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YEAST-BASED IMMUNOTHERAPY AGAINST CLOSTRIDIUM
DIFFICILE INFECTION

STATEMENT OF FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT
[0001] This invention was made with government support under Grant Numbers DK084509
and AI109776 awarded by the National Institutes of Health. The government has certain rights in

the invention.

SEQUENCE LISTING

[0002] A sequence listing 1n electronic (ASCII text file) format 1s filed with this application
and incorporated herein by reference. The name of the ASCII file 1s “2016 1343A ST25.txt”;
the file was created on October 13, 2016; the size of the file 15 407 KB.

BACKGROUND

[0003] The bacterium Clostridium difficile 1s the most common cause of nosocomial
antibiotic-associated diarrhea as well as the etiologic agent of pseudomembranous colitis [1]. It 1s
estimated that over 500,000 cases of C. difficile-associated disease (CDI) occur annually 1n the
United States, with the annual mortality rate ranging from about 3-17%, depending on the
strains. With the emergence of hypervirulent and antibiotic-resistant strains, the incidence of
mortality in CDI patients 1s increasing rapidly [2].

[0004] CDI 1s mainly caused by the two C. difficile exotoxins TcdA and TcdB (as TcdA-
TcdB- strains are avirulent) [21,22]. The two toxins are structurally similar and exhibit a similar
mode of action on host cells. Both toxins target host Rho GTPases, leading to their inactivation
as well as cytoskeleton disorganization. The relative roles of the two toxins in the pathogenesis
of CDI are not well understood, but it 1s clear that either toxin individually can cause CDI in
animals [22,23].

[0005] The options for treating CDI patients are limited and the recurrence rate 1s high (20-
35% of patients). Current standard treatment for CDI using antibiotics causes the disruption of
microflora and results 1n a relapse rate approaching 35% [3,13]. While other interventions have
been tried (e.g., probiotics, toxin-absorbing polymers, and toxoid vaccines), neither prevention

nor treatment strategies have kept up with the increased incidence and severity of this infection.
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The risk of further episodes of CDI 1n recurrent patients can be more than 50% [14] and a subset
of patients will have multiple recurrences. Recurrent CDI can be caused by the same strain or
newly colonizing strains [15-18].

[0006] Newer immune-based therapies have been shown to be somewhat effective in clinical
trials, including intravenous immunoglobulin (IVIG) against severe CDI [4-8] and human
monoclonal antibodies against recurrent CDI [9]. Fidaxomicin, a narrow spectrum macrocyclic
antibiotic, showed an effect similar to oral vancomycin on CDI but was significantly better at
lowering the relapse rate [10]. Fecal transplantation 1s effective against refractory and recurrent
CDI, but 1t 1s difficult to standardize and 1t 1s associated with risks [11,12].

[0007] CDI 1s a frustrating condition that 1s difficult to treat and may atfect patients for
months or even years, causing tremendous morbidity and mortality [19]. Accordingly, there 1s a
need for new treatments for CDI, and means for preventing both primary and recurrent CDI 1n

subjects at risk of developing CDI.

BRIEF SUMMARY OF INVENTION

[0008] Provided herein are antibody-based fusion protein binding agents that selectively bind
C. difficile virulence factors TcdA and TcdB, and strains of the probiotic yeast Saccharomyces
genetically engineered to express and secrete these C. difficile toxin binding agents. Both the
yeast and the binding agents show utility in treating and preventing primary and recurrent CDI 1n
a subject. Orally administered Saccharomyces secreting the binding agents 1n host intestines can
relieve ongoing CDI and prevent recurrence.

[0009] The present invention 1s thus directed to C. difficile toxin binding agents, strains of
Saccharomyces including, but not limited to, Saccharomyces boulardii engineered to produce the
binding agents, methods of making the engineered strains of yeast, and methods of treating and
preventing primary and recurrent CDI using the binding agents and the engineered strains of

yeast, among other important features.

Binding Agents

[0010] The binding agents of the present invention include simple VgH peptide monomers

and linked groups of VgH peptide monomers (comprising 2, 3, 4, or more monomers), as well as
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more complex binding agents that comprise VgH peptide monomers joined to antibody Fc
domains, as well as VgH peptide monomers joined to partial or full IgG antibodies.

[0011] In a first embodiment, the present invention 1s directed to binding agents comprising
VyH peptide monomers and linked groups of VygH peptide monomers comprising two, three,
four, or more monomers, each of which binds TcdA and/or TcdB, preferably with specificity.
Thus, the invention encompasses VgH peptide binding agents comprising at least one VyH
peptide monomer, wherein each VygH peptide monomer has binding specificity for an epitope of
C. difficile toxin A (TcdA) or toxin B (TcdB). In certain aspects, these binding agents comprise
two, three, four, or more linked VygH peptide monomers. The VgH peptide monomers include,
but are not limited to, the VygH peptide monomers 5D (SEQ ID NO:1), E3 (SEQ ID NO:3), AA6
(SEQ ID NO:5), and AH3 (SEQ ID NO:7).

