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Abstract 
 
Memory CD8 T cells protect against intracellular pathogens by scanning host cell 

surfaces, thus infection detection rates depend on memory cell number and distribution. 

Many cell population analyses rely on isolation from whole organs and interpretation is 

predicated on presumptions of near-complete cell recovery.  Paradigmatically, T cell 

memory is parsed into central, effector, and resident subsets, ostensibly defined by 

immunosurveillance patterns, but in practice identified by phenotypic markers. Because 

isolation methods and subsequent phenotypic marker-based analyses ultimately inform 

models of memory T cell differentiation, protection, and vaccine translation, we tested 

their validity via quantitative immunofluorescence microscopy of a murine memory CD8 

T cell population. We found that lymphocyte isolation fails to recover most cells and 

recovery is biased against certain subsets. Applying this approach to parabiotic mice we 

found that the overwhelming majority of memory CD8 T cells in non-lymphoid tissues 

are resident, rather than recirculating. Residence was not absolutely predicted by 

common phenotypic markers (CD103 & CD69), a finding that demonstrates 

heterogeneity in the resident memory population and insists that migration rather than 

solely phenotype be used for identification. Despite tissue-specific immune regulation, 

establishment of resident memory CD8 T cells was extended to male genital tract tissues, 

where they maintain local cytokine production in the presence of rechallenge. Our studies 

of male genital tract organs revealed non-canonical migration of effector CD8 T cells 

directly into visceral non-lymphoid tissues of recently infected mice. Together, these 

results provide a systematic quantification of the distribution and compartmentalization 

of virus-specific memory CD8 T cell subsets and highlight the relative numerical 

abundance of resident memory CD8 T cells, indicating that host immunosurveillance by 

memory CD8 T cells is conducted in a highly localized manner. 
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Chapter 1  

 Introduction 
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1.1 Adaptive immunity against viral infection 
The host must protect itself against a regular onslaught of potential pathogens 

encountered in its surroundings. To accomplish this, the mammalian immune system 

broadly consists of two functional ‘arms’: the innate and the adaptive. Innate components 

are always present and act broadly against proteins and lipids not made by mammals. 

When innate components are insufficient to combat the infectious agent, the adaptive 

immune system responds. The formation of an adaptive response takes time, but has the 

advantages of being very specific and potent, and retaining ‘memory’ which aims to 

reduce host burden upon secondary infection. This natural phenomenon is the biological 

basis of vaccination. CD8 T cells are major contributors to this protection, specifically 

against intracellular pathogens. CD8 T cells perform immunosurveillance by directly 

interacting with individual host cells via surface MHC I expression. To detect infection 

via contact dependent interactions, memory CD8 T cells must be broadly distributed to 

the sites of infectious insult. 

 

 

1.1.1      CD8 T cell specificity, activation and effector functions 
During development, each CD8 T cell acquires a unique T cell receptor (TCR). This 

receptor recognizes, and binds to, a specific combination of foreign protein fragments 

(peptides) and host tissue type molecules called major histocompatibility complex I 

(MHC I) (Schwartz, 1985; Zinkernagel and Doherty, 1974). MHC I molecules are found 

on the surface of every cell of the host’s body, and are a means for each host cell to 

present peptides from inside the cell. This presentation of internal peptides allows CD8 T 

cells of the immune system to survey each host cell for evidence of infection, in the form 

of its particular cognate peptide (Germain, 1986; Moore et al., 1988; Morrison et al., 

1986; Townsend et al., 1985; Yewdell et al., 1988). Prior to any interaction with 

activating combinations of peptide:MHC I, CD8 T cells are considered naïve. To afford 

the diversity necessary to respond to any infectious insult, the immune system 

compromises quantity. Naïve T cells specific for any one peptide:MHC I combination are 

rare (Blattman et al., 2002; Moon et al., 2007). How can such a rare cell find its cognate 
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antigen among so many cells of the body? The surveillance burden on individual CD8 T 

cells is limited by restricted migration patterns. These naïve CD8 T cells are restricted in 

migration to blood, and lymphoid tissues (e.g. lymph nodes, LN and spleen) (Gowans 

and Knight, 1964; Mackay et al., 1990). Dendritic cells positioned throughout the body 

become activated by pathogens triggering innate pattern recognition receptors, and 

migrate to nearby lymph nodes, where naïve CD8 T cells can encounter cognate antigen 

and respond (Macatonia et al., 1987; Moll et al., 1993). This centralizes and narrows the 

surveillance of CD8 T cells to the network of lymph nodes which serve as surrogates for 

the entire body. For complete activation and differentiation CD8 T cells require three 

signals, including the already described TCR binding to cognate peptide in the context of 

MHC I. In addition to TCR ligation, CD8 T cells also require cytokines from surrounding 

cells and co-stimulation in the form of CD28 on the T cell binding to CD80 or CD86 on 

the activated antigen presenting cell (Curtsinger et al., 1999; Fujii et al., 2004; Mescher et 

al., 2006).  

Upon activation in the lymph node, the specific CD8 T cell proliferates and 

differentiates, generating a large population of clonal (same TCR) responders with potent 

functions (Butz and Bevan, 1998; Murali-Krishna et al., 1998). One of the most potent 

effector functions of CD8 T cells is cytotoxicity. Killing is achieved by producing pore 

forming perforin and delivering apoptosis inducing granules, granzyme, into target cells 

(Kägi et al., 1994; Russell and Dobos, 1980; Russell and Ley, 2002). CD8 T cell killing 

is specifically targeted at infected host cells (identified via peptide:MHC I), leaving 

healthy neighboring cells unharmed. This makes CD8 T cells potent targeted protectors 

of the body. Importantly, killing of infected host cells occurs in a contact-dependent 

manner. While the requirement for contact prevents massive damage to the host, it also 

means that CD8 T cells must interact with the millions of host cells to survey them for 

signs of infection. In addition to effector functions, these responders begin to express 

molecules that grant access to non-lymphoid body tissues, allowing CD8 T cells to enter 

sites where infections occur.  
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1.1.2      Lymphocyte migration 
Canonical lymphocyte migration has been described as a three step process. Specific 

molecules at each stage can vary depending on the unique context (homeostasis vs. 

inflammation), anatomic location, and differentiation state of the migrating cell, but the 

stages themselves are remarkably conserved (Springer, 1994). The first step is rolling, 

wherein the lymphocyte is tethered to vessel endothelial cells via selectins binding 

sialylated carbohydrate ligands, in an interaction known to have a rapid on/off rate 

(Baumheter et al., 1993; Lasky, 1992; Rosen, 1993). These loose initial interactions slow 

flowing lymphocytes bringing them in contact with vessel endothelial cells, where they 

can sense local chemokines (von Andrian et al., 1991; Lawrence and Springer, 1991; Ley 

et al., 1991; Mayadas et al., 1993; Springer, 1994). Chemokine receptor ligation on the 

rolling lymphocyte activates integrins increasing their adhesiveness (van Kooyk et al., 

1989; Laudanna et al., 2002; Springer, 1990). Integrin binding is also non-covalent but 

tighter than selectin binding, and results in arrest of the cell on the endothelial surface. 

The final step is transmigration, called extravasation (between endothelial cells) or 

diapedesis (across basement membrane) depending on the location of the migration. 

During transmigration local chemokine gradients direct the lymphocyte across the 

endothelial barrier and into the tissue (Devreotes and Zigmond, 1988; Springer, 1994). 

As mentioned above, at each step of the transmigration process there are a number 

of molecular options; to date, three selectins (L-selectin, E-selectin and P-selectin), 

numerous heterodimeric integrins, 18 chemokine receptors, and over 50 chemokines have 

been described. The sheer number of options generates quite a matrix of potential homing 

mechanisms. Perhaps the best-described mechanism, and that which much of the field 

used to uncover lymphocyte migration, is the mechanism used by naïve cells to enter 

lymph nodes via high endothelial venules (HEVs). Naïve (and some memory) 

lymphocytes express CD62L (L-selectin) which can bind sulfated carbohydrates of 

GlyCAM-1 or CD34 to mediate rolling on the HEV (Baumheter et al., 1993; Rosen, 

1993). CCL21 produced locally binds lymphocyte surface CCR7 and activates integrin 

LFA-1 allowing binding to ICAM-1 (or ICAM-2) on the endothelial cell (Campbell et al., 

1998; Potsch et al., 1999). The naïve lymphocyte then extravasates into the lymph node 
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and begins scanning cells therein for the presence of cognate antigen. Just as lymph node 

entry is molecularly regulated, so too is egress. The blood and lymph contain a gradient 

of the chemotactic lipid sphingosine 1-phosphate (S1P) that binds the receptor S1PR1 on 

lymphocytes (Schwab et al., 2005). Importantly, expression of this receptor is decreased 

upon 1) S1P binding 2) T cell activation and CD69 upregulation (Arnon et al., 2011; Lo 

et al., 2005; Shiow et al., 2006). In each case S1PR1 downregulation ensures that upon 

lymph node entry, the T cell does not immediately follow the S1P gradient out of the 

lymph node. This guarantees that proper dwell time for scanning or post-activation 

proliferation is achieved. In addition to peripheral LNs, naïve T cells also traffic through 

gut associated lymphoid tissue (GALT) via a slightly different molecular mechanism 

relying on L-selectin or α4β7 (integrin) interacting with MAdCAM-1 on GALT 

endothelium (Bargatze et al., 1995). 

When a T cell encounters cognate antigen and the other necessary signals during 

lymphoid tissue scanning, the T cell will be activated, undergo several rounds of 

proliferation, and differentiate. As mentioned above this differentiation includes 

acquisition of effector functions, including cytotoxicity and anti-viral cytokine 

production. In addition to effector functions, differentiation also involves changes in 

migratory molecule expression, opening new doors to the recently activated effector T 

cell. These changes include downregulation of CD62L (excluding early effectors from 

uninflamed LNs) (Chao et al., 1997; Picker et al., 1993). Effector T cells can traffic to 

inflamed sites using newly upregulated VLA-4 (integrin, α4β1) and CXCR3 to interact 

with VCAM-1 and following CXCL9/10 gradients on activated endothelium, respectively 

(Butcher and Picker, 1996; Ray et al., 2004). Importantly, not all infections will activate 

endothelial cells in this way, and moreover effector T cells are seen to migrate after 

activation even to uninflamed sites. Specific homing mechanisms described for the skin, 

involve lymphocyte surface expression of CCR4 and cutaneous lymphocyte associated 

antigen (CLA) which respectively enable interaction with CCL17 and E-selectin on 

dermal endothelial cells (Berg et al., 1991; Mackay et al., 1992). Similarly, gut homing 

for activated cells has unique requirements of α4β7 on the lymphocyte to interact with 

MAdCAM-1 on small intestine endothelial cells. Chemokine expression further directs 
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effector T cells within the gut; lymphocyte surface CCR9 enables responsiveness to 

CCL25 produced by small intestine epithelial cells (Svensson et al., 2002). These sets of 

molecular combinations unique to skin and gut migration are the foundation of the ‘area 

code’ hypothesis, wherein each tissue would invoke a particular combination of the 

molecules (area code) to enable local lymphocyte migration (Springer, 1994). However, 

other area codes have yet to be as firmly defined despite much scientific diligence. It is 

possible that these other ‘area codes’ are more dynamic and vary under different 

conditions, as in the lung where evidence supports circumstantial necessity of chemokine 

receptors CCR5, CXCR6, or CXCR3 for local lung migration (Kohlmeier and Woodland, 

2009; Kohlmeier et al., 2008, 2009; Lee et al., 2011a). The complexity of potential 

molecular options at each step of the migration process makes the area code hypothesis 

particularly feasible and an appealing use of this molecular diversity. However, the true 

heterogeneity of each response and the activated cells that result may be more 

complicated than a simple anatomical determination.  

 If ‘area codes’ determine which cells can enter a particular tissue, the other side 

of the equation is: How do T cells in a heterogeneous activated population decide what 

they will express (and consequently where they will migrate)? There is some evidence 

that suggests that the site of priming will provide directive cues to the effector T cells 

activated therein. For example, T cells activated in gut associated Peyer’s Patches, or skin 

draining lymph nodes demonstrate increased propensity to traffic to those nearby sites 

(von Andrian and Mackay, 2000; Butcher et al., 1980; Hammerschmidt et al., 2008). 

However, intranasal inoculation with respiratory pathogens also results in broad 

distribution, with effectors seeding mucosal and non-mucosal non-lymphoid tissues 

(Masopust et al., 2004). Further, during systemic infections nearly all effectors express 

high levels of α4β7, regardless of priming site, yet all of these cells do not end up in the 

gut, but rather are widely distributed (Liu et al., 2006a; Masopust et al., 2004, 2010). 

Together, these data indicate that while the activation context and location may 

influence the migration of the effector population, broad distribution and the ability to 

migrate into some non-lymphoid tissues may be quite inherent to the activation program. 

Of course, activation context in the draining lymph node, local inflammation, and antigen 
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load and location may skew this distribution. The priority order of these influences is not 

yet clear, but each must be factors if we are to determine the overall equation of T cell 

migration. Understanding how T cell migration is decided will be an invaluable tool for 

generating new vaccine strategies aimed at positioning T cells at sites of potential 

infection.  

Recently, a non-canonical mechanism of peritoneal migration was described for 

peritoneal resident macrophages into inflamed tissue, specifically the liver.  In this study 

macrophages accumulated within an hour at the site of sterile injury and migrated into the 

tissue, without first accessing the vasculature (Wang and Kubes, 2016). This rapid 

migration of macrophages contributed significantly to wound healing and was dependent 

on macrophage expression of CD44 (interacting with hyaluronan at the injury site) and 

ATP released by damaged tissue (acting as a danger associated molecular pattern). Found 

on many cells including macrophages and antigen experienced CD8 T cells, CD44 is a 

family of transmembrane protein isoforms that binds hyaluronan, an interaction altered 

by the glycosylation state of CD44 (Ponta et al., 2003; Underhill, 1992). Direct inter-

organ migration presents a new functional relevance for immune cells normally located 

within this cavity. T cells are also positioned in the peritoneal cavity after activation; 

might they also migrate directly into damaged or inflamed visceral tissue to perform local 

immunosurveillance and initiate local responses (Masopust et al., 2001)? This mechanism 

has not been described for other populations or tissues, but if CD8 T cells were able to 

migrate via this mechanism it would provide a teleological explanation for their presence 

in this location. 

 

 

1.1.3  Kinetics of an adaptive immune response 
After the primary infection is over, and some of the effectors have migrated to non-

lymphoid tissues, some responders will die but many will remain and become memory 

CD8 T cells (Hataye et al., 2006). This memory CD8 T cell population is larger in 

number than the initial naïve population and can rapidly exert potent effector functions 

upon secondary activation (Curtsinger et al., 1998; Mescher et al., 2006; Schmidt and 
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Mescher, 2002). Much like the effector response, the memory population is 

heterogeneous. Together the heterogeneous memory CD8 T cell population consisting of 

several subsets aims to protect the host from a second encounter with the same pathogen.  

 

 

1.1.4  Memory CD8 T cell subsets and localization 
In the early 1920s psychologist Jean Piaget (and later Richard Anderson) described 

human learning as a sorting of ideas, things, or memories into categories—or schema—

based on their relationships to others within the group or in other categories. As 

scientists, and perhaps particularly as immunologists, our subsets are often our schema. 

The modus operandi of immunologists has been to sort populations by our favorite 

feature, whether it be longevity, perceived function, or location.  

Paradigm generating work in peripheral blood identified two distinct subsets of 

memory T cells. Memory CD8 T cells were first divided by their capacity for lymphoid 

migration, determined, as on naïve cells, by CD62L and CCR7 expression (Sallusto et al., 

1999). Central memory T cells (TCM) are those that are competent of lymphoid 

circulation, while the excluded (CD62L-) population are effector memory T cells (TEM). 

