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PRE-PROGRAMMED NON-FEEDBACK CONTROLLED
CONTINUOUS FEEDING OF CELL CULTURES

This appheation claims the benefit of U.S. Provisional Application No. 61/535 809

filed Septemiber 16, 2011, which is incorporated by reference heremn in its entirety.

FIELD OF THE INVENTION

The instant disclosure relates to methods of feeding a cell culinres that are continuous
and provide enbanced cell growth and protein expression but do not rely on feedback control

to adapt to changing neads of the cell cubiwre.

BACKGROUND OF THE INVENTION

Manunalian cell culture is widely ssed in the pharmaceutical and biotechnology
industries for the manufacture of recombinant therapeutic proteins. The need o improve cell
culture vield has increased remendously in the last decade due to the growing market for
protein therapeutics and an ongoing effort to improve production efficiency and to reduce the
cost of goods manufactured. Chinese bamster ovary (CHO) cells are commonly used for the
production of therapeutic proteins such as monocional antibodies, antigens and other

specialized protetn modalities.

The prodoction of proteins psing mammalian cells typically involves a fed-batch
process, a process in which a nuinient supplement is fed to the cells throughout production
that sapports the cells’ growth, metabolism and synthesis of a desired protein product. The
agrent industry standard for cell caltare fed-batch feeding processes is bolus feeding. Ina
bohss feeding process, natrients are provided to the cells w intermittent discrete additions at
various time pomts throughowt the cell culture production. The bolus feeding provess is
simplistic tn its approach, as it is confined by the practicality of maneal feeding operation,

which is one reason it is commonly employed.

Bohss feeding has several disadvantages, however, the foremost disadvantage being
the inability to provide the precise nutrient quantities that the cells actually need.  Stated

another way, bolus feeding s not wilored o the specific needs of the cell colture and
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consequently some mutrients may be provided v higher quantities than the cell culture
requares, while other mstrients mav be provided at fevels less than those the cells requare.
Thus, while simplistic it methodology, the belus feeding approach can lead to overfeeding,
which consequently feads to overflow metabolism that results in an accumudation of waste
byproducts, such as lactate, that are not supportive of cell growth or biosvuthesis and may

actually inhibit the growth of the cells.

Another disadvantage of a bolus feeding process in a manufactwring scenario is that
bolus feeding processes have inherent sources of variability that may cause differences in cell
culture performance. Omne such sowrce 13 the variabiity in the tinuing of perfonming the
feading operation on a required feeding day. Yet another source of variability associated
with bolus feeding 15 the rate at which a nutrient stream 1s administered into the bioreactor.
Separately or together, variations in the tume at which feedmmg is performed and the rate at
which the cells are fed can affect the characteristics and production of a wiven cell culture
from run to run. Still another disadvantage associnted with bolus feeding is that iis typrcally
a manual operation that needs {o be performed by an operator. The lack of autoniation can
consume fnaman and financial resources and represents vel another source of variability,
namely subtde differences nroduced nto o manufacturing process doe 1o a lack of
consistency between operators or, if the operator yemans the same, uncontrollable operator-

niroduced variation.

The disadvantages of bolus feeding can be overcome through the use of a continmuous
feeding process. Continuous feeding processes can be desigbed to better meet cellular needs
by continuously feeding smaller amounts of nutrients to the culture over time, rather than in
targe single bolus additions. In doing so, the nutrient concentrations can be controlled and
maintaimed at wmore optimal levels for cell growth, thereby preventing overfesdmg,
nunbniang the generatton of unnecessary waste prodects and mabtaimng undisrapted
pseudo-steady state fevels. Employing a continuous feeding operation can alse ehiminate the
vartabihity tn the tming and the rate of feeding assoctated with a bolus feeding operation,
since these variables are sutomation controlled in a continuous feeding process.  Operator

intervention is also eliminated by using a continuous feeding protocol.

While others have demonstrated dilferent forms of this approach, such approaches
still introduce the possibility of uperator error. For example, Hu and Europa (U S. Patent No.

6,156,570y demonstrated a continuous feeding strategy that improved productivity. However,
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this continuous feeding strategy for manmalian cell cultures relies on equipment feedback

countral, which can introdace variability nto a feeding process.

Summarily, a drawback conmmon to all of these methods is the fact that they all rely
on some sort of instrument-oblained feedback in order to manage the process. What is
needed, therefore, 15 a method of feeding a celt culture that can be tatlored to the specific
needs of a given cell calture, can be automated and does not rely on instrument-mediated

feedback to control the nutrients delivered to the cell cultwre,

SUMMARY OF THE INVENTION

A method of continucusly feeding a manmalian cell culture that does not employ
feedback control is provided. In one embodiment the method comprises {a) providing a
vessel comprising o mammalbian cell culture comprising mammahan cells and media; (b)
determining preferved values for the consumption rate (K,) of a nutrient, growth rate (Kiu)
and growth rate {Ki») of the cell culture: (¢) providing an apparatus adapted to mwpart a
continuoas feed stream to the cell culture, wherein the appavatus comprises a controller
maodule adapted to continvousty feed the culture at a flow rate F, wherein F is defined as
K;exp(i{ggt?‘ + Kot tis the duration of time from the time the feed stream is added to the
bioreactor to the time when the feed stream i3 stopped; and Ky, Ky and Ky ave the values
determined in (b); and (d) acuvating the controller module to tutiate continsous feeding of
the cell culture. In one embodiment K, Ky and Ky ave empivically determined. In another
embodiment K, Kay and K;; are modeled. In a further embodiment the controller module
comprises a computer.  In still another embodiment the fead stream comprises mtiple
nutrients.  Tn a further embodiment the osmolality of the cell culture remwins constant
throughout the method. In another embodiment the nuirient fed to the culture 15 glocose, In
other embodiments the mammalian cell cultwe s a CHO cell cultwre.  In a further
emboediment the controlier modude is activated in response to a preselected lactate level in the
cell culture, while 1 another embodiment the controller module is activated in response to a
preselected glucose level in the cell culture.  In vet another embodiment the controller
modale is activated 11 response 1o a preselected level of an anuno acid, such as asparagimes or

clutanune. In sull & forther embodiment the feed stream comprises two or more nutyients.

(3]
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DESCRIPTION OF THE DRAWINGS

Figure 1 13 a plot showinyg the tighiness of fit of a feeding function compared with the

cell culture nutrient requivements of Cell Line 1.

Figure 2 is a plot depicting the ghicose contimious feeding rate and volume
accumalation trends tested for Cell Line 1; open shapes are glucose flow rates and shown on
the left Y-axis and solid shapes are cumulative glucose volume fed and shown on the right Y-
axis; open tmangles (A) and solid tniangles (&) are the contimous ghucose flow rate and
volume accumulation, respectively, for Ky = 0.0504, Ky = -0.00015, Ky = 0.0331, while
open diamonds (¢ and solid diamonds (#) are the continnous ghicose flow rate and volume,
respectively, for Ko = 0.04, Ky = 000015, Kay = 00348, and open squares {1 and solid
squares {m) are the continuons glucose How rate and volume, respectively, for K= 0.062, Ky

= 000015, Koy = 00288,

Figure 3 is a plot depicting the feed flow rate and volume accumulation trends iested
for Cell Line 1; open shapes are feed flow rates and shown on the left Y~axis and solid shapes
are cunutdative feed volume fed and shown on the night Y-axis: open diamonds (0} and solid
diamonds (¢} represent the conunuous feed fow rate and volume, respectively, for Ky =
0.50499, Kuy = -0.000135, Ko = 00348, while open wangles {A) and solid mangles (A)
represent the continuous feed flow rate and vohume, respectively, for Ky = 0.96678, Ky = -
000015, Ky = 0.0288, open circles (©) and sohid circles (@) represent the constant feed flow
rate of 2873 mlbthr and its cumulative volume, respectively, and solid squares (m) represent

the curnulative volume trend of the control bolas feed.