[0012] In aspects of this embodiment where two or more monomer are linked, the monomers
may be linked by flexible peptide linkers, generally comprising between 10 and 20 amino acids.
Suitable linkers include, but are not limited to, linker-1 (SEQ ID NO:9), linker-2 (SEQ ID
NO:11), and linker-3 (SEQ ID NO:13).

[0013] In certain aspects of this embodiment, the binding agents bind to TcdA and/or TcdB
with specificity. In certain aspects of this embodiment, the binding agents exhibit TcdA and/or
TcdB neutralizing activity.

[0014] In a specific aspect of this embodiment, the binding agent comprises four linked VyH
peptide monomers where two of the monomers have binding specificity for epitopes of TcdA
and two of the monomers have binding specificity for epitopes of TcdB. The epitopes of TcdA
may be the same or different. The epitopes of TcdB may be the same or different.

[0015] In a specific aspect of this embodiment, the binding agent comprises the amino acid
sequence set forth in SEQ ID NO: 19 or a sequence variant thereof having at least 95% sequence
1dentity thereto, and wherein the sequence variant retains TcdA and/or TcdB binding specificity,
or the sequence variant retains toxin neutralizing activity, or both. In some i1nstances, variant
amino acids of the sequence variant are located 1n framework regions of the VyH peptide
MONOmMers.

[0016] In a second embodiment, the invention 1s directed to binding agents comprising VgH

peptide monomers joined to IgG antibodies, where the binding agents bind TcdA and/or TcdB.
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In these IgG-based binding agents, the variable regions of the light and heavy chains of IgG
antibodies are replaced by one, two, three, four or more of the VygH peptide monomers.

[0017] In certain aspects of this embodiment, these binding agents comprise two, three, four,
or more linked VyH peptide monomers joined to the amino termim of IgG light and heavy chains
1n place of the variable regions. The VgH peptide monomers include, but are not limited to, the
VuH peptide monomers 5D (SEQ ID NO:1), E3 (SEQ ID NO:3), AA6 (SEQ ID NO:5), and
AH3 (SEQ ID NO:7).

[0018] In aspects of this embodiment where two or more monomer are linked, the monomers
may be linked by flexible peptide linkers, generally comprising between 10 and 20 amino acids.
Suitable linkers include, but are not limited to, linker-1 (SEQ ID NO:9), linker-2 (SEQ ID
NO:11), and linker-3 (SEQ ID NO:13).

[0019] In a first sub-embodiment, the invention 1s directed to tetra-specific, octameric
binding agents comprising an IgG antibody, two sets of linked first and second VygH peptide
monomers, and two sets of linked third and fourth VgH peptide monomers, wherein the IgG
antibody comprises two arms, each arm comprising a heavy chain lacking a variable region and a
light chain lacking a variable region, and each chain having an amino terminus, wherein for each
arm of the antibody, one set of linked first and second VygH peptide monomers 1s joined to the
amino terminus of the light chain, and one set of linked third and fourth VgH peptide monomers
1S joined to the amino terminus of the heavy chain, and wherein the VygH peptide monomers have
binding specificity for an epitope of Clostridium difficile toxin A (TcdA) or toxin B (TcdB). This
binding agent 1s termed “tetra-specific” as 1t recognizes four different toxin epitopes. It 1s termed
“octameric” as i1t bears eight VygH peptide monomers (two copies of the first monomer, two
copies of the second monomer, two copies of the third monomer, and two copies of the fourth
monomer).

[0020] In this sub-embodiment, the first, second, third and fourth VgH peptide monomers
each has binding specificity for a different epitope.

[0021] In certain aspects of this sub-embodiment, two of the VyH peptide monomers have
binding specificity for epitopes of TcdA and two of the VyxH peptide monomers have binding
specificity for epitopes of TcdB.
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[0022] In certain aspects of this sub-embodiment, the VgH peptide monomers independently
have binding specificity for an epitope in the glucosyltransferase domain, cysteine protease
domain, translocation domain or receptor binding domain of TcdA or TcdB.

[0023] In a specific aspect of this sub-embodiment, the light (kappa) chain of the binding
agent comprises the amino acid sequence set forth in SEQ ID NO:46 (AA6/E3 kappa) or a
sequence variant having at least 95% sequence 1dentity thereto, and the heavy chain of the
binding agent comprises the amino acid sequence set forth in SEQ ID NO:44 (AH3/5D heavy) or
a sequence variant having at least 95% sequence 1dentity thereto. As this binding agent 1s an
IgG-based binding agent, 1t will be clear to the skilled artisan that two heavy chain polypeptides
and two light chain polypeptides, having the noted amino acid sequences, will assemble through
disulfide bonding to provide the complete binding agent. The sequence variants retain TcdA
and/or TcdB binding specificity, or the sequence variants retain toxin-neutralizing activity, or
both. The variant amino acids of the sequence variants may be located 1n framework regions of
the VygH peptide monomers.

