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A Novel Serum-Based Diagnosis of Alzheimer’s Disease
Using an Advanced Phage-Based Biochip
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Sabrina Conoci,* and Salvatore P. P. Guglielmino

55 million people worldwide suffer from Alzheimer’s disease (AD). A definitive
diagnosis of AD is made postmortem after a neuropathological examination
of the brain. There is an urgent need for an innovative, noninvasive
methodology that allows for an early and reliable diagnosis. Several
engineered phages that recognized Af-autoantibodies present in the sera of
AD patients are previously identified. Here, novel phages are tested for their
ability to accurately discriminate AD sera using immunophage-polymerase
chain reaction in a miniatured biochip. It is found that five of the six phages
analyzed discriminate between healthy controls and AD patients. Further, by
combining the response of two phages, non-AD and severe AD cases are
identified with 100% accuracy and mild-to-moderate cases with 90% accuracy.
While the number of cases used here are relatively small and can be
confirmed in larger cohorts, this first-of-a-kind system represents an
innovative methodology with the potential of having a major impact in the AD

1. Introduction

Alzheimer’s disease (AD) is the most com-
mon neurodegenerative disorder that af-
fects more than 55 million people in the
world.["?] Clinically, it manifests with mem-
ory and behavioral alterations that eventu-
ally impair patients’ daily life activities.’!
Pathologically, AD is characterized by the
accumulation of plaques and tangles. The
former are mainly made of a small pep-
tide called amyloid-g. The latter are made of
the hyperphosphorylated protein tau.l*) The
vast majority of AD cases are sporadic and
while there are clear risk factors associated
with the disease, the etiology remains un-
known. In contrast, a small percentage of
cases are due to dominant mutations in one

field: from a clinical perspective, it can aid physicians in making an accurate
AD diagnosis; from a research perspective, it can be used as a surrogate for

AD clinical trials.
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of three genes: amyloid precursor protein,
presenilin 1, and presenilin 2.1%]

While there are no effective treatments
for AD,* overwhelming evidence indi-
cates that selective lifestyle changes (e.g.,
reducing exposure to known risk factors) can significantly de-
crease the probability of developing the disease or delay its
onset."?l However, AD must be diagnosed early for them to
be effective. Indeed, it is well established that pathological
changes in the brain precede, sometimes even by decades, the
clinical manifestation of the disease.[>® Unfortunately, by the
time a patient sees a specialist, the brain is already irreversibly
compromised.[®”] Despite this evidence, there is a lack of easy,
inexpensive, and noninvasive practices that would allow for an
early diagnosis, even at the primary physician’s office. Indeed, to-
day the goal standard to aid neurologists in making a proper diag-
nosis is the use of amyloid positron emission tomography (PET)
imaging, which allows quantifying the amount of Af plaques in
patients’ brains. However, this is a very expensive procedure and
is not always accurate, given the lack of correlation between brain
amyloidosis and the clinical manifestation of the disease.l® Along
these lines, overwhelming evidence indicates that smaller Ap ag-
gregates (i.e., Af oligomers) are more toxic than Ap plaques,
which are the target of amyloid PET imaging.®!"]

Identifying peripheral biomarkers that allow for an early and
correct diagnosis of AD is an active area of investigation. Much
attention has been placed on the presence of Af autoantibodies
in sera and cerebrospinal fluid of AD patients.''12] While early
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Table 1. The table shows the p. alignment score obtained by Pepsurf analysis between different conformation states of Ap structures and the phage
clones. The score values represent the affinity of phage peptides, in terms of their physicochemical properties and spatial organization on the different
states of Af. The sequence of the peptide exposed by each phage clone is shown under the name of the phages.

p. alignment score

Phage 12C1N 12¢113 1211 121115 12Iv14 9IV1

Ap GGGCIEGPCLEG WVGCHGEWCGVW RWPPHFEWHFDD WEYDRYRGWHIG GGHWEWHADYNL YNTIPSRRV
1-mer 12.6804 9.85962 13.4039 10.4418 103317 8.76848
3-mer 16.642 12.4062 14.1152 14.1107 14.8228 8.13185
6-mer 17.6894 12.4062 14.6903 15.3003 17.6901 8.26852
9-mer 18.8821 12.4062 16.2536 16.158 17.6901 8.61988
12-mer 18.8821 /] 15.688 16.6289 17.6901 9.06916
reports failed to highlight a consistent correlation between dis- 1-mer 3-mer 6-mer 9-mer 12-mer

ease status and levels of circulating A autoantibodies,*?! more
recently a positive association between the amount of A autoan-
tibodies in the sera of AD patients and the disease state has been
observed.!1314

Phage display is a widely used high-throughput technique to
identify short peptides that selectively recognize and bind to a
target molecule (e.g., another protein or an antibody).['>! These
libraries have been often used for screening disease-specific anti-
gen mimics, including Ap autoantibodies.'*"'8 In this work, we
used six phages, each expressing a unique small peptide on its
surface, which recognize conformation-specific IgG1 Ap autoan-
tibodies, to determine if they could be used to discriminate be-
tween different stages of AD based on the amount of A autoan-
tibodies in the sera.

