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While CD8+ T cells specific for human cytomegalovirus (HCMV) have been extensively studied in both healthy HCMV seropositive carriers and patients undergoing immunosuppression, studies on the CD4+ T cell response to HCMV had lagged behind. However, over the last few years there has been a significant advance in our understanding of the importance and contribution that CMV-specific CD4+ T cells make, not only to anti-viral immunity but also in the potential maintenance of latently infected cells. During primary infection with HCMV in adults, CD4+ T cells are important for the resolution of symptomatic disease, while persistent shedding of HCMV into urine and saliva is associated with a lack of HCMV specific CD4+ T cell response in young children. In immunosuppressed solid organ transplant recipients, a delayed appearance of HCMV-specific CD4+ T cells is associated with prolonged viremia and more severe clinical disease, while in haematopoietic stem cell transplant recipients, it has been suggested that HCMV-specific CD4+ T cells are required for HCMV-specific CD8+ T cells to exert their anti-viral effects. In addition, adoptive T-cell immunotherapy in transplant patients has shown that the presence of HCMV-specific CD4+ T cells is required for the maintenance of HCMV-specific CD8+ T cells. HCMV is a paradigm for immune evasion. The presence of viral genes that down-regulate MHC class II molecules and the expression of viral IL-10 both limit antigen presentation to CD4+ T cells, underlining the important role that this T cell subset has in antiviral immunity. This review will discuss the antigen specificity, effector function, phenotype and direct anti-viral properties of HCMV specific CD4+ T cells, as well as reviewing our understanding of the importance of this T cell subset in primary infection and long-term carriage in healthy individuals. In addition, their role and importance in congenital HCMV infection and during immunosuppression in both solid organ and haemopoietic stem cell transplantation is considered.
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INTRODUCTION

Over the last few decades research in both humans and murine models has clearly demonstrated that both the innate and adaptive branches of the immune response play a role in resolving both primary, reactivating and super-infections with cytomegalovirus (CMV). In particular, studies in transplantation patients (Sester et al., 2001; Einsele et al., 2002; Peggs et al., 2003; Gratama et al., 2008) and in adults with primary human CMV (HCMV) infections (Rentenaar et al., 2000; Gamadia et al., 2003; Lilleri et al., 2008b) have confirmed the vital role that HCMV specific CD4+ T cells play in controlling symptomatic disease. Here, we present a detailed overview of the evidence from many studies of the specific and direct anti-viral role that CD4+ T cells play in HCMV infections in the healthy and immunocompromised patients. In particular, we focus on the importance of both understanding and assessing the full functionality of CMV specific CD4+ T cells responses in patients to minimize the burden of CMV infection in transplantation and congenital infections.


CD4+ T Cells, Their Activation and Role in Adaptive Immunity

CD4+ T cells are an important and multifaceted component of the adaptive immune response to viruses and other pathogens. In healthy adults, CD4+ T cells typically comprise the majority of T cells present. However, cytomegalovirus infection can lead to perturbation of the composition of circulating T cell populations (Chidrawar et al., 2009; Wertheimer et al., 2014). CD4 is a co-receptor that binds the Major Histocompatibility Complex (MHC) Class II molecules on antigen presenting cells (APC) that present peptides to the TCR present on the T cell (Glatzova and Cebecauer, 2019). MHC class II molecules comprise an α and β chain heterodimer which, when assembled, provide a peptide-binding cleft in which antigen is presented. In humans three gene loci encode the MHC class II molecules—HLA-DR, -DQ, and DP (Blum et al., 2013)—allowing for a wide diversity of peptides to be presented. MHC class II molecules are synthesized in the endoplasmic reticulum (ER) and transported to endosomes with an invariant chain present to stabilize the structure via the Golgi apparatus. Peptides generated by proteolysis of endocytosed proteins are exchanged for the fragment, Class II–associated Invariant Peptide (CLIP), which remains in the peptide binding cleft of the assembled MHC class II molecule within late endosomes. The loaded complex is then transported to the cell surface (Blum et al., 2013), hence allowing CD4+ T cells to recognize exogenously-derived proteins.

Interaction of CD4+ T cells with MHC class II complexes on APCs results in formation of a complex known as an immunological synapse which precedes T cell activation. The formation of the synapse allows the clustering of various co-stimulatory molecules, including CD28 and CD40L, which are expressed by the T cell and are required for successful intracellular signaling and subsequent activation of the CD4+ T cell (Glatzova and Cebecauer, 2019). Following activation, the CD4+ T cell population expands and then typically contracts before establishing a memory population. The generation of long lived antigen specific memory CD4+ T cells involves the integration of multiple cellular and cytokine processes (Kara et al., 2014; Nguyen et al., 2019). CD4+ memory T cells can be subdivided into a number of different functional subsets (Figure 1), which includes T helper 1 (Th1) and T regulatory (Treg) cellular types. The generation of the different subsets is a result of the location of the CD4+ T cell, the local cytokine environment, and expression of cellular transcription factors. For example, differentiation into the Th1 subset, which is characterized by production of anti-viral cytokines such as IFN-γ, is as a result of exposure to IL-12, IFN-γ, and expression of the transcription factor T-bet (Zhu et al., 2010; Nguyen et al., 2019). CD4+ T cell memory and effector populations can also be defined according to their differentiation status, which is indicated by the expression or loss of expression of various cell surface markers. Common memory subsets include central memory (TCM), effector memory (TEM), CD45RA re-expressing effector memory cells (TEMRA) and Tissue resident memory (TRM) subsets (Nguyen et al., 2019). CMV-specific CD4+ T memory recall cell responses have typically been shown to be of a differentiated memory cell phenotype, where downregulation of co-stimulatory molecules CD27 and CD28 and expression of CD57 and re-expression of CD45RA are observed (van Leeuwen et al., 2004; Weekes et al., 2004; Fletcher et al., 2005; Casazza et al., 2006; Lilleri et al., 2008b; Libri et al., 2011; Dirks et al., 2013). Memory CD4+ T cell populations also express chemokine receptors and integrin-related proteins, which allow homing to specific tissue sites (Nguyen et al., 2019). For instance, CMV-specific memory CD4+ T cells have been shown to express CX3CR1, enabling homing of these cells to activated vascular endothelium (Pachnio et al., 2016).
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FIGURE 1. CD4+ T cell subsets and associated transcription factors and cytokines. Following activation of the CD4+ T cell cytokines present in the microenvironment (indicated on arrows) determine the type of effector cell that is induced by triggering expression of particular transcription factors (labeled in each cell subset). The typical cytokines secreted by each CD4+ T cell subset are also shown. Mature Th1 cells produce IFN-γ which can upregulate MHC Class I and II molecules on cells in the local microenvironment and the cells are anti-viral and protective against intracellular bacteria and fungi. Whereas, Th2 cells typically secrete IL-4, IL-5, and IL-13 and are active against extracellular parasites and implicated in allergy responses. Th9 cells are important in mediating anti-parasite immune responses, secreted IL-9 activates mast cells and increases basophil and eosinophil functions. T follicular helper cells (Tfh) are specialized to provide B cell help and assist in germinal center formation, mature Th17 cells aid in protection against extracellular bacteria and fungi. Treg cells are characterized by the expression of the transcription factor Foxp3 and help to control activation of the immune response, however Th22 cells have been shown to play a role in mediating immune responses in the skin.




CD4+ T Cells and Anti-viral Immunity

The roles that CD4+ T cells fulfill in anti-viral immune responses can broadly be divided into 3 categories: recruitment of lymphoid cells to sites of infection, mediating expansion or function of other effector cells, or providing direct anti-viral effects through cytokine production or cell-mediated cytotoxicity. The classic view of CD4+ T cells is as a helper cell. In anti-viral responses they help recruit CD8+ T cells to sites of infection by promoting engagement of CD8+ T cells with dendritic cells via chemokines such as CCL3 and CCL4. They can also facilitate entry of naïve CD8+ T and B cells to draining lymph nodes and recruit innate or antigen-specific effectors to sites of viral replication via production of IFN-γ and local chemokine secretion. CD4+ T cells can also mediate expansion and function of both B cells and CD8+ T cells. Binding of antigen on CD4+ T cells initiates expression of CD40L, which engages CD40 on B cells and induces proliferation and differentiation of B cells, initially in extra-follicular foci and then in germinal centers of lymph nodes, resulting in production of antibody-producing plasma cells and memory B cells. With CD8+ T cells, CD4+ T cells have been shown to facilitate development of memory CD8+ T cells via various mechanisms, such as through downregulation of TNF-related apoptosis-inducing ligand (TRAIL) expression, generation of cytokines such as IL-2, or direct ligation of CD40 on naïve CD8+ T cells by CD40L on CD4+ T cells (Sant and McMichael, 2012; Swain et al., 2012).

Finally, there has been increasing evidence of a role of CD4+ T cells in antiviral immunity that is independent of their helper function through two distinct mechanisms: production of cytokines IFN-γ and TNF, and through direct cytolytic actions via perforin- and Fas-dependent killing (Juno et al., 2017). In particular, these cytotoxic T cells have been described to emerge after CMV infection (van Leeuwen et al., 2004) and have demonstrated a capability to lyse CMV antigen-expressing target cells in vitro (van Leeuwen et al., 2006). The majority of CD4+ T cells produced in response to viral infection are of the T-helper 1 subtype, producing IFN-γ and expressing the transcription factor T-bet (Caza and Landas, 2015). This has also been observed following primary CMV infection (Rentenaar et al., 2000). However, other functional subsets are also involved in anti-viral immunity. T follicular helper cells, characterized by their expression of the chemokine receptor CXCR5 and transcriptional repressor Bcl6, produce IL-21 which facilitates germinal center B cell selection and differentiation of activated B cells that provide long-term antibody-mediated protection against viral pathogens (Hale et al., 2013; Hale and Ahmed, 2015). Regulatory T cells (Tregs), identified by expression of Foxp3 and CD25 on their cell surface, limit immunopathology in chronic viral infections (Karkhah et al., 2018). Tregs that develop in the thymus are termed natural Tregs, while those that develop in peripheral lymphoid organs are termed inducible Tregs (iTregs). In the context of anti-viral responses to CMV, CMV-specific iTregs were found to be increased in older women and may attenuate the chronic vascular injury caused by CMV (Terrazzini et al., 2014).



