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Introduction

Human cytomegalovirus (HCMV) is a β-herpesvirus character-
ized by its restricted host range. It is the largest known human 
herpesvirus, with a genome of about 230 kb. The virus has double-
stranded linear DNA mixed with a matrix protein (the tegument) 
surrounded by a lipid bilayer containing viral glycoproteins.1 A 
primary infection is likely to be followed by lifelong persistence 
of the virus in a latent phase and clinical symptoms are seen when 
the immune system is not able to control the virus. Therefore, the 
interest in HCMV as a major pathogen to humans has remained 
high given its threat to immunocompromised individuals, such 
as recipients of hematopoietic cell transplant (HCT), solid-organ 
transplants, as well as HIV-infected patients. Moreover, congeni-
tal HCMV infection is one of the leading causes of severe mor-
bidity and mortality in newborns.2

As a leading cause of congenital infection and a major threat to immunocompromised individuals, human 
cytomegalovirus (HCMV) is a major global public health concern. Effective HCMV vaccines would need to induce potent 
and balanced humoral and cellular immune responses. In this pilot study, immunogenicity studies were conducted in 
mice to examine HCMV antigen-specific antibody and T cell responses when a heterologous prime-boost immunization 
strategy was tested. DNA vaccines expressing either targets of protective antibody responses (gB and gM/gN) or well 
characterized T cell immunogens (pp65, pp150, and IE1) were used as the priming immunization while the live attenuated 
HCMV vaccine Towne strain was used as the boost, which may act like an inactivated vaccine due to the inability of 
HCMV to replicate in a mouse host. Our data indicate that while DNA vaccines were effective in priming HCMV-specific 
antibody responses, the final titers of gB- or gM-specific antibodies were not much different from those elicited by using 
multiple immunizations of HCMV alone. In contrast, DNA priming significantly enhanced T cell responses against gB, 
pp65, and IE1 as measured by IFN-γ. However, HCMV alone was not effective in eliciting strong T cell immune responses 
when used in a mouse host. Our data indicate that the complexity of antigen composition from a large virus, such as 
HCMV, may affect the profile of immune responses when viral vaccines are used as a boost.
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In the year 2000, the Institute of Medicine identified 
HCMV vaccine development as a high priority due to the life-
long and severe morbidity of newborns who develop symptom-
atic congenital disease in utero.3 Over the years, many attempts 
were made to develop an efficacious protective CMV vaccine. 
Different strategies, either used alone or in combination, have 
been clinically evaluated, including live attenuated virus, subunit 
vaccines, and viral vectors encoding different HCMV immuno-
gens. Administration of Towne strain HCMV provided partial 
protection against severe disease in transplant recipients but was 
unsuccessful in protecting against infection in children who were 
exposed to pregnant mothers who shed the virus.4 Although pre-
liminary reports demonstrated safety of a Towne/Toledo chimera 
vaccine, efficacy studies have never been attempted.5

The envelope glycoprotein B (gB) of HCMV has been used as 
the sole viral antigen in subunit and vector-based vaccines, mainly 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Human Vaccines & Immunotherapeutics	 2121

 Research Paper Research Paper

the immune response through sequential administration of vac-
cines that use different antigen delivery systems (“heterologous 
prime-boost”) has attracted significant attention.15-17 It has been 
shown that such an approach is effective in enhancing immunity 
and enriching T cells with high avidity to particular immunogens 
and would improve the level of protection against infection.18,19 
One of the first approaches to utilize this heterologous prime-boost 
regimen was made in the early 1990s in non-human primate mod-
els by immunization with recombinant vaccinia virus encoding 
the gp160 antigen of SIVmne, which was followed by boost with 
recombinant gp160 protein expressed from baculovirus-infected 
cells.20 Following this immunization regimen, animals were pro-
tected from challenge with the SIVmne virus. The efficacy of this 
heterologous prime-boost approach has also been demonstrated in 
studies of HIV-1, malaria, and tuberculosis.21-23 This approach was 
also shown to improve the effectiveness of existing vaccines, e.g., 
against infection with rabies or hepatitis B virus (HBV).24,25

In the current study, we tested whether DNA priming is effec-
tive in eliciting HCMV-specific antibody and T cell immune 
responses in a mouse model when HCMV viral stock is used as 
the boost. Groups of mice immunized with either DNA alone or 
HCMV viral stock alone were used as the controls. Results from 
this study will help identify the optimal prime-boost combina-
tion to maximize immune responses against HCMV.

Results

Construction and evaluation of DNA vaccines expressing 
HCMV antigens. In the current study, a group of DNA vac-
cines were constructed to express individual candidate HCMV 
antigens. The primers used in cloning these HCMV genes are 
described in Table 1. HCMV strain AD169 was used as the 
source to clone the above antigen genes for the construction of 
DNA vaccines. The expression of HCMV gene DNA vaccines 
was tested in a transient transfection system in 293T cells and 
verified by western blot analysis.

The first DNA vaccine expresses HCMV protein UL55 (gB), 
which is a well characterized target of protective antibodies against 
HCMV. The UL55 gene encodes the full length (907 amino acids) 
gB protein, which is further glycosylated and is expected to have 
a molecular weight of 170  kD (Fig.  1A).26 The gB protein can 

to generate neutralizing antibodies against the virus. Although 
gB-based subunit vaccines were well tolerated and induced a high 
level of antibodies, there were no significant differences between 
recombinant CMV gB vaccine and placebo recipients in a ran-
domized, double-blind, Phase II clinical trial of seronegative 
woman of childbearing age.6 These results raised doubt whether 
using one of the envelope glycoproteins alone as a vaccine would 
induce broad enough neutralizing antibody responses to prevent 
intrauterine transmission in all instances. Using non-human 
primates (NHP), a vaccine composed of HCMV subunits gB, 
pp65, and IE1 was found to be partially effective at preventing 
shedding using a virulent Rhesus CMV challenge model.7 The 
discovery of a second entry portal, applicable to both human and 
Rhesus CMV, has led to a revolution in vaccine design in which 
subunits from a complex of proteins, the UL128 complex, has 
been shown to be necessary for entry into epithelial/endothelial 
cells. A Rhesus CMV vaccine composed of all five subunits of the 
UL128 complex pentamer provided partial protection against a 
virulent endotheliotropic strain of Rhesus CMV.8 These studies 
point out the likelihood of needing vaccine solutions for both the 
fibroblast and epithelial/endothelial portals of CMV entry to cre-
ate an effective prophylactic vaccine.

