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T
he development of imaging and ther-
apeutic agents that target the cellular
and/or molecular activity of a disease

is highly desired since they will allow detec-
tion and treatment of the disease even at
the earliest stages. Nanoscale supramolecu-
lar systems have been explored as delivery
vehicles for imaging and therapeutic agents
since nanoparticles have the potential to
pass biological barriers that are generally
more difficult for larger particles.1-4 Among
the supramolecular systems studied, pro-
tein cage architectures, such as viral capsids,
ferritins, and small heat shock proteins,
possess unique features not present in
other systems such as micelles and liposo-
mes.5,6 As the protein cages are gene pro-
ducts, their size and structure are precisely
controlled. Atomic resolution structural in-
formation of the cages allows us to design
and modify desired sites on the proteins,
either chemically or genetically, to impart
directed functionality. This feature allows us
to impart multifunctionality to a single plat-
form by either utilization of amino acids
with different chemical reactivity (e.g., lysine
and tyrosine) or combination of chemical
and genetic modification techniques.7-9

Since the protein shell acts as a barrier
which discriminates between the interior
cavity of the protein and the exterior enviro-
nment, materials can be accumulated and
sequestered within the protein cage. For
instance, we can genetically introduce a
cell-targeting peptide on the exterior of
the cage and chemically load an imaging
molecule on the inside of an identical pro-
tein cage.7,9-17 In the present study, we
have demonstrated the utility of a small
heat shock protein cage isolated from
Methanococcus jannaschii (MjHsp), which
possesses a 12 nm exterior diameter and a

9 nm interior cavity,18 as a platform for
targeted delivery of an imaging agent to
atherosclerosis, which could overcome cur-
rent hurdles for the diagnosis of this disease.
Atherosclerosis is the underlying pathol-

ogy of the majority of cardiac and vascular
diseases, contributing to substantial mor-
bidity and mortality in the U.S. and other
developed countries.19 Recent studies have
revealed that atherosclerotic plaque desta-
bilization, rather than plaque size, is the
main cause of its rupture and following
clinical consequences.20,21 However, cur-
rent clinical atherosclerosis imaging tech-
niques can visualize vessel stenosis but offer
limited information regarding the underly-
ing biology within the vessel wall.
Accumulating evidence shows that in-

flammation, in general, and macrophages,
in particular, play a pivotal role in the initia-
tion,progression, anddestabilizationof athero-
sclerosis.20-22 For this reason, macrophage
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ABSTRACT Cage-like protein nanoparticles are promising platforms for cell- and tissue-specific

targeted delivery of imaging and therapeutic agents. Here, we have successfully modified the 12 nm

small heat shock protein from Methanococcus jannaschii (MjHsp) to detect atherosclerotic plaque

lesions in a mouse model system. As macrophages are centrally involved in the initiation and

progression of atherosclerosis, targeted imaging of macrophages is valuable to assess the biologic

status of the blood vessel wall. LyP-1, a nine residue peptide, has been shown to target tumor-

associated macrophages. Thus, LyP-1 was genetically incorporated onto the exterior surface of

MjHsp, while a fluorescent molecule (Cy5.5) was conjugated on the interior cavity. This

bioengineered protein cage, LyP-Hsp, exhibited enhanced affinity to macrophage in vitro.

Furthermore, in vivo injection of LyP-Hsp allowed visualization of macrophage-rich murine carotid

lesions by in situ and ex vivo fluorescence imaging. These results demonstrate the potential of LyP-1-

conjugated protein cages as nanoscale platforms for delivery of imaging agents for the diagnosis of

atherosclerosis.
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cells in the vessel wall plaques are expected to be
promising markers for detecting early stage athero-
sclerosis and assessing the risk of plaque rapture.23

Using in vivo phage display, Ruoslahti and co-workers
have identified an amino acid sequence, LyP-1
(CGNKRTRGC), that targets tumor-associated lympha-
tic vessels and macrophages.24,25 We hypothesized
that the LyP-1 peptide may also be able to target
macrophage cells in the vessel wall. Thus, we have
genetically introduced the LyP-1 peptide to theMjHsp
to develop imaging agents with macrophage-target-
ing capability. Protein modeling, based on crystal
structure of MjHsp, indicates the C-terminal of the
protein is exposed on the exterior surface of the
assembled cage.18 Therefore, when the LyP-1 peptide
is incorporated at the C-terminus of theMjHsp subunit,
it is expected that the cagewill present 24 copies of the
targeting peptide on its exterior surface in a multi-
valent display.
In this paper, we have developed genetically engi-

neered MjHsp cages with the LyP-1 peptide followed
by incorporation of fluorescent molecules for imaging.
The macrophage targeting of the engineered protein
cages was evaluated in vitro and in vivo. For in vivo

evaluation, fluorescence imaging of the localization of
LyP-Hsp to macrophage-rich vascular lesions was ex-
amined using a mouse model.

