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C���er�s ����t t�e de�i�er�te re�e�se �� ��t�-���er�s ����t t�e de�i�er�te re�e�se �� ��t�-
r���y ����rri�g p�t��ge�s �r �� ��ve� ge�eti����y 
e�gi�eered �rg��isms ��s res��ted i� � fl�rry �� 
�i�de�e�se rese�r�� ��tivities i� t�e ��st de��de. 
V���i��ti�� is ge�er���y t�e �est w�y t� pr�te�t 
� p�p���ti�� �r�m t�e e��e�ts �� �� i��e�ti��s 
�rg��ism; t��s, m��� �� t�e re�e�t �i�de�e�se 
w�rk ��s ����sed �� deve��pi�g ��d st��k pi�i�g 
v���i�es t��t wi�� �e e��e�tive �g�i�st s��� t�re�ts. 
DNA is � p�rti����r�y �ttr��tive p��t��rm ��r �i�-
de�e�se v���i�es i� t��t DNA v���i�es ��� �e 
r�pid�y desig�ed ��r ��t� k��w� ��d e�gi�eered 
�rg��isms wit���t t�e �eed t� pr�p�g�te � p�t�-
�ge�. I� �dditi��, m������t�ri�g ��d q���ity 
���tr�� met��ds ��r pr�d��i�g DNA p��smids 
i� ���teri� �re we��-est���is�ed, ����wi�g ��r 
DNA v���i�es t� �e ��t� s��e ��d ��st-e��e�tive. 
Imp�rt��t�y, pre-existi�g imm��ity is ��t pr��-
�em�ti� ��r DNA v���i�es d�e t� t�e ��se��e �� � 
��st imm��e resp��se t� t�e p��smid ���k���e, 
��d de�ivery �� mixt�res �� DNA v���i�es ���ers 
t�e p�te�ti�� ��r m��ti-�ge�t pr�te�ti��. 

Despite t�ese �dv��t�ges, te���i��� ��rd�es 
��d imm���ge�i�ity pr���ems ��ve t��s ��r pre-
ve�ted t�e r��ti�e ��i�i��� �se �� DNA v���i�es. 
T�e �iggest �����e�ge t� ��mm��p���e ��m�� 
�se �� DNA v���i�es is t�e �eed ��r m�re e��e�tive 
me����isms �� de�ivery. Be���se t�e DNA m�st 
e�ter ��st �e�� ����ei ��r tr��s�ripti�� t� e�s�e, 
st��d�rd �eed�e-��sed i�tr�m�s����r i�je�ti�� is � 
very i�e�fi�ie�t met��d �� �dmi�istr�ti��, �s ���y 

� sm��� �m���t �� DNA is tr��sp�rted ��r�ss �e�� 
mem�r��es ��d expressed. Sever�� di��ere�t de�iv-
ery devi�es ��d pr��ed�res ��ve �ee� deve��ped 
t� �ir��mve�t t�is iss�e. T�e t�ree m�st e��e�tive 
de�ivery met��ds rep�rted t� d�te �re: 

• C�mp�exi�g t�e DNA v���i�es wit� ��ti��i� 
�ip�s�mes t� ���i�it�te tr��sp�rt ��r�ss mem-
�r��es (e.g., Vi���’s V�x�e�ti�™ re�ge�t, CA, 
USA [1]);

• P�rti��e-medi�ted epiderm�� de�ivery (PMED, 
�r ge�e g��), w�i�� i�v��ves pre�ipit�ti�g t�e 
DNA ��t� g��d �e�ds ��d �si�g g�s press�re t� 
���vey t�e DNA-���ted g��d i�t� t�e ski� [2];

• E�e�tr�p�r�ti��, w�i�� i�v��ves i�je�ti�g DNA 
i�t� m�s��es �r ski� t�e� r�pid�y �pp�yi�g very 
s��rt p��ses �� e�e�tri�ity �t t�e de�ivery site t� 
temp�r�ri�y disr�pt �e�� mem�r��es [3]. 

A�t���g� ��� �� t�e met��ds ��ve �ee� tested 
i� ��i�i��� st�dies, ���e �� t�em ��s yet �ed t� 
�i�e�s�re �� � ��m�� DNA v���i�e. 

I� t�is review, we wi�� s�mm�rize deve��p-
me�ts �� DNA v���i�es ��r five t�re�ts �isted �s 
pri�rity �i�de�e�se p�t��ge�s �y t�e US NIH 
��d t�e US CDC: Bacillus anthracis, E���� 
(EBOV) ��d M�r��rg (MARV) vir�ses, sm���-
p�x vir�s, ��d Ve�ez�e��� eq�i�e e��ep���itis 
vir�s (VEEV). We wi�� ��s� pr�vide ��mme�t �� 
��t�re rese�r�� t��t wi�� �e �riti��� t� t�e  s���ess 
�� �i�de�e�se-re��ted DNA v���i�es.
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An ideal biodefense vaccine platform would allow for the quick formulation of novel vaccines 
in response to emerging or engineered pathogens. The resultant vaccine should elicit protective 
immune responses in one to three doses and be unaffected by pre-existing immunity to vaccine 
components. In addition, it should be amenable to combination and multi-agent formulation, 
and should be safe for all populations and the environment. DNA vaccines can potentially meet 
all of these requirements; thus, this platform is being tested with several biodefense threats. 
Here, we provide a review of the current status of the development efforts for DNA vaccines 
against several relevant biodefense pathogens: Bacillus anthracis, Ebola and Marburg viruses, 
smallpox virus, and Venezuelan equine encephalitis virus.
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DNA vaccines for anthrax
Protective immunity & animal models
B. anthracis is t�e first ��teg�ry A �ge�t �isted �� ��t� t�e NIH 
pri�rity p�t��ge� ��d CDC �i�terr�rism registries. It is � Gr�m-
p�sitive, sp�re-��rmi�g ���teri�m. T�e veget�tive ��rm �� t�e 
���i���s is ��t re�di�y tr��smissi��e, ��t t�e sp�res ��� rem�i� 
vi���e i� t�e e�vir��me�t ��r m��y ye�rs ��d �re e�si�y tr��s-
missi��e. B. anthracis e���des its m�j�r vir��e��e ���t�rs �� tw� 
p��smids: pXO2, w�i�� pr�d��es � p��yg��t�mi� ��id ��ps��e t��t 
�e�ps t�e ���teri� ev�de p��g��yt�sis, ��d pXO1, w�i�� pr�d��es 
t�ree pr�tei�s t��t ��� ��rm tw� �i��ry t�xi�s. T�e pXO1 pr�tei� 
pr�te�tive ��tige� (PA) serves �s � �e��-�i�di�g ��mp��e�t ��r 
��t� �� t�e �t�er pr�tei�s, �et��� ���t�r (LF) ��d edem� ���t�r 
(EF). S��rt�y ��ter sp�re germi��ti��, t�e ����-�e�gt� 83-kD� 
PA (PA83) �i�ds t� m�mm��i�� ��st �e�� re�ept�rs ��d is s��se-
q�e�t�y ��e�ved �y � ��st ��ri�-�ike e�zyme. T�e re�ept�r-����d 
63-kD� PA (PA63) �r�gme�t ��ig�merizes t� ��rm �ept�mers ���e 
t� �i�d t� ��d i�ter���ize LF ��d EF [4]. LF is � zi��-depe�d-
e�t met����pr�te�se t��t disr�pts �e�� sig���i�g [5] ��d EF is �� 
�de�y��te �y���se t��t ���ses tiss�e edem� [6].

A�ti��dies t� PA �re imp�rt��t ��r pr�te�ti�� �r�m t�e e�r�y 
st�ges �� ��t�r�x i��e�ti�� ��d PA ����e, wit���t �t�er ��t�r�x 
��tige�s, ��s �ee� s��w� t� �e s��fi�ie�t t� e�i�it pr�te�tive 
imm��ity i� experime�t�� ��im��s [7–9]. C��seq�e�t�y, m�st v��-
�i�es, i����di�g DNA v���i�es, ��ve t�rgeted PA. I� ��t�e�ti� 
��t�r�x i��e�ti��s, t�e ���teri�m se�retes PA; t��s, it is prese�ted 
�s � s�����e pr�tei� t� imm��e �e��s w�ere it pr�����y e�ters 
t�e MHC ���ss II p�t�w�y. I����di�g � m�mm��i�� se�reti�� 
sig��� �� PA ���str��ts, is t�ere��re expe�ted t� pr�vide �� ��ti-
ge� t��t m�re ���se�y resem��es PA prese�t�ti�� t� t�e imm��e 
system d�ri�g i��e�ti��. A�t���g� ��t ��� DNA v���i�es tested 
��ve i����ded � se�reti�� sig���, str��g ��ti��dy resp��ses t� 
PA83 ��ve ��t �ee� ��served wit���t t�em. Ge�er���y, � tiss�e 
p��smi��ge� ��tiv�t�r (tPA) sig��� seq�e��e ��s �ee� �sed, ��t 
� �imited �m���t �� w�rk ��s ��s� �ee� per��rmed t� ��mp�re 
sig���s t��t res��t i� t�e se�reti�� �r dire�ti�� ��d rete�ti�� �� 
PA i� spe�ifi� i�tr��e�����r ��mp�rtme�ts. Ot�er m�difi��ti��s 
t� PA, s��� �s ��d�� �ptimiz�ti�� ��d ��si�� t� �t�er pr�tei�s, 
��ve ��s� �ee� tested [10].

A v�riety �� sm��� ����r�t�ry ��im�� m�de�s ��ve �ee� �sed 
t� ev����te ��t�r�x v���i�es, i����di�g mi�e, g�i�e� pigs ��d 
r���its. O� t�ese, r���its ��ve �ee� s��w� t� �e m�st v������e 
��r predi�ti�g ��t�r�x v���i�e e�fi���y i� ��m��s. I� �ddi-
ti��, ��ti-PA ��ti��dy �eve�s me�s�red �y ELISA ��d �y t�xi� 
-�e�tr��izi�g �ss�ys were s��w� t� sig�ifi���t�y ��rre��te wit� 
pr�te�tive imm��ity i� r���its [11]. A�t���g� mi�e �re �se��� 
��r �ssessi�g imm��e resp��ses t� v���i�es, ���ike m��y �t�er 
��im��s, i����di�g ��m��s, ���t�xige�i� pX01-��red ��t�r�x 
str�i�s �re ��t ��mp�ete�y �tte���ted ��r ��� str�i�s �� mi�e [12]. 
It �ppe�rs t��t t�e m�i� vir��e��e ���t�r ��r mi�e is t�e ��ps��e; 
���seq�e�t�y, v���i��ti�� wit� PA-��sed v���i�es ��te� ��i�s t� 
pr�te�t mi�e �r�m � �����e�ge wit� sp�res. A/J str�i� mi�e �re 
defi�ie�t i� ��mp�eme�t ���t�r C5, w�i�� i��re�ses t�eir s�s�ep-
ti�i�ity t� t�xige�i� str�i�s �� Bacillus anthracis ��d ��� serve �s 
� �se��� �����e�ge m�de� [13–16]. 

PA DNA vaccine constructs
T�e first rep�rt s��wi�g t��t PA DNA v���i��ti�� ��� pr�te�t 
�r�m ��t�r�x t�xi� �����e�ge w�s per��rmed i� mi�e v���i��ted 
i�tr�m�s����r�y t�ree times �t 3-week i�terv��s wit� 50 µg �� � 
p��smid expressi�g t�e 63-kD� ��rm �� PA wit� � tPA sig���. 
T�e v���i��ted mi�e deve��ped ��ti-PA ��ti��dies ��d seve� ��t 
�� eig�t �� t�em were pr�te�ted �r�m i�tr�ve���s i�je�ti�� �� 
�et��� t�xi� [17]. I� ���t�er st�dy, i�tr�m�s����r i�je�ti�� �� r�ts 
wit� �ppr�xim�te�y 175 µg �� PA83 DNA i� s��i�e w�s ��mp�red 
wit� retr�d��t�� de�ivery t� s��iv�ry g���ds �� t�e s�me �m���t 
�� DNA ��rm���ted wit� ��ti��i� �ipid. A�ter 16 weeks p�st-
v���i��ti��, r�ts were �����e�ged �y i�tr�ve���s i�je�ti�� �� � 
��w d�se �� �et��� t�xi�. A�� �� t�e i�tr�m�s����r�y v���i��ted r�ts 
died wit�i� 4 �, ��t ���r ��t �� t�e six r�ts v���i��ted �y s��iv�ry 
g���d per��si�� s�rvived ��r 24 � [18]. N�te t��t ���y t�e v���i�e 
de�ivered t� t�e s��iv�ry g���d w�s ��rm���ted wit� �ipid, s� it is 
��t ��e�r ��w m��� t��t ��rm���ti�� di��ere��e ���tri��ted t� 
t�e impr�ved s�rviv��. I� �dditi��, �e���se ���y ��e v���i��ti�� 
w�s give�, it is ��t p�ssi��e t� determi�e i� � ���st w���d ��ve 
res��ted i� �etter pr�te�ti�� �y eit�er regime�. 

As i�di��ted e�r�ier, r���its �re t�e m�de� �� ���i�e ��r testi�g 
��t�r�x v���i�e e�fi���y. Pr�te�ti�� �� r���its t� s�� ��t��e��s 
�����e�ge wit� 100 LD

50
 �� Ames str�i� sp�res w�s ��t�i�ed 

�y ge�e-g�� de�ivery �� PA83 DNA wit� � tPA sig��� [19]. I� 
t��t st�dy, te� r���its re�eived �ppr�xim�te�y 20 µg �� DNA 
t�ree times �t 4-week i�terv��s. C��tr�� gr��ps �� r���its were 
v���i��ted wit� �� irre�ev��t DNA v���i�e, �r wit� t�e ��m�� 
��t�r�x v���i�e, ��t�r�x v���i�e �ds�r�ed (AVA). A�� �� t�e 
DNA-v���i��ted r���its deve��ped ��ti��dy resp��ses predi�tive 
�� pr�te�tive imm��ity. Over��� �eve�s �� ��ti��dies were t�e s�me 
��r t�e gr��ps v���i��ted wit� DNA �r wit� t�e AVA v���i�e. 
Up�� �����e�ge, r���its t��t re�eived t�e irre�ev��t DNA v���i�e 
died wit�i� 4 d�ys, ��d t�ree ��t �� te� r���its give� AVA died. 
O��y ��e �� t�e PA DNA-v���i��ted r���its died, wit� � de��yed 
time t� de�t� (8 d�ys) �s ��mp�red wit� t�e ���tr��s. Ge�e-g�� 
v���i��ti�� �ppe�rs, t�ere��re, t� �e �� e��e�tive de�ivery met��d 
��r ��t�r�x v���i�es, ��d ���ers t�e �dv��t�ge �� e�i�iti�g pr�te�-
ti�� wit� very ��w d�ses �� DNA. H�wever, ge�e-g�� te������gy 
is q�ite ����r-i�te�sive ��d sti�� ���es deve��pme�t�� �����e�ges 
��r ��mmer�i�� �se.

