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M
ore than 130 drug and
vaccine approvals for
95 en ti ties over the last
20 ye a rs have gen era t-
ed ro u gh ly $30 bi ll i on

in revenue for the bi o tech indu s try.1 , 4

The vast majori ty of this revenue com e s
f rom 30 pro teins that have manu f actu r-
ing bo t t l en ecks re su l ting from the com-
p l ex i ties of con s i s tent pro tein produ c-
ti on . The lag times invo lved in con-
s tru cting mammalian cell ferm en t a ti on
f ac i l i ties keep su pp ly of i m m en s ely su c-
cessful high - vo lume dru gs like Enbrel ,
Ri tu x a n , and Rem i c ade well bel ow esti-
m a ted dem a n d .2 In other cases, t h e
com p l ex i ties of pepti de synthesis thre a t-
en the po ten tial of s oon - to - be - l a u n ch ed
or recen t ly approved dru gs like Fu zeon .3

The Pharm aceutical Re s e a rch and
Ma nu f actu rers of Am erica (PhRMA) has
doc u m en ted more than 371 new bi o tech
d ru gs in devel opm en t , su pporting the
vi ew that demand for many bi oph a rm a-
ceuticals wi ll con ti nue to out s trip su p-
p ly.2 , 4 That nu m ber does not inclu de the
mu l ti tu de of bi o tech dru gs sti ll in
re s e a rch stage s .

Pro tein ex pre s s i on at com m erc i a l
scale began with microbial sys tems (E .
col i, yeast) but qu i ck ly progre s s ed to the

mu ch more difficult art of m a m m a l i a n
cell cultu re as the com p l ex i ty of t h e
de s i red pro teins incre a s ed . To gen era te
the requ i red outp ut , f ac i l i ties using
mammalian cells must be con s tru cted
over a four to six year peri od and can
cost hu n d reds of m i ll i ons of do ll a rs .
Those capital requ i rem ents and the need
to increase the speed of produ cti on
scale-up have fuel ed the search for new
pro tein ex pre s s i on sys tem s .

P l a n t - b a s ed recom binant pro tei n
produ cti on sys tems of fer a safe and
ex trem ely co s t - ef fective altern a tive to
trad i ti onal microbial and mammalian
cell cultu re sys tem s . Un l i ke microbi a l
ferm en t a ti on , plants are capable of c a r-
rying out po s t - tra n s l a ti onal mod i f i c a-

ti ons and, u n l i ke produ cti on sys tem s
b a s ed on mammalian cell cultu re , p l a n t s
a re devoid of human infective vi ru s e s
and pri on s .

G en etic en gi n eering of the green
a qu a tic plant Lem n a ( du ck weed) has led
to a recom binant pro tein ex pre s s i on
p l a tform with nu m erous adva n t a ge s
over other ex i s ting cell cultu re and tra n s-
genic ex pre s s i on sys tems (Ta ble 1).
Tra n sgenic Lem n a a re grown in asepti-
c a lly sealed ve s s el s , h o u s ed in growt h
rooms with artificial ligh ti n g, and kept in
a con tro ll ed and con t a i n ed fac i l i ty. Th e
plants grow on aqu eous media con s i s t-
ing of w a ter and inor ganic nutri en t s ;
C O2 in the air is the on ly carbon source .
The com p l etely artificial and en cl o s ed
envi ron m en t , com bi n ed with lack of
f l owering and seed produ cti on ,m a ke the
Lemna Sys tem™ uniqu ely con t a i n ed and
con tro ll ed wh en com p a red to other
plant and animal tra n sgenic sys tem s .

Lem n a can sec rete the target pro tei n
d i rect ly into inor ganic med i a , con s i der-
a bly simplifying puri f i c a ti on . Lem n a
does not su pport human or zoon o ti c
p a t h ogens and, because all other com po-
n ents of the sys tem are def i n ed and syn-
t h eti c , vi ral inactiva ti on steps in puri f i c a-
ti on are unnece s s a ry. Cost adva n t a ge s
re sult from simple media requ i rem en t s
for plant growt h , i n ex pen s ive fac i l i ti e s ,
and simplified down - s tream proce s s i n g.
Twelve pro teins have been su cce s s f u lly
ex pre s s ed in the Lemna Sys tem ™ ,
i n cluding small pepti de s , Fab fra gm en t s
( Fa b s ) , m on ocl onal anti bodies (mAb s ) ,
and large mu l ti m eric en z ym e s . This arti-
cle de s c ri bes the produ cti on of four pro-
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tei n s : i n terferon alpha 2b (IFN), hu m a n
growth horm one (hGH), a Fa b, and a
m Ab.

