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ABSTRACT Human cytomegalovirus (HCMV) is a beta-herpesvirus carried by ~80%
of the world’s population. Acute infections are asymptomatic in healthy individuals
but generate diverse syndromes in neonates, solid organ transplant recipients, and
HIV-infected individuals. The HCMV gene US28 encodes a homolog of a human chemo-
kine receptor that is able to bind several chemokines and HIV gp120. Deep sequencing
technologies were used to sequence US28 directly from 60 clinical samples from
Indonesian HIV patients and Australian renal transplant recipients, healthy adults, and
neonates. Molecular modeling approaches were used to predict whether nine nonsy-
nonymous mutations in US28 may alter protein binding to a panel of six chemokines
and two variants of HIV gp120. Ninety-two percent of samples contained more than
one variant of HCMV, as defined by at least one nonsynonymous mutation. Carriage of
these variants differed between neonates and adults, Australian and Indonesian sam-
ples, and saliva samples and blood leukocytes. Two nonsynonymous mutations (N170D
and R267K) were associated with increased levels of immediate early protein 1 (IE-1) and
glycoprotein B (gB) HCMV-reactive antibodies, suggesting a higher viral burden. Seven of
the nine mutations were predicted to alter binding of at least one ligand. Overall, HCMV
variants are common in all populations and have the potential to affect US28 interactions
with human chemokines and/or gp120 and alter responses to the virus. The findings relied
on deep sequencing technologies applied directly to clinical samples, so the variants exist
in vivo.

IMPORTANCE Human cytomegalovirus (HCMV) is a common viral pathogen of solid
organ transplant recipients, neonates, and HIV-infected individuals. HCMV encodes
homologs of several host genes with the potential to influence viral persistence and/
or pathogenesis. Here, we present deep sequencing of an HCMV chemokine receptor
homolog, US28, acquired directly from clinical specimens. Carriage of these variants
differed between patient groups and was associated with different levels of circulating
HCMV-reactive antibodies. These features are consistent with a role for US28 in HCMV
persistence and pathogenesis. This was supported by in silico analyses of the variant
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sequences demonstrating altered ligand-binding profiles. The data delineate a novel
approach to understanding the pathogenesis of HCMV and may impact the development
of an effective vaccine.

KEYWORDS human cytomegalovirus, chemokine receptor, US28, renal transplant
recipients, HIV patients, deep sequencing

uman cytomegalovirus (HCMV) is carried by approximately 80% of the adult popu-

lation globally (1). While acute infections are usually asymptomatic, seropositivity
has been linked with accelerated cardiovascular disease (CVD) (2). Hence, flow-mediated di-
lation (FMD) of the peripheral vasculature (a measure of vascular endothelial dysfunction)
can be considered a clinical footprint of HCMV (3). Acute HCMV disease generates diverse
syndromes of end-organ disease in neonates, solid organ transplant recipients, and people
living with HIV. We use the term “viral burden” as a metric for the latent and replicating
HCMV present in an individual over time. The viral burden may be estimated from antibody
levels, T-cell responses, populations of cells induced by HCMV infection, HCMV DNA
(in blood or saliva), and viral microRNA (miRNA). The “HCMV footprint” describes the
effects of viral burden on the immune system and on health outcomes. These concepts are
reviewed in reference 3.

HCMV affects 20 to 60% of organ transplant recipients, precipitating graft rejection,
symptomatic infections, and CVD (4). The level of risk is influenced by the type of organ
transplanted, immunosuppressive medications, and prophylactic regimens. HCMV-seronega-
tive renal transplant recipients (RTR) are at higher risk of primary infections with severe con-
sequences, including graft loss and mortality (5).

Almost all individuals living with HIV are HCMV seropositive (6-8). HCMV retinitis is an
AIDS-defining illness and is now rare (9), but HIV patients maintain higher levels of HCMV-reac-
tive antibodies than healthy controls despite effective antiretroviral therapy (ART) (10). Higher
antibody levels are associated with accelerated CVD and cerebrovascular disease (11).

The HCMV genome is approximately 235 kb in length (12) with 165 to 252 open
reading frames (ORFs). However, only 45 ORFs are required for replication in vitro (13-16).
Other ORFs are involved in immunomodulation, and many are homologs of host genes. This
includes US28, an HCMV-encoded chemokine receptor expressed during the lytic and latent
stages of infection (17, 18). US28 is most similar to C-X3-C motif chemokine receptor 1
(CX3CR1) (~35% protein identity) and can bind the sole CX3CR1 ligand (19) CX3CL1.
However, US28 can interact with 10 host chemokines, including C-C motif chemokine
ligand 2 (CCL2) to CCL5 and CCL13 (20), and is an active coreceptor for HIV as it binds
gp120 (21, 22). In RTR, US28 is expressed in vascular smooth muscle cells (VSMC) and tu-
bular epithelial cells in kidney biopsy specimens collected during primary infections,
reactivations, and latent infections. Furthermore, an HCMV variant with the US28 gene
deleted has an impaired ability to spread through VSMC in vitro (23).

Studies addressing HCMV diversity through Sanger sequencing of PCR amplicons may
miss multivariant infections, as the technique has limited capacity to detect variants present
at frequencies less than 20%. In addition, several studies have sequenced HCMV that has
been expanded in vitro and so may miss variants present in vivo (24, 25). Here, we describe
nested PCR protocols with deep sequencing technologies applied to clinical samples. We
present US28 gene sequences from RTR, HIV patients, healthy adults, and neonates. Patient
US28 sequences were compared with a low-passage-number laboratory strain, Toledo, that
was derived from the urine of a congenitally infected child (26).

RESULTS

Targeted amplicon sequences targeting HCMV US28 were obtained from 60 clinical
samples (blood, saliva, or urine) with a mean depth of 11,734. Twenty-eight samples
were from Indonesian HIV patients (21 buffy coat and 7 saliva) collected after 0 to 3 months
on ART, 21 were from Australian RTR (>2 years after transplant; 8 buffy coat and 13 saliva),
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FIG 1 Summary of all nucleotide variations and nonsynonymous mutations identified in HCMV sequenced in 60 samples. (A) Nucleotide variations are displayed in
reference to HCMV Toledo strain. Blue bars represent A, orange bars represent G, gray bars represent T, and yellow bars represent C. The height of the bars represents
the number of samples the variation was present in. (B) Amino acid variations are displayed in reference to HCMV Toledo strain. Amino acids are represented by their
one letter codes. Each variation presented was found in at least three samples. The height of the bars represents the number of samples carrying the variation.

7 were from Australian healthy adults (2 buffy coat and 5 saliva), and 4 were from Australian
neonates (urine). No adult donors had symptomatic infections.

Most clinical samples contain more than one variant of HCMV. Compared with
Toledo (GenBank no. GU937742.1), there were 430 sites of nucleotide variation (Figure 1A),
of which 107 sites were nonsynonymous substitutions (Figure 1B). Thirty-eight substitutions
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FIG 2 Flow diagram displaying the analysis of nonsynonymous variations in US28.

were present in three or more samples, and 19 were present in six or more samples (Fig. 2).
Of the 60 samples sequenced, 55 samples (~92%) contained more than one variant of
HCMV, based on the presence of nonsynonymous mutations in US28. None of the five sam-
ples with a single strain were 100% identical to the Toledo reference. The percentage of
reads detecting each variant in every sample sequenced is presented in Table S1 in the sup-
plemental material. Carriage of the variant sequences is discussed below.

Several polymorphisms are group specific. US28 sequences from neonates
(n = 4) had 6 nonsynonymous variations, while sequences from adults (n = 56) had 46
nonsynonymous variations (Table 1). Forty of these were only seen in adults. US28
sequences from Australian donors (excluding neonates) had 42 nonsynonymous muta-
tions, including 3 unique to Australian samples. HCMV sequences from Indonesians
had 43 nonsynonymous mutations, including 3 unique to Indonesian samples.