E�e�tr�p�r�ti�� de�ivery devi�es ��ve ��s� �ee� tested wit� 
DNA v���i�es ��r sever�� �i�t�re�ts, i����di�g ��t�r�x. L�rge-
��im�� st�dies ��ve �ee� �r �re �ei�g ���d��ted wit� ��t�r�x 
DNA v���i�es; ��wever, ���y ��e rep�rt �� ��im�� experime�ts 
�si�g t�is te������gy ��s �ppe�red t� d�te [20]. I� t��t st�dy, 
de�ivery �� � ��d��-�ptimized PA83 DNA ���str��t wit� � tPA 
sig��� t� mi�e, r�ts ��d r���its w�s tested �y i�tr�m�s����r 
i�je�ti�� �r i�tr�m�s����r i�je�ti�� �����wed �y e�e�tr�p�r�-
ti��. Mi�e ��d r�ts re�eived 0.4–10 µg �� p��smid ��d r���its 
re�eived 300 µg. I� ��� t�ree spe�ies, � si�g�e i�je�ti�� i� ���j���-
ti�� wit� e�e�tr�p�r�ti�� res��ted i� t�e r�pid i�d��ti�� �� �ig� 
�eve�s �� IgG ��d �e�tr��izi�g ��ti��dies, w�ere�s �e�tr��izi�g 
��ti��dies were ��t dete�ted i� ���tr��s [20]. A�t���g� t�e ��i-
m��s were ��t �����e�ged, t�e ��ti��dy �eve�s dete�ted i� r���its 
were predi�tive �� pr�te�tive imm��ity. T�is te������gy �ppe�rs 
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t� ��ve m��� p�te�ti��, ��t it t�� ���es deve��pme�t�� ����-
�e�ges, p�rti����r�y wit� respe�t t� t��er��i�ity ��d ���ept���e ��r  
��m�� p�p���ti��s.

I� �dditi�� t� t�e deve��pme�t �� �etter de�ivery met��ds, 
sever�� st�dies ��ve ����sed �� me��s ��r impr�vi�g t�e DNA 
v���i�e ���str��ts t�emse�ves, ��r ex�mp�e �y t�rgeti�g PA t� 
MHC ���ss II ��mp�rtme�ts wit� �� Imm���g�����i� k-���i� 
�e�der seq�e��e �r wit� e�d�p��smi� reti����m (ER) t�rgeti�g ��d 
rete�ti�� sig���s [21]. I� mi�e, ��t� t�rgeted PA83 ���str��ts per-
��rmed we��, w�i�e PA63 ���str��ts did ��t. A �����w-�� st�dy w�s 
per��rmed i� s�eep wit� t�e PA83-t�rgeted ���str��ts ��d wit� 
� ���str��t e���di�g ���y t�e ��st �e��-�i�di�g p�rti�� (d�m�i� 
4) �� PA (PAD4), w�i�� w�s ��d��-�ptimized ��r m�mm��i�� 
expressi�� ��d ��sed t� t�e m��se i�v�ri��t ���i� t� impr�ve 
MHC ���ss II prese�t�ti�� [22]. T�e s�eep re�eived t�ree i�tr�m�s-
����r i�je�ti��s �t weeks 0, 3 ��d 7 wit� t�e PA83 ���str��t wit� 
t�e se�reti�� sig��� i� ��m�i��ti�� wit� eit�er t�e ER-t�rgeted 
PA83 �r t�e PAD4 ���str��t. E��� s�eep w�s give� 1 mg �� DNA 
per v���i��ti�� i� p��sp��te-����ered s��i�e (PBS) �r ��mp�exed 
wit� � ��ti��i� �ipid (V�x�e�ti�, Vi��� I��., CA, USA). A ���tr�� 
gr��p w�s v���i��ted wit� 25 µg �� � pr�tei� v���i�e (rPA83) 
�ds�r�ed t� �� ���ydr�ge� �dj�v��t. T�e ��ti��dy titers ���ieved 
wit� t�e pr�tei� v���i�e were �ig�er t��� t��se ���ieved wit� 
t�e DNA v���i�es, ��t t�e DNA v���i�es e�i�ited ���ger ��sti�g 
resp��ses. T�e s�eep t��t re�eived t�e DNA wit� V�x�e�ti� ��d 
�ig�er ��ti��dy titers t��� t��se t��t re�eived t�e ��rresp��di�g 
���str��ts i� PBS, ��d t�e ��m�i��ti�� v���i�e t��t i����ded t�e 
PAD4 ���str��t e�i�ited �ig�er titers t��� t�e ��m�i��ti�� wit� 
t�e ER-t�rgeted ge�e pr�d��t [22]. T�is st�dy dem��str�ted t��t 
�� ��t�r�x DNA v���i�e, w�e� ��rm���ted wit� ��ti��i� �ipid, 
����d e�i�it re�s�����e ��ti��dy resp��ses i� ��rge ��im��s. 

T�e PA83 ���str��t wit� t�e imm���g�����i� k-���i� �e�der 
seq�e��e ��r se�reti�� w�s ��s� tested i� mi�e ��ter ��rm���ti�� 
wit� �ysi�e-��sed m��e���es t� e�����e resist���e t� degr�d�-
ti�� �����wed �y e���ps���ti�� i� p��y(���tide-��-g�y��ide-��id) 
(PLGA) ����p�rti��es [23]. PLGA p�rti��es wit� DNA ��t ��rm�-
��ted wit� t�e �ysi�e m��e���es were ��s� tested. T�e ��tige�i�-
ity �� t�e t�e ����p�rti��es, w�i�� were expe�ted t� res��t i� 
time-re�e�se �� t�e DNA v���i�es, were ev����ted �y v���i��ti�g 
mi�e i�tr�m�s����r�y t�ree times �t 3-week i�terv��s. A�ti��dy 
resp��ses were dete�ted �y ELISA, ��t ��t �y t�xi�-�e�tr��iz-
i�g �ss�y, ��d were �ig�er i� mi�e give� t�e p�rti��es wit� t�e 
�ysi�e-��mp�exed DNAs. C����e�ges were ��t ���d��ted, s� t�e 
 p�te�ti�� �� t�is met��d���gy rem�i�s t� �e determi�ed.

T�rgeti�g �� PA63 t� spe�ifi� i�tr��e�����r ��mp�rtme�ts �ss�-
�i�ted wit� MHC ���ss II �r ���ss I ��tige� prese�t�ti�� ��s ��s� 
�ee� tested �s � me��s t� impr�ve t�e imm���ge�i�ity �� DNA 
v���i�es [24]. T� e�����e MHC ���ss II prese�t�ti��, ��imeri� 
PA63 ���str��ts were ge�er�ted t� i����de tPA (��r se�reti��), 
�r �ys�s�me-�ss��i�ted mem�r��e pr�tei� (LAMP)1. LAMP1 
��d MHC ���ss II m��e���es �re ����d t� �������ize i� m��y 
��tige�-prese�ti�g �e�� ��mp�rtme�ts. T� e�����e MHC ���ss I 
prese�t�ti��, � PA63-��iq�iti� ��imeri� ge�e w�s ���str��ted t� 
dire�t pr�te�s�m�� degr�d�ti��. Mi�e were v���i��ted �y i�tr�-
m�s����r i�je�ti�� �� 100 µg �� DNA i� PBS ��d �����e�ged �y 

i�tr�ve���s i�je�ti�� �� �et��� t�xi�. T�e �ig�est ��ti��dy titers 
were ��t�i�ed i� mi�e v���i��ted wit� t�e ���str��t ���t�i�i�g 
��t� tPA (N-termi���) ��d LAMP1 (C-termi���) t�rgeti�g sig-
���s. A�ti��dy is�type ����ysis dem��str�ted t��t mi�e give� t�e 
tPA ��d/�r LAMP1 ���str��ts ��s� disp��yed �ig�er IgG

1
:IgG

2�
 

r�ti�s t��� were ��t�i�ed i� mi�e v���i��ted wit� PA63 wit�-
��t t�rgeti�g sig���s, i�di��ti�g � T�2 resp��se. M�re�ver, t�e 
mi�e t��t were v���i��ted wit� t�e tPA-PA63-LAMP1 ���str��t 
deve��ped �ig�er �eve�s �� t�xi�-�e�tr��izi�g ��ti��dies t��� mi�e 
v���i��ted wit� re��m�i���t PA63 �r PA83 (rPA) pr�tei�, ��d 
90% s�rvived �����e�ge. By ���tr�st, t�e ��iq�iti� ���str��t did 
��t e�i�it pr�te�tive imm��ity w�e� give� wit� �r wit���t tPA 
��d LAMP1 sig���s [24]. T�ese res��ts �re ���siste�t wit� t�e 
re��g�ized imp�rt���e �� ��ti��dy resp��ses t� PA �s � prim�ry 
me��s �� pr�te�ti�g �g�i�st ��t�r�x. 

Combination DNA vaccines 
I� �dditi�� t� DNA v���i�es ��sed �� PA ge�e expressi��, � 
��m�er �� gr��ps ��ve i�vestig�ted DNA v���i�es expressi�g 
t�e B. anthracis LF ge�e, eit�er ����e �r i� ��m�i��ti�� wit� � 
PA DNA v���i�e. I� t�e first s��� st�dy, mi�e v���i��ted �y ge�e 
g�� wit� � ��m�i��ti�� �� PA63 ��d LF DNA deve��ped �ig�er 
��ti��dy titers ��d t� ��t� ��tige�s t��� mi�e give� eit�er v���i�e 
����e, ��t���g� ��� �� t�e v���i��ted mi�e s�rvived i�tr�ve���s 
�����e�ge wit� �et��� t�xi� [25]. 

A��t�er st�dy t� test PA ��d LF DNA ���str��ts w�s ���-
d��ted i� � ��rge ��m�er �� r���its [26]. T�e v���i�es tested 
i����ded PA83, w�i�� w�s ��d��-�ptimized ��d e�gi�eered t� 
��ve � �����e�v���e ��ri� site, ��d tw� tr����ted LF ge�e ���-
str��ts. T�e v���i�es were ��rm���ted wit� ��e �� tw� ��ti��i� 
�ip�s�me �dj�v��ts: V�x�e�ti� ([(±)-N-(3-�mi��pr�py�)-N,N-
dimet�y�-2,3-�is(cis-9 tetr�de�e�y��xy)-1-pr�p���mi�i�m �r�-
mide)] p��s 1,2-dip�yt���y�-sn-g�y�er�-3-p��sp��et������mi�e) 
�r DMRIE-DOPE ([(±)-N-(2-�ydr�xyet�y�)-N,N-dimet�y�-2,3-
�is(tetr�de�y��xy)-1-pr�p���mi�i�m �r�mide p��s 1,2-di��e�y�-
sn-g�y�er�-3-p��sp��et������mi�e), ��d 1 mg �� DNA w�s give� 
�y i�tr�m�s����r i�je�ti�� tw� �r t�ree times �t 4-week i�terv��s. 
A�� gr��ps �� t�e PA-, LF-, �r PA p��s LF DNA-v���i��ted r��-
�its deve��ped t�xi�-�e�tr��izi�g ��ti��dies, wit� t�e �est titers 
��served i� t�e r���its t��t re�eived t�ree v���i��ti��s wit� t�e 
PA83 DNA v���i�e ����e �r i� ��m�i��ti�� wit� LF DNA v��-
�i�es. Imp�rt��t�y, ��� r���its (40/40) v���i��ted wit� t�e PA 
DNA v���i�e �y itse�� �r wit� t�e LF v���i�e were pr�te�ted �r�m 
�er�s�� �����e�ge wit� vir��e�t B. anthracis sp�res ��d s��wed 
�� rise i� ��ti��dy titers ��ter �����e�ge. Five ��t �� �i�e r���its 
t��t re�eived t�e LF DNA v���i�e �y itse�� were ��s� pr�te�ted, 
w�ere�s ���e �� t�e ve�t�r ���tr�� �r ��ive r���its s�rvived 
t�e �����e�ge. A� �dditi���� gr��p �� r���its (� = 10) t��t ��d 
re�eived t�e PA83 v���i�e were ��t �����e�ged ��ti� 7 m��t�s 
��ter v���i��ti��. A�� �� t�ese r���its ��s� s�rvived �er�s�� sp�re 
�����e�ge, ��t���g� t�ey did ��ve ��ti��dy rises ��ter �����e�ge, 
i�di��ti�g t��t sp�re germi��ti�� ��d ����rred [26]. 

T�is st�dy i� t�e �ig��y re�ev��t r���it m�de� s�ggested 
t��t t�is v���i�e ��rm���ti�� w���d �e e��e�tive i� ��m��s. 
C��seq�e�t�y, t�e �ipid-��rm���ted PA83 v���i�e w�s ��rt�er 
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�ssessed i� � pre��i�i��� st�dy i� r���its ��r d�se–es����ti�� s��ety, 
i� �����m�� prim�tes (NHPs) ��r imm���ge�i�ity ��d e�fi���y 
�g�i�st �����e�ge wit� � �et��� d�se �� B. anthracis sp�res, ��d i� 
� P��se I, d�se–es����ti�g ��i�i��� tri�� i� �e��t�y �d��ts [27,28]. 
NHPs t��t re�eived � 0.6-mg d�se t�ree times �t 2-week i�terv��s 
deve��ped ��w �eve�s �� ��ti��dies dete�ted �y ELISA. A�t���g� 
t�xi�-�e�tr��izi�g ��ti��dies were ��t dete�ted, t�ree ��t �� ���r 
NHPs s�rvived �����e�ge wit� B. anthracis sp�res. 

I� t�e ��i�i��� tri��, v����teers were s��ed��ed t� re�eive t�ree 
d�ses �� 0.2, 0.6 �r 2 mg �� t�t�� PA83 DNA �r s��i�e p���e�� �t 
1-m��t� i�terv��s. A�ter t�e first v���i��ti��, t�e 0.2- ��d 0.6-mg 
d�se �eve�s were ge�er���y we�� t��er�ted; ��wever, re��t�ge�i�ity, 
i����di�g i�je�ti�� site p�i� ��d systemi� re��ti��s, w�s ��served, 
s� t�e rem�i�i�g tw� i�je�ti��s i� t��t gr��p were red��ed t� 
0.6 mg. O��y ��e i�divid��� i� e��� �� t�e tw� ��wer d�se gr��ps 
deve��ped ��ti-PA ��ti��dy resp��ses. Over���, ���y 10% �� t�e 
��w-d�se gr��p deve��ped ��ti��dies t� eit�er PA �r LF, w�i�e 
33 ��d 80% �� t�e tw� �ig�er gr��ps deve��ped ��ti��dies t� �t 
�e�st ��e �� t�e v���i�e ��mp��e�ts, wit� m�st resp��ses i� t�e 
�ig�est-d�se gr��p. O��y ��e s��je�t deve��ped t�xi�-�e�tr��izi�g 
��ti��dies [28]. A�t���g� t�e ��ti��dy resp��ses i� t�e NHPs 
��d ��m��s �r�m t�ese st�dies �re dis�pp�i�ti�g, it is e����r�g-
i�g t��t t�e NHPs were pr�te�ted �r�m �����e�ge. T�e res��ts 
��s� p�i�t t�w�rd t�e �eed ��r � �etter ��derst��di�g �� w��t 
 ���stit�tes ��rre��tes �� pr�te�tive imm��ity ��r ��m��s.