2. Results

We screened an M13 pVIII phage library using a dual biopan-
ning approach and identified and tested six phages that recognize
auto-antibodies in sera of AD patients.['®] Each of these phages
has either a 9- or a 12-amino acid peptide, with a unique sequence
(Table 1), expressed as a fusion protein with the phage pVIII pro-
tein and thus exposed outside the capsid. To assess whether these
phages have the potential to directly bind different assembly
states of Ap, we used a web-based analytical tool, PepSurf, which
allows us to map the interaction between a peptide and a known
3D structure.l?! Specifically, we used the sequence of the peptide
exposed by each phage clone against a known 3D structure of Af
(1-mer, 3-mer, 6-mer, 9-mer, and 12-mer) that we obtained from
ref. [20]. When several peptides are aligned, the server uses a clus-
tering algorithm to detect one or more patches of residues on the
surface of the surveyed protein.'”) We found that the 3D struc-
tures of the six peptides are similar to the structures of the low
molecular weight of Af oligomers (Figure 1). This model indi-
cates that the autoantibodies against Af should also recognize the
engineered peptides. The only exception was for 12CIII3, whose
peptide does not align to A 12-mer (Figure 1). Except for 91V1, all
clones had excellent alignment scores, indicating a strong align-
ment between Ap and the peptide analyzed (Table 1). To deter-
mine if a phage had more affinity for a specific assembly state of
Ap, we compared the individual alignment scores of each clone
with the different forms of Af. Our analysis indicated that five of
the six phages studied had their weakest affinity with monomeric
Ap (Table 1). This is consistent with the selection method we used
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9IlV1 12IV14 12CIlI15 12111 12CHI3 12ClI1

Figure 1. Predictive interaction between Af and the peptide exposed by
the engineered phages. The picture shows the structure of different assem-
bly states of Af obtained by remodeling YASARA software. Each structure
is shown in cartoon style with f-sheets (red) and a-helix (light blue). The
homologous amino acids to phage-peptides are shown in green.

to identify these phages. Indeed, we used a double-binding selec-
tion to screen our phage library against the F1 capsular antigen
of Yersinia pestis (YFP19) and anti-IgGs of AD patients, given
the structural similarities between YFP19 and Ap oligomers. In
other words, it is likely the phages within our library that bind to
monomeric Af were excluded during the biopanning process.!¢!
Notably, while phage 12CIII3 recognized the mid-to-C terminal
region of Ap, all other phages mainly recognized the N-terminal
region of Af (Table S1, Supporting Information).

To determine whether these six phages could discriminate be-
tween various stages of AD, we analyzed the sera of 18 AD pa-
tients (9 mild-to-moderate and 9 severe) and 18 healthy individu-
als (herein referred to as non-AD). For the following analyses, we
assigned a non-AD status to individuals with a Mini-Mental State
Examination (MMSE) between 25 and 30; a mild-to-moderate sta-
tus to individuals with an MMSE between 12 and 24; a severe sta-
tus to individuals with MMSE <12 (Table S2, Supporting Infor-
mation). We used a molecular sandwich made of sera IgG-phages
to quantify the amount of A autoantibodies present in our sera.
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Figure 2. Phage-mediated Immuno-PCR. Diagram of the strategy used to quantify the amount of phage bound to human sera. The picture shows
the phage sandwich recognizing 1gG in human sera followed by the release of phage DNA by thermal lysis and the amplification of phage DNA by
immuno-PCR on a silicon chip. The real-time PCR curves are shown as a representative example and do not indicate the result of any specific phage.

Specifically, we functionalized a 96-well plate with protein G, after
which we added the sera and completed the sandwich by adding
the phages. To quantify the number of phages bound, which in-
directly reflects the amount of A autoantibodies present in sera,
we lysed the phages and quantified their DNA through real-time
polymerase chain reaction (PCR) in a single-step process per-
formed on a silicon chip (Figure 2). Given that protein G only
recognizes IgG1, we can conclude that our phages only bind to
this class of immunoglobulins. We found that for 12CIII1, 121111,
1211115, 121V14, and 12CIII3 the phagic weight was significantly
different as indicated by one-way analysis of variance (ANOVA,
p < 0.0001 for all five phages). Post hoc analyses with Bonfer-
roni’s correction showed that 12CIII1, 121111, and 1211115 dis-
criminated among the three groups (i.e., all three groups were
statistically significant from each other; p < 0.001 for all compar-
isons). However, Bonferroni’s correction indicated that 121V14
and 12CIII3 significantly discriminated between non-AD and se-
vere and between mild-to-moderate and severe (p < 0.0001 for
all comparisons) but not between non-AD and mild-to-moderate.
Finally, 91V1 and the wildtype phage, pc89, did not discriminate
among the three groups (one-way ANOVA p = 0.14 and 0.52, re-
spectively; Figure 3). Further, we tested the binding affinity of
a representative phage (12III1) to the IgG Ap autoantibodies.
To this end, we incubated sera from severe-AD with 12III1 in
the presence or absence of 6 M urea and quantified the amount
of phage through enzyme-linked immunosorbent assay (ELISA)
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test. We found that incubation with urea did not significantly dis-
sociate 121111 from the IgG Ap autoantibodies of the sera tested
highlighting strong avidity of phage toward IgGs (Figure S1, Sup-
porting Information, p > 0.05).

Next, we performed a Pearson correlation to determine
whether the phagic weight of each phage correlated with the
MMSE. Consistent with the results obtained so far, we found
a significant correlation with phages 12CIII1, 12III1, 12II15,
121V14, and 12CII13 (r* = 0.74, 0.68, 0.57. 0.43, 0.61, respectively;
p < 0.0001 for all five phages). In contrast, a significant correla-
tion was not evident for 9IV1 (Figure 4).

