Using immunofluorescence techniques to
Identify T cells in the foreskin tissue after

medical male circumcision

By
Shorok Sebaa
SBXSHOO001

A dissertation presented in fulfillment of the requirement for the
degree of
MSc (Med) in Clinical Sciences and Immunology
Division of Immunology
Department of Pathology
Faculty of Health Science

University of Cape Town

February 2022

Ylisaaun




The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



DECLARATION

|, Shorok Sebaa, hereby declare that the work on which this dissertation/thesis is based
is my original work (except where acknowledgements indicate otherwise) and that
neither the whole work nor any part of it has been, is being, or is to be submitted for

another degree in this or any other university.

| empower the university to reproduce for the purpose of research either the whole or

any portion of the contents in any manner whatsoever.

Signature:| Signed by candidate |

Date: 14/02/2022



Table of Contents

ACKNOWLEDGEMENTS ...oiiiiiiininnnnnniiiiiiississssssseessessssssssssssssssssssssssssssssssss snsnsssssssssssss i
List of publications and presentations..........ccccevecereenreeieeeierieenreereenneeseessseeseessseeesns sossessennnes iii
List of AbBreviations............eueuiiiiiiiiiiiiiiiiiiiiiiinii s s iv
LISt Of FIBUIES...uuuiiiiiiiiieeeciiiiiiineniiiesis seeesneseenessssesessssnsssssssssssssnsssssssssssnnsnsssssssses sessssnnnnnns vi
List Of Tables.....ccoiiiiiiiiiiiiiiiiinirrrrrerrr e aeaaaaae Xii
Y <1 - o N Xiii
CHAPTER 1: Literature reVieW...... . snssssisisesismmmsssssssss s oses 1
CHAPTER 2: Materials and methods and titration of chemokines...........ccoovvververinerveinecsncnnens 26

CHAPTER 3: Immunofluorescence imaging of the foreskin tissue under the influence of
TNFOL @NA CCL27.....cciuiiiiininrnssiestssssssssssnssassssssssssssssassssasssssssssssssssssassssssnssss sssssssass s asaassssssassssasns 38
CHAPTER 4: Impact of CCL27 chemokine exposure on foreskin tissues and cells phenotype
T3 o I {1 4 ot o o o TR 73
CHAPTER 5: Discussion and CONCIUSION........cccevuiiieineiseiieinsinsisinisins e s ssssns s sessesssssssanns 100
REFERENCES........o ittt ittt s sinsseens i es e ses s nesas s sas e sanans s sas ssssan aes sansnsanansssnanssannns 106



Preface

| wish to extend my gratitude and appreciation to my supervisor, Professor Clive Gray for
offering me the opportunity to work on this research project, for his time, mentorship and
guidance; | have learned so much from him and gained so much confidence in my abilities as
a scientist. | wish to offer my deepest thanks to my co-supervisor, Dr. Nyaradzo Chigorimbo-
Tsikiwa for her support, wholehearted supervision, encouragement and for being a role
model. | wish to thank my mentor Dr. Kyle O’ Hagan who trained and supported me and had

a great impact on the quality of my work and wellbeing.

To Professor Tomas Hope, Dr. Ann Marie Carias and Dr. Ramon Lorenzo-Redondo of
Feinberg School of Medicine at Northwestern University for their great assistance with

image analysis and counting of cells.

| wish to acknowledge the support from Dr. Sonwabile Dzanibe who has been a huge support
in data analysis and a wonderful friend who | am proud to have by my side. | also wish to
acknowledge the support of Dr. Nadia lkumi in imaging analysis and guiding me in finding
the most optimal image analysis software. | wish to thank my team members who became
friends and sisters over the years: Bokani Nleya, Christen Da Costa, Lerato Rametse and
Nobomi Dontsa. | wish to thank the study coordinator Michael Mndini who has done
exceptional work that enabled the conduction of the study. | wish to thank the lab manager
Berenice Alinde for her training and ensuring the lab was always a safe environment for

students and staff to conduct their research.

| dedicate this dissertation to my parents, who dedicated their lives to me fulfilling all my
potentials. | am beyond grateful to the values they instilled in me that led me to perceive
knowledge as the most honorable gift. | would like to thank my three incredible brothers:
Mohamed, Islam and Abdulrahman for their continuous support through love, humor and
kindness. There is so much peace in knowing that | am always supported by them. | wish to
thank my sister-in-law Amira Haridy and my beautiful niece and nephew: Ayla and Omran for
the deep love, laughter and friendship. | want to also thank my cat for being my best

companion, support system and for giving me such pure love.

To my friend Millicent Omondi who provided input in data analysis and supported my

journey deeply. To my office mates Mikhail Smith, Saori lwase and Tatenda Murangi. To



Dhuraiyah Abdullatief and Faldeelah Fisher for being so loving and efficient in all student

matters.

| wish to thank my friend Amany Adel who has been consistent through all stages of my
adult life and contributed so much to my wellbeing and understanding of life. To my cousin
Alaa Naguib whose support and unconditional love kept me floating through the most

difficult times.

| would like to wholeheartedly thank Mandela Rhodes foundation for their unwavering
support throughout my master’s degree and inspiring me in so many ways as a young
African scholar to become the best version of myself. | would have not been here today
without their effort. | specially thank Shaun Johnson who we lost in 2020 after he touched so
many lives, including mine, deeply as one of the kindest souls who inspired people through

kindness.

| wish to thank my friends Passant almaghrabi, Aya Tammam, Jeanine Botha, Nada
Abdelaziz, Mona Allaam, Othniel Jean Konan, Willard Mapulanga, Isabel Khumalo, John
Iradukunda, Theresa Ayerigah, Akiko Suzuki, Carine Rugorirwera, Emilia Appiah, Heather
Dixon, Kirra Evans, Nathan Odiase, Tafadzwa Kwaramba and Nyotu Gitau for their persistent

support and care through the past few years; | am forever grateful.

| wish to thank the National Institutes of Health, RO1 DK108434 grant for funding the study

and enabling this work.

| Finally wish to highlight the circumstances in which this dissertation was written during the
COVID-19 pandemic. The pandemic and the following lockdown have drastically affected the
lab accessibility and access to samples in the following months. Hence, it has led to not

finishing the last experiments leading to completion of this dissertation.
“Science is not only a disciple of reason but, also, one of romance and passion.”

Stephen Hawking



1-

List of publications and presentations

Gray CM, O’Hagan KL, Lorenzo-Redondo R, Olivier AJ, Amu S, Chigorimbo-Murefu N,
Harryparsad R, Sebaa S, et al. Impact of chemokine C-C ligand 27, foreskin anatomy
and sexually transmitted infections on HIV-1 target cell availability in adolescent South
African males. Mucosal Immunol. 2019;13(1):118-27.

Sebaa S, O’Hagan KL, Chigorimbo-Tsikiwa N, Amu S, Lorenzo-Redondo R, Carias A M,
Chiodi F, Cianci G C, Hope T, Gray CM. Impact of CCL27 on HIV-1 target-cell abundance
in the foreskin epithelium. Conference on retroviruses and opportunistic infections,
March 8-11, 2020, Boston, Massachusetts. Poster presentation.



LIST OF ABBREVIATIONS

CCL27 C-C Chemokine Ligand 27

CCR5 C-C Chemokine Receptor Type 5
cD Cluster Of Differentiation

CcT Chlamydia trachomatis

CXCR4 C-X-C Chemokine Receptor Type 4
DCs Dendritic Cells

FOV Field of view

FS Foreskin tissue

GP Glycoprotein

HIV Human Immunodeficiency Virus
HPV Human Papilloma Virus

HSV-2 Herpes Simplex Type 2

IDL Interactive Data Language

IL-8 Interleukin-8

IF Immunofluorescence

IFNy Interferon Gamma

LCs Langerhans Cells

MG Mycoplasma genitalium

MMC Medical Male Circumcision

MSM Men who have sex with men

MIG Monokine Induced By y-Interferon
NIH National Institutes of Health

NG Neisseria gonorrhea

NK Natural Killer Cells

PEP Post Exposure Prophylaxis

PrEP Pre-Exposure Prophylaxis

RORyt Retinoic Acid Receptor-Related Orphan Receptor Gamma-T
RT Reverse Transcriptase

SIv Simian Immunodeficiency Virus

STIs Sexually Transmitted Infections



Thl
Th17
Th2
Th22
Tfh
Th9
Tregs
TLR
TLR2
TRAIL
TNFa
TV
um
VL
VMMC
WHO

T Helper 1 Cells

T Helper 17 Cells

T Helper 2 cells

T Helper 22 Cells

Follicular Helper T Cells

T Helper 9 Cells

T Regulatory Cells

Toll-Like Receptors

Toll-Like Receptor 2

Tumor Necrosis Factor Related Apoptosis-Inducing Ligand
Tumor Necrosis Factor a
Trichomonas vaginalis

Urethral Meatus

Viral Load

Voluntary Medical Male Circumcision

World Health Organization

Vi



List of figures
Figure 1.1: Anatomy of the penis showing the foreskin tissue, urethra and glans........ccecevuuuee 2
Figure 1.2: Surgical methods used in MMCs. A) Forceps guided method B) Dorsal-slit method
C) Sleeve resection MEtNOU. i ineineinennrenerireseeeresassassssssssssssssessassassnsssssasssssssssasssssssssassansssassassnns 5
Figure 1.3: Prevalence of HIV in adults aged 15-49 in the African continent........cccceecceeceeiseenen. 7
Figure 1.4: Steps of HIV-1 replication cycle from binding and entry to formation of new
VITTIONS iuuiiitiiaeisttennisnesatistisssnsstessessstsssnsstessssssassssssnesss sesssssesssssssosassssessssssnassssssnssss aesssssnsssssssassassnnssnssns 9
Figure 1.5: Representation of an uncircumcised penis showing potential areas of infection
(red) and the change of surface microflora (Magenta) with removal of the foreskin. HIV
potential target cells are shown: Langerhans cells (green), CD4+ T cells (blue) and
MACTOPNAZES (YEHOW) ceererereeerreerreerecerennrecseeesseeeseasesasessasesssessssesssasssnssesasssnsssnseesssasssssssasessnsssasasns 12
Figure 1.6: An illustration of immature (green) and activated LCs (red): A) forming protective
layer to HIV through using Birbeck granules to internalize HIV. B) Activation of LCs result in
downregulating langerin and infecting LCs which in turn infects CD4+ T cells. C) TNFa
increases number of LCs and replication of HIV i LCS..uiieieceerreecseeesseesseerssanessnsesasesseessennsenns 15
Figure 1.7: An illustration of the mediation of Langerhans cells in T cell infection in the inner
and outer fOreskin tiSSUES it s s s ssssrs s s s ssssss s esssae s e sassns 15
Figure 1.8: An illustration showing different T helper subsets and their main cytokine
Y= o] =11 o o 1O 18
Figure 2.1: A foreskin tissue sample (inNer and OULEIN)...cuueeceeerseerneeersecseereseensseecseessseesssasssaenes 28
Figure 2.2: Inner and outer foreskin tissue sections placed in Dispase 5 U/ml for 18 hours..32
Figure 2.3: Representative images from the titration of chemokines. A) Representative
images of unstimulated, MIP1a 100 ng/ml, TNFa 100 ng/ml, CCL27 100 ng/ml, CCL27
400ng/ml exposed tissues in the inner foreskin. B) Representative images of unstimulated,
MIP1a 100 ng/ml, TNFa 100 ng/ml, CCL27 100 ng/ml, CCL27 400ng/ml exposed tissues in the
LT T=T o {0 T =T o T 36
Figure 2.4: Titration of chemokines in the inner and outer foreskin tissues. A) Titration

results in the inner foreskin tissue (n=40). B) Titration results in the outer foreskin tissue

Figure 3.1: The experiment design for measuring chemokines impact on the density of

CD3+CD4+ T cells in the inner and outer fOreskin tiSSUC.. i iereriessereresssneeesessssseanesessseneesesens 40

vii



Figure 3.2: Comparing ex vivo CD4+ T cell/mm2 between inner and outer foreskin tissue in
the unstimulated tissues. A) Number of CD3+CD4+ T cells in the epithelium of 10 untreated
inner and 4 outer foreskin tissue explants (n=108 for the inner foreskin, n=41 for the outer
foreskin). B) Number of CD3+CD4+ T cells in the epithelium of 10 inner foreskin tissue
explants (n=108). C) Means of densities of CD3+CD4+ T cells in 4 inner foreskin tissue and 4

outer foreskin tissue explants (means of ~10 images per sample per condition were taken,

Figure 3.3: Frequency distribution in the inner and outer foreskin tissues. A) Frequency
distribution of density of CD3+CD4+ cells in the inner foreskin tissue explants across
unstimulated, TNFa and CCL27 exposed samples. B) Frequency distribution of density of
CD3+CD4+ cells in the outer foreskin tissue explants across unstimulated, TNFa and CCL27

EXPOSEA SAMPIES et iceeiecrireeirietcreescrrsnaresreesessssnsssascsssessseesssnsssnasssnsssnasssssssssssssenessns senasssnssensnsssensnes 44

Figure 3.4: Immunofluorescent images of the inner foreskin tissue in three conditions
showing CD3, CD4 and the merged staining. A) Unstimulated tissue with CD3 (left), CD4
(middle) and merged images (right). B) TNFa exposed tissues with CD3 (left), CD4 (middle)
and merged images (right). C) CCL27 exposed tissues with CD3 (left), CD4 (middle) and
merged images (right). D) Isotype control for Rabbit IgG1 (CD3). E) Isotype control for Mouse
12G1 (CD4). F) HOECHST ONIY CONTIOlciceuieceeesneecreensseerseeessaecssaresanesnnsessenesssssssnsessesesssesssasssesssenssns 46

Figure 3.5: A) CD3+CD4+ T cell counts in all images (~10 images per donor) across
unstimulated (n=97), TNFa exposed (n=92) and CCL27 exposed inner foreskin tissue (n=93).
B) CD3+CD4+ T cell counts using the mean number of cells across unstimulated (n=10), TNFa

exposed (n=9) and CCL27 exposed inner foreskin tissue (N=9)...ccccvvecsrinrnsennssncsnsssnssnnssnesassnnes 47

Figure 3.6: Immunofluorescent images of the outer foreskin tissue in three conditions
showing CD3, CD4 and the merged staining. A) Unstimulated tissue with CD3 (left), CD4
(middle) and merged images (right). B) TNFa exposed tissues with CD3 (left), CD4 (middle)
and merged images (right). C) CCL27 exposed tissues with CD3 (left), CD4 (middle) and
merged images (right). D) Isotype control for Rabbit IgG1 (CD3). E) Isotype control for Mouse
IgG1 (CD4). F) HOECHST ONIY CONTIOLauuieceecerceeeneeseecnesseessnneseesansseessnsssassseessesssessasssssnnssessnsssessnnn 49

Figure 3.7: A) CD3+CD4+ T cell counts in all images (~10 images per donor) across

unstimulated (n=41), TNFa exposed (n=40) and CCL27 exposed outer foreskin tissue (n=40).

viii



B) CD3+CD4+ T cell counts using the mean number of cells across unstimulated, TNFa

exposed and CCL27 exposed outer foreskin tissue (n=4 for each condition).......cecevereveeernnees 50

Figure 3.8: lllustration of manual counting of double positive CD3+CD4+ cells on the

O I O X SO I AT e eeeeretrerereereecsesenensastarsenessesessessssssesessssssssssassasssnessssessssssssssasssssasssnesessessssassssssnsane 51

Figure 3.9: lllustration of the semi-automated counting using PIPSQUEAK/Imagel. A)
software detecting and counting CD3+ cells. B) software detecting and counting CD4+ cells.

C) software merging the two counts to detect colocalizatioN.....cceeceeeerrseeceeeseeceeeseeseeceeseenns 52

Figure 3.10: Frequency distribution in the inner foreskin between manual and semi-
automated counting methods. A) Frequency distribution of counts of CD3+CD4+ cells in the
inner (left) and outer (right) foreskin tissue explants across manual and semi-automated
methods of counting. B) Frequency distribution of logio counts of CD3+CD4+ cells in the
inner (left) and outer (right) foreskin tissue explants across manual and semi-automated

MEENOAS Of COUNTING.cuuteereierreersrensreecseresseresensecsseesanesssasesasssnssesasessssessessssnsssnasesasssssasssssssssssssnssnsssnns 53

Figure 3.11: Paired T test of log10 values in manual and semi-automated counting in three
conditions of the inner foreskin tissue. A) Paired T test of log10 values in unstimulated inner
foreskin between manual and semi-automated counting (n=63). B) Paired T test of log10
values in TNFa exposed inner foreskin between manual and semi-automated counting
(n=50). C) Paired T test of log10 values in CCL27 exposed inner foreskin between manual and
semi-automated counting (n=52). D) Paired T test of log10 values in total conditions in the

inner foreskin between manual and semi-automated counting (N=165)....ccccceereerrererseecseeresanes 55

Figure 3.12: Paired T test of logl0 values in manual and semi-automated counting in three
conditions of the outer foreskin tissue. A) Paired T test of log10 values in unstimulated outer
foreskin between manual and semi-automated counting (n=21). B) Paired T test of logl0
values in TNFa exposed outer foreskin between manual and semi-automated counting
(n=20). C) Paired T test of log10 values in CCL27 exposed outer foreskin between manual and
semi-automated counting (n=20). D) Paired T test of logl0 values in the outer foreskin

between manual and semi-automated counting (N=61). c..ccvcerreerrrecreeerserereneesseeesaeesseessseecsaneees 56

Figure 3.13: Correlation plots of logl0 values between manual and semi-automated
counting in three conditions of the inner foreskin tissue. A) Correlation of log10 values in

unstimulated inner foreskin between manual and semi-automated counting (n=63). B)



Correlation of logl0 values in TNFa exposed inner foreskin between manual and semi-
automated counting (n=50). C) Correlation of log10 values in CCL27 exposed inner foreskin
between manual and semi-automated counting (n=52). D) Correlation of log10 values in all

conditions in the inner foreskin between manual and semi-automated counting

Figure 3.14: Correlation plots of logl0 values in manual and semi-automated counting in
three conditions of the outer foreskin tissue. A) Correlation of log10 values in unstimulated
outer foreskin between manual and semi-automated counting (n=21). B) Correlation of
log10 values in TNFa exposed outer foreskin between manual and semi-automated counting
(n=20). C) Correlation of log10 values in CCL27 exposed outer foreskin between manual and
semi-automated counting (n=20). D) Correlation of log10 values in all conditions in the outer

foreskin between manual and semi-automated counting (N=61)....ccccccccerreennreseccrrneecnessescnnnnes 60

Figure 3.15: Bland-Altman plots between manual and semi-automated counting in three
conditions of the inner foreskin tissue. A) Bland-Altman plots in unstimulated inner foreskin
between manual and semi-automated counting (n=63). B) Bland-Altman plots in TNFa
exposed inner foreskin between manual and semi-automated counting (n=50). C) Bland-
Altman plots in CCL27 exposed inner foreskin between manual and semi-automated
counting (n=52). D) Bland-Altman plots in total conditions in the inner foreskin between

manual and semi-automated coUNtiNG (N=165)..ccccceecreecreeseeerssncsesssessensseesnssssessasesesssssssessasssees 62

Figure 3.16: Bland-Altman plots between manual and semi-automated counting in three
conditions of the outer foreskin tissue. A) Bland-Altman plots in unstimulated outer foreskin
between manual and semi-automated counting (n=21). B) Bland-Altman plots in TNFa
exposed outer foreskin between manual and semi-automated counting (n=20). C) Bland-
Altman plots in CCL27 exposed outer foreskin between manual and semi-automated
counting (n=20). D) Bland-Altman plots in total conditions in the outer foreskin between

manual and semi-automated CoOUNtING (N=61)..cccuerrcccrrrernrrseecessenssesseeseesssesnnsssessnsssesssassssssnens 63

Figure 3.17: Mann-Whitney test in the three conditions in the inner foreskin when cells are
counted manually and semi-automatically. A) Mann-Whitney test in the manual counting
method compared to the semi-automated method in the unstimulated (n=42), TNFa

exposed (n=40) and CCL27 exposed tissues(n=41). B) Mann-Whitney test on the mean



number of cells in the manual counting method compared to the semi-automated method

(N=4 fOr €aCh CONAITION)creeirrierrnrsnrrarsnssnssnsssnssessnssnsssssessssssssssssessassassassnssssessesssssnssssssssnsssssssssasans 65

Figure 3.18: Single positives CD3+ and CD4+ counts in the inner foreskin under the influence
of TNFa and CCL27. Figure A shows data points plotted from ~10 FOVs in 4 donors for each
condition while Figure B shows data points from the mean of values of all FOVs per
condition. A) CD3+CD4- and CD4+CD3- counts in 4 paired samples in unstimulated (n=42),
TNFa exposed (n=40) and CCL27 exposed tissues (n=41). B) CD3+CD4- and CD4+CD3- counts
in 4 paired samples after taking the mean of all images for each donor per condition (n=4 for

EACH CONITION)cterrererenerrerrrenreceeesanessressseecseensesanessseesssnsesaseesssesasessssessssssssssenasesssssssessssnssssssssasesnssenas 68

Figure 4.1: A) Experiment design to show impact of TNFa and CCL27 on cells isolated from
Liberase digested FS tissues. B) Experiment design to show impact of TNFa and CCL27 on
spontaneously migrated cells from whole tissue foreskin samples. C) Experiment design
showing spontaneous migration following chemokine exposure then Dispase treatment. D)
Experiment design to show the effect of Dispase and prolonged culturing time on the
markers in the foreskin tiSSU..iiniiii s e sessses 76
Figure 4.2: Gating strategy for the eXpPeriMmeENntS.. e eiceeecnreereecseeessenereneecssessseesssasssaessnnses 77

Figure 4.3: Flow plots showing: A) CD3+CDA4+, CD3+CD4+CCR5+,
CD3+CD4+CCR5+CCR4+CCR6+, CD3+CD4+CCR5+CCR4+CCR6+CCR10+ populations in the
unstimulated inner foreskin cells B) CD3+CDA4+, CD3+CD4+CCR5+,
CD3+CD4+CCR5+CCR4+CCR6+, CD3+CD4+CCR5+CCR4+CCR6+CCR10+ populations in the
CCL27 exposed iNNer fOreskin CElIS....iuiiimmiecrreirrneeraeecsseessnesssessseesssasesssesaseesssasssaesssasssnsssnnsens 78

Figure 4.4: Representative flow plots for spontaneous migration from Whole tissue samples
under the impact of TNFa (positive control) and CCL27 exposed sample in the inner foreskin.
A) CD3+CD4+ population across the three conditions. B) CD3+CD4+CCR5+ population across
the conditions. C) CD3+CD4+CCR5+CCR4+CCR6+ population across the conditions. D)
CD3+CD4+CCR5+CCR4+CCR6+CCR10+ population across the conditions.....cccceeevercrerrscerrsennene 81

Figure 4.5: Difference in frequency of spontaneously migrating cells from whole tissue
foreskin samples from the inner foreskin of 4 samples (n=4 for each condition). A) CD3+CD4+
frequency of CD45+ population. B) CCR5+ frequency of CD3+CD4+ population. C)
CCR4+CCR6+ frequency of CD3+CD4+ population. D) CCR4+CCR6+CCR10+ frequency of
CD3+CDA+ POPUIGTION . ccreerreeerreeereereraresneesarenssesssenessssessseesssessseessssssssessssssssesssasessssssssesseassssssssasssnssss 82

