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ABSTRACT
Introduction: Identified as a circulating serine-protease inhibitor, the genetic deficiency of which
predisposes to the development of lung emphysema, alpha1-antitrypsin (AAT) has recently been
found to possess various anti-inflammatory and immunomodulatory activities outside the biochemical
inhibition of serine-proteases. AAT is presently extracted from human plasma to supply life-long
infusions to patients with genetic AAT deficiency. However, its newly appreciated functions point to
extended therapeutic uses; these, alongside modified production attempts, represent a novel and
dynamic niche of drug repurposing, set apart from addressing lung emphysema in AAT-deficient
individuals.
Areas Covered: The review provides a comprehensive summary of patent-protected inventions in the
field of novel clinical indications for AAT and innovations in AAT production.
Expert Opinion: A molecule no longer patentable per se, presents with novel clinical applications; its
mechanism still unfolding. While modified protein sequences are patentable and potentially superior,
they are burdened by regulatory setbacks. Thus, recent approaches in the context of AAT appear in
patents that describe combinations with other drugs, redefined clinical subclasses, and unique recom-
binant entities, carefully skirting saturated areas of AAT patentology. It will be fascinating to follow
technologies and creative patenting as AAT navigates the trying trades of pharmaceutical industry
towards an increasing lineup of unmet clinical needs.
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1. Introduction

1.1. Purification of clinical-grade AAT

Reduced levels of circulating alpha1-antitrypsin (AAT), as in
the case of genetic AAT deficiency (AATD), was first iden-
tified in 1963 to be the outcome of a variety of mutations
in a single gene encoding the human glycoprotein, AAT.[1]
The condition is rare (~1 in 5000–10,000 individuals) and is
associated most commonly with pulmonary emphysema,
as well as with cirrhosis, systemic vasculitis (particularly
anti-neutrophil cytoplasmic antibody [ANCA] positive) and
neutrophilic panniculitis.[2,3] In 1981, a treatment for
AATD has been developed: augmentation (replacement)
therapy that consists a life-long once-a-week slow-drip
infusions of plasma-derived affinity-purified human AAT.
Using this approach, AAT serum levels are typically
restored to the desired >11 µM and the risk of emphysema
is reduced.[2–6]

Clinical-grade AAT is extracted from pooled human
plasma using AAT-enriched plasma preparations, as initially
described by Gadek et al.[7] To date, at least four manufac-
turers are licensed by the US Food and Drug Administration
(FDA) to produce clinical-grade AAT: Grifols Ltd. produce
Prolastin, Baxter Therapeutics Ltd. produce Aralast, CSL-
Behring Ltd. produce Zemaira, and Kamada Ltd. produce
Glassia. All four companies apply mild modifications to

Cohn’s cold ethanol fractionation [8] as the fundamental
step in AAT purification, obtaining mostly human serum
albumin and AAT from fractions II, III, and IV. At this point
of the process, the fractions also contain a moiety of blood
factors, such as AAT-associated apolipoprotein 1-A.[9,10]
Thus, they are further processed by chromatographic or pre-
cipitation purification methods in order to separate the mole-
cule from the remainder of solution content. In order to
minimize the risk of bloodborne pathogens, all companies
include nanofiltration alongside solvent/detergent or pas-
teurization processes. As a final release stage, the product is
then tested for its capacity to inhibit neutrophil–elastase. To
this end, Kamada Ltd. manufactures a solution of AAT, the
other companies produce lyophilized AAT.

The different purification methods give rise to mild varia-
tions in purity, as well as in the tendency of the purified
protein to form aggregates under particular conditions.
Variations have also been described in the degree of specific
activity, as well as inclusion of multiple isoforms of human
AAT, as described by Cowden and colleagues.[2] The various
purification methods also yield AAT with some alterations in
both structure and glycosylation patterns, rendering the clin-
ical-grade material moderately different from the circulating
native protein.[11] The implications of such variations are pre-
sently studied. Nonetheless, all present methods for obtaining
clinical-grade human AAT are satisfactory; safety, quality,
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quantity, and efficacy are well in the desired range, and all
products inhibit neutrophil–elastase.

