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Increase in the patient of diseases related to the disruption of immunological homeostasis 

is threatening issue worldwide. Many reasons have been proposed for the increment of 

the disruption of immunological homeostasis. One of the reasons is the dysbiosis of the 

intestinal microbiome which is caused by administration of antibiotics. To restore the 

disrupted immunological homeostasis, immunotherapy using an antigen is fundamental 

solution. However, usually this kind of therapy (desensitization) takes time for 

completion. In this paper, I approached the goal in two ways to maintain or restore the 

immunological homeostasis. 

In Chapter 2, I developed vitamin-peptide conjugates as effective inducer of 

immunotolerance toward the antigen peptides. Here I selected ATRA and vD3 as inducer 

of tolerogenic dendritic cells. Selective modification of these vitamins on the N-terminus 

of the peptide was achieved by the scheme I developed here. The obtained conjugates 



showed the functions of both vitamins and antigen peptides, i.e., anti-inflammatory 

effects resulting from ATRA and activation of antigen-specific T cells. The conjugates 

reported here can be expected to promote the induction of antigen-specific Tregs, which 

is essential to restore the disruption of immunological homeostasis. 

In Chapter 3, I proposed an antibiotic-specific adsorbent to prevent dysbiosis 

caused by antibiotic treatment. Hydrophilic polyethyleneglycol-based microparticles 

were modified with peptide ligands in a high density which is a vancomycin-specific 

ligand. The microparticles showed high capacity and specificity to vancomycin and 

successfully captured vancomycin in vivo. The microparticles protected from the C. 

difficile infection induced by vancomycin-induced dysbiosis. 
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CHAPTER 1  

 

General Introduction 

 

1.1. Immunological homeostasis  

Immunological homeostasis is the state at which immune system maintains a strong 

defense against pathogens, while avoiding the pathogenic consequences of inappropriate 

responses to non-pathogenic antigens including auto-antigens [1]. Breakdown of 

immunological homeostasis, in association with defects in immunoregulatory 

mechanisms, lead to the development of an autoimmune disease and allergy. The 

appearance of breakdown of immunological homeostasis is caused by dietary factor, 

exposure to medications, and infections. Genes of antigen presenting molecules (HLA-

DR, DQ) are known to determine the susceptibility to these diseases [2–5]. Antibody dugs 

and antigen specific immunotherapy have been developed to restore immunological 

homeostasis [6,7]. These therapies work for immune cells such as antigen presenting cells 

(APCs), B cells and T cells to achieve immunotolerance toward non-pathogenic antigens.  

 

  



 

1.1.1. Functions of dendritic cells in immunological homeostasis 

Dendritic cells (DCs) are representative APCs of the mammalian immune system. Their 

function is to present treated antigens on their cell surface, which are recognized by T 

cells. They act as messengers between the innate and the adaptive immune systems 

(Fig.1.3). Immature DCs are stimulated by ligands of toll-like receptors (TLRs) such as 

pathogen-associated molecular patterns (PAMPs) and inflammatory cytokine, tumor 

necrosis factor- (TNF-)  thereby differentiated into mature DC [8–10]. Then the 

maturated DCs increase the expression of MHC II and costimulatory molecules, and 

secrete a wide variety of pro-inflammatory cytokine such as TNF- , IL-1  and IL-6. 

Helper T cells which recognize MHC-antigens complexes presented on DCs and become 

activated. In contact, immature DCs compete with the above-mentioned activation of 

helper T cells. DCs are maintained in immature state by anti-inflammatory cytokines such 

as IL-10 and transforming growth factor- (TGF-) and immunomodulatory small 

molecules such as calcitriol (active form of vitamin D3) and retinoic acids [11]. The 

immature DCs avoid the activation of helper T cells by inducing anergic response or 

activating Treg [12]. Induction of Tregs via DCs is important for maitaining the 

immunological homeostasis. 

 



 

Fig. 1.1. Antigen presentation by mature and immature dendritic cell. 

 

1.1.2. Approaches to induce immune tolerance for allergic and 

autoimmune diseases 

Patients of allergic and autoimmune diseases are increasing worldwide [13,14]. In Japan, 

the number of patients with autoimmune diseases is increasing year by year, and 

ulcerative colitis and Parkinson's disease are the most notably increasing (Fig.1.2). And 

it is known that 50% of Japanese suffer from some allergy (Fig.1.3). Immunological 

homeostasis is disrupted in the patients; causing an excessive immune response to 

harmless allergens and self-tissues. Induction of antigen-specific immunotolerance is a 

way to recover the immunological homeostasis to treat allergies and autoimmune diseases. 

In the treatment of allergic diseases toward house mites and pollens, small amount 

allergens are administered continuously to induce allergen-specific Tregs or anergic 

response to allergen-specific helper T cells. However, this therapy takes long time, have 

risk of anaphylaxis .   



To overcome the issues of conventional therapy, Kishimoto et al. reported that co-delivery 

of an immunomodulator and an allergen by encapsulating into nanoparticles (tNPs) 

improved the therapeutic effect (Fig.1.4) [17]. The nanoparticles engulfed by DCs 

maintain phenotype of DCs in immature state by the function of immunomodulators and 

promote differentiation of antigen-specific Tregs by antigen presented on DCs (Fig.1.5). 

They succeeded in induce immunotolerance for allergy model mice [18]. Thus, material 

that achieving co-delivery of immunomodulators and antigens to DCs has high potential 

to treat diseases in which the balance of immunological homeostasis is disrupted. 

 

 

Figure. 1.2. Prevalence of autoimmune disease [15] 



 

 

Figure. 1.3. Prevalence of allergic disease [16] 

 

 

 

Fig. 1.4. Different types of tolerogenic nanoparticles  

 



 

 

Fig. 1.5. Comparison of A) whole-allergen immunotherapy and B) tNP immunotherapy. 

 

 

1.2 Contribution of microbiome to host homeostasis 

 

Living organisms coexist with many microorganisms. In humans, there are 10 to 100 

trillion microorganisms for every 10 trillion human cells [19,20]. Most of these 

microorganisms live in the gut. Microbiomes effectively add vast amounts of genes to the 

human genome, potentially increasing up to 200-fold [21]. As a result, the composition 

of human microbiomes can be important in health and disease situations. Commensal 

bacteria interact with the immune system directly or through metabolites and suppresses 

activities that contribute to homeostatic mechanisms (Fig.1.6). However, the pathogenic 

bacteria interact specifically with the immune system, disrupt homeostasis, and promote 

a non-immunogenic hyper-inflammatory response that promotes various gastric diseases 

[22]. Intestinal lymph nodes contain about 60% of systemic immune cells, and intestinal 

immunity is also involved in neuron and brain immune function [23,24]. Like the spleen, 

intestinal lymph nodes function like an organ where immunity is educated [25]. Intestinal 



bacteria induce immune tolerance by metabolites produced by metabolism or by direct 

stimulation. For example, Clostridium, Lactobacillus, Bifidobacterium and Bacteroides 

protect mice from experimental allergies and colitis by accumulating Tregs [26–28]. 

 

 

 

Fig. 1.6. Effect of microbiome-modulated metabolites on human health. Altered levels of 

microbiome-modulated metabolites have been associated with immune-mediated and 

immune-associated disease risk [29]. 

 

 

1.2.1. Dysbiosis caused by antibiotics 

It is known that the intestinal flora are altered by various factors such as diet, 

exercise, and medication. Among them, administration of antibiotics significantly 

changes the composition of the intestinal flora and causes destruction (dysbiosis) of the 



intestinal flora (Fig1.7) [30].  

