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Abstract: Cytokines are a family of proteins which play a major role in the regulation of immune
system, and enter the development of several diseases from rheumatoid arthritis to cancer and,
more recently, COVID-19. Therefore, many efforts are currently being spent in therapy and
diagnosis, producing inhibitory drugs, as well as biosensors for a rapid, poor invasive, and
effective detection. In this regards, even more efficient cytokine receptors are under investigation.
In this paper we analyze a set of receptors of cytokine IL-6, investigating their topological features
by means of a theoretical approach. Our results suggest a topological indicator that may help in the
identification of those receptors having the highest complementarity with the protein, a feature
expected to ensure a stable binding. Furthermore, we propose and discuss the use of these
receptors in an ideal experiment.
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1. Introduction

In the recent COVID-19 pandemic, anti-inflammation therapies were recommended to reduce
medical complications. As a matter of fact, subgroups of patients with severe form of COVID-19
have developed a hyperinflammation syndrome [1]. In particular, high levels of cytokine IL-6
pushed the clinical trials of specific inhibitors of this protein and of Janus kinase (JAK) on COVID-19
patients in China [1,2]. The improvement of patient health and the modest side effects suggest to use
the IL-6 antagonist therapy not only against this virus but also in the treatment of other lethal viruses

[2].

On the other side, the role of cytokines in several diseases, from rheumatoid arthritis to cancer,
is well known [3-5]: After IL-6 is synthesized in a local lesion in the initial stage of inflammation, it
moves to the liver through the bloodstream, followed by the rapid induction of an extensive range of
acute phase proteins such as C-reactive protein (CRP), serum amyloid A(SAA), fibrinogen,
haptoglobin, and al-antichymotrypsin [6]. In view of the range of biological activities of IL- 6 and its
pathological role in various diseases, IL-6 targeting have constituted a novel treatment strategy for
various immune-mediated diseases. The development of tocilizumab was a direct result of this
hypothesis. Tocilizumab is a humanized anti-IL-6 R monoclonal Ab of the IgGl class that was
generated by grafting the complementarity determining regions of a mouse antihuman IL- 6R Ab on
to human IgG1 [7], and it blocks IL-6-mediated signal transduction by inhibiting IL-6 binding to
transmembrane and soluble IL-6R. Recently, tocilizumab represents an area of investigation in
clinical care for the treatment of severe COVID-19 pneumonia [8-10].
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The relation of inflammation and various types of cancer has been suggested by several
studies. Recently, it has been showed that anti-inflammatory agents can attenuate tumor growth in
the breast cancer-bearing mice [11], implying the importance of inflammatory microenvironment in
tumor growth. Malignant cells exhibit a high proliferation, which can be enhanced by inflammation.
The inflammatory molecules in the tumor microenvironment are mainly secreted by tumor cells
themselves and/or other stromal cells [12].IL-6 plays a critical role in the expansion and
differentiation of tumor cells [13,14], and can also modulate a tumor therapeutic resistance such as
multidrug resistance (MDR) [15], whose engagement triggers activation of JAK, and the
downstream effectors STAT3, SHP-2/ Ras, and PI3K/Akt [16]. It has been showed that IL-6 levels are
significantly elevated in lung and breast cancer patients associated with poor prognosis; moreover,
IL-6 can affect all aspects of tumorigenesis process by regulating proliferation, apoptosis,
metabolism, survival, angiogenesis, and metastasis [17]. Blocking IL-6 and/or its receptor could be
a trigger point to cure tumors associated with high levels of this cytokine, such as breast cancer.

Several drugs have been produced to contrast IL-6 activity [18], and the detection of very small
alterations of cytokine levels [19], and specifically of IL-6, could be helpful in the early recognition of
an inflammatory state [20-24]. Biosensors may use aptamers, antibodies, and also antibody
fragments as detection elements [25]. Their performances, pros and cons, have been recently
discussed in [25]: Aptamers usually show very high affinity to the ligand and have a very small size,
which allows to produce a high density sensing element, thus reducing the LOD (limit of detection)
of the detector. On the other hand, Fabs have the benefit of cost effective processes and fast
production.

IL-6 cytokine belongs to the family of gp130-coupled cytokines, i.e. proteins that transfer the
signal through this glycoprotein, also known as the B-receptor. In the process of activation, IL-6
firstly forms a dimer with the o-receptor IL-6R, then a hetero-trimer with gp130. It has been
postulated that only in the hexameric quaternary structure IL-6 is able to properly work [26,27].
Several artificial receptors have been tested against IL-6, IL-6R, and gp-130 [18], some of those
entered and passed the clinical trials [7-10,18], while others remain in the labs [28,29]. All these
receptors show high affinity to the ligand and specific inhibitory abilities. Both affinity and
inhibition are the results of many factors, one of these is a good topological complementarity. In the
typical scenario, IL-6 and its receptors undergo a conformational change when they bind together,
and the cytokine seems to be able to assume different forms, adapting its shape to the receptor [18].
For example, a massive conformational change has been claimed at the origin of the inhibition
mechanism of IL-6 due to the clinical Fab olokizumab (OKZ). Indeed, its binding induces some
amino-acids of the cytokine, usually assembled as a random coil, to conform like a small helix that
occludes the gp130 binding site (Site 3), and inhibits the hexamer formation. In this case inhibition
seems to have a peculiarly steric origin.

