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e PURPOSE: Intraocular infections are sight-threatening
conditions that can lead to vision loss. Rapid identifica-
tion of the etiologies plays a key role in early initiation
of effective therapy to save vision. However, current di-
agnostic modalities are time consuming and lack sensi-
tivity and inclusiveness. We present here a newly devel-
oped comprehensive ocular panel designed to improve di-
agnostic yields and provide a tool for rapid and sensitive
pathogen detection.

* DESIGN: Experimental laboratory investigation.

e METHODS: A panel containing 46 pathogens and 2 re-
sistance/virulence markers that are commonly detected
in intraocular infections was developed. Genomic targets
were scrutinized for stretches predicted to be specific for
a particular species while being conserved across different
strains. A set of primers for sample enrichment, and two
50mer NanoString compatible probes were then designed
for each target. Probe—target hybrids were detected and
quantified using the NanoString nCounter SPRINT Pro-
filer. Diagnostic feasibility was assessed in a pilot clinical
study testing samples from infectious retinitis (n = 15)
and endophthalmitis (n = 12) patients, for which the
etiologies were confirmed by polymerase chain reaction
(PCR) or culture.

e RESULTS: Analytical studies demonstrated highly sen-
sitive detection of a broad spectrum of pathogens, includ-
ing bacteria, viruses, and parasites, with limits of detec-
tion being as low as 2.5 femtograms per reaction. We
also found excellent target specificity, with minimal cross-
reactivity detected. The custom-designed NanoString oc-
ular panel correctly identified the causative agent from all
clinical specimens positive for a variety of pathogens.
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e CONCLUSION: This highly multiplexed panel for
pathogen detection offers a sensitive, comprehensive, and
uniform assay run directly on ocular fluids that could
significantly improve diagnostics of sight-threatening in-
traocular infections. (Am ] Ophthalmol 2023;250:
82-94. © 2023 Elsevier Inc. All rights reserved.)

ABORATORY-BASED DIAGNOSIS OF OCULAR INFECTIONS

relies largely on the use of multiple tests based on out-

dated methods (eg, microscopy and culture) that are
time consuming and lack sensitivity of detection, especially
for ocular specimens that are markedly small in size and con-
tain minute amounts of microbes available for detection.'+?
As a result, most patients presenting with an intraocular
infection are treated for long periods with empirical trial
therapies of various broad-spectrum antimicrobials. These
shotgun empirical approaches can lead to increased toxi-
city,” select for resistant organisms,* and are becoming in-
creasingly compromised by the global emergence of antimi-
crobial resistance.’

The description of the modern-day polymerase chain
reaction (PCR) by Kary Mullis and collaborators in the
1980s° revolutionized the diagnostic field, providing a new
and improved tool for rapid and more sensitive detection of
pathogens in clinical specimens that can support early ini-
tiation of appropriate therapy.”® The first clinical applica-
tions of PCR for molecular diagnosis of ocular diseases were
published in the late 1980s and early 1990s, and centered on
the detection of herpesviruses from corneal scrapings and
intraocular specimens of patients presenting with keratitis
and retinitis, respectively.”'! In the subsequent years, many
PCR-based assays have been developed that have success-
fully improved pathogen detection and diagnostic yields in
infectious uveitis and endophthalmitis.'”?® Despite their
usefulness in generating a clinically actionable result, PCR-
based assays are constrained in the number of targets that
can be simultaneously detected. This results in diagnostic
workups that rely on the use of multiple sequential and sep-
arate tests that can be challenging to perform when only a
minute amount of ocular sample is available for processing,
and also increases the total turnaround time for diagnosis.
In cases in which a universal target is used (eg, ribosomal
genes) and virtually all species of bacteria (16S tRNA) or
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fungi (28S rDNA and ITS) are detected by a single PCR
test, identification of genus and species is dependent on
post-PCR characterization of amplicons such as Sanger se-
quencing and fragment restriction analysis, among others,
adding a significant number of hours to the diagnostic pro-
cess. Metagenomic next generation sequencing is increas-
ingly being explored as an unbiased method for compre-
hensive detection of ocular pathogens’’; however, to date,
this method remains costly, slow depending on the method
used, and technically challenging and complex to perform
and analyze in routine clinical laboratories, and is limited
by low signal-to-noise due to dominance of host DNA over
the microbial fraction.”®

Because of the wide breadth of etiologies involved in in-
traocular infections that result in a laborious and slow di-
agnostic workup requiring the use of multiple assays with
limited clinical sensitivity, we sought to create a novel
all-in-one targeted molecular diagnostic assay that could
detect more than 90% of pathogens known to be associ-
ated with these infections with high accuracy, using only a
small amount of sample, and in a timely manner. Our in-
novative approach to diagnose sight-threatening intraoc-
ular infections leverages the advantages of the NanoS-
tring technology, which enables simultaneous detection
and quantification of hundreds of different DNA or RNA
molecules while maintaining excellent sensitivity per tar-
get. The NanoString technology relies on the use of highly
multiplexed pools of specific 50mer hybridization probes
marked with fluorescent reporters that are mixed with crude
or enriched samples. Biotinylated probe—target hybrids are
then captured onto a streptavidin-coated imaging surface
and counted using fluorescence microscopy.’” A handful of
studies have reported the use of custom-designed NanoS-
tring panels to improve diagnosis and surveillance of in-
fectious diseases,’’** including 1 proof-of-principle study
from our group demonstrating the feasibility of this method
to rapidly detect keratitis-causing pathogens.’> Here we
present the development and evaluation of our novel and
highly multiplexed assay for diagnosis of infectious uveitis
and endophthalmitis that is able to simultaneously detect
46 pathogens and 2 resistance/virulence markers in a single
reaction.

