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Introduction

Abstract. We describe a systematic approach to image, track, and quantify the movements of HIV viruses
embedded in human cervical mucus. The underlying motivation for this study is that, in HIV-infected adults,
women account for more than half of all new cases and most of these women acquire the infection through
heterosexual contact. The endocervix is believed to be a susceptible site for HIV entry. Cervical mucus,
which coats the endocervix, should play a protective role against the viruses. Thus, we developed a method-
ology to apply time-resolved confocal microscopy to examine the motion of HIV viruses that were added to
samples of untreated cervical mucus. From the images, we identified the viruses, tracked them over time,
and calculated changes of the statistical mean-squared displacement (MSD) of each virus. Approximately
half of tracked viruses appear constrained while the others show mobility with MSDs that are proportional to
7 + 1272, over time range 7, depicting a combination of anomalous diffusion (0 < a < 0.4) and flow-like behavior.
The MSD data also reveal plateaus attributable to possible stalling of the viruses. Although a more extensive
study is warranted, these results support the assumption of mucus being a barrier against the motion of these
Viruses. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.21.9.096001]
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or probabilistic approaches such as Kalman and particle

Several reports have shown that the main mode of transmission
of AIDS is through exposure of mucosal layers to HIV viruses
and HIV-infected cells.! Details on the interactions of the viruses
or the cells with the layers, which lead to entry of the viruses
across the mucosa, remain unclear. Conceptually, one may posit
the role of damaged epithelial barriers as a likely mode of entry
for the viruses. However, based on studies of transmission of a
similar virus, the simian immunodeficiency virus in nonhuman
primates, it appears that HIV viruses are likely to traverse
healthy mucosal layers as well.>™ It is then essential to under-
stand how HIV viruses and HIV-infected cells interact with vari-
ous components of uninfected and undamaged mucosal layers.
This is particularly important in developing an understanding of
the etiology of HIV infection in women, who constitute more
than half of all people living with HIV worldwide’ and are
most likely to acquire HIV through heterosexual intercourse.
Studies of these interactions and the produced results may
also be relevant to the efforts for designing vaccines for the pre-
vention of HIV transmission'’ and new microbicides.!!~'® The
protection of the integrity of these mucosal barriers and their
roles may be as important as targeting the HIV viruses or
HIV-infected cells. Central to these studies is the development
of methodology for tracking and characterizing movements of
infectious agents. Tracking techniques typically include a stage
of particle localization followed by temporal correspondences of
particles.!”"'® Motion correspondences can be obtained by deter-
ministic approaches using nearest neighbors or graph theory,'
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filters.”®*! In this paper, we demonstrate an optical imaging
technique to obtain time-lapse imaging of HIV viruses in
mucus. We also demonstrate a deterministic method for sub-
sequent detection and tracking of the viruses and quantification
of their motion patterns.

Cervical mucus is a complex biogel made up of water
(~95%), gel-forming mucins (~3%), and diverse macromole-
cules such as DNA, lipids, enzymes, and antibodies as well
as cells such as squamous cells and bacteria.”> > It is particu-
larly known for its protective role as a biological barrier against
pathogens.”®?” Recently, we described results of analysis of
fluorescence correlation spectroscopy and time-lapse fluores-
cence confocal microscopy (t-FCM) measurements of the move-
ments of inactivated and fluorescent HIV viruses embedded
in vitro in unprocessed, crude cervical mucus provided by
healthy donors.! We separately tracked the viruses in each indi-
vidual mucus sample. Because large variations in the properties
of the samples might exist due to, for example, changes over the
menstrual cycle, we did not mix the samples. Also, by not mix-
ing, we preserved as much as possible the structural microen-
vironments that the viruses might encounter while they moved
through the samples. We found that the displacements of the
viruses within the cervical mucus are much slower (200-fold)
than when in aqueous solution.' Time-lapse images indicated
that the viruses can be readily trapped within the mucus.
Sudden jumps during the motions of the viruses were also
observed.
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In this report, we expand our investigation and describe
results obtained from the analysis of additional time-resolved
fluorescence confocal microscopy measurements,’ where we
record and track the movements of fluorescently labeled HIV
viruses within human cervical mucus samples. In contrast to
the time range (5 to 10 s) used in our previous report,' we
extended the recorded time period up to 34 s, thus providing
insight into the overall movements of the viruses over a
much longer time scale. We tracked 52 viruses that were located
in different spots of the mucus sample, and derived changes of
the mean-squared displacement (MSD) over the recorded time
for each virus. About half of the viruses appeared constrained. In
the other half, we noticed multilevel plateaus when MSD was
plotted with time. We analyzed the data by simultaneously
accounting for two mechanisms, anomalous diffusion and
flow-like motion (directed), to assess the mobility (or immobil-
ity) of the viruses within the mucus samples. These samples dif-
fered from those studied in our earlier work. The emphasis here
is on the analysis of virus movement within the gels.

