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Abstract: Nanoparticles derived from the elongated flexuous capsids of Turnip mosaic virus (TuMV)
have been shown to be efficient tools for antibody sensing with a very high sensitivity if adequately
functionalized with the corresponding epitopes. Taking advantage of this possibility, TuMV virus-like
particles (VLPs) have been genetically derivatized with a peptide from the chaperonin Hsp60, a protein
described to be involved in inflammation processes and autoimmune diseases. Antibodies against
the peptide have been previously shown to have a diagnostic value in at least one autoimmune
disease, multiple sclerosis. The functionalized Hsp60-VLPs showed their significant increase in
sensing potency when compared to monoclonal antibody detection of the peptide in a conventional
immunoassay. Additionally, the developed Hsp60-VLPs allowed the detection of autoantibodies
against the Hsp60 peptide in an in vivo mouse model of dextran sodium sulfate (DSS)-induced colitis.
The detection of minute amounts of the autoantibodies allowed us to perform the analysis of their
evolution during the progression of the disease. The anti-Hsp60 autoantibody levels in the sera of
the inflamed mice went down during the induction phase of the disease. Increased levels of the
anti-HSP60 autoantibodies were detected during the resolution phase of the disease. An extension of
a previously proposed model for the involvement of Hsp60 in inflammatory processes is considered,
incorporating a role for Hsp60 autoantibodies. This, and related models, can now be experimentally
tested thanks to the autoantibody detection hypersensitivity provided by the functionalized VLPs.
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1. Introduction

The use of viral nanoparticles (VNPs) for biomedical applications has become a new tool in
theranostics. Specifically, VNPs derived from plant viruses offer advantages in terms of biosafety
since they are only plant pathogens and also because of plant virus variability in nature, size, and
structure, that allows a specific design of VNPs depending on the application [1–13]. We work with
Turnip mosaic virus (TuMV), a virion with an elongated and flexuous structure, 700 nm long and 12 nm
wide, with ca. 2000 copies of the coat protein in each particle, from which multifunctional VNPs can be
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obtained by genetic fusion and/or chemical conjugation to the coat protein (CP) [14–17]. One potential
application is their use as tools for the detection of circulating antibody levels that frequently are
too low to be detected by conventional detection methodologies, thus contributing to improve the
diagnosis, progression, and/or prognosis of immunity-mediated pathologies, especially at the early
stages of the disease when no clear symptoms of the inflammation are evident.

Inflammatory bowel disease (IBD) is a pathology encompassing two chronic inflammatory
disorders; Crohn′s disease, characterized by transmural inflammation usually affecting the terminal
ileus and/or the large intestine; and ulcerative colitis, where inflammation occurs in the lining of the
colon mucosa [18,19]. In these pathologies, our research focuses on diagnosis improvement and the
development of personalized therapy, in order to achieve improvement in the patients’ quality of
life. On the other hand, we seek to gain new knowledge about the multifactorial pathogenesis of
these disorders, for which there are several representative animal models, capable of mimicking the
symptomatology and pathology of the disease. For IBD, a murine model induced by dextran sodium
sulfate (DSS) has been developed [20,21]. This compound, when administered in drinking water,
induces inflammation of the colon mucosa, as well as ulceration, which leads to severe weight loss and,
in extreme cases, lethality.

We have explored the deployment of Heat Shock Protein 60 (Hsp60) as a possible autoantigen
in IBD, due to the implication of Hsp60 in inflammatory processes [22–31], including IBD [32–35].
Heat shock proteins are a broad family of molecular chaperons capable of reacting to cellular stress,
especially in thermal changes. However, they also respond in other stress situations, such as tissue
damage, cellular injury, or heavy metal poisoning. Hsp60, despite being a protein whose main function
occurs in the mitochondria, is able to act in the cytoplasm modulating the immune response associated
with inflammation. Both the complete protein and the peptides derived therefrom can act as natural
regulators of the inflammatory reaction together with other cytokines, chemokines, and autoantibodies,
regulating the immune system [30,32,36–39]. The activity of Hsp60 has been associated with various
autoimmune and inflammatory pathologies, such as atherosclerosis, diabetes, rheumatoid arthritis, or
multiple sclerosis [23,25,29,40–42].

Alterations in the levels of anti-Hsp60 autoantibodies have been described in several inflammatory
pathologies [22,23,26,27,37], making the autoantibody detection a novel strategy with potential
application for the diagnosis, progression, and/or prognosis of the disease. In these studies, exhaustive
analyses by peptide arrays have allowed the identification of certain epitopes for the design of specific
VNPs where the election of a peptide with diagnostic value is the key to success. Based on these
premises, we have designed functionalized TuMV VNPs with an epitope, described previously in
multiple sclerosis [40]. The multimeric presentation of this epitope on TuMV VNPs (Hsp60-virus-like
particles (VLPs)) allowed us the quantitative detection of anti-Hsp60 autoantibodies in an in vivo model
of intestinal inflammation induced by DSS. The high detection levels of the developed Hsp60-VLPs
may represent a novel tool that can be used for the diagnosis, progression, and/or prognosis in
inflammation-mediated disorders.

2. Materials and Methods

2.1. Construction of CP and Hsp60-CP Expression Plasmids

Constructs corresponding to infectious clones were obtained by designing synthetic genes
(GeneArt), based on the p35Tunos-Vec01-Nat1 sequence, as shown in Figure S1, derived from an
original TuMV infectious clone [43]. Synthetic DNA consisted of a partial NIb gene, starting with
the sequence corresponding to the restriction site Mlu I, followed by alanine codon (first CP amino
acid) to maintain the protease recognition sequence, followed by the sequence encoding the Hsp60
peptide, which comprises amino acids 301–320 of human Hsp60 (KAPGFGDNRKNQLKDMAIAT,
sequence conserved in mice), and the restriction site Nae I, corresponding to the first two CP amino
acids. The DNA was digested with Mlu I and Nae I. The resulting fragment was purified. Vector
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p35Tunos-vec01-Nat1 was also digested with these two restriction enzymes, and the two fragments
ligated together to obtain the recombinant vector with the sequence encoding Hsp60 peptide.