[0024] In a second sub-embodiment, the invention 1s directed to bi-specific or tetra-specific,
tetrameric binding agents comprising an IgG antibody and first, second, third and fourth VygH
peptide monomers, wherein the IgG antibody comprises two arms, each arm comprising a heavy
chain lacking a variable region and a light chain lacking a variable region, and each chain having
an amino terminus, wherein for a first arm of the antibody, the first VyH peptide monomer 1s
joined to the amino terminus of the light chain, and the second VyzH peptide monomer 1s joined
to the amino terminus of the heavy chain, wherein for a second arm of the antibody, the third
VyH peptide monomer 1s joined to the amino terminus of the light chain, and the fourth VgH
peptide monomer 1s joined to the amino terminus of the heavy chain, and wherein the VygH
peptide monomers have binding specificity for an epitope of Clostridium difficile toxin A (TcdA)
or toxin B (TcdB). When the binding agent 1s “tetra-specific”, 1t recognizes four different toxin
epitopes;, when “bi-specific” it recognizes two different toxin epitopes. The binding agents are
“tetrameric” as they bear four VyH peptide monomers (when bi-specific, the first and third
monomer have the same sequence and bind the same epitope, and the second and fourth
monomers have the same sequence and bind the same epitope; when tetra-specific, each of the

monomers has a different sequence and binds a different epitope).
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[0025] When the binding agent 1s bi-specific, the first and second monomers have binding
specificity for different epitopes, the first and third monomers have 1dentical amino acid
sequences, and the second and fourth monomers have identical amino acid sequences. One of the
VyH peptide monomers may have binding specificity for an epitope of TcdA and one of the VyH
peptide monomers may have binding specificity for an epitope of TcdB.

[0026] When the binding agent 1s tetra-specific, each of the VgH peptide monomers has
binding specificity for a different epitope. Two of the VygH peptide monomers may have binding
specificity for epitopes of TcdA and two of the VyH peptide monomers may have binding
specificity for epitopes of TcdB.

[0027] In certain aspects of this sub-embodiment, each of the VgH peptide monomers has
binding specificity for epitopes of TcdA.

[0028] In certain aspects of this sub-embodiment, each of the VyH peptide monomers has
binding specificity for epitopes of TcdB.

[0029] In certain aspects of this sub-embodiment, the VgH peptide monomers independently
have binding specificity for an epitope in the glucosyltransferase domain, cysteine protease
domain, translocation domain or receptor binding domain of TcdA or TcdB.

[0030] In a specific aspect of this sub-embodiment, the light (kappa) chain of the binding
agent comprises the amino acid sequence set forth in SEQ ID NO:40 (AA6 kappa) or a sequence
variant having at least 95% sequence 1dentity thereto, and the heavy chain of the binding agent
comprises the amino acid sequence set forth in SEQ ID NO:36 (AH3 heavy) or a sequence
variant having at least 95% sequence 1dentity thereto. As this binding agent 1s an IgG-based
binding agent, 1t will be clear to the skilled artisan that two heavy chain polypeptides and two
light chain polypeptides, having the noted amino acid sequences, will assemble through disulfide
bonding to provide the complete binding agent. The sequence variants retain TcdA and/or TcdB
binding specificity, or the sequence variants retain toxin neutralizing activity, or both. The
variant amino acids of the sequence variant may be located 1n framework regions of the VgH
peptide monomers.

[0031] In another specific aspect of this sub-embodiment, the light (kappa) chain of the
binding agent comprises the amino acid sequence set forth in SEQ ID NO:42 (E3 kappa) or a
sequence variant having at least 95% sequence 1dentity thereto, and the heavy chain of the

binding agent comprises the amino acid sequence set forth in SEQ ID NO:38 (5D heavy) or a
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sequence variant having at least 95% sequence 1dentity thereto. As this binding agent 1s an IgG-
based binding agent, 1t will be clear to the skilled artisan that two heavy chain polypeptides and
two light chain polypeptides, having the noted amino acid sequences, will assemble through
disulfide bonding to provide the complete binding agent. The sequence variants retain TcdA
and/or TcdB binding specificity, or the sequence variants retain toxin neutralizing activity, or
both. The variant amino acids of the sequence variants may be located in framework regions of
the VyH peptide monomers.

[0032] In certain aspects of this embodiment and the sub-embodiments, the binding agents
bind to TcdA and/or TcdB with specificity. In certain aspects of this embodiment, the binding
agents exhibit TcdA and/or TcdB neutralizing activity.

[0033] In a third embodiment, the invention 1s directed to binding agents comprising VygH
peptide monomers joined to antibody Fc domains, where the binding agents bind TcdA and/or
TcdB. In these Fc domain-based binding agents, one, two, three, four or more of the VgH peptide
monomers are joined to the hinge, Cy2 and Cyx3 regions of each arm of Fc domain of an antibody
heavy chain. Thus, the peptide monomers replace the Fab regions of an antibody.

[0034] In certain aspects of this embodiment, these binding agents comprise two, three, four,
or more linked VgH peptide monomers joined to the amino termini of the arms of the Fc
domains. The VygH peptide monomers include, but are not limited to, the VyH peptide monomers
5D (SEQ ID NO:1), E3 (SEQ ID NO:3), AA6 (SEQ ID NO:5) and AH3 (SEQ ID NO:7).

