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Abstract

Background: Alzheimer’s disease (AD) dysfunctional unfolded protein response (UPR) is revealed by amyloid-f aggre-
gates. Normally, UPR reacts to endoplasmic reticulum stress by resolving misfolded/aggregated proteins, and UPR failure
induces brain-cell apoptosis consistent with AD pathology. Peripheral blood mononuclear cells (PBMC) and immunocyte
brain infiltrates are involved in AD pathogenesis, whose risk is lowered by the Bacillus Calmette Guerin (BCG) vaccine.
Hypothetically, BCG prevents AD caused by UPR-driven apoptosis in PBMC brain infiltrates, corrected by BCG-vacci-
nated PBMC brain infiltrates.

Objective: To reveal whether BCG shifts the UPR towards cell survival. Method: PBMC proteins from 6 individuals were
compared by immuno-electrophoresis before and after BCG hypervaccination. Cryopreserved PBMC provided an oppor-
tunity to analyze the BCG impact on the UPR, although their donor destiny to develop AD was unknown. UPR signaling
responsive to BCG was recorded to examine if BCG can influence UPR signaling and thereby explain the previously
demonstrated AD prevention by BCG.

Results: UPR signal levels were scored according to positive versus negative cell survival odds by the BCG impact on a
dozen UPR signals. The balance between positive and negative scores of individuals emphasizes the impact of the BCG
vaccine on the UPR. The antiapoptotic UPR signals under BCG show opposite trends to UPR signals in AD brains,
reported by the literature. In conclusion, 3/6 individuals had superior PBMC survival chances under BCG.
Conclusions: These results suggest that the UPR is part of the mechanism responsible for reducing the risk of AD, as
previously shown among BCG-treated bladder cancer patients.
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to the anti-melanoma therapeutic effect® and anti-nonmuscle
invasive bladder cancer as well.* Notably, BCG has non-
specific effects on unrelated pathogens, dubbed “off-target
effects”.>° This phenomenon has been attributed to innate
immune training of immunocyte memory exhibited by
increasing cytokine secretion after a second challenge by
BCG,’ or by other pathogens. In some instances, the off-
target protection effect by BCG may be gender specific.”*
The training of innate immunocytes may be sustainable for a
long time as shown by skin tests in a survey of vaccinated
infants,'® which could be explained by epigenetic imprinting
induced by BCG.'""'? Some of the surprising phenomena of
BCQG are related to metabolic effects. For example, in insulin-
dependent diabetes patients, a long period after being vacci-
nated with BCG may require a reduction of the insulin dose, "
which is explained by the conversion of their glucose metab-
olism from anaerobic to aerobic glycolysis. This is explained
by a strongly upregulated blood glucose consumption by the
immune system.'? Another surprising phenomenon is a
decreased risk of developing Alzheimer’s disease (AD) by
exposure to the BCG vaccine.'* AD is associated with a
failure to metabolize microtubule-associated tau-protein
aggregates. Experts in stress response ascribe AD to possible
disorders of the unfolded protein response (UPR) to
endoplasmic-reticulum (ER) stress.'>'® They aim to thera-
peutically target the UPR,'>'® even though the tau protein
does not pass through the ER compartment."” The tau
protein is a leaderless protein skipping the ER and is translo-
cated into the ER-Golgi intermediate compartment; however,
the proteins involved in its transport depend on ER quality
control.'” The UPR signaling has been reviewed in
general'® and as related to AD pathology,'®?° it can be sum-
marized as follows: Part of newly synthesized proteins are
normally carried into the ER for quality control. ER chaper-
ones such as immunoglobulin binding protein (BiP) interact
with newly synthesized proteins to prevent misfolding.
When BiP is outnumbered by excess newcomer ER proteins,
the unmatched unfolded proteins compete for BiP molecules,
that fix special membranous ER-resident proteins to prevent
interaction between monomers in the ER membrane. Loss
of BiP unleashes monomers to dimerize, which elicits
sensing of unfolded/misfolded stress in the ER accomplished
by activation of their cytosolic UPR signaling domains. The
important sensors are 1) inositol-required enzyme la
(IREla), 2) activating transcription factor 6 (ATF6), and 3)
PKR-like ER-resident kinase (PERK). IREla, upon losing
its BiP fixer, homodimerizes and auto-phosphorylates in its
luminal side. This opens a catalytic endonuclease domain in
its cytosolic face that excises 26 nucleotides co-translationally
from the mRNA of XBP1u (X box protein 1 un-spliced). This
excision results in a frameshift generating a new peptide
sequence downstream to the excision by this unconventional
splicing (XBP1s). XBP1s is an active transcription factor that
transmigrates to its nuclear sites in the nucleus to transcribe
BiP mRNA and other genes of the UPR. BiP loss from ER