For VLP expression plasmids, PCR (GeneAmp®PCR System 9700, Applied Biosystems, CA,
United States) was performed, amplifying the whole modified CP with two extra codons—one
corresponding to the initial methionine, and a STOP codon. The nucleotide sequence CACC was also
added at the 5’ end to allow directional cloning into a pENTR-D-TOPO vector, as shown in Figure S2.
Then the fragment was cloned into a pEAQ-HT vector, as shown in Figure S3, by Gateway cloning
with LR clonase enzyme.

2.2. Production and Purification of VLPs

For VLP production, the pEAQ construct was transformed into Agrobacterium tumefaciens LBA4404
for agroinfiltration mediated transitory expression in Nicotiana benthamiana plants [44,45]. The same
procedure was followed for non-modified VLPs. Plant growth, Agrobacterium culture preparation,
agroinfiltration, tissue harvesting, and VLP purification were performed as previously described by
us [16,17].

2.3. VLP Characterization

Characterization of assembled purified VLPs was performed by SDS-PAGE, western blot and
transmission electron microscopy (TEM, ICTS-CNME, Madrid, Spain).

The conditions for SDS-PAGE and western blot were as described [16]. Anti-Hsp60 D307 antibody
was from Invitrogen.

To check structural integrity, TEM was performed. Electron microscopy grids (400 mesh copper,
carbon coated) were coated at room temperature for 15 min with a 10 µL drop of VLPs diluted at
0.02 mg/mL final concentration (50 mM borate buffer, pH 8.1), and washed with buffer. Finally, the
grids were rinsed with distilled water and stained with 2% uranyl acetate for 2 min. Samples were
examined on a transmission electron microscope (JEM JEOL 1010, Tokyo, Japan).

2.4. IBD Murine Model

Adult C57BL/6J (8 weeks-old) mice used in these studies were obtained from the Jackson Laboratory
(ref. 000664). The regulations concerning experimental animal welfare (RD 223/1998 and Directive
2010/63/EU protocols) were followed. The ethics committee for animal research of the CIEMAT (Proex.
414/15) and Comunidad de Madrid (based on the RD 53/2013) reviewed and approved all protocols.

The IBD was induced in mice by dextran sodium sulfate (DSS, MP Biochemicals), a sulphated
polymer cytotoxic on intestinal epithelial cells and macrophages. In addition, enteral DSS favors
Gram-negative anaerobic bacteria increases, which together with the erosive potential on the intestinal
barrier and the macrophages’ inappropriate response, would lead to the appearance of intestinal
lesions [20,21]. This model reproduces the clinical, histopathological, and immune characteristics
observed in humans, inducing chronic colitis associated with diarrhea and weight loss.

The chemical compound was administered in drinking water at 1.35% (w/v) over 7 days ad libitum
and disease progress was determined by monitoring mouse weight and the number of granulocytes in
peripheral blood by an automated blood cell-counter (Abacus, Diatron, Budapest, Hungary). Normal
distribution was analyzed by the Shapiro–Wilks test.

Non-parametric techniques (Mann–Whitney U test) were used. Autoantibody levels were
determined in mouse sera, obtained at different times after disease induction. All trials were of a
“simple blind” type.

2.5. Immunoassays

Indirect enzyme-linked immunosorbent assays (ELISA) were performed in order to evaluate the
sensitivity provided by the VLPs, in comparison with the whole Hsp60 protein and free peptide at
equal peptide amounts, and also to measure autoantibody levels in peripheral blood. Plates (Nunc
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MaxiSorp) were coated with 1 µg purified VLPwt or Hsp60-VLPs, resuspended in 50 mM sodium
carbonate buffer, pH 9.6; or equivalent amounts of Hsp60 protein or peptide, resuspended in the same
buffer and incubated overnight at 4 ◦C. Plates were washed intensively, and incubated for 1 h with
commercial antibodies [Hsp60 (D307) Antibody 4870S, CellSignal and Anti-Hsp60 antibody (ab46798),
Abcam; different dilutions in phosphate-buffered saline, pH 7.4, 0.05% Tween 20 (v/v), 2% PVP-40 (w/v)]
or overnight at 4 ◦C for mice sera (diluted 1:100 in the same buffer). Then, secondary antibodies, diluted
1:1500 in the same buffer, were added and incubated for 1 h at room temperature. Color was developed
by alkaline phosphatase reaction and detected after addition of p-nitrophenylphosphate. Absorbance
was measured at 405 nm (TECAN Genios Pro). Differences between both coating-VLPs were calculated,
since this would be the measure attributable to autoantibodies against Hsp60. The normalization
process was done as follows. A serum pool was made using the sera from healthy mice and this pool
was included in all the plates in order to calculate the background of each plate. The normalized
values of autoantibodies directed against Hsp60 in the DSS serum samples were obtained by taking
into account the mean value of the healthy serum pool in each plate and the mean value of the healthy
serum pool from all the plates, in order to minimize the effects of the variation in the background
signal. The data obtained were analyzed based on the non-parametric Mann–Whitney U test.

3. Results

3.1. Production and Characterization of Hsp60-VLPs

Our first Hsp60-VNP derivatization approach was the production of virions genetically modified
with the Hsp60-peptide fused to the CP N-terminus. However, the insertion of the peptide interfered
with the infectivity of the modified virus, so this strategy was discarded. Starting out from the virion
construct, a second construction strategy was followed to generate now modified VLPs.

VLPs modified by genetic fusion of the Hsp60-peptide to the CP were made by transient
expression of the fusion protein CP-Hsp60 peptide in plants. As shown before [16], the fusion protein
will self-assemble into VLPs within plant cells. Once purified nanoparticles were obtained, they were
characterized by SDS-PAGE, western-blot assays, and transmission electron microscopy, as shown in
Figure 1.

Figure 1. Hsp60-virus-like particles (VLPs) characterization. (A) SDS-PAGE and western blot of wild
type VLPs (1) and Hsp60-VLPs (2). (B) Micrographs of wt-VLPs and Hsp60-VLPs, where particles of
about 700 nm are shown.

The results obtained showed a modified electrophoretic mobility for Hsp60-VLPs CP, consistent
with a molecular weight increase of approximately 2.5 kDa. This fusion protein was detected specifically
not only by antibodies directed against the virus, but also by those directed against the Hsp60 protein.
Finally, TEM structural characterization showed elongated and flexuous particles with similar length
and thickness than non-modified particles, so no detectable significant changes in VLP structure were
found after peptide insertion.

