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Induction of Antigen-Specific 
Cytotoxic T Lymphocytes in 
Humans by a Malaria DNA 

Vaccine 
Ruobing Wang,* Denise 1. Doolan,* Thong P. Le;f 

Richard C. Hedstrom, Kevin M. Coonan, Yupin Charoenvit, 
Trevor R. Jones, Peter Hobart, Michal Margalith, Jennifer Ng, 

Walter R. Weiss, Martha Sedegah, Charles de Taisne, 
Jon A. Norman, Stephen 1. Hoffman: 

CD8+ cytotoxic T lymphocytes (CTLs) are critical for protection against intracel- 
lular pathogens but often have been difficult to induce by subunit vaccines in 
animals. DNA vaccines elicit protective CD8+ T cell responses. Malaria-nake vol- 
unteers who were vaccinated with plasmid DNA encoding a malaria protein de- 
veloped antigen-specific, genetically restricted, CD8+ T cell-dependent CTLs. Re- 
sponses were directed against all 10 peptides tested and were restricted by six 
human lymphocyte antigen (HLA) class I alleles. This first demonstration in healthy 
na'ive humans of the induction of CD8+ CTLs by DNA vaccines, including CTLs that 
were restricted by multiple HLA alleles in the same individual, provides a foundation 
for further human testing of this potentially revolutionary vaccine technology. 

During 1990-1994, the administration of "na- 
ked" plas~nid DNA encoding a specific protein 
antigen was shown to induce expression of the 
protein in mouse myocytes (I), to elicit anti- 
bodies against the protein (2), and to manifest 
protection against influenza (3) and malaria (4) 
that was dependent on CD8+ T cell responses 
against the expressed protein. Hundreds of pub- 
lications have now reported the efficacy of 

R. Wang, Malaria Program, Naval Medical Research 

DNA vaccines in small and large animal mod- - 
els of infectious diseases, cancer, and autoim- 
mune diseases (5).  

DNA vaccines elicit antibodies and CD4+ T 
cell responses in animals, but their major advan- 
tage at the immunological level has been their 
capacity to induce antigen-specific CDSi. T cell 
responses, including CTLs, which is a major 
illechanism of protection against intracellular 
pathogens. Important to our method of develop- 
ing a malaria vaccine is the induction of CDSi. 

lnstitut< Bethesda, 20889-5607, USA, and Henry T cell responses against Plnst~zoil i~~t~z,faIc@a~~~~m 
M. Jackson Foundation. Rockville, MD 20852, infected hepatocytes (6). The lysis ofcells in a 
USA. D. L. Doolan, Malaria Program, Naval Medical 
Research Institute, Bethesda, MD 20889-5607, USA, chrOmiulll assay was used as a 
and Pan American Health Organization, Regional Of- surrogate for antihepatocyte responses, because 
fice of the World Health Organization, Washington, it has been established that CDgi- CTLs. which 
DC 20037, USA. T. P. Le, R. C. Hedstrom. Y. Charoen- recognize peptide-pulsed target cells, rec- 
vit, T. R. Jones, W. R. Weiss. M. Sedegah, S. L. Hoffman, 
Malaria Program, Naval Medical Research Institute, ognize and eliminate parasite-infected hepato- 
Bethesda, MD 20889-5607, USA. K. M. Coonan, Med- cytes (6). On the basis of our work with rodents 
ical Division, U.S. Army Medical Research Institute of (4. 7) and our work and that of others with 

mid DNA encoding the nefi ~ e v ,  or tat genes or 
the env and rev genes of HIV was reported (11). 
Interpreting the& results is difficult because of 
the concurrent HIV infection, which has been 
demonstrated to pri~ne i~ldividuals for a CTL 
response that is independent of immunization. 

