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Abstract
Background and aim: Postoperative	 leukocytapheresis	 (LCAP)	 reduces	
surgical	 site	 infection	 (SSI)	 in	 ulcerative	 colitis	 (UC)	 patients	 undergoing	
proctocolectomy	with	 ileal	pouch–anal	anastomosis	 (IPAA).	To	clarify	the	
effect	 of	 postoperative	 LCAP	 on	 circulating	 neutrophils,	 we	 investigated	
neutrophil	 function	 before	 and	 after	 LCAP	 in	 UC	 patients	 undergoing	
proctocolectomy	with	IPAA.	

Method: Circulating	 neutrophils	 were	 obtained	 from	 29	 UC	 patients	
undergoing	 IPAA	 before	 and	 after	 postoperative	 LCAP.	 The	 phagocytic	
activity	was	measured	using	Escherichia coli	BioParticles.	Neutrophil	viability	
after	co-culture	with	E. coli	was	measured	by	flow	cytometry.	Inflammatory	
cytokines	in	patient	serum	and	supernatants	after	co-culture	of	neutrophils	
with	E. coli were	measured	by	enzyme-linked	immunosorbent	assay.	

Results: No	 difference	 in	 phagocytic	 activity	 was	 found	 between	 pre-	
and	 post-LCAP	 neutrophils.	 The	 percentage	 of	 necrotic	 neutrophils	 was	
significantly	 decreased	 in	 post-LCAP	 neutrophils	 cocultured	 with	 E. coli.	
Serum	neutrophil	elastase	(NE)	after	LCAP	was	significantly	increased.	No	
difference	in	cytokine	production	was	found	between	pre-	and	post-LCAP	
neutrophils	cocultured	with	E. coli.	NE	and	tumor	necrosis	factor	(TNF)-α	
levels	in	supernatants	of	post-LCAP	neutrophils	cocultured	with	E. coli were	
higher	 in	 patients	 with	 longer	 operating	 time	 and	 higher	 postoperative	
neutrophil	count,	respectively.	Phagocytic	activity	of	post-LCAP	neutrophils	
was	lower	in	the	longer	operating	time	group.	Serum	TNF-α	level	after	LCAP	
was	higher	in	the	SSI	group.	

Conclusion: Postoperative	 LCAP	 decreases	 the	 subset	 of	 circulating	
neutrophils,	 which	 induces	 necrosis	 against	 bacterial	 infection.	 This	
suggests	a	possible	mechanism	of	prevention	of	SSI.	

Keywords:	 Leukocytapheresis;	 Neutrophils;	 Surgical	 site	 infection;	
Ulcerative	colitis

Introduction
Neutrophils	 are	 the	 most	 abundant	 population	 of	 circulating	
white	 blood	 cells	 and	 the	 host’s	 first	 line	 of	 defense	 against	
invading	 pathogens	 [1].	 Under	 normal	 conditions,	 circulating	
neutrophils	have	a	6–12	h	half-life	and	are	functionally	quiescent.	
During	 inflammation,	 neutrophils	 arrive	 rapidly	 at	 the	 sites	 of	
infection	 and	 injury,	 enhance	 antimicrobial	 activity,	 and	 die	

within	the	infiltrated	tissue	[2].	They	play	important	roles	in	the	
innate	immune	system,	and	significant	neutrophil	responses	are	
observed	in	systemic	inflammation	such	as	trauma,	burn	injury,	
sepsis,	and	major	surgery	[3].	

However,	 the	 dysregulation	 of	 neutrophil	 responses	 such	 as	
excessive	or	uncontrolled	release	of	proinflammatory	cytokines	

mailto:qouji@clin.medic.mie-u.ac.jp


2

ARCHIVOS DE MEDICINA
ISSN 1698-9465

2016
Vol. 2 No. 1: 17

International Journal of Digestive Diseases                             

© Copyright iMedPub |                                                                          This article is available in: http://digestive-diseases.imedpub.com/

can	cause	host	tissue	or	organ	damage	during	severe	sepsis,	and	
autoimmune	diseases	[4,	5].	

Leukocyte	 removal	 therapy	 (LRT),	 leukocytapheresis	 (LCAP),	
or	 granulocyte/monocyte	 apheresis	 (GMA)	 is	 a	 method	 of	
therapeutic	apheresis	that	removes	peripheral	leukocytes	by	via	
extracorporeal	circulation.	It	has	been	used	as	nonpharmacological	
treatment	in	ulcerative	colitis	(UC)	and	Crohn’s	disease	(CD),	and	
has	shown	excellent	short-term	efficacy	[6,	7].	

