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A#E-1

Pathogen and Leucocyte Inactivation for IBS/Theraflex® /Mirasol® Platelets
(Bl —53E00)

C. V. Prowse:Component pathogen inactivation:a critical review.Vox Sanguinis 2013; 104: 183-199

Viruses

Enveloped Viruses 1BS THF MIR BA&#F+Fit
HIV-1(cell associated) >6.1 = 4.5 —
HIV-1 (cell free) 6,2 1.4 5.9 24.6
Clinical isolate HIV-1 >3.4 - = -
Clinical isolate HIV-2 =2.5 = — -
Latent proviral HIV-1 All detectable** - 4.5 -
Hepatitis B >5.5 - (2.3} -
Hepatitis C >4.5 = [3i2) -
HTLV-I 4.7 - - -
HTLV-II - | - - -
Cytomegalovirus

(cell-associated) Bl - - -
Cytomegalovirus ;

(cellces) All detectable* (3.5) (2:1) -
BVDV (HCV model) >6.0 - 5.8 1.9
Duck HBV(HBV model) >6.2 - = -
West Nile Virus >6.0 5.4 >b5.. 1.3
SARS-CoV >5.8 = - -
Chikungunya >6.4 — 2.1 1.7
Influenza A virus H5N1 >5.9 - [>5) -
Dengue 55.0*2 0.4*2
PRY 2.5' 28"
Non-enveloped Viruses IBS THF MIR B#&FR+Fi




Bacteria

Gram-negative IBS THF MIR B#FFR+Fit
Escherichia coli >6.4 >4.0 4.4 -
Serratia marcescens >6.7 >4.0 4.0 4.0(F91E)
Klebsiella pneumonia >5.6 4.8 2.8 -
Pseudomonas aeruginosa 4.5 >4.9 >4.6 =
Salmonella choleraesuis >6.2 - - -
Yersinia enterocolitica >5.9 — 2.3 -
Enterobacter cloacae 5.9 >4.3 >2.0 =
Orientia tsutsugamushi

(scrub typhus) =l ~ e -
Gram-positive IBS THF MIR B#FFE+Fi
Staphylococcus epidermidis >6.6 4.8 4.2 3~5
Staphylococcus aureus 6.6 >4.8 4.0 w
Streptococcus pyogenes >6.8 - 2.2 -
Listeria monocytogenes >6.3 = = -
Corynebacterium minutissimum >6.3 — - -
Bacillus cereus (incl spores) 3.6 - - -
Bacillus cereus (vegetative) >6.0 4.3 ) -
Bifidobacterium adolescentis >6.2 - - -
Proprionobacterium acnes >6.2 4.5 >2.0 -
Lactobacillus species >6.4 = - -
Clostridium perfringens ;

(vegetative) R e B -
Spirochaete bacteria IBS THF MIR B#FF+Fit
Treponema pallidum

(syghil'rs) i S B - B
Borrelia burgdorferi 89 B B B

(Lyme disease)

— : no data available

vr:day3(BREIE&E R ) DR

XY ERBE(GERIRALEE) - - 8RR 7AN'10° CFU/mLI

i BE covoereer 8ARPARNEEIRY D44 (E10° CFU/mLES



Parasites

IBS THF MIR B#FEFR+Fi
Plasmodium falciparum
I >6 — >3.2 =
(malaria)
Trypanozoma cruzi
il >5.3 - 6.0 -
(Chagas’ disease)
Leishmania mexicana
: 5.0 - ~ -
(promastigote)
Leishmania major Jish
. >4.3 - >5.0 -
(amastigote)
Babesia microti c 3 4D
=5, - >4, -
(babesiosis)
Leucocyte 1BS THF MIR B&FFH+Fi
T-cell viability
i i >5.4 — >6.0 -
(limiting dilution)
DNA modificati
modification - 8 3 4 i
(one adduct per x base pairs)
Polymerase chain reaction Inhibited = = P2
Cytokine synthesis: e 5
No II-8 or IL-1b synthesis
Murine model TA-GVHD:
L - L =

Prevents disease

— : no data available

L : Tick marks show where the different study types have been undertaken for each type of component



COBRYEANC L MERYROEEZTEOR2YFEIETOWLIDNTE RO LYN 1522 LLH ¢ T L% W Pl 105N O
‘G2 L LU RETTLESE "IV RO oseIN: g
ORI LTYREFORIY LEEHOVILNELZY RN T EETEOGE VY

kS o

YN IS BAPIHTEIHEORUL "2 THNMERZE R EE P (B ASCHN) SBIN R L N0 2

HNEECIVHZOFNLURTG S RN ST
TMRWRBEESEH2Y\WRAENSRIIHL O WOULS W LEEFERO>ERICIhO(E (2

OFCUSYLEWI T ERO LIS (S
OF2LYURMTGE RPN y1EAN I LR L= L XEI2¥H (2
OFCUIELEINILCENLLY OER TR, WL ERLAT— NG LBE(L

CNBERZ0FTOXRGCOLRRFERONR

EREOWHI T < W & Y ( OLEHES

T Whg



‘e
RO MME TN 20 URBL W T 2181
ECINEC Y I RECIGHYEPICIMRNE S 0RE "¢
REI2MY 22 BRLETE A PV l0sean

("91-60Z1 :(9)6y :unp 600Z ‘uolsnjsuel] (s
|19) ‘N BSusAol ‘g Jnow|lp ‘dy Yyol.lpooy ‘sulesuod
uoljeulwejuod |elJsjoeq 3SulsseJppe Jo) sionpoid
jo|eje|d Jo e.un3|nd pue 3juswiesatl A3o|ouyos]
uoljonpeJ uasoyjed Jo uos|Jedwoos Klojeloge| V: YHX)

SR
B3 @2 GHIGTEERBO%I6°? QWY SIW
£2EHOEYN 2HRTIR I YEHIEAO > £

“ENS N EHAB L EE
21 0d 2 HBOL &) /N4D 001 ~07 % REEO¥ 07 B €1

QUSRI PINI 2L AW OBH I~ ZRIMREES A FE
Y CNERBRBOLN—L0Y RGCIHEE YR 2L R
FYURWE “FUWEE LS HOGIL S PTREETHE "2E L00C

CIHC R G VTS O (B SR R
E) ehep g 2 ¢ 6 @ zhep* S =L 7 0Aep 2 HIEE £l (R L4 O B &

"R L P 0d FHYCH I HLOTIRIRHL 9 02 "2 MY

e [$—LETHE] o (X6 0d F 541U D el Wil O U] ¥
12U BN EEE O 307 Y E§ PR CORIWERIGTE CCITYE W/N4D 01 ZI¥— WS P FoIEEOEE
Ui\._ .ﬁaﬁ”— %\h\&h@h\h@ e bnﬂoﬂ.ﬁ SU8ose0/ell B]1BIIES =
("0Z-¥121: (8)9F:GL 4dy 8007 's!d
W /N4 01 Rk v OTH J00JU] Ul|H VY UelAOjWOA ‘WH snJezeq ‘J) poop ‘YN sqooep °sia|ale|d
ﬂﬂ“ﬂvﬂ*v n—u* w EGHNC_EWHCOD h_ _ﬁ_._mu.oﬁa "_.O :O_wzu_.w—hﬂ.._u. —._n_._i CO_H_.OW@L Eo_w—._h.mr_ﬂ._u.
ﬂn_vﬁﬁ% —u_.._ﬂ .00:0_:.__> WO_QQQW .vwo_ _W_._Ou_.omn_ :QW!F&Q Q_—._W_._O_u.w_wm_u ﬁﬂv
Tw/ndo 0L Bl L “TYa W/Nd9 01 3¢ L chk 8 e RIS YIS OISR —8 =L MBI T W/ndd (01
(VRTHE) SR 27 > LGRHEE > P LE D BE IR & £ U 2
k0 (E SR ) £Aep [4Y (i QTSR]
MO 4 312104 O "G R Ay A OGP LS ELIE ? HORMEIUD " U7
(£91 HE) RSN THSHEC LK T 2 (LAv/N4) | ¥ 121 000'S 0d “EIEHC UL ¥ HNG R OUE=IHYE o \vEkH
00L~G8) Sz s QWY URAHT Y LYE LR - | HHO 0d WHHHO ( LLL 1 21 4 ¥ (1 BEOELEMO 0d ¢ HL IS
(§—LE) [BHEQ T-IE%S byrY] o (3 o S B
=i IS
. OBV W W GY (0 e




VILPIGEETS "Ry "HAYEIWNY—L 00 LiE o
[¥R AT vER]
‘QuIH WG 00 FIUYRERAFI "GURIF T
¥ ORTESCALTIROE "(HTH) >HLEHPIAHKORTE =2

('7€-92€9: (92)611:82 unr ZL0Z 'Poolg ‘PH 43|V ‘g Uuewsyey ‘Jp
Uoop ‘A 1]|eueoey “J3 3Jem|aq “1d Suldaey ‘4q uUJoyosJIH ‘HS uewuia|y

'l ‘W AYlJn ‘dN yosng seliooIno uoijosjul A9H pue Alsjes uolsnjsueldl AH
"YU RELHH RV EETIRI 2 XTI Jo) suoijeol|du] :sAesse pasusdl|-y(qd Aq A31]Iqe1091ep YNY ADH oJojeq
YUV LOEEHTHORBLHAETD IIN-A] WSLRL(E pejoa| |00 euse|d jo (sa3Apo|304] ued) seazuedulyo ul A31A13994U]: YHX)
—L¥H)6'L B (W) WAEEO AN @ I 10BN @ SR D WAEW
WY SR YIENGREREIRENE WeRLEWO D TIRO2 RS
COURIAHT WY IUN-QI 922 2R D] (B OLE S LIRS\ E XA ) 0 Oh
0d %% AOH ©fg | =135 08 R12 L IYN-Q] “FICIGHEEE: o | TRENcEIE) oseyd dn duet-oud P4 Y 1 LRI U LY IWN-A] o
[ oneEE]
CR2ATTMETHAREFROZ P2 ‘CRALEF /W6 ORIOTFS
[OSRIN WO HRE /T OLILYNOBYREIWIN-UI o | £ HEUZH\TOHS IIN-A] " C OMFER AH 2121 Efoh¢lH o
[(HREOVYLTELATV] [ZR &z ATVEH]
(¥ (w/nige
‘R I PIRER Jo —Ac 9°8l) (00) FREHEEIL%G6 OF 2yooy) S U AFPI—AC
O M EINBENEYA VORI UT “FEL X 000 ‘v G4 X3 “FI AGH © £ B4 (U007 CAMHET) & <)/ | OFE AGH Z £
SIRTQETALAN/—AC | W AH S UR AR BALER IWN-G] "SURZHI LAV G IR | PO 0d @ CVRED)
g 2T (£ AN G ZPREE) 0d 0%V HOAE o | HGd] <) QORT IWN-0] "G I "RSTOMOI < CONH o AgH
*CUR IR TIFTAP AGH Oh °Q b MBI FI%0F 022U PGB T AH
(& 6y 69 CRlE) %09 6 "R LA LBY P2 0d CLEBLYEHILY A CA AT "G 2 C R TE LVN-A]
TIEELRLOF VIR GO F IO peo| |eJIA ZIHHE y¥%09 OESEY O (111 HERFWHES =1 0d Ol < X cORT 0L F
QAR QOTWRYLN ) YRLETI M " — o | T "QUSRKBYI LT ER PTITHOMO] </ 0 "(R2X
M %2l (A XS4V A g [ 2 £ e~ (IYN-QI) LVN IEE}S=L 1 a\E IVNI—L 02 OO “HEn1TE o
G "ARRLANM/—AE 0T "R CLHER (307 ¢°7 CUYEIC
(A4T) 2WAVELE}) 105BIN =] 9d DL AN/—AE 000 © | &> ZERIBIRIERO POERAHAINVLE APINBEHORRI YL OH o
(KR LETI—FICLER LY N] (483 Co8eE]
E +H
g OB MENTHEK WM LY N TR




CURIH
CEBPARTEZ LKD) 619 31rys4 A A F 2 loseIN

COHIAE W/ —AC01 FHEKRSE
B AR W—AC 01 "RQLAETR 0d @ W/
—ALC,0l *2V2UYR 7 307 <P AT € F I josean

(56-L881: (6) 1G:des
[J0Z -uoisnjsuel] ) oJojope] ‘S OUlj ‘AS ©sowol ‘Y edle]
‘A 1YsoH ‘W @)eles ‘UoisnjsueJl jusuoduos poo|q Aq pasneo uoljosjul 6lg
snJlAoAded 91]ewolduAg: BX) °SLC P21 yv1 W—AC 0l BIOFOHEH
QCOOFSILNHEREUYT1ZAUN )G "L ERREW=L 2 2R

"QVILURYWHLBTOT AU (P2 W/—
AC 0l PIESE °QILCLUR 4AT—( 4 Y EYS P VITH “RI2%H

CQLED| W/ —AC 0l LHBEITW YA )G S SETHFIF E T
TWYLNN ) GOV W L EHLAE ¢~7 REPITW LA ) LT HH

R T RHABRAUTLYQAMAEHO L LK - ¥
- TEOXEEH “PILEFATHOLEFLTIFKOUT " LREITIE W
£2EZ (sisloollse|de) g— (i GPEAWWR LM —2 (7 LEHIDH
Y CRELYEOURRTYE) BHCLER LY " LORRFETEH

"CR GTHY A YR EIFRETEE R
FERE " CUBROFRELITRREFOYEH "FLVLIIEHERHOS OEH

61d
iy
Gasler

v4 3

‘U AR LTI+
AP (—L¥%H 9PN 05BN T JWN-(]

({2 R W/NIek 2
079656 @ LVN-QI L) @ R L 4N/ —AE 000 'V ¥
WE peo| |BJIA @Och 9d @ AIH QELHEF2 LYN-(]

VIV L UR FEPIMES "W URIHFITIN
BEE 7 Y 0d ESAIH O | Z1FF €7°¢ "2l VNI

\IRIGER AIH @ oIS 8 (35 #002) YR IWNWV—L 07 @
[¥<esAv¥H]

N1E
LULBHEHITICHERPREES £ M2 TORE LIN-A 1\¢1 °2R2
AEE/I4 0 2T MHICEHNMPIGREOId FCO "IN UE D> 2
¥XIROWMBCROLY N We LHBLRELIMOS < V63 THT] IIN-A]

CURIAHTIZLRDI SRO
TG0 T WTEHCIMABKOS 3 ¢ LB CRTEORE LW 1—L 02

- WEEEHYG 28 | BPICS <V QOLERE INV—L 07 IGER o
[ 3 Lo BE e ]

AIH

WREOUHI RN TR

WME LY N

=M

S




VL UR BB GOFOERH CUREBOL LEEME TPITEX

°nIS99 ‘| 2 yedAjousd *n[9ge ‘| 2 gadAjouad EIF

BE LV OEETHE 2 URSELIGAX S PTRERTHOL Y
HC@av W/—AC Ol FIOFOTE

G COOTFSILNHFRYU YLV G "L BT, - R R E R

°%GE B=L
YR 00l ‘%25 BUYR2 6v v LIV P 1§ BB 22 —0 2

q *Q g W/—7 e
E 00 XYW p 0dAjousd * ) MLFEK 9~ RITI YAl J 6 B 8~€ RV
C(EEG T LT | LY
LD | QLY EIYALGATY B4 T PIGEEIURAN &
‘PRI LD /Y 19 ABPI—£A BWYA S 6) SUSTHI B | PEROLT
WL ZGEFE “PI2LVICIIEBORY W/—AC 0l PRI S D WL OHEE AJH “EIWF =] 80UB| | 10AINS BAISSE]

TR 2% 96 % C OUNEFE LWN-AH ORlE v THE o

VIRRERHBING S UR VIRGF) v edijouss
° (Hask A2 PIFRET O A1) BWlogg (§—L PRI QU ABEE%, 3¢ v odkjouss “96¢6 y¢ ¢ adAjouss
€ H)307¢S 2\1C.2) ¢ odAIouss “PIWAMTID 1SBIN o | [ RLEWOY—2IY 008'8 HEILEHIE | FEO—£ BWYA 6
CIRESHYC PO
2YENY "L UG QBN E £ B2 ERURTOR G < ¥

v CQIL UGN T ¢ 2 W YRS E B S SR AU S PHE B i
ETIRIERI LY (B0 PIREORT °C CQVIL U R E R EEE  MEHTRHEYY T L HEUY AL
VI2UR T 507 |7 RIAETIO AKD 0 9044 [ (00 3¢ YRZFYNTEESE IS OLSR2LH ‘L— "QURAHI U
\ITLP) S — LIV ETHO AND POIRl00SSe [[90 () [oseN e | L4 2V R EIRIERE 1 PITHOTHER YO~ LEH WD SHCBH MO

2k +H

o O MWD WK WY N s




LR
s RTINS "2 02 W T RELY R PI 2 R
SIM¥EHN A TAFPT) 1SRN SR EHOLOM | ©
37 010 FIIG¥E R ITE 2. L (4%} IIN-Q] D21 P4

Tu/se1doog g
*T0 %56 WelsAS X13T00Md S!IJeAoN-FD LVN:#
‘I M %, UWN 7 SIS TE S PISEBHBE T2
~ (W4 "X °Y) YRS DU WAE "2 28K

CRALNUNVIZEIEDTZ IN-A] I8 ° D HEIUv 1@ BIULIIAO2Y T

HlefTIc P LMY
1VN-QI RI2 B EAKHLE - BT E B OFER “@=/=L GO B¢ Y3noayyealq
BOX WEHURLHHIN—CLBFF IWN OB¥ U XEWE
WEOBW YAV LOY 002°] T3 > L@l £33 0102 2 \¢dr €002 (1 P2
1IN ‘Rl RBELE¥ SIURSEHCEETEOK 87 "IHYE LN 2E¥

WL T T—AE 0l 2

Y HOl BE "AHITWYLA VL@ W/—AC 01l XH2LH 9~ BESE ANM
("Alup @3e1s opelo|o) “ZZly-66-AN) 307G L
(d€H “)}40p meN) 307¢°| CEURTHEW| PIOEITFS LM "%07~Gl PO £THED ¥R
- W¥EHNMY
¢
(B SN "qe| s|1juog */gelepuedn) 30| G2 BHPAEEFOW— A0 "GUdff ORI FEEH "RERN1EWY
(0a9-vsn “o3ulue|4-66-AN) 807 0 y-0°€ Uy NOTBW LA ) LPIETEE SRR °TENW L ML L "@®
‘%S 7 HYRD (RQULLA “UET)) WYY D> EOH\ITIXEH "¢H2HF¥
WRITONWREFWIHSNTHER U2 1KY EH W B ER P
R ECIHFENVEE A PNITEOREIANN o | ZISTEVW G 1L G LA YH "CRALBEWPIOC £F2 BlW0IIA Y3IY
2 [k +H
s HROUHIIEHNTERK WE LY N e




‘TUILET RENYHISTEORET
EHERAR "> ALIRWPLC LY BEIIE ¢ EHFRR
UG L LHHYE WO YRR OGN ER F2 ¥ H

N R22TRYLIRFELRIL £
AT S F =) 0seIN “y¢ G R 2 Hiinky 9sop ¥R W
yGIEEH O L1 2 &—L3%H 34T [osely

LRSS HOWEEFTEHLISLTINHOH 1L 3F 7102

(W/—AE0l%x9°G

HRFch) W/—AC 0l X2~ 01 %2 FI2LEHCQORTE " (W/—AC 0l xy7¢
Hech) W/—A £ Ol XE~,01 x8 Pl FEFHTEW - 2\CZITWLA ) G
QUGB RYCHIC P LERIIF2AGYY AVIFECIXH
‘ATPIIMEREUEOYN G COYHMOT O LEETINTA CHEY CRE

BAUNS
uny1yo

CCUIEEIZVILNEYLAT— M 4XZY
CIHIWN " EETEHORDEERERZ 1S V15210
R ERKOAEL/VEH “RYG DLW YA} G\
Homoe=2 ° ) BWRMBIIRERIZIVET " 208

(F72102 “QI2LURBBEY
WAETH O 307 0°7~2'| IGEFLLN LA ¥ —F)
BT (§—L%H) AT ¥ 0 RITEE S P2 losean

VI URLELG INCIHEEYLE N - U TL “(PIIEHEEN "I
B Y—MEPIFEH IWN *ZVI2LUYR I W/ —ALC 0l~0l PITWPLAN) G
ZELUITBETIR
YREWEWHY I WH TR VEFRE LA S Q@ edhjoles Sl FjF "1
LRI T V03 S T2 GHRESE =) 0dA10408 ° @ @ 2 YETRIME\G/ ] 8~G £l WO E G
NWIE
DUSLEM > P A YREREZ2YTITAL LRI L EMER “N5A
"R HBEEYGTPILEF@ VI 2 UR BEHYEY (v
VI MR YU USTEIHE (€
COVILCHRUURBTIDL £3¢ > EORTERILEWEE (2
(2 "\ YERIFEE S P IS
FHELCWSN CUNEHBEORRSFEFEEEI 2 LU HBOW (L
PEEQVILUI Y E LGRS

“(EM
NUTL AEA N—NYAR%R) CRLLOGTE S (G5 € LI BT
e YR LY

W OB L WREES PTIFHWHE " AL2LUSLATEFIBEGCZ 2B S
A QLA GMBENV—e U nsxd X A=) G- LN & X—k
RN G VAEFEFOH— A—3 20T EL£FZ BlWIIA VIE2Y 3
4 UL

BOGINELA GALFILVSTI¥H "R (K2 Yd A) smpojdog/e
sepay (L LACUIURE "FINLOLYH HYPIRES 7 EEYE

an3ua(

Xk

=
s

HREOWEIEAN TR

W &N

+M
FEg




°Q 2 ML EETT AN R DI CTIES AT °
LOLYTEY E—LOF 0TY<EIPRE S FT) [0SBIN o

‘CUIEER
OFNEG LB LIWOEE @ £ FE =) ch [ [T
TR Y BN L OCTEBRICIh T o

‘QEBHTIhPIEG R85 WeRTIRZ2CE
BEYHEEO 01 X2 FI=] ooy W "2 ¢ LK 2 17
00/ —AE0l 2H—AC VNI OchRMETEHOSTA o

°HcRa (W —AE 01
xQ)—(1702/—AE01>) "RIFE—AC VNI Qch R ITETNE=LC 2 FM
‘LA | LAY TMEEIGIL 2 VS URREHCTHED ¥ H
COVILUYRMGE R TIEF R RS - IEPIER @ LECIBHN AT S
CELUETINFTYHY RS RRE
FRFHL AWMV CUGTE I HEYH "CLRLETESWURKO ZES N
HTNES N AW TIBHO Y M RYRURYTIEFE PIIEREILEX
CIRRIREECUNBERYAS ) WME BRI JEED
SO EYWEBERIFE A CVEhRHUNRXORER Y 2 EEYY CNd V2
LERZ—LA VG HBRFF IR "I —F BIMFEFFE "FIEHYY
‘@2 FE ¥0d PIRFOREREYW (W —AE 07 FIFHEO Yd OLN
£2) CRATEAUCIEEBILIR L ¢ LEIFFO Y] VIHRIHFEFOHB S
PIULXY " TUYEIVIBTIRERTER 2 CLHBEIGLNC2 "7
G CHSPIRGEECF L PR EETHOFWDAWOL L (1 & R TFl
QL CHIREYRY "UYE
OFHURINOBRERTELCL (A XFATW U >WTAEF T <
VHERPIZMERE "I TRRERLCPIRIMELE[RC UL S
O "IN\ °SLYR B 0 WG E R LAV P IS
BETLo)HE ¢ I " YRFHCERTEHOT G 091 P2 EROLEN
M) REBR AN YR E °Q £ HFH 68 2 ¥ 0 b Pl chif iR
WS
Y2 B "EHWMHEY "YF "HFE WLRIHEERE °%00~
€ FIEIY ITEIDRAX S FPTIII0 - GERHATE A HAFE) SQV - Sk
C19R "R CHE CWIEA GO CHTPIG T "I E 6~ ¢
‘ot BEFEYHE=
& CQUGER >IN AW WEHYY ACIGEFEOR L7
SMNIC (A W= ERIE R a2y AFHEN T X0 29 (TE2)
TER—S Gy A=V —H OB S Yk “HHQ L FRTIRINE

siso
Iseqeg

E g

=]
~

W OUE BN TR

Wi &N

=M
g




VoxSan= uinis (B 1 —BE )
The International Journal of Transfusion Medicine 3
Vox Songuinis (2013) 104, 183-199
ORIGINAL PAPER

© 2012 The Author(s)
Component pathogen inactivation: a critical review

Vox Sanguinis ® 2012 International Society of Blood Transfusion
DOI: 10.1111/1.1423-0410.2012.01662.x

C.V. Prowse
Edinburgh University, Edinburgh, UK

Background and Objectives Pathogen inactivation (PI)-treated plasma and plate-
lets are increasingly becoming the products of choice, where licensed. This review
summarizes the clinical evidence available for licensed component PI technologies
and red cell PI under development.

