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A Lesson in Survival, by Giardia lamblia
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In the relationships between host and parasites, there is a cross-talk that involves
diverse mechanisms developed by two different genetic systems during years of
evolution. On the one hand, immunocompetent hosts have developed effective innate
and acquired immune responses that are used to restrict or avoid parasitism. On the
other hand, parasites evade the immune response, expressing different antigens on their
surface or by using other specific mechanisms, such as nutrient depletion. In this review,
we analyze the survival mechanisms used by the protozoan parasite Giardia lamblia
during infection. In particular, we examine the multiple roles played by the enzyme
arginine deiminase during colonization of the gut, also involving the parasite’s
mechanism of antigenic variation. Potential drug targets for the treatment of giardiasis
are also discussed.
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HOST-PARASITE INTERACTION

Parasites are eukaryotic pathogens that broadly comprise protozoa and helminthes that need to complete
part or all of their life cycle within a host organism. The host organism is not a stationary
microenvironment for the parasite, but responds adaptively to its presence. It is this difference, the
adaptive interaction of host and parasite involving their own evolutionary survival, which distinguishes
parasitism from other modes of life. A dynamic mechanism of survival is used by the protozoan parasite
Giardia lamblia, which commonly causes diarrhea and malabsorption in human and various other
hosts[1,2]. The life cycle of Giardia includes two major stages: the nonproliferative, infectious cysts and
the proliferative trophozoite, which inhabits the small intestine of the host organism (Fig. 1A,B). The cyst
may live in the outside world for longer or shorter periods, but this is merely a necessary phase in the
movement from host to host. Infections usually start with ingestion of the cysts through contaminated
food or water, followed by excystation and release of the trophozoite in the small intestine[3]. The
vegetative form of the parasite colonizes the intestine, attaching to the intestinal cells by a cytoskeletal
organelle, called ventral disk, without invasion of the epithelium. The trophozoite divides by binary
fission and moves inside this microenvironment with the help of the flagella (Fig. 1B)[4]. In the lower
part of the small intestine, and in response to host signals, the trophozoites encyst and are excreted with
the feces as infective cysts[5]. Fecal-oral transfer of Giardia cysts is thus the major route for giardiasis
transmission[6,7].
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FIGURE 1. (A) Immunofluorescence and differential interference
contrast image of Giardia cysts (arrowhead). The cyst wall protein
1 (green) is observed forming the cyst wall. (B) Differential
interference contrast image of a trophozoite. The flagella are
indicated (arrows).

During the period of time that the trophozoite inhabits the intestine, it must adapt to different abiotic
factors, such as pH, oxygen tension, redox potential, and nutrient availability, and to truly biotic factors,
such as the normal bacterial flora[8,9], the mucus layer[10,11], Paneth cell-derived defensins[12,13],
intestinal proteases[14,15], or other parasites (reviewed by [16]). Also, since the environment provided by
the host is not passive, the parasite faces a variety of potentially destructive factors, such as T cells
(reviewed in [17]), mast cells[18], M cells[19], dendritic cells[20], antibodies[21,22,23], and
cytokines[24,25,26]. The aptitude of Giardia to evade or resist these adaptive responses ultimately
determines the ability of the parasite to reproduce and survive.

In this review, we examine recent reports that improve our understanding of the role played by the
metabolic enzyme arginine deiminase (ADI) during Giardia survival. The scope of the review encompasses
biological processes where the enzyme plays a crucial function. Studies where the whole immune response
is described are not detailed here, but several manuscripts are available[16,17,27]. We focus this report
especially on how an enzyme, classically involved in energy production, could also participate in inhibition
of both the innate and the acquired immune response. Based on these findings, we briefly discuss the
potential new therapeutic drugs being developed in order to treat or prevent Giardia infections.

L-ARGININE METABOLISM IN MAMMALS

L-Arginine (L-Arg) is a dibasic amino acid that is synthesized de novo in metabolic pathways from
proline, glutamine, or glutamate. In adult mammals, the majority of the endogenous L-Arg synthesis
involves a pathway named the “intestinal-renal axis”: the small intestine releases citrulline into the blood,
then, in the proximal tubule of the kidney, citrulline is metabolized into L-Arg, which is exported to the
systemic circulation[28]. L-Arg must be supplied in the diet during certain physiological or pathological
conditions (such as pregnancy, sepsis, or trauma) in which the requirement exceeds the production
capability[29,30]. L-Arg is therefore considered a semi-essential (or conditioned) amino acid in mammals.