The Role of CD4+ T Cells Against HCMV Infection in the Healthy

Primary HCMV infection in the immunocompetent host is usually asymptomatic and may manifest as a viral syndrome, occasionally accompanied by end-organ involvement—commonly hepatomegaly, splenomegaly and lymphadenopathy. In immunocompetent individuals, the innate and adaptive arms of the immune system are capable of limiting lytic viral replication and preventing end-organ disease (Crough and Khanna, 2009) resulting in a largely self-resolving mononucleosis-like illness, although the virus then establishes a lifelong persistent infection through latency with periods of reactivation, during which productive lytic infection occurs (Sinclair and Poole, 2014). Rarely, HCMV infection in adults with effective immune responses does cause severe disease. The immune response in these individuals are typically characterized by large expansions of NK cell and T cell populations, particularly CMV-specific CD8+ T cells (Riou et al., 2017). CMV-specific CD8+ T cell populations have been studied extensively and are an essential component of effective immune control of CMV infection, as studies in transplant patients have clearly shown that recovery of the CMV specific CD8+ T cell response is crucial to successful protection against CMV disease (Tormo et al., 2010a,b, 2011). Indeed, the earliest studies investigating the effectiveness of adoptive T cell transfer therapy revealed that patients receiving ex vivo expanded CMV specific CD8+ T cells are protected from both primary and reactivating infection (Riddell et al., 1992; Walter et al., 1995; Einsele et al., 2002; Peggs et al., 2003). In healthy HCMV sero-positive adults there has been found to be a high frequency of CMV-specific memory T cell populations, with epitopes derived from pp65 and IE1 regularly reaching 5–10% of total CD8+ T cells in peripheral blood (Khan et al., 2002a,b; Sylwester et al., 2005). Another characteristic of the expanded CMV specific memory CD8+ T cell populations is their highly differentiated phenotype, including a large proportion of cytotoxic effector memory cells which have re-expressed CD45RA (Jackson et al., 2011, 2014).

Originally the role of CD4+ T cells in mounting anti-CMV responses was presumed to be a supportive one, enhancing CD8+ T cell responses to the virus (Tormo et al., 2011). However, multiple studies in transplant settings and infants infected with CMV show that poorer CD4+ T cell responses result in a prolonged course of viral shedding and more severe disease (Sester et al., 2001; Einsele et al., 2002; Peggs et al., 2003; Tu et al., 2004; Gratama et al., 2008). Studies of the role of CMV-specific CD4+ T cells during acute CMV infection in healthy adults have mainly been conducted in pregnant women cohorts, these have revealed that at early time points post infection responses to gB and pp65 CMV proteins are the dominant responses (Mele et al., 2017). However, the frequency of CMV specific CD4+ T cells to primary infection are lower compared to memory responses (Antoine et al., 2012; Fornara et al., 2016, 2017; Mele et al., 2017), responding CD4+ T cells have lower functional avidity (Antoine et al., 2012) and express higher levels of immune checkpoint proteins such as PD-1 compared to CMV specific CD4+ T cell memory responses (Antoine et al., 2012; Mele et al., 2017; Riou et al., 2017). Whereas, recall memory CD4+ T cell populations in CMV seropositive donors are characterized by expanded highly specific effector memory populations (Bitmansour et al., 2002) with multiple functions (Casazza et al., 2006). Although the frequency of CMV specific CD4+ T cell memory responses are expanded compared to those established at the time of infection, there is very little evidence of continual accumulation, so called “memory inflation,” of CMV specific CD4+ T cells over time in humans (reviewed in Jackson et al., 2019).


HCMV Antigen Specificity of CD4+ T Cells

Initially, studies to identify HCMV-specific CD4+ T cells used lysate derived from HCMV infected fibroblast cells to stimulate the antigen-specific response (Lindsley et al., 1986; Sester et al., 2002; Pourgheysari et al., 2007, 2009). Subsequently, studies of the CD8+ T cell repertoire identified multiple peptides that were most frequently recognized by HCMV-specific CD8+ T cells (Kern et al., 1999; Wills et al., 2002; Elkington et al., 2003; Gibson et al., 2004). Among the most commonly recognized were pp65 and IE-1, although some structural, early/late antigens, and HCMV-encoded immunomodulators were also identified (such as pp28, pp50, gH, gB, US2, US3, US6, and UL18) (Elkington et al., 2003). This was also used to guide studies identifying CD4+ T cells that were HCMV-specific (Weekes et al., 2004). An in depth study of T cell responses to 213 HCMV open reading frames (ORFs) found that CD4+ T cells recognize proteins from up to 125 different ORFs. In particular, CD4+ T cells recognized immediate-early (IE) gene products by 2.3-fold over their representation in the HCMV genome, and there was also preferential recognition of primary immune evasion proteins and viral tegument and glycoproteins (Sylwester et al., 2005). Recognition of HCMV glycoproteins by CD4+ T cells has also been reported in a number of other studies (Crompton et al., 2008; Pachnio et al., 2015, 2016).

Measurement of the functional capability of these cells has also evolved. Most studies have measured intracellular cytokine production, predominantly IFN-γ, to determine if the CD4+ T cells were specific for HCMV (reviewed in Jackson et al., 2011). More recently, work has demonstrated a functional capability of these cells in vitro, where autologous HCMV-specific CD4+ T cells (identified by upregulation of activation markers CD40L and 4-1BB above the background response) were shown to be able to restrict viral dissemination in monocyte-derived dendritic cells (Jackson et al., 2017). In addition, CD4+ T cells from a cohort of healthy seropositive donors were also found to recognize latency-associated viral genes UL138 and LUNA (latency-associated unidentified nuclear antigen), and the T-cell response to these antigens included secretion of cIL-10, an immunosuppressive cytokine that may function to suppress anti-viral immune responses (Mason et al., 2013). Suppressive CMV-specific CD4+ T cells that secrete IL-10 or have a phenotype of a regulatory cell (Treg) have been identified in other studies (Tovar-Salazar et al., 2010; Schwele et al., 2012; Terrazzini et al., 2014; Clement et al., 2016) and these cells likely play an important role in controlling the immune response to CMV in reactivating disease in particular. Follicular helper T cells (Tfh) that are CMV-specific for the glycoprotein pentameric complex (gH/gL/pUL128L) increase in numbers during the early phase of infection resulting in a rise in neutralizing antibodies, once the virus is cleared Tfh numbers decrease but glycoprotein specific Tfh CD4+ T cells are maintained over time (Bruno et al., 2016). CMV-specific CD4+ T cells, identified either by upregulation of activation markers or using MHC class II tetramers, have also been shown to have cytotoxic capacity, measured via surrogate markers such as expression of CD107a (a marker of degranulation), detection of intracellular perforin and granzyme molecules or via cytotoxicity assays including chromium release assays (Gamadia et al., 2004; van Leeuwen et al., 2004, 2006; Crompton et al., 2008; Mason et al., 2013; Pachnio et al., 2015, 2016; Jackson et al., 2017). This suggests that CMV-specific CD4+ T cells have the ability to kill CMV infected cells.




HCMV Immune Evasion of CD4+ T Cell Responses

The HCMV genome encodes multiple evasion proteins during the course of infection that allows the virus to modulate intrinsic, innate and adaptive immune responses (Wills et al., 2015), the end result of this being the persistence of active primary infection viremia even in the immunocompetent host, which is accompanied by virus excretion for months (in adults) or even years (in children). Of particular relevance to this review of CD4+ T cell responses to HCMV is the observation that persistent shedding of virus into urine and saliva is associated with a lack of CD4+ T cell response in healthy children (Tu et al., 2004).


Evasion via Downregulation of MHC Class II Proteins by US2 and US3

Early work characterizing essential and non-essential genes of HCMV found that infection led to downregulation of MHC class I molecules on the surface of infected cells (Barnes and Grundy, 1992; del Val et al., 1992; Beersma et al., 1993; Gilbert et al., 1993; Yamashita et al., 1993). The US1-US11 region of the HCMV genome encodes at least 4 proteins, US2, US3, US6, and US11 that can independently interfere with the stability, assembly or export of MHC class I and II molecules (Johnson and Hill, 1998; Ploegh, 1998). US2 has been shown to affect the MHC class II processing pathway, specifically by binding to MHC class II-α chains and assembled MHC class II-α/β/Ii complexes, leading to their degradation (Tomazin et al., 1999). US3 alters assembly of MHC class II complexes by binding HLA-DR (but not HLA-DM) proteins before or during assembly of α/β complexes in the ER, preventing the binding of the invariant chain. This leads to mislocalization of these complexes to other post-Golgi compartments and results in the reduction of antigen presentation in US3-expressing cells (Hegde et al., 2002) (Figure 2).
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FIGURE 2. HCMV encoded proteins which help to evade CD4+ T cell mediated immune responses. Illustrating the impact of US2 and US3 on the MHC Class II protein presentation pathway and the effect of various HCMV encoded proteins on Class II Transcriptional activator (CIITA) and interferon gamma (IFN-γ) signaling pathways and IFN-γ stimulated gene (ISG) transcription.




