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Purpose: This study detects SARS-CoV-2 in the ocular surface through one-step reverse-
transcription droplet digital PCR (one-step RT-ddPCR) and evaluates the possibility of the
ocular surface as a possible transmission route.

Methods: A single-center prospective observational study was designed to investigate the
viral loads in ocular surface. Specimens including the conjunctival swabs, nasopharyngeal
swabs and blood were synchronously collected at a single time point for all COVID-19
patients. SARS-CoV-2 loads in nasopharyngeal swabs were tested by real-time polymerase
chain reaction (PCR); the blood samples and conjunctival swabs were tested by real-time
PCR and one-step RT-ddPCR.

Results: Sixty-eight COVID-19 patients confirmed by nasopharyngeal real-time PCR were
recruited. In the single time point test, 40 cases showed positive SARS-CoV-2 detection in
either the blood, tears, or nasopharynx, of which four cases were triple-positive, 10 were
dual-positive, and 26 were single-positive. The positive rate of nasopharyngeal swab real-
time PCR test was 22.1% (15/68). The positive rate of blood and conjunctival swabs by one-
step RT-ddPCR was 38.2% (26/68) and 25% (17/68), respectively, whereas real-time PCR
was all negative. Positive conjunctival swabs were significantly correlated with positive
nasopharyngeal swabs (P = 0.028). The sampling lags from illness onset to sampling day
in 3 out of 4 triple-positive patients and in 9 out of 10 dual-positive patients were respec-
tively less than 9 days and less than 20 days.

Conclusion: Our results indicate that the positive rate of SARS-CoV-2 on the ocular surface is
much higher than expected. Transmission possibility through the ocular surface may be greatly
underestimated.

Keywords: absolute quantification, virus detection, transmission, nasopharyngeal specimens,
blood samples, tear samples

Introduction

Coronavirus disease 2019 (COVID-19) is a global pandemic and as of November 3,
2020, nearly 46 million cases and 1.2 million deaths have been reported globally.'
The highly contagious COVID-19 is caused by the infection of the SARS-CoV-2
virus, and respiratory tract transmission and contact transmission are considered its
main infection routes.”* The SARS-CoV-2 virus has been tested in nasopharyngeal
swabs as well as in other specimens such as feces, ocular secretions, and blood,
suggesting that various potential transmission routes of this previously unknown
infectious virus should be considered seriously.*
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Whether the ocular surface can transmit the virus has
been widely debated. A previous study reported that real-
time polymerase chain reaction (PCR) failed to detect SARS-
CoV-2 in the tears of COVID-19 patients;® other groups have
detected SARS-CoV-2 nucleic acids in the tears of very a few
COVID-19 patients by using SARS-CoV-2 real-time PCR
assays.” © Thus, the overall positive rate of conjunctival
swabs by real-time PCR are extremely low. However, con-
sidering that real-time PCR has a non-negligible false-
negative rate even in the pharynx tests and the sample
volume of tears is far less than the pharynx sample, the false-
negative rate for SARS-CoV-2 real-time PCR tests for tears
should be seriously excluded. In other words, more sensitive
methods are needed to determine whether there is SARS-
CoV-2 in ocular surface.

Droplet digital PCR (ddPCR) is an absolute nucleic
acid quantification method that affords many advantages
over real-time PCR for virus detection, including the abil-
ity to obtain absolute quantification without external refer-
ences and robustness to variations in PCR efficiency.'’
Several studies showed that ddPCR is more sensitive and
reliable for detecting low-viral-load samples than real-time
PCR in COVID-19 patients.'®'? Similarly in our latest
study, one-step RT-ddPCR was proved to be a highly
sensitive detection method with a 3.03% of false positive
rate and lower 50% confidence interval of detection
(LOD50) at 54.026 copies/mL plasma.'?

In this study, considering the sensitivity limitations of
real-time PCR and the low sample volume of tears, we
applied one-step reverse-transcription ddPCR (RT-ddPCR)
for conjunctival swabs, which is even more sensitive than
conventional ddPCR to determine the viral load of SARS-

CoV-2 on ocular surface.