METHODS

This is an experimental laboratory investigation study ap-
proved by the Mass General Brigham Institutional Review
Board (MGB IRB) (reference: 2019P000551; excess human
material protocol). Protocols for collection of discarded
intraocular specimens were approved by the MGB IRB for
prospective sampling, and the need for informed consent
was waived. The study was in adherence to the tenets
of the Declaration of Helsinki and is in accordance with
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Health Insurance Portability and Accountability (HIPAA)
regulations.

e SELECTION OF TARGET SEQUENCES AND PANEL DE-
SIGN: Using the epidemiological information on the eti-
ologies of ocular infections seen at our hospital and in com-
bination with literature review, we identified 46 pathogens
and 2 resistant/virulence markers that are commonly as-
sociated with ocular infections. This panel of organisms
(Figure 1 and Table S1) accounts for >90% of pathogens
isolated from intraocular infections in our service (data not
shown). Genomic targets commonly used for PCR-based
detection of these pathogens were scrutinized for stretches
that are predicted to be specific for a particular species
while being conserved across different strains from the same
species. Regions of 150 to 300 base pairs in length were
selected and a set of primers for sample enrichment, and
two 50mer probes per target were designed to these se-
quences in collaboration with NanoString to incorporate
their proprietary barcode sequences, and to use validated
bioinformatics algorithms for probe design that minimize
cross-reactivity and optimize thermodynamic profiles for
hybridization.

e MULTIPLEX TARGETED ENRICHMENT: Because of the
low pathogen biomass in ocular specimens, analytical sen-
sitivity of an assay is critical for its clinical application.
To deal with that issue, we developed an optimized multi-
plex targeted enrichment step previous to detecting genus-
or species-specific DNA segments with barcoded probes.
Primers flanking the targeted genomic regions that bind to
the specific probes were designed (described above). A 7-
uL polymerase chain reaction was set up using 3.5 puL of 2X
TagMan Fast Advanced master mix, 1 pL of the primer mix-
ture at 0.5 nM per oligonucleotide, and 2.5 pL of purified
DNA. PCR was performed under the following conditions:
95°C denaturation for 5 minutes, followed by 14 cycles of
15 seconds at 95°C and 4 minutes at 60°C. This number of
cycles was found to improve sensitivity while maintaining
a low level of background noise (Figure S3).

e DNA DETECTION: DNA from control organisms used for
analytical validation were extracted and purified using the
QIAamp UCP Pathogen mini kit (Qiagen), following the
manufacturer’s protocol. Extraction of genomic DNA from
clinical specimens was performed on 100 pL of aqueous
or vitreous mixed with 1X DNA/RNA Shield (Zymo) us-
ing the high-sensitivity ultra-pure Quick-DNA/RNA Mi-
croprep Plus Kit (Zymo). To guarantee that tough-to-
lyse cells such as gram-positives, acid-fast bacteria, and
fungi were adequately disrupted, sample mixes (intraocu-
lar fluid + DNA/RNA shield) were mechanically homog-
enized in the FastPrep-24 for 2 x 45 seconds with a 5-
minute intermission, using the ZR BashingBead Lysis Tubes
(0.1 and 0.5 mm) (Zymo). DNA was eluted in 30 uL of
DNase/RNase-free water and, for clinical specimens, DNA
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Custom-Designed Ocular Infection Panel

48 Targets - Panel list

Bacteria

Acinetobacter calcoaceticus-baumanii
Acinetobacter Iwoffii
Bacillus cereus group
Bacillus subtilis group
Borrelia burgdorferi
Enterobacter aerogenes
Enterococcus faecalis
Enterococcus faecium
Escherichia coli
Haemophilus influenzae
Klebsiella pneumoniae
Morganella morgani
Mycobacterium tuberculosis
Cutibacterium acnes
Proteus mirabilis
Pseudomonas aeruginosa
Serratia marcescens
Staphylococcus aureus

Bacteria

Staphylococcus capitis
Staphylococcus epidermidis
Staphylococcus lugdunensis
Staphylococcus spp.
Streptococcus agalactiae
Streptococcus anginosus group
Streptococcus mitis group
Streptococcus pneumoniae
Streptococcus pyogenes
Treponema pallidum
Tropheryma whipplei

Resistance/Virulence Markers
Staphylococcus epidermidis ica locus
Staphylococci mec A

Parasite
Toxoplasma gondii

Fungi

Aspergillus flavus
Aspergillus fumigatus
Aspergillus niger
Candida albicans
Candida dubliniensis
Candida glabrata
Candida tropicalis
Candida parapsiolosis (sensu lato)
Fusarium spp.
Fusarium solani

Viruses
Cytomegalovirus
Epstein-barr virus
Herpes simplex virus 1
Herpes simplex virus 2
Human herpes virus 6
Varicella zoster
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FIGURE 1. (A) Pathogens targeted in a custom-designed multiplexed panel for improved diagnosis of ocular infections. (B) Im-
proved diagnostic workflow for patients presenting with intraocular infections. Total turnaround time was reduced from >24 hours
to approximately 12 hours while maintaining excellent analytical sensitivity. Figure created using BioRender.com under a standard

academic license.

quality was assessed by performing an internal control real-
time PCR assay targeting the human B-globin gene as de-
scribed.'* Purified DNA was then used as input for the
multiplex targeted enrichment step described above. En-
riched samples were then mixed with a cocktail of 96 probes
(two 50mer probes per each of the 48 targets), contain-
ing 1 capture probe that secures the hybrid of interest to
a streptavidin-coated surface in the NanoString cartridge,
and a second 50mer that attaches a unique color-coded bar-
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code for each target included in the panel (Figure 1). The
hybridization was performed at 67°C for varying periods
of time, and the resulting products were analyzed in the
NanoString nCounter SPRINT analyzer.

e ANALYTICAL SPECIFICITY: The analytical specificity of
the panel was tested for all targeted organisms. Purified ge-
nomic DNA was isolated in our laboratory using the QI-
Aamp UCP pathogen mini kit (Qiagen) following the man-
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ufacturer’s recommendations. DNA controls acquired from
commercial sources came as already purified genomic DNA.
Plasmids (pUC-GW-Kan) carrying the targeted region were
constructed by Genewiz. A complete list of controls, strains,
and their sources is shown in Table S1.