RESULTS

Characterization of Hsp Protein Cages. The Hsp protein
cage platform for this study was first engineered by
replacing the glycine residue at position 41, located on
the interior surface of the cage (Figure 1a), with
cysteine (HspG41C)26 to create a unique site-specific
reaction site for attachment of imaging molecules.
Then, the LyP-1 peptide was introduced at the C-ter-
minus of the HspG41C (LyP-Hsp) as the targeting
agent. Full amino acid sequences of HspG41C and

LyP-Hsp are shown in Supporting Information Figure
1. Mass spectrometry (MS) analysis observed the sub-
unit mass of HspG41C and LyP-Hsp to be 16 499 and
17 789, whichmatchedwell with the predictedmass of
16 498.21 and 17 789.66, respectively (Figure 1b).
Transmission electron microscopy revealed that both
the HspG41C and LyP-Hsp exhibited cage-like struc-
tures of about 13 nmdiameter, and the two cageswere
morphologically indistinguishable (Figure 2). The elu-
tion volume on size exclusion chromatography of the
LyP-Hsp was almost identical to that of HspG41C (data
not shown). Dynamic light scattering (DLS) analysis
demonstrated that the HspG41C and LyP-Hsp cages
were both highly monodispersed in aqueous solution
and there was no significant difference in hydrody-
namic diameters between the two protein cages
(Figure 2). Although the DLS data of the LyP-Hsp
showed a minor population of a larger particle around
40-50 nm diameter, which could be due to aggrega-
tion of the protein cages, it was only 4% of the total
particles. These protein cages were repurified after
Cy5.5 conjugation, so that any aggregated material
was removed. Together these results suggest that
incorporation of the LyP-1 peptide into the C-terminus
of the Hsp subunit does not interfere with self-assem-
bly of the 24 subunits into a cage-like architecture,
which is morphologically indistinguishable from the
wild-type Hsp.

Conjugation of Fluorescent Dyes to Hsp Cages. As de-
scribed above, the HspG41C and LyP-Hsp possess a
unique cysteine residue at amino acid position 41,
which is located on the interior surface of the cages
(Figure 1a).26 For in vivo fluorescence imaging, Cy5.5-
-maleimide dye was conjugated to the cysteine in the
HspG41C and LyP-Hsp cages. HspG41C was reacted
with various ratios of the Cy5.5-maleimide ranging
from 0.3 to 3 molar equiv per subunit. The number of
the dye molecules linked to the protein cages was

Figure 1. (a) Spacefilling representationofMjHsphalf cut away viewalongwith three-fold axis. Amino acid position 41,which
is replaced with cysteine in the HspG41C and LyP-Hsp, is colored red. (b) ESI-Q-TOF mass spectrometry analysis of the
HspG41C and LyP-Hsp. The calculated subunit mass of HspG41C and LyP-Hsp is 16 498.21 and 17 789.66, respectively.
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determined from analysis of the absorbance spectra to
be 0.12 dye/subunit (2.9 dye/cage), 0.24 dye/subunit
(5.8 dye/cage), and 0.24 dye/subunit (5.8 dye/cage)
when the input dye concentration was 0.3, 1, and 3
molar equiv per subunit, respectively. Fluorescence
emission spectra of the Cy5.5-conjugated HspG41C
measured under equivalent Cy5.5 concentrations re-
vealed that the fluorescence intensity of the protein
cages was significantly lower, compared to that of free
Cy5.5, when the protein was reacted with higher
concentration of Cy5.5 (1 or 3 dye/subunit) (Figure 3).
This intensity decrease is probably due to self-quench-
ing of the fluorescence signal due to crowding of the
fluorescent molecules at the higher loadings. On the
other hand, when the HspG41C was reacted with 0.3
dye/subunit, the protein cages still maintained about
75% fluorescence intensity of the same concentration
of free Cy5.5. In the case of LyP-Hsp, when the protein
cage was reacted with 0.3 Cy5.5/subunit, it was labeled
with 0.13 dye/subunit (3.1 dye/cage) and its fluores-
cence emission intensity was comparable to that of the
HspG41C reacted with same amount of Cy5.5
(Figure 3). Even though the LyP-Hsp has two additional
cysteines in the LyP-1 peptide, the number of conju-
gated Cy5.5 is almost identical to HspG41C under the
same reaction conditions. These data indicate that the
two cysteines in the LyP-1 peptide do not participate in
the conjugation reaction, suggesting the two cysteines
are in the form of a disulfide bond and make the
peptide a loop. This is further supported byMS analysis
of iodoacetamide (IAA)-labeled cages, a reagent that is
also specific for reaction with free thiols. Even though
the HspG41C and LyP-Hsp were reacted with 10 mol
excess IAA per protein subunit, most of the subunits of
the LyP-Hsp as well as HspG41Cwere labeled with only