Methods
Study Design and Participants

Participants presented in this single-center prospective obser-
vational study were hospitalized newly diagnosed COVID-
19 pneumonia patients (N=68) with informed consents
between February 12, 2020 and March 10, 2020, in Tongji
Hospital of Huazhong University of Science and Technology
in Wuhan, China, according to the WHO guidance.'* The
diagnosis and the illness severity of COVID-19 were defined
according to the Chinese management guideline for COVID-
19 (version 7.0) and the World Health Organization interim
guidance.'® Patients meeting any of the following criteria
were defined as severe status: 1) respiratory distress (230

breaths/min); 2) oxygen saturation <93% at rest; 3) arterial
partial pressure of oxygen (PaO ,)/fraction of inspired oxy-
gen (Fi0,)= 300mmHg (I mmHg=0.133kPa). This study
complied with the Declaration of Helsinki and was approved
by the Ethics Committee of Tongji Hospital (TJ-C20200113)
. Informed consent was obtained from each patient or
patients’ relatives if patients were not in good condition.
Exclusion criteria of this study enrollment included: 1) sus-
picious cases without positive nasopharyngeal swab results
by RT-PCR; 2) no written informed consent could be
obtained; 3) patients had received remdesivir or were
involved in other clinical trials.

Specimens and Clinical Data Collection

Every participant synchronously provided three types of
specimens including serum, nasopharyngeal swabs and
conjunctival swabs on the enrollment day. All samples
were collected and immediately transferred to a 4°C refrig-
erator and processed within 24 hours. Harvested serum
and viral-transport medium for swab preservation were
immediately assayed or aliquoted to be stored at <—80
°C. Repeated freeze—thaw cycles were avoided. All types
of these samples were tested by the well-accepted conven-
tional RT-PCR. In light of the relative lower SARS-CoV-2
detection rate of serum and tear specimens by RT-PCR,
these two types of samples were additionally detected by
one-step RT-ddPCR. Clinical informations were inputted
in an electronic data capture system (EDCS) and extracted
for further analysis. The time from the illness onset to
specimens’ collection was defined as the sampling lag.

Detection of SARS-CoV-2 by

Conventional Real-Time PCR

SARS-CoV-2 was tested through the real-time PCR of SARS-
CoV-2 RNA, as reported previously.'> Two target genes,
including open reading frame 1ab (ORF1ab) and nucleocapsid
protein (N), were simultaneously amplified and tested during
the real-time PCR assay (Supplementary Table S1).

A cycle threshold value (Ct-value) less than 37 was
defined as a positive test, and a Ct-value of 40 or more
was defined as a negative test. These diagnostic criteria
were based on the recommendation by the National CDC
(China). A medium load, defined as a Ct value of 37 to less
than 40, required confirmation by at least two repeats.
Samples were considered as negative when their Ct values

were higher than 40.
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Plasmid Standards Preparation

SARS-CoV-2 plasmids with orflab inserted (Sangon
Biotech, Shanghai, China) were linearized by restriction
enzyme BamH]I, serially diluted and subjected to ddPCR
amplification.

Detection of SARS-CoV-2 by One-Step
RT-ddPCR and Viral Load Calculation

Detailed protocol and quality control of one-step RT-
ddPCR of SARS-CoV-2 RNA was referred to our recent
published article.'® Briefly, for the quantitative detection
of SARS-CoV-2 copy numbers, a viral RNA purification
kit (QIAamp Viral RNA Mini Kit, Qiagen 52904#,
Germany), one-step RT-ddPCR advanced kit, QX200 dro-
plet generator (BioRad, USA), and QX200 droplet reader
(BioRad, USA) were used following the manufacturers’
instructions. A 2-well test was performed for each sample
in this study. The SARS-CoV-2 specific minor groove
binder (MGB) probe-primer set was designed for targeting
the orflab region, and the sequences were attached in
Supplementary Table S1. The probe-primer set has been

previously reported by our center.'?

