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Abstract

:

Featured Application


Wheat germ agglutinin has the potential for enabling and improving targeted drug delivery systems, anticancer drugs, and antibacterial and antifungal therapeutics due to its cytotoxic mechanisms and specific carbohydrate binding.




Abstract


Wheat germ agglutinin is a hevein class N-Acetylglucosamine–binding protein with specific toxicity and biomedical potential. It is extractable from wheat germ—a low-value byproduct of the wheat industry—using well–established extraction methods based on salt precipitation and affinity chromatography. Due to its N-Acetylglucosamine affinity, wheat germ agglutinin exhibits antifungal properties as well as cytotoxic properties. Its anticancer properties have been demonstrated for various cancer cells, and toxicity mechanisms are well described. Wheat germ agglutinin has been demonstrated as a viable solution for various biomedical and therapeutic applications, such as chemotherapy, targeted drug delivery, antibiotic-resistant bacteria monitoring and elimination. This is performed mostly in conjunction with nanoparticles, liposomes, and other carrier mechanisms via surface functionalization. Combined with abundant wheat byproduct sources, wheat germ agglutinin has the potential to improve the biomedical field considerably.
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1. Introduction


Wheat (Triticum aestivum L.) is one of the most essential agricultural staple foods used for human consumption and animal feed. Approximately 21% of the world’s food supplies depend on annual wheat crop harvest [1], which causes the production of byproducts that are not always used efficiently or, in some cases, entirely discarded as waste [2]. Increasing trends of consumption-based economy restructuring to more ecologically-minded circular economy models encourage the scientific development of new technologies for byproduct valorization to create products with high nutritional value. One of the wheat processing byproducts which takes 2–3% of whole wheat grain [3] is wheat germ. They are a source of oils [4], tocopherols [5], various polyphenols [6], and specific proteins, such as agglutinins (lectins) [7]. Even though agglutinins are considered to be antinutrients [8], they might have various prospective applications in biomedicine, biotechnology, and agriculture itself. Considering the high quantities of wheat germ available as low-value byproducts throughout the world, any valorization attempts by extracting specific proteins may lead to high impact worldwide. This review is focused on wheat germ agglutinin, its structure and specificity, extraction and purification methods, biological activity, and possible applications.




2. Wheat Germ Agglutinin Structure


Wheat germ agglutinin (WGA) is one of the first purified lectins extracted at the very beginning of the lectinomics field. WGA structure was described during the 1970s. WGA is a mixture of three closely related major isoforms, named WGA1, WGA2, and WGA3 [9], which are a 36.0 kDa size stable 18.0 kDa polypeptide chain homodimer [10] with twofold axis symmetry [11]. Variability of these three isolectins is observed at 10 sequence positions, with WGA3 being the most distinct form, differing from WGA1 by 8 positions and from WGA2 by 7 positions [12]. The polypeptide chain is stable under high-temperature exposure [13]. Moreover, WGA monomers are highly resistant to acidity, and conformational changes can be reversed by increasing pH [14].



Each polypeptide chain is composed of four hevein domains, named A, B, C, and D [15,16] (Figure 1). WGA3 exhibits higher interdomain similarity than WGA1 or WGA2, suggesting closer relatedness to the common ancestral molecule [12]. Amino acid analysis shows that WGA contains high amounts of glycine and half-cystine, features not typical to most of the lectins [17]. Additionally, the protein is rich in disulfide bridges, with each hevein domain containing eight disulfide-forming cysteines [18]. These disulfides have been shown to play an important role in hevein stability since heveins lack a hydrophobic core [19]. Additionally, the disulfides seem to explain low pH value stability [14]. WGA has been shown to undergo cotranslational processing of glycan addition to the C-terminus, which is later post-translationally removed before WGA reaches mature form [20]. Affinity studies show that subunit specificity to oligosaccharides is much better than to monosaccharides. A, B, and C subunits bind N-Acetylglucosamine (GlcNAc) residues, such as chitin, whereas subunit D accommodates the glycoside aglycones. Monosaccharides are only bound to subunit C [21]. However, low affinity to other carbohydrates, such as N-Acetylneuraminic (sialic) acid, plays an important role in WGA activity [22]. Based on the structure and carbohydrate specificity, WGA is classified as chitin-binding lectin composed of hevein domains [23]. Lectin structure and carbohydrate specificity enable its broad spectrum of biological activities.