Our results so far indicate that of the six phages analyzed, five
detected sera Ap autoantibody and showed a significantly greater
response in severe AD, compared to the mild-to-moderate AD
group, and the non-AD group. Additionally, when tested indi-
vidually, these five phages showed a significant correlation be-
tween their response and the MMSE scores. To assess the speci-
ficity and selectivity of the phage responses, we first assessed the
area under the curve (AUC) for receiver operating characteristic
(ROC) analysis (Figure 5). The AUCs for 12CIII1 were 0.977 (p
< 0.0001), 1.000 (p < 0.0001), and 0.850 (p = 0.013) when com-
paring non-AD to mild-to-moderate, non-AD to severe AD, and
mild-to-moderate to severe AD, respectively. The AUCs for 121111
were 0.883 (p = 0.0014), 1.000 (p < 0.0001), and 0.854 (p = 0.014)
when comparing non-AD to mild-to-moderate, non-AD to severe
AD, and mild-to-moderate to severe AD, respectively. The AUCs

2301650 (3 0f11) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Most phages significantly discriminated among severe AD, mild-to-moderate AD, and non-AD sera. a—f) The graphs report the quantitative
analysis of the phagic weight across the different groups analyzed in this study. The phagic weight, which reflects the amount of conformational specific
Ap autoantibodies present in sera, was significantly different among the three groups, except phage 91V1. g) pc89 was used as a negative control as
it did not express any peptide on its surface. Consistently, pc89 did not recognize any autoantibody in the sera of any of the groups. Non-AD n = 18;
mild-to-moderate n = 11; severe AD n = 8. Data were analyzed by one-way ANOVA followed by Bonferroni correction. ** indicates p < 0.01; *** indicates

p < 0.007; **** indicates p < 0.0001; ns = nonsignificant.

for 12CIII15 were 0.842 (p = 0.0032), 1.000 (p < 0.0001), and
0.887 (p = 0.006) when comparing non-AD to mild-to-moderate,
non-AD to severe AD, and mild-to-moderate to severe AD, re-
spectively. The AUCs for 12IV14 were 0.797 (p = 0.0103), 0.9375
(p = 0.0005), and 0.8375 (p = 0.016) when comparing non-AD to
mild-to-moderate, non-AD to severe AD, and mild-to-moderate
to severe AD, respectively. The AUCs for 12CIII3 were 0.5917 (p
=0.429), 1.000 (p < 0.0001), and 1.000 (p < 0.0001) when compar-
ing non-AD to mild-to-moderate, non-AD to severe AD, and mild-
to-moderate to severe AD, respectively. The AUCs for 9IV1 were
0.5583 (p = 0.615), 0.6587 (p < 0.226), and 0.571 (p = 0.626) when
comparing non-AD to mild-to-moderate, non-AD to severe AD,
and mild-to-moderate to severe AD, respectively. To further ana-
lyze the ability of our phages to discriminate among these three
groups of individuals, we performed a discriminant analysis by
first analyzing each phage individually. We found that 12CIII1
and 12CIII3 were the two top-performing phages as they cor-
rectly discriminated 83.33% and 77.78% of the tested sera. Specif-
ically, 12CIII1 recognized the non-AD cases with 100% confi-

Adv. Sci. 2023, 2301650

dence, the mild-to-moderate cases with 50% confidence, and the
severe cases with 87.5% confidence (Table 2 and Figure S2 and
Table S3, Supporting Information). In contrast, 12CIII3 identi-
fied correctly 100% of the severe AD cases, 94.44% of the non-AD
cases, and only 30% of the mild-to-moderate (Table 2 and Figure
S2 and Table S3, Supporting Information). This pattern was ev-
ident for all phages analyzed. In other words, while all phages
(except for 91V1) discriminated non-AD cases or severe AD cases
with a high degree of confidence, they were less successful at clas-
sifying cases within the mild-to-moderate AD group (Table 2 and
Figure S2 and Tables S4-S8, Supporting Information). Consis-
tent with the data reported so far, 91V1 was the less perform-
ing phage as it was successful at identifying the proper group
only 88.89%, 20%, and 37.5% of the cases for non-AD, mild-to-
moderate, and severe, respectively (Table 2 and Figure S2 and
Table S8, Supporting Information).

To determine if the combination of two or more phages to-
gether would improve the specificity and sensitivity of our sys-
tem, we performed a discriminant analysis to combine the in-

2301650 (4 0f11) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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the p value are reported in the Results section.
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Table 2. Confusion matrix for 36 sera (18 non-AD, 10 mild-to-moderate AD, and 8 severe AD) for each phage clone.

12CIIN 121111
from \ to Non-AD  Mild-to-moderate Severe AD  Total % from \ to Non-AD  Mild-to-moderate ~ Severe AD  Total % Correct
AD Correct AD
Non-AD 18 0 0 18 100.00% Non-AD 16 2 0 18 88.89%
Mild-to-moderate 1 5 4 10 50.00%  Mild-to-moderate 4 3 3 10 30.00%
AD AD
Severe AD 0 1 7 8 87.50%  Severe AD 0 2 6 8 75.00%
Total 19 6 11 36 83.33%  Total 20 7 9 36 69.44%
1211115 121V14
from \ to Non-AD  Mild-to-moderate Severe AD  Total % from \ to Non-AD  Mild-to-moderate ~ Severe AD  Total % Correct
AD Correct AD
Non-AD 16 2 0 18 83.89% Non-AD 16 2 0 18 88.89%
Mild-to-moderate 4 4 2 10 40.00%  Mild-to-moderate 6 4 0 10 40.00%
AD AD
Severe AD 0 2 6 8 75.00%  Severe AD 2 0 6 8 75.00%
Total 20 8 8 36 72.22%  Total 24 6 6 36 72.22%
12CII3 9IV1
from \ to Non-AD  Mild-to-moderate  Severe AD  Total % from \ to Non-AD  Mild-to-moderate ~ Severe AD  Total % Correct
AD Correct AD
Non-AD 17 1 0 18 94.44%  Non-AD 16 2 0 18 88.89%
Mild-to-moderate 6 3 1 10 30.00%  Mild-to-moderate 7 2 1 10 20.00%
AD AD
Severe AD 0 0 8 8 100.00%  Severe AD 5 0 3 8 37.50%
Total 23 4 9 36 77.78%  Total 23 4 9 36 58.33%

