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Olfactory Entry Promotes Herpesvirus Recombination
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ABSTRACT Herpesvirus genomes show abundant evidence of past recombination. Its
functional importance is unknown. A key question is whether recombinant viruses can
outpace the immunity induced by their parents to reach higher loads. We tested this
by coinfecting mice with attenuated mutants of murid herpesvirus 4 (MuHV-4).
Infection by the natural olfactory route routinely allowed mutant viruses to reconsti-
tute wild-type genotypes and reach normal viral loads. Lung coinfections rescued
much less well. Attenuated murine cytomegalovirus mutants similarly showed recom-
binational rescue via the nose but not the lungs. These infections spread similarly, so
route-specific rescue implied that recombination occurred close to the olfactory entry
site. Rescue of replication-deficient MuHV-4 confirmed this, showing that coinfection
occurred in the first encountered olfactory cells. This worked even with asynchronous
inoculation, implying that a defective virus can wait here for later rescue. Virions enter-
ing the nose get caught on respiratory mucus, which the respiratory epithelial cilia
push back toward the olfactory surface. Early infection was correspondingly focused
on the anterior olfactory edge. Thus, by concentrating incoming infection into a small
area, olfactory entry seems to promote functionally significant recombination.

IMPORTANCE All organisms depend on genetic diversity to cope with environmental
change. Small viruses rely on frequent point mutations. This is harder for herpesviruses
because they have larger genomes. Recombination provides another means of genetic
optimization. Human herpesviruses often coinfect, and they show evidence of past
recombination, but whether this is rare and incidental or functionally important is
unknown. We showed that herpesviruses entering mice via the natural olfactory route
meet reliably enough for recombination routinely to repair crippling mutations and
restore normal viral loads. It appeared to occur in the first encountered olfactory cells
and reflected a concentration of infection at the anterior olfactory edge. Thus, natural
host entry incorporates a significant capacity for herpesvirus recombination.
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on herpesvirus alleles hard to gauge. Thus, the frequency and functional significance
of recombination remain speculative. To recombine, herpesviruses must coinfect single
cells. Longitudinal analysis has identified a likely instance of recombination only in im-
munodeficiency, when viral loads are unusually high (12). A key unanswered question
is whether normal infection allows herpesvirus strains to form functional gene pools or
whether recombination only rarely alters outcomes.

Recombination early in infection, before host immunity limits all spread, is likely to
have the most impact. The difficulty of sampling early human herpesvirus infections
makes their routes and recombination opportunities hard to know. The presence of
Epstein-Barr virus (EBV) in tonsils during infectious mononucleosis led to an assump-
tion that gammaherpesviruses enter orally (13, 14). However, tonsillitis postdates EBV
acquisition by at least a month (15), and EBV DNA is found in blood before saliva (16),
so tonsillar infection looks more like host exit. Analysis of the related murid herpesvirus
4 (MuHV-4) (17) found oral virions to be noninfectious (18) and submucosal B cell colo-
nization to postdate systemic spread (19). MuHV-4 enters alert mice via the olfactory
epithelium (20). Lung infection is a popular experimental model but requires large vol-
ume inoculation under anesthesia. The only other known natural route of MuHV-4
uptake is genital (21). After entry, MuHV-4 spreads to lymph nodes (LN) via dendritic
cells (22) and then to the spleen and beyond via B cells (23).

Olfactory entry is evident also for MCMYV, including spontaneous transmission (24),
and for herpes simplex virus 1 (HSV-1) (25). These viruses diverged long before prima-
tes split from rodents (26), and heparan binding, a key determinant of olfactory entry
(17), is shared by all human herpesviruses. On most differentiated epithelia, heparan is
solely basal (27) and therefore inaccessible to incoming virions. However, olfactory
neurons display heparan on their apical cilia (20). Human CMV also has a specific olfac-
tory receptor (28). We tested in this study whether olfactory entry offers a significant
opportunity for coinfecting herpesvirus strains to recombine.

RESULTS

Nasal infection with latency-deficient MuHV-4 mutants. Gammaherpesviruses
colonize their hosts by lytic spread and by latency-associated lymphoproliferation.
MuHV-4 mutants lacking stable latency have been made by overexpressing the open
reading frame 50 (ORF50) viral transactivator (20, 29) and by disrupting the ORF73 epi-
some maintenance protein (30, 31). For example, M50 MuHV-4 has an MCMV IET pro-
moter fragment inserted in the 5’ untranslated region of ORF50, deregulating its tran-
scription (32), and ORF73FS MuHV-4 has a frameshift mutation in ORF73 (30) (Fig. 1a).
Both mutants replicate lytically in the lungs after a 30-ul inoculation under anesthesia,
but they poorly colonize lymphoid tissue. Nasal inoculation (5 ul without anesthesia)
similarly led to local lytic spread but significantly less LN infection than for the wild
type and no detectable splenic infection after 18 days (Fig. 1b).

