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Relating plaque morphology to respiratory syncytial virus
subgroup, viral load, and disease severity in children

Young-In Kim'? Ryan Murphy'?, Sirshendu Majumdar'?, Lisa G. Harrison'?, Jody Aitken? and John P. DeVincenzo'-3

BACKGROUND: Viral culture plague morphology in human
cell lines are markers for growth capability and cytopathic
effect, and have been used to assess viral fitness and select
preattenuation candidates for live viral vaccines. We classified
respiratory syncytial virus (RSV) plague morphology and ana-
lyzed the relationship between plague morphology as com-
pared to subgroup, viral load and clinical severity of infection
in infants and children.

METHODS: We obtained respiratory secretions from 149
RSV-infected children. Plaque morphology and viral load was
assessed within the first culture passage in HEp-2 cells. Viral
load was measured by polymerase chain reaction (PCR), as was
RSV subgroup. Disease severity was determined by hospitaliza-
tion, length of stay, intensive care requirement, and respiratory
failure.

RESULTS: Plague morphology varied between individual sub-
jects; however, similar results were observed among viruses
collected from upper and lower respiratory tracts of the same
subject. Significant differences in plague morphology were
observed between RSV subgroups. No correlations were found
among plaque morphology and viral load. Plaque morphology
did not correlate with disease severity.

CONCLUSION: Plaque morphology measures parameters
that are viral-specific and independent of the human host.
Morphologies vary between patients and are related to RSV
subgroup. In HEp-2 cells, RSV plagque morphology appears
unrelated to disease severity in RSV-infected children.

Disease severity in infants with a primary respiratory syn-
cytial virus (RSV) infection varies dramatically, with most
infants not requiring hospitalization. In others, the infection
produces much more severe disease, and can result in hos-
pitalization, supplemental oxygen requirement, respiratory
failure, and even death. Although host factors, including the
presence of pre-existing lung or heart disease, prematurity, and
maternal-derived pre-existing humoral neutralizing antibody
concentrations, account for some of these differences, they
are not sufficient to fully explain the range of disease sever-
ity. Host genetic factors also account for some of these severity

differences (1,2), but studies in identical twins have calculated
that genetic factors explain only 16% of these differences (3).

Viral-specific factors as causes of significant clinical disease
severity differences have been identified in many other viral
infections (4-6). Viral load has been clearly identified as a
major risk factor in disease severity, but it represents a complex
dynamic between host immune responses and intrinsic viral
characteristics. RSV subgroup A has been shown to be associ-
ated with slightly greater disease severity than RSV subgroup
B in several studies (7,8), but in others, such a difference was
not evident (9,10). Certain regions of the RSV-G (secretory or
membrane-bound) protein are proinflammatory and mimic
the human CXC3 chemokine. One study sequencing the G
gene suggested a relationship with RSV disease severity (11).

Intrinsic viral properties are responsible for growth charac-
teristics in vitro, such as plaque morphology. Viruses that form
small plaques have traditionally been chosen as preattenu-
ation subgroups from which to develop attenuated live viral
vaccines. However, for RSV, no clinical rationale exists for this
selection practice.

We therefore evaluated the relationship between classifica-
tions of plaque morphology as compared to subgroup, viral
load and clinical severity of infection in infants and children.

RESULTS

RSV plaque formation begins with a single infectious focus.
This infection expands outward to form a visible plaque.
HEp-2 cells are nonpolarized cells, continuously multiply-
ing throughout the duration of the 5-d plaque assay culture.
Within the HEp-2 cell plaque assay system, RSV infection
spreads in two ways: (i) directly from cell-to-cell via the fusion
of adjacent cells’ plasma membranes forming visible syncytia,
and (ii) through the elaboration of free virus, the diffusion of
which is limited within the plaque assay to only the neighbor-
ing cells because of the high viscosity of the methylcellulose
overlay.

Patient Population
Plaque morphology was evaluated on 149 enrolled subjects
who were polymerase chain reaction (PCR)-positive for RSV.

Y.-L.K. and R.M. shared first authorship.

