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Abstract: Human cytomegalovirus (HCMYV) can cause significant end-organ diseases such as pneu-
monia in HIV-exposed infants. Complex viral factors may influence pathogenesis including: a large
genome with a sizeable coding capacity, numerous gene regions of hypervariability, multiple-strain
infections, and tissue compartmentalization of strains. We used a whole genome sequencing approach
to assess the complexity of infection by comparing high-throughput sequencing data obtained from
respiratory and blood specimens of HIV-exposed infants with severe HCMV pneumonia with those of
lung transplant recipients and patients with hematological disorders. There were significantly more
specimens from HIV-exposed infants showing multiple HCMYV strain infection. Some genotypes,
such as UL73 G4B and UL74 G4, were significantly more prevalent in HIV-exposed infants with
severe HCMV pneumonia. Some genotypes were predominant in the respiratory specimens of several
patients. However, the predominance was not statistically significant, precluding firm conclusions on
anatomical compartmentalization in the lung.

Keywords: multiple-strain infections; compartmentalization; human cytomegalovirus; whole genome

sequence; HIV; genotype; pneumonia

1. Introduction

Human cytomegalovirus (HCMYV), a ubiquitously distributed betaherpesvirus, usu-
ally causes mild or asymptomatic infection in immunocompetent people but can cause
significant disease in those with a compromised or an immature immune system (i.e.,
newborns) [1].

Studies conducted in African populations have shown that a high maternal burden of
HIV is associated with a high birth prevalence of HCMYV infection [2,3], and this remains
a neglected and under-recognized problem [4]. There are also high rates of perinatal
and postnatal transmission, largely through breastfeeding [5,6]. The effects of HCMV
infection on HIV-exposed infants in Africa include immune dysfunction [7], developmental
delay [8,9], rapid HIV disease progression, a higher risk of death [10,11], and end-organ
disease manifestations such as gastro-intestinal disease [12] and pneumonia [13-16]. The
precise factors influencing the development of end-organ diseases such as pneumonia are
not clear, but it is most likely due to a combination of host and viral factors [17]. In this
line, a recent literature review emphasized the significance of HIV exposure and multiple
HCMYV strains in the development of pneumonia in infants in Africa [18].
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The large genome size (236 kbp), including at least 170 open reading frames and
a natural history that involves superinfection, re-infection, and reactivation present a
challenge in elucidating viral genetic markers of clinical significance [19,20]. Certain viral
genes, which are thought to be associated with virulence, present a high degree of variability
(i.e., hypervariable genes). However, previous studies focusing on the association between
viral factors and clinical outcome have examined one or a few of these hypervariable
genes [19] and have not found clear associations.

Another challenge in investigating viral determinants of end-organ disease is the
potential compartmentalization of strains [21,22]. A recent study has shown that there
is anatomical compartmentalization of viral strains between the cervix and breastmilk,
which have significant bearing on HCMV transmission to the infant [23]. The cervical
compartment seems to play a role in the transmission bottleneck at birth, and breastmilk is
a source of further transmissions resulting in multiple strains in early infancy, especially
in countries with high seroprevalence [23,24]. Multiple-strain infections (MSIs) have been
associated with poorer outcomes in transplant patients [25], but the clinical impact in other
conditions is still unknown. Furthermore, compartmentalization of strains in infants with
HCMV end-organ disease such as HCMV pneumonia may have clinical relevance with
respect to the diagnosis and treatment of these patients [26]. A previous study assessing the
diversity of genes UL74 and UL73 (encoding glycoproteins O [gO] and N [gN], respectively)
in blood and lung specimens from HCMV-infected infants in Africa [27] showed similar
levels of variability (i.e., genotypes) to those circulating globally. However, the prevalence of
other hypervariable genes genotypes may differ geographically, which may have important
clinical implications for vaccine design [28].

High-throughput sequencing technologies (HTS) combined with a target enrichment
approach has allowed whole HCMV genomes sequencing directly from clinical specimens,
enabling a more clinically meaningful investigation [29,30]. This genomic approach has
been recently applied to examine HCMYV diversity in maternal compartments and suggest
that infants in Africa are exposed to multiple strains early in life [23,30]. However, there
are currently no genomic studies conducted on samples collected from HCMV-infected
infants from Africa with end-organ diseases, which will allow us to further characterize
this significant infection.

Here we present an investigation of the HCMV infection complexity in HIV-exposed
South African infants with severe HCMV pneumonia by analyzing respiratory and blood
specimens using a whole genome approach. We aimed to assess the occurrence of multiple-
strain infections and the level of compartmentalization in the lung, while drawing a
comparison with HCMYV infections in patients with other relevant conditions.

2. Materials and Methods
2.1. Patients and Specimens

Specimens were obtained between January 2011 and December 2013 in a previous
study that included infants from KwaZulu Natal province, South Africa, with confirmed
HCMYV pneumonia [16]. All patients were HIV-exposed infants with severe pneumo-
nia requiring ventilation and admitted to a pediatric intensive care unit in an academic
hospital, Inkosi Albert Luthuli Central Hospital, for management according to the local
standard of care. Respiratory and blood specimens were collected early during the hos-
pital admission, prior to commencement of HCMYV antiviral therapy. Anonymized blood
and non-bronchoscopic bronchoalveolar lavage (NBBAL) specimens were retrieved from
—80 °C storage (i.e., a single freeze-thaw cycle). Twenty-four paired specimens from twelve
patients were selected (Table 1). Further testing of these specimens was approved by the
University of KwaZulu-Natal Biomedical Research Ethics Committee (BE628/16).
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Table 1. Patient data.