Dysbiosis caused by antibiotics reduces the number of commensal bacteria 

which is responsible for immune homeostasis, and increases the number of pathogenic 

bacteria [31]. As a result, the number of microorganisms that induce the differentiation of 

Tregs is reduced, so that immuological homeostasis is disrupted to cause allergies and 

autoimmune diseases. For example, continuous administration of vancomycin to pregnant 

mice resulted in excessive eosinophilia, elevated allergen-specific IgE levels, and 

increased airway hyper-reactivity [32]. Antibiotic treated patients also showed increased 

expression of IgE on basophils and IgE in serum and decreased numbers of Tregs [33]. 

The balance of the microbiome is one of the important factors for maintaining 

immunological homeostasis. 

 



 

Fig. 1.7. Dysbiosis caused by medication and therapy [20]. 

 

 

1.2.2. Utilizing -lactamase to protect microbiome 

In 2016, M. Kaleko et al. reported a method to protect microbiome from antibiotics by 

oral administration of β-lactamases [34,35]. β-Lactamase is an enzyme that degrades 



penicillin-type antibiotics. In this method, β-lactamase is orally administered before and 

after intravenous administration of the antibiotic and delivered to the large intestine. 

Thereby, a fraction of antibiotics reached the large intestine was degraded by β-lactamase 

to protect the intestinal flora. This method can protect the intestinal flora with a small 

amount of administration of the enzyme because of its high activity and specificity toward 

antibiotics. However, this promising approach is limited to penicillin-type antibiotics. 

 

 

1.2.3. Activated carbon as antibiotics adsorbent  

Activated carbon for medical use has been used to remove waste and drug overdose in 

patients with renal failure. In 2018, D. Gunzburg et al. reported a method to protect 

microbiome from antibiotics by using activated carbon [36,37]. In the method, activated 

carbon is orally administered before and after oral administration of antibiotics. The 

activated carbon reached to large intestine to trap antibiotics for protection of the gut flora. 

Finally, the activated carbon is excreted as stool (Fig. 1.8). However, activated carbon 

adsorbs hydrophobic substances nonspecifically which may result in adsorption of 

essential biological substances such as vitamins and fatty acid.  

 

 

Fig. 1.8. Activated carbon for adsorbing residual antibiotics in large intestine. 

  



1.3. Overview of this thesis 

 

As mentioned above, the immunological homeostasis is disrupted by several reasons 

including antibiotic treatment. The disruption of immunological homeostasis results in 

diseases such as allergy and autoimmune diseases. To rebalance this situation, antigen-

specific immunotolerance against allergen and auto-antigen should be induced. 

Chapter 2 introduces vitamin-peptide conjugates that achieve co-delivery of 

immunomodulatory vitamins and antigen peptides to APC. Vitamins were selective 

modified on the peptide N-terminus that will not affect T cell recognition and MHC 

binding. Among the designed conjugated, retinoic acid-peptide conjugate showed anti-

inflammatory effects, presented antigens on dendritic cells to activate T cells. The 

conjugates have the potential to treat allergy and auto-immune diseases by efficiently 

inducing antigen-specific immune tolerance. 

In Chapter 3, I designed an antibiotic specific adsorbent to protect microbiome. 

Here I targeted vancomycin and utilizing a peptide ligand to capture vancomycin with 

relatively high affninity. The peptide ligands-loaded microparticles showed high 

selectivity and capacity for vancomycin, and exerted their effects in vivo to suppress 

dysbiosis and C. difficil infection associated with dysbiosis. 

In Chapter 4, I summarized the conclusions of this paper. Then, I explained the 

prospects of my research conducted in this thesis. 
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CHAPTER 2  

 

Development of vitamin-peptide conjugate for induction 

of antigen-specific immunotolerance 

 

2.1. Introduction 

 

Recently, patients with allergic and autoimmune diseases have been rapidly 

increasing worldwide [1,2]. To treat these diseases, antigen-specific immunotolerance 

toward allergens and auto-antigens should be induced [3]. The immunotolerance is 

induced by dendritic cells (DCs) with tolerogenic phenotype which are called tolerogenic 

DCs (tDCs). tDCs induce an anergetic response to helper T cells as well as differentiate 

naïve T cells to regulatory T cells (Treg cells), which are executer of antigen-specific 

immunotolerance. Treg cells expressing CD4 (CD4+ Treg) compete with helper T cells to 

induce immunotolerance, while Treg cells expressing CD8 (CD8+ Treg) contribute to 

induce immunotolerance by several pathways such as secretion of cytokines [4–7].  

It has been reported that induction of tDC is facilitated by small molecules such 

as vitamins and rapamycin [8,9]. For efficient induction of antigen-specific 

immunotolerance, nanoparticle formulations containing both antigens and tDC-inducing 

molecules have been reported [10]. We also reported previously nanoparticles of allergen 

proteins incorporated with all-trans retinoic acid (ATRA) which is one of the 

representative tDC-inducing molecules [11].  

Here we proposed peptide-vitamin conjugates to achieve co-delivery of vitamins 

and antigen peptide to DCs for effective induction of tDCs and Treg cells (Fig.2.1). We 

chose ATRA and vitamin D3 (vD3) [12–15] as inducing molecules of tDC. The 



conjugates are taken up by DC and release antigen peptides and vitamins from the 

conjugates by lysosomal peptidases. Antigen peptide is presented on the surface of DC 

through intracellular process, and vitamins bind to corresponding nuclear receptors to 

induce differentiation of tDC thereby facilitating the Treg induction. The antigen peptide 

and vitamin were connected with three arginine residues (Fig. 2.2) which is a cleavable 

sequence of an endosomal peptidases such as cathepsin B [16,17]. The three-arginine 

linker will enhance the solubility of the conjugates containing hydrophobic vitamins. We 

established general scheme to synthesize the conjugates and investigated whether the 

scheme shown in Fig. 2.1 was conducted in vitro.  

 

 

 

 

Fig. 2.1. Schematic representation of induction of tDC and Treg by peptide-vitamin 

conjugates. Conjugate taken up DC releases an antigen peptide and a vitamin by 

lysosomal peptidases. The resulting vitamin bound to a corresponding nuclear receptor to 

differentiate DC to tDC. The resulting peptide is presented on a major histocompatibility 
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DC

conjugate

vitamin
peptide

tDC induction



complex (MHC) protein to stimulate a T cell receptor (TCR) thereby inducing Treg cell. 

 

 

 

Fig. 2.2. Structure of peptide-ATRA (1) and peptide-vD3 conjugates (2). Three arginine 

residues on N-terminus are linker between antigen peptide (SIINFEKL) and vitamins. 

 

 

2.2. Materials and Methods 

 

2.2.1. Synthesis of lysine residue-protected peptide 

Peptide was synthesized on Nova syn TGA resin at a 0.2-mmol scale by Fmoc solid-phase 

peptide synthesis. 1-Hydroxy-1H-benzotriazole hydrate and O-(1H-benzotriazol-1-yl)-

N,N,N',N'-tetramethyluronium hexafluorophosphate were used as the condensing agents. 

For the N-terminal amino acid, tert-butoxycarbonyl (Boc)-protected one was used. After 

the completion of elongation of peptide main chain, 4-methyltrityl (Mtt) protection group 

of lysine residue was removed by 10% trifluoroacetic acid (TFA) / dichloromethane 

(DCM). Then, N-(9-fluorenylmethoxycarbonyloxy) (Fmoc) group was modified on the 

lysine residue by using Fmoc succinimide (Fmoc-OSu). The peptide was then cleaved 



from the resin by treatment with TFA containing 2.5% (v/v), triisopropyl silane (TIS) and 

2.5% (v/v) water, and purified by reversed-phase high-performance liquid 

chromatography (HPLC) (Hitachi Chromatomaster, Tokyo, Japan) on an Altantis dC18 

OBD column (19x100 mm) (waters corporation, MA, USA) using a mobile phase 

consisting of acetonitrile/0.1%TFA and H2O/0.1%TFA. The obtained lysine residue-

protected peptide was identified by a matrix-assisted laser desorption ionization time-of-

flight (MALDI-TOF) mass spectrometer (Bruker Daltonics, Billerica, MA, USA). 

