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his paper. Table 1 notes that German scientists were the 
first to call attention to this agent, before it was identified 
as a virus. So it is not surprising that the study of CMV 
has flourished in Germany. If I may characterize it, it is the 
school of Ulrich H. Koszinowski, of which Matthias has 
been one of the stars. In Table 2 [2], I list some of their 
accomplishments.

The task given to me is to review the status of efforts 
to vaccinate against CMV. First, let us remember why we 
need a vaccine. Aside from the two main targets for dis-
ease prevention: congenital infection and post-transplant 
disease, Table 3 lists some of the many conditions to which 
CMV is suspected of contributing [3–8].

By the 1970s, the importance of CMV had become clear 
to some. The first efforts to develop a vaccine were focused 
on attenuated strains, developed almost simultaneously by 
Elek and Stern in London and my group in Philadelphia [9, 
10]. It should be remembered that there had been great suc-
cesses just before then in the development of other attenu-
ated virus vaccines. Table 4 gives the succession of CMV 
vaccine development until 2005. That table, however, does 
not give the full story, for in the early years there was great 
skepticism in industry about the need for and viability of 
a CMV vaccine. That is why both Merck and GSK aban-
doned projects they had started during those years [11]. It 
is greatly to the credit of the people at Chiron in California 
that they launched an effort to develop gB as a vaccine in 
the 1990s, but even they abandoned it [12]. My own per-
sonal move to Sanofi Pasteur in the 1990s resulted in a 
transfer of the Chiron, now Novartis, CMV project to the 
French company.

However, the event that proved to be what is called a 
game changer in American slang was the publication in 
2000 of an analysis by the US Institute of Medicine that 
placed CMV in the top priority for vaccine development 
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Here I wish to commemorate two events: First that the 
domain of cytomegalovirus has reached a maturity that now 
commands the attention of many investigators, and second 
is the 60th birthday of Matthias J. Reddehase, one of those 
responsible for that growth to maturity. The late Monto Ho 
wrote a paper in this journal on the history of CMV some 
years ago [1], and here, I reproduce the first references of 
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[13]. This caused industry to realize that a vaccine would 
be used if developed.

To return briefly to attenuated viruses, the AD-169 
strain was not developed further by Merck. During the 
1970s and 1980s, the Towne strain, which was the result 
of 125 passages in human diploid fibroblasts, was tested 
in many human clinical trials [14–24]. The summary of 
those trials is shown in Table 5. On the safety side, there 
were no systemic reactions, no excretion of virus even 
when vaccinated renal transplant patients were immuno-
suppressed, and no depression of cell-mediated immunity. 
Interestingly, there was a local injection site reaction at 
about a week after injection, probably as the result of cel-
lular immune responses to the local deposition of antigen. 
On the immunogenicity side, neutralizing antibodies were 
induced at a similar level to that found in convalescent sera 
and both CD4+ and CD8+ cells directed against CMV 
were generated. Of course, now we know that during cell 
culture passage Towne and other CMV strains lost the 
ULb’ region of the genome, in which the genes permitting 
entry into epithelial cells and those influencing latency are 
found [25, 26].

During that time, an interesting challenge study was 
done, showing that there was a gradation of immunity 
against subcutaneous challenge with a wild CMV strain 
(Table 6) [27, 28]. Whereas even a 10-PFU dose of chal-
lenge virus infected seronegative volunteers, naturally sero-
positive individuals could be infected if given 500–1000 
PFU. Towne strain vaccines were intermediate, in that 100 
PFU could infect them. So resistance varied over a three 
log10 range.

Even more interesting were the results of studies to pre-
vent CMV disease in recipients of renal transplants. As is 
well known, the high-risk group is seronegative recipients 
of kidneys from seropositive donors, as the virus is latent 
in those kidneys. Figure 1 shows the results. About a third 
of recipients given placebo developed CMV disease, only 
about 5 % of Towne vaccinees did so [28, 29]. The protec-
tion afforded was similar to that in naturally seropositive 
recipients in the study who received a kidney from a sero-
positive donor. Even more important, the transplant rejec-
tion rate was reduced by 50 % in the vacinees. This was 
the first evidence that CMV disease could be prevented by 
vaccination. In addition, the vaccine virus did not establish 
latency [27].