3. WGA Extraction and Purification


The most widely used natural WGA purification from wheat germ strategies include a series of protein precipitation and chromatographic purification steps. Untreated wheat germ material goes through a defatting step followed by material disruption with a laboratory mill. The material preparation is followed by extraction in water or aqueous buffers. Crude wheat extracts are used for protein precipitation with salts, mostly ammonium sulfate. Precipitated wheat proteins are resuspended and dialyzed. These steps are followed by chromatographic purification steps, including ion exchange and affinity chromatography. Table 1 represents summarized WGA purification steps and WGA yield (mg per 1 g of raw germ material).




4. WGA Biological Activity


4.1. Antifungal Activity


The main fungal cell wall component is chitin, which is a β(1,4)-homopolymer of GlcNAc. WGA specifically binds to fungal cell walls and disrupts the cell’s structural integrity [27]. It demonstrates WGA function in plant immunity against pathogenic fungi. However, there are not many results published regarding native WGA antifungal activity to human pathogenic fungi [28,29]. Recombinant WGA linked to the effector Fc region of murine IgG2a was designed for mycosis treatment. WGA-Fc antibodies were successfully bound to chitin standard fungal cultures and inhibited the growth of Histoplasma capsulatum, Cryptococcus neoformans, Candida albicans, and Saccharomyces cerevisiae. It also augmented antifungal macrophage functions and fully protected mice against H. capsulatum infections [29]. Other hevein class lectins demonstrate strong antifungal activity against Candida albicans (URM 5901), minimal inhibitory concentration (MIC) 25 μg/mL, against Candida krusei (URM 6391)–MIC 12.5 µg/mL [30] and Candida tropicalis (ATCC 750)–MIC 11.9 μg/mL [31].




4.2. Cytotoxicity


Since the early discovery of lectins, they were considered toxic due to the obvious toxicity of first-identified lectins, such as abrin [32] or ricin [33]. Even though only a few lectins are highly toxic in low doses, cytotoxic activity is typically dose-dependent. Lectin cytotoxicity can occur in a lectin-dependent cell-mediated manner or as direct toxicity to cells [34]. Lectins interact with immune cells as antigens and exhibit their cytotoxic activities and induce a humoral response. Concentration-dependent increases with IFN-γ, and TNF-α release were observed after whole blood samples were treated with WGA [35]. Another study has found that WGA binds to glycosylated T3 receptor, which is followed by the formation of inositol phosphate—an intracellular secondary messenger that takes part in the regulation of cell functions, such as apoptosis—in human blood T cells [36]. On the other hand, WGA inhibits T lymphocyte proliferation by inhibiting the responsiveness of the lymphocytes to interleukin 2 (IL-2) rather than interfering with IL-2 production and IL-2 receptor expression [37,38].



Direct lectin cytotoxicity depends on interaction time and affinity to glycoconjugates on the cell surface. WGA demonstrates high specificity to GlcNAc, but interaction with sialic acid is important for WGA cell-killing activity. WGA-induced acute myeloid leukemia cell death is dependent on both GlcNAc binding and interaction with sialic acids. The authors noticed a reduction in WGA cell binding and killing after sialic acid was removed by neuraminidase treatment [39]. Sialic acid specificity plays a crucial role because most of the cancer cells are hyper sialylated [40,41]. Experiments show that WGA is endocytosed into the Chinese hamster ovary (CHO) cells after 30 min of treatment [42]. Later research confirmed the same time-dependent endocytosis with leukemic Jurkat cell line [43]. WGA is endocytosed into cells by clathrin-independent endocytosis mechanism depending on interactions with N-acetylneuraminic acid or N-acetylglucosamine (GlcNAc) on the cell surface of normal and malignant cells [44,45]. WGA binds high molecular weight glycoproteins (HMWAG) expressed on the cell surface. WGA-HMWAG complexes rapidly become localized within endosomes and then move more slowly to a tubular endocytic network within the perinuclear region of the cell [42]. Endocytosed WGA interacts with the cell nuclear envelope pore membrane protein POM 121 and blocks RNA export [46]. This interaction with nuclear pore proteins depends on GlcNAc glycosylation moieties in other cell models of the nuclear transport blockade [47,48]. Endocytosed WGA can suppress rat pancreatic acinar tumor cell line proliferation by blocking auto stimulation and prevention of the trophic effect of glycosylated cholecystokinin or gastrin–like peptides [49].



