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CATION CHROMATOGRAPHY USING PREDICTED ELUTION BUFFER SALT
CONCENTRATION

Field of the invention

The invention relates to the field of chromatography, and more particular to the field

of cation chromatography for obtaining specific proteins.

Background and related art

Cation exchange chromatography is a form of ion exchange chromatography com-
monly used to separate molecules based on their net surface charge. A negatively
charged ion exchange resin with an affinity for molecules (e.g. proteins or peptides)
having net positive surface charges is used both for preparative and analytical pur-

poses.

A protein’s net surface charge changes with pH in a manner that is dictated by a

protein’s isoelectric point (“pl”). Proteins with different pl values will have different
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degrees of charge at a given pH and thereby have different affinities for the nega-
tively charged surface groups on the particles of the ion exchange medium in the
chromatography column. Therefore, proteins with different pl values will bind to the

chromatography resin with different strengths, facilitating their separation.

However, not all proteins and peptides that need to be separated have sufficiently
different pl values to allow for a clear separation in a chromatography column. Fur-
thermore, the separation may in addition depend on the number of amino acid side
residues interacting with the column: due to steric factors, not all charged groups of
a protein can participate in the binding. In particular, the resolution of protein gly-
coforms and proteins comprising other types of posttranslational modifications

(PTMs) in a chromatography column is a challenge.

Glycosylation is one of the most common posttranslational modifications (PTMs) of
proteins. Glycosylation involves the covalent attachment of oligosaccharides (gly-
cans) to the amino acid backbone of a protein, in particular to serine/threonine (O-
glycosylation) or asparagine (N-glycosylation) amino acid residues. The glycane
residues have a major impact on the biological function of the protein as they may
affect protein stability, solubility, antigenicity, folding and serum half-life. Protein gly-
cosylation and many other forms of PTMs (e.g. phosphorylation, methylation, suc-
cinimidation, oxidation, N-terminal methionine-loss and others) are created in com-
plex processes that involve various enzymes and substrates, and depend on the

host organism, production cell line, and culture conditions.

Glycosylation and other types of PTMs are critical quality attributes of therapeutic
proteins. PTMs through conformational changes can modulate therapeutic value
(potency) of proteins and peptides e.g. complement dependent cell cytotoxicity
(CDCC) and antibody-dependent cell cytotoxicity (ADCC) activities of MAbs.

Hence, the problems of current chromatography techniques used for separating pro-
tein variants subjected to glycosylation and/or other forms of PTMs is a severe prob-
lem when it comes to selectively eluting a protein having a particular PTM or when it
comes to obtaining an elution comprising a desired ratio of two or more protein vari-
ants differing from each other only in respect to the type, number and/or position of
PTMs.
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Summary

It is an objective of the present invention to provide for a method for obtaining a tar-
get elution volume comprising two or more target proteins using ion exchange chro-
matography and a corresponding chromatography control system as specified in the
independent claims. Embodiments of the invention are given in the dependent
claims. Embodiments of the present invention can be freely combined with each

other if they are not mutually exclusive.

In one aspect, the invention relates to a chromatography method of producing a tar-
get elution volume that comprises a first and a second target protein. The method

comprises:

— providing a cation exchange chromatography column;

— applying a protein solution on the column; the protein solution comprises at
least the first target protein, the second target protein and optionally one or
more further proteins;

— inputting an optimization criterion into the chromatography simulation soft-
ware; the optimization criterion is a desired property of the target elution vol-
ume in respect to the first and second target proteins comprised in the target
elution volume; for example, the optimization criterion can be a quantitative
property and/or a qualitative property of the two or more target proteins com-
prised in an elution volume; the quantitate property can be, for example, ab-
solute amounts of the target proteins in an elution volume (e.g. concentra-
tions) or relative amounts (e.g. ratios) of the two or more target proteins; in
addition, or alternatively, the criterion can be or comprise one or more quali-
tative properties, e.g. the purity of one or of both of the target proteins; the
optimization criterion can also be a derivative score value computed as a
function of one or more qualitative and one or more quantitative properties of

the two target proteins.

The chromatography simulation software is configured to compute an elution buffer
salt concentration that is adapted to elute the first and the second target protein

from the chromatography column such that a target elution volume can be obtained
that matches the optimization criterion best. The computation comprises computing
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a plurality of chromatography simulations as a function of multiple different elution

buffer salt concentrations.

The chromatography simulation software is further configured to compute the pool-
ing borders of the target elution volume as a function of at least the computed salt

concentration and the input optimization criterion.
The method further comprises:

— applying an elution buffer having the computed salt concentration on the
chromatography column;

— performing the elution with the applied elution buffer; and

— collecting the computed target elution volume as a separate fraction using the
computed pooling borders.

These features may be advantageous as embodiments of the invention allow ob-
taining target elution volumes comprising a predefined amount, ratio and/or purity of
two or more proteins of interest even though these proteins may have a highly simi-
lar pl values and may have overlapping elution profiles under some elution condi-

tions.

Without the intention to be bound to any theory, applicant assumes this effect is
achieved because the salt concentration of the elution buffer is not a one-fits-all elu-
tion salt concentration. Rather, the salt concentration is a concentration that is com-
putationally predicted specifically for the desired optimization criterion, in particular
the absolute or relative amount and/or purity of two or more target proteins of inter-
est. This may allow avoiding additional process steps for removing or reducing the
amount of particular target proteins in an eluate and/or avoiding additional process
steps of concentrating a particular target protein of interest in order to re-combine

two or more separately eluted target proteins in a desired ratio.

Applicant has observed that in some pharmaceutical application scenarios, it is de-
sirable to provide drugs consisting of a mixture of two or more target proteins pro-
vided in a predefined ratio and/or purity. For example, a drug may consist of a mix-
ture of two PTM-variants of a particular protein P called P1 and P2, whereby the
drug is most effective if the variants P1 and P2 are provide in a particular amount ra-

tio. Embodiments of the invention may allow performing the chromatography step
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that may be performed anyway for extracting and/or up-concentrating specific pro-

teins of interest from the totality of proteins of a cell such that the two or more pro-
teins of interest are readily eluted in the desired ratio, amount and/or purity in a sin-
gle chromatography run.

The chromatography simulation software may achieve this desirable effect by simu-

lating multiple chromatography runs of the proteins applied on the column for differ-

ent (hypothetical/candidate) elution buffer salt concentrations for identifying the salt

concentration that is optimal for the optimization criterion. This computationally iden-
tified salt concentration is then used to create or select the elution buffer to be used

for the actual chromatography process such that the salt concentration of the cre-

ated or selected elution buffer is identical to the computed salt concentration.

The elution buffer obtained by embodiments of the invention is not a “standard”/“one
fits all” elution buffer, but is rather an elution buffer specifically adapted to the optimi-

zation criterion which may flexibly be defined on a case-by-case basis.

According to embodiments, the optimization criterion is selected from a group com-

prising:

a) a desired ratio or ratio range of the amounts of the first and of the sec-
ond target proteins in the target elution volume; in particular, the ratio
can be any ratio in a range of 5:95 to 1:1, in particular 1:95 to 1:1;

b) a desired amount or amount range of the first target protein in combi-
nation with a desired amount or amount range of the second target
protein in the target elution volume; for example, the: amount can be
an absolute amount or a concentration;

¢) adesired purity or purity range of the first target protein in combination
with:

» adesired ratio of the amounts of the first and second protein in
the target elution volume

» adesired amount or amount range of the second target protein
in the target elution volume;

» adesired purity or purity range of the second target protein in

the target elution volume;
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d) a combination of two or more of the above-mentioned criteria. For ex-
ample, a complex score computation algorithm may be used to com-
pute a score value for an elution buffer that has a match M1 in respect
to a desired target protein ratio and that has a match M2 in respect to
a desired purity of the two or more target proteins, whereby M1 has an
impact of about 70% on the total score and M2 has an impact of about
30% on the total score. According to another example, the optimiza-
tion criterion is a combination of a required minimum absolute amount
of one or more of the target proteins, a desired ratio range (e.g. 1:2.0
to 1:2.5) and a minimum purity score for one or more of the target pro-
teins.

This may allow a user to identify and use an elution buffer whose salt concentration
is optimized for the respective use-case scenario. For example, in a research set-
ting, the protein purity aspect may be less important than in a clinical use case sce-
nario. According to preferred embodiments, the simulation software is configured to
generate a GUI enabling a user to enter and/or modify the optimization criterion, e.g.
for each individual chromatography run. This may allow to flexibly adapt the chroma-
tography process to different use-case scenarios, different target proteins and target

protein combinations and many other factors.

According to embodiments, the applied protein solution comprises the one or more
further proteins. The further proteins may have an overlapping elution profile with
the target proteins and may contaminate the eluate. By taking into account the purity
of the target proteins, in particular the amount and/or chemical properties of the tar-
get proteins in the simulations and/or in the computing of the pooling borders, it is
possible to identify and use an elution buffer salt concentration which allows to elute
the target proteins and the contaminating further proteins such that an acceptable
level of purity of the target proteins is achieved.

According to embodiments, the multiple different elution buffer salt concentrations
are created automatically, e.g. based on a predefined program routine for creating
salt buffer specifications having different salt concentrations but otherwise (e.g. in
respect to the pH value) being identical. These automatically created buffer salt con-
centrations may also be referred to as “hypothetical” or “candidate” elution buffer
salt concentrations. For example, the computed salt concentration is the one out of
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a plurality of candidate elution salt concentrations that has been computationally
identified to meet the optimization criterion best,. For example, the computing of the
elution buffer salt concentration can comprise predicting the amount and/or purity of
the one or more target proteins in a target elution volume as a function of a plurality
of different candidate elution salt concentrations, and identifying the one of the can-
didate elution buffer salt concentration that is best suited for collecting a target elu-
tion volume comprising the one or more target proteins in the desired amount and/or
purity as the elution buffer salt concentration. This identified salt concentration is
used as the “computed” elution buffer salt concentration and is used for selecting or
creating the elution buffer whose salt concentration is identical to the computed and
identified elution buffer salt concentration. This selected or created elution buffer is

used for actually performing the elution with the applied elution buffer.

The desired optimization criterion that is input into the chromatography simulation
software can be specified, depending on the embodiment, as absolute amounts
(e.g. a concentration of each of the target proteins) or a relative amount (e.g. a con-

centration ratio or a mass ratio of two or more target proteins).

According to embodiments, the method is used for analytical purposes. According to
preferred embodiments, the method is used for preparatory purposes.

According to preferred embodiments, the computed salt concentration that is
adapted to elute the first target protein is the one out of a plurality of candidate salt
concentrations that is suited best for separating the first target protein and/or the
second target protein from any one of the further proteins contained in the applied

protein solution.

These features may be advantageous as applicant has observed that it is possible
to simulate the chromatography process based on a set of known or easily obtaina-
ble input data values sufficiently well as to allow to predict a concentration of the salt
in the elution buffer that is suitable to elute two or more proteins of interest (“target
proteins” such that these target proteins are comprised in a desired amount, ratio
and/or purity in a target elution volume. Preferably, the computed salt concentration
is best or approximately best suited for separating the first target protein from the

further proteins contained in the protein solution.

Received at EPO via Web-Form on Sep 24, 2020



10

15

20

25

30

WO 2021/058132 PCT/EP2020/025433
8
By eluting the applied protein solution with an elution buffer whose salt concentra-

tion corresponds to the predicted suitable or optimal salt concentration, it is possible
to perform a high-resolution protein chromatography that is able to separate proteins
and protein variants having highly similar chemical properties, including highly simi-
lar polarities. Furthermore, the computed elution buffer salt concentration can itself
be used as input for performing further predictions, in particular for highly accurately
predicting the pooling borders of an elution volume that will comprise the one or
more target proteins in the desired amount. The elution buffer salt concentration
predicted to be a suitable or optimal salt concentration can be computed as the one
out of a plurality of candidate elution salt concentration that is predicted to provide
the two or more target proteins in the desired absolute or relative amounts and/or in
a desired purity. Accordingly, based on the prediction of the pooling borders as a
function of the computationally identified “optimal” elution buffer salt concentration, it
is possible to specifically collect the fraction of the total elution volume that com-

prises the one or more target proteins in the desired amount, ratio and/or purity.

This may be particularly useful when one or more target proteins need to be sepa-
rated from one or more highly similar other proteins, e.g. from other glycoforms, or if
a mixture of two or more highly similar target proteins with a desired ratio (relative

amount) shall be obtained.

The method according to embodiments of the invention may have the advantage
that highly similar protein variants which could not be separated by cation chroma-
tography previously can now be separated in a single chromatography run: in a first
step, a suitable elution buffer salt concentration is predicted and then the elution is
performed using an elution buffer having the predicted salt concentration. This may
be highly advantageous in any situation where a protein needs to be separated from
other, chemically highly similar proteins, or where two or more proteins with highly
similar chemical properties need to be obtained in a specific relative amount. For ex-
ample, the glycosylation pattern of recombinant pharmaceutical proteins often have
a strong impact on the quality and efficacy of those proteins. Often, the cell lines
used for producing a particular target protein, e.g. an antibody or antibody fragment
having a particular glycosylation pattern, do not only produce this particular glyco-
form, but also one or more other glycoforms including those lacking any glycosyla-
tion. By predicting a suitable elution buffer salt concentration first, performing the
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elution with an elution buffer having the predicted salt concentration and then pre-

dicting and collecting the pooling borders, embodiments of the invention may allow
specifically one or more glycoforms of interest and obtaining these glycoforms al-
ready in a suitable concentration.

Predicting the pooling borders of the target elution volume such that this target elu-
tion volume comprises the two or more target proteins in the desired amounts, ratio
and/or purity may be beneficial as additional steps for increasing or decreasing the
concentration of the target protein(s) can be avoided. This accelerates the process
of obtaining one or more target proteins in a desired concentration and also in-
creases the quality of the target proteins as every additional processing step that
can be avoided reduces the risk of contaminating or otherwise damaging the target

protein(s) contained in the target elution volume.

Embodiments of the invention are particularly suited for separating therapeutic or di-
agnostic proteins or protein fragments such as antibodies or antibody fragments.
Embodiments of the invention may be used for ensuring quality, purity, safety, and
efficacy of a biopharmaceutical product by using the chromatography method ac-
cording to embodiments of the invention for selectively obtaining one or more target

proteins in a desired amount.

According to embodiments, the protein solution that is applied on the column is a

water based solution comprising one or more salts and one or more proteins.