Patient Code Patient Location Patient Diagnosis Patient Age HIV Status Days Post-Transplant }E COI\I;IO\;/IS{::;E li:lnul s ( glet::)i‘lzccl\:;i,:;z:i) R:g;;‘:\‘;yg) E::Is‘;n]:](.’)a d Respiratory Specimen Type
DURO1 South Africa 4 months Negative N/A N/A 48,600 11,615 NBBAL
DUR02 South Africa 2 months Negative N/A N/A 26,487 10,230 NBBAL
DURO03 South Africa 4 months Negative N/A N/A 80,676 981,721 NBBAL
DURO04 South Africa 4 months Positive N/A N/A 71,199 2,019,329 NBBAL
DURO05 South Africa 2 months Negative N/A N/A 34,263 181,278 NBBAL
DUR06 South Africa HIV-exposed infants with HCMV pneumonia a 7 months Positive N/A N/A 7363 58,320 NBBAL
DURO07 South Africa 3 months Positive N/A N/A 58,806 84,564 NBBAL
DURO08 South Africa 3 months Positive N/A N/A 8942 63,909 NBBAL
DUR09 South Africa 2 months Negative N/A N/A 49,572 24,276 NBBAL
DUR10 South Africa 7 months Positive N/A N/A 32,562 132,435 NBBAL
DURI11 South Africa 3 months Positive N/A N/A 35,721 2,964,599 NBBAL
DUR12 South Africa 5 months Positive N/A N/A 826,200 777,600 NBBAL
PRAO1 Czech Republic AML 52 years Negative N/A N/A 5,900,000 867,500 BAL
PRA02 Czech Republic HSCT 62 years Negative 67 D—/R+ 246,500 55,250 BAL
PRA03 Czech Republic HSCT 58 years Negative 62 D+/R+ 133,000 672,500 ETA
PRA04 Czech Republic HSCT 21 years Negative 227 D—/R+ 5,537,500 893,750 BAL
PRAO5 Czech Republic MDS 21 years Negative N/A N/A 903,750 785,000 ETA
PRAO6 Czech Republic Hyper IgM syndrome 8 months Negative N/A N/A 20,750 198,500 ETA
PRA0O7 Czech Republic HSCT 58 years Negative 252 D—/R+ 56,750 980,000 BAL
VIE04 Austria CcorD 49 years Negative 183 D+R+ 6630 55,400 BAL
VIE06 Austria Pulmonary hypertension 32 years Negative 169 D+/R— 11,300 1620 BAL
VIE08 Austria CcorD 46 years Negative 187 D—/R+ 3390 3650 BAL
VIE13 Austria Pulmonary fibrosis 50 years Negative 206 D—/R+ 24,800 101,000 BAL
VIE14 Austria CcorD 52 years Negative 219 D+R+ 16,400 132,000 BAL
VIE15 Austria Pulmonary fibrosis 43 years Negative 167 D—/R+ 18,100 62,200 BAL
VIEl6 Austria CcorD 56 years Negative 456 D+R+ 12,300 2380 BAL
VIE17 Austria Alpha-1 antitrypsin deficiency 54 years Negative 55 D+R— 1310 28,900 BAL
VIE21 Austria COPD 57 years Negative 185 D+R— 1200 11,900 BAL
VIE24 Austria Bronchiectasis 42 years Negative 176 D+R+ 35,800 134,000 BAL

2 Those specimens with a volume greater than 500 pL and HCMV quantification at greater than 3.6 log IU/mL and 4 log IU/mL in blood and NBBAL, respectively, were selected for the
present study (cut-off values defined previously (Govender et al. 2017)). AML, acute myeloid leukemia; HSCT, hematopoietic stem cell transplant; MDS, myelodysplastic syndrome;
COPD, chronic obstructive pulmonary disease; N/A, not applicable; NBBAL, non-bronchoscopic bronchoalveolar lavage; BAL, bronchoalveolar lavage; ETA, endotracheal aspirate.
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Twenty comparator-paired blood and respiratory specimens were obtained from ten
patients who received lung transplants (LT) at the Medical University of Vienna between
2014 and 2017 (ethics approval reference number EK-number 1321/2017). Additional paired
blood and respiratory specimens were obtained from seven patients with hematological
disorders in Motol University Hospital, Czech Republic, between 2007 and 2016 (ethics
approval reference number EK-701c/16).

2.2. Nucleic Acid Extraction and HCMV and HIV Testing

The specimens from South Africa were subjected to DNA extraction on the NucliSens
easyMAG system (bioMerieux, Marcy-1'Etoile, France) using 200 uL of blood or NBBAL,
eluted in 50 pL. Quantitative real-time HCMV PCR was conducted using the LightCycler
CMV Quant kit (Roche Diagnostics GmbH, Mannheim, Germany), on the LightCycler 2.0
instrument (Roche®, Basel, Switzerland) calibrated to the 1st WHO International Standard
for human cytomegalovirus (NIBSC code 09/162) [26]. EDTA blood specimens were tested
for HIV using the PCR COBAS® AmpliPrep/COBAS® TagMan HIV-1 Qualitative test
(Roche®), as per South African national guidelines at the time of patient recruitment.

The specimens from Austria were assessed for HCMYV load during routine diagnosis
using the PCR COBAS® AmpliPrep/COBAS® TagMan CMV Test (Roche®). Genomic DNA
was extracted from 280 uL of clinical material and eluted in 70 uL of elution buffer using the
QIAamp Viral RNA Mini kit (QIAGEN, Hilden, Germany). HCMV quantitation was then
performed as described by Kalser et al. [31] using the LightCycler® 480 System (Roche®).

Genomic DNA from blood and respiratory specimens from the Czech Republic were
extracted using the QIAamp DNA Blood Mini kit and QIAamp DNA Mini kit (QIAGEN),
respectively. HCMV quantification was performed on an ABI7500 (Applied Biosystems,
Foster City, CA, USA) or a Bio-Rad CFX96 (Bio-Rad Laboratories, Hercules, CA, USA)
thermocycler using the method described previously [32].

2.3. High-Throughput DNA Sequencing

Sequencing libraries were prepared following the SureSelect version 1.7 target enrich-
ment system (Agilent, Santa Clara, CA, USA) [33]. Briefly, 50 uL of DNA was sheared
acoustically using an LE220 sonicator (Covaris, Brighton, UK). Fragmented DNA was
end-repaired, A-tailed, and adaptor-ligated using the KAPA LTP library preparation kit
(KAPA Biosystems, Wilmington, DE, USA). The resultant HCMV-enriched libraries were
then indexed and sequenced on a MiSeq (Illumina, San Diego, CA, USA) with v3 chemistry
to yield 300 x 300 nt paired-end reads datasets.

2.4. Sequencing Data Analysis, Strain Composition, Genome Assembly, and Compartmentalization

The quality of the datasets was improved by trimming low-quality regions from the
reads using Trim Galore v0.4.0 (http://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/; length = 21, quality = 10, and stringency = 3, accessed on 9 October 2019). To
estimate the sequencing depth of the libraries generated, sequencing reads were aligned
against the publicly available sequence of HCMYV reference strain Merlin (GenBank acces-
sion no. AY446894.2). In addition, dataset fragment diversity was assessed by deduplicating
sequencing reads mapped to the strain Merlin sequence, based on alignment coordinates,
as described by Sudrez et al. [33]. Additionally, the sequencing reads were mapped to all the
hypervariable gene genotypes extracted from the complete HCMV genomes deposited in
the public domain, and duplicated reads were removed using Picard v2.3.0 (Broad Institute
2019), accessed on 6 May 2021. Deduplicated datasets were genotyped using GRACy [34].

