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INTRODUCTION

CYTOMEGALOVIRUS INFECTION AND DISEASE

Human cytomegalovirus (HCMV) is one of the most common viruses present in
individuals. The percentage of HCMV-seropositivity in Europe, Australia, and North
America over the age of 35 is approximately 50 % (23). The prevalence of HCMV infec-
tion increases with age (7), and is associated with the socioeconomic basis of the popu-
lation group (23). Various routes of HCMV transmission were summarized by Ho (14):
HCMV can be transmitted in utero, from mother to infant, via breast milk, saliva,
tears, and urine, or through sexual intercourse, blood transfusion and organ trans-
plantation. In immunocompetent individuals de novo HCMV infection is predomi-
nantly asymptomatic. However, in some cases, infection results in the development of
mononucleosis syndrome (5 to 10 % of all mononucleosis cases) which can be compli-
cated by skin rashes, pneumonitis, hepatitis, and meningoencephalitis (16). Although
predominantly benign in immunocompetent individuals, HCMV infection can pose a
threat to humans with either an incomplete or compromised immune system. One
group at risk consists of embryos and fetuses; pregnancies can be aborted prematurely
due to HCMV infection of the fetus. HCMV infection of the fetus can also result in
congenital disorders characteristically showing hepatosplenomegaly, developmental
disorders of the central nervous system, and neurosensory deafness (15). Another group
comprises either individuals that undergo artificial immunosuppression in order to
prevent rejection of transplanted organs, or individuals suffering from acquired im-
mune deficiency syndrome (AIDS). Under conditions of organ transplantation, 100 %
of both seropositive patients and patients receiving an organ from seropositive donors
develop CMV infection either through de novo infection in HCMV seronegative pa-
tients (primary infection), de novo infection of HCMV seropositive patients (reinfec-
tion), or reactivation of HCMV infection in seropositive patients (the latter two are
both termed reinfection) (17). Several factors suppress the resistance against primary
and reinfection: the condition of the patient after organ transplantation, the use of
cytotoxic immunosuppressive drugs and corticosteroids, and host-versus-graft/graft-
versus-host reactions (17). Of primary infected transplant patients, approximately 80
% develop HCMV disease, while approximately 40 "/<> of all reinfections are symptom-
atic (17). HCMV disease is also overt in AIDS patients. The major organs affected by
HCMV disease in immunodeficient patients are the adrenal glands, the lungs, the gas-
trointestinal tract, the central nervous system and the eyes. The clinical manifestations
vary from a combination of chronic rejection and transplantation-associated arterio-
sclerosis to mononucleosis, interstitial pneumonitis, hepatitis, retinitis, gastrointesti-
nal disease, encephalitis, and meningoencephalitis, leading to organ failure and death
(17). HCMV disease can be treated with antiviral drugs. The most commonly used
agents to treat HCMV infection are ganciclovir and phosphonoformic acid (18). HCMV
cannot be cleared by these agents. As soon as treatment is stopped, infection can re-
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TABLE 1. Taxonomy of a subset of herpesviruses

fri in«..

Subfamily

Alphaherpesvirinae

" , » - • •• r , r ! • - " ' >,- '>•-:rif f ' i f p i

Betaherpesvirinae ; ,,;

Gammaherpesvirinae

: - * , - * • > • • • • • •

ICTV designation

Human herpesvirus 1

Human herpesvirus 2

Human herpesvirus 3

Human herpesvirus 5

Murid herpesvirus 1

Human herpesvirus 6

Human herpesvirus 7

Human herpesvirus 4

Human herpesvirus 8

Common name

Herpes simplex virus 1

Herpes simplex virus 2

Varicella-zoster virus

Human cytomegalovirus

Murine cytomegalovirus

Rat cytomegalovirus

Roseolovirus

Epstein-Barr virus

KS-associated herpesvirus'

Genome

size (kb)

152

152

125

230

230

230

159

145

172

>138

' KS, Kaposi s sarcoma.

emerge. In addition to these therapeuticals, several experimental vaccines have been
developed to prevent HCMV disease. They consist of live laboratory HCMV strains
such as AD169 and Towne 125. However, these vaccines fail to prevent primary infec-
tion with wild-type HCMV and have a marginal effect in alleviating HCMV disease
(18). Thus, a continuing study of the biology of cytomegaloviruses is necessary to find
new potential molecular targets and facilitate the development of new and more effec-
tive antiviral drugs and vaccines.

THE BIOLOGY OF CYTOMEGALOVIRUSES.

CMV taxonomy. Cytomegaloviruses (CMVs) are members of the family of
herpesviridae. Membership was defined by the International Committee on Taxonomy
of Viruses (35) based on the virion architecture. CMVs were categorized in the sub-
family of species-specific betaherpesviruses, based on their host cell range and ge-
nomic organization. A representative set of members of the three subfamilies of herp-
esviruses is shown in Table 1. Like other herpesviruses, a mature CMV virion (Fig. 1)
consists of a genomic double-stranded DNA core encapsulated by a 100-nm spanning
icosahedral protein capsid. The capsid is surrounded by an amorphous protein mass
termed 'tegument'. The outer layer of the virion, the viral envelope, is composed of
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modified cellular membrane and glycoprotein spikes. Many CMV virions contain
multiple capsids and genomic DNA strands per virus particle (Fig. 1). The size of an
intact CMV virion can range from 120 to 300 nm. The HCMV genome has a size of 230
kb (9), containing 208 predicted ORFs of greater than 300 bp in length (9, 30). It con-
sists of two segments, unique long (UL) and unique short (US), each flanked by large
inverted repeat regions, terminal repeat long (b), internal repeat long (b"), internal
repeat short (c") and terminal repeat short (c). These segments are joined by a junction,
or a-sequence of small tandem repeats (a"^) that vary in number per virus genome.
These a-sequences are also found at the genome ends in a direct repeat orientation
( a j . Thus, the HCMV genome organization can be denoted as follows:
a^bULb"a"^c"USca^ (9, 30) (Fig. 2). Viral DNA replication can result in the inversion
of either or both of the UL and US regions, hence generating four different isoforms of
the HCMV genome (30). The organization of other CMV species is less complex. The
rat CMV (RCMV) (47), murine CMV (MCMV) (26) or guinea pig CMV (GpCMV) (28)
genomes each consist of a single unique region flanked by direct repeat regions that
vary in length among different species. The genomic organization of these CMV spe-
cies is also shown in Fig. 2.

CMV gene regulation. Expression of the numerous CMV genes is conducted by a
complex interplay between DNA and regulatory proteins of both virus and host ori-
gin. Relative to other herpesviruses, replication of HCMV in fully permissive cell types
is slow, 48 to 72 h, whereas replication of RCMV and MCMV requires 24 to 36 h (30,
48). The expression pattern of HCMV in vitro can be classified in three temporal phases,
the immediate early (IE), early (E) and late (L) phases of infection. During the IE phase
(up to 12 h postinfection [p.i.]) particular HCMV (IE) genes are activated by regulatory
proteins of the host cell (30). The resulting IE proteins activate genes of the E phase
and silence most IE genes (30). Subsequently, HCMV E proteins (expressed approxi-
mately 12 to 24 hours p.i.) either activate L genes, or catalyse HCMV DNA replication
(30). Most of the L gene products (expressed 24 h p.i. and further) are either structural
HCMV proteins or play a role in the assembly, maturation and egress of new HCMV
virions (30). In permissive cells, CMV infection undergoes all of these stages resulting
in excretion of new virions and eventually cell lysis (30).

The cell tropism of CMV. A limited range of cell types can be infected by CMV in
vitro. The most permissive cell types are fibroblasts, typically from either fetal or fore-
skin origin (30). CMVs also replicate efficiently in fetal trophoblasts (13), amnion (10),
smooth muscle (46, 52) and stromal cells (22,37). Epithelial cells (2,40), astrocytes (24,
34), endothelial cells (39, 51, 52), and macrophages (19) are to a lesser extent permis-
sive to CMV infection. CMV abortively infects a range of cells of myeloid origin, vary-
ing from pre-CD34+ cells to monocytes and neutrophils (21, 12, 19, 25). In several
subsets of myeloid cells HCMV was shown to persist in a latent state (21, 12) and
could be reactivated upon cocultivation with fully permissive cell types (41). To fully
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F/G. 2. 77ie genomic organization 0/various cyfomega/owrHS species. (A) 77ie /lu/na/i cytomega/ou/rus
(HCMV) genome orgamzflf/o». B/ac/c boxes indicate inzvrfed repeat regions. TTie prime marfcs denote
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//ie 'a' sequences (see fexO. (B) Gewom/c orgaiiizafion o/raf cy/omega/ou/n/s (RCMV), /»»niie cyfo»ie-
ga/oOTrus (MCMW anrf guinea pig cytomega/ouirus (GpCMV). Nofe f/wf fne repeaf regions in botn M)
anrf (B) are nof rfra?t»n fo sca/e.

understand the complexity of latency and reactivation of HCMV and its relation to
HCMV disease, in vivo models for infection and pathogenesis are required. However,
due to its species specificity HCMV is difficult to study in an in vivo model. To certain
limits, aspects of HCMV pathogenicity can be studied in the Hu/SCID mouse system
(3). However, in order to study a wide range of characteristics of CMV infection, sev-
eral CMV species have been utilized in animal infection models, such as GpCMV,
MCMV and RCMV

The RCMV model system. RCMV was isolated in 1982 from the salivary glands of
wild rats and passed in both rat embryo fibroblasts in vitro and laboratory rats as a
laboratory strain (RCMV Maastricht) (4). Following either intraperitoneal or subcuta-
neous inoculation of RCMV in immunocompetent rats, low amounts of RCMV could
be recovered from kidney, heart, thymus, spleen, bone marrow, and blood between
days 4 and 11 p.i. and high amounts in salivary glands peaking at day 28 p.i. (5).
RCMV was also excreted in urine (low levels) and saliva (high levels) of infected rats
(5). At 25 weeks p.i. RCMV could no longer be detected in rats by plaque assay or
immunohistochemical analysis (5). RCMV causes no overt disease in infected immu-
nocompetent rats. In contrast, RCMV was demonstrated a lethal agent in rats that
were immunocompromised by receiving total body Röntgen irradiation prior to RCMV
infection (6, 42). Upon administration of sublethal doses of RCMV to
immunocompromised rats, virus could be detected at high levels in spleen, kidney,
liver and lung. Determining virus titers in organs of infected, immunocompromised
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rats was shown to be a useful tool to study the effectiveness of antiviral agents in rat
organ transplantation models in vivo (6,42, 43, 44, 45).

Molecular biology of RCMV. Additional to the examination of RCMV infection
and pathogenesis in vivo, the RCMV genome was isolated, cloned and mapped by
Meijer et al. (29). Subsequently, genes homologous to the HCMV genes encoding DNA
polymerase, glycoprotein B, ICP18.5 and major DNA binding protein were identified
and sequenced (1), and the RCMV genome termini as well as the origin of replication
were characterized (47,48). At present the complete RCMV genome sequence has been
determined (49). Comparison of the RCMV genome sequence with sequences of MCMV
(36) and HCMV (9) indicated that the genomes are collinear and that majority of the
CMV genes are conserved (49). The genomic RCMV sequence as well as the in vivo
RCMV infection model provide a powerful tool to study the role of RCMV genes in
RCMV pathogenesis.

Herpesvirus genes homologous to genes of the host. Herpesviruses belong to the
oldest group of animal viruses in evolution. Phylogenetic analysis of genes that were
conserved among different species of herpesviruses indicated that the three herpesvi-
rus subfamilies arose approximately 180 to 220 My ago (27). The coexistence of herp-
esviruses together with their hosts during such a time-span, obviously resulted in the
co-evolution and adaptation of herpesviruses to the host organism and its immune
system. Part of this co-evolution appears to have involved viral hyjacking of genes of
the host - incorporation of host genes into the viral genome to the benefit of either viral
replication or resistance to immunological responses of the host. Such hyjacked, ho-
mologous genes were recently found in the genomes of beta- and gammaherpesviruses
(8,9,11,20,31,33,36,50), as well as poxviruses (38, 53). These virus families comprise
the most complex of all known viral genomes, containing genes that encode either
proteins with immunoglobulin domains, cytokines, cytokine receptors, chemokines,
chemokine receptors, or apoptosis- and cell cycle-related genes. Some of these genes
were discovered before their cellular counterparts, such as the HCMV chemokine re-
ceptor gene US28 (32), indicating that the list of hyjacked genes is not yet complete.
The characterization of novel cellular genes may reveal more cell-homolog genes within
viral genome sequences in the future.

AIM OF THE THESIS.

The HCMV MIE gene complex was shown to be the key regulatory gene complex
during both active HCMV replication (30) as well as latency (21,12). The determina-
tion of an analogous gene complex within the RCMV genome could accomplish a
better understanding of latency and reactivation in the in vivo RCMV infection model.
Therefore, the first subject of study for this thesis was the identification of a potential
RCMV MIE gene locus, the results of which are presented in Chapter 2. In addition,
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other RCMV genes were subjected to examination. The functions of most of the cur-
rently known betaherpesvirus genes that appear to be hyjacked from the host organ-
ism are yet enigmatic. Most likely, they protect CMV-infected cells from immune sur-
veillance by molecular mimicry. The aim of the studies that are presented in Chapter 3,
4 and 5 was to identify and characterize putative mimicry genes within the RCMV
genome. These chapters describe the identification of the loci of three RCMV genes
that are homologous to genes of the host organism as well as their roles in RCMV
pathogenesis in vivo: a putative chemokine receptor gene (Chapter 3), an orphan G
protein-coupled receptor gene (Chapter 4) and a class I MHC homolog gene (Chapter
5). The characterization of these genes was facilitated by the development of a gene
knock-out system to generate mutant RCMV strains in which either of these genes
was deleted. The growth characteristics and pathogenicity of these knock-out viruses
were systematically compared to those of wild-type RCMV both in vitro and in vivo,
hence providing novel insights in the molecular mimicry by RCMV.

REFERENCES

1. Beuken, E., R. Slobbe, C.A. Bruggeman, and C. Vink. 1996. Cloning and sequence analysis
of the genes encoding DNA polymerase, glycoprotein B, ICP 18.5 and major DNA-binding
protein of rat cytomegalovirus. J. Gen. Virol. 77:1559-1562.

2. Bodaghi B., O. Goureau, D. Zipeto, L. Laurent, J.-L. Virelizier, and S. Michelson. 1999.
Role of IFN-y-induced indoleamine 2,3 dioxygenase and inducible nitric oxide synthasc in
the replication of human cytomegalovirus in retinal pigment epithelial cells. J. Immunol.
62:957-964.

3. Brown J. M., H. Kaneshima, and E. S. Mocarski. 1995. Dramatic interstrain differences in
the replication of human cytomegalovirus in SCID-hu mice. J. Infect. Dis. 171:1599-1603.

4. Bruggeman, C. A., H. Meijer, P. H. J. Dormans, W. H. M. Debie, G. E. L. M. Grauls, and C.
P. A. van Boven. 1982. Isolation of a cy tomegalovirus-like agent from wild rats. Arch. Virol.
73:231-241.

5. Bruggeman, C. A., H. Meijer, F. Bosnian, and C. P. A. van Boven. 1985. Biology of rat
cytomegalovirus infection. Intervirology 24:1-9.

6. Bruning, J. H., C. A. Bruggeman, C. P. van Boven, and P. J. van Breda Vriesman. 1986.
Passive transfer of latent rat cytomegalovirus by cardiac and renal organ transplants in a rat
model. Transplantation 41:695-698.

7. Carlström, G, and B. Jailing. 1970. Cytomegalovirus infections in different groups of pae-
diatric patients. Acta Paedriatr. Scand. 59:303-309.

8. Cha, T.-A., T. Edward, G. W. Kemble, G. M. Duke, E. S. Mocarski, and R. R. Spaete. 1996.
Human cytomegalovirus clinical isolates carry at least 19 genes not found in laboratory
strains. J. Virol. 70:78-83.

9. Chee, M. S., A.T. Bankier, S. Beck, R. Bohni, C. M. Brown, R. Cerny, T. Horsnell, C. A.
Hutchison HI, T. Kouzarides, J. A. Martignetti, E. Preddie, S. C. Satchwell, P. Tomlinson,

17



CHAPTER l rve

K. M. Weston and B. G. Barrell. 1990. Analysis of the protein-coding content of the se-
quence of human cytomegalovirus strain AD169. Curr. Top. Microbiol. Immunol. 154:125-
169.

10. Figueroa, M. E., L. Geder, and F. Rapp. 1978. Infection of human amnion cells with cytome-
galovirus. J. Med. Virol. 2:369-375.

11. Gompels, U. A., J. Nicholas, G. Lawrence, M. Jones, B. J. Thomson, M. E. Martin, S.
Efstathiou, M. Craxton, and H. A. Macaulay. 1995. The DNA sequence of human herpesvi-
rus-6: structure, coding content, and genome evolution. Virology 209:29-51.

12. Hahn, G., R. Jores, and E. S. Mocarski. 1998. Cytomegalovirus remains latent in a common
precursos of dendritic and myeloid cells. Proc. Natl. Acad. Sei. USA 95:3937-3942.

13. Hemmings D. G., R. Kilani, C. Nykiforuk, J. Preiksaitis, and L. J. Guilbert. 1998. Permis-
sive cytomegalovirus infection of primary villous term and first trimester trophoblasts. J.
Virol. 72:4970-4979.

14. Ho, M. 1991. Epidemiology of cytomegalovirus infection in man, p. 155-187. In M. Ho,
Cytomegalovirus, biology and infection, Plenum Medical, Co., New York, N. Y.

15. Ho, M. 1991. Congenital and perinatal human cytomegalovirus infections, p. 205-227. In M.
Ho, Cytomegalovirus, biology and infection, Plenum Medical, Co., New York, N. Y.

16. Ho, M. 1991. Acquired cytomegalovirus infection in immunocompetent patients, p. 229-
247. In M. Ho, Cytomegalovirus, biology and infection, Plenum Medical, Co., New York, N.
Y.

17. Ho, M. 1991. Human cytomegalovirus infections in immunosuppressed patients, p. 249-
300. In M. Ho, Cytomegalovirus, biology and infection, Plenum Medical, Co., New York, N.
Y.

18. Ho, M. 1991. Treatment and prevention of cytomegalovirus infections, p. 301-317. In M. Ho,
Cytomegalovirus, biology and infection, Plenum Medical, Co., New York, N. Y.

19. Ibanez C. E., R. Schrier, P. Ghazal, C. Wiley, and J. A. Nelson. 1991. Human cytomegalovi-
rus productively infects primary differentiated macrophages. J. Virol. 65:6581-6588.

20. Isegawa, Y., Z. Ping, K. Nakano, N. Sugimoto, and K. Yamanishi. 1998. Human herpesvi-
rus 9 open reading frame U12 encodes a functional b-chemokine receptor. J. Virol. 72:6104-
6112.

21. Kondo, K., J. Xu, and E. S. Mocarski. 1996. Human cytomegalovirus latent gene expression
in granulocyte-macrophage progenitors in culture and in seropositive individuals. Proc.
Natl. Acad. Sei. USA 93:11137-11142.s

22. Kowalik T. F., A. D. Yurochko, C. A. Rinehart, C. Y. Lee, and E. S. Huang. 1994. Productive
infection of human endometrial stromal cells by human cytomegalovirus. Virology 202:247-
257.

23. Krech, U. 1973. Complement-fixing antibodies against cytomegalovirus in different parts
of the world. Bull. WHO 49:103-106.

24. Lokensgard J. R., M. C. Cheeran, G. Gekker, S. Hu, C. C. Chao, and P. K. Peterson. 1999.
Human cytomegalovirus replication and modulation of apoptosis in astrocytes. J. Hum.
Virol. 2:91-101.

25. Maciejewski J. P., S. C. and St Jeor. 1999. Human cytomegalovirus infection of human
hematopoietic progenitor cells. Leuk. Lymphoma 33:1-13.

18



INTRODUCTION

26. Marks, J. R., and D. H. Spector. 1988. Replication of the murine cytomegalovirus genome:
structure and role of the termini in the generation and cleavage of concatenates. Virology
162:98-107.

27. McGeoch, D. J., S. Cook, A. Dolan, F. E. Jamieson, and E. A. R. Telford. 1995. Molecular
phylogeny and evolutionary timescale for the family of mammalian herpesviruses. J. Mol.
Biol. 247:443-458.

28. McVoy M. A., D. E. Nixon, and S. P. Adler. 1997. Circularization and cleavage of guinea pig
cytomegalovirus genomes. J. Virol. 71:4209-4217.

29. Meijer, H., J.C. Dreesen, and C. P. van Boven. 1986. Molecular cloning and restriction en-
donuclease mapping of the rat cytomegalovirus genome. J. Gen. Virol. 67:1327-1342.

30. Mocarski, E. S. 1993. Cytomegalovirus biology and replication, p. 173-226. In B. Roitzman,
R. J. Whitley, and C. Lopez, The human herpesviruses, Raven press, Ltd., New York, N. Y.

31. Neipel, E, J. C. Albrecht, and B. Fleckenstein. 1997. Cell-homologous genes in Kaposis's
sarcoma-associated rhadinovirus human herpesvirus 8. J. Virol. 71:4187-4192.

32. Neote, K., D. DiGregorio, J. K. Mak, R. Horuk, and T. J. Schall. 1993. Molecular cloning,
functional expression, and signalling characteristics of a C-C chemokine receptor. Cell 72:415-
425.

33. Nicholas, J. 1996. Determination and analysis of the complete nucleotide sequence of hu-
man herpesvirus 7. J. Virol. 70:5975-5989.

34. Poland S. D., P. Costello, G. A. Dekaban, and G. P. Rice. 1990. Cytomegalovirus in the
brain: in vitro infection of human brain-derived cells. J. Infect. Dis. 162:1252-1262.

35. Pringle, C. R. 1998. The universal system of virus taxonomy of the international committee
on virus taxonomy (ICTV), including new proposals ratified since publication of the Sixth
ICTV report in 1995. Arch. Virol. 143:203-210.

36. Rawlinson, W. D., H. E. Farrell, and B. G. Barrell. 1996. Analysis of the complete DNA
sequence of murine cytomegalovirus. J. Virol. 70:8833-8849.

37. Reza Nassiri M., J. Gilloteaux, R. S. Taichman, and J. C. Drach. 1998. Ultrastructural
aspects of cytomegalovirus-infected fibroblastic stromal cells of human bone marrow. Tis-
sue Cell 30:398-406.

38. Senkevich, T.G., J.J Bugert, J.R. Sisler, E.V. Koonin, G. Darai, and B. Moss. 1996. Genome
sequence of a human tumorigenic poxvirus: prediction of specific host response-evasion
genes. Science 273:813-816.

39. Slobbe-van Drunen M. E., A. T. Hendrickx, R. C. Vossen, E. J. Speel, M. C. van Dam-
Mieras, and C. A. Bruggeman. 1998. Nuclear import as a barrier to infection of human
umbilical vein endothelial cells by human cytomegalovirus strain AD169. Virus Res. 56:149-
156.

40. Smith J. D. 1986. Human cytomegalovirus: demonstration of permissive epithelial cells
and nonpermissive fibroblastic cells in a survey of human cell lines. J. Virol. 60:583-588.

41. Söderberg, C, S. Larsson, S. Bergstedt-Lindqvist, and E. Möller. 1993. Definition of a sub-
set of human peripheral blood mononuclear cells that are permissive to human cytomega-
lovirus infection. J. Virol. 67:3166-3175.

42. Stals, F. S., F. Bosman, C. P. A. van Boven, and C. A. Bruggeman. 1990. An animal model
for therapeutic intervention studies of CMV infection in the immunocompromised host.
Arch. Virol. 114:91-107.

19



CHAPTER 1

43. Stals, F. S., E. de Clercq, and C. A. Bruggeman. 1991. Comparative activity of (S)-l-(3-
hydroxy-2-phosphonylmethoxypropyl)cytosine and 9-(l,3-dihydroxy-2-propoxymethyl)-
guanine against rat cytomegalovirus infection in vitro and in vivo. Antimicrob. Agents
Chemother. 35:2262-2266.

44. Stals, F. S., A. Zeytinoglu, M. Havenith, E. de Clercq, and C. A. Bruggeman. 1993. Rat
cytomegalovirus-induced pneumonitis after allogeneic bone marrow transplantation: ef-
fective treatment with (S)-l-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine. Antimicrob.
Agents Chemother. 37:218-223.

45. Stals, F. S., S. S. Wagenaar, and C. A. Bruggeman. 1994. Generalized cytomegalovirus (CM V)
infection and CMV-induced pneumonitis in the rat: combined effect of 9-(l,3-dihydroxy-2-
propoxymethyOguanine and specific antibody treatment. Antivral Res. 25:147-160.

46. Tumilowicz J. J., M. E. Gawlik, B. B. Powell, and J. J. Trentin. 1985. Replication of cytome-
galovirus in human arterial smooth muscle cells. J. Virol. 56:839-845.

47. Vink C, E. Beuken, and C. A. Bruggeman. 1996. Structure of the rat cytomegalovirus ge-
nome termini. J. Virol. 70:5221-5229.

48. Vink, C., E. Beuken, and C. A. Bruggeman. 1997. Cloning and functional characterization
of the origin of lytic-phase DNA replication of rat cytomegalovirus. J. Gen. Virol. 78:2963-
2973.

49. Vink C, E. Beuken, and C. A. Bruggeman. Unpublished data.
50. Virgin VI, H. W., P. Latreille, P. Wamsley, K. Hallsworth, K. E. Week, A. J. Dal Canto, and

S. H. Speck. 1997. Complete sequence and genomic analysis of the murine
gammaherpesvirus 68. J. Virol. 71:5894-5904.

51. Vossen, R. C. R. M., J. G. Derhaag, M. E. P. Slobbe-van Drunen, A. M. Duijvestijn, M. C.
E. van Dam-Mieras, and C. A. Bruggeman. 1996. A dual role for endothelial cells in cy-
tomegalovirus infection? A study of cytomegalovirus infection in a series of rat endothelial
cell lines. Virus Res. 46:65-74.

52. Vossen R. C, M. C. Persoons, M. E. Slobbe-van Drunen, C. A. Bruggeman, and M. C. van
Dam-Mieras. 1997. Intracellular thiol redox status affects rat cytomegalovirus infection of
vascular cells. Virus Res. 48:173-183.

53. Xiang Y., and B. Moss. 1999. Identification of human and mouse homologs of the MC51L-
53L-54L family of secreted glycoproteins encoded by the Molluscum contagiosum poxvi-
rus. Virology 257:297-302.

20



ABSTRACT

"•'V* - C H A P T E R 2

. s i ; , : ' »i'"e

The Maastricht Strain and England
Strain of Rat Cytomeealovirus

Represent Different Betaherpesvirus
Species Rather than Strains -

PATRICK S. BEISSER, SUZANNE J. F. KAPTEIN, ERIK
BEUKEN, CATHRIEN A. BRUGGEMAN AND CORNELIS VINK

o/Merf/cn/ Mrcrob/o/ogy, C«rrf/oz'r7sc»/(7r Resrarc//
/c//f (O4R/M,), Mflflsfr/c/if ü»7/uers/fy, PO Box 5800,

6202 y4

Virology, 1998, July 5, Vol. 246(2), p. 341-351.

21



CHAPTER 2

". jr-' ' . ' ' " f i " , >- '

22



THE RCMV (MAASTRICHT) MIE LOCUS

ABSTRACT

The major immediate early (MIE) locus of the Maastricht strain of rat
cytomegalovirus (RCMV) was found to comprise five exons of which the
first is noncoding. The first three exons are spliced to either exon 4, generat-
ing IE1, or exon 5, generating IE2. An additional splicing event unique to
RCMV (Maastricht) was identified in exon 5, resulting in a 466-base pairs
deletion. IE1 transcripts were detected exclusively during the IE phase of
infection in vitro, whereas IE2 transcripts were detected during both the IE
and late phase of infection. The similarities between amino acid sequences
derived from the MIE gene of RCMV (Maastricht) and murine cytomega-
lovirus are low (22% and 37% for IE1 and IE2, respectively). Surprisingly,
the similarities between the MIE proteins of RCMV (Maastricht) and the
England strain of RCMV are also low (23% and 32% for IE1 and IE2, respec-
tively). This suggests that these RCMV strains represent different
betaherpesvirus species rather than strains. This is underscored by the dif-
ference between both viruses in genome size as well as growth characteris-
tics. The existence of two different RCMV-like species might have impor-
tant implications for the use of these viruses as models for human cytome-
galovirus.

23



CHAPTER 2

INTRODUCTION

Cytomegaloviruses (CMVs) are species-specific betaherpesviruses which cause
acute, persisting and latent infections both in man and animals. Infections of immuno-
competent individuals with human CMV (HCMV) are usually not associated with
overt clinical symptoms. However, infection of immunocompromised individuals can
result in life-threatening disease.

As a model for HCMV infection and disease, we study the interaction between rat
cytomegalovirus (RCMV) and its host. The RCMV-rat system is a highly suitable model
system, since the pathogenesis of infection in HCMV-infected humans is similar to
that in RCMV-infected rats (25). To date, two strains of RCMV have been studied: the
Maastricht strain (4) and the England strain (20). Interestingly, both RCMV strains
differ considerably in both restriction patterns and size of their genomes; the genome
length was reported to be 224 kilobase pairs (kb) for the Maastricht strain (13) and 206
kb for the England strain (6). Currently, the nucleotide sequence of approximately 70%
of the genome of RCMV (Maastricht) has been determined (1, 2, 29, 30, 31). This se-
quence information shows that the genome of RCMV (Maastricht) is collinear with the
genomes of murine CMV (MCMV) as well as HCMV, of which the complete nucle-
otide sequences have been determined (22, 8). Additionally, the predicted amino acid
sequences that are derived from most of the RCMV (Maastricht) open reading frames
(ORFs) display a high level of similarity to the amino acid sequences derived from
ORFs of other CMVs, and in particular MCMV (2,31). The only sequence information
that is currently available on the England strain of RCMV is that of the locus of major
immediate early (MIE) gene transcription (23, 24). This locus was found to have an
organization similar to that of both HCMV and MCMV (23, 24). The MIE locus of
RCMV (England) consists of a promoter/enhancer region that directs transcription of
a region consisting of five exons. These exons are differentially spliced to generate
transcripts encoding two separate proteins, IE1 and IE2. The IE1 and IE2 transcripts
share the first three exons, the first of which is noncoding. Splicing of these exons to
either exon 4 or 5 generates the IE1 and IE2 transcripts, respectively (23).