Figure 4.6: Difference in cell proportions in whole tissue crawled foreskin samples from the
outer foreskin of 4 samples (n=4 for all conditions). A) Statistical analysis of CD3+CD4+
frequency of CD45+ population. B) Statistical analysis of CCR5+ frequency of CD3+CD4+
population. C) Statistical analysis of CCR4+CCR6+ frequency of CD3+CD4+ population. D)
Statistical analysis of CCR4+CCR6+CCR10+ frequency of CD3+CD4+ population......cccceeeeeeneee 83

Xi



Figure 4.7: Representative histograms for different markers in whole tissue migrated
foreskin tissues from the inner and outer foreskin. A) Histograms of different markers in the
inner foreskin migrated cells. B) Histograms of different markers in the outer foreskin
O QY F=q LT o<1 | PP 85

Figure 4.8: Mean fluorescence intensity of different markers in whole tissue migrated
foreskin tissues from the inner foreskin (n=4 for each condition).....ccceeeervereerrersersersecceeseeneenanns 87

Figure 4.9: Box plots for Mean fluorescence intensity of different markers in whole tissue
migrated foreskin tissues from the outer foreskin (n=4 for each condition)...ccccceccereercerrunnenen. 88

Figure 4.10: Representative flow plots showing the populations of CD45, CCR4+CCR6+ cells
in the Dermis of inner foreskin. A) CD45+, CCR4+CCR6+ populations in the unstimulated
control. B) CD45+, CCR4+CCR6+ populations in the TNFa exposed tissue. C) CD45+,

CCR4+CCR6+ populations in the CCL27 eXPOSEd tiSSUB..ueerrrerseerseersreeesrnreseressseesseasssnesseasssassnne 20
Figure 4.11: Mann-Whitney test of CD45+ frequency in whole tissue migrated samples vs.
samples exposed to migration after Dispase (n=23 for each condition).....cccceeueerereeecreecsseecaeens 91
Figure 4.12: Change in gating StrategY .. cirrrrescrisnnecssnnssessseesssnssssansssessssssssnsssnssssassssssenssssasess 92

Figure 4.13: Representative flow plots of difference in CD45+ expression in Whole tissue
controls and Dispase treated tissues in three time points. A) CD45+ expression in Whole
tissue controls and Dispase treated tissues after 24 hours. B) CD45+ expression in Whole
tissue controls and Dispase treated tissues after 48 hours. C) CD45+ expression in Whole
tissue controls and Dispase treated tissues after 96 NOUIS.....eicveecererrecsnnecreesserssensssneesensesanens 93

Figure 4.14: Representative flow plots of difference in CCR4+ and CCR6+ cell proportions in
Whole tissue controls and Dispase treated tissues in three time points. A) CCR4+ and CCR6+
cell proportions in Whole tissue controls and Dispase treated tissues after 24 hours. B)
CCR4+ and CCR6+ cell proportions in Whole tissue controls and Dispase treated tissues after
48 hours. C) CCR4+ and CCR6+ cell proportions in Whole tissue controls and Dispase treated
TISSUES AftEr 96 NOUIS.uuiiuiciistisiinsininiiiii st s s e ss s s sssass s s s e sessassassassassassassassans 94

Figure 4.15: Bar graphs showing CD45+, CCR4+ and CCR6+ Frequency in Whole tissue
controls and Dispase treated tissues after 24, 48 and 96 hours. A) CD45+ Frequency in Whole
tissue controls and Dispase treated tissues in the three time points (n=2 for each condition).
B) CCR4+ Frequency in Whole tissue controls and Dispase treated tissues in the three time
points (n=2 for each condition). C) CCR6+ Frequency in Whole tissue controls and Dispase
treated tissues in the three time points (n=2 for each condition). D) CCR6+ Frequency in
Whole tissue controls and Dispase treated tissues with all-time points pooled together (n=6
TOr ACH CONITION)ceuueerreirnrerrerseecseensseesseeessneessnressrsasesasessseessssssssesssasssnssenseesasssnsessssassassssnsnsssennens 96

Xii



List of tables
Table 2.1: List of Antibodies used in immunofluorescence stainiNg....ccccveerseeseerssesserssrnsansssnenns 30
Table 2.2: Antibody panel used in flow cytometry eXperiment...c..cccecneecnecseecnnsneccnnesseesnnnnns 33

Table 4.1: Number of events of CD3+CD4+, CD3+CD4+CCR5+, CD3+CD4+CCR5+CCR4+CCR6+,
CD3+CD4+CCR5+CCR4+CCR6+CCR10+ in both the inner and outer Liberase treated foreskin

Table 4.2: Number of events of CD3+CD4+, CD3+CD4+CCR5+, CD3+CD4+CCR5+CCR4+CCR6+,
CD3+CD4+CCR5+CCR4+CCR6+CCR10+ in both the inner and outer foreskin whole tissue
SAMIPIES eriuiesensnnsrnssanssesssssssnsssnssnssssssasssnsssssssassssssesssassssssnssssssssssssssnssss sosasnasssssssssssasnasssnsssssssassasses 79

Table 4.3: Number of events of CD45+, CCR4+ and CCR6+ cells in pooled (inner and outer
foreskin samples) in whole tissue controls and Dispase treated samples....ceccecrerceecnncseccnnnne 95

xiii



Abstract

Background: Medical Male Circumcision (MMC) plays an important role in reducing the risk
of acquiring sexually transmitted infections (STIs) such as Human papilloma virus (HPV),
Herpes simplex type 2 (HSV-2) and HIV-1. The foreskin tissue (FS) is a site abundant in
Langerhans cells (LCs), macrophages and T helper cells that express CD4 and CCR5 that are
target markers for HIV-1 binding and viral infection. The foreskin tissue may also contribute
chemokines and cytokines including those that promote inflammation such as IL-17, IL-1,
IL-8, MCP-1 and MIG. The inner foreskin has been shown to contain higher levels of
CD4+CCR5+ cells and thus more susceptible to HIV infection compared to the outer foreskin.
It was demonstrated that the majority of chemokines measured were highly expressed in
the inner foreskin compared to the outer foreskin including CCL27 which was approximately
7-fold higher in the inner foreskin compared to the outer foreskin, in congruent with the
higher density of CD4+CCR5+ observed in the epithelium of the inner foreskin. In this study,
we hypothesized that CCL27 upregulation in the inner foreskin triggers the recruitment of
CD4+ T cells to the epithelium of the foreskin tissue. This could subsequently lead to
increased susceptibility to infections in the inner foreskin tissue. The aims of this dissertation
were: 1) to measure the impact of CCL27 on the recruitment of CD4+ T cells to the
epithelium of the foreskin tissue using immunofluorescence imaging. 2) to compare manual
counting and semi-automated method for counting dually positive cells. 3) to use
multiparameter flow cytometry to characterize the cells recruited under the influence of

CCL27.

Methodology: Inner foreskin tissue (n=11) and outer foreskin tissue (n=4) explants were
treated with either TNFa or CCL27 and evaluated using immunofluorescence imaging to
qguantify the levels of CD3 and CD4 expressing cells. Dually positive CD3+CD4+ cells were
counted manually using softworx software on the Deltavision microscope and with semi-
automated counting using PIPSQUEAK on Imagel. TNFa and CCL27 treated inner and outer
FS cells were immunophenotyped using polychromatic flow cytometry to measure and

compare the densities of Th17 and Th22 cells under the influence of the chemokines.

Results: Exogenous exposure of inner foreskin tissue explants to TNFa showed a significant

increase in the median density of CD3+CD4+ T cells in the epithelium of the inner foreskin
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(p=0.035) from 78.90 cells/mm? (IQR: 33.02-127.50) in the unstimulated inner foreskin
explants to 134.80 cells/mm? (IQR: 109.30-206.60). Similarly, the addition of exogenous
CCL27 resulted in the median density of CD3+CD4+ T cells in the epithelium of the inner
foreskin to increase from the unstimulated inner foreskin (value above) to 164.80 cells/mm?
(IQR: 140.30-184.90, p=0.008). No significant difference was observed in the median density
of CD3+CD4+ T cells in the outer foreskin tissue explants after exposure to TNFa and CCL27
(36.50 cells/mm?, IQR: 18.29-96.65 in the unstimulated tissues compared to 65.12
cells/mm?, IQR: 7.30-202.80 in the TNFa stimulated tissues; p>0.999 and 24 cells/mm?, IQR:
11.35-149.40 for the CCL27 stimulated tissues; p=0.686). The median density of CD3+CD4+ T
cells in the epithelium of unstimulated inner foreskin tissue showed a trend of an increase
from the unstimulated outer foreskin tissue but was not statistically different (127.50
cells/mm?, IQR: 89.22-219.50 in the inner foreskin compared to 36.52 cells/mm?, IQR:18.29-
96.65 in the outer foreskin explants; p=0.057). When comparing the cell counting methods:
manual counting vs semi-automated counting, we observed that the manual counting
method estimated higher numbers of dually positive cells compared to the semi-automated
method in samples measuring <100 cells/mm? meanwhile the semi-automated counting
method estimated higher cell numbers in samples measuring >200 cells/mm?. Despite these
differences, there was strong correlation (R=0.782, p<0.0001) in cell numbers counted in the
inner foreskin between the two methods. We next employed flow cytometry to phenotype
CD4+ T cell subsets in FS-derived cells and observed no significant differences in the
frequencies of Th17 and Th22 cells migrating from TNFa and CCL27 treated inner and outer
foreskin whole tissues compared to controls. The median frequency of Th17 cells in the inner
foreskin whole tissue in the unstimulated explants was 27.75% (IQR: 8.19-45.90%) vs 24.45%
(IQR: 8.67-38.38%, p=0.625) in TNF treated explants and 27.90% (IQR:7.96-46.10%, p>0.999)
in CCL27 treated explants. The median frequency of Th22 cells in the inner foreskin in the
unstimulated tissue explants was 8.80% (IQR: 1.68-12.60%) vs 5.30% (IQR: 0.96-7.67%,
p=0.250) in TNFa treated explants and 4.90% (IQR:0.75-7.39%, P=0.125) in CCL27 treated
explants. Meanwhile, the median frequency of Th1l7 cells in the outer foreskin in the
unstimulated tissue explants was 21.60% (IQR: 15.40-37.33%) vs 28.20% (IQR: 14.60-39.40%,
P=0.750) in TNFa treated explants and 22.90% (IQR:22.90-29.50%, p>0.999) in CCL27 treated
explants. The median frequency of Th22 cells in the outer foreskin in the unstimulated

tissues was 4.67% (IQR: 2.30-12.90%) vs 5.37% (IQR: 5.34-7.58%, P=0.750) in TNFa treated
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tissues and 4.45% (IQR:3.64-5.98%, p>0.999) in CCL27 treated tissues. Furthermore, FS cells
isolated using Dispase had significantly lower median frequencies of cells expressing CCR6
(18.35%, 1QR:1.33-28.30%) compared to whole tissue controls (41.90%, IQR: 22.46-67%,
p=0.031). This impacted the characterization of CD4+ T cell subsets in FS cells and limited our
ability to adequately phenotype and measure the impact of TNFa and CCL27 on FS-derived

cells using flow cytometry.

Conclusion: This study demonstrates that exogenous exposure of FS to TNFa and CCL27
increased the density of CD3+CD4+ T cells in the epithelium of the inner but not the outer
foreskin tissue. It was noteworthy that the density of CD3+CD4+ in the epithelium of the
inner foreskin was higher than the outer in the unstimulated tissues, suggesting that the
proinflammatory environment in the inner FS potentially leads to higher density of T cells in
the inner FS even without exogenous stimulation. These results suggest a possible
mechanism for recruiting HIV target cells in the inner foreskin tissue associated with higher
levels of CCL27 that recruits HIV-1 target T cells during inflammatory responses. A limitation
to this conclusion is the small sample size in the outer foreskin. The study also shows
potential bias depending on the method used to quantify dually positive cells, whereby
semi-automated counting underestimated the densities of CD3+CD4+ T cells compared to
manual counting and therefore careful consideration is required when selecting the
qguantification method. Furthermore, there were no significant difference in the frequencies
of Th17 and Th22 cells after exposure to TNFa and CCL27 using flow cytometry. The effects
of Dispase on cell surface marker expression and the low cell yield across the experiments
impacted the characterization of Th17 and Th22 using flow cytometry and thus limiting

capacity to determine how CCL27 influences these T cell subsets.
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1.1 Overview of male circumcision

Male circumcision is the process of removing some or all the foreskin tissue surrounding the
glans penis. It is one of the oldest and most common practices across the world (1,2). Male
circumcision is performed for many reasons including religious, cultural, cosmetic or health
reasons (3). Historically, male circumcision was practiced as early as 2300 BC (4). It is
performed as a traditional practice among many groups in Africa, Asia and Aboriginal
Australia and religiously among Muslims and Jews (2,5). However, circumcision of male
infants and boys became a more common practice correlated with health benefits including
better hygiene and protection against sexually transmitted infections (STls) specifically
Human Immunodeficiency Virus (HIV) infection (6,7). The role of the medical male
circumcision, involving the removal of more than 95% of the foreskin, in the protection
against HIV and STIs has been suggested to be due to various reasons including the high
density of HIV-1 target cells including T cells and Langerhans cells in the foreskin tissue (8,9).
These cells inhabit the foreskin tissue and are considered important role players in the HIV
infection (10-14). In this dissertation, two immunofluorescence techniques were used to
characterize T cells in the foreskin tissue: Immunofluorescence imaging and flow cytometry.
Immunofluorescence imaging was a useful tool for viewing spatial distribution of cells in the
foreskin tissue and recruitment of cells in the epithelium of the foreskin tissue. Meanwhile,
multiparameter flow cytometry was a method to measure total frequencies of cells and
fluorescence intensity of different markers in the tissue. In this dissertation, T cells were
characterised in the foreskin tissue under the influence of Tumor Necrosis Factor a (TNFa)

and C-C Chemokine Ligand 27 (CCL27) using these two methods.

1.2 The male reproductive system

The male reproductive system is composed of the penis, the testes, the accessory glands and
the genital ducts (15,16). The accessory glands are made up of the prostate, bulbourethral
glands and the seminal vesicles while the duct system consists of the efferent ducts,
epididymis, vas deferens and rete testes (15,17). The primary organs in the male
reproductive system are the testes. The testes are an immune privileged site and consist of

the interstitium and the seminiferous tubules (15,16). They respond to hormonal



stimulation; Leydig cells are responsible for androgen production while Sertoli cells facilitate

spermatogenesis (15,16).

1.2.1 The penis and the foreskin tissue

The penis is the male external organ and its central canal, the urethra, forms a common
conduit for urine and semen (18). The uncircumcised penis consists of the penile shaft, glans,
meatus, the frenulum and the inner and outer foreskin tissues (Figure 1.1). The foreskin
naturally covers the penis in all primates; specifically, it covers the coronal sulcus, glans and
the meatus of a non-erect penis (15,19). The foreskin consists of connective tissue
containing collagen-producing dermal fibroblasts and covered by a keratinized stratified
squamous epithelium (15). The outer foreskin is attached to the penile shaft and is always
exposed to the environment, unlike the inner foreskin that is attached to the penis at the
coronal sulcus and is only exposed during erection (20). The inner foreskin is usually lighter
in color compared to the outer foreskin tissue (9). The sub-preputial space is the space
occurring between the inner foreskin and the glans and it is an anaerobic environment (19).
Circumcision eliminates that space and exposes the glans to the external environment in

both erect and flaccid states (19).
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Figure 1.1: Anatomy of the penis showing the foreskin tissue, urethra and glans (21).



The foreskin is rich in Langerhans cells, macrophages and T-cells which express cluster of
differentiation 4 (CD4), CCR5 and other receptors and co-receptors that are considered
essential for HIV-1 attachment and entry (8,9). Furthermore, the foreskin tissue has been
observed to be a major site for HIV entry in men (22-24). The selective entry of HIV via the
inner foreskin was first suggested by Patterson et al. by showing cell-free HIV-1 particles
infecting Langerhans cells of inner foreskin while no uptake was noticed in outer foreskin,
suggesting that the inner foreskin was preferentially infected by HIV (24). This was also
observed by Ganor et al. using inner and outer foreskin tissue explants exposed to HIV
infected cells and showing the inner foreskin was preferentially infected compared to the
outer foreskin (25). It was observed that the size of foreskin also significantly affected HIV
incidence rates mainly because a larger surface area was correlated with more HIV target

cells in the foreskin tissue (26).

1.2.2 Foreskin tissue and dysbiosis in male genital tract

Microbiome dysbiosis of an intact foreskin was observed to increase the skin's vulnerability
and compromise the barrier integrity allowing HIV penetration (27-29). An intact foreskin is
a rich environment for anaerobic bacteria to thrive as opposed to a circumcised penis where
the microbiome shifts towards an aerobic environment (30). Furthermore, uncircumcised
males who were more susceptible to HIV had higher percentages of penile anaerobic
bacteria including Prevotella, Dialister, Finegoldia and Peptostreptococcus (30). These penile
anaerobes were seen to correlate with higher production of proinflammatory chemokines
that are involved in HIV target cells recruitment to the foreskin tissue. For example,
Interleukin-8 (IL-8) increased with the increase of anaerobes in the foreskin (30). Anaerobic
dysbiosis within intact foreskin was found to be one of the reasons why uncircumcised
individuals had higher proinflammatory cytokine levels in the male genital tract and hence a
more inflammatory environment that might promote HIV acquisition (31). Anaerobe
abundance was directly correlated with HIV seroconversion: HIV seroconversion rates
increased by 28% to 40% for each 10 fold increase in anaerobic abundance (30). Ten
anaerobic genera were seen to decrease significantly after circumcision and they comprised
60% of total penile bacterial load in uncircumcised men (32). One year after Medical Male

Circumcision, total bacterial load and microbial biodiversity decreased along with a



significant reduction in proportion of anaerobic microbiota. Aerobic bacteria were also seen

to increase post circumcision, albeit not significantly (32).

1.3 Medical male circumcision

Medical male circumcision (MMC) is the removal of all the foreskin tissue and fully exposing
the glans penis by a trained health care professional. MMC has been endorsed by World
Health Organization (WHO) and UNAIDS as a method to reduce HIV acquisition (33,34).
MMC as a strategy to reduce HIV acquisition was rolled out after data from three
randomized control trials in Kenya, Uganda and South Africa indicated that MMC provided
52-64% protection from HIV infection (35-37).

As a result, circumcision programs have been rolled out since 2008 in many African
countries in order to actively decrease new HIV infections (38). In sub-Saharan Africa, it was
estimated that 26.8 million men and boys had undergone MMC in 15 countries from 2008-
2019 (39). From 2008 to 2020, South Africa has performed a total number of approximately
4.46 million MMCs (39). It was estimated using mathematical modeling that MMC programs
averted around 340 thousand new HIV infections in sub-Saharan Africa by 2019 (39). Despite
evidence of the efficacy of circumcision in the reduction of HIV infection in men, MMC is not
effective in reducing female HIV acquisition from their HIV infected male partners (40).
Figure 1.2 illustrates the different techniques for performing MMC; the forceps guided
method is the simplest with the use of a pair of forceps to guide the procedure, the dorsal
slit technique and the sleeve resection method which is the best cosmetically and needs

most skill (41).
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Figure 1.2: Surgical methods used in MMCs. a) Forceps guided method b) Dorsal-slit method c)
Sleeve resection method (41).

1.3.1 Traditional circumcision

Ritual male circumcision is a practice prominent across many cultures including Sub-Saharan
Africa, Aboriginal Australia and Southeast Asia (2,42,43). In South Africa, the Xhosa ethnic
group practice ritual circumcision as a rite for boys to transition into manhood (44).
However, medically unsupervised practices have been reported to cause hospital
admittance, death and genital amputation in some cases (45,46). The South African
government is supervising traditional circumcision to reduce complications and ensure
sterilization of instruments used in the practice (47). Furthermore, traditional circumcision
can involve removal of only a part of the foreskin tissue and not the complete removal which
decreases efficacy of protection against STIs (48,49). Training of surgeons is ongoing and
registration with the South African department of health to ensure compliance to infection

control procedures and decrease complications (48,49).

1.3.2 MMC and sexually transmitted infections

One of the mechanisms hypothesized for the role MMC plays in the reduction in HIV
acquisition is the reduction of the risk of acquiring different STIs (50-52). MMC was
observed to reduce the risk of acquiring Human Papilloma Virus (HPV) and Herpes simplex

type 2 (HSV-2) (51-53). Furthermore, among women who had circumcised male partners,



decreased risk of STIs was reported including HPV, Trichomonas vaginalis and Bacterial
vaginosis (54,55). Moreover, female partners of circumcised males were reported to have a
lower risk of cervical cancer (56). It was reported in one clinical trial that MMC decreased the
risk of acquiring Trichomonas vaginalis (TV), Chlamydia trachomatis (CT) but not Neisseria
gonorrhea (NG) (57,58). However, a separate trial observed no protection against the same
STIs (59). Mycoplasma genitalium (MG) infection was reported to be decreased among
circumcised men compared to uncircumcised men (59). However, MMC did not have an
effect on the prevalence of MG infection in female partners of circumcised men (60). One
study showed no correlation between MMC and acquisition of syphilis while another
observed a significant reduction in syphilis infection in HIV infected men while there was a

non-significant reduction in HIV negative men (51,61).

1.4 Human Immunodeficiency virus

Human Immunodeficiency virus is a global burden. It was identified as the causative agent
for Acquired immune deficiency syndrome (AIDS) in 1983 (62) and officially named HIV in
1986 (63). Nearly 37.60 million people worldwide were living with HIV in 2020 with 1.50
million new cases in 2020 (64). Since the beginning of the epidemic, HIV/AIDS related
illnesses have been the cause for 34.70 million deaths (64).

It was estimated that 61% of HIV new cases are in Sub-Saharan Africa as illustrated in Figure
1.3 (65). In South Africa, it was estimated that 7.70 million people live with HIV in 2018 (65).
This is more than 20% of the global HIV burden and accounts for a third of all new HIV
infections in southern Africa (66).

UNAIDS has set a 90-90-90 plan which aimed that by 2020 (67):

1. 90% of people living with HIV will know their HIV status.
2. 90% of people diagnosed with HIV will receive antiretroviral therapy.
3. 90% of people receiving antiretroviral therapy will have viral suppression.

It was proposed that the achievement of these targets by 2020 will allow the world to end
the AIDS epidemic by 2030 (67). In December 2020, 84% of people living with HIV globally
knew their HIV status, and 73% were on antiretroviral therapy and 66% were virally

suppressed (64).



In Eastern and southern Africa, it is reported that new HIV infections have decreased by 38%
and AIDS related deaths by 49% in 2019 (68). 72% of people living in sub-Saharan Africa
were on treatment and 65% had suppressed viral loads (68). The sub-Saharan Africa region is
closing in on the 90-90-90 testing and treatment targets (68). UNAIDS has since revised
these targets to 95-95-95 goals for 2021-2026 aiming that by 2026, 95% of people living with
HIV will have known their status, 95% of diagnosed HIV patients will receive antiretroviral
therapy and 95% of the people undergoing treatment will be virally suppressed (69).

Many strategies have been rolled out in the efforts to improve preventative measures
against HIV including voluntary HIV testing, encouraging the use of condoms, providing
Antiretroviral treatment regimens, Pre exposure prophylaxis (PrEP), post exposure

prophylaxis (PEP) and Voluntary medical male Circumcision (VMMC) (69,70).

FIGURA 2.1 Prevaléncia de HIV, adultos (15-49 anos), por nivel subnacional, Africa Subsaariana, 2018.

Fonte: anilise especial do UNAIDS, 2019

Figure 1.3: Prevalence of HIV in adults aged 15-49 in the African continent (65).