T cell immune responses have been proposed as important for 
the efficacy of HCMV vaccines, with the main focus being on 
two T cell antigens, pp65 and IE1.9,10 Canarypox vector express-
ing pp65 induced a strong cell-mediated response in addition to 
antibody responses and the frequency of CD8 T cells was compa-
rable with that of unvaccinated, naturally infected CMV-positive 
donors.11 The combination of gB/pp65/IE1 as antigens used in a 
replication-deficient alphavirus vector was evaluated in a Phase 1 
clinical trial and results showed that the magnitude of the T cell 
response (based on IFN-gamma production) was greatest for pp65 
followed by gB and IE1 antigen.12 Moreover, a significant propor-
tion of CMV-specific T cell responses showed polyfunctional phe-
notypes thought to be crucial for protective immune responses.13

An important new platform used to develop a vaccine against 
HCMV is DNA immunization.14 DNA vaccines, based on gB, 
pp65 and IE1 antigens (trivalent vaccine) or gB/pp65 (bivalent 
DNA vaccine), have been evaluated in human clinical studies; 
however, the immunogenicity of DNA vaccines was low when 
tested alone in humans. In recent years, the idea of maximizing 

Table 1. Primers to amplify the gB, pp65, pp150 and IE1.4 genes from HCMV genome to construct individual DNA vaccines

CMV antigen Primer ID Primer sequence Primer orientation Targeted amino acid position

gB

CMVgB-1 GTCGCTCCAA GCTTHindIII ATG GAATCCAGGA TCTGGTGCCT G Forward

1–907CMVgB-2 AGTCACGGAT CCBamHI TCAGAC GTTCTCTTCT TCGTCGG Reverse

CMVgB-4 AGTCACGGAT CCBamHI TCACCGCTGC TTGTACGAGT TGAATTC Reverse

pp65
CMVpp65–1 GTCGTTGCAA GCTTHindIII ATGGAGTCGC GCGGTCGCCG TTG Forward

1–561
CMVpp65–2 AGTCTCGGAT CCBamHI TCAACCTCG GTG CTTTTTGGG Reverse

pp150
CMVpp150–1 GTCGCTCCAA GCTTHindIII ATGAGTTTGC AGTTTATCGG TCTAC Forward

1–1048
CMVpp150–2 AGTCACGGAT CCBamHI CTATTCCTCC GTGTTCTTAA TCTTC Reverse

IE1.4

CMVIE1–1 GTCGCTATAA GCTTHindIII ATGGAGTCGT CTGCCAAGAG AAAG Forward

86–491CMVIE1–2 AGTCACGGAT CCBamHI TTACTGGTCA GCCTTGCTTC Reverse

CMVIE1–3 GTCGCTCCAA GCTTHindIII ATGGTCAAAC AGATCAAGGT TCGAG Forward
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responses.28 The HCMV UL123 or the immediate early 1 (IE1) 
protein is another main target for T cell immune responses.30,31 
IE1 is composed of four exons, among which, exon 4 (IE1.4) is 
the most immunogenic.

The designs of pp65, pp150, and IE1/exon 4 DNA vaccines are 
shown in Figure 2A and the expression of these DNA vaccines 
was confirmed in transient transfected 293T cells and verified by 
western blot analysis (Fig. 2B and D). Expression of pp65, pp150, 
and IE1.4 proteins was clearly detected but only in cell lysate. As 
a negative control to HCMV DNA vaccines, the empty DNA 
vector, pJW4303, was included in all analyses. The expression 

be further cleaved intracellularly, 
into two subunits, gp116 and gp55. 
Like their counterparts in other 
enveloped viruses, such as HIV-1 
and SARS-CoV, the transmembrane 
subunit gp55 anchors the gB protein 
on the surface of HCMV viral 
particles. We have previously shown 
that truncating the transmembrane 
subunits by removing transmembrane 
sequences and intracellular regions 
could lead to increased secretion 
and immunogenicity of HIV-1 
and SARS-CoV envelope proteins 
when they were expressed by DNA 
vaccine plasmids.27,28 In the current 
study, a similarly truncated gB DNA 
vaccine for HCMV (gB-s) was also 
constructed, which removed the 
C-terminal 277 aa starting just 
upstream of the transmembrane 
region (Fig. 1A). Western blot results 
(Fig. 1B) showed that a gB-s design 
led to significant amounts of secreted, 
truncated gB protein, which is 
expected to have a molecular weight 
of about 140 kD, in addition to those 
that remain in the cell lysate. Cleavage 
of this truncated gB produced a 30 
kD protein (remaining portion of 
the original gp55 transmembrane 
subunit) and the gp116 subunit. 
Interestingly, secreted gB-s showed 
less cleavage than gB-s in cell lysate. 
Furthermore, the full length gB, 
only detectable in cell lysate, mainly 
produces the gp55 and a number of 
lower molecular weight bands but not 
the distinctive gp116 unit.

The immunogenicity of these two 
versions of gB DNA vaccines were 
tested in rabbits. The full length 
gB DNA vaccine elicited higher 
neutralizing antibodies than the gB-s 
DNA vaccine (Fig.  1C). Therefore, 
in the current study, the full length gB DNA vaccine was used as 
part of the polyvalent DNA vaccine formulation.