dividual response of two or more phages (Figure S3 and Tables
S9-S18, Supporting Information). We found that the highest
overall accuracy was reached when we combined phage 12CIII1
and 12CIII3 (Figure S3d, Supporting Information, Table 3a, and
Table S12, Supporting Information). Indeed, these two phages
correctly classified 100% of non-AD cases, 100% of severe AD
cases, and 90% of mild-to-moderate cases (Table 3a and Table
S12, Supporting Information). That is, out of the 36 sera ana-
lyzed, these two phages correctly classified 35 of them. The only
misclassification was linked to a mild-to-moderate case with an
MMSE of 12.3, which the system classified as a non-AD case.
Notably, adding a third clone to the pair 12CIII1/12CIII3 did not
further improve the accuracy of the system (Figure S4, Support-
ing Information, Table 3b, and Tables S19-S21, Supporting In-
formation). When we combined all clones, we obtained 100% ac-
curacy for all three sera groups (Figure S4d and Table S22, Sup-
porting Information). However, it should be noted that the only
serum wrongly classified by the pair 12CIII1 and 12CIII3 (serum
#25) was properly classified by combining all sera together with
only a 50.3% confidence (Table S22, Supporting Information).
Despite the relatively small number of cases, these data indicate
that the combination of two close phages, 12CIII1 and 12CIII3,
classify with higher accuracy different stages of AD based on
the presence of Af autoantibodies in the sera. Our results are
exciting but will have to be confirmed using a larger cohort of
patients.

Adv. Sci. 2023, 2301650

3. Discussion

Standard phage libraries are made of bacteriophages that ex-
press random peptides as fusion proteins with one of their cap-
sid proteins.?!l One of the major advantages of these libraries is
the extremely large number of peptides (often > 10'?) present in
the library.??] This allows for the screening of phage libraries to
identify molecular targets that are selectively recognized by one
of these peptides. These libraries have been successfully used to
identify antibodies, pharmaceutical compounds, etc. Along these
lines, phage libraries have been used for AD research to identify
specific proteins present in AD patients but not in non-AD.[23-%%]
Using a novel, innovative approach, previously, we screened a
phage library to identify phages whose peptides recognized an-
tibodies against conformational-specific A species in the sera of
AD patients.['®] Here, we have analyzed six of these phages. Com-
putational analysis indicates that the peptide sequences exposed
by these phages recognize low molecular weight Af oligomers.
It is tempting to speculate that, at least some of these six phages,
recognize autoantibodies against these species of Ag, which are
widely reported as being highly toxic.[*10]

While the brain is an immunologically privileged organ, there
is overwhelming evidence indicating the presence of circulat-
ing autoantibodies against toxic brain proteins, such as Ag.[11:26]
Since their identification, different groups have sought to de-
termine whether these autoantibodies could be used as AD
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Table 3. Confusion matrix for 36 sera (18 non-AD, 10 mild-to-moderate AD,

and 8 severe AD).

www.advancedscience.com

a) Two phage clones

12C1HIT 4+ 121117 12CIHIT + 1211115
from \ to Non-AD  Mild-to-moderate Severe AD  Total % from \ to Non-AD  Mild-to-moderate  Severe AD  Total % Correct
AD Correct AD
Non-AD 18 0 0 18 100.00% Non-AD 18 0 0 18 100.00%
Mild-to-moderate 1 6 3 10 60.00%  Mild-to-moderate 1 6 3 10 60.00%
AD AD
Severe AD 0 0 8 8 100.00%  Severe AD 0 1 7 8 87.50%
Total 19 6 1 36 88.89%  Total 19 7 10 36 86.11%
12CIH1T + 12IV14 12CIH17T + 12C113
from \ to Non-AD  Mild-to-moderate Severe AD  Total % from \ to Non-AD  Mild-to-moderate ~ Severe AD  Total % Correct
AD Correct AD
Non-AD 18 0 0 18 100.00% Non-AD 18 0 0 18 100.00%
Mild-to-moderate 1 8 1 10 80.00%  Mild-to-moderate 1 9 0 10 90.00%
AD AD
Severe AD 0 1 7 8 87.50%  Severe AD 0 0 8 8 100.00%
Total 19 9 8 36 91.67%  Total 19 9 8 36 97.22%
121117 4+ 12111715 1211171 4+ 12IV14
from \ to Non-AD  Mild-to-moderate Severe AD  Total % from \ to Non-AD  Mild-to-moderate ~ Severe AD  Total % Correct
AD Correct AD
Non-AD 15 3 0 18 88.89%  Non-AD 16 2 0 18 88.89%
Mild-to-moderate 3 5 2 10 80.00%  Mild-to-moderate 3 7 0 10 70.00%
AD AD
Severe AD 0 1 7 8 100.00%  Severe AD 0 1 7 8 87.50%
Total 18 9 9 36 88.89%  Total 19 10 7 36 83.33%
121117 + 12CIH13 1211115 + 12IV14
from to Non-AD  Mild-to-moderate Severe AD  Total % from \ to Non-AD  Mild-to-moderate ~ Severe AD  Total % Correct
AD Correct AD
Non-AD 16 2 0 18 88.89% Non-AD 18 0 0 18 100.00%
Mild-to-moderate 2 8 0 10 80.00%  Mild-to-moderate 3 7 0 10 70.00%
AD AD
Severe AD 0 0 8 8 100.00% Severe AD 0 3 5 8 62.50%
Total 18 10 8 36 88.89% Total 21 10 5 36 83.33%
1211115 + 12CI13 12CHIT + 1211115
from \ to Non-AD  Mild-to-moderate Severe AD  Total % from \ to Non-AD  Mild-to-moderate  Severe AD  Total % Correct
AD Correct AD
Non-AD 17 1 0 18 94.44%  Non-AD 17 1 0 18 94.44%
Mild-to-moderate 3 7 0 10 70.00%  Mild-to-moderate 5 5 0 10 50.00%
AD AD
Severe AD 0 0 8 8 100.00%  Severe AD 0 0 8 8 100.00%
Total 20 8 8 36 88.89%  Total 22 6 8 36 83.33%
b) Three phage clones
12CHIT/12007 4+ 12111 12CHIT/121H07 4+ 121115
from \ to Non-AD  Mild-to-moderate Severe AD  Total % from \ to Non-AD  Mild-to-moderate  Severe AD  Total % Correct
AD Correct AD
Non-AD 18 0 0 18 100.00% Non-AD 18 0 0 18 100.00%
(Continued)
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Table 3. (Continued).

