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Abstract

Different pathogens share similar medical settings and rely on similar virulence strategies to
cause infections. We have previously applied 3-D computational modeling and bioinformat-
ics to discover novel antigens that target more than one human pathogen. Active and pas-
sive immunization with the recombinant N-terminus of Candida albicans Hyr1 (rHyr1p-N)
protect mice against lethal candidemia. Here we determine that Hyr1p shares homology
with cell surface proteins of the multidrug resistant Gram negative bacterium, Acinetobacter
baumanniiincluding hemagglutinin (FhaB) and outer membrane protein A (OmpA). The A.
baumannii OmpA binds to C. albicans Hyr1p, leading to a mixed species biofilm. Deletion of
HYR1, or blocking of Hyr1p using polyclonal antibodies, significantly reduce A. baumannii
binding to C. albicans hyphae. Furthermore, active vaccination with rHyr1p-N or passive
immunization with polyclonal antibodies raised against specific peptide motifs of rHyr1p-N
markedly improve survival of diabetic or neutropenic mice infected with A. baumannii
bacteremia or pneumonia. Antibody raised against one particular peptide of the rHyr1p-N
sequence (peptide 5) confers majority of the protection through blocking A. baumanniiinva-
sion of host cells and inducing death of the bacterium by a putative iron starvation mecha-
nism. Anti-Hyr1 peptide 5 antibodies also mitigate A. baumannii /C. albicans mixed biofilm
formation in vitro. Consistent with our bioinformatic analysis and structural modeling of
Hyr1p, anti-Hyr1p peptide 5 antibodies bound to A. baumannii FhaB, OmpA, and an outer
membrane siderophore binding protein. Our studies highlight the concept of cross-kingdom
vaccine protection against high priority human pathogens such as A. baumanniiand C. albi-
cans that share similar ecological niches in immunocompromised patients.
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Author summary

Different pathogens share similar medical settings and rely on similar virulence strategies
to cause infections. We have applied computational modeling and bioinformatics to dis-
cover novel antigens that target organisms sharing ecological niches in the intensive care
units (ICUs): the fungus Candida albicans, and the multidrug resistant (MDR) Gram-neg-
ative bacterium, Acinetobacter baumannii. We identified that C. albicans hyphal wall pro-
tein Hyrlp shares significant structural homology to A. baumannii cell surface proteins,
and is the receptor for A. baumannii binding to the fungus. Active vaccination (with
rHyrlp) or passive immunization (anti-Hyrlp antibodies) protect mice from A. bauman-
nii bacteremia and pneumonia. Anti-Hyr1p antibodies act synergistically with antibiotics
in abrogating mixed species biofilms. Our groundbreaking studies reveal novel cross-
kingdom immunotherapeutic strategies that target healthcare-associated MDR infections.

Introduction

Acinetobacter baumannii has emerged as a frequent cause of healthcare-associated infections,
ranging from bacteremia, pneumonia, urinary tract infections, to skin and wound infections,
including those seen in the military theatre [1-10]. Its emergence in the healthcare environ-
ment is ascribed to its ubiquitous environmental presence, its ability to survive for prolonged
periods of time on abiotic hospital surfaces, and its resistance to many existing antibiotics [11,
12]. Of great concern is the recent rise in the frequency of extensively drug resistant (XDR) A.
baumannii infections, from fewer than 4% of all A. baumannii infections in 2000, to 60-70%
in 2010 [2, 13-15]. Such XDR-A. baumannii infections often require treatment with second-
line agents such as tigecycline and colistin, which are associated with clinical failure, develop-
ment of pan-drug resistance and nephrotoxicity [16-26].

The recalcitrance of Acinetobacter to antibiotics is further exacerbated in the setting of bio-
films [27, 28], which can promote its adherence to and colonization of indwelling devices such
as urinary catheters and endotracheal tubes. [29] A. baumannii is particularly adept at forming
polymicrobial biofilms in contexts of healthcare settings [30, 31]. Notably, A. baumannii often
shares an ecological niche with the opportunistic pathogenic yeast, Candida albicans, especially
in intensive care units [32-34]. In fact, these organisms represent two of the top five microor-
ganisms associated with failure of endotracheal tube function, often due to biofilm formation
[30]. Previous studies have also revealed complex in vitro and in vivo interactions between C.
albicans and A. baumannii, in which A. baumannii may exploit C. albicans hyphae for adhe-
sion [35, 36]. These interactions depend on an interplay between the A. baumannii protein
OmpA, with an as yet unidentified receptor on C. albicans. A. baumannii also secretes mole-
cules in growth media that inhibit fungal germination and hyphal formation. Interestingly, C.
albicans combats the bacterium by producing quorum sensing molecule of its own—farnesol
—and can dominate the shared niche when fungal density exceeds that of the bacterium [37].
This relationship suggests that a competitive dynamic exists between the two species in settings
such as biofilms. The outcome of this interaction likely depends on multiple factors, including
tissue or device affinity, immune evasion and secondary metabolite production. Interventions
that interfere with colonization- or virulence-enabling interactions of the organisms, and/or
which abrogate the formation or homeostasis of biofilms, could in concept be harnessed as
therapeutic options.

We have previously applied computational modeling to discover novel antigen candidates
that target more than one human pathogen [38]. This strategy is known as convergent or
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unnatural immunity, and has been demonstrated repeatedly in the development of viral and
bacterial vaccines in which an antigen from a particular organism protects against another path-
ogen from the same kingdom [38]. Cross-kingdom protective antigens have also been reported,
in which an antigen from a source organism protects against organism(s) from other biological
kingdoms [39-41]. Specifically, we identified unforeseen 3-D structural and functional homol-
ogy between members of the Agglutinin like sequence (Als) family of proteins of C. albicans
that induce adhesion to and invasion of mammalian cells, and surface adhesin/invasin mole-
cules (MSCRAMMs) of Staphylococcus aureus [42]. Indeed, a recombinant form of the Als3
protein (currently in clinical trials) elicits robust T- and B-cell responses and protects mice
from both Candida and S. aureus infections [39-41, 43-46]. Of considerable interest is our
current discovery that the C. albicans hyphal cell surface glycosylphosphatidylinositol (GPI)-
anchored protein Hyrlp is predicted to have 3-D structural and epitope homology to known
and putative virulence factors of specific Gram-negative bacteria including A. baumannii. Thus,
we pursued studies to examine the potential use of rHyrlp as a vaccine candidate to mediate
protection against A. baumannii in mice using the FDA-approved alum as an adjuvant. We fur-
ther sought to evaluate the potential use of passive immunotherapy against A. baumannii using
anti-Hyr1p antibodies, and investigate the functionality of these specific antibodies in abrogat-
ing Acinetobacter virulence in vitro and in a mixed species biofilm with C. albicans.

Results

Hyrlp is structurally related to microbial adhesion proteins of A.
baumannii

Bioinformatic, homology and energy-based modeling identified a number of conserved physi-
cochemical structural domains within Hyrlp and several Gram-negative antigens. In particu-
lar, these algorithms identified multiple B-helical structures composed of parallel B-strands
that typically create either two or three faces along within the holoprotein structure. Examples
of B-helical templates identified included the phage ¢ AB6 tailspike protein, which specifically
binds oligosaccharides on the A. baumannii surface [47], the Haemophilus influenzae high
molecular weight (HMW1) adhesin, and the filamentous hemagglutinin adhesin (FhaB) from
Bordetella pertussis. Notably, FhaB has also been identified as an outer membrane protein of A.
baumannii and is considered a protective immunogen [48].

Once the above domains were identified, they, along with other high scoring templates,
were assembled and subjected to energy minimization and hydrogen-bond optimization to
ultimately produce 3-D structural models for analysis in relation to Hyrlp (iTasser model
shown; Fig 1A). The resulting structure is largely B-helical with limited unstructured and
extended domains. Based on this modeling strategy, C. albicans Hyr1p shares striking similar-
ity to A. baumannii FhaB protein (Fig 1B), and contains motifs that appear to be common to
other target proteins expressed by this bacterium.

Antibodies raised against Hyr1 peptides specifically recognize A.
baumannii

To validate the results of our bioinformatics analysis, we raised rabbit polyclonal antibodies
against 8 peptides of Hyrlp-N that were predicted to be surface exposed and highly antigenic
[49]. These antibodies specifically recognized C. albicans hyphae in vitro and protected

mice from hematogenously disseminated candidiasis [50]. The location of the eight peptide
sequences on the 3-D structural model for Hyr1p are indicated in Fig 1C. To investigate the
specificity of the anti-Hyr1p antibodies to Acinetobacter, we compared their binding capacity
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Fig 1. Striking 3 D structural homology between C. albicans Hyr1p and A. baumannii FhaB. Ribbon diagram depicting the full scale model for C.
albicans Hyr1 as computed by the iTasser server (A). The region of Hyr1 corresponding to homologous domains in the viral tailspike, BP FhaB and HI
HMW!1 proteins is indicated in blue. Note the striking similarity in 3D structure of Hyr1lp and FhaBp (B). Hyr1 models showing the sequence and
location of the eight peptides used as antigens in the study in red as van der Waals space-filling spheres (C). Note the similar location of peptide 5 on
Fhab (B) and on Hyrlp (C) (red regions). Models for three putative cross-reactive A. baumannii targets (FhaBp, OmpA, Blg) are shown with domains
homologous to peptide 5 in red (D). In addition, the A. baumannii BIg protein has many additional near matches (6 identical residues) which are
shown on the full model as orange. Sequence alignments between C. albicans (CA) peptide 5 and putative cross-reactive A. baumannii (AB) targets with
identical residues are depicted in boxes. Higher resolution views of identified domains showing identical and physicochemically conserved residues are
visualized as space-filling spheres. Coloration is a modified RasMol schema (Gly, Ala—cream; Asn, Gln—light brown; Thr—orange; Val, Ile—green;
Trp—olive green; Asp—red; His—sky blue; Pro—chartreuse).

https://doi.org/10.1371/journal.ppat.1007056.9001

Blg

to A. baumannii vs. Pseudomonas aeruginosa (which contains surface proteins predicted to
have low homology to Hyr1p). Using flow cytometry and immunostaining, the antibodies
raised against the Hyr1 8 peptides targeted log phase cells of A. baumannii (69-95%) (Fig 2).
In contrast, the same antibodies did not bind to P. aeruginosa (Fig 2). We also tested the ability
of these antibodies to bind to several clinical isolates of XDR-A. baumannii with clonal vari-
ability [51]. The antibodies bound to all tested isolates, indicating that this recognition is not
strain specific (S1 Fig). These results demonstrate the specificity of anti-Hyr1p antibodies to A.
baumannii and further validate the modeling strategy which revealed these unforeseen homol-
ogies and epitopes.

A. baumannii binds to C. albicans via Hyr1

We co-cultured Acinetobacter and Candida under planktonic, hyphal growth-permissive
conditions. We found that Acinetobacter bound robustly to wild-type or hyr1/hyrl + HYRI
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Fig 2. Anti-Hyrlp peptide antibodies specifically binds A. baumannii but not P. aeruginosa. Flow cytometry analysis of pooled sera collected from
rabbits separately immunized with 8 peptides of Hyr1p showing binding of these antibodies to A. baumannii but not to P. aeruginosa (bacterial cells at
107 cells). Pooled sera from the same rabbits prior to immunization was used as a control (Control-Abs). The high and the low doses of the Abs were 30
and 3 pg/ml, respectively. AB = A. baumannii, PA = P. aeruginosa.

https://doi.org/10.1371/journal.ppat.1007056.9002

complemented C. albicans hyphae, prevented elongation, and killed it within 4 h of co-culture
as determined by Syto 13 nuclear staining showing fragmented nuclei (Fig 3A). In contrast, a
C. albicans hyr1/hyr] mutant hyphae had minimal A. baumannii attachment and an elongated
phenotype harboring intact nuclei (Fig 3A). The role of Hyr1p as a receptor for Acinetobacter
was verified by blocking Hyr1p function with anti-Hyr1p-N antibodies. These antibodies
blocked bacterial attachment to the fungal hyphal cells (Fig 3B), indicating that Hyrlpisa C.
albicans receptor for A. baumannii. Furthermore, we found that at 24 h incubation with the
100 pg/ml antibodies the viability of A. baumannii decreased by 39% + 4% when compared to
bacteria incubated in the same media without the antibodies (Fig 3C, P <0.05).