3.2. Increased Sensitivity of Hsp60 Peptide Detection by Specific Hsp60 Antibodies

Multimeric peptide presentation on the surface of TuMV VNPs increases its detectability by specific
antibodies in conventional immunoassays like ELISA [15,17,46]. To evaluate this in the Hsp60-VLPs
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construct, ELISA and dot-blot assays were performed using three types of presentations: Hsp60-VLPs,
free Hsp60 peptide, and complete Hsp60 protein, as shown in Figure 2. Assays were performed using
equal peptide amounts presented in the three forms. Two different antibodies were used to assess the
response, a monoclonal antibody that specifically recognizes an epitope within the peptide 301–320,
and a polyclonal antibody against complete Hsp60.

Figure 2. Specificity and sensitivity assays. (A) ELISA using monoclonal Hsp60 antibody dilutions,
comparing Hsp60-VLPs with free Hsp60 peptide and Hsp60 protein. The black line indicates the
positive signal threshold and the standard error is also shown (three replicates). (B) Dot blot using the
same components, and also VLPs-wt.

Using the monoclonal antibody, it was found that free Hsp60 peptide was hardly recognized,
while both the complete Hsp60 protein and the Hsp60-VLPs were easily detected, with Hsp60-VLPs
being the most sensitive system.

Hsp60-VLP detectability, compared with the complete protein using polyclonal antibodies, was
evaluated, as shown in Figure S4. In this case, complete Hsp60 protein presents greater sensitivity,
possibly due to the higher number of epitopes present on its complete surface.

The results obtained show that, although the complete HSP60 protein contains various epitopes,
the multimeric presentation in VNPs of a defined epitope allows differential detection by measurement
of specific autoantibodies in biological fluids, such as peripheral blood serum. These results highlight
the Hsp60-VLPs potential for specific antibody detection, with the epitope election being the key to
develop TuMV-VNPs as a diagnostic tool.

3.3. Hsp60-VLPs Autoantibody Detection

Once sensitivity and specificity were shown through different immunoassays, the potential
of Hsp60-VLPs as a diagnostic tool of autoimmune pathologies, exemplified by IBD, was tested,
measuring autoantibodies against Hsp60 in a pool of control sera, as shown in Figure 3. In these
pathologies, autoantibody levels are usually very low at early stages, but early diagnosis by detecting
these low levels would improve patients’ prognosis.
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Figure 3. Anti-HSP60 autoantibody detection in the sera of healthy mice by ELISA, using different
antigen-presentation platforms; Hsp60-VLP (blue), complete protein Hsp60 (red), Hsp60 peptide (green),
and VLPwt (purple) and at different sera dilutions. Standard error bars shown (three replicates).

To compare the data obtained with all detection systems (Hsp60-VLPs, complete Hsp60 protein,
and free peptide), an ELISA was developed with a pool of sera from healthy, non-inflamed mice, in
order to determine physiological levels of anti-Hsp60 autoantibodies. Unmodified VLPs (VLPwt, not
displaying the Hsp60 peptide) were used as a negative control.

The results showed that only with the Hsp60-VLPs could the anti-Hsp60 autoantibodies be
detected above the background of the plate and negative controls in healthy mice sera. Therefore, the
high ability of Hsp60-VLPs to detect autoantibody levels, undetectable by conventional procedures such
as ELISA, was demonstrated. This result indicates that VLPs can be used as a tool to detect variations in
the levels of anti-Hsp60 autoantibodies in mice sera when the traditional methodologies based on the
complete Hsp60 protein cannot be detected, even at basal autoantibody levels in non-inflamed mice.

3.4. Hsp60-VLPs for Autoantibody Detection in DSS-Induced Colitis

Due to the proven ability of Hsp60-VLPs to detect low levels of autoantibodies in the sera samples,
potential diagnostic applications were assessed. Since Hsp60 is deeply involved in inflammatory
processes [23,25,47], a murine model of the inflammatory bowel disease (IBD) induced by DSS was
selected for further studies [20,21]. DSS-induced colitis is a favorite model for chemically induced
colitis because it is a simple one and highly similar to human IBD. DSS induces intestinal inflammation
through a yet non-deciphered mechanism, although it probably results from damage to the epithelial
monolayer lining the large intestine. This lesion would allow dissemination of proinflammatory
intestinal contents (e.g., bacteria and their products) into the tissue underneath [20].

The evolution of Hsp60 autoantibody levels in the inflammatory model induced by DSS was
studied. The progress of the pathology, as well as the recovery after removing the chemical agent, was
determined by monitoring the body weight and granulocytes levels in peripheral blood, as shown in
Figure 4.
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Figure 4. Colitis status of mice treated with dextran sodium sulfate (DSS) in the drinking water.
Assessment of the pathology progression by determination of body weight loss and granulocyte levels
in peripheral blood. Healthy mice are shown in black and the group of mice treated with DSS is shown
in red. The mean and the standard error of the mean are shown, as well as those significant results
according to the nonparametric Mann–Whitney U test (* p ≤ 0.05 and ** p ≤ 0.01).

The results show a significant decrease in body weight of mice treated with DSS, significant at
day 7 and 9. This decrease continues until the DSS was withdrawn, after which the mice recovered
weight and reverted to a non-pathological state. Regarding granulocyte levels, there was an increase
in blood, in this case significantly at 5 days. In this case the reversal begins later, several days after
withdrawing DSS.

To evaluate the potential of Hsp60-VLPs as a novel tool in the knowledge of the inflammatory
pathology, an ELISA was performed. Autoantibody levels measured with the complete Hsp60 protein
were not detectable, as shown in Figure S5, so only data obtained with Hsp60-VLPs and VLPs-wt
were used to assess autoantibody levels in sera of the mice diluted 100-fold. Data were normalized,
eliminating the signal attributable to the background which could be originated by the viral component
of nanoparticles, and the results were analyzed, as shown in Figure 5.