Materials and Methods Available literature on licensed technologies was
reviewed.

Results For the plasma and platelets technologies available, evidence for the inac-
tivation of most pathogens is good, except for certain nonenveloped viruses. Clini-
cal trials and haemovigilance programmes suggest the observed loss of potency is
of little clinical significance, with some technology-specific exceptions. Concerns
over adverse toxicological effects or neoantigen formation have not been confirmed
for currently licensed products.

Conclusion While platelet PI has been adopted to reduce bacterial contamination,
the ability of PI methods to replace testing for emerging bloodborne infections, or
as a substitute for selective pathogen testing, gamma-irradiation or even leucode-
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pletion, make adoption of PI for components increasingly attractive.

Keywords: clinical trial, fresh-frozen plasma, pathogen inactivation, platelet
components, red cell components, review.

Introduction

Pathogen inactivation (PI) technology for fresh-frozen
plasma was described in 1991 [1] with techniques for
platelet and red cells (RBCs) developed more recently.
The amotosalen/UVA-based INTERCEPT™ (IBS: Intercept
Blood System, Cerus Corporation, Concord, CA, USA)
was CE marked for platelets in 2002 and 2006 for
plasma and is the most widely adopted labile compo-
nent PI. Other technologies for platelet and plasma PI
have since emerged [2]. This review summarizes the PI
technologies for plasma and platelets, the concerns and
toxicology studies associated with each, and their
impact on pathogens and products, followed by the
clinical trial outcomes for each product. This is followed
by concluding remarks on recent events and regulatory
aspects, cost-effectiveness and future prospects including
RBC PL

Correspondence: Christopher V Prowse, 15 Shore Road, Aberdour, Burnt-
island, Fife, KY3 0TU, UK
E-mail: olive.drummond@lineone.net

The potential of pathogen inactivation
for labile blood components

PI technology should ideally be inexpensive, kill a wide
range of pathogens, with no toxicity or effect on product
potency. Countries are increasingly adopting plasma and
platelet PI because the benefits of a safer blood supply out-
weigh the impact on component potency and viability
[3, 4]. To assess this balance, well planned in witro and
clinical studies are essential.

PI processing should reduce the need for additional path-
ogen testing, minimize residual infectious risks (bacteria,
parasites, etc.) and remove the need for selective testing
(e.g. CMV serology) and processing (e.g. gamma-irradia-
tion). It should also enable proactive protection of the blood
supply against emerging infections.

Technical options

Table 1 lists current PI technologies for labile blood com-
ponents. Most PI technologies rely on targeting nucleic
acids (NA) to kill pathogens and inactivate white cells,
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184 C.V.Prowse

Table 1 Technologies for Component Pl (licensed or in clinical development)

Product Company Compound/Technology Trial/Licence Status
Platelets Cerus Amotosalen + UVA light" INTERCEPT™ CE marked May 2002 (Class Il!]h (buffy coat & apheresis to 7d storage)
Platelets TerumoBCT Riboflavin & UV light® CE marked Oct 2007(class |1B), (buffy coat & apheresis to 5d storage)
Mirasol® .
Platelets Macopharma UVC (254nm) light Theraflex™ CE marked 2009 (class 11B). At phase 11/11] trial.
Plasma Cerus Amotosalen + UVA light' INTERCEPT™ CE marked Nov 2006 (Class I11)¢
Plasma TerumoBCT Riboflavin + UV Light® CE marked Aug 2008(class |1B)
Mirasol®
Plasma Macopharma Methylene blue + visible light® Theraflex®  CE marked 2001 (class 11B), 2004 (class 111)*f
Plasma Octapharma Solvent Detergent? Licensed 1998 (UK) (pools)"
OctaPlas®
Plasma VIPS Solvent Detergent? CE marked 2009 (Single donor or minipools)
(Colombier,Switzerland)
Red Cell Cerus S-303Y Phase Il planned (redesign after 2003)
INTERCEPT™
Whole Blood  TerumoBCT Riboflavin & UV light Trials on whole blood planned
Mirasof®
Whole Blood Cerus S-303° Under development

“Photochemical method [5].

YFrench National authorization (AFSSAPS; now ANSM) 2003, German national authorization (PEI) 2007, Swiss national authorization (Swissmedic) 2009.
“Photodynamic method. MB plasma processing is also available for single donations of plasma on a contract basis via Grifols, Barcelona, Spain using the

original Springe technology [12, 15].

YFrench National authorization (AFSSAPS) 2006, German national authorization (PEI) 2011, Swiss national authorization (Swissmedic) 2010.
“German national authorization 2011. Also produced by Grifols S.A. Barcelona, Spain

fSwiss national authorization (Swissmedic) 2008.
IChemical method.
"Also produced by Bordeaux CRTS, France.

The Mirasol® ‘riboflavin plus UV' technology is reported to use a range of UV wavelengths that extends from 265 to 370nm, across UVA, UVB and UVC

regions [6, 7].

CE marking by the medical devices directive class IIb route just requires declaration a product conforms to a standard, to which it is inspected. Class Il
registration requires regulatory review of pre-clinical and clinical data to define how the product may be used.

Low energy

750

VISIBLE

INTERCEPT, 3 J/em®

Mirasol, 6-2 J/mi

J: l,fanl’“n

Fig. 1 Comparison of Energy and Dose for Platelet and Plasma Pl Photoi-
nactivation Technologies. Due to the absorption spectrum of proteins and
nucleic acids shown, UVC radiation is directly damaging to blood compo-
nents at high doses. This impact is progressively less for UVB, UVA and visi-
ble light. The range of wavelengths and dose of radiation used in Theraflex,
Mirasol, IBS and MB methods is shown at the bottom as the darker boxes.

rendering the product incapable of causing graft-vs-host
disease (GvHD) or of generating the cytokines causing feb-
rile reactions. Additionally, leucocyte inactivation may
reduce patient alloimmunization and complement or even
replace leucofiltration. The robustness of PI technologies
and their effect on blood components differ significantly.
For photoinactivation, choice of dose and wavelength also
determine the extent of loss of blood component function-
ality (Fig. 1).

IBS technology for plasma and platelets uses a synthetic
psoralen, amotosalen, which after binding NA and only
upon activation by UV-A light (320-400 nm; 3 J/cm?),
cross-links NA in an oxygen-independent manner (photo-
chemical reaction) [5, 9]. Alternative photoinactivation
technologies for platelet and plasma (Mirasol® ‘riboflavin
plus UV'; TerumoBCT,Lakewood,Colorado) [6-11] or
plasma (methylene blue (MB) plus visible light, Macophar-
ma, Tourcoing, France) [12, 13] PI depend on the genera-
tion of reactive oxygen species (ROS) for their action

© 2012 The Author(s)
Vox Sanguinis © 2012 International Society of Blood Transfusion
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Component pathogen inactivation 185

(photodynamic reactions) [14, 15]. ROS have a limited life
span reacting indiscriminately with adjacent molecules. MB
binds NA tightly focusing generation of ROS around NAs.
Mirasol® technology uses a broad-spectrum of UV (265-
370 nm: 100% of UVB, 20% of UVC and 60% of UVA
regions; 62 J/mL), the lower NA-binding of riboflavin
favouring ROS generation in free solution. Theraflex®
(Macopharma, Tourcoing, France) relies on narrow band-
width UVC light (0-2 to 0.3 J/cm?, 254 nm) to achieve PI
by formation of pyrimidine dimers in NA, while limiting
ROS-mediated side reactions [16, 17].

PI companies initially used proprietary additive solutions
and apheresis machines. To encourage adoption, bags allow-
ing splitting into two units [18], use of alternative platelet
additives [19], harvesting on different apheresis instruments
[20, 21], platelet treatment in 100% plasma [22, 23] and
freezing plasma before P1[24] have been validated.

SD treatment for plasma Pl inactivates lipid-enveloped
pathogens by physical disruption and cannot be used on
cellular products [1, 25].

Concerns about pathogen inactivation and
how they have been addressed

Although cost and impact of PI on potency are issues, con-
cern has focused on possible toxic effects and incomplete

PI, particularly for large pool products, where failure could
result in multiple doses of infectious product. This can be
addressed by screening donations for agents for which a PI
technique is ineffective, as done for Hepatitis-A and
parvovirus-B19 for OctaPlas® (Octapharma AG, Lachen,
Switzerland). Most PI methods cannot inactivate bacterial
spores. However, Stérmer demonstrated two of three bacte-
ria tested (B. subtilis and B. cereus, but not C. sporogenes)
emerge, after incubation in blood components, from spores
into Pl-susceptible vegetative forms [26]. Similarly,
Schmidt ef al. [27, 28] reported IBS technology was effec-
tive against a panel of bacteria at 100 or 1000 cfu per unit
in platelets obtained as buffy coats or by apheresis, excep-
tions being seen for two bacteria (K. preumonia, due to the
high-stock titre used in the study, and B. cereus). Impor-
tantly, spore-forming B. cereus was inactivated in all units
at 100 CFU and at 1000 CFU for apheresis platelets. In any
case, Pl would prevent the vast majority of clinically signif-
icant bacterial complications.

Toxicological concerns should be addressed preclini-
cally using 7n witro and in vive tests [29, 30]. Table 2
shows the tests used, within ICH guidelines, to study amo-
tosalen, S-303, riboflavin and components treated with
them, and the observed safety margin where applicable. In
the most relevant acute and repeat-dose models, safety
margins of at least 100-fold (clinical dose vs maximum

Table 2 Toxicology Studies reported for IBS & Mirasol® Pl technologies (Safety Margins) (11,18,29-35)

Platelets [11, 29, 31, 34]

Plasma [11, 30, 34] Red Cell [32]

Study Type IBS Mirasol IBS Mirasol IBS
Acute Toxicology v (>1120-fold) v v v v
Repeat Dose (1 month) v ~ v v v
Repeat Dose (3 month) v (>350-fold) v v (>100-fold) ~ v
General Pharmacology v (>350-fold) ~ v (>100-fold) ~ v
Reproductive toxicology v (>350-fold) ~ v (>100-fold) v v
Genotoxicity v (>200-fold) v v (>50-fold) ~ ~
Carcinogenicity v (>350-fold) ~ v (>300-fold) ~ ~
Phototoxicity v (> 40-fold) ~ v (>200-fold) ~ ~
Neonatal toxicity [31, 34] v (>48-fold) ~ v v ~
Absorption, distribution, metabolism, v ~ v v v
and excretion (ADME)
Occupational Safety v v v v v

Neoantigens [11, 33, 35] None detected

None detected

None detected None detected None Detected in revised

format (20mM glutathione)

Tick marks show where the different study types have been undertaken for each type of component (~ denotes the absence of published data), Safety mar-
gins are the ratio of the minimal toxic dose observed in the specified test relative the expected human exposure, using a treated blood product and are
shown in brackets. In many instances, the highest exposure was defined by the volume limits for the transfusion of a treated blood product. Additional

safety margins were obtained by the transfusion of the parent compound amotosalen in the same animal models. They are expressed relative to an esti-
mated clinical dose of 1 g amotasalen/kg for a 350 ml platelet unit or 4 png/kg for a litre of treated plasma. For in vitro assays, margins are estimated
based on a final concentration of 1 ng amotosalen /ml (platelet) or 12 ng/ml (plasma) in the product. For Mirasol products, doses given approximated to

human doses and were nontoxic so estimation of a safety margin is not appropriate. For riboflavin itself, the safety margin has been estimated at 649-1299

[11, 34].

© 2012 The Author(s)
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186 C.V.Prowse

dose tested) were observed for amotosalen-treated blood
products, with margins ten times higher for amotosalen, as
it can be given at higher concentrations. In the majority of
tests, no toxicity was observed at the highest doses tested.
Similar safety was observed for carcinogenicity and geno-
toxicity [29], with lower margins (>40) in the less clini-
cally relevant phototoxicity tests [29-31]. No evidence for
the formation of novel antigens by PI was found for amo-
tosalen-treated plasma or platelets in preclinical studies or
using samples from patient trials [33]. Available data,
although less rigorous (Table 2), suggests a similar absence
of toxic effects and neoantigens for Mirasol® technology
[11, 34, 35].

Impact of processing on pathogens and
product potency

Table 3 summarizes PI for the IBS, Theraflex® and Mirasol®
platelet processes [11, 16, 18, 36, 37]. Similar data are
reported for amotosalen-plasma and S-303 processes
[22, 34]. The extent of PI is technology-specific [38]. Gen-
erally, PI is effective against lipid-enveloped viruses, para-
sites and bacteria, but less so for nonlipid-enveloped
viruses and bacterial spores. The observed differences in PI
largely relate to:
(1) which nonlipid-enveloped viruses are susceptible to
inactivation, for example SD is ineffective against these,
(2) the ability of any sensitizers or radiation used to pene-
trate component or cells, for example MB is ineffective
on cellular pathogens due to its reduction to inactive
forms within cells.

When viral testing is in place, transfusion-mediated
infection only occurs during the window period where
viraemia is present but testing cannot detect the infection.
With low- to medium-titre pathogens (e.g. West Nile
Virus) PI is well able to deal with residual risks [39, 40].
Where pathogen titres are high early after infection (e.g.
parvovirus B19) PI capacity may be exceeded unless test-
ing is also in place and enables high titre units to be dis-
carded. No NA-targeting Pl technology is effective against
prion diseases. There are two areas where inactivating /&igh
titres of bacreria is important. Firstly, to cover higher loads
that may arise for rapidly growing species between collec-
tion and processing (<18 h for buffy coat platelets). Sec-
ond to provide better assurance that no bacteria remain
after PL.

GVvHD is currently prevented by gamma-irradiation of
selected units to completely inactivate leucocytes. There is
a relatively narrow gap between the dose of radiation to
inactivate leucocytes and doses that damage RBC. PI pre-
vents GvHD by killing leucocytes with higher margins of
safety that are technology-specific [41, 42]. PI can elimi-
nate CMV transmission [43] and reduce febrile reactions by

inhibiting leucocyte cytokine production. As PI is usually
adopted for all units, errors inherent in selective processing
(e.g. gamma-irradiation, CMV testing) are avoided and the
security and safety measures for gamma-irradiation would
no longer be needed [44].

Most plasma PI methods cause 20-30% loss of coagula-
tion factor VIII, although fibrinogen and coagulation inhib-
itor content are more clinically relevant for single donor
plasma. Other coagulation factors are better retained [45],
although there are concerns over fibrinogen levels in MB
plasma [46]. The US SD plasma process gave high losses of
protein S, antiplasmin and antitrypsin associated with
thrombosis in liver transplant patients. Such losses are less
for the OctaPlas® process [45].

Cellular product potency is initially assessed poststorage,
by autologous radiolabel studies in volunteers, to determine
recovery and survival. Table 4 summarizes data for plate-
lets, demonstrating PI methods result in some loss of cell
viability. For Mirasol® and IBS platelets stored 5 days,
results are close to the proposed FDA limit of 67% of fresh
platelet recovery and 58% of fresh survival [47, 48]. The
relationship between in vive viability and increased glyco-
lytic flux observed in both Mirasol® and IBS platelets
remains unclear [49].

Clinical studies and pharmacovigilance

Plasma components

Most plasma trials assess coagulation factors increments in
patients rather than using clinical end-points. They largely
reflect factor content, although changes in factor survival,
compared with literature values, were reported. Compara-
tive kinetics after control and test transfusion in the same
individuals have not been undertaken. Table 5 lists the clin-
ical studies [50-64] for plasma. IBS plasma has the most
extensive preclinical and clinical assessment programme.

The TTP study had a clinical end-point (remission within

30 days) and found no difference vs standard plasma in the

life-saving plasma exchange therapy, although under-powered

to demonstrate noninferiority [54]. There are very few ran-
domized clinical studies of SD or MB plasma. Table 5 sum-
marizes these, along with some observational studies.

A recent review covers these and further observational stud-

ies [45] but in general no difference was seen from standard

FFP in such studies (often under-powered) other than:

(1) many European services prefer use of OctaPlas for TTP
treatment given its safety record (virus transmission,
TRALI) [65], validation for prion removal and competi-
tive pricing.

(2) Three small nonrandomized studies have suggested MB
plasma is less effective in TTP [62-64], despite reten-
tion of ADAMTS-13 [66].

© 2012 The Author(s)
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Component pathogen inactivation 187
Table 3 Pathogen and Leucocyte Inactivation for IBS/Theraflex®™/Mirasol® Platelets) [11, 16, 18, 36-38]
Viruses Bacteria Parasites
Enveloped Viruses IBS THF  MIR Gram-negative IBS THF MIR IBS THF MIR
HIV-1 >61 ~ 45  Escherichia coli >64 >40 44  Plasmodium folciparum — >6 ~ 332
(cell associated) (malaria)
HIV-1 (cell free) >62 14 59  Serratio marsescens >67 >40 40 Trypanozoma cruzi >53 ~ 60
(Chagas' disease)
Clinical isolate HIV-1 >34 ~ ~ Klebsiella preumonia >56 48 28 leishmonia mexicano >50 ~
(promastigote)
Clinical isolate HIV-2 ~ >2-5 ~ ~ Pseudomonas 45 >49 >46 Leishmania major >4-3 ~ =50
aeruginosa Jish (amastigote)
Latent proviral HIV-1  All detectable® ~ 45  Salmonella >62 ~ ~ Babesia microti >53 ~  >40
cholerasuis (babesiosis)
Hepatitis B >55 ~ (2:3) Yersinio >59 ~ 33
enterocolitica
Hepatitis C >4'5 ~ (3:2) Enterobacter cloacae 59 >43 >20
Orientia >50 ~  >50
tsutsugamushi
(scrub typhus)
HTLV-1 47 ~ ~
HTLV-1I 51 ~ ~  Gram-positive Leucocyte
Cytomegalovirus >59 ~ ~  Staphylococcus >66 48 42 T-cell viability >54 ~  >60
(cell-associated) epidermidis (limiting dilution)
Cytomegalovirus All detectable® (3:5) (2-1) Staphylococcus 66 >48 40 DNA modification Tper83 ~ ~
(cell-free) aureus (one adduct
per x base pairs)
BYDV (HCV model) >6-0 ~ 58  Streptococcus pyogenes >68 ~ 22 Polymerase Inhibited ~  ~
chain reaction
Duck HBV >62 ~ ~  Listeria >63 ~  ~  Cytokine synthesis: v ~ ¥
(HBV model) monocytogenes No 1I-8 or IL-1B synthesis
West Nile Virus >60 54 >51  Corynebacterium >63 ~ ~ Murine model TA-GVHD: v ~ ¥
minutissimum Prevents disease
SARS-CoV >58 ~ ~  Bacillus cereus 36 ~ o~
(incl spores)
Chikungunya >64 ~ 21 Bacillus cereus >60 43 19
(vegetative)
Influenza A virus >59 ~ (>5) Bifidobacterium >62 ~ ~
H5N1 adolescentis
Proprionobacterium >62 45 >20
acnes
Non-enveloped Lactobacillus >64 ~ ~
Viruses species
Blue tongue virus 6:1-6'4 ~ ~  Clostridium >6'5 >47 ~
type Il perfringens (vegetative)
Calicivirus 1:7-2+4 ~ ~
Human adenovirus 5 >57 ~ ~ Spirochaete bacteria
Parvovirus B19 35t0>5 (546) (>5) Trepenoma pallidum (syphilis) >68 ~  ~
hepatitis A 0 ~ (1-8) Borrelia burgdorferi >68 ~ ~

(Lyme disease)

Numbers show log reduction of various pathogens or leucocytes for 1BS, Theraflex™ (THF) and Mirasol® (MIR) technologies. Where log reduction is shown as
> X, no detectable pathogen remained after treatment. *inactivated to limit of detection. Similar data were obtained for plasma [22]. Only illustrative data
for selected pathogens are shown; the cited references contain additional data. Data in parentheses show data for model pathogens analogous to those lis-
ted, for example animal parvovirus rather than human parvovirus B19; murine rather than human CMV. Some of the Mirasol® bacterial inactivation data
were provided by R Goodrich, TerumoBCT (personal communication) but is also cited in reference 38. ~: no data available

© 2012 The Author(s)
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Table 4 Recovery and Survival Data In Healthy Volunteers for Mirasol® and IBS-treated platelets after 5d storage

Mirasol (n = 24) [47]

IBS (n = 16) [48]

Test Reference As % of Ref Test Reference
Recovery (%) 500 + 189 665 + 13-4 425 + 87 503 + 77 85
Survival (d) 43+ 101 59 + 11 48 + 13 60 + 12 80

Ifit is assumed that fresh platelets have 65% recovery and a life span of 8 days then both technologies are close to the proposed FDA standard that stored
platelets should have a recovery of 67% of fresh and a survival of 58% of fresh in paired healthy volunteer studies

(3) A study of MB, SD and quarantine plasmas in liver
transplantation recipients found higher hepatic artery
thrombosis rates for SD plasma recipients, and higher
plasma use with MB [67, 68].

Recently, AFSSAPS, due to concerns over allergic reactions

to MB plasma, have replaced this product with IBS plasma

in France[46]. Higher rates of allergic reactions over

4 years, as well as two severe reactions to MB plasma,

requiring hospitalization due to specific immune response

to MB, have been reported [69, 70].

Companies have reported over 1-9 million units of MB
and over 65 million units of OctaPlas® transfused without
major side-effects[3], despite the liver study cited earlier.
Data for IBS (>500 000 units) and Mirasol® (>1000 units)
plasma were less extensive, but still encouraging. A formal
study of 7483 IBS plasmas reported similar adverse
reactions rates to conventional plasma [71].

Platelet components

Most clinical trials of PI platelets assume products will be
less effective and use a noninferiority randomized design
with primary end-points of corrected count increment (CCI)
or haemostatic/bleeding score (Table 6) [3, 11, 72-80].
Absolute platelet count is a poor surrogate for bleeding ten-
dency and count increment is dependent on patient size,
product dose and type, number of prior transfusions (most
trials limit analysis to the first 8 transfusions, or assess sin-
gle transfusions), storage medium, storage time, etc. To
allow for this, longitudinal regression analysis, rather than
ratio data (increments or CCIs), has been recommended
[81]. Outcomes are affected by the type of reference prod-
uct, older platelets and those stored in earlier platelet addi-
tive solutions performing less well. The negative impact of
combining gamma-irradiation with PI also merits atten-
tion.

Of the trials listed in Table 6, four did not use a noninfe-
riority design:

The EUROSPRITE study [72] found no difference in
1 h-CCI in 103 patients for IBS vs reference buffy coat
platelets. While the 24h-CCI differed, linear regression
analysis of CI at 1 or 24 h, and post-transfusion bleeding

score did not. Increments for reference platelets in T-sol
additive or plasma did not differ [82].

Slichter er al.[75] showed comparable bleeding time cor-
rection in 10 patients for reference and IBS platelets.
1h-CCI differences (10 400 vs 13 600) were not significant.

Janetzko ef al.[74] found no difference by longitudinal
regression analyses or 1h-CCI (11 600 vs 15 100) for IBS
and reference platelets. The corresponding study for buffy
coat platelets yielded similar data (A. Stassinopoulos, Cerus,
personal communication, 2011).

Other studies in Table 6 used a noninferiority design,
with margins between 7-5% and 30% for the primary
end-point.

In the 645 patient, SPRINT trial [73] primary end-points
of grade 2 bleeding (assuming 12-5% noninferiority mar-
gin) or grade 3 and 4 bleeding (7-5% noninferiority) con-
firmed noninferiority. Differences were found for 1h-CCI
(11 100 vs 16 000), transfusion interval (19 vs 2-4 days)
and number of platelet transfusions (84 vs 6-2), but not
adverse reactions [83] or transfusion interval adjusted for
dose [84]. Snyder ef a/. [83] found no difference in WHO
grade 1, 2, 3 or 4 bleeding rates, although more patients in
the PI arm had petechiae or faecal occult blood. Kerkhoffs
noted significant differences in grade 2 or greater bleeding
in this study, by direct comparison (no non-inferiority
assumption) [85].

A pilot study [76] for 7 days stored platelets, found no
difference (15% noninferiority assumption) in 1h-CCI
between IBS and reference platelets (6587 vs 8935) or in
haemostatic score or adverse events. The larger TESSI study
[77] compared single transfusions of reference platelets in
T-Sol or SSP additive with IBS platelets, after 6 or 7 days
storage. The primary end-point of 1h-CCI noninferiority
(30% margin) was met (8163 vs 9383, ratio 0-87) in the 201
patient study. 1Th-CI, RBC use, time to next transfusion and
bleeding score did not differ, whereas 24h-CCI (4589 vs
6549) and 24-CI (11-1 vs 152 x 10%/1) did.