TEM were putatively charged with non-lymphoid tissue surveillance and thought to be 

particularly poised to enter tissues in case of infection (as they would not be detained 

within lymph nodes). This distinction logically provided total immune coverage of the 

host, enabling the long observed rapidity of secondary responses. Functional differences 

reinforced this concept. TEM maintain effector-like levels of granzyme B and rapidly 

produce more IFNγ than TCM in response to re-stimulation (Sallusto et al., 1999). 

Meanwhile, TCM, like naïve cells, are inclined to rapidly divide in lymph nodes upon 

secondary stimulation, generating the second wave of effectors necessary to combat 

infection (Sallusto et al., 2004). Notably, the CD62L/CCR7 based delineation of TEM/TCM 

is fidelitous to only resting memory T cells, with the acknowledgement of activation 

induced shedding of CD62L (Chao et al., 1997; Sallusto et al., 2004). Again, migration 

(and presumed TEM location) coincided well with functionality in this dichotomy of 

subsets.  
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Significant data supported this delegation, including the isolation of large 

populations of memory CD8 T cells from non-lymphoid tissues. These were TEM, on the 

basis of CCR7-/CD62L- status, but they appeared phenotypically distinct from TEM 

isolated from PBL (Masopust et al., 2006; Woodland and Kohlmeier, 2009). Moreover, if 

TEM were responsible for generalized non-lymphoid tissue recirculation, how could this 

migration be reconciled with the ‘area-code’ hypothesis; do TEM hold the master key? 

This combination of data suggested that TEM were either particularly dynamic or 

heterogeneous (Sallusto et al., 2004)  

As biology would have it, TEM are unequivocally heterogeneous, yet they are also 

not the only population surveying non-lymphoid tissues. The memory T cells isolated 

from non-lymphoid tissues that were (seemingly impossibly) phenotypically distinct from 

TEM in PBL, are indeed unique. Based solely on expression of CCR7-/CD62- these cells 

are TEM. However, the functional extension of lymphoid exclusion, tissue recirculation, is 

not performed by this population. Rather, these cells enter non-lymphoid tissues, adopt 

phenotypic markers from local environmental cues and do not leave (Masopust et al., 

2006). These permanent tissue inhabitants have come to be called resident memory T 

cells (TRM). Defined by migration properties, this is a distinct population of memory CD8 

T cells. Transcriptional analysis has indicated that TRM are more different than circulating 

subsets including TEM, TCM and naïve, suggesting a TRM signature (Mackay et al., 2013; 

Wakim et al., 2012).  

Confirmed by parabiosis experiments, TRM are distinct from recirculators in both 

migration and phenotype (Jiang et al., 2012; Schenkel et al., 2013). Effector CD8 T cells 

that migrate to the SI IEL, quickly upregulate CD69 and CD103 (integrin, αEβ7) 

(Masopust et al., 2006). While CD69 is associated with recent stimulation, it is expressed 

by T cells in NLT in the absence of antigen. For example, months after lymphopenia 

induced proliferation, CD69 and CD103 are expressed by CD8 T cells in the small 

intestine (SI) and many other tissues (Casey et al., 2012). While not regulated by recent 

stimulation, CD69 expression may function to keep TRM in tissues by antagonizing 

S1PR1, just as it detains activated T cells in lymph nodes (Ledgerwood et al., 2008; Skon 

et al., 2013).  
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As a result of CD69 and CD103 expression on TRM, these have been invoked as 

identifying markers of residence. Experiments using CD103KO T cells demonstrated that 

SI IEL (intraepithelial lymphocyte) TRM require CD103 for maintenance, further 

supporting use of the markers (Casey et al., 2012). Integrin αEβ7 (CD103) which bind e-

cadherin (present in tight junctions of epithelial layers) is an appealing requisite marker 

for TRM as it could function by anchoring TRM to epithelium. However, SI lamina 

propria (LP) TRM also express CD103 but do not demonstrate a maintenance defect in its 

absence (Casey et al., 2012). Thus, despite induction of CD103 by local TGFβ 

production, SI LP TRM are maintained by other means. Further, heterogeneity in the 

expression of CD103 is seen the female reproductive tract (FRT), where flow cytometry 

indicates that only ~30% of memory CD8 T cell express CD103. Is this a result of 

localization to non-epithelial layers? Perhaps, when not associated with a lumen, TRM 

expression of CD103 and anchoring to e-cadherin restricts motility within the tissue. Do 

CD103+ cells move slower or less within the tissue than CD103- TRM? Beyond marker 

based heterogeneity, local cytokine production, specifically IL-15, has been shown to 

have an inconsistent impact on TRM maintenance (Mackay et al., 2013; Schenkel et al., 

2016). Thus, the more we learn the less we can justify generalizing. 

While a phenotypic definition would ease the burden of identifying TRM by 

parabiosis, these markers remain incompletely validated. How local heterogeneity is 

regulated and CD103 independent maintenance is mediated remains to be understood. 

Further, understanding how TRM are maintained might elucidate how TEM keep moving 

even upon exposure to local tissue environmental cues. What is clear, is that 

heterogeneity between and within tissues rather than generalizable ‘tissue’ residence is 

the rule not the exception.   

 

 
1.1.5  Resident memory CD8 T cell local functions 
Based on their location, TRM, like TEM, are thought to survey non-lymphoid tissues for 

infection. TRM immunosurveillance behavior has been supported by local motility in the 

skin, however relative motility rates across other tissues has not yet been explored 
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(Gebhardt et al., 2011). Indeed, they are highly functional, significantly reducing 

pathogen burdens in response to secondary infections (Gebhardt et al., 2009; Jiang et al., 

2012; Park and Kupper, 2015; Schenkel et al., 2013; Stary et al., 2015). TRM do more than 

survey and kill infected hosts cells. In addition to activity previously described for 

circulating and lymphoid memory T cells, TRM can act as sentinels of infection. Upon 

infection detection TRM orchestrate local responses through cytokine production, leading 

to DC maturation, endothelial activation and non-specific lymphocyte recruitment 

(Schenkel et al., 2013). Indeed, TRM contribute to anamnestic responses at mucosal sites. 

This, and the identification of TRM alone, breaks the strict dichotomy of TEM/TCM memory 

subsets. What is the overall division of labor between TRM and TEM? And do 

phenotypically distinct TRM contribute uniquely to secondary responses? Upon secondary 

clearance, what is the fate of newly generated effectors? Do TRM proliferate in situ? There 

are many questions that remain regarding TRM function and their placement in the 

memory response. Most of these questions are not approached by this thesis. The major 

question I aim to answer is: Is TRM establishment generalizable to non-lymphoid tissue 

and if so, what is the quantitative distribution of resident and recirculating memory CD8 

T cells? This thesis explores quantitation of TRM, and the generalizable feature of TRM 

establishment throughout non-lymphoid organs. However, I aim to emphasize the 

heterogeneity in TRM phenotype and functional potential.  

 

 

1.2 Immune privilege of the male genital tract 
1.2.1  Unique necessity of tolerance 
Production of male gametes (sperm) in mammals is initiated after immune system 

constitution and self-tolerance are well underway. Because of this temporal discordance, 

spermatozoa, sperm and spermatogenesis associated antigens are recognized as non-self 

and are highly immunogenic. The immunogenicity of sperm was noted as early at 1899 

by Élie Metchnikoff when he injected sperm into the peritoneal cavity of guinea pigs and 

documented the rapid induction of an immune response characterized phagocytosis and 

later sperm-reactive serum [antibodies] (Metchnikoff, 1899). Since that time, sperm and 
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germ cells have been used to induce autoimmune responses against the male genital tract 

to model similar naturally occurring disease and infertility. Induction of experimental 

autoimmune orchitis (EAO) has been accomplished by a variety of methods including 

subcutaneous injection of homogenized testicular antigen emulsified in Complete 

Freund’s Adjuvant a model in which damage is mediated in part by T cells (Freund et al., 

1953, 1955; Tung et al., 1977). Even in the absence of adjuvants, simple repeated (2-3 

times) subcutaneous injection of testicular germ cells has established EAO lesions in 

murine testes (Itoh et al., 1991). These models, in which exposure to testicular antigens 

leads to aggressive autoimmune lesions, demonstrate the highly immunogenic nature of 

spermatogenesis associated antigens.  

 

 
Figure 1.1: Anatomy of the murine male genital tract. The murine male genital tract 
(MGT) differs from the human in the following ways: Testes and epididymis are not 
descended in adult mice but rather inguinal canals remain open and testes can be found 
within the peritoneal cavity, murine prostate is lobular (4 lobes), and ampullary and 
preputial glands are unique to mice. This figure is an artistic rendering (influenced 
by:(Knoblaugh and True, 2012)) to emphasize structure of the MGT, particularly the 
locations of seminiferous tubules, testes capsule (tunica albuginea) and visceral layer. 
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1.2.2  Evidence and mechanisms of immune privilege 
Sperm are highly immunogenic and yet they persist within adult males and afford 

procreation of the next generation. Granting survival to a cell type that would, elsewhere 

in the body, certainly induce rapid elimination is the basis for the conclusion that the 

male genital tract (especially the testis) is immune privileged. Transplant experiments 

have investigated the extent and conditionality of this immune privilege, both using the 

testes as transplant tissue and transplantation site (Meinhardt and Hedger, 2011; Setchell, 

1990). The use of testes as a transplant tissue dates back as far as the 1700s by John 

Hunter, a Scottish anatomist and surgeon (Qvist, 1981; Setchell, 1990). Even as an 

allogenic transplant, mouse testes are afforded indefinite survival in kidney capsule 

(Bellgrau et al., 1995).  First performed by Sand, the testis as a transplantation site 

supports allografts and xenografts, including pancreatic islet cells, with extended survival 

compared to other transplant sites such as the ear (Ferguson and Scothorne, 1977; Gonet 

and Renold, 1965; Head and Billingham, 1985; Hultquist and Thorell, 1963; Sand, 1919; 

Selawry et al., 1985). However, as described by Meinhardt & Hedger these transplants 

are conditional and in some cases species-specific, for example, Setchell reported 

unsuccessful transplants with ram or monkey testes, despite supposed success had with 

similar attempts by others in the 1920s (Maddocks and Setchell, 1988; Meinhardt and 

Hedger, 2011; Setchell, 1990; Setchell et al., 1995). When co-transplanted, isolated 

Sertoli cells were able to protect pancreatic islet cells from rejection in allograft and 

xenograft scenarios, suggesting that Sertoli cells mediate at least some of the mechanisms 

of immune-privilege in the testes (Sanberg et al., 1996; Selawry and Cameron, 1992; 

Suarez-Pinzon et al., 2000).  

  This immune privilege and sequestration of spermatogonia is mediated by a 

number of mechanisms. The most well described physical barriers are the blood-testes 

barriers. First evidenced during experiments aimed at elucidating the blood-brain barrier, 

intravenously injected dyes and molecules varying in size and lipid content were seen to 

be excluded from the brain as well as the testes interstitial fluid but not testicular lymph 

(Bouffard, 1906; de Bruyn et al., 1950; Ribbert, 1904; Setchell et al., 1969). Chiquoine 

was the first to interpret the above findings and propose that the concept of blood-brain 
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barrier might apply to the male genital tract. In so doing he coined the term ‘blood-testis 

barrier’ (Chiquoine, 1964). Seminiferous tubule morphology and Sertoli cell tight 

junctions were well described as a support system for developing spermatogonia 

(Brökelmann, 1963; Flickinger, 1967; Flickinger and Fawcett, 1967). In 1967 Sertoli 

cells and their previously noted tight junctions were evidenced to aid in decreasing the 

permeability and “…transport of substances to spermatocytes and spermatids and into the 

luminal fluid” (Nicander, 1967). The decrease of permeability into the testes also isolates 

germ cell antigens from interstitial antigen presenting cells.  

Beyond physical separation, molecular mechanisms are also in place to protect 

spermatogenic cells from immune mediated elimination. As was suggested by Sertoli cell 

and pancreatic islet cell co-transplants, Sertoli cells themselves can suppress local 

immune responses in part through production of transforming growth factor beta-1 

(TGFβ), which was shown to decrease IFNγ and increase IL-4 production at the 

transplant site (Suarez-Pinzon et al., 2000). Whole allogenic testes transplants were 

shown to require FasL expression on Sertoli cells for survival, where it likely functions 

by inducing apoptosis on Fas expressing activated and infiltrating T cells (Bellgrau et al., 

1995). Sertoli cells also actively inhibit complement and produce inhibitors of CD8 T cell 

cytotoxicity making them especially heavy lifters as multi-functional maintainers of 

testicular immune-privilege (Bladergroen et al., 2001; Lee et al., 2007; Meinhardt and 

Hedger, 2011; Sipione et al., 2006). This complement inhibition has been shown to be 

important for transplant survival. However, the relative contribution or function of the 

granzyme B inhibitors has not been vetted in in vivo infectious contexts and may slow but 

not stop an active local immune response. In addition to dampening active immune 

responses, altered MHC expression is another way the testis decreases initial host 

exposure to germ cell antigens. While testicular endothelial cells and macrophages do 

express MHC I and II, interstitial host cells (including Leydig cells) have somewhat 

decreased MHC expression, and seminiferous epithelium has been seen to completely 

lack MHC I and II expression (Pöllánen and Niemi, 1987). Not only is MHC II 

production diminished, but interstitial macrophages are also heavily biased toward the 

type 2 phenotype; they produce IL-13 and require significantly more activating stimulus 
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in vitro to produce less IL-1, IL-6, GM-CSF and TNFα compared to peritoneal 

macrophages (Kern et al., 1995; Maresz et al., 2008). In addition to reduced pro-

inflammatory responses, immune-regulatory cytokines, such as IL-10, are 

overwhelmingly produced during immune activation in the testes, likely by interstitial 

macrophages and T cells (Meinhardt and Hedger, 2011; O’Bryan et al., 2005).  

 

 

1.2.3  Local immune responses in the male genital tract 
With so much evidence regarding altered immune function in the testes and epididymis 

and several mechanisms in place to regulate local immunity, it is important to note that 

this privilege is not iron-clad, but rather can be broken by activated immune responses as  

seen in germ cell exposure based EAO models. Further, under normal circumstances 

immune cells (macrophages, dendritic cells, NK cells, T cells etc.) are present in the male 

genital tract; the epididymis in particular is surrounded by a specialized network of 

dendritic cells (Pöllánen and Niemi, 1987; Silva et al., 2011). As such, the male genital 

tract does not suffer more frequent or severe cancer or infection than other organs and 

several immune responses are well documented in the male genital tract (Dejucq et al., 

1998; Krieger, 1984; Starace et al., 2008). Of course, the consequences of overwhelming 

immune activation in the testes or epididymis can include autoimmune infertility as has 

been confirmed following chlamydia infections (Cunningham and Beagley, 2008; 

Cunningham et al., 2010; Gallegos et al., 2008).  

  Despite identification of many types of immune cells in the male genital tract 

tissues, CD8 T cell presence was a minority in normal human testis interstitium and 

slightly more enriched in the tunica albuginea (Pöllánen and Niemi, 1987). In light of the 

resident memory CD8 T cell population described above and the immune privilege of the 

male genital tract, we wished to determine if the testes and epididymis would be 

amenable to the establishment and local function of a TRM population.   
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Chapter 2 

 CD8 T cell immunosurveillance is predominantly 
conducted by resident populations 
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2.1  Introduction 
A cardinal feature of the vertebrate adaptive immune system is the retention of a memory 

of past infections that enhances protective immunity in the event of reinfection. CD8 T 

cells are a principle component of this process, and protect against those pathogens that 

invade intracellular compartments. Mechanistically, vertebrates maintain memory CD8 T 

cells that scan MHC I on the surface of host cells for the presence of pathogen-derived 

peptides. Recognition triggers infection control. The efficiency achieved by this 

immunosurveillance depends upon the memory CD8 T cell population (1) magnitude 

relative to host cells and (2) location.  