1.2. Recombinant AAT and the impediment of protein
glycosylation

Costly production processes and treatment protocols (estimated
at $14,000 per patient per year in the United States alone [12]), as
well as the constant concern regarding infusion of blood pro-
ducts, combined with finite amounts of global plasma pools,
have all given rise to increased interest in recombinant produc-
tion of AAT. Recombinant human AAT has been generated in
multiple systems, including bacteria, yeast, insect cells, mamma-
lian cells, and entire transgenic plants and animals. However,
none of these attempts was approved for clinical use.[6]

One of the leading challenges facing recombinant production
of AAT is the complexity of its post-translational processing,
namely, a distinctive glycosylation process. Being a 394-amino-
acid-long molecule, AAT measures at 46 kDa; yet with its added
glycosylations it grows to become a 52-kDa glycoprotein. Its
three N-glycosylation sites act as the docking point of glycation
chains that may comprise up to 16% of its weight (positions 46,
83, and 247). The composition and pattern of these extensions
slightly differ between humans, giving rise to eight major iso-
forms (M1–M8). Changes in the glycosylation pattern of AAT
affect primarily the rate of protein degradation both in the
endoplasmic reticulum and in the plasma, as well as the rate by
which the protein aggregates. These factors have a direct effect
on the plasma half-life: a fully glycosylated AAT has a 3–4-day
half-life, a non-glycosylated AAT has a 7-min-long half-life.[13–
16] Constructing these particular glycosylated structures on the
surface of AAT is highly diverse between cell types, species and
without exception, plants, yeast cells, and bacteria.

1.3. AAT modulates inflammation and immune
responses

Although known primarily for its anti-protease and anti-inflam-
matory activities, studies conducted over the past decade have
cumulatively demonstrated that AAT is also an immune-

modulator and a cytoprotective molecule. As such, microenvir-
onments enriched with AAT were shown to contain reduced
levels of pro-inflammatory cytokines, such as interleukin (IL)-1,
IL-6, and tumor necrosis factor (TNF)-α,[17] and increased levels
of anti-inflammatory mediators such as IL-1 receptor antagonist
and IL-10.[18] This phenomenon was also depicted in human
PBMC in vitro studies,[19,20] as well as in samples obtained
from cystic fibrosis (CF) patients who received inhaled AAT.
[21] Concomitantly, AAT has been demonstrated to directly
bind IL-8,[22] and danger-associated molecular pattern mole-
cules (DAMPs), such as extracellular heat shock protein (HSP) 70
[23] and gp96, [24] which otherwise act as adjuvants to the
associated immune responses.[25,26]

Surprisingly, the anti-inflammatory qualities of AAT still
allow innate immune cells to respond to authentic threats;
macrophages readily phagocytose bacteria, neutrophils
decontaminate infected sites,[27] and antigen-loaded dendri-
tic cells migrate to draining lymph nodes.[18] T lymphocytes,
on the other hand, respond to AAT-rich environment indir-
ectly, pending stimulation from innate immunocytes. For
example, AAT has been shown to elicit semi-mature antigen
presenting cells that favor the expansion of protective regula-
tory T cell.[18,25,28–30] B lymphocytes, which belong to both
the innate and adaptive immune system, appear to exert a
modified response in the presence of AAT, in the form of
diminished isotype switching which results in enhanced pro-
tective IgM production.[25,30] Indeed, it has been suggested
that the reduction in bacterial burden, as depicted in CF
patients for instance,[31] during treatment with AAT may
relate to enhanced anti-pathogen immune responses; at the
same time, local tissues are spared from inappropriate exces-
sive injury that might promote deleterious adaptive responses
by elevating the levels of local DAMPs.[27,32,33]

1.4. The biochemical activities of AAT extend beyond
serine–protease inhibition

As our appreciation of these multiple functions of AAT grew, it
became apparent that we may have to consider the possibility
that AAT exerts at least some of its attributes irrespective of its
capacity to inhibit serine–proteases. In fact, treatment with
several forms of other elastase inhibitors (e.g. aprotinin) does
not overlap the favorable outcomes of AAT therapy in multiple
preclinical studies. Thus, studies have begun to surface in the
past decade to describe unexpected binding partners and an
extended anti-proteolytic repertoire outside the prototypic
elastase-binding site. AAT was found to inhibit proteases out-
side of the serine–protease family, such as metalloproteinase
(MMP) 9 and caspase-3.[25,30] There is evidence for AAT
binding to lipids and carried in the blood in association with
high density lipoprotein (HDL),[22,34–37] apparently granting
the lipoprotein particle added anti-inflammatory attributes.
Concomitantly, AAT has been demonstrated to prevent apop-
tosis in various systems, presumably by reducing the activity
of caspase-3,[29,38–41] as well as preventing necrotic cells
death under various triggers.[42] Based on these findings, a
patent application was published in 2011 in which the inven-
tors propose that AAT interferes with the process of necrosis
in several clinical situations.[42] Indeed, AAT has been shown