2 Samples and Methods

Details of the samples, sample preparation, and methods were
described in Ref. 1. Below, we briefly summarize some relevant
aspects.

2.1 Samples
211 Mucus samples

Specimens of cervical mucus were collected from non-HIV
infected, generally healthy, premenopausal female donors by
aspiration, using an endometrial suction curette (Unimar
Pipelle, Cooper Surgical, Shelton, Connecticut). The samples
were carried on ice, stored at 4°C, and were typically studied
within 48 hours from the collection time.

We assessed qualitatively the elasticity of the samples by
stretching and also measured the pH of the samples with pH
paper testing strips. In our study, we only used samples that
had been collected in midmenstrual cycle. All showed similar
elastic properties, springing back to their original shape, and
their pH was close to neutral, in accord with previously pub-
lished data.?® The mucus specimens were deposited onto a
custom-made sample holder (see Sec. 2.1.4) and studied at
room temperature (ca. 20°C). Some samples were optically
turbid due to the presence of cells (e.g., squamous cells) and
other large scatterers, but we were able to find relatively clear
spots for imaging. We analyzed four different samples in detail.
For each sample, at least five different fields of view were proc-
essed on average with each view containing at least 10 viruses.
Note that the data presented here in detail are for the sample that
was imaged over the longest time (~30 s).

2.1.2 Inactivated, fluorescently labeled HIV viruses

As previously indicated in Ref. 1, HIV-1 viruses (viral strains
MN) were inactivated and internally labeled with Alexa Fluor
488 C5 maleimide (Fluorescent Probes, Invitrogen, Eugene,
Oregon), to alkylate cysteines of zinc fingers of the HIV-1 nucle-
ocapsid protein.?’ Since disulfide-bonded cysteines of the
envelope glycoproteins were unaffected, the functional proper-
ties of the viral envelope were preserved. The purified fluores-
cent viruses were stored in PBS buffer at —80°C. Prior to being
studied, the viruses were thawed, gently mixed, and centrifuged
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at 14,000 rpm (~16,000 g) in an Eppendorf MicroCentrifuge
5415C for 3 min to remove any aggregates formed during
storage.

2.1.3 Polystyrene beads bind to mucus

By mixing bright fluorescent 28-nm polystyrene beads with a
mucus sample, we were able to delineate the overall structure
of the mucus. In Fig. 1, we show an image of the beads decorating
the mucus sample, which clearly demonstrates the existence of
filamentous bundles. This observation calls into question how
the viruses, which are much smaller in size (~100 nm), move
in a medium containing these ordered structures.

2.1.4 Preparation of samples for microscopy

The sample holders consisted of two glass coverslips (size: A)
separated by a ~200-um thick rubber spacer containing a 5-mm
diameter hole. To minimize interactions with the viruses, the
coverslips were treated with Sigmacote (Sigma-Aldrich, Saint
Louis, Missouri), which creates a neutral, hydrophobic thin
film on the surface.

A small sample (~20 pul) of the mucus was placed in the sam-
ple holder and a 1 to 2 ul aliquot of the concentrated solution of
the viruses was added with a micropipette. The viruses were
introduced into the mucus by slowly inserting the tip of the
pipette into the sample, slowly releasing the virus solution,
and gently mixing the two materials.