1.4.1 HIV transmission across individuals
It was estimated that heterosexual transmission was the cause for around 70% of HIV-1

infections worldwide (71). An estimation of HIV transmission per each sexual contact



showed a variation in the risk around the world. Female-to-male transmission was estimated
to be 0.04% per sexual act while male-to-female was exactly double with a 0.08% in high
income countries (72). In low-income countries, female-to-male transmission was 0.38% per
act and male-to-female transmission was 0.3%. Women are at risk of HIV acquisition through
both penile-vaginal and penile-anal routes (73). The estimates for men who have sex with
men (MSM) per sexual contact were higher with a percentage of 1.70% per act (72).

The stage of HIV infection of the sexual partner also affected transmission risk; acute and
late HIV stages were correlated with an elevation in HIV transmission per sexual act than the
asymptomatic stage of men not undergoing treatment, 9.20 times and 7.30 times,
respectively (72). Additionally, the presence or history of genital ulcers in either partner
increased transmission per act 5.30 times. Finally, the study showed that for female to male
transmission, transmission per sexual act was twice higher in non-circumcised males
compared to circumcised males (72). Viral load (VL) has also been seen to have an
undeniable effect of increasing the risk of HIV acquisition. It has been observed that for
every 10-fold increase in VL in the transmitting partner, there was a 2.50-fold increase in

transmission (74,75).

1.4.2 HIV infection at the cellular level

HIV infection of a cell involves complex interactions between the host cell and the virion
(76). It starts by the binding of the surface glycoprotein gp120 on the virus to the CD4
receptor on the target cell (Figure 1.4). An HIV target cell is a cell that is susceptible to HIV
infection due to expression of the marker CD4 and the co receptors C-C chemokine receptor
type 5 (CCR5) or C-X-C chemokine receptor type 4 (CXCR4) such as Macrophages, T helper
cells, dendritic cells and astrocytes (77—-80). Virions binding to CCR5 are known as R5 tropic
while virions binding to CXCR4 are known as X4 tropic HIV. Dual tropism is ability of virus to
bind through either CCR5 or CXCR4 (81-83). CCR3 has also been identified as a co receptor
for HIV infection to microglia (84). A conformational change takes place in both CD4 and
gp120 molecules to facilitate the binding to the co-receptors: CCR5 or CXCR4 on the cell
surface (77,78). This allows more conformational changes in gp120 and gp41 (85). Gp41l
forms a channel that fuses the cell membrane to the viral envelope (85).

After the fusion of the membranes, the viral capsid translocates into the cytoplasm and the

capsid contents are released. The capsid is taken up by an endosome and the change in the
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pH causes the liberation of the capsid contents into the cytoplasm (86). Reverse
transcriptase (RT) is then activated, and HIV RNA is transcribed into DNA while the RNA is
degraded by RNase H. This is followed by converting the DNA single strand of the virion into
a double stranded DNA by the DNA-dependent DNA polymerase activity of RT (87). Integrase
then inserts the proviral genome into the host cell genome. By that step, HIV infection to the

cell is complete (87).
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Figure 1.4: Steps of HIV-1 replication cycle from binding and entry to formation of new virions (88).

1.4.3 Foreskin tissue and HIV infection

There are several hypotheses that explain why the foreskin (and inner foreskin specifically) is
a major role-player in HIV acquisition. It was suggested that an intact foreskin provides a
bigger surface area for HIV to interact with target cells in the male genital tract at infection
(26,89). Kigozi et al. clinical trial reported that the average foreskin surface area was
significantly higher in men who became HIV infected compared to those men remaining
uninfected (26). It was also observed that removing the prepuce decreases the number of
HIV target cells available to interact with HIV (50,90). Furthermore, the inner foreskin has
been shown to have a relatively thinner keratin layer (stratum corneum) compared to the
outer foreskin and the penile shaft (24,91-93). A thick keratin layer would imply more

barrier integrity and prohibit HIV penetration into the cells. Based on that theory,
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circumcision would remove a surface more vulnerable to HIV infection by the removal of the
inner foreskin. However, a few studies observed the difference in the keratin thickness
between the inner and outer foreskin was non-significant, in contradiction to those findings

(27,94).

1.4.4 Impact of inflammation on HIV Susceptibility

The foreskin tissue is a site abundant in HIV target cells such as Langerhans cells and CD4+ T
cells which appear to be enriched in the inner foreskin tissue compared to the outer
(20,25,89). Furthermore, the foreskin tissue was described to have increased levels of
proinflammatory cytokines including TNFa, and IFNy (95). An inflamed environment in the
male genital tract was proposed to enhance HIV acquisition. Inflammatory signals and
immune activation of Langerhans cells and dendritic cells were shown to increase their
susceptibility to HIV infection while immature Langerhans cells did not efficiently mediate
HIV infection (96,97). Local inflammation in the skin was also observed to cause disruption in
barrier integrity by tissue remodeling that causes a decrease in gap junction proteins (19).
Neisseria gonorrhoeae (NG) was shown to augment HIV infection of resting CD4+ T cells
through Toll like receptor 2 activation (98). Toll Like Receptor (TLR) triggering via Candida
albicans and Neisseria gonorrhoeae, was observed to induce TNFa production in skin and
vaginal biopsies (96). Ex vivo foreskin models showed that up to 50% of T cells could be
infected with HIV after tissue was activated with TNFa and TLR-agonists, while unstimulated
controls had almost no infection (96). TNFa and TLR agonists stimulation was also seen to
enhance HIV replication in Langerhans cells compared to unstimulated samples (96).

To mimic what occurs in the foreskin in vivo, Dinh and colleagues created ex vivo models of
foreskin and cadaveric penile tissues along with in vivo models of macaques to view HIV at
entry sites (20). After 24 hours, it was seen that significantly higher number of virions were
seen in the inner foreskin and glans tissue compared to outer foreskin. Notably, higher
proportions of the virus were seen in the uncircumcised glans tissue compared to the
circumcised ones (20). This suggested that the inner foreskin and the glans tissue in
uncircumcised males are more prone to HIV infection through two possible mechanisms: the
first is that virions are allowed to be in contact with the urethral meatus (UM) for longer

time by the foreskin tissue when it covers the UM in the flaccid state. The second hypothesis
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is that the foreskin tissue retained virus particles which augmented the immune response in

the inner foreskin and glans leading to more uptake by HIV target cells in the tissues (20).

1.5 Urethra as an HIV target site

The penile urethra is lined with a pseudostratified non-keratinized columnar epithelium
while the more distal fossa navicularis region is a stratified non-keratinized epithelium and
the outermost glans region is a stratified keratinized epithelium with a high degree of
stratification (99-102). The urethra is a major site of exposure and infection by bacterial and
viral pathogens including Neisseria gonorrhea, Chlamydia trachomatis, HPV and herpes
simplex virus (101,103-106). The epithelium of the urethra is populated with many CD8 T
cells, natural killer cells, CD4 T cells and macrophages (100,101). The urethra was shown to
be susceptible to R5 tropic HIV infection ex vivo (93,107). It was found that CD4+ T cells
resided in the urethra in large proportions and to a lesser extent in the fossa and glans. In
the three regions, most cells residing in the epithelium compartment were CD8+ T cells while
the lamina propria (close to epithelium) was inhabited by both CD4+ and CD8+ T cells (108).
Langerhans cells were not observed in the urethral epithelium while it was present in both
fossa and glans epithelial tissues (102). CD3+ cells resided in both the epithelial and stromal
compartments of the three regions with more dense population in stroma of the glans
compared to the urethra and fossa. Macrophages resided in both the epithelial and stromal
compartments of the urethra but only stromal compartment of the fossa and glans (102).
This study showed low infection of cell associated HIV infection in the three regions.
However, the infection was significantly higher in the urethra compared to the fossa and
glans (102). HIV infection in the urethra was reported to preferentially target the
macrophages (102) and such urethral susceptibility may explain the ~40% incomplete

protection afforded by MMC against HIV acquisition.
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1.6 Immune cells in the foreskin tissue

The human immune system is composed of the innate immune system and the adaptive
immune system; both have the same role of protecting the body against foreign antigens
which they elicit differently (109). The innate immune response is the first line of protection
against antigens while the adaptive immune response elicits a response that is more specific
to antigens (110). Cells involved in the innate immune response are macrophages, natural
killer cells, basophils, neutrophils, dendritic cells and eosinophils while lymphocytes form the
adaptive immune response (110). Lymphocytes are divided into T-lymphocytes, B-
lymphocytes, and the natural killer cells (NK cells). The foreskin tissue is inhabited with a
variety of immune cells that were shown to be HIV target cells; CD4+ T cells, Langerhans cells
and macrophages occupying the foreskin tissue are estimated to be 22.40%, 11.50% and

2.40% of the total cell population, respectively (Figure 1.5) (111).

Outer foreskin

Surface area
Microflora
Target cells (langerhans cells, CD4+ T-cells, )
Tissue structure

Figure 1.5: Representation of an uncircumcised penis showing potential areas of infection (red)
and the change of surface microflora (Magenta) with removal of the foreskin. HIV potential
target cells are shown: Langerhans cells (green), CD4+ T cells (blue) and macrophages (yellow)
(90).
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1.6.1 C-C chemokine receptor type 5 (CCR5) as a key factor in HIV infection

C-C chemokine receptor type 5 (CCR5) is a chemokine receptor expressed on the surface of
multiple cells including macrophages, dendritic cells and T cells (112—-114). CCR5 is a ligand
for proinflammatory chemokines such as CCL3, CCL4 and CCL5 (RANTES) (115,116). It is one
of the role-players in an effector immune response; it was shown to enhance CD4+ T cells
proliferation and chemokine secretion in response to antigens and also had a role in
recruiting naive CD8+ T cells to sites where CD4+ T cells are interacting with antigen
presenting cells (117,118). Furthermore, CCR5 functions as a co-receptor for HIV infection
(113,119). It was observed that CD4+ T cells that co-expressed CCR5 in the foreskin were
four times more abundant than compared to CD4+ cells detected in blood, suggesting that
the foreskin sequestered HIV target cells and thus making it is potentially a highly
susceptible site for HIV acquisition (95). CCR5-expressing CD4+ T cells have been shown to
be susceptible cells for HIV-1 and it was reported that CCR5 is enriched in CD4+ T cells of the
inner foreskin compared to the outer foreskin (91,119,120). In contrast to these results, a
recent study observed that CD4+ T cells in the outer foreskin expressed higher levels of CCR5
and CD69. However, the study also reported the total CD4+ T cells population to be twofold
higher in the inner foreskin compared to the outer foreskin. Also, the inner foreskin had
higher levels of inflammatory cytokines and chemokines compared to the outer foreskin

(121).

1.6.2 Langerhans cells

Langerhans cells (LCs) are a subtype of dendritic cells (DCs) and they play a role in protection
against infections through being antigen presenting cells in the mucosal epithelium and
epidermis of skin including the foreskin tissue (122). LCs express the markers CD1a, C-type
lectin langerin and have unusual rod-shaped structures specific to LCs called Birbeck
granules (123—-125). LCs reside in the peripheral tissues very close to the surface of the skin
(1.2% in surface epithelium versus 0.3% in submucosa) (126) and sample their environment
for pathogens using their dendritic projections (122). Upon encountering antigens, LCs
undergo maturation, followed by higher expression of MHC-II and co-stimulatory molecules
CD80, CD86, acquisition of CD83, and down-regulation of the C-type lectin langerin
(127,128). LCs maturation causes the release of IL-6, IL-8 and TNFa (127). The secretion of

these cytokines and other chemokines results in the migration of LCs from the epidermis to
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peripheral lymph nodes where the antigens are presented to naive T cells to initiate an

immune response (128,129).

1.6.3 Role of Langerhans cells in HIV infection

Langerhans cells play a dual role during infection based on their activation state. Naive LCs
have a protective role against HIV infection by inhibiting T cell infection and degrading HIV
particles (130). LCs are the first cells that capture HIV virions by langerin in naive LCs,
internalize and degrade the virus in Birbeck granules (130). On the other hand, activation of
LCs by high virus concentration, pathogens or antibodies causes down regulation of langerin
(124). This hinders the protective role LCs have and results in LCs being infected (Figure 1.6)
(97,131). Pathogens can activate LCs through TLR interactions or response to cytokine
stimulation, which indicates that coinfection decreases the protective effect of LCs due to
the down regulation of langerin (96,132). Gram positive bacteria and some pathogens such
as Candida albicans and Neisseria gonorrhea were seen to increase LC populations and
hence HIV susceptibility by enhancing TNF-a and Toll-like receptor 2 (TLR2) agonists
(96,133). LCs play an important role in HIV infection by transmitting HIV to T cells (10).

LCs express the HIV receptor CD4 and co-receptor CCR5, enabling their infection (11,134).
During sexual exposure of an uninfected individual to HIV positive partner, HIV infected T
cells form viral synapses with keratinocytes and infect Langerhans cells through dendrites
that are extending under the superficial layers of the inner foreskin (111). These Langerhans
cells then migrate to the basal membrane and infect T cells (Figure 1.7). That is how

Langerhans cells are pivotal in the infection process (111).
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Figure 1.6: An illustration of immature (green) and activated LCs (red): A) forming protective layer
to HIV through using Birbeck granules to internalize HIV. B) Activation of LCs result in downregulating
langerin and infecting LCs which in turn infects CD4+ T cells. C) TNFa increases number of LCs and

replication of HIV in LCs (135).
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Figure 1.7: An illustration of the mediation of Langerhans cells in T cell infection in the inner and

outer foreskin tissues (111).
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1.6.4 Macrophages

Macrophages play an important role in the innate immune response against pathogens or
damaged cells. Macrophages reside in the submucosa (0.04% reside in submucosa versus
0.02% in the surface epithelium) (126) and their main function is to scavenge and engulf
antigens (136). They can naturally engulf without being activated, but when activated they
start an inflammatory response represented in antigen presentation and cytokine secretion
(137). Macrophages infected by HIV are very effective reservoirs for the virus that can
survive for years after the primary infection (138). Macrophages also secrete Monokine
Induced by y-Interferon (MIG) that is correlated with HIV seroconversion. MIG is secreted by
macrophages in response to Interferon y (IFNy) production and it causes recruitment of T
cells in the foreskin tissue (31).

Macrophages are classified into different types according to their activation state and
function: M1 type which is also known as classically activated macrophages, M2 type known
as alternatively activated macrophages and regulatory macrophages (139-142). M1
macrophages differentiate under the influence of IFN-y and TNFa and it leads to a
proinflammatory pathway where they secrete IL-6, IL-12 and TNFa along with superoxide
anions and oxygen and nitrogen radicals to kill pathogens (143-146). M2 macrophages
develop influenced by IL-4 and IL-13 produced by Th2 cells and it leads to an anti-
inflammatory, or regulatory, pathway with the secretion of IL-10 and TGF-$ (139,147,148).
M2 macrophages are important role players in wound healing and tissue repair (149) and
can produce high levels of IL-10 (145,150,151). During acute HIV infection, macrophages
have been observed to be more of an M1 inflammatory state while in chronic infection,

macrophages appear to shift to an M2 state (152,153).

1.6.5 Macrophages as HIV target cells and role in latency

Macrophages co-expressing CD4+CCR5+ were observed to be the first cells to be infected
with HIV in the urethral mucosa ex vivo following infection with cell-associated virions.
Urethral T cells in humans were mostly naive CD8+ or CD4+ cells that were not infected by
HIV upon entry (102). Furthermore, macrophages were demonstrated to play an important
role in HIV transmission from macrophages to CD4+ T cells (154). Macrophages play an
important role in HIV latency. Infected macrophages are shown to be able to survive for long

as a viral reservoir that can be reactivated (155,156). A mechanism in which macrophages
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act as reservoirs for HIV-1 occurs when HIV envelope glycoprotein causes macrophages to
downregulate tumor necrosis factor related apoptosis-inducing ligand (TRAIL) receptor and
upregulate genes that antagonize apoptosis which allows virally infected viable macrophages
to persist (157). Another mechanism for macrophages as HIV reservoir is that HIV infected
macrophages are not efficiently killed by cytotoxic lymphocytes because of intrinsic
resistance by the macrophages (158). Furthermore, HIV has been demonstrated to be
capable of replicating in primary macrophages without signaling the innate immune system
and silences IFN responses (159). HIV-1 DNA, RNA and intact virions were found in
macrophages of urethral cells of HIV infected patients under suppressive ART (155). In
contrast, the CD3+ T cells from the same tissue had undetected levels of HIV components
(155). Furthermore, LPS stimulation caused a reactivation of HIV outgrowth in urethral cells
containing macrophages but not T cells and the reactivation significantly decreased after
macrophage depletion (155). Macrophages and T cells in the urethra from HIV infected
patients on ART often formed conjugates in both the stroma and the epithelium compared

to urethra of uninfected individuals (155).

1.6.6 T cells

The blood and tissues of a healthy human contain different subsets of T cells. T lymphocytes
are developed in the thymus and are known to have a major role in the immune response.
CD4+ T cells and CD8+ T cells form the major two populations of T lymphocytes (109). CD8+
T cells are known as cytotoxic T cells and are responsible for killing virus infected cells and
tumor cells. CD4+ T cells are involved in many functions in the immune response such as
activating the cells of the innate immunity, B-lymphocytes and cytotoxic T cells activation
and also suppression of the immune response (109,160). Activation of naive CD4+ T cells
occurs after interacting with antigen-MHC complex and leads to further differentiation into
subtypes that elicit different immune responses according to the cytokines secreted by these
T cells (109,160). CD4+ T cells can be further classified into T helper 1 (Th1) cells, T helper 2
(Th2) cells, T helper 9 (Th9) cells, T helper 17 cells (Th17), T helper 22 cells (Th22), T follicular
helper cells (Tfh) and T regulatory cells (Tregs) (Figure 1.8). Each of these subsets is known
for producing a distinctive set of cytokines that induce a specific immunological response

(109,160).
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Figure 1.8: An illustration showing different T helper subsets and their main cytokine secretions
(160).

1.6.6.1 CD4+ T cells in the foreskin tissue

Tissue resident CD4+ T cells were reported to reside in the foreskin tissue and were
predominantly an effector memory phenotype and had much higher frequency of CCR5
expression compared to CD4+ T cells in the blood (42% in foreskin tissue compared to 9.90%
in blood) and IL-17 production (95). CD4+ T cell proportions differ in the inner and outer
foreskin. Several studies have reported that a greater number of tissue resident CD4+ T cells
reside in the inner foreskin tissue compared to the outer foreskin (24,91,120,121). However,
in contrast, a study by McCoombe and short reported higher CD4 cells in the outer FS
compared to the inner FS (92). Differences in these results may be because of altered
conditions in the experiments such as presence of an infection or different experimental
designs and analysis employed in each study. However, HIV susceptibility isn't only related to
CD4+ proportions but also the state of activation and secretion of proinflammatory
chemokines. Higher levels of anaerobic bacteria are known to inhabit the inner foreskin of
the uncircumcised penis and most likely responsible for eliciting the elevated levels of
proinflammatory cytokines, IL-17, IL-8 and RANTES, in the inner foreskin (30,121). Bacterial
and viral STIs have been observed to influence the activation and density of T cell subsets in
the foreskin tissue (31,50,161). CD4+ T cells were observed to be higher in the foreskin tissue
of HSV-2 infected males (50). Furthermore, HSV-2 infection caused an increase in the CD8+ T

cell density in the foreskin tissue (50).
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1.6.6.2 Th1 cells

Th1 Cells are a subset of T cells that are known for the secretion of IFN-y, TNF, lymphotoxin
and IL-2. Naive T cells differentiate into Th1 cells by exposure to IFN-y and IL-12 early in the
time of T cell priming (162). Th1 cells have an essential role in immune response against
infections caused by intracellular bacteria. Th1 cell production of IFN- y causes macrophages
to be activated against intracellular parasites. Th1l cells express high levels of CCR5 and were

found to be highly infected by R-5 tropic HIV (163).

1.6.6.3 Th2 cells and TH9 cells

Th2 cells are distinguished by their secretion of IL-4, IL-5 and IL-13 and their role in B cell
immune responses while Th9 secrete IL-9 and contribute to antitumor immune defense
(110,164,165). Th2 cells and Th9 cells were found to be more prone to infection with X-4

tropic than R-5 tropic strain ex vivo because of their expression of CXCR4 but not CCR5 (163).

1.6.6.4 T helper 17 cells

T helper 17 cells (Th17) are among the many cells that reside in the foreskin tissue and are
susceptible to HIV infection because of their proinflammatory nature in mucosal immunity.
Th17 cells produce IL-17A, IL-17F and TNF (166,167). The major signaling cytokines involved
in Th17 cells differentiation are IL6, IL21, IL23, and TGF- B. Meanwhile, retinoic acid
receptor-related orphan receptor gamma-T (RORyt) is the master regulator (168-171). Th17
cells take part in host defense against extracellular bacteria and fungi including Klebsiella
pneumonia, Candida albicans and Mycobacterium tuberculosis. They are also involved in the
development of autoimmune diseases (167,172-175) as well as recruitment and activation
of Neutrophils (176,177).

Th17 cells were observed to be more abundant in foreskin tissue compared to blood (95).
Furthermore, Th17 cells were observed to be two-fold higher in density in the inner foreskin
tissue compared to the outer foreskin tissue (121). Gosselin et al. demonstrated that Th17
cells in the blood (identified as CCR4+CCR6+ T cells) were seen to be more susceptible to R5
and X4 tropic HIV infection and to have higher levels of HIV DNA in treatment naive patients
(14). Both Th17 and Th1l cells were found to be highly HIV susceptible in vitro and

preferentially depleted in vivo during infection (12—-14). In addition, Th17 have been seen as
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a primary target for Simian immunodeficiency virus (SIV) and it made up 64% of the infected

cells within 48 hours of viral acquisition (178).

1.6.6.5 T regulatory cells

T regulatory cells (Tregs) are a T cell subset that regulates the activity of other immune cells
and maintain peripheral tolerance: preventing auto-reactive immune response and ensuring
immunity is directed against foreign pathogens (179). Tregs express CD4+/CD25++/FoxP3+
and they exert their immune regulatory function through cell-cell interactions or cytokine
release that inhibits Thl and Th2 response (180-182). Treg cells also co-express CCR5 which
makes them susceptible to HIV infection (183,184). However, HIV-infected Treg cells still
maintained their suppressive role despite being infected and suppress immune activation,
which might slow disease progression (184—-186). Treg cells have also been described as an

important HIV reservoir in patients undergoing treatment (187,188).

1.6.6.6 T helper 22 cells

T helper 22 cells (Th22) are a T cell subset that produces IL-22 and TNF but do not secrete or
express IL-17 (189-191). Th22 cells co-express surface expression of CCR10, a chemokine
receptor for ligands CCL27 and CCL28 (192). IL-22 is a pro-inflammatory cytokine that has a
role in wound healing and keratinocyte migration to skin (193). Th22 cells constitute around
7.60% of the outer foreskin population and 5.10% of the inner foreskin population (121) and
appear mostly of an effector memory phenotype (95). Th22 appear to be highly susceptible
to HIV infection and are preferentially depleted in the colon of HIV positive patients

compared to Th17 and Th1 cells (191).