www.advancedscience.com

b) Three phage clones

12CHIT/1217 4+ 12111

12CHIT/1217 4+ 121115

from\ to Non-AD  Mild-to-moderate Severe AD  Total % from \ to Non-AD  Mild-to-moderate  Severe AD  Total % Correct
AD Correct AD
Mild-to-moderate 1 9 0 10 90.00%  Mild-to-moderate 1 9 0 10 90.00%
AD AD
Severe AD 0 0 8 8 100.00%  Severe AD 0 0 8 8 100.00%
Total 19 9 8 36 97.22%  Total 19 9 8 36 97.22%
12CHIT/12111T 4+ 12IV14
from \ to Non-AD  Mild-to-moderate  Severe AD  Total %
AD Correct
Non-AD 18 0 0 18 100.00%
Mild-to-moderate 1 9 0 10 90.00%
AD
Severe AD 0 0 8 8 100.00%
Total 19 9 8 36 97.22%

biomarkers. The results have not always been consistent, with
some reports indicating that Af autoantibodies are lower in AD
patients compared to healthy controls, others reporting high lev-
els of Ap autoantibodies in AD while some found no difference
between the two groups (reviewed in ref. [27]). While these differ-
ences appear to be due to the method used to extract and analyze
the autoantibodies, it is worthwhile noting that using ELISA mea-
surement, Gruden and colleagues showed an increase in Af25-
35 oligomers in the sera of AD patients compared to healthy
controls.[?® This is notable as this middle region of Ag is thought
to be highly toxic,[?! which is the region recognized by 12CIII1
and 12CIII3. Our results are consistent with these observations
as they show that the signal obtained with each phage, which re-
flects the amount of circulating Af autoantibodies, increases as
the disease progresses (Figure 4). Indeed, while the phages’ abil-
ity to recognize circulating A autoantibodies is linked to the en-
gineered exposed peptide, Figure 4 shows that as the MMSE de-
creases, the amount of signal for each phage increases. Thus, as
the disease progresses, the change in signal for each individual
phage is likely due to an increase in the circulating Af autoan-
tibodies. The binding affinity between a peptide exposed by an
individual phage and the Ap autoantibodies would not change
with the different stages of the disease.

A definite clinical diagnosis of AD is made postmortem, af-
ter a neuropathological confirmation of brain Af and tau ac-
cumulation. In 2011, the National Institute on Aging and the
Alzheimer’s association published general criteria for a general
diagnosis of AD thus updating original guidelines published
more than 25 years earlier.?%*!] One major difference in the up-
dated version is the use of biomarkers to add to the clinical ob-
servation, to make a proper diagnosis of AD. Since its discovery,
1C-labeled Pittsburg compound-B has been used to identify amy-
loid deposits in patients’ brains following a PET scan.[*?) While
this technique is widely used in clinical trials, there is an estab-
lished dissociation between brain amyloid deposits and cognitive
function.®l As such, there is an urgent unmet medical need for

Adv. Sci. 2023, 2301650

novel, non-invasive, and accurate biomarkers.*>34! Our results
cater to this medical need as they identify how the combination
of two phages, each exposing a unique peptide sequence on the
capsid, can identify with 100% accuracy severe AD cases (MMSE
< 12) and healthy controls (MMSE > 25), and with 90% accuracy
mild-to-moderate AD case (MMSE between 12 and 24). Notably,
our newly built algorithm can be refined with the addition of new
cases analyzed, which may lead to an increase in its accuracy in
identifying mild-to-moderate AD cases.

Not only can our system be used in clinical settings to aid in a
diagnosis of AD, but it also has the potential to become a nonin-
vasive and inexpensive surrogate endpoint biomarker to measure
disease progression (or lack thereof) during clinical trials. Toward
this end, an accurate biomarker to be used for this purpose may
contribute to a reduction of sample size and/or duration of the
trial itself therefore greatly diminishing overall costs.

4. Experimental Section

Human Samples: ~ Sera were obtained from the Neurologic Unit of the
University Hospital “Policlinico Vittorio Emanuele” of Catania, Italy. AD di-
agnosis was done according to the criteria by the National Institute of Neu-
rological and Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA).I3'l The
severity of the disease was assessed by the MMSE. The study was ap-
proved by the Ethics Committee of the Policlinico Vittorio Emanuele of
Catania, ltaly.