Another HCMV envelope glycoprotein pair, UL100 (gM) 
and UL73 (gN), was also used in the current study. The con-
struction and expression of gM and gN DNA vaccines was pre-
viously described. Their immunogenicity was tested in animal 
studies and it was shown that they elicited protective antibodies 
against HCMV.29

Two HCMV tegument proteins, UL83 (pp65), and UL32 
(pp150), encoding the 561 aa and 1048 aa phosphorylated pro-
teins, respectively, are the main targets of HCMV T cell immune 

Figure 1. Design of HCMV glycoprotein B DNA vaccine constructs with different forms of inserts. 
Schematic representation of the full length gB protein (amino acid 1–907) is shown at the top and DNA 
vaccine expressing truncated just prior the transmembrane region of gB (amino acid 1–692) is shown in 
the lower part of the figure (A). Expression of gB-full length and shorted gB in HEK 293 T cells (Western 
Blot analysis) (B). To detect of gB antigen rabbit sera collected at 1 week after forth immunization with 
gB-full length and gB-s were used. Cell lysates (L) and supernatants (S) from 293T cells transfected with 
two different gB constructs and the empty vectors (negative control) are labeled above each western 
blots. Molecular weight was indicated on the right. Comparison of neutralizing activity of rabbit antisera 
against AD169 strain of HCMV (C). Rabbits were immunized with plasmid DNA administered to individual 
animal at weeks 0, 2, 4, 6. Sera tested were forth bleeding from rabbit immunized with DNA vaccines: 
pJW4303 (negative control), pJW4303/gB and pJW4303/gB-s. Two-fold serial dilutions of antisera were 
incubated with 100 pfu of AD169 virus before the mixture was used to infect human primary fibroblasts. 
Neutralization titers shown were the highest rabbit sera dilutions at which 50% reduction of HCMV 
infection was achieved.
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Designs of prime-boost studies. The above HCMV DNA 
vaccines were further grouped as two priming immunization 
formulations and tested in a pilot prime-boost study to compare 
the relative immunogenicity between the homologous and the 
heterologous prime-boost approaches (Fig.  6). One priming 
formulation included gB/gM/gN DNA vaccines, which 
focused on the induction of antibody responses against HCMV 
antigens; the other formulation included pp65/pp150/IE1.4 
DNA vaccines as the prime, which focused on the induction 
of T cell immune responses. Within each formulation, equal 
amounts of three DNA plasmids were used and the DNA 
immunizations were delivered via gene gun at Weeks 0 and 2 
as the priming immunization or Weeks 0, 2, and 4 as the full 
series of immunization.

A live attenuated HCMV vaccine made using the Towne strain 
was tested in the current study as the boosting vaccination and was 
delivered intraperitoneally (i.p.). Because HCMV does not replicate 
in mice, this viral stock functioned similarly as an inactivated 
vaccine and is expected to boost HCMV-specific immune 
responses based on the HCMV protein antigens contained in this 
HCMV viral stock. For two key testing groups (Fig. 6), HCMV 
vaccine was used to boost mice primed with either the gB/gM/

of the pp65 or IE1.4 proteins showed a single band of expected 
molecular weight for both antigens. Expression of the pp150 
protein showed a 150 kD band but also several additional bands 
of lower molecular weight, suggesting significant intracellular 
degradation of the pp150 protein.

Immunogenicity of these T cell immunogens was tested 
individually in mice. ELISpot with splenocytes from immu-
nized mice showed significant levels of pp65- or pp150-specific 
T cell responses when stimulated with vaccinia viruses express-
ing respective HCMV antigens while cells stimulated with regu-
lar vaccinia viruses or mice immunized with empty vector did 
not show pp65- or pp150-specific T cell responses (Fig. 3A and 
B). Intracellular cytokine staining (ICS) was also conducted 
to measure CD4+ and CD8+ T cell responses elicited by these 
two DNA vaccines. After stimulation with pp65-expressing VV, 
mice immunized with pp65 DNA vaccine showed high level 
pp65-specific CD8+ T cell responses (> 4%) and strong CD4+ 
T cell responses (> 1%) (Fig. 4). In mice immunized with pp150 
DNA vaccine, the CD8+ T cell responses were much stronger 
(~8%) than the CD4+ T cell responses (just over 0.5%) (Fig. 5). 
Stimulation with VV-WR only did not show a significant anti-
gen-specific T cell response (Figs. 4 and 5).

Figure 2. Schematic design of plasmid DNA constructs (A) and expression of pp65, pp150 and IE1.4 proteins in HEK 293 T cells (Western Blot analysis) 
(B-C) and (D) respectively). At the top we presented pp65 plasmid DNA construct (amino acid 1–561) representing full length protein; plasmid DNA 
construct encoding entire pp150 protein (amino acid 1–1048) was shown in the middle section and in the lower part plasmid encoding exon 4 of IE1 
protein (amino acid 86–491) was presented (A). Antigen expression by pp65 and pp150 DNA vaccines was detected by pooled murine antiserum from 
group immunized with DNA-pp65 (B) or group immunized with DNA-pp150 vaccine (C), respectively. Expression of IE1.4 DNA vaccine construct was 
detected by murine monoclonal antibody, mAb p63–27 (D). Presence of pp65, pp150 and IE1.4 antigens was analyzed in supernatants (S) and lysates 
(L) from 293T cells. Supernatant and lysate from 293T cells transfected with vector alone was used as negative control. Molecular weight was indicated 
on the right.
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did not measure antibody responses against gN antigen alone as 
both literature and our previous report showed that the main role 
of gN is to be part of the gM/gN immunogen and it is difficult to 
detect antibodies against gN alone.29,33