membranous ATF6 precursor starts lateral intramembranous
migration of ATF6 toward the Golgi membrane where it
undergoes intra-membranous cleavage. The cytosol-facing
fragment of ATF6 migrates to the nucleus to act as a tran-
scription factor for BiP, XBPIlu, other chaperones, and
ER-associated degradation (ERAD) factors, and the rest of
its part in the UPR transcription program. The fixative BiP
removed from PERK, causes PERK to dimerize and
auto-phosphorylate and open a kinase catalytic domain at
the cytosolic face to phosphorylate serine51 on elF2a.
Phospho-elF2a (p-elF2a) is prevented from joining the elF2
translation factor complex, thus cap-dependent translation is
inhibited. elF2a acts as an integrating stress response factor
by having its serine51 potentially targeted by 3 other differ-
ent kinases, induced by other different (non-ER stress) cel-
lular stressors.”! Inhibiting cap-dependent translation
provides a chance for BiP and other ER chaperons of the
UPR to clear unfolded/misfolded proteins before cap-
dependent translation is resumed, this way ER homeostasis
is maintained. Here we have a unique opportunity to
analyze peripheral mononuclear cells (PBMC) from melan-
oma patients, before and after they underwent live multiple
BCG vaccination rounds. Some of the above-mentioned
UPR biomarkers are compared between pre and
post-BCG samples by protein expression in PBMC in
light of published biomarkers in AD patient brains. The
results provide a hypothetical basis for searching mechan-
isms by which BCG reduces the risk of developing AD.

Methods

PBMC source

PBMC samples were obtained from a cell repository. The
committee on research involving human subjects of the
Hebrew University-Hadassah Medical School (application
0798-21 HMO, 3rd-year extension up to February 27, 2025)
has authorized this research: “deciphering the mechanism by
which BCG decreases the risk of Alzheimer’s disease”. Six
patients (Table 1) with various clinical diagnostic statuses of
melanoma were treated by vaccination with autologous
tumor cell antigens which was accompanied by BCG
vaccine that served as an adjuvant, as described in old
studies for melanoma at stage III disease.”>*> The present
research is repurposing 7-9 years old cryopreserved samples
for exploratory statistically unsupervised learning, seeking to
set apart, from a small sample, two groups based on a dozen
UPR signaling features that will be sufficiently distinguishable,
and reflect clinical results of low versus high-risk AD, com-
pared to a >200-fold larger group presented by reference.'*

Preparation of the vaccine

The material for immunization was prepared for an old
study, (for which patients had to agree by informed
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Table |. Source of PBMC of pre and post-vaccination.

Patient number | 2 3 4 5 6

Gender male male male male Female male

Age 72 76 63 44 I8 70

melanoma ocular Skin + lymph node  ocular skin Skin +lung  Skin + lymph node
Years cryopreserved 8 9 7 12 9 8

Sampling Interval between pre and 4 months 4 months 4 months 4 months 12 months 4 months

post-vaccination

consent via the hospital ethical committee) from resected
autologous tumor metastases grown as primary melanocytic
cell lines (described in**>%?). Briefly; tumor cells were
grown in culture and identified as melanoma decedents of
primary cultures by the expression of S100, MART-1, or
gpl00 by at least half of the cells and by MHC-class-I
related chain. Cells were irradiated (230 Gy) and surface-
conjugated with dinitrophenol as previously described**
to prefer induction of cytotoxic antitumor-specific antigens
of the Thl phenotype. Patients were sensitized to
Dinitrophnol 10 days before vaccination. To minimize the
activity of suppressor T-regs cyclophosphamide was admi-
nistered 4 days after the first two vaccination doses.

Vaccination protocol

Cells were injected intradermally 10-25x 10° cells per
dose. The tumor vaccines were followed by a 1:50 dilution
of BCG from the Danish Staten Serum Institute at the first 3
injections and a 1:500 dilution for the next 5 injections. The
BCG injections were given at 3-week intervals distantly
from tumor locations.

PBMC sampling

A few days before and a week to 10 days after the course of
vaccination, coagulation-inhibited venous blood was
obtained and separated on a Ficoll density centrifugation
1200xg for 30 min. PBMC at the dilute plasma separated
from the Ficoll interphase were washed in cold growth
medium and suspended in cold dimethyl sulfoxide and
20% cold fetal calf serum (FCS) and gradually frozen to
negative — 170°C, to be kept in liquid nitrogen until
further use for the old original study.?

Thawing of PBMC and protein extraction

Years later for the present repurposing study, cells in frozen
vials were rapidly thawed in a water bath at room temperature
until the frozen suspension reached 0°C. Cells were diluted in
20 volumes of cold Dulbecco phosphate-buffered saline (PBS)
2% FCS, spun 10 min, 300xg at 4°C, and washed twice in
ice-cold plain PBS to remove all cryopreservation solution

and FCS traces. The cell pellets were suspended in a 200 pl
ice-cold Bicine/CHAPS detergent lysis buffer kit (CBS 403)
with inhibitors of proteases and phosphatases (Protein
Simple San Jose, CA) designed to minimize nuclear lysis.
The cell suspension was incubated on ice 30 min and spun
for 30 min at 10000 x g at 4°C. Supernatants of proteins
were frozen at —20°C until further use.