Phage-Mediated Immuno-PCR (PI-PCR): A 96-well ELISA plate (Ther-
mofisher) was coated with 200 pL per well solution of 0.5 ug mL™" pro-
tein G in NaHCO3/NaCO; coating buffer and the plates were incubated
overnight at 4 °C. The plates were then washed with 250 pL per well of
washing buffer (phosphate-buffered saline (PBS) + 0.05% Tween20) after
which 200 uL per well of sera diluted 1:50 was added and the plates were in-
cubated for 1 h at 37 °C on an orbital shaker set to 100 rpm. The wells were
then washed five times with washing buffer after which 300 pL per well of
blocking buffer (Tris buffered saline + 5% w/v skimmed milk (TBSM)) was
added and the plates were incubated at 37 °C for 2 h. After three washes
with 250 uL per well of washing buffer, the phage preparations (10'" TU
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mL~1) were added and the plates were incubated for 1 h at 37 °C on an
orbital shaker set to 100 rpm. To remove unbound phages, the wells were
washed with TBS containing 5 X 1073 m ethylenediaminetetraacetic acid
and 0.1% Tween-20. Subsequently, the wells were filled with 50 pL of ultra-
pure H,0 and the plates were incubated in a water bath for 10 min at 95
°C to lyse the phages that were bound to the A autoantibodies present in
sera.

The real-time PCRs were carried out using a biochip technology based
on a silicon device integrating six microchambers.33] The reaction was
performed using SsoAdvanced Universal SYBR Green (BioRad). The PCR
premix consisted of 4 uL of DNA phage as a template, 5 uL of 2X Taq super-
mix, 0.2 x 1073 m primer forward (5’GCTACCCTCGTTCCGATGCTGTC3’)
and reverse (5’GTTTTCCCAGTCACGAC3’). The step program for PCR was
as follows: 94 °C for 5 min, followed by 30 cycles at 94 °C for 30 s; 52 °C
for 30's; 72 °C for 30 s. The optical capture phase was done in annealing.

Quantitative Evaluation of Phage DNA and Standard Curves:  To derive
the amount of phage detected in PI-PCR, a standard curve using known
quantities of phages ranging from 102 to 10'> was generated. An ampli-
fication curve and the relative Ct value were obtained for each concentra-
tion. All the Cts obtained to generate the standard curve were then plotted,
which corresponded to the amount of phage DNA.

Data Analysis:  To normalize the amount of phage DNA to the input
(amount of phage originally added to the wells), the following formula was
used

phage b (E)

m

phage i (%)

% phage bind to target = % 100 )

where phage b is the quantity of phage bound to the target, and phage i is
the quantity of phage clones initially added. The former was determined
using the standard curve described above; the latter was determined by
UV-visible spectroscopy at 269 nm and used as absolute values. A stan-
dard absorbance of 0.38 was assumed to be equivalent to 0.1 mg mL~".
Thus, one unit of absorbance at 260 nm corresponds to 2.2 x 10'2 TU
mL~".

ELISA Test with Urea: Phage 121111 in TBS (trisHCl/NaCl) at concen-
tration of 10" TU mL~" was added in duplicate into 12 wells of 96-well mi-
crotiter plate (Multisorp, Nunc, Roskilde, Denmark) at volume of 200 pL
per well. Plates were incubated overnight at 4 °C. After which, they were
incubated in blocking buffer (PBS—Tween 20 0.05-6% nonfat milk 300 uL
per well) for 2 h at 37 °C and washed in PBS—0.05% Tween 20. The sera
from 3 AD patients were prepared at dilution 1:50 (PBS+1% — nonfat milk
-0, 1% Tween20) and added in duplicate into the 12 wells (200 L per well)
and incubated 1 h at 37 °C while stirring. After the removal of the unbound
sera, 250 pL per well of 6 M urea was added in 6 well, while the remain-
ing 6 wells were incubated with PBS (control wells). Plates were incubated
at 37 °C for 30 min while stirring. The plates were washed ten times with
washing buffer (PBS—0.05% Tween 20) for 3 min each. After that the 12
wells were exposed to HRP-conjugated anti-human 1gG (IgG Fc AP113P)
diluted 1:15000 in dilution buffer for 1h at 37 °C while stirring. The plates
were washed five times as above and developed with TMB for 30—45 min
in the dark. After which, 100 uL of TN HCl was added to stop the reac-
tion. Optical absorbance at 450 nm (Labsystem Multiskan Bichromatic)
was recorded.

Computational Analysis: The phage-peptides were analyzed for their
potential binding to several assembly states of Af (from 1 to 12
monomers). The 3D structure of Ap was obtained from RCSB-Protein
Data Back (https://www.rcsb.org), PDB ID: 2NAO. The 2NAO 3D struc-
ture was remodeled by us using YASARA software to build 3D structures
of AB with 1, 3, 6,9, and 12 monomers (called with alphabetic letters from
A to N). Each performed 3D structure was used as “Enter PDB ID" in
PepSurf (http://pepitope.tau.ac.il), while phage-peptide were uploaded in
Fasta format.["’] The output of the program was the alignment of each
phage-peptide to the 3D structure. When several peptides were aligned,
the server detected one or more patches of residues on the surface of the
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surveyed protein. Such a patch might correspond to a putative epitope site
on the protein or a receptor-binding site.[36]

Discriminant Analysis:  Discriminant Analysis (DA) was used to deter-
mine if results from phage clones could be used to discriminate the tested
sera of healthy and diseased patients. Several data sets were initially built
by using responses from a single phage clone or combining two or more
phage clones. Phage responses were used as explanatory variables to iden-
tify the three clinical groups non-AD, mild-to-moderate AD, and severe AD,
pre-assigned as qualitative dependent variables. Analyses were performed
by using XLSTAT software, an Excel data analysis add-on. Based on the
data set, each serum was assigned factor scores, the probability to belong
to a different clinical group, and squared Mahalanobis distances to the
centroid of a clinical group. To visualize how each serum was discrimi-
nated for the pre-assigned clinical groups, results were represented on 2D
charts, including confidence ellipses and centroids. Finally, a confusion
matrix summarized the reclassification of tested sera from each data set,
allowing the identification of the overall percentage of well-classified sera.