Ex�ept ��r PA ��d LF DNA v���i�es, very �itt�e w�rk ��s �ee� 
rep�rted wit� ��m�i��ti�� v���i�es �si�g �t�er B. anthracis ge�es. 
A sm��� st�dy i� mi�e ex�mi�ed t�e p�te�ti�� ��r ��m�i�i�g � DNA 
v���i�e expressi�g � B. anthracis ex�sp�ri�m ge�e, bclA, wit� � 
PA83 DNA v���i�e [29]. O�t�red mi�e were v���i��ted t�ree times 
�t 2-week i�terv��s �y ge�e g�� wit� t�e bclA DNA v���i�e �r wit� 
t��t v���i�e i� ��m�i��ti�� wit� t�e ER-t�rgeted �r se�reted PA83 
v���i�es des�ri�ed e�r�ier [21]. T�e bclA p��smid i�d��ed str��g ��ti-
B��A resp��ses, w�i�e v���i��ti�� wit� � mixt�re �� t�e tw� PA83 
���str��ts i�d��ed str��g PA-spe�ifi� resp��ses. V���i��ti�� wit� 
t�e ��m�i��ti�� �� t�e B��A ��d PA v���i�es i�d��ed ��ti ��dies 
�g�i�st ��t� ��tige�s, w�i�� were ��mp�r���e t� t�e resp��ses �� 
mi�e v���i��ted �g�i�st ���y ��e �� t�e pr�tei�s. Up�� �����e�ge 
wit� Ames sp�res, five ��t �� te� mi�e give� t�e ��m�i��ti�� v��-
�i�e s�rvived, w�ere�s tw� ��t �� te� give� t�e B��A v���i�e ��d 
t�ree ��t �� te� give� PA v���i�es s�rvived. T�is sm��� st�dy is ��t 
s��fi�ie�t t� determi�e w�et�er �ddi�g t�is ex�sp�ri�m ��mp��e�t 
����d impr�ve DNA v���i�e e�fi���y ��r ��t�r�x. 

Prime–boost approaches
A ��m�er �� gr��ps ��ve ev����ted PA �r ��m�i��ti�� PA ��d 
LF DNA v���i�es i� mi�e �y DNA primi�g �����wed �y ���st-
i�g wit� rPA (Table 1). A si�g�e m��se st�dy �si�g � re��m�i���t 
�de��vir�s (Ad) ���st w�s ��s� rep�rted [30]. A�t���g� t�e prime–
���st �ppr���� m�y impr�ve ��ti��dy resp��ses ��mp�red wit� 
DNA v���i��ti�� ����e, it s����d �e ���sidered �s � ��st res�rt 
��d ���y �sed w�e� � DNA v���i�e �����t �e deve��ped t��t 
���ers pr�te�tive imm��ity �� its �w�, �s t�e �eed t� ge�er�te 
��t� DNA ��d pr�tei� v���i�es ��vi�tes m�st �� t�e �dv��t�ges 
�� t�e DNA p��t��rm. 

Anthrax summary
T�ere is � re��g�ized �eed ��r � �etter v���i�e t��� AVA, t�e 
���y �i�e�sed ��t�r�x v���i�e ��r ��m�� �se. T�is v���i�e s��-
�ers �r�m ��t-t�-��t v�ri��i�ity, � �eed ��r exte�sive d�si�g, ��d 
re��t�ge�i�ity. T�e �e�di�g ���did�te t� rep���e AVA is rPA, 
w�i�� is i� ��i�i��� testi�g. W�i�e AVA (��w ����ed Bi�t�r�x®) 
is �ei�g st��kpi�ed �y t�e US G�ver�me�t, it is expe�ted t��t � 
�i�e�sed rPA v���i�e wi�� eve�t����y rep���e it. A�y ��t�r�x v��-
�i�e t��t wi�� �e ��mmer�i���y s���ess��� wi�� �eed t� ���er s�me 
�dv��t�ge �ver ��t� t�e AVA ��d rPA v���i�es, s��� �s q�i�ker 
d�si�g regime�s, impr�ved ��st–e��e�tive�ess ��d �etter t��er-
��i�ity. A�t���g� DNA v���i�es s��w pr�mise ��r t�e preve�ti�� 
�� ��t�r�x i� ��im�� m�de�s, t� d�te t�ey ��ve ��t pr�ve� t� �e 
�ig��y imm���ge�i� i� ��m��s.

DNA vaccines for Ebola & Marburg hemorrhagic 
fever viruses
Characteristics of filoviruses
E���� ��d M�r��rg vir�ses �e���g t� t�e ��mi�y Filoviridae, ��d 
���se severe �em�rr��gi� �evers i� ��m��s ��d NHPs. Re�e�t 
evide��e s�ggests t��t t�e ��t�r�� ��sts ��r t�e vir�ses �re �ike�y 
t� �e �r�it ��ts [31,32], ��t t�e vir�ses �re ��s� tr��smissi��e �m��g 
prim�tes �y ���se ���t��t wit� i��e�ted i�divid���s, �r ���t��t 
wit� i��e�ti��s ��dy fl�ids �r eve� ���t�mi��ted ��je�ts. B�t� 
fi��vir�ses �re re��g�ized �i���gi��� w�r��re t�re�ts, ��d MARV 
��s �ee� rep�rted t� ��ve �ee� we�p��ized [33]. T�e vir�ses ��ve 
�ee� ��teg�rized �s pri�rity ���ss A p�t��ge�s �y ��t� t�e NIH 
��d CDC �wi�g t� t�eir vir��e��e, e�se �� dissemi��ti��, ���k 
�� e��e�tive ����terme�s�res t� preve�t �r tre�t t�em, ��d t�eir 
p�te�ti�� t� ���se p���i� p��i� ��d s��i�� disr�pti��.

T�x���mi� ���ssifi��ti�� �� EBOV ��rre�t�y i����des ���r 
vir�� spe�ies: Z�ire (ZEBOV), S�d�� (SEBOV), C�te d’Iv�ire 
(COIEBOV) ��d Rest�� (REBOV) E���� vir�ses. A �ew EBOV 
w�s ide�tified i� ����d s�mp�es ����e�ted �r�m p�tie�ts wit� E���� 
�em�rr��gi� �ever i� Ug��d� i� 2007. T�is vir�s, w�i�� is dist��t�y 
re��ted t� COIEBOV, ��s �ee� te�t�tive�y ��med B��di��gy� 
EBOV [34]. MARV is ���sidered � si�g�e spe�ies; ��wever ��mer-
��s, �ig��y diverse MARVs ��ve �ee� is���ted, t��s it is �ike�y t��t 
�dditi���� spe�ies wi�� s��� �e t�x���mi����y defi�ed [35]. Rest�� 
EBOV ��s ��t �ee� ����d t� �e p�t��ge�i� ��r ��m��s, ��t ��� 
�t�ers �re, wit� ��t� EBOV ��d MARV ��vi�g ���sed ��t�re�ks 
wit� m�rt��ities �s �ig� �s 90% (reviewed i� [36]).

Fi��vir�ses ��ve ���segme�ted, �eg�tive-str��d RNA ge��mes 
�� �ppr�xim�te�y 19 k� i� size, w�i�� e���de seve� vir�� str��t�r�� 
pr�tei�s. T�e ge�e �rder ��d ����ti�� �� t�e res��t��t pr�tei�s �re: 

• T�e m�j�r ����e�pr�tei� (NP)

• VP35, � ��mp��e�t �� t�e p��ymer�se ��mp�ex ��d i�v��ved 
i� s��verti�g i���te imm��ity

• VP40, t�e m�trix pr�tei�

• T�e m�j�r s�r���e g�y��pr�tei� (GP)

• VP30, � mi��r ����e�pr�tei� i�v��ved i� EBOV tr��s�ripti�� 
i�iti�ti��

Dupuy & Schmaljohn
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• VP24, � �ydr�p���i� mem�r��e-�ss��i-
�ted pr�tei� i�v��ved i� tr��s�ripti��

• L, t�e m�j�r ��mp��e�t �� t�e RNA-
depe�de�t RNA p��ymer�se ��mp�ex

F�r EBOV, t�e prim�ry ge�e pr�d��t �� 
t�e vir�s ��mp�eme�t�ry se�se messe�ger 
RNA is � s�����e ��rm �� GP (sGP), w�i�� 
is ��t � str��t�r�� pr�tei�. T�e str��t�r�� 
pr�tei� ��rm �� GP is ge�er�ted t�r��g� 
tr��s�ripti���� editi�g, w�i�� ���ses � s�i�t 
i� t�e ge�e’s re�di�g �r�me. T�e res��t is 
t��t sGP ��d GP s��re 295 N-termi��� 
�mi�� ��ids ��t t�e� diverge, wit� sGP ��d 
GP termi��ti�g ��ter �� �dditi���� 69 �r 
381 �mi�� ��ids, respe�tive�y. sGP ��s �ee� 
s�ggested t� serve �s � de��y ��r ��ti��dy 
resp��ses �r �s � me��s t� red��e t�e vir�-
�e��e �� EBOV [37]. M�t�re GP is � �ig��y 
g�y��sy��ted type 1 mem�r��e pr�tei�. It is 
ge�er�ted �y p�st-tr��s��ti���� pr�te��yti� 
��e�v�ge �� � pre��rs�r �y � �e�����r ��ri�-
�ike e�zyme. T�is ��e�v�ge res��ts i� � ��rge 
N-termi��� �r�gme�t (GP1) ��d � sm���er 
C-termi��� �r�gme�t (GP2) t��t re�ss��i-
�te �y dis��fide ���di�g. Trimers �� GP1 
��d GP2 ��rm t�e viri�� spikes, t��s GP is 
t�e m�i� t�rget �� ��ti��dy resp��ses [38].

Rodent studies
A ��m�er �� di��ere�t v���i�e �ppr����es ��r EBOV ��d MARV 
��ve �ee� tested i� r�de�ts, i����di�g DNA v���i�es give� ����e 
�r i� prime–���st regime�s. A�t���g� fi��vir�ses �re ��t ��t�-
r���y �et��� t� r�de�ts, ��t� EBOV ��d MARV ��� �e �d�pted t� 
ki�� g�i�e� pigs ��ter � �ew seq�e�ti�� p�sses. Let��� m��se m�de�s 
��r ��t� vir�ses ��ve ��s� �ee� deve��ped, ��t���g� m��� m�re 
 exte�sive vir�� p�ss�gi�g w�s �eeded [39,40]. 

I� ��e st�dy �si�g t�e ZEBOV m��se m�de�, ge�e-g�� de�iv-
ery �� �ppr�xim�te�y 5 µg �� p��smid DNA expressi�g t�e GP 
�r NP ge�es �� ZEBOV were s��w� t� pr�te�t mi�e �r�m ����-
�e�ge wit� EBOV wit� �s �ew �s tw� d�ses de�ivered �t � 4-week 
i�terv�� [19]. B�t� v���i�es were ��s� ����d t� e�i�it ��ti��dy ��d 
�yt�t�xi� T �ymp���yte (CTL) resp��ses. I� �dditi��, t�e GP 
v���i�e pr�vided p�rti�� pr�te�ti�� �r�m ZEBOV �����e�ge ��r 
�t �e�st 9 m��t�s ��ter v���i��ti�� [41]. T�e GP DNA v���i�e w�s 
��s� tested i� g�i�e� pigs, ����e ��d i� ��m�i��ti�� wit� DNA 
v���i�es ��r MARV, VEEV ��d ��t�r�x. I� t��t st�dy, g�i�e� 
pigs re�eived �ppr�xim�te�y 2.5 µg �� e��� DNA t�ree times �t 
4-week i�terv��s ��d were �����e�ged 3 weeks ��ter. P�rti�� pr�te�-
ti�� t� ZEBOV w�s ��served w�e� t�e v���i�e w�s give� ����e 
�r i� ��m�i��ti�� wit� t�e �t�er t�ree v���i�es [19]. 

I� ���t�er st�dy, t�ree i�tr�m�s����r i�je�ti��s �� 50 µg �� p��s-
mid DNA expressi�g t�e ZEBOV NP �r GP ge�es e�i�ited ���-
�e�tr��izi�g ��ti��dy resp��ses i� mi�e, ��t���g� i� t�is st�dy CTL 
resp��ses were ���y ����d t� GP [42]. T�e mi�e were ��t �����e�ged 

��t, i� t�e s�me st�dy, g�i�e� pigs v���i��ted ���r times �t 2-week 
i�terv��s �y i�tr�m�s����r i�je�ti�� �� 100 µg �� t�e GP �r NP DNA 
v���i�es were pr�te�ted �r�m �����e�ge ��r 10 d�ys, �t w�i�� time 
t�ey were e�t���ized. A s��seq�e�t st�dy i� g�i�e� pigs s��wed t��t 
i�tr�m�s����r i�je�ti�� �� t�e ZEBOV GP DNA (75 µg) i� ��m-
�i��ti�� wit� ZEBOV NP DNA (25 µg) ��s� res��ted i� pr�te�tive 
imm��ity t� ZEBOV �����e�ge ��d did ��t ����ge t�e ��ti��dy 
titers me�s�red �y ELISA �g�i�st i���tiv�ted ZEBOV �s ��mp�red 
wit� t��se �r�m g�i�e� pigs v���i��ted wit� ���y GP DNA [43]. 
Simi��r�y, g�i�e� pigs v���i��ted �y i�tr�m�s����r i�je�ti�� �� 25 µg 
e��� �� ZEBOV GP, ZEBOV NP, SEBOV GP ��d COIEBOV GP 
��d simi��r ELISA titers t� t��se v���i��ted wit� t�e ZEBOV GP 
��d were pr�te�ted �r�m �����e�ge wit� ZEBOV [43]. 

DNA v���i�es ��r MARV ��ve ��s� �ee� ev����ted i� g�i�e� pigs. 
Ge�e-g�� de�ivery �� t�ree �r ���r d�ses �� �ppr�xim�te�y 2.5 µg 
�� GP DNA v���i�es derived �r�m tw� dist��t Ke�y�� is���tes �� 
MARV, str�i�s M�s�ke ��d R�v�, e�i�ited ��ti��dy resp��ses ��d 
pr�te�ted ��� g�i�e� pigs �r�m �����e�ge wit� ��m���g��s vir�s [19]. 
T�e M�s�ke MARV DNA v���i�e w�s ��s� p�rti���y pr�te�tive t� 
MARV �����e�ge w�e� it w�s give� �y ge�e g�� i� ��m�i��ti�� 
wit� DNA v���i�es ��r EBOV, VEEV ��d ��t�r�x [19]. 

NHPs & Phase I clinical trials
I� tw� sep�r�te experime�ts wit� � ge�e g��-de�ivered GP DNA 
v���i�e ��r MARV (str�i� M�s�ke), tw� ��t �� t�ree �y��m��g�s 
m���q�es s�rvived �����e�ge wit� ��m���g��s MARV [19]. A�� 

Table 1. DNA vaccines for anthrax (Bacillus anthracis) tested in 
animals or humans.

Genes Delivery method(s) Model Ref.