Preparation of immuno-electrophoresis samples

Samples were prepared using a separation module kit for a
molecular weight range of 12-230 MW for a 25 capillaries
cartridge (SM-W004) good to be used on an Abby instru-
ment (see Protein Simple website for the Abby instrument).
A master-mix solution was prepared according to the produ-
cer’s instructions using a standard pack from the kit that pro-
vides dithiothreitol, a proprietary master mix compound, and
a 5x concentrated sample buffer. The ready-to-use master
mix was prepared such that per one capillary a 0.6 pl
master mix is to be added to 2.4 pl of protein solution
(total volume/sample =3 pl, with 0.8 pg protein), boiled at
95°C for 5 min and loaded on a producer-designed plate in
arow of 24 wells for the samples, and 1 well for the supplied
biotinylated molecular weight ladder. The detection module
(mostly DM-001 [anti rabbit]) of the kit contained the
second antibody HRP conjugate, the antibody diluent
which serves also as a blocking buffer, the luminol, and
hydrogen peroxide. The rest of the separation module of
the kit contains a wash buffer, plates, and capillary cartridges.
We used a total-protein detection module (DM-TPO1) in a
RePlex format in which after the regular immune electro-
phoresis the antibodies undergo in-capillary stripping and a
special catalytic reagent biotinylated the total capillary pro-
teins (in-capillary) that are then detected by streptavidin.
The first antibodies are purchased separately from other sup-
pliers. From the loading of the plate onto the instrument to
the end of the procedure all the described electrophoretic
and catalytic steps are automatically performed and
computer-recorded, without human intervention.

Antibodies

Anti PERK rabbit monoclonal antibodies (R-mAb) from
Cell Signaling Technology (CST) Catalog No (#) 3192,
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anti-phospho-PERK  pThr980 R-mAb CST #3179,
anti-IREla R-mAb CST #3294, anti-phospho-IREla
p-S724 R-polyclonal Ab Novus Biologicals (NB)
#NB100-2323, anti-BiP R-mAb CST #3177, anti GAPDH
R-mAb XP CST #5174, anti elF2a mouse-mAb CST
#2103, anti-phospho-elF2a Ser51 R-mAb CST #9721, anti
ATF6 R-polyclonal Ab NB #NBP1-75478, anti XBPI
R-polyclonal Ab NB #NBP1-77681. Antibodies were
diluted 1:100 in the diluent solution provided in the detec-
tion module of the electrophoresis kit (Protein Simple).

Analysis

The Abby instrument provided results by recording chemi-
luminescent signals of secondary antibodies directly from
the capillaries at the last stage of the automated runs. The
antigen peak quantities are kept in records in the run files
as arbitrary numbers. For readers acquainted with the old
Western blot methodology, the instrument may opt to trans-
late the original reading from the capillaries into virtual
bands. Importantly, this is the opposite of Westen blot
records, where the bands on nitrocellulose blots constitute
the original chemiluminescent signals. The original
signals from the run files are presented in Supplemental
Table 1 and are the original chemiluminescent results.
The counts of the total protein along the capillary are
recorded by the instrument and were copied into an Excel
file to obtain a summation of all total protein per capillary
to which antigen peaks from respective samples in capillar-
ies are related.

Presentation of the results

The arbitrary antigen peak quantities are presented mostly
as a fraction of the total protein chemiluminescent signals,
obtained in arbitrary numbers, as detected by the Abby
instrument. These relative antigens (signaling proteins)
abundance is presented per patient, as pre versus
post-BCG treatment course. The illustration is either by
comparative bar graphs or linear or other regression in
which the regression lines contain pre-BCG results in
blue versus post-BCG results in red. The dots are desig-
nated by individual patient numbers. The correlation coeffi-
cients of each regression are provided by PowerPoint
software and its statistical significance is computed via
SPSS. The regression lines express the relation between
enzymes on the X axis and expected responding protein
substrates on the Y axis. The difference between opposite
regression trajectories is tested by Fisher’s z transformation.
On top of some regression lines, the effect of the
BCG-reinforced vaccine course is overlaid by an arrow
(up or downwards) in red for the (Y-axis) substrate or
responding protein, and in horizontal blue for the (X-axis)

enzyme or activation protein. Each pair of red-blue
arrows represents a respective patient number. A
summary table of up down effect of BCG is presented sep-
arately for all detected antigens. For each signaling protein,
a positive (+) or negative (—) score is added. The difference
between pre and post-BCG is expressed as the percent frac-
tion of the larger result. If the pre-BCG is bigger than the
post-BCG abundance the percent loss is presented as a
negative value, otherwise it is expressed as a positive
value. The scores of each patient are recorded in the
bottom rows.

Results

PBMC from six individuals vaccinated with dead (irra-
diated) melanoma antigens reinforced by live BCG as an
adjuvant. Proteins extracted from isolated PBMC, before
and after the vaccination course, were compared by
immune-electrophoresis. This is a statistical unsupervised
survey for the development of hypotheses about the mech-
anism/s by which vaccination has protected individuals
against the risk of developing AD." The basic assumption
is that peripheral immunocytes that gain access to the brain
may possess transmissible factors or provide cell surface
cues that protect neurons and nonneuronal cells (microglia
and astroglia) against neurodegeneration.”” Because one
of the hallmarks of some neurodegenerative diseases con-
sists of protein aggregation, e.g., prions, amyloid-f, and
tau protein although the latter is not exposed to the ER,
we chose to examine the proteins involved in the prevention
of aggregate formation and clearing misfolded proteins, i.e.,
the ER stress response.’®*’ Among the three sensors of ER
stress, PERK, ATF6, and IREla, PERK is the sensor that
immediately reacts to ER protein misfolding and aggrega-
tion by shutting off cap-dependent translation as a start.