Recombinational rescue of latency-deficient mutants after nasal coinfection. To
test rescue by recombination, we coinfected mice nasally with ORF73FS and M50 MuHV-
4 and 25 days later determined latent loads by infectious-center assay (Fig. 2). A total of
11/12 coinfected mice showed significant splenomegaly (Fig. 2a) and splenic infection
(Fig. 2b). No singly infected mice did so, ruling out spontaneous reversion (or wild-type
contamination) as an explanation. PCR genome analysis of viruses cloned from splenic
infectious centers of 4/4 coinfected mice showed M50 and ORF73 PCR products of wild-
type size (Fig. 2c and d), and the DNA sequences of these PCR products exactly matched
the wild type, supporting the idea that they resulted from recombination.

Recombinant infections necessarily start at a very low dose, so it was unsurprising
that the early viral loads of coinfected mice were lower than those of wild-type infec-
tion controls. After 3 months, the splenic loads of coinfected mice were indistinguish-
able from those of the wild type by infectious-center assay (Fig. 2e) and by quantitative
PCR of viral DNA (Fig. 2f). Thus, although the parental M50 and ORF73FS infections eli-
cited enough immunity to protect against a later wild-type challenge (33-36), they did
not do so quickly enough to stop recombinant outgrowth.

December 2021 Volume 95 Issue 23 e01555-21

Journal of Virology

jviasm.org 2


https://jvi.asm.org

Herpesvirus Recombination

Journal of Virology

a ORF50 ORF73
TR | | | I l I 1 I I I I TR
10000 20000 30000 40000 50000 60000 70900 80000 90000 100090 . 110000
. /// R
AL deletion ~ MCMV IET promoter : ) . frameshift, and
(M1-Ma, ORF4)  inORF505'UTR  OR | luciferase-pA replacing exon 2 loss of BstEll site
exon 1 ORF73
T T T
67000 68000 69000 104000 105000
pip <p2 p3p> -dp4 p5p> -pb
M50 ORF50DEL ORF73FS

o

L ‘@_qg_

|

o 58_ 0] 0O wild-type
3 104 0 J% s & M50
£ o O O ORF73FS
~
(%2}
Y 3| p<10? <103 <10°®
- 10 P p P
= &
a <
:qj 102 <o
= B N ——— Y, SRR + W— - - - BT~
s 10

noses, day 8 ! SCLN, day 8 ! spleens, day 18

FIG 1 Nasal infection by MuHV-4 mutants lacking normal latency. (a) A schematic sketch of MuHV-4 mutations shows the linear genome flanked by
terminal repeats (TR), with expanded views below. Replication-deficient ORF50DEL MuHV-4 has most of ORF50 exon 2 replaced by luciferase plus a
polyadenylation site. ORF73FS MuHV-4 has a frameshift in ORF73, which encodes the viral episome maintenance protein. The AL virus mutation
additionally deletes 11 kb from the genome left end, removing ORFs M1-M4. M50 MuHV-4 has an MCMV IE1 promoter inserted in the 5’ untranslated
region of ORF50. p1 to p6 show the locations of primers used to identify the ORF50DEL, M50, and ORF73FS mutations. (b) C57BL/6 mice were infected
nasally (10° PFU in 5 ul without anesthesia) with wild-type, M50, or ORF73FS virus. Titers in noses were determined by plaque assay. Titers in superficial
cervical lymph nodes (SCLN) and spleens were determined by infectious-center assay. Symbols show individual mice; bars show means. The dashed line

shows the detection limit. Significant differences in virus recovery relative to the wild type are shown.

Dual recombinational rescue. Herpesvirus genomes comprise conserved blocks,
between which lie more varied loci. The genome ends also vary. Exchanging an end
would require just one recombination, but exchanging a central gene would require
two. To test this setting, we coinfected mice with M50 MuHV-4 and an ORF73FS mu-
tant that also lacked 10 kb from its left end (ORF73FSAL) (36) (Fig. 1a). The AL mutation
deletes ORFs M1 to M4, which also impairs the establishment of a normal latent viral
load (37), and infectious-center assays confirmed the attenuating effect of this muta-
tion (Fig. 3a). However, nasal coinfection again gave rescue, with no detectable splenic
infection in the single-inoculum controls. To test for full repair rather than just comple-
mentation in trans, we inoculated virus cloned from the spleens of M50/ORF73FSAL-
coinfected mice into the lungs of new naive mice (Fig. 3b). They colonized the spleens
of these mice as effectively as the wild type. Thus, there was no barrier to recombina-
tional rescue of a parental virus with more than one attenuating mutation.

