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Abstract

Background: Ammonia concentrations typically increase during mammalian cell cul-

tures, mainly due to glutamine and other amino acid consumption. An early ammonia

stress indicator is a metabolic shift with respect to alanine. To determine the under-

lying mechanisms of this metabolic shift, a Chinese hamster ovary (CHO) cell line

with two distinct ages (standard and young) was cultured in parallel fed-batch biore-

actors with 0 mM or 10 mM ammonia added at 12 h. Reduced viable cell densities

were observed for the stressed cells, while viability was not significantly affected. The

stressed cultures had higher alanine, lactate, and glutamate accumulation. Interest-

ingly, the ammonia concentrations were similar by Day 8.5 for all cultures.We hypoth-

esized the ammonia was converted to alanine as a coping mechanism. Interestingly,

no significant differences were observed for metabolite profiles due to cell age. Gly-

cosylation analysis showed the ammonia stress reduced galactosylation, sialylation,

and fucosylation. Transcriptome analysis of the standard-aged cultures indicated the

ammonia stress had a limited impact on the transcriptome, where few of the signifi-

cant changeswere directly relatedmetabolite or glycosylation reactions. These results

indicate that mechanisms used to alleviate ammonia stress are most likely controlled

post-transcriptionally, and this is where future research should focus.
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1 INTRODUCTION

Ammonia is awell-recognized toxic and inhibitory by-product of amino

acid catabolism primarily produced in the mitochondria.[1–4] Dur-

ing high-cell density fed-batch cultures it is common to reach viable

cell densities (VCD) up to 50 million cells per mL with ammonia

levels gradually increasing to values between 10 and 20 mM.[5,6]

Process intensification has substantially increased challenges sur-

rounding ammonia and similar waste product accumulation for Chi-

nese hamster ovary (CHO) cell cultures, as waste product species are
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known to be growth and product inhibitors.[2,7–9] And recent work has

demonstrated that ammonia stress can induce microsatellite instabil-

ity, in adose-dependentmanner.[10] Specifically, elevatedammonia lev-

els have been observed to inhibit cell growth and maximum cell den-

sities, decrease titer production, and negatively affect critical quality

attributes (CQA).[6,11,12]

Several mechanisms of ammonia toxicity have been proposed

with the majority originating from the intracellular pH (pHi)

changes.[6,11,13–15] Normal bioprocess pH setpoints range from

6.9 – 7.3. In this range, nearly all the ammonia exists in its ionized

form, NH4
+, and the concentration of dissolved NH3 is very low

(pKa = 9.2).[16] The ionized form is relatively membrane impermeable

and competes with potassium ions for uptake due to similar ionic

radii.[17–19] Subsequently, intracellular K+ concentrations decrease

and maintenance energy requirements increase to maintain ion

gradients.[20–22] The addition of NH4Cl acidifies the cytoplasm and

results in slight alkalinization of the mitochondria.[22] Even though the

alkaline environment in the mitochondria is thought to have nominal

effects on the proton gradient, others have pointed out that many key

central metabolic enzymes are highly pH-dependent.[16,21,23–27]

Academic and industrial research groups have spent over 30

years developing methods to minimize ammonia and waste prod-

uct accumulation with better progress made reducing lactate

than ammonia accumulation.[9,28–32] Most commonly, exogenous

ammonia is utilized to simulate ammonia stress to disconnect the

metabolic effects.[6,7,12,33] Yet, the basic rules of thumb to minimize

ammonia accumulation are to use alternative carbon and nitro-

gen sources and improve process control of the carbon/nitrogen

concentrations.[7,30,34–36] Genetic engineering approaches have also

been used to minimize ammonia accumulation or decrease toxicity

on the cells.[37–41] Nonetheless, the literature reports are mixed with

respect to the degree these interventions are successful.[2,28]

To gain a better understanding of the effects ammonia has on

cellular metabolism and other interactions, several researchers have

investigated gene expression in CHO cells in response to ammonia

stress.[12,33,42] Early studies identified a few genes involved in gly-

cosylation that were down-regulated;[12] and once the CHO genome

was sequenced, it was determined that other glycosylation-related

genes were also negatively impacted by elevated ammonia;[33] how-

ever, a whole genome examination has not been undertaken. In the

interim, researchers have disrupted amino acid pathways in CHO

cells to reduce ammonia accumulation.[38,43] There is evidence of

strong metabolic correlation between ammonia stress and amino

acid metabolism, specifically alanine biosynthesis. It is unknown if

metabolic enzyme gene expressions change in response to elevated

ammonia to enhance detoxification reactions.[44]

In this study, parallel fed-batch CHO cell cultures of two distinct

ageswere treatedwith either a10mMammonia stresswithbolus addi-

tion ofNH4Cl or an equal basalmedia bolus in an ambr250 system. The

two-level factorial design was selected to simulate common end of cul-

ture ammonia concentrations and evaluate the age-dependent stress

response to ammonia. Growth, metabolite, and glycosylation profiles

were compared across both young- and standard-aged cultures. Addi-

tionally, both transcriptomic and amino acid metabolic analyses were

conducted on the standard-aged cultures to determine the underlying

cellular mechanisms for the observed differences in bioprocess and

growth profiles, specific metabolite production rates, and CQA.

2 MATERIALS AND METHODS

2.1 Cell culture

Recombinant CHO-K1 Clone A11 expressing the anti-HIV antibody

VRC01 (IgG1) was obtained from the Vaccine Research Center at the

National Institutes of Health (NIH). The CHO VRC01 cell ages are

defined as young, with a seven to 10 population doubling level (PDL)

and as standard with a 50 to 90 PDL. The standard PDL working cell

bank was derived from the young PDLworking cell bank.