T cell responses elicited by heterologous prime-boost 
immunization. In this pilot study, we used IFN-gamma 
ELISPOT as the biomarker to measure HCMV-specific T cell 
immune responses after splenocytes from immunized mice were 
stimulated in cultured medium with vaccinia virus expressing 
respective HCMV antigens. Compatible to anti-gB antibody 
responses, significant levels of gB-specific T cell immune 
responses were detected in the group of mice that received 
three-time immunizations with the gB/gM/gN DNA vaccine 
formulation (Fig. 8). Furthermore, a 2.5-fold increase in T cell 
immune responses was observed in the group of mice that received 
a boost of HCMV after two-time priming immunizations with 
DNA vaccines (Fig.  8). However, different from gB antibody 
responses, three-time immunizations with HCMV did not elicit 
high levels of gB-specific T cell immune responses, and the 
responses were only slightly higher than those observed in mice 
that received one-time HCMV immunization after empty DNA 
vector prime. Naïve mice did not show positive IFN-gamma 
ELISPOT responses even after stimulation by gB-vaccinia viruses 
and stimulation with the VV-WR did not show antigen-specific 
T cell immune responses.

Additional IFN-gamma ELISPOT analyses were conducted 
in mice that received the pp65/pp150/IE1.4 DNA vaccine 
combination. T cell responses to pp65 were very similar to 
gB-specific T cell responses (Fig. 9). DNA vaccine alone was able 
to elicit high-level pp65-specific IFN-gamma responses while the 
DNA prime-HCMV boost elicited the highest levels of T cell 
responses. Similar to gB T cell responses, HCMV vaccine alone 
was not able to elicit high-level T cell responses, and responses 
were only slightly higher than a one-time HCMV immunization 
after empty DNA vector prime.

The overall IFN-gamma ELISPOT response to another T 
cell antigen, IE1.4, was lower than observed for gB- or pp65-
specific IFN-gamma ELISPOT responses (Fig. 10). Here, DNA 
vaccine alone was as immunogenic as the DNA prime-HCMV 

gN DNA formulation or the pp65/
pp150/IE1.4 DNA formulation 
(“heterologous prime-boost”). 
Three other groups received three 
times either DNA alone or HCMV 
alone immunizations (“homologous 
prime-boost”). The last group is 
a control group that received the 
empty DNA vector as the prime and 
HCMV as the boost.

Antibody responses elicited 
by heterologous prime-boost 
immunization. Mouse serum 
antibody responses were measured 
by ELISA in groups of mice 
immunized with a gB/gM/gN 
DNA vaccine combination with or 
without boost with HCMV viral stock (Fig.  7). The selection 
of gB and gM proteins as antigens was based on previous 
studies showing them as the main targets for neutralizing 
antibodies.29,32,33 Due to the small amount of mouse sera, we did 
not perform a microneutralization assay and instead, used the 
levels of binding antibodies to reflect the effectiveness of prime-
boost immunizations. For gB antibody responses, recombinant 
gB (Fig. 1A) produced in the lysate of 293T cells was used as 
the coating antigen while, for measurement of gM antibody 
responses, a synthetic peptide representing the known key gM 
epitope was used as the coating antigen.

Three-time DNA alone immunizations elicited high levels 
of gB-specific antibody responses (Fig.  7A), and twice DNA 
priming immunizations followed by one-time HCMV boost 
was able to further increase the antibody responses by another 
1.5 logs. However, three-time immunization with HCMV was 
also able to reach the same high-level antibody responses elicited 
by the DNA prime-HCMV boost but did not further increase 
levels, indicating the effectiveness of DNA as a prime but not as 
a boost. In contrast, one-time HCMV immunization following 
twice empty DNA prime was not able to elicit high-level gB 
antibody responses, suggesting that the HCMV DNA priming 
effect was antigen-specific and was not based on a non-specific 
DNA adjuvant effect.

A similar pattern of antibody responses was observed against 
the gM antigen but the overall level of antibody responses against 
gM were low relative to antibodies against the gB antigen. Three 
times DNA immunization alone was not able to elicit significant 
gM antibody responses, nor was one-time HCMV immunization 
after empty DNA vector priming (Fig. 7B). Only DNA vaccine 
prime followed with HCMV boost or repeated immunizations 
with HCMV was able to elicit high-level anti-gM antibody 
responses. Our previous report showed that the immunogenicity 
of the gM DNA vaccine was relatively low based on antibody 
titers.29 Furthermore, in the current study, only antibodies 
against a key epitope of gM were examined, which may be lower 
than the antibodies against the entire gM protein. However, the 
expression level of gM by transient expression system is too low to 
provide a sufficient amount of gM proteins for ELISA studies. We 

Figure 3. Production of IFN-gamma tested by ELISpot in splenocytes received from mice immunized 
with DNA-pp65 vaccine alone (A) or DNA-pp150 vaccine alone (B). Mice were immunized with 3x DNA 
vaccine encoding pp65 or pp150 antigens. Splenocytes from group of mice immunized with DNA-pp65, 
DNA-pp150 or vector alone were stimulated with rVV-pp65 (A) or rVV-pp150 (B). As control all immuni-
zation groups were stimulated with VV-WR.
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Discussion

An effective CMV vaccine would be able to protect human 
populations in special circumstances. While the previously 
licensed live attenuated HCMV vaccine based on Towne’s 
strain could elicit neutralizing antibodies and T cell responses, 
its wide use was limited due to inadequate antigen-specific 
interferon gamma responses by CD4 and CD8 T cells following 
vaccination.34-36 The fact that a HCMV vaccine induced an 
immune response similar to natural infection suggests that the 
Towne vaccine may be over-attenuated as a result of extensive 
passage in cultured cells. To improve efficacy of a live HCMV 
vaccine, to make it more immunogenic that the Towne vaccine, 
genetic recombinants of Towne/Toledo strains were constructed, 
but they failed to boost humoral or cellular immune responses in 
seropositive volunteers.5 It is now understood that HCMV strains 
that are extensively cultured on fibroblasts lose the endocytic 

boost approach in eliciting IE1.4-specific T cell responses. Again, 
three-time immunization with HCMV alone was not very 
immunogenic, as it elicited responses that were almost similar 
to those elicited by one-time immunization with HCMV after 
empty DNA vector prime.