US28 sequences from buffy coat samples had 42 nonsynonymous variations, includ-
ing 4 not found in urine or saliva. Sequences from saliva had 40 nonsynonymous varia-
tions, with 4 unique to saliva. Mutations A19D, F25L, N170D, N171H, R267K, and V346A
were present in all groups and all sample types. N170D was the most frequent and was
present in ~90% (47/52) of samples. A19D was also abundant and was present in
~63% (34/54) of samples.

Amino acid haplotypes differ between samples from Australia and Indonesia.
Of the 38 nonsynonymous variations, 19 were present in at least six samples and were
included in haplotyping analyses (Table 1). Only biallelic variations (11 positions) were
included in amino acid haplotype models (Fig. 1). This identified 20 haplotypes (numbered
US28-1 to US28-20), accounting for ~82% of all genotypes (Table 2). D15E and E18L were
always carried together (haplotypes 11, 17, 18, and 19) as were T21A and F25L in haplotypes
5, 6,9, and 13, but not 16. US28-1 was more frequent in Australian than Indonesian samples
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TABLE 1 US28 protein variants distinct from Toledo were found in all groups

@; Spechimy

Neonates Adults Australian Indonesian Buffy coat Saliva
Residue position Toledo reference n=4° n=56 n=28 n=28" n=31 n=25°
8b A A AT A/T A/T A/T AT
15° D D D/E D/E D/E D/E D/E
18° E E E/L E/L E/L E/L E/L
190 A A/D A/D/G A/D/G A/D/G A/D/G A/D/G
21° T T T/A T/A T/A T/A T/A
24b \% \% V/A/T V/A/T V/AIT V/AIT V/AIT
250 F F/L F/L F/L F/L F/L F/L
400 Y Y Y/N Y/N Y/N Y/N Y/N
490 | | I/D | I/D I/D |
50° G G G/C G G/C G/C G
52 F F F/L F/L F/L F/L F/L
56 F F F/L/S F/L/S F/S F/L/S F/L/S
57b T T T/G T T/G T/G T
98 S S S/P S/P S S/P S/P
126 A A A/S A/S A A/S A/S
170° N N/D N/D N/D N/D N/D N/D
171 N N/H N/H N/H N/H N/H N/H
190 \Y \Y V/E V/E V/E V/E \Y%
1910 E E E/A/D E/A/D E/A/D E/D E/A/D
192° L L L/ L/1 L/1 L/ L
250 \Y Vv V/R V/R V/R \Y V/R
251 D D D/N D/N D/N D D/N
254 K K K/T K/T K/T K K/T
267° R R/K R/K R/K R/K R/K R/K
314% F F F/V F/V F/V F/V F/V
3290 R R R/Q R R/Q R/Q R/Q
330 S S S/G S/G S/G S/G S/G
338 S S S/C/K S/C/K S/C/K S/C/K S/C/K
3390 S S S/A/F S/A/F S/A/F S/A/F S/A/F
340° D D D/N/G/V D/N/G/NV D/N/G/NV D/N/G/NV D/N/G/V
341 T T T/S T/S T/S T/S T/S
342 L L L/Q L/Q L/Q L/Q L/Q
343 S S S/F S/F S/F S/F S
344 D D D/F D/F D/F D/F D/F
345 E E E/F E/F E/F E/F E/F
346 \Y V/A V/A V/A V/A V/A V/A
347 @ C C/L C/L C/L C/L C/L
348 R R R/A R/A R/A R/A R/A

aNonsynonymous mutations are displayed in reference to Toledo. Changes unique to a group are in bold. All mutations reported were present in at least three samples.

PMutations present in at least six samples and therefore studied further.

(12/28 versus 1/28; P = 0.0009). US28-3 was only seen in Indonesian samples (5/28 versus
0/28; P = 0.05).

Several variants are predicted to destabilize interactions between US28 and
human chemokines. Nine nonsynonymous variants were selected for modeling to pre-
dict interactions between US28 and human chemokines (CX3CL1, CCL2, CCL3, CCL4, CCL5, and
CCL13) and HIV gp120 from Australia and Indonesia. The orientation is provided using CX3CL1
and gp120 in Fig. 3. Variants for further examination were selected as those within the amino
acid range of US28 present in the modeled complexes with chemokines (residues 14 to 310).

Nine nonsynonymous mutations were selected based on differences in amino acid
properties. Binding energies following mutation were calculated for the prepared com-
plex structures using the Schrodinger Biologics Suite 2018-3 (see Materials and
Methods). The results are summarized in Table 3 with variants arranged by their posi-
tion in the protein sequence, and, in Fig. 2, D15E was predicted to destabilize binding
of CCL3 and CCL13 and strengthen binding with CX3CL1, CCL2, and CCL4. E18L was
predicted to destabilize binding of CX3CL1 and CCL3. A19D was predicted to enhance
binding of CCL5, CCL2, and CCL13. T21A was predicted to destabilize binding of all
chemokines to different degrees. F25L was predicted to weakly destabilize binding of
all chemokines except CCL13. Y40ON was predicted to strongly destabilize binding of all
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TABLE 2 Haplotype US28-1 is common in HCMV from Australian samples®

@; Spechimy

Toledo A D E T F N L R F R \)

Variant T E L A L D 1 K Vv Q A Indo® Aus¢ P value?
Position 8 15 18 21 25 170 192 267 314 329 346 (n=28) (n=28)

US28-1 A D E T F D L R F R \% 1 12 0.0009
Us28-2 A D E T F N L R F R \Y 4 10 0.12
Us28-3 A D E T F D L R F Q Vv 5 0 0.05
Us28-4 A D E T F D L R F R A 8 3 0.18
Us28-5 A D E A L N L R F R A 3 3 0.99
Us28-6 A D E A L N L R F R \' 1 4 0.35
Us28-7 A D E T F D L R F Q A 4 0 0.11
Us28-8 A D E T F N L K Vv R A 2 2 0.99
Us28-9 A D E A L N L R F Q \" 2 0 0.49
Us28-10 A D E T F N L R F Q Vv 2 0 0.49
Us28-11 T E L T F D L R F R \Y 3 1 0.61
US28-12 A D E T F D L K V R A 1 0 0.99
US28-13 A D E A L D L K V R A 0 3 0.24
Us28-14 A D E T F N L R F R A 0 1 0.99
US28-15 A D E T F N L K F R A 0 1 0.99
US28-16 A D E T L N L K F R A 1 0 0.99
Us28-17 T E L T F D L R F Q Vv 2 0 0.49
US28-18 T E L T F N L R F Q Vv 1 0 0.99
Us28-19 A E L T F D L R V R V 0 3 0.34
Us28-20 A D E T F D L K F R A 1 1 0.99

aGray shading represents variation in comparison to Toledo reference.
bIndo, Indonesian samples.
Aus, Australian samples.

dFisher’s exact test comparing Australian and Indonesian adult samples; bold indicates that statistical significance was reached.

chemokines, with a AAG of greater than 10 kcal/mol for CX3CL1, CCL3, and CCL4.
G50C (the only candidate distant from the chemokine-binding site of US28) was not
predicted to destabilize binding of any chemokine except CCL4. Our models predicted
that N170D would bind more strongly to CCL13 and more weakly to CCL2. R267K was
predicted to have a minimal effect on binding of all chemokines.

Four out of nine variations were predicted to impact binding to gp120. F25L and
Y40N could destabilize gp120 binding, while E18L and N170D could enhance gp120
binding. Furthermore, the models predicted that F25L could destabilize binding of gp120
sequenced from an Indonesian patient while having less effect on binding of the Australian
gp120 sequence. Conversely, YAON could substantially destabilize binding to the Australian
gp120 with a smaller effect on binding to the Indonesian gp120 strain. N170D may enhance
binding of Australian gp120 and moderately enhance binding of Indonesian gp120 (Table 3).

D15E, E18L and T21A, F25L were also examined pairwise because the variant alleles
were coinherited (see Table 2). The D15E, E18L double mutant favors binding to gp120
and CCL4 but not other chemokines, while T21A, F25L is more likely to inhibit binding to
chemokines or gp120.

