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Affibodies as valuable tool to prevent 3,m
aggregation under lysosomal-like conditions
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Abstract

Beta-2 microglobulin (3,m) is a small protein that forms the invariant subunit of the Major Histocompatibility
Complex I. Monomeric 3,m is stable under physiological conditions, however high local concentrations can
induce misfolding, leading to amyloid deposition. This accumulation has been recently observed in the lysosomes
of tumour-associated macrophages from patients affected by multiple myeloma. Such aggregation has been
linked to inflammation and tumour progression. Stabilizing the native state of 3,m could be the first step towards
preventing this cancer-promoting process. To achieve this goal, the effect of affibody molecules, small and stress-
resistant affinity proteins, was tested. Three affibodies molecules were selected against 3,m. Affibody-3,m complex
formation was initially assessed by size exclusion chromatography and subsequently confirmed by microscale
thermophoresis and isothermal titration calorimetry. In parallel, in presence of one of the affibody (Zg,, ;) a
significant reduction in 3,m aggregation was observed. The inhibition of amyloid formation was also confirmed by
transmission electron microscopy. Taken together, these results indicate that Zg,, o1 has the potential to act as ,m

aggregation inhibitor under lysosomal-like pH values.
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Background

Amyloidoses represent a large group of diseases, char-
acterised by the presence of large and insoluble protein
deposits in specific tissues [1]. These pathologies can
manifest in a localised and organ-specific manner, or sys-
temically, with amyloid deposition spreading to different
organs. However, all deposits share common features [2].
It is important to note that all amyloid proteins exist in a
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physiological soluble form, which, upon misfolding, ulti-
mately results in the formation of toxic insoluble aggre-
gates [2]. These deposits exhibit a distinctive beta-sheets
conformation, irrespective of the original protein fold,
forming unbranched and elongated fibrils [3]. A further
common feature is the reactivity to Congo red and Thio-
flavin T (ThT).

Beta-2 microglobulin (f,m) constitutes the light chain
of the class I Major Histocompatibility Complex [4] and
of the neonatal Fc receptor [5], and is a well-known amy-
loid protein [6]. Two different scenarios have been iden-
tified that trigger p,m amyloid deposition in humans: (i)
high blood concentrations resulting from renal failure
and long-term dialysis [7], or (ii) destabilising single point
mutations [8—11]. While technological advancements
have improved the management of the former condi-
tion, the latter remains incurable [6]. Patients affected by
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B,m-related amyloidoses exhibit amyloid deposits within
the extracellular matrix of specific tissues [7, 8, 10, 11],
resulting in organ failure or tissue damage. Currently, no
treatment options against f,m aggregation are available
for these patients, except for palliative cure. In addition
to these primary amyloidoses, a role for p,m aggregation
has been recently reported in the progression of multi-
ple myeloma due to its accumulation within lysosomes,
thereby causing lysosome rupture and activating inflam-
mation [12].

Given its pathologic relevance processes, interfering
with B,m aggregation would have far-reaching transla-
tional implications. Previous studies have demonstrated
that Nb24, a nanobody raised against 3,m, can effectively
inhibit the amyloid aggregation of wild type B,m and
of some of its pathological mutants under physiologic
conditions [13-15]. Nanobodies have great potential as
therapeutic agents against amyloid aggregation [16-18],
however in this pathologic context a very high affinity
against B,m is not enough. Indeed in this specific case,
the f,m binder needs a very stable protein scaffold across
a range of physiologic conditions and pH values. Affibod-
ies are a class of highly specific binders characterised by a
very stable fold.