Quantification of the immune response is essential for our understanding of 

protective immunity and for evaluating vaccines. Limiting dilution assays suggested that 

pathogen-specific CD8 T cells were exceedingly rare among responding cells. However, 

technical innovations, such as the development of MHC I tetramers, revealed that antigen 

specific CD8 T cell responses were 10-100 fold bigger than initially thought, 

precipitating a substantial revision in conceptualization of the immune response (Murali-

Krishna et al., 1998). 

Memory CD8 T cells are present within secondary lymphoid organs (SLO), 

blood, and the rest of the organism (non-lymphoid tissues, NLT, as well as primary 

lymphoid organs such as thymus and bone marrow). Landmark work, based on analysis 

of human blood, proposed that memory CD8 T cells could be parsed into two subsets 

based on their patterns of immunosurveillance. Central memory T cells (TCM), defined by 

expression of lymph node homing molecules, putatively limit surveillance to SLO and 

are specialized for longevity and proliferation upon reinfection. Effector memory T cells 

(TEM), defined by the absence of lymph node homing molecules, were thought to 

recirculate between blood, NLT, and lymph, thus surveying body surfaces and visceral 

organs that are often the initial portals of reinfection (Sallusto et al., 1999).  

However, the TCM/TEM model failed to capture the true complexity of memory T 

cell diversity. It recently became clear that a third subset, termed tissue resident memory 

T cells (TRM), resides in NLT without recirculating (Masopust and Schenkel, 2013; 
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Mueller et al., 2013). Shortly after activation in SLO, this population seeds tissues, then 

differentiates in response to local environmental cues to adopt unique lineage specific 

signatures (Casey et al., 2012; Mackay et al., 2013; Masopust et al., 2006). Importantly, 

the presence of TRM at NLT sites of reinfection can accelerate pathogen elimination 

(Gebhardt et al., 2009; Jiang et al., 2012; Teijaro et al., 2011; Wu et al., 2014). 

Fundamentally, TRM are defined by migration: they remain confined to one tissue without 

leaving and re-entering. Practically, cell migration patterns are laborious or impractical to 

define in animal models or humans, so phenotypic surface markers have been substituted. 

The markers CD103 and CD69 are used to infer TRM status, whereas the absence of both 

CD62L and CD69 expression defines NLT recirculating TEM (Farber et al., 2014; 

Masopust and Schenkel, 2013). However, the fidelity of these markers has not been 

validated.  

The emergence of TRM has complicated the longstanding paradigm of T cell-

mediated immunosurveillance. It is no longer clear to what degree CD8+ TEM recirculate 

through NLT, and how immunological memories are apportioned between TRM, TEM, and 

TCM, as each subset has not been quantified throughout the host. Previous identification 

of significant recirculation through major NLT (Klonowski et al., 2004) requires 

reassessment in light of recent discoveries of bloodborne populations contaminating even 

perfused tissues (Anderson et al., 2014). Moreover, while quantitative analyses typically 

depend on ex vivo isolation to determine memory CD8 T cell subset and phenotype, the 

accuracy of this approach has not been validated (Peaudecerf and Rocha, 2011; Selby et 

al., 1984). To address these gaps in the field, we performed a stringent and 

comprehensive quantitative analysis using migration properties to identify TRM, TEM, and 

TCM populations. Our findings redress fundamental presumptions that inform models of 

immunosurveillance, T cell subsets, and protective immunity. 
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2.2  Results 

2.2.1  Quantitative immunofluorescence microscopy 
Memory CD8 T cells are broadly distributed throughout the host organism, but the 

overall magnitude and anatomic apportionment of this population remain unclear and 

controversial (Ganusov and De Boer, 2007; Masopust et al., 2001; Peaudecerf and Rocha, 

2011; Reinhardt et al., 2001; Rocha et al., 1991). To address this gap, we enumerated a 

single trackable memory CD8 T cell population established by a well-studied infection 

model in mice. To this end, we transferred naïve lymphocytic choriomeningitis virus 

(LCMV)-specific Thy1.1+ P14 transgenic CD8 T cells into naïve C57Bl/6J mice, which 

were then infected with LCMV (Armstrong strain). Animals were sacrificed 120-150 

days later. These mice, referred to as P14 immune chimeras, were injected with α-CD8α 

antibody (Ab) i.v. (intravascularly) prior to sacrifice. The intravascular injection of α-

CD8α antibody was used in each experiment to distinguish i.v. Ab+ cells in vascular 

contiguous compartments (e.g., peripheral blood, spleen red pulp, RP, liver sinusoids, and 

lung capillaries) from i.v. Ab- CD8 T cells in the stroma and parenchyma of NLT and 

SLO (Anderson et al., 2014; Galkina et al., 2005). Cells were isolated from tissues by ex 

vivo dissociation (see methods), and then analyzed by flow cytometry.  

Consistent with previous reports, we isolated ~6,000 P14 CD8 T cells from the 

female reproductive tract (FRT) (Nakanishi et al., 2009; Suvas et al., 2007). We also 

performed immunohistochemistry, taking advantage of the fact that the P14 LCMV 

system allows for identification of LCMV-specific cells in tissue sections via congenic 

markers such as α-Thy1.1 Ab. Because ~240 7µm coronal sections could be acquired 

from the FRT, flow cytometry data predicted ~25 P14 in a single section. But, we 

counted ~1750 P14 per tissue section, suggesting discordance between flow cytometry 

and immunohistochemistry (data not shown). 

For this reason, we developed an image-based quantitative immunofluorescence 

microscopy (QIM) strategy to compare the recovery of P14 memory CD8 T cells to what 

was actually present within the tissue (Figure 2.1).
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Figure 2.1: Quantitative Immunofluorescence Microscopy (QIM) methodology. (A) 
Organ volumes were determined by displacement. Tissue sections were stained for 
Thy1.1 (red) and DAPI (teal) to identify memory P14 CD8 T cells and nucleated cells 
120-150 days after LCMV infection of C57Bl/6J mice. P14 counts per section were 
extrapolated to total organ volume and corrected to eliminate double counting. Whole 
FRT image scale bar=2000µm, cropped close up of FRT image scale bar= 250µm.(B) 
Total DAPI+ nucleated cells by QIM were extrapolated to total organ volume (black 
circles) and validated independently by DNA extraction (red squares), n=4.   
 

For QIM, organ volumes of age-matched mice were determined by displacement. 

These values were consistent with available estimates from previous reports using a 

variety of methods (Doctor et al., 2010; Nutter et al., 1980; Scheller et al., 1994). Organs 

from P14 immune chimeras were also frozen, sectioned and stained. Whole sections or 

large representative regions were imaged by immunofluorescence microscopy (see 

methods). Image size and section thickness were used to determine the portion of the 

whole organ represented in each image. This factor was used to extrapolate enumerations 

from large individual images to whole organs. Cell enumerations were then multiplied by 

11/19 to correct for those cells that would be counted twice because they straddle two 

sections (Figure 2.1A&B). Importantly, the total number of nucleated cells in a given 

organ as determined by QIM was similar to that estimated by whole organ DNA content, 

assuming 6pg DNA per diploid cell (dos Anjos et al., 2001), thus independently 
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validating  QIM accuracy (Figure 2.1B and Table 1).  

 

Table 1. Enumeration of Memory P14 CD8 T Cells by Cell Isolation, Flow Cytometry, and QIM

Tissue

Fold

Difference Flow Cytometry QIM QIM and DNA

QIM/Flow

P14 3 104 ±
SD 3 104

Average

% of Total

P14 i.v. Ab!
P14 3 104 ±
SD 3 104

Average

% of Total

P14 i.v. Ab!

P14 3 103 ±
SD 3 103

per 106 Nuclei

Total Nucleated

Cells 3 106 ±
SD 3 106

Spleen 66.6 82.1 25.7a ± 9.41 178a ± 10.7

237 ± 30.2b

White pulp (i.v. Ab!) 1.92 195a ± 79.7 375a ± 142

Red pulp (i.v. Ab+) 0.84 93.2a ± 32.7 78.5a ± 20.5

Mandibular

lymph node

1.19 5.31a ± 2.00 97.7 6.32a ± 2.83 BD 20.7a ± 7.74 2.98a ± 0.48

11.5 ± 0.705b

Thymus 9.26 1.96a ± 1.11 96.6 18.1a ± 5.61 99.7 2.86a ± 0.32 77.37a ± 25.7

Liver 14.8 16.9 5.42a ± 1.17 378a ± 29.9

1,180 ± 973b

i.v. Ab! 6.13 6.12a ± 2.05 37.5a ± 22.0

i.v. Ab+ 4.58 37.1a ± 7.59 170a ± 36.1

Lung 9.06 25 3.36a ± 1.27 282a ± 45.2

i.v. Ab! 69.1 0.31a ± 0.24 21.3a ± 15.3

i.v. Ab+ 13.8 5.43a ± 6.42 75.2a ± 53.7

Kidney 46.3 83.1 1.99a ± 0.697 157a ± 25.0

i.v. Ab! 27.2 0.945a ± 0.64 25.4a ± 8.27

i.v. Ab+ 5.02 1.03a ± 0.76 5.17a ± 1.95

Pancreas 13.3 2.87a ± 2.11 94.8 37.9a ± 9.19 99.7 4.37a ± 0.95 86.9a ± 11.5

Salivary gland

Serous 13.1 1.65a ± 0.59 99.8 21.6a ± 5.61 BD 10.3a ± 2.64 21.2a ± 2.58

Mucous NA NA NA 7.81a ± 2.35 BD 5.43a ± 1.41 14.4a ± 1.42

FRT 69.0 0.603a ± 0.41 90.2

Uterus 25.6a ± 4.61 BD 3.51a ± 0.958 75.7 ± 15.8

85.4 ± 26.2b

Cervix/

vagina

16.0a ± 8.39 BD 2.95a ± 1.02 52.4a ± 14.2

45.1 ± 19.8b

SI 3.24a ± 0.91 328a ± 92.9

517 ± 176b

IEL 6.10 3.81a ± 2.02 99.8 23.2a ± 12.7 BD

LP + musclec 18.6 4.06a ± 1.70 99.1

LP 74.3a ± 22.5 BD

Muscle 1.04a ± 1.05 BD

LI 0.81a ± 0.41 122a ± 12.3

IEL 41.3 0.034a ± 0.018 84.10 1.39a ± 0.75 BD

LP + ILFc 68.1 0.12a ± 0.073 82.46

LP 7.59a ± 3.65 BD

ILF 0.51a ± 0.63 BD

Stomach 2.91a ± 0.92 118a ± 14.9

113 ± 17.4b

IEL 17.5 0.35a ± 0.45 91.9 6.17a ± 2.27 BD

(Continued on next page)
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Table 1: Enumeration of memory P14 CD8 T cells by cell isolation and QIM. 
Naïve 5 x 104 Thy1.1+ P14 CD8 T cells were transferred to C57Bl/6J mice, which were 
infected 1 day later with 2 x 105 pfu LCMV Armstrong i.p. Approximately 120-150 days 
later, 3min prior to sacrifice, mice were injected i.v. with α-CD8α antibody to 
discriminate the blood and marginated pool (i.v. Ab+) from parenchymal P14 (i.v. Ab—). 
BD, below detection; NA, not available; LP, lamina propria; IEL, intraepithelial 
lymphocytes; SM, submucosa; ME, muscularis externa; ILF, isolated lymphoid follicle; 
FRT, whole female reproductive tract.  
a Indicates the average number of P14 or total nucleated cells per tissue derived from cell 
isolation and flow cytometry or QIM. Kidney accounts for both kidneys, salivary gland 
reports for both lobes, uterus includes both uterine horns, and mandibular lymph node 
enumerates a single unpaired lymph node. Peripheral blood enumeration is extrapolated 
to 1.74ml of blood, based on average body weight of mice used in this study. Data from 
six or more mice. 
b Indicates number of nucleated cells (SD) as determined by DNA extraction. 
c Indicates compartments indistinguishable by digestions and flow cytometry.    
 
 
2.2.2 Isolations underestimate memory CD8 T cell distribution and 
frequency 
QIM revealed that lymphocyte isolation from the FRT was inefficient, thus we tested 

whether isolation efficiencies varied among tissues by comparing these methods in many 

organs (Table 1 & Figure 2.2A). Many mucosal sites, including the stomach, lung, large 

intestine (LI) and FRT, contained 50-70 fold more α-CD8α i.v. Ab- memory P14 CD8 T 

cells when evaluated by QIM as compared to cell isolation methods (Figure 2.2A & 

Table 1). 

CD8 T cells within NLT can be sufficiently abundant to be
first responders against anamnestic infections (Masopust and
Schenkel, 2013; Mueller et al., 2013).

Isolation Efficiency Is Biased by Tissue Compartment
and Cell Phenotype
Because cell isolation methods failed to capture most cells
from NLT, we asked whether isolation efficiency varied among
memory CD8 T cells with different phenotypes or between
compartments within organs, thus further distorting the repre-
sentation of the memory CD8 T cell population composition
and location. Using intravascular a-CD8a Ab, we found that
the blood and marginated pool (BMP) of lymphocytes (i.v.
Ab+) within kidney and lung were more readily isolated than
those within the tissue (i.v. Ab!) (Figures 2A and 2B). This
was also true of splenic RP (i.v. Ab+) compared to splenic WP
(i.v. Ab!) (Table 1).
We next investigated if lymphocyte extraction efficiency

differed between histologically distinct mucosal compartments.
To this end, we separated analyses of memory CD8 T cells iso-
lated or imaged from stomach and SI into fractions localized
above the basement membrane (intraepithelial lymphocytes
[IEL]) or cells contained within the collagen matrix subjacent to
the epithelium (lamina propria [LP] lymphocytes) (Figure 2C).
As shown in Figure 2D and Table 1, P14 memory CD8 T cells
are more efficiently recovered from epithelium than the lamina
propria.
We next examined whether lymphocyte isolation misrepre-

sented the proportion of mucosal memory CD8 T cell subsets
as defined by phenotype. We focused on the FRT because it
contains both CD103+ and CD103! memory P14 CD8 T cells
(Figure 2E), and CD103 is one marker used to define TRM.

As shown in Figure 2F, cell isolation from the FRT over-repre-
sents the proportion of P14 memory CD8 T cells that express
CD103. This bias may also have an anatomic basis (as in
Figure 2D) as CD103+ cells are enriched within epithelium
relative to lamina propria (Figure 2G). Taken together, these
results indicate that lymphocyte isolation from NLT mis-
represents memory CD8 T cell distributions by location and
phenotype.

Most Memory CD8 T Cells in NLT Are TRM

A broad and accurate accounting of the anatomic distribution of
a memory CD8 T cell population, delineated into resident (TRM)
versus recirculating (TEM and TCM) subsets, has not previously
been performed. Moreover, since the identification of TRM as a
distinct lineage (previously TRM were conflated with recirculating
TEM), it remains unclear what contribution each population
makes to the overall NLT memory T cell pool and how these
populations compare numerically with memory T cells posi-
tionedwithin SLOs.We first interrogated this issue by quantifying
the proportion of memory CD8 T cells that were resident after
LCMV infection. The vasculature of P14 immune chimeras
(90 days after infection, generated as in Figure 1) was conjoined
to that of naive mice via parabiosis surgery. Thirty days later, we
tested whether memory P14 CD8 T cells equilibrated between
immune and naive parabiont organs, or whether disequilibrium
was maintained which indicates residence (Figure 3A). As
preliminary evidence indicated that flow cytometry preferentially
underestimated TRM as compared to recirculating TEM (data
not shown), we utilized the more precise QIM approach for
this analysis.
Initially, we restricted analysis to P14 memory CD8 T cells that

were not permissive to i.v. Ab staining. SLOs maintained very

Table 1. Continued

Tissue

Fold

Difference Flow Cytometry QIM QIM and DNA

QIM/Flow

P14 3 104 ±
SD 3 104

Average

% of Total

P14 i.v. Ab!
P14 3 104 ±
SD 3 104

Average

% of Total

P14 i.v. Ab!

