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RESUMO 

Caracterização das células T CD8+ residentes nas glândulas salivares e o impacto da infeção por MCMV 

no seu recrutamento e retenção. 

Células T CD8+ residentes (TRM) são mediadores cada vez mais importantes na resposta imunitária 

em diversos tecidos. Estas células têm como função a patrulha de tecidos, tendo sido descritas como 

parte da primeira linha de defesa em órgãos como a pele, pulmões, trato digestivo e cérebro. Devido à 

persistência das TRM nos tecidos e à sua resposta efetora, a promoção destas células em barreiras naturais 

e em locais onde ocorre replicação viral pode ter um impacto significativo na patogénese destas infeções. 

Assim, as TRM são alvos interessantes de estudo quando consideramos infeções víricas latentes como a 

causada pelo Citomegalovirus (CMV). Contudo, para otimizar o papel destas células é crucial 

compreender os mecanismos envolvidos na sua diferenciação e residência. Para além de descrever as 

alterações que ocorrem após infeção por CMV, este trabalho focou-se no estudo dos mecanismos 

envolvidos na diferenciação de TRM na glândula salivar, órgão crucial para a replicação e disseminação do 

CMV. Os resultados demonstram que embora a infeção por CMV promova o recrutamento de células T 

CD8+ para a glândula, a diferenciação de TRM ocorre de forma similar mesmo na ausência de infeção ou 

antigénio, o que contrasta com o que está descrito na maioria dos órgãos. Estes dados sugerem que 

mesmo nas glândulas salivares de ratinhos naïve existem sinais que possibilitam a diferenciação de TRM. 

Assim, o recrutamento de células T CD8+ para a glândula salivar torna-se um passo essencial na 

formação de TRM. Segundo o nosso trabalho a integrina a4b1 surge como um mediador no recrutamento 

de células T CD8+ para glândula salivar independentemente da infeção por CMV. Por outro lado, embora 

a infeção resulte no aumento de quimocinas reconhecidas pelos receptores CXCR3 e CCR5 na glândula 

salivar, nenhum destes receptores tem um papel determinante no recrutamento de células T CD8+. 

Curiosamente, a expressão do receptor CXCR3 promove a acumulação de células T CD8+ na ausência 

de infeção por CMV.  

Este trabalho representa uma mais valia não só pela caracterização das alterações que ocorrem 

na glândula salivar após infeção por CMV, mas também pelo estudo do impacto que a infeção tem no 

recrutamento de células T CD8+ e na formação de TRM.  

 

Palavras-chave: Células T residentes; Citomegalovirus (CMV); Glândulas salivares 
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ABSTRACT 

Characterization of CD8+ Tissue-resident memory T cells in the salivary gland and the impact of MCMV 

infection on T cell recruitment and retention. 

Tissue-resident memory CD8+ T cells (TRM) are crucial members of the adaptive immune system 

in different organs. These cells function as patrollers and first-responders of the immune response in 

organs such as the skin, lungs, digestive system and the brain.  

Due to the long-lasting persistence and the prompt effector ability of the TRM cells within the 

residing tissues, promoting these cells in barrier sites and organs that permit viral replication can 

significantly impact the pathogenesis of infection and the resulting disease. Consequently, TRM cells are 

interesting cells to study in the context of a life-long latent infection such as the one caused by 

Cytomegalovirus (CMV). However, to take advantage of the potential role of these cells it is vital to 

understand the mechanisms involved in TRM cells differentiation and residency. Besides describing the 

changes in the salivary gland following CMV infection, this work focused on understanding the 

mechanisms involved in TRM differentiation in the salivary gland, where CMV replicates and spreads 

through saliva.  

The results presented here demonstrate that although CMV infection promotes CD8+ T cell 

recruitment to the salivary gland, TRM, in contrast to most of the other organs, are able to differentiate in 

the absence of local infection or cognate antigen. This result suggests that the cues involved in TRM 

differentiation exist in the salivary gland at a steady state which indicates that CD8+ T cells entry in the 

salivary gland is a crucial step in TRM differentiation in the salivary gland. According to our results, CD8+ T 

cell migration to the gland is mediated by a4b1 integrin both in infected and uninfected mice. 

Interestingly, while CMV infection increases the expression of chemokines recognized by the CXCR3 and 

CCR5 receptors, neither receptor was needed for T cell recruitment to the salivary gland during CMV 

infection. Surprisingly however, CXCR3 expression promoted the accumulation of CD8+ T cells in the 

uninfected salivary glands.   

The novelty of this work relies not only on the characterization of the changes caused by CMV in 

the salivary gland, but also on the impact of CMV infection in CD8+ T cell recruitment and TRM 

differentiation. Moreover, unveiling some of the mechanisms involved in CD8+ T cell recruitment to the 

salivary glands may contribute to the development of preventive and therapeutic approaches to salivary 

gland-related diseases such as CMV.  

 
Keywords: Tissue-resident memory T cells; Cytomegalovirus (CMV); Salivary glands. 
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1.1    Tissue-resident memory T cells 

CD8+ T cells 

Early thymocyte progenitors migrate from the bone marrow to the thymus where T cells mature.1,2 

After a complex differentiation process, multiple subsets of T cells such as cytotoxic, helper, regulatory, 

gd  and natural-killer (NK) T cells emerge and are characterized by the expression of the T cell receptor 

(TCR).3–5 These subsets differ not only in function but also in the expression of surface molecules. 

Simplistically, cytotoxic T cells express the CD8 co-receptor and can directly kill other cells and modulate 

other branches of the immune response.6,7 Whereas helper T cells express the CD4 co-receptor and 

orchestrate the adaptive immune responses mainly by cytokines and chemokines production.8 Both 

subsets are an essential part of the adaptive immune system and are commonly described as CD8+ T or 

CD4+ T cells according to their expression of co-receptors. As the TCR, both CD8 and CD4 glycoproteins 

also interact with the major histocompatibility complex (MHC)-I or MHC-II respectively, thus promoting T 

cell activation, differentiation and function.9–11 

 CD8+ T cells are particularly relevant in response to intracellular pathogens and since they are 

the main focus of this work, these cells will be further characterized. During the differentiation of T cells 

in the thymus, TCR recombination occurs providing a unique specificity to CD8+ T cells that can comprise 

either a/b or g/d chains.12,13 As for the CD8+ T cell in this work, most of CD8+ T cells have TCRs formed 

by a/b chains.14 T cells leave the thymus in their naïve form to circulate through the blood, lymph and 

secondary lymphoid organs until antigen recognition and T cell activation.7,15 T cell activation usually 

happens in the secondary lymphoid organs and is a complex process that will only be succinctly 

described. Activation of T cells depends on their specificity and ability to recognize an antigen bound to a 

MHC, which leads to TCR aggregation and conformational changes that promote intracellular signals and 

T cell activation.16 Besides TCR-MHC interaction (signal 1), costimulatory signals such as CD28/CD80; 

CD27/CD70; 4-1BB/4-1BBL and OX40/OX40L (signal 2) are necessary for T cell activation and play a 

role in peripheral tolerance.17–20 Finally, pro-inflammatory cytokines such as type I Interferon (IFN-I) and IL-

12 (signal 3), among several others, are also engaged in this process that ultimately leads to a robust 

interaction between cells, signal transduction and consequently CD8+ T cell activation with several 

transcriptional and functional changes.7,20  

As mentioned before, despite their multiple roles, activated CD8+ T cells mostly patrol and kill 

target cells. This can be achieved in different ways. CD8+ T cells can produce and release cytokines such 

as interferon gamma (IFN-g) and tumor necrosis factor alpha (TNF-a). TNF-a signal, among others, leads 



 4 

to a caspase mediated apoptosis, while IFN-g, among other things, promotes MHC-I expression, both of 

which promote destruction of the target cell.21–23 Additionally, direct killing also occurs either by the Fas-

Fas ligand interaction between CD8+ T cell and the target cells, or by the action of the highly cytotoxic 

granules with perforin and granzyme.24–26 

The fate of activated CD8+ T cells is very heterogenic and depends on multiple factors.27,28 Although 

most of the CD8+ T cells undergo apoptosis following most of the acute viral infections, a smaller fraction 

of cells survive and constitute the memory pool.29,30  

All the studies done with CD8+ T cells allowed us to use several markers to better define CD8+ T 

cells and its subsets. Differences exist between human and rodent CD8+ T cells and their markers. 

Therefore, it is important to note that all the experiments performed and the CD8+ T cell markers used in 

this introduction refer to the mouse model, if not otherwise specified.  

Classically, CD8+ T cells can be simply divided into naïve, short lived effector and memory T 

cells.31,32 After a viral infection and CD8+ T cell activation, this population is dominated early on by short 

lived effector cells that are characterized by the expression of the killer cell lectin-like receptor subfamily 

G member 1 (KLRG1) and their brief lifespan and robust cytotoxic activity32. In contrast, memory T cells 

survive longer due to homeostatic proliferation, mostly through IL-15 and IL-7 signals, that lead to a higher 

expression of anti-apoptotic molecules, such as B-cell lymphoma (Bcl) 2.30,33 For most viral infections, the 

short-lived effector population contracts after the first week, resulting in a dominant memory T cell pool 

that is usually divided in central memory T cells (TCM) and effector memory T cells (TEM).34,35 TCM (CD62L+, 

CCR7+ and IL- 7Rα/CD127+) are highly proliferative and can be found in the blood and in the secondary 

lymphoid organs such as the spleen and lymph nodes.30,31,36,37 TEM (CD62L-, CCR7-, IL- 7Rα/CD127+) have 

higher cytotoxic activity and were thought to be the only and main source of surveillance of non-lymphoid 

organs.31,37,38 However, the characterization of CD8+ T cells is still a complex topic and the fate of these 

cells is influenced by a variety of factors such as: cell division; priming conditions; antigen presenting cell; 

co-stimulation and the cytokine milieu. Thus, from activation to differentiation and survival of CD8+ T cells, 

the extracellular inputs that modulate CD8+ T cells are extremely diverse, which makes the study of these 

cells intricate as captivating.  

 

Tissue-resident memory T cells, a subset of CD8+ T cells 

During the last decade, attention was brought to a distinct population of memory CD8+ T cells. 

These cells did not completely fit the central/effector memory paradigm, since they remained for 

extended periods of time in the non-lymphoid organs without recirculating. Therefore, they were not in 
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equilibrium with the rest of the memory subsets.39,40 These CD8+ T cells were named Tissue-resident 

memory T cells (TRM).39,41  

TRM are, therefore, long-lived memory cells that reside in the non-lymphoid organs and act as first-

responders in case of re-exposure to pathogens within those organs (illustration 1).42–45 TRM were primarily 

described in organs such as the skin, digestive tract, lungs, and reproductive tract, which elicited the idea 

that these cells would have a key role in protecting barrier tissues.44,46–50 Interestingly, TRM have also been 

shown to be present in multiple other organs such as kidneys, liver, heart, brain, and salivary gland.41,44,49,51–

61 

 

|Illustration 1 – Memory CD8+ T cells’ subsets and tissue distribution.  

Memory CD8+ T cells are divided in multiple subsets. Central memory T cells (TCM) have higher proliferative 

capacity and preferentially home to secondary lymphoid organs. Effector memory T cells (TEM) present 

high cytotoxic activity and are frequently found in circulation and in non-lymphoid organs. The tissue-

resident memory T cells (TRM) is the most recently described subset that mostly remains in the non-

lymphoid organs and present limited recirculation [illustration adapted from the works of Smith et al. 

(2015) and Mueller et al. (2016)59,62]. | 
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The localization and the effector ability of TRM were early indicators that these cells could be crucial 

for a prompt immune response in sites of pathogen entry and infection. It has been shown that in most 

tissues TRM have a protective response to a wide variety of infections.45 TRM confer protection from viral, 

bacterial and parasitic infections, which highlights the essential role of TRM in tissue immunity.39,48,63–66 

Besides the local TRM differentiation, Kadoki et al. (2017), suggested that IFN-I production after infection 

can promote TRM seeding to multiple organs allowing for local and distant protection.67 The protective role 

of CD8+ T cells relies on their effector function characterized by the cytotoxic elimination of cells as well 

as cytokine production.7,68 These functions are shared by the TRM and appear to be enhanced in this subset 

of CD8+ T cells. TRM also have a faster recall response that can be explained by the robust production of 

granzyme b, TNF-a, and IFN-g.65,68,69 After antigen recognition in the tissues, TRM can also mediate a faster 

recruitment of multiple unstimulated memory T cells through IFN-g signaling.50 Therefore, it is thought 

that re-exposure of antigen in the tissue results in an inflammatory milieu and TRM activation that, in turn, 

leads to a prompt cytotoxic response limiting pathogen replication and spread.50 This initiate an alarm 

signal that further enhances the local immune response. Due to their immune roles and long persistence 

in the tissues, it becomes interesting to study TRM in organs that are susceptible to multiple and frequent 

infections such as the lungs, where these cells might be relevant upon re-stimulation.63,66 Similarly, TRM are 

fascinating immune mediators in latent viral infections with reactivation potential, such as herpesvirus 

infections, that can benefit from an early in situ immune response.43,70,71  

The fast response within the tissues and the ability to early control and limit infection has driven 

new efforts to promote these cells upon vaccination.72–74 Zens et al. (2016), demonstrated that vaccine-

induced TRM were able to protect and reduce morbidity after an influenza challenge.66 Indeed, 

understanding the mechanism involved in TRM differentiation in different tissues is necessary to optimize 

their tissue homing and residence, which is crucial to consider in a vaccine design.  

Remarkably, cells that share TRM phenotype (CD69+ CD103+ CD49a+) have also been described in 

tumors and due to their long life span, localization, and cytotoxic activity, TRM have become an exciting 

topic in antitumor immunity.75–77 In fact, TRM have been associated with increased survival in breast; ovarian 

and lung cancer.74,78–81  

On the other hand, the prompt response of these cells can lead to exacerbated immune 

responses. Therefore, it is not surprising that TRM have also been linked to autoimmune diseases such as 

psoriasis and vitiligo.82–84 

 

 



 7 

TRM phenotype 

Maintenance in the tissues is the hallmark of TRM. Initially, to effectively validate TRM residency, 

parabiosis techniques were used.48,85 However, parabiosis experiments are laborious and challenging.86 As 

such, with further phenotypic characterization of these cells, the expression of surface molecules as TRM 

markers in some tissues (e.g. CD69+, CD103+, CD49a+) became a convenient way to define likely TRM 

populations without the need for parabiosis.45,62,87 

Most TRM express CD69, a C lectin type which, although not exclusive of TRM, is an important 

marker.44,62,88,89 Since it can be found in other immune cells such as NK, dendritic cells (DC) and effector 

CD8+ T cells, the use of this marker to analyze TRM requires a careful exclusion of such populations.90,91 T 

cell activation and downregulation of Krüppel-like factor 2 (KLF2) are inducers of CD69 expression.54,90 

Upregulation of CD69 expression promotes Sphingosine-1-phosphate (S1P) receptor internalization, 

resulting in diminished signaling and, thereby, decreased tissue egress.54,92 Actually, the lack of CD69 or 

the maintenance of the S1P signal results in a diminished TRM population in most organs studied such as 

skin, lungs and the salivary gland.54,93,94  

Another common TRM marker (not exclusive to TRM) is the αE chain of the αEβ7 integrin also known 

as CD103. Although less universally associated with TRM than the CD69 marker, CD103 is expressed in 

TRM in the lungs, skin, brain, gut and the salivary glands.46,48,49,53,59–61,63,93,95–97 Most studies have shown that 

transforming growth factor beta (TGF-b) signaling promotes CD103 expression on CD8+ T cells, however, 

other stimuli, such as IL-15 in the skin or CCR9 in the gut, have produced the same effect.59,93,98–100 The 

αEβ7 integrin expressed by T cells can bind to E-cadherin expressed on epithelial cells.101 This allows 

tethering to occur, which has been described as the main role of CD103 on TRM.101 Indeed, the manipulation 

of CD103 expression has a significant impact on TRM numbers in the skin, brain, gut and lungs.49,53,94,102,103 

Nonetheless, Bergsbaken et al. (2015) have shown that this may not be true for all gut 

compartments, since CD103- TRM can be formed in the lamina propria.104 As in the gut, CD103- TRM have 

also been described in the skin.93,105 Besides the gut, E-cadherin is also widely expressed in the epithelial 

cells of the salivary glands.61106 However, even though TRM in the salivary glands tend to be CD103+, CD103 

knockout (KO) did not significantly impact long-term TRM population in this organ.60   

Combined, these data suggest that CD103 is not universally crucial for TRM differentiation even in 

organs enriched in E-cadherin. Some organs such as the brain have poor E-cadherin expression whilst 

CD103 is still present on TRM, which suggests a different role for CD103 besides tethering.53,107 Several 

alternative explanations are possible. For instance, alternative aEb7 ligands may exist but remain 

unidentified in those organs. Alternatively, CD103 expression might tighten the adhesion with antigen-
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presenting cells (APC), or simply that CD103 expression may be a bystander effect of the TRM 

differentiation pathway. Therefore, it is important to note that although expressed by TRM in most organs, 

CD103 is not a universal TRM marker.  

Another TRM core marker is the CD49a (VLA-1a / a1 chain of integrin a1b1). Its key function is 

binding to the collagen IV present in the basal membrane of the mucosal epithelium.45 This interaction 

allows for cells to adhere but also facilitates migration along the collagen within the tissue.108 CD49a has 

also been shown to impact CD8+ T cell survival and differentiation within the tissue, being important for 

T cell localization in organs such as the lungs and intestine.39,68,109–111  

CD44 has a similar effect since it helps to stabilize the T cells differentiation and has affinity for 

extracellular matrix components and selectins. Studies suggest that CD44 can associate with integrins 

(CD49d/VLA-4; a4b1) on the surface of T cells promoting cell survival and T cell homing to the 

organs.112,113 Although expressed by TRM, CD44 is also detected on effector and memory T cells since its 

expression usually indicates T cell activation.112,114 

Besides the previous markers, TRM in multiple organs such as the brain and lung, also express 

programmed cell death protein 1 (PD1), a member of the CD28/CTLA-4 (Cytotoxic T-lymphocyte–

associated antigen 4) family of inhibitory receptors.45,79,115 PD1 has been classically described in exhausted 

CD8+ T cells and its expression is induced by TGF-b signaling.75,116 Most of the TRM (especially the CD103+) 

express this exhaustion marker, surprisingly however they seem to maintain some of their effector 

abilities.117,118 Although PD1 expression limits T cell activation in some tumor studies, this effect is not 

universal and the role of PD1 seems to vary according to the organ/conditions.119,120 Work by Campbell et 

al. (2008) suggests that Murine Cytomegalovirus (MCMV)-specific CD8+ T cells in the salivary gland 

express PD1 that does not contribute to exhaustion or viral persistence in this organ.121 Similarly, our 

unpublished data showed that TRM in the salivary gland retain function even though expressing PD1. It is 

conceivable that the TGF-b signal in the organs promotes both CD103 and PD1 expression on T cells. 

More work is required to distinguish the role of PD1 in TRM, however, an interesting hypothesis is that PD1 

expression modulates the effector function of TRM, possibly as a safety mechanism to avoid an exaggerated 

immune response.75  

In line with mouse models, human TRM also seem to express CD103, CD69, CD49a, PD1, 

downregulate CD62L, S1P receptor 1, KLF2 and have a distinct transcriptional profile from the TEM.68,87,93,122 

However, making extrapolations from animal models should be done with caution since disparities in TRM 

properties have been described. As an example, the homolog of B lymphocyte-induced maturation protein 

-1 (Blimp-1) in T cells (Hobit) is upregulated in TRM in mouse studies, which does not seem to happen in 
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human TRM.87,123,124 CD101, that can be expressed by different lymphoid subsets and limits T cell proliferation 

and function, has been suggested as an additional marker for human CD8+ TRM, while it is associated with 

regulatory T cells in mice.87  

Altogether, a common core has been described for most TRM even though the markers used should 

be evaluated according to the subject and tissue of interest. As done previously by multiple groups, in 

this work TRM were characterized using CD69 and CD103 as markers.59–61,63,125,126  

 

TRM differentiation 

 Although evidence suggests that there are cells committed to become TRM, the precursors have 

not been fully identified. It is known that TRM precursors cells lack KLRG1. Most studies indicate that TRM 

arise from KLRG1- CD127+ common precursors to memory cells, but it is still debatable if TRM precursors 

can be KLRG1+ effector cells that subsequently lost the KLRG1 expression.93,96,127–130  

The TRM differentiation may rely on specific transcriptional cues. In fact, differentiation of different 

T cell lineages depends on crucial transcription factors. Even at early differentiation stages the presence 

of transcription factors, such GATA-3 and Notch1, are crucial for the T cell differentiation.131–134 Similarly, 

runt-related transcription factor 3 (Runx3) promotes the cytotoxic lineage, whereas, Id3 transcription 

factor T-cell factor 1, eomesodermin (Eomes) and Bcl6 are linked to TCM, while T-bet, Blimp1 and Id2 are 

more related to TEM differentiation.127,135–139 Likewise, some transcription factors have been linked to mouse 

TRM differentiation. Interestingly, as for TEM, TRM require Blimp1. Indeed, both Blimp1 and Hobit are crucial 

for TRM maintenance in the skin, gut and liver, due to suppression of egress genes, at least in mice.123 

Moreover, Milner et al. (2017), demonstrated that Runx3 promotes not only TRM differentiation, but also 

survival.140 Additionally, T-box transcription factors are also important for T cell differentiation being T-bet  

associated with effector cells, while Eomes is linked to memory cells.127,141 Interestingly, TRM tend to be 

negative/low for these T-box transcription factors.142–144 The low expression of T-bet/Eomes allows for 

upregulation of TGF-b signaling and CD103 expression.145  

Although a single master transcription factor has not yet been identified for the TRM lineage, TRM 

tend to express transcription factors that partially overlap with both TEM and TCM, which is in line with their 

characteristics and might explain their effector functions and survival abilities.  

 

Migration of CD8+ T cells to the tissue  

Although the TRM precursors have not yet been clearly identified, it is thought that most of TRM 

differentiate from KLG1- CD8+ T cells within the residing tissue. Therefore, migration to and within the 
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organs are essential steps in TRM differentiation. Migration of CD8+ T cells is dependent on the homing 

receptors expressed on their surface and respective ligands found in the vasculature and tissues. 

Although CD8+ T cell migration from the blood to the extravascular compartment is a complex 

process, it can be divided in four essential steps: 1) rolling/tethering, 2) activation, 3) adhesion and 4) 

diapedesis, in which selectins, chemokines and integrins are the main mediators (Illustration 2).146–148  

 

 

|Illustration 2 – Transendothelial migration. 

Representation of the steps involved in leukocyte extravasation into tissues: 1) Rolling/tethering, 2) 

activation, 3) adhesion and 4) diapedesis. The transendothelial migration process is regulated by different 

adhesion molecules, both in the leukocytes and endothelial cells. These mediators can change depending 

on the tissue and the inflammatory condition. Although not limited to each step, for simplification, 

examples of selectins (represented in blue in the illustration), chemokines (represented in green) and 

integrins (represented in pink) are shown. | 

 

Rolling/tethering of CD8+ T cell 

The migration process starts with the rolling and tethering of the CD8+ T cells to the endothelial 

wall. This step is dependent on selectins that can be either expressed by the T cells, as the L-selectin 

(CD62L), or by the endothelial surface of the vasculature generally induced by inflammatory cytokines.149,150 

P and E selectins are examples of this last group and can be recognized by the P selectin glycoprotein-1, 

E-selectin ligand-1, CD44 and CD43 on T cells.151–154 The skin is representative of this mechanism where 

inflammation induces the expression of E and P selectins in the post capillary venules that then bind to 
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P selectin glycoprotein-1, CD43 and CD44 facilitating the CD8+ T cell recruitment.152,155–157 In fact, mice 

deficient in E, P and L selectin-ligands show impaired recruitment of T cells to the skin.158  

 

Activation 

The resulting rolling motion created by the action of selectins allows for chemokines to bind the 

seven-transmembrane cell surface G-protein-coupled chemokine receptors expressed by CD8+ T cells 

allowing for intracellular signaling.159,160  

Chemokines were classically divided based on their function: pro-Inflammatory, produced as 

consequence of infection, inflammation, or by tumor cells (e.g. CCL2-CCL5, CCL11, CCL13, CXCL1-

CXCL8, CX3CL1), or homeostatic chemokines that regulate cell migration during the development or 

maintenance of the tissue (e.g. CCL18, CCL19, CCL21, CXCL12, CXCL13). However, due to the mixed 

function of some chemokines (such as CXCL9-CXCL11, CXCL16, CCL1, CCL17, CCL22, CCL25), 

chemokines are now more commonly organized by structure, according to their first cysteine residue (C, 

CC, CXC, CX3C).161–163 Chemokines can be produced by the endothelial cells of the vasculature or within 

the adjacent tissue.161,164 Infection and inflammatory states lead to an increased and specific production of 

chemokines by immune cells, such as macrophages and DC in the tissue, which leads to T cell 

recruitment.163,165–168 Thus, cells within the tissue can also modulate the migration pathways of new immune 

cells.  

The interaction of the chemokine receptor with its cognate chemokine ligand promotes 

transmigration while inducing several signaling pathways that modulate polarization of the cell, actin 

reorganization, and gene transcription.169–171 Moreover, chemokines are not only important for cellular 

recruitment but also for localization of the cells once in the organ.  

The study of homing molecules is essential in understanding TRM differentiation and has been 

gathering increasing attention. The chemokines involved in T cell homing are widely tissue-specific. 

Recently, it has been described that CXCL17-CXCR8 interaction mediates migration of TEM and TRM to the 

vaginal mucosa after herpes infection.172 Similarly, CCL27 expressed by keratenocytes and CCL17 by 

endothelial cells in the skin, mediate T cell recruitment through CCR10 and CCR4 expression on T 

cells.173,174 Moreover, CXCR3, CCR5, CCR3, CCR4 and CCR8 have also been implicated in T cell migration 

to the skin, which demonstrates the promiscuous and complex nature of the chemokine/receptor 

expression within the different organs and T cells.175–179 This complexity can even occur within the same 

organ which is further exemplified in the gut where most CD8+ T cells of the small intestine express CCR9, 

which correlates with the constitutive expression of its ligand (CCL25) by the epithelial cells in this portion 
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of the gut.180,181 Surprisingly however, the CCR9-CCL25 interaction does not seem essential for CD8+ T cell 

migration to all of the sections of this portion of the gut.181 Therefore, the complexity of chemokine-ligand(s) 

that promote migration should be carefully studied by organs or even more particular tissues. 

As suggested above chemokines not only promote transmigration but also localization of T cells 

within the organs. As examples, the chemokine receptor CCR5 is important for both CD8+ T cell entry and 

placement in the lungs after viral infection and T cell proximity to tumor cells, whereas CXCR3 mediates 

T cell localization near infected cells and their effector functions in the skin.182–184 

Since multiple chemokine-ligand pairs can exist and have similar results, finding the 

chemokine(s) involved in CD8+ T cell migration and TRM differentiation to different tissues is relevant but 

challenging. 

 

Adhesion phase of CD8+T cells transendothelial migration 

The chemokine-receptor binding, besides chemotaxis, also allows for integrin activation, which is 

key for the adhesion phase of transendothelial migration.150,185,186 Integrins are formed by an alpha and a 

beta chain. Vertebrates express 18α and 8β subunits that can generate a minimum of 24 different integrin 

heterodimers.187,188 This panoply of heterodimers mediates firm adhesion of T cells to endothelial cells. The 

induction of a4b1, a4b7 and aLb2 upon activation followed by binding to molecules such as 

Intercellular adhesion molecule (ICAM) 1 and 2 and the vascular cell adhesion molecule (VCAM)-1 have 

all been linked to T cells arrest and migration.146,187,188 

Understanding these mechanisms allow us to modulate these components towards a clinical 

benefit. In fact, natalizumab, an anti-a4 integrin monoclonal antibody, has been approved by the Food 

and Drug Administration for the treatment of Crohn’s disease.189,190  

 

Variables that impact CD8+ T cell migration to the tissues 

All the previously described mechanisms contribute and are synergistically important for the 

transendothelial migration of the CD8+ T cells. However, a variety of intrinsic and extrinsic variables impact 

the expression of these homing receptors on T cells. 

CD8+ T cell subset:  

The differentiation state of the T cells is important to consider when studying their migratory 

properties. While the Lymphocyte function associated-antigen 1 (LFA-1) is expressed in all subsets of 

CD8+ T cells, naïve cells tend to express L-selectins and CCR7, whereas memory and effector cells express 

a wider pattern of homing molecules that can include P-selectin glycoprotein ligand-1, CD44, CXCR3, 
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CCR3-CCR6 VLA-4 and a4b1.191–193 The expression of these homing receptors may remain and be 

expressed by memory T cells as for the LFA-1 and VLA-4, or be transiently expressed as for the a4b1.191,194 

These differences partially explain the localization and migratory patterns of the different CD8+ T cell 

subsets. 

CD8+ T cell priming:  

Additionally, the conditions and site of CD8+ T cell activation are crucial for the differences in 

integrin expression and might also determine the CD8+ T cell tropism. In the gut, Mora et al. (2003), 

showed that CD8+ T cell activation with DC from Peyer´s patches induce the expression of a4b7 integrin 

as well as CCR9 in opposition to DC from peripheral lymph nodes.195 Moreover, the integrin binding 

potential can be promoted by TCR signaling, which further leads to the expression of glycotransferases, 

thus modulating the selectins being expressed on the T cell surface.194,196,197 Similarly, the route of 

immunization can impact the type and amount of homing molecules expressed on T cell.198,199 Therefore, 

differences in the priming conditions can significantly determine the migratory ability of the CD8+ T cells.  

Tissue environment:  

The homing molecules involved in T cell transendothelial migration in each tissue can also change 

under different conditions. For example, the a4b7 integrin is important for T cell homing to the gut under 

homeostatic conditions, however, this dependence was not severely seen after rotavirus infection, which 

may be related with the viral induction of chemokines in intestinal epithelial cells.200,201 Besides directly 

inducing homing molecules in epithelial cells, infection and the resulting increase in immune cells to the 

tissue also influence the distribution of chemokines and integrins/ligands expressed in that tissue. This 

is demonstrated after influenza virus infection, after which human DC express multiple chemokines, which 

leads to further recruitment of other immune cells.165 Similarly, neutrophils in inflamed tissues lead to 2-

(ω-carboxyethyl) pyrrole accumulation that in turn serves as an integrin ligand facilitating migration of 

macrophages to the tissue.202  

Nakanishi et al. (2009) demonstrated that after Herpes simplex virus (HSV)-2 infection, the 

production of IFN-g by CD4+ T cells within the female reproductive tract induces  CXCL9 and CXCL10 

expression, which promotes in CD8+ T cell recruitment.203 This once again suggests that the mechanisms 

of T cell migration can vary depending on the inflammatory and infectious status of the tissues. 

As described before, multiple molecules are involved in CD8+ T cell migration and homing. 

Moreover, several determinants impact the expression of these molecules from the type of cell to the 

environment of the tissue. Therefore, due to the complexity and promiscuous nature of these 

mechanisms, it is a daunting task to understand the players involved in CD8+ T cells migration to the 
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different organs. Nonetheless, it is crucial to characterize these mechanisms and players to further 

understand the role of CD8+ T cells and TRM within the organs. Deciphering the mechanisms involved in 

CD8+ T cell migration to different organs may reveal clues important for TRM manipulation and thus promote 

local immunity.204  

 

In situ signals involved in TRM differentiation 

Cytokines and chemokines 

After reaching the organs, the signals received in situ are another essential part in TRM 

differentiation. So far, TGF-b; IL-33 and TNF-a were capable of inducing TRM phenotype (CD69+ and 

CD103+) in recently activated and memory CD8+ T cells.49,59,117,205 These cytokines were also able to induce 

a downregulation of KLF2, which contributes to tissue residency as previously described.54 A recent report 

using MCMV demonstrated the in vivo importance of IL-33 in developing TRM in the salivary gland and that 

even exogenous IL-33 promotes this differentiation.206 As suggested before, the presence of chemokines 

within the tissue can also contribute to TRM diferentiation. In fact, CCR9-CCL25 interaction has been shown 

to induce the expression of CD103 in CD8+ T cells.100 With further TRM study in different organs, other local 

signals involved in TRM differentiation are likely to be revealed. 