According to embodiments, the plurality of chromatography simulations are com-
puted as a function of the multiple different elution buffer salt concentrations and as
a function of multiple different elution buffer pH values. The computing of the salt
concentration comprises computing a combination of the elution buffer salt concen-
tration and of an elution buffer pH value which in combination are adapted to elute
the first and the second target proteins from the chromatography column such that a
target elution volume can be obtained that matches the optimization criterion best.
The chromatography simulations are performed for identifying the combination of
the combination of the elution buffer salt concentration and the elution buffer pH
value. The pooling borders of the target elution volume are computed as a function
of at least the computed combination of the elution buffer salt concentration and the

elution buffer pH value and the input optimization criterion. The elution buffer that is
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applied on the column has the computed salt concentration and the computed pH

value.

Applicant has observed that in addition to the salt concentration, also the pH value
has a significant impact on the elution profile of different proteins. As the salt con-
centration, the pH value can easily be set to a particular desired value. The one or
more models used for performing the simulations typically take into account both the
salt concentration and the pH value of the buffer, to the computation of multiple
chromatography runs and/or chromatography elution steps based on a combination
of different salt concentrations and different pH values can be performed without the
need to adapt the models or implement complex additional program routines. In ad-
dition, complex interrelations between the salt concentration and the pH value and
their combined impact on the elution profiles can be considered in the simulation
process. Furthermore, simulations which are based on the variation of both the salt
concentration and the pH value may cover a huge data space and hence have an
increased likelihood of identifying a solution buffer that is able to comply with the op-
timization criterion. For example, if the simulations are performed for 10 different salt
concentrations and each salt concentration is simulated based on 10 different pH
values, the simulations comprise 10x10=100 different simulations and correspond-

ing theoretical/candidate elution buffer specifications.

According to embodiments, the method comprises automatically or manually select-
ing or preparing an elution buffer such that the selected or prepared elution buffer
has the salt concentration and the pH value which have been identified in the simu-
lations to best meet the optimization criterion. The selected or prepared elution
buffer is used as the buffer that is applied on the column to elute the proteins.

Single target protein case scenario

According to a further use case scenarios described herein, the target elution vol-
ume comprises only a single (first) target protein and optionally one or more further
(contaminating) proteins. The optimization criterion is a desired absolute amount of
the desired target protein and/or a desired purity of the target protein. In particular,
the desired amount of the first target protein can be specified in the form of a de-
sired concentration of the first protein in a collected volume of the elution buffer or a

derivative value thereof.

Received at EPO via Web-Form on Sep 24, 2020



10

15

20

25

30

WO 2021/058132 PCT/EP2020/025433
11

For example, in case the desired concentration is provided, the target elution vol-
ume can be computed as the elution volume comprising the target protein in the de-
sired concentration, whereby the pooling borders are selected such that the average
concentration of the eluted target protein in the target elution volume is identical to
the desired concentration. It is possible that during the collection of the target elution
volume, the first target protein concentration in the elution buffer leaving the column

is higher or lower than the desired concentration.

In case a desired absolute amount is provided, the target elution volume can be
computed as the minimum elution volume comprising the first target protein in the

desired amount.

Using embodiments of the invention for computing the pooling borders for the target
elution volume of a single target protein may be advantageous as it allows collecting
the target protein such that the collected target elution volume already comprises
the (single) target protein in the desired concentration and/or absolute amount, so
additional steps for concentrating or diluting the target protein may be avoided. In
addition, applicant has observed that the chromatography method according to em-
bodiments of the invention allows predicting the pooling borders of the target elution
volume highly accurately, thereby providing the target protein in a pure, predictable
way and minimizing the risk of losing significant parts of the target protein by starting
the collection of the elution buffer leaving the column too late or terminating the col-

lection too early.

Multiple target proteins case, General Aspects

According to embodiments, the applied protein solution comprises the first target
protein, a second target protein and zero, one or more of the further proteins. The
optimization criterion is input into the chromatography simulation software in the
form of a relative amount of the first and second target protein, e.g. in the form of a
ratio of the first target protein and the second target protein. The chromatography
simulation software computes the pooling borders of the target elution volume as a
function of at least the computed salt concentration and the input desired ratio. The
method is used for producing a target elution volume comprising the desired ratio of

the first and second target proteins.
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This may be advantageous in particular in use case scenarios where two proteins
having highly similar chemical properties, e.g. two glycoforms, shall be separated
from all other proteins and shall be obtained in a particular ratio. For example, some
glycoforms of biomedically active compounds such as antibodies or antibody frag-
ments have been observed to be particularly effective if two or more different gly-
coforms are applied in a specific ratio. In state of the art approaches, it was often
highly time consuming and sometimes infeasible to obtain a pure protein solution
with a defined relative amount of two or more target proteins in cases where these
target proteins have highly similar chemical properties. This is because conventional
chromatography approaches were not able to separate these proteins from each
other. Rather, both proteins were obtained in the elution buffer in a ratio that
changes as the elution progresses and that could not be set to a desired value. Em-
bodiments of the invention take advantage of a chromatography simulation software
being configured to perform a computation and prediction of the elution behavior of
the first target protein, to perform a computation and prediction of the elution behav-
ior of the second target protein (and of any one of the further proteins applied on the
columns, if any, at least in case purity of one or more target protein is to be taken
into account), and to automatically compute and predict the pooling borders of a tar-
get elution volume comprising the first and the second target protein in a desired ra-
tio, amount and/or purity. For example, the concentration of the first and second tar-
get protein and optionally also of each of the further proteins comprised in the ap-
plied protein solutions, if any, in the elution buffer leaving the column can be pre-
dicted for a series of time points (e.g. every second or every minute) in the future
both for the first and for the second target protein. The obtained predicted concen-
tration values can be interpolated and/or extrapolated and the absolute and/or rela-
tive amount and/or purities of the two or more target proteins for various candidate
pooling borders can be obtained. Then, the pooling borders defining a target elution
volume comprising the first and the second target protein in the desired amount
and/or purity can be output and used for starting and ending the collection of the tar-

get elution volume in accordance with the pooling borders.

According to embodiments, the first and the second target proteins are proteins hav-
ing a low resolution factor, in particular a resolution factor of less than 0.75, and in
some examples of less than 0.6 or even of less than 0.5.
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The resolution factor as used herein is a numeric value, such as 0.8, 1.0, or 3.0 that

is indicative of the degree of peak separation of two types of molecules in the eluate
of a chromatography column. In general, resolution is the ability to separate two sig-
nals. In terms of chromatography, this is the ability to separate two peaks of two dif-

ferent molecule types. Resolution, R, is given by

where t1 and {2 and wi and we are the times t and widths w, respectively, of the two
immediately adjacent peaks. If the peaks are sufficiently close, which is the pertinent
problem, the width w is nearly the same for both peaks. Assuming Gaussian distri-
bution of both types of molecules, a resolution factor of 1 indicates 2.5 percent of
the area of the first peak overlaps with the area of the second peak. Similarly, a res-
olution of 1.5 indicates a difference in retention time of 1.5x% 4 x g, wherein ¢ is the
standard deviation of the Gaussian distribution, which corresponds to an overlap of
0.15 %. In general, the higher the resolution factor, the better two molecules can be
separated. Embodiments of the invention have been observed to be able to sepa-
rate even proteins having a very low resolution factor, e.g. a resolution factor of less
than 0.5.

Embodiments of the invention have been observed to be able to separate proteins
even in case they have a very low resolution factor. By taking into account also the
chemical nature and the amount of the individual proteins loaded onto a column, by
computationally predicting an optimum elution buffer salt concentration specifically
for the type and amount of proteins to be applied, and by performing the elution with
an elution buffer having the predicted optimum salt concentration, embodiments of
the invention have been observed to be able to separate even highly similar proteins
from each other and/or to accurately predict a target elution volume comprising one

or more target proteins exactly in a desired amount and/or purity.

According to embodiments, the first and the second target proteins are variants of
proteins having an identical amino acid sequence but different types, numbers or
positions of PTMs. In particular, the first and second target protein are glycoforms.
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According to embodiments, the first and the second target proteins are antibody
monomers having an identical amino acid sequence and comprising different num-

bers of glycosyl groups on the FAB fragment.

According to some embodiments, the elution process is a step-wise elution process
wherein multiple different elution buffers (“steps”) are applied sequentially. In this
case, the computational identification of the (most suitable) elution salt concentra-
tion, the computation of the pooling borders of a target elution volume as a function
of the computed elution salt concentration and the application of an elution buffer
having the computed salt concentration is performed for each of the steps.

For example, each of the plurality of chromatography simulations can be a simula-
tion of a chromatography process using two or more elution steps, whereby in each
elution step, an elution buffer with a different elution salt concentration is used. The
computed elution buffer salt concentration is a series of different, elusion-step spe-
cific elution buffer salt concentrations. The applying of the elution buffer having the
computed salt concentration on the chromatography column comprises step-wise
applying a series of elution buffers having the different salt concentrations in accord-
ance with the computed series of elusion-step specific salt concentrations.

According to embodiments, the applied protein solution comprises each of the two
or more target proteins and each of the one or more further proteins, if any, in a re-
spective concentration of at least 0.5% by weight, in particular of at least 1% by

weight, in particular at least 2% by weight.

Applicant has observed that protein concentrations, in particular if within the above-
specified ranges, has an impact on the elution behavior of a protein. By taking into
account the concentration of each of the proteins contained in the protein solution
that is applied on the column which exceed the above-mentioned threshold also re-
ferred to as “minimum amount threshold”, the accuracy of the prediction of a suita-
ble elution buffer salt concentration can be increased. The proteins applied on the
column may interact with each other as well as with the stationary phase in a multi-
tude of ways. Some proteins may block others from binding to the column resin,

may compete with other proteins in respect to binding to the stationary phase, or
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promote their binding. By taking into account the chemical properties as well as the
concentrations of all proteins contained in the protein solution (i.e., all target proteins
and all further proteins whose concentration exceeds the above-mentioned mini-
mum amount threshold, if any), the accuracy of the computations and predictions of

the chromatography simulation software may significantly be increased.

Preferably, the protein solution applied on the column is a pre-purified protein solu-
tion comprising only one or more target proteins and typically also one or more non-
target proteins. For example, at first, the totality of proteins could be extracted from
a cell culture, e.g. a cell culture that was modified as to produce one or more target
proteins of interest. In a next step, this cell culture protein extract is pre-purified in
order to obtain only a small number of proteins, preferably only the one or more tar-
get proteins and as few other proteins as possible. However, often it is not possible
to obtain the one or more target proteins in a pure form in the pre-purification step.
For example, the cell culture protein extract may comprise many thousand different
types of proteins. In the pre-purification step, the protein extract is applied on an af-
finity chromatography column to obtain a limited set of proteins, e.g. all proteins hav-
ing a particular protein sequence or having a particular epitope. Hence, the protein
solution applied on the cation chromatography column can be a protein solution ob-
tained by performing a pre-purification process such as affinity chromatography on a

cell culture extract or other source.

For example, the proteins in the protein solution obtained as a result of the pre-puri-
fication approach with the affinity chromatography column can consist of all gly-
coforms of a particular protein, e.g. a glycoform being free of any glycosyl groups, a
second glycoform comprising one glycosyl group, a second glycoform comprising a
different type of glycosyl group, a third glycoform comprising the same glycosyl
group as the first glycoform but on a different position, and so on. Optionally, the
protein solution may in addition comprise further proteins which are undesired/not of
interest but whose removal failed during the pre-purification step for whatever rea-

son.

Typically, the number of protein types contained in the protein solution applied on
the cation chromatography column is limited and much smaller than the protein

number in a cell culture extract. For example, the number of protein types contained
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in the protein solution applied on the cation chromatography column is typically be-

low 10, often below 5.

According to embodiments, the protein solution applied on the column comprises a
first P1 and second P2 target protein and a further protein P3 considered as con-
taminating protein. The affinity of the second target protein P2 and of the further pro-
tein P3 to the stationary phase of the column is similar to the affinity of the first tar-
get protein to the stationary phase leading to overlapping elution behaviors of P1,
P2 and P3.

For example, the proteins P1, P2 and P3 are glycoforms or other PTM variants of
the same protein and hence have similar affinity to the stationary phase. Separating
P1 and P2 from P3 and providing P1 and P2 in a desired ratio was typically not fea-
sible for state of the art cation chromatography approaches. Embodiments of the in-
vention may allow predicting a suitable elution salt concentration first and then pre-
dicting, based on this optimum salt concentration and other parameter values the
pooling borders in a particularly accurate way that allows to separate target proteins
more exactly from other proteins or- in case this is physically not possible are the
peaks are strongly overlapping — allows at least to collect a target elution volume
that comprises the two target proteins P1 and P2 in a desired ratio with an accepta-

ble degree of purity (in respect to a contamination with P3).

According to embodiments, the total amount of protein in the protein solution applied
to the column is identical to or smaller than the maximum protein load capacity of
the column, and is in particular in the range of 50% to 100%, e.g. 50% to 90%, of
the maximum protein load capacity.

Applicant has observed that within this amount range, the chromatography proce-
dure is particularly sensitive to the concentrations and chemical properties of the
proteins contained in the applied protein solution. By taking into account the amount
of each of the proteins contained in the applied protein solution, the prediction accu-
racy in respect to the most suitable elution salt concentration was observed to be in-

creased significantly.
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According to embodiments, the computed pooling borders of the target elution vol-
ume are specified in the form of a collection start time offset and a collection stop
time offset. The method comprises:

— continuously monitoring, by an automated chromatography system comprising

5 the chromatography column, the time lapsed since the starting of the elution;

— automatically starting the collecting of the eluted elution buffer by the chromatog-
raphy system when the lapsed time equals the collection start time offset; and

— stopping the collecting of the eluted elution buffer by the chromatography system

when the lapsed time equals the collection stop time offset.

10  According to embodiments, the method comprises inputting the amount of each of
the first and second target proteins comprised in the applied protein solution and op-
tionally also the amount of each of one or more further proteins comprised in the ap-

plied protein solution, if any, into the chromatography simulation software.