In contrast, G protein binding was not typically predicted to be affected in any of the
US28 variants regardless of the complex being examined. This included G50C, which is clos-
est to the interface with the G protein. Exceptions were the CCL4-G50C and CCL5-G50C
complexes (Table S2).

US28 variations associate with levels of HCMV-reactive antibody. The nine var-
iations assessed by modeling were also assessed for correlations with levels of HCMV-
reactive antibodies in plasma. Variants R267K and N170D associated with antibody lev-
els and are presented here.

HCMV encoding K at position 267 of US28 was present in all cohorts (14/60 samples),
including 5/15 samples from RTR. This was sufficient to assess associations with measures of
the burden and clinical footprint of HCMV in RTR. RTR carrying the R267K variant had higher
levels of HCMV glycoprotein B (gB)-reactive antibodies (P = 0.02) (Fig. 4A) and with similar
trends for immediate early protein 1 (IE-1) and CMV lysate-reactive antibodies (Fig. 4B and
Q). Furthermore, RTR carrying the R267K variant had higher FMD scores, marking superior
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TABLE 3 Predicted change in binding energy relative to Toledo (AAG, in kcal/mol) for interactions between clinical variants of US28 and

chemokines or HIV gp120
gp120 gp120

CX3CL1 CCL2 CCL3 CCL4 CCL5 CCL13 Indo? Aus®
Variant AAG AAG AAG AAG AAG AAG AAG AAG
D15E —238 —43 7.1 —26 —13 +40 +05 13
E18L +7.4 +1.6 +9.7 +0.7 +1.9 —0.8 —4.6 —3.9
D15E, E18L¢ +4.0 —-14 +15.0 —35 —-0.7 +3.2 —53 —3.7
A19D —-1.2 —4.6 +0.2 +0.2 —6.6 —2.6 —-1.0 —-1.3
T21A +24 +1.8 +7.5 +2.2 +2.8 +1.9 —0.3 +0.1
F25L +1.6 +24 +1.5 +0.5 +0.4 —24 +7.1 +1.2
T21A, F25L¢ +4.1 +4.3 +8.7 +23 +3.1 —0.6 +6.5 +1.5
Y40N +14.5 +9.0 +10.6 +17.4 +9.6 +2.2 +2.9 +9.7
G50C —-0.0 —-0.0 —0.0 +8.0 +0.8 —0.0 —0.0 +0.0
N170D —0.4 +4.5 +2.2 +2.1 —0.1 —44 —-1.8 —24
R267K +0.9 +0.9 +0.5 +0.6 +0.2 +0.4 —0.3 +0.3

9Indonesian HIV isolate.
bAustralian HIV isolate.
‘Double mutations tested as alleles were universally coinherited.
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FIG 4 RTR carrying HCMV with the US28 R267K variant have higher HCMV-reactive antibody levels. (A
to C) Comparison of HCMV gB (A), IE-1 (B), and lysate-reactive antibody (C) levels between RTR
carrying HCMV with only R at position 267 and those carrying R/K or only K. (D) Comparison of flow-
mediated dilation (FMD) between RTR carrying HCMV with only R at position 267 and those carrying
R/K or only K.

dental, ophthalmology (JakCCANDO) study (20/23 samples), which was sufficient to
test statistical associations over the first 12 months on ART. All patients in this cohort
were seropositive with a high burden of HCMV attested by very high antibody titers
and 52% having HCMV DNA detectable by a simple quantitative PCR (qPCR) before
ART. Levels of HCMV-reactive antibodies rose significantly every 3 months for the first
year on ART (27). We hypothesize that this reflects a rising capacity to make antibody
rather than a rising HCMV burden. Hence, antibody levels at 12 months are probably
the best metric of the burden of HCMV. In patients carrying the N170D variant, levels
of IE-1-reactive antibodies and soluble type 1 interferon receptor (sIFN-a/BR) were sig-
nificantly greater after 12 months on ART (Fig. 5A and B; P = 0.03 and P = 0.03, respec-
tively). The same trend was observed with HCMV lysate antibody (P = 0.06) (Fig. 5C).
Two out of three patients with only the N variant and 1/20 with mixed infections had
detectable HIV RNA (>100 copies/ml) at 12 months (P = 0.06, Fisher's exact test).

DISCUSSION

Few studies have analyzed HCMV sequences obtained from deep sequencing directly
from clinical samples. Sudrez et al. utilized high-throughput sequencing of enriched DNA
libraries produced directly from clinical samples, which provided insight into HCMV gene
recombination (28). However, US28 variants identified in clinical samples have not been
linked with predicted ligand binding or clinical outcomes. Here, we use a nested PCR fol-
lowed by deep sequencing approach on HCMV directly from clinical samples from HIV
patients, RTR, healthy controls, and neonates to study variations in US28. The findings carry
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FIG 5 HIV patients carrying HCMV with the US28 N170D variant have higher levels of HCMV-reactive antibodies. (A, C) Comparison of HCMV IE-1 (A) and
lysate-reactive antibody (C) levels between HIV patients carrying HCMV with only N at position 170 and those carrying N/D or only D. (B) Comparison of
plasma levels of sIFN-a/BR between HIV patients carrying HCMV with only N at position 170 and those carrying N/D or D. (D) Comparison of HIV load in
patients carrying HCMV with only N at position 170 and those carrying N/D or D. VO, V1, V3, V6, and V12 represent 0, 1, 3, 6, and 12 months on

antiretroviral therapy (ART).

information regarding regions in which variations are “tolerated.” For example, Caserosa
et al. (29) described the significant effects of nonsynonymous mutations at sites 12, 14, and
16 on binding to several chemokines. However, the mutations were created in vitro and
were not sought in clinical specimens. Only position 15 was affected in virus derived from
60 individuals tested here. The wild-type sequence encodes D (aspartic acid) at this site.
While the variant created by Caserosa et al. was an A (alanine), we found only E (glutamic
acid), which carries a negative charge similar to D. This suggests that functional variations
in this region are not favored by evolution.

An important issue is the prevalence of multivariant infections. While it is plausible that
neonates are more likely to be monoinfected, there is little evidence for this in the literature.
Here, fewer variations were found in neonatal samples (2 of 4 cases contained multiple var-
iants) than in adult samples. This may reflect recombination events during persistent asymp-
tomatic reactivations or coinfections during childhood or adult life. Of the four neonatal
cases, two were asymptomatic, one had hepatitis that resolved spontaneously, and one had
sensorineural hearing loss. This infant had a single variant carrying only N170D. Hence, we
cannot align any individual variation with clinical outcome in neonates.
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Prior evidence of mixed infections is variable, likely reflecting the different popula-
tions studied and the sensitivity of the methods used. Sanger sequencing of five HCMV
glycoproteins found that 40% of women with primary infections had multiple variants
(30), but other studies concluded that multivariant infections are rare (31). This is im-
portant clinically as multivariant infections are associated with ganciclovir resistance
and graft rejection in organ transplant recipients (32, 33). In mouse models, coinfection
with multiple variants can improve the collective viral fitness and consequent growth
and dissemination (34).

Haplotype analyses can provide an estimate of the age of the observed mutations,
as fixed combinations suggest more ancient mutation events. Here, haplotype US28-1
differed from Toledo only at N170D and was more common in samples from Australia
than from Indonesia. The Toledo haplotype was found in a further 10 Australian sam-
ples, while samples from Indonesia were more variable. This may reflect the high levels
of HCMV replication in the source population, HIV patients beginning ART. Fifty-two
percent were HCMV DNA positive when assessed with a simple qPCR detecting UL54
(35). This assay was optimized in our Australian laboratory, but the frequency of detec-
tion in Australian RTR was notably lower (13%) (36).