one IAA molecule and the subunits with two or more
IAAwere veryminor (Supporting Information Figure 2).
In addition, according to in-gel digestion and MS
analysis, a spectral pattern around m/z = 596.6, which
is wellmatchedwith the calculated isotope pattern of a
peptide corresponding to amino acid 41 to 55 con-
jugated with one IAA (C79H126N20O23S2), was clearly
detected in the labeled LyP-Hsp and HspG41C samples
(Supporting Information Figure 3). No fragments cor-
responding to IAA labeling of LyP-1 peptide were
detected. These results clearly indicate that cysteine
41 residue, which is located inside of the LyP-Hsp cage
(andHspG41C aswell), is farmore reactive than the two
other cysteines included in the LyP-1 peptide part.

Figure 2. TEM images and DLS analysis of HspG41C and LyP-Hsp proteins after purification. Both proteins are indistin-
guishable from their morphologies.

Figure 3. Fluorescence emission of the Hsp cages labeled
with various concentration of Cy5.5-maleimide. The
measurement was carried out under a constant Cy5.5
concentration (3 μM). The Cy5.5 quantities listed on the
figure legend are input molar equivalents of the dye per
subunit.
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The size exclusion chromatography profile of the
Cy5.5-conjugated HspG41C was identical to that of
the HspG41C without Cy5.5 except for the absorbance
around 680 nm due to the Cy5.5 and indicates that the
Cy5.5 labeling does not cause aggregation or disas-
sembly of the Hsp protein cages (Figure 4).

When the HspG41C and LyP-Hsp were reacted with
fluorescein-maleimide for the fluorescence-activated
cell sorting (FACS) analysis, it was confirmed that they
were labeled with 0.25 dye/subunit. The fluorescence
emission intensities of the Hsp cages were comparable
to that of free fluorescein under the same concentra-
tion (data not shown).

FACS Analysis of THP-1 Cells. When the THP-1 mono-
cytes were not activated to differentiate into macro-
phages, neither HspG41C nor LyP-Hsp exhibited en-
hanced interaction with the cells. The geometric (geo.)
mean fluorescence intensity value of cells incubated
with HspG41C (3.2) or LyP-Hsp (4.6) was almost as low
as the intrinsic autofluorescence of the cells (2.9)
(Figure 5a). However, when the THP-1 cells were
differentiated to macrophages by PMA activation,27,28

the cells incubated with the LyP-Hsp showed much
higher geo.mean fluorescence intensity (22.1) than the
cell autofluorescence (3.1) (Figure 5b). On the other
hand, the geo. mean value of the macrophages incu-
bated with the HspG41C (4.2) was at the same level as
the autofluorescence of the cells. This result clearly
indicates that the LyP-Hsp exhibits enhanced affinity to
macrophage cells but not to monocyte cells, while the
HspG41C, which does not possess the macrophage-
targeting peptide, exhibits no specific affinity to either
monocyte or macrophage cells.

Fluorescence Imaging of Murine Vascular Lesions. This
murine model produces macrophage-rich lesions in
the ligated left common carotid arteries (LCCA), while
the nonligated right common carotid arteries (RCCA)

are unaffected (histology in Supporting Information
Figure 4) (see Methods for more detailed procedure).29