The simulations are computed as a function of a set of parameter values comprising

15 atleast:

— the dimension of the provided cation exchange chromatography column; for ex-
ample, the length, diameter and height or the total volume could be provided; it is
also possible to select one of a set of predefined column types whose dimension

are known to the chromatography simulation software; and

20 - the amounts of the first and second target proteins and optionally also the
amounts of the one or more further proteins applied on the column. For example,
the amounts of the first and second target proteins and of any further protein
comprised in the protein solution can be measured before the computing of the
simulations by suited protein analytics e.g. total protein amount by UV measure-

25 ment at 280 nm; the slightly different molecular weights of the different proteins
applied on the column which result from different glycosylation pattern can be de-
termined by cation exchange high performance liquid chromatography (CEX-
HPLC). This molecular weight information can be used e.g. in order to compute

the number of protein molecules / the molar concentration of a particular protein
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applied on the column and/or to verify whether the target protein ratio in the target

elution volume meets e.g. the requested amount, ratio or purity.

Applicant has observed that the amount of protein applied on the column may vary
significantly from case to case. Taking into account the amount of the individual pro-
teins that are applied on the column as well as the column dimension may allow
computing and predicting an elution buffer salt concentration that is best suited for
obtaining a target elution volume comprising the target proteins in a desired amount
and/or purity particularly accurately. Then, this particular computationally deter-
mined salt concentration is used as the salt concentration of the elution buffer actu-
ally used for performing the chromatography procedure. In addition, the computa-
tionally determined elution buffer salt concentration is used for predicting the pooling
borders of a target elution volume that comprises the target proteins in the desired
amount and/or purity. The computationally predicted pooling borders can be output
to a human or to an automated elution buffer collection unit, thereby facilitating the

obtaining of the one or more target proteins in the desired amount and/or purity.

Hence, the elution buffer obtained by embodiments of the invention is not a “stand-
ard’/”one fits all” elution buffer, but is rather an elution buffer specifically adapted to
the type and amount of proteins contained in the protein solution and adapted to the
dimensions of the column. Applicant has observed that adapting the elution salt con-
centration to the column used and to the amounts of the proteins applied on the col-
umn in each individual case may greatly increase the ability of a chromatography

column separate different proteins.

According to embodiments, the simulations are performed as a function of both mul-
tiple different salt concentrations (which may also be referred to as “candidate salt
concentrations”) and multiple different elution buffer pH values (which may also be
referred to as “candidate pH values™). As a result of the simulations, a combination
of a particular salt concentration and pH value is identified that meets the optimiza-
tion criterion best. This pair of salt concentration and pH value is used as the salt
concentration and pH value of the elution buffer that is actually used to elute the
proteins.

According to embodiments, the set of parameters further comprises:
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— a predefined pH value of the elution buffer; for example, the pH value can be the
pH value of an elution buffer having already been successfully used for eluting

the target proteins or a similar protein previously;
— a flow rate of the elution buffer through the column;
— chemical properties of the proteins of the applied protein solution.

The flow rate of the elution buffer through the column can be the flow rate set by an
elution buffer pump that is configured to pump the elution buffer through the column
at a preset rate. The flow rate can be specified e.g. in ml/minute. The flow rate can

also be specified e.g. in mm/sec as the column diameter is known and allows deriv-

ing a flow rate in ml/min from the mm/sec value.

In some embodiments, the flow rate generated by the pump can be set by a user by
configuring the pump. In some embodiments, the user enters the elution buffer flow
rate (that may be displayed on a display of the pump) manually in the chromatog-
raphy simulation software for each chromatography run. In other embodiments, the
elution buffer flow rate is stored in a configuration file of the chromatography simula-
tion software and is re-used for multiple chromatography runs until the user modifies
the elution buffer flow rate in the configuration file of the chromatography simulation

software and in the settings of the pump.

Taking into account not only the amounts but also the chemical properties of the tar-
get proteins and optionally also the one or more further proteins applied to the col-

umn may further increase the accuracy of the simulations and the predictions.

According to embodiments, the pooling borders actually output to the user may be
converted into a different format to ease understanding. For example, the collection
start time offset and the collection stop time offset could be specified as time offsets
starting from the begin of the “280 nm peak” (indicating the peak of total protein con-
centration in the eluate) that can be predicted also and can be empirically compared
with an optically measured 280 nm peak signal. Likewise, the collection start time

offset and the collection stop time offset can be specified in “column volumes”.

Many different computational approaches for simulating a cation-chromatography

run and for predicting the elution profile of a particular protein exist and can be used
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for performing the simulations and for predicting the target elution borders according

to embodiments of the invention.

For example, Wittkopp F, Peeck L, Hafner M, Frech C. in ,Modeling and simulation
of protein elution in linear pH and salt gradients on weak, strong and mixed cation

5 exchange resins applying an extended Donnan ion exchange model“in J Chroma-
togr A. 2018;1545:32-47. doi:10.1016 describe the application of a Donnan equilib-
rium ion exchange (DIX) model for modelling and simulation of ion exchange chro-
matography of a monoclonal antibody in linear chromatography. The publication
deals with the description of the conditions inside a chromatography column at low

10  protein concentrations but does not relate to the optimization of a protein separation.

According to another example, Mller-Spéath T, Stréhlein G, Aumann L, et al. in
“Model simulation and experimental verification of a cation-exchange IgG capture
step in batch and continuous chromatography”, J Chromatogr A.
2011;1218(31):5195-5204, doi:10.1016 describe the simulation of a cation-ex-

15 change capture step of a monoclonal antibody (mAb) purification process using sin-
gle column batch and multicolumn continuous chromatography (MCSGP) based on
a lumped kinetic model using model parameters such as porosities, retention factors
and mass transfer parameters of purified mAbs.

According to embodiments, the chromatography simulation software is configured to
20 use a combination of mathematical models for computing the simulations and/or for

computing the pooling borders of the target elution volume. The models comprises:

— a column model being configured to interrelate the concentration of each of the
proteins, the salt concentration and the pH-value in the elution buffer in the in-

terstitial volume of the column; and

25 — apore model being configured to interrelate the concentration of each of the
proteins, the salt concentration and the pH value in the elution buffer in the

pore volume of the stationary phase of the column; and

— areaction model being configured to interrelate the concentration of each of
the proteins in the stationary phase, the elution buffer salt concentration and at
30 least some of the chemical properties of each of the (target and optionally fur-

ther) proteins in the protein solution.
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A plurality of different column models, pore models and reaction models are de-
scribed in the literature. Many of these models are continuously refined. A list of ref-
erences describing examples of models that can be used in the context of this in-

vention is disclosed e.g. in the description of figure 4C.

5  For example, the column model can be implemented in accordance with Schmidt
Traub et al., “Preparative Chromatography” 2012, Viley-VCH. The pore model can
be implemented in accordance with Schmidt Traub et al., “Preparative Chromatog-
raphy” 2012, Viley-VCH. The reaction model can be implemented in accordance
with Kluters et al., “Application of linear pH gradients for the modeling of ion ex-

10  change chromatography: separation of monoclonal antibody monomer”, J Sep Sci,
2016 Feb, 93(4), 663-675. The parameters of the reaction model and/or the model
itself can be modified at various levels of complexity to facilitate the description of
experimental data. This is for instance demonstrated in “Modeling of complex anti-
body elution behavior under high protein load densities in ion exchange chromatog-

15 raphy using an asymmetric activity coefficient” Biotechnol. J., 12: 1600336.
doi:10.1002/biot.201600336 by Huuk et el. This publication describes how a gener-
alized ion-exchange isotherm can be used for the modeling a separation of a single
protein species at high protein loading conditions.

The pore model, the column model and the reaction model are interconnected via

20 the salt concentration and protein concentration. The column model and pore model

are interconnected by the salt concentration ac;#(x, t), hence the equation of the

pore model can be inserted into the column model.

The first equation of the reaction model can be inserted via the %term into the

column model. The parameters describing the binding strength and hence chemical

25 properties of the protein are the equilibrium constant Keq and the number of binding
sites v. Both are dependent from the pH via the v (second equation of the reaction
model).

Hence, the salt concentration of the elution buffer that is needed to elute the desired
amount, ratio and/or purity of the target proteins can be calculated on the basis of a
30 set of parameters like pH value, the amount and chemical properties of the applied

proteins, the column dimension and the elution buffer flow rate defined by the pump.
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The protein amount of a target protein or of an optional further protein is the integral
over time of the concentration of this protein in the mobile phase leaving the chro-
matography column. The calculation software varies the salt concentration csaLt and
performs predictions of the elution profiles of the target proteins and optionally also
5 of one or more further as a function of the salt concentration for identifying the salt
concentration which provides for protein elution profiles which match the optimiza-

tion criterion best.
Column model

According to embodiments, the interrelation specified in the column model com-

10  prises a column model formula according to:

dcsaLT Uint(£) Ocsarr | 1—€col dcpror; 94qpror;
—(x,t & 1—¢,)——(x,t =
at (x6) + £col  Ox + £col P at +( P) at (0 t)

62
Dy =525 (x, 1).

Thereby, i is an index for a particular protein, t is time, x is the position in the column
along the vertical column axis, csaLT is the concentration of the free (unbound) salt

15 ion (typically Na+ for cation exchange chromatography) in the mobile phase (i.e.,
the elution buffer phase comprising neglectable amounts of the applied protein solu-
tion) of the column, cproT i is the concentration of the protein i in the mobile phase of
the column, grrot_i is the concentration of the protein i bound in the stationary
phase, uint is the interstitial flow velocity defined as the velocity obtained by flow

20 through the column between the stationary phase particles, €col is the interstitial po-
rosity (the open pore area in the column’s cross section). It is defined as the ratio of
interstitial volume and column volume, whereby the interstitial volume is the elution
buffer volume in the column outside of the patrticles), €pis the particle porosity (de-
fined as the particles own internal porosity (pore volume)), Dax is the axial dispersion

25  coetfficient. The axial dispersion coefficient is a measure of the degree of spread of
an inert trace material along the column’s longitudinal direction. Dax describes the

dispersion in axial direction as described in Fick’s law.

The porosities €col, £_p and the dispersion coefficient Dax are parameters which can

influence the separation of the elution protein peaks. The porosities usually are fixed
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and are determined by the chromatography resin comprised in the column. Prefera-

bly, they are stored as default values, e.g. in a configuration file, but can be modified
in case a different stationary phase material is used.

Hence, according to embodiments of the invention, the dimension of the cation ex-
5 change chromatography column is considered via the interstitial flow velocity (nor-

malization of flow to column diameter in the pore model) as well as the position in

the column reflected by the vertical column position x. The combination of length

and diameter of a column defines the column’s total volume.

The interstitial flow velocity is computationally derived from the flow rate of the elu-
10  tion buffer through the column.

For example, a user can enter the elution buffer flow rate ,ebfr* in [mm/s] into the
chromatography simulation software. The chromatography simulation software com-
putes the interstitial flow velocity u(int) [mm/s] according to the following formula:

u(int) = ebfr/ecol
15 wherein &cal is the interstitial column porosity (lacking a unit).

A concrete example for how to obtain the interstitial flow velocity from the elution

buffer flow rate (which may be defined by the pump configured to pump the elution

buffer through the column) is described in Schmidt-Traub, Henner, ed. “Preparative

chromatography: of fine chemicals and pharmaceutical agents”, John Wiley & Sons,
20 2006.

Pore model

According to embodiments, the interrelation specified in the pore model comprises a

pore model formula according to:

5 Koeg 1-5,) 9 ;
25 —C‘;‘:LT (x,t) = eef”ri (CSALT(xr t) — cpror i (%, t)) - g % . 6).
p Tp P

Thereby, i is an index for a particular protein, t is time, x is the position in the column

along the vertical column axis, csaLt is the concentration of the free (unbound) salt
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ion in the mobile phase of the column, crroT_i is the concentration of the protein i in
the mobile phase of the column, grroT.i is the concentration of the protein i bound in
the stationary phase, €cal is the interstitial column porosity, € p is the particle porosity,
keft is the effective mass transfer coefficient (describes the movement of the protein
5 from the interstitial mobile phase into the pore volume), z a numerical value in the
range of 2.7 to 3.3, in particular 3.0, 7, is the radius of the chromatography beads.
The parameter z depends on geometry aspects of the column material. A concrete
example for how to obtain parameter z is described in Schmidt-Traub, Henner,
ed. Preparative chromatography: of fine chemicals and pharmaceutical agents. John
10  Wiley & Sons, 2006, page 338-339.

According to one example, the interstitial flow velocity can be related to the flow rate

of the elution buffer through the column as follows:

The flow rate through the column, also referred to as volumetric flow up (mL/min),
describes the volume of mobile phase which is pumped through the column. For the
15  normalization of the flow rate to the chromatography column dimension, the flow
rate can be normalized in respect of the column diameter using the column volume
and length. The unit of the flow velocity u changes to (mm/s) according to the follow-

ing formula:

ml
[ col mm]
Vcol

20 The interstitial flow velocity additionally normalizes the flow velocity regarding the
porosity of the chromatography beads by only considering the interstitial column vol-
ume Vipeerseitiar (i-€-., Only the volume between the porous chromatography beads).
The ratio of the interstitial volume and the total column volume of the chromatog-

raphy column used is g.,;:

o5 €eol = Vinterstitial
cot —
Vio tal_column

The parameter ., thereby is the fraction of the interstitial volume and the total col-

umn volume.
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The stationary phase of a column can be described as a matrix of beads. The total

volume of all the beads in the column is referred to as “bead volume” Vi, 445
whereby the volume of each bead comprises both the volume consumed by the sta-
tionary phase material of the bead and the volume of the pores comprised in the
5 bead. The interstitial volume Vi,¢erseitiar ©f @ chromatography column is defined as

the total volume of the column V,,; minus the total bead volume of all beads com-
prised in the column V;, 4. According to embodiments, the column model and the
core model are combined. For example, according to embodiments, the computing
of the target elution volume as a function of at least the computed salt concentration

10  comprises using the column model formula and the pore model formula for compu-
ting the concentration of protein i in the interstitial volume can as a function of the
salt concentration csar and of the concentration gpror ; Of the protein i in the sta-

tionary phase.

According to embodiments, the computing of the pooling borders of the target elu-
15 tion volume as a function of at least the computed salt concentration comprises us-

ing the column model formula and the pore model formula for computing the con-

centration of the first target protein at the position x=column length at multiple differ-

ent elution times t.