Accordingly, 20 healthy, malaria-nai've 
adults were recruited and randonlized into four 
dosage groups of five individuals. Three injec- 
tions of 20, 100, 500, or 2500 yg  of plasmid 
DNA encoding the P, falcipan~~n circumsporo- 
zoite protein (PfCSP) (12) were administered at 
4-week intervals in alternate deltoids (13). The 
details of recruitment, safety, and tolerability 
were reported elsewhere (14). To assess CTL 
responses, we collected peripheral blood mono- 
nuclear cells (PBMCs) fro111 each volunteer be- 
fore vaccination, 2 weeks after the second im- 
munization, and 2 and 6 weeks after the third 
immunization. These cells were either assayed 
while fresh for recall antigen-specific CTL re- 
sponses (15) or were frozen ( I  6) for subsequent 
study. In parallel, CTL assays were carried out 
with PBMCs from nonimmunized control vol- 
unteers. Cytolytic activity was assessed after 
both prima~y and secondary in vitro restimula- 
tion against HLA-matched and HLA-mis- 
matched PfCSP-specific and control targets. 
The percent lysis and the percent specific lysis 
were determined as described (15). The most 
sensitive and specific method (1 7) for demon- 
strating the presence of CTLs was with effector 
cells that were expanded in vitro by exposure to 
cells infected with canaly pox (ALVAC) ex- 
pressing the PfCSP (18) and with target cells 
that were sensitized with PfCSP-derived syn- 
thetic peptides (19). There was no apparent dif- 
ference behveen the prima~y and secondary as- 
says (20) or between the fresh and frozen spec- 
imens (21). 

For logistical reasons, fresh PBMCs were 
studied only before vaccination and after the 
second immunization in the 20- and 100-kg- 
dosage groups but were studied before vaccina- 
tion and after all imillunizations in the 500- and 
2500-yg-dosage groups, with the exception of 
one individual (13). For 14 individuals, ade- 

\ '  , \ ,  

infectious Diseases, Fort Detrick, MD 21701, USA. P. rhesus illonkeys (8, 9), we have developed a quate amounts of frozen PBMCs were available 
Hobart, M. Margalith, J. A. Norman, Vical, San Diego, 
CA 92121, USA, ,, Ng, C, W, Bill Young Department of plan for ~nanufacturing and testing the efficacy for further analysis. A typical pattern of CTL 
Defense Bone Marrow Donor Program, Naval Medical of a ~ll~ltigelle P. falcipal?mz liver-stage DNA responses is presented in Fig. 1A. These re- 
Research Institute, Bethesda, MD 70889-5607, USA. C. vaccine in-humans (10). This has beell contin- spdnses were- peptide-specific and genetically 
de Taisne, Pasteur-Merieux COnnaught-France, 69007 gent on establishing that DNA vaccination of reshicted because there was little or no recog- 
Lyon, France. humans is safe and induces antigen-specific, nition of autologous targets that were incubated - A - - 
*These authors contributed equally t o  this work. genetically restricted, CDSi. T cell-dependent with the control peptide or of HLA class I-mis- 
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the effector cells and repeating the assay 
after the depletioil of T cell subsets (Fig. 
1B) (22). The si~nultaneous assessmeilt of 
coded frozen PBMCs that were collected 
before and after vaccination (Fig. 1 C) con- 
firmed that these CTLs were induced after vac- 
cination with a plasmid DNA and after subse- 
quent translation of the encoded PfCSP. 

The CTL responses with fresh PBMCs from 
9 of 20 volunteers and with frozen PBMCs 
from 6 of 14 volunteers met our criteria for 
positivity. Eleven of 20 volunteers were show11 
to have antigen-specific, genetically restricted 
CTL activity. The effect of T cell subset deple- 
tion was studied in fresh cells that were ac- 
quired from volunteers in the 500- and 2500- 

yg-dosage groups after the third immunization. 
In the five responders tested, CD8+ T cell 
depletion eli~niilated the CTL activity (Fig. IB), 
and CD8+ T cell dependence was demonstrat- 
ed for all 10 peptides, except peptide B35,,,. 
Voluilteer 33 was the only voluilteer who ex- 
pressed HLA-B35. Accordingly, peptide 
B35,,, was tested only once [at 2 weeks after 
immunizatioll (IS)]-at which time peptide- 
specific, genetically restricted CTLs were de- 
tected, but CD8+ dependence was not assessed. 
The presence of CD4+ CTLs could not be 
completely excluded, because (in some cases) 
there was a reduction in cytolytic activity upon 
the depletion of CD4+ T cells. However, this 
reduction was minor in relation to the effect of 

CD8+ T cell depletion (Fig. 1B). 
In nine volunteers, CTLs could not be de- 

tected in the three assays that were conducted 
after immunization. In three of these volunteers, 
the lack of response could not be attlibuted to a 
failure to respond to the vaccine, because these 
individuals did not express any of the HLA 
alleles restricting the peptides under study (vol- 
unteers 8 aiid 19, 20 pg; volunteer 20, 500 yg). 
Four of the other six nonresponders were in the 
two lower dosage groups. 