Figure 5. Detection of anti-HSP60 autoantibody in the sera of the healthy and DSS-colitic mice. Healthy
mice are represented in black, and in red are mice treated with DSS in the drinking water for 7 days.
The levels of anti-HSP60 autoantibodies in the control group has been defined as the average value
of all the mice in the control group, including the values of the DSS-treated colitic mice at time 0.
Mean and standard error of the mean are shown, as well as those significant results according to the
Mann–Whitney U nonparametric test (* p ≤ 0.05).
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The results showed a marked decrease in anti-Hsp60 autoantibody levels following the progress
of inflammation at 5 and 10 days (significant according to the Mann–Whitney U nonparametric test),
maintaining higher levels in healthy individuals and the basal levels at day 0 in the DSS group.
These results demonstrate TuMV functionalized VNPs as a hypersensitive tool in the progression
analysis of the inflammation, being able to detect levels of autoantibodies in cases where conventional
methodology is not capable.

4. Discussion

In the diagnosis of autoimmune pathologies, current techniques face two main problems,
especially when diagnosis is made by detecting specific autoantibodies in serum—background
and low autoantibody levels. The high background is due to numerous substances present in serum,
and low autoantibody levels occur at early stages of pathology development, a time in which a proper
diagnosis would allow early treatment, and a better patient prognosis [48,49]. This is in addition
to problems associated with the use of biological samples, such as peripheral blood sera. There is
also an added problem when specific epitopes are needed as the basis of a detection system. These
epitopes, small peptides, are unable to adhere efficiently to test plates [50], thus leading to very low
sensitivity compared to systems deploying high molecular weight proteins in which the handicap is
the presence of numerous epitopes, not all of them with diagnostic value. All these inconveniences in
conventional methodologies make it increasingly convenient to develop new approaches for a highly
sensitive technique, capable of detecting very low levels of autoantibody, or rather small changes, in
diluted sera.

To address these challenges, the use of nanoparticles as a multimeric presentation system is
an alternative approach, which should provide high sensitivity and solve the epitope–adhesion
problem [6,9,51,52]. We have previously shown that functionalized nanoparticles derived from TuMV
significantly increased antibody detection with respect to conventional systems [16,17,46]. Although
this system has not been used in the diagnosis, progression, and/or prognosis of specific pathologies
yet, its potential makes it a good candidate for the design of a hypersensitive analysis system by the
detection of serum autoantibodies.

To test TuMV VNPs as a new tool for autoantibody detection, Hsp60 was chosen as an antigen.
This protein is involved in numerous inflammatory mechanisms, also related to autoimmune
pathologies [27,30,32,33,35,38,40]. Regarding Hsp60 specific commercial antibodies, sensitivity tests
were made by comparing the Hsp60-VLPs’ detection capacity with respect to the complete recombinant
Hsp60 protein. The results showed that, despite not showing a greater sensitivity in polyclonal
antibody detection as shown in Figure S1, VLPs sensed epitope-specific monoclonal antibodies with
greater sensitivity, as shown in Figure 2. This may be due not only to multimeric presentation in the
nanoparticle, but also to a better epitope-exposure on the VLP surface with respect to the complete
Hsp60 protein.

According to these results, and because this peptide was chosen due to its diagnostic potential in
autoimmune pathologies [49], an evaluation of its efficacy in IBD diagnosis in a DSS-induced colitis
murine model [20,21] was decided. In the sera of these mice, nanoparticles exhibited greater detection
power not only compared to the free peptide, but also to the complete Hsp60, which was not able
to detect autoantibodies under the same conditions. As mentioned above, the enhanced sensitivity
of the Hsp60-VLPs could be provided not only because of a multimeric presentation of the chosen
epitope, but also because of its exposure on the particle surface since the epitope may have a more
internal location in the complete Hsp60 but be exposed on the surface in VLPs. This approach should
allow the development of sets of designed nanoparticles for each disease, selecting peptides with
diagnostic value present in various autoantigens, and presenting them on the same multifunctionalized
nanoparticle [15], improving diagnosis, progression, and prognosis of autoimmune diseases.

Thanks to the high sensitivity shown by Hsp60-VLPs, it was possible to evaluate the evolution of
autoantibody levels with disease progress in a murine model. In this case, and against expectations,
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autoantibody levels decreased concomitantly with the inflammatory process, as shown in Figure 5,
suggesting a new view regarding the mechanism of action of Hsp60 (and its autoantibodies) in the
inflammatory process. According to these results, anti-Hsp60 autoantibodies could be considered
as biomarkers of a non-pathological inflammation state, participating in immune homeostasis as
“immunomodulators”, recently called “immunculus” (“immune homunculus”), as it was already
described for other molecules and autoantibodies [36,39,53]. According to this model, and
taking into account studies relating a decrease in autoantibody levels with autoimmune disease
development [25,26,32,41,54,55], it seems that autoantibodies in healthy individuals may play a role
as a mechanism to regulate inflammation, avoiding a pathological inflammatory response caused by
Hsp60. This protein, and peptides derived thereof, have been implicated in pro- and anti-inflammatory
processes, and a model has been previously proposed [30]. The results presented in this study allow us
to extend tentatively this model, involving now a role for Hsp60 autoantibodies in the progression of the
inflammation. A general view of such an extended model is presented in Figure 6. The presence of large
amounts of Hsp60 protein (and/or other similar chaperonins present in intestinal microbiota) would
be related to an activation of the inflammatory response, triggering the production of autoantibodies.
These autoantibodies would act as neutralizers, regulating protein levels, and thereby deactivating the
inflammatory response and even activating new anti-inflammatory pathways. The regulatory balance
of these pathways in both directions would be essential to maintain a non-pathological physiological
state. This proposed process would imply that, when an inflammatory process is induced by external
agents, as occurs in experimental colitis induced by DSS, inflammation would be accompanied by a
decrease in the levels of regulatory autoantibodies.

