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Confocal Microscopy

BMDMs (0.5 million) were seeded in 24 well plates with tissue coverslips and
infected with R. equi at MOI 3 for different time points. Later the cells were fixed,
permeabilized and incubated with rabbit polyclonal R. equi antibodies (1:3000) for 1
hour as primary antibodies. The coverslips were incubated with goat anti-rabbit Alexa
488 (1:3000) as secondary antibodies for 30 minutes. Later the coverslips were mounted
with prolong Gold antifade reagent with DAPI upon the slide and visualized under

Olympus Confocal microscope.

Quantification of intracellular bacterial replication and reduction in load

To investigate intracellular bacterial quantification and reduction in load, 2 x 10°
BMDMs were plated in flow tubes with CTCM medium. Cells were infected with MOI
3 Rhodococcus equi strain T194. After 2 hours the cells were washed with 1X PBS at
250 g for 10 min at 40C to remove extracellular bacteria and added fresh CTCM
containing 50pg/ml gentamicin. The macrophages were then activated with homo-
dimeric peptide (as described in Bonetto et. al, 2009, fig 3.1) consisting of 6 pM/ml. At
different time points (3hr, 6hr, 12hr, 24hr, 48hr, 72hr, 96hr) post-activation the cells
were analyzed for reduction in the bacterial load. For analysis, 0.5 million cells from the
original flow tube were taken and transferred into clear-view snap cap micro centrifuge
tubes. The cells were washed by adding 1 ml of cold wash buffer (2% heat inactivated
FBS, 0.1% sodium azide in 1XPBS) at 250 g for 10 min at 4 degree C. The supernatant

was discarded and residual buffer removed by tapping the inverted micro centrifuge tube
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on paper towel. The cell pellet resuspended by gently raking the micro centrifuge tube
across a test tube rack. The cells were fixed by adding 100 pl 4% paraformaldehyde in
PBS for 15 min at room temperature (RT). The cells were washed by adding 1 ml of
wash buffer and centrifuged at 250 g for 10 min at 4 degree C. Following fixation, the
cells were permeabilized with 0.1% Triton-X 100 for 4 min at room temperature and
washed with wash buffer at 250 g for 10 min at 4°C. Blocking was done using blocking
buffer (10% goat serum, 0.4% bovine serum albumin in 1X PBS). Primary and
secondary antibodies were diluted 1:3000 in blocking buffer. To stain intracellular
bacteria, cells were incubated with 200ul of primary antibody (rabbit polyclonal R. equi
antibody as described in Ramos et. al, 2011) for 30 min at room temperature and washed
with the wash buffer. The cells were then stained with secondary antibody (Alexa Fluor
488 goat anti-rabbit IgG, Invitrogen) for 30 min at room temperature and washed with
wash buffer at 250 g for 10 min at 4°C. Cells then resuspended in 50pl of PBS
containing 1% PFA and stored in the dark at 4°C until acquisition in Amnis-
ImageStream”™ and Image analysis was performed using Amnis-IDEAS version 5.0

(Amnis Corporation, Seattle, WA).
Overview of Sample Acquisition and Image Analysis

Initially, the appropriate numbers of events to be acquired were determined along
with the use of different types of fluorescent dyes. Similarly, cell classification criteria
were determined to eliminate the unwanted events. Sample collecting channels were
selected. A different single color sample was acquired for each fluorophore in the

experiment to develop a compensation matrix. Test samples were acquired and saved for
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the image analysis. For image analysis, the IDEAS program was launched and
internalization wizard selected and the test sample was run. The compensation matrix is
developed using single color controls in the experiment. Appropriate channels were
selected for the respective populations. A single cell population and best-focused cells
were selected for the data analysis. Proper gating strategy was applied and determined to
better characterize the internalization of R. equi. The IDEAS mask function, spot, peak
and intensity data analysis options were used define the spot count in the cell. A
statistics report was generated. Image analysis was performed using IDEAS software.

For details see please see Appendix A and B.

Results
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Figure 1. Structure of parallel homodimeric peptide. Peptide is depicted in single-letter

amino acid code as described in Bonetto et al., 2009.
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Uninfected

Figure 2. Internalization of R. equi in the bone marrow derived macrophages. The green
are (AF488) R.equi and blue is DAPI nuclear stain. Monolayers of BMDM cells were
infected with R. equi T194 and fixed at different time points post infection and stained to
visualize the spatial relationship of the bacteria with the host cell. The images show the
subsequent increase of bacterial load in the infected macrophages over the time. Bacteria
were labeled with polyclonal R. equi as described in M&M. Scanning laser confocal

microscopy was used to collect these images.
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Figure 3. Schematic gating strategy applied to determine the internalization of R. equi.