In order to compare the nucleotide sequences from the Maastricht strain and En-
gland strain of RCMV, we set out to identify and characterize the MIE locus of the
RCMV (Maastricht) genome. In this report, both the nucleotide sequence and tran-
scriptional analysis of the MIE region are described. Additionally, the predicted amino
acid sequences that are derived from the MIE locus are compared to those of other
CMVs. Surprisingly, the sequence of the MIE locus of RCMV (Maastricht) was found
to differ considerably from that of the England strain of RCMV, such that these viruses
should be classified as different betaherpesvirus species rather than RCMV strains.
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MATERIALS AND METHODS

Virus and cell culture. Primary rat embryo fibroblasts (REF) were used in all infection ex-
periments. Cells were grown in Eagle's minimum essential medium (EMEM, ICN Biomedicals)
supplemented with nonessential amino acids, 2 mM L-glutamine and 10% newborn calf serum
(NCS). Infection of cells with RCMV (Maastricht) was done essentially as previously described
(5).

Cloning and sequencing of the MIE region. Cloning of the Xbal F, U, S, K, O and Y frag-
ments of the RCMV genome into vector pSP62-PL has previously been described (13). Each of
these fragments was subcloned into vector pUC119 and both strands of the plasmid inserts
were sequenced using the Cy5 AutoRead sequencing kit (Pharmacia Biotech) and an ALFexpress
automated DNA sequencer (Pharmacia Biotech). PCR products were cloned into either vector
pUC119 or pCR2.1 (Invitrogen) and sequenced similarly as described above. Sequence data
were generated using overlapping plasmid constructs. Sequence analysis was done using the
program PC/Gene (version 2.11, IntelliGenetics).

Poly(A)* RNA isolation, reverse transcriptase-PCR (RT-PCR) and rapid amplification of
cDNA ends (RACE). Poly(A)' RNA from RCMV- as well as mock-infected cells was isolated at
immediate early (IE), early (E) and late (L) times of infection of REF using a QuickPrep Micro
mRNA Purification Kit (Pharmacia Biotech), similary as previously described (1). To obtain IE
mRNA, REF were treated with 100 ug of cycloheximide per ml 1 h before, during and 16 h after
infection. During the 1-h infection period, the cells were exposed to RCMV at a multiplicity of
infection (MOI) of 1. E mRNA was isolated after infection of REFs with RCMV (MOI = 1) and
treatment of the cells with 100 ug of phosphonoacetic acid per ml from 3 h post infection (p.i.)
until the cells were harvested at 13 h p.i. L mRNA was isolated after infection of REF with
RCMV at an MOI of 1 and harvesting of cells at 48 h p.i. To obtain mRNA from mock-infected
(M) cells, a similar procedure to that described for L mRNA was used, except that RCMV infec-
tion was omitted. Approximately 3 ug of the purified RNA was treated with DNase I (Pharmacia
Biotech), after which cDNA was synthesized using oligonucleotide primer 3'-RACEl (Fig. 3A)
and a Superscript Plasmid System for cDNA Synthesis and Plasmid Cloning (Gibco BRL). As
controls, reactions were also performed in the absence of reverse transcriptase. In order to elu-
cidate the intron-exon structure of the MIE region, each cDNA mixture was amplified by the
polymerase chain reaction (PCR) using various primer sets. All primers used are listed in Fig.
3A. To determine the 5' ends of the MIE transcripts, the 5' RACE System for Rapid Amplifica-
tion of cDNA Ends (Version 2.0) was used (Gibco BRL). Primer 3c was used as gene-specific
primer in order to synthesize first-strand cDNA. After tailing of the cDNA with dCTP and Ter-
minal deoxynucleotidyl transferase, PCR was performed using the "5' RACE Abridged Anchor
Primer" (AAP; Gibco BRL) and primer 2b. In a second, nested PCR, the "5' RACE Abridged
Universal Amplification Primer" (AUAP; Gibco BRL) and primer lb were used. The 3' ends of
the MIE transcripts were determined by PCR amplification of cDNA using primers 4a and 3'-
RACE2 for IEl-specific transcripts and primers 6a and 3-RACE2 for IE2-specific transcripts.
PCR mixtures (50 ul) contained 10 mM Tris-HCl (pH 9.0), 50 mM KC1, 1.5 mM MgCI,, 0.01 %
Triton X-100, 0.2 mM of each dNTP, 0.5 uM of each primer, 0.1U/ul Taq DNA polymerase
(Pharmacia Biotech) and 2.5 ul of a 7-fold dilution of a cDNA mixture. Amplification (5 min at
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95 °C, 35 cycles of 1 min at 95 °C, 1 min at 55 °C and 1 min at 72 °C, followed by 10 min at 72 °C)
was done in a GeneAmp PCR System 9600 thermal cycler (Perkin Elmer).

Cloning of RT-PCR products. PCR products were purified using MicroSpin Sephacryl S-
400 columns (Pharmacia Biotech). The PCR fragment that was generated using primers 2a and
2b was digested with Bcfl and Ncol, of which the recognition sites are located near the termini of
the fragment (Fig. 3A). After the generation of blunt ends by treatment with dNTPs and DNA
polymerase I Klenow fragment (Klenow; Pharmacia Biotech), the fragment was cloned into the
Hindi site of pUC119. The PCR fragment that was produced using primers 3a and 3b was cloned
in a similar fashion as described above, except that the fragment was digested with other re-
striction endonucleases, i.e. Ncol and BsfBI. When primers 5a and 5b were used in PCR, two
different fragments were generated with lengths of 479 bp and 945 bp, respectively. The 479-bp
fragment was treated with dNTPs and T4 DNA polymerase (Pharmacia Biotech) in order to
create blunt ends. Subsequently, the fragment was cloned into the H/MCII site of pUC119. The
945-bp fragment was also cloned into the HHICII site of pUC119, after digestion of the fragment
with NofI and y4ŝ 718, and subsequent treatment with Klenow. The PCR fragment that was
produced with primers 3a and 5b was cloned directly into plasmid pCR2.1 (Invitrogen) by us-
ing a Eukaryotic TA Cloning Kit (Invitrogen). The fragment that was generated by 5' RACE
using primers AUAP and lb was digested with Sn/I (the recognition site of which is located
within primer AUAP) and ßc/1, followed by treatment with Klenow and cloning into the Hindi
site of pUC119. The products that were generated by PCR amplification using either primers 4a
and 3'-RACE2 or primers 6a and 3'-RACE2 were first treated with Klenow and then cloned into
the H/HCII site of pUC119. Escherichia coli JM83 was used for propagation of all plasmid con-
structs.

Northern blot analysis. Poly(A)' RNA from RCMV- as well as mock-infected cells was iso-
lated at immediate early (IE), early (E) and late (L) times of infection of REF as described above.
Denaturing agarose gelelectrophoresis of RNA and transfer to Hybond-N membranes
(Amersham) has also been described (1). The integrity of the separated RNA was confirmed by
ethidium bromide-staining of agarose gels and methylene blue-staining of filters. To discrimi-
nate between IE1 and IE2 transcripts, two probes were generated that exclusively contain either
exon 4 or exon 5 sequences. As exon 4-specific probe, a 571-bp Xbnl-EcoRI fragment was used
and as exon 5-specific probe, a 1.5-kb Xfol-NofI fragment was used; the positions of these frag-
ments within the MIE region are indicated in Fig. 3A. Labeling of DNA fragments with ['-P]d ATP
(ICN) was done using a Random Primed DNA labeling Kit (Boehringer Mannheim). Hybridiza-
tion and autoradiography were performed as described earlier (3).

GenBank accession number. Nucleotide sequence data reported in this paper have been
deposited with the GenBank nucleotide sequence database under accession no. AF046125

RESULTS
Cloning and sequencing of the MIE locus of RCMV (Maastricht). In order to

localize a putative MIE locus within the genome of the Maastricht strain of RCMV, we
hypothesized that this locus would be present at a position within the genome analo-
gous to that of the MIE loci of HCMV (8), MCMV (22) and RCMV (23). This hypothesis
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followed the observation that the genome of RCMV (Maastricht) is collinear with the
HCMV and MCMV genomes (2, 30, 31). Consequently, we anticipated the RCMV
(Maastricht) MIE locus to be present within the Xbd F-Y region of the genome (Fig. 1,
13). Thus, each of the Xbnl fragments that is contained within this region was cloned
into vector pUC119 and sequenced. Comparison of the generated nucleotide sequences
with the MIE sequences of other CMVs indicated that the MIE locus of RMCV
(Maastricht) had indeed been cloned. The MIE region was found to overlap three suc-
cessive Xbfll fragments: U, S and K (Fig. 1). On the basis of alignments of nucleotide
sequences as well as derived amino acid sequences, a gene structure for the RMCV
(Maastricht) MIE locus was predicted that is similar to that of the MIE loci of other
CMVs (Fig. 1). Analogous to these loci, the RCMV (Maastricht) MIE locus might com-
prise at least five exons encoding two separate proteins, IE1 and IE2, by alternative
splicing of exons 1-3 to either exon 4 or exon 5, respectively. Interestingly, the nucle-
otide sequence of the MIE region of the Maastricht strain of RCMV differs consider-
ably from that of the MIE region of the England strain of RCMV (50 % identity over a
1296-bp region containing the protein-coding content of exon 4, as determined by the
global alignment algorithm described by Myers and Miller [17]). By comparison, the
identity between this sequence of RCMV (Maastricht) and the corresponding sequences
of HCMV and MCMV is 48 % and 47 %, respectively.

It has previously been reported that, in contrast to the MIE promoter/enhancer
regions of HCMV, MCMV and simian CMV (SCMV), the corresponding region of the
England strain of RCMV almost completely lacks repetitive elements and only con-
tains a limited number of consensus binding sites for cellular transcription factors
(24). However, the Maastricht strain contains a large number of AP-1 and ATF/CREB
consensus binding sites within the putative promoter/enhancer region of the MIE
locus (MIEP, Fig. 2A). In addition, this region comprises four copies (Al to A4) of a
121-bp direct repeat and three copies (Bl to B3) of a 73-bp direct repeat (Fig. 2B). The
sequences of repeats Al and Bl are highly similar to those of A2 and B2, respectively
(94 % and 99 % identity). The sequences of A3, and A4 share only 83 % and 50 %
identity, respectively, with the Al sequence. Repeat B3 shares 55 7» identity with Bl.
None of the repeats were found to share significant sequence similarity with MIEPs of
other CMVs. Likewise, the remaining sequence of the RCMV (Maastricht) MIEP lacks
similarity with sequences of other MIEPs.

Most of the putative AP-1 and ATF/CREB binding sites are located within the re-
peat sequences of the RCMV (Maastricht) MIEP (Fig. 2A). A characteristic that is shared
between the RCMV (Maastricht) MIEP and MCMV MIEP is the large number of po-
tential API binding sites. Features that are not shared with any of the other MIEPs are
the large number of NF-KB and NF-1 sites within the sequences of MCMV and SCMV,
respectively. As noted by Sandford and Burns (1996), the RCMV (England) MIEP is
unique in its low content of putative transcription factor binding sites as compared to
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the MIEPs of other CMVs. However, this sequence was shown to function as an effi-
cient transcriptional activator (24). Whether the corresponding sequence from RCMV
(Maastricht) is also able to activate transcription, will have to be addressed in future
studies.

Structural organization of the MIE locus. To investigate the exon-intron structure
of the MIE region, we subjected transcripts that were produced at IE times of RCMV
infection to reverse transcriptase-PCR (RT-PCR). The positions and sequences of the
primers that were used in this analysis are listed in Fig. 3A. The primers were chosen
such that the resulting RT-PCR products would contain the splice junctions between
adjacent exons as predicted in Fig. 1. Except for the 5' RACE protocol, cDNA to be
used in PCR was synthesized using primer 3'-RACEl (Fig. 3A). The 5' ends of tran-
scripts from the MIE region were determined by 5' RACE as described in Materials
and Methods. First, cDNA was synthesized from IE poly(A)' RNA using igene-specifici
primer 3c (Fig. 3A). Then, a poly C tail was added to the 3' end of the cDNA, enabling
annealing of primer AAP, which contains a stretch of G and I residues at its 3' end. In
a subsequent PCR with primers AAP and 2b (which is able to anneal to a sequence
within predicted exon 3), a major DNA fragment was produced with a length of ap-
proximately 500 bp (Fig. 3B, lane 2). This fragment was subjected to a second PCR
with primers AUAP (which is identical in sequence to the 5' end of primer AAP) and
lb (which is able to anneal to a sequence within predicted exon 2). This amplification
resulted in a product of approximately 300 bp (Fig. 3B, lane 3). Similar results were
obtained when using primer 3b instead of primer 3c, and L instead of IE poly(A)' RNA
in cDNA synthesis (data not shown). The length difference of approximately 200 bp
between the first and second PCR product is in accordance with splicing of predicted
exon 2 to exon 3 (see below). The second, 300-bp 5' RACE product was cloned and
sequenced. Similar to the MIE transcripts of other CMVs, the 5' ends of the RCMV
(Maastricht) MIE transcripts were found to contain a noncoding leader sequence. This
sequence, which was designated exon 1, has a length of 152 bp, and is spliced to exon
2, which contains an open reading frame (ORF). The first AUG of this ORF is located 4
nucleotides downstream of the 5' boundary of exon 2 (position 2915). In the RCMV
(Maastricht) genome, exon 1 and exon 2 are separated by a 954-bp intron, which was
termed intron I (Fig. 5A).

To confirm the splicing of predicted exon 2 to exon 3, PCR amplification of cDNA
was carried out with primers 2a and 2b. As shown in Fig. 3C (lane 2), amplification
resulted in a product with a length of 250 bp. The generation of this RT-PCR product
was dependent on the use of reverse transcriptase during cDNA synthesis, indicating
that RNA and not contaminating DNA was amplified (data not shown). The length of
the 250-bp fragment is in accordance with the presence of the predicted intron be-
tween exons 2 and 3. The nucleotide sequence of this fragment was determined and
revealed an in-frame fusion between the ORFs of exon 2 and 3. This indicates that
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Norf/ier« b/of /ii/br/rf/zaf/'on, R/ICE a»irf RT-PCR. B/acJt boj-es /'nrf/'cafe exo«s. /nfrons are /«rf/caferf by
open bo.ws. Probe pos/7/o»is fire ;>idica/ed by /wfc/ierf boxes aboi'e ewn 4 a«rf 5. Primers /4/4P ^5' Rv4CE

/4nc//or Primer) and /4U/4P C5' RACE v4bn'dged Un/z»ersa/ >4mp///ica(;on PnmerJ were sup-
(/;e 5' &4CE Sysfem/or Rap/rf y4»ip///Jcaf/on o/cDN/4 Ends (Gibco BRLA fß) 5' Ry4CE prod-

»cfs o/M/E franscr/pfs. Lflw J co/ita;»s a mo/eci//nr mass re/erence (JOO-bp «;ar/cer>. T//e pr/'/ner pair
co;»bi»af;oiis f/iaf were used are /nd/rafed abow /anes 2 and 3. fC) RT-PCR o/M/£ /ranscr/p/s. Lawes 2
and 5 con to/» a mo/rn//ar ?nass rc/i?re«ce C200-bp marker). Tne primer pair rombina/w/TS f/ia< w»ere used
/» end/ RT-PCR are »jd/cafcd aboue /anes 2-4, and 6-8.

33



CHAPTER2

probe: exon 4 exon 5

M IE E L M IE E L

2 . 5 -

kb kb

1 2 3 4 5 6 7 8

F2G. 4 — /4boz>e. D/jJtrivifi<i//y sp/iied fra«scn)^s o/z7ie RCM V fMflns<r;c///̂  Mi£ /ocizs emerge
//ze /£ ««(/ L phases o//n/ect/oM. The/zgi/re s/zows aufomd/o^rap/ts o/Norz7ieni b/o/s f//nf «;ere /ii/brirf/zerf
rt>/7/z e/7/ier uzz e.vo/i 4-specz>7c probe f/nncs 2-4) or a/z e.vo»/ 5-s/)ec//i'c ;>robe (/rt/ies 5-8). /n /«nes 3 rt/irf 5,
;«RNy4/TO/H moci:-//i/i'c/erf (M) ce//s IWJS si'/wrafed. Lrt;;t's 2 fl»rf 6 represe;i/ f/ie /£ p/wse, /fl»es 3 n»(f 7
f/ie £ p/wse <J/M/ /(?;ies 4 <?nrf 8 f/ie L p/wse o/i/i/ec/io«. /£, £ and L p/wse mRNA were obto/;ierf as descnbed
;H ///e Mrtferi'n/s (?»</ Mef/iorfs serf/on. T/ie esf/mafed /engf/is o/f/;e frunscnpfs are /»tf/cflted o« f/ie oufer
s/rfes o/f

F/G. 5 — Ne.vf />«£''• T//e in/nrn-fwn sfn/cf»re o/f/ie RCMV(M(ws/r/c/i() M/£ /oc»s. M) D/7Jere/ifm//i/
s/>/itrrf franscnpfs/roni bo/// //ie HCMV M/£ /oci/s (22) nrnf f//e KCMV (Mafls/r/c/;/) M/£ /ocz<s. Ope»
boxes ind/Cfl/e w///ra//.s/n/ed exo» reg/ons. ß/acfc boxes /«rf/'ca/e ORFs. Exons and /n/rons /wi>e been as-
s/g)/ed AraWc a»i/ ROIMIJII /n/»/era/s, respt'c/«»e/i/. P/wses o/'»//ecf/b« di/n'/zg M>///C/I ///e M/£ /ra/iscr/p/s
OJ/Z be rfe/ec/erf ore ///d/Va/ei/ uf ///e 3 ' e/zds o/eac// /ra/;scnp/. M/£P, »zoyor ////n/ed/a/e ear/i/ jvoH/o/or/
e/z//a»/a'r/mo(////afor reg/on. (ß) Sf<ji/ences o/s^//ce dozzor a/zd nccep/or sz'/es. The sequences s/iown are a/
//ze /()//oic/iig pos;//'ozis o/Giv/Bm/it ncccss/o»i ziz/mber i4FO46225: ;zi/c/eo/z'des 2954 /o 2968 (e.vozz 2-
/;//n>;i /), ////deof/'des 2902 fo 2925 (zzifro/z /-exon 2), nz/c/eo/zdes 3022 /o 3026 (e.vozz 2-////ro// 22), zz»c/e-
o/zdes 3302 /o 3226 (/H/ro« J/-e.w»i 3), ;zizc/eo/ides 3303 /o 3327 (exozz 3-znfrozz ///), »/i/c/i-o/zdes 3393 /o
3407 (////w// ///-e.vo/z 4), izi/Weo/zdes 4895 /o 4909 (»i/ron /V-exoM 5), n/<c/iv//des 4956 /o 4970 (exozz 5-
z'n/rozz V), azzd z//ii7tv//dc$ 5435 /o 5429 Cj/J/ro/i V-exozz 5).
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MIEP
RCMV (Maastricht)

l ll ill IV

MIEP

1 kb

HCMV(AD169)
IV

B

1 - I

2 - I I
3 - I I I

exon - intron
TAAG - GTAAGAATTT
AAAA - GTAAGTATGT
GCAG - GTAAGACTGT

5-V : TCAG - GTATCTCCCC

intron - exon
I-2 : TATCTGACAG - ACAA
II -3 : ATCTTTACAG - AATT
III-4 : TGGTTTACAG - TGAA
IV-5 : TGATTCACAG - GGGA
V-5 : CTTCCTTCAG - ATCC
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exon 2 is indeed properly spliced to exon 3. The 97-bp intron between exons 2 and 3
was termed intron II (Fig. 5A).

The predicted splicing of exon 3 to exon 4 was examined by RT-PCR using primer
pair 3a and 3b. Amplification resulted in a product with a length of approximately 600
bp (Fig. 3C, lane 3). The nucleotide sequence of this product showed an in-frame fu-
sion between the ORFs of exon 3 and exon 4, indicating that exon 3 is indeed spliced to
exon 4. Exon 3 and 4 are separated by an intron of 97 bp (intron III, Fig. 5A). As dis-
cussed above, an RCMV (Maastricht) IEl protein might be encoded by a transcript
consisting of exon 1,2,3 and 4. As a consequence, the 3' end of this transcript might be
located near the 3' boundary of exon 4. To investigate this, PCR was performed on
cDNA using primers4a and 3-RACE2. As shown in Fig. 3C (lane4), a product with a
length of approximately 800 bp was generated. The sequence of this product indicated
that it did not represent the proper 3' end of the putative IEl transcript, since it was
generated after annealing of oligonucleotide 3'-RACEl (which was used in cDNA syn-
thesis) to an internal A-rich stretch (and not to a 3'-terminal poly A sequence) at posi-
tion 4644 to 4658 within the 3' region of exon 4. Other attempts to efficiently amplify
fragments other than the 800-bp product were not successful, probably due to anneal-
ing of primer 3'-RACEl to the internal exon 4 sequence, thereby competing for bind-
ing to 3'-terminal poly A tails of exon 4 transcripts. Nevertheless, since a consensus
polyadenylation site (5'-AATAAA-3') is located at position 4811 to 4816,113-bp down-
stream of the TAG termination codon of exon 4, we hypothesize that this exon has a
length of approximately 1.5 kb. In conclusion, RCMV (Maastricht) might produce exon
4- or IEl-specific transcripts consisting of exon 1, 2,3 and 4 with a combined length of
at least 1.9 kb.

Splicing of exon 3 to exon 5, which could generate a putative IE2-specific tran-
script, was investigated by RT-PCR using primers 3a and 5b. Interestingly, two major
DNA fragments with respective lengths of approximately 600 bp and 1,1 kb were pro-
duced with this primer pair (Fig. 3C, lane 6). The length of the larger species is as
expected from splicing of exon 3 to exon 5. The nature of the 600-bp species, however,
was not clear. Since it was previously reported that the MIE region of HCMV produces
alternative transcripts that have a part of exon 5 deleted (27), we hypothesized that the
600-bp PCR fragment might represent an alternative splicing event deleting part of
exon 5 from RCMV (Maastricht) MIE transcripts. To investigate this, the 600-bp frag-
ment was cloned and sequenced. The fragment was found to contain a splice junction
of exon 3 and exon 5, resulting in an in-frame fusion of both ORFs. In addition, the
fragment lacked a 466-bp sequence (from position 4960 to 5425) that is present near
the 5' end of exon 5. This deletion results in a frame-shift to an ORF with a length of
only 98 bp (Fig. 5A). To confirm alternative splicing of exon 5, RT-PCR was also done
with two exon 5-specific primers, 5a and 5b. Similarly as described for primer pair 3a
and 5b, two major DNA fragments were amplified (Fig. 3C, lane 7). The larger frag-
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ment (approximately 950 bp) represents "full-length" exon 5, whereas the smaller frag-
ment (approximately 500 bp) represents the alternative splicing product, as confirmed
by DNA sequencing. No evidence was found for splicing of exon 4 to exon 5 using
various primer combinations in RT-PCR (data not shown). This indicates that, similar
to the situation for other CMVs, transcription of the MIE region of RCMV (Maastricht)
generates either exon 4- or exon 5-specific mRNAs, which share exon 1 to 3.

In order to determine the 3' end(s) of the exon 5 transcripts, RT-PCR was carried
out with primers 6a and 3'-RACE2. A major product of approximately 650 bp (Fig. 3C,
lane 8) was generated, which was subsequently cloned and sequenced. Based on the
presence of a poly A stretch downstream of exon 5, we inferred that this product in-
deed represented the authentic 3' end of an exon 5-specific transcript. The poly A tail
followed either nucleotide 6500 or 6501 (which is an A), located at a distance of 26 or
27 bp, respectively, from a consensus polyadenylation site (5'-AATAAA-3', position
6469 to 6474). We conclude that RCMV (Maastricht) expresses at least two exon 5- or
IE2-specific transcripts, which are composed of exons 1, 2 and 3, alternatively spliced
to either "full-length" exon 5 (resulting in a transcript termed IE2) or a deleted version
of exon 5 (resulting in transcript IE2A). The IE2 and IE2A transcripts were estimated
to have a length of 2046 bp and 1580 bp, respectively. All characterized introns from
the MIE locus of RCMV (Maastricht) were found to share the consensus sequence GT
at their 5' ends and AG at their 3' ends (Fig. 5B [16]).

Transcription from the MIE locus. To further investigate transcription from the
MIE region of RCMV (Maastricht), poly(A)* RN A from RCMV-infected cells was puri-
fied at immediate early (IE), early (E) and late (L) times of infection of rat embryo
fibroblasts (REF). After separation on an agarose gel, the RNA was transferred to a
nylon filter and hybridized with two different probes. These probes were used to al-
low discrimination between putative IE1- and IE2-specific transcripts and were de-
rived from exon 4 and exon 5, respectively. As shown in Fig. 4, a single exon 4-specific
transcript with a length of approximately 2.5 kb was observed exclusively at IE times
of infection (lane 2). It is likely that this transcript corresponds to the exon 4-specific
transcript that was identified by RT-PCR, which was estimated to have a length of at
least 1.9 kb (see above). Using the exon 5-specific probe, two different major tran-
scripts with respective lengths of approximately 3.5 kb and 2.0 kb were detected both
at IE and L times of infection (lanes 6 and 8, respectively). An additional exon 5-spe-
cific transcript of 1.6 kb was observed at L times only (lane 8). The lengths of the 2.0-kb
and 1.6-kb transcripts correspond with the estimated lengths of the IE2 and IE2A tran-
scripts, respectively (see above). It is therefore likely that the 1.9-kb, 2.0-kb and 1.6-kb
transcripts represent transcripts IE1, IE2 and IE2A, respectively. As a consequence,
IE2A would only be abundantly expressed at L times of infection. However, we were
able to detect the putative IE2A transcript during the IE phase by RT-PCR (see above).
This is probably due to the higher sensitivity of RT-PCR compared to Northern blot
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analysis. The structure of the 3.5-kb RNA is not clear. Since this transcript does not
hybridize with an exon 4-specific probe, it is probably composed of exon 5 sequences
as well as sequences downstream of this exon. The structure of this 3.5-kb transcript
was not subjected to further studies. A schematic representation of the different mRN As
transcribed from the RCMV (Maastricht) MIE locus, as inferred from the RT-PCR and
Northern data, is depicted in Fig. 5A. The IE1 transcript has the capacity to encode a
protein with a molecular mass of 61 kD. The protein is hydrophilic, containing 16%
acidic and 18% basic amino acids. The calculated isoelectric point of the IE1 protein is
pH 6.8. Two putative nuclear localization signals (IE1 NLS-1: RKRK, residues 466 to
469 and IE1 NLS-2: KKKQAKKGKKRCKKGKKKCKKE, residues 508 to 529) were
found by screening the predicted amino acid sequence according to a method described
by Nakai and Kanehisa (18). The IE2 transcript has the potential to encode a protein
with a molecular mass of 68 kD and a predicted isoelectric point of pH 8.7. Like IE1,
the IE2 protein is hydrophilic, containing 13% acidic and 17% basic amino acids. Two
potential nuclear localization signals are localized within the predicted IE2 polypep-
tide (IE2 NLS-1: KRRGETRSPSPPSSRRRY, residues 284 to 301, and IE2 NLS-2: HRRKPR,
residues 379 to 384). The IE2A protein has the capacity to encode a protein with a
molecular mass of 16 kD. Similarly as IE1 and IE2, the IE2A protein is hydrophilic,
containing 18% acidic and 11% basic amino acids. The calculated isoelectric point of
IE2A is pH 4.4. In contrast to the other IE proteins, IE2A does not possess any nuclear
localization signals.

Comparison of the predicted amino acid sequences of the RCMV (Maastricht) IE
proteins with those of other CMVs. The amino acid sequences that were derived
from the ORFs of the IE1 and IE2 transcripts were compared to the corresponding
sequences of other CMVs. The overall similarity (17) between the predicted amino
acid sequence of RCMV (Maastricht) IE1 and that of MCMV (Smith) IE1 and HCMV

TABLE 1. Similarities" of IE1 and IE2
amino acid sequences among various CMV strains

RCMV-E MCMV-S SCMV-C HCMV-A RCMV-E MCMV-S SCMV-C HCMV-A

RCMV-M

RCMV-E

MCMV-S

SCMV-C

23 22

26

18

17

17

16

21

21

27

32 37

34
25

25

25

27
25

26

45

' Percentages of similarity were calculated according to the global alignment algorithm described by Myers and
Miller (17). M, Maastricht (this study); E, England (24); S, Smith (22); C, Colbum (7); A, AD169 (90).
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(AD169) IE72 is 22% and 16%, respectively. As could be expected from the low level of
homology between the MIE regions of the Maastricht and England strain of RCMV on
the DNA level, the predicted sequences of the IEl proteins of these viruses showed an
identity of only 23%. When the sequences of putative 1E2-Iike proteins were compared,
higher identities were seen, indicating that exon 5-like sequences are more conserved
than exon 4-like sequences. The identities between the putative IE2 protein of RCMV
(Maastricht) and the corresponding proteins of MCMV and HCMV are 37% and 27"/»,
respectively. Surprisingly, the identity between the putative IE2 proteins of the
Maastricht and England RCMV strains (32%) is lower than between IE2 of RCMV
(Maastricht) and ie3 (the IE2 counterpart) of MCMV. The similarities of IEl and IE2
amino acid sequences among various CMV strains are presented in Table 1. To further
investigate the relationships between the putative IE proteins of different CMVs as
well as different CMV strains, a phylogenetic tree was generated using a part of exon
4 of which the nucleotide sequence of three MCMV strains and three HCMV strains is
known (Fig. 6). On the one hand, this phylogenetic tree demonstrates the close rela-
tionship among MCMV strains as well as among HCMV strains. On the other hand,
this tree clearly underlines the considerable divergence in sequence between RCMV
(Maastricht) and RCMV (England).

In conclusion, both nucleotide sequence and predicted amino acid alignments
strongly suggest that RCMV (Maastricht) and RCMV (England) are similarly related
to one another as each of these viruses is related to MCMV. This suggests that these so-
called strains of RCMV actually represent different CMV-like species. As a consequence,
rats might harbor two different CMV-like viruses, which as yet has not been demon-
strated for any other CMV host.