PA63-tPA
PA83-tPA

Im. injection Mouse [17,72]

PA83-tPA Cationic lipid Rat [18]

PA83-tPA Gene gun Rabbit [19]

PA83-tPA Electroporation Mouse, rat, rabbit [20]

PA83-IgGk
PA83-ER
PAD4

Gene gun, cationic 
liposome, PLGA

Mouse, sheep [21–23]

PA83TPA, UB, LAMP1 Im. injection Mouse [24]

PA63+LF Gene gun Mouse [25]

PA83+LF Im., cationic lipid Rabbit, nonhuman 
primate, human

[26,28]

PA83-IgGk
+bclA

Gene gun Mouse [29]

PA83 Im. injection/rPA boost Mouse, rabbit [72,73]

PA63, LF, PA63+LF Gene gun, biojector im./
rPA boost

Rabbit [74]

PA63 Topical, perflubron- 
microemulsion/rPA boost 

Mouse [75]

PAD4-IL-2 Im. injection/rPA boost Mouse [30]

Im.: Intramuscular; LAMP: Lysosome-associated membrane protein; PLGA: Poly(lactide-co-glyolide-acid); 
rPA: Recombinant protective antigen; tPA: Tissue plasminogen activator.
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�� t�e m��keys deve��ped �evers �t s�me p�i�t ��ter �����e�ge, 
��t w�i�st t�e ���tr�� m��keys ��d t�e ���pr�te�ted m��keys 
i� e��� experime�t deve��ped viremi�s ��d ��d e�ev�ted �eve�s 
�� �iver e�zymes, t�e pr�te�ted m��keys rem�i�ed �viremi� ��d 
disp��yed ��rm�� �iver e�zyme pr�fi�es. T�ese res��ts i�di��te 
t��t DNA ����e ��� ���er pr�te�tive imm��ity t� NHPs �r�m 
MARV �����e�ge ��d s�ggest t��t m�dest impr�veme�ts i� t�e 
imm���ge�i�ity �� t�e v���i�es mig�t ���er ��mp�ete pr�te�ti��. 

T� d�te, DNA v���i�es ����e ��ve ��t �ee� rep�rted t� pr�-
te�t NHPs �r�m �����e�ge wit� EBOV; ��wever, � P��se I ��i�i-
��� st�dy w�s ���d��ted t� ev����te t�e s��ety �� � ��m�i��ti�� 
EBOV DNA v���i�e, w�i�� w�s i�te�ded t� ���i�it�te ��t�re st�d-
ies �si�g t�em i� prime–���st regime�s [44]. T�e v���i�e ���sisted 
�� � mixt�re �� ZEBOV GP, ZEBOV NP ��d SEBOV GP p��s-
mids. T�ree gr��ps �� v����teers were v���i��ted t�ree times �t 
�ppr�xim�te�y 4-week i�terv��s �y i�tr�m�s����r i�je�ti�� �� 2 mg 
(� = 5), 4 mg (� = 8) �r 8 mg (� = 8) �� t�e ��m�i��ti�� EBOV 
v���i�e. E��� gr��p ��s� i����ded tw� v����teers w�� re�eived 
t�e s�me v���me �� � PBS p���e�� ���tr��. A�ti��dies t� �t �e�st 
��e �� t�e t�ree ��tige�s were me�s�red �y ELISA i� s�mp�es 
�r�m ��� v���i�ees. CD4+ �r CD8+ T-�e�� GP-spe�ifi� resp��ses 
were dete�ted �y i�tr��e�����r �yt�ki�e st�i�i�g i� 20 ��t �� 20 
�r six ��t �� 20 v���i�ees, respe�tive�y. Ne�tr��izi�g ��ti��dies 
����d ��t �e dete�ted. T�is st�dy dem��str�tes t��t EBOV DNA 
v���i�es �re s��e ��d imm���ge�i� i� ��m��s, t��s �pe�i�g t�e 
d��r ��r ��rt�er deve��pme�t ��d impr�veme�t �� t�ese v���i�es.

Prime–boost approaches
DNA v���i�es ��r EBOV ��d MARV ��ve t��s ��r ��t pr�ve� �s 
r���st i� pr�te�ti�g ��im��s �r�m �����e�ge �s eit�er t�e re��m-
�i���t Ad �r vesi����r st�m�titis vir�s (VSV) systems [45–49]. 
Si��e t�e VSV system �ses � �ive vir�s ���k���e, s��ety iss�es 
req�ire �dditi���� st�dy. T�e Ad ve�t�rs �re rep�i��ti�� de�e�-
tive, m�ki�g s��ety �ess �� �� iss�e; ��wever, Ad ve�t�rs ���e tw� 
�t�er �����e�ges, i� t��t very �ig� �eve�s �� p�rti��es �re req�ired 
t� e�i�it pr�te�tive resp��ses ��d m�st ��m��s ��ve pre-existi�g 
imm��ity t� t�e ��mm�� Ad ve�t�rs �sed. C��seq�e�t�y, e���rts 
�re sti�� ��derw�y t� deve��p met��ds t� impr�ve t�e imm���-
ge�i�ity �� DNA v���i�es ��r fi��vir�ses; ��r ex�mp�e, t�r��g� 
e�e�tr�p�r�ti�� de�ivery. I� t�e i�terim, DNA v���i�es �re �ei�g 
tested i� sever�� prime–���st �ppr����es, eit�er �s � w�y t� prime 
� desired imm��e resp��se, �r �s � w�y t� �ver��me pre-existi�g 
ve�t�r imm��ity. 

F�r EBOV, NHPs ��ve �ee� pr�te�ted �r�m �����e�ge �si�g 
DNA v���i�e primi�g �����wed �y ���sti�g wit� re��m�i���t 
Ad expressi�g ZEBOV GP [43]. I� � s��seq�e�t st�dy, t�ese s�me 
i�vestig�t�rs s��wed t��t � si�g�e v���i��ti�� wit� t�e Ad ve�-
t�r expressi�g ZEBOV GP w�s s��fi�ie�t t� pr�te�t m���q�es 
�g�i�st EBOV �����e�ge; t��s, it is ��t ��e�r ��w imp�rt��t t�e 
DNA v���i��ti�� w�s i� t�e pr�te�ti�� ��served e�r�ier [45]. A 
st�dy i� mi�e s�ggested t��t DNA primi�g mig�t �e imp�rt��t 
��r �ver��mi�g pre-existi�g imm��ity t� Ad �r v���i�i� vir�s 
(VACV) ve�t�rs i� t��t ��im��s re�eivi�g t�e DNA primi�g d�se 
��d deve��ped m��� �ig�er CTL ��d ��ti��dy resp��ses t��� 
mi�e v���i��ted wit� ���y t�e re��m�i���t Ad �r VACVs [50]. 

F�r MARV, � DNA prime �����wed �y � ������vir�s-derived 
pr�tei� ���st pr�ved m�re e��e�tive i� pr�te�ti�g g�i�e� pigs t��� 
� DNA v���i��ti�� �y ge�e g�� �y itse��, ��t t�is s�me str�tegy 
w�s ��t s���ess��� �g�i�st EBOV i� g�i�e� pigs [51]. 

Filovirus summary
E���� vir�ses ��d MARVs ���se r�pid ��d ��t�str�p�i� i��e�ti��s. 
T�ere �re �� v���i�es ��rre�t�y �v�i����e ��r t�eir preve�ti��, ��t 
t�ere �re sever�� �ppr����es t��t ��ve s��w� pr�mise i� t�e ����r�-
t�ry. A�� �ppr����es, i����di�g DNA v���i�es, s���er �r�m �ert�i� 
dis�dv��t�ges. A�t���g� ��mer��s st�dies ��ve �ee� per��rmed t� 
d�te (Table 2), DNA ����e ��s ��t �ee� s��w� t� ���er ��mp�ete pr�-
te�tive imm��ity t� �����e�ge wit� EBOV �r MARV. T�ere��re, 
�etter de�ivery met��ds �r impr�veme�ts i� t�e ���str��ts t�em-
se�ves wi�� �e req�ired t� m�ke t�e DNA p��t��rm ��mpetitive 
wit� �t�er m�re e��e�tive v���i�e te������gies. 

DNA vaccines for poxviruses
Status of smallpox vaccines
V�ri��� vir�s (VARV) is � ��rge ��mp�ex DNA vir�s �� t�e ��mi�y 
Poxviridae t��t is t�e ���s�tive �ge�t �� sm���p�x. VARV i��e�-
ti�� i� ��m��s res��ts i� sig�ifi���t m�r�idity ��d m�rt��ity, 
��d  pers��-t�-pers�� spre�d is ��mm��. W�r�dwide v���i��ti�� 
�g�i�st VARV �si�g �ive VACV de�ivered �y s��rifi��ti�� wit� � 
�i��r��ted �eed�e res��ted i� t�e er�di��ti�� �� sm���p�x dise�se i� 
1979. T�e �ess�ti�� �� reg���r v���i��ti�� ��ter t�is er�di��ti�� ��s 
�e�t t�e w�r�d p�p���ti�� i��re�si�g�y s�s�epti��e t� �� ���ide�t�� 
�r de�i�er�te re�e�se �� VARV. Owi�g t� t�e p�te�ti�� ��r m�j�r 
p���i� �e��t� imp��t, VARV is ide�tified �s � ��teg�ry A se�e�t 
�ge�t �y t�e CDC. T�e p�te�ti�� t�re�t �� VARV �r � ge�eti����y 
m�dified p�xvir�s ��s res��ted i� re�ewed i�terest i� p�xvir�s 
v���i��ti��. I� �dditi��, m��keyp�x vir�s (MPXV) ���ti��es t� 
���se ��m�� epidemi�s i� A�ri��, ��d � re�e�t ��t�re�k �� ��m�� 
MPXV i� t�e midwester� USA res��ted �r�m t�e ���ide�t�� imp�r-
t�ti�� �� MPXV-i��e�ted ��im��s. Despite �ei�g �ig��y pr�te�tive, 
t�e �ist�ri� �ive VACV v���i�e Dryv�x® (Wyet� L���r�t�ries, NJ, 
USA) ��d t�e m�re re�e�t p��q�e-p�rified ��d �e�� ���t�re-derived 
�ive VACV v���i�e ACAM2000™ (A��m�is, C�m�ridge, UK) �re 
�ss��i�ted wit� r�re ��t �i�e-t�re�te�i�g �dverse eve�ts, i����di�g 
my���rditis, e�zem� v���i��t�m ��d pr�gressive v���i�i�. As � 
res��t, t�ese v���i�es �re ���tr�i�di��ted ��r ��rge segme�ts �� t�e 
p�p���ti��, i����di�g t��se wit� pre-existi�g imm��� defi�ie��ies 
��d derm�t���gi��� ���diti��s s��� �s e�zem�. A�t���g� �tte��-
�ted versi��s �� t�e �ive VACV v���i�e s��� �s m�dified v���i�i� 
vir�s A�k�r� (MVA) ��ve �ee� deve��ped ��r impr�ved s��ety, 
t�ese �tte���ted vir�ses sti�� ���t�i� ge�es t��t ��� ��de ��r imm�-
��m�d���t�ry pr�tei�s �r pr�tei�s wit� ��k��w� ����ti��. T�e 
p�te�ti�� �dverse eve�ts �ss��i�ted wit� t�e �ive ��d �tte���ted 
VACV v���i�es ��ve �ed t� t�e deve��pme�t �� s����it p�xvir�s 
DNA ��d/�r pr�tei� v���i�es.

Subunit DNA vaccine targets 
T�e first rep�rted ev����ti�� �� t�e imm���ge�i�ity ��d pr�te�tive 
e�fi���y �� p�xvir�s DNA v���i�es i�v��ved p��smids expressi�g 
pr�tei�s prese�t �� t�e extr��e�����r e�ve��ped viri�� (EEV), ��e 
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�� tw� m�j�r ��rms �� i��e�ti��s vir�s. I� t�is st�dy, mi�e were v��-
�i��ted ���r times �t 2-week i�terv��s, wit� e��� m��se re�eivi�g 
�� i�tr�m�s����r i�je�ti�� �� 100 µg �� � DNA ���str��t express-
i�g i�divid��� VACV A33R, A34R, A36R �r B5R ge�es k��w� t� 
e���de pr�tei�s prese�t i� t�e EEV ��ter e�ve��pe [52]. T�e mi�e 
were t�e� �����e�ged wit� i�tr���s�� �dmi�istr�ti�� �� VACV 
��d t�e ��served �eve�s �� pr�te�ti�� were 100% (A33R), �ppr�xi-
m�te�y 20% (A34R), 50% (A36R) ��d �ppr�xim�te�y 80% (B5R). 
T�ese res��ts dem��str�ted t��t � p�xvir�s DNA v���i�e ����d �e 
pr�te�tive i� mi�e ��d ��s� ��rt�er ide�tified t�e A33R ��d B5R 
EEV pr�tei�s �s g��d ��tige�i� t�rgets ��r p�xvir�s v���i��ti��.

Ev����ti�� �� i�divid��� ��d ��m�i�ed DNA v���i�es express-
i�g pr�tei�s prese�t �� t�e EEV ��d �� t�e �t�er m�j�r i��e�ti��s 
��rm �� p�xvir�ses, t�e i�tr��e�����r m�t�re viri�� (IMV), ��s 
��s� �ee� per��rmed. I� t�e first s��� st�dy, mi�e were v���i��ted 
t�ree times �t 3-week i�terv��s �y ge�e g��, wit� e��� m��se 
re�eivi�g 1 µg �� � DNA p��smid expressi�g VACV A33R �r t�e 
IMV mem�r��e-�ss��i�ted pr�tei� L1R, �r wit� 1 µg �� e��� �� 
t�e tw� p��smids de�ivered i� ��m�i��ti�� [53]. A�t���g� ��t� 
i�divid��� v���i�es pr�te�ted m�st mi�e �r�m i�tr�perit��e�� 
VACV �����e�ge, ���y t�e L1R v���i�e e�i�ited �e�tr��izi�g ��ti-
��dies. Mi�e re�eivi�g ��t� v���i�es were ��mp�ete�y pr�te�ted 
�r�m �����e�ge. I� � se���d st�dy, t�e p��smids e���di�g t�e EEV 
��tige� B5R �r t�e IMV ��tige� A27L were tested ����e ��d i� 
��m�i��ti�� [54]. DNA v���i��ti�� wit� A27L ����e res��ted i� 
���y 10% pr�te�ti�� �g�i�st i�tr�perit��e�� VACV �����e�ge i� 
mi�e, despite t�e pr�d��ti�� �� VACV-�e�tr��izi�g ��ti ��dies 
dete�t���e �y p��q�e red��ti�� �e�tr��iz�ti�� test (PRNT). 
A�t���g� mi�e v���i��ted wit� t�e B5R p��smid deve��ped �ig� 
�eve�s �� ��ti-B5R ��ti��dies �s me�s�red �y ELISA, ���y 40% 
�� t�ese mi�e s�rvived t�e �����e�ge. C�mp�ete pr�te�ti�� w�s 
��served i� mi�e re�eivi�g ��t� t�e B5R ��d A27L p��smids. T�e 
res��ts �� t�ese st�dies dem��str�ted t��t ��m�i��ti��s �� DNA 
v���i�es t�rgeti�g ��t� t�e EEV ��d IMV i��e�ti��s ��rms �� 
VACV pr�vided s�peri�r pr�te�ti�� i� mi�e ��mp�red wit� t�e 
i�divid��� ���str��ts ����e.