 

Survival cues for TRM in the tissue 

Most TRM form shortly after an infection and persist for long periods. Although they can be 

replenished from circulatory cells, this seems to be a secondary mechanism.44,53,89,207 Even after infection, 

where high number of virus-specific CD8+ T cells can be found in circulation long after the initial infection, 

as for Cytomegalovirus (CMV), TRM are mostly formed at acute time-points.59 Therefore, survival cues within 

the tissue are another crucial aspect when considering these long-lived resident T cells.  

As briefly discussed before, the low levels of T-bet in both murine and human TRM is essential for 

the TGF-b and Hobit signals to occur.145 However, the remaining limited T-bet signal seems to be key for 

IL-15R expression in T cells.145 This expression mediates not only homeostatic division in memory CD8+ T 

cells, but also TRM homeostatic proliferation and survival in some organs such as the skin and the salivary 

gland.145,208 However, as most of the determinants of TRM differentiation, the survival cues seem to be tissue-

specific. For example, in opposition to the previous data, TRM in the brain and the female reproductive 

tract do not seem to be dependent on IL-15 for survival.143,209 Both TRM differentiation and survival cues 

seem to be dependent on the characteristics of the tissue and organ studied. Consequently, it is logical 
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to consider conditions that alter the tissue environment, such as the presence of antigen and 

inflammation, as a stimulus for TRM differentiation. 

 

The role of antigen and local inflammation in TRM differentiation 

The inflammatory state and the recognition of local antigen within the tissues could potentiate TRM 

differentiation, not only by increasing tissue-homing molecules, but also cytokines involved in TRM 

differentiation. In fact, for most organs, the presence of infection/inflammation or antigen promote either 

TRM differentiation or residency.43,48,58,210 In the skin, one of the most well-studied organs in respect to TRM, 

antigen is not absolutely required for TRM differentiation. However, as for most organs, the presence of 

antigen promotes TRM differentiation, CD69 expression, residency and modulates the CD8+ T cells’ 

specificity repertoire.43,105,211,212 In a similar fashion, antigen is important for long-term residency of TRM in the 

lung parenchyma and brain.53,94,210,213–215 

After an acute viral infection, TRM can be replenished in the lungs by TEM in an antigen-independent 

manner, through IL-33 and TNF-a dependent signaling.205,207 However, without infection the TRM population 

tends to diminish with time.89,105 A different TRM niche has also been described in the lungs and it is believed 

to be promoted by tissue damage and the resulting local production of TGF-b and IL-15.89,216 Therefore, 

local inflammatory milieu might overcome the necessity of local antigen in TRM differentiation.217,218 Although 

it is important to note that most systemic infection models lack significant TRM numbers in the lung 

parenchyma, contrarily to what is seen after a direct lung infection.63,66 This is possibly due to the lack of 

local antigen or absence of tissue inflammation or injury in a systemic infection without a lung tropism. 

Moreover, a prime and pull model (comprised of a first systemic immunization: prime, followed by a 

recruitment strategy as a local inflammatory signal: pull)  induced TRM differentiation in the female 

reproductive tract without local antigen.51 As in this case, it starts to become apparent that an 

inflammatory milieu in the tissue may be sufficient to attract CD8+ T cells and form TRM. Nonetheless, the 

presence of antigen tends to promote and boost the TRM numbers. In fact, so far, very few organs could 

harbor TRM differentiation and their long-term residency in the absence of local infection or inflammation. 

The main exception is the gut, where persistent antigen seems to inhibit TRM differentiation as 

demonstrated by the delayed induction of the TRM marker CD103.49,144 Recent data, including our own, 

suggest that TRM form in the salivary gland of naïve mice.60,61,219 Moreover, Woyciechowski et al (2017) 

showed that Poly(I:C) promotes CD8+ T cell recruitment to the salivary gland in a a4b1 dependent way, 

suggesting that inflammation allows CD8+ TRM differentiation in this organ.125 Therefore, it was expected 
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that infection of the salivary gland by a virus such as CMV, would promote CD8+ T cell recruitment and 

TRM differentiation. 

TRM are recently described and exciting players of the adaptive immune system. Not only is it 

tempting to think that the robust and ubiquitous presence of these cells might confer a biological 

advantage, but more and more evidence continues to emerge revealing their multiple roles. Although 

some common characteristics can be defined, it is clear that the differentiation of these cells is tissue-

specific, which limits the possibilities for extrapolations between different organs. Therefore, the 

characterization of these cells, the determinants of their differentiation and residency must be done for 

each of the target tissues. For most organs, this remains a challenge and an essential goal to further 

understand TRM. These cells form after a variety of viral infections and, considering their long-term 

residency, TRM become even more interesting to study in the context of a life-long latent infection. For all 

that has been said, it is appealing to think that the presence of antigen-specific TRM in the tissues that 

support viral replication and latency can confer protection, control of viral replication and even 

transmission. Therefore, studying CD8+ TRM in the context of a prevalent latent infection such as the one 

caused by CMV is attractive and useful to better understand the acquired immune response to these 

infections. Hence, the work developed during this thesis focused on unraveling the mechanisms involved 

in CD8+ TRM differentiation in the salivary glands and the impact that CMV infection has in this process.  
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1.2     Cytomegalovirus  

Human cytomegalovirus (HCMV) is an enveloped double-stranded linear DNA virus that belongs 

to the b-hespesvirinae subfamily and stands as the largest human herpesvirus.220,221  

CMV is a highly species-specific virus that has evolved with its hosts for millions of years.222 

Therefore, animal models are useful tools to understand the physiopathology of infection. Multiple animal 

models have been described from rats to guinea pigs, pigs and rhesus macaques.223,224 The mouse model, 

making use of the MCMV, has been extensively used due to its similarity to HCMV.225 Both viruses share 

genetic similarities, the resultant cascade of protein expression and pathogenesis.223,225,226 However, it is 

also important to note that besides all the similarities to HCMV, the resulting pathology after MCMV 

infection, varies depending on the mouse age and genetic background, inoculum dose and route of 

infection.227–230 Additionally, different laboratory strains of MCMV and the methodology used to isolate and 

passage MCMV might not fully reflect the wild-type (WT) viruses.227,231,232 Although both laboratory adapted 

and WT viruses share a conserved genome size with a low mutation rate in the absence of a specific 

selective pressure, differences in the viral tropism, virulence and pattern of mouse resistance have been 

described.232,233 Most studies use serial passaged laboratory WT strains of MCMV, such as Smith and K181.  

We used the MCMV model to study the immune response to CMV and its impact on TRM.  For 

most of our studies, we used the MCMV-K181 virus, which is a more virulent virus that results in higher 

viral titer in the salivary gland when compared to the Smith strain.234  

 

CMV burden and disease 

HCMV is a ubiquitous infection with a serum prevalence that ranges between 30-90% depending 

on the geographical localization, age, social and economic factors.235–238 Contributing to its extensive 

prevalence, the primary HCMV infection is usually asymptomatic and results in a life-long latent infection 

in immunocompetent hosts.239 Rarely, a mononucleosis syndrome develops, resembling a primary 

Epstein-Barr virus infection, with fever, myalgia, hepatomegaly and lymphadenopathy.240–242 However, 

HCMV is a serious threat for immunocompromised individuals. HCMV is still an important opportunistic 

infection to consider and accounts for 85% of the retinitis in Human immunodeficiency virus (HIV)+ 

patients.243,244 Other manifestations include encephalitis, esophagitis, gastritis, hepatitis, colitis, and 

pneumonitis.245,246 Moreover, depending on the transplant, up to half of the solid-organ transplant recipients 

can show evidence of HCMV infection.247,248 Infections are more commonly seen after lung and small 

intestine transplantation and it remains a major cause of comorbidity and mortality especially for 

serological negative recipients where HCMV-specific immune response is absent.249,250  
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CMV is also a major complication of hematopoietic stem cell transplantation (HSCT).251–253 After 

allogenic HSCT, the rate of CMV recurrence in seropositive patients varies according to the study, but a 

median value of 37% has been reported.254 

HCMV infection also modulates the immune system by altering human leukocyte antigen (HLA) 

expression, cytokine production, and adherence molecules, which also potentiates the increased risk of 

secondary bacterial and fungal infections in transplanted patients.253,255–257 Another critical population is 

pregnant women, in which the vertical HCMV transmission can severely impact the newborn. In fact, 

HCMV is the leading cause of viral congenital infection (around 0.6% of live births), although these values 

vary according to the seroprevalence and the characteristics of the population.258,259 Around 10-15% of the 

infected newborns are symptomatic at birth and similar frequencies of the asymptomatic babies develop 

neurological sequelae or hearing loss.259–261 In fact, congenital HCMV infection is still the leading congenic 

cause of hearing loss.259,262,263  

Even with asymptomatic infections, HCMV has also been linked to poor response to vaccines, 

immunosenescence and increased mortality in elderly.264–267 Moreover, the role of HCMV in diseases such 

as heart disease and atherosclerosis is being studied.268,269 

Besides the significant silent burden of infection, HCMV is still an important cause of morbidity 

and mortality, which is the reason that a HCMV-vaccine is considered a priority.  

 

Routes of CMV infection 

HCMV is most commonly transmitted by contact with body fluids such as breastmilk, sexual 

contact and saliva but also by placental transfer and solid-organ transplantation (Illustration 3).240,241,270,271 

Interestingly, CMV replicates in the epithelial acinar cells of the salivary gland for an extended period and 

MCMV transcripts can be found in the salivary gland up to 7 weeks after infection.59 In fact, infected 

infants can shed HCMV in their saliva for over a year, hence promoting horizontal transmission.271–273 The 

salivary glands are also sites of CMV latency all of which contribute to saliva being a major route of 

shedding and emphasizes the importance of the salivary gland in CMV infections.274,275 Therefore, 

understanding the immune response in the target mucosal sites of viral replication and shedding such as 

the salivary gland is crucial for the development of new therapeutic and preventive strategies.  

Equally to HCMV, MCMV transmission occurs naturally through the same routes apart from the 

transplacental vertical transmission in immunocompetent mice.276,277 Regardless of the similarities, most 

of the MCMV literature uses intravenous (i.v.) or intraperitoneal (i.p.) routes, which poorly represent the 

natural route of transmission in this model. Both i.p. and i.v. routes result in a significant direct access 
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to the blood and dissemination of the virus and consequently a bypass of the mucosal surfaces, which 

can modulate the resulting immune response.278 Early after an i.p. infection, the virus infects the 

subcapsular macrophages of the mediastinal lymph nodes, followed by hematogenous spread to the liver 

and marginal zone of spleen.278 Infection of the bone marrow was also described at early time points, 

however, other organs as the salivary gland are infected at later time points partially due to a monocyte-

associated viremia.279–281  

New efforts have been made to use animal models that mimic more natural routes of 

transmission. Along those lines, the footpad inoculation (f.p.) mimics transmission through a mouse bite, 

wound or grooming.282 Differences in MCMV-specific CD8+ T cell accumulation following i.p. or f.p. infection 

have been seen.283 For instance, after f.p. infection the patrolling monocytes are recruited to the site of 

infection and play a critical role in viral dissemination to other organs as the salivary gland.282 The limited 

direct viremia following the f.p. infection, due to a bottleneck effect caused by infection of CD169+ 

subcapsular sinus macrophages where MCMV viral replication is poorly supported, may also impact the 

resulting pathogenesis and the immune response.284 

As stated before, saliva is a major transmission vehicle for CMV infection, oral and intranasal 

(i.n.) infections, have also been suggested to resemble inhaled or ingested virions.229,285 However, CMV is 

an enveloped virus and does not resist the stomach acid.286 Thus, gastrointestinal infection is less likely 

than oropharyngeal infection.286,287 In fact, a respiratory tract infection is thought to be a predominant mode 

of transmission in captive mice, resulting in a direct infection of the nasal mucosa and the olfactory 

neurons.285 Following an i.n. inoculation, the virus is confined to the nasal area for the first 2 days in young 

Balb/c mice, where olfactory neurons have been shown to be primary targets.231,285 Oduro et al. (2016) 

showed that the lungs of Balb/c mice can also be infected early after infection and these differences 

might be partially dependent on the volume, titer, and method of administration.286 Farrell et al. (2017), 

showed that CD11+ DC are responsible for spreading the virus to the mesenteric lymph nodes and later 

to the salivary gland.288  

As for the i.p. route, monocytes are crucial for viral spread to the salivary gland, where CMV 

remains detectable for up to a month.231,281,285,286,289,290 Differences between the immune response following 

the i.n. infection and the “classical” i.p. infection were also reported. The CD8+ T cell response after an 

i.n. infection was reduced in comparison to an i.p. infection, which may be related to differences in the 

viral titers that are lower after the i.n. infection in comparison to the i.p. infection.286,291 However, a large 

number of certain CMV-specific TEM (inflationary responses) were still detected and maintained after an 

i.n. inoculation in the blood and spleen.286,291,292 An acute presence of antigens in barrier and mucosal 
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tissues are often avoided by the use of systemic infections. Notably however, the infection of these barrier 

tissues correlates better with natural viral infections. The first line of immune defense is within these 

barrier tissues, which impacts not only the local but also the following systemic immune response as 

exemplified by the role of TRM in multiple infections. The route of infection is therefore a crucial determinant 

for the resulting immune response and protection, especially in barrier tissues.  

 

 

 

 

 

 

 

 

 

 

 

 

 

|Illustration 3 – HCMV structure, life cycle and routes of infection. 

HCMV is a double-stranded DNA virus with an icosahedral capsid surrounded by a proteinaceous 

tegument and an outer envelope enriched with glycoproteins. These glycoproteins allow membrane fusion 

and the release of both tegument proteins and nucleocapsids into the host cell. The nucleocapsid is 

translocated to the cell nucleus, where the genome is released initiating the cascade expression of viral 

genes. Newly synthetized DNA is encapsulated and transported to the cytoplasm, where it is trafficked to 

the viral assembly complex for further envelopment. Exocytosis of newly formed infectious virions 

promotes viral spread and transmission that can occur through multiple routes as the ones represented 

on the right. [illustration adapted from the work of Crough et al. (2009) and Beltran et al. (2015) 240,293]. | 

 

Immune response to CMV 

CMV infects a broad variety of cells from fibroblast, monocytes, epithelial and endothelial cells to 

myocytes.294,295 CMV enters the cells either by the endocytic pathway or by direct fusion using mostly the 

glycoproteins L and H (gL and gH) on its surface.296 Once in the nucleus, viral replication occurs in a 
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programmed cascade: Immediate early (IE), early and late genes.297–299 IE genes encode proteins in the 

first 2 hours after infection that are mostly related to the transcription of the subsequent genes.300–302 During 

the first 24 hours, Early genes give rise to proteins that, in combination with the IE genes, are important 

for the induction of several promoters involved in DNA synthesis.303,304 Late genes are generally responsible 

for structural proteins and are involved in the formation of virus particles.304 This cascade of protein 

expression is relevant not only to understand CMV pathology, but also the resulting immune response. 

CMV acute infection triggers a robust immune response. The innate immune system functions as the 

primary response to infection, being important for the acute CMV control especially in neonatal infections 

due to the reduced CD4+ T cell response and immune system immaturity.305,306 The recognition of the virus 

can be mediated by pathogen-associated molecular patterns (PAMPs), including glycoproteins from CMV 

surface, such as glycoprotein b (gB) and gH, and viral DNA. These viral PAMPs are recognized by Toll-

like receptors (TLRs) and by stimulator of interferon genes (STING), which leads to cytokine production 

and activation of some of the main mediators of the innate immune response to CMV, like innate lymphoid 

cells 1 and NK.307–309 Both group 1 innate lymphoid cells and NK, produce antiviral cytokines such as IFN-

g  acutely after infection.310,311 NK produce perforins and granzymes as well, allowing for their cytotoxic 

activity.312 Although NK have direct effects on infected cells, they are thought to also mediate a bridge 

between innate and adaptive immune system.313 The role of NK is clearly highlighted in the MCMV model, 

in which the susceptibility to the virus is determined. C57BL/6 mice (B6) express the Ly49H receptor 

that recognizes the MCMV m157 protein, which induces a NK response allowing this to be a MCMV-

resistant strain.314,315 The lack of Ly49H receptor is the explanation for the susceptibility seen in the Balb/c 

strain.314 The activating and inhibitory killer immunoglobulin-like receptors (aKIR and iKIR) are expressed 

by NK in humans and are specific for MHC class I molecule.316 Similarly to Ly49H molecules, killer 

immunoglobulin-like receptors are also important for destruction of infected cells and virus control.317–319 

Although the redundancy is presumed to exist, given the preponderant number of these receptors, rare 

genetic abnormities that lead to overexpression of these iKIR have been described and can result in 

recurrent episodes of HCMV disease.320 Moreover, NK are able to confer protection to HCMV after 

transplantation, while the lack thereof increases the susceptibility to infection.321,322  

The importance of the NK response can also be estimated by the immune evasion mechanisms that 

MCMV has developed to avoid NK recognition. These include downregulation of activating receptors in 

NK such as NKG2D.323 Moreover, CMV encodes an IL-10 homolog, which results in a decreased pool of 

NK and multiple deficits in the adaptive immune response.256,324,325 Although NK and group 1 innate 

lymphoid cells  are essential for a rapid response against CMV, help arises from other immune cells. CMV 
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recognition prompts a robust humoral response usually targeted to structural tegument proteins and 

envelope glycoproteins.326–328 Although antibodies are not crucial for acute viral infection control, MCMV-

specific antibodies have been shown to prevent viral dissemination and virus reactivation.329–331 

  Although the acute immune response to MCMV is a combined effort from several branches of 

the immune system, T cells are essential for the control of the infection.126 CD4+ T cells are important 

mediators of acute immune response and accomplish antiviral activity partially due to IFN-g and TNF-a 

production.332,333 Cytolytic CD4+ T cells specific for CMV are also evident in HCMV-infected people.17,334,335 In 

fact, reduced CD4+ T cells results in increased HCMV shedding in children possibly through the loss of 

these direct anti-viral functions of CD4+ T cells.336,337 However, CD4+ T cells also promote the function of 

other immune cells, as the CD8+ T cells, and it is still unclear whether and how CD4+ T cells help may 

contribute to CD8+ T cells function after CMV infection.338–340  

CMV induces a robust CD8+ T cell response with some CMV-specific T cells remaining active at 

an increased number even at later time points. This process is called memory inflation and reflects the 

accumulation of T cells with certain specificities.341–343 In B6 mice, CD8+ T cells specific for the M38316-

epitope are one of the best studied examples of T cells that undergo memory inflation.344,345 In contrast, in 

their response to the M45-epitope, among others, T cells behave like classical anti-viral T cells and the 

population decreases after the first week of infection.343,344 The differences between these responses are 

correlated with the generation of the epitopes. The M45 epitope is dependent on the immunoproteasome, 

which is less available after the acute infection.346 In contrast, the M38316-epitope can be processed by the 

constitutive proteasome and therefore presented during latency.346 Memory inflation is also seen in 

humans where approximately 10% of the memory T cells are HCMV-specific and can dominate the CD8+ 

T cell repertoire.347 This increased pool of MCMV-specific CD8+ T cells is a response to the sporadic 

reactivation events that occur in the endothelial cells of the vasculature.343 Cytotoxic activity and IFN-g 

production by CD8+ T cells are essential to acute MCMV control.348–350 Indeed, CD8+ T cell transfers prevent 

pathology and confer protection to lethal MCMV infection in immune compromised mice.351–354 Similarly in 

humans, HCMV-specific CD8+ T cell transfer conferred protection against reactivation.355–358 Viral control is 

therefore largely dependent on CD8+ T cells in most organs. However, the salivary gland stands as the 

exception.121,359,360 

As suggested before, the salivary glands are crucial for CMV infection. The acinar glandular 

epithelial cells of the salivary gland are infected 3-6 days after systemic MCMV infection which results in 

local viral replication, viral shedding and latency.59,361 
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After MCMV infection, the salivary glands are flooded with DC, gd, CD4+ and CD8+ T cells.361 This 

migration of immune cells to the salivary gland, especially lymphocytes, results in increase of cytokine 

production, being that the infected salivary glands are enriched for IL-10, IFN-g, CCL3, CCL4 and CCL5 

in comparison to the secondary lymphoid organs.361 However, the immune response in the salivary gland 

is less efficient than the other infected organs, allowing for most of the acute viral replication to occur for 

a prolonged time.121 The peculiar immune response within this organ may be the explanation. Besides the 

low rate recruitment of NK to the salivary gland after MCMV infection, the NK within the salivary gland 

show a delayed activation and are hyporeactive to the activating receptor link and cytokines´ stimuli in 

comparison to other NK population seen in spleen and liver, which in the end results in a humble IFN-g 

response.91 Additionally, in contrast to what happens in the other organs, CD8+ T cells are unable to 

control viral replication in the salivary glands.360,362 Viral infection of the salivary glands induces a 

downregulation of MHC-I on the epithelial cells thus preventing CD8+ T cells recognition of the infected 

cells.360 Indeed, CD8+ T cells are able to control viral infection in the salivary gland in the absence of the 

immune evasion genes (m04/m06/m152).360 Moreover, there is a lack of cross-presenting APC cells in 

the salivary gland, although antigen processing and presentation in MHC-II context still happens.360,363 

Additionally, CD4+ T cell responses in the gland are also impaired in comparison to the periphery. In 

contrast to the blood and lymphoid organs, where the CD4+ T cell response can be detected in the first 

week of infection and is followed by contraction, CD4+ T cells reach the salivary glands with some delay 

and peak after the first week.364 Moreover, increased levels of IL-10 in the gland also reduce IFN-g 

production by T cells.365 These mechanisms help explain the immune evasion that leads to the prolonged 

MCMV replication and latency in the salivary glands.274 

Acute viral infection is followed by viral latency. In spite of the fact that, by definition, infectious 

viruses are not detectable in this latent phase, viral DNA has been detected in cells such as the 

hematopoietic cells and multiple organs such as the spleen, heart, kidneys, lungs and the salivary 

glands.280,366–369 Nonetheless, the detection of low levels of DNA can be challenging and therefore the 

characterization of latent sites remains as an open question. Notably, due to sporadic viral reactivations, 

continued immune surveillance is required to keep the virus from causing disease.370,371 During latency, 

viral transcription occurs with IE1 mRNA being one of the first mRNAs detected.371 This does not equal a 

full reactivation with the production of new infectious viruses since even in the presence of transcripts 

there are multiple checkpoints that prevent a complete productive cycle.372 An open chromatin structure 

of the major IE and the differential splicing that allow for IE3 mRNA and the subsequent protein are 

important for the early gene transcription, but not the only checkpoints.373–375 Moreover, the occurrence of 
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gene desilencing results in viral transcription that allows presentation of antigenic peptides and re-

exposure of antigen to the T cells, which led to the immune sensing hypothesis of latency control.370,371,376–

380 

Contrary to the acute infection, neutralizing antibodies are crucial at preventing viral reactivation 

both systemically as in the salivary glands at latent times.329,381 Moreover, the use of B-cell depleted animal 

models allowed for high reactivation rates upon deficiency of NK, CD4+ T cells and CD8+ T cells.370 It is 

likely that NK and T cells have a redundant role, since the isolated defect of one of these subsets is not 

enough to produce viral particles even in a B-cell depleted model.370 Interestingly however, CD8+ T cells 

seem to have a more predominant role in preventing MCMV reactivation and viral shedding than CD4+ T 

cells, even in the salivary glands.370,376 

These data suggest that CMV-specific TRM could have an important role in controlling CMV reactivation 

in the salivary gland.  

 

HCMV vaccine 

Since the late 1970s, effort has been made to develop a HCMV vaccine.382 A HCMV vaccine could 

have a tremendous impact, especially in solid organ and hematopoietic stem cell transplant recipients, 

preventing viremia and disease. Moreover, women of childbearing age can be another target since a 

primary infection or re-infection/reactivation can have a severe impact during pregnancy. Although the 

seropositive-status of the mother is not sufficient to confer protection to congenital infection, it seems that 

maternal antibody and T cell responses are beneficial in limiting transmission and disease.383–385  

The immune response that needs to be induced by vaccination to confer protection is still 

debatable. Neutralizing antibodies are important in the case of solid organ transplants, while T cells have 

been more associated to protection in hematopoietic stem cell transplants.386,387 In cases of reactivation, 

while neutralizing antibodies have been frequently associated with virus control, this is not universal.388–393 

In fact, neutralizing antibodies seem to have a limited role in cell-to-cell transmission.390 Therefore, the 

immune response responsible for controlling the viral spread requires further analysis. Furthermore, 

some vaccination strategies are able to reduce viral shedding in saliva, independently of the neutralizing 

antibody titers, which also have been shown to be important in preventing mortality in mouse studies and 

contribute to HCMV protection.394,395 This suggests that another branch of the immune system has impact 

in shedding. CD4+ T cells have also been associated with protection and studied in vaccine scenarios.383,396 

CD8+ T cells may also play a critical role in CMV protection and pp65 and IE1 are commonly studied 

targets.397 Although several vaccine candidates induced substantial CD8+ T cell responses, the immune 
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dominance of the response does not seem to be essential for protection since subdominant responses 

have elicited protection in mice.398,399 However, more studies are needed to see if the same applies in 

humans. It is interesting that some of these findings can change according to the vaccine strategies used, 

which may suggest that the immune responses, including the TRM, vary according to the specificity, priming 

conditions and the presence of other immune cells in the gland.400 All of which increase the complexity in 

developing a successful HCMV vaccine. 

So far, most of the vaccine strategies used fall under one of these categories: replication-deficient 

virus/attenuated vaccines; recombinant vaccines; vectored vaccines; DNA vaccines; RNA vaccines; 

peptide vaccines. 

 

Replication deficient/Attenuated vaccines 

Several strains have been used to develop attenuated vaccines such as AD169, Town and Toledo 

able to confer protection in specific scenarios. However, some of these approaches failed to elicit enough 

neutralizing antibody titers.401,402 One of the greatest advantages of this strategy is that it allows the 

induction of different branches of the immune system from neutralizing antibodies to cytotoxic T cells. 

However, concern exists about establishment of infection, latency and the development of conditions that 

may be associated with CMV, such as atherosclerosis.  

The V160 vaccine developed by Merk is an interesting vaccine candidate that is now starting phase 

II trials. The V160 is a recombinant vaccine from an attenuated strain (AD169). However, differently from 

other attenuated vaccines that lack the pentameric complex, its expression was restored in the V160 

vaccine which allowed for increased levels of neutralizing antibodies.403,404 In fact, neutralizing antibodies 

and cellular mediated immune responses are comparable to natural CMV infection.404  

 

Recombinant vaccines 

Vaccines using the gB subunit are probably the most tested vaccine so far, and demonstrated 

some efficacy preventing primary HCMV infection in women as well as a reduction of both viremia and 

time of ganciclovir treatment in transplanted patients.386,405,406  

Vaccines expressing gB result in a robust neutralizing antibody response, similarly to the 

UL128/UL130/UL131a proteins, that interact with the gH/gL heterodimer forming the HCMV 

pentameric complex needed to enter epithelial cells.407–410  
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Vectored vaccines 

  These vaccines rely on heterologous viral vectors, such as Canarypox, lymphocytic 

choriomeningitis virus (LCMV), Venezuelan equine encephalitis and Vaccinia virus (VACV) that deliver 

CMV immunogens, mostly gB, pp65 and/or IE1.411–414  

 

DNA plasmid  

DNA vaccines consist of plasmid preparations containing DNA sequences that induce an immune 

response against a pathogen.387,415 An example is the ASP0113 vaccine candidate, which is a DNA-plasmid 

that targets both gB and pp65.416 This approach reduced CMV viremia and reduced use of antiviral drugs 

following hematopoietic cell transplantation.416 

 

RNA vaccines 

These vaccine strategies use mRNA to elicit a robust humoral and T-cell immunity. Interestingly, 

these mRNA can be used to combine multiple target in a single vaccine. This  was tested and surprisingly 

the combination of epitopes led to competition of the resulting T cell responses, which might be a 

challenge in designing a T cell-targeted HCMV vaccine.417 However, this can probably be overcome with 

co-dominant epitopes combined in a single vaccine or a combination of multiple inoculations.  

 

|Table 1: HCMV vaccines in enrollment or active development according to the National Institute of 

Health - clinicaltrials.gov (accessed on 26/04/19). | 

 

Type Details Phase Sponsor 

mRNA vaccines 
mRNA-1647 (gB) 
mRNA-1443 (pp65) 

I ModernaTX, Inc. 

Replication 
deficient vaccines 

V160 I/II Merck Sharp & Dohme Corp 

Vectored vaccines 
Multi-antigen CMV-Modified 
Vaccinia Ankara Vaccine 

I/ II City of Hope Medical Center 

HB-101 II Hookipa Biotech 

Peptide vaccines 

Multi-peptide CMV-Modified 
Vaccinia Ankara Vaccine 

II City of Hope Medical Center 

Tetanus-CMV fusion peptide 
vaccine 

I City of Hope Medical Center 

CMVpp65-A*0201 peptide vaccine II City of Hope Medical Center 

DNA vaccines 
ASP0113 II/III 

Astellas Pharma Global 
Development, Inc 

BD03 I SL VAXiGEN 
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Developing a HCMV vaccine has been a challenging goal. The species-specificity of HCMV 

represents a limitation to pre-clinical trials in vaccine development, which is one of the many difficulties 

that has been assumed for the lack/diminished efficacy in some clinical trials.418,419 The failure in inducing 

enough neutralizing antibodies titers, their limited binding capacity and defining the protective antibody 

level justify some of the disappointing results.394,420 Moreover, the inability to induce a neutralizing-

independent antibody response (e.g. antibody-dependent cellular cytotoxicity/phagocytosis – 

ADCC/ADCP) can be another limiting factor.395,421,422 The lack of T cell response is another possible 

justification, which is aggravated by the difficulty in covering the antigen diversity both within and between 

hosts.423–426 These factors add to the complexity of designing a HCMV vaccine, which will remain intricate 

until the protective immune response and the immunogens that elicit a robust response are identified 

and characterized. 
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In sum, CMV causes a ubiquitous infection that remains as an important cause of morbidity and 

mortality. The vast CMV prevalence can be partially explained by the inability of the immune system to 

clear the infection, which leads to viral latency in multiple organs, including the salivary gland. After 

infection, a significant proportion of MCMV-specific TRM develop and although CD8+ T cells have a 

secondary role in the acute CMV control in the salivary gland, this does not seem to be true during latency. 

To maintain this state of latency, a continuous immune surveillance of the tissues is needed. Intrinsic 

characteristics of TRM, such as their localization, cytotoxic ability and potential for immune cell recruitment, 

makes them the ideal candidates and the perfect tool to keep CMV from reactivating. In fact, sporadic 

viral transcription could activate TRM in the lungs, another organ that harbors virus during latency. 

Moreover, Thom et al. (2015), have shown that CD8+ T cells residing in the salivary gland help control an 

intra-glandular viral challenge.60 Although the promising role of TRM in the salivary gland, the requirements 

for TRM differentiation and function in the salivary glands, a vital organ in CMV pathology, remains poorly 

characterized. 
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1.3   Aims    

 

 

 

1. Study the impact of MCMV infection in TRM differentiation in the salivary gland 

 

1.1. Determine the effect of different routes of MCMV infection in the resulting CD8+ T cell migration 

and TRM differentiation in the salivary gland; 

 

1.2. Identify the impact of acute MCMV infection in promoting TRM differentiation. 

 

 

2. Characterize the mechanisms involved in CD8+ T cell migration to the salivary gland 

 

2.1. Unravel the chemokines expressed in the salivary gland with or without MCMV infection; 

 

2.2. Characterize the chemokine receptors expressed on MCMV-specific CD8+ T cells; 

 

2.3. Determine the role of relevant adhesion molecules in CD8+ T cells migration to the salivary gland. 
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a4b1 and CXCR3 facilitate CD8+ T cell accumulation in the salivary glands where 

TRM maintenance is constitutively supported in the absence of local infection.  
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2.1   Abstract 

Recent work indicates that salivary glands are able to constitutively recruit CD8+ T cells and retain 

them as tissue-resident memory T cells (TRM,), independently of local infection, inflammation or antigen. 