Calculations predicting relative binding energies suggest that many of the variants
promote binding of particular chemokines. Most of the variants examined altered
amino acids in or near the binding interface with the chemokines or gp120, so their
effects on binding are likely to be captured by the modeling procedure used here.
While G50C and R267K occur outside this interface, G50C affected binding to CCL4
with limited effects on G protein binding (Table 3; Table S1 in the supplemental mate-
rial). G50C may reduce US28 flexibility compared to Toledo (reflecting its proximity to
the intracellular portion of US28) or US28 activation, stabilizing an active receptor con-
formation. Arg267 does not come into direct contact with ligands but does contact the
receptor N-terminal segment that facilitates ligand binding. Hence, R267K may influ-
ence the presentation of the receptor to ligands and indirectly affect ligand binding.
Putative effects of G50C and R267K may be corroborated through enhanced sampling
simulations investigating receptor activation, which have been routinely used for G
protein-coupled receptors (37, 38). Atomic-level simulations have attributed the ago-
nist-independent activity of US28 to an amino acid network evolved to destabilize the
receptor’s inactive state (39).

The final section of our paper is a first pass screen linking US28 variants with
immune responses to HCMV. While immune pressures may suppress viral replication
and reduce de novo mutations, the occurrence of several mutations and fixed haplo-
types in multiple individuals from different cohorts suggests that the variants were
acquired by infection and not generated de novo in the individuals described. This
argument suggests that variations in US28 alter the footprint of the virus (and not vice
versa). Future studies will need to correct for the presence of other mutations in host
and viral genes, comorbidities, and sociodemographic factors. This could begin with
R267K, as the variant was associated with increased gB-reactive antibody levels in RTR
and a healthier FMD (i.e., better endothelial function). Accordingly, a previous study of
the same cohort revealed that levels of gB-reactive antibodies were protective of FMD,
as assessed in a 3-year follow up (40). Our data suggest that variants carrying R267K
may promote this protective response. This is pertinent because gB is under investiga-
tion as an HCMV vaccine candidate (41).

The JakCCANDO project provides a longitudinal cohort of HIV patients commencing
ART and followed over 12 months, allowing the assessment of the longer-term effects
of HCMV variants in a population with a very high CMV burden. CMV DNA sequences
were derived from samples collected after 0 to 3 months on ART, and |E-1-reactive anti-
body levels were elevated in association with the N170D variant at 12 months. The
N170D variant was also associated with increased plasma sIFN-«/8R levels. It is plausible
that antibody responses to IE-1 and production of interferon-a/3 occur early during HCMV
reactivation, and, hence, individuals carrying N170D experience more reactivation events.
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Our modeling suggested that N170D variants may display enhanced binding with CCL13, a
chemoattractant for basophils and eosinophils. This could encourage clearance of antibody-
coated viral particles, dampening the reactivations. Moreover, N170D may enhance binding
to CCL2, which is implicated in the induction of T-cell and monocytic responses that may
affect HIV replication. Here, individuals carrying N170D had lower HIV loads after 12 months
on ART. While this requires verification in a larger cohort with control for poor adherence to
ART, it is interesting that US28 is expressed during HCMV latency, so its effects are not re-
stricted to periods of active viral replication. US28 is involved in restructuring lipid rafts in
host cells mediating cholesterol efflux (42). HIV may utilize lipid rafts to enter or leave a tar-
get cell (43, 44).

CONCLUSION

We have demonstrated diversity in US28 encoded by HCMV carried by HIV patients,
RTR, healthy adults, and neonates. The mutations are carried in definable haplotypes,
so they may circulate as stable variants. Individual mutations and combinations trans-
mitted in linkage disequilibrium are likely to have differential effects on US28 binding
to chemokines and gp120, which may affect the burden of HCMV and/or its clinical
footprint in the host. We present preliminary evidence for this in RTR and HIV patients.

MATERIALS AND METHODS

RTR and healthy controls from Perth, Western Australia. Eighty-two RTR were recruited from re-
nal clinics at Royal Perth Hospital (Western Australia). Inclusion criteria were clinical stability greater than
2 years after transplant, no HCMV disease or reactivation within 6 months of sample collection, and no
current antiviral treatment. RTR infected with hepatitis B or C were excluded. Ethics approval was
obtained from the Royal Perth Hospital Human Research Ethics Committee (approval number EC 2012/
155) and endorsed by the Curtin University Human Research Ethics Committee (approval number
HRE2021-0044). Participants provided written informed consent (45).

HIV patients from Jakarta Indonesia. The JakCCANDO project is a comprehensive survey of clinical
and immunological responses to ART undertaken in Cipto Mangunkusumo Hospital’s outpatient clinic
(Jakarta, Indonesia) (35). Eighty-two ART-naive HIV patients were enrolled during 2013 to 2014 with
<200 CDA4 T cells/ul. The study was approved by Universitas Indonesia, Cipto Mangunkusumo Hospital
and Curtin University ethics committees. Written consent was obtained from each subject. Examinations
were performed before ART initiation (VO) and at months 3, 6, and 12 (V3, V6, and V12). Plasma HIV RNA
loads were determined using AmpliPrep/COBAS TagMan HIV-1 tests (version 2.0), and CD4 T-cell counts
were determined using standard flow cytometric techniques (46).

Australia neonates. Four deidentified congenital urine samples in virus transport medium were pro-
vided by the Department of Microbiology, PathWest Laboratory Medicine, Western Australia. Samples
were collected between 1 and 13 days of life and all four had detectable HCMV DNA when assessed by
routine hospital assays. Two neonates had symptomatic infections. One had hepatitis attributed to
HCMV that spontaneously resolved without antiviral therapy. One had bilateral sensorineural hearing
loss and other central nervous system and lymphatic abnormalities and required antiviral therapy.

Extraction and detection of HCMV DNA. DNA was extracted from saliva, buffy coat, or urine using
FavorPrep blood genomic DNA extraction mini kits (Favorgen, Ping-Tung, Taiwan) and stored at —80°C. HCMV
was detected using an in-house qPCR assay with primers targeting the UL54 gene (HCMV DNA polymerase) (36).

Targeted whole gene amplification. Primers targeting US28 were designed using Geneious 8.1.9
(https://www.geneious.com) (5" to 3': FFAGAAGGGCCAAACACACCAAACG, R-TTCCGGTTCGCTAATCGCACGGA).
Reactions were performed in a total volume of 20 ul containing 04 wl of MyTaq HS DNA polymerase (Bioline,
Meridian Bioscience, Cincinnati, OH), 4 ul of MyTaq reaction buffer, 0.8 ul of 10 uM primers (Sigma-Aldrich,
Australia), and 5 ul of DNA diluted 1:2. Cycling conditions were 1 min at 95°C followed by 30 cycles of 15 s at
95°C, 15 s at 58°C, and 1.5 min at 72°C followed by a final extension step of 7 min at 72°C. Amplicons were puri-
fied before preparation of DNA libraries using a MO BIO Laboratories Inc. UltraClean PCR clean-up kit (Qiagen,
Germany). MyTaq high-sensitivity DNA polymerase is recommended for amplification of products up to 5 kb.

Preparation of lon Ampliseq DNA libraries. Libraries were prepared using an lon Ampliseq library
kit 2.0 with halved reaction volumes and 10 ng of template nucleic acid. The targets were amplified for
30 cycles with an anneal/extension time of 4 min per cycle. During library purification, ethanol was
freshly prepared at a 75% concentration. Libraries were quantified using a high-sensitivity DNA kit on a
Bioanalyzer 2100 (Agilent, Santa Clara, CA).

Libraries were sequenced using an lon Proton sequencer. Barcoded sample libraries were diluted
in low Tris-EDTA (Thermo Fisher Scientific) to reach a final concentration of 100 pmol/liter, and equal vol-
umes of each were pooled. The pooled libraries then underwent template preparation on an lon Chef
system and were loaded onto lon P1 v3 sequencing chips using an lon Pl Hi-Q Chef kit (Thermo Fisher
Scientific). Semiconductor sequencing was performed on an lon Proton sequencer (Thermo Fisher
Scientific) using an lon PI Hi-Q sequencing kit (Thermo Fisher Scientific) (47).