Although the concept of affinity is qualitatively simple to understand, it is not uniquely defined
at the quantitative level. Often it is given in terms of the dissociation constant Ko, defined as the ratio
of two dynamic constants kott/kon, the off/on rate constants, which are themselves used to measure
affinity. Specifically, Ko describes the dynamic equilibrium of two species which combine in a
product (the complex) and of the product which decays in the two species. As small as Kb is, as high
is the affinity. On the other side, the role of kot [30,31], which signal the life-time of the complex, is
becoming even more relevant, in particular in pharmaceutics, due to the performance discrepancy
between drugs tested in vitro/silico or in vivo [30].

Finally, besides clinical uses, we are interested in understanding whether the best-fitting
arrangement of the receptor-ligand pair can be quantified. To this purpose, IL-6 offers an
uncommonly wide set of different choices (receptors), between aptamers [32,20,21] and Fabs [22,23].
Aptamers are relatively young synthetic biomolecules [33] made of single strands of DNA or RNA
selected in vitro to bind with high affinity a specific ligand (proteins, viruses, ions). Their
outstanding performances, in vitro and also in vivo, in terms of affinity and stability, give them an
even more important role in therapy and diagnosis [34,35]. Furthermore, the interest in
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pharmaceutics [36] has pushed forward also the investigation of their 3D structure with
crystallographic analysis [32,37,38] and also computational analysis [39-41].

Fabs are antibody fragments, produced in labs with cloning techniques and have also good
affinity with the ligand. In general, they are less customizable than aptamers and are more prone to
denaturation, although, at present, they remain the best choice for who needs cheap and also quickly
available material [25].

To shed light on the mechanisms of binding, the 3D structures of some of the IL-6-receptor
complexes have been resolved using a crystallographic analysis [38]. Remarkable differences in the
way receptors bind the ligand have been highlighted. The aim of the present investigation is to
compare these receptors on a totally topological basis, in order to identify their features,
performances, and limits in the perspective of their utilization in sensing devices. The proposed
method takes advantage of public and freely available data [38] and of a theoretical approach known
as Proteotronics [42]. At present, there are several different entries of IL-6 alone, i.e. in its native
state, or complexed with different receptors. The list of the analyzed structures is in Table 1, and,
besides the natural IL-6-IL-6R-gp-130 assembly, it contains the cytokine complexed with some Fabs
and a Slow-Off-Rate (low dissociation rate with the ligand) Modified aptamer (SOMAmer) [32]; this
novel kind of aptamer has been designed to implement the affinity to ligands, specifically to those
usually quite difficult to bind [43].

The choice of the most appropriate receptor for a biosensor is often biased by the experience
that researchers have with it. This may happen for economical reasons and also because the expected
performances of different receptors are difficult to compare. Here we outline a procedure to attempt
such a comparison, at least within a specific theoretical approach, by analyzing the topological
features of different receptors complexed with IL-6.

To this aim, we use a theoretical approach [42] which translates the main topological elements
of the assigned biomolecule (a protein, an oligonucleotide, a complex) into an interaction network.
This complex network is made of nodes and links, one node for one nucleotide/amino-acid, one link
for a pair of nearest neighbor nodes.

Once the biomolecule is mapped onto the associated network, it can be explored allowing a
flow of electrical current to permeate it. This kind of theoretical probing is able to detect the internal
structure of the network and, in particular, to reveal the presence of short-paths or bottlenecks [44].
In the present case, the spreading of the current flow aims to detect the quality of the binding. We
have compared the receptors listed in Table 1 and introduced an indicator that is able to sort the
topological complementarity with the ligand (IL-6). As expected, the clinical Fab is one of the best
performing options, although another Fab as well as the SOMAmer are competitive with it. Finally,
we propose predictions about the expected performances of these receptors when used in an ideal
Sensor.

2. Materials and Methods

2.1 Materials

All data concerning the present investigation is available in the public data bank repository,
hereafter called PDB [38]. In the following we give a sketch of each of them:
o IL-6
The 3D structure of this protein has been resolved in the native state, PDB ID: lalu [45], i.e. the
protein alone in the minimum of conformational energy, and also complexed with several receptors
[18,26,28,29,32]. Itis made of 4 main helices, sequentially named A,B,C,D, and long about 20 amino
acids, and a 5t small helix, say E, of 12 residues. =~ To the aim of present analysis we will refer to
the active state as the state the protein assumes when complexed with a receptor. In general, active
and native state refer to different protein conformations, and, specifically, in IL-6, the shape of the
active state depends on the receptor.
o IL-6R
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The a-receptor of IL-6 (IL-6R) is a 3 domain protein (D1, D2, D3) and has been expressed and
resolved completely in [46], in the absence of any ligand (native state), and also complexed with
IL-6R and gp130 [26]. IL-6R is itself relevant for disease detection since increased values can be
found in patients suffering of different inflammations illnesses [46]. Only two domains, say D2, and
D3 are reported in [26] and they will be used to compare native and active state. If differences
between these conformations are due to D1, they cannot be detected.