L-Arg can be catabolized in a tissue-specific manner by nitric oxide synthase (NOS), arginase (ARG),
L-Arg glycine amidinotransferase, and L-Arg decarboxylase in mammalian cells. Among these, the two
major catabolic enzymes are ARG and NOS. As shown in Fig. 2, ARG hydrolyzes L-Arg to L-ornithine
and urea. L-Ornithine is a precursor for the synthesis of polyamines by the enzyme ornithine
decarboxylase (ODC) and for the synthesis of L-proline by the enzyme ornithine aminotransferase (OAT).
Polyamines are involved in cell growth and differentiation, whereas L-proline affects collagen production
(reviewed in [31]).

There are three isoforms of NOS[28,32,33]: endothelial and neuronal, which are constitutive isoforms,
and an induced isoform (iNOS), which is the major NOS isoform expressed by intestinal epithelial cells[34].
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FIGURE 2. Schematic representation of the L-Arg metabolic pathways. The activities of the enzymes involved in L-Arg
metabolism are illustrated together with the related function exerted by the final products. ARG and NOS compete for L-Arg
disposal, and relative changes in their activities determine nitric oxide and polyamine production in many cell types. L-Arg is
also involved in the internalization and re-expression of the T-cell receptor { chain.

L-Arg is metabolized by NOS to produce L-citrulline and nitric oxide (NO), a highly reactive free radical
essential for endothelial function, antitumor and innate immunity[35,36,37,38,39]. NO is antimicrobial
for a wide range of bacterial and parasitic pathogens[40,41] and has multiple other functions, including a
role in neurotransmission, regulation of mucosal barrier integrity, and vascular tone in the gut[42]. Thus,
in the gut, ARG and NOS may compete for L-Arg disposal, and relative changes in their activities would
determine NO or polyamine production, particularly during the course of an infection (Fig. 2).

Although L-Arg effects are mainly related to polyamines or NO production, L-Arg also plays an
important role in regulating T-cell function (Fig. 2). The T-cell receptor { chain (CD3{) is the principal
signal transduction element of the T-cell receptor complex (TCR), and is required for correct assembly of
the receptor complex and membrane expression[43,44]. L-Arg depletion appears to impair the cycle of
internalization and re-expression of CD3( after antigen stimulation, and also block cytokine production and
cell proliferation, but does not affect the expression of CD3( in resting T cells[45]. However, the changes in
signal transduction and T-cell function were reversible by the replenishment of L-Arg[45,46,47]. The
decreased expression of CD3{ and a reduced in vitro response to antigens or mitogens has been
demonstrated in patients with cancer, chronic infectious disease, and autoimmunity[45,48,49,50]. Loss of
CD3( is the only L-Arg-triggered mechanism described so far that has been proven to have direct relevance
to T-cell function[51]. How this is achieved has not been completely defined and requires further study.

GIARDIA MAY INFLUENCE THE IMMUNE RESPONSE IN THE GUT LUMEN OF THE
HOST BY L-ARG STARVATION

In single-celled organisms, nutrient depletion is a strategy that is used to regulate the proliferation of cells
competing for the same biological niche. Bacteria and parasites exploit the effects of L-Arg starvation as a
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survival strategy, using their own ARG or the ARG of the host to deplete L-Arg from the media[52].
Giardia utilizes the arginine dihydrolase (ADH) pathway as a source of energy, with L-Arg the
preferential fuel used in the early and most proliferative stages of growth. The pathway consists of three
enzymatic steps, involving ADI, OTC, and carbamate kinase (CK), with ATP production (Fig. 3).
Although the ATP yield is only one per L-Arg used, Giardia can produce ATP faster by L-Arg utilization
than from glycolysis, an associated pathway of pyruvate disposal[53]. The ADH pathway is distributed
among prokaryotes; however, it has been reported that it plays an essential role in energy uptake in early
divergent cells, such as Giardia, Trichomonads, the green alga Chlamydomonas reinhardtii, and
Hexamita inflata[54,55]. Two enzymes of the pathway, ADI and CK, are rare in eukaryotes and are not
present in higher animals. Particularly, ADI is an enzyme that catalyzes the hydrolysis of L-Arg to
citrulline and ammonium ion, the first step of the L-Arg degradation pathway[54,56,57]. In Giardia, ADI
was initially purified from sonicated cell extract of Giardia culture[58]. The adi gene characterized
allowed the overexpression of the recombinant ADI protein, which has characteristics comparable with
those of the native enzyme in Giardia[57].
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FIGURE 3. Role of ADI as a metabolic enzyme in Giardia. (A) L-Arg is taken up from the intestinal lumen to
produce ATP via the ADH pathway, with L-ornithine being secreted. (B) Giardia ADI and OCT are released to the
intestinal lumen, thus further depleting L-Arg from the medium.