LCAP	 using	 Cellsorba,	 a	 column	 of	 polyethylene	 telephthalate	
fibers	(Asahi-Kasei	Medical,	Tokyo,	Japan),	has	been	reported	to	
remove	~100%	of	granulocytes/monocytes,	~60%	of	lymphocytes,	
and	 ~50%	 of	 platelets	 from	 both	 the	 inlet	 and	 outlet	 of	 the	
Cellsorba	 apparatus	 [8,	 9].	 Although	 the	 exact	 mechanisms	 of	
LRT	 have	 not	 been	 fully	 explored,	 their	 potential	 mechanisms	
have	been	reported,	which	include	a	reduction	in	the	number	of	
activated	leukocytes	or	proinflammatory	cytokines	such	as	tumor	
necrosis	factor	(TNF)-α,	interleukin	(IL)-1β,	IL-6,	and	IL-8	[10-13].	

Surgical	 site	 infection	 (SSI)	 remains	 one	 of	 the	 most	 common	
causes	 of	 morbidity	 in	 major	 surgery,	 which	 prolongs	
hospitalization	 and	 increases	medical	 costs	 [14].	 The	 Japanese	
prospective	 multicenter	 surveillance	 showed	 that	 19.5%	 of	
patients	with	UC	developed	SSI	after	surgery	[15].	

In	 a	 case-control	 study,	 we	 retrospectively	 compared	 the	
incidence	of	SSIs	between	patients	undergoing	proctocolectomy	
with	 ileal	 pouch–anal	 anastomosis	 (IPAA)	 (n=29)	 and	 those	
undergoing	IPAA	with	postoperative	LCAP	(n=43).	Postoperative	
LCAP	 significantly	 reduced	 SSIs	 in	 UC	 patients	 undergoing	
proctocolectomy	 with	 IPAA	 (p<0.01)	 [16].	 In	 a	 multicenter	
prospective	 study	 which	 we	 conducted,	 the	 incidence	 of	 SSIs	
was	compared	between	UC	patients	undergoing	surgery	(control	
group;	n=103)	and	those	undergoing	surgery	with	postoperative	
LCAP	(n=40).	SSIs	occurred	in	4	of	37	patients	(10.8%)	in	the	LCAP	
group,	whereas	 they	occurred	 in	29	of	 103	patients	 (28.2%)	 in	
the	control	group,	although	the	difference	didn’t	reach	statistical	
significance	(p=0.069)	[17].	

These	 clinical	 observations	 suggest	 that	 LCAP	 removes	
proinflammatory	 cytokine-producing	 activated	 leukocytes	 in	
postoperative	 systemic	 inflammation	 due	 to	 major	 colorectal	
surgery,	 and	 might	 suppress	 the	 occurrence	 of	 SSI.	 We	 have	
reported	 an	 association	 between	 neutrophil	 dysfunction	 and	
postoperative	infectious	complications	[18-21].	

Neutrophils	 are	 the	 most	 abundant	 cells	 among	 circulating	
leukocytes	and	can	be	the	most	frequently	removed	by	LCAP	[8,	
9].	Thus,	we	focused	on	the	functions	of	circulating	neutrophils	
isolated	 before	 and	 after	 LCAP,	 to	 clarify	 the	 therapeutic	
mechanisms	of	postoperative	LCAP	on	the	occurrence	of	SSIs	in	
UC	patients	after	surgery.	

Materials and Method
Patients
Forty-three	 patients	 with	 UC	 undergoing	 IPAA	 received	
postoperative	 LCAP	 at	 the	 Department	 of	 Gastrointestinal	 and	
Pediatric	Surgery	of	Mie	University	Graduate	School	of	Medicine	
from	2004	 to	2008.	Diagnosis	of	UC	was	based	on	 the	 clinical,	
radiographic,	 endoscopic,	 surgical,	 and	 histopathological	
data.	 Before	 surgery,	 patients	 received	 various	 medical	

treatments	including	anti-inflammatory	drugs	(aminosalicylates,	
corticosteroids)	 or	 immunosuppressant	 drugs	 (azathioprine,	
mercaptopurine,	cyclosporine),	or	both.	Postoperative	LCAP	was	
performed	once	within	2	hours	after	surgery.	Patients	with	clinical	
symptoms	of	sepsis	were	excluded	from	the	study.	Patients	with	
unstable	 hemodynamics	 following	 surgery	 were	 also	 excluded	
according	 to	 the	 protocol.	 Written	 informed	 consent	 was	
obtained	 from	all	patients	before	 the	 start	of	 this	 study,	which	
were	performed	in	accordance	with	the	Helsinki	Declaration	and	
were	approved	by	the	Institutional	Review	Board	(No.	474).

