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PATHOGENESIS

Raman-Enhanced Spectroscopy Distinguishes Anal
Squamous Intraepithelial Lesions in Human
Immunodeficiency Virus-Serodiscordant Couples
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Abstract

HIV-positive individuals are at increased risk for precancerous anal squamous intraepithelial lesions (SILs).
Anal cytology and digital rectal examination are performed as screening tools, but extensive training and
appropriate instruments are required to follow up on an abnormal anal cytology. Thus, novel approaches to SIL
evaluation could improve better health care follow-up by efficient and timely diagnosis to offer treatment
options. Recently, Raman-enhanced spectroscopy (RESpect) has emerged as a potential new tool for early
identification of SIL. RESpect is a noninvasive, label-free, laser-based technique that identifies molecular
composition of tissues and cells. HIV-serodiscordant couples had anal biopsies obtained during high-resolution
anoscopy. RESpect was performed on the specimens. Principal component analysis of the data identified
differences between normal and abnormal tissue as well as HIV-positive and HIV-negative individuals of each
couple even with similar pathologies. RESpect has the potential to change the paradigm of anal pathology

diagnosis and could provide insight into different pathways leading to SIL in HIV-serodiscordant couples.
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Introduction

HE INCIDENCE OF anal neoplasia is increased in people

living with HIV and is particularly high among HIV-
positive men who have sex with men (MSM) as well as
transgender women.'™ However, even in HIV-negative
MSM, anal cancer incidence is high.® Anal cancer incidence
has been increasing 2.2% per year over the past decade with
more than 7,200 cases reported in the United States in 2015,
with anal squamous cell carcinomas comprising 80% of the
cases.® While ~80% of anal cancers in persons with HIV
infection occur in MSM, limited data suggest similar trends for
transgender women.”’ Progress in understanding the pathology
and diagnostic approaches to anal neoplasia was paved by
advances that were made in cervical cancer.? However, anal
cancer is not an AIDS-defining cancer even though the inci-
dence is higher in HIV-positive individuals and is linked to

human papillomavirus (HPV).> While early detection of
invasive anal carcinoma may be associated with improved
prognosis, universal acceptance of screening and follow-up
remains challenging in the absence of randomized controlled
clinical studies and long-term surveillance studies.'®'>
Although HPV is implicated in anal cancer, the actual
role that HIV plays remains relatively unknown.'? Im-
munosuppression associated with HIV likely plays a part in
anal cancer pathogenesis along with HPV, but delineating
specific HIV effects could further improve our understanding
of anal cancer and other cancers.'* Thus, in addition to un-
derstanding HPV/HIV mechanisms leading to anal cancer,
better screening and follow-up of at-risk patients remain
challenging particularly since there are no universally ac-
cepted screening guidelines.>*'*'> Therefore, better tools
could assist health care providers through more efficient
screening paradigms to assist with anal cancer diagnosis.'?
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As a relatively new technique to assess biological speci-
mens, Raman-enhanced spectroscopy (RESpect) has been
applied to analyze malignant cells and tissues.'®'® It is a
laser-based tool that characterizes molecular and chemical
composition through inelastic scattering of photons.'® As
light passes through chemical bonds, photons interacting
with chemical bonds can pass on energy to photons and create
a shift in energy. This resulting energy shift of scattered
photons corresponds to specific molecular bonds of cells and
tissues.”’ The RESpect data provide details of proteins, car-
bohydrates, lipids, and DNA content, which could potentially
be used to enhance diagnosis.*”

Regarding RESpect as a potential clinical tool, it is non-
destructive and label-free, and thus could provide a unique
opportunity to identify cellular composition without requir-
ing chemical manipulation of tissue for diagnosis. Using cell
lines, previous data demonstrated unique RESpect chemical
characteristics of B cell lymphoid cells, which were different
from normal B cells.?! Others analyzed cervical cancer tis-
sues that identified distinct RESpect profiles.”*>* RESpect
could be used to characterize unique fingerprints of normal
and abnormal anal pathology to aid in diagnosis and treat-
ment responses.

The present study reports on a unique opportunity to identify
RESpect fingerprint differences and/or similarities of anal
tissue pathology between individuals of HIV-serodiscordant
couples. The study also reports on the RESpect fingerprint of
HIV itself in the context of the HIV-serodiscordant dyad
couples. The RESpect profiles of normal anal tissue and anal
tissue with high-grade squamous intraepithelial lesion (HSIL)
and low-grade squamous intraepithelial lesion (LSIL), in-
traepithelial lesions from HIV-positive and HIV-negative in-
dividuals, contribute novel information about differences due
to HIV as well as new information about chemical composi-
tions across the spectrum of anal pathology. To what extent
HIV affects the pathogenesis of anal neoplasia is currently
unknown, and thus, the data from this study supplement
present knowledge about LSIL and HSIL.