Figure 6. A possible Hsp60 autoantibody regulation system based on a previously described model [30].
High Hsp60 protein levels, related with endogenous proteins and/or similar chaperonins present in
microbiota or other pathogens, would activate inflammation pathways, which in turn would induce
the production of autoantibodies against Hsp60, neutralizing the antigen, and generating different
peptides that activate an anti-inflammatory response.
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All the ideas raised would place Hsp60 as a study target. In this case, TuMV VLPs allowed
the identification of possible markers in inflammatory pathologies, being able to generate diagnostic
systems of high sensitivity and specificity, useful to identify new diagnostic and therapeutic targets.
In addition, considering cases such as Hsp60, where autoantibodies can act as regulatory agents,
functionalized VLPs could be used not only as a diagnostic tool, but also in therapy for immunization,
where the great immunogenic power of VNPs from TuMV has been demonstrated [17]. This would be
related to other studies connecting autoantibodies and inflammation, in which immunization with
the protein in patients induced symptomatic amelioration [25,41,56]. This work demonstrates that
VNPs are a good alternative in the biomedical field, acting as a functionalizable platform for different
applications, from diagnosis to treatment. In this context, exploring the possibility of using several
epitopes from Hsp60 (or even from other new autoantigens) in multifunctional nanoparticles, would
open the door to new theranostic tools to improve prognosis of patients with autoimmune pathologies.

5. Conclusions

This study lays the groundwork for the development of new theranostic tools, based on viral
nanoparticles functionalized with specific epitopes involved in autoimmune pathologies, allowing the
creation of new systems for autoantibody-based specialized diagnosis and for targeted treatments.
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Figure S4. Sensitivity comparison between different detection platforms using commercial antibodies. Figure S5.
Autoantibody levels in sera measured with Hsp60-VLPs (blue) and Hsp60 protein (red).

Author Contributions: Conceptualization, F.P., F.S., and M.I.G.; methodology, C.Y.-C., L.Z., C.F.C.-F., M.L.-S., and
F.S.; software, C.Y.-C. and M.L.-S.; validation, C.Y.-C. and M.L.-S; formal analysis, C.Y.-C., M.L.-S., F.S., M.I.G., and
F.P.; writing—original draft preparation, C.Y.-C.; writing—review and editing, M.L.-S, M.I.G., and F.P.

Funding: This work was funded by INIA (grant RTA2015-00017). Support from the Spanish Ministry of
Science, Innovation and Universities in Severo Ochoa Excellence Accreditations (SEV-2016-0672 to CBGP) is
also acknowledged.

Acknowledgments: We thank George Lomonossoff for providing the pEAQ vectors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Steele, J.F.C.; Peyret, H.; Saunders, K.; Castells-Graells, R.; Marsian, J.; Meshcheriakova, Y.; Lomonossoff, G.P.
Synthetic plant virology for nanobiotechnology and nanomedicine. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 2017, 9, e1447. [CrossRef] [PubMed]

2. Rohovie, M.J.; Nagasawa, M.; Swartz, J.R. Virus-like particles: Next-generation nanoparticles for targeted
therapeutic delivery. Bioeng. Transl. Med. 2017, 2, 43–57. [CrossRef] [PubMed]

3. Lee, K.L.; Twyman, R.M.; Fiering, S.; Steinmetz, N.F. Virus-based nanoparticles as platform technologies for
modern vaccines. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2016, 8, 554–578. [CrossRef] [PubMed]

4. Schwarz, B.; Douglas, T. Development of virus-like particles for diagnostic and prophylactic biomedical
applications. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2015, 7, 722–735. [CrossRef] [PubMed]

5. Lomonossoff, G.P.; Evans, D.J. Applications of plant viruses in bionanotechnology. Curr. Top. Microbiol.
Immunol. 2014, 375, 61–87. [CrossRef] [PubMed]

6. Glasgow, J.; Tullman-Ercek, D. Production and applications of engineered viral capsids. Appl. Microbiol.
Biotechnol. 2014, 98, 5847–5858. [CrossRef] [PubMed]

7. Chen, Q.; Lai, H. Plant-derived virus-like particles as vaccines. Hum. Vaccines Immunother. 2013, 9, 26–49.
[CrossRef] [PubMed]

8. Alonso, J.M.; Gorzny, M.L.; Bittner, A.M. The physics of tobacco mosaic virus and virus-based devices in
biotechnology. Trends Biotechnol. 2013, 31, 530–538. [CrossRef]

9. Yildiz, I.; Shukla, S.; Steinmetz, N.F. Applications of viral nanoparticles in medicine. Curr. Opin. Biotechnol.
2011, 22, 901–908. [CrossRef]

http://www.mdpi.com/2079-4991/9/10/1438/s1
http://dx.doi.org/10.1002/wnan.1447
http://www.ncbi.nlm.nih.gov/pubmed/28078770
http://dx.doi.org/10.1002/btm2.10049
http://www.ncbi.nlm.nih.gov/pubmed/29313023
http://dx.doi.org/10.1002/wnan.1383
http://www.ncbi.nlm.nih.gov/pubmed/26782096
http://dx.doi.org/10.1002/wnan.1336
http://www.ncbi.nlm.nih.gov/pubmed/25677105
http://dx.doi.org/10.1007/82_2011_184
http://www.ncbi.nlm.nih.gov/pubmed/22038411
http://dx.doi.org/10.1007/s00253-014-5787-3
http://www.ncbi.nlm.nih.gov/pubmed/24816622
http://dx.doi.org/10.4161/hv.22218
http://www.ncbi.nlm.nih.gov/pubmed/22995837
http://dx.doi.org/10.1016/j.tibtech.2013.05.013
http://dx.doi.org/10.1016/j.copbio.2011.04.020


Nanomaterials 2019, 9, 1438 11 of 13

10. Pokorski, J.K.; Steinmetz, N.F. The art of engineering viral nanoparticles. Mol. Pharm. 2011, 8, 29–43.
[CrossRef]

11. Plummer, E.M.; Manchester, M. Viral nanoparticles and virus-like particles: Platforms for contemporary
vaccine design. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2011, 3, 174–196. [CrossRef] [PubMed]

12. Ludwig, C.; Wagner, R. Virus-like particles-universal molecular toolboxes. Curr. Opin. Biotechnol. 2007, 18,
537–545. [CrossRef] [PubMed]

13. Grgacic, E.V.; Anderson, D.A. Virus-like particles: Passport to immune recognition. Methods 2006, 40, 60–65.
[CrossRef] [PubMed]