To understand the mechanisms supporting T cell recruitment to the salivary gland, we compared T cell 

migration to the salivary gland in mice infected, or not, with Murine Cytomegalovirus (MCMV), a 

herpesvirus that infects the salivary gland and promotes the accumulation of TRM in this organ. We found 

that acute MCMV infection rapidly increased T cell recruitment to the salivary gland, but that equal 

numbers of activated CD8+ T cells eventually accumulated in both infected and uninfected glands. T cell 

recruitment to uninfected salivary glands depended on chemokines and the integrin a4. Several 

chemokines were expressed in the salivary glands of both infected and uninfected mice and many of 

these could promote the migration of MCMV-specific T cells in vitro. MCMV infection increased expression 

of chemokines that interact with the receptors CXCR3 and CCR5, but neither receptor was needed for T 

cell recruitment to the salivary gland during MCMV infection. Unexpectedly, however, the chemokine 

receptor CXCR3 was critical for T cell accumulation in uninfected salivary glands.  

Together, our data suggest that CXCR3 and the integrin a4 mediate T cell recruitment to 

uninfected salivary glands, but that redundant mechanisms mediate T cell recruitment after MCMV 

infection. 
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2.2   Introduction 

The salivary gland is an exocrine organ, composed mostly of acinar cells producing a water-based 

fluid that is mucous-, ion-, enzyme-rich, and released in the oral cavity via a network of epithelial ducts. 

Because of this, several viruses, including all human β- and γ-herpesviruses, that infect the salivary gland 

use saliva as a major route of transmission to new hosts.1–3 How the immune system responds to 

pathogens in the salivary gland, and prevents or limits viral shedding, remains poorly defined. In addition, 

how pathogens alter the salivary gland environment by infection is unknown.  

Cytomegalovirus (CMV) is a β-herpesvirus that infects most organs in the body but undergoes 

prolonged replication in the salivary gland. CMV infects the acinar and ductal epithelial cells in the salivary 

gland and is thus shed into saliva during replication.4–6 Using the Murine Cytomegalovirus (MCMV) model, 

it was shown, over 40 years ago, that lymphocytes enter the salivary gland, resulting in the death of 

MCMV-infected epithelial cells.7,8 MCMV also establishes latency in the salivary gland and readily 

reactivates in this organ during periods of immune suppression, particularly when CD8+ T cells have been 

depleted.9 It might be assumed that lymphocytes are drawn to the salivary gland in response to the CMV 

infection. Interestingly however, recent data from several laboratories, including our own, suggested that 

antigen-stimulated CD8+ T cells could be recruited to the salivary gland constitutively after MCMV infection 

or even without specific infection of the gland.10–12 MCMV-specific T cell populations were abundant in the 

salivary gland after MCMV infection where they adopted an intra-epithelial localization and expressed 

CD69 and CD103, markers of tissue-resident memory T cells (TRM).10,11 TRM are memory T cell subsets that 

are retained in tissues, independently of the circulating pool of T cells, thus providing a rapid defense 

against reactivation of a latent infection or local reinfection of a previously encountered pathogen.13,14 

Surprisingly, even in vitro activated T cells could migrate to the salivary gland where they developed into 

protective TRM in the complete absence of infection or specific inflammation, leading to the description of 

the salivary gland as a "sink" for CD8+ TRM.10–12 

It is currently unknown whether local inflammation or antigen can enhance the recruitment or 

retention of CD8+ TRM in the salivary gland. However, this ability of salivary glands to attract and retain 

protective numbers of CD8+ TRM, without a local infection or inflammation, is quite unexpected. In most 

other sites in the body, tissue-localized inflammation and/or antigen are critical for the efficient 

recruitment of T cells or their retention as TRM.15–24 The best-studied example of the interplay between 

antigen, inflammation and TRM differentiation is the skin, where inflammation alone is sufficient to enable 

T cell egress from the blood and differentiate into TRM phenotype.22 Interestingly, while infection at one skin 

site could lodge T cells at distant skin locations[23,25], the efficiency is very poor without local inflammation 
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and local antigen enhanced the maintenance of TRM populations and shaped the specificity of the cells 

that were retained.16,23,24 Thus, although antigen and inflammation within a particular skin site are not 

absolutely required for TRM differentiation, they markedly enhance the number of protective TRM that are 

established in the skin. Other tissues have been less well studied, but a similar theme is repeated. In the 

vaginal mucosa, CD8+ T cell entry during Herpes simplex virus (HSV) infection was poor unless CD4+ T 

cells promoted in the tissue local chemokines, in an interferon (IFN)-γ dependent manner.17 In the lungs, 

the differentiation and maintenance of protective numbers of TRM after multiple infections, including after 

MCMV, depended on both antigen and infection of the lungs.26,27 The brain is even more restrictive, 

requiring infection or antigen for any detectable TRM differentiation.20 In fact, other than the salivary gland, 

only the small intestine has been described as permissive of TRM differentiation and maintenance in an 

antigen- and infection-independent manner.28 Thus, the salivary gland and the small intestine may be 

uniquely capable of both recruiting and retaining T cells with no specific infection. While many studies 

have addressed the mechanisms of T cell recruitment to the intestine very little is known about the 

mechanisms of T cell recruitment to the salivary gland.28–31 A recent study demonstrated that systemic 

inflammation could induce expression of the vascular cell adhesion molecule (VCAM)-1 on vascular 

endothelial cells in the salivary gland, and that this boosted the recruitment of activated T cells via the 

integrin a4, which pairs with the b1 integrin to form the ligand for VCAM-1.32 At a first glance, this supports 

the notion that inflammation enhances T cell recruitment to the salivary gland. However, TRM differentiation 

and maintenance was not studied. Moreover, the chemokines that recruit T cells to the salivary gland 

remain undefined. 

We examined CD8+ T cell recruitment to the salivary gland in the presence or absence of active 

MCMV infection. Our data confirm and extend recent observations that uninfected salivary glands are 

permissive to the recruitment and retention of activated CD8+ T cells in a manner dependent on the 

integrin a4. Moreover, active MCMV infection of the salivary glands increased the rapid recruitment of 

activated T cells. Remarkably however, inflammation induced by MCMV infection did not enhance the 

number of TRM that were ultimately lodged in the salivary gland. Indeed, many chemokines, abundantly 

expressed in the salivary gland of both infected and uninfected mice, could attract MCMV-specific T cells 

in vitro, including CXCL9 and CXCL10 ligands for the receptor CXCR3.  

CXCR3 is a chemokine receptor that has been described to be important for CD8+ T cell migration 

to a variety of tissues, typically in the context of inflammation and infection.33 Unexpectedly, we found that 

CXCR3 expression by T cells was critical for efficient T cell accumulation in the salivary gland in uninfected 

mice, but dispensable for their accumulation in this organ during MCMV infection. These data establish 
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a mechanism for the surprisingly efficient recruitment of activated T cells to salivary glands of mice with 

no local infection.  
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2.3   Materials and Methods 

Mice and infections 

All mice were purchased from the Jackson laboratory and bred in house. B6 C57BL/6 (B6), 

B6.SJL-PtprcaPepcb/BoyJ (CD45.1), B6.PL-Thy1a/CyJ (Thy1.1) and B6.129S7-Ifngtm1Ts/J (IFN-γ KO) 

mice were used as recipients in the adoptive transfer experiments and to assess chemokine expression 

in the salivary gland.  OT-Is on a B6 background [C57BL/6-Tg(TcraTcrb)1100Mjb/J] were bred to 

CD45.1, CXCR3 KO mice (B6.129P2-Cxcr3tm1Dgen/J) and CCR5 KO mice (B6.129P2-Ccr5tm1Kuz/J) 

to generate congenic CXCR3 KO or CCR5 KO OT-I mice.  

MCMV-K181 virus (kindly provided by Ed Mocarski) was used in figures 1, 3, 4, 5A-7, figure 9F. 

MCMV-SL8-015 or MCMV-K181-trf-Ova (MCMV-Ova), have been previously described and are 

recombinant viruses that express ovalbumin (Ova). 34,35 These viruses were used in figure 8, figure 9A-D 

and to expand OT-I T cells after the first adoptive transfer on figure 5. OT-I T cells are CD8+ T cells specific 

for the Ova peptide SIINFEKL. 

For the experiments in figure 2 MCMV-TK virus was used. MCMV-TK virus is a recombinant virus 

where the m157 gene was replaced by the thymidine kinase (TK) gene derived from HSV-1, allowing for 

the replication of this virus to be blocked with Acyclovir or Famcyclovir treatments, since these act as 

DNA chain terminator once phosphorylated by the TK.36 Briefly 2mg/mL of Famcyclovir was mixed with 

the drinking water of the treated mice starting 3 days before MCMV-TK intraperitoneal (i.p.) infection. 

Famcyclovir was replaced every other day until sacrifice. The control groups, with replicative MCMV-TK 

infection, were given water with no Famcyclovir treatment. Mice were sacrificed at 7, 4 or 28 days after 

infection, organs were collected and lymphocyte isolation and FACS staining performed as described 

below. 

Infections were performed using 2x105 pfu and the i.p. route (100 µl per injection) in all 

experiments except figure 1, where some of the infections were performed via intranasal (i.n.) or footpad 

(f.p.) routes in a total volume of 20-25 µL per inoculation after anesthesia with Isoflurane.  MCMV-K181, 

MCMV-Ova and MCMV-SL8-015 were produced as described in [35–38]. All protocols were approved by the 

Thomas Jefferson University Institutional Animal Care and Use Committee. 

 

Lymphocyte isolation and FACS Staining 

For all the experiments, except for the experiment represented in figure 2 and sup. figure 2, 

intravenous (i.v.) antibody injections were performed, as described in [39,40] without perfusion, to distinguish 
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between vasculature-localized (i.v.+) and parenchyma-localized (i.v.-) CD8+ T cells. In brief, mice were 

injected intravenously with 3 µg of an anti-CD8α antibody (clone: 53-6.7 conjugated to BV650 or BV421) 

3 minutes before sacrifice. Blood was collected from the retro-orbital sinus or from the chest cavity, after 

cutting the pulmonary vein at sacrifice and the organs were collected in media containing an unlabeled 

CD8α antibody (clone: 53-6.7). Total CD8+ T cells were identified by CD8β staining (± CD8α of the 

intravascular portion) during the phenotypic analyses as described below.  

Lymphocytes from the blood, spleen, inguinal lymph nodes, sub-mandibular salivary glands 

(referred to as "salivary glands" throughout), kidneys and lungs were isolated as described previously [40] 

with minimal modifications. Briefly, the mucosal organs were minced using the gentleMACS Dissociator 

(Miltenyi Biotec) and incubated at 37°C for 1-1.5 hours in digestion media containing 1 mg/ml 

collagenase type IV, 5 mM CaCl2, 50 mg/ml DNase I, and 10% FBS in RPMI. Salivary glands were 

suspended in 40% Percoll and overlayed on top of a 75% Percoll layer, while the kidneys and lungs were 

suspended in 40% Percoll. Suspensions were centrifuged at 600 xg for 25-30 minutes and the 

lymphocytes were collected from the 75/40 interface (salivary glands) or pellets (kidney and lung).  

Phenotypic analyses of T cells were performed using the following antibodies: CD8α (clone: 53-

6.7); CD8β (YTS156.7.7); CD69 (clone: H1.2F3); CD103 (clone: 2E7); CD44 (clone: IM7); Killer cell 

lectin-like receptor subfamily G member 1 (KLRG1) (clone: 2F1); CXCR3 (clone: CXCR3-173); CXCR4 

(clone: L276F12); CXCR6 (clone: SA051D1); CX3CR1 (clone: SA011F11); CD4 (clone:RM4-4). OT-Is 

were identified by their congenic markers with CD45.1 (clone: A20) and/or CD45.2 (clone: 104) and by 

the T cell receptor (TCR) chains Va2 (clone: B20.1) and Vb5 (clone: MR9-4). In figure 10E (exp. 2) donor 

cells were identified also by the Thy1.2 marker (clone: 30-H12). All antibodies were purchased from 

Biolegend or BD Bioscience. All MHC-tetramers, loaded with peptides from M38, were provided by the 

National Institutes of Health Tetramer Core Facility (http://tetramer.yerkes.emory.edu/) and used as 

described[41]. A tetramer loaded with the B8R peptide derived from Vaccinia virus was used as a negative 

control for the tetramer staining following a MCMV-infection. All samples were collected on a BD 

LSRFortessa or LSR II flow cytometer and analyzed using FlowJo software (TReeStar). The gating strategy 

is represented in the sup. figure 1. 

 

In vitro T cell activation and expansion 

OT-Is were activated in vitro based on the protocol described [12] with modifications. Briefly, 

splenocytes from OT-I mice were harvested and 4x106 cells/mL were cultured with 1 µg/mL of the 

SIINFEKL peptide for 2 days. On the second day the cells were resuspended to 5x105 cells/mL and 
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incubated with 0.03 U/mL of IL-2 that was renewed every 2 days, for a total of 4-5 days, until the adoptive 

transfer.  

 

Adoptive transfers 

All the adoptive transfers were performed via retro-orbital injections in a volume of 100 µL 

between congenic donor and recipient mice (differing in CD45.1/.2 or Thy1.1/1.2 expression). 

 

In vitro activated T cells:  

For the adoptive transfers in figures 3, 4, 5(C), 9E-F and 10, in vitro activated, CD8+ CD44+ OT-I 

T cells were transferred to congenic naïve recipients or recipients infected for 9 weeks (figure 3) or 11 

days (figure 4 and 9) with MCMV-K181 (lacking Ova). For treatment with Pertussis Toxin (PTx), OT-Is were 

suspended at a concentration of 1.5x107 cells/mL and treated, or not, with 50 ng/ml PTx (Sigma-Aldrich) 

for 1 hour at 37 °C prior to transfer. In figure 9F, wild-type (WT) and CCR5 KO OT-I T cells were mixed 

and co-transferred to B6 mice that have been previously infected with MCMV-K181 for 11 days. The 

mixture of donor cells was treated with anti-CXCR3 blocking antibody (clone: CXCR3-173) or isotype 

control antibody (Polyclonal Armenian Hamster IgG) at a concentration of 30 µg per 4x107 cells for 15 

minutes. Recipient mice were also treated with the anti-CXCR3 antibody or isotype control (250 

µg/mouse) via i.p. injections on days -2; day 0 (the day of transfer) and day 2. Blocking antibodies and 

isotype controls were purchased from Bio X cell. In figure 10 the same approach was used but only  WT 

OT-Is were transferred to naïve recipients.  

 

In vivo activated T cells:  

For in vivo activation (figures 5A-B, figure 8, figures 9A-D), naïve OT-I T cells were transferred 

into naïve congenic recipients, followed by infection with MCMV expressing the cognate SIINFEKL peptide 

(either MCMV-SL8-015 or K181-MCMV-Ova) 1-3 days after transfer. The number of cells transferred is 

indicated in each figure legend. In figures 5A-B, 5 x 104 OT-Is were transferred into congenic recipients to 

produce large numbers of OT-Is for a secondary transfer by day 5 post-infection. In this experiment, OT-

Is were recovered from the spleen 5 days after infection, treated for 30 minutes with 60 µg/mL of either 

anti-a4 (clone PS/2), anti-a4b7 (clone DATK32) or the respective isotype controls and transferred to a 

new group of infection-matched or naïve recipients. The recipients were treated on the day of the transfer 

with 300 µg of each antibody or isotype control via i.p. injection. Organs were collected 2 days after the 

secondary transfer and the tissues were processed as described above.  
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CD4 antibody treatment 

To achieve CD4+ T cell depletion, 100ug of anti-CD4 monoclonal antibody from Bio X Cell® (clone: 

GK1.5) or the isotype control IgG2b (clone LTF-2) were administered i.p., every other day starting 7 days 

prior to MCMV infection. The CD4+ T cell depletion was confirmed before infection and the antibody 

blockade was maintained by repeated administrations (1-2 days interval) untill sacrifice.  

 

Cell proliferation assays 

To assess proliferation of OT-I T cells in naïve or MCMV-infected mice (figures 4E-G), OT-Is were 

labeled with a cell tracer dye: CellTrace Violet or Carboxyfluorescein succinimidyl ester (CFSE) following 

manufacturer’s instructions before the adoptive transfer. Briefly, cells were suspended at a concentration 

of 106 cells/mL and incubated with 5 µM of the Cell Trace Violet dye in for 20 minutes or suspended at 

a concentration of 1x107 cells/mL and incubated with 1 µM CFSE for 10 minutes.    

 

Transwell migration assays 

For Transwell migration assays, CD8+ T splenocytes were isolated from MCMV-K181 infected 

mice (7 days) using the EasyStep Biotin selection kit (StemCell Technologies) and biotinylated antibodies 

against erythrocytes (Ter119), CD19 (6D5), NK1.1(PK136), I-A/I-E (M5/114.15.2) and CD4 (GK1.4) 

following the manufacturer’s protocol. Typically, CD8+ T cells were 80-90% pure following this protocol. 

Purified cells were resuspended in RPMI media containing 2% BSA and 25 nM of Hepes buffer (migration 

media) at a concentration of 5x106 cells/mL and incubated for 1 hour at 37 °C. Subsequently, 5x105 

cells, in a total volume of 100 µL were added to the upper chamber of a 6.5 mm Polycarbonate Transwell 

system (from Corning Inc.) with a pore diameter of 5.0 µm. Chemokines (all from Biolegend) were diluted 

in migration media and added to the lower chamber at titrating concentrations in a total volume of 600 

µL (3-4 replicate wells per concentration). Control (media alone) samples without chemokines in the 

lower chamber of the Transwell plates, were included on every plate to account for plate-to-plate variations 

in T cell migration. All tests were run in duplicate, or triplicate on every plate. 

Chemokine concentrations, shown in figure 7, represent the optimal migration over control 

(media alone) wells based on replicate titrations of each chemokine. Cells in the Transwell plates were 

incubated for 1.5 hours at 37°C. At the end of the incubation, 200 µL of cells from the bottom chamber 

were mixed with counting beads (CountBright Absolute Counting Beads, Invitrogen), while the remaining 
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volume was used for FACS analyses of tetramer-binding cells. Cells were collected by flow cytometry as 

above.  

 

qRT-PCR 

 For assessment of chemokine receptors expressed by T cells in figure 8C-D, OT-I T cells were 

transferred to B6 mice that were then infected with MCMV-K181-Ova (n=3 mice). 7 days after infection, spleen 

and salivary glands were collected and CD8+ T cells were enriched using the EasySep Biotin selection kit 

(Stemcell Technologies), as described above for the Transwell assays.  

 OT-Is were sorted based on the congenic markers CD45.1 and CD45.2.  RNA was extracted from 

the sorted OT-Is (figures 8C-D) and whole salivary glands of naïve B6 or IFN-g KO mice (figure 10F) using the 

RNeasy Mini Kit (QIAGEN), cDNA was recovered using the High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems). In both cases the β-actin and chemokine receptor transcripts expressed were 

detected on a StepOnePlus system (Applied Biosystems) using predesigned qPCR assays from Integrated 

DNA Technologies and 6-carboxyfluorescein for detection. The relative concentration of chemokine 

receptors on these cells was determined by comparing the chemokine receptor signal to the β-actin signal for 

the same sample on the same plate and the data is expressed as the 2-ΔCT value (e.g. 2 -(CT value for chemokine A – CT value internal reference 

control A)). 

 

RNA-Seq  

For the RNA-Seq analysis salivary glands from mice that were infected, with 2x105 pfu of MCMV-

K181 i.p., for 14 days or naïve mice were collected and RNA was obtained with the miRCURY RNA 

Isolation kit Tissues (EXIQON).  

 

RNA Clean-up and ribosomal RNA (rRNA) depletion for the RNA-Seq analysis 

Prior to cDNA library preparation, RNA samples were purified using RNA Clean & Concentrator 

(Zymo research, R1015) and treated with DNase I to remove contaminating genomic DNA.  

Validation of RNA quality and concentration was determined using the RNA 6000 Pico Kit (Agilent 

Technologies, catalog number 5067-1513) for the BioAnalyzer 2100 instrument (Agilent Technologies).  

Four micrograms of total RNA per sample were used as input for the depletion of ribosomal RNA 

(RiboMinus kit; Ambion, A15020), yielding 6% recovery of input RNA on average. 
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RNA-Seq Library Preparation and Sequencing  

Library preparation was performed using the Ion Total RNA Seq Kit v2 (Thermo Fisher Scientific) 

according to the manufacturer’s protocol. The yield and size scatter of the cDNA libraries were evaluated 

using High Sensitivity DNA Chips (Agilent Technologies, catalog number 5067-4626) on the BioAnalyzer 

2100 instrument.  The barcoded cDNA libraries were diluted to a final concentration of 100 pM, and used 

for template preparation on the Ion Chef instrument using the Ion PI Hi-Q Chef Kit (Thermo Fisher 

Scientific, catalog number A27198).  Sequencing was performed on the Ion Proton sequencer system 

from Thermo Fisher Scientific using Ion Torrent PI v3 chips (Thermo Fisher Scientific, catalog number 

A26771). Sequenced data were preprocessed on the Ion Torrent server with Torrent Suite version 4.4.3. 

 

RNA-seq data Analysis 

IonTorrent single-end sequence reads were mapped to the mm10 genome using the IonTorrent 

Torrent Server tmap aligner, version 4.4.11.  Gene abundances were estimated by counting strand-

specific reads using the Subread package featureCounts tool, where reads with mapq of 0 or multiple 

mappings were filtered out.42 Reads overlapping more than one gene feature were not counted because 

the transcript of origin could not be confidently determined, as recommended by the 

Subread/featureCounts manual.  Resulting read counts were then used to analyze differential expression 

between infected and uninfected samples using the DESeq2 package for R/bioconductor, with default 

settings.43 For additional data exploration and visualization, reads per kilobase of transcript per million 

mapped reads (RPKM) estimates were calculated from featureCounts results.  

Gene Set Enrichment Analyses (GSEA) was also performed to identify up- and down-regulated 

gene groups among available pathway and gene ontology annotations44. Mouse gene symbols were 

converted to their human orthologs, obtained from MGI on March 3rd 2017, for compatibility with GSEA. 

GSEA preranked analysis was performed using the list of available human orthologs and the DESeq2 test 

statistic as the ranking metric, and GSEA enrichment score set to "classic" as described in the GSEA 

FAQ. Data have been submitted to the NCBI-GEO database (https://www.ncbi.nlm.nih.gov/geo/). The 

accession number is: GSE107338. 

 

ELISAs for chemokine expression 

Whole salivary glands of naïve B6 and IFN-g KO mice were collected in PBS with 10 μL/mL of 

the HaltTM Protease Inhibitor Cocktail (Thermo Scientific) and homogenized for 2 cycles of 30 seconds in 

a mini bead beater. After centrifugation (14000 xg for 15 minutes) the supernatant was stored at -80ºC. 
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The total protein concentration was determined using the Quick StartTM Bradford Protein Assay from Bio-

Rad. Samples were normalized to 8 mg/mL of total protein. The concentration of CXCL9 in each sample 

was quantified in duplicate with the CXCL9 (MIG) ELISA kit (Thermo scientific) according to the 

manufacturer’s specifications.  

 

Statistical analysis 

Differences in absolute numbers were determined after Log10 transformation and the fold change 

was determined based on the ratios of the geometric mean. The specific statistical test used for each 

experiment is indicated in the figure legend. Prism 6 for Mac OS X was used to determine the Log10 

transformed values, geometric mean, standard error of the mean (SEM) and to perform the statistical 

analysis.  
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2.4   Results 

2.4.1 Impact of MCMV infection in TRM differentiation 

Impact of MCMV infection in the gene expression of salivary glands 

To understand the modifications in the salivary glands’ gene expression after MCMV infection, 

salivary glands were extracted from naïve mice or mice that had been infected for 2 weeks with 

MCMV strain K181 and used for a RNAseq analysis. Table 2 shows the top 50 genes, which expression 

was increased in MCMV infected mice (complete gene list in sup. tables S1A and S1B). Perhaps not 

surprisingly, the dominant changes in overall gene expression could be traced back to immune responses, 

including increases in genes encoding MHC molecules such beta 2 microglobulin (B2m) and genes 

involved in the antigen processing machinery such as Tap1 and Protease subunit beta (Psmb)8 (Table 

2) 

Interestingly, several IFN-γ-induced guanylate-binding proteins (Gbp) such as Gbp 2, 3, 6, and 7 

and interferon gamma inducible protein 47 and IFN-γ-induced GTPases (Iigp) as Iigp 1, immunity-related 

GTPase family M (Irgm)1, 2 and the interferon-inducible GTPase (Igtp) were among the most expressed 

genes after infection, suggesting a dominant IFN-g-induced change in gene expression. Gene Set 

Enrichment Analyses (GSEA) using the Gene Ontology Biological Process database revealed that the top 

20 enriched gene sets (over-represented set of genes that are statistically different in two conditions) were 

all related to innate and adaptive immune responses, cytokine signaling, IFN-I, IFN-γ and leukocyte 

activation (Table S1C). In contrast, very few genes were significantly downregulated after MCMV infection 

and many of these were small nucleolar RNAs (SNORDs, Table S1A).  

 

|Table 2. Top 50 genes with differential expression between salivary glands of MCMV infected and 

uninfected mice. 

Salivary glands from mice that were infected, with MCMV-K181 for 14 days or naïve mice were collected 

and RNA was obtained. The read counts were then used to analyze differential expression between 

infected and uninfected samples using the DESeq2 package for R/bioconductor, with default settings. 

RPKM estimates from infected and uninfected were calculated from featureCounts results and shown in 

the left panel. log2, mean centered RPKM is shown in the right panel. The top 50 differently expressed 

genes between naïve and MCMV infected salivary glands are presented. The log2 fold change between 

infected and uninfected based on the average of the 3 sample’s log-2 mean-centered RPKMs in each 

group is ranked. The colors display the pattern of the gene expression across the samples (red indicating 
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higher values and blue lower values). This table is a detail of table S1A for all the genes that increased or 

decreased significantly with infection (FDR<0.05)  available in: 

https://www.jimmunol.org/content/suppl/2017/12/29/jimmunol.1701272.DCSupplemental | 

 
 

 

 

Gene log2 Fold Change DK1-R DK1-L DK1-N DK5-R DK5-L DK5-N

Igtp 1.613575115 3.16320126 2.78539685 4.80376721 18.2338811 13.2650395 11.2167383
Iigp1 1.59498252 2.47791047 1.74416562 2.61568086 9.07148568 8.92183955 6.80213591
Gbp2 1.529682012 3.63708965 4.13146399 4.81899565 17.9455924 17.1637206 9.57072235
Irgm2 1.270279995 3.43034273 4.008863 4.80959197 10.3655683 10.626312 10.0754461
B2m 1.251512625 69.3788274 74.2119971 90.4467687 178.976127 172.486171 188.129544
Psmb8 1.235543706 13.0200176 10.4434541 11.1705362 22.3136114 34.8272306 28.2914601
CxcL9 1.212842206 0.15368425 0.64657003 0.09696446 2.03005759 2.51576693 1.938944
Psmb9 1.163060538 8.67794849 6.75810079 7.16436263 16.3551348 21.393334 21.1648006
CCL5 1.131996304 2.52233195 3.89098783 1.59142243 8.05733688 14.8385388 14.2444831
Ifi47 1.111818966 1.77427821 2.51931051 1.60921031 4.94013703 5.78619364 6.23582884
Ctss 1.103317736 22.5414871 13.6728168 20.4012164 31.6292104 48.7835938 39.8780901
H2-K1 1.091839072 318.344123 169.837783 239.76888 406.389666 567.934384 485.123789
Oasl2 1.081462425 6.97582429 3.71344798 4.85038762 11.9099733 11.8343354 9.80168342
Apof 1.066056299 6.32281966 3.211577 5.98391324 8.44784861 16.330081 11.5904647
H2-Ab1 1.051072685 62.3711587 64.3938769 58.555808 88.3972417 165.497377 129.501306
Il2rb 1.041490132 0.71759221 2.71710504 1.14929505 4.37486446 4.8709595 5.61114283
Tap1 1.040515845 11.9054068 10.8240207 9.11885051 19.5989275 24.1158513 20.1301823
Cxcr3 1.022376938 0.64743511 0.11673623 0.0000001 2.08413704 2.83883737 2.40048256
Zbp1 0.98894977 0.68833295 0.4343862 0.97715693 2.40680632 2.58807559 2.45641425
Lgals3bp 0.985217966 11.188776 12.3024264 18.6445267 24.5881564 28.2846998 29.8407774
H2-Eb1 0.984557663 47.3469967 37.1380684 32.5731465 59.237142 98.3188971 69.0398826
Irgm1 0.979183699 13.298024 9.78361785 19.3521827 30.7387221 25.9457881 25.7260518
H2-D1 0.975966992 34.2040417 38.0850606 46.5683571 64.8774176 91.4985003 68.2293842
Stat1 0.973509012 10.7528763 8.34637891 10.9390979 18.6749677 16.8218208 19.740955
Irf7 0.971301689 11.367454 6.87054568 18.2585547 19.7180603 30.0376558 24.7588234
CD52 0.963556189 4.73376015 4.85441695 3.08001935 7.81619258 13.8483623 21.1163722
Rnu11 0.943832884 786.804082 1302.62609 1789.20087 2490.40669 4564.51732 3738.69695
Gbp3 0.942197725 2.35344094 2.46477631 2.27468455 5.05800048 5.57128998 4.33196102
Nlrc5 0.934232705 1.47853324 2.08247686 1.25732683 3.52978237 3.53510873 2.98924023
Mir6240 0.928596804 57.2375326 131.640553 80.6524725 188.7695 309.392632 143.050979
Cited2 0.926032554 4.91271864 4.67425146 1.93128689 5.63780222 10.4391072 12.0147566
Ly6a 0.905897585 28.8129855 25.6811551 39.6378538 50.6618585 67.1249754 51.8773949
Laptm5 0.905071857 7.50914419 9.39926244 5.7557993 12.7303126 13.1430594 19.8648775
Cxcr6 0.902946214 0.0000001 0.29766814 0.0000001 1.64929168 1.38743865 1.53026008
Gzma 0.899196608 1.01697666 0.42785557 0.32082206 2.50232321 5.33243914 3.66588501
Slc25a29 0.898340674 6.81954309 5.54687295 4.87636465 8.53710922 14.1286724 11.0620507
Prf1 0.875333012 0.36226286 0.45722637 0.54855262 1.40742055 2.05701686 2.11546909
Hist1h2ai 0.865109761 2.65745687 2.93482179 4.40127765 6.4527719 13.2544556 13.650512
Ifitm3 0.857495228 19.0615116 15.6523829 13.9102109 31.0497824 27.4907228 32.5341637
H2afx 0.843058774 5.03723981 2.90242861 2.90179895 6.12628729 8.90682614 7.81569921
Gbp6 0.84189252 0.48272618 0.87038274 1.37055541 2.57201867 2.27537814 1.64064492
C1qb 0.839781199 35.1725177 17.5094452 21.7494398 42.0288113 53.3327191 35.4596708
Slfn2 0.832163958 5.90262055 5.86964357 7.36367607 10.4237085 11.8721493 12.4761258
Nkg7 0.82699672 0.0000001 0.92412593 0.34647204 1.99123175 5.89922976 3.76102667
Lgals1 0.825345197 5.95270339 5.40007209 10.2109642 13.7314986 17.128835 12.6734227
Selplg 0.825301868 2.05738596 2.30818549 1.13581359 3.06402588 4.51682029 4.44974245
H2-Q4 0.823928738 15.8528492 11.5232266 11.6254607 17.7352258 26.4304388 22.7980019
Stat2 0.812234407 7.24782957 4.70212685 8.81457518 12.6318076 10.4992404 11.6835276
H2-DMa 0.809529553 3.32101968 3.96501858 2.54838754 4.74251492 7.50720954 8.2504523
Rps11 0.795539183 8.15777458 16.2243969 17.3126669 17.2874261 44.1973262 26.7329488

Top 50 genes with differential expression (FDR<0.05)
Sample Reads Per Kilobase Per Million Reads (RPKM)

uninfected infected

DK1-R DK1-L DK1-N DK5-R DK5-L DK5-N
-1.1401351 -1.3236375 -0.5373542 1.38702933 0.92803662 0.68606088
-0.7914619 -1.2980489 -0.7133994 1.08075293 1.05675528 0.66540191
-1.0878232 -0.9039546 -0.6818752 1.21494998 1.15068276 0.30802016 Psmb8
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-0.2600503 -0.9813226 -0.4039779 0.2286245 0.853763 0.56296327 Nlrc5
-0.0799679 -0.9863975 -0.4889106 0.27230873 0.75516928 0.52779794 Ly6a
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Top 50 genes with differential expression (FDR<0.05)
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The route of MCMV infection impacts the CD8+ T cell migration to the salivary gland but not the rate of TRM 

differentiation  

We have previously shown that MCMV infection by the i.p. route leads to robust differentiation of 

TRM in the salivary gland after infection.11 However, factors outside of the tissue such as the site of T cell 

priming may influence CD8+ T cell trafficking and TRM differentiation in some tissues.45–48 To determine 

whether the route of MCMV infection influenced the migration of CD8+ T cells and differentiation of MCMV-

specific TRM, we compared TRM numbers 14 days after infection via the i.p., i.n. and f.p. routes. Here, and 

throughout, cells that were still within the circulation were distinguished from those that had reached the 

parenchyma by intravascular staining with anti-CD8 antibodies, as described in the materials and 

methods. As shown in figures 1A and 1B, MCMV-specific CD8+ T cells reached the parenchyma of the 

salivary gland after all 3 routes of infection (i.p., i.n. and f.p.) and developed the TRM phenotype. 