Unexpectedly, no significant IFN-gamma ELISPOT response 
was detected in mice that received either the pp65/pp150/IE1.4 
DNA vaccine combination (with or without HCMV boost), or 
HCMV alone vaccine when stimulated with rVV-pp150 (data 
not shown).

In contrast to clearly positive IFN-gamma responses detected 
after stimulation with vaccinia viruses expressing HCMV 
antigens, stimulating splenocytes from immunized mice with 
VV-WR did not lead to positive detection of IFN-gamma 
responses for gB, pp65, or IE1.4 antigens (Figs. 8–10). Table 2 
provides a summary of HCMV-specific IFN-gamma ELISPOT 
T cell responses detected in the current study.

Figure 4. T cell response in mice immunized with DNA-pp65 vaccine alone tested by ICS assay. Representative dot plots show the percentage of 
IFN-g positive CD8+T cells (A) and IFN- g positive CD4+T positive cells (C). Lymphocytes gated on CD3+ T cells were further gated on CD8+ or CD4+ T 
lymphocytes. Splenocytes were stimulated with rVV-pp65 (top panel) and with VV-WR (bottom panel) (A) and (C). The levels of specific CD8+T cells 
are shown as percentage of IFN-gamma positive CD8+T cells (B) or IFN-gamma positive CD4+ T cells (D) in response to rVV-pp65 or VV-WR in two im-
munization groups (mice immunized with DNA pp65 vaccine or vector alone vaccine).
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In addition to traditional live attenuated or inactivated vaccine 
approaches, which are developed based on a particular strain of 
HCMV, various novel approaches have been explored to include 
only a few common antigens of HCMV. HCMV vaccines based 
on recombinant gB protein have been tested in humans and were 
shown immunogenic in eliciting gB-specific antibody responses. 
At the same time, recombinant protein-based vaccines are not the 
ideal candidates for the induction of T cell immune responses.

DNA vaccination technology, discovered in the early 1990s, 
is known for its potential to elicit T cell immune responses while 
delivering multiple antigens at the same time.40 DNA vaccines 
expressing selected HCMV antigens have been tested in humans,41 
however, their immunogenicity in humans was poor, similar to 
reports of other human DNA vaccine studies.42 Since 2008, sev-
eral groups have demonstrated that DNA vaccines are effective 
in priming a host’s immune system, including humans21,43,44 if a 
follow up boost, in the form of protein or viral vector, is delivered. 
This type of “heterologous prime-boost” vaccination strategy has 
been shown even with non-DNA vaccination approaches.17

tropism by deletion of members of the UL/b’ complex.37 These 
strains no longer have endocytic tropism and are not actively shed 
or have the virulence of natural isolates which possess the UL/b’ 
region. Reconstitution of bacterial artificial chromosome forms 
of Rhesus or human CMV which have deletions in the UL/b’ 
region were shown to restore virulence and the capacity to infect 
through the endocytic pathway which further demonstrates the 
importance of this region for virulence.38 Landmark studies 
caused a reinterpretation of classical thought processes regarding 
immunodominance of the fibroblast pathway by demonstrating 
that if a suitable alternative test cell line is used, neutralizing 
antibodies against the endocytic pathway predominate in human 
serum from most CMV-seropositives.39

To improve the efficacy of any candidate HCMV vaccine 
against the largest human viruses ever known is a big challenge. 
More than one immunogen may be needed to provide complete 
protection against infection, especially against the wide 
range of primary viral isolates that have been identified in  
recent years.

Figure 5. Induction of pp150 CD8+T lymphocytes and CD4+T cell lymphocytes following immunization with DNA pp150 vaccine alone. Representa-
tive analysis of intracellular cytokine staining assay on splenocytes stimulated with rVV-pp150 (top panel) and VV-WR (bottom panel) was shown for 
CD8+T cell population (A) and CD4+ T cell population (C). Numbers on the CD8+ and CD4+T–lymphocyte plots denote the percentage of the popula-
tion expressing IFN-gamma (A and C). Lymphocytes gated on CD3+ T cells were further gated on CD8+ or CD4+ T lymphocytes. The levels of specific 
CD8+T cells in two immunization groups are demonstrated as percentage of IFN-gamma positive CD8+T cells (B) or IFN-gamma positive CD4+ T cells 
(D) in response to rVV-pp150 or VV-WR.
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responses. The same HCMV viral stock was used 
as the boost for both types of DNA priming and 
revealed interesting differences between antibody 
and T cell responses against key HCMV antigens.

Our results confirmed previous knowledge 
learned from HIV and influenza vaccines studies that 
DNA immunization is effective in priming antibody 
responses. Because twice DNA prime and one-time 
HCMV viral stock boost was able to elicit the same 
high-level of antibodies as three-time HCMV viral 
stock immunizations, while one-time HCMV viral 
stock was not sufficient to do so; DNA priming is 
thus equally effective as priming by HCMV viral 
stock. However, in our previous HIV or influenza 
vaccine studies, the heterologous prime-boost was 
more effective than the homologous prime-boost. 

The difference may be related to the high 
number of antigens included in the HCMV 
viral stock, preventing the boost from being 
“focused.” There is, therefore, a competition 
against various HCMV antigens that was not 
included in the priming formulation thus, 
reducing the power of boost.

On the other hand, T cell immune responses 
were significantly elevated in the heterologous 
prime-boost groups (against gB and pp65). 
This may imply that DNA immunization is 
more effective than inactivated vaccines in 
establishing T cell memory responses, as it 
was hypothesized when DNA vaccination was 
originally discovered, and supported by the 
results in the current study that DNA vaccine 
alone was more immunogenic in inducing 
T cell responses than HCMV alone. It is 
still quite impressive to see that the HCMV 
viral stock, a poor T cell inducer due to its 
inability to replicate in the hosts, could boost 

T cell immune responses elicited by DNA priming immunization. 
Understanding the exact mechanism for this boosting effect will 
expand potential applications for inactivated vaccines no matter 
whether priming is delivered by DNA vaccines or not.