Materials and Methods

Plasmid co n s tru cti o n .
I F N . The IFN coding regi on was

derived from pRRB20IF-23 (Am eri c a n
Type Cu l tu re Co ll ecti on , Ma n a s s a s , VA ) .
The nu cl eo ti de sequ en ce en coding ei t h er
the ri ce α- a mylase signal pepti de
(pBx05) (Gen Bank M24286) or the
n a tive human IFN signal pepti de
(pBx02) (Gen Bank M24286) was joi n ed
to the 5' end of the IFN coding regi on by
d i rect PCR or overlap ex ten s i on using
s y n t h etic oligo s . The final PCR produ ct s
were cl on ed into a mod i f i c a ti on of t h e
bi n a ry vector pBMSP3 (obt a i n ed from
D r. Stan Gelvi n , Pu rdue Un ivers i ty ) ,
wh i ch is a deriva tive of p B I N P LUS con-
taining the ch i m eric octopine and
m a n n opine synthase prom o ter regi on
f u s ed to intron I from the maize alco h o l
dehyd rogenase gen e .5 - 7 Con s tru ct
pBx09 was synthesized by Operon
Tech n o l ogies (Al a m ed a , CA) by rep l ac-
ing the native human codons pre s ent in
pBx05 with frequ en t ly used Lem n a
codon s . Con s tru ct pBx10 was made

f rom pBx09 using PCR by rep l acing the
s i gnal pepti de with a start codon .
Con s tru ct pBx53 was prep a red by su b s ti-
tuting the 5'-mas leader in pBMSP3 wi t h
the leader from the ru bi s co carbox yl a s e
s m a ll su bunit 5B gene derived from L .
gi bba.

h G H . The hGH coding regi on was
derived from phGH106 (Am erican Type
Cu l tu re Co ll ecti on ) . A similar gen eti c
con s tru ct , as de s c ri bed above for pBx53,
was cre a ted joining the codon for opti-
m i zed human growth horm one sign a l
pepti de with a syntheti c , opti m i zed hGH
gene (Entel ech on , Regen s bu r g,
G erm a ny ) .

Fa b. The Fab coding regi on was su p-
p l i ed by a co ll a bora tor. A dicistron i c
gen etic con s tru ct was cre a ted uti l i z i n g
the mod i f i ed pBMSP3 back bon e
de s c ri bed for pBx53, com p l ete with the
l e ader from the ru bi s co carbox yl a s e
s m a ll su bunit 5B gene derived from
Lemna gi bba. The second casset te —
com p l ete with its own prom o ter and ter-
m i n a tor — for ex pressing the light ch a i n
was inserted into the mod i f i ed pBMSP3
in a head - to-tail con f i g u ra ti on . Th e
opti m i zed ri ce α- a mylase signal pepti de
was joi n ed to both heavy and light ch a i n
s equ en ces opti m i zed (Entel ech on) for L .

m i n o r ex pre s s i on .
m Ab. A hu m a n i zed IgG1 mAb cod-

ing regi on was su pp l i ed by a co ll a bora-
tor. A dicistronic gen etic con s tru ct was
c re a ted for the heavy and light chain cod-
ing regi ons in a similar fashion to that
de s c ri bed above for the Fa b.

Tra n s fo rm a tion and Scre en i n g
Using Agroba cterium tu m ef a ci en s

C 5 8 Z 7 0 7 , tra n sgenic plants repre s en ti n g
i n d ivi dual cl onal lines were gen era ted
f rom ra p i dly growing L . m i n o r n od-
u l e s .8 , 9 For tra n sgenic screen i n g, i n d i-
vi dual cl onal lines were precon d i ti on ed
for one week at 150 to 200 µmol m- 2s- 2

in ven ted plant growth ve s s els con t a i n i n g
l i quid Sch enk & Hi l debrandt (SH) med i a
wi t h o ut su c ro s e .1 0 F i f teen to 20 precon-
d i ti on ed fronds were then placed into
ven ted con t a i n ers containing fresh SH
m ed i a , and all owed to grow for two
wee k s . Ti s sue and media samples from
e ach line were frozen and stored at
- 7 0°C u n til assayed .