Statistical Analysis: Data were analyzed using one or two-way ANOVA
followed by Bonferroni’s correction unless otherwise stated. These analy-
ses were performed using GraphPad Prism 8.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

The authors thank the Neurologic Unit of the University Hospital “Poli-
clinico Vittorio Emanuele” of Catania for providing sera.

Conflict of Interest

S.P.G.,, LM.D,, D.M,, and S.C. hold a patent that covers Figures 1-4. Ti-
tle: Conformational Mimotopes for Detecting Specific Antibodies. Patent
number: IT 102016000120204, WO2018096512 (A1), US2019383834.

Author Contributions

M.G.R. performed the experimental study, L.M.D. performed the compu-
tational analyses, N.P. performed the experimental study, D.F. performed
the discriminant analyses; M.N. performed the experimental study; E.L.S.
performed the methodology; G.C. performed the experimental study, S.O.
analyzed the data and wrote the manuscript, S.C. conceptualized the work,
analyzed the data, and wrote the manuscript; S.P.G. conceptualized the
work and analyzed the data.

Data Availability Statement

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due to
privacy or ethical restrictions.

Keywords

A-beta, biomarker, biosensor, neurodegeneration, phage display

Received: March 13, 2023
Revised: March 29, 2023
Published online:

2301650 (10 O‘FT') © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

858017 SUOWILLOD 8A11E81D) 8qedl (dde ay) Aq peusencb a.e s9oile O ‘@S Jose|n. 1o} AriqiT 8UIUQ A1 UO (SUOTHPUD-PUE-SWLBI WO A8 | 1M ARIq 1 BU1|UO//SANL) SUONIPUOD PUe SWIB | 8U1 88S *[£202/20/yz] uo Areiqiaulluo A8|im euspolN A1sIeAlun Aq 0S9TOEZ0Z SAPR/Z00T OT/I0p/W0d A8 | imAeIq iUl |uo//Sdny Wiy papeojumod ‘0 ‘Yr8es6Te



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(1
(2

(3]
(4]

[5

(6]
(7]

(8]

[9

(1]
(1]

(12]
(13]
(14]
[15]

(6]

Adv. Sci. 2023, 2301650

Alzheimer’s Association, Alzheimer’s Dementia 2022, 18, 700.

GBD 2019 Dementia Forecasting Collaborators, Lancet Public Health
2022, 7, e105.

H. W. Querfurth, F. M. Laferla, N. Engl. J. Med. 2010, 362, 329.

A. Kumar, C. B. Nemeroff, J. J. Cooper, A. Widge, C. Rodriguez, L.
Carpenter, W. M. McDonald, Am. J. Psychiatry 2021, 178, 1014.

J. B. Langbaum, A. S. Fleisher, K. Chen, N. Ayutyanont, F. Lopera, Y.
T. Quiroz, R. ). Caselli, P. N. Tariot, E. M. Reiman, Nat. Rev. Neurol.
2013, 9, 371.

A. Burggren, |. Brown, Brain Imaging Behav. 2014, 8, 251.

B. Dubois, H. H. Feldman, C. Jacova, H. Hampel, J. L. Molinuevo, K.
Blennow, S. T. Dekosky, S. Gauthier, D. Selkoe, R. Bateman, S. Cappa,
S. Crutch, S. Engelborghs, G. B. Frisoni, N. C. Fox, D. Galasko, M.-O.
Habert, G. A. Jicha, A. Nordberg, F. Pasquier, G. Rabinovici, P. Robert,
C. Rowe, S. Salloway, M. Sarazin, S. Epelbaum, L. C. De Souza, B.
Vellas, P. ). Visser, L. Schneider, et al., Lancet Neurol. 2014, 13, 614.
P.T. Nelson, I. Alafuzoff, E. H. Bigio, C. Bouras, H. Braak, N. J. Cairns,
R. ). Castellani, B. J. Crain, P. Davies, K. D. Tredici, C. Duyckaerts, M.
P. Frosch, V. Haroutunian, P. R. Hof, C. M. Hulette, B. T. Hyman,
T. lwatsubo, K. A. Jellinger, G. A. Jicha, E. Kévari, W. A. Kukull, J.
B. Leverenz, S. Love, I. R. Mackenzie, D. M. Mann, E. Masliah, A.
C. Mckee, T. ). Montine, J. C. Morris, |. A. Schneider, et al., J. Neu-
ropathol. Exp. Neurol. 2012, 71, 362.

W. Jongbloed, K. A. Bruggink, M. I. Kester, P.-). Visser, P. Scheltens,
M. A. Blankenstein, M. M. Verbeek, C. E. Teunissen, R. Veerhuis, J.
Alzheimer’s Dis. 2015, 45, 35.