* ANALYTICAL SENSITIVITY: The limit of detection of our
test was evaluated for selected clinically relevant pathogens
targeted in the panel that have varying GC content and
genome sizes. Preliminary testing was performed using puri-
fied genomic DNA from 1 gram-positive (Staphylococcus au-
reus USA300 strain) and 1 gram-negative pathogen (Pseu-
domonas aeruginosa ATCC 27853), both serially diluted
(10-fold) from 2.5 pg/reaction to 2.5 fg/reaction. With an
assay that was extensively optimized for timely and sensitive
detection of these organisms, we then tested the analytical
sensitivity of our approach using additional pathogens that
are important causes of intraocular infections, including cy-
tomegalovirus (ATCC VR-538DQ), herpes simplex virus
1 (HSV-1) (ATCC VR-539DQ)), herpes simplex virus 2
(HSV-2) (Exact Diagnostics control panel), varicella-zoster
virus (VZV) (Exact Diagnostics control panel), Toxoplasma
gondii (ATCC 50174D), Streptococcus pneumoniae (ATCC
49619), and Staphylococcus epidermidis (ATCC 12228). The
limit of detection (LoD) was determined as a function of
the limit of blank (LoB), the latter calculated based on the
background noise of the assay when blank extractions (us-
ing only the 1X DNA/RNA shield buffer as the input mate-
rial), but no target DNA sequences, were used. To calculate
the LoB, we performed a series of 45 blank reactions for each
target tested (n = 48) and used the following standard for-
mula for LoB calculation: mean of the blanks + 1.645 times
the standard deviation of the blanks.’®

¢ PROOF-OF-PRINCIPLE CLINICAL STUDIES: Samples were
obtained either by anterior paracentesis (aqueous samples)
or posterior chamber paracentesis (undiluted vitreous sam-
ples) or during pars plana vitrectomy (both undiluted vitre-
ous and diluted vitreous washing samples). Following col-
lection, all specimens were immediately transported to the
laboratory and stored at —20°C and then transferred to a
—80°C freezer for long-term storage. To assess the useful-
ness and accuracy of our custom-designed NanoString oc-
ular panel to detect pathogens causing infectious uveitis
and endophthalmitis, we performed a pilot clinical vali-
dation study on 27 stored samples (4 aqueous, 23 vitre-
ous) collected from patients with clinically diagnosed her-
petic retinitis (n = 9), cytomegalovirus (CMV) retinitis
(n = 4), ocular toxoplasmosis (n = 2), and endophthalmi-
tis (n = 12). Infectious uveitis samples that tested positive
for herpesviruses (HSV-2,n = 5; VZV,n = 4; CMV n = 4)
and T gondii (n = 2) using a validated PCR assay'* were
included. For endophthalmitis, only monomicrobial cases
that were positive by culture were included.
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RESULTS

e IMPROVING SENSITIVITY OF PATHOGEN DETECTION
WITH SAMPLE ENRICHMENT: Because of the small sample
size, ocular fluids collected from patients presenting with
intraocular infections (typically 50-100 pL total) have low
amounts of pathogen biomass available for detection. To
overcome this problem, we designed and optimized a mul-
tiplex targeted enrichment (MTE) assay aiming to increase
the amount of targeted pathogen DNA in the samples be-
fore probe detection occurs. By following NanoString rec-
ommendations for MTE (20 cycles) and hybridization time
(16 hours), we were able to detect minute amounts of DNA
from 2 common ocular pathogens: S aureus (methicillin-
resistant Staphylococcus aureus [MRSA] strain USA300)
and P aeruginosa (ATCC 27853). By performing serial 10-
fold dilutions of DNA ranging from 2.5 pg/reaction to 2.5
fg/reaction, we found that the analytical sensitivity of this
assay (or limit of detection [LoD)]) for these organisms was as
low as 25 femtograms (fg) of DNA per reaction (Figure S1).

e ASSAY OPTIMIZATION PROCESS: Although the original
NanoString protocol supports robust and sensitive detec-
tion of nucleic acids (described above), it includes long
hybridization steps (16-18 hours) and is considerably time
consuming (>24 hours for total turnaround time). To im-
prove the test turnaround time and tp generate clinically
actionable data in a timely manner, we sought to test shorter
times of hybridization using S aureus DNA as a control. Us-
ing the higher concentration of S aureus DNA tested (2.5
pg/reaction), pathogen detection was possible following 16
hours (recommended by NanoString), 8 hours, 4 hours, and
2 hours of hybridization with an MTE protocol fixed at 20x
(Figure S2, A). To determine how this decrease would affect
the assay’s analytical sensitivity, we fixed the hybridization
at 2 hours and repeated the test using DNA at the LoD (25
fg/reaction) and 1 dilution above (250 fg/reaction) (Figure
S2, B). Both concentrations resulted in robust probe counts,
which demonstrated that a decrease in time of hybridization
could be implemented without compromising the analyt-
ical sensitivity. Although the MTE assay described above
can substantially increase the sensitivity of the assay, it can
also significantly increase the noise of the reaction and add
unnecessary time to the diagnostic workflow. Because of
that, we next sought to determine the best number of MTE
cycles that would maintain robust sensitivity of pathogen
detection while decreasing the noise of the reaction. To
do that, we tested the ability of our assay to detect S au-
reus (Figure S3, A) and P aeruginosa (Figure S3, B) DNA
at the LoD (25 fg/reaction) following various numbers of
enrichment cycles (10, 12, 14, 16, 18, and 20), with hy-
bridization fixed at 2 hours. We found that 14 MTE cycles
optimized detection for both pathogens while preventing
false-positive detection, with pathogen signal being 100-
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FIGURE 2. Analytical sensitivity studies using serial 10-log dilutions ranging from 2.5 picograms to 2.5 femtograms of DNA per
reaction. The amount of pathogen DNA was determined by Qubit (dsDNA high-sensitivity assay). Each data point is the average
log10 probe counts calculated from triplicates. Horizontal lines indicate the analytical cutoff values as determined by the limit of
blank for each target in the panel, which varies according to the probe set (Table S3). Line colors match those of the target signal

shown in each plot.