For details of gating strategy see Appendix A.
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Figure 3A. To gate cells in focus, the IDEAS feature Gradient RMS of the bright field
image is plotted in a histogram. The gradient RMS feature measures the sharpness

quality of an image by detecting changes of pixel values in the image. A higher gradient

RMS values indicates a more focused image.
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Figure 3B. To analyze single cells only, it is important to get rid of multicellular events
and debris. Single and multicellular aggregate events were separated using IDEAS

features area and aspect ratio of bright field image. A gate was drawn to limit only the

single cell events.
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Figure 3C. To separate green fluorescent cells, a gate was drawn on the cells with high
max pixel values and Intensity in the green fluorescence channel. The selected cells in

the gate included the AF 488 positive cells.
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Figure 3D. The cells in the internalized gate from figure 1C was further characterized

based on the number of spots.
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Figure 4. Cell images of internalized R. equi. Representative images of BMDM cells
that internalized R. equi. The channel 01 (ChO1) is the bright field image; Channel 02
(Ch02) is AF488 and Last panel Ch1/Chz2 is the overlay of channel 1 and Channel 2
combined. The image is of 40X magnification and Multi Spectral imaging flow

cytometer was used to collect these images.
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Figure 5. Effect of different concentration of homodimeric peptide in reducing the
bacterial load in the infected macrophage with R. equi. BMDM cells were infected with
R. equi and different concentration of peptide were added 2 hour post infection and
sample was run in MIFC 96 hour post infection. Final concentration of 6uM of peptide
was effective in reducing the bacterial load significantly. Results represent means of

samples in duplicates, and were confirmed by separate independent experiments.
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Figure 6. Homodimeric peptides acts via FcyRI to reduce R. equi load (percent
macrophages positive for bacteria) in the infected macrophages. BMDM cells were
infected with R. equi and peptide concentration of 6uM was added 2 hrs post infection
and sample from 72 hrs and 96 hrs post infection was run in MIFC. Percentage of
bacterial internalization was calculated using IDEAS software. R. equi was significantly
reduced in Peptide added macrophages as compared with the no peptide applied
macrophages. (Student’s t test P values: ** P<0.01 and * P<0.05).
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Figure 7. Effect of addition of Peptides on R. equi infected BMDM cells. Overlay of
three different treatment groups (Pink- no peptide treated group; Green- Peptide treated
group; Red- Non infected control). (A) Overlay of bacterial spot count and (B) overlay

of spot intensity. Data is from 96-hour time point.
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Figure 8. Comparison of three treatment groups using mean spot count. Untreated
group, peptide used group and uninfected. The untreated group (no rx) shows the highest
number of bacteria and treatment with peptide (pep) shows the reduction in bacterial
load when compared with uninfected controls. Results represent means of samples in

duplicates, and were confirmed by separate independent experiments.
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CHAPTER 3. DISCUSSION

Rhodococcus equi remains a great challenge to the health of young foals and
immunocompromised adults. It is recognized as a major cause of pneumonia in foals
(69). It remains a major concern for equine breeders worldwide (49). The incidence of R.
equi pneumonia appears to be increasing possibly because of intensified management of
equine breeding farms and climate change. This disease continues to be major challenge
for clinicians and the equine industry in terms of epidemiological pattern and therapeutic
control due to its complex host-pathogen interaction causing disease (69,49).

It appears that innate, humoral and cell mediated immune responses all play a
role in susceptibility to R. equi pneumonia. It has been shown that immunocompromised
AIDS people are susceptible to R. equi. AIDS patients get suppression of cell-mediated
immunity as a result of selective depletion of CD4+ T cells, which supports the role of
cellular immunity for protection against R. equi (61,32). Similarly, studies have shown
an age-dependent increase in [FNy production in foals. However, foals are shown to be
able to produce IFNy when activated with proper stimuli and mount Th1 response (26).
In one study, a dose dependent correlation of Th1/Th2 responses has been demonstrated.
Infection with low CFU of R. equi has shown to trigger a Th1 response whereas
infection with higher CFU elicits a Th2 response (18). Similarly, antigen specific
immunoglobulin is necessary in opsonization and phagocytosis of virulent R. equi by
alveolar macrophage. Low circulating IgG titers in the foal may contribute to the
susceptibility of R. equi pneumonia in foals (61,6,49). The use of hyperimmmune

plasma to prevent R. equi infection is also not well described (10).
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R. equi is an intracellular coccobacillus that survives and replicates in
macrophages, including alveolar macrophages (21). It interferes with phagosomal
maturation following phagocytosis and suppresses acidification of the phagosome.
Phagosomes containing virulent R. equi do not progress into an endocytic organelle that
fuses with lysosomes. Intracellular replication leads to necrosis of the macrophage and a
pyogranulomatous inflammatory response (42).