Thus, in this study, we examined the effect of f,m-
binding affibody molecules in achieving this goal. Affi-
body molecules are small, non-immunoglobulin-derived
affinity proteins, folded in an anti-parallel three-helix
bundle conformation [19]. The affibody scaffold is
derived from the B-domain of staphylococcal protein A
[20], which has a natural affinity for IgG from some spe-
cies. By randomization of amino acids directly involved
in IgG binding and in the vicinity, large combinatorial
libraries have been created. Affibody molecules that
exhibit strong affinity for desired targets, as distinct from
IgG molecules, can be selected from these libraries by
means of phage- or cell-display technology [19]. The affi-
body molecules are characterised by small size (6.5 kDa),
resistance to high temperatures, and rapid and revers-
ible folding [21]. They have emerged as one of the most
promising alternatives to antibodies. In clinical trials,
affibody-based constructs have been found suitable and
well tolerated by patients for both therapeutic and diag-
nostic applications [22, 23]. Thanks to their small size,
affibody molecules typically exhibit an efficient extrava-
sation and tissue penetration [24]. Application of affibody
molecules in the amyloid research field is limited, despite
evidence of their protective action against beta-amyloid
aggregation [25-28].

In this study, three distinct affibody molecules were
selected to specifically bind B,m, followed by charac-
terisation and evaluation in relation to their capability
to form stable molecular complexes and to impair ,m
aggregation under lysosomal-like conditions, aiming to
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the identification of an inhibitor against this cancer-pro-
moting process. Selected variants were expressed, puri-
fied, and in vitro characterised. Their ability to bind f,m
was assessed by size exclusion chromatography (SEC),
and the binding affinity was analysed by microscale ther-
mophoresis (MST) and isothermal titration calorimetry
(ITC). The inhibition of B,m amyloid formation was
tested by performing aggregation kinetics monitored
by ThT fluorescence and transmission electron micros-
copy (TEM). Finally, the potential binding site was pre-
dicted using AlphaFold3. All these analyses identified one
promising affibody variant able to bind §,m and to impair
its aggregation under lysosomal-like pH.

Methods
B,m expression and purification
B,m was expressed and purified as reported in [29, 30].

Selection of Affibody molecules

The ectodomain of human FcRn, consisting of the extra-
cellular part of the alpha chain and p,m, produced in
SKOV-3 cells [31], was biotinylated by EZ-Link Sulfo-
NHS-LC-Biotin (Thermo Scientific, MA, USA) and
used for selection from an affibody library essentially as
described [32]. The library had an equal representation
of 18 amino acids (cysteine and proline were excluded) in
the varied positions [25], and each variant was expressed
on phage protein 3 as a fusion to an albumin binding
domain (ABD). Target binding was performed in selec-
tion buffer (100 mM NaP; pH 5.5, 150 mM NacCl, 0.1%
Tween-20, and 0.1% gelatin) in the absence or presence
of 1.5 uM human serum albumin, followed by extensive
washing and elution at pH 8.0 (100 mM NaP;, 150 mM
NaCl) or at pH 2.2 (50 mM glycin-HCI). After four rounds
of biopanning in the four conditions, eluted phages were
used to infect E. coli and allowed to form colonies on
agar plates. The clones were directly expressed from the
colonies in 1 ml cultures in deep well plates at 37 °C. Peri-
plasmic protein expression was induced by the addition
of isopropyl-p-D-1-thiogalactopyranoside (IPTG) to a
final concentration of 1 mM. The periplasmic fractions
were released by freeze-thawing, and the interaction with
B,m was investigated by ELISA. A goat anti-ABD anti-
body (in-house produced, 2 pg/ml) was immobilized in
the wells of a 96-well plate. The periplasmic extracts were
then added to capture the affibody-ABD fusion protein of
each clone. Biotinylated p,m (5 ug/ml) was added to wells
followed by Horseradish peroxidase-conjugated Strepta-
vidin (1:30000 dilution) and TMB substrate (Thermo Sci-
entific) according to the manufacturer’s protocol.

