STUART BRADSHAW

A'ftar Years df-falsée starts, a new generation of vaccines and

medicines for HIV, influenza and other stubborn illnesses is
now in clinical trials BY MATTHEW £ MORROW AND DAVID B. WEINER

N A HEAD-TO-HEAD COMPETITION held 10
years ago, scientists af'the National Insti-
tutes of Health testedtwo promising new
‘types of vacine to see which might offer
the strongest protection against one of the
deadliest viruses on earth, the human immung-
deficiency virus (HIV) that causes AIDS. One
vaccine consisted of DNA rings called plasmids,
each carrying a gene for one of five HIV pro-
teins. Its goal was to get the recipient’s own cells
to make the viral proteins in the hope they
would provoke protective reactions by immune
cells. Instead of plasmids, the second vaccine
used.another virus called an adenovirus as a
carriet for a single HIV gene encoding a viral
protein. The rationale for this combination was

- to employ a “safe” virus to catch the attention

of immune cells while getting them to direct
their responses against the HIV protein. .
+One of us (Weiner) had already been work-
ing on DINA vaccines for eight years and was
hoping for a major demonstration of the plas-
mids” ability to induce immunity against a
dreaded pathogen, Instead the test results dealt
amajor blow to believers in this fiest generation
of DNA vaccines, The DNA recipients displayed
only weak immune responses to the five: HIV
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proteins or no response’at all, whereas recipi-

ents of the adenovirus-based vaccine had robust
reactions, To academic and pharmaceutical
company researchers, adenoviruses clearly

“looked like the stronger candidates to take for-

ward in developing HIV vaccines.
To DNA vaccine investigators, the results
were not entirely surprising, because poor re-

. sponses had been seen in some previous trials;

Still, the failures were disappointing because we
had good reasons for expecting the plasmid vac-
cine to be both safe and powerful. Convinced
that the original concept was still strong, scien-
tists went back to the drawing board to find
ways to boost the effectiveness of the technolo-
gy- Now: these cfforts are beginning to pay off.
A new generation of plasmid-based vaccines is
proving in human and animal trials that it can
produce the desired responses while retaining
the safety and other benefits that make DNA so
appealing. The same DNA-based technology is
also now expanding fo ether forms of immune

therapy and the direct delivery of medicines. In

their matute form, such DNA-based vaccines
and treatments are poised to become a success
story by addressing several conditions that now
lack effective freatments. :

MEDICINE

KEY CONCEPTS

w Vaccines and therapies contain-

ing DNA rings called plasmids
have long held promise for
- treating and preventing dis-
ease, but the plasmids madea. -
‘weak showing in eatly tests,

u improvements to the plasmids

and new methods for deliver-
ing them have dramaticaily
enhanced their potency.

& DNA vaccines and therapies

now used in animals or in late-
stage human trials demonstrate
that plasmids are reaching
their potential.

—The Editors
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HO"._'-Z; DNA DRUGS WORK

made of plasmlds--tmy rings of DNA~~designed to ferrya se-
lected geneinto cells. Once plasmids are inside, the cells many- -
- facture thé protein encoded by the gene. In the case of an antivi-
rai DNA vaccine (iflustration), the resulting viral proteins elicitan
" immune response that prevents future infection by that virus.

Plasmid

MAKING THE VACCINE PROTEINS

A DNA vaceine defivered into the skin enters, or “transfects,”

- . local skin cells and some immune cells. The transfected cells make
the plasmid-encoded viral protein, called an antigen. Still more
immune cells engulf the antlgen protems as they are exiting cells
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IVHAUNE CFLLS RESPOND
Immime calls carrying .
-antigen—known as antigen-
* prasenting cells—travel ta.
- lymphnades, where inter-
.. actiohs with-other immune
. ¢alls yield anilbody molecules
“and killer T calls tallored’to -
recognize e viral protein
and to attack any virus.
“bearing it in the future:

o Bfockedwruses o

'A GUDD II]EA "I'HEN AND NDW

WHEN THE CONCEPT' of usmg DNA toimmunize
people began to gain traction inthe eardy 1990s,
its elegant simplicity was 1mmed1ately apparent.