DISCUSSION
The MIE locus of RCMV (Maastricht) shows a similar structural organization as

the corresponding regions of HCMV, MCMV and RCMV (England). Each of these
regions consists of differentially spliced genes in which a noncoding leader sequence
(exon 1) is followed by a large intron (intron I) and four coding exons (exons 2-5) that
are separated by small introns (introns II-IV) (Fig. 5A). Two major IE transcripts of
RCMV (Maastricht) were identified that are similar to IE transcripts of other CMVs.
These transcripts, which were designated IEl and IE2, share identical 5' ends, consist-
ing of exons 1 to 3, but differ at their 3' ends, having either exon 4 (in IEl) or exon 5 (in
IE2) spliced to the 3' end of exon 3. In both the IEl and IE2 transcripts, which have the
capacity to encode proteins of 61 kDa and 68 kDa, respectively, the exon 3 splice donor
site is identical (Fig. 5B). Similar to their counterparts from HCMV (27,21) and MCMV
(11,14), both IEl and IE2 of RCMV (Maastricht) are transcribed during the immediate
early phase of infection. During the late phase of RCMV (Maastricht) infection, IE2 but
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RCMV-E

RCMV-M

- MCMV-S/K/V

- MCMV-G

- MCMV-N —

MCMV
strains

SCMV-C

HCMV-2

HCMV-1

L HCMV-A/T

HCMV
strains

0.1

F/G. 6. 77ie Maasf nc/it strain anrf Eng/ond sf rain o/RCM V ore too dijfferenf species rat Zier f/wn sf rams.
T/ie p/;i//o^t'»/t'//c free /s based on a mi</fip/e <i//£>i;iii'nf o/n»i/no acid seai/ences f/iaf were rfer/uerf/roM/ a
ri'g/on reif/;/» e.voii 4. T/ie a/ig/wne/i/ icfls ;»rtdc rt'/f// omi/io (ir/rf seiji/ences f/wf «re encoded fcy f/;e/o//ow-
/n^ w/c/e/c «cid seqi/ences: RCMV-M (Mnnsfr/c/zf sfrn»/), ;/»c/eo//des 3544 fo 3678 o/Genßrtn<: acces-
s/on m//;/fcer fGß#J /1F046225; RCMV-E fEug/n//d sfra/n /237>, m/c/eof/des 7863 fo 1991 o/Gß# L13150;
MCMV-G (G7A sfrni« f72J>, GB# L47OO7; MCMV-K (K187 sfra/n /72J), GB# L41029; MCMV-N (N7
s/ra/;; H2/), GB# L47036; MCM V-S CSHI/7/I sf m/n /22/J, ///e co////)/c;/;e/;/ o/Hi/c/eof/rfes 180972 fo 781707
o/CB# U68299; MCMV-V (Vnncoiu-er sfra/n n2/), GB# L47OO1; SCMV-C fsimwn ci/fon/e^n/or/rKs,
Co/f)»r/i sfw/n f7/X »iHc/eof/drs 6652 fo 6677 o/GB# Ü38308; HCMV-7 Ondü'/dim/ iso/afe C327M/E
/9/), n//c/eof/des 144 fo 270 qfGB# M95639; HCMV-2 OHd/Wrfi«?/ /so/nfe C327M/E /9/), ni/c/eof/des
144 fo 270 o/GB# M95638; HCMV-/\ MD169 sfra;;i /8/), f//e aw/p/emenf o/' /ii/c/eo//dcs 771960 fo
2720«4o/CB# X77403; HCMV-T(ro?i»nes/ra/n/26/), w/c/eof;des 154 fo279o/GB#M71630. CLUST/IL
W /»rt/nc/se <i//£i!/m'fif (28) rcns sef fo BLOSÜM 30 profe/» tt'e/jf/// »mfr/.v, £<7/> O/VH penn/fi/ = 10, fl>;d
'̂i?/) ivvtois/'o« pena/fy = 0.2. Mu/fi/>/t'd/igmm'/jf zras sef fo BLOSUM series, £flp o/)e/i ^>ia/fy =10, grip

e.v/i7isibn pen«/fy = 0.05, de/ay rfiwrjfwif sei/i/ences = 0.4.

not 1E1 is transcribed, while in the late phase of HCMV infection both IEl^,^ and
IE2j^ transcripts are produced (21). In addition to IE1 and IE2 transcripts, we identi-
fied a third major transcript from the RCMV (Maastricht) MIE locus, which was termed
IE2A. This transcript is an IE2-like, alternatively spliced RNA in which a 466-bp se-
quence from exon 5 has been deleted (Fig. 5A). A similar alternative splicing event has
previously been reported for the HCMV IE2^,^ transcript, in which a 465-bp sequence
(Fig. 5A) has been deleted from exon 5 (27). Interestingly, splicing of IE2^^ of HCMV
results in an in-frame deletion, whereas alternative splicing of IE2A of RCMV
(Maastricht) results in an out-of-frame deletion. As a consequence, the 5-terminal 18
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codons of exon 5 are coupled to 33 novel codons in the IE2A transcript, which has the
potential to encode a 16-kDa protein (Fig. 5A). By Northern blot hybridization, an
exon 5-specific transcript with a length of 1.6 kb was identified. Since this length corre-
sponds with the predicted length of IE2A, we inferred that the 1.6-kb mRNA repre-
sents the IE2A transcript. Interestingly, this mRNA species was almost exclusively pro-
duced at late times of infection. A late phase-specific transcript from the MIE locus has
previously also been identified for HCMV. This mRNA is transcribed from a promoter
near the 5' end of exon 5 and encodes an abundant 338-amino acid protein (IE2,^)
(reviewed by Mocarski [15]). The IE2^^ protein was found to repress expression of
HCMV IE or alpha genes at late times postinfection. The function of any of the polypep-
tides that are predicted to be derived from the MIE locus of RCMV (Maastricht) will
have to come out of future studies. Nevertheless, on the basis of both structural and
positional similarity between the MIE locus of RCMV (Maastricht) and that of other
CMVs, it is likely that the RCMV (Maastricht) IE genes play a role in transcriptional
activation of many promoters in a cell-specific as well as promoter-specific manner
(reviewed by Mocarski [15]).

To date, two strains of RCMV are under study, the Maastricht strain (4) and the
England strain (20). Unlike strains of HCMV and MCMV, these RCMV strains were
found to differ considerably in both length and restriction fragment pattern of their
genomes (13, 6). In addition, these strains showed different growth characteristics in
vitro as well as in vivo. First, the England strain was found to replicate in rat and
mouse embryo fibroblast cells in vitro to similar levels (20), whereas the Maastricht
strain was found to replicate exclusively in cells from rat origin (4). Second, after mfec-
tion of lacrimal gland acinar epithelial cells in vitro, the England strain but not the
Maastricht strain replicated efficiently (10). Third and most notably, virus could not be
detected in saliva from rats infected with the England strain (10), whereas large amounts
of virus was found in saliva of rats infected with the Maastricht strain (5). We here
show that these differences between RCMV (Maastricht) and RCMV (England) can be
attributed to a considerable divergence in genome sequence between these viruses.
Minor differences are found when comparing MIE sequences from either different
MCMV strains or different HCMV strains (Fig. 6). By contrast, the predicted amino
acid sequences derived from the MIE loci of the Maastricht strain and England strain
of RCMV are similarly related to one another as each of these sequences is related to
the corresponding sequences of MCMV (Fig. 6). Taken together, these data indicate
that RCMV (Maastricht) and RCMV (England) represent different betaherpesvirus spe-
cies rather than RCMV strains. Since the only sequence available of the genome of
RCMV (England) is that of the MIE locus, it is not yet possible to perform additional
sequence comparisons. Currently, approximately 70% of the genome of RCMV
(Maastricht) has been sequenced (31). Most of the RCMV (Maastricht) ORFs that have
been identified have counterparts within the genomes of both HCMV and MCMV.
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These ORFs share similarity in sequence as well as relative position within the ge-
nome. Examples of RCMV (Maastricht) genes that were previously characterized are
R33 (1) and R54 to R57 (2). Each of these genes was found to have a counterpart at a
similar position in the genomes of HCMV and MCMV. Also, the sequence directing
the initiation of lytic-phase DNA replication (oriLyt) of RCMV (Maastricht) was found
to be located at a conserved position within the genome (30). It will be interesting to
investigate whether a similar level of conservation exists between the genome of RCMV
(England) and that of other CMVs. Additional sequence data from the genome of RCMV
(England) is essential in order to classify this virus within the subfamily of
betaherpesviruses.
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ABSTRACT
We have identified a rat cytomegalovirus (RCMV) gene that encodes a G

protein-coupled receptor (GCR) homolog. This gene (R33) belongs to a fam-
ily that includes the human cytomegalovirus UL33 gene. R33 was found to
be transcribed during the late phase of RCMV infection in rat embryo fibro-
blasts. Unlike the mRNAs from all other members of the UL33 family that
have been studied to date, the R33 mRNA is not spliced. To study the func-
tion of the R33 gene, we constructed an RCMV strain in which the R33 open
reading frame is disrupted. The mutant strain (RCMVAR33) did not show
differences in replication with wild-type RCMV upon infection of several
rat cell types in vitro. However, marked differences were seen between the
mutant and wild-type strain in the pathogenesis of infection in
immunocompromised rats. First, the mutant strain was found to induce a
significantly lower mortality than wild-type virus. Second, in contrast to
wild type RCMV, the mutant strain did not efficiently replicate in the sali-
vary gland epithelial cells of immunocompromised rats. Although viral DNA
was detected in salivary glands of RCMVAR33-infected rats up to 14 days
post infection, it could not be detected at later time-points. This indicates
that although the R33-deleted strain is probably transported to the salivary
glands in a similar fashion as wild-type virus, the mutant virus is not able to
either enter or replicate in salivary gland epithelial cells. We conclude that
the RCMV R33 gene plays a vital role in the pathogenesis of infection.
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INTRODUCTION
G protein-coupled receptors (GCRs) are proteins that have a crucial function in

signal transduction through cell membranes. Upon interaction with extracellular
ligands, GCRs transduce a signal into the cell by activating a cascade of cellular pro-
cesses, which is initiated by the activation of GTP-binding proteins (G proteins). Inter-
estingly, GCRs are not only encoded by eukaryotic or prokaryotic genes, but also by
genes of viruses. To date, eighteen putative GCR genes have been discovered within
viral genomes: sixteen of these genes are located within the genomes of ß- and y-herp-
esviruses (17, 20, 28, 41, 42, 45, 48), and two within poxviruses (15, 36). The functions
of any of these GCRs in the pathogenesis of viral disease are yet unclear.

Within the genome of human cytomegalovirus (HCMV), four genes were identi-
fied that encode GCR homologs: UL33, UL78, US27 and US28 (19,28). The amino acid
sequences derived from the latter two genes were found to have the highest sequence
similarity to cellular chemokine receptors (23, 26). In addition, the US28 translation
product has been shown to be capable of binding b chemokines in vitro, hence trigger-
ing mobilization of intracellular Ca-* (33). Due to the species-specificity of HCMV it is
difficult to study the function of the US27 and US28 genes in vivo. Moreover, these
genes do not seem to have any counterparts within the genomes of other herpesvi-
ruses. In contrast, UL33 and UL78-like genes are conserved among all ß-herpesviruses.
The function of these genes can therefore be studied in vivo. Genes similar to UL33
and UL78 have been found within the genomes of murine cytomegalovirus (MCMV;
M33 and M78 respectively [45]), human herpesvirus type 6 (HHV-6; U12 and U51
respectively, [28]) and human herpesvirus type 7 (HHV-7; ORF U12 and U51 respec-
tively, [42]). Although the positions of UL78-like genes within the ß-herpesvirus ge-
nomes are conserved, their sequences are highly divergent (28, 42, 45). In contrast,
both genome location and sequence of UL33-like genes are conserved among all ß-
herpesviruses studied to date (28, 42, 45). The HCMV UL33 gene was found to be
expressed both in membranes of cultured fibroblasts and in viral envelopes (35). Both
the HCMV UL33 and MCMV M33 genes were found to be dispensable for viral repli-
cation in vitro in human and murine fibroblasts, respectively (35, 24). Recombinant
MCMV strains that lack a functional M33 gene were also examined in vivo (24). In
contrast to wild-type MCMV, recombinant MCMV could not be recovered from sali-
vary glands of infected mice. In addition, recombinant MCMV was found not to repli-
cate after direct administration of the virus into the salivary glands (24). Although
these data clearly provided evidence for an important role of UL33-like GCRs in sali-
vary gland tropism, it remained unclear whether these receptors play a role in dis-
semination of virus to various target organs. It is also unknown whether the UL33-like
genes have a function in the pathogenesis of infection and mortality among hosts.
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In order to gain more insight in the function of UL33-like genes, we set out to iden-
tify a UL33 homolog within the rat cytomegalovirus (RCMV) genome. Here we present
the sequence and transcriptional analysis of this gene, which we termed R33. To inves-
tigate the role of R33 in the pathogenesis of RCMV infection, an RCMV strain was
generated that does not contain a functional R33 gene. Although disruption of the R33
open reading frame (ORF) did not affect RCMV replication in different permissive cell
types in vitro, it dramatically reduced the mortality among a group of RCMV-infected
rats. We found that although the mutant virus was transported to the salivary glands
of infected rats, the virus was not able to either enter or replicate in these glands.
Taken together, these findings indicate that R33 is not only important for replication of
RCMV in salivary glands, but also for the pathogenesis of RCMV infection in
immunocompromised rats.

MATERIALS AND METHODS

Cells and virus. Primary rat embryo fibroblasts (REF), rat heart endothelium cell line 116
(RHEC) and monocyte/macrophage cell line R2 (M<J>) were cultured as described previously
11, 22, 54). RCMV (Maastricht strain) was propagated in REF (11). Virus titers were determined
by plaque assay according to standard procedures (11). RCMV DNA was isolated from culture
medium as described by Vink et al. (53).

Identification, cloning and sequence analysis of the RCMV R33 gene. Approximately 5
mg of RCMV virion DNA was digested with EcoRI. After separation through a 0.6 % low-melt-
ing-point agarose gel, the EcoRI A fragment, which has a length of approximately 50 kb (37),
was excised and purified. The EcoRI A fragment (Fig. 1) was subsequently digested with B#/II
and the resulting fragments were cloned into the B<?mHI site of vector pUC119 and (partially)
sequenced. The sequences were checked for the presence of HCMV UL33-homologous regions
by alignment to the EMBL nucleic acid sequence database (Heidelberg, Germany) using FASTA
(43). Thus, a 3.4-kb RCMV B /̂II fragment was identified that showed significant similarity with
the HCMV UL33 gene. Both strands of the 3.4-kb B /̂II fragment were sequenced using a
T7sequencing Kit (Pharmacia Biotech, Roosendaal, The Netherlands). All sequence information
was generated using overlapping plasmid constructs. Sequence analysis was performed with
the Geneskipper software package (EMBL, Heidelberg, Germany).

Recombination plasmid construction. A 2.8-kb B<imHI/B#/II RCMV fragment containing
the R33 open reading frame (ORF) was cloned into the BrtmHI site of pUC119, resulting in con-
struct pO26 (Fig. 2). A recombination plasmid (pO31) was constructed by replacing the 0.5 kb
M/HNI fragment within the R33 ORF of pO26 with a 1.5-kb DNA fragment that contains the
neomycin resistance gene (nco). The 1.5-kb fragment was derived from plasmid Rc/CMV
(Invitrogen, Leek, The Netherlands) by digestion with BflmHI and EcoRI, followed by incuba-
tion with dNTPs and DNA polymerase I Klenow fragment (Pharmacia Biotech) in order to
create blunt ends. The m-o ORF is flanked by an SV40 early promoter and an SV40 polyadenylation
signal.

Generation of an RCMV R33 null mutant. Approximately 10' cells (REF) were trypsinized
and subsequently centrifuged for 5 minutes at 500 x g. The cells were resuspended in 0.25 ml of
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culture medium after which 10 x g of XiwI/Kp;I-digested plasmid pO31 was added. The sus-
pension was transferred to a 0.4-cm electroporation cuvette (Biorad, Veenendaal, The Nether-
lands), and pulsed at 0.25 kV, 500 uF in a Biorad Gene Pulser electroporator. Cells were subse-
quently seeded in 10-cm culture dishes. Six hours after transfection, the cells were infected with
RCMV at a multiplicity of infection (MOI) of 1. Culture medium was supplemented with 50
ug/ml G418 at 16 hours post infection (p.i.). When transfected and infected REF cultures showed
extensive cytopathic effect (CPE), the tissue culture medium was transferred to a fresh
subconfluent REF monolayer. One hour after transfer, the culture medium was refreshed and
supplemented with G418. The procedure of virus propagation under G418 selection and trans-
fer of culture medium to fresh REF monolayers was repeated twice. Subsequently, recombinant
virus (RCMVAR33) was purified by two rounds of plaque purification.

Southern blot hybridization. Both wild-type RCMV and RCMVAR33 DNA were isolated,
digested with BrtmHI, electrophoresed through a 1 % agarose gel and blotted onto a Hybond N*
nylon membrane (Amersham, 's-Hertogenbosch, The Netherlands) as described previously (8).
Both a 2.4-kb BrtmHI fragment, containing the intact R33 ORF (R33 probe, Fig 2), and a 1.5-kb
BrtmHI/EcoRI fragment containing the »ieo gene (neo probe, Fig. 2) were used as probes. Hybrid-
ization and detection experiments were performed with digoxigenin DNA labeling and
chemoluminescence detection kits (Boehringer Mannhein, Almere, The Netherlands).

Isolation of poly(A)* RNA and Northern blot analysis. RCMV poly(A)* RNA was isolated
at immediate early (IE), early (E) and late (L) times of infection of REF. To obtain IE mRNA, REF
were treated with 100 ug/ml cycloheximide 1 hour before, during and 16 hours p.i. During the
1-hour infection period, cells were exposed to RCMV at an MOI of 1. E mRNA was isolated after
infection of REFs with RCMV (MOI = 1) and treatment of the cells with 100 ug/ml
phosphonoacetic acid from 3 hours p.i. until harvesting of the cells at 13 hours p.i. L mRNA was
isolated after infection of REF with either RCMV or RCMVAR33, (MOI = 0.01) and harvesting of
cells at 72 hours p.i. To obtain mRNA from mock-infected (M) cells, a similar procedure was
followed as described for the purification of L mRNA, except that RCMV infection was omitted.
mRNA was purified using a QuickPrep Micro mRNA Purification Kit (Pharmacia Biotech,
Roosendaal, The Netherlands). One- ug aliquots of mRNA were electrophoresed through agar-
ose under denaturing conditions, as described by Brown et al. (9). Then, the RNA was trans-
ferred to Hybond N membranes (Amersham, 's-Hertogenbosch, The Netherlands) as described
previously (9). The 402-bp Xbrtl/BrtmHI fragment, 960-bp Snci fragment and 550-bp K/w/I frag-
ment from pO26 (Fig. 7) were used to generate probes. These fragments contain R32, R33 and
R34-specific sequences, respectively (Fig. 2). Labeling with [a-'-P]dATP (ICN, Zoetermeer, The
Netherlands) was carried out using a Random Primed DNA Labeling Kit (Boehringer Mannheim,
Almere, The Netherlands). Hybridization and autoradiography were carried out as described
earlier (9).

Reverse transcriptase-PCR (RT-PCR). L mRNA was treated with DNase I (Pharmacia
Biotech) and subsequently reverse transcribed, using a Superscript Plasmid System for cDNA
Synthesis and Plasmid Cloning (Gibco BRL, Breda, The Netherlands). The following primers
(obtained from Eurogentec, Seraing, Belgium) were used for amplification of the cDNA: 5'-
GATCGGATCCATGAGGGTGATTGAAGAGATTCGG-3' (the sequence in italics is located at
position 532 to 555 of Fig. 2) and 5-CGTAAAGCTTAGTCCCTCGCCACCGACAGG-3' (the
complement of the sequence in italics is located at position 815 to 833 of Fig. 2). PCR reaction
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mixtures contained 10 mM Tris-HCl (pH 9.0), 50 mM KC1,1.5 mM MgCl,, 0.01 % Triton X-100,
0.2 mM of each dNTP, 0.5 uM of each oligonucleotide primer, 0.1 U/ul Taq DNA polymerase
(Pharmacia Biotech), and either (i) H2O (negative control), (ii) first strand cDNA synthesis reac-
tion mixture from which reverse transcriptase was omitted (negative control), (iii) 1 (il of 10 x -
diluted first strand DNA synthesis reaction mixture or (iv) 1 ng of genomic RCMV DNA (posi-
tive control). The reaction tubes were placed in a GeneAmp PCR System 9600 thermal cycler
(Perkin Elmer, Nieuwerkerk aan de IJssel, The Netherlands), that was programmed to incubate
samples for 5 min at 95° C, followed by 35 cycles of 60 sec at 95° C, 60 sec at 58° C and 60 sec at
72° C. Finally, the tubes were incubated for 10 min at 72° C. PCR products were analyzed by
agarose gel electrophoresis, followed by staining with ethidium bromide.

Replication of RCM VAR33 in vitro. REF, RHEC and MF were grown in 96-well plates and
infected with either RCMV or RCMVAR33 at an MOI of either 0.1 or 1.0. Culture medium samples
(n=3 per virus) were taken at 1, 3, 5 and 7 days p.i., and subjected to plaque titration. The cells
were fixed and stained with monoclonal antibodies (MAb) against RCMV E proteins (MAb
RCMV 8, [12]) as described previously (54). The degree of infection was determined by count-
ing the number of antigen-positive cells relative to the total number of cells in six different wells
(four microscopic fields per well at a magnification of 400 x).

Survival of RCMV-infected and RCMVAR33-infected rats. Male specific-pathogen-free
(SPF) Lewis/N RT1 rats (Central Animal Facility, Maastricht University, the Netherlands) were
kept under standard conditions (46). Six-week-old rats (body weights ranging from 140 to 180
g) were divided into 4 groups of each 5 rats. Rats were immunosuppressed by 5 Gray of total
body Röntgen irradiation given one day prior to infection, as described by Stals et al. (46). Intra-
peritoneal infection was carried out with either 1 x 10" plaque forming units (PFU) of RCMV, 1
x 10- PFU of RCMVAR33,5x10" PFU of RCMV or 5 x 10" PFU of RCMVAR33. Virus stocks were
derived from tissue culture medium of virus-infected REF. The number of surviving rats was
recorded daily until day 28 p.i., at which the surviving rats were sacrificed. Several internal
organs of these rats were subjected to plaque assay as described below.

Pathogenesis of infection with RCMVAR33. Two groups of 15 male SPF Lewis/N RT1 rats
(10 weeks old, with a body weight of 250 to 300 g, immunosuppressed 1 day before infection)
were infected with 5 x 10" PFU of either RCMV or RCMVAR33. At days 3, 5, 7, 10 and 14 p.i., 3
rats from each group were sacrificed and internal organs were collected. These organs were
subjected to both plaque assay and immunohistochemistry (10). Four- urn tissue sections of
(submaxillary) salivary gland, spleen, kidney, liver, lung, heart, and pancreas were stained with
MAb RCMV 8 (which detects Early phase-expressed RCMV polypeptides in the nuclei of RCMV-
infected cells [12]). Four- urn frozen sections of salivary gland, liver and pancreas tissue from
rats sacrificed at 7 and 14 days p.i., were stained with either MAb 341 (which detects CD8* cells
[50]), MAb R73 (whichdetectsTCRocß* cells [30]), MAb W3/25 (which detects CD4' cells; Serotec,
Oxford, United Kingdom), MAb EDI (which detects inflammatory macrophages [25]), MAb
ED2 (which detects resident tissue macrophages [25]), MAb 323 (which detects natural killer
cells [18]), or MAb OX6 (which detects class IIMHC proteins; Sanbio B.V., Volendam, The Neth-
erlands).

PCR. Total cellular DNA was extracted from spleen, kidney, liver, lung, heart and pancreas
using a DNA extraction kit (Gull laboratories, Salt lake City, Utah). DNA concentrations were
determined by spectrophotometry. DNA samples were serially diluted from 10" to 10 * ug. Each
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of the diluted DNA samples was incubated for 10 min at 95° C, immediately cooled on ice and
included in a two-round PCR. In the first PCR, primers (obtained from Eurogentec) were used
that hybridized with the RCMV DNA polymerase gene (6). The sequences of the primers are 5'-
AAGGGTC CG ATTTCGCCAGCCTCTACC-3' (in which the sequence in italics represents nucle-
otides 11,726 to 11,744 of GenBank file U50550) and 5'-AAGGGATCCTGTC
GGTGTCCCCGTACAC-3' (in which the sequence in italics represents the sequence comple-
mentary to nucleotides 12,221 to 11,239 of GenBank file U50550). The use of these primers re-
sults in a product of 536 bp. The nested PCR results in a product with a length of 431 bp, using
primers 5-A AGGGATCCCCTCTGTTACTCCACCCTGC-3' (in which the sequence in italics rep-
resents nucleotides 11,767 to 11,786 of GenBank file U50550) and 5-TTCGGATCCACG
CCGACCTCGG AG ACC AG-3' (in which the sequence in italics represents the sequence comple-
mentary to nucleotides 12,158 to 12,177 of GenBank file U50550). Reaction mixtures (50 ul)
contained diluted target DNA, 80 uM of each dNTP, 0.37 uM of each oligonucleotide primer, 1
unit Taq DNA Polymerase (Pharmacia Biotech) and Taq DNA Polymerase Reaction Buffer
(Pharmacia Biotech). The reaction tubes were placed in a GeneAmp PCR System 9600 thermal
cycler (Perkin Elmer), that was programmed to incubate samples for 150 sec at 95° C, 30 sec at
58° C and 60 sec at 72° C, followed by 35 cycles of 30 sec at 95° C, 30 sec at 58° C and 60 sec at 72°
C. Finally, the tubes were incubated for 10 minutes at 72° C. Five ul of each reaction mixture
from the initial PCR was transferred to 45 ul of a nested-PCR mixture. Nested PCR was run
immediately after completion of the initial PCR. PCR products were analyzed by agarose gel
electrophoresis, followed by staining with ethidium bromide.

GenBank accession number. The nucleotide and amino acid sequences discussed in this
paper have been deposited in the GenBank database under accession number U91788.

RESULTS

Identification, cloning and sequence analysis of the RCMV R33 gene. In order to
identify a putative RCMV homolog of the HCMV UL33 gene, we hypothesized that
this homolog would be located at a position within the RCMV genome analogous to
the position of UL33 within the HCMV genome. This hypothesis was based on the
observation that the genomes of HCMV and RCMV are largely colinear ([6], C. Vink,
E. Beuken and C. A. Bruggeman, unpublished results). Previously, we identified the
RCMV homolog of the HCMV UL54 gene (6). In the HCMV genome, the UL33 gene is
separated approximately 35 kb from UL54. If the RCMV homologs of the UL33 and
UL54 genes are separated by a similar distance, the UL33-homologous gene would be
situated near the center of the EcoRI A fragment of the RCMV genome (Fig. 1) (6, 37).
To localize the putative UL33-like RCMV gene, we purified the RCMV EcoRI A frag-
ment and subjected it to digestion with restriction endonuclease Bg/II. The resulting
fragments were cloned and their sequences determined. The presence of UL33-like
sequences was investigated by alignment of the various sequences to the EMBL nucleic
acid sequence database. Thus, a 3.4-kb B#/1I fragment was identified that showed con-
siderable similarity to the HCMV UL33 gene. The 3.4-kb fragment was found to con-
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tain an open reading frame (ORF) that putatively encodes a 387-amino acid polypep-
tide with a predicted molecular mass of 43.2 kDa. The amino acid sequence of this
polypeptide was found to be highly similar to that of the proteins that were predicted
to be encoded by the MCMV M33 gene (45) and the HCMV UL33 gene (20) (65% and
40% identity, respectively, according to a global alignment protocol by Myers et al.,
[39]). This indicated that the RCMV homolog of these genes had indeed been cloned.
In analogy to the nomenclature of the corresponding HCMV and MCMV genes, the
RCMV UL33-like gene was termed R33.

To investigate whether the predicted amino acid sequence of the R33-derived pro-
tein (pR33) possesses features that are characteristic for G protein-coupled receptors
(GCRs), the pR33 amino acid sequence was analyzed using the computer program
TMpred (ISREC Bioinformatics Group, Epalinges, Switzerland). This program can
predict potential transmembrane regions in amino acid sequences by comparing the
hydrophobicity profiles of these sequences with those of existing transmembrane do-
mains. As expected, computation revealed an extracellular N-terminus and seven po-
tential transmembrane regions, each of which might be folded as an a-helix. In addi-
tion, several amino acid residues were identified that are conserved among most GCRs
(reviewed by Probst et al. [44]): two cysteine residues at position 106 and 187 (Fig. 2)
which may form a disulOde bridge, and a conserved arginine-tyrosine motif (RY, po-
sition 31-32) which might be involved in G protein coupling. Within the fourth cyto-
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plasmic domain of the R33-derived protein a cysteine residue is located at position
319. It was found for several other GCRs that cysteine residues within this cytoplasmic
domain are substrates for palmitoylation (44). Another interesting feature of the pR33
amino acid sequence is the presence of two regions near the C-terminus which might
be phosphorylated by protein kinase C (phosphorylation site consensus S/TXK/R, at
positions 321-323 and 326-328). An unusual stretch of 11 prolines is found near the C-
terminus of pR33. The biological relevance of this large proline stretch is unknown.

In addition to features that are conserved among GCRs in general, the R33-derived
amino acid sequence shows several features characteristic of chemokine receptors (1,
24): (i) an N-linked glycosylation site (NYT, at position 20-22) and (ii) several nega-
tively charged amino acid residues that are located in the extracellular N-terminal
region, (iii) two cysteine residues (Cys23 and Cys277), likely to form a disuphide bridge,
thereby joining the N-terminal region with the fourth extracellular loop, (iv) several
positively charged amino acid residues within the third intracellular loop, (v) invari-
ant amino acids within the transmembrane regions (these amino acid residues are
indicated in black circles in Fig. 2), and (vi) several serine and threonine residues in the
intracellular C-terminal region (Fig. 2). UL33-like GCRs also have conserved amino
acid residues in or near the transmembrane regions, which are not present in typical
chemokine receptors (these residues are indicated in open circles in Fig. 2).

To futher investigate the relationship between pR33 and chemokine receptors, we
compared the amino acid sequences of the ß-herpesvirus-encoded pUL33-like GCRs
with sequences from a representative set of mammalian chemokine receptors as well
as nine non-chemokine-binding GCRs. The entire sequence of each predicted protein
was used in a CLUSTAL W multiple alignment (49). As expected, the pR33 polypep-
tide was found to have the highest similarity with other pUL33-like GCRs. The amino
acid residues that are conserved among this group of virus-encoded GCRs are circled
in Fig. 2. Many residues present in pUL33-like GCRs can also be found in chemokine
receptors (enclosed in black circles in Fig. 2). Most of the conserved residues are local-

F/G. 2 — Ne*f page. T/ie mjc/eof/de set/wence o/Me R33 gewe and Me praf/cfed amino oc/d sequence o/
Me pR33 pi'pf/rf«\ 77ie O;V/J boxes /»irf/cnff sewn pufafiz>e fransmembr/7»ie domains ffm7 to <w/7) nnd a
pufafiz>e A/-/ij;lfced g/ycosy/nfIUH s/fe (NXT/Sj. C/wrgt'ii ami/io nc/rf res/dues />/ Me N-ferm/nn/ (e.xfracW-
iu/ar) region and Me 3rd infrace//i//ar region (betoeen fm5 and fm6) are enc/osed in open squares. Tne
dwrges ofMese rcs/d»fs «re printed af Me top njf/î  o/eac/i sijiwre. B/<irfc to.ves indicate consensus se-
quences (S/TXK/K^ o/ii'/iic/i Me S/T res/due mignf be p/iosp/iory/ated by protein fanase C. T/ie amino acid
residues Maf are conserved befween a// p(iL33-//'Jte proteins CFig. 3,), are encirc/ed. Tne residues Mat are
conserwd be/uve« WiemoJtine recepfors (Fig. 3) ore enc/osed in WncÄr circ/es. T/;e »nder/ined m/c/eofide
sei/uena's indicate sequences ideMfico/ or comp/e;nen/ary to Me sequences o/o/igoMMc/eo/ides Mat were
used in RT-PCR (Fig. 5B).
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c. ized within the predicted 7th transmembrane region (tm7) of pR33. By using the re-
T gions of the aligned GCR sequences that correspond to this transmembrane region, a
'- phylogenetic tree was calculated (Fig. 3). As shown in Fig. 3, a group of GCRs can be
5 distinguished that includes the proteins that are encoded by the RCMV R33, MCMV
• M33, HCMV UL33, HHV-6 U12 and HHV-7 U12 genes. A second group represents the
5 complete set of human chemokine receptors. These two groups can clearly be distin-
• guished from the remaining (non-chemokine-binding) GCRs. The phylogenetic tree

indicates that the UL33-like GCRs share a higher similarity with chemokine-binding
receptors than with other, non-chemokine-binding GCRs.

