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A B S T R A C T

Grass pollens are amongst the most important aeroallergen sources world-wide triggering allergic rhino-
conjunctivitis and asthma in sensitised patients. Much of what we know about the allergen components of
grasses is informed by research on pollen of temperate (Pooideae) species that are abundant in the temperate
climate zones. However, climate changes are altering the biogeographical distribution as well as timing and
allergenicity of grass pollens. This provides an impetus for better understanding of the contribution of sub-
tropical subfamilies of grasses to pollen allergy globally. Pollen of Chloridoideae (e.g. Cynodon dactylon;
Bermuda grass) and Panicoideae (e.g. Paspalum notatum; Bahia grass or Sorghum halepense; Johnson grass)
subfamilies are clinically important in subtropical zones of Australia, Asia, India, Africa, and America. These
grasses differ ecologically and phylogenetically from temperate grasses and, importantly their allergen com-
position is qualitatively different. For example, subtropical grass pollens appear to lack the major group 5 grass
pollen allergen family. In this review we summarize current knowledge of the epidemiology and immunology of
subtropical Chloridoideae and Pancoideae pollen allergens, describe the biochemical characteristics of known
isoforms and variants as well as properties and structures of subtropical pollen allergen components. Whilst only
one subtropical allergen component; Cyn d 1 of Bermuda grass pollen, is available commercially for diagnostic
use, in a natural purified form, a number of allergens of Panicoideae grass pollen; Zea m 1, Zea m 3 and Zea m 13
of maize, Pas n 1 and Pas n 13 of Bahia, as well as Sor h 1, Sor h 2, Sor h 13 and Sor h 23 of Johnson grass, have
been discovered. Research effort is directed towards making available subtropical grass pollen allergen com-
ponents as innovative treatment and diagnostic options that more specifically address the needs of patients from
warmer regions of the globe.

1. Biogeography, epidemiology and immunology of subtropical
grass pollen

There is an inverse biogeographical distribution of temperate and
subtropical grasses with the subtropical species being more abundant
closer to the equator (Esch, 2004). The size of the world’s population
living in subtropical climates is increasing globally and the subtropical
climate zones are widening (Gupta, 2002; Seidel et al., 2008). In
southern United States of America (USA), such as Florida, Texas,
Louisiana and Mississippi, the population increased by 18.3%–52.3
million between 2000 and 2010 (US Census Bureau). The biomass of
subtropical grasses (Morgan et al., 2011) and their range is predicted to
expand with climate change (Gupta, 2002), increasing the exposure to
subtropical GP allergens and intensifying the burden of allergic re-
spiratory diseases (Beggs, 2009; Ziska and Beggs, 2011). The epide-
miology of subtropical grass pollens and their contribution to allergic
rhinoconjunctivitis and asthma in subtropical regions has previously

been reviewed (Davies, 2014). Here a comparison between temperate
and subtropical grass pollen biogeography, epidemiology and im-
munology is summarized.

In 1972, Hensel and Griffith (1972) examined sensitisation fre-
quencies in the 429 patients from Louisiana, a subtropical region in
USA; Bahia (Paspalum notatum) GP was the most frequently recognized
GP but the patterns of sensitization included SPT positivity to Bahia,
Dallis (Paspalum dilatatum), Johnson (Sorghum halepense), Bermuda
(Cynodon dactylon) and Timothy (Phleum pratense) GP. Application of
the Prauss Kausner test (Cohen and Zelaya-Quesada, 2002) with serum
of five Bahia GP-allergic patients to non-allergic recipients, showed
higher SPT reactivity to Bahia than other species of GP (Hensel and
Griffith, 1972).

A survey of sensitisation of 345 children of military personnel with
allergic diseases in Lackland, Texas, Bahia GP showed the highest fre-
quency (38%) of positive SPT of a panel of 51 common aeroallergens
(Calabria and Dice, 2007). Interestingly, the frequency of sensitivity to
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pollens of other grasses; Bermuda (35.9%), Ryegrass (Lolium perenne)
(34.8%) and Timothy (34.2%), were only slightly lower. The authors
considered the study cohort to be from a “mobile” population and it
included children up to 18 years of age. There was an increase in pre-
valence of allergic sensitivity with age, therefore it was unclear whether
sensitisation to GP occurred whilst the children lived in Texas and were
exposed to grasses of Texas.