Lung coinfection with latency-deficient MuHV-4 mutants. To determine whether
MuHV-4 coinfection generally provides genetic rescue, or whether this was a particular
feature of olfactory entry, we tested lung inoculation, giving mice M50 and ORF73FS
MuHV-4 as before but in 30 wl under anesthesia. Exact comparison of lung and olfactory
infections is difficult, as they involve different organs. For example, virus inoculation into
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FIG 2 Recovery of latency after nasal coinfection with latency-deficient MuHV-4 mutants. (a) C57BL/6 mice were infected nasally (10° PFU) with wild-type,
M50, or ORF73FS virus or a 1:1 M50/ORF73FS mix. Weights of spleens 25 days later are shown, with significant splenomegaly for the wild type and mixed
infections. Symbols show individual mice; bars show means. (b) Titers in the spleens in panel a were determined for latent virus by infectious-center assay.
Symbols show individuals; bars show means. The dashed line shows the lower limit of assay detection. Mixed M50/ORF73FS infection yielded significantly
more virus than either single infection. No preformed infectious virus was recovered by parallel titer of freeze-thawed spleen samples. (c) Viruses cloned
(c1 to c4) from spleens of mixed-infection mice were genotyped by PCR across the M50 insertion site (primers p1 and p2 in Fig. 1a). PCR products were
resolved by agarose gel electrophoresis and stained with ethidium bromide. WT and M50, wild-type and M50 input viruses; Mw, molecular weight markers.
Sequencing of the main (268 bp) product of cloned virus DNA confirmed identity with the wild type. (d) DNA from the cloned viruses in panel ¢ was
genotyped by PCR across the ORF73 frameshift (primers p5 and p6 in Fig. 1a). PCR products were digested or not with BstEll, resolved by agarose gel
electrophoresis, and stained with ethidium bromide. 73, ORF73FS input viruses. As the viruses were cloned prior to analysis, we interpret the minor residual
0.43-kb product for BstEll-digested c3 DNA as incomplete digestion. DNA sequencing of the main (428 bp) undigested product of the cloned viruses
confirmed identity with the wild type. (¢) C57BL/6 mice were infected as for panel a. Three months later, latent virus was detected by infectious-center
assay. M50/ORF73FS coinfection yielded significantly more virus than either single infection and was indistinguishable from the wild type. Symbols show
individual mice; bars show means. The dashed line shows the detection limit. (f) The spleens in panel e were assayed for viral genomes by quantitative
PCR of extracted DNA. Viral copies are expressed relative to cellular B-actin copies amplified in parallel. M50/ORF73FS coinfection yielded significantly more
viral genomes than either single infection and was indistinguishable from the wild type.

the lungs is much more efficient, as alert mice retain very little free fluid in their upper
airways (38): at least 90% of a 5-ul nasal inoculum is swallowed. Thus, for lung inocula-
tions we gave 10 rather than 10> PFU of virus. MuHV-4 also replicates more extensively
in lungs than in noses (18). This leads to LN and spleen infections peaking earlier than af-
ter olfactory infection, typically at day 12 to 17 rather than day 18 to 25 (18). This makes
day 25 is a relatively insensitive time point for detecting systemic spread via the lungs,
so instead we tested day 17 (Fig. 4a), the peak time point for spleen colonization after a
low-dose lung inoculum (18). Low levels of latent infection were found in the spleens of
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FIG 3 Recovery of latency after coinfection by M50 and ORF73FSAL mutants. (a) C57BL/6 mice were
infected nasally (10° PFU) with wild-type, M50, or ORF73FSAL virus or a 1:1 M50/ORF73FSAL mix. We
also infected mice with a control AL single mutant. Spleens were infectious-center assayed for latent
infection 25 days later. Symbols show individual mice; bars show means. The dashed line shows the
detection limit. M50/ORF73FSAL coinfection yielded significantly more latency than either virus alone.
No preformed infectious virus was recovered by parallel titer of freeze-thawed spleen samples. (b) To
test the viruses recovered from spleens of individual coinfected mice for full rescue, they were
inoculated into the lungs of naive C57BL/6 mice (10°® PFU). Splenic infectious-center assays 12 days
later showed titers equivalent to those of the wild type.