2.1.1 Pre-cultures

Working cell bank cells (1 mL frozen in liquid nitrogen) were thawed

into 250 mL baffled, vented shake flasks with 70 mL working vol-

ume containing ActiPromedia (GEHealthcare) with 6mML-glutamine

(Sigma-Aldrich) and maintained in a 5% CO2 incubator at 37◦C with

orbital shaking at 135 rpm. Cells were passaged five times, in the expo-

nential growth phase (every 2–3 days) to a target cell density of 0.4 ×

106 cells mL-1, prior to inoculation into the ambr250 system.

2.1.2 Bioreactors

The ambr250 bioreactors (Sartorius Stedim, Göttingen, Germany)

were equipped with two pitched blade impellers and an open pipe

sparger (vessel part number: 001–5G25). The bioreactors were inocu-

lated at a target cell density of 0.4× 106 cells mL–1 in 210mL total vol-

ume ActiPro media. The feeding began on Day 2.5 at 3% (v/v) for Cell

Boost 7a and 0.3% (v/v) for Cell Boost 7b (GE Healthcare) with daily

feeding, then increased according to the following percentages: Boost

7a (v/v)/Boost 7b (v/v); Day 5.5 to Day 6.5 – 4%/0.4%; Day 7.5 to Day

8.5 – 5%/0.5%. Glucosewas supplemented daily, as needed, starting on

Day2.5, tomaintain cultures above4gL–1.Cultureswere stressedwith

0mMor 10mMammonium chloride in duplicate 12 h post-inoculation,

where media was used to normalize the volume of the 0 mM (control)

cultures to 10 mM ammonia-stressed cultures. Bioreactors were har-

vested onDay 8.5.

For the ambr250 bioreactors, the temperature was controlled to

36.5◦C. The pHwas controlled via sparging carbon dioxide and air, and

a base addition via liquid pumps (1M sodium bicarbonate). The pH set-

point was 7.0 with an initial deadband (DB) of 0.05 units, where theDB

was changed to 0.01 at time 6.75 days. The base pump flow rate could

vary from 0 to 10 mL min–1 and the carbon dioxide gas flow rate could

vary from 0 to 20 mLmin–1. All gases were supplied through the open

pipe sparger; initial flow rate of the sparged air was 2 mL min–1. A gas
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overlaywasnotused. Thedissolvedoxygen (DO)was controlled to50%

of air saturation using a proportional-integral-derivative (PID) control

algorithm using two levels. For the ambr250 the PID controller, Out-

put was determined by the “Deviation” or difference from the setpoint

(also called the error or deviation) by the following equation:

Output = kP

(
Deviation + tD

d (Deviation)
dt

+
1
tI
∫ Deviation dt

)

The kP is the proportional parameter; tD is the derivative parame-

ter; tI is the integral parameter. The first level increased the flow rate

of pure oxygen from 0 to 80 mL min–1 (kp 0.03, tD 0 s, tI 500 s) where

the air flow was maintained at 2 mL min–1 and was changed to kp 0.04

and tI 150 s onDay6.75. The second level increased the stir speed from

300 to 600 rpm (kp 3.5, tD 0 s, tI 250 s) and was changed to tI 200 s on

Day 5.75, 300 to 900 rpm and tI 150 s onDay 6.75, and 300 to 800 rpm

onDay 7.75.

2.2 Analytical methods

2.2.1 Off-line measurements

Samples were taken daily, pre-feeding, for VCD, cell viability, and glu-

cose. Additionally, post-feed samples were taken for glucose, lactate,

glutamine, glutamate, IgG, and ammonia. VCD and viability were mea-

sured using the trypan blue exclusion method using the Vi-Cell XR cell

viability analyzer (Beckman Coulter, Brea, CA). Extracellular glucose,

lactate, glutamine, glutamate, IgG, and ammonia concentrations were

measured using a Cedex Bioanalyzer (Roche Diagnostics, Mannheim,

Germany).

2.2.2 Amino acid analysis

Samples were taken on nominal Days 0.5, 2.5, 5.5, and 8.5 (terms used

for the remainder of the manuscript) for amino acid analysis corre-

sponding to culture times 0.61, 2.64, 5.58, and 8.57 days, respectively.

The samples were centrifuged at 10,000 × g for 15 min at 4◦C; the

supernatant was aliquoted into three 200 μL aliquots and frozen at -

20◦C. A capillary electrophoresis with high pressure mass spectrome-

try (CE-HPMS) analyzer (Rebel, 908 Devices, Boston, MA) was used to

analyze the bioreactor supernatants from Days 0.5, 2.5, 5.5, and 8.5.

A calibration curve was used that contained five standards at 5 μM,

10 μM, 25 μM, 50 μM, and 100 μM. Bioreactor samples were analyzed

in technical triplicates. All data processing from the CE-HPMS system

was performed using 908Devices, Inc., in-house software.[44,45]

Alanine for the young and standard PDL cultureswas alsomeasured

by a gas chromatography-flame ionization detector (GC-FID) method.