Examination of serum IgE reactivity to GP in allergy patients from
Europe and North America revealed high correlations between specific
IgE to various GP in single point tests (Andersson and Lidholm, 2003;
Johansen et al., 2009). However, the degree of correlation between
specific IgE concentrations to subtropical GP and temperate GP was not
as high as amongst temperate GP. Most of the patient sera examined in
those studies were sourced from patients in regions primarily exposed
to temperate GP.

IgE cross-inhibition assays can be used to indicate the avidity of
interaction based on the inhibitor concentration at which 50% (IC50) of
IgE reactivity with the target allergen is blocked, and the degree of
specificity of response (maximum IgE cross inhibition) (Aalberse,
2007). IgE cross reactivity between subtropical and temperate GP is
incomplete and mostly non-reciprocal, depending on the origin of the
patient and their exposure to subtropical and/or temperate GP allergens
(White and Bernstein, 2003; Weber, 2003; Davies et al., 2011a; Davies
et al., 2012). The capacity for the immune system to differentiate be-
tween allergens of temperate and subtropical GP at the T and B cell
level has important implications for the specificity of GP allergy diag-
nosis and the likely efficacy of GP allergen specific immunotherapy
(Nony et al., 2015; Burton et al., 2002; Etto et al., 2012; Eusebius et al.,
2002).

In a cross-inhibition study from Minnesota, USA, with pooled sera of
five donors highly allergic to northern GP, Bermuda GP was unable to
inhibit 50% of IgE with June (Koeleria macrantha), orchard (Dactylis
glomerata), meadow fescue (Festuca pratensis) or Ryegrass GP. In the
converse experiments, four orders of magnitude more Timothy GP ex-
tract was required to achieve 50% inhibition of IgE with Bermuda GP
(Leiferman and Gleich, 1976).

Similarly, northern GP showed reciprocal cross-inhibition of IgE
reactivity with an array of temperate GP in studies with pooled sera
from US army volunteers (Martin et al., 1985). However, Bermuda and
Bahia GP extracts showed limited capacity to inhibit pooled serum IgE
reactivity with pollens of Ryegrass and Timothy GP extracts in radio
allergosorbant assays. Pollen of “northern” grasses inhibited most but
not all IgE reactivity with Bahia grass, suggesting “unique allergenicity”
for Bahia compared with a temperate GP. Although the origin of the
subjects and their primary exposure to temperate or subtropical grasses
was not described, distinct IgE reactivity between subtropical and
temperate GP were evident.

Small numbers of patients from Florida showed no in vivo cross-
reactivity between pollen of Timothy and Bahia GP in nasal provocation
tests in patients with allergic sensitivity to either Timothy and Bahia GP
(Phillips et al., 1989).

Recently, Ramirez et al. (2015) used an allergen challenge chamber
in Texas to investigate sensitivity to Timothy GP where subtropical
grasses predominate without natural Timothy GP exposure. Of the 22
participants, SPT and specific IgE to Timothy and subtropical Bahia,
Johnson and Bermuda GP correlated with symptom scores following
exposure to Timothy GP in the allergen challenge chamber. The authors
did not observe differences between symptom scores of participants
who were locals of Texas and those who had lived outside of Texas for
over 5 years. However, at excessively high allergen exposure in the
chamber (over 3000 grains per meter cubed over three hours) those

participants who were local Texans showed slower kinetics of symptom
escalation than those who had been exposed to Timothy GP outside
Texas suggesting differences in allergic sensitivity between the two sub-
groups of participants (Ramirez et al., 2015).