Figures da-4d are a series of plots related to expertments imvelving Cell Line 1, and
more particularly Figure 4a is a plot showing residual glucose, Figare 4b is a plot showing
osmolality, Figure 4¢ 15 a plot showing cell viability, and Figure 4d is a plot showing
integrated viable cell density; open ircles (m)represent control with bohws glacose and feed,
open squares (1) represent continuous glucose (K= 0.04, Ky = -0.0001 5, K = 0.0348) with
holus feed, stars (*) represent continuous glucose (K, = (1.062, Ky = -0.00015, Ky = 0.0288)
with bolus feed, solid triangles (A) represent continuous glucose (K = 00504, Ky = -
(LO001S, Koz o= 0033 1) with contingous fead (K = 0.59490, Koy = -0.0001 5, Koz = 0.400348),
solid diamonds (#) represent contingous glucose (Ky = 0.0504, Ky = -0.00015, K = 0.0331)

with constant {eed (2.875 ml'hy), and solid cucles (@) reprasent continuous glucose (K =
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00504, Ky = <0.000135, Kaa == 0.0331) with continuous fead (K = 096678, Ky = «L0001S,

Kiaa= 0. 0288).

Figures Sa-3¢ are a series of plots related to experiments mvolving Cell Line 2, and
more particularly Figure 5a is a plot showing residual glucose Figure 3bh is a plot showing
wiegrated viable cell density, Figure 3¢ 15 a plot showing titer; stars (%) represent control with
bolus plucose and feed, open diamonds (0) represent continuous glacose (K = 0105, Ky = -

0.000051, Ky = 0.0155) with bolus feed. open triangles () represent continuous glucose (K

= (1069, Ky = 0000048, K = (0.018) with bolus feed, solid tnangles (A) represent
continuous glacose (Ky = 0.105, Kay = -0.00005%, Ky = 0.0155) with contimuous feed {K; =

11320, Ky = ~0.000051, Kz = 0.0155), solid diamonds (#) represent continuous glucose (K,
= 0105, Ky = 0000051, Ky = 0.0133) with conthmous feed (K; = 08965, Ky = -
4.000051, Ky = 0.0155), solid circles {#) are contimuouns glucose (K; = 105, Ky = -
000031, Ky = 0.0155) with continwous feed (K = 1.9056, Ky = -0.00006, Ky = 0.0092),

and solid squares (m) are continuous glucose (K; = 0,103, Ky = -0.000051, Ky = 0.0155)

with continuous feed (K = 2.3821, Ky = -0.00006, K;; = $.0092).

Fizures 6a-6d are a series of plots related to experiments mvolving Cell Line 2, and
more particularly Figure 6a is a plot showing titer, Figure 6b is a plot showing volumetric
productivity, Figure 6¢ 15 a plot showing viability, and Figure 6d 13 a plot showmng tegrated
viable cell density; open diamouds {0} represent continl with bolus glucose and feed {600 mL.
total feed), open triangles (A) represent continuous ghucose (K= G215, Kiy = -(L00GGO3 Kx
= .003) with bolus feed (600 mL towal feed), solid triangles (&) represent continuous
ghucose (Ky = 0215, Ky =-0.000003, Ko = 0.003) with continuous feed (K; = 1 8744, Ky
= S(L000003, Ky = 0.003) (544 mL total feed), and solid diamonds (¢) represent continuous
ghucose (K = 0213, Kay = -0.000003, Kax# G.003) with coptinuous feed (K = 2.0827, K
= {1 QO0003, Ky = 0.003) (600 ml, totad feed).

Figuwres 7a-7d are a series of plots related to experimients involving Cell Line 2, and
more particalarly Figure 7a 1s a plot showing titer, Figure 7b ix a plot showing volumetric
productivity, Figure 7o is a plot showing viability, and Figure 7d i3 a plot showing mtegrated
vigble cell density; open triangles (A) represent control with bolus glucose and feed (600 ml
total feed), open circles (¢} represent bolus glucose with continuous feed (K; = 2.6503, Ky =

-0.600003, Ky = 0.003) {600 mL total feed), and open square (o) represent bolus glucose



WO 2013/040444 PCT/US2012/055552

Figures 8a-8b are a series of plots related to experiments mvolving Cell Line 3, and
more pavticularly Figure 8a s a plot showing tter, and Figure 8b 15 a plot showing specific
productivity, open triangles (A) represent control with bolus glucose and feed, and open
diamonds () represent bolus glucose with continuous feed (K = 2.7233, Ky, = 0000003,

Koy = 0.003) from day 4 10 day 8 totaling 300 ml. same volume as the controf feed.

DETAILED DESCRIPTION OF THE INVENTION

Unless otherwise defined herein, scientific and techmical termis used in conpection
with the present appheation shall have the meamngs that are commonly understond by those
of ordinary skidt in the art. Further, uniess otherwise required by conitext, singular terms shall
include plurahties and plural ternys shall include the singular.

Generally, nomenclatures used i connection with, and techniques of, cell and tissue
culture, molecular biology, immunology, microbiclogy, genetics and protein and nucleic acid
chemisiry and hvbndization described hervemn are those well known and commonly used in
the art.  The methods and techmiques of the present applicabon are generally performed
according to conventional methods well knows in the art and as described in various general
and more specific references that are ciied and discussed throughout the present specification

unless otherwise ndicated.  See, e g, Sambrook e ¢l Molecular Cloming: A Laboratory

Manual, 3 ed.. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N'Y. (2001 and

subsegquent editions, Ausubel e @/, Cumrent Protocols i Molecular Biology, Greene

Publishing Associates (1992), and Haslow & Lane, Aptibodies: A Laboratory Manual, Cold

Spring Harbor Laboratory Press, Cold Spring Harbor, N'Y. (1988), which are incorporated
herein by veference.  Enzyvmatic veactions and purification techniques ave performed
according to manufacturer’s specifications, as commonly accomplished m the art or as
described herein. The terminology used in counection with, and the laboratory procedures
and technigques of, analytical chenustry, synthetic organic chemistry, and medicinal and
pharmaceutical chenustry described herein are those well known and commonly used m the
art.  Standard  techniques can be used for chemical svntheses, chemucal analyses,
pharmaceutical preparation, formulation, and delivery, and treatment of patents.

It should be understood that the instant disclosure is not limued to the particular

methodology. protocels, and reagents, etc., described hersin and as such can vary. The
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terminology used herein is for the purpose of describing particalar embodiments only, and 1s
not ntended to ot the scope of the present disclosure.

Other than in the operating examples, or where otherwise indicated, all mumbers
expressmg quantities of mgredients or reaction conditions used herein should be understond
as modified in all mstances by the term “aboul.” The term “abowt™ when used n comection

v

with percentages can mean £3%, e.g., 1%, 2%, 3%, or 4%,

To meet the need for & continneus feeding method that does not rely on mstrament
feedback to control the process, such 2 feeding method is provided. In one aspect, the
disclosed methad 15 based on a model of the cell growth and substrate consumption of a cell
culturg.  The disclosed method provides a feeding rate function with three parameters
representing the specific substrate comspmption rate and specific growth vate; all three
parameters can be optimized for a given culture, and can be optimized for all CHO cell lines.
The optimized function is used in the continuvous feeding alporithm to control cell culture
feeding to fit a desired profite. Such a feeding strategy can be pre-programmed and non-
feedback controlled during an entire protein production process.  Thus, no imputs from
instruments or other forms of measurements are needed to control or adjust the feeding. It
can be applied to all types of nutrient feeds, such as glucose feeds and muxture feeds. As
demonstrated herein, the disclosed continuous feeding method can improve cell viabiluy, cell
devsity, and productivity of a given cell colture. The feeding rate function can also be tuned
to achieve hmited carbon feeding and thereby reduce bvproduct waste, such as lactate and
ammonium.  The disclosed continnous feeding method is superior to boles feeding in
mumerous ways, inchuding enhanced cell culture performance, better run consistency, the
ehmination of feeding operation vartability snd the elimination of the need for manual
feeding operation. This continuous feeding strategy 13 an mproved and viable alternative to
conventional bolus feeding, and reduces or eliminates the variabilites associated with the

conventional bolus feeding approaches commaonly emyployed.