As we stated above, L-Arg is catabolized by NOS to produce NO. It has been demonstrated that the
production of NO from intestinal epithelial cells inhibits growth, encystation, and excystation of Giardia,
but has no effect on giardial viability[59]. It is not clear which is the enzyme responsible for the
production of NO during Giardia infections. In vitro studies have shown that the role played by iNOS is
crucial for Giardia growth[59,60]. However, an in vivo study suggested that neural isoform NOS-1 is
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responsible for the elimination of Giardia infection[61]. The treatment of wild-type mice with a specific
inhibitor of iINOS and infections in mice lacking the iNOS gene showed no effect in the elimination of the
parasite. In addition, NOS-1 has been observed to be essential for parasite clearance[61]. However, a
nonredundant role of iNOS in parasite elimination should be considered. Although these findings may be
controversial, it is clear that, independently of the enzyme involved in the production of NO, this
metabolite contributes to the clearance of the parasite from the intestine. Although it has been suggested
that NO may affect the regulation of the giardial cell cycle, currently it is not known how NO generates
this effect. Moreover, the NO level in intestinal cells has also been shown to be important in the
regulation of adsorption/secretion of water[62], suggesting that it could be associated with symptoms of
giardiasis. Therefore, by consuming L-Arg from the gut lumen, Giardia trophozoites could indirectly
inhibit NO production by epithelial cells, taking into account that polarized intestinal epithelial cells are
largely dependent on apical L-Arg availability for NO production and do not substantially use L-Arg
present on the basolateral side[59]. Both the epithelial cell and the Giardia trophozoite possess a highly
efficient L-Arg transporter system, although the giardial arginine transport system has a 10- to 20-fold
higher maximal transport capacity, suggesting that it may have an advantage over the host in taking L-
Arg[63,64,65,66]. In the trophozoite, L-Arg is transported by an antiport in exchange for ornithine[63];
therefore, the L-Arg metabolism effectively drives its own uptake via the production and export of
ornithine, since both L-Arg and ornithine traverse the cell membrane down concentration gradients[53].
Moreover, ornithine has been shown to competitively inhibit L-Arg uptake by epithelial cells[59], which
might finally result in the inhibition of NO production.

There is another way by which Giardia trophozoites are involved in the inhibition of the innate
immune response applied by the host. Svard’s group recently demonstrated that ADI, enolase, and OCT
are released into the medium when the trophozoite is in contact with intestinal epithelial cells in vitro[67].
Also, as was previously shown for mycoplasmal ADI, recombinant giardial ADI decreases the NO
production from intestinal epithelial cells in in vitro studies[67,68,69]. All these enzymes are
immunoreactive during human infections[70,71]. Therefore, the presence of ADI and OCT in the gut
lumen may also contribute to L-Arg depletion and finally impact the availability of free L-Arg to be used
for the production of NO (Fig. 3B).