[0035] In aspects of this embodiment where two or more monomer are linked, the monomers
may be linked by flexible peptide linkers, generally comprising between 10 and 20 amino acids.
Suitable linkers include, but are not limited to, linker-1 (SEQ ID NO:9), linker-2 (SEQ ID
NO:11), and linker-3 (SEQ ID NO:13).

[0036] In a first sub-embodiment, the invention 1s directed to tetra-specific, octameric
binding agents comprising an antibody Fc domain and two sets of linked first, second, third and
fourth VgH peptide monomers, wherein the antibody Fc domain comprises two arms, each arm
comprising hinge, Cy2 and Cy3 regions of an antibody heavy chain, and each arm having an
amino terminus, wherein for each arm of the Fc domain, one set of linked first, second, third and
fourth VgH peptide monomers 1s joined to the amino terminus of the arm, and where the VgH
peptide monomers have binding specificity for an epitope of Clostridium difficile toxin A (TcdA)

or toxin B (TcdB). This binding agent 1s termed “tetra-specific” as 1t recognizes four different
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toxin epitopes. It 1s termed “octameric” as 1t bears eight VgH peptide monomers (two copies of
the first monomer, two copies of the second monomer, two copies of the third monomer, and
two copies of the fourth monomer).

[0037] In certain aspects of this sub-embodiment, the first, second, third and fourth VygH
peptide monomers each has binding specificity for a different epitope.

[0038] In certain aspects of this sub-embodiment, two of the VygH peptide monomers have
binding specificity for epitopes of TcdA and two of the VyxH peptide monomers have binding
specificity for epitopes of TcdB.

[0039] In certain aspects of this sub-embodiment, the VgH peptide monomers independently
have binding specificity for an epitope in the glucosyltransferase domain, cysteine protease
domain, translocation domain or receptor binding domain of TcdA or TcdB.

[0040] In a specific aspect of this sub-embodiment, the binding agent comprises the amino
acid sequence set forth in SEQ ID NO:22 (ABAB-Fc¢) or a sequence variant having at least 95%
sequence 1dentity thereto, where the sequence variant retains TcdA and/or TcdB binding
specificity, or the sequence variant retains toxin neutralizing activity, or both. As this binding
agent 1s an Fc domain-based binding agent, 1t will be clear to the skilled artisan that two 1dentical
polypeptides, having the noted amino acid sequence, serve as the arms of the binding agent and
that the arms will assemble through disulfide bonding to provide the complete binding agent.
The variant amino acids of the sequence variant may be located in framework regions of the
VyH peptide monomers.

[0041] In a second sub-embodiment, the invention 1s directed to bi-specific, tetrameric
binding agents comprising an antibody Fc domain and two sets of linked first and second VgH
peptide monomers, wherein the antibody Fc domain comprises two arms, each arm comprising
hinge, Cy2 and Cy3 regions of an antibody heavy chain, and each arm having an amino terminus,
wherein for each arm of the Fc domain, one set of linked first and second VygH peptide
monomers 1S joined to the amino terminus of the arm, and where the VgH peptide monomers
have binding specificity for an epitope of Clostridium difficile toxin A (TcdA) or toxin B (TcdB).
This binding agent 1s termed “bi-specific” as i1t recognizes two different toxin epitopes. It 1s
termed “tetrameric” as 1t bears four VgH peptide monomers (two copies of the first monomer,

and two copies of the second monomer).
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[0042] In certain aspects of this sub-embodiment, the first and second VgH peptide
monomers have binding specificity for the same or different epitopes.

[0043] In certain aspects of this sub-embodiment, the VgH peptide monomers independently
have binding specificity for an epitope in the glucosyltransferase domain, cysteine protease
domain, translocation domain or receptor binding domain of TcdA or TcdB.

[0044] In a specific aspect of this sub-embodiment, the binding agent comprises the amino
acid sequence set forth in SEQ ID NO:32 (AH3/5D-Fc¢) or a sequence variant having at least
95% sequence 1dentity thereto, where the sequence variant retains TcdA and/or TcdB binding
specificity, or the sequence variant retains toxin neutralizing activity, or both. As this binding
agent 1s an Fc domain-based binding agent, 1t will be clear to the skilled artisan that two identical
polypeptides, having the noted amino acid sequence, serve as the arms of the binding agent and
that the arms will assemble through disulfide bonding to provide the complete binding agent.
The variant amino acids of the sequence variant may be located in framework regions of the
VyH peptide monomers.

[0045] In another specific aspect of this sub-embodiment, the binding agent comprises the
amino acid sequence set forth in SEQ ID NO:34 (AA6/E3-Fc) or a sequence variant having at
least 95% sequence 1dentity thereto, where the sequence variant retains TcdA and/or TcdB
binding specificity, or the sequence variant retains toxin neutralizing activity, or both. As this
binding agent 1s an F¢c domain-based binding agent, 1t will be clear to the skilled artisan that two
1dentical polypeptides, having the noted amino acid sequence, serve as the arms of the binding
agent and that the arms will assemble through disulfide bonding to provide the complete binding
agent. The variant amino acids of the sequence variant may be located in framework regions of
the VyH peptide monomers.