 

2.2.2. Synthesis of conjugate 1 and 2 

N-Hydroxysuccinimide ester (NHS) of vitamins (ATRA-NHS, vD3-succinic acid-NHS) 

were synthesized according to literatures [18,19]. The lysine residue-protected peptide (1 

mM) and vitamin-NHS (10 mM) were dissolved in dimethylformamide (DMF). N,N-

Diisopropylethylamine (DIEA) (10 mM) was added to the solution and reacted at room 

temperature overnight under nitrogen. After the reaction, Fmoc group of lysine residue 

was removed with 20% piperidine (PPD)/DMF and the resulting conjugate was purified 

by reversed-phase HPLC. The obtained conjugates were identified by a MALDI-TOF 

mass spectrometer (Fig.2.3). 

 

2.2.3. Cell line and culture 

RAW 264.7 macrophages transfected with secreted alkaline phosphatase (SEAP) as a 

reporter gene under the transcriptional control of a nuclear factor-kappa B (NF-κB) 

response element (Novusbio) were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, 

100 µg/mL streptomycin, 0.25 µg/mL amphotericin B (Invitrogen, grand island, NY, 

USA) and 500 μg/mL G418 (only for the RAW 264.7 macrophages transfected with 

SEAP). DC2.4 cells were kindly provided by Dr. Kenneth Rock (University of 



Massachusetts Medical Center, Worcester, MA, USA) [20]. The cells were maintained in 

Roswell Park Memorial Institute media (RPMI1640) medium supplemented with 10% 

(v/v) FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin 

B. CD8OVA1.3 T hybridoma cell were kindly provided by Dr. Clifford V. Harding (Case 

Western Reserve University, Cleveland, OH) [21]. The cells were maintained in 

RPMI1640 medium supplemented with 10% (v/v) FBS, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 0.25 µg/mL amphotericin B, and 2-mercaptoethanol. Cells were incubated 

in a humidified atmosphere containing 5% CO2 at 37°C. 

 

2.2.4. Cell viability 

DC2.4 cells (2×105 cell/well) were seeded in 48-well plates, grown for 24 h then exposed 

for 24 h at 37°C to conjugate 1 or 2 in culture media. Propidium iodide (PI) was added a 

few minutes before analyzing the cells by using a Tali® image-based cytometer (Thermo 

Fisher Scientific). Excitation and emission wavelengths were 488 and 620 nm 

respectively. 

 

2.2.5. Alkaline phosphatase assay 

RAW 264.7 macrophages transfected with SEAP (4×104 cells/well) were cultured in a 

48-well plate with complete DMEM. After incubation overnight, the medium was 

replaced with complete DMEM containing conjugate 1 or 2. The supernatant were 

discarded and the cells were treated with lipopolysaccharide (LPS) (Sigma-Aldrich) (10 

ng/mL) for 24h. After incubation, the supernatants were mixed with an equal volume of 

alkaline phosphatase substrate (1 mg/mL p-nitrophenylphosphate) and incubated at room 

temperature for 1.5 h and then 3 N NaOH was added to stop the reaction. The optical 

density of the solution was measured at 405 nm with a microplate reader (Wallac 

ARVO.SX 1420 Multilabel counter). 



 

2.2.6. Quantitative real-time-PCR assays (qRT-PCR)  

DC2.4 cells (2×105 cell/well) were plated in 24-well plates with RPMI1640. After 

incubation overnight, the medium was replaced with complete RPMI1640 containing 

conjugate 1. After 24 h, LPS (final conc. 10 ng/mL) was added and the cells were 

incubated for 24 h. The total RNA from the cells was prepared using isoPlus reagent 

(Takara). The samples were reverse-transcribed using the SuperScript III First-Strand 

Synthesis System (Invitrogen) and the synthesized cDNA was used as a template in qPCR 

experiments performed with a LightCycler 1.5 (Roche Diagnostics, Germany) and 

analyzed with LightCycler Manager software 3.5 (Roche Diagnostics, Germany). The 

relative expression level was calculated by the ΔΔCt method using Gapdh as a reference 

gene. All primers were purchased from Takara-Clontech Laboratories (Japan) (Table 2.1). 

 

2.2.7. Flow cytometry 

MHC-II, CD80, and CD86 expression levels were measured after incubating DC2.4 cells 

with conjugate 1 or ATRA (1 µM) for overnight. Cells were washed with DPBS and re-

suspended in FACS buffer (2 wt% BSA containing PBS) and stained with APC-anti 

mouse CD80 mAb (BioLegend), APC-anti mouse CD86 mAb (BioLegend) and PE-anti 

mouse MHC-II mAb (BioLegend) by incubating in the dark at 4 °C for 15 min. Cells 

were washed with FACS buffer and analyzed by a cytoflex flow cytometer (Backman 

coulter). 

 

2.2.8. Antigen presentation assay 

DC2.4 cells (2×105 cell/well) were plated in 24-well plates with RPMI1640 and incubated 

24 h. Conjugate 1 or free peptide (0.1 µM) were added to each well and incubated for 6 

h. After discarding supernatant, suspension of CD8OVA1.3 T cells (2×105 cell/well) was 



added in each well, then the plates were centrifuged at 450 g to initiate contact between 

the cells. The cells were incubated together at 37 °C. Then, the response of CD8OVA1.3 

T cells was determined by measuring IL-2 levels in the supernatants with enzyme-linked 

immunosorbent assay (ELISA) (mouse IL-2, Invitrogen). 

 

  



2.3. Results and Discussion 

 

2.3.1. Synthesis of vitamin-peptide conjugate 

Here we used peptide sequence (SIINFEKL) derived from ovalbumin 257-264, which is 

widely used as a model antigen and can be presented on an MHC class I. We designed 

conjugate 1 and 2 with a vitamin on N-terminus of the peptide through a linker of three 

arginine residues (Fig. 2.2). We failed to synthesize the conjugates on a resin because 

ATRA and vD3 did not tolerate to strongly acidic condition which was used for cleavage 

of peptide from a resin. Thus we decided to modify the vitamins on the peptide in solution 

phase and established general scheme to synthesize conjugates which is applicable to 

peptides containing lysine residue (Scheme 2.1). After the synthesis of the peptide with 

N-terminus Boc protection on the resin, the protecting group of the lysine residue was 

converted from Mtt to acid-tolerable Fmoc, then the peptide was cleaved from the resin 

and purified. To the peptide with a protected lysine, NHS ester of ATRA was modified on 

N-terminus and finally Fmoc group was removed by weakly basic condition to which 

ATRA was tolerable. Conjugate 2 with vD3 was prepared by the same scheme with 

conjugate 1, except for NHS ester of succinated vD3 was used for conjugation. 

 



 

Scheme 2.1. Synthesis of 1 

 



 

Fig. 2.3. MALDI-TOF mass spectra and chromatogram of conjugate 1 and 2.  

 

 

2.3.2. Cytotoxicity of conjugates 

We compared cytotoxicity of the conjugates with free vitamins on a mouse cell line 

derived from DC (DC2.4). The cell viability was evaluated by PI staining after 24h. As 

shown in Fig.2.4, cytotoxicity of free vitamins and the corresponding conjugates was 

almost same. ATRA and conjugate 1 did not show significant cytotoxicity up to the 

examined concentration range. vD3 and conjugate 2 showed significant toxicity at 100 

μM. The same cytotoxic profiles of free vitamins and the corresponding conjugates 

indicates that the conjugates which have amphiphilic nature due to the hydrophilic peptide 



and hydrophobic vitamins does not perturb cell membrane to induce cytotoxicity. 