Affibody expression and purification
The DNA sequences of three affibody variants: Zgy,, o1,
Zgym o, and Zg,, o3, and a control Zr,,, were optimised
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for expression in E. coli and purchased by GENEWIZ
GmbH (Germany) as synthetic genes cloned into a
pET28c expression vector between EcoRI and Ndel
restriction sites. The recombinant proteins carry a C-ter-
minal 6XHis-tag and a thrombin recognition site. Zg,,, o;
was expressed in the Shuffle E. coli strain. Briefly, trans-
formed cells were grown at 30 °C in Luria Bertani (LB)
medium supplemented with 25 pug/mL kanamycin until
an ODygy, of 0.8 was reached. Protein expression was
then induced by the addition of 1 mM IPTG for 20 h at
16 °C. The protein expression of Zg,, o5 Zgoy o3 and Zyq
was performed in BL21(DE3) pLysS E. coli strain. Briefly,
transformed cells were grown at 37 °C in LB medium
supplemented with 25 pg/mL kanamycin until OD,
0.8 was reached. The induction of protein expression
was achieved by adding 1mM IPTG for 4 h at 37 °C. The
purification of all four affibody molecules was performed
using the same protocol. The cell pellet was resuspended
in 20 mM Tris HCI, 150 mM NacCl, 20 mM imidazole,
1 mM phenylmethanesulfonyl fluoride, pH 8.0 supple-
mented with 0.1 mg/ml DNase I and complete Protease
inhibitor cocktail. Post-sonication, the crude extract was
subjected to a 30 min centrifugation at 30,900 rcf at 4 °C.
Thereafter, the supernatant was filtered using 0.45 pm
syringe filters, and subsequently subjected to HIS-trap
affinity chromatography (HisTrap™ Fast Flow, Cytiva).
The column was equilibrated in 20 mM Tris-HCI, 150
mM NaCl, 20 mM Imidazole, pH 8.0 and the proteins
were eluted in a gradient 0-100% of 20 mM Tris-HCl,
150 mM NacCl, 500 mM Imidazole, pH 8.0. The fractions
containing the protein were collected and subjected to a
size exclusion chromatography using a SuperdexTM 75
Increase 10/300 GL (Cytiva) previously equilibrated in 20
mM Tris-HCI, 150 mM NaCl, pH 7.4.

Circular dichroism assay

B,m or the affibody molecules were diluted at 0.2 mg/
ml in 20 mM buffer (Sodium phosphate for pH 7.4, 7.0,
6.5, 6.0; Sodium acetate for pH 5.5, 5.0. 4.5, 4.0, 3.5, 3.0,
3.5, 2.0). Far-UV spectra were collected on a J-1500
spectrophotometer (Jasco) equipped with a Peltier sys-
tem for temperature control recording the signal at
25 °C between 195 nm and 260 nm wavelength range in
a 0.1 cm path length quartz cuvette. The mean residual
ellipticity ([0]yrw;) [33] is reported. Temperature ramps
were recorded from 25 °C to 80 °C at a heating rate of
1 °C/min while monitoring the circular dichroism (CD)
signal at 202 nm. T, values were determined as the
maximum of the first derivative of the unfolding profiles.
Every experiment was repeated in duplicate.

Analytical size exclusion chromatography
A solution of 50 uM B,m and 100 uM affibody molecule,
with a molar ratio 1: 2, was prepared in 20 mM NaP,;, 150
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mM NacCl, pH 7.4 and subsequently analysed using a Pro-
teoSEC SEC column (CliniSciences) previously equili-
brated in the same buffer. Every experiment was repeated
in triplicate.

Microscale thermophoresis

MST analyses were performed at 25 °C on a NanoTemper
NT.115 instrument. The affibody molecules were diluted
in PBS-T buffer (20 mM NaH,PO,/Na,HPO, pH 7.4, 20
mM NaCl, 0.05% Tween) and labelled with RED-tris-
NTA 2nd Generation dye (Nanotemper) in accordance
with the manufacturer’s protocol. f,m was freshly pre-
pared before each experiment by dissolving lyophilised
aliquots in PBS-T buffer. The binding between ,m and
the affibody molecules was monitored by titrating p,m
into 25 nM labelled affibody, using the red filter, 40%
LED power and medium MST power. Prior to measure-
ment, samples were incubated for 30 min in the dark and
then loaded into NanoTemper Premium capillaries. Every
experiment was repeated in triplicate. Data analysis was
carried out using NanoTemper Analysis software using
the K model fitting (one binding site) and plotted using
Prism9.