Neutrophil isolation
Pre-	 and	 post-LCAP	 neutrophils	 were	 isolated	 from	 the	 same	
patients	before	and	after	surgery.	Neutrophil	isolation	was	based	
on	a	previously	described	procedure	[20].	The	blood	samples	(10	
ml)	were	 diluted	with	 an	 equal	 volume	 of	 phosphate-buffered	
saline	(PBS),	layered	over	a	volume	of	Ficoll-Paque	PLUS	(Stemcell	
Technologies	Inc.,	Vancouver,	BC,	Canada)	and	centrifuged	at	600	
×	g	for	30	min	at	room	temperature.	After	removal	of	mononuclear	
cells,	plasma,	and	Ficoll-Paque	PLUS,	the	pellet	was	resuspended	
in	12	mL	ammonium	chloride	solution	to	lyse	the	red	blood	cells,	
washed	twice	in	PBS,	and	resuspended	in	PBS.	Neutrophils	were	
washed	twice	with	PBS	and	resuspended	in	TCM-10	[RPMI	1640	
medium	supplemented	with	10%	fetal	bovine	serum,	5	×	10–5	M	
2-mercaptoethanol,	and	10	mM	4-(2-hydroxyethyl)-	1-piperazine	
ethanesulfonic	 acid].	 Cell	 preparations	were	 tested	 for	 viability	
(>99%)	 by	 trypan	 blue	 exclusion	 and	 for	 purity	 (>95%	 CD13+,	
CD33+	granulocytes)	by	flow	cytometry.	

Phagocytic activity 
Ex vivo	 phagocytic	 activity	 of	 circulating	 neutrophils	 against	
Escherichia coli	 was	 compared	 between	 pre-	 and	 post-LCAP	
neutrophils	isolated	from	identical	patients.	

Neutrophil	 phagocytosis	 was	 measured	 using	 fluorescent	
bioparticles	 [Alexa	 Fluor	 488-conjugated	E. coli and	 opsonizing	
reagents	according	to	the	manufacturer’s	instructions	(Molecular	
Probes,	Eugene,	OR,	USA)].	To	opsonize	the	bacterial	bioparticles,	
the	 reconstituted	 opsonizing	 reagent	 and	 bacterial	 bioparticles	
(5	 ×	 105)	were	mixed,	 vortexed,	 and	 incubated	 for	 1	 h	 at	 37°C	
in	 a	 humidified	 5%	 CO2	 incubator.	 After	 two	washes	with	 PBS,	
separated	by	 low-speed	centrifugation	 (1500	×	g,	15	min,	4°C),	
the	 pellets	 were	 incubated	with	 neutrophils	 (5	 ×	 105)	 in	 1	mL	
medium	without	antibiotics	for	3	h	at	37°C	in	a	humidified	5%	CO2 
incubator.	After	3	h	incubation,	phagocytic	activity	of	neutrophils	
against	E. coli was	analyzed	using	a	FACScan	(Becton–Dickinson,	
San	Jose,	CA,	USA)	and	10,000	events	were	counted	per	sample.

Preparation of E. coli
Escherichia coli	 (ATCC25922)	 was	 purchased	 from	 American	
Type	 Culture	 Collection	 (Manassas,	 VA,	 USA),	 and	 cultured	 in	
Dulbecco’s	Modified	 Eagle’s	Medium	 (Invitrogen,	 Tokyo,	 Japan)	
for	10	h	at	37°C.	The	culture	medium	was	centrifuged	at	1,700	×	
g	for	10	min	at	room	temperature	to	obtain	a	pellet,	which	was	
washed	twice	and	resuspended	in	sterile	normal	saline.	An	aliquot	
(100	μL)	of	the	suspension	was	serially	diluted	with	sterile	saline,	
plated	on	Agar-B	(Qbiogene,	Carlsbad,	CA,	USA),	and	incubated	
for	18	h	to	determine	the	bacterial	concentration.	The	remainder	
was	stored	at	−80°C	until	use.	
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Co-culture of neutrophils with E. coli
Just	 before	 use,	 the	 E. coli suspension	was	 diluted	 in	medium	
to	 achieve	 a	 final	 concentration	 of	 2.5	 ×	 106	 cfu/mL.	 After	
opsonization	 of	 E. coli using	 autologous	 serum	 for	 30	 min	 at	
37°C,	 neutrophils	 (2.5	 ×	 105	 /mL)	 were	 cocultured	 in	 1	 mL	
medium	without	antibiotics	 for	3	h	at	37°C	 in	a	humidified	5%	
CO2	incubator.	After	centrifugation	of	the	cells	at	600	×	g	for	10	
min	at	4°C,	the	supernatants	were	collected	to	analyze	cytokine	
production,	neutrophil	elastase	(NE),	and	neutrophil	viability.	

Neutrophil viability
Ex vivo viability	 of	 circulating	 neutrophils	 against	 E. coli was	
compared	between	pre-	and	post-LCAP	neutrophils	isolated	from	
identical	patients.	To	evaluate	neutrophil	viability	after	co-culture	
with	E. coli,	an	apoptosis	assay	was	performed	[20,	21].	

Apoptosis	 of	 neutrophils	 after	 co-culture	 with	 E. coli was	
quantified	 by	 flow	 cytometry	 using	 an	 Annexin	 V	 Apoptosis	
Detection	Kit	(BioVision	Research	Products,	Palo	Alto,	CA,	USA).	
Neutrophils	were	 incubated	 in	1X	binding	buffer	 to	which	5	μL	
Annexin	V–fluorescein	isothiocyanate	(FITC)	and	5	μL	propidium	
iodide	(PI)	were	added.	After	incubation	at	room	temperature	for	
5	min	 in	the	dark,	the	cells	were	analyzed	using	a	FACScan	and	
10,000	events	were	counted	per	sample.	