Reaction model

20  According to embodiments, the interrelation specified in the reaction model com-

prises:

— afirst reaction model formula according to:

99proT i _ n Vi v
Kyin—,— = Keq,i(A — X1 (Vi + 0)dpror i) CrROT i — dPROT iCsALT

25 — a second reaction model formula according to:
V-( H) _ _Ncarb,i Nhis,i + NN—term,i
AP = 1 0PRacars—PH 1+ 10PFPRanis 1 + 10PH-PKan—term

+ Nami,i
1+ 10PH~PKaami
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— athird reaction model formula according to:
-AGD AGY
ln(Keq,i) = S + Vi(pH) Tk

Thereby, i is an index for a particular protein, t is time, x is the position in the column
along the vertical column axis, csaLt is the concentration of the free (unbound) salt
ion in the mobile phase of the column, cproT_ is the concentration of the protein i in
the mobile phase of the column, grrot_i is the concentration of the protein i bound in
the stationary phase, Kin is the kinetic rate (defined as the reciprocal value of the
desorption rate and describing the speed of reaction of proteins displacing ions from
the stationary phase’s ligands), Keq is the equilibrium constant (i.e., the molar con-
centration of a particular protein i in the stationary phase divided by the molar con-
centration of the protein i in the mobile phase), A is the ligand density (defined as
the number of ligands in mol per column volume), v_i is the number of binding sites
(i.e., the number of binding sites of protein i participating in protein binding to the
stationary phase), o_i is the shielding factor (i.e., the number of ligands per bound
protein molecule of protein i which is shielded when the protein i binds to the station-
ary phase), N_(carb,i) is the number of carboxy sites of the protein i which interact
with the stationary phase , N_(his,i) is the number of histidine sites of the protein i
which interact with the stationary phase, N_(N-term,i) is the number of N termini
sites of the protein i which interact with the stationary phase, N_(ami,i) is the num-
ber of amino sites of the protein i which interact with the stationary phase, pH is the
pH value of the elution buffer, —AGQ is the difference in standard free Gibbs en-
thalpy between absorbed and unbound state of the protein i, 4GS is the difference in
standard free Gibbs enthalpy between absorbed and unbound state of the salt,

K.

acarp 1S the average acid dissociation constant (Ka) of all carboxyl-groups of the

protein i which interact with the stationary phase, pK,,.. is the average Ka of of all

ahis
histidine-amino-acids of the protein i which interact with the stationary phase,
rK

an—term 1S the average Ka of all N-terminal a-amino groups of protein i which in-

teract with the stationary phase, pK, ,, .is the average Ka of all amino groups of pro-

tein i, R is the gas constant, and T is the temperature of the column and the elution
buffer. The concentration of a particular protein “i" in the stationary phase (“gproT(i)”)
is computed as a function of the pH value of the elution buffer by resolving the third
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reaction model formula to grroT(i) using the first and the second reaction model for-

mula.

The salt concentration cs,,r influences the amount of protein gpgor ; bound in the
stationary phase via the first reaction model formula: At low salt concentrations the
protein binds to the chromatography column, at higher salt concentrations the pro-
tein is displaced by salt ions and eluted. Depending on the binding strength of the
protein, which in the reaction model is composed of the number of binding sites v
and the equilibrium constant Keq, proteins elute at different salt concentrations. By
selecting an appropriate salt concentration, the target protein can be eluted while
unwanted proteins remain bound on the chromatography column. Some of these
parameter values are protein specific and can be derived from literature. Some of
these parameters are protein and model specific. They may also be derived from lit-
erature or can be obtained by performing some preliminary empirical calibration
steps which are typically described by the authors having published the respective
model used. For example, parameters like N_(carb,i) indicating the number of car-
boxy sites of the protein i which interact with the stationary phase is protein specific
but also depend on the model used for performing the simulation. The number of
carboxyl sites actually interacting with the stationary phase is limited by sterical ef-
fects which are described in the reaction model used. The number of the respective
sites interacting with the stationary phase are determined using protein specific and
model specific empirical tests. For some proteins, the parameter values can already
be derived from literature. The Gibbs energy AG%/RT and AG%/RT may also be de-
termined empirically for each of the proteins in the protein solution or may be de-

rived from literature.

The pH value influences the number of binding sites v of the protein (second equa-
tion). The number of binding sites v influences the equilibrium constant Keq (third
equation). Thereby, the pH value is linked to the salt concentration of equation 1 of

the reaction model.

Hence, the reaction model takes into account the pH value and the contribution of
the chemical properties of the proteins, e.g. in terms of the pKa's of certain groups in
the protein and in terms of the protein’s binding sites v. The reaction model also

takes into account the salt concentration, thereby interrelating an elution buffer salt
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concentration with chemical properties of the proteins to be eluted. The salt concen-

tration csaLt is part of the first equation where it is directly connected to the proteins
binding characteristics via the number of binding sites v.

However, the reaction model described above is only one out of many possible
5 ways how a reaction model can be implemented. The modeling and simulation of

cation chromatography runs is an ongoing field of research, so various modifications
of the formulas and models described herein for performing the simulations may
likewise be used. It is also possible to use alternative column, pore and reaction
models currently described in literature, and it is possible that in the future new col-

10  umn, pore and reaction models will be developed and published which can likely be
used for performing chromatography simulations as a function of at least several dif-
ferent elution buffer salt concentrations and preferably as a function of further pa-
rameters such as the amount and the chemical properties of the proteins to be ap-

plied on the column.

15 According to one embodiment, the following model-specific chemical property val-
ues of the proteins P1-P3 described e.g. with reference to figure 7 are provided and
used as input by the reaction model during the computation of the suited elution
buffer salt concentration and the pooling borders:

Variant P1 Variant P2 Variant P3

Film Diffusion ke 0.0026 0.0452 0.0159
[mm/s]

Kinetic [s(M)"] 0.0069 0.0023 0.0051
AGYRT 2.05 2.28 -0.05
AGsYRT 0.08 0.08 0.08
N_(carb,i) 6.09 5.10 6.95
N_(his,i) 0.83 2.71 1.52
N _(ami,i) 9.94 11.71 12.80
N (N-term,i) 1.43 2.43 2.49
Shielding ¢ i 120.58 98.07 92.45

20

In addition, the following input parameter value can be provided to the reaction

model e.g. via a GUI, a configuration file or other data source:

Variable Value | Unit
Axial Dispersion Coefficient Dax | 0.2 mm2/s
Bead porosity €p 0.69 |-
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Interstitial column porosity €col 0.43 |-
Ligand density 0.673 | mol/L solid adsorber

The shielding factors becomes smaller from variant 1 to variant 3 which is consistent
with the grade of decreasing glycosylation and thus protein size from variant 1 to

variant 3.

5 The above-mentioned parameter values can be provided by a user via a GUI and/or
can be specified in a configuration file of the chromatography simulation software.

Various approaches exist for obtaining and/or estimating model parameters. For ex-
ample, the research article “Application of linear pH gradients for the modeling of ion
exchange chromatography: Separation of monoclonal antibody monomer from ag-
10  gregates” of Simon Kluters et al., first published on 09 November 2015
(https://doi.org/10.1002/jssc.201500994) describes a mechanistic model of ion ex-
change in a chromatography column and how the parameters of this model can be

obtained.

In a further aspect, the invention relates to a chromatography control system com-
15  prising a simulation software. For example, the chromatography control system can
be used for guiding manual control of a chromatography system, or for providing
fully automated or semi-automated control of the control system. The simulation
software is configured for performing a method of obtaining pooling borders of a tar-
get elution volume comprising a desired first amount of a first target protein. The

20 chromatography control system is configured for:

— receiving an optimization criterion and inputting the optimization criterion into the
chromatography simulation software, the optimization criterion being a desired
property of the target elution volume in respect to the first and second target pro-

teins comprised in the target elution volume;

25 — computing, using the chromatography simulation software, an elution buffer salt
concentration adapted to elute the first and the second target protein from the
chromatography column such that a target elution volume can be obtained that
matches the optimization criterion best, the computing comprising computing a
plurality of chromatography simulations as a function of multiple different elution

30 buffer salt concentrations;
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— computing the pooling borders of the target elution volume as a function of at
least the computed salt concentration and the input optimization criterion;

— outputting the computed salt concentration and pooling borders and/or

— controlling an elution volume collection unit such that the computed target elution
5 volume is automatically collected as a separate fraction in accordance with the
computed pooling borders.

According to embodiments, the system is further configured for:
— receiving dimensions of a cation exchange chromatography column; and

— receiving the amounts of the first and second target proteins and optionally also
10 the amounts of the one or more further proteins applied on the column;

The simulations and/or the pooling borders are computed as a function of a set of

parameter values comprising at least:
¢ the dimension of the provided cation exchange chromatography column; and

¢ the amounts of the first and second target proteins and optionally also the
15 amounts of the one or more further proteins applied on the column.

According to embodiments, the set of parameters further comprises:
¢ a predefined pH value of the elution buffer,
o a flow rate of the elution buffer through the column;
e chemical properties of the proteins of the applied protein solution.

20  According to embodiments of the invention, the desired first amount of the first pro-
tein is specified as a desired absolute amount of the desired first protein. In particu-
lar, the desired amount of the first target protein can be specified in the form of a de-
sired concentration of the first protein in a collected volume of the elution buffer or a

derivative value thereof.

25  According to other embodiments, the applied protein solution comprises the first tar-

get protein, a second target protein and zero, one or more of the further proteins.
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The desired first amount of the first protein is input into the chromatography simula-

tion software in the form of a relative amount. The relative amount is a ratio of the
first target protein and the second target protein. The chromatography simulation
software computes the pooling borders of the target elution volume as a function of
at least the computed salt concentration and the input desired ratio. The method is
used for producing a target elution volume comprising the desired ratio of the first

and second target proteins.

According to embodiments, the plurality of chromatography simulations are com-
puted as a function of the multiple different elution buffer salt concentrations and as
a function of multiple different elution buffer pH values. The computing of the salt
concentration comprises computing a combination of an elution buffer salt concen-
tration and an elution buffer pH value which in combination are adapted to elute the
first and the second target proteins from the chromatography column such that a tar-
get elution volume can be obtained that matches the optimization criterion best. The
chromatography simulations are performed for identifying the combination of the
combination of the elution buffer salt concentration and the elution buffer pH value.
The computing of the pooling borders of the target elution volume is computed as a
function of at least the computed combination of the elution buffer salt concentration
and the elution buffer pH value and the input optimization criterion. The computed

pH value is output in addition to the computed elution buffer.

According to embodiments, the chromatography control system is configured to con-
trol a buffer mixing unit as to automatically generate an elution buffer having the out-

put elution salt concentration.

In addition, or alternatively, the chromatography control system is configured to con-
trol an elution buffer selection unit adapted to automatically select one out of a plu-
rality of available elution buffers having different salt concentrations, the selected

elution buffer having the output salt concentration.

In addition, or alternatively, the chromatography control system is configured to con-
trol a buffer mixing unit as to automatically generate an elution buffer having both
the salt concentration and the pH value computed and output in combination.
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In addition, or alternatively, the chromatography control system is configured to con-

trol an elution volume collection unit of a chromatography system such that the com-
puted target elution volume is automatically collected as a separate fraction in ac-

cordance with the computed pooling borders.

In addition, or alternatively, the chromatography control system is configured to con-
trol an elution buffer selection unit adapted to automatically select one out of a plu-
rality of available elution buffers having different salt concentrations and different pH
values, the selected elution buffer having both the salt concentration and pH value

computed and output in combination.

In addition, or alternatively, the chromatography control system is configured to con-
trol a buffer application unit configured to automatically apply an automatically gen-
erated or selected elution buffer on the chromatography column, the applied elution
buffer having the output salt concentration or having both the salt concentration and

pH value computed and output in combination.

In a further aspect, the invention relates to a chromatography system comprising the
chromatography control system and further comprising a buffer mixing unit and/or
the elution buffer selection unit and/or the buffer application unit and/or the auto-

mated elution volume collection unit mentioned above.

In a further aspect, the invention relates to a chromatography system comprising the
chromatography control system and further comprising a buffer mixing unit adapted
to automatically generate an elution buffer having the output elution salt concentra-

tion.

In addition or alternatively, the chromatography system further comprises an elution
buffer selection unit adapted to automatically select one out of a plurality of available
elution buffers having different salt concentrations, the selected elution buffer having

the output salt concentration.

In addition or alternatively, the chromatography system further comprises a buffer
application unit configured to automatically apply the automatically generated or se-

lected elution buffer on the chromatography column.
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In addition or alternatively, the chromatography system further comprises an auto-
mated elution volume collection unit configured to automatically start and stop col-
lecting a fraction of the eluted buffer leaving the column in accordance with the out-
put pooling borders.

5 In afurther aspect, the invention relates to a computer program for managing a
chromatography process such that a target elution volume comprising a first and a
second target protein is obtained. The computer program comprises a chromatog-
raphy simulation software and is configured for:

— receiving an optimization criterion being a desired property of a target elution
10 volume in respect to a first and second target proteins comprised in the target

elution volume;

— computing, using the chromatography simulation software, an elution buffer salt
concentration adapted to elute the first and the second target proteins from the
chromatography column such that a target elution volume can be obtained that

15 matches the optimization criterion best, the computing comprising computing a
plurality of chromatography simulations as a function of multiple different elution

buffer salt concentrations;

— computing the pooling borders of the target elution volume as a function of at

least the computed salt concentration and the input optimization criterion; and

20 - outputting the computed salt concentration and/or the pooling borders for ena-
bling a user to control a chromatography system such that a target elution vol-
ume comprising the first and the second target proteins in accordance with the
optimization criterion is obtained and/or using the computed salt concentration
and/or the pooling borders for automatically or semi-automatically controlling a

25 chromatography system such that a target elution volume comprising the first
and the second target proteins in accordance with the optimization criterion is
obtained.

According to embodiments, the computer program is further configured for generat-
ing control commands for automatically or semi-automatically controlling one or

30 more units of a chromatography system.

Received at EPO via Web-Form on Sep 24, 2020



10

15

20

25

30

WO 2021/058132 PCT/EP2020/025433
34
According to embodiments, the computer program is further configured for generat-

ing control commands for automatically or semi-automatically controlling one or

more units of a chromatography system.

A “target protein” as used herein is a protein or protein variant with a particular
PTM which shall be obtained by means of cation chromatography in a desired abso-

lute or relative amount.

An “elution profile” of a protein as used herein is an indication of the concentration
of the protein in an eluate over a period of time.

The one or more “further proteins” contained in the applied protein solution can
comprise one or more further target proteins and/or one or more non-target proteins,
whereby a “non-target protein” is a protein whose presence is undesired, e.g. be-
cause it is considered as a contamination that is to be removed from the one or

more target proteins during the chromatography run.