Article highlights

● Alpha1-antitrypsin (AAT) is a serine–protease inhibitor glycoprotein
housing a multitude of immunoregulatory and immunomodulatory
activities.

● To date AAT is purified from pooled human plasma, a process still
being perfects by recent patents.

● Currently, the sole clinical indication for AAT transfusion remains AAT
deficiency, a one gene disease usually characterized by early onset
emphysema and liver disease.

● Patents published in recent years depict the clinical use of AAT in
conditions varying from treatment of diabetes, Graft vs Host disease,
graft protection, bacterial infections and even ameliorating radiation
exposure adverse effects.

● The need for increased production rates has raised attention to
recombinant production of AAT, alongside the modification options
this method harbors.

This box summarizes the key points contained in the article.
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to induce a tissue protective effect in the form of improved
function of stress-inflicted cells residing that surround a point
of immediate pathological impact in neurologic, cardiogenic,
and pancreatic models.[25]

Being unrelated to the binding site of neutrophil–elastase
within the protein sequence of AAT, some studies have found
that these properties of AAT may explain consistent anti-
inflammatory outcomes in platforms that use modified forms
of AAT that lack elastase-inhibiting capacity. A head-to-head
comparison was held between commercial plasma-purified
AAT and the recombinant version that lacks anti-elastase
property [43]; in that study, neutrophil infiltration and inflam-
matory cytokines and chemokines were all downregulated
both in vitro and in vivo. Interestingly, the concentrations of
recombinant AAT that were required to elicit an anti-inflam-
matory environment were 40–100-fold lower than those
required of the plasma-derived protein. In another study, the
use of AAT-Fc fusion molecule, which also lacks elastase inhi-
bition capacity most probably due to structural rigidity, had
induced an anti-inflammatory effect as well a cytoprotective
effect in an animal model.[44]

Indeed, it appears that elastase inhibition, the sole activity
most commonly associated with AAT and the only functional
release-criteria for commercial plasma-purified AAT, constitu-
tes only a fraction of its clinically favorable mechanism of
action, and represents an activity that might actually render
the molecule susceptible to irreversible proteolytic inactivation.

1.5. Clinical indications for AAT treatment to non-
deficient individuals

Currently, the only approved clinical indication for the initia-
tion of intravenous AAT augmentation therapy is AATD. Upon
diagnosis, these patients receive 60 mg/kg AAT at the slow
rate of 0.08 ml/kg/min, once a week, for life. Based on this
population of patients, it has been concluded that the use of
AAT is safe for a wide range of ages, including outcomes from
long-term studies that extended for up to 7 and 13 years of
weekly infusion sessions.[4]

Based on the safety of AAT and its newly appreciated
biological activities, expanding its clinical indications became
an attractive possibility and one of fast-track approval by
regulatory authorities. In fact, there is no requirement for a
basic toxicity trial of infusing AAT to individuals that are not
AAT deficient. Three clinical trials have been completed and
published in the past decade: two reported AAT treatment for
recently-diagnosed type 1 diabetes [45,46] and one reported
outcomes of AAT treatment for acute myocardial infarction.
[47] The diabetes trials are of particular importance as they are
the first to report safety of administration of AAT to pediatric
and adolescent individuals. Importantly, these patients dis-
played production of endogenous insulin, as determined by
serial measurements of c-peptide, which reflected a positive
trend of either slowed-deterioration or in some cases
improved production. Table 1 presents a list of active clinical
trials listed in the national institutes of health (NIH) registry
and that are unrelated to AATD. Two such studies attempt to
use AAT to treat treatment-resistant graft versus host disease
(GvHD), a potentially life-threatening condition in which

transplant-residing immunocytes attack host cells and tissues.
Three recent studies attempt to assess the effect of AAT
therapy for recently-diagnosed type-1 diabetes; two studies
examine AAT treatment for improving pancreatic islet trans-
plant survival and one study examines the efficacy of AAT
treatment on lung transplantation. One study is investigating
treatment with AAT for relapsing neuromyelitis optica, a con-
dition involving inflammation and demyelination of the optic
nerve and spinal cord, and one additional study assesses
treatment with AAT for the amelioration of organ injury after
cardiac surgery.