We also found that cell-free filtrates of an overnight culture of A. baumannii prevents C. albi-
cans filamentation and biofilm formation in a static 96 well microtiter plates (S2A Fig), indicat-
ing that A. baumannii inhibits C. albicans biofilm formation by secreted substance(s) that are
yet to be identified. To minimize the effect of quorum sensing molecules secreted by both
organisms, we studied the interactions of C. albicans with A. baumannii in a mixed species bio-
film model in which there is a continuous flow of fresh medium. Indeed, in the flow system, C.
albicans had higher viability when mixed with A. baumannii than in a static model (S2B Fig).

Under conditions of flow, and after 24 h of biofilm development, Acinetobacter bound to
wild-type or hyr1/hyrl + HYRI complemented C. albicans hyphae and developed a visibly
thick, white layer of bacterial cells (Fig 3D). Mixed species biofilms formed with the C. albicans
hyr1/hyr] mutant did not display such a robust attachment of the bacteria to the fungi. Ali-
quots of the two respective biofilms, when stained with Syto13 and observed under the micro-
scope, revealed enhanced attachment of bacterial cells to the wild-type or hyr1/hyrl + HYRI
complemented fungal filaments, where the bacteria clustered together to fill up spaces between
the hyphal cells (Fig 3E). Nuclear staining additionally revealed that the wild-type or hyr1/hyrl
+ HYRI complemented cells were largely non-viable, displaying dark hyphae with degraded
nuclei (depicted by the white arrow in Fig 3E). On the other hand, there was a significant
reduction in the attachment of A. baumannii to the C. albicans hyr1/hyrI hyphae, with the cells
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Fig 3. Hyr1 is the C. albicans receptor for A. baumannii binding to hyphae, and attachment of A. baumannii to C. albicans in a flow biofilm model
requires Hyrlp. A. baumannii (AB) and C. albicans (CA) cells were allowed to interact physically under hyphae permissive conditions. The cells were
stained with ConA (Candida cell wall red) and Syto13 (nuclei green). Acinetobacter binds to (block arrows), and kill wild-type or hyr1/hyr1+HYRI
complemented C. albicans hyphae as observed by degraded fungal nuclei (thin arrows) (A). The bacteria cease to attach to and kill hyphae of C. albicans
hyr1/hyr] mutant strain (A). Anti-Hyr1p-N antibodies abolish attachment of the bacteria to the fungal filaments (B) and inhibit Acinetobacter viability
(diminished nuclear staining = dead cells in presence of antibody) (C). Under flow mixed-species biofilm conditions, Acinetobacter binds to wild-type
or hyr1/hyr1+HYRI complemented C. albicans biofilm (black arrow) and forms a thick white layer (white arrow), whereas the bacterial binding is
considerably reduced on the C. albicans hyr1/hyr]l mutant cells (D). The extent of A. baumannii binding to C. albicans wild-type, hyr1/hyrl, or hyrl/
hyr1+HYRI complemented strains is microscopically depicted, where the cells are stained with Syto13. Note the dead hyphae in the wild-type and hyr1/
hyr1+HYRI complemented strains but not in the hyr1/hyrl mutant (white arrows) (E). Bars in A and E are 10 um.

https://doi.org/10.1371/journal.ppat.1007056.9003

exhibiting an overall intact nuclear stain and no dark hyphae (Fig 3E). While there was a stark
reduction in the numbers of bacteria attached to the hyr1/hyr]l mutant, the hyphae were not
completely free of bacterial cells, suggesting receptors other than Hyr1p also contribute to this
interaction. Als3p is a key C. albicans hyphal wall adhesin with roles in promoting attachment
of other Gram negative bacteria such as P. aeruginosa, to hyphae [52]. Thus, we tested C. albi-
cans als3/als3 mutant in interacting with A. baumannii. A. baumannii adhered robustly to als3/
als3 filaments, just like the wild-type filaments (S3 Fig).

Identification of A. baumannii proteins that bind to C. albicans Hyr1p

To identify the complimentary Hyrlp ligand on the bacterium that mediates binding of A. bau-
mannii to C. albicans, we performed affinity purification of biotin-labeled A. baumannii cell
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Fig 4. Acinetobacter OmpaA is the ligand to Candida Hyr1p. Acinetobacter biotin-labeled cell wall proteins that
bound to C. albicans wild-type, hyr1/hyrl, hyr1/hyr1+HYRI, or als3/als3 hyphae were separated on SDS-PAGE, probed
with anti-biotin antibody, and the hybridized bands were identified by Mass spectrometry. C. albicans wild-type or
hyr1/hyr1+HYRI complemented hyphae bound a major band at 38 kDa which was identified as OmpA by MS/MS
analysis (A). In contrast, the hyr1/hyr] mutant had severe reduction in its ability to bind OmpA. C. albicans Als3p was
not found to be a receptor as proteins equally bound to als3/als3 mutant strain (A). To confirm the identity of the 38
kDa band, blots were probed with an anti-OmpA antibody, which confirmed that the 38 kDa proteins were indeed
OmpaA (B).

https://doi.org/10.1371/journal.ppat.1007056.9004

membrane proteins using C. albicans hyphae. The following C. albicans strains were used for
this interaction: wild-type, hyr1/hyr1 homozygous mutant, hyrl/hyrl + HYRI complemented
strain, and als3/als3 as an additional control. A. baumannii protein bands that bound to different
C. albicans hyphae were visualized on Western blot using anti-biotin antibodies. When incu-
bated with membrane extracts of A. baumannii, C. albicans wild-type, hyr1/hyrl + HYRI com-
plemented strain, or als3/als3 mutant hyphae bound a major band at 38 kDa. This band was
largely absent when the cell membrane proteins were affinity purified with the hyrIl/hryl mutant
(Fig 4A). The mass of the 38 kDa band was equivalent to OmpA, and OmpA was reported to be
an A. baumannii receptor for C. albicans hyphae [35]. Therefore, we repeated the affinity purifi-
cation studies using anti-OmpA antibodies. As expected, this 38 kDa band was strongly bound
by OmpA antibodies in the wild-type strain, but little or no binding was observed in the hyr1/
hyr1 mutant (Fig 4B). Finally, the identity of the band as OmpA was confirmed by using
LC-MS. Thus, A. baumannii binds to C. albicans hyphae via OmpA/Hyr1p interactions.

Active vaccination using rHyr1p-N protectes mice from A. baumannii
infection

To explore its potential as a cross-kingdom protective antigen, we tested Hyrlp as an active
vaccine target against A. baumannii infections in vivo. Mice were subcutaneously vaccinated
on day 0, with rHyr1p-N mixed with alum [49, 53], boosted with a similar dose on day 21, and
then infected with a lethal dose of XDR A. baumannii HUMCI via i.v. injection on day 35
after making them diabetic. Diabetic mice were used because normal mice are resistant to
infection, and diabetes is a risk factor for developing A. baumannii infections [51, 54]. Consis-
tent with our i.v. model [51], the alum control mice had almost 100% mortality by day 2 post
infection, while ~60% of the mice receiving the vaccine survived the infection even after 20
days (Fig 5A). Surviving mice had no bacteria detected in their organs at day 21 and appeared
healthy. Corroborating this protective effect, kidneys and lungs harvested as early as 3 days
post infection from rHyr1lp-N-vaccinated mice had >1 log reduction in their bacterial burden
when compared to tissues harvested from mice vaccinated with alum alone (Fig 5B). Further,
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Fig 5. Active or passive immunization targeting Hyr1p protect diabetic and neutropenic mice from A. baumannii infections. Survival of diabetic
mice (n = 10 for alum control or 9 for rHyr1p-N + Alum) were vaccinated and boosted with 30 pg dose mixed with 0.1% aluminum hydroxide then
infected with A. baumannii HUMC]1 (confirmed inoculum of 2.5 x 107) via the tail vein. * P = 0.005 vs. alum control (A). Tissue bacterial burden of
target organs harvested from diabetic mice (n = 10 per arm) vaccinated with alum or rHyrlp + alum three days after infecting with A. baumannii (5 x
10°). **P <0.02 vs. alum vaccinated mice (B). Survival of diabetic mice that were given an intraperitoneal (i.p.) injection of 1 mg of pooled anti-Hyrlp
IgG raised against 8 individual peptides of Hyrlp (n = 20 from 2 independent experiments with similar results for A. baumannii [AB] infection and 10
for P. aeruginosa [PA]) or control IgG (n = 18 for AB and 10 for PA) 2 hours prior to infecting them intravenously (i.v.) with AB or PA (confirmed
inocula of 3.4 x107 cells for AB and 1.1 x 10° for PA). *P = 0.00001 vs. Control IgG of AB *P = 0.1 vs. Control IgG of PA (C). Survival of diabetic mice
(n = 8 per group) that were given an i.p. injection of 1 mg of each anti-Hyr1p IgG raised against individual peptides of Hyr1p 2 hours prior to infecting
them i.v. with A. baumannii (confirmed inoculum of 6.2 x 107). *P <0.05 vs. all arms except peptide, 2, 7, or 8 (D). Survival of neutropenic mice (n = 10
per group) infected with A. baumannii via inhalation (inhaled inoculum of 2.2 x 107) and 24 h later treated i.p. with either isotype matching control IgG
(100 ug), or with anti-peptide 5 IgG (at 30 or 100 pg). A repeat dose of the antibody was given on Day +8. ***P <0.002 vs. Control IgG arm (E).

https://doi.org/10.1371/journal.ppat.1007056.9005
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the bacterial burden of spleen taken from rHyr1lp-N-vaccinated mice strongly trended to be a
log less than the spleen from alum vaccinated mice (P = 0.05) (Fig 5B).

Passive immunization using anti-Hyr1 antibodies protectes against A.
baumannii infection

Next, we tested the efficacy of pooled purified IgG raised against the eight 14-mer peptides pre-
dicted to be surface exposed on Hyrlp-N (Fig 1C) [53]. Diabetic mice that prophylactically
received the anti-Hyr1p IgG were almost completely protected from Acinetobacter bacteremia
when compared to mice receiving isotype matching control antibody (85% survival for anti-
Hyrlp antibodies treated mice vs. 0% for isotype matching control IgG) (Fig 5C). Of note, this
protection was specific since anti-Hyr1p IgG did not protect mice from P. aeruginosa infection
(Fig 5C, p = 0.1), which has no proteins that are predicted to share homology with Hyr1p and
bound poorly to Hyr1p antibodies (Fig 2).

We further investigated which peptide-targeting antibodies were responsible for conferring
the majority of protection. Diabetic mice were prophylactically treated individually with 8 dif-
ferent antibodies raised against the peptides (see Fig 1C for the location of the peptide on the
modelled Hyr1p). Purified IgG from each of the generated polyclonal antibodies was adminis-
tered 2 h prior to infecting the mice with a lethal dose of A. baumannii via tail vein injection.
We found that Anti-Hyrlp IgG raised against peptide #5 (LKNAVTYDGPVPNN) [53] pro-
tected mice from infection similarly to the combined antiHyr1p IgG pool (i.e. 85% survival)
(Fig 5D). These results indicate that the protection conferred by the anti-Hyr1p IgG is largely
conferred by peptide 5 in cross protection against Acinetobacter infection.

Becuase penumonia is a major manifestation of the disease and commonly seen in severly
immunosuppressed patients, we tested the ability of anti-peptide 5 antiboides to therapeuti-
cally treat A. baumannii penumonia in neutropenic mice. Immunosuppresed mice were
infected with A. baumanni cells via inhalation and 24 h later were treated with doses of 100 or
30 ug of anti-peptide 5 purified IgG (established infection). Mice that received a 100 pg of iso-
type matching control IgG had 100% mortaility by day 14. In contrast, mice reciving 100 pg or
30 pg doses of anti-peptide 5 antibodies had 70% or 90% long-term survival, respectively (Fig
5E). Surviving mice appeared healthy by day 20 when the expeirment was terminated. Addi-
tionally, surviving mice had no residual bacterial burden in their lungs as determined by quan-
titative culturing. These low doses of curative antibodies confirm their specific protection
meachnism and their translational potential as a novel treatment for A. baumannii bacteremia
and penumonia in different hosts (diabetics and neutropenics).

Anti-peptide 5 antibodies recognize cell surface antigens of A. baumannii

Because anti-peptide 5 antibodies protected mice from Acinetobacter infections, we tested
their ability to recognize A. baumannii cross-reactive cell membrane antigens using high reso-
lution 2-D Western blotting followed by MALDI-TOF-MS/MS analysis. Rabbit anti-peptide-5
antisera intensely recognized four protein spots as compared to pre-immune serum collected
from the same rabbit (Fig 6). These spots were identified as OmpA, a putative ferric sidero-
phore outer membrane binding protein (TonB-dependent), a putative outer membrane pro-
tein, and FhaBp.