Evasion via Downregulation of Class II Transcriptional Activator and Modulating the Effects of IFN-γ

Interferon-γ (IFN-γ) upregulates MHC class II molecules in cells constitutively expressing MHC class II, such as B cells, dendritic cells, and professional antigen presenting cells (APCs). However, it is also able to induce MHC class II expression in cells that do not constitutively express MHC class II, such as epithelial cells and fibroblasts, via the MHC class II transactivator gene (CIITA) (Steimle et al., 1994). The mechanism of how this occurs is not fully elucidated, however it involves regulation of a number of signaling pathways and transcription factors in a cell specific manner. Binding of IFN-γ to its cell-surface receptor activates the protein tyrosine kinases Jak1 and Jak2, and activation of these Jak kinases phosphorylates the tyrosines of the cytoplasmic transcription factor Stat1, and translocates it to the nucleus. Stat1 then binds directly to the IFN-γ-activation site (GAS) element of CIITA. The CIITA promoter region also includes an interferon regulatory factor (IRF)-1 binding site and binding of both these regions are essential for activation by IFN-γ (Muhlethaler-Mottet et al., 1998). Activation of CIITA leads to the assembly of a MHC class II enhanceosome, triggering a cascade of events that ends in autophosphorylation of CIITA and allows transcription of MHC class II genes to initiate (Devaiah and Singer, 2013). In macrophages the transcription factor NFAT5 is required for expression of the CIITA and MHC class II molecules, but this is not the case for dendritic cells and B cells (Buxade et al., 2018).

The HCMV genome encodes for a number of proteins that assist in modulation of the effects of IFN-γ (Goodwin et al., 2018) and directly modulate CIITA transcription. In Langerhans cells, a dendritic cell subset, HCMV infection results in a decrease in constitutive expression of CIITA (Lee et al., 2011). Further evidence in a transfected cell line model system showed that CMV downregulates MHC class II expression on the cell surface via regulation of CIITA and independently of known CMV Class II modulators US2 and US3 (Cebulla et al., 2002). Recently, it has also been shown in kasumi-3 cells, a myeloid lineage tumor cell line, that reduction in endogenous expression of MHC class II is as a result of decreased CIITA transcription (Sandhu and Buchkovich, 2020). UL23 binds to the Stat effector molecule N-myc, preventing proper activation and translocation of the Stat1 homodimers required for IFN-γ signaling (Feng et al., 2018), while UL31 preferentially binds the cytosolic DNA sensor cGAS in a manner that results in inhibition of interferon-associated gene transcription (Huang et al., 2018). The tegument protein pp71 binds Daxx, a Death-domain associated protein, and targets it for degradation, resulting in an inhibitory effect on induction of downstream antiviral genes (Cantrell and Bresnahan, 2006; Hwang and Kalejta, 2007; Lukashchuk et al., 2008). It has also been demonstrated that pp71 can negatively regulate the signaling role of STING (Stimulator of Interferon Genes) by inhibiting its translocation to the nucleus and preventing recruitment of accessory proteins to the complex (Fu et al., 2017) (illustrated in Figure 2). The end result of all these modulations is a decrease in transcription of downstream interferon-γ-associated genes, which, among other effects, results in decreased expression of MHC class II on the surface of infected cells and a decreased ability to present antigen via the MHC class II antigen presentation pathway.





HCMV SPECIFIC CD4+ T CELLS RESPONSES IN IMMUNOCOMPROMISED AND IMMUNONAïVE PATIENTS

As already discussed, studies in transplant patients have shown the essential role that the CMV-specific CD4+ T cell response plays in successful resolution of active CMV infection in this setting. Many of these studies were performed due to the significant morbidity and mortality caused by opportunistic CMV infection and reactivation in immunocompromised and immunonaïve patients. Therefore, as well as informing our understanding of how the immune response to CMV works, these studies have revealed much about the role of CD4+ T cell responses in specific transplantation and congenital environments and the possible manipulation of these responses to improve clinical outcomes.


CD4+ T Cell Responses to HCMV in Solid Organ Transplant Recipients

Cytomegalovirus is the most common viral opportunistic infection in solid organ transplant (SOT) recipients, with the risk of infection or reactivation being stratified according to the CMV sero-status of the donor and recipient. An organ donation from a sero-positive donor to a sero-negative recipient (D+/R–) carries the highest risk, a sero-positive recipient (R+) is at intermediate risk, and D-/R- transplants are at lowest risk (Kowalsky et al., 2013). Other factors affecting risk of CMV reactivation or disease include the type of organ transplanted, with lung and small intestine transplant recipients having the highest risk, while liver and heart recipients are at an intermediate risk and kidney recipients are at the lowest risk of CMV infection (Humar et al., 2009). The reasons for this stratification are likely related to the amount of immunosuppression required, and the latent viral load present in these organs (Meesing and Razonable, 2018). In addition, use of antilymphocyte antibody induction agents also increase risk of reactivation (Preiksaitis et al., 2005).

In 2001, it was demonstrated that in the first months after kidney transplantation clinical symptoms of CMV disease were preceded by a decrease in CMV-specific CD4+ T cell frequencies (Sester et al., 2001). Subsequently it was found that significantly lower CD4+ T cell responses (measured by IFN-γ production) to pp65 were associated with concurrent CMV replication in sero-positive recipients, suggesting that CMV-pp65 CD4+ T cell responses above 0.03% in PBMCs of kidney transplant patients under stable immunosuppression were associated with lower risk of concurrent and future CMV replication for the following 8 weeks (Egli et al., 2008). In liver transplant recipients, the data is more heterogenous. A study of 17 high-risk liver transplant patients (D+/R–) found IFN-γ production by CD4+ T cells following CMV lysate stimulation in all patients, but no significant association between the presence of these CMV-specific IFN-γ-producing CD4+ T cells and development of CMV viremia in this cohort (La Rosa et al., 2007). However, another study involving 29 liver transplant patients found that CD4+ T cells producing IFN-γ, IL-2 or both cytokines in response to a peptide mix containing pp65, IE1, and CMV lysate occurred at a lower frequency in recipients who subsequently develop viremia (Nebbia et al., 2008).

In studies involving SOT where the recipient is CMV sero-positive the results are more consistent. A study involving 38 SOT CMV sero-positive recipients showed that patients with a higher number of HCMV-specific CD4+ T cells detected prior to transplantation were more likely to have earlier immune restoration and less likely to have HCMV infections requiring anti-viral treatment (Gerna et al., 2006). Subsequent studies involving larger cohorts of SOT recipients have corroborated these observations, showing that reconstitution of HCMV–specific CD4+ and CD8+ T cell responses were required to control infection, whereas patients who only regained CD8+ T cell responses were not (Gerna et al., 2011; Lilleri et al., 2018). Recently it has been shown that a reduction in the size of CMV specific CD4+ T cell responses measured using a diagnostic flow cytometry test is more predictive of CMV events occurring than the reduction in CD8+ T cells in transplantation patients (Rogers et al., 2020).

The protective nature of the CMV specific CD4+ T cell responses to multiple CMV proteins was tested by using CMV-infected autologous in vitro derived dendritic cells as stimulation. This was found to be more effective at predicting protection from disease than using only pp65 or IE proteins as stimulus in a small cohort of SOT patients (Lilleri et al., 2007b). This observation is supported by more recent work in a cohort of D+/R- liver transplant patients which compared the use of prophylactic vs. pre-emptive anti-viral therapy. Both patients groups had similar CD4+ T cell responses to CMV proteins pp65 and IE-1 despite 40% of the anti-viral prophylaxis group developing late stage CMV disease (Limaye et al., 2019).

In summary, the presence of CMV-specific CD4+ T cells is associated with lower risk of CMV disease. However, studies regarding the role of CD4+ T cells in SOT recipients have largely focused on using this as a predictive tool (San-Juan et al., 2015; Burton et al., 2018, 2019; Lilleri et al., 2018), and it is important to consider that these studies have relied on the production of IFN-γ by CD4+ T cells in response to peptide stimulation or virally infected dendritic cells as predicting the effectiveness of CMV specific CD4+ T cell responses. This disregards other potential anti-viral functions of the CD4+ T cells, such as cytotoxic capacity or other secreted anti-viral factors, as a predictive tool of the likelihood of CMV disease in solid organ transplantation.



CD4+ T Cells and Haematopoietic Stem Cell Transplantation

In haematopoietic stem cell transplant (HSCT) recipients, the highest risk of CMV viremia and disease occurs in the reactivation of latent infection in R+ patients due to the ablation of their existing CMV specific T cell response. In particular, D-/R+ recipients are at a higher risk than D+/R+ patients, as reactivation of latent disease in the sero-positive recipient will appear as a primary CMV infection to the naïve lymphocytes transplanted from the sero-negative donor (Hebart and Einsele, 2004; van der Heiden et al., 2018b).


Use of CD4+ T Cell Response to Predict Risk of HCMV Viremia or Disease and the Relationship to End-Organ Disease

Early observational studies of haematopoietic stem cell transplant patients focused on examining the association of absolute CD4+ T cell recovery in these patients with the risk of development of HCMV viremia and end-organ disease, with the aim of predicting those at risk for CMV reactivation and disease. A study of allogeneic bone marrow transplant (BMTs) patients showed that a decrease in the lymphocyte count to <300 cells/μl occurred among patients who developed CMV disease, and that a decrease of CD4+ T cells numbers to <100/μl, 49 days following BMT was 100% predictive for the development of CMV disease in patients. In addition, persistent CD4 lymphopenia was only observed in patients who died of CMV disease (Einsele et al., 1993). A subsequent study of a cohort of 71 recipients of T-cell-depleted BMTs showed that life-threatening opportunistic infections occurred exclusively in patients whose CD4+ counts were <200 cells/μl and were fatal in all patients except those receiving donor leukocyte infusions (Small et al., 1999). These findings are also applicable for end-organ disease—a comparison of 2 BMT recipients who developed CMV retinitis with 14 patients who did not showed that the retinitis patients had significantly lower CD4+ T cell counts (Kuriyama et al., 2001).