The objective of the work here was to assess the effect of activation of FcyRI on
production of superoxide, induction of autophagy and the reduction of intracellular R.
equi load. Macrophages were infected with R. equi strain T194 and allowed to
internalize. The infected macrophages were treated (or incubated) with IgG-Fc
mimicking homodimeric peptide. With strict specificity for FCyRI, it has been shown to
be able to mimic IgG-Fc interaction and FcyRI colocalization as described in Bonetto et
al, 2009. Similarly studies have shown that engaging FcR with specific antibodies can
target intracellular pathogen such as M. bovis and legionella pneumophila to the
lysosome for degradation. The lysosomal targeting of phagosomes is dependent on FcR
signaling but is independent of FcR mediated phagocytosis (28). In our experiment we
used synthetic peptide to target FcyRI. The peptide in monomeric (soluble) form binds
and blocks the receptor. In contrast, the homodimeric peptide activates macrophages
accompanied by a burst of superoxide, which is necessary to kill intracellular pathogen
like R. equi. To our knowledge, the targeting of an intracellular pathogen for lysosomal
degradation using the IgG-Fc mimicking synthetic peptide strategy has not been

previously demonstrated. In principle, this strategy could be used in combination or
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alone with other agonists to control infection by an intracellular pathogen. Moreover, the
efficacy and stability of the peptide in vivo needs to be tested. The result described here
is post infection when R. equi is already inside the macrophage and peptide is added to
the infected macrophage afterwards. In contrast, in the experiment by Joller et. al.,
macrophages were activated before the Legionella infection. Our results extend the work
by these investigators highlighting the role of Fc signaling in the control of intracellular
pathogens. In addition, this work suggests further that infected macrophages can be
activated and can reduce the burden of an intracellular pathogen. The exact mechanism
behind the reduction of the pathogen load needs to be elucidated. Intracellular replication
of R. equi starts between 6 and 12 hours of culture and reaches at peak level at 48 hour
of infection (21). In our study, up until 72-hour post infection there was no difference in
bacterial load as compared with control. However, at 96-hour post infection there was a
significant reduction in the intracellular bacterial load. Importantly, FcyRI activation
with a synthetic homodimeric peptide resulted in a sustained effect leading to a profound
reduction in bacterial load as compared with other receptor agonists.

There have been studies regarding control of intracellular R. equi in macrophage
using opsonization with R. equi specific antibody, but the results are not consistent and
have shown only to be active against bacteria in the extracellular environment (10).
Similarly, cytokine induced macrophage killing has also been shown, particularly with
[FNy and TNF-a which may be important for in vivo killing as well. Studies have
demonstrated that by blocking IFNy activity, mice fail to clear pulmonary R. equi

infection. Moreover, the exposure of R. equi infected macrophage to IFNy enhances
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microbicidal activity with production of reactive oxygen and nitrogen intermediates (9).
In our study, we used R.equi specific polyclonal antibody to measure the bacterial
internalization and sensitivity by measure of fluorescence as well as to minimize the
inaccuracy of bacterial counts due to clumping with the CFU method. However, it may
be of limited use for in vivo studies. Previously, we had bio-transformed R.equi with
GFP and RFP but fluorescence signals from them were not sensitive enough for bacterial
quantification.

In the present study, to detect and quantify internalized R. equi, we designed a
high throughput quantitative experimental protocol that can detect bacteria as well as
other internal markers associated with the bacteria. Until now, different independent
techniques such as microscopy, flow cytometry, luciferase activity measurement have
been the methods used to study the phagocytosis, internalization and quantification of R.
equi. The techniques such as flow cytometry and luciferase activity measurement
generate good statistical data but it is not able to accurately quantify internalization and
progression into the phagosome. Similarly, microscopy generates images with better
resolution but it is time consuming and involves small sample sizes. Overcoming the
drawbacks of the independent techniques, multi-spectral imaging flow cytometry
(MIFC) is a new technology that uses aspects of both microscopy and flow cytometry to
perform multi-color spectral fluorescence and bright field imaging simultaneously
through a laminar core. This helps to better analyze different intracellular fluorescent

signal intensities and generate data at high speed. In contrast to the labor-intensive
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counting of CFU, the use of MIFC requires no additional time for growth of the
colonies.