2.2 Time-Resolved Fluorescence Confocal
Microscopy

We recorded movements of viruses embedded in the mucus
samples using our custom-built confocal microscope system
consisting of an IX70 inverted microscope (Olympus, Center

Fig.1 A 512 x 512 digital image of a sample of human cervical mucus
labeled with 28-nm fluorescent polystyrene beads shows filamentous
bundles in the mucus. The image, which was taken with a 488-nm
laser beam, was generated from stacked confocal images, each
being scanned over 100 ms period. The bar indicates the scale in
40 pm.
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Valley, Pennsylvania), a confocal spinning disk analyzer
(Perkin-Elmer, Fremont, California) attached to a cooled 512 X
512 CCD camera (Model C9100, Hamamatsu, Bridgewater,
New Jersey), an air-cooled argon ion laser (Melles-Griot,
Carlsbad, California) having two basic excitation lines (488
and 568 nm), a piezo-electric device (Physik Instrumente,
Karlsruhe/Palmbach, Germany) for adjusting the z-position of
the objective, and a 2D XY-Proscan stage (Prior, Rockland,
Massachusetts). The system was set on a low-vibration isolation
table (Newport, Irvine, California), and images were collected
with a 60X, NA = 1.2 water Olympus objective. IPLab™ soft-
ware (BD Biosciences, Rockville, Maryland) was used to con-
trol various devices, and to acquire and analyze data.

We collected 300 sequential frames spanning a period of
34 s. The exposure time for each image was set to 100 ms.
For calibration of the pixel size, we used fluorescent spherical
beads with known diameters: 5, 10, and 20 ym. To avoid boun-
dary effects, the observed focal plane was always kept about
50 ym away from the surface of the bottom coverslip of the
sample holder. We used bright-white transmission illumination
to check that the imaged field was free of large features such as
cells or unknown debris.

3 Image Analysis

The fluorescent viruses appear as bright spots in the digital con-
focal images with a matrix size of 512 x 512 pixels. In the field
of view, we typically observed 10 to 15 viruses. In Fig. 2, we
show an image of bright spots attributed to the fluorescent
viruses, generated by collapsing a collection of z-stacked con-
focal images. This procedure increased the contrast between the
viruses and the mucus background, revealing all the viruses that
are in a thick layer of sample (~100 ym) within the field
of view.

Using a custom algorithm encoded in MATLAB program-
ming language, we tracked each virus and determined changes
of the spatial pixel-coordinates [X(#), Y ()] of the center of mass
(centroid) of its intensity profile with time. To track the viruses,
we first used nonlinear diffusion filtering to reduce the

Fig. 2 Fluorescent viruses dispersed in a sample of cervical mucus.
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underlying noise and then computed the photocount histogram
of the image. Next, we determined a user-interactive intensity
threshold for the whole sequence to detect virus candidate
regions. After thresholding, the viruses were identified as com-
ponents of a size larger than 8 pixels in order to exclude false
positives that may be caused by remaining noise. At each time
frame, we computed the centroids of the viruses in each image
that we used for representation and tracking of each virus com-
ponent. We initialized each track by the spatial location of the
centroid of each virus in the first frame. Then, a frame-by-frame
association of nearest neighbors was employed to track the
viruses. The (X, Y) coordinates of the center of mass and the
highest and average intensities of each virus were determined
and automatically stored. Typically, 10 to 15 viruses were
detected in a single field of view and were tracked along
with their maximum and spatially averaged intensities.

Figure 3 shows the analysis of motion of a virus embedded in
cervical mucus over a 34-s time interval. More specifically,
Fig. 3(a) displays the (X, Y) tracks of the virus in pixel fraction.
At first glance, the motion pattern indicates likely trapping
within the host medium over the 300 time frames in the data
set. For comparison, the viruses exhibit a much higher degree
of mobility when in buffered solutions—not shown here—
and often move away from the confocal field of view. Along
with the (X, Y) tracks, we assess the stability of the intensity
profile over a consecutive sequence of frames (300 frames
over 34 s). Systematic or sudden changes of the intensity are
a measure of photobleaching or movement of the virus away
from the initial (X, Y) confocal plane along the vertical z-orien-
tation. In Fig. 3(b), we plot the maximum fluorescent intensity,
as a function of frame number (time), of the virus whose move-
ment is shown in Fig. 3(a). Figure 3(c) shows the histogram of
the maximum intensity over the 300 frames of this virus.
Together, Figs. 3(b) and 3(c) show minimal spatial drift away
from the original confocal plane. If the virus had moved out
of the image plane, the distribution in Fig. 3(c) would have
had greater asymmetry.