14. Cuenca, S.; Mansilla, C.; Aguado, M.; Yuste-Calvo, C.; Sánchez, F.; Sánchez-Montero, J.M.; Ponz, F. Nanonets
derived from Turnip mosaic virus as scaffolds for increased enzymatic activity of immobilized Candida antarctica
lipase B. Front. Plant Sci. 2016, 7, 464. [CrossRef] [PubMed]

15. Yuste-Calvo, C.; González-Gamboa, I.; Pacios, L.F.; Sánchez, F.; Ponz, F. Structure-based multifunctionalization
of flexuous elongated viral nanoparticles. ACS Omega 2019, 4, 5019–5028. [CrossRef]

16. González-Gamboa, I.; Manrique, P.; Sánchez, F.; Ponz, F. Plant-made potyvirus-like particles used for
log-increasing antibody sensing capacity. J. Biotechnol. 2017, 254, 17–24. [CrossRef] [PubMed]

17. Sánchez, F.; Sáez, M.; Lunello, P.; Ponz, F. Plant viral elongated nanoparticles modified for log-increases of
foreign peptide immunogenicity and specific antibody detection. J. Biotechnol. 2013, 168, 409–415. [CrossRef]
[PubMed]

18. Lemmens, B.; De Hertogh, G.; Sagaert, X. Inflammatory Bowel Diseases. In Pathobiology of Human Disease;
McManus, L.M., Mitchell, R.N., Eds.; Academic Press: San Diego, CA, USA, 2014; Volume 19, pp. 1297–1304.

19. Denmark, V.K.; Mayer, L. Chapter 60—Inflammatory Bowel Diseases. In The Autoimmune Diseases, 5th ed.;
Rose, N.R., Mackay, I.R., Eds.; Academic Press: Boston, MA, USA, 2014; pp. 873–888.

20. Eichele, D.D.; Kharbanda, K.K. Dextran sodium sulfate colitis murine model: An indispensable tool for
advancing our understanding of inflammatory bowel diseases pathogenesis. World J. Gastroenterol. 2017, 23,
6016–6029. [CrossRef]

21. Chassaing, B.; Aitken, J.D.; Malleshappa, M.; Vijay-Kumar, M. Dextran sulfate sodium (DSS)-induced colitis
in mice. Curr. Protoc. Immunol. 2014, 104, 15–25. [CrossRef]

22. Van Eden, W.; Jansen, M.A.A.; Ludwig, I.S.; Leufkens, P.; van der Goes, M.C.; van Laar, J.M.; Broere, F.
Heat shock proteins can be surrogate autoantigens for induction of antigen specific therapeutic tolerance in
rheumatoid arthritis. Front. Immunol. 2019, 10, 279. [CrossRef]

23. Mantej, J.; Polasik, K.; Piotrowska, E.; Tukaj, S. Autoantibodies to heat shock proteins 60, 70, and 90 in
patients with rheumatoid arthritis. Cell Stress Chaperones 2019, 24, 283–287. [CrossRef] [PubMed]

24. Gonciarz, W.; Matusiak, A.; Rudnicka, K.; Rechcinski, T.; Chalubinski, M.; Czkwianianc, E.; Broncel, M.;
Gajewski, A.; Chmiela, M. Autoantibodies to a specific peptide epitope of human Hsp60 (ATVLA) with
homology to Helicobacter pylori HspB in H. pylori-infected patients. APMIS 2019, 127, 139–149. [CrossRef]
[PubMed]

25. Ulmansky, R.; Naparstek, Y. Protective antibodies against HSP60 for autoimmune inflammatory diseases.
Clin. Immunol. 2018, 186, 63. [CrossRef] [PubMed]

26. Ponnusamy, T.; Venkatachala, S.K.; Ramanjappa, M.; Kakkar, V.V.; Mundkur, L.A. Inverse association of
ApoB and HSP60 antibodies with coronary artery disease in Indian population. Heart Asia 2018, 10, e011018.
[CrossRef] [PubMed]

27. Selli, M.E.; Wick, G.; Wraith, D.C.; Newby, A.C. Autoimmunity to HSP60 during diet induced obesity in
mice. Int. J. Obes. (Lond.) 2017, 41, 348–351. [CrossRef] [PubMed]

28. Jang, E.J.; Jung, K.Y.; Hwang, E.; Jang, Y.J. Characterization of human anti-heat shock protein 60 monoclonal
autoantibody Fab fragments in atherosclerosis: Genetic and functional analysis. Mol. Immunol. 2013, 54,
338–346. [CrossRef] [PubMed]

29. Kimura, A.; Sakurai, T.; Yamada, M.; Koumura, A.; Hayashi, Y.; Tanaka, Y.; Hozumi, I.; Takemura, M.;
Seishima, M.; Inuzuka, T. Elevated anti-heat shock protein 60 antibody titer is related to white matter
hyperintensities. J. Stroke Cerebrovasc. Dis. 2012, 21, 305–309. [CrossRef]

30. Quintana, F.J.; Cohen, I.R. The HSP60 immune system network. Trends Immunol. 2011, 32, 89–95. [CrossRef]
31. Khalil, A.A.; Kabapy, N.F.; Deraz, S.F.; Smith, C. Heat shock proteins in oncology: Diagnostic biomarkers or

therapeutic targets? Biochim. Biophys. Acta 2011, 1816, 89–104. [CrossRef]

http://dx.doi.org/10.1021/mp100225y
http://dx.doi.org/10.1002/wnan.119
http://www.ncbi.nlm.nih.gov/pubmed/20872839
http://dx.doi.org/10.1016/j.copbio.2007.10.013
http://www.ncbi.nlm.nih.gov/pubmed/18083549
http://dx.doi.org/10.1016/j.ymeth.2006.07.018
http://www.ncbi.nlm.nih.gov/pubmed/16997714
http://dx.doi.org/10.3389/fpls.2016.00464
http://www.ncbi.nlm.nih.gov/pubmed/27148295
http://dx.doi.org/10.1021/acsomega.8b02760
http://dx.doi.org/10.1016/j.jbiotec.2017.06.014
http://www.ncbi.nlm.nih.gov/pubmed/28625680
http://dx.doi.org/10.1016/j.jbiotec.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24055625
http://dx.doi.org/10.3748/wjg.v23.i33.6016
http://dx.doi.org/10.1002/0471142735.im1525s104
http://dx.doi.org/10.3389/fimmu.2019.00279
http://dx.doi.org/10.1007/s12192-018-0951-9
http://www.ncbi.nlm.nih.gov/pubmed/30465159
http://dx.doi.org/10.1111/apm.12925
http://www.ncbi.nlm.nih.gov/pubmed/30746790
http://dx.doi.org/10.1016/j.clim.2017.07.016
http://www.ncbi.nlm.nih.gov/pubmed/28751270
http://dx.doi.org/10.1136/heartasia-2018-011018
http://www.ncbi.nlm.nih.gov/pubmed/30018661
http://dx.doi.org/10.1038/ijo.2016.216
http://www.ncbi.nlm.nih.gov/pubmed/27899808
http://dx.doi.org/10.1016/j.molimm.2012.12.013
http://www.ncbi.nlm.nih.gov/pubmed/23357787
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2010.09.003
http://dx.doi.org/10.1016/j.it.2010.11.001
http://dx.doi.org/10.1016/j.bbcan.2011.05.001