PERK response to vaccination

PERK is normally activated when the ER lumen is over-
loaded by unfolded or misfolded newly synthesized pep-
tides.”® PERK auto-phosphorylates at its ER luminal
domain which activates its cytoplasmic domain kinase
that in turn phosphorylates the S°' residue of the alpha com-
ponent (elF2a) of the elF2 translation complex. This gener-
ates p-elF2a which inhibits cap-dependent translation by
the elF2 translation initiation complex.29 Figure 1(a)
shows the virtual band density representing the immunor-
eactivity of the active phosphorylated PERK dimer
(p-PERK) and the panel below shows the bands of inactive
PERK monomer. Figure 1(b) shows two point-scatters one
plotted ratio between the phosphorylated active PERK
(p-PERK) dimer and its inactive monomer PERK (X-axis)
against its catalyzed substrate p-e[F2a ratio to elF2a (Y
axis) of PBMC before BCG vaccination, and the second
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Figure |. Activated PERK (p-PERK) targeted substrate (elF2a) matched with resulting p-elF2a: after vaccination, patients |, 2, and 5
show a decrease in activated kinase (p-PERK) congruent with a decrease in its phosphorylated substrate p-elF2a (blue arrows). In
contrast, patients 3, 4, and 6 show an increase in p-elF2a (red arrows), accompanied by a decrease, or no change, or increase in p-PERK

in patients 3, 4, and 6, respectively.

after vaccination of each of the 6 patients. In patients 1, 2,
and 4, p-PERK is downregulated and in patients 3, 5, and
6 p-PERK is upregulated after the course of vaccination.
The response of p-elF2a in 1, 2, and 4, is in congruence
with the p-PERK reduction while in 3, 5, and 6 responses
are unrelated to p-PERK changes. This incongruence may
be due to any of 3 other kinases (specific for different
stress conditions?"), or due to a negative response to specific
phosphatases®® that fail to hydrolyze p-e[F2a.

Expression of BCL2A | versus p-PERK

Because activation of PERK results in translation shutdown
via inactivation of elF2a, PERK activation was tested in
association with the levels of Al cell-survival protein.
Figure 2(a) illustrates the PBMC levels of Al before and
after vaccination, side by side with the levels of p-PERK
from the samples of the same patients (Figure 2(b)).
Comparing both bar graphs gives the impression that the
figures seem inversely related between patients, which is
confirmed by the scatter graph (Figure 2(c)) by an exponen-
tial best fit (p =0.00031). This implies that under an exten-
sive vaccination schedule with BCG, Al expression is
decreased while that of p-PERK is increased, in contrast
to the pre-vaccination status. Still, at low p-PERK, some
Al are expressed at higher levels.BCL2A1 is an antiapop-
totic paralog of the antiapoptotic protein BCL2 highly

expressed in PBMC with some diffuse expression in areas
of the brain.*’ As shown previously,”> BCG stimulates
Al expression more extensively than that of the canonical
BCL2 expression (compare the Y axis in Figure 3(b) with
(a)). Al was upregulated by BCG in patients 1, 2, 4, and
5 and downregulated in 3 and 6. Patients 1, 2, 3, and 6
showed an opposite trajectory versus the canonical BCL2
in which the scale was much smaller than that of Al.
Figure 3(c) illustrates the immunoelectrophoretic bands of
BCL2 and Al appended by their ratios to total proteins.

CHOP response to vaccination

CHOP (C/EBP homolog) acts as a dominant negative tran-
scription factor competing against the C/EBP transcription
factor by binding to its promoter cis-elements™ and as
such CHOP serves to promote the expression of proapopto-
tic proteins.>* Upon chronic PERK activation that is fol-
lowed by chronic elF2a inactivation. ATF4 (activated
transcription factor 4) and CHOP are known to be upregu-
lated as is CHOP in Supplemental Figure 1, this may occur
during ER stress due to unresolvable protein misfolding.
This cascade can lead to the expression of proapoptotic
death proteins and cell death®® as in AD brains. Here in
patients 1, 3, and 5, CHOP is upregulated in post-vaccinated
PBMC, although p-PERK is downregulated (Figure 3(a)
and (b), versus Figure 1). In patients 1 and 5, CHOP
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Figure 2. BCG decreases activated translation inhibitor (p-PERK) inversely to increase the survival factor BCL2-Al: the BCL2 Al
isoform was upregulated in PBMC after vaccination in patients |, 2, 4, and 5, phosphorylation-activated state (p-PERK) is conversely
downregulated in patients |, 2, slightly in 5, and runs inversely in 6, and 3 (b). The bar graphs in (a) and (b) make an inverse impression
by eye bolling and when plotted (c) show inverse regression curves with an exponential best fit The pre-BCG curve (blue dots) has a
positive correlation coefficient (r=0.3601, n = 6) but is insignificant (p =0.241) whereas the post-BCG negative curve (r=—0.966, red
dots) is significant (p =0.0008) and the difference between these opposing curves, tested by the Fisher’s z transformation, is highly

significant (z=2.959, p=0.00031).