Isothermal titration calorimetry

Bom and Zg,,, o; Or Zgy, o3 were buffer exchanged to 20
mM Tris-HCl, 150 mM NaCl, pH 7.4. ITC measurements
were performed using a microcal PEAQ ITC calorimeter
(Malvern). The cell temperature was set to 37 °C and the
syringe stirring speed to 750 rpm. B,m was loaded into
the cell at a concentration of 40 uM, whereas the affibody
molecules were loaded into the syringe at concentrations
ranging from 400 to 600 pM. Affibody to buffer titra-
tions were performed as controls. Shown data were only
baseline-corrected, since dilution effects upon titration
were not evident. Every experiment was repeated in trip-
licate. Data and binding parameters were assessed using
the MicroCal Peak ITC software (Malvern) and analyzed
using a two-state binding model by fixing the stoichiom-
etry of the binding at 1.

Aggregation assay

B,m was diluted to 200 pM (2.4 mg/ml) in the presence
or absence of 400 uM affibody in 20 mM Sodium Ace-
tate, pH 4.5 or 20 mM Tris-HCl, pH 7.4. Freshly prepared
Thioflavin T (ThT) was added to a final concentration
of 20 uM. As control, a solution of 400 uM affibody was
also analysed. 50 pL of each condition was then pipetted
into black polystyrene 96-well half-area plates with clear
bottoms and polyethylene glycol coating (Corning). Each
condition was performed in triplicate in each experiment.
Plates were sealed to prevent evaporation and incubated
at 37 °C under mild agitation in a Varioskan Lux plate
reader (Thermo Fisher Scientific). Upon excitation at
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450 nm, fluorescence at 480 nm was recorded through
the bottom of the plate with the interval between mea-
surements set at 10 min for a total duration of 150 h.
Each experiment was performed at least in triplicate.
The mean ThT fluorescence values from the independent
experiments were plotted using Prism9 and subjected to
nonlinear regression analysis using a sigmoidal equation.

Transmission electron microscopy

At the end of the aggregation assay, 10 pl of the mixture
containing only $,m or f,m and Zg,,, (; were analysed by
TEM. A 10 pl droplet of sample was applied onto a 400-
mesh copper carbon-coated grid (Agar Scientific). After
1 min incubation, excess of sample was removed and the
grid was stained with 2% (w/v) uranyl acetate solution,
blotted dry, and imaged on a Talos L120C transmission
electron microscope (Thermo Fisher Scientific) operating
at 120 kv.

AlphaFold structure predictions

To model the four complexes, between the affibody
molecules and B,m, the AlphaFold3 algorithm [34] was
employed. Operatively, the sequence of Zg,,, ;; and
Zgym op Were used as input, performing 20 runs of the
algorithm with different initialization seeds (from 1 to
20). For every run, five structures were generated, select-
ing for each complex the top 20 among all the predic-
tions, following the AlphaFold3 reliability score, defined
as
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was resuspended under different pH conditions and CD
spectra were acquired to evaluate the secondary struc-
ture content. As shown in Fig. 1A, f,m fully retains its
native fold down to pH 5.0, while it is completely lost at
pH 3.5 and below. The signal at 202 nm was then anal-
ysed to derive an apparent pH,, (Fig. 1B), defined as pH
value at which half of the protein molecules in solution
are unfolded, which was calculated to be 4.7. The ther-
mal stability was also investigated by increasing the tem-
perature of a solution of p,m at both pH 7.4 and pH 4.5.
The results in Fig. 1C show that at acidic pH, the derived
apparent T, the inflection point of the unfolding curve,
is lowered by almost 20 °C compared to physiological
pH (62.1 °C at pH 7.4 vs. 44.5 °C at pH 4.5). Finally, f,m
aggregation kinetics at pH 7.4 or pH 4.5 were evaluated
incubating the protein at 37 °C under shaking. As shown
in Fig. 1D, a significant ThT fluorescence increase, indi-
cating protein aggregation, was observed only at a lyso-
some-like pH value.