Materials and Methods
Participants and specimens

The study was approved in accordance with the University
of Hawaii Institutional Review Board. Participants were en-
rolled in a clinical research study as HIV-serodiscordant couples
focusing on identifying differences/similarities in anal pathol-
ogy. Inclusion criteria were MSM and/or transgender women,
self-identified couple relationship, and self-identified HIV-
serodiscordant status. Exclusion criteria were current treatment
for any type of malignancy or any condition preventing full
participation in the study. Anal cytology and high-resolution
anoscopy (HRA) were performed on each participant and at
least two biopsies were obtained from areas that appeared ab-
normal under HRA: the first specimen was flash frozen in liquid
nitrogen for RESpect analysis and the second biopsy was ob-
tained from the same site for pathology assessment. Obtaining
biopsies from the same abnormal area by HRA allowed for
comparing pathology with RESpect analysis. Any other ab-
normal areas observed by HRA were also assessed clinically.

The frozen tissue was cut and placed in 0.9% saline
solution for RESpect analysis. All participants were fol-
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lowed up clinically after the clinical pathology reports
were available.

Laboratory HIV-1 strains were grown and also assessed by
RESpect to characterize unique peaks attributable to the vi-
rus.>2¢ U937 cells (NIH AIDS Reagents Program, MD)
were added to a 15 mL conical tube and pelleted by spinning
at 2,000rpm for 20min at 4°C. Cells (2x10° cells) were
resuspended with HIV-1 strains of IIIB, JR-CSF, or P89.6
(NIH AIDS Reagents Program, MD) at a concentration of
15 ng/mL. Inoculated cells were incubated at 37°C for 60 min
with light shaking every 10min. Cells were washed with
phosphate-buffered saline, vortexed, and spun down at
2,000rpm for 20min at 4°C. Cells were resuspended in
complete Roswell Park Memorial Institute Medium and
transferred to a T-25 culture flask. Cells were incubated up-
right at 37°C and 5% CO,. Cultures were examined every
other day for the presence of giant cells. Virus culture su-
pernatants were cryopreserved at 4-5-day intervals, 6-8 days
after initial viral exposure. Virus cultures were diluted with
0.9% saline solution and mounted onto reflective aluminum
slides and dried before RESpect analysis.

Raman spectroscopy data acquisition

RESpect data were acquired using a Raman microscope as
previously described.?! Briefly, the tissue (0.5 mm thickness)
was mounted on reflective aluminum slides (Anomet, Inc.,
ON, Canada) cleaned with ethanol. The RESpect data were
captured using a 40-point scan with 15-s exposures with 15
accumulations, using a micro-Raman RXN system (KOSI,
Inc., Ann Arbor, MI) with a 785 nm laser and automated xyz-
microscope stage and 50 um slit width. Each data point was
collected with 10 mW laser power at the sample.

Data analysis

Asymmetric least square (AsLS) was applied to each
spectrum for baseline correction data (n =40 scans per sam-
ple).?” AsLS simultaneously corrects baselines of the ac-
quired spectra by estimating the baselines by penalizing
differences in corrected signals and smoothes the resultant
peaks in the region of 600-1,800cm™". Spectra from the
processed data were averaged to produce the RESpect profile
of each sample (Fig. 1). To compare RESpect data between
individuals of each HIV-serodiscordant couple, principal
component analysis (PCA) was conducted and a scree plot
was generated to represent the total coverage of variance in
the data.

Spectra were graphed using the first two principal com-
ponent (PC) scores. The first two PC scores were used for
clustering analysis since >90% of the total variance scores
were covered. Data analyses were conducted using custom
scripts written in MATLAB and R. Mahalanobis distances
(MDs) were computed to assess distance between the centers
of each PCA cluster.”® Hotelling’s two-sample 77 statistics
was then calculated and an F-value was obtained for each
couple. F-values were converted to a p-value based on de-
grees of freedom.