The fluorescence signal from the Cy5.5-conjugated
Hsp cages was evaluated by in situ and ex vivo imaging
of the neck region 48 h after intravenous injection.
Both in situ and ex vivo imaging demonstrated much
higher signal in the LCCA than the RCAA, clearly
indicating selective accumulation of the LyP-Hsp in
the macrophage-rich LCCA rather than in the control
RCAA (Figure 6a). In contrast, HspG41C-injected mice
showed a more modest increase in fluorescence signal
in the LCCA. TheMaestro imaging system is sensitive to
displaying the brightest part of the image. Thus, the
LyP-Hsp image shows the bright area in the LCCA and
limited signal elsewhere. The HspG41C image does not
have a strong focal enhancement, so the image shows
more uniform signal throughout the LCCA, RCCA, and
aortic arch. For both the in situ and ex vivo images, the
quantitative analysis uses the L versus R ratio to
account for any background signal differences. Quan-
titative comparison of ex vivo fluorescence signal from
LCCA and RCCA revealed that the LCCA/RCCA signal
ratio of the LyP-Hsp-injected mice was nearly eight
times higher than that of the HspG41-injected mice
(p = 0.0002) (Figure 6b). Confocal microscope images
of immunofluorescently stained LCCA illustrate that
LyP-Hsp labeled with Cy5.5 (red signal) colocalized
with macrophages (green signal) in merged images
(Figure 7). These results suggest that the LyP-Hsp has
significant targeting capability toward macrophage-
rich vascular lesions as compared to the HspG41C in
our experimental mouse model.

DISCUSSION

We have demonstrated that a cage-like protein
nanoparticle genetically engineered with LyP-1 signifi-
cantly enhances imaging of vascular macrophages in a
mouse model system. This is the first demonstration
that LyP-1 targets vascular macrophages and can be
used with protein cages to enhance imaging of vas-
cular inflammation. Sincemacrophages are believed to
be key players in inflammation of atherosclerosis,20-22

imaging of macrophages could be a promising strat-
egy to detect plaques and/or evaluate high-risk
lesions.23,30,31 Other macrophage-targeting moieties
have been investigated, such as scavenger receptor,32

chemokine receptor CCR-233 and matrix metallopro-
teinase.34 In the present study, we have examined the
multivalent display of the LyP-1 peptide coupled with
fluorescently labeled MjHsp cages. The LyP-1 peptide
has previously been identified to target tumor-asso-
ciated macrophage cells.24,25 Here we show, by fluo-
rescence imaging studies, that this peptide can also
target macrophages in experimental atherosclerosis
lesions in a mouse model system. We have previously
shown that a protein cage conjugated with RGD-4C
peptide,35 which binds selectively to integrin Rvβ3, has

Figure 4. Size exclusion chromatography elution profile
of HspG41C before and after labeling reaction with
Cy5.5-maleimide. The postreaction profiles illustrate
coelution of the HspG41C cage (280 nm) and Cy5.5
(680 nm).
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specific affinity to THP-1 cells in vitro.36 It should be
noted that there is an interesting difference between
the LyP-1 peptide and the RGD-4C peptide in their

cell-targeting behavior. The LyP-1-conjugatedprotein ex-
hibits specific affinity to the THP-1 cells only when the
cells are activated and differentiated to macrophage,

Figure 5. FACS analysis of THP-1 cells as nonstimulated monocytes (a) or PMA-stimulated macrophages (b) after incubation
with fluorescence-labeled Hsp protein cages. The data are plotted as histograms with their corresponding geometric (geo.)
mean fluorescence values. The LyP-Hsp exhibited enhanced interaction with THP-1 macrophages compared to monocytes,
whereas HspG41C did not show specific interaction with either cell type.

Figure 6. (a) In situ and ex vivo fluorescence imaging of themice after 48 h of Cy5.5-labeled HspG41C or LyP-Hsp injection. In
both the in situ and ex vivo images, the LyP-Hsp-injected mouse provided more intense fluorescence signal from the left
common carotid artery (LCCA) than the right common carotid artery (RCAA). (b) Fluorescence signal intensity ratio of LCAA/
RCAA obtained from in situ and ex vivo images. The LyP-Hsp-injected mice showed higher LCAA/RCAA than the HspG41C-
injected mice.
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while the RGD-4C-conjugated protein shows affinity to
even nonactivated THP-1 cells. These data clearly
indicate that cellular receptors for the two peptides
are different. Indeed, p32 (alternatively known as
gC1q) has recently been identified as the cellular
receptor for the LyP-1 peptide.25 Although, to the best
of our knowledge, the relationship between vascular
macrophage cells and p32 protein has not yet been
revealed, it will be important to compare in vivo

targeting efficiency and cellular uptake pathways be-
tween the LyP-1-conjugated protein cages and the
RGD-4C-conjugated protein cages. A dissociation con-
stant Kd of the LyP-1 and p32 interaction was deter-
mined as 3 μmol/L.25 The LyP-Hsp displays 24 copies of
the LyP-1 peptide on its surface, and this multivalent
display would be beneficial to enhance the modest
affinity of the LyP-1 peptide to p32, similar to what was
observed on interaction between multivalent RGD
peptides displayed on nanoparticles and integrin-up-
regulated cells.37