e  SOMAmer SL1025

SOMAmer (Slow Off-rate Modified Aptamer) is a new kind of DNA aptamer obtained by
introducing modified moieties in the standard nucleotide catalog. This characteristic is of high
interest in producing effective drugs, because it avoids metabolic degradation and a rapid clearance
[47]. SOMAmers are effective against many ligands and also proteins usually considered
challenging [43,48]. In particular, SOMAmer SL1025 [32,48] binds with high affinity (Kpo=0.2 nM)
human IL-6 protein and blocks the binding with IL-6R [49]. It is efficacious against rheumatoid
arthritis, at least in animal trials [43,49]. SL1025 3D structure has been deposited in two different
entries, named 4ni7 and 4ni9 [32]. They are very similar and the latter is the most complete,
therefore, we limit our study to 4ni9 (chain A for the cytokine and B for the aptamer). The aptamer
induce a poor or null conformational change in the protein, although it is presumable it strongly
adapts its native shape to obtain a large complementarity with protein.

¢  Olokizumab (OKZ)-Fab portion

Olokizumab is a humanized monoclonal antibody, whose Fab fragment has been resolved and is
available in PDB at the entry 4cni [18]. It has very high affinity to the cytokine IL-6, say, Kp=10 pM.
This so high affinity is due, at least in part, to the high level of interconnection between the two
biomolecules. The presence of OKZ induces a particular conformational change in IL-6.
Crystallographic analysis revealed a noticeable difference with respect the natural assembly
IL-6R-IL-6-gp130, i.e. a set of few amino-acids from GLU42-ASN47, detected in other complexes as a
random coil, here appears organized in a small helix, named from here after, helix F. This small helix
occludes the gpl30 receptor-binding pocket, thus producing the high inhibitory activity of this
antibody. At present OKZ is in the Phase III trial on patients with rheumatoid arthritis [50].

e  61H7 & 68F2- humanized Camelid-Fab

61H7 and 68F2 are neutralizing IL-6 antibody fragment. Antibodies were obtained upon Llama
immunization with human IL-6 and exhibit ultra-high affinity to the cytokine, specifically, Ko=
3.3-6.3 pM (61H7) , and Ko= 13-21 pM (68F2) [29] . On the other hand, the way they bind IL-6 is quite
different: both were selected to block Site I of the cytokine, i.e. mimicking the action of IL-6R, but
while 61H7 binds the top of the IL-6 helix bundle, 68F2 is set transversally toward the same side (see
Figure A2).

Table 1. List of PDB [38] entries used in present paper. Entries 1alu and 1n26 refer to the native
states of IL-6 and IL-6R, respectively.

#entry Ligand Receptor
1p9m IL-6 gp130, IL-6R
lalu IL-6 n.a.
1In26 n.a. IL-6R
4zs7 IL-6 Fab 68F2
4eni IL-6 Fab OKZ
40%h IL-6 Fab 61H7
4ni9 IL-6 SOMAmer SL1025

3.2. Methods

We used an investigation technique named Proteotronics [36, 40-42,44,51] which explores the
electronic responses of biomolecules by using a complex network approach. The technique is
intuitive and simple to use. The main idea is to map the biomolecule tertiary structure (3D) into a

d0i:10.20944/preprints202007.0378.v1
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graph, which accounts for both its structural and physico-chemical properties. Each node
corresponds to a nucleotide/amino-acid and contains all information we need to account for the
interaction we have to describe (barycenter position, resistivity, temperature, dielectric constant,
elastic module, and so on). Undirected links may connect two nodes. This happens depending on the
entries of the distance matrix describing the graph. It is a zero-diagonal symmetric matrix with
dimension given by the number of nodes and (i,j)-th entry equal to the distance between the i-th and
j-th nodes. In this modelling, the presence of an activated link represents the existence of an
interaction between the nodes. Because each known interaction is distance-sensitive, a link is drawn
only if the nodes are closer than as assigned cut-off distance, D. In such a way, we can figure the
nodes like soft spheres of radius D/2 that interact only when they overlap. The connected nodes are
the nearest neighbor nodes, the only ones able to interact. Increasing the parameter D, the number of
links increases. The distance matrix is therefore mapped into an adjacency matrix, A, which stores
zero when the distance between the 7,j nodes, ljj is larger than D, and else stores 1. The graphical
representation of A is called a contact map (CoMa) and gives a prompt sketch of nearest neighbor
nodes and, definitely, describes the skeleton of the biomolecule.