"Department of Pediatrics, University of Tennessee Health Science Center, Memphis, Tennessee; 2Children’s Foundation Research Institute at Le Bonheur Children’s Hospital,
Memphis, Tennessee; *Department of Microbiology, Immunology and Biochemistry, University of Tennessee Health Science Center, Memphis, Tennessee.

Correspondence: John P. DeVincenzo (jdevince@uthsc.edu)

Received 1 October 2014; accepted 26 March 2015; advance online publication 15 July 2015. doi:10.1038/pr.2015.122

380 Pediatric RESEARCH Volume 78 | Number 4 | October 2015

Copyright © 2015 International Pediatric Research Foundation, Inc.


http://www.nature.com/doifinder/10.1038/pr.2015.122
mailto:jdevince@uthsc.edu

RSV plaque morphology and disease severity ‘ Art|CIes

Table 1. Characteristics of study population

Number of

Characteristics subjects (n=149) Mean+SD

Gender Female 80(53.7%)
Male 69 (46.3%)

Race Caucasian 56 (37.6%)
African 93 (62.4%)
American

Birth defects Congenital 1(0.7%)
anomalies

No anomalies 148 (99.3%)

Hospitalized Admitted 125 (83.9%)
Not admitted 24 (16.1%)
ICU admittance ICU? 26 (17.4%)
Non-ICU 123 (82.6%)
Respiratory failure Intubated 20(13.4%)
Not intubated 129 (86.6%)
Breastfeeding Breastfed 71(47.7%)
Not breastfed 78 (52.3%)
Smokingin Tobacco 44 (29.5%)
household exposure
No tobacco 105 (70.5%)
exposure
Age at time of admission (days) 115.0+£109.2
Estimated gestational age (weeks) 38.0£3.0

°ICU, intensive care unit.

The characteristics of these subjects are described in Table 1.
The enrolled population was a previously healthy group of
children who, given the predictable seasonality of RSV, were
likely to be experiencing their first RSV infection. As per
the exclusion criteria, they had no known hemodynamically
significant congenital heart disease, chronic lung disease, or
known immune deficiency. The duration of symptoms prior
to specimen collection for culture and plaque morphology
assessment was 4.8 +2.4 d (mean + SD), placing the time of
virus collection early in the course of infection and around
the time of peak viral load (12,13).

Diversity of Plaque Morphology

There was a great amount of diversity in plaque morphol-
ogy in the primary HEp-2 cell plaque assays (Figure 1).
After observing over 100 plates, we developed a system to
categorize plaque morphology in the hematoxylin and eosin
stained monolayers. If the virus-infected monolayer in the
central portion of the plaque remained, it was defined as
capped, whereas if the central portion did not remain, it was
defined as uncapped. Plaques with well-defined borders were
described as sharp, while plaques with undefined, finger-
like, or pseudopodic borders were categorized as not sharp.
One hundred and forty-one samples were culture-positive
with sufficient growth to quantify by culture. Of these, 14
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samples had a viral quantity which produced plaques too
numerous to individually count. The viral loads for these
samples were set at the upper level of quantification (6.78
log plaque forming unit (PFU)/ml). Because of the density of
these plaques, they also could not be sized accurately. Thus, a
different number of patients were evaluated for plaque mor-
phology and viral load comparisons (Table 2). The mean
plaque size (diameter) of each patient’s isolate varied sub-
stantially (range 265.2-975 um). The percentage of capped
plaques between patients also varied substantially (range
1-100%). Plaques were observed to be either sharp or not
sharp, with 70.5% of patient isolates forming plaques with
not sharp characteristics (Figure 1, Table 2).

Relationship Among Patient’s Viral Plaque Characteristics
Certain plaque characteristics were statistically associated
with certain RSV subgroups. RSV subgroups were catego-
rized as RSV-A or -B based on N-gene conserved sequences
(14). RSV-A plaques were significantly larger (Figure 2a)
and less likely to be capped (Figure 2b) compared to those
produced by RSV-B. Both viral load by PCR (Figure 2¢) and
by quantitative culture (infectious virus) (Figure 2d) were
greater in patients with RSV-A (Figure 2¢,d). Whether or
not a patient’s plaques were sharp or not did not vary by
RSV subgroup (Figure 2e). The plaque size did not appear
to correlate with RSV load, as assessed either by PCR
(Figure 3a—c) or by quantitative culture (infectious virus)
(Figure 3d-f). As the plaque size increased, the percent-
age of capped plaques within a patient’s culture significantly
decreased (Figure 3g,h). The percentage of capped plaques
was not significantly correlated with the patient’s RSV load
(Figure 3j-o0). The sharpness of each patient’s isolate did not
vary by viral load (Figure 4a,b) but it was correlated with
plaque morphology characteristics (Figure 4c,d).