Protein Chara cteri z a t ion  
I F N . The con cen tra ti on of IFN was

determ i n ed by com m ercial ELISA (PBL
Bi om edial Labora tori e s , New Bru n s wi ck ,
N J ) . Fu rt h er immu n o l ogical detecti on
of IFN was perform ed by We s tern bl o t
a n a lysis using a mouse anti - human IFN
a n ti body (PBL Bi om edical Re s e a rch ) .
Media samples and ti s sue ex tract s , n or-
m a l i zed for pro tein con ten t , were sep a-
ra ted by 4–20% Tri s - G lycine SDS-PAG E
grad i ent gel (Invi trogen) and el ec-
troph oreti c a lly tra n s ferred on to a nitro-
cellulose mem bra n e . Blots were devel-
oped with the Su pers i gnal We s tern
Fem to kit (Pierce Bi o tech n o l ogy,
Rock ford , IL) using HRP goat anti -
mouse IgG con ju ga te (Pierce) as the sec-
on d a ry anti body.

Com p a ra tive antivi ral activi ty was
determ i n ed by incubating HuH7 cell s
with 1,000 IU/ml of ei t h er unpuri f i ed
IFN from the media or In tron A for 24 hr
at 37° C .1 1 The IFN was then rem oved
and the cells were washed twi ce . Th e
cells were su b s equ en t ly infected wi t h
ei t h er Enceph a l omyoc a rd i tis vi ru s
( E M C V) , Vesicular stom a ti tis vi ru s
(VS V) , or Si n d bis at a mu l ti p l i c i ty of
i n fecti on of 1.0 for 1 hour at wh i ch ti m e
the vi rus inoc u lum was rem oved . Th e

Table 1. Key features of the Lemna System™ combine to produce a simple and
robust protein expression system. Lemna is similar to mammalian cell culture
systems like CHO cells in clonal proliferation, biomass doubling time, secretion
and containment but are superior in pathogen safety and simplicity of control
systems, leading to significant capital and operating cost savings.
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cells were washed three times and
a ll owed to grow for 24 hours at 37° C in
n ormal growth med i a . Af ter harve s ti n g,
the cells were lys ed by six free ze / t h aw (-
8 0° C) cycles and cell debris was
rem oved by cen tri f u ga ti on . The vi ru s
pre s ent in the su pernatant was assayed as
the mean of ei ght sep a ra te determ i n a-
ti ons at each ten - fold diluti on (ra n gi n g
f rom 103 to 101 0) by determining the
c ytopathic ef fect on mon key CV1 Vero
cell s . For anti pro l i fera tive activi ty, s ex tu-
p l et cultu res of i n terferon - s en s i tive
Daudi cells in RPMI 1640 growth med i-
u m , su pp l em en ted with 10% fetal calf
s eru m , were establ i s h ed in micro ti ter
p l a tes at an initial con cen tra ti on of
50,000 cell s / m l . The cultu res were ei t h er
l eft untre a ted or were tre a ted with 1,000
IU/ml of u n p u ri f i ed IFN, In tron A , or an
equal vo lume of Lem n a con trol med i a
( derived from non - tra n sgenic plants
grown under iden tical con d i ti on s ) . Af ter
four days , the nu m ber of vi a ble and de ad
cells was determ i n ed by a hem oc ytom e-
ter using the trypan blue dye - exclu s i on
vi a bi l i ty te s t .