In the present review, we provide a comprehensive sum-
mary of recent patent-protected developments in the field of
novel clinical indications for AAT and innovations in AAT
production.

2. Results

2.1. Patent database search

On 28 December 2015 an online search was held on both the
US Patent Collection database and the AppFT database.
Patents were obtained using the restrictions of dates from 1
January 2012 to 31 December 2015 and the search terms:
‘AAT’ alongside claims for ‘AAT’, ‘treatment or treating’ and
‘method’. The search held on the US Patent Collection data-
base yielded 51 results and the search in AppFT database
yielded an additional 247 results. Search results were meticu-
lously filtered for duplicates and non-therapeutic-related
results, yielding a final count of 12 patent applications and 7

Table 1. Active clinical trials involving AAT for non AATD patients.

Registry Subject Start date
Estimated
completion

NCT01523821 Alpha-1 antitrypsin (AAT) in
treating patients with acute graft
versus host disease (GvHD)

November
2013

June 2016

NCT01700036 A pilot study of AAT in steroid
refractory acute GvHD

July 2013 July 2017

NCT02005848 Phase II–III study to evaluate the
efficacy and safety of Glassia® in
type-1 diabetes

April 2014 April 2016

NCT01319331 The effects of AAT on the
progression of type 1 diabetes

October
2010

October
2015

NCT02093221 Study of human plasma-derived
alpha1-proteinase inhibitor in
subjects with new-onset type 1
diabetes mellitus

March
2014

May 2016

NCT02520076 Aralast NP in islet transplant August
2015

February
2017

NCT02464878 Multicenter trial of the effect of
AAT on islet transplant
engraftment and durability after
renal transplant

May 2016 January
2018

NCT02614872 Study to evaluate the safety and
efficacy of intravenous Glassia®
treatment in lung
transplantation

January
2016

January
2020

NCT02087813 Pilot study of AAT to treat
neuromyelitis optica relapses
(A1AT for NMO)

March
2014

March
2016

NCT02191839 Single dose administration of AAT
for the amelioration of organ
injury in patients undergoing
cardiac surgery

July 2014 July 2015
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patents relevant for the scope of the present review. Patents
published under the same title but containing different claims
were grouped.

2.2. Patents on AAT production

To date, clinical grade AAT for augmentation therapy is sup-
plied by a process of extraction and affinity-purification of the
protein from human plasma, a procedure that has been
described and patented about three decades ago. The mildly
varying, initial crude processes have undergone multiple
minor alterations until the time of the preset review, cumula-
tively reaching a fairly satisfactory present-day protocol.

Interestingly, in the past few years, some modifications to
these protocols have surfaced in the patent database that
focus on either modified purification of the material, or its
synthesis as a recombinant protein. In a patent dating 2013,
metal chelate chromatography is applied to the process of
AAT purification from a solution containing primarily AAT and
albumin, i.e. Cohn’s cold ethanol fractions II, III, or 1-IV
(Table 2). In another series of patents and a patent application
spanning 2013–2015, AAT is produced by either chemical
precipitation, pH modification and fractioning, or a disulfide-
reducing agent and protein adsorbing material; as in the
former, chromatography is used in order to depict the final
product. The major incentive for these added purification
parameters relates to an attempt to separate Apolipoprotein
1A from the solution.

