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Recent advances in mammalian, insect, and stem cell cultivation and scale-up have
created tremendous opportunities for new therapeutics and personalized medicine
innovations. However, translating these advances into therapeutic applications will
require in vitro systems that allow for robust, flexible, and cost effective bioreactor
systems. There are several bioreactor systems currently utilized in research and
commercial settings; however, many of these systems are not optimal for establishing,
expanding, and monitoring the growth of different cell types. The culture parameters
most challenging to control in these systems include, minimizing hydrodynamic shear,
preventing nutrient gradient formation, establishing uniform culture medium aeration,
preventing microbial contamination, and monitoring and adjusting culture conditions in
real-time. Using a pneumatic single-use bioreactor system, we demonstrate the
assembly and operation of this novel bioreactor for mammalian cells grown on micro-
carriers. This bioreactor system eliminates many of the challenges associated with
currently available systems by minimizing hydrodynamic shear and nutrient gradient
formation, and allowing for uniform culture medium aeration. Moreover, the bioreactor's
software allows for remote real-time monitoring and adjusting of the bioreactor run
parameters. This bioreactor system also has tremendous potential for scale-up of
adherent and suspension mammalian cells for production of a variety therapeutic
proteins, monoclonal antibodies, stem cells, biosimilars, and vaccines.
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growth of mammalian cells.
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etc.). Any text that cannot be written in the imperative tense may be added as a "Note."
However, notes should be concise and used sparingly and the actions should be
described in the imperative tense in complete sentences wherever possible. For
example: step 1.1, etc.
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12. Please add periods to each sentence in the Protocol.

Done.

13. Please specify the buffers (pH, etc.) used in the calibration of the pH meter.
Done.

14. Please define all abbreviations before use. For example: "DO" in step 3, "IPA" in
step 4.2, etc.
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15. Please specify the autoclave cycle and procedure used in step 4.1.
Corrections made.

16. The Protocol should be made up almost entirely of discrete steps without large
paragraphs of text between sections. Please simplify the Protocol so that individual
steps contain only 2-3 actions per step and a maximum of 4 sentences per step. We
recommend that you split your longer steps into sub-steps numbered accordingly, e.g.
step 1 is followed by sub-step 1.1 and then 1.1.1 as necessary. For example: step 5.2

Corrections made.

17. Please add more details to your protocol steps and make sure that each step is
written in complete sentences. There should be enough detail in each step to
supplement the actions seen in the video so that viewers can easily replicate the
protocol. For example: How are the micro-carriers "hydrated, washed, and autoclaved"
in step 7

Corrections made.

18. Please revise the text to avoid the use of any personal pronouns (e.g. "we", "you",
"our" etc.). If it is very important to give a personal example in the Protocol, use the
royal "we" sparingly and only as a "NOTE:" after the relevant protocol step. For
example: in step 8.1

Corrections made.

19. Please use the abbreviation "ml" for milliliters instead of "mL". For example: in step
13.2

Corrections made.

20. Please add additional detail to step 14. Explicitly state how the inoculate is
introduced into the reactor.

Correction made.

21. After making all of the recommended changes to the Protocol (listed above), please
re-evaluate the length of the Protocol. There is 10 page limit for the Protocol, but there
is a 3 page limit for filmable content. If the Protocol is longer than 3 pages, please
highlight 2.75 pages or less of text (which includes headings and spaces) that identifies
the essential steps of the protocol for the video, i.e. the steps that should be visualized
to tell the most cohesive story of the Protocol. Remember that non-highlighted Protocol
steps will remain in the manuscript, and therefore will still be available to the reader.
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Cover Letter

JoVE Feb. 3, 2014
17 Sellers Street

Cambridge, MA 02139

Dear JoVE Editorial Board:

On behave of my co-authors, | respectively submit the article “Cultivation of
Mammalian Cells using a Pneumatic (Air-Wheel) Bioreactor System * for
consideration to be published in the Journal of Visualized Experiments (JOVE).
This project is a collaboration between PBSBiotech and the Johns Hopkins
University, Center for Biotechnology Education, to develop an educational
resource useful in higher education and research laboratory settings. With the
continued advances in personalized medicine, production of bio-therapeutics
using bioreactors will have an increasing role in the health care system. Therefore,
understanding the theory and application of single-use bioreactors for production
of biologics will represent a valuable addition to the JOVE library. We hope this
submission is reviewed favorably and added to the JoVE library of visual
resources.