1.7 Chemokines and cytokines in the foreskin and penile tissues

Chemokines and cytokines in the foreskin tissue have an essential role in the inflammation
of foreskin tissue and potentially susceptible to STIs and HIV infection. Many chemokines
and cytokines were detected in the foreskin tissue. IL-8 was detected in 60% of coronal
sulcus swabs of males undergoing MMC while Monokine Induced by y-interferon (MIG) was
detected in 25% of the swabs (31). Other cytokines including GM-CSF, MCP-1, MIP3a, IL-1a

and RANTES were detected in 10% of sample donors (31). IL-8 levels were noticed to
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significantly decrease after MMC compared to the control group that didn’t undergo
circumcision. Furthermore, IL-8 detection in the coronal sulcus was correlated with a
significant increase in highly HIV susceptible T cells populations; CD4+CCR5+ T cell subsets
including Th17 cells, Thl cells, and TNFa+ CD4 T cells (31). The seroconversion rates in the
control group that didn’t undergo circumcision has been seen to increase when more than
one of the cytokines were detected in the coronal sulcus swabs (31). IL-8 and MIG were
specifically correlated with higher HIV acquisition in males (31). MMC was reported to
decrease IL-8 levels significantly which might potentially decrease HIV acquisition. IL-8 and
MIG are pro inflammatory cytokines that are involved in the recruitment of immune cells to
inflamed tissues (31).

The epithelium of the inner foreskin tissue of sexually active men was reported to harbor
higher concentration of the pro-inflammatory cytokines GM-CSF, IFN-y, IP-10, and RANTES
(129). IP-10, GM-CSF, RANTES and IFN-y were four-fold, three-fold, two-fold and 1.25 fold
higher compared to the outer foreskin, respectively (119). This suggests an increased
inflammation in the inner foreskin tissue compared to the outer foreskin tissue. Zhou et al.
demonstrated that HIV inoculation induced higher RANTES levels in the inner foreskin. The
high RANTES levels were observed to mediate T-cells recruitment to the epidermis of the
inner foreskin tissue and promotes formation of LC-T cells conjugates; this study suggests
the inflammatory process involved in the higher susceptibility of the inner foreskin tissue to
HIV (194). Many chemokines were observed to be highly expressed in the inner foreskin
compared to the outer foreskin (91). Out of 84 genes assessed, 28 genes were significantly
expressed higher in the inner foreskin tissue including CCL27, CXCL12, and TLR4 (91).
However, other chemokines including CXCL10, TLR2 and TYMP were significantly higher in
the outer foreskin as opposed to the inner. CCL27 was ~7 fold higher in the inner foreskin
compared to the outer foreskin; this was in correlation with CD4+CCR5+ cells estimated
higher in density in the epithelium of the inner foreskin (91). CCL27 is a chemokine that is
predominantly expressed in the skin by keratinocytes and is involved in homing of memory T
cells and Langerhans cells to the skin (195). It was observed to be produced upon stimulation
of keratinocytes with TNFa (196). CCL27 is the ligand for CCR10 receptor which is expressed
on a variety of HIV susceptible cells including Th22 cells and Langerhans cells (191,192,197).
CCL27/CCR10 have a paramount role in tissue repair, skin homeostasis and inflammatory

responses (192).
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Despite the protective role MMC has against STIs and HIV acquisition, there still remains
target sites in the male genital tract that facilitate infection including the glans penis and the
urethra (102,198). All penile regions (penis glans, urethra and fossa) were observed to be
able to spontaneously produce pro-inflammatory and anti-inflammatory cytokines such as
IL-17 and IL-22 and other important intermediaries in the infection process (108). The glans
penis contains higher proportions of activated NK cells and effector CD8+ cells which makes
it a preferential site for HIV infection after the foreskin tissue (108). Multiple cytokines were
found in the urethra, fossa and glans of the penis (108). IFN-y-secreting cells, CD4+ cells
expressing both IL-4 and IL-5 were detected in the three tissues and to a lesser extent TNFa
secreting cells, IL-2 secreting cells (108). IFNy, TNFa and IL-2 production was detected in low
amounts (less than 2% of CD4+ T cells) in all three penile regions (108). Proportions of IL-17
and IL-22 were considerably lower in the glans penis, fossa and urethra than in the inner or
the outer foreskin tissue (108). Urethra, fossa and glans were also observed to have a wide
range of cytokines including RANTES, IL-13, CCL28 (high levels) and MCP-1, TRAIL, and CCL25
(in intermediate concentrations) and CCL27, MIP-3a, Etoaxin, MCP-4 and IL-4 (low levels)
(121). TGF-B1, SDF-1a, MCP-1, IL-8 and IL-7 were found to be present in high concentrations
in the seminal fluid of fertile males. IL-5, IL-13, MIP-1B, IL-1a and B, RANTES, IL-6, IL-17, MIP-
1B, IFN-a and G-CSF were also detected in low concentrations (<150 pg/ml)(199). The roles
of some of these chemokines has been described in literature to increase HIV susceptibility
or recruit more immune cells to skin. MIG, MIP-3a and IP-10 have been observed to increase
HIV uptake in resting CD4+ T cells without requiring the cells to be activated (200). CCL28 is
the ligand for CCR10 along with CCL27 and is involved in homing of T cells to skin (201).
Furthermore, MCP-1 is a key chemokine in the regulation of the migration and infiltration of
macrophages and memory T cells (202,203). The male genital tract is an active immune site

with both innate and adaptive immune responses along with chemokine production (204).
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1.8 Fluorescence techniques in measuring tissue-resident immune cells

The discovery of fluorescence and fluorescence labeled substances is one that enabled a
breakthrough in all aspect of cell biology, molecular biology and immunology; this
subsequently led to the development of the first fluorescent microscope in 1913 by Heinrich
Lehmann (205). Fluorescence microscopy enables the examination of fluorescent cells and
tissues using a microscope; whether these tissues were intrinsically fluorescent or through
staining with an extrinsic fluorescent dye (206). It has allowed a wide range of applications

and uses over other forms of microscopy with high sensitivity and specificity.

1.8.1 Immunofluorescence imaging

Immunofluorescence (IF) imaging is a technique that uses different immunofluorescence
labeled antibodies to visualize cells in the tissue and how they might be localized among
other tissue compartments (207). IF imaging allows visualizing spatial distribution and
expression of markers in the tissue. It is an important tool in viewing tissues and organs as a

system and not as separate cells (207).

1.8.2 Flow cytometry

Flow cytometry is a tool that uses lasers to analyze different characteristics of cells (208). It is
powerful in characterizing immune cells in single cell suspensions and it can characterize
wider ranges of surface and intracellular markers compared to microscopy (208). It defines
cells into different populations using cell size, granularity and fluorescence labeled
antibodies. It enables interrogation of multiple different markers expressed by a single cell
and allows understanding immunological environment in a tissue beyond spatial distribution
of cells (208). It can identify immune cells that express many different markers (i.e. Thl, Th2,
Thl7 and Th22) along with identifying differentiation of cells (208).
We have used both immunofluorescence imaging and flow cytometry to characterize CD4+ T

cells in the foreskin tissue and how it responds to exogenous stimulation by chemokines.
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1.9 Rationale of the project

MMC has been reported to decrease HIV susceptibility and the risk of acquiring other STIs
(35-37). The observed reduced risk of STl infection due to the removal of the foreskin tissue
is postulated to be associated to the abundance of HIV target cells recruited to foreskin
tissue during an inflammatory response, however the mechanism for this is poorly defined.
Previously, increased level of CCL27 expression in the inner FS tissue was associated with
higher frequency of CD4+CCR5+ which are quintessential HIV-1 target cells (8,89,90). CCL27
is a chemokine involved in tissue repair and homeostasis and is involved in T cells homing to
skin (195,209). In this study we hypothesized that CCL27 secreted during tissue damage
and/or inflammation takes part in the recruitment of CD4+ T cells to the epithelium of the
foreskin tissue and that exogenous exposure to CCL27 will result in recruitment of these cells
to the epithelium of the foreskin tissue. Furthermore, CCL27 was previously observed to be
upregulated in the inner FS relative to outer FS, suggesting a possible mechanism for
increased HIV acquisition via the inner compared to outer FS. Therefore, using
immunofluorescence we aimed to characterize the response of CD4+ T cells to CCL27
exogenous exposure and the role of CCL27 in the recruitment of HIV target cells (CD3+CD4+
T cells) in the epithelium of the foreskin tissue. Moreover, given that CCL27 is the ligand for
CCR10 receptors found on Th22 cells and LCs (192,197), we aimed to phenotype the immune

cells recruited under the influence of CCL27 using multi parameter flow cytometry.

1.10 Hypothesis

This dissertation hypothesized that CCL27 higher expression in the inner foreskin was
responsible for the recruitment of CD4+ T cells in the epithelium of the inner foreskin tissue
and that exogenous exposure to CCL27 would have an impact on the increase in the density

of CD3+CD4+ T cells in the epithelium of the foreskin tissue.
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1.11 Aims and objectives

Aim 1: to determine the impact of CCL27 on recruiting CD3+CD4+ T cells to the foreskin
epithelium.

Objective of aim 1: to use immunofluorescence microscopy to assess the changes in
CD3+CD4+ T cell density in the epithelium of the foreskin tissue under the influence of
exogenous exposure to CCL27.

Aim 2: to compare two methods of counting CD3+CD4+ cells; manual counting and semi-
automated counting.

Objective of aim 2: to use Softworx software on the Deltavision microscope for manual
counting and PIPSQUEAK macro on Imagel for semi-automated counting of dually labelled
cells and compare the two methods using different statistical analysis methods.

Aim 3: to use multiparameter flow cytometry to characterize T cell subsets isolated from
foreskin tissue under the influence of CCL27.

Objective of aim 3: to use multiparameter flow cytometry panel: CD45, CD3, CD4, CCR5,
CCR4, CCR6 and CCR10 to characterize and quantify live T cells in the foreskin tissue.
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2.1 Study participants

Participants enrolled into the study were all adults undergoing voluntary MMC from the
Western Cape Province and MMC is conducted in one of the collaborating clinics in Cape
Town. The following inclusion criteria were applied for participants:

Participants were scheduled for Voluntary MMC, were adults >18 years, HIV-1 seronegative,
had no symptomatic STIs or lesions and provided an informed consent to collect foreskin
samples.

The following exclusion criteria were applied:

Participants who did not meet inclusion criteria, had an unknown HIV-1 status or HIV-1
seropositive, had symptomatic STI or visible lesion or where informed consent was not

obtained.

A total of 18 foreskin samples were analyzed in this dissertation. Immunofluorescence
microscopy utilized foreskin samples from 11 donors (11 inner foreskin tissues and 4 outer
tissues). However, three inner foreskin samples derived from one donor were excluded due
to disintegration of tissue which prevented quantification of cells. We used samples derived
from 7 donors for the flow cytometry analysis. This sub-study, including laboratory protocols
and the use of human foreskins, was reviewed and approved by the University of Cape
Town’s Faculty of Health Sciences Human Research Ethics Committee (HREC REF 382/2021
under the main study HREC REF number 071/2017).

2.2 Sample collection

Foreskin tissues were collected in the clinics after performing MMC. Foreskins were
immediately stored in sterile 50 mL conical tubes [Greiner Bio-One (Lasec Cat. No.:
P1TUB0138-00050)] containing 20 ml of RPMI 1640 media (Sigma Cat. No.: R8758-500ml)
supplemented with 10% Heat inactivated Fetal Calf serum [Gibco (Life Technologies

Cat. No.: F10493-106)] and 1% penicillin-streptomycin [Gibco (Life Technologies Cat. No.:
15140-122)]. The tissues were transported to UCT laboratories as soon as possible after
MMC, to reduce negative effects on tissue viability. Upon reaching the laboratories of the
University of Cape Town, samples were rinsed with Phosphate buffer serum PBS

supplemented with 1% penicillin-streptomycin [Gibco (Life Technologies Cat. No.: 14040-
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0910] and the excess fat tissue and blood vessels were removed using sterile scalpel and
forceps. After the removal of all excess adipose tissue, the inner and outer foreskin were

separated as shown in Figure 2.1 and further sectioned into ~1cm? smaller sections.

Figure 2.1: A foreskin tissue sample (inner and outer).

2.3 Exposure of Foreskin tissue to TNF and CCL27

The inner and outer foreskin tissues were sectioned into 1 cm? sections and transferred to a
48 well plate (Lasec Cat. No.: P1PLA044C-000048). To determine the effect of CCL27 on
foreskin T cells recruitment in the epithelium of the foreskin tissue, three conditions were
tested; unstimulated (1 ml of RPMI 1640 supplemented with 10% FCS and 1% pen-strep),
TNFa as a positive control (23) (100 ng/ml TNFa in 1 ml RPMI 1640 supplemented with 10%
FCS and 1% penicillin-streptomycin) and CCL27 [R&D (Whitehead scientific Cat. No.: 376-CT-
025)] (400 ng/ml in 1 ml RPMI 1640 supplemented with 10% FCS and 1% pen-strep). All
experiments were set up in a blinded manner. The samples were incubated for 48 hours at
37 2C, 5% CO,. Tissue sections were then rinsed in PBS, embedded in tissue freezing medium
[Leica biosystems (SMM Africa Cat. No.: 14020108926), placed into regular cryomolds and

frozen at -80 °C, until further analysis.
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2.4 Sectioning and staining of foreskin tissue

Cryomolds containing tissue freezing media embedded tissues were transferred to a cryostat
machine (Leica CM1860). Tissue sections were cut at 12 um thickness and transferred onto
slides (Marienfeld Cat.No.: 0810000). Two to three tissue sections were placed on each slide
and then transferred to the -40°C freezer till staining. At the time of the staining, tissue
sections were allowed to thaw at room temperature for ten minutes then hydrophobic pen
was drawn around each tissue section and PIPES-formaldehyde fixative was added to the
slides (3 ml PIPES buffer+ 1 ml methanol free formaldehyde) (Thermo fisher scientific Cat.
No.: 28906). After washing in three coplin jars (Sigma Aldrich Cat.No.: $5516) with PBS,
tissues were blocked with 10% normal donkey serum (supplemented with 0.10% Triton X-
100 and 0.10% Sodium Azide) for 1 hour at room temperature. The tissue sections were
incubated with primary antibodies against human CD3 (undiluted) (Table 2.1) for 1 h at 37 °C
and were washed three times in PBS then incubated for 30 min at room temperature with
donkey anti-rabbit Alexa Fluor 488 (FITC) (1:500) then washed. The tissue sections were then
incubated with primary antibodies against human CD4 (1:50) (Table 1) for 1 h at 37 °C and
were washed three times in PBS then incubated for 30 min at room temperature with
donkey anti-mouse Alexa Fluor 647 (1:500) then washed. Tissue sections were
counterstained with HOECHST (1 ul in 20 ml PBS) for 5 min at room temperature to visualize
nuclei. A fourth wash was added at the end using fresh PBS to decrease background in the
images. Tissues were air dried and then mounted using fluorescent mounting medium
MOWIOL (MERCK Cat. No: 475904) with antifade and covered with coverslips (marienfeld
Cat.No.: 0107222) ensuring no air bubbles form. The edges of the coverslips were sealed
with fast drying clear nail polish. After ensuring that the nail polish was dry, slides were

stored in slide boxes (Leica, Cat. No. 71459-B) at 4°C until imaging.
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Table 2.1: List of Antibodies used in immunofluorescence staining.

Antibody Fluorophore Company Dilution
Anti CD3 rabbit anti NA Ab21703 Abcam Neat
human
Anti CD4 mouse anti NA C1805-100TST SIGMA 1:50
human
Secondary CD3 Alexa Fluor 488 711-546-152 AEC Amersham 1:500

(Donkey anti-rabbit)

Secondary CD4 Alexa Fluor 647 715-607-003 Jacksons 1:500
(Donkey anti-
mouse)
HOECHST (DAPI) NA H1399 LTC Tech South Africa 1:20000

2.5 Immunofluorescence microscopy

Images were collected on a Deconvolution microscope using a DeltaVision RT system on
Olympus IX71 microscope and inspected using a SoftWorX software. Images were captured
on a digital camera (CoolSNAP HQ; Photometrics) using a x60 objective. Thirty z-sections,
0.50 um apart, were collected per image field. Panels of 9 images were collected to visualize
the density of the target cells (CD3+CD4+) across the epithelium of the inner and outer
foreskin tissue explants. To determine CD3+CD4+ cell density in each sample, 10 images
were collected for each experimental condition. Panel images were acquired to include the
epithelium and lamina propria. Surface area of the epithelium was highlighted for
measurement and CD3+ CD4+ cells were highlighted on each of the layers manually. Data
were uploaded to collaborators at Northwestern University, Chicago, to analyze the files
using Integrative Data Language to calculate surface area and calculate the counted dually
positive cells in the epithelium. The number of CD3+CD4+ cells in each image was divided by
the surface area to calculate density of cells per mm? of tissue. A total of 650 images were
collected. As negative controls, corresponding slides were concurrently stained with
universal isotype control (Rabbit IgG and mouse 1gG1) along with HOECHST only slides. The
images were also analyzed using PIPSQUEAK/Imagel.
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2.6 Image analysis using Image)

We exported the images generated on the Deltavision RT system and analyzed them using
Imagel) 1.53f and PIPSQUEAK Al (version 5.2.1, Rewire neuro), a macro added to ImageJ that
enables semi-automated counting of double positive cells. It automatically detected the
single labeled cells in both Alexa 488 and Alexa 647 channels and then merged them to
detect and count the dually labeled cells. We analyzed 16 inner foreskin tissue samples (6
unstimulated samples and 5 TNFa 100ng/ml and CCL27 400ng/ml exposed samples) and 6
outer foreskin tissue samples. This was used for comparison between manual and semi-

automated counting methods.

2.7 Cell extraction by migration of spontaneously migrating cells

Inner and outer foreskin cells were allowed to spontaneously migrate out of the tissue into
the culture medium under the three conditions (unstimulated, TNFa 100ng/ml exposed or
CCL27 400ng/ml exposed). The tissue was split into three parts and cut into 1 cm? sections
that were incubated in R10 media (RPMI 1640 supplemented with 10% FCS and 1% pen-
strep), TNFa as a positive control (100 ng/ml TNFa in RPMI 1640 supplemented with 10%
FCS and 1% pen-strep) and CCL27 (400 ng/ml in RPMI 1640 supplemented with 10% FCS and
1% pen-strep) for 48 hours at 37° C. After 48 hours, the migrated cells from the inner and
outer foreskin tissues were harvested into single cell suspensions and counted using TC20
cell counter (BIO RAD, Model no. TC20TM Automated Cell counter) and viability recorded.

Cells were stained for flow cytometry.

2.8 Separation of epidermis and dermis layers using Dispase enzyme

A portion of tissues exposed to chemokines as described in section 2.7 were washed in PBS
and placed in 4 mis of 5U/ml Dispase Il [Roche (Sigma Cat. No.: 04942078001)] in Hanks
buffer salt solution [Gibco (Thermo fisher scientific Cat. No: 14170120)] was added to
divided petri dishes (lasec Cat. No: 18090H) for 18 hours at 4° C to separate epidermal
sheets from the remaining hypodermis layer. Figure 2.2 shows the placement of cells in
Dispase solution with the orientation of epidermis facing the lid of the plate. Following 18
hours of dispase treatment, epidermis and dermis were separated using forceps and used to

compare spontaneous cell migration or liberase tissue digestion. For spontaneous cell
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migration, the epidermis and dermis layer were separately placed in culture plates
containing 4 ml RPMI 1640 supplemented with 10% FCS and 1% pen-strep for 48 hours at
37° C. Alternatively, the epidermis and dermis were placed in Liberase for digestion into

single cell suspensions.

Figure 2.2: Inner and outer foreskin tissue sections placed in Dispase 5 U/ml for 18 hours.

2.9 Liberating cells from the foreskin tissue

Epidermal sheets of inner and outer foreskin tissue after Dispase treatment were placed in
Liberase 5U/ml (Sigma Aldrich Cat.No: L313453) for 3 hours in 37°C and then single cell
suspensions were collected using 70 um cell strainers [Corning (Sigma Aldrich Cat. No:
CLS431751-50EA)]. Cells were washed with PBS, centrifuged at 400g for 5 minutes and
supernatant discarded. Cells were resuspended in PBS and counted using TC20 cell counter

and viability recorded.

2.10 Flow cytometry staining

Foreskin cells were transferred to a 96-well plate at a concentration of 2x10° cells per well.
Cells were stained with the viability marker VIVID [Invitrogen (Thermo Fisher Scientific
Cat.No: 34955)] using 50 ul of vivid solution (stock is diluted at 1:40 then 1 ul to 49 pl of
PBS). The plate was incubated in the dark at room temperature for 20 min. Cells were
washed once with 100 pl of Facs buffer and centrifuged at 400 g for 5 minutes. Supernatant
was removed and 50 pl of surface staining monoclonal antibody cocktail was added (CD45,

CD3, CD4) (table 2.2). The plate was incubated at room temperature for 20 min in the dark.
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Cells were washed once with 100 ul of Facs buffer and centrifuged at 400 g for 5 minutes.

Supernatant was removed and 50 ul of CCR staining monoclonal antibody cocktail was added

(CCR5, CCR4, CCR6, CCR10) (table 2.2). The plate was incubated at 37°C for 20 min and

covered with foil. Cells were washed once with 100 pl of Facs buffer and centrifuged at 400 g

for 5 minutes. Supernatant was removed and cells resuspended in 200 ul FACS lysis buffer (1

ml lysis solution in 10 ml distilled water). Cells were transferred to labeled 5 ml Facs tubes.

Th17 cells are denoted as cells expressing CD45+, CD3+, CD4+, CCR4+, CCR5+ and CCR6+

while Th22 are CD45+, CD3+, CD4+, CCR4+, CCR5+, CCR6+ and CCR10+. Samples were

acquired within 24 hours of staining using BD LSRIl flow cytometer. 500000 events were

acquired. Data were analyzed using FlowJo analytical software version 10.7.1 (FlowJo, LLC).

Antibody Panel:

Table 2.2: Antibody panel used in flow cytometry experiment.

Antibody

Fluorophore

Clone

Company

Dilution

CD45 BV786 HI30 563716 BD 1 upl in 50 pl Facs
Biosciences buffer.
CD3 APC/Cy7 UCHT1 300426 Biolegend 1 plin 50 ul Facs
buffer.
CD4 Alexa  Fluor | SK3 344622 Biolegend 1 plin 50 ul Facs
700 buffer.
CCR5 PE/CY7 J418F1 359108 Biolegend 0.625 plin 50 pl Facs
buffer.
CCR4 BV-605 L291H4 359418 Biolegend 1.5 plin 50 pl Facs
buffer.
CCR6 BV711 GO34E3 353436 Biolegend 1.5 plin 50 pl Facs
buffer.
CCR10 APC 1B5 564771 BD 0.625 pl in 50 pl Facs
Biosciences buffer.
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2.11 Statistical analysis:

Statistical analysis was conducted using GraphPad Prism 8® (GraphPad Software, San Diego
California USA). Non-parametric Mann-Whitney U test was used for unpaired data while
non-parametric Wilcoxon matched pairs was used for paired data. Paired t-test was used for
paired parametric Logio transformed data. For correlation analysis, Spearman rank
correlation test was used to measure strength of correlation between two counting methods
(manual counting and semi-automated counting). Bland-Altman plots (difference plots) were
used to measure difference between manual and semi-automated counting methods. A p-

value <0.05 was considered statistically significant.