However, when Stuart Adler did a study of mucosal 
acquisition of CMV in mothers exposed to children 
infected in day care, vaccination did not prevent the moth-
ers from being infected [30]. Thus, immunity was incom-
plete. MedImmune, now a subsidiary of AstraZeneca, made 

Table 1  Early German contributions to discovery of HCMV

1. Ribbert H (1904) Ueber protozoenartige Zellen in der Niere eines 
syphilitischen Neugeborenen und in der Parotis von Kindern. Zbl 
All Pathol 15:945–948

2. Jesionek A. Kiolemenoglou B (1904) Ueber einen Befund von  
protozoenartigen Gebilden in den Organen eines hereditaer-
luetischen Fetus. Muenchner Med Wochenschr 51:1905–1907

3. Loewenstein C (1907) Ueber protozoenartige Gebilde in den 
Organen von Kindern. Zbl Allg Pathol 18:513–718

4. Von Glahn WC, Pappenheimer AM (1925) Intranuclear inclusions 
in visceral disease. Am J Pathol 1:445–465

5. Lipschuetz B (1921) Untersuchungen ueber die Aetiologie der 
Krankheiten der Herpes genitalis. Arch Dermatol Syph 136:428–
482

6. Minder WH (1953) Die Aetiologie der Cytomegalia infantum. 
Schweiz Med Wochenschr 83:1180–1182

Table 2  Some seminal contributions of Matthias J. Reddehase to 

CMV research

CTL responses 1984

Importance of responses to IE 1984, 1987, 1989

Recombinant vaccine 1988, 1991

Latency 1993, 1994, 1997, 1999

T cell immunotherapy 1985, 1988, 1998

Immune evasion 1989

Memory inflation 2000

“Man lernt nichts kennen als was man liebt”—Goethe

Table 3  Medical conditions suspected of being caused by CMV 
aside from congenital infection and post-transplant diseases

Atherosclerosis

Glioblastoma

Immunosenescence

Deterioration while in intensive care

Biliary atresia

Table 4  History of CMV vaccine development until 2005

1974–1979 Attenuated AD-169 (Elek + Stern with Merck)

1975–1979 Attenuated Towne (Plotkin with GSK)

1980–1985 Attenuated Towne (Plotkin with Merck)

1985–1990 Towne (Plotkin with NIAID)

1991–2001 gB (Chiron)

1995 Canarypox vector (Sanofi)

1996 Towne–Toledo recombinants (MedImmune)

1997 Peptides (City of Hope)

2001 gB (Sanofi)

2005 DNA plasmids (Vical)
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recombinants of Towne and a low-passage strain I gave 
them called Toledo [31]. Unfortunately, owing to hesitancy 
at the US FDA and loss of interest by MedImmune, those 
recombinants are just now being tested clinically in seron-
egatives by Adler.

Meanwhile, as previously mentioned, the first clini-
cal studies of gB were being done by Chiron. The choice 
of that glycoprotein as a candidate vaccine was suggested 
by the demonstration in my laboratory and elsewhere that 
neutralizing antibodies, as detected by the prevention of 
infection in fibroblasts, were mainly directed against it 
[32–34]. Chiron combined gB with their oil in water adju-
vant, MF-59, and showed that after three doses given at 0, 
1 and 6 months, a reasonable titer of neutralizing antibod-
ies was generated in adults [12, 35, 36]. Toddlers given the 
vaccine developed titers six times higher [37]. However, gB 

antibodies waned within <1 year, revealing a compromised 
durability of response.

Chiron, now Novartis, launched a randomized, placebo-
controlled trial of gB/MF-59 under the direction of Bob 
Pass at the University of Alabama, which was continued 
under the auspices of Sanofi Pasteur [38, 39]. The trial was 
conducted in young women who were exposed to CMV by 
both respiratory and sexual routes. As is well known, the 
trial did show a 50 % reduction of CMV acquisition over a 
period of 42 months, but almost all the protection occurred 
in the first 18 months of the trial. The probable explanation 
for this emerged when the neutralizing antibody data were 
examined: Such antibodies peaked at 6.5 months just after 
the third dose and faded quickly thereafter (Fig. 2) [35, 40].

Recently, Bernstein et al. [41] have performed a similar 
study in Cincinnati. They achieved protection of only 45 %, 
but it can be said that the study confirmed that gB when 
used alone as a vaccine has a moderate degree of efficacy 
against acquisition of CMV by a mucosal route. Mean-
while, GSK has adopted the same antigen, gB, but added to 
it an adjuvant containing MPL, a stimulator of TLR recep-
tor 4 (Arnaud Marchant, personal communication, 2014). 
This study has also not yet been published, but the data 
presented at meetings showed a good neutralizing antibody 
response that persisted longer than after the gB/MF-59 vac-
cine. Both the gB/MF-59 and gB/AS01 vaccines generated 
CD4+ T cell responses [39] (Arnaud Marchant, personal 
communication, 2014).