 

Fig. 2.4. Viability of DC2.4 cells after treatment with conjugates or free vitamins for 24 

h. Dead cells were stained with PI and counted using image cytometer. Data represent the 

mean ± SD (n = 3). * P < 0.05, as compared with non-treated group (ctrl). 

 

 

2.3.3. Alkaline phosphatase assay 

We investigated release of vitamins from the conjugates using mouse macrophage cell 

line. Here we used RAW 264.7 macrophage transfected with SEAP as a reporter gene 

induced by the NF-κB transcription factor. If the conjugate shows anti-inflammatory 

response, free ATRA or vD3 is released from the conjugate. The cells were incubated with 

the conjugate or free vitamins then stimulated with LPS. As shown in Fig.2.5, free ATRA 

and vD3 showed suppression of macrophage activation at concentrations of 0.1 and 10 

μM, respectively. The requirement of free vD3 for higher concentration will result from 

the requirement of conversion of vD3 to its active form by intracellular enzymes for 

binding to a nuclear receptor [22]. As for the conjugates, vD3 conjugate 2 did not show 



suppressive effect, while ATRA conjugate 1 showed suppressive effect from the 

concentration of 1 μM. Although conjugate 1 required higher concentrations than free 

ATRA, the suppressive effect of 1 showed the release of free ATRA from 1. The 

requirement of higher concentration of 1 than free ATRA may result from lower efficacy 

of cellular uptake as well as requirement of enzymatic process to release free ATRA.  

 

 

Fig. 2.5. Suppressive effect of conjugates and free vitamins on the LPS-induced NF-κB 

activation in RAW264.7 macrophages. After 24 h from the addition of each conjugate or 

free vitamin to macrophages, LPS (10 ng/mL) was added to the medium and incubated 

for a further 24 h. Absorbance resulting from substrate reacted with SEAP in supernatant 

was measured at 405 nm. Data are the mean ± SD (n = 3). *P < 0.05, **P < 0.01. 

 

 

2.3.4. Suppression of LPS-induced inflammatory response of DC by 

ATRA conjugate 

Next, we investigated the effects of ATRA conjugate 1 on the gene expression of 

cytokines in DC2.4 cells stimulated with LPS. As shown in Fig.2.6, both free ATRA and 



conjugate 1 suppressed the expression of inflammatory cytokines, IL-6 and TNF-. 

However, the expression of anti-inflammatory cytokines (IL-10, TGF-) was not affected 

by both ATRA and conjugate 1. These results were consistent with previous reports about 

the response of bone marrow derived DCs to ATRA [23–25]. Therefore, free ATRA would 

be released from 1 in DC2.4 cells to induce suppressive effect against LPS-induced 

inflammatory response. 

 

 

 

 

 

 

Table 2.1. Primer sequences used for RT-qPCR. 

 

 

 

Transcript Forward primer Reverse primer 

Il6 5’-CCACTTCACAAGTCGGAGGCTTA-3’ 5’-CCAGTTTGGTAGCATCCATCATTTC-3’ 

Tnf 5’-ACCCTCACACTCAGATCATCTTC-3’ 5’-TGGTGGTTTGCTACGACGT-3’ 

Gapdh 5’-CCCAGCAAGGACACTGAGCAAG-3’ 5’-GGTCTGGGATGGAAATTGTGAGGG-3’ 

Tgf 
5’-GTGTGGAGCAACATGTGGAACTCTA-3’ 5’-CGCTGAATCGAAAGCCCTGTA-3’ 

Il-10 
5’-TGCCTTCAGCCAGGTGAAGACTTTC-3’ 5’-CTTGATTTCTGGGCCATGCTTCTCTG-3’ 



 

Fig. 2.6. Suppressive effect of conjugates on the gene expression of cytokines in DC2.4 

cells. After addition of conjugates to dendritic cells for 24 h, LPS (10 ng/mL) was added 

and incubated for a further 24 h. And gene expression was evaluated by qRT-PCR. Data 

are the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. 

 

 

 

2.3.5. Expression of ligand on surface of DC2.4 cells 

We compared effect of conjugate 1 with free ATRA on the ligand expression of DC2.4 

cells. As shown in Fig.2.7, conjugate 1 showed similar effect on the ligand expression; 



reduction of MHC class II and no effect on costimulatory ligands CD80 and CD86. The 

effect of ATRA on the ligands expression of DC is controversial because it seems to differ 

up to the experimental setup. However, the reduction of MHC class II has been observed 

for many reports [26–29], and this phenotype is typical one in tDC [30].  

 

 

 

Fig. 2.7 Comparison of effect of conjugate 1 with free ATRA on the ligand expression of 

DC2.4 cells. After 24 h from the addition of conjugate or ATRA (0.1 μM) to DC2.4 cells, 

expression of each protein was analyzed by flow cytometry. 

 

 

2.3.6. Conjugate induction of antigen-specific immune responses 

Presentation of peptide from conjugate 1 on DC2.4 was evaluated by stimulation of CD8+ 

T cell hybridoma. DC2.4 cells were pulsed with conjugate 1 and to this was added 

CD8OVA 1.3 T cell hybridoma (which can be activated by OVA257-264/Kb complex) 

[21]. Stimulation of the T cell hybridoma by DC2.4 was evaluated by secretion of IL-2. 

As shown in Fig.2.8, conjugate 1 induced production of IL-2 though the induction 

efficacy was lower than free peptide (SIIFEKL). This result indicated that peptide was 

cleaved from the conjugate in DC2.4 cells and presented on the cell surface. 

 



 

Fig. 2.8. Evaluation of antigen presentation on DC2.4 from conjugate 1 to CD8+ T cell 

hybridoma. DC2.4 cells were pulsed with conjugate 1 or free peptide (0.1 μM) for 6 h 

and then co-cultured with CD8OVA1.3 T cells for 18 h. IL-2 production in supernatant 

was measured by ELISA. Data are the mean ±SD (n = 3). *P < 0.05, ***P < 0.001, as 

compared with ctrl group (non-treated DC + hybridoma). 

  



 

2.4. Conclusions 

We established synthetic scheme of peptide-vitamin conjugates. ATRA conjugate was 

edited in both macrophage and DCs to show the anti-inflammatory effect derived from 

ATRA. ATRA conjugate was also edited in DCs to present peptide/MHC class I complex 

to stimulate T cell hybridoma. The conjugates developed here will be useful to facilitate 

the induction of antigen-specific immunotolerance for the therapy of allergic and 

autoimmune diseases. 
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CHAPTER 3  

 

Protection of gut microbiome from antibiotics: 

development of a vancomycin-specific adsorbent with 

high adsorption capacity 

 

3.1. Introduction 

 

Antibiotics are used extensively for the treatment of infectious diseases. However, 

during antibiotic treatment, the non-absorbed fraction of orally administered antibiotics, 

along with the fraction excreted into the upper intestine via bile of both orally and 

parenterally administered antibiotics, reaches the large intestine where it affects the gut 

microbiome to induce dysbiosis [1]. Dysbiosis in the gut microbiome results in various 

consequences in the short and long term, including Clostridioides difficile infection (CDI) 

[2], the generation of antibiotic-resistant bacteria [3], allergies, and metabolic syndromes 

[4]. 