With the capacity to avoid human products altogether,
recombinant technology has been applied for AAT produc-
tion as early as 1983. Being that the condition of AATD is a
so-called one-gene-disease, the obvious need for replacing
the lack of sufficient AAT with recombinant AAT has
enjoyed impressive advances in multiple platforms, albeit,
using the native sequence for human AAT. As such, the
actual sequence has precluded patentability of the pro-
duced material, and was focused more on the post-transla-
tional composition of the protein. In a 2012 patent
application (‘recombinant human AAT’,[6]) the production

of recombinant AAT comprising of N-linked glycans wherein
at least 10% of the glycans are tetra-antennary and the
degree of capping with sialic acid is at least 50%, resulting
in a product that is superior in similarity to native circulat-
ing unpurified AAT. The inventors in that patent expressed
AAT in PER.C6® cells, immortalized human retinal derived
cells, as opposed to other common protein-expressing cel-
lular platforms that while may supply large amounts of
recombinant protein, fall short in providing a form of AAT
that bares the desired post-translational glycosylation
pattern.

Other recombinant AAT protocols have had AAT fused to
various protein carriers. In 2013, such a patent application was
issued describing the production of Fc-fusion recombinant
AAT molecule, later also mentioned to have superior serum
half-life to the wild-type version of the protein, while still
retaining its anti-inflammatory properties.[54]

2.3. Patents on therapeutic uses of AAT

Between 2012 and 2015, the possibility of treating non-defi-
cient individuals with AAT has given rise to clinical approaches
that involve the functions of AAT rather than its mere circulat-
ing levels. Preclinical evidence pointed at a profound effect on
immune responses in a manner which appears to allow an
intact immune system to combat pathogens rather than inno-
cent mammalian cells. Nonetheless, previous patents pre-
cluded obvious extensions of the use of AAT and required
new patents to focus on superior novelty and narrower clinical
vignettes.

2.3.1. Patents on allograft and xenograft protection
These patents address the potential clinical benefit of applying
AAT as a treatment for the prevention of graft rejection.
Currently, post-transplantation treatment protocols are com-
prised of long-term supplementation of immunosuppressive
drugs aimed to keep the balance between graft protection
and a functioning immune system capable of defending the
host from pathogens. Unfortunately, in several cases, such as
in the case of pancreatic islet transplant for type 1 diabetes
individuals, the immunosuppressive treatment itself was
found to be toxic for the grafted cells.[55,56]

The cumulative data regarding the immunomodulatory cap-
abilities, which AAT harbors was applied repeatedly in recent
years as the background for several groundbreaking studies in
the field of graft transplantation and protection [28,30,57,58]
proving that the immune system can be re-educated so as to
‘tolerate’ the differences between the graft and the host, even
without immunosuppression. In a patent application published
in 2012, Lewis et al. describe a treatment method aimed at
reducing the risk of transplant rejection by immune-tolerance
therapy using commercial AAT. The notion of using AAT as an
immune-tolerogenic drug was further advanced in a patent
application published in 2015, which holds several novelties: a
supplementation of AAT treatment with temporal T-cell deple-
tion using anti-CD4 antibodies, anti-CD8 antibodies or their
combination, and the possibility of applying the combination
treatment in xenotransplants, i.e. animals and humans.

Table 2. Patents on the production and purification of AAT (2012–2015).

Inventor(s) Importance Reference

Brinkman
et al.

Production of recombinant AAT comprising of
N-linked glycans wherein at least 10% of the
glycans are tetra-antennary and the degree
of capping with sialic acid is at least 50%

[6]

Brinkman
et el.

AAT separation and purification from a fraction
of human blood plasma using (1) ethanol
and precipitation, (2) fumed silica or (3)
dithiotheitol, fumed silica, and exchange/
hydrophobic chromatography

(1) [48] (2)
[49] (3)
[50]

Dinarello
et al.

Production of AAT-Fc fusion molecule [51]

Kee et al. A streamlined method for purifying AAT from
AAT-containing protein mixture by cleavage
of disulfide bonds with a reducing reagent
which does not affect AAT, solid protein
adsorbing material and chromatographic
purification

[52]

Kumpalume
et al.

Separation of AAT from a solution containing
AAT and albumin by metal chelate
chromatography

[53]
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2.3.2. Patents on protection from GvHD
Addressing the clinical entity of an injurious unwanted
immune response following bone-marrow or organ graft-
ing, two 2014 patent applications were published describ-
ing the use of AAT in order to modulate the response of a
grafted immune system in a recipient individual, com-
monly termed GvHD. While the reduction of risk for
GvHD was already described in the patent from 2012, this
is the first time AAT is described as a treatment option
other than immunosuppression, for existing ongoing
GvHD.