Meanwhile, Paul Griffiths and his colleagues in London 
tested gB/MF-59 as a prophylactic in recipients of kidney 
or liver transplants [42]. The recipients, whether CMV 

Table 5  Neutralizing titers to 
CMV in adults after natural 
infection or Towne vaccine

Adler et al. PIDJ 17:200–206, 
(1998)

Group Virus strain No. of doses/ 
subject

Subjects Reciprocal antibodies geometric 
mean neutralizing titer

Females Wild type 0 15 488 (256–2048)

Males Towne 1 23 270 (128–1024)

Males Towne 2 43 402 (128–2048)

Males Towne 3 12 512 (256–1024)

Table 6  Doses of subcutaneous CMV challenge required to infect or 
cause disease in 50 % of different groups

Plotkin, J Clin Virol (2002);25:S14

Infection Disease

Seronegatives <10 PFU <10 PFU

Natural seropositives ≈500 PFU 1000 PFU

Vaccinees 100 PFU >100 PFU

Fig. 1  Outcome of exposure to transplanted kidney from a CMV 
seropositive donor (D+) in renal transplant recipients. Reproduced 
from Plotkin et al. Rev Inf. Dis (1990);12, Suppl 7, S827–S838
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Fig. 2  Neutralizing antibody to gB: 136 recipients of three injections 
of CMV gB vaccine, GMT and 95 % CI, N from 92 to 136
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seronegative or seropositive, were given three doses of 
the vaccine before transplant. The results were astounding 
in that both recipients infected by the transplanted organ 
(R-D+) as well as those in whom the source of the infec-
tion could not be identified (R+D+), revealed a marked 
reduction of CMV viremia and therefore antiviral use 
(Fig. 3). This implies that there is a stage when the virus 
reactivates from the donated organ and must spread via 
viremia to the rest of the body, during which gB antibodies 
prevent that viremia.

However, aside from solid organ transplantation, there is 
also the problem of CMV disease in recipients of hemat-
opoietic stem cell transplants. In that population, the prob-
lem is different: Virus reactivates in the recipient who has 
had prior natural infection, but in whom immunosuppres-
sion ablates cellular immunity, particularly CD8+ T cells 
[43]. Although cytotoxic T cells after natural infection are 
directed against many proteins of CMV, most individuals 
have CTL specific for the major tegument protein, pp65 
[44–46]. In the late 1990s, the group at City of Hope Hos-
pital led by Don Diamond had experimented with CMV 
peptides that could elicit CTL responses [47]. A pp65/
gB combination DNA vaccine formulated in a poloxamer 
nanoparticle adjuvant was developed by Vical and licensed 
to Astellas. In a controlled trial, Vical showed that T cell 
responses were generated against pp65, but there were 
relatively poor antibody and cellular responses against 
the gB component [48–50]. Nevertheless, CMV viremia 
was reduced by prior vaccination. A phase III trial is in 

progress. Also, the biotech Inovio has reported promising 
results in mice using DNA plasmids and electroporation 
[51].

Another approach to generating both antibodies and 
cellular responses was taken by Novartis. They used rep-
licons based on Venezuelan equine encephalitis virus con-
taining the gB, pp65 and IE1 proteins. Responses were 
generated against all three, best against gB and worst 
against IE1, but those responses were not particularly 
high [52–54].

That brings us to the present: gB continues to be of 
interest as a vaccine antigen, but the discovery of the gH/
gL/UL128-131 pentameric complex and the link shown 
by the group in Pavia between response to the pentamer in 
infected pregnant women and prevention of CMV trans-
mission to the fetus has caused all parties to reconsider the 
constitution of a CMV vaccine [55–59]. Merck has chosen 
to pursue a replication-defective virus strategy [60–62]. 
They have linked two CMV proteins, UL51 and IE1/2 to 
a protein domain that renders stability of these viral pro-
teins dependent on the small molecule Shield 1 (Shld 1). 
In cell culture containing Shld 1, the virus replicates and 
is produced in quantity. However, when injected, the virus 
cannot replicate fully and only defective virus is produced. 
Nevertheless, the defective virus expresses the pentameric 
complex as well as all other AD169 strain proteins, includ-
ing gB. Monkeys inoculated with the replication-defective 
virus have developed both good antibody and cellular 
responses. A phase 1 trial is ongoing.