IFN puri f i c a ti on was accom p l i s h ed by
m Ab affinity co lumn ch rom a togra phy.1 2

N - terminal sequ encing was obt a i n ed
f rom the Keck Fo u n d a ti on (Ya l e
Un ivers i ty) while matri x - a s s i s ted laser
de s orpti on - i on i z a ti on ti m e - of - f l i gh t
mass spectrom etry (MALDI-TO F / M S )
was perform ed at Com m onwe a l t h
Bi o tech n o l ogi e s , In c .( Ri ch m on d , VA ) .

h G H . The con cen tra ti on of hGH in
the media was determ i n ed by com m er-
cial ELISA (Roche Di a gn o s ti c s ,
Ma n n h ei m , G erm a ny ) . Im mu n o l ogi c a l
detecti on of m edia and ti s sue was deter-
m i n ed by We s tern blot analysis as
de s c ri bed above for IFN with the excep-
ti on that a mouse anti - human hGH anti-
body (Un i ted States Bi o l ogi c a l ,
Sw a m p s co t t , MA) was used as the pri-
m a ry anti body with com p a ri s on to stan-
d a rd hGH (Un i ted States Bi o l ogi c a l ) .
Con f i rm a ti on of bi oactivi ty was deter-
m i n ed by an Nb2 cell bi oa s s ay and was
perform ed by Orpegen Pharm a
( Hei del ber g, G erm a ny ) .1 3

Fa b. Im mu n o l ogical detecti on of Fa b
was determ i n ed by We s tern blot analys i s
as de s c ri bed above for IFN using a Fa b -
s pecific goat anti - human IgG anti body
( Si gm a , Saint Lo u i s , MO) as the pri m a ry

a n ti body and a HRP- con ju ga ted mouse
a n ti - goat secon d a ry anti body (Pierce ) .
Con trol Fa b, produ ced in E . col i, w a s
su pp l i ed by the co ll a bora tor. Ex pre s s i on
l evels were determ i n ed by qu a n ti t a tive
We s tern bl o t ti n g. Fu n cti onal anti gen
binding activi ty was determ i n ed by a
m od i f i c a ti on of the We s tern blot proce-
du re det a i l ed above . Con trol anti gen
was sep a ra ted on a 4–20% Tri s - G lyc i n e
S D S - PAGE grad i ent gel (Invi trogen) and
el ectroph oreti c a lly tra n s ferred on to a
n i trocellulose mem bra n e . Lem n a- pro-
du ced Fabs were used as pri m a ry anti-
bodies with an HRP- con ju ga ted goa t
a n ti - human Fab (Si gma) as a secon d a ry
a n ti body.

m Ab. The con cen tra ti on of m Ab was
determ i n ed by a com m ercial hu m a n
IgG-Fc ELISA qu a n ti t a ti on kit (Bet hyl
L a bora tori e s , Mon t gom ery, TX) and
con f i rm ed by qu a n ti t a tive We s tern bl o t-
ti n g. The bl o t ting was carri ed out as
de s c ri bed above using a goat anti - hu m a n
Ig G , recognizing heavy and light ch a i n s
( P i erce ) , as the pri m a ry anti body and
H R P- con ju ga ted mouse anti - goa t
( P i erce) as the secon d a ry anti body.
Human IgG1 was used as the con tro l
s t a n d a rd (Si gm a ) . Pro tein A pull down
was accom p l i s h ed by incubating the
Lem n a m Ab with Pro tein A aga ro s e
be ads (Si gm a ) . The be ads were su bj ect
to heat den a tu ra ti on and direct ly loaded
on to a SDS-PAGE gel . Fu n cti onal anti-
gen binding activi ty was determ i n ed as

de s c ri bed above for the Fa b. Lem n a-
derived mAbs were used as a pri m a ry
a n ti body while an HRP- con ju ga ted goa t
a n ti - human IgG (Si gma) was used as a
s econ d a ry anti body.

Results and Discussion

IFN Expre s s i o n
IFN has been used as the proof - of -

con cept pro tein in the Lemna Sys tem ™
and is, t h erefore , the sys tem’s most ch a r-
acteri zed pro tein ex pre s s ed to date . To
opti m i ze produ cti on and acc u mu l a ti on
of IFN in Lem n a, we con s tru cted and
te s ted a series of IFN tra n sgen e s . All the
genes were driven by a ch i m eric prom o t-
er. This con s i s ted of a tri m er of t h e
u p s tream activa ting sequ en ce of t h e
octopine synthase gene linked to the acti-
va tor- prom o ter regi on of t h e
m a n n opine synthase gen e .6 Th e
p B I N P LUS ex pre s s i on casset te also con-
t a i n ed intron 1 from the maize alco h o l
dehyd rogenase gen e , wh i ch has previ-
o u s ly been shown to increase gen e
ex pre s s i on .5 , 7 To take adva n t a ge of
Lem n a’s a bi l i ty to sec rete recom bi n a n t
pro teins into its simple growth med i a ,
IFN was targeted to the en dop l a s m i c
reti c u lum (ER) using two different sign a l
pepti de s . The first ch i m era was con-
s tru cted by fusing the ri ce α- a mylase sig-
nal pepti de to the matu re coding regi on
of IFN (pBx05). The second analogo u s
ch i m era was con s tru cted using the native