" The core components of the vaccme.--the plas— -

B lmds constructed to carry gt:nersv encodmg orie ot
‘more proteins from a; pathogen—-would induce
the recipient’s cells to: make those proteins but

would not carry instructions for m—aking'the'
entire pathogen, so the vaceine ccmld not gwe rise

to the pathogenitself..
- When the plasmxds enter 2 host cell known

~as transfection, the machinery that normally de-

codes DINA starts réading the plasmid’s genc and

‘makes’the desired protein, which is eventually _
released_ ‘om the cell much the way virus pag--

'he_ body The immune system
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Whether |ntended to treat or to prevent disease, DNA drugs are .

are recognized by immune cells.

- infected, prompting long-term immune recogni- -
tion and responses against the foreign protein.

Just introducing a DNA ring carrying one gene

“could thereby induce immunity that protects -

against an entire pathogen. :

Inaddition to their safety and simplicity, DNA -
vaccines offer a number of advantages over other -
types of vaccite, Their manufacture is consider- -
ably faster than some traditional vaccines, such
as those for influenza that require handling and

- cultivating “live” viruses and a minimam four=
. to six-month production process: DNA is inher-

" ently stable at room temperature (luckily for our

- cells), so DNA vaccines should not require con-
“stant refrigeration, which is a concern during the -

transportation and storage of many vaccines,
gy . . .
From the standpoint of a vaccine designer,
DNA-has another plus, which in recent years

played an important role in reopening the door
. to this técliiclogy. The iimune system does not

perceive the plasmids as fore:gn material--after

-~ all, they are made of DNA~—-so the vaccine itself

i} techmcally does not:provoke any immune re-
‘sponse, Only the protein encoded by the plasmid
gene, oncé manufactured by cells, garnersthe at-

tention of immube sentinels, meaning that plas-
mids can be used ovet and 6ver in the same re-
cipient to deliver a variety. of genes without fear
that the body-will develop imfnunity to+ lie DNA .
carrier and attack the vaccine itself.
Unfortunately, in the early DNA vaccine tests
the problem of weak immune responses was a
significant pitfall. The main reasons for those

.- failures seemed to be that vaccine plasmids were

not getting into enough cells and, where they-did
penetrate, the cells were not producing eaough
of the encoded proteins. As a result, the imniune
system was not being sufficiently stimulated. -
The rival technology would ultimately face a
bigger problem, however. In 2007 pharmaceu-
tical company Merck initiated a large trial of an
HIV vaccine that used an adenovirns called
AdHuS to deliver HIV viral genes: In light of the

" potent immune respenses seen in previous ex-

periments with adenoviruses, great hope and

excitement surrounded the beginning of this

test, known-as the STEP trial. In all, about
3,000 HIV-negative individuals received the
vaccine or a placebo shot.

As the trial progressed, though, a chsturbmg
difference between the two groups began to-
emerge: people who got the vaccine were no bet--

- ter protected than those who received the pla-
¢ebo, and eventually they appeared to be more
" “yulnerable to being infected by HIV. An early
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- tally found that 49 out of 914 men in the vaccine

group became HIV-positive, whereas 33 out of
922 men in the placebo group did. With this re-
alization; inthe summer of 2009 the STEP trial
was halted. The data are still being analyzed for
clues to what happened, but some evidence is
pointing to the AdHuS carrier as one possible
confounding factor. In people with preexisting
immunity to AdHuS$, a. common cold virus, the
immune system may have attacked the vaccine
itself. Why some vaccine recipients seemed more
susceptible to HIV infection remains unclear.

THEREBIRTH OFDNA -
DURING THE YEARS leading up to the STEP trial,

. researchers still convinced of the DNA platform’ss.

potential had been working hard to develop solu-

- tionsfor the complext issues that handicapped the

first generation of plasimid vaccines, These efforts
focused on boosting all aspects of the plasmids’
activity, including new methods of gerting them
into cells, new ways of increasing protein produc-
tion once they were inside, and additions to the
vaccines that enhance immune system responses
to the vaccine-encoded proteins.

- New vaccine delivery methods are among the
most significant accomplishments to come out
of this work, because they get considerably more
cells—including immune cells themselves—to
take op the plasmids. For iné";%ance, transdermal
patches and other needle-ffee systems; such as
Gene Gun and Bisject that use pressurized ir to

inject vaccine, deliver plasmids into the skin, -

where immune sentries called antigen-present-
ing cells are highly concentrated. These methods
also physically force plasmids into more cells
than needle injection would do. To achieve a
similar result with vaccines delivered by needle
into muscle or skin, the injection can be followed
by-electroporation; a-series'of elettrical pulses
that cause cell membranes to:temporarily open
pores that allow plasmids to.enter more easily.
Electroporation can increase.cells’ uptake of
plasmids by as much as 1,000-fold.