[0046] In certain aspects of this embodiment and the sub-embodiments, the binding agents
bind to TcdA and/or TcdB with specificity. In certain aspects of this embodiment, the binding
agents exhibit TcdA and/or TcdB neutralizing activity.

[0047] The invention includes humanized variants of each the binding agents provided in the
various embodiments and aspects defined herein. Likewise, the invention includes epitope
binding fragments of each the binding agents provided in the various embodiments and aspects

defined herein.
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Polynucleotides, Expression Vectors, and Host Cells

[0048] The invention includes polynucleotides comprising nucleotide sequences encoding
each the binding agents provided 1n the various embodiments and aspects defined herein, as well
as complementary strands thereof. The invention also includes expression vectors (e.g., bacterial
and yeast) comprising the polynucleotides, and host cells (e.g., bacterial, yeast, mammalian,
1nsect) comprising the expression vectors. The invention further includes methods of producing
the binding agents define herein, comprising culturing the host cells under conditions promoting
expression of the binding agents encoded by the expression vectors, and recovering the binding

agents from the cell cultures.

Engineered Strains of S. boulardii

[0049] In a fourth embodiment, the invention 1s directed to strains of Saccharomyces yeast,
such as 3. cerevisiae and S. boulardii, engineered to produce one or more of the binding agents
defined herein. In preferred aspects, the engineered strains of Saccharomyces yeast secrete the
binding agents.

[0050] The 1dentity of the Saccharomyces yeast strain 1s only limited in that 1t can be
engineered to produce, and preferably secrete, one or more of the binding agents of the
invention. In preferred aspects of the invention, the strain of Saccharomyces yeast engineered to
produce one or more of the binding agents 1s 5. cerevisiae or S. boulardii. The invention thus
encompasses an engineered strain of . cerevisiae that produces one or more of the binding
agents defined herein, as well as an engineered strain of . cerevisiae that secretes one or more of
the binding agents defined herein. The invention also encompasses an engineered strain of 5.
boulardii that produces one or more of the binding agents defined herein, as well as an
engineered strain of S. boulardii that secretes one or more of the binding agents defined herein.
[0051] In an example of this embodiment, the invention 1s directed to engineered strains of
Saccharomyces yeast that produce a binding agent comprising a VgH peptide monomer or linked
aroups of VyH peptide monomers comprising two, three, four, or more monomers, each of
which binds TcdA and/or TcdB, preferably with specificity. Thus, the invention encompasses
engineered strains of Saccharomyces yeast that produces VgH peptide binding agents comprising
at least one VgH peptide monomer, wherein each VygH peptide monomer has binding specificity

for an epitope of C. difficile toxin A (TcdA) or toxin B (TcdB). In certain aspects, these binding
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agents comprise two, three, four, or more linked VygH peptide monomers. The VyzH peptide
monomers 1nclude, but are not limited to, the VgH peptide monomers 5D (SEQ ID NO:1), E3
(SEQ ID NO:3), AA6 (SEQ ID NO:5), and AH3 (SEQ ID NO:7).

[0052] In another example of this embodiment, the invention 1s directed to engineered strains
of Saccharomyces yeast that produce binding agents comprising VgH peptide monomers joined
to IgG antibodies, where the binding agents bind TcdA and/or TcdB, as defined herein. In these
IgG-based binding agents, the variable regions of the light and heavy chains of IgG antibodies
are replaced by one, two, three, four or more of the VygH peptide monomers.

[0053] In further example of this embodiment, the invention 1s directed to engineered strains
of Saccharomyces yeast that produce binding agents comprising VgH peptide monomers joined
to antibody Fc domains, where the binding agents bind TcdA and/or TcdB, as defined herein. In
these Fc domain-based binding agents, one, two, three, four or more of the VygH peptide
monomers are joined to the hinge, Cy2 and Cyg3 regions of each arm of Fc domain of an antibody
heavy chain. Thus, the peptide monomers replace the Fab regions of an antibody.

[0054] In yet another example of this embodiment, the invention 1s directed to an engineered
strain of Saccharomyces yeast that produces a tetra-specific, tetrameric binding agent, wherein
the binding agent comprises linked first, second, third and fourth VgH peptide monomers, and
wherein the VgH peptide monomers independently have binding specificity for an epitope of
Clostridium difficile toxin A (TcdA) or toxin B (TcdB). In certain aspects, the first, second, third
and fourth Vy4H peptide monomers each has binding specificity for a different epitope. In certain
aspects, the two of the VgH peptide monomers have binding specificity for epitopes of TcdA and
two of the VgH peptide monomers have binding specificity for epitopes of TcdB. In certain
aspects, the VgH peptide monomers independently have binding specificity for an epitope 1n the
glucosyltransferase domain, cysteine protease domain, translocation domain or receptor binding
domain of TcdA or TcdB.