R33 transcription. To examine the expression of R33 at immediate early (IE), early
(E) and late (L) times of infection in REF, we set out to identify R33 transcripts by
Northern blot analysis. As shown in Fig. 4, R33-specific transcripts could only be de-
tected in the L phase of infection. Similar expression patterns have previously been
reported for the UL33 and M33 gene, which were both found to be transcribed exclu-
sively during the L phase of HCMV and MCMV infection, respectively (55, 24). Two
major R33 transcripts can be distinguished in Fig. 4, having lengths of approximately
4.0 and 6.0 kb, respectively. Since the length of the R33 open reading frame (ORF) is
only 1,161 bp and a consensus polyadenylation signal is lacking at the 3' end of the
gene, it is likely that the R33 transcripts not only contain R33 sequences, but also se-
quences from one or more neighboring genes. Northern blot hybridization data (shown
below) support the hypothesis of cotranscription.

Transcripts from both UL33 and M33 are spliced near the 5' ends, within regions
that encode the N-terminal parts of pUL33 and pM33, respectively (24). It was pro-
posed that transcripts of UL33-like genes from the ß-herpesviruses HHV-6 and HHV-
7 are spliced in a similar fashion (24). This proposal was based on an alignment of N-
terminal amino acid sequences of UL33-like GCRs: a higher degree of similarity was

F/G. 3 — Ne.vf pizijr. pR33 ;s a »irn/fvr o/ f/re c/ze/HoAr/ne rece/>for-/z7re GCR /n»;/7i/. To compare f/re

seai/errces o/ UL33-///ce GCRs, d/iv/wArme rt'ct'^fors a/u/ HOH-c/ii'mofc/Hi'-b/Hd/Hg GCRs, a p/zy/o^erief/c

free H'fls aj/af/flted. T/ie free is bus«/ on a ;m</f/p/e a/jg/zmezzf o/nmi/io «crd seqz/ences f/iaf are co//;iear to

f//e pi/fVzf zzr sere/if// frflMSMtt'mfrraw re^/o» (Vim;i/o ac/d pos/f;'oii 288 to 307) o/pR33 (F/£. 2). CLUSL4L

W /«jini'/si' ii/ijfHmfHl (49) ?eas SC/ fo ÖLOSUM30 proft'/» iw/jf/zf ;;w<n.v, g<j/> of)c// p ;w/f i / = 20, <j»d

gnp exfensi'o» pena/fy = 0.7. Mi//7//>/en//^nmenf zt»as sef fo BLOSUM ser/'cs, ^ap o^cni/jg pena/fy = 10,

7i /x'jwZh/ = 0.05, i/c/rti/ rf;i'cr\jtvrf snyiit'/zirs = 0.4. T/JP z>/>i/s-t'(icoA'i/ GCRs are /nd/cafcrf

is fu ;>R33, i.e. f//c ORF A's/^Hrtf/o»; z's /wceizVif by a 'JJ'. CC-CK = C-C c/;eM(o/c/»f rca'ptor /L-8

= mfer/eM<:;»z 8 receptor. / U / M = a/\J arfrener^/c receptor (13). H. fea/obz'izm B/4CR = Ha/obacfer/i/;»/

/;«/o/'/i(Hi ;*zi-fer/or/K)rfo;>s/H C37). CD97 = c/zisferrfes/jf/w/zmz 97 C29). O P S D = r/mrfops/iz (40). / \CMJ =

M ] »fi/soirffifV aci'fj//r//i>/»zt' receptor (3). D. (tVsco/dVivm C-4RI = D/cfi/os/e//»»; rf/sco/'rfei/;/; C/4MP re-

ceptor 1 (32). S. cefni/s/ae STE2 = Sacc/;nromyces cerei'isiae p/zeromone a/actor receptor C24). CASK =

eArfran7/i//ar co/c/zfm-sensi'ng receptor C2). FSHR = /b///c/e sf7mn/<zt7fzg /zor»;o;ie receptor C38).
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!/enw#mtk'f?T!;.-i',6- IE E L M
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F/G. 4. T/ie RCMV R33 ^ene is franscribed af tote times of infection in raf embryo jibrobtosfs. T/ie/igiire
s/iows fl/! a i/f orad/ograp/i o/fl Norf/it'ni b/of f/iat zras /it/bn'rfizerf u>/f/i nn R33-ŝ >t'C(//c probt'. Lanes 2, 2
fl/i(/ 3 represent t/ie /£, £ n»(/ L p/wse o/;«/ect/'o;i, respecf/w/i/- /« tone 4, mRNA/nw/ /nocfc-in/ecferf CM)
ce//s ifos separa/erf. r/ie esf/mated /engt/is o/f/ie transcripts are int/icatetf on t/ie /e/f.

seen between these N-terminal sequences if the presence of an intron was suggested
in the corresponding genes of HHV-6 and HHV-7 (24). Interestingly, RCMV R33 tran-
scripts are probably not spliced, since the N-terminal amino acid sequence that is pre-
dicted from the unspliced R33 sequence is highly similar to the amino acid sequences
that are derived from the spliced UL33 and M33 transcripts (Fig. 5A). To investigate
the presence of a potential intron near the predicted start codon of the R33 gene, the
R33 mRNA was analyzed using RT-PCR (Fig. 5B). As anticipated, the PCR products
that were generated using either R33 cDNA that was derived from L-phase mRNA or
genomic RCMV DNA had a similar length (approximately 320 bp; Fig. 5B, lanes 4 and
5). A control reaction, in which the L-phase mRNA was not treated with RT prior to
PCR, did not generate any PCR products (Fig. 5B, lane 3), indicating that the amplified
products were derived from mRNA rather than contaminating genomic DNA. These

F/G 5 — Ne.vf p<J£''- R33 transcripts are »of sp/icerf near t/ie 5' end. CA) A/igM/nent o/N-fermini o/
l/L33-//fre GCRs, and f/ie position of infrons ze/t/iin f//e5' rt'^/on o/fhe corresponding genes. Am/no acid
res/dues t/mt are consenvd beticeen pR33 and at /msf one of t/ic of/ier pL/L33-//to proteins are indicated
as Ji'/ntc /etters in /»/act bo.Yt's. (B). To identifi/ a potent/a/ nitron near t/ie 5' end of t/ie R33 gene, an RT-
PCR was performed on po/i/M)* RN/4 of RCM V-infecfed ce//s (tone 4, + RT). As negatic'e contro/s, e/t/ier
target DA/A (tone 2, - cDNAJ, or mvrse fransenptase (tone 3, - RT) HOTS omitted. Genomic RCMV DNA
HOTS inc/iidt'd as a pos/t/i'e contro/ for t/ie PCR react/on (tone 5, genomic DNA). Lane J contains a mo/eci/-
tor zceig/if re/iTt-nce (JOO-bp mnrJter). A p/wfograp/i of an t*////tfii/»j bromide-stained agarosege/ is s/iott'ii.
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A

RCMV genome

Sam HI

B
1 kb probe: R33 neo

R33
probe ßam HI

I i

M/i/NI M/uNI

kb

2.4
2.1

1.3-

probe Sam HIßam HI

RCMVAR33 genome

ßam HI

1

F/G. 6. GeMeraf ion o/a/i RCMV R33 m/// H/i/fa»//. Mj 7o dcffr»//'»«? fne ro/e o/R33 in RCMV in/ecfion,
a mi/fanf RCMV sfrai'n was generated by rep/ac/ng parf o/fne R33 ORf by a neomyc/n res/sfance gene
(«coX ORFs an- /nrf/cnferf by b/acit arrows. B/acfc rccfaH^/cs abozv rt/irf be/ow» eac/; gemime /nrf/Vflfe f/ie
pos/7/o/i o/f//f DN/4 probt's f/wf wen' i/scrf/or Soi/f/jer»; b/of /ii/br/rf/zaf/o». 'SV40 ear/y' = S/f»m» V;'n/s
40 car/i/ promo/or 'SV40 p/4' = po/yarfe«y/af;on s/gna/. Nofe f/»af f//e inrf/caferf M/»N7 s/'fes are /osf IM
f/if RCMV4R33 ge/KiHie. Cß) So»f//t>ni b/o* ZiybrWizflfioM o/RCMV and RCMV4R33 wr/oii DN/4.
P/io/ogra/)// o/a» ef/tirf/i/iii broinirfe-s/aiMi'rf ge/ coHfa/niMg B(imH/-rfiges/ejf gi'iiow/c DNi4/ro;» RCMV
(/<»!? 2J a/irf RCM V4R33 (/nMf2>, respecfiw/y. /\/fer fra/is/er fo a ny/on/i/fer, fb.e DN/4/rom /aMes J and
2 was /ii/brirfizfrf fo Wf/ier f/ie R33 probe (tones 3 and 4, respecfroe/y) or f/ie neo probe (tones 5 and 6,
respaf/i'WyJ.

results indicate that splicing does not occur within a region spanning from 199 bp
upstream of the R33 start codon to 103 bp downstream of the start codon (nucleotides
532 to 833 in Fig. 2).

Generation of an RCMV R33 null mutant. To investigate the role of R33 in the
pathogenesis of RCMV disease, a mutant RCMV strain (RCMVAR33) was constructed
in which the R33 gene was disrupted by replacing the 0.5-kb M/HNI fragment from the
R33 ORF with a 1.5-kb neomycin expression cassette (Fig. 6A). The deletion/insertion
mutation was first introduced into a plasmid containing the R33 gene. The R33 gene
within the RCMV genome was subsequently replaced by the mutated R33 gene via
homologous recombination, after transfection of fibroblasts with the recombination
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plasmid followed by infection with RCMV. Selection for recombinant virus was estab-
lished by supplementing the growth medium with G418. After plaque purification,
the purity of the recombinant virus was checked by both Southern blot analysis as
well as PCR. Virion DNA from both RCMV and RCMVAR33 was purified and di-
gested with BnmHI. After agarose gelelectrophoresis and transfer of the DNA to a fil-
ter, hybridization was done with either an R33-specific probe or a »co-specific probe.
Cleavage of RCMV DNA with ßamHI should generate a single 2.4-kb fragment con-
taining R33 sequences, whereas cleavage of RCMVAR33 DNA should result in two
fragments (of 1.3 kb and 2.1 kb) containing R33 sequences (Fig. 6A). In addition, the
2.1-kb ßnmHI fragment of RCMVAR33 should also contain wo sequences. As shown in
Fig. 6B, ßnmHI digestion of RCMVAR33 DNA indeed resulted in two R33-hybridizing
fragments with a length of 1.3 kb and 2.1 kb, respectively (lane 4). As predicted, the
2.1-kb RCMVAR33 B<?/HHI fragment also hybridized to the »co probe (lane 6). Since a
2.4-kb R33-hybridizing Ba;rzHI fragment was not detected in lane 4, we conclude that
the recombinant virus is pure. The integrity of the RCMVAR33 genome was also con-
firmed both by comparing seven different restriction endonuclease patterns of wild
type and mutant RCMV genomes, and PCR using various primer combinations (data
not shown).

RCMVAR33 transcripts. To investigate the effect of disruption of the R33 gene on
transcription of both the R33 gene and genes neighboring the disrupted gene in the
RCMVAR33 genome, a Northern blot hybridization experiment was performed. The
genes upstream and downstream of the R33 gene were found to have considerable
sequence similarity to the MCMV M32 and M34 genes, respectively (data not shown).
These RCMV genes are therefore referred to as R32 and R34, respectively. Probes were
generated from R32-, R33-, R34- and »co-specific DNA fragments (Fig. 7B) and were
hybridized with poly(A)* RNA extracted from either RCMV- or RCMVAR33-infected
fibroblasts (Fig. 7A). RCMV generates one major transcript from the R32 gene with a
length of approximately 2.5 kb (lane 1). Minor R32 transcripts can be seen with lengths
of approximately 4.0 and 6.0 kb. Disruption of the R33 gene did not result in dramatic
changes in R32 transcription (compare lane 1 and 2). Transcription of R34 of RCMV
resulted in three major transcripts with respective lengths of approximately 2.8, 4.0
and 6.0 kb (Fig. 7A, lane 7). Since the 4.0- and 6.0-kb R34 transcripts comigrate with the
R33 transcripts (compare lane 4 and 7), these RNAs are likely to represent cotranscripts
of both the R33 and the R34 genes. Although there is no detectable difference between
RCMV and RCMVAR33 in expression of the 2.8-kb R34 transcript, modest differences
can be seen between the larger transcripts (lane 7 and 8). Most notably, the 4.0-kb
transcript seems to be replaced by a 4.2-kb species. A similar observation can be made
for the R33 4.0-kb transcript (lane 4 and 5), which further supports the notion that this
species represents a R33-R34 cotranscript. In the genome of RCMVAR33, part of the
R33 gene is replaced by the »co gene. The RCMVAR33 transcripts that hybridized to
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R33 as well as R34 sequences, also hybridized to the neo probe (lane 11). In addition,
RCMVAR33 expressed a unique 1.2-kb neo transcript (lane 11). Another transcript
unique to RCMVAR33 is a 2.8-kb species that contained R33 as well as «eo sequences
(lane 5 and lane 11). The lengths and predicted positions of each of the transcripts that
are generated in the R32 to R34 region of the genomes of RCMV and RCMVAR33 are
summarized in Fig. 7B. Although there are clear differences between RCMV and
RCMVAR33 in the transcription of R33 or 'AR33', the major transcripts of the R32 and
R34 genes are unaffected. Therefore, we conclude that the genes which are neighbor-
ing the disrupted R33 ORF are functional.

The R33 gene is not essential for virus replication in various cell types in vitro.
To study whether RCMVAR33 and RCMV have different replication characteristics in
vitro, three different cell types which are thought to play a role in CMV infection in
vivo were infected with both viruses, and the ratio of infected cells over uninfected
cells was determined at various time-points. In addition, the amount of infectious vi-
rus that was produced by each cell type was investigated. Cell types that were in-
cluded in these experiments were rat primary fibroblasts (REF), endothelial cells (RHEC)
and macrophages (M4>). As shown in Fig. 8, the ratios of infected over uninfected cells
did not differ significantly between RCMV- and RCMVAR33-infected cells, regardless
of the cell type. Also, no significant differences were seen between the recombinant
virus and RCMV in the virus titers produced by each cell type. These data indicate
that R33 is not essential for viral replication in REF, RHEC and M<t> in vitro.

R33 has an critical function in the pathogenesis of RCMV infection in vivo. The
role of R33 in the pathogenesis of RCMV disease was investigated by infection of groups
of immunosuppressed rats with either RCMV or RCMVAR33. In an initial experiment,
6-week-old immunosuppressed Lewis/N RT1 rats were inoculated with either 1 xlO"

F/G 7 — Ne.vf /mgt\ 77u> expression o/genes »jeî /ibor/Hy f/ie. R33 gene /s «of ajffecfed by d/srupf/on o/
R33. f/U To de/ermine re/ief/ier /raHscripf IOM of f/ie R32 «mf R34 ̂ t'/it's HV»S fl/jfrcferf fry disnipfi'on o/R33,
/r(jHSfr/;>//oii of//ie R33 ny/on o///ie genomes ii/frof// RCMV and RCMVMR33 was /ina/yzed fry Norf/i-
em fr/of //yfrr/rf/:n/ioH, i<sm£ profrfs s^ec;y?c/i)r R32, R33, R34 flmf neo. r/;c/;^i/rc s/iorus
grap/is HI H'///C7I /mies 1,4, 7<7»ef 20 represent po/yM)' RM4_/rom RCMV-i'ii/t'rferf REF, tones 2,5,
1J rr/wsfiif po/yM)* RN/4/ro;» RCMU4R33-iii/i'cft'd R£F nrid /ones 3, 6, 9 and 12 represent po/yM)*
RNi4 fro/» Hiodt-iii/rcfi'rf REF. T/it' fsfi'iiwfi'd /i'ii^f/is qf//«' fraiiscn'pfs art' i/idicnfed on f/ie /e/f HI fcfr. (B)
EsfHiMft'd /i'iî ff/is a/id posifions o/ frniiscripfs from //ic RCM V R32, R33 and R34 genes, as derii»ed_/rowi
MX T/ic /i'H£f/is o/f/ic iiidi'c<i/cd R32 and R34 ORFs are esfimafed and based on f/ie /eng/ifs o/MCMU
M32 and M34 (45); f/ie romp/efe DN/4 se^iieiiceqff/ii's re^/o/i o/f/ie RCMVgenome is nof yef apa//afr/e.
(C^ EsfiHHifed /i'H^f/is (i»id positions of /raiiscr/pfs from f/ie RCMU4R33 R32, '4R33', R34 and iieo
genes, as der/ped/roin (A). Bof/i //ie 2.8-Jtfc*and 4.2-fcfr RN/4 franscr/pfs /lybndize to f/ie R33, R34 and
nee pro/n-s. /f is mif Itiitut'ii w/ief/ier f/ie 5 ' ends of f/iese franscr/pts map to f/ie 5 ' end o/f/ie R33 gene or
f/ie 5' end o/ f/ie neo gene.
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o RCMV
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F/G. 9. Si<nTOrt/ of frw? groups o/iH/mwiocomprom/si'd rafs n/fcr /'/ifrapi'r/foHi'fl/ /'nocu/nf/'o/i zfi/// e;7//i>r
a>i7d-f i/pe RCMV or RCM W1R33. THW groups o/rafs C5 racW ?wre m/ected wrt/i e/f/ier 2x10* PFU or 5
x 10* PFU o/wirus. Surwiw/ was recorded «p Jo 28 days p./.

or 5 x 10* PFU of RCMV or RCMVAR33. The number of surviving rats in each group
was monitored until 28 days p.i. Surprisingly, a dramatically higher survival was ob-
served in the group of RCMVAR33-infected rats than in the group of RCMV-infected
rats (Fig. 9). This suggests that R33 plays and important role in the pathogenesis of
RCMV disease. At day 28 p.i., the surviving rats were sacrificed and several organs
were subjected to plaque assay. Although in most organs no significant differences in
virus titers were observed between RCMV- and RCMVAR33-infected rats, virus could
not be detected in salivary glands from RCMVAR33-infected rats, whereas virus could
easily be detected in salivary glands from RCMV-infected rats (data not shown). To
study this observation in more detail, a follow-up experiment was performed in which
two groups of 15 10-week-old rats were infected with 5x10* PFU of either RCMV or
RCMVAR33. At days 3, 5, 7,10 and 14 p.i., 3 rats from each group were sacrificed and
the presence of virus in internal organs was analyzed by both immunohistochemistry
and plaque assay. During a period of 14 days p.i., virus titers did not differ signifi-
cantly between organs from RCMV- or RCMVAR33-infected rats. Virus titers ranged
from <1 to 3.3 xlO* PFU/ml in organs from RCMV-infected rats, and from <1 to 1.0
xlO' PFU/ml in organs from RCMVAR33-infected rats. In contrast, although high ti-
ters of virus (> W PFU/ml) were found within salivary glands of RCMV-infected rats
at day 10 p.i. and at later time-points, virus could not be recovered from salivary glands
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TABLE 1. Virus titers" and immunohistochemical
detection of RCMV and RCMVAR33 in salivary glands

Virus

RCMV

RCMVAR33

10 week-old rats, 5 x 10* PFU of RCMV

3, 5, and 7 days p.i.

Titer" IPOX*

<1 0/3

<1 0/3

10 days p.i.

Titer" IPOX''

3.6 ±0.3 2/3

<1 0/3

14 days p.i.

Titer" IPOX*

>4 3/3

<1 0/3

6 week-old rats, 1 x
10* PFU of RCMV

Titer at 28 days p.i.

>4

" Log,,, virus titers are shown as mean ± standard deviation (PFU per milliliter).
* Immune peroxidase assay (IPOX) data are represented as number of rats of which the salivary glands were
found RCMV positive/total number of rats tested.

of RCMVAR33-infected rats (Table 1). In addition, RCMV antigens were not detected
in salivary gland sections of RCMVAR33-infected rats (Table 1 and Fig. 10B), whereas
these antigens could easily be detected in the salivary gland epithelial cells of RCMV-
infected rats (Table 1 and Fig. 10A). These data indicate that R33 is important for entry
and/or replication of RCMV in salivary glands of the rat.

To investigate whether or not RCMVAR33 is transported to the salivary glands, we
set out to study dissemination of the virus in infected rats by PCR, which has a higher
sensitivity than both plaque assay and immunohistochemistry. To this purpose, sev-
eral internal organs of infected rats were subjected to PCR in order to detect viral
DNA. DNA was purified from salivary gland, spleen, kidney, liver, lung, heart and
pancreas derived from rats that were sacrificed at day 7,10,14 and 28 p.i. After purifi-
cation, the DNA was serially diluted. By subjecting the DNA dilutions to PCR, a rough
estimate could be made of the quantity of viral DNA in each organ. The sensitivity of
a PCR assay was approximately 300 RCMV genome copies per mg tissue DNA (ap-
proximately 1 RCMV genome copy per 800 cells, data not shown). The virus DNA
levels did not differ between most organs from either RCMV or RCMVAR33-infected
animals (Fig 11). In contrast, marked differences were observed between viral DNA
levels in the salivary glands of RCMV- and RCMVAR33-infected rats, at day 10,14 and
28 p.i. (Fig. 11). While RCMV DNA could easily be detected at all indicated time-points,
RCMVAR33 DNA could only be detected in salivary glands up to 14 days p.i. and not
at later time-points. These data suggest that although RCMVAR33 is presumably trans-
ported to the salivary glands, the virus does not enter and /or replicate in salivary
gland epithelial cells.
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* / "V-.:.

F/G. 20. Express/on o/RCMV fear/y) protons and raf c/ass // MHC protons m sa/;i;arys o/RCM V- and
RCMV4R33-in/ecfed rafs. T/if^i/rc s/ioifs m/crograp/is o/4-mm sections o/raf sa/roan/g/ands ;'n/<?cto/

RCMV M omj" C> or RCMV4R33 fß rtmf D>. T/ssi/e st'c/iot/s iwrp s/a/nctf W/7/J e///icr My4b
(cnr/y) a/;//g(?ns (M/4b RCM VS; /4 d;id B> or M/4fc aga/Hsf c/nss // MHC protons (OX-6; C

n»d D). 77K> fi'ssi/e s^cf/ons were p/iofo^rap/ied af a ;//a^«//ica/jon o/400 x .
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Van Dam et al. (21) recently showed that infection of rats with RCMV resulted in an
increase of both influx of inflammatory cells into the salivary glands and class II MHC
expression by salivary gland cells. To study the effect of RCMVAR33 infection on the
presence of infiltrating cells in the salivary glands, immunohistochemical stainings
were performed on sections from rats that were sacrificed at day 7 and 14 p.i. The
sections were scored for the presence of CD8* T-cells, CD4* cells (T-cells and mono-
cytes), inflammatory and resident tissue macrophages and NK cells. Additionally, the
expression of MHC class II proteins on the surface of salivary gland epithelial cells
was studied. Although significant differences in infiltrating cell populations were not
observed between salivary glands of RCMV- or RCMVAR33-infected rats (data not
shown), a clear difference was seen in the class II MHC expression, which was higher
in salivary glands of RCMV-infected rats than in salivary glands of RCMVAR33-in-
fected rats (Fig. IOC and 10D). Although virtually all of the salivary gland epithelial
cells of wild-type RCMV-infected rats were positive upon staining with the anti-class
II MHC MAb, only a minority of these cells was positive upon staining with MAb
RCMV 8. The difference between these staining patterns might be caused by either a
lower sensitivity of the RMCV 8 MAb relative to the anti-class II MHC MAb or by the
release of interferons by the RCMV-infected cells which might induce the expression
of MHC class II proteins in most of the neighboring, non-infected epithelial cells. In
conclusion, our results support the notion that, in contrast to infection with RCMV,
infection of rats withRCMV\R3S'&2«&T<cVires>aVt in active virus replication in the sali-
vary glands.

DISCUSSION

The RCMV R33 gene is part of a family of ß-herpesvirus genes that are likely to
encode G protein-coupled receptors (GCRs). The other members of this gene family
are HCMV UL33 and MCMV M33 and the U12 genes of HHV-6 and HHV-7 (20,28,42,

F/G. 22 — Next page. Defecf/b« o/RCMV DNA z'n seuera/ organs o/RCM V- and RCMV4R33-zn/ecfed
rats by PCR. To defect wra/ DM4 t'n organs/rom e/f/zer RCMV- or RCM V4R33-in/ecfed rats, PCR ?«7S
/wr/nrmed on serin/ d;7ufzons o/DN/4 f/wf HWS /wny/ed/rom f/iese organs. At enc/; /nd/cafed f/me-po/Hf,
f/ie resiz/fs arc s/icwn/rom 3 RCM V-/n/eefed (open bars) and 3 RCMV4R33-/M/ecfed rats (Wad; bars).
T/;e /ie/g/if o/rtic/i bar /nd/cates the mar/niKm d;7ufibn o/ag/iwi DM4 /so/ate wrtfc zvfttc/t a pos/'fwe PCR
res«// eoi//d sf/// be obfmm'd. * Be/on» defectw/i few/. T//e a»ionnf o/i»/n/s genome cop/'es ;'n f/iese saw/)/es
is /orcer f/wn 300. IVe icere «We to detect a m/mm»»i o/ap;)ro.v/»nafe/i/ 300geno»ne cop/es in 2 /ig o/t/ss»e
DNA (data nof snoifn). t T/»e 5 samp/es /nd/'cafcd by '*'af day 28 p./'. were z'n/ecfed zi'/fn RCMV4R33.
T//(' srtH/p/es frtfavi at day 25 p./. Hv/ie obfnz/ie</ /roni f//e e.vpen/jienf s/ionvt /n F/g. 9, in rt'/zic// f/ie rats
icere /'n/ecfed H'/'f/i / x 20* PFU o/i'/rus. A// of/ier sa/np/es were fa/Vcii/rom rats f/zaf were /'iz/i'cfed w/f// 5
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45). Both sequence and genome location is conserved between the UL33-like genes. As
expected, the amino acid sequence that was predicted to be encoded by the RCMV
R33 ORF shares more similarity with the amino acid sequences derived from HCMV
UL33 and MCMV M33 (40 % and 65 % identity, respectively) than with those derived
from the U12 genes (24 % and 26 % identity with the proteins of HHV-6 and HHV-7,
respectively). Phylogenetic analysis based on multiple alignment of predicted amino
acid sequences showed that the pUL33-like GCRs are more related to chemokine re-
ceptors than to non-chemokine-binding GCRs. In accordance with this, the R33-de-
rived amino acid sequence shows several features characteristic of chemokine recep-
tors (1,24).

Sixteen ß- and y-herpesvirus-encoded GCRs have been recognized to date (17, 20,
28, 41, 42, 45, 48). In addition, the BILF1 gene from Epstein-Barr virus (5) may also
encode a GCR, since its predicted amino acid sequences shares 25 % identity with the
equine herpesvirus 2 ORF 6-encoded GCR (23, 48). Three of the herpesvirus-encoded
GCRs have been studied in detail and were found to be capable of binding chemokines
and stimulate cellular downstream effectors. The herpesvirus saimiri (HVS) ECRF3
gene product, was found to be activated by a chemokines (1), resulting in mobilization
of intracellular Ca-*. The HCMV US28 gene product could be activated by b chemokines
(27), whereas the Kaposi's sarcoma-related herpesvirus (KSHV) ORF 74 gene product
could be activated by both a and b chemokines (4). For members of the UL33 family
ligands have not yet been identified. WhetVveT ox not \j\2>3-YiV.e GCRs can be activated
by binding to either chemokines or ligands from another class is not yet known. Simi-
lar to what was found for the KSHV ORF 74 gene product, it is possible that UL33-like
GCRs can be constitutively active, irrespective of ligand binding.

Similarly as was reported for the UL33 and M33 genes (24,55), R33 was expressed
at the late phase of infection as a cotranscript with at least one of the genes down-
stream of R33 (R34). However, in contrast to the UL33 and M33 transcripts, the RCMV
R33 mRNA is not spliced near the 5' terminus. On the basis of amino acid sequence
alignment it was inferred that the U12 genes of both HHV-6 and HHV-7 contain a 5'
intron similar to that of the UL33 and M33 genes (24). These data indicate that among
the members of the UL33-like family that have been identified to date, the R33 gene is
the only gene that does not contain an intron near the start codon.

Both RCMV and MCMV replicate efficiently in salivary glands of infected rats (11)
and mice (24), respectively. These viruses can easily be detected in the salivary glands
using conventional techniques like immunohistochemistry or plaque assay. In con-
trast, recombinant MCMV strains lacking a functional M33 gene could not be detected
in mouse salivary glands by plaque assay, which indicated that M33 is important for
either dissemination or replication in the salivary glands (24). Similarly, the R33 gene
of RCMV was found to be important for either entry or replication in salivary glands.
Although RCMVAR33 could not be detected in salivary glands of infected rats by ei-
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ther plaque assay or immunohistochemistry, viral DNA could be detected up to 14
days p.i. by PCR. At later time-points, RCMVAR33 DNA could no longer be detected
in the salivary glands. These data show that although recombinant virus (DNA) is
able to reach the salivary glands, the virus is unable to persist in the epithelial cells of
this tissue. It is possible that the ability to detect recombinant RCMV DNA in salivary
glands early after infection is not the actual result of infection of salivary gland cells,
but instead the result of the presence of recombinant RCMV (DNA)-containing circu-
lating cells (e.g. detached endothelial cells or monocytes/macrophages) that passage
through blood vessels of the salivary glands. The finding that R33 is essential for virus
replication in salivary glands is also supported by the inability to detect class II MHC
expression in the salivary gland epithelium of RCMVAR33-infected rats. Class II MHC
expression is evoked by RCMV infection, of rat heart endothelium (51) in liver and
kidney cells (52) and salivary gland epithelium (Fig. 10).