Whilst the recovery of CD4+ T cell numbers post HSCT is an important measure in understanding the role they play in CMV disease in these patients, it is also important to track and measure the development of HCMV-specific CD4+ T cell responses and this association with the risk of HCMV reactivation and overt disease occurring. A study of 48 allogeneic HSCT recipients found that patients who had developed a CMV-specific CD4+ T cell response by 4 weeks post-transplant, measured by IFN-γ production following stimulation with CMV antigens, had lower peak CMV viral loads compared to patients with negative stimulation results (Avetisyan et al., 2006). In a pediatric allogeneic HSCT recipient cohort, the presence of 1 HCMV-specific CD4+ T-cell/μl of blood was protective against recurrent episodes of HCMV viremia (Lilleri et al., 2006). The same group also examined an adult allogeneic HSCT patient cohort, finding that the same cut-off level of 1 HCMV-specific CD4+ T-cell/μl of blood was able to identify patients who could spontaneously control HCMV infection in the absence of treatment (Lilleri et al., 2008a). Studies from other transplant centers have also seen similar results in minimum numbers of CMV-specific CD4+ T cells predictive of preventing CMV viremia or disease (Solano et al., 2008; Pourgheysari et al., 2009; Tormo et al., 2011).

Most studies examining the role of CD4+ T cells in HCMV reactivation or disease in haematopoietic stem cell recipients have not differentiated between the risk of developing HCMV viremia vs. the development of late-stage end-organ disease. Taking this into account, it was found that if patients were stratified into 3 groups: (i) those that could self-resolve infection, (ii) those that responded to treatment, and (iii) those that had recurrent infections and end-organ disease, this third group of patients had high levels of HCMV-specific CD8+ T cells, with persistently low levels of total CD4+ T cells and <1 cell/μl of blood of HCMV-specific CD4+ T cells 6 months post-transplant (Gabanti et al., 2015). However, in patients who developed late-stage HCMV gastro-intestinal disease, 6 out of 8 patients had levels of HCMV-specific CD4+ T cells above 1 cell/μl and had been viral DNA negative or at very low levels for 3 to 9 months before developing disease. This suggests that HCMV-specific CD4+ T cells numbers did not protect against the development of late-stage end-organ disease. It is important to note that all these patients were receiving immunosuppressive treatment, including low-dose steroids (methylprednisolone), at the time of diagnosis, and 6 out of 8 had received a transplant from a seronegative donor, which are known risk factors for CMV viremia (Gabanti et al., 2015).



Kinetics of Recovery of HCMV-Specific CD4+ T Cell Numbers and the Impact of Prophylaxis and Use of G-CSF on CD4+ T Cell Recovery

It has been theorized that HCMV reactivation causes activation of T cells, and this leads to an early expansion of T cells and faster reconstitution of T lymphocytes. In a study of 34 pediatric patients who underwent allogeneic BMT, the authors found that children with HCMV reactivation had a higher probability of reaching the 5th percentile of total CD4+ T cells of an age-matched healthy population (de Vries et al., 2000). This was also seen in a study of 201 adult R+ allogeneic non-T cell-depleted peripheral blood stem cell or bone marrow transplants (Hakki et al., 2003). CMV-specific CD4+ T cell responses, as measured by a lymphoproliferative response to CMV lysate, were significantly better in patients who developed breakthrough CMV antigenemia despite ganciclovir prophylaxis, vs. those who did not. However, a complicating factor is the use of high-dose steroids for treatment of graft- vs.-host disease (GVHD). When the subgroup of patients who developed breakthrough CMV antigenemia were analyzed, 100% of patients without GVHD had better recovery of the CMV-specific CD4+ T cell response compared to patients who received high-dose steroids. They thus concluded that high-dose steroids can override this inducing effect of breakthrough CMV antigenemia on the CMV-specific CD4+ T cell recovery (Hakki et al., 2003).

Emergence of CMV specific CD4+ T cell responses prior to the CD8+ T cell response has been shown, in a primary model of infection in solid organ transplant patients, to be associated with a lack of overt CMV disease (Rentenaar et al., 2000, 2001; Gamadia et al., 2003, 2004). In HSCT patients there is evidence that recovery of CD4+ T cells before CD8+ T cells may assist with priming the CD8+ T cell response via “licensing” of dendritic cells. Dendritic cell licensing refers to the phenomenon of upregulation of MHC class I and co-stimulators CD80/86 on dendritic cells after antigen presentation to CD4+ T cells via MHC class II and CD40-CD40L interactions have occurred. In this way, dendritic cells are able to present antigen to, and activate, CD8+ T cells, and this allows for tighter regulation of CD8+ T cell activation (Thaiss et al., 2011). In a study of 6 seropositive recipients of cord blood transplants, the appearance of CMV-pp65-specific CD4+ T-helper cells preceded an expansion of CMV-specific CD8+ T cells. When co-cultured with CD8+ T cells alone, these pp65-specific CD4+ T cells did not induce cytokine production by CD8+ memory T cells, but when done so in the presence of dendritic cells loaded with pp65, there was activation of these CD8+ memory T cells (Flinsenberg et al., 2015).

There has also been the suggestion that ganciclovir prophylaxis delays recovery of CMV-specific CD4+ (and CD8+) T cell responses possibly due to a decrease in viral replication, resulting in late-onset CMV disease (Li et al., 1994). This observation has led to the development of pre-emptive instead of prophylactic use of anti-viral drugs in patients. However, in a large study of 201 R+ allogeneic HSCTs (Hakki et al., 2003), there was no significant difference on CMV-specific CD4+ T cell recovery between patients who received prophylaxis vs. pre-emptive treatment with ganciclovir, the authors suggest this may be driven by subclinical reactivation of the virus despite ganciclovir treatment. The impact of anti-viral treatment resulting in decreased T-cell responses to HCMV stimulation has also been observed in pediatric allogeneic-HSCT patients. A study of 30 allogeneic-HSCT patients showed that the patients who received anti-CMV chemotherapy because of prolonged viremia had lower HCMV-specific CD4+ T cell numbers and delayed and depressed lymphoproliferative responses to HCMV stimulation (Guerin et al., 2010).

The use of peripheral blood stem cells (PBSCs) for transplantation improves survival in patients with high-risk hematological malignancies compared with the use of bone marrow (BM) as a stem cell source, because PBSC products from donors who have received G-CSF contain higher numbers of T cells and monocytes. However, PBSC recipients saw an increased incidence of early HCMV reactivation and delayed recovery of HCMV-specific immune responses, with a corresponding lower number of HCMV-specific CD4+ T cells (as measured by limiting dilution assay and CMV-specific cell lysis) in the stem cell product (Guerrero et al., 2012). This may be as a result of G-CSF administration to the donor, which is given in order to mobilize stem cells to migrate to the peripheral blood, but can also cause the reactivation of HCMV from latency. However, a subsequent study showed that although a reduced diversity of the TCRβ repertoire of CD4+ T cells was significantly correlated with HCMV (and EBV) reactivation, administration of G-CSF did not change this repertoire (Ritter et al., 2015). A recent study that measured the frequency of CD4+ T cells in recipients of PBSC grafts that produced IL-2, IFN-γ, or TNF-α in response to incubation with a HCMV lysate also did not find a deficiency in these cell responses compared to BM recipients (Waller et al., 2019). In fact, these recipients of PBSC grafts had faster T cell reconstitution, including more naïve CD4+ T cells. Therefore, more studies are required to determine if the apparent increased risk of HCMV reactivation with G-CSF use warrants a more cautionary use of this product.

Investigations of the recovery of CMV specific CD4+ T cells in HSCT patients demonstrated that there are different kinetic patterns that result in the recovery of the CD4+ T cell response: (i) rapid expansion of IFN-γ secreting T cells within the first week after initiation of pre-emptive therapy concomitant with rapid clearance, (ii) early expansion of a lower magnitude than that seen in rapidly cleared episodes, and (iii) an inconsistent or lack of expansion associated with persistent CMV DNAemia (Tormo et al., 2010b). The reconstitution of HCMV-specific CD4+ T cells can also be stratified by donor and recipient serostatus—recovery is fastest in D+/R+, followed by D–/R+, and is slowest in D+/R– populations (Lilleri et al., 2008a). In fact, in D+/R+ patients, it appears that the reconstitution kinetics of HCMV-specific CD4+ T cells are the same as HCMV-specific CD8+ T cells (Foster et al., 2002). It is important when interpreting these results to remember that reconstitution of CMV specific CD4+ T cells is not equivalent to recovery of a fully functional CMV specific CD4+ T cell response. Measuring whether there is a lymphoproliferative response to CMV antigens is possibly more reflective of the actual ability of the T cells to prevent HCMV reactivation and disease. Early studies in allogeneic bone marrow transplant patients showed that up to 30% of recipients with a lack of a CMV-specific CD4+ lymphoproliferative responses by day 120 post-transplant develop CMV disease (Krause et al., 1997). When HCMV-specific CD4+ T cells in pediatric allogeneic HSCT recipients were examined for both IFN-γ and proliferative responses, there was first a recovery of the IFN-γ response before the proliferative response (Guerin et al., 2010). This is also seen in primary HCMV infection, where development of the lymphoproliferative response to HCMV is delayed compared to the development of CD4+ and CD8+ IFN-γ-producing T cells (Fornara et al., 2016).