Although we successfully incorporated Cy5.5 dye
inside of the Hsp cages via the engineered interior
cysteine residue, the maximum number of dye mol-
ecules that could be conjugated was determined to be
0.24/subunit (5.8/cage). One possible reason why the
maximum number of the dye incorporated inside of
the cage was not 1 but 0.24/subunit is bulkiness of the
Cy5.5-maleimide dye. It is assumed that access of the
dye to the interior of the cage is via eight pores (∼3 nm
diameter) of the cage around the three-fold axes of the
protein cage. As shown in the Figure 1a, the cysteine
position 41, where the dye is conjugated, is located
around the pores. Since the Cy5.5-maleimide dye is
fairly bulky (MW = 1153.5), if one dye is linked to a
cysteine around the pore, it would make the pore less
accessible for other dye molecules. However, we be-
lieve the more significant limitation of the material we
have used in the current experiment is self-quenching
of the fluorescence signal due to crowding of the dye

inside of the cage. Therefore, utilization of a protein
cage with a larger interior cavity might be one poten-
tial approach to improve fluorescence intensity per
protein cage.
Another critical limitation is inherent in fluorescence

imaging. While fluorescence imaging was able to
demonstrate targeted macrophage imaging with
LyP-Hsp in an in vivomouse model, it is not a standard
clinical imaging modality due to limited tissue pene-
tration. Noninvasive small animal imaging may be
improved through more sensitive fluorescence ima-
ging techniques, such as fluorescence molecular
tomography.38 More importantly, exploitation of the
protein cages as platforms for imaging agents is not
limited to fluorescence imaging. A variety of imaging
techniques such as MRI,29,39-43 CT,44 PET,31 SPECT,31

and combinations of thereof45-48 have been studied
to detect macrophages in atherosclerosis. Protein
cages could be ideal containers to load imaging agents
for these techniques, as well.12,14,49-53 Furthermore,
therapeutic drugs for atherosclerosis could be incor-
porated into the cage constructs for targeted deli-
very,54,55 so that the protein cages can be “theranostic”
platforms.
Investigation of biocompatibility and biodistribution

of the protein cages in vivo is critical for future clinical
translation.13,56-58 We have recently reported that, in
both naïve and immunized mice, MjHsp shows broad
distribution throughout most tissue and organs, fol-
lowed by rapid clearance and the absence of long-term
persistence within the tissue and organs.58 It is inter-
esting to note that, despite the reported rapid clear-
ance of the protein, significant fluorescence signal
from the Cy5.5-labeled LyP-Hsp was observed on the
ligated LCAA after 48 h of injection. It is assumed that
accumulation of the LyP-Hsp in the vascular lesions is
due to the LyP-1 peptide, maintaining a high fluores-
cence signal, whereas the cages with no targeting are
cleared from tissues within 48 h. As a result, signal
intensity contrast from the LCAA versus other tissues
may be enhanced even further after 48 h of injection.
More detailed biocompatibility assessment of MjHsp,
such as blood half-life and immunogenicity, and com-
parison with other protein cages, such as human
ferritin or viral capsids, require further investigation.

CONCLUSION

A cage-like protein-based nanoparticle that pos-
sesses a macrophage-targeting peptide, LyP-1, and a
fluorescence imaging molecule has been developed
without disrupting the overall structure of a platform
protein, MjHsp. In vitro, fluorescently labeled LyP-Hsp
exhibits specific interaction withmacrophages and not
monocytes, while the HspG41C (without LyP-1) does
not. In vivo, macrophage-rich carotid lesions in mice
showed high in situ and ex vivo fluorescence signal

Figure 7. Confocal images of left carotid arteries.
Cy5.5-conjugated LyP-Hsp (red) were colocalized
(yellow) with macrophages labeled with Alexa Fluor
488 (green) compared to Cy5.5-conjugated HspG41C. I:
neointima.
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after LyP-Hsp injection compared to the HspG41C
injection. These findings hold the promise that LyP-1-
conjugated protein cages could be useful for in vivo

delivery of imaging agents for detection and charac-
terization of atherosclerosis guided by biological activ-
ity in the vessel wall.