In different states of Australia, Davies et al. (Davies et al., 2011a;
Davies et al., 2012) showed that levels of specific IgE reactivity with
subtropical and temperate GP differ depending on the biogeographical
origin and grass exposure patterns of the patient. Moreover, the finding
of specific IgE recognition of subtropical species of GP in patients from
subtropical Queensland was subsequently confirmed in separate studies
(Nony et al., 2015).

2. Biology and biochemistry of subtropical GP allergens

GP allergen families include proteins with particular biochemical
structures and functions within the pollen from which they are derived.
The allergens discovered within subtropical GP include the group 1; β-
expansin, group 13; polygalacturonase, and others described below.
Notably, the highly allergenic group 5 allergen of temperate GP does
not occur in subtropical grass pollens. Table A1 summarizes the sub-
tropical GP allergens identified to date for which there is evidence of
patient IgE reactivity or allergenicity. Proteomic analysis of Bermuda
GP revealed eight allergens that shared similarities to known pollen
allergen families based on mass spectrometry and databases compar-
isons (Kao et al., 2005). Analysis of the complete proteome, tran-
scriptome and allergome of Johnson GP, demonstrated that there are
more gene transcripts present within the pollen that encode for al-
lergen-like proteins, and more detectible isoforms translated into pro-
teins and packaged within pollen, than there are IgE-binding proteins
detected with serum of relevant, clinically-affected allergy patients.
Thus the allergen status of putative allergens identified by molecular
biological techniques must be verified (Pomes et al this issue).

2.1. Major allergens: group 1

The major Group 1GP allergens, β-expansins constitute up to 10% of
total pollen (Drew et al., 2011). Functionally, these non-proteolytic gly-
coproteins are involved in the loosening of the cell walls to facilitate in-
vasion of the pollen tube (Cosgrove et al., 1997). In molecular and bio-
chemical studies of the maize (Zea mays) allergen Zea m 1, it was proposed
that β-expansins loosens plant cell walls by disrupting noncovalent junc-
tions between the matrix polysaccharide glucuronoarabinoxylan, that
binds cellulose (Wang et al., 2016). Cyn d 1, from Bermuda GP, was the
first group 1 allergen to be characterized as a 32 kDa protein with high N-
terminal sequence homology to the well characterized group 1 allergen of
Ryegrass, Lol p 1 (Shen et al., 1988; Matthiesen et al., 1991). Group 1
allergens of subtropical GP show the highest frequency of IgE reactivity by
immunoblotting in GP allergic patients (Davies, 2014), ranging from IgE
reactivity to Cyn d 1 in 76% of 21 patients from Taiwanese and 100% of
44 patients from New South Wales, Australia (Shen et al., 1988; Ford and
Baldo, 1987). A 33 kDa acidic (pI 6.59) allergen purified biochemically
from Bahia GP showed IgE reactivity with sera from patients in Florida
USA (Ghobrial et al., 2002). The Bahia GP Group 1 allergen of 29 kDa was
subsequently cloned, Pas n 1 (Davies et al., 2008; White et al., 2009). By
ELISA, recombinant Pas n 1 showed IgE with 47 of 55 (85%) patients from
the temperate climate city of Melbourne Australia (Davies et al., 2008) and
by ImmunoCAP purified Pas n 1 showed IgE reactivity with 91.2% of
182GP-allergic (Timbrell et al., 2014). Sor h 1 was identified (Avjioglu
et al., 1993) and latter characterized as 30 kDa protein that showed by
ELISA IgE reactivity with 76% in sera of 64 patients from Queensland,
Australia (Campbell et al., 2015).
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2.2. Group 13 allergens