The number of strains represented in a dataset was estimated by a motif read-matching
approach described elsewhere [33] (program available at https:/ /centre-for-virus-research.
github.io/VATK/HCMYV _pipeline, accessed on 9 October 2019). Briefly, trimmed datasets
were screened for the presence of short motifs that uniquely identified the different geno-
types of 12 HCMYV hypervariable genes (RL5A, RL6, RL12, RL13, UL1, UL9, UL11, UL73,
UL74, UL120, UL146, and UL139).
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In the datasets, in which a single genotype was detected in the 12 hypervariable genes
analyzed (i.e., with single HCMYV strains), an HCMV genome assembly was attempted
using the method described by Suarez et al. [33]. Briefly, for each of these datasets, reads
mapping to the Genome Reference Consortium Human Reference 38 sequence (http://
genome.ucsc.edu, accessed on 9 October 2019) using Bowtie2 v.2.2.6 [35] were removed.
Subsequently, human-depleted datasets were assembled de novo using SPAdes v3.5.0 [36].
The derived contigs were assembled using Scaffold_builder v2.2 [37] and the sequence
of HCMYV reference strain Merlin to generate HCMV genomes. Finally, human-depleted
datasets were mapped to their respective assembled genome using Bowtie2, and the
alignments were inspected visually using Tablet v1.21.02.08 [38].

To examine the level of compartmentalization between the respiratory and the circula-
tory systems, the genotype frequencies of 16 HCMV genes (adding UL20, UL55, UL75, and
UL100 to the list of hypervariable genes listed above) were compared between compart-
ments within each patient.

2.5. Statistical Analysis

SPSS v26 was used to apply independent t-tests and Fisher’s exact or chi-square tests,
with a p value of less than 0.05 considered significant.

3. Results
3.1. Specimen Data

A total of 57 blood and respiratory specimens from 29 patients were analyzed. There
were paired respiratory and blood specimens for all except patient VIEO4 (whose blood
specimen failed during library preparation, possibly due to a low starting viral load). There
were twelve HIV-exposed South African infants with HCMV pneumonia, of whom seven
were HIV-infected. There were seven patients with hematological disorders from Czech
Republic and ten patients from Austria, with various indications for LT (Table 1). The
HCMYV viral load in the specimens ranged from 1.2 x 103 to 5.9 x 106 genome copies/mL.
An independent t-test showed that the mean log-transformed HCMYV viral load in South
African patients did not differ significantly from that in patients from Austria and Czech
Republic combined (p = 0.428), nor between respiratory and blood specimens (p = 0.087).

3.2. Quality Assessment of Sequencing Libraries, and Strain Enumeration

A total of 61 sequencing libraries from 57 specimens were generated (i.e., four spec-
imens were repeated), with input HCMV genome copies ranging from 1.92 x 102 to
5.92 x 105 per library (Table S1, row 10). Sequencing yielded 3.06 x 106 to 2.48 x 107
trimmed reads per library, with 0.2% to 89.1% mapping to the HCMYV reference strain
Merlin genome (Table S1, rows 13 and 15). The average sequencing depth, when mapping
the trimmed reads to the Merlin reference genome, ranged from 16 to 12,596 reads per
nucleotide and covered 68% to 99% of the genome (Table S1, rows 16 and 17). When
mapping deduplicated reads to the Merlin reference genome, the sequencing depth ranged
from 1 to 2100 (Table S1, row 18).

Of the 12 HIV-exposed South African infants with HCMV pneumonia, 9 were infected
with two or more strains in both blood and respiratory specimens, while 3 had evidence of
a single-strain infection (Table S1, row 19).

Of the 17 hematological and LT patients from Czech Republic and Austria, 7 had
evidence of multiple-strain infections (MSIs) with up to five strains in either or both
compartments, and 10 had single strain infections.

The propensity for MSIs in the cohort of HIV-exposed infants (mode: two strains) was
significantly higher than the cohorts of hematological patients and LT recipients (mode:
one strain). A total of 18 of 24 specimens (75.0%) from South Africa had MSI compared
with 15 of 36 (41.7%) of non-South African specimens (Fisher’s exact test p = 0.017). There
was no detectable difference in multiplicity of strains between the respiratory and blood
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specimens (Fisher’s exact test p = 0.548), and the number of strains was not associated with
the specimen HCMYV viral load (independent ¢-test p = 0.731).

3.3. HCMV Genomes Assembled

Nine complete HCMV genome sequences were assembled. Complete genome sizes
ranged from 234,868 to 236,591 bp. Three genomes presented mutations leading to prema-
ture termination of one gene (UL9 in one genome and RL5A in two genomes) (Table S1,
rows 20 and 22).

3.4. Analysis of Genotype and Variant Differences between the Cohorts

Those genotypes detected in each specimen with more than 10 reads and at a prevalence
of greater than 2% of all reads for that gene locus were considered (Supplementary Table S1,
rows 25 to 146). We compared the occurrence of each genotype in the cohort of HIV-exposed
infants with the cohorts of hematological patients and LT recipients. Of note are the differences
in the genotype frequencies in six glycoprotein-encoding genes between the cohorts (Table 2).
The expected linkage between UL73 (gN) and UL74 (gO) genes was represented by a high
prevalence of the genotypes UL73 G4B and UL74 G4 in the cohort of HIV-exposed infants,
whereas they were absent in the other cohorts. We also found significant differences (Fisher’s
exact test p = 0.001) between the distribution of US9 gene variants. The cohort of HIV-
exposed infants presented a higher prevalence of US9 variants with deletions, whereas US9
wild type was more prevalent in the cohorts of hematological patients and LT recipients
(Supplementary Table S1, rows 149 to 151).

Table 2. Difference in genotype prevalence between HIV-exposed infants with HCMV pneumonia,
compared with patients with hematological disorders (HD) and lung transplant (LT) recipients.

Prevalence (%)

Patients with HD and
Gene Family/Function Gene Locus Genotype (?()Itzfﬁ(:isfailgiir::t) (CZE;II}::;E,JiI:!IIiIESand p-Value
(n = 12 Patients) Austrian Cohorts)
(n =17 Patients)

RL11 family of G4 10 (83.3%) 5(29.4%) 0.008
membrane glycoproteins UL G8 4 (33.3%) 0 (0.0%) 0.021
G2 8 (66.7%) 2 (11.8%) 0.005

Glycoprotein B UL G5 4 (33.3%) 0(0.0%) 0.021
Glycoprotein N UL73 G4B 5 (41.7%) 0 (0.0%) 0.007
Glycoprotein O UL74 G4 5 (41.7%) 0 (0.0%) 0.007
Glycoprotein M UL100 G2 9 (75.0%) 3(17.6%) 0.006
Membrane glycoprotein UL120 G4B 7 (58.3%) 2 (11.8%) 0.014

3.5. Compartmentalization of Genotypes

HTS is highly PCR-dependent, which might lead to misestimation of genotype fre-
quencies. Consequently, only high-quality datasets—that is, those with (1) an average
sequencing depth of unique reads of >10 reads per nucleotide and (2) >95% coverage
of the Merlin strain genome—were considered for compartmentalization analyses. In
addition, reads corresponding to hypervariable genes were deduplicated as described in
Materials and Methods.