For ddPCR analysis, QuantaSoft software version 1.7.4
(Bio-Rad, USA) was used to quantify the copies per
microliter of the target per well. Thresholds were deter-
mined manually for each experiment according to negative
controls that included a no-template control and four
healthy samples. Droplet positivity was determined by
the fluorescence intensity; only droplets above
a minimum amplitude threshold were counted as positive.
Negative control plasma and conjunctival samples from 16
healthy persons were used to estimate the specificity of the
probe. LLoD which is defined as the lowest concentration
at which 50% of positive samples were detected using
serially diluted plasmid standards in eight replicates. All
clinical samples were run in duplicate, unless otherwise
specified, and the viral load was taken as the average of

the two measurements.

Statistical Analysis

Categorical variables were described using the frequency
rates and percentages, and continuous variables were
described using the median and interquartile range (IQR).
Univariate analyses were assessed with y2 test of associa-
tion for categorical values, and P < 0.05 was considered
a significant difference. Multiple comparisons were made
by utilizing Dunn’s multiple comparisons test. Probit

analysis for lower limit of detection (LLoD) was con-
ducted with GraphPad Prism 7.0.

Results
Basic Clinical Characteristics of Enrolled

Patients

Of these 68 enrolled COVID-19 patients, none of them had
any symptoms regarding viral conjunctivitis. The median age
was 58.3 years (IQR: 47-70) with gender ratio of 33/35 (M/F).
The general and severe status was 81.9% and 19.1%, respec-
tively. Of note, the study cohort did not contain critical status
since most of these patients could not afford written informed
consents. Comorbidities were present in 48.5% of the patients,
with hypertension and diabetes being the most common ones.
Sampling lags were ranging from 6 days to over 1 month.
Fourteen of 68 (20.6%) patients provided samples less than 10
days from illness onset, whereas 20 of which (29.4%) was
over 20 days. The majority (50%) of sampling lags was
ranging from 10 to 20 days after the onset time. According
to CT scans, 53 patients showed bilateral pneumonia (77.9%)
and just 15 (22.1%) showed unilateral pneumonia (Table 1).

The Performance of ddPCR in Detecting
SARS-CoV-2 Viral Loads

Commercial SARS-CoV-2 plasmids were used to evaluate the
accuracy and LLoD of ddPCR detection. Plasmids were

Table | Basic Clinical Characteristics of Enrolled Patients

Study Population N(%)
No. of patients 68
Age, median (IQR), y 58.3(47-70)
Gender
Male 33(48.5)
Female 35(5.5)
Severity
General 55(81.9)
Severe 13(19.1)
Sampling lags®
<10 days 14(20.6)
10-20 days 34(50)
>20 days 20(29.4)
Comorbidities 33(48.5)
Hypertension 25(36.8)
Diabetes 12(17.6)
Coronary heart disease 3(4.4)
CT Laterality
Unilateral 15(22.1)
Bilateral 53(77.9)

Note: “The time from illness onset to the conjunctival sampling.
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twofold serially diluted at the concentrations ranging from
approximately 800 copies/pL to 12.5 copies/uL and subjected
to ddPCR amplification. Each concentration, measured in
triplicate, was well in line with expected concentration (R* =
0.998, P < 0.001), indicating that ddPCR using the probe-
primer set for SARS-CoV-2 could accurately quantify SARS-
CoV-2 copies (Figure 1A). To determine the LLoD which is
defined as the lowest concentration at which 50% of positive
samples were detected, eight replicates of each concentration
were tested. The LLoD of plasmid standards was 10 copies per
reaction (Figure 1B). The probe-primer set showed high spe-
cificity as all negative control samples had zero viral load.
Thus, the false positivity for this probe-primer set was 0.