WGA is shown to exert cytotoxic effects to differing extents with a final outcome (apoptosis or necrosis) depending on the cell line used in toxicity assays. WGA induced paraptosis in L929 murine fibroblast cell line. Vacuolation, loss of cell architecture, and upregulation of the apoptosis-related proteins Bax and caspase-3 were observed. However, internucleosomal DNA fragmentation, apoptotic bodies, and related apoptotic phenotypes were not detected [50]. Meanwhile, WGA intake into pancreatic carcinoma cell lines caused chromatin condensation, nuclear fragmentation, and DNA release consistent with apoptosis [51]. Interaction with the leukemic Jurkat cell line induced a loss of transmembrane potential, disruption of the inner mitochondrial membrane, and release of cytochrome c and caspase-9 activation of apoptosis [43]. These variances of outcomes might also be caused by differences between cell glycosylation patterns [52].





5. WGA Biomedical Perspectives


5.1. Advanced Drug Delivery


Despite the WGA toxicity, glycosylation-targeted reactivity with biological molecules might have great potential for WGA application in modern biomedicine. Recent studies focus on the improvement of drug delivery systems. WGA–anchored nanoparticles improved nanoparticle adhesion onto cells [53]. Paclitaxel-loaded nanoparticles with immobilized WGA molecules demonstrated higher cytotoxicity to cancer cell lines than the paclitaxel alone [54,55]. This efficacy improvement could be attributed to a more efficient cellular uptake via WGA-receptor-mediated endocytosis and isopropyl myristate-facilitated release of paclitaxel from the nanoparticles. This efficacy enhancement is observed with other chemotherapeutic agents, too, such as. docetaxel [56] or doxorubicin [57].



Biotechnologically synthesized macromolecular drugs are considered to be the future of the pharmacy. Good response to these drugs is limited due to poor absorption and high susceptibility to the loss of their activity. WGA as a polypeptide delivery mediator was tested with a fluorescein-labeled (F) bull serum albumin (BSA) complex on the Caco-2 cell line. Results indicated up to 8.7 times higher F-BSA/WGA complex binding to Caco-2 cells as compared with glycyl-F-BSA complex alone. Moreover, about 75% of F-BSA-WGA were bound specifically to Caco-2 cells [58]. More complex nanoparticles (liposomes) with a polymer–WGA surface conjugate led to an increase in the association between liposomes and lung epithelial cells enhanced systemic absorption of calcitonin model peptide improved bio adhesion to lung epithelia also significantly enhanced and prolonged the therapeutic efficacy of calcitonin [59]. WGA-functionalized carboxymethylated kappa–carrageenan microparticles with entrapped insulin molecules were protected from hydrolysis and proteolysis by stomach acids and enzymes. Microparticle interactions with intestinal wall cells and insulin absorption were improved by WGA grafts [60]. Technologically advanced systems with functionalized lectins demonstrate higher lectin efficacy than standalone lectins. Magnetic nanoparticles with immobilized WGA increased apoptosis in prostate cancer cells in vitro and in vivo in the presence of a magnetic field [61]. Lectin interaction with cell glycosylation points facilitated the internalization of chemotherapeutic compounds and magnetic particles, which results in higher targeted efficacy in cancer treatment. WGA was also used to develop a method for photodynamic inactivation of methicillin-resistant S. aureus and Pseudomonas aeruginosa [62]. WGA-modified liposomes loaded with generation II photosensitizers exhibited considerably higher photosensitizers deliverance to the bacteria than the unmodified liposomes, demonstrating WGA–liposome complex use not only for antibiotic-resistant bacteria detection but also elimination. Table 2 summarizes various developed drug delivery systems utilizing WGA.




5.2. Overcoming Physiological Barriers


Drug delivery usually involves crossing specific biological barriers. Nonspecific distribution and inadequate accumulation of therapeutics remain formidable challenges for drug developers. The blood-brain barrier (BBB) might also be overcome with WGA incorporation on nanoparticles [63,64,65]. PEGylated (Polyethylene glycol modified) fourth-generation poly(amidoamine) (PAMAM) dendrimer-based nanocarrier containing doxorubicin (DOX) inside and WGA with transferrin (Tf) as targeting molecules were developed for BBB crossing. A PA-MAM–WGA–Tf nanocarrier increased DOX delivery through BBB by 13.5% compared to free doxorubicin. Experiments also showed increased DOX accumulation in the tumor site due to dual targeting mechanisms. Accumulation led to the complete breakage of the avascular C6 glioma spheroids in vitro [66]. Recent studies suggest a novel intranasal nanoparticle delivery strategy to overcome BBB. WGA-modified PEG-poly(lactic acid) (PLA) nanoparticles with miR132 were administered to rodents. Transmission electron microscopy results demonstrated that the accumulation of WGA–modified nanoparticles in the brain was significantly higher than that of unmodified nanoparticles. Moreover, the results of Morris water maze analysis showed that the intranasal delivery of WGA–PLA–miR132 improved the learning and memory function of APP/PS1 mice [67]. These results suggest novel drug delivery through BBB strategies, which might overcome treatment-resistant intracranial tumors and neurodegenerative diseases, such as Alzheimer’s disease.