For the GC-FID method, supernatant was derivatized by using the

EZ:faast amino acid analysis kit (Phenomenex, Torrance, CA). Standard

solutions were prepared for alanine to a final concentration of 10 mM

in water and pH adjusted to below pH 7.0. Samples were prepared by

combining 150 μL supernatant and 50 μL of an internal standard (200

μM norvaline). Sample derivatization was performed as per manufac-

turer instructions,[46] and a standard curvewas generated.Derivatized

samples were injected into the GC-FID instrument (Agilent Technolo-

gies, 7890A GC system) equipped with an autosampler (Agilent Tech-

nologies, 7683B Series Injector) and a Zebron ZB-AAA10mx 0.25mm

capillary GC column using helium as the carrier gas (1.5 mL min–1 con-

stant flow). The initial column temperature was 60◦C and increased by

32◦Cmin–1 to a final temperature of 320◦C. The FID temperature was

held at 320◦C and 2 μL of sample was injected at 250◦C with a split

ratio of 1:15 using a 10 μL syringe.

2.2.3 Glycosylation analysis

Samples for glycosylation analysiswere harvested onDays 2.5, 5.5, and

8.5. Sampleswere collected and centrifuged at 10,000× g for 15min at

4◦C; the supernatantwas extracted and transferred to fresh tubes then

frozen at -20◦C. Cell debris were further removed from thawed super-

natant containing IgG (up to 1mL) by centrifugation at 3,200 x g for 10

min at 4◦C. Protein A Agarose resin (1 mL, Pierce, ThermoFisher Sci-

entific, Waltham, MA) in a 15 mL column (pre-equilibrated with 10 mL

sterilized phosphate-buffered saline (PBS)) was used to capture up to

1 mg IgG from supernatant. Samples were washed thrice with 10 mL

PBS to elute non-specifically bound proteins. The IgGwas eluted using

10 mL elution buffer (100 mM glycine, pH = 2.75, filter sterilized),

collected in 1 mL fractions. Protein-containing fractions were com-

bined and concentrated to 100 μL via Amicon ultra-centrifugal filters

(Millipore Sigma, Burlington, MA) with subsequent buffer exchange

into 1.5 mL PBS, then re-concentrated to a final volume of 20–100

μL. Protein concentrations were determined via spectrophotometry at

280 nm (Denovix DS-11). The purified IgG was stored at -20◦C until

analyzed. Protein purity was confirmed via electrophoresis where the

purified IgG (15 μg) was run on a 12% Tris-Glycine gel in SDS buffer

(225V for 45min). The gels were stainedwith Coomassie Brilliant blue

(MP Biomedicals, Solon, OH) and de-stained with 30% methanol, 10%

acetic acid. Gelanalyzer 2010a (gelanalyzer.com) was used to deter-

mine protein purity (all samples> 98%).

Glycan profiles were determined via ultra-performance liquid chro-

matography (UPLC). Glycans were released from the purified IgG and

fluorescently labeled using the Glycoworks Rapifluor-MS N-glycan kit

(Waters Corporation, Milford, MA) according to manufacturer’s pro-

tocol. Labeled glycans were eluted from a BEH Amide column (1.7

μm, 2.1 × 150 mm) on a Waters ACQUITY ultra-performance liquid

chromatography instrument usingWaters universal N-glycan profiling

method. The mobile phases were 50 mM ammonium formate (pH = 4)

and 100% acetonitrile with a gradient from 25:75 formate: acetoni-

trile to 46:54 over 36.5 min for glycan elution and followed by 100:0

for 6.6 min to clean column, lastly the column was re-equilibrated at

25:75 for 11.9min, as per themanufacturersmethod. Glycan identities

were determined by using dextran standards (Rapifluor-MS Dextran

calibration ladder, Waters Corporation, Milford, MA) to create a stan-

dard curve and comparing retention times of glycans against reference

values in the “Glycostore” database (https://glycostore.org/). Empower

https://glycostore.org/
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3 software (Waters Corporation, Milford, MA) was used for all analysis

of chromatograms, andglycosylationdatawereanalyzedasnormalized

peak area.

2.2.4 RNA isolation and RNA-Seq analysis

Samples for transcriptome analysis by RNA sequencing (RNA-Seq)

were taken from the duplicate standard-aged cultures at Days 0, 2.5,

5.5, and 8.5. for both the control and ammonia-stressed cultures. The

samples were harvested as described above and the pellet was stored

in 500 μLRNAprotect cell reagent (Qiagen, Valencia, CA) at -20◦Cuntil

RNA extraction. Total RNA extraction was performed with the RNeasy

Plus Mini kit (Qiagen) according to the manufacturer’s recommended

protocol. Quality and integrity were validated via spectrophotometry

(NanoDrop 8000 UV-Vis, Thermo Scientific, MA) and automated elec-

trophoresis (RNA 6000 Nano kit with the Agilent 2100 Bioanalyzer

System, Agilent, Santa Clara, CA) respectively. All samples had RNA

integrity numbers (RIN) values of greater than 9.7.

cDNA library construction was performed by Novogene (Davis, CA)

using 1 μg of RNA and an NEBNext Ultra II RNA Library Prep Kit for

Illumina (cat# E7490, New England Biolabs, Ipswich,MA, USA) accord-

ing to the manufacturer’s protocol. The resulting 250–350 bp insert

libraries were quantified using aQubit 2.0 fluorometer (Thermo Fisher

Scientific, Waltham, MA, USA) and quantitative PCR. Size distribution

was analyzed using an Agilent 2100 Bioanalyzer (Agilent Technologies,

Santa Clara, CA, USA). Qualified libraries were sequenced on an Illu-

mina Novaseq 6000 Platform (Illumina, San Diego, CA, USA) using a

paired-end150 run (2×150bases). Aminimumof20Mrawreadswere

generated from each library.