increase is accompanied by the antiapoptotic BCL2A1
upregulation, but not in patient 3 in which the elF2a did
not recuperate from its inhibited p-e[F2a status. This may
indicate that the mechanism through which p-PERK is
downregulated by vaccination did not relieve the phos-
phorylated S>" which could have been induced by at least
one of the 3 other stress-responsive kinases that target
elF2a S°' as well.*® Patient 6 is exceptional by having
p-PERK and its p-elF2a substrate upregulated by vaccin-
ation (only when related to total protein) while the pro
and antiapoptotic proteins CHOP and BCL2A1 respect-
ively, are both downregulated. When related to the total
PERK and total elF2a the p-elF2a is more downregulated
than p-PERK (Figure 1) possibly due to the overactivation
of the p-elF2a targeting phosphtase.

ATFé transcription factor response to vaccination

Activated transcription factor 6 (ATF6) is the 2nd stress
sensor embedded in the ER membrane. Once ER stress
ensues ATF6 in its precursor form is cleaved by an intra-
membranous catalysis to release the cytosol-facing frag-
ment ATF6(N) (ATF6 nuclear). ATF69(N) is trafficked to

the nucleus where it acts as a transcription factor at its desig-
nated transcription program.*® In relevance to the UPR,
ATF6 promotes transcription of ER-resident chaperone
genes among them the BiP mRNA and transcription
factor XPB1 mRNA®’ that is designated for cytosolic
unconventional splicing by a third ER-resident stress-
sensing enzyme IRE1.'® The co-translationally spliced
XBP1 (XBPls) mRNA becomes a transcription factor
protein, that transactivates chaperone genes in addition
to similar partially overlapping activity performed by
ATF6(N). The protein expression of XBP1s is dependent
on that of ATF6(N) which requires a substantial time lag
by which ATE6(N) synthesis predates that of XBP1s.*®
This phenomenon may be reflected by a particular dot
scatter in Figure 4, which illustrates 5 panels.
Figure 4(a)—(c) show the ATF6 precursor (81 kDa), the
ATF6(N) transcription factor, and the glycolytic enzyme
GAPDH, respectively, all depicting the pre and post-
vaccination results. Figure 4(d) and (e) show dot scatters
where XBPl1s protein (Y axis) represents the presence
along ATF6 precursor activation (X-axis, Figure 4(d)),
and its response to ATF6(N) transcription factor in
Figure 4(e). The post-BCG of patients 1 and 2 (red) dots
reach over a far distance from the pre-BCG respective
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Figure 4. ATF6 and XBPIs activated protein abundance in PBMC after vaccination: ATF6é transcription factor precursor abundance
before (blue) and after (red) vaccination (a) and its derivative activated transcription factor ATF6(N) (b) were detected by
immuno-electrophoresis. The pattern of BCG vaccination effect on ATF6 activation relative to pre-BCG (b) is similar to that illustrated
by the GAPDH effect (c) in 5 out of 6 patients, apart from patient 3. Note the vaccination effect in patient 2 where close to 100% of the
ATF6 precursor (a) was consumed to generate the active ATF6 57 kDa (ATF6(N) isoform (b, d, €). The quantitative relationship
between the ATF6 precursor versus XBPIs for individual patients before and after vaccination is shown in (d) and that of the activated

(ATF6(N)) versus XBPls is shown in (e).

(blue) dots parallel to the ATF6(N) X axis whereas in par-
allel to the XBP1s Y axis, there is hardly any distance for
patient 1 and even a slight reduction for patient 2. We inter-
pret this presentation as a vaccination-induced low XBPl1s
abundance or slow synthesis versus an increase in
ATF6(N) abundance or faster synthesis. The low abun-
dance may be explained firstly by the loss of XBP1s to het-
erodimerization with ATF6(N) fulfilling a catalytic
function,® and/or secondly by the substantial prolonged
time of XBP1s synthesis lagging behind the faster synthesis
and processing of ATF6(N), starting from the moment of
stress sensing.’® The heterodimerization can be supported
by the increase in GAPDH (Figure 4(c)) in patients 1 and
2 parallel to the changes in patients 1 and 2 in Figure 4(b)
and (e). A possible explanation for this argument is that
both XBPls and ATF6 may induce transcription of
ERAD factors to resolve misfolding in the ER. However,
heterodimers between these two transcription factors are
by far more efficient than when working separately, the par-
allel increase in glycolysis (GAPDH up in patients 1 and 2)
may reflect the higher requirement of energy for the execu-
tion of ERAD functions.*® BCG is known to be responsible

for the reprogramming of anaerobic to aerobic glycolysis in
immunocytes. 13.39.40