Plaque Morphologies and Clinical Disease

Subjects were classified into different degrees of disease sever-
ity. There were no observed associations between plaque mor-
phology and the severity of the patients disease (Figures 5
and 6).

Plaque Characteristics From Upper and Lower Respiratory Tracts
Although there was marked diversity of plaque size and plaque
morphology among the isolates of different patients, there was
a striking similarity of plaque size and morphology within the
same patient on different days (data not shown) and within
the same patient on the same day but collected from the upper
vs. the lower respiratory tract (Figure 7). There were seven
patients for whom there was access to their lower respiratory
tracts at enrollment. For these patients, the plaque characteris-
tics were compared between their upper respiratory tract (nasal
wash) and lower respiratory tract (deep tracheal aspirate) sam-
ples. The sharpness, percentage of capped plaques, and plaque
sizes were similar from these two anatomic sites (Figure 7).
The morphology of plaques from tracheal aspirates and nasal
washes from the same individual at the same evaluation time
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Figure 1. Plague morphology. HEp-2 cells were exposed to nasal washes for 1 h, overlaid with methylcellulose and incubated for 5 d, then fixed and
stained with hematoxylin and eosin. Plaques from four different subjects are shown. (a) Capped sharp plaque, (b) uncapped sharp plaque, (c) uncapped
not sharp plaque, and (d) capped not sharp plaque. All panels were photographed at 40x total magnification.

Table 2. Viral characteristics

Number of
Characteristics subjects (n =149) Mean +SD
Subgroup RSVA 104 (69.8%)
RSVB 45 (30.2%)
Plaque Not sharp 105 (70.5%)
invasiveness Sharp 29(19.5%)
Unclassified? 15(10.1%)
Plaque capping Countable 120 (80.5%) 52.2+31.1%¢
Uncountable® 29(19.5%)
Plaque size Countable 120 (80.5%) 564.5+145.1 pm¢
Uncountable© 29(19.5%)

Respiratory syncytial virus (RSV) subgroup analysis was performed by polymerase chain
reaction (PCR). Plague morphology, including invasiveness, capping, and size analysis
was assessed by culture. The yield of PCR data was 100%, but that of culture data was
varied. *Fifteen subjects’plaque invasiveness was uncountable because of no growth
(NG, n=8) or too few to count (TFTC, n = 7). °Twenty-nine subjects’plaque capping was
uncountable because of NG (n = 8) or TFTC (n = 7) or too numerous to count (TNTC,

n = 14). Twenty-nine subjects'plaque size was uncountable because of NG (n = 8),
TFTC (n=7),0r TNTC (n = 14).“The data were averaged per plaque for one patient and
then averaged per patient.

point were not sharp in both samples for four patients, and
sharp in both for two patients. One patient showed different
plaque types between upper and lower respiratory tracts. The
plaques displayed a sharp in the tracheal sample and a not
sharp in the nasal wash sample. We only evaluated five paired
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nasal wash and tracheal aspirate samples because one nasal
wash from one subject and one tracheal aspirate from the other
subject produced plaques that were so numerous that they
overlapped each other on the plate and did not allow accurate
classification.

DISCUSSION

Viral growth characteristics in cell culture, including plaque
morphology, have been related to pathogenesis and disease
severity for several human pathogens. It was shown that small
plaque variants are related to virulence, propagation, and dis-
ease severity in multiple viruses. With herpes simplex virus 1
(HSV1), a small plaque phenotype associated with neuroinva-
sive disease, was isolated from the central nervous system of
a severely affected infant (15,16). Subsequent passage of this
small plaque phenotype virus produced larger plaques that lost
their in vivo neuroinvasive properties (17). The neuroinvasive-
ness was suggested to be the result of lower efficiency of viral
glycoprotein processing. In West Nile virus, a small plaque phe-
notype showed less efficiency of replication in in vitro culture
compared to wild type (18), and it was attenuated in neuroin-
vasiveness (19). Chemically produced mutants of dengue virus
type 4 and tick-borne encephalitis virus display characteris-
tics of small plaque morphology, temperature sensitivity, and
attenuated pathogenicity (20,21). Neuroblastoma cell-adapted
yellow fever 17D virus also presents a small plaque phenotype,
defective in cell penetration and attenuated growth efficiency