3/6 coinfected mice, with none in single-mutant controls. An additional experiment (Fig.
4b) found no sign of late (day 100) splenic colonization after coinoculation of lungs.
While nasal inocula do not reach the lungs, lung inocula must navigate the nose, so
the low-level splenic latency in Fig. 4a possibly came from contaminating olfactory
infection. To test this, we sacrificed mice at 12 days after coinfection and separately
determined the virus titers in the superficial cervical LN (SCLN), which drain the nose,
and the mediastinal LN (MLN), which drain the lungs (Fig. 4c). At this time after low-
dose infection, LN colonization reflects primary viral replication in peripheral sites
rather than systemic spread, so we could distinguish lung and nose origins. While 4/7
coinfected mice had a low level of SCLN latency, only 1/7 had MLN latency, arguing
that virus capable of lymphoid colonization was coming primarily from the nose rather
than the lungs. Wild-type controls showed more virus in MLN than in SCLN—as pri-
mary lung infection is more extensive—and the sole positive MLN of the coinfected
cohort correspondingly yielded more virus than any SCLN. Thus, we could be confident
of not missing recombinational rescue in the lungs. It seemed that viruses coinfecting
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FIG 4 Little evidence of MuHV-4 recombination after lung coinfection. (a) Wild-type, M50, or ORF73FS virus or
a 1:1 M50/ORF73FS mix was inoculated into the lungs of C57BL/6 mice (10* PFU in 30 wul under anesthesia).
Spleens were infectious-center assayed for latent virus 17 days later. Symbols show individual mice; bars show
means. The dashed line is the detection limit. (b) Mice were infected as for panel a. One hundred days later,
DNA from spleens was assayed for viral DNA by quantitative PCR. Values are expressed relative to the cellular
DNA load assayed in parallel for each sample. Symbols show individual mice; bars show means. (c) Mice were
infected as for panel a. Twelve days later, SCLN and MLN were infectious-center assayed for latent virus.
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FIG 5 Rescue of MCMV mutants after coinfection in the nose but not the lungs. (a) Wild-type, M33,
or M78 MCMV or a 1:1 M33/M78 mix was inoculated into the lungs of BALB/c mice (10* PFU in 30 ul
under anesthesia). Eighteen days later, salivary glands were plaque assayed for infectious virus.
Symbols show individual mice; bars show means. The dashed line is the detection limit. Only wild-
type infection yielded recoverable virus. (b) BALB/c mice were infected nasally (10° PFU) with M33 or
M78 MCMV or a 1:1 M33/M78 mix. Eighteen days later, salivary glands were plaque assayed for
infectious virus. Symbols show individual mice; bars show means. Only the mixed infection yielded
recoverable virus. (c) DNA of virus cloned from mixed infection salivary glands in panel b was
checked for M33 mutation by PCR. 33 and 78, M33 and M78 input viruses. The predicted wild-type
band is 572 bp. The upper 33 sample band corresponds to the expected size for the lacZ cassette
insertion of the mutant (4.4 kb). The source of the lower (2.2 kb) 33 sample band is unclear, but the
33 sample is clearly free of wild-type DNA, and no recovered clone shows a mutant M33 locus. (d)
The same DNA samples were checked for M78 mutation. Clone 2 appeared to be a parental M78
virus. The other 3 clones had a wild-type M78 locus, indicating recombination.

the lungs rarely recombined—1/7 mice, versus 11/12 for olfactory infection in Fig. 2b
(P < 0.002)—and that the low-level spleen infections in Fig. 4a had likely come from
the nose.

Recombination via olfactory infection but not lungs applies also to MCMV. To
explore whether recombinational rescue was specific to MuHV-4, we tested MCMV,
coinfecting BALB/c mice with mutants lacking M33 or M78 (Fig. 5). MCMV needs both
of these G protein-coupled receptor homologs to colonize the salivary glands (39, 40).
We used BALB/c mice because K181 strain MCMV is attenuated in C57BL/6 mice. After
lung inoculation, day 18 salivary gland plaque assays were positive for only the wild-
type control (Fig. 5a). After nose inoculation, day 18 salivary glands were positive for all
coinfected mice and no M33 or M78 single controls (Fig. 5b). We cloned viruses from
the salivary glands of nasally coinfected mice and checked their M33 and M78 loci by
PCR (Fig. 5c and d). A total of 4/4 showed a K181 wild-type-sized M33 locus, and DNA
sequencing showed an exact match with the wild type. One clone retained a mutant
M78 locus (Fig. 5d), reflecting that M78-deficient viruses do not always completely lack
salivary gland infection (40, 41). However, the other M78 loci matched the K181 wild-
type size and DNA sequence. Thus, as with MuHV-4, recombination appeared to
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provide frequent and functionally significant MCMV rescue after olfactory entry but
not after lung entry.