P14 3 103 ±
SD 3 103

per 106 Nuclei

Total Nucleated

Cells 3 106 ±
SD 3 106

LP + SM + MEc 122 0.22a ± 0.157 95.1

LP 20.0a ± 7.22 BD

SM 3.05a ± 0.92 BD

ME 3.91a ± 1.12 BD

Peripheral blood NA 13.4a ± 6.33 100 NA NA NA NA

Naive 5 3 104 Thy1.1+ P14 CD8 T cells were transferred to C57Bl/6J mice, which were infected 1 day later with 2 3 105 pfu LCMV Armstrong i.p.

Approximately 120–150 days later, 3 min prior to sacrifice, mice were injected i.v. with a-CD8a antibody to discriminate the blood and marginated

pool (i.v. Ab+) from parenchymal P14 (i.v. Ab!).

BD, below detection; NA, not available; LP, lamina propria; IEL, intraepithelial lymphocytes; SM, submucosa; ME, muscularis externa; ILF, isolated

lymphoid follicle; FRT, whole female reproductive tract.
aIndicates the average number of P14 or total nucleated cells per tissue derived from cell isolation and flow cytometry or QIM. Kidney accounts for both

kidneys, salivary gland reports for both lobes, uterus includes both uterine horns, and mandibular lymph node enumerates a single unpaired lymph

node. Peripheral blood enumeration is extrapolated to 1.74 ml of blood, based on average body weight of mice used in this study. Data from six or

more mice.
bIndicates number of nucleated cells (±SD) as determined by DNA extraction.
cIndicates compartments indistinguishable by digestions and flow cytometry.

Cell 161, 737–749, May 7, 2015 ª2015 Elsevier Inc. 741
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Figure 2.2: Isolations underestimate total memory CD8 T cells and distort 
distribution. (A) Comparison of α-CD8α i.v.- P14 per tissue determined by cell isolation 
and flow cytometry (grey) or QIM (black). Total P14 frequency determined by (B) flow 
cytometry or (C) QIM relative to DAPI+ nucleated cells per organ as determined by 
QIM. Fold differences shown are relative to LN. n≥ 6, graphs show mean and SEM. 
*p<0.05, **p<0.01, ***p<0.001, Mann-Whitney-Wilcoxon test. 
 

While the density of memory P14 cells in skin was too low to evaluate (data not shown), 

QIM of other NLTs resulted in 6-27 fold higher estimates of P14s. Examination of SLOs, 

including the white pulp (WP) of the spleen and the mandibular lymph node (LN), 

resulted in the most efficient isolations with less than 2-fold differences observed 
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between the two methods. These results demonstrate a wide discrepancy between cell 

isolation and QIM, suggesting that the most common method of enumeration (isolation) 

significantly underestimates the size of the memory CD8 T cell pool in NLT. Similar 

findings were observed when enumerating endogenous LCMV-specific memory CD8 T 

cells (without P14 transfers) in mice via in situ MHC I tetramer staining (Figure 2.3A) 

and also when analyzing CD8β+ T cells in human cervix (Figure 2.3B)

 
Figure 2.3: Isolations underestimate endogenous LCMV-specific memory CD8 T 
cells in mouse FRT and CD8 T cells in human cervical tissue. (A) C57BL/6 mice were 
infected with LCMV Armstrong i.p. 140 days after infection, total numbers of gp33-
specific CD8 T cells were enumerated by flow cytometry and also by QIM of in situ H-
2Db/gp33 MHC I tetramer stained sections of spleen and FRT. (B) Enumeration of CD3+ 
CD8β+ T cells in human endocervical and ectocervical specimens by flow cytometry 
(grey) or QIM (black), n=3. Graphs show mean and SEM. 
 

As memory CD8 T cells patrol and survey all nucleated cells for the presence of 

infection, we represented the total number of memory P14 CD8 T cells as determined by 

cell isolation (Figure 2.2B) or QIM (Figure 2.2C) per nucleated host cell (as determined 

by QIM) in LN, spleen, small intestine (SI), pancreas, stomach, FRT and lung. Based on 

isolation methods, memory P14 CD8 T cells were calculated to be ~50-400 fold rarer in 
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tissues than SLOs. QIM enumeration significantly altered this perceived 

immunosurveillance ratio, and revealed that the density of sentinel memory CD8 T cells 

in NLT was within 8-fold of SLOs. This refinement in perspective could help explain 

how memory CD8 T cells within NLT can be sufficiently abundant to be first responders 

against anamnestic infections (Masopust and Schenkel, 2013; Mueller et al., 2013).  

 
 
2.2.3  Isolation efficiency is compartmentally and phenotypically 
biased 
Because cell isolation methods failed to capture most cells from NLT, we asked whether 

isolation efficiency varied among memory CD8 T cells with different phenotypes or 

between compartments within organs, thus further distorting the representation of the 

memory CD8 T cell population composition and location. Using intravascular α-CD8α 

Ab, we found that the blood and marginated pool (BMP) of lymphocytes (i.v. Ab+) 

within kidney and lung were more readily isolated than those within the tissue (i.v. Ab-) 

(Figure 2.4&B). This was also true of splenic RP (i.v. Ab+) compared to splenic WP (i.v. 

Ab-) (Table 1).   
We next investigated if lymphocyte extraction efficiency differed between 

histologically distinct mucosal compartments. To this end, we separated analyses of 

memory CD8 T cells isolated or imaged from stomach and SI into fractions localized 

above the basement membrane (intraepithelial lymphocytes, IEL) or cells contained 

within the collagen matrix subjacent to the epithelium (lamina propria, LP lymphocytes) 

(Figure 2.4C). As shown in figure 2.4D and Table 1, P14 memory CD8 T cells are more 

efficiently recovered from epithelium than the lamina propria. 
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Figure 2.4: Isolation efficiency is biased by tissue compartment. P14 immune 
chimeras were analyzed 120-150 days after LCMV infection. (A) Representative image 
of CD8α i.v. Ab+ (white arrow) or CD8α i.v. Ab- (striped arrow) P14 CD8 T cells in 
lung. CD8α i.v. Ab (teal), Thy1.1+ P14 (red), Collagen IV (green), Cytokeratin 8/18 
(Blue), scale bar= 50µm. (B) Ratio of i.v. Ab+ to i.v. Ab- P14s by flow cytometry (grey) 
and QIM (black) methodology. (C) Representative image of P14 CD8 T cell in small 
intestine epithelium (IEL, striped arrow) and lamina propria (LPL, white arrows). 
Thy1.1+ P14 (red), Collagen IV (blue), Cytokeratin 8/18 (Green), scale bar= 50µm. (D) 
Ratio of LPL to IEL P14 by flow cytometry (grey) and QIM (black). n≥6, graphs show 
mean and SEM. *p<0.05, **p<0.01, ***p<0.001, Mann-Whitney-Wilcoxon test.    
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We next examined whether lymphocyte isolation misrepresented the proportion of 

mucosal memory CD8 T cell subsets as defined by phenotype. We focused on the FRT 

because it contains both CD103+ and CD103- memory P14 CD8 T cells (Figure 2.5), and 

CD103 is one marker often used to define TRM. As shown in figure 2.5B, cell isolation 

from the FRT over-represents the proportion of P14 memory CD8 T cells that express 

CD103. This bias may also have an anatomic basis (as in Figure 2.4D) as CD103+ cells 

are enriched within epithelium relative to lamina propria (Figure 2.5C). Taken together, 

these results indicate that lymphocyte isolation from NLT misrepresents memory CD8 T 

cell distributions by location and phenotype. 

 

 

 
 
Figure 2.5: Isolation efficiency is biased by cell phenotype. (A) Representative image 
of CD103- (top panels) and CD103+ (bottom panels) P14 CD8 T cells in vaginal 
epithelium. CD103 (teal). Thy1.1+ P14 (red), Collagen IV (green), DAPI (blue), scale bar 
= 50µm. (B) Ratio of CD103- to CD103+ P14s by flow cytometry (grey) and QIM 
(black) in FRT. (C) Percent of vaginal IEL or LPL P14 expressing CD013, determined by 
QIM. n≥6, graphs show mean and SEM. *p<0.05, **p<0.01, ***p<0.001, Mann-
Whitney-Wilcoxon test. 
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2.2.4 Memory CD8 T cells in non-lymphoid tissues are resident 
A broad and accurate accounting of the anatomic distribution of a memory CD8 T cell 

population, delineated into resident (TRM) vs. recirculating (TEM and TCM) subsets, has not 

previously been performed. Moreover, since the identification of TRM as a distinct lineage 

(previously TRM were conflated with recirculating TEM), it remains unclear what 

contribution each population makes to the overall NLT memory T cell pool, and how 

these populations compare numerically with memory T cells positioned within SLOs. We 

first interrogated this issue by quantifying the proportion of memory CD8 T cells that 

were resident after LCMV infection. The vasculature of P14 immune chimeras (90 days 

after infection, generated as in Figure 2.1) was conjoined to that of naïve mice via 

parabiosis surgery. Thirty days later we tested whether memory P14 CD8 T cells 

equilibrated between immune and naïve parabiont organs, or whether disequilibrium was 

maintained which indicates residence (Figure2.6A). As preliminary evidence indicated 

that flow cytometry preferentially underestimated TRM as compared to recirculating TEM 

data not shown), we utilized the more precise QIM approach for this analysis. 

Initially, we restricted analysis to P14 memory CD8 T cells that were not 

permissive to i.v. Ab staining (i.v. Ab-). SLOs maintained very little disequilibrium 

between immune and naïve parabionts, consistent with the previous observation that they 

contain only small fractions of TRM after LCMV infection (Schenkel et al., 2014). In 

contrast, the vast majority of memory P14 CD8 T cells within almost all NLT examined 

were TRM, as they exhibited little to no evidence of infiltration into the NLTs of naïve 

parabionts (Figure 2.6B&C). Indeed, liver was the only NLT that supported substantive 

levels of memory CD8 T cell migration, although even in this case, ~55% of i.v. Ab- P14 

CD8 T cells were resident.
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Figure 2.6: The majority of memory CD8 T cells in NLT are TRM. (A) Ninety days 
after infection with LCMV Armstrong, P14 immune chimeras were conjoined to naïve 

Small
 In

tes
tin

e

Pan
cre

as

Uter
us

Sali
va

ry 
Glan

d

Larg
e I

ntes
tin

e
Ova

ry

Cerv
ix

Vag
ina

Kidney

Stomac
h
Lung

Thym
us
Live

r

Lym
ph N

ode

Splee
n

0

20

40

60

80

100

immune parabiont naive parabiont
Small Intestine Spleen

P14 CD8 T Cells DAPI

immune parabiont naive parabiont

LCMV immuneA

C

B

naive 
naive

parabiont 

immune
parabiont

% resident =100 x  1 -  

# of P14s in naive 
parabiont organ x 2
# of P14s in naive +
immune parabiont 

organs

%
 re

si
de

nt

( ( ((

D E

NLT

SLO
BMP

5%

Resident
Recirculating

91%

9%

28%

43%

29%

Small
 In

tes
tin

e

Pan
cre

as

Uter
us

Sali
va

ry 
Glan

d

Larg
e I

ntes
tin

e
Ova

ry

Cerv
ix

Vag
ina

Kidney

Stomac
h
Lung

Thym
us
Live

r

Lym
ph N

ode

Splee
n

0

20

40

60

80

100

immune parabiont naive parabiont
Small Intestine Spleen

P14 CD8 T Cells DAPI

immune parabiont naive parabiont

LCMV immuneA

C

B

naive 
naive

parabiont 

immune
parabiont

% resident =100 x  1 -  

# of P14s in naive 
parabiont organ x 2
# of P14s in naive +
immune parabiont 

organs

%
 re

si
de

nt

( ( ((

D E

NLT

SLO
BMP

SLO

BMP

Resident
Recirculating

91%

9%

28%

43%

29%
NLT

TRM



 

 30 

C57BL/6 mice using parabiosis. Thirty days after parabiosis surgery (B) the fraction of 
resident memory P14 CD8 T cells were calculated for the indicated tissues. n=3, 
representative of 9 mouse pairs from 3 independent experiments. Graphs show mean and 
SEM. (C) Representative images of P14 CD8 T cells in the SI and spleens of LCMV 
immune and naïve parabionts, P14s (red) and DAPI (blue), scale bar= 50µm. (D) 
Distribution of resident and recirculating P14 CD8 T cells in non-lymphoid organs 
calculated by QIM. (E) P14 immune chimeras were analyzed 120-150 days after LCMV 
infection to determine the distribution of P14 CD8 T cells in secondary lymphoid organs 
(SLO), non-lymphoid tissues (NLT, including i.v. Ab- cells within liver, lung, kidney, 
pancreas, salivary gland, uterus, vagina and cervix, small intestine, large intestine, 
stomach and thymus) and circulating blood and marginated pool (BMP, includes i.v. Ab+ 
cells from all tissues examined), n≥6. Cell numbers from all tissues were calculated by 
QIM, except circulating blood, which was enumerated by cell isolation and flow 
cytometry. 
 

 

The distribution of T lymphocytes and particular memory subsets remains 

uncertain and debated, in part due to technical issues of quantifying cell numbers in 

tissues, identification of antigen-specific populations with a known history of stimulation, 

and bona fide analyses of cell recirculation. As QIM, parabiosis, and our focus on a 

single but identifiable population (P14, 120 days after LCMV infection in mice) 

overcome these hurdles, we summated the parabiosis data from each NLT, revealing that 

the vast majority of non-lymphoid memory P14 are in fact TRM, not recirculating TEM 

(Figure 2.6D). Further, we then leveraged these approaches to generate a global 

representation of the apportionment of a memory CD8 T cell population throughout the 

visceral compartments of the organism. These data, shown in figure 2.6E, support several 

conclusions. Less than half of the memory P14 pool was localized to SLO; spleen WP 

and LN (extrapolating mandibular LN data to the 37 macroscopic LNs in mice) (Van den 

Broeck et al., 2006). This was due to the fact that NLT contained more cells than 

expected based on previous cell isolation-dependent methods, and also because of the 

surprising abundance of memory P14 contained within the BMP, a compartment that has 

not been enumerated in previous studies. Indeed, peripheral blood (from which many 

estimates of total blood lymphocytes are extrapolated) actually contained less than 4% of 

the memory P14 within the total bloodborne population, particularly due to the 
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magnitude or increased density of lymphocytes within spleen red pulp, lung and liver 

vasculature (Table 1). These data provide the most extensive quantitative characterization 

of a single memory CD8 T cell population to date, and revise perceptions of migration 

and distribution.  