Interestingly, comparing the different routes of infection, the f.p. route was associated with lower overall 

numbers of MCMV-specific T cells in the salivary gland. Notably, this effect was not due to an overall 

difference between circulating populations, as seen by the similar number of MCMV-specific T cells in the 

spleen at the same time point after all 3 infections. Importantly however, the frequency of T cells that 

developed the TRM phenotype in the salivary gland was identical after all 3 routes of infection (figure 1C), 

implying that once T cells arrived in the gland, they were equally capable of differentiating into TRM. In 

contrast, differentiation of MCMV-specific TRM mostly occurred in the lung after i.n. infection (figures 1B 

and 1C), which confirms the results of a recent study.19 These data suggest that the route of infection 

impacts the ability of T cells to reach the salivary gland but not their differentiation into TRM.  
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|Figure 1. MCMV-specific CD8+ T cells accumulate in the salivary gland after several routes of MCMV infection.  

Mice were infected by intraperithoneal (i.p.), intranasal (i.n.) and footpad (f.p.) inoculation. Cells in the 

parenchyma or vasculature of each tissue were distinguished by i.v. staining as described in the materials and 

methods. A) Shown is the absolute number of M38 tetramer+ CD8+ T cells from the parenchyma of the salivary 

gland (SG) and lungs (LG), and from the overall CD8β+ population of the spleen two weeks after infection. B) 

Absolute number of CD103+
 CD69+ M38 Tetramer+ cells in the SG and LG from the data shown in (A). Data 

are from 2 independent experiments (n=6 for f.p. and i.p.; n=5 for i.n.). Error bars represent SEM; statistical 

significance was measured by one-way ANOVA after log10 transformation of the absolute numbers (*p<0.05). 

C) Concatenated FACS plots from one representative experiment (n=2 i.n.; n=3 for i.p. and f.p.) of the CD69 

and CD103 expression of M38 tetramer+ CD8+ T cells from the SG (top panel), and the LG (bottom panel). The 

mean frequency ±SEM in the indicated quadrant were calculated considering both experiments. | 
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The infectivity and the viral spread associated with each route might influence the CD8+ T cell 

numbers that reach to the salivary gland and then differentiate into TRM. However, similar TRM formed after 

infection even when viral replication was compromised (figure 2). These data suggest that viral replication 

have minor impact in TRM differentiation in the salivary gland.49 This is in line with previous studies that 

suggested that activated T cells could enter and reside in naïve, uninfected salivary glands. 

 

 

|Figure 2. MCMV-specific CD8+ T cells and TRM following i.p. infection with replicative and non-replicative 

virus. 

Mice were divided into 2 groups. One group was treated with famcyclovir (+FAM), which blocks MCMV-

TK viral replication, and the other remained untreated (-FAM). Mice were infected with the MCMV-TK virus 

via i.p. route and sacrificed after 7, 14 and 28 days of infection. A) Absolute number of tetramer+ cells in 

the spleen (SPL). B) Absolute number of tetramer+ cells (M45, M38 and IE3) in the salivary gland (SG). 

# 
Te

t+
 C

D
69

+ 
C

D
10

3+
 

# 
Te

t +
   

# 
Te

t +
   



 79 

C) Absolute number of tetramer+ CD69+ and CD103+ cells in the SG.  Results from 2 independent 

experiments were combined (n=4 at day 7 and 28; n=6 at day 14). Error bars represent the SEM and statistical 

significances were measured by unpaired t-test after log10 conversion of the absolute numbers (*p<0.05; 

**p<0.01). | 

 

Activated CD8+ T cells enter the salivary gland and differentiate into TRM phenotype even when a pre-

established TRM population is already present 

We previously showed that persistent MCMV infection results in continuous recruitment and 

retention of new MCMV-specific TRM, long after the primary infection had been resolved.11 To directly 

compare these two conditions, naïve and latent MCMV infection, we activated OT-I T cells in vitro and 

transferred them to congenic mice that were either naïve, or latently infected with WT MCMV (9 weeks 

after infection, figure 3A). WT MCMV was used in these experiments to assess the impact of viral infection 

and the presence of unrelated TRM, and to avoid the complication of antigen-driven T cell expansion of the 

donor OT-Is. 2 weeks after transfer, the OT-Is had reached the salivary gland in similar numbers in the 

naïve and latently infected recipients (figure 3B), and similar frequencies of OT-Is expressing CD69 and 

CD103, the markers of bonafide TRM in the salivary gland, were observed in naïve and infected salivary 

glands (figures 3C and 3D). Likewise, a pre-established TRM population did not prevent new TRM 

differentiation when naïve or MCMV-infected mice were infected with Vaccinia virus (VACV). VACV-specific 

TRM (B8R tetramer+) were present in the salivary glands in similar numbers and the frequency of TRM-

phenotype VACV-specific T cells was equivalent between previously naïve and infected groups (data not 

shown). Thus, our data suggest that naïve, acutely-infected and latently-infected salivary glands are all 

capable of recruiting activated CD8+ T cells and supporting their differentiation into TRM.  

  



 80 

 

|Figure 3. CD8+ T cells with a TRM phenotype can form in the salivary glands of naïve mice and mice latently 

infected with MCMV. 

A) Schematic representation of the experimental design. Naïve mice or mice that had been infected (i.p.) for 

9 weeks with WT MCMV were seeded with 3x106 in vitro activated OT-Is and sacrificed 2 weeks after transfer. 

B) Absolute number of OT-Is from the parenchyma of the salivary gland (SG), lungs (LG), kidneys (KDN) and 

from the overall CD8β+ population of the spleen (SPL). C) Frequency of CD103 and CD69 expression on OT-

Is from the parenchyma of the SG, LG and KDN. Data combined from 2 independent experiments (n=7). D) 

Concatenated FACS plots from a representative experiment with frequency mean ± SEM values considering 

all the experiments. An unpaired t-test was used to test for statistical significance. | 

 

Acute MCMV infection promotes rapid CD8+ T cell recruitment to the salivary gland but does not affect the 

overall numbers of TRM phenotype T cells 

Although the above experiments demonstrate that infection and inflammation are not needed for 

T cell recruitment to the salivary gland and differentiation of the TRM phenotype, MCMV infects the salivary 

gland directly and our data do not exclude a role for acute inflammation in promoting the process. To 
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directly compare T cell migration to naïve salivary glands and salivary glands with active MCMV replication, 

in vitro activated OT-Is were transferred to naïve mice or mice infected 11 days previously with MCMV 

(figure 4), a time when replicating MCMV can be detected in the salivary glands after i.p. infection.11 For 

these experiments, we infected mice with WT MCMV (virus that does not express Ova) to test the role of 

inflammation in the gland, again without the confounding issue of the transferred cells undergoing 

antigen-driven proliferation in infected mice (figure 4A). An increased recruitment of OT-Is to the salivary 

gland, but not other organs, was observed in the infected recipients early after transfer (figure 4B). At 

later time points, 31 days after transfer, there was a reduction in the number of OT-Is in the lung and the 

kidneys, as expected, due to the lack of antigen, but not in the salivary gland. Remarkably, the early 

advantage in T cell numbers recruited to the infected salivary gland was not due to higher T cell 

proliferation rates in the infected glands (figure 4E-G) and was no longer evident at 31 days after transfer 

(figure 4B). Moreover, at this later time-point, the frequency of OT-I TRM present in the salivary gland was 

similar in both infected and naïve recipients (figure 4C-D). Thus, surprisingly, our data suggest that 

although inflammation of the salivary gland, caused by MCMV infection, resulted in an accelerated 

accumulation of activated OT-Is in the gland shortly after transfer, infection and inflammation provided 

no long-term advantage for the differentiation or maintenance of CD8+ TRM. 

MCMV infection of the salivary glands results in an influx of CD4+ T cells in the salivary gland that 

can contribute to TRM differentiation, even in an antigen-independent way. CD4+ T cells can impact the 

outcome of CD8+ T cells in multiple ways.50,51 CD4+ T cells have been shown to be crucial for CD8+ TRM 

differentiation in the brain and in the lungs.52,53 Interestingly, CD4+T cell depletion did not impact the 

number of MCMV-specific TRM seen in the salivary glands at 14 days after MCMV infection (sup. figure 2), 

also suggesting that the MCMV infection and the resulting increased presence of CD4+ T cell have a minor 

impact in TRM differentiation in the glands.  
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|Figure 4. CD8+ TRM phenotype cells can form and persist at similar numbers in salivary glands from MCMV 

infected and naïve mice. 

A) Schematic representation of the experimental design. Naïve mice, or mice infected 11 days earlier with 

MCMV (via the i.p. route) were seeded with 3x106 in vitro activated OT-Is.  The recipients were sacrificed at 4 
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or 31 days after transfer. B) Absolute number of OT-Is in the parenchyma of the salivary gland (SG), lungs 

(LG), kidneys (KDN) and from the CD8β+ cells of the spleen (SPL). C and D) Frequency of CD103- and CD69-

expressing OT-Is in the parenchyma of the SG, LG and KDN at 31 days after transfer. Data (A-D) are combined 

from 2 experiments (n= 7 naïve and 6 infected recipients at day 4; n=6 naïve and 6 infected at day 31). D) 

Concatenated FACS plots, of CD103 and CD69 expression of the OT-I T cells in the SG from one representative 

experiment (n=3 naïve and n=3 infected recipients) with mean ± SEM values considering all the experiments. 

Error bars represent the SEM and the statistical significance in (B) was measured by unpaired t-test after log10 

transformation of absolute numbers (***p<0.001). E-G) In vitro activated OT-Is dilute cell tracer dye similarly 

in both naïve and MCMV infected mice. The experiment was performed as described before but the OT-I 

T cells were labelled with cell tracer violet before transfer to naïve mice or mice infected with MCMV for 

11 days. Concatenated FACS plots from the OT-I T cells in the infected (E) or naïve (F) recipients. G) Data 

from host CD8β+ T cells, as a control. Plots show host cells in the infected (I- Dark grey) and naïve (N - 

Light grey) recipients. Frequencies ± SEM were represented from one experiment (n=2-3). No differences 

between infected and naïve animals were observed in a second experiment using CFSE labeling (data not 

shown). | 

 

2.4.2 Mechanisms involved in CD8+ T cell migration to the salivary gland 

CD8+ T cell homing to the salivary gland is mediated by a4b1 and chemokines at steady state 

Recent data published by Woyciechowski et al. (2017) have suggested that the integrin a4b1 

plays a critical role in T cell recruitment to the salivary gland during systemic inflammation induced by 

intravenous poly (I:C) treatment.32 We wondered whether this mechanism would also contribute to T cell 

recruitment to naïve salivary glands. To test this, naïve WT OT-Is were transferred into congenic mice and 

driven to expand with MCMV-Ova infection. 5 days after infection, splenic T cells containing activated OT-

Is were transferred to MCMV-K181 infection-matched or naïve recipients in the presence or absence of 

antibodies to block the a4-integrin or the a4b7 integrin. As expected, the a4 blockade greatly reduced 

the number of OT-Is in the salivary gland of infected recipients 2 days after transfer (figure 5A).32 Likewise, 

in naïve recipients, the α4 blockade reduced the numbers of OT-Is in the salivary gland and in the lamina 

propria of the small intestine compared to the group that received the isotype control antibody, differences 

that were not observed in the spleens of the same animals (figure 5B). In contrast, the blockade of a4b7 

had no significant impact on T cells in the salivary gland, despite inhibiting OT-I migration to the lamina 

propria of the small intestine (figure 5B), as expected.30,32,54 In addition, pre-incubation of the OT-I T cells 

with retinoic acid, which strongly induces the a4b7 integrin, had no effect on salivary gland migration 
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(data not shown). 55 The a4 integrin is known to pair with either b1 or b7 chain. Therefore, these data 

suggest that a4b1 is important for the migration of activated CD8+ T cells to the salivary gland regardless 

of infection. These data also imply that the salivary gland expresses sufficient VCAM-1, the ligand for 

a4b1, independently of local MCMV infection.  

Chemokines are important for activating integrins and promoting lymphocyte transendothelial 

migration. However, several recent reports have implicated chemokine-independent mechanisms of T cell 

recruitment (e.g. CD44, IL-33, or antigen).56–58 To test whether chemokines are mediators of CD8+ T cell 

recruitment to the naïve salivary gland, OT-I T cells were activated in vitro and treated, or not, with PTx, 

which irreversibly inhibits signalling through G-coupled protein receptors like chemokine receptors.59–61 

Untreated, activated OT-I T cells migrated into all organs, including the salivary gland, within 4 days of 

transfer as expected (figure 5C). In contrast, PTx treatment substantially reduced the numbers of OT-I T 

cells that migrated into the lymph nodes (figure 5C), as previously shown [60,61] as well as the salivary 

gland and kidney (figure 5C). These data suggest that activated CD8+ T cells migrate to naïve salivary 

glands in response to a chemokine signal. 

 

|Figure 5. CD8+ T cell accumulation in infected and uninfected salivary glands is dependent on a4 integrin 

and chemokines. 

A and B) Naïve OT-Is (5x104) were transferred into congenic mice that were infected 1 day later, with MCMV 

expressing Ova via the i.p. route. Splenocytes containing expanded OT-Is were recovered from the spleen 5 

days later and transferred to (A) mice infected with WT MCMV (lacking Ova) or (B) naïve mice. Recipients were 

either treated or not with anti-a4 blocking antibody on the day of the transfer and mice were sacrificed 2 days 

after the transfer. Data show the absolute number of OT-I T cells recovered from the parenchya of salivary 
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gland (SG), small intestine lamina propria (LP) and from the CD8β+ fraction of the spleen (SPL). Results were 

combined from 2 independent experiments (n= 5-6 mice per group). C) Naïve B6 mice were seeded with 

8x106 in vitro activated OT-Is that had been treated with PTx or vehicle as a control before the adoptive transfer. 

Shown are the absolute numbers of OT-Is recovered from the parenchyma of the SG, kidneys (KDN) lymph 

nodes (LN) and from the overall CD8β+ T cell population of the SPL 4 days after the adoptive transfer. Results 

from 2 independent experiments were combined (n=7). Error bars represent the SEM and statistical 

significances in (A-C) were measured by unpaired t-test after log10 conversion of the absolute numbers 

(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). | 

 

Chemokines expressed in the salivary gland with or without MCMV infection 

To explore the chemokines expressed by the salivary gland in the presence or absence of MCMV 

infection, we used the RNA-Seq data described before. Interestingly, there were no significant changes in 

expression of integrins or cell adhesion molecules that survived correction for multiple testing errors (FDR 

< 0.05), although expression of the a4, aL (CD11a), aX (CD11c) and b2 integrins was increased in the 

infected salivary glands when the gene set was filtered by a raw p value of lower than 0.05 (table S1B).  

Of the chemokines, expression of CCL5 and CXCL9 were significantly increased by infection (FDR 

< 0.05) and CCL7, CCL8, CCL12, and CXCL10 were also detected when we used a raw p-value cutoff of 

0.05 (figure 6 and tables S1A and S1B). In contrast, several chemokines were abundantly expressed in 

the salivary gland, regardless of infection, including CCL28, CXCL12, CXCL14, CXCL16, CXCL17 and 

CX3CL1 (figure 6 and table S1B). All of these chemokines, with the exception of CXCL17, have been 

described to recruit T cells in various settings.29,62–74 These data show that MCMV infection of the salivary 

gland induces a dominant inflammatory response centered on IFN-stimulated gene expression. However, 

several chemokines were abundantly expressed in the salivary gland regardless of infection.  
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|Figure 6. Chemokine profile of the salivary gland after MCMV infection.  

The array of chemokines expressed in the salivary glands of uninfected mice, or 14 days after MCMV infection. 

Shown are the RPKM of chemokines to illustrate the relative abundance of different transcripts. The complete 

gene list of genes that were significantly differentially expressed is shown in table S1A. The complete gene list 

sorted by fold change, regardless of significance, is shown in table S1B. Data are from one experiment (n=3 

mice per group). Error bars represent the SEM (=p< 0.05; *=FDR<0.05). | 
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among the migrated cells (figure 7A). All the other tested chemokines induced significant migration of 

MCMV-specific T cells (figures 7A-B). These included chemokines that were expressed at high levels 

constitutively (CXCL12, CXCL14, CXCL17 and CX3CL1), as well as chemokines induced in the salivary 

gland by infection (CXCL9, CXCL10 and CCL5) (figure 7). These data show that MCMV-specific T cells 

can migrate in vitro, toward several chemokines that are either induced by MCMV infection or 

constitutively expressed in the salivary gland. 

Next, we used flow cytometry to explore chemokine receptor expression by OT-I T cells in the 

spleen and salivary gland, 7-9 days after MCMV-Ova infection. Cells were further differentiated by KLRG1 

expression since our previous data showed that most KLRG1 expressing T cells failed to accumulate in 

the parenchyma of the salivary gland.11 7 to 9 days after MCMV-Ova infection, the KLRG1 expressing 

splenic OT-Is were mostly CX3CR1+ CXCR3-, which is consistent with recent work. 76,77 Additionally, we 

found that these KLRG1+ cells expressed CXCR6, but mostly lacked CXCR4 (figure 8A). In contrast, the 

KLRG1- portion of the splenic OT-Is contained subsets expressing or lacking CX3CR1 and a higher 

frequency of KLRG1- cells expressed CXCR3, CXCR4 and CXCR6 (figure 8A). Notably, these phenotypes 

were consistent: at 7 months after MCMV infection, KLRG1 expression on MCMV-specific T cells still 

correlated with the expression of CX3CR1 and a lack of CXCR3 (data not shown).  

Within the parenchyma of the salivary gland, the majority of cells lacked CX3CR1 and KLRG1 

(figure 8B, left). In sharp contrast, T cells found in the vasculature of the salivary gland (i.e. stained by 

the intravascular antibody) were almost entirely CX3CR1+ and most also expressed KLRG1 (figure 8B, 

right). We have had difficulty getting consistent staining of any of the other chemokine receptors on T 

cells extracted from the salivary glands. In our hands, CXCR3 has been sensitive to the collagenase used 

to extract T cells from the salivary gland and attempts at extracting T cells without collagenase have failed 

to result in sufficient T cell recovery. Therefore, we measured the expression of chemokine receptors on 

T cells sorted from the spleen and salivary gland using qRT-PCR.  

Naïve, WT OT-Is were transferred into congenic mice and driven to expand with a MCMV- Ova 

infection. 7 days later, OT-I T cells sorted from the spleen and salivary gland expressed CX3CR1, CCR5, 

CXCR3, CXCR4 and CXCR6 (figure 8C-D). In contrast, CCR10 (receptor for CCL28) and CXCR7 (one 

receptor for CXCL14) were undetectable on either spleen or salivary gland localized OT-I T cells (data not 

shown). Interestingly, while salivary gland and spleen-localized T cells expressed comparable amounts of 

CXCR3 and CCR5, salivary gland-localized T cells expressed more CXCR4 (p=0.016) and CXCR6 

(p=0.023) than spleen-localized T cells. In contrast, spleen-localized T cells expressed much more 

CX3CR1 than salivary gland localized T cells (p<0.0001, figures 8C-D), consistent with our FACS data.  
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|Figure 7. MCMV-specific CD8+ T cells migrate towards 

multiple chemokines.   

Mice were sacrificed 7 days after MCMV infection (i.p.). CD8+ 

T cells were enriched and used to performed transwell 

migration assays with multiple chemokines. Assays were 

performed with replicates and media control was included in 

each assay to account for plate-to-plate variation.  

A) Absolute numbers of MCMV-specific T cells (M45-Tetramer+ 

plus M38-Tetramer+) that migrated towards the indicated 

chemokine in comparison to control wells with media alone. 

Data are from a single experiment performed in triplicate or 

quadruplicate, and representative of 2 to 5 experiments per 

chemokine. Statistical significance was determined using 

paired t-test (*p<0.05; **p<0.01; ***p<0.001).  

B) Fold change of migration in comparison to media. Pooled 

data from 2 to 4 independent experiments indicating the fold 

change of migration of MCMV-specific cells (M45-Tetramer+ 

plus M38-Tetramer+) in response to the indicated chemokines 

at the concentrations shown in (A). | 
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|Figure 8. Most CD8+ T cells in the parenchyma of the salivary gland lack KLRG1 and CX3CR1, but express 

multiple other chemokine receptors. 

Naïve OT-Is (2x103) were transferred to naïve B6 mice that were infected via the i.p. route 1 day later with 

MCMV expressing Ova. Mice were sacrificed 7 or 9 days after infection. A) Chemokine receptor expression 

within the KLRG1+ and KLRG1- subsets of the OT-I T cells in the spleen. B) KLRG1 and CX3CR1 expression of 

OT-Is from the vasculature (i.v.+) and parenchyma (i.v.-) portions of the salivary gland. In (A) and (B), the data 

show concatenated FACS plots from one representative experiment at day 9 (n= 3) with mean ± SEM values 

in each quadrant derived from all experiments (total n=8). C and D) Naïve OT-Is were transferred as in (A) and 

sorted from the spleen (B) and the salivary gland (C) 7 days after infection with MCMV expressing Ova. 

Chemokine receptor expression was assessed on sorted T cells by RT-qPCR. Data were combined from 2-5 

independent RT-qPCR assays per sample, with cDNA from OT-I T cells sorted from 2-3 independent mice. 

Error bars represent SEM. | 
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CXCR3 is critical for T cell migration to uninfected salivary glands, but is dispensable after MCMV infection   

Since MCMV infection induced chemokines that bind CCR5 and CXCR3, we directly tested 

whether these receptors were critical for the accumulation of MCMV-specific T cells in the salivary gland. 

To this end, OT-I T cells that expressed or lacked either receptor were mixed with their WT counterparts 

and co-transferred to congenic B6 recipients. Recipient mice were infected on the following day with 

MCMV virus expressing Ova (figure 9A-D). Two weeks after the infection, there were only small reductions 

in the numbers of CXCR3 KO or CCR5 KO OT-Is in the salivary gland (figures 9A and 9C) and these small 

differences were mirrored in the spleens of the same animals, implying no impairment in the recruitment 

of T cells lacking either CXCR3 (figure 9A) or CCR5 (figure 9C) receptor. Moreover, there were no 

differences in the absolute numbers of OT-Is that expressed the tissue-resident markers CD69 and CD103 

in the gland (figures 9B and 9D).  

It was possible that CCR5 and CXCR3 played redundant roles in migration of T cells to the salivary 

gland during MCMV infection. To address this possibility, WT and CCR5 KO OT-I T cells were activated in 

vitro and transferred into infected mice, with or without an antibody specific for CXCR3 that has been 

reported to block CXCR3-dependent cell migration.78,79 For infection, we used the K181 strain of MCMV 

lacking Ova, again to avoid the influence of antigen and additional T cell expansion after adoptive transfer 

(figure 9E). However, donor OT-I T cells still migrated to the salivary gland in all cases and the absolute 

number of OT-Is in the gland was similar in both groups independently of the CXCR3 blockade (figure 

9F). There was a subtle difference on the overall number between the WT OT-Is in the unblocked group 

and the CCR5KO OT-Is in the CXCR3 blocked group, possibly suggesting a combined impact of CXCR3 

and CCR5 on T cell migration. However, the effect was subtle and the CXCR3 blockade had an impact in 

the spleen in all mice. Therefore, it is difficult to distinguish if this effect was partially due to differences 

on T cells in circulation (figure 9F). There was no impact of CCR5 deficiency with or without CXCR3 

blockade on T cell migration to lungs or kidneys. Although it is possible that the CXCR3 blockade was 

poorly effective in vivo in infected mice, these data suggest that CCR5 and CXCR3 are not required for T 

cell accumulation in infected salivary glands.  

As a control for these experiments, we had transferred in vitro activated WT OT-Is to naïve 

recipients, with or without CXCR3 blockade (figure 10A). Surprisingly, in naïve mice, the CXCR3 blockade 

had a striking impact on T cell accumulation to the salivary gland resulting in approximately a 9-fold 

reduction in the numbers of OT-Is that reached the parenchyma (figure 10B). Although the blockade had 

an impact on the numbers of OT-I T cells in the spleen, as in infected mice (figure 9F), it was lower than 

the impact on the salivary gland in naïve mice and there was no effect on the T cells recovered from the 
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lungs or kidneys (figure 10B). These data imply that the CXCR3 blockade was effective in naïve mice and 

suggest that the CXCR3 blockade was having a specific impact on T cell accumulation in the salivary 

glands of naïve mice, despite the absence of an effect in infected mice.  

To confirm these surprising results, and determine whether CXCR3 was needed on T cells 

specifically, CXCR3 KO and WT OT-Is were activated in vitro, mixed together, and co-transferred to naïve 

mice. At 4 days after transfer, the absolute number of each OT-I population was assessed and the ratio 

of KO to WT cells was calculated within the parenchyma and the circulation (figure 10C). In line with our 

blocking antibody data, accumulation of CXCR3 KO OT-Is in the salivary gland, but not the kidneys or 

spleen, was markedly impaired, in two separate experiments (figures 10D-E). Together, these data 

strongly imply that T cell migration to and accumulation in uninfected salivary glands depends critically 

on CXCR3. 

 

CXCL9 is expressed in the salivary gland at steady state even in the absence of IFN-γ 

Because the ligands for CXCR3 (CXCL9 and CXCL10 in B6 mice) are strongly induced by IFN-γ 

and upregulated by MCMV infection (figure 6), we wished to confirm that these ligands were present in 

naïve mice and test whether IFN-γ was required for T cell migration to the salivary gland. The chemokine 

CXCL9 was readily detectable by ELISA and qRT-PCR in the salivary glands of naïve B6 and was also 

evident in IFN-γ KO mice (figures 10F-G). In addition, when in vitro activated OT-Is were transferred to 

naïve IFN-γ KO or B6 mice they reached the salivary gland at similar numbers (figure 10H). Thus, CXCL9 

is available for T cell recruitment to uninfected salivary glands with or without infection or IFN-γ. 

Collectively, these data suggest that the integrin a4b1 and the chemokine receptor CXCR3 play critical 

roles in the recruitment of T cells to uninfected or non-inflamed salivary glands, but that CXCR3 is 

redundant during inflammation induced by MCMV infection. 
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|Figure 9. Lack of CXCR3 or CCR5 does not impact the accumulation of CD8+ T cells in the salivary gland 

after MCMV infection.  

 A and C) WT OT-Is and OT-Is that lacked either the chemokine receptor CXCR3 or CCR5 were mixed 

(1x103 of each) and co-transferred to naïve B6 mice that were then infected with MCMV-Ova. Shown are 

the overall numbers of CXCR3 KO (A) or CCR5 KO (C) versus WT OT-Is from the spleen (SPL) and the 

parenchyma of the salivary gland (SG) 14 days after infection. B and D) Shown are the absolute numbers 

of CD103+ CD69+ OT-I T cells from the SG. Data are combined data from 2 independent experiments for 

each KO (dashed bars)/WT (filled bars) pair (n=7 for the WT/CXCR3 and n=5 for the WT/CCR5 

experiments). E) Experimental design of the OT-I adoptive transfer for (F). WT and CCR5 KO OT-Is were 

activated in vitro, and 4x106 of each were mixed. Mixed cells were treated with either anti-CXCR3 antibody 

or an isotype control and co-transferred to MCMV infected mice that were treated with anti-CXCR3 (+) or 

an isotype control antibody (-) via i.p. injections every other day starting 2 days before the adoptive 

transfer. F) Shown are the absolute numbers of WT (filled bars) or CCR5 KO (dashed bars) OT-I T cells in 

the parenchyma of the SG, lungs (LG), kidneys (KDN) and from the overall CD8β+ T cells from the spleen 

(SPL) of CXCR3 blocked (+) or isotype control-treated (-) mice. Data from 2 independent experiments 

(n=7 for the isotype treated group and n=8 for the CXCR3 treated group). Error bars represent that SEM. 

The statistical significance was measured by unpaired t-test after log10 conversion of the absolute 

numbers (A-D) and One-way ANOVA (F). | 
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|Figure. 10. CXCR3 blockade reduces the recruitment of CD8+ T cells to salivary glands in uninfected mice 

independently of IFN-g.  

A) WT OT-I T cells were activated in vitro, treated with either anti CXCR3 antibody or isotype control and 4x106 

cells were transferred to naïve mice. The recipients were also treated with anti CXCR3 antibody or isotype 

control every other day starting 2 days before transfer until sacrifice. B) The absolute numbers of OT-I T cells 

that reached the parenchyma of the salivary gland (SG), lungs (LG) and kidneys (KDN) and from the CD8β+ 

population of the spleen (SPL) are shown. Data are from 2 independent experiments (n=7 for the isotype 
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treated group and n=8 for the group treated with anti-CXCR3). C) Experimental design for figures D and E. WT 

and CXCR3 KO OT-Is were activated in vitro, and 4x106 of each were mixed and co-transferred to naïve mice. 

D and E) Shown is the ratio of KO/WT OT-Is in the vasculature (i.v.-) and parenchyma (i.v.+) of the SG, KDN, 

SPL, and from the overall CD8β+ cells in the blood. Two independent experiments are shown [n=4 in (D) and 

n=5 in (E). The dotted lines represent the ratio of KO to WT cells in the transferred pool (as assessed by FACS 

on the day of transfer). Error bars represent SEM. Statistical significance was measured by unpaired t-test after 

log10 conversion of the absolute numbers (B) and ratio paired t-test in (D-E). The levels of CXCL9 in the SG of 

naïve B6 and IFN-g KO mice were determined by qPCR (F) and ELISA (G). Data from one experiment 

[n=2-3 in (F); n=3-4 in (G)]. H] WT OT-I were activated in vitro and 4x106 T cells were transferred to naïve 

B6 or IFN-g KO mice [similarly to (A) and (B)]. The organs were collected 4 days after transfer and the 

overall number of OT-I in the SG, KDN and SPL are shown. Data are pooled from 2 independent 

experiments (n=6 B6 mice and 7 IFN-g KO mice). Error bars represent the SEM and the statistical 

significance was measured by unpaired t-test after log10 conversion of the absolute numbers (*p<0.05; 

**p<0.01). | 
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2.5   Discussion 

The salivary gland is an important site of viral infection for transmission to new hosts. Indeed, all 

β- and γ-herpesviruses infect the salivary gland and are shed into saliva. Moreover, herpesviruses like 

CMV establish latency in the salivary gland and reactivate readily in this site during periods of immune 

suppression, particularly when CD8+ T cells have been depleted.9 Therefore, it is important to understand 

the mechanisms that promote and establish CD8+ T cell residency in the salivary gland.  