To avoid gut dysbiosis induced by antibiotics, strategies to protect the gut 

microbiome during antibiotic treatment need to be developed. Two strategies have been 

reported to date. One of these strategies is the oral administration of β-lactamase to 

degrade residual β-lactam antibiotics that reach the large intestine [5–8]. It has been 

reported recently that a clinical trial of this therapy for the suppression of antibiotic-

induced CDI was successful [9]. However, this therapy is only applicable to β-lactam 

antibiotics. The other reported strategy to protect the gut microbiome is using activated 

charcoal (AC) as an adsorbent of antibiotics in the large intestine [10,11]. Utilizing 

nonspecificity in adsorption of hydrophobic molecules, AC is potentially applicable to a 

variety of antibiotics. However, the nonspecific characteristics of AC pose the risk of side 



effects; they may affect the metabolism of host animals by the nonspecific adsorption of 

biological compounds in the intestinal fluid, such as bile acids and essential 

micronutrients. In the treatment of patients with renal failure, orally administered AC 

nonspecifically adsorbed bile acids [12], which is suspected to be a risk factor for 

cardiovascular disease [13]. It was reported that AC did not change the amount of 

necessary trace metal ions such as iron, zinc and manganese in the digestive tract in 

animal study [14]. Thus, as for metal ions, such AC’s adverse effect may not be a concern. 

To avoid the nonspecific adsorption of biological compounds in the upper intestine, 

colon-specific AC has been developed in which AC was coated with pectin, which is 

degradable by colonic microflora [15]. A phase I clinical trial of this AC formulation 

showed that the fecal free-antibiotic level was reduced to a negligible level, without 

affecting the blood concentration of some biological compounds [10]. Capturing orally 

administered antibiotics by AC before reaching to intestine, where antibiotics is adsorbed, 

should be avoided. Thus, giving enough interval between the administration of antibiotics 

and AC would work to avoid this issue. AC administration at least 2 hours before or 1 

hour after the oral administration of antibiotics would avoid the removal of antibiotics in 

upper gastrointestinal tract.  

Here, we sought to develop specific adsorbents for antibiotics, free from the risks 

associated with nonspecific adsorbents (Fig. 1). As a target antibiotic, we selected 

vancomycin (VCM), which is used widely against Gram-positive bacteria. VCM 

treatment via both oral and parenteral administration causes gut dysbiosis [16,17], as well 

as generating VCM-resistant bacteria colonies in the rectum [18]. VCM specifically binds 

to the carboxyl-terminus of peptidoglycan precursors terminating in the sequence D-Ala-

D-Ala-OH to block the cross-linking reaction in the growing bacterial cell wall [19]. We 

used this peptide as a ligand to adsorb VCM. It has been reported that cell-wall mimetic 

peptides, such as N,N’-diacetyl-L-Lys-D-Ala-D-Ala-OH have a relatively high binding 



affinity to VCM (dissociation constant Kd = 106 M-1) [20]. To immobilize the peptide 

ligand, we used a crosslinked polymeric support for the solid phase peptide synthesis 

because it enables high loading of the ligand peptide. A high ligand content is important 

to achieve adsorption of VCM in the large intestine using a practical dosage. To raise the 

loading of the ligand in the microparticles (MPs), the ligand was attached to the MPs via 

a linker of dendritic D-lysine [21] (Fig. 1b). Using the obtained ligand-modified MPs, we 

investigated the adsorption of VCM in vivo, and the suppression of CDI in a mouse model. 

 

Fig. 3.1. (a) Mechanism of action of the VCM-specific adsorbent MPs in the large 

intestine. Pre-administered adsorbent specifically captures VCM and protects the gut 

microbiome and minimizes the effect on the concentrations of bioactive molecules in the 

intestinal fluid. (b) Schematic drawing of a MP. The MP is a spherical hydrogel of 

crosslinked polyethyleneglycol with the VCM-specific ligand (D-Ala-D-Ala-OH) 

immobilized via D-lysine dendrons. R indicates the ligand. 



  



3.2. Materials and Methods 

 

3.2.1. Preparation of MPs 

D-Lysine dendrons terminated with the ligand were synthesized on NovaPEG amino 

resin (0.2 mmol of amine group) by Fmoc solid-phase peptide synthesis (SPPS) and tert-

butyl SPPS for the D-lysine dendron and ligand, respectively. First, the D-lysine dendron 

was synthesized using Fmoc-D-Lys(Fmoc)-OH and N-[1-(cyano-2-ethoxy-2-

oxoethylideneaminooxy) dimethylamino(morpholino)] uronium hexafluorophosphate 

(COMU) as the carboxyl-group activating agent. Then, succinic anhydride was attached 

to the lysine α and ɛ-amine groups using DMAP followed by addition of Fmoc-L-Lys-

OH•HCl using COMU. After removing the Fmoc group, the α-amine group of L-lysine 

was acetylated with acetic anhydride. The amount of cleaved Fmoc groups were used to 

quantify the number of modified L-lysine resides. H-D-Ala-OtBu was attached to the α-

carboxyl group of lysine using COMU. After removing the tert-butyl group using 

trifluoroacetic acid/dichloromethane = 9:1, addition of H-D-Ala-OtBu and removal of the 

tert-butyl group were repeated. After completion of the reaction, the resin was washed 

with tetrahydrofuran MeOH, water, and citrate buffer (pH 3.0) and dried in a desiccator. 

 

3.2.2. Field emission scanning electron microscope observations 

Dried MPs were placed on carbon sheets and their morphology was observed by Field 

Emission Scanning Electron Microscope (SEM) (Hitachi SU8000, Japan) operated at 10 

kV. 

 

3.2.3. Adsorption of VCM to MPs 

VCM (1.0–50 µg/mL), and swelled MPs (2.0 mg) obtained by incubation for 24 h at 37°C 

in distilled water were mixed in 500 µL of phosphate buffered salts (PBS) (pH 7.4) and 



shaken (200 rpm) in a shaker for 24 h at r.t. Then the concentration of VCM in the aqueous 

phase was determined by high performance liquid chromatography (HPLC). VCM was 

quantified by a HPLC validated method using an Elite Lachrom L2455 diode array 

detector (Hitachi, Japan) on a COSMOSIL 5C4 column (5 µm, 10 × 150 mm). An 

isocratic mobile phase consisting of 10% methanol and 90% milli-Q water was used with 

a flow rate of 1.0 mL/min and a 50 µL injection volume. VCM was detected at a 

wavelength of 225 nm. The adsorption isotherm was fitted based on the Langmuir 

equation as follows using Prism 8 (GraphPad Software): 

Ce/Qe = Kd/Qm + Ce/Qm 

where Ce (M) is the equilibrium concentration of VCM in solution, Qe (mol-VCM/g-MPs) 

is the amount of VCM adsorbed at equilibrium, Qm (mol-VCM/g-MPs) is the adsorption 

capacity of the MPs, and Kd (M) is the dissociation constant. 

 

3.2.4. Evaluation of the minimal inhibitory concentration 50 value 

Swelled MPs in MD12 medium (500 µL) were added into the top compartment of 

transwells (3 µm porosity; BD Biosciences) in 6-well plates (Corning). Staphylococcus 

lentus isolate in the logarithmic growth period was added to MD12 medium and incubated 

at 37°C for 24 h. Then, the 50-µL suspensions were mixed with the VCM-containing 

MD12 medium and the mixtures (1.5 mL) were applied gently into the bottom 

compartment of the transwells. Then, the plates were incubated at 37°C for 24 h in a 

constant temperature incubator. The minimal inhibitory concentration (MIC) value was 

determined as the lowest VCM concentration to show no growth of turbidity with the 

plate reader at a wavelength of 600 nm. The MIC50 value was defined as the lowest 

concentration of VCM at which 50% of the bacteria were inhibited. 