Copyright © 2015 International Pediatric Research Foundation, Inc.
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Figure 2. Respiratory syncytial virus (RSV) subgroup, plaque morphology, and viral load. RSV subgroups A and B vs. (a) plaque size (RSV-A (n = 85), RSV-B
(n = 35)), (b) % capped plaques (RSV-A (n = 85), RSV-B (n = 35)), (c) viral load by PCR (RSV-A (n = 104), RSV-B (n = 45)), (d) viral load by quantitative culture

(infectious) (RSV-A (n = 104), RSV-B (n = 45)), and (e) plaque sharpness vs. RSV subgroups (RSV-A: not sharp (n = 75), sharp (n = 22), RSV-B: not sharp

(n = 30), sharp (n = 7)). Open bars represent not sharp and black bars represent sharp plaques. Mann-Whitney U-test was used in panels a-d. All P values
reflect significant observed differences among RSV subgroups (*P < 0.05; tP < 0.0005).

(22-24). Plaque size has also been shown to differ among dif-
ferent strains of the influenza A HIN1 subtype. These plaque
sizes have been linked via mathematical models to fundamen-
tal differences in key parameters, which characterize the virus
replication fitness of these different strains (25).

Viral load drives human RSV disease severity (12,13,26,27).
But, viral load is a complex interplay among viral-specific fac-
tors and the dynamic host factors of innate immunity and
cognate immune responses. Studying the role of viral-specific
factors is challenging for RSV because it cannot be reliably
cultured after a single freeze-thaw cycle. Also, because RSV is
an RNA virus, its mutation rate is rapid even within a single
patient (28). Plaque size from clinical isolates was shown in
other viruses to change significantly even over the first several
passages in tissue culture (17,29). Therefore, when studying
viral-specific factors, low-passage clinical isolates need to be
utilized. Plaque morphology differences within a single uni-
form cell line are products of viral-specific factors. In the pres-
ent study, the plaque assays from the evaluated patients were
performed on fresh respiratory samples under identical con-
ditions (12,14). Since plaques were evaluated in dilute respi-
ratory secretions, (generally 100- to 1,000-fold dilutions) and
not within an undiluted sample, any putative host effect exist-
ing within the secretions was greatly diluted and likely not to
affect plaque morphology. Thus, the morphology of the plaque
at a time point after inoculation represents an intrinsic viral-
specific factor related to growth kinetics within that particu-
lar uniform cell line (12,14). Here, we evaluate viral-specific
characteristics within the first culture passage of multiple RSV
clinical isolates.

Copyright © 2015 International Pediatric Research Foundation, Inc.

We chose to study these viral-specific factors as early as pos-
sible in the course of disease in a population of infants who are
likely to be experiencing their first RSV infection and who are
immunologically naive to the virus. Furthermore, we selected
a population that was as homogeneous as possible, so we could
detect viral-specific differences unencumbered by differences
in disease severity that might be determined more by the
underlying comorbidities of the host.

We show for the first time that plaque size and morphol-
ogy differ dramatically between infected individuals, but that
within the same individual, these viral-specific factors appear
conserved (Figure 7). These differences appear to be related to
viral group, but even within RSV-A and RSV-B isolates, major
differences in size and morphology were clearly observed
(Figures 2a,b,e and 3).