The next prominent group of allergens in subtropical GP are the
Group 13 allergens. Zea m 13 was the first subtropical group 13 al-
lergen identified, as a 50–60 kDa protein that had 42% IgE reactivity in
24 GP-allergic patients (Petersen et al., 2001). Digestion of Zea m 13
with endoproteinase Lys-C and isolation of a 35 kDa protein fragment
revealed complete identity with polygalacturonase (Petersen et al.,
2001). These enzymes degrade cell wall pectin (Swoboda et al., 2004).
The group 13 allergens have subsequently been identified in Bahia and
Johnson GP, both as 55 kDa proteins with high N-peptide sequence
homology to that of Zea m 13 (Campbell et al., 2015; Davies et al.,
2011a). Two isoforms of native Sor h 13 with observed molecular
weights of 55 and 54 kDa were purified from Johnson GP (Campbell
et al., 2015). Whilst eight gene transcripts encoding polygalacturonase
were present in the Johnson GP transcriptome, two detected in the
proteome corresponded to the purified isoforms designated Sor h
13.0101 and Sor h 13.0201 by mass spectrometry analysis (Campbell
et al., 2015).

2.3. Pan-allergens: group 7 and 12

Group 12 GP allergens are profilins, ubiquitous proteins found in all
eukaryotic organisms that are pan-allergen responsible for cross re-
activity between pollen, latex and plant foods (Matricardi et al., 2016).
Profilins are 12–16 kDa actin-binding protein involved in the genera-
tion of the cytoskeleton (Gunning et al., 2015). There were three
transcripts encoding profilins in Johnson GP that were present in the
proteome however, there were no IgE reactive spots consistent with
profilin detected on two dimensional immunoblotting with sera pooled
from GP-allergic patients from a subtropical region (Campbell et al.,
2015). To date, the frequency of IgE reactivity with profilins of sub-
tropical grass pollens has not been established for clinically relevant
patient cohorts.

Group 7 GP allergens have been classified as polcalcins, due to the
presence of two calcium binding domains. Cyn d 7 was cloned from
Bermuda GP and plaque blots of recombinant Cyn d 7 were found to be
IgE reactive in 10% of 30 patients from a temperate region of
Melbourne. Cyn d 7 showed protein sequence similarity with Bet v 4
(66%) from Birch and Bra r 1 (30%) from oilseed rape, two known
calcium binding allergens (Smith et al., 1997; Suphioglu et al., 1997).
Four of 68 cDNA transcripts encoding polcalcins were expressed as
proteins in the Johnson GP proteome, but IgE reactivity was not de-
tected with pooled GP-allergic sera from a subtropical region (Campbell
et al., 2015).

2.4. Minor allergen groups: group 2, 4, 23 and 24

Group 4 GP allergens are metallo-flavoprotein or berberine- bridge
orthologues that function as an oxidase in biosynthesis of pollen-spe-
cific secondary metabolites (Huang et al., 2012a). Purified Cyn d 4 was
IgE reactive in 5 of 10 patients with seasonal allergic rhinitis patients
and Bermuda-GP allergy from Florida (Su et al., 1996). One cDNA
transcript of the Johnson GP transcriptome matched known GP group 4
allergens, but IgE reactivity was not observed with pooled sera of GP-
allergic patients from a subtropical region (Campbell et al., 2015).

Cyn d 24 is exclusively reported in Bermuda GP. This allergen shares
homology with pathogenesis-related protein, PR-1, ranging from 45.2
to 49.6% amino acid identity with homologous proteins in maize and
barley (Hordeum vulgare) (Chow et al., 2005). These are stress proteins

produced by plants following bacterial or fungal infections, flooding or
freezing temperatures (Stintzi et al., 1993). The frequency of IgE re-
activity with Cyn d 24 was 29% of 21 Bermuda GP-allergic asthma
patients from Taiwan (Horng-Der et al., 1988).

The group 2 GP allergens of Johnson GP are 12 kDa proteins with pI
of 4.9 and 5.9 for the two isoforms. Whilst being similar to, they are
distinct from the group 1 allergen carboxy-terminal domain and clus-
tered separately from group 1 allergen in a dendrogram of GP groups 1,
2 and 3 cDNA transcripts (Campbell et al., 2015). Zea m 2 has been
mentioned in several studies, and shares similarity with Zea m 3, but its
IgE reactivity has not been evaluated (Oldenburg et al., 2011; Petersen
et al., 2006). In studies of the temperate Timothy GP, the corresponding
group 2 and 3 allergens, Phl p 2 and Phl p 3, have high IgE cross-
reactivity and homology to the C terminal domain of beta-expansins i.e.
group 1 allergens (Matricardi et al., 2016; Devanaboyina et al., 2014).
Three isoforms of Sor h 2 were identified and found to bind IgE re-
activity of GP-allergic sera from patients in subtropical Queensland,
Australia (Campbell et al., 2015).