Salivary gland tropism has also been shown to be affected by mutations in other
CMV genes. The MCMV Vancouver strain could not be detected in the salivary glands
of infected mice by plaque assay (7). Since this virus strain was found to have both a
9.4-kb deletion and a 0.9-kb insertion relative to the parental MCMV Smith strain (7),
salivary gland tropism might be affected through the combined deletion and/or dis-
ruption of several genes. Another set of genes of the MCMV K181 strain (ORF m!37 to
ml43, [16]) is shown to be essential for replication in salivary glands. Combined dis-
ruptions of at least two of these genes were found to (partially) affect salivary gland
tropism (16). Manning et al. (34) showed the importance of yet another gene in sali-
vary gland tropism of MCMV, the salivary gland growth gene 1 (sggl). Deletion of
this gene reduced the replicative potential of MCMV, although recombinant virus could
still be detected in the salivary glands by plaque assay. The biological significance of
the complete loss of salivary gland tropism through disruption of R33 and M33 from
RCMV and MCMV, respectively, will have to be assessed in future studies.

A remarkable finding from our study is the increased survival that was seen among
groups of RCMVAR33-infected rats as compared to groups of RCMV-infected rats.
Since this increased survival is probably not solely the result of lack of RCMVAR33
replication in the salivary glands, it is likely that disruption of the R33 gene also affects
RCMV replication in other organs or tissues, such as lymphal nodes or bone marrow.
It is possible that the observed differences in behavior between RCMV and RCMVAR33
in vivo might be the result of expression of Neo by the recombinant virus. However,
since the expression of Neo did not have an influence on virus growth in rat fibro-
blasts in vitro, it was inferred that the putative expression of Neo by the recombinant
virus in vivo does not dramatically influence the behavior of the virus.

In a first comparison of organs from RCMV- and RCMVAR33-infected rats other
that the salivary glands, no obvious differences were seen both in virus load and ex-
pression of RCMV (E) proteins. In a future study, the pathogenesis of RCMV- and
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RCMVAR33-infection will have to be studied in greater detail, e.g. by looking at the
expression of viral IE, E and L proteins and by a detailed analysis of the host's immune
response to viral challenge.
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CHARACTERIZATION OF RCMV R78

ABSTRACT

The rat cytomegalovirus (RCMV) R78 gene belongs to an uncharacterized
class of viral G protein-coupled receptor (GCR) genes. The predicted amino
acid sequence of the R78 open reading frame (ORF) shares 25 % and 20 %
similarity with the gene products of murine cytomegalovirus M78 and hu-
man cytomegalovirus UL78, respectively. The R78 gene is transcribed
throughout the early and late phase of infection in rat embryo fibroblasts
(REF) in vitro. Transcription of R78 was found to result in three different
mRNAs: (i) a 1.8-kb mRNA containing the R78 sequence, (ii) a 3.7-kb mRNA
containing both R77 and R78 sequences, and (iii) a 5.7-kb mRNA containing
at least ORF R77 and R78 sequences. To investigate the function of the R78
gene, we generated two different recombinant virus strains: an RCMV R78
null mutant (RCMVAR78a) and an RCMV mutant encoding a GCR from
which the putative intracellular C-terminus has been deleted (RCMVAR78c).
These recombinant viruses replicated with a 10- to 100-fold lower efficiency
than wt virus in vitro. Interestingly, unlike wt virus-infected REF, REF in-
fected with the recombinants develop a syncytium-like appearance. A strik-
ing difference between wt and recombinant viruses was also seen in vivo: a
considerably higher survival was seen among recombinant virus-infected
rats than among RCMV-infected rats. We conclude that the RCMV R78 gene
encodes a novel GCR-like polypeptide that plays an important role in both
RCMV replication in vitro, and the pathogenesis of viral infection in vivo.
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INTRODUCTION
G protein-coupled receptors (GCRs) play a key role in transduction of extracellular

signals to the intracellular environment. They can be activated by a variety of stimuli,
like neurotransmitters, hormones, and photons (reviewed by Probst et al. [53]). Upon
ligand binding, GCRs activate G-proteins, which in turn activate effector enzymes
and ion channels in a cascade-like fashion. Thousands of GCR variants are encoded by
genes of both prokaryotes and eukaryotes. Additionally, some are encoded by virus
genes. To date, 20 putative viral GCR genes have been discovered: 2 of these genes are
located within the genomes of poxviruses (21, 44), 11 in betaherpesvirus genomes (9,
22,33,49,54), and 7 in gammaherpesvirus genomes (4,26,48, 57,63). The majority of
these genes was found to share similarity to genes encoding cellular chemokine recep-
tors. Although the functions of most of the putative viral GCRs are yet unclear, several
of these are capable of binding chemokines, hence invoking a classical signal trans-
duction response (1, 4,31,38,42,47). The herpesvirus saimiri (HVS) ECRF3-encoded
chemokine receptor is capable of transducing signals upon activation by a chemokines
(1). The human cytomegalovirus (HCMV) US28-encoded chemokine receptor was
shown both to be a promiscuous calcium-mobilizing receptor for several ß chemokines
(31). Additionally, the US28 protein was suggested to be responsible for ß chemokine
sequestration in HCMV-infected fibroblasts (15). The GCR encoded by Kaposi's sar-
coma-associated herpesvirus (KSHV) open reading frame (ORF) 74 not only binds
both a and ß chemokines, but is also constitutively active, inducing second messenger
signalling in vitro (4). The KSHV chemokine receptor was also shown to stimulate
cellular proliferation (4), transformation and angiogenesis (7). A distinctive set of
chemokine-like receptors is exclusively encoded by betaherpesviruses: HCMV UL33
(23), rat cytomegalovirus (RCMV) R33, murine cytomegalovirus (MCMV) M33 (54),
and human herpesvirus 6 and 7 (HHV-6 and HHV-7) U12 (33,49). Recently, we found
that the RCMV R33 gene is essential for the pathogenesis of viral infection in vivo, and
that, unlike wild-type (wt) virus an RCMV R33 null mutant could neither enter nor
replicate in salivary gland epithelial cells of infected rats (9). A similar observation was
made for MCMV M33: upon infection of mice with an MCMV M33 deletion mutant
strain, virus could not be recovered from mouse salivary glands (26). Interestingly,
betaherpesviruses encode another distinctive set of yet uncharacterized viral GCRs:
HCMV UL78 (22), MCMV M78 (54), and HHV-6 and HHV-7 U51 (33, 49). Although
the positions of these UL78-like genes within the betaherpesvirus genomes are con-
served, their sequences are rather divergent. Despite the presence of distinct GCR char-
acteristics, such as seven transmembrane domains, two conserved cysteine residues
and a G protein-coupling domain (53), these UL78-like gene products share little simi-
larity with any of the thousands of GCRs known to date. Yet, characterization of this
unique family of GCRs might be crucial to the development of new antiviral therapeu-
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tics. In this report we present the sequence and transcriptional analysis of the RCMV
member of this family of GCR genes, which we termed R78. In addition, RCMV strains
were generated in which the R78 open reading frame (ORF) is either partially or com-
pletely deleted from the genome (RCMVAR78a and RCMVAR78c, respectively). We
show that disruption of the R78 gene affects RCMV replication in permissive cell types
in vitro, and that the RCMV R78 deletion mutant strains induce syncytium formation
in rat embryo fibroblasts (REF) in vitro, in contrast to wt RCMV. In addition, a dra-
matically lower mortality was observedwithin groups of either RCMVAR78a-, or
RCMVAR78c-infected rats, than within a group of wt RCMV-infected rats. We con-
clude that the RCMV R78 gene plays a vital role in both RCMV replication in vitro,
and the pathogenesis of viral infection in vivo.

MATERIALS AND METHODS

Cells and virus. Primary rat embryo fibroblasts (REF), rat fibroblast cell line Rat2TIC (ATCC
CRL 1764), rat heart endothelium cell line 116 (RHEC), monocyte/macrophage cell line R2
(R2M<t>), and rat aorta medial smooth muscle cells (RSMC) were cultured as described previ-
ously (18, 24, 60, 50). RCMV (Maastricht strain) was propagated in REF (18). Virus titers were
determined by a plaque assay using standard procedures (19). RCMV DNA was isolated from
culture medium as described by Vink et al. (61).

Identification, cloning and sequence analysis of the RCMV R78 gene. Cloning of the 30-
kb Xh?I B fragment of the RCMV genome into vector pSP62-PL has previously been described
(45). The Xfwl B fragment was digested with various restriction endonucleases and the resulting
fragments were cloned into vector pUC119. Both strands of each clone were sequenced using
the Cy5 Autoread sequencing kit (Pharmacia Biotech, Roosendaal, The Netherlands) and an
ALFexpress automated DNA sequencer (Pharmacia Biotech). Sequence analysis was done us-
ing the program PC/Gene (version 2.11; IntelliGenetics). The sequences were checked for the
presence of HCMV UL78-homologous regions by alignment with the GenBank nucleic acid
database using the BLASTN search algorithm (39). Thus, a 3.7-kb BflmHI fragment was identi-
fied, which contains an ORF with considerable similarity to the HCMV UL78 ORF.

RCMVAR78a recombination plasmid construction. Plasmid pll5, which contains a large
part of the R78 ORF on a 2.4-kb Sn/I fragment (Fig. 1), was digested with Sfl/I and subsequently
treated with deoxynucleotide triphosphates (dNTPs) and DNA polymerase I Klenow fragment
(Pharmacia Biotech). Subsequently, the DNA was digested with Btf/Il, and the resulting 1.4-kb
fragment was cloned into BrtmHI/Smal-treated vector pUC119, generating plasmid pA. Plas-
mid pi 14, which contains the remaining part of the R78 ORF on a 1.7-kb Sn/1 fragment (Fig. 1),
was digested with Sn/1. The 1.7-kb Srt/I-insert from pll4 was ligated into the Srt/I site of pA,
generating pB. A 1.5-kb BrtmHI/EcoRI fragment from Rc/CMV (Invitrogen, Leek, The Nether-
lands), containing the neomycin resistance gene (m'o) was treated with Klenow and ligated into
a X/wI-digested and Klenow-treated vector pB. This final construct (pl47; Fig. 4) was linearized
by digestion with /4s/>718 and H;'ndIII and used for transfection, in order to generate mutant
RCMVAR78a.
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RCM VAR78c recombination plasmid construction. Plasmid pll6, which contains the com-
plete R78 ORF on a 3.7-kb BrtHfHI fragment (Fig. 1) was digested with Asp718 and Ncol. The
resulting 2.9-kb fragment was treated with Klenow and subsequently circularized with T4 DNA
ligase, resulting in plasmid pC. One Sn/I site was removed from pC by digesting the plasmid
with Xtwl and H/iidlll, subsequently followed by treatment with Klenow. The resulting frag-
ment was circularized, generating plasmid, pD. Plasmid pD was digested with Sn/I, treated
with Klenow, and ligated to the blunt-ended DNA fragment containing the Rc/CMV m>o gene
(see above). The resulting plasmid pl20 (Fig. 4), was linearized with /4sp718 and Xfv?I prior to
transfection, in order to generate mutant RCMVAR78c.

Generation of RCMV R78 deletion mutants. Approximately 10' Rat2 cells were trypsinized
and subsequently centrifuged for 5 min at 500 x g. The cells were resuspended in 0.25 ml of
culture medium, after which 10 ug of linearized plasmid of either pl20 or pl47 was added. The
suspension was transferred to a 0.4-cm electroporation cuvette (Bio-Rad, Veenendaal, The Neth-
erlands), and pulsed at 0.25 kV and 500 uF in a Bio-Rad Gene Pulser electroporator. The cells
were subsequently seeded in 10-cm culture dishes. At 6 h after transfection, the cells were in-
fected with RCMV at a multiplicity of infection (MOI) of 1. The culture medium was supple-
mented with 50 ug of G418 per ml at 16 h postinfection (p.i.). Recombinant viruses were plaque-
purified and cultured on REF monolayers as described earlier (9).

Southern blot hybridization. DNA was isolated from wt RCMV, RCMVAR78a and
RCMVAR78c, and digested with either BnmHI, BamHI-Bg/II, BnmHI-EcoRV, BnmHI-NcoI, So/I, or
Srt/I-EcoRV. Subsequently, the digested DNA was electrophoresed through a 1 70 agarose gel and
blotted onto a Hybond N" nylon membrane (Amersham, 's-Hertogenbosch, The Netherlands)
as described previously (16). Both a 3.7-kb insert from pll6 containing the intact R78 ORF, as
well as sequences from R77 and R79 (R78 probe [Fig. 5A]), and a 1.5-kb BrtmHI-EcoRI fragment
containing the um gene (ik'd probe) from Rc/CMV were used as probes. Hybridization and
detection experiments were performed with digoxigenin DNA-labeling and chemoluminescence
detection kits (Boehringer Mannheim, Almere, The Netherlands).

Isolation of poly(A)' RNA and Northern blot analysis. RCMV poly(A)* RNA was isolated
from REF at 2, 8 and 48 h postinfection (p.i.), and at immediate early (IE), early (E), and late (L)
times of infection with RCMV (MOI = 1). To obtain IE mRNA, REF were treated with 100 ug of
cycloheximide per ml, 1 h before, during and 16 h after infection. During the 1-h infection pe-
riod, the cells were exposed to RCMV. E mRNA was isolated after infection of REF with RCMV
and treatment of cells with 100 ug of phosphonoacetic acid per ml from 3 h p.i. until the cells
were harvested at 13 h p.i. L mRNA was isolated after infection of REF with either RCMV,
RCMVAR78a, or RCMVAR78c, and harvesting of cells at 72 h p.i. To obtain mRNA from mock-
(M) infected cells, a similar procedure to that described for the purification of L mRNA was
used, except that RCMV infection was omitted. Poly(A)*-RNA was purified with a QuickPrep
Micro mRNA purification kit (Pharmacia Biotech). Aliquots (1 ug) of poly(A)*-RNA were elec-
trophoresed through agarose under denaturing conditions, as described by Brown and Mackey
(17). Then, the RNA was transferred to positively charged nylon membranes (Boehringer
Mannheim) as described previously (17). The 754-bp ßi;»;HI-Si?/I fragment from pll5, and the
950-bp %/ll- 5<i/l fragment, the 206-bp B /̂H-Mirl fragment and the 1088-bp B /̂Il-Stf/I fragment
from pi 16 (see Fig. 6A) were used to generate probes. These fragments contain R77, R78, R79
and R79/R80-specific sequences, respectively. Hybridization and detection experiments were
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performed with digoxigenin DNA-labeling and chemoluminescence detection kits (Boehringer
Mannheim).

Replication of RCMVAR78a and RCMVAR78c in vitro. REF, RHEC, R2M4>, and RSMC
were grown either in 96-well plates or on glass slides and infected with either RCMV,
RCMVAR78a or RCMVAR78c at an MOI of either 0.1 or 1. Culture medium samples (three per
virus) were taken at 1,3,5 and 7 days p.i. and subjected to plaque titer determination. The cells
were fixed and stained with monoclonal antibodies (MAb) against RCMV E proteins (MAb
RCMV 8 [20]) as described previously (60). The degree of infection was determined by counting
the number of antigen-positive cells relative to the total number of cells in three different wells
(four microscopic fields per well at a magnification of x400).

Dissemination of wt RCMV and RCMVAR78c in vivo. Male specific-pathogen-free Lewis/
N RT1 rats (Central Animal Facility, Maastricht University, Maastricht, The Netherlands), used
for all in vivo experiments in this study, were kept under standard conditions (55). Rats were
immunocompromised by 5 Gy of total-body Röntgen irradiation 1 day before infection, as de-
scribed by Stals et al. (55), and all virus stocks that were used for inoculation in vivo were
derived from tissue culture medium of virus-infected REF. Two groups of rats (10 weeks old,
with a body weight of 250 to 300 g) were infected with 5x10* plaque forming units (PFU) of
either RCMV or RCMVAR78c. On days 4 and 21 p.i., five rats from each group were sacrificed,
and their internal organs were collected. These organs were subjected to both plaque assay and
immunohistochemistry (19). Tissue sections (4 urn) of the submaxillary salivary gland, spleen,
kidney, liver, lung, heart, pancreas, thymus, aorta, and cervical lymphal nodes were stained
with MAb RCMV 8.

Survival of immunocompromised rats infected with either RCMV, RCMVAR78a or
RCMVAR78c. Four-week-old rats (body weights ranging from 100 to 120 g) were divided into
three groups of five rats. Intraperitoneal infection was carried out with 1 x 10'' PFU of either
RCMV, RCMVAR78a or RCMVAR78c. The number of surviving rats was recorded daily until
day 28 p.i.

GenBank accession number. The nucleotide sequence of the 3.7-kb BamHI fragment con-
taining the R78 gene (Fig. 1) and the predicted amino acid sequence derived from R78 have
been deposited in the GenBank database under accession no. AF077758.

RESULTS
Identification, cloning, and sequence analysis of the RCMV R78 gene. Previ-

ously, it was shown that the majority of RCMV genes is collinear with genes of both
HCMV and MCMV (9,10,11,61, 62). We hypothesized that the position of a putative
RCMV UL78 homolog would be analogous to that of both HCMV UL78 (22) and MCMV
M78 (54). Accordingly, we focused on the 33-kb RCMV Xtol B fragment (Fig. 1) (45).
This fragment was digested with various restriction endonucleases, subcloned and
sequenced. The GenBank database was subsequently screened for homology with the
generated sequence. Thus, a 3.7-kb SrtmHI fragment was identified (in plasmid pi 16)
showing considerable similarity to a region within the genomes of HCMV as well as
MCMV, containing the UL78 and M78 gene, respectively. A 1422-bp ORF was identi-
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fied within the BnwHI fragment (Fig. 1), which has the potential to encode a 474-amino
acid polypeptide with a predicted molecular mass of 50 kDa. This polypeptide shows
25 % and 20 % similarity with the amino acid sequences of M78 (54) and UL78 (22),
respectively (Table 1). This low level of similarity is not uncommon to UL78-like se-
quences, since the amino acid sequences derived from UL78 and M78 share only 21 %
similarity (Table 1). Analogous to the nomenclature of the corresponding HCMV and
MCMV genes, the 1422-bp RCMV ORF was termed R78.

To investigate whether the amino acid sequence of the R78-derived polypeptide
(pR78) possesses features that are characteristic of GCRs, the pR78 sequence was ana-
lyzed with computer program TMpred (ISREC Bioinformatics Group, Epalinges, Swit-
zerland [58]). This program utilizes a database of existing transmembrane domains to
predict potential transmembrane domains of an uncharacterized sequence. Computa-
tion revealed an extracellular N-terminus and eight transmembrane domains, each of
which might be folded as an oc-helix. Seven of these domains are collinear with the
predicted transmembrane domains of the gene products of MCMV M78 and HCMV
UL78 (Fig. 2). In addition, several amino acid residues that are conserved among most
GCRs were identified (reviewed by Probst et al. [53]): two conserved cysteine residues
at positions 94 and 190, which may form a disulfide bridge, and a conserved aspartic
acid-arginine-tyrosine motif (DRL, positions 118 to 120) which might be involved in
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TABLE 1. Similarities of predicted amino
acid sequences among R78-like gene products

Gene product

MCMV M78

HCMV UL78

HHV-6 U51

HHV7 U51

RCMV R78

25.0

13.9

14.8

Similarity (%]

MCMV M78

***' 20.8 "

14.9

15.9

HCMV UL78

-:-•• .">v;-*^ '*V': \-

15.4

15.9

HHV-6 U51

36.0

' Similarities were calculated with a pairwise global alignment program (2) that uses an alignment algorithm
described by Myers an Miller (46).

G-protein coupling (Fig. 2). These residues are also present within analogous regions
of the UL78 and M78 gene products and the HHV-6 and -7 U51 gene products (Fig. 2).
Another interesting feature is the presence of a putative tyrosine kinase phosphoryla-
tion site (phosphorylation consensus [R/K]X, ,[D/E]X, ,,Y, at positions 392 to 400) (Fig.
2). These putative tyrosine phosphorylation sites are found in the predicted amino
acid sequences of RCMV R78, MCMV M78 and HCMV UL78, but not within analo-
gous regions of the predicted U51 amino acid sequences of either HHV-6 or HHV-7
(Fig. 2).

In order to classify the GCRs encoded by the R78-like genes, the predicted amino
acid sequences of R78, M78, UL78 and HHV-6 and HHV-7 U51 were screened against
a non-redundant protein sequence dataset (a combination of all non-redundant
GenBank complete protein coding gene translations, sequences from the Protein Data
Bank, SwissProt and Protein Information Resource databases [39]). This analysis dem-
onstrated a clear relationship between pR78-like peptides and other GCRs; the pre-
dicted amino acid sequence of the UL78 gene was similar to GCRs such as a thrombin
receptor (32) and opoid receptor (66), while the M78 gene product shares similarity
with a lysophosphatidic acid receptor (3) and a somatostatin-like receptor (64). Sur-
prisingly, the C-terminal part of the R78 gene product was found to be similar to col-
lagen-like sequences (in particular sequences such as human collagen (51) and spider
silk protein (65). Although previously examined virus-encoded GCRs were shown to
be related to chemokine receptors (1, 4, 9, 21, 26, 30, 38, 42,44,47, 57, 63), none of the
pR78-like GCRs showed a collective similarity with GCRs of any particular class. Most
notably, the N-terminal part of the R78-like gene products lack the signals for N-linked
glycosylation, which are present in the N-terminal sequences of all other known vi-
rus-encoded GCRs, making this a unique set of receptors among virus-encoded GCRs.
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R78 transcription. Although the ORFs of R78-like betaherpesvirus genes are poorly
conserved, they are all preceded by a remarkable double TATA signal motif. More-
over, the start codons of R78, M78 and UL78 conform to the Kozak consensus (41). The
positions and sequences of these motifs are summarized in Table 2. We set out to
identify transcripts derived from the RCMV R78 gene by Northern blot analysis. As
shown in Fig. 3, R78-specific hybridization signals were detected in PAA-treated cells

86



CHARACTERIZATION OF RCMV R7S

TABLE 2. Transcription initiation and translation signals of R78-like genes are conserved*

RCMV R78

MCMV M78

HCMV UL78

HHV-6U51

HHV7U51

TATA box 1

Sequence

TATTT6

TATTTT

TATTTT

TATTTT

TATTTT

Position

-108 to-103

-14S to -143

-149 to-144

140to -135

-1461O-14I

TATA box 2

Sequence

TATAAG

TATAAG

TAATTT

TATATA

TATAAA

Position

-62 to -5?

-104 to-W*

-91 (o -86

-103 to -97

-69 to 64

.-..-• Keaak ...-.^

Sequence Position

6CCÄC6ATG6 -

6TC6CCÄTGC —

TCC&TCAT6T 3 1 » * ^

" The sequences shown in this sable are described in references 22,33,49, and 54. All positions are «tsiiv:e te sfc fir*
nucleotide of the corresponding ORF.
* Contains an in-frame ATG sequence and is present downstream of the previously predicted start «KJOO of ULIS.

M IE 8 48

" 5.7

- 3 . 9
- 3 . 7

-1 .8

kb

F/G. 3. 7/JI' RCMV R78 £t'i;c »s fraiisfr/bt'rf uf /»O//J frtr/i/ «urf /nfc f/mes o/;»/pcfi'o;j i/r R£F.

/ o/rt Nor//;i'r» Wof f/m/ «ws /jt/fcr/d/zt'rf ii'/r// n/i R78-spc///c /jrobc. /» /fldt-s J

/fcffrf cc//s KWS sc/wrnfprf. Lo;ics 2, 3, <i/id 4 rf/)res<.'n/ r/(t' /£ , E, anrf L ^fwses

of 1/7/i'cfiOH, rcsj'ccfu'Wi/. Lrtiics 6, 7, rt»if 8 ri'/ircsc/if fra/zsenpfs/ro»/ REF <7f 2, S, rt/;<f 48 //m/rs /»./.,
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(E phase, lane 3) and in untreated cells (L phase, lane 4), but not in cycloheximide-
treated cells (IE phase, lane 2) or mock-infected cells (M, lane 1). In untreated, RCMV-
infected REF, R78-specific signals were detected at 8 and 48 h p.i. (lanes 7 and 8, re-
spectively), but not at earlier time points (lane 5 and 6, respectively). These results
classify R78 as an E gene that is also transcribed during the L phase of infection in
vitro.

An R78-specific transcript with a length of approximately 1.8 kb was detected dur-
ing both the E and L phase (Fig. 3, lanes 3,4,7 and 8). Since the R78 ORF was found to
comprise 1422 bp, and a putative polyadenylation signal (AATAAA) is located 94 bp
downstream of the R78 ORF, we postulate that the 1.8-kb transcript corresponds to an
mRNA that exclusively contains the R78 ORF. Two other R78-specific trancripts (3.7-
kb and 5.7-kb, respectively) were detected during the L phase (Fig. 3, lane 4) and at 48
h p.i. (Fig. 3, lane 8). At 8 h p.i., a 3.9-kb transcript was found (Fig. 3, lane 7), whereas
the 3.7-kb transcript was not detected. It is possible that early after infection the com-
bined transcription of R77 and R78 is initiated at a location 0.2 kb upstream of the
transcription start site of the 3.7-kb transcript. Alternatively, since we did not use strand-
specific probes, the 3.9-kb transcript can be derived from the opposite strand of the
R77/R78 locus. However, this was not investigated further. The 3.9-kb and 3.7-kb tran-
scripts may contain the R78 ORF as well as one or more neighboring ORFs. This hy-
pothesis is supported by the notion that the gene upstream of R78 (R77, see below)
lacks a polyadenylation site at its 3' end. Additional Northern blot hybridization data
(shown below) support the hypothesis of cotranscription of R77, R78 and other RCMV
genes.

Generation of RCMV strains with a deletion of the R78 gene. To investigate the
role of R78 in the pathogenesis of RCMV disease, a mutant RCMV strain (RCMVAR78a)
was constructed, in which a 1030-bp Bg/II-Srt/I fragment from the R78 gene was de-
leted and replaced with a 1.5-kb neomycin expression («eo) cassette (Fig. 4). Another
RCMV mutant strain (RCMVAR78c) was constructed, in which an 80-bp Sn/ I frag-
ment was replaced by the Hfo cassette (Fig. 4). Consequently, the part of R78 that en-
codes the putative intracellular C-terminus was deleted and replaced by an irrelevant
sequence of similar length, while the part that encodes the N-terminus (including the
seven predicted transmembrane helices) was preserved (Fig. 4). The deletion/inser-
tion mutations were first introduced into plasmids containing the R78 gene (Fig. 4).
The R78 gene within the RCMV genome was subsequently replaced by either of the
mutated R78 genes via homologous recombination, after transfection of fibroblasts
with the recombination plasmids and infection with RCMV. Selection for recombinant
strains was established by supplementing the growth medium with G418. Subsequent
to plaque purification of the virus, the purity and integrity of the recombinant strains
were checked by Southern blot analysis. Virion DNA from RCMV, RCMVAR78a and
RCMVAR78c was purified and digested with BrtmHI-NcoI (Fig. 5). We also digested
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purified virion DNA with either BamHI, ßumHI-ßg/II, BomHI-EcoRV, Ncol, Sa/I or
EcoRV (data not shown). After agarose gel electrophoresis and transfer of the DNA to
a filter, hybridization was done with either an R78-specific probe or a neo-specific probe.
As shown in Fig. 5, the observed hybridization signals correspond exactly to the pre-
dicted restriction fragments. In addition, contaminating wt virus fragments were not
detected in the RCMVAR78a and RCMVAR78c lanes (Fig. 5). These findings indicated
that both recombinant strains are pure and contain the appropriate mutations.
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RCMVAR78c transcripts. The deletion of the R78 ORF might invoke unforeseen
events such as disruption of unknown promoter/enhancer regions of the neighboring
genes R77, R79 or R80. To investigate the effect of modification of the R78 genes on
transcription of these neighboring genes, a Northern blot hybridization experiment
was performed with poly(A)* RNA from REF infected with one of the two recombi-
nant viruses (RCMVAR78c) and wt RCM V-infected REF. The genes upstream and down-
stream of the R78 gene were found to have considerable sequence similarity to the
MCMV M77, M79 and M80 genes (54), respectively (data not shown). These RCMV
genes are therefore referred to as R77, R79 and R80, respectively. Probes were gener-
ated from R77-, R78-, R79-, R79/R80-, and wo-specific DNA fragments (Fig. 6A and B)
and hybridized with poly(A)* RNA extracted from either mock-, RCMV- or
RCMVAR78c-infected fibroblasts at 48 h p.i. (Fig. 6C).

In agreement with a previous Northern blot hybridization experiment (Fig. 3), the
R78-specific probe hybridized to three distinct RCMV transcripts of 1.8 kb, 3.7 kb and,
albeit weakly, 5.7 kb, respectively (Fig. 6C, lane 5). It was hypothesized that the larger
two of these R78-specific transcripts also contained the R77 ORF. This was verified by
hybridization with an R77-specific probe, which led to the detection of similar 3.7-kb
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and 5.7-kb transcripts (Fig. 6C, lane 2). In poly(A)* RNA from RCMVAR78c-infected
REF both the R77-specific probe and R78-specific probe hybridized to similar tran-
scripts. Interestingly, these transcripts are approximately 1 kb longer than their coun-
terparts from wt RCMV-infected REF (Fig. 6C, lanes 3 and 6). These transcripts also
hybridized to a «eo-specific probe (Fig. 6C, lane 15), indicating that the 2.8-kb tran-
script (Fig. 6C, lanes 6 and 15) contains the modified R78 ORF as well as wo sequences,
and both the 4.7-kb transcript (Fig. 6C, lanes 3,6 and 15) and the 6.7-kb transcript (Fig.
6C, lanes 3, 6 and 15) encompass R77, the modified R78 ORF as well as nco sequences
(Fig. 6B). Additionally, the neo probe hybridized to a unique 1.2-kb transcript (Fig. 6C,
lane 15). A similar m'o-specific transcript was previously found to be expressed by an
RCMV strain (RCMVAR33) of which the R33 gene was disrupted by the »eo gene (9).

R79-specific transcripts were detected neither in wt RCMV- nor in RCMVAR78c-
infected REF (Fig. 6C, lanes 8 and 9). This might be a consequence of either a low level
of R79 transcription or low efficiency of labelling of the R79-specific probe that was
used for hybridization. Thus, a larger probe specific for both R79 and R80 was derived
from the 1088-bp Bg/II-Sa/I fragment prom plasmid pll6 (Fig. 6A and B). With this
probe, transcripts of similar lengths (2.4 kb) were detected in either RCMV- or
RCMVAR78c-infected REF (Fig. 6, lanes 11 and 12). Since the lengths of these tran-
scripts correspond to the size of the R80 ORF (2457 bp [13]), we hypothesize that they
contain R80 mRNA rather than R79 mRNA (Fig. 6A and B). Although we can not for-
mally exclude the possibility that disruption of the R78 ORF affects transcription of
the R79 gene, we hypothesize that transcription of R79 does not differ between RCMV
and RCMVAR78c. This hypothesis is based on the following two observations. First,
the putative promoter of R79 is likely to be situated upstream of the R79 ORF, within
the R80 ORF distant from the disrupted R78 site in RCMVAR78c. In addition, a poten-
tial polyadenylation site downstream of the R79 ORF, and neighboring the R78 ORF
(complementary to nucleotides 1858 to 1863 of GenBank accession number AF077758),
is preserved in RCMVAR78c as well as RCMVAR78a.