2.12 Titration of chemokines:

We titrated the concentrations of chemokines used to induce cell recruitment in the foreskin
tissue explants and used MIPla 100 ng/ml, TNFa 100 ng/ml, CCL27 100 ng/ml and
CCL27 400 ng/ml. Preliminary data showed low efficacy of MIP1a 100 ng/ml and CCL27 100
ng/ml in stimulating foreskin tissue explants. Based on these findings, we opted to continue
the experiment with TNFa 100 ng/ml as a positive control and CCL27 400 ng/ ml as our
tested chemokine. Figure 2.3 shows representative images of titration results. Figure 2.3
shows representative images comparing MIP1a, TNFa and the 2 concentrations of CCL27. In
Figure 2.4, each data point represents a field of view (FOV) in foreskin tissue samples (~10
per sample) acquired via the Deltavision microscope. Figure 2.4a show TNFa 100 ng/ml to
be a superior positive control compared to MIP1a (Median density of CD3+CD4+ in TNFa
100 ng/ml was 202.10 cells/mm?, IQR: 146.10-268 compared to 133.30 cells/mm?, IQR:
78.52-202.10 in unstimulated tissues, p=0.003, Median density of CD3+CD4+ in MIP1a 100
ng/ml was 167.80 cells/mm?, IQR: 85.73-254.40, p=0.171). Meanwhile, CCL27 400 ng/ml
Induced higher CD3+CD4+ cell recruitment compared to CCL27 100 ng/ml (Median density of
CD3+CD4+ in CCL27 400 ng/ml was 175.10 cells/mm?, IQR: 112.40-259.20 compared to
133.30 cells/mm?, IQR: 78.52-202.10 in unstimulated tissues, p=0.061, Median density of
CD3+CD4+ in CCL27 100 ng/ml was 132.30 cells/mm?, IQR:.97.91-210.80, p=0.460).
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In the outer foreskin (Figure 2.4b), TNFa 100 ng/ ml and MIP1a had limited impact on the
density of CD3+CD4+ T cell (Median density of CD3+CD4+ in TNFa 100 ng/ml was 33.18
cells/mm?, IQR: 0-190.10 compared to 34.72 cells/mm?, IQR:0-79.31 in unstimulated tissues,
p=0.330, Median density of CD3+CD4+ in MIP1a 100 ng/ml was 34.80 cells/mm?, IQR: O-
91.71, p=0.785). Both CCL27 400 ng/ml and CCL27 100 ng/ml had limited impact on the
density of CD3+CD4+ T cell (Median density of CD3+CD4+ in CCL27 400 ng/ml was 27
cells/mm?, IQR: 0-72.38 compared to 34.72 cells/mm?, IQR: 0-79.31 in unstimulated tissues,
p=0.644, Median density of CD3+CD4+ in CCL27 100 ng/ml was O cells/mm?, IQR:.0-67.05,
p=0.138). We concluded that TNFa 100 ng/ml and CCL27 400 ng/ml are the optimal

chemokines and concentrations for downstream experiments and analysis.
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unstimulated MIP1la 100 ng/ml TNFa 100 ng/ml CCL27 100 ng/ml CCL27 400 ng/ml

unstimulated MIP1la 100 ng/ml TNFa 100 ng/ml CCL27 100 ng/ml CCL27 400 ng/ml

Figure 2.3 Representative images from the titration of chemokines. A) Representative images of unstimulated, MIP1a 100
ng/ml, TNFa 100 ng/ml, CCL27 100 ng/ml, CCL27 400ng/ml exposed tissues in the inner foreskin. B) Representative images
of unstimulated, MIP1a 100 ng/ml, TNFa 100 ng/ml, CCL27 100 ng/ml, CCL27 400ng/ml exposed tissues in the inner

foreskin.
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Titration of chemokines in the inner foreskin tissue

Titration of chemokines in the outer foreskin tissue
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Figure 2.4: Titration of chemokines in the inner and outer foreskin tissues. A) Titration results in the
inner foreskin tissue (n=40). B) Titration results in the outer foreskin tissue (n=40).
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Chapter 3: Immunofluorescence imaging of the foreskin tissue under the

influence of TNFa and CCL27
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3.1 Introduction

The foreskin tissue has been shown to be a site rich in Langerhans cells, Macrophages and T
cells which express CD4 and CCR5 as stated in section 1.6 in the literature review. The
foreskin tissue has also been shown to be rich in proinflammatory chemokines and cytokines
including RANTES, IL-8, MIG and MCP-1 as stated in section 1.7, page 21. In section 1.3.2,
page 5 in the literature review, we have indicated that the foreskin tissue has been shown to
increase susceptibility to different infections including HPV, HSV-2, MG and HIV. Studies
have observed that the inner foreskin was a more favorable site for HIV infection compared
to the outer foreskin tissue (section 1.2.1, page 3 in literature review). We aimed to
understand if the inner foreskin tissue has a potential to be infected with HIV by examining
numbers of HIV target cells in the tissue. Prior findings by our lab have assessed levels of
chemokines in both inner and outer foreskins (91)( section 1.7, page 20). Twenty-eight of
these genes were significantly more upregulated in the inner foreskin such as CCL27 and
CXCL12. However, other genes including TLR4, CXCL10, TLR2 and TYMP were more
predominant in the outer foreskin compared to the inner foreskin. Chemokine C-C ligand 27
(CCL27) had ~7 fold increase in the inner foreskin compared to the outer foreskin tissue
(91). CCL27 is a chemokine that is produced by keratinocytes and has been shown to be
involved in homing of memory T cells in skin (195,201). CCL27 is also the ligand for CCR10
that is expressed on the surface of Th22 cells and Langerhans cells (192,197). These cells
were observed to reside in the foreskin tissue and are important role players in HIV infection
(111,121,194). CCL27 upregulation in the inner foreskin tissue was found to be correlated
with increased CD4+CCR5+ cell populations in the epithelium of the inner foreskin compared
to the outer foreskin (91). We hypothesized that CCL27 protein elevation would influence
the number of CD3+CD4+ T cells in the epithelium of the inner and outer foreskin tissue, and
that the exogenous exposure of tissue explants to CCL27 will cause a recruitment of
CD3+CD4+ T cell populations from the dermis of the tissue to the epidermal layers where it
would be more prone to HIV infection. To test this hypothesis, we exogenously exposed
inner and outer foreskin tissue explants to TNFa, an inflammatory cytokine mainly produced
by macrophages and monocytes and has a role in inflammatory responses, and CCL27 and

performed immunofluorescence imaging on the tissue to compare density of CD3+CD4+ T
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cells across the three conditions: unstimulated, TNFa exposed and CCL27 exposed foreskin

tissue explants.
3.2 Experimental design

Figure 3.1 shows the experimental design illustrating the chronological process involved in
generating the output data starting from obtaining the foreskin samples to ultimately
generating immunofluorescent images. The steps involved included: (i) processing foreskin
samples, (ii) exposure to chemokines, (iii) snap freezing, (iv) tissue sectioning and (v) staining

for imaging.

P

| EXPERIMENT DESIGN

FORESKIN TISSUE EXPOSURE TO TNF O
AND CCL27

¥ ¥ L 4
3 tissue sections 3 tissue sections 3 tissue sections
(1 cm?) exposedto (1 cm’) exposed to (1 cm’) exposed to
1 ml R10 media for 100 ng/ml TNFxfor 400 ng/ml CCL27
48 hrs. 48 zrs. for 48 hrs.

M

Sectioning inner and outer
foreskin tissue sections
into 12u~sections.

&

Imaging on the deltavision
microscope; an average of 10
images were snapped and
analyzed per condition for
each sample

Figure 3.1: The experiment design for measuring chemokines impact on the density of CD3+CD4+ T
cells in the inner and outer foreskin tissue.
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3.3 Results
3.3.1 Selection criteria

Samples were collected from HIV negative adults undergoing MMC. Seeing that CCL27
upregulation in the inner foreskin tissue was associated with higher density of CD4+CCR5+ T
cells (section 1.7, page 21 in literature review), we wanted to understand a mechanism for
possible cell movement into the tissue and measure the impact of exogenous exposure to
CCL27 on the inner and outer foreskin tissue explants. Exogenous TNFa was used as a
positive control. Ten inner foreskin samples and 4 outer foreskin samples were used for this

experiment.

3.3.2 Unstimulated explants of inner and outer foreskin tissue

We compared 10 inner and 4 outer foreskin tissue explants in their untreated condition
(cultured in R10 media for 48 hours). Each of the tissues had approximately 10 FOVs taken
from different areas of the tissue and cells were counted on the Deltavision microscope. In
the untreated foreskin tissue, CD3+CD4+ T cells were found to be present in both the
epithelium of the inner and outer foreskin consistent with previous findings showing the
foreskin tissue to be inhabited with CD4+ T cells as mentioned in section 1.6.6.1, page 18 in
literature review (9,24,92,121). Our findings from inner foreskin tissue sections from all
images generated for the 10 donors (~10 images per donor per condition) showed the
median of CD3+CD4+ T cells in the epithelium of the inner foreskin tissue to be 60.08
cells/mm2 (IQR: 24.47-126.40 cells/mm?2) while for the outer foreskin tissue of the 4 donors
was 34.72 CD3+CD4+ T cells/mm? (IQR: 0-79.31 cells/mm?) (Figure 3.2a). The median
densities were compared using Mann-Whitney test, and there was a significant difference
between inner and outer foreskin (p=0.022). We observe the spread of the density of
CD3+CD4+ T cells from across the 10 samples in the inner foreskin in Figure 3.2b showing
variations in the density of CD3+CD4+ T cells across individuals. We then chose 4 samples
from the inner foreskin tissue and 4 samples from the outer foreskin tissue and plotted the
means of all the images taken from each donor per condition and conducted Mann-Whitney
test. Figure 3.2c shows higher median density of CD3+CD4+ T cells in the inner foreskin

(127.50 cells/mm?, IQR: 89.22-219.5 cells/mm?) compared to outer foreskin tissue explants
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(36.52 cells/mm?, IQR:18.29-96.65 cells/mm?; p=0.057). These results suggest a trend of
higher densities of CD3+CD4+ T cells in the inner foreskin tissue explants compared to the
outer foreskin in the untreated tissue explants. However, the small sample size compared in

the inner and outer foreskin may be a factor in the results not being significant.
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Figure 3.2: Comparing ex vivo CD4+ T cell/mm? between inner and outer foreskin tissue in the
unstimulated tissues. A) Number of CD3+CD4+ T cells in the epithelium of 10 untreated inner and 4
outer foreskin tissue explants (n=108 for the inner foreskin, n=41 for the outer foreskin). B) Number
of CD3+CD4+ T cells in the epithelium of 10 inner foreskin tissue explants (n=108). C) Means of
densities of CD3+CD4+ T cells in 4 inner foreskin tissue and 4 outer foreskin tissue explants (means of
~10 images per sample per condition were taken, n=4).
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3.3.3 Frequency distribution of CD3+CD4+ density in the foreskin tissue in response to

chemokines

Figure 3.3 shows the frequency distribution of the number of CD3+CD4+ T cells in the inner
and outer foreskin tissues across the unstimulated, TNFa exposed and CCL27 exposed tissue
explants. The distribution in Figure 3.3a and 3.3b shows the data points are not normally
distributed in the inner and outer foreskin tissue samples, respectively. Non-parametric
statistics were thus used to analyze the data (Mann-Whitney test). In Figure 3.3a, we noted
21% of unstimulated explants had the count of 0-25 cells/mm2 compared to 4% and 9% in
TNFa and CCL27 exposed tissues, respectively. Cell counts of 25-75 cells/mm2 in the
unstimulated tissue were also higher (32%) compared to TNFa (12%) and CCL27 exposed
tissues (4%). However, in the higher counts, TNFa and CCL27 exposed tissues recorded
higher percentages compared to unstimulated. These results highlight that there were
increased number of cells with the exposure of tissues of the inner foreskin to TNFa and
CCL27. Figure 3.3b shows that in the outer foreskin tissue samples, 73% of the unstimulated
tissues counts, 55% of TNFa exposed tissues counts and 80% of CCL27 exposed tissues
counts fall within 0-75 cells/mm?. This suggests a limited effect of CCL27 and TNFa on the

densities of CD3+CD4+ T cells in the outer foreskin tissue.
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Figure 3.3 Frequency distribution in the inner and outer foreskin tissues. A) Frequency distribution
of density of CD3+CD4+ cells in the inner foreskin tissue explants across unstimulated, TNFa and
CCL27 exposed samples. B) Frequency distribution of density of CD3+CD4+ cells in the outer foreskin
tissue explants across unstimulated, TNFa and CCL27 exposed samples.
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3.3.4 Impact of TNFa and CCL27 exposure of inner and outer foreskin tissue explants on

CD3+CD4+ T cell population in the epithelium

We next compared samples from 9 inner foreskin tissue explants and 4 outer foreskin tissue
explants (~10 images per donor) across the three conditions tested (unstimulated, TNFa

100ng/ml and CCL27 400ng/ml).

CD3+CD4+ T cell population in the epithelium of the inner foreskin tissue after TNFa and

CCL27 exposure

Figure 3.4 (A, B and C) shows representative images of the dually positive CD3+CD4+ T cells
in the epithelium of the inner foreskin tissue explants in unstimulated, TNFa exposed and
CCL27 exposed tissues, respectively. Images in the left-hand side show CD3-ALEXA 488
labeled cells, images in the middle show CD4-ALEXA 647 labeled cells and the images on the
right-hand side are dually labeled CD3+CD4+ cells which are our target cells. Figure 3.4 (D, E
and F) show isotype controls for CD3, CD4 and HOECHST only staining, respectively. It is
observed in Figure 3.5 that after exposing 9 inner foreskin tissue explants to exogenous
TNFa 100 ng/ml or CCL27 400 ng/ml, a significant increase in the number of CD3+CD4+ T
cells in the epithelium of the inner foreskin tissue occurred. In Figure 3.5a, we compared cell
median density from 9 donors (~10 images per donor) using Mann Whitney test and it
showed a significant increase in the median density of CD3+CD4+ T cells in the inner foreskin
tissue explants after exposure to TNFa (138.20 cells/mm?, IQR: 89.31-208.70 cells/mm?)
compared to unstimulated tissue (62.07 cells/mm?, IQR:27.85-136 cells/mm?; P<0.0001) and
CCL27 (147.40 cells/mm?, 1QR:93.03-208.30 cells/mm?) to unstimulated tissue explants
(62.07 cells/mm?, IQR:27.85-136 cells/mm?; P<0.0001). We then calculated the average cell
density for each donor from the 10 images captured and compared the median cell density
among the 3 conditions using Mann-Whitney test. Similarly, median cell densities were
observed to be significantly higher in the TNFa exposed tissues (134.80 cells/mm?, 1QR:
109.30-206.60 cells/mm?) compared to unstimulated tissue explants (78.88 cells/mm?, IQR:
33.02-127.50 cells/mm?; p=0.035) and significantly higher in the CCL27 exposed tissue
(164.80 cells/mm?, IQR: 140.30-184.90 cells/mm?) compared to unstimulated tissue explants
(78.88 cells/mm?, IQR: 33.02-127.50 cells/mm?; p=0.008) (Figure 3.5b). The differences in p
values in 3.5a and 3.5b is due to taking the means of all images taken per donor to account

for 10 data points as 1 data point per donor per condition.
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Figure 3.4 Immunofluorescent images of the inner foreskin tissue in three conditions showing CD3,
CD4 and the merged staining. A) Unstimulated tissue with CD3 (left), CD4 (middle) and merged
images (right). B) TNFa exposed tissues with CD3 (left), CD4 (middle) and merged images (right). C)
CCL27 exposed tissues with CD3 (left), CD4 (middle) and merged images (right). D) Isotype control for
Rabbit IgG1 (CD3). E) Isotype control for Mouse 1gG1 (CD4). F) HOECHST only control.
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Figure 3.5: A) CD3+CD4+ T cell counts in all images (~10 images per donor) across unstimulated
(n=97), TNFa exposed (n=92) and CCL27 exposed inner foreskin tissue (n=93). B) CD3+CD4+ T cell
counts using the mean number of cells across unstimulated (n=10), TNFa exposed (n=9), and CCL27
exposed inner foreskin tissue (n=9).

CD3+CD4+ T cell population in the epithelium of the outer foreskin tissue after TNFa and

CCL27 exposure

We compared outer foreskin tissue explants from 4 donors across the three conditions
tested (unstimulated, TNFa 100ng/ml and CCL27 400ng/ml) to see the impact of CCL27 on
the outer foreskin tissue. We hypothesized that exogenous CCL27 will recruit CD3+CD4+ T
cells in the epithelium of the outer foreskin despite the low expression of CCL27 in the outer
foreskin tissue compared to the inner foreskin tissue. Exogenous CCL27 exposure, however,
did not have a significant impact on CD3+CD4+ T cell density in the outer foreskin tissue.
Figure 3.6 (A, B and C) shows representative images of the double positive CD3+CD4+ T cells
in the epithelium of the outer foreskin tissue explants in unstimulated, TNFa exposed (100
ng/ml) and CCL27 exposed (400 ng/ml) respectively. Figure 3.6 (D, E and F) shows isotype
controls for CD3, CD4 and HOECHST only staining, respectively. Figure 3.7 depicts that after
exposing 4 outer foreskin tissue explants to exogenous TNFa 100 ng/ml and CCL27 400
ng/ml, no significant increase in the median density of CD3+CD4+ T cells in the epithelium of
the tissue was observed contrary to inner foreskin tissue. Figure 3.7a shows the median

density of CD3+CD4+ T cells in the outer foreskin tissue explants after exposure to TNFa
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(33.18 cells/mm?, 1QR: 0-190.10 cells/mm?) compared to unstimulated tissue (34.72
cells/mm?, 1QR:0-79.31 cells/mm?; P=0.330) and CCL27 (27.66 cells/mm?, IQR:0-73.04
cells/mm?) to unstimulated tissue explants (34.72 cells/mm?, IQR:0-79.31 cells/mm?;

P=0.735). Mann Whitney test was conducted.

We then plotted the means of the images of each of the 4 donors in the three conditions
(Figure 3.7b), conducted Mann-Whitney test and compared the density of CD3+CD4+ T cells
in the TNFa and CCL27 exposed tissue explants compared to the unstimulated tissue
explants. Figure 3.7b shows the median density of CD3+CD4+ T cells in TNFa exposed tissues
(65.12 cells/mm?, 1QR: 7.30-202.80 cells/mm?) compared to unstimulated tissue explants
(36.52 cells/mm?, 1QR: 18.29-96.65 cells/mm?; p>0.999) and in the CCL27 exposed tissues
(24 cells/mm?, 1QR: 11.35-149.40 cells/mm?) compared to unstimulated tissue explants

(36.52 cells/mm?, IQR: 18.29-96.65 cells/mm?; p=0.686).

Collectively, these results show that exogenous CCL27 and TNFa resulted in increased

numbers of CD4+ T cells in the inner foreskin, but not the outer foreskin.
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Figure 3.6: Immunofluorescent images of the outer foreskin tissue in three conditions showing
CD3, CD4 and the merged staining. A) Unstimulated tissue with CD3 (left), CD4 (middle) and merged
images (right). B) TNFa exposed tissues with CD3 (left), CD4 (middle) and merged images (right).
C) CCL27 exposed tissues with CD3 (left), CD4 (middle) and merged images (right). D) Isotype control
for Rabbit IgG1 (CD3). E) Isotype control for Mouse 1gG1 (CD4). F) HOECHST only control.
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Figure 3.7: A) CD3+CD4+ T cell counts in all images (~10 images per donor) across unstimulated
(n=41), TNFa exposed (n=40) and CCL27 exposed outer foreskin tissue (n=40). B) CD3+CD4+ T cell
counts using the mean number of cells across unstimulated, TNFa exposed and CCL27 exposed outer
foreskin tissue (n=4 for each condition).

3.3.5 Semi-automated counting method using ImagelJ software

The analysis of the numbers of dually positive cells (CD3+CD4+ cells) in the inner and outer
foreskin tissue images was initially conducted using a manual counting method by
highlighting the dually positive cells and then analysis using an interactive program designed
using IDL (Interactive Data Language). IDL calculated the number of cells which were
manually counted and the surface area of the epithelium of each tissue explant. Figure 3.8
illustrates how the cells were manually highlighted and then recorded. To validate the
counting method, we used a semi-automated counting method to detect the double positive
cells in each channel (FITC and CY5 channels). Imagel) is a Java-based image processing
program developed at the National Institutes of Health (NIH) (210). We used Imagel) and
PIPSQUEAK Al, a macro added to Imagel, that enables semi-automated counting of double
positive cells to automatically detect the single labeled cells in both FITC and CY5 channels
and then merge them to determine cells that co-expressed CD3 and CD4 and count the

dually labeled cells (Figure 3.9). Counting using PIPSQUEAK Al was manually verified to
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remove the possibility of false positives. Both counting methods were conducted blinded
through assigning the conditions different codes by a third party; unblinding only occurred
after all counting was done for analysis purposes. We compared both methods of counting
to view correlation and differences. We counted 16 inner foreskin tissue samples: 6
unstimulated samples, 5 TNFa exposed samples and 5 CCL27 exposed samples (~10 images
per sample) and 6 outer foreskin tissue samples: (2 unstimulated samples, 2 TNFa exposed

samples and 2 CCL27 exposed samples).
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Figure 3.8: lllustration of manual counting of double positive CD3+CD4+ cells on the Softworx
software.
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Figure 3.9: lllustration of the semi-automated counting using PIPSQUEAK/Imagel. A) software
detecting and counting CD3+ cells. B) software detecting and counting CD4+ cells. C) software
merging the two counts to detect colocalization.

3.3.5.1 Frequency distribution of the manual and semi-automated counting in the inner

and outer foreskin samples

We generated frequency plots to compare the distribution of CD3+CD4+ T cell numbers
determined using the manual counting method versus the semi-automated counting
method. Figure 3.10 shows the frequency plots in the inner foreskin tissue for both the
manual and semi-automated counting methods. In Figure 3.10a, samples from the inner and
outer foreskin tissues were not normally distributed across the two counting methods. Logio
transformed cell counts were plotted from the inner and outer foreskin samples to compare
manual and semi-automated counts on the same scale and reduce skewness in the data
(Figure 3.10b). After plotting logio transformed data, the frequency distribution in this tissue
assumed a more Gaussian distribution. It was also apparent that the manual counting

method was possibly enumerating more cells than the semi-automated method.
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Figure 3.10: Frequency distribution in the inner foreskin between manual and semi-automated
counting methods. A) Frequency distribution of counts of CD3+CD4+ cells in the inner (left) and
outer (right) foreskin tissue explants across manual and semi-automated methods of counting. B)
Frequency distribution of logio counts of CD3+CD4+ cells in the inner (left) and outer (right) foreskin
tissue explants across manual and semi-automated methods of counting.
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3.3.5.2 Comparison between manual and semi-automated counting methods

To further compare the two methods of counting and access the significance of their
discrepancies, a parametric paired T test of the log-transformed data determined from the
manual and semi-automated counting methods was used to evaluate significant difference

between the two counting methods.

Figure 3.11 shows the paired T test conducted on the two methods of counting in each of
the three conditions (unstimulated, TNFa and CCL27) along with the total collated conditions
in the inner foreskin tissue. There was a significant difference in the counts between the
manual and semi-automated counting methods in all conditions (P values are 0.0009 in both
unstimulated tissues and TNFa exposed tissues and <0.0001 in both CCL27 exposed tissues

and in the collated conditions).
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Figure 3.11: Paired T test of logio values in manual and semi-automated counting in three
conditions of the inner foreskin tissue. A) Paired T test of logio values in unstimulated inner foreskin
between manual and semi-automated counting (n=63). B) Paired T test of logic values in TNFa
exposed inner foreskin between manual and semi-automated counting (n=50). C) Paired T test of
logio values in CCL27 exposed inner foreskin between manual and semi-automated counting (n=52).
D) Paired T test of logio values in total conditions in the inner foreskin between manual and semi-
automated counting (n=165).