 

 

2.2.5 Memory CD8 T cell migration is compartmentally restricted 
We next used the advantages of imaging analyses to test whether memory CD8 T cell entry 

during the memory phase of the response was selective for certain tissues within non-lymphoid 

organs. As shown in figure 2.7A, mucosal organs could be segregated into three patterns of 

memory P14 migration, those in which there was: 1) no migration to mucosal epithelia or LP, 2) 

no migration to mucosal epithelia but limited migration to LP, submucosa, and muscularis 

externa, and 3) limited migration to both epithelia and LP. In the thymus, the medulla, but not 

cortex, was permissive to memory CD8 T cell recirculation (Figure 2.7B&C). These results 

suggested that memory CD8 T cell migration differs between compartments within non-lymphoid 

organs, although TRM dominate all compartments. We next focused our analyses on the i.v. Ab+ 

BMP in liver and kidney, which includes cells within sinusoids and glomeruli (Anderson et al., 

2014). We observed that 35-60% of the marginated pool was TRM even within the vascular 

compartments of these organs (Figure 2.7D). These data indicate that migration properties 

vary by compartment within NLT and that TRM are not exclusively localized to  the parenchyma 

of tissues.
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Figure 2.7: Memory CD8 T cell migration is compartmentally restricted: P14 
immune chimeras conjoined to naive C57BL/6 mice (as in figure 2.6) were analyzed 30 
days after parabiosis surgery. (A) The fraction of P14 Cd8 T cells that are resident in the 
indicated tissue compartments, small intestine (SI), large intestine (LI), stomach (ST), 
epithelium (IEL), lamina propria (LP), submucosa (S.M.), muscularis externa (M.E.). (B) 
Representative thymus images in immune and naïve parabionts. P14 CD8 T cells (red, 
arrows), DAPI (green), cytokeratin 5 (blue), scale bar=50µm. (C) Percent of P14 CD8 T 
cells that are resident in the thymus medulla and cortex. (D) Percent of i.v. Ab+ P14 CD8 
T cells that are resident within the kidney and liver. n=3, representative of 9 mouse pairs 
from 3 independent experiments. Graphs show mean and SEM.  
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2.2.6 CD69 fails to identify major portion of resident memory CD8 T 
cells 
Given the impracticality of performing bona fide migration studies, the C-type lectin 

CD69 has become the defining marker for distinguishing TRM from recirculating TEM 

because it antagonizes the sphingosine 1-phosphate receptor 1 (SIPR1) which promotes 

egress via lymphatics and is necessary for TRM maintenance in epidermis (Anderson et 

al., 2014). We tested whether CD69 expression was stringently predictive of recirculation 

properties. Only 25-75% of the memory P14 cells in pancreas, salivary gland (SG), and 

FRT expressed CD69 (Figure 2.8A) even though almost all cells from these organs were 

TRM (Figure 2.6B). This demonstrates that CD69- cells can also be functionally resident, 

a result that extends to the vascular compartments of the kidney and liver (Figure 2.8B-

D). Thus, CD69 is not a definitive marker to distinguish recirculating cells from TRM.  

CD69 is known to be induced on TRM precursors upon migration into tissues 

during the effector phase of immune responses, putatively by tissue-derived instructional 

cues (Casey et al., 2012; Lee et al., 2011b; Masopust et al., 2006). However, we observed 

CD69 expression among TRM within the BMP of the liver and kidney, suggesting that 

parenchymal localization is not a requirement. Indeed, we even detected CD69+ memory 

P14 CD8 T cells within the large bore vessels of the liver of immune (but not naïve) 

parabionts (Figure 2.8E). Taken together, in the steady state most CD69+ memory CD8 T 

cells are TRM, but many TRM are not CD69+. 
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Figure 2.8: CD69 is an imperfect marker of tissue residence. (A) P14 CD8 T cells from 
immune parabionts were analyzed for the expression of CD69 in the pancreas, salivary 
gland and FRT by QIM. (B) The fraction of CD69+ and CD69- P14 CD8 T cells that 
were resident. (C) The percent of P14 CD8 T cells that were resident among i.v. Ab+/- 
and CD69+/- in the kidney and (D) liver. (E) Representative image of a CD69+ i.v. Ab+ 
P14 CD8 T cells in a large vessel in the liver. α-CD8α i.v. Ab (green, top left), P14 CD8 
T cells (red, top right), and CD69 (purple, bottom left). Arrows indicate α-CD8α i.v. Ab+ 
CD69+ P14 CD8 T cells, scale bar =20µm. n=3, representative of 9 mouse pairs from 3 
independent experiments. Graphs show mean and SEM.  
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2.3  Discussion 
This study provides a rigorous and comprehensive analysis of the anatomic distribution 

of a single memory CD8 T cell population. Preparation of single cell suspensions from 

tissues recovered as few as 2% of memory CD8 T cells from NLT, and inaccurately 

represented memory T cell subsets, phenotype and tissue distribution. Similar results 

were observed in human tissue, suggesting fundamental errors with standard techniques 

that we rely upon for our basic characterization of the peripheral immune system. These 

issues may extend to other hematopoietic lineages, evaluation of vaccine responses in 

tissues, and other clinical investigations.  

When the NLT population was summated with the unexpected abundance of 

memory CD8 T cells observed in BMP, SLO  (WP of spleen and the 37 macroscopic LNs 

in mice) did not contain the majority of memory CD8 T cells (Van den Broeck et al., 

2006). Our study likely underestimates NLT memory CD8 T cells because not every 

tissue was analyzed, including many other locations (heart, bladder, gall bladder, 

esophagus, trachea, skeletal muscle, etc.) that contain memory CD8 T cells (Casey et al., 

2012, data not shown). In particular, skin has been shown to harbor abundant memory T 

cells in humans, where extraction efficiency is also an important challenge (Clark et al., 

2006). This study further highlights the abundance of TRM as well as their broad anatomic 

distribution, which includes the BMP. Moreover, based on cell isolation and flow 

cytometry enumerations, cells in mucosal tissues were 50-400 fold more rare than in 

SLOs. However, QIM revealed that the ratios of memory CD8 T cells relative to potential 

targets (i.e. host cells) were fairly comparable between SLO and NLT. These 

observations revise perceptions of immunosurveillance, and may help explain why 

frontline memory CD8 T cell populations can rapidly detect infections in barrier tissues 

(Gebhardt et al., 2009; Jiang et al., 2012; Shin and Iwasaki, 2012; Teijaro et al., 2011; 

Wu et al., 2014). 

We focused most analyses on memory resulting from a single infection in order to 

achieve the depth of characterization described here. However, evidence supports that 

fundamental observations regarding the abundance of resident memory extend well 
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beyond the context of LCMV. Many infections, whether systemic or local, result in CD8 

T cell populations that express peripheral homing molecules and then become broadly 

distributed throughout multiple non-lymphoid tissues (Kaufman et al., 2008; Liu et al., 

2006b; Masopust et al., 2004, 2010). In fact, even lymphopenia-induced proliferation is 

sufficient to induce widespread CD8 T cell dissemination and acquisition of markers 

associated with TRM (Casey et al., 2012). These data indicate that TRM development may 

occur irrespective of local antigen or inflammation. TRM are likely not only widely 

distributed in a variety of contexts, but also underestimated. Indeed, recent evidence 

suggests that most CD8 T cells that express markers of antigen-experience also express 

CD69 when isolated from human tissues, which suggests that most are resident (Thome 

et al., 2014). We demonstrated that the isolation of CD8 T cells from non-lymphoid 

tissues was inefficient in both mice and humans, suggesting that memory T cells outside 

of secondary lymphoid organs are misrepresented regardless of species or pathogen 

specificity. 

This study also raises important caveats with how we define resident and 

recirculating memory CD8 T cell subsets. CD69 is considered the lineage-defining 

marker for TRM. It has been shown that CD69 is important for establishing TRM 

populations in epidermis after HSV-1 infection in mice (Mackay et al., 2013).  In 

accordance with these data, we found that many TRM were CD69+. However, we found 

that many were not. Moreover, expression of another marker oft used to identify TRM, 

CD103, was compartment-specific and most TRM lacked CD103. These data define 

additional complexity amongst TRM and suggest that there is more than one subset. 

Maintenance of CD69- TRM could be mediated by alternative means such as down 

regulation of KLF2-dependent S1P receptors (Skon et al., 2013). Our data also reveal that 

anatomic localization outside (or inside) vasculature is not sufficient to reveal the 

residence status of a CD8 T lymphocyte.  

Given the abundance of memory CD8 T cells in the BMP and NLT, and the 

relative paucity of recirculation through NLT, our data raise questions as to whether most 

TEM truly survey NLT. Perhaps a more likely scenario is that NLT are surveyed by only a 

fraction of specialized TEM, and that other TEM serve functions that remain to be fully 
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elucidated.  

Most host cells, which require contact by CD8 T cells for immunosurveillance, 

are positioned outside of secondary lymphoid organs. These include solid organs and 

body surfaces such as the gastrointestinal, respiratory, and genitourinary mucosae and 

skin that represent common primary sites of pathogen exposure. The majority of memory 

CD8 T cells that patrol these frontlines are segregated populations that confine their 

surveillance locally and do not migrate between other NLT, SLOs, or blood. Therefore, 

this major fraction of the memory CD8 T cell pool cannot be captured by sampling blood 

or SLOs. The blood and marginated pool (BMP, which includes peripheral blood, the red 

pulp of the spleen, and vascular compartments within organs such as liver and kidney) 

also contains a substantial fraction of the overall memory CD8 T cell population. The 

vascular compartments of certain tissues, including liver and kidney, are also populated 

by TRM, which may facilitate direct immunosurveillance of the organ via the 

endothelium, for instance of hepatocytes through sinusoidal fenestrae, or may prevent 

hematogenous spread of target cells. When infections are not contained within NLTs, 

pathogens and associated foreign antigens reach the SLOs. Here, TCM (which recirculate 

between blood and SLOs) can be reactivated to proliferate and provide additional 

reinforcements that migrate to NLTs. 

This revised model highlights the provincial nature of memory CD8 T cell 

mediated immunosurveillance. Different populations of memory CD8 T cells patrol 

distinct anatomic niches that form an integrated immunological network to protect the 

host in the event of reinfection. However, the majority of the host is patrolled by 

abundant yet discrete regionalized memory CD8 T cell populations that do not recirculate 

and instead remain confined within single anatomic compartments.  
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2.4  Methods 
2.4.1 Mice 
All mice were housed in microisolator cages and used in accordance with the Institutional 

Animal Care and Use Committee at the University of Minnesota. Experiments were 

performed with 6 week old female C57BL/6J mice purchased from The Jackson 

Laboratory, P14 and OT-I CD8 T cell transgenic mice were maintained in house on 

C57BL/6J background. 

 

2.4.2 Adoptive Transfers & Infections 
P14 immune chimeras were generated by transferring 5x104 P14 CD8 T cells into naïve 

C57BL/6J mice. The following day these mice were infected with 2x105 PFU LCMV 

Armstrong via intraperitoneal (i.p.) injection. For endogenous studies naïve C57BL/6J 

mice were infected with 2x105 PFU LCMV Armstrong i.p.  OT-I immune chimeras were 

generated by transferring 5x104 naïve OT-I CD8 T cells into C57BL/6 mice. The next 

day, mice were infected with 2x106 PFU Vaccinia Virus expressing chicken ovalbumin.  

 

2.4.3 Parabiosis Surgeries 
Parabiosis surgery was done as described (Schenkel et al., 2013). Briefly, mice were age, 

sex and weight matched for pairing. Matched mouse partners were anaesthetized to full 

muscle relaxation with ketamine and xylazine (100 mg/kg ketamine and 10 mg/kg 

xylazine). Each mouse of the pair was shaved along the opposite lateral flank. The skin 

was then wiped clean of fur with alcohol prep pads and was further cleaned with 

Betadine solution and 70% alcohol. Identical incisions were made on the lateral aspect of 

each mouse, Autoclip® applier was used to apply Autoclips® to conjoin dorsal and ventral 

skins of the mice forming a continuous line of clips (Kent Scientific Corporation). The 

mice were then kept on heating pads and continuously monitored until recovery. 

Buprenorphine (0.1 mg/kg in saline i.p.), was given immediately following surgery, and 

this dose will be repeated at 6 and 12 hours, then every 12 hours until 72 hours. 

Conjoined mice were then allowed to rest for ~30 days before experiments. 
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2.4.4 Intravascular Antibody 
To label all CD8 T cells in compartments contiguous with vasculature animals were 

injected i.v. with 3µg α-CD8α biotinylated antibody (53-6.7, eBioscience) that was 

allowed to circulate for three minutes prior to sacrifice. For detection of i.v. injected α-

CD8α antibody, fluorochrome-conjugated streptavidin (eBioscience) was used for flow 

cytometry and donkey anti-rat antibodies (Jackson Laboratory) were used for 

immunofluorescence.  
 

2.4.5 Isolations and Flow Cytometry 
Three minutes after in vivo intravascular antibody injection (Anderson et al., 2014), mice 

were sacrificed and organs of interest were excised. For isolation of SI IELs, the small 

intestine was removed, Peyer’s patches were excised, and the intestine was cut 

longitudinally and then laterally into 0.5-1cm2 pieces. Large intestines and stomachs were 

cut similarly. To remove IELs, small intestine, large intestine and stomach pieces were 

incubated with 0.154mg/ml dithioerythritol (DTE) in 10% HBSS/HEPES bicarbonate for 

30 min at 37 C, stirring at 450rpm. Following IEL isolation, small intestine, large 

intestine and stomach pieces were further processed to remove lamina propria 

lymphocytes (LPL), by treatment with 100U/ml type I collagenase (Worthington) in 

RPMI 1640, 5% FBS, 2mM MgCl2, 2mM CaCl2 for 45 min at 37  C, stirring at 450rpm). 

The following tissues were cut into pieces and enzymatically digested with 100U/ml type 

I collagenase (Worthington) in RPMI 1640, 5% FBS, 2mM MgCl2, 2mM CaCl2 at 37 C, 

stirring at 450rpm; salivary gland (SG, mucous portion removed, treated for 45 minutes), 

kidney (treated for 45 minutes), pancreas (treated for 20 minutes), lung (treated for one 

hour). For isolation of the female reproductive tract, the uterine horns, cervix, and vaginal 

tissue were resected and cut into small pieces prior to treatment with 0.5mg/ml type IV 

collagenase (Sigma) RPMI 1640, 5% FBS, 2mM MgCl2, 2mM CaCl2 (treated for one 

hour) at 37 C, stirring at 450rpm. After enzymatic treatment, the remaining tissue pieces 

of the stomach LPL, FRT, SG, pancreas, lung, and kidney, were further mechanically 

disrupted by a gentleMACS Dissociator (setting m_Spleen_01.01)(Miltenyi). The liver 



 

 40 

was mechanically dissociated using the back of a syringe over a 70µm nylon cell strainer 

(Falcon).  From single cell suspensions, lymphocytes were separated using a 44/67% 

Percoll density gradient. Spleen, lymph nodes, and thymus were mechanically dissociated 

using the back of a syringe against a polystyrene petri dish that had previously been 

scored in 4 directions with an 18.5-gauge needle. Peripheral blood was treated with ACK 

lysis buffer. The resulting single cell suspension was stained for acquisition on an LSR II 

flow cytometer (BD Biosciences).  

The following antibodies were used for flow cytometry of mouse cells: α-CD103 

(M290) from BD Biosciences; α-CD8α (53-6.7), α-Thy1.1 (HIS51), α-CD44 (IM7), 

Streptavidin APC, and α-CD45.1 (A20) from eBioscience; and α-Thy1.1 (OX-7) and α-

CD8β (YTS156.7.7) from Biolegend.  

 

2.4.6 Quantitative immunofluorescence Microscopy 
To determine volumes of individual organs, mice age-matched to those analyzed for 

enumeration were sacrificed, and organs were removed and cleared of all fat, connective 

tissue and fecal matter. Each organ was submerged in PBS, the displaced volume was 

measured, and this was repeated for each organ 4 times.  This displacement procedure 

was conducted on 6 mice age matched to those used in experiments.  For organs too 

small for accurate volume displacement, including the mandibular lymph nodes, organs 

were pooled from multiple animals before measuring displacement and dividing the 

displaced volume by the number of pooled organs. For QIM enumeration, three minutes 

after in vivo intravascular antibody injection, mice were sacrificed and organs of interest 

were excised, positioned in plastic cryomolds and snap frozen in optimum cutting 

temperature (O.C.T) freezing medium. From these frozen tissue blocks slides of 7µm 

sections were prepared. Slides were stained for acquisition on a Leica DM5500B 4 color 

fluorescent system with motorized z-focus stage for fully automated image stitching. 