The group 23 GP allergen, Sor h 23 was observed as 29 kDa proteins
with isoforms of pI of 5.7 and 6.9. Sor h 23 was found to be larger than
its closest homolog, Cyn d 23 (22.2 kDa, 6.22 pI) suggesting they are
quite different (Campbell et al., 2015). Whilst Cyn d 23 is listed as an
allergen in the WHO/IUIS database, its existence is only discussed
(Yang et al., 2005) and there is a lack of studies on its frequency of IgE
reactivity with relevant patient sera and its biochemical function.

3. Subtropical grass allergen structures

3.1. Zea m 1

The crystal structure of the β-expansin group 1 pollen allergen Zea
m 1 isoform d (Fig. 1), from purified maize pollen, was elucidated by x-
ray crystallography to 2.75-A resolution (Yennawar et al., 2006).
Termed EXPB1 (Genbank AAO45608), it consists of two globular do-
mains packed closely and has a groove with potential to bind a glycan
backbone of approximately 10 sugar residues. The N-terminal domain
1, has sequence similarity of 20% with the catalytic domain of family-
45 glycoside hydrolases. The C-terminal domain 2 of Zea m 1, has be-
tween 10 to 35% amino acid identity to group 2 and 3 allergens, which
are expansin- like proteins (Yennawar et al., 2006).

Fig. 1. Ribbon model of Zea m 1 showing the two globular domains and their
anti-parrallel beta sheet fold. Adapted from Yennawar et al. 2006 (Yennawar
et al., 2006).
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3.2. Cyn d 4

The crystal structure of purified natural Cyn d 4 (Fig. 2), was re-
ported at 2.15 A resolution (Huang et al., 2012a). It has structural si-
milarity to the vanillyl alcohol oxidase (VAO) superfamily with two
distinct domains; an FAD-binding domain and substrate-binding do-
main. The FAD-binding domain includes a series of N-terminal and C-
terminal residues and folds into two subdomains; one with five β-
strands encircled by five α- helices (subdomain 1), and another with 4
core β-strands encompassed within three α- helices (subdomain 2). The
substrate binding domain consists of seven β-strands surrounded by five
α-helices. Two N-glycosylation sites were also observed. Cyn d 4 also
contains an FAD cofactor that is covalently linked to His88 and Cys152,
making it a bicovalent flavoprotein. There is also a deep, large cavity in
which most of the residues are hydrophobic. Taken together, these
features indicate Cyn d 4 has oxidase functions involved in biosynthesis.
Cyn d 4 contains a large number of solvent-exposed, positively-charged
residues, which result in its basic pI of close to 10. When compared with
models of group 4 allergens, two conserved patches were identified as
putative antibody or IgE binding regions while five conserved clusters
identified could comprise of cross-reactive epitopes (Huang et al.,
2012a).

4. Isoallergens and isoforms

Allergens can exist as isoallergens or isoforms with varying mole-
cular weights and isoelectric points (pI) (Pomes et al., this issue). Iso-
allergens show sequence differences and can arise from separate gene
loci, as exemplified by two Zea m 1 isoforms (GenBank accession nos.
AY104999 and AY104125) having higher sequence similarity with Lol
p 1 and Phl p 1 than with two other Zea m 1 isoforms (AY197352 and
AY197353) (Li et al., 2003). While all four Zea m 1 isoforms exhibited
similar biochemical activity (cell wall extension), there were differ-
ences in protein abundance and reactivity with monoclonal antibodies
(Li et al., 2003). This implies structural and potentially, immunological

differences between isoforms. Table A2 summarizes the known isoforms
of subtropical GP allergens.