Table 2. Expression of IFN in Lemna.
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human signal sequ en ce to determine if a
human targeting sequ en ce (pBx02) was
f u n cti onal in Lem n a. Because 23% of t h e
human IFN gene (in pBx05) con t a i n ed
ra re or non - preferred Lem n a codon s , we
opti m i zed the en ti re IFN coding regi on
to cre a te pBx09. To eva lu a te a non -
s ec reted form of I F N , pBx10 was con-
s tru cted from pBx09 by rem oving the
ri ce α- a mylase signal pepti de and insert-
ing a met h i onine immed i a tely preced i n g
the matu re IFN coding sequ en ce .
Fu rt h er opti m i z a ti on (pBx53) was
accom p l i s h ed by su b s ti tuting the 5'-mas
l e ader in the basal pBMSP3 vector wi t h
the leader from the ri bu l o s e - bi s - ph o s-
ph a te carbox ylase small su bunit 5B gen e
derived from L . gi bba.1 4 Tra n sgen i c
plants ex pressing IFN were gen era ted
using Agroba cteri u m- m ed i a ted tra n s for-
m a ti on and a minimum of 40 indepen d-
ent tra n sgenic lines were screen ed for
e ach con s tru ct .9

In a typical re s e a rch fe a s i bi l i ty stu dy,
regen era ted plants are put thro u gh an
i n i tial screening trial to sel ect the top
ex pressing (5–10%) lines. Those top
lines are then re s c reen ed and furt h er
eva lu a ted to mon i tor acc u mu l a ti on of
recom binant pro tein over ti m e . At the
end of this proce s s , the highest ex pre s s-
ing line is then sel ected and moved into
devel opm ent for larger scale produ cti on
and furt h er opti m i z a ti on of ex pre s s i on .
As is typical of a ra n dom gen etic tra n s-
form a ti on , t h ere is con s i dera ble va ri a-
ti on in the level of tra n sgene ex pre s s i on
f rom one cl onal line to the next bec a u s e
of va ri a ti ons in the nu m ber and loc a l i z a-
ti ons of gene inserti on s .1 5 Th erefore , it is
n ece s s a ry to examine a pop u l a ti on of
tra n sgenic lines in order to eva lu a te the
ef fectiveness of d i f ferent ex pre s s i on cas-
s et te s .

Ta ble 2 su m m a ri zes IFN ex pre s s i on
on re s e a rch and bi oprodu cti on scales for
the con s tru cts de s c ri bed above . Wh en

com p a ring con s tru ct s , a series of key
con clu s i ons can be re ach ed based on this
d a t a . F i rs t , s ec reti on into the media is
depen dent on the pre s en ce of an ER sig-
nal pepti de . The on ly con s tru ct that
l acks a signal pepti de (pBx10) also shows
no significant acc u mu l a ti on of IFN in
the med i a . Secon d , Lem n a can recogn i ze
human signal sequ en ces with the same
ef f i c i ency as plant signal sequ en ce s
( com p a ring pBx02 with pBx05). Th i rd ,
codon opti m i z a ti on of IFN (com p a ri n g
pBx05 and pBx09) is an ef fective way to
i n c rease tra n sgene ex pre s s i on .
Po lyri bo s ome binding studies su gge s t
that this increase was due to an incre a s e
in mRNA abu n d a n ce and not po lyri bo-
s ome assoc i a ti on (data not shown ) .