In the current study, relative levels of antibody or T cell 
immune responses varied. This is not completely unexpected 
as the immunogenicity of individual HCMV antigens may be 
different even if they are all delivered by DNA immunization. In 
addition, one weakness of the current study is that we could not 
effectively determine the relative amounts of individual antigens 
in the HCMV viral stock, which could also affect the boosting 
effects. However, our results are quite reassuring as antibody 
responses and T cell immune responses showed unique patterns 
(no matter what antigen was studied) when either homologous or 
heterologous prime-boost approaches were tested.

As a pilot study, we attempted to capture the key signals in 
a heterologous prime-boost vaccination strategy when HCMV 
DNA vaccines are used as the prime; we did not, however, conduct 
extensive analysis on additional immunogenicity parameters. No 

In the current report, we conducted a pilot study to use the DNA 
prime-viral stock boost approach to test its relative effectiveness 
in delivering two multi-gene HCMV DNA formulations as the 
priming immunization while using the homologous viral stock 
prime-boost approach as the control. The HCMV viral stock 
selected in the current study is the Towne strain of HCMV, 
which is the same as the licensed live attenuated HCMV vaccine. 
While HCMV viral stock is not able to replicate in a mouse host 
and, thus, its immunogenicity is reduced in contrast to what 
could be achieved in a permissive host, the use of this viral stock 
in the current study can still provide a full spectrum of HCMV 
antigens, similar to “inactivated” vaccines. Previous reports, 
including those from our group, demonstrated that DNA vaccines 
were effective in priming host immune responses, which can be 
further boosted by inactivated rabies or influenza vaccines.24,45,46 
We used one HCMV DNA formulation with known targets of 
protective antibodies (gB/gM/gN) to prime antibody responses 
and the other HCMV DNA formulation, with well-studied 
T cell immunogens (pp65/pp150/IE1.4), to focus on T cell 

Figure 7. Detection of antibodies specific to gB (A) and gM (B) antigens by ELISA. gB-specific 
and gM- specific IgG titers were measured in mice sera collected after: 3 immunizations with 
DNA-1 alone, 2 immunizations with DNA-1 plus CMV, 3 immunizations with CMV alone or 2 
immunizations with vector alone plus CMV. Data are shown as geometric mean titers within 
the group. P values indicate statistically significant differences measured by T test.

Figure 6. Immunization groups and DNA vaccines components. At week 0 and 4 mice 
were primed with the following vaccines: CMV alone, vector alone, DNA-1 alone, DNA-
1+ CMV, DNA-2 alone or DNA-2+ CMV. At week 4 animals were boosted with either 
CMV or DNA-1 or DNA-2 immunizations.
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T cells than T cells directed against the IE1 protein.48 Moreover, 
in this heterologous prime-boost regimen, the authors observed 
an outstanding humoral response and eventually, high levels of 
protection against systemic and mucosal challenge with MCMV. 
One interesting result of our study was that the recall T cell 
response to IE1.4 in mice immunized with DNA vaccine alone 
was comparable to that generated after boost with Towne virus. 
It was previously demonstrated that the Towne vaccine mostly 
induces sustained IE-dominant T cell responses and low IFN-
gamma responses to pp65 stimulation36 which contradicts what 
is found in natural HCMV infections. Therefore, it was surpris-
ing that our DNA prime-Towne virus boost formulation simul-
taneously enhanced T cell response specific to pp65 antigen and 
induced detectable IE-specific T cell responses. Jacobson et al. 
showed that individuals primed with a DNA vaccine and boosted 
with Towne strain also had lower T cell responses against IE1 

functional antibodies were tested in the current study due to the 
limited amounts of immune sera obtained from a mouse study. 
Because human CMV antigens were tested, it was not possible 
to conduct a protection study in the mouse model. Only IFN-
gamma ELISPOT was used as the representative T cell immune 
response parameter; however, we are aware that it is possible that 
other T cell cytokines may show a different profile.

Similar heterologous prime-boost CMV vaccines studies 
were reported with different study designs. Morello et al. tested 
a mouse CMV (MCMV) vaccine in the mouse model using 
multiple DNA plasmid prime and inactivated MCMV boosting 
strategies.47 As a result, protective immunity against mucosal and 
systemic virus challenge was observed. Similar results were also 
shown in another study where priming immunizations with tri-
valent DNA (IE1, M84-pp65 and gB) and further boosting with 
inactivated MCMV generated higher levels of pp65-specific CD8 

Figure 8. T cell response specific to gB antigen. Detection of gB-SCs producing IFN-gamma measured by ELISpot assay (A) and enumeration of gB-SCs 
(B). An example of the spots generated in response to VV-gB is represented for four groups of mice immunized with: 3x DNA-1 alone (gB/gM/gN), 2x 
DNA-1 plus CMV, 3x CMV-alone and 2x vector alone plus 1x CMV. As negative control splenocytes from naïve mouse were used (A). The mean numbers 
of antigen-specific spot forming cells after background subtraction of control wells with no antigen were plotted (B). Experiments were conducted in 
triplicate. Data are shown as geometric mean titers within the group. P values indicate statistically significant differences measured by T test.