Figure 3.12 shows significant differences in all three conditions along with the collated
conditions between the semi-automated method and manual method of counting (P values

are 0.001 and 0.0002 in unstimulated and TNFa exposed tissues and <0.0001 in both CCL27
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tissues and collated conditions) which indicated that the two methods are estimating

different numbers of cells across all conditions in the outer foreskin tissue.
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Figure 3.12: Paired T test of logio values in manual and semi-automated counting in three
conditions of the outer foreskin tissue. A) Paired T test of logio values in unstimulated outer foreskin
between manual and semi-automated counting (n=21). B) Paired T test of logic values in TNFa
exposed outer foreskin between manual and semi-automated counting (n=20). C) Paired T test of
logio values in CCL27 exposed outer foreskin between manual and semi-automated counting (n=20).
D) Paired T test of logio values in the outer foreskin between manual and semi-automated counting
(n=61).
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3.3.5.3 Correlation plots

To understand the relationship between the counting methods, correlation plots between
the logio transformed data points (~10 images per donor per condition) in the manual (using

Softworx software) and the semi-automated method (PIPSQUEAK/Imagel) were made.

Correlation plots in the inner foreskin tissue

Figure 3.13 shows the Spearman correlation of the counting between unstimulated, addition
of exogenous TNFa and exogenous CCL27 in the inner foreskin tissue. In the unstimulated
inner foreskin tissue, we observed a high degree of positive correlation between the manual
counting and Imagel) semi-automated counting with a coefficient of relativity (R) of 0.84 and
the coefficient of determination (R?) being 0.70; p<0.0001 (Figure 3.13a). In the TNFa
exposed inner foreskin, both coefficient of relativity (R) and coefficient of determination (R?)
was lower (0.64 and 0.41 respectively) showing moderate degree of positive correlation
between the manual and semi-automated counting methods; p<0.0001 (Figure 3.13b). The
same occurs in the CCL27 exposed inner foreskin with coefficient of relativity (R) and
coefficient of determination (R?) becoming 0.64 and 0.41 respectively; p<0.0001 (Figure
3.13c). conducting correlation analysis on the total conditions in the inner foreskin showed a
large positive coefficient of relativity (R) and coefficient of determination (0.78 and 0.61
respectively; p<0.0001). Coefficient of relativity is seen to be lower in the TNFa and CCL27
samples where higher numbers of cells were recorded. These correlation plots show a trend
across the 4 conditions, where the manual method of counting is enumerating higher
number of double positive cells compared with the semi-automated method when the
numbers of tissue-resident cells were low in density (log values between 1-2) and the semi-
automated counting method enumerating higher numbers of double positive cells compared

to manual when the cells are higher in density (log values between 2-3).
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Figure 3.13: Correlation plots of logio values between manual and semi-automated counting in
three conditions of the inner foreskin tissue. A) Correlation of logie values in unstimulated inner
foreskin between manual and semi-automated counting (n=63). B) Correlation of logiovalues in TNFa
exposed inner foreskin between manual and semi-automated counting (n=50). C) Correlation of logio
values in CCL27 exposed inner foreskin between manual and semi-automated counting (n=52). D)
Correlation of logiy values in all conditions in the inner foreskin between manual and semi-
automated counting (n=165).

Correlation plots in outer foreskin tissue

We also plotted CD3+CD4+ T cell density (logio cells/mm2) in the outer foreskin tissue
between manual and semi-automated methods of counting. Here, the two methods showed

weak correlation across all the conditions as indicated by R<0.5. These observations could be
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due to lower sample size and thus not sufficiently powered to detect significant correlation.
Figure 3.14 shows the weak correlation between the two counting methods in the outer
foreskin tissue. In the unstimulated outer foreskin tissue (Figure 3.14a), the coefficient of
relativity (R) between the manual counting and Image) semi-automated counting is 0.4109
while the coefficient of determination (R?) is 0.17; p=0.064. In the TNFa exposed outer
foreskin, coefficient of relativity (R) and coefficient of determination (R?) are 0.46 and 0.21
respectively; p=0.064 (Figure 3.14b). In the CCL27 exposed outer foreskin, the coefficient of
relativity (R) and coefficient of determination (R?) were lower with values of 0.25 and 0.07
respectively; p=0.060 (Figure 3.14c). In the collated conditions in the outer foreskin, the
coefficient of relativity (R) and coefficient of determination were 0.40 and 0.16 respectively;
p=0.064 (Figure 3.14d). The weak correlation across the outer foreskin samples suggests
different cell counts recorded using the two methods. Across all Figures, semi-automated
counting estimated higher counts compared to the manual counting method. This could be
due to observer’s bias in the outer foreskin tissues which had lower cell counts (despite
blinded experiments). Due to the number of donors compared being low, no clear
conclusion can be made about the cell counts in the outer foreskin across the two different

counting methods.
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Figure 3.14: Correlation plots of logis values in manual and semi-automated counting in three
conditions of the outer foreskin tissue. A) Correlation of logi values in unstimulated outer foreskin
between manual and semi-automated counting (n=21). B) Correlation of logio values in TNFa
exposed outer foreskin between manual and semi-automated counting (n=20). C) Correlation of logio
values in CCL27 exposed outer foreskin between manual and semi-automated counting (n=20). D)
Correlation of logio values in all conditions in the outer foreskin between manual and semi-
automated counting (n=61).

3.3.5.4 Difference plots (Bland-Altman)

Although correlation plots assessed the relationship between the counting methods, it did
not provide a measure of difference between the two counting methods. Difference plots

were first explained by Bland and Altman in 1983 (211). They created a method to measure
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agreement between two quantitative variables by constructing limits of agreement using
both the mean and standard deviation (s) of the differences between the two variables. The
difference plots depict an XY scatter plot where Y is the difference between the variables
measured for the two methods (A-B) and X is the average of these two measurements
((A+B)/2). Using the Bland-Altman plots, 95% of the data points should be within +2 standard
deviations of the mean difference (212). Calculation of these differences also provides more
insight into how the two counting methods show signs of bias (212). The term bias in the
plots refer to the average of the differences between two methods. In two completely
congruent methods or those having minimum differences, the bias should be zero or a small
value. When the bias value is negative, it means the second method (B) measures higher
units than the first method (A) while a bias that has a positive value means that method (A)
measures higher units than method (B) (212). The units of bias between two methods
represent the average of the differences between each of the paired samples to show which
method is measuring higher units relative to the other method. The maximum acceptable
bias is dependent on each experimental outcome and prior defining of acceptable thresholds

(212).

Difference plots between manual and semi-automated counting method in the inner

foreskin

Figure 3.15 shows the difference plots for all conditions in the inner foreskin. Here, it is
noticed that almost all the points in the four graphs are within the limits of agreement which
highlights that the two methods of counting CD3+CD4+ T cells (manual and semi-automated
method) are correlated. We see that the bias (average of the difference) in the unstimulated
inner foreskin is -1.539 (Figure 3.15a), which indicates agreement between the two methods
since the average of the differences has a low value. When investigating the other two
conditions (Figure 3.15b and 3.15c), the average of differences (bias) increased showing that
the manual method of counting is measuring 13.56 and 38.72 units more than the semi-
automated method in TNFa and CCL27 exposed tissues respectively. It can be observed from
Figure 3.15 across all graphs (A,B, C and D) that the results are leaning towards being
estimated higher by the manual method of counting when the number of cells is lower (<100

CD3+CD4+ T cells/mm2) while they are leaning towards being estimated higher by the semi-
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Difference vs. average: Bland-Altman of unstimulated

automated method of counting compared to the manual method when the number of cells

in the tissue is higher (> 200 CD3+CD4+ T cells/mm2).

Figure 3.15d shows the difference plot for the total conditions in the inner foreskin, the
manual counting is measuring 16.90 units more than the semi-automated counting method
and we notice the same trend of the manual counting estimating higher number of cells

when the cell count in the tissue is low or medium (<100 CD3+CD4+ T cells/mm2).
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Figure 3.15: Bland-Altman plots between manual and semi-automated counting in three conditions
of the inner foreskin tissue. A) Bland-Altman plots in unstimulated inner foreskin between manual
and semi-automated counting (n=63). B) Bland-Altman plots in TNFa exposed inner foreskin between
manual and semi-automated counting (n=50). C) Bland-Altman plots in CCL27 exposed inner foreskin
between manual and semi-automated counting (n=52). D) Bland-Altman plots in total conditions in
the inner foreskin between manual and semi-automated counting (n=165).
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Difference plots between manual and semi-automated counting method in the outer
foreskin

Figure 3.16 highlights the difference plots in the outer foreskin tissue. In the difference plots
for the outer foreskin, it was noticed that the results in the four graphs are also within the
limits of agreement which highlights that the two methods of counting CD3+CD4+ T cells
(manual method and semi-automated method) are indeed correlated. We see that the bias
in the four graphs in the outer foreskin takes a positive sign indicating higher counts in the
semi-automated counting method compared to the manual count unlike the inner foreskin
tissue. Bias in the three conditions is 39.75, 24.92 and 22.96 respectively while in the total

conditions in the outer foreskin bias is 29.38.
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Figure 3.16: Bland-Altman plots between manual and semi-automated counting in three conditions
of the outer foreskin tissue. A) Bland-Altman plots in unstimulated outer foreskin between manual
and semi-automated counting (n=21). B) Bland-Altman plots in TNFa exposed outer foreskin
between manual and semi-automated counting (n=20). C) Bland-Altman plots in CCL27 exposed
outer foreskin between manual and semi-automated counting (n=20). D) Bland-Altman plots in total
conditions in the outer foreskin between manual and semi-automated counting (n=61).
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3.3.5.5 Statistical analysis of inner foreskin samples counted by manual and semi-

automated methods

We chose 4 paired inner foreskin samples and compared the medians across unstimulated,
TNFa exposed and CCL27 exposed samples and conducted Mann Whitney test. Our aim was
to see if both methods would give approximate statistical results. Figure 3.17a shows the
data plotted from the 4 donors (~10 images per donor). We observed that p values
decrease, and significance increases in the manual counting compared to the semi-
automated counting in both the comparisons of unstimulated and TNFa (P=0.001 in the
manual counting compared to p=0.062) and in unstimulated compared to CCL27 exposed
(p=0.0004 and p=0.139 in manual counting and automated, respectively). The median
densities of CD3+CD4+ T cells in the manually counted samples compared to semi-
automated counted samples were as follows: 74 cells/mm?, IQR: 32.80-149.80 in manual vs
48 cells/mm?, IQR: 0-179.90 in unstimulated tissues, 130.2 cells/mm?, 1QR: 95.5-217.7 in
manual vs 85 cells/mm?, IQR: 37-185.70 in semi-automated counting in TNFa treated tissue
explants and 138.70 cells/mm?, IQR:96.80-201.59 in manual vs 98.50 cells/mm?, IQR:41.50-
171.50 in semi-automated counting in CCL27 treated tissue explants. This indicates that the

two counting methods gave different results for the same samples analyzed.

We next plotted the mean number of CD3+CD4+ T cells in each donor across the three
conditions and conducted Mann-Whitney test on the samples. Figure 3.17b shows that p
values increase in the semi-automated counting compared to the manual counting in the
comparison of unstimulated and TNFa exposed (P=0.200 and P=0.343 in manual counting
and automated, respectively) and the comparison between unstimulated and CCL27
exposed (p=0.343 and P=0.486 in manual counting and automated, respectively). The
median densities of CD3+CD4+ T cells in the manually counted samples compared to semi-
automated counted samples were as follows: 81.30 cells/mm?, IQR: 37.80-212.30 in manual
vs 48.80 cells/mm?, IQR: 27-270 in unstimulated tissues, 134.50 cells/mm?, IQR: 117.30-
235.40 in manual vs 102.70 cells/mm?, IQR: 46-283.80 in semi-automated counting in TNFa
treated tissue explants and 157 cells/mm?, IQR:138.30-181 in manual vs 100 cells/mm?,
IQR:62.70-227 in semi-automated counting in CCL27 treated tissue explants. We noticed the

trend that across all results of the manual vs. semi-automated, manual counting had higher
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count of cells compared to the semi-automated. This can be attributed to bias that occurred

in the manual counting.
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Figure 3.17: Mann-Whitney test in the three conditions in the inner foreskin when cells are
counted manually and semi-automatically. A) Mann-Whitney test in the manual counting method
compared to the semi-automated method in the unstimulated (n=42), TNFa exposed (n=40) and
CCL27 exposed tissues(n=41). B) Mann-Whitney test on the mean number of cells in the manual
counting method compared to the semi-automated method (n=4 for each condition).
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3.3.5.6 Single positive cell densities in the semi-automated counted samples

CD3+ cells are known to be either T helper cells when expressing CD4 marker as well, T
cytotoxic cells when expressing CD8 marker or MAIT cells. CD8+ T cells are known to reside
in the foreskin tissue and an influx of CD8+ T cells was observed in recently infected HIV+
men (95,213). CD4+CD3- cells residing in the foreskin tissue are potentially T cells,
Langerhans cells or macrophages. Langerhans cells and macrophages have been shown to

reside in the foreskin tissue and to have a role in HIV infection (126,194).

We investigated the numbers of CD3+CD4+ cells which are T helper cells in the foreskin
tissue under the influence of chemokines. However, other cells subsets that express CD3+ or
CD4+ in the absence of the other marker inhabit the foreskin tissue. CD3+CD4- cells are
potentially T cytotoxic cells or MAIT cells while CD4+CD3- cells might be Langerhans cells or
macrophages. These cells have different roles in HIV infection (95,126,194,213). Hence, we
wanted to view the effect of TNFa and CCL27 on the densities of CD3+CD4- and CD4+CD3-
cells. We compared the number of CD3+CD4- cells and CD4+CD3- cells in the inner foreskin
tissue explants of 4 donors (extracted from the PIPSQUEAK analysis). We first plotted the
data points from all FOVs from the 4 donors and conducted Mann Whitney test (~10 images
per donor per condition). Figure 3.18a shows the density of CD3+CD4- and CD4+CD3- cells in
the inner foreskin tissue across unstimulated, TNFa exposed and CCL27 exposed tissue
explants. It shows the median density of CD3+CD4- cells to be 209 cells/mm?, IQR:109.90-
354.70 in TNFa treated tissues compared to unstimulated explants (89 cells/mm?, IQR:35.30-
294; p=0.135) and the median density of CD3+CD4- cells in CCL27 treated tissues to be
143.50 cells/mm?, 1QR: 86.90-203.80 compared to unstimulated explants (89 cells/mm?,
IQR:35.30-294; p=0.319). It also shows the median density of CD4+CD3- cells to be 135.20
cells/mm?, 1QR:73.58-227.10 in TNFa treated tissues compared to unstimulated explants
(101.90 cells/mm?, IQR:79.55-150.30; p=0.364) and the median density of CD4+CD3- cells in
CCL27 treated tissues to be 178 cells/mm?, IQR: 118.20-246.20 compared to unstimulated
explants (135.20 cells/mm?, IQR:73.58-227.10; p=0.002). We see a significant difference in
the density of CD4+CD3- cells after exposure to CCL27 which suggests CCL27 might have an
impact on LCs and macrophages in the inner foreskin tissue as well as T cells. However, the
number of donors compared is low (4 donors per condition) which warrants caution in

interpreting results.
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We then plotted the data points showing the mean number of CD3+CD4- or CD4+CD3- from
the 4 donors and conducted Mann-Whitney test. Figure 3.18b shows the density of
CD3+CD4- and CD4+CD3- cells in the inner foreskin tissue across unstimulated, TNFa
exposed and CCL27 exposed tissue explants. The median density of CD3+CD4- cells was
257.70 cells/mm?, IQR:87.28-334.2 in TNFa treated tissues compared to unstimulated
explants (133.70 cells/mm?, 1QR:45.16-405.50; p=0.686) and the median density of
CD3+CD4- cells in CCL27 treated tissues to be 134 cells/mm?, IQR: 101-303.3 compared to
unstimulated explants (133.70 cells/mm?, 1QR:45.16-405.50; p=0.886). It also shows the
median density of CD4+CD3- cells to be 172 cells/mm?, IQR:76.89-210.70 in TNFa treated
tissues compared to unstimulated explants (124.80 cells/mm?, IQR:93.39-148.10; p=0.686)
and the median density of CD4+ cells in CCL27 treated tissues to be 215.80 cells/mm?,
IQR:145.40-280.50 compared to unstimulated explants (172 cells/mm?, IQR:76.89-210.70;
p=0.200).
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Figure 3.18: Single positives CD3+ and CD4+ counts in the inner foreskin under the influence of
TNFa and CCL27. Figure A shows data points plotted from ~10 FOVs in 4 donors for each condition
while Figure B shows data points from the mean of values of all FOVs per condition. A) CD3+CD4-
and CD4+CD3- counts in 4 paired samples in unstimulated (n=42), TNF exposed (n=40) and CCL27
exposed tissues (n=41). B) CD3+CD4- and CD4+CD3- counts in 4 paired samples after taking the mean
of all images for each donor per condition (n=4 for each condition).
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3.4 Discussion

The foreskin tissue has been observed to have increased susceptibility to different STls
including HPV, MG, HSV-2 (50-52,59). It has also been observed that the inner foreskin
tissue has an increased susceptibility to HIV infection (20,23,194,214). Furthermore, the
foreskin tissue is a proinflammatory site due to being rich in CD4+ T cells, Langerhans cells
and macrophages (95,111). CD4+ T cells were shown to be twofold higher in the inner
foreskin compared to the outer foreskin and proinflammatory cytokine levels were also
significantly higher in the inner foreskin tissue compared to the outer foreskin including IL-
17, IL-8, RANTES and IL-1B (121). We aimed in this chapter to better understand how the
proinflammatory environment of the foreskin tissue, through exploring CCL27 in the inner

foreskin, might lead to recruitment of CD4+ T cells to the epithelium of the foreskin tissue.

Our findings showed a trend in higher density of CD4+ T cells in the inner foreskin tissue
compared to the outer foreskin tissue. These results are consistent with findings observing
CD4+ T cells to be significantly higher in the inner foreskin tissue compared to the outer
foreskin (20,121). Then we observed the impact of exogenous exposure to CCL27 and TNFa
on the recruitment of CD4+ T cells in the inner and outer foreskin. Both TNFa and CCL27
caused a significant increase in the density of CD4+ T cells in the inner foreskin tissue
compared to unstimulated tissue explants (p=0.004 for TNFa exposed compared to
unstimulated explants and p=0.027 for CCL27 exposed compared to unstimulated explants).
Meanwhile, TNFa and CCL27 did not cause a significant change in the density of CD4+ T cells
in the outer foreskin tissue explants. This is consistent with finding by Fahrbach et al.
regarding inner and outer foreskin responses to external stimulation (23). In their findings,
MIP1a and TNFa exposure caused significant increase in the number of CD4+ T cells in the
inner foreskin tissue, but not the outer (23). The reasons for the lower response of the outer
foreskin tissue to exposure to chemokines compared to the inner foreskin are not clear. A
plausible mechanism might be the significantly higher numbers of proinflammatory
chemokines and cytokines in the inner foreskin compared to the outer foreskin including
MIG, IL-8, RANTES and IL1B, IL-17, GM-CSF, IFN-y, IP-10 and CCL27 (119,121). This is of
importance because many of these chemokines were reported to have different roles in
increasing HIV susceptibility (31,91,200). The upregulation of these chemokines was also

accompanied by higher CD4+CCR5+ cells in the epithelium of the inner foreskin tissue
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compared to the outer foreskin (91,119). The difference in cytokine levels between the inner
and outer foreskin tissue is of importance because IL-8 and MIG have been reported to be
directly linked to HIV seroconversion (31). Notably, IL-8 levels in the penis decreased
significantly after MMC (31). Furthermore, IP-10, MIG have been found to directly affect HIV
uptake and latency in resting CD4+ T cells (200). CD207+ LC cells were also found to be
enriched in the inner foreskin and to co-express CCR5 compared to the outer foreskin tissue
(120). This suggests higher inflammatory environment in the inner foreskin tissue compared
to the outer foreskin which might lead to higher response to chemokines that cause homing
of T cells (TNF and CCL27) due to the pre-existing inflammatory chemokines in the inner
foreskin; this might lead to increased response to exogenous exposure to chemokines and
increased recruitment of immune cells including CD4+ T cells in the inner foreskin compared
to the outer foreskin. The increased density of CD4+ T cells under the influence of these
chemokines might also suggest a higher susceptibility to HIV in the inner foreskin due to the
abundance of target cells in the inner foreskin tissue. However, one limitation to the
comparison in the outer foreskin is the small sample size which might have contributed to

the results not being significant.

In this chapter, we also wanted to compare two different counting techniques (manual and
semi-automated counting techniques) to measure differences between the two methods
and how this affects the cell counts. We observed a strong correlation between the two
methods of counting which is an expected outcome since the two methods achieve the
same purpose in counting dually positive cells. However, further analysis showed difference
in the counts between the two methods, specifically in the inner foreskin. We observed
agreement in the two methods for the untreated tissues of the inner foreskin (when cells
estimated are usually few). However, higher counts in the manual counting method
compared to the semi-automated counting in the stimulated tissues were noticed when the
number of cells was relatively lower (<100 cells/mm?). Higher number in the semi-
automated counting compared to the manual methods were estimated in higher numbers of
cells (> 200 cellsymm?). We also showed that by comparing paired samples from
unstimulated tissues compared to TNFa and CCL27 treated tissues (section 3.3.5.5), each of
the two counting methods produced a different p value. These differences could be due to

many reasons. First, the manual counting was conducted on the coloured images while the
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semi-automated counting used grey scale images to detect cells (including the validation
done after the software highlighted the cells). This might be in favour of less biased results
coming from semi-automated counting since erroneous counts might have occurred in the
manual method where background was considered a cell. Although the conditions and tissue
type (inner and outer foreskin) in the two methods were blinded, observer bias might have
been involved and led to overestimation or underestimation of numbers of cells in either
method. To be able to precisely compare the two methods, we suggest including different
observers to do the counting to minimize the bias. We also suggest keeping one method of
counting consistent throughout an experiment to minimize conflicted results. However,
underestimation of cells was also a possibility when the signal was not very strong.
Autofluorescence may have caused errors in quantification. However, this is unlikely since
quantification occurred in the epithelium of the foreskin tissue where autofluorescence was

minimal.

