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Improvement of Antibody Production in CHO Cells by the Addition of Cystine and Tyrosine

For the monoclonal antibody (mAb) production process, controlling the concentration of amino
acids is important. In particular, cysteine (Cys) and tyrosine (Tyr) are difficult to control in a
culture process because of toxicity and low solubility. To achieve high productivity, the
intracellular mechanisms of inhibitory events, such as endoplasmic reticulum (ER) stress and
oxidative stress related to Cys and Tyr, need to be considerably elucidated. In this study, we
performed multi-omics analyses (transcriptome and proteome) to compare the conditions of
adding Tyr and cystine, a precursor of Cys with less cytotoxicity. The addition of cystine
resulted in decreased viability and productivity because of increased ER stress, the promotion of
ER-associated degradation (ERAD) and apoptosis. Conversely, the addition of Tyr suppressed
ER stress and apoptosis. We thought that this effect was due to the increase in the quantity of
ubiquinone (Coenzyme Q10) biosynthesized from Tyr. To inhibit the apoptosis caused by the
addition of cystine, Tyr was added simultaneously with cystine. These conditions improved
growth, viability, and mADb productivity because of the activation of glutathione metabolism,
suppression of ER stress and oxidative stress, reduction of ERAD, and activation of the
tricarboxylic acid cycle. The results of ingenuity pathway analysis suggest that pathways related
to DNA repair stabilization, cell division promotion, and oxidative phosphorylation activation are
important for mAb production. The multi-omics approach presented in this study will lead to
improve bioprocess.
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1. #8

LA, N4 FEREREH 2RO TB Y FRCER
I TND R CEREED S PURRSE S O BASSANE AT
bhTwz UV, JkEEOFERERICMHEN, £ D
A FET O AOWRIGENI LT b, JuflkARE
I2iE, —BMICCHOMBRASFIH & s 2 &% <,
FEARRE M PR L ORI K 0 . MHRARFZ O
BE XD, AR T v EZTOEHEN LI 4
TaEAFHAL VDR EINTEZ @D, Zhd ok
DIFE AR, 1OOBERORRICEREZ LK TTBY,
T3 B OWE S ORHAEC T 20583 F 72
RHENTWD, 720 X ECAERZERT 5720
12, MIBOERA b L ZARE LA b L ARl EE
K& LTSN AHBIN A B = X 2 OIRWDLETH
LR, FOWEEILFE AT TH S,

CHOMINEIC X ZPURAEIC VT, EET I V]
B OREE R HIBDS, S I EESE L EK T 570
WCWHTH A Z L DRI NTW5B, L L., Hilgs
% 7R3 Cysteine (Cys) REME DKW Tyrosine
(Tyr) @ X5 7%7 3 7 BORBNIIR IR %O
LEREED Y PO— VBV ETTHAH I LD HiE
753‘5577‘” (3,4)0

CysiZWZHT I VEETIZZRWAN M - TLE
AR TH Y, B EATFROMERE - AEVE O] 112
WEEH5ZLEOWENRINTTIEMEINTHD
G5, LarL. pKad845Td BCysDF + — Vi3 EH
MGT (pH 74) THIRMAS \ZHEEL. F4 7 —
N7 =F v ERAL L7720, MlEEEAER . Bh o
CysitE IR IMAIONTWAEZ EN—RITH S
©, —} T, CystineldF+ — VBT ANV 7 14 Fik
EEREELTWE7-DMEENE L R, £ 72
Cystine/glutamate transporteriZ & 0 &5 (ML A
Wl SN D 72 D Mifac & > TREeRCysili e
%5

CysidZ V& 5+~ (GSH) SR OHHEILETH Y .
CysDOA BTN GSHOM /8% 5| X # 2§, GSHIE
FIRTFF (p-L-ZNVFINL-TVATFAL N7
V) THY . GBI/ NMUETO Y AN T
4 FREEIEROTEHE, MILNOERA b L X Rt
A bV AOEIE & BEHICER L Twg 610,