WGA-incorporated nanoparticles also demonstrate promising features for targeting drugs to bladder cancer cells. Due to the urothelial barrier, constant active drug substance washout, and short dwelling time, bladder cancers and urinary tract infections are another difficulty for efficient drug delivery. Surgical tumor resection is usually followed by repeated intravesical chemotherapy. WGA alone demonstrates high binding to 5637 bladder cancer cells [68]. Later investigations in flow-cytometric and fluorometric experiments with single cells and cell monolayers showed fluorescein (Fc)-labeled poly-l-glutamic acid (PGA)–WGA drug delivery system binding and the internalization of high molecular weight (>100 kDa) conjugates. Results of specificity studies showed that the interaction between the Fc–PGA–WGA conjugates and the cell surface depended solely on the WGA component [69]. A recent study by Brauner and colleagues demonstrated poly(d,l-lactic-co-glycolic acid) (PLGA)–WGA nanoparticles’ inherent adhesion capability to immortalized human uroepithelial cells. A slight adhesion capacity increase was WGA biospecificity-dependant [70].



WGA–liposome–cyclodextrin complexes were bioengineered for oral cell therapeutics [71]. The designed carrier showed fast attachment to oral cells and sustained co-drug release of ciprofloxacin and betamethasone in saliva in vitro. The complex significantly increased oral cell survival against Aggregatibacter actinomycetemcomitans, a bacterial pathogen responsible for chronic periodontal disease, and simultaneously reduced the inflammation. Crucially, WGA-facilitated cell-binding prevented complex degradation and loss due to salivary flushing and/or mucus turnover and allowed for sustained 24 h drug release.



These promising results might eventually bring some breakthroughs in medicine. However, in vitro and some in vivo results with animal models still have to go through in-depth clinical trials before advanced WGA-facilitated drug delivery systems can be applied in clinics.





6. Non-Medical WGA Applications


Outside of medical applications, WGA potential has been demonstrated as an option for basic research and biotechnological use. Quantum dot–WGA complexes have been used for elucidating the endocytic and exocytic lectin processes [72]. Single-particle tracking techniques of these complexes showed that WGA processes are both actin- and microtubule-dependent, and each contains a five-stage transport route that is transferable to design processes of any lectins as drug carriers or antineoplastic drugs.



Anisotropic silver nanoparticles functionalized with WGA or Lens Culinaris agglutinin have been demonstrated to detect specific Gram-positive and Gram-negative bacteria [73]. The designed photometric assay could detect S. aureus down to 103 cells/mL and E. Coli down to 3 × 103 cells/mL by having the bacteria-bound nanoparticle–lectin compounds resilient to NaCl-induced agglomeration. The assay was demonstrated on urine samples as well.



Extraction of two recombinant human glycoproteins—erythropoietin and Darbepoetin—from equine plasma by immunoaffinity chromatography has been shown to be improved by 15% when pretreating the samples with wheat germ agglutinin immobilized on Sepharose gel [74]. The technique is easily scalable and indicates the WGA potential for naturally or synthetically glycosylated recombinant protein industry.



The various biotechnological applications are already demonstrating the WGA value.




7. Conclusions


A 36 kDa size, hevein class, GlcNAc-specific lectin WGA is considered an antinutrient compound. Carbohydrate specificity enables its biological activities, such as fungistatic, cytotoxic, pro-apoptotic, and pro-necrotic. WGA might modulate immune cell response to antigens and cause changes in immune cell signaling. With regard to biotechnological applications, WGA is a highly promising tool in nanotechnology and advanced drug delivery systems with examples WGA-based nanoparticle, liposome, and other complexes for production, research, bacteria monitoring, and elimination. Considering the large quantities of wheat germ produced worldwide as a waste or low value byproduct, WGA extraction and utilization might be a viable solution for relatively cheap biomedical improvements in the future.
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Figure 1. Dimeric wheat germ agglutinin 3 (WGA3) structure by [24]. Red, orange, yellow, and brown colors represent the subunits A, B, C, and D of the first protein, respectively. Blue, light blue, pink, and purple represent the subunits A, B, C, and D of the second protein, respectively. The sugar-binding site is located at the interface of both WGA monomers. 
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Table 1. Wheat germ agglutinin (WGA) purification strategies and yields.
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	Defatting Agent
	Purification Strategy
	Number of Steps
	Yield of WGA (mg Per 1 g Raw Wheat Germ)
	Reference