fu one aspect, the instant disclosure provides methods of continuously feeding a cell
culture, such as a culture expressing a desired molecule. in one embodiment, the method
provides a feeding function, which governs the rate and volume of nutrients provided to a
growing cell culture. The feeding function can be derved as shown herein; individual

variables appeaning n the feeding function can all be measured for a given culture.
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Broadly, the development of a feeding function for a given calture incorporates three
pavameters that describe the nutrient conaipnpiion and growth parameters, (K, Kiy, and K,
which are deternmined so as to match and satisfy the growth requirements and substeate
consumption charactenstics of a given cell culture. Another vaniable in the feeding function
15 the duration of the feeding, (1), which dictates the total amount of volsne o be fed and can
alse be determined so as to match and sausty the growth requirewents and substrate
consumption  characteristics of the cell culiwe. By delermiming these parameters,
mcorporating them mio a feeding function, and associating the feeding function with
appropriate hardware, fully actomatable continuous feeding methods, which wmprove

performance over bolus feeding, are aclieved,

The disclosed methods can be applied to the manufacture of any protein-based
molecule, such as a protein of any length, {eg.. a therapeutic protein), an antibody, a
peptibody, a hemibody, a molecule comprising one or more non-natueally occwrring or
encoded amino acids (such as an antibody or a therapeutic protetn), a peptide, an Fo fusion

protein, an SCFy, a smgle chiain antibody, eic.

The disclosed methods can also be employed on any scale desired, from bench scale
feg. ~1, 2.3, 4,5, 6,7, 8, 9, 10 or 50 lter cultzmes) to small scale mamudactaring {eg. ~100,
200, 300, 400, 500, 1006, 1500 or 2000 liter coltures). Tn a particularly desivable form, the
disclosed methods can be applied at industiial scale (e.g, ~5000, 7300, 1000G or 15,000
fiters).  The advantages of the disclosed methods, including cost savings, will be most
pronounced at the industrial scale, but are apparent regardless of the scale of production

which the methods are applied.

Any media that supports cell growth can be employed i the cell cultures and the
methods of the disclosed invention. In one embodiment, the media can comprise serum,
while in another embodiment the media can be seram-free.  In various embodiments the
media can be supplemenied with one or more anino acids. In one embodiment the media is a

chencally defined madia.

Definitions

{4
i,

Following convention, as used herein “a” and “an™ mean “one or more” unless

specifically indicated otherwise.



WO 2013/040444 PCT/US2012/055552

The tenms “polyvpeptide™ oy “protein” are used mteschangeably herein to refer to a
polymer comprising anuno actd residues. The terms also apply 0 amino acid polymers i
which one or more amino acid residges is an analog or mimetic of a corresponding naturally
oocwring amino acid, as well as to naturally occwrring aming acid polvmers. The terns can
also encompass amino acid polvmers that have been modified, e.g., by the addition of
carbohydrate residues to form glvecoproteins, or phosphorylated.  Polypeptides and proteins
can be produced by a naturally-ocawring and non-recombinant cell, or polvpeptides and
proteins can be produced by a genetically-engineered or recombinant cell. Polypeptides and
proteins can comprise molecales having the anino acid sequence of a native protem, or
molecules having deletions from, additions to, andior substitutions of one or more anuno

acids of the native sequence, including substitution with non-naturally occurring anupo acids.

Derivation of a Feeding Function

A component of the provided non-feedback controlled continaous feeding methods 18
a feeding Tunction that 1s tatdored to the unique growth requareruents and properties of a
mammalian cell culture (g, & CHO, NSO, BHK21, PERC6 or HEK 293 cell culture) of
intergst, for example a cultwe being grown for example for the purpose of expression a
protein of nterest.  The feeding function incorporates the nutrient requurement profile(s) of
the culture i the aim to promote growth, biosynthesis and reduce byproduct formation. In
one aspect, the feeding function can be considered to be an expression of the optimal
mtritional requirement(s) of the cultire at any pownt i time over the cowrse of a cell colture
growth profile. By having an expression of the nuintion requirement(s) of a culture as a
function of time {{.¢., a feeding function) the need for my feedback conirol is eliminated, as
the data that such instruments would provide is already known and incorporated into the
feeding function. The feeding function also allows for fully avtomated operation of a cell
culture growtly; once the feeding formala is positioned to control the nutrient stream(s) into a
bioreactor containing the cell culivre and an imtiation signal 13 provided, the entire cell
growth process i3 controlled by the feeding fumction and no additional imtervention is

required,

The feeding function takes into account multiple variables, including the inlet flow

tate of the substrate (F), the mutial nuttient concentration mn the bioreactor (Sy), the nutnent
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stock concentration (S,), the max cell density to nutnient yield (¥, the specific growth rate

{1}, the cell density (X}, and the volume of the bioreactor (V). All of these variables can be
readily determined by measuning and calculating each parameter for a particular culture. The
inlet flow rate of the substrate (F) is the feed rate at which the substrate s being administered
to the bioreactor. The mitial bioreactor nuirient concentration (S;) is the concentration of the
substrate at the time that the continuous feeding is going {0 be mitiated.  This can be
measured with a media sample using an off-line nuinent analyzer. The mutrient stock
concentration {S,) 1s the concentration of the substrate m the hiquid reservorr that the

continuous feeding s adpumistering from. The max cell density to nutrient yield (X7} is the

peak pomnt of total cell density divided by the {otal substrate consumed at that point. The cell
density (X) 1s the viable cell density 1 the culture measured by a cell counter. The specific
growth rate {y) 1s described as the rate of cell growth at a given time point divided by the

viable cell density at that time point. The w can be calculated using the relationship:

n(—=)
4 = ——>te where X; and X, are the final and initial viable cell densities, respectively, and
{t, =)

t» and {; are the final and initial times, respectively. The volume of the bioreactor (V)
consisis of the total colture volume at any given time 1 the bioreactor, In one embodiment

. : . . ) . . . s 2, N . . ) ;
the feeding function takes the form of F = Kiexp{Ka U +Kth and s devived as shown below.

The mass balance of a given nutrient in the bioreactor 1s deseribed by Equation (1),

where F is the mlet flow mate of the nuirient, S; is the inttia! nutrient concentration i the

bioreactor, S, is the nutrient stock concentration, ¥

is the max cell density to nutrient vield,

SN

u1 18 the specific growth rate, X is the cell density, V is the vohanme of the bioreactor,

daS XV RS Sy
dt ¥ ¥

e

{1)

Assuming steady state nutrient concentration in combination with continuous feading,

the equation reduces to Equation (2),

[E e .
Fraods  ypes )
{Se— 84 ’

10
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. . P2 o : PR
where the specific nulrient consumption g, =-— and cell growth s desenbed by XV =

NVie™ X;and Vi are the initiaf cell density and bioreactor volume, respectively, at the start

of the feeding. Equation (2) sumplifies to Equation (3) below,

where

. S

LS8 W
K, =1 {5)

Equation {3} i3 not applicable for cell cultare growth bevond the exponential phase,
however, since cells will enter stationary phase and then quickly wito death phase. Therefore,
a function for decreasing feeding once the cells are m the death phase is required. In
experiments performed in the development of the disclosed method 1 was observed that
when the specific growth rate (i) s plotted over the span of an entire production the specific
growth rate p decreases over time lor CHO cells. This was found to be consistent for each of
the puluple cell limes studied. Fitting a linear trend fo the p versys time shows good fit, and

thus the g can be represented by the linear equation

K, =Kyt Ky, (@

A RAY Ay -

where Ky is always pegative, Kox i always positive, and Kl »» Ko, Substituting

Equation {6} into Equation (3 generates the feeding function
F = Kiexp(Kot+Kat) 9

Equation (7) forms the basis for all the continnous feeding design and experiments.
Equation (7} gives cwrvature {o the feeding profile so the wend does not just rise
exponentialty.  Since the ferm Ky is always negative, with increasing time the entire
Kot +Kt term can become negative and the feed trend will then decrease. Ky amplifies the

magmitude of the entire feeding trend as the value gets greater.