PUKIZIZZ B D YV ANV 7 4 FEEIIEIET 5720,
COREEDOBEDPUREEORE E 2 Do VAT 4
F#sa OHHIZI1E, Protein disulfide isomerase
(PDI) 2" TH Y, PDIIFHER) XTF FHD
CysE BT a2 L. BT + — VT4 v 7 % filuik
T b ZOMFETRILSNAPDUIIHERLE ., MR
1bk#E (H09) =343 E 5, J84 L7-H20213GSH
WX DEICEND, 20720, GSHIZH0:D#H:\Z
WETH Y. GSHOMEIE, LA b L 212X AER
APV AZFET L G, Znizo, MBADCys
IO TIE, GSHICH# L 7-Mfg 2 b L A & Eik
L. JROAEEOEAP 5 SR T EEZ LN TY
NN P I W5 [E & i o3 o 53 N
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Tyrld A (Qp) OMEREE TyrBesI 25 o lul
WS 5 2 EDbhoTHE Y, BEBOTYriEED
WAL, AEMIBEE (VCD) oA, EHFEEOT%
&g BW, TyrifEOK T2, +—h77
T —MEISEIC X B Y Y Y — L OFEMAL & R A
EUERLMREEAVRE SN T WA W, Tyrokiis
WX o THEULMMA ML ARREE L~ FOZLE
OB - SEHIA B = X2 12OoWTIE, RS E
STV, F2, XUVF ) yDF )4 FEETHD
I A AQI0E. MR EAMEN DY F I T —
MEBICHR L, WA TIIVET I /B TH A Tyr
PO EN, BALA b L ABBIER S B 2 LD
MPoTnd B, 72721, 2o X) GTyriiskot4s
R HIR T OB~ O EOFEIZ D2 > T,

AW TIZ, ~NVFF 3 7 AFHIC X D, Cystine
ETyriRMMZESIERA P LA, LA ML A, TCA
P A7V A= b7 7 Y= TRM=TAICEE
I A PR EARER T 2 455% L. Cystine& Tyr®O#l
JaOBERZPSPICT LI e HE Lz,

2, EBRAE

2.1. #3I7ZABIRD-HDFed-BatchiEE

MM EIR & 5 F 282 #)IS S ¥7:DG44 CHOMINE %
AR Mg E LT, IgGZGOI (Gene of interest) &
L7=PiRBIR~ 27 ¥ — (A% 2/ b5 >~
ATy varliz,e 6NV AT727% )
T=NEI VIV VZU—Z L, Za— VR
L7z WAL CEPURAE s O— Y2 HWT,
Fed-batch}¥ #1714 I 7 AR D720 DH > 7
) VT RFERL 7.

Fed-batch}i#Eld, Yz —H—A ¥V FaX—%—(C
T, 125 mLTv b =AY —7F 2% v THEE
L7z ¥#81%, 37.0 C. 125 rpm (IR & 9 HEE25
mm). 5 % CO5MFTIT o 720 M DILFMIT 8 3
SNHAER A L. BAAR 30 mLT& M
FNZFEN3EORE#E % FNE L7z (Three biological
replicates). AEMIEHE 05 x 10 cells/mLTFed-
batch¥5 &2 BlE L. MHOLFICEFK S L /zFeed
Rz —Z ORI THRM L7z, Cystine& Tyr®d A b
v Z R E FNENTEE L, FeediiHh & MERIZH 283

Table 1 Fed-Batch culture condition list

Fed-Batch culture conditions

Amount of Cystine
to be added in one feed

Amount of Tyrosin
to be added in one feed

Condition
Lame Ritis Addition amount Ratio Addition amount

[umol] [umol]

C:T=04:0 0.0 0.0 0.0 0.0

C:T=1:0 1.0 3.7 0.0 0.0

G : T=i03 0.0 0.0 32 11.9

CiT=a1%3 1.0 8.7 3.2 11.9

C:i:T=323 3.0 11.1 32 1.9
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HHZSHEML7zo R85O Cystine. Tyridf
HERIEZ21.08 LzEO®R L L CTable 11387 #:
%‘?ﬁfibﬂ Lf:o