Figure 9. IFN-gamma producing T cell response specific to pp65 antigen. Detection of pp65-SCs producing IFN-gamma measured by ELISpot assay 
(A) and enumeration of pp65-SCs (B). Representative example of spots generated to VV-pp65 in four groups of mice immunized with 3x DNA-2 alone 
(pp65/pp150/IE1.4), 2x DNA-1 plus CMV, 3x CMV-alone and 2x vector alone plus 1x CMV. Splenocytes from naïve mouse were used as negative control. 
The mean numbers of antigen-specific spot forming cells after background subtraction of control wells with no antigen were plotted (B). Experiments 
were conducted in triplicate. The student T test was used to compare frequencies between groups and p values are depicted in the panel.
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boosting with a large virus even though the focus of the boost may 
vary depending on the antigen content in HCMV. Furthermore, 
considering the fact that we were able to improve the efficacy of 
the DNA vaccine without application of adjuvants or immuno-
modulating materials speaks to the importance of the heterolo-
gous prime-boost strategy in vaccine development. Application 
of the whole virus guarantees that such an approach distributes 
protective antigens and natural “built-in” adjuvants. Despite the 
fact that DNA vaccines are less immunogenic in humans, here we 
prove their potential as effective priming immunogens.17

Materials and Methods

Cells and viruses. The AD169 strain of HCMV was purchased 
from American Type Culture Collection (#VR-538) whereas 
Towne strain was kindly provided by Dr E Mocarski (Emory 
Vaccine Center). Viruses were propagated in primary human 
foreskin fibroblast cells (FSK) purchased from American Type 
Culture Collection (#CCD-111sk) following the protocol 
provided by Dr. E. Mocarski. The AD169 strain was used for 
DNA construct preparations and neutralization assay and Towne 
strain (live attenuated) was applied for immunizations.

Recombinant vaccinia virus stocks expressing HCMV anti-
gens were provided by Dr. L. Gibson (University of Massachusetts 
Medical School) by MTA from one of the authors (DJD) as follows: 
(rVV-gB,51 rVV-pp65,52 rVV-pp150,53 rMVA-IE1.4.54 Western-
restricted (WR) strain of vaccinia virus (VV-WR), used as a posi-
tive control in ELISpot and ICS assays was kindly provided by Dr. 
Lisa Selin, University of Massachusetts Medical School.

HCMV DNA vaccine constructs. Genes coding for 
HCMV genes (gB, gM, gN, pp65, pp150, and IE1.4) were 
PCR amplified with pfu polymerase (Stratagene #600136) 
and cloned into previously described pJW4303 vector.55 The 
sequences of all primers applied in this study are shown in 
Table 1. The genes encoding gB-full length, pp65, and pp150 
antigens were amplified directly with indicated primers. The 
gene encoding the gB-s fragment was first amplified with pair of 

than those primed-boosted with the Towne strain alone.49 We 
also presume that weaker cellular responses against IE1 may be 
explained by the following facts: (1) pp65 protein, as a highly 
immunodominant antigen, could suppress the T cell response 
to IE1.4 antigen; (2) IE1 is a less abundant virion component 
(< 0.1% of total virion proteins) as opposed to pp65 (15.4%); 
(3) in vaccine development, application of replication deficient 
virus (injections of mice with HCMV) excludes the possibility 
of production of proteins that are usually highly immunogenic 
in the host after natural infection; (4) we decided to utilize only 
part of the IE1 protein, which, even though it contains highly 
immunogenic epitopes, does not include all other epitopes that 
can also stimulate the immune system.9,50 The protective effi-
cacy of a pp65-specific response is still unknown, however, it was 
previously shown that strong CD8 T cell responses, specific to 
IE1, correlated with protection from CMV disease in solid organ 
transplant recipients.31 Therefore, it is critical to include this anti-
gen in future CMV vaccine development.

In summary, our results confirmed the importance of priming 
the immune system with DNA vaccines to induce strong cellular 
and humoral responses against HCMV, in addition to the value of 

Figure 10. Cell mediated response against IE1.4 antigen measured by production of IFN-gamma in mouse splenocytes. Detection of IE1.4-SCs 
producing IFN-gamma measured by ELISpot assay (A) and enumeration of IE1.4-SCs (B). An example of the spots generated in response to VV-IE1.4 is 
represented for four groups of mice immunized with: 3x DNA-1 alone (pp65/pp150/IE1.4), 2x DNA-1 plus CMV, 3x CMV-alone and 2x vector alone plus 
1x CMV. As negative control splenocytes from naïve mouse were used (A). The mean numbers of antigen-specific spot forming cells after background 
subtraction of control wells with no antigen were plotted (B). Experiments were conducted in triplicate. The student T test was used to compare 
frequencies between groups and p values are depicted in the panel.

Table 2. Summary of HCMV antigen –specific T cell response in immu-
nized mice

Vaccine groups
IFN-γFELISPOT against HCMV antigens 

(SFC/million cells)

gB pp65 IE1.4

DNA-g (gB/gM/gN) alone 185 ± 12.9 N/A N/A

DNA-g (gB/gM/gN)+CMV 510 ± 62.18 N/A N/A

DNA-p (pp65/pp150/IE1.4) 
alone

N/A 316 ± 105.7 68 ± 35.07

DNA-p (pp65/pp150/
IE1.4)+CMV

N/A 740 ± 89.44 54 ± 35.07

CMV alone 47 ± 55 149.2 ± 24.96 13.6 ± 7.26

Vector + CMV 24 ± 17.28 22 ± 10.39 5.6 ± 7.26
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RLREEEDDDD DEDFEDA) (EZBiolab) was dissolved in 
sterile DMSO to a final concentration of 10 mg/ml and stored 
at -20°C before use. The endpoint titer was calculated as the 
serum dilution resulting in absorbance greater than 2 standard 
deviations above the absorbance in wells incubated with negative 
control mouse serum.