The	combination	of	Annexin	V–FITC	and	PI	was	able	to	distinguish	
between	 early	 apoptotic	 cells	 (Annexin	 V+,	 PI–),	 necrotic	 cells	
(Annexin	 V–,	 PI+),	 late	 apoptotic	 or	 secondary	 necrotic	 cells	
(Annexin	V+,	PI+),	and	viable	cells	(Annexin	V–,	PI–).	

Enzyme-linked immunosorbent assay (ELISA)
Cytokines	 in	 patients’	 serum	before	 and	 after	 LCAP	and	 super-
natants	after	co-culture	of	pre-	and	post-LCAP	neutrophils	with	
E. coli  were	measured	by	ELISA	according	to	the	manufacturer’s	
instructions.	Cytokines	included	TNF-α,	IL-1	receptor	antagonist	
(IL-1Ra),	IL-6,	IL-8,	and	NE.	TNF-α,	IL-1Ra,	IL-6,	and	IL-8	ELISA	kits	
were	purchased	from	R&D	Systems	(Minneapolis,	MN,	USA).	NE	
ELISA	kit	was	purchased	from	Immundiagnostik	(Bensheim,	Ger-
many).	The	detection	 limits	of	TNF-α,	 IL-1Ra,	 IL-6,	 IL-8,	and	NE	
were	1,	2,	0.01,	and	2	pg/mL	and	0.12	ng/mL,	respectively,	and	
levels	below	these	limits	were	considered	undetectable.	The	level	
of	each	cytokine	was	evaluated	in	duplicate	and	the	average	cyto-
kine	value	was	computed.	

Statistical analysis
All	 statistical	 analyses	 were	 done	 using	 JMP	 version	 5	 (SAS	
Institute,	Cary,	NC,	USA).	Associations	between	continuous	and	
categorical	variables	were	evaluated	using	the	Mann–Whitney	U	
test	 or	 paired	 t	 test	when	 appropriate.	 P<0.05	was	 considered	
statistically	significant.

Results 
Patient characteristics
Twenty-nine	UC	patients	undergoing	IPAA	received	postoperative	
LCAP.	 Patient	 characteristics	 are	 shown	 in	 Table 1.	 The	 mean	
age	at	diagnosis	was	27	years	(range	15–54	years)	and	the	mean	
age	 at	 surgery	 was	 33	 years	 (range	 16–61	 years).	 The	 disease	
duration	was	6.9	years	(range	0.1–28	years).	Left-sided	colitis	was	
in	 6/29	 (21%)	patients	 and	pan-colitis	 in	 23/29	 (79%)	patients.	

The	 disease	 severity	 of	 colitis	 was	 classified	 as	 mild	 (7;	 24%),	
moderate	(11;	38%),	and	severe	(4;	38%).	

Time course change in WBC, neutrophil, and 
platelet count
WBC,	 neutrophil,	 and	 platelet	 were	 counted	 before	 surgery,	
before	 LCAP	 (after	 surgery),	 and	 after	 LCAP	 (within	 12	 hours	
following	 LCAP),	 respectively.	 As	 shown	 in	 Figure 1,	 WBC,	
neutrophil,	and	platelet	count	were	significantly	lower	after	LCAP	
than	before	LCAP.	All	patients	receiving	postoperative	LCAP	had	
no	hematologic	adverse	effect.	

Phagocytic activity of neutrophils against E. coli 
To	 clarify	 whether	 LCAP	 influences	 the	 phagocytic	 activity	 of	
circulating	 neutrophils,	 phagocytic	 activity	 against	 E. coli was	
compared	 between	 pre-	 and	 post-LCAP	 neutrophils.	 As	 shown	
in Figure 2,	 No	 significant	 difference	 in	 neutrophil	 phagocytic	
activity	(mean	fluorescent	intensity)	against	E. coli was	observed	
between	pre-LCAP	(median	1259.4,	range	50.8–3505.6)	and	post-
LCAP	(median	1077.6,	range	24.4–4152.1)	neutrophils	(P=0.72).	
These	 results	 suggest	 that	LCAP	does	not	affect	 the	phagocytic	
activity	of	circulating	neutrophils	against	E.	coli.	