[0055] In a preferred example of this embodiment, the invention 1s directed to an engineered
strain of yeast, wherein the binding agent 1s ABAB, wherein the first and third monomers have
binding specificity for epitopes of TcdA and the first and third monomers are VyH peptide
monomers AH3 (SEQ ID NO:7) and AA6 (SEQ ID NO:5), respectively, and wherein the second
and forth monomers have binding specificity for epitopes of TcdB and the second and forth
monomers are VygH peptide monomers 5D (SEQ ID NO:1) and E3 (SEQ ID NO:3), respectively.

11
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In certain aspects, the ABAB binding agent comprises the amino acid sequence set forth in SEQ
ID NO:19, or a sequence variant having at least 95% sequence 1dentity thereto, wherein the
sequence variant retains TcdA and/or TcdB binding specificity, or the sequence variant retains
toxin neutralizing activity, or both. In certain aspects, the ABAB binding agent further comprises
an N-terminal secretion signal selected from the AT secretion signal
(MRFPSIFTAVLFAASSALA (SEQ ID NO:99)) and the IVS secretion signal
(MLLQAFLFLLAGFAAKISA (SEQ ID NO:103)).

[0056] In certain aspects, the ABAB binding agent 1s expressed from a plasmid within the
yeast, wherein the ABAB binding agent comprises the amino acid sequence set forth in SEQ ID
NO:107, or a sequence variant having at least 95% sequence 1dentity thereto, and wherein the
sequence variant retains TcdA and/or TcdB binding specificity, or the sequence variant retains
toxin neutralizing activity, or both. The plasmid may be, but 1s not limited to, pPCEV-URA3-
TEF-AT-yABAB-cMyc (SEQ ID NO:88).

[0057] In certain aspects, the ABAB binding agent coding sequence 1s integrated 1nto a
chromosome of the strain of yeast, wherein the ABAB binding agent comprises the amino acid
sequence set forth in SEQ ID NO: 109, or a sequence variant having at least 95% sequence
1dentity thereto, and wherein the sequence variant retains TcdA and/or TcdB binding specificity,
or the sequence variant retains toxin neutralizing activity, or both.

[0058] Aspects of this embodiment include engineered strains of Saccharomyces yeast that
produce a therapeutic protein having binding specificity for a unique epitope of Clostridium
difficile toxin A (TcdA) or toxin B (TcdB), or both. Preferably, the engineered strain of
Saccharomyces yeast 1s S. cerevisiae or S. boulardii. A therapeutic protein 1s any protein that can
bring about an improvement or cure in a medical condition 1n a subject, or that can inhibit or
prevent a medical condition from developing in a subject. Suitable therapeutic protein include,
but are not limited to, proteins that (a) replace a protein that 1s deficient or abnormal; (b)
augment an existing pathway; (c) provide a novel function or activity; (d) interfere with a
molecule or organism; and (e) deliver other compounds or proteins, such as a radionuclide,
cytotoxic drug, or effector proteins. Therapeutic proteins also include antibodies and antibody-
based drugs, Fc fusion proteins, anticoagulants, blood factors, bone morphogenetic proteins,
engineered protein scaffolds, enzymes, growth factors, hormones, interferons, interleukins, and

thrombolytics. Therapeutic proteins further include bispecific monoclonal antibodies (mAbs) and
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multispecific fusion proteins, mAbs conjugated with small molecule drugs, and proteins with

optimized pharmacokinetics.

Methods of Making Engineered Strains of S. boulardii

[0059] The invention 1s also directed to methods of making strains of Saccharomyces yeast
engineered to produce one or more of the binding agents defined herein.

[0060] The invention thus encompasses a method of preparing a strain of Saccharomyces
yeast engineered to produce one or more of the binding agents defined herein comprising (a)
transforming a strain of Saccharomyces yeast with an expression vector encoding the binding
agent, and (b) screening the yeast of (a) for production of the binding agent. In a certain aspect,
the expression vector 1s plasmid pCEV-URA3-TEF-AT-yABAB-cMyc (SEQ ID NO:88).
[0061] The invention thus encompasses a method of preparing a strain of Saccharomyces
yeast engineered to produce one or more of the binding agents defined herein comprising (a)
chromosomally integrating a polynucleotide sequence encoding the binding agent into the
genome of the strain of Saccharomyces yeast, and (b) screening the yeast of (a) for production of
the binding agent. In certain aspects, the chromosomal 1integration 1s performed via:

(a) amplifying a polynucleotide sequence encoding the ABAB binding agent from
plasmid pCEV-G4-Km-TEF-AT-yABAB hAA6T83N-tagless (SEQ ID NO:90) using primers
containing (1) nucleic acid sequence homologous to a selected yeast chromosomal integration site
and (11) nucleic acid sequence homologous to regions 5° and 3° of ABAB binding agent coding
sequence of the plasmid, to produce an integration cassette,

(b) transforming yeast with the integration cassette produced in (a) with pCRI-Sb-01
(SEQ ID NO:91) or pCRI-Sb-02 (SEQ ID NO:92) to induce a double stranded break within the
corresponding yeast chromosomal delta sites under conditions promoting spontaneous
integration of the integration cassette into the site of the double stranded break,

(¢) screening the transformed yeast of (b) for production of the ABAB binding agent.
[0062] In certain aspects of these methods, the strain of Saccharomyces yeast engineered to
produce the binding agents 1s an auxotrophic strain of Saccharomyces yeast, such as a ura3-
strain of yeast. A ura3- strain of yeast can be utilized under ura3 selection.