2.3.3. Patents on type 1 autoimmune diabetes
Several patents describe the use of AAT as a therapeutic for
recent onset autoimmune diabetes. Based on a large volume of
preclinical data, the use of AAT for altering the course of type 1
autoimmune diabetes has been extensively studied in the past
decade. Accordingly, several patents regarding this approach
have been issued in the year 2012with mild differences between
patent contents (Table 3). The use of AAT for diabetes has been
suggested in a prior patent dating back to 1999 [31] with regards
to protection of cells from apoptotic death and to 2008 with
specific regards to diabetes.[59] In 2012, two patents applications
addressed the therapeutic use of AAT in diabetes. The novelty of
these patents was in their targeted populations; the first aims for
a population with active insulin-secreting beta cells as evident by
serum c-peptide levels while the second aims for a population in
which the disease diagnosis is established upon the presence of
apoptotic beta cells. Importantly, of all the patents in the past in
which AAT has been considered for therapy and that were a
generalized approach to lists of diseases, these are the first that
appear at a date that has passed the publication of the first
clinical trial to administer AAT to non-deficient individuals.[46]

2.3.4. Patents on reduction of bacterial burden
Using AAT as an agent that may reduce bacterial burden is
detailed in a few recent patents. Accumulating evidence of
AAT’s inflammation reducing capabilities has risen concerns
that opportunistic bacterial infections might become a serious
threat to the life-long users of AAT augmentation therapy.
However, clinical studies show that patients under AAT augmen-
tation therapy not only do not suffer fromopportunistic infection
but rather seem to have reduced lung infection rates.[70–72] This

apparent contradiction was further explored in several pulmon-
ary and extra-pulmonary animal models, all of which suggested
an anti-bacterial property of AAT in vivo.[27,31,73]

The first patent to describe the use of AAT for the treat-
ment of bacterial infection was published in 2005, [74] describ-
ing the administration of AAT as a means of protection from
and treatment of mycobacterial infection. On this ground, one
patent application was published in 2012 and two in 2014, all
of which describe the construct of an AAT-Fc fusion molecule,
already known to be anti-inflammatory and cytoprotective,
[43,44,54] to treat and prevent mycobacterial infection.

2.3.5. Patents on cytoprotection during radiation therapy
The cytoprotective properties of AAT and its ability to diminish
the rate of apoptosis, necrosis and other forms of cellular death
have gained solid evidence in the past decade, both in vitro and
in vivo.[19,24–27] These qualities are harnessed in a 2011 patent
that describes the therapeutic use of AAT as an anti-necrotic
agent.[42] Another patent was published in 2015, describing
the administration of AAT to subjects exposed to or scheduled
to be exposed to radiation in order to prevent or minimize
cellular death related to radiation-induced cellular damage.

2.3.6. Patent on the treatment of chronic fatigue
syndrome
Use of AAT as a therapeutic for the possible amelioration of
CFS is represented in a 2012 patent. CFS is a medical condition
affecting multiple bodily systems with a yet unclear etiology.
[75] One of the possible triggers leading to the condition is
the chronic activation of the immune system as a result of viral
infections or metabolic abnormalities.[76–78] Quintana et al.
were first to describe the use of AAT infusions as a possible
treatment for CFS.[64] The authors of that patent attribute the
alleviation of symptoms and improvement in clinical measure-
ments to the role of AAT in the regulation of gene expression
related to the immune system as well as to the anti-inflam-
matory effect on immunocytes associated with CFS. Whether
AAT enters the brain and modifies local cell responses is highly
unlikely in the healthy brain; yet evidence of AAT within the
central nervous system has been documented in cases of a
compromised blood brain barrier: ischemic stroke, [1]
Parkinson’s disease, [2] Alzheimer’s disease, [3] and multiple
sclerosis.[4]

3. Conclusion

In this review, we describe patented production and thera-
peutic uses of AAT between 2012 and 2015. Five patents
address production of AAT and eight patents include novel
clinical indications. Collectively, these patents accurately
depict a watershed moment in the predicted therapeutic
role of AAT in medicine. The diseases addressed in these
patents are all directed at patients that exhibit normal levels
of circulating AAT: type 1 autoimmune diabetes, GvHD, acute
myocardial infarction, transplant candidates, patients with CFS,
patients with a mycobacterial infection, and patients under-
going radiation therapy. Production techniques aim at fine-
tuning some aspects of the classic plasma-derived product,
and the molecule itself is represented in some patents as a

Table 3. Patents on novel clinical entities to be treated by AAT (2012–2015).