Neutrophil viability after co-culture with E. coli 
To	clarify	whether	LCAP	 influences	 the	 response	of	neutrophils	
against	bacterial	infection,	viability	of	neutrophils	against	E. coli 
was	 compared	 between	 pre-	 and	 post-LCAP	 neutrophils.	 The	
percentages	 of	 viable	 cells	 (Annexin	 V–,	 PI–),	 early	 apoptotic	
cells	(Annexin	V+,	PI–),	necrotic	cells	(Annexin	V–,	PI+),	and	late	
apoptotic	 or	 secondary	 necrotic	 cells	 (Annexin	 V+,	 PI+)	 were	

Patient characteristics
Variables Patients (n=29) Number
Gender 
Male 19
Female 10

Age	at	diagnosis 27(	15-54)
Age	at	surgery 33(16-61)
Disease	duration 6.9	(0.1-28)
Disease	severity

mild	 7
moderate 11
severe 4

Disease extent
Left-sided	colitis 6

Pan-	colitis 23
Malts grading system

1 7
2 11
3 8
4 4

Total	steroid	dose	(mg) 17285	(800-70000)
Use of immunosuppressants

Yes 5
No 24

Operation	time	(min) 262.4	(118-496)
Blood	loss	(ml) 307.9	(17-826)

Table 1	Patient	characteristics.
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compared	between	pre-	and	post-LCAP	neutrophils.	As	shown	in	
Figure 3,	the	median	percentage	of	viable	neutrophils	cocultured	
with	E. coli was	higher	in	post-LCAP	(median	34.2%,	range	1.16–
77.7%)	 than	 in	 pre-LCAP	 (median	 27.9%,	 range	 0.53–89.7%)	
neutrophils,	 although	 the	 difference	 did	 not	 reach	 statistical	
significance(P=0.82).	 The	 percentage	 of	 necrotic	 neutrophils	
cocultured	with	E. coli was	significantly	decreased	 in	post-LCAP	
(median	 0.73%,	 range	 0.0–26.0%)	 than	 in	 pre-LCAP	 (median	
1.14%,	range	0.0–26.0%)	neutrophils	(P=0.0232).	

No	 significant	 difference	 in	 the	 percentage	 of	 apoptotic	
neutrophils	 cocultured	with	E. coli was	observed	between	pre-	
LCAP	(median	32.3%,	range	1.51–91.2%)	and	post-LCAP	(median	
33.8%,	 range	 4.0–92.1%)	 neutrophils	 (P=0.57).	 No	 significant	
difference	 in	 the	 percentage	 of	 late	 apoptotic	 or	 secondary	
necrotic	 neutrophils	 cocultured	with	 E. coli was	 also	 observed	
between	pre-	LCAP	(median	23.1%,	range	1.81–96.5%)	and	post-
LCAP	(median	16.1%,	range	1.44–94.3%)	neutrophils	(P=0.13).	

These	results	suggest	that	LCAP	may	decrease	the	distinct	subset	
of	 circulating	neutrophils	 that	 induce	necrosis	 against	bacterial	
infection,	and	increase	the	number	of	viable	(probably	unprimed)	
neutrophils	in	the	systemic	circulation.	

Figure 1 WBC,	neutrophil,	and	platelet	were	counted	before	surgery,	before	LCAP	(after	surgery),	and	after	LCAP	(within	12	hours	
following	LCAP),	respectively.	As	shown	in	Figure	1,	WBC,	neutrophil,	and	platelet	count	were	significantly	lower	after	LCAP	than	
before	LCAP.

Figure 2 Phagocytic	activity	of	neutrophils	against	E. coli. Ex vivo 
phagocytic	activity	of	circulating	neutrophils	against	E.	
coli	was	measured	using	fluorescent	E.	coli	bioparticles.	
There	was	no	significant	difference	in	neutrophil	
phagocytic	activity	between	pre-	and	post-LCAP	
neutrophils.		MFI:	Mean	Fluorescence	Intensity.
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Cytokine production by neutrophils after co-
culture with E. coli
To	 clarify	 whether	 LCAP	 influences	 cytokine	 production	 by	
circulating	 neutrophils,	 cytokine	 levels	 in	 culture	 supernatants	
after	co-culture	with	E. coli were	compared	between	pre-	and	post-
LCAP	neutrophils.	As	shown	in	Figure 4,	there	was	no	significant	
difference	 in	 NE,	 TNF-α,	 IL-6,	 IL-8,	 and	 IL-1Ra	 levels	 in	 culture	
supernatants	 between	 pre-	 and	 post-LCAP	 neutrophils.	 These	
results	suggest	that	LCAP	does	not	affect	cytokine	production	of	
circulating	neutrophils	against	E. coli. 

Serum cytokines before and after LCAP
To	 clarify	whether	 LCAP	 influences	 host	 systemic	 inflammatory	
response,	serum	cytokines	were	measured	using	blood	samples	
taken	 before	 and	 after	 LCAP.	 As	 shown	 in	 Figure 5,	 serum	 NE	
after	 LCAP	 (median	 5.62	 pg/mL,	 range	 0.16–10.4	 pg/mL)	 was	
significantly	higher	than	that	before	LCAP	(median	2.87	pg/mL,	
range	 0.15–7.61	 pg/mL)	 (P=0.0251).	 No	 significant	 difference	
was	found	in	serum	TNF-α,	IL-6,	IL-8,	and	IL-1Ra	levels	before	and	
after	LCAP.	