RSV-A has been shown in multiple studies to cause more
severe disease than does RSV-B. A recent multicenter large
survey of children confirms this disease severity association
(30). We have previously shown that viral load is higher in
infants infected with RSV-A compared to RSV-B (Figure 2¢,d)
(14). Our results suggest that intrinsic viral growth character-
istics, not just host response factors, play a role in the viral load
differences observed in infected patients. RSV-A produced sig-
nificantly larger plaques than RSV-B. In addition to plaque size
differences, the RSV-A plaques shed their caps more frequently
than RSV-B plaques (Figure 2b). The fact that the infected
cells within the monolayer were affected differently in infec-
tions with RSV-A compared to RSV-B suggests that there may
be differences in the cytopathologic potential of these two RSV
subgroups in addition to intrinsic viral replication parameters.
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Figure 3. Plaque morphology and viral load. Plaque size vs. total viral load by polymerase chain recation (PCR) in respiratory syncytial virus (RSV)
subgroups (a) A and B (n = 120), (b) subgroup A (n = 85), and (c) subgroup B (n = 35). Plaque size vs. viral load by quantitative culture (infectious) in RSV
subgroups (d) A and B (n = 120), (e) subgroup A (n = 85), and (f) subgroup B (n = 35). Plaque size vs. % capped in RSV subgroups (g) A and B (n =120,
1P < 0.0005), (h) subgroup A (n =85, P < 0.0005), and (i) subgroup B (n = 35). % Capped vs. total viral load by PCR RSV subgroups (j) A and B (n = 120),
(k) subgroup A (n =85), and (I) subgroup B (n = 35). % Capped vs. viral load by quantitative culture (infectious) RSV subgroups (m) A and B (n = 120),
(n) subgroup A (n = 85), and (o) subgroup B (n = 35).

Whole viral genome sequencing has yet to be performed  cytopathogenic properties may in part drive human RSV dis-
in large-scale clinical studies of RSV infection. However, it  ease severity. Plaque size has been used to preselect certain viral
appears that intrinsic viral growth kinetic properties and/or  subgroups as low virulence candidates for further attenuation.
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tively upon discharge. The t-test was used in panels a, ¢, and d.

The lack of correlation between plaque size and disease sever-
ity suggests that this assumption could be incorrect.

HEp-2 cells are different from respiratory epithelial cells,
which are the primary infected target cells in human RSV
infection. As opposed to the epithelial cells of the human
respiratory tract, HEp-2 cells are not polarized, and do not
reach static growth rates in tissue culture. In natural human

Copyright © 2015 International Pediatric Research Foundation, Inc.

RSV infection, the virus is released preferentially from
the apical surface of polarized respiratory epithelial cells.
Because of these cellular differences, clinical RSV strains are
likely to show different first-passage growth characteristics
in HEp-2 cells compared to the human respiratory epithe-
lial cells in which they were adapted for rapid growth. This
limitation may explain why we did not observe a correlation
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between plaque size or morphology and disease severity
(Figures 5 and 6).

The temperature of the human nose is significantly lower
(32 °C) than the core body temperature (37 °C) in the lower
respiratory tract (31). This temperature difference and the
relative viral-replicative fitness at these different temperatures
has been leveraged in previous experimental live RSV vaccines
(32-35) and in the licensed live attenuated influenza vaccine
(36). We compared the plaque morphology of the RSV iso-
lated from selected patients’ upper respiratory tract with that
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collected at the same time from their lower respiratory tract
(Figure 7). After culturing them at the same temperature and
in identical conditions, the plaque characteristics these two
anatomic sites were remarkably similar.

In conclusion, viral-specific factors related to growth char-
acteristics are similar within individual RSV-infected patients,
but are remarkably different among patients. These RSV-
specific growth characteristics may point to viral factors, which
may explain differences in disease severity. Further studies of
whole viral genome sequencing from clinical specimens and

Copyright © 2015 International Pediatric Research Foundation, Inc.



RSV plaque morphology and disease severity ‘ Art|CIes

relating these sequences to observed viral properties and clini-
cal disease severity should be encouraged.