[0063] In certain aspects of these methods, the strain of Saccharomyces yeast engineered to

produce the binding agents 1s S. cerevisiae or S. boulardii

13



CA 03001863 2018-04-12

WO 2017/066468 PCT/US2016/056873

[0064] In certain aspects of these methods, the screening 1s performed using an

immunoassay, such as an ELISA.

Pharmaceutical Formulations

[0065] The invention includes pharmaceutical formulations comprising one or more of the
binding agents defined herein and a pharmaceutically acceptable carrier or diluent. The invention
also 1includes pharmaceutical formulations comprising one or more of the engineered strains of
Saccharomyces yeast defined herein and a pharmaceutically acceptable carrier or diluent. In

certain aspects, the Saccharomyces yeast 1s 5. cerevisiae or S. boulardii

Methods of Treating and Preventing

[0066] In a sixth embodiment, the invention 1s directed to methods of treating or preventing a
disease symptom induced by C. difficile 1n a subject comprising administering a therapeutically-
effective amount of one or more binding agents and/or one or more engineered strains of
Saccharomyces yeast as defined herein to a subject having C. difficile infection or a risk of
developing C. difficile infection. In preferred aspects, the Saccharomyces yeast 1s S. cerevisiae or
S. boulardii.

[0067] In certain aspects of this embodiment, the disease symptom induced by C. difficile 1s
diarrhea.

[0068] In a seventh embodiment, the invention 1s directed to methods of neutralizing C.
difficile toxin TcdA and/or TcdB 1n a subject infected by C. difficile comprising administering a
therapeutically-effective amount of one or more binding agents and/or one or more engineered
strains of Saccharomyces yeast as defined herein to a subject having C. difficile infection. In
preferred aspects, the Saccharomyces yeast 1s . cerevisiae or S. boulardii

[0069] In an eighth embodiment, the invention 1s directed to methods of treating or
preventing C. difficile infection 1n a subject comprising administering a therapeutically-effective
amount of one or more of the binding agents and/or one or more engineered strains of
Saccharomyces yeast as defined herein to a subject having C. difficile infection or a risk of
developing C. difficile infection. In preferred aspects, the Saccharomyces yeast 1s S. cerevisiae or
S. boulardii. In certain aspects of the eighth embodiment, the method further comprises

administering a therapeutically-effective amount of an antibiotic to the subject.
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[0070] In a ninth embodiment, the invention 1s directed to methods of maintaining normal
bowel function in a subject having a C. difficile infection comprising administering a
therapeutically-effective amount of one or more of the binding agents and/or one or more
engineered strains of Saccharomyces yeast as defined herein to a subject having C. difficile
infection or a risk of developing C. difficile infection. In preferred aspects, the Saccharomyces
yeast 18 . cerevisiae or S. boulardii. In certain aspects of the ninth embodiment, the method
further comprises administering a therapeutically-effective amount of an antibiotic to the subject.
[0071] In certain aspects of the methods, the binding agent 1s in a pharmaceutical
formulation comprising the binding agent and a pharmaceutically acceptable carrier or diluent.
[0072] In certain aspects of the methods, the therapeutically-effective amount of the binding
agent 1s between 10 ug/kg and 100 mg/kg of the agent per body weight of the subject.

[0073] In certain aspects of the methods, the agent 1s administered to the subject orally,
parenterally or rectally.

[0074] In certain aspects of the methods, the engineered strain of Saccharomyces yeast 1s in a
pharmaceutical formulation comprising the engineered strain and a pharmaceutically acceptable
carrier or diluent. In preferred aspects, the Saccharomyces yeast 1s S. cerevisiae or S. boulardii.
[0075] In certain aspects of the methods, the therapeutically-etfective amount of the
engineered strain of Saccharomyces yeast 1s between 10 ug/kg and 100 mg/kg of the engineered
strain per body weight of the subject. In preferred aspects, the Saccharomyces yeast 1s 3.
cerevisiae or S. boulardii.

[0076] In certain aspects of the methods, the engineered strain of Saccharomyces yeast is
administered to the subject orally, nasally or rectally. In preferred aspects, the Saccharomyces
yeast 18 3. cerevisiae or S. boulardii.

[0077] The foregoing has outlined rather broadly the features and technical advantages of the
present invention in order that the detailed description of the invention that follows may be better
understood. Additional features and advantages of the invention will be described herein, which
form the subject of the claims of the invention. It should be appreciated by those skilled 1n the
art that any conception and specific embodiment disclosed herein may be readily utilized as a
basis for modifying or designing other structures for carrying out the same purposes of the
present invention. It should also be realized by those skilled 1n the art that such equivalent

constructions do not depart from the spirit and scope of the invention as set forth in the appended
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claims. The novel features which are believed to be characteristic of the invention, both as to 1ts
organization and method of operation, together with further objects and advantages will be better
understood from the following description when considered in connection with the
accompanying figures. It 1s to be expressly understood, however, that any description, figure,
example, etc. 1s provided for the purpose of illustration and description only and 1s by no means

intended to define the limits of the invention.