T� ��rt�er �ssess � ��m�i��ti�� �ppr����, red��d��t t�rgeti�g 
�� ��t� IMV ��d EEV mem�r��e pr�tei�s w�s ex�mi�ed �si�g 
� ��m�i��ti�� �� ��� ���r i�divid��� p��smids expressi�g L1R, 
A33R, A27L ��d B5R (4p�x) [54]. Mi�e v���i��ted wit� 1 µg 
�� e��� �� t�ese ���r ���str��ts �y ge�e g�� �� di��ere�t g��d 
deve��ped str��g VACV IMV-�e�tr��izi�g ��ti��dy resp��ses, 
��d ��ti-A33R ��d ��ti-B5R ��ti��dy titers were dete�ted. T�ese 
mi�e were ��mp�ete�y pr�te�ted �r�m i�tr�perit��e�� VACV ����-
�e�ge, ��d experie��ed �ess weig�t ��ss t��� s��rified mi�e �r mi�e 
v���i��ted wit� ��m�i��ti��s �� tw� ge�es. T�is s�me ��m�i��-
ti�� w�s ��s� tested i� mi�e �si�g � ��ve� ski� e�e�tr�p�r�ti�� 
devi�e t� de�iver t�e DNA v���i�es [55]. Mi�e were v���i��ted 
wit� t�e ���r DNA v���i�es �dmi�istered �� sep�r�te mi�r�-
�eed�e �rr�ys, e��� ���ted wit� 30 µg �� p��smid, �t weeks 0, 
3 ��d 8. A���ysis �� ser� ��t�i�ed ��ter t�e fi��� v���i��ti�� 
reve��ed t��t t�ey ��d simi��r �eve�s �� ��ti-VACV ��ti��dies ��d 
�� VACV IMV-�e�tr��izi�g ��ti��dies �s see� i� p�sitive ���tr�� 
mi�e s��rified wit� �ive VACV. I� �dditi��, res��ts �r�m imm���-
fl��res�e��e �ss�ys (IFAs) reve��ed t��t t�ese DNA-v���i��ted 

mi�e deve��ped ��ti��dy resp��ses �g�i�st ��� ���r VACV ��ti-
ge�s ��d t�e mi�e were ��mp�ete�y pr�te�ted �g�i�st i�tr���s�� 
VACV �����e�ge. 

Ot�er VACV ge�es e���di�g EEV, IMV �r i�tr��e�����r e�ve�-
�ped vir�s (IEV) mem�r��e pr�tei�s ��ve �ee� st�died �s p�te�-
ti�� DNA v���i�e ��tige�s ��r VACV, ��t t� d�te �� �t�ers ��ve 
�ee� �se��� i� e�i�iti�g pr�te�tive imm��ity i� mi�e [56]. 

Modification of gene products
I� �dditi�� t� impr�vi�g v���i�e e�fi���y �y t�rgeti�g m��tip�e 
ge�es, it ��s ��s� �ee� p�ssi��e t� impr�ve t�e ��tige�i�ity �� 
VACV ge�e pr�d��ts �y �ddi�g sig��� seq�e��es. I� ��e st�dy, 
DNA v���i�es expressi�g eit�er t�e wi�d-type VACV IMV 
pr�tei� ge�e D8L (wtD8L) �r � m�dified D8L ge�e wit� t�e 
tr��smem�r��e ��d C-termi��� regi��s rem�ved ��d wit� � tPA 
�e�der seq�e��e �dded t� t�e N-termi��s (tPA-D8L) were ev���-
�ted i� mi�e [57]. T�e tPA-D8L ��d � �ig�er �eve� �� expressi�� 
i� tr��sie�t�y tr��s�e�ted �e��s t��� t�e wtD8L ��d �� i��re�sed 
�m���t �� D8 ��tige� w�s se�reted i�t� t�e s�per��t��t wit� 
t�e tPA-D8L ���str��t. T� ex�mi�e t�e imm���ge�i�ity �� 
t�e D8L DNA v���i�es, mi�e were v���i��ted ���r times �t 
2-week i�terv��s wit� 12 µg �� DNA per v���i��ti�� de�iv-
ered �y ge�e g��. Ass�ys per��rmed �� ser� ��t�i�ed 2 weeks 
��ter t�e ���rt� v���i��ti�� reve��ed t��t t�e tPA-D8L DNA 
v���i�e pr�d��ed �ig�er �eve�s �� ��ti-D8L ��ti��dies ��d 
��ti-VACV IgG ��ti��dies ��d �ig�er �eve�s �� VACV IMV-
�e�tr��izi�g ��ti��dies t��� t�e wtD8L ���str��t. I� �dditi��, 
v���i��ti�� wit� t�e tPA-D8L DNA v���i�e res��ted i� simi-
��r �eve�s �� VACV-�e�tr��izi�g ��ti��dies �s mi�e v���i��ted 
wit� �ive VACV. A�t���g� ��mp�ete pr�te�ti�� w�s ��served 
i� mi�e v���i��ted wit� ��t� �� t�e D8L DNA v���i�es ��ter 

Table 2. DNA vaccines for filoviruses tested in 
animals or humans.

Genes Delivery method(s) Model Ref.

Ebola virus

GP, NP Gene gun Mouse, 
guinea pig

[41]

GP, NP Im. injection Mouse, 
guinea pig

[42,43]

GP, NP Im. injection 
(Biojector 2000)

Human [44]

GP, NP DNA prime, 
adenovirus boost

Mouse, NHP [43,50]

GP Gene gun DNA prime, 
Im. protein boost

Guinea pig [76]

Marburg virus

GP, GPa Gene gun Guinea pig, 
NHP

[19,51,76]

GP Gene gun DNA prime, 
Im. protein boost

Guinea pig [51]

GP: Glycoprotein; Im.: Intramuscular; NHP: Nonhuman primate; 
NP: Nucleoprotein.
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i�tr�perit��e�� VACV �����e�ge, t�e tPA-D8L pr�vided s�ig�t�y 
�etter pr�te�ti�� �g�i�st tr��sie�t weig�t ��ss p�st�����e�ge. 
Addi�g t�e tPA-D8L DNA v���i�e t� ��m�i��ti��s �� A27L 
��d B5R ���str��ts �r t� A27L, B5R, A33R ��d L1R, ��s� �ed 
t� impr�ved pr�te�ti�� i� t�e m��se i�tr�perit��e�� �����e�ge 
m�de�. F�rt�erm�re, �ddi�g tPA-D8L DNA t� t�e A27L, B5R, 
L1R ��d A33R ��m�i��ti�� �� p��smids res��ted i� �� i��re�se 
i� pr�te�ti�� �r�m 26 t� 66% �� mi�e �����e�ged i�tr���s���y 
wit� VACV. 

I� ���t�er st�dy, � DNA ���str��t i� w�i�� t�e VACV L1R 
��di�g seq�e��e w�s i�serted �e�i�d t�e tPA �e�der seq�e��e w�s 
�sed t� v���i��te mi�e twi�e �t � 3-week i�terv�� wit� 1 µg �� 
t�e p��smid de�ivered �y ge�e g�� [58]. A���ysis �� ser� ��t�i�ed 
��ter v���i��ti�� reve��ed t��t i����di�g t�e tPA �e�der seq�e��e 
res��ted i� sig�ifi���t�y impr�ved ��ti-L1R ��d VACV IMV-
�e�tr��izi�g ��ti��dy titers. I� �dditi��, tw� v���i��ti��s per-
��rmed �t � 3-week i�terv�� wit� t�e tPA-L1R DNA p��smid i� 
��m�i��ti�� wit� t�e �t�er 4p�x DNA v���i�e ���str��ts (A33R, 
B5R ��d A27L) res��ted i� sig�ifi���t�y i��re�sed VACV �e�tr��-
izi�g ��ti��dy resp��ses �s ��mp�red wit� t�e 4p�x DNA v���i�e 
wit� t�e ��m�dified L1R DNA i����ded. A�t���g� ��mp�ete 
pr�te�ti�� w�s ��served i� mi�e v���i��ted wit� ��t� t�e previ-
��s 4p�x DNA v���i�e ��d t�e 4p�x DNA v���i�e ���t�i�i�g 
tPA-L1R ��ter i�tr���s�� VACV �����e�ge, mi�e re�eivi�g t�e 
tPA-L1R-���t�i�i�g 4p�x DNA v���i�e ex�i�ited sig�ifi���t�y 
�ess tr��sie�t weig�t ��ss ��ter d�y 3 p�st�����e�ge t��� mi�e 
v���i��ted wit� t�e previ��s 4p�x ��m�i��ti��. I� � s��seq�e�t 
rep�rt, it w�s ��s� dem��str�ted t��t i����di�g �� N-termi��� 
m�ri�e imm���g�����i� k-���i� �e�der seq�e��e i� DNA 
v���i�es expressi�g m�mm��i�� ��d��-�ptimized VACV L1R 
ge�es ��rt�er m�dified t� rem�ve t�ree p�te�ti�� g�y��sy��ti�� 
sites impr�ved t�e ��ti-L1R ��d VACV �e�tr��izi�g ��ti��dy 
resp��ses i� mi�e [59]. I� t�is st�dy, mi�e v���i��ted ���r times 
�t 2-week i�terv��s wit� 3 µg �� t�e �ptimized L1R DNA v��-
�i�es wit� ��d wit���t t�e �e�der seq�e��e, ��d wit� ��d wit���t 
tr����ti�� �� t�e C-termi��� tr��smem�r��e regi�� de�ivered 
�y ge�e g�� were pr�te�ted �r�m i�tr���s�� VACV �����e�ge; 
��wever, �� sig�ifi���t di��ere��e i� t�e tr��sie�t p�st�����e�ge 
weig�t ��ss w�s ��served �etwee� t�ese gr��ps. 

Re�e�t str��t�r�� st�dies pr�vide s�me i�sig�t i�t� t�e 
impr�ved imm���ge�i�ity �� L1R DNA v���i�es ���t�i�i�g 
N-termi��� sig��� seq�e��es. T�e p�te�t�y �e�tr��izi�g m���-
������ ��ti��dy (mA�)-7D11 w�s ����d t� �i�d � dis���ti����s 
epit�pe ���sisti�g �� tw� ���ps �� t�e L1R pr�tei� ����d �y � 
dis��fide ���d [60]. As t�e vir�s-e���ded pr�tei�s req�ired ��r 
dis��fide ���d ��rm�ti�� �re ��t prese�t i� �e��s tr��s�e�ted 
wit� t�e s����it p�xvir�s DNA v���i�es, tr��fi�ki�g �� t�e 
L1R pr�tei� t�r��g� t�e ER �si�g � �e�der sig��� seq�e��e is 
req�ired t� pr�d��e t�e dis��fide ���d ��rm�ti�� req�ired ��r 
pr�per ���di�g. T�ese res��ts, t�ke� t�get�er wit� simi��r pre-
vi��s res��ts ��r t�e VACV D8L ��tige� [57], dem��str�te t��t 
m�difi��ti�� �� DNA ���str��ts expressi�g �ert�i� p�xvir�s 
��tige�s t� i����de �� N-termi��� sig��� seq�e��e ��� impr�ve 
t�e imm���ge�i�ity ��d pr�te�tive e�fi���y �� s����it p�xvir�s 
DNA v���i�es.

NHP studies
T�e 4p�x ��m�i��ti�� DNA v���i�es were ��s� ev����ted i� 
NHPs [54]. F��r d�ses ���sisti�g �� 2 µg �� e��� �� t�e L1R, 
A33R, A27L ��d B5R DNA ���str��ts were de�ivered t� e��� 
�� six m��keys �y ge�e g��, w�i�e six p�sitive ���tr�� m��-
keys were v���i��ted wit� �ive VACV [54]. Five �� t�e DNA-
v���i��ted m��keys deve��ped ��ti-VACV viri�� ��ti��dies, 
��d t�ree deve��ped VACV �e�tr��izi�g ��ti��dies. I� �dditi��, 
ser� �r�m DNA-v���i��ted m��keys ���t�i�ed ��ti��dies t��t 
�r�ss-re��ted wit� �rt����g��s pr�tei�s �r�m MPXV i� r�di�-
imm���pre�ipit�ti�� �ss�ys ��d �e�tr��ized MPXV i� PRNT. 
F����wi�g 1–2 ye�rs ��ter re�eivi�g t�e 4p�x DNA v���i�e �r 
t�e L1R DNA v���i�e ����e �y ge�e g�� de�ivery, m��keys were 
���sted wit� � si�g�e DNA v���i��ti�� �s per��rmed d�ri�g t�e 
i�iti�� v���i��ti�� [61]. T�e ��i�ity �� t�e DNA ���st t� ge�er�te 
� mem�ry ��ti��dy resp��se w�s dem��str�ted �y � m�rked rise 
i� t�e ��ti-VACV ��ti��dy titers ��d i� t�e VACV �e�tr��izi�g 
��ti��dy titers i� ser�m s�mp�es ����e�ted p�st���st �s ��mp�red 
wit� t��se ����e�ted �e��re t�e DNA ���st. A�ter t�e DNA ���st, 
t�e m��keys were �����e�ged i�tr�ve���s�y wit� MPXV ��d t�e� 
m��it�red ��r dise�se. A�t���g� ��� �� t�e m��keys v���i��ted 
��d ���sted wit� t�e L1R DNA v���i�e ����e s�rvived t�e ����-
�e�ge, t�ese ��im��s ��� deve��ped severe m��keyp�x dise�se. By 
���tr�st, ��� ��im��s v���i��ted ��d ���sted wit� t�e 4p�x DNA 
v���i�e ��t ���y s�rvived t�e �����e�ge, ��t t�e dise�se severity 
w�s mi�d i� tw� ��t �� t�ree �� t�e m��keys ��d m�der�te i� ��e 
��t �� t�ree m��keys. A�� m��keys v���i��ted wit� �ive VACV 
s�rvived �����e�ge ��d were ��mp�ete�y pr�te�ted �r�m dise�se, 
��d t�e �et���ity �� t�e �����e�ge w�s ���firmed �y t�e ���k �� 
s�rviv�� �� ��im��s v���i��ted wit� empty ve�t�r DNA. T�ke� 
t�get�er, res��ts �� t�e imm���ge�i�ity ��d pr�te�tive e�fi���y 
�� t�e 4p�x DNA v���i�e ���sisti�g �� p��smids expressi�g t�e 
VACV L1R, A33R, A27L ��d B5R ge�es i� mi�e ��d NHP pr�-
vided ��mpe��i�g evide��e reg�rdi�g t�e �e�si�i�ity �� deve��pi�g 
��m�i��ti�� s����it DNA v���i�es ��r t�e s���ess��� preve�ti�� 
�� p�xvir�s i��e�ti��.