A total of 20 (83%) out of 24 datasets from HIV-exposed infants and 18 (49%) out of
37 datasets from patients with hematological disorders and LT recipients met the defined
high-quality criteria (Table S1). Genotype frequencies were graphically represented in a
heatmap (Figure 1).
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Figure 1. Heatmap showing distribution of genotypes between respiratory and blood specimens.
The frequencies of reads are depicted for genotypes in respiratory and blood specimens of eleven
patients with multiple-strain infection on a color scale, with darker shading in increments of 20%.

MSI = multiple-strain infection. SSI = single-strain infection, B = blood; R = respiratory.
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Considering the 16 genes interrogated, there was a total of 127 possible genotypes. Of
all 127 genotypes, 104 (81.9%) were present in the cohort of HIV-exposed infants, 58 (45.7%)
were present in the cohort of lung transplant recipients, and 86 (67.7%) were present in the
cohort of patients with hematological disorders.

A total of 4 of the 127 possible genotypes were present in the respiratory but not in the
blood specimens in at least three patients—namely, RL13-G1 (patients PRA02, PRA03, and
DURO5), UL1-G1 (patients DUR03, DUR04, and DURO05), UL9-G4 (patients PRA03, DURO03,
and DURO05), and UL75-G1 (patients PRA04, DUR03, and DUR11).

When analyzing the frequencies of each genotype in each compartment, a predomi-
nance of certain genotypes in respiratory specimens was observed (Table 3). However, the
differences in genotype frequencies were not statistically significant.

Table 3. Genotypes more predominant in respiratory specimens.

Patients with a Predominance of This Genotype in the

Gene Family/Function Gene Genotype Respiratory Specimen
RL13 Gl PRAO02, PRA03, DUR03, DUR04, DUR05, DUR09, DUR11
RL11 family of membrane UL1 Gl PRAO03, DUR02, DUR03, DUR04, DURO5, DUR09, DUR11
glycoproteins UL9 G4 PRA03, DUR02, DUR03, DUR04, DUR05, DUR09
UL11 Gl PRAO1, PRA02, PRA03, DURO03, DUR(09, DUR11
Glycoprotein H UL75 Gl PRAO1, PRA03, DUR02, DUR03, DUR04, DUR07, DUR09, DUR11
Glycoprotein M UL100 Gl PRA02, PRA03, DUR02, DUR04, DUROS, DUR11, VIE15

4. Discussion

Whole genome sequencing of HCMV enables the possibility of investigating compre-
hensively the genetic diversity and complexity and the clinical implications of this viral
infection [39]. To our knowledge, this is the first study applying a whole genome approach
in HIV-exposed infants from South Africa with HCMV pneumonia. Our data show that
regardless of HIV infection status and the compartment investigated, HIV-exposed infants
with HCMV pneumonia had a high proportion of MSIs (75.0%). These findings are in
line with those from a previous study in HIV-exposed infants in sub-Saharan Africa [27].
However, in contrast with our observations, they found MSIs only in samples from the
lung. This discrepancy may be a result of the application of different technical approaches
with different sensitivities. In addition, the frequency of MSIs observed in our South
African cohort is comparable with that of HIV-infected mothers from sub-Saharan Africa
(64.3%) [30], which may reflect the high HCMYV seroprevalence in Africa.

The high incidence of MSIs in HIV-exposed infants is likely to be the result of in
utero superinfection, postnatal reinfection of congenitally infected newborns, repeated
re-infection through post-partum close contact with mothers (via breastfeeding) or other
infected people, or a combination of these scenarios [23,40]—a postulate which requires
further longitudinal studies of HIV- and HCMV-exposed newborns. MSIs have been
associated with higher HCMV viral loads [41,42] and delayed clearance [42] in transplant
patients and HIV positive patients. However, the effect of MSIs on the clinical outcome of
HIV-exposed infants is undescribed. Wider use of whole-genome HCMYV sequencing in
the study of HIV-exposed infants will be important in elucidating the clinical relevance of
these infections, and therefore in assisting clinicians in the management of such patients.
Nevertheless, the application of this genomic approach and the acquisition of clinically
meaningful data require a comprehensive quality assessment, as highlighted in this and
previous studies [33].

In our South African cohort, we observed a significantly higher prevalence of particular
genotypes of several glycoprotein-encoding genes, such as gN (genotype 4B) and gO
(genotype 4). Our findings are in line with a previous study on the breastmilk of sub-
Saharan HIV-infected mothers [30]. Contrarily, a study conducted on HIV-exposed infants
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found similar genotype frequencies on these genes compared with those found globally [27].
In addition, the predominance of RL12-RL13-UL1 (G2-G2-G2) linkage found previously
in breastmilk samples [30] was not replicated in our study, which may reflect the role of
this set of genes on cellular tropism [43]. A global analysis of glycoprotein polymorphisms
and their clinical significance has an obvious paucity of data from Africa [28]. Therefore,
further study of larger, geographically linked and unlinked patient cohorts using a whole
genome approach is warranted, as geographic differences in circulating genotypes have
implications for antiviral and vaccine development.

We also found a significant difference in the distribution of US9 variants in the different
cohorts, with the wild-type US9 predominating in the European cohorts, while deletion
variants, affecting the C terminus of US9, predominating in the South African cohort.
This gene is thought to have an immune modulatory role, localizing to mitochondria and
causing reduction in interferon 3 production during later phases of viral replication [44],
suggesting that there may be host immune factors that account for the difference in US9
variants between the cohorts.

In general, there were no demonstrable viral genetic determinants of lung compart-
mentalization, probably because of technical (i.e., limited sample size) or biological (i.e.,
high vascularization of the lungs) reasons. However, we found that within the RL11
membrane glycoprotein family of genes, a greater proportion of the RL13, UL1, and UL9
genotypes G1, G1, and G4, respectively, were predominant in the respiratory specimens in
most of the patients studied. RL13 is an important component of epithelial cell tropism
and promoter of cell-to-cell spread, and it is especially important under humoral immune
pressure [45]. Therefore, this may reflect a differential infection of alveolar epithelial cells
between RL13 genotypes. Similarly, we observed a predominance of UL75 genotype G1
in respiratory specimens, especially in the HIV-exposed infants with HCMV pneumo-
nia. UL75 encodes glycoprotein H, which is an essential component of the pentameric
complex (gH/gL/pUL128-131) and the gH/gL/gO trimer, which interacts with platelet-
derived growth factor receptor alpha (PDGFR«) during entry to human fibroblasts [46,47].
PDGFRoc+ fibroblasts are found in high numbers in infant lungs and are needed for alve-
olarization to occur, a process that continues in the post-natal period [48,49]. Therefore,
UL75 genotype G1 may play a role in lung compartmentalization in pediatric populations.
However, this aspect deserves further in vivo and in vitro investigation.