fold higher than that of the background noise. Following
these optimization steps, an improved diagnostic workflow
was developed, which reduced total turnaround time from
>24 hours to around 12 hours while maintaining excellent
analytical sensitivity of pathogen detection (Figure 1, B).

e OPTIMIZED ASSAY WAS ABLE TO DETECT MINUTE
AMOUNTS OF DNA: With an assay that has been optimized
for timely and sensitive detection of ocular pathogens, the
analytical sensitivity studies were expanded to determine
the LoD of our test using purified control DNA from or-
ganisms (other than MRSA and P aeruginosa) that are im-
portant causes of intraocular infections (and other ocu-
lar infections) including CMV, HSV-1, HSV-2, VZV, T
gondii, Streptococcus pneumoniae, and Staphylococcus epider-
midis (Figure 2). LoD was determined as a function of the
limit of blank (LoB), the latter calculated based on the
background noise of the assay when only reagents and wa-
ter, but no target DNA sequences, are used. To calculate
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the LoB, we performed 45 blank reactions for each target
tested (n = 48). Because each target can have different
amplification efficiencies and hybridization dynamics that
could result in varying levels of background noise, an indi-
vidual LoB value was calculated for each target included in
our panel (Table S3). By using their individual LoB values
as analytical cutoff values, the LoD for the 4 herpesviruses
tested (CMV, VZV, HSV-1 and HSV-2) was as low as 2.5
fg/reaction. The LoD of this approach to detect T gondii
DNA was 25 fgfreaction. S pneumoniae is detected in our
assay by a species-specific probe targeting the lytA gene and
also by a Streptococcus mitis group—specific probe that can
detect any member of the mitis group. A signal for both
probes was detected with as low as 25 fg of DNA per re-
action. Similarly, S epidermidis DNA can be detected by 2
separate sets of probes, 1 species-specific probe targeting the
thermonuclease gene and a genus-specific probe that targets
areas of the 23S rRNA that are common to all clinically rel-
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evant staphylococcal species. Both of these probes detected
an S epidermidis signal with a LoD of 250 fg/reaction.

e PROBES AND PRIMERS HAVE BEEN SHOWN TO BE
HIGHLY SPECIFIC: The analytical specificity of our panel
was tested using a collection of control DNA from bacte-
ria (29 group, genus- or species-specific targets, 1 antimi-
crobial resistance gene, and 1 biofilm-associated gene), her-
pesviruses (n = 6), fungi (n = 10), and parasite (n = 1)
(Table S1). The 48 sets of probes and oligonucleotides
tested demonstrated excellent target specificity, with mini-
mal cross-reactivity detected for some probes targeting con-
served genomic stretches of the ribosomal operon. The
Streptococcus anginosus group_16S rRNA probe and the
S mitis group_16S tRNA probe displayed varying levels
of cross-reactivity with closely related streptococci species
(Figure S4,A). These signals, however, were accompanied
by strong signals for species-specific probes for the control
streptococci strains tested, which would still allow direct
identification of these organisms from clinical specimens to
the species level. Probes designed to detect Candida non-
albicans species (eg, parapsilosis, glabrata, dubliniensis, and
tropicalis) also displayed varying levels of cross-reactivity
among them. The species-specific Candida albicans probe
set has shown excellent analytical specificity, allowing us
to separate C albicans from all other non-albicans species,
which are, for now, identified as a group, because many
of these probes will light up together when a non-albicans
species is present in the sample. In addition, during analyti-
cal specificity studies, we also found that probes designed to
target DNA segments present in high copy number in the
organism’s genomes (eg, ribosomal genes) had positive sig-
nals that were >10 times higher when compared to species-
specific probes that target single-copy genes. To avoid ex-
cessive signal and noise coming from these probes, we sys-
tematically optimized their concentrations in the reaction
so that all probe sets resulted in signals of similar intensity
(data not shown).

e PROOF-OF-PRINCIPLE CLINICAL VALIDATION STUDIES
ATTEST TO THE FEASIBILITY OF OUR PANEL FOR DIAG-
NOSING INTRAOCULAR INFECTIONS: To determine the
feasibility of our novel custom-designed NanoString ocu-
lar infection panel to detect intraocular pathogens directly
from clinical specimens, 27 ocular fluid samples from 24
adult patients presenting with infectious retinitis (n = 12)
and endophthalmitis (n = 12) were tested in a pilot study.
The majority of the patients (75%) were male, with a mean
age of 60.8 years (+20.6 years; range, 7-87 years). Among
the uveitis cases, most were diagnosed with herpetic re-
tinitis (n = 6) and CMYV retinitis (n = 4). Two patients
had toxoplasmosis chorioretinitis. For endophthalmitis pa-
tients, the majority presented with infections following an
intraocular surgery (n = 6) or intravitreal injection (n = 4),
with the remaining patients (n = 2) presenting with en-
dophthalmitis of hematogenous origin (Table 1). To gener-
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TABLE 1. Characteristics of 24 Patients With Clinical
Diagnoses of Infectious Uveitis (n = 12) and
Endophthalmitis (n = 12) Included in Pilot Proof-of-Principle
Clinical Validation Studies.