Surface Markers of HCMV-Specific CD4+ T Cells in HSCT Recipients

Alongside measuring HCMV T-cell reconstitution in HSCT recipients, some studies have assessed whether HCMV-specific CD4+ T cells which are polyfunctional, measured by an ability to produce both IFN-γ and IL-2 in response to HCMV, are more likely to be protected from HCMV reactivation (Lilleri et al., 2008a). IL-2 is a cytokine which can have multiple effects on CD4+ T cell immune responses, including modulating the development of T cells into memory subsets. It signals to the T cell via binding to the IL-2 receptor, a complex consisting of three chains, termed α (CD25), β (CD122), and γ (CD132) (Liao et al., 2011). Increased risk of HCMV reactivation is associated with reduced numbers of CD4+CD25high cells, and a study of 99 HSCT recipients found that numbers of CD4+CD25high but not CD4+ T cells was an independent factor for risk of CMV reactivation (Jaskula et al., 2015). The expression of other functional markers on HCMV specific CD4+ T cells have also been studied in HSCT and SOT patients. Patients with PCR-positive reactivations after HSCT were found to have more frequent occurrences of CD4+ T cells with degranulation markers CD107a and co-stimulatory molecule CD40L (Krol et al., 2011). The frequencies of appearance of these markers corresponded with a higher antigen load. This subpopulation of CD4+ T cells was previously described to be MHC class II-restricted cytotoxic T cells in primary disease in SOT patients (Gamadia et al., 2004; van Leeuwen et al., 2004; van de Berg et al., 2008). The typical phenotype of CMV specific CD4+ T cells in healthy people has been described in the introduction of this review and include the loss of co-stimulatory molecules CD28 and CD27. This phenotype is also observed in SOT patients (van Leeuwen et al., 2004, 2006; Dirks et al., 2013; Burton et al., 2018, 2019) and is now used to predict CMV infection history in transplant patients where the use of serology is unreliable (Burton et al., 2018, 2019). The loss of PD-1 is also observed in these patients (Dirks et al., 2013). These HCMV-specific CD4+ T cells tended to show impaired production of IL-2 for first 6 months following HSCT, but the ratio of IL-2/IFN-γ production then increases with time post-transplant (Pourgheysari et al., 2009), suggesting a conversion from an effector memory to a central memory phenotype. HCMV reactivation has also been demonstrated to cause a contraction of the TCRβ diversity. An investigation of the CD4+ T naïve population from 7 HSCT recipients that had HCMV reactivation showed that these patients had a progressive loss of CD31+CD4+ Tnaïve cells. CD31+CD4+ T cells are enriched in new thymic emigrants, and a loss of this population suggests that there is thymic compromise in patients that reactivate HCMV (Suessmuth et al., 2015). HCMV reactivation was also associated with significant expansion of CD8+ T cells, resulting in an inversion of the CD4:CD8 ratio in HCMV reactivating patients (Suessmuth et al., 2015). The authors cited previous studies which show that HCMV can infect thymic epithelium and activated and effector T cells can directly infiltrate and damage the thymus (Mocarski et al., 1993).




CD4+ T Cells and Adoptive Transfer Therapies for HCMV Disease in Transplant Patients

Since the initial trial of donor T cell infusion in 1995 (Walter et al., 1995), multiple phase 1 and 2 clinical trials of adoptive T cell therapies in HSCT recipients have been performed (reviewed in Meesing and Razonable, 2018; van der Heiden et al., 2018a; Girmenia et al., 2019). In SOT recipients, the challenge of autologous adoptive T cell therapy is to be able to generate a sufficient number of CMV-specific T cells from the immunosuppressed recipients. Multiple case reports performed in mostly lung transplant recipients appear to have shown potential (Brestrich et al., 2009; Holmes-Liew et al., 2015; Pierucci et al., 2016), though there has been just one clinical trial of autologous CMV-specific T-cell therapy in SOT recipients so far (Smith et al., 2018).

In the initial published trial of adoptive immunotherapy (Walter et al., 1995), clones of CMV-specific CD8+ cytotoxic T cells were infused into 14 allogeneic bone marrow transplant recipients. There was reconstitution of CMV-specific T cell cytotoxicity in all patients, but this activity subsequently declined in patients that were deficient in CMV-specific CD4+ T cells, suggesting that CD4+ T cells were crucial in the maintenance of the CMV-specific T cell response. There was a change of approach in subsequent trials of adoptive immunotherapy, and preparation of the T-cell infusions involved pulsing donor dendritic cells with CMV antigen, then co-culturing with PBMCs and subsequently selecting for CMV-specific T cells, resulting in infusions containing CD8+ and CD4+ CMV-specific T cells. Though not all the trials evaluated if the infusions consisted of more CD8+ or CD4+ T cells, in those that did, there appears to be a predominance of CD4+ T cells. As the use of adoptive immunotherapy was pursued, subsequent clinical trials modified the protocol to stimulate mononuclear cells isolated from peripheral blood of the donors up to 4 times with CMV antigen, and the resultant proliferation of CMV-specific T cells was mostly CD4+ dominant. Following infusion, clinically there was clearance of viremia in 5 out of 7 patients, although it should be noted that these patients had only low to moderate levels of viremia (Einsele et al., 2002). This is supported by a few later studies (Leibold et al., 2012; Albiero et al., 2016) that looked at the CD4+/CD8+ ratio within T-cell lines isolated for IFN-γ production in response to pp65 stimulation—in one study, up to 90% of the T cells were found to be CD4+ (Leibold et al., 2012). The CMV specific CD4+ T cells that are infused perform better when they replicate the phenotype and functionality of effective CD4+ T cell responses against CMV disease in transplant patients. More recently the functional and phenotypic characteristics of HCMV peptide pool-generated antigen-specific CD4+ T cells used for CMV T cell therapy has been assessed (Hammoud et al., 2013). This study proposes that it is important to generate polyfunctional CMV specific CD4+ T cells that are both directly anti-viral but can also support CMV specific CD8+ T cell responses to improve the efficacy of adoptive CMV specific T cell therapy in patients. In the majority of these T cell therapy trials, the CMV antigens used to generate the CMV-specific T cell lines were derived from the tegument protein pp65. Interestingly, one study compared using pp65 vs. IE1 antigens as stimulant (Albiero et al., 2016), and found that there was a much higher degree of expansion with IE1 (1- to 961-fold) than pp65 (1-to 33-fold), and that there was a greater expansion of CD4+ T cells exhibiting a Tnaïve stem cell phenotype (CD62L+CD45RA+) on stimulation with IE1 as compared to pp65. This demonstrates that when developing adoptive T cell therapy for CMV disease it is important to consider generating polyfunctional CD4+ T cells specific to multiple CMV antigens.

Of recent interest has also been the use of stored CMV-specific T cells from third-party donors for T cell therapy. This involves generating virus-specific T cell lines (VST) from pre-selected donors and expanding these VSTs ex vivo. These T cells are then cryopreserved, and, when needed for patients with refractory viremia, a VST from a HLA-matched donor can be used “off-the-shelf.” The advantage of such an approach over using VSTs from a specific donor is that it eliminates the usual 2–3 week waiting period needed to generate a VST. A multi-center trial involving 23 patients with refractory CMV infection showed that 17 of these patients responded to VST infusion, although the authors of this study could not identify a correlation between CD4+ T cell numbers or percentage in the infused line with the strength of clinical response (Leen et al., 2013). A later study involving 30 allogeneic HSCT recipients with persistent or recurrent HCMV, EBV or adenovirus infections tracked the subpopulations of T-lymphocytes in these patients up to 1 year post-infusion, and found that within the CD4+ T cell memory subset, effector memory T cells were dominant throughout follow-up (Withers et al., 2017). The percentage of CD4+ T cells in these infusions ranged from 15 to 85%, but the authors made no comment on an association of CD4+ T cell proportion with successful treatment. A third study consisted of 8 HSCT recipients who received third party donor infusions of HCMV-specific CD8+ T cells. In this study it was thought that HCMV-specific CD4+ T cells were not essential for the activity of these CD8+ T cells. However, 3 of the 8 patients died, and only one treated donor successfully expanded the transferred CD8+ T cell population (Neuenhahn et al., 2017). Thus, more studies are required to determine if HCMV-specific CD4+ T cells are essential for successful treatment of persistent or recurrent HCMV disease by third party donor lymphocyte infusions.



CD4+ T Cells and Congenital HCMV

The risk of transmission of CMV from mother to fetus, resulting in congenital CMV infection, is highest in primary infection in the mother, with reported ranges of approximately 40% (Fowler et al., 1992). However, transmission of CMV to the fetus can also occur in mothers who are seropositive, albeit at much lower rates (Kenneson and Cannon, 2007; Britt, 2015). These were initially thought to occur as a result of reactivation of latent virus, although more recent studies have suggested that infection with a serologically distinct strain of HCMV may be a cause as well (Ross et al., 2010; Yamamoto et al., 2010).

The kinetics of the development of an antibody response during primary HCMV infection in pregnant vs. non-pregnant women appear to be comparable (Revello et al., 2006), but pregnant women having a primary infection appear to have a decreased CD4+ lymphoproliferative response to CMV lysate and IL-2 production for at least 9 months after infection (Fornara et al., 2011). Mothers that do not transmit CMV to the fetus are more likely to have an earlier and higher lymphoproliferative response of CD4+ T cells to HCMV (Revello et al., 2006; Fornara et al., 2016), with some observations that the CD4+ response develops earlier than the CD8+ lymphoproliferative response (Lilleri et al., 2007a). The CMV-specific CD4+ T cells of these non-transmitting mothers also had higher percentages of IL-7Rpos (Mele et al., 2017), CD45RA+ (Fornara et al., 2011, 2016), and IL-2 (Fornara et al., 2016). When compared with healthy sero-negative pregnant mothers, the CD4+ T cells of sero-positive pregnant women had higher levels of IFN-γ and TNF-α production in response to exposure to CMV antigen, but this response was less than in healthy, non-pregnant seropositive females (Fujikawa et al., 2003). In fact, an examination of 44 pregnant women with primary HCMV infection showed that most of these IFN-γ-producing T cells were CD4+ (Fornara et al., 2017).