Inventor(s) Importance Reference

Crapo et al. Use of AAT to ameliorate the adverse effects of
radiation exposure in patients

[60]

Lewis et al. Use of AAT for the treatment of type 1 diabetes [61]
Lewis et al. Use of AAT for the promotion of graft survival and

the treatment and prevention of GvHD
[62]

Lewis et al. Use of AAT and temporal T-cell depletion for the
prevention of allograft and xenograft rejection

[63]

Quintana
et al.

Use of AAT for the treatment of cognitive
impairment associated with chronic fatigue
syndrome (CFS)

[64]

Shapiro Use of AAT Fc fusion molecule for the treatment
and prevention of bacterial and mycobacterial
infections, including B. anthracis

[65] [66]

Shapiro Use of AAT for the treatment diabetes. [67]
Shapiro et al. Use of AAT for the treatment of GvHD [68] [69]
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recombinant entity. Taken together, a rather stirring profile
after relatively uneventful 30 years of applying plasma-purified
AAT to AAT deficient individuals.

4. Expert opinion

Based on long-term and well-established treatment proto-
col as well as an outstanding safety record, recent studies
appear to propel AAT into the highway of mainstream
therapeutics that target inflammation and other unwanted
immune responses. However, being visible for such a
lengthy period of time, AAT appears to challenge the
process of patenting, necessitating a significant distance
from the previously described properties of the molecule
toward unique biologic aspects of it, and from a mono-
tonous production practice toward an effervescent niche
of novel therapeutic forms of AAT. This snapshot of the
role of AAT in contemporary medicine, as evident through
patented articles, is probably the tip of the iceberg that is
expected to rapidly emerge as the understanding of the
functions of this molecule and the molecular engineering
capabilities grow side-by-side, toward an era of medicine
in which preference is conferred to the harnessing of
native biological pathways and native, or at least native-
based, molecules.

The capacity to apply AAT infusion sessions for non-
deficient individuals is presently achievable in the form of
off-label use. This gives the physicians the opportunity to
treat patients that are otherwise not eligible for AAT infu-
sions or related clinical trials, establishing the treatment
protocol based on literature with profound safety in mind.
At times, off-label treatment proposals may be supported
by an added biological basis, such as the established phe-
nomenon of an inactivated form of circulating AAT in dia-
betic patients, or the lack of appropriate inducible levels of
AAT in both the third trimester of pregnancy and during
inflammatory acute phase responses.

The emergence of unsatisfactory levels or function of AAT
is a relatively young niche that may encompass a myriad of
medical conditions, including as a preventative measure, such
as in the case of elderly patients that are susceptible to
bacterial pneumonia, any patients during prolonged hospita-
lization periods and patients receiving elective immunosup-
pression or chemotherapy. The field is open for clinical use,
yet is exceptionally difficult to patent for so-called novel clin-
ical indications, as the information that is already in the public
domain is quite vast. Nonetheless, novelty in the patent profile
of therapeutic uses for AAT has taken an interesting turn in
2012–2015.

There is little mention of AAT as monotherapy.
Combinatory approaches render its use patentable, so long
as the choice of drug combination is not obvious. There is
practically no reliance on its anti-proteolytic biochemical prop-
erty as mechanism of action, and there are traces of mention
regarding uses of the presently available clinical-grade AAT
and its common purification protocols. These all aim at dis-
tancing their content from the obvious use of AAT in the
context of unwanted immune, inflammatory, and tissue injur-
ious conditions. Thus, the trickle of patent-protected novel

clinical applications of AAT is bound to continue to narrow
toward an engineered molecule that, ideally, can no longer be
called AAT.