Recombination occurs early in olfactory infection. MuHV-4 lung and olfactory
infections both reach B cells via dendritic cells (17), and MCMV lung and olfactory infec-
tions both spread via dendritic cell recirculation (42, 43). Therefore, inefficient rescue of
either virus via the lungs argued that recombination occurred early after olfactory entry,
before spread to LN. Supporting this supposition, SCLN infectious-center assays at day 8
detected more latent MuHV-4 after nasal M50/ORF73FS coinfection than after single
infections (Fig. 6a). However, latency-deficient mutants can still reach LN—they just fail
to amplify—and with little time for recombinant viruses to grow out, the titers of coin-
fected mice were not significantly higher than those of M50 alone. Thus, we sought fur-
ther evidence of recombinational rescue, by inoculating virus clones recovered from
SCLN in Fig. 6a into the lungs of naive mice (Fig. 6b). At day 14 after reinoculation, no vi-
rus clones from M50 or ORF73FS single infections yielded infectious centers, while 8/9 of
those from mixed infections had titers indistinguishable from the wild type. Therefore,
olfactory coinfections appeared to recombine before leaving LN.

We could not recover recombinant virus clones in the same way from coinfected
noses, presumably because without the selective pressure of having to establish latency,
the proportion of recombinants remained low. Therefore, to locate more precisely the in
vivo recombination site, we used ORF50DEL MuHV-4, which lacks all lytic replication, due
to a large deletion in ORF50 (Fig. 1a), coinfecting mice with this virus and the ORF73FS
mutant (Fig. 6¢). ORF50DEL MuHV-4 requires complementing ORF50" cells for propaga-
tion (18), and in vivo it is confined to the first cells infected (23). At 18 days after nasal
coinfection, spleens and SCLN yielded recoverable virus for 3/3 coinfected mice, and at
25 days spleens did so for 5/5 coinfected mice, with none from single-mutant controls.
Viruses cloned from day 25 spleens of 4/4 coinfected mice further showed wild-type
ORF50 and ORF73 loci by PCR (Fig. 6d and e); DNA sequencing confirmed their identity
with the wild type. Therefore, coinfection must have occurred in the first encountered ol-
factory cells, specifically olfactory neurons or sustentacular cells (20).

Recombination does not require simultaneous coinfection. ORF50DEL MuHV-4
cannot replicate lytically, and no infectivity could be recovered from noses at 1 day after
inoculation, but it can establish latent infection (20). Thus, we used it to test whether ol-
factory entry might also allow a superinfecting virus to rescue a defective mutant. We
infected mice nasally with ORF50DEL MuHV-4, then 5 days later gave the same mice
nasal ORF73FS MuHV-4, and assayed spleens for recoverable virus after another 18 days
(Fig. 7). A total of 5/6 coinfected mice showed splenic infection, while no singly infected
controls did so. Therefore, olfactory entry allowed rescue by superinfection.

A possible site of olfactory recombination. Olfactory cells far outnumber the
number of virions we inoculated, and previous analysis has shown that while MuHV-4
can establish extensive olfactory infections in pups, only a small proportion of adult ol-
factory cells ever seem to be infected (20). For MCMV, the number of infected cells is
lower still (24). Thus, it was a puzzle how coinfecting strains could so often meet.
However, a survey of MuHV-4-infected noses showed that the anterior olfactory epithe-
lium, where it borders the respiratory epithelium, is a conspicuous site of early infec-
tion (Fig. 8). Anatomical complexity (44) makes this border hard to survey entirely, but
even on limited sampling we found evidence of its involvement in 23/30 early infec-
tions (1 to 3 days postinoculation). Thus, frequent infection of this site seemed a plausi-
ble explanation for efficient rescue after nasal entry.