The fact that intracellular reduction of R.equi load in infected macrophage-using
a peptide strategy was effective, this observation suggests an important way to treat
R.equi pneumonia in foals. If sufficient amount of macrophage activating agonists such
as homodimeric peptide can be delivered through inhalation, enhanced intracellular
bacterial killing may be achieved. Moreover, the efficacy of this method needs to be
tested by in vivo experiments.

In the experiment we performed we were not able to demonstrate the pathway of
internalization of R.equi in in macrophage. If the outcome of the efficacy of the homo
dimeric peptide depends on the pathway of internalization, further experiments need to
be performed. In addition, we were not able to use randomly generated peptide as a
control along with the monomeric peptide of the same sequence, which could be used as
a control. The data obtained in the present study provide new insights into the

pathogenesis of and immunity against R. equi infection that require further investigation.
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CHAPTER 4. GENERAL CONCLUSIONS AND FUTURE WORK

General Conclusions

Rhodococcus equi is an intracellular pathogen that has the capacity to survive
and replicate within the alveolar macrophage following inhalation. It causes pneumonia
in young horses and immunocompromised humans. It replicates inside a specialized
macrophage compartment, the R. equi containing vacuole (RCV) and arrests further
phagosome maturation to fuse with lysosomes. The bacteria then replicate inside the
vacuole and the host cell eventually dies by necrosis. The objective of this thesis was to
explore a new therapeutic approach that can be used to treat rhodococcal pneumonia in
foals. Despite advances in our understanding of the organism and its ecology, there are
still important gaps in our understanding of the nature of disease due to R. equi and the
nature of immunity in the foal. Why some foals are affected by these infections and
others are not and why immunocompromised adults gets infection and adults do not
remain unclear. At this point, we have little understanding of the role of immunogenetic
factors predisposing foals to the disease. The discovery of specific innate host factors
related to disease risk may help to clarify the pathogenesis and complex epidemiology of
this disease. Because of the lack of therapeutic alternatives and rising concerns regarding
antimicrobial resistance, there is a great need to develop alternative means for prevention
and treatment of the disease. Finally, an effective therapeutic means remains elusive
because of the complexity of the immune response to R. equi and the challenges posed

by limitations of some elements of the immune response of young foals.
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Overall my work demonstrated FcyRI activation with a synthetic homodimeric
peptide results in a sustained effect leading to a profound reduction in bacterial load in
the infected macrophages. Further in vivo testing of the peptide is needed to understand
its efficacy for therapeutic use. This approach has also suggested alternatives to FcyRI
activation that could be tested including approaches using multiple antigenic peptides
(MAP).

Future Works

Given the reduction of bacterial load in the infected murine macrophage with the
use of a homodimeric that specifically binds FCyRI peptide, it would be important to
determine if the same is true for equine macrophages as well. In addition, further works
regarding the mechanism of the bacterial killing and cellular signaling events associated
with it need to be elucidated. Some of our preliminary works on ligation of FCyRI on
murine bone marrow derived macrophages showed induction of Superoxide. In contrast,
blocking with monomeric FcyRI peptides resulted in depressed superoxide production
compared to controls. Further, we have observed differences in terms of superoxide
production in foal and adult macrophages after ligation with the homodimeric peptide.
This could result in differences of microbicidal activity between adult and foal
monocyte-derived macrophages (MDMSs) from blood and pulmonary-alveolar
macrophages (PAMs) from bronchoalveolar lavage fluid (BALF). In the future it will be
important to perform similar experiments to confirm the differences in the superoxide

production and correlation with the reduction of bacterial load.
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Within the past decade, autophagy of foreign microorganisms (xenophagy) has
become increasingly recognized as an important innate defense mechanism, particularly
with respect to intracellular bacterial pathogens (23,24). Recent studies have
demonstrated that specific induction of autophagy can overcome inhibition of
phagosomal maturation and lead to suppression of intracellular M. tuberculosis load,
indicating promising clinical outcomes by enhancement of innate mechanisms of
xenophagy (50). In the line of xenophagy, in another set of studies, we infected bone
marrow derived macrophages with R. equi and ligated with the peptide as well. Our
preliminary data suggest the induction of cellular autophagy machinery in macrophages
after FcyRI ligation with the peptide as well as infection with R.equi. Further studies are
needed to describe these mechanisms. Finally, understanding-signaling pathways
involved in the regulation of autophagy will be important in developing new strategies to

abrogate infection with R.equi.
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APPENDIX A

SAMPLE ACQUISITION ON THE IMAGESTREAM™

1. Power up ImageStreamX and launch INSPIRE.

2. Initialize Fluidics. At the end of this script SpeedBeads should be running.

3. In the file menu, choose Load Default Template.

4. In the Image Gallery view menu, select ALL and Press Run Setup to start
imaging the beads.

5. Adjust Core Tracking to center images laterally (if necessary).

6. Select the Brightfield (BF) channel and click Set Intensity.

7. Wait until the Flow Speed CV is consistently less than 0.2%.

8. Calibrate the instrument daily. In the ASSIST tab, click Start All to run
calibrations and tests and verify that all have passed.