The CTL responses of all volunteers to all 
peptides after immunization are summarized in 
Table 1. The representative data for each re- 
sponder to each peptide are presented in Fig. 2. 
The responses after immunization (80 of 341 

Table 1. Summary o f  overall CTL responses as assessed by vaccinia-stimulated A positive assay result is defined as a percent specific lysis after vaccination that 
effectors and peptide-sensitized targets with fresh and frozen PBMCs. Numbers is >lo% for at  least t w o  E:T ratios in the same assay, with a percent specific lysis 
separated by slashes without parentheses indicate the number o f  positive pep- before vaccination of <lo%. In volunteers 7, 5, 13, and 37, CTLs against some 
tides out o f  the number o f  tested peptides; numbers separated by slashes in peptides were detected before vaccination; these peptides were excluded from 
parentheses indicate the number of positive assays out  of the number o f  assays. analysis for the respective individuals. nt, not  tested. 

2 weeks after 2 weeks after 6 weeks after Range o f  
second third third Total  percent specific 

immunization immunizat ion immunizat ion lysis 
Group data 

Group 7 (20 pg) 
Volunteer code 

/ 

8 
12 
13 
19 

Overall 
Percentage o f  positive peptides 

(percentage o f  positive 
assays) 

Group 2 (700 pg) 
Volunteer code 

5 
6 

18 
22 
26 

Overall 
Percentage o f  positive peptides 

(percentage o f  positive 
assays) 

Group 3 (500 pg) 
Volunteer code 

20 
23 
2 7 
36 
40 

Overall 
Percentage o f  positive peptides 

(percentage o f  positive 
assays) 

Group 4 (2500 pg) 
Volunteer code 

21 
29 
33 
3 7 
39 

Overall 
Percentage o f  positive peptides 

(percentage o f  positive 
assays) 
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dent. ALVAC P~CSP-  u' I  

stimulated effector pb , @ , & 3 ++G Pre-;Ired 2 wL pi 6 k pi 
cell populations f rom ,& ,. GO" +$ Pre and post vaccination 
volunteer 3 7  were de- 
pleted i n  v i t ro o f  CD8- or CD4+ T cells (22) immediately before the chromium release assay. 
Results of a 13-day assay at an E:T rat io o f  2 0 : l  are presented. (C) DNA-induced CTL responses 
w i t h  frozen PBMCs (76). Coded frozen PBMCs f rom volunteer 3 7  were assayed for peptide-specific 
CTLs. The % specific lysis in  a 7-day assay at an E:T ratio o f  2 0 : l  is presented. 

R E P O R T S  

Fig. 1. (A) Peptide- A 

Fig. 2. Representative 
data of positive (dif- 
ference between the 
percent lysis of target 
cells pulsed w i t h  ex- 
perimental or control 
peptides 2 1 0 % )  CTL 
responses for each 
volunteer for each 
peptide. Fresh or fro- 
zen PBMCs, taken at 
the  same or different 
t ime  points, were as- 
sayed for peptide-spe- 
cific, genetically re- 
stricted CTLs as de- 
scribed in  the caption 
of Fig. 1A. Shown is 
the percent lysis 
(mean i SEM) for 
each peptide w i t h  its 
simultaneously as- 
sessed controls at a 
single E:T ratio. Error 
bars indicate SEM. 

specific recall CTL re- l o o  

sponse t o  vaccination 
w i th  plasmid DNA. 80- 

Fresh PBMCs f rom 
volunteer 37 (2500- .a 60-  

p,g-dosage group) 3 
[which were collected 4 0 -  

before vaccination 
(pre-bleed), 2 weeks 2 0 -  

after the second im- 
munization (2 w k  ~ 2 1 ,  O- 
and 2 weeks after the 
th i rd immunization (2 -20 

assays, 23.4%) were significantly greater than 
those before immunization (6 of 139 assays, 
4.3%) (P = 0.0000007, chi-squared test). Two 
of the 82 assays (2.4%) that were conducted 
with PBMCs froin control (nonimmunized) 
volunteers were positive, which is significantly 
less than those assays that were conducted with 
PBMCs after immunization (P = 0.000015). 