Immunological assessments of HCMV. Plasma stored at —80°C were assessed for HCMV-reactive
1gG titers using in-house enzyme-linked immunosorbent assays (ELISAs) based on a lysate of fibroblasts
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infected with HCMV AD169, recombinant HCMV gB (Chiron Diagnostics, Medfield, MA, USA), or IE-1 pro-
tein (Miltenyi Biotech, Cologne, Germany). Results are presented as arbitrary units (AU)/ml based on a
standard plasma pool, allowing comparisons between people but not between antigens (27, 45).
Soluble receptors for interferon-a/B were assessed in plasma using human IFNAR2 ELISA kits (gener-
ously provided by PBL Assay Science, Piscataway, NJ) (35).

Assessment of vascular pathology. Ultrasonography was used to assess FMD of the brachial artery
after 10 min of rest in Australian RTR and healthy controls (40). FMD assesses the ability of the larger conduit ar-
tery to respond to shear stress via endothelial-dependent and endothelial-independent mechanisms.

Data analysis. Sequences were mapped to the Toledo reference (GenBank no. GU937742.1) using
the tmap tool within the Torrent Suite v 5.10. BAM files mapped to Toledo were loaded into proprietary
software, Visual Genomics Analysis Suite (VGAS) (http://www.iiid.com.au/software/vgas) (48). Variants
were called if they occurred at a frequency of greater than 10% and had a minimum of 50 in each sam-
ple (Table S1). VGAS was also utilized to predict changes in protein sequence.

Amino acid haplotypes and their estimated frequencies were determined using the default parame-
ters of the fastPHASE algorithm with the exception that haplotypes were sampled an additional 5,000
times (49). Haplotypes with a population frequency less than 1% were excluded from analyses.
Haplotypes are labeled US28-1 to US28-20 in descending order of their frequencies.

Statistical analysis. Continuous data were analyzed with Mann-Whitney nonparametric statistics,
and categorical data were analyzed with chi-square or Fisher's exact tests, as appropriate, using
GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla, CA). In individuals where HCMV
was sequenced from buffy coat and saliva, only one sample was included in subsequent analyses.

Modeling of active US28 Toledo bound to chemokines and G proteins. Prime within Schrodinger
Biologics Suite 2018-3 was used for homology modeling and refinement. Chemokine-US28 Toledo-G
protein assemblies were prepared using the Heteromultimers facility of Prime, with the chemokine, US28
Toledo, and G protein modeled in separate runs using templates aligned to the relevant portion of the
CX3CL1-US28-nanobody crystal structure (PDB 4XT1) (50). The sequence of US28 Toledo was obtained from
NCBI (GenBank no. GU937742.1), and US28 Toledo was modeled against US28 in PDB 4XT1. The sequence of
Ga,,, to which US28 is coupled, was obtained from UniProt (accession P29992) (51). The majority of the Ga,,
structure was modeled against Ga,, as contained in the M1 muscarinic acetylcholine receptor-Ga,, complex
(PDB 60lJ) (52), while the C-terminal helix contacting the receptor was modeled against Ge, as contained in
the CXCR2-Ga;, complex (PDB 6LFM) (53). To facilitate building of Ga,,, PDB 6LFM was structurally aligned to
PDB 4XT1 by aligning the chemokine receptor components of these structures, following which, Ga;, in PDB
60l) was aligned to Ga;, in PDB 6LFM. The GB3, and Gy, subunits were incorporated directly from PDB 60lJ.
The CX3CL1 structure was used directly from PDB 4XT1. Crystallographic structures of CCL3 (PDB 3FPU) (54),
CCL4 (PDB 3TN2) (55), and CCL5 (PDB 5COY) (56) were obtained and aligned to CX3CL1 in PDB 4XT1. To model
each chemokine, the majority of the respective crystallographic structures were used, with the N-terminal tail
modeled based on CX3CL1 in PDB 4XT1; sequences were aligned using ClustalW within Prime to ensure a rea-
sonable alignment for model building. Following the initial building of the complexes, an implicit membrane
was defined on each of these, centered on the seven-transmembrane helical region of US28 Toledo. All resi-
dues in the complexes were then subject to energy minimization. In the case of the complexes containing CC-
type chemokines, the disulfide bond between the first cysteine residue of the CC motif and the loop between
the first and second B-strands was manually introduced prior to energy minimization. All sequence alignments
and template selections are illustrated in Tables S3 to S11.

Modeling of active US28 Toledo bound to representative gp120 proteins and G proteins. Two
gp120 sequences were examined, one from the CRFO1_AE strain, which is predominant in Indonesia
(GenBank no. MG839510.1), and one from the HXB2 strain, which is predominant in Australia (GenBank
no. K03455.1). The structure of the complex of a gp120 bound to CCR5 (PDB 6MEO) (57) was aligned to
PDB 4XT1. The desired gp120 sequences were modeled against gp120 in PDB 6MEO. US28 Toledo was
modeled against both US28 in PDB 4XT1 and CCR5 in PDB 6MEO in order to achieve a US28 Toledo
structure appropriately induced to bind gp120. G protein structures were used as described in the previ-
ous section. The gp120-US28 Toledo-G protein assemblies were prepared using the Heteromultimers fa-
cility of Prime and refined as described in the previous section.

Residue scanning calculations. The residue scanning/affinity maturation tool of Schrodinger
Biologics Suite (58) was used to generate variants in US28 Toledo and assess their impact on binding to
chemokines and the G protein assembly (i.e., all of the aBy subunits), adapting our previous work (59).
Calculations assessed changes in chemokine binding to the US28-G protein assembly (i.e., chemokine
treated as ligand, US28-G protein assembly treated as receptor) and changes in G protein assembly
binding to the chemokine-US28 assembly (i.e., aByassembly treated as ligand, chemokine-US28 assem-
bly treated as receptor). Use of the previously defined implicit membrane was enabled for all calcula-
tions. Variants yielding a predicted change in binding affinity greater in magnitude than 2.0 kcal/mol
were considered significantly impacting complex formation, with positive values indicating destabiliza-
tion and negative values indicating enhanced binding, relative to Toledo.

Data availability. Amplicon sequence data have been deposited in NCBI under accession no.
SAMN21506830 to SAMN21506889.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.1 MB.

Volume 9 Issue2 e00020-21 MicrobiolSpectrum.asm.org 12


http://www.iiid.com.au/software/vgas
https://www.ncbi.nlm.nih.gov/biosample/21506830
https://www.ncbi.nlm.nih.gov/biosample/21506889
https://www.MicrobiolSpectrum.asm.org

Sequencing HCMV US28 Directly from Clinical Samples

ACKNOWLEDGMENTS
We thank all individuals who participated in this study. S.W. received an Australian
Government Research Training Program Scholarship. The Curtin Health Innovation
Research Institute provided technology platforms.
This study of RTR was funded by the National Health and Medical Research Council
of Australia (grant ID 1068652) and by Curtin University. The Indonesian HIV study was
funded in part by Universitas Indonesia.

We declare no conflicts of interest.

REFERENCES

1.

Volume 9

Zuhair M, Smit GSA, Wallis G, Jabbar F, Smith C, Devleesschauwer B,
Griffiths P. 2019. Estimation of the worldwide seroprevalence of cytomeg-
alovirus: a systematic review and meta-analysis. Rev Med Virol 29:e2034.
https://doi.org/10.1002/rmv.2034.

. Wang H, Peng G, Bai J, He B, Huang K, Hu X, Liu D. 2017. Cytomegalovirus

infection and relative risk of cardiovascular disease (ischemic heart dis-
ease, stroke, and cardiovascular death): a meta-analysis of prospective
studies up to 2016. J Am Heart Assoc 6:¢005025.