As a complementary approach, we initiated a bioinformatics search to identify potential
cross-reactive antigens homologous to peptide 5 in A. baumannii. Several such domains were
identified and characterized in FhaBp and OmpA proteins of A. baumannii. Moreover, we
identified the Acinetobacter Bacterial Inmunoglobulin-like domain (BIg) family of proteins as
having significant identity with the peptide 5 sequence (7/8 [88%] motif identity; 7/14 [50%]
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Peptide-5 antiserum

re—-immune serum

P

Fig 6. Anti-peptide 5 serum recognizes four unique A. baumannii cell surface proteins. Cell surface proteins of
XDR A. baumannii HUMCI1 were separated on a 2D gel and western blot was carried out using serum from rabbits
immunized with Hyrlp peptide #5 antigen. Serum from the same rabbit prior to immunization was used as a control
(pre-immune serum). Notice the four spots (circles) recognized by the immune serum vs. the pre-immune serum.

https://doi.org/10.1371/journal.ppat.1007056.9006

identity over the 14 residue span). Models of these domains were generated with identical and
functionally conserved residues visualized as van der Waals space-filling spheres (Fig 1D).

Anti-peptide 5 serum blocks A. baumannii-mediated invasion of host cells
in vitro and is bactericidal likely by an iron starvation mechanism

Next, we set out to explain the protective mechanisms elicited by Hyr1p as an immunogen
against A. baumannii. Due to the cross reactivity and homology of Hyr1p to FhaBp, and
OmpA (known adhesins/invasins in A. baumannii [55-57]) we reasoned that the anti-Hyr1p
antibodies may interfere with the ability of Acinetobacter to adhere to and/or invade host cells.
We chose to investigate the effect of anti-peptide 5 antibodies on the ability of A. baumannii to
invade human alveolar epithelial cell line (A549) since pneumonia is a common manifestation
of this bacterial infection. The pooled sera raised against the 8 peptides reduced the ability of
A. baumannii to invade alveolar epithelial cells by ~70%, while sera raised against peptide 5
almost completely blocked invasion when compared to pre-immune sera (Fig 7A).

As mentioned earlier, the antibodies raised against 8 different peptides of Hyr1p, displayed
inhibitory effect on A. baumannii viability when incubated with the bacterium for longer peri-
ods (e.g. >20 h, Fig 3C). To expand on this observation, we tested if the protective anti-peptide
5 serum would display similar or enhanced killing of the bacteria. Indeed, we found that anti-
peptide 5 serum, but not anti-peptide 3 serum [which did not protect mice from A. baumannii
infection (Fig 5D)], inhibited the growth of Acinetobacter in vitro when incubated with the
bacterium for 20 h. The antiserum did not inhibit the growth of P. aeruginosa (Fig 7B).
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Fig 7. Invasion of alveolar epithelial cells by XDR A. baumannii in the presence of rabbit serum collected before or after
immunization (10 pg) with Hyrlp peptides. Data (n = 6) expressed as % invading cells (mean + SD) of the adherent cells enumerated
after lysing mammalian cells without colistin treatment (A). *P<0.01 vs. preimmune serum. Effect of anti-peptide 5 serum on the
viability of A. baumannii (AB) or P. aeruginosa (PA) in vitro (B). Bacterial cells (1 x 10° cells) in MHII medium were incubated in 96-well
plate at 37°C for 20 h with varying concentrations of the immune serum. Killing activity of anti-peptide 5 serum was enumerated by CFU
(n = 3 per arm) expressed as % killing relative to cells without any anti-peptide 5 serum. ¥P<0.005 vs. no serum (C). Experiments in B
were repeated with A. baumannii inoculated in different concentrations of FeSO, supplemented media (D) and the CFU (n = 6 per arm)
were enumerated and expressed as % killing relative to cells without any anti-peptide 5 serum or FeSO,. *P< 0.01 vs. no serum no FeSO,.
**P <0.05 vs. no FeSO, at the corresponding serum concentration.

https://doi.org/10.1371/journal.ppat.1007056.9007

Further, we determined that this growth inhibition of A. baumannii by anti-peptide 5 serum
was bactericidal (Fig 7C). The killing activity of the anti-peptide 5 serum was not abrogated by
heating the serum at 60°C for 60 min prior to incubating with the bacteria. Collectively, these
results support the specificity of the anti-peptide 5 antibodies in protecting against A. bauman-
nii infection, and demonstrate that the growth inhibition of the anti-peptide 5 antibodies is
independent of complement.

Our Western blotting analysis using anti-peptide 5 serum (Fig 6) showed that a siderophore
outer membrane binding protein (TonB-dependent) is a candidate cross-reactive antigen to
Hyr1p. Also, our structural homology modeling as well as Western blotting studies implicated
OmpaA as another antigen that is likely to cross react to Hyr1p antibodies. Both proteins are
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involved in iron acquisition [58, 59]. Therefore, we hypothesized that the antibodies might
exert their inhibitory effect by iron starvation. Thus, we tested the inhibitory effect of anti-pep-
tide 5 serum in the presence or absence of different concentrations of iron supplementation.
Addition of iron in the form of FeSO, reversed the bactericidal activity of the antibodies. This
reversal was concentration dependent with 30 uM FeSO, showing around 50%-80% reversal
of the serum inhibitory effect while 100 uM FeSO, had almost complete reversal of the bacteri-
cidal activity. Consistent with the toxic effect of higher iron concentrations [60], FeSO, at

300 uM had less degree of reversal of the bactericidal activity of anti-peptide 5 serum (Fig 7D).
These results indicate that the cidal activity of the anti-peptide 5 serum is due, at least in part,
to blocking the ability of the bacterium in acquiring iron.

Anti-peptide 5 serum is synergistic with antibiotics against A. baumannii

Given that anti-peptide 5 antibodies have significant inhibitory activity against A. baumannii
growth, we questioned if it could make this XDR organism more susceptible to antibiotics. We
chose two drugs for the combination studies: 1) imipenem is a carbapenem often used as first
line therapy to treat A. baumannii infection; and 2) colistin is an antibiotic often used as a last
resort for treatment of XDR A. baumannii infections. The HUMCI study strain (an XDR clini-
cal isolate) exhibited a 50% inhibitory concentration (ICs,) of imipenem at 32 pg/ml per CLSI
method. Colistin exhibited an ICsq of 2 pg/ml against this A. baumannii strain. Likewise, the
ICs of the anti-serum against the test inoculum was a 12.5% dilution (vol/vol). When the anti-
bodies were combined with serial dilutions of imipenem, we observed a significant synergistic
effect in which the IC5, was reduced from 32 to 4 ul/ml (Fig 8A). A modest but additive effect
was observed with antisera combined with colistin, lowering the ICs, to 0.5 or 1.0 ug/ml when
compared to either colistin or the anti-peptide serum alone (Fig 8B). Control pre-vaccinated
serum at the identical dilution did not produce this inhibition effect. We further confirmed
these results by conducting time kill assays using sub-inhibitory concentrations of colistin at
0.5, 0.25, and 0.125 MIC with or without serum (at 12.5%). Clear and significant synergistic
effect was noticed in killing A. baumannii when the anti-peptide serum was combined with
the sub-inhibitory colistin concentrations especially after 24 h of incubation resulting in 50—
90% reduction of bacterial count when compared to colistin or anti-peptide serum alone with
the highest effect seen with serum combined with the 0.5 MIC colistin (S3 Fig).

Anti-peptide-5 antiserum is synergistic with antibiotics vs. A. baumannii in
mixed biofilms with C. albicans

A. baumannii commonly occupies shared niches with C. albicans in patients, and the two
organisms can form mixed species biofilms [61, 62]. Thus, we studied the inhibitory effect of
the anti-Hyr1 antibodies in controlling A. baumannii/C. albicans in a mixed biofilm model
with or without colistin. The two organisms were grown together for 6 h to initiate develop-
ment of biofilm. Anti-peptide 5 serum diluted to 12.5% (as above) was added to the mixed spe-
cies biofilm with or without 0.5 pg/ml colistin, and the biofilms were allowed to evolve for
another 12 h. By XTT quantification, in the presence of 12.5% anti-peptide 5 antiserum or
colistin alone, mixed species biofilms displayed inhibitions of 50% or 30%, respectively. When
the biofilms were treated with a combination of colistin and serum, an inhibition of ~70% was
observed (Fig 8C). The inhibitory effect of anti-peptide serum combined with colistin is evi-
dent in micrographs taken from each individual culture showing decimation of bacterial
growth without affecting Candida viability and growth (Fig 8D). These results suggest that
immunotherapeutic strategies targeting Hyr1p can act additively with antibiotics to signifi-
cantly reduce a complex A. baumannii/C. albicans biofilm formation.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007056 May 10, 2018 12/25


https://doi.org/10.1371/journal.ppat.1007056

o ®
@ : P Los | PATHOGENS A. baumanniiimmunotherapeutic strategies targeting C. albicans Hyr1p

A B mi ; B M cColistin only
100 4 mipenem only 100 - % O colistin+12.5% serum

=) + [J imipenem+12.5% serum =2 " *

£ * £ M

= = 80+

Z e * * Z

S 60 g o0-

£ ) g

g 40 S 404

g 3

< 20 < 207

X 2 N

R B B I u < o -

32 16 8 4 P s 2 1 05 0.25 0125 §
Imipenem (pg/ml) Colistin (ug/ml)
Mixed spp. biofilm +
C 1.47 D Mixed spp. biofilm peptide 5 antiserum
e [T — ” .

g 1.2 %
< 10
[=]
o 0.8
£ 06 *
S 0.4
[11]

0.2

0
Mixed spp. Mixed spp. Mixed spp.  Mixed spp.
biofilm +12.5% + Colistin +12.5% serum - —E Rt
serum +Colistin Mixed spp. biofilm + Mixed spp. biofilm + peptide 5
Colistin 0.5 ug/ml antiserum + Colistin 0.5 pg/ml

& i)

“
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panel C were visualized by light microscopy (D).

https:/doi.org/10.1371/journal.ppat.1007056.g008

Discussion

Healthcare-associated infections are often caused by commensal organisms. These organisms
frequently occupy shared host niches and exploit common vulnerabilities in the compromised
host. In the setting of immune deficiency, such commensals exert similar virulence mecha-
nisms (e.g. adherence to and invasion of host cells, iron acquisition, immune avoidance) to
cause disease. It is logical that such organisms employ common virulence factors structurally
and functionally evolved to be convergent in their interaction with the host. In turn, it is highly
likely that the host has devised countermeasure defense strategies to recognize and protect
against such infections. We hypothesize that such adapted host defense mechanisms can be
harnessed for the development of novel immunotherapeutic strategies [38].

We have applied innovative computational molecular modeling and bioinformatic strate-
gies to discover novel vaccine antigen candidates that target more than one high priority
human pathogens. This strategy to identify convergent antigens has been validated in cross-

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007056 May 10, 2018 13/25


https://doi.org/10.1371/journal.ppat.1007056.g008
https://doi.org/10.1371/journal.ppat.1007056

@'PLOS | PATHOGENS

A. baumanniiimmunotherapeutic strategies targeting C. albicans Hyr1p

kingdom immuno-protection against C. albicans and S. aureus [39, 40], in which the C. albi-
cans adhesins/invasins Als family of proteins share structural and functional homology with
MSCRAMMs of S. aureus (e.g. clumping factor A) [42]. Herein, we used this strategy to iden-
tify significant 3-D structural homologies among C. albicans Hyrlp and several candidate anti-
gens of the XDR A. baumannii, two organisms that share similar host niches and previously
known to be isolated from the same medical devices [32, 33]. Indeed, using different mouse
models, active or passive immunization with the Hyr1p target, protected mice from A. bau-
mannii infections. Interestingly, as was observed for Als3 and homologues in S. aureus [42],
there are relatively low degrees of sequence identity between Hyr1 and the identified template
proteins. Nonetheless, strong protective efficacy in mice was seen in cross-kingdom immuni-
zation studies of Als3p vs. S. aureus [39, 40] and with Hyrlp vs A. baumannii in this study. The
observed protection among cross-kingdom antigens are likely due to highly conserved B cell
epitopes given the nature of high degree of 3-D structural homology [38].