Recent studies have shown that salivary gland localized T cells can become TRM that reside near 

or within the epithelial layer.10,11 Interestingly, the mechanisms governing TRM differentiation and 

maintenance differ in different tissues.80 While transforming growth factor beta (TGF-b) is described as 

critical for promoting CD103-expressing TRM in most tissues tested to date, including the salivary gland, a 

role for antigen and inflammation is more variable.10,11,15,21,25,81 Antigen seems to be required for the 

differentiation of CD103+ TRM in the central nervous system and lungs.19,20,82 In the skin, the efficiency of T 

cell recruitment is poor without local inflammation and antigen improves the TRM maintenance as well as 

the selection of TRM specificities. 16,24 In contrast, TRM can form in the small intestine independently of antigen, 

infection, or commensal microbiota. In fact, antigen in the small intestine may reduce expression of 

CD103+ on T cells that reach this tissue.28 Remarkably, like the small intestine, the salivary gland seems 

capable of recruiting activated T cells in the absence of a specific infection or inflammation.10–12 In fact, 

our data show that naïve, uninfected salivary glands and those with an active MCMV infection were equally 

capable of recruiting activated T cells over a month of time (figure 4). These data suggest that the salivary 

gland and small intestine may represent a set of tissues that are continuously surveyed by activated T 

cells and capable of inducing their retention through constitutive TGF-b expression. T cell recruitment to 

both naïve and infected salivary glands depended on the a4 integrin (figure 5) while recruitment to naïve 

salivary glands depended on the chemokine receptor CXCR3 (figure 10). These results imply that 

sufficient levels of VCAM-1 and CXCR3 ligands are expressed at steady state in the salivary gland for T 

cell recruitment. Indeed, CXCL9 was detectable in the salivary glands of naïve B6 mice and its expression 

was not dependent on IFN-γ (figure 10). These data establish a mechanism for the recruitment of 

activated T cells to the salivary gland, regardless of infection. 

Given that CXCL9 is classically thought of as IFN-γ-induced chemokine, it is interesting that it 

was constitutively expressed in the salivary gland. It is possible that animal colony conditions or husbandry 

practices within our animal colony contribute to the constitutive expression of CXCL9 that we observed 

(figure 10) and the constitutive ability of naïve salivary glands to recruit T cells (figure 4). However, the 
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recruitment of T cells to the salivary gland in naïve mice has been demonstrated in 2 other laboratories 

besides our own, suggesting that our results cannot be explained by housing conditions in the Thomas 

Jefferson University animal facility.12,10 It must be noted that the salivary gland ducts are open to the oral 

cavity and therefore likely to be colonized by the oral microbiome. Thus, it is possible that CXCL9 

expression is a direct response to oral microbiota. Interestingly, several chemokines including CXCL9, 

CXCL10 and CXCL11, can have antimicrobial functions. 83–85 Therefore, it is possible that T cell recruitment 

is secondary to the anti-microbial role of chemokines in the salivary gland, and perhaps other digestive 

tissues. It will be fascinating in future work to determine whether CXCL9 levels, and the steady-state 

recruitment of activated T cells to the salivary gland, are controlled by the oral microbiome. 

Although CXCR3 appears to play a crucial role in the recruitment of T cells to naïve salivary 

glands, it is important to note that our experiments did not test whether CXCL9 and CXCL10 were required 

to recruit activated T cells to the naïve or infected salivary glands. Indeed, it is possible that CXCR3 was 

being activated by alternative ligands in naïve mice or that CXCL9 and CXCL10 could use alternative 

chemokine receptors in infected mice. Moreover, heterodimerization of chemokines as well as 

heterodimerization of receptors have been described and can increase the breadth of potential 

ligand/receptor interactions. 86,87 Therefore, extensive future work will be needed to tease apart the specific 

ligand/receptor interactions involved in T cell recruitment in different settings.  

Although infected salivary glands recruited activated OT-Is more rapidly, we observed a plateau 

in recruitment (figure 4).  It is possible that the ultimate numbers of TRM that accumulated in the salivary 

gland may have depended on the potential of the T cells induced by in vitro activation. In our hands, a 

subset of in vitro activated OT-Is expressed CXCR3, CXCR4 and/or CXCR6, and the population, as a 

whole, almost completely lacked CX3CR1 (not shown), much like our MCMV-specific T cells in the salivary 

gland (figure 8). However, we cannot exclude the possibility that only a subset of activated OT-I T cells 

was capable of migrating to the salivary gland and becoming TRM, which could simulate a plateau in OT-I 

TRM cell numbers in the salivary gland over time. If such limit in cell numbers existed however, it was 

unlikely to be caused by competition for space or environmental cues in the salivary gland. New OT-I or 

VACV-specific TRM were able to form in the salivary glands of mice previously infected with MCMV (figure 

3 and data not shown), despite the fact that infected salivary glands contained 20 to 30-fold more T cells 

than naïve salivary glands (data not shown). Together, these experiments suggest that the salivary gland 

can accommodate more TRM than were induced in our experimental systems. Nevertheless, it is possible 

that pre-existing TRM in the salivary gland would be reduced over time in animals exposed to repeated 

infections. Thus, it will be exciting to learn how salivary gland-localized TRM populations would evolve over 
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time in response to multiple different infections. 

Our data showed that most KLRG1 expressing MCMV-specific T cells upregulated CX3CR1, but 

lost CXCR3 expression and failed to migrate into the salivary gland, even during MCMV infection (figure 

8). However, CXCR3 deficiency did not preclude MCMV-specific T cells from the salivary gland during 

infection (figure 9). Thus, presumably the loss of CXCR3 alone was not responsible for the inability of 

these T cells to migrate into the salivary gland. Moreover, a lack of the a4 integrin cannot explain the 

failure of these cells to enter the salivary gland as we have seen comparable expression of a4 integrin 

on KLRG1+ and KLRG- MCMV-specific T cells (data not shown). These results were surprising to us, but 

also broadly consistent with work from Woyciechowski, S. et al. (2017), which suggested that CXCR3 was 

dispensable for CD8+ T cell migration to the salivary gland after LCMV-WE infection.32 LCMV-WE is reported 

to not infect the salivary gland directly 12 and it is unclear whether CXCR3 ligands in the salivary gland are 

increased by LCMV-WE infection. Regardless, it is certain that other changes induced by infection will 

contribute to the efficiency and speed of T cell recruitment. Indeed, LCMV-WE infection was associated 

with an increase in VCAM-1 on the salivary gland vascular endothelium that likely facilitated the 

recruitment of T cells. Thus, it is possible that MCMV infection reduced the burden on CXCR3 by 

increasing additional molecules involved in recruitment of T cells. Another possible explanation is that 

MCMV infection induced an array of chemokines that could redundantly recruit T cells. We tested whether 

CCR5 and CXCR3 were acting together to recruit T cells by blocking CXCR3 on CCR5 KO T cells. However, 

these results should be interpreted cautiously. Although the CXCR3 blockade reduced T cell recruitment 

to the salivary gland in naïve mice, it is unclear whether the antibody was fully able to block the CXCR3 

receptor in infected mice, which likely have many more CXCR3-expressing cells. Future work will need to 

explore the specific mechanisms used by T cells to enter the salivary gland during acute MCMV infection. 

In conclusion, our data show that the salivary gland is able to constitutively recruit CD8+ T cells 

in a a4 integrin and CXCR3-dependent manner, and subsequently induce and sustain TRM populations in 

the absence of infection, antigen or inflammation. Thus, it is plausible to think that the TRM populations in 

the salivary gland, and perhaps other tissues in the digestive tract, will retain a record of previous 

infections and their specificities, regardless of whether those infections were related to the salivary gland. 

Moreover, the fact that CXCR3 was critical for recruitment of T cells to naïve salivary glands should be 

useful for guiding the future development of vaccines that aim to establish or boost the mucosal immune 

responses in the salivary gland. 
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Tissue-resident memory T cells (TRM) are increasingly becoming relevant players in different 

scenarios. Having specialized residing immune cells within the tissues seems to be the ideal mechanism 

to effectively improve the local immune response to subsequent events. A great effort has been done to 

manipulate these cells and take advantage of their unique characteristics to promote a better immune 

response to infection and tumors. From prime-boost to repeated vaccination, multiple strategies are able 

to differentiate TRM in different organs.1–5 However, the requirements for TRM differentiation and maintenance 

vary according to the organ and the strategy used.6 Therefore, to successfully promote and modulate TRM 

it is crucial to understand the cascade of events that leads to TRM differentiation, its characteristics and 

modifiers. Consequently, this work was focused on further characterizing the TRM differentiation in mucosal 

tissues with clinical relevance. Salivary glands are essential for replication and shedding of 

herpesviruses.7–10 Human Cytomegalovirus (HCMV)'s high prevalence and morbidity/mortality worldwide 

makes it an interesting target and tool to study TRM.  

Briefly, our results showed that Murine Cytomegalovirus (MCMV) infection alters the gene 

expression profile in the salivary glands, however activated CD8+ T cells could differentiate in TRM, 

regardless of viral infection or viral replication. Moreover, CD8+ T cell homing to the salivary gland seems 

to be promoted by CXCR3 (in naïve mice) and a4b1 expression (in both naïve and MCMV infected mice). 

The succeeding discussion will be divided into 3 main parts. Initially, the influence of MCMV 

infection in the salivary gland environment and its impact in CD8+ T cell recruitment and TRM differentiation 

will be discussed (Part 3.1). This will be followed by a reflection about the mechanisms involved in TRM 

differentiation in naïve salivary glands (Part 3.2). Finally, the possible implications of the prompt ability 

for TRM to differentiate in the salivary glands will be discussed (Part 3.3). 
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PART 3.1   What does MCMV do to the salivary glands? 

 

3.1.1 Differences in gene expression between salivary glands from naïve and MCMV infected mice 

MCMV infection of the salivary gland induces, in the mouse model, tissue inflammation, which 

recreates some of the Sjögren’s syndrome clinical findings.11,12 Although commonly accepted that 

Cytomegalovirus (CMV) infection promotes an inflammatory status of the glands, few studies have 

addressed the specific inflammatory changes that occur after MCMV infection. Cavanaugh et al. (2003) 

have shown that interferon gamma (IFN-g), tumor necrosis factor alpha (TNF-a), CCL1, CCL3, CCL4 and 

CCL5 were enriched in the salivary gland of MCMV infected mice compared to the secondary lymphoid 

organs at 2 weeks after infection.13 In line with previous findings, our data (Table 2 and Table S1A-B) show 

that, after MCMV infection, an inflammatory state is seen in the salivary gland, with those molecules being 

detected in infected salivary glands along with up regulation of IFN-g related genes, such as CXCL9 

chemokine. Additionally, the RNAseq analysis performed identified novel changes between naïve and 

infected salivary glands 2 weeks after MCMV infection. Looking at the top 50 differently expressed genes, 

MCMV infection mainly promoted interferon (IFN)-induced genes as well as genes related to antigen 

processing/presentation/recognition. Nonetheless, it is important to note that these results should be 

interpreted carefully since post transcriptional and (post) translational modification, as well as protein 

interactions may occur and are not considered within our analysis, therefore limiting the strength of 

transcript comparisons. However, some of these genes are interesting to consider in the context of MCMV 

infection, thus motivating a brief discussion. 

 

Interferon induced genes  

Following infection, IFN signaling is mediated by Janus and tyrosine-specific kinases that 

phosphorylate signal transducers and activators of transcription (STAT) proteins.14,15 The translocation of 

STAT proteins to the cell nucleus results in expression of multiple IFN-associated genes. As described 

before, both type I and II IFN (IFN-I and IFN-II) are induced after MCMV infection and are mediators in 

the antiviral response to CMV.14,16–18 Therefore, it is not surprising that multiple IFN-induced genes were 

increased in the salivary gland following MCMV infection.   

Multiple IFN-induced GTPases were identified in our RNAseq analysis. IFN can induce four families 

of GTPases: the guanylate-binding proteins (Gbp), the immunity-related GTPases (Irg), the Mx-proteins and 

the very large inducible GTPases.19,20 Although most of these GTPases have a low expression profile in 

mice, their transcription is promoted in response to interferon alpha (IFN-a), interferon beta (IFN-b) 
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and/or by IFN-g.20 Therefore, it was not surprising that the transcription of GTPases such as Interferon 

gamma-induced GTPase (Igtp); Gbp2; Gbp3; Interferon gamma inducible protein 47; Immunity-related 

GTPase family M (Irgm) 1 and 2 were significantly increased in the salivary glands by MCMV infection. 

These GTPases play an important role in resistance to intracellular pathogens such as Toxoplasma 

gondii, rabies virus and Mycobacterium tuberculosis through different mechanisms from lysosome fusion 

and acidification and autophagy.21–26 Although the role of these GTPases in viral infection is not as striking, 

some reports using human samples suggest that they can be linked to protection against hepatitis C virus 

and Influenza virus.27–29 Previous reports suggest that GTPases such as Irgm1 and Irgm3 are not critical 

for CMV control.30,31 Although the expression of these GTPases may only reflect the increased IFN-signal 

in the glands without significant antiviral role, this is still an interesting question to test since most of the 

functions of GTPases in CMV infection remain to be determined. For further studies it is important to note 

that the GTPases family and function differs in different species, being more extensive in mice in 

comparison to humans.26 

IFN signal also induces other immune mediators such as IFN-induced transmembrane proteins 

(IFITM). IFITM proteins are constitutively expressed in multiple tissues, especially barrier epithelial cells 

and its expression is significantly promoted by both type I and type II interferons.32 Due to the increased 

IFN expression following MCMV infection, Not surprisingly, IFITM3 was significantly increased in infected 

salivary glands. 

IFITM proteins are antiviral mediators preventing entry, endosomal fusion and/or viral replication of 

several viruses such as: Influenza A virus, Vesicular stomatitis virus, West Nile virus, Dengue virus and 

Human immunodeficiency virus (HIV), but this effect is not universal.32–36 Most of the viruses, which entry 

is restricted by IFITM are thought to fuse depending on pH or cathepsin mechanisms, whereas non-

sensitive viruses tend to fuse at the plasma membrane.37,38 Since HCMV entry in epithelial cells depend 

on both endocytosis and pH dependent fusion, it was surprising that IFITM3 expression cannot prevent 

viral entry in epithelial cells.39 Although HCMV is able to bypass IFITM3 to enter the cells and the fact that 

neither MCMV nor HCMV replication impair its expression, it is important to note that IFITM3 has other 

antiviral roles. IFITM3 expression in mice limits MCMV induced lymphopenia and the production of 

cytokines such as TNF-a and IL-6, which modulates T cell and Natural killer cell (NK) responses.40 

Interestingly, following influenza virus infection IFITM3 expression in TRM in the lungs was antigen-driven 

and prevented these cells from being infected.41 Remarkably, IFITM3 promoted TRM survival and increased 

protection following subsequent viral challenges. Notably, the same protection conferred by IFITM3 

expression in TRM occurs in the brain following vesicular stomatitis virus  infection.42 As a parallel, MCMV-
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specific TRM in the salivary gland persist at high numbers long after MCMV infection, which implies that 

this population is also maintained and survives during infection. It is thus natural to wonder if this could 

be as well due to increased IFITM3 expression. Accordingly, it would be interesting to explore which cells 

are contributing to this increased IFITM3 expression in the salivary gland and test the role of IFITM3 in 

TRM survival. Moreover, the way IFITM3 could be shaping the immune response against MCMV infection 

still needs to be characterized, which could be tested using IFITM3 knock-out (KO) mice.  

 

IFN signals also promote the expression of 2’–5’ oligoadenylate synthetases (OAS) that produce 2’,5’-

linked oligoadenylates (2-5A) and activate a ribonuclease L (RNaseL) leading to RNA degradation.43,44 In 

mice, there are several OAS1 genes, OAS2, OAS3 and 2 OAS-like (Oasl) genes that do not have the OAS 

function.45 Differently in humans, 3 functional genes exist (OAS1-3) and a single Oasl gene.46,47 Besides 

IFN signal, OAS are also induced by dsRNA, which allow for the antiviral role of the OAS/RNaseL axis 

against RNA viruses. Although less obvious, the expression of 2-5A have also been described in several 

infections caused by DNA viruses. The antiviral activity of OAS in infections by DNA viruses like vaccinia 

virus (VACV) and herpes simplex virus (HSV)-1 can be linked to the RNaseL activation and destruction of 

viral mRNA.43 Interestingly however, following VACV and HSV infection the levels of RNaseL do not follow 

the increase of 2-5A, which could reflect the RNaseL-independent antiviral activity of OAS proteins or, 

alternatively a viral inhibitory mechanism towards the OAS/RNaseL.48 In line with this last hypothesis, 

HCMV ORF94 (UL126a) has been suggested as a mediator of OAS blockade.49  

According to our results, MCMV infection leads to Oasl2 expression in the salivary gland. Oasl2 

exhibits OAS enzyme activity and is upregulated by both IFN-I and IFN-II.50 Remarkably, some studies 

suggest that Oasl2 in response to DNA viruses acts differently than RNA viruses. Following infection with 

DNA viruses, such as VACV and vesicular stomatitis virus, Oasl2 tend to decrease the cGAS-mediated IFN 

expression, which in turn promotes viral replication.51 Therefore, Oasl2 induces a negative-feedback on 

IFN expression and a higher susceptibility to viral replication. Similarly, in vitro Oasl2-/- fibroblast produced 

reduced MCMV infectious particles than wild-type (WT) cells.51 If a similar mechanism happens in vivo, it 

would be curious to see if Oasl2 expression promotes MCMV infection in the salivary glands. Additionally, 

it is interesting to consider that Oasl2 expression may function as a regulatory mechanism preventing 

chronic inflammation, tissue destruction and auto-immunity. 

 

Schlafen 2 (Slfn2) is another IFN-a induced gene which was differently expressed in the salivary 

glands of naïve and MCMV infected mice. The Slfn2 resulting protein is one of the ten members of its 
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family and although there is no human homolog, Slfn2 is closely related to the Slfn12 and Slfn12L in 

humans.52,53 Slfn2 modulates the immune response in multiple ways and it is mostly known for its role in 

the maintenance of a quiescent state in naïve T cells.53–55 Slfn2 prevents both apoptosis of CD8+ T cell and 

monocytes following activation and expansion signals.53,56 Interestingly, mice that lack Slfn2 are more 

susceptible to MCMV infection and although the mechanisms remain obscure, it is thought to be due to 

its impact on inflammatory monocytes.53 Moreover, Slfn2 negatively regulates the NF-kB activation 

following IFN-b signal and thus preventing the in vitro expression of IFN-induced genes such as CXCL10, 

Interferon regulatory factor (Irf)7 and Oasl2 by mouse embryonic fibroblasts, which may impact different 

branches of the immune system that react to these signals.57 Interestingly, most of these IFN-induced 

genes were up-regulated in MCMV infected salivary glands probably suggesting a difference in the study 

design, timing, as well as a possible overpower of the IFN-I signal following infection. Like Oasl2, it is 

possible that Slfn2 expression functions as a compensatory mechanism to control the immune and 

inflammatory response to prolonged viral replication and latent infection in the gland. Nonetheless, further 

studies are needed to determine the role of Slfn2 as a regulator of the IFN-associated immune response 

to CMV infection.  

Cathepsin S (Ctss) is a member of cathepsins that act mainly as cysteine proteases usually activated 

within the lysosome.58 Nonetheless, cathepsins play multiple roles in the immune system promoting 

apoptosis, antigen processing and tissue remodeling.59–63 Ctss is mostly expressed by antigen-presenting 

cell (APC) cells and is linked to Toll-like receptor 9 signaling and acts as one of the predominant regulators 

of the peptides presented in major histocompatibility complex (MHC)-II complexes.64,65 Moreover, Ctss can 

be secreted by immune cells such as macrophages and contributes to extracellular matrix degradation 

promoting pathology such as atherosclerosis, arthritis and tumor metastasis.66–68 In the lungs, Ctss 

expression promotes pulmonary epithelial cell injury and apoptosis that might be linked with the 

expression of caspase 3, 8, and 9, Fas, Fas ligand, TNF-related apoptosis-inducing ligand, TNF-a, BH3 

interacting-domain death agonist and Bcl2-like protein 11.69 Interestingly, Ctss inhibitors have been used 

as an effort to prevent emphysema, Th1 inflammation and to control atherosclerosis.69,70  

Ctss has a restricted expression within the tissues, which is potentiated by different signals such as 

IFN-g.71,72 Therefore, it is not surprising that Ctss is expressed in an IFN enriched environment such as the 

salivary gland following MCMV infection. However, this result contradicts what was previously seen in 

dendritic cells (DC) infected with HCMV. Kessler et al. (2008) have shown that HCMV infection in vitro 

leads to a reduction of MHC-II, Ctss, cathepsin Z, B, H and L expression in DC, which promotes viral 

replication and pathology.73 On the other hand, Lee et al. (2006) suggested that Ctss levels remained 
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stable independently of HCMV infection (TB40/E) in lysates of mature Langerhans cells.74 These 

differences might be due to the cells, CMV strain, timing and overall methodology used. Nonetheless, the 

Ctss expression and its function after CMV infection still needs to be clarified.   

Due to Ctss´ destructive ability, it is possible that the high expression of Ctss in the salivary gland 

may also be related to tissue destruction as seen in Sjögren’s syndrome. In fact, Ctss was highly detected 

in tears of both patients and in a Sjögren’s syndrome mouse model and has been proposed as a marker 

for Sjögren’s syndrome disease.75,76 Intriguingly, these studies have not addressed the levels of Ctss in 

saliva samples. Remarkably however, in Sjögren’s syndrome mouse models, besides the increased levels 

of Ctss in the lacrimal gland samples, there was also a parallel increase in IFN-g, TNF-a, MHC II 

expression and T cell infiltrates. Although these molecules are commonly expressed in an inflammatory 

environment, it is interesting to note that lacrimal glands in Sjögren’s syndrome mouse models present 

a similar profile that MCMV infected salivary glands present. Therefore, it would be interesting to address 

the levels of Ctss also in the saliva of Sjögren’s syndrome models and patients and see if, as cathepsin 

D, Ctss can also be proposed as a salivary marker of Sjögren’s syndrome.77,78 

Nucleotide-binding oligomerization domain-like receptors (NLRs) are an example of multiple classes 

of receptors that detect pathogens or dangerous signals initiating innate immune responses.  

The NLR caspase recruitment domain containing protein 5 (Nlrc5) expression was increased in 

salivary glands after MCMV infection. Nlrc5 is induced by IFN-I and IFN-II and is predominantly expressed 

by lymphocytes and epithelial cells at a lesser extent. 

Nlrc5 modulates CD8+ T cells in multiple ways, being therefore interesting to consider in this work. 

Nlrc5 is important for MHC-I expression on both T and NK cells and it is also involved in preventing T 

cells from NK-cell-mediated elimination in inflammatory settings.79 These mechanisms may justify the 

reduced CD8+ T cells responses following several infections in the absence of NLRs.80 Therefore, it is 

possible that dampening Nlrc5 expression represents an evasion mechanism for some viral infections.  

Surprisingly however, the opposite was seen in the salivary gland following MCMV infection. It is likely 

that following MCMV infection, Nlrc5 was induced by the IFN signal in the gland and it would be pertinent 

to test if Nlrc5 expression acts as a MHC-I promoter in the gland, opposing the evasion mechanisms 

induced by the MCMV. Indeed, the forced expression of Nlrc5 can promote the immune response as 

demonstrated by a study that used B16-F10 melanoma cell lines that also tend to downregulate MHC-I 

expression, in which the overexpression of Nlrc5 increased the rate of  T cell-mediated killing.81   

Z-DNA binding protein 1 (Zbp1) expression was also increased after MCMV infection. Zbp1 is an IFN-

induced protein that recognizes both double-stranded Z-form DNA and RNA in the cytoplasm acting as an 
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antiviral mechanism.82 Similarly to our results, Zbp1 transcripts were also increased in fibroblast cells 

following HCMV infection and led to an increase in IFN-b and thus having an antiviral effect.83  Zbp1 signal 

also induces RIPK3-dependent necroptotic cell death, which could be another antiviral mechanism. 

Although necroptosis can limit MCMV replication and dissemination of MCMV, the M45 viral protein is 

able to prevent the ZBP1-RIPK3 association and therefore contradict this mechanism contributing to the 

viral replication within the cell.84 Nonetheless, it is interesting to consider if Zbp1 overexpression would 

benefit the antiviral response. Some studies have suggested that Zbp1 overexpression can act as a DNA 

vaccine enhancer boosting both the innate and adaptive T cell responses including the frequency of IFN-

g CD8+ T cells.85 Similarly to some of the discussed genes, the increased expression of Zbp1 transcript in 

MCMV infected salivary glands can result from the IFN-rich environment in the salivary gland and be part 

of the resulting antiviral response.  

 

Genes involved in antigen processing, presentation and recognition were differently expressed in the sali

vary gland of naïve and MCMV infected mice 

Recognition of infected cells by the adaptive immune cells is crucial for activation, differentiation and 

magnitude of the immune response. Antigen process and presentation are crucial steps to mount a 

successful immune response following viral infections. Accordingly, several genes related to antigen 

processing (Tap1; Tap2) and antigen presentation (H2-ab1; H2-D; H2-Eb1; H2-K1; H2Aa; H2Q4; H2T23) 

were highly expressed in the salivary gland after MCMV infection.86  

Proteasome subunit beta (Psmb) type 8 and 9 are curious examples of genes related to antigen 

processing that were increased in MCMV infected salivary glands. Psmb8 and Psmb9 genes both encode 

subunits of the 20S immunoproteasome complex, which degrades intracellular proteins into peptides that 

are posteriorly presented by MHC-I molecules.87 The resulting IFN-g signaling after several viral infections, 

such as MCMV induces different expression of proteasome subunits forming the immunoproteasome. 

This leads to changes in the efficiency and specificity of the proteolytic activity and the resulting 

peptides.88,89 In both human and mouse fibroblasts, CMV infection prevented the IFN-g induction of 

immunoproteasome at a pre-transcription level, which resulted in failed expression of the 

immunoproteasome in vitro.90 These results may seem contradictory to our increased expression of 

immunoproteasome subunits in the salivary gland following MCMV infection. Nonetheless, these 

differences may be related to the conditions used (in vitro vs in vivo) and the fact that the RNAseq analysis 

was performed using whole salivary glands, where the infected cells represent a minority, possibly 

weakening the effect of infection. Moreover, although MCMV infection may favour the inhibition of some 
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of the proteasomes´subunits in specific cells, the resulting inflammatory environment seen in the gland 

with the expression of IFN-g, Irf1 and Irf7 may successfully induce the immunoproteasome assembly in 

other cell types and even in uninfected cells.  

Not only genes related to antigen processing, but also genes related to antigen presentation were 

significantly increased after MCMV infection. Beta 2 microglobulin (B2m) is part of the MHC-I molecule, 

found in nucleated cells, and  its expression is promoted by molecules that are also up-regulated by CMV 

infection such as TNF-a, IFN-g and IFN-a.91–94 So, it is not surprising that its expression is high in infected 

tissues as seen in the salivary glands of MCMV infected mice. B2m further leads to the expression of pro-

inflammatory cytokines such as IL-6 and IL-8, however these cytokines were not up-regulated in the 

infected salivary glands (table S1A).95–97 In line with our results, B2m was also increased in blood samples 

from HCMV infected individuals under different contexts.98,99 It is interesting to consider that this induction 

of B2m expression following MCMV infection can be used as an immune evasion mechanism, since CMV 

is able to use B2m as a receptor and as a coating molecule, therefore B2m can also promote viral 

infectivity.100,101 

Additionally, regulators of T cell receptor (TCR) expression in CD8+ T cells were also promoted by 

MCMV infection of the salivary glands. An example is the Lysosomal protein transmembrane 5 (Laptm5) 

that is mainly expressed by immune cells in lymphoid organs. In CD8+ T cells, Laptm5 has been shown 

to promote CD3ζ-chain intracellular degradation and thus negatively regulate the TCR expression after 

CD3 stimulus.102,103 Consequently, increased Laptm5 levels after T cell activation act as control mechanism 

that prevents new TCR expression and an exaggerated T cell response.102 In fact, in Laptm5-/- mice, 

increased TCR levels, prolonged T cell responses, increased proliferation and cytokine production by T 

cells occurred after CD3 stimulation in comparison to WT cells.102 The increased expression of Laptm5 in 

infected salivary glands can merely reflect the previous activation of immune cells but can also contribute 

to the reduced ability of CD8+ T cell to control acute MCMV infection in this organ. It would be interesting 

to compare the Laptm5 expression in the gland and other organs where CD8+ T cells are crucial in CMV 

control such as the spleen. Additionally, it is interesting to consider Laptm5 (or its reduced expression) 

as a tool to increase the responsiveness of CD8+ T cells in the salivary glands following CMV infection.  

 
Although several interesting hits were detected by the RNAseq analysis, surprisingly however only 

approximately 1% of the 24000 genes detected were differentially expressed in the salivary gland after 

MCMV infection. Besides the intrinsic limitation of the sensitivity of the RNAseq technique used, it is 

important to ponder that whole salivary glands were used. Therefore, the slight differences might result 
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from the evaluation of the whole organ instead of isolated infected versus uninfected cells. Nevertheless, 

it still is interesting to consider the reasons for the lack of greater differences in gene expression between 

MCMV infected and naïve glands. It is possible that viral-induced responses seen in infected salivary 

glands might dampen the immune response and the associated inflammatory changes. Indeed, CMV 

pathology in the salivary glands has its particularities, as the reduction of MHC-I molecules in infected 

epithelial cells and the limited cross-presentation, which restricts CD8+ T cells function after infection.104,105  

This compromised recognition of the infected cells by CD8+ T cells in the salivary glands may prevent 

significant destruction of infected cells and possibly contributing to less inflammation in the gland in 

comparison to other infected organs where the CD8+ T cells significantly contribute to the viral control.  

As another example of regulatory mechanisms that might be preventing bigger differences in gene 

expression, Campbell et al. (2008) have shown that IL-10 RNA (an anti-inflammatory cytokine) is 

increased in the salivary glands of MCMV infected mice.16,106 Additionally, it was recently suggested that 

NK cells following MCMV infection, express IL-27b, which leads to IL-10 expression and dampens the 

immune response against MCMV infection, resulting in prolonged viral persistence.107 This IL-10 increase 

can impact the CD4+ T cell and APC cells response in the gland. In fact, IL-10 has been shown to prevent 

dysregulated pro-inflammatory signals in the liver following MCMV infection.108 Therefore, it is plausible 

that the same occurs in the salivary glands.  

Similarly, TNF-related apoptosis-inducing ligand expression by NK cells limits the action of activated 

CD4+ T cells contributing for viral persistence but preventing further damage of the gland.109 These 

protective anti-inflammatory responses antagonize other pro-inflammatory stimuli induced by infection 

and can possibly prevent the expression of more striking differences such as inflammatory cytokines and 

chemokines between MCMV infected and naïve glands. An interesting variety of responses were also seen 

in our results since both genes related to an antiviral response as well as genes that facilitate CMV 

infection were increased in the infected salivary glands. It would be fascinating to understand how this 

balance evolves during the acute infection and latency.   

Although our results characterize the changes seen in the salivary gland after 2 weeks of MCMV 

infection, further studies are crucial to elucidate the role of some of these molecules in the immune 

response and pathology of MCMV. Prior to testing the specific role of some of the hits, the protein levels 

in the glands, its source and a comparison to other organs such as the spleen and blood would be 

essential.  Nonetheless, the characterization done of the genes, which expression was promoted by MCMV 

infection in the salivary gland is an initial tool to design new hypotheses regarding the pathology and 

immune response to CMV.  
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Finally, it is relevant to mention that the changes caused by MCMV infection detected by the RNAseq 

and their potential roles will continue to be discussed in future sections.  

Besides the impact on the local gene expression, MCMV infection also modulates the cellular 

composition of the salivary glands. Subsequently, we will discuss the impact that MCMV infection has in 

T cell recruitment to the salivary gland and TRM differentiation.  