2.2. I %4 LQI10%ZFML /-Batchi&E

Bl & 6 UIgGoe8l 7 0 — > % v CBatch¥s & %
15720 125 mLTVL <A ¥ =75 A3z T,
V=N = U FaR—y =T THEEXIT-72, CD
DG44 medium (Thermo fisher : Catalog number:
12610010) 12, L-Glutamine. Insulin. Pluronic% i
U 7Rt % it & LT L7z B5AE 0BG
wA225 mL& L, SREETENZNIN DR #EE
%M L7z (Three biological replicates), Batchff#
BlGIE (Day 0) 12, Table 21/R L7z@DH71) X
FERNML. ¥5#EDay 7280 7)) Y R T o7,

Table 2 Batch culture condition list

Batch culture conditions

Conditionname  Solvent type Final concentration

Control

Tyr Water 0.80 mM
Ethanol Ethanol 1.0 % Ethanol (v/v)
Coenzyme Q10 Ethanol 0.012 nM in 1.0 % Ethanol (v/v)

BEXH Y L UREER

2.3. SHIRIBE., £7FE, FEES LV
KEOAIE

VCDEAEFRDWEIE, Vi-CELL XR Cell Viability
Analyzer (Beckman Coulter) #HW<T., hMVUs8»
T =PRI X D HIE L7z RO IX, FigE
Wm0t (9391 ¢ x 1 min, 4 C) LCHllEZ kK
Z: L. Octet (Sartorius) ZHWTHIE L7z F 72,
R # W ol %2 1 BioProfile FLEX2 (Nava
biomedical) MW TEM L7,

2.4. FFVRIVT=LETOTF—L

BRGNS, 3HOY YT v TR ER L.
BT U RES E w b (14000 g x 30 sec x
2°C) WCXkoTHlifg s BiFicmEE L. BiEEREL
7oo BRo ML v + %2 mLoOKE L7-PBSTH
W72, FOUROEE (14000 g x 30 sec x 2° C)
LTPBSZFRE L. o MllgxLy b7z
TS % FC-80 T THIEIE L7,

NG YAV T =2 D= v IEAzenta
Life Sciences (Chelmsford, MA, United States)
W2 CTATo 720 MRV v b2 S ERNAZ I L.
poly AJEJUZ X > TmRNAZ iBHi L 72 mRNA%Z D
LIZFA T — %ML, A VI FHNGSIZL -
TRV LY RE=RTY—=F vy v %572

RNA-seq?® 75— # 1ZFastp version 0.21.0 17 |2 X
5Tk I U7 L7z, STAR version 2.7.6a 9 %
JAwWwT4# 7 LDNARKEY] (Cricetulus griseus
CHOKIGS, Ensembl release 104, accession number
GCA_900186095.1) I27 I A4 A hLTze T4 R

_31_

AGC Research Report 74(2024)

¥ MEFR%E b & IZRSEM version 1.3.3 19 % Tz
BREMO I v N wfTo Tz SEHEEE T OMIE
edgeR version 3.38.1 @ ZH\WT{7-572,

7 a7 4 — Al ldThermo Scientific EASY-
nLC1200 (Thermo Fisher Scientific) B & O°
Thermo Scientific Orbitrap Eclipse Tribrid mass
spectrometer (Thermo Fisher Scientific) % H\C
11726

LC/MSIZ & - THUf% L 727 — # iEScaffold DIA
version 3.1.0 (Proteome Software, Oregon, United
States) ZHWTHHT L7z AT MVTA T T —
1ZEnsembl? 5HUS L7727 3 7 BEECH (C. griseus
CHOKI1GS, Ensembl release 104) # b & 12,
Scaffold DIA & Prosit ?V & BTk L 720

N A = A4 AT IZIngenuity Pathway Analysis
software (IPA, QIAGEN) % W Tir 572,

3. KBRIER

3.1. CystineiRiNNEIE
(C:T=1:0&£C:T=0:0NLLE)

Cystine®dRhgt (C:T=1:0) & #ERNEN
(C:T=00) DIEEZE4T) 7201ZFed-Batch}i#8 L O
* 3 7 ANTZ 4T 5 720 CystineidfSIAHEDOREFE M L
Y F =7 BLUF I 7 AT ORI & Fig. 11TR T,