Prime–boost approaches
Prime–���st �ppr����es ��ve �ee� exp��red �s � me����ism ��r 
i��re�si�g t�e imm���ge�i�ity ��d pr�te�tive e�fi���y �� p�x vir�s 
s����it v���i�es. I� ��e rep�rt, mi�e were v���i��ted i�tr�m�s��-
��r�y t�ree times �t 2-week i�terv��s wit� 100 µg �� DNA v���i�es 
e���di�g VACV A4L, A27L �r H5R [62]. A�ter 1 week �����wi�g 
t�e t�ird DNA v���i��ti��, t�e mi�e re�eived � ���st i�tr�peri-
t��e���y wit� 5 × 106 p��q�e-��rmi�g ��its �� �ive VACV. B�t� 
�e�����r ��d ��m�r�� resp��ses were t�e� ev����ted ��r s�mp�es 
��t�i�ed 1 week ��ter t�e t�ird ��d fi��� DNA v���i��ti�� �r 
26 d�ys ��ter t�e VACV ���st. A���ysis �� ��tige�-spe�ifi� IFN-g 
resp��ses i�d��ed i� sp�e���ytes �y e�zyme-�i�ked imm���sp�t 
(ELISPOT) �ss�y reve��ed t��t, ��t���g� t�ere w�s ���y � very 
��w IFN-g resp��se ��ter DNA v���i��ti�� ����e, t�ere w�s � 
���sider���e i��re�se i� IFN-g pr�d��ti�� ��ter t�e VACV ���st 
��d t�e �ig�est resp��se w�s see� i� mi�e primed wit� t�e A4L 
DNA v���i�e. Simi��r �ss�ys per��rmed ��ter CD8+ T-�e�� dep�e-
ti�� ��rt�er i�di��ted t��t t�ese �e��s were prim�ri�y resp��si��e 

Dupuy & Schmaljohn

E
xp

er
t R

ev
ie

w
 o

f 
V

ac
ci

ne
s 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

N
yu

 M
ed

ic
al

 C
en

te
r 

on
 0

7/
15

/1
5

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



www.expert-reviews.��m 1747

Review

��r t�e IFN-g resp��ses dete�ted i� t�is st�dy. Pr��i�er�ti�� 
�� CD4+ T �e��s me�s�red wit� ��r��xyfl��res�ei� s���i�imi-
dy� ester st�i�i�g ��d fl�w �yt�metry �� sp�e���ytes w�s ��s� 
i��re�sed i� mi�e primed wit� t�e i�divid��� A4L, A27L �r H5R 
DNA v���i�e ��mp�red wit� mi�e primed wit� ve�t�r ����e. 
A�t���g� t�e ser�m IgG ��ti��dy resp��ses �g�i�st re��m�i���t 
A4L, A27L ��d H5R VACV pr�tei�s were ��w i� mi�e re�eiv-
i�g ���y t�e DNA-primi�g v���i��ti��s, ���sti�g wit� VACV 
res��ted i� � sig�ifi���t i��re�se i� t�ese resp��ses. Res��ts �r�m 
t�is st�dy ��rt�er i�di��ted t��t ��tige�-spe�ifi� CD8+ T-�e�� 
IFN-g resp��ses were ge�er�ted i� ��m�� HLA-A2.1-tr��sge�i� 
mi�e ��ter v���i��ti�� wit� t�e i�divid��� A4L, A27L ��d H5R 
DNA v���i�es ��d wit� � ��m�i��ti�� �� t�ree p��smids. I� 
���t�er st�dy, NHPs were v���i��ted wit� DNA p��smids e���d-
i�g t�e MPXV �rt����gs �� t�e VACV A27L, A33R, B5R ��d 
L1R pr�tei�s (A29L, A35R, B6R ��d M1R, respe�tive�y), wit� 
t�e eq�iv��e�t re��m�i���t pr�tei�s pr�d��ed i� Escherichia coli, 
�r wit� t�e DNA v���i�es �s � prime �����wed �y ���sti�g wit� 
t�e pr�tei�s [63]. DNA v���i��ti��s ���sisted �� i�tr�m�s����r 
de�ivery �� 3 mg �� e��� DNA ��d i�tr�derm�� de�ivery �� 1 mg 
�� e��� DNA (4 mg t�t�� �� e��� �� t�e ���r DNA p��smids) �t 
weeks 0, 4 ��d 10. Pr�tei� v���i��ti��s ���sisted �� i�tr�m�s��-
��r de�ivery �� 100 µg �� e��� pr�tei� �t weeks 19 ��d 23. DNA 
v���i��ti�� ����e e�i�ited ���y ��w �eve�s �� ��ti��dies t��t ����d 
�i�d t� t�e ���r ��tige�s i� ELISA, w�i�e pr�tei� ���sti�g �� 
DNA-primed ��im��s res��ted i� ��ti��dy �eve�s s�peri�r t� t��se 
see� i� ��im��s v���i��ted wit� pr�tei� ����e �g�i�st ��� ��tige�s 
ex�ept M1R. W�i�e �� �e�tr��izi�g ��ti��dies were prese�t i� t�e 
ser� �� ��im��s v���i��ted wit� DNA ����e, ��� �� t�e ��im��s i� 
t�e pr�tei�-���y ��d DNA prime/pr�tei� ���st gr��ps deve��ped 
VACV- ��d MPXV-�e�tr��izi�g ��ti��dy titers. DNA prime/
pr�tei� ���st v���i��ti�� ��s� pr�d��ed sig�ifi���t�y �ig�er 
IFN-g+/TNF-a+ CD4+ T-�e�� resp��ses t��� t��se i� t�e DNA �r 
pr�tei�-���y gr��ps. F����wi�g MPXV �����e�ge 4–5 weeks ��ter 
t�e fi��� v���i��ti��, ��im��s t��t re�eived ���y DNA deve��ped 
i���mer���e ski� �esi��s ��d did ��t s�rvive, w�i�e ��im��s v��-
�i��ted ���y wit� pr�tei�s deve��ped m�der�te-t�-severe dise�se 
��t s�rvived. By ���tr�st, DNA-primed ��im��s �dmi�istered t�e 
pr�tei� ���st experie��ed ���y mi�d dise�se t��t res��ved wit�i� 
d�ys. T�e res��ts �r�m t�e st�dies des�ri�ed previ��s�y �ig��ig�t 
t�e e�fi���y �� s����it DNA prime/�ive VACV ���st ��d s����it 
DNA prime/s����it pr�tei� v���i��ti�� str�tegies i� deve��pi�g 
pr�te�tive imm��ity �g�i�st p�xvir�ses.

VARV & MPXV DNA vaccines
W�i�e m�st �� t�e existi�g rep�rts �� t�e deve��pme�t �� p�xvir�s 
DNA v���i�es des�ri�e p��smids expressi�g VACV ��tige�s, � 
m��e����r s����it p�xvir�s v���i�e m�st ��s� pr�vide pr�te�-
ti�� �g�i�st VARV t� �e ���sidered �� ���ept���e ��ter��tive 
t� t�e ��rre�t ���ve�ti���� p�xvir�s v���i�es. Owi�g t� t�e 
�ig� degree �� ��m���gy �etwee� t�e VACV pr�tei�s expressed 
�y t�e ��rre�t�y tested DNA ���str��ts wit� t�eir MPXV ��d 
VARV �rt����gs, it is �e�ieved t��t DNA v���i�es ��sed �� t�e 
VACV ge�es wi�� pr�vide ���sider���e �r�ss-pr�te�ti�� �g�i�st 
t�e �t�er p�xvir�ses ��d p�ssi��y represe�t �ttr��tive ���did�tes 

��r �ext-ge�er�ti�� p��-p�xvir�s v���i�es. T�is ide� is s�pp�rted 
�y t�e ��i�ity �� t�e 4p�x DNA v���i�e expressi�g VACV ��ti-
ge�s t� pr�vide pr�te�ti�� �g�i�st MPXV i� NHPs [61]. H�wever, 
t�e ev����ti�� �� DNA v���i�es expressi�g VARV ge�es ��s ��s� 
re�e�t�y �ee� rep�rted [64]. I� t�is st�dy, t�e i�divid��� VARV 
ge�es A30L, B7R ��d F8L, t�e �rt����gs �� t�e VACV ge�es 
A27L, B5R ��d D8L, respe�tive�y, were ��d�� �ptimized t� 
i��re�se t�e �req�e��y �� ��d��s �sed i� m�mm��i�� expressi�� 
��d i�serted i�t� p��smid ve�t�rs �e�i�d � tPA �e�der seq�e��e, 
w�i�� ��d previ��s�y �ee� s��w� t� impr�ve t�e expressi�� ��d 
imm���ge�i�ity �� t�e VACV D8L ��tige� [57]. Mi�e v���i��ted 
t�ree times �t 3-week i�terv��s wit� 12 µg �� t�e i�divid��� A30L, 
B7R ��d F8L VARV DNA v���i�es de�ivered �y ge�e g�� deve�-
�ped �ig� �eve�s �� ��tige�-spe�ifi� IgG ��ti��dies, ��d t�ere w�s 
�� sig�ifi���t di��ere��e i� t�e titers �g�i�st VARV ��d VACV 
��tige�s. I� �dditi��, v���i��ti�� wit� t�e F8L ��d A30L DNA 
v���i�es pr�d��ed VACV IMV-�e�tr��izi�g ��ti��dies �t �eve�s 
simi��r t� t��se e�i�ited �y t�eir VACV D8L ��d A27L ����ter-
p�rts ��d s�peri�r t� t��se e�i�ited �y i�tr�derm�� i������ti�� 
wit� �ive VACV. Mi�e re�eivi�g t�e i�divid��� VARV A30L, B7R 
��d F8L DNA v���i�es were ��mp�ete�y pr�te�ted �r�m i�tr�-
perit��e�� VACV �����e�ge. Mi�e v���i��ted wit� � p��yv��e�t 
��m�i��ti�� �� ��� t�ree VARV DNA v���i�es ��s� were pr�te�ted 
�r�m i�tr�perit��e�� VACV �����e�ge, ��d t�ese mi�e ex�i�ited 
�ess tr��sie�t p�st�����e�ge weig�t ��ss ��d reg�i�ed weig�t s���er 
t��� mi�e v���i��ted wit� t�e m���v��e�t v���i�es. I� �dditi��, 
t�e p��yv��e�t VARV DNA v���i�e ��d � p��yv��e�t v���i�e ���-
sisti�g �� t�e VACV �rt����gs ���ieved simi��r pr�te�ti�� �g�i�st 
i�tr�perit��e�� VACV �����e�ge i� mi�e. T�e imm���ge�i�ity 
��d pr�te�tive e�fi���y �� DNA v���i�es expressi�g VARV ��ti-
ge�s i���str�te t�e p�te�ti�� ��r deve��pi�g � VARV ��tige�-��sed 
m��e����r s����it v���i�e t��t m�y pr�vide i��re�sed pr�te�ti�� 
�g�i�st VARV.

Despite t�e �ig� ��m���gy �etwee� t�e �rt����gs �� t�e ��ti-
ge�s expressed i� t�e prese�t�y ev����ted p�xvir�s DNA v���i�es, 
t�e �eter�ge�eity �etwee� t�ese pr�tei�s ��� ��s� imp��t t�e 
�r�ss-re��tivity ��d �r�ss-pr�te�ti�� �� t�e ��ti��dy resp��ses 
ge�er�ted �y �ert�i� ��tige�s. I� � re�e�t rep�rt, it w�s dem��-
str�ted t��t � VACV pr�te�tive mA� dire�ted �g�i�st t�e VACV 
EEV pr�tei� A33R, mA�-1G10, did ��t �i�d its MPXV �rt����g 
A35R [65]. H�wever, �i�di�g �� mA�-1G10 t� MPXV A35R w�s 
rest�red �y s��stit�ti�� �� �mi�� ��ids 117, 188 ��d 120 wit� 
t��se prese�t i� VACV A33R. I� �dditi��, t�e ��i�ity �� � DNA 
v���i�e expressi�g MPXV A35R t� pr�te�t �g�i�st �eter���g��s 
VACV �����e�ge w�s ev����ted. Mi�e were v���i��ted t�ree times 
�t 3-week i�terv��s wit� 1 µg �� t�e MPXV A35R DNA v���i�e 
�r � DNA v���i�e expressi�g t�e VACV A33R ��tige� �dmi�is-
tered �y ge�e g��. W�i�e 80% �� t�e mi�e v���i��ted wit� t�e 
VACV A33R DNA were pr�te�ted �g�i�st i�tr���s�� VACV ����-
�e�ge, ���y 60% �� t�e mi�e t��t re�eived t�e MPXV A35R DNA 
v���i�e s�rvived. T�e s�rvivi�g mi�e t��t re�eived t�e VACV 
A33R p��smid ��s� ex�i�ited sig�ifi���t�y �ess p�st�����e�ge tr��-
sie�t weig�t ��ss t��� t��se v���i��ted wit� t�e MPXV �rt����g 
DNA. T�e res��ts �� t�is st�dy dem��str�ted t��t � sm��� degree 
�� �eter�ge�eity ��� imp��t t�e �r�ss-pr�te�ti�� �� DNA v���i�es 
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expressi�g �ert�i� p�xvir�s ��tige�s ��d �ig��ig�ted t�e imp�r-
t���e �� ��re��� se�e�ti�� ��d red��d��t t�rgeti�g �� t�e ��tige�s 
se�e�ted ��r �se i� � p��-p�xvir�s s����it v���i�e.

Poxvirus summary
T�e imm���ge�i�ity ��d pr�te�tive e�fi���y �� DNA v���i�es 
expressi�g ��mer��s p�xvir�s ��tige�s, i����di�g t��se �r�m 
VACV, MPXV ��d VARV, ��ve �ee� dem��str�ted i� m��se 
��d NHP p�xvir�s m�de�s i�v��vi�g m��tip�e r��tes �� i��e�ti�� 
(Table 3). It ��s ��s� �ee� s��w� t��t ��m�i��ti��s �� DNA v��-
�i�es t��t red��d��t�y t�rget ��tige�s prese�t �� ��t� t�e IMV 
��d EEV i��e�ti��s ��rms �� p�xvir�ses wi�� pr�����y �e req�ired 
t� pr�d��e � s���ess��� p��-p�xvir�s m��e����r s����it v���i�e. 
T�e res��ts �� existi�g st�dies ��ve ��s� i���str�ted t�e p�te�ti�� 
e�fi���y �� v���i��ti�� str�tegies i���rp�r�ti�g DNA prime ���-
��wed �y �ive VACV �r re��m�i���t pr�tei� ���st. A�t���g� t�e 
ge�e g�� ��s �ee� t�e pred�mi���t ��rm �� de�ivery �� t�e p�x-
vir�s DNA v���i�es i� t�e existi�g rep�rts, ��ter��tive de�ivery 
�y e�e�tr�p�r�ti�� ��s ��s� s��w� pr�mise ��r impr�vi�g t�e e�fi-
���y �� s����it m��e����r p�xvir�s v���i�es. Fi����y, m�difi��ti�� 

�� t�e DNA v���i�es expressi�g �ert�i� p�xvir�s ��tige�s t� 
i����de ��d�� �ptimiz�ti��, rem�v�� �� p�te�ti�� sites �� g�y��-
sy��ti��, �dditi�� �� N-termi��� sig��� seq�e��es ��d rem�v�� 
�� C-termi��� tr��s mem�r��e regi��s ��s ��s� impr�ved t�e 
imm���ge�i�ity ��d pr�te�tive e�fi���y �� DNA-��sed s����it 
p�xvir�s v���i�es. T�ere��re, ��t���g� ��m�� ��i�i��� tri�� d�t� 
�re ��rre�t�y ���ki�g, s����it p�xvir�s DNA v���i�es represe�t 
�� �ttr��tive ��ter��tive t� existi�g ���ve�ti���� �ive ��d �ive-
�tte���ted v���i�es. A�ter s���ess��� ��mp�eti�� �� ��i�i��� tri��s, 
t�e m��e����r s����it p�xvir�s v���i�es ����d t�e� �e ���sidered 
�s � p�ssi��e rep���eme�t ��r t�e existi�g �i�e�sed v���i�e, �s �� 
��ter��tive v���i�e ��r t��se ��r w�i�� t�e �ive v���i�e is ���tr�i�-
di��ted, �r �s � prime �����wed �y ���sti�g wit�  ���ve�ti���� 
v���i�es t� red��e t�e p�te�ti�� ��r �dverse e��e�ts.