Results

Thirty individuals representing 15 HIV-serodiscordant
couples had adequate specimens available for this study.
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FIG. 1. Principal component analysis graphs for representative HIV-serodiscordant couples. Couples 9 and 6 had similar
anal pathologies between serodiscordant individuals (a, b). Couples 14, 5, 15, 13, and 8 had different anal pathologies
between the serodiscordant individuals (c—g). Ninety-nine percent robust prediction ellipses were created, which group the
points not affected by the outliers (points outside the circle). LSIL, low-grade squamous intraepithelial lesion; HSIL, high-
grade squamous intraepithelial lesion.
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A summary of the demographics of the participants is pro-
vided in Table 1, including age, ethnicity, and mean/nadir
CDA4 cell count (HIV positive). Even though HIV status was
self-reported, the HIV-positive individuals were referred by
clinics from which they were receiving HIV care. The HIV-
seronegative status of the partner was not confirmed. All
participants had anal cytology performed and underwent
HRA with anal biopsies for the study.

The focus of the analyses was to assess PCA comparisons
between the two individuals of each of the 15 dyads. The
PCA graphs demonstrated unique differences between the
two individuals of each couple separated by anal pathology
and RESpect data as demonstrated in representative PCA
graphs in serodiscordant couples (Fig. 1). Within each cou-
ple, distinct clusters were formed that demonstrated statis-
tically significant separations between HIV-positive and
HIV-negative individuals. Within each HIV-serodiscordant
couple who had different pathology, PCA was able to dis-
criminate between low-grade and high-grade pathologies in
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HIV-positive (blue) and HIV-negative (red) individuals
(Fig. 1). In couples from whom the anal biopsies had the same
pathologies (Fig. 1a, b) and those with different pathologies
(Fig. 1c—g), the PCA plots continued to demonstrate statis-
tically significant (p <.05) separation of RESpect data.
Within all individuals, analysis was conducted to obtain
peaks that contributed to PCA separation. PCA loadings were
graphed against each other to identify unique peaks, ac-
counting for the maximum PCA separation in HIV-negative
and HIV-positive individuals (Fig. 2). For HIV-negative in-
dividuals, the peaks corresponded to proline (815, 853, 868,
918, and 950 cm™), tyrosine (822, 853, and 1,205 cm™), col-
lagen (1,204 cm™"), and phenylalanine (1,107 and 1,208 cm™).
For HIV-positive individuals, the peaks corresponded to proline
(830 and 1,066cm™), tyrosine (831, 1,032, and 1,066cm™),
collagen (859 and 1,034 cm_l), and phenylalanine (1,002 and
1,031 Cm_l).29 In addition, analysis of HIV-1 strains IIIB, JR-
CSF, and P89.6 showed prominent peaks at Raman shifts of
855, 1,000, 1,454, and 1,659 cm™! after baseline correction by

TABLE 1. PARTICIPANT DEMOGRAPHICS

HRA survey variable HIV negative (n=15) HIV positive (n=15) p-Value
Ethnicity, non-Hispanic 13 (87%) 12 (80%) 564
Race .892
Black 1 (7%) 0 (0%)
Asian 1 (7%) 2 (13%)
White 7 (47%) 6 (40%)
NHOPI 1 (7%) 3 (20%)
More than one 5 (33%) 4 (27%)
HIV status, positive 0 (0%) 15 (100%) <.001
Gender 480
Male 15 (100%) 13 (87%)
Transgender 0 (0%) 2 (13%)
Smoking status 262
Current smoker 3 (20%) 3 (20%)
Past smoker 6 (40%) 4 (27%)
Never smoked 5 (33%) 6 (40%)
Missing 1 (7%) 2 (13%)
History of anal dysplasia .041
No 13 (87%) 9 (60%)
Yes 0 (0%) 6 (40%)
Missing 2 (13%) 0 (0%)
Anal cytology result .892
Negative 8 (53%) 6 (40%)
LSIL 1 (7%) 2 (13%)
HSIL 0 (0%) 1 (7%)
ASCUS 6 (40%) 6 (33%)
ASC-H 0 (0%) 1 (7%)
High-resolution anoscopy
Negative 11 (73%) 10 (67%) .655
LSIL 7 (47%) 7 (47%) 1.000
HSIL 2 (13%) 3 (20%) .655
Other (insufficient) 1 (7%) 1 (7%) 1.000
Age (years), median (IQR) 49 (33-63) 50 (36-59) .838
Most recent viral load, median (IQR) 0 (0-0) NA
Nadir CD4 count, median (IQR) 100 (40-300) NA

McNemar’s test or Bowker’s test for categorical variables and paired #-test for continuous variables were used to compare how well the

pairs match on each variable.