Besides the innate immune response developed by Giardia, the parasite also induces the development
of specific immune responses in the host. The role played by the humoral immune response during
Giardia infection in animal models has been extensively studied and several lines of evidence suggest
that IgA antibodies contribute to protective immunity against giardiasis (reviewed in [72]). However,
mice that are unable to produce antibodies were still able to control acute G. lamblia infection, suggesting
that resolution of infection occurs independently of antibodies[73]. On the other hand, in murine models,
T-cell responses are known to be important for the control of Giardia infections, taking into account that
T-cell-deficient mice fail to control G. lamblia and G. muris infections, and the specific depletion of
CD4+ T cells (but not CD8+ T cells) or c-kit enables chronic giardiasis to develop[18,73]. In humans,
patients with common variable immunodeficiency (CVID) and Bruton’s X-linked agammaglobulinemia
(XLA), but not with selective IgA deficiency, have been associated with a predisposition toward chronic
giardiasis (reviewed in [16,74,75]). It is possible that associated cellular responses are responsible for the
failure to control Giardia in these patients. Similarly, the development of a chronic infection in the
absence of protective immunity has been demonstrated in bacterial infections. For example, human T
cells stimulated in the presence of a crude extract of Helicobacter pylori had reduced proliferation and
this correlated with decreased CD3( expression[76]. Interestingly, when the extract was derived from the
RocF-deficient strain, which lacks the gene encoding the enzyme ARG, T cells were not affected,
indicating that there is a close relationship between H. pylori—-induced lymphocyte dysfunction and H.
pylori ARGJ[76]. In models of persistent parasitic infections, such as Leishmania major infections, L.
major—specific CD4+ T cells have been observed to be rendered hyporesponsive, both at the level of the
magnitude and of the quality of their responses as a result of a decrease of L-Arg level in the extracellular
milieu[77]. On the whole, this evidence substantiates the effects of L-Arg depletion on T-cell function
both in bacterial and in parasitic infections. Although this has not been studied in experimental models of
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giardiasis, it is possible that by an efficient consumption of L-Arg by ADI from intestinal contents,
Giardia may reduce the availability of the substrate required for T cells to generate a specific, strong
cellular immune response against the parasite. The study of the CD3( of the TCR in animal models would
shed light on the molecular mechanisms underlying cellular immune responses during the course of
Giardia infections.

GIARDIA ALSO UTILIZE ADI TO EVADE THE HOST'S HUMORAL IMMUNE
RESPONSE

Antigenic variation is a mechanism by which the trophozoites change their coat to survive inside the host
intestine, and to cause chronic and recurrent infections[1,78]. It is assumed that, at a given point in time,
an individual trophozoite is covered by only one member of a family of antigenically diverse proteins
called variant-specific surface proteins (VSPs)[78,79]. Spontaneously or in response to the host’s immune
response, one VSP is replaced by another antigenically distinct VSP on the surface of the trophozoite[78].
VSPs are a family of related proteins that coat the entire surface of the parasite, including the flagella[80].
These proteins are unique proteins with molecular weights documented from 22 to over 200 kDa, and
have common characteristics, such as several CXXC motifs in their variable N-terminal extracellular
region and a well-conserved hydrophobic tail of about 38 amino acids terminated by the invariant amino
acids, CRGKA[81]. The hydrophobic tail spans the outer parasitic membrane, while the terminal CRGKA
localizes in the cytosol. Although there are extensive data related to the characterization of VSPs, few
studies relate the unique structural features of VSPs and the biology of the parasite.

Recently, we found that the cytoplasmic tails of VSP1267, VSP9B10, and VSPH7 are
citrullinated[82]. Citrulline is a nonstandard amino acid and, because no citrulline tRNA exists, the
presence of citrulline residues in proteins has to be the result of post-translational modification. This
reaction is catalyzed by the enzyme peptidyl-arginine deiminase (PAD), which is able to convert peptidyl-
arginine in peptidyl-citrulline in mammalian cells. Interestingly, there is no pad homologous gene in the
Giardia genome. However, we found that the enzyme ADI colocalized with the cytoplasmic tail of the
VSPs by immunofluorescence assays, with a direct interaction being confirmed by yeast two-hybrid,
Western blot, and immunoprecipitation[82]. PAD activity was analyzed in Giardia in vitro using purified
HA-tagged ADI from transgenic trophozoites and a synthesized CRGKA peptide. After incubation and
purification, the modified citrulline residues present in the peptide were detected by Dot-blotting using an
anticitrulline antibody[82]. Because we showed that ADI was able to deiminate the peptidyl-arginine
residue, we proposed that, besides its previously described enzymatic activities, ADI might also act as a
PAD. On the other hand, studies performed by Li et al. evaluate the production of ammonia from the
action of ADI recombinant enzyme and arginine-containing peptides as a substrate (including the
CRGKA peptide), and were unable to detect the product formation[83]. Two major points may underlie
the discrepancy between these results: (1) the nature of the enzyme used (in vivo overexpressed, which
included all ADI variants, such as the sumoylated one, vs. recombinant nonpostranslationally modified
ADI) and (2) the assay employed (reaction at 50°C for 16 h following detection by Western blotting vs.
reaction at 25°C for 30 min and assessment of ammonia formation by changes in absorbance). Although
the exerted maximal PAD activity in vitro was described at pH 6.0-7.6 and at 50°C[84], it is surely not
physiological. On the other hand, incubation at 25°C for 30 min may not be sensitive enough. Thus, a
combination of both assays, utilizing the purified HA-tagged ADI from transgenic trophozoites and
synthetic CRGKA peptide to detect ammonia production, would be useful to clarify this point.