In the present analysis, we are interested in electronic interactions and therefore an elementary
impedance is associated to each pair of connected nodes, as follows [42,51]:

(D~ 1, %) M
4

[i.j X pi.j
S[-.J-(l + ipi.jggg[-.jw)

Zij'(w) = , SIJ(D) =

where pij, €j, and Sijare the resistivity, the relative dielectric constant, and the intersection area
of the pair of connected nodes, respectively. The resistivity and relative dielectric constant may be
calculated as described in [51]. Notice that the electrical response, as defined in Equation (1),
depends on the biomolecule 3D structure. Impedance reduces to the simple resistance when «=0.
The resistance spectrum, (D) is calculated by allowing the value of D to increase, and has a
decreasing shape. Most frequently, in present investigation, we will use the relative resistance

spectrum rr(D) i.e. the ratio of two resistances (see later) calculated for increasing values of D.

Our analysis starts with the investigation of the topology of the biomolecule equivalent
network. We allow an electron flow to go inside the protein-receptor complex, thus detecting its
internal structure like shortcuts and bottlenecks. To this aim, in our analysis we do not account for
the specific electronic properties of each node. Instead, we assume the same value of resistivity for
all (here p=10" QA). Specifically, we imagine IL-6 (hereafter, the ligand) as the source and the sink
of an electrical current that flows through the receptor when it is sufficiently close to the ligand. A
pair of ideal contacts connects the ligand to an ideal battery working in D.C. in the linear regime. The
global response is well described by that of two resistances in parallel, one associated to the ligand,
the other to the receptor [40]. As a consequence, the resistance of the complex is always smaller than
that of the ligand. When the cut-off distance D is too small (here below about 4 A for Fabs and 8 A for
the SOMAmer) no interlink can be drawn, because the parts are too far. In this case, the flow goes
only inside the ligand and we have rr=1, with rr being the ratio of the complex resistance to the
receptor resistance. At increasing D, the number of outside links (links between receptor and
ligand) grows and some amount of current flows through them, leading to an even smaller complex
resistance. Finally, for sufficiently large value of the parameter D, the ratio rr saturates as soon as the
network becomes completely connected.

3. Results

In this section we first describe the topological structures in terms of contact maps. We then
introduce a new (topological) indicator that may be used to characterize the quality of binding.
Finally, we propose an ideal experimental setup (i.e. a Gedanken-Experiment).
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3.1. Contact maps

As we already mentioned, in our approach the interaction network is represented by its contact map
(CoMa). A CoMa is a picture of the nearest neighbor nodes for an assigned value of D. Each point
of coordinates (i,j) is drawn only if the corresponding nodes i and j are connected. The number of
connected nodes grows with D, reaching the maximum value, M(M-1)/2, (M is the number of nodes)
for high values of D [42,44]. Furthermore, the plot of connected nodes is specific for each
biomolecule and helps to identify its secondary structure (Figure 1a). Protein IL-6 adapts its shape to
the receptor, as is revealed comparing the CoMas of its native and active state. Each CoMa
corresponds to the network adjacency matrix, which is symmetric. Therefore, it can be drawn
completely (full picture), or only considering i<j (or j<i) (half picture): in this latter case, the other half
of the picture is used to draw another adjacency matrix. For example, in Figure 1a we report the IL-6
CoMa (full picture) in its native state (PDB ID: 1alu [45]), while in Figure 1b the half map of the
native state is compared with the half map of IL-6 in the active state produced by the conjugation
with its natural receptors, IL-6R and gp130 (PDB ID: 1p9m [26]). This choice has been also adopted
for Figure 2, where the active states of IL-6, due to the conjugation of SOMAmer SL1025 (PDB ID:
4ni9[32]), OKZ (PDB ID: 4cni [18]) and two humanized Camelid Fabs (PDB ID: 40%h [28]), and (PDB
ID: 4zs7 [29]) have been compared with the IL-6 native state. This comparison suggests modest
differences between the native and active state of IL-6 bound to its natural receptors or with
SOMAmer.

T T
lalu lalu

Ip9m |

rJ
|

Residue number
Residue number

. M - P T . R, P
25 65 85 105 125 155 175 25 65 85 105 125 155 175

Residue number Residue number
(a) (b)

Figure 1. Contact maps of IL-6, in: (a) the native state (PDB ID: lalu [45]) and (b) the active state due
to the conjugation with natural receptors IL-6R and gp130 (PDB ID:1p9m [26]), D=15 A. (a) The
intra-contacts among helices A,B,C,D,E are highlighted, abL indicates the loop between helices A,B.;
(b) IL-6 in the native state (green) is reported vs IL-6 in the active state (violet).