METHODS
Cloning of MjHsp 16.5 and Genetic Engineering of HspG41C. Metha-

nococcus jannaschii genomic DNA was obtained from the
American Type Culture Collection (ATCC; 43067). As described
previously,26 the gene encoding the small heat shock protein
(MjHsp16.5) was amplified by polymerase chain reaction (PCR)
and cloned into the pET-30a(þ) vector (Novagen, Madison, WI).
Two rounds of site-directed mutagenesis were performed with
the MjHsp16.5 plasmid in order to (1) make it possible to insert
additional amino acid sequence at the C-terminus and (2) to
introduce a unique reaction site. The stop codon directly up-
stream of the BamHI site was deleted by PCR-mediated site-
directedmutagenesis in order tomake it possible to easily insert
additional amino acid sequence at the C-terminus. In order to
introduce a unique reaction site into theMjHsp16.5, the glycine
at position 41 was changed to cysteine (HspG41C).26 The
resulting plasmid vector was transformed into XL2 Blue ultra-
competent Escherichia coli (Stratagene, La Jolla, CA) and plated
on LB with kanamycin plates for selection. Positive colonies
were grown overnight in 3 mL of LB with 30 mg/L kanamycin
medium. Plasmid DNA was isolated using Perfectprep Plasmid
Mini (Effendorf, Hamburg, Germany), and inserted DNA was
sequenced on an ABI 310 automated capillary sequencer using
Big Dye chain termination sequence technology (Applied Bio-
system, Foster City, CA).

Mutagenesis of LyP Peptide-Conjugated HspG41C (LyP-Hsp). The
plasmid described above was used to incorporate the LyP-1
peptide sequence onto the C-terminus of the HspG41C by
insertion into the BamHI site on the plasmid. The complemen-
tary primerswith overhanginggatc, 50 ga tct gga gga tgt ggc aac
aaa cgc acc cgg ggc tgc gga taa gga 30 and 50 g atc tcc tta tcc gca
gcc ccg ggt gcg ttt gtt gcc aca tcc tcc a 30 , were designed.
Boldfacing delineates a SmaI site used for screening. The
primers were mixed at a 1:1 molar ratio, annealed, and treated
with kinase. The primer set was subsequently ligated with an
alkaline phosphatase-treated, BamHI-digested HspG41C plas-
mid overnight at 17 �C. The LyP-Hsp plasmid was isolated and
sequenced as described above for the HspG41C. This insertion
of the LyP-1 peptide sequence resulted in the change of the
original C-terminus amino acid sequence of HspG41C from
GINIE-stop to GINIEGSGGCGNKRTRGCG-stop.

Expression and Purification of Hsp. The HspG41C and LyP-Hsp
proteins were obtained using a heterogeneous expression sys-
tem in E. coli. One liter cultures of E. coli (BL21 (DE3), Novagen)
transformed pET-30a(þ) of HspG41C or LyP-Hsp plasmid were
grown overnight in LB medium with 30 mg/L kanamycin. For
the LyP-Hsp expression, the protein production was induced by
IPTG to a final concentration of 1 mM when o.d. 600 nm of the
culturemedium reached 0.8. Cells were cultured overnight after
the induction. After the incubation, cells were collected by
centrifugation, and then the pellets were resuspended in 20
mL of a lysis buffer (50 mM HEPES, 100 mM NaCl, pH 7.5).
Lysozyme, DNase, and RNase were added to final concentra-
tions of 50, 60, and 100 μg/mL, respectively. After 1 h incubation
at room temperature, the cell suspension was treaded with
French press followedby sonication on ice. The E. colidebris was
removed via centrifugation. The supernatant was heated at 60 �C
for 10 min, thereby precipitating many of the E. coli proteins,
which were removed by centrifugation. The supernatant was
dialyzed into a buffer of 100 mM HEPES, 1 M NaCl, pH 7.5
overnight followed by centrifugation. The supernatant was
subjected to size exclusion chromatography (SEC; Amersham-
Pharmacia, Piscataway, NJ) with a Superose 6 column to purify
HspG41C and LyP-Hsp.

Characterization of Hsp. The purified Hsp samples were ana-
lyzed by ESI-Q-TOF mass spectrometry (MS; Q-TOF Premier,
Waters) interfaced to a Waters UPLS and autosampler. The
samples were injected onto a BioBasic SEC-300 column and
eluted with a buffer of 59.9% water, 40% isopropyl alcohol, and
0.1% formic acid isocratically with a flow rate of 25 μL/min. Mass
spectra were acquired in the range of m/z = 50-5000 and
processed using component analysis fromMassLynx version 4.1
from multiple charge state distributions. Protein concentration
was determined by absorbance at 280 nm divided by the
reported extinction coefficient (9322 M-1 cm-1 for subunit,
223 728 M-1 cm-1 for entire cage). The Hsp protein cages were
also routinely characterized by SEC, SDS-PAGE, dynamic light
scattering (DLS; Brookhaven, 90Plus particle size analyzer), and
transmission electron microscopy (TEM; LEO 912AB).