Sex
Male (%) 18 (75.0)
Female (%) 6 (25.0)
Age, y
Mean (SD) 60.8 (+20.6)
Range 7-87
Uveitis Diagnoses
Herpetic retinitis 6 (25.0)
CMV retinitis 4 (16.7)
Toxoplasmosis chorioretinitis 2 (8.3)
Endophthalmitis Diagnoses
Post-operative endophthalmitis 6 (25.0)
Post-intravitreal injection endophthalmitis 4 (16.7)
Endogenous endophthalmitis 2(8.3)

CMV = cytomegalovirus.

ate a validation dataset for which results from the NanoS-
tring assay could be compared to the standard of care, only
patients with culture- or PCR-positive specimens were in-
cluded in this initial study. In total, 27 specimens collected
from 24 patients were processed by NanoString and quality-
control PCR assays for detection of an internal control (hu-
man B-globin gene).

Uweitis

Most cases of uveitis were viral in etiology (10 of 12;
83.3%), with CMV (n = 4), HSV-2 (n = 3) and VZV
(n = 3) being detected by PCR. Two cases were associ-
ated with toxoplasmosis (Table 2 and Table S2). The mean
B-globin cycling threshold (Ct) for these cases was 29.98
(ranging from 24.42 to 36.47). All of these samples were
positive for a pathogen using our NanoString assay with
mean normalized probe counts ranging from 155 to 207,834
(median, 11,371) and from 2.2 to 5.3 (median, 4.1) when
transformed to a logjp count. We found complete agree-
ment between the results of our custom-designed NanoS-
tring panel with those of a validated in-house real-time
PCR test developed to detect the most common causes of
infectious uveitis (Table 2).'"* When stratified by each of
the targets found in the population of specimens processed,
quantification of DNA hybrids by NanoString correlated
fairly well with the pathogen burden as determined by real
time PCR Ct values (Figure S5). Only 1 outlier was found
for a specimen positive for HSV-2 with low Ct value (21,
meaning that the viral burden was probably high) and low
probe counts (mean count, 301).

Endophthalmitis
Most cases of endophthalmitis were bacterial (11 of 12;
91.6%), with 1 case being caused by C albicans (Table 3
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TABLE 2. Results of Our Custom-Designed NanoString Panel for Patients With Clinically Diagnosed and PCR-Positive Infectious

uveitis.
Patient Specimen (Eye) Clinical Diagnosis PCR Assay NanoString Detection Final Diagnosis
e ID Mean Ct (SD) Probe IDs Mean Probe Count
1 VW (0S) CMV Retinitis CMV 23.34 (0.24) CMV 5,461 CMV retinitis
2 VW (OD) PORN T gondii 26.87 (0.34) T gondii 155 Toxoplasmosis
chorioretinitis
3 Vitreous (OS) ARN HSV-2 28.16 (0.76) HSV-2 255 Herpetic retinitis
4 Vitreous (OD) ARN vzv 28.59 (0.11) vzv 16,147 Herpetic retinitis
VW (OD) vzv 26.77 (0.37) vzv 46,055
5 Aqueous (OD) CMV Retinitis CMV 20.76 (0.11) CMV 102,329 CMV retinitis
6 Vitreous (OS) Posterior Uveitis HSV-2 20.40 (0.07) HSV-2 21,444 Herpetic retinitis
VW (0S) HSV-2 21.52 (0.02) HSV-2 11,943
7 VW (0S) ARN vzv 29.53 (1.37) vzv 11,371 Herpetic retinitis
8 Aqueous (OD) Viral Retinitis HSV-2 20.87 (0.01) HSV-2 301 Herpetic retinitis
Aqueous (OS) HSV-2 23.47 (0.09) HSV-2 4,413
9 Vitreous (OS) CMV Retinitis CMV 19.47 (0.14) CMV 207,834 CMV retinitis
10 VW (0S) ARN vzv 25.02 (0.05) vzv 112,551 Herpetic retinitis
1 Aqueous (OD) CMV Retinitis CMVv 25.55 (0.55) CMV 1,934 CMV retinitis
12 VW (OD) Toxoplasmosis T gondii 26.35 (0.59) T gondii 764 Toxoplasmosis

Chorioretinitis

chorioretinitis

ARN = acute retinal necrosis; Ct = cycling threshold; CMV = cytomegalovirus; HSV-2 = herpes simplex virus 2; OD = right eye; OS = left
eye; PCR = polymerase chain reaction; PORN = progressive acute retinal necrosis; VW = vitreous washing; VZV = varicella-zoster virus.

and Table S2). Gram-positive organisms dominated this
population (10 of 12 cases; 83.3%), with most being iden-
tified as either a staphylococci (n = 6) or streptococci
(n = 4) species. One S epidermidis isolate was resistant to
methicillin. Mean B-globin Ct value for these specimens
was 27.07 (ranging from 21.11 to 32.84). Mean normal-
ized NanoString probe counts ranged from 43 to 98,978
(median, 2564) and from 1.6 to 5.0 when transformed to
logio counts (median, 3). There was complete agreement
between culture results and NanoString-based identifica-
tion at the genus level. At the species level, the correct sig-
nal was detected for the species-specific probe for all cases,
with the exception of 1 patient. Patient 13 presented with
an endogenous endophthalmitis with a yeast isolated by
culture that was identified as a probable C albicans using
a rapid test for presumptive identification (Remel Candida
albicans test kit). By NanoString, we identified this as being
a non-albicans Candida species, given that signal for multi-
ple non-albicans probes was identified (Table 3 and Table
S2). At the antimicrobial resistance level, one of the S epi-
dermidis isolated by culture (patient 16) was phenotypically
resistant to methicillin, and this was captured at the geno-
typic level by our panel (mecA gene detected with an av-
erage probe count of 4071; the average probe count for S
epidermidis was 2564 and for the Staphylococcus genus probe
8147). None of the staphylococci species detected were pos-
itive for the biofilm-associated ica genes. The turnaround
time for detection (time to growth) plus identification of
these organisms by culture ranged from 2 to 5 days (median,
2.5 days). Using our custom-designed ocular panel and an
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optimized approach, the complete diagnostic process, from
sample preparation (12 at a time) to data analysis, can be
done within 12 hours.