Affibody selection

To generate affibody molecules, a large combinatorial
library of affibody molecules displayed on phage were
subjected to selections as previously described [32]. After
four rounds of selection, 192 clones were analysed by
ELISA to identify B,m-binders. This screening yielded
several variants interacting with f,m from all four selec-
tion tracks, and the three with the highest ELISA signal,
Zgom 01, Zgom 02, and Zp,, o3, were selected for further
analyses. Zrp,, was used as a negative control, being
developed to bind to DNA polymerase from Thermus

0.8 x @pIT'M +0.2 x pT'M + 0.5 x disorder — 100 x hasiclashaquaticus'

Where:

+ -ipTM is the confidence score of the multimer
interface (ranging from O to 1);

+ -pTM is the confidence score of the monomer
prediction (ranging from 0 to 1);

« -disorder is the fraction of the residues in the input
which is classified as disordered.

o -has_clash is a boolean indicating if the structure has
a significant number of clashing atoms (more of 50%
or more than 100).

Results

,m behaviour at lysosomal-like pH

B,m is a well-studied protein and its biophysical proper-
ties and aggregation propensity at physiologic [35] or very
acidic pH (pH 2.5) have been reported [36, 37]. However,
a detailed molecular characterisation of p,m at inter-
mediate acidic pH corresponding to lysosomal pH (pH
4-5) is still lacking. For this reason, we first determined
its fold stability at decreasing pH values (Fig. 1A-B). B,m

Affibody expression and characterisation

The affibody molecules were expressed as His-tagged
proteins and purified from the soluble fraction through
HisTrap affinity chromatography followed by a SEC.
Their secondary structure content was analysed by CD
spectroscopy, which showed structures with high alpha-
helical content (Fig. 2). Affibody molecules are often
stable and resilient to extreme environments, and we
therefore determined their fold stability at different pH
values. As shown in Fig. 2, all three B,m-binding variants
and the control show a high alpha-helical content even at
extremely low pH values (pH 2.0).

Zgom 0101d Ly, gpare able to form complexes with ,m.
The binding affinity of the affibody molecules and B,m
was explored using different approaches. First, a mix-
ture of B,m in the presence of a 2-fold molar excess of
the affibody molecule was prepared and analysed by SEC.
In the presence of Zg,, o; or Zg,,, (p, the elution profile
of the solution containing both affibody molecules and
B,m, exhibited two peaks, corresponding to the affibody-
B,m complexes and to free affibody, respectively (Fig. 3A
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Fig. 1 {,m stability. (A) The Far-UV spectra of 0.2 mg/ml 3,m at different pH values were collected at 25 °C monitoring the CD signal between 195 and
260 nm. Data are reported as molar ellipticity. (B) pH-dependent denaturation curve in the 2.5-7.4 pH range was derived plotting the CD signal at 202 nm
collected at different pH values and normalised as folded fraction. The grey area highlights the range of lysosomal pH. (C) Thermal denaturation at pH 7.4
and 4.5 was performed monitoring the CD signal at 202 nm while increasing the temperature from 25 to 80 °C with a 1 °C/min rate. Data are expressed
as folded fraction. (D) Aggregation kinetics of 200 pM 3,m at pH 7.4 or 4.5 at 37 °C under agitation while monitoring ThT fluorescence. As a control 20 pM
ThT (same concentration used in the presence of 3,m) was incubated under identical conditions.

and B). In the presence of the control Zr,, (Fig. 3D) and
Zgym o3 (Fig. 3C), no clear shifts in peak elution were
observed, ruling out the formation of affibody-f,m com-
plexes. For comparison, isolated affibody molecules and
B,m were also analysed by SEC, obtaining single peaks.