Best Regards

Dr. Patrick Cummings

Center for Biotechnology Education
Johns Hopkins University

Baltimore, MD 21218
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Short Abstract:
Using a pneumatic bioreactor, we demonstrate the assembly, operation, and performance of this
single-use bioreactor system for the growth of mammalian cells.

Long Abstract:

Recent advances in mammalian, insect, and stem cell cultivation and scale-up have created
tremendous opportunities for new therapeutics and personalized medicine innovations. However,
translating these advances into therapeutic applications will require in vitro systems that allow
for robust, flexible, and cost effective bioreactor systems. There are several bioreactor systems
currently utilized in research and commercial settings; however, many of these systems are not
optimal for establishing, expanding, and monitoring the growth of different cell types. The
culture parameters most challenging to control in these systems include, minimizing
hydrodynamic shear, preventing nutrient gradient formation, establishing uniform culture
medium aeration, preventing microbial contamination, and monitoring and adjusting culture
conditions in real-time. Using a pneumatic single-use bioreactor system, we demonstrate the
assembly and operation of this novel bioreactor for mammalian cells grown on micro-carriers.
This bioreactor system eliminates many of the challenges associated with currently available
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systems by minimizing hydrodynamic shear and nutrient gradient formation, and allowing for
uniform culture medium aeration. Moreover, the bioreactor’s software allows for remote real-
time monitoring and adjusting of the bioreactor run parameters. This bioreactor system also has
tremendous potential for scale-up of adherent and suspension mammalian cells for production of
a variety therapeutic proteins, monoclonal antibodies, stem cells, biosimilars, and vaccines.

Introduction:

Mammalian cells lines can be classified into one of three categories based on their growth
characteristics: cells that grow in suspension, cells that grow as aggregates, and cells that grow
anchored to a substrate. Although the air-wheel bioreactor demonstrated in this video is able to
grow all three types of cells, this video will demonstrate use of the bioreactor to grow anchorage
dependent cells on micro-carriers. Anchorage dependent mammalian cells can be grown for the
purpose of producing more cells - where the cells themselves are the product. For example,
human bone marrow derived mesenchymal stem cells are currently being cultivated with the
purpose of harvesting the cells and injecting them into diseased tissue. The pneumatic bioreactor
demonstrated in this video has proven suitable for the production of such mesenchymal stem
cells for this application (Serra et al., personal communication, 2013).

Anchorage dependent mammalian cells are typically grown small scale in 2D culture vessels
such as cell culture plates, cell culture flasks, or roller bottles, where they adhere to a specially
treated growth surface®. When more cells are desired, the plates or flasks can be expanded by
using more or larger vessels. However, for more cost-effective cultivation of large quantities of
anchorage dependent cells, increasing the surface area for cell attachment can be accomplished
by using small solid beads called micro-carriers. Depending on the attachment characteristics of
the cell, several different types of micro-carriers are commercially available, such as dextran,
peptide, or collagen coated. Micro-carriers have a large surface area to volume ratio providing a
larger surface area for cell growth; and the micro-carriers can be maintained in suspension with
agitation, which allows the cells to be cultivated to high densities in bioreactor systems?.
Currently, the types of bioreactors where adherent cells are grown on micro-carriers include
spinner flasks and stirred tank systems, which use axial impellers to maintain suspension of the
cell coated micro-carriers.

Several factors are important to the successful cultivation of cells including oxygen tension,
shear stress, surface matrix, and nutrient and metabolite concentrations. The use of bioreactors
allows for real-time monitoring of the growth conditions and the potential to significantly lower
production costs®. There are several common bioreactor designs for in vitro cell cultivation
including, stirred suspension, rotating wall vessel, hollow-fiber, bag bioreactor on a rocker
platform, and fluidized bed systems®. Many of these systems present unique problems for cell
cultivation and scale —up, such as high cost, nutrient concentration gradients, hydrodynamic
shear, cell aggregation, and difficulty in sampling, monitoring, and controlling cell scale-up.