Enumeration of P14 cells as well as CD103 and CD69 expression was done manually in 

Adobe Photoshop. ImageJ64 software was used to enumerate nuclei in each image (as 

stained by DAPI) as previously described (Schenkel et al., 2013), all counts were 
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manually validated, and these, like the manual enumerations, were extrapolated to whole 

organs.  Area measurements of images were made either in LAS (Leica Acquisition 

Software) or Adobe Photoshop. Area measurements were multiplied by tissue section 

thickness (7µm) to determine the volume of enumerated images. Manual and ImageJ64 

counts were extrapolated up to whole organ enumerations. We multiplied all 

enumerations by 11/19 to correct for all cells that would be counted twice because they 

straddle two adjacent sections. This correction factor is derived because sections are 7µm 

thick, the diameter of a memory CD8 T lymphocyte is approximately 7µm, and any cell 

traversing a section by >1µm would be enumerated (DeCoursey et al., 1987). Sections 

through whole organs or large (~5mm2) tiled images were counted, no fewer than 100 and 

up to 3000 P14 were counted per organ per animal, representative tissue sections were 

sampled which included diverse regions of each organ and non-serial sections (35-70 

microns apart) to ensure P14 counts were representative of the entire organ. For example, 

whole sections of the stomach were counted to ensure anatomical representation of the 

fundus, body, and antrum regions. The following antibodies were used for 

immunofluorescence microscopy: α-CD103 (2E7) and α-Thy1.1 (OX-7) from Biolegend; 

α-CD62L (MEL-14), α-CD8α (53-6.7), α-CD8β (YTS1 56.7.7), α-Ecadherin (DECMA-

1), αCD45.1 (A20) from eBioscience; α-CD69 (polyclonal goat), α-Lyve-1(223322) from 

R&D; α-Cytokeratin 8 (rabbit polyclonal), α-Cytokeratin 18 (rabbit polyclonal), α-PE 

(rabbit polyclonal) from novus biologicals; α-Collagen IV (goat polyclonal) from 

Millipore; α-Cytokeratin5 (PRB-160P) from Covance. DAPI (4,6-diamidino-2-

phenylindole) and prolong gold were from Invitrogen. The following secondary 

antibodies were from Jackson Immunoresearch: donkey α-rabbit (polyclonal), bovine α-

goat (polyclonal), donkey α-rat (polyclonal). 

 

2.4.7 In Situ Tetramer Staining 
In situ tetramer staining was performed as previously described (Khanna et al., 2007) 

with some modifications. Briefly, FRTs and spleens from endogenous LCMV infected 

mice were manually cut with surgical prep blades to 200-400mm pieces. Tissues were 
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incubated with either H-2Db-LCMV gp33-41 or H-2Kb-OVA257-264 PE tetramers overnight 

at 4C in PBS supplemented with 2% FBS. The next day, tissue pieces were washed 3 

times for 20 minutes with ice cold PBS and were then fixed in 2% PFA for two hours. 

After fixation, tissues were washed with ice cold PBS and 30% sucrose embedded 

overnight at 4C. The next day, tissue pieces were snap frozen in O.C.T and samples were 

processed as above. 

 

2.4.8 Human Tissue 
Premenopausal human cervix tissue pieces were obtained from the Tissue Procurement 

Facility (BioNet, University of Minnesota) under an Institutional Review Board (IRB) 

approved protocol for use of human tissue in research. Sample processing was initiated 

within 1-2 hours of completion of the surgery. The tissue pieces used in this study 

contained well defined regions of ectocervix and endocervix and closely resembled tissue 

pieces used in previous analysis of human FRT (Horbul et al., 2011). For CD8 T cell 

isolation from human cervical samples, tissues were cut into 0.5-1cm2 size pieces and 

were incubated with 0.154mg/ml dithioerythritol (DTE) in 10% HBSS/HEPES 

bicarbonate for 1 hour at 37C, stirring at 450rpm. After DTE treatment, cervical pieces 

were further processed by treatment with 100U/ml type I collagenase (Worthington) in 

RPMI 1640, 5% FBS, 2mM MgCl2, 2mM CaCl2 for 1 hour at 37C, stirring at 450rpm 

after which tissues were physically dissociated using a gentleMACs. The following 

antibodies were used for flow cytometry of human cells: α-CD8β (clone SIDI8BEE) from 

Biolegend; and α-CD3 (clone SP34-2) and α-CD4 (clone OKT4) from BD Biosciences. 

 
2.4.9 DNA Extractions 
To validate QIM extrapolation, DNA content of whole organs was determined. First 

organs were dissected, cut into 1mm pieces and digested in tissue digestion buffer 

(10mM TRIS, 10mM EDTA, 10% SDS, sodium acetate and proteinase K) shaking 

overnight at 56C. Phenol-Chloroform-Isoamyl alcohol DNA extraction was then 

performed on each digested organ. Each DNA sample was resuspended in TE buffer and 

nucleic acid concentration was determined by a nanodrop spectrophotometer. Each 
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sample was measured 4 times; an average of the 4 was taken to determine the most 

accurate nucleic acid content of each sample. The total nucleic acid content of each organ 

was divided by an assumed 6 picograms of DNA per cell to determine total cell number 

for the organ based on DNA content (dos Anjos et al., 2001). 

 

2.5  Publication and contributions 
This chapter has been modified (with permission) from the published article: 
 
Steinert, E. M., Schenkel, J. M., Fraser, K. A., Beura, L. K., Manlove, L. S., Igyártó, B. 
Z., Southern, P.J., Masopust, D.M. Quantifying Memory CD8 T Cells Reveals 
Regionalization of Immunosurveillance. Cell, 161(4), 737–749, May 2015. 
 

Author Contributions: E.M.S., J.M.S., L.S.M., and D.M. conceived and designed the 

experiments, E.M.S., J.M.S., L.B., K.A.F., and B.Z.I. performed the experiments. 

Specifically, all parabiosis experiments and analysis were conducted by J.M.S. L.S.M. 

and P.J.S contributed reagents/materials/analysis tools, and E.M.S., J.M.S., and D.M. 

wrote the manuscript. 
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 Chapter 3 

Immunosurveillance of male genital tract tissue is 
achieved by transcapsule migration and resident 
memory T cells 
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3.1  Introduction 
T cells canonically migrate into tissues from blood vessels using 3-step, selectin, 

chemokine, and integrin dependent pathways. Migration is selective and changes with T 

cell differentiation state. Naïve T cells recirculate amongst secondary lymphoid organs 

(SLO). During an immunological insult, activated T cells leave lymphoid tissue and gain 

the ability to extravasate across post capillary venules and into non-lymphoid organs 

where they scan host cells for evidence of foreign antigen. If antigen is cleared, three 

different expanded populations of memory T cells remain. Central memory T cells 

recirculate between blood and SLO whereas effector memory T cells recirculate through 

blood and putatively through non-lymphoid tissue (NLT). Recirculation occurs when T 

cells enter tissues via blood and egress via lymphatics. The third memory T cell 

population, tissue resident memory T cells (TRM), patrols non-lymphoid tissues without 

recirculating. TRM represent the dominant subset that patrols NLT, including the immune-

privileged brain (Gebhardt et al., 2009; Jiang et al., 2012; Masopust et al., 2010; Steinert 

et al., 2015; Teijaro et al., 2011; Wakim et al., 2010). Importantly, TRM appear to be first 

line responders in the case of secondary infections at barrier and mucosal sites (Park and 

Kupper, 2015). Together these recent findings have revealed that TRM are major 

contributors to host immunosurveillance and secondary responses.  

As a result of their protective potential, TRM have been invoked as a target of new 

vaccination strategies, particularly against sexually transmitted infections such as HIV, 

HSV and chlamydia (Gebhardt et al., 2009; Shin and Iwasaki, 2012; Stary et al., 2015). 

Compared to many NLT, including the female reproductive tract (FRT), memory CD8 T 

cell mediated immunosurveillance of the male genital tract (MGT) is poorly 

characterized (Iijima and Iwasaki, 2014; Schenkel et al., 2013). This is likely due to 

technical limitations, rather than importance. Indeed, the MGT is a major site of 

transmission and acquisition of STIs. If TRM are to be harnessed by vaccination to protect 

against STIs, we must understand this major immune mediator in both sexes.  

There are reasons to assume that T cell immunosurveillance is not synonymous 

between the MGT and other tissues, including the FRT. Unlike most mucosal sites, the 
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MGT is immune privileged (much like the eye). Transplant studies have demonstrated 

the immune privilege of the testes both as a transplant tissue, and transplant site 

(Ferguson and Scothorne, 1977; Gonet and Renold, 1965; Head and Billingham, 1985; 

Hultquist and Thorell, 1963; Sand, 1919; Selawry et al., 1985; Setchell, 1990). 

Mechanisms of immune privilege in the testes are necessary because developmentally 

regulated spermatogenesis-associated antigens (from spermatogonia and mature sperm) 

are highly immunogenic (Itoh et al., 1991; Metchnikoff, 1899; Tung et al., 1977). These 

mechanisms are predominantly carried out by Sertoli cells and include both physical and 

molecular barriers. For example, tight junctions between Sertoli cells establish a blood-

testis barrier, while their expression of FasL has been shown to eliminate immune cells 

that pose a threat to germ cells and developing sperm (Kuerban et al., 2012; Nicander, 

1967; Setchell et al., 1969). Type 2 macrophages, altered MHC expression and 

production of TGFβ and IL-10 all contribute to an overall immunosuppressive 

environment in the testes (Meinhardt and Hedger, 2011). Importantly, the mechanisms 

protecting developing sperm from immune attack do not altogether exclude immune cells 

from the tissue. Activated immune responses are known to enter, keeping infection and 

cancer rates similar to other tissue, though some robust responses do result in immune-

pathology. 

Given the immune-privileged status of the MGT and potential implications for STI 

vaccination, we aimed to test whether resident memory CD8 T cells could be established 

and function at this site, an issue that has not been tested to our knowledge. During the 

course of these investigations, we observed an unexpected mechanism for T cell migration 

to the MGT, which likely has broad ramifications for immunosurveillance of visceral 

organs.  
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3.2  Results 
3.2.1  LCMV infection establishes male genital tract memory CD8 T 
cells 
We wished to test whether memory CD8 T cells were maintained within the immune 

privileged MGT mucosae after clearance of infection. To that end, we assessed LCMV 

(Armstrong strain) infection in mice because both viral infection and virus-specific CD8 

T cells can be visualized, and also because intraperitoneal route of exposure leads to 

viscerotropic infection and we hypothesized that this might include the MGT.  

We first transferred naïve LCMV-specific CD8 T cells (Thy1.1+ P14) into naïve 

C57Bl/6J mice, before infecting the following day with 2x105 pfu LCMV Armstrong i.p. 

Four days later, we detected LCMV by staining for the viral nucleoprotein in testis, 

epididymis, and penile urethra of the MGT (Figure 3.1A). At the time of infection 

detection, P14 CD8 T cells were rare. By day seven, virus was no longer detectable by 

immunohistochemistry. However, LCMV-specific P14 CD8 T cells had accumulated in 

the MGT, as visualized by Thy1.1 staining of tissue sections (Figure 3.1B). Notably, the 

density of the infiltrating population was highest near the tissue capsule seven days after 

infection. Long after viral clearance, 128 days after infection, we observed that memory 

CD8 T cells remained within the MGT, but were evenly distributed throughout the 

tissues.  

Our previous studies demonstrated a significant inefficiency of memory CD8 T 

cell isolation from a wide variety of tissues (Steinert et al., 2015). To quantify memory 

CD8 T cells in the MGT, we employed quantitative immunofluorescence microscopy 

(QIM), an image-based strategy that is more accurate than cell isolation approaches. To 

compare tissues that vary in size, the number of P14 was normalized to the number of 

nucleated host cells in each organ. In contrast to expectations, testis and epididymis 

supported P14 memory CD8 T cells at similar frequencies to other mucosal tissues, 

including the small intestine. Despite gender-specific differences in reproductive tissue 

immune regulation, P14 frequencies were comparable between the MGT and previously 

enumerated age-matched mucosal tissues from female mice (Figure 3.1C & Chapter 2).  
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Figure 3.1: CD8 T cells populate the MGT after LCMV infection 
 (A) C57BL/6 mice were infected with LCMV i.p. Four days later, sections were stained 
with anti-LCMV ab (Green) and DAPI (Blue), scale bar=100µm. n=8 from 3 
experiments. (B) Representative images of Thy1.1+ P14 CD8 T cells in testes and 
epididymis from P14 immune chimeras days 4, 7 and 128 after LCMV infection, anti-
Thy1.1+ Ab (Red), DAPI (Blue), scale bar=250µm. n=6-8 from at least 2 experiments 
(C) QIM enumeration of Thy1.1+ P14 115-160 days after infection with LCMV, from 
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male (black) or age-matched female (grey) mice, n=6 from 2 experiments, representative 
of 4 experiments. Graph shows mean and SEM. 
 
 
 3.2.2 CD8b+ T cell population does not prevent fecundity 
Petstore mice having unknown and more extensive and naturally occurring infectious 

history than SPF mice, have been recently described as more closely mimicking the 

immune systems of adult humans (Beura et al., 2016). For this reason, we thought it was 

important to assess whether healthy and fecund male Petstore mice harbored a population 

of CD8b+ T cells in their male genital tract organs. We harvested organs from male mice 

that had previously and recently fathered thriving litters and found that in each animal a 

widely distributed population of CD8b+ T cells were identifiable (Figure 3.2). 

Importantly, the establishment and maintenance of this population did not prevent 

procreation.  

 

       
Figure 3.2: CD8b+ T cell population does not prevent fecundity 
(A) Petstore mice were bred and litter success was determined before analyzing CD8b+ T 
cells in testes, epididymis, penile urethra and prostate, α-CD8b (red), DAPI (blue), n=4 
separate breeders. 
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3.2.3  CD8 T cells enter male genital tract in the absence of local 
infection 
Having determined LCMV infects male genital tract tissues (among several visceral 

organs), and Petstore mice that may have had MGT infections naturally harbor CD8b+ 

MGT T cells, we then asked if local infection was required for MGT memory CD8 T cell 

establishment. We transferred congenically marked naïve P14 CD8 T cells into naïve 

mice one day prior to intranasal infection with flu-gp33, a local infection tropic for lung 

tissue. We found P14s expanded and distributed to the lungs as well as tissues uninfected 

by this virus including the male genital tract. Interestingly, at the peak of the immune 

response to influenza, CD8 T cells were found broadly distributed throughout the testes, 

epididymis and penile urethra (Figure 3.3A), in contrast to the capsular accumulation 

observed shortly after i.p. LCMV infection. Antigen-specific memory CD8 T cells were 

maintained long after putative clearance of intranasal influenza infection (Figure 3.3A).  

 

 
 
Figure 3.3: CD8 T cells enter the testes and epididymis without local infection  
(A) Naïve P14 CD8 T cells were transferred to C57BL/6 mice prior to intranasal flu-gp33 
infection. Representative images of P14 identified in testes, epididymis and penile urethra 
9 and 57 days after infection. Thy1.1+ P14 (Red), DAPI (Blue), Collagen IV (Green), 
n=6-8 from 2 experiments, scale=100µm.  
 