Homology modeling identified striking similarity in 3-D structures common to Hyrlp and
FhaBp. Most notable among these shared structures were peptide 5 from Hyrl of C. albicans,
and its counterpart motif in the FhaBp of A. baumannii. Interestingly, our in vivo passive
immunization studies identified antibodies targeting peptide # 5 as the most protective
amongst the 8 peptide pool. These anti-Hyr1 antibodies also recognized other A. baumannii
antigens including OmpA and outer membrane siderophore binding proteins. Bioinformatic
analysis and computational modeling of these proteins further revealed that peptide 5 shares
significant sequence identity with FhaB, OmpA and an immunoglobulin protein (Blg) that
was not detected in our Western blotting analysis. Although the anti-peptide 5 antibodies
reacted to FhaBp and OmpA, we do not know which of these antigens might be the targets for
the protective activity seen with mice passively or actively vaccinated with Hyr1p. However, it
has been previously reported that mice vaccinated with rOmpA are protected from A. bau-
mannii bacteremia [63, 64]. The lack of detection of Blg in our Western blot studies could be
attributed to conducting these analyses under conditions that are not inducing of the expres-
sion of the protein or due to technical deficiencies in isolating high molecular weight proteins
(Blg is >260 kDa in mass).

Our in vitro studies identified two virulence mechanisms that are blocked by the anti-pep-
tide 5 polyclonal antibody. Namely, the ability of A. baumannii to invade alveolar epithelial
cells was abrogated in the presence of anti-peptide 5 antibody. In addition, this antibody
appeared to have direct killing capacity of the A. baumannii study strain. Further, the bacteri-
cidal activity of the antibodies was reversed in the presence of exogenous iron, indicating that
the antibody blocked iron uptake of the bacterium as part of its bactericidal mechanism. It is
prudent to note that blocking of invasion cannot be attributed to the bactericidal activity of the
antibody because the invasion assay is conducted over a 1 h period, while the killing assay is
performed after 18-24 hours incubation.

Supporting our current findings, OmpA was reported to mediate A. baumannii invasion of
epithelial cells [55]. Similarly, an OmpA deficient mutant was shown to be defective in growth
under iron-limited conditions as compared to wild-type cells [58]. These results implicate
OmpA in both cell adhesion and iron acquisition as virulence functions of A. baumannii. Fur-
thermore, a TonB-dependent outer membrane siderophore that reacted to anti-peptide 5 anti-
bodies in Western blotting assays had been previously shown to be directly involved in A.
baumannii iron acquisition [59]. Finally, the hemagglutinin (FhaBp) is a known adhesion/
invasin of A. baumannii [56, 57]. Although it is currently unknown if the anti-peptide 5 serum
kills the bacteria by specifically binding to the OmpA, siderophore binding protein, and/or
FhaBp, our data points to a putative iron starvation mechanism as potential explanation to the
protective effect seen with the anti-peptide 5 antibodies in vivo. Studies to determine if the in
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vivo mechanism(s) of protection elicited by Hyrlp vaccination are related to these interesting
in vitro observations are currently under investigation. Additionally, the role of OmpA, TonB-
dependent outer membrane siderophore binding protein, and/or FhaBp as cross-reactive anti-
gens to Hyrlp, and their definitive role in eliciting murine protection are currently under
investigation.

Previous studies showed that A. baumannii binds to C. albicans hyphae via OmpA [35].
Our current study demonstrates that Hyr1 serves as a C. albicans receptor for OmpA through
multiple lines of evidence. First, under planktonic conditions, A. baumannii was able to
bind to and kill C. albicans wild-type and hyr1/hyr1+HYRI complemented hyphae but not
hyr1/hyrI null mutant hyphae (Fig 3A). Second, anti-Hyr1p antibodies blocked the ability of
A. baumannii to bind to C. albicans hyphae (Fig 3B). Third, A. baumannii is able to bind to
and develop mixed species biofilm with C. albicans wild-type and hyr1/hyr1+HYRI comple-
mented cells but not with hyr1/hyrl deletion mutant (Fig 3D and 3E). Finally, C. albicans wild-
type or hyr1/hyr1+HYRI complemented strains were able to bind OmpA as detected by affin-
ity purification assays, while the Aiyr1/hyr]l mutant displayed significantly reduced OmpA
binding (Fig 4). This interaction appears to be clinically significant given the recent report that
Candida species airway colonization together with A. baumannii, during ventilator-associated
pneumonia (VAP) are common among ICU patients. In fact, Candida species airway coloniza-
tion is identified as an independent risk factor for development of A. baumannii VAP [62], as
well as P. aeruginosa VAP [65].

Our findings collectively highlight the potential of using Hyr1 directed antibodies as thera-
peutic strategies targeting A. baumannii infections including in settings of medical devices
where biofilm formation is prominent. Importantly, the antibodies lowered the concentrations
of currently-used antibiotics needed to impair growth of the bacterium, including those which
are deemed ineffective against XDR A. baumannii (i.e. imipenem). The antibodies were also
effective in mitigating mixed species biofilms, resulting in an additive reduction in organism
burden in combination with increased susceptibility to antimicrobial agents. Although these
findings are yet to be confirmed in an in vivo model of infection, they provide strong rationale
for the combined use of active or passive immunotherapy with antibiotics in treating life-
threatening A. baumannii infections.

A scarcity of novel anti-Acinetobacter agents in the development pipeline, an escalating
population of individuals at risk for Acinetobacter infections, and the emergence of XDR, and
in some cases strains pan-resistant to all known antibiotics [66, 67], increasingly threaten
global and personal health. Thus, novel immunotherapeutic approaches to reduce the inci-
dence and severity, or enhance successful treatment of infections caused by such organisms,
are highly attractive and likely to yield significant reductions in morbidity and mortality.
Moreover, such approaches would be expected to decrease overall use of antibiotics, in turn
reducing pressures that select for resistance. Finally, the current studies reinforce the innova-
tive application of convergent immunity [68] to enhance the efficacy of anti-infective vaccines
and immunotherapies targeting highest-priority pathogens that are increasingly resistant to
conventional antimicrobial agents.

Materials and methods
Organism and culture conditions

The following bacterial strains were used in the study: A. baumannii HUMC1, HUMC6, and
HUMCI2 -all are XDR clinical strains resistant to all antibiotics except colistin; P. aerugi-
nosa PAO1 (a MDR wound isolate) [69]. Wild-type C. albicans strains SC5314 and SN250
were used in this study and have been previously described [70, 71]. The hyr1/hyr1 mutant,
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and hyr1/hyr1+HYRI complemented strains were made from SN250 [71] while als3/als3
mutant was originated from SC5314 [72]. C. albicans and A. baumannii were grown over-
night in Yeast, peptone, (2%) dextrose (YPD) medium, and in Brain heart infusion broth
(BHI), respectively. For hyphal development under planktonic conditions, C. albicans over-
night culture was washed and inoculated at a concentration of 1x10° cells/ml (determined by
counting using a hemocytometer) into a pre-warmed 50:50 mixture of YPD:BHI at 37°C, for
2 h. Bacterial counts were determined using McFarland standard using optimal density at
600 nm.

rHyr1p-N production

6x His tagged C. albicans rHyr1p-N was produced in E. coli and purified by Ni-agarose affinity
column as previously described [49]. Endotoxin was removed from rHyr1p-N using ProteoSpin
Endotoxin Removal kit (Norgen Bioteck Corporation, Ontario, Canada), and the endotoxin
level was determined with Limulus Amebocyte Lysate endochrome (Charles River Laborato-
ries), per manufacturer’s instruction. Using this procedure, endotoxin was reduced to <0.1 EU
per dose of the vaccine.

Planktonic co-culturing

C. albicans and A. baumannii were cultivated together (2:1 ratio) under similar growth settings
for 2 h. In certain experiments, the organisms were co-cultured or grown individually, in the
presence of anti-Hyrlp polyclonal antibodies (100 pg/ml). Post-incubation, the cells were
either visualized by bright field microscopy, or stained with 25 uM concanavalin A (Con A)-
Alexa 594 and/or 5 pM Syto 13 dyes, then imaged by Confocal Scanning Laser Microscopy
(CSLM) (both dyes, Thermo Fisher Sci. Waltham, MA). Con A stains the cell wall of fungi red,
and Syto 13 stains nuclei green.

Biofilm assay

For biofilm growth, two different models were used—First, a static model: that entailed growth
of organisms in 96 well microtiter plate for 24 h under non-shaking conditions, as previously
described [73]. C. albicans and A. baumannii were co-cultured at 2:1 ratio (1x10° cells/ml C.
albicans: 5x10° cells/ml A. baumannii) in the wells of the microtiter plate (100 wl final volume)
for 24 h and visualized under CLSM after staining, as above. C. albicans viability in the pres-
ence and absence of A. baumannii was measured by collecting the cells from the wells, and
plating dilutions on YPD plates + 5 ug/ml colistin (a concentration that kills A. baumannii
HUMCI [MIC of 2 pg/ml]). In some experiments, C. albicans were allowed to develop biofilms
in the presence of A. baumannii spent medium. For this, three-day-old culture of BHI-grown
Acinetobacter was centrifuged and filter sterilized, and concentrated by ethyl acetate followed
by evaporation. The dried residue was dissolved in RPMI medium and used for C. albicans
biofilm development. The extent of biofilm growth was compared to C. albicans grown in
RPMI alone, and the overnight-grown biofilm activity measured by the XTT assay, by follow-
ing a previously published protocol [73].

Biofilms were also developed using a simple flow biofilm model. In this system, cells
adhered to silicone strips are allowed to proliferate under continuous flow of fresh medium
[74]. For mixed species biofilm cultivation, a suspension of C. albicans cells (5x10° cells/ml) in
50:50 YPD:BHI medium, was layered on top of the strip, and incubated for three hours at
37°C, to promote adhesion. Next, the suspension was decanted and the strip harboring
adhered fungal cells were layered with a culture of A. baumannii for another two hours. One
set of strips were adhered with C. albicans alone, as a comparative control. The strips were
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then introduced into the flow chamber, and media made to flow over the strip at the rate of
500 pl/min. After 24 h, the viability of C. albicans in the biofilm was quantified by cutting the
strips into equal sizes (0.5 cm), vortexed vigorously, sonicated for 5 s at setting 3, diluted and
plated on YPD containing colistin as above. The cells were also teased out, stained with 5 uM
Syto 13 for 10 minutes and visualized under CLSM.

Flow cytometry analysis

Log phase bacterial cells were incubated for 1 h with 3 or 30 pg/ml of pooled serum raised
against 8 peptides of Hyrl1p that is predicted to be antigenic and surface exposed. The cells
were washed and counter stained with 10 ug/ml anti-rabbit IgG conjugated to Alex 488 (Ther-
mofisher Scientific) prior to determining the binding capacity of the antibodies by using a
FACSCalibur (Becton Dickinson) instrument equipped with an argon laser emitting at

488 nm. Fluorescence data were collected with logarithmic amplifiers. The population % fluo-
rescence of 10* events was calculated using the CellQuest software.

Cell membrane preparations, Western blotting, 2-dimensional gel imaging
and protein identification

A. baumannii HUMCI membrane preparations were produced as described before [75, 76].
Briefly, the bacterium was grown overnight at 37°C with shaking in BHI. Cells were passaged
in fresh medium for 3 h (log phase) at 37°C with shaking, washed, and the resultant pellet was
resuspended in disintegration buffer (7.8 g/L NaH,POy,, 7.1 g/L Na,HPOy,, 0.247 g/L MgSO, 7.
H,O + protease inhibitor mix (GE Healthcare) + nuclease mix (GE Healthcare) and sonicated
on ice for 3x for 5 min each with the unbroken cells separated by centrifugation at 1,500 g. The
supernatant was centrifuged for 30 min at 4°C at 4,500 rpm and was passed through a 0.45 uM
filter to remove any additional cell debris. An equal volume of ice-cold 0.1 M sodium carbon-
ate (pH 11) was added to the resulting supernatant and the mixture was stirred slowly over-
night, on ice. Membrane proteins were collected by ultracentrifugation at 100,000 g for 45 min
at 4°C, and the membranes were re-suspended in 500 ml water. Finally, the protein extract was
processed with a 2-DE Cleanup Kit (Bio-Rad).