On the other side, Fabs are found to induce a more relevant conformational change in the
protein, mainly due to helix E. This helix shifts towards the AB loop and away from helix C. To the
aim of a faithful comparison, the same strands of IL-6 have been used for all the entries, both in
Figure 1 and Figure 2, in particular, a set of 133 of amino acids from GLU 10 to MET 171. Of course,
differences due to protein moieties not present in this set, cannot be detected in this regard. It has
been reported that, when complexed with OKZ, IL-6 shows a small helix (F), not resolved in other
experiments, thus away from the previous selection; this helix is probably the responsible of the
occlusion of Site III, and this, in turn, inhibits signal transmission [18]. Information about the role of
this helix can be obtained by looking at the CoMa of the complete complex (Figure 4b).
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Figure 2. Contact maps of IL-6, in the native state and the active state due to the conjugation with
different receptors, D=15 A. (a) IL-6 in the native state (green) vs. IL-6 in the active state due to
conjugation with SL1025 SOMAmer (blue); (b) IL-6 in the native state (green) vs. IL-6 in the active
state due to conjugation with OKZ Fab(red); (c) IL-6 in the native state (green) vs. IL-6 in the active
state due to conjugation with 61H7 Fab (pink); (d) IL-6 in the native state (green) vs. IL-6 in the active
state due to conjugation with 68F2 Fab (magenta). Main differences with the native states have been
marked with an ellipse.

When the complexes are analyzed, the differences among them appear much more relevant.
Using as a benchmark the natural trimer, its CoMa, taken at D=15 A, shows a high number of
interlinks with both receptors. In particular, IL-6R (a-receptor) has a preferential binding with
helices A,B, and D, while gp130(B-receptor) appears more close to helices A and C (see Figure 3). The
SOMAmer elicits a very similar kind of binding and, despite its small size, spans a very large
number of links with IL-6 (mainly with helices A,C, and D) in a very good mimicking of the natural
receptors (see Figure 4a).
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Figure 3. Contact map of IL-6 complexed with its natural receptors, IL-6R, the a-receptor, and gp130,
the B-receptor, PDB ID: 1p9m [26], D =15A. The three boxes on the diagonal contains the
intra-contacts of IL-6, gpl30, and IL-6R, respectively. Outside contacts (between protein and
receptors) are in the lateral boxes. Some of the best resolved receptor (a/f) —protein contacts are
highlighted. Progressive node number are indicated for IL-6 (in bold), gp130, and IL-6R (in italic).

Both chains H and L contribute to the binding, in all Fabs. All Fabs bind helix D, the
two Camelid Fabs also bind helix A; small helices E, F have a main role in the complex with
OKZ. Fab 61H7 has a huge number of links with helices B and C.

3.1. ToCI

The topological complementarity index (ToCl) is a measure of the complementarity of the parts
of the complex. It accounts for the closeness of the shared surfaces and their extension. It is defined
as the normalized integral of the relative resistance spectrum rr = rr (D), where here rr is the ratio of
the resistance of the IL-6-receptor complex to the resistance of IL-6. Specifically, the electrical flow
is sent inside IL-6 and from this to the selected receptor.

The rr spectrum contains useful information about the binding: at the smallest D values the
ratio rr can be large as 1, thus signaling a very few number of outside links (IL-6-receptor links), or
may shows a small growth toward a maximum smaller than 1. In the latter case, the rate of growth of
outside links is similar to that of intralinks (inside IL-6), thus suggesting a complex made of two very
close parts . In general, the smaller the value of the maximum, the higher the number of outside
links. Enlarging D, the intralink rate of growth increases. The sharper the rr decrease, the larger the
rate at which new links are drawn. The rapidity of decrease gives also an indication of the surface
complementarity, because a larger number of links implies a larger common surface. Increasing D,
the current flows more deeply inside the receptor and the role of the longest paths in both receptor
and protein become less and less important, since they have the largest resistance. A saturation is
reached when the current flows inside both protein and receptor along the shortest paths. In this
condition the closest nodes are more important than the most separate ones.
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Figure 4: Contact maps of IL-6 complexed with different receptors, D =15A. (a) SOMAmer SL1025:
main links between the receptor (r) and helices A,C,D are indicated; (b) Fab OKZ: main links
between 4 IL-6 helices, C,D, E, F and the heavy (H) and light (L) chain of the receptor are indicated;
(c) Fab 68F2 :main links between IL-6 helices A,D, and the heavy (H) and light (L) chain of the
receptor are indicated; (d) Fab 61H7: main links between IL-6 helices A,D and the heavy (H) and light
(L) chain of the receptor are indicated. Helices B and C show contacts with chains H and L,
respectively. Progressive node number are indicated for IL-6 (bold), receptor heavy chain (normal),
and receptor light chain (italic).