. Waters S, Brook E, Lee S, Estiasari R, Ariyanto I, Price P. 2018. HIV patients,

healthy aging and transplant recipients can reveal the hidden footprints of
CMV. Clin Immunol 187:107-112. https://doi.org/10.1016/j.clim.2017.11.001.

. Cukuranovic J, Ugrenovic S, Jovanovic |, Visnjic M, Stefanovic V. 2012. Viral

infection in renal transplant recipients. ScientificWorldJournal 2012:
820621. https://doi.org/10.1100/2012/820621.

. Fischer SA, Avery RK, AST Infectious Disease Community of Practice. 2009.

Screening of donor and recipient prior to solid organ transplantation. Am J
Transplant 9 Suppl 4:57-518. https://doi.org/10.1111/j.1600-6143.2009.02888 x.

. Fowotade A, Okonko 10, Agbede OO, Suleiman ST. 2015. High seropositiv-

ity of I9G and IgM antibodies against cytomegalovirus (CMV) among HIV-
1 seropositive patients in llorin, Nigeria. Afr Health Sci 15:1-9. https://doi
.0rg/10.4314/ahs.v15i1.1.

. Varo R, Buck WC, Kazembe PN, Phiri S, Andrianarimanana D, Weigel R.

2016. Seroprevalence of CMV, HSV-2 and HBV among HIV-infected Mala-
wian children: a cross-sectional survey. J Trop Pediatr 62:220-226. https://
doi.org/10.1093/tropej/fmv105.

. Lim RB, Tan MT, Young B, Lee CC, Leo YS, Chua A, Ng OT. 2013. Risk factors

and time-trends of cytomegalovirus (CMV), syphilis, toxoplasmosis and vi-
ral hepatitis infection and seroprevalence in human immunodeficiency vi-
rus (HIV) infected patients. Ann Acad Med Singap 42:667-673.

. Deayton JR, Wilson P, Sabin CA, Davey CC, Johnson MA, Emery VC,

Griffiths PD. 2000. Changes in the natural history of cytomegalovirus reti-
nitis following the introduction of highly active antiretroviral therapy.
AIDS 14:1163-1170. https://doi.org/10.1097/00002030-200006160-00013.

. Lee S, Saraswati H, Yunihastuti E, Gani R, Price P. 2014. Patients co-

infected with hepatitis C virus (HCV) and human immunodeficiency virus
recover genotype cross-reactive neutralising antibodies to HCV during
antiretroviral therapy. Clin Immunol 155:149-159. https://doi.org/10.1016/j
«lim.2014.09.013.

. Lichtner M, Cicconi P, Vita S, Cozzi-Lepri A, Galli M, Lo Caputo S, Saracino

A, De Luca A, Moioli M, Maggiolo F, Marchetti G, Vullo V, d'Arminio
Monforte A, ICONA Foundation Study. 2015. Cytomegalovirus coinfection
is associated with an increased risk of severe non-AIDS-defining events in
a large cohort of HIV-infected patients. J Infect Dis 211:178-186. https://
doi.org/10.1093/infdis/jiu417.

. Sijmons S, Thys K, Mbong Ngwese M, Van Damme E, Dvorak J, Van Loock

M, Li G, Tachezy R, Busson L, Aerssens J, Van Ranst M, Maes P. 2015. High-
throughput analysis of human cytomegalovirus genome diversity highlights
the widespread occurrence of gene-disrupting mutations and pervasive
recombination. J Virol 89:7673-7695. https://doi.org/10.1128/JV1.00578-15.

. Shenk TE, Stinski MF. 2008. Human cytomegalovirus. Curr Top Microbiol

Immunol 325:v.

. Dunn W, Chou C, Li H, Hai R, Patterson D, Stolc V, Zhu H, Liu F. 2003. Func-

tional profiling of a human cytomegalovirus genome. Proc Natl Acad Sci
US A 100:14223-14228. https://doi.org/10.1073/pnas.2334032100.

. Van Damme E, Van Loock M. 2014. Functional annotation of human cyto-

megalovirus gene products: an update. Front Microbiol 5:218.

. Yu D, Silva MC, Shenk T. 2003. Functional map of human cytomegalovirus

AD169 defined by global mutational analysis. Proc Natl Acad Sci U S A
100:12396-12401. https://doi.org/10.1073/pnas.1635160100.

Issue 2 e00020-21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

&,  Microbiolos
% Spectrur Y

. Weber C, von Stulpnagel C, Weber KS, Hengel H, Weber PC. 2001. Association

of myocardial infarction with mononuclear cell expression of the cytomegalo-
virus chemokine receptor US28 in patients with NIDDM. Exp Clin Cardiol 6:
105-108.

. Beisser PS, Laurent L, Virelizier JL, Michelson S. 2001. Human cytomegalo-

virus chemokine receptor gene US28 is transcribed in latently infected THP-1
monocytes. J Virol 75:5949-5957. https://doi.org/10.1128/JV1.75.13.5949-5957
.2001.

. Combadiere C, Salzwedel K, Smith ED, Tiffany HL, Berger EA, Murphy PM.

1998. Identification of CX3CR1. A chemotactic receptor for the human
CX3C chemokine fractalkine and a fusion coreceptor for HIV-1. J Biol
Chem 273:23799-23804. https://doi.org/10.1074/jbc.273.37.23799.

Frank T, Niemann |, Reichel A, Stamminger T. 2019. Emerging roles of cy-
tomegalovirus-encoded G protein-coupled receptors during lytic and
latent infection. Med Microbiol Immunol 208:447-456. https://doi.org/10
.1007/500430-019-00595-9.

Streblow DN, Orloff SL, Nelson JA. 2001. The HCMV chemokine receptor
US28 is a potential target in vascular disease. Curr Drug Targets Infect Dis-
ord 1:151-158. https://doi.org/10.2174/1568005014606080.

Ohagen A, Li L, Rosenzweig A, Gabuzda D. 2000. Cell-dependent mecha-
nisms restrict the HIV type 1 coreceptor activity of US28, a chemokine re-
ceptor homolog encoded by human cytomegalovirus. AIDS Res Hum Ret-
roviruses 16:27-35. https://doi.org/10.1089/088922200309575.

Lollinga WT, de Wit RH, Rahbar A, Vasse GF, Davoudi B, Diepstra A,
Riezebos-Brilman A, Harmsen MC, Hillebrands J-L, Séderberg-Naucler C,
van Son WJ, Smit MJ, Sanders J-S, van den Born J. 2017. Human cytomeg-
alovirus-encoded receptor US28 is expressed in renal allografts and facili-
tates viral spreading in vitro. Transplantation 101:531-540. https://doi
.org/10.1097/TP.0000000000001289.

Dargan DJ, Douglas E, Cunningham C, Jamieson F, Stanton RJ, Baluchova
K, McSharry BP, Tomasec P, Emery VC, Percivalle E, Sarasini A, Gerna G,
Wilkinson GWG, Davison AJ. 2010. Sequential mutations associated with
adaptation of human cytomegalovirus to growth in cell culture. J Gen
Virol 91:1535-1546. https://doi.org/10.1099/vir.0.018994-0.

Murphy E, Yu D, Grimwood J, Schmutz J, Dickson M, Jarvis MA, Hahn G,
Nelson JA, Myers RM, Shenk TE. 2003. Coding potential of laboratory and
clinical strains of human cytomegalovirus. Proc Natl Acad Sci U S A 100:
14976-14981. https://doi.org/10.1073/pnas.2136652100.

Quinnan GV, Jr, Delery M, Rook AH, Frederick WR, Epstein JS, Manischewitz
JF, Jackson L, Ramsey KM, Mittal K, Plotkin SA, Hilleman MR. 1984. Compara-
tive virulence and immunogenicity of the Towne strain and a nonattenuated
strain of cytomegalovirus. Ann Intern Med 101:478-483. https://doi.org/10
.7326/0003-4819-101-4-478.

Estiasari R, Aryanto |, Lee S, Pramana S, Djauzi S, Price P. 2020. Determi-
nants of cognitive health in Indonesian HIV patients beginning antiretro-
viral therapy. J Neurovirol 26:32-40. https://doi.org/10.1007/s13365-019
-00787-2.