Two dimensional SDS/10%-PAGE gels of membrane preparations were used to separate
proteins by size and isoelectric focusing (IEF), as described [77, 78]. For isoelectric focusing
(IEF), the Bio-Rad-PROTEIN IEF system was used with 4-7 pH gradient strips (ReadyStrip
IPG strips, Bio-Rad). Proteins were solubilized in 8 M urea, 2% (w/v) CHAPS, 40 mM
DTT and 0.5% (v/v) corresponding rehydrated buffer (Bio-Rad). The strips were rehydrated
overnight and underwent electrophoresis at 250 V for 20 min, 4000 V for 2 h, and 4,000 V
for 10,000 V-h, all at room temperature. Prior to the second dimension (SDS-PAGE),
the focused IPG strips were equilibrated with buffer I and II for 10 min (ReadyPrep 2-D
Starter Kit, Bio-Rad). The proteins were separated on 8-16% Criterion precast Gel (Bio-
Rad) and transferred to immune-Blot PVDF membranes (Bio-Rad). Membranes were
treated with Western Blocking Reagent (Roche) overnight and probed with pre-immune
or anti-peptide 5 serum. Membranes were washed and incubated with secondary, HRP-
conjugated goat anti-rabbit IgG (Santa Cruz Biotech). After incubation with SuperSignal
West Dura Extended Duration Substrate (Pierce), signals were detected using a CCD
camera. The candidate band from SDS-PAGE was cut and microsequenced using MALDI-
TOF MS/MS (UCLA Molecular Instrumentation Center) as previously described [63]. The
resulting MS/MS spectra was searched against the A. baumannii strain ATCC 17978 data-
base [63].
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Murine studies

Male BALB/c or CD-1 mice were used for all experiments. Diabetes was induced by intraper-
itoneal injection of 210 mg/kg streptozotocin in 0.2 ml citrate buffer 10 days prior to infec-
tion. Glycosuria and ketonuria were confirmed in all mice 7 days after streptozotocin
treatment, as previously described [51, 79]. Neutropenia was induced by intraperitoneal
injection of cyclophosphamide (200 mg/kg) and subcutaneous administration of cortisone
acetate (250 mg/kg) on days -2 and +3, relative to infection [51]. For the hematogenously dis-
seminated model, mice were infected intravenously with 5 x 107 cells in 0.2 ml phosphate
buffered saline (PBS) of log phase cells of A. baumannii HUMC1 or P. aeruginosa PAOL.

For the pneumonia model, mice were infected by aerosolizing bacterial cells in an inhala-
tional chamber through a nebulizer as we previously described [51]. Briefly, mice were intro-
duced to a Plexiglas exposure chamber (South Bay Plastics) prior to aerosolizing a 12 mL
suspension of bacteria cells (1.0 x 10"" cells/mL) via a small-particle nebulizer (Hudson
Micro Mist; Hudson RCI) driven by compressed air at 100 Ib/in® [80]. A standard exposure
time of 1 h was used for all experiments to allow time for complete aerosolization and uni-
form exposure of the mice. To determine the inhaled inoculum, three mice from each
experiment were sacrificed immediately after the procedure and their lungs collected and
quantitatively cultured on tryptic soy agar (TSA) plates. For survival experiments, mice were
followed for at least 20 days, while for tissue bacterial burden, mice were sacrificed at Day
+3, relative to infection. Target tissues were harvested and bacterial burden enumerated by
quantitative culturing of colony forming units (CFU).

Active and passive immunization

Mice were vaccinated subcutaneously with 30 pg of rHyr1p-N in PBS mixed with 0.1% alumi-
num hydroxide (alum; Brenntag Biosector) on Day 0, boosted with a similar dose on Day +21,
made diabetic on Day +25 prior to infecting them on Day +35 intravenously as described
above. Control mice were vaccinated similarly with PBS alone mixed with alum. For passive
immunization, diabetic or neutropenic mice were treated with a single dose of pooled anti-
Hyr1p antibodies or antibodies raised against the individual peptides either 2 h prior (prophy-
lactic) or a day after infecting the mice (therapy). In the therapy experiment, a repeat dose was
administered 8 days following the infection. The doses of the antibodies are indicated in the
figure legends.

Killing assay

Bacterial cells (1 x 10° cells) in Mueller Hinton II (MHII) medium were incubated in 96-well
plate at 37°C for 20 h with varying concentrations of the immune serum in the presence or
absence of 30-300 uM FeSO,. Killing activity of anti-peptide 5 serum was enumerated by CFU
following sonication, and the results expressed as % killing relative to cells incubated without
any anti-peptide 5 serum.

Susceptibility of C. albicans and A. baumannii biofilms to anti-microbial
agents

Susceptibility testing of anti-peptide 5 serum and/or antibiotics, or their combination, were
performed in 96-well microtiter plates. A. baumannii (1x10° cells/100 ul) were treated with
serum alone (12.5%/well), colistin alone (concentrations ranging from 2-0.125 pug/ml) or a
combination of serum and different concentrations of colistin. Some wells that contained only
bacterial cells, free of any treatment were included as controls. The plates were incubated at
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37°C for 16 h, and turbidity in each well measured spectrophotometrically at OD 600. The
same protocol was utilized for testing another drug, imipenem (concentrations ranging from
32-2 pg/ml). For a set of experiments, serum, antibiotics and their combination, were used
against mixed species biofilms, and their impact was measured at OD 600.

To evaluate the potential enhanced activity of colistin in combination with anti-peptide 5
serum against A. baumannii in vitro (time kill curves), 1x10° bacterial cells [1x10° colony-
forming units (CFU)/ml] were transferred into wells of a 96-well plate containing MH
medium with 0.5X, 0.25X and 0.125X MIC of colistin (1 pg/ml, 0.5 pg/ml, 0.25 pug/ml) or a
combination of the individual concentrations of colistin with 12.5% serum and incubated at
37°C. Inoculated MH medium without drug/serum served as controls. Aliquots were obtained
at0, 2, 4, 8, 12 and 24 h for quantification and data presented as CFU versus time.

Biotin labeling of bacterial membrane proteins, affinity purification and
protein identification

A. baumannii membranes were prepared as above. The cell membrane protein extracts were
biotin labeled by incubation with Ez-Link Sulfo-NHS-LS Biotin (0.5 mg/ml; Pierce) for 15
minutes at 37°C. Pre-germinated short hyphae (1 x 10°) of C. albicans SC5314, C. albicans
hyrl/hyrl, C. albicans hyr1/hyr1+HYRI complemented, or C. albicans als3/als3 were incubated
for 1 h on ice with 250 pg biotin-labeled A. baumannii cell surface proteins in PBS plus 1.5%
n-octyl-B-p-glucopyranoside and protease inhibitors. Unbound proteins were washed away by
three rinses with the same buffer. The Acinetobacter cell proteins that remained bound to the
fungal cells were eluted twice with 6M urea (Fluka), and the proteins separated on 8-16%
SDS-PAGE and transferred to PVDE-plus membranes (GE Water & Process Technologies).
The membrane was treated with Western Blocking Reagent (Roche) and probed with a 1:1000
dilution of anti-biotin antibody (Abcam, Cambridge, MA), followed by incubation with Super-
Signal West Dura Extended Duration Substrate (Pierce). Some blots were also probed with
1:1000 diluted anti-E. coli OmpA antibodies (Antibody research Co., St. Peters, MO) and sig-
nals detected using a CCD camera. Protein bands of interest were excised and identified by
MALDI-TOF—MS/MS as above.

Computational modeling of structural homology

Complimentary homology and energy-based modeling algorithms were conducted to char-
acterize and compare the overall physicochemical and structural features of C. albicans
Hyr1p. Further, these two protocols were used to prioritize potential structural domains that
may serve as epitopes for cross reactivity of anti-Hyr1 antibody. While both protocols
involve the use of homology-based threading algorithms, initial studies made use of the
Phyre2 modeling software package [81] that prioritizes remote template detection, align-
ment, 3-D modeling and ab initio protocols. Model refinement was carried out using the
iTasser server [82, 83] which utilizes a meta-threading approach to identify PDB templates
which are then assembled into continuous domains using replica-exchange Monte Carlo
simulations and ab initio modeling. Notably, the iTasser server has consistently ranked as a
top homology modeling application and was ranked as the top free modeling protocol in a
recent independent modeling study [84]. As a confirmatory measure, additional stochastic
modeling was carried out using the Quark server [83]. Select regions of resulting compara-
tive homologues were then subjected to 3-D alignment to identify areas of greatest homology
using the Smith-Waterman [85] algorithm as implemented within Chimera [86]. Sequence
alignments to identify putative shared epitopes between Hyr1 and other proteins were car-
ried out using CLUSTALW [87].
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Ethics statement

All procedures involving mice were approved by the IACUC of the Los Angeles Biomedical
Research Institute at Harbor-UCLA Medical Center (Protocol number 20295), according to
the NTH guidelines for animal housing and care. Moribund mice according to detailed and
well-characterized criteria were euthanized by pentobarbital overdose, followed by cervical
dislocation.

Statistical analysis

The nonparametric log-rank test was used to determine differences in survival times. The
nonparametric Wilcoxon rank sum test was used to analyze differences in tissue bacterial
burden, the ability of anti-peptide 5 to affect invasion of host cells, to kill A. baumannii, or to
assess the effect of combination treatment of the anti-peptide 5 sera with antibiotics on bac-
terial survival and biofilm formation. For all comparisons, a P value < 0.05 was considered
significant.

Supporting information

S1 Fig. Binding Assay of purified IgG (100 ug/ml) raised against Hyr1p 8 peptides to XDR
A. baumannii clinical strains with known clonal variability.
(TIF)

S2 Fig. Cell free extract of A. baumannii prevents C. albicans (CA) filamentation and biofilm
formation (A). C. albicans cells have higher viability in a mixed flow biofilm model versus the
mixed static biofilm model (B).

(TIF)

$3 Fig. Time kill curves of A. baumannii by sub-inhibitory concentrations of colistin, anti-
peptide 5 serum or a combination of both. Colistin was used at 1, 0.5, or 0. 25 pg/ml repre-
senting (0.5, 0.25, or 0.125 MIC, while anti-peptide 5 serum was used at 12.5% representing
0.5 MIC.

(TIFF)

Acknowledgments

We thank Sameh Soliman, Teclegiorgis Gebremariam, and Clara Baldin for helpful discussions.

Author Contributions

Conceptualization: Priya Uppuluri, Lin Lin, Nannette Y. Yount, John E. Edwards, Jr., Ashraf
S. Ibrahim.

Data curation: Priya Uppuluri, Ashraf S. Ibrahim.
Formal analysis: Priya Uppuluri, Nannette Y. Yount, Michael R. Yeaman, Ashraf S. Ibrahim.
Funding acquisition: Ashraf S. Ibrahim.

Investigation: Priya Uppuluri, Lin Lin, Abdullah Alqarihi, Guanpingsheng Luo, Eman G.
Youssef, Sondus Alkhazraji, Belal A. Ibrahim, Ashraf S. Ibrahim.

Methodology: Priya Uppuluri, Lin Lin, Abdullah Alqarihi, Guanpingsheng Luo, Eman G.
Youssef, Sondus Alkhazraji, Nannette Y. Yount, Belal A. Ibrahim, Michael Anthony Bolaris,
Michael R. Yeaman, Ashraf S. Ibrahim.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007056 May 10, 2018 20/25


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007056.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007056.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007056.s003
https://doi.org/10.1371/journal.ppat.1007056

@’PLOS | PATHOGENS

A. baumanniiimmunotherapeutic strategies targeting C. albicans Hyr1p

Project administration: Ashraf S. Ibrahim.

Resources: Marc Swidergall, Scott G. Filler.

Software: Nannette Y. Yount, Michael R. Yeaman.

Supervision: Priya Uppuluri, Lin Lin, Ashraf S. Ibrahim.

Writing - original draft: Priya Uppuluri, Ashraf S. Ibrahim.

Writing - review & editing: John E. Edwards, Jr., Marc Swidergall, Scott G. Filler, Michael R.

Yeaman.

References

1.

10.

1.

12

13.

14.

15.