An apparent positive response was noted 
with one peptide for volunteers 5 (1 of 12 
assays), 7 (1 of 10 assays), and 13 (1 of 8 

w k  p3)] were st imu- 80 40 20 10 80 40 20 10 40 20 10 5 
E:T ratio 

lated in  vitr0 w i th  u M H C + A Z ~ ~ ~  m m . m ~ . . . .  MHC+Pep242 ----*---- N on-MHCtA2386 

ALVAC expressing the 
PfCSP for 7 days and 5o 6 C 50 
then were assayed 
against HLA class 
I-matched or HLA 40- 40 8 
class I-mismatched , 
PfCSP peptide-pulsed '; 

5 
or control peptide 30- 30 

242-pulsed targets in  * 
a conventional chro- 20- 

mium release assay 
(15). MHC, major his- ts 
tocompatibi l i ty com- lo- I o 
plex. (B) DNA-induced 
CTL responses are 
CD8- T cell-depen- O -  o 

I I I I 
assays) and with three peptides for volunteer 37 
(3 of 11 assays) in secondary but not primary 
assays of fiesh PBMCs that were collected 
before immunization. However, CTL responses 
after vaccination were significantly enhanced in 
relation to the levels before vaccination. Fur- 

Q~ 

.-..a.* %-, 
1 1 1 1  

thermore, no activity was detected when the 
assay was repeated with frozen PBMCs (21). 

0. ... 
iZ.-.o...e 

-&---*----A 

1 1 1 1  

Nevertheless, in accordance with our conserva- 
tive definition of positivity, all peptides with 
210% specific lysis before vaccination were 
excluded fro111 subsequent analysis for the re- 
spective individual. 

Peptide-specific, genetically restricted, and 
CD8+ T cell-dependent CTL responses were 
induced by as little as two 20-pg doses of DNA 
(Table 1). The induction of CTLs after a single 
iinmunization was not tested. CTL responses 
were detected in two of five volunteers immu- 
nized with 20 pg of DNA or 100 kg of DNA, 
in three of five volunteers immunized with 500 
pg of DNA, and in four of five volunteers 
immunized with 2500 pg of DNA. Data indi- 
cate that immunization with either 500 or 2500 

Group 1: 20 ug I Group 2: 100 ug I Group 3: 500 ug I Group 4: 2500 ug 

PfCSP CTL epitopes 

MHC+peptide MHC+control peptide Non-MHC+peptide 
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R E P O R T S  

yg  of D N 4  induced a significantly better CTL 
response in coinparison with either 20 or 100 
pg of DKA ( P  5 0.0003). There was no sig- 
nificant difference behveen 500- and 2500-yg 
dosages overall or after the third innllunization 
(P 2 0.53). but a sig~ificantly higher f'requency 
of response was induced wit11 2500 bg  of D K 4  
in coinparison to 500 y g  of DNA after the 
second immunization (P = 0.000001 ). There 
lvas 110 significant difference beht een 20- and 
100-pg dosages at any time (P 2 0.43). 

LVith regard to the immunization sched- 
ule. overall. the rate of positive assays 2 
weelis after the third iininunization (3 1 of 
106) was significantly greater than the rate 
after the second imnluilizatioi~ (19 of 114) 
( P  = 0.026): there was no significant differ- 
ence bet\veen the 2- and 6-weel< time points 
after the third immunization ( 3  1 of 106 \ er- 
sus 30 of 121) ( P  = 0.45) (Table 1). 

The frequency and magnitude of the CTL 
responses to specific peptides are summa- 
rized in Table 2. Overall, 5 of the 11 respond- 
ers recognized 100'!b of the peptides studied, 
3 responders recognized 60 to 70%~ of the 
ueptides. and 3 others recoenized 43 to 50'41 