Our study presents some limitations. Firstly, the limited sample size was mainly
due to the challenges in collecting clinical samples from pediatric cohorts and the lack
of suitability of paired samples from our retrospective studies. However, this is the first
study conducted on HIV-exposed infants with HCMV end-organ disease, using a genomic
approach on paired blood and respiratory specimens allowing for a comprehensive analysis
on the complexity of this infection. Secondly, the simultaneous observational study of
transplant and hematological cohorts from differing geographic locations was convenient,
but it introduced important confounders, such as differing socio-economic status and
immunological and age-related differences that affect HCMV transmission, precluding
robust interpretations. Nevertheless, the high prevalence of MSI in HIV-exposed infants
that was found here represents a significant observation worthy of further investigation of
the determinants and outcomes. In addition, specimens from HIV-unexposed infants with
no HCMV end-organ disease were not included in our study, which prevents assessment of
immunocompetent subjects. However, the invasiveness of lower respiratory tract sampling
presents a challenge in collecting this type of specimen for such patients. Thirdly, compart-
mentalization is a dynamic process and is best described by longitudinal studies [50]. Our
specimens offered just a snapshot of the infection complexity in each compartment but
provided no additional information on the inflow and outflow of strains between them.
Nevertheless, the whole genome approach conducted in our study allowed us to sequence
whole HCMYV genomes directly from clinical specimens, which is crucial for clinically
meaningful analysis and characterization of this important infection [33]. Furthermore,
our study has provided the first complete HCMV genomes circulating in South Africa.
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Lastly, our study did not include confirmed congenital infections, and therefore we cannot
differentiate the scenarios leading to multiple-strain infections. Specimens taken at birth
and in early infancy would allow a better description of the relationship between strains
in the lung and blood compartment over time and would describe both congenital and
perinatal transmission. Additionally, the investigation of HIV-unexposed infants would be
essential to clearly elucidate the role of immunocompromise in the acquisition of strains.
Moreover, antiviral use would add a further dimension to this type of study and could be
conducted with the methods used here, as demonstrated in previous studies [51].

In the future, infants in Africa will clearly benefit from preventing mother-to-child
transmission of HIV. However, the continued high burden of HIV in women of child-bearing
age [52] highlights the importance of monitoring HCMYV infection in HIV-exposed infants.

5. Conclusions

We have characterized the complexity of HCMYV infection, focusing on the occurrence
of multiple-strain infections and compartmentalization in HIV-exposed infants with severe
pneumonia. To this end, we applied a whole genome approach on paired blood and
respiratory specimens and placed our findings in context with other clinical conditions. We
confirmed previous findings of the high incidence of multiple-strain infections in infants
in Africa and added to current knowledge on the geographic variation in HCMYV strains.
We postulate that this finding is clinically significant and warrants longitudinal study
measuring clinical outcomes in infants who acquired multiple strains early in life. We
have identified several HCMYV glycoprotein-encoding gene genotypes that are potential
viral genetic determinants of lung compartmentalization. However, this would require
further in vitro investigation and longitudinal studies in larger, more geographically diverse
cohorts including immunocompetent individuals.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /v14050855/s1, Table S1: Summary analysis of sequencing results.

Author Contributions: Conceptualization and methodology, K.G., R.P. and N.M.S.; specimen collec-
tion, K.G., R.P, PH,, I.G. and E.P.-S.; sequencing and bioinformatics S.C. and N.M.S.; analysis, K.G.
and N.M.S.; writing—original draft preparation, K.G.; writing—review and editing, N.M.S., R.P,
PH.,, I.G. and E.P-S.; supervision, N.M.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Carnegie Trust for the Universities of Scotland (grant
RIG007549 to N.M.S.); National Health Laboratory Service Research Trust Grant (grant 94612 to K.G.);
the South Africa National Research Foundation Thuthuka Funding Instrument (grant 113351 to K.G.);
the CAPRISA Self-funded Fellowship (grant 55878 to K.G.); the Ministry of Health of the Czech
Republic (grant 0064203 to P.H.); and the Medical Research Council, United Kingdom (grant number
MC_UU_12014/3 to N.M.S.).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and the study was approved by the University of KwaZulu-Natal Biomedical Research
Ethics Committee, reference number (BE628/16), and institutional review boards of the Medical
University of Vienna (reference number EK-number 1321/2017) and Motol University Hospital,
Czech Republic (reference number EK-701c/16).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets generated for this study were deposited in the European
Nucleotide Archive (ENA; project no. PRJEB45589). The annotated HCMV genome sequences
assembled were deposited in ENA (accession numbers: ERZ2490967-75).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.


https://www.mdpi.com/article/10.3390/v14050855/s1
https://www.mdpi.com/article/10.3390/v14050855/s1

Viruses 2022, 14, 855 11 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Mocarski, E.S. Cytomegaloviruses. In Fields Virology; Knipe, D.M., Ed.; Lippincott Williams and Wilkins: Philadelphia, PA, USA,
2007; Volume 2, pp. 2702-2772.

Manicklal, S.; van Niekerk, A.M.; Kroon, S.M.; Hutto, C.; Novak, Z.; Pati, S.K.; Chowdhury, N.; Hsiao, N.Y.; Boppana, S.B. Birth
prevalence of congenital cytomegalovirus among infants of HIV-infected women on prenatal antiretroviral prophylaxis in South
Africa. Clin. Infect. Dis. 2014, 58, 1467-1472. [CrossRef] [PubMed]

Mwaanza, N.; Chilukutu, L.; Tembo, J.; Kabwe, M.; Musonda, K.; Kapasa, M.; Chabala, C.; Sinyangwe, S.; Mwaba, P;
Zumla, A ; etal. High rates of congenital cytomegalovirus infection linked with maternal HIV infection among neonatal
admissions at a large referral center in sub-Saharan Africa. Clin. Infect. Dis. 2014, 58, 728-735. [CrossRef] [PubMed]

Manicklal, S.; Emery, V.C.; Lazzarotto, T.; Boppana, S.B.; Gupta, R.K. The “silent” global burden of congenital cytomegalovirus.
Clin. Microbiol. Rev. 2013, 26, 86—-102. [CrossRef] [PubMed]