The R78 gene is important for efficient virus replication in various cell types in
vitro. The replication characteristics of RCMV, RCMVAR78a and RCMVAR78c were
assessed in four different cell types, including REF which are thought to play a role in
CMV infection in vivo and cells rat heart endothelial cells (RHEC), rat smooth muscle

F/G. 6 — Ne.vf page. Transcnpf/ono/R78fl«d/fsn(?/g/jk>nng^f«fs. Tneutf RCMV(A)flndRCMV/lR7&:
(B) genomes are represented by o /ine. ORFs are imf;'a?fetf by u>/i/fe, /wfc/ied, and fr/aclt arrow foxes,
profres fry fr/rtdr froAes, and f ranscripfs fry WacA: arroze fraves fre/oic fhe genomes. T/;e /engfns are S/IOH>M af
f/ie suies o/f//e f ranscr/'pfs /n Afr. (O /\nfo/nm/iiograj>/;s/ro»H Norf/ieni fr/o/s f/mf conto/ri /w/yf/U* RNA
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cells (RSMC) and rat monocytes/macrophages (R2MO). Cells were infected with ei-
ther RCMV, RCMVAR78a or RCMVAR78c, and the proportion of infected cells relative
to the total population of cells was determined at various time points. Additionally,
the amount of excreted infectious virus was determined for each cell type. As shown
in Fig. 7, the infected-cell ratio did not differ significantly among REF and RSMC in-
fected with either wt RCMV or each of the recombinant viruses during the observed
time course. Also, infected-cell ratios as well as virus titers in the culture medium of
RHEC and R2M<t> infected with either wt or recombinant virus did not differ signifi-
cantly (data not shown). However, clear differences were observed in virus titers in
the culture medium of virus-infected REF and RSMC. In particular, at days 5 and 7 p.i.
10- to 100-fold lower virus titers were found in the culture medium of both
RCMVAR78a- and RCMVAR78c-infected REF, than in the of culture medium of wt
RCMV-infected REF (Fig. 7). Additionally, at day 5 p.i., 10-fold lower virus titers were
found in the culture medium of recombinant virus-infected RSMC than in the me-
dium of wt virus-infected RSMC (Fig. 7). Taken together, these data suggest that (i)
R78-deleted viruses enter cells and spread throughout the monolayers of cells at simi-
lar rates as wt virus, and that (ii) in REF and RSMC, the production of recombinant
virus is less efficient than the production of wt virus.

RCMVAR78a and RCMVAR78c induce syncytium formation in REF. In addition
to the differences in virus repUcatiou betweetv wt avid mvAaTA viruses, tine inorprto\ogy
of REF infected with either RCMVAR78a or RCMVAR78c clearly contrasted with that
of wt virus-infected REF. Within the monolayers of mutant RCMV-infected REF (Fig.
8C and D), but not in those of infected RSMC, RHEC or R2MO, we observed syncy-
tium-like cellular cultures that were larger than normally seen in wt RCMV-infected
REF monolayers (Fig. 8B). These structures appear 3 to 4 days after infection. To inves-
tigate the nature of these structures more closely, they were subjected to immune fluo-
rescence staining and confocal laserscan microscopy. To this purpose, virus-infected
REF were stained with MAb RCMV 8, which detects Early phase-expressed antigens
in the nuclei (20). Additionally, these cells were counter-stained with phalloidin, which
binds to cytoskeletal f-actin fibers localized in the cytoplasm. MAb RCMV 8 and phal-
loidin were labeled with fluorescent markers FITC and rhodamine, respectively. Sur-
prisingly, the large structures that were seen in either RCMVAR78a- or RCMVAR78c-
infected REF appeared to consist of a single cytoplasmic entity encapsulating 2 to 20
distinct nuclei. A typical example of such a syncytium-like structure is shown in Fig.
8E. The significance of these polykaryotic cells, or syncytia, and their relation to the
function of the R78 gene is discussed below.

R78 has a critical function in the pathogenesis of RCMV infection in vivo. The
role of R78 in the pathogenesis of RCMV disease was investigated by infection of rats
with either wt or mutant virus. To compare virus dissemination in wt virus-infected
and mutant virus-infected rats, two groups of immunocompromised rats were infected
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with 5x10" PFU of either RCMV or RCMVAR78c. At days 4 and 21 p.i., the presence of
virus in internal organs (aorta, heart, kidney, liver, lung, lymphal nodes, pancreas,
salivary glands, spleen and thymus) of the infected rats was determined. At day 4 p.i.,
virus could be detected in 18 % of the aforementioned organs in wt RCMV-infected
rats, and in 9 % of the organs of RCMVAR78c-infected rats, as determined by either
plaque assay or immunohistochemistry. At this time point, the highest virus titers
were found in the spleen of wt virus- or mutant virus-infected rats. In contrast to the
marked differences in replication efficiency between wt and deletion mutant virus in
vitro, the differences in the amount of virus recovered from either spleen (Table 3) or
other organs (not shown) of infected rats were less dramatic. Neither wt, nor mutant
virus could be detected in the liver, pancreas, and the salivary glands at day 4 p.i.. At
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TABLE 3. Virus titers and immunohistochemical
detection of RCMV and RCMVAR78c in salivary glands and spleen tissue

Virus

RCMV

RCMVAR78

Day 4

Titer"

<1

<1

Salivary gland

pi .

IPOX*

0

0

Day 28 p.i.

Titer"

8.6 ± 0.3

8.2 + 0.2

IPOX*

5

5

Day 4 p.i.

Titer" IPOX*

2.7 ± 0.3 2

1.3 ±0.7 0

Spleen

Day 28 p.i.

Titer' IPOX*

<1 0

<1 0

" Virus titers are shown as '"log mean standard deviation (PFU per ml).
* Immune peroxidase assay (IPOX) data are presented as the number of rats of which the organ tissue was found
RCMV positive of five rats tested.

day 21 p.i., virus could be recovered from salivary glands of both wt RCMV- and
RCMVAR78c-infected rats, but not from any of the other organs that were analyzed.
Surprisingly, virus titers in salivary glands did not differ significantly between RCMV-
and RCMVAR78c-infected rats (Table 3).

In a separate in vivo experiment, the virulence of wt and mutant viruses was deter-
mined by infecting rats with potentially lethal doses of virus. To this purpose, three
groups of four-week-old immunosuppressed rats were infected with IG* PFU of either
RCMV, RCMVAR78a or RCMVAR78c. Surprisingly, a dramatically lower mortality was
observed in the groups of RCMVAR78a- and RCMVAR78c-infected rats than in the
group of RCMV-infected rats (Fig. 9). This result indicates that R78 plays an important
role in the pathogenesis of RCMV infection.

DISCUSSION

Herpesviruses are known for the large size and complexity of their genomes. These
encompass a vast number of genes, many of which are homologous to genes of the
host organism. Beta- and gammaherpesvirus genomes contain genes homologous to
GCR genes of the host. Nineteen ß- and yherpesvirus-encoded GCR genes have been
recognized to date (4, 9, 21, 22, 23, 25, 33, 44, 49, 48, 54, 57, 63). These genes can be
arranged into four groups based on sequence homology, genome location and func-
tion of the respective gene product. One group (the US28 family) consists of two GCR
genes: US27 and US28 (23). Both are exclusively present within an unconserved region
of the HCMV genome (22). These GCRs are highly similar to mammalian chemokine
receptors (15,30). Although little is known about the function of the GCR encoded by
US27, the HCMV US28-encoded GCR is a well studied example of a virus-encoded
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GCR with an immunomodulatory function. This receptor was shown to bind ß
chemokines MlPla, MlPlß, RANTES, MCP-1 and MCP-3 (14, 31, 47). Additionally,
Bodaghi et al. reported that the US28 gene product modifies the chemokine environ-
ment of HCMV-infected cells through sequestering of ß chemokines by continuous
intemalization (15). A second group (the UL33 family) contains five GCR genes: HCM V
UL33 (23), RCMV R33 (9), MCMV M33 (26), and HHV-6 and HHV-7 U12 (33,49). Both
sequence and position of these genes within their respective genomes are conserved.
Similar to the US28 family, GCRs of the UL33 family were shown to be related to
chemokine receptors. Previously, we reported that the predicted amino acid sequences
of UL33-like receptors share more similarity with mammalian chemokine receptors
than with non-chemokine receptors (9). Moreover, Isegawa et al. (38) demonstrated
that one member of the UL33-family of GCRs, HHV-6 U12, is a functional ß chemokine
receptor capable of binding MlPla, MlPlß, RANTES and MCP-1 (38). Although not
much is known about the function of this chemokine receptor-like family, Margulies et
al. were able to detect the UL33 protein in both the membranes of HCMV-infected
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cells and the envelopes of HCMV virions (43b). Additionally, both RCMV R33 and
MCMV M33 genes were shown to be essential for RCMV and MCMV replication in
salivary glands of infected rats and mice, respectively (9, 26). A third group (the
gammaherpesvirus GCR family) consists of seven gammaherpesvirus-encoded
chemokine receptor-like genes: Epstein-Barr virus BILF1 (5, 25), Herpesvirus Saimiri
ECRF3 (48), Kaposi's Sarcoma-associated Herpesvirus ORF 74 (4), Murine
gammaherpesvirus 68 ORF 74 (63) and Equine Herpesvirus El, E6 and E8 (57). In
contrast to GCR genes of the US28 and UL33 family, sequences of the yherpesvirus
GCR family are less well conserved. However, like GCR genes of the US28 and UL33
family, they share significant similarity with mammalian chemokine receptors (4, 26,
48,57,63). The role of any of these GCRs in replication or persistence of yherpesviruses
is unknown. To date, two members of this family have been studied in detail. The HVS
ECRF3-encoded GCR was shown to be capable of binding a chemokines IL-8, GRO/
MGSA and NAP-2 (1). Another gammaherpesvirus-encoded GCR, the KSHV ORF 74
gene product, was demonstrated to bind both a (IL-8, MGSA, NAP-2 and PF-4) and ß
chemokines (1-309 and RANTES). In addition, the ORF 74 protein was found to be
constitutively active (4), having both oncogenic and angiogenic potential (7). A fourth,
novel group of GCR genes (the UL78 family) comprises five betaherpesvirus ORFs
that were recently recognized as putative GCR genes: HCMV UL78, RCMV R78, MCMV
M78, iind IIIIV-6 and IIHV-7 U51 (33, 49, 54, this report). Similar to the positions of
GCR genes of the UL33 family, the positions of the UL78-like genes are conserved
within ßherpesvirus genomes. However, in contrast to the sequences of the UL33-like
genes, the sequences of the UL78 family are poorly conserved. The predicted amino
acid sequences derived from the UL78-like genes do neither significantly resemble
chemokine receptors nor any other of the thousands of GCRs currently known. The
assumption that UL78-like genes are GCRs is based on three characteristics: (i) the
presence of 7 hydrophobic regions within the predicted amino acid sequences derived
from all UL78-like genes (53), (ii) the presence of two cysteine residues within these
amino acid sequences, which might be required for correct folding of the GCR polypep-
tide (53), and (iii) a stretch of amino acids within these amino acid sequences which
bears similarity to a domain know to be required for G protein-coupling (53). Conse-
quently, the UL78 family is a novel class of orphan GCRs encoded by betaherpesviruses.

To investigate the role of the R78 gene in virus replication, RCMV strains were
constructed in which the R78 gene is disrupted. These R78 deletion mutant strains
were found to replicate 10- to 100-fold less efficiently than wt RCMV in fibroblasts and
smooth muscle cells in vitro. By contrast, RCMV and MCMV strains that carry a dele-
tion of the R33 and M33 gene, respectively, were previously found to replicate in vitro
with a similar efficiency as the corresponding wt viruses (9, 26). A difference between
these mutants and the R78 deletion mutants was also seen in vivo: both R33 and M33
deletion mutants were found to be impaired in replication in salivary glands of in-
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fected animals, whereas R78 deletion mutants were demonstrated to replicate as effi-
ciently as wt RCMV in salivary glands. It is therefore likely that, although both R33
and R78 putatively encode GCRs, these genes exert unrelated functions.

A lower efficiency of virus replication in vitro was not only observed after deletion
of the complete R78 ORF from the RCMV genome, but also after deletion of the region
that encodes the putative R78 GCR C-terminus. This putative intracellular part of the
protein is therefore likely to be essential for the function of the R78 protein. The C-
terminus, like the DRL motif in the second intracellular domain of the R78 protein,
might be essential for G protein-coupling and signal transduction, similar to what was
found for other GCRs (53).

The RCMV R78 gene plays an important part in the pathogenesis of virus infection
in vivo. This was inferred from the lower mortality that was seen among
immunocompromised rats infected with either RCMVAR78a or RCMVAR78c than
among animals infected with wt virus. Although we did not find significant differ-
ences in virus replication between recombinant and wt viruses in vivo, it is possible
that the decrease in virulence that is seen after disruption of the R78 gene of RCMV, is
correlated with the observation that both RCMVAR78a and RCMVAR78c replicate less
efficiently in fibroblasts and smooth muscle cells in vitro than wt virus. Similar to the
R78 gene, the R33 GCR-like gene was reported to have a vital function in the patho-
genesis of RCMV infection (9). It is likely that the HCMV counterparts of these genes
(UL78 and UL33, respectively) have similar, important functions in the pathogenesis
of HCMV infections in humans. The gene products of both UL78 and UL33 can there-
fore be considered as potential targets for future development of novel antiviral strat-
egies.

The two recombinant RCMV strains described in this report induce syncytium for-
mation in infected fibroblasts in vitro. Previously, syncytium formation has been ob-
served in many different cell types infected with a variety of herpesvirus species:
HCMV-infected human amnion cells (28), varicella-zoster virus-infected human mela-
noma cells (34), Epstein-Barr virus-superinfected Raji cells (8), HHV-6-infected hu-
man primary fetal astrocytes (35), HHV-7-infected T-lymphocytes (56), and RCMV-
infected Rat2 cells (11). In these cases, syncytium formation appears to be associated
with the cell type or MOI, since the same virus strains fail to produce these syncytium
(SI/H) phenotypes upon infection of other permissive cell lines (8, 28, 34, 35), or after
infection at lower titers (8, 56). Well-defined si/n loci were found within genomes of a
limited number of herpesvirus species, in particular within the genomes of herpes
simplex type 1 (HSV-1) strains: UL20 (6), UL24 (40), UL27-gB (29), and UL53-gK (37).
Some HCMV genes were likewise associated with syncytium formation. Syncytia are
produced in human glioblastoma cells that constitutively express HCMV UL55-gB
(59). Additionally, the chemokine receptor encoded by HCMV US28 was shown to
enhance cell-cell fusion in cells constitutively expressing retroviral envelope glyco-
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proteins (52). The recombinant RCMV strains RCMVAR78a and RCMVAR78c are the
first syn mutant CMVs reported. We postulate that functional R78-encoded GCRs trans-
duce signals to the cellular interior, thereby creating an intracellular environment es-
sential for the formation of protein complexes to establish intercellular junctions. In
HCMV- and HSV-1-infected cells these cell-to-cell junctions are basically composed of
viral glycoproteins (27,36,43). Since many syrt mutations are localized in herpesvirus
glycoprotein genes (29,37), syncytia could be generated as a result of destabilized cell-
to-cell contacts. The putative GCR encoded by R78 may mediate stabilization of glyco-
protein complexes, directly by association with these glycoprotein complexes, or indi-
rectly, through signal transduction to establish cell-to-cell contacts. These possible
mechanism for the function of the R78 gene product will have to be addressed in fu-
ture studies.
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ABSTRACT

The rat cytomegalovirus (RCMV) rl44 gene encodes a polypeptide ho-
mologous to mammalian major histocompatibility complex (MHO class I
heavy chains. The amino acid sequence derived from the RCMV rl44 open
reading frame shows 30 % and 19 % similarity with amino acid sequences
encoded by murine cytomegalovirus ml44 and human cytomegalovirus
UL18, respectively. To study the role of rl44 in virus replication in vitro as
well as in vivo, an RCMV rl44 null mutant strain (RCMV rl44) was gener-
ated. This strain replicated with similar efficiency as wild-type (wt) RCMV
in various cell lines in vitro. In addition, wt RCMV and RCMV rl44 were
not found to differ in their replication characteristics in vivo. First, the sur-
vival rate was similar among groups of immunosuppressed rats infected
with either RCMV rl44 or wt RCMV. Second, the dissemination of virus
did not differ in either RCMV rl44- or wt RCMV-infected, immunosup-
pressed rats, both in the acute phase of infection and approximately one
year after infection. These data indicate that the RCMV rl44 gene is nei-
ther essential for virus replication in the acute phase of infection nor for
long-term infection in immunocompromised rats. Interestingly, in a local
infection model in which virus was inoculated in the footpad of immuno-
suppressed rats, a significantly higher number of infiltrating macrophage
cells as well as CD8+ T cells was observed in wt RCMV-infected paws than
in RCMV rl44-infected paws. This suggests that rl44 might function in the
interaction with these leukocytes in vivo.
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INTRODUCTION

The genomes of cytomegaloviruses (CMVs) comprise approximately 180 open read-
ing frames (ORFs) (17, 34), several of which are homologous to genes of the host or-
ganism. Most of these ORFs are suspected to interfere with the immune system of the
host, and encode putative chemokines (29), chemokine receptors (5, 18), and T-cell
receptors (2). In addition, genes homologous to mammalian major histocompatibility
complex (MHC) class I genes have been identified within the genomes of two CMV
species: human CMV (HCMV) (1) and murine CMV (MCMV) (34).

Mammalian MHC class I proteins are members of the immunoglobulin superfam-
ily. They are polymorphic, consisting of a membrane-bound, cell surface-expressed
heavy chain, and an extracellular globulin-like light chain, ßj-microglobulin (ßjirt).
Two domains of the heavy chain form a groove in which small peptides can be pre-
sented to cytotoxic T lymphocytes (CTLs) (7). These peptides are either a product of
degraded cellular proteins, or derived from viral proteins that are expressed within
infected cells. Upon presentation of viral peptides, CTLs can distinguish uninfected
from infected cells and subsequently kill infected cells (7). Nevertheless, many viruses
have evolved ways to evade CTL-mediated killing. For example, several herpesvirus
proteins were shown to induce downregulation of cellular MHC class I surface ex-
pression by interfering with either synthesis or maturation of class I molecules (for
reviews see references 21, 22 and 46). As a consequence, these cells can not be recog-
nized by CTLs as being infected. Cells expressing MHC class I molecules at a low
level, however, are vulnerable to lysis mediated by natural killer (NK) cells. This threat
was hypothesized to be overcome by both HCMV and MCMV by the expression of
homologs of MHC class I proteins (encoded by UL18 and ml44, respectively), which
might serve as decoys to protect infected cells from killing by NK cells (23,35). Indeed,
an MCMV ml44 null mutant strain was shown to be attenuated during the primary
phase of virus infection in mice, whereas the virulence of this mutant strain was pre-
served in NK cell-depleted mice (23). Recent observations indicated, however, that the
expression of the HCMV UL18-encoded protein enhanced rather than inhibited NK
cell-mediated cytotoxicity (28). Furthermore, the UL18 gene product was found to in-
teract with a receptor designated ILT2 (36) or LIR-1 (19), which was found to represent
the predominant receptor for the UL18 protein on leukocytes (19). Strikingly, the ILT2/
LIR-1 receptor is expressed almost exclusively on monocytes and B cells (19). Since
ILT2/LIR-1 is expressed on only a minor subset of NK cells (19), the significance of a
direct interaction between the UL18-encoded protein and NK cells during HCMV in-
fection is not yet clear (28).

In this report, we present the cloning and sequencing of a third herpesvirus gene
putatively encoding an MHC class I homolog, the rat CMV (RCMV) rl44 gene. We
show that the predicted amino acid sequence derived from the rl44 ORF bears signifi-
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cant similarity to the MCMV ml44-encoded protein. Furthermore, we report the gen-
eration of an RCMV mutant strain (RCMVArl44) in which the rl44 gene has been
deleted. The replication characteristics of this strain were found to be similar to those
of wild-type (wt) RCMV, both in vitro and in vivo. Interestingly, in a rat footpad infec-
tion model, an increased influx of macrophages and CD8* T cells was observed in
tissue infected with wt RCMV as compared to tissue infected with RCMVArl44, sug-
gesting a role for rl44 in the interaction with these leukocytes.

, ^ MATERIALS AND METHODS

Cells and virus. Primary rat embryo fibroblasts (REF), rat fibroblast cell line Rat2 TK(ATCC
CRL 1764), rat heart endothelium cell line 116 (RHEC), and monocyte/macrophage cell line R2
(R2M<D) were cultured as described previously (13,20,45). RCMV (Maastricht strain) was propa-
gated in REF (13). Virus titers were determined by plaque assay using standard procedures (12).
RCMV DNA was isolated from culture medium as described by Vink et al. (43).

Identification, cloning and sequence analysis of the RCMV rl44 gene. Cloning of the ge-
nomic RCMV fragments EcoRI O (3.1 kb) and XM H (6.0 kb) (Fig. 1) has been described previ-
ously (30). Both fragments were digested with various restriction endonucleases and the result-
ing fragments were cloned into vector pUC119. Both strands of each clone were sequenced
using the Cy5 Autoread sequencing kit (Pharmacia Biotech, Roosendaal, The Netherlands) and
an ALFexpress automated DNA sequencer (Pharmacia Biotech). Sequence analysis was done
using the program PC/Gene (version 2.11; IntelliGenetics). A genomic fragment which over-
laps the EcoRI O and Xbal H fragments was obtained by PCR using primers 5'-
AACCGG/lTCCGTATCTATCGTC-3' and 5-CAAGG/4TCCACGTCTTAGATATC-3'. The se-
quences in italics replace the original genomic sequences AGATCC and GGATGA, respectively,
to introduce BrtmHI recognition sites. The resulting 383-bp PCR product was digested with BnmHI
and cloned into pUC119, generating plasmid pO94 (Fig. 1). Both strands of pO94 were sequenced
as described above. The procedure of PCR, cloning, and sequencing was repeated to determine
whether mutations had been introduced by Taq DNA polymerase during the initial PCR. The
sequences of EcoRI O, XbrtI H, and pO94 were checked for having homology with sequences
from the Genbank nucleic acid sequence database using the BLASTX search algorithm (24).

Construction of an rl44 recombination plasmid. The genomic RCMV DNA fragments Xbal
H as well as EcoRI O (Fig. 1) were cloned into pUC119 to generate plasmids pRXH and pREO,
respectively. A 2.0-kb DNA fragment was deleted from pRXH by treatment with /tsp718I. The
remaining 7.1-kb fragment was circularized by incubation with T4 DNA ligase (Pharmacia
Biotech), resulting in plasmid pA. Subsequently, a 2.4-kb S/;/;I/X/wI fragment derived from pREO
was ligated into Sp/;I/X/wI-digested plasmid pA, thereby generating plasmid pB. A 1.5-kb
ßflmHI/EcoRI fragment from Rc/CMV (Invitrogen, Leek, The Netherlands), containing the neo-
mycin resistance gene (neo), was treated with DNA polymerase I Klenow fragment (Pharmacia
Biotech) and ligated into Xbrtl-digested and Klenow-treated plasmid pB. The resulting plasmid,
pO81 (Fig. 3A), was used to generate virus strain RCMVArl44.

Generation of an RCMVArl44 deletion mutant. The construction of an RCMV rl44 dele-
tion mutant, RCMVArl44, was done by transfection of Rat2 cells with 10 ug of linearized plas-
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mid pO81, followed by RCMV infection and plaque purification, similarly as described earlier
(3,5).

Southern blot hybridization. DNA was isolated from wt RCMV and RCMVArl44, and di-
gested with various restriction endonucleases. Subsequently, the DNA was electrophoresed
through 1% agarose gels and blotted onto Hybond N* nylon membranes (Amersham, 's-
Hertogenbosch, The Netherlands), as described previously (10). Both a 3.1-kb insert from pREO,
containing a large part of the rl44 ORF (REO probe), and a 1.5-kb BrtmHI-EcoRI fragment con-
taining the neo gene (n«j probe) from Rc/CMV were used as probes (Fig. 3B). Hybridization
and detection experiments were performed with digoxigenin DNA-labeling and
chemoluminescence detection kits (Boehringer Mannheim, Almere, The Netherlands).

Replication of RCM VArl44 in vitro. REF, RHEC, and R2MF were grown in 96-well microtiter
plates and infected with either wt RCMV or RCMVArl44 at an MOI of either 0.01 or 1. Culture
medium samples (three per virus) were taken at day 1, 3, 5 and 7 p.i., and subjected to plaque
titer determination. The cells were fixed and stained with monoclonal antibodies (M Ab) against
an RCMV early gene product (RCMV 8 [14]). The degree of infection was determined by count-
ing the number of antigen-positive cells relative to the total number of cells in three different
wells (four microscopic fields per well at a magnification of x400).

Survival of immunocompromised rats infected with either wt RCMV or RCMVArl44.
Male specific-pathogen-free Lewis/N RT1 rats (Central Animal Facility, University of Maastricht,
Maastricht, The Netherlands) were used in all in vivo experiments. Rats were immunosup-
pressed 1 day before infection by 5 Gy of total-body Röntgen irradiation, as described by Stals et
al. (39). All virus stocks that were used for inoculation in vivo were derived from tissue culture
medium of virus-infected REF. Four-week-old rats (100 to 120 g) were divided into two groups
of five rats. Intraperitoneal infection was carried out with 1 x 10" plaque-forming units (PFU) of
either wt RCMV or RCMVArl44. The number of surviving rats was recorded daily until day 28
p.i.

Dissemination of wt RCMV and RCM VArl44 in vivo. Two groups of 10 rats (10 weeks old,
250 to 300 g) were immunosuppressed, and infected with 5 x 10" PFU of either RCMV or
RCMVArl44, similarly as described above. On days 4 and 21 p.i., five rats from each group were
sacrificed, and their internal organs were collected. These organs were subjected to both plaque
assay and immunohistochemistry (12). Tissue sections (4 urn) of the submaxillary salivary gland,
spleen, kidney, liver, lung, heart, pancreas, thymus, aorta and servical lymph nodes were stained
with MAb RCMV 8.

Additionally, two groups of five rats (6 weeks old, 160 to 200 g) were immunosuppressed,
and infected with 1 x 10" PFU of either wt RCMV or RCMVArl44, similarly as described above.
The rats were sacrificed at day 330 p.i. and various tissues and organs (see below) were col-
lected.

PCR. Total cellular DNA was extracted from various tissues and organs (salivary gland,
spleen, kidney, liver, lung, heart, pancreas, thymus, aorta, servical lymph nodes, blood leuko-
cytes and tibiairy bone marrow) of immunosuppressed, wt RCMV- or RCMVArl44-infected
rats, at day 330 p.i.. DNA was purified using an XTRAX DNA extraction kit (Gull Laboratories,
Salt Lake City, Utah). The DNA samples were subjected to a single-tube, nested PCR. The prim-
ers used in this PCR hybridized with the RCMV rl22-123 major immediate early gene (4). The
sequences of the primers are 5-CCAGAGTGACGTTGCAGATGTTGGAAATCA-3' (primer
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RIE3F, representing nucleotides 3425 to 3454 of GenBank accession no. AF046125), 5'-
GGTCACGACCCTGCTGCCGTCTAGGT-3' (primer RIE3R2, representing a sequence comple-
mentary to nucleotides 3719 to 3744 of AF046125), 5'-ATGAAATGGTGATGAGAT-3' (primer
RIE4F, representing nucleotides 3461 to 3478 of AF046125) and 5'-CTTCTAGTGATTTGGCAT-3'
(primer RIE4R, representing a sequence complementary to nucleotides 3686 to 3707 of AF046125).
The reaction mixtures (50 jul) contained 1 ug of target DNA, 0.05 |iM of both primer RIE3F and
RIE3R2, 1 uM of both primer RIE4F and RIE4R, 100 uM of each dNTR 1.25 U of HotStarTaq
DNA polymerase (QIAGEN, Leusden, The Netherlands), and HotStarTaq DNA polymerase
buffer (QIAGEN). The reaction tubes were placed in a GeneAmp PCR System 9600 thermal
cycler (Perkin-Elmer, Nieuwerkerk aan de IJssel, The Netherlands), which was programmed to
incubate the samples for 15 min at 95° C, followed by 30 cycles of 30 s at 95° C, 30 s at 70° C, and
30 s at 72° C, and 25 cycles of 30 s at 95° C, 30 s at 55° C, and 30 s at 72° C. Finally, the tubes were
incubated for 5 min at 72° C. PCR products were analyzed by agarose gel electrophoresis and
ethidium bromide staining.

Infection of rat footpads. To induce a local infection, 6-week-old, immunosuppressed rats
(120 to 140 g) were injected subcutaneously with 1x10^ PFU (in a volume of 0.2 ml) of either wt
RCMV or RCMVArl44 in the dorsum of the right hind paw, similarly as described previously
(33). As a control, supernatant from mock-infected REF cultures was injected in the left hind
paw of the rats. Each experimental group consisted of 5 animals. The thickness of the rat paws
was measured daily, as described by Persoons et al. (33). Rats were sacrificed at either day 4,8 or
15 after infection. Sections (4 urn) of the hind paws were investigated by indirect immunohis-
tochemistry using the following monoclonals: RCMV 8 (see above)(14), Anti-rat LFA-1 L chain
(clone WT.l; R&D systems, Abongdon, UK), Anti-rat CD49d (VLA-4) (clone P12520; Pharmingen,
San Diego), Anti-rat CDllb (a macrophage marker) (clone MRC OX-42; Serotec Ltd., Oxford,
UK), Anti-rat CD8 (clone OX8; Harlan Sera-Lab Ltd., Sussex, UK), Anti-rat CD4 (clone W3/25;
Harlan Sera-Lab Ltd.) and MoAb 323 (directed against NK cells) (15). The number of positively
stained cells was determined by counting the number of positive cells per field of view (high
power field [HPF]; magnification x400). Two representative fields were independently scored
per section. Data are presented as mean ± standard error of mean (SEM). The significance of the
differences was determined by the Mann-Whitney U-Wilcoxon Rank Sum W test. P values <
0.05 were considered to indicate statistical significance.

Nucleotide sequence accession number. The sequence of the RCMV genome spanning from
EcoRI O to XbrtI H, which contains the rl44 ORF (Fig. 1), and the predicted amino acid sequence
derived from r!44, have been deposited in the GenBank database under accession no. AF133339.