Finally, we measured the numbers of CD3+CD4- cells and CD4+CD3- cells in the inner
foreskin tissue from our semi-automated counting files. When comparing 4 data points
(mean of 10 images per donor) from the 4 donors, we observed the CD3+CD4- cell counts to
be non-significant across unstimulated, TNFa exposed and CCL27 exposed tissues. CD4+CD3-
cells were relatively higher in CCL27 exposed samples compared to unstimulated tissues,
although non-significant. This could be due to the low number of donors compared (4
donors) and more donors might provide more clarity on how TNFa and CCL27 might affect
single positive CD3+CD4- cells and CD4+CD3- cells. CD3+ cells are known to be either T
helper cells when expressing CD4 marker, T cytotoxic cells when expressing CD8 marker or
MAIT cells. CD8+ T cells are known to reside in the foreskin tissue and an influx of CD8+ T
cells was observed in recently infected HIV+ men (95,213). Meanwhile, CD4+ cells residing in
the foreskin tissue are potentially T cells, Langerhans cells or macrophages. Langerhans cells
and macrophages have been shown to reside in the foreskin tissue and to have a role in HIV
infection (126,194). Although results regarding CD4+CD3- cells were non-significant, the
trend suggests recruitment of Langerhans cells and/or macrophages in the inner foreskin
under the influence of TNFa and CCL27 along with T cells recruitment that we observed in
this chapter. Staining with only CD3 and CD4 markers is one limitation to this finding and

further experiments are required with CD1a, CD207 (langerin) and CD11c staining to inspect
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the impact of TNFa and CCL27 on LCs and macrophage density in the epithelium of the
foreskin tissue. In summary, we showed an increased number of CD3+CD4+ T cells in the
inner foreskin compared to the outer. We also showed that exogenous exposure to TNFa
and CCL27 resulted in recruitment of CD4+ T cells in the inner foreskin but not the outer
foreskin tissue. Furthermore, we observed that CD4+ T cell density had a trend of being
higher in the inner foreskin compared to the outer and CD4+ T cell density increased under
the influence of TNFa and CCL27. We also showed potential bias regarding differences in
counting methods and how they may affect the results and suggesting consistent counting

throughout experiments.
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Chapter 4: Impact of CCL27 chemokine exposure on foreskin tissues and cells

phenotype and function
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4.1 Introduction

CCL27 chemokine had a significant effect on the number of CD3+CD4+ T cells in the
epidermis of the inner foreskin tissue using ex vivo models and immunofluorescence
imaging. Multi-parameter flow cytometry was used to measure the impact of CCL27 on
specific T cell populations and marker expression in both the epidermis and dermis of the
foreskin tissue. Th17 and Th22 cells are cells that reside in the foreskin tissue and are known
for their susceptibility to HIV and production of inflammatory chemokines (166,167,189—
191). Flow cytometry was used to focus on the impact of CCL27 exposure on both frequency
of cells and marker expression in the inner and outer foreskin and thus complement the
immunofluorescence results. However, due to limiting factors such as low cell yields, low
viability and/or loss of marker expression altogether; the outcomes from these flow

cytometry experiments were inconclusive and are interpreted with caution.

4.2 Experimental design

Overall, 4 sets of experiments were conducted, and they had different designs and
objectives:

1. impact of TNFa and CCL27 on foreskin cells from tissues digested with Liberase.

Objective: to measure Thl7 and Th22 frequencies in the inner and outer foreskin cells
following digestion of foreskin tissue with Liberase enzyme and treatment with CCL27. In this
experiment, foreskin tissue samples were digested with Liberase then the liberated cells
were treated by TNFa or CCL27 (Figure 4.1a).

2. Impact of TNFa and CCL27 on spontaneously migrated cells from whole tissue
foreskin samples.

Objective: to measure Th17 and Th22 cell frequencies and markers expressed in the inner
and outer foreskin in whole tissue samples. In this experiment, foreskin tissue samples were
exposed to chemokines (TNFa and CCL27) for 48 hours then cells were stained and acquired
(Figure 4.1b).

3. Spontaneous migration following chemokine exposure and Dispase treatment.

Objective: to compare the differences in frequencies of Th17 and Th22 cells isolated from
epidermis and dermis of the foreskin tissues treated with TNFa and CCL27 relative to
unstimulated controls. In this experiment, foreskin tissue samples were exposed to
chemokines for 48 hours, followed by Dispase digestion for 18 hours to separate the
epidermis and dermis, after which cells were migrated in RPMI for 48 hours (Figure 4.1c).

4, Effect of Dispase digestion and prolonged cell culturing on foreskin cell markers.
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Objective: to determine the effect of Dispase and prolonged incubation on cell surface
markers (CD45, CCR4 and CCR6) isolated from the foreskin tissue. In this experiment, FS
tissues were treated with HBSS (control) or Dispase for 18 hours. Then both the cells
migrated from the whole tissue controls or the Dispase treated tissues in RPMI and then
harvested completely after 24 hours (to allow regain of markers cleaved under the effect of
Dispase (215)), 48 hours and 96 hours (Figure 4.1d).
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Figure 4.1: A) Experiment design to show impact of TNF and CCL27 on cells isolated from Liberase digested FS tissues. B) Experiment
design to show impact of TNF and CCL27 on spontaneously migrated cells from whole tissue foreskin samples. C) Experiment design

showing spontaneous migration following chemokine exposure then Dispase treatment. D) Experiment design to show the effect of
Dispase and prolonged culturing time on the markers in the foreskin tissue.
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4.3 Gating strategy:

The proportion of Thl7 and Th22 cells were obtained using the gating strategy shown in

Figure 4.2.
<.! 250K :ll:zsm- :F 20K
8 8 3 live cells
W) 2004 L 200k e 00k e
Single Cells
150 9 150K 9.5
100 100K
50K e
0 0 0
T T T T T ML | AL B e
1006 150K 2006 250K
0 SK 100K 150K 200K 250 0 K 00K 150K 200K 250K o o 0
FSC-A FSC-A CD45+
T = e - CCRID+
+ T CCRS# $ T omE
a 9 s & 9 ]
o w O v

150K

100K 7

103 ‘ CCRISCCREY

" CD3CD4s
374

CCR10+

CCR5+

CCR6+

Figure 4.2: Gating strategy for the experiments

4.4 RESULTS

4.4.1 Impact of TNFa and CCL27 on foreskin cells from foreskin tissues digested with
liberase

The objective of this experiment was to determine the impact of CCL27 on the frequencies
of Th17 and Th22 cells in the epidermal sheets of the inner and outer foreskin tissue. Th17
cells were identified as cells that were expressing CD3+CD4+CCR5+CCR4+CCR6+ and Th22
cells were identified as cells that were expressing CD3+CD4+CCR5+CCR4+CCR6+CCR10+.

Figure 4.3 shows representative flow plots of the following populations: (CD3+CD4+,
CD3+CD4+CCR5+, CD3+CD4+CCR5+CCR4+CCR6+, CD3+CD4+CCR5+CCR4+CCR6+CCR10+).
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Figure 4.3: Flow plots showing: A) CD3+CD4+, CD3+CD4+CCR5+, CD3+CD4+CCR5+CCR4+CCR6+,
CD3+CD4+CCR5+CCR4+CCR6+CCR10+ populations in the unstimulated inner foreskin cells B)
CD3+CD4+, CD3+CD4+CCR5+, CD3+CD4+CCR5+CCR4+CCR6+, CD3+CD4+CCR5+CCR4+CCR6+CCR10+
populations in the CCL27 exposed inner foreskin cells.

We could observe that the low cell yield and viability in this method affected the experiment
(only 1 million cells were stained, ~20000 to 50000 events were acquired and viability was
less than 20% in the inner foreskin and less than 5% in the outer foreskin and cell numbers
were not enough to include TNFa exposed cells in the inner foreskin). Table 4.1 shows the
low number of events of CD3+CD4+, CD3+CD4+CCR5+, CD3+CD4+CCR5+CCR4+CCR6+,
CD3+CD4+CCR5+CCR4+CCR6+CCR10+ cells in both the inner and outer foreskin samples
which makes the results less reliable to describe the impact of TNFa and CCL27 on foreskin
cells. One donor was used for the optimization of this experiment. However, we designed
the next experiment to improve the measured outcomes and improve viability and number
of cells acquired.
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Table 4.1: Number of events of CD3+CD4+, CD3+CD4+CCR5+, CD3+CD4+CCR5+CCR4+CCR6+,
CD3+CD4+CCR5+CCR4+CCR6+CCR10+ in both the inner and outer Liberase treated foreskin sample.

Population Unstimulated TNF exposed
CD3+CD4+ cells 2948 150 . 4 3109 10
CD3+CD4+CCR5+ cells | 2941 146 - 2 3099 9
CD3+CD4+CCR5+CCR | 19 1 . 0 42 0
4+CCR6+ cells
CD3+CD4+CCR5+CCR | 17 1 . 0 40 0
4+CCR6+CCR10+ cells

4.4.2 Impact of TNFa and CCL27 on spontaneously migrated cells from whole tissue
foreskin samples

We aimed at recovering the optimal cell yield required for evaluating the impact of CCL27 on
FS tissue, two experiments in sections 4.4.2 and 4.4.3 were conducted from the same 4
donors and compared. The following experiment aimed to improve the outcome and
number of cells compared to the first experiment and enable analysis of proportions and
marker expression changes occurring post exposure to chemokine. It is worth noting that
number of samples in the experiment is low (4 donors) which warrants caution in
interpreting the results. Table 4.2 shows the mean number of events acquired in each of the
populations of CD3+CD4+, CD3+CD4+CCR5+, CD3+CD4+CCR5+CCR4+CCR6+
CD3+CD4+CCR5+CCR4+CCR6+CCR10+ and shows cell numbers are also quite low.

and

Table 4.2 Number of events of CD3+CD4+, CD3+CD4+CCR5+, CD3+CD4+CCR5+CCR4+CCR6+,
CD3+CD4+CCR5+CCR4+CCR6+CCR10+ in both the inner and outer foreskin whole tissue samples.

Unstimulated

Population

TNF exposed

Inner Outer Inner Outer Inner outer

CD3+CD4+ cells 649+397. | 578+410.2 1398+1421 379+242.3 1403+1598 | 181+ 68.22
80 0 0

CD3+CD4+CCR5+ | 568+366. | 442+296 1228+1269 317+215.5 | 1228+1467 | 147+52.44

cells 2

CD3+CD4+CCR5+ | 192+176. | 147+127.1 | 251+253.4 108+77.5 263+219.8 | 45+14.8

CCR4+CCR6+cells | 4

CD3+CD4+CCR5+ | 47+52.62 | 39+51.21 44+56.13 22+12 33+39.69 10+4.9

CCR4+CCR6+CCR

10+ cells
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4.4.2.1 Impact of TNFa and CCL27 on frequency of spontaneously migrated cells from
whole tissue foreskin.

We compared median frequencies of T cell subsets in the FS cells spontaneously migrating
from the FS tissue samples under three conditions (unstimulated, TNFa and CCL27) in 4
donors. Figure 4.4 shows representative flow plots of frequencies of T cells migrating under
the impact of TNFa and CCL27 exposed sample. Figures 4.5 and 4.6 show no significant
differences in the median frequencies of all cell populations measured when comparing
unstimulated cells (control) to CCL27 and TNFa treated cells from both the inner and outer
foreskins. In the inner foreskin, the median CD3+CD4+ cells frequencies of CD45+ population
in the unstimulated FS samples were 38.40% (IQR: 25-61.85) compared to TNFa exposed FS
samples (42.65%, IQR: 29.75-59.68, P=0.375) and CCL27 exposed FS samples (40.90%, IQR:
22.25-64.95, p=0.625) (Figure 4.5a). The median frequency of CCR5+ cells of CD3+CD4+
population in the unstimulated FS samples were 87.20% (IQR: 61.15-92.25) compared to
TNFa exposed FS samples (88.55%, IQR: 63.73-88.85, P>0.999) and CCL27 exposed FS
samples (86.60%, IQR: 68.98-90.73, p>0.999) (Figure 4.5b). Th17 cells (CCR4+CCR6+)
frequency of CD3+CD4+ population was 27.75% (IQR: 8.19-45.90) in unstimulated FS
samples compared to TNFa exposed FS samples (24.45%, IQR: 8.67-38.38, P=0.625) and
CCL27 exposed FS samples (27.90%, IQR: 7.96-46.10, p>0.999) (Figure 4.5c). Finally, Th22
cells (CCR4+CCR6+CCR10+) frequency of CD3+CD4+ population in the unstimulated FS
samples was 8.76% (IQR: 1.68-12.60) compared to TNFa exposed FS samples (5.35%, IQR:
0.96-7.67, P=0.250) and CCL27 exposed FS samples (4.92%, IQR: 0.75-7.39, p=0.125) (Figure
4.5d).

It is worth noting that the number of samples is low (4 donors). Hence, the results should be
interpreted with caution. No conclusions can be confidently made from these results due to
the low number of donors.
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Figure 4.4: Representative flow plots for spontaneous migration from Whole tissue samples under
the impact of TNFa (positive control) and CCL27 exposed sample in the inner foreskin. A)
CD3+CD4+ population across the three conditions. B) CD3+CD4+CCR5+ population across the

conditions.  C)
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Figure 4.5: Difference in frequency of spontaneously migrating cells from whole tissue foreskin
samples from the inner foreskin of 4 samples (n=4 for each condition). A) CD3+CD4+ frequency of
CD45+ population. B) CCR5+ frequency of CD3+CD4+ population. C) CCR4+CCR6+ frequency of
CD3+CD4+ population. D) CCR4+CCR6+CCR10+ frequency of CD3+CD4+ population.

In the outer foreskin, the median CD3+CD4+ cells frequencies of CD45+ population in the
unstimulated FS samples were 37.25% (IQR: 20.55-52.45) compared to TNFa exposed FS
samples (35.70%, IQR: 23-60.60, P=0.500) and CCL27 exposed FS samples (31.60%, IQR:
28.05-40.63, p>0.999) (Figure 4.6a). The median frequency of CCR5+ cells of CD3+CD4+
population in the unstimulated FS samples were 75.65% (IQR: 61.88-88.23) compared to
TNFa exposed FS samples (84.90%, IQR: 68.30-91.70, P=0.500) and CCL27 exposed FS
samples (79.40%, IQR: 75.68-88.23, p=0.500) (Figure 4.6b). Th17 cells (CCR4+CCR6+)
frequency of CD3+CD4+ population was 21.60% (IQR: 15.40-37.33) in unstimulated FS
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samples compared to TNFa exposed FS samples (28.20%, IQR: 14.60-39.40, P=0.750) and
CCL27 exposed FS samples (22.90%, IQR: 22.90-29.50, p>0.999) (Figure 4.6c). Finally, Th22
cells (CCR4+CCR6+CCR10+) frequency of CD3+CD4+ population in the unstimulated FS
samples was 4.68% (IQR: 2.30-12.93) compared to TNFa exposed FS samples (5.37%, IQR:
5.34-7.58, P=0.750) and CCL27 exposed FS samples (4.45%, IQR: 3.65-5.98, p>0.999) (Figure
4.6d). These results investigate proportions of cells that spontaneously migrate under the
influence of chemokines and show no significant difference, but the experiment did not
investigate recruitment of T cell populations in the epithelium of foreskin tissue under the
influence of these chemokines.
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Figure 4.6: Difference in cell proportions in whole tissue crawled foreskin samples from the outer
foreskin of 4 samples (n=4 for each condition). A) Statistical analysis of CD3+CD4+ frequency of
CD45+ population. B) Statistical analysis of CCR5+ frequency of CD3+CD4+ population. C) Statistical
analysis of CCR4+CCR6+ frequency of CD3+CD4+ population. D) Statistical analysis of
CCR4+CCR6+CCR10+ frequency of CD3+CD4+ population.
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4.4.2.2 Impact of CCL27 on marker expression in Whole tissue migrated foreskin cells

We wished to validate if the increase in density of CD3+CD4+ cells in the foreskin tissue
(observed in chapter 3) was due to merely an increase in marker expression caused by
chemokine exposure or due to recruitment of T cells from the deeper layers of the foreskin
tissue to the epithelium. Hence, we created histograms to measure mean fluorescence
intensity of CD3, CD4, CCR5, CCR4, CCR6 and CCR10 markers across unstimulated samples,
TNFa exposed and CCL27 exposed whole tissue foreskin samples. We measured mean
fluorescence intensity (MFI) for each marker to compare differences occurring in single
marker expressions due to chemokine exposure. Figure 4.7 shows representative histograms
of the markers in the inner and outer foreskin tissues.
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Figure 4.7: Representative histograms for different markers in whole tissue migrated foreskin tissues from the inner and outer foreskin. A)
Histograms of different markers in the inner foreskin migrated cells. B) Histograms of different markers in the outer foreskin migrated cells.

85




Figures 4.8 and 4.9 show plots of the MFI for different markers of whole tissue migrated cells
of 4 foreskin samples in the inner and outer foreskin respectively. The differences in MFI
were statistically non-significant across all conditions for cells migrating from either the
inner or outer foreskin. In the inner foreskin, the median MFI of CD3 in the unstimulated
samples was 10497 (IQR: 9560-10923) compared to TNFa exposed samples (10341, IQR:
8923-11603, P=0.875) and CCL27 treated samples (10451, IQR:9220-10648, p=0.375).
Median MFI of CD4 in the unstimulated samples was 1177 (IQR: 641.80-2302) compared to
TNFa exposed samples (1338, IQR: 713.30-2016, P=0.875) and CCL27 treated samples (1197,
IQR:521.80-2372, p=0.875). Median MFI of CCRS5 in the unstimulated samples was 7523 (IQR:
4679-11257) compared to TNFa exposed samples (7064, IQR: 4536-9330, P=0.625) and
CCL27 treated samples (7539, IQR:5845-10300, p>0.999). Median MFI of CCR4 in the
unstimulated samples was 1693 (IQR: 772.30-2228) compared to TNFa exposed samples
(1451, IQR: 583.30-2269, P=0.250) and CCL27 treated samples (1540, IQR:625-2337,
p=0.875). Median MFI of CCR6 in the unstimulated samples was 3017 (IQR: 1387-3211)
compared to TNFa exposed samples (2372, IQR: 921.3-3145, P=0.250) and CCL27 treated
samples (2630, IQR:1276-2710, p=0.125). Median MFI of CCR10 in the unstimulated samples
was 521 (IQR: 481-845) compared to TNFa exposed samples (755, IQR: 566-760, P=0.750)
and CCL27 treated tissues (360, IQR:212-854, p=0.500).
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Figure 4.8: Mean fluorescence intensity of different markers in whole tissue migrated foreskin
tissues from the inner foreskin (n=4 for each condition).

Similarly for the outer foreskin, no significant differences were observed for MFI for all the
markers measured among the treatment conditions. In the outer foreskin, the median MFI
of CD3 in the unstimulated samples was 10646 (IQR: 8824-11071) compared to TNFa
exposed samples (9861, IQR: 9353-11195, P=0.500) and CCL27 treated samples (11985,
IQR:8092-12846, p=0.375). Median MFI of CD4 in the unstimulated samples was 1104 (IQR:
622-1888) compared to TNFa exposed samples (1029, IQR: 534-1786, P=0.500) and CCL27
treated samples (1213, IQR:675.3-4240, p=0.625). Median MFI of CCR5 in the unstimulated
samples was 9245 (IQR: 4236-11203) compared to TNFa exposed samples (7785, IQR: 7071-
8589, P=0.250) and CCL27 treated samples (8941, IQR:5695-14325, p=0.625). Median MFI of
CCR4 in the unstimulated samples was 1487 (IQR: 1047-2051) compared to TNFa exposed
samples (1974, IQR: 917-1984, P=0.750) and CCL27 treated samples (1437, IQR:1046-1766,
p=0.625). Median MFI of CCR6 in the unstimulated samples was 2421 (IQR: 1700-3157)
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compared to TNFa exposed samples (2475, IQR: 1860-2851, P=0.250) and CCL27 treated
samples (3243, IQR:2600-4986, p=0.125). Median MFI of CCR10 in the unstimulated samples
was 528 (IQR: 79.85-895.80) compared to TNFa exposed samples (496, IQR: 409-1533,
P=0.750) and CCL27 treated samples (745.5, IQR:350.50-971, p=0.250).
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Figure 4.9: Box plots for Mean fluorescence intensity of different markers in whole tissue migrated
foreskin tissues from the outer foreskin (n=4 for each condition).
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4.4.3 Spontaneous migration after chemokine and Dispase exposure

In the second part of the previous experiment and after cells were migrated from whole
foreskin tissues under the influence of chemokines, the tissues were exposed to Dispase
enzyme to enable separation of epidermis and dermis of the foreskin samples. The aim of
this experiment was to quantify proportions of Th17 and Th22 cells in both the epidermis
and dermis of the foreskin tissues in the chemokine exposed tissues compared to the
unstimulated controls.

Cells stained and acquired in this experiment showed decreased numbers of CD45+ cells in
the lymphocyte population, normally expressing CD45, along with CCR4 and CCR6. These
changes were consistent across the 4 samples used and all tested conditions of the
experiment (unstimulated, TNFa and CCL27) in epidermis and dermis tissues. Figure 4.10
shows representative flow plots of the differences the CD45+ cells along with CCR4+CCR6+
populations. The decrease in these markers was hypothesized to occur due to either the
exposure to chemokines, Dispase and the prolonged exposure to cell culture media (cells
were acquired after 48 hours of being treated with chemokines, 18 hours of Dispase
treatment and 48 hours of migration after Dispase).
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Figure 4.10: Representative flow plots showing the populations of CD45, CCR4+CCR6+ cells in the
Dermis of inner foreskin. A) CD45+, CCR4+CCR6+ populations in the unstimulated control. B) CD45+,
CCR4+CCR6+ populations in the TNFa exposed tissue. C) CD45+, CCR4+CCR6+ populations in the
CCL27 exposed tissue.

Figure 4.11 shows a significant decrease in CD45+ expression in all 4 samples across all
conditions in both inner and outer foreskin between the cells migrated and acquired directly
after chemokine exposure for 48 hours and the cells of the epidermis and dermis that were
acquired at the later point (after 48 hours exposure to chemokines, 18 hours of Dispase
treatment and 48 hours of migration after Dispase) showing almost complete loss of the
CD45 marker. Median frequency of CD45+ cells was 13,20% (IQR: 7.65-19.30) compared to
0.10% (IQR: 0.04-0.15, p<0.0001) in Dispase treated epidermis cells and 0,19% (IQR:0.12-
0.48, p<0.0001) in Dispase treated dermis cells.
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Figure 4.11: Mann-Whitney test of CD45+ frequency in whole tissue migrated samples vs. samples
exposed to migration after Dispase (n=23 for each condition).

4.4.4 Effect of Dispase and time on markers in the foreskin tissue

To understand the impact of Dispase and prolonged in vitro cell culturing time on the
integrity of the foreskin tissue and whether these conditions contributed to the loss of
marker expression, we conducted the last experiment where we exposed 2 foreskin samples
(inner and outer foreskin pooled) to two conditions (controls in HBSS for 18 hours of in
Dispase for 18 hours) in three different time points (24 hours, 48 hours and 96 hours of
migration in RPMI). Samples treated with HBSS or Dispase for 18 hours were only harvested
for the first time after 24 hours of resting in culture media because it was reported to allow
cleaved markers to recover (215).

There was a change in the gating strategy for this experiment where CCR4 and CCR6 were
gated from CD45 directly to view the overall expression of these markers (Figure 4.12).
Figure 4.13 shows representative plots of difference in CD45+ cell proportions in whole
tissue controls and Dispase treated tissues in three time points while Figure 4.14 shows
representative plots of difference in CCR4+ and CCR6+ cell proportions in Whole tissue
controls and Dispase treated tissues in three time points. Table 4.3 shows the mean number
of events acquired of CD45+, CCR4+ and CCR6+ cells in the samples; the large standard
deviation indicates large variation between the number of cells in each sample.
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Figure 4.12: Change in gating strategy.
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Figure 4.13 Representative flow plots of difference in CD45+ expression in Whole tissue controls
and Dispase treated tissues in three time points. A) CD45+ expression in Whole tissue controls and
Dispase treated tissues after 24 hours. B) CD45+ expression in Whole tissue controls and Dispase
treated tissues after 48 hours. C) CD45+ expression in Whole tissue controls and Dispase treated
tissues after 96 hours.
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Figure 4.14: Representative flow plots of difference in CCR4+ and CCR6+ cell proportions in Whole
tissue controls and Dispase treated tissues in three time points. A) CCR4+ and CCR6+ cell
proportions in Whole tissue controls and Dispase treated tissues after 24 hours. B) CCR4+ and CCR6+
cell proportions in Whole tissue controls and Dispase treated tissues after 48 hours. C) CCR4+ and
CCR6+ cell proportions in Whole tissue controls and Dispase treated tissues after 96 hours.
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Table 4.3: Number of events of CD45+, CCR4+ and CCR6+ cells in 2 pooled (inner and outer foreskin
samples) in whole tissue controls and Dispase treated samples.