BRIEF DESCRIPTION OF DRAWINGS

[0078] Figure 1. Illustration of strategies for making binding agents of the invention.

[0079] Figure 2. A diagram of C. difficile toxins TcdA and TcdB, showing the
glucosyltranstferase domains (GT), cysteine protease domains (CPD), translocation domains
(TD) and receptor binding domains (RBD) of each toxin. VgHs that recognize and bind the
different toxin domains are shown. Those that are underlined are those that have toxin-
neutralizing activity.

[0080] Figures 3A-3F. Monomeric or dimeric VygHs possess potent neutralizing activity.
VuHs block cell rounding induced by TcdA (Fig. 3A) or TcdB (Fig. 3B) at nM concentrations.
(Fig. 3C) Diagram of two heterodimers against TcdA or TcdB. His) tag on N-terminus
facilitates purification; a flexible spacer (FS) separate the two VygHs. (Fig. 3D) Dimer SD/E3
increases 1ts neutralizing activity at least 10-fold over a simple mix of the two VyHs.
Heterodimers fully protected mice from lethal 1p challenge with TcdB (Fig. 3E) or TcdA (Fig.
3F).

[0081] Figure 4. Diagram of ABAB. His-tag and E-tag are epitope tags for purification and
detection, respectively. FS: flexible linker; ABP: albumin binding peptide.

[0082] Figures SA-5B. ABAB is highly potent in protecting mice from C. difficile spore (Fig.
5A) and toxin (Fig. 5B) challenge. MK HuMabs: a mixture of Merck anti-TcdA (actoxumab) and
ant1-TcdB (bezlotoxumab) human monoclonal antibodies that are undergoing clinical trials.
[0083] Figures 6A-6B. Anti-toxin sera against both toxins protect mice from CDI. Mice were
1.p. injected with 50 ul alpaca anti-sera against TcdA (“Anti-A”), TcdB (“Anti-B”), TcdA +
TcdB (“Anti-A + Anti-B”) or with 100 ul presera or PBS (“CTR”) for 4 hours betore C. difficile

spore (UK strain, 10° spores/mouse) inoculation. Mouse survival (Fig. 6A; Anti-A + Anti-B vs.
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PBS, p =0.006) and weight loss (Fig. 6B) are illustrated (*, p < 0.05 between Anti-A + Ant1-B
vs. control).

[0084] Figure 7. The diagram of the ABAB and ABAB-IgG molecules.

[0085] Figures 8A-8B. ELISA analysis of binding of ABAB-IgG to TcdA (Fig. 8A) and
TcdB (Fig. 8B) as compared with the binding of the individual VHHs to the respective toxins.
[0086] Figures 9A-9B. Sandwich ELISA analysis of simultaneous binding of the
tetraspecific antibody IgG-ABAB to both TcdA and TcdB. Fig. 9A shows senally diluted
ABAB-IgG added to ELISA plates coated with TcdA (TxA), followed by TcdB (TxB). Fig. 9B
shows serially diluted ABAB-IgG added to ELISA plates coated with TcdB (TxB), followed by
TcdA (TxA).

[0087] Figures 10A-10B. ABAB-IgG neutralizing activities against TcdA (Fig. 10A) and
TcdB (Fig. 10B).

[0088] Figure 11. Graph showing in vivo neutralizing activity of ABAB-IgG against C.
difficle infection 1n mice versus Merck antibodies against TcdA and TcdB (actoxumab and
bezlotoxumab).

[0089] Figure 12. Design of studies on the effects of prophylactic ABAB-IgG against C.
difficile infection.

[0090] Figures 13A-13B. Bi-specific sandwich ELISA. (Fig. 13A) A diagram of toxins and
antibodies setup 1n ELISA. (Fig. 13B) O.D. reading of various TcdA concentrations; 125 ng/ml
of TcdA was chosen for subsequence ELISA.

[0091] Figures 14A-14B. Activity of ABAB secreted by Sc-ABAB. (Fig. 14A) Neutralizing
effect of secreted ABAB 1n 5. cerevisiae culture supernatant. Sc: S. cerevisiae (BY4741), Sc-
ABAB: . cerevisiae (BY4741) — pD1214-FAKS-ABAB; r-ABAB: recombinant ABAB. ABAB
1n the supernatant of Sc-ABAB 1is able to fully protect cells from 1ntoxication. ELISA O.D.
readings of supernatants from individual Sc-ABAB clones (Fig. 14B).

[0092] Figures 15A-15B. ABAB secretion level with various secretion signals. (Fig. 15A)
ABAB secretion measured by ELISA and normalized against cell density based on O.D. 600 in
S. cerevisiae. Statistical significance was determined by Kruskal-Walls test followed by Dunn’s
Multiple comparison test. * p<0.05 ** p<0.01 (Fig. 15B) ABAB secretion measured by ELISA
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