Raw sequence reads were de-multiplexed on the instrument and

reads ≥ 36 bp were cleaned of adapter and low-quality bases (< Phred

15)with theTrimmomatic (v0.38) softwarepackage.[47] Trimmed reads

were aligned with the STAR (v2.7.1) software package[48] to the Chi-

nese hamster reference genome (NCBI GCF_003668045.1_CriGri-

PICR) and the sequence for the human VRC01 recombinant pro-

tein sequence (See the Supplemental Materials for the VRC01 heavy

and light chain nucleotide sequences). The locally aligned sequences

were then passed through samtools (v1.4)[49] to be viewed, sorted,

indexed, and converted to BAM files for gene quantification using

HTSeq (v0.11.2)[50] with default settings.

Raw data sets have been deposited into the Sequence Read Archive

(SRA), part of the National Center for Biotechnology Information

(NCBI) database, National Library of Medicine, National Institutes

of Health. Sequence Read Archive (SRA) accession numbers for the

10 mM ammonia treated and 0 mM ammonia control group sam-

ples are SAMN13762555 – SAMN13762568 under BioProject number

PRJNA599947.

2.3 Differential expression gene analysis

The R/Bioconductor package, DESeq2 (v1.26.0),[51] was used for dif-

ferential gene expression analysis. Briefly, DESeq2 performs an inter-

nal normalization to correct for library size and composition bias and

fits the data to a generalized linearmodel (GLM) under a negative bino-

mial distributionwhile controlling fordispersionand the inherentnoisi-

ness of geneswith low read countswhich complicate downstreamanal-

ysis. For significance testing,DESeq2canutilize either a likelihood ratio

test (LRT) which compares a full and reduced model to test if remov-

ing predictor variables results in a statistically significant lesser fit or

a Wald test which allows testing of individual coefficients. To address

the multiple testing problem and reduce associated loss of power with

the employed Benjamini-Hochberg procedure, the software conducts

independent filtering to remove low count genes that have negligible

chance of being detected as differentially expressed.

Through the DESeq2 pipeline, an initial inputted raw counts matrix

of all genes in theappended referencegenomewas first passed through

an LRT with model matrices: full = ∼ ammonia × day, and reduced = ∼

day. Low count genes were automatically removed by independent

filtering by a user-defined false discovery rate (FDR) of 0.05. Genes

below theFDRcutoffwere also required tobe significant in at least one

pairwiseWald comparison between the treated 10mMNH3 group and

control 0mMNH3 group forDays 2.5, 5.5, and 8.5 (FDR<0.05 and fold

change (FC)≥ 1.1).

2.4 Specific consumption rates and specific
productivity calculations

Specific consumption and production rates were estimated through

an adapted linear model outlined in Meadows et al. (2008).[52] Mea-

sured metabolite concentrations were treated as the dependent vari-

able, adjusted for feeding. Integral viable cell density (IVCD), calculated

according to Pan et al. (2017),[53] was treated as the independent vari-

able. Least squares regressions fits were used for eachmetabolite with

time to calculate the specific consumption rates.

2.5 Statistical analyses

Statistical analysis was performed using the software JMPPro 14 (SAS

Institute Inc., Cary, NC) on replicate data. Maximum cell concentra-

tion, cell viability, final IgG titer, and glycan data were analyzed using

the Generalized Linear Model (p value ≤ 0.05) to determine if culture

age/PDL, the ammonia concentration, or an interactionof the twowere

effectors. For effectors that were statistically significant, a Standard

Least Square procedure (p value ≤ 0.05) with Tukey post-hoc analy-

sis was conducted. The interaction term was removed from analysis if

not significant. Specific consumption rates, specific productivity, and

growth rate were calculated as linear regression slopes and analyzed

through the same statistical procedure. The regression coefficients

were used as the response variable, and the reciprocal of the variances

were used as the weight to retain information about the strength of

the relationship. Time intervals for linear regressions were: exponen-

tial growth phase (Days 0 – 4.5) and specific productivity (Days 0.5 –

8.5). The specific consumption rates used time intervals with highest
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coefficient of determination for each metabolite. Standard-aged cul-

ture amino acid fluxes measured by CE-HPMS had time intervals from

Days 0.5 – 5.5. The criteria for a non-zero slopes was then applied

where fluxes were in the same direction (p value ≤ 0.1) and less than

0.1 pmol cell–1 day–1. The Cauchy method was used to calculate the

standard deviation for ratios,[54] such as the ratio of the titers between

the control and ammonia-stressed cultures. Error bars on graphs rep-

resent standard deviations, unless stated otherwise. All averages are

reported asmean± SD, unless stated otherwise.

3 RESULTS AND DISCUSSION

In previous studies, the effect of ammonia stress has been described

for CHO cells with uncharacterized or unstated culture ages.[7,12,33] It

is nowwidely accepted that culture age or passage numbers/doublings,

now more properly defined as the PDL,[55] affects the capability of

CHO cells to respond to stress.[56] Recent work described the nega-

tive effects of ammonia on growth, product quantity, and productiv-

ity for cells with a standard PDL > 50.[44] In the present work, both

young-aged cells, defined to bewithin 10 PDL of the original clone, and

standard-aged cells (between 50 and 90 PDL) were cultured in paral-

lel to determine the role cell age played in the response CHO cells had

to an ammonia stress. The growth characteristics of these cultures are

shown in Figure 1. Transcriptome analysis was also used to determine

the underlying causes of metabolic shifts in amino acid metabolism

observed in this study and elsewhere.[44]

3.1 Cell growth and productivity under ammonia
stress

Both young- and standard-aged CHO cell cultures were grown in par-

allel and stressed with a bolus of ammonium chloride at 12 h (Day

0.5), which increased the ammonia concentration by 10 mM. In all cul-

tures the ammonia then increased fromDays 0.5 – 1.5, due to the near

equimolar glutamine consumption (Figure 1C). Ammonia consumption

wasobserved in the ammonia-stressed cultures untilDay8.5. The rapid

decrease in ammonia concentration suggests an ammonia-inducible

metabolic detoxificationmechanism to counter the stressor.