Nanomaterials 2019, 9, 1438 12 of 13

32. Cappello, F.; Mazzola, M.; Jurjus, A.; Zeenny, M.N.; Jurjus, R.; Carini, F.; Leone, A.; Bonaventura, G.;
Tomasello, G.; Bucchieri, F.; et al. Hsp60 as a novel target in IBD management: A prospect. Front. Pharmacol.
2019, 10, 26. [CrossRef]

33. Tomasello, G.; Sciume, C.; Rappa, F.; Rodolico, V.; Zerilli, M.; Martorana, A.; Cicero, G.; De Luca, R.;
Damiani, P.; Accardo, F.M.; et al. Hsp10, Hsp70, and Hsp90 immunohistochemical levels change in ulcerative
colitis after therapy. Eur. J. Histochem. 2011, 55, e38. [CrossRef] [PubMed]

34. Tomasello, G.; Rodolico, V.; Zerilli, M.; Martorana, A.; Bucchieri, F.; Pitruzzella, A.; Marino Gammazza, A.;
David, S.; Rappa, F.; Zummo, G.; et al. Changes in immunohistochemical levels and subcellular localization
after therapy and correlation and colocalization with CD68 suggest a pathogenetic role of Hsp60 in ulcerative
colitis. Appl. Immunohistochem. Mol. Morphol. 2011, 19, 552–561. [CrossRef] [PubMed]

35. Rodolico, V.; Tomasello, G.; Zerilli, M.; Martorana, A.; Pitruzzella, A.; Gammazza, A.M.; David, S.; Zummo, G.;
Damiani, P.; Accomando, S.; et al. Hsp60 and Hsp10 increase in colon mucosa of Crohn’s disease and
ulcerative colitis. Cell Stress Chaperones 2010, 15, 877–884. [CrossRef] [PubMed]

36. Kolinski, T.; Marek-Trzonkowska, N.; Trzonkowski, P.; Siebert, J. Heat shock proteins (HSPs) in the
homeostasis of regulatory T cells (Tregs). Cent. Eur. J. Immunol. 2016, 41, 317–323. [CrossRef] [PubMed]

37. Alard, J.E.; Pers, J.O.; Youinou, P.; Jamin, C. Chapter 41—Heat shock protein autoantibodies. In Autoantibodies,
3rd ed.; Shoenfeld, Y., Meroni, P.L., Gershwin, M.E., Eds.; Elsevier: San Diego, CA, USA, 2014; pp. 343–348.

38. Grundtman, C.; Kreutmayer, S.B.; Almanzar, G.; Wick, M.C.; Wick, G. Heat shock protein 60 and immune
inflammatory responses in atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 960–968. [CrossRef]
[PubMed]

39. Habich, C.; Burkart, V. Heat shock protein 60: Regulatory role on innate immune cells. Cell. Mol. Life Sci.
2007, 64, 742–751. [CrossRef] [PubMed]

40. Pinar, O.; Ozden, Y.A.; Omur, E.; Muhtesem, G. Heat shock proteins in multiple sclerosis. In Multiple
Sclerosis: Bench to Bedside: Global Perspectives on a Silent Killer; Asea, A.A.A., Geraci, F., Kaur, P., Eds.; Springer
International Publishing Ag: Champaign, IL, USA, 2017; Volume 958, pp. 29–42.

41. Ulmansky, R.; Landstein, D.; Moallem, E.; Loeb, V.; Levin, A.; Meyuhas, R.; Katzavian, G.; Yair, S.; Naparstek, Y.
A humanized monoclonal antibody against Heat Shock Protein 60 suppresses murine arthritis and colitis
and skews the cytokine balance toward an anti-inflammatory response. J. Immunol. 2015, 194, 5103–5109.
[CrossRef] [PubMed]

42. Wu, C.T.; Ou, L.S.; Yeh, K.W.; Lee, W.I.; Huang, J.L. Serum heat shock protein 60 can predict remission of
flare-up in juvenile idiopathic arthritis. Clin. Rheumatol. 2011, 30, 959–965. [CrossRef] [PubMed]

43. Touriño, A.; Sánchez, F.; Fereres, A.; Ponz, F. High expression of foreign proteins from a biosafe viral vector
derived from Turnip mosaic virus. Span. J. Agric. Res. 2008, 6, 48–58. [CrossRef]

44. D’Aoust, M.A.; Lavoie, P.O.; Couture, M.M.; Trepanier, S.; Guay, J.M.; Dargis, M.; Mongrand, S.; Landry, N.;
Ward, B.J.; Vezina, L.P. Influenza virus-like particles produced by transient expression in Nicotiana benthamiana
induce a protective immune response against a lethal viral challenge in mice. Plant Biotechnol. J. 2008, 6,
930–940. [CrossRef] [PubMed]

45. Sainsbury, F.; Liu, L.; Lomonossoff, G.P. Cowpea mosaic virus-based systems for the expression of antigens
and antibodies in plants. Methods Mol. Biol. 2009, 483, 25–39. [CrossRef] [PubMed]

46. Duval, F.; Cruz-Vega, D.E.; González-Gamboa, I.; González-Garza, M.T.; Ponz, F.; Sánchez, F.;
Alarcon-Galvan, G.; Moreno-Cuevas, J.E. Detection of autoantibodies to vascular endothelial growth
factor receptor-3 in bile duct ligated rats and correlations with a panel of traditional markers of liver diseases.
Dis. Markers 2016, 2016. [CrossRef] [PubMed]