In eukaryotic cells, five isotypes of mammalian PAD (mPAD) have been cloned. All of them rely
strongly on the presence of Ca** for activity and are unable to convert free L-Arg into L-citrulline[85].
However, it has been observed that the bacterium Porphyromonas gingivalis, associated with the
initiation and progression of adult-onset periodontitis, releases a PAD (pPAD), a virulence factor that
prevents acidic cleansing cycles in the mouth[86]. This pPAD is believed to be evolutionarily unrelated to
the mPAD and, unlike this enzyme, it is able to convert both peptidyl-arginine and free L-Arg into

2024



Ropolo and Touz: Role of ADI in Giardia lamblia TheScientificWorldJOURNAL (2010) 10, 2019-2031

citrulline[87]. Nevertheless, pPAD, ADI, and mPAD are members of the hydrolase branch of the
guanidino-modifying enzyme superfamily[87]. The catalytic site of PAD enzymes consists of a conserved
Cys, which functions in nucleophilic catalysis, a conserved histidine that participates in acid/base
catalysis, and two carboxylate residues that bind the substrate to the guanidinium group[87]. Because
determining the crystal structure of ADI from Giardia has not been successful, the reported crystal
structures of Mycoplasma arginini AD, Pseudomona aeruginosa AD, and Bacillus cereus AD were used
as structural templates for the construction of a three-dimensional model of the N-terminal (catalytic)
domain of Giardia ADI[83]. It was found that all substrate-binding and catalytic residues, as well as the
catalytic scaffold on which they are positioned, are conserved. The presence of the catalytic site in
Giardia ADI could contribute to our observation that it acts as a PAD enzyme.

Citrullination may have serious consequences for intramolecular interactions because it decreases the
net positive charge of the protein, causing loss of potential ionic bonds and interference with H bonds.
Also, it has consequences in intermolecular interactions of the target protein that might include failure in
these interactions and the possibility of the formation of de novo ones (reviewed in [88]). Also, the less
ordered structure of the citrullinated protein makes it more vulnerable to proteolytic degradation. The
functional relevance of the citrullination of the VSP tail is related with the antigenic variation process in
Giardia[82]) (Fig. 4). The most commonly cited biological role of antigenic variation is immunological
escape, in which the host’s antibodies produced against the dominant antigen destroy the organisms
bearing it, resulting in these being replaced by organisms that possess a variant form of the antigen. By
mimicking what happens in vivo, it was shown that the exposure of trophozoites to a high level of specific
anti-VSP antibodies results in cell death and the emergence of trophozoites expressing an antigenically
different VSP[89,90,91]. This event is highly linked to citrullination of the cytoplasmic tail of VSPs,
since mutation of the target amino acid arginine causes deregulation of VSP switching, probably due to
the blocking of a signal-transduction event. On the other hand, when the levels of antibodies are low, VSP
switching rather than cytotoxicity is induced. Interestingly, we found that an increase in the VSP
citrullination by overexpressing ADI increased the rate of VSP switching under low antibody
induction[82].

On the whole, one can speculate that ADI has a crucial function during the first period of colonization
of the parasite in the intestine. Besides its participation in counteracting the innate immune response, ADI
may play an important role in allowing the evasion of the adaptive immune response. It is generally
known that, during the first stage of the adaptive immune response, there are few specific antibodies
against a new antigen, and it takes some days for the activation, proliferation, and clonal expansion of B
lymphocytes in the peripheral lymph nodes or Peyer’s Patches in the gut. Therefore, after Giardia
excystation in the small intestine, it confronts few and poor specific antibodies, particularly against the
VSPs. In this stage, ADI might participate in the process of antigenic variation, allowing the parasite to
produce a wide population of trophozoites expressing a different VSP. This probably results in an
efficient evasion of the host’s immune response and colonization of the parasite.

POTENTIAL PARASITE DRUG TARGET AGAINST GIARDIA

Giardiasis could be self-limiting in some cases, but because of the potential for chronic or intermittent
symptoms, treatment is recommended. At least six drugs with different mechanisms are available to treat
giardiasis. However, new drugs need to be developed that take into account the undesirable effects of the
current therapeutics[92]. In addition, recurrence of symptoms after treatment and reinfections are
significant reasons for the development of improved treatments. Some possible therapeutic agents related
with the L-Arg metabolism are briefly summarized here.

