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Ab s tr ac t
Clostridium difficile infections are the leading cause of hospital-acq uired 
infectious diarrhea and are caused primarily by two exotoxins,  TcdA and 
TcdB. Both toxins have similar structural and functional characteristics:  
WKH\ ELQG WR VpHFL¿F UHFHpWRUV RQ WKH VXUIDFH RI JXW HpLWKHOLDO FHOOV� DUH 
internalized through endocytosis,  translocate to the cytoplasm,  and 
inactivate rho-type G TPases via covalent glucosylation. This leads to 
downstream events that include morphological changes associated 
with disruption of the actin cytosk eleton and of epithelial tight j unctions,  
UHOHDVH RI pUR�LQÀDmmDWRU\ mHGLDWRUV� DQG HYHQWXDOO\ FHOO GHDWK� 
H istorically,  assays used to assess the effects of toxins on cells have 
relied on evaluation of cell rounding or q uantitation of ATP levels to 
estimate cell death,  measurements that are either largely q ualitative (cell 
rounding) or variable (ATP levels). I n this study,  several in vitro assays 
are described that robustly and q uantitatively measure both early and 
late TcdA- and TcdB-dependent events in cells,  including:  (i) Rac1 
glucosylation,  (ii) changes in cellular morphology (measured as dynamic 
mass redistribution [DMR]),  (iii) loss of epithelial integrity (measured by 
monitoring transepithelial electrical resistance [TE R]),  and (iv) cell death 
(measured as total cellular protein using a sulforhodamine B colorimetric 
DVVD\�� 7KH DVVD\V ZHUH YDOLGDWHG XVLQJ WKH KLJKO\ VpHFL¿F mRQRFORQDO 
antitoxin antibodies actoxumab and bezlotoxumab,  which neutralize 
TcdA and TcdB,  respectively. Differences in the potencies of the 
antibodies against toxins of different C. difficile ribotypes are consistent 
across various assay endpoints and different cell types,  validating the 
pharmacological utility of the assays. The panel of assays described 
herein provides a useful toolset for characterizing the effects of existing 
and emerging toxin-targeted therapies on early- and late-stage cellular 
effects of the toxins.
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I n tr o du c ti o n
 • C. difficile is a bacterial pathogen that colonizes 
and infects the intestines of patients whose 
gut microbiota has been disrupted following 
treatment with broad-spectrum antibiotics1

 • C. difficile LQIHFWLRQV �&',� DUH W\pL¿HG E\ VHYHUH 
diarrhea,  pseudo-membranous colitis,  and,  in 
extreme cases,  colonic rupture,  sepsis,  and 
death2

 • The k ey pathogenic determinants of C. difficile 
are two exotoxins,  toxin A (TcdA) and toxin B 
(TcdB),  that target the epithelial cells that line the 
gut lumen3

 • Assays used to assess toxin activity in 
mammalian cells are often largely q ualitative 
and/or variable

 • I n this study,  we utilized several in vitro assays 
that robustly and q uantitatively measure both 
early and late TcdA- and TcdB-dependent events 
in cells,  including toxin binding to mammalian 
cells,  Rac1 glucosylation,  changes in cellular 
morphology,  loss of epithelial integrity,  and cell 
death

 • The neutralizing antibodies actoxumab and 
bezlotoxumab5-8 were utilized to validate the 
assays;  the antibodies prevented the various toxin-
dependent effects measured in these assays