DISCUSSION

Intraocular infections, such as infectious uveitis and en-
dophthalmitis, are sight-threatening conditions associated
with high ocular morbidity.”’** There are a wide range
of possible infectious etiologies that cannot be easily and
promptly detected using the outdated laboratory diagnos-
tic methods currently used. As a result, patients presenting
with intraocular infections can be treated for long periods
using one-size-fits-all therapies that are not tailored for an
individual and that do not work for everyone. With the goal
of improving care of patients presenting with these infec-
tions by providing clinically actionable diagnostic results
in a timely and accurate manner so that targeted and pre-
cise therapies can be initiated at early stages of the disease,
we developed a novel diagnostic approach for rapid, sen-
sitive, and comprehensive detection of pathogens directly
from intraocular fluids.

Our innovative approach to diagnose sight-threatening
intraocular infections leverages the advantages of the
NanoString technology, which captures and counts hun-
dreds of different DNA or RNA molecules in complex mix-
tures with excellent sensitivity and high multiplexing capa-
bility.”” Additional advantages for clinical applications in-
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TABLE 3. Results of Our Custom-Designed NanoString Panel for Patients Presenting With Culture-Positive Endophthalmitis.

Patient Specimen (Eye) Clinical Diagnosis Culture Result Time to NanoString Detection
No. Growth + ID
Probe IDs Mean Probe Count
13 VW (OD) Endogenous C albicans® 3 days C non-albicans 48-255°
endophaltmitis
14 VW (OD) Post-operative S agalactiae 2 days S agalactiae 98,978
endophthalmitis S anginosus group 89,670
S mitis group 55,951
15 VW (OS) Post-operative S pneumoniae 2 days S mitis group 16,817
endophthalmitis S pneumoniae 5,634
S anginosus group 1,508
16 VW (OD) Post-intravitreal MR 3 days Staphylococcus 8,147
injection S epidermidis genus probe
endophthalmitis mecA gene 4,071
S epidermidis 2,564
17 VW (OD) Post-intravitreal MS 2 days Staphylococcus 352
injection S epidermidis genus probe
endophthalmitis S epidermidis 109
18 VW (OD) Post-operative S pneumoniae 2 days S mitis group 62,090
endophthalmitis S pneumoniae 17,792
S anginosus group 10,296
19 VW (OD) Post-operative MS 4 days Staphylococcus 180
endophthalmitis S epidermidis genus probe
S epidermidis 124
20 Vitreous (OD) Post-operative MS 3 days Staphylococcus 2,524
endophthalmitis S lugdunensis genus probe
S lugdunensis 320
21 VW (OS) Endogenous K pneumoniae 2 days K pneumoniae 22,550
endophaltmitis
22 Vitreous (OD) Post-operative S mitis 2 days S mitis group 30,397
endophthalmitis S anginosus group 4,636
23 VW (OD) Post-intravitreal MS 5 days Staphylococcus 112
injection S epidermidis genus probe
endophthalmitis S epidermidis 43
24 Vitreous (OD) Post-intravitreal MS 3 days Staphylococcus 4,476
injection S epidermidis genus probe
endophthalmitis S epidermidis 1,636

MR = methicillin resistant; MS = methicillin sensitive; OD = right eye; OS = left eye; VW = vitreous washing.

Underlined and boldface probes IDs match at the genus or species level compared to culture.

2|dentified using the Remel Candida albicans test kit for rapid presumptive identification of C albicans.

bCandida non-albicans species are detected by a combination of probes targeting conserved regions of the ribosomal genes of various
species. Average count is the range of probe counts for the non-albicans probes (Figure 1 and Table S1)

clude the possibility to modify the entire experimental ap-
proach (eg, introduction of enrichment steps, modification
in hybridization time, among others), meaning that assays
can be developed in a way that both sensitivity and pro-
cessing time can be optimized, and also include the possi-
bility to custom design and update panels that can facili-
tate expansion of target lists to include new and emerging
pathogens, organisms of relevance to a specific geography,
and clinically relevant markers of antimicrobial resistance
or virulence. This technology has been explored before
in a handful of studies that used custom-designed NanoS-
tring panels to improve diagnosis and surveillance of infec-
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tious diseases,’*** including 1 proof-of-principle study from

our group demonstrating the feasibility of this method to
rapidly detect keratitis-causing pathogens.”” In the present
study, we sought to evaluate the analytical performance and
to determine the usefulness of this novel molecular bar-
coding approach as a tool for improved diagnosis of infec-
tious uveitis and endophthalmitis. We demonstrate that our
custom-designed panel for ocular infections combined with
an optimized approach for sample processing can be used
for comprehensive detection of a broad range of pathogens
across different domains in only 1 assay, with PCR-level
sensitivity,'>1?44> and in a timely fashion. In pilot vali-
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dation studies on primary clinical specimens collected from
patients presenting with infectious uveitis (n = 15 speci-
mens) and endophthalmitis (n = 12 specimens) that were
positive by PCR and culture, excellent identification agree-
ment was found.