The calculation of rr has been performed by using four different contact positions, to account
for the different ways the receptors may bind the protein. In particular, Site I is the epitope to which
IL-6R binds IL-6 and is roughly rendered by putting the contacts on helices A and D
(GLU10-MET171) on the side of N terminal. Site III, where gp130 binds IL-6, is rendered putting the
contacts on the same helices, on the opposite side (THR30-ASN142). Due to the primary role of helix
C in natural binding of IL-6, a contact pair is also put on helices A and C (THR30-ALA117), and,
finally, as an intermediate position, both contacts are put on helix B (ASN66-SER95). The profile of rr
as D is varied depends on the contact positions, showing in some cases very dramatic differences.
The corresponding complexes are much more asymmetric than the others. This is the case of
Camelid Fab 61H7 [28] and of OKZ [18]: 61H7 Fab binds IL-6 at Site I, therefore, the contacts on the
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first position give a very low value of the maximum of rr, a sharp decrease and a low asymptotic
value (larger flux inside the receptor than in the ligand). On the reverse, when contacts are put in the
second position, a larger value of the maximum, a smoother decreasing, and a higher asymptotic
value (i.e. a smaller current in the receptor) are found. A specular result is obtained for OKZ, which
targets Site III. Finally, neither contacts on helix B nor C improve the responses given by contacts put
on helices A and D. Similar arguments explain the behavior of the other ligand-receptor complexes
(see Figure 5).

To quantify these differences, we have introduced as an indicator a quantity that we name ToCI
(topological complementarity index). Specifically, we calculate the area of rr under the sensitive
height and over the sensitive range of D, the equivalent surface (Figure 5). The sensitive height is the
difference between the value of rr for each D, and its asymptotic value, and the sensitive range of D is
the range from the minimum value of D (here 8 A) to the value corresponding to the 90% of the
maximal sensitive height. Finally, to account for the different sizes of the complexes, the area is
divided for the ratio of the complex/protein number of nodes. With such a definition, we aim to take
into account both the maximum value of rr and the rapidity of its decrease as well.

The value of ToCI is smaller when the contact position mimics that of the binding site.
Specifically, three of the 4 non primeval receptors have very similar performances, namely Fab 61H7
(1.2) and SOMAmer SL1025 (1.6), when bound to Site I, and OKZ (1.9) when bound to Site III (see
Table 2). In some cases, as 61H7 and OKZ, the differences between data obtained putting the
contacts on the correct position or the opposite, are very large. Finally, these results agree with the
known very high affinity to IL-6 (see Section 2.1). The very good topological complementarity
between these 3 receptors and IL-6 suggests that both SOMAmer SL1025 and Fab 61H7 could
perform (at least when used to detect IL-6) not worse than OKZ.
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Figure 5. Relative resistance of IL-6 complexed with several receptors. Ideal electrical contacts are: (a)
on helices A-D close to N-terminus, input/output GLU10/MET171; (b) on helices A-D in the opposite
orientation (A-D¥), input/output THR30/ASN142; (c) on helices A-C, input/output THR30/ALA117;
(d) on helix B, input/output ASN66/SER95.
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Table 2. Table of topological complementarity index, ToCl, using 4 different contact positions.
Lowercase s (#) denotes the ToCI value, calculated putting the input/output contacts on IL-6 helices
(#). Data refer to rr spectra reported in Figure 5.

Receptor s(A-D) s(A-D%) s(A-C) s(B)
IL-6R & gp130 2.7 3.4 33 3.0
gpl130 41 44 49 5.1
IL-6R 31 3.0 5.2 3.5
OKZ-Fab 7.4 1.9 5.3 5.7
SL1025-Apt 1.6 3.0 22 24
61H7-Fab 1.2 6.7 4.4 42
68F2-Fab 3.4 4.2 4.4 4.1

3.2. Gedanken-Experiment

A real biosensor is a customized and complex device whose performances mainly depend on
the sensing element, signal transduction process, and amplification. Therefore, apparently, the
description of an ideal sensor may appear unfeasible. Nevertheless, some common features may still
be identified and make such a description meaningful. As a general requirement, a low limit of
detection (LOD) is desirable. This is expected to imply a high affinity to the analyte. High affinity is a
necessary condition to have a good selectivity. All the analyzed receptors have high/very high
affinity to IL-6 and are thus potentially good candidates. Besides a low LOD value, we also desire a
good sensitivity i.e. a wide dose-response range. This means that the device (and in particular the
receptors) gives sensitively different responses in a wide set of analyte concentration. The way the
sensor translates the capture action is specific to the sensor itself. Here again, we focus on electrical (
impedance or resistance ) responses. In electrochemical sensors, a relevant measurement is that of
the impedance spectrum. In particular, the zero frequency impedance value is associated to the
so-called charge transfer resistance, Rer. Different doses are associated with different values of Rer.
In quite different devices, for example FET/AFM devices[31], the analyte may be detected by
conductance measurements instead of resistance ones.

Here, we compare the resistance of a biosensing element made of the previously investigated
receptors (61H7 and 68F2 Fabs, OKZ, IL-6R, and SL1025) and try to predict the response at
increasing concentration of the analyte (the dose response). Of course, speculations strictly apply to
an ideal biosensor, i.e. such that the receptors are perfectly oriented, the noise/signal ratio is
negligible, the electrode is perfectly functionalized, and so on. Nevertheless, our arguments are
expected to establish bounds on the receptor performances.