Decreased cytokine production following stimulation with CMV antigens is also seen in infants with congenital CMV. An analysis of seven infants with congenital CMV infection showed a lack of production of IFN-γ, IL-2, and IL-4 from CD4+ T cells on exposure to pp65-derived peptide (Hayashi et al., 2003). Other early studies made the observation that symptomatic children with congenital CMV had higher percentages of CD4+ T cells that produced IFN-γ and TNF-α in response to CMV antigen, though there was a limitation of small sample sizes (Numazaki et al., 2002; Fujikawa et al., 2003), and a later study of the response of CD4+ T cells from congenitally infected infants showed they had a reduced polyfunctional response (defined as ≥2 out of CD107, MIP1β, IFN-γ, and/or IL-2) to pp65 antigen (Gibson et al., 2015).

A comparison of congenitally infected neonates and their mothers showed that neonatal sera contained significantly higher levels of IL-8 when compared with their mothers, and also had increased levels of IL-2, IL-12, and IFN-γ with a corresponding lack of IL-4, suggesting a predominantly T helper 1 response (Hassan et al., 2007). There may also be extrapolations that can be made from studies of HIV-positive mothers co-infected with HCMV. A maternal CD4+ T cell count of <200 cells/ul is associated with higher risk of transmission to the fetus (Gantt et al., 2016). Retrospective studies of infants born to HIV-positive mothers showed that, if their mothers received full anti-retroviral prophylaxis, they had higher CD4+ T cell counts (Mania et al., 2013) and were less likely to have congenital CMV (Guibert et al., 2009).

A large Swedish study of infants up to 2 years of age with congenital CMV infection found that they had CMV-specific CD4+ T cell responses (measured by IFN-γ) that were inferior compared to adults during the first 3 months of age, though this difference was not significant by the age of 24 months (Lidehall et al., 2013). This was in contrast to the CD4+ T cell responses in 8 adults with primary CMV infection, which was high initially and then subsequently decreased. This increase in CMV-specific CD4+ T cells appears to be approximately linear (Chen et al., 2016). The slower increase of CD4+ T cell function may explain the longer duration of viral shedding seen in neonates and children (Tu et al., 2004; Cannon et al., 2011), and illustrates the important role CD4+ T cells play in controlling CMV disease. In addition to causing a slower increase of fetal CD4+ T cells, CMV infection in utero also appears to cause an oligoclonal expansion of CD4+ T cells in the infected newborn. Higher frequencies of CD27-CD28-CD4+ T cells were detected in newborns with congenital CMV, with decreased expression of CCR7, IL-7R and increased expression of CD57 and the transcription factor T-bet and chemokine receptor CCR5, indicating Th1 and Tc1 phenotypes. They also had a higher expression of the PD-1 inhibitory receptor, a similar profile to that seen in exhausted T lymphocytes (Huygens et al., 2015).

The importance of CD4+ T cells to generate a sustained and protective response to CMV is also seen in vaccine studies. In the rhesus model of CMV, rhesus macaques that received CD4+ T-cell-depleting antibody had fetal loss or infant rhCMV-associated sequelae (Bialas et al., 2015). A phase 2 clinical trial for a gB-based vaccine with MF59 adjuvant showed an efficacy of 50% (Pass et al., 2009), and subsequent analysis of the immune response showed that there was not only an increase in antibody production but there also an increase in gB-specific CD4+ T cell proliferation and IFN-γ production after vaccination (Sabbaj et al., 2011), suggesting that, just like in primary infection (Gamadia et al., 2003), the formation of effector memory CD4+ T cells was needed for an effective and sustained immune response to CMV.



CD4+ T Cell Lessons From Murine Models

Whilst the many human studies described in this review have illustrated the essential role CD4+ T cells play in resolving CMV disease, there are limitations to these studies. The use of mouse models can help to inform our understanding of the mechanisms and function of CD4+ T cells in CMV disease. During acute MCMV infection in mice, the CD4+ T cell response peaks early and then contracts sharply to very low levels, and is dominated by high frequencies of IFN-γ and TNF-α double-producing CD4+ T cells (Arens et al., 2008; Walton et al., 2008). These MCMV-specific CD4+ T cells accumulate in the spleen and lungs and produce multiple cytokines—IFNγ, TNF, IL-2, IL-10, and IL-17 (Arens et al., 2008). In the lungs of infected mice, nodular inflammatory foci form around infected cells, which contain CD8+ and CD4+ T cells and exert viral control via IFN-γ and perforin (Lueder et al., 2018). However, in the context of suppressing viral reactivation, CD4+ T cells are not as essential, as experiments in a B-cell deficient mouse model have established a hierarchy of CD8+ T cells being more crucial to suppressing viral reactivation compared to CD4+ T cells (Polic et al., 1998), with viral control and expansion of these MCMV-specific CD4+ T cells being dependent on CD27-CD70 co-stimulation (Welten et al., 2013). There is also evidence for cytolytic activity of CD4+ T cells in MCMV model. MCMV-specific CD4+ T cells that had high levels of granzyme B expression were able to lyse infected target cells in the BALB/c mouse liver. In addition, CD4+ T cell epitope vaccination of immunocompetent mice reduced MCMV replication in the same organs where this cytotoxic activity was seen (Verma et al., 2015).


Approaches to Examining the Role of CD4+ T Cells in MCMV Infection

There have been multiple approaches to interrogating the role of CD4+ T cells in the control of MCMV infection. The first approach involves depletion of CD4+ T cells. This was initially achieved through injecting mice with anti-CD4+ (L3T4) antibodies. Early studies using anti-CD4+ monoclonal antibodies to deplete CD4+ T cells showed that these BALB/c strain of mice had delayed clearance of replicating virus, but were still able to generate protective CD8+ effector T cells and restrict viral replication to the acinar cells of the salivary glands (Jonjic et al., 1989). This finding was repeated in a later experiment using a different mouse strain, C57BL/6, where mice depleted of CD4+ T cells were unable to control chronic viral replication in the liver and salivary glands (Walton et al., 2008). Subsequently, it was demonstrated that MHC class I and II expression was detectable only at low levels in salivary gland cells and that antigen-presenting cells in the salivary gland were deficient in cross-presentation to CD8+ T cells, thus control of MCMV replication in the salivary gland was likely to be due to CD4+ T cells that had been selectively induced by antigen-presenting cells in the salivary glands (Walton et al., 2011a). These MCMV-specific CD4+ T cells produce IL-10, which in turn is induced by IL-27, and these cytokines promote persistence of MCMV in the salivary glands (Humphreys et al., 2007; Wehrens et al., 2018).

Another approach involved generating knockout mouse models—CD4−/− and MHC II−/−. One major difference between these two lines is that CD4−/− mice are able to generate isotype-switched antibody responses. This is achieved via a population of CD8- CD4- T cells that are capable of adopting some of the function of Thelper cells, such as mediating antibody class switching (Locksley et al., 1993; Rahemtulla et al., 1994) and supporting somatic hyper-mutation and affinity maturation of germinal center B cells (Zheng et al., 2002). There also exists a population of MHCII-restricted T cells that are misdirected into the CD8 lineage (Matechak et al., 1996; Tyznik et al., 2004). In contrast to the mice depleted with anti-CD4+ T cell antibodies, when CD4−/− mice were infected with MCMV, these mice were able to clear viral infection in all organs, albeit at a slower rate (of 200 to 400 days post-infection) than wildtype controls (Walton et al., 2011a). A possible reason for this difference is that the viral loads in the organs of the CD4−/− mice were observed for much longer periods than the earlier studies. When MHC II−/− mice were infected with MCMV, they were not able to eliminate viral replication. As MCMV-specific antibodies were previously shown to inhibit viral dissemination during MCMV infection, the authors surmised that the inability to generate isotype-switched antibody responses was the likely reason that CD4−/− but not MHC II−/− mice were able to halt active MCMV replication (Jonjic et al., 1994; Wirtz et al., 2008).

It thus appears that CD4+ T cells are not essential to elimination of actively replicating MCMV. To examine if CD4+ T cells provide assistance to CD8+ T cells in clearance of replicating virus, CD4−/− mice were infected with MCMV, and the percentage of CD8+ T cells that recognized various MCMV epitopes were measured at multiple time points post-infection. The results showed that only accumulation of the late-appearing IE3-specific CD8+ T cells was substantially impaired, suggesting that the help that CD4+ T cells provide to CD8+ T cells is limited to assisting in the expansion of only a limited subset of MCMV-specific CD8+ T cells (Snyder et al., 2009). A caveat of interpreting this result was that only very limited epitopes (M45, M38, m139, and IE3) were tested, and with the knowledge that a large repertoire of epitopes are recognized by T cells, perhaps more extensive testing needs to occur. The CD4+ T cell help provided via MHC II expression is also needed to maintain a stable CD8+ T cell memory pool, although ongoing lytic viral replication is partially able to provide this assistance as well. When splenic CD8+ T cells from CD4-deficient MHC II−/− mice that had been chronically infected with MCMV were transferred into mice that were then infected with MCMV, the CD8+ T cells from MHC II−/− mice proliferated much less vigorously than CD8+ T cells from wildtype mice (Walton et al., 2011b).

A third approach involves using adoptive transfer techniques, which can help to inform the equivalent adoptive transfer T cell therapies employed in transplant patients. Early studies of transfer of CD4+ T cells into irradiated Balb/c mice that were subsequently infected with MCMV showed that CD4+ T cells were not able to prevent viral replication in the lungs (Reddehase et al., 1985, 1987), spleen or adrenal glands (Reddehase et al., 1988). Later studies using the same murine system also demonstrated that controlling CMV mediated lung disease in treated mice required CD8+ T cells rather than CD4+ T cells (Steffens et al., 1998; Podlech et al., 2000). However, when adoptive transfer was performed in severe combined immunodeficiency (SCID) mice, CD4+ T cells were able to prevent viral dissemination in the brain (Reuter et al., 2005). Overall, therefore, CD4+ T cells appear to be essential only for control of viral replication in the specific organs in the mouse model.