< be-a

With respect to Ky, i Equation {(4), ¢ i3 asswmed fo be a constant valug over the

entire production. g 1s the specific substrate consamption rate such as for glucose. It is

11
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calcudated by dividing the specific growth rate () by the the max cell density to substrate

yield (¥ ). These terms are described above. The constant q, was studied with respect to

ghicose for maltiple cell lines and it was observed that the assumption that g, remains
coustant proves to be generally true afler the cells have reached peak cell densuty, e.g. alier
day 7. Thus, the assumption that g, remains constant simplifies the feading function, and
given that there ave already three K vanables for opumization, this assumption does not

greatly impact the feeding function.

While the assumption that g, remains constant is sound and does simphify the
derivation of the feeding {unction, this assumption also removes a variable that in some cases
may faciliiate a more accurate feeding function.  Accordingly, W s concervable that a more
accurate fit for q, could be generated. The more acowrately fitted vakie of g, could then be
substituted for K, in Equation (7) in order to derive a feeding function with even more
degrees of freedom. By adding these additional degrees of freedom, # may be possible to
achieve an even higher resoluton feeding function.  Sach move acowrately-fitted feeding

functions form an aspect of the disclosed methods.
Derivation of a Volume Equation

As shown herein, 3 feedinz function adapted to the umque needs of a given cell
culture 15 provided. The feeding fanction desceibes the cell calture’s putrient needs buat 1t
does not, however, explicitly provide a term describing the total volume of a concentrated
nutrient stock that will be added to a given culture, This quantity can be derived from the

feeding fimction itself as follows.

The ability to calculate the total volume of a concentrated nutrient stock fed from the
feeding function 15 a consideration for the use of the disclosed methods in a process
development application. The knowledge of the liqud volume of a solution compuising a
particular nutrient, ¢.g., 8 nutrient described by the feading fumction that will be fed 1o a cell
culture, facilitates the design of a desired feed volume, the ability to generate K values from
fiting volume data, and the ability to track volume usage on the countroller. Hence,
calculation of the volume fed by the feeding fumction i a valuable parameter for the
application of continuous feeding. The volume equation i denived by mtegrating the feeding

funchion as shown m Equation (8).
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The Maclaurin series is used fo approximaie the exponential term in the integral to

penerate a volume equation using the first five integrated tevms of the series for accuracy,

4 »

. X _
—un
where
=K+ Kot (1)

The final volome equation is showy in Equation (12), and all the five terms of the

series are used.

. K KL+ KDL
LK K Ky

F=K(f+ A s
: 24
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Automated Continuous Feeding Method

In many protein prodection processes an operator is required o monitor feedback
ustrinents associated with a bioresctor, which acquire data about the local environment,
health, cell density and protem production of & given cell culture. This data i1z fed back toan
aperator, who then adjusts growth conditions in response to the data so as 0 maintain a

preferred set of conditions i the bioreactor.

One advantage of the disclosed methods is the ability to run the method in a fully
astomated fashion, thas elipnnating the need for a dedicated operator and for dedicated
mstruments to acquare data abont the cell colture. This can transtate nto enbhanced efficiency,
cost savings i terms of hunmwan and material resources, and the abibty © mimmize
opportunzties for operator bias ot error and the complete elimination of production probiems
associated with the failure of a feedback mstrament {e.g., HPLC for amune sads, vitamins

and carbon sources; glucose and lactate analyrers (Nova Profiter and YSI Instruments); cell
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coumters {Cedex and Vi-Cell); bioreactor i ity probes {e.g., pH, dissolyved oxygen, tasbidity,

capacitance, and NIR probes), osmometers and other instruments.

Often cell culture growth is treated as an eveolving empirical exercise, with an operator
continually monitoring and making adjustments to feedstock content and vohanes being
provided to the srowmg culture m response to data obtamed about the status of the cultare
from feedback instruments. This is unnecessary when practicing the disclosed methods, as
the method will be talored to the particular cell culture and accounts for many umque
properties and requirements of a given cell culture are all accounted for in the disclosed

method.

The disclosed method can also provide enhanced production of a protein of interest.
Since the method comprises a feeding function that bas been optimized for a particular cell
calture, the culture is continvously growing under conditions that maxinuze the health and
productivity of the cell calture and consequently the cells” protew production. Thus, anather
advantage s the cost and resource savings the method wmparts by providing maximam

protein production for a given cell culture.

In one embodiment the method is performed as follows: Initally a vessel comprising
a cell culture comprising cells and media is provided. As noted, the disclosad methods can be
performed at any scale desired, so the provided vessel can thus also be of any scale and
should be clean and sterile. For example, when working at a small scale a vessel can
comprise .. a 1, 2, 3, 4, 5, 6, 7. & 9, 10, or 50 liter bioreacior; when working at a larger
scale the vessel can comprise a 100, 200, 300, 400, 300, 1000, 1500 or 2000 liter bioreactor
or when working at industrial scale the vessel can comprise a SQ00, 7500, 10,000 or 15,000
titer bioreactor.  Any vessel emploved in the method can also comprise a disposable vessel,
such as a flexible plastic siructure adapted 0 serve as a bioveactor (¢.7., a sterile plastic bag),

or a ngid disposable plastic Hask or tank.

The provided vessel is sterilized, charged with an appropriate media and a cell culhure
comprising cells i introduced. The cells can but need not be adapied to express a protein of
interest; that is, the method can be performed on any cell culure, mcluding a cell culture not
adapted to express a parucelar protein of mterest, or on cultures being tesied or studied for a
purpose other than protemn production. The cells can comprise mammalian cells, such as
CHO cells, and can be spgunserad to express a protemn of iterest, although the method can be

performed i order to optimize prodection of an endogencus protemn as well.  In various
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embeodiments the cells can be any eukaryotic cells, such as any mammatian cells] in particalar
examples the cells are CHO, NSO, BHK21, PER.C6 or HEK 293 cells. The cells can express
a hetevologous protein, such as an Fe-comtaimng molecule, including an antibody or an Fe
fusion protein. When an antibody is expressed, the antibody can be derived from any species,

wchuding mouse and human, and can be 3 hnupnan antibody or a humanized antibody.

The cell cultwre introduced can comprise any number of cells. In some applications
the method can be employed to enhance the growth of cells taken directly from a frozen slant,
while i other application cells can be expanded o a desired amount before being mntroduced

imnto the vessel.

The media on which the cells grow can be of any composition and s preferably
adapted 1o support the growth of whichever cell colture ¥ provided. Examples of media that
can be employed in the method include MEM, DMEM, and F12 supplemented with serun: or
completely chemically-defined mednum such as MCDB 302, See, ¢.g., Freshney, Cultige of
Animal Cells, 5 Edition, Wilev-Liss (2005) for additional exemplary media recipes that can
be emploved. The method can also be applied to complex medium that uses peptones and

veast exiract.

Coutimung with the method, preferred values for the cell culture’s substraie
consumption rate (Ky), growth rate (K;y) and growth rate (K») are then determined. To use
the feeding function F = K1exp(¥{g;1z3+}igp_t.}, the parameters K;, Koy and Ky can initially be
detenmined by using a thearetical caleulation. That 13, these values can be deterniined based
on extrapolation of known properties of the cells, such as the specific growth rate, max cefl
density to substrate vield, and the speaific substrate conswmption rate. These properties can
be determined in prior cell culture experiments conducted on the cell fine of interest or
known from a review of the relevant literature. These values can serve as a stariing point for

further empirical development of these parameters (o optimize performance.

In some cases the theoretically-calenlated K ovalues will be satisfactortly predictive
and can be incorporated directly into the feeding function. In other cases it may be desirable
o refine the theoretically-calculated K wvalues using one or more test cultures and the
empirical data regarding growth times, media components, nutrient requirements, feeding

initiation times, ete. derived therefrom to optimize the caleulated values.
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To calcalate mnitial theovetical values for Kay and Kss, the specific growth rate (i) of a
given cell culture of interest is deternuned using @ test adture or extracted from previously
known growth rates and is plotted over the course of the production time. A hinear regression
fit of the plot iy then performed {0 generate the Hvear equation u = Kot+Ky,, wherein Ky is
represented by the slope value and Ky 1s represented by the v-intercept value of the hnear fit.
The values determined for Ky and Kz are then substituted back into the feeding function F =

Kyexp(Kat™+K:

3, leaving only the variables K; and t {0 be provided.
K can be theoretically calculated using Equation (4}

K, =t x5

! (&)W;S‘x} ( )

The parameter q., which appears in the calcalation for Ky, i3 the specific mutrient

- . o N ; : i1
consurpiion rate and is calculated from the cell culture data based on the equation ¢, = .