The number of isoforms and isoallergens of subtropical grasses
listed in Table A.2 were compiled from the WHO/IUIS Allergen
Nomenclature database. Cyn d 1 has two identified isoallergens; Cyn d
1.01 with 7 variants and Cyn d 1.02 with 4 variants. Cyn d 1 was first
described as a 32 kDa protein with a pI of 6.2. Chang et al were the first
to identify between four to ten isoforms with pI ranging from 5.6 to 7.3,
classified by acidity (acidic, basic, neutral) and with the basic and
neutral isoforms having lower molecular weight (Chang et al., 1995).
More importantly, the basic and neutral isoforms were found to have
higher RAST inhibition compared to the acidic isoforms for inhibition
of pooled patient IgE reactivity with the basic isoform fraction, sug-
gesting unique allergic determinants in the basic and neutral isoforms.
However, the acidic isoform fraction showed higher level of IgE re-
activity with pooled serum than the neutral isoform fraction.

Screening of the Bermuda cDNA library for unidentified Cyn d 1
isoallergens revealed four new cDNA clones encoding acidic proteins
that share 86% identity with the basic isoforms identified by Chang
et al (Au et al., 2002; Chang et al., 1995). Further comparisons of these
two groups of Cyn d 1 isoallergens revealed different net charges for the
acidic isoallergen and for the basic isoallergen, different signal peptides
of 18 amino acid residues for acidic and 26 for basic, as well as the
presence of additional GA residues at the C-terminus in some basic
isoallergens that are not present in the acidic isoallergens.

Two isoforms of Sor h 1 were discovered separately; one basic Sor h
1.02 and acidic Sor h 1.01, but their IgE reactivity has not been directly
compared (Avjioglu et al., 1993; Campbell et al., 2015).

Currently, there is a lack of information regarding the clinical im-
plications of multiple isoallergens from subtropical GP for instance
isoforms of Cyn d 1, Zea m 1 and Sor h 1. However, studies on other
inhalant allergens have demonstrated immunological differences be-
tween their respective isoallergens (Christensen et al., 2010; Hartl et al.,
1999). Further research on immunoreactivity of subtropical GP iso-
allergens using quantitative methods with relevant, clinically-affected
patients is needed to improve our understanding of the importance of
particular isoforms for diagnositic accuracy or therapeutic benefit.

5. Diagnostics

Clinical utilization of component-resolved diagnostics (CRD) com-
plements skin prick tests and serum-specific IgE testing with whole
extracts (Scala et al., 2010). When compared to skin prick tests, CRD is
more specific for identifying the primary sensitizing allergen or disease-
causing allergen source, which is essential for precise selection of im-
munotherapy (Gonzalez-Mancebo et al., 2017; Saltabayeva et al.,
2017).

nCyn d 1 was the first subtropical GP allergen to be commercially
available for CRD, specifically in the ImmunoCAP system
(Thermofisher, Sweden) (Matthiesen et al., 1991). The utility of this
assay system was recently demonstrated by a cross-sectional study in
southern China that used CRD to investigate sensitization profiles of
purified allergens from Bermuda, Timothy and Humulus scandens in 346
patients with allergic rhinitis and/or asthma (Luo et al., 2017; Luo
et al., 2016). nCyn d 1 has also been included as one of the 112 aller-
gens on the ImmunoCAP ISAC multiplex array (ThermoFisher, 2012).
rCyn d 12 was also tested as part of the ISAC array in the first extensive
cross-sectional study of 23, 077 Italian patients, but it is not commer-
cially available (Scala et al., 2010).