There \\.as no apparent hierarchy in teinls of 
allele-specific recognition. The magnitude of 
the lnduced CTL responses to defined epltopes 

arled beh+een olunteei s Oh eiall. the best 
response was detected for the HL4-A2 restrict- 
ed epitope. 42,,, (Table 2 ). This response was 
not substantially different than the responses 
that were noted for the peptides Al,,,,. A2;. 
A3.11 22,. B7 :,,. B35 ,,,, and B35+ 3 , 3 .  Induc- 
tion b y  subunit laccines of CD8+ T cell--de- 
pendent immune responses of multiple I-ILA 
reshictions in the same indilidual has. to our 
lu~o\vledge. not previously been reported for 
any infectious agent in humans. This has been a 
inajor obstacle to laccine de\ eloplnent and will 
be critical to the success of a nlalaria ~accine.  
because T cell responses to indil idual epitopes 
are genetically restricted and there is a substan- 
tial allelic \ ariation of CTL epitopes among P. 
$ilcipoi.llii~ isolates in nahire (23). Indeed, it has 
been demonstrated that the irradiated P firlii- 
ptri.uii1 sporozoite vaccine. which confers potent 
protective inlnlunity in humans (6).  induces 
CTL responses that are reshicted by nlultiple 
HLX alleles in genetically dil erse indi\,iduals 
(-74). 

TTe dld not simultaneously coinpale CTL le- 
sponses In om \accine reclplents ~ l t h  CTL 
responses in indiliduals who were immunized 
lvith ii~adiated sporozoites or naturally exposed 
to lnalana How el er. as in the iodent model (4) ,  
the magnitude of the CTL response that mas 
seen in some of the volunteers (Fig. 1) \vas 
considerably higher than the response that is 
generally seen in humans exposed to irradiated 
sporozoites or to natural infection (24-27). 
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before and after vac- 
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teer 36 (500-pg-dos- .5 
age group), who  ex- 2 '0- 

pressed the alleles " 10 - 
HLA-A2, A3, and B7, 
were assayed for anti-  
gen-specific, geneti- IO- 

cally restricted CTLs 

13'11?36 .A? 

..P..-.P.P. 0 000, a ;------------ 
o..,. o.& 

I I I  

--*." ,-------- 
o... "0 
0. "0  

8 ;;cq--------- 
~., :,x, 

0 

1 1  I 

0. ~ 

.-.. 'L::g::-P. 
'0 

(15). The assay was 20 1 1 1  



REPORTS 

initiation of the culture at 100 Ulml .  On day 8, 6 ?: 10G 
to  10 X 10, responder cells ivere incubated with 1 i 
l o 7  autologous phytohemagglutinin (PHA) blasts in- 
fected with vCP182 and were cultured at 1 s 10G 
cellslml in  a 25-cm2 flask in the presence of rlL-2 (20 
Ulml)  and rlL-7 (100 Ulml)  for an additional 5 days. 
PHA blasts were generated by stimulating PBMCs with 
0.2% (vlv) PHA (Sigma). Primary CTL assays were per- 
formed on day 7. Secondary CTL assays ivere performed 
on day 13 after restimulation on day 8. Target cells 
ivere autologous or HLA-mismatched PHA blasts that 
were sensitized overnight with synthetic peptides (10 
pglml)  representing previously identified CTL epitopes 
on the PfCSP (19). Targets were labeled ivith 100 lpCi 
,'Cr [sodium chromate solution (Dupont New England 
Nuclear, Boston, MA)] for 90 min at 37'C and washed 
three times before use. The CTL activity was assessed 
by a conventional 6-hour chromium release assay, in 
the presence of a peptide (10 pglml) .  The percent lysis 
was defined as (experimental release - medium control 
release)l(maximum release - medium control release) 
?: 100. The percent specific lysis was determined by 
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Differentiation of Monocytes 
into Dendritic Cells in a Model 
of Transendothelial Trafficking 
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Essential to the dendritic cell system of antigen-presenting cells are the veiled 
dendritic cells that traverse afferent lymph to enter lymph nodes, where they 
initiate immune responses. The origin of veiled cells, which were discovered 20 
years ago, is unclear. Monocytes cultured with endothelium differentiated into 
dendritic cells within 2 days, particularly after phagocytosing particles in suben- 
dothelial collagen. These nascent dendritic cells migrated across the endothelium 
in the ablumenal-to-lumenal direction, as would occur duringentry into lymphatics. 
Monocytes that remained in the subendothelial matrix became macrophages. 
Therefore, monocytes have two potential fates associated with distinct patterns 
of migration. 

One of the important features of dendritic initiate immunity. DCs gain access to the 
cells (DCs) is their capacity to inigrate from spleen from the bloodstream and enter l>mph 
peripheral tissues to 1) mphoid organs and nodes b> migration through afferent lymphat- 
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