 



3.2.5. Determination of the dose of MPs in vivo 

CB57/BL6 mice (male; 8 weeks-old) were purchased from Kyudo Co., Ltd. (Saga, 

Japan). Animal experiments were performed according to the guidelines for animal care 

and use committee, Kyushu University. Mice were fed with 30 kGy γ-irradiated CE-2 

(CLEA Japan Inc.), with access to bedding and tap water. Mice had a cycle of 12 h of 

light and 12 h of darkness. For in vivo capacity testing, mice (n = 3) were administered 

MP-G4 (3.0 or 10.0 mg/100 µL Dulbecco's phosphate-buffered saline (DPBS)), and after 

1 h, VCM (300 µg/100 µL sterile water) was administered by oral gavage. The feces were 

collected over 23 h after administration. Distilled water was then added to 1.0 g of a feces 

sample and the dispersion was vortex mixed. The dispersion was centrifuged at 8,000 rpm 

for 10 min at 4°C. The supernatant was then filtered through a 0.45 µm filter and diluted 

with mobile phase before being analyzed using HPLC. The HPLC analysis procedure was 

the same as that described in Section 2.2.3. To examine the effect of repeated daily 

treatments, mice were divided into four groups (n = 3 per group) and administered either 

DPBS or MP-G4 (10.0 mg/100 µL DPBS), and after 1 h, either sterile water or VCM (300 

µg/100 µL sterile water) by oral gavage. The treatment was conducted once a day for 7 

days and body weight was measured daily. 

 

3.2.6. C.difficile spore preparation 

C. difficile VPI10463 (ATCC 43255) spores were prepared as follows. C. difficile 

VPI10463 was grown overnight in 5 mL of Columbia Broth at 37ºC under anaerobic 

conditions. The next day, 40 mL of Clospore media was added to the inoculum. The 

culture media was anaerobically incubated at 37ºC for 7 days. Spores were harvested by 

centrifugation and washed with cold water three times. Spore stocks were stored at 4ºC 

in sterile water. Viable spores were enumerated by plating for colony-forming unit 

(CFU)/mL on taurocholate, cefoxitin, cycloserine, fructose agar (TCCFA) to determine 



the challenge dose. 

 

3.2.7. VCM and MP administration and challenge with C. difficile 

    C57BL/6J WT mice (female; 5-weeks old) were purchased from CLEA Japan Inc. 

Mice were fed with 30 kGy γ-irradiated CE-2 (CLEA Japan Inc.), with access to bedding 

and tap water. Mice had a cycle of 12 h of light and 12 h of darkness. The procedure for 

the animal experiment is shown in Figure S1. The C57BL/6J WT mice (female; 5-weeks 

old) were divided into four groups (n = 6 per group) and administered DPBS(-) or MP-

G4 (10.0 mg/100 µL DPBS), and after 1 h, either sterile water or vancomycin (300 µg/100 

µL sterile water) was administered by oral gavage for 5 days (= treatment period). 

Following the treatment period, mice were allowed to drink normal water for 2 days, and 

the next day, mice were challenged with C. difficile spores 1 x 104 CFU by oral gavage. 

These animal experiments were conducted using protocols approved by Keio University 

Ethics Committee for Animal Experiments. 

 

3.2.8. 16s ribosomal DNA analysis 

Mouse fecal samples were collected and preserved at –80ºC. Bacterial DNA was 

extracted complying with the E.Z.N.A. Stool DNA Kit Pathogen Detection protocol 

(OMEGA). The V3-V4 region of the 16S rDNA gene was amplified following DNA 

extraction using universal primers (Table S1). The PCR reaction mixture consisted of 5 

ng/µL of DNA extraction mix, 2.5 µL; 2 × CAPA HiFi mix (Illumina), 12.5 µL; and 1 

µM of each primer, 5 µL. The cycling conditions were: 95ºC (3 min), 25 cycles of 95ºC 

(30 s), 55ºC (30 s), and 72ºC (30 s) followed by a final elongation step at 72ºC (5 min). 

The amplicon DNA were purified using AMPure XP beads (Beckman Coulter) followed 

by a second PCR reaction with a mixture consisting of purified DNA, 5 µL; 2 × CAPA 

HiFi mix (Illumina), 25 µL; distilled water 10 µL; and 1 µM of each primer, Nextera XT 



index kit (Illumina), 5 µL. The cycling conditions were: 95ºC (3 min), 8 cycles of 95ºC 

(30 s), 55ºC (30 s), and 72ºC (30 s) followed by a final elongation step at 72ºC (5 min). 

Likewise, tagged DNA were purified with AMPure XP beads, and diluted in 10 mM Tris-

HCl buffer (pH 8.5) to 12 pM and all samples were pooled. The completed library was 

sequenced on an Illumina Miseq 600 cycle V3-V4 kit (Illumina). 

 

3.2.9. Evaluation of fecal CFU 

   C. difficile CFUs were determined using fecal samples collected on day 1 after 

infection. Fecal samples were weighed and suspended in 1 mL of DPBS (-) and 

homogenized in the anaerobic chamber. An aliquot (50 µL) of the suspensions were plated 

50 µL on TCCFA and incubated at 37ºC under anaerobic conditions for 3 days. Then, the 

number of colonies were enumerated. 

 

3.2.10. ELISA of fecal lipocalin-2 

Feces collected on day 1 after infection were weighed and stored at –80ºC. The fecal 

samples were suspended in DPBS (-) containing 0.1% Tween-20 (100 mg/mL), and 

vortexed for 20 min. The suspension was centrifuged at 12,000 rpm, 4ºC, for 10 min1. 

The ELISA was conducted according to the protocol of the ELISA kit (R&D Systems, 

DY1857). Samples were diluted in the kit-recommended reagent diluent [1% BSA in 

DPBS (-)]. 

 

3.2.11. Statistical analysis 

Statistical analyses were performed using R studio (Version 1.1.456). The survival rate 

and significance between the four groups were tested by the Kaplan-Meier test using R 

Survival package. Bartlett’s test was used to determine significance of variance between 

the four groups. If the differences were significant (p < 0.05), Scheffe’s test was used for 



comparisons of discontinuous variables between the four groups. The Tukey HSD test 

was used for comparisons between the four groups with similar variance. The diversity 

of the gut microbiota was analyzed by QIIME13 and R using R vegan and multcomp 

packages. Intra- and inter-group β-diversity analysis was analyzed by R using R 

multcomp package. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

  



3.3. Results and Discussion 

 

3.3.1. Preparation of ligand-modified MPs 

A dendritic ligand unit was synthesized by SPPS on commercially available resin (Fig. 

3.2). Here, we used water-swellable NovaPEG amino resin that is composed of 

crosslinked PEG [22] as water-swellable properties are a prerequisite for the adsorption 

of VCM in the intestinal fluid. First, 3rd or 4th generation D-lysine dendron units were 

synthesized on the resin using Fmoc-D-Lys(Fmoc)-OH as the monomer. D-Lysine was 

employed here for its resistance against peptidases in the gastrointestinal fluid. Then, the 

α- and ɛ-amine groups of terminal D-lysine residues were converted to carboxyl groups 

using succinic anhydride (Scheme S1). On the carboxyl groups, ɛ-L-lysine was introduced, 

then the ligand (D-Ala-D-Ala-OH) was synthesized using H-D-Ala-OtBu as the monomer 

via tert-butyl SPPS [23]. Before modification of H-D-Ala-OtBu, the number of terminal 

L-lysine residues was quantified from the amount of Fmoc groups released from the 

terminal L-lysine, and the yield for this step based on the number of initial amine groups 

in the resin was calculated (yield in Table 3.1). The yield became lower with increasing 

generations probably because of the steric repulsion in the crowded termini of the 

dendrons of higher generations. Indeed, 4th generation is reported to be the maximum for 

quantitative preparation [24]. The amount of loaded ligand per weight of MP was not very 

different between MP-G3 and MP-G4 (Table 3.1) because most of the total weight of 

these MPs was the weight of the dendritic ligand unit (68% for MP-G3 and 83% for MP-

G4). 