Kaye, S.; Miles, D.; Antoine, P.; Burny, W.; Ojuola, B.; Kaye, P.; Rowland-Jones, S.; Whittle, H.; van der Sande, M.; Marchant, A.
Virological and immunological correlates of mother-to-child transmission of cytomegalovirus in The Gambia. . Infect. Dis. 2008,
197,1307-1314. [CrossRef] [PubMed]

Richardson, B.A.; John-Stewart, G.; Atkinson, C.; Nduati, R.; Asbjornsdottir, K.; Boeckh, M.; Overbaugh, J.; Emery, V,; Slyker, ].A.
Vertical Cytomegalovirus Transmission From HIV-Infected Women Randomized to Formula-Feed or Breastfeed Their Infants.
J. Infect. Dis. 2016, 213, 992-998. [CrossRef]

Garcia-Knight, M.A; Nduati, E.; Hassan, A.S.; Nkumama, I.; Etyang, T.].; Hajj, N.J.; Gambo, F; Odera, D.; Berkley, ].A.; Rowland-
Jones, S.L.; et al. Cytomegalovirus viraemia is associated with poor growth and T-cell activation with an increased burden in
HIV-exposed uninfected infants. Aids 2017, 31, 1809-1818. [CrossRef]

Filteau, S.; Rowland-Jones, S. Cytomegalovirus Infection May Contribute to the Reduced Immune Function, Growth, Develop-
ment, and Health of HIV-Exposed, Uninfected African Children. Front. Immunol. 2016, 7, 257. [CrossRef]

Gompels, U.A ; Larke, N.; Sanz-Ramos, M.; Bates, M.; Musonda, K.; Manno, D.; Siame, J.; Monze, M.; Filteau, S.; Group, C.S.
Human cytomegalovirus infant infection adversely affects growth and development in maternally HIV-exposed and unexposed
infants in Zambia. Clin. Infect. Dis. 2012, 54, 434-442. [CrossRef]

Gronborg, H.L.; Jespersen, S.; Honge, B.L.; Jensen-Fangel, S.; Wejse, C. Review of cytomegalovirus coinfection in HIV-infected
individuals in Africa. Rev. Med. Virol. 2017, 27, €1907. [CrossRef]

Slyker, J.A.; Lohman-Payne, B.L.; Rowland-Jones, S.L.; Otieno, P.; Maleche-Obimbo, E.; Richardson, B.; Farquhar, C.; Mbori-
Ngacha, D.; Emery, V.C.; John-Stewart, G.C. The detection of cytomegalovirus DNA in maternal plasma is associated with
mortality in HIV-1-infected women and their infants. AIDS 2009, 23, 117-124. [CrossRef]

Arnold, M,; Itzikowitz, R.; Young, B.; Machoki, S.M.; Hsiao, N.Y.; Pillay, K.; Alexander, A. Surgical manifestations of gastrointesti-
nal cytomegalovirus infection in children: Clinical audit and literature review. J. Pediatr. Surg. 2015, 50, 1874-1879. [CrossRef]
[PubMed]

Goussard, P; Kling, S.; Gie, R.P; Nel, E.D.; Heyns, L.; Rossouw, G.J.; Janson, ].T. CMV pneumonia in HIV-infected ventilated
infants. Pediatr. Pulmonol. 2010, 45, 650-655. [CrossRef] [PubMed]

Zampoli, M.; Morrow, B.; Hsiao, N.Y.; Whitelaw, A.; Zar, H.]. Prevalence and outcome of cytomegalovirus-associated pneumonia
in relation to human immunodeficiency virus infection. Pediatr. Infect. Dis. ]. 2011, 30, 413—417. [CrossRef] [PubMed]

Bates, M.; Shibemba, A.; Mudenda, V.; Chimoga, C.; Tembo, ].; Kabwe, M.; Chilufya, M.; Hoelscher, M.; Maeurer, M.;
Sinyangwe, S.; et al. Burden of respiratory tract infections at post mortem in Zambian children. BMC Med. 2016, 14, 99.
[CrossRef] [PubMed]

Jeena, PM.; Govender, K.; Parboosing, R.; Adhikari, M. The significance of cytomegalovirus in children with pneumonia admitted
for mechanical ventilation. Int. J. Tuberc. Lung Dis. 2017, 21, 1230-1236. [CrossRef]

Griffiths, P.; Reeves, M. Pathogenesis of human cytomegalovirus in the immunocompromised host. Nat. Rev. Microbiol. 2021, 19,
759-773. [CrossRef] [PubMed]

Govender, K.; Msomi, N.; Moodley, P.; Parboosing, R. Cytomegalovirus pneumonia of infants in Africa: A narrative literature
review. Future Microbiol. 2021, 16, 1401-1414. [CrossRef]

Puchhammer-Stockl, E.; Gorzer, I. Human cytomegalovirus: An enormous variety of strains and their possible clinical significance
in the human host. Future Virol. 2011, 6, 259-271. [CrossRef]

Arav-Boger, R. Strain Variation and Disease Severity in Congenital Cytomegalovirus Infection: In Search of a Viral Marker. Infect.
Dis. Clin. N. Am. 2015, 29, 401-414. [CrossRef]

Renzette, N.; Gibson, L.; Jensen, ].D.; Kowalik, T.F. Human cytomegalovirus intrahost evolution-a new avenue for understanding
and controlling herpesvirus infections. Curr. Opin. Virol. 2014, 8, 109-115. [CrossRef]

Meyer-Konig, U.; Vogelberg, C.; Bongarts, A.; Kampa, D.; Delbruck, R.; Wolff-Vorbeck, G.; Kirste, G.; Haberland, M.; Hufert, F.T.;
von Laer, D. Glycoprotein B genotype correlates with cell tropism in vivo of human cytomegalovirus infection. J. Med. Virol. 1998,
55, 75-81. [CrossRef]

Pang, J.; Slyker, ].A.; Roy, S.; Bryant, J.; Atkinson, C.; Cudini, J.; Farquhar, C.; Griffiths, P; Kiarie, J.; Morfopoulou, S.; et al. Mixed
cytomegalovirus genotypes in HIV-positive mothers show compartmentalization and distinct patterns of transmission to infants.
eLife 2020, 9, €63199. [CrossRef] [PubMed]