48 hours

96 hours

Number of 24 hours

WT controls Dispase WT controls Dispase WT Dispase
Population treated treated controls treated
CD45+ 1 4938 9026 261 1208 2174 195
sample
2nd 2076 9026 1799 2712 2441 5786
sample
CCR4+ 1 512 234 31 39 469 53
sample
2nd 53 36 34 75 362 2100
sample
CCR6+ 1t 1377 100 193 253 1406 64
sample
2nd 127 80 798 428 962 1548
sample

Figure 4.15 shows the differences in the frequencies of lymphocytes expressing CD45, CCR4
and CCR6 in three different time point after 18 hours of exposure to either HBSS in whole
tissue control samples or Dispase treated samples. The median frequency of CD45+
lymphocytes in whole tissue controls was low (4.07%, IQR: 2.65-5.49) compared to Dispase
treated samples (9.62%, 7.44-11.80) at 24 hours (Figure 4.15a). The percentage of CD45 in
whole tissue samples became even lower after 48 hours with a frequency of 0.75%
(IQR:0.25-1.25) in whole tissue controls compared to 3.35% (IQR:2.17-4.52). After 96 hours,
results are conflicted between the two samples tested (median frequency is 7.69%, IQR:
6.29-9.09 in whole tissue controls compared to 8.70%, IQR: 0.91-16.50). From that, it is not
possible to see a specific trend regarding a negative impact of Dispase treatment or time on
CDA45 marker.

However, Dispase treated samples were seen to have considerably lower frequencies of
CCR4+ cells compared to the whole tissue controls after 24 hours and 48 hours (Figure
4.15b). Median frequency of CCR6+ cells was 6.48% (IQR:2.55-10.40) in whole tissue samples
compared to 1.32% (IQR:0.05-2.59) in Dispase treated samples after 24 hours. It showed a
median frequency of 6.89% (IQR:1.89-11.90) in whole tissue samples compared to 3% (IQR:
2.77-3.23) in Dispase treated samples after 48 hours. This seems to change after 96 hours
where CCR4+ cells seem to have a median frequency 18.20% (IQR: 14.80-21.60) in whole
tissue controls compared to 31.75% (IQR: 27.20-36.30) in Dispase treated samples.

Dispase treated samples appear to have lower frequencies of CCR6+ cells compared to
whole tissue samples in all the three time points (Figure 4.15c). Dispase treated samples
were seen to have considerably lower frequencies of CCR6+ cells compared to the whole
tissue controls after 24 hours with a median frequency of 17.01% (IQR:6.12-27.90) in whole
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A CD45+ frequency between whole tissue control
samples and dispase treated at 24, 48 and 96 hours

CD45+ cells frequency of live cells %

tissue samples compared to 1.12% (IQR:1.11-1.14) in Dispase treated samples, a median
frequency of 59.15% (IQR: 44.40-73.90) in whole tissue samples compared to 18.35% (15.80-
20.90) in Dispase treated samples after 48 hours. CCR6+ cells in whole tissue control samples
had a mean frequency of 52.05% (IQR:39.4-64.70) compared to 29.80% (IQR:26.80-32.80) in
Dispase treated samples after 96 hours. Figure 4.15d shows significant decrease in the
median frequencies of CCR6+ cells in Dispase treated samples across all time points
compared to the whole tissue control samples (41.90%, IQR: 22.46-67 in whole tissue
control compared to 18.35%, IQR:1.13-28.30; p=0.030).

It is worth noting that this experiment was conducted on 2 donors only. Hence, statistical
analysis should be interpreted with caution.
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Figure 4.15: Bar graphs showing CD45+, CCR4+ and CCR6+ Frequency in Whole tissue controls and
Dispase treated tissues after 24, 48 and 96 hours. A) CD45+ Frequency in Whole tissue controls and
Dispase treated tissues in the three time points (n=2 for each condition). B) CCR4+ Frequency in
Whole tissue controls and Dispase treated tissues in the three time points (n=2 for each condition).
C) CCR6+ Frequency in Whole tissue controls and Dispase treated tissues in the three time points
(n=2 for each condition). D) CCR6+ Frequency in Whole tissue controls and Dispase treated tissues
with all-time points pooled together (n=6 for each condition).
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4.5 Discussion

In Chapter 3, we observed a significant impact of TNFa and CCL27 on proportions of
CD3+CD4+ T cells in the epithelium of the inner foreskin tissue, but not the outer. However,
one limitation was the need to characterize the T cell subsets that were recruited in the
inner foreskin tissue under the influence of TNFa and CCL27. Immunofluorescence imaging
allowed only 4 markers to be explored. Hence, we chose flow cytometry to complement our
work. We wished to explore Th1l7 and Th22 cells in the foreskin tissue. Thl7 are a T cell
subset that is abundant in the foreskin tissue compared to blood and was observed to be
highly susceptible to HIV in vitro and preferentially depleted in vivo (12—-14,95). Furthermore,
it was observed to be two fold higher in density in the inner foreskin tissue compared to the
outer foreskin (121). Th22 cells are also highly susceptible to HIV and expresses CCR10
which is the chemokine receptor for CCL27. This chapter aimed at reproducing these results
using multi-parameter flow cytometry to measure the impact of TNFa and CCL27 on specific
Th17 and Th22 cell populations and marker expression in both the epidermis and dermis of
the foreskin tissue. We stimulated the foreskin tissue and then used two different methods
to liberate the cells: spontaneous migration from whole tissue sections and digestion with
Dispase then spontaneously migrating cells from separate epidermal sheets and dermal
tissue. The experiments were aiming at using multi-parameter flow cytometry in observing
the impact on a cellular level and marker expression in both epidermis and dermis tissues of
the inner and outer foreskin. It also aimed at validating that CCL27 caused recruitment of
CD4+ T cells in the inner foreskin tissue, and that our results were not caused by a
modulation of marker expression in the foreskin tissue due to chemokine exposure.
However, optimizing the best experimental design that allows that had many limitations.
The use of digesting enzymes such as Dispase and Liberase along with long in vitro culturing
time might have resulted in less expression of certain markers on the foreskin cells and
lower cell yields which resulted in limitations and affected the results. The lower cell yield
did not allow viewing the changes occurring on cellular levels in the foreskin tissue whether
on a cell number or Mean fluorescence intensity under the exposure to TNFa and CCL27
(section 4.3). The experiments required more optimization to provide higher cell yield that
allows investigating impact of TNFa and CCL27 on cell frequencies and marker expression.

No significant difference was viewed in the number of Th1l7 or Th22 cells in cells
spontaneously migrating from whole foreskin tissues under the influence of TNFa or CCL27
compared to the untreated tissues (section 4.4.1). There was also no significant change in
the Mean fluorescence intensity of each marker of cells from whole tissues exposed to the
chemokines compared to the untreated tissues (section 4.4.2). Even though there is limited
data in the experiment conducted, we view that marker expression did not undergo any
significant changes due to chemokine exposure. Therefore, linking this with chapter 3, we
view that chemokines caused the recruitment of the CD3+CD4+ increase in numbers of cells.
This showed that the chemokines might not have an impact on the number or expression of
different T cell subsets that spontaneously migrate out of the foreskin tissue and their effect
was on recruitment of the cells to the epithelium of the inner foreskin which was viewed in
chapter 3 using immunofluorescence imaging. However, low sample size used in the
experiment (4 samples) and the low cell yield across the experiments was a major limitation.
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After exposing the tissues to the chemokines then Dispase then allowing them to
spontaneously migrate into the R10 media, spontaneously migrated cells after exposure to
chemokines and Dispase had a prominent decrease in the number of CD45+, CCR4+ and
CCR6+ cells compared to the whole tissue samples from the same donors (section 4.5). This
needed further investigation to understand what incited the change in the cells. We
hypothesized that it could be due to one or both the following reasons: enzymes (Dispase)
and/or prolonged experimental conditions. We inspected the effect of Dispase treatment on
the foreskin derived cells in 2 foreskin samples and viewed that Dispase had a negative
effect on CCR4 and CCR6 markers even after resting the cells for 24 hours before staining.
There was a significant decrease in the number of CCR6 cells in Dispase treated cells
compared to the control samples. That impact was not reversible after 96 hours of culturing
in R10 media. In CCR4, there was also a trend showing decrease in the number of cells in
Dispase treated tissue compared to control samples. However, the decrease was reversible
after 96 hours of culturing. Meanwhile, there was no significant difference in CD45 levels
between Dispase treated samples compared to controls. This might indicate that the
depletion of CD45 marker occurring after exposure to chemokines, Dispase and then
culturing might be due to other mechanisms. Literature has discussed the effect of Dispase
on marker expression and mentioned that Dispase decreased lymphocytes and macrophages
cell surface marker expression including CD45, CD69, CD3, CD4, CD11C and CD14 (215,216).
However, CD3, CD4 and CD45 had no changes under lower levels of Dispase (0.8 U/ml) while
CD4 was only affected by high concentrations of Dispase (50 U/ml) and cells regained marker
expression of the other affected markers after culturing for 24 hours (215). Other
publications mentioned CD4 being affected in blood, foreskin tissue and mice skin by
exposure to Dispase (95,217) However, CCR4 and CCR6 were not discussed in literature. Our
results indicate the need to explore the effect of Dispase on T cells marker to view the
impact it has as well as the reversibility of that effect on them after resting. The low sample
size and low cell yield have also been a limitation to this experiment. The experiments in this
chapter, though carefully designed, had affected the foreskin cells greatly; foreskin cells
might have been affected by enzyme exposure and long in vitro culturing time after 84 hours
of chemokine exposure which might have caused cell death and that resulted in low cell
yield and further on caused CD45, CCR4 and CCR6 marker loss.

Another plausible mechanism in CD45 marker loss was the impact of TNFa exposure on
immune activation and proliferation of naive T cells and apoptosis to highly activated
effector T cells. This might explain the decreased number of T cells in the TNFa exposed
foreskin tissues (218-220). However, it does not explain the same impact occurring in both
CCL27 treated tissues and controls cultured in R10 only. In summary, we showed the
different results from different experiment design to show the impact of TNFa and CCL27 on
frequencies of T cells in the foreskin tissue. We also showed a significant decrease in number
of CCR6+ cells in Dispase treated samples compared to whole tissue controls and observed a
decrease in CCR4+ cells. These results suggest that despite the optimization of the
experiments design, flow cytometry had many limitations in measuring the recruitment of T

98



cells in the foreskin tissue. It suggests that immunofluorescence imaging is the most optimal
method to measure recruitment of T cells in the foreskin tissue.
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Chapter 5: Discussion and conclusion

This dissertation sheds light on the association between a chemokine (CCL27), putatively
secreted by keratinocytes in the foreskin tissue, and the recruitment of CD4+ T cells to the
epithelium of the inner foreskin. We also compared two different methods for counting cells
using immunofluorescence (IF) imaging and flow cytometry. These findings support our
findings included in our publication demonstrating the impact of CCL27 on increased density
of CD4+ T cells in the inner but not the outer foreskin (91).

Male medical circumcision (MMC) has been proven to decrease HIV-1 acquisition by 52-64%
(35,36,126) and that is why it has been rolled out by WHO and UNAIDS as a method for HIV
prevention (33,34). However, a better understanding of HIV transmission and acquisition in
men is still required. MMC involves the surgical removal of more than 95% of the foreskin
tissue that is rich in HIV target cells including T cells, LCs and macrophages. This is postulated
to be one of the plausible mechanisms responsible for the observed impact of MMC in
decreasing HIV acquisition (8,9,90). The foreskin tissue was observed to play an essential
role in HIV acquisition specially the inner foreskin, which has been observed by many studies
to have higher susceptibility to HIV infection compared to the outer foreskin
(25,90,119,120,194). Furthermore, It was observed that the foreskin tissue caused dysbiosis
in the skin microbiome compromising skin’s barrier integrity and increasing susceptibility to
HIV infection through enrichment of bacteria correlated with secretion of proinflammatory
chemokines (27-29,31,32). MMC also provides protection against STIs such as HPV and HSV-
2 which also contributes in the decrease of HIV acquisition (51,52,161). Other mechanisms
that were discussed as potential factors in the susceptibility of the foreskin tissue were the
large surface area (26) and the thinner keratinization in the inner foreskin tissue compared
to the outer foreskin tissue (27,91,92,94,221,222). HIV target cells inhabiting the foreskin
tissue include CD4+ T cell subsets which express the markers CD4 and CCR5, considered
pivotal for productive HIV infection, along with a range of proinflammatory chemokines and
cytokines such as IL-17, IL-22, TNFa and IFNy (8,89,95). Other penile sites including the
urethra have also been proposed as targets for infection, which explains the approximate
40% incomplete protection of MMC against HIV infection (102,198).

In a recent publication, it was shown that there was a notable difference in the expression

levels of chemokine genes in the inner and outer foreskin tissues. Significant upregulation of
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CCL27, CXCL12, TLR4 and CCL28 genes was noticed in the inner foreskin compared to the
outer foreskin (91); CCL27 was approximately 7-fold more elevated in the inner foreskin
compared to the outer foreskin tissue (91). This was associated with another observation
that the inner foreskin tissue contained a higher proportion of CD4+CCR5+ T cells, known to
be HIV target cells, compared to the outer foreskin (77,78,91,223). We hypothesized that
CCL27 protein pronounced expression mediated the recruitment of CD4+ T cells in the
epithelium of the inner foreskin tissue and that CCL27 exogenous exposure will have an
impact on the increase in the number of CD3+CD4+ T cells in the epithelium of the foreskin
tissue. In chapter 3 of this dissertation, we viewed the changes occurring on a tissue level in
the foreskin under the influence of exogenous exposure to CCL27 using IF imaging and
showed that exogenous exposure to CCL27 resulted in a significant rise in the densities of
CD3+CD4+ T cells in the epithelium of the inner foreskin tissue while it caused no significant
difference in the CD3+CD4+ T cells in the epithelium of the outer foreskin. This is a key
finding in identifying the higher susceptibility of potential HIV infection of the inner foreskin
compared to the outer foreskin. Our results also showed that in the untreated foreskin
tissues, the median density of CD3+CD4+ T cells in the epithelium of the inner foreskin tissue
was higher compared to the outer foreskin tissue. This suggests that the difference in the
inflammatory environment and differences in chemokine production between the inner and
outer foreskin tissues might cause recruitment of CD4+ T cells in the epithelium of the inner
foreskin compared to the outer.

CCL27 expression in skin induces homing of memory T cells and also Langerhans cells that
express the ligand for CCL27, CCR10 (191,192). Recruitment of LCs and T cells is essential for
an efficient HIV entry since HIV forms viral synapses that infects Langerhans-T cells
conjugates (25). That provided clues of the decrease in HIV acquisition in men who undergo
MMC due to the removal of the foreskin tissue rich in LCs and T cells. A separate study also
highlighted that CCL27 high expression was involved in the movement of CD4+CCR10+ T cells
in the skin of individuals with inflamed skin diseases (224). This implies that CCR10 has a role
in controlling effector T cells migration under inflammatory conditions (224,225).
Furthermore, CCL27 was strongly expressed in the adult epidermal cells in the basal
Keratinocytes and the stratum corneum (226). This might be an indication that the inner

foreskin tissue’s production and secretion of high CCL27 concentrations result in an influx of
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CD4+ T cells in the inner foreskin, forming an environment that is possibly more prone to
both STIs and HIV infection.

Notably, CCR10 is the marker prominently expressed by most Th22 cells. Th22 cells have
been identified as a newly discovered HIV target cell due to their expression of CD4 and
CCR5 along with pro inflammatory cytokines IL-22 and TNFa (121,190,227,228). It is
suggested that the cells that were observed to be recruited in the epithelium of the inner
foreskin tissue under the influence of CCL27 might be Th22 which have been identified as
HIV target cells (191,227). This is consistent with data showing that CCR10 was mainly
expressed on circulating skin homing CD4+ T cells while circulating CD8+ T cells had minor
levels of CCR10 (224). The interaction between CCL27 and CCR10 promotes migration of skin
homing T cells of the memory type (195,201,224). However, from our experiments, we were
unable to confirm that the cells recruited in the epithelium of the inner foreskin were Th22
cells and therefore further investigations are required to test this hypothesis. It is plausible
that other unexplored mechanisms are involved, probably in a synergistic manner with
CCL27, in the recruitment of different CD4+ T cells subsets and that other inflammatory
cytokines and chemokines in the inner foreskin are related to the higher susceptibility to HIV
infection (31,91,121).

Chemokines in the foreskin tissue were reported to have a pivotal role in the inflammation
of foreskin tissue and increase in HIV acquisition. In 60% of coronal sulcus swabs of males
undergoing circumcision, IL-8 was detected. In 25% of swabs, Monokine Induced by y-
interferon (MIG) was detected (31). Other cytokines (IL-1a, MCP-1, RANTES, GM-CSF and
MIP3a) were detected in 10% of participants. This prevalence of cytokines was not related to
sexual behavior or demographics but was connected to STI symptomatic infections (31). IL-8
levels were noticed to significantly decrease after MMC compared to the control group that
didn’t undergo circumcision. Furthermore, the seroconversion rates increased when more
than one of the cytokines were detected in the coronal sulcus swabs in the control group
(31). IL-8 and MIG were specifically correlated with higher HIV acquisition in males.
Circumcision was reported to decrease IL-8 levels significantly which would decrease HIV
acquisition. IL-8 and MIG are pro-inflammatory cytokines with a function of recruitment of
immune cells to inflamed tissues (31). This is consistent with our results regarding the
impact of CCL27 on the recruitment of CD4+ T cells in the epithelium of the inner foreskin

tissue. It highlights that other chemokines and cytokines are also involved in the process of
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CD4+ T cell recruitment that might increases HIV susceptibility and that the presence of
CCL27 could enhance the effect of these chemokines and/or cytokines.

Although MMC was reported to decrease the rate of HIV acquisition by 60%, there still
remains other target sites in the male genital tract that facilitate HIV infection including the
glans penis and the urethra (102,198). All penile regions (penis glans, urethra and fossa)
were also seen to be able to produce pro-inflammatory and anti-inflammatory cytokines
such as IL-17 and IL-22 and other important intermediaries in the infection process (108).
Multiple cytokines were found in the urethra, fossa and glans of the penis (108). IFN-y-
secreting cells, CD4+ cells expressing both IL-4 and IL-5 were detected in the three tissues
and to a lesser extent TNFa secreting cells and IL-2 secreting cells (108). In the other penile
tissues (glans penis, fossa and urethra), proportions of IL-17 and IL-22 were considerably
lower than in the inner or the outer foreskin tissue (108). Urethra, fossa and glans have a
wide range of cytokines including CCL28, RANTES and IL-13 which are very predominant in
the urethra and TRAIL, MCP-1 and CCL25 in intermediate concentrations and IL-4, MIP-3a,
MCP-4 and Etoaxin in low levels (121). In fossa and glans IL-13, IL-4, MIP-3a, CCL25 and
TRAIL were detected at concentrations equivalent to the urethra while CCL28 and RANTES
were significantly lower than that detected in the urethra (121).

Limitations of our findings were that CCR5, CCR10 markers staining along with the CD3 and
CD4 was required to further characterize the CD4+ T cells recruited in the epidermis of the
inner foreskin under the influence of CCL27. It also might have been beneficial to stain for
Langerhans cells markers to understand the impact of CCL27 on LCs which are essential in
the infection process due to their HIV susceptibility and formation of viral synapses. Another
limitation was the small sample size compared in the outer foreskin tissue. This affected the
ability to have a conclusive finding regarding the impact of CCL27 on the outer foreskin
tissue.

We also explored different methods of counting cells in Chapter 3. We compared two
different methods of counting dually labeled cells: manual method of counting cells
perceived as dually labeled (CD3+ and CD4+) on the Softworx software and analyzing the
results using IDL (Interactive Data Language) and a semi-automated counting using Imagel
and PIPSQUEAK Al to automatically detect the single labeled cells in both FITC and CY5
channels and then merge them to detect and count the dually labeled cells. We created

correlation plots and difference plots to view the alignment and differences between the
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two methods of counting. From these results, we could determine that at some instances
the manual counting was overestimating cell numbers compared to the semi-automated
counting while in others it was underestimating cell numbers. Despite the differences
between the two counting, there was no conclusive way to highlight which method was less
biased and more reliable in counting the double labeled cells in the foreskin tissue. One
limitation is that both methods of counting required visual inspection by two or more people
to decrease subjectivity of the comparison. Both methods included manual verification of
the cell numbers which can lead to bias. To minimize bias, the samples conditions were
blinded to the personnel preforming the counting. Altogether, we suggest that one method
is used consistently in the counting to decrease discrepancies across experiments. Finally, we
have shown a trend of CD4+CD3- cells increasing in the epithelium of the foreskin tissue
under the impact of TNFa and CCL27, albeit insignificant. The CD4+CD3- cells might possibly
be Langerhans cells or macrophages which reside in the foreskin tissue and also have a role
in HIV infection (127,195).

In chapter 4, we used flow cytometry to optimize experiments to measure the impact of
TNFa and CCL27 on T cell subsets including Th17 and Th22 to compliment the imaging data.
Limitations to using flow cytometry to characterize these cells under the influence of TNFa
and CCL27 were numerous including the use of enzymes that affected the cells viability and
yield, hence the low number of events acquired. Another limitation was prolonged in vitro
culturing time and addition of chemokines that might have caused the marker expression in
the foreskin tissue to significantly decrease or promote apoptosis. Future experiments would
require further optimization of experiment optimal culturing time to improve cell yields to
allow for conclusive results. We also explored the impact of TNFa and CCL27 on cells
spontaneously migrating from whole foreskin tissue samples (no digestive enzymes were
used). There was no significant difference in the density or mean fluorescence intensity of
markers in cells spontaneously migrating from whole foreskin tissues between unstimulated
cells and TNFa and CCL27 exposed cells. This indicates that the chemokines might not have
an impact on either subset of cells spontaneously migrating from the foreskin tissue or the
markers that were used to enumerate the cells. We also observed the effect of Dispase
treatment on CCR4 and CCR6 markers in the foreskin tissue and how they are affected by
Dispase even after resting of cells. There was a trend in CCR4 being affected by Dispase

treatment while CCR6 had a significant change that was not reversible compared to the
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control samples. Dispase was previously reported to affect lymphocytes and macrophages
cell surface markers although no study has reported the impact of Dispase on CCR4 and
CCR6 expression and detection (216,217). The small sample size analysed in this experiment
was a limitation in having conclusive results regarding how Dispase affected marker
expression. We suggest more exhaustive optimization to determine the effect of digestive
enzymes on T cells and myeloid cells markers.

In conclusion, this dissertation shows that exogenous exposure of inner foreskin tissue to
CCL27 significantly increased the number of CD3+CD4+ T cells in the epithelium compared to
untreated tissues. while the outer foreskin had no significant changes in the number of
CD3+CD4+ T cells in the epithelium. Furthermore, we evaluated the differences between
manual and semi-automated counting of cells in the foreskin tissue. Finally, we attempted to
understand the effect of Dispase and prolonged experiments on the number and marker
expression of T cells. Overall, this dissertation highlights that the higher expression of CCL27
in the inner foreskin tissue contributes to the higher number of HIV target cells that are in
proximity to the outermost layer of the tissue. Ultimately this provides mechanistic insight

into the protective mechanism of MMC.
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