 

3.1.2 Impact of MCMV infection in CD8+ T cell recruitment to the salivary glands and TRM differentiation 

For most tissues, inflammation and/or antigen are important for CD8+ T cell homing and TRM 

differentiation.110–115 Even in organs such as the skin, where TRM can develop in response to inflammation, 

antigen tend to promote enhanced TRM differentiation.113 Infection and the resulting inflammatory 

environment impact CD8+ T cells in many ways since antigen sensitivity, proliferative capacity, and their 

trafficking abilities.116–118 All of these can promote CD8+ T cell maintenance in the tissue and TRM 

differentiation.  

Variances in the infection, such as the different routes, resulted in different CD8+ T cell numbers 

in the salivary gland, which can indicate a role for the inflammatory status or for the presence of local 

antigen in the recruitment of CD8+ T cells. Therefore, based on what happens in most organs, it was 

tempting to think that local CMV viral infection and the resulting inflammation, could promote TRM 

differentiation in the salivary glands.  

 

3.1.2.1 CD4+ T cells are not required for the differentiation of M38-specific TRM  

One key difference upon MCMV infection is the arrival of many different immune cells in the 

salivary gland. As referred, CD4+ T cell are crucial in controlling MCMV infection in this organ. Therefore, 

it is not unexpected that CD4+ T cells are present in significant numbers in the gland after MCMV 

infection.17,104,119  

CD4+ T cells are key in licensing APC cells, promoting APC-CD8+ T cell-interaction and thus CD8+ 

T cell activation.120,121 CD4+ T cells also improve CD8+ T cell proliferation, cytotoxic activity and survival.122–

124 Naturally, CD4+ T cells impact multiple CD8+ T cell subsets and have been shown to be crucial in CD8+ 

TRM differentiation, maintenance and antiviral activity in the brain in the context of CMV infection.125,126 Help 

provided from CD4+ T cells additionally promotes CD8+ T cell migration to the female reproductive tract 

and TRM differentiation in the lungs.127,128 Therefore, a role for CD4+ T cells in promoting TRM could also be 

expected in the salivary gland. Surprisingly however, CD4+ T cell depletion did not impact the number of 

TRM in the salivary gland after MCMV infection (sup. figure 2). Although still not completely understood, it 
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seems that the dependence of CD4+ T cell diverges according to the organ studied. In fact, CD4+ T cells 

were also not required for TRM accumulation in the skin.129 It is likely that other homing molecules overcome 

the help provided by CD4+ T in migration of CD8+ T cells to other organs. Moreover, other immune cells 

such as DC and macrophages could provide differentiation signals such as transforming growth factor 

beta (TGF-b) and TNF-a, that would promote CD8+ T differentiation and retention, as happens in the 

intestine, and thus reducing the impact of CD4+ T cells.130 Even though our studies focused on a specific 

CD8+ T cell population (M38-specific), our data suggest that CD4+ T cell help is not crucial for MCMV-

specific TRM differentiation in the salivary gland. Interestingly, CD4+ TRM were found in the salivary gland 

after MCMV infection and the interaction and dependence between these two subsets would also be a 

relevant topic to explore both in acute and latent times of infection. 

It is also curious to consider that reduced CD4+ T cells increase the MCMV viral load in the salivary 

gland and therefore the antigen burden in the organ.119,131 Intriguingly, neither significantly influenced the 

overall number of TRM.   

 

3.1.2.2 MCMV replication impacts CD8+ T cell accumulation in the salivary glands but not the TRM 

differentiation 

Using Famcyclovir to prevent MCMV-TK virus replication, we further asserted that viral replication 

in the salivary gland was unnecessary for TRM differentiation (figure 2). Curiously, viral replication promoted 

early MCMV-specific CD8+ T cell accumulation in the salivary gland.  

Surprisingly however, the number of TRM in the salivary gland was comparable between mice 

infected with replicative and non-replicative virus (figure 2), which suggests that viral replication impacts 

CD8+ T cell accumulation in the salivary gland but did not significantly contribute to TRM differentiation.  It 

is important to reinforce that these experiments did not exclude a role for antigen since viral DNA was 

still detectable in the salivary gland of some mice that were infected with a replicative-deficient virus (data 

not shown). This can possibly be explained by the migration of infected cells to the salivary gland. DC 

have been previously described as MCMV carriers, allowing for viral spread to the salivary glands, 

therefore it is possible that DC were initially infected with MCMV-TK and then migrated to the salivary 

glands.132,133 Even though the Famcyclovir treatment has been shown to avert viral replication, the presence 

of viral DNA in the salivary gland could provide antigen to drive TRM differentiation in this organ.134 For this 

reason, we chose the OT-I system to further investigate the role of tissue inflammation in TRM differentiation 

independently of antigen.  
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3.1.2.3 MCMV infection promotes early OT-I T cell recruitment to the salivary gland 

When we compared OT-I T cell recruitment in the salivary gland of naïve and MCMV infected mice 

in an antigen-independent system, OT-I T cell migration and early accumulation was promoted by MCMV 

infection (figure 4).  This result is an interesting parallel with the increased accumulation of MCMV-specific 

CD8+ T cells in the salivary glands in the presence of virus replication (figure 2). Combined, these results 

suggest that MCMV viral replication transiently promotes CD8+ T cell accumulation in the salivary gland 

regardless of antigen recognition. 

Importantly, the augmented number of OT-I T cells in infected salivary glands at acute time points 

after infection was not due to cell proliferation (figure 4). Instead, the increased recruitment of OT-I T cells 

to infected salivary glands may reflect an enhanced ability of T cells to enter the salivary gland when 

MCMV infection is present. 

Woyciechowski, S. et al. (2017) have suggested that inflammation can increase the expression 

of vascular cell adhesion molecule (VCAM)-1 on the salivary gland´s vasculature, enhancing the 

recruitment of T cells expressing the corresponding receptor,	a4b1 integrin.135 The mechanism by which 

infection induces VCAM-1 expression was not explored but it is possibly mediated by IFN-g since it induces 

the expression of integrin ligands such as VCAM-1 in endothelial cell in other infections.136 This is a possible 

explanation for how infection promotes recruitment of immune cells in an antigen-independent way.   

Another factor that may help justify the increased recruitment of OT-I T cell to infected salivary 

glands is the tissue damage and the resulting production of inflammatory cytokines such as IL-1 and TNF-

a. These cytokines can induce P- and E-selectin expression by the vascular endothelium, both in human 

as in mice.137–140 Curiously however, no differences in integrin ligands or selectins were detected by the 

RNAseq between MCMV infected and naïve glands (table S1A-S1B), which makes these factors less likely 

to explain the difference in OT-I T cell recruitment between naïve and infected recipients. Nonetheless, it 

would be interesting to determine the levels of integrin ligands (such as VCAM-1) and selectins on the 

vasculature of the salivary glands early following MCMV infection using other techniques such as 

immunofluorescence. 

Alternatively, the environment that the OT-I T cells were exposed to before reaching the salivary 

gland differs in infected and naïve mice and can also contribute to the expression of selectin ligands by 

the T cells.  Activated CD8+ T cells express enzymes required to fully produce the core 2 O-glycans, which 

allow for P- and E-selectin binding and the initial contact between T cells and the endothelium.141 

Interestingly, cytokines such as IL-12 and IL-15, that have been detected in different tissues after MCMV 

infection, promote O-glycans expression in CD8+ T cells in vitro and thus enhance the ability of T cells to 
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bind to the vasculature.18,142,143 These different mechanisms, help hypothesize that the resulting cytokine 

production following MCMV infection may promote the vasculature-binding activity of CD8+ T cells and 

explain the initial increase of OT-I T cells seen in infected salivary glands.   

Besides integrins and selectins, the inflammatory status following MCMV infection also changes 

the chemokine profile in the salivary gland which can modulate CD8+ T cells recruitment in an antigen-

independent way.  CXCL9 and CXCL10 mRNA levels were increased in infected salivary glands in 

comparison to naïve salivary glands (figure 6) and therefore likely candidates to contribute to the improved 

recruitment of activated OT-Is.  

Surprisingly, the main chemokine receptor for CXCL9 and CXCL10 (CXCR3) had no significant 

impact in CD8+ T cell migration to infected salivary glands. This result proves even more astounding since 

all these chemokines have been implied in the trafficking and maintenance of T cells to different infected 

organs such as the liver, lymph nodes, genital mucosa and the skin in melanoma models.144–148 

Nonetheless, the absence of a significant effect of CXCR3 deficiency in CD8+ T cell accumulation in 

infected mice can have several explanations. It is possible that MCMV infection of the glands triggers a 

broader expression of chemokines, which can diminish the singular importance of each 

chemokine/receptor in CD8+ T cell homing during infection. This hypothesis is even more likely if we 

consider that both MCMV-specific CD8+ T cells and OT-I T cell express multiple chemokine receptors after 

activation that were able to induce migration in vitro. Additionally, MCMV infection may not only alter 

chemokine expression in the organs, but also the expression of these chemokine receptors by the CD8+ 

T cells. In fact, IFN-g is important for the induction of CXCR3 on T cells.149 Therefore, it is plausible that 

MCMV infection and the increased levels of IFN-g in multiple tissues induced changes in CXCR3 

expression by the OT-I T cells occurred after the adoptive transfer. This may have limited the effectiveness 

degree of the CXCR3 blocking antibody in the infected mice (figure 9).  Consequently, it is important to 

note that early CD8+ T cell recruitment to infected salivary glands was not tested using CXCR3 KO OT-I T 

cells (experiments were performed using blocking antibodies). Therefore, a more significant difference in 

CD8+ T cell recruitment to infected salivary glands could have been seen comparing WT or CXCR3 KO 

OT-I T cells at early time-points after the adoptive transfer.  

Although the role of CXCR3 in T cell recruitment in naïve and infected salivary glands were not 

compared directly, it is unlikely that CXCL9 and CXCL10 explain the increased recruitment in infected 

salivary glands. Nonetheless, it is important to note that the chemokine receptor was the variable tested, 

thus the role of these specific chemokines in promoting CD8+ T cell recruitment was not directly verified. 

This becomes relevant since dimerization and promiscuous recognition of ligands by other chemokine 
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receptors has been described.150,151 If so, other chemokine receptor(s) besides CXCR3 may alternatively 

recognize CXCL9 and CXCL10. Therefore and although unlikely, we cannot exclude a minor role for these 

chemokines in CD8+ T cell recruitment to MCMV infected salivary glands.  

 

Another facilitator of CD8+ T cell recruitment and differentiation in the tissues is the presence of 

antigen.152–154 Although using the OT-I system makes it unlikely for OT-I T cell to recognize antigen in the 

recipient mice, since OT-I T cells express RAG genes we cannot exclude the impact of antigen in both OT-

I recruitment and TRM differentiation. However, this is very unlikely as the recipient mice do not express 

ovalbumin. Additionally, the presence of OT-I T cell clones that express a self-reactive endogenous a-

chain are unlikely to have interfered with the results due to the rarity of these cells and due to the low 

variability among experiments. Additionally, prior to the transfers, over 80% of the OT-I T cells presented 

the classic Vα2+ Vβ5+ phenotype. Moreover, other groups have also shown the differentiation of TRM in 

RAG-/- models using other antigen-independent models.155,156 New data from the Snyder´s group (not shown 

- personal communication with Corinne Smith) replicated the differentiation of TRM in naïve mice after 

adoptive transfer of RAG-/- OT-I T cells. Thus, although it would be interesting to use RAG-/- OT-I T cells to 

further compare the cell accumulation and TRM differentiation in the gland of naïve and MCMV infected 

mice, we believe that the differences seen between these groups are more likely due to the virus-induced 

inflammatory environment than due to antigen recognition. 

Although we were unable to define which mediator (integrins, selectins and/or chemokines) 

promotes OT-I migration to the salivary gland early after MCMV infection, it is possible that these 

mechanisms have a synergic contribution. Further work will be needed to clarify the impact of MCMV in 

promoting the expression of homing molecules both in the CD8+ T cells and in the vasculature of the 

salivary glands. Defining these mechanisms would highlight important clues about CD8+ T cell trafficking 

and possibly allow us to improve CD8+ T cell migration and immune surveillance in the salivary gland. 

 

3.1.2.4 MCMV infection does not impact the differentiation of a non-cognate TRM population  

It was surprising that the greater initial accumulation of OT-I T cells in infected salivary glands 

was not maintained in later time points of infection and that no differences were seen in the overall OT-I 

TRM between naïve and MCMV infected mice (figure 4). It is conceivable that after the peak of viral 

replication in the salivary gland, the inflammatory cues and factors that promoted the early OT-I T cell 

accumulation in the infected salivary glands are no longer present explaining the lack of differences in 
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OT-I T cell numbers at a later time after adoptive transfer. This loss of the early advantage may also imply 

differences in retention and survival cues for CD8+ T cells. 

CD69 expression promotes CD8+ T cell retention and maintenance within non-lymphoid organs 

by decreasing the S1P signal.157,158 According to our RNAseq data, CD69 inducers such as TNF-a and IL-

33 are expressed in the salivary glands of both naïve and infected mice. These cytokines could promote 

CD69 expression in both groups and contribute to similar late accumulation of OT-I T cells and TRM 

differentiation. However, the RNAseq data does not exclude local expression niches within the infected 

glands that may promote this process.  

Another possible explanation for the similar number of TRM in both naïve and infected glands relies 

on the expression of survival modulators. An interesting factor is the P2X purinoceptor 7 (P2RX7) that 

has been described in Lymphocytic choriomeningitis virus (LCMV)-specific TRM in the salivary gland and is 

induced by IL-12.159 The lack of P2RX7 did not significantly alter the frequency of LCMV-specific CD8+ T 

cells in the gland (most of which presented a TRM phenotype). However, by recognizing NAD+ and 

extracellular nucleotides ATP produced upon tissue damage and inflammation, P2RX7 was able to 

decrease TRM survival in vitro.159 Therefore, it is conceivable that the inflammation caused by MCMV 

increases local NAD+ and extracellular nucleotide, which could represent a disadvantage for P2RX7 

expressing TRM. This could help to explain the similar number of TRM in the infected and naïve mice. It is 

possible that this effect is intensified in an antigen-independent model, since TCR signal and antigen 

recognition reduces the expression of P2RX7.159 The restriction of P2RX7 expression caused by TCR 

signaling may function as a safety mechanism preventing the establishment of unrelated TRM that could 

compete with the differentiation of cognate-specific TRM within the tissue.  

Interestingly, and contrarily to what was described above, CD8+ P2RX7-/- cells were reduced in the 

salivary gland in comparison to WT cells after LCMV infection.160 Similarly, after LCMV infection P2RX7 

was important for the generation of CD103hi TRM in organs such as the small intestine.160 Due to multiple 

and distinct described roles of this receptor in TRM, it would be interesting to measure the P2RX7 

expression in TRM over time in the salivary gland in both naïve and MCMV infected mice (in the presence 

and absence of cognate antigen). 

Moreover, survival cues can be dependent on the nutrition and blood supply available to the 

salivary gland. It is likely that acute MCMV infection increases the vessel permeability allowing for extra 

blood supply and nutrients to the glands. As for the epidermis, it is possible that the OT-I survival and the 

TRM differentiation in the salivary gland are shaped by the blood supply and nutrients available.161 If that is 

the case, it is possible that MCMV infection increases the recruitment of OT-I cells to the salivary glands 
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initially in infected recipients, though, at later times with less inflammation, the cells that remain in the 

gland are the limited cells that are able to survive under more hypoxic conditions and differentiate into 

TRM.  

It is important to mention that this plateau in OT-I T cells and TRM in the salivary glands can also 

represent a limitation of our model since a restricted number of OT-I T cells were transferred. Within the 

transferred cells, it is plausible that a certain proportion of TRM precursors were transferred limiting the 

resulting TRM number. The transfer of subsequent populations of activated OT-I cells might help us 

determine the limit of TRM differentiation. Nonetheless, it is crucial to understand which precursor cells 

become TRM under certain conditions. This might be accomplished by further in vitro characterization of 

the cells that can become CD103+ and CD69+ associated with subsequent in vivo depletion studies. 

Our data suggest that MCMV replication and the resulting inflammatory environment may 

promote CD8+ T cell recruitment to the salivary gland but does not seem to impact TRM differentiation. It 

is important to note that, although antigen is not required for TRM differentiation, our work cannot exclude 

a role for antigen in promoting this process. One way to further test the importance of antigen would be 

to use OT-Is from RAG -/- mice as explained before. It would be interesting to compare naïve recipients as 

well as MCMV and MCMV-Ova infected mice and the resulting differentiation of TRM with the proper 

normalization for transferred cells, expansion and proliferation. 
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PART 3.2   Mechanisms involved in TRM differentiation in naïve salivary glands 

 

3.2.1 Mediators of CD8+ T cell homing to naive salivary gland 

Neither a certain route of immunization (figure 1) or MCMV infection (figure 3 and 4) significantly 

increased the ability of the activated CD8+ T cells that reached the salivary glands to differentiate into TRM. 

Then, the migration of CD8+ T cells and specifically TRM precursors to the salivary glands seems to be an 

important determining factor for TRM differentiation and therefore worth exploring and characterizing. 

 

a4b1 mediates CD8+ T cell recruitment to salivary gland 

Our data demonstrated that, as happens in infected salivary glands, α4β1 expression also 

contributes to CD8+ T cell migration to naive salivary glands (figure 5). This suggests that α4β1 ligands 

(as VCAM-1) are expressed in the salivary gland at sufficient levels at a steady state to promote CD8+ T 

cell entry. Although it was already shown that LCMV infection and inflammation induce VCAM-1 expression 

in the salivary glands’ vasculature, previous reports fail to identify VCAM-1 in the salivary gland of control 

C57BL/6 (B6) mice.135,162  

To further complement our results, the VCAM-1 expression in the vasculature of naïve mice needs 

to be assessed. This could be achieved using immunofluorescence and its function tested using blocking 

antibodies or mouse models with VCAM-1 conditional deletion. The same evaluation should be performed 

to other α4β1 ligands, especially because epithelial cells in the salivary glands produce other ligands 

under steady state conditions such as fibronectin, which have not been tested in the context of T cell 

homing to the salivary glands.  

 

Role of chemokines in CD8+ T cell migration to the salivary gland 

Chemokines are other crucial mediators of CD8+ T cell migration to the organs, as seen by the 

crucial role of CCR5 in a rapid recruitment of memory CD8+T cell to the airways following some viral 

infections.163–166 Besides recruitment, chemokines are also critical for the localization within the tissue. This 

is important for T cells to receive the appropriate signals and resident cues that mediate TRM differentiation. 

These two chemokine roles are evident by the CXCL17-CXCR8 interaction that promotes mobilization of 

CD8+ T cells to and within the female genital tract, leading to protection against HSV-1.167  

Inflammation and infection is thought to promote chemokine expression in the affected tissues 

allowing for an increased recruitment of immune cells and consequent protection.168–171 CMV is thought to 

induce chemokines in different organs such as the spleen and liver where CXCR3-CXCL9/CXCL10 
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interactions promote CD8+ T cell infiltration and IFN-g responses.147 Surprisingly however, our RNA-Seq 

data showed minor changes in chemokine expression between the salivary glands of naïve and MCMV 

infected mice (figure 6). Several chemokines were indeed constitutively expressed in the salivary gland of 

naïve mice at a steady state (figure 6). Interestingly, these chemokines expressed in naïve glands can be 

recognized by receptors expressed by CD8+ T cell and had the potential to induce CD8+ T cell migration 

in vitro (figure 7 and figure 8). Since chemokines are usually prominent upon infection or tissue damage, 

it is fascinating to think of explanations for the lack of more striking differences in chemokine expression 

between naïve and MCMV infected salivary glands. We believe that the presence of food antigens and 

microbiota in the salivary glands might contribute to this surprising basal expression of chemokines. 

The impact of food antigens in the inflammatory and chemokine profile in the tissues is still not 

fully characterized. In fact, the recognition of food antigen tends to be associated with food allergies and 

increased IgE and Th2 responses.172,173 However, multiple changes occur in response to food antigens, 

especially in the gastrointestinal (GI) tract.174 For example, dietary nucleotides increase the proportion of 

γδ+ IEL in the gut, while alkylamine antigens found in mushrooms, apples and edible plants promote γδ+ 

T cells expansion.175,176 γδ+ T cells have also been described in the salivary glands and if a similar 

mechanism promotes their presence and expansion, γδ T cells can shape the gland environment and 

indirectly induce CD8+ T cell recruitment, by producing CCL3, CCL4 and CXCL10.177–180Therefore, it is 

possible that, under certain conditions, food antigens can be a sufficient trigger to promote local immune 

responses and chemokine production. This is appealing to consider in organs of the GI tract that have 

contact with food-derived antigens such as the salivary gland.  

Nevertheless, food is not the only source of antigens that can promote an immune response in 

the gland. Salivary glands are in communication with the oral cavity and retrograde migration of bacteria 

from the oral cavity through the salivary ducts has been proposed (retrograde theory of sialolithiasis 

formation).181,182 Therefore, it is tempting to think that the contact with microbiota may contribute to the 

basal chemokine and pro-inflammatory levels in naïve salivary glands.183–185 Microbiota has indeed been 

linked to T cell homing modulation.186 Microbial association to germ-free mice resulted in increased CD8+ 

T cells in the intestine.187 Microbiota was also associated with the differentiation of residing γδT cells in 

the intestine.188,189 Furthermore, some reports suggest that probiotics such as Lactobacillus acidophilus 

can modify the inflammatory status of the intestinal epithelial cells, leading to cytokine and chemokine 

production.185 The mechanisms by which microbiota induce immune cell recruitment are not totally clear 

but might be due to the antimicrobial function of some chemokines such as CXCL9, CXCL10 and 

CXCL11.190,191 Therefore, it is possible that organs that contact regularly with microorganisms, such as the 
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GI tract and the salivary glands, constitutively express chemokines with anti-microbial properties that 

further promote the recruitment and maintenance of immune cells. This hypothesis possibly helps in 

explaining the constitutive expression of chemokines in the salivary gland (figure 6) and the surprising 

role of CXCR3 in CD8+ T cell migration to the salivary gland in naïve mice (figure 10). The characterization 

of the ligand present in naïve salivary glands that promotes CXCR3-dependent CD8+ T cell migration still 

needs to be performed. Although only CXCR9 and CXCL10 are classical CXCR3 receptor ligands in B6 

mice, chemokine receptors have been shown to heterodimerize with other chemokine receptors as 

referred before.  CXCR3, in particular, can heterodimerize with other receptors such as CXCR4.151,192,193 

Since CXCR4 was also expressed by CD8+ T cells in the salivary gland, it is still formally possible that non-

classical receptor/ligand combinations are responsible for recruiting T cells to the salivary glands. Thus, 

due to heterodimerization of chemokines and their receptors, there may be some variability in the 

ability/affinity of ligands to bind CXCR3, which shapes the OT-I T cell recruitment.  Our results are also 

limited since the role of CXCR3 receptor in CD8+ T cell localization within the salivary gland was not 

systematically done. Although our preliminary results using immunohistochemistry did not show 

differences in location between CXCR3 WT or KO cells in the salivary gland parenchyma (data not shown), 

additional experiments comparing several sections of the gland and different times after transfer are 

needed to surely answer this question. 

Although CXCR3 expression was not required for TRM differentiation in MCMV-infected salivary 

glands (figure 9), it is still exciting to question if CXCR3 overexpression could promote CD8+ T cell 

migration, especially to naive salivary glands and thus TRM differentiation. This would be an advantage for 

the development of vaccines against infections that target the gland. To test this hypothesis CXCR3 

expression could be achieved by either modulating the in vitro activation conditions (antigen and IFN-g 

levels); by using a vector systems or preferentially using an inducible set-up such as Cre-inducible mice, 

which will allow for a controlled CXCR3 expression.149 That way, it would be possible to determine the role 

of this chemokine in CD8+ T cell migration but also in different steps of TRM differentiation. 

 

3.2.2 Cues for TRM differentiation in naïve salivary glands  

More surprising than activated CD8+ T cells being recruited to naïve salivary glands, was the fact 

that similar proportions of TRM differentiated in salivary glands of naïve and MCMV-infected mice (figure 

4). Although this study does not define the in vivo inducers of TRM differentiation, according to our results, 

the salivary gland at a steady state must have the necessary cues for TRM differentiation. The signals that 

promote TRM differentiation are not clear for all the organs but TNF-a,	IL-33 and TGF-b have been implied 
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in this process.154,157,194 Interestingly, these cytokines were detected in the salivary gland of both naïve and 

MCMV infected mice in the RNAseq analysis. Large amounts of the three TGF-b transcripts are present 

in both infected and naïve salivary glands (TGF-b2 > TGF-b3 > TGF-b1). Even though we have not directly 

measured the protein levels of these cytokines in naïve salivary glands, several studies have detected IL-

33, TGF-b and TNF-a expression in the salivary glands of non-pathological/control subjects.195–198 It is 

exciting to consider reasons for the presence of these cytokines in naïve salivary glands. In fact, TGF-b 

and IL-33 can also be induced by tissue damage and inflammation, limiting the expansion of T and B 

cells and promoting TREG cells.196,199–202 Thus, production of such cytokines could be promoted by contact 

with microbiota, food antigens, and act as a defense mechanism to prevent excessive inflammation and 

damage of the gland. Additionally, TGF-b is required for salivary gland development and branching 

morphogenesis and, therefore, is expressed since early development stages of the salivary gland, which 

could explain the constitutive expression in this organ.203,204 The constitutive presence of these cytokines 

in the salivary glands might explain the singular ability of CD8+ T cells to differentiate in TRM in this organ 

under steady state conditions. Nonetheless, it is likely that the activated OT-I cells express cytokines such 

as TNF-a, which may also contribute to the TRM differentiation after the adoptive transfer in both groups 

of mice. Moreover, it is not clear when these cytokine stimuli are received by CD8+ T cells allowing for TRM 

differentiation. Therefore, we cannot exclude that during our activation protocol cells were exposed to 

cytokines that may contribute to the subsequent TRM differentiation pathway. An inducible KO system of 

the cytokine receptors can be helpful in dissecting the timing and their contribution in TRM differentiation 

in vivo. 
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PART 3.3   Implications of the prompt ability for TRM differentiation in the salivary 

glands 

 

3.3.1 Possible downsides of this prompt ability for TRM differentiation in the salivary glands 

A striking feature of our results is the ability for activated CD8+ T cell to differentiate into TRM in the 

salivary glands under multiple conditions (different viral infections, after non-productive MCMV infection 

and even in naïve salivary glands).  Similarly, studies from Pircher and Oxenius’ laboratories, demonstrate 

that activated cells can enter uninfected salivary glands and differentiate into TRM.
155,156 It is easy to 

hypothesize about the advantage of the salivary glands’ prompt ability to differentiate TRM from activated 

T cells when considering a sialotropic infection. Nonetheless, some disadvantages might also emerge, 

especially in gland-unrelated infections.  This ability to differentiate TRM from activated cells in the gland 

even in the absence of local infection may imply that the disease history/record of specificities of the 

activated CD8+T cells can be mirrored in the gland and impact the resulting TRM profile.  

 

Competition between TRM subsets 

Firstly, if multiple unrelated infections trigger CXCR3 and α4β1 expression on T cells, promoting 

their ability to enter and differentiate into TRM in the salivary gland, the space, local differentiation cues 

and survival factors may exhaust leading to a limit and competition between T cell subsets. Although a 

previous infection did not prevent new TRM differentiation in the salivary gland (figure 3), other studies 

support this limit idea. In fact, some of our previous reports show that although a peptide-based approach 

leads to an increase in CD8+ T cells in the salivary gland, a comparable increase in TRM does not occur.205 

Similarly, Muschaweckh A. et al. (2016) has shown that CD8+ T cells in the skin undergo antigen-

dependent competition which shapes the TRM repertoire and localization.206 Therefore, further work is 

needed to explore and define the limit of TRM differentiation in the gland, as well as the impact of 

competition between TRM subsets. Both scenarios could have clinical implications in the resulting immune 

response in the salivary gland. As an example, HIV infection of the central nervous system results in CD8+ 

T cell recruitment partially due to α4β1 and CXCR3 expression.207  According to our results, it is possible 

that these HIV-induced α4β1+ CXCR3+ cells could simultaneously enter the salivary gland and differentiate 

in TRM possibly competing with other relevant TRM subsets. 
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Exaggerated immune response and the role of TRM in autoimmunity 

Besides considering competition between CD8+ and TRM subsets, the fact that activated CD8+ T 

cells can migrate and differentiate into TRM in the salivary gland under steady state conditions can also 

result in an unrelated and exaggerated immune response in this organ. In fact, TRM are not always related 

with good outcomes. In the study of colorectal cancer, the presence of CD103+ TIL did not correlate with 

survival and was associated with a poor prognosis in some groups.208 This is an interesting result since, 

like the salivary glands, TRM in the gut can form independently of antigen. If intestinal TRM could form at a 

steady state as the salivary gland, then maybe the additional stimuli and inflammation caused by the 

disease might increase the recruitment of cells to an extent that would be beyond a beneficial response.  

It is thus fascinating to hypothesize that this propensity for TRM differentiation seen in the gland can lead 

to a deleterious response and autoimmunity.  

The link between TRM and autoimmunity is not new. In fact, TRM have been suggested as important 

players in multiple diseases with an autoimmune component such as contact dermatitis, multiple 

sclerosis and psoriasis.209–211 Indeed, when non-lesioned skin from patients with psoriasis were engrafted 

in mice, it resulted in resident T cell expansion and the development of lesions.212 Due to the cytotoxic 

and immune enhancing abilities of TRM it is also tempting to explore and think about the role of TRM in 

autoimmune diseases in the salivary gland, such as the Sjögren’s syndrome.  

 

The role of TRM in Sjögren’s syndrome  

Sjögren’s syndrome is thus an autoimmune disease that mostly affects the salivary and lacrimal 

glands resulting in poor secretory function.213 It is believed that the pathological mechanism involves, at 

least partially, the increased lymphocytic infiltration, IFN-g production and autoantibodies.214,215 CD8+ T cells 

have already been linked to Sjögren’s syndrome pathology, however based on the prompt ability of CD8+ 

T cells to infiltrate the salivary gland and differentiate into TRM, it is enticing to think that TRM specifically be 

involved in IFN-g production and tissue damage.216–218 Recently, TRM started to be characterized in labial 

salivary glands from Sjögren’s syndrome patients and were found in significant numbers, outnumbering 

the CD4+ T cell.219 This presence of CD8+ T cells can be related with the disease, especially since the lack 

of CD8+ T cells restored the excretory function in salivary glands in a Sjögren’s syndrome mouse model.219 

Both IFN-g KO or CD8+ T cell depletion were related with decreased CD8+ T cells in the gland, pathologic 

manifestations and tissue destruction.219 Another interesting mediator to consider is IFN-γ, which is a well-

established contributor to the Sjögren’s pathology and disease.220,221 Although our data suggest that 

chemokines such as CXCL9 can be produced in the gland independently to IFN-g, it is likely that the IFN-
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g production in the presence of the disease, further promotes the expression of chemokines such as 

CXCL9 and CXCL10 and therefore the recruitment of CD8+ T cells. In fact, in other studies the IFN-g 

mRNA levels were correlated with lymphocyte infiltration in the salivary glands of both human patients 

and Sjögren’s syndrome mouse model.219,222 This can either suggest an increased IFN-g production by the 

lymphocytes in the gland and/or a role in T cell recruitment. Interestingly, the levels of CXCL9 mRNA 

were increased in salivary glands from Sjögren’s syndrome mouse models, which was not seen after 

depletion of CD8+ T cells or IFN-g.	219 These data suggest that in Sjögren’s syndrome models CD8+ T cells 

contribute to IFN-g and the resulting chemokines in the gland. Although these studies focused on the role 

of CD8+ T cells the role of TRM were not defined. Therefore, it is possible that TRM in the gland contribute to 

the IFN-g and chemokines production, which promotes further immune cell recruitment and tissue 

damage. 