Associations of post-LCAP neutrophil functions 
with operating time or postoperative neutrophil 
count
To	 clarify	 whether	 circulating	 neutrophil	 functions	 after	 LCAP	
influences	 the	 occurrence	 of	 SSI,	we	 examined	 the	 association	
between	phagocytic	activity	or	cytokine	production	of	post-LCAP	
neutrophils	 and	 risk	 factors	 of	 SSIs	 related	 to	 surgical	 stress,	
such	as	operating	time,	blood	loss,	and	postoperative	neutrophil	
count.

As	 shown	 in	 Figure 6,	 NE	 in	 the	 supernatants	 after	 co-culture	
of	post-LCAP	neutrophils	with	E. coli was	significantly	higher	 in	
patients	 with	 operating	 time	 >3	 h	 (median	 5.65	 pg/mL,	 range	
0.97–10.7	pg/mL)	than	in	those	with	<3	h	operating	time	(median	
1.05	pg/mL,	range	0.72–2.44	pg/mL)	(P=0.0158).	

TNF-α	 in	 the	 supernatants	 after	 co-culture	 of	 post-LCAP	
neutrophils	 with	 E. coli showed	 a	 trend	 toward	 higher	 levels	
in	 patients	 with	 postoperative	 neutrophil	 count	 >16,750/mm3 
(median	value)	(P=0.0894).	

Phagocytic	 activity	 of	 post-LCAP	 neutrophils	 against	 E. coli 
showed	a	 trend	 toward	 lower	 levels	 in	patients	with	operating	
time	>3	h	(P=0.0844).	

Figure 3 Neutrophil	viability	after	co-culture	with	E. coli. Ex vivo	viability	of	circulating	neutrophils	cocultured	with	E. coli 
was	evaluated	using	an	Annexin	V	Apoptosis	Detection	Kit.	The	viability	of	neutrophils	against	E. coli was	compared	
between	pre-	and	post-LCAP	neutrophils.	The	percentages	of	viable	cells	(Annexin	V–,	PI–),	early	apoptotic	cells	
(Annexin	V+,	PI–),	necrotic	cells	(Annexin	V–,	PI+),	and	late	apoptotic	or	secondary	necrotic	cells	(Annexin	V+,	PI+)	
were	compared	between	pre-	and	post-LCAP	neutrophils.	The	percentages	of	necrotic	neutrophils	cocultured	with	
E. coli	were	significantly	decreased	in	post-LCAP	(median	0.73%,	range	0.0–26.0%)	than	in	pre-LCAP	(median	1.14%,	
range	0.0–26.0%)	neutrophils	(P=0.0232).	There	was	no	significant	difference	in	the	percentage	of	viable,	apoptotic,	
and	secondary	necrotic	neutrophils	between	pre-	and	post-LCAP	neutrophils.	
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Figure 4 Cytokine	 production	 by	 neutrophils	 after	 co-culture	with	 E. coli.	 Cytokine	 production	 in	 pre-	 and	 post-LCAP	 neutrophils	 was	
evaluated	by	cytokine	levels	in	culture	supernatants	after	co-culture	of	neutrophils	with	E. coli.	There	was	no	significant	difference	
in	NE,	TNF-α,	IL-6,	IL-8,	and	IL-1Ra	levels	in	culture	supernatants	between	pre-	and	post-LCAP	neutrophils.	

Figure 5 Serum	cytokines	before	and	after	LCAP.	To	evaluate	the	effect	of	postoperative	LCAP	on	host	systemic	inflammatory	
response,	serum	cytokines	were	measured	using	blood	samples	taken	before	and	after	LCAP.	Serum	NE	after	LCAP	
was	significantly	higher	than	before	LCAP	(P=0.0251).	There	was	no	significant	difference	in	serum	TNF-α,	IL-6,	IL-8,	
and	IL-1Ra	levels	before	and	after	LCAP.	
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Associations between serum TNF-α after LCAP 
and SSI
To	clarify	whether	host	systemic	inflammatory	response	after	LCAP	
influences	 the	 occurrence	 of	 SSI,	we	 examined	 the	 association	
between	serum	cytokine	levels	after	LCAP	and	occurrence	of	SSI.	

As	shown	 in	Figure 7,	 serum	TNF-α	after	LCAP	showed	a	 trend	
toward	higher	levels	in	patients	who	developed	SSIs	than	in	those	
who	did	not	(P=0.0714).	

There	was	no	significant	difference	between	serum	IL-6,	IL-8,	and	
IL-1Ra	levels	after	LCAP	and	occurrence	of	SSI.	

Discussion
Several	 possible	 mechanisms	 of	 action	 of	 LCAP	 or	 GMA	 have	
been	 reported	 [10-13],	 although	 their	 exact	mechanisms	 have	
not	 been	 fully	 investigated.	 The	 variability	 of	 results	 seemed	
to	 depend	 on	 differences	 in	 the	 blood	 cells	 used	 for	 analyses	
(granulocytes,	 monocytes,	 or	 lymphocytes),	 methods	 of	 blood	
sampling	(taken	from	the	inlet	or	outlet	line,	or	peripheral	vein),	
and	the	study	subjects	(healthy	volunteers	or	diseased	patients).	