DISCUSSION

Herpesviruses interact with polymorphic host genes and so face significant environ-
mental change in each new infection. Coping with such change requires genetic diver-
sity. Herpesvirus mutation rates are constrained by their large complements of essen-
tial genes, and the identification of many circulating strains as recombinants suggests
that gene shuffling could provide significant additional diversity. However, the in vivo
fitness of human herpesvirus strains is hard to compare, and serial selection in an
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FIG 6 Early recombinational rescue of MuHV-4 after nasal coinfection. (a) C57BL/6 mice were infected
nasally (10° PFU) with wild-type, M50, or ORF73FS MuHV-4 or a 1:1 M50/ORF73FS mix. Eight days later,
latent virus in SCLN was infectious-center assayed. Symbols show individual mice; bars show means. The
dashed line is the detection limit. Mixed infections gave higher titers than either component single
infection, although the wide spread meant that as a group they were not significantly higher than M50
alone. (b) Viruses cloned from SCLN for each mouse in panel a were given in. to naive mice under
anesthesia to inoculate the lungs (10% PFU in 30 wl). One clone from each positive mouse was given to one
naive mouse. Fourteen days later, spleens were infectious-center assayed for latent infection. Symbols show
individual mice; bars show means. (c) C57BL/6 mice were infected nasally (10° PFU in 5 wl) with wild-type,
ORF50DEL, or ORF73FS MuHV-4 or a 1:1 ORF50DEL/ORF73FS mix. Eighteen days later, SCLN and spleens
were infectious-center assayed for latent virus. Symbols show individual mice; bars show means. Mixed
infections gave significantly higher titers than either component single infection. (d) Mice infected as for
panel ¢ were infectious-center assayed for splenic virus after 25 days. Mixed infections gave significantly
higher titers than either component single infection. () DNA of viruses cloned (c1 to c4) from mixed-
infection spleens for panel d was PCR amplified across the ORF50 deletion site (primers p3 and p4 in Fig.
1a). The PCR products were resolved by agarose gel electrophoresis and stained with ethidium bromide. 50,
ORF50DEL input viruses. DNA sequencing of cloned virus PCR products confirmed identity with the wild
type. (f) DNA from the mixed-infection clones in panel e was PCR amplified across the ORF73 frameshift site
(primers p5 and p6 in Fig. 1a). The PCR products were digested or not with BstEll, resolved by agarose gel
electrophoresis, and stained with ethidium bromide. As in Fig. 2d, as c1 to c4 were cloned prior to analysis;
the minor residual 0.43-kb band after incubation with BstEll digestion presumably reflected incomplete
digestion rather than mutant DNA. Sequencing of the undigested PCR products confirmed identity with the
wild type.
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FIG 7 Recombinational rescue after serial mixed infection. C57BL/6 mice were infected nasally (10°
PFU) with ORF50DEL MuHV-4. Five days later, they were infected nasally (10° PFU) with ORF73FS
MuHV-4. Controls were given either just ORF50DEL or just ORF73FS. Eighteen days after ORF73FS
infection, spleens were infectious-center assayed for latent virus. Symbols show individual mice; bars
show means. The dashed line shows the detection limit. Serial mixed infection yielded significantly
more recoverable virus than either single infection.

outbred host soon gets unfathomably complicated. Thus, genome sequences alone
cannot tell us the frequency or functional importance of viral recombination. We
addressed a key functional question: whether a higher titer and therefore more trans-
missible recombinant infection can arise from attenuated parents entering via a natural
route. M50 and ORF73FS MuHV-4 infections elicit strong protection against a later
wild-type challenge (33-35). However, olfactory entry allowed recombination early
enough to outpace this immune response and so restored wild-type levels of host
colonization.

It might be considered that coinfecting herpesviruses could meet anywhere. Yet
once infection breaches a tissue barrier, the need to outpace immunity favors rapid
spread, which is divergence rather than the convergence needed for recombination.
Hence, MuHV-4 recombinants readily escaped the dominant negative impact on la-
tency of the M50 mutation. Systemic infection in immunocompetent hosts remains
dilute, with most replication at the point of host exit, so after entry there is no obvious
point of convergence until progeny virions pool in saliva for shedding. Even the high
plaque titers that MCMV reaches in salivary glands come from relatively few infected
acinar cells. Thus, normal infection may offer few postentry opportunities for recombi-
nation, consistent with the scarcity of recombination after lung inoculation of MuHV-4
or MCMV.

FIG 8 Infection at the olfactory/respiratory border. C57BL/6 mice were infected nasally with wild-type
MuHV-4 (10° PFU). One to 3 days later, nose sections were stained for viral lytic antigens with a
polyclonal rabbit serum (brown) and counterstained with hemalum (blue). OE, olfactory epithelium;
RE, respiratory epithelium. Representative sections show foci of infection on the olfactory side of the
olfactory/respiratory border.
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In minimally manipulated mice, herpesviruses have consistently shown olfactory
entry. The olfactory epithelium sits above and behind the respiratory epithelium, near
the cribriform plate (44).

Tracking inhaled MuHV-4 has shown that many virions get captured onto the respira-
tory mucus (20), presumably by surface tension. They then disappear without infecting,
as respiratory epithelial cells lack the apical heparan required for binding, and their cilia
constantly push the overlying mucus back toward the olfactory epithelium. Here, virions
accumulate and infect (20). Hence, MuHV-4 entry concentrated at the anterior olfactory
edge. The rescue of replication-deficient MuHV-4 argued that recombination occurs in
the first infected olfactory cells, and so the experimentally defined process of virion cap-
ture onto respiratory mucus and then transport back to the anterior olfactory edge links
directly to the high frequency of recombination observed in natural virus isolates.