The HOVON study [78] used a 20% noninferiority design
with a 1h-CCI primary end-point. It was not blinded, nor
powered to detect differences in bleeding. The study
included buffy coat platelets stored for up to 7 days in
plasma (reference), PASIII additive or PASII with IBS

© 2012 The Author(s)
Vox Sanguinis © 2012 International Society of Blood Transfusion
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Table 5 Clinical Trials of Pl plasmas

Study

Design

Clinical Setting

Main Result

Amotosalen (5-59)
Hambleton
et al. [50]
Hambleton
et al. [51]
de Alarcon
et al. [52]

Mintz et af, [53]

Mintz et al. [54]

SD plasma”

Horowitz, Pehta [55]
£ Pehta review [56)

Williamson, Llewelyn,

Fisher et al. [57]

Wieding, Rathgeber,
Zenker, et al. [58]
Beck, Mortelsmans,

Kretschmer, et al. [59]

Lerner, Nelsan,

Sorcia, et al. [60]

McCarthy [61]

MB plasma®

Wieding, Rathgeber,

Zenker, et al. [58]

de la Rubia, Arriaga,

Linares, et al. [62]

Alvarez-Larren, Del
Rio, Ramirez, et al. [63]

del Rio-Garma,

Alvarez-Larran, Martinez

et al. [64]

Crossover volunteer

N = 27 5-59 vs std FFP

Crossover volunteer

17 protein C and 16 protein S

Open label Pharmacokinetic

107 Transfusions in 34 patients
with congenital coagulation
deficiencies

Randomized Controlled Trial
n = 121.605-59 and 61 std FFP

Randomized Controlled Trial
17 S-59 & 18 std FFP

Observational 396 Tx, 164
patients RCT in TTP. Plus
44 liver disease (57 Tx),

10 warfarin reversal & 6
chronic TTP patients

Randomized Controlled Trial

SD vs FFP (n = 49)

Randomized Controlled Trial

SD vs MB plasma (n = 71)

Randomized Controlled Trial

SD vs FFP (n = 40)

Randomized Controlled Trial

22 SD vs 23 FFP

Qbservational 35 SD, 62 FFP,
48 cryosupernatant

Randomized Controlled Trial
SD vs MB plasma (n = 71)
Observational 13 FFP vs 7 MB

Retrospective

27 MB vs 29 FFP

Multicentric, observational,
prospective cohort study.

Compare MB (63) and quarantine

FFP (39)

Factor VII & PT kinetics in
warfarinized volunteers

Kinetics in warfarinized
volunteers

Increment (& half-life)

in31(22):

Fibrinogen: 2 (1)

Prothrombin: 3 (3)

Factor V: 7(4)

FactorVIl: 3 (2)

Factor X: 1(1)

Factor XI: 11 (6)

Factor XIll: 3 (3)

ProteinC: 3 (3)

Factor V+VII1: 0 (0)

Acquired coagulopathy
(Mainly liver disease, 75%
had cirrhosis)

Thrombotic Thrombocytopenic
Purpura (TTP)

47 hereditary deficiencies

(FII, Fv, FVII, FX, FXI, FXII)
32 TTP (27 SD vs 17 standard FFP)

Complex coagulopathy:

liver disease or transplantation
Cardiopulmonary bypass surgery
Severe coagulopathy
Severe coagulopathy with
PT prolonged
TIP
Cardiopulmonary bypass surgery
Plasma exchange for TTP

TP

TIP remission by day
8 of plasma exchange

No difference PT or FVII kinetics
No difference C or S kinetics

Recovery, tolerance and efficacy OK
Shorter half-life for fibrinogen, prothrombin
and factor X!l vs literature values

Noninferiority for changes in PT (< 4:6 sec)
but not PTT (>4-8 sec). No differences
in factor VIl increment or component
use were seen either

No clinical difference. (20% noninferiority
would require 38 patients per arm)

Prevents or arrests bleeding (87%)

TTP; no different from FFP

Effective in liver disease, warfarin reversal and
chronic TTP

No difference clinical efficacy or haemostatic
correction; 1 case B19 on standard FFP

No clinical difference, Poor protein S and
antiplasmin rise after SDP

No difference clinical efficacy or

haemostatic correction

No difference clinical efficacy or PT
correction (32% vs 26%)

900% response with SD vs 70%-75% for others

No clinical difference, Poor pratein S
and antiplasmin rise after SDP
MB 57% remission vs 69% FFP

Greater recurrence and mortality with MB

MB plasma was associated with a lower
likelihood of remission on day 8 [Odds
ratio 0-17].

MB patients required more exchanges (11 vs 5),
a larger volume of plasma (485 vs 216
ml/kg) and presented more recrudescences
while on PE therapy (46% vs 21%)

see also further small, observational studies summarized in Tables 6 & 7 in recent review [45).

@© 2012 The Author(s)
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Table 6 Phase Il Platelet trials

Technology N (Test/Ref)
(reference Mean storage Primary Secondary Associated
Study preparation) Design days (Test/Ref)  end-point end-points studies
EUROSPRITE van Amotosalen pooled 56d or 8 Tx 52/51 CCl & CCl&acClat24 h
Rhenen et al. [72] BC platelets observation (3-4 days/ Clat1h Haemostasis and
(pooled BC platelets with 28d 35 days) bleeding score.
in T-sol or plasma) follow-up Adverse events
Intention Tx interval
to treat RCT
SPRINT McCullough ~ Amotosalen 28-d treatment 318/327 Grade 2 Grade 3 & 4 [83, 84]
et al. [73] apheresis platelets period (34 days / bleeding bleeding.
(apheresis platelets or 8 Tx. 36 days) CCland Cl at1
in plasma, Noninferiority and 24h.
99:-8% gammu RCT (12:5% or Adverse events
irradiated 7-500 assumption) Tx interval
for test and
reference)
Unpublished Amotosalen BC 28d or 8 Tx 20 Logistic regression  CCl
integrated sets of dose vs
increment
Janetzko et ol. [74] Amotosalen 28d or 8 Tx 22/21 Logistic regression ~ CCl
apheresis integrated (31 days / of dose vs
sets (gamma 32 days) increment
irradiated apheresis
platelets in plasma)
Slichter et al. [75] Amotosalen Impact single 32 patients but Bleeding time Cland
apheresis integrated transfusion only 10 CClatlh
sets (apheresis on bleeding time completed Tx interval
platelets in plasma) Crossover design crossover
(2:8 days /
32 days)
Simonsen et ¢l.[76]  Amotosalen BC RCT, single Tx with 11/9 CCl1h Haemostatic
7 days storage noninferiority of (7 days / score
increments (pooled 15% design 7 days) Adverse events
BC platelets Tx interval
in T-sol, 654
gamma irradiated)
TESSI Amotosalen 6 &7 RCT; < 30% 100/101 CCl1h Cl-1h
Lozano et al. [77] days platelets noninferiority (6-8d/6-8d) CCland Clat24 h
(1BS) (869% pooled Single transfusion Interval to next Tx
BC, 14% Haemostatic score
apheresis platelets Red cells Transfused
in T-50! or Acute transfusion
S5P+ additive, reactions
74% gomma
irradiated vs
149% for test)
HOVON Amotosalen 1-7 42 d or 5 Tx study 97/94/85 CCl1h Bleeding score IBS arm
Kerkhoffs et al. [78] days pooled BC RCT, 20% (4 days / Clth curtailed early
(plasma vs PAS noninferiority 38 days / Cland CCl 24h
vs 1BS) (pooled 4 days) Tx interval
BC platelets in Red cell and

plasma or T-sol)

platelet usage
Adverse Events

© 2012 The Author(s)
Vox Sanguinis © 2012 International Society of Blood Transfusion
Vox Sanguinis (2013) 104, 183-199
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Table 6 (Continued)
Technology N (Test/Ref)
(reference Mean storage Primary Secondary Associated
Study preparation) Design days (Test/Ref) end-point end-points studies?
MIRACLE [79] Riboflavin treated RCT,20% 58/54 CCl-1h CCl-24h
apheresis platelets noninferiority (28 days/ Tx interval
stored 1-5 26 days) Red cell and
days (apheresis platelets usage
platelets in plasma) Refractoriness
Infection rate
WHO bleeding
score
Adverse Events
PREPARES [3, 11, 80] Bleeding study of PLANNED 618 Grade 2 or greater Cland CCl at
riboflavin BC platelets 42 d observation or 8 Tx bleeding (CTCAE 1and 24 h.
stored in plasma in Non-inferiority (< 15%) grade 2 bleeding Adverse events
Netherlands stored camplications.) Red cells and
1-7 days (opheresis platelet usage
platelets in plasma) Tx interval;
Rate of HLA
alloimmunization;
IPTAS study THE ITALIAN ~ Multicenter, ONGOING 420 Grade 2 or greater cCl
PLATELET TECHNOLOGY  nonrandomized, bleeding platelet and
ASSESSMENT STUDY prospective Prevention of RBC transfusions
[3, 11, 80] controlled study alloimmunization transfusion
involving 2 centres interval
using Mirasol and allo-antibody
2 using 1BS formation from
Luminex assay
Pathogen Comparison of 2-3 ONGOING 40 Thromboelastogram  Adverse events
Reduction - Extended days and then measurements and  bleeding
Storage Study (PRESS), 7 days stored correlation with CCl - CCl

Denmark [3, 11, 80]

reference and

Mirasol platelets

BC, buffy coat.

treatment. The IBS arm was curtailed early due to excess
bleeding, including WHO grade 1 bleeds, often regarded as
clinically insignificant. Low rates of grade 2 bleeding (6-
7% vs ~60%) [84] compared with most trials [73, 77, 85-87]
were observed. Differences were noted (intention to treat
analysis) for 1h-CCI (17 100 vs 15 300, vs 11 400), the IBS
data being 31% lower. However, confidence limits were
within the prespecified 20% noninferiority margin.

The only Mirasol® trial (Miracle) [79] compared 1h-CCI
in 110 patients given reference or treated platelets stored
up to 5 days (20% noninferiority limit). The study failed the
noninferiority end-point (mean 1h-CCl reduced by 24%
from 16 939 to 11 725) and, although it was a small study,
bleeding scores (any WHO bleed grade from 1 to 4) were
different: 59% of Mirasol product recipients bled vs 43%
for reference. Neither this, nor RBC or platelet usage, were

© 2012 The Author(s)
Vox Sanguinis © 2012 International Society of Blood Transfusion
Vor Sanguinis (2013) 104, 183-199

significantly different for the two arms. Further studies of
Mirasol platelets are planned in the Netherlands, Italy and
Denmark [3, 11, 80].

About 600 000 IBS platelets have bheen transfused vs
10 000 Mirasol® units [3, 11]. Safety surveillance reports
for IBS product include use in Belgium, France, Spain, Nor-
way and Italy [88-90]. Comparison of component usage,
including RBC transfusions, during introduction of IBS
platelets into routine use has revealed no significant change
in either Belgium or France [91, 92]. Reports from Germany
and Switzerland are also encouraging [93, 94]. French
annual haemovigilance reports include adverse events
(mainly allergic) for plasma and platelets. These are lower
for IBS platelets stored in additive solution than for platelets
in plasma (10-15 per 100 000), while MB plasma (~7 per
100 000) rates were higher than IBS or SD plasmas [95].



192 C.V.Prowse

The observations of reduced CI for PI platelets with little
impact on haemostasis [73] are consistent with the PLADO
trial which reported no difference in haemostasis hetween
high, medium and low dose groups of platelet recipients
[87]. In contrast, a meta-analysis of PI platelet trials [96]
reported reduced increments and haemostatic efficacy. The
increment data is consistent with most individual trials
[97], current study designs suggesting a 20% reduction in
increment is acceptable. The increased bleeding tendency
reported [96] has not been observed in IBS trials with this
primary end-point (the major one, SPRINT, having a nonin-
feriority design) or in a subsequent meta-analysis [98]. That
point is partially conceded in a later report by the same
author, no excess bleeding being found for IBS products
[99]. Inclusion of grade 1 bleeds, possibly predictive of
more severe bleeding, and period of observation are poten-
tial confounders [98, 100]. The absence of change in plate-
let, RBC or plasma use in services adopting PI, suggests no
gross changes in haemostatic efficacy [91, 92].

Outcomes from recent meetings on pathogen
inactivation and its implementation

The 2007 Canadian Pl consensus conference concluded PI
was worth pursuing, particularly to safeguard against
emerging infections [101]. The IBS system allowed mainte-
nance of platelet supply in Réunion during a Chikungunya
virus outbreak [102]. A 2010 meeting in Strasbourg of PI
companies, blood services and regulatory agencies [3]
emphasized the increasing adoption of Pl in Europe.
Sixteen countries have either partially or completely
adopted plasma PI; 13 platelet PI. MB and SD plasmas are
the only PI components licensed in Canada, with evalua-
tions ongoing in Japan. The UK SABTO committee recom-
mended that PI platelets not be introduced in 2010 [103].
The AABB published a 2010 monograph on available tech-
nologies and implementation experience [104].

Regulatory aspects

Despite sales exceeding 1 000 000 IBS kits, no component
PI technologies are licensed by the FDA. There is a

Table 7 Solvent Detergent Plasma Cost-Effectiveness studies

continuing discussion about the design of pivotal platelet
PI trials with the FDA. A number of PI technologies are CE
marked (marketing authoerization) in Europe, where Octa-
Plas® is licensed as a pharmaceutical. PI companies tended
to gain CE marking using the medical devices directive
class IIb route but there is now a strong trend towards class
III registration, which requires regulatory review of pre-
clinical and clinical data (Table 1).

Individual European countries require marketing autho-
rization at national (France, Switzerland) or regional (Ger-
many) level. Approval by (Belgium) or
government funders (UK) may also be required.

Methods, including chromatographic assay of amotosa-
len photodegradation products [105], use of UV sensitive
labels [106] and PCR inhibition assays [107], have been
established to confirm completion of processing on individ-
ual units.

insurance

Cost-effectiveness

Table 7 summarizes published data on the cost-effective-
ness of SD plasma. These do not take account of reducing
bacterial or emerging infections. They do illustrate the sig-
nificant impact of reduced TRALI risk (due to dilution of
causative antibodies in the large plasma pools used [45]) on
cost-effectiveness for this product [111], although male-
only plasma provides an alternative. The TRALI benefit
would not apply to single donor products and it not yet
clear if it does for minipools (6-10 donations), as used in
the IBS-treated, plasma minipool product PLASMIX
(112, 113]. :

Cerus developed costing models, including bacterial
and emerging infection risks, and applied these in Japan,
Belgium, Netherlands and USA [114-117]. Independent
assessments have also been published. Custer er al [118]
considered whole blood, as well as plasma and platelet,
PI approaches and assessed infections, TA-GVH, febrile
reactions and transfusion induced immune modulation,
concluding the cost per Quality Adjusted Life Year
remained above $1 million for most patient groups, well
above usually accepted limits. However, at the 2011
AABB conference, he included emerging infections

Study

Mean Cost per QALY (US$) (Range)

Comment

Aubuchon & Birkmeyer [108]
Jackson et al. [109]

Pereira [110]

Reidler et af. [111]

$289 300 (All > $55 300)

$9 743 000 (All>$2 800 000)

$2 156 398 ($710 000-$7 600 000)

$90 000 (approx £50 000:) (£12 335-£99 005)

1 unit prolongs life 35 min

1 unit prolongs life 71 min
Includes TRALI avoidance
(1 in 3500 with 10% mortality)

© 2012 The Author(s)
Vox Sanguinis © 2012 International Society of Blood Transfusion
Vox Sanguinis (2013) 104, 183-199
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modelled on HIV or West Nile virus, concluding: ‘Parho-
gen Reduction Technology would be “‘a bargain’. For an
acute agent the cost-effectiveness would be very favourable
within the blood safety context. Meanwhile, for a chronic
agent of similar prevalence there would be substantial cost
savings based on avoided health-care (and litigation)
costs’ [119].

Future directions

Development of RBC PI

Photoinactivation methods for optically dense RBC requires
high doses of UV light, dilution or use of thin layers of
product. Cerus have developed an alternative purely chemi-
cal approach. Their S-303 compound (Fig. 2) is a FRangible
Anchor-Linker-Effector(FRALE) compound [120] designed
to react quickly at neutral pH after binding NA but also to
decompose, through hydrolysis of a strategic Linker bond.
This separates the NA-reactive part from the NA-binding
group and generates a compound with reduced affinity for
NA. Initial clinical experience demonstrated efficacy in
patients undergoing cardiovascular surgery, but antibodies
to treated RBC formed in two mullitransfused patients,
without clinical consequence. The process has now been
revised, using the same compounds but increased levels of
protectant glutathione (going from 2 to 20 mM) to mini-
mize side reactions and is restarting efficacy Phase III
patient trials [121]. Preclinical toxicology (Table 2) [32] is
acceptable and inactivation of pathogens is reported as
similar to those shown in Table 3 [122].
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TerumoBCT’s Mirasol® technology is being developed
for the treatment of whole blood through adjustment of the
dose from 6 J/mLpasma for platelets and plasma to
80 J/mLgpc for whole blood [123-125].

Table 8 summarizes Pl RBC studies in man [126-130].
The 2003 finding of antibodies to treated RBC in
multitransfused patients curtailed all clinical studies on PI
RBC at that time. The Cerus revised, second-generation
S-303 process demonstrated equivalent 24-h recovery to
conventional RBC after 35 days of storage, in vifro charac-
teristics meeting EU and US RBC standards and will be used
in Phase 3 patient efficacy studies [127].

Recovery and survival studies of RBC from whole blood
(WB) processed using Mirasol® technology found signifi-
cant loss of viability associated with UV doses required to
achieve PI [128]. For existing RBC PI processes, which have
yet to be finalized or licensed, shelf life may be reduced to
35 days (S-303) or possibly even <28 days (extrapolated
from Mirasol® data: Table 8) [126-128].

Studies on plasma and platelets from treated WB have
yet to be reported.

Use of such an approach in forward military settings
may be less restricted, with continued military interest in
this field (R Goodrich, TerumoBCT BCT, personal communi-
cation). The US Department of Defence has also funded WB
Pl studies with S-303 since 2002 [122].

Other directions

The 2009 National Heart, Lung and Blood Institute
workshop on research opportunities in blood component

N
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e
Amotosalen (S-59) S-303 * 2HCI S-300 ¢ HCI
Q
BoHE.
N HaC N \NAO
L
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Methylene Blue Riboflavin

Fig. 2 Structures of Amotosalen, S-303 and its degradation product $-300,

© 2012 The Author(s)
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Table 8 Red Cell Studies

Study type Study design Patients Reference

24-h Recovery (version Two period, cross over study 42 Rios
15-303) et al. [126)

24-h Recovery (version Single arm, with some subjects having 28
15-303) prior exposure to S-303 treated RBCs

Phase 1 safety and Single-arm safety evaluation of full 10
tolerability (version unit transfusions
15-303)

Recovery and Life span Two period crossover study design 29 Test 8200 vs 85% 24 h recovery
(version 15-303) at 35 days (half-life 33 days

for test and 40 days reference)

Phase 3 Acute anaemia Efficacy and safety of allogeneic 200 but stopped at 148 Benjamin
(version 15-303) transfusions. Noninferiority design. (74 + 74) Primary et al. [129]

end-point met

Phase 3 Chronic Efficacy and safety of allogeneic 50 but stopped at 26 Conlan
anaemia transfusions. Two period crossover et al. [130]
(version 15-303) study. Noninferiority design.

Recovery and Two period crossover study 27 8800 vs 90% 24 h recovery at Cancelas
Life Span (version 35 days (half-life 37 days et al. [127]
2,5-303) for test and reference)

Recovery and Life Recovery and Life span. Dose ranging 50-73% 24 h recovery at 42 Cancelas
span whole days (half-life 10-35 days) et al. [128]

blood treated
with Riboflavin
& uv?

“Results reported for 4 volunteers each at 22 and 33 J/ml gge, and 3 at 44 J/ml pge

Latest reports for whole blood cite using a dose of 80 J/ml pge [123-125]

PI identified two fundamental questions, among others
[131]:

First, could PI be applied to whole blood, making it more
affordable and easier to implement? Based on preliminary
data [126-128], this remains challenging and may be lim-
ited to whole blood use in military applications with mini-
mal storage (see section Development of RBC PI).

Second, can PI render components ‘virtually leucode-
pleted’, with savings and improvements from filters facili-
tating PI introduction? Data from the TRAP trial, which
found equivalent reductions in alloimmunization for leu-
codepleted and UVB-treated platelets, are promising [132].
Encouraging data from Belgium show alloimmunization
with IBS platelets was reduced, despite use of non-PI leuco-
filtered RBC [133].

Since 1990, significant progress has been made in PI
technology. In routine use, the anticipated henefits of PI
become tangible, offering hope for an even safer blood sup-
ply. For example, French haemovigilance reports found no
cases ol sepsis associated with use of IBS platelets
(07104 118 between 2006 and 2011, whereas 33, including
5 deaths, were observed in conventional platelets recipients

(3371 466 478), corresponding to O and 22-5 cases per
million [95].

Where IBS plasma and platelet PI has been adopted, there
has been little change in component usage, and the PI pro-
cess has secured microbiological safety from viruses and
bacteria. Concerns about adverse toxicological and immu-
nological effects seem unfounded. Elsewhere cost of PI
remains a concern, but PI inactivation of leucocytes can
substitute for gamma-irradiation and leucodepletion.
Together with the security against emerging pathogens,
these considerations increasingly make PI technologies
good value.
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Relationship between Bacterial Load, Species
Virulence, and Transfusion Reaction with Transfusion
of Bacterially Contaminated Platelets

Michael R. Jacobs,'* Caryn E. Good,' Hillard M. Lazarus,” and Roslyn A. Yomtovian'?

Departments of 'Pathology and *Medicine, Case Western Reserve University School of Medicine and University Hospitals Case Medical Center,
and *Louis Stokes Veterans Administration Medical Center Quality Scholar Program, Cleveland, Ohio

Background. Bacterial contamination is currently the major infectious hazard of platelet transfusion, but
associations between bacterial species and quantity and transfusion reactions have not been characterized.

Methods. Patients receiving platelets from July 1991 through December 2006 were observed using active
surveillance by quantitative culture of platelets at the time of issue or passive surveillance by investigation of
clinical reactions in patients and culture of implicated units. Patient reactions were classified by type and severity
and were correlated with bacterial species and number. Endotoxin content of gram-negative contaminants was
determined by limulus lysate assay.

Results.  Fifty-two bacterially contaminated platelet units were detected (50 by active and 2 by passive sur-
veillance). Rates of bacterial contamination and septic transfusion reactions were 32.0-fold and 10.6-fold higher,
respectively, as determined by active versus passive surveillance (P<.001). Including 2 index cases, bacterial
contaminants included gram-negative bacilli in 4 units (3 of which were associated with fatal reactions), staph-
ylococci in 44 units, streptococci in 4 units, and Bacillus cereus in 2 units. Endotoxin content of the 4 units that
were contaminated with gram-negative bacilli ranged from 11,373 to 173,130 endotoxin units. Reaction severity
was greater for units with bacterial counts of =10° colony-forming units/mL and higher bacterial virulence. A
detection method with a 10’ colony-forming units/mL threshold would detect >90% of contaminants.

Conclusions. Active surveillance detected 32-fold more bacterially contaminated platelet units and 10.6-fold
more septic reactions than did passive surveillance, and virulent species and bacterial counts of =10° colony-
forming units/mL were associated with more-severe transfusion reactions. Improved detection methods or use of
pathogen inactivation technology are needed to eliminate this problem.

Administration of platelets is an important supportive
measure in the treatment of patients in the hematology-
oncology unit and is required to maintain hemostasis
during surgical procedures associated with extensive
blood loss. Although the risk of viral infection has
greatly decreased in recent years, bacterial contamina-

tion of platelet products is currently the major re-
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maining infectious hazard, with 60 deaths reported to
the US Food and Drug Administration from 1995
through 2004 [1]. Although low numbers of bacteria
may initially contaminate platelet products, storage at
22°C for 5-7 days allows growth, with high bacterial
loads present at the time of transfusion [2]. Although
platelets are best used as soon as possible after collec-
tion, recruitment of donors and necessary delays as-
sociated with testing for the presence of infectious
agents, as well as delays in distribution and use, result
in many platelet products being used when they are 4
or 5 days old. Few data are available on the bacterial
loads present in transfused, contaminated units and the
severity and outcome of any resulting septic reactions.
However, understanding these relationships is vital to
the development of detection methods.

To address these issues, we have performed extensive

1214 « CID 2008:46 (15 April) * Jacobset al.
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monitoring for bacterial contamination of platelet products at
our institution for >15 years, using both active and passive
surveillance, with quantitation of bacterial loads in contami-
nated units at time of use and association with reactions in
patients [3]. This has allowed us to correlate reactions with
bacterial species and bacterial loads present in contaminated
units. These data are unique and provide a basis for recom-
mendations for improving surveillance and preventing trans-
fusion of contaminated units.