FATHIZE L 13 R 72 ) 85 Cystine®#MIZ X v,
R BT R B X O DM T 3 2 I A3 HERE
ENTzo C:T=1.05MTix. Dayld F THEAFIWMER
TET, I 7 AN D7D 0w gy~ 7 vz
BT E G o727290, CT=1:.05M:12 L CliDay
12FTOF I 7 A7 =% %2 C:T=005M& g L 72,

Hspab (Bip, GRP-78) B X U'ErnlZERA b L &
DI—=N—=THbILEPFRMONTWVD 2223, F7z
AL B R 738 T (Ae3) IZERA ML AL B
PERKDIEMALIC X ) BIAHFE I NL Z o
TWwb @ . ZHS5MERA LAY —5 —OmRNA
A CystineDWIMI L O, PEEFIZWINLTwb 2 &
25, Cystine®DRMAERA b L ADE K & 72> T
%z EhuREN’: (Fig.1D,E, F),

ERADBE R ¥ & L THI S LT W B LIE G N
T6i&fnT (Atf6). UBX domain-containing protein
4 (Ubxn4). Suppressor/Enhancer of Lin-12-like
(Selll) PmRNAL NV Z[EHE L7z (Fig. 1 G, H, 1o
At 3/MafEA b L 2% (UPR) ICB# L. ERAD
REOMBEELTHALZENASL irL’CuxZ,; @5),
Ubxn4i3UBXD2& & M-Ei, Ubxn4 genella— K
XNBYUNIETHY, ERADME@@“%ERME
WRES VNI TH DI LDbhoTnD B, Fiz
Sellli¥. ERADIZBWT, I A7+ =V FL7/NE
K VX7 HDLE X F ARAFEGIRICES- LT 5
TEMWEENTWD O, C:T=0:05 412~ T
C:T=1.05&M7T. INH~v—h—OmRNAEDHEIZ
BWIML Twiz, ZOEENS, Cystine®iRINC & -



THBBLICHBIWZERADA &R Shb 2 &
BHLNE 572,

F720 TRV RIHET B HF-ORFESAE O
Wi #475726 ERAMLAIZED Ty L FalL—
arvENDLTRI—VAFELEY VX7 EGADD34
(Ppplrlba) &, 7us 7V —2HEC X 5%
AT 5 L b TWD @ ZOPpplrl5a®
mRNAE?ZS, C:T=L0%&MCHFICLALTwAZ L
75, CystineilRathCld,. FREICT R =T AN
REZINTWE Z LAFER I NIz (Fig. 1J)-

3.2. TyrosineiRINDFEE
(C:T=0:3&C:T=0:0D Lt &)

FATEgEcid @, CHOMINE ®Fed-batch¥; 2,
Tyr®OTMNC & - T, F %P0 ELF RO A Hi]
R, A= b7 7 VMR OHHITE B 2 L sk
HEINTWD, TyriltAHAICE- 2 5 BTN T
RFES % 728, Fed-batch®i# &+ I 7 2 217
7z (Fig. 2)

R R B JATIIZE & FARIS, Tyrodshni,
EEROBLVEZIHCTEDLZ Ehbh otz T
ERA NV ADY—H—TH bHspad, Ernl, Atf3D
MRNARDHED L TWDH I ENS, TyrORMZ &
S>TERA ML AZWHITE 2 Z LAHERTE
(Fig. 2D, E, F)

AT TR ENT WS, Tyrilc X 54—k
77 V=R EORBGEE LT, C:T=0:054&
C:T=0:35M 2B BP62/Sqstm] DFEH =% LK L
720 P62/SqstmIILC3 & HHR AT 5 2 & THEIRW
WA= 77TV =AY AEN, =T 7T —
WX o TR EINS Z b hoTnb, &
DIz, A= 77 V=DHEINL LERHL, +—
N7 V=B HLEENL EWATE D, Fig. 2GO
RS, P62/Sqstm] DmRNAZSHIE % Tyrifhnse
fF (C:T=0:3) & TyrfEgsnsett (CT=00) HTHhE
L7262 A, BIZRABETH L I e 2bh ol 2O
KR, TyrifMOFEICE > TH—= 7 7 V=D
FEICHEMENZ L 2R L TW5, —F. Ppplrli5a®
mRNAZHEN TyrimSGH (C:T=03) THALT
Wb Z ERL, TyritC & 27 K b—3 2 0filix
iR S N7z (Fig. 2H).