Most	 investigators	 used	 leukocytes	 such	 as	 neutrophils,	
monocytes,	or	lymphocytes	taken	from	the	inlet	and	outlet	lines	
of	an	extracorporeal	circulation	device	[11-13].	Leukocytes	from	

Figure 6 Association	of	post-LCAP	neutrophil	functions	with	operating	time	or	postoperative	neutrophil	count.	To	examine	the	association	
between	circulating	neutrophil	functions	after	LCAP	and	occurrence	of	SSIs,	we	examined	the	phagocytic	activity	or	cytokine	
production	of	post-LCAP	neutrophils	with	regard	to	risk	factors	of	SSI	related	to	surgical	stress,	such	as	operating	time,	blood	loss,	
and	postoperative	neutrophil	count.	NE	in	the	supernatants	after	co-culture	of	post-LCAP	neutrophils	with	E. coli	was	significantly	
higher	in	patients	with	operating	time	>3	h	(a).	TNF-α	in	the	supernatants	after	co-culture	of	post-LCAP	neutrophils	with	E. 
coli	showed	a	trend	towards	higher	levels	in	patients	with	postoperative	neutrophil	count	>16,750/mm3	(median	value)	(b).	
Phagocytic	activity	of	post-LCAP	neutrophils	showed	a	trend	towards	lower	levels	in	patients	with	operating	time	>3	h	(c).	

Figure 7 Association	 between	 serum	 TNF-α	 after	 LCAP	 and	
SSI.	 To	 clarify	 whether	 host	 systemic	 inflammatory	
response	 after	 LCAP	 influences	 the	 occurrence	 of	 SSI,	
we	examined	the	association	between	serum	cytokine	
levels	after	LCAP	and	occurrence	of	SSIs.	Serum	TNF-α	
after	 LCAP	 showed	 a	 trend	 toward	 higher	 levels	 in	
patients	who	developed	SSIs	than	those	who	did	not.	
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the	outlet	lines	are	the	remaining	cells	filtered	by	LCAP.	They	are	
returned	into	the	systemic	circulation	of	the	patients	immediately,	
and	remixed	with	the	circulating	leukocytes.	Leukocytes	from	the	
outlet	lines	are	the	small	proportion	of	all	circulating	leukocytes	
after	 LCAP.	 To	 clarify	 the	 systemic	 effect	 of	 LCAP	 on	 the	 host	
immune	 system,	we	 used	 circulating	 neutrophils	 isolated	 from	
peripheral	veins	of	UC	patients.	

Strictly	speaking,	leukocytapheresis	(LCAP)	should	be	termed	as	
leukocytafiltration	because	it	can	not	only	remove	leukocytes	but	
also	activate	them	through	the	filter.	 In	 fact,	LCAP	can’t	absorb	
and	 remove	 all	 blood	 cells	 which	 entered	 into	 it.	 The	 certain	
number	of	blood	cells	can	go	through	the	filter	and	then	return	
into	 the	 circulation.	 The	 filtered	 blood	 cells	 are	 thought	 to	 be	
activated	by	filtration	of	LCAP.	

Neutrophils	 are	 the	 most	 abundant	 population	 of	 leukocytes	
and	 the	most	 efficiently	 removed	 cells	 by	 LCAP.	 The	 estimated	
number	of	filtered	leukocytes	is	nearly	1.1	×	1010	cells	per	single	
LCAP	session	[8,	9],	which	might	be	comparable	to	the	removal	of	
nearly	half	the	number	of	circulating	neutrophils	(2	×	10–3	×	1010 
cells).	 Thus,	we	 investigated	 the	 functional	 difference	 between	
pre-LCAP	and	post-LCAP	neutrophils	with	regard	to	the	response	
to E. coli to	clarify	the	potential	mechanisms	of	clinical	observation	
that	postoperative	 LCAP	 reduced	 SSI	 incidence.	However,	 LCAP	
using	 Cellsorba	 can	 remove	 and	 activate	 not	 only	 neutrophils,	
but	 also	 the	 other	 blood	 cells	 (monocytes,	 lymphocytes,	
and	 platelets)	 with	 different	 removal	 efficacy.	 Therefore,	 it	 is	
necessary	to	investigate	the	change	of	the	response	to	E. coli on 
not	only	neutrophils,	but	also	the	other	blood	cells	between	pre-	
and	post-LCAP,	although	they	were	not	assessed	in	this	study.	

One	of	the	most	significant	results	of	the	present	study	was	the	
fact	that	the	percentage	of	necrotic	neutrophils	was	significantly	
reduced	when	 post-LCAP	 neutrophils	 were	 co-cultured	with	 E. 
coli,	 as	 compared	 with	 pre-LCAP	 neutrophils.	 This	 observation	
suggests	that	LCAP	decreases	the	proportion	of	neutrophils	that	
induce	to	necrosis	by	E. coli,	and	increases	the	proportion	of	viable	
(probably	unprimed)	neutrophils	in	the	systemic	circulation.	