Caveats to Interpreting MCMV Models

Limitations exist in extrapolating the findings in murine models of cytomegalovirus infection, due to the underlying differences between murine CMV infection and HCMV (Lemmermann and Reddehase, 2016). In an early mouse model of adoptive immunotherapy, transfer of CD4+ T cells into irradiated and MCMV-infected mice did not reduce viral titers in the lungs, spleen nor adrenal glands of these mice. In contrast, transfer of CD8+ T cells had significant reductions in viral titers (Reddehase et al., 1988). When graded numbers of CD4+ T cells were transferred with a constant number of CD8+ T cells, there was no difference to viral titers either (suggesting no helper effect). However, as already discussed it is clear that in the case of HCMV infection CD4+ T cells are a necessary component of CMV T cell therapy.

There have thus been attempts to create a “humanized” mouse model of CMV infection, by generating an immune deficient mouse with a mutation in IL-2 receptor γ-chain locus (IL-2γc −/−) that is severely impaired in generating mouse B, T and NK cell lines (reviewed in Shultz et al., 2012; Crawford et al., 2015). When these mice were engrafted with human haematopoietic progenitor cells, they were able to reconstitute monocytes, macrophages and limited T-cells. This model was further refined by reconstituting these mice with human fetal bone marrow, liver and thymus tissue (Covassin et al., 2013). Latent infection of these mice were able to induce generation of central and effector memory HCMV-specific T-cells and produce HCMV-specific IgM and IgG neutralizing antibodies (Crawford et al., 2017). Adoptive transfer of CD4+ T cells in such a model has shown that these CD4+ T cells did not have an anti-viral effect on their own, but when co-administered with CD8+ T cells, they appeared to enhance the anti-viral efficacy of CD8+ T cells and significantly decreased viral titers in the spleen and lungs (Thomas et al., 2015).





CONCLUSIONS

It is clear that there is increasing evidence to show that CD4+ T cells play a significant role in anti-viral immunity to HCMV. The virus has evolved immune evasion mechanisms to target the MHC class II antigen presentation pathway, the method by which CD4+ T cells TCR recognize presented viral peptides triggering cell activation and anti-viral functions. Following primary infection, there is development of a CMV-specific CD4+ T cell population that persists in the T cell repertoire of healthy adults, suggesting that this population of T cells is required for a healthy immune response to control periodic episodes of viral reactivation over a life time of the infected host. In both SOT and HSCT recipients, the presence of CMV-specific CD4+ T cells are highly associated with lower risks of developing CMV disease by reactivation of latent virus, and conversely, the lack of this population of T cells herald a higher likelihood of developing recurrent CMV viremia and end-organ disease.

However, many questions still remain unanswered. The majority of studies referenced in this review show an association of the presence of CMV-specific CD4+ T cells with protection from disease, but few have attempted to explain the mechanism of how this occurs. Attempts to interrogate how they exert their effects have mostly been limited to demonstrating presence of cytokines and activation markers on these CD4+ T cells as a response to exposure to CMV antigens. More work has been done in the murine model on attempting to elucidate this mechanism by generating various knockout mouse models, but interpretations from these models are limited by the apparent greater dispensability of CD4+ T cells in control of MCMV disease. As such, more work needs to be done to investigate this, with the possibility of using this knowledge to further refine techniques for adoptive therapies or vaccine studies. In addition, it is also clear that current techniques of measuring CD4+ T cell responses do not provide a complete picture of the contribution of CD4+ T cells to the immunological response to CMV. Methods that assess effector function more accurately, such as anti-viral assays, may provide a more nuanced prediction of developing CMV-related disease, and allow clinicians to tailor anti-viral therapies better.



AUTHOR CONTRIBUTIONS

EL wrote the initial draft of this manuscript. SJ, EL, and MW revised the manuscript. All authors approved the manuscript for publication.



FUNDING

This research was funded by Wellcome Trust collaborative grant 204870/Z/16/Z and by Medical Research Council (MRC:UKRI) grants MR/K021087 and MR/S00081X/1.



REFERENCES

 Albiero, E., Amati, E., Baumeister, E., Einsele, H., Grigoleit, G. U., and Rodeghiero, F. (2016). Heterogeneity of specific CD4+ and CD8+ T cells stimulated by CMV pp65 and IE1 antigens. J. Immunother. 39, 329–342. doi: 10.1097/CJI.0000000000000140

 Antoine, P., Olislagers, V., Huygens, A., Lecomte, S., Liesnard, C., Donner, C., et al. (2012). Functional exhaustion of CD4+ T lymphocytes during primary cytomegalovirus infection. J. Immunol. 189, 2665–2672. doi: 10.4049/jimmunol.1101165

 Arens, R., Wang, P., Sidney, J., Loewendorf, A., Sette, A., Schoenberger, S. P., et al. (2008). Cutting edge: murine cytomegalovirus induces a polyfunctional CD4 T cell response. J. Immunol. 180, 6472–6476. doi: 10.4049/jimmunol.180.10.6472

 Avetisyan, G., Larsson, K., Aschan, J., Nilsson, C., Hassan, M., and Ljungman, P. (2006). Impact on the cytomegalovirus (CMV) viral load by CMV-specific T-cell immunity in recipients of allogeneic stem cell transplantation. Bone Marrow Transplant. 38, 687–692. doi: 10.1038/sj.bmt.1705507

 Barnes, P. D., and Grundy, J. E. (1992). Down-regulation of the class I HLA heterodimer and beta 2-microglobulin on the surface of cells infected with cytomegalovirus. J. Gen. Virol. 73(Pt. 9), 2395–2403. doi: 10.1099/0022-1317-73-9-2395

 Beersma, M. F., Bijlmakers, M. J., and Ploegh, H. L. (1993). Human cytomegalovirus down-regulates HLA class I expression by reducing the stability of class I H chains. J. Immunol. 151, 4455–4464.

 Bialas, K. M., Tanaka, T., Tran, D., Varner, V., Cisneros De La Rosa, E., Chiuppesi, F., et al. (2015). Maternal CD4+ T cells protect against severe congenital cytomegalovirus disease in a novel nonhuman primate model of placental cytomegalovirus transmission. Proc. Natl. Acad. Sci. U.S.A. 112, 13645–13650. doi: 10.1073/pnas.1511526112

 Bitmansour, A. D., Douek, D. C., Maino, V. C., and Picker, L. J. (2002). Direct ex vivo analysis of human CD4+ memory T cell activation requirements at the single clonotype level. J. Immunol. 169, 1207–1218. doi: 10.4049/jimmunol.169.3.1207

 Blum, J. S., Wearsch, P. A., and Cresswell, P. (2013). Pathways of antigen processing. Annu. Rev. Immunol. 31, 443–473. doi: 10.1146/annurev-immunol-032712-095910

 Brestrich, G., Zwinger, S., Fischer, A., Schmuck, M., Rohmhild, A., Hammer, M. H., et al. (2009). Adoptive T-cell therapy of a lung transplanted patient with severe CMV disease and resistance to antiviral therapy. Am. J. Transplant. 9, 1679–1684. doi: 10.1111/j.1600-6143.2009.02672.x

 Britt, W. (2015). Controversies in the natural history of congenital human cytomegalovirus infection: the paradox of infection and disease in offspring of women with immunity prior to pregnancy. Med. Microbiol. Immunol. 204, 263–271. doi: 10.1007/s00430-015-0399-9

 Bruno, F., Fornara, C., Zelini, P., Furione, M., Carrara, E., Scaramuzzi, L., et al. (2016). Follicular helper T-cells and virus-specific antibody response in primary and reactivated human cytomegalovirus infections of the immunocompetent and immunocompromised transplant patients. J. Gen. Virol. 97, 1928–1941. doi: 10.1099/jgv.0.000488

 Burton, C. E., Sester, M., Robinson, J. L., Eurich, D. T., Preiksaitis, J. K., and Urschel, S. (2018). Assigning cytomegalovirus status in children awaiting organ transplant: viral shedding, CMV-specific T cells, and CD27-CD28-CD4+ T cells. J. Infect. Dis. 218, 1205–1209. doi: 10.1093/infdis/jiy309

 Burton, C. E., Sester, M., Robinson, J. L., Eurich, D. T., Urschel, S., and Preiksaitis, J. K. (2019). CMV-specific T-cells and CD27-CD28-CD4+ T-cells for assignment of cytomegalovirus (CMV) status in adults awaiting organ transplant. J. Clin. Virol. 115, 37–42. doi: 10.1016/j.jcv.2019.03.014

 Buxade, M., Huerga Encabo, H., Riera-Borrull, M., Quintana-Gallardo, L., Lopez-Cotarelo, P., Tellechea, M., et al. (2018). Macrophage-specific MHCII expression is regulated by a remote Ciita enhancer controlled by NFAT5. J. Exp. Med. 215, 2901–2918. doi: 10.1084/jem.20180314

 Cannon, M. J., Hyde, T. B., and Schmid, D. S. (2011). Review of cytomegalovirus shedding in bodily fluids and relevance to congenital cytomegalovirus infection. Rev. Med. Virol. 21, 240–255. doi: 10.1002/rmv.695

 Cantrell, S. R., and Bresnahan, W. A. (2006). Human cytomegalovirus (HCMV) UL82 gene product (pp71) relieves hDaxx-mediated repression of HCMV replication. J. Virol. 80, 6188–6191. doi: 10.1128/JVI.02676-05

 Casazza, J. P., Betts, M. R., Price, D. A., Precopio, M. L., Ruff, L. E., Brenchley, J. M., et al. (2006). Acquisition of direct antiviral effector functions by CMV-specific CD4+ T lymphocytes with cellular maturation. J. Exp. Med. 203, 2865–2877. doi: 10.1084/jem.20052246