Suarez NM, Wilkie GS, Hage E, Camiolo S, Holton M, Hughes J, Maabar M,
Vattipally SB, Dhingra A, Gompels UA, Wilkinson GWG, Baldanti F, Furione
M, Lilleri D, Arossa A, Ganzenmueller T, Gerna G, Hubacek P, Schulz TF,
Wolf D, Zavattoni M, Davison AJ. 2019. Human cytomegalovirus genomes
sequenced directly from clinical material: variation, multiple-strain infec-
tion, recombination, and gene loss. J Infect Dis 220:781-791. https://doi
.org/10.1093/infdis/jiz208.

Casarosa P, Waldhoer M, LiWang PJ, Vischer HF, Kledal T, Timmerman H,
Schwartz TW, Smit MJ, Leurs R. 2005. CC and CX3C chemokines differen-
tially interact with the N terminus of the human cytomegalovirus-
encoded US28 receptor. J Biol Chem 280:3275-3285. https://doi.org/10
.1074/jbc.M407536200.

MicrobiolSpectrum.asm.org 13


https://doi.org/10.1002/rmv.2034
https://doi.org/10.1016/j.clim.2017.11.001
https://doi.org/10.1100/2012/820621
https://doi.org/10.1111/j.1600-6143.2009.02888.x
https://doi.org/10.4314/ahs.v15i1.1
https://doi.org/10.4314/ahs.v15i1.1
https://doi.org/10.1093/tropej/fmv105
https://doi.org/10.1093/tropej/fmv105
https://doi.org/10.1097/00002030-200006160-00013
https://doi.org/10.1016/j.clim.2014.09.013
https://doi.org/10.1016/j.clim.2014.09.013
https://doi.org/10.1093/infdis/jiu417
https://doi.org/10.1093/infdis/jiu417
https://doi.org/10.1128/JVI.00578-15
https://doi.org/10.1073/pnas.2334032100
https://doi.org/10.1073/pnas.1635160100
https://doi.org/10.1128/JVI.75.13.5949-5957.2001
https://doi.org/10.1128/JVI.75.13.5949-5957.2001
https://doi.org/10.1074/jbc.273.37.23799
https://doi.org/10.1007/s00430-019-00595-9
https://doi.org/10.1007/s00430-019-00595-9
https://doi.org/10.2174/1568005014606080
https://doi.org/10.1089/088922200309575
https://doi.org/10.1097/TP.0000000000001289
https://doi.org/10.1097/TP.0000000000001289
https://doi.org/10.1099/vir.0.018994-0
https://doi.org/10.1073/pnas.2136652100
https://doi.org/10.7326/0003-4819-101-4-478
https://doi.org/10.7326/0003-4819-101-4-478
https://doi.org/10.1007/s13365-019-00787-2
https://doi.org/10.1007/s13365-019-00787-2
https://doi.org/10.1093/infdis/jiz208
https://doi.org/10.1093/infdis/jiz208
https://doi.org/10.1074/jbc.M407536200
https://doi.org/10.1074/jbc.M407536200
https://www.MicrobiolSpectrum.asm.org

Waters et al.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Volume 9

Ross SA, Pati P, Jensen TL, Goll JB, Gelber CE, Singh A, McNeal M, Boppana
SB, Bernstein DI. 2020. Cytomegalovirus genetic diversity following primary
infection. J Infect Dis 221:715-720. https://doi.org/10.1093/infdis/jiz507.
Murthy S, Hayward GS, Wheelan S, Forman MS, Ahn J-H, Pass RF, Arav-
Boger R. 2011. Detection of a single identical cytomegalovirus (CMV)
strain in recently seroconverted young women. PLoS One 6:e15949.
https://doi.org/10.1371/journal.pone.0015949.

Manuel O, Asberg A, Pang X, Rollag H, Emery VC, Preiksaitis JK, Kumar D,
Pescovitz MD, Bignamini AA, Hartmann A, Jardine AG, Humar A. 2009.
Impact of genetic polymorphisms in cytomegalovirus glycoprotein B on
outcomes in solid-organ transplant recipients with cytomegalovirus dis-
ease. Clin Infect Dis 49:1160-1166. https://doi.org/10.1086/605633.
Coaquette A, Bourgeois A, Dirand C, Varin A, Chen W, Herbein G. 2004.
Mixed cytomegalovirus glycoprotein B genotypes in immunocompromised
patients. Clin Infect Dis 39:155-161. https://doi.org/10.1086/421496.
Cicin-Sain L, Podlech J, Messerle M, Reddehase MJ, Koszinowski UH. 2005.
Frequent coinfection of cells explains functional in vivo complementation
between cytomegalovirus variants in the multiply infected host. J Virol
79:9492-9502. https://doi.org/10.1128/JV1.79.15.9492-9502.2005.
Ariyanto IA, Estiasari R, Waters S, Wulandari EAT, Fernandez S, Lee S, Price
P. 2018. Active and persistent cytomegalovirus infections affect T cells in
young adult HIV patients commencing antiretroviral therapy. Viral Immu-
nol 31:472-479. https://doi.org/10.1089/vim.2018.0014.

Waters S, Lee S, Lloyd M, Irish A, Price P. 2019. The detection of CMV in sa-
liva can mark a systemic infection with CMV in renal transplant recipients.
Int J Mol Sci 20:5230. https://doi.org/10.3390/ijms20205230.

Agostino M, Pohl SO. 2020. Activation barriers in class F G protein-
coupled receptors revealed by umbrella sampling simulations. Org Bio-
mol Chem 18:9816-9825. https://doi.org/10.1039/d00b02175j.

Meral D, Provasi D, Filizola M. 2018. An efficient strategy to estimate ther-
modynamics and kinetics of G protein-coupled receptor activation using
metadynamics and maximum caliber. J Chem Phys 149:224101. https:/
doi.org/10.1063/1.5060960.

Miao Y, McCammon JA. 2016. G-protein coupled receptors: advances in
simulation and drug discovery. Curr Opin Struct Biol 41:83-89. https://doi
.org/10.1016/j.5bi.2016.06.008.

Affandi JS, Lee S, Chih H, Brook E, Waters S, Howson P, Reid CM, Irish A,
Price P. 2020. Cytomegalovirus burden improves a predictive model iden-
tifying measures of vascular risk in renal transplant recipients and healthy
adults. J Med Virol 92:3650-3657. https://doi.org/10.1002/jmv.25697.
Perotti M, Marcandalli J, Demurtas D, Sallusto F, Perez L. 2020. Rationally
designed human cytomegalovirus gB nanoparticle vaccine with improved
immunogenicity. PLoS Pathog 16:21009169. https://doi.org/10.1371/journal
.ppat.1009169.

Low H, Mukhamedova N, Cui HL, McSharry BP, Avdic S, Hoang A,
Ditiatkovski M, Liu Y, Fu Y, Meikle PJ, Blomberg M, Polyzos KA, Miller WE,
Religa P, Bukrinsky M, Soderberg-Naucler C, Slobedman B, Sviridov D.
2016. Cytomegalovirus restructures lipid rafts via a US28/CDC42-medi-
ated pathway, enhancing cholesterol efflux from host cells. Cell Rep 16:
186-200. https://doi.org/10.1016/j.celrep.2016.05.070.

Takahashi T, Suzuki T. 2011. Function of membrane rafts in viral lifecycles
and host cellular response. Biochem Res Int 2011:245090. https://doi.org/
10.1155/2011/245090.

Sattentau Q. 2008. Avoiding the void: cell-to-cell spread of human viruses.
Nat Rev Microbiol 6:815-826. https://doi.org/10.1038/nrmicro1972.

Price P, Lee S, Affandi J, Parsons R, Naylor LH, Watts GF, Irish A. 2017. Cyto-
megalovirus antibody and vascular pathology in renal transplant recipi-
ents. J Med Virol 89:177-181. https://doi.org/10.1002/jmv.24602.