Wide	variation	of	the	percentage	of	neutrophil	viability,	apoptosis,	
or	necrosis	in	co-cultured	with	E. coli was	observed.	In	our	recent	
unpublished	data,	the	percentage	of	early	apoptosis	(Annexin	V+,	
PI–)	in	circulating	neutrophils	ranged	widely	from	approximately	
10%	 to	 90%	 in	 patients	 with	 systemic	 inflammation	 such	 as	
elevated	 C-reactive	 protein	 >0.3	 mg/L.	 These	 observations	
suggest	 that	neutrophils	may	be	already	apoptotic	without	 co-
culture	of	E. coli due	to	higher	surgical	insults.	

Necrosis	is	thought	to	be	uncontrolled	cell	death,	and	it	seems	to	
release	toxic	oxygen	species	and	proteolytic	enzymes	unexpectedly	
[22,	23].	Neutrophil	necrosis	 is	known	to	be	 the	primary	cause	
of	 airway	 and	 lung	 damage	 in	 the	 intensely	 inflamed	 lungs	 of	
patients	 with	 cystic	 fibrosis	 [24,	 25].	 Postoperative	 LCAP	 may	
induce	the	recruitment	of	a	neutrophil	subset	that	is	resistant	to	
unexpected	or	uncontrolled	necrotic	cell	death	against	bacterial	
infection	into	the	systemic	circulation,	in	addition	to	the	removal	
of	activated	leukocytes	that	cause	systemic	inflammation.	

In	contrast	to	the	above	results	of	ex vivo	experiments,	serum	NE	
after	LCAP	was	significantly	increased.	The	immediate	reduction	
of	serum	NE	by	LCAP	was	not	observed.	One	possible	explanation	
for	this	is	that	a	single	LCAP	session	may	not	suppress	sufficiently	

NE	 release	 from	 whole	 body	 neutrophils	 in	 surgery-induced	
systemic	inflammation	

Circulating	neutrophils	after	LCAP	 isolated	from	patients	with	a	
longer	operating	time	(>3	h)	or	higher	postoperative	neutrophil	
count	 (>16,750/mm3;	 median	 value)	 showed	 not	 only	 higher	
production	 activity	 of	 NE	 or	 TNF-α,	 but	 also	 lower	 phagocytic	
activity	 against	 E. coli.	 These	 findings	 suggest	 that	 neutrophils	
isolated	 from	patients	with	 high	 surgical	 stress	 show	excessive	
production	of	pro-inflammatory	cytokines	or	impaired	phagocytic	
activity,	even	after	neutrophil	renewal	by	postoperative	LCAP.	

Among	29	UC	patients	with	postoperative	LCAP,	only	four	patients	
(13.8%)	developed	SSIs.	Their	serum	TNF-α	after	LCAP	was	higher	
than	 those	without	 SSIs,	 although	 the	difference	did	not	 reach	
statistical	 significance.	 Therefore,	 serum	 TNF-α	 may	 be	 useful	
for	identifying	patients	who	will	develop	SSI	after	postoperative	
LCAP.	 However,	 no	 association	 between	 SSIs	 development	 and	
neutrophil	viability,	apoptosis,	or	necrosis	in	co-cultured	with	E. 
coli was	observed,	which	may	be	partly	due	to	small	sample	size.	

Recently,	 circulating	 neutrophils	 have	 been	 recognized	 as	 a	
functionally	heterogeneous	population	and	differentially	primed	
against	 various	 insults	 [26,	 27].	 We	 have	 reported	 the	 clinical	
significance	 of	 circulating	 neutrophils	 in	 systemic	 inflammation	
[18-21].	We	think	that	circulating	neutrophils	may	be	the	primary	
target	to	explore	the	systemic	effect	of	LCAP	on	the	host	immune	
system.	

Furthermore,	some	investigators	have	reported	that	leukodepletion,	
which	 removes	 polymorphonuclear	 cells	 from	 the	 systemic	
circulation	using	leukocyte	filters,	leads	to	significant	improvement	
in	pulmonary	and	renal	function	of	patients	who	develop	systemic	
inflammatory	 response	 syndrome	 (SIRS)	 after	 cardiopulmonary	
bypass	 [28].	 Leukodepletion	 targeting	 of	 neutrophils	 may	 be	
beneficial	to	prevent	organ	failure	due	to	SIRS	[29].	

In	conclusion,	this	is	believed	to	be	the	first	report	demonstrating	
that	 postoperative	 LCAP	 decreases	 the	 subset	 of	 circulating	
neutrophils	that	induce	necrosis	against	bacterial	infection.	It	may	
be	beneficial	for	the	prevention	of	SSI	to	reduce	the	unexpected	
or	uncontrolled	necrotic	cell	death	caused	by	the	release	of	toxic	
or	proteolytic	substances	into	the	systemic	circulation.	
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