SEM images of each dry MP showed that a spherical shape was maintained even for 

the high weight fraction of the dendritic ligand unit (Fig. 3.3). MPs with higher generation 

dendrons had a larger size, reflecting the increase of the weight fraction of the dendritic 

ligand unit with each generation. The size of the MP (> 100 µm) was sufficient to avoid 



penetrating the intestinal epithelium [24]. 

 

 

Fig. 3.2. Chemical structures of the ligand-modified MPs with three levels of 

dendritic ligand generations. Spheres indicate the matrix of resin. 

 

Fig. 3.3. SEM images of ligand-modified MPs. (a) MP-G0, (b) MP-G3, and (c) MP-

G4. Scale bars show 500 µm. 

 

 

 

 



 

 

Table 3.1. Characteristics of MPs. 

 

 

 

 

 

 

 

 

 

 

a: Overall yield until the modification of L-lysine residue. 

b: Determined from SEM image 

 

3.3.2. Adsorption of VCM to MPs 

    The adsorption characteristics of the ligand-modified MPs toward VCM were 

evaluated. After incubating a mixture of each MP and VCM for 24 h at 37°C, unbound 

VCM was quantified using HPLC. The adsorption isotherms of each MP are summarized 

in Fig. 3.4. Intact NovaPEG amino resin (naked MP; NP in Fig. 3.4) showed negligible 

adsorption of VCM. In contrast, the ligand-modified MPs showed adsorption of VCM 

depending on the generation level, indicating the specific interaction of the ligand of the 

MPs with VCM. The maximum adsorption amount (Qmax) and dissociation constant (Kd) 

were calculated using the Langmuir equation and are summarized in Table 1. The Kd 

values were not affected by the generation level of the dendron unit. The Qmax values of 

 MP-G0 MP-G3 MP-G4 

yield [%] a 100 58 42 

loaded ligand [µmol/mg] 0.44 1.1 1.2 

diameter [µm]b 
111 ± 

20  
139 ± 24 150 ± 31  

Qmax [µmol/mg] 0.24 0.35 0.35 

Qmax,g [g/g] 0.36 0.51 0.51 

Qmax,mol [mol/mol] 0.86 0.46 0.41 

Kd [µM] 14 29 20 



the MPs with dendritic ligands were higher than that of MP-G0, but the increments were 

smaller than the values expected from the loaded ligand. The Qmax,mol value, which is a 

stoichiometric expression of Qmax, showed that only half of the ligands in MP-G3 and 

MP-G4 functioned to capture VCM, indicating that the sterically crowded state of the 

ligands on the dendrons will impede the recognition of VCM. Typical Qmax values of AC 

for various antibiotics are reported to be 10-1 to 100 g/g [26]. Thus, the Qmax values of the 

MPs were equivalent to those of AC, a representative adsorbent with a high capacity. 

Compared with the reported Kd value of a complex between a free ligand and VCM (~1 

µM) [27], the Kd values of the MPs were one order of magnitude higher. The lower affinity 

of the ligands in the MPs compared with the free ligand can be explained by the 

aforementioned result that half of the ligands cannot bind VCM because of steric 

hindrance. We also confirmed specificity of MP-G4 to VCM over other antibiotics 

(cefoperazone, clarithromycin) (Fig. 3.5). We found that MP-G4 specifically adsorbed 

VCM, while AC as a control adsorbed cefoperazone and clarithromycin by nonspecific 

hydrophobic interaction. Thus, MP-G4 is specific adsorbent for VCM.  

 

 

Fig. 3.4. Adsorption isotherms of VCM to the MPs. VCM and MPs (4.0 mg/mL) 

were mixed in PBS (pH 7.4) and incubated for 24 h at r.t. The concentration of free 



VCM was determined by HPLC. 

 

 

Fig. 3.5. Adsorption of antibiotics to MP-G4 and AC. Experimental procedures were 

same with those of VCM adsorption to MPs described in Materials and Methods section. 

Concentration of each antibiotic was 350 µM. Amount of MP-G4 or AC was 2.0 mg. 

Hydration of MP-G4 or AC (purchased from UES, Japan) was conducted in distilled 

water for 24 h at 37°C in distilled water. 

 

 

The ability of the MPs to protect bacteria from VCM was determined from the 

MIC50 value. The Gram-positive bacteria, S. lentus was cultured in the presence of VCM 

and each MP for 24 h. As shown in Fig. 3.6a, the MIC50 value of VCM toward S. lentus 

was 6.0 µg/mL in the absence of MPs, which is consistent with the reported value [22]. 

Naked MPs (NP) showed almost no effect on the MIC50 value, while the ligand-modified 



MPs clearly raised the MIC50 values; the MIC50 values in the presence of MP-G3 and 

MP-G4 were 33 and 63 µg/mL, respectively. MP-G4 showed a slightly higher protective 

effect than MP-G3. Fig. 3.6b shows the concentration dependence of the protective effect 

of MP-G4. The MIC50 value correlated with the concentration of MP-G4. These results 

showed ability of the MPs to protect bacteria from VCM. 

 

 

Fig. 3.6. Protection of S. lentus from VCM by different MPs (a) and by MP-G4 at different 

concentrations (b). S. lentus was incubated in MD12 medium containing VCM with or 

without MPs (1.0 mg/mL in panel a) at 37°C for 24 h. The MIC50 value was determined 

from the turbidity at 600 nm. Data are represented by the mean ± SD (n = 3). 

 

 

3.3.3. Adsorption of VCM to MPs in vivo to protect the microbiome 

    The required dosage of MP-G4 to capture VCM in the gastrointestinal tract was 

determined. First, MP-G4 was administered by oral gavage. After 1 h (during this period, 

microparticles start to reach the cecum [28,29]), VCM (300 µg) was administered orally. 

After VCM administration, the feces were collected over 23 h and the amount of free 

VCM in the feces was quantified by HPLC analysis. As shown in Fig. 3.6a, without the 

pre-administration of MP-G4, approximately 70% of orally administered VCM was 

detected in the feces. In the presence of MP-G4, the amount of VCM in the feces was 



reduced in a dose-dependent manner. A dosage of 10.0 mg of MP-G4 was found to be 

sufficient to capture all the VCM; thus, hereafter, we used a 10.0 mg dosage of MP-G4. 

The binding capacity of MP-G4 calculated from 3.0 mg of MP-G4 was 0.023 mg/mg. 

Though this value is one order of magnitude lower than the binding capacity determined 

in PBS shown in Fig. 3.4 (0.51 mg/mg), the VCM adsorption efficacy of MP-G4 appears 

to be high. This is desirable considering the presence of a large amount of biological 

compounds in the gastrointestinal fluid that will compete with VCM in binding with the 

ligand. According to the dose conversion equation based on the surface area and body 

weight [29], the calculated dosage of MP-G4 for human application would be 40.5 mg/kg, 

which is comparable with the dosage of pectin-coated AC in a clinical trial (7.5 g/human; 

125 mg/kg) [10]. When this administration regimen was conducted once a day for 7 days 

in mice, no detectable loss of body weight was observed (Fig. 3.6b). 

 

 

Fig. 3.7. (a) Amount of free VCM in the feces of mice orally treated with VCM and MP-

G4 (n = 3 per group). **p < 0.01, ***p < 0.001. VCM (300 µg/100 µL) was administered 

1 h after MP-G4 (0–10.0 mg/100 µL). (b) The body weight change in the four groups of 

mice (n = 3 per group) treated once a day for 7 days. 