The “target elution volume” as used herein is a particular volume of the target
buffer that has passed the chromatography column and has afterwards been col-
lected after having left the column. The target elution volume comprises the one or
more target proteins in a desired absolute or relative amount. The target elution vol-
ume is determined by

An “ion exchange chromatography* as used herein is a chromatography process
that separates ions and polar molecules such as proteins or peptides based on their
affinity to the ion exchanger. However, ion chromatography must be done in condi-
tions that are one unit away from the isoelectric point of a protein. Hence, the sepa-
ration of molecules having highly similar isoelectric points at given conditions is a
big challenge.

The term “cation exchange chromatography” refers to a type of ion exchange
chromatography that is used when the molecule of interest is positively charged or
has positive polarity. The molecule is positively charged or has positive polarity be-
cause the pH for chromatography is less than the pl. In this type of chromatography,
the stationary phase is negatively charged and positively charged molecules are
loaded to be attracted to it. Cation exchange chromatography is used when the de-

sired molecules to separate are cations. The bound molecules then can be eluted
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from the column and collected using an eluant referred herein as “elution buffer”.

One of the primary advantages for the use of ion chromatography is only one inter-
action involved during the separation as opposed to other separation techniques.

A “chromatography simulation software” as used herein is any type of software,
e.g. an application program, a script, a software module of a larger software suite or
software platform that comprises computer-interpretable code for simulating (pre-
dicting) some aspects of a chromatography process, in particular a recommended
salt concentration of the elution buffer and/or recommended elution borders of an

elution volume comprising the desired amount(s) of one or more target proteins.

An “elution buffer” as used herein refers to a water-based solution, also referred to
as “eluant” that is applied on a chromatography column in order to elute one or more
molecules that are bound to the chromatography column from the column such that
the eluted proteins are contained in the elution buffer that leaves the column and
can be collected separately from other proteins which leave the column in a different

fraction of the eluate.

The “computed target elution volume” is the elution volume predicted to comprise
one or more target proteins in the input desired absolute or relative amounts. For
example, the computed target elution volume can be specified via predicted pooling
borders.

The predicted “pooling borders” are data values indicating which portion of the tar-
get elution buffer volume leaving the chromatography column need to be collected
separately in order to obtain an elution volume comprising the one or more target
proteins in the desired amount(s). According to some embodiments, the pooling bor-
ders are specified in the form of a start time indicating the time when the collection
of the target elution buffer volume is to be started and in the form of a stop time indi-
cating the time when the collection of the target volume is to be stopped. According
to other embodiments, the pooling borders are specified in the form of a start elution
buffer volume indicating the elution buffer volume having traversed and left the col-
umn when the collection of the target volume is to be started and in the form of a
stop elution buffer volume indicating the elution buffer volume having traversed and

theft the column when the collection of the target volume is to be stopped. For ex-
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ample, the pooling borders of the target elution volume could be “3.5 times the col-
umn volume” and “4.6 times the column volume” and the target elution volume can
be obtained by selectively collecting the elution buffer leaving the column after 3.5
column volumes of the elution buffer have already been applied onto and have left
the column and stopping the collection when more than 4.6 times the column vol-
ume have been applied onto and are about to leave the column. Whether the pre-
dicted pooling borders are specified as time or volume depends on the respective

implementation.

A “glycoform” as used herein is any of several different forms of a glycoprotein (or
glycopeptide or other biological glycoside) having different glycans attached, or hav-

ing a different number or position of glycans.

The “purity” of a protein indicates the degree of the state of this protein not being
mixed with anything else, in particular, with other proteins. For example, a particular
protein P1 having a purity of 99% in an elution volume implies that the elution vol-
ume consists of an elution buffer fraction and a non-elution-buffer fraction, whereby
99% of the non-elution-buffer fraction consist of the protein P1 and 1% of the non-
elution -buffer fraction consist of other substances, e.g. one or more other ones of
the proteins P2, P3, ..., contained in the applied protein solution. The purity of a pro-
tein is implicitly given if the concentrations of all proteins in an eluate collected within
given pooling borders are known (e.g. predicted or empirically determined). The pu-
rity can be used as an optimization criterion in respect to one or more target pro-
teins. For example, in the ideal case, the purity of all target proteins to be obtained
in the target elution volume is 100%, but in fact, the optimization criterion may re-
quire a minimum purity criterion that depends on the individual case, e.g. 99% or
less.

Brief description of the drawings

In the following embodiments of the invention are explained in greater detail, by way

of example only, making reference to the drawings in which:

Figure 1 depicts a flowchart of a method according to an embodiment of the

invention;
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depicts a chromatography system;

depicts another chromatography system;

depicts a GUI for selecting models to be used by a chromatog-

raphy simulation software
further illustrate the respective model types;

depicts GUIs for entering data in a chromatography simulation
software;

is an elution plot obtained for a first protein solution;

depicts predicted results for the yield and purity and for a com-
bined purity-yield-objective parameter of a target protein in the first
protein solution given multiple different candidate elution salt con-

centrations;

depicts a plot with predicted results for the combined purity/yield-
objective parameter of a target protein in the first protein solution

given multiple different candidate elution salt concentrations;
is an elution plot obtained for a second protein solution;

depicts predicted results for the yield and purity and for a com-
bined purity-yield-objective parameter of a first and a second target
protein in the second protein solution given multiple different candi-

date elution salt concentrations;

depicts a plot with predicted results for the combined purity/yield-
objective parameter of a first and a second target protein in the
second protein solution given multiple different candidate elution

salt concentrations;
depicts a comparison of a predicted and a measured protein ratio;

depicts the resolution of proteins P1 and P2;
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Figure 7 depicts an example of two target proteins P1, P2 an a further pro-
tein P3;
Figure 8A is a plot illustrating the impact of protein load on the relative pool
composition;
5 Figure 8B is a plot illustrating the impact of elution buffer salt concentration

on the relative pool composition;

Figure 9 is a plot illustrating the compensation of the impact of the protein
load on the target protein ratio by a predicted elution buffer salt
concentration; and

10  Figures 10A-C  depict the effect of different salt concentrations on the elution pro-
file of two proteins.

Figure 1 depicts a flowchart of a chromatography method according to an embodi-

ment of the invention.

15 The method can be used for obtaining a target elution volume comprising a desired
absolute or relative amount and/or purity of two or more target proteins. For exam-
ple, the method could be performed for obtaining a target protein P1 and a target
protein P2 in a certain concentration or amount, respectively, whereby the target
protein P1 preferably has a minimum purity within the target elution volume. In addi-

20 tion, or alternatively, the method can be used for obtaining a target elution volume

comprising a desired ratio of two or more target proteins.

In a first step 100, the method comprises providing a cation exchange chromatog-

raphy column 230 as depicted, for example, in figures 2 and 3. There exists a large

number of commercially available chromatography resin materials that can be used
25 for fabricating self-packed columns as well as pre-packed columns.

For example, Poros™ XS (Thermo Scientific™) can be used as chromatography
resin material in a self-packed column, e.g. in a chromatography column purchased

from KronLab . Alternatively, a pre-packed column purchased e.g. from Repligen®
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(e.g. with dimensions length= 5 cm and diameter= 0.5 cm or length = 10 cm and di-

ameter = 0.5 cm) purchased from KronLab can be used. For large scale runs, the
column dimensions may be significantly different from the column dimensions for
smaller, lab-scale runs. For example, the column dimension of a column used in a

large scale run can be length= 22.5 cm and diameter= 25cm.

The chromatography column may be installed within an automated or semi-auto-
mated chromatography system such as the AKTA Avant 25 and 150 chromatog-
raphy systems (GE Healthcare) with a sample pump and internal fractionation.

Next in step 102, a protein solution comprising two or more target proteins and op-
tionally one or more non-target proteins (considered as impurities) is applied on the
column. The protein solution comprises the first target protein P1, the second target
protein P2, and optionally one or more further proteins which are non-target proteins
P3, P4, P5, P6.

To generate the protein solution to be applied on the chromatography column, one
or more pre-processing and pre-purification steps are performed. At first, a cell cul-
ture is harvested and the proteome of the harvested cells is obtained. It comprises a
complex mixture of glycosylated antibodies and many other types of proteins. In or-
der to selectively obtain the antibody fraction, the cell culture extract is applied on a
first pre-purification column adapted to selectively bind antibodies and antibody frag-

ments.

According to one example, the first pre-purification column comprises a resin for
monoclonal antibody (mAb) purification, e.g. Protein A resin which was equilibrated
prior to the loading of the sample. The load density of the first pre-purification col-
umn in this and many other examples is about 23 g protein per liter resin. The anti-
body fraction was eluted and after a viral inactivation step the pH of the eluate was
increased again. The solution was incubated overnight at 4°C and filtrated over a
0.2 um sterile filter. The filtrated Protein A eluate was used as the load material to a
second pre-purification column, e.g. a column filled with a mixed mode chromatog-
raphy resin. To remove protein impurities, the mixed mode chromatography was
used. The column was equilibrated before loading. The load density was 25 g pro-
tein per liter resin and the flow rate 150 cm per hour. Afterwards the pH of the flow

through eluate was decreased and the pool was filtrated over a 0.2 um sterile filter.
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As a result of these pre-processing and pre-purification steps, the protein solution is

obtained that is to be applied on the chromatography column 230. The protein solu-
tion comprises only a few types of proteins whose chemical nature is typically well
known due to the number and nature of the pre-purification steps used. The nature
and number of the pre-processing and pre-purification steps may depend on the
type of cell culture and cells used to provide the cell culture protein extract and/or
may depend on the one or more types of proteins of interest. Typically, also a series
of multiple purification steps will not be able to purify the one or more target proteins
completely, in particularly not if the target protein or proteins is/are a glycoform or
other type of PTM-based protein variant whose chemical properties are highly simi-

lar to one or more other proteins in the cell culture extract.

In addition, analytical tests such as mass spectroscopy may be used in order to de-
termine not only the number but also the amount of each protein type contained in

the protein solution to be applied on the column 230 .

Then in step 104, the amount of each protein in the protein solution that is already
applied or that is to be applied on the column, is input into a chromatography simu-

lation software 204.

In addition, in step 106 the desired first amount 214 of the first and second target
proteins and optionally also the respective amounts of the non-target proteins, if
any, is input by a user into the chromatography simulation software. In addition,
some other values can be input via a user interface to the chromatography simula-
tion software or can be provided via a configuration file or other means. For exam-
ple, these other values can comprise a desired optimization criterion (amount and/or
purity of the first and/or second target proteins), the pH value of the elution buffer,
the elution buffer flow rate specified in a pump to be used for pumping the elution
buffer through the column, chemical properties of each of the proteins in the protein
solution, the amounts of the individual proteins in the protein solution that has al-
ready been applied or that is to be applied on the column; and the dimension of the
column. The number and nature of the parameters may depend on the models used
by the simulation software for simulating the chromatography runs at multiple differ-

ent elution buffer salt concentrations.
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Some input parameters such as protein amount, column dimensions, the pH value
of the elution buffer, the porosity of the stationary phase, the elution buffer flow rate
etc. can be stored in a configuration file or entered via a GUI and can be adapted to
the respective application scenario and protein solution. Some parameters like the
calibrated model parameters (e.g. isotherms, N, AGp®, AGs?, pKa, ligand density)

can be re-used and are typically stored in a configuration file.

This may enable the chromatography simulation software to simulate concentration
and/or purity values of one or more target proteins for one or more different candi-
date elution volumes as a function of many different candidate elution buffer salt
concentrations and based specifically on the amounts and chemical properties of

the proteins that are to be loaded onto the column.

For example, the salt in the elution buffer whose concentration is computed can be
a sodium-salt, e.g. sodium-acetate.

The recommended pH value of the elution buffer can be derived e.g. from literature
or from preliminary empirical tests. For protein chromatography in general, a pH
range of the elution buffer between pH 2.5 and 10 is usual. For cation exchange
chromatography, a pH range of the elution buffer between pH 4 to 9 is usual. Prefer-
ably, the pH value that is input to the simulation software is a pH value known to
work well for performing chromatographic separation or analysis of similar proteins
like those currently to be separated. In the example described here, the pH value
that is input to the chromatography simulation software and that is also the pH value

of the actually used elution buffer is in the range of 5.30 to 5.70.

Typically, the pH value is not varied during the simulation. The pH value of the elu-
tion buffer that is actually used can be controlled e.g. with a pH meter, e.g. with a
WTW Sentix Mic probe.

The chemical properties of the proteins can comprise properties which are inde-
pendent of any predictive model used for simulating the chromatography process for
computing a suitable elution buffer salt concentration (e.g. pKs or the number and

nature of amino acid moieties).
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The chemical properties of the proteins can in addition comprise properties which
are specific for the predictive model used for simulating the chromatography pro-

Cess.

In order to obtain model-specific chemical properties of the proteins, chromatog-
raphy data (chromatograms) as well as corresponding offline analytical data (e.g.
HPLC data) can be used.

For example, different chromatography modeling workflows are described in the lit-
erature in order to obtain chromatography model-specific property values of pro-
teins. When working at elevated protein concentrations in the non-linear range of
the isotherm, different models can affect the chromatogram in the same way. For
example the position of the peak maximum changes in dependence on the shielding
factor, v or Keq. For estimation of parameters in the linear range of the isotherm,
Yamamoto equations can be applied as described for example, in M. Ridt, F. Gillet,
S. Heege, J. Hitzler, B. Kalbfuss, B. Guélat, “Combined Yamamoto approach for
simultaneous estimation of adsorption isotherm and kinetic parameters in ion-ex-
change chromatography”, Journal of Chromatography A, 1413 (2015) 68-76 and in
S. Yamamoto, K. Nakanishi, R. Matsuno, T. Kamikuno, “lon-exchange chromatog-
raphy of proteins - Prediction of Elution Curves and Operating Conditions”, |. Theo-
redical Considerations, Biotechnology and Bioengineering, 25 (1983) 1465-1483.