- The plasmid-gene constructs themselves have
also been improved through several types of re-
finements to the DNA sequences of the genes they
carry. Codon optimization, for instance, involves
spelling out the gene’s instructions in a way the
cell will excente most readily, In the genetic code,
the amino acid building blocks of proteins are
specified by sets of three DNA “letters” that
make up a codon. Certain amino acids are desig-
nated by more than one codon, but cells typically
favor one of these synonymous codons and trans-
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late it more efficiently than the others. Choosing
optimal codons thus increases the cell’s produc-
tion of the desired protein. Additional revisions
to the gene sequence can improve the stability
and accuracy of the messenger RNA gene tran-
scripts that the cell actually reads to make the™
protein and can speed protein manufacture, '
A-so-called leader sequence near the stast of
each gene is the first to be translated by the cell
into the beginnings of a protein molecule, and
optimizing a gene’s leader sequence can improve
the stability of the final protein molecules, Cer-
tain leader sequences can even mark a protein
as one that the cell should secrete, which is de-
sirdble because it allows immune cells to en-
counter the foreign proteins both inside trans- %
fected cells and outside them. The two sitna-
tions provoke slightly different types of immune

[ PROGRESS ]

-BOOSTING DNA'S POWER

Technologies that increase the effectiveness of plasmid-based vaccines and therapies

" have renewed hope for the success of the DNA approach. The improvements raise cells*
uptake of plasmids, augment theit production of plasmid-encoded proteins and intensi-

~ fyimmune system responses to those proteins. :

ENHANCED DELIVERY
- Needle-frea injection

Electroporation device

High uptake
b %:ellsp

Temporary pore -
" by cells :

Mild electrical stimulation callad electroporation
can hoost cells’ uptake of plasmids delivered hy
needle Injection, The electrical pulses cause cells
to briefly open pores that admit the plasmids.

Needle-free injection systems deliver vaccine into

the skin, whare immune cells are concentrated.
"The injectors push more plasmids directly into skin

and immune celfs than needle injections would,

. Best gene sequence
OPTIMIZED PLASID DESIGN |

" Instructions for making a protein encoded by a plasmid gene can be
- spelled-out using various sequences of DNA *jetters,” but choosing

tertain sequences can raise the amount of protein a cell generates. =g High protein

=" production

’ _ Adjuvant ___.

R ’ gene 2
SMPROVEDR INIGUNE STIMUEATION . :
- Immune cell~stimulating substances called adjuvants .

- Antigen
. gene

can be encoded by genes added to plasmids. The -
adjuvants.manufactured-alongside the antigens |

enhance immine responses to the vaccine antigens, . Entignced immunetesponse toantigen -~
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Pennsylvania, where Morraw [s a post-
doctoral research fellow. fnvestigating
HiVior nearly 10 years led to his curent
Focus on DMA vaccines and immune
therapies. Welner, a professor of pathof-
" ogy and medicine, is chair of the univer-
sity's Gene Therapy and Vaccines gradu-
ate program. A pionieer of DNA vactine
technology, he brought the first plasmid-
based vaccines to clinical telals and has
been a consultant to the FDA and to
many vaccine and pharmaceutical com-
panies pursuing plasmid-based drugs,
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“response, and the combination enhances the

overall immunity generated by the vaccine.
A final important improvement involves sub-

-stances called adjuvants, which are typically

added to traditional vaccines to boost immune
system responses. In some cases, an adjuvantcan
even steer the immune system toward one form
of response over another if desired, for instance,
favoring greater production of T cells, which
seek out and kill pathogen-infected cells in the
body, as opposed to greater production of anti-
bady proteins, which attempt to block patho-
gens from entering cells. A chemical compound
called Vaxfectin, for example, has been shown
to increase antibody résponses to 8 DNA vaccine
against influenza 200-fold, Another adjuvant—
Resiquimod—is used with some DNA vaccines
to provoke a strong immune reaction that in-
cludes both T cells and antibodies;

Another compelling aspect of the DNA-based
teclinology is that instead of adding adjuvants to
the final vaccine formulation, which sometimes
creates concerns about maintaining proper ernul-
sification or stability of the formula, designers can
incorporate the gene for an adjuvant molecule di-
rectly into a vaccine plasmid. Cells that takeup the
plasmids will then mamfacture the encoded adju-
vant alongside the vaccine proteins. When.gene-

encoded adjuvants are added to DNA vaccines, |

- -evenwhen the plasmid has already been optimized,

" as described eatlier, the adjuvant can further in-
crease immuné responses by fivefold or more.