 

 

To examine whether pre-administration of MP-G4 could prevent VCM-induced gut 

dysbiosis in vivo, we analyzed gut microbiota composition before and after VCM (300 

µg) treatment by 16S rDNA sequencing. The composition of gut microbiota was not 

different between all the groups before treatment, but changed significantly after VCM 

treatment. The administration of MP-G4 did not affect the gut microbial community. Pre-

administration of MP-G4 prevented changes in gut microbial composition induced by 

VCM treatment (Fig. 3.8a). Specifically, the abundance of Enterobacteriales and 

Erysipelotrichales was significantly increased in the VCM-treated group compared with 

the control group. In contrast, this increase in the abundance of these bacteria was not 

observed in the VCM-treated group pre-administered with MP-G4 (Fig. 3.8b). 

VCM is active against most Gram-positive bacteria and causes the overgrowth of 

Enterobacteriales in the gut [17,30]. In general, a bloom of Enterobacteriales is a hallmark 

of gut dysbiosis [31]. Therefore, our results indicated that the pre-administration of MP-

G4 protected the gut microbiota from VCM-induced dysbiosis by capturing VCM in the 

gastrointestinal tract. 

 



 

 

Fig. 3.8. Pre-administration of MP-G4 prevented VCM-induced perturbation in gut 

microbiota. (a) Principal coordinates analysis plot of weighted-Unifrac distances by water 

(Ctr), VCM, MP-G4, or VCM with MP-G4-treated groups (n = 6 per group). (b) Fecal 

microbiota composition of mice orally treated with water (Ctr), VCM, MP-G4, or VCM 

with MP-G4 on day –7 (just before treatment) and day 0 (after treatment) (n = 6 per group). 

Each bar shows the mean of individual mice from each group. 

 

 

 



3.3.4. Protection from C. difficile infection 

Disruption of the gut microbiota induced by the use of antibiotics enables C. difficile 

colonization in the gut [32]. In particular, an increase in the abundance of 

Enterobacteriales is associated with higher susceptibility to C. difficile colonization 

[32,33]. Therefore, we next investigated whether the pre-administration of MP-G4 

protected VCM-treated mice against CDI. While all the control mice survived, VCM-

treated mice all succumbed to CDI on the second day post-infection. However, both the 

VCM-treated or -untreated mice, pre-administered with MP-G4, all survived post CDI 

(Fig. 3.9a). C. difficile reached ~108 CFU/g feces 1 day post infection in the VCM-treated 

mice. In contrast, the burden of C. difficile in the feces of both the control and VCM-

treated mice, pre-administered with MP-G4, as well as in the control mice was not 

detectable (< 102) or under 105 CFU/g feces (Fig. 3.9b). Furthermore, the level of 

lipocalin-2, an antimicrobial protein released from the epithelia in inflammation [35], 

increased in the VCM-treated mice but not in the control mice nor in the control and 

VCM-treated mice, pre-administered with MP-G4 (Fig. 3.9c). These results indicated that 

the pre-administration of MP-G4 protected VCM-treated mice against CDI. 

 

 

Fig. 3.9. Pre-administration of MP-G4 protected VCM-treated mice against CDI. (a) 

Mouse survival over time after CDI of C57BL/6J female mice treated with water (Ctr), 



MP-G4, VCM, or VCM with MP-G4 (n = 6 per group). (b) Pathogen loads [CFU/g] in 

feces were detected 1 day after infection. Each dot represents an individual mouse. L.o.D 

= limit of detection. (c) ELISA measurement of lipocalin-2 in feces from C. difficile-

infected mice from each group. (n = 6 per group). * p < 0.05, *** p < 0.001. 

  



 

3.4. Conclusions 

 

We proposed the use of antibiotic-specific adsorbents to protect the gut microbiome from 

VCM-induced dysbiosis. We prepared adsorbent MPs composed of hydrogels of 

crosslinked PEG with a specific peptide ligand to VCM immobilized via dendritic D-

lysine as a linker to achieve a high content of the ligand in the MPs. The prepared MPs 

showed a relatively high capacity for VCM adsorption in aqueous media (~0.5 g/g). This 

is equivalent to the reported capacity toward various antibiotics of activated charcoal, 

which is a representative nonspecific adsorbent. In vitro tests showed that the MPs 

improved the resistance of S. lentus toward VCM. After oral administration at a practical 

dosage, MP-G4 adsorbed VCM in the intestine almost completely and suppressed 

dysbiosis of the gut microbiome in mice. As a consequence of the protection from gut 

dysbiosis, the mice were resistant against an oral challenge with the spores of C. difficile. 

These promising features of MPs indicate that MPs have the potential to be a new class 

of specific adsorbents to protect the gut microbiome during VCM treatment, without 

interfering with the metabolism of host animals. 
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CHAPTURE 4 

 

General Conclusions 

 

Increase in the patient of diseases related to the disruption of immunological homeostasis 

is threatening issue worldwide. Many reasons have been proposed for the increment of 

the disruption of immunological homeostasis. One of the reasons is the dysbiosis of the 

intestinal microbiome which is caused by administration of antibiotics. To restore the 

disrupted immunological homeostasis, immunotherapy using an antigen is fundamental 

solution. However, usually this kind of therapy (desensitization) takes time for 

completion. In this paper, I approached the goal in two ways to maintain or restore the 

immunological homeostasis. 

In Chapter 2, I developed vitamin-peptide conjugates as effective inducer of 

immunotolerance toward the antigen peptides. Here I selected ATRA and vD3 as inducer 

of tolerogenic dendritic cells. Selective modification of these vitamins on the N-terminus 

of the peptide was achieved by the scheme I developed here. The obtained conjugates 

showed the functions of both vitamins and antigen peptides, i.e., anti-inflammatory 

effects resulting from ATRA and activation of antigen-specific T cells. The conjugates 

reported here can be expected to promote the induction of antigen-specific Tregs, which 

is essential to restore the disruption of immunological homeostasis. 

In Chapter 3, I proposed an antibiotic-specific adsorbent to prevent dysbiosis 

caused by antibiotic treatment. Hydrophilic polyethyleneglycol-based microparticles 

were modified with peptide ligands in a high density which is a vancomycin-specific 

ligand. The microparticles showed high capacity and specificity to vancomycin and 

successfully captured vancomycin in vivo. The microparticles protected from the C. 

difficile infection induced by vancomycin-induced dysbiosis. 



Perspectives 

 

In this thesis, we developed materials to maintain immunological homeostasis. I found 

that vitamin-peptide conjugates can be expected to induce antigen-specific immune 

tolerance. I have clarified the importance of antibiotic-specific adsorbents for protection 

of the intestinal microbiome. These findings will lead to the development of more 

practical materials to prevent and maintain disruption of immunological homeostasis.  

The peptide immunotherapy for allergy uses multiple antigenic peptides. The 

synthetic scheme of conjugates we developed here is generally applicable any peptide 

sequences. As a formulation to deliver these conjugates, liposome may be useful. The 

ATRA-peptide conjugates are highly hydrophobic and can be inserted into the lipid 

bilayer of liposomes. Therefore, by inserting the conjugates into the liposome bilayer 

membrane, it becomes possible to simultaneously deliver multiple antigenic peptides and 

ATRA to dendritic cells. One of the problems of the conjugates will be the low availability 

of ATRA and the peptides probably due to the low cleavage efficiency of the conjugate 

by endosomal peptidases. Thus, using environment-responsive cleavable linker such as a 

disulfide bond may overcome the problem.  

The adsorbent using an antibiotic-specific ligand showed high specificity and 

capacity, and prevented vancomycin-induced dysbiosis. For antibiotics to which the 

ligands are difficult to design, molecular imprint polymers (MIPs) will be useful as 

ligands. MIPs can be prepared easily by using antibiotics as templates, and MIPs usually 

has high affinity and specificity to the target molecules. By using MIPs as specific 

adsorbents for various antibiotic, prevention of dysbiosis by the antibiotics can be 

expected. 
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