RESULTS

Identification, cloning, and sequence analysis of the RCMVArl44 gene. Previ-
ously, it was shown that the majority of RCMV genes is collinear with genes of both
HCMV and MCMV (3-6,43,44). However, the genes of HCMV and MCMV encoding
MHC class I homologs are localized within dissimilar regions of their respective ge-
nomes (17, 34). Since previously described RCMV genes were found to share more
sequence similarity with the corresponding genes of MCMV than of HCMV (3-6), we
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hypothesized that a putative RCMV gene homologous to MHC class I genes would be
located in a genomic region similar to that of MCMV ml44. Accordingly, we focused
on a 20-kb region of the RCMV genome spanning from the EcoRI I fragment to the
Xfcfll P fragment (30) (Fig. 1). The sequence of each of the cloned fragments from this
region was determined and screened for homology with sequences in the GenBank
database. Thus, a 3.1-kb EcoRI fragment was identified, RCMV EcoRI O (REO), show-
ing significant similarity with the MCMV ml44 gene. Based on the similarity found
between REO and the MCMV ml44 gene, we hypothesized that REO only contained
the 3-terminal 90% of an RCMV ORF potentially encoding an MHC class I-like pro-
tein. Since the RCMV genomic DNA fragment adjacent to REO, XM H (RXH) (Fig. 1),
was not found to have sequence similarity with class I genes, we anticipated that the
region containing the 5'-terminal part of the MHC class I-like ORF might be located in
a region between REO and RXH, which was not yet cloned. To clone this region using
PCR, two oligonucleotide primers were designed which would allow amplification of
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F7G. 2 — Next pages. v4/ignmenf 0/ marr/nm/zTm MHC c/ass / profrins nnrf n'rus-encoded c/ass / /w-
///o/o^s. C/4) To compare f/ie S(?</i/enccs o/i>ira/ fl«d monimiilMii MHC c/ass /(-/iTcc) proteins, a CLl/STÄL
W (42) m«/fi'p/e sequence a/ignmenf was generated. In fhea/ignmenf, a P/IM250 protein distance mufr/Ar
was inc/»ded. Pa/rw/se a/ig/imenf g«p pen(?/fy = 3. Mn/f/p/e a/ignmenf gnp penn/ti/ =20, gnp exfe/is/on
pe;irt/fy = 20. Sig/i«/ pepfides, fransmemfcrane rfomn/ns, amf pofe/i(w/ g/ycosy/d/ion sequences (NXT/S,)
are enc/osed in w/iife boxes. Conserved cysfei'ne residues, pofen/in//y engaged in disu/p/iide bridge/orma-
fion, are enc/osed in b/ac/c boxes. ,4 sc/iewafic representa/ion o/f/ie secondary pepfi'de sfrncfnrr is s/iown
be/ow f/ie sequences. a-He/ices «re indicnfed «s b/ncfc arrow's, /3-s/ieefs as u'/u7e arrotos. T/te positions 0/
f/iese structures were derived/rom an entry o/f/ie BrooWiawn protein structure database (PDB) C33̂ ,
containing f/ie structure o/recomb/»ant HL/4-/42 (8). CB̂  T/iree-diniensiona/ orientation o/bof/i HL4-
/i2 a2 a/id ct2 and t/ie potenfio/ cri and a2 domains o/eit/ier HCMVgp(JL28, MCMKgpm244, and
RCMVgpr244. T/iegpr244 nndgpm244 proteins were combined in a sing/e drawing Cgpr244/gpm244),
since t/ieir predicted structures zoere /ng/i/y si»ii/ar. T/ie predicted a/nino acid sequences o/t/ie proteins
teere mode/ed aroio/d t/ie a-carbon s/ce/efon o/HL4-i42 to indicate t/ie ga/>s t/iat H'ere introduced by
iKi/Zt/̂ /c sequence a/ignmenf. T/ie images were generated by using Szwss-PdbViezner (40,) and POV-Ray
Tracer Version 3.2 ("32). (C) /4 pny/ogenetic free o/a// fcno?4>n ziirus-encoded c/ass / MHC Ziomo/ogs and
f/iree mamma/ion MHC c/ass 7 proteins. T/ie free was based on a mu/fip/e sequence a/ignmenf o/fne
comp/efe predicted amino acid sequences o/gpr244, gpm244 (34), gpL/LI8 (2), mo//uscum confagiosum
pirns (MCV) type 2 and 2 MC080R (37, 38A and fnree mam;na/ian MHC c/ass / proteins, raf RT2./W
(26), »lur/ne H2-X'' (27), and /luntan HL4-A2 (S). T/ie a/ignmeuf parameters were simi/ar to f/ie param-
eters described in (A).

a region of the RCMV genome that links REO to RXH. By using these primers and
RCMV DNA in PCR, a 383-kb product was generated. The sequence of this PCR frag-
ment revealed that REO and RXH are separated by a 129-bp EcoRI-Xbfll fragment. As
expected, this fragment contains the 5'-terminal part of an ORF which putatively en-
codes an MHC class Hike protein. Thus, a 963-bp ORF of RCMV was identified (Fig.
1), which has the potential to encode a 321-amino acid polypeptide with a predicted
molecular mass of 36 kD. The sequence of this polypeptide shows 30 % and 19 %
similarity with the amino acid sequences encoded by MCMV ml44 and HCMV UL18,
respectively. Analogous to the nomenclature of the corresponding MCMV gene, the
963-bp ORF was termed rl44. We defined the putative gene products of rl44, ml44,
and UL18 as gprl44, gpml44, and gpUL18, respectively. The prefix 'gp' (glycoprotein)
was used to address the potential glycosylated state of these putative gene products.

Analysis of the predicted amino acid sequence of gprl44. The predicted amino
acid sequence of the rl44-derived protein was compared with sequences from a repre-
sentative set of mammalian MHC class I polypeptides (rat strain Lewis RT1.A1 [26],
mouse strain BALB/c H2-Kd [27] and human HLA-A2 [25]) as well as the amino acid
sequences derived from MCMV ml44 (34) and HCMV UL18 (1). The sequences of
these polypeptides were included in a CLUSTAL W multiple alignment. As shown in
Fig. 2A, four cysteine residues are conserved between the gprl44, gpm!44, gpUL18
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and mammalian MHC class I polypeptides. These conserved cysteines, which might
play a role in disulphide bridge formation (8), are located at positions 111, 139,176 and
235 of gprl44. Within the gprl44 sequence, three putative N-linked glycosylation sites
are present. One of these sites, at position 95 to 97, is positionally conserved between
gprl44, gpml44 and mammalian class I proteins.

Based on the alignment in Fig. 2A, the putative rl44 gene product, as well as the
UL18- and ml44-encoded proteins (21), can be assigned a similar domain structure as
was previously determined for human HLA-A2. The HLA-A2 protein was found to
consist of 6 domains: (i) a putative N-terminal leader sequence, (ii) an al domain, (iii)
an cx2 domain, (iv) an immunoglobulin-like a3 domain, (v) a putative transmembrane
a-helix region, and (vi) a short intracellular region (8). It was previously shown that
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gpml44 shows a considerable deletion within its putative a2 region when compared
to the a2 region of mammalian MHC class I molecules (16). Interestingly, gprl44 has a
similar deletion within its putative a2 domain, whereas the corresponding region of
gpUL18 comprises several small insertions relative to mammalian MHCs (16) (Fig.
2A). To illustrate the extent of the deletions observed in the gprl44 and gpml44 se-
quences in a three-dimensional context, ribbon diagrams were generated, based on
the a-carbon backbone model of HLA-A2 (8). The gaps in the gpUL18 and gprl44/
gpml44 ribbons in Fig. 2B represent the gaps that were introduced during the genera-
tion of the multiple alignment shown in Fig. 2A.

In order to show the relationship between the sequences of all known virus-en-
coded MHC class I homologs and those of several mammalian class I molecules, a
phylogenetic tree was constructed (Fig. 2C). This tree shows that the mammalian class
I molecules represent the most conserved group of sequences, whereas the virus-en-
coded homologs are relatively divergent. Most notably, the phylogenetic distances
between the gpUL18 sequence and either the gprl44/gpml44 or poxvirus MHC-like
sequences (gpMC1080R and gpMC2080R) are similar. This suggests that incorpora-
tion of a UL18-like gene into an ancestral genome of HCMV on the one hand, and
incorporation of an rl44/ml44-like gene in an ancestral genome of both RCMV and
MCMV on the other hand, were independent evolutionary events. This theory is un-
derscored by the observation that the relative position of UL18 within the HCMV ge-
nome differs from that of both rl44 and ml44 within their respective genomes.

Generation of an RCMV rl44 null mutant. To investigate the role of rl44 in RCMV
replication, we constructed a recombinant RCMV strain (RCMVArl44), in which the
rl44 gene was partially deleted and replaced by the neo gene (Fig. 3A). Subsequent to
plaque purification, the purity and integrity of the recombinant strain were checked
by Southern blot analysis. Virion DNA from both RCMV and RCMVArl44 was di-
gested with various restriction endonucleases, electrophoresed, and transferred to a

F/G. 3 — Next page. Cons/rucfion o/an RCMV sfra/n in w/iic/i f/ie r244 gene is disrupted. (A) 77ie
RCMV genome, o/u>/zic/i fne part confa/'n/ng f/ie r244 ORF is shozon af Me (op, iwis »iodi/ied by /io/no/o-
goi(s jmwHPHMfiOH reifh rt reronibHwf/OH p/rtsm/'d (bof/om,), resii/fing HI RCMV4r244. ORFs are s/ioren
as arro«» toes. W/7d-fype and »lutaferf r744 sequences are nid/orted ii'if/i descending /lafc/ies. 77ie neo
gene f/iaf ZWJS /«serferf m f/ie recompimif/on p/asm/ds is indicated w/f/i ascending /lafc/ies. (B) DN/4/rom
iff RCMV and RCMV4r744 HVJS digesfed 7wf/i Nco/ and Sea/, e/ecfrop/ioresed, b/offed, and /ii/bn'tfizi'd
iy»7/i /'robes rfer/ivd /TO»; ei7/ier f/ie gi'Hon;/c REO /rugmenf or f/ie neo gene (bo//i probes H/di'cnfed as b/ndt
boxes). ORFs are snozon as ornju» boxes. Wi/d-fype and miifafed rI44 ORFs are indica/ed by descending
nafc/ies. T/ie neo gene is indicafed by ascending /lafenes. fC) /4n aufo/iHH/nogmp/i o/n Soi/f/iern b/of
confn/fiHig Jt»f RCMV (?<>,) DNA, and RCMV4r244 () DNA T/ie esf/Hiaferf /engf/is o/f/ie defected Nco/-
Sca/-digesfed DNi4^ngme»fs are Hi(iic<i/cd af f/ie sides.

118



Xfcal
Xöal

Eco Rl /Isp 718
I I RCMV genome

Recombination piasmid

3853 1024 396

Ncol

4855

Wcol
RCMVAr144

Wcol

probes and
restriction
endonuclease
sites -

I genome

I fragment sizes (bp)

probes and
restriction
endonuclease
sites

Seal -•

genome

3853 1024 396 1423 735 3572
~| fragment sizes (bp)

REO neo probes
I—I I—I

W A W A

kb

O

5
n- 4 , 9

- 3 , 9

- 1 , 4
- 1 , 0
- 0 , 7

S
2
N
H

0
z
o

1 2 3 4



CHAPTER 5 O! I/vXWl r.)/ M /•: r

nylon membrane. Hybridization was done with either rl44- or neo-specific probes. As
shown in Fig. 3B and C, the observed hybridization signals correspond exactly to the
predicted Ncol and Seal restriction fragments. In addition, contaminating wt RCMV
DNA fragments were not detected in the RCMVArl44 DNA (Fig. 3C, lane 2). Similarly,
digestions with either BamHI, EcoRI, EcoRV, Ncol or Psfl also yielded the expected
hybridization patterns (data not shown). These findings indicated that the recombi-
nant strain was pure and contained the appropriate mutation.

To investigate the effect of disruption of the rl44 gene on transcription of its neigh-
boring genes, poly(A)* RNA isolated from RCMV-, RCMVArl44- and mock-infected
REF was subjected to Northern analysis. This indicated that there are no significant
differences between RCMVArl44 and wt virus in transcription of ORFs neighboring
rl44 (data not shown).

Replication characteristics of RCMVArl44 in vitro. To compare the replication
characteristics of RCMVArl44 with those of wt RCMV in vitro, we infected three dif-
ferent cell types with these viruses, and determined the percentage of infected cells at
various time-points after infection. In addition, the amount of infectious virus that
was produced by each cell type was investigated. Fig. 4 (upper panel) shows that the
percentage of infected cells did not differ significantly between wt RCMV- and
RCMVArl44-infected cells, irrespective of the cell type. Moreover, no significant dif-
ferences were seen between wt and recombinant virus in the virus titers produced by
each cell type (Fig. 4, lower panel). These data indicate that rl44 is not essential for
RCMV replication in REF, RHEC, and R2M<t> in vitro. Similar results have previously
been reported for both UL18-deleted HCMV (11) and ml44-deleted MCMV (23).

In vivo RCMVArl44 infection. As described previously, infection of immunocom-
petent rats with RCMV generally results in asymptomatic infections in which the vi-
rus can be detected almost exclusively in the salivary glands (12). By contrast, RCMV
infection of immunocompromised animals usually leads to disease in which viral rep-
lication can be observed in many organs and tissues of the rats (3, 5, 12, 39). Conse-
quently, in order to investigate the role of rl44 in the pathogenesis of RCMV disease,
we infected rats with either wt RCMV or RCMVArl44 after the induction of immuno-
suppression by total body Röntgen irradiation. In an initial experiment, 4-week-old,
immunosuppressed rats were inoculated with 1 x 10* PFU of either wt RCMV or
RCMVArl44. The number of surviving rats in each group was monitored until day 28
p.i. (Fig. 5). Surprisingly, no significant difference was seen in the survival rate of groups
of rats infected with either wt RCMV or recombinant virus.

In order to compare the dissemination of RCMVArl44 with that of wt RCMV, we
infected two groups of 10-week-old, immunosuppressed rats with 5 x 10* PFU of ei-
ther wt RCMV or RCMVArl44. At days 4 and 21 p.i., the presence of virus in several
internal organs was determined by both plaque assay and immunohistochemistry. As
summarized in Table 1, no significant differences between wt RCMV and RCMVArl44
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were observed in tissue distribution of virus at either day 4 or 21 p.i.. To exclude the
possibility of RCMVArl44 being overgrown by wt RCMV in vivo, due to either con-
tamination or insufficient plaque purification, infectious virus was recovered from
salivary glands of wt virus- and recombinant virus-infected rats at day 21 p.i. by cell
culture. DNA was isolated from extracellular virions and subsequently analyzed by
Southern blot hybridization. As expected, the results illustrated the integrity of the
genomes of both wt and recombinant virus (data not shown).

Dissemination of RCMVArl44 at day 330 p.i. Although differences between wt
and recombinant virus were not seen during the acute phase of infection, we consid-
ered the possibility that disruption of the RCMVArl44 gene might have an effect on
long-term, persistent or latent infection of rats. To investigate dissemination of virus at
a late stage of infection, our conventional tests to screen for either the presence of
infectious virus (plaque test) or viral gene expression (immunohistochemistry) were
not suitable for two main reasons. First, infectious RCMV is no longer produced after
the establishment of latency, and second, the monoclonal that we use to detect viral
gene expression (RCMV 8) is directed against a protein that is not expressed during
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TABLE 1. Dissemination of wt RCMV
and RCMVArl44 in various organs of infected rats.

Organ

Salivary gland

Spleen

Kidney

Liver

Lung

Heart

Pancreas

Thymus

Lymphal tissue

Aorta

Leukocytes

Bone marrow

IPOX (%)'

day 4 p.i.

W

0/5

5/5

0/5

0/5

1/5

3/5

3/5

0/5

2/5

1/5

0/5

nd'

A'

0/5

2/5

0/5

0/5

0/5

1/5

1/5

1/5

1/5

0/5

0/5

nd'

day 21

W'

5/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

nd'

p.i.

A'

5/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/4

0/5

0/5

nd'

Plaque assay (%)"

day 4 p.i.

W

0/5

5/5

2/5

0/5

0/5

0/5

0/5

1/5

0/5

nd'

0/5

nd'

A'

0/5

4/5

1/5

2/5

0/5

0/5

1/5

3/5

0/5

nd'

1/5

nd'

day 21

W

5/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

nd'

p.i.

A"

5/5

0/5

1/5

1/5

1/5

0/5

0/5

1/5

2/4

0/5

0/5

nd'

PCR (%)'

day 330 p.i.

W

3/3

0/3

1/3

3/3

1/3

0/3

1/3

3/3

0/3

0/3

0/3

0/3

A'

4/5

4/5

2/5

5/5

1/5

2/5

2/5

0/5

0/5

2/5

0/5

0/5

' The ratios indicate the number of organs found positive for either wt RCMV or RCMVArl44, relative to the
total amount of organs tested (one organ per rat). IPOX, immune peroxidase assay.
* W, wt RCMV-infected; A, RCMVArl44-infected; nd, not determined.

latency (data not shown). Therefore, to detect RCMV DNA at 330 days p.i., a sensitive,
single-tube, nested PCR procedure was designed. This procedure enabled us to detect
1 to 10 copies of genomic RCMV DNA per (ig of organ tissue (1 to 10 RCMV genome
copies per 2.4 x 10* cells) (data not shown). Two groups of 6-week-old, immunosup-
pressed rats were infected with 1x10" PFU of either wt RCMV or RCMVArl44. Total
DNA was purified from various organs of the rats at day 330 p.i., and subjected to
PCR. Table 1 shows that DNA from both wt RCMV and RCMVArl44 was detected in
a similar spectrum of organs of infected rats. Virus DNA was detected most consis-
tently in the salivary glands and the liver (Table 1), irrespective of whether rats were
infected with wt RCMV or RCMVArl44. Interestingly, virus DNA could be detected in
the spleen of four out of five RCMVArl44-infected rats, whereas spleen tissue from
three out of three wt RCMV-infected rats was PCR-negative. This difference is, given
the variation in viral DNA load among infected rats (data not shown) and the limited
number of animals tested (two out of five animals from the wt RCMV-infected group
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. 6 — Nexf page. fri/echon o/raf/oofpads rw'fft e/Mer RCMV or RCM Wlr]44. S/x-zwefc-o/d, iramu-
nosuppressed rafs z<;ere in/ected subcwfaHeous/y zwf/i Ix iö* PFUo/eMer zt>f RCMV (oj or RCM Vzlr244
( • ) J'H f«e dorsum o/f«e ng/if /»nd paw, simi/ar/y os described prezwus/y (33). Rafs were sacn/iced a»
eMer day 4, 8 or 25 a/iter in/ecfi'on. Secf/ons (4 ^m) o/ f/ie /i//;d paws were inpesf/gafed by md/recf
immunohi'sfoc/iem/sfry using f/ie/o//ozwng MAbs: 04,) ,4nf/-raf CD22b (directed aga;«sf macrop/wges),
(B) >lnfi-raf CD49d fd;recfed agamsf VM-4J, ( O Anfi-raf CD4 W3/25 (directed agai/isf CD4), and (D)
323 (d/'rec/ed aga/ns/ NX ce//sj. 77/e «i/mber o/pos/f/i>e/y sfa//ied ce//s u>as defer»»»ed by con»/f/»g f/ie
ni/mber o/pos/'f/'ue ce//s per//'e/d o/i>aw (/«#// pozüer//e/d [HPF7; «;ag«///ca?io/i x400j. T;me-po/ttfs af
H)/;/C/J a s(gni/fcan/ dijjference betoee« RCMV- and RCMV4r244-/n/ecfed raf hind paws was/oz/nd are
indicated by an asterisk (*).

died during the course of the experiment), not significant. In a follow-up experiment,
in which larger groups of animals are used, potential differences between wt RCMV
and RCMVArl44 in the viral DNA load within organs of latently-infected rats will
have to be investigated further.

Infection of rat footpads with RCMV and RCMVArl44. Previously, Persoons et
al. (33) described a model for local RCMV infection in which virus is inoculated in the
footpad of immunosuppressed rats. As a result of this infection, severe macro- and
microscopic pathology can be seen, including paw thickening, ballooning of endothe-
lial cells, adherence of polymorphonuclear and mononuclear cells to the endothelial
surface, and infiltration of inflammatory cells into the perivascular area (33). We em-
ployed this model to compare wt RCMV and RCMVArl44 in the pathology induced
by local infection with these viruses. At various time-points p.i., the thickening of the
rat paws was measured. In addition, sections of virus- as well as mock-infected paws
were investigated for the presence of infiltrating leukocytes, by using leukocyte sub-
set-specific monoclonal antibodies (MAbs). As described previously (33), infection of
rat footpads with RCMV resulted in thickening of the paws. Similar macroscopic al-
terations were observed after infection with RCMVArl44, whereas changes in the mock-
infected paws were not detected (data not shown). Interestingly, we found significant
differences between wt RCMV and RCMVArl44 in the number of infiltrating leuko-
cytes in the infected paws. At day 15 p.i., a significantly lower number of macroph-
ages was detected in RCMVArl44-infected paws than in RCMV-infected paws (Fig.
6A). In accordance with this, significantly lower numbers of cells expressing VLA-4
(Fig. 6B), LFA-1 (data not shown) and CD4 (Fig. 6C) were detected in RCMVArl44-
infected paws as compared to wt RCMV-infected paws at day 15 p.i.. VLA-4, LFA-1
and CD4 can be expressed on the surface of various subsets of leukocytes, including
monocytes/macrophages. Also, a small, but significant difference between recombi-
nant virus- and wt virus-infected paws was observed at day 15 p.i. in the number of
CD8*-cells (111 ± 11 and 152 + 9, respectively). Although CD8 can be expressed on both
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NK cells and a subset of T lymphocytes, it is likely that the CD8*-cells do not represent
NK cells, since the number of NK cells did not significantly differ between RCMVArl44-
and wt RCMV-infected paws (Fig. 6D). It is possible that the observed differences in
leukocyte influx resulted from differences in replication between RCMV and
RCMVArl44. However, both viruses were found to have similar replication character-
istics in the rat paws (data not shown). Taken together, our data indicate that a higher
number of macrophages and CD8^ T cells infiltrate in wt virus- than in RCMVArl44-
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infected rat paws, indicating that the rl44-encoded protein might play a role, either
directly or indirectly, in the interaction with these leukocytes.

DISCUSSION

The three-dimensional structure of several MHC class I species, in association with
ß2m, has previously been determined at high resolution by X-ray cristallography (7,8,
31). This allowed the predicted amino acid sequences encoded by both MCMV ml44
and HCMV ULI8 to be modeled around the oc-carbon backbone structure of human
class I protein HLA-A2 (8,16). Similar modeling of the predicted sequence of RCMV
gprl44 resulted in a protein ribbon diagram comparable to the previously published
diagram of gpml44 (16). In comparison with the HLA-A2 structure, the predicted struc-
tures of both gpml44 (16) and gprl44 displayed gaps, which concentrated within the
putative al and oc2 regions of the proteins (Fig. 2B). The a l and oc2 regions of mamma-
lian class I proteins were demonstrated to form a groove for binding small antigenic
peptides to be presented on the cell surface (7). The 'loss' of sequences within the
corresponding regions of gpml44 may account for the inability of this protein to form
a complex with peptides, in contrast to HCMV gpUL18 (16). Considering the sequence
similarity between gprl44 and gpml44, gprl44 might similarly be unable to bind pep-
tides.

To study the function of the rl44 gene, we generated an rl44 knockout virus strain
(RCMVArl44). This strain replicated with similar efficiency as wt virus in various cell
lines in vitro. Moreover, we did not detect differences between wt RCMV and
RCMVArl44 in their replication characteristics in vivo. First, the survival rate among
groups of immunosuppressed rats infected with either RCMVArl44 or wt RCMV was
similar. Second, the dissemination of virus did not differ between RCMVArl44- and
wt RCMV-infected, immunosuppressed rats, in both the acute and latent phase of in-
fection. We conclude from these data that the RCMVArl44 gene does not play an im-
portant role in virus replication in our in vitro and in vivo experimental systems.

Our results with the rl44-deleted virus are in striking contrast to the data reported
by Farrell and coworkers (23), who showed that an MCMV strain that was deleted of
the ml44 gene, which is the homolog of RCMVArl44, was severely restricted in repli-
cation compared with wt MCMV during the acute phase of infection in mice. In addi-
tion, it was demonstrated by in vivo depletion studies that NK cells are responsible for
the attenuated phenotype of the ml44 knockout virus (23). Based on these findings,
Farrell et al. proposed that MCMV employed the ml44 gene product to mimic cellular
class I molecules (of which the cell surface expression is downregulated upon infec-
tion) by inhibiting the NK cell response. Thus, the early clearance of MCMV-infected
cells would be prevented (23). A function similar to that proposed for the ml44-en-
coded protein was suggested for the HCMV UL18 gene product by Reyburn et al. (35).
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They showed that class I type HLA-A, -B and -C-deficient, 721.221 B lymphoblastoid
cells were protected from NK-cell killing after transfection with an expression vector
containing the HCMV UL18 gene (35). By contrast, Leong et al. reported that the ex-
pression of UL18 resulted in enhanced rather than reduced killing of target cells by
NK cells (28). In the latter study, the role of UL18 in NK cell recognition was investi-
gated using fibroblasts infected with either wt HCMV or UL18 knockout HCMV, and
by using cell lines transfected with ULI 8. According to Leong and coworkers, the ap-
parent discrepancies between their results and those of Reyburn et al. (35) could be
due to the fact that in the latter study transfected cells were selected on the basis of
surface expression of ß2m rather than gpUL18 (28). This selection could have resulted
in enrichment of a population of transfected cells that express endogenous HLA-E,
which was recently shown to protect 721.221 target cells from lysis by NK cells (9).
Thus, the NK-protecrive effect that was described by Reyburn et al. could also be the
result of the expression of HLA-E.

It is possible that potential differences between RCMVArl44 and wt RCMV in rep-
lication in vivo might be concealed due to the irradiation-induced immunosuppres-
sion, which is generally applied in order to be able to study RCMV disease in rats (3,5,
12,39). If the rl44 gene product was to serve as a decoy to evade immune surveillance,
similarly as proposed for MCMV gpml44, an RCMV rl44 knockout strain might be
attenuated due to efficient clearance of this strain by the immune system of the rat.
The induction of immunosuppression, however, might preserve the virulence of the
rl44 knockout strain. In contrast to the RCMV infection model in rats (and HCMV
infection in humans), mice do not require immunosuppression prior to infection to
establish MCMV disease. This difference could explain the apparent discrepancies
between our findings with RCMVArl44 and the results of Farrell et al. with the MCMV
ml44 knockout virus (23). Nevertheless, it is interesting to note that after total body
irradiation and RCMV infection of rats, NK cells are regenerated efficiently between
day 10 and 15 p.i., which is more rapidly than other types of leukocytes (42). Conse-
quently, if RCMV gprl44 would function in the protection from lysis by NK cells, the
regenerated NK cell population of irradiated rats should be capable of eliminating
RCMVArl44 more efficiently than wt RCMV. We were, however, unable to detect dif-
ferences in replication between wt and recombinant virus in vivo, either at day 4 or 21
after infection. It is of course possible that NK cells of immunosuppressed rats, despite
being regenerated relatively rapidly and efficiently (42), are still impaired in function
due to the irradiation.

It has previously been hypothesized by Leong et al. that viral MHC class I ho-
mologs may be more important in affecting monocyte and dendritic cell function than
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NK cell function (28). This hypothesis was supported by results of Cosman et al. (19),
who found that the HCMV UL18 gene product can interact with a membrane receptor,
designated ILT2 (36) or LIR-1 (19), which is predominantly expressed on monocytes
and B lymphocytes. Since ILT2/LIR-1 is expressed on only a minor subset of NK cells
(19), the physiological significance of the interaction of gpUL18 with this receptor on
NK cells is unclear. Leong et al. hypothesized that the interaction of gpUL18 with
ILT2/LIR-1 on monocytes or dendritic cells could suppress IL12-production, which
would limit the secrection of IFN-y by NK cells, thereby altering the early immune
response (28). Interestingly, such a mechanism could explain not only the severely
restricted replication of the MCMV ml44 knockout virus in vivo (23), but also the
similarity between RCMV and RCMVArl44 in their replication characteristics within
immunosuppressed rats. In analogy to gpUL18, gprl44 could interact with a receptor
expressed predominantly on monocytes or macrophages, which could lead to an im-
mune evasive effect. Since monocytes are only regenerated at a relatively late stage
after irradiation and RCMV infection of rats (between day 20 and 25 p.i.) (42), potential
differences in clearance of either wt RCMV or RCMVArl44 at day 4 and 21 p.i. would
remain unnoticed. Interestingly, in support of a putative interaction between gprl44
and leukocytes other than NK cells, we found an increased influx of macrophages and
CD8* T lymphocytes in wt RCMV-infected tissue as compared to RCMVArl44-infected
tissue in a local (rat footpad) infection model. Whether the increased influx of these
leukocytes is the result of either a direct or indirect interaction with the rl44-encoded
protein will have to be investigated in future studies. The identification of a putative
receptor for gprl44 on leukocytes might be crucial in the elucidation of the role of this
protein during RCMV infection.
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ABSTRACT
Cytomegaloviruses (CMVs) are well-known for their high prevalence rate

within host populations as well as their ability to induce lifelong infections.
To maintain a persistent and stable relationship with their host, CMVs have
evolved various molecular mechanisms to both control host cell metabo-
lism and evade immune surveillance. Among the viral gene products that
are likely to be involved in these processes are homologs of cellular G pro-
tein-coupled receptors, MHC class I molecules, and chemokines. The viral
genes encoding these homologs have probably been pirated by the viruses
during a long pathogen/host co-evolution. In this report, the possible func-
tions of these homologs in the pathogenesis of CMV infections are discussed.
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INTRODUCTION

Cytomegaloviruses are species-specific betaherpesviruses which cause acute, per-
sisting, and latent infections in both humans and animals. Although human CMV
(HCMV) infections of immunocompetent individuals usually run an asymptomatic
course, infections of immunocompromised individuals (e.g., AIDS patients, organ trans-
plant recipients, and neonates) can have life-threatening consequences.

A characteristic that is shared by all herpesviruses is the ability to induce a latent,
lifelong infection. Obviously, such a lifelong interaction requires the virus to be highly
adapted to its host and vice versa. Most importantly, the virus will have to employ
strategies to remain hidden from the host's immune system. This can in principle be
achieved by the virus by going into a dormant state in which only a subset of viral
genes is expressed and targets for host immune responses are not displayed. Recent
studies have indicated that herpesviruses use a variety of strategies to interfere with
the immune system of the host (for reviews, see references 31, 36, 27 and 25). Most
notably, several herpesvirus-encoded proteins have been identified that inhibit either
synthesis, surface expression or peptide loading of cellular major histocompatibility
(MHC) class I molecules. In addition, various herpesvirus genes were identified which
encode homologs of immune effector molecules or regulatory proteins of the host.
Table 1 summarizes the currently discovered betaherpesvirus gene homologs. This
chapter focuses on CMV genes which have the potential to code for homologs of G
protein-coupled receptors, MHC class I heavy chains and chemokines. The possible
functions of these genes and their products will be discussed.