An issue is that nCyn d 1 is glycosylated near the amino terminus,
thus testing of IgE reactivity with nCyn d 1 in populations not exposed

Fig. 2. Stereoview of Cyn d 4 crystal structure displayed as ribbon and stick
figure, N-terminal segment in blue. Adapted from Huang et al., 2012a.
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to Bermuda grass can give positive results that are difficult to reconcile
clinically (Cabauatan et al., 2014). These positive reactions could be
low affinity cross-reactivity of IgE primarily specific to temperate GP
allergens, or due to non- specific, clinically-irrelevant binding to the
cross-reactive carbohydrate component. Note that in the Philippines, a
tropical region with a low population frequency of reactivity with GP
(Davies, 2014), there was no difference in IgE reactivity to nCyn d 1 in
patients with symptomatic allergic rhinitis and those reporting no al-
lergic rhinitis, and the IgE binding to nCyn d 1 could be reduced by
inhibition with Cross-reactive carbohydrate determinant (CCD)-con-
taining nPhl p4 or by deglycosylation (Cabauatan et al., 2014).

In Australia where GP allergy frequency is high, specific IgE re-
activity was detected with recombinant Pas n 1 (Davies et al., 2008),
indicating that the carbohydrate component is not involved in IgE
binding to this rPas n 1. Moreover, in separate studies in Florida USA,
deglycosylation of the group 1 allergen of Bahia GP did not diminish
IgE binding (Ghobrial et al., 2002), indicating that in geographically
relevant locations CCD is not the reason for detection of IgE binding
with group 1 allergens of subtropical grass pollens.

The potential for nPas n 1 in the diagnosis of patients with allergic
rhinitis due to Bahia GP allergy was shown with biotinylated nPas n 1
coated onto a streptavidin ImmunoCAP (Timbrell et al., 2014). Serum
specific IgE towards nPas n 1 of 182 GP-allergic patients, with clinical
history of allergic rhinitis, was highly correlated with BaGP SPT
(r= 0.795) and BaGP IgE (r= 0.951). Furthermore, this assay showed
high sensitivity detecting of Pas n 1 specific IgE (92.4%, cut-off at
0.225 kU/L), high specificity (93.1%) and low inter-assay co- efficient
of variation (6.92%) (Timbrell et al., 2014). However, it was also ob-
served that 8% of other allergy patients also showed IgE reactivity with
natural Pas n 1 suggesting that some positive responses in this assay
format could be due to cross-reactive carbohydrate moieties (Timbrell
et al., 2014), indicating the need for recombinant subtropical grass
pollen group 1 allergen components for diagnosis.

6. Treatment

Allergen immunotherapy (AIT) is a commonly administered and
effective treatment for controlling allergic rhinitis due to GP (Walker
et al., 1995; Bousquet et al., 1998). While subcutaneous and sublingual
immunotherapy options are safe and effective, for reducing clinically
symptoms and medication use in adults and children with allergic
rhinitis and asthma (Dhami et al., 2017a,b), they both require repeated
doses to achieve long-term efficacy and have rare but potentially
harmful side effects (Klimek et al., 2016).

New treatment methods are being trialled including synthetic pep-
tide immuno-regulatory epitopes (SPIRE) (Larché and Kay, 2004). This
treatment method requires lower doses and a shorter treatment course
compared to current SCIT or SLIT and due to its short length, has
lowered chance to cross-link IgE on mast cells and basophils (Creticos,
2014). SPIRE for GP allergy is being developed, comprising of T-cell
epitope peptides from the subtropical Cyn d 1 and a four temperate GP
group 5 allergens; Lol p 5 (Ryegrass), Phl p 5 (Timothy), Dac g 5
(orchard) and Hol l 5 (velvet). In a multicentre phase II clinical trial
involving 282 patients with a randomized, double-blind, placebo-con-
trolled design, following 14 weeks of treatment with this GP SPIRE
significantly reduced rhinoconjunctivitis symptoms in an Environ-
mental Exposure Unit, and exposure to a natural pollen season in Ca-
nada (Ellis et al., 2017). An optional follow-up study on this cohort after
a second natural pollen season showed a sustained treatment effect
after cessation of dosing (Ellis et al., 2015).