Conjugation of Hsp Cages with Fluorescence Molecules. The
HspG41C and LyP-Hsp were both conjugated with two different
fluorescence dyes independently, either Cy5.5-maleimide dye
(GE Healthcare UK limited, Amersham, UK) for in vivo fluores-
cence imaging or fluorescein-5-maleimide dye (Molecular
Probes, Eugene, OR) for in vitro fluorescence-activated cell
sorting (FACS). The engineered internal cysteine at the position
41 was utilized for the conjugation. For the Cy5.5 labeling, the
protein (1 mg/mL in Dulbecco's phosphate buffered saline
(DPBS) at pH 7.0) was reacted with the dye in a concentration
of 0.3-3 molar equiv per subunit at room temperature for 2 h
followed by overnight incubation at 4 �C. The proteins were
purified by SEC with DPBS at pH 7.4 to remove unreacted free
dye. For the fluorescein labeling, the proteins (1 mg/mL in DPBS
at pH 7.0) were reacted with the dye in a concentration of 6
molar equiv per subunit at room temperature for 2 h followed
by overnight incubation at 4 �C. Fluorescence emission spectra
of the Cy5.5-labeled protein cages in DPBS at pH 7.4 were
measured with a fluorimeter (TECAN Safire, M€annedorf,
Switzerland). Excitation wavelength, excitation, and emission
bandwidth were set at 678, 2.5, and 5.0 nm, respectively.
Emission wavelength was scanned from 689 nm.

Iodoacetamide (IAA) Labeling of Hsp Cages and Their In-Gel Digestion
Analysis. The HspG41C has only one cysteine at amino acid
position 41, whereas the LyP-Hsp has two additional cysteines
in the engineered LyP-1 peptide part. Although we assume
these two cysteines form internal disulfide linkage, we investi-
gated the reactivity of the cysteines by labeling them with IAA.
The HspG41C and LyP-Hsp (3 mg/mL in 50 mM sodium phos-
phate, 100 mM NaCl, 5 mM EDTA at pH 7.85) were reacted with
50mM IAA dissolved in the same buffer in a concentration of 10
molar equiv per subunit at room temperature for 3 h. The
proteins were purified by Micro Bio-Spin column (Bio-Rad,
Hercules, CA) with DPBS at pH 7.4 to remove unreacted IAA.
The samples were electrophoresed in a SDS gel, and bands
corresponding to the expected mass of the HspG41C and LyP-
Hsp subunits were subjected to in-gel digestion according to
previous literature.59 The extracted peptides were analyzed by
ESI-Q-TOF Premier mass spectrometer (Waters). The samples
were injected onto a C18 column (NanoEase, 100 μm� 100mm,
BEH130, Waters) and eluted with a water/acetonitrile linear
gradient (eluent A: 0.1% formic acid in water, eluent B: 0.1%
formic acid in acetonitrile) with a flow rate of 0.9 μL/min. Protein
Lynx Global Server (PLGS 2.1, Waters) was used to process the
LC/MSE data and return protein identifications and peptide
modification data.

In Vitro Evaluation of Macrophage-Targeting Capability of LyP-Hsp.
Themacrophage-targeting capability of genetically engineered
LyP-Hsp was studied with FACS in vitro. Human monocyte cell
line, THP-1,60 was purchased fromATCC. The cells were cultured
in PRMI 1640 supplemented with 10% fetal bovine serum,
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100 U/mL of penicillin, 100 μg/mL of streptomycin, and 0.05mM
of 2-mercaptoethanol at 37 �C in 5% CO2 atmosphere. In order
to differentiate the monocyte cells into macrophages, a subset
of the THP-1 cells was activated in the presence of 100 nM
phorbol 12-myristate 13-acetate (PMA) 2 days in advance of the
FACS analysis.27,28 As the activated THP-1 cells adhered on cell
culture dishes, the cells were washed with PBS (without Ca2þ

and Mg2þ) and then detached from the dishes using Accutase
(Sigma) at 37 �C for 15 min before further experiments.28 Both
nonactivated and activated THP-1 cells were harvested by
centrifuge at 1000 rpm for 5 min. For the FACS analysis, either
nonactivated or activated cells suspended in DPBS (with Ca2þ

and Mg2þ) at a concentration of 2.5 � 106 cell/mL were
incubated with fluorescein-conjugated Hsp cages on ice for
20 min under normalized fluorescein concentration (2 μM).
After the incubation, the cells were washed two times with
DPBS (with Ca2þ and Mg2þ) and then resuspended in DPBS
(with Ca2þ and Mg2þ). The fluorescein-conjugated anti-integrin
Rvβ3 mAb (ChemiconMAB1976F) was used as a positive control
since the THP-1 cells express integrin Rv.