Fig. 3  Sanofi Pasteur gB/
MF-59 in kidney or liver 
transplant patients. Propor-
tion of days that patients in the 
three subgroups at risk of CMV 
infection spent with viremia or 
received antiviral treatment. P: 
placebo, V: vaccine. Modified 
from Griffiths et al. (2011) 
Lancet, 377:1256
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Meanwhile, Novartis has adopted the self-replicating 
RNA strategy, in which RNA for the major candidate 
antigens is produced in vitro and then injected in vivo, 
where transcription generates the proteins [63]. Data are 
awaited.

An approach developed in Germany by Bodo Plachter 
and colleagues involves the purification of dense bodies, 
subviral particles produced by CMV in cell culture [64, 
65]. These enveloped particles contain virion tegument and 
envelope proteins, including gB, and are being modified to 
include the pentameric complex products.

Other strategies now actively explored include CMV 
peptides to generate cellular immunity in transplant 
patients and virus-like particles presenting gB and, in some 
cases, the pentamer on their surfaces [66, 67]. Variations 
Biotech in the USA, Redbiotec in Switzerland and Humabs 

in Switzerland have all had success in animal immunization 
experiments. Human data are anxiously awaited [68].

Table 7 lists all of the CMV vaccines in development 
known to me. What have we learned from all of this work, 
now going back almost 40 years? Table 8 summarizes the 
lessons learned, which are quite positive. In fact, there are 
multiple ways to generate immune responses to key CMV 
proteins, and a degree of protection has been shown with 
gB, pp65 and probably the pentameric complex. The clini-
cal pathways to demonstrate efficacy in pregnant women 
and transplant recipients have been described.

So whom would we vaccinate with a CMV vaccine? 
The obvious targets would be prepubescent girls, who 
are already receiving other vaccines at ages 11–13; adult 
women who intend to have children; seronegative solid 
organ transplant recipients; and seropositive hematoge-
nous stem cell transplant recipients. There are many ways 
in which efficacy might be demonstrated in the prevention 
of congenital infection. However, the way designated by 
the US FDA is by a placebo-controlled study in a cohort 
of women vaccinated before they become pregnant, with a 
follow-up of their newborns for the evidence of infection at 
birth. Fortunately, PCR on urine or saliva is highly sensi-
tive and specific for fetal infection if done during the first 
2 weeks of life [69].

There are more speculative targets for CMV vaccina-
tion such as prospective cardiac bypass patients to prevent 
restenosis and all adults to prevent immunosenescence, but 
there is a more real indication for routine immunization of 
all infants. This is because modeling shows that circulation 
of CMV in toddlers is the reason for most acquisition of the 
virus in women and that vaccination of those children would 
have a great protective effect for their mothers apart from the 
direct utility of vaccination before pregnancy [70]. Another 
advantage of toddler vaccination is that whereas the duration 

Table 7  CMV vaccines in 
development Live CMV vaccines in development

Attenuated strain (Towne) Med coll VA

Recombinants with wild virus (Towne–Toledo) MedImmune

Replication-defective virus Merck

Alphavirus replicon Novartis

Vectored: pox, adeno, LCMV Sanofi Pasteur, City of Hope Queens-
land Inst., Paxvax, Hookipa

Non-living CMV vaccines in development

Recombinant gB glycoprotein with adjuvant Sanofi Pasteur, GSK

DNA plasmids Vical, Inovio

Self-replicating RNA Novartis

Peptides City of Hope

Dense bodies Vaccine project management (Germany)

Virus-like particles Variations Biotech, Redbiotec

Soluble pentamers Humabs

Table 8  Lessons learned from prior CMV vaccine trials

Neutralizing responses to gB can be elicited by live virus, subunit 
glycoprotein, poxvirus and alphavirus vectors

gB, if adjuvanted, is a protective antigen against CMV infection in 
seronegative women and solid organ transplant recipients

Live attenuated virus also protected immunosuppressed solid organ 
transplant recipients against severe disease

CTL responses to pp65 can be elicited by live virus, poxvirus vector, 
alphavirus vector and DNA plasmids

pp65 is a potent inducer of CD8+ and CD4+ T cell responses and 
together with gB reduces viremia and disease in seropositive stem 
cell recipients

Priming with DNA or vectors coding for CMV proteins followed by 
various boosts may improve response

Duration of protection is yet uncertain

Antiepithelial/endothelial cell entry antibodies induced by the gH/
gL/UL128-131 pentamer may be important in the prevention of 
transmission to fetus
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of protection by vaccination of prepubescent girls is a major 
uncertainty, a decrease in CMV circulation in toddlers could 
be protective through the induction of herd immunity even if 
the duration of immune response in them is short.