PATIENTS, METHODS, AND MATERIALS

Patient population. Patients receiving whole blood-derived,
random-donor platelet (RDP) units, usually in pools of 5 units,
and single-donor apheresis platelet (SDP) units from July 1991
through December 2006 at University Hospitals Case Medical
Center (Cleveland, Ohio), a 900-bed academic tertiary-care
center, comprised the study population. Most platelet units
were obtained from local transfusion services, with some col-
lected in-house, and were given primarily to adult patients in
the hematology-oncology unit, especially patients undergoing
bone marrow transplantation and patients with acute leukemia
who were undergoing chemotherapy.

Surveillance for bacterial contamination of platelet units
Passive surveillance was performed by investigation of reported
clinical reactions in patients who received platelet transfusions,
including patient evaluation, and Gram stain and aerobic and
anaerobic culture of the remains of implicated platelet units
from March 2000 through February 2004.

After 2 cases of bacterial contamination of platelets were
detected by passive surveillance in June and July 1991 (index
cases) [4], active surveillance was instituted, as described else-
where [3]. Surveillance included testing all units for 20 months
(July 1991 through February 1993), only 4-day-old or 5-day-
old units for 84 months (March 1993—February 2000), and all
units from March 2004 through December 2006. Active sur-
veillance was performed by collecting 1-2-mL aliquots of SDP
units and RDP pools for culture at the time of issue [3]. Gram
stain was also performed from August 1991 through January
1999. Culture was performed by plating 0.1 mL onto blood
agar plates, which were incubated for 48 h in 5% CO, at 35°C;
isolates recovered were preserved at —70°C. All cultures with
positive results were verified by isolation of the same organism
by a second culture from the same source and, for RDP pools,
from 1 of the source units. Quantitative cultures were per-
formed if the initial cultures had positive results by plating 0.1
mL of serial 10-fold dilutions of platelet specimens, which had
been kept at 4°C to prevent further bacterial multiplication [3].
Culture results were recorded as colony-forming units (cfu) per
mL of platelet specimens. Patients were evaluated for evidence

of transfusion reactions as soon as positive culture results were
obtained.

Endotoxin assay. Gram-negative platelet contaminants
found during the study were recovered from frozen storage and
grown on agar plates overnight. Organisms were suspended in
endotoxin-free water at 10°-10 cfu/mL, and endotoxin content
was determined by the limulus lysate assay method using the
Endosafe-PTS system (Charles River Laboratories). Endotoxin
levels, expressed in endotoxin units (EU), were determined,
and the endotoxin content of the original contaminated platelet
units was calculated on the basis of organism loads and the
volume of platelets transfused.

Data sources. After approval from the University Hospitals
Case Medical Center Institutional Review Board, data were ex-
tracted from available sources, including surveillance records,
clinical charts, blood bank investigation logs, and laboratory
records. Patients exposed to bacterially contaminated platelets
were classified by type and severity of transfusion reaction. A
classification and grading method for describing the occurrence
and severity of septic transfusion reactions was developed by
combining the definitions used in the Common Terminology
Criteria for Adverse Events from the National Institutes of
Health [5] and in the updated classification scheme for acute
transfusion reactions of Sanders et al. [6], particularly as re-
lating to septic reactions, with modifications appropriate to the
patient population. Reactions were graded on a 5-point scale,
as shown in table 1.

Data analysis. Reaction grades were analyzed against bac-
terial counts in transfused products, bacterial species, the pa-
tient’s underlying condition (particularly neutropenia), and
whether the patient was receiving antibiotics active against the
contaminating species at the time of exposure. Data were ini-
tially analyzed using scatter plots of bacterial counts against
reaction type to determine the presence of any trends. Bacterial
contamination at various detection sensitivities was plotted as
an accuracy plot. Data were examined for all exposed patients,
using reaction type as a dichotomous variable (no reaction vs.
any reaction and severe vs. nonsevere reactions) against poten-
tially contributory clinical conditions, including the presence
or absence of neutropenia, use of effective antibiotics at the
time of the transfusion, virulence of the organism, and sensi-
tivity thresholds for detection of bacterial contamination at
various levels. Staphylococcus aureus, Bacillus cereus, Pseudo-
monas aeruginosa, Serratia marcescens, and Streptococcus bovis
were regarded as more virulent species, whereas other staph-
ylococci and viridans group streptococci were regarded as less
virulent species [7]. Differences were calculated as ORs with
95% Cls; P values were calculated by Pearson’s x* test, with
Bonferroni correction for multiple comparisons of the same
data set.

Bacterial Contamination of Platelets = CID 2008:46 (15 April) « 1215

1Y WOLj PIPRO[UMO(]

€107 ‘6 11y U0 2imNsuy poo[g [eNua)) 18 [10'S[ewmnolpIojxo P/



Tahle 1. Grading system for septic transfusion reactions.

Grade Reaction type

Definition

0 None Patients known to have received a bacterially contaminated platelet transfusion but who did
not show either clinical or laboratory evidence of a septic reaction

1 Mild A mild febrile reaction (1-2°C increase in temperature) or an asymptomatic clinical case with
positive blood culture result or development of leukocytosis

2 Moderate A transient change in vital signs {e.g., fever or hypotension) or clinical status that resolved
within 24 h with minimal intervention (e.g., treatment with analgesics or antihistamine) or no
intervention

3 Severe A change in vital signs requiring intervention (e.g., intravenous fluid, antibiotic, or vasopressor
administration) with resolution without persistent sequelae

4 Life threatening A severe reaction with septic shock or impairment of vital organ functions

5 Fatal A severe reaction with death partly or fully attributable to the contaminated platelet transfusion

RESULTS pared with 42 units detected by active surveillance (408 con-

Surveillance was instituted in July 1991 following the occur-
rence of 2 index cases in June 1991 [4]. During the 15.5-year
study period (July 1991 through December 2006), 238,983
platelet units were used, of which 56,883 were SDP units and
182,100 were RDP units issued in 36,420 pools. Fifty-two bac-
terially contaminated platelet units were detected during the
surveillance period; 50 were detected by active surveillance, and
2 were detected by passive surveillance. Contamination rates
were similar for SDP and RDP units, with rates for RDP pools
being 5-fold higher than rates for SDP units, because RDP units
were usually administered in pools of 5 units, Data were, there-
fore, analyzed for combined SDP and RDP units. The rate of
detection of bacterial contamination was 32-fold higher by ac-
tive surveillance than by passive surveillance (485 vs. 15 con-
taminated units per million units; OR, 32.0; 95% CI, 8.0-135.7;
P<.001) (table 2).

Transfusion of contaminated units. The 2 index case units
and 44 of the 52 contaminated units identified during sur-
veillance were transfused. The 8 contaminated units that were
not transfused were all contaminated with Staphylococcus epi-
dermidis and included 2 units for which transfusions were can-
celled and 6 units that were interdicted because of positive
Gram stain results during the 7.5-year period in which Gram
stains were performed. Eighteen contaminated units were trans-
fused during this 7.5-year period, including 17 units for which
Gram stain results were negative (14 units contaminated with
S. epidermidis, 1 unit contaminated with S. aureus, 1 unit con-
taminated with S. marcescens, and 1 unit contaminated with a
viridans group streptococcus), and 1 unit for which Gram stain-
ing was not performed (this unit was contaminated with P.
aeruginosa).

Detection of contaminated transfusions by active and pas-
sive surveillance during the surveillance period. Of the 44
contaminated units transfused during the surveillance period,
only 2 were detected by passive surveillance (a rate of 15 con-
taminated units detected per million units transfused), com-

taminated units per million units transfused; OR, 27.7; 95%
CI, 6.7-114.6; P<.001) (table 2). The rate of septic transfusion
reactions from these 44 transfusions was 10.6-fold higher as
determined by active surveillance, compared with passive sur-
veillance (155 vs. 15 cases per million transfusions; 95% CI,
2.4-45.9 cases per million transfusions; P<.001), and the rate
of septic reactions with bacteremia was 6.6-fold higher, but this
difference did not reach statistical significance (49 vs. 7 cases
per million transfusions; 95% CI, 0.77-56.5 cases per million
transfusions; P = .047). However, the fatality rate did not differ
between the 2 surveillance arms (10 vs. 7 deaths per million
transfusions; 95% CI, 0.08-21.1 deaths per million transfusions;
P = .84).

Bacterial species, loads, and transfusion reactions. Nine
bacterial species were isolated from the 54 contaminated units
(including the 52 units that were detected during surveillance
and the units from the 2 index cases); 38 units were contam-
inated with S. epidermidis, 4 with S. aureus (including 1 unit
that was contaminated with a methicillin-resistant strain), 2
with B. cereus, 2 with P. aeruginosa, 2 with S. bovis, 2 with
Staphylococcus lugdunensis, 2 with S. marcescens, and 2 with
viridans group streptococci (including 1 unit that was also con-
taminated with Staphylococcus warneri). Eight units or pools
that were contaminated with S. epidermidis were not transfused,
as noted above. Of the remaining 46 contaminated units or
pools that were transfused, 20 were associated with transfusion
reactions in recipients (figure 1).

Fatal reactions occurred in 3 of the 4 cases of contamination
with gram-negative bacilli (2. aeruginosa in 2 cases and S. mar-
cescens in 1 case); bacterial counts of platelets were >10° cfu/
mL in these cases. Endotoxin levels, determined for organisms
recovered from frozen storage, were 5.1 and 5.2 EU per million
organisms for the 2 P. aeruginosa isolates and 2.5 EU per million
organisms for the S. marcescens isolate, and the total endotoxin
content in the units transfused, calculated from original bac-
terial levels in contaminated units and volumes transfused, were
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Figure 1. Relationship of bacterial species and bacterial load to occurrence and severity of transfusion reactions in 45 cases, 1991-2006. There
are 46 data points shown, because 1 unit had 2 contaminants; quantitation was not performed for 1 case of Staphylococcus epidermidis contamination

with no transfusion reaction.

182,700 EU, 11,373 EU, and 34,646 EU, respectively. In the
fourth case of contamination with gram-negative bacilli, which
was due to S. marcescens detected at a level of 5 X 10* cfu/mL,
no clinically detectable reaction other than transient leukocy-
tosis occurred in a 2-week-old, premature neonate with con-
genital neutropenia and thrombocytopenia; endotoxin content
of the organism was 4.3 EU per million organisms, and the
total endotoxin content transfused was 173,100 EU.

Reaction severity was associated with bacterial load and vir-
ulence, with all severe reactions (grade 3 and higher) associated
with loads of =10° cfu/mL and/or more-virulent bacterial spe-

cies (P aeruginosa, S. marcescens, S. aureus, B. cereus, and S.
bovis) (figure 1). The mean bacterial load was higher in patients
with transfusion reactions than it was in those without trans-
fusion reactions (3 X 10° cfu/mL vs. 24 X 10* cfu/mL; P<
.002) and was higher in patients with severe reactions than it
was in those with mild or moderate reactions (9.2 X 107 cfu/
mL vs. 3 X 10° cfu/mL; P<.008). Reaction rates for more vir-
ulent versus less virulent bacterial species were 3.5-fold higher
(95% CI, 1.9-6.2-fold higher) in those with any reaction than
in those with no reaction (91.7% vs. 26.5%; P = .001) and 8.5-
fold higher (95% CI, 2.0-36.6-fold higher) for severe reactions

o

Percentage of cases with organism
load at or above detection sensitivity

10 10° 10°
Detection sensitivity (cfu/mL)
-8~ Mild-moderate (7 = 12)

—fr Severe, life-threatening or fatal (n = 8) —A~ Any reaction (n = 20)
=@ All cases (n = 46)

== None (n = 26)

10* 10° 10 10"

Figure 2. Plot of accuracy of detection of bacterial contamination of platelets based on detection limits of detection methods required to detect
46 bacterial contaminants in 45 cases for all cases and based on the presence and severity of transfusion reactions.
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Table 2. Contamination of single-donor platelet (SDP) and random-donor platelet (RDP) units, by surveillance method, July 1991-
December 2006.

No. of cases (no. of cases per million units)

Ditference between rates
for all units by active vs.

Active surveillance Passive surveillance passive surveillance
SDP units ROP units All units SDP units RDP units All units
Variable (n=24309) (n= 78689 (n=102898) (n=232574 (n=103411) (n = 135,985) OR (95% CI) P
Bacterially contaminated units detected 12 (494) 38 (483) 50 (485) 11{31) 1(10) 2(158) 32.0 (8.0-135.7) <001
Bacterially contaminated units transfused 10 (411) 32 (407) 42 (408) 11(31) 1(10) 2 {18) 27.7 6.7-114.8) <.001
Septic transfusion reaction 5 (206) 11 (140 16 (155) 1831 1010 2(15) 10.6 (2.4-45.9) <.001
Septic transfusion reaction and bacteremia 1141) 4 (51) 5 (49) 131 0(0) 117 6.6 (0.77-56.5) .047
Death 1147) 0(0) 1010 01(0) 1010 107 1.3 (0.08-21.1) 84

NOTE. A total of 56,883 SDP units and 182,100 RDP units in 36,418 pools were transfused during the surveillance period, P=< .01, by Pearson's x° test
with Bonferroni correction, was considered to be statistically significant.

than for mild or moderate reactions (50% vs. 5.9%; P = (4.5%) of 44 bacterially contaminated units transfused and 2
.002) (table 3). These reaction rates were also significantly ~ (12.5%) of 16 septic reactions were detected by passive sur-
higher when bacterial load was =10° cfu/mL than when it was  veillance, and we conclude that the real prevalence of these
<10° cfu/mL (4-fold and >34-fold higher, respectively) but did ~ occurrences is greatly underreported in studies relying on pas-

not differ significantly on the basis of the presence of neutro-  sive surveillance. The fatality rate, however, did not differ be-
penia or the absence of antibiotics effective against contami-  tween the surveillance methods, suggesting that these were ap-
nants (table 3). Age of platelet units also showed no difference, ~ propriately recognized (albeit, our study was limited by a
but this analysis was limited by the age of the platelet units relatively small sample size). In addition, our surveillance
being either 4 or 5 days in most cases. showed that septic reactions, as defined in our study, occurred

Detection sensitivity. 'The sensitivity of methods required  in 18 (41%) of 44 patients with contaminated transfusions and
to detect bacterial contamination of platelet products on the that 2 (11.1%) of 18 septic reactions were fatal.
basis of counts of the 46 bacterial species present in 45 trans- Based on 2004 data, nearly 3 million platelet units were
fused, contaminated units or pools is shown in figure 2 (quan-  transfused in the United States in the form of 1.4 million SDP
titation was not performed for the remaining case). Whereas  ynits and 1.5 million RDP units, the latter administered in an
a sensitive detection method (with a cutoff value of 10° cfu/ estimated 0.26-0.38 million pools of 4-6 units [8]. Contami-
mL) would be needed to detect >95% of all contaminants and
>90% of contaminants resulting in transfusion reactions, less
sensitive methods (with a cutoff value of 10° cfu/mL) would
have detected all severe, life-threatening, and fatal reactions.

nation rates are similar for SDP and RDP units, but the con-
tamination rate per transfusion, as expected, is 4-6-fold higher
for RDP pool transfusions [9]. The fatality rate associated with
bacterial contamination of platelets is estimated, based on re-
cent data obtained by passive surveillance, to be ~2 deaths per
million units transfused (~6 deaths per year in the United
Our study documented that a 32-fold higher rate of bacterially ~ States), and the rate of septic transfusion reactions is estimated
contaminated platelet units, a 27.7-fold higher rate of bacterially ~ to be 10-13 cases per million units transfused (30-40 cases per
contaminated platelet units transfused, and a 10.6-fold higher ~ year in the United States) [1, 10, 11]. Our data generated by
rate of septic transfusion reactions were detected by active sur-  passive surveillance reflect similar findings, with detection rates
veillance, compared with passive surveillance (table 2). Only 2 of 15 cases of septic transfusion reaction and 7 fatalities from

DISCUSSION

Table 3. Differences in the prevalence and severity of transfusion reactions based on virulence of the bacterial species, leukocyte
counts of transfusion recipients, treatment with antimicrobial agents active against the bacterial contaminant at the time of transfusion,
platelet unit age, and hacterial load.

Virulence Neutorpenia Receipt of antibiotics
More-virulent  Less-virulent OR OR
Virulence species species (95% CI) 2 Yes No (95% CI) P No Yes

Any transfusion reaction 1112 (91.7)  9/34 (26.5) 3.5(1.9-6.2) <001 10/23 (43.5) 10/23 (43.6) 1.0(0.5-1.9) .23 6/8(75.0) 14/38 (36.8)
Severe transfusion reaction  6/12 (50.0) 2/34 (5,90 85 (2.0-36.6) .002 6/23 (26.1) 3/23(13.00 2.0(0.6-7.0) .16 0/8 (0) 8/38 (21.1)

NOTE. Data are proportion (%) of transfusion recipients, unless otherwise indicated. P <.01, by Pearson’s ¥° test with Bonferroni correction, was considered
to be statistically significant. Statistical significane is indicated by boldface type. cfu, colony-forming units; NA, not applicable.
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bacterially contaminated platelet transfusions per million trans-
fused units. However, our data generated by active surveillance
suggest that as many as 900-1200 contaminated units could be
transfused annually in the United States, resulting in 300-400
septic reactions and 6-20 deaths per year. These projections
based on our data could also be underestimates, because the
active surveillance culture method used had some limitations,
including an analytical sensitivity of 10 cfu/mL, which would
not have detected lower levels of contamination; using only
aerobic incubation, which would have missed obligate anaer-
obes; and not culturing platelets that were <4 days old for 84
months.

Furthermore, our study demonstrated the relationships be-
tween bacterial species and levels, unit age, neutropenia, an-
tibiotic administration, and the occurrence and severity of
transfusion reactions (figure 1 and table 3). More-virulent bac-
terial species, particularly gram-negative bacilli, and higher bac-
terial loads were significantly associated with both the occur-
rence and severity of reactions. The presence or absence of
neutropenia showed no significant association with reaction
occurrence or severity. Receipt of appropriate antibiotic therapy
at the time of transfusion showed some association with a lower
occurrence of any transfusion reaction, with the 95% CI of the
OR just reaching statistical significance. However, no associa-
tion could be shown with severe reactions, because there were
no patients with severe reactions who had not been receiving
antibiotics. Unit age at time of use showed no association with
occurrence or severity of reactions, but this analysis was limited
by most units being either 4- or 5-days old at the time of use.

In the previous 3 decades, small doses of endotoxin (2-4 ng/
kg, equivalent to 14-28 EU in a 70-kg adult), administered
intravenously to thousands of volunteers to study acute in-
flammatory responses, have generally been found to be safe,
although 4 cases of severe bradycardia or protracted asystole
have been reported [12]. A study of patients with septic shock
showed median plasma endotoxin loads of 13,000 EU [13], and
a self-administered intravenous endotoxin dose of 1 mg
(100,000 EU) resulted in shock and multiple-organ dysfunction
in a patient [14]. The amounts of endotoxin present in the 3
units that were contaminated with gram-negative bacilli and
were associated with septic shock and multiorgan failure were
11,373 EU, 34,646 EU, and 182,700 EU, with such levels ex-

Table 3. (Continued.)

pected to produce severe reactions. No reaction occurred in
the case of contamination with S. marcescens in a neonate with
congenital neutropenia who received the largest amount of en-
dotoxin (173,130 EU), and deficiency in or desensitization of
phagocytic effector cells or defects in the IFN-y—IL-12 axis may
explain the lack of response and survival of this patient [15].

Our data also provide unique information on the relation-
ships between bacterial levels and transfusion reactions. The
bacterial load that differentiated between the occurrence and
severity of reactions was 10° cfu/mL, indicating that the detec-
tion threshold of a clinically useful detection method at time
of use should be at least 10° cfu/mL (table 3 and figure 2). In
addition, a method with a detection threshold of 10° cfu/mL
would have detected >95% of all cases and >90% of all reac-
tions, whereas all cases would have been detected at 10* cfu/
mL. These parameters can be used to guide the development
of methods for at-issue testing.

Two recent changes in transfusion medicine practices—cul-
ture of SDP units 24 h after collection, with release for use if
culture results were negative after an additional 12-24 h [16]
and use of a diversion pouch on the inlet line of the platelet-
pheresis collection kit to trap and eliminate skin contaminants
[17]—have been beneficial, although it is difficult to assess the
relative roles of these changes at this time. In a recent study
of 1 million apheresis platelet donations, these measures ap-
preciably decreased the rate of septic reactions from 18 to 5.4
reactions per million transfused units, but they did not decrease
the fatality rate (2.1 vs. 1.8 deaths per million transfused units),
because fatalities were associated with bacteria that were not
typical of skin flora [11]. Because two-thirds of the 60 deaths
reported to the US Food and Drug Administration from 1995
through 2004 were associated with Enterobacteriaceae [1], the
risk of septic and fatal reactions, particularly with these more
virulent, non-skin-associated contaminants, is therefore likely
to remain. There is also a need for a national hemovigilance
system for adverse events from blood product use in the United
States (18], an approach that has been successfully used in other
countries to coordinate the recognition and documentation of
transfusion-associated adverse events and, thereby, to improve
the overall safety of transfusions [19].

Although these trends are encouraging, the well-recognized
modalities currently in use to limit bacterial contamination of

Unit age Bacterial count
OR OR OR
195% Cl) P 5 days <5 days (95% CI) P =10° cfu/mL <10° cfu/mL (95% CI) P
2.0 (1.1-3.6) .048 10/19 (52.6) 10/27 (37.0) 1.4 (0.74-2.7) 23 16/23 (69.6) 4/23 (17.4) 4.0 (1.5-5.8) .001
<0.05 (NA) .19 3/19 (15.8) 5/27 (18.5) 0.85 (0.23-3.1) .70 8/23 (34.8) 0/23 (0) >34 (NA) .002
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platelets, such as the use of SDP units rather than RDP pools
and the use of younger rather than older units [20], should be
continued, with universal use of diversion pouches in collection
systems. Several solutions have been proposed to further reduce
these risks. The first is to increase the sensitivity of bacterial
detection performed at 24 h by increasing the volume cultured
or performing the culture at a later time [21). However, in-
creasing the volume cultured results in only a modest increase
in detection rates of ~25% [2]. The second proposed solution
is to use pathogen inactivation technology, which also obviates
the need for bacterial detection, and although regulatory ap-
proval has been received in Europe, this is not likely to occur
in the United States in the next few years [22]. The third so-
lution is an at-issue bacterial-detection method, an approach
that holds considerable promise, with several manufacturers
working on a variety of methods [23]. Detection of endotoxin
by the limulus lysate method, although limited to detecting
gram-negative contaminants, would have detected all fatal cases
in our series. Based on our findings, successful implementation
of these solutions in the United States could prevent the trans-
fusion of up to 900-1200 contaminated units annually, thus
avoiding 300—400 septic reactions and 6-20 deaths per year.
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BLOOD COMPONENTS

A laboratory comparison of pathogen reduction technology
treatment and culture of platelet products for addressing
bacterial contamination concerns

Raymond P Goodrich, Denise Gilmour, Nick Hovenga, and Shawn D. Keil

BACKGROUND: Concerns over the risk of bacterial
contamination of platelet products have led to imple-
mentation of bacteria culture and other screening
methods. New approaches for dealing with this issue
have also been proposed.

STUDY DESIGN AND METHODS: A direct comparison
of treatment with riboflavin and ultraviolet (UV) light
(Mirasol pathogen reduction technology [PRT] system)
versus bacterial culture testing (two-bottle system,
48-hour quarantine) was undertaken to compare their
effectiveness. Thirteen clinically relevant bacterial
organisms (20 strains) were used in this evaluation.
Results were compared with spiking levels at 20 to 100
colony-forming units (CFUs) per product and at less
than 20 CFUs per product.

RESULTS: At spiking levels of 20 to 100 CFUs per
product, the riboflavin and UV light process demon-
strated 91% effectiveness against a broad spectrum of
bacteria. In com'parison, the culture method demon-
strated an ability to detect up to 91% of the same
contaminants, when used in the two-bottle, 48-hour-to-
release configuration. At lower initial titers of contami-
nating agents (<20 CFUs per product), the effectiveness
of PRT increased to 98% whereas the culture method
effectiveness decreased to 66%. Effectiveness of the
culture method further decreased to 60% when a one-
bottle system was used.