The exponential growth rates for the ammonia-stressed cultures

were significantly lower than the control cultures (p value ≤ 0.05) (Fig-

ure 1A). However, the growth rates for the control cultures regardless

of culture agewere similar at 0.033± 0.001 h–1 . Additionally, themax-

imum viable cell densities (VCD) were significantly different by culture

age and the ammonia stress (p value ≤ 0.05) with VCDs, while cell via-

bilities were not significantly different by either factor (p value> 0.05).

These small differences in the growth rates resulted in the IVCD being

significantly affected by culture age and the ammonia stress. Specifi-

cally, the IVCD was 40% ± 8% higher for the control cultures (p value

≤ 0.05) compared to the ammonia-stressed cultures (Figure S3), and

9% ± 6% higher for the young cultures (p value ≤ 0.05) compared to

the standard-aged cultures.

Glucose was fed as needed to maintain the glucose concentration

between 4 and 6 g L-1, starting Day 2.5 (Figure 1D). The ActiPro

Boost 7a feed contains glucose, such that supplement glucosewas only

needed to raise the glucose concentration after Day 6. Only the batch

medium contains glutamine, as indicated by the decreasing concentra-

tion from Day 0 to Day 4. Since Cell Boost 7b contains glutamate, the

glutamate accumulation caused the glutamine accumulation later in

the cultures (Figure 1G and 1H). For the ammonia-stressed cultures,

glutamate accumulated more rapidly due to feeding since the feeding

volumewas preset and based on bioreactor volume and not VCD.

The final IgG titer was significantly lower for the ammonia-stressed

cultures (p value ≤ 0.05); however, PDL was not a significant effector

(p value> 0.05) (Figure 1F). The final IgG titers for the control cultures

were 1.48 ± 0.20 fold higher than the ammonia-stressed cultures. The

cell specific productivity was not significantly different due to PDL or

the ammonia stress (p value ≤ 0.05). Overall, these results highlight

that the cultures were well-controlled and synchronized, such that the

effect of ammonia on the cultures at the metabolic and transcriptome

levels could be evaluated.

3.2 Amino acid metabolic changes

Net specific consumption rates were calculated for all the cultures

between Days 0.5 – 5.5, reflective of the time interval with diver-

gent ammonia profiles. The combined effect of the volume-based feed-

ing strategy and lower VCDs on metabolite concentration profiles

was normalized to VCD to identify ammonia-induced metabolic shifts.

Amino acid uptake and intracellular conversion are shown in Figure 2A

along with glycolysis and the TCA cycle. Most of the 17 amino acids

quantified did not have significantly different consumption rates due

to the ammonia stress (p value> 0.05).

Normally alanine is consumed for biomass generation, as seen in the

control cultures (Figure 1I); however, alanine was the only amino acid

with a significantly higher net production rate in the ammonia-stressed

cultures. The observed increase of 8.93± 0.18mMbetweenDays 2.5 –

5.5 was in excess of the amount fed during that time (only a 1.86 mM

increase) (Figure 1I). Alanine concentrations were determined solely

by GC-FID for the young PDL cultures, but by both GC-FID and CE-

HPMS for the standard PDL cultures. To determine if the young PDL

culture had similar behavior, both analysis methods need to be shown

for the standardPDL cultures. Even thoughbothmethods use standard

curves, the absolute values for the same sample are different by the

two methods, yet qualitatively the young and standard PDL cultures

had similar behaviorwith respect to alaninemetabolism. Further, these

observed alanine profiles agree with previous work using this cell line

in the ambr250under ammonia stresswith a different feeding protocol

(Figure S1) and consistent with other biological systems.[3,16,44,57–60]

Extracellular ammonia increased to 9.57 ± 0.94 mM from the

ammonium chloride bolus on Day 0.5 and further increased the

following day presumably due to glutamine deamidation (Figure 1C).

Ammonia concentrations then decreased until Day 5.5 in the stressed

cultureswith an observed change of -6.83±0.38mM. In this same time
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F IGURE 1 Growth and cell metabolite profiles. Control (0 mM) and 10mMammonia-stressed cultures of CHOVRC01 cells of young and
standard PDLwere examined, where the ammonia stress was added at 12 h. A. viable cell density (VCD); B. Cell viability; C. Ammonia; D. Glucose;
E. Lactate; F. IgG (titer); G. Glutamine; H. Glutamate; and I. Alanine. Young PDL cultures are shown inmagenta and the standard PDL cultures are
shown in blue (except in the alanine panel (I), where black was used represent the standard PDL cultures measured by GC-FID). Dashed lines with
hollow symbols represent the control cultures and solid lines with closed symbols represent the ammonia-stressed cultures. The sample times
collected for the glycan and transcriptome analysis are shown in panel C. Only the standard culture was sampled for the transcriptome analysis.
The lines represent themean of duplicate cultures; all data points are shown

interval, alanine production adjusted for feed was nearly equimolar

to ammonia consumption (7.06 ± 0.18 mM); a relationship similarly

observed by others.[3] Further, the specific production and con-

sumption rates between Days 0.5 – 5.5 for alanine and ammonia are

balanced (Figure 3).