According to embodiments, experiments in the linear range of the isotherm are eval-
uated with one or more of the following three methods: 1) Parameter estimation by
curve fitting of chromatograms (T. Hahn, T. Huuk, V. Heuveline, J. Hubbuch, Simu-
lating and Optimizing Preparative Protein Chromatography with ChromX, Journal of
Chemical Education, 92 (2015) 1497-1502); 2) Logarithmic graphical evaluation us-
ing log(GH)/log(c(Na+)) plots described by Yamamoto et al. (T. Ishihara, T. Kadoya,
H. Yoshida, T. Tamada, S. Yamamoto, Rational methods for predicting human mon-
oclonal antibodies retention in protein A affinity chromatography and cation ex-
change chromatography: Structure-based chromatography design for monoclonal
antibodies, Journal of Chromatography A, 1093 (2005) 126-138.) and 3) Non-loga-
rithmic graphical evaluation of GH(c(Na+)) plots (M. Schmidt, M. Hafner, C. Frech,
Modeling of salt and pH gradient elution in ion-exchange chromatography, Journal
of Separation Science, 37 (2014) 5-13). If no good correlation is observed at this
point, the chosen model might be not suited for the application.
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The next step is the addition of experiments at high protein whereby the result of the

evaluation of the linear gradient data can be used to improve parameter estimation.
If chromatogram curve fitting results in a good correlation between the model and
the experimental data, the parameter set can be tested by performing verification

5 runs at important process parameter combinations not included in the calibration
data set. If no satisfying model is found, either the model equations have to be ex-
tended or the dataset has to be reduced to a smaller design space. In the following,
the obtaining of some of the model specific chemical properties of the proteins ac-

cording to embodiments of the invention will be described.

10 According to some embodiments, Yamamoto evaluation was performed for obtain-
ing model-specific protein properties. For example, the graphical
log(GH)/log(c(Na+)) evaluation of the linear gradient elution experiments was per-
formed as described elsewhere (M. Schmidt, M. Hafner, C. Frech, Modeling of salt
and pH gradient elution in ion-exchange chromatography, Journal of Separation Sci-

15  ence, 37 (2014) 5-13., T. Ishihara, T. Kadoya, H. Yoshida, T. Tamada, S. Yama-
moto, Rational methods for predicting human monoclonal antibodies retention in
protein A affinity chromatography and cation exchange chromatography: Structure-
based chromatography design for monoclonal antibodies, Journal of Chromatog-
raphy A, 1093 (2005) 126-138). The normalized gradient slope GH for salt gradients

20 can be calculated as follows:

C(Na+)final - C(Na+)inital

Ve(1 — ecor)epkp) (F1)
Ve

GHC(N(J.+) =

Vg is the gradient volume, V¢ the column volume, &1 the interstitial column porosity,
gp the bead porosity and ko the exclusion factor. Kp was assumed to be 0.6 (F. Witt-
kopp, L. Peeck, M. Hafner, C. Frech, Modeling and simulation of protein elution in
linear pH and salt gradients on weak, strong and mixed cation exchange resins ap-

25 plying an extended Donnan ion exchange model, J Chromatogr A, 1545 (2018) 32-
47). The number of binding sites can be determined by plotting log(GH)/log(c(Na*))
and subtracting 1 from the slope (M. Schmidt, M. Hafner, C. Frech, Modeling of salt
and pH gradient elution in ion-exchange chromatography, Journal of Separation Sci-
ence, 37 (2014) 5-13). The equilibrium constant can be calculated with the same

30 graph for a monovalent salt:
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10~ yintercept

Keq = v+1 (F2)
AV(V + 1) + C(Na+)inital

The free Gibbs energies of the protein AG%/RT and the salt AG%/RT can be deter-
mined from the slope and the y-intercept by plotting In(Keqg)/v according to the follow-

ing equation:
In(K.,) = —4GP + v(pH)AGS  (F3)

5  All calculations were performed in Microsoft Excel applying the internal linear re-

gression function of the software.

According to embodiments, in a further step, GH/c(Na+) curve fitting was performed.
The GH/c(Na+) curve was performed according to previous publications by calculat-
ing the differential equation (S. Kluters, F. Wittkopp, M. Johnck, C. Frech, Applica-
10  tion of linear pH gradients for the modeling of ion exchange chromatography: Sepa-
ration of monoclonal antibody monomer from aggregates, J Sep Sci, 39 (2016) 663-
675; and M. Schmidt, M. Hafner, C. Frech, Modeling of salt and pH gradient elution
in ion-exchange chromatography, Journal of Separation Science, 37 (2014) 5-13):

-1
0GHgq; _ CproT i _ [ <A - Z?=1(Vi + O-L')qprot,i)VL] (1)
- Keq,i

OCsarretu  qpPROT i

CsaLT

wherein GHsart is a normalized gradient slope for salt gradients, csaLt is the concen-

15  tration of the free (unbound) salt ion in the mobile phase of the column, cspp7 er, IS
the concentration of the salt in the elution buffer at the elution peak maximum,
grroT_j is the concentration of the protein i bound in the stationary phase, Keq_i is the
equilibrium constant (i.e., the molar concentration of a particular protein i in the sta-
tionary phase divided by the molar concentration of the protein i in the mobile

20 phase), A is the ligand density (defined as the number of ligands in mol per column
volume), vi is the number of binding sites (i.e., the number of binding sites of protein
i participating in protein binding to the stationary phase), ciis the shielding factor.
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The above-mentioned calculations can be performed, for example, in the Berkeley

Madonna®, e.g. by applying the software’s internal fourth order Runge-Kutta algo-
rithm and a time stepping of 0.01 mol/L Na*. Parameter guess values were selected
upon previously determined parameters of the Yamamoto evaluation and variated

until no further improvement was achieved.

According to embodiments, in the next step, chromatogram curve fitting was per-
formed. This step can be performed e.g. in ChromX from GoSilico. A lumped rate
transport dispersive model was applied, e.g. with a Linear SUPG space discretiza-
tion of 30 cells. Initial time stepping was set to 0.2 s using the IDAS function. For
global optimization the ASA algorithm with the software standard values was used.
For deterministic optimization, the IOPT algorithm was used. Fraction data was im-
ported as percent of absolute UV signal measured by the AKTA system. Temporal
correspondence of the experimental data und the simulation was confirmed by cor-
relating the salt experimental and simulation data. Limits for parameters estimation
can be selected upon previous results and adapted when the optimizing function
calculated values close to the boundaries. Model parameters were determined using
the software’s Estimation function. Pool analytic measurements were considered us-
ing the Optimization function with the respective pooling criteria. The influence on
dispersion by different Akta systems was considered by adding a continuous stirred
tank reactor before the column with different lengths. Latin hypercube sampling was
performed with a population size of 1000 using the Sampling function. All calcula-

tions can also be performed in other software packages e.g. CADET.

In other cases, the model-specific protein parameters may be obtained directly from
literature and stored e.g. in a configuration file of the chromatography simulation

software.

After having provided all input parameters to the chromatography simulation soft-
ware, e.g. via a GUI and/or via a configuration file or via a further data source, the
chromatography simulation software computes in step 108 an elution buffer salt
concentration adapted to elute the first target protein from the chromatography col-
umn.

In particular, according to embodiments of the invention, the computing of the elu-

tion buffer salt concentration can comprise computing the amount and/or purity of
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the one or more target proteins as a function for each of a plurality of candidate elu-

tion buffer salt concentrations, outputting the amount and/or purity of the one or
more target proteins computed for each of the candidate elution salt concentrations
in association with the respective candidate elution salt concentration and receiving,
from a user or from a software function, a selection of the one of the candidate elu-
tion salt concentration for which the amount and/or purity of the one or more target
proteins best matches the desired amount(s) and/or purities of the one or more tar-
get proteins input in step 106.

The chromatography simulation software is configured to compute the salt concen-
tration as a function of a set of parameter values comprising at least: a predefined
pH value of the elution buffer; the dimension of the provided cation exchange chro-
matography column; the input amounts of the applied proteins (P1-P6); and chemi-
cal properties of the proteins of the applied protein solution. As mentioned above,
these parameter values can be provided via a GUI and/or via a configuration file or

via other data sources.

After having computed the elution salt concentration that is (best) suited for obtain-
ing an elution target volume comprising the first and/or second target protein in the
desired absolute or relative amount and/or purity, the chromatography simulation
software computes in-step 110 the pooling borders of a target elution volume that
comprises two one or more target proteins in the desired amount(s) and/or in the
desired purity as a function of at least the computed salt concentration and the input
desired amount of the first target protein. Preferably, the chromatography simulation
program uses one or more chromatography models when computing the best suited
elution salt concentration based on protein amounts and purities obtained for many
different candidate elution salt concentrations and/or when computing the target elu-

tion volume based on the elution salt concentration obtained in step 108.

Next in step 112, a pump comprised in an automated or semi-automated chroma-
tography system applies an elution buffer whose pH value is identical to the pH
value having been input in the chromatography simulation software and whose salt
concentration is identical to the salt concentration computed in step 108.

According to one example, an “elution buffer A” is prepared in accordance with the

computed salt concentration, whereby the buffer consists of 0.04 mol/L Na-acetate.
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According to another example, an “elution buffer B” is prepared in accordance with
the computed salt concentration, whereby the buffer consists of a 1 mol/L Na-ace-

tate solution. The buffers can be prepared e.g. with 30% acetic acid (Merck Chemi-
cals GmbH) and Na-acetate*3H20 (Merck Chemicals GmbH) resulting in pH values
of 5.30 and 5.70.

The chromatography is performed in step 114 by continuously applying the elution
buffer on the column and pumping the elution buffer through the column at a rate
that was used by the chromatography simulation software to predict the pooling bor-
ders. Often, the volume of the elution buffer that needs to be applied until the start
pooling border is reached is many times the volume of the chromatography column.

Then in step 116, a human user or an automated or semi-automated chromatog-
raphy system collects the computed target elution volume as a separate fraction us-
ing the pooling borders computed in step 110. For example, a robotic arm holding
an empty container can be configured to move the container under the outlet of the
column such that the container starts collecting the eluate leaving the column at the
start pooling border of the computed target elution volume and to remove the con-
tainer from the outlet such that the collection of the eluate stops when the stop-pool-
ing border is reached. The eluate collected in the container is the target elution vol-

ume comprising the one or more target proteins in the desired amount and/or purity.

According to some embodiments, the steps 104 -110 are performed before the pro-
tein solution is actually applied on the column. In this case, it is possible to perform
one or more optional steps. For example, the column 230 can be equilibrated with
the elution buffer that is to be used in step 112 until pH and conductivity readings
stabilize before the protein solution is actually applied on the sample. For example,
the equilibration of the column may require 3—5 column volumes of elution buffer

that is applied for equilibration purposes before the actual protein solution is applied.

Figure 2 shows a chromatography system comprising a computer system 200 with a
chromatography simulation software 204 and a cation chromatography column 230.
In the embodiment depicted in figure 2, the chromatography system is used for se-
lectively obtaining a first target protein P1 and a second target protein P2. The tar-

get proteins are contained in a protein solution 202 comprising additional proteins
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P3-P6 which are non-target proteins in the application scenario illustrated in this fig-

ure. Before the protein solution is applied on the column, the concentration of each
protein P1-P6 in the protein solution 202 is determined. In addition, several chemical
properties of the individual proteins P1-P6 are derived from literature or are deter-

mined experimentally.

The chromatography simulation program 204 comprises a GUI 202 enabling a user
to specity, e.g. via input field 214, a desired optimization criterion, e.g. an amount
and/or a desired purity of the first and second target proteins P1, P2 or a derivative
value of the amount and purity. In addition, the GUI comprises one or more addi-
tional data entry fields 215, 216 enabling a user to specify the nature and amount of
each of the proteins P2-P6 contained in the protein solution 202, to specify the di-
mensions of the column 230 and additional parameter values such as the pH of the
elution buffer, some chemical properties of each of the proteins P1-P6, the type of

predictive models to be used for simulating the chromatography, and the like.

The chromatography simulation software can comprise a plurality of predictive mod-
els 206-210 configured for modeling one or more aspects of the chromatography
process. Some of the parameters used by the simulation software 204 or by the
chromatography simulation models 206-210 can be specified in a configuration file
220.

The chromatography simulation software 204 is configured to predict an elution
buffer salt concentration 222 that is best suited for obtaining the target proteins P1,
P2 within a target elution volume at the desired amount and/or purity. For example,
the simulation software 204 can be configured to simulate, for each of a plurality of
different candidate elution buffer salt concentrations, the expected elution curves for
each of the proteins contained in the protein solution which implicitly provide the
amount and purity profiles of each of the proteins during the whole elution process.
The simulation can be based on a combination of multiple different models respec-
tively being descriptive of different aspects of a chromatography process. Based on
these simulations, a user or a software function can select the one of the candidate
elution buffer salt concentration that is best suited for eluting the target protein P1 in

the desired amount and/or purity.
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According to one embodiment, the computed elution salt concentration 222 is output

via the GUI 212, 218 to a user and the user creates an elution buffer 226 having the
pH that was input to the simulation software and that has the salt concentration 222
output by the software 204. In addition, the GUI can output the pooling borders 224
of the target elution volume predicted to comprise the target protein in the desired

amount and/or purity.

The elution buffer 226 is particularly suited for separating the target proteins P1, P2
from all other proteins, because the elution buffer salt concentration was computed
specifically for the amounts of each of the proteins P1-P6 applied to the column.
Hence, the elution buffer is not a “standard”/"one fits all” elution buffer, but is rather
an elution buffer specifically adapted to the type and amount of proteins contained in
the protein solution. Applicant has observed that adapting the elution salt concentra-
tion to the nature and amounts of the proteins applied in each individual case to the
column (which again may depend on various aspects of the cell culture extraction
and pre-purification procedures) may greatly increase the ability of a chromatog-

raphy column 232 separate different proteins.

The user first applies the protein solution 202 on the column 230 and then applies
the elution buffer 226. The elution buffer 226 and the protein solution 202 seep
through the column 230. Thereby, the molecules of the different proteins P1-P6 in-
teract with the stationary phase 228 of the column 230 in dependence with their
chemical properties. The interaction of the protein molecules with the stationary
phase and also with the elution buffer determines their elution profile, i.e., the
amount of the respective protein that leaves the column at a given time. By chang-
ing the containers 232, 234, 236 that are used for collecting the eluate leaving the
outlet 238 of the column, different fractions 238, 240 of the eluate can be obtained.
According to preferred embodiments, the exchange of containers is coordinates
such that the target elution volume predicted to comprise the target proteins in the
desired amount and/or purity is collected within the same container. This means, the
pooling borders of the predicted target elution volume determine the time when a
collection is placed below and removed from below the outlet of the column.

The volume of the protein solution is much smaller than the volume of the applied

elution buffer and hence is neglected in many chromatography simulation models.

Received at EPO via Web-Form on Sep 24, 2020



10

15

20

25

30

WO 2021/058132 PCT/EP2020/025433
50

In some embodiments, the elution buffer 226 is in fact a series of two or more differ-
ent elution buffers having the same pH value but different salt concentrations. These
different elution buffers are also referred to as “elution steps”. For example, the
chromatography simulation software can be configured to compute the most suita-

ble salt concentration for different elution steps.