M ater i als  an d M etho ds
Bi n di n g  o f  T c dA an d T c dB to  H T - 2 9  an d V er o  Cells  As s es s ed b y  F lo w  Cy to m etr y  ( A) :  TcdA-Atto488 was preincubated with or 
without 200 µg/mL actoxumab or bezlotoxumab for 1 hour (RT),  then added to H T-29  cells and further incubated in the dark  for 30 
mLQXWHV ���&�� &HOOV ZHUH ZDVKHG DQG VXEMHFWHG WR ÀRZ F\WRmHWU\ RQ DQ /65,, LQVWUXmHQW�
Bi n di n g  o f  T c dB to  V er o  Cells  As s es s ed b y  W es ter n  Blo tti n g  ( A) :  Toxins were preincubated with or without 200 µg/mL 
actoxumab or bezlotoxumab for 30 minutes and then allowed to bind to V ero or H T-29  cells for 30 minutes (4° C ). C ells were washed 
and membranes isolated,  solubilized,  and resolved by S DS -PAG E . W estern blotting was performed using actoxumab for TcdA or a 
combination of bezlotoxumab and antibody 2A114 for TcdB.
R ac 1  G lu c o s y lati o n  I n - c ell W es ter n  As s ay  ( B) :  Toxins were preincubated with or without actoxumab or bezlotoxumab and added 
to V ero cells previously grown overnight in collagen-coated 384-well plates. F ollowing a 3-hour incubation,  media were removed 
DQG FHOOV ZHUH ¿[HG� pHUmHDELOL]HG� DQG EORFNHG RYHUQLJKW� 7RWDO DQG QRQJOXFRV\ODWHG 5DF� ZDV GHWHFWHG E\ LQ�FHOO :HVWHUQ XVLQJ 
anti-total Rac1 or anti-nonglucosylated Rac1 as primary antibodies and q uantifying the signal using the Li-C or®  Odyssey C lassic 
instrument.
Dy n am i c  M as s  R edi s tr i b u ti o n  ( DM R )  As s ay  –  Ep i c ®  As s ay  ( C) :  Toxins were preincubated with or without actoxumab or 
EH]ORWR[XmDE DQG DGGHG WR 9HUR FHOOV pUHYLRXVO\ JURZQ RYHUQLJKW LQ ¿EURQHFWLQ�FRDWHG ����ZHOO pODWHV� ,mmHGLDWHO\ IROORZLQJ 
addition of toxin/antibody mixtures,  DMR was monitored every 12 seconds for 200 minutes using the E pic BT-157 9 00 instrument 
(Perk in E lmer). DMR values obtained at 180 minutes were compared across conditions.
T r an s ep i theli al Elec tr i c al R es i s tan c e ( T EER )  i n  2 - di m en s i o n al Cac o - 2  Cell M o n o lay er  ( D) :  C aco-2 cells were cultured for at 
OHDVW �� GD\V RQ ZHOO LQVHUWV LQ D ��GLmHQVLRQDO FXOWXUH VHWXp� LQ RUGHU WR HQVXUH IXOO GLIIHUHQWLDWLRQ DQG FRQÀXHQF\ �FRQ¿UmHG E\ 7((5 
UHDGLQJV pODWHDXLQJ DW ���� ȍāFm2). Toxins were preincubated with or without actoxumab or bezlotoxumab and added to the apical side 
RI WKH ZHOO LQVHUW� IROORZLQJ ZKLFK 7((5 ZDV mRQLWRUHG DW VpHFL¿F WLmHV XVLQJ WKH (pLWKHOLDO 9ROW�2Km 0HWHU 0LOOLFHOO (56���
S u lf o r ho dam i n e B ( S R B)  As s ay  ( E) :  Toxins were preincubated with or without actoxumab or bezlotoxumab and added to V ero cells 
previously grown overnight in 9 6 -well plates. F ollowing a 24-hour incubation (37 ° C ),  cells were washed and allowed to grow for a 
IXUWKHU �� KRXUV� &HOOV ZHUH ¿[HG ZLWK ��� 7&$ IROORZHG E\ DGGLWLRQ RI WKH pURWHLQ G\H VXOIRUKRGDmLQH % DQG IXUWKHU LQFXEDWLRQ IRU �� 
minutes with shak ing. Total cellular protein was q uantitated using a S pectraMax (Molecular Biosystems) instrument at an absorbance 
wavelength of 57 0 nm.

R es u lts

I n to x i c ati o n  o f  m am m ali an  c ells   
b y  C. difficile  to x i n s :   

p athw ay  an d c o r r es p o n di n g  as s ay s
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E.   Ef f ec ts  o f  T c dA an d T c dB f r o m  C. difficile  
r i b o ty p es  0 2 7 ,  0 7 8 ,  an d 0 8 7  o n  V er o  c ell g r o w th/
s u r v i v al as s es s ed b y  S u lf o r ho dam i n e B as s ay ,  an d 
n eu tr ali z ati o n  b y  ac to x u m ab  an d b ez lo to x u m ab 9
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Co n c lu s i o n s

 Ɣ V arious assays are described that q uantitatively 
and robustly measure early and late effects of 
C. difficile toxins in mammalian cells

 Ɣ 7KH QHXWUDOL]LQJ DQWLERGLHV DFWR[XmDE DQG EH]ORWR[XmDE� VpHFL¿F IRU 
TcdA and TcdB,  respectively,  prevent binding of the toxins to mammalian 
cells and thereby neutralize the various biological activities of the toxins

D.   Ef f ec ts  o f  T c dA an d T c dB o n  the i n teg r i ty  o f  a  
g u t ep i theli al c ell m o n o lay er  u s i n g  the tr an s -
ep i theli al elec tr i c al r es i s tan c e ( T EER )  as s ay ,  an d 
n eu tr ali z ati o n  b y  ac to x u m ab  an d b ez lo to x u m ab
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C.   Ef f ec ts  o f  T c dA an d T c dB o n  c ellu lar  m o r p ho lo g y  as s es s ed 
u s i n g  the dy n am i c  m as s  r edi s tr i b u ti o n  ( Ep i c ® )  as s ay ,  an d 
n eu tr ali z ati o n  b y  ac to x u m ab  an d b ez lo to x u m ab

B.   Ef f ec t o f  T c dA an d T c dB f r o m  C. difficile  r i b o t y p es  0 2 7 ,  
0 7 8 ,  an d 0 8 7  o n  R ac 1  g lu c o s y lati o n  i n  V er o  c ells  u s i n g  an  
i n - c ell W es ter n  as s ay ,  an d n eu tr ali z ati o n  b y  ac to x u m ab  
an d b ez lo to x u m ab
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A.   As s es s m en t o f  to x i n  b i n di n g  to  m am m ali an  c ells  
using Western blotting and flow cytometry, and 
n eu tr ali z ati o n  b y  ac to x u m ab  an d b ez lo to x u m ab
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•  Resonant wavelength reflected by the waveguide grating is 
determined by the optical properties of the sensing zone 
within ~150 nm of the sensor

•  Magnitude of this wavelength shift is proportional to the 
amount of dynamic mass redistribution
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