Let us now describe the behaviour of the complex as the parameter D is varied. In our
modeling, it will be ideally traded for the analyte concentration. The resistance of the biosensing
element, Rsunple, is given in terms of the resistances of the single receptor-ligand complex, rwmp,and the
resistance of the receptor, ., [53,54,51]. Specifically, when the receptors of the sample receive the
analyte, a fraction f of them binds the ligand. The extreme case /=0 means that the sample resistance
is totally due to the receptors, while /=1 means that the sample resistance is totally due to the
complexes. Furthermore, the storm of analytes strongly affects both receptors and complexes,
raising their conformational energy [55]. In other terms, bonds become weaker and, in general,
biomolecules are less rigid [55] . In our model, a bond reduction means a reduction of the value of
D. Therefore, the complete variation of f covers the range (Do,D1), Do > D1, with Do representing the
condition =<0 and D: representing the condition f=I. In other terms, each dose corresponds to a
specific D value [53,54,51]. The total sample resistance reads

Rsampie(D) = N[f X JT’comp(JD) +(1—-f)x Jrre?c('r:")] (2)
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where N is a numerosity factor, e.g. it is the number of receptors in an ideal linear arrangment; more
generally, it is the effective number of receptors as seen by the electrical contacts. The fraction of
complexed receptors also depends on D [53,54,51].

The ideal LOD is given by a single capture process, f~1/N, i.e. the activation of the smallest

part of the biosensing element:

Rsampte(DLOD) = rcomp(DLOD) + (N - 1) X JVrec(‘DLOI}) ~ N X JF}“u&?c(']:)!_.OD) (3)

where reomp (Drop) is assumed smaller than NX rre(Drop).
Finally, when the dose is high, all the receptors bind the ligand, and (~1) :

Rsampie(Dl) =N X Jrcclmp(‘Dl) (4)

Measurements of electrochemical impedance [20,21,51] often detect a growth of Rsampe, due to
the injection of the analyte. From Equations (3-4), this means, for example, that rr.(Diop) is smaller
than rcomp(D1). On the other side, assuming rree(Drop) > reomp (Drop), it also means:

Yeomp (DLOD) < Trec(DLOD)< T'comp(Dl), (5)

and Diop > D1 (see Equation 1), i.e., arising the dose value, D shifts toward lower values, in
agreement with previous speculations. Finally, the wide range of Rsumie variation ( the sensibility) is
given in terms of the single receptor/complex resistance ( Equations 3 and 4). The exact range of D
can be matched to experiments. For the purposes of this section, i.e. with the aim of comparing the
sensibility of different receptors, we can arbitrarily choose it as the widest possible. Specifically, here
we select the sensitive D range, introduced in section (3.1), and perform the calculation of the complex
resistance by putting the contacts on the receptor in order to mimic the real case (see Figure A1l). This
range surely overcomes the range in which any possible real device can work and has to be
considered a guideline to estimate the real behaviour of the considered receptors.

A final remark about Equation 5: the constrain #r(Drop) > teomy (DLop ) is straightforward when
rrec is the resistance of the receptor in its active state (appropriately deformed to accomodate the
protein). On the other side, rw.should be meant as the resistance of the receptor in its native state (
ligand free). Among the selected receptors, the native state is known only for IL-6R , and, in general,
the 3D structure of a biomolecule is known both in its native and active state only in few cases. On
the other hand, for large D values , the resistances of the native and active states are very close,
because both networks have the same node number and the statistical error we make in using one
rather than the other is negligible. Therefore, for our purposes, we will equate rr. with the resistance
of the receptor in its active state, and this justifies Equation (5) .

Finally, the device sensibility is estimated by the difference (A) and the ratio (x) of the
microscopic resistances:

Rsamp.te (Dl) _ Jrc‘clmp(‘Dl)

k= = ,
Rsampie(DLOD) JTﬁre?c(‘D!..OD) (6a)

and :

A/N = 1/N (Rsampie(Dl) - Rsampie(DLOD)) = Jrcr:lmp(‘DLle) — Tyree(Drop)-
(6b)
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We found that SOMAmer SL1025 and Fab 61H7 have very high resistances, and also a very
high resistance increment, A, (see Table 3). On the other side, SL1025 has the smallest relative
increment, k, and Fab 61H7 the highest. In conclusion, both are able to convert the ligand capture in
a large electrical response, in particular, Fab 61H7 can be used to explore a wider range of analyte
concentrations, while SL1025 is able to give a strong signal also at the earliest capture event.

Table 3. Resistance data for the for the set of analyzed complexes. The resistances of the
complex and the receptor, calculated in the ideal conditions of maximum response, rcmp (D1) and limit
of detection (LOD), rrc(Drop), normalized to the value of rrec(Diop) of IL-6R, are reported as well as
the corresponding receptor increment A, and ratio .

receptor Teomp(D1) trec(D1oD) LS AN
IL-6R 16.4 1 16.4 15.4
OKZ-Fab 88.0 0.32 275 86.1
SL1025-Apt 227 15.9 14.3 211
61H7-Fab 200 0.38 530 200
68F2-Fab 35.9 0.33 110 35.9

4. Discussion

Several diseases are accompanied by inflammatory states and high levels of cytokines. It is the
case, for example, of cancer, where both malignant cell proliferation and also therapeutic resistance
is enhanced by inflammation. In breast cancer, for example, cancer-associated adipocytes trigger
radio-resistance by secreting IL-6 [56]. Therefore, targeting IL-6/JAK/STAT3 pathway can be
considered as an effective therapeutic approach for cancers associated with overexpression of IL-6,
including breast cancer [57-60].