	Light petroleum
	Extraction in water

Protein precipitation 55% (NH4)2SO4

Dialysis in water

Ion exchange chromatography using a DEAE 1-cellulose column, two SE 2-Sephadex columns, and QAE 3-Sephadex (×4)
	7
	0.61
	[22]



	Light petroleum
	Extraction in water

Protein precipitation 55% (NH4)2SO4

Dialysis in water

Affinity chromatography CNAG 4-Sepharose (×1)
	4
	0.3
	[25]



	Acetone
	Extraction in 0.05 N HC1 buffer

Protein precipitation 35% (NH4)2SO4

n-Butanol treatment

Dialysis in 0.05 N HC1 and second protein precipitation 35% (NH4)2SO4

Ion exchange chromatography on DEAE-cellulose column (×1)
	6
	0.48
	[17]



	n-Hexane
	Extraction in 0.05 N HC1 buffer

Tangential flow filtration MWCO 5 10 kDa

Batch affinity purification on chitosan matrices (×1)
	3
	
	[26]







1–DEAE–diethylaminoethyl; 2–sulphoethyl; 3–Diethyl-(2-hydroxypropyl)aminoethyl; 4–CNAG-2-acetamido-N-(ϵ-aminocaproyl)-2-deoxy-β-D-glucopyranosylamine; 5–MWCO–Molecular weight cut-off.
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Table 2. Summarized studies on WGA grafted drug delivery systems.
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	Carrier Particle
	Drug
	Excipients
	Animal/Cell Line
	Outcome
	Reference





	Polymeric nanoparticles
	Paclitaxel
	Poly (lactic-co-glycolic acid)

Isopropyl myristate
	A549

H1299

CCL-186 cell lines
	Demonstrated higher cytotoxicity
	[54]



	Polymeric nanoparticles
	Paclitaxel
	Poly (lactic-co-glycolic acid)
	Caco-2

HT-29 cell lines
	Increased intracellular retention in the Caco-2 and HT-29 cells

Endocytosed nanoparticles could successfully escape from the endo-lysosome compartment and release into the cytosol with increasing incubation time
	[55]



	Polymeric nanoparticles
	Docetaxel
	Thiolated sodium alginate
	HT-29

L929 cell lines
	IC50 values of 52.9 µg/mL for HT-29 cells and 201.6 µg/mL for L929 cells

Selectivity towards HT-29 cells over L929 cells
	[56]



	Polymeric nanoparticles
	Etoposide

Carmustine

Doxorubicin
	Methoxy poly(ethylene glycol)-poly(ε-caprolactone)

Folic acid
	U87MG cell line
	WGA-modified surface promoted BBB permeation, and folic acid facilitated target site on U87MG cells

Anti-proliferation against U87MG cells
	[57]



	Liposomes
	Calcitonin
	Carbopol
	A549 cell line
	Carbopol-WGA modification enhanced interaction with A549 lung epithelial cells compared with unmodified or CP-modified liposomes

Enhanced and prolonged efficacy of calcitonin.
	[59]



	Microparticles
	Insulin
	Carboxymethylated kappa–carrageenan microparticles
	Caco-2 cell line

Sprague–Dawley rats
	WGA-functionalized microparticles at 20 mg/mL showed a reduction in cell viability upon exposure

The oral administration of insulin entrapped in the microparticles led to a prolonged duration of the hypoglycemic effect, up to 12–24 h, in diabetic rats.
	[60]



	Metal-oxide based nanoparticles
	-
	Iron oxide

Fe3O4
	PZ-HPV-7

DU-145

PC-3

LNCaP cell lines

DU-145 e BALB/c-nu/nu mice
	2.46 nM nanomagnet lectin exposure for 15 min induce apoptosis of cancer cells;

Xenografted (DU-145) e BALB/c-nu/nu mice, where the tumor was

not only completely arrested but also reduced.
	[61]



	Liposomes
	Temoporfin
	1,2-dipalmitoyl-sn-glycero-3-phosphocholin

N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulfate 1,2- distearoyl-sn-glycero-3-phosphoethanolamine-N-[3-(N-succinimidyloxyglutaryl)aminopropyl(polyethyleneglycol)-2000-carbamyl]
	Methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa cultures
	The WGA-modified liposomes eradicated all MRSA and significantly

enhanced the photodynamic inactivation of P. aeruginosa.
	[62]
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