TyriRiNC & 2 7 8 b —3 2O - AR OMERE
VEHBED X ) B A= AN THEL TS EREEY
720, TyrhrOEGREINS 3T 94 AQI0ICH
HL7zo 3% A 2QI00M LA b L A &R &S
#, TR AR LTSRN RS 572
®, TyriEgINoOBatchi a4 2Q10%
WL, Tyrifosth L MO EI BN L » %
WAEL7 (Fig. 21, 9o fH. T2 A 2QIONDE
&, TyridmE ML NVOEEEE 72532 L8
MRS, Tyridsgeth & 0 AR T 205155
e ol TORRIE. TyreoEEKENS
L WA AQIOHHFAEL O AR OMEFE BN
WZiE BEA N L ADRAR T R b= ZAOEHNIR)
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3.3. Cystine &TyrosineDEIEFFRINDFEZE
(C:T=0:3. C:T=1:3, C:T=3:3DLLH)
Cystinei®INZ X 2 BIIMKF 20405 7R b—
AERPHI LoD, THmoCyst Mgl itii+ 572
®, Cystine& FFICTyrZ ML, Cystined =tz
B RI:FEREEAT 5720 F2[MEIEIZ, Cystine& Tyr®
HERREZHSPICT S0, FFVAZY T h—4
L7a st — AN £ L7 (Fig. 3-4),
Cystine® AR L7254 (C:T=1.0%f Fig.1) &
R 2D, T %Tyrk MEERNT A2 LT
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Fig. 1 The effect of Cys addition in fed-batch culture. (A)
VCD profile, (B) Viability profile, (C) Titer profile, (D)
- (J) Time-course plots of the associated RNA
transcripts (CPM). Each value represents the mean
value (N=3), and error bars represent the standard
deviation. Gray (circle dots) and green (triangle
dots) indicate C:T=0:0 and C:T=1:0 conditions,
respectively.
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(C:T=1:3, C:T=33), HWHfnEA% A L L. AAFEaA%E <
MEFES I, RN 95 2 L Avb o 72 (Fig. 3
A, B, C)o T C:T=0:35M-0 4 %
X LT, CT=135MTldf2fs. CT=335%M7T
EH3RE b A FEMEAN I B L 72 C:iT=3:35% 113,
C:T=135M L T, BiEd RIFICEHESI LTV
5o INHOFERN S, CHOMIEOC CystinediHE 2
ETyrDBLETH D Z EAVREBE Tz,

F72, ERA NV AY—% —Tdh HHspab, Ernl,

| W C:T=0:3 -@ C:T=0:0 |
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Fig. 2 The effect of Tyr addition in fed-batch culture. (A)
VCD profile, (B) Viability profile, (C) Titer profile, (D)
- (H) Time-course plots of the associated RNA
transcripts (CPM). Each value represents the mean
value (N = 3), and error bars represent the standard
deviation. Gray (circle dots) and blue (square dots)
indicate C:T=0:0 condition and C:T=0:3 conditions,
respectively. (I) and (J) Viability and productivity
data with coenzyme Q10 addition. Each value
represents the mean value (N=3), and error bars
represent the standard deviation (*: P value
<0.0274,*** ; P value <0.0001).
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A3DFER XY (Fig. 3D, E, F). C:T=0:35M& 1t
~NT, CT=1:35M £ C:T=33%7T, ERA ML 2%
— 1 — OmRNAEDF# L IR, 202 Enb,
Cystine& TyrO T2 O@MIL. ERA ML AZ 2
LRNEDH H L Doh o7,