Similarly to IFN-g, TNF-a blockade also resulted in CXCL9 reduction in the salivary glands, which 

was associated with T cell reduction and remission of the symptoms in a mouse model of Sjögren’s 

syndrome.223 Since TNF-a promotes TRM differentiation this can also indicate a role for TRM. Interestingly, 

CXCR3 blockade diminished the number of CD8+ T cells in the salivary gland of non-obese diabetic mice 

used as a Sjögren’s syndrome model, which resulted in similar remission of symptoms.224 Besides 

demonstrating the impact of CD8+ T cells in Sjögren’s syndrome pathology, these data highlight the role 

of CXCR3 in recruiting cells to the gland in a different context than our experiments. It would be equally 

interesting to address if a4b1 would have a similar effect in Sjögren’s syndrome pathology since it is also 

involved in T cell recruitment to the salivary gland. Additionally, CD4+ T cells also promoted CD8+ T cell 

accumulation in the glands of a Sjögren’s syndrome mouse model.219 Although these results were obtained 

in completely different conditions than our results, it is possible that CD4+ T cells impact the overall CD8+ 

T cell population in the gland, but not the resulting TRM. These data suggest that although different factors 

modulate the recruitment and presence of CD8+ T cells in the salivary glands under different contexts, 

CD8+ T cell migration and residency in the salivary gland might be a crucial factor in Sjögren’s syndrome 

pathology. 

 It would be interesting to further conclusively distinguish the role of effector CD8+ T cells and TRM 

in Sjögren’s syndrome. Furthermore, it will be important to determine the CD8+  T cell´s specificity and 

the mechanisms involved in tissue damage, all of which could contribute to the development of a targeted 

therapy.  
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3.3.2 Possible benefits of the prompt ability for TRM differentiation in the salivary glands 

Although risks associated with the propensity of TRM to differentiate in the salivary gland exist, 

advantageous outcomes with clinical implications can also be envisioned. This prompt ability for TRM 

differentiation in the salivary glands may promote mucosal immunity and it is interesting to consider in 

the context of multiple aggressions and as a preventive measure.  

The protective role of TRM´ has been shown in different conditions such as respiratory, ocular and 

cutaneous infections.2,167,225,226 Interestingly, TRM have also been able to induce heterotypic protection.225,227 

Therefore, it is possible that promotion of TRM in the salivary gland using activated CD8+ T cells could 

confer protection from a variety of sialotropic pathogens such as HSV, Rubulaviruses, HIV and Epstein-

Barr besides CMV. Though more studies are required to test the role of TRM in CMV immunity, CD8+ T cells 

have been suggested to improve protection against CMV reactivation and intraglandular infection.156,228 

Consequently, it is plausible that TRM differentiation contributes to protection against viral reactivation and 

transmission. Our results suggest that TRM differentiation can be induced in both infected or uninfected 

subjects, which is beneficial for the development of a vaccine strategy  or for improving the mucosal 

immunity in immunocompromised subjects. 

Several strategies have been used to induce TRM differentiation in different organs. The use of 

vectors and prime and pull strategies have been common approaches used to drive TRM differentiation.3,229–

233 The last method requires a primary vaccine/exposure to antigen (prime) followed by a secondary 

inflammatory trigger (pull) to promote migration and residency in the desired organ. Recombinant 

chemokines, such as CXCL10 can act as the pulling cue.234 This prime-pull approach was able to induce 

TRM in the female reproductive tract and lungs.110,234–237 Although effective in inducing TRM, the vaccine 

strategies developed so far struggle to induce an uniform TRM population along the organ and to establish 

enough TRM to induce protection (a threshold that itself is hard to calculate). Moreover, the prime and pull 

approach has the disadvantage of requiring multiple procedures and easy access to the tissue. Our data 

suggest that some organs, such as the salivary gland, might not require the “pull” trigger to induce 

significant TRM. This is advantageous since it may imply a reduction in the number of interventions needed 

as well as overcoming the difficulty of reaching some organs. 

According to our results TRM differentiation in the salivary gland can be easily achieved even in the 

absence of antigen/inflammation in a α4β1 and CXCR3 dependent way. Our data also suggest that a 

potential vaccine strategy using either activated transferred cells or through the in vivo induction of 

activated cells that express these homing receptors may induce TRM differentiation in the salivary gland. 

This approach could be significantly beneficial, not only in reducing CMV replication and latency in the 
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salivary gland, but especially preventing virus reactivation and shedding. Considering that scenario, 

induction of protective TRM in the salivary gland could possibly reduce horizontal and vertical transmission 

through saliva. Additional clarification of the role of TRM in CMV control is crucial and this work may 

contribute to the development of new approaches to test TRM function in the salivary glands.  

Additionally, similar strategies could be used to induce TRM in other areas such as oncology. 

Interestingly, CD103+ tumor infiltrating lymphocytes improved survival in melanoma, lung, breast and 

ovarian cancer.3,238–242 Similarly, a vaccination approach was able to induce TRM and decrease tumor growth 

in a head and neck cancer model.243,244 Therefore, it is conceivable that this application can also be 

noteworthy in salivary glands’ tumors. Remarkably, in the most common salivary gland tumors, the 

mucoepidermoid carcinomas, CD8 expression correlated inversely with the tumor size.245 As happens with 

most salivary gland pathologies, the role of CD8+ T cells in salivary glands has not been extensively studied 

and it would be fascinating to determine the role of TRM in tumor progression and survival. 

 

In the future, the translational application of these results can have implications from 

autoimmune diseases to anti-tumor therapeutics and vaccines. However, more studies are needed to 

completely understand the processes involved in TRM differentiation in the salivary glands and their function 

before trying to make conclusions with clinical implications. Studies using other animal models and the 

study of CD8+ T cells specificity from human salivary glands can provide vital clues about the 

differentiation of TRM and unveil potential parallels. Meanwhile, looking at our results, it is important to 

consider that the salivary glands in mice and humans exhibit different characteristics.246–248 While in mice 

the largest gland is the submandibular gland, the parotid gland is the major salivary gland in humans.246 

Moreover, the submandibular gland and the sublingual glands are fused in mice, unlike humans.246 

Besides the anatomical changes, both species present similar gland histology and function. Saliva 

production is the main function of the salivary glands. Saliva is mainly composed of water, that serves as 

a vehicle for all the electrolytes, lipids, enzymes and a wide variety of other proteins with antimicrobial 

activity, all of which promote digestion. Nonetheless, some components in saliva are not shared between 

humans and mice.247 Furthermore, in mice, saliva is also important component in grooming and as 

rodents, it is plausible that salivary glands partake a more significant role in mice than in humans. 

Therefore, the translation of our results must be done carefully.  
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3.4   Final considerations 

 

 In sum, our results provide further evidence that a portion of activated CD8+ T cells differentiate 

into TRM in both uninfected and MCMV infected salivary glands. Although differences in gene expression 

were seen in the salivary glands after MCMV infection, these differences did not correlate with changes 

in TRM differentiation. Moreover, the characterization of homing receptors and mediators of CD8+ T cell 

migration to the salivary glands was conducted. CD8+ T cell migration to the gland was promoted by the 

expression of CXCR3 (in naïve mice) and a4b1 (both naïve and MCMV infected mice). Regardless of its 

limitations, this work is an additional contribution in studying TRM. However, many relevant and exciting 

questions remain: the definition of the precursor cells; the factors triggering the basal inflammatory state 

in the salivary glands that allow for TRM differentiation, the requirements for TRM maintenance in this organ, 

the role of competition between subsets and ultimately the function of TRM in the salivary gland especially 

after MCMV infection. Knowledge truly is a never-ending process. 

  



 131 

3.5   References 

 

1. Wakim, L. M., Smith, J., Caminschi, I., Lahoud, M. H. & Villadangos, J. A. Antibody-targeted 

vaccination to lung dendritic cells generates tissue-resident memory CD8 T cells that are highly 

protective against influenza virus infection. Mucosal Immunol. 8, 1060–1071 (2015). 

2. Davies, B. et al. Cutting Edge: Tissue-Resident Memory T Cells Generated by Multiple 

Immunizations or Localized Deposition Provide Enhanced Immunity. J. Immunol. 198, 2233–

2237 (2017). 

3. Nizard, M. et al. Induction of resident memory T cells enhances the efficacy of cancer vaccine. 

Nat. Commun. 8, 15221 (2017). 

4. Kent, S. J. et al. Induction of vaginal-resident HIV-specific CD8 T cells with mucosal prime–boost 

immunization. Mucosal Immunol. 11, 994–1007 (2017). 

5. Roussel, H. et al. Tissue-resident memory T cells play a key role in the efficacy of cancer vaccines. 

Oncoimmunology 6, e1358841 (2017). 

6. Liu, Y., Ma, C. & Zhang, N. Tissue-specific Control of Tissue Resident Memory T Cells. Crit. Rev. 

Immunol. 38, 79–103 (2018). 

7. Manning, W. C., Stoddart, C. A., Lagenaur, L. A., Abenes, G. B. & Mocarski, E. S. Cytomegalovirus 

determinant of replication in salivary glands. J. Virol. 66, 3794–3802 (1992). 

8. Mocarski, E. S., Shenk, T. & Pass, R. in Fields virology 5th edition (eds. Knipe, D. M. & Howley, 

P. M.) 2701–2772 (Wolters Kluwer Health/Lippincott Williams & Wilkins, 2007). 

9. Sada, E. et al. Detection of human herpesvirus 6 and human herpesvirus 7 in the submandibular 

gland, parotid gland, and lip salivary gland by PCR. J. Clin. Microbiol. 34, 2320–2321 (1996). 

10. Fox, J. D., Briggs, M., Ward, P. A. & Tedder, R. S. Human herpesvirus 6 in salivary glands. Lancet 

336, 590–593 (1990). 

11. Fleck, M., Kern, E. R., Zhou, T., Lang, B. & Mountz, J. D. Murine cytomegalovirus induces a 

Sjogren’s syndrome-like disease in C57B1/6-lpr/lpr mice. Arthritis Rheum. 41, 2175–2184 

(1998). 

12. Ohyama, Y. et al. Severe Focal Sialadenitis and Dacryoadenitis in NZM2328 Mice Induced by 

MCMV: A Novel Model for Human Sjogren’s Syndrome. J. Immunol. 177, 7391–7397 (2014). 

13. Cavanaugh, V. J., Deng, Y., Birkenbach, M. P., Slater, J. S. & Campbell, A. E. Vigorous Innate and 

Virus-Specific Cytotoxic T-Lymphocyte Responses to Murine Cytomegalovirus in the Submaxillary 

Salivary Gland. J. Virol. 77, 1703–1717 (2003). 



 132 

14. Nan, Y., Wu, C. & Zhang, Y. J. Interplay between Janus kinase/signal transducer and activator of 

transcription signaling activated by type I interferons and viral antagonism. Front. Immunol. 8, 

1758 (2017). 

15. Colamonici, O. et al. Direct binding to and tyrosine phosphorylation of the alpha subunit of the 

type I interferon receptor by p135tyk2 tyrosine kinase. Mol. Cell. Biol. 14, 8133–8142 (1994). 

16. Humphreys, I. R. et al. Cytomegalovirus exploits IL-10-mediated immune regulation in the salivary 

glands. J. Exp. Med. 204, 1217–25 (2007). 

17. Lucin, P., Pavic, I., Polic, B., Jonjic, S. & Koszinowski, U. H. Gamma interferon-dependent 

clearance of cytomegalovirus infection in salivary glands. J. Virol. 66, 1977–1984 (1992). 

18. Orange, J. S. & Biron, C. A. Characterization of early IL-12, IFN-alphabeta, and TNF effects on 

antiviral state and NK cell responses during murine cytomegalovirus infection. J. Immunol. 156, 

4746 LP-4756 (1996). 

19. Pilla-Moffett, D., Barber, M. F., Taylor, G. A. & Coers, J. Interferon-inducible GTPases in host 

resistance, inflammation and disease Graphical abstract HHS Public Access. J Mol Biol. 428, 

3495–3513 (2016). 

20. Martens, S. & Howard, J. The Interferon-Inducible GTPases. Annu. Rev. Cell Dev. Biol. 22, 559–

589 (2006). 

21. MacMicking, J. D. IFN-inducible GTPases and immunity to intracellular pathogens. Trends 

Immunol. 25, 601–609 (2004). 

22. Li, L. et al. Interferon-inducible GTPase: a novel viral response protein involved in rabies virus 

infection. Arch. Virol. 161, 1285–1293 (2016). 

23. Hunn, J. P. et al. Regulatory interactions between IRG resistance GTPases in the cellular response 

to Toxoplasma gondii. EMBO J. 27, 2495–2509 (2008). 

24. Deretic, V. et al. Autophagy in Immunity Against Mycobacterium tuberculosis: a Model System to 

Dissect Immunological Roles of Autophagy. Curr Top Microbiol Immunol 335, 169–188 (2009). 

25. MacMicking, J. D., Taylor, G. A. & McKinney, J. D. Immune Control of Tuberculosis by IFN-γ-

inducible LRG-47. Science. 302, 654–659 (2003). 

26. Taylor, G. A. IRG proteins: key mediators of interferon-regulated host resistance to intracellular 

pathogens. Cell. Microbiol. 9, 1099–1107 (2007). 

27. Yi, D.-R. et al. Human MxB Inhibits the Replication of Hepatitis C Virus. J. Virol. 93, e01285-18 

(2019). 

28. Xiao, H., Killip, M. J., Staeheli, P., Randall, R. E. & Jackson, D. The Human Interferon-Induced 



 133 

MxA Protein Inhibits Early Stages of Influenza A Virus Infection by Retaining the Incoming Viral 

Genome in the Cytoplasm. J. Virol. 87, 13053–13058 (2013). 

29. Nordmann, A., Wixler, L., Boergeling, Y., Wixler, V. & Ludwig, S. A new splice variant of the human 

guanylate-binding protein 3 mediates anti-influenza activity through inhibition of viral transcription 

and replication. FASEB J. 26, 1290–1300 (2011). 

30. Collazo, C. M. et al. Inactivation of Lrg-47 and Irg-47 Reveals a Family of Interferon γ–Inducible 

Genes with Essential, Pathogen-Specific Roles in Resistance to Infection. J. Exp. Med. 194, 181–

188 (2001). 

31. Taylor, G. A. et al. Pathogen-specific loss of host resistance in mice lacking the IFN-gamma -

inducible gene IGTP. PNAS 97, 751–755 (2000). 

32. Bailey, C. C., Zhong, G., Huang, I.-C. & Farzan, M. IFITM-Family Proteins: The Cell’s First Line of 

Antiviral Defense. Annu. Rev. Virol. 1, 261–283 (2014). 

33. Brass, A. L. et al. The IFITM Proteins Mediate Cellular Resistance to Influenza A H1N1 Virus, West 

Nile Virus, and Dengue Virus. Cell 139, 1243–1254 (2009). 

34. Alber, D. & Staeheli, P. Partial Inhibition of Vesicular Stomatitis Virus by the Interferon-Induced 

Human 9-27 Protein. J. Interf. cytokine Res. 16, 375–380 (1996). 

35. Schoggins, J. W. et al. A diverse array of gene products are effectors of the type I Interferon 

antiviral response. Nature 472, 481–485 (2012). 

36. Lu, J., Pan, Q., Rong, L., Liu, S.-L. & Liang, C. The IFITM Proteins Inhibit HIV-1 Infection. J. Virol. 

85, 2126–2137 (2011). 

37. Li, C. et al. The host restriction factor interferon-inducible transmembrane protein 3 inhibits 

vaccinia virus infection. Front. Immunol. 9, 1–14 (2018). 

38. Huang, I. C. et al. Distinct patterns of IFITM-mediated restriction of filoviruses, SARS coronavirus, 

and influenza A virus. PLoS Pathog. 7, e1001258 (2011). 

39. Warren, C. J. et al. The antiviral restriction factors IFITM1, 2 and 3 do not inhibit infection of 

human papillomavirus, cytomegalovirus and adenovirus. PLoS One 9, 1–8 (2014). 

40. Stacey, M. A. et al. The antiviral restriction factor IFN-induced transmembrane protein 3 prevents 

cytokine-driven CMV pathogenesis. J. Clin. Invest. 127, 1463–1474 (2017). 

41. Wakim, L. M., Gupta, N., Mintern, J. D. & Villadangos, J. A. Enhanced survival of lung tissue-

resident memory CD8 + T cells during infection with influenza virus due to selective expression of 

IFITM3. Nat. Immunol. 14, 238–245 (2013). 

42. Wakim, L. M. et al. The Molecular Signature of Tissue Resident Memory CD8 T Cells Isolated from 



 134 

the Brain. J. Immunol. 189, 3462–3471 (2012). 

43. Silverman, R. H. Viral Encounters with 2’,5’-Oligoadenylate Synthetase and RNase L during the 

Interferon Antiviral Response. J. Virol. 81, 12720–12729 (2007). 

44. Lohöfener, J. et al. The activation mechanism of 2ʹ-5ʹ-oligoadenylate synthetase gives new insights 

into OAS/cGAS triggers of innate immunity. Structure 23, 851–862 (2015). 

45. Kakuta, S., Shibata, S. & Iwakura, Y. Genomic Structure of the Mouse 2’,5’-Oligoadenylate 

Synthetase Gene Family. J. Interf. Cytokine Res. 22, 981–993 (2002). 

46. Rebouillat, D. & Hovanessian, A. R. A. G. The Human 2´, 5´-Oligoadenylate Sunthetase Family: 

Interferon-Induced Protein with Unique Enzymatic Properties. 308, 2–5 (1999). 

47. Hartmann, R., Olsen, H. S., Widder, S., Jørgensen, R. & Justesen, J. p59OASL, a 2’-5’ 

oligoadenylate synthetase like protein: A novel human gene related to the 2’-5’ oligoadenylate 

synthetase family. Nucleic Acids Res. 26, 4121–4127 (1998). 

48. Kristiansen, H. et al. Extracellular 2’-5’ Oligoadenylate Synthetase Stimulates RNase L-

Independent Antiviral Activity: a Novel Mechanism of Virus-Induced Innate Immunity. J. Virol. 84, 

11898–11904 (2010). 

49. Tan, J. C. G. et al. Inhibition of 2’,5’-Oligoadenylate Synthetase Expression and Function by the 

Human Cytomegalovirus ORF94 Gene Product. J. Virol. 85, 5696–5700 (2011). 

50. Eskildsen, S., Justesen, J., Schierup, M. H. & Hartmann, R. Characterization of the 2ʹ-5ʹ-

oligoadenylate synthetase ubiquitin-like family. Nucleic Acids Res. 31, 3166–3173 (2003). 

51. Ghosh, A. et al. Oligoadenylate-Synthetase-Family Protein OASL Inhibits Activity of the DNA Sensor 

cGAS during DNA Virus Infection to Limit Interferon Production. Immunity 50, 1–13 (2019). 

52. Liu, F., Zhou, P., Wang, Q., Zhang, M. & Li, D. The Schlafen family: complex roles in different cell 

types and virus replication. Cell Biol. Int. 42, 2–8 (2018). 

53. Berger, M. et al. An Slfn2 mutation causes lymphoid and myeloid immunodeficiency due to loss 

of immune cell quiescence. Nat. Immunol. 11, 335–343 (2010). 

54. Omar, I. et al. Slfn2 mutation-induced loss of T-cell quiescence leads to elevated de novo sterol 

synthesis. Immunology 152, 484–493 (2017). 

55. Horton, M. R. & Powell, J. D. Quieting T cells with Slfn2. Nat. Immunol. 11, 281–282 (2010). 

56. Omar, I., Lapenna, A., Cohen-Daniel, L., Tirosh, B. & Berger, M. Schlafen2 mutation unravels a 

role for chronic ER stress in the loss of T cell quiescence. Oncotarget 7, (2016). 

57. Fischietti, M. et al. Slfn2 Regulates Type I Interferon Responses by Modulating the NFĸB Pathway. 

Mol. Cell. Biol. 38, 53–18 (2018). 



 135 

58. Turk, V. et al. Cysteine cathepsins: From structure, function and regulation to new frontiers. 

Biochim. Biophys. Acta 1824, 68–88 (2012). 

59. Guicciardi, M. E. et al. Cathepsin B contributes to TNF-α-mediated hepatocyte apoptosis by 

promoting mitochondrial release of cytochrome c. J. Clin. Invest. 106, 1127–1137 (2000). 

60. Stoka, V. et al. Lysosomal Protease Pathways to Apoptosis. J. Biol. Chem. 276, 3149–3157 

(2001). 

61. Riese, R. J. et al. Cathepsin S activity regulates antigen presentation and immunity. J. Clin. Invest. 

101, 2351–2363 (1998). 

62. Riese, R. J. & Chapman, H. A. Cathepsins and compartmentalization in antigen presentation. 

Curr. Opin. Immunol. 12, 107–113 (2000). 

63. Gudmann, N. S. et al. Lung tissue destruction by proteinase 3 and cathepsin G mediated elastin 

degradation is elevated in chronic obstructive pulmonary disease. Biochem. Biophys. Res. 

Commun. 503, 1284–1290 (2018). 

64. Matsumoto, F. et al. Cathepsins are required for Toll-like receptor 9 responses. Biochem. Biophys. 

Res. Commun. 367, 693–699 (2008). 

65. Shi, G. P. et al. Cathepsin S Required for Normal MHC Class II Peptide Loading and Germinal 

Center Development Targeting of Mouse Cathepsin S Gene. Immunity 10, 197–206 (1999). 

66. Abd-Elrahman, I. et al. Characterizing cathepsin activity and macrophage subtypes in excised 

human carotid plaques. Stroke 47, 1101–1108 (2016). 

67. Burden, R. E. et al. Antibody-mediated inhibition of cathepsin S blocks colorectal tumor invasion 

and angiogenesis. Clin. Cancer Res. 15, 6042–6051 (2009). 

68. Tan, G.-J., Peng, Z.-K., Lu, J.-P. & Tang, F.-Q. Cathepsins mediate tumor metastasis. World J. Biol. 

Chem. 4, 91–101 (2013). 

69. Zheng, T. et al. Role of cathepsin S-dependent epithelial cell apoptosis in IFN-γ-induced alveolar 

remodeling and pulmonary emphysema. J. Immunol. 175, 2026.2-2026 (2005). 

70. Janga, S. R. & Hamm-Alvarez, S. F. PP2A: A Novel Target to Prevent Cathepsin S-Mediated 

Damage in Smoking-Induced COPD. Am. J. Respir. Crit. Care Med. 200, 6–8 (2019). 

71. Beers, C., Honey, K., Fink, S., Forbush, K. & Rudensky, A. Differential Regulation of Cathepsin S 

and Cathepsin L in Interferon γ–treated Macrophages. J. Exp. Med. 197, 169–179 (2003). 

72. Storm van’s Gravesande, K. et al. IFN Regulatory Factor-1 Regulates IFN-γ-Dependent Cathepsin 

S Expression. J. Immunol. 168, 4488–4494 (2002). 

73. Kessler, T. et al. Human cytomegalovirus infection interferes with major histocompatibility 



 136 

complex type II maturation and endocytic proteases in dendritic cells at multiple levels. J. Gen. 

Virol. 89, 2427–2436 (2008). 

74. Lee, A. W. et al. Human Cytomegalovirus Alters Localization of MHC Class II and Dendrite 

Morphology in Mature Langerhans Cells. J. Immunol. 177, 3960–3971 (2006). 

75. Hamm-Alvarez, S. F. et al. Tear cathepsin s as a candidate biomarker for sjögren’s syndrome. 

Arthritis Rheumatol. 66, 1872–1881 (2014). 

76. Klinngam, W. et al. Inhibition of Cathepsin S Reduces Lacrimal Gland Inflammation and Increases 

Tear Flow in a Mouse Model of Sjögren’s Syndrome. Sci. Rep. 9, 9559 (2019). 

77. Steinfeld, S. et al. Prolactin up-regulates cathepsin B and D expression in minor salivary glands of 

patients with Sjogren’s syndrome. Lab. Investig. 80, 1711–1720 (2000). 

78. Hu, S. et al. Preclinical validation of salivary biomarkers for primary Sjögren’s syndrome. Arthritis 

Care Res. (Hoboken). 62, 1633–1638 (2010). 

79. Neerincx, A., Rodriguez, G. M., Steimle, V. & Kufer, T. A. NLRC5 Controls Basal MHC Class I Gene 

Expression in an MHC Enhanceosome-Dependent Manner. J. Immunol. 188, 4940–4950 (2012). 

80. Pallmer, K. et al. NK cells negatively regulate CD8 T cells via natural cytotoxicity receptor (NCR) 1 

during LCMV infection. PLoS Pathog. 15, e1007725 (2019). 

81. Rodriguez, G. M. et al. NLRC5 elicits antitumor immunity by enhancing processing and 

presentation of tumor antigens to CD8+ T lymphocytes. Oncoimmunology 5, 1–12 (2016). 

82. Wang, Z. et al. Regulation of innate immune responses by DAI (DLM-1/ZBP1) and other DNA-

sensing molecules. PNAS 105, 5477–5482 (2008). 

83. DeFilippis, V. R., Alvarado, D., Sali, T., Rothenburg, S. & Fruh, K. Human Cytomegalovirus Induces 

the Interferon Response via the DNA Sensor ZBP1. J. Virol. 84, 585–598 (2010). 

84. Upton, J. W., Kaiser, W. J. & Mocarski, E. S. DAI/ZBP1/DLM-1 complexes with RIP3 to mediate 

virus-induced programmed necrosis that is targeted by murine cytomegalovirus vIRA. Cell Host 

Microbe 11, 290–297 (2012). 

85. Lladser, A. et al. DAI (DLM-1/ZBP1) as a genetic adjuvant for DNA vaccines that promotes effective 

antitumor CTL immunity. Mol. Ther. 19, 594–601 (2011). 

86. Blum, J. S., Wearsch, P. A. & Cresswell, P. Pathways of antigen processing. The Annual Reviews 

of Immunology 31, (2013). 

87. Ferrington, D. A. & Gregson, D. S. Immunoproteasomes: Structure, Function, and Antigen 

Presentation. Prog Mol Biol Transl Sci. Mol Biol Transl Sci. 109, 75–112 (2012). 

88. Geginat, G., Ruppert, T., Hengel, H., Koszinowski, U. H. & Holtappels, R. IFN-γ Is a Prerequisite 



 137 

for Optimal Antigen Processing of Viral Peptides in Vivo. J. Immunol. 158, 3303–3310 (1997). 

89. Khan, S. et al. Immunoproteasomes Largely Replace Constitutive Proteasomes During an Antiviral 

and Antibacterial Immune Response in the Liver. J. Immunol. 167, 6859–6868 (2001). 

90. Khan, S., Zimmermann, A., Basler, M., Groettrup, M. & Hengel, H. A Cytomegalovirus Inhibitor of 

Gamma Interferon Signaling Controls Immunoproteasome Induction. J. Virol. 78, 1831–1842 

(2004). 

91. Van den Elsen, P. J., Gobin, S. J. P. & Biesta, P. Regulation of human β2-microglobulin 

transactivation in hematopoietic cells. Blood 101, 3058–3064 (2003). 

92. Vraetz, T. et al. Regulation of β2-microglobulin expression in different human cell lines by 

proinflammatory cytokines. Nephrol. Dial. Transplant. 14, 2137–2143 (1999). 

93. Pavic, I. et al. Participation of endogenous tumour necrosis factor α in host resistance to 

cytomegalovirus infection. J. Gen. Virol. 74, 2215–2223 (1993). 

94. Loh, J., Chu, D. T., O’Guin, A. K., Yokoyama, W. M. & Virgin, H. W. Natural Killer Cells Utilize both 

Perforin and Gamma Interferon To Regulate Murine Cytomegalovirus Infection in the Spleen and 

Liver. J. Virol. 79, 661–667 (2004). 

95. Xie, J., Wang, Y., Freeman, M. E., Barlogie, B. & Yi, Q. β2-microglobulin as a negative regulator 

of the immune system: High concentrations of the protein inhibit in vitro generation of functional 

dendritic cells. Blood 101, 4005–4012 (2003). 

96. Tanaka, T., Narazaki, M. & Kishimoto, T. Il-6 in inflammation, Immunity, and disease. Cold Spring 

Harb. Perspect. Biol. 6, (2014). 

97. Hilt, Z. T. et al. Platelet-derived β2M regulates monocyte inflammatory responses. JCI Insight 4, 

122943 (2019). 

98. Fabbri, E. et al. Prognostic markers of symptomatic congenital human cytomegalovirus infection 

in fetal blood. BJOG An Int. J. Obstet. Gynaecol. 118, 448–456 (2011). 

99. Carvalho Matos, A. C., Durão, M. S. & Pacheco-Silva, A. Serial beta-2 microglobulin measurement 

as an auxilliary method in the early diagnosis of cytomegalovirus infection in renal transplant 

patients. Transplant. Proc. 36, 894–895 (2004). 

100. Grundy, J. E., McKeating, J. A., Ward, P. J., Sanderson, A. R. & Griffiths, P. D. β2 Microglobulin 

enhances the infectivity of cytomegalovirus and when bound to the virus enables class I HLA 

molecules to be used as a virus receptor. J. Gen. Virol. 68, 793–803 (1987). 

101. McKeating, J. A., Griffiths, P. D. & Grundy, J. E. Cytomegalovirus in urine specimens has host β2 

microglobulin bound to the viral envelope: A mechanism of evading the host immune response? 



 138 

J. Gen. Virol. 68, 785–792 (1987). 

102. Ouchida, R. et al. A Lysosomal Protein Negatively Regulates Surface T Cell Antigen Receptor 

Expression by Promoting CD3ζ-Chain Degradation. Immunity 29, 33–43 (2008). 

103. Kawai, Y. et al. LAPTM5 promotes lysosomal degradation of intracellular CD3ζ but not of cell 

surface CD3ζ. Immunol. Cell Biol. 92, 527–534 (2014). 

104. Walton, S. M. et al. Absence of cross-presenting cells in the salivary gland and viral immune 

evasion confine cytomegalovirus immune control to effector CD4 T cells. PLoS Pathog. 7, 

e1002214 (2011). 

105. Halenius, A., Gerke, C. & Hengel, H. Classical and non-classical MHC i molecule manipulation by 

human cytomegalovirus: So many targets - But how many arrows in the quiver? Cell. Mol. 

Immunol. 12, 139–153 (2015). 

106. Campbell, A. E., Cavanaugh, V. J. & Slater, J. S. The salivary glands as a privileged site of 

cytomegalovirus immune evasion and persistence. Med Microbiol Immunol. 197, 205–213 

(2008). 

107. Jensen, H., Chen, S.-Y., Folkersen, L., Nolan, G. P. & Lanier, L. L. EBI3 regulates the NK cell 

response to mouse cytomegalovirus infection. PNAS 114, 1625–1630 (2017). 

108. Tang-Feldman, Y. J., Lochhead, G. R., Lochhead, S. R., Yu, C. & Pomeroy, C. Interleukin-10 

repletion suppresses pro-inflammatory cytokines and decreases liver pathology without altering 

viral replication in murine cytomegalovirus (MCMV)-infected IL-10 knockout mice. Inflamm. Res. 

60, 233–243 (2011). 

109. Schuster, I. S. et al. TRAIL+ NK Cells Control CD4+ T Cell Responses during Chronic Viral Infection 

to Limit Autoimmunity. Immunity 41, 646–656 (2014). 

110. McMaster, S. R. et al. Pulmonary antigen encounter regulates the establishment of tissue-resident 

CD8 memory T cells in the lung airways and parenchyma. Mucosal Immunol. 11, 1071–1078 

(2018). 

111. Holz, L. E. et al. CD8+ T Cell Activation Leads to Constitutive Formation of Liver Tissue-Resident 

Memory T Cells that Seed a Large and Flexible Niche in the Liver. Cell Rep. 25, 68–79 (2018). 

112. Mackay, L. K. et al. Long-lived epithelial immunity by tissue-resident memory T (TRM) cells in the 

absence of persisting local antigen presentation. PNAS 109, 7037–42 (2012). 

113. Khan, T. N., Mooster, J. L., Kilgore, A. M., Osborn, J. F. & Nolz, J. C. Local antigen in nonlymphoid 

tissue promotes resident memory CD8+ T cell formation during viral infection. J. Exp. Med. 213, 

951–966 (2016). 