To corroborate the SEC observations and derive
equilibrium dissociation constants (K, values) for the
affibody-B,m interactions, MST analyses were carried
out (Fig. 4A and S1). The MST experiments could only
detect the interaction between Zg,, ; and ,m, yield-
ing a Ky, of 189+40 nM (Fig. 4A). For Zr,g, Zg,,, ¢, and
Zgym o3 instead no binding was observed (Fig S1).

Then, ITC analyses were performed to further char-
acterise the binding between the affibody molecules
and B,m (Fig. 4B and C). These analyses confirmed the
complex formation between Zg,, ; and P,m, with a
derived K, in the nanomolar range (12.9+5.6 nM). The
AH between bound and unbound is -6.8+0.4 kcal/mol,
and the molar ratio of interaction has been calculated as
1:1. Interestingly, ITC could monitor the formation of the
Zgym 02Bom complex although characterised by a rather
weak interaction (Kp 33.1+12.5 uM). The AH between
bound and unbound is -3.2+0.2 kcal/mol, and the molar
ratio of interaction was calculated as 1:1.

Zg,m o1 inhibits B,m aggregation at lysosomal-like
conditions

Thus, to test the capability of the affibody molecules to
inhibit f,m aggregation under lysosomal-like conditions,
aggregation assays were performed at pH 4.5 at a protein
concentration well in line with the f,m concentration
observed in multiple myeloma patients (2.4 mg/ml in the
test vs 2.5 mg/ml in patients) [38]. f,m was diluted in the
presence or absence of a 2-fold molar excess of affibody
and incubated at 37 °C for 150 h, while amyloid aggrega-
tion was monitored by registering the ThT fluorescence
signal over the time (Fig. 5A and B and S2). As a con-
trol, the aggregation of the affibody molecules alone or
B,m was also tested under the same conditions. Isolated
B,m aggregated efficiently at pH 4.5, reaching a plateau
after 24 h. Isolated affibody molecules displayed differ-
ent aggregation propensities: Zg,,, o; and Zr,, remained
soluble over the time and no increased ThT signal was
observed, conversely, Zg,,, ¢, and Zg,, o3 exhibited a
rapid increase in ThT signal indicating their aggregation
under the tested conditions (Fig. 5A and S2). Intrigu-
ingly, while p,m aggregated undisturbed in the pres-
ence of Zr,g, Zg,,, o; demonstrated to be able to prevent
B,m aggregation. Unexpectedly the aggregation kinetics
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Fig. 2 Affibodies chemical stability. The Far-UV spectra of 0.2 mg/ml solution of Zg,, 7 (A), Zgom 02 B), Zgom o3 (C), and Zy,, (D) were collected at 25 °C
monitoring the CD signal between 200 and 260 nm at different pH values. Data are reported as molar ellipticity.

at acidic pH showed a biphasic trend. Since at such pH
native and unfolded p,m seem to coexist, the denatured
B,m molecules may aggregate more promptly than the
native or native like molecules accounting for the aggre-
gation profile observed in Figs. 1D and 5A. To better
highlight the impact of the different affibody molecules
on B,m aggregation, the mean ThT fluorescence at the
plateau of the aggregation process is reported in Fig. 5B.
This figure further points out the fold stability of native
Zgym o1 under lysosomal-like pH and its ability to prevent
[,m aggregation.

Finally, samples of f,m alone and in the presence of
Zgym o1 were analysed by TEM. As shown in Fig. 5C and
D, B,m alone formed the characteristic amyloid aggre-
gates, whereas in the presence of Zg,, ,; no fibrillar
aggregates were observed.