Most recently, also COVID-19 patients in severe conditions benefitted from these therapies
[8-10]. Therefore, the development of devices for the detection of altered levels of IL-6 in low
symptomatic people is desirable for prevention and early detection of insurgency of inflammation
condition.

We have analyzed some IL-6 receptors, with the aim of revealing their possible performances
when used as the active part of a IL-6 biosensor. We have compared some topological characteristics
of the associate interaction networks. A quite interesting representation of these networks is given in
terms of their contact maps, CoMas, which represent the closest nodes, for an assigned cut-off
distance. By analyzing the CoMas, it is possible to observe that the smallest receptor, a SOMAmer,
made of 32 nodes, is able to set up a network of bindings as wide as those of the other receptors,
which instead, are made of about 400 nodes. Furthermore, the SOMAmer pattern of links is very
similar to that produced by IL-6 with its primeval receptors, IL-6R and gp130. Specifically, it shows
many links with helix C, bound to gp130 in the natural assembly, which are poorly present in the
other receptors. The CoMas of the analyzed three Fabs (two from Camelid antibodies, 61H7 and
68F2, and one from a therapeutic antibody, Olokizumab-OKZ) reveal some specific features: 61H7
mainly binds the longest IL-6 helices (A, B, C, D); OKZ has several links with the short helices E, F;
finally, 68F2 binds helices A, D and the loop between A and B. These differences are due to the
different orientations of the receptors toward IL-6, which, on the other side, reflect the different
inhibition mechanisms activated by the receptors.

This analysis has been complemented with a percolation-like procedure which allows to
analyze the surface complementarity of the receptor-ligand pair. To this aim, we have introduced an
indicator, named ToClI (topological complementarity index) and ranked the receptors accordingly.
Most of the analyzed receptors perform better than the natural assembly, and this result agrees with
their high affinity to the cytokine. Finally, we have compared the expected resistance response of
IL-6 when complexed with the analyzed receptors and have endorsed the use of Fab 61H7 and
SOMAmer SL1025 for an electrochemical biosensor. The strategy that we have described is
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straightforward to implement and may be used to compare different receptors of a specific ligand,
when their 3D structure is known, by crystallographic data or in silico procedures.

5. Conclusions

IL-6 cytokine early detection is an important tool for diagnosis and prevention of several
diseases characterized by severe inflammatory states, from cancer to COVID-19. The use of
Aptamers or Fabs as biosensing elements is often constrained by the specific skills of the researchers,
and the general requirements of rapid implementation and cost effectiveness. The present theoretical
investigation suggests that a new generation aptamer, SOMAmer SL1025, and a Camelid Fab, 61H?7,
are potentially very good candidates for the production of a IL-6 biosensor. Testing our prediction in
a fully-fledged experimental setup seems worth exploring and could enlarge the available set of
feasible IL-6 diagnostic tools.
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Appendix A

In a realistic device, electrodes connect the biosensing element (receptors) to the electronic
transducer. Therefore, the electrical response due to the binding process, has been simulated putting
the electrodes on the receptor, specifically, on the first and last element. In doing so, we calculated the
relative resistance of the complex vs the receptor, rr=rcompiex/treceptor, Figure Al. We recall that the
receptor is evaluated in its active state. In Figure A1 we report the spectra of relative resistance for
the set of analyzed receptors, and, (green dashed line), the ratio of the resistance of the IL-6- IL-6R
complex to the resistance of IL-6R in its native state (PDB ID: 1n26 [46]). As argued in Section 3.2, by
increasing D, this ratio converges to the rr of the IL-6- IL-6R complex (black line)

As discussed in Section 3.2, and reported in Figure Al, we focused our attention on the
sensitive D region, i.e. from the maximum of rr to the the 90% of the difference between the
maximum of rr and its asymptotic value, here marked with a dot.

Notice that the analyzed receptors bind IL-6 in quite different way. A list of the 3D structures of
the cytokine and the different complexes is given in Figure A2.
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Figure A1l. Relative resistance of IL-6 complexed with different receptors; contacts on the receptor.

Dashed line describes the relative resistance of IL-6 complexed with IL-6R vs. IL-6R in its native state
(PDB ID: 1n26 [46]).

61H7

68F2

IL-6

SL1025
OKZ

IL-6R & gp130

Figure A2. The 3D pictures of IL-6 alone (in the middle) and conjugated with different receptors. The
complex IL-6- gp130 - IL-6R is given in two different orientations (IL-6R in blue and green, gp130 in
green). Font: The Protein Data Bank [38].
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