Very Low SARS-CoV-2 Loads Were
Detected in Both Blood and Tears of

COVID-19 Patients

We tracked the presence of the SARS-CoV-2 RNA in tear
and blood samples from 68 patients using real-time PCR and
one-step RT-ddPCR. Notably, viral load in our cohort was
not detected either in blood or tears using real-time PCR. On
the contrary, SARS-CoV-2 RNA was detected in both blood
and tear by one-step RT-ddPCR, and the positive rates were
38.2% (26/68) and 25% (17/68), respectively. However, the
viral loads in these positive cases were generally very low,
ranging from 125 to 553.6 copies/mL (Figure 2), which
below the detection limit of real-time PCR.

Distribution Features of SARS-CoV-2 in the
Blood, Tears, and Nasopharyngeal Samples
During COVID-19 Pneumonia Courses

The positive rate of nasopharyngeal swabs in our single
time point test was only 22.1% (15/68). In total, 40 cases
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Figure 2 Comparison of positive rates of SARS-CoV-2 detection in tears using
different methods.

Abbreviations: Real-time PCR, real-time polymerase chain reaction; RT-ddPCR,
reverse-transcription droplet digital polymerase chain reaction; sampling lags, the
time from illness onset to the conjunctival sampling.

showed positive SARS-CoV-2 detection in either the
blood, tears, or nasopharynx, of which four cases were
triple-positive, 10 were dual-positive; and 26 were single-
positive (Figure 3). Moreover, the sampling lags from
illness onset to sampling day in 3 out of 4 triple-positive
patients and in 9 out of 10 dual-positive patients were
respectively less than 9 days and less than 20 days, indi-
cating that the multiple-positive patients are mainly iden-
tified at a relatively early stage of COVID-19 (Figure 3).

Positive One-Step RT-ddPCR Tear
Specimens are Significantly Correlated
with Positive Real-Time PCR

Nasopharyngeal Specimens
Table 2 shows the factors associated with the positive rate
for one-step RT-ddPCR. Clinical factors were compared

B
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0.5 1.0 1.5 2.0 25
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Figure | Evaluation of SARS-CoV-2 probe-primer set using plasmid standards. (A) Dilution curve of plasmid standards quantification by ddPCR. Correlation between
expected and observed copy number were showed. Each black square represents a single replicate well of the dilution experiment, whereas the regression line is based on
the average concentration at each dilution. (B) Probit analysis sigmoid curve reporting the lower limit of detection of ddPCR per reaction.
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Figure 3 Distribution features of SARS-CoV-2 in the blood, tears, and nasophar-
yngeal samples during COVID-19 pneumonia courses.
Abbreviations: Conj, conjunctival; NP, nasopharyngeal.

between conjunctival viral positive and negative patients
for one-step RT-ddPCR in terms of gender, severity of
COVID-19, time from onset to sampling, CT laterality,
and positive rate of blood. No significant statistical differ-
ences in these factors were found between these two
groups. Positive conjunctival swabs seemed to be more
likely to occur in elderly patients, but there was no

statistical difference (P = 0.22, Table 2). Nevertheless,
the SARS-CoV-2 viral loads of nasopharyngeal specimens
were significantly correlated with those of conjunctival
specimens (P = 0.028, Table 2).

Discussion

We systematically tested the viral RNA of SARS-CoV-2 in
tear specimens by using real-time PCR and one-step RT-
ddPCR. Our results indicate that the viral load in tears is
very low, which is below the detection limit of real-time PCR,
whereas one-step RT-ddPCR is more sensitive and yields
a positive rate of ~25% for the same tear samples. Taking
account that the simultaneously positive rate of nasopharyn-
geal sample test in these previous positive cases was only
22.1%, we speculate that the viral test by one-step RT-ddPCR
in tears may yield a much higher positive rate if the test is
performed earlier. Thus, the ability of transmission through
the ocular surface may be greatly underestimated. When we
are directly or indirectly exposed to patient’s eye discharges
or tears, appropriate ocular hygiene habits may be essential to
prevent the spread of SARS-CoV-2. It is recommended for