Microneutralization assay. Microneutralization assay was 
performed as previously described49,50. Rabbit sera collected at 1 
week after the fourth immunizations were serially diluted in this 
assay to block the infection of AD169 strain of HCMV to FSK 
cells. The neutralizing activity for both rabbit sera was comple-
ment-dependent s shown in previous protocols.58,59

ELISPOT. To evaluate IFN-gamma producing PBMCs in 
response to HCMV antigens, cells were stimulated with vaccinia 
virus recombinant constructs expressing individual HCMV 
antigens pp65, pp150, IE1, or gB. All detecting monoclonal anti-
bodies applied in this assay were diluted in PBS/0.05% Tween-
20. Multiscreen Immobilon P membrane white sterile 96-well 
plates (IP plates) from Millipore (#S2EM004M99) were coated 
with 100 μl/well of anti-mouse IFN-gamma at dilution 1:200 
(BD Bioscience #18181D) and incubated at 4 °C. After 24 h, the 
plates were washed 3 times with sterile Dulbecco PBS (Gibco 
#14190-144) and blocked with 200 μl/well of RPMI 1640 con-
taining 10% fetal calf serum. Fresh splenocytes were added to 
each well at a concentration of 106 cells in 100 μl volume of 
complete RPMI medium. Different recombinant vaccinia virus 
stocks were diluted to a final concentration at 107 pfu/ml in com-
plete RPMI and added in duplicate to cells on the plates. After 
incubation for 24 h at 37 °C and a washing step (twice with ster-
ile distilled water and 6 times with washing buffer [PBS/0.05% 
Tween-20]), biotin-labeled rat anti-mouse IFN-gamma antibody 
was added at dilution 1:400 (BD Biosciences #18112D) and 
plates were incubated over night at 4 °C. The next day, plates 
were washed six times with washing buffer and proceeded to the 
detection step by adding 100 μl/well alkaline phosphatase-strep-
tavidin (BD Bioscience #554065) (diluted 1:800 and incubated 
at 37 °C for 30 min). Plates were then washed eight times and 
100 μl/well of pre-filtered NBT/BCIP substrate (Pierce #34042) 
was added to each plate. After incubation for 6–8 min at room 
temp, plates were subsequently washed thoroughly with dis-
tilled water and air-dried completely. The number of dark-blue 
spots was counted under a dissecting microscope. The results 
were demonstrated as number of IFN-gamma spot-forming cells 
(SFC) per 106 splenocytes. Antigen-specific T cells were calcu-
lated by subtracting the value of negative control wells where 
cells were infected with the regular vaccinia virus that does not 
express HCMV antigens.

Statistical analysis. The Student t test (Microsoft Excel soft-
ware, version 2007) was used to analyze the difference of T cell 
response results between animal immunization groups measured 
by IFN-gamma ELISPOT assays. Significance levels were set at a 
p value less than 0.05.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

primers specific for full length gB: CMV gB-1/CMV gB-2 and 
then re-amplified with CMV gB-1/CMV gB-3 primers. The 
gene encoding IE1.4 was amplified with semi-nested PCR using 
CMVIE1-1 and CMVIE1-2 for the first round of amplification. 
For re-amplification, primers CMVIE1-3 and CMVIE1-2 
were used. DNA vaccine constructs expressing either gM or 
gN antigens were previously described.29 All prepared inserts 
were subsequently digested with restriction enzymes HindI III 
and BamH I or NheI and BamHI and then ligated into to the 
corresponding sites in the DNA vaccine vector. Correct DNA 
vaccine clones were confirmed by restriction enzyme analysis 
and large DNA preps were purified using the Mega plasmid 
purification kit (Qiagen #12181).

Western blot analysis. In vitro expression of HCMV antigens 
by individual DNA vaccines included in the current study was 
confirmed by transient expression in 293T cells and verified by 
western blot analysis as previously described.29,56 For detection 
of gB antigen rabbit serum, samples collected at 1 week after 
the fourth DNA immunization (36 μg/36 shots/immunization) 
with gB-full length and gB-s were used (Fig. 1B). Mouse sera 
collected after the fourth DNA immunization with pp65 (6 μg/6 
shots/immunization) and pp150 (6 μg/6 shots/immunization) 
were used to detect pp65 (Fig. 2B) and pp150 (Fig. 2C) antigens. 
Monoclonal antibody p63-27 was kindly provided by Dr. W. 
Britt (University of Alabama) and was applied for detection of 
IE1.4 antigen (Fig. 2D).

Animal immunization. Female BALB/c mice, 6–8 weeks 
of age, were purchased from Taconic Farms and housed in the 
facility of Department of Animal Medicine at the University 
of Massachusetts Medical School (UMMS). Animal care and 
immunization studies were conducted in accordance with 
UMMS IACUC approved protocols.

Each animal group included five mice. To deliver the DNA 
vaccines, animals were immunized with a Helios gene gun 
(Bio-Rad Laboratories #165–2431) at the shaved abdominal 
skin as previously reported.57 Each mouse received two or three 
bi-weekly immunizations with 6 μg of plasmid DNA (2 μg/
each DNA vaccine in both gB/gM/gN and pp65/pp150/IE1.4 
formulations) per immunization. For those mice that received 
live attenuated HCMV as the vaccine, they were immunized 
i.p. with 106 pfu of HCMV Towne strain in 0.2 ml of medium. 
The control injection with empty DNA vector (6 μg) was deliv-
ered by a gene gun. Blood samples were collected peri-orbitally 
before the first immunization and 2 weeks after each immuniza-
tion. Mouse splenocytes were collected 2 weeks after the third 
immunization.

Enzyme-linked immunosorbent assay (ELISA). Antibody 
response to gB and gM antigens were measured by ELISA. The 
cell lysates of 293 T cells transfected with gB (diluted 1:10) and 
synthetic peptide representing the highly immunogenic site 
of gM were used as antigens. Standard ELISA protocols were 
followed as previously reported.56 One hundred microliters of 
gB protein (1 μg/ml) or gM peptide (4 μg/ml) diluted in PBS 
were added to each well. Synthetic peptide representing HCMV 
gM glycoprotein (sequence: ATASGEEVAV LSHHDSLESR 
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