47. Van Eden, W.; van Herwijnen, M.; Wagenaar, J.; van Kooten, P.; Broere, F.; van der Zee, R. Stress proteins are
used by the immune system for cognate interactions with anti-inflammatory regulatory T cells. FEBS Lett.
2013, 587, 1951–1958. [CrossRef] [PubMed]

48. Gecse, K.B.; Vermeire, S. Differential diagnosis of inflammatory bowel disease: Imitations and complications.
Lancet Gastroenterol. Hepatol. 2018, 3, 644–653. [CrossRef]

49. Quintana, F.J.; Farez, M.F.; Viglietta, V.; Iglesias, A.H.; Merbl, Y.; Izquierdo, G.; Lucas, M.; Basso, A.S.;
Khoury, S.J.; Lucchinetti, C.F.; et al. Antigen microarrays identify unique serum autoantibody signatures in
clinical and pathologic subtypes of multiple sclerosis. Proc. Natl. Acad. Sci. USA 2008, 105, 18889–18894.
[CrossRef] [PubMed]

http://dx.doi.org/10.3389/fphar.2019.00026
http://dx.doi.org/10.4081/ejh.2011.e38
http://www.ncbi.nlm.nih.gov/pubmed/22297444
http://dx.doi.org/10.1097/PAI.0b013e3182118e5f
http://www.ncbi.nlm.nih.gov/pubmed/21441812
http://dx.doi.org/10.1007/s12192-010-0196-8
http://www.ncbi.nlm.nih.gov/pubmed/20390473
http://dx.doi.org/10.5114/ceji.2016.63133
http://www.ncbi.nlm.nih.gov/pubmed/27833451
http://dx.doi.org/10.1161/ATVBAHA.110.217877
http://www.ncbi.nlm.nih.gov/pubmed/21508342
http://dx.doi.org/10.1007/s00018-007-6413-7
http://www.ncbi.nlm.nih.gov/pubmed/17221165
http://dx.doi.org/10.4049/jimmunol.1500023
http://www.ncbi.nlm.nih.gov/pubmed/25904550
http://dx.doi.org/10.1007/s10067-011-1709-2
http://www.ncbi.nlm.nih.gov/pubmed/21340498
http://dx.doi.org/10.5424/sjar/200806S1-373
http://dx.doi.org/10.1111/j.1467-7652.2008.00384.x
http://www.ncbi.nlm.nih.gov/pubmed/19076615
http://dx.doi.org/10.1007/978-1-59745-407-0_2
http://www.ncbi.nlm.nih.gov/pubmed/19183891
http://dx.doi.org/10.1155/2016/6597970
http://www.ncbi.nlm.nih.gov/pubmed/27212785
http://dx.doi.org/10.1016/j.febslet.2013.05.024
http://www.ncbi.nlm.nih.gov/pubmed/23707418
http://dx.doi.org/10.1016/S2468-1253(18)30159-6
http://dx.doi.org/10.1073/pnas.0806310105
http://www.ncbi.nlm.nih.gov/pubmed/19028871


Nanomaterials 2019, 9, 1438 13 of 13

50. Antimisiaris, G.S. Protein/peptide drug delivery: Advanced drug delivery systems (DDSs). Biotech Int. 2010,
22, 10–13.

51. Lico, C.; Benvenuto, E.; Baschieri, S. The two-faced Potato virus X: From plant pathogen to smart nanoparticle.
Front. Plant Sci. 2015, 6, 1009. [CrossRef]

52. Higa, A.M.; Mambrini, G.P.; Ierich, J.C.M.; Garcia, P.S.; Scramin, J.A.; Peroni, L.A.; Okuda-Shinagawa, N.M.;
Machini, M.T.; Trivinho-Strixino, F.; Leite, F.L. Peptide-conjugated silver nanoparticle for autoantibody
recognition. J. Nanosci. Nanotechnol. 2019, 19, 7564–7573. [CrossRef]

53. Poletaev, A.; Osipenko, L. General network of natural autoantibodies as immunological homunculus
(Immunculus). Autoimmun. Rev. 2003, 2, 264–271. [CrossRef]

54. Cohen, I.R. Autoantibody repertoires, natural biomarkers, and system controllers. Trends Immunol. 2013, 34,
620–625. [CrossRef]

55. Papuc, E.; Krupski, W.; Kurys-Denis, E.; Rejdak, K. Antibodies against small heat-shock proteins in
Alzheimer’s disease as a part of natural human immune repertoire or activation of humoral response?
J. Neural Transm. (Vienna) 2016, 123, 455–461. [CrossRef] [PubMed]

56. Zhong, Y.; Tang, H.; Wang, X.; Zeng, Q.; Liu, Y.; Zhao, X.I.; Yu, K.; Shi, H.; Zhu, R.; Mao, X. Intranasal
immunization with heat shock protein 60 induces CD4(+) CD25(+) GARP(+) and type 1 regulatory T cells
and inhibits early atherosclerosis. Clin. Exp. Immunol. 2016, 183, 452–468. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fpls.2015.01009
http://dx.doi.org/10.1166/jnn.2019.16734
http://dx.doi.org/10.1016/S1568-9972(03)00033-8
http://dx.doi.org/10.1016/j.it.2013.05.003
http://dx.doi.org/10.1007/s00702-015-1477-2
http://www.ncbi.nlm.nih.gov/pubmed/26566902
http://dx.doi.org/10.1111/cei.12726
http://www.ncbi.nlm.nih.gov/pubmed/26452441
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Construction of CP and Hsp60-CP Expression Plasmids 
	Production and Purification of VLPs 
	VLP Characterization 
	IBD Murine Model 
	Immunoassays 

	Results 
	Production and Characterization of Hsp60-VLPs 
	Increased Sensitivity of Hsp60 Peptide Detection by Specific Hsp60 Antibodies 
	Hsp60-VLPs Autoantibody Detection 
	Hsp60-VLPs for Autoantibody Detection in DSS-Induced Colitis 

	Discussion 
	Conclusions 
	References