HRA, high-resolution anoscopy; NHOPI, native Hawaiian, other Pacific Islander; LSIL, low-grade squamous intraepithelial lesion; HSIL,
high-grade squamous intraepithelial lesion; ASCUS, atypical squamous cells of undetermined significance; ASC-H, atypical squamous
cells, cannot exclude HSIL; IQR, interquartile range (25-75 percentile); NA, not applicable.
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FIG. 2. RESpect peaks. RESpect plot depicts unique peaks in HIV-negative and HIV-positive individuals at specific wave
numbers after asymmetric least squares baseline correction. Peaks correspond to various chemical compositions such as
DNA bases lipids, proteins, and bond stretching. Highlighted peaks correspond to proline (815, 830 853, 868, 918, 950,
1,066 cm™), tyrosine (822, 831 853, 1,032, 1,066, 1,205cm '), collagen (859, 1,034, 1,204cm™"), and phenylalanine
(1,002, 1,031, 1,107, 1,208 cm™ ) RESpect, Raman- enhanced spectroscopy.

AsLS using the PROcess package in R. These peaks corre-
spond to tyrosine in collagen, phenylalanine, collagen CHj;
bending and CH, scissoring, and amide I in collagen-like
proteins.

Discussion

RESpect is a tool that can be used in a variety of settings as
it is both nondestructive and label free, mak1n§ it particularly
attractive to analyze biological specimens. In contrast to
preparing tissue samples for clinical diagnostic tests, RE-
Spect analysis requires minimal tissue preparation with no
staining, fixing, or other tissue manipulation. For clinical
pathology assessment, paraffin-embedded tissue is typically
prepared for the diagnostic workup.™ It is possible to analyze
paraffin-embedded tissue by RESpect, however, the paraffin
manipulation potentially induces background peaks.** In
addition to the background paraffin RESpect signals, clean
RESpect signals are difficult to obtain because of the use of
xylene to remove paraffin from the tissue before RESpect
analysis.*>¢

Thus, the protocol used in this study consisted of flash
freezing the tissue specimen; tissue preservation and integrity
were maintained, providing cleaner and more representative
PCA data. The use of 0.9% saline solution in preparing the
tissue for RESpect capture did not alter the spectra of the
samples as saline does not present any additional spectral peaks
and could actually enhance the signal of Raman scattering.®’

RESpect data from all 15 couples showed clustering and
significant separation of PCA data based on MD calculation
(Table 2). From the 10 couples whose anal pathologies dif-
fered, the RESpect data showed significant separation of the
PCA plots. These differences may reflect not only differences
in anal pathologies but could also represent an overlapping
HIV effect since the couples are HIV serodiscordant. These
data are consistent with studies of cervical neoplasia that
demonstrated RESE)ect differences across the spectrum of
cervical cancers.?*~%%

To support a hypothesis that HIV per se may account for
RESpect differences, the five couples whose anal pathologies
between the HIV-serodiscordant individuals were the same,
the separation of their respective PCA data was statistically
significant. Analysis of HIV strains IIIB, JR-CSF, and P89.6
produced peaks that were consistent with peaks Aprewously
described for HIV antigens and HIV antibodies.™ Further-
more, a loading plot generated peaks that contributed the
most to the separation of PCA clustering. The protein/
chemical peaks identified from the tissue RESpect data could
potentially be used to differentiate differences in pathology
and possibly infectious agents.**~*?

If validated in the future, use of RESpect technology in this
setting could change the paradigm of diagnostic algorithms
across the spectrum of diseases. Peaks corresponding to tyro-
sine, collagen, and phenylalanine were found using RESpect
that also differentiated peaks in HIV itself. The potential
importance and application of tyrosine/phenylalanine peaks
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TABLE 2. SUMMARY OF PRINCIPAL COMPONENT
ANALYSIS RESULTS

RESpect result
Anal biopsy Mahalanobis distance

Couple participants  pathology  significance (p < .0001)
Couple 1 HIV+ Normal Yes
Couple 1 HIV- Normal