BN

The g, 15 assumed to be constant, as i the case of ghucose. X and V; are the nitial cell
density and nitial vessel volume, respectively. 8, is the stock concentration of the substrate
o be fed, eg., glucose. S;is the nitial nutrient concentration in the vessel. With all thess

values available, K can be readily calculated and substituted back into the feeding function.

After determiming K, all three parameters Ky, Koy and Ko of feeding fonction F have
known values. The feeding rate will change over the course of the production as a function
of time, but the feeding function accoums for these transient changes and thus provides
exactly the putrients required by the cultwre at the exact time the culture needs them. The
function can then be inputied wito the controller module, which can be used to initiate, control

ansd tevminate the feeding process.

Continging with the method, an apparatus adapted to impart a contingous feed strean:
to the cell culiwe 1s then provided, wherein the apparatas comprises a controller moduls
adapted 1o continuously feed the calture at a flow rate £, wherein £ is defined as Kexp{Rot*
+ Kzt tis the time from the iniation of the feeding protocol that the batch feed stream is
added to the bioreactor to the end of feeding, and K., Ks: and K are the values determined
as described above.

Having determined Ky, Ky and Kz as desonibed herein, an apparatus adapted to

inpart & continuous feed streams to the cell culture 15 then provided, wherein the apparatus
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comprizes & coptroller module adapted to continvously feed the cultare at a flow rate of F|
pursaant 1o the feeding function. Such an apparatus can comprise a means of ransferring a
hquid feed stream from a reservoir to the bioreactor at a controlled rate, and g controller
module capable of inttiating and maintainig the flow of feed stream from a reservolr to a
broteactor according to the feeding profile. Examples of such an apparatus can comprise a
Delta V controller module (Emerson, St Lowis, MO), a controller-controlled pump (¢.g., such
as those available from suppliers such as Applikon Biotechnology, Foster Cnty, CA; Cole-
Parmer, Vernon Hills, IL; Watson-Matlow, Wilnungton, MA; and Scil.og, Middleton, WI).
The pump 1s connected by tubing that ts cell cultwre compatible (e g, such as tubing available
from Cole-Parnmer, Vernon Hills, IL). on one end is the feed hquid vessel and on the other
end is the bioreactor.

In one particular embodiment, the three K values and the feeding time t are imputted
into the contunuous feeding fanction, which has been programmed into a controller modale,
such as a Delia V controller module (Emerson, St Louis, MO). The controller module
controls a pump {e.g. an Applikon bioreactor integrated pump; Applikon Biotechnology,
Foster City, CA) connected to a feed vessel to continnously deliver the amount of feed to the
biorcactor dictated by feeding function . Depending ob the particular requirements of the
culture, the volume and amount of feed siream delivered to the bioreacior will change as the
vate changes according to feeding function £, The controller module controls the volume of
feedstock provided to the audture at any given point in time, as described in feeding formula

FAN

Any equipment employed to facilitate feed delivery {e.g., pumpis) and tubing) can bg
calibrated prior (o use of the feeding formula using the pump ouput and measured flow raie
to establish an accurate pump calibration value. This value can be used by the coutroller to
couvert the flow rates described by the feeding function F into a measure of the volume
transferred by the pump. As described m the Examples provided herein, this delivery system
was used for 2L bloreactors.  For larger scales sach as SO0L, 20006 and 150001, the
delivery system preferably, but need not, employs either mass How controtler ov weight scale
inpit. Both are established and proven equipment for feeding at large scales.

In a subsequent step of the method, the controller modale s activated to initiate
continnons feeding of the cell calture. When the program is tmitiated on the controller
maodule the feeding commences at a predetermined point in tme, with the rate of feeding

{i.e., flow of nuirients from a reservoir inte the vessel) changing continuously over a
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predetermined feeding thime, as dictated by the feeding function, for a length of time
described by the pavameter 7 in the {eeding functon.

The trigger time point or condition at which the comroller module activates the
continuous feeding of the culiure will depend on the nature and goals of the protein
production process. In some cases a cutture 1s provided mitial mstrients at a sed amount and at
a subsequent point in time when the residual nutrients from the nitial feedstock reaches a
certam nunimal target level the continuous feeding 1s mitiated. In other cases the culture 1s
provided no mitial nutrients and netrients are provided upon the mitiation of the method, ag
required by the feeding function.

Additional examples of trigger conditions at winch continuous feeding can be
initiated include the point at which the culture reaches a designaied viable cell density (VCD)
ov the point &t which the culture reaches a designated residual byprodact level. Ouce one or
maore of these tngger conditions is established (which can be identified using a test culture
before initiating the method), the observed trigger conditions can be converted (0 a tine basis
for imtiating continuous feeding. That s, a test cultare can be provided an imitial feedstock
and studied as the culture grows to determine at what time point a particular trigger condition
is reached and the controller module can be set to activate the feeding function at that point in
time.

One specific example of a resicual nuirient that can be monuored s glucoss: the time
point at which iitial ghecose levels drop o o level no longer sufficient for cell growih can
serve as a wigger condition or time point for the controller module to tuitiate continuous
feading.

in another example, viable cell density can be used as a tigger condition. In one
particular example, a viable cell density target is ~5x10° cellsml., which corresponds to the
point at which the cells are just entering the exponential phase.

In still apother example, byproduct accumulation levels can be used as a tngger
condition. In one specific example, the accanmnddation level of the byproduct lactate to greater
than ~0.5 ¢/L can serve as a tngger condition which, when met, imtiates continuous feeding

in order 1o maintain the Jow lactate by preventing overfeeding.

Optimizing the Feeding Function

As stated herein, theoretical valaes for Ky, Kiy and Kyx can be calealated to provide

miial values, but in another aspect of the disclosed methods the caleulated values can
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optiopally be optinnzed. In order to optimize the K, Ky and K values, a “design of
experiments” {DOE) approach can be applied to evaluate a given range for each of the three
Ky, Koy and K;; parameters. The ranges are deienmined based on the performance observed
woan imtial culture in which the theoretical values of Ky, Kay and K were used m the
feeding function. The ranges tested in the optimization process ave also gmded by the total
amowit of substrate volume desired to be fed {(which can be determined as desenbed above

using Equation 12).

A tourth parameter that appears 1 a feeding function that can be optinuzed is the total
feeding time (3. Once the ¢ in the feeding function reaches the total run time, the feeding
should stop. The total run time is used to balance the total substrate volume to be fed to the
culture with the duration that a culture needs to be fod. For example, if i is desired o feed a
culture over a longer span of time but using less total feed, 1o the feeding function ¢ can be

increased and the K, can be decreased.

In one embodiment an empirical method can be emploved to calenlate Ky, Ky and
Ko values. An advantage to obtaming the mitial K, Ky and Ko values empincally rather
than theoretically is that an empirical approach can generate more accurate values, which

Jeads to enhanced performance and protein production when the method is emploved.

fn another aspect, n order to better determine Ky, Ky and Ky, the volametric
substrate consumption rate {g/h) for a culture is calculated first, using data based on actual
holus feeding production data. The volumetric sabstrate conswmption rate is determined by
running a test culivre comprising the cells that will be used m the method and monitoring
substrate consumption using a standard cell culture nutrient analyzer {e.g., Nova Profiler or
an analyzer such as those manufactured by YSI Insiroments including the model YSI 7100,
YSI 1800, YST 3300, YSI 2300 and YSI 2700 analvzer units). A dilution factor is then
applied to the substrate consumption rate, which 18 determined based on the known properties
of vessel volume and substrate stock conceniration, to convert it into the substrate feeding
rate that s requived (o defiver the amount of substrate that is required by the cultwre. The
caleulated substrate feeding rate is then plotied over the course of the production time. The
feeding funcuon, F = Kjexpl K C+Kaa), is then used to best fit this plot.  This process
generates the best it values for Ky, Ky and Ky, Optionally, these values can then be used as
a starting point for further optinuization of the performance using a DOE approach or a stmple

single factor approach.
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Additienal Optimization Approaches

The continuous feeding fumction can be derived based on the mass balance of a
particular nutrient within the cell culture system.  In this approach a cell growth model is
integrated mto this denvation o solve for the feeding Rmction. In ong example, a lingar
specific growth rate model can be used m such a derivation. This provides the feeding
function, F = K;exp(}{_g;t:g-%-K_ggt)_, This feeding function 1s used to perfonm continuous feeding
of nutrients in cell culture for example, glucose, amino acids, ete. In thus equation £ is the
autrient flow rate, 7 is the elapsed time of the culture, K, is a parameter describing the

substrate consumption, and Ko and Ka» both describe the growth profile of the culiwre.