Various adherent cell lines are used in the production of viruses, either in the production of viral
vaccines or for the production of viral vectors for gene therapy applications. In this video, using
the single use pneumatic (Air-Wheel) bioreactor system, we demonstrate the culture of human
lung carcinoma cells (A549) cells on micro-carriers for production of an oncolytic adenovirus.
The pneumatic bioreactor design uses a vertical agitation wheel that is powered by the buoyancy



of gas sparged into the bottom of the bioreactor. This gentle stirring method limits hydrodynamic
shear forces, but still ensures optimal medium and cell mixing*. As compared to the stirred tank
reactor, the pneumatic reactor has low wall shear stress even with high volume Air-Wheel
bioreactor systems (Figure 1). In contrast to stirred tank bioreactors, the vertical impeller of this
single use reactor is turned by a stream of gas bubbles within the vessel, which allows for gentle
and uniform medium mixing (Figure 2).

Protocol:
1. Login

1.1.  Power up the Bioreactor. Click anywhere to open the login page. Select user name and
enter password and click “Login”.

2. Calibration

2.1  Calibrate pH sensor (2 point prior to autoclaving).

2.1.1 Inspect pH sensor and confirm sensor tip is filled with electrolyte solution. Prepare two
beakers with pH calibration solutions (electrolyte) pH 4 and pH 7 and have available a wash

bottle with distilled water.

2.1.2 Connect the pH cable to the pH sensor. Navigate to the “Actions” tab on the Hello
interface and click “calibrate”. Enter buffer temperature in the Calibration Solution Temp field.

2.1.3 Place pH sensor in buffer 1 (pH 4) and enter value in the “zero” field. Wait for the graph
to stabilize and the click the “calibrate 1” button. Rinse the pH sensor with distilled water.

2.1.4 Place sensor in buffer 2 (pH 7). Enter buffer 2 value in the “span” field. Wait for graph to
stabilize and click calibrate 2 button.

2.1.5 Click “Save” then click “Close”.

2.2  Calibrate the Dissolved Oxygen (DO) sensor.

2.2.1 Ensure the DO sensor has been polarized by being connected to the system for several
hours. Navigate to the “Actions” tab on the Hello interface and click calibrate. Click the “DO A”

button.

2.2.2 Disconnect the DO sensor and enter 0 in the “zero” field. Wait for the graph to stabilize
and the click the “Calibrate 17 button.

2.2.3 Reconnect the DO sensor and enter 100 in the “Span” field. Wait for the graph to
stabilize and the click the “Calibrate 2” button.

2.2.4 Click “Save” then click “close”.



3 Autoclave and install sensors and reagent vessels

3.1  After calibration, place sensors in autoclave pouches and autoclave for 30 min at 121 °C,
15 psi.

3.2  Sanitize autoclave pouches with 70% Isopropyl Alcohol (IPA) and transfer pouches to
biological safety cabinet (BSC). Remove outer packaging of vessel.

3.3 Sanitize inner packaging with 70% IPA and transfer vessel to biological safety cabinet
(BSC). Remove inner packaging and inspect the vessel and tubing for damage inflicted during

shipping.

3.3.1 Install the pH and DO sensors in the two front ports. Open the sensor cap.

3.3.2 Guide the sensor through the sensor port. Thread the sensor tightly into the port.

3.4 Transfer vessel out of BSC.

3.4.1 Hang the DO and pH sensor cables outside the vessel sleeve and check that nothing is in
the sleeve. Hold the vessel so the front (i.e. the side the thermal well is on) faces the user. Slide

the vessel into the sleeve, feet first.

3.4.2 Carefully fit the temperature sensor into the vessel thermal well. Ensure that the bottom
of the vessel rests against the heaters.

3.5  Remove the tubing sets from their bags. Match color coding on the tubing to the
corresponding connectors and pumps on the bioreactor control unit.

3.6 Install the main gas line by pressing the connector into its gas outlet. Install the micro gas
line by twisting the connector clockwise into the gas outlet. Install the exhaust filter tubing:

3.6.1 Open the filter oven. Secure the exhaust filter on the U-channel so its tubing goes through
the two hooks to the filter and out of the oven.