http://doi.org/10.1093/cid/ciu096
http://www.ncbi.nlm.nih.gov/pubmed/24567248
http://doi.org/10.1093/cid/cit766
http://www.ncbi.nlm.nih.gov/pubmed/24265360
http://doi.org/10.1128/CMR.00062-12
http://www.ncbi.nlm.nih.gov/pubmed/23297260
http://doi.org/10.1086/586715
http://www.ncbi.nlm.nih.gov/pubmed/18422443
http://doi.org/10.1093/infdis/jiv515
http://doi.org/10.1097/QAD.0000000000001568
http://doi.org/10.3389/fimmu.2016.00257
http://doi.org/10.1093/cid/cir837
http://doi.org/10.1002/rmv.1907
http://doi.org/10.1097/QAD.0b013e32831c8abd
http://doi.org/10.1016/j.jpedsurg.2015.06.018
http://www.ncbi.nlm.nih.gov/pubmed/26265193
http://doi.org/10.1002/ppul.21228
http://www.ncbi.nlm.nih.gov/pubmed/20575098
http://doi.org/10.1097/INF.0b013e3182065197
http://www.ncbi.nlm.nih.gov/pubmed/21150691
http://doi.org/10.1186/s12916-016-0645-z
http://www.ncbi.nlm.nih.gov/pubmed/27363601
http://doi.org/10.5588/ijtld.17.0026
http://doi.org/10.1038/s41579-021-00582-z
http://www.ncbi.nlm.nih.gov/pubmed/34168328
http://doi.org/10.2217/fmb-2021-0147
http://doi.org/10.2217/fvl.10.87
http://doi.org/10.1016/j.idc.2015.05.009
http://doi.org/10.1016/j.coviro.2014.08.001
http://doi.org/10.1002/(SICI)1096-9071(199805)55:1&lt;75::AID-JMV12&gt;3.0.CO;2-Z
http://doi.org/10.7554/eLife.63199
http://www.ncbi.nlm.nih.gov/pubmed/33382036

Viruses 2022, 14, 855 12 of 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Slyker, J.; Farquhar, C.; Atkinson, C.; Asbjornsdottir, K.; Roxby, A.; Drake, A.; Kiarie, J.; Wald, A.; Boeckh, M.; Richardson, B.; et al.
Compartmentalized cytomegalovirus replication and transmission in the setting of maternal HIV-1 infection. Clin. Infect. Dis.
2014, 58, 564-572. [CrossRef] [PubMed]

Coaquette, A.; Bourgeois, A.; Dirand, C.; Varin, A.; Chen, W.; Herbein, G. Mixed cytomegalovirus glycoprotein B genotypes in
immunocompromised patients. Clin. Infect. Dis. 2004, 39, 155-161. [CrossRef] [PubMed]

Govender, K ; Jeena, P,; Parboosing, R. Clinical utility of bronchoalveolar lavage cytomegalovirus viral loads in the diagnosis of
cytomegalovirus pneumonitis in infants. J. Med. Virol. 2017, 89, 1080-1087. [CrossRef] [PubMed]

Bates, M.; Monze, M.; Bima, H.; Kapambwe, M.; Kasolo, F.C.; Gompels, U.A.; CIGNIS Study Group. High human cytomegalovirus
loads and diverse linked variable genotypes in both HIV-1 infected and exposed, but uninfected, children in Africa. Virology 2008,
382, 28-36. [CrossRef]

Wang, H.Y.; Valencia, S.M.; Pfeifer, S.P; Jensen, ].D.; Kowalik, T.F,; Permar, S.R. Common Polymorphisms in the Glycoproteins of
Human Cytomegalovirus and Associated Strain-Specific Immunity. Viruses 2021, 13, 1106. [CrossRef]

Hage, E.; Wilkie, G.S.; Linnenweber-Held, S.; Dhingra, A.; Suarez, N.M.; Schmidyt, ].J.; Kay-Fedorov, P.C.; Mischak-Weissinger, E.;
Heim, A.; Schwarz, A.; et al. Characterization of Human Cytomegalovirus Genome Diversity in Inmunocompromised Hosts by
Whole-Genome Sequencing Directly From Clinical Specimens. J. Infect. Dis. 2017, 215, 1673-1683. [CrossRef]

Suarez, N.M.; Musonda, K.G.; Escriva, E.; Njenga, M.; Agbueze, A.; Camiolo, S.; Davison, A.J.; Gompels, U.A. Multiple-Strain In-
fections of Human Cytomegalovirus With High Genomic Diversity Are Common in Breast Milk From Human Immunodeficiency
Virus-Infected Women in Zambia. J. Infect. Dis. 2019, 220, 792-801. [CrossRef]

Kalser, J.; Adler, B.; Mach, M.; Kropff, B.; Puchhammer-Stockl, E.; Gorzer, I. Differences in Growth Properties among Two Human
Cytomegalovirus Glycoprotein O Genotypes. Front. Microbiol. 2017, 8, 1609. [CrossRef]

Tanaka, N.; Kimura, H.; lida, K.; Saito, Y.; Tsuge, I.; Yoshimi, A.; Matsuyama, T.; Morishima, T. Quantitative analysis of
cytomegalovirus load using a real-time PCR assay. J. Med. Virol. 2000, 60, 455-462. [CrossRef]

Suarez, N.M.; Wilkie, G.S.; Hage, E.; Camiolo, S.; Holton, M.; Hughes, J.; Maabar, M.; Vattipally, S.B.; Dhingra, A;
Gompels, U.A ; et al. Human Cytomegalovirus Genomes Sequenced Directly From Clinical Material: Variation, Multiple-Strain
Infection, Recombination, and Gene Loss. J. Infect. Dis. 2019, 220, 781-791. [CrossRef] [PubMed]

Camiolo, S.; Suarez, N.M.; Chalka, A.; Venturini, C.; Breuer, J.; Davison, A.]. GRACy: A tool for analysing human cytomegalovirus
sequence data. Virus Evol. 2021, 7, veaa099. [CrossRef] [PubMed]

Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357-359. [CrossRef]

Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, VM.; Nikolenko, S.I.; Pham, S,;
Prijibelski, A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol.
2012, 19, 455-477. [CrossRef]

Silva, G.G.; Dutilh, B.E.; Matthews, T.D.; Elkins, K.; Schmieder, R.; Dinsdale, E.A.; Edwards, R.A. Combining de novo and
reference-guided assembly with scaffold_builder. Source Code Biol. Med. 2013, 8, 23. [CrossRef]

Milne, L; Stephen, G.; Bayer, M.; Cock, PJ.; Pritchard, L.; Cardle, L.; Shaw, P.D.; Marshall, D. Using Tablet for visual exploration of
second-generation sequencing data. Brief. Bioinform. 2013, 14, 193-202. [CrossRef]

Marti-Carreras, ].; Maes, P. Human cytomegalovirus genomics and transcriptomics through the lens of next-generation sequencing:
Revision and future challenges. Virus Genes 2019, 55, 138-164. [CrossRef]

Musonda, K.G.; Nyonda, M,; Filteau, S.; Kasonka, L.; Monze, M.; Gompels, U.A. Increased Cytomegalovirus Secretion and Risks
of Infant Infection by Breastfeeding Duration From Maternal Human Immunodeficiency Virus Positive Compared to Negative
Mothers in Sub-Saharan Africa. J. Pediatric Infect. Dis. Soc. 2016, 5, 138-146. [CrossRef]