K. L. Viola, W. L. Klein, Acta Neuropathol. 2015, 129, 183.

F. Gaskin, ). Finley, Q. Fang, S. Xu, S. M. Fu, J. Exp. Med. 1993, 177,
1181.

J. Wu, L. Li, J. Biomed. Res. 2016, 30, 361.

K.A. Gustaw, M. R. Garrett, H.-G. Lee, R. ]. Castellani, M. G. Zagorski,
A. Prakasam, S. L. Siedlak, X. Zhu, G. Perry, R. B. Petersen, R. P.
Friedland, M. A. Smith, J. Neurochem. 2008, 106, 1350.

K. A. Gustaw-Rothenberg, S. L. Siedlak, D. J. Bonda, A. Lerner, M.
Tabaton, G. Perry, M. A. Smith, Exp. Gerontol. 2010, 45, 47.

C.-H. Wu, I.-. Liu, R.-M. Lu, H.-C. Wu, H. C. Wu, J. Biomed. Sci. 2016,
23, 8.

L. M. De Plano, S. Carnazza, D. Franco, M. G. Rizzo, S. Conoci,
S. Petralia, A. Nicoletti, M. Zappia, M. Campolo, E. Esposito, S.
Cuzzocrea, S. P. P. Guglielmino, ACS Chem. Neurosci. 2020, 11, 1013.

(17]
(18]

(19]
(20]
(21]
(22]
(23]

(24]
(25]

(26]
(27)
28]
(29]

(3]

(31]

(32]
33]

(34]

35]

36]

www.advancedscience.com

X. Zhang, X. Zhang, H. Gao, G. Qing, Theranostics 2022, 12, 2041.

P. San Segundo-Acosta, A. Montero-Calle, M. Fuentes, A. Rdbano, M.
Villalba, R. Barderas, J. Proteome Res. 2019, 18, 2940.

I. Mayrose, O. Penn, E. Erez, N. D. Rubinstein, T. Shlomi, N. T.
Freund, E. M. Bublil, E. Ruppin, R. Sharan, J. M. Gershoni, E. Martz,
T. Pupko, Bioinformatics 2007, 23, 3244.

M. A. Wilti, F. Ravotti, H. Arai, C. G. Glabe, J. S. Wall, A. Béckmann,
P. Giintert, B. H. Meier, R. Riek, Proc. Natl. Acad. Sci. U. S. A. 2016,
113, E4976.

G. P. Smith, Science 1995, 228, 1315.

W. Jaroszewicz, |. Morcinek-Ortowska, K. Pierzynowska, L. Gaffke, G.
Wegrzyn, FEMS Microbiol. Rev. 2022, 46, fuab052.

J. Chen, Y. Huang, C. Zhu, Q. Li, Y. Wu, Q. Liu, Q. Cheng, Brain Res.
2019, 1721, 146306.

X. Zhang, X. Zhang, H. Gao, G. Qing, Theranostics 2022, 12, 2041.

P. San Segundo-Acosta, A. Montero-Calle, M. Fuentes, A. Rédbano, M.
Villalba, R. Barderas, J. Proteome Res. 2019, 18, 2940.

B. T. Hyman, C. Smith, I. Buldyrev, C. Whelan, H. Brown, M.-X. Tang,
R. Mayeusx, Ann. Neurol. 2001, 49, 808.

G. Kocurova, J. Ricny, S. V. Ovsepian, Theranostics 2022, 12, 3045.
M. A. Gruden, T. B. Davidova, M. Mali$auskas, R. D. E. Sewell, N.
I. Voskresenskaya, K. Wilhelm, E. I. Elistratova, V. V. Sherstnev, L. A.
Morozova-Roche, J. Neuroimmunol. 2007, 186, 181.

L. Millucci, L. Ghezzi, G. Bernardini, A. Santucci, Curr. Protein Pept.
Sci. 2006, 17, 54.

C. R. Jack, Jr., M. S. Albert, D. S. Knopman, G. M. McKhann, R. A.
Sperling, M. C. Carrillo, B. Thies, C. H. Phelps, Alzheimer’s Dementia
2011, 7, 257.

G. Mckhann, D. Drachman, M. Folstein, R. Katzman, D. Price, E. M.
Stadlan, Neurology 1984, 34, 939.

K. Anand, M. Sabbagh, Neurotherapeutics 2017, 14, 54.

M. Paraskevaidi, D. Allsop, S. Karim, F. L. Martin, S. Crean, J. Clin.
Med. 2020, 9, 1673.

T. O. Klyucherev, P. Olszewski, A. A. Shalimova, V. N. Chubarev, V. V.
Tarasov, M. M. Attwood, S. Syvdnen, H. B. Schi6th, Transl. Neurode-
gener. 2002, 11, 25.

S. Battaglia, S. Petralia, N. Vicario, D. Cirillo, S. Conoci, Analyst 2019,
144, 2353.

V. A. Petrenko, J. W. Gillespie, L. M. De Plano, M. A. Shokhen, Viruses
2022, 14, 384.

2301650 (11 of 1 1) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

858017 SUOWILLOD 8A11E81D) 8qedl (dde ay) Aq peusencb a.e s9oile O ‘@S Jose|n. 1o} AriqiT 8UIUQ A1 UO (SUOTHPUD-PUE-SWLBI WO A8 | 1M ARIq 1 BU1|UO//SANL) SUONIPUOD PUe SWIB | 8U1 88S *[£202/20/yz] uo Areiqiaulluo A8|im euspolN A1sIeAlun Aq 0S9TOEZ0Z SAPR/Z00T OT/I0p/W0d A8 | imAeIq iUl |uo//Sdny Wiy papeojumod ‘0 ‘Yr8es6Te