These designer plasmid vaccines are a far cry
from the simple protein-encoding constructs of

- the carly years of the DNA platform. With opti-
mized plasmids and improved delivery methods, .

the technology was ready to make a comeback

“by the start of the STEP trial. What is more, the

DNA approach has begun to show promise for
uses beyond classical vaccination, including
plasmid delivery of some medications and of im-

* ‘mune therapies targeted at cancers. -

- Matthew P, Morrow and David B.
Weiner collaborate at the University of -

A MULTIPURPOSE TECHNOLDGY

THE ABILITY TO SAFELY deliver genes into cells
and get those cells to efficiently manufacture the
encoded proteins opens avenues fo a host of

* potential treatments, Indeed, many of these

DINA-based therapies are ahead of DNA vac-
cines in the race to widespread clinical use.
Unlike classical drugs that often take the form
of small'chemical ‘miolecules, DNA therdpies
deliver a géne to trear an ailment, Unlike tradi-
tional gene therapy, liowever, the plasmid does
not integrate permanently into the recipient’s

cellular genome or even remain permanently in -

cells, which avoids complications that have ham-
pered progress in gene therapies.

As is often the case with new technologies, -

the earliest successes in plasmid-based therapies
have been in animals. One example already li-

censed for usein pigsis designed to prevent feta} -
loss. Admiinistered to pregnant sows along with
electroporation,.the plasmid enters the sow’s

cells, which then make a hormone {growth hor-
mone-releasing hormone) that supports the ges-

tating fetuses’ survival. The success of this treat- -
4

ment is exciting in part because it requires only
a single injection to work in such a large animal,
which bodes well for human therapies.

Various large clinical trials for human DNA
therapies are now under way [see table on oppo-
site pagel, including one that delivers genes for
proteins called growth factors that mobilize

stem cells to treat congestive heartfailure. An-
other employsa plasmid encoding a growthifac- -
tor called JGF-1 to treat growth failure in pa-

tients with-the disorder X-linked severe com-
bined immunodeficiency. A third trial addresses
a circulatory problent-that can bé.notoriously
hard to treat, called critical limb ischemia. This
thetapy deliversplasmid-encoded. factors that
induce new blood vessels to grow, in the hope of

- preveriting the need for amputation.

- Adifferént category of treatments, known as
DNA biological immunotherapy, combines the
best aspects of DNA therapies and vaccines by
delivering a gene tharinduces the body to mount

an.immune response to an existing disease, such

as a tumor or a chronic viral infection. One ear-
ly trial uses DNA encoding viral proteins to in-

duce immune cell attacks on tumors caused by
the human papillomavirus (HPV), for example, - -

Initial results from this trial show that half of re-
cipients muster T cell responses to the HPV pro-
teins and that more than 90 percent generate
high levels of antibodies. Another current trial
is testing 2 DNA immunotherapy against the

hepatitis C virus. Encouraging preliminary re-

sults in both these trials are significant because
no effective immune therapies currently exist for
either HPV tumors or hepatitis C.

Inthis arena, veterinary applications are once

again even-more advanced than human studies,

and a successful DNA-based therapy for mela-
noma in dogs is exciting researchers who study
human cancer, The dog melanoma treatment,

-made by Merial, increases the median survival
time of dogs with-advanced melanoma by six- -

fold compared-with-untreated dogs. This DNA
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DEMONSTRATING THE POTENTIAL OF DNA

- Plasmid-based vatcines and therapies are under study in humahs for a wide range of disorders, and some are already approved for anlma!s
" The table below lists a selection of the disorders targeted by products in human clinical trials or already marketed for animals.

" DISORDER TARGETED IN HUMAN TRIALS

|_PRODUCT.