3.6.2 Install the tubing by condenser bag in the tubing holder. Close the door.

3.7 Route addition lines A and B, both media lines, and the harvest line behind the DO sensor
and onto the bench next to the bioreactor control unit.

3.8  Connect the cables to the DO and pH sensors.
4 Adding Medium and Micro-carriers

4.1  Navigate to the “actions” tab and click “Control Pumps” on the computer interface.



4.1.1 Form a sterile connection between an unused medium addition line (1 orange band) and
the medium bottle/bag source by welding the tubing or using Luer fittings.

4.1.2 Click the slider to turn on the media pump on. Click the slider to turn the media pump off
after addition desired amount of medium.

4.2 Place microcarrier beads in Ca’*, Mg®* free PBS for 3 h at room temperature.
4.2.1 Wash beads several times with Ca**, Mg®* free PBS.

4.2.2 Autoclave for 15 min at 115 °C, 15 psi.

Note: Add 3 grams per liter (dry weight) in this experiment.

4.3  Pump in micro-carriers that have been hydrated, washed and autoclaved into the reactor
in the same manner the medium was added in step 4.1.

5 Equilibration and One-Point DO Calibration

5.1  Set the controllers to Auto and enter the desired setpoints. Here, use Agitation Set Point
(SP) = 15 rpm, Temperature SP = 37.0 °C, pH = 7.2, DO = 100%. Wait for the parameters to
equilibrate.

5.2  Confirm sensor is fully polarized. Confirm DO present value has stabilized.

5.2.1 Navigate to the “Actions” tab and click “calibrate”. Click “DO A”, click “One-point”.

5.2.2 Enter ‘100’ in the “Span” field. Click the “Calibrate 1 button, click “Save” and click
“close”™:

6 Starting a Run

6.1.1 Navigate to the Actions tab. Click “Batch.” Use the on-screen keyboard or an external
keyboard to enter a batch name 16 characters or less.

6.1.2 Click the on-screen keyboard’s “Hide” button. Click the “Start batch” confirm by
clicking “Start” in the overlay.

7 Inoculate with Cells
7.1  Navigate to the “Actions” tab and click “Control Pumps”.

7.2 Form a sterile connection between an unused medium addition line (1 orange band) and
the cell bottle/bag source by welding the tubing or using the Luer fittings.



7.3 Install the silicone section of the tubing in the media pump so the arrow points toward the
tubing between the pump and vessel.

7.4  Check tubing clamp is open and its branched tubing clamp is closed. Click the slider to
turn the media pump on and click to “Off” after adding cells.

8 Sampling

8.1  After inoculating and as frequently as desired to monitor the culture, draw a sample from
the culture in the following manner:

8.1.1 Navigate to the “actions” tab and click “take sample”. Place the sampling tubing in the
sampling pump and manipulate the sampling stopcock according to the on-screen instructions.

8.2  Perform at least a daily microscopic observation and cell count on these samples.

8.3  When the cells have reached the desired density, in this case 1.2 x 10° cells/ml, infect the
cells with the addition of a virus inoculum.

8.4  Aseptically add the inoculum to a 20 ml syringe, and connect the syringe to one of the
spare addition ports on the reactor. Introduce the inoculum to the reactor by pressing on the
syringe plunger.

8.5  Continue sampling and analyzing the culture for the adenovirus intracellular particle
concentration.

Representative Results:

In Figure 3, the parameters for initiation of the bioreactor run are shown. This figure shows the
screen prior to setting the parameters of temperature, dissolved oxygen, pH and agitation. Once
the parameters are set, the run parameters are continuously monitored and adjustments can be
made to maintain the required conditions. The software produces a continuous readout that
allows for easy identification of problems. In this experiment using 2.5 L of DMEM containing
10% FBS, 250 ppm of SAFC Anti-foam C, 2 mm L-glutamine and 3 g/L of micro-carriers, the
system is stabilized so the percent oxygen is 50%, the temperature is 37 °C, and the pH is 7.2.
The reactor is inoculated with A549 cells at a concentration of 7 x 10* cells/ml (or 10
cells/micro-carrier). The parameters chosen for this run resulted in the majority of the cells
adhering to the micro-carriers within two hours. (Figure 4). After 12 hours, the cells are
demonstrating signs of flattening and spreading on the micro-carrier surface (Figures 5). By 24
hours, micro-carriers have a relatively even distribution of cells, with no micro-carriers without
cells and no large clumps of cells on the micro-carriers (Figure 6). The percentage of micro-
carrier colonization by A549 cells is 75% by 24 hours and 90% thereafter (Figure 7). The cells
continued to grow exponentially to ~1 million cells/ml after 48 hours (Figure 8). After infection
by a dose of oncolytic adenovirus (2 x 10° virions/ml) at 50 hours, the density increased to 1.2
million cells/ml and then began to decrease as the lytic infection progressed (Figure 9). There
was ~10,000 fold amplification of the viral inoculum. The decrease in virus titer after 48 hours
post infection is due to cell lysis. Figure 10 shows A549 cells 48 hour post-infection,