This 15 not, however, the only way i winch a continuous feeding function can be
zenerated.  In another approach, rather than using a linear specific growth rate model as
described above, a sigmodal model can be used instead to describse the specific growth rate
of the culture. The sigmoidal specific growth rate model will generate a different feeding
function from that generated using a hnear specific growth rate model, This sigmoidally-
derived feeding function will work equally as well as the hnearly-dertved feeding function, as

long as is deflined patameters are optimized for every cell hne.

In still another example for deniving a feeding function, rather than using a linear or a
sigmotdal equation form to model specific growth rate, the cell growth curve can be modeled
instead to genervate an empirical feeding function that maiches the growth profile.  Such
feeding function would be a polvanomial of the second order or higher, depending on the
goodness of fit. Thus, a feeding fimction can be optinized using a linear or sigimoidal
function to model for specific growth rate, or an entirely new feeding function can be denved
based on polvnomial fit to the growth or nutrient curve, and the choice of which function to
ase cag be based on a consideration of any number of factors, including simplicity of
equation for development use, need for enbanced degrees of freedom to manipulate the
feeding profile or tmproved accuracy with direct {it to actual cell growth or nutrient

conswmption profile,
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Feeding Function for Feeds Containing Multiple Nutrieats

The disclosare supra has, iu one aspect, been directed to feeding functions comprising
a single nutrient, or a feedstream compnising a mixtore of nutrients in which only one of
which is accounted for m the feeding function. The disclosed miethods ave not hinuted (o a
single mutrient, however, and can be applied to muliiple nutrient streams or a feed stock
comprising muluple nutnents. The disclosed methods can be readily adapted o incorporate a
feeding function that accommeodates two or more sutrients, although a different approach is
taken when performing continuous feeding using a mixed substrate feed.

When a feedstream comprising nuduple marients 35 emploved 1t is difficelt to
caleulate specific Ky, Kz and Ko» values for the entive nuxture. One approach to describing
multiple nutrients i a single feedstream is to select a single substrate i the feed to follow to

generate the data veeded to generate inintal Ky, Koy and Ky values for the mixed sutrient
feedstream. For example, when using a feedstream comprising glucose and other nutrients,
only the glucose component of a complex foed stream can be selected to be monitored. Data
obtained from the metabolism of the glucose component of the stream {e.g., consumption rate
as a fanction of time) can be used to generate Ky, Koy and Ky, Generally, # is preferable to
follow a substrate that is highly utilized or essential for cell growth, viability and production.
The mtial K values are then optinuzed {or the entive feed mixture. Because the feed
contains multiple substrales at various concentrations, empiuical testing s praferred for
achieving the optimal performance. In addition to opumizing the feeding fimction for
nultiple substrates, growth media can be developed to adjust mutrient concentrations that best

fit the continuous feeding rate.

EXAMPLES

The following examples, including the experiments conducted and the results

achieved, are provided for iftustrative purposes only snd are not to be construed as limiting.

Materials and Methods
Cell Lines

Three cell tines, Cell Line I, Cell Ling 2 and Cell Line 3, each encoding a different

monocional antibody, were studied, Cells were passaged in shake flasks (Comung, NYjon g
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3-4 day schedale, after thawang and sopplemented with 100 g/l IGE-1 (SAFC Biosciences,
Lenexa, K8} and 500 nM MTX (Bedford Laboratories, Beford, QH). The passage conditions
were 36°C, 8% CO;, and 160 rpm for 125mlL snd S00mL flasks and 90 rpm for 3L flasks

using a shaker platform from Thermo Electron Corporation, Waltham, MA.

Celt Line 3 cells were used 10 inovalaie the N-1 vessel at 0.75¢" cellsimL. The N
production vessel was inocalated at 1.0e” cellsimL for Cell Line 1 and for the first Cell Line 2
experiment testing continuous feeding.  Then the subsequent Cell Line 2 and Cell Line 3
experiments were inoculated at 1.9¢" cellsimL. Production duration varied for the different

cell lines as described 1 the Results and Discussion section.

Bolus feedings strategies vasied between the cell lines. The fead voleme and feed
days are desenbed in detail in the Results and Discussion section below. Bolus glucose feed

was fed daily to 6 gL starting on the second day.

Analyvtical techrnigues

VCD and viability were measured on a CEDEN mstrument (Innovats, Germany) and
metabolites on the NOVA BioProfife 100+ (NOVA Biomedical, MA} pH and gases were
analyzed on the Bioprofile pHox (NOVA Biomedical, MA) and osmolality on the osmometer

{Advanced Instruments, Norwood, MA)

Tier was measured by reverse-phase HPLC analysis. The analysis utthized affinity
chromatography, whesein Protemn A was immobilized on a column support. At neutral pH,
monoclonal antibody (mADb) molecules were bound to the Protein A through the Fo region
while host-cell proteins, conditioned media components and buffer were eluted from the
cohunn in the ow-through. Captored mAbs were eluted at acidic pH and detected by UV
absorbance at 280 nm. A calibration curve was denved from a universal mAb standard and
the corresponding peak areas using hinear regression analysis. Coucentrattons of the mAb in
the test smmnples were then calenlated from the calibration curve and the ratio of the extinction

coafficients from the wnversal mADb standard and the maAb tested.
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Results and Discussion

Comparison of the Coniinupus Feeding Method to the Bolus Feeding Method

Cell Line 1 was used as the first model cell hine to test the continuous feed function F
Kzexp(anlz-f-ngtz) and to study how cell culiure performance compared with cell cultwre
performance using bolus feeding. One objective was to demonstrale the application of the
continuous feeding model as a viable substitute for cell culture fed-batch. The ability to use
the feed function to continuously feed glucose and maintain the concentration within a
defined range was another objective and an improvement over manual bolus glacose feeding.

A bolus process studied for Cell Line 1 was a 13 day production process. Bolus
elucose was added daily up o 6 gL, Bolus feeds were added on days 3, 7 and 9 at the
voteme of 138 mi each otaling 414 ml. of feed.

To apply the feed fanction, the K values need to be determuned. Using a theoveteal
approach, the K, value can be approximated by Equation (4) using the speaific ghucose
consumnption rate, and the initial glacose, viable cell density and culture volume levels at the
start of feeding. X and Kiz values can be approxamated by fitting a hineawr line to the
specific prowth rate time cowrse of the cell line, where Ky, is the slope and Ko is the v-
ntercept.

Although the theoretical approach to determuning Ky, Ko and Kix was initially
favored for its ease and simplicity, it was sltimately decided to pursue an empinical approach,
which provides more accwrate K values, Using the empirical approach, K values were
determined by fitting the feed function F to maich the actual glucose consumplion volums
data generated from bolus feeding runs. Figure | graphicaily dlustrates one example how the
feeding function volume eguation fits closely the empincal glucose volume consamption data
curve. For this data set, the goodness of it generated X values of K; = 0.04, Ky, = -0.00015,
and K o= 00348, Hence this set of K values was used as one coadition for testing.
Similarly, different sets of K values were also generated by fiiting the feed function vohume
equation 1o other bolus feeding runs® glucose data.

Several sets of K values that best fif the glacose consumption volame curve were
setecled for evahwation. Figure 2 shows three continuous glacose feed functions tested for
Cell Line 1. The K values for each feed fimection are described in the legend. Each of the

feed functions generates a different flow rate profile and a differemt total glocose volume
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added. These were empirically fested o sce which best maintains glacose concentration
cousistently within 4 range throughout production.