A DNA vaccine candidate for subtropical GP has been designed by

inserting cDNA of Cyn d 1 into the vector pcDNA3 (Huang et al.,
2012b). A model of BALB/C mice sensitized by intraperitoneal injection
twice to rCyn d 1, was immunized by intramuscular injection of re-
combinant plasmid Cyn d 1 (pCyn d 1). This induced Th1 responses,
characterized by increased allergen specific IgG and interferon- γ levels
from CD4+and CD8+ as well as suppression of specific-IgE in serum
(Huang et al., 2012b). A similar study on neonatal BALB/C mice vac-
cinated with pCyn d 1 and sensitized twice with intraperitoneal rCyn d
1 showed a similar suppression of specific IgE response, induction of
Th1 response and IL-4 secretion in spleen (Huang et al., 2014).

7. Summary and conclusions

The differences in frequency of SPT, levels of IgE reactivity and
patterns of cross-reactivity reported for subtropical grass pollen aller-
gens of Bahia, Bermuda and Johnson GP are likely to be clinically re-
levant for patients in subtropical regions. Others report the ratio of
allergen specific IgE to total IgE (Di Lorenzo et al., 2009), the number
allergen components recognized within Timothy GP (Darsow et al.,
2014), and the recognition of particular allergen component (Savi et al.,
2013), to indicate severity or progression of allergic respiratory disease
(Hatzler et al., 2012). With increasing capacity to measure levels of
specific IgE to allergen components, implementation of more quanti-
tative and molecularly defined allergy testing is likely to be clinically
helpful for subtropical GP allergen components. Further research with
quantitative methods is needed to determine the rates and levels of
sensitisation to standardized recombinant allergen components such as
Cyn d 1, Pas n 1, Sor h 1, Cyn d 4, Pas n 13 and Sor h 13 in relevant
patients with allergic respiratory diseases from subtropical regions to
evaluate the importance of particular subtropical GP allergen compo-
nent isoforms and to drive the advancement of more defined and spe-
cific diagnosis and treatment options for subtropical GP allergy.
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Appendix A

Table A1
Biochemical families, biological function crystal structure and post-translational modifications of known subtropical grass pollen allergens.

Biochemical family Biological function Protein
structure
available

Name Post-translational
modifications

References

β-expansin Cell-wall loosening to allow cell
enlargement during plant growth (Wang
et al., 2016), (Cosgrove et al., 1997).

Zea m 1 Pas n 1 N-glycosylation Davies et al. (2008), Matthiesen et al. (1991),
Avjioglu et al. (1993), Campbell et al. (2015)
, Li et al. (2003)

Cyn d 1
(Group 1); Sor h 1
29-31 kDa Zea m 1

Expansin-like protein/C-
terminal β-expansin

Similar to β-expansin N/A Sor h 2 Campbell et al. (2015)

(Group 2);
12 kDa

Metallo- flavoprotein/
glycoprotein

Berberine bridge enzyme orthologue
(Davies, 2014)

Cyn d 4 Cyn d 4 Huang et al. (2012a)

(Group 4); Oxidase involved in biosynthesis of pollen-
specific apolar secondary metabolite60 kDa, pI 9.3

Polcalcin Two calcium-binding domains (EF-hands) Cyn d 7 (Smith
et al., 1997)

Cyn d 7 Suphioglu et al. (1997)
(Group 7);
12 kDa

Profilin Actin-binding protein N/A Cyn d 12 Asturias et al. (1997)
(Group 12);
14.1 kDa Zea m 12 Kovar et al. (2000)

Polygalacturonase Pectin-degrading enzymes (Swoboda et al.,
2004)

N/A Pas n 13 N-glycosylation Davies et al. (2011b)
(Group 13); Sor h 13 Campbell et al. (2015)
54-55 kDa Zea m 13 Petersen et al. (2006)

Pathogenesis-related protein Proteins released by plants when faced
with environmental stress (Stintzi et al.,
1993)

N/A Cyn d 24 N-glycosylation Chow et al. (2005), Stintzi et al. (1993)
(Group 24);
21 kDa
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