IREa response to vaccination

Transcription of the XBP1 gene into its mRNA by
ATF6(N)* is followed by IREla, which processes XBP1lu
(un-spliced) mRNA.* 1t requires IREla dimerization for
autophosphorylation at the ER luminal side to open the
RNA endonuclease domain on its cytosolic side to be acti-
vated (becoming p-IREla). Figure 5 shows a matching
between activated enzymes p-IREla 107 kDa (5A) or
p-IREla 135kDa (5B) with the resulting expression of
spliced XBP1s protein product. Figure 5(c) is appended
below and shows the p-IREla and XBPls virtual bands
and the per-total protein density. Activated p-IREla
107 kDa is up in patients 1 and 3, slightly up in 4 and 6,
and down in patients 2 and 5 (Table 2, line 10). The
135kDa p-IREla isoform has a different distribution
(Figure 5(b) and Table 2, line 11), but more impressive is
the X-axis scale in Figure 5(b) which is by one order of mag-
nitude higher than it is for the 107 kDa.Thus, the same level
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Figure 5. Levels of activated (spliced) XBPIs versus its activated stress sensor p-IREla by vaccination: the phosphorylation-activated
ER-stress sensor p-IREla from PBMC of 6 patients before (blue) versus after the course of vaccinations (red) is presented against its
activated substrate XBPls. Two p-IREla isoforms are presented; 107 kDa (a) and 135 kDa (b), against pre and post BCG levels of
XBPls. The protein levels of each patient are marked by their numbers and the correlation coefficients before (blue) and after
vaccination (red). Note that XBPIs molecules are concentrated above the low p-IREa 107 kDa levels (a), contrarily to the 135 kDa
isoform where the same XBPIs concentrations are spread over levels that span between one half to one and a half orders of magnitude
of the activating enzyme. Under low levels of the stress sensor (p-IREla), BCG vaccination changes the relations to XBP| response and
the difference between regression lines tested by Fisher’s z transformation test is significant (p =0.045, n = 6)—abundance of activated
IREla (p-IREl2) and its enzymatic reaction product XBPIs in PBMC (c). Immuno-electrophoresis of PBMC protein extracts from the 6
melanoma patients before versus after anti-autologous tumor vaccination reinforced by the BCG adjuvant are presented. The virtual
band of p-IREla (135 kDa) numbers of arbitrary abundance is accompanied by those of XBPIs from identical samples shown below.
A smaller size p-IREla (107 kDa) of much lower density is presented as a fraction of total protein (p-IREla/TP).

of XBPIls response requires on average a 10fold higher
stimulus (or dosage) by the p-IREla 135 kDa than by the
107 kDa isoform. This may mean that the former is function-
ally attenuated. The attenuated 135 kDa p-IREla molecular
size is larger than the 107 kDa isoform which may reflect a
fusion of 107 kDa molecule with a J-protein (28 kDa
ERdj4) cochaperone. Normally this occurs upon subsiding
of the ER stress when the J-protein interacts with the

p-IREla dimer to activate an available BiP molecule by its
ATP to bind BiP to the p-IREla dimer and disrupt the
dimer into monomers.**

Bip response to XBPls

Transcription of the BiP gene can be activated by ATF6(N)
or by XBP1s, BiP mRNA is mainly translated during ER
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Table 2. Impact of vaccination reinforced by BCG on UPR in PBMC.

Patient number

Published effects in the brain

line Signaling proteins

Transcribes BiP, XBPI1“8 and ERAD, ER chaperones
Transcribe BiP, ERAD as heterodimer with ATFé6 48

Pro-AD, when chronically high'®?¢2743
Glycolytic intensively by BCG'34%50
p-IREla dimer activates XBP|*®

Down (—47.1)  Pro AD when chronically high**
Proapoptotic if persistently high****

Down (—70.9) Antiapoptotic, antagonizing CHOP?*?
Alert for ER stress*®

(+50)
Down (—80)

Up (+41.5)
Up (+75.9)

Down (-71.3) Up (+85.6)

Down (—66.6) Up (+99.9)

Down (—19)
Up (4+95.2)
Up (+99.8)
Down (—20)

(+98.6)

Down (—38.4) Down (-2.4)

Up (+43.3)

Down (—48.7)
(+70)

Down (—98.8)
Down (—41)
Up (+78.7)

Down (-70)
(+20)
Down (—16)

Up (+53.3)
Down (=99.6) Down (=53.6) Down (84.7)

Up (+41.8)
Down (=55.5) Up (+28.4)

Up (+31)
Down (—26)
Up (+44.4)

Down (—98.6) Down (—42.6) Up (+88.8)
(-33.3)

Up (+40)

Down (=58.4) Down (=51.3) Up (+0.4)
(=50)

Up (+44.4)
Up (+30.9)
Up (+71.4)
Up (+5)

p-elF2a

BCL-2

CHOP

ATF6 precursor
Activated ATF6
XBPls

I
2
3
4
5
6
7
8

Down (—33.3) Up (+93.3)
Down (—66.6) Up (+8.3)

Down (—55)
Up (+26.6)

Down (—48.3)

Up (+14.2)

Up (+40)

Up (+97.6)

GAPDH

9

Down (—66.6) Up (+40)

p-IREla 107 kDa Up (+71.8)
p-IREla 135 kDa
BiP

10

XBPI activation attenuated by p-IREla*

Up (+70)

Down (=53.3) Down (—30.8) Up (+19.5)
Down (-5.2)