DNA vaccines for alphaviruses
Status of vaccines for equine encephalitis viruses
Ve�ez�e���, e�ster� ��d wester� eq�i�e e��ep���itis vir�ses 
(VEEV, EEEV ��d WEEV, respe�tive�y) �re �rt�r�p�d-��r�e 
p�sitive-str��ded RNA vir�ses �� t�e ��mi�y Togaviridae t��t 

���se peri�di� epiz��ti�s i� t�e Ameri��s. 
T�ese New W�r�d ��p��vir�ses �re re��g-
�ized �s p�te�ti�� �ge�ts �� �i�w�r��re �r 
�i�terr�rism, ��rge�y �wi�g t� t�eir �ss��i-
�ted m�r�idity ��d m�rt��ity i� ��m��s, 
e�se �� pr�d��ti��, ���sider���e st��i�ity 
��d �ig� i��e�tivity i� �er�s��s. As � res��t, 
t�ese e��ep���iti� ��p��vir�ses �re defi�ed �s 
��teg�ry B �i�terr�rism �ge�ts �y t�e CDC. 
A�t���g� �� �i�e�sed ��m�� v���i�es ��r-
re�t�y exist ��r t�ese p�t��ge�s, ���ve�-
ti���� v���i�es �re �v�i����e ��der i�vesti-
g�ti���� �ew dr�g st�t�s. A �ive- �tte���ted 
VEEV v���i�e, TC-83, is ge�er���y s��e 
��d e�i�its ���g-��sti�g pr�te�tive imm�-
�ity; ��wever, it ���ses �ever, �e�d���e ��d 
m���ise i� �ppr�xim�te�y 25% �� v���i��ted 
i�divid���s, w�i�e �ppr�xim�te�y 20% �� 
v���i�e re�ipie�ts ��i� t� deve��p �e�tr��iz-
i�g ��ti��dies. F�rm��i�-i���tiv�ted vir�s 
v���i�es ��r VEEV, EEEV ��d WEEV �re 
s��e ��d we�� t��er�ted, ��t t�ey req�ire �re-
q�e�t ���sti�g t� e�i�it dete�t���e imm��e 
resp��ses ��d pr�vide ���y p��r pr�te�-
ti�� �g�i�st �er�s�� �����e�ge i� s�me 
r�de�t m�de�s. T�e re��t�ge�i�ity �� t�e 
�ive v���i�e ��d t�e p��r imm���ge�i�ity 
�� t�e i���tiv�ted v���i�es ��ve pr�mpted 
t�e deve��pme�t �� impr�ved v���i�es ��r 
VEEV, EEEV ��d WEEV.

Rodent studies
T�e imm���ge�i�ity �� � DNA v���i�e 
e���di�g t�e E3, E2 ��d 6K str��t�r�� 
pr�tei�s �� VEEV str�i� TC-83 ��s �ee� 

Table 3. DNA vaccines for poxviruses tested in animals.

Genes Delivery method(s) Model Ref.

Vaccinia virus

A33R, A34R, A36R, B5R Im. injection Mouse [52]

A33R, L1R, A33R+L1R Gene gun Mouse [53]

A27L, B5R, A27L+B5R Gene gun Mouse [54]

A27L+A33R+B5R+L1R Gene gun Mouse, NHP [54,61]

A13L, A27L, A33R, A34R, A36R, 
A56R, B5R, D8L, H3L, L1R

Im. injection Mouse [56]

D8L, tPA-D8L, A27L+B5R, 
A27L+B5R+tPA-D8L, 
A27L+A33R+B5R+L1R,
A27L+A33R+B5R+L1R+tPA-D8L

Gene gun Mouse [57]

A4L, A27L, H5R Im. DNA prime, live 
VACV boost

Mouse [62]

A4L, A27L, H5R, A4L+A27L+H5R Im. injection HLA-A2.1 
transgenic 
Mouse

[62]

A27L+A33R+B5R+L1R Skin electroporation Mouse [55]

tPA-L1R, tPA-
L1R+A27L+A33R+B5R

Gene gun Mouse [58]

IgGk-L1R Gene gun Mouse [59]

Monkeypox virus

A29L, A35R, B6R, M1R Im./id. DNA prime, 
protein boost

NHP [63]

A35R Gene gun Mouse [65]

Variola virus

tPA-A30L, tPA-B7R, tPA-F8L, 
tPA-A30L+tPA-B7R+tPA-F8L

Gene gun Mouse [64]

id.: Intradermal; Im.: Intramuscular; NHP: Nonhuman primate; tPA: Tissue plasminogen activator.
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ex�mi�ed i� mi�e �����wi�g i�tr�m�s����r, i�tr�derm�� �r ge�e 
g�� de�ivery [66]. I� t�is st�dy, mi�e were v���i��ted �� d�ys 0 ��d 
72 wit� 50 µg �� t�e DNA v���i�e �y i�tr�m�s����r �r i�tr�derm�� 
i�je�ti��, �r wit� 0.6- �r 4-µg d�ses de�ivered �y ge�e g��. A���ysis 
�� ser�m s�mp�es ��t�i�ed �� d�y 21 i�di��ted t��t te� ��t �� te� 
��im��s �r�m ��� gr��ps ��d resp��ded t� t�e v���i��ti�� �s deter-
mi�ed �y ��ti-VEEV TC-83 ELISA ��d simi��r titers were see� ��r 
��� gr��ps �t t�is time p�i�t. H�wever, ELISA �� ser�m s�mp�es 
t�ke� �� d�y 93 s��wed t��t mi�e give� 4 µg �� DNA �y ge�e 
g�� ��d �ig�er ��ti-VEEV ��ti��dy �eve�s t��� t��se �� t�e �t�er 
gr��ps ��d t�ese mi�e ��s� ��d t�e �ig�est titers �� persisti�g ��ti-
��dy i� termi��� ser�m s�mp�es ����e�ted �� d�y 173. F�rt�erm�re, 
wester� ���tti�g dem��str�ted t��t ��ti��dies prese�t i� t�ese 
s�me termi��� ser�m s�mp�es re��ted t� t�e VEEV E2 g�y��pr�-
tei�, w�i�� ���t�i�s t�e m�j�rity �� k��w� VEEV-�e�tr��izi�g 
epit�pes. T�e res��ts �� t�is st�dy i�di��ted t��t � VEEV DNA 
v���i�e expressi�g t�e E2 g�y��pr�tei� is imm���ge�i� i� mi�e, 
��d t��t ge�e g�� de�ivery res��ted i� s�peri�r ��ti-VEEV ��ti��dy 
resp��ses �s ��mp�red wit� i�tr�m�s����r �r i�tr�derm�� i�je�ti��, 
despite t�e �se �� ��e-twe��t� t�e d�se �� t�e DNA ���str��t.

St�dies t� ev����te t�e pr�te�tive e�fi���y �� � VEEV DNA v��-
�i�e ��ve ��s� previ��s�y �ee� per��rmed i� ��t� mi�e ��d g�i�e� 
pigs [19]. Here, mi�e were v���i��ted t�ree times �t 3-week i�ter-
v��s wit� �ppr�xim�te�y 3 µg �� � p��smid DNA e���di�g t�e 26S 
str��t�r�� s��ge��mi� mRNA (C-E3-E2–6K-E1) �� VEEV s��-
type IA/B �dmi�istered �y ge�e g��. T�e DNA-v���i��ted mi�e 
deve��ped str��g ��ti-VEEV ��ti��dy resp��ses �s me�s�red �y 
ELISA, ��t ���y ��w �eve�s �� VEEV-�e�tr��izi�g ��ti��dies were 
dete�ted �y PRNT. A�ter 3 weeks �����wi�g t�e fi��� v���i��ti��, 
t�e mi�e were �����e�ged wit� VEEV �y eit�er t�e s����t��e��s 
�r �er�s�� r��te. T�ere w�s 100% s�rviv�� i� t�e VEEV DNA-
v���i��ted mi�e ��ter s����t��e��s �����e�ge, 80% s�rviv�� ��ter 
�er�s�� �����e�ge, ��d t�e ��i��rm �et���ity �� t�ese �����e�ges 
w�s ���firmed �y � ��mp�ete ���k �� s�rviv�� �� �eg�tive ���tr�� 
mi�e v���i��ted wit� empty p��smid DNA. I� ���t�er st�dy, 
g�i�e� pigs were v���i��ted t�ree times �t 4-week i�terv��s wit� 
5 µg �� t�e VEEV DNA v���i�e �r wit� 5 µg e��� �� t�e VEEV, 
EBOV, MARV ��d ��t�r�x DNA v���i�es [19]. T�e g�i�e� pigs 
v���i��ted wit� t�e VEEV DNA ����e ��d me�s�r���e ��ti��dy 
titers t� VEEV ��d 100% s�rviv�� w�s ��served ��ter � ��i��rm�y 
�et��� VEEV s�� ��t��e��s �����e�ge per��rmed 21 weeks ��ter 
t�e i�iti�� v���i��ti��. F�rt�erm�re, ��im��s v���i��ted wit� ��� 
���r DNA v���i�es ��d ���y s�ig�t�y red��ed VEEV ��ti��dy 
titers ��d s�ig�t�y red��ed pr�te�ti�� (~80%) �s ��mp�red wit� 
��im��s re�eivi�g t�e VEEV DNA ����e. T�e res��ts �� t�ese 
st�dies pr�vided t�e first evide��e t��t � VEEV DNA v���i�e is 
��p���e �� e�i�iti�g �ig� �eve�s �� pr�te�ti�� �g�i�st VEEV ����-
�e�ge i� m��tip�e ��im�� m�de�s ��d �g�i�st m��tip�e r��tes �� 
i��e�ti��. I� �dditi��, t�e res��ts ��t�i�ed wit� t�e ��m�i�ed 
VEEV, EBOV, MARV ��d ��t�r�x DNA v���i�es �ig��ig�t t�e 
p�te�ti�� ��r deve��pi�g s���ess��� m��ti-�ge�t �i�de�e�se v���i�es 
�si�g t�is �ppr����. 

T�e e�fi���y �� � DNA v���i�e �g�i�st WEEV ��s ��s� �ee� 
ev����ted i� mi�e [67]. Mi�e were v���i��ted ���r times �t 
2-week i�terv��s wit� 5 µg �� � DNA v���i�e expressi�g t�e 26S 

str��t�r�� ge�es �� WEEV str�i� 71V-1658 �y ge�e g��. A�ter 
2 weeks �����wi�g t�e fi��� v���i��ti��, t�e mi�e were �����e�ged 
i�tr���s���y wit� WEEV ��d s�rviv�� r�tes were 100% �g�i�st 
WEEV str�i� 71V-1658, 62% �g�i�st str�i� F�emi�g ��d 50% 
�g�i�st str�i� CBA87. A�t���g� t�e ��t��rs i�di��ted t��t �� 
��ti-WEEV ��ti��dies were dete�ted i� t�e v���i��ted mi�e, �e��-
���r resp��ses were ��served �y CTL-pr��i�er�ti�� �ss�ys. T�e 
res��ts �� t�is w�rk s�ggest t��t � DNA v���i�e �ppr���� ��s� 
represe�ts � pr�misi�g str�tegy ��r WEEV v���i��ti�� ��d ��r-
t�er i���str�tes t�e p�te�ti�� ��r ���ievi�g s�me �r�ss-pr�te�ti�� 
�g�i�st m��tip�e WEEV str�i�s wit� t�is v���i�e.

Re�e�t�y, � VEEV DNA v���i�e wit� impr�ved imm���-
ge�i�ity ��d pr�te�tive e�fi���y ��s �ee� deve��ped [68]. I� �� 
�ttempt t� impr�ve t�e imm���ge�i�ity ��d �r�ss-re��tivity �� 
e��ep���iti� ��p��vir�s e�ve��pe g�y��pr�tei�s, t�e DNA e���d-
i�g t�e E1 ��d E2 g�y��pr�tei�s �� VEEV s��types IA/B ��d 
IE, M���m�� vir�s (MUCV), EEEV (str�i� PE6) ��d WEEV 
(str�i� CBA87) were re��m�i�ed in vitro t� ge�er�te �i�r�ries �� 
��imeri� ge�es expressi�g v�ri��t e�ve��pe g�y��pr�tei�s. T�e 
v�ri��ts were t�e� �dmi�istered �s DNA v���i�es i� mi�e, ��d t�e 
res��ti�g ser� were s�ree�ed �g�i�st t�e p�re�t vir�ses �y ELISA. 
V�ri��ts �r�m � �i�r�ry i� w�i�� t�e E1 ge�e �r�m VEEV IA/B 
w�s �e�d ���st��t ��d t�e E2 ge�es �� t�e five p�re�t vir�ses 
were re��m�i�ed were ����d t� e�i�it impr�ved ��ti-VEEV IgG 
��ti��dy resp��ses ��mp�red wit� t�e p�re�t�� ��tige�s. Mi�e 
were v���i��ted t�ree times �t 3-week i�terv��s wit� 10 µg �� 
eit�er �� tw� represe�t�tive v�ri��ts �r�m t�is �i�r�ry �r wit� 
t�e p�re�t�� VEEV DNA v���i�e �y ge�e g��. A���ysis �� ser� 
��t�i�ed 3 weeks ��ter t�e fi��� v���i��ti�� reve��ed t��t t�e 
se�e�ted re��m�i�ed v�ri��ts i�d��ed sig�ifi���t�y �ig�er �eve�s 
�� VEEV-�e�tr��izi�g ��ti��dies. I� �dditi��, v���i��ti�� wit� 
��e �� t�e v�ri��t DNA v���i�es res��ted i� 100% pr�te�ti�� �� 
t�e mi�e �g�i�st �er�s�� VEEV �����e�ge ��d t�is pr�te�ti�� ��r-
re��ted wit� t�e p�te�t vir�s-�e�tr��izi�g ��i�ity. T�is represe�ts 
t�e first rep�rt �� � DNA v���i�e t��t ���ers ��mp�ete pr�te�ti�� 
�g�i�st �er�s�� VEEV �����e�ge i� mi�e.