demonstrating the rounded cell morphology that is attributed to the cytopathic effect of the
adenovirus infection.

In previous experiments, we have found that monitoring and adjusting gas flow is critical to
maximizing cell growth (unpublished data). Rapidly growing cells can deplete the system of
oxygen with the DO level dropping to zero. While the cells continued to grow, it was at a much
slower rate. It is critical to monitor and adjust the oxygen flow to meet the cell demands during
the logarithmic growth phase. Each run can be analyzed for optimal growth by comparing the
pH, DO, and temperature with daily cell counts.

Figure 1. Fluid dynamics of the Pneumatic Bioreactor System (PBS) compared with a Stirrer
tank bioreactor measuring wall shear forces at various reactor volumes.

Figure 2. Pneumatic Air-Wheel reactor impeller.
Figure 3. Pneumatic Air Wheel software screen shot of parameters to initiate the bioreactor run.

Figure 4. Micro-carrier colonization with A549 cells 2 hours post inoculation. (Average micro-
carrier diameter ~180 pm)

Figure 5. Twelve hour after the initiation of the culture, the A549 cells are attaching, flattening,
and spreading onto the micro-carriers.

Figure 6. Micro-carriers coated with cells after 24 hours in culture.
Figure 7. Percentage of micro-carrier colonization by A549 cells post inoculation.

Figure 8. The number of viable A549 cells in culture pre and post infection with adenovirus.
Note that the viral infection step occurred at 50 hours.

Figure 9. The time-course of the intra-cellular oncolytic adenovirus production in A549 cells.
The optimal time to harvest this viral construct is 48 hours post-infection.

Figure 10. A549 cells 48 hour post-infection, showing the rounded morphology that is attributed
to the cytopathic effect of the adenovirus infection.

Discussion:

This single-use bioreactor system is relatively simple to use and provides real-time analytics for
reactor monitoring and analysis. It is extremely well suited for mammalian and insect cell culture
with cell densities reaching over 30 million cells/ml. Besides A549 cells described in this report,
we have grown SF-9 insect cells in the bioreactor as well. The gentle mixing provided by the
pneumatic air wheel reduces cell damage. Several steps are critical when setting up this reactor.
First, proper calibration of the pH and DO sensors is important for optimal monitoring of the
culture and for addition of reagents to adjust the pH or the oxygen in the system. Second, the
reagent and seed bottles must be filled and the luer attachments made in a sterile environment
such as a BSC. Once the reagent bottles are moved out of the sterile environment, the



connections to the bioreactor feed lines must be made with care to avoid microbial
contamination.

While this bioreactor system works well for mammalian and insect cell lines it is not designed
for bacterial cultures. The system cannot provide the rapid mixing and oxygenation that is
required for bacterial cells. Bacterial growth is best accomplished in a stirred tank bioreactor. As
compared to other single use bioreactors for mammalian or insect cell culture, this system is easy
to use, provides sufficient data for analysis of runs, and has similar or better cell growth than the
other single use system we have evaluated.