CMV HOMOLOGS OF G PROTEIN-COUPLED RECEPTORS

Viral G protein-coupled receptors. G protein-coupled receptors (GCRs) are mem-
bers of a large and diverse family of receptors that function in signal transduction
through cell membranes (see reference (11) for a recent review). All GCRs are com-
posed of a central core domain constituted of seven transmembrane (7-TM) helices
(TM-I through -VII) connected by three intracellular (il, i2, and i3) and three extracel-
lular (el, e2, and e3) loops (1). The majority of these receptors activate G proteins and
are capable of transducing messages as different as photons, organic odorants, lipids,
nucleotides, nucleosides, peptides, and proteins. Thousands of GCR variants are en-
coded by genes of eukaryotes as well as prokaryotes. In addition, some GCRs are
encoded by genes of poxviruses and herpesviruses. It is likely that these genes have
been hijacked by the viruses during co-evolution of pathogen and host.

The HCMV US27 and US28 genes. Within the genomes of human CMV (HCMV)
(19, 20), murine CMV (MCMV) (58) and rat CMV (RCMV) (3, 4) several genes were
identified that are capable of encoding homologs of host cellular GCRs (Table 1). HCMV
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carries four of these genes: US27, US28, UL33, and UL78 (19, 20). Only two of these,
UL33 and UL78, were found to have counterparts in RCMV (R33 and R78, respec-
tively (3, 4)) as well as MCMV (M33 and M78, respectively (58)). Of the predicted
amino acid sequences derived from the CMV GCR-like genes, those encoded by HCMV
US27 and US28 were found to have the highest similarity to sequences of cellular
chemokine-binding GCRs (Fig. 1) (25). In addition, the US28 protein (pUS28) was re-
ported to be capable of binding CC or (a-)chemokines, such as RANTES, MIF-la and
MCP-1, hence triggering the mobilization of intracellular Ca=* (50,33,40,62). The pUS28
protein was suggested to be responsible for ß-chemokine sequestration in HCMV-in-
fected cells (12). Interestingly, pUS28 was recently shown to selectively recognize
fractalkine (or neurotactin), which is a membrane-associated CX3C chemokine (38).
Since fractalkine is expressed on putative CMV target cells, like endothelial cells, it
was hypothesized by Kledal et al. that the highly specialized pUS28-fractalkine inter-
action may be involved in the cell-to-cell transfer of HCMV (38).

The UL33 gene family. Due to the species specificity of HCMV, it is difficult to
study the function of the HCMV US27 and US28 genes in vivo. Moreover, these genes
do not have counterparts within the genomes of other (animal) cytomegaloviruses. In
contrast, UL33- and UL78-like genes are conserved among all betaherpesviruses (Fig.
1), which illustrates their importance for the biological characteristics of these viruses.
The functions of these genes can therefore also be studied in vivo, using animal mod-
els. Currently, the UL33 gene family consists of 5 members: HCMV UL33, MCMV
M33, RCMV R33, and human herpesvirus 6 and 7 (HHV-6 and -7) U12 (34, 51). The
predicted amino acid sequences of the proteins encoded by the UL33-like gene family
were found to comprise several features characteristic of chemokine receptors (3, 26).
In agreement with this, the HHV-6 U12-encoded protein (pU12) was reported to be a
functional receptor for ß-chemokines in vitro (37). Whether the other members of the
pUL33-like family are similarly capable of binding chemokines and /or other ligands
has not yet been described. Nevertheless, the UL33, M33 and R33 genes were found to
be dispensable for in vitro replication of HCMV (46), MCMV (26) and RCMV (3), re-
spectively. In contrast, both M33 and R33 were shown to be essential for virus replica-
tion in vivo. This was established by using recombinant viruses in which the M33 and
R33 genes were deleted from the MCMV and RCMV genomes, respectively. Unlike
wild type (wt) RCMV, R33-deleted RCMV (RCMVAR33) did not efficiently replicate in
salivary gland epithelial cells of immunocompromised rats, which indicated that the
recombinant virus is not able to either enter or replicate in salivary gland epithelial
cells (3). A similar observation was made in the murine model for M33-deleted MCMV
(26). Also, a significantly lower mortality was seen among RCMVAR33-infected rats
than among wt RCMV-infected rats (3). Although these data underline the importance
of the UL33-like genes in the pathogenesis of CMV infection, the exact function of
these genes is still unknown.
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00 TABLE

Virus (Strain);

GenBank accession

nr(s).; [genome length]

HCMV (AD169);

X17403; [229354 bp]

HCMV (Toledo)»;

U33331

RCMV (Maastricht),

U91788, AF077758;

AF133339

MCMV (Smith);

U68299; [230278 bp]

1. Betaherpesvirus genes homologous to genes of the host and

ORF

ULI 8

UL20

UL33

UL78

US27

US28

ULI 44

UL146

UL147

R33

R78

rl44

M33

M78

ml31

ml31-129

ml44

Nucleotides"

23637-24743

25299-26321

43065-43087, 43210-44423

112924-114219

217904-218992

219200-220263

8008-8538

9450-9803

9868-10347

732-1895

433-1857

2205-3170

41486-41518,4168042777

110989-112401

C188029-188271

C187350-187947,188025-188271

C202745-203893

Gene product homologous to:

ClassIMHC

T-cell receptor

Chemokine receptor

Orphan G protein-coupled receptor

Chemokine receptor

CC chemokine receptor

TNF receptor

ELR-CXC chemokine .;

ELR-CXC chemokine

Chemokine receptor

Orphan G protein-coupled receptor

ClassIMHC

Chemokine receptor

Orphan G protein-coupled receptor

CC chemokine

CC chemokine

ClassIMHC

their putative functions -•

References

2, 14,14,18,19, 21,22,35,42,59,63 ;-

3 , 1 9 . . -_ -•

12,19,20,46,52,64 ' ; / ^ '" ;

19,52 '• '" '"•

12,19, 52, 64

8,12,19, 20,32,33,38,40, 50,51,52,54, 55,—

17,7 — 62,64>67

1 7 , 5 3 . - : . • • • - , - : • / : : > • •

1 7 • • - - - •'-. .'• "• C / \ .

- ' ' ' . T ' • "i

4 , 5 2 • ' • .,; -• - • * . " ,

5 -.• • • ' ."'. '•'

6 ' •' ..

2 6 , 5 2 , 5 8 . : ; • ... / ^

5 8 , 5 2 •"• 1 '. •-•. r

4 3 , 4 4 , 5 8 - '.". • - ' . : , ;;.

44,58 . ". • ." "

18,21,22,23,29,30,58

C
H

A
P

,,.

" The 'c's preceding the nucleotide positions denote ORFs that are encoded by the complement ol the indicated nucleotide sequences.

* The HCMV Toledo genes are additional to the HCMV AD169 genes in this table.



TABLE 1. —Continued.

Virus (Strain);

GenBank accession

nr(s).; [genome lenght)

HHV-6(U1102);

X83413; [159321 bp]

HHV-7(JI);

U434100; [144861 bp]

ORF

U12

U51

U83

U85

U12

U51

U85

Nucleotides*

21680-21710, 21800-22812

82574-83479

123528-123821

C124981-125853

75304-76188

cl18071-118913

Gene product homologous to: References

CC-Chemokine receptor 34,37,52

Orphan G protein-coupled receptor 34,47,52

CC chemokine 34,67

OX-2 34

Chemokine receptor 51,52

Orphan G protein-coupled receptor 51

OX-2 51

' The 'c's preceding the nucleotide positions denote ORFs that are encoded by the complement of the indicated nucleotide sequences.

m
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Fig. 7 — M?xf page. Retoh'onsft;p befween nosf- and CMV-encoded GPCR(-/i<:e) am/no acid segi/ences
anrf MHC c/ass / /jeauy c/iöin(-/ifce,) sequences. (A) A p/jy/ogenef/c free based o« a mw/fip/e a/ignmenf 0/
GPCR-/ifce fl/nino arid sequences encoded fry HCMV US27 (pl/S27), US28 (pUS28), ÜL33 (pl/L33)
and UL78 (pL/L7S) a 9, 20), MCMV M33 (pM33) and M78 (pM78) (5S;, RCMV R33 (pR33) (3) and
R78 (pR78) (4), HHV-6and HHV-7 Ü22 (pU22) and 1/52 (p(J52) (34,52). /n «Mf/on, fhe free inc/udes
fhe ammo acid sequences o/numan chemofane recepfors CXCR4 (26) and CCR5 (4S^, and too non-
cnemofane recepfors (Ofher GPCRs): )32-adrenerg7c recepfor (28) and r«odops/n (49). CLÜSTAL W
pa/nü/se fl/ignmeM/ (61) was sef fo BLOSUM30 profe/n zwig/if maf r/x, gap open pena/fy =20, and gap
exfens/on pena/fy = 0.2. M«/fi'p/e a/ignmenf HATS sef fo BLOSUM ser/es, gap open pena/fy =20, gap
exfens/on pena/fy = 0.05, de/ay d/z»ergenf sequences = 0.4. (B) A/i//ogenefic free based on a CLUSTAL W
mi//fip/e seqi/ence a/ign»;enf o/MHC c/ass /-/ifeam/no ac/d seoi/ences encoded by HCMV (JL28 (gp(JL28)
(2), MCMV m244 (gpm244) (58), and RCMV r!44 (gpr244) (5). A/so inc/uded are fne amino acid
sequences o/f/iree manima/ian MHC c/ass / protons, raf RT2.A/ (39), munne H2-K'' (42), and /mman
HLA-A2 (9). 7n f/iea/ign/nenf, a PAM250 profe/n distance mafra was //ic/i/ded. Pairwisea/ignmenf gap
pena/fy = 3. Mu/f/p/e a/ignmenf gap pena/fy = 20, gap extension pena/fy = 20.

The UL78 gene family. The UL78 gene family currently consists of 5 members:
HCMV UL78 (19), RCMV R78 (4), MCMV M78 (58), and HHV-6 and -7 U51 (34, 51).
Similar to the UL33-like genes, the positions of the UL78-like genes within the
betaherpesvirus genomes are conserved. However, in contrast to the sequences of UL33-
like genes, the sequences of members of the UL78 family are rather divergent (Fig. 1).
The predicted amino acid sequences derived from the UL78-like genes significantly
resemble neither chemokine receptors nor any other of the thousands of GCRs cur-
rently known. The assumption that UL78-like genes have the potential to encode GCRs
is based on three properties: (i) the presence of a 7-TM core domain within the pre-
dicted amino acid sequences derived from the UL78-like genes; (ii) the presence of 2
conserved cysteine residues within these sequences, which may play a role in correct
folding of the putative GCRs; and (iii) a stretch of amino acids within these sequences
which bears similarity to a domain known to be required for G protein coupling (57).
Only a few studies have hitherto reported on the characterization of members of the
UL78 gene family. In a study by Menotti et al., the HHV-6 U51 gene product (pU51)
was found to be expressed on the cell surface of infected cord blood mononuclear cells
(47), in accordance with its putative function as a plasma membrane-associated pro-
tein. However, in cells transfected with a U51 expression construct, transport of pU51
to the cell surface was cell type-dependent: cell surface expression of pU51 was seen in
activated T lymphocytes and T cell lines but not in other cell types (47). The relevance
of these observations is yet unknown. In our laboratory, we have recently started to
study the RCMV member of the UL78 gene family, R78. We have generated two differ-
ent recombinant virus strains: an R78 null mutant (RCMVAR78a) and an RCMV mu-
tant encoding a R78-derived GCR from which the putative intracellular C terminus
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has been deleted (RCMVAR78c). Interestingly, these recombinant viruses produced
10- to 100-fold lower virus titers than wt virus in vitro (4). Also, unlike wt RCMV-
infected fibroblasts, fibroblasts infected with the recombinants developed a syncy-
tium-like appearance (Fig. 2). Strains RCMVAR78a and RCMVAR78c can therefore be
considered as the first syncytium mutant (syn) CMV strains reported (4). We hypoth-
esized that R78 plays a role, either directly or indirectly, in the stabilization of cell-to-
cell contacts (4). In fibroblasts infected with R78-deleted viruses, contacts between
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neighbouring cells may become instable, leading to plasma membrane fusion. The
RCMV R78 gene was also found to play an important part in the pathogenesis of virus
infection in vivo: a lower mortality was observed among immunocompromised rats
infected with either RCMVAR78a or RCMVAR78c than among animals infected with
wt virus (4). Although we did not detect differences in replication between wt and
recombinant viruses in vivo, it is possible that the attenuated phenotype that is seen
after disruption of the R78 gene is correlated with the aforementioned efficiency of
replication of the recombinant viruses in vitro, which was considerably lower than
that of wt RCMV (4). Taken together, our data indicate that RCMV R78, like R33, is
important for replication of RCMV in vivo. Future studies on the UL33- and UL78-like
genes will focus on detection of the proteins encoded by these genes, both in vitro and
in vivo, and the elucidation of signalling pathways in which these viral GCRs poten-
tially function. Given the important in vivo functions of RCMV R33, R78, and MCMV
M33, it is likely that the corresponding genes of HCMV also serve a vital function in
vivo. The gene products of UL33 as well as UL78 can therefore be considered as attrac-
tive targets for the development of novel anti-HCMV therapies.

CMV homologs of MHC class I heavy chains. Mammalian major histocompat-
ibility (MHC) class I proteins are members of the immunoglobulin superfamily. They
are polymorphic, consisting of a membrane-bound, cell surface-expressed heavy chain,
and an extracellular globulin-like light chain, ß,-microglobulin (ß,m). Two domains of
the heavy chain form a groove in which small peptides (antigens) can be presented to
cytotoxic T lymphocytes (CTLs) (10). These peptides are generated by degradation of
intracellular proteins, which can be encoded either by the genome of the cell or by
genes of intracellular parasites, like viruses. Upon presentation of peptides by MHC
class I molecules, CTLs can distinguish 'foreign' from 'self peptides and thus dis-
criminate between infected and uninfected cells. Subsequently, the infected cells are
killed by the CTLs (10). Many viruses, however, have developed ways to evade CTL-
mediated killing. For instance, several herpesvirus proteins were found to downregulate
antigen presentation of infected cells by interfering with either synthesis or matura-
tion of cellular MHC class I molecules (for reviews see references 25, 30 and 65). As a
consequence, these cells cannot be recognized by CTLs as being infected. Cells ex-
pressing class I molecules at a low level, however, are vulnerable to lysis mediated by
natural killer (NK) cells. This threat was hypothesized to be overcome by both HCMV
and MCMV by expressing homologs of MHC class I heavy chains (encoded by UL18
and ml44, respectively), which might serve as decoys to protect infected cells from
killing by NK cells (29, 24). Support for this hypothesis has come from a study by
Farrell et al. on an ml44-deleted MCMV strain (Aml44) (29). This recombinant strain
was shown to be attenuated during the primary phase of virus infection in mice,
whereas its virulence was comparable to that of wt MCMV in NK cell-depleted mice
(29). To study the function of the RCMV homolog of the ml44 gene, rl44, we gener-

142



GENERAL DISCUSSION

B

;5T£^*^r
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were sfa/uerf a;jf/i /iematox/7/i'fi/eosin.

ated an rl44 knockout virus strain (RCMVArl44). Like the ml44-deleted MCMV strain
(29), RCMV rl44 replicated with similar efficiency as wt virus in various cell lines in
vitro (5). However, in contrast to what was reported in the murine model (29), we did
not detect differences between wt RCMV and RCMVArl44 in their replication charac-
teristics within infected rats. First, the survival rate among groups of immunosup-
pressed rats infected with either RCMVArl44 or wt RCMV was similar. Second, the
dissemination of virus did not differ between RCMVArl44- and wt RCMV-infected,
immunosuppressed rats, both in the acute and latent phase of infection (unpublished
results). We therefore concluded that the RCMV rl44 gene does not play an important
role in virus replication in our in vitro and in vivo experimental systems. It is possible
that potential differences between RCMVArl44 and wt RCMV in replication in vivo
might be concealed due to the irradiation-induced immunosuppression, which is ap-
plied in order to be able to study RCMV disease (3,4). If the rl44 gene product (gprl44)
was to serve as a decoy to evade immune surveillance, similarly as was proposed for
the MCMV ml44-encoded protein (gpml44), an RCMV rl44 knockout strain might be
attenuated due to efficient, early clearance of this strain by rat NK cells. As a result of
immunosuppression, however, the virulence of the rl44 knockout strain may be pre-
served. In contrast to the RCMV/rat model, immunosuppression is not required in
the MCMV/murine model in order to establish virus-induced disease. This difference
could explain the apparent discrepancies between our findings with RCMV rl44 and
the results of Farrell et al. with ml44 (29). Nevertheless, after irradiation and RCMV
infection of rats, NK cells are regenerated relatively efficiently and rapidly (between
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day 10 and 15 postinfection) (24). Consequently, if RCMV gprl44 would function in
the protection from NK cell cytotoxicity, the regenerated NK cell population should be
able to eliminate RCMVArl44 more efficiently than wt virus. We were, however, not
able to detect differences between wt and recombinant virus in replication in vivo,
neither at day 4 nor at day 21 after infection (unpublished results). It is of course pos-
sible that the regenerated NK cell population of immunosuppressed rats is still im-
paired in function due to the irradiation. • ..->$

A function similar to that proposed for gpml44 (29) was attributed to the HCMV
UL18 gene product (gpUL18) by Reyburn et al. (59). They showed that a B
lymphoblastoid cell line (721.221) was protected from NK cytotoxicity after transfec-
tion with a vector expressing UL18. In contrast, Leong et al. found that the expression
of UL18 resulted in enhanced rather than reduced killing of target cells by NK cells
(42). According to Leong and coworkers, the apparent discrepancies between their
results and those of Reyburn et al. (59) could be due to the fact that in the latter study
transfected cells were selected on the basis of surface expression of ß̂ m (42). This se-
lection could have resulted in enrichment of a population of cells that express endog-
enous HLA-E, which was recently shown to protect 721.221 target cells from NK cell
cytotoxicity (13). Consequently, the protection of UL18-transfected 721.221 cells from
lysis by NK cells could be the result of the expression of HLA-E rather than ULI 8.

It was previously suggested by Leong et al. that viral MHC class I homologs may
be more important in affecting the function of monocytes and dendritic cells than that
of NK cells (42). This notion was supported by the finding that the HCMV UL18 gene
product can interact with a membrane receptor, designated ILT2 (60) or LIR-1 (21),
which is expressed predominantly on monocytes and B lymphocytes. Since ILT2/LIR-
1 is expressed on only a minor subset of NK cells (21), the physiological relevance of
the interaction of gpUL18 with this receptor on NK cells is unclear. Leong et al. hy-
pothesized that binding of gpUL18 to ILT2/LIR-1 on monocytes or dendritic cells could
suppress IL12-production, which would limit the secrection of IFN-y by NK cells,
thereby altering the early immune response (42). Interestingly, such a mechanism could
explain not only the severely restricted replication of Aml44 in vivo (29), but also the
similarity between RCMV and RCMVArl44 in their replication characteristics within
immunosuppressed rats. In analogy to gpUL18, gprl44 could interact with a receptor
expressed predominantly on monocytes or macrophages, which could lead to an im-
mune evasive effect. Interestingly, in support of a putative interaction between gprl44
and leukocytes other than NK cells, we found an increased influx of macrophages and
CD8* T lymphocytes in wt RCMV-infected tissue as compared to RCMVArl44-infected
tissue in a local (rat footpad) infection model (5). Whether the increased influx of these
leukocyte subtypes is the result of either a direct or indirect interaction with the gprl44
is currently under investigation. The identification of a putative receptor for either
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RCMV gprl44 or MCMV gpml44 on leukocytes might be crucial in the elucidation of
the function of these proteins.

CMV homologs of chemokines. Chemokines belong to a family of chemoattractant
cytokines that play a role in inflammatory responses against various pathogens. They
promote the infiltration of leukocytes to the inflammatory site by both modulation of
leukocyte chemotaxis and upregulation of the expression of leukocyte adhesion mol-
ecules (see reference 45 for a recent review). Chemokines bind to target cells via GCRs
and can be classified according to the position of conserved cysteine residues within
their predicted amino acid sequences. Currently, four groups of chemokines can be
distinguished: (i) the CXC (or a) chemokines, which have an intervening non-con-
served amino acid residue (X) between the first and second conserved cysteine; (ii) the
CC (or ß) chemokines, in which the first two cysteines are adjacent; (iii) the C (or c)
chemokines, which have only two of the four conserved cysteines; and (iv) the CX3C
(or d) chemokines, which contain three irrelevant intervening amino acids between
the first two conserved cysteines. To date, genes encoding homologs of chemokines
have been identified in two CMV species only: HCMV (UL146, UL147 and UL152)
(17) and MCMV (ml31/129) (30, 43, 44). Although we have recently determined the
complete nucleotide sequence of the RCMV genome, we have as yet not been able to
identify open reading frames (ORFs) that potentially encode chemokine-like polypep-
tides (unpublished results). The HCMV-encoded chemokine homologs show similar-
ity to CXC chemokines, whereas the MCMV ml31/129-encoded protein is more re-
lated to CC chemokines. Recent data indicate that the ml31/129-encoded chemokine
homolog is considerably larger than known cellular CC chemokines (30,44). This pro-
tein, also designated MCK-2 (for MCMV-encoded chemokine 2) (44), is produced from
a transcript in which the ml31 ORF is spliced at its 3' end to the downstream ml29
ORF (30, 44). To study the function of ml31/129, a recombinant MCMV strain was
generated in which the ml31 ORF was disrupted (30). This strain (Aml31) was re-
ported to be cleared from the sites of in vivo infection more rapidly than wt virus. This
effect was dependent on the function of both NK and CD4VCD8* T cells (30). Also, wt
MCMV was found to elicit a stronger inflammatory response than Aml31 within spleen
and liver tissue of infected mice (30). This suggests that ml31 may function as a
chemokine agonist by recruiting leukocytes to the sites of infection. The wt virus may
profit from this if the cell types recruited are critical for virus replication and/or dis-
semination. The identification of a potential receptor for the ml31/129-encoded
polypeptide will be crucial in the understanding of the function of this protein in the
pathogenesis of MCMV infection.
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SUMMARY

Cytomegaioviruses (CMVs) are widespread species-specific
betaherpesviruses that persist life-long in infected individuals. Although
infection is predominantly asymptomatic in the immunoeompetent host, in
immunocompromised patients, such as transplant recipients and people
suffering from AIDS, CMV can cause life-threatening disease. The effec-
tiveness of existing CMV-speciik antiviral agents and vaccines is limited,
necessitating a continuing study of the molecular biology of CMV. The ge-
nome of human CMV (HCMV) consists of approximately 230 kb of double-
stranded DNA and harbors at least 180 virus genes. The majority of these
genes are yet uncharacierized. Some HCMV genes show significant sequence
similarity with genes of the host organism. Among these are genes that show
similarity with mammalian genes that encode chemokines, chemoklne re-
ceptors, heavy chains of the class I major histocompatibility complex (MHC),
tumor necrosis factor receptors and T-cell receptor y chains. The functions of
these genes are not well understood. It is difficult to study their role in the
pathogenesis of HCMV infection in vivo, due to the species-specificity of
HCMV. The rat CMV (RCMV) genome is collinear with the genome of
HCMV and the majority of the genes are conserved. Since RCMV infection
can be studied in vivo, the rat/RCMV system can be used as a model to ex-
amine the in vivo function of the CMV genes that are homologous to host
genes. This thesis reports the characterization of four RCMV genes: a major
immediate early transactivator gene (R122-123), a putative chemokine re-
ceptor gene (R33), an orphan G protein-coupled receptor gene (R78) and a
MHC class I heavy chain gene (rl44). The role of R33, R78 and rl44 were
studied both in vitro and in vivo, by generating mutant RCMV strains in
which either of these genes was disrupted. The efficiency of infection of
these mutants was compared with that of wild-type (wt) RCMV in various
cell types in vitro as well as in immunocompromised rats. The three strains
that resulted from deleting either R33, R78 or rl44 (mutant viruses
RCMVAR33, RCMVAR78 and RCMVArl44, respectively), displayed a di-
versity of interesting phenotypes. RCMVDA33 was able to replicate in vitro
with a similar efficiency as wt RCMV. However, this mutant was less patho-
genic than wt virus in infected immunocompromised rats. Moreover,
RCMVAR33 could not be detected in the rat salivary glands, the key organ
for virus replication during primary RCMV infection. Therefore, we con-
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elude that the R33 gene is a determinant of the salivary gland tropism of
RCMV. In contrast to RCMVAR33, the RCMV R78 null mutants were at-
tenuated in vitro. They replicated less efficiently than wt RCMV in fibro-
blasts and smooth muscle cells in vitro. Furthermore, the R78-deleted vi-
ruses induced syncytia formation in infected fibroblasts in vitro. Hence, we
hypothesize that the R78 gene is involved in the stabilization of protein com-
plexes enabling either cell-to-cell spread of virus or viral egress from in-
fected cells. In addition to the differences that we found in vitro, we ob-
served that the R78 deletion mutant strains were also less pathogenic than
wt RCMV in vivo. However, it is not known whether the observed syncytia
formation in vitro can be related to the lower virulence of these mutants in
vivo. Another RCMV gene that we studied is rl44, which putatively encodes
an MHC class I homolog. Deletion of the rl44 gene from the RCMV genome
generated a recombinant virus (RCMVArl44) that replicated with similar
efficiency as wt RCMV in vitro. Unexpectedly, we were unable to detect
differences in pathogenicity between wt and mutant virus after infection of
immunocompromised rats. A difference between wt RCMV and RCMVArl44
was seen, however, in a local, rat foot pad infection model. We found that
the influx of macrophages and CD8* T-cells at the site of inoculation was
significantly lower in RCMVArl44-infected rats than in wt RCMV-infected
rats. This indicated that the rl44 gene could play a role in the recruitment of
a subset of leukocytes to the site of initial RCMV infection.
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SAMENVATTING

Cytomegalovirussen (CMV's) zijn veelvuldig voorkomende,
gastheerspecifieke beta-herpesvirussen, die levenslang in geinfecteerde
individuen persisteren. Alhoewel infectie in immuuncompetente personen
voornamelijk asymptomatisch is, kan CMV een levensgevaarlijke bedreiging
vormen in immuun-gecompromitteerden, zoals transplantatie- en AIDS-
patienten. De effectiviteit van bestaande, CMV-specifieke antivirale
middelen en vaccins is beperkt, hetgeen de noodzaak van moleculair
biologisch onderzoek van CMV rechtvaardigt. Het genoom van humaan
CMV (HCMV) bestaat uit 229 kb dubbelstrengs-DNA en bevat tenminste
180 virus-genen. De meerderheid van deze genen is nog niet
gekarakteriseerd. Sommige HCMV-genen vertonen significante
overeenkomsten in sequentie met genen van de gastheer, waaronder genen
die homologie vertonen met die van chemokinen, chemokine-receptoren,
major histocompatibility complex (MHC's) klasse I zware ketens, tumor
necrose factor-receptoren en T-cel-receptor y-ketens. De functies van deze
HCMV-genen zijn nog onduidelijk. De gastheerspecificiteit van HCMV
bemoeilijkt de mogelijkheid om de rol van deze genen in de pathogenese
van HCMV-infectie in vivo te bestuderen. Het rat-CMV (RCMV) -genoom
is co-lineair met het HCMV-genoom en de meerderheid van de genen zijn
geconserveerd. Omdat RCMV-infectie in vivo bestudeerd kan worden, kan
het rat/RCMV-systeem als model worden gebruikt om de functie van de
CMV-genen, die homoloog zijn aan gastheer-genen, in vivo te bestuderen.
Dit proefschrift beschrijft de karakterisatie van vier RCMV-genen die
coderen voor respectievelijk een major immediate early transactivator (R122-
123), een potentiele chemokine-receptor (R33), een orphan G protein-coupled
receptor (R78) en een zware-keten MHC-klasse-I-molecuul (rl44). De rol van
R33, R78 en rl44 is zowel in vitro als in vivo bestudeerd met behulp van
mutant-RCMV-stammen, waarbij telkens een van deze genen was
uitgeschakeld. De infectie-efficientie van deze mutanten is vergeleken met
die van wild-type (wt) -RCMV in zowel verschillende celtypen in vitro, als
in immuun-gecompromitteerde ratten. Infectie met de drie virus-mutanten,
die zijn ontstaan door de uitschakeling van R33, R78 en rl44 (respectievelijk
RCMVAR33, RCMVAR78 an RCMVArl44), vertoonden verscheidene
interessante fenotypen. RCMVAR33 repliceerde in vitro even efficient als
wt-RCMV. Echter, de mutant was minder pathogeen dan wt-RCMV in
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geinfecteerde, immuungecompromitteerde ratten. Bovendien kon
RCMVAR33 niet gedetecteerd worden in de speekselklieren van de rat - de
belangrijkste organen voor virusreplicatie gedurende primaire RCMV-
infectie. We concluderen dientengevolge dat het R33-gen een determinant
is voor het speekselklier-tropisme van RCMV. De R78-deletiemutanten zijn,
in tegenstelling tot RCMVAR33, ook in vitro verminderd in sterkte. Ze
repliceerden minder efficient in fibroblasten en gladde spiercellen in vitro
dan wt-RCMV. De R78-deletiemutanten induceerden bovendien syncytium-
vorming in geinfecteerde fibroblasten in vitro. Hypothetisch gezien kan het
R78-gen daarom betrokken zijn bij de stabilisatie van eiwitcomplexen die
de cel-cel-verspreiding of uitscheiding van virus bewerkstelligen. The R78-
deletiemutanten waren eveneens minder pathogeen dan wt-RCMV in vivo.
Het is echter onduidelijk of de waargenomen syncytium-vorming in vitro
kan worden gerelateerd aan de verminderde virulentie van deze mutanten
in vivo. Een ander RCMV-gen dat bestudeerd is, rl44, bevat MHC klasse I-
homoloog-coderende sequenties. Deletie van dit gen uit het RCMV-genoom
resulteerde in een recombinant-virus (RCMVArl44) dat met overeenkomstige
efficientie repliceerde als wt-RCMV in vitro. Tegen de verwachtingen in
waren we niet in staat verschillen in pathogeniciteit aan te tonen tussen wt-
en mutant-virus bij geinfecteerde, immuungecompromitteerde ratten.
Desalniettemin werden verschillen geobserveerd tussen wt RCMV en
RCMVArl44 in een rattenpootjes-model voor lokale infectie. We toonden
aan dat de influx van macrofagen en CD8*-T-cellen op de plaats van inoculatie
significant lager was in RCMVArl44-geinfecteerde ratten, dan in wt-RCMV-
geinfecteerde ratten. Dit geeft aan dat het rl44-gen een rol kan spelen in het
recruteren van een subpopulatie van leukocyten naar de plaats van initiele
RCMV-infectie.
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