We followed the approach detailed in Ref. 30 to assess the
movement of each individual virus by first calculating the MSD
of the virus particle expressed by the following equation:

MSD(7) = (X (1 +7) = X(1))* + (Y(t + 1) — Y(1))?
= (AX? + AY?), (1)

where 7,7, () denote the time, the “delay time,” and the time
average as described in Ref. 1, respectively. Typically, the
MSD in Eq. (1) can be considered the amount of space each
virus has “explored” in the host mucus over the observation
time. In Fig. 3(d), we plot the MSD of the virus whose tracks
are shown in Fig. 3(a), as well as the AX? and AY? components
of this quantity. Now, we notice a systematic slow motion of the
virus and then an apparent stalling of movement in the X-direc-
tion between 12 and 18 s before movement in that direction
resumes. The initial part of the MSD (<15 s) of the virus in
Fig. 3(d) shows a positive curvature. We surmise that the move-
ment of this type of virus is governed by two mechanisms:
anomalous diffusion with MSD proportional to a power law
(%) and flow-like behavior with MSD proportional to 72.
Anomalous diffusion has received attention within the literature
associated with single particle tracking.>! In particular, it is used
to describe transport scenarios within crowded systems such as
actin filament network and cytoplasms®*** and it has been
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Fig. 3 (a) (X, Y) track of a virus embedded in a sample of cervical mucus over a 34 s recording time (300
frames); (b) fluctuations of the maximum intensity against the frame number of the peak associated with
the virus (a), indicating stability of the intensity over the collection time; (c) photocount histogram cor-
responding to (b) over the 300 frames. The approximate symmetry of the photocount histogram is indica-
tive of stability of the intensity over the recorded period, signifying that the virus stayed essentially in a
single X-Y confocal field of view; (d) the MSD (AX2 + AY?) of the virus shown in (), plotted as a func-
tion of delay time (up to 30 s). The components AX? and A Y? of the overall displacement are also plotted.

proposed as a measure of macromolecular crowding.** We also
include directed motion (flow-like) likely due to structural reor-
ganization of mucus (e.g., shrinking or stretching) over time.
Here, we assume that this reorganization can be described by
a linear behavior within a short period of time (<15 s).

If the two mechanisms are not coupled, the MSD of the virus
can be described by the following expression:

MSD = I't* + 1272, 2

where a describes anomalous diffusion for @ < 1, the factor I'is a
constant, and v characterizes the apparent velocity of the directed
motion (flow-like). For @ = 1, the expression in Eq. (2) describes
an uncoupled, normal diffusion-flow dynamics.”® Figure 3 pro-
vides additional insight beyond what was discussed in our pre-
vious report.' In particular, there is the possibility for the virus
to be caged temporally for discrete periods of time, as indicated
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by the first plateau (12 to 18 s) and the second plateau (22 to 26 s),
displayed in Fig. 3(d). The virus appears to regain its mobility
between the two plateaus and after, when it escapes from
both “cages.”

However, the behavior of the virus depicted by Figs. 3(a)-3(d)
is not universal. For comparison, we show in Figs. 4(a) and 4(b)
the behavior of another virus particle, observed in the same field
of view. While the (X, Y) tracks in Fig. 4(a) have patterns that are
similar to those shown in Fig. 3(a), the time-dependent MSD that
we display in Fig. 4(b) is significantly different. Here, the MSD
indicates no systematic overall movement of the virus. Rather, it
appears constrained with (AX? + AY?), (AX?), and (AY?) being
constant, independent of the lag time.

Based on the time-dependence of the MSD, we classified the
behavioral dynamics of all viruses observed and tracked in four
different fields of view. We found that about 52% of the viruses
appear to be moving, albeit very slowly. The rest (~48%) appear
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Fig. 4 (a) (X, Y) tracks of a different virus observed in the same field of view as the peak in Fig. 3(a), also
indicating trapping; (b) MSD (AX? 4- A Y?) of the virus, plotted as a function of delay time. Together with
the AX2 and AY?2 components of the overall displacement, one notices no net movement over time.
Comparison of the overall MSD of this virus with that shown in Fig. 3(d), probably indicating differences
in the structure or charge of the virus, as well as local mucus microenvironments.

to be constrained, with their MSD being independent of, or very
weakly dependent on, time over a time period of 25 s.