Upveitis is a sight-threatening intraocular disease caused
by myriad different etiologies that can present with overlap-
ping features, resulting in a complex and difficult diagnos-
tic process.'®*+4* Infectious etiologies are involved in 17%
to 60% of uveitis cases.*»* Although herpesviruses and
T gondii are the leading causes, bacteria, fungi, and other
viruses and parasites may also be involved.**»4"#? Infectious
uveitis can have a significant impact on vision health, espe-
cially when early treatment is misguided.*’ Initial diagnosis
is currently made on the basis of the patient’s history and
clinical examination findings, but is complicated by over-
lapping findings among cases caused by different infectious
agents, as well as by non-infectious causes.'®*%°° Labo-
ratory diagnosis is often required to aid in treatment deci-
sions, but because many of the etiologies are difficult to cul-
ture and identify, the diagnostic workup can often become
very challenging. and requires multiple immunological or
pathogen-targeted molecular tests to screen for all potential
etiologies.'®4%°1:52 Multiplexed tests can help to optimize
the diagnostic workflow and the use of limited ocular sam-
ples to cover a greater number of potential etiologies. To-
ward that end, we'* and others'®'”?° have developed mul-
tiplex PCR assays for rapid diagnosis of uveitis from small
specimens. However, these tests are limited in their ability
to test for only a handful (normally 3- 5) of leading etio-
logic agents associated with uveitis per reaction. A series
of multiplex PCR reactions have also been developed for
detection of 9 common uveitis pathogens, with only 1 to
3 different targets included per reaction, creating the need
for multiple parallel reactions to be performed.”’ The highly
multiplexed custom-designed NanoString ocular panel de-
veloped in the present study has the tremendous advantage
of probing for dozens of clinically relevant uveitis-causing
pathogens in a single reaction, while maintaining excellent
PCR-level sensitivity of detection. The limit of detection
for herpesviruses (HSV-1, HSV-2, and CMV) was as low
as 2.5 fg of DNA per reaction (1 fg/uL) and for T gondii 25
fg/reaction (10 fg/uL). The high analytical sensitivity of our
novel diagnostic approach is comparable to what has been
reported for detection of these pathogens using PCR assays
(1 to 1.7 fg for herpesviruses and 20 to 200 fg for T gondii)
that detect only only a single or a handful of targets.**+?

Upveitis specimens tested in our study were PCR positive
for HSV-2, VZV, CMYV, and T gondii and included vitreous
tap, vitreous washings, and aqueous humor. Correct identi-
fication of the causative agent was achieved for all of these
different sample matrices using our novel diagnostic test,
and results were in full agreement to those found by real-
time PCR. In addition, the NanoString nCounter instru-
ment enables quantification of DNA hybrids that can be
used for determination of pathogen burden in clinical spec-
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imens, a measurement that can be useful in determining dis-
ease severity and prognosis and in monitoring of therapeu-
tic responses.’*’ When quantification of DNA hybrids by
NanoString was stratified by each of the targets/pathogens
found in the population of uveitis specimens processed, we
found very good correlations with the real-time PCR Ct
values, which are often used as an indirect measurement of
pathogen burden. This level of correlation with the method
(quantitative PCR) that is routinely used for quantitative
analysis indicates that counting of DNA hybrids by NanoS-
tring could also be used in the future for indirect determi-
nation of pathogen burden in infected specimens.

Endophthalmitis is one of the most aggressive ocular in-
fections that may lead to irreversible tissue damage and
permanent vision loss within hours or a few days follow-
ing symptom onset.”’ These infections are commonly as-
sociated with an intraocular surgery or injection. In these
cases, bacteria that colonize the ocular surface and periocu-
lar tissues, such as staphylococci and streptococci species,
are commonly involved.’” Some cases develop following
an ocular trauma that can inoculate a variety of organ-
isms into the posterior segment including environmental
bacteria (eg, Bacillus spp) and filamentous fungi. Endoge-
nous endophthalmitis secondary to a distal infection seeded
by the bloodstream is often caused by gram-positive and
gram-negative bacteria and Candida spp’’ Laboratory di-
agnosis of endophthalmitis is based on direct microscopy
visualization of the causative agent and culture of the in-
traocular fluids and blood for endogenous cases.’” Unfortu-
nately, these methods have very low sensitivity of pathogen
detection in endophthalmitis specimens, with most series
reporting rates of culture positivity that range from about
23% to 63%.'%13:15:17,20-25,58 Microscopic detection can be
faster than culture but also has the same sensitivity limita-
tions and can be used for only presumptive identification
(eg, gram-positive or gram-negative bacteria, yeast, or fil-
amentous fungi structures). Rapid PCR assays for univer-
sal detection of bacteria and fungi that target the ribosomal
RNA operon of these organisms have been developed and
have been shown to substantially improve pathogen detec-
tion.!2:13:15,17,20-23.25 However, these methods are often de-
pendent on post-PCR analysis (eg, Sanger sequencing) for
final pathogen identification, making the diagnostic pro-
cess more laborious and time consuming. In addition, al-
though the use of universal primers targeting ribosomal re-
gions facilitates the detection of any bacteria and fungus
in a clinical specimen, contaminant organisms introduced
during sample collection, processing, or laboratory reagents
will also be amplified. For specimens containing very lim-
ited amounts of the actual pathogen (eg, culture-negative
intraocular fluids), the low signal-to-noise ratio makes it dif-
ficult to differentiate background contamination from the
pathogenic organism.

In our custom-designed NanoString ocular panel, we
included many pathogens that are associated with post-
operative, post-injection, post-trauma, and endogenous en-
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dophthalmitis (Figure 1, A). We avoided the use of probes
that are universal to all bacteria or fungi that can result
in contamination issues, and all probes designed and in-
cluded in our panel target regions of genes that are either
specific to a species or a group of organisms. Based on the
distribution of species isolated from exogenous and endoge-
nous infections in our service, our novel diagnostic panel
covers >90% of the common etiologies of both bacterial
and fungal endophthalmitis. These etiologies are also the
most common causes of endophthalmitis seen in other hos-
pitals in the United States and globally.’’%© Samples col-
lected from 12 culture-proven endophthalmitis cases were
processed using our novel diagnostic approach. We found
complete agreement between culture results and molecu-
lar identification at the genus level. At the species level,
the correct signal was detected for the species-specific probe
for all but 1 patient. Patient 13 presented with an en-
dogenous endophthalmitis, and cultures from the vitreous
sample grew a yeast isolate identified as C albicans using
a rapid test for presumptive identification (Remel Can-
dida albicans test kit). This kit is based on the colorimet-
ric detection of 2 enzymes, L-proline aminopeptidase and
B-galactosaminidase.’” Although the combination of these
enzymes is found consistently in C albicans, other related
species can be positive as well.°”%® By NanoString testing,
we identified this as being a non-albicans Candida species,
given that signal for multiple non-albicans probes was iden-
tified (Table 3 and Table S2). Together, data for the pi-
lot clinical validation studies demonstrate that our novel
diagnostic approach is feasible in detecting the common
endophthalmitis-causing pathogens with a high degree of
concordance when compared to culture. Follow-up studies
to determine the value of this novel method in improving
diagnostic yields among culture-negative samples are now
being conducted.