A. Testis Epididymis Penile Urethra

D57

D9

B.
Effector/Memory Transfer 24hr
Quantification per mm3

A. Testis Epididymis Penile Urethra

Testis Epididymis Penile UrethraTestis Epididymis Penile Urethra

Prostate

DAPI P14 CD8 T cell Coll IV

DAPI CD8b+ T cell



 

 51 

3.2.4 Memory CD8 T cells in testes and epididymis are resident 
Memory P14 CD8 T cells were found in MGT tissues but we wanted to know if they 

were resident at this location. To this end, we transferred congenically marked effector 

P14 CD8 T cells (splenocytes) from D6.5 or D30 LCMV immune chimeras to naïve 

mice. The following day tissues from the naïve mice were harvested, and lymphocytes 

were isolated to determine migration abilities of effector and memory CD8 T cells in the 

absence of infection. Effector CD8 T cells were found in male genital tract tissues 

suggesting that migration to these organs occurs during T cell activation irrespective of 

antigen or inflammation, albeit at a low frequency (Figure 3.4A & B). Of course, antigen 

and inflammation likely skew CD8 T cell distributions, however this data indicates it is 

not required for entry into even the immune-privileged testes or epididymis. However, 

memory CD8 T cells were not detectable in the male genital tract of most animals 

indicating that the testes and epididymis are overwhelmingly closed to recirculating CD8 

T cells (Figure 3.4A&B). The phenotype of the antigen-specific memory CD8 T cells in 

the MGT established after LCMV infection also correspond with this conclusion from the 

migration data. More than 90% of memory CD8 T cells in the testes and epididymis 

express CD69 (Figure 3.4). While only 5% and 15% of memory CD8 T cells express 

CD103 in the testes and epididymis respectively, this frequency is quite similar to that of 

the memory CD8 T cell population of the female reproductive tract, where greater than 

90% of cells remain resident. Together, the lack of transferred memory CD8 T cell 

recirculation and the phenotype of the intact memory CD8 T cell population indicate that 

a truly resident memory CD8 T cell population is established in male genital tract tissues.
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Figure 3.4: Memory CD8 T cells in the MGT are resident (TRM) 
(A-B) 3x106 P14 from D6.5 or D30 LCMV immune chimeras were enriched for CD8 T 
cells and transferred to naïve mice one day prior to sacrifice and analysis (A) 
representative FACS plots, (B) number of i.v.- P14 recovered from each tissue. n=8, 2-3 
separate experiments. (C-E) Memory P14 CD8 T cells from immune chimeras (120-140 
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days post infection) were analyzed by flow cytometry for CD69 and CD103 expression in 
SI IEL, testes, epididymis, and penile urethra (intravascular antibody staining excluded 
blood contaminants from analysis) (A) Representative FACS plots, (B) Percent of i.v.- 
P14 CD69+ or (C) CD103+ in each tissue. n=12 from 3 experiments. Graph shows mean 
and SEM. 
 
 
3.2.5 Functional characterization of TRM in testes and epididymis  
As shown in figure 3.4, resident memory CD8 T cells were established in male genital 

tract tissues. In light of the immune privilege of this site we asked what their functional 

capacity was in response to local rechallenge. To assess whether the suppressive 

environment of the testes and epididymis would prevent local activation, memory P14 

immune chimeras were transurethrally instilled with 50µg gp33 (or SIINFEKL control) 

peptide 12hrs before direct ex vivo analysis. P14s in both the testes and epididymis 

produced IFNγ in response to rechallenge, indicating that these cells recognized local 

peptide (Figure3.5A). Interestingly, the percent of P14s producing IFNγ was higher in the 

epididymis than the testes. Differential frequencies IFNγ between testes and epididymis 

may be a result of more restricted peptide access or more active immune-modulation in 

the testes. To broaden our analysis we also looked at TNFα production and found that 

neither testes nor epididymal  P14s produced TNFα in response to the local rechallenge 

(Figure 3.5B). Testicular macrophages have been shown to have an intrinsic TNFα 

production defect (Kern et al., 1995). Thus, lack of TNFα production by MGT CD8 T 

cells led us to ask if it was a cell intrinsic cytokine production defect or a result of the 

local environment. To this end, we isolated memory P14s from immune chimeras and 

stimulated them in vitro with gp33 peptide for 4hrs. As shown in figure 3.5C & D, the 

TNFα production defect is maintained even upon isolation from the immunosuppressive 

environment of the MGT. It should be noted that variable placement of flow cytometry 

gates is a result of setting gates by the control sample from the same tissue. Interestingly, 

TRM isolated from testes include the highest frequency of IFNγ, IL-2 double producers of 

any tissue evaluated.  
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Overall, functional assays revealed that MGT TRM are competent to produce IFNγ 

upon in vivo or ex vivo activation, but unlike what has been described for TRM in other 

tissues, they were impaired in the ability to produce TNFα, which may relate to the active 

mechanisms of immune privilege.  

 

 
 
Figure 3.5: Functional characterization of resident memory CD8 T cells in MGT  
Memory (120-160 days post infection) P14 immune chimeras were transurethrally 
instilled with 50µg gp33 (bottom panels) or SIINFEKL peptide (top panels), 12hrs later 
P14s were isolated for flow cytometry (A) Representative flow plots of P14 direct ex vivo 
IFNγ and TNFα production (B) Percent of P14s producing IFNγ, n=6 from 2 
experiments, representative of 3 independent experiments. Significance determined by 
Mann-Whitney test. (C-D) P14 CD8 T cells from D120-160 memory immune chimeras 
were stimulated in vitro for 4hrs with gp33 peptide (cognate) or no peptide controls then 
analyzed by flow cytometry for cytokine production (C) Representative flow plots (D) 
Percent of P14s producing each combination of cytokines (A-D, intravascular antibody 
staining excluded blood contaminants from analysis), n=12 from 3 experiments. Graph 
shows mean and SEM.  
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3.2.6 CD8 T cells enter NLT via transcapsule migration 
The capsular localization of virus and antigen-specific CD8 T cells early after infection 

led us to ask if perhaps P14s might migrate directly into the tissue. During the course of 

our investigations, a study was published that indicated direct transcapsule diapedesis of 

immune cells into tissues might be possible (Wang and Kubes, 2016). To test this, we 

isolated splenocytes from P14 immune chimeras 6 days after LCMV infection (D6 

effector P14), mixed them with congenically marked naïve P14 CD8 T cells and 

transferred this mixture of effectors and naïve P14 via intraperitoneal (i.p.) injection into 

infection-matched recipients. Three hours after intraperitoneal injection, tissues were 

harvested and analyzed for migration of effector and naïve P14s. Immunofluorescence of 

stained sections revealed that effector P14s were adhered to the capsule of visceral organs 

including the testes and epididymis and appear to be migrating across the outermost cell 

layers of these organs (Figure 3.6A). We next used 2-photon microscopy to determine if 

effectors simply adhered to the tissues or were in fact migrating across capsular cell 

layers. Effector P14s were visualized and recorded moving below the collagen layers of 

the testes and epididymis. Two-dimensional (YZ) flattened still images (of 2-photon 

movies) show a cell fully encircled by collagen while two other cells are adhered to the 

surface nearby (Figure 3.6B). The motility of the migrated CD8 T cells below the 

collagen layer demonstrates viability of cells that have undergone transcapsular migration 

(Data not shown, video).  

To ensure that transcapsular migration was indeed independent of canonical 

lymphocyte migration from blood vessels, peripheral blood (PBL) was taken at the time 

of sacrifice and was absent of i.p. injected cells indicating that they do not access blood 

within 3hrs. This was confirmed with a time course of PBL wherein effector and naïve 

CD8 T cells finally arrived in PBL 12hrs after i.p. injection (Figure 3.6C). Thus, effector 

and naïve P14s had not yet arrived in PBL during the 3hr in vivo incubation during which 

transcapsular migration had occurred. Indeed, when P14s were co-incubated with organs 

from infection-matched hosts in vitro, in the complete absence of vasculature, D6 effector 

P14s were observed by immunofluorescence and 2-photon microscopy to have migrated 

into the tissue (Video data not shown, Figure 3.6D). Quantification of P14 CD8 T cells 
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3hrs after i.p. injection into infection matched recipients revealed that adherence to 

recently infected tissue is limited to effector CD8 T cells and not observed among naïve 

CD8 T cells (Figure 3.6E). 

 

 

 
 
Figure 3.6: CD8 T cells enter visceral tissues via direct transcapsule migration 
3-4x10^6 Thy1.1 effector and 0.5-1x10^6 CD45.1 naïve P14 CD8 T cells were mixed 
and co-transferred i.p. into infection-matched recipients, 3hrs after injection (A) tissues 
were harvested and analyzed for attachment of transferred cells. Representative image 
and zoom up of adhered and migrating D6 effector P14 CD8 T cells, (B) Still images of 
cell under collagen capsule layer from 2photon microscopy video, third dimension is 
flattened. (C) Flow cytometry plots of injected cell suspension and PBL at indicated time 
points after 11x10^6 CD45.1 effector and 1.61x10^6 Thy1.1 naïve CD8 T cells were 
mixed and co-transferred i.p. into infection matched recipients. (D) 4x10^6 D6 effector 
P14 were incubated in vitro with infection-matched tissue for 1-3hrs before gfp+ P14 
were observed under the collagen capsule layer by 2photon microscopy, still images from 
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video with third dimension flattened. (E) Ratio of naïve/D6 effector P14 CD8 T cells 
attached per section, normalized to input, 3hrs after i.p. injection of congenically marked 
mixture of 3-3-4x10^6 effector P14 and 0.6-1x10^6 naïve P14. n=at least 9 from 2-3 
separate experiments. Graph shows mean and SEM, Mann-Whitney statistical analysis. 
 
 

 

3.2.7 Mechanisms of transcapsule migration 
To determine if this non-canonical migratory pathway is dependent on the presence of 

cognate antigen we co-transferred D6 effector OT-1 and P14 CD8 T cells 

intraperitoneally into recipients infected 6 days prior with LCMV. As in previous 

transcapsular migration experiments, 3hrs after intraperitoneal injection PBL was 

collected and tissues were analyzed for attachment of transferred cells. The number of 

P14 and OT-1 per section was not significantly different when normalized to input, 

indicating that antigen is not required for attachment of D6 effectors to testes and 

epididymis (Figure 3.7A). 

Having found that antigen was unimportant for effector transcapsule migration, 

we next explored the recently published mechanism used by peritoneal macrophages 

migrating to liver sterile injury, CD44 binding to hyaluronan. To test this mechanism, we 

co-transferred naïve P14s with either untreated or anti-CD44 treated D6 effector P14s 

into either untreated or hyaluronidase-treated infection-matched recipients, respectively. 

Quantification revealed that anti-CD44 and hyaluronidase treatment significantly 

diminished P14 tissue adherence and transcapsular migration, indicating that this 

interaction is, at least in part, dependent on CD44 mediated interactions. This mechanism 

of transcapsular migration should be further confirmed by peritoneal injection of 

congenically marked naïve CD8 T cells mixed with bulk CD44KO or WT D6 effectors 

into infection matched recipients. Additionally, the surface presence of hyaluronan on 

visceral organs should be evaluated throughout the early kinetics of LCMV infection by 

immunofluorescence using anti-hyaluronan.  



 

 58 

 
Figure 3.7: Transcapsule migration is antigen independent but CD44 dependent 
(A) Congenically marked day 6 effector P14 (4x10^6) and OTI (7x10^6) from LCMV 
and VSV-OVA immune chimeras, respectively, were mixed and injected i.p. into LCMV 
infection-matched recipients. 3hrs after i.p. injection, tissues were harvested and P14 and 
OT1 were quantified by immunofluorescence, n=4 representative of n=9 from 2 
independent experiments. (B) 1-2x10^6 naïve P14s were mixed with 4-9x10^6 day 6 
effector P14 that were untreated or treated with anti-CD44 antibody in vitro for 1hr prior 
to i.p. injection into untreated or hyaluronidase treated LCMV infection-matched 
recipients, respectively. 3hrs after i.p. injection, tissues were harvested and P14 were 
quantified by immunofluorescence n=6 from 2 separate experiments. Graphs show mean 
and SEM, Mann-Whitney statistical test. 
 
 
 
3.2.8. Memory CD8 T cell peritoneal recirculation and transcapsule 
migration 
Several studies have shown that systemic infection results in memory CD8 T cells in the 

peritoneal cavity as evidenced by peritoneal lavage. To assess whether recirculating 

memory CD8 T cells might migrate through the peritoneum performing 

immunosurveillance we asked if intravascularly transferred memory CD8 T cells would 

be found in the peritoneum the following day. Indeed, memory CD8 T cells were isolated 

from peritoneal lavage 18hrs after i.v. transfer (Figure 3.8A). In an intact response, it is 

not possible to uniquely identify cells migrating via blood from those undergoing 

transcapsular migration, thus the contribution of transcapsular migration to an immune 

response can not be directly gauged. However, having determined that memory CD8 T 

cells recirculate through the peritoneal cavity, we asked if memory P14 CD8 T cells 
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would adhere to recently infected tissue at the same rate as effector P14. To this end we 

co-transferred congenically marked memory, effector and naïve P14 into D6 LCMV 

infected recipients via i.p. injection (Figure 3.8B). Adherence of effector and memory 

P14 to infection-matched tissues was not significantly different. Both populations were 

observed to adhere significantly more than naïve P14, indicating that memory and 

effector populations are equally capable of direct transcapsule migration. 

 

 
 
Figure 3.8: Memory CD8 T cell peritoneal recirculation and transcapsule migration  
(A) 1.5x10^6 Memory P14 CD8 T cells were isolated from lymph nodes and spleen from 
D30-90 LCMV immune chimeras and intravascularly injected into naïve mice 18hrs 
before analysis of PBL and peritoneal lavage. Percent of CD8 T cells that were 
congenically marked transferred P14. (B) P14 CD8 T cells were harvested from lymph 
nodes and spleen of naïve P14 or D6 (effector) or D30 (memory) LCMV immune 
chimeras. The three congenically marked populations were mixed and injected i.p. (4-
7.5x10^6 of each cell type) into D6 LCMV recipients 3hrs before harvest of tissues and 
quantification of adhered cells. n=8 from 2 separate experiments, graph shows mean and 
SEM and results of Wilcoxon matched pairs statistical analysis. 
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3.3  Discussion 
This study provides the first evidence of immunosurveillance of testes and epididymis by 

TRM and a novel migration pathway. Analysis of male genital tract tissues months after 

infection revealed long-lived resident phenotype memory CD8 T cells. Despite 

localization to the immune-privileged male genital tract, frequency of antigen-specific 

TRM was similar among other organs from both sexes. Consistent quantity of TRM per 

million nucleated cell supports an inherent role for broad distribution and TRM formation 

as a result of T cell activation. Importantly, even tightly immune-regulated tissues such as 

the testes require and admit immunosurveillance by TRM.  

Not only does the MGT support establishment of TRM but upon local peptide 

rechallenge TRM produced IFNγ directly ex vivo suggesting they, like TRM in many other 

tissues, are highly functional. In vivo rechallenge and ex vivo re-stimulation suggest that 

TRM are still under local immune-regulation because in contrast to TRM documented from 

other tissues, MGT TRM present a defect in TNFα production. Hierarchical loss of 

cytokine production is well documented in tolerance and anergy contexts. Typically, 

anergy induced dysfunction begins with the loss of IL-2 production, followed by TNFα, 

with the longest maintenance of the ability to produce IFNγ. In light of this well 

documented phenomenon, loss of TNFα with maintained IL-2 production among MGT 

TRM suggests targeted suppression of this particular cytokine. Interestingly, previous 

studies have demonstrated that testicular macrophages required significantly more 

stimulation in vitro and still remained defective in TNFα production compared to 

peritoneal macrophage counterparts (Kern et al., 1995). Thus, TNFα production defect of 

TRM may be a result of the same immune-regulation imposed on testicular macrophages. 