Table 9 lists the many ways in which the efficacy of a 
CMV vaccine could be demonstrated. Multiple possibilities 
exist to prove that maternal and fetal infection can be pre-
vented by vaccination. To show the efficacy of CMV vac-
cination in the transplant situation would require only the 
monitoring of viral load, the use of antivirals, graft rejec-
tion and of course CMV clinical disease.

So, in summary, the antigens needed in a CMV vaccine 
have been identified, evidence that vaccination can protect 
is available, the targets of vaccination are largely known, 
and a path for licensure has been defined. This situation is 
the result of 40 years of work. To reach the goal of a CMV 
vaccine, we need now a concentrated effort to combine 
the important antigens and to generate durable responses 
that will protect for a significant period of time. I do think 
that goal is obtainable and I humbly hope that it will be 
obtained in my lifetime.
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References

 1. Ho M (2008) The history of cytomegalovirus and its diseases. 
Med Microbiol Immunol 197(2):65–73

 2. Reddehase MJ, Koszinowski UH (1984) Significance of herpes-
virus immediate early gene expression in cellular immunity to 
cytomegalovirus infection. Nature 312:369–371

 3. Stagno S, Pass RF, Cloud G et al (1986) Primary cytomegalovi-
rus infection in pregnancy. Incidence, transmission to fetus, and 
clinical outcome. JAMA 256(14):1904–1908

 4. Dollard SC, Grosse SD, Ross DS (2007) New estimates of the 
prevalence of neurological and sensory sequelae and mortality 
associated with congenital cytomegalovirus infection. Rev Med 
Virol 17(5):355–363

 5. Limaye AP, Bakthavatsalam R, Kim HW et al (2006) Impact of 
cytomegalovirus in organ transplant recipients in the era of anti-
viral prophylaxis. Transplantation 81(12):1645–1652

 6. Ljungman P, Hakki M, Boeckh M (2010) Cytomegalovirus in 
hematopoietic stem cell transplant recipients. Infect Dis Clin 
North Am 24(2):319–337

 7. Osawa R, Singh N (2009) Cytomegalovirus infection in critically 
ill patients: a systematic review. Crit Care 13(3):R68

 8. Koch S, Larbi A, Ozcelik D et al (2007) Cytomegalovirus infec-
tion: a driving force in human T cell immunosenescence. Ann N 
Y Acad Sci 1114:23–35

 9. Elek SD, Stern H (1974) Development of a vaccine against men-
tal retardation caused by cytomegalovirus infection in utero. Lan-
cet 1(7845):1–5

 10. Plotkin SA, Furukawa T, Zygraich N, Huygelen C (1975) Candi-
date cytomegalovirus strain for human vaccination. Infect Immun 
12(3):521–527

 11. Neff BJ, Weibel RE, Buynak EB, McLean AA, Hilleman MR 
(1979) Clinical and laboratory studies of live cytomegalovirus 
vaccine Ad-169. Proc Soc Exp Biol Med 160(1):32–37

 12. Spaete RR (1991) A recombinant subunit vaccine approach 
to HCMV vaccine development. Transplant Proc 23(Suppl. 
3):90–96

 13. Stratton KR, Durch JS, Lawrence RS (2001) Vaccines for the 21st 
century. A tool for decisionmaking. Committee to study priorities 
for vaccine development. Division of health promotion and dis-
ease prevention, Institute of Medicine, The National Academies, 
Washington

 14. Plotkin SA, Huygelen C (1976) Cytomegalovirus vaccine pre-
pared in WI-38. Dev Biol Stand 37:301–305

 15. Plotkin SA, Farquhar J, Hornberger E (1976) Clinical trials of 
immunization with the Towne 125 strain of human cytomegalovi-
rus. J Infect Dis 134(5):470–475

 16. Just M, Buergin-Wolff A, Emoedi G, Hernandez R (1975) Immu-
nisation trials with live attenuated cytomegalovirus TOWNE 125. 
Infection 3(2):111–114

 17. Fleisher GR, Starr SE, Friedman HM, Plotkin SA (1982) Vacci-
nation of pediatric nurses with live attenuated cytomegalovirus. 
Am J Dis Child 136(4):294–296