CONCLUSION: The results from this work suggest that
the riboflavin and UV light process may provide up to
98% protection against transfusion of bacterially con-
taminated units at the most clinically relevant contami-
nation levels (<20 CFUs per product). This compares
favorably to the 60% to 66% effectiveness of bacterial
culture testing using a 48-hour quarantine period before
product release.

acterial contamination of platelet (PLT) prod-
ucts has been identified as one of the most sig-
nificant risks associated with the transfusion
of blood components, reportedly occurring at
levels as high as 1:2000 to 1:3000 donated products."* The
storage of PLT products at room temperature for extended
periods of time provides a medium and a condition of
storage that can sustain bacterial growth. Product con-
tamination at the time of collection is typically from the
donor, although contamination from external sources has
been reported. Even though the contamination levels of
bacteria are believed to be extremely low, bacteria can
proliferate to high titers before transfusion.*® The inability
to detect these low levels of bacteria at collection can
result in severe consequences to PLT transfusion recipi-
ents and include morbidity and fatal reactions. Given the
frequency of bacterial contamination, the AABB promul-
gated a new Standard effective March 1, 2004, mandating
the implementation of methods to detect and reduce bac-
teria in PLT units.®
The implementation of PLT product screening has
been successful in identifying contaminated products and
reducing their transfusion into patients.”" The level of
success that has been observed varies in accordance with
the technique that is utilized and has several logistic con-
sequences. Because the level of bacteria present at the
time of PLT donation is low, detection is limited by several
factors, including the initial titer of bacteria, the size and

ABBREVIATION: PRT = pathogen reduction technology.
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timing of the test sample, and the growth kinetics of the
specific bacterial species. Low levels of bacteria at the time
of donation, particularly for slow-growing organisms,
pose a challenge for most culture methods.'*'?

To compensate for these factors, a postdonation
product incubation before sampling and increased
sample volumes for testing were evaluated." While these
methods do increase the sensitivity of the detection of
contaminated units, they require an additional prerelease
storage interval in which products are held before testing
and then subsequently held for an additional period after
sample is withdrawn to allow detection of contaminated
units. This may result in as much as a 48-hour reduction
in the initial storage period, a period in which product
quality may be at a maximum, although the intent was to
increase the storage interval for an additional 2 days to
compensate for the testing period before release.'"'
Because most PLT products in routine use historically are
used within a 48- to 72-hour period of collection, this
change in practice could represent a major shift in pos-
sible clinical experience necessitated by the additional
culture time requirements. %7

An alternative approach that has been proposed for
assuring a decrease in the transfusion of PLT units con-
taminated with bacteria has been the use of pathogen
reduction technology (PRT). Several of these methods are
currently in development or in actual clinical use in
Europe.'®?! The technologies are based on the use of pho-
tochemical agents, which can be activated by ultraviolet
(UV) light in specific spectral regions and then carry out
chemical modifications to DNA and RNA that prevent
their subsequent replication.” These modifications in
essence render bacterial agents present in these products
incapable of growth during storage and thus also inca-
pable of causing complications after transfusion.

The challenge for PRT methods, unlike that of bacte-
rial detection, are not low titer levels that are present at
donation, but rather higher titer challenges that may
develop during storage. For PRT to be effective at prevent-
ing transfusion of units that may cause complications in
this regard, it must be able to effectively prevent growth of
lowlevels of contaminating bacteria, which may be present
soon after donation. The inability of these techniques to
perform adequately in this fashion might lead to subse-
quent growth of bacteria during storage. Because growth of
bacteria may lead to the formation of pyrogenic agents and
endotoxin, inactivation of products at time intervals con-
siderably after collection would likely be ineffective in
preventing pyrogen- or endotoxin-mediated clinical reac-
tions. As a result, these methods are usually carried out at
shortintervals after collection (e.g.,<22 hrin the case of the
riboflavin and UV light system specifications).

This study was undertaken to assess in a laboratory
setting the ability of the riboflavin and UV light process to
inactivate bacteria in products sufficiently soon after col-
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lection to prevent growth of the bacteria during subse-
quent storage. Results from this work were compared
directly to a culture method using a sufficient postcollec-
tion, presampling incubation period (24 hr) and postsam-
pling detection window (24 hr) to assure the detection of
low levels of contamination in spiked products. Compari-
sons were then made between the ability of the PRT
method to inactivate bacteria spiked into these samples
with the ability to detect low levels of these agents after the
appropriate presample and postsample culture times.

MATERIALS AND METHODS

A panel of organisms identified in prior hemovigilance
programs was selected for evaluation in this study.* These
included the following species: Staphylococcus epider-
midis, Staphylococcus aureus, Propionibacierium acnes,
Streptococcus mitis, Streptococcus agalactiae, Streplococ-
cus pyogenes, Serratia marcescens, Acinetobacter bauman-
nii, Yersinia enterocolitica, Bacillus cereus (spore-forming
agent), Escherichia coli, Enterobacter cloacae, and Kleb-
siella pneumoniae. Multiple strains of both S. epidermidis
and S. aureus were tested: five strains of S. aureus and four
strains of S. epidermidis. Several groups identified these
organisms to be of interest.*** A minimum of three repli-
cates for each bacterial strain were tested in independent
spiking studies. Although identified as an organism of
interest, Providencia rettgeri was not tested in this study.
The range of contaminating bacteria used for this
study was between 1 and 100 colony-forming units (CFUs)
per product. Bacteria were grown in a nutrient broth for
up to 36 hours, after which time they were centrifuged,
concentrated, and then resuspended in a minimal nutri-
ent medium. Bacteria stock culture concentrations were
determined through the use of an endpoint plating
scheme for all organisms except P acnes and B. cereus.
Bacteria cultures were stored at 4°C until they were ready
to be used. An endpoint plating scheme was not used to
determine the stock culture titer of P acnes and B. cereus
due to the relative instability of these organisms when
stored at 4°C; instead, historical data were used to esti-
mate the titer of the culture and the organism was used on
the day it was harvested. Inoculating doses were deter-
mined mathematically using the initial culture titer value.
Results from actual clinical experience with detection
times and growth curves for these organisms in culture
suggest that this level of contamination is consistent with
actual clinical experience."**" Notable exceptions with
regard to the spike titer limits were B. cereus at 103 CFUs
per product and P acnes at 596 CFUs per product. The B.
cereus titer was an unintended result; however, it was
determined the 103 CFUs per product value was within
the range of experimental error used to measure the titer
of the stock culture. It also represented a worst-case
scenario for riboflavin and UV light-treated units given



RIBOFLAVIN AND UV LIGHT VS. BACTERIAL CULTURE TESTING IN PLT PRODUCTS

the 1 to 100 CFUs per product range this study was inves-
tigating. The initial titer for R acnes was increased to
ensure that an adequate amount of organism would be
present at Day 7 so that it could be detected in the positive
control.

General study design

Figure 1 provides a diagram of the overall study design
utilized in this work. A direct comparison of the riboflavin
and UV light process to bacterial screening was performed
using double PLT units. Fach incoming double PLT
product was split into 2 units and each unit was inocu-
lated with a clinically relevant bacterial dose. This was
done to allow ample volumes to be available for each test
condition. One unit was treated with the riboflavin and
UV light process according to methods described previ-
ously while the other unit underwent bacterial screening
using a culture method.?! The volume of the unit used for
culture was maintained at 280 mL on average to simulate
mean product volumes experienced in the clinical setting,.
For the riboflavin and UV light treatment, the units had
on average a final volume of 225 mL. Additionally, a small
volume of the original double PLT product (before inocu-
lation with bacteria) was set aside and allowed to incubate

Split product into 185
mL product for

at 22°C for 7 days. The sample served as the negative
control. This was the study design that was followed when
Gram-positive bacteria were tested. However, due to the
susceptibility of Gram-negative bacteria to complement
activity found in plasma-derived products, heat treatment
was used to deplete the native complement activity. For
Gram-negative bacteria, each incoming double PLT
product was centrifuged and the non-complement-
depleted plasma was expressed off. Pooled, recovered
human AB+ plasma was heat treated at 56°C for 45
minutes in a water bath and clarified via centrifugation to
remove any precipitate. The PLTs were then resuspended
in a comparable amount of complement-depleted recov-
ered human AB+ plasma and allowed to rest overnight.
Because many organisms can be inactivated by comple-
ment, this process assured that we were evaluating a
worst-case situation, which promoted optimal growth
conditions. All work, not including collection of the aph-
eresis PLTs, took place at CaridianBCT Biotechnologies
(Lakewood, CO).

Bacteria culture testing

The bacterial screening procedure utilized here involved
incubating all collected PLTs for 24 hours at 22°C on a
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Mirasol treatment and
275 mL product for
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Fig. 1. Study diagram overview. The figure depicts the general sampling and treatment schemes used for both the bacteria culture

testing and riboflavin and UV light treatment arms of the study.
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PLT shaker before sampling to allow growth of con-
taminants to high enough titers to increase the probabil-
ity of detection in small-volume samples. The specific
sampling protocol followed was consistent with the rec-
ommendations of the PASSPORT protocol, which was
under evaluation in the United States as a method for
reducing transfusion of bacterially contaminated prod-
ucts stored for up to 7 days." This protocol was carried
out according to the following procedure: After 24 hours
of incubation, 10 individual 8 mL samples were with-
drawn from each unit and two 4 mL aliquots from each
sample were inoculated into two bottles (aerobic and
anaerobic media, BacT/ALERT, bioMérieux, Durham,
NC) respectively. These individual samples were used to
represent multiple sampling events. In the PASSPORT
protocol, if the product remained negative after 24 hours
of monitoring (after 24 hr of storage presampling; total of
48 hr), it was released for transfusion; however, monitor-
ing for bacterial contamination continued for 7 days to
allow an increased sensitivity to detect organisms later in
storage that may have been at too low a titer level to
detect earlier. This same approach was utilized in this
study plan. The 10 sample pairs withdrawn from each
unit were considered as 10 individual sampling events.
Paired bottles that did not test positive during monitor-
ing were considered as a failure to detect. The data
were also reanalyzed to simulate the effectiveness of the
procedure when only a single 4-mL aerobic bottle was
used.

After sampling, the remaining PLT units were placed
back into the PLT incubator at 22°C for an additional 6
days. An aliquot from each product was then sampled at
Day 7 as a positive growth control for the paired PLT pro-
ducts. Inoculated bottles were then monitored for a period
of 7 days after sampling. Any negatives that would have
been observed during this period would have eliminated
paired bacterial screening and riboflavin and UV light-
treated units from the final data analysis due to a failure of
the organism to proliferate in the positive control. There
were no positive control units in any of the studies where
the inoculated organism failed to survive. The positive
control was also tested for the 7-day bacterial load using a
conventional endpoint dilution-plating method with agar
plates.

PRT-treated units

Each unit of the split double collection was spiked with 1
to 100 organisms, incubated for a minimum of 2 hours
after spiking, and then treated according to the riboflavin
and UV light method for PLTs (Mirasol PRT process, Car-
idianBCT) as described previously.™ This entire unit was
then placed into incubation at 22°C under standard PLT
storage conditions for 7 days. At the end of the 7-day
period, an 8-mL sample was removed and placed into
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culture using the method described above. Inoculated
bottles were then monitored for a period of 7 days after
sampling. Any positives observed during this period were
counted as a positive event.

Test inclusion requirements

The following requirements had to be met or paired PLT
units were removed from the study and a replacement pair
used:

The collected double PLT product must have had a
PLT concentration range of 1180 x 107 to 2100 x 10% cells
per uL and a volume greater than 480 mL. Apheresis
double PLT units were collected using the CaridianBCT
Trima Accel platform. PLTs were allowed to rest 2 hours
before manipulation.

¢ The negative control must have remained negative
for bacterial growth.

¢ The positive control must have been positive for bac-
terial growth.

¢ The bacterial load dosed to each unit must have been
between 1 and 100 CFUs per product as determined
by an independent culture and titer determination,
which involved titering of the actual dilution used to
spike the product. Exceptions with regard to the spike
titer limits were B. cereus at 103 CFUs per product and
P acnes at 596 CFUs per product.

Determination of overall efficacy

For the determination of overall performance, the con-
tamination frequency reported in hemovigilance studies
was used to calculate the expected clinical performance of
the product.® For this calculation, the overall effectiveness
of the method for detecting (culture method) or inactivat-
ing (PRT method) the species present was multiplied by
the occurrence frequency reported in the literature. For
multiple strains of the same organism, overall mean
values for all strains were used to estimate effectiveness
for that particular species. This multiple thus provides a
rough estimate of the potential ability of each method to
interdict a proportion of the expected contamination
events in the clinical setting: Occurrences = Reports from
hemovigilance studies of the number of cases observed,
Frequency = Occurrences of this individual species nor-
malized for total number of reported events, and % Effec-
tiveness = Ability to detect or to inactivate the particular
agent. Each sample was evaluated in a minimum of three
separate replicate spiking experiments for each strain of a
given species of bacteria: Overall effectiveness = The mul-
tiple of the % Effectiveness with the Frequency of Occur-
rence for this agent reported in the cited hemovigilance
studies.
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RESULTS

An overall summary of bacteria testing results is provided
in Table 1. A total of 29 separate studies were conducted
with at least three replicates for each strain tested. Empha-
sis was placed on organisms according to the prevalence
reported in published hemovigilance studies to simulate
actual clinical experience as much as possible.” Table 2
shows a comparison of overall efficacy of the culture and
PRT methods evaluated in this study at spiking levels of 20
to 100 CFUs per product.

Both the culture method and the riboflavin and UV
light treatment demonstrated 91% effectiveness at detec-
tion or inactivation respectively, when culture testing was
performed using the two-bottle, 48-hour-to-release
method. These results appear to be within the ranges of
clinical observations for culture detection methods
employing similar sampling and incubation tech-
niques.'**3 At lower levels of contamination (<20 CFUs
per product), the effectiveness of the riboflavin and UV
light treatment increased to 98% (Table 3), whereas the

culture method decreased to 66% (Table 4), which is more
consistent with clinical observations, possibly suggesting
that actual clinical contamination levels are more fre-
quently in this range. Using a one-bottle method, the
effectiveness of the culture method under these condi-
tions decreased further to 60% (Table 5). As one might
expect, the culture method showed a reduced ability
to capture a contaminant when the sample titer is lower,
making detection less likely, while the ability of a PRT
method to achieve complete inactivation increased at
lower bacteria levels (see Fig. 2).

Several agents were not uniformly detected by the
culture method employed in this study. Not unexpect-
edly, these are primarily organisms exhibiting a slow
growth rate at 22°C. Such behavior makes detection by a
culture method difficult due to the inability to obtain an
adequate bacterial inoculum for culture detection. In this
study, any detection that occurred in the bacteria culture
arm of the study was counted as a positive detection
event, even if this occurred outside of the 24-hour release
window, with the exception of P acnes, which took

TABLE 1. A summary table of organisms that were evaluated in this study*

Culture time until

Inoculum titer 7-day positive growth

Organism type Gram (+/-) ATCC number detection (mean hr) (CFUs/product) control titer (CFUs/mL)
A. baumannii - 17961 .. 61 3.6x 108
A. baumannii - 179611 NT 12 8.8 x 107
B. cereus + NA 4.4 +0A1 103 6.5 x 10°
E. cloacae ~ 29005 59+05 41 1.5 x 10°
E. cloacae 29005t NT 12 1.4 % 10°
E. coli - 25922 66+23 65 27x10°
K. pneumoniae - 8045 126 0.7 55 6.2 x 108
F. acnes + 51277 106.7 + 45.8 596 <1.0

S. marcescens - 43862 43*02 79 >3.0x 10°
S. aureus + 29213 9.7 1.1 75 2.2x 108
S. aureus + 29213t 1224 14 4.0x 108
S. aureus - 10832 14.4 0.9 63 3.8x10°
S. aureus + 25923 9.3=+03 68 4.3x108
S. aureus + 25923t NT 12 3.8x107
S. aureus + 700787 1956+ 26 53 1.6 x 108
S. aureus 4 7007871 NT 10 2.4 x 107
S. aureus + 27217 9.0 = 0.6 70 5.3 10°
S. aureus + 27217t NT 12 3.1 x108
S. epidermidis + 12228 17347 54 3.6 x 108
S. epidermidis + 122281 19.1 = 0.8 11 1.8x 108
S. epidermidis + 14990 19.0=1.9 57 1.2 x 108
S. epidermidis + 700578 23207 23 2.9x10°
S. epidermidis + 700578+ NT 1 2.0x107
S. epidermidis 4 35984 194+ 1.5 39 27 %07
S. agalactiae + 700046 9108 54 6.1x 10°
S. agalactiae + 7000461 NT 8 3.0 x 107
S. mitis + 6249 16.2 =29 28 2.9x107
S. pyogenes + BAA-1064 10.2 = 0.6 42 4.4 % 10°
Y. enterocolitica - 23715 101 =23 76 8.5x10°

*

1 Samples tested at less than 20 CFUs per product.
+ = positive; — = negative; NA = not applicable; NT = not tested.

These agents were selected from the reports of several hemovigilance studies (BACON, BacTHEM, SHOT), which provided estimates of
the types and frequency of contamination of PLT products with bacteria. Several strains of predominant organisms were used to represent
possible variation in the nature of the contaminants and test the effectiveness for both the culture and the inactivation method as a func-
tion of the strain within a given bacterial species. Incubation times after inoculation of culture bottles 1o detection using the BacT/ALERT
methed are listed as well as the final titers measured at Day 7 of incubation of the positive control products.
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TABLE 2. A summary table for comparison and calculation of overall efficacy of the two methods used in this
study (PRT and culture)*

% Effectiveness Overall effectiveness

Occurrences % Frequency QOrganism ATCC number Culture Mirasol Culture Mirasol

20 33 S. epidermidis 12228 80 100 29 31

14990 83 100

700578 97 67

35984 87 100
8 13 E. coli 25922 100 100 13 13
7 12 B. cereus NI-0001 100 100 12 12
6 10 S. aureus 29213 90 100 10 8

10832 90 100

25923 100 62

700787 97 88

27217 100 67
5 8 S. agalactiae 700046 100 67 8 7

S. mitis 6249 100 100

S. pyogenes BAA-1064 100 100
4 7 E. cloacae 29005 100 67 7 4
3 5 P. acnes 51277 0 100 0 5
3 5 S. marcescens 43862 100 100 5 5
2 3 K. pneumoniae 8045 100 100 3 3
1 2 A. baumannii 17961 100 33 2 1
1 2 Y. enterocolitica 23715 100 100 2 2
Effectiveness: 91 91

*

All samples were spiked at 20 to 100 CFUs per product initially with each of the species indicated. Occurrences = Reports from hemovigi-
lance studies of the number of cases observed; Frequency = Occurrences of this individual species normalized for total number of reported
events; % Effectiveness = Ability to detect or to inactivate the particular agent. Each sample was evaluated in a minimum of three separate
replicate spiking experiments for each strain of a given species of bacteria. Overall effectiveness = the multiple of the % Effectiveness with
the Frequency of Occurrence for this agent reported in the cited hemovigilance studies.

TABLE 3. Summary table for riboflavin and UV light effectiveness

Mirasol
Qccurrences % Frequency Organism ATCC number % Effectiveness Overall effectiveness
20 33 S. epidermidis 12228 100 33
14990 100
700578* 100
35984 100
8 13 E. coli 25922 100 13
7 12 B. cereus NI-0001 100 12
6 10 S. aureus 29213 100 9
10832 100
25923* 50
700787 100
27217 100
5 8 S. agalactiae 700046 100 8
S. mitis 6249 100
S. pyogenes BAA-1064 100
4 7 E. cloacae 29005” 100 7
3 5 P acnes 51277 100 5
3 5 S. marcescens 43862 100 5
2 3 K. pneumoniae 8045 100 3
1 2 A. baumannii 17961~ 66 1
1 2 Y. enterocolitica 23715 100 2
Effectiveness: 98

* Samples tested at less than 20 CFUs per product.

significantly longer to detect (Table 1). As the data in
Table 1 suggest, this window may be inadequate for
several of the slow growing organisms given that mean
detection times for several strains of S. epidermidis were
on the order of 19 to 23 hours and well beyond this value
for P acnes (107 hr). The late positives detected in the
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case of P acnes were not included in the effectiveness
sums that are reported here.

Agents not uniformly inactivated by the PRT method
employed in this evaluation included S. aureus and A.
baumannii. Interestingly, separate high spike titer studies
with A. baumannii and S. aureus (data not shown) have
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TABLE 4. Summary table for culture method effectiveness using two-bottle culture method

Culture method

Occurrences % Frequency Organism ATCC number % Effectiveness Overall effectiveness
20 33 S. epidermidis 12228* 27 9
8 13 E. coli 25922 100 13
7 12 B. cereus NI-0001 100 12
6 10 S. aureus 29213* 53 5
5 8 S. agalactiae 700046 100 8
S. mitis 6249 100
S. pyogenes BAA-1064 100
4 7 E. cloacae 29005 100 7
3 5 F. acnes 51277 0 0
3 5 S. marcescens 43862 100 5
2 3 K. pneumoniae 8045 100 3
1 2 A. baumannii 17961 100 2
1 2 Y. enterocolitica 23715 100 2
Effectiveness: 66

Results demonstrate the reduced ability to detect these organisms, likely due to the lower initial titers present at the 24-hour sampling time
point. Occurrences = Reports from hemovigilance studies of the number of cases observed; Frequency = Occurrences of this individual
species normalized for total number of reported events; % Effectiveness = Ability to detect or to inactivate the particular agent. Each sample
was evaluated in a minimum of three separate replicate spiking experiments for each strain of a given species of bacteria. Overall
effectiveness = the multiple of the % Effectiveness with the Frequency of Occurrence for this agent reported in the cited hemovigilance

studies.
* Samples tested at less than 20 CFUs per product.

TABLE 5. Summary table for culture method effectiveness using one-bottle (aerobic) culture method

Culture method

Occurrences % Frequency Organism ATCC number % Effectiveness Overall effectiveness
20 33 S. epidermidis 12228* 13 4
8 13 E. coli 25922 100 13
7 12 B. cereus NI-0001 100 12
6 10 S. aureus 29213 43 4
5 8 S. agalactiae 700046 100 8
S. mitis 6249 93
S. pyogenes BAA-1064 100
4 7 E. cloacae 29005 100 7
3 5 P. acnes 51277 0 0
3 5 S. marcescens 43862 100 5
2 3 K. pneumoniae 8045 100 3
1 2 A. baumannii 17961 100 2
1 2 Y. enterocolitica 23715 100 2
Effectiveness: 60

* Samples tested at less than 20 CFUs per product.

demonstrated the ability to inactivate up to 2.6 and
3.6 logs/mL of these agents. For the culture method, A.
baumannii was more readily detected due to its rapid
growth characteristics. This observation raises the point
that the effectiveness of eliminating bacteria contamina-
tion also needs to consider the type of organism involved,
as some Gram-negative species tend to be of greater
concern in terms of potential adverse outcomes in
patients. For this particular Gram-negative species (A.
baumannii), however, no fatalities were observed in the
hemovigilance programs referenced above.* This analysis
is not capable of taking clinical outcomes into full
account.

Surprisingly, a spore-forming agent tested in this
study, B. cereus, did show complete inactivation in the

PRT-treated samples, suggesting that the ability to inacti-
vate this class of agents in general may be dependent on
the levels of spores that are present in the product at the
time of treatment and not on whether the agent can be
classified as spore-forming. The culture method consis-
tently failed to detect P acnes even at the higher spiking
levels studied. In all other cases where failures occurred,
partial efficacy was demonstrated with either the bacterial
detection or PRT method.

DISCUSSION

The results from this study allow comparison of the
riboflavin and UV light PRT method for pathogen reduc-
tion of PLT products and the bacterial culture method for
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Fig. 2. Illustration of the effectiveness of PRT (@) versus bacte-
ria culture testing () at two bacterial contamination levels.
Shaded area reflects reported effectiveness of bacteria culture
methods in routine clinical use.'*2%30

detection of bacteria contamination in PLT products.
Not surprisingly, the bacterial culture method requires
extended incubation times of the product before and after
sampling to increase.the likelihood of detection events.
Such a requirement may quarantine PLTs when they are at
the height of their clinical performance. Although studies
have shown that PLTs stored for an extended period to
compensate for this time loss during quarantine exhibit
similar in vivo recovery and survival properties, there is a
paucity of information concerning the clinical perfor-
mance of these products when they are used in the routine
treatment of patients with thrombocytopenia.® Little
information is available on the performance of these older
products relative to count increments, transfusion fre-
quency, transfusion requirements, and efficacy in pre-
venting bleeding.* The data that are available in this
regard demonstrate reduced levels of corrected count
increment values for products stored for extended time,
dependent on the storage medium utilized.*7

The PRT methods that have been proposed also have
the potential to affect PLT quality and performance. Their
propensity to alter cell metabolic and activation proper-
ties as measured in vitro has been well documented in the
literature.*'** Recovery and survival studies of these prod-
ucts also demonstrate differences relative to untreated
controls at the same time point in storage, although these
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values fall within the limits established for historical prod-
ucts currently in routine clinical use.* These products
have also been evaluated in randomized prospective clini-
cal studies for several of the parameters listed above,!"920
For riboflavin and UV light-treated products, clinical data
obtained in a randomized, prospective, blinded clinical
study demonstrated that there was no change in PLT or
red cell transfusion requirements and no increase in
bleeding or adverse events in thrombocytopenic patients
receiving PRT-treated PLT products as compared to
patients receiving untreated products.”