Much of the research on immune-regulatory mechanisms in the MGT have restricted 

analysis to the testes, so we can not compare our epididymis TRM functionality to 

previous literature. 

Despite the well documented immune-mediated inflammatory diseases of the 

male genital tract, CD8b+ T cells were readily detectable in un-manipulated fecund 

Petstore mice. In contrast, several previous studies in both mice and humans have 



 

 61 

documented a paucity of CD8b+ T cells in testes and epididymis (Pöllánen and Niemi, 

1987). These mice provide a model of natural infectious history that indicates that the 

presence of CD8b+ T cells in MGT tissues is not necessarily pathogenic. Further, CD8b+ 

T cells in Petstore MGT were found broadly dispersed throughout interstitium, not 

associated with high density infiltrates and tubules were replete with spermatogonia, 

thereby suggesting healthy tissue.  

Even in the absence of local antigen and inflammation, in the case of flu-gp33 

infection, memory CD8 T cells were localized and maintained in MGT tissues. Some 

effectors were able to enter the testes and epididymis demonstrating some sterile 

migration, however it was not as extensive as is seen in the small intestine. Interestingly, 

memory CD8 T cells adoptively transferred i.v. into male mice rarely arrived in the 

epididymis, and even less in the testes. This data further argues for the residence of the 

memory CD8 T cells present long after antigen clearance.  While sterile migration of 

effectors to the MGT might be slower (require more than 24hours) or more restricted than 

the small intestine it does suggest that broad distribution is inherent to even tightly-

immune regulated tissues. 

 Finally, this study of male genital tract CD8 T cells led us to identify a 

previously unobserved mechanism of transcapsule migration of CD8 T cells directly into 

tissues. This migration was best characterized in the testes and epididymis; however, it 

was also observed in kidney. Early during infection effector CD8 T cells demonstrated 

heavily biased localization to the tissue capsule. This observation led us to explore the 

possibility that this was the location of migration. Indeed, this route of migration was 

recently described for peritoneal macrophage accumulation at the site of sterile liver 

injury (Wang and Kubes, 2016). In order to distinguish this unique pathway from 3-step 

canonical migration we employed short term i.p. transfer methodology. During our 

experimental timeframe injected cells did not arrive in PBL, and thus were unlikely to 

engage in migration via vessels. Further, this direct transcapsular migration was observed 

after in vitro co-incubation of tissues and cells, in the complete absence of circulation. 

We confirmed that this was not simply adherence of activated cells using three-

dimensional deep tissue 2-photon imaging. We acknowledge that comparison of injected 
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vs. migrated cell numbers indicates that this is not a high frequency event, however it is 

novel to propose that activated immune cells might bypass the well document migration 

pathway. Further, quantity of adhered effector P14 cells varied between experiments, 

likely due to input quantity. Perhaps this low frequency, yet unequivocally possible 

mechanism of direct transcapsule migration explains studies observing promiscuous 

tissue homing. Because this migration mechanism was not limited to male genital tract 

tissues but also occurred in the kidney, it is likely that this mechanism is extendable to 

the pleural cavity in the upper thorax as well.  
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3.4  Methods 

3.4.1     Mice, adoptive transfers & infections 
All mice were used in accordance with the Institutional Animal Care and Use Committee 

at the University of Minnesota. C57BL/6J mice were purchased from The Jackson 

Laboratory, P14, P14-gfp and OT-I CD8 T cell transgenic mice were maintained in 

house. P14 immune chimeras were generated by transferring 5x104 naïve P14 CD8 T 

cells into naïve C57BL/6J mice. The following day these mice were infected with 2x105 

PFU LCMV Armstrong via intraperitoneal (i.p) injection. For endogenous studies naïve 

C57BL/6J mice were infected with 2x105 PFU LCMV Armstrong i.p. OT-1 effector cells 

were generated by transferring 5x104 naive OT-1 CD8 T cells into naïve C57BL/6J mice. 

The following day these mice were infected with 1x106 PFU VSV-OVA via i.v. injection. 

Influenza experiments were conducted by transferring 5x104 naïve P14 CD8 T cells into 

naïve C57BL/6J mice. The following day these mice were anesthetized and intranasally 

inoculated with 3.4x104 PFU (1000 TCID50) flu-gp33. Petstore mice were purchased 

from various Twin Cities area pet stores and bred in a BSL-3 facility.  Transcapsule 

peritoneal migration was assessed by harvesting either naïve P14s or effectors from either 

P14 or OT-1 immune chimeras 6 days after infection (as described above). Splenocytes 

were treated with ACK lysis buffer for 2minutes then washed before injecting bulk cells 

intraperitoneally into recipients as described in figure legends.    

  
3.4.2     Transurethral instillation 
Transurethral instillations were performed as previously described (Boehm et al., 2012). 

Briefly, male mice were anesthetized and catheterized using a lubricated sterile 

polyethylene catheter (intramedic PE-10). Instillation into the bladder was then 

performed with either SIINFEKL (control) or gp33 peptide diluted in PBS (50µg peptide 

in 200uL per mouse).  

 

3.4.3     Flow cytometry, ex-vivo peptide re-stimulation & antibodies 
Three minutes after in vivo intravascular antibody injection (Anderson et al., 2014), mice 
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were sacrificed and organs of interest were excised. Isolation of lymphocytes from 

spleen, lymph nodes, salivary gland and SI was performed as previously described 

(Steinert et al., 2015). Male genital tract tissues (testes, epididymis and penile urethra) 

were excised, cleared of all fat and connective tissue then cut into pieces and 

enzymatically digested with 100 U/ml type I collagenase (Worthington) in RPMI 1640, 

5% FBS, 2mM MgCl2, 2mM CaCl2 at 37 C, stirring at 450 rpm for 45 min. After 

enzymatic treatment, the remaining tissue pieces were further mechanically disrupted by 

a gentleMACS Dissociator (setting m_Spleen_01.01). From single cell suspensions, 

lymphocytes were separated using a 44/67% Percoll density gradient. Peripheral blood 

was treated with ACK lysis buffer. The resulting single cell suspension was stained for 

acquisition on an LSR II flow cytometer (BD Biosciences). For ex vivo re-stimulation 

experiments, single cell suspensions (prepared as described above) were plated in flat 

bottom plates in complete media with 0.2µg/ml gp33 peptide or control media for 4hours 

at 37C. After 4hrs cells were washed, transferred to round bottom plates and stained for 

flow cytometry.  

 

The following antibodies were used for flow cytometry of mouse cells: α-CD103 

(M290), α-CD44 (IM7) and α-TNFα (MP6-XT22) from BD Biosciences; α-CD8a (53-

6.7), α-Thy1.1 (HIS51), α-CD44 (IM7), Streptavidin APC, α-IL-2 (JES6-5H4), α-CD69 

(H1.2F3) and α-CD45.1 (A20) from eBioscience; and α-Thy1.1 (OX-7), α-CD8b 

(YTS156.7.7), α-CD45.1 (A20), α-IFN-gamma (XMG1.2) from Biolegend; and α-

Granzyme B from Molecular Probes. 

 
3.4.4     Microscopy & antibodies  
As previously described, tissues collected from Petstore mice were fixed in 2% 

paraformaldehyde for 2hours, then washed 3 times with cold PBS before being treated 

with 30% sucrose overnight for cryoprotection. The sucrose-treated tissue was embedded 

in optimum cutting temperature (O.C.T.) freezing medium and snap frozen in an 

2methylbutane liquid bath (Beura et al., 2016). Fresh frozen tissues were positioned in 
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plastic cryomolds and snap frozen as described above and previously (Schenkel et al., 

2013; Steinert et al., 2015). Frozen blocks were processed, stained, imaged, and 

enumerated by quantitative immunofluorescence microscopy (QIM) as described 

(Schenkel et al., 2013; Steinert et al., 2015). All images were acquired on a Leica 

DM6000B LED fluorescent system with motorized z focus stage for fully automated 

image stitching.  

 

The following antibodies were used for immunofluorescence microscopy: α-Thy1.1 

(OX-7) from Biolegend; α-CD8a (53-6.7), α-CD8b (YTS1 56.7.7), α-Ecadherin 

(DECMA-1), α-CD45.1 (A20) from eBioscience; α-Cytokeratin 8 (rabbit polyclonal), α-

Cytokeratin 18 (rabbit polyclonal), from Novus Biologicals; and α-Collagen IV (goat 

polyclonal) from Millipore. DAPI and prolong gold were from Invitrogen. The following 

secondary antibodies were from Jackson Immunoresearch: donkey α-rabbit (polyclonal), 

bovine α-goat (polyclonal), and donkey α-rat (polyclonal).  

 
Two-photon laser scanning microscopy: 

A Leica TCS MP resonance-scanning microscope with two nondescanned 

photomultiplier detectors, two HyD detectors and a Mai Tai DeepSee two-photon laser 

(15 W; Spectra-Physics) was used for imaging. Explanted epididymis was immobilized 

on coverslips, and was maintained at 37C using a heated chamber with circulated RPMI 

1640 media bubbled with 95% O2 5% CO2. Samples were excited with the two-photon 

laser at 920 nm. The x-y acquisition dimensions were 256 × 256µm and were scanned at 

8000 Hz. Z-stacks of 100–150µm at a 2.5µm step size were acquired every 30 seconds 

for 30-45 min. Image analysis was performed using Imaris 8.1x64 software (Bitplane). 
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Chapter 4 

 Conclusions 
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The aim of my thesis has been to investigate the generalizability of resident 

memory CD8 T cell establishment and quantity, and to assess the heterogeneity of TRM 

throughout non-lymphoid tissues. Quantitative imaging methodology revealed the 

overwhelming inefficiency of cell isolations from non-lymphoid tissues. This inefficiency 

was arguably obscuring our view of the host’s immune constitution. Beyond 

underestimations, isolation methodology is biased both phenotypically and 

compartmentally, which further obscured the heterogeneity of CD8 T cells in non-

lymphoid tissues. Microscopy based methods revealed that CD103 expression among 

TRM is over estimated by isolation and flow cytometry. While most TRM (but not all) 

express CD69, CD103 expression was highly variable and overall quite low. These data 

were acquired via parabiosis migration experiments which allowed us to dissociate 

phenotype of CD103 from genuine migration behavior. These findings force us to accept 

that in many tissues the majority of TRM are CD103 negative, thus while many CD69 and 

CD103 expressing cells are TRM many TRM are CD103-. Thus, if we wish to ease the 

burden of parabiosis experiments to define migration properties we must remain open and 

diligent to new markers, as well as embracing the heterogeneous yet widespread 

population that is TRM. Heterogeneity is not an experimental nuisance but likely reflects 

the dynamic and complicated biology of individually functioning, but interconnected 

organs. Perhaps through unlocking the regulation of intra-tissue heterogeneity (eg., is it 

dependent on activating stimulus, site of priming, etc.?) we might better predict 

heterogeneity and more importantly what it indicates about the potential for functional or 

longevity differences.  

Summated, the number of CD8 T cells throughout non-lymphoid tissues was 

nearly a third of all antigen-specific memory CD8 T cells, and more surprising was that 

nearly a third was present in blood. Strikingly, some of the cells found in blood were also 

resident, particularly in large bore vessels of the liver. Most (>80%) antigen-specific 

memory CD8 T cells in non-lymphoid tissues are resident (Summary Figure 4.1). 

However, nuances are important; residence is compartmental and varies by location. This 

data indicate that the immune system is highly integrated with other organ systems and 

much of host immune surveillance takes place outside of lymphoid organs. Overall, 
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widespread distribution in significant quantity suggests that the underappreciated 

establishment of CD8 T cells throughout the body is a major contributor to immune 

surveillance. Indeed, much like the immune-privileged brain, TRM are found in male 

genital tissues including the testes and epididymis. While these tissues demonstrate 

unique immune contexts and regulation, the establishment of large populations of TRM is 

clearly a generalizable result of primary immune activation.  

As has been observed in many other contexts, secondary rechallenge of TRM 

results in activation and local IFNγ production. Just as many non-lymphoid tissues 

demonstrated variability (though minor) in openness to recirculators, male genital tract 

TRM are unique in their functionality. It seems that the MGT immune-regulation actively 

suppresses TNFα production in situ and this maybe be an inherent program of local 

environmental cues as even ex vivo stimulation results in defective TNFα production.  

Many studies have asserted the functional contributions TRM make to secondary 

responses in a number of locations, and consequently championed their potential in new 

vaccination strategies. TRM are heavy lifters. Upon recognition of the broad and 

numerically significant distribution of TRM to non-lymphoid tissues we must now ask, 

what is the role of TEM? While in some ways TRM have been simply ‘added’ to 

immunological subsetology, it is important to recognize that the presence of TRM in many 

ways breaks the TEM/TCM dichotomy. Are TEM truly recirculating or are they 

immunosurveyors of blood vessels? To the contrary, we have captured TEM as they exit 

via lymphatics, indicating that there are true recirculators. One of the upcoming 

challenges will be to determine how each of these populations contributes in a 

coordinated effort to respond to local infection. How do TRM interact with other ‘subsets’ 

and how does apportionment change during and after secondary or tertiary responses? 

Secondary responses and the full and concerted effort made by the overlapping memory 

CD8 T cell subsets and how they function together is important. During secondary 

responses both memory and effector cells will newly interact and their coordination 

against repeated infection will surely alter the dynamics of the response. This work 

demonstrated a non-canonical migratory pathway for both memory and effector CD8 T 

cells to enter directly into recently infected tissue. Naïve cells were excluded from direct 
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transcapsule migration, in accordance with significant prior investigations. This 

mechanism of migration directly into recently infected visceral tissue (without use of 

blood vessels) provides new functional roles for peritoneal recirculating memory CD8 T 

cells. Direct immunosurveillance of visceral organs via CD44 dependent interactions 

likely will extend to pleural cavity organs as well. This mechanism of migration may 

explain promiscuous homing and the seemingly inherent property of distribution of 

effector CD8 T cells, however it certainly further complicates our understanding of 

tissue-specific homing molecules. Transcapsule migration provides a new 

immunosurveillance route for new effector and circulating memory cells to respond to 

local infection directly. It will be important to include this route of surveillance and 

migration in constructing our understanding of local secondary responses in non-

lymphoid tissues.  

Still, complete reconstruction of the memory immune response will likely not be 

revealed through subsequent isolated infectious insults. Rather, how these subsets work 

together in a concerted and ongoing effort against a lifetime of infectious insults (among 

a lifetime worth of memory specificities) will likely bring us nearest to understanding the 

human immunological experience. Recent work with Petstore mice further argues for a 

balance between reductionist experiments and reproducing environmental reality, even at 

the cost of causal interpretation. Overall, this thesis has demonstrated that TRM are 

widespread actors to which the body dedicates significant cell quantity, yet this ‘subset’ 

is mixed in phenotype and likely function. Much work lies ahead to unravel their true 

potential and harness their capacity in vaccination. 
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Figure 4.1: Memory CD8 T cell immunosurveillance is regionalized 
Non-lymphoid tissues, which contain the vast majority of host cells, are the primary 
barriers between the host and the outside non-sterile environment. Most memory CD8 T 
cells that patrol these frontlines are segregated populations (TRM) that confine their 
surveillance locally and do not migrate between other NLT, SLOs, or blood. 
Inflammation caused by local reinfections that are not rapidly eliminated attracts both 
TEM and TCM reinforcements from blood and marginated pools. When reinfections breach 
frontline barriers, pathogens and associated foreign antigens reach the SLOs where 
immunosurveillance is dominated by TCM that are poised to proliferate and provide 
additional reinforcements that migrate to NLTs.  
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