Sowmya, P.; Madhavan, H.N. Analysis of mixed infections by multiple genotypes of human cytomegalovirus in immunocompro-
mised patients. ]. Med. Virol. 2009, 81, 861-869. [CrossRef]

Jiang, X.J.; Zhang, J.; Xiong, Y.; Jahn, G.; Xiong, H.R.; Yang, Z.Q.; Liu, Y.Y. Human cytomegalovirus glycoprotein polymorphisms
and increasing viral load in AIDS patients. PLoS ONE 2017, 12, €0176160. [CrossRef] [PubMed]

Shikhagaie, M.; Merce-Maldonado, E.; Isern, E.; Muntasell, A.; Alba, M.M.; Lopez-Botet, M.; Hengel, H.; Angulo, A. The human
cytomegalovirus-specific UL1 gene encodes a late-phase glycoprotein incorporated in the virion envelope. J. Virol. 2012, 86,
4091-4101. [CrossRef] [PubMed]

Choi, H.J.; Park, A.; Kang, S.; Lee, E.; Lee, T.A.; Ra, E.A; Lee, ].; Lee, S.; Park, B. Human cytomegalovirus-encoded US9 targets
MAVS and STING signaling to evade type I interferon immune responses. Nat. Commun. 2018, 9, 125. [CrossRef] [PubMed]
Ourahmane, A.; Cui, X.; He, L.; Catron, M.; Dittmer, D.P.; Al Qaffasaa, A.; Schleiss, M.R.; Hertel, L.; McVoy, M.A. Inclusion of
Antibodies to Cell Culture Media Preserves the Integrity of Genes Encoding RL13 and the Pentameric Complex Components
During Fibroblast Passage of Human Cytomegalovirus. Viruses 2019, 11, 221. [CrossRef] [PubMed]

Nguyen, C.C.; Kamil, J.P. Pathogen at the Gates: Human Cytomegalovirus Entry and Cell Tropism. Viruses 2018, 10, 704.
[CrossRef]

Kabanova, A.; Marcandalli, J.; Zhou, T.; Bianchi, S.; Baxa, U.; Tsybovsky, Y.; Lilleri, D.; Silacci-Fregni, C.; Foglierini, M.; Fernandez-
Rodriguez, B.M.; et al. Platelet-derived growth factor-alpha receptor is the cellular receptor for human cytomegalovirus gHgLgO
trimer. Nat. Microbiol. 2016, 1, 16082. [CrossRef]

Endale, M.; Ahlfeld, S.; Bao, E.; Chen, X.; Green, |.; Bess, Z.; Weirauch, M.T.; Xu, Y.; Perl, A.K. Temporal, spatial, and phenotypical
changes of PDGFRalpha expressing fibroblasts during late lung development. Dev. Biol. 2017, 425, 161-175. [CrossRef]


http://doi.org/10.1093/cid/cit727
http://www.ncbi.nlm.nih.gov/pubmed/24192386
http://doi.org/10.1086/421496
http://www.ncbi.nlm.nih.gov/pubmed/15307021
http://doi.org/10.1002/jmv.24730
http://www.ncbi.nlm.nih.gov/pubmed/27918839
http://doi.org/10.1016/j.virol.2008.09.001
http://doi.org/10.3390/v13061106
http://doi.org/10.1093/infdis/jix157
http://doi.org/10.1093/infdis/jiz209
http://doi.org/10.3389/fmicb.2017.01609
http://doi.org/10.1002/(SICI)1096-9071(200004)60:4&lt;455::AID-JMV14&gt;3.0.CO;2-Q
http://doi.org/10.1093/infdis/jiz208
http://www.ncbi.nlm.nih.gov/pubmed/31050742
http://doi.org/10.1093/ve/veaa099
http://www.ncbi.nlm.nih.gov/pubmed/33505707
http://doi.org/10.1038/nmeth.1923
http://doi.org/10.1089/cmb.2012.0021
http://doi.org/10.1186/1751-0473-8-23
http://doi.org/10.1093/bib/bbs012
http://doi.org/10.1007/s11262-018-1627-3
http://doi.org/10.1093/jpids/piw015
http://doi.org/10.1002/jmv.21459
http://doi.org/10.1371/journal.pone.0176160
http://www.ncbi.nlm.nih.gov/pubmed/28467444
http://doi.org/10.1128/JVI.06291-11
http://www.ncbi.nlm.nih.gov/pubmed/22345456
http://doi.org/10.1038/s41467-017-02624-8
http://www.ncbi.nlm.nih.gov/pubmed/29317664
http://doi.org/10.3390/v11030221
http://www.ncbi.nlm.nih.gov/pubmed/30841507
http://doi.org/10.3390/v10120704
http://doi.org/10.1038/nmicrobiol.2016.82
http://doi.org/10.1016/j.ydbio.2017.03.020

Viruses 2022, 14, 855 13 of 13

49.

50.

51.

52.

Gouveia, L.; Betsholtz, C.; Andrae, J. Expression analysis of platelet-derived growth factor receptor alpha and its ligands in the
developing mouse lung. Physiol. Rep. 2017, 5, €13092. [CrossRef]

Bons, E.; Regoes, R.R. Virus dynamics and phyloanatomy: Merging population dynamic and phylogenetic approaches. Immunol.
Rev. 2018, 285, 134-146. [CrossRef]

Suarez, N.M.; Blyth, E.; Li, K.; Ganzenmueller, T.; Camiolo, S.; Avdic, S.; Withers, B.; Linnenweber-Held, S.; Gwinner, W,;
Dhingra, A.; et al. Whole-Genome Approach to Assessing Human Cytomegalovirus Dynamics in Transplant Patients Undergoing
Antiviral Therapy. Front. Cell Infect. Microbiol. 2020, 10, 267. [CrossRef]

UNAIDS FACT SHEET. Available online: https:/ /www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf
(accessed on 7 April 2022).


http://doi.org/10.14814/phy2.13092
http://doi.org/10.1111/imr.12688
http://doi.org/10.3389/fcimb.2020.00267
https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf

	Introduction 
	Materials and Methods 
	Patients and Specimens 
	Nucleic Acid Extraction and HCMV and HIV Testing 
	High-Throughput DNA Sequencing 
	Sequencing Data Analysis, Strain Composition, Genome Assembly, and Compartmentalization 
	Statistical Analysis 

	Results 
	Specimen Data 
	Quality Assessment of Sequencing Libraries, and Strain Enumeration 
	HCMV Genomes Assembled 
	Analysis of Genotype and Variant Differences between the Cohorts 
	Compartmentalization of Genotypes 

	Discussion 
	Conclusions 
	References

