undertook sequencing verification for all of the 315 constructs 
and found that 2 constructs (BB3-Tango and DRD3-Tango) had muta-
tions as compared with the original sequences. In the DRD3-Tango con-
struct, there were mutations at position 528 bp (GAG to GGG; Glu to Gly) 
and at 704 bp (AAG to AGG; Lys to Arg). These mutations were corrected 
using mutagenesis. For BB3-Tango, there was 1 bp mutation at position 
927 bp. The amino acid of this protein was not affected (TTC to TTT; Phe 
to Phe); thus, no mutagenesis was done. Next, using select plasmids, we 
verified the kinetics of the PRESTO-Tango, β-arrestin–recruitment assay 
system (Supplemental Figure 7, G and H). Finally, for the entire GPCR 
screening, 10,000 HTLA cells (HEK 293–derived cell line containing 
the stably integrated tTA-dependent luciferase reporter gene and a β-ar-
restin2-TEV fusion gene) were plated per well in 384-well poly-d-lysine–
coated plates (Thermo Fisher) in 30 μL DMEM containing 10% FBS and 
1% penicillin/streptomycin. Plasmids were transfected overnight into 
the cells in quadruplicate at a concentration of 0.01 μg/well in 30 μL 
DMEM containing polyethylenimine (MilliporeSigma; 45 mL DMEM + 
900 μL 1 mg/mL PEI). Dps/MnDps was diluted for 30 μL/well (~2.3 μg 
Dps/well) in fresh complete DMEM, and 30 μL was added to each well 
following transfection. Cells were incubated overnight, washed 3× with 
PBS, and incubated for 15 minutes with 30 μL/well BrightGlo (Prome-
ga) luciferase substrate. Luminescence was measured using a CLARIO-
Star plate reader instrument. Negative controls consisted of transfected 
cells with no Dps/MnDps. Kidney tissues were lysed in 0.4% N-dodecyl 
β-d-maltoside, and the detergent was removed using Detergent Remov-
al Spin Columns (Pierce, Thermo Fisher) per the manufacturer’s proto-
col. Tissue lysates were diluted to 1:100 in DMEM + 10% FBS + 1% peni-
cillin/streptomycin for use in the GPCR assay.

RNA-Seq. Kidneys were snap-frozen and RNA was extracted using 
QIAGEN Rneasy Plus Midi Kit with gDNA removal column. RNA qual-
ity was determined using Agilent 2100 Bioanalyzer (median RIN value 
7.4). Sequencing was done at the Indiana University Center for Medical 
Genomics Core. Illumina TruSeq Stranded mRNA HT (RS-122-21) was 
used for library construction. Sequence was performed with 2 × 75 bp 
paired-end configuration on HiSeq4000 using the HiSeq 3000/4000 
PE SBS Kit, and the sequenced data were mapped to the mm10 genome 
using STAR RNA-Seq aligner. Uniquely mapped sequencing reads 
were assigned to mm10 refGene genes using featureCounts.

Data analysis. Data were analyzed for statistical significance and 
visualization with R software 3.4.3. RNA-Seq data were analyzed using 
edgeR. P values were adjusted with the FDR method as indicated. The 
following packages were used for data visualization: loess (Figure 1K), 
heatmap3 (Figure 4A), reactomePA::emapplot and enrichplot::cnet-
plot (Figure 4, B and C, and Figure 5, A–D), edgeR::glmLRT and plot 
(Supplemental Figure 5, A–D), edgeR::plotSmear (Supplemental Fig-
ure 5, E and F), and levelplot (Figure 6).

Western blotting. Kidney tissues were extracted with RIPA buffer 
with additional 5 mM EDTA, 5 mM EGTA, Halt protease inhibitors 
(Pierce), phosStop inhibitor (Roche), and benzonase nuclease (EMD 
Millipore). Total protein levels were determined using a modified 
Lowry assay (Bio-Rad). Equal amounts of kidney proteins (20 μg) 
were mixed with NuPAGE LDS sample buffer with 100 mM of DTT 
and separated by electrophoreses on NuPage 4%–12% Bis-Tris gels 
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