Issue 2 e00020-21

46.

47.

48.

49.

50.

51.

52.

54.

56.

57.

58.

59.

&,  Microbiolos
% Spectrur Y

Karim B, Wijaya IP, Rahmaniyah R, Ariyanto I, Waters S, Estiasari R, Price P.
2017. Factors affecting affect cardiovascular health in Indonesian HIV
patients beginning ART. AIDS Res Ther 14:52. https://doi.org/10.1186/
$12981-017-0180-9.

Guo BB, Allcock RJ, Mirzai B, Malherbe JA, Choudry FA, Frontini M, Chuah
H, Liang J, Kavanagh SE, Howman R, Ouwehand WH, Fuller KA, Erber WN.
2017. Megakaryocytes in myeloproliferative neoplasms have unique so-
matic mutations. Am J Pathol 187:1512-1522. https://doi.org/10.1016/j
.ajpath.2017.03.009.

Currenti J, Chopra A, John M, Leary S, McKinnon E, Alves E, Pilkinton M,
Smith R, Barnett L, McDonnell WJ, Lucas M, Noel F, Mallal S, Conrad JA,
Kalams SA, Gaudieri S. 2019. Deep sequence analysis of HIV adaptation
following vertical transmission reveals the impact of immune pressure on
the evolution of HIV. PLoS Pathog 15:e1008177. https://doi.org/10.1371/
journal.ppat.1008177.

Scheet P, Stephens M. 2006. A fast and flexible statistical model for large-
scale population genotype data: applications to inferring missing geno-
types and haplotypic phase. Am J Hum Genet 78:629-644. https://doi
.org/10.1086/502802.

Burg JS, Ingram JR, Venkatakrishnan AJ, Jude KM, Dukkipati A, Feinberg
EN, Angelini A, Waghray D, Dror RO, Ploegh HL, Garcia KC. 2015. Struc-
tural biology. Structural basis for chemokine recognition and activation
of a viral G protein-coupled receptor. Science 347:1113-1117. https://doi
.org/10.1126/science.aaa5026.

Bakker RA, Casarosa P, Timmerman H, Smit MJ, Leurs R. 2004. Constitutively
active G, ,,-coupled receptors enable signaling by co-expressed G,,-coupled
receptors. J Biol Chem 279:5152-5161. https://doi.org/10.1074/jbc.M309200200.
Maeda S, Qu Q, Robertson MJ, Skiniotis G, Kobilka BK. 2019. Structures of
the M1 and M2 muscarinic acetylcholine receptor/G-protein complexes.
Science 364:552-557. https://doi.org/10.1126/science.aaw5188.

. LiuK, WuL, Yuan S, Wu M, Xu Y, Sun Q, Li S, Zhao S, Hua T, Liu Z-J. 2020.

Structural basis of CXC chemokine receptor 2 activation and signalling.
Nature 585:135-140. https://doi.org/10.1038/541586-020-2492-5.
Dias JM, Losberger C, Déruaz M, Power CA, Proudfoot AEl, Shaw JP. 2009.
Structural basis of chemokine sequestration by a tick chemokine binding
protein: the crystal structure of the complex between Evasin-1 and CCL3.
PLo0S One 4:e8514. https://doi.org/10.1371/journal.pone.0008514.

. Liang WG, Ren M, Zhao F, Tang W-J. 2015. Structures of human CCL18,

CCL3, and CCL4 reveal molecular determinants for quaternary structures
and sensitivity to insulin-degrading enzyme. J Mol Biol 427:1345-1358.
https://doi.org/10.1016/j.jmb.2015.01.012.

Liang WG, Triandafillou CG, Huang T-Y, Zulueta MML, Banerjee S, Dinner
AR, Hung S-C, Tang W-J. 2016. Structural basis for oligomerization and
glycosaminoglycan binding of CCL5 and CCL3. Proc Natl Acad Sci U S A
113:5000-5005. https://doi.org/10.1073/pnas.1523981113.

Shaik MM, Peng H, Lu J, Rits-Volloch S, Xu C, Liao M, Chen B. 2019. Struc-
tural basis of coreceptor recognition by HIV-1 envelope spike. Nature 565:
318-323. https://doi.org/10.1038/541586-018-0804-9.

Beard H, Cholleti A, Pearlman D, Sherman W, Loving KA. 2013. Applying
physics-based scoring to calculate free energies of binding for single
amino acid mutations in protein-protein complexes. PLoS One 8:e82849.
https://doi.org/10.1371/journal.pone.0082849.

Blake S, Hemming |, Heng JI-T, Agostino M. 2021. Structure-based approaches
to classify the functional impact of ZBTB18 missense variants in health and dis-
ease. ACS Chem Neurosci 12:979-989. https://doi.org/10.1021/acschemneuro
.0c00758.

MicrobiolSpectrum.asm.org 14


https://doi.org/10.1093/infdis/jiz507
https://doi.org/10.1371/journal.pone.0015949
https://doi.org/10.1086/605633
https://doi.org/10.1086/421496
https://doi.org/10.1128/JVI.79.15.9492-9502.2005
https://doi.org/10.1089/vim.2018.0014
https://doi.org/10.3390/ijms20205230
https://doi.org/10.1039/d0ob02175j
https://doi.org/10.1063/1.5060960
https://doi.org/10.1063/1.5060960
https://doi.org/10.1016/j.sbi.2016.06.008
https://doi.org/10.1016/j.sbi.2016.06.008
https://doi.org/10.1002/jmv.25697
https://doi.org/10.1371/journal.ppat.1009169
https://doi.org/10.1371/journal.ppat.1009169
https://doi.org/10.1016/j.celrep.2016.05.070
https://doi.org/10.1155/2011/245090
https://doi.org/10.1155/2011/245090
https://doi.org/10.1038/nrmicro1972
https://doi.org/10.1002/jmv.24602
https://doi.org/10.1186/s12981-017-0180-9
https://doi.org/10.1186/s12981-017-0180-9
https://doi.org/10.1016/j.ajpath.2017.03.009
https://doi.org/10.1016/j.ajpath.2017.03.009
https://doi.org/10.1371/journal.ppat.1008177
https://doi.org/10.1371/journal.ppat.1008177
https://doi.org/10.1086/502802
https://doi.org/10.1086/502802
https://doi.org/10.1126/science.aaa5026
https://doi.org/10.1126/science.aaa5026
https://doi.org/10.1074/jbc.M309200200
https://doi.org/10.1126/science.aaw5188
https://doi.org/10.1038/s41586-020-2492-5
https://doi.org/10.1371/journal.pone.0008514
https://doi.org/10.1016/j.jmb.2015.01.012
https://doi.org/10.1073/pnas.1523981113
https://doi.org/10.1038/s41586-018-0804-9
https://doi.org/10.1371/journal.pone.0082849
https://doi.org/10.1021/acschemneuro.0c00758
https://doi.org/10.1021/acschemneuro.0c00758
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	Most clinical samples contain more than one variant of HCMV.
	Several polymorphisms are group specific.
	Amino acid haplotypes differ between samples from Australia and Indonesia.
	Several variants are predicted to destabilize interactions between US28 and human chemokines.
	US28 variations associate with levels of HCMV-reactive antibody.

	DISCUSSION
	CONCLUSION
	MATERIALS AND METHODS
	RTR and healthy controls from Perth, Western Australia.
	HIV patients from Jakarta Indonesia.
	Australia neonates.
	Extraction and detection of HCMV DNA.
	Targeted whole gene amplification.
	Preparation of Ion Ampliseq DNA libraries.
	Libraries were sequenced using an Ion Proton sequencer.
	Immunological assessments of HCMV.
	Assessment of vascular pathology.
	Data analysis.
	Statistical analysis.
	Modeling of active US28 Toledo bound to chemokines and G proteins.
	Modeling of active US28 Toledo bound to representative gp120 proteins and G proteins.
	Residue scanning calculations.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