Vaccines to
prevent disease

= HIV (3 vaccines) :
m Influenza (2 vaccines)

DIS'ORDER TR'G’fETED. N ANI_A_L_S 3

& Wast Nile virus (horses) :
n Infectious hematopoletic necrosis wrus
(farmed salrnon)

Immune-stimulating - - Hepatitis C ~ins

W Melanoma {dogs}

treatments for = HIV- ) _
existing diséases - - m Human papiffomavirus-induced fumors
' ™ jivercancer ° _
<M Melanoma .- %
Therapies that give rise ® Congestive heart failure .
fo needed proteins u Growth failure from X-linked severe -

‘combined immuniodeficiency disorder
M Limb circulatory disorders (3 treatments}

2

™ Fetal loss {pigs)

| Melanoma

e "_f"'l)lologlcal meunotherapy attests to ‘the poten—

' mg Plasrhnd

strated, A flu vaccine our reseaich group devel-

“and against the highly lethal H5N1 avian flu
that has infected several hundred people, The
Citie’ is able to prov1de thls broad protection

-,

ing vikal proteins resemble those of many differ-
- “ent fhistrains: Such vaccines might spell an end
to mismatches between seasonal flu vaccines and
the flu strains that emerge every year.

- Of course, the novel HINT1 flu strain that ap-

© HANI vaccine made by the pharmaceutical
company Vical was completed it just two weeks
in May 2009, Had it been tested and licensed in
advance, such a vaccine could have been manu-
factured in large amounts at least two months
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: Vver'smns of flu viictines exemphfy ome of the .
° - Benefits the DNA approach has already dernon-"

~ oped, now in early human trials, was shown in. _
. animals 6 -protect against common flu strains

_ inso-called consensus _;'
que_ 3 ofﬂuvu'usgencs il nmgtheresult— .

- peared last year to produce a global pandemic -
highlights the urgent need for a new vaccine ap- -
_ proach. An experimental DNA, version of an-

sooner than the standard vaccines became avail-..

' abie. Ttis now in ear[y human tnals with enconr-

aging results.

The potential power of DNA vaccines and _. .

. therapies to target diseases that have no otheref-
- fective alternatives has also brbught DNA back__. :
into the HIV vaccine race. One vaccine niow in:
huinari trials, Pennvax-B, contains three HIV vi-

ral genes plus genes encoding adjuvant mole-

‘culesand is delivered with electroporation. Two

ore vaccines aré belng tested in‘a strategy that

tion of another vaccine type to boost the early
immune

The fact that several DNA vaccines and ther-

apies are already used in animals and are inlarge,
late-stage human trials involving hard-to-treat. -
ailments attests to how far the plasmid technol- -
ogy hascome: ‘Dtamatic progress in the field over
the past decade bas brought some of the most cre-.

ative vaccines and therapeutics yet to clinical
testing for human-benefit. In this regard, those of

us who. have nursed this technology since itsin- -
fanicy canre help butfeel proud to see that it has'
emerged from a-difficule chlldhnod and can ook

forward toa bng future, ,

_ sponse to higher Tevels. One of these,
'-GeoVax, is: bemg given along with a vaccine
: based ona'virus called modified vaccinia Anka-
ta ag-the boost. And in an amusing irony, the
"NIH Vaccine Research Center is now testing a

. different DNA-based HIV vaccine with one of
- two adenovirus-based HIV vaccines as boosts.

- etal.in Journal of Virology, Vo). 83,
"'*No 9, pages 4624—4630 M K

uses plasmids to prime immune cells to recog—' i
-nizg the HIV proteins followed by administra-

MORE TOEXPLORE

DNA Vaccines for HiV: Challenges
and Opportunities. David A: Hokey
and David B, Weinér in Springet
Seminars in Immunopatholagy,

Yol. 28, No. 3, pages 267-27%;
November 2006.

" DNA Vaccines: Pracision Tools for
Activating Effective Immunity

. ‘Againist Cancer. jason Rice etal.in -
-Natire Reviews Cancer, Vol. 8, No. 2,
pages 108--120; February 2008,

Electroporation of Synthetic DNA - -
Anfigens Offers Protectionin
Nonhuman Primates Challenged
With Highly Pathogenic Avian -

Influenza Viris. Dominick J; Laddy
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