Perez F, Hujer AM, Hujer KM, Decker BK, Rather PN, Bonomo RA. Global challenge of multidrug-resis-
tant Acinetobacter baumannii. Antimicrob Agents Chemother. 2007; 51(10):3471-84. Epub 2007/07/
25. https://doi.org/10.1128/AAC.01464-06 PMID: 17646423

Maragakis LL, Tucker MG, Miller RG, Carroll KC, Perl TM. Incidence and prevalence of multidrug-resis-
tant acinetobacter using targeted active surveillance cultures. Jama. 2008; 299(21):2513—4. Epub
2008/06/05. https://doi.org/10.1001/jama.299.21.2513 PMID: 18523219

Maragakis LL, Winkler A, Tucker MG, Cosgrove SE, Ross T, Lawson E, et al. Outbreak of multidrug-
resistant Serratia marcescens infection in a neonatal intensive care unit. Infect Control Hosp Epidemiol.
2008; 29(5):418-23. Epub 2008/04/19. https://doi.org/10.1086/587969 PMID: 18419363

Paterson DL. The epidemiological profile of infections with multidrug-resistant Pseudomonas aerugi-
nosa and Acinetobacter species. Clin Infect Dis. 2006; 43 Suppl 2:S43-8. Epub 2006/08/09. https://doi.
0rg/10.1086/504476 PMID: 16894514

Aronson NE, Sanders JW, Moran KA. In harm’s way: infections in deployed American military forces.
Clin Infect Dis. 2006; 43(8):1045-51. Epub 2006/09/20. https://doi.org/10.1086/507539 PMID:
16983619

Harman DR, Hooper Tl, Gackstetter GD. Aeromedical evacuations from Operation Iragi Freedom: a
descriptive study. Mil Med. 2005; 170(6):521—7. Epub 2005/07/09. PMID: 16001605

Hinsley DE, Phillips SL, Clasper JS. Ballistic fractures during the 2003 Gulf conflict—early prognosis
and high complication rate. J R Army Med Corps. 2006; 152(2):96—101. Epub 2006/12/21. PMID:
17175773

Murray CK, Roop SA, Hospenthal DR, Dooley DP, Wenner K, Hammock J, et al. Bacteriology of war
wounds at the time of injury. Mil Med. 2006; 171(9):826—9. Epub 2006/10/14. PMID: 17036599

Murray CK, Yun HC, Griffith ME, Thompson B, Crouch HK, Monson LS, et al. Recovery of multidrug-
resistant bacteria from combat personnel evacuated from Iraq and Afghanistan at a single military treat-
ment facility. Mil Med. 2009; 174(6):598-604. Epub 2009/07/10. PMID: 19585772

Perez F, Hujer AM, Hulten EA, Fishbain J, Hujer KM, Aron D, et al. Antibiotic resistance determinants in
Acinetobacter spp and clinical outcomes in patients from a major military treatment facility. Am J Infect
Control. 38(1):63-5. Epub 2009/09/29. https://doi.org/10.1016/j.ajic.2009.05.007 PMID: 19783325

Spellberg B, Blaser M, Guidos RJ, Boucher HW, Bradley JS, Eisenstein BI, et al. Combating antimicro-
bial resistance: policy recommendations to save lives. Clin Infect Dis. 52 Suppl 5:5397-428. Epub
2011/04/16. https://doi.org/10.10983/cid/cir153 PMID: 21474585

Talbot GH. What is in the pipeline for Gram-negative pathogens? Expert Rev Anti Infect Ther. 2008; 6
(1):39-49. Epub 2008/02/07. https://doi.org/10.1586/14787210.6.1.39 PMID: 18251663

Talbot GH, Bradley J, Edwards JE Jr., Gilbert D, Scheld M, Bartlett JG. Bad bugs need drugs: an update
on the development pipeline from the Antimicrobial Availability Task Force of the Infectious Diseases
Society of America. Clin Infect Dis. 2006; 42(5):657—68. Epub 2006/02/01. https://doi.org/10.1086/
499819 PMID: 16447111

Boucher HW, Talbot GH, Bradley JS, Edwards JE, Gilbert D, Rice LB, et al. Bad bugs, no drugs: no
ESKAPE! An update from the Infectious Diseases Society of America. Clin Infect Dis. 2009; 48(1):1-12.
Epub 2008/11/28. https://doi.org/10.1086/595011 PMID: 19035777

Dizbay M, Tunccan OG, Sezer BE, Hizel K. Nosocomial imipenem-resistant Acinetobacter baumannii
infections: epidemiology and risk factors. Scand J Infect Dis. 42(10):741-6. Epub 2010/05/27. https:/
doi.org/10.3109/00365548.2010.489568 PMID: 20500117

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007056 May 10, 2018 21/25


https://doi.org/10.1128/AAC.01464-06
http://www.ncbi.nlm.nih.gov/pubmed/17646423
https://doi.org/10.1001/jama.299.21.2513
http://www.ncbi.nlm.nih.gov/pubmed/18523219
https://doi.org/10.1086/587969
http://www.ncbi.nlm.nih.gov/pubmed/18419363
https://doi.org/10.1086/504476
https://doi.org/10.1086/504476
http://www.ncbi.nlm.nih.gov/pubmed/16894514
https://doi.org/10.1086/507539
http://www.ncbi.nlm.nih.gov/pubmed/16983619
http://www.ncbi.nlm.nih.gov/pubmed/16001605
http://www.ncbi.nlm.nih.gov/pubmed/17175773
http://www.ncbi.nlm.nih.gov/pubmed/17036599
http://www.ncbi.nlm.nih.gov/pubmed/19585772
https://doi.org/10.1016/j.ajic.2009.05.007
http://www.ncbi.nlm.nih.gov/pubmed/19783325
https://doi.org/10.1093/cid/cir153
http://www.ncbi.nlm.nih.gov/pubmed/21474585
https://doi.org/10.1586/14787210.6.1.39
http://www.ncbi.nlm.nih.gov/pubmed/18251663
https://doi.org/10.1086/499819
https://doi.org/10.1086/499819
http://www.ncbi.nlm.nih.gov/pubmed/16447111
https://doi.org/10.1086/595011
http://www.ncbi.nlm.nih.gov/pubmed/19035777
https://doi.org/10.3109/00365548.2010.489568
https://doi.org/10.3109/00365548.2010.489568
http://www.ncbi.nlm.nih.gov/pubmed/20500117
https://doi.org/10.1371/journal.ppat.1007056

@’PLOS | PATHOGENS

A. baumanniiimmunotherapeutic strategies targeting C. albicans Hyr1p

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gordon NC, Wareham DW. A review of clinical and microbiological outcomes following treatment of
infections involving multidrug-resistant Acinetobacter baumannii with tigecycline. J Antimicrob Che-
mother. 2009; 63(4):775-80. Epub 2009/01/23. https://doi.org/10.1093/jac/dkn555 PMID: 19158109

Karageorgopoulos DE, Falagas ME. Current control and treatment of multidrug-resistant Acinetobacter
baumannii infections. Lancet Infect Dis. 2008; 8(12):751-62. Epub 2008/11/22. https://doi.org/10.1016/
S$1473-3099(08)70279-2 PMID: 19022191

Gardiner D, Dukart G, Cooper A, Babinchak T. Safety and efficacy of intravenous tigecycline in subjects
with secondary bacteremia: pooled results from 8 phase lll clinical trials. Clin Infect Dis. 50(2):229-38.
Epub 2009/12/23. https://doi.org/10.1086/648720 PMID: 20025527

Mehta R, Lopez-Berestein G, Hopfer R, Mills K, Juliano RL. Liposomal amphotericin B is toxic to fungal
cells but not to mammalian cells. Biochimica et Biophysica Acta. 1984; 770(2):230—4. Epub 1984/03/
14. PMID: 6696909

Park YK, Jung SI, Park KH, Cheong HS, Peck KR, Song JH, et al. Independent emergence of colistin-
resistant Acinetobacter spp. isolates from Korea. Diagn Microbiol Infect Dis. 2009; 64(1):43-51. Epub
2009/04/14. https://doi.org/10.1016/j.diagmicrobio.2009.01.012 PMID: 19362258

Adams MD, Nickel GC, Bajaksouzian S, Lavender H, Murthy AR, Jacobs MR, et al. Resistance to colis-
tin in Acinetobacter baumannii associated with mutations in the PmrAB two-component system. Antimi-
crob Agents Chemother. 2009; 53(9):3628—-34. Epub 2009/06/17. https://doi.org/10.1128/AAC.00284-
09 PMID: 19528270

Falagas ME, Rafailidis Pl, Matthaiou DK, Virtzili S, Nikita D, Michalopoulos A. Pandrug-resistant Klebsi-
ella pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii infections: characteristics
and outcome in a series of 28 patients. Int J Antimicrob Agents. 2008; 32(5):450—4. Epub 2008/09/05.
https://doi.org/10.1016/j.ijjantimicag.2008.05.016 PMID: 18768302

Levin AS, Barone AA, Penco J, Santos MV, Marinho IS, Arruda EA, et al. Intravenous colistin as therapy
for nosocomial infections caused by multidrug-resistant Pseudomonas aeruginosa and Acinetobacter
baumannii. Clin Infect Dis. 1999; 28(5):1008—11. Epub 1999/08/19. https://doi.org/10.1086/514732
PMID: 10452626

Oliveira MS, Prado GV, Costa SF, Grinbaum RS, Levin AS. Ampicillin/sulbactam compared with poly-
myaxins for the treatment of infections caused by carbapenem-resistant Acinetobacter spp. J Antimicrob
Chemother. 2008; 61(6):1369—75. Epub 2008/03/28. https://doi.org/10.1093/jac/dkn128 PMID:
18367459

Doi Y, Husain S, Potoski BA, McCurry KR, Paterson DL. Extensively drug-resistant Acinetobacter bau-
mannii. Emerg Infect Dis. 2009; 15(6):980—2. Epub 2009/06/16. https://doi.org/10.3201/eid1506.
081006 PMID: 19523312

Valencia R, Arroyo LA, Conde M, Aldana JM, Torres MJ, Fernandez-Cuenca F, et al. Nosocomial out-
break of infection with pan-drug-resistant Acinetobacter baumannii in a tertiary care university hospital.
Infect Control Hosp Epidemiol. 2009; 30(3):257—-63. Epub 2009/02/10. https://doi.org/10.1086/595977
PMID: 19199531

Lin MF, Lan CY. Antimicrobial resistance in Acinetobacter baumannii: From bench to bedside. World J
Clin Cases. 2014; 2(12):787-814. https://doi.org/10.12998/wjcc.v2.i112.787 PMID: 25516853

Vidal R, Dominguez M, Urrutia H, Bello H, Garcia A, Gonzalez G, et al. Effect of imipenem and sulbac-
tam on sessile cells of Acinetobacter baumannii growing in biofilm. Microbios. 1997; 91(367):79-87.
PMID: 9467922

Mietto C, Pinciroli R, Patel N, Berra L. Ventilator associated pneumonia: evolving definitions and pre-
ventive strategies. Respir Care. 2013; 58(6):990—1007. https://doi.org/10.4187/respcare.02380 PMID:
23709196

Gil-Perotin S, Ramirez P, Marti V, Sahuquillo JM, Gonzalez E, Calleja |, et al. Implications of endotra-
cheal tube biofilm in ventilator-associated pneumonia response: a state of concept. Crit Care. 2012; 16
(3):R93. https://doi.org/10.1186/cc11357 PMID: 22621676

Liao YT, Kuo SC, Lee YT, Chen CP, Lin SW, Shen LJ, et al. Sheltering effect and indirect pathogenesis
of carbapenem-resistant Acinetobacter baumannii in polymicrobial infection. Antimicrob Agents Che-
mother. 2014; 58(7):3983-90. https://doi.org/10.1128/AAC.02636-13 PMID: 24798276

Peleg AY, Seifert H, Paterson DL. Acinetobacter baumannii: emergence of a successful pathogen. Clin
Microbiol Rev. 2008; 21(3):538-82. Epub 2008/07/16. https://doi.org/10.1128/CMR.00058-07 PMID:
18625687

Rosenthal VD, Maki DG, Salomao R, Moreno CA, Mehta Y, Higuera F, et al. Device-associated nosoco-
mial infections in 55 intensive care units of 8 developing countries. Ann Intern Med. 2006; 145(8):582—
91. PMID: 17043340

Sebeny PJ, Riddle MS, Petersen K. Acinetobacter baumannii skin and soft-tissue infection associated
with war trauma. Clin Infect Dis. 2008; 47(4):444-9. https://doi.org/10.1086/590568 PMID: 18611157