9. Press Flush Lock and Load (FLL) to load the first sample. Load the brightest
sample in the experiment that fluoresces with each fluorochrome used. It's
critical that you run this sample first to establish the instrument settings and then
DO NOT change them for the entire experiment.

10. Turn on each laser used in the experiment and set the Laser Power so each
fluorochrome has max pixel values between 100 and 4000 counts, as measured in
the scatter plots.

11. Set Cell Classification criteria, to eliminate collection of unwanted objects. For

collecting data from only the cells, select the Area Lower Limit in BF channel to
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50 um. Objects with area less than 50 um will be considered debris and will not
be acquired. Select channels to be collected.

Enter the File Name, Destination Folder, set Sequence # to 1 and the Number of
Events to acquire.

Click Run Acquire to collect and save the first experiment data file.

Click FLL and run the next experimental sample. Repeat until all experimental
samples have been collected.

Click Comp Settings (turns off brightfield and scatter laser and enables collection
of all channels) and collect 500 positive cells from each single stained sample for

each fluorophore in the experiment to develop a compensation matrix.
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APPENDIX B

IMAGE ANALYSIS

1.

Launch IDEAS and double-click on the Internalization wizard and load one of
the test sample .rif files.

Create a compensation matrix by clicking on '"New Matrix' in step 2. The
compensation wizard is launched. Add files for the single color controls in the
experiment. Click next through the wizard following directions until the
compensation matrix file is saved and loaded into the box in step 2 of the
Internalization wizard.

Click Next and follow directions until a .daf file is generated.

Set image display properties by selecting the image channels used during
acquisition. Click on Ch 2 (AF 488) (BF and SSC are default selected).

Select the image channel for making the cell boundary (CHO1) and the channel in
which bacteria were collected (CHO02).

A scatter plot of Brightfield Area versus Brightfield Aspect Ratio of all of the
cells is generated. Define the single cell population by clicking on individual dots
and gating around singlets. Single cells have an aspect ratio of around 1 and
doublets around 0.5.

A histogram of the Brightfield Gradient Root Mean Square (RMS) of the
brightfield image is generated and the population view in the image gallery is set

to selected bin. Click on the bins to determine where cells in best focus begin and
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draw a line region to gate focused cells. The higher the Gradient RMS, the better
focused. Skip the next step unless there are other stains you want to gate on.

A new scatter plot of Intensity of Channel 2 on the x-axis versus Max Pixel of
Ch2 on the y-axis is generated. Click on the dots and view the images to help you
draw the region around the cells that are positive for bacteria.

A histogram of the Internalization feature is generated with a region that begins
at 0, which should be adjusted by observing images. The Internalization feature
is a ratio of the intensity inside the cell to the intensity of the whole cell. It is
scaled such that at a value of 0 about half of the intensity is inside. The wizard
has created a region to designate the inside by making a mask that has used the
cell image input from step 5 to find the cell surface and eroded this by 4 pixels.
Note that this mask can be manually adjusted for different cell types when
necessary.

Create a new histogram with the new Internalization feature based on the eroded
Object mask. Draw a region to gate on internalized cells by viewing the imagery
in selected bin mode.

Finally, to eliminate the cells with background labeling and to identify specific
internalized bacteria, the IDEAS Spot Count feature was used. Spot count is a
feature that counts the number of connected components or small masks in an
image. The mask functions, Spot, Peak and Intensity were used to define the
spots. The spot mask finds the bright details in an image that have a user

specified radius and threshold above the local background, the mask is refined by
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breaking apart high intensities into individual spots using the Peak function and
then spots above an intensity of 200 counts were included. See the Amnis spot-
masking guide for further information. A statistics report template was generated
by including various features in the Reports menu.

This file was saved as template file to be used for batch analysis of all
experimental files.

In the IDEAS software, click Tools— Batch Data Files and input all the .rif files.
Add the compensation matrix file (.ctm) and the template file (.ast) in the
corresponding sections. Submit the batch for processing. After the processing
step, all the .rif files are analyzed and .daf files are generated for each of the
individual raw files. A final report file is generated with statistics for all the

samples.