Up (+11.8)
Up (+60)

alert27:28:45
Odds of apoptosis by BCG

Inhibits misfolding, and keeps ER stress sensing
Odds of anti-apoptosis

Up (+20)

Up (+40)

Down (-9)

12

—109.4
+432.9

+78.4

—185.9
+81.7

+142.5
-50.4

—119.9
—196.4
-76.4

—113.6
+338.5
+452.1

Pro-AD
Anti-AD

14
15

15

-924

A sum of PBMC survival odds by BCG-induced UPR

+542.3

—170.8

+267.6

—192.9

Final score

stress when elF2a is inhibited, but since its translation is
cap-independent BiP expression is not inhibited.’!
Figure 6 shows the response of BiP (Y-axis) to XBPls
(X-axis). BiP is upregulated in patient 1 without any
change exhibited by XBP1s, and in Patient 5 it is upregu-
lated while XBP1s is downregulated, only the limited BiP
increase in patients 4 and 6 can be credited to XBP1s for
having contributed its transcriptional support, for patients
1 and 6 ATF6(IN) might have been responsible for transcrip-
tion of the BiP gene.

Discussion

The impact of Vaccination on the UPR pathway is likely to
reflect the fraction of individuals that had been protected, or
gained a delay, against AD development, according to
several published results. The successful protection
against AD was anywhere between 20 to 60% better than
control patients of the studied populations.’>~> Therefore,
in light of population heterogeneity, it is expected that
changes caused by vaccination in the 6 presently analyzed
patients, will show reasonable features caused by the vac-
cines in 1 to 3 patients out of 6 which may explain an
anti-AD effect without subjecting this patient to specific
cognitive tests. Table 2 reveals the heterogeneity of the
BCG effect on the UPR response reflected by a matrix of
6 patients X 12 UPR proteins. The extreme of the hetero-
geneity is seen in CHOP (Supplemental Figure 1). In
Table 2, each point represents a loss (negative) or gain
(positive) of protein abundance induced by the vaccine.
For the 3 potential proapoptotic proteins (p-PERK,
p-elF2a, and CHOP) gain was subtracted from the total anti-
apoptotic balance, and loss was added to it. The bottom line
shows that patients 1, 4, and 6 had a net positive anti-
apoptotic balance and 2, 3, and 5 had a negative balance,
and according to this scoring approach, the PBMC of 3
BCG vaccinated patients out of 6 show a substantial posi-
tive cell survival chance versus the rest that show negative
scores. To discuss the heterogeneity of this UPR analysis
results one patient can be used, and compared to the rest.
For example, patient 1. Vaccination of patient 1 has cut
the level of p-PERK (line 1) by more than one-half and
its substrate (line 2) (inhibited elF2a [p-elF2a]) has shown
an even stronger reduction. This branch of the UPR can
potentially activate ATF4 and further downstream the proa-
poptotic CHOP, which has indeed increased (line 5),
making the downregulation of p-PERK and p-elF2a a rea-
sonable positive reaction induced by the vaccine. The
increase in the antiapoptotic BCL2A1 protein (line 3) is
also a reasonable counteraction to the increased CHOP
(line 5) expression, for which the vaccination can be cred-
ited.>* Note that in some tauopathies a low PERK function
causes tau protein aggregation in which the low PERK
results from PERK hypomorphs due to nuclear polymorph-
ism.>® This however differs from the present case in which
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Figure 6. Vaccination impact on the abundance of XBPIs transcription factor and its target gene product, the BiP protein: XBP|s and
BiP proteins (a) detected by immunoelectrophoresis from 6 patients before and after vaccination courses, are shown above their ratio
to total protein (TP) per capillary. Each XBPIs concentration is matched with the respective BiP concentration on a scatter graph (b).
The effect of BCG vaccination is depicted in red dots and their effects directions in red arrows drawn from pre-vaccination blue dots.
Blue arrows denote the reduction of BiP. The positive linear regression of individuals before vaccination is in the opposite direction to
the regression line of their respective values after vaccination. The correlation coefficient before vaccination is (r = 0.8844) opposite to
the post-vaccination negative coefficient, r =—0.5092 (n =6 for both). The difference between these coefficients tested by Fisher’s Z

transformation is significant (Z=2.39, p=0.016).

BCG has reduced p-PERK expression from a higher level
seen at the pre-BCG vaccination in PBMC (Figure 1(b)).
ER, membranous ATF6 was upregulated (Table 2, line 6)
and so was XBP1s (Table 2, line 8). The ATF6(N) tran-
scription factor activated by cleavage (line 7) was also upre-
gulated by the vaccination. Interestingly, vaccination has
increased GAPDH expression in the same patient (line 9)
which is consistent with an increase in available glycolytic
energy (ATP). The ability of vaccination to convert anaer-
obic to aerobic glycolysis was shown by others who have
used the BCG vaccine in insulin-dependent diabetes,'?
and by innate immune cells training.’’ Increased ATP pro-
duction rate can be utilized by ERAD molecules to degrade
stress-induced misfolded proteins for which heterodimers
of ATF6(N)+XBP1 may serve as transcription factors by
far more potent when co-activated® versus ATF6(N) or
XBP1ls when separately active. IREla activated to
p-IREla of 107 kDa is upregulated (Table 2, line 10) by
vaccination and has a robust positive role in the activation
(by unconventional splicing) of XBP1 mRNA to become