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007056 May 10, 2018 22/25


https://doi.org/10.1093/jac/dkn555
http://www.ncbi.nlm.nih.gov/pubmed/19158109
https://doi.org/10.1016/S1473-3099(08)70279-2
https://doi.org/10.1016/S1473-3099(08)70279-2
http://www.ncbi.nlm.nih.gov/pubmed/19022191
https://doi.org/10.1086/648720
http://www.ncbi.nlm.nih.gov/pubmed/20025527
http://www.ncbi.nlm.nih.gov/pubmed/6696909
https://doi.org/10.1016/j.diagmicrobio.2009.01.012
http://www.ncbi.nlm.nih.gov/pubmed/19362258
https://doi.org/10.1128/AAC.00284-09
https://doi.org/10.1128/AAC.00284-09
http://www.ncbi.nlm.nih.gov/pubmed/19528270
https://doi.org/10.1016/j.ijantimicag.2008.05.016
http://www.ncbi.nlm.nih.gov/pubmed/18768302
https://doi.org/10.1086/514732
http://www.ncbi.nlm.nih.gov/pubmed/10452626
https://doi.org/10.1093/jac/dkn128
http://www.ncbi.nlm.nih.gov/pubmed/18367459
https://doi.org/10.3201/eid1506.081006
https://doi.org/10.3201/eid1506.081006
http://www.ncbi.nlm.nih.gov/pubmed/19523312
https://doi.org/10.1086/595977
http://www.ncbi.nlm.nih.gov/pubmed/19199531
https://doi.org/10.12998/wjcc.v2.i12.787
http://www.ncbi.nlm.nih.gov/pubmed/25516853
http://www.ncbi.nlm.nih.gov/pubmed/9467922
https://doi.org/10.4187/respcare.02380
http://www.ncbi.nlm.nih.gov/pubmed/23709196
https://doi.org/10.1186/cc11357
http://www.ncbi.nlm.nih.gov/pubmed/22621676
https://doi.org/10.1128/AAC.02636-13
http://www.ncbi.nlm.nih.gov/pubmed/24798276
https://doi.org/10.1128/CMR.00058-07
http://www.ncbi.nlm.nih.gov/pubmed/18625687
http://www.ncbi.nlm.nih.gov/pubmed/17043340
https://doi.org/10.1086/590568
http://www.ncbi.nlm.nih.gov/pubmed/18611157
https://doi.org/10.1371/journal.ppat.1007056

@’PLOS | PATHOGENS

A. baumanniiimmunotherapeutic strategies targeting C. albicans Hyr1p

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Gaddy JA, Tomaras AP, Actis LA. The Acinetobacter baumannii 19606 OmpA protein plays a role in
biofilm formation on abiotic surfaces and in the interaction of this pathogen with eukaryotic cells. Infect
Immun. 2009; 77(8):3150-60. Epub 2009/05/28. https://doi.org/10.1128/IA1.00096-09 PMID: 19470746

Peleg AY, Tampakakis E, Fuchs BB, Eliopoulos GM, Moellering RC Jr., Mylonakis E. Prokaryote-
eukaryote interactions identified by using Caenorhabditis elegans. Proc Natl Acad Sci U S A. 2008; 105
(38):14585-90. https://doi.org/10.1073/pnas.0805048105 PMID: 18794525

Kostoulias X, Murray GL, Cerqueira GM, Kong JB, Bantun F, Mylonakis E, et al. Impact of a Cross-King-
dom Signaling Molecule of Candida albicans on Acinetobacter baumannii Physiology. Antimicrob
Agents Chemother. 2015; 60(1):161-7. https://doi.org/10.1128/AAC.01540-15 PMID: 26482299

Yeaman MR, Filler SG, Schmidt CS, Ibrahim AS, Edwards JE Jr., Hennessey JP Jr. Applying Conver-
gent Immunity to Innovative Vaccines Targeting Staphylococcus aureus. Front Immunol. 2014; 5:463.
https://doi.org/10.3389/fimmu.2014.00463 PMID: 25309545

Yeaman MR, Filler SG, Chaili S, Barr K, Wang H, Kupferwasser D, et al. Mechanisms of NDV-3 vaccine
efficacy in MRSA skin versus invasive infection. Proc Natl Acad Sci U S A. 2014; 111(51):E5555-63.
https://doi.org/10.1073/pnas.1415610111 PMID: 25489065

Lin L, Ibrahim AS, Xu X, Farber JM, Avanesian V, Baquir B, et al. Th1-Th17 cells mediate protective
adaptive immunity against Staphylococcus aureus and Candida albicans infection in mice. PLoS
Pathog. 2009; 5(12):e1000703. Epub 2009/12/31. https://doi.org/10.1371/journal.ppat.1000703 PMID:
20041174

Spellberg B, Ibrahim AS, Yeaman MR, Lin L, Fu Y, Avanesian V, et al. The antifungal vaccine derived
from the recombinant N terminus of Als3p protects mice against the bacterium Staphylococcus aureus.
Infect Immun. 2008; 76(10):4574—80. Epub 2008/07/23. https://doi.org/10.1128/IA1.00700-08 PMID:
18644876

Sheppard DC, Yeaman MR, Welch WH, Phan QT, Fu Y, Ibrahim AS, et al. Functional and structural
diversity in the Als protein family of Candida albicans. J Biol Chem. 2004; 279:30480-9. https://doi.org/
10.1074/jbc.M401929200 PMID: 15128742

Lin L, Ibrahim AS, Baquir B, Avanesian V, Fu Y, Spellberg B. Inmunological surrogate marker of
rAls3p-N vaccine-induced protection against Staphylococcus aureus. FEMS Immunol Med Microbiol.
2009. Epub 2009/01/23. https://doi.org/10.1111/j.1574-695X.2008.00531.x PMID: 19159425

Spellberg B, Ibrahim AS, Lin L, Avanesian V, Fu Y, Lipke P, et al. Antibody titer threshold predicts anti-
candidal vaccine efficacy even though the mechanism of protection is induction of cell-mediated immu-
nity. J Infect Dis. 2008; 197(7):967—71. Epub 2008/04/19. https://doi.org/10.1086/529204 PMID:
18419471

Yeaman M, Filler S, Chaili S, Barr K, Wang H, Kupferwasser D, et al., editors. Efficacy and Immunologic
Mechanisms of NDV-3 Vaccine in a Murine Model of Methicillin-Resistant Staphylococcus aureus
(MRSA) Skin / Skin Structure Infection (SSSI). 52nd Interscience Conference on Antimicrobial Agents
and Chemotherapy; 2012; San Francisco, CA.

Yeaman MR, Ibrahim AS, Filler SG, Chaili S, Barr K, Wang H, et al., editors. Efficacy of NDV3 vaccine
in a murine model of Staphylococcus aureus skin / soft tissue infection (SSTI). Gordon Research Con-
ference on Staphylococcal Diseases; 2011; Barga, ltaly.

Lee IM, TuIF, Yang F-L, Ko T-P, Liao J-H, Lin N-T, et al. Structural basis for fragmenting the exopoly-
saccharide of Acinetobacter baumannii by bacteriophage ®AB6 tailspike protein. Scientific Reports.
2017; 7:42711. https://www.nature.com/articles/srep42711#supplementary-information. PMID:
28209973

Darwish Alipour Astaneh S, Rasooli I, Mousavi Gargari SL. Filamentous hemagglutinin adhesin FhaB
limits A.baumannii biofilm formation. Front Biosci (Elite Ed). 2017; 9:266-75.

Luo G, Ibrahim AS, Spellberg B, Nobile CJ, Mitchell AP, Fu Y. Candida albicans Hyr1p confers resis-
tance to neutrophil killing and is a potential vaccine target. J Infect Dis. 2010; 201(11):1718-28. Epub
2010/04/27. https://doi.org/10.1086/652407 PMID: 20415594

Luo G, Ibrahim AS, French SW, Edwards JE Jr., Fu Y. Active and passive immunization with rHyr1p-N
protects mice against hematogenously disseminated candidiasis. PLoS One. 6(10):e25909. Epub
2011/10/27. https://doi.org/10.1371/journal.pone.0025909 PMID: 22028796

Luo G, Spellberg B, Gebremariam T, Bolaris M, Lee H, Fu Y, et al. Diabetic murine models for Acineto-
bacter baumannii infection. J Antimicrob Chemother. Epub 2012/03/06. https://doi.org/10.1093/jac/
dks050 PMID: 22389456

Brand A, Barnes JD, Mackenzie KS, Odds FC, Gow NA. Cell wall glycans and soluble factors
determine the interactions between the hyphae of Candida albicans and Pseudomonas aeruginosa.
FEMS Microbiol Lett. 2008; 287(1):48-55. https://doi.org/10.1111/j.1574-6968.2008.01301.x PMID:
18680523

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007056 May 10, 2018 23/25


https://doi.org/10.1128/IAI.00096-09
http://www.ncbi.nlm.nih.gov/pubmed/19470746
https://doi.org/10.1073/pnas.0805048105
http://www.ncbi.nlm.nih.gov/pubmed/18794525
https://doi.org/10.1128/AAC.01540-15
http://www.ncbi.nlm.nih.gov/pubmed/26482299
https://doi.org/10.3389/fimmu.2014.00463
http://www.ncbi.nlm.nih.gov/pubmed/25309545
https://doi.org/10.1073/pnas.1415610111
http://www.ncbi.nlm.nih.gov/pubmed/25489065
https://doi.org/10.1371/journal.ppat.1000703
http://www.ncbi.nlm.nih.gov/pubmed/20041174
https://doi.org/10.1128/IAI.00700-08
http://www.ncbi.nlm.nih.gov/pubmed/18644876
https://doi.org/10.1074/jbc.M401929200
https://doi.org/10.1074/jbc.M401929200
http://www.ncbi.nlm.nih.gov/pubmed/15128742
https://doi.org/10.1111/j.1574-695X.2008.00531.x
http://www.ncbi.nlm.nih.gov/pubmed/19159425
https://doi.org/10.1086/529204
http://www.ncbi.nlm.nih.gov/pubmed/18419471
https://www.nature.com/articles/srep42711#supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/28209973
https://doi.org/10.1086/652407
http://www.ncbi.nlm.nih.gov/pubmed/20415594
https://doi.org/10.1371/journal.pone.0025909
http://www.ncbi.nlm.nih.gov/pubmed/22028796
https://doi.org/10.1093/jac/dks050
https://doi.org/10.1093/jac/dks050
http://www.ncbi.nlm.nih.gov/pubmed/22389456
https://doi.org/10.1111/j.1574-6968.2008.01301.x
http://www.ncbi.nlm.nih.gov/pubmed/18680523
https://doi.org/10.1371/journal.ppat.1007056

@’PLOS | PATHOGENS

A. baumanniiimmunotherapeutic strategies targeting C. albicans Hyr1p

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Luo G, Ibrahim AS, French SW, Edwards JE Jr., Fu Y. Active and Passive Immunization with rHyr1p-N
Protects Mice against Hematogenously Disseminated Candidiasis. PLoS One. 2011; 6(10):e25909.
https://doi.org/10.1371/journal.pone.0025909 PMID: 22028796

Alsultan AA, Hamouda A, Evans BA, Amyes SG. Acinetobacter baumannii: emergence of four strains
with novel bla(OXA-51-like) genes in patients with diabetes mellitus. J Chemother. 2009; 21(3):290-5.
Epub 2009/07/02. https://doi.org/10.1179/joc.2009.21.3.290 PMID: 19567349

Choi CH, Lee JS, Lee YC, Park Tl, Lee JC. Acinetobacter baumannii invades epithelial cells and outer
membrane protein A mediates interactions with epithelial cells. BMC Microbiol. 2008; 8:216. Epub
2008/12/11. https://doi.org/10.1186/1471-2180-8-216 PMID: 19068136

Darvish Alipour Astaneh S, Rasooli I, Mousavi Gargari SL. The role of filamentous hemagglutinin adhe-
sin in adherence and biofilm formation in Acinetobacter baumannii ATCC19606T. Microbial Pathogene-
sis. 2014; 74(Supplement C):42-9. https://doi.org/10.1016/j.micpath.2014.07.007.