2025



Ropolo and Touz: Role of ADI in Giardia lamblia TheScientificWorldJOURNAL (2010) 10, 2019-2031

N A

=T

Cysteine Cysteine

Arginine E> Qcitru]line

Glycine Glycine
Lysine
Alanine

Lysine

Alanine
FIGURE 4. ADl is involved in the antigenic variation process of the parasite Giardia lamblia. (A) After excystation, a population
of parasites that express different surface antigens appears. Each trophozoite expresses a particular VSP on its surface (in blue)
against which the host produces specific antibodies. (B) ADI converts the arginine present in the cytoplasmic tail of the VSPs (in
yellow) into citrulline (in gray), favoring the process of antigenic variation. (C) The expression of different VVSPs (in green) by the
trophozoite allows the evasion of the humoral immune response, and extends the time needed for the parasite to proliferate and
differentiate in the small intestine. ED: extracellular domain; TM: transmembrane domain.

ADI

The absence of the ADI gene in the human genome, together with its important function in both
pathogenic protozoa and bacteria, makes this enzyme an attractive therapeutic drug target for the
treatment of bacterial and parasitic infections[57]. Moreover, interest has increased in ADI as a potential
agent of antiangiogenesis, as well as antileukemic and nonleukemic murine tumors[93,94]. Because ADI
is involved in an important energy-producing pathway in Giardia and antigenic variation, it is a desirable
target for future drug design. However, since it was observed that the enzyme itself acted as an apoptosis-
inducing virulence factor (in streptococci and mycoplasma infections) and investigations of patients with
chronic giardiasis showed apoptosis in intestinal epithelial cells[93,95,96], Giardia ADI might not be
directly used for treatment. The next challenge is to design inhibitors, with the ADI catalytic cysteine
being an obvious target for an active site-directed electrophile or a suicide substrate. Nevertheless, since
the ionization of the catalytic cysteine-thiol is substrate assisted, the inhibitor must likewise induce
cysteine-thiol ionization. Also, since the substrate binding is based on multiple polar interactions within a
spatially confined binding site, the inhibitor must also possess a strategically placed and sized polar
substituent[83].
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L-Arg

The benefits of gut trophic nutrients (such as zinc, vitamin A, glutamine derivatives, and L-Arg) to break
down the vicious cycle of enteric infections and malnutrition are being studied extensively[97]. It is
possible that key repair nutrients synergize with micronutrients improving the mucosal absorptive
capacity and barrier functions of the epithelia, to favor the development of effective innate or acquired
host defenses, and to reduce the severity and duration of enteric infections or overt diarrheal symptoms. In
parasitic infections, some models are currently exploiting the use of amino acids as therapeutic agents.
For severe malaria, human volunteers were treated with L-Arg intravenously and the dosing regimen was
found to be safe, with no clinically significant adverse effects[98]. For Cryptosporidium infections in
nude mice, L-Arg treatment reduces C. parvum oocyst shedding, accelerates mucosal repair, and probably
favors NO generation[99]. Nevertheless, in C. parvus—infected neonatal piglets, provision of additional
NO substrate in the form of L-Arg incites prostaglandin-dependent secretory diarrhea, and does not
promote epithelial defense or the barrier function of the ileum[100]. The discrepancy in the results may be
related to animal models used, the dose of L-Arg, the age of the animals, and, clearly, the immune status
of the host. For giardiasis, it would be interesting to analyze, in a murine model of infection, whether
intervention with L-Arg has beneficial or detrimental effects on the immune system of the host, and if it
influences the outcome of the infection.

CONCLUDING REMARKS

To cause infection, Giardia must compete for the same biological niche with its host’s cells. To survive
inside the host, the trophozoites internalize L-Arg to produce energy and, at the same time, to avoid the
production of NO and, probably, develop an effective T-cell response. Also, through antigenic variation,
the trophozoite evades the humoral immune response. In this context, ADI becomes a key enzyme
involved in both processes. Clearly, a reduced response against the pathogen will benefit the microbe by
extending the length of infection and allowing greater time for transmission to a new host. Researchers
have identified a small number of genes that could guide the development of new treatments against
Giardia. These novel therapies should be focused towards immunocompromised persons; for example, by
administration of L-Arg to reduce parasitic infections. Besides this “natural” treatment, the development
of cell-permeate—specific ADI inhibitors may be useful as chemotherapy in the treatment of giardiasis.
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