XBP1s protein (lines 8). The p-IREla 107 kDa is likely
the monomer derived from the activated dimer by the con-
ditions of sample preparation. The p-IREla 135 kDa
(Table 2, line 11) demonstrated a weaker XBP1s activation
capacity by one order of magnitude than the same XBP1s
activation capacity shown by 107 kDa isoform (compare
the X axis of Figure 5(a) to (b)). Vaccination has slightly
increased the 135 kDa molecule that strongly attenuated
XBP1s activation, therefore it has achieved a lower score
than 107 kDa. The explanation for the additional 28 kDa
of the attenuated p-IRE1a isoform could be an intermediate
stage in which the J-protein (ERjd4) is responsible for
attaching the BiP molecule to p-IREla that keeps IREla
as an inactive monomer.*? Perhaps this p-IREla 135 kDa
molecule was caught by the sample preparation condition
while it was still phosphorylated and attached to the
ERjd4 protein. BiP was strongly upregulated in patient 1
(Table 2, line 12) by vaccination indicating a positive
UPR and antiapoptotic activation. According to the
scoring rationale described above for patient 1, the rest of



12

Journal of Alzheimer’s Disease Reports

the 5 patients are evaluated. The positive scores are summed
in Table 2, line 13, for the summation of the pro-apoptotic,
and in Line 14 the anti-apoptotic scores are presented, and
in Table 2, line 15, the final balance of the survival chance
of PBMC of each patient is presented. There are limitations
to the ability to interpret the results: firstly the size of the
experimental sample is too small although it is a longitu-
dinal study in which each patient presents its control, and
therefore it does not require age and gender matching.
One of the persons was relatively young (18Y) and the
only female, which may add to the diversity of the
results, this can be seen according to studies in animal
models in which animals are grouped by age. For
example, conditional ablation of the endonuclease at the
cytosol domain of p-IREla exhibited behavioral changes
consistent with neurodegeneration in old age** that in the
young such changes have not been observed. The authors
interpreted it as a compensation capacity related to young
age, perhaps based on p-IRE1a functions beyond the utiliza-
tion of the endonuclease. In addition, whatever we find in
the UPR of PBMC does not guarantee to look the same in
brain tissue. Remarkably in patient 2, the ATF6 precursor
seems maximally consumed and not recovered despite
p-PERK and p-elF2a being downregulated and should not
inhibit ATF6 translation. XBP1s in patient 2 is also low
and is the BiP protein product of its gene target. BiP
protein normally fixes ATF6 to the ER membrane, and
when low ATF6 is cleaved to produce ATF6(N) which
may be part of the reason for the very low ATF6, but
perhaps insufficient to explain it, ATF6 translation may
be inhibited by microRNA for unknown reason. Patient 6
PBMC are exceptional by their high antiapoptotic UPR
signals, although p-PERK is upregulated its substrate
p-elF2a is downregulated which explains why the down-
stream CHOP is also downregulated. The reason for the
seemingly low p-elF2a response to p-PERK could be over-
expression (for unknown reason) of the phosphatase that
negatively controls the p-elF2a.

The prevention or delay of AD pathogenesis is a major
problem because it requires the maintenance of persistent
healthy behavior and if pharmacological means are avail-
able (that are not causing epigenetic imprinting) they will
require maintenance as well. The finding that some vaccines
(especially BCG) reduce the risk of AD should be
embraced, firstly because clinically BCG does not require
maintenance. Secondly, it can be used by ex vivo PBMC
to follow the signaling mechanism of activity in peripheral
blood immunocytes, before looking at the brain tissue that
poses an ethical problem in humans. The characteristic neu-
rodegeneration results from human brains are mentioned in
Table 2 with proper references published by others, they
show mostly opposite results to those in the PBMC of
patients from the present work. The fraction 3/6 of them,
50% is close to the 58% of censored results from the retro-
spective study.'* What is yet missing are the upstream

points of the BCG vaccine impact, necessary and sufficient
to induce the UPR or other changes to achieve AD preven-
tion. Interestingly, BCG vaccination can cause emergency
granulopoiesis ® which causes massive outbursts of neutro-
phils and secretion of granulocyte-colony stimulation factor
(G-CSF). A pilot experiment on 8 humans suggested that
administration of G-CSF improves cognitive functions.>
Others have repurposed the administration of G-CSF on
12 humans and found improved scores on cognitive
tests.” These findings await cognitive testing on larger
experimental groups. Notably, as BCG induces an epigen-
etic signature on histone lysine moieties, G-CSF that
responds to the BCG vaccination may be responsible for
these particular methylations. Methyltransferases are
likely activated by stimulation of the G-CSF receptor
expressed by myeloid progenitors,’’ which are perhaps
responsible for the long-term sustainability of the BCG vac-
cination. Within the transcription program of genes remod-
eled by this receptor stimulation, there may be those that are
relevant to the protection of brain tissue for which BCG is
responsible for AD prevention. These may include some of
the UPR genes.
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