Proof of the efficacy of a PRT method in the clinical
setting would require tens of thousands of samples in
order to establish the ability of the procedure to prevent
transfusion of bacterially contaminated units. Some
authors have suggested that the lack of such data justifies
not implementing PRT methods in clinical settings."" This
seems, however, to be a circular argument in that such
data will not be available until these methods are more
routinely applied in the clinical setting and appropriate
analyses can be carried out. Since such a condition does
not presently exist, we undertook this study to evaluate
the effectiveness of the process for inactivating the most
commonly identified bacterial species from several
hemovigilance reports on contamination of PLT products
with bacteria. A direct comparison with bacterial culture
methods was employed to compare effectiveness levels
and provide a reference with current practices designed to
decrease transfusion of bacterially contaminated PLT
products.

The effectiveness of both methods was compared for
two different levels of bacterial contamination: less than
20 CFUs per product and 20 to 100 CFUs per product. At
the higher contamination levels, equivalent performance
(91% effectiveness) was observed for the two methods
studied here when bacteria detection was performed
using a two-bottle method with 24-hour incubation and
a 24-hour minimum culture period. However, at lower
initial bacteria titers (<20 CFUs per product), the ribofla-
vin and UV light procedure (performed on the day of col-
lection) demonstrated significantly greater effectiveness
as compared to bacteria culture using the methods
described here, that is, 98% versus 66%. Interestingly, out-
comes reported from larger-scale clinical evaluations of
bacteria culture performance in detecting and abrogating
transfusion of bacterially contaminated units suggest
that these methods are only about 50% to 70% effective
(see Fig. 2). This has been reported by Dumont and col-
leagues,' Benjamin and colleagues,” and Foley and col-
leagues™ based on extensive routine use experience with
bacteria culture methods. The approach used by Foley and
colleagues involved holding apheresis products only 12
hours before culture and thus may explain the lower
detection rates reported in that study. A similar perfor-
mance is also predicted based on modeling of available
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data from several sources.*” When combined with these
reported findings and as suggested by Eder and co-
workers'® and with results from the PASSPORT study,' the
results from our study indirectly confirm that contaminat-
ing events are likely to occur at levels of less than 20 CFUs
per product and hence that the outcomes for this range of
bacteria titers may be the most clinically relevant.

It is important to point out that the bacterial detec-
tion method used in our study involved a two-bottle
culture method with a 24-hour postcollection sampling
period and a 24-hour postsampling culture period (total
of 48-hr quarantine). Not all culture methods currently
in use in the routine clinical practice employ this
approach.”*## Reduction in the amount of sample tested
(one bottle vs. two bottles) or reduction in the presam-
pling hold time or the postsampling culture time to
release are likely to significantly decrease the ability of
culture methods to detect contaminated units. The
outcome for bacteria detection efficacy in our study (66%
effectiveness) is comparable to actual observations
made in the clinical setting (approx. 50%-70% effective-
ness).'*#*3 Our results indeed demonstrated that the bac-
teria detection effectiveness dropped from 66% to 60%
when using only a one-bottle test.

The data contained in this report also provide evi-
dence that neither method may be expected to provide
100% protection against all septic transfusion events.
Given that all contaminated units do not lead to sepsis,”
the frequency of significant clinical events that are
observed should decrease dramatically with a PRT
method in place.

The reason for failures in the case of the bacterial
detection system seems clearly based on the growth kinet-
ics of the organisms employed and the titer of the bacteria
that are present in these preparations. Lower titers of
slow-growing organisms at donation are not only harder
to detect initially, but also less likely to reach detection
limits during quarantine.

In the case of PRT-treated products, the reasons for

failures are less clear. It would be reasonable to assume-

that low titers of a given species present during treatment
(20-100 CFUs per product) should easily be inactivated by
these techniques given results from high-titer studies,
which report efficacy levels exceeding 4 to 6 log/mL
(equivalent of 300 million CFUs per product for a 300-mL
product). The results in this work suggest that this is not
the case. Some suggestion for a possible mechanism of
action here comes from the work of Clawson and White,*
who described as long as 30 years ago the propensity for
certain species of bacteria to interact with PLT surfaces,
primarily through protein A receptors. We speculate that
the possible adherence or engulfment of certain bacterial
strains by PLTs via these types of mechanisms may act as a
shield to sensitizer uptake and light exposure, affording
protection of these agents against the PRT method being

applied. If such is the case, a correlation should exist
between the ability of these organisms to interact with
PLTs via these mechanisms and their ability to be inacti-
vated to completion even at low spike titers, where a larger
proportion of the population may actually be bound.
Internal studies conducted separately using these species
spiked into plasma products (no PLTs present) demon-
strate complete inactivation, consistent with this possible
mechanism (data not shown).

It is also possible that interactions with other bacteria
at higher concentrations create shielding effects against
treatment. One may also not rule out the potential of bac-
teria defense mechanisms against PRT treatment. Regard-
less of the precise mechanism involved, the results do
suggest that inactivation of the larger proportion of free
organisms may provide an inadequate or incomplete
picture of the ability to maintain culture negative products
during storage.

Similar concerns are also present when addressing
spore-forming bacteria in their spore form. These agents
would be expected to be naturally highly impermeable to
photosensitizers and thus resistant to these treatments.
If such is the case, this work has profound implications
regarding appropriate methods for evaluating the effec-
tiveness of both PRT treatment methods and bacteria
detection methods. Because these properties may vary
from strain to strain within a given species of bacteria,
it would be important for such work to employ several
strains of test organisms and not extrapolate results from a
single strain to cover all strains within a given species.
Such was the case for several organisms studied in this
work where results varied as a function of strain within a
given species of the same organism. As demonstrated by
the results of this work, selection of a particular strain with
low interaction potential could provide a false estimate
of inactivation efficacy extrapolated to all other strains.
Detection methods may also be biased in a similar fashion
depending on the presence or absence of cellular agents
in the testing matrix during culture or detection. Clearly
the particular strains seen clinically would appear to be
those most relevant for this type of analysis. Likewise, the
use of high-titer spike studies alone for demonstrating
efficacy against bacteria in general can be only a partial
and potentially misleading estimation of clinical efficacy,
given that this is far removed from the actual clinical expe-
rience with regard to contamination levels in donated
products at the point at which PRT methods may be prac-
tically and appropriately applied. Inactivation of high
titers would also seem clinically irrelevant if accompanied
by high endotoxin levels that are not reduced by these
processes, which, upon infusion, can generate severe
reactions even in the absence of viable bacteria.

The work of Nussbaumer and coworkers' with an
alternative, approved PRT system describes 100% efficacy
of the process for all of the clinical strains that were tested.
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The use of clinical strains isolated from contaminated
blood samples may afford samples that are more relevant
to the actual clinical setting, but the ability to demonstrate
reproducible results with such strains, due to their limited
characterization and availability, is often constrained. As
suggested from our work as well, the use of single strains
of a given organism may provide a false sense of overall
effectiveness for a given species of bacteria. The use of
multiple strains, as demonstrated here, may yield variable
results. Prowse'® described several concerns with the
approach utilized in prior analyses of the effectiveness of
inactivation with other PRT methods. This included the
lack of a positive control. In this study, samples which
failed to grow in the positive control caused the elimina-
tion of both samples from the test and control groups
from the study population as it would be impossible to
determine if inactivation had occurred due to the treat-
ment process or if the bacteria were simply inactivated by
complement or other blood product components alone,
not directly associated with the treatment method. In
addition, in this study, for Gram-negative bacteria, which
are known to be sensitive to complement, we eliminated
the possibility of bacteria elimination by complement
action alone through heat inactivation of test sample
plasma before spiking with bacteria.

In summary, the purpose of this work was to address
the ability of the riboflavin and UV light method to inac-
tivate bacteria in contaminated PLT products and to
compare outcomes with those obtained using a culture
method that is being employed routinely today. The
results from this work suggest that the riboflavin and UV
light process may provide up to 98% protection against
transfusion of bacterially contaminated units at clinically
relevant contamination levels (<20 CFUs per product) as
compared to the 60% to 66% effectiveness of bacterial
culture testing observed in this study. Thus, use of a PRT
method may afford greater levels of protection than bac-
terial detection by any particle-based detection method,
even with larger sampling volumes and extended incuba-
tion times. A true determination of the validity of this
analysis and this approach for approximating clinical
outcome can only be provided once more routine appli-
cation of PRT methods occurs.

This analysis does not take into account other prop-
erties that the PRT methods may provide relative to
prevention of viral, parasitic, or white cell-mediated com-
plications of transfusion of blood products.® "% These
may be additional targets for hemovigilance analysis of
products treated with these processes once they are used
in a more routine fashion. The PRT approach may thus
afford a means to address multiple transfusion-related
concerns related to blood safety in a single platform.
Clearly, bacterial detection methods are not intended
to provide prevention of viral, parasitic, or white cell-
mediated complications or other utility. This too may be a
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consideration in decision-making processes by transfu-
sion medicine professionals.
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Serial plasma aliquots (50 mL) obtained
from 10 commercial donors who con-
verted from hepatitis C virus (HCV) RNA
negative to positive were transfused into
2 chimpanzees to assess infectivity dur-
ing early HCV infection. Plasma, obtained
4 days before HCV RNA detectability by
licensed assays, transmitted HCV infec-
tion to chimpanzee X355. The infectious
PCR-negative plasma was subsequently
shown to be positive in 2 of 23 replicates
using a sensitive transcription-mediated

amplification (TMA) assay, and estimated
to contain 1.2 HCV RNA copies/mL
(60 copies/50 mL transfused). Plasma
units obtained up to 8 weeks earlier were
not infectious in a second susceptible
chimp, even when from donors with low-
level, intermittent HCV RNA detection.
Chimp x355 developed acute viremia with
subsequent seroconversion, but cleared
both virus and Ab in 17 weeks. When
rechallenged 38 months later with 6000 RNA
copies/mL from the same donor, X355 was

transiently reinfected and again rapidly lost
all HCV markers. We conclude that: (1) trans-
fusions can transmit HCV infection before
RNA detection, but the interval of test-
negative infectivity is very brief; (2) early
“blips” of HCV RNA appear noninfectious
and can be ignored when calculating re-
sidual transfusion risk; and (3) markers of
HCV infection can be lost rapidly after
exposure to low-dose inocula. (Blood.
2012;119(26):6326-6334)

Introduction

The phase between the onset of hepatitis C virus (HCV) infection
and sustained systemic viremia is known as the eclipse or
previremic window phase of infection.!? At its conclusion, plasma
HCV RNA concentrations rise exponentially in what has been
termed the ramp-up phase of infection.!? The eclipse phase, by
definition, is characterized by lack of detectable plasma viremia by
commercially available HCV RNA assays, which are primarily
based on PCR technologies. However, by performing quadrupli-
cate analyses of plasma donations from acutely infected source
plasma donors using more sensitive qualitative transcription-
mediated amplification (TMA) assays for HCV RNA, we found
previously that 108 of 225 eclipse-phase donations from 50 donors
unexpectedly demonstrated the presence of intermittent, low-level
HCV RNA.!" A second study of source plasma donors found a
similar phenomenon,” as did studies in injection drug users (IDU)*©
and transfusion recipients.” Thus, HCV dynamics in the eclipse
phase may follow one of 2 patterns: no viremia until a sustained
rapid increase in serum RNA levels occurs (ramp-up) or intermit-
tent low-level HCV RNA detection (previously referred to in HIV
and STV infections as “blip” viremia)®® that precedes ramp-up by
varying intervals up to 2 months.

Because HCV RNA levels are very low in this very early phase
of infection, it has not been possible to determine whether the RNA

is contained in infectious virions or to characterize the sequence
integrity of HCV RNA genomes during these “blips™ relative to the
sequences observed during the ramp-up period from the same
subjects. With respect to blood safety, if the “blips” are found to be
infectious, then current residual risk modeling might be underesti-
mating HCV transfusion-transmission risk because such modeling
assumes that donations given before the extrapolated beginning of
the ramp-up period are noninfectious.'%!2

The chimpanzee model of HCV infection has played a key role
in our understanding of determinants of viral transmission and
replication, the development of antiviral immune responses, assess-
ment of potential viral and host factors that lead to resolved versus
chronic infection, and evaluation of therapeutics and vaccines. Of
particular note, the chimpanzee model is considered an extremely
sensitive model for assessment of parenteral infectivity relevant to
transfusion safety.'*** For this reason, we conducted multistep
inoculation experiments in 2 chimpanzees, designed to study the
infectivity of serially collected plasma donations from source
plasma donors recently infected with HCV. First, we evaluated
infectivity from donations initially assessed as occurring immediately
before the onset of ramp-up-phase viremia. Next. we evaluated
infectivity of nonviremic and low-level HCV RNA-positive (blip)
donations from donors who demonstrated intermittent HCV RNA
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detection in the eclipse phase of HCV infection. We also studied the
early immunology of HCV infection after a low-dose exposure and the
influence of this exposure on subsequent reinfection with the same HCV
isolate. In addition to contributing to our understanding of transfusion-
transmission, these experiments provide data relevant to broader issues
of HCV transmissibility, the ability to document previous HCV infec-
tion using RNA and Ab diagnostics, and the early immunologic events
in HCV infection.

Methods

Preparation of HCV-RNA—-positive plasma donor panels

Plasma for chimp inoculation studies was selected from a collection of
50 source plasma panels used in a previous study of early HCV viral
dynamics (see supplemental Methods, available on the Blood Web site; see
the Supplemental Materials link at the top of the online article).! Each panel
consisted of aliquots of a series of donations (serial donations) from a given
donor. These donations occurred at approximately twice-weekly intervals in
both the eclipse and ramp-up phases of acute HCV infection. We based the
classification of ramp-up phase infection on the specific rate of increase in
HCV viral load for each individual donor.! We then back-extrapolated from
the slope of ramp-up viremia for each donor to establish a time when the
estimated viral load would have been < 0.05 copies/mL; all RNA-positive
donations collected before this time point were classified as occurring in the
eclipse phase (ie, before the extrapolated beginning of the ramp-up phase).
Donations given before quantifiable ramp-up viremia were then further
evaluated for HCV RNA by performing TMA testing (Procleix discrimina-
tory HCV [dHCV] assay: Gen-Probe) on 4 replicates of 0.5 mL of plasma
for each donation.' Multiple additional replicates (n = 20 or 23) of selected
eclipse-phase samples were also further tested for HCV RNA either by the
dHCV assay or by the Procleix duplex (HIV-HCV) assay (Gen-Probe) as
part of a previously published study.® Based on this testing, we character-
ized 37 of the 50 panels as having intermittent HCV RNA-positive
donations (at least 1 dHCV TMA-positive replicate result) during the
eclipse phase interspersed with nonviremic (all replicates negalive by
TMA) donations.

Selection of plasma donor panels for infusion into chimps

We selected 10 ABO-compatible serial donation panels for chimpanzee
infectivity studies. We used 5 of the 13 panels that did not have evidence of
intermittent viremia as well as 5 of the 37 that showed intermittent HCV
RNA detection (blips). The 5 cases without intermittent viremia were
selected to have the most frequent serial donations over the 3 weeks
preceding RNA detection by quantitative HCV PCR and qualitative HCV
TMA assays. The 5 cases with intermittent HCV RNA during the eclipse
phase were selected to have at least 3 reactive results among the 4 replicate
HCV TMA results on 2 or more specimens collected > 2 weeks before
ramp-up viremia: they were also selected to include intervening donations
that tested negative on a total of up to 27 replicate TMA assays.

General format of chimp inoculation experiments

Two healthy adult female chimpanzees (X331 and X355) were housed in a
containment facility maintained by the Texas Biomedical Research Institute
and Southwest National Primate Research Center, an Association for
Assessment and Accreditation of Laboratory Animal Care-accredited
facility. Housing conditions and animal manipulations were approved by
the institutional animal care and use committee and all animal procedures
were performed with prior administration of appropriate sedatives and
anesthesia. Fifty milliliters of donor plasma units were intravenously
administered; these could be either individual unit infusions, multiple units
infused one after another, or a premixed pool of 5 U (250-mL total volume).
Further details of the timing of the infusions in the various experiments are
provided in Figure | and supplemental Figure 1, and in “Results.”
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The animals were monitored by testing blood samples for HCV RNA by
PCR, anti-HCV by enzyme-linked immunoassay (EIA), liver enzyme
levels, and T-cell assays. If infected, weekly or biweekly monitoring
continued: however, if there was no detectable infection after 6 weeks, the
animal was rested for an interval of up to 3 weeks and then became eligible
for infusion with another donor plasma sample. This sequence was repeated
with several different donor plasma samples until evidence of infection
could be ascertained. After confirmation of infection, animals were
monitored for a period of 1 year to determine the outcome of infection. No
additional infusions with donor plasma were performed until completion of
this 1-year period.

Laboratory assays

HCV RNA quantification in plasma donor panels. Two different assays
were performed as previously described.! The COBAS Amplicor HCV
Monitor (Version 2.0 assay; Roche Molecular Systems) HCV PCR assay
was able to guantify HCV RNA down to a lower limit of 600 IU/mL.
Samples that were negative on this assay were tested using the dHCV TMA
assay using multiple 0.5-mL replicates of plasma. The limit of detection
(LOD) of each replicate assay is 12.1 copies/mL (50% LOD; 95%
confidence interval [CI] 11.1-13.2).2 HCV RNA concentration was deter-
mined based on the percentage of replicates that gave positive results using
probit analyses.

HCV RNA detection and quantification in the recipient chimps. HCV
RNA detection was performed using the COBAS Amplicor Hepatitis C
Virus Test (Version 2.0; Roche Molecular Systems) and quantification of
HCV RNA was performed using the COBAS Amplicor HCV Monitor
(Version 2.0 assay).

HCV Ab detection. Initial screening of plasma donor panels was done
using a third-generation HCV Ab EIA (Ortho Diagnostics). Repeat reactive
samples were further evaluated by the Recombinant Immunoblot Assay
(RIBA: Version 3; Novartis Diagnostics). Initial screening of chimp sera
was done using an anti-HCV 2.0 EIA (Abbott Laboratories) with confirma-
tion by RIBA.

HCYV RNA extraction, amplification, cloning, sequencing, and phylo-
genetic analysis. HCV RNA was extracted from 140 pL of plasma from
one viremic time point from each of the 5 plasma donors implicated in HCV
transmission to chimp X331 and from 2 viremic time points from the
infected chimp using the QIAamp Viral RNA Mini Kit following the
manufacturer’s instructions (QIAGEN). Extraction and amplification of
donor and chimp samples were performed on different days to eliminate the
possibility of cross-contamination. Details of the amplification. cloning,
sequencing. and phylogenetic analysis procedures are in supplemental
Methods.

ALT and AST measurements. Serum samples collected from the study
animals were analyzed for alanine aminotransferase (AST) and asparate
aminotransferase (ALT) levels with a Unicel DXC600 serum chemistry
analyzer (Beckman Coulter). Enzyme levels were considered normal if they
were within the normal range (AST 11-25 U/L:; ALT 21-55 U/L) established
at the primate center.

CDA proliferative responses to HCV Ags. PBMCs were isolated from
ACD-anticoagulated chimpanzee blood via gradient centrifugation as
described.?” Triplicate cultures of 200 000 PBMCs were stimulated with
1 wg/mL HCVcore, NS3, helicase, NS4, NS5A, NS5B proteins (Mikrogen)
or buffer control as previously described.”® Cultures were labeled with
1 uCi [*H]thymidine (Amersham) on day 5 and harvested 16 hours later.
Separate cultures stimulated with or without PHA (1 pg/mL; Murex
Biotech Limited) were labeled with [*H]thymidine on day 2. The stimula-
tion index (SI) was calculated as a ratio of the average number of counts per
minute of 4 replicate cultures in the presence of Ag compared with control
buffer or medium.

Results

Three chimp inoculation experiments were performed in multiple
phases as described below and in Figure 1.
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Experiment | (Infectivity of very early ramp-up plasma)
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Figure 1. Experimental design and sequence of plasma infusions and follow-up of chimpanzees. Experiment | assessed the infectivity of plasma that tested HCV RNA
negative by licensed diagnostic assays and was obtained in the days just before ramp-up viremia, (A) Fifty milliliters of pre—ramp-up phase plasma from each of 5 commercial
apheresis donors was infused sequentially during a single experimental procedure into chimp X355. (B) When transmission was linked to 1 donor by phylogenetic sequencing,
50-mL plasma samples from each of 4 earlier donations from that implicated donor were transfused to a second animal (X331) at 9-week intervals, Both animals were followed
for virologic, serologic, and cell-mediated immune responses to assess evidence of HCV infection. Experiment Il examined the infectivity of samples from 5 donors who had
intermittent low-level HCV RNA (“blips”} detected during the eclipse phase of HCV infection by infusions into chimp X331. (C) Phase 1: Infusion of a pool of 250 mL (50 mL of
plasma/donor from donations collected subsequent to blips) of HCV RNA-negative plasma from the eclipse phase. (D) Phase 2: 50-mL plasma samples from blip viremic units
from the eclipse phase from the same 5 donors were sequentially infused at 6-week intervals. Phase 1 and phase 2 infusions did not transmit HCV infection to the recipient
animal (chimp X331). (E) Phase 3: To confirm this chimp’s susceptibility to HCV infection, 50-mL plasma samples from each of 3 progressively higher titer HCV RNA-positive
donations collected during the early ramp-up phase of infection from one of these 5 donors were infused at 8-week intervals, In experiment IIl, chimp X355 who had
spontaneously recovered from HCV infection and lost anti-HCV as well as virus, was rechallenged 3 years later to determine whether prior infection conferred protection
against reinfection. (F1) Infusion of 50 mL of plasma containing an estimated 80 HCV RNA copies (1.6 copies/mL) from the previous infecting donation. (F2) Rechallenge with
50 mL of plasma containing an estimated 300 000 HCV RNA copies (6000 copies/mL) from a subsequent early ramp-up—phase donation from the same donor.

Experiment I: testing the infectivity of plasma immediately
before the ramp-up phase

RNA (qualitative and, when indicated, quantitative), HCV Ab,
ALT, and AST. Assays for PBMC proliferative responses to HCV
proteins were performed before infusion and biweekly until week
10 after infusion. As shown in Figure 3, chimp X355 developed
mild hepatitis (peak ALT 68 TU/L) and transient HCV infection
with viremia developing at week 2 and persisting until week 9.
Peak viral load was 5.2 X 10* copies/mL at week 4. HCV Ab was

Experiment I, phase 1 involved infusions of 50 mL of plasma
(during a single infusion episode) from each of 5 different source
plasma donors into an HCV naive chimp (X355). The infused
donations were from donors in whom there was no HCV RNA
detected during the eclipse phase and were selected so as to be the

donations that immediately preceded the first ramp-up viremia
donation (Figure 2A, and supplemental Figure IA-E). These
donations, which tested negative for HCV RNA by quadruplicate
dHCV TMA and viral load assays, were estimated by back-
extrapolation from measured viral loads during the subsequent
ramp-up phase of each donor to have been collected from 4 to
16 days before the onset of the ramp-up phase (defined as one HCV
RNA copy present in 20 mL of plasma).

After infusion, chimp X355 was evaluated weekly for the first
11 weeks, then biweekly until week 29 after infusion, with a final
assessment at | year after infusion. Tests performed were HCV

first detected at week 8 and persisted until week 17, after which it
became undetectable throughout follow-up (seroreversion). Samples
collected from weeks 9 through 13 were RIBA positive but never
showed Ab reactivity to the core (c22) Ag. Samples at weeks
15 and 17 showed very low Ab reactivity by RIBA (¢33 at 1+,
511 and NS5 at +/—, and ¢22 nondetectable). ALT was elevated
from weeks 5 through 8 with a peak value of 68 U/L. Proliferation
of PBMC to HCV Ags was not detectable preinfusion or at week 2,
but a clear peak was detectable at week 4. Responses were exclusively
targeted against nonstructural HCV Ags as evidenced by SIs of 33 and
27 against NS5B and NS5A, respectively, 29 against NS4 and
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Figure 2. Representative viremia results from 2 of the
10 plasma donors used in chimpanzee infection
experiments (data from all 10 panels is presented in
supplemental Figure 1). (A) TMA and viral load results
over time from plasma donor panel 10081, who did not
demonstrate intermittent blips of HCV RNA before detec-
tion of ramp-up—phase viremia. Numbers above bars
represent the order in which aliquots were infused into
chimps. Infusion 1 was part of a transmitting pool that
was infused into chimp X355. Infusions 2-5 were each
infused into chimp X331 at intervals of 9 weeks between
infusions. A indicates viral load in the ramp-up and
post-ramp-up phase of HCV infection in donor 10081.
(B) TMA and viral load results over time from plasma
donor panel 10083 who manifested intermittent blips of
HCV RNA reactivity during the eclipse phase of acute
HCV infection. Both HCV RNA-negative "valley” and
HCV RNA-positive “blip” samples were infused into
chimp X331 (see Figure 1, experiment Il). Numbers
above bars identify aliquots and the order infused into
chimps. Note that the units were infused in a different
order than they were collected and that infusion 1 was
part of a nontransmitting pool. A indicates viral load in
donor 10083.