61 Flow cytometry was
performed on a FACSCalinur, (BD Biosciences, Mountain View,
CA) and analyzed using Cell Quest software. Each cell sample
was sorted until 10 000 event counts.

Preparation of Mouse Model of Vascular Inflammation. Macro-
phage-rich vascular lesions were induced in 24 FVB strain mice
(Supporting Information Figures 4 and 5). Mice were fed a high-
fat diet containing 40% kcal fat, 1.25% (by weight) cholesterol,
and 0.5% (by weight) sodium cholate (D12109, Research Diets,
Inc. New Brunswick, NJ).29,62 After 4 weeks of high-fat diet, mice
were rendered diabetic by administration of 5 daily intraper-
itoneal injections of streprozotocin (STZ), 40 mg/kg in citrate
buffer (0.05 mol/L, PH4.5, Sigma-Aldrich). After 5 injections of
STZ, serum glucose level of eachmouse was measured from tail
vein blood using a glucometer. If the glucose level was below
200 mg/dL, the mice were injected with additional STZ for 3
consecutive days. Twoweeks after the first STZ injection, the left
common carotid arteries (LCCA) were ligated (n = 24) below the
bifurcation with the use of 5-0 silk ligature (Ethicon) under 2%
inhaled isoflurane. The wound was closed by suture, and the
animals were allowed to recover on a warming blanket. The
right common carotid arteries (RCCA) were not ligated and
served as internal controls. All procedureswere approved by the
Administrative Panel on Laboratory Animal Care at Stanford
University.

In Vivo Evaluation of LyP-Hsp-Targeting Capability to Vascular Macro-
phages. Two weeks after carotid ligation, the mice received
intravenous injection of Cy5.5-labeled HspG41C (n = 13) or
LyP-Hsp (n = 11) (8 nmol of Cy5.5/mouse) via tail vein. Under
inhalational anesthesia (2% isoflurane), all mice underwent
imaging 48 h after injection using the Maestro in vivo imaging
system (CRi, Woburn, MA), which has the capability to separate
fluorochromes from autofluorescence based on multispectral
analysis. Both in situ and ex vivo fluorescence imaging of the
carotid arteries were performed. For in situ fluorescence ima-
ging, animals were euthanized and left and right carotid arteries
were surgically exposed. After in situ fluorescence imaging,
carotid arteries were carefully removed en bloc for ex vivo
fluorescence imaging. In order to compare the targeting cap-
ability of the HspG41C and LyP-Hsp for diseased (ligated) LCCA
versus control (nonligated) RCCA, the ratio of LCCA to RCCA
fluorescence signal intensity from the same mice was calcu-
lated. Statistics were calculated using Student's t test.

Histology of Carotid Arteries. Immediately after fluorescence
imaging, carotid arteries were embedded in optimum cutting
temperature (OCT) compound (Sakura Finetek USA, Inc., Tor-
rance, CA) and flash frozen in liquid nitrogen. Frozen sections (5
μm) were fixed in acetone for 10 min at 4 �C. After a washing in
PBS, they were incubated with antimouse Mac-3 antibody (BD
Biosciences, San Jose, CA) overnight at 4 �C. Sections were then
incubated with biotinylated secondary antibodies at room
temperature for 30 min. Antigen-antibody conjugates were
detected with avidinbiotin-horseradish peroxidase complex
(Vector Laboratories, Burlingame, CA) according to the manufac-
turer's instructions. 3-Amino-9-ethylcarbazole was used as chro-
mogen, and sections were counterstained with hematoxylin.

Immunofluorescence double staining was performed to
confirm colocalization of macrophages and Cy5.5-conjugated
Hsp cages. After incubation with antimouse Mac-3 antibody
overnight at 4 �C, sections were stained with Alexa Fluor 488-
conjugated anti-rat IgG (Molecular Probes, Eugene, OR) at room
temperature for 2 h. Sections were observed by confocal micro-
scopy (Zeiss LSM 510, Carl Zeiss AG, Oberkochen, Germany).
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