Structural models of affibody- ,m complexes

To identify the mode of interaction between Zg,, o
or Zgm o2 and Pom, a series of structure predictions to
model the affibody-,m complexes were performed using
AlphaFold3 [34]. Considering the distribution of the 20
best predictions, the average pLDDT score, i.e., a metric

that evaluates the confidence of the predicted fold, was
similar for both Zg,, o-B,m and Zg,,, (-f,m com-
plexes around 75/100 (a score greater than 70 is consid-
ered reliable) (Fig. 6B). However, considering the scores
distribution, it seemed that the algorithm was only able
to accurately model the Zg,, ;-Pym complex, while
for the Zg,,,, 0-B,m complex the evaluation of the fold-
ing obtained resulted less conclusive, in agreement with
experimental data. Indeed, considering the confidence
in the interface (iPTM score— Fig. 6C), the variance
observed in the pLDDT was present also in the iPTM,
which measures the accuracy of the predicted relative
positions of the subunits forming the protein-protein
complex, for Zgy,,, o, (Fig. 6A).

The complex interface between Zg,, o, and Zg,, o,
with B,m was analysed. Zg,,, o; and Zg,,, (, interact with
B,m using almost the same residues, which are located in
the known affibody-interaction region (Fig. S3). Instead,
Fig. 6D lists B,m residues predicted to be involved in
binding: even though not identical Zgy, ; and Zg,, o,
are predicted to bind the same [,m region thus they
assemble in very similar quaternary structures. In partic-
ular, the residues of B,m involved in affibody binding are
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by ITC at 37 °Ctitrating Zgym o1 (B) O Zgym oy (€) into 20 pM B,m. The resulting data were analysed using Prism9. MTS and ITC data have been fitted using

a sigmoidal function or a Boltzmann sigmoidal function, respectively.

located in strand A, the end of strand B and a larger area
corresponding to strand D, loopDE, strand E. Zg,, o
seemed to have a slightly less extended area of interaction
(pink and red residues) compared to Zg,, ¢, (pink and
blue residues).

Discussion

It is well established that the process of p,m aggrega-
tion in dialysis-related amyloidosis is linked to elevated
levels of B,m in the blood [39] and this process has been
extensively studied [6]. Abnormally high levels of p,m
have also been identified in multiple myeloma patients
(up to 2.5 mg/ml) [38], although its full role in multiple

myeloma pathogenesis remains to be explored. Hofbauer
et al. reported in 2021 that elevated B,m levels result in
aggregation inside tumour-associated macrophages,
thereby sustaining inflammation and facilitating abnor-
mal B-cell proliferation [12]. This is attributed to the
elevated local concentration of p,m within the lysosomes
of tumour-associated macrophages, in concurrence
with the local acidic pH and the presence of proteases.
The consequence of this scenario is amyloid aggrega-
tion, leading to the swelling of lysosomes and their sub-
sequent rupture [12]. It is well known that very low pH
facilitates B,m aggregation [29, 40], but no detailed bio-
physical characterisation was available at lysosomal-like
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pH (4.0-5.0). Therefore, we evaluated the impact of pH
4.5, an intermediate value in the lysosomal pH range, on
B,m molecular properties. Both chemical and thermal
stability assessments revealed that at pH 4.5, f,m is still
broadly in its native conformation, though highly desta-
bilised, leading to accelerated and extensive aggregation
(Fig. 1). These observations provide substantial evidence
to support the hypothesis that aggregation is facilitated
under the conditions present in lysosomal lumen as
recently proposed by Hofbauer et al. [12].

The aim of this study was to generate affibody mol-
ecules capable of inhibiting f,m m aggregation. Such
binders should ideally be resistant to unfolding at acidic
pH, so that the complex with B,m would be stable in the
lysosomal lumen of tumour-associated macrophages.

We chose to use affibodies for this purpose since they
are robust molecules, resistant to chemical and thermal
stress [41].

A set of affibody molecules specifically binding to f,m
was generated. These proteins were then expressed, puri-
fied, and their chemical stability was assessed. Crucially,
all affibody molecules displayed a native, highly alpha-
helical, structure at acidic pH (Fig. 2). SEC analyses
revealed that Zg,, o; and Zg,,, o, were able to complex
with ,m (Fig. 3).