Three different continuous nutrient nixture feeding profiles were also tested in
combination with one of the continuous glacose feeding {Ky = 0.0504, Kay = -0.00013%, Kz =
0.0331) described above. One was a constant continuous feed rate of 2. 873 mL/hr evaluating
a linear volure delivery profile on cell culture performance. The other two continuous feeds
utilized the feed functions which are exponential by natore (Figure 3). The K constants for
these (wo continyous feed rans were denved simply by using the same Ky and Ky values of
the other two continnous glucose feeding nuns described in Figure 1, and back caleulating the
K to maich the total vohume of 414 mL to be fed over the span of day 5 to day 9. These K
constants tested serve only as a starting potnt for evaluating the K values in the feed function.
These continuous feed runs were compared to the stapdard bolus feeding nuy as shown in
Figure 3. The bolus feeds were admimstered three times at 138 mb. each. Al fowr feed
strategies were designed to deliver the same total volume of 414 ml. st the end of production.
Therefore, any differences mn cell culture performance would only be atitibnged to the
different feedmy strategy trends and not the volume fed. Swammarily there were runs using
two continuous feeding streamis, one of the glucose and the other of the nutrient muxtuve.
One condition was a constant flow rate continuous feeding of the nvirient nuxtwe pawed with
a continuous glacose feeding using the feed function. The other two were two different
continuous mutrient mixture feedings paired with the same continuoas ghucose feeding as the
constant flow above. The fourth was the standard bolus glucose and bolus nutrient mixture

feed run.

Figure 4 shows the results for the continuous feed model applied to Cell Line 2. The
data tn Figure 4a demonsirates that continuous glacose feeding could successfully mamntain
the residual glucose concentration consistently within g defined range of glucose
concentrations.  The run represented by solid curcles (@), is a run with dual continuous
ghscose (K = 0.0504, Kag = ~0.00015, Ko = 0.0331) and feed (K; = 096678, Ky = 0.0001 5,
Ky = 0.0288). The glucose concentration range of this run was maintained between 2 — 4
/L. The bolus glucose, represented by open circles {:), showed the expected and typically-
observed osciflatory patiern as a result of nwnaal feeding to 6 g/l every day.  Other
contingous glucose runs acamulated higher glucose over time or ended with lower glucose.
The results shown in Figure 4a demonstrate that the feed function can be empincally

optimized to achieve the deswable consistent ghacose level throughout production.
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Sumpartly, # was observed that contingous glucose feeding mantained the glucuse
concentration in the colture within a set range in 2 antomated way, whereas the bohss ghicose
created oscillatory behavior, and not the stable consistent profile desired.

Figure 4b demonstrates that the continuous feeding runs maintained fower osmwolality
than the bolus feeding rans. This s likely due o the fact that the continuous gluwose feed
was designed to feed the cultwre by the amount required by the cells, rather than siruply bolus
feeding to a fixed amount every day. The contingous feed may have also lowered the
osmolality by allowing nutrient levels to better maich the cells” uptake; the cells metabolize
nutrients more efficiently and do not expenence draste changes in the environment, as is
typically observed in the case of holus feed.

Figure 4¢ shows that the cell viability of continuous fed cells is comparable with cells
fed using a bolus feeding approach. Although viability of the cells is comparable between the
two approaches, Figure 4d demonstrates that cell density {IVCD) 15 sigmificantly improved
when applying the continnous feed with the continuous glucose. This effect was observed for
both runs, solid tniangles (A} and solid circles {e), using two different sets of continuous
feed K constanis (K = 096678, Ky = «(0L0001S, Ki: = 0.0288) and (K, = 059499, Ky = -
000015, Ky = 0.0348) combined with the same contimuous glucose (K = 0.0504, Ko = -
0.00015, Koy = 0.0331). The continuous feed run represented by solid diamonds (#), which
wsed the constant feed rate and the same continuous glucose as the other fwo nuns only
produced the same IVCD as the bolus feeding run {open circles (o). This observation
implies that the exponential profile of the feed function is better in nutrient delivery for
mproving cell growth than both the constant feed and bolus feed. The titers for these nuns,
sobid triangle (A} and solid circle (®), were also the highest among the nms and
approximately 7% higher than the control bolus feeding run (open civeles (). 1t is possible
that, with further optimization of the K constanis of the feed function, the uter of the
continueas feed can be improved over the bolus feed. It is noted that both the lactate and

anmumonium profiles of these runs were very simidar.

The Continuous Feeding Merhod as Applied o Cefl Live 2

Celt Line 2 was also lested using the continuous feed function. As was done i the
study of Cell Line 1, the K values for contimuous ghucose feeding were determined by fitting
the feed function to match actual glocose consumption data generated from bolus feeding

runs. The K values for the continuous feed were also derived based on variations of K+, and
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Kao from the contivuous glucose and K was back calealated wsing the total vohane to be
delivered within a set time. The control process 15 16 days. Bohss glucose was added daily
up to 6 g/l Bolus feeds were added on days 5, 7, 9, 1 and 13 at 108 ml. cach totaling 540
mi of feed. Stated another way, in the dual continuous feeding runs, the continuous glucose
feeding K values were kept the same and only the continuous nutrient muxiure feeding K
vahues varied.

Figure 5 shows the results of the continuous feading method applied to the Cell Line

i

2. The two variations of continuous glacose tested were {Ky = 0.105, Ky = -0.000031, Ky
0.0155) and (K = 0.069, Koy = -0.000048, Koz = G.01R8). (K= 0,105, K2; = -0.000051, K

i

0.0155) was used for all dual continuous glucose and feed runs. Figure Sa demonstrates that
with empirical development, it is possible to maintain the glucose concentration consistently
withan a specific range of 3 — 6 gL, The run achieving this vange is the sohd square (m)
using continuous glucose (K = 0,105, Kap = -0.000051, Ko = 0.0155) with continaous feed

(Ky = 23821, Koy = ~0.00006, Ky = 0.0092).

Figure Sb demonstrates that the cell density (IVCD) of the continuous glucose and
botas feed run (open diamonds (033, and the dual continzous ghiwose and continaous feed run,
(solid squares (w})), were sigmficantly improved over the bolus feeding control run (%),

Figure 5S¢ shows that different continuous feeding functions can produce g wide
variation of titers, with some titers being lower and others higher, even though the same
amownt of feed vohame of 540 mb was fed. The run that demonstrated tmproved titer over
bolus Teeding was continuous ghecose feading (K = 0,105, Ky = -0.000051, Kix = 0.0155)
with bolus feed (open diamonds (¢3); the titer of this run was 6 g/l versus the control bolus
feeding of 5.5 wl. Cell viabiluy alse varied, with some confinuous feeding profiles
matching the bolus feeding and some lower. This data shows the range of response with
different continuous feeding K values and illustrates the potential for optimization with a

range of X values.

Testing Higher Fohumes in the Continuous Feed Method Using Cell Line 2

in another experinient, the bolus feed process was changed to 84 mb on days 4 and 5,
and 108 mbL on days 7. 9, 11 and 13 totaling 600 mL of feed. This modification adds one
additional feed dav and 60 ml. more feed than the previous condition. The K values were
further refined for the conunuous glucose and continuous feed equations based on the data

shown in Figure 5. The K values for glucose were changed to {Ky = 0.213, Kz = -0.000003,
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Ko = (.003), which better it revised glucose conzamption data for Cell Line 2. In thus stady,
there were four conditions, as shown in Figure 6. The first condition {open diamonds (0)), is
the control bolus glucose and feed. The second condition {open tnangles (A)), 1s using
continuous glucose (K= 0.215, Ky = -0.000003, Ky = (1L.003) coupled with bolus feed. The
third condition {solid trangle (A ), uses the same continuous glucose K values coupled with
continnous feed (K; = 1 8744, Ky = -0.000003, Ky = 0.003). The fourth condition {solid
diamond ()}, uses the same contimous glucose K vahues coupled with contimeous feed (K =
20827, Ko = -0.000003, Ky = 0.003). The bolas feed conditions and the fowrth condition
continuows feed all deliver the same amownt of wial feed of 600 mL. The third condition
continuous feed was set to deliver the previous total of 540 mL for comparnison. Despite the
volume difference w the third and fourth conditions, the continuous feed trend curves were
expecied (o be the same as both functions share the same Ky and Ky values. While the Ky,
and K values remuained the same, the Ky value is higher, which commands a higher
magaitide of feed rate. In this case, the entire feed curve is shifted higher than the lower K
feed curve. All the runs have feed dehivered within the same timeframe from day 4 through
day 13.