 18. Quinnan GVJ, Delery M, Rook AH et al (1984) Comparative vir-
ulence and immunogenicity of the Towne strain and a nonattenu-
ated strain of cytomegalovirus. Ann Intern Med 101(4):478–483

 19. Adler SP, Hempfling S, Starr S et al (1998) Safety and immuno-
genicity of the Towne strain cytomegalovirus vaccine. Ped Infect 
Dis J 17:200–206

 20. Starr SE, Glazer JP, Friedman HM, Farquhar JD, Plotkin SA 
(1981) Specific cellular and humoral immunity after immuniza-
tion with live Towne strain cytomegalovirus vaccine. J Infect Dis 
143(4):585–589

 21. Carney WP, Hirsch MS, Iacoviello VR, Starr SE, Fleisher G, Plot-
kin SA (1983) T-lymphocyte subsets and proliferative responses 
following immunization with cytomegalovirus vaccine. J Infect 
Dis 147(5):958

 22. Jacobson MA, Sinclair E, Bredt B et al (2006) Antigen-specific 
T cell responses induced by Towne cytomegalovirus (CMV) 
vaccine in CMV-seronegative vaccine recipients. J Clin Virol 
35(3):332–337

 23. Friedman AD, Furukawa T, Plotkin SA (1982) Detection of 
antibody to cytomegalovirus early antigen in vaccinated, nor-
mal volunteers and renal transplant candidates. J Infect Dis 
146(2):255–259

 24. Friedman AD, Michelson S, Plotkin SA (1982) Detection of 
antibodies to pre-early nuclear antigen and immediate-early anti-
gens in patients immunized with cytomegalovirus vaccine. Infect 
Immun 38(3):1068–1072

 25. Cha TA, Edward T, Kemble W, Duke GM, Mocarski E, Spaete R 
(1996) Human cytomegalovirus clinical isolates carry at least 19 
genes not found in laboratory strains. J Virol 70(1):78–83

 26. Prichard MN, Penfold ME, Duke GM, Spaete RR, Kemble GW 
(2001) A review of genetic differences between limited and 
extensively passaged human cytomegalovirus strains. Rev Med 
Virol 11(3):191–200

Table 9  How to demonstrate efficacy of a CMV vaccine

Artificial challenge with low-passage virus

Prevention of infection of women whose children are in day care

Prevention of infection of children entered in day care

Prevention of disease or infection in solid organ and hematogenous 
transplant recipients

Cohort study in prepregnant women to prevent later fetal infection

Prevention of fetal disease



253Med Microbiol Immunol (2015) 204:247–254 

1 3

 27. Plotkin SA, Huang ES (1985) Cytomegalovirus vaccine virus 
(Towne strain) does not induce latency. J Infect Dis 152(2):395–397

 28. Plotkin SA, Weibel RE, Alpert G et al (1985) Resistance of sero-
positive volunteers to subcutaneous challenge with low-passage 
human cytomegalovirus. J Infect Dis 151(4):737–739

 29. Plotkin SA, Higgins R, Kurtz JB et al (1994) Multicenter trial of 
Towne strain attenuated virus vaccine in seronegative renal trans-
plant recipients. Transplantation 58:1176–1178

 30. Adler SP, Starr SE, Plotkin SA et al (1995) Immunity induced by 
primary human cytomegalovirus infection protects against sec-
ondary infection among women of childbearing age. J Infect Dis 
171(1):26–32

 31. Heineman TC, Schleiss M, Bernstein DI et al (2006) A phase 1 
study of 4 live, recombinant human cytomegalovirus Towne/
Toledo chimeric vaccines. J Infect Dis 193(10):1350–1360

 32. Gonczol E, Hudecz F, Ianacone J, Dietzschold B, Starr S, Plotkin 
SA (1986) Immune responses to isolated human cytomegalovirus 
envelope proteins. J Virol 58:661–664

 33. Gonczol E, Ianacone J, Ho W (1990) Isolated gA/gB glyco-
protein complex of human cytomegalovirus envelope induces 
humoral and cellular immune responses in human volunteers. 
Vaccine 8:130–136

 34. Britt WJ, Vugler L, Butfiloski EJ, Stephens EB (1990) Cell sur-
face expression of human cytomegalovirus (HCMV) gp55-116 
(gB): use of HCMV-recombinant vaccinia virus-infected cells 
in analysis of the human neutralizing antibody response. J Virol 
64(3):1079–1085