Subsequently, MST and ITC analyses were performed
(Fig. 4, S1) to assess the complex affinity. Both MST
and ITC provided Ky-values in the nanomolar range
for the Zg,,, o;-Bom complex (Fig. 4). On the contrary,
only ITC detected the formation of the low-affinity
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complex between Zg,,, o, and p,m (Fig. 4 and S1). This
discrepancy may be partially attributed to the labelling
of the affibody molecules necessary for MST analysis. As
expected from these analyses, no binding was observed
with Zr,, or Zg,,, o3- Binding studies were performed at
physiological pH representing the pH value present in
the extracellular space where the affibody-f,m interac-
tion may take place.

Subsequently, we tested the affibody molecules as
inhibitors of B,m aggregation under lysosomal pH. The
aggregation assay was therefore performed at pH 4.5, and
ThT fluorescence was monitored over time. Consistently,
Zgym o1 wWas the only tested affibody able to completely
abolish B,m aggregation as shown in Fig. 5. Moreover, a
significant increase in ThT signal was detected in isolated
Zgym 02 and Zgy,, o3 samples preventing a solid evaluation
of their efficacy as p2m aggregation inhibitors (Fig. 5A
and B and S2). The nature of such ThT positive species
was not studied in detail, given that Zg,,, o, and Zg,, o3
display poor binding and no binding to f2m, respectively.

The ability of Zg,, (; to prevent B,m aggregation
was also investigated by TEM analysis (Fig. 5C and D),
showing that the presence of Zg,, (; completely abol-
ished the formation of amyloid aggregates, which were
instead abundant in samples of isolated f,m. Indeed, the
elongated assemblies typical of amyloid fibrils visible in
Fig. 5C are absent in Fig. 5D. Thus, both ThT-monitored
aggregation kinetics and TEM analysis point at a putative
protective effect of Zg,,, (; against 3,m aggregation.

To rationalize the experimental observations, we sim-
ulated the capability of Zg,, ,; and Zg,,, ¢, to bind f,m
using AlphaFold3 software (Fig. 6). The software con-
sistently predicted the formation of a complex with an
average pLDDT score>75 (Fig. 6B), even though the
pLDDT score for Zg,, o, presented high variability.
This suggests that the fold identification was unstable.

This hypothesis was corroborated by the analysis of the
iPTM values, which are indicative of the confidence for
the predicted interface. Thus, in keeping with experimen-
tal data, AlphaFold3 prediction indicates that Zg,, (; is
forming a stable complex with a reliable fold prediction
(pLDDT =75) and consistent evaluation of the interface
(iPTM ~0.43) suggesting qualitative information on the
complex assembly.

The predicted B,m region interacting with Zg,,, o cov-
ered strand A, the end of strand B and a large area span-
ning to strand D, DE loop, and strand E. The ability of
Zgym o1 to prevent B,m aggregation can be rationalised
by assuming that Zg,,, (; interaction stabilises such p,m
regions which are known hotspots that determine ,m
aggregation propensity. The unstable AN6-3,m truncated
variant (lacking the first 6 amino acids) directly demon-
strates the stabilising role of strand A for the native f,m
fold [42]. Ample published evidence points to strand
D and loop DE as critical determinants of fold stability
and aggregation propensity [43-46]. Zg,,, (, is also pre-
dicted to interact with the same ,m region, however its
apparent inability to counteract ,m aggregation may be
explained by a very low binding affinity for f,m.

In conclusion, we identified Zg,, (;, an affibody mol-
ecule that demonstrated the capability to form a stable
complex with B,m, thereby preventing its aggregation
under lysosomal-like conditions. This finding has thus
identified a novel molecule with the potential to block
the B,m-driven production of pro-inflammatory signals
aggravating and sustaining multiple myeloma resilience
and progression.
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