The very high ex pre s s i on level s
a t t a i n ed for pBx53 furt h er show that the
Lemna Sys tem™ has yet to re ach its full
po ten ti a l . One ch a ll en ge of a ny new

ex pre s s i on sys tem is to define the gen eti c
el em ents that wi ll all ow the sys tem to
opera te at maximum ef f i c i en c y. For
Lem n a, a simple su b s ti tuti on in the 5'-
u n tra n s l a ted regi on of the DNA casset te
a ll ows for at least a ten - fold improve-
m ent in tra n sgene ex pre s s i on . It should
be poi n ted out that the avera ge mean
va lues for pBx53 found in Ta ble 2 are the
re sult of a one week growth cycle (com-
p a red to two weeks for the other con-
s tru ct s ) . This repre s ents our su ccess in
s treamlining the sys tem , minimizing the
time it takes to go from gene to line sel ec-
ti on and then to kg of pro tei n . Cu rren t ly,
it takes less than ei ght months to go
t h ro u gh this proce s s .

Ta ble 2 also indicates our abi l i ty to
scale-up tra n sgenic Lem n a and du p l i c a te
or exceed re s e a rch-scale ex pre s s i on lev-
el s . Bi oprodu cti on scale-up repre s ents a
m ore than 200-fold increase in bi om a s s

Table 3: Comparative Antiviral Bioactivity of Biolex IFN and Intron A

Figure 1. Antiproliferative activity of Biolex IFN. IFN-sensitive Daudi cells were incubated with
control and IFN-containing samples and cell density was determined over time. Biolex IFN
had the same antiproliferative activity as Intron A. No lysed cells were evident during the
course of the experiment, as determined by trypan blue exclusion.
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per ve s s el . One of the ch a ll en ges of t h e
Lemna Sys tem™ has been to equ a te our
ex pre s s i on levels with those found in
o t h er sys tem s . Lem n a is unique in that it
grows hyd ropon i c a lly in a very dilute
i n or ganic media with very low pro tei n
con ten t . This puts it in a very differen t
c a tegory from typical ferm en t a ti on sys-
tems or ti s su e - derived recom bi n a n t
s o u rce s . To norm a l i ze ex pre s s i on va lu e s
with other sys tem s , we have def i n ed the
pro tein acc u mu l a ti on in Ta ble 2 in term s
of a pre - p u ri f i c a ti on ti ter. This ti ter
a ll ows for a 50x con cen tra ti on of c ru de
Lem n a m edia and would equ a te to the
actual feed stream for com m ercial puri f i-
c a ti on . Lem n a m edia contains on ly 30
µg/ml of t a r get pro tein and host plant
pro tei n s , wh i ch after a 50x con cen tra ti on
would afford a puri f i c a ti on feed s tre a m
of on ly 1.5 mg/ml — sti ll lower than most
o t h er sys tem s . In the case of p B x 5 3 , I F N
would repre s ent over 30% of the to t a l
m edia pro tei n s , re su l ting in con s i dera bly
l ower down s tream puri f i c a ti on co s t s .

IFN Chara cteri z a ti o n
Type I interferons are ch a racteri zed

by their abi l i ty to indu ce antivi ral activi-
ty in cells of the hom o l ogous spec i e s
a gainst a wi de ra n ge of u n rel a ted vi ru s-
e s .1 6 We used two met h ods to determ i n e
the bi oactivi ty of our IFN. F i rs t , we
com p a red the antivi ral activi ty of u n p u-
ri f i ed med i a - derived IFN against ph a r-
m aceutical grade E . col i- derived IFN
( In tron A™) in two human cell lines,
HuH7 and W I S H . We used three differ-
ent RNA vi ru s e s : EMCV (a
P i corn avi ru s ) , Si n d bis (the pro to type
Al ph avi rus) and VSV (a Rh a b dovi ru s ) .
Ta ble 3 indicates that our IFN and In tron
A ex h i bit similar antivi ral activi ty.
Secon d , Type I interferons are ch a racter-
i zed by their abi l i ty to inhibit the pro l i f-
era ti on of a va ri ety of cell lines of bo t h
n eop l a s tic and normal ph en o type s .1 6

Th erefore , we te s ted the abi l i ty of IFN to
i n h i bit the pro l i fera ti on of the hu m a n
Bu rkitt lym ph om a - derived cell line
D a u d i .1 7 F i g u re 1 shows that unpuri f i ed
IFN was as ef fective as ph a rm aceuti c a l -
grade In tron A at inhibi ting the pro l i fer-
a ti on of Daudi cell s . Media derived from
wi l d - type L. m i n or had no ef fect on cell
growt h . We saw no evi den ce of lys ed

cells indicating the ef fect was tru ly inhi-
bi ti on of pro l i fera ti on and not apopto s i s .