 35. Frey SE, Harrison C, Pass RF et al (1999) Effects of antigen 
dose and immunization regimens on antibody responses to a 
cytomegalovirus glycoprotein B subunit vaccine. J Infect Dis 
180(5):1700–1703

 36. Pass RF, Duliege AM, Boppana S et al (1999) A subunit cyto-
megalovirus vaccine based on recombinant envelope glycopro-
tein B and a new adjuvant. J Infect Dis 180(4):970–975

 37. Mitchell DK, Holmes SJ, Burke RL, Duliege AM, Adler SP (2002) 
Immunogenicity of a recombinant human cytomegalovirus gB vac-
cine in seronegative toddlers. Pediatr Infect Dis J 21(2):133–138

 38. Pass RF, Zhang C, Evans A et al (2009) Vaccine preven-
tion of maternal cytomegalovirus infection. N Engl J Med 
360(12):1191–1199

 39. Sabbaj S, Pass RF, Goepfert PA, Pichon S (2011) Glycoprotein 
B vaccine is capable of boosting both antibody and CD4 T-cell 
responses to cytomegalovirus in chronically infected women. J 
Infect Dis 203(11):1534–1541

 40. Pass R (2010) Slide presentation by Robert Pass at ICAAC meet-
ing in 2010 Update on CMV Vaccines 

 41. Bernstein DI, Munoz FM, Callahan ST et al (2014) Safety and 
efficacy of a cytomegalovirus glycoprotein B (gB) vaccine. Pedi-
atric Academic Societies Meeting, Abstract

 42. Griffiths PD, Stanton A, McCarrell E et al (2011) Cytomegalo-
virus glycoprotein-B vaccine with MF59 adjuvant in transplant 
recipients: a phase 2 randomised placebo-controlled trial. Lancet 
377(9773):1256–1263

 43. Walter EA, Greenberg PD, Gilbert MJ et al (1995) Reconstitu-
tion of cellular immunity against cytomegalovirus in recipients 
of allogeneic bone marrow by transfer of T-cell clones from the 
donor. N Engl J Med 333(16):1038–1044

 44. Gyulai Z, Endresz V, Burian K et al (2000) Cytotoxic T lym-
phocyte (CTL) responses to human cytomegalovirus pp65, 
IE1-Exon4, gB, pp150, and pp28 in healthy individuals: 
reevaluation of prevalence of IE1-specific CTLs. J Infect Dis 
181(5):1537–1546

 45. Gamadia LE, Remmerswaal EB, Weel JF, Bemelman F, van Lier 
RA, Ten Berge IJ (2003) Primary immune responses to human 
CMV: a critical role for IFN-gamma-producing CD4+ T cells in 
protection against CMV disease. Blood 101(7):2686–2692

 46. Malouli D, Hansen SG, Nakayasu ES et al (2014) Cytomegalovi-
rus pp65 limits dissemination but is dispensable for persistence. J 
Clin Invest 124(5):1928–1944

 47. Diamond DJ, York J, Sun JY, Wright CL, Forman SJ (1997) 
Development of a candidate HLA A*0201 restricted peptide-
based vaccine against human cytomegalovirus infection. Blood 
90(5):1751–1767

 48. Wloch MK, Smith LR, Boutsaboualoy S et al (2008) Safety and 
immunogenicity of a bivalent cytomegalovirus DNA vaccine in 
healthy adult subjects. J Infect Dis 197(12):1634–1642

 49. Kharfan-Dabaja MA, Boeckh M, Wilck MB et al (2012) A 
novel therapeutic cytomegalovirus DNA vaccine in allogeneic 
haemopoietic stem-cell transplantation: a randomised, dou-
ble-blind, placebo-controlled, phase 2 trial. Lancet Infect Dis 
12(4):290–299

 50. Smith LR, Wloch MK, Chaplin JA et al (2013) Clinical develop-
ment of a cytomegalovirus DNA vaccine: from product concept 
to pivotal phase 3 trial. Vaccines 1:398–414

 51. Shedlock DJ, Talbott KT, Wu SJ et al (2012) Vaccination with 
synthetic constructs expressing cytomegalovirus immunogens is 
highly T cell immunogenic in mice. Hum Vaccin Immunother 
8(11):1668–1681

 52. Loomis RJ, Lilja AE, Monroe J et al (2013) Vectored co-delivery of 
human cytomegalovirus gH and gL proteins elicits potent comple-
ment-independent neutralizing antibodies. Vaccine 31(6):919–926

 53. Lilja AE, Mason PW (2012) The next generation recombinant 
human cytomegalovirus vaccine candidates-beyond gB. Vaccine 
30(49):6980–6990