31 against NS3. Responses were maintained at week 6 and 8 after
infusion, and declined to slightly above bascline at week 10. By
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Figure 3. Results of transmission experiment | in
chimp X355. Fifty milliliters of plasma from each of
5 donors in the pre-ramp-up phase of HCV infection were
infused in a single experimental procedure into chimp
X355 (see Figure 1, experiment |) and infectivity moni-
tored by weekly or biweekly measurement of ALT level
(solid line), HCV RNA (dashed line and box), anti-HCV
(box), and cell-mediated immune response (bottom panel).
Transient HCV infection is demonstrated. Note that HCV
RNA was no longer detectable by week 10 and that Ab to
HCV disappeared by week 18 after infusion. Cell-
mediated immune responses, measured in a proliferation
assay, peaked at week 4 and considerably diminished by
week 10.
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HCV infection except for the cell-mediated immune response which
remained detectable as late as week 21 after infusion.

Sequencing of HCV RNA and phylogenetic analysis revealed
that the chimp HCV isolate was very closely related to an HCV
isolate obtained from a subsequent highly viremic donation from
one of the 5 source plasma donors used in the infecting inocula
(Figure 4). The transmitting donation had been collected 4 days
before the first quantifiable HCV RNA-positive donation (viral
load of 6 X 10 HCV RNA copies/mL) from this donor (donor
10081). To increase the sensitivity for detection of HCV RNA in
the transmitting and nontransmitting source plasma donations,
23 additional 0.5-mL plasma replicates from the infused donations
were tested under code for HCV RNA by the TMA assay. In total,
2 of the 27 replicate TMA assays were positive with plasma from
the donation implicated as infectious by phylogenetic analysis,
whereas similar multiple replicate TMA testing performed on identically
processed frozen-thawed plasma from the other 4 donations in the
transmitting pool gave negative results. A probit analysis indicated that
the dHCV TMA-positive donation had an estimated HCV RNA
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Figure 4. Phylogenetic reconstruction of HCV E1/E2
region sequences from 5 plasma donors (10081,
10051, 10082, 10017, and 10022) and a chimpanzee
(X355) infused with a pool of 50 mL of plasma from
each of the donors. A indicates population sequences
corresponding to the first hypervariable region (HVR-1)
of E1/E2 (404nt) for donors and the chimp; and 4, cloned
sequences, Samples from 2 time points 19 days apart
were obtained from the chimpanzee. The first time point
sequences are indicated with ¢ and the second time point
sequences by C. Viral sequences in the chimp are shown
to be closely related to donor 10081. Reference se-
quences from genotypes 1a (HCV-H, H77, and HCV-1),
1b (L2, JK1), and 3a (K3a) were included. The maximum
likelihood tree was rooted with the 3a reference se-
quence. Bootstrap values > 70% are indicated.

concentration of 1.2 copies/mL (95% CI 0.5-1.9 copies/mL). In retro-
spect, this initially HCV RNA-negative donation was probably in the
very early ramp-up phase of infection such that multiple replicate testing
was required to detect the very low level of HCV RNA that was present.
Because 50 mL of plasma from this donation was infused, we estimate
that chimp X355 acquired HCV infection after being transfused with a
total of ~ 60 HCV RNA copies (95% CI: 25-95 copies).

To confirm that the donation that initially infected chimp X355
was the earliest infectious donation in the panel of serial
donation samples from the implicated donor, we conducted
phase 2 of this experiment. A second HCV naive chimp (chimp
X331) was infused on separate occasions with 50 mL of plasma
from HCV RNA-negative units donated by the transmitting
donor that had been collected 14, 10, 7, and 3 days before the
transmitting donation (Figure 2A). Chimp X331 was monitored
weekly for 6 weeks after each 50-mL infusion (total of 24 weeks)
to document evidence of HCV infection by HCV RNA, HCV
Ab, and ALT/AST testing. There was no evidence for HCV
infection in this second recipient chimp.
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Table 1. Estimated HCV RNA concentrations of eclipse-phase donations with blip viremia infused into chimp X331 (experiment Il, phase 2)
No. of TMA-positive

Donor/donation Days preceding Imputed HCV RNA copies/mL Infused HCV

no. ramp-up* replicates (%) (95% fiducial limits)t RNA copies
10050-04 41 6/27 (22) 2.22 (1.23-3.17) 111
10083-02 49 23/27 (85) 11.22 (9.35-13.67) 561
10011-02 49 2/27 (7) 1.18 (0.53-1.91) 60
10029-01 48 10/27 (38) 3.37 (2.15-4.47) 185
10085-02 49 10/27 (37) 3.29 (2.08-4.38) 164

TMA indicates transcription-mediated amplification.

“Plasma from HCV RNA-negative donations from each of these five donors were previously infused into chimp X331 and resulted in no evidence of HCV infection. These
donations were collected prior to ramp-up viremia at days —31, —23, —19, —21, and — 18, respectively.

TRNA copy levels were estimated from probit analysis of replicate testing of the HCV WHQO International Standard (NIBSC Codes: 97/690); copies per milliliter were based

on a conversion factor of 3.4 RNA copies/IU.

Experiment lI: testing the infectivity of plasma during the
eclipse phase

In experiment II, eclipse-phase RNA-positive and RNA-negative
donations were selected from 5 of the 37 source plasma donors who
had intermittent HCV RNA detected in the eclipse phase of
infection (Figure 1, supplemental Figure 1F-J). Chimp X331, who
had not been infected in phase 2 of experiment I, was used for these
studies, which were begun 22.5 months after the completion of
experiment I. In phase | of experiment II, a 250-mL plasma pool
from nonviremic donations obtained during the eclipse phase of
infection from 5 different source plasma donors was infused into
chimp X331 (see supplemental Figure 1F-J for time points used in
these infusions); these HCV RNA-negative donations were col-
lected during the RNA-negative “valleys” between intermittent
HCV RNA-positive eclipse-phase donations (blips). This chimp
was monitored weekly for 6 weeks for HCV RNA, HCV Ab, ALT,
and AST. There was no evidence for viremia, Ab seroconversion, or
transaminase elevation, indicating that these HCV RNA-negative
eclipse-phase donations were not infectious.

One month later, phase 2 of this second experiment involved
infusions of 50 mL of low-level HCV RNA-positive eclipse-phase
plasma from each of the same 5 source plasma donors into the same
chimp (Table I, supplemental Figure 1F-I). The infusions of the
5 units were separated by 6-week intervals during which the
recipient chimp was monitored for evidence of HCV infection.
There was no virologic evidence for transmission of HCV infec-
tion, and no evidence for humoral or cellular immune responses.

Finally, after an additional 6-month interval, phase 3 of this
experiment was conducted. In light of the multiple exposures to
HCV RNA from eclipse-phase infusions, the aim of this phase was
to establish that chimp X331 was susceptible to HCV infection
when infused with a sufficient HCV RNA dose. Three 50-mL
plasma infusions from HCV RNA-positive units obtained either
immediately before ramp-up or during the ramp-up phase of
infection from one of the 5 donors (plasma donor 10083) used in

phases 1 and 2 were infused at 8-week intervals (Figure 2B, Table
2). These 3 units had increasing HCV viral loads (1.5 copies/mL.,
3.0 copies/mL, and 6.8 X 10° copies/mL). The chimp was
monitored weekly for 8 weeks for HCV RNA, HCV Ab, and
ALT/AST after the first 2 infusions and then weekly for
12 weeks and biweekly until week 24 after the third infusion.
Liver biopsies were performed immediately before the infusion
containing 6.8 X 10° copies/mL and at weeks 2, 3, 5, and 7 after
that infusion. No HCV infection was detected over an 8-week
follow-up period after each of the first 2 infusions (infusion of
74 HCV RNA copies [1.5 copies/mL X 50 mL] and 149 HCV
RNA copies [3.0 copies/mL X 50 mL]). In contrast, after infu-
sion of the donation with 6.8 X 105 HCV copies/mL (total
infusion of 3.4 X 107 copies [6.8 X 105 copies/mL X 50 mL]),
the recipient chimp developed viremia at I-week postinfusion
(peak titer 1.3 X 10° copies/mL) which persisted until week
16 (Figure 5). All liver biopsies were normal. Unexpectedly,
HCV Ab never developed over the 24 weeks of follow-up.

Experiment lll: testing whether transient HCV infection
protected against rechallenge

Experiment III (Figure 1) was conducted to determine whether the
acquisition of HCV infection from a low-dose inoculum, followed
by viral clearance. would protect against rechallenge by the same
HCYV strain. In this experiment, performed 34 months after recov-
ery from the initial experimental transmission of HCV to chimp
X355, this same chimp was challenged with a 50-mL plasma
infusion from the same low-viremic (1.6 copies/mL), early window—
phase donation that had transmitted the initial HCV infection. The
chimp was monitored weekly for 12 weeks during which time there
was no evidence of a second HCV infection, implying some level
of immunity even though anti-HCV and HCV-specific cell-
mediated immunity were not detectable before or after the HCV
challenge.

Table 2. Estimated HCV RNA concentrations of donations infused into chimp X331 to prove susceptibility to HCV infection (experiment I,

phase 3)

HCV RNA copies/mL (imputed Infused
Donor/donation Phase of Days preceding No. ot TMA-positive from replicate TMA testing” or HCV RNA
no. infection ramp-up replicates (%) measured by VL assay) copies
10083-12 Prior to ramp-up T 3/27 (11) 1.48 (0.71-2.28) 74
10083-13 Prior to ramp-up 5 9/27 (33) 2.99 (1.83-4.05) 149
10083-14 Ramp-up 0 NAT 6.8 X 10° 3.4 x 107

TMA indicates transcription-mediated amplification; VL, viral load; and NA, not applicable.
*RNA copy levels were estimated from probit analysis of replicate testing of the HCV WHO International Standard (NIBSC Codes: 97/690); copies per milliliter were based

on a conversion factor of 3.4 RNA copies/IU.

TThis donation was positive by quantitative HCV RNA testing at a concentration of 6.8 X 105 copies/mL and was not subjected to replicate TMA testing.
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Figure 5. Results of transmission experiments in
chimp 331 (see Figure 1, experiment Il). After demon-
strating that valley phase, blip phase, and pre-ramp-up
phase infusions (50 mL} from each of 5 plasma donors
were not infectious in chimp X331, this animal was
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To further assess protective immunity, 4 weeks later, the chimp
was rechallenged with a 50-mL plasma infusion from the subse-
quent ramp-up phase donation (donated 4 days later) given by this
same donor, which contained 6000 HCV RNA copies/mL (for a
total infusion of 300 000 HCV RNA copies). The chimp was
monitored weekly for 10 weeks, then biweekly until week 24, and
then monthly until week 52. Chimp X355 was reinfected with HCV
as evidenced by development of low-level HCV viremia that was
only present at weeks 1, 2, and 3 and only quantifiable at week
I (1620 copies/mL). HCV Ab developed at week 5 and persisted
through week 20, was intermittently detected at weeks 28 and
32 and then reverted to negative on 3 subsequent measurements.
ALT remained normal throughout the 1-year follow-up period and
this chimp did not mount any PBMC proliferative responses to the
challenge inoculum. At week 52, the chimp expired from an
unrelated pyelonephritis and Escherichia coli sepsis precluding any
further follow-up.

Discussion

We studied the infectivity of human plasma collected in various
stages of acute HCV infection to define the relationship between
HCV RNA as detected by the most sensitive RNA assays and
infectivity in the well-established chimp infection model. We
demonstrated that infusions of 50 mL of plasma from each of
5 human source plasma donors thought to be in the late eclipse
phase of infection (just before or at the beginning of the ramp-up
phase) at the time of donation into an HCV-naive chimpanzee
resulted in a mild and transient HCV infection characterized by
low-level viremia, HCV Ab production, and HCV-specific T-cell
immune responses. This was followed by viral clearance, rapid loss
of HCV Ab, and marked diminution of the cellular immune
response. Sequencing of isolates established that the infection was
from a single plasma donor in the group of 5 used in the
experimental infusion. Based on performing HCV TMA on
27 replicate samples from the transmitting donation, we established
that this plasma had an estimated HCV RNA concentration of

1.2 copies/mL and hence the donor was probably in the early phase
of HCV ramp-up viremia (rather than the eclipse phase) at the time
of this donation. The definition of the transition between the eclipse
and ramp-up phases is not precise and the mechanisms leading to
this transition are not known, as discussed in Glynn et al.! Based on
the 50-mL plasma infusion from this donation, we estimated that
60 HCV RNA copies were infused into the recipient chimp.
Samples collected from 3 to 14 days previously from the same
donor were infused in 50-mL aliquots into another HCV naive
chimp and did not cause infection, indicating that the transmitting
donation was obtained at or near the time when the donor first
became infectious. This also indicated that the duration of infec-
tious viremia before detectable RNA by donor screening nucleic
acid assay technology (NAT) assays was very brief.

This experimental transmission has some parallels with the first
reported human case of transfusion-transmitted HCV infection
from a unit retrospectively shown to be HCV RNA negative by a
sensitive individual donation NAT (ID NAT) assay.? In this human
transmission, HCV RNA could be demonstrated inconsistently in
the transmitting donation when evaluated in multiple replicates by
dHCV TMA testing, leading to the conclusion that HCV RNA was
present, but at a very low level (estimated at < 10 copies/mL). The
donor of this unit may have been in the very early ramp-up phase
with HCV RNA levels below the level of consistent detection by
even the most sensitive ID NAT screening method, as occurred in
our chimp transmission experiment. Data from this study in
chimpanzees, other chimp experimental studies using serially
diluted ramp-up phase plasma infusions,'*!¢ and the clinical case
report of a breakthrough transmission® demonstrate that ID NAT
cannot completely eliminate the risk of transfusion transmission of
HCV, given the high level infectivity of ramp-up phase virus. Of
relevance to transfusion safety, it appears that blood transfusions
from donors in the early stage of acute HCV infection can be
infectious before the time of RNA detection by routinely performed
NAT screening, including the most sensitive ID NAT test currently
available which has a 50% limit of detection of 12.1 copies/mL
(95% CT 11.1-13.2).26 Hence, conversion to individual donation
NAT from currently used mini-pool NAT (MP NAT) screening will
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not close the infectious window period completely and may not be
warranted given its projected very low incremental yield and poor
cost-effectiveness.'023-

A further set of experiments was performed to evaluate the
infectivity of 2 types of donations from the surprisingly prolonged
eclipse phase of infection observed in 74% of the plasma donor
panels we studied. These included donations that were HCV RNA
positive and estimated to contain from 1 to 20 HCV RNA
copies/mL (60 to 561 HCV RNA copies per infusion) and other
intervening donations from the same donors that were HCV RNA
negative by sensitive multireplicate testing. Infusions of 50 mL of
plasma from either of these 2 donation types from each of 5 donors
with such intermittent HCV RNA “blips™ did not cause infection
when transfused into a single chimp, who was later proven to be
susceptible to HCV infection when infused with a ramp-up phase
viremic sample {rom one of these same donors.

Thus, although HCV RNA was intermittently detected during
the eclipse phase of infection for up to 8 weeks before ramp-up
viremia, our results show that transfusion of such units was not
infectious in chimpanzees. In contrast, we demonstrated infectivity
with an early ramp-up phase sample at a total infusion dose of
60 HCV RNA copies. Japanese investigators have shown that even
lower doses of HCV RNA (total inocula of 20 HCV RNA copies)
from an acutely infected chimp transmitted HCV infection to
recipient chimps.'* Hence, during the ramp-up phase of early HCV
infection, infusions with very low copy numbers are highly
infectious whereas infusions having equal or higher copy numbers
of HCV RNA obtained during the eclipse phase are not infectious.
This suggests critical differences in the presentation or packaging
of HCV RNA during the eclipse and ramp-up phases of HCV
infection as discussed below.

There are multiple possible explanations for the finding of
intermittent HCV RNA detection in some donors during the eclipse
phase. This may represent persistent low-level viremia that occurs
at a concentration that is at or near the limit of assay detection and
thus, based on assay limitations, is detectable in some samples and
nondetectable in other serially collected specimens. Another expla-
nation is that periods of HCV viremia alternate with nonviremic
periods as a result of intermittent release of viral particles into the
plasma from focal replication sites such as the liver and possibly
even peripheral blood cells. Third, these episodes could represent
repeated HCV exposures or reinfections which abort, until a
particularly fit variant is finally transmitted and disseminates.
Perhaps the most likely explanation is that early in HCV infection,
HCV RNA can be released into plasma as nonvirion-associated
nucleic acid or as defective, nonreplication competent virions. The
data appear to be most consistent with the hypothesis that complete
infectious particles likely do not circulate until immediately before
the ramp-up phase of HCV infection, leaving a very narrow
window of infectivity before detectability by sensitive blood donor
screening and diagnostic assays.

Whatever the explanation, this series of experiments, and those
of others,'*!% establish that HCV RNA intermittently detected
during the eclipse phase of HCV infection can be ignored when
performing mathematical modeling of residual transfusion-
transmitted HCV risk. This lack of infectivity (or perhaps very rare
infectivity, which we were not able to demonstrate in our small
study) is consistent with reports of only a very few transfusion-
transmissions from HCV NAT-screened units. Thus, risk modeling
can use the time period from the extrapolated beginning of ramp-up
phase viremia to detectable virus by the screening method used (ID
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NAT, MP NAT, fourth generation Ag/Ab assays), as reviewed in
detail elsewhere.”

We have shown that a chimp infected with HCV from infusion
of a low-dose early ramp-up inoculation developed a transient
HCV infection as evidenced by low-level and short-lived viremia,
and both humoral and cellular immune responses; by week 17,
virologic, serologic, and biochemical evidence of HCV infection
had disappeared and very low-level T-cell responses were the only
residua of past HCV infection. A second chimp also inoculated with
plasma from the early ramp-up phase of HCV infection developed
transient viremia but failed to seroconvert. Similar examples of
transient infections without seroconversion or with seroconversion
followed by seroreversion have been reported in experimental
chimp infectivity studies.!s and rarely in human HCV infections
after transfusion and injection drug-use exposures.®731-36 Qur
experimental findings corroborate these previously reported human
observations in establishing that more HCV infections occur in
persons than are clinically, virologically, or serologically identified
by cross-sectional serologic or NAT screening.

Lastly, these experiments in a single chimp indicate that HCV
infection from a low-dose inoculum did not confer protective
immunity to rechallenge, as we demonstrated only limited protec-
tion when the chimp who developed but then lost detectable
adaptive humoral and cellular immunity was rechallenged with a
higher dose of the identical HCV strain.

A noteworthy limitation of our study is that we had access to
only 2 HCV naive chimps to evaluate the infectivity of a large
number of donations from 10 donors with different patterns of
eclipse and ramp-up phase viremia. Consequently, we had to
judiciously design experiments with reuse of the same chimps for
multiple infusion experiments. This could have resulted in either
immunization or tolerance to HCV, perturbing our ability to
ascertain infectivity of donor plasma. However, we do not believe
this seriously compromised interpretation of our experiments
because all the chimps were carefully evaluated using sensitive
assays for detection of HCV RNA and both humoral and cell-
mediated immunity and each animal was negative by all these
parameters before viral challenge. Furthermore, in the chimp
(X331) that was uninfected after challenge with blip and valley
eclipse-phase infusions, we confirmed HCV susceptibility by
transfusing a high titer inoculum from the ramp-up phase of
infection.

In summary, these studies demonstrate that: (1) Large volume
plasma transfusions can transmit HCV infection before RNA
detection by current donor screening assays, but the interval of
infectivity before RNA detection appears to be very brief (4 days in
this experiment). (2) The noninfectivity of eclipse-phase “blips”
indicates that these may represent incomplete virions and can be
ignored when calculating HCV residual transfusion risk. (3) Markers
of HCV infection can be rapidly lost after exposure to low-dose
inocula, suggesting that more HCV infections occur than are
currently documented. (4) HCV infection from a low-dose inocu-
lum does not necessarily confer protective immunity to rechallenge
from a higher dose of the homologous strain.
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TRANSFUSTON COMPLICATIONS

Symptomatic parvovirus B19 infection caused by blood
component transfusion

Masahiro Satake, Yuji Hoshi, Rikizo Taira, Shun-ya Momose, Satoru Hino, and Kenji Tadokoro

BACKGROUND: Although a risk of transfusion-
transmitted human parvovirus B19V (TT-B19V) infection
has been a concem, there have been very few reports
of clinically relevant TT-B19V caused by the transfusion
of a B19V-containing blood component. It has therefore
been a matter of debate whether a universal B19V
screening with an appropriate sensitivity is required.
STUDY DESIGN AND METHODS: Through the Japa-
nese Red Cross hemovigilance system, clinical reports
on possible TT-B19V were collected from 1999 to 2008,
during which B19V donor screening (sensitivity, 10
IU/mL) was conducted and repository blood samples
from donors were available.

RESULTS: Eight patients with TT-B19V caused by
component transfusion have been identified. Four
patients developed sustained anemia and pure red
blood cell (RBC) aplasia and one patient developed
pancytopenia. The underlying diseases in these five
patients were either hematologic malignancy or
hemolytic diseases. The viral loads of the responsible
components for these cases ranged from 10° to 10°
IU/mL. Two patients who underwent surgical treatment
without any hematologic disorder exhibited only moder-
ate symptoms. The B19V DNA sequence identity
between a patient and the linked blood donor was con-
firmed in five of the eight patients. All of the compo-
nents responsible for the eight cases were positive for
anti-B19V immunoglobulin (Ig)M.

CONCLUSION: Vulnerability to serious B19V-related
hematologic disorders depended on the patient's under-
lying disease state of an enhanced erythropoiesis, not
on the viral load of the component transfused. To
prevent clinically relevant TT-B19V, a strategy is sug-
gested in which patients at risk of acquiring RBC
aplasia or pancytopenia are targeted.

nfection by human parvovirus B19 (BI9V) is

common in any geographic area and causes

erythema infectiosum or fifth disease in childhood.

The infection in adults is usually asymptomatic but
may cause a transient red blood cell (RBC) aplasia in
patients in the state of an enhanced erythropoiesis or
may cause persistent anemia in immunocompromised
patients.” The prevalence of anti-B19V immunoglobulin
(Ig)G increases steadily even after childhood, suggesting
that B19V infection occurs frequently during adulthood.*®
In acute infection, the viral load in peripheral blood
reaches as high as 10" IU/mL.” The frequent primary
infection among adults and the high viral load without
symptoms imply the presence of a considerable number
of blood donors with a high viral load, which raises the
possibility of a considerable risk of transfusion-
transmitted B19V infection (TT-B19V).

Although TT-B19V cases have often been reported
after the transfusion of plasma derivatives,"!'? there have
been very few reports of clinically relevant B19V infection
that is considered as a result of the transfusion of a B19V-
containing blood component (i.e.,, RBCs, fresh-frozen
plasma [FFP], or platelet [PLT] concentrates).!""' It has

ABBREVIATIONS: AML = acute myeloid leukemia; B19V =
human parvovirus B19; JRC = Japanese Red Cross; nt =
nucleotide(s); RHA = receptor-mediated hemagglutination;
TT-B19V = transfusion-transmitted human parvovirus B19V;
TTI(s) = transfusion-transmitted infection(s).
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therefore been a matter of debate whether a universal
B19V screening with an appropriate sensitivity is indeed
required for securing blood component safety. In this
regard, several studies have been conducted to establish
the frequency of blood products harboring TT-B19V risk
and the frequency of clinically relevant TT-B19V cases. In
most such studies, a reason to implement a B19V screen-
ing method that covers all blood donations has not been
verified because no case of clinically relevant TT-B19V was
identified during the study period.'*'®

Japanese Red Cross (JRC) blood centers established a
hemovigilance system in 1993 and have been collecting
voluntary reports on transfusion-transmitted infections
(TTIs) and other adverse effects as a result of transfusion.
Through the system, JRC has so far obtained five estab-
lished and three probable cases of TT-B19V. In this article,
we describe the details of TT-B19V cases, each of which
represented a typical clinical course of B19V infection.