The single use pneumatic bioreactor system has the potential to meet many of the research and
clinical applications in the fields of biotherapeutics, vaccines, stem cells, and personalized
medicine®. In addition, the flexibility of this system allows for Batch, Fed-batch, Perfusion, and
Transfection based bioreactor applications®. Finally, single-use disposable bioreactor systems
have the potential to meet the needs of large scale industrial production and to adhere to

guidelines and recommendations of national and international regulatory agencies® ™.
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Excel Spreadsheet- Table of Materials/Equipment
Click here to download Excel Spreadsheet- Table of Materials/Equipment: PBS materials-A549 cells.xls

Name of Material/ Equipment Company Catalog Number Comments/Description
PBS 3 PBS n/a
Single Use Assembly PBS n/a
Human Lung Carcinoma Cells (A549) ATCC CCL-185

DMEM High Glucose Medium

Fetal Bovine Serum

Trypsin EDTA, 0.25%

Cytodex 1 Microcarriers GE 3781
Antifoam C Sigma A8011
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Title of Article:

Author(s):

Item 1 (check one box): The Author elects
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to have the Materials be made available (as described at

+ Open Access

i The Author is NOT a United States government employee.

|
|| The Author is a United States government employee and the Materials were prepared in the

H

course of his or her duties as a United States government employee.

§ The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No  Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.

4, Retention of Rights in Article. Notwithstanding the
exclusive license granted to JOVE in Section 3 above, the
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Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant _of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JOVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
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shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JOVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JOVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JOVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
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without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JOVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or

ARTICLE AND VIDEO LICENSE AGREEMENT

damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Wwithdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Article Title:
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Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy as a PDF to the JoVE submission site upon manuscript submission (preferred);

2) Faxthe document to +1.866.381.2236; or

3) Mail the document to JoVE / Attn: JoVE Editorial / 17 Sellers St / Cambridge, MA 02139

For questions, please email editorial@jove.com or call +1.617.945.9051.

MS # (internal use):
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Rebuttal Comments
Click here to download Rebuttal Comments: pckoRebuttal-PBS.docx

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JOVE editor will not copy-edit your manuscript and any errors in
the submitted revision may be present in the published version.

2. The abstract in your editorial manager account and the Long Abstract in your manuscript do
not match. Please ensure that after revising the manuscript, the abstract in your editorial manager
file is updated to match the Long Abstract in the manuscript as well.

Correction made

3. Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that
identifies the essential steps of the protocol for the video, i.e. the steps that should be visualized
to tell the most cohesive story of the Protocol. The highlighted steps should form a cohesive
narrative with a logical flow from one highlighted step to the next. Remember that non-
highlighted Protocol steps will remain in the manuscript, and therefore will still be available to
the reader. Section 2 (the calibration of the pH sensor) could be excluded from highlighting and
filming to meet this length restriction.

2.75 pages of protocol text highlighted

4. Please include scale bars for applicable images and define them in the Figure Legends.

Scale bar added to figure 4 to indicate the size of micro-carriers, and text edited in figure
legend to indicate such..

5. Please include the “doi” in the citations according to the following format: [Lastname, F.I.,

LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage — LastPage,
doi:DOI, (YEAR).]

Correction made

6. What instrument is being powered up in step 1.1?

Changed step 1.1 text to read: “Power up Bioreactor”
Reviewers' comments:

Reviewer #1.:
This manuscript describes a simple bioreactor system that allows real time assessment of
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temperature, pH and DO in culture and can be potentially useful in industrial setting. This
bioreactor system may be useful for laboratory research as well as commercial application for
development of biotherapeutics. This paper contains sufficient background and clear rationale for
developing this bioreactor system.

Because this bioreactor system can monitor pH, DO and temperature overtime during culture, it
will be very informative showing figures with pH, DO and temperature changes during culture.

In figure 1, please define PBS.

Text was added to Figure 1 to define PBS.

Reviewer #2:

Manuscript Summary:

The manuscript "Cultivation of Mammalian Cells using a Single-Use Pneumatic Bioreactor
System" by Cummings et al. describes a simple yet useful application for growing anchorage-
dependent cells. The rationale and the instruction on how to use this system, including setting up,
calibrating, inoculating, running, and sampling are very clear and detailed.

Major Concerns:
* Please provide a more detailed comparison to other currently available bioreactor types for
growing anchorage-dependent cells on microcarriers.

The following sentence was added to text lines 79-81.

“Currently, the types of bioreactors where adherent cells are grown on micro-carriers
include spinner flasks and stirred tank systems, which use axial impellers to maintain
suspension of the cell coated micro-carriers.”

Also, please comment on different types of microcarriers that can be used in this bioreactor
system.