 54. Bernstein DI, Reap EA, Katen K et al (2009) Randomized, 
double-blind, phase 1 trial of an alphavirus replicon vaccine for 
cytomegalovirus in CMV seronegative adult volunteers. Vaccine 
28(2):484–493

 55. Wang D, Shenk T (2005) Human cytomegalovirus virion protein 
complex required for epithelial and endothelial cell tropism. Proc 
Natl Acad Sci USA 102(50):18153–18158

 56. Wang D, Li F, Freed DC et al (2011) Quantitative analysis of neu-
tralizing antibody response to human cytomegalovirus in natural 
infection. Vaccine 29(48):9075–9080

 57. Genini E, Percivalle E, Sarasini A, Revello MG, Baldanti F, 
Gerna G (2011) Serum antibody response to the gH/gL/pUL128-
131 five-protein complex of human cytomegalovirus (HCMV) 
in primary and reactivated HCMV infections. J Clin Virol 
52(2):113–118

 58. Lilleri D, Kabanova A, Revello MG et al (2013) Fetal human 
cytomegalovirus transmission correlates with delayed maternal 
antibodies to gH/gL/pUL128-130-131 complex during primary 
infection. PLoS One 8(3):e59863

 59. Hahn G, Revello MG, Patrone M et al (2004) Human cytomeg-
alovirus UL131-128 genes are indispensable for virus growth 
in endothelial cells and virus transfer to leukocytes. J Virol 
78(18):10023–10033

 60. Wen Y, Monroe J, Linton C et al (2014) Human cytomegalovirus 
gH/gL/UL128/UL130/UL131A complex elicits potently neutral-
izing antibodies in mice. Vaccine 32(30):3796–3804

 61. Fu TM, Wang D, Freed DC et al (2012) Restoration of viral epi-
thelial tropism improves immunogenicity in rabbits and rhesus 
macaques for a whole virion vaccine of human cytomegalovirus. 
Vaccine 30(52):7469–7474

 62. Fu TM, An Z, Wang D (2014) Progress on pursuit of human cyto-
megalovirus vaccines for prevention of congenital infection and 
disease. Vaccine 32(22):2525–2533

 63. Geall AJ, Verma A, Otten GR et al (2012) Nonviral delivery 
of self-amplifying RNA vaccines. Proc Natl Acad Sci USA 
109(36):14604–14609

 64. Becke S, Aue S, Thomas D et al (2010) Optimized recombinant 
dense bodies of human cytomegalovirus efficiently prime virus 



254 Med Microbiol Immunol (2015) 204:247–254

1 3

specific lymphocytes and neutralizing antibodies without the 
addition of adjuvant. Vaccine 28(38):6191–6198

 65. Cayatte C, Schneider-Ohrum K, Wang Z et al (2013) Cytomegalo-
virus vaccine strain towne-derived dense bodies induce broad cellu-
lar immune responses and neutralizing antibodies that prevent infec-
tion of fibroblasts and epithelial cells. J Virol 87(20):11107–11120

 66. La RC, Longmate J, Lacey SF et al (2012) Clinical evaluation of 
safety and immunogenicity of PADRE-cytomegalovirus (CMV) 
and tetanus-CMV fusion peptide vaccines with or without 
PF03512676 adjuvant. J Infect Dis 205(8):1294–1304

 67. Kirchmeier M, Fluckiger AC, Soare C et al (2014) Enveloped 
virus-like particle expression of human cytomegalovirus glyco-
protein B antigen induces antibodies with potent and broad neu-
tralizing activity. Clin Vaccine Immunol 21(2):174–180

 68. Macagno A, Bernasconi NL, Vanzetta F et al (2010) Isolation 
of human monoclonal antibodies that potently neutralize human 
cytomegalovirus infection by targeting different epitopes on the 
gH/gL/UL128-131A complex. J Virol 84(2):1005–1013

 69. Barkai G, Ari-Even RD, Barzilai A et al (2014) Universal neo-
natal cytomegalovirus screening using saliva—report of clinical 
experience. J Clin Virol 60(4):361–366

 70. Lanzieri TM, Bialek SR, Ortega-Sanchez IR, Gambhir M 
(2014) Modeling the potential impact of vaccination on the epi-
demiology of congenital cytomegalovirus infection. Vaccine 
32(30):3780–3786


	The history of vaccination against cytomegalovirus
	Abstract 
	Acknowledgments 
	References