Table 2 Correlation Analysis of Positive One-Step RT-ddPCR Tear Specimens

Study Population (No.) Conjunctival Conjunctival P-value
Positive Negative

No. of patients 17 51

Gender 0.57
Male 23
Female 8 28

Severity 0.85
General 12 36
Severe 5 15

Age 0.22
<50 years 4 15
>50 years 13 36

Sampling lags 0.81
<10 days 9
10-20 days 20
>20 days 22

CT Laterality 0.61
Unilateral 3 12
Bilateral 14 39

Blood ddPCR® 0.77
Positive 7 19
Negative 10 32

Nasopharyngeal qPCR® 0.028*
Positive 7 8
Negative 10 43

Notes: *Samples acquired from the same day of conjunctival sampling; *P < 0.05.
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clinicians and ophthalmologists to use personal protective
equipment (PPE) for eyes while examining patients.

Although nasopharyngeal swab tests for SARS-CoV-2
RNA by real-time PCR is considered as the gold standard
for diagnosis, given that some clinical observations reported
that the positive detection rate was only 30%—60%, ' real-time
PCR is inadequate for testing tear .samples'’ Thus, in our
study, only one-step RT-ddPCR successfully detected the
virus in tears, suggesting that it is highly sensitive and is
a feasible tool for the detection of the viral load in tears. In
particular, considering that the tear sample is greatly diluted by
the virus preservation solution, the low concentration of the
virus in the preservation solution does not imply a low viral
load in tears.

We analyzed the risk factors of tear positive patients and
found no significant correlation with age, gender, disease
and CT findings.
a significant correlation between tears and nasopharynx-

severity, Interestingly, we found
positive patients but no correlation between tears and blood-
positive patients. We speculate that this may be owing to the
expression of SARS-CoV-2-related receptors (ACE2 and
CD147) in both the respiratory tract and ocular surface;
this makes the virus more easily enriched in these two
parts."® 22 Second, to the best of our knowledge, the ocular
surface could connect with the respiratory tract through the
nasolacrimal duct, and mucosal immune properties per-
mitted the eye to be both a potential virus infected site as
well as a gateway for respiratory infection.”> Notably,
although animal experiments have confirmed that the
SARS-CoV-2 can be inoculated through the eyes, it is still
necessary to isolate the virus in the eyes to further prove that
the virus can be transmitted through the eyes.

In our study, most triple-positive patients were sampled
within 9 days after the illness onset, and most dual-positive
patients were sampled within 20 days after the illness onset.
A previous study reported that the SARS-CoV-2 viral load
in throat swab and sputum samples was significantly corre-
lated with the course of COVID-19: these viral loads peaked
around 5-6 days after the onset of symptoms and gradually
decreased until they could not be detected.** Our findings
agree with this dynamic law of SARS-CoV-2: the earlier the
course of COVID-19 is, the higher the positive rate is,
indicating a wider viral distribution and a higher viral load
at the early stage. In fact, most of the cases were sampled
over 1 week after the onset of symptoms, which means we
might not catch the time window with the highest viral load.

Although our research has some important findings, there
are still some limitations. First, as mentioned previously, our

study did not enroll the early-stage COVID-19 patients who
mainly remained in the community. For this reason, this
study could not reflect the viral load in tears at the very
ecarly stage of COVID-19. Second, owing to the low inci-
dence rate of conjunctivitis as well as the sharp decline of
newly diagnosed cases, this study could not investigate the
viral load in COVID-19 patients with conjunctivitis. Thus,
further studies are better to investigate the viral load from the
very early stage as well as in coexisting conjunctivitis
patients.

In conclusion, by using one-step RT-ddPCR, our study
demonstrates that the positive rate of SARS-CoV-2 in tears
is greatly underestimated. Due to the dilution effect by the
virus preservation solution, the low concentration of the
virus in the preservation solution may not imply a low
viral load in tears. Our study shows that the virus has
a molecular basis for ocular transmission, but further
study is needed to investigate its infectivity through eyes.
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