PURIZ D AN 7 1 FREGH S . B AR S %
L7287 Y80 Th Y., ZOEHEIIZPDIZEDS T
X RO YHPRPER Y, Fig. 3 G, HO# 225, PDI
DEBIEH Cystine & Tyrz LERRINT A Z & TL

25: 120
'-ET 20 1004 s
K 804
g g
20 £
% S
9 s 20
T T 1
0 5 10 15
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3000: Hspa5
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Fig. 3 The synergistic effects of cystine and Tyr in fed-
batch culture. (A) VCD profile, (B) Viability profile,
(C) Titer profile, (D) - (J) Time-course plots of the
associated RNA transcripts (CPM) and proteins
(abundance). Each value represents the mean value
(N=3), and error bars represent the standard
deviation. Blue (square dots), orange (inverted
triangular dots), and red (diamond dots) indicate
the C:T=0:3, C:T=1:3 and C:T=3:3 conditions,
respectively.
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HF 22 ehbhotze SOREENS, HINTHT
TAaNRBYAEYNIT =7 L, ¥ T DY) % T
F =T L VTP REINDLIEIZE ST, I AT+ —
VT4 T8 R EOWHIZLAUPRER X, #L
HROEFENEZ M ETETWLEEZ NS,
Superoxide dismutase 1 and 2 (SODI1, SOD2)
. FREAIIE B LI Fa v RY 7 TA—/3—
FTXFYRTF VI VANE LY EDDEVH0UC
BT LHHRTH Y., BILA ML 2B X UKL

‘—I— C:T=0:3 % C:T=1:3 - C:T=3:3‘

A

Ggt1 Gstm2

o 15

5 k!
Culture day

Ubxn4 Sel1l

0 5 10 15 o 5 10 15
Culture day

SDHB PROTEIN

Intensity

Ppp1R15A

Fig. 4 The effects of cystine and Tyr. (A) - (J) Time-course
plots of the associated RNA transcripts (CPM) and
proteins (abundance). Each value represents the
mean value (N=3), and error bars represent the
standard deviation. Blue (square dots), orange
(inverted triangular dots), and red (diamond dots)
indicatethe C:T=0:3,C:T=1:3and C:T=3:3
conditions, respectively.
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SN ZRET 2 DIELD T LB G o TnD
(303D SOD1, SOD2? % ¥ 78 7 BFeBlRIZ. C:T=0:3
ST, CT=1:3%M &£ C:T=3:35 M2 T8n
LTw3 (Fig. 31,J)0 ZORENS, CT=1:34%1M
ECT=335MTid. BRILA b L AITEYNIIRHILT &
TWbZ EPbhoz, @Ry vyRu OB L,
ZIUZEE ) BRIL A b L ANDRALAS 5 72 Cyshr S 2k
U 5GSHE X USODIZ & 0 3EKTE TW A HEMEDS
2z b,

WIZ. GSHICHPBIE N T DIk % 1T - 72 (Fig. 4 A,
B, C)o GSHAUHNCBE T ZE R & LT, IRAEER » -
TVIINENT VAT =2T—E (GGCT) L7 NVsFF
VS hFG U AT7 25— (GST) 2% 5, GGTiE. Hi
fast GSH 7 Vs I U ECysOB D y-7 V% 3
WSS OIS % il U, GSHO 73 2 it S &
HEEFETHDH BV, GSTMIEZ, pu77 I — I8 S
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Table 3 The top five pathways with the highest z-score (-log
(p-value) > 1.3) under the C:T=3:3 condition relative
to the C:T=1:3 condition.

Ingenuity Canonical Pathways -log(p-value) Ratio  zscore

Oxidative Phosphorylation 7.06 0.198 4.69

Cell Cycle Control of Chromosomal Replication 9.45 0.321  4.243
Kinetochore Metaphase Signaling Pathway 16.5 0306  3.138

NER (Nucleotide Excision Repair, Enhanced Pathway) 45 0.165  2.887
BER (Base Excision Repair) Pathway 2.08 0.159  2.646
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