Figure 3 depicts a further chromatography system. The chromatography system de-
picted in figure 3 can be the same as the one depicted in figure 2, whereby the soft-
ware 204 is used not for obtaining a single target protein in a desired amount, but
rather for obtaining two target proteins P1, P2 in a desired ratio.

The components and features of the system depicted in figure 3 basically corre-
spond to the components and features of the system depicted in figure 2. The expla-
nations provided in respect to these features in the description of figure 2 will there-
fore not be repeated.

In contrast to the GUI depicted in figure 2, the GUI 212 generated by the simulation
software 204 and depicted in figures 3 enables a user to specify via data entry field
304 a desired relative amount of two target proteins P1, P2. Optionally, the user
may specify a required minimum purity level for each of the target proteins P1, P2.
The computing of the elution buffer salt concentration 222 that is best suited for
providing a target elution volume comprising the two target proteins in the desired
ratio and, optionally, in the desired purity, comprises simulating a plurality of chro-
matography processes based on a plurality of different candidate elution buffer salt
concentrations, determining the relative amount and optionally also the purity of the
two target proteins in the target elution volume, and outputting the one of the candi-
date elution buffer salt concentrations that is best suited for providing a target elu-
tion volume comprising P1 and P2 in the desired relative amount and purity. each
simulation can comprise predicting an elution profile for each of the proteins P1-P6
based on a given candidate elution buffer salt concentration, and then analyzing the
elution profile of each of the proteins P1-P6 for determining pooling borders of a tar-
get elution volume whose protein content fulfills the user-defined requirements in re-

spect to the relative target protein amount and purity.

Figure 4A depicts GUI 400 enabling a user to select a plurality of different chroma-

tography process simulation models for different aspects of the chromatography
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process. Figure 4B illustrates the aspects of a chromatography process simulated

by the respective model.

For example, the GUI enables the user to select the model “transport dispersive”
from a plurality of alternative column models. A “column model” as used herein is a
model being descriptive of the interrelation of the concentration of each of the pro-
teins, the salt concentration and the pH value in the elution buffer in the interstitial

volume of the column.

The GUI 400 further enables the user to select the model “LumpedRate” from a plu-
rality of alternative pore models. A “pore model” as used herein is descriptive of the
interrelation of the concentration of each of the proteins, the salt concentration and
the pH value in the elution buffer in the pore volume of the stationary phase 228 of

the column.

The GUI 400 further enables the user to select the model “IEC 2015” from a plurality
of alternative reaction models, also referred to as “Isotherm models”. A “reaction
model” as used herein is descriptive of the interrelation of the concentration of each
of the proteins in the stationary phase 228, the elution buffer salt concentration and
at least some of the chemical properties of each of the proteins in the protein solu-

tion.

The different models can be derived from literature and/or can be based on protein
specific model parameters which are determined experimentally.

Figure 4C illustrates the mathematical concepts behind each of the model types that
can be selected via GUI 400 according to one embodiment of the invention in
greater detail. However, alternative models have been published and it is likely that
at least some of the models depicted in figure 4B may be adapted and improved in
the future. Hence, the invention is not limited to any specific model or mathematical

formula described herein for illustrative purposes.

Figure 4D depicts a graphical user interface 402 generated by the chromatography
simulation software 204 and enabling a user to specify details of the chromatog-
raphy column 230 and the stationary phase 228 contained therein. For example, the
user can specify the length and volume of the column 230 as well as the interstitial

column porosity, the axial dispersion, the bead radius and the bead porosity of the
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stationary phase 228. A further graphical user interface 404 generated by the chro-

matography simulation software 204 enables a user to specify model-specific chem-
ical properties, e.g. the ionic capacity of the stationary phase (that corresponds to
the ligand density), the acid dissociation constants of a carboxyl group, of a histidine
group, of an amino group, etc. The data entry fields of the GUI may depend on the
type of model selected by the user via GUI 400.

Figure 4E depicts a GUI 406 enabling a user to specify the type of salt of the elution
buffer, the pH value of the elution buffer, the number and types of proteins com-
prised in the protein solution, as well as one or more protein specific desired abso-
lute or relative amounts, desired purity levels and model-specific or model-inde-

pendent chemical property values.

Figure 5A is an elution plot 500 showing the simulated elution profiles of multiple
proteins P1, P2 and P3 comprised in a protein solution applied on a column. The
proteins P1, P2 and P3 can be, for example, the proteins P1, P2 and P3 described
in greater detail with reference to figures 7A-7D.

Protein P1 is provided as a target protein and a user has specified that P1 should be
obtained in a predefined concentration and a predefined purity. The other proteins

P2 and P3 are non-target proteins. This means, P2 and P3 are considered as unde-
sired contaminants whose concentration should be as low as possible to ensure suf-

ficient purity of P1.

The plot 500 comprises a curve 502 that is indicative of the candidate elution salt
concentration used in the simulation that provides the plot 500. As can be derived
from the plot, the candidate elution buffer is in fact a series of multiple different can-
didate elution buffers with different salt concentrations (“elution steps”). As soon as
the elution buffer salt concentration rises above 0.35 mol/l, the target protein P1 as
well as the non-target protein P2 start to detach from the column and are observable
in the eluate. this can be derived from the respective elution profiles 508 for protein
P1 and 506 for protein P2. Once the salt concentration rises above 0.9 mol/l, also

P3 is eluted as derivable from elution profile 504.
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The chromatography simulation software is configured to simulate (predict) the elu-
tion profiles 504-508 for each of the candidate elution salt concentrations in the re-
spective steps and for determining pooling borders which include an elution volume
whose protein content fulfills the user-defined requirements in respect to the target
protein amount and purity. The determined pooling borders are indicated by the dot-
ted lines 512, 514. The two lines define a target elution volume that comprises the
peak of protein P1. The target elution volume also comprises some amount of pro-
tein P2. However, by stopping the collection of the eluate at pooling border 514, it
can be ensured that the purity of P1 in the target elution volume meets the user-de-
fined purity requirement, because after this point an increasing relative amount of

the non-target protein P2 would be contained in the target elution volume.

The plot depicted in figure 5A was described with reference to an optimization crite-
rion that is directed on a single target protein P1. However, in other use-case sce-
narios, also the protein P2 can be considered as target protein (see for example fig-
ure 6A) and the optimization criterion can be a criterion related to the amount and/or
purity of two target proteins P1, P2 while only P3 is considered as contaminant. In

this case, the pooling borders would be adapted to the new optimization criterion.

Figure 5B depicts predicted results for the yield and purity and for a combined pu-
rity-yield-objective parameter of the target protein P1 in the first protein solution
given multiple different candidate elution salt concentrations. The “purity” indicates a
predicted purity of P1 in the target elution volume given the candidate salt concen-
tration. The “yield” indicates a predicted amount of the target protein P1 in the target
elution volume given the candidate salt concentration. The “objective” is an aggre-
gate value derived from a combination of the predicted amount and purity of P1. For
example, the “objective” depicted in Figure 5B is a “composite objective” computed

as follows:

Single Objective SO = F * (Objective)Power + A, wherein F (“factor”) is a numerical

value, POWER is a numerical value, and A (“addend”) is also a numerical value.

Composite objectives can be generated by combining single objectives by multipli-

cation or addition.
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For example, the following parameters can be chosen: POWER=1,F =1 and A =0.

However, each of these parameters may also have different values.

The objective SO1 computed in iteration 10 for elution buffer salt concentration
0.342544 is the predicted purity of the protein P1 in the target elution volume,
whereby the elution pool volume starts at 135 mL and ends at 147 mL. The pre-
dicted purity SO1 has the value 0.751832. The objective SO2 is the yield of protein
P1 computed in iteration 10 for elution buffer salt concentration 0.342544. The pre-
dicted yield SO2 has the value 0.836734.

A composite objective CO1 can be computed by aggregating SO1 and SO2, e.g.
computing SO1 + SO2. According to another example, a composite objective CO2
is computed as SO1 * SO2.

The results are presented in the form of a table 510. The first column of the table
(“iteration”) comprises an identifier of a candidate elution buffer salt concentration or
a set of candidate elution buffer salt concentrations (for the multiple steps) used as
a basis for a respective chromatography simulation. A further column (“salt concen-
tration”) indicates the candidate elution buffer salt concentration to be used in a par-
ticular elution step. A further column (“purity protein 17) indicates a purity value pre-
dicted for the given candidate elution buffer salt concentration. A further column
(“yield protein 1”) indicates the amount (e.g. concentration) of protein P1 predicted
for the given candidate elution buffer salt concentration. A further column (“objec-
tive”) indicates an objective that is to be optimized (here: minimized) and that is
computed as a function of the predicted purity and the predicted yield of the target
protein P1.

Each row in the table 510 corresponds to one candidate elution buffer salt concen-
tration and a respective prediction. The rows in table 510 are sorted in accordance
to the objective value and the row having the optimum (here: minimum) objective
and hence having the highest purity and yield appears as the first row in the table. In
the example depicted in this figure, a numerical value for “purity” or “yield” as low as
possible means that the purity or yield are as high as possible. This implies that the
candidate elution buffer salt concentration 0.345 of the simulation with “iteration”
number 23 is considered to be the optimum salt concentration for the given protein

solution. As a consequence, the elution buffer that is actually to be used for the
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“real” elution is chosen such that it has the salt concentration of 0.345. There are
also simulations in which a single value is higher, e.g. iteration 10. Here the purity is
higher than in iteration 23, but the yield is lower. The best compromise between Pu-
rity and Yield (Pareto principle) is iteration 23.

Figure 5C depicts a plot 518 with predicted results for the combined purity/yield-ob-
jective parameter of a target protein in the first protein solution given multiple differ-
ent candidate elution salt concentrations. The curve 520 represents the purity/yield
derived objective described with reference to figure 5B. Hence, the plot 518 of figure
5C illustrates the purity-yield objective obtained based on a plurality of different can-
didate elution buffer salt concentrations and respective simulations in the form of a
curve rather than a column of a table 510. The data point 516 indicates that the min-
imum of this objective is obtained at iteration 23 and that the candidate elution buffer
salt concentration used for this particular simulation #23 should be used as the ac-
tual elution buffer salt concentration for obtaining the target elution volume. The elu-
tion buffer salt concentration of the elution buffer step corresponding to the elution
target volume delimited by pooling borders 512, 514 in plot 5A corresponds to the
optimum salt concentration predicted in the simulation with the number #23.

Figure 6A is an elution plot 600 obtained for a second protein solution. The second
protein solution also comprises three proteins P1, P2 and P3. The proteins P1, P2
and P3 can be, for example, the proteins P1, P2 and P3 described in greater detail
with reference to figures 7A-7D.

In contrast to the situation described in figure 5A, both proteins P1 and P2 are con-
sidered to be target proteins. A user specifies via a graphical user interface that he
or she is interested in obtaining proteins P1 and P2 in a ratio of 55:45. In addition,

the obtained target elution volume should be as pure as possible, meaning that the
target elution volume should comprise as little as possible of P3 and any other pro-

tein.

The simulated elution profile of protein P1 is depicted as curve 608, the simulated
elution profile of protein P2 is depicted as curve 606, the simulated elution profile of
protein P3 is depicted as curve 604, and the elution buffer salt concentration steps

are depicted as curve 602. A simulation of the amounts and purities of the two target
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proteins P1 and P2 and of amount-and-purity derived objectives for each of a plural-

ity of different candidate elution buffer concentrations reveals an optimum elution
buffer salt concentration for each of the multiple steps and reveals pooling borders
612, 614 defining a target elution volume that comprises the first and second target
proteins P1, P2 in the desired relative amount and fulfilling the specified purity re-
quirements. In addition, the plot 600 comprises a simulated sum signal 610 being in-
dicative of the total amount of proteins that can be used for comparing the predicted
protein peaks with a total protein peak obtained empirically during the elution pro-

Cess.

Figure 6B depicts predicted results for the yield and purity and for a combined pu-
rity-yield-objective parameter of the target proteins P1 and P2 in the second protein
solution given multiple different candidate elution salt concentrations. The “purity” in-
dicates purity of the respective target protein P1, P2 in the target elution volume pre-

dicted for each of the candidate elution buffer salt concentrations.

The results are presented in the form of a table 617. The first column of the table
(“iteration”) comprises an identifier of a candidate elution buffer salt concentration or
a set of candidate elution buffer salt concentrations (for the multiple steps) used as
a basis for a respective chromatography simulation. A further column (“salt concen-
tration”) indicates the candidate elution buffer salt concentration to be used in a par-
ticular elution step. Further columns (“purity protein 17, “purity protein 2”) indicate a
purity value predicted for each of the proteins P1, P2 for the given candidate elution
buffer salt concentration. A further column (“objective”) indicates an objective that is
to be optimized (here: minimized) and that is computed as a function of the pre-
dicted purities and the predicted relative amounts of the target proteins P1 and P2.

The “objective” (also referred to as “composite objective”) can be, for example, an
aggregate value derived from a combination of the predicted relative amount of P1
and P2 and of the desired purity levels of P1 and P2. For example, the “objective”
CO can be computed from two single objectives SO1, SO2 by adding or multiplying
the two single objectives. For example, CO can be computed as CO = SO1 + SO2
oras CO = SO1 * SO2.

Thereby, SO1 is the purity of P1 in the target elution volume predicted for a given

candidate elution buffer salt concentration, e.g., 1:0.55, whereby the elution target

Received at EPO via Web-Form on Sep 24, 2020



10

15

20

25

30

WO 2021/058132 PCT/EP2020/025433
57
volume has been predicted to start at 112 mL and end at 127 mL. SO2 is 2:0.45 is

the desired purity of P2 in the elution target volume, whereby the elution target vol-
ume has been predicted to start at 112 mL and end at 127 mL.

Optionally, an error between the computed objective CO and a target value can be
calculated using the “reference comparison” cost function which calculates a point-

wise squared deviation between objective and target value.

Each row in the table 617 corresponds to one candidate elution buffer salt concen-
tration and a respective prediction. The rows in table 617 are sorted in accordance
to the objective value and the row having the optimum (here: minimum) objective
and hence having the highest purity and best matching P1:P2 ratio appears as the
first row in the table. A value of the “objective” parameter that is as small as possible
means that the difference between the single objectives and the corresponding tar-
get values is as small as possible. This implies that the candidate elution buffer salt
concentration 0.388 of the simulation with “iteration” number 35 is considered to be
the optimum salt concentration for the given protein solution. As a consequence, the
elution buffer that is actually to be used for the “real” elution is chosen such that it

has the salt concentration of 0.388.