To determine the immu n ore activi ty
and molecular wei ght of I F N , We s tern
blots of m edia and ti s su e - derived pro tei n
f rom the top ex pressing line from each
con s tru ct were perform ed using anti -
human IFN anti bod i e s . Med i a - derived
IFN appe a red as a single band at 17 kDa
com p a red to a 17.5 kDa band ob s erved
for E . col i produ ced IFN (Fig. 2 ) . Th e
a b s en ce of an immu n ore active band in
the media from plants ex pressing pBx10
(no signal pepti de) furt h er con f i rm ed
that the media acc u mu l a ti on of I F N
depends on the pre s en ce of a signal pep-
ti de and thus the sec reti on proce s s .
Af f i n i ty puri f i c a ti on and N-term i n a l
s equ encing con f i rm ed the correct sign a l
pepti de processing of p B x 0 9 , l e aving an
N - terminal cys teine as the first amino
ac i d .1 8 S pecific activi ty was determ i n ed
to be 2x108 I U / m g, wh i ch is con s i s ten t
with reported va lues for com m erc i a l
I F N .

Lem n a- produ ced media and ti s su e
IFN appear to under go an ad d i ti on a l
processing step that is typ i c a lly not

Figure 2. Western blot detection of Lemna-produced recombinant human proteins. (A) IFN: Lanes 2, 4, 7, and 9 represent media samples
(10 µl) and lanes 3, 5, 8, and 10 represent tissue homogenates (20 mg protein). Lanes 2 and 3 represent pBx02, lanes 4 and 5 represent
pBx05, lanes 7 and 8 represent pBx09, and lanes 9 and 10 represent pBx10. Lanes 1 and 6 represent E.coli standard IFN (PBL Biomedical).
The highest expressing line was used for each construct. (B) hGH: Lane 1 is E.Coli standard hGH, lane 2 is Biolex IFN, and lane 3 is Lemna
control media.(C) Fab: (D) mAb:(E) Protein A pulldown of Biolex mAb.
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reported with human normal leu koc yte
I F N . An a lysis of p u ri f i ed IFN by
M A L D I - TOF shows a mass of 18.4 kDa,
wh i ch is con s i s tent with the rem oval of
s even C-terminal amino ac i d s . The dif-
feren ce bet ween ex act mass and el ec-
troph oretic mobi l i ty has been reported
el s ewh ere .1 9 The loss of the amino ac i d s
explains the slight mobi l i ty shift seen by
We s tern bl o t ting (Fig. 2 ) . This high ly
ef f i c i ent processing occ u rs in both med i a
and ti s su e - derived samples. A similar
po s t - tra n s l a ti onal C-terminal cl e ava ge
has been reported from a leu kemic cell
line in wh i ch the majori ty of i n terferon
produ ced was missing 10 C-term i n a l
amino ac i d s . L i ke the processing of
tra n sgenic Lem n a I F N , the loss of the 10
C - terminal amino acids has no ef fect on
the bi o l ogical activi ty of this natu ra lly
occ u rring IFN.2 0 This natu ral su s cepti-
bi l i ty to ad d i ti onal C-terminal proce s s-
ing may also account for the lower
m o l ecular wei ght en ti ties in com m erc i a l
prep a ra ti ons derived from human cell
l i n e s .2 1 The other three pro teins pre-
s en ted in this arti cle show no evi den ce of
C - terminal tru n c a ti on , i n d i c a ting this
process may be specific for IFN.

hGH expre s s i o n
The hGH coding regi on , i n clu d i n g

the signal pepti de , was codon - opti m i zed
for Lem n a- preferred codon s . Sec reted
l evels in the plant growth media were 609
mg/L (pre - p u ri f i c a ti on ti ter ) . Similar to
I F N , a pprox i m a tely 50% of the hGH
rem a i n ed in the ti s su e . A total of 0 . 8 1
g/kg dry wei ght was produ ced . Hu m a n
growth horm one co - m i gra tes with the E .
col i produ ced on SDS-PAGE as detected
by We s tern bl o t ting (Fig. 2 B ) . In ad d i-
ti on , the Lem n a- produ ced hGH in a
u n p u ri f i ed media sample ex h i bi ted sig-

nificant bi o l ogical activi ty similar to the
s pecific activi ty of the puri f i ed E . col i-
produ ced hGH in a cell growth assay
(data not shown ) .1 3