PATIENTS AND METHODS

Hemovigilance system

JRC blood centers are the sole facilities in Japan that deal
with blood procurement and processing, testing, and
delivery of blood components. The JRC hemovigilance
system has been functioning since 1993 and covers the
entire country with 1 million patients being transfused
every year. Although the reporting of suspected TTI cases
to JRC is not mandatory, it is obligatory for every physician
to report TTI cases to the Japanese Ministry of Health,
Labour and Welfare, which in turn refers this information
to JRC. Eventually, JRC is able to obtain all information
on suspected TTIs and other serious adverse reactions
caused by blood transfusion. The system also includes a
complete sample archive from all blood donations since
1999, which enables us to investigate the cause of a TTI
using the repository blood samples obtained from the
donation associated with the TTI. For TT-B19V cases, a
lookback study for the possibility of previous donation
with viremia has not been performed.

Receptor-mediated hemagglutination assay

In 1998, JRC implemented a receptor-mediated hemag-
glutination (RIA) assay as a screening test for B19V and
used it for all donated blood until 2007. The theoretical
basis of the RHA assay system was described else-
where'"?"; briefly, it is a BI9V antigen detection method in
which the indicator RBCs agglutinate via B19V particle
binding to globosides on the RBC membrane at a critical
pH (pH 5.6 = 0.1). The sensitivity of RHA is approximately
10" [U/mL, and by this method, 300 to 400 B19V-positive
donors with very high titer viremia have been identified
every year.”! Although the sensitivity of RHA is not satis-
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factory, it has greatly contributed to the lowering of the
viral load in a plasma pool that is manufactured into
plasma derivatives.” In 2008, JRC implemented a chemi-
luminescence enzyme immunoassay-based screening
assay that is also an antigen detection assay with a sensi-
tivity of approximately 107 IU/mL.

Polymerase chain reaction analysis of B19V and
antibody detection

Onreceiving a report of a suspected case of TT-B19V, poly-
merase chain reaction (PCR) analysis was carried out to
detect the B19V DNA in patient sera obtained before and
after the index blood transfusion as well as in repository
tube(s) obtained from the donation(s) from which the
blood component(s) suspected of causing TT-B19V had
been processed. B19V DNA was extracted using a total
nucleic acid isolation kit (MagNA Pure LC, Roche Diag-
nostics, Tokyo, Japan) and amplified and quantified using
a B19V quantification kit (LightCycler, Roche Diagnostics,
Tokyo, Japan). The forward and reverse primers were
located at Nucleotides (nt) 2046 to 2064 and nt 2110 to
2092, respectively. The probe used was mapped at 24 bp of
nt 2067 to 2090. The 95% detection limit of the PCR system
is 289 IU/mL, as determined by probit analysis. Direct
B19V DNA sequencing was performed targeting 1069 bp
(nt 1884-2952) in the NS1/VP1 region for Cases 1 to 4.2 As
for Case 5, B19V DNA was sequenced for a total of 1913 bp
covering the NS (489 bp [nt 1396-1884] and 225 bp [nt
1962-2187]), NS-VP1 (597 bp [nt 2370-2966]), and VP1
(602 bp [nt 2984-3585])) regions. Sequence identity was
assessed for these regions between the patient sample and
the blood donor sample. IgM and IgG specific for B19V
were detected by enzyme-linked immunosorbent assay
(Parvo-IgM and Parvo-IgG, Denka Seiken, Tokyo, Japan).

RESULTS

The annual number of blood donations in Japan is
approximately 5 million and the annual number of com-
ponents released to medical facilities for RBCs, FFP, and
PLT concentrate are 3.3 million, 960,000, and 730,000,
respectively. Data presented in this article were collected
during the period from 1999 through 2008 when reposi-
tory blood samples from donors were available. During
that period, JRC received only 15 reports of suspected
TT-B19V from physicians, among which we were able to
identify eight cases of TT-B19V. This indicates that the case
frequency of documented TT-B19V is eight per 50 million
or approximately one in 6 million donations. Details of the
five TT-B19V cases that were confirmed by B19V-DNA
sequence analysis are described below (Table 1).

Case 1

A 41-year-old man with hairy cell leukemia underwent
a treatment regimen including a course of cladribine



B19V INFECTION BY COMPONENT TRANSFUSION

TABLE 1. Cases established as having TT-B19V infection
Before After Transfused
Case Patient profile transfusion transfusion Symptoms and laboratory findings components
1 41, male DNA (+) RBC aplasia (3 months) RBCs (irradiated)
Hairy cell leukemia IgM (+) Reticulocytopenia (1 month) DNA (+)
After chemotherapy 1gG (+) Viremia level of 1 x 10" copies/mL 1.8 x 10° lU/mL*
2 x 10 IU/bagt
IgM (+)
19G (+)
2 57, male DNA (=) DNA (+) Pure RBC aplasia (approx. 2 months) PC (irradiated)
AML (M4) IgM (=) IgM (+) DNA (+)
After chemotherapy 1gG (-) 1g9G (+) 9.7 x 10% IU/mL
2 x 10" |U/bag
IgM (+)
19G (-)
3 35, female DNA (=) DNA (+) Fever RBCs (irradiated)
Placenta previa IgM (=) IgM (+) Systemic eruption (3 weeks) DNA(+)
1gG (-) 1gG (+) 3.0 x 10° IU/mL
3 x 10° |U/bag
IgM (+)
1gG (+)
4 59, male DNA (=) DNA (+) Sustained high fever (5 days) RBCs (irradiated)
Rectal cancer IgM (=) IgM (+) DNA(+)
1gG (=) 1gG (+) 5.1 x 10 IU/mL
5% 10* |U/bag
IgM (+)
1gG (+)
5 61, male DNA () DNA (+) High fever PC (irradiated)
AML Disseminated erythema DNA (+)
After chemotherapy Pure RBC aplasia (7 weeks) IgM (+)
Reticulocytopenia 1gG (+)
* Viral concentration in the donated blood.
t Estimated viral load in the component.
PC = PLT concentrate.

(2-chlorodeoxyadenosine) for 7 days in May 2005. On Day
0, 9 days after the completion of cladribine treatment, he
was transfused with 1 unit of RBCs because of anemia. The
reticulocyte proportion in his peripheral blood decreased
from 3.6% on Day 6 to 2.4 and 0.3% on Days 8 and 10,
respectively, B19V PCR analysis was performed on his Day
11 serum, which revealed a viremia level of 1x 10"
copies/mL. The JRC central laboratory also detected B19V
DNA and anti-B19V of both IgM and IgG classes in sera
obtained on Day 22. On the basis of these findings, the
diagnosis of RBC aplasia due to TT-B19V was made.
Reticulocyte counts ranged from 0.1% to 0.2% since then,
and the patient remained RBC transfusion dependent
requiring occasional granulocyte-colony-stimulating
factor (G-CSF) administration. His reticulocyte count
started to increase in late June and the complete resolu-
tion of anemia was confirmed in late August. The reposi-
tory sample from the index donation for the RBCs was
found to contain 1.8 x 10° [U/mL B19V DNA as well as
anti-B19V of both IgM and 1gG classes. The patient was
administered G-CSF because of existing leukopenia
caused by the preceding chemotherapy with cladribine,
not by BI19V infection (Y. Tsukada, manuscript in
preparation).

Case 2

A 57-year-old man received chemotherapy for acute
myeloid leukemia (AML, M4). After the completion of che-
motherapy in May 2005, he received multiple blood trans-
fusions because of sustained marrow suppression. The
index blood transfusion of the PLT concentrate respon-
sible for TT-B19V was carried out on June 14 (Day 0). A
delayed recovery of RBC generation was noted despite a
complete recovery of white blood cell and PLT generation.
Marrow examination was carried out on Day 21 revealing
pure RBC aplasia as well as a complete remission of AML.
His peripheral blood sample collected on Day 24 was posi-
tive for B19V DNA and anti-B19V of both IgM and IgG
classes. He became negative for anti-B19V IgM on Day 35
and RBC generation recovery was recognized 1 month
later. A pretransfusion sample obtained on Day —-21 was
negative for both B19V DNA and anti-B19V of both
classes. The repository sample from the index donation
for the PLT concentrate contained 9.7 x 10° [U/mL B19V
DNA and the anti-B19V of the IgM class but not that of the
IgG class. Seventeen blood components had been trans-
fused to this patient before the marrow examination, but
only the repository sample from the index PLT concen-
trate was positive for B19V DNA.
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Case 3

A 35-year-old woman with placenta previa received a
transfusion of 5 units of RBCs in June 2005 because of
massive bleeding on delivery. On Day 7 after the index
transfusion, she developed a fever of 38°C. Four days later
she developed systemic small eruptions, which led her
physician to suspect a viral infection. Laboratory testing
revealed the presence of anti-B19V IgM in the blood
sample collected on Day 12. All the symptoms disap-
peared 1 month after transfusion without specific medi-
cation. The pretransfusion sample collected on Day 0 was
found to be negative both for B19V DNA and anti-B19V
of both IgM and IgG classes. Posttransfusion samples
obtained on both Day 47 and Day 60 contained B19V
DNA and anti-B19V of both classes. A retrospective study
revealed that a repository sample from 1 of the 5 units of
the RBCs contained 3.0 x 10° [U/mL B19V DNA as well as
anti-B19V of both classes.

Case 4

A 59-year-old man with rectal cancer received a transfu-
sion of 2 units of RBCs during a surgical operation in April
2006. Although his postoperative course was uneventful
for 5 days, he developed a high fever of 38 to 40°C on Day
6 postoperation and the fever remained for 5 days despite
medication with antibiotics and antipyretics. The fever
thereafter resolved spontaneously. It was reported that a
surgical complication was unlikely from the viewpoints of
the operative procedure and postoperative course. A post-
transfusion sample collected on Day 22 was found to be
positive for B19V DNA and anti-B19V of both IgM and IgG
classes: these three markers were all negative in a pre-
transfusion sample obtained 1 day before operation. A
repository sample from the donation for 1 of the 2 units of
the RBCs transfused contained 5.1 x 10* IU/mL B19V DNA
as well as anti-B19V of both IgM and IgG classes.

Case 5

A 61-year-old man undergoing chemotherapy for AML
received 24 blood transfusions for 4 months in 2002. He
developed a high fever and disseminated erythema 22 and
26 days after the index transfusion (Day 0), respectively.
Reticulocytopenia developed and pure RBC aplasia was
confirmed by marrow examination. B19V DNA was not
detected in his pretransfusion sample collected on Day
-49 but was detected in his posttransfusion sample col-
lected on Day 25. He recovered from pure RBC aplasia 7
weeks after the transfusion. The responsible blood com-
ponent was a PLT concentrate transfused in mid-May,
which was found to be positive for anti-B19V of both IgM
and IgG classes and B19V DNA. Data on the B19V DNA
concentration in the repository sample from the index
component are not available.
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In the first four cases presented above, complete
genome sequence identity was established for nt 1884
to 2952 of B19V between the patient posttransfusion
samples and the associated donor repository samples. For
Case 5, viral sequence identity was established for a total
of 1913 bp (see Patients and Methods). Figure 1 presents a
phylogenetic tree of the B19V DNA sequences for the five
established cases.

In addition to these five cases with established B19V
DNA sequence identity between donors and recipients,
JRC blood centers have three reports of probable cases
of TT-B19V (Table 2). In all three cases, B19V DNA was
detected in posttransfusion samples and linked donor
repository samples, but data on B19V DNA sequence
analysis were not available. The first case was reported
elsewhere in detail®; briefly, a 52-year-old woman with
paroxysmal nocturnal hematuria was regularly receiving
RBC transfusions with prednisolone administration. She
developed pancytopenia with high fever and general
malaise 13 days after the index transfusion (Day 0). She
thereafter received a continuous course of transfusions
with RBCs and PLT concentrates together with G-CSE
She recovered from pancytopenia approximately 1 month
after the index transfusion, although the reticulocyte pro-
portion remained low for a longer period. Anti-B19V IgM
was detected in her posttransfusion samples with increas-
ing titer in the following months. Before the onset of
pancytopenia, the patient had received transfusion of 1
unit of RBCs on Days 56, —32, 0, and +1. Repository blood
samples from the four components were subjected to PCR
analysis and only one sample from the index blood com-
ponentwas verified to be positive for BI9V DNA. Strikingly,
the B19V DNA-positive blood component attributed to
this infection was a washed RBC unit processed from a
donation containing 6.8 x 10? [U/mL B19V and anti-B19V
of both IgM and IgG classes. The blood obtained 4 months
later from the same donor still had a viral load of 1.6 x 10°
IU/mL but no specific IgM. The second patient was a
28-year-old woman with hemolytic anemia. She sustained
a prolonged severe anemia after transfusion of 1 unit of
RBCs. Marrow examination verified hypoplasia of a RBC
lineage. The proportion of peripheral blood reticulocytes
remained as low as 0.1% for 1 month. B19V DNA was not
detected in her pretransfusion sample. The blood compo-
nent responsible for this case was an RBC unit positive for
anti-B19V of both IgM and IgG classes. The third patient
was a 79-year-old man who received transfusion of 1 unit
of RBC during pelvic tumor resection. He did not develop
any clinical symptoms after the transfusion but routine
postoperative blood analysis revealed a decreased reticu-
locyte count that lasted for 1 week. Further investigation
verified the anti-B19V IgM conversion. The responsible
RBC unit contained anti-B19V of both IgM and IgG classes.

In one of the three probable cases presented above,
B19V DNA was negative in the pretransfusion sample,
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Fig. 1. Phylogenetic tree of B19V DNA for five established cases. PDI-3-05117, -05143, -05186, -06074, and -02069 correspond to
Cases 1, 2, 3, 4, and 5, respectively. For these cases, the B19V DNA sequence was identical between those obtained from blood
donors and those from transfused patients for the region indicated under Patients and Methods. As references, other sequences
published in GenBank from Genotypes 1 to 3 are also shown.

TABLE 2. Probable cases of TT-B19V infection
Before After Symptoms and laboratory
Case Patient profile transfusion transfusion findings Transfused components
1 52, female DNA (+) High fever Washed RBCs (irradiated)
Paroxysmal nocturnal hematuria IgM (+) General malaise DNA (+)
Pancytopenia (1 month) 6.8 x 10° IU/mL*
IgM (+)
19G (+)
2 28, female DNA (+) Prolonged severe anemia RBCs (irradiated)
Hemolytic anemia RBC hypoplasia DNA (+)
Reticulocytopenia (1 month) IgM (+)
19G (+)
3 79, male DNA (+) No symptoms RBCs (irradiated)
Pelvic tumor IgM (+) Reticulocytopenia (1 week) DNA(+)
CIgM (+)
1gG (+)
* The washed RBCs were processed from blood containing 6.8 x 10° IlU/mL B19V DNA.

whereas in the other two cases, anti-B19V IgM was posi-
tive in the posttransfusion samples, which supports the
notion that these three are TT-B19V cases as well.

DISCUSSION

We described in this report five established and three
probable TT-B19V cases, seven of which showed overt

clinical illness. The association of the B19V infection with
transfusion was proved by serologic data available and
viral sequence homology analysis. From a phylogenetic
tree of B19V DNA for the five established cases (Fig. 1), itis
apparent that the five pairs of B19V DNA all belonging to
Genotype 1 are very close but distinct genomes.

There have been only five previously reported cases
of TT-B19V caused by the transfusion of blood
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components,''" one of which was cited in this article as
a probable case.”® Although the TRIP Dutch National
Hemovigilance reported one possible case of TT-B19V
in 2007, there has been no report of TT-B19V in the
literature published by hemovigilance systems in other
countries including SHOT in the United Kingdom and
hemovigilance in France. One asymptomatic case of
TT-B19V has recently been reported during a donor-
linked prospective study.'® The possible reasons for the
paucity of the reports are as follows: 1) a considerable
proportion of transfusion recipients are immune to B19V,
2) B19V infection usually does not cause a serious illness
even in nonimmune adults but results in a deleterious
outcome only in a small proportion of patients who are in
the specific conditions described above. 3) Passive immu-
nization by the transfer of neutralizing anti-B19V often
occurs with concurrent transfusion.® 4) The risk factors
that increase susceptibility of recipients to severe B19V
disease, and the signs and symptoms of TT-B19V infec-
tion, are not well recognized among physicians.

In view of almost the same B19V seroprevalence in
Japan and western countries,*'** it is inconceivable that
we encountered these cases because B19V infection is
more common in Japan. It is also unlikely that the B19V
genotype commonly found in Japan is more virulent and
causes more serious illnesses in transfusion recipients
because the B19V genome variance is small in a defined
genotype and the B19V genotypes found in the estab-
lished cases are all Genotype 1, the type commonly found
in western countries. Moreover, B19V-related serious ill-
nesses as a result of infusion of B19V-contaminated
plasma derivatives have often been reported in western
countries.” We speculate that we were able to collect
TT-B19V cases owing to the efficient hemovigilance
system of JRC. It should also be noted that physicians are
very cooperative in reporting suspected TTIs to blood
centers, which is possibly facilitated because JRC labora-
tories are capable of investigating the causality of TTIs
using complete sample archives from all blood donations.

If the implementation of a universal B19V screening is
under consideration or required by a national authority
regulating blood program, it is necessary to establish a
cutoff level for screening. In this regard, the infectious
dose of BI9V DNA in blood components that might cause
TTIs has been a subject of debate.'*%*® In general, a viral
load of approximately 10° IU/mL is becoming to be
accepted as an infectious dose for TT-B19V. In our clinical
observation, the viral concentrations of the components
that caused RBC aplasia in susceptible patients were
1.8 x 10° IU/mL in Case 1 and 9.7 x 10® IU/mL in Case 2.
The viral concentrations of the components that caused
less severe symptoms such as febrile reaction or skin erup-
tion were 3.0 x 10° [U/mLin Case 3and 5.1 x 10° TU/mLin
Case 4. Another patient with probable TT-B19V in our case
series developed a sustained pancytopenia after the trans-

1892 TRANSFUSION Volume 51, September 2011

fusion of a washed RBC unit processed from a donation
containing 6.8 x 10* IU/mL B19V. Although these data
may indicate that the components with very low viral
loads are infectious, it is yet to be determined whether the
lower limit of infectivity is 10% or 10° IU/mL, because most
previous studies have not dealt with the blood compo-
nents with viral loads in this range and few data are avail-
able to determine the lower limit.

While data necessary to determine the infectious
dose of B19V in the blood components are still lacking,
clinical symptoms due to B19V infection acquired by
blood component transfusion appear to be related to the
clinical state of the transfusion recipient. Each clinical
course of the five established cases described in this report
represents typical characteristics of acute B19V infection
after a respiratory tract infection that have been described
in the literature."* When a patient with an enhanced eryth-
ropoiesis receives a transfusion with a B19V-containing
component, the cell production of a lineage susceptible to
B19V, mainly the RBC lineage,® is totally impaired by
B19V, which directly leads to RBC aplasia in the marrow
and anemia in the peripheral blood because the RBC
count or hemoglobin level in their peripheral blood was
maintained by the enhanced erythropoiesis as presented
in Cases 1, 2, and 5. If a patient has been in the state of
immunosuppression, it will delay the elimination of B19V
and the recovery of the affected cell lineage in the marrow.
The underlying diseases for the two of the three probable
cases (i.e., paroxysmal nocturnal hematuria and
hemolytic anemia) also represent the typical conditions
that could lead to serious hematologic disorders after
B19V infection. On the other hand, in recipients who are
immunologically competent and not in the state of an
enhanced erythropoiesis, B19V transmission may not
occur or if TT-B19V occurs it may result in outcomes
limited to laboratory findings (e.g., seroconversion or
DNA conversion) or moderate symptoms not more severe
than a sustained fever, generalized skin lesions, or arthr-
opathy, as shown in Cases 3 and 4. These symptoms sub-
sequently resolved without medication possibly owing to
a rapid viral neutralization by their intact immune
response before anemia developed. It is possible that the
patient in Case 4 presented only mild symptoms not
because the viral load of the component was low but
because he was not in the state of an enhanced erythro-
poiesis when transfused. It is, thus, more explainable to
consider that the clinical state of the patient rather than
the viral load of the component determines the clinical
course of TT-B19V. In Cases 2 and 5, there is a slight pos-
sibility that the clinical course of acute B19V infection was
modified by the passive transfer of neutralizing antibodies
from other PLT concentrates transfused. None of the
patients presented above received FFP transfusion.

It could, however, be argued that we have identified
TT-B19V cases associated with a relatively low viral load



and specific IgM because these cases were identified
under the screening by RHA, which detects and excludes
very high titer viremic donations. It is therefore possible
that TT-B19V associated with low-viral-load component
transfusion is only a portion of all TT-B19V cases that
could be represented by cases transfused with high-viral-
load components.

It is of note that all the components for the three
probable TT-B19V cases as well as the five established
cases were positive for anti-B19V IgM. In the four cases of
TT-B19V reported in the literature except for one probable
case described in this article, 2 of the 3 units of transfused
components tested were also specific IgM positive.!!'2!1
These findings strongly suggest that the presence of spe-
cific IgM in the component with or without specific IgG is
a risk factor for TT-B19V. The positivity for specific IgM
implies that the donors were in the early recovery phase
from an acute primary infection. It is therefore conceiv-
able that the seven blood donors in this study who were
also positive for specific IgG had anti-B19V IgG of insuffi-
cient titer or an immature specificity that is incapable of
full neutralization of B19V, although it has been consid-
ered that infectivity is absent or at least modulated once
specific IgG is present.

Deep insight is needed to determine whether univer-
sal preventive measures should be implemented to
eradicate TT-B19V. First, the degree of seriousness of
B19V-related illnesses has to be taken into consideration.
Sustained fever is uncomfortable and skin lesions are
painful to patients but they are essentially benign and
self-limited with bearable duration. Although the condi-
tion of TT-B19V-related pure RBC aplasia sometimes
requires RBC transfusion, patients eventually recover from
anemia. Pancytopenia presents a real problem necessitat-
ing a course of intensive therapy.” It must be carefully
deliberated which of these illnesses should be the target of
a new preventive measure that might be implemented.
Second, cost-effectiveness must be considered relative to
the frequency of TT-B19V. In Japan, more than 5 million
people donate blood and approximately 1 million patients
receive blood transfusion annually. In such a circum-
stance, TT-B19V was found to occur atsuch alow frequency
that only seven cases with symptoms were reported during
the past 10 years, four of which had an impaired RBC
production and one had pancytopenia. These cases were
among only 15 reports of suspected TT-B19V, suggesting
either that TT-B19V occurrence is very rare or that most
clinicians are not aware of TT-B19V. Moreover, most symp-
toms eventually spontaneously resolve, which might lead
to the overlooking or misdiagnosis of the infection. These
clinical outcomes of TT-B19V may not support the idea of
implementation of a universal donor screening strategy to
cope with TT-B19V. However, if more evidence is accumu-
lated showing TT-B19V-related serious illnesses, its imple-
mentation may be required in the future.
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The universal screening of donated blood for B19V by
nucleic acid testing (NAT)-based algorithm is currently
carried out in Germany.?” With the detection limit of 10°
IU/mL, it is surely contributing to the decrease in not only
the viral load in pooled source plasma but also the fre-
quency of seroconversion or symptomatic infection after
component transfusion. Our finding of the infectivity of
blood components with 10° [U/mL viral load suggests that
this measure may not completely eliminate TT-B19V cases
with serious hematologic disorders. The implementation
of NAT screening with a much higher sensitivity for BI9V
is, however, unlikely because it would impair the current
blood program because it would result in the discarding of
a considerable number of components.

Another strategy may be feasible in which an indica-
tion for the transfusion of B19V-safer blood components is
defined and components with negligible B19V infectivity
are identified, the strategy currently being recommended
in the Netherlands.® Our experience with TT-B19V
enabled us to define patients at risk of Bl19V-related
serious illnesses; that is, patients with the indication of
TT-B19V-safer components, namely, B19V-seronegative
patients with an enhanced erythropoiesis or with heredi-
tary RBC disorders having an increased RBC turnover.®
Seronegative pregnant women are another population at
risk because of the high risk of hydrops fetalis.! Blood
components with no or negligible viral loads will be iden-
tified by screening a proportion of the current component
inventory using NAT with high sensitivity. To avoid a dona-
tion during the NAT window period and early recovery
phase after acute infection, components should be
selected among donations that show positivity for specific
1gG as well as negativity for specific IgM continuously over
a long period (e.g., >6 months or 1 year).*

Pathogen reduction and/or inactivation is a novel
strategy for the prevention of TTIs.* It is, however, consid-
ered to be difficult in general to mitigate the B19V infec-
tivity of blood components because of the rigid viral
capsid of B19V that hinders the entry of the photosensi-
tizer and the extremely high viral load found in blood
donors in acute-phase B19V infection.

In conclusion, eight cases of TT-B19V caused by
transfusion with B19V-contaminated blood components
have been identified through the hemovigilance system.
Whether a patient developed a serious B19V-related
hematologic disorder as a result of component transfu-
sion depended on the patient’s underlying disease state
such as an enhanced erythropoiesis, not on the viral con-
centration of the component transfused.
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