The main alternative to olfactory entry for herpesviruses appears to be genital (21).
Entry here seems to reflect coitus-related epithelial damage, so the recombination
opportunities are probably hard to model across species. For lung infection, which pro-
vides a useful albeit somewhat artificial experimental standard, the lack of recombination
between coinoculated viruses reflected that inocula get diluted in a very large number
alveoli (45, 46). Although the is extensive viral replication in inoculated lungs, there is no
evidence for spread between alveoli. This may explain the lack of recombination.

Olfactory anatomy is similar across many vertebrate species, as is heparan binding
by their herpesviruses, a key determinant of olfactory virion capture (20). Other hepa-
ran-binding viruses might use the same route. For example, both adeno-associated vi-
rus (AAV) and adenovirus bind heparan (47, 48). AAV requires a coinfecting adenovirus
(or herpesvirus) for replication. When spreading within a host, abundant production
can keep AAV ahead of its helper. However, interhost transmission involves limiting vi-
rus dilution. It is then a problem for AAV to find new complementation. The concen-
trating effect of olfactory entry could make a meeting more likely, and AAV latent in
olfactory cells could wait to ambush its essential aide.

Coentry of herpesvirus strains implies coacquisition from a coshedding host. While
EBV strains can coshed acutely (49), long-term infections seem to select one dominant
strain (50). Vaccine studies argue that superinfection is inefficient (46). The explanation
for nonetheless abundant coinfections and recombinants may be that establishing
effective immunity takes time. The antibody response to MuHV-4 takes 3 months to
reach its peak (51); EBNA-specific antibodies do not appear until months after EBV ac-
quisition; and EBV loads remain elevated for at least as long (52). Thus, an infant acquir-
ing a single maternal virus strain would have a substantial window to acquire addi-
tional strains from other carers (53) and generate recombinants. This might be helped
by a carrier inhaling some of their own shed salivary virus.

MATERIALS AND METHODS

Mice. C57BL/6 or BALB/c mice were infected intransally (i.n.) when 6 to 14 weeks old, either in 30 ul,
under isoflurane anesthesia to reach the lungs (10* PFU), or in 5 ul, restrained without anesthesia (10°
PFU) to infect only the nose (18). A higher dose was used for nose infections, as most of these inocula
are swallowed (38). Statistical comparison was done by Student’s 2-tailed unpaired t test unless stated
otherwise. Mice were killed by rising CO, concentration. Experiments were approved by the University
of Queensland Animal Ethics Committee and were performed in accordance with the Australian code
for the care and use of animals for scientific purposes, as published by the Australian National Health
and Medical Research Council (projects 391/15, 479/15, 196/18, and 207/18).

Cells and viruses. BHK-21 fibroblasts (American Type Culture Collection [ATCC] CCL-10), NIH 3T3
cells (ATCC CRL-1658), and NIH 3T3-ORF50 cells (18) were grown in Dulbecco’s modified Eagle's medium
(Gibco) with 2 mM glutamine, 100 IU/ml of penicillin, 100 wg/ml of streptomycin, and 10% fetal calf se-
rum (complete medium). Murine embryonic fibroblasts were grown in similarly supplemented minimal
essential medium. MuHV-4 variants with a frameshift inactivating ORF73 (30), with an additional deletion
of 11 kb from the genome left end, which includes ORFs M1, M2, M3, M4, and 4 (36), with a deletion of
ORF50 exon 2 (18), and with an MCMV IE1 promoter fragment inserted in the 5" untranslated region of
ORF50 (32) are described. ORF50DEL MuHV-4 was grown and titers were determined in NIH 3T3-ORF50
cells. Other MuHV-4 derivatives were grown and titers were determined in BHK-21 cells. MCMV mutants
with a B-galactosidase expression cassette disrupting M33 (39) or M78 (40) were derived from K181
strain Perth, which was used as the wild type. All were grown in NIH 3T3 cells. Infected cell supernatants
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were cleared of debris by low-speed centrifugation (200 x g, 5 min). Cell-free virions were then concen-
trated by ultracentrifugation (35,000 x g, 1.5 h) and stored at -80°C.

Infectivity assays. Infectious virus was quantified by plaque assay. For MuHV-4 (54), virus stocks or
freeze-thawed tissue homogenate dilutions were incubated with BHK-21 cells (2 h, 37°C), overlaid with
complete medium/0.3 % carboxymethylcellulose, cultured for 4 days, fixed with 1% formaldehyde, and
stained with 0.1 % toluidine blue for plaque counting. Titers of MCMV were determined similarly but on
murine embryonic fibroblast monolayers (40), and the virus was adhered by centrifugation (500 x g,
30 min) before the inoculum was discarded. Total recoverable MuHV-4 (latent plus preformed infectious
virus) was quantified by infectious-center assay (54). Freshly isolated LN or spleen cells were layered
onto BHK-21 cell monolayers and then cultured and processed as for plaque assays. For parallel assays
of preformed infectious virus, samples were first frozen and thawed.