Several other amino acids also had increased consumption rates due

to the ammonia stress. Specifically, isoleucine, leucine, phenylalanine,

serine, tryptophan, tyrosine, and valine all had increased consumption

rates due to the ammonia stress (p value≤ 0.1) (Figure 3) in agreement

with the literature.[16,61] These seven amino acids have anaplerotic

roles that allow the TCA cycle to function as both a biosynthetic and

a bioenergetic pathway.[61] Higher consumption rates would indicate

ammonia disrupted the efficiency of central carbon metabolism and

accelerated TCA turnover to meet energy demands. This was likely

coupled with a disproportionate increase in energy expenditure and

cataplerosis for cell maintenance requirements.

Previous research suggests the primary inhibitory mechanism

from elevated ammonia is intracellular pH (pHi) changes owing to the

ionized and nonionized forms reestablishing equilibrium, following

the outflow of the membrane-diffusible NH3 (Figure 2A).[22,25,62,63]
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F IGURE 2 Simplifiedmetabolic pathways in CHO cells. (A)Major pathways. Amino acids with significant differences in specific
consumption/production rates due to elevated ammonia are shown in red (p value≤ 0.1). The common three letter abbreviations are used for all
amino acids. (B) pH changemechanism by ammonia for cytoplasm andmitochondria. (1) Diffusion of NH3 throughmembrane; (2) Active and
facilitated transport of NH4

+ by K+ transporters. (C) Hypothesized ammonia detoxificationmethod. Dotted lines represent multiple enzymes. Key
ammonia detoxification enzymes are labelled with protein-coding gene italicized beneath

An ammonium chloride addition acidifies the cytoplasm and slightly

alkalinizes the mitochondria.[22] Intracellular pH changes have

been shown to affect several vital cell functions and bioprocess

outcomes.[6,11,13,14,63] Without the capacity to utilize the urea cycle

due to a lack of carbamoyl phosphate synthase gene expression,

CHO cells must detoxify ammonia through alternative amino acid

metabolism.[37–41]

Under ammonia stress, the CHO cells likely utilized a two-step

detoxification pathway through the mitochondrial isozymes of gluta-

mate dehydrogenase (GDH) and alanine transaminase (ALT), which

generates alaninewhile consumingammonium (Figure2C). Specifically,

GDH catalyzed α-ketoglutarate (αKG) + NH4
+
+ NADH to yield L-

glutamate + NAD+. Further, alanine transaminase then catalyzed glu-

tamate + pyruvate to generate alanine + α-ketoglutarate (αKG). GDH
is a key metabolic regulator which facilitates carbon flow into the TCA

cycle during restricted nutrient access.[61] The enzyme is highly sen-

sitive to pH and ammonia concentrations, cited to reverse flux into

a glutamate-producing reaction with elevated ammonia levels.[61,64]

Additionally, the Michaelis-Menten constant (Km) for ammonia has

been shown to increase several-fold from pH 8.0 to 7.0 in human

GDH.[65] Under glucose-replete conditions, the synthesized gluta-

mate oxidizes primarily through transaminase reactions[26,66–68] The

selected transamination pathway varies by biological system; however,

CHO cells have been shown to predominately utilize ALT.[3,64,69] Taken

together, the overall process shunted ammonium to alanine via pyru-

vate from themitochondrial pool.[59,61] Consequently, therewas aneg-

ligible change in net specific glutamate consumption under ammonia

stress as restorationofαKG isbalancedby theequimolar ammonia con-

sumption and alanine production. Thismechanism of ammonia seques-

tration has been described in CHO cells and hybridoma lines.[3,64,69]

Therefore,metabolic sequestration of ammonia primarily results in the

formationof alanine,which serves as anitrogen sink, but at theexpense

of mitochondrial pyruvate and NADH.[59,70] Consumption of these

necessary reductants is a likely contributor to the overall inhibitory

effects.

3.3 Glycosylation changes due to ammonia stress

To evaluate the impact of ammonia stress on the glycosylation profiles

of the VRC01 antibody (IgG), both young and standard cells were eval-

uated at two time points (Days 5.5 and 8.5) (Figure 4A). The greatest
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F IGURE 3 Specific consumption and production rates for
metabolites and amino acids betweenDays 0.5 – 5.5. consumption is
shown as negative values and production is shown as positive values.
Asterisks denote the difference was significance by both weighted
least squares and slope test (p value≤ 0.1). Error bars represent
standard deviations

impact of ammonia stress on the glycosylation profile of the VRC01

antibodywas observed onDay 5.5, consistentwithmeasured transient

ammonia stress in the cultures prior to Day 5.5 (Figure 1). The glyco-

sylation profile of VRC01 from ammonia stress cultures on Day 8.5

was more similar to the unstressed cultures (Figure 4B), which is con-

sistent with the lower observed ammonia concentrations at Day 8.5

(Figure 1).