Figure 6C depicts a plot 618 with predicted results for the combined purity/yield-ob-
jective parameter of a target protein in the first protein solution given multiple differ-
ent candidate elution salt concentrations. The curve 620 represents the purity/yield
derived objective described with reference to figure 6B. Hence, the plot 618 of figure
6C illustrates the purity-yield objective obtained based on a plurality of different can-
didate elution buffer salt concentrations and respective simulations in the form of a
curve rather than a column of a table 617. The data point 616 indicates that the min-
imum of this objective is obtained at iteration 35 and that the candidate elution buffer
salt concentration used for this particular simulation #35 should be used as the ac-
tual elution buffer salt concentration. The elution buffer salt concentration of the elu-
tion buffer step corresponding to the elution target volume delimited by pooling bor-
ders 612, 614 in plot 6A corresponds to the optimum salt concentration predicted in
the simulation with the number #35.
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Figure 6D depicts a comparison of a predicted and a measured protein ratio of P1
and P2 obtained for the second protein solution. The predicted concentration of pro-
tein P1 in the target elution volume delimited by pooling borders 612, 614 is pre-
dicted to be 51% based on a candidate elution buffer concentration of 0.388 mol/liter
5 used in simulation #35. The empirically measured concentration of P1 in the target

elution volume when an elution is performed with an elution buffer having a salt con-
centration of 0.388 mol/liter is 56%. Likewise, the predicted concentration of protein
P2 in the target elution volume is 49%. The empirically measured concentration of
P2 in the target elution volume is 44 %. Hence, the accuracy of the predicted con-

10  centrations in a target elution volume defined by the predicted pooling borders is
very high.

Figure 6E depicts the empirically obtained resolution of proteins P1, P2 and P3. The
plot 624 illustrates the optical peaks 626, 628, 630 induced by the elution of the re-
spective proteins P1, P2, P3. As can be inferred from the plot, the peaks of P1 and
15 P2 strongly overlap. The resolution R for the two proteins P1, P2 in a gradient of 40
column volumes at a protein load of 45¢g/liter was observed to be about 0.43, i.e.,
very low. Embodiments of the invention may be used for obtaining two or more pro-
teins in a desired ratio even in case these proteins have a low resolution value and
without the need to separate the two proteins first and then re-combining the pro-

20 teins in the desired ratio.

Figure 7 depicts an example of two target proteins P1, P2 and a further protein P3

that is considered to be an undesired contamination.

Figure 7A shows an illustration of a protein 700 “bsGant” consisting of a brain shut-
tle molecule referred to as “BSM” that is linked to an antibody referred to herein as
25 “Gant’. A brain shuttle molecule is a molecule that is able to increase penetration of
large molecules such as antibodies into the brain. Access of large molecules to the
brain is restricted by the blood brain barrier (BBB), a gatekeeper between the blood
and the brain tissue that carefully filters which molecules can enter the brain. Some
antibodies engineered by the applicant are able to cross the blood brain barrier by
30 binding to one of the protein receptors located on its surface. A brain shuttle mole-
cule can potentially transport one or more therapeutic molecules into the brain, re-

gardless of their intrinsic ability to cross the blood brain barrier. The bsGant protein
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is described in detail in the international patent application WO 2017/055540 which

is incorporated herein by reference in its entirety.

The “bsGant” antibody is a monomeric Immunoglobulin G (IgG) Fc-fusion protein.
The cell culture used for producing the “bsGant” antibody produces this antibody in
three different variants differing in their extent of Fab glycosylation. The Fab glyco-
sylation is not complete, leading to a mixture of non-glycosylated, mono-glycosyl-

ated and di-glycosylated antibodies.

According to embodiments, the one or more target proteins are different glycoforms
of a monomeric bsGant protein (as defined above).

According to one example, one or more target proteins are different glycoforms of
the bsGant “antibody 0015” described in the patent application WO 2017/055540.
This antibody is a bispecific antibody comprising a light chain that has the amino
acid sequence of SEQ ID NO: 01, a heavy chain that has the amino acid sequence
of SEQ ID NO: 02, a light chain that has the amino acid sequence of SEQ ID NO:
03, and an antibody Fab fragment comprising the amino acid sequences of SEQ ID
NO: 04 disclosed in WO 2017/055540. SEQ ID NO: 01 relates to a 215 aa residue
polypeptide corresponding to the not-domain exchanged light chain of the N-termi-
nal fabs, SEQ ID NO: 02 is a 455 aa residue polypeptide corresponding to the two
heavy chains, SEQ ID NO: 03 is a 215 aa residue polypeptide corresponding to the
domain exchanged light chain fab fragment of the additional C-terminal fab frag-
ment, and SEQ ID NO: 04 is a 229 aa residue fragment corresponding to the do-
main exchanged heavy chain fab fragment of the additional C-terminal fab fragment.

Figure 7B shows the di-glycosylated antibody variant, also referred herein as “Pro-
tein P17

Figure 7C shows the mono-glycosylated antibody variant, also referred herein as
“Protein P2”.

Figure 7D shows the non-glycosylated antibody variant, also referred herein as
“Protein P3”.
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The close elution conditions of the three variants impose a particular challenge on
the chromatography protocol used for separating and/or further purifying desired an-
tibody variants.

Differences in the glycosylation pattern in the Fc-region of an antibody can lead to
differences in conformation, pharmacokinetics as well as binding characteristics.
Glycosylations of the Fab-region can influence ligand binding strength and tissue
penetration. Therefore, glycosylation pattern is of special interest for a plurality of
antibodies used in the medical domain. The glycosylation pattern may depend on
the expression vector, cell line, cell culture mode as well as cell culture conditions,
the purification process and other factors. As glycosylation variants may differ only
slightly in the charge, the separation using ion exchange resins is possible but elu-

tion conditions have to be optimized.

Applicant has observed that the protein load density applied on a chromatography
column is a further critical process parameter influencing the product pool composi-
tion. Embodiments of the invention may allow obtaining a desired ratio of antibody

variants, e.g. a ratio of P1:P2 of 55:45, that is pharmaceutically particularly effective.

The challenge of separating a protein solution comprising the three proteins P1, P2
and P3 is that the product pool (“target elution volume”) should contain a ratio of P1
to P2 of about 55%:45%. The vyield of this separation is limited because of this rela-
tive amount criterion as the protein solution contains more than 50% of P2 (see Ta-
ble 1). Protein P3 in this case is a product-specific impurity, namely the protein 700

protein without glycosylation.

Applicant has observed that the relative and absolute amounts of the proteins P1,
P2 and P3 in the protein solution to be applied on the column may vary significantly
from case to case and that this may impose a further challenge as a chromatog-
raphy protocol that worked well for a particular protein preparation may fail to sepa-

rate the proteins on a different preparation of these three protein variants.

For example, a protein solution comprising selectively the three proteins P1, P2 and
P3 can be obtained by harvesting a cell culture genetically engineered to produce
the protein 700 in the three glycosylation variants. All glycoforms were captured on

a Protein A resin which was equilibrated before loading. The load density of the raw

Received at EPO via Web-Form on Sep 24, 2020



WO 2021/058132 PCT/EP2020/025433
61

protein extract was 23 g protein per liter resin. The antibody was eluted and after a
viral inactivation step the pH of the eluate was increased again and the solution was
incubated overnight at 4°C and filtrated over a 0.2 um sterile filter. The filtrated Pro-
tein A eluate was used as the load material to a mixed mode chromatography resin.

5  To remove protein impurities, the mixed mode chromatography resin was used. The
column was equilibrated before loading. The load density was 25 g protein per liter
resin and the flow rate 150 cm per hour. Afterwards the pH of the flow through elu-
ate was decreased and the pool was filtrated over a 0.2 um sterile filter.

The approach was repeated multiple times on six different cell culture extracts and
10  the respectively obtained protein solutions to be applied on a cation column are
summarized in “table 1” below:

Variant P1 [%] Variant P2 [%] Variant P3 [%]

Protein solution 1 36.2 50.8 13.0
Protein solution 2 38.5 52.0 9.5
Protein solution 3 34.2 52.5 13.3
Protein solution 4 98.0 2.0 0.0
Protein solution 5 2.4 97.6 0.0
Protein solution 6 0.0 3.5 96.5

To isolate the single glycosylation variants, the PorosXS pool was diluted with water
and reprocessed using a PorosXS resin in bind and elute mode at high protein load
15  density. The column was equilibrated with 376 mM sodium acetate pH 5.5 and the
load density was 80 g per liter resin. The flow through was fractionated and ana-
lyzed. The fractions at the beginning of the flow through contained variant 1 with a
purity of 98.0% (protein solution 4). To eluate the variant 2 and 3 a gradient from
376 mM sodium acetate pH 5.5 to 616 mM sodium acetate pH 5.5 in 6.25 CV was
20 used. The elution peaks contained variant 2 with a purity of 97.6% (protein solution

5) and variant 3 with a purity of 96.5% (protein solution 6).

Glycosylation variant analysis was performed by injecting 100 pug sample on an ana-
lytic cation exchange chromatography column (Mono S 5/50 GL, GE Healthcare)
with a salt gradient elution at pH 5.3 at 1 ml/min flow velocity. Previous peak identifi-

25 cation was done by mass spectrometry.
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The system and resin parameters required for mechanistic modeling of various

model parameters of the models 206-210 were determined by pulse experiments
with different tracers like described in A. Osberghaus, S. Hepbildikler, S. Nath, M.
Haindl, E. von Lieres, J. Hubbuch, Determination of parameters for the steric mass
action model--a comparison between two approaches, Journal of Chromatography
A, 1233 (2012) 54-65. A latin hypercube sampling of size 1000 was performed to
study the impact of process parameters (pH value, load composition, salt concentra-
tion of the elution step) on the impurity profile in the elution pool. For varying load
density, the injection volume was changed. The simulations were performed with 5
second time steps, 30 axial cells, 5 cm column length at a flow rate of 300 cm/h us-
ing ChromX. For each in silico experiment impurity profiles and elution profiles of the
individual proteins in the elution pool were calculated using a pooling decision with
fixed volume. The results were analyzed in MATLAB using linear regression analy-
sis with impurity pool concentration as dependent and process parameters as inde-
pendent variables.

Figure 8A shows a plot 802 illustrating the impact of protein load on the relative pro-
tein composition in the elution target volume. Assuming an elution buffer salt con-

centration of 40%, the relative amount of protein P1 in the eluate at different protein
loads is illustrated in curve 802. The relative amount of protein P2 in the eluate is il-

lustrated in curve 804.

Figure 8B shows a plot 808 illustrating the impact of the elution buffer salt concen-
tration on the relative protein composition in the elution target volume. Assuming a
total protein load of 45 g/L applied on the column, the relative amount of protein P1
in the eluate at different salt concentrations is illustrated in curve 810. The relative
amount of protein P2 in the eluate is illustrated in curve 812. Embodiments of the in-
vention allow computationally identifying an elution buffer salt concentration that is
specifically adapted to the amount and type of the individual proteins loaded on the
column, thereby significantly improving the ability to predict the elution profile of
each protein and to collect target elution volumes comprising the desired proteins in
the desired amounts and the desired purity.

Empirical tests have shown that the chromatography method according to embodi-

ments of the invention is able to predict desired pool compositions and therefore

Received at EPO via Web-Form on Sep 24, 2020



10

15

20

25

30

WO 2021/058132 PCT/EP2020/025433
63

product qualities which can be important for molecule characterization and the defi-

nition of the process design space.

Figure 9 is a plot 900 illustrating the compensation of the impact of the protein load
by adapting the elution buffer salt concentration. The chromatography simulation
software was used for computationally predicting, for each of a plurality of increas-
ing amounts of protein loaded on the column (x-axis), the elution buffer salt concen-
tration 902 that was able to provide a target elution volume comprising the two tar-
get proteins P1, P2 at a desired ratio of 55:45. As can be derived from plot 900, the
predicted curves 904, 906 being indicative of the relative amounts of the two target
proteins P1, P2 are basically identical to the empirically measured relative amounts
910, 908. The predicted elution salt concentration was able to ensure that irrespec-
tive of the protein amounts obtained by preparing the cell culture protein extract and
the pre-purification steps (which may vary significantly from case to case), a con-
stant, desired ratio of the two target proteins P1 and P2 were comprised in the tar-

get elution volume.

Applicant has observed that simulating and selecting the elution buffer salt concen-
tration in dependence to protein load may significantly increase simulation accuracy
and allow identifying a salt concentration that supports an optimization criterion for
many types of target proteins. Applicant has observed that both the protein load
density and the salt molarity have a strong impact on the elution profile of a protein.
By combining this knowledge, the salt concentration can be used as a process
steering parameter chosen specifically for individual protein load densities. Optimi-
zation of the elution salt molarity in dependence of the protein load density may also
allow ensuring a constant product quality.

Figures 10A-C depicts the effect of the elution buffer salt concentration on the elu-

tion profile of two proteins P1, P2.

For example, a first simulation can assume a low elution buffer salt concentration as
depicted in figure 10A. The elution buffer is not able to separate the proteins P1 and
P2 completely or in accordance with a desired protein ratio provided as optimization
criterion. Both proteins are eluted in the column cleaning (CIP) step. The eluate ob-

tained in the “pooling” phase is basically free of the proteins P1 and P2.
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A second simulation can be based on a high elution buffer salt concentration as de-
picted in figure 10B. This elution buffer is also not possible to separate the two pro-
teins completely or to provide an eluate comprising the two proteins in a desired ra-
tio. The eluate obtained in the pooling phase comprises a large amount of both pro-

5 teins P1 and P2, but not in the desired ratio (assuming that the desired ratio is other
than 1:1).

A third simulation can be based on a medium elution buffer salt concentration as de-
picted in figure 10C. This elution buffer separates the two proteins completely. The

eluate obtained in the pooling phase comprises a large amount of protein P1 and is
10  basically free of protein P2.

In case the desired ratio of P1:P2 is e.g. about 1:2, the simulation software can be
configured to perform further simulations based on several different elution buffer
salt concentrations being lower than the one depicted in figure 10B but higher than
the one depicted in figure 10C to obtain predicted elution profiles for the proteins P1
15  and P2 and to identify the one of the salt concentrations providing a pooled elution

volume whose P1:P2 protein ratio best matches the desired ratio.
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