Pérez A, Merino M, Rumbo-Feal S, Alvarez-Fraga L, Vallejo JA, Beceiro A, et al. The FhaB/FhaC
two-partner secretion system is involved in adhesion of Acinetobacter baumannii AbH120-A2
strain. Virulence. 2017; 8(6):959-74. https://doi.org/10.1080/21505594.2016.1262313 PMID:
27858524

Nwugo C, Gaddy JA, Zimbler DL, Actis LA. Deciphering the iron response in Acinetobacter baumannii:
a proteomics approach. Journal of proteomics. 2011; 74(1):44-58. https://doi.org/10.1016/}.jprot.2010.
07.010 PMID: 20692388

Zimbler DL, Arivett BA, Beckett AC, Menke SM, Actis LA. Functional Features of TonB Energy Trans-
duction Systems of Acinetobacter baumannii. Infection and Immunity. 2013; 81(9):3382—-94. https:/doi.
org/10.1128/1A1.00540-13 PMID: 23817614

Howard DH. Acquisition, transport, and storage of iron by pathogenic fungi. Clin Microbiol Rev. 1999;
12(3):394—404. PMID: 10398672

Peleg AY, Hogan DA, Mylonakis E. Medically important bacterial-fungal interactions. Nat Rev Microbiol.
2010; 8(5):340-9. https://doi.org/10.1038/nrmicro2313 PMID: 20348933

Tan X, Zhu S, Yan D, Chen W, Chen R, Zou J, et al. Candida spp. airway colonization: A potential risk
factor for Acinetobacter baumannii ventilator-associated pneumonia. Med Mycol. 2016; 54(6):557—66.
https://doi.org/10.1093/mmy/myw009 PMID: 27001670

Luo G, Lin L, Ibrahim AS, Baquir B, Pantapalangkoor P, Bonomo RA, et al. Active and passive immuni-
zation protects against lethal, extreme drug resistant-Acinetobacter baumannii infection. PLoS One. 7
(1):29446. Epub 2012/01/19. https://doi.org/10.1371/journal.pone.0029446 PMID: 22253723

Lin L, Tan B, Pantapalangkoor P, Ho T, Hujer AM, Taracila MA, et al. Acinetobacter baumannii rOmpA
vaccine dose alters immune polarization and immunodominant epitopes. Vaccine. 2013; 31(2):313-8.
http://dx.doi.org/10.1016/j.vaccine.2012.11.008 PMID: 23153442

Azoulay E, Timsit J-F, Tafflet M, de Lassence A, Darmon M, Zahar J-R, et al. Candida Colonization of
the Respiratory Tract and Subsequent Pseudomonas Ventilator-Associated Pneumonia. Chest. 2006;
129(1):110-7. https://doi.org/10.1378/chest.129.1.110 PMID: 16424420

Qureshi ZA, Hittle LE, O’'Hara JA, Rivera JI, Syed A, Shields RK, et al. Colistin-Resistant Acinetobacter
baumannii: Beyond Carbapenem Resistance. Clinical Infectious Diseases. 2015; 60(9):1295-303.
https://doi.org/10.1093/cid/civ048 PMID: 25632010

Dafopoulou K, Xavier BB, Hotterbeekx A, Janssens L, Lammens C, Dé E, et al. Colistin-Resistant Aci-
netobacter baumannii Clinical Strains with Deficient Biofilm Formation. Antimicrobial Agents and Che-
motherapy. 2016; 60(3):1892—5. https://doi.org/10.1128/AAC.02518-15 PMID: 26666921

Yeaman MR, H JP Jr. Innovative Approaches to Improve Anti-Infective Vaccine Efficacy. Annual
Review of Pharmacology and Toxicology. 2017; 57(1):189-222. https://doi.org/10.1146/annurev-
pharmtox-010716-104718 PMID: 28061685

Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, Hickey MJ, et al. Complete genome
sequence of Pseudomonas aeruginosa PAO1, an opportunistic pathogen. Nature. 2000; 406:959.
https://www.nature.com/articles/35023079#supplementary-information. PMID: 10984043

Fonzi WA, Irwin MY. Isogenic strain construction and gene mapping in Candida albicans. Genetics.
1993; 134(3):717-28. PMID: 8349105

Noble SM, French S, Kohn LA, Chen V, Johnson AD. Systematic screens of a Candida albicans homo-
zygous deletion library decouple morphogenetic switching and pathogenicity. Nat Genet. 2010; 42
(7):590-8. https://doi.org/10.1038/ng.605 PMID: 20543849

FuY, Phan QT, Luo G, Solis NV, Liu Y, Cormack BP, et al. Investigation of the function of Candida albi-
cans Als3 by heterologous expression in Candida glabrata. Infect Immun. 2013; 81(7):2528-35. https:/
doi.org/10.1128/IA1.00013-13 PMID: 23630968

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007056 May 10, 2018 24/25


https://doi.org/10.1371/journal.pone.0025909
http://www.ncbi.nlm.nih.gov/pubmed/22028796
https://doi.org/10.1179/joc.2009.21.3.290
http://www.ncbi.nlm.nih.gov/pubmed/19567349
https://doi.org/10.1186/1471-2180-8-216
http://www.ncbi.nlm.nih.gov/pubmed/19068136
https://doi.org/10.1016/j.micpath.2014.07.007
https://doi.org/10.1080/21505594.2016.1262313
http://www.ncbi.nlm.nih.gov/pubmed/27858524
https://doi.org/10.1016/j.jprot.2010.07.010
https://doi.org/10.1016/j.jprot.2010.07.010
http://www.ncbi.nlm.nih.gov/pubmed/20692388
https://doi.org/10.1128/IAI.00540-13
https://doi.org/10.1128/IAI.00540-13
http://www.ncbi.nlm.nih.gov/pubmed/23817614
http://www.ncbi.nlm.nih.gov/pubmed/10398672
https://doi.org/10.1038/nrmicro2313
http://www.ncbi.nlm.nih.gov/pubmed/20348933
https://doi.org/10.1093/mmy/myw009
http://www.ncbi.nlm.nih.gov/pubmed/27001670
https://doi.org/10.1371/journal.pone.0029446
http://www.ncbi.nlm.nih.gov/pubmed/22253723
http://dx.doi.org/10.1016/j.vaccine.2012.11.008
http://www.ncbi.nlm.nih.gov/pubmed/23153442
https://doi.org/10.1378/chest.129.1.110
http://www.ncbi.nlm.nih.gov/pubmed/16424420
https://doi.org/10.1093/cid/civ048
http://www.ncbi.nlm.nih.gov/pubmed/25632010
https://doi.org/10.1128/AAC.02518-15
http://www.ncbi.nlm.nih.gov/pubmed/26666921
https://doi.org/10.1146/annurev-pharmtox-010716-104718
https://doi.org/10.1146/annurev-pharmtox-010716-104718
http://www.ncbi.nlm.nih.gov/pubmed/28061685
https://www.nature.com/articles/35023079#supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/10984043
http://www.ncbi.nlm.nih.gov/pubmed/8349105
https://doi.org/10.1038/ng.605
http://www.ncbi.nlm.nih.gov/pubmed/20543849
https://doi.org/10.1128/IAI.00013-13
https://doi.org/10.1128/IAI.00013-13
http://www.ncbi.nlm.nih.gov/pubmed/23630968
https://doi.org/10.1371/journal.ppat.1007056

@’PLOS | PATHOGENS

A. baumanniiimmunotherapeutic strategies targeting C. albicans Hyr1p

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Pierce CG, Uppuluri P, Tristan AR, Wormley FL Jr., Mowat E, Ramage G, et al. A simple and reproduc-
ible 96-well plate-based method for the formation of fungal biofilms and its application to antifungal sus-
ceptibility testing. Nat Protoc. 2008; 3(9):1494-500. https://doi.org/10.1038/nport.2008.141 PMID:
18772877

Uppuluri P, Lopez-Ribot JL. An easy and economical in vitro method for the formation of Candida albi-
cans biofilms under continuous conditions of flow. Virulence. 2010; 1(6):483—7. https://doi.org/10.4161/
viru.1.6.13186 PMID: 21178492

Molloy MP, Herbert BR, Slade MB, Rabilloud T, Nouwens AS, Williams KL, et al. Proteomic analysis of
the Escherichia coli outer membrane. Eur J Biochem. 2000; 267(10):2871-81. PMID: 10806384

Soares NC, Cabral MP, Parreira JR, Gayoso C, Barba MJ, Bou G. 2-DE analysis indicates that Acineto-
bacter baumannii displays a robust and versatile metabolism. Proteome Sci. 2009; 7:37. https://doi.org/
10.1186/1477-5956-7-37 PMID: 19785748

Pitarch A, Jimenez A, Nombela C, Gil C. Decoding serological response to Candida cell wall immunome
into novel diagnostic, prognostic, and therapeutic candidates for systemic candidiasis by proteomic and
bioinformatic analyses. Mol Cell Proteomics. 2006; 5(1):79-96. Epub 2005/10/01. https://doi.org/10.
1074/mcp.M500243-MCP200 PMID: 16195222

Pitarch A, Pardo M, Jimenez A, Pla J, Gil C, Sanchez M, et al. Two-dimensional gel electrophoresis as
analytical tool for identifying Candida albicans immunogenic proteins. Electrophoresis. 1999; 20(4—
5):1001-10. Epub 1999/05/27. https://doi.org/10.1002/(SICI)1522-2683(19990101)20:4/5<1001::AID-
ELPS1001>3.0.CO;2-L PMID: 10344278

Liu M, Spellberg B, Phan QT, Fu'Y, Lee AS, Edwards JE Jr., et al. The endothelial cell receptor GRP78
is required for mucormycosis pathogenesis in diabetic mice. J Clin Invest. 120(6):1914-24. Epub 2010/
05/21. https://doi.org/10.1172/JCl42164 PMID: 20484814

Sheppard DC, Rieg G, Chiang LY, Filler SG, Edwards JE Jr., Ibrahim AS. Novel inhalational murine
model of invasive pulmonary aspergillosis. Antimicrob Agents Chemother. 2004; 48(5):1908—-11.
https://doi.org/10.1128/AAC.48.5.1908-1911.2004 PMID: 15105158

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE. The Phyre2 web portal for protein model-
ling, prediction and analysis. Nature protocols. 2015; 10(6):845-58. https://doi.org/10.1038/nprot.2015.
053 PMID: 25950237

YangJ, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER Suite: protein structure and function
prediction. Nature methods. 2015; 12(1):7-8. https://doi.org/10.1038/nmeth.3213 PMID: 25549265

Xu D, Zhang Y. Ab Initio Protein Structure Assembly Using Continuous Structure Fragments and Opti-
mized Knowledge-based Force Field. Proteins. 2012; 80(7):1715-35. https://doi.org/10.1002/prot.
24065 PMID: 22411565

12th Community Wide Experiment on the Critical Assessment of Techniques for Protein Structure Pre-
diction 2017. http://www.predictioncenter.org/casp12.

Smith TF, Waterman MS. Identification of common molecular subsequences. Journal of Molecular Biol-
ogy. 1981; 147(1):195-7. https://doi.org/10.1016/0022-2836(81)90087-5. PMID: 7265238

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—A
visualization system for exploratory research and analysis. Journal of Computational Chemistry. 2004;
25(13):1605-12. https://doi.org/10.1002/jcc.20084 PMID: 15264254

Higgins DG, Sharp PM. CLUSTAL: a package for performing multiple sequence alignment on a micro-
computer. Gene. 1988; 73(1):237—44. https://doi.org/10.1016/0378-1119(88)90330-7. PMID: 3243435

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007056 May 10, 2018 25/25


https://doi.org/10.1038/nport.2008.141
http://www.ncbi.nlm.nih.gov/pubmed/18772877
https://doi.org/10.4161/viru.1.6.13186
https://doi.org/10.4161/viru.1.6.13186
http://www.ncbi.nlm.nih.gov/pubmed/21178492
http://www.ncbi.nlm.nih.gov/pubmed/10806384
https://doi.org/10.1186/1477-5956-7-37
https://doi.org/10.1186/1477-5956-7-37
http://www.ncbi.nlm.nih.gov/pubmed/19785748
https://doi.org/10.1074/mcp.M500243-MCP200
https://doi.org/10.1074/mcp.M500243-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16195222
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:4/5<1001::AID-ELPS1001>3.0.CO;2-L
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:4/5<1001::AID-ELPS1001>3.0.CO;2-L
http://www.ncbi.nlm.nih.gov/pubmed/10344278
https://doi.org/10.1172/JCI42164
http://www.ncbi.nlm.nih.gov/pubmed/20484814
https://doi.org/10.1128/AAC.48.5.1908-1911.2004
http://www.ncbi.nlm.nih.gov/pubmed/15105158
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
https://doi.org/10.1038/nmeth.3213
http://www.ncbi.nlm.nih.gov/pubmed/25549265
https://doi.org/10.1002/prot.24065
https://doi.org/10.1002/prot.24065
http://www.ncbi.nlm.nih.gov/pubmed/22411565
http://www.predictioncenter.org/casp12
https://doi.org/10.1016/0022-2836(81)90087-5
http://www.ncbi.nlm.nih.gov/pubmed/7265238
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1016/0378-1119(88)90330-7
http://www.ncbi.nlm.nih.gov/pubmed/3243435
https://doi.org/10.1371/journal.ppat.1007056