The most apparent impact of the ammonia stress on Day 5.5 is

the reduction in galactosylation observed for both young and stan-

dard PDL cultures (Figure 4B), consistent with previously published

results.[71–74] The total galactosylation comprising species G1, G1F,

G2, G2F, G1FS1, and G2FS1, and was reduced by the ammonia stress

on Day 5.5 from 70% to 53% for the standard PDL cultures and 71%

to 60% for the young PDL cultures (Figure 4B) (p value ≤ 0.05). The

most highly changed species were G1F, G2F, and G2FS1 glycan species

(p value ≤ 0.05) (Figure 4A). The terminal galactosylation comprising

species G1, G1F, G2, and G2F was similarly reduced by the ammonia

stress on Day 5.5 from 32% to 21% for the standard PDL cultures and

33%to27% for theyoungPDLcultures (pvalue≤0.05) (Figure4B). The

most highly changed species wereG1F andG2F glycan species (p value

≤ 0.05) (Figure 4A). Galactosylation was also sensitive to culture age

(p value ≤ 0.05), yet there was no significant interaction between cul-

ture age and the ammonia stress (p value > 0.05). A similar reduction

in galactosylation is observed for persistent ammonia-stressed CHO

VRC01 cultures with standard PDL, despite a different feeding and

gassing protocol (Figure S2).[44] In this prior work, a higher ammonia

stress of 30mMfurther increased the trend of reduced galactosylation

(Figure S2).[44]

Ammonia stress slightly reduced sialylationonDay5.5 for standard-

(from 38% to 32%) and young-aged (from 37% to 34%) cultures (p

value ≤ 0.05) (Figure 4B). The most highly changed species was G2FS1

(p value ≤ 0.05) (Figure 4A), which also is consistent with previous

work.[11,12,14,31,33,75,76] Overall, culture age affected sialylation under

ammonia stress (p value ≤ 0.05), but this was less pronounced com-

pared to the galactosylation changes. By Day 8.5, there was no signif-

icant difference in sialylation for either young- or standard-aged cul-

tures (p value > 0.05) (Figure 4A). Yet, the G2S1 glycan species, over-

all, had lower levels on Day 8.5 compared to Day 5.5 (p value ≤ 0.05).

Similarly, G2FS1 was observed to be reduced in the persistent ammo-

nia stress culture, but not for the G2S1 glycan species at the same time

(Figure S2). The higher ammonia stress (30 mM) further increased the

sialylation reduction (Figure S2).[44]

Fucosylation was significantly impacted by both cell age and ammo-

nia stress, where young PDL and ammonia-stressed cultures had lower

levels of fucosylated glycans (p value ≤ 0.05) (Figure 4B). There was

no observed interaction effect between cell age and ammonia. A sig-

nificant reduction in fucosylated glycans was also observed in the per-

sistent ammonia-stressed cultures, and was increased in the 30 mM

ammonia-stressed standard-aged cultures (Figure S2). The presence

of G1 glycan species was under 2% of all glycans for all treatments

of young PDL cells. Interestingly, regardless of treatment, all standard

PDL cultures lacked detectable G1 glycan species and had slightly ele-

vated G0F compared to the young PDL cultures.

3.4 Evaluation of gene expression changes

To elucidate the underlying mechanisms of alanine metabolism and

glycosylation changes in ammonia-stressed CHO cell cultures, tran-

scriptome analysis via RNA-Seq was performed on the standard-aged

cultures. Significance testing on the original 32,430 genes present in

the reference genome and VRC01 plasmid yielded 12,520 genes with

mean normalized expression levels above the software’s calculated fil-

ter threshold of 23.15. Principal component analysis (PCA) resulted

in two significant dimensions to these 12,520 genes (Figure 5B). The

greatest amount of variance (72%)was attributed to the growth phase,

as both the control and ammonia-stressed cultures follow identical dis-

tributions clustering vertically along PC1 for any given day. The second

dimension highlighted the effect of the ammonia stress, as all changes

were in the samedirection due to the ammonia stress, downward along

the y-axis; however, this dimension accounted for a much lower vari-

ance (9%) than the growth phase. Between the control and ammonia-

stressed cultures on Days 5.5 and 8.5, there was a reduced variation

on PC2 on Day 8.5 complementing the ammonia profiles of these cul-

tures. The shape of the PCA suggested the ammonia stress had a tran-

sient effect on the transcriptome, which was partially reversed by Day

8.5 relative to Day 5.5. Further, even at Day 2.5, which was approxi-

mately 48 h after the ammonia stress, the transcriptomewas fairly sta-

ble for the control cultures, but only slightly affected by the ammo-

nia stress, relative to the Day 5.5 and 8.5 samples. A LRT was then

used to identify 4584 significant genes where the FDR was below the
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F IGURE 4 Glycan profiles for the Control (0 mM ammonia) and 10mMammonia stress of young and standard-aged CHOVRC01 cultures. (A)
Overall glycan profile. Shaded bars represent the control cultures and solid bars represent the ammonia-stressed cultures. Young PDL cultures are
shown inmagenta (Day 5.5) or lighter grey (Day 8.5) and the standard PDL cultures are shown in blue (Day 5.5) or darker gray (Day 8.5). Data is
mean± SD of n= 2 biological replicates (n= 1 biological replicate for young PDL control). Asterisks denote statistical significance (p value≤ 0.05)
when comparing control to ammonia-stressed cultures. Hashmark denotes statistical significance (p value≤ 0.05) when comparing young vs.
standard PDL cultures. (B) Trends in glycosylation profile. Young PDL cultures shown inMagenta, standard PDL cultures shown in blue

cutoff of 0.05. This approach was used to reduce identifying genes

which were mostly affected by cell cycle, as most of the variance was

cell cycle related. In Figure S4, a summary of the cell cycle genes are

profiled, which uniformly had differential expression across the cul-

tures, yet the trends are ammonia stress independent. An additional

Wald pairwise comparison criterion (FDR ≤ 0.05, fold change (FC) ≥

1.1) yielded a significant gene list of 1362 genes, which represents a

comparison of the control and ammonia-stressed cultures at the same

time point. In the Supplemental Materials, a list of the 64 genes with

FC ≥ 1.5 (FDR ≤ 0.05) is provided, as FC ≥ 1.1 is rather relaxed.