Fab expre s s i o n
A Fab fra gm ent was ex pre s s ed in

Lem n a f rom a dicistronic vector con t a i n-
ing codon - opti m i zed heavy and ligh t
chains of the Fab fra gm en t . As measu red
by a qu a n ti t a tive We s tern bl o t , the Fa b
f ra gm ent was up to 4% of the total solu-
ble pro tei n , wh i ch tra n s l a tes into 8.62 g
of Fab/kg of d ry wei gh t . The majori ty of
the Fab fra gm ent was ret a i n ed in the ti s-
su e . The Fab co - m i gra tes on a SDS-
PAGE gel with the E . col i- produ ced Fa b,
pri m a ri ly as a dimer with some tetra m er-
ic spec i e s . An ti gen binding by the
Lem n a- produ ced Fab is dem on s tra ted in
F i g u re 3.

m Ab expre s s i o n
A mAb was ex pre s s ed in Lem n a f rom

the same dicistronic vector used with the
Fab fra gm en t . The heavy and ligh t
chains were both codon - opti m i zed wi t h
Lem n a- preferred codon s . The to t a l
m Ab, m e a su red by a qu a n ti t a tive
We s tern bl o t , was up to 2.8% of total sol-
u ble pro tein wh i ch is equ iva l ent to 5.60
g/kg dry wei gh t . The mAb ex pre s s i on
l evel was similar to the Fab in qu a n ti ty
and the majori ty of the mAb was distri b-
uted in the ti s sue inste ad of the med i a .
However, t h ere are on going adva n ce-
m ents in releasing the ti s su e - ret a i n ed
m Ab and Fab into the su rro u n d i n g
m ed i a . The cru de prep a ra ti on of Lem n a-
derived mAb con t a i n ed a high propor-
ti on of f u lly assem bl ed mAb with a rep-
re s en t a ti on of p a rti a lly assem bl ed fra g-
m ents mu ch like those seen in CHO- and
E . col i- derived mAb prep a ra ti ons (Fig.

2 D ) .2 2 The Lem n a- produ ced mAb co -
m i gra ted with a CHO-derived mAb
( IgG1) on a We s tern blot of a Pro tein A
p u ll down mAb fracti on (Fig. 2 E ) . Th e
Lem n a- derived mAb was also shown to
bind anti gen (Fig. 3 ) .

Conclusions

The expression of these four differ-
ent recom binant pro teins is qu i te
en co u ra ging for thera peutic pro tei n
production in Lemna. Stable transgenic
plants were generated in as few as six
weeks. At least 50% of IFN and hGH
was secreted into asceptic growth media
with pre-purification titers as high as
609 mg/L. Both proteins were found to
be biologically active with IFN shown to
be at least equal to the com m erc i a l
source, Intron A. Efficient secretion of
these recom binant pro teins into an
inorganic media with no need for viral
i n activa ti on of fers su b s t a n tial co s t
advantages in downstream purification.

Overall, Lemna expression of a Fab
fragment and a full-length mAb is very
good in terms of both quantity and
qu a l i ty. The majori ty of Lem n a-
expressed mAb was full length and both
the Fab fragment and mAb exhibit anti-
gen binding. We are actively pursuing
even higher expression levels through
f u rt h er gen etic and bi oproce s s i n g
refinements. In addition, preliminary
experiments that alter the plant growth
media to more efficiently release the Fab
fragment and mAb are yielding encour-
aging data. These promising results
indicate that Lemna will serve as an
ideal production system for large vol-
ume mAbs as well as other therapeutic
proteins in a contained and low cost
format.

Figure 3. Antigen-binding activity
of Biolex Fab and mAb. Antigen is
run on a 4-15% SDS-PAGE gel
and blotted onto a nitrocellulose
membrane. Transgenic Biolex Fab
(lanes 5-9) and mAb lanes (lane 1)
were then used as primary anti-
bodies to probe the blot. Lane 2
represents control E . c o l i Fa b.
Lanes 3 and 4 represent non-
transgenic Lemna. Lane 10 repre-
sents a molecular weight marker.
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