Viral genome quantitation. MuHV-4 genomic coordinates 4163 to 4308 (M2 ORF; primers 4163 to 4183
and 4288 to 4308) were amplified by PCR (Rotor Gene 3000; Corbett Research) from 50 ng of DNA (Nucleospin
tissue kit; Macherey-Nagel). PCR products quantified with Sybr green (Thermo Fisher Scientific) were compared
to a standard curve of a cloned template amplified in parallel and were distinguished from paired primers by
melting-curve analysis. Correct sizing was confirmed by electrophoresis and ethidium bromide staining.
Cellular DNA in the same samples was quantified by parallel amplification of a B-actin gene fragment.

Virus genotyping. M50 MuHV-4 has the proximal 416 bp of the murine cytomegalovirus IE1/IE3 pro-
moter inserted at genomic coordinate 66718, between the ORF50 transcription (66642) and translation
(66760) start sites. To detect this insert, we amplified across genomic coordinates 66580 to 66848, using
primers 5’-CACATTATCCCACAATGTGCTGC and 5'-GAAATACTGATCTGTCTGCGTGG. This gave a 268-bp
wild-type product and a 684-bp M50 product. ORF50DEL MuHV-4 has genomic coordinates 67792 to
69177 deleted from ORF50 exon 2 (67661 to 69376). In place is ligated a 1,961-bp fragment comprising
the firefly luciferase coding sequence in frame with ORF50 (1,672 bp) and a simian virus 40 (SV40) poly-
adenylation signal (289 bp). We amplified across genomic coordinates 67672 to 69240, using primers 5'-
GATCGAAGCAGGTCTACTTGAG and 5'-TCAGCAGTGTCCTGGTTTGCC, to give a 1,569-bp wild-type band or
a 2,145-bp mutant band. ORF73FS MuHV-4 has a 5-bp insert at genomic coordinate 104379 in ORF73
(104869 to 103925). This disrupts a BstEll restriction site. We amplified across genomic coordinates 104152
to 104580, using primers 5'-TTCACAGTAGGCCAAGACAACC and 5'-CCACCATCACCAGATGTTGATG. This
gave a 428-bp wild-type product, cut by BstEll into 228-bp and 200-bp fragments, or a 433-bp mutant
product not cut by BstEIl. DNA sequencing of PCR products was performed at the Australian Genome
Research Facility (St. Lucia, Queensland, Australia). To identify MCMV M33 disruption, we amplified viral
DNA with primers 5'-GTGGTGCTGACGACGCAGCTGCTG and 5'-GTGTGGCTGCGCCTGCGGTACGAG for a
wild-type band of 572 bp. The M33 mutant has a 3.8-kb B-galactosidase expression cassette inserted with-
out deletion to give a 4.4-kb band. To identify M78 disruption, we amplified viral DNA with primers 5'-
TCGTCTGCCCCTCTAAGGTCA and 5'-CAGACGGTGGGGATCTTGTCG for a wild-type band of 919 bp. The
M78 mutant has an equivalent 3.8-kb cassette insertion to give a 4.7-kb band.

Immunostaining of tissue sections. Organs were fixed in 1% formaldehyde/10 mM sodium period-
ate/75 mM -lysine (18 h, 4°C). Noses were then decalcified in 150 mM NaCl/50 mM Tris-Cl (pH 7.2)/
270 mM EDTA for 2 weeks at 23°C, with changing of the solution every 3 days, and then washed twice in
phosphate-buffered saline (PBS). Samples were dehydrated in graded ethanol solutions, embedded in
paraffin, and cut with a microtome. Sections were then dewaxed in xylene, rehydrated, washed 3 times
in PBS, and air dried. Endogenous peroxidase activity was quenched in PBS/3% H,O, for 10 min.
Sections were blocked (1 h, 23°C) with 0.3% Triton X-100/5% normal donkey serum and incubated (18h,
4°C) with anti-MuHV-4 rabbit polyclonal antibody (pAb), which recognizes a range of virion proteins by
immunoblotting, including the products of ORF4 (gp70), M7 (gp150), and ORF65 (p20) (54). Sections
were additionally blocked with an avidin/biotin blocking kit (Vector Laboratories). Detection was done
with biotinylated goat anti-rabbit IgG pAb (1 h, 23°C; Vector Laboratories), the Vectastain Elite ABC per-
oxidase system, and ImmPACT diaminobenzidine substrate (Vector Laboratories). Stained sections were
counterstained with Mayer's hemalum (Merck), dehydrated, and mounted in dibutylphthalate polysty-
rene xylene (DPX; BDH Chemicals, UK).
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