Couple 2 HIV+ LSIL Yes
Couple 2 HIV- Normal

Couple 3 HIV+ LSIL Yes
Couple 3 HIV- HSIL

Couple 4 HIV+ LSIL Yes
Couple 4 HIV—- LSIL

Couple 5 HIV+ LSIL Yes
Couple 5 HIV—- Normal

Couple 6 HIV+ LSIL Yes
Couple 6 HIV—- LSIL

Couple 7 HIV+ Normal Yes
Couple 7 HIV—- Normal

Couple 8 HIV+ HSIL Yes
Couple 8 HIV—- Normal

Couple 9 HIV+ Normal Yes
Couple 9 HIV—- Normal

Couple 10 HIV+ Normal Yes
Couple 10 HIV- LSIL

Couple 11 HIV+ Normal Yes
Couple 11 HIV— LSIL

Couple 12 HIV+ HSIL Yes
Couple 12 HIV—- LSIL

Couple 13 HIV+ HSIL Yes
Couple 13 HIV- LSIL

Couple 14 HIV+ Normal Yes
Couple 14 HIV— LSIL

Couple 15 HIV+ LSIL Yes
Couple 15 HIV- HSIL

RESpect, Raman-enhanced spectroscopy.

related to HIV lie in both use of RESpect to detect HIV and
also understanding the potential mechanistic role of tyro-
sine/phenylalanine in inflammatory pathways leading to
diseases.”** If these findings are confirmed in future studies
and analyses, the HIV RESpect characteristics could be
leveraged to understand cancer pathogenesis and possibly
novel intervention strategies, as well as a new tool to assess
viral reservoirs in HIV cure agenda.*

Because of the importance of differentiating LSIL from
HSIL from a clinical intervention perspective, identifying
chemical characteristics through RESpect could also poten-
tially lead to a more improved and efficient approach to di-
agnosis and treatment strategies. Currently, during HRA,
biopsies are obtained from areas of concern after anal cy-
tology and/or digital rectal examination, suggesting further
evaluation.'"">*' The poor sensitivity and specificity of anal
cytology screening advocate for improving screening tools
for anal cancer.*” When concurrent anal cytology screens and
high-resolution anal biopsies were compared, concordance
with specificity and sensitivity ranged from poor to moder-
ate.*’ Abnormal anal cytologies overall had an 83.8% rate of
biopsy-proven disease, however, sensitivity was higher
(92%) for high-grade anal intraepithelial neoplasia or worse
(AIN2+).*” Overall detection of AIN2+ by cytology showed
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specificity of 26% with negative predictive value of 92% and
positive predictive value of 26%.*” Therefore, if HSIL is
diagnosed, treatment may be recommended, but for LSIL
diagnoses, treatment intervention may not be necessary and
screening capabilities could be improved.**+°

If RESpect technology could be adapted to differentiate
LSIL from HSIL during HRA, an improved paradigm for
screening, treatment, and follow-up could potentially trans-
form health care for this disease by decreasing the time in-
terval from diagnosis to therapeutic decisions. Recently,
clinical applications of Raman systems have been theorized
and explored.”® The development of probes coupled with
Raman systems has been proposed for a variety of epithelial
cell cancers.’'™* These systems described in the literature
are all custom built using commercially available Raman
lasers, probes, and charge-coupled devices. These probes
open the possibility of cancer detection but are limited to only
spectral analysis. Currently, high-speed, label-free, optical
Raman systems are being explored to create images of can-
cerous tissues and cells.”>>® Future work into coupling a
visual system into a probe could prove to be cost-effective as
it would provide instant pathological identification of can-
cerous tissue without the need for additional pathology work
or sample manipulation.

While there are limitations of the study design and inter-
pretation of the results, the data provide a compelling alter-
native or supplemental tool for screening and studying anal
neoplasia. A cost analysis of incorporating the probe into
clinical practice is beyond the scope of this study, however,
given that, three to four anal biopsies associated with clinical
pathology-related costs versus a real-time assessment of tis-
sue during HRA could surmount to potential cost savings.
The number of HIV-serodiscordant couples is relatively
small, but the study is ongoing and the resulting data could
provide additional validation for testing a real-time RESpect
probe in a clinical trial. Another limitation is that even though
HIV status was known for the HIV-positive individual, the
HIV status of the seronegative partner was not confirmed due
to limited resources. However, the ability to test for HIV
DNA in the biopsy specimens is possible as one of the next
steps for the future as well as assessing HPV subtypes and
copy numbers. Our group and others have used RESpect to
evaluate cervical pathology as well as differentiating HPV
itself.?>*"%

The present study provides the foundation that RESpect
technology has the potential to differentiate anal pathology
along with insight into HIV. Additional work and studies are
needed to determine the specificity and sensitivity of RE-
Spect in differentiating anal pathologies. Future work in this
field could pave the way toward new diagnosis paradigms and
less invasive techniques in the management of anal SIL.
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