In addition to the low sensitivity of pathogen detec-
tion, cultures rely on our ability to grow organisms in vitro,
which can be time demanding especially for fastidious or-
ganisms, fungi, and specimens containing low numbers of
viable cells. For our endophthalmitis sample population,
the turnaround time for pathogen growth plus culture-based
identification ranged from 2 to 5 days (median, 2.5 days).
Using our custom-designed ocular panel and an extensively
optimized approach that substantially reduces the process-
ing time for intraocular fluids when compared to typical
NanoString protocols, a complete diagnostic process, from
sample preparation to data analysis, can be completed in
only 12 hours, with analytical sensitivities for bacterial de-
tection comparable to PCR.!”>!” These advantages could
result in more patients being treated with targeted antimi-
crobial therapies at earlier stages of the infection, and could
also aid in the decision to perform early ancillary therapeu-
tic approaches such as vitrectomy and removal of intraoc-
ular lenses, depending on the causative agents found and
their associated prognoses. Surgical treatment of endoph-
thalmitis is still largely based on the recommendations of
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the Endophthalmitis Vitrectomy Study (EVS), published
in 1995.% The EVS established that early vitrectomy pro-
vided no significant benefit compared to intravitreal injec-
tion of antibiotics alone for patients presenting with vi-
sual acuity better than light perception. However, more re-
cent studies using updated surgical techniques (eg, small-
gauge microincisional vitrectomy surgery) have shown that
early vitrectomy can be beneficial, especially for patients
infected with highly virulent and aggressive organisms.’”"!
Endophthalmitis caused by gram-negative organisms and
streptococcal species are particularly associated with poor
visual outcomes.”” These organisms commonly cause in-
fections following intravitreal injection of anti—vascular
endothelial growth factor agents (streptococci),’” filtering
blebs resulting from glaucoma surgery (gram-negative bac-
teria and streptococci),”’ and are also associated with out-
breaks secondary to contaminated solutions (gram-negative
bacteria),’* all clinical scenarios that were not addressed
in the EVS study. In a retrospective review of visual out-
comes and predictive factors in the treatment of endoph-
thalmitis caused by various Streptococcus species, early vit-
rectomy was found to be the only variable to predict im-
proved outcomes.’! In recently published updated recom-
mendations for early vitrectomy, one of the indications
is patients at high risk for having an infection caused by
more virulent organisms such as post—intravitreal injec-
tion, bleb-related and post-trauma endophthalmitis.’”” This
indication is solely based on the knowledge of the spec-
trum of organisms causing these infections and the more
commonly expected etiologies according to the category of
infection. Having a test for rapid and accurate detection
of endophthalmitis pathogens such as the novel diagnos-
tic assay presented here could be an important allied tool
to support early recommendations for vitrectomy and other
surgical treatments.

At the antimicrobial resistance level, one of the S epi-
dermidis isolated by culture (patient 16) was phenotypi-
cally resistant to methicillin, and this was captured at the
genotypic level in our panel (mecA gene detected with an
average probe count of 4071). The rationale to include
the mecA gene in the panel stemmed from the fact that
methicillin resistance is a key phenotype in staphylococci
and is associated with higher rates of co-resistance to clin-
ically relevant antimicrobials often used in ophthalmol-
ogy.”” In addition to being resistant to all -lactam agents,
this particular isolate of methicillin-resistant S epidermidis
was also resistant to macrolides, lincosamides, and fluoro-
quinolones (data not shown). Determining whether or not
a given staphylococci isolate is susceptible or resistant to
methicillin could help one to infer additional resistances to
antimicrobials that should be avoided clinically. Another
bacterial factor that impacts treatment of endophthalmi-
tis is biofilm formation on intraocular lenses (IOLs) and
surrounding tissues.’® Biofilms are aggregations of bacterial
cells in different physiological states (ie, some are metabol-
ically active whereas others are dormant) held together by
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an extracellular matrix, which are more resistant to the ac-
tion of most antimicrobials and the host immune system
than are planktonic cells.”® The involvement of biofilms in
the pathogenesis of post—cataract surgery is significant, es-
pecially for infections caused by S epidermidis.”® Removal
of IOLs containing biofilms of gram-positive bacteria have
been demonstrated to help control the inflammation.”’ De-
tection of the ica locus, involved in biofilm formation in
S epidermidis and other related species, is supported by our
panel, and could serve as an additional indicator for surgi-
cal interventions in recalcitrant cases of endophthalmitis
caused by biofilm-producing organisms.

In summary, we have presented here the development,
analytical validation, and initial clinical evaluation of an
innovative all-in-one diagnostic approach using NanoS-

tring technology for rapid and sensitive detection of >90%
of pathogens that cause sight-threatening intraocular infec-
tions. We have demonstrated that this approach can be used
for comprehensive detection of a broad range of pathogens
across different domains using only 1 assay, with PCR-level
sensitivity and in a timely fashion. These advantages may
translate into an improved diagnostic test for routine clin-
ical application that can quickly provide critical and clin-
ically actionable results for early management of infectious
uveitis and endophthalmitis, and can help save vision by
reducing delays in appropriate treatment. The encouraging
results presented here form the basis for additional clinical
validation studies needed for implementation of this novel
diagnostic test in clinical laboratory routines in the near
future.
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