Prime–boost approaches
I� �dditi�� t� DNA-���y �ppr����es, t�e ev����ti�� �� prime–
���st str�tegies ��r v���i��ti�� �g�i�st e��ep���iti� ��p��vir�ses 
��s ��s� �ee� per��rmed. I� ��e s��� st�dy, mi�e were v���i��ted 
wit� t�ree 1-µg d�ses �� � DNA v���i�e expressi�g t�e VEEV 
E3-E2–6K str��t�r�� pr�tei�s �t 2-week i�terv��s �y t�e ge�e 
g�� �����wed �y i�tr���s�� ���sti�g wit� � rep�i��ti��-defi�ie�t 
��m�� Ad type 5 expressi�g t�e s�me VEEV E3-E2–6K pr�tei�s 
2 weeks ��ter [69]. Additi���� mi�e re�eived eit�er ���y t�e t�ree 
DNA v���i��ti��s �r ���y � si�g�e d�se �� t�e Ad-��sed VEEV 
v���i�e. B��sti�g t�e DNA-v���i��ted mi�e wit� t�e Ad-��sed 
v���i�e res��ted i� � sig�ifi���t i��re�se i� VEEV-spe�ifi� IgG 
��ti��dies ��mp�red wit� t�e gr��ps re�eivi�g ���y DNA �r t�e 
Ad-��sed v���i�e ����e. T�e mi�e ���sted wit� t�e Ad-��sed 
v���i�e ��s� deve��ped i��re�sed VEEV-�e�tr��izi�g ��ti ��dies 
�s ��mp�red wit� t�e �t�er gr��ps. Imp�rt��t�y, ���sti�g wit� 
t�e Ad-��sed v���i�e ��s� sig�ifi���t�y i��re�sed t�e pr�te�tive 
e�fi���y �g�i�st �er�s�� �����e�ge wit� VEEV. S�rviv�� �� mi�e 
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re�eivi�g t�e Ad-��sed ���st w�s 83% ��mp�red wit� 25% 
s�rviv�� wit� DNA ���y ��d 42% ��ter t�e si�g�e d�se �� t�e 
Ad-��sed v���i�e ����e. I� � sep�r�te rep�rt, � DNA prime, �r���y 
de�ivered pr�tei� ���st v���i��ti�� str�tegy �g�i�st vir�� e��ep��-
�itis �si�g t�e pr�t�type ��p��vir�s Si�d�is vir�s (SINV) w�s 
det�i�ed [70]. Tw� 50-µg d�ses �� � DNA v���i�e expressi�g t�e 
SINV E2 g�y��pr�tei� were �dmi�istered i�tr�m�s����r�y t� mi�e 
�� d�ys 0 ��d 14 �����wed �y �r�� �dmi�istr�ti�� �� d�ses �� � 
re��m�i���t SINV E2-m��t�se-�i�di�g pr�tei� ��si�� (MBP-E2) 
�� d�ys 21, 28 ��d 35. T�is v���i��ti�� str�tegy res��ted i� 50% 
pr�te�ti�� �g�i�st �� i�tr���s�� �����e�ge �� d�y 49 wit� � 
vir��e�t, m�ri�e-�d�pted str�i� �� SINV, w�i�e �� s�rviv�� w�s 
��served i� gr��ps �� mi�e t��t re�eived ���y DNA �r ���y pr�-
tei� v���i��ti��. T�e res��ts �r�m t�ese tw� st�dies dem��str�te 
t�e �ti�ity �� prime–���st v���i��ti�� str�tegies i� t�e preve�ti�� 
�� vir�� e��ep���itis.

Alphavirus summary
I� s�mm�ry, t�e st�dies des�ri�ed previ��s�y dem��str�te t�e 
imm��� ge�i�ity ��d pr�te�tive e�fi���y �� DNA v���i�es deve�-
�ped t� pr�vide pr�te�ti�� �r�m e��ep���iti� ��p��vir�s i��e�ti�� 
(Table 4). T�e �ti�ity �� prime–���st str�tegies ��r e��ep���iti� 
��p�� vir�s v���i��ti�� ��s ��s� �ee� i���str�ted. T� d�te, t�e ��i�-
ity �� DNA v���i�es t� pr�vide pr�te�ti�� �g�i�st m��tip�e r��tes 
�� VEEV i��e�ti�� ��d i� m��tip�e sm��� ��im�� spe�ies ��s �ee� 
est���is�ed, i����di�g t�e ��i�ity �� DNA v���i�es t� pr�vide 
��mp�ete pr�te�ti�� �g�i�st �er�s�� �����e�ge wit� VEEV ��d 
WEEV i� mi�e. T�e ge�e g�� ��s �ee� t�e ���se� met��d ��r 
de�ivery �� e��ep���iti� ��p��vir�s DNA v���i�es i� t�e m�j�r-
ity �� p���is�ed st�dies. H�wever, �s des�ri�ed ��r s�me �� t�e 
�t�er DNA v���i�es i� t�is review, i�tr� m�s����r e�e�tr�p�r�-
ti�� ��s re�e�t�y �ee� rep�rted t� represe�t � p�te�t me��s �� 
�dmi�is teri�g VEEV, EEEV ��d WEEV DNA v���i�es [71]. 
St�dies i�v��vi�g t�e ev����ti�� �� e��ep���iti� ��p��vir�s DNA 
v���i�es i� NHP m�de�s �� i��e�ti�� �re sti�� ���ki�g i� t�e ��r-
re�t �iter�t�re; ��wever, res��ts prese�ted �t � re�e�t ����ere��e 

i�di��te t�e ���ti��ed deve��pme�t �� ���did�te ��p��vir�s DNA 
v���i�es ��d t��t s��� p���i��ti��s s����d �e ��rt���mi�g [71]. 
Dem��str�ted imm���ge�i�ity ��d pr�te�tive e�fi���y i� NHPs 
s����d t�e� pr�vide t�e ��sis ��r t�e �dv���eme�t �� e��ep���iti� 
��p��vir�s DNA v���i�es i�t� ��i�i��� tri��s i� ��m��s.

Conclusion
DNA v���i�es ��r �i�de�e�se p�t��ge�s ��ve s��w� pr�mise 
i� ��t� pre��i�i��� ��d ��i�i��� st�dies. S��ety iss�es, i����di�g 
����er�s ����t DNA i�tegr�ti�� i�t� ��st ��r�m�s�mes, ��ve 
t��s ��r pr�ve� ������ded i� t�e ��mer��s t�xi����gy st�dies 
t��t ��ve �ee� prese�ted t� t�e FDA i� i�vestig�ti���� �ew dr�g 
s��missi��s. M������t�ri�g met��ds ��r DNA p��smids ��ve 
�ee� gre�t�y impr�ved ��d �re ��w we�� est���is�ed ��d reg���ted. 
C�mmer�i�� DNA v���i�es �re ��re�dy �v�i����e ��r veteri��ry �se 
i� ��rge ��im��s; t��s, t�ere is gre�t ��pe ��d ��ti�ip�ti�� t��t we 
wi�� s��� see � �i�e�sed DNA v���i�e ��r ��m�� �se.

Expert commentary
T�e ��i�ity t� q�i�k�y ge�er�te v���i�es �g�i�st �� existi�g, 
emergi�g �r ��ve� ge�eti����y e�gi�eered p�t��ge� is �riti��� 
��r �i�de�e�se p�rp�ses. A v���i�e p��t��rm t��t is �me����e t� 
mixed, ��m�i��ti�� v���i�es is ��s� �ig��y desir���e. I� t�e�ry, 
DNA v���i�es �re ide�� ��r meeti�g t�ese g���s, ��t���g� i� pr��-
ti�e, t�ey ��ve ��t yet re��ized t�eir ���� p�te�ti��. A ��m�er �� 
re�e�t ��tew�rt�y �dv���es s�ggest t��t DNA v���i�es mig�t 
s��� �e��me � vi���e ��ter��tive t� �t�er re��m�i���t DNA �r 
���ve�ti���� �ppr����es ��r �i�de�e�se v���i�es. Pr�gress i� t�e 
de�ivery met��ds ��d i� ���str��t �ptimiz�ti�� �re �m��g t�e 
m�st imp�rt��t �� t�ese �dv���es. 

Wit� respe�t t� de�ivery met��ds, it is ��w ��e�r t��t sim-
p�e m�s��e i�je�ti�� �� p��smids d�es ��t res��t i� � s��fi�ie�t 
imm��e resp��se i� ��m��s, espe�i���y ��r e�i�iti�g �e�tr��iz-
i�g ��ti ��dies. Ge�e g�� de�ivery ��s �ee� �sed wit� s���ess i� 
NHPs; ��wever, t�ere �re sti�� �� rep�rted st�dies i� w�i�� t�is 
met��d ��s �ee� �ig��y s���ess��� i� ��m��s. A�t���g� ge�e 

g�� de�ivery is very �ttr��tive ��r �i�de�e�se 
v���i�es, i� t��t t�e DNA ��� �e de�iv-
ered �y �eed�e-�ree ���d-�e�d disp�s���e 
devi�es, t�e te������gy i�v��ved i� m�ki�g 
t�e devi�es is sti�� very ����r-i�te�sive ��d 
d�si�g regime�s ��ve ge�er���y req�ired 
��mer��s �dmi�is tr�ti��s �t sever�� time 
p�i�ts. C��seq�e�t�y, it is �ike�y t��t 
impr�veme�ts �re sti�� g�i�g t� �e req�ired 
�e��re ge�e g�� de�ivery is t�e met��d �� 
���i�e ��r �i�de�e�se DNA v���i�es.

A��t�er te������gy t��t s��ws pr�m-
ise ��r DNA v���i�e de�ivery is e�e�tr�-
p�r�ti��. C�rre�t�y, ��t� ski�- ��d m�s��e-
de�ivery devi�es �re �ei�g tested i� ��im��s 
��d ��m��s, ��t���g� �� ��rge ��i�i��� 
st�dies ��ve yet �ee� rep�rted. Ass�mi�g 
t��t ��m��s refle�t res��ts see� i� ��rge 
��im��s ��d i� �ert�i� P��se I tri��s, t�is 

Table 4. DNA vaccines for alphaviruses tested in animals.

Genes Delivery method(s) Model Ref.

Venezuelan equine encephalitis virus

E3-E2–6K Gene gun Mouse [66]

C-E3-E2–6K-E1 Gene gun Mouse, 
guinea pig

[19]

E3-E2–6K Gene gun DNA prime, 
adenovirus boost

Mouse [69]

Variant E3-E2–6K-E1 Gene gun Mouse [68]

Western equine encephalitis virus

C-E3-E2–6K-E1 Gene gun Mouse [67]

Sindbis virus

E2 Im. DNA prime, 
oral protein boost

Mouse [70]

Im.: Intramuscular.

Dupuy & Schmaljohn
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de�ivery met��d m�y pr�ve t� �e t�e m�st e�fi���i��s �� ��y yet 
deve��ped. Nevert�e�ess, i�tr� m�s����r de�ivery �� DNA �si�g 
��rre�t e�e�tr�p�r�ti�� devi�es m�y s���er �r�m iss�es �� ��m�� 
t��er��i�ity ��d ���ept���e, ��d t�ere �re �� rep�rts �� e�fi���i��s 
i�tr�derm�� de�ivery �y e�e�tr�p�r�ti�� t� d�te. 

Sig�ifi���t impr�veme�t i� ���str��ts ��s �ee� dem��str�ted 
�y m�di�yi�g ��d��s t� refle�t t��se m�st ��mm���y see� i� 
m�mm��i�� �e��s. T�is, ����g wit� t�e rem�v�� �� �rypti� sp�i�e 
sites ��d �t�er regi��s t��t i�ter�ere wit� mess�ge st��i�ity, ��� 
dr�m�ti����y impr�ve t�e expressi�� �� �ert�i� ge�es. I� �dditi�� 
t� ��d�� �ptimiz�ti��, t�e �dditi�� �� v�ri��s t�rgeti�g ��d se�re-
ti�� sig���s ��� impr�ve t�e prese�t�ti�� �� t�e ge�e pr�d��ts t� 
imm��e systems. Additi���� w�rk t� defi�e ��w s��� ����ges 
i�fl�e��e spe�ifi� ��tige�s pr�d��ed �r�m DNA v���i�es wi�� �e 
req�ired, �s m��y �� t�e res��ts �re ��tige� depe�de�t. 

Five-year view
Over t�e �ext 5 ye�rs, we expe�t t� see �t �e�st ��e DNA v���i�e 
�i�e�sed ��r ��m�� �se. Rese�r�� pri�rities �ver t�is time wi�� 
���ti��e t� ����s �� i��re�si�g t�e imm���ge�i�ity �� DNA 
v���i�es �y impr�vi�g de�ivery met��ds, m�di�yi�g t�e ���-
str��ts �r i����di�g ge�eti� �dj�v��ts, s��� �s �yt�ki�e ge�es, 
t� e�i�it � desired imm��e resp��se. P�ssi��e �ew �ppr����es ��r 
i��re�si�g t�e e��e�tive�ess DNA v���i�es mig�t �e de�driti� �e�� 
t�rgeti�g, ���i�it�ti�g t�e ����e�r tr��sp�rt �� t�e DNA, �r timed 
re�e�se �� p��smids t� exte�d ge�e expressi��. I� �dditi��, we 

expe�t t��t �etter m������t�ri�g met��ds ��d ��ve� p�rifi��ti�� 
pr��ed�res wi�� �e deve��ped, w�i�� s����d m�ke DNA v���i�es 
eve� m�re ��st e��e�tive. 

Fi����y, ��t���g� prime–���st regime�s ��ve �ee� ����d t� 
�e e��e�tive ��r s�me p�t��ge�s, t�is te������gy is ��t ide�� ��r 
�i�de�e�se p�rp�ses �wi�g t� t�e ��st �ss��i�ted wit� pr�d��-
i�g tw� types �� v���i�es ��d t�e exte�ded d�si�g req�ireme�ts. 
T�ere��re, it is ���ike�y t��t t�is str�tegy w���d �e ��v�red ��r ��y 
i�divid��� v���i�e ���ess t�ere is �� �t�er ��ter��tive. H�wever, 
t�is str�tegy ����d ��ve gre�t �ti�ity i� it ����d �e �sed ��r � ��m-
�i��ti�� �ppr���� i� w�i�� � ���kt�i� �� DNA v���i�es w���d 
pr�vide primi�g ��r d�w�stre�m v���i��ti�� wit� eit�er est��-
�is�ed i���tiv�ted v���i�es, �r wit� spe�ifi� DNA �r �t�er types 
�� re��m�i���t v���i�es.

Disclaimer
The opinions, interpretations, conclusions and recommendations contained 
herein are those of the authors and are not necessarily endorsed by the US Army.

Financial & competing interests disclosure
The authors have no relevant affiliations or financial involvement with any 
organization or entity with a financial interest in or financial conflict with 
the subject matter or materials discussed in the manuscript. This includes 
employment, consultancies, honoraria, stock ownership or options, expert 
testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this manuscript.

Key issues

• DNA vaccines offer several advantages over traditional biodefense vaccine approaches, such as a simple and cost-effective technology, 
ability for rapid design, safety in all populations and the environment, and the absence of pre-existing immunity to a vaccine component.

• Protective immunity has been demonstrated in animals vaccinated with DNA vaccines for several key biodefense pathogens, including 
Bacillus anthracis, filoviruses, poxviruses and equine encephalitis viruses. Combinations of DNA vaccines were found to have similar 
antigenicity and immunogenicity in animals as the individual vaccines in some studies, but every combination will need to be evaluated 
for interference and efficacy.

• Methods to augment immunogenicity of DNA vaccines that have proven successful include new delivery methods, such as 
electroporation, and modification of constructs by codon optimization and/or inclusion of cellular targeting signals.

• Although no DNA vaccine has yet been licensed for human use, several clinical trials have been or are being conducted.

• Further work to correlate animal responses to those of humans will be critical for licensing biodefense DNA vaccines, especially those 
for which proof-of-efficacy will solely be derived from animal studies. 
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