4 Discussion and Conclusions

We have focused on the interactions of HIV viruses with human
cervical mucus, and have studied the possible movement of the
viruses within the mucus. The underlying motivation is that
women account for more than half of all new cases in HIV-
infected adults, and most of these women acquire the infection
through heterosexual contact.? It is well established that both
free and cell-associated HIV viruses can infect the vaginal, ecto-
cervical, and endocervical mucosa. The endocervix has been
pointed out as a particularly susceptible site for HIV-virus
entry because it is lined with a single layer of columnar epi-
thelium. Further, the region where the ectocervix transforms
into the endocervix can be populated with CD4+ T-cells.*
Several investigators have speculated on the possible pathways
exploited by the HIV viruses for entry once they reach the epi-
thelial layer.2’35’36 However, the viruses would have to traverse
the cervical mucus layer (~0.5 to 1 mm) before making contact
with the epithelial layer.

We have described a methodology that provides insight into
the structure of cervical mucus and the movements of viruses
embedded in samples of mucus. Here, we exploited, in particu-
lar, the fluorescence property of fluorescently labeled polysty-
rene nanobeads to reveal the filamentous structure of the mucus
sample (see Fig. 1). We also used the fluorescence of the fluo-
rescently labeled and inactivated HIV viruses that were mixed in
samples of mucus (Fig. 2) to detect the viruses and track their
movements. The host mucus was not fluorescent and hence
“invisible,” and the bright fluorescent spots in Fig. 2 are related
to the viruses.

Our study confirmed that cervical mucus is very hetero-
geneous, as others have observed.’”™ As reported in Ref. 1,
the mucus slowed the movement of the viruses, about 200-
fold as compared to that of the viruses in aqueous solution.
Compared to the previous report, we doubled the observation
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time (~30 s) and found that the mucus appears to trap the
viruses in a way similar to that reported in Ref. 26.
However, they were not completely immobile. Comparison of
the MSDs of the viruses shows significant differences in the
mobility or immobility of each individual virus. The MSDs
of the individual viruses showed a combination of two mecha-
nisms of motion, anomalous diffusion and directed-like motion
(flow-like), as well as possible stalling over time.

In our analysis, we avoided the use of ensemble averaging of
all MSDs, in contrast to what is commonly done in statistical
analysis of movements of particles derived from imaging tech-
niques. Averaging tends to blunt differences in viral motion,
which are attributable to the spatial heterogeneity of mucus
(see Fig. 1) and/or the structural and surface characteristics of
the viruses. Some viruses show anomalous diffusion over a
wide range of time, with their MSDs proportional to 7% with
a € [0,0.4], whereas others show a combination of anomalous
diffusion and directed-like movement (MSD = I'z* 4 127?).
Several physical and chemical processes can be suggested to
account for these mechanisms, including thermal fluctuations
and structural rearrangement of the mucus due to stretching or
other mechanical perturbations. The underlying mechanisms
for the observed anomalous subdiffusion (a < 1) remain the sub-
ject of ongoing investigations. For example, Wong et al.*?
reported measurements of polystyrene beads diffusing in
entangled F-actin networks and observed anomalous subdiffusion
of their probes when the bead size was close to the lattice mesh
size. They argued that this anomalous diffusion results from dis-
crete, rapid movement from one microscopic site to another; with-
out these jumps, the probes would have been constrained,
resulting in an MSD independent of time. Similarly, the combi-
nation of constrained and moving viruses in this study may
explain the subdiffusion process.

Analysis of time-lapse images of viruses embedded in cer-
vical mucus demonstrates significant interactions between the
mucus and the viruses, confirming the barrier role of mucus.
Mucus, together with innate antiviral proteins, may be a
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“gatekeeper” that, under appropriate physiological conditions,
selectively inhibits the transmission of HIV-1 viruses.*!
Overall, the viruses do not readily move within the mucus sam-
ples. Thus, it may be that mechanical perturbations, present dur-
ing coitus, are a major mechanism leading to infection. A
comprehensive study that examines the mechanical properties
of mucus, especially in light of changes that occur in cervical
mucus and other vaginal secretions during the menstrual cycle,
might be informative. The effects of temperature, pH, salt
concentrations, and other environmental factors should also
be systematically studied, perhaps to understand how simple
prophylactic additives might stiffen the gel and/or change
gel-virus interactions and thereby affect the likelihood of trans-
mitting the disease. Maintaining the integrity of the protective
role of mucus is of clinical relevance, especially in the design of
antiviral drugs.
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