The 1362 gene list was used to analyze glycosylation and amino acid

metabolism related genes, in order to provide themost comprehensive

examination.

3.4.1 Glycosylation-related genes

Of special interest within the transcriptome analysis were

glycosylation-related genes. Of the 300 unique glycosylation-related

genes identified by Xu (2011), 173 genes had expression under these
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F IGURE 5 Gene expression profiles for glycosylation-related genes for galactosylation and sialylation. (A) Normalized counts for two
galactosyltransferase genes, B3galt4 and B4galt5, and the sialyltransferase gene, St6galnac4, shown on the left-axis. St3gal1 sialyltransferase
gene expression shown on the right-axis. Asterisks denote significantly differentially expressed genes in the likelihood ratio test (LRT) (FDR≤ 0.05)
andwith at least oneWald pairwise contrast between treatments (FDR ≤ 0.05). Error bars represent standard deviations. (B) Principal component
analysis (PCA) plot of the 12,520 significant genes

bioreactor conditions.[77] Further, 39 additional genes were observed

to have expression with names similar to those previously identified as

glycosylation genes. The initial screening of these 212 genes with the

LRT (FDR ≤ 0.05), identified 101 genes with differential expression. A

Wald pairwise test criteria (FDR≤ 0.05, FC≥ 1.1) was used to compare

the control and ammonia-stressed cultures at the same time point.

This reduced the glycosylation-related genes sensitive to the ammonia

stress to 25 significant genes out of the 339 genes.

While 25 glycosylation-related genes were observed to have differ-

ential expression, the primary genes associated with galactosylation

were not significantly affected. Overall, the alterations observed in the

galactosylation due to ammonia stress were most likely due to post-

translational activity differences. While the primary galactosyltrans-

ferase gene, B4galt1, and galactosidase genes were not differentially

expressed, two analogs, B3galt4, B4galt5, were found to have signif-

icantly reduced expression on Day 2.5, but had increased expression

on Day 8.5, respectively (Figure 5A). Conversely, two sialyltransferase

genes (St3gal1, St6galnac4) had significant differential expression due

to the ammonia stress; decreased expression onDay 5.5 and increased

expression on Day 8.5, respectively. These sialylation related genes

had behavior that corresponds with the observed protein sialylation

levels (Figure 4B). The lower sialylation observed on Day 5.5 could be

attributed to the significantly reduced St3gal1 expression due to the

ammonia stress. Several other glycosylation-related genes including

mannosidase, mannosyltransferase, GlcNAc-transferases, lysosomal

enzymes, N-glycans-transferase, hexosaminidases, sulfatases, sulfo-

transferases, nucleotide sugar transporters, and nucleotide synthesis

genes had differential expression. As fold change cannot accurately

express the differential expression due to the overrepresentation of

low count genes, a normalized counts bar chart has been included

in the Supplemental Materials (Figure S5). The aggregate effect of

these differentially expressed genes could have played a role in the

decreased glycosylation quality.

3.4.2 Alanine biosynthesis

Past work has examined potential metabolic mechanisms of ala-

nine accumulation, but lacked transcriptome analysis.[7,44,59] While

there are two potential alanine anabolism reactions in CHO cells,

the L-alanine degradation via transaminase is the only reaction

pathway that has been observed with measurable gene expression

for CHO cells (Figure 2A).[78,79] The alternative alanine-glyoxylate

transaminase enzyme has not been observed under several bioreac-

tor conditions,[78,79] including this study. Under ammonia stress, only

the mitochondrial isozyme of alanine transaminase encoded by the

Gpt2 gene was observed to have measurable gene expression; how-

ever, this gene did not have significantly different gene expression

between the control and ammonia-stressed cultures. The specific con-

sumption and production rates for NH3, alanine, and glutamate were

significantly different (Figure 2C and Figure 3). Yet, none of the seven

genes responsible forNH3, alanine, and glutamate reactions haddiffer-

ential expression due to the ammonia stress (Figure 2). Thiswould indi-

cate that L-alanine degradation via the transaminase pathway is most

likely substrate-level controlled, even under ammonia stress.

4 CONCLUDING REMARKS

This work reports the first study directly comparing the combined

effect of cell line age and ammonia stress on CHO cells. The moderate

ammonia stress, given as a bolus early in the cultivation, resulted
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in transitory elevated ammonia. The bioprocess and glycosylation

analysis were consistent with previous studies. Under the control

conditions, the older (standard PDL) cell line performs nearly identical

to the younger cell line (young PDL). It was not until the cultures

were ammonia-stressed that significant glycosylation differences

were observed due to culture age, where the standard PDL culture

was more negatively affected. Further, the cell age contributed to

lower maximum VCD, yet not a difference in cell viability. Plus, the IgG

production was lower overall, but rather similar on a cell specific level.

To better understand the age related changes, metabolite analysis was

used, and indicated that alanine production was a primary mechanism

used by the cultures for ammonia detoxification by converting the

intracellular ammonium and pyruvate pools into alanine. Interestingly,

RNA-Seq transcriptomic analysis on the standard PDL cultures indi-

cated that alanine production is not controlled at the mRNA leveTl,

as no significant changes in alanine metabolism related genes were

observed. Overall, the transcriptome was remarkably stable due to

ammonia stress. Likewise, the observed differences in glycosylation

could not be directly attributed to changes in primary glycosylation

gene expression levels.
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