Among the greatest challenges facing the application of
newly gained understandings regarding the functions of
AAT in both disease and health, is the limited availability
of clinical-grade AAT. With emerging evidence for super-
iority of some recombinant forms of AAT, attention is
drawn toward uniquely modified recombinant formulations.
Such a path holds several obstacles, some of which are
biological, such as the requirement for a highly defined
glycosylation pattern, and some are practical, such as the
setback of a standard regulatory process for approval of
non-native molecules. However, advancements in the field
of recombinant protein design, alongside with better under-
standing of the post-translational modification processes
and their importance to the functions of AAT, appear
more tangible today than in previous decades. These tech-
nologies provide not only a drastic drop in cost and the
flexibility for a scale-up in the production of the product,
but also an opportunity to manipulate various protein
domains within AAT and possibly develop modified, super-
ior and perhaps disease-oriented formulation based on AAT.
For example, controlling half-life and pharmacokinetic dis-
tribution may allow for further development of diverse
routes of administration of AAT and tissue targeting. Such
developments are of importance as weekly infusion sessions
of AAT are known to hold low patient compliance rates, and
are inapt in some of the suggested clinical applications of
AAT, such as the rapidity required for addressing acute
myocardial infarction, or intestinal localization for gut
GvHD and inflammatory bowel diseases.

In addition to optimizing the production of the native
protein sequence of AAT, some segments in the protein may
be targeted for mutational optimization, as commonly applied
in peptide technology. In the case of AAT, these may afford
enhanced functions in the fields of anti-bacterial, anti-inflam-
matory, and immunomodulatory activities that are presently
suggested in preclinical studies.

Taking into account that human AAT is a naturally occur-
ring protein, alongside the fact that it rises during inflamma-
tory responses and during the last trimester of healthy
pregnancies, and has been injected intravenously to AATD
patients in the past three decades with little to no side effects,
it is reasonable to deduce that in the coming few years AAT
therapy will enter the clinical realm as a therapeutic directed
toward indications outside AATD. Yet, there are some major
milestones on the way to applicability of this trend. For one,
each clinical indication will require a specifically tailored clin-
ical study for, at the least, efficacy, and dosing. Several of such
trials are already in progress, including recently diagnosed
type 1 diabetes, treatment-resistant GvHD, and acute myocar-
dial infarction. In these examples, even though pediatric
patients were included, there was no requirement for a
phase I toxicology study, granting a fast-track process of
ethical approval for trial design. The second, or rather parallel
milestone would be the capacity to generate a recombinant
form of bioactive AAT for the mere reason of the anticipated
large size of target population. As this step in and of its own
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will require a more stringent regulatory path, it may well be
the case that native AAT will already be approved for novel
clinical indications, while the development of a recombinant
form of the drug will complete toxicology requirements ideally
at the same time. Being cheaper to manufacture at a larger
scale than the classic product, this specific avenue might be
limited only by the degree of patentability.

The amount of data published regarding AAT as a target of
research has been growing steadily in recent years, reaching
120 papers published in the year 2015 alone; each study
exposes yet another piece of the ever growing spectrum of
activities that this glycoprotein seems to possess. It is believed
that as our understanding of the functions held within this
unique molecule will deepen, so will our ability to apply it in
the form of a better-tailored treatment for particular aspects of
unmet clinical needs. For example, in the context of xeno-
geneic organ and cell transplants, a benefit over present
options was found only in the use of AAT as an adjunct
therapy; nonetheless, parameters such as timing of treatment,
distribution of doses, accompanying therapeutics and other
particularities for each and every clinical subset of these pro-
cedures, are still at large. The same lack of information exists
with regards to the various types of autoimmune conditions
that are on the pipeline for incorporating AAT into their
therapeutic course. Based on preclinical data these would
include multiple sclerosis, inflammatory bowel diseases, rheu-
matoid arthritis and systemic lupus erythematosus. Evidence
for cytoprotective properties may favor the incorporation of
AAT as a means of minimizing the occurrence of cell injury
during cytotoxic treatments, including radiation therapy, and
immunosuppressive regimens with known organ-specific toxi-
cities. The ultimate goal would be based on these attractive
directions and the increasing knowledge base regarding struc-
ture–function attributes of AAT, that a formulation be devel-
oped specifically for each condition, and routes of
administration extend beyond the present infusion protocol
toward optimized drug half-life and desired outcomes.

It may be concluded that due to the complexity and multi-
tude of functions of AAT, a multi-disciplinary scientific approach,
combined with academic–industrial collaborations world-wide
will reveal the outstanding potential of AAT and help in its
transition toward a biologic, aimed at multiple unmet, often
treatment-resistant and often lethal medical needs.
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