 139 

114. Lee, Y. et al. Environmental and Antigen Receptor-Derived Signals Support Sustained Surveillance 

of the Lungs by Pathogen-Specific Cytotoxic T lymphocytes. J. Virol. 85, 4085–4094 (2011). 

115. Wakim, L. M., Woodward-Davis, A. & Bevan, M. J. Memory T cells persisting within the brain after 

local infection show functional adaptations to their tissue of residence. PNAS 107, 17872–17879 

(2010). 

116. Soudja, S. M. H., Ruiz, A. L., Marie, J. C. & Lauvau, G. Inflammatory Monocytes Activate Memory 

CD8+ T and Innate NK Lymphocytes Independent of Cognate Antigen during Microbial Pathogen 

Invasion. Immunity 37, 549–562 (2012). 

117. Wilson, E. B. & Brooks, D. G. Inflammation makes T cells sensitive. Immunity 71, 3831–3840 

(2013). 

118. Zehn, D., Roepke, S., Weakly, K., Bevan, M. J. & Prlic, M. Inflammation and TCR signal strength 

determine the breadth of the T cell response in a bim-dependent manner. J. Immunol. 154, 2262–

2265 (2014). 

119. Jonjić, S., Mutter, W., Weiland, F., Reddehase, M. J. & Koszinowski, U. H. Site-restricted persistent 

cytomegalovirus infection after selective long-term depletion of CD4+ T lymphocytes. J. Exp. Med. 

169, 1199–212 (1989). 

120. Schoenberger, S. P., Toes, R. E. M., van der Voort, E. I. H., Offringa, R. & Melief, C. J. M. T-cell 

help for cytotoxic T lymphocytes is mediated by CD40–CD40L interactions. Nature 393, 480–

483 (1998). 

121. Feau, S. et al. The CD4 + T-cell help signal is transmitted from APC to CD8 + T-cells via CD27-

CD70 interactions. Nat. Commun. 3, 948–949 (2012). 

122. Laidlaw, B. J., Craft, J. & Kaech, S. M. The multifaceted role of CD4+ T cells in the regulation of 

CD8+ T cell memory maturation. Nat Rev Immunol. 16, 102–111 (2016). 

123. Sitati, E. M. & Diamond, M. S. CD4+ T-Cell Responses Are Required for Clearance of West Nile 

Virus from the Central Nervous System. J. Virol. 80, 12060–12069 (2006). 

124. Huang, H. et al. CD4+ Th1 cells promote CD8+ Tc1 cell survival, memory response, tumor 

localization and therapy by targeted delivery of interleukin 2 via acquired pMHC I complexes. 

Immunology 120, 148–159 (2007). 

125. Mockus, T. E. et al. CD4 T cells control development and maintenance of brain-resident CD8 T 

cells during polyomavirus infection. PLoS Pathog. 14, e1007365 (2018). 

126. Brizić, I. et al. CD4 T cells are required for maintenance of CD8 TRM cells and virus control in the 

brain of MCMV-infected newborn mice. Med Microbiol Immunol. 208, 487–494 (2019). 



 140 

127. Nakanishi, Y., Lu, B., Gerard, C. & Iwasaki, A. CD8 + T lymphocyte mobilization to virus-infected 

tissue requires CD4 + T-cell help. Nature 462, 510–513 (2009). 

128. Laidlaw, B. J. et al. CD4+ T Cell Help Guides Formation of CD103+ Lung-Resident Memory CD8+ 

T Cells during Influenza Viral Infection. Immunity 41, 633–645 (2014). 

129. Jiang, X. et al. Skin infection generates non-migratory memory CD8+ TRM cells providing global 

skin immunity. Nature 483, 227–231 (2012). 

130. Bergsbaken, T. & Bevan, M. J. Proinflammatory microenvironments within the intestine regulate 

differentiation of tissue-resident CD8 T cells responding to infection. Nat. Immunol. 16, 406–414 

(2015). 

131. Walton, S. M. et al. The Dynamics of Mouse Cytomegalovirus-Specific CD4 T cell Responses during 

Acute and Latent Infection. J Immunol. 181, 1128–1134 (2008). 

132. Farrell, H. E., Bruce, K., Lawler, C. & Stevenson, P. G. Murine cytomegalovirus spread depends 

on the infected myeloid cell type. J. Virol. 93, e00540-19 (2019). 

133. Farrell, H. E. et al. Murine cytomegalovirus spreads by dendritic cell recirculation. MBio 8, 

e01264-17 (2017). 

134. Snyder, C. M., Cho, K. S., Bonnett, E. L., Allan, J. E. & Hill, A. B. Sustained CD8+ T cell memory 

inflation after infection with a single-cycle cytomegalovirus. PLoS Pathog. 7, e1002295 (2011). 

135. Woyciechowski, S., Hofmann, M. & Pircher, H. α4β1 integrin promotes accumulation of tissue-

resident memory CD8+ T cells in salivary glands. Eur. J. Immunol. 47, 244–250 (2017). 

136. Wang, X., Michie, S. A., Xu, B. & Suzuki, Y.  Importance of IFN- γ -Mediated Expression of 

Endothelial VCAM-1 on Recruitment of CD8 + T Cells into the Brain During Chronic Infection with 

Toxoplasma gondii . J. Interf. Cytokine Res. 27, 329–338 (2007). 

137. Read, M. A. et al. Tumor necrosis factor α-induced E-selectin expression is activated by the nuclear 

factor-κB and c-JUN N-terminal kinase/p38 mitogen-activated protein kinase pathways. J. Biol. 

Chem. 272, 2753–2761 (1997). 

138. Whitley, M. Z., Thanos, D., Read, M. A., Maniatis, T. & Collins, T. A striking similarity in the 

organization of the E-selectin and beta interferon gene promoters. Mol. Cell. Biol. 14, 6464–6475 

(1994). 

139. Collins, T. et al. Transcriptional regulation of endothelial cell adhesion molecules: NF-κB and 

cytokine-inducible enhancers. FASEB J. 9, 899–909 (1995). 

140. Kunkel, E. J., Jung, U. & Ley, K. TNF-alpha induces selectin-mediated leukocyte rolling in mouse 

cremaster muscle arterioles. Am. J. Physiol. Circ. Physiol. 272, H1391–H1400 (1997). 



 141 

141. Ley, K. & Kansas, G. S. Selectins in T-cell recruitment to non-lymphoid tissues and sites of 

inflammation. Nat. Rev. Immunol. 4, 325–336 (2004). 

142. Nguyen, K. B. et al. Coordinated and Distinct Roles for IFN-αβ, IL-12, and IL-15 Regulation of NK 

Cell Responses to Viral Infection. J. Immunol. 169, 4279–4287 (2002). 

143. Dalod, M. et al. Interferon α/β and Interleukin 12 Responses to Viral Infections: Pathways 

Regulating Dendritic Cell Cytokine Expression in Vivo. J. Exp. Med. 195, 517–528 (2002). 

144. Kastenmüller, W. et al. Peripheral Prepositioning and Local CXCL9 Chemokine-Mediated Guidance 

Orchestrate Rapid Memory CD8+ T Cell Responses in the Lymph Node. Immunity 38, 502–513 

(2013). 

145. Slütter, B., Pewe, L. L., Kaech, S. M. & Harty, J. T. Lung airway-surveilling CXCR3hi Memory CD8+ 

T cells are critical for protection against influenza A virus. Immunity 39, 939–948 (2013). 

146. Olive, A. J., Gondek, D. C. & Starnbach, M. N. CXCR3 and CCR5 are both required for T cell-

mediated protection against C. trachomatis infection in the murine genital mucosa. Mucosal 

Immunol. 4, 208–16 (2011). 

147. Hokeness, K. L. et al. CXCR3-dependent recruitment of antigen-specific T lymphocytes to the liver 

during murine cytomegalovirus infection. J. Virol. 81, 1241–50 (2007). 

148. Mikucki, M. et al. Non-redundant Requirement for CXCR3 Signaling during Tumoricidal T Cell 

Trafficking across Tumor Vascular Checkpoints. Nat Commun. 35, 1252–1260 (2016). 

149. Nakajima, C. et al. Induction of the chemokine receptor CXCR3 on TCR-stimulated T cells: 

Dependence on the release from persistent TCR-triggering and requirement for IFN-γ stimulation. 

Eur. J. Immunol. 32, 1792–1801 (2002). 

150. Mellado, M., Rodríguez-Frade, J. M., Mañes, S. & Martínez-A, C. Chemokine Signaling and 

Functional Responses: The Role of Receptor Dimerization and TK Pathway Activation. Annu. Rev. 

Immunol. 19, 397–421 (2001). 

151. Salanga, C. L. & Handel, T. M. Chemokine oligomerization and interactions with receptors and 

glycosaminoglycans: The role of structural dynamics in function. Exp. Cell Res. 317, 590–601 

(2011). 

152. Badovinac, V. P., Porter, B. B. & Harty, J. T. Programmed contraction of CD8+ T cells after 

infection. Nat. Immunol. 3, 619–626 (2002). 

153. Joshi, N. S. et al. Inflammation Directs Memory Precursor and Short-Lived Effector CD8+ T Cell 

Fates via the Graded Expression of T-bet Transcription Factor. Immunity 27, 281–295 (2007). 

154. Smith, C. J., Caldeira-Dantas, S., Turula, H. & Snyder, C. M. Murine CMV Infection Induces the 



 142 

Continuous Production of Mucosal Resident T Cells. Cell Rep. 13, 1137–1148 (2015). 

155. Hofmann, M. & Pircher, H. E-cadherin promotes accumulation of a unique memory CD8 T-cell 

population in murine salivary glands. PNAS 108, 16741–16746 (2011). 

156. Thom, J. T., Weber, T. C., Walton, S. M., Torti, N. & Oxenius, A. The Salivary Gland Acts as a Sink 

for Tissue-Resident Memory CD8+ T Cells, Facilitating Protection from Local Cytomegalovirus 

Infection. Cell Rep. 13, 1125–1136 (2015). 

157. Skon, C. N. et al. Transcriptional downregulation of S1pr1 is required for establishment of resident 

memory CD8+ T cells. Nat. Immunol. 14, 1285–1295 (2013). 

158. Mackay, L. K. et al. Cutting Edge: CD69 Interference with Sphingosine-1-Phosphate Receptor 

Function Regulates Peripheral T Cell Retention. J. Immunol. 194, 2059–2063 (2015). 

159. Stark, R. et al. TRM maintenance is regulated by tissue damage via P2RX7. Sci. Immunol. 3, 

eaau1022 (2018). 

160. Borges da Silva, H. et al. The purinergic receptor P2RX7 directs metabolic fitness of long- lived 

memory CD8+ T cells. Nature 559, 264–268 (2018). 

161. Pan, Y. et al. Survival of tissue-resident memory T cells requires exogenous lipid uptake and 

metabolism. Nature 543, 252–256 (2017). 

162. Broisat, A. et al. Nanobodies targeting mouse/human VCAM1 for the nuclear imaging of 

atherosclerotic lesions. Circ. Res. 110, 927–937 (2012). 

163. Kohlmeier, J. E. et al. The Chemokine Receptor CCR5 Plays a Key Role in the Early Memory CD8+ 

T Cell Response to Respiratory Virus Infections. Immunity 29, 101–113 (2008). 

164. Tanaka, Y. T Cell Integrin Activation by Chemokines in Inflammation. Arch. Immunol. Ther. Exp. 

(Warsz). 48, 443–450 (2000). 

165. Yung, S. C. & Farber, J. M. in Handbook of Biologically Active Peptides (ed. Abba Kastin) 656–

663 (Elsevier Inc., 2013). 

166. Hogg, N., Laschinger, M., Glies, K. & McDowall, A. T-cell integrins: more than just sticking points. 

J. Cell Sci. 116, 4695–4705 (2003). 

167. Srivastava, R. et al. CXCL17 Chemokine–Dependent Mobilization of CXCR8+CD8+ Effector 

Memory and Tissue-Resident Memory T Cells in the Vaginal Mucosa Is Associated with Protection 

against Genital Herpes. J. Immunol. 200, 2915–2926 (2018). 

168. Chang, Y.-C. et al. Expression of cytokines and chemokines in mouse skin treated with sulfur 

mustard. Toxicol Appl Pharmacol 15, 52–59 (2018). 

169. Salazar-Mather, T. P., Hamilton, T. A. & Biron, C. A. A chemokine-to-cytokine-to-chemokine 



 143 

cascade critical in antiviral defense. J. Clin. Invest. 105, 985–993 (2000). 

170. Patterson, C. E., Daley, J. K., Echols, L. A., Lane, T. E. & Rall, G. F. Measles Virus Infection Induces 

Chemokine Synthesis by Neurons. J. Immunol. 171, 3102–3109 (2003). 

171. Turner, M. D., Nedjai, B., Hurst, T. & Pennington, D. J. Cytokines and chemokines: At the 

crossroads of cell signalling and inflammatory disease. Biochim. Biophys. Acta 1843, 2563–2582 

(2014). 

172. Hong, S. W. et al. Food antigens drive spontaneous IgE elevation in the absence of commensal 

microbiota. Sci. Adv. 5, eaaw1507 (2019). 

173. Valenta, R., Hochwallner, H., Linhart, B. & Pahr, S. Food allergies: The basics. Gastroenterology 

148, 1120–1131 (2015). 

174. Shimizu, M. Interaction between Food Substances and the Intestinal Epithelium. Biosci. 

Biotechnol. Biochem. 74, 232–241 (2010). 

175. Nagafuchi, S. et al. Dietary Nucleotides Increase the Proportion of a TCRγδ + Subset of 

Intraepithelial Lymphocytes (IEL) and IL-7 Production by Intestinal Epithelial Cells (IEC); 

Implications for Modification of Cellular and Molecular Cross-talk between IEL and IEC by Dieta. 

Biosci. Biotechnol. Biochem. 64, 1459–1465 (2000). 

176. Kamath, A. B. et al. Antigens in tea-beverage prime human Vγ2Vδ2 T cells in vitro and in vivo for 

memory and nonmemory antibacterial cytokine responses. PNAS 100, 6009–6014 (2003). 

177. Lafont, V. et al. Plasticity of γδ T cells: Impact on the anti-tumor response. Front. Immunol. 5, 

622 (2014). 

178. Pociask, D. A. et al. γδ T cells attenuate bleomycin-induced fibrosis through the production of 

CXCL10. Am. J. Pathol. 178, 1167–1176 (2011). 

179. Mega, J. et al. Cytokine production and T cell receptor expression by salivary gland T cells and 

intraepithelial T lymphocytes for the regulation of the IgA response. Adv. Exp. Med. Biol. 327, 

119–131 (1992). 

180. Hiroi, T., Fujihashi, K., McGhee, J. R. & Kiyono, H. Polarized Th2 cytokine expression by both 

mucosal γδ and αβ T cells. Eur. J. Immunol. 25, 2743–2751 (1995). 

181. Marchal, F., Kurt, A.-M., Dulguerov, P. & Lehmann, W. Retrograde theory in sialolithiasis 

formation. Arch Otolaryngol Head Neck Surg 127, 66–68 (2001). 

182. De Grandi, R. et al. Salivary calculi microbiota: new insights into microbial networks and pathogens 

reservoir. Microbes Infect. 21, 109–112 (2019). 

183. Koivisto, L., Heino, J., Häkkinen, L. & Larjava, H. Integrins in Wound Healing. Adv. Wound Care 



 144 

3, 762–783 (2013). 

184. Ridiandries, A., Tan, J. T. M. & Bursill, C. A. The role of chemokines in wound healing. Int. J. Mol. 

Sci. 19, 3217 (2018). 

185. Jiang, Y. et al. Lactobacillus acidophilus Induces Cytokine and Chemokine Production via NF-κB 

and p38 Mitogen-Activated Protein Kinase Signaling Pathways in Intestinal Epithelial Cells. Clin. 

Vaccine Immunol. 19, 603–608 (2012). 

186. Lee, N. & Kim, W. U. Microbiota in T-cell homeostasis and inflammatory diseases. Exp. Mol. Med. 

49, e340 (2017). 

187. Umesaki, Y., Setoyama, H., Matsumoto, S. & Okada, Y. Expansion of alpha beta T-cell receptor-

bearing intestinal intraepithelial lymphocytes after microbial colonization in germ-free mice and its 

independence from thymus. Immunology 79, 32–7 (1993). 

188. Edelblum, K. L. et al. γδ Intraepithelial Lymphocyte Migration Limits Transepithelial Pathogen 

Invasion and Systemic Disease in Mice. Gastroenterology 148, 1417–1426 (2015). 

189. Ismail, A. S., Behrendt, C. L. & Hooper, L. V. Reciprocal Interactions between Commensal Bacteria 

and γδ Intraepithelial Lymphocytes during Mucosal Injury. J. Immunol. 182, 3047–3054 (2009). 

190. Cole, A. M. et al. Cutting Edge: IFN-Inducible ELR- CXC Chemokines Display Defensin-Like 

Antimicrobial Activity. J. Immunol. 167, 623–627 (2001). 

191. Yung, S. C. & Murphy, P. M. Antimicrobial chemokines. Front. Immunol. 3, 1–11 (2012). 

192. Stephens, B. & Handel, T. M. Chemokine Receptor Oligomerization and Allostery. Prog Mol Biol 

Transl Sci. Mol Biol Transl Sci. 115, 375–420 (2013). 

193. Watts, A. O. et al. Identification and profiling of CXCR3-CXCR4 chemokine receptor heteromer 

complexes. Br. J. Pharmacol. 168, 1662–1674 (2013). 

194. Welten, S. P. M., Sandu, I., Baumann, N. S. & Oxenius, A. Memory CD8 T cell inflation vs tissue-

resident memory T cells: Same patrollers, same controllers? Immunol. Rev. 283, 161–175 

(2018). 

195. Lin, X. et al. An autoimmunized mouse model recapitulates key features in the pathogenesis of 

Sjugren’s syndrome. Int. Immunol. 23, 613–624 (2011). 

196. Girard, J.-P. et al. Endogenous IL-33 Is Highly Expressed in Mouse Epithelial Barrier Tissues, 

Lymphoid Organs, Brain, Embryos, and Inflamed Tissues: In Situ Analysis Using a Novel Il-33-

LacZ Gene Trap Reporter Strain. J. Immunol. 188, 3488–3495 (2012). 

197. Tsubota, K. et al. Immunohistological analysis of tumour growth factor beta 1 expression in normal 

and inflamed salivary glands. J. Clin. Pathol. 49, 728–732 (2007). 



 145 

198. Amano, O., Tsuji, T., Nakamura, T. & Iseki, S. Expression of Transforming Growth Factor B1 in 

the submandibular Gland of the Rat. J. Histochem. Cytochem. 39, 1707–1711 (1991). 

199. Arpaia, N. et al. A distinct function of regulatory T cells in tissue protection. Cell 25, 289–313 

(2016). 

200. Schiering, C. et al. The alarmin IL-33 promotes regulatory T-cell function in the intestine. Nature 

513, 564–568 (2014). 

201. Molofsky, A. B., Savage, A. K. & Locksley, R. M. Interleukin-33 in Tissue Homeostasis, Injury, and 

Inflammation. Immunity 42, 1005–1019 (2015). 

202. Woods, L. T. et al. Increased Expression of TGF-β Signaling Components in a Mouse Model of 

Fibrosis Induced by Submandibular Gland Duct Ligation. PLoS One 10, e0123641 (2015). 

203. Jaskoll, T. & Melnick, M. Submandibular gland morphogenesis: Stage-specific expression of TGF- 

α/EGF, IGF, TGF-β, TNF, and IL-6 signal transduction in normal embryonic mice and the 

phenotypic effects of TGF-β2, TGF-β3, and EGF-R null mutations. Anat. Rec. 256, 252–268 

(1999). 

204. Lourenço, S. V., Uyekita, S. H., Lima, D. M. C. & Soares, F. A. Developing human minor salivary 

glands: Morphological parallel relation between the expression of TGF-beta isoforms and 

cytoskeletal markers of glandular maturation. Virchows Arch. 452, 427–434 (2008). 

205. Caldeira-Dantas, S. Differentiation and modulation of CD8+ Tissue resident memory T cells in 

mucosal tissues. (Master thesis - University of Minho, Braga Portugal, 2017). 

206. Muschaweckh, A. et al. Antigen-dependent competition shapes the local repertoire of tissue-

resident memory CD8 + T cells. J. Exp. Med. 213, 3075–3086 (2016). 

207. Nixon, D. F. et al.  Increased Adhesion Molecule and Chemokine Receptor Expression on CD8 + 

T Cells Trafficking to Cerebrospinal Fluid in HIV‐1 Infection . J. Infect. Dis. 189, 2202–2212 

(2004). 

208. Huang, A. et al. CD103 expression in normal epithelium is associated with poor prognosis of 

colorectal cancer patients within defined subgroups. Int. J. Clin. Exp. Pathol. 10, 6624–6634 

(2017). 

209. Sasaki, K. et al. Relapsing-Remitting Central Nervous System Autoimmunity Mediated by GFAP-

Specific CD8 T Cells. J. Immunol. 192, 3029–3042 (2014). 

210. Gaide, O. et al. Common clonal origin of central and resident memory T cells following skin 

immunization. Nat Med. 21, 647–653 (2015). 

211. Machado-Santos, J. et al. The compartmentalized inflammatory response in the multiple sclerosis 



 146 

brain is composed of tissue-resident CD8+ T lymphocytes and B cells. Brain 141, 2066–2082 

(2018). 

212. Boyman, O. et al. Spontaneous Development of Psoriasis in a New Animal Model Shows an 

Essential Role for Resident T Cells and Tumor Necrosis Factor-α. J. Exp. Med. 199, 731–736 

(2004). 

213. Mavragani, C. P. & Moutsopoulos, H. M. Sjögren’s syndrome. Annu. Rev. Pathol. Mech. Dis. 9, 

273–85 (2014). 

214. Bayetto, K. & Logan, R. M. Sjögren’s syndrome: a review of aetiology, pathogenesis, diagnosis 

and management. Aust. Dent. J. 55 Suppl 1, 39–47 (2010). 

215. Fayyaz, A., Kurien, B. T. & Scofield, H. Autoantibodies in Sjögren’s Syndrome. Rheum Dis Clin 

North Am 42, 419–434 (2016). 

216. Morita, R. et al. Multiomic disease signatures converge to cytotoxic CD8 T cells in primary 

Sjögren’s syndrome. Ann. Rheum. Dis. 76, 1458–1466 (2017). 

217. Fujihara, T. et al. Preferential localization of CD8+ alpha E beta 7+ T cells around acinar epithelial 

cells with apoptosis in patients with Sjögren’s syndrome. J. Immunol. 163, 2226–35 (1999). 

218. Mingueneau, M. et al. Cytometry by time-of-flight immunophenotyping identifies a blood Sjögren’s 

signature correlating with disease activity and glandular inflammation. J. Allergy Clin. Immunol. 

137, 1809–1821 (2016). 

219. Gao, C. Y. et al. Tissue-Resident Memory CD8+ T Cells Acting as Mediators of Salivary Gland 

Damage in a Murine Model of Sjögren’s Syndrome. Arthritis Rheumatol. 71, 121–132 (2019). 

220. Nguyen, C. Q. & Peck, A. B. The interferon-signature of Sjögren’s syndrome: How unique 

biomarkers can identify underlying inflammatory and immunopathological mechanisms of specific 

diseases. Front. Immunol. 4, 142 (2013). 

221. Hall, J. C. et al. Molecular subsetting of interferon pathways in Sjögren’s syndrome. Arthritis 

Rheumatol. 67, 2437–2446 (2015). 

222. Mitsias, D. I. et al. The Th1/Th2 cytokine balance changes with the progress of the 

immunopathological lesion of Sjogren’s syndrome. Clin. Exp. Immunol. 128, 562–568 (2002). 

223. Zhou, J., Kawai, T. & Yu, Q. Pathogenic role of endogenous TNF-α in the development of Sjögren’s-

like sialadenitis and secretory dysfunction in non- obese diabetic mice. 25, 289–313 (2016). 

224. Zhou, J. & Yu, Q. Disruption of CXCR3 function impedes the development of Sjögren’s syndrome-

like xerostomia in non-obese diabetic mice. Lab. Investig. 98, 620–628 (2018). 

225. Wu, T. et al. Lung-resident memory CD8 T cells (TRM) are indispensable for optimal cross-



 147 

protection against pulmonary virus infection. J. Leukoc. Biol. 95, 215–224 (2014). 

226. Mueller, S. N. & Mackay, L. K. Tissue-resident memory T cells: Local specialists in immune 

defence. Nat. Rev. Immunol. 16, 79–89 (2016). 

227. Zhou, A. C., Batista, N. V. & Watts, T. H. 4-1BB Regulates Effector CD8 T Cell Accumulation in 

the Lung Tissue through a TRAF1-, mTOR-, and Antigen-Dependent Mechanism to Enhance 

Tissue-Resident Memory T Cell Formation during Respiratory Influenza Infection. J. Immunol. 202, 

2482–2492 (2019). 

228. Polic, B. et al. Hierarchical and Redundant Lymphocyte Subset Control Precludes Cytomegalovirus 

Replication during Latent Infection. J. Exp. Med. 188, 1047–1054 (1998). 

229. Olsen, T. M., Stone, B. C., Chuenchob, V. & Murphy, S. C. Prime-and-Trap Malaria Vaccination To 

Generate Protective CD8+ Liver-Resident Memory T Cells. J. Immunol. 201, 1984–1993 (2018). 

230. Morabito, K. M. et al. Memory inflation drives tissue-resident memory CD8+ T cell maintenance 

in the lung after intranasal vaccination with murine cytomegalovirus. Front. Immunol. 9, 1861 

(2018). 

231. Gálvez-Cancino, F. et al. Vaccination-induced skin-resident memory CD8+ T cells mediate strong 

protection against cutaneous melanoma. Oncoimmunology 7, e1442163-12 (2018). 

232. Lee, Y.-N., Lee, Y.-T., Kim, M.-C., Gewirtz, A. T. & Kang, S.-M. A Novel Vaccination Strategy 

Mediating the Induction of Lung-Resident Memory CD8 T Cells Confers Heterosubtypic Immunity 

against Future Pandemic Influenza Virus. J. Immunol. 196, 2637–2645 (2016). 

233. Stary, G. et al. A mucosal vaccine against Chlamydia trachomatis generates two waves of 

protective memory T cells. Science. 348, aaa8205-14 (2015). 

234. Shin, H. & Iwasaki, A. A vaccine strategy that protects against genital herpes by establishing local 

memory T cells. Nature 491, 463–467 (2012). 

235. Çuburu, N. et al. A Prime-Pull-Amplify Vaccination Strategy To Maximize Induction of Circulating 

and Genital-Resident Intraepithelial CD8+ Memory T Cells. J. Immunol. 202, 1250–1264 (2019). 

236. Shin, H., Kumamoto, Y., Gopinath, S. & Iwasaki, A. CD301b+ dendritic cells stimulate tissue-

resident memory CD8+ T cells to protect against genital HSV-2. Nat. Commun. 7, 13346 (2016). 

237. Takamura, S. et al. Specific niches for lung-resident memory CD8 + T cells at the site of tissue 

regeneration enable CD69-independent maintenance. J. Exp. Med. 213, 3057–3073 (2016). 

238. Edwards, J. et al. CD103+ tumor-resident CD8+ T cells are associated with improved survival in 

immunotherapy-naïve melanoma patients and expand significantly during anti-PD-1 treatment. 

Clin. Cancer Res. 24, 3036–3045 (2018). 



 148 

239. Djenidi, F. et al. CD8+CD103+ tumor-infiltrating lymphocytes are tumor-specific tissue-resident 

memory T cells and a prognostic factor for survival in lung cancer patients. J. Immunol. 194, 

3475–3486 (2015). 

240. Watson, P. H. et al. CD103 and Intratumoral Immune Response in Breast Cancer. Clin. Cancer 

Res. 22, 6290–6297 (2016). 

241. Webb, J. R., Milne, K., Watson, P., DeLeeuw, R. J. & Nelson, B. H. Tumor-infiltrating lymphocytes 

expressing the tissue resident memory marker CD103 are associated with increased survival in 

high-grade serous ovarian cancer. Clin. Cancer Res. 20, 434–444 (2014). 

242. Amsen, D., Van Gisbergen, K. P. J. M., Hombrink, P. & van Lier, R. A. W. Tissue-resident memory 

T cells at the center of immunity to solid tumors. Nat. Immunol. 19, 538–546 (2018). 

243. Sandoval, F. et al. Mucosal Imprinting of Vaccine-Induced CD8+ T Cells Is Crucial to Inhibit the 

Growth of Mucosal Tumors. Sci Transl Med 5, 13346 (2013). 

244. Enamorado, M. et al. Enhanced anti-tumour immunity requires the interplay between resident and 

circulating memory CD8+ T cells. Nat. Commun. 8, 16073 (2017). 

245. Chang, H. et al. Overexpression of PD-L2 is associated with shorter relapse-free survival in patients 

with malignant salivary gland tumors. Onco. Targets. Ther. 10, 2983–2992 (2017). 

246. Maruyama, C. L., Monroe, M., Hunt, J., Buchmann, L. & Baker, O. J. Comparing Human and 

Mouse Salivary Glands: A Practice Guide for Salivary Researchers. Oral Dis. 25, 403–415 (2019). 

247. Karn, R., Chung, A. & Laukaitis, C. Shared and Unique Proteins in Human, Mouse and Rat Saliva 

Proteomes: Footprints of Functional Adaptation. Proteomes 1, 275–289 (2013). 

248. Amano, O., Mizobe, K., Bando, Y. & Sakiyama, K. Anatomy and Histology of Rodent and Human 

Major Salivary Glands-Overview of the Japan Salivary Gland Society-Sponsored Workshop. Acta 

Histochem Cytochem 45, 241–250 (2012). 

 

 

 

 

 

 

 

 

 



 149 

 

 

 

 

 

 

 

 

    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplemental data 

 



 150 

 

 

|Sup. figure 1. Representative Gating  

A) Gating strategy used to identify CD8+ T cells in the parenchyma of the salivary gland. After a broad 

lymphocyte gate, singlets were selected by FSC-H vs FSC-A and the CD8β+ T cells that were not 

intravenous (i.v.) CD8α antibody were selected. From the i.v.- CD8β+ population, MCMV-specific T cells 

were identified by tetramer-binding (shown are M38-specific T cells) and OT-Is were identified by 

expression of the congenic marker (CD45.1, CD45.2 or Thy1.1). The TRM CD8+ cells were characterized 

by the expression of CD69 and CD103. (B) Representative gating strategy for detection of OT-I T cells in 

naïve mice as in A. C). Representative gating (as in A) of two congenically-marked OT-I populations in the 

same recipient. | 
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|Sup. figure 2. CD4+ T cells are not required for TRM cell development in the salivary gland. 

Within 7 days, anti-CD4 antibody (open bars) or isotype control (filled bars) were injected i.p. every other day 

until the day of infection with MCMV (confirmation of depletion was done prior to infection). The antibody 

depletion injections were maintained (1-2 days interval) until sacrifice at 14 days of infection. The absolute 

number of M38 tetramer+ cells in the spleen (SPL) are represented on the left (grey); Absolute number of 

M38 tetramer+ cells in the salivary gland and the absolute number of tetramer+ CD69+ and CD103+ cells 

in the salivary gland (SG) are represented on the right (black). Combined results from 3 independent 

experiments were combined (n=9 for depleted animals and n=7 for the group that received the isotype control). 

Error bars represent the SEM and statistical significances were measured by unpaired t-test after log10 

conversion of the absolute numbers. | 

 

|Sup. tables S1A-S1C: RNAseq analysis of MCMV infected and uninfected salivary glands  

Tables available at: 

https://www.jimmunol.org/content/suppl/2017/12/29/jimmunol.1701272.DCSupplemental 

Table S1A – Gene set with all the genes that significantly increased or decreased with MCMV infection 

(FDR<0.05); 

Table S1B - Gene set was filtered by a raw p value lower than 0.05; 

Table S1C - Gene Set Enrichment Analyses (GSEA) using the Gene Ontology Biological Process (GOBP) 

database. | 
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