The following sentences were added to text lines 74-76.

“Depending on the attachment characteristics of the cell, several different types of micro-
carriers are commercially available, such as, dextran, peptide, or collagen coated.”

* Please comment on the maximum cell density that the current pneumatic air wheel setup can
support without oxygen transfer limitation.



The following was added to line 320: “with cell densities reaching over 30 million
cells/mL.”

* Please provide figures at a better resolution since the morphology of these cells on
microcarriers is a critical indicator. All Excel graphs and tables are also at very low resolution
and quality.

Files were submitted as per JOVE manuscript instructions, thus figures and graphs with

higher resolution will not be provided.

* Please comment on any difficulty using this bioreactor system for long-term culturing of the
cells as compared to harvesting.

Not part of protocol

Minor Concerns:

Typos and formatting issues are found throughout the manuscript. Several examples are listed
below:

All corrections made.

* Line 36: "system, for" \system for

* Line 80: "sheer stress" \ shear stress

* Line 80: "nutrient & metabolite” \ nutrient and metabolite

* Line 207: "full polarized" \ fully polarized

* Line 227: "source,by" \ source by

* Line 245: "infect th" \infect the

* Line 313: "It extremely well suited” \ It is extremely well suited

* Line 346: there should not be a large space between "1." and "Freshney" as compared to other
references

Reviewer #3:
This work presents an experimental procedure that may be useful and interesting. However,
many points are not clear, and need to be explained more carefully.



The bioreactor system itself is not described at all: how is it constructed? How does it work?

The assembly and operation of the system will be demonstrated in the video, so no
additional text will be added to address this comment.

Which gas is used (line 93)?

Depending on the cell’s growth characteristics and medium buffering parameters, different
gas mixtures would be required, therefore, no additional text will be added to address this
comment.

Figure 2 has no interest in its present form: it brings no information.

Additional text added to line 101 to indicate the comparison to stirred tank bioreactor
systems:

“In contrast to stirred tank bioreactors, the vertical impeller of this single use reactor is
turned by a stream of gas bubbles within the vessel, which allows for gentle and uniform
medium mixing (Figure 2).”

Where does the fluid go in? out? Where are the cells? Is something moving? Where is the "air-
wheel"? why is it "single-use™?

The assembly and operation of the system will be demonstrated in the video, so no
additional text will be added to address this comment.

Fig.1 seems to indicate that the bioreactor working volume may be up to 2000 or 2500 liters: is it
an error?

Additional text was added (line 100-101) to clarify that larger Air-Wheel bioreactor
systems can accommodate 2000 or 2500 liter volumes.

“As compared to the stirred tank reactor, the pneumatic reactor has low wall shear stress
even with high volume Air-wheel bioreactor systems (Figure 1).”

Line 96 and 145: what does "vessel" mean in this context?

Not found

The procedure: why infect the cells with the addition of a virus inoculum? What conclusions do
the authors expect from this part of the procedure? This is not clearly explained.



No additional changes were made based on this comment because we stated in lines 94-96
the purpose of using a virus inoculum.

“In this video, using the single use pneumatic (Air-Wheel) bioreactor system, we
demonstrate the culture of human lung carcinoma cells (A549) cells on micro-carriers for
production of an oncolytic adenovirus.”

In several parts of the paper, the authors give some affirmations without any demonstration:

- in the abstract: "this bioreactor system eliminates many of the challenges associated with
currently available systems by minimizing hydrodynamic shear and nutrient gradient formation,
and allowing for uniform culture medium aeration" ..." This bioreactor system also has
tremendous potential for scale-up of adherent and suspension mammalian cells for production of
a variety therapeutic proteins, monoclonal antibodies, stem cells, biosimilars, and vaccines".

The video portion of the submission will address these comments.

- Lines 65-67 in the Introduction: "The pneumatic bioreactor demonstrated in this video has
proven suitable for the production of such mesenchymal stem cells for this application™

The statement in lines 65-67 was referenced with: “(Serra et al., personal communication,
2013)”, so no additional clarification will be added.

- Lines 278-279: "In previous experiments, we have found that monitoring and adjusting gas
flow is critical to maximizing cell growth".

The following was added to the end of the sentence: “(unpublished data).”