METHODS

Study Subjects

Study subjects were less than 2 y of age (n = 149) and had acute
onset of respiratory infection that tested positive for RSV by PCR.
Respiratory secretions collected on the first day of enrollment were
utilized for plaque descriptions. Subjects were born at term and were
previously healthy. Patients with chronic lung disease, hemodynami-
cally significant congenital heart disease, immunodeficiency, RSV
prophylactic treatment, or any steroid use were excluded. This study
was conducted with the approval of the University of Tennessee
Institutional Review Board, included appropriate informed consent,
and complied with all relevant guidelines and institutional policies.
Nasal washes were performed as previously described (14). Seven of
these study subjects had an endotracheal tube in place, therefore pro-
viding access to the lower respiratory tract. In these subjects, both a
nasal wash and tracheal aspirates were collected at the same times on
the first day of enrollment, and on subsequent days. All secretions
were collected directly into 4 °C sucrose-containing RSV transport
media and used for plaque assays within 3h. Other individual ali-
quots of each respiratory secretion sample were quickly frozen on
dry ice and maintained at —80 °C until thawed for use in quanti-
tative real-time reverse transcription PCR (qRTrtPCR) assays (37).
Multiplexed PCR detection of respiratory viruses other than RSV
was not performed. However, viruses known to be associated with
RSV codetections (rhinoviruses, adenoviruses, hMPV, and corona-
viruses) do not grow or do not produce visible plaques in our HEp-2
cell culture system.

RSV Culture

Plaque assays were performed as previously described (14) using the
human RSV-A, Long strain ATCC VR-26 as a quantitative standard.
Briefly, four 10-fold dilutions (ranging from undiluted to 1:1,000)
of fresh respiratory secretions were prepared and placed in tripli-
cate in 12-well culture plates containing 80% confluent HEp-2 cells.
Secretions were incubated for 1h and then overlayed with 1ml of
prewarmed 0.75% methylcellulose-containing growth media without
rinsing the initial inoculum. Plates were incubated for 5 d at 37 °C
(5% CO,) and then formalin fixed and stained with hematoxylin and
eosin for plaque counting and morphology observation. The quanti-
tative culture’s minimum and maximum quantifiable RSV concentra-
tion was 0.48-6.78 log PFU/ml.

Plaque Morphology

Plaque morphology was determined by investigators who were
masked with respect to the patient’s clinical outcome, RSV subgroup,
viral load, and anatomic sites of sample acquisition.

Plaque size. For each plate, five individual plaques representative of
the viral population (not touching edges of the well) were measured
at 40x magnification. The longest vertical and horizontal axis for each
plaque was averaged and converted to micrometers using the standard
ocular division calculation for the microscope and magnification.

Sharpness. Some interplaque variability was present within a single
patient’s viral isolate. Therefore, for each patient’s entire plaque popu-
lation, the majority of viral plaques were described as either being
sharp or not sharp. Plaques with well-defined borders were described
as sharp, while plaques with undefined, finger-like borders were cat-
egorized as not sharp. Standard representative plates containing sharp
plaques and not sharp plaques were reviewed by the investigators after
every ten study plates were viewed (Figure 1).

Capping. If the virus-infected HEp-2 cell monolayer of the central por-
tion of the plaque remained, this was called capped, whereas if the central
portion did not remain, it was categorized as uncapped (Figure 1). For
each patient sample, 50-100 plaques were counted per well at 40x mag-
nification, and the percentage of completely formed caps was calculated.

Copyright © 2015 International Pediatric Research Foundation, Inc.

Disease Severity Parameters Used

Because of their clinical relevance, hospitalization, duration of hospi-
tal stay, requirement for Intensive Care Unit (ICU) management, and
respiratory failure (requiring intubation) were used as disease severity
indicators.

Statistical Analysis

Statistical analysis was performed using standard techniques.
D’Agostino and Pearson omnibus normality tests were performed to
determine the nature of the data distribution. For normally distrib-
uted data, the t-test was used. The nonparametric Mann-Whitney
U-test was used for data that were not normally distributed. All tests
were two-tailed with the level of significance set at 0.05. For consis-
tency of visualization, lines on the scattergrams represent means and
standard error margins regardless of the statistical test used for com-
parison. Continuous variables were analyzed using linear regression
with 95% confidence intervals of their slopes represented by dashed
lines. Statistical significance was achieved if the 95% confidence inter-
vals of the slopes of the regression lines excluded a slope of zero. No
data manipulation was performed on quantitative culture-determined
viral load data points, which exceeded the upper limit of quantifica-
tion. Fisher’s exact test and the Chi-squire test were used for the con-
tingency graphs. Statistical analyses and construction of figures were
performed with GraphPad Prism Software v5.0 (La Jolla, CA).
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