In this study, the rvesidugl glocose concentration of the comtinuous glucose was
controlled within a tight range of 3 ~ 5 g/l for the open triangles (A) run. The residaal
ghicose of the dual contingons ghucose and feed had more variation bat was still acceptable,
since ws vartation was stifl smaller than the bolus glacose feeding (which had a range of { - 6
2/L).

Figure 6a demonstrates that titer is improved using the continnous glucose couplad
with the continuous feed. Both continuous feed conditions reached approxamately 8.4 o/L
pter, which was the highest titer observed for any Cell Line 2 process. The titer trends of the
holus feed runs were lagging behind the continvous feed runs by as early as day 11, The
volametrie productivity was also higher in the continuous feed runs.

Figure 6¢ shows that the cell viability is higher with the continaous feed rans versus
the bolus feed runs. In this study the higher continnous feed volume of 600 mL was better
than the S40 mL feed volume with respect to cell viability. It was also 9% higher with
respect to cell viability than the bolus feeding at the end of production. The same kind of
improvement was also observed for the IVCD using the continuous feed delivering 600 mL
of feed, as shown in Figure 6d. At the end of production, this continuous feed reached

214x10% cell days/mL versus 187x10% cell davsrmL for the 540 mL continuous feed, and
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170<10% cell daysiml. for the bolus feeding control. This is approximately 26% improvement
in IVCD over the bolos feeding with the best continsous feed.

In continued experiments on the continuous feed volume, two additional vaniations of
the continuous feed were {ested in parallel with the control bolus feeding of 600 mL. Ths
first condition {open curcles {)) utilized a continuons feed of (Ky == 2.6303, Kay = -G.000003,
Kz = 0.003) starting from day 3 and continuing through day 13, Because the continuous feed
started a day later than the previous day 4, the total feed was still 600 mi. even though the K,
was higher than the previous continuous feed of 2.0827. The Kj and Kj» values were still
the same as the previous continuous feed. This condibon tests a later continvous feed stant
while maintaiming the same total vohume. In the second condition, the continuous feed of (K
= 22910, Ky = -0.000003, Ky = 0.003) was tested, which was applied from day 4 through
day 13, This is the same start and fimsh tiume as the control bolus feeding. The K, way
increased from 2.0827 to 2.2910, however, in order to test the higher total volume of 660 mi..
For these two continuous feed conditions, both were coupled with bolus glucose.  The
objective was to understand the effect of the continwous feed alone without the continuous

glacose.

Figures 7a and 7b demonstrate that the titer and volumetne productivity were slightly
improved with both of the continuous feed conditions.  Figure 7¢ demonsirates that the
viability was significantly improved with the continuous feed conditions.  This was
previously observed in the conditions of Figare 6. Figure 7d demonstrates that the IVCD was
only marginally improved with the continnous feed conditions, in contrast to the greater

improvement seen in Figure 3.

Tesiing the Continuons Feedivg Method in Cell Line 3

Cell Line 3 was tested using the continwous feed function. The control bolus feadmg
process feeds 84 mL on day 4, 108 ml. on day 6, and 108 i on day R for a total of 300 mi.
The entire process was 12 dayvs. One continuous feed condition coupled with bolus glucose
was tested. Without any develapment, the same Ky of -0.000003 and Ky of 0.003 {tom the

T

previogs studies using Cell Line 2 were used. The Ky was calculated to be 2.7233 in order to

feed 300 ml. total starting from day 4 through day 8.
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The data for Cell Line 3 showed that the continuous feed improved the titer over the
bolus feed fron 4.2 g/1. to 4.5 /L. (Figure 8a). The specific produchivity, g, was also higher
from day & through day 12 with the continuous feed (Figure 8b). There was no significant
difference wm cell viability, IVCD, factate and ammonnam profiles. The results demonstrate

that the titer for Cell Line 3 can be significantly iproved.

Conclusions

The studies with Cell Lines 1, 2 and 3 demonstraie a novel and effective pre-
programmed non-feedback continuous feeding mode! for cell culture that can be successtully
applied in place of bolus feeding, Three differant cell lines were tested and vanous benafits
were observed compared to bolus feeding. For Cell Line 1, it was demonstrated that the
osmolality profile was lower and the IVCD was higher. For Cell Line 2, it was demonstrated
that the tter, volumetric productivity, cell viability and IVCD could all be improved with
continuous feeding.  With respect to Cell Line 3, it was demonstrated that the titer and
specific productivity could be improved with continuous feeding.

In addition to cell culture performance improvement, # was demonstrated that the
continuous  feeding method can also be ased to maintain glucose consistently within a
desirable range thronghout production. This is desivable and beneficial as it eliminates the
need for manual bolus feeding, and consequently eluminates the need for human intervention
and conserving resources. Since the continuous feeding method 1s pre-progranumed ahead of
a run and operator mtervention is ehnmnated, the process is consistent from run fo run with
well-developed robust K values. Examples of successful dual continuous glucose and feed
runs show that {ull automation of cell culture feeding is effective.

The vesults of these stadies demonstrate that the disclosed continuous feeding method
enhances perfornance of cell culture growth and protem prodaction, and that the method can

replace conventional bolus feeding strategies.

Each reference cited herein is mcorporated by reference in is entirety for all that it

teaches and for all purposes.
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The present disclosure is not to be hmited in scope by the speecific embodiments
described heremn, which are intended as illustrations of ndividual aspects of the disclosure,
and functionally equivalent methods and components Torm aspects of the disclosure. Indeed,
various modifications of the disclosure, in addition to those shown and described hergmn will
become apparent to those skilled in the art from the foregomg description and accompanyving

drawings. Such modifications are intended to fall within the scope of the appended clairas.
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Claims
What 1s claimed is:
1. A method of continuousty feeding a mammalian cell calture that does ot employ

feedback control, comprising:

{a)

M)

()

{d)

4,

6.

providing a vessel comprising a mamunahan cell culture comprising

mammalian cells and media;

deternuning preferred values for the consumpiion rate {Ky) of a nuirient,

erowth rate (Koo} and growth rate (Ks2) of the cell cultwre;

providing an apparatus adapted to impart a continuous feed stream to the cell
cultire, wherein the apparvatus comprises a controller module adapted to
continnously feed the colture at a flow rate F, wheremn
F is defined as Kijexp{Ka ¢ + Kasl);
t1s the duration of time from the time the feed stream 1s added to the
bioreactor (o the time when the feed stream is stopped; and
K, Koy and Koz ave the values determined in {b): and
activating the controller module to utiate continwous feeding of the cell

culture.

The method of ¢laim 1, wherein K, Ky,

N

and K, are empinically determmed.
The method of clamm 1. wheramn K, Ka: and Ko are modeled.

The method of claim 1, wherain the comtroller module conyprises a computer,
The method of claim 1, whergin the feed stream comprises muliiple putrients.

The method of claim 1, wherein the osmolality of the cell cultre remains

constant throughout the method.

8.

culture,

The method of claim 1, wherein the nutrient 1 glucose.

The method of claim 1. wherein the manymalian cell culture is a CRO cell
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9. The method of clanm 1, wherein the controller modale i3 activated in response

1o a preselected lactate level in the cell culture.

16, The method of claim 1, wherein the controller module 1s activated in response

1o a preselected glucose level i the cell culture,

11, The method of claim 1, wherein the controller module is activaled in response

to a preselected level of an amino acid.
12, The method of clamm 11, wheremn the amuno acid 1s asparaging.
13.  The method of claim 11, whereimn the anuno acid 1s ghitanune.

14, The method of claim 1, wherein the feed streant comprises twa or more

nuirients.
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