 Caza, T., and Landas, S. (2015). Functional and phenotypic plasticity of CD4(+) T cell subsets. Biomed Res. Int. 2015:521957. doi: 10.1155/2015/521957

 Cebulla, C. M., Miller, D. M., Zhang, Y., Rahill, B. M., Zimmerman, P., Robinson, J. M., et al. (2002). Human cytomegalovirus disrupts constitutive MHC class II expression. J. Immunol. 169, 167–176. doi: 10.4049/jimmunol.169.1.167

 Chen, S. F., Holmes, T. H., Slifer, T., Ramachandran, V., Mackey, S., Hebson, C., et al. (2016). Longitudinal kinetics of cytomegalovirus-specific T-cell immunity and viral replication in infants with congenital cytomegalovirus infection. J. Pediatr. Infect. Dis. Soc. 5, 14–20. doi: 10.1093/jpids/piu089

 Chidrawar, S., Khan, N., Wei, W., McLarnon, A., Smith, N., Nayak, L., et al. (2009). Cytomegalovirus-seropositivity has a profound influence on the magnitude of major lymphoid subsets within healthy individuals. Clin. Exp. Immunol. 155, 423–432. doi: 10.1111/j.1365-2249.2008.03785.x

 Clement, M., Marsden, M., Stacey, M. A., Abdul-Karim, J., Gimeno Brias, S., Costa Bento, D., et al. (2016). Cytomegalovirus-specific IL-10-producing CD4+ T cells are governed by type-I IFN-induced IL-27 and promote virus persistence. PLoS Pathog. 12:e1006050. doi: 10.1371/journal.ppat.1006050

 Covassin, L., Jangalwe, S., Jouvet, N., Laning, J., Burzenski, L., Shultz, L. D., et al. (2013). Human immune system development and survival of non-obese diabetic (NOD)-scid IL2rγ (null) (NSG) mice engrafted with human thymus and autologous haematopoietic stem cells. Clin. Exp. Immunol. 174, 372–388. doi: 10.1111/cei.12180

 Crawford, L. B., Streblow, D. N., Hakki, M., Nelson, J. A., and Caposio, P. (2015). Humanized mouse models of human cytomegalovirus infection. Curr. Opin. Virol. 13, 86–92. doi: 10.1016/j.coviro.2015.06.006

 Crawford, L. B., Tempel, R., Streblow, D. N., Kreklywich, C., Smith, P., Picker, L. J., et al. (2017). Human cytomegalovirus induces cellular and humoral virus-specific immune responses in humanized BLT mice. Sci. Rep. 7:937. doi: 10.1038/s41598-017-01051-5

 Crompton, L., Khan, N., Khanna, R., Nayak, L., and Moss, P. A. H. (2008). CD4(+) T cells specific for glycoprotein B from cytomegalovirus exhibit extreme conservation of T-cell receptor usage between different individuals. Blood 111, 2053–2061. doi: 10.1182/blood-2007-04-079863

 Crough, T., and Khanna, R. (2009). Immunobiology of human cytomegalovirus: from bench to bedside. Clin. Microbiol. Rev. 22, 76–98. doi: 10.1128/CMR.00034-08

 de Vries, E., van Tol, M. J., van den Bergh, R. L., Waaijer, J. L., ten Dam, M. M., Hermans, J., et al. (2000). Reconstitution of lymphocyte subpopulations after paediatric bone marrow transplantation. Bone Marrow Transplant. 25, 267–275. doi: 10.1038/sj.bmt.1702141

 del Val, M., Hengel, H., Hacker, H., Hartlaub, U., Ruppert, T., Lucin, P., et al. (1992). Cytomegalovirus prevents antigen presentation by blocking the transport of peptide-loaded major histocompatibility complex class I molecules into the medial-Golgi compartment. J. Exp. Med. 176, 729–738. doi: 10.1084/jem.176.3.729

 Devaiah, B. N., and Singer, D. S. (2013). CIITA and its dual roles in MHC gene transcription. Front. Immunol. 4:476. doi: 10.3389/fimmu.2013.00476

 Dirks, J., Tas, H., Schmidt, T., Kirsch, S., Gartner, B. C., Sester, U., et al. (2013). PD-1 analysis on CD28(-) CD27(-) CD4 T cells allows stimulation-independent assessment of CMV viremic episodes in transplant recipients. Am. J. Transplant 13, 3132–3141. doi: 10.1111/ajt.12480

 Egli, A., Binet, I., Binggeli, S., Jager, C., Dumoulin, A., Schaub, S., et al. (2008). Cytomegalovirus-specific T-cell responses and viral replication in kidney transplant recipients. J. Transl. Med. 6:29. doi: 10.1186/1479-5876-6-29

 Einsele, H., Ehninger, G., Steidle, M., Fischer, I., Bihler, S., Gerneth, F., et al. (1993). Lymphocytopenia as an unfavorable prognostic factor in patients with cytomegalovirus infection after bone marrow transplantation. Blood 82, 1672–1678. doi: 10.1182/blood.V82.5.1672.bloodjournal8251672

 Einsele, H., Roosnek, E., Rufer, N., Sinzger, C., Riegler, S., Loffler, J., et al. (2002). Infusion of cytomegalovirus (CMV)-specific T cells for the treatment of CMV infection not responding to antiviral chemotherapy. Blood 99, 3916–3922. doi: 10.1182/blood.V99.11.3916

 Elkington, R., Walker, S., Crough, T., Menzies, M., Tellam, J., Bharadwaj, M., et al. (2003). Ex vivo profiling of CD8+-T-cell responses to human cytomegalovirus reveals broad and multispecific reactivities in healthy virus carriers. J. Virol. 77, 5226–5240. doi: 10.1128/JVI.77.9.5226-5240.2003

 Feng, L., Sheng, J., Vu, G. P., Liu, Y., Foo, C., Wu, S., et al. (2018). Human cytomegalovirus UL23 inhibits transcription of interferon-γ stimulated genes and blocks antiviral interferon-γ responses by interacting with human N-myc interactor protein. PLoS Pathog. 14:e1006867. doi: 10.1371/journal.ppat.1006867

 Fletcher, J. M., Vukmanovic-Stejic, M., Dunne, P. J., Birch, K. E., Cook, J. E., Jackson, S. E., et al. (2005). Cytomegalovirus-specific CD4+ T cells in healthy carriers are continuously driven to replicative exhaustion. J. Immunol. 175, 8218–8225. doi: 10.4049/jimmunol.175.12.8218

 Flinsenberg, T. W., Spel, L., Jansen, M., Koning, D., de Haar, C., Plantinga, M., et al. (2015). Cognate CD4 T-cell licensing of dendritic cells heralds anti-cytomegalovirus CD8 T-cell immunity after human allogeneic umbilical cord blood transplantation. J. Virol. 89, 1058–1069. doi: 10.1128/JVI.01850-14

 Fornara, C., Cassaniti, I., Zavattoni, M., Furione, M., Adzasehoun, K. M. G., De Silvestri, A., et al. (2017). Human cytomegalovirus-specific memory CD4+ T-cell response and its correlation with virus transmission to the fetus in pregnant women with primary infection. Clin. Infect. Dis. 65, 1659–1665. doi: 10.1093/cid/cix622

 Fornara, C., Furione, M., Arossa, A., Gerna, G., and Lilleri, D. (2016). Comparative magnitude and kinetics of human cytomegalovirus-specific CD4(+) and CD8(+) T-cell responses in pregnant women with primary versus remote infection and in transmitting versus non-transmitting mothers: its utility for dating primary infection in pregnancy. J. Med. Virol. 88, 1238–1246. doi: 10.1002/jmv.24449

 Fornara, C., Lilleri, D., Revello, M. G., Furione, M., Zavattoni, M., Lenta, E., et al. (2011). Kinetics of effector functions and phenotype of virus-specific and gammadelta T lymphocytes in primary human cytomegalovirus infection during pregnancy. J. Clin. Immunol. 31, 1054–1064. doi: 10.1007/s10875-011-9577-8

 Foster, A. E., Gottlieb, D. J., Sartor, M., Hertzberg, M. S., and Bradstock, K. F. (2002). Cytomegalovirus-specific CD4+ and CD8+ T-cells follow a similar reconstitution pattern after allogeneic stem cell transplantation. Biol. Blood Marrow Transplant. 8, 501–511. doi: 10.1053/bbmt.2002.v8.pm12374455

 Fowler, K. B., Stagno, S., Pass, R. F., Britt, W. J., Boll, T. J., and Alford, C. A. (1992). The outcome of congenital cytomegalovirus infection in relation to maternal antibody status. N. Engl. J. Med. 326, 663–667. doi: 10.1056/NEJM199203053261003

 Fu, Y. Z., Su, S., Gao, Y. Q., Wang, P. P., Huang, Z. F., Hu, M. M., et al. (2017). Human cytomegalovirus tegument protein UL82 inhibits STING-mediated signaling to evade antiviral immunity. Cell Host Microbe 21, 231–243. doi: 10.1016/j.chom.2017.01.001

 Fujikawa, T., Numazaki, K., Asanuma, H., and Tsutsumi, H. (2003). Human cytomegalovirus infection during pregnancy and detection of specific T cells by intracellular cytokine staining. Int. J. Infect. Dis. 7, 215–221. doi: 10.1016/S1201-9712(03)90055-5

 Gabanti, E., Lilleri, D., Ripamonti, F., Bruno, F., Zelini, P., Furione, M., et al. (2015). Reconstitution of human cytomegalovirus-specific CD4+ T cells is critical for control of virus reactivation in hematopoietic stem cell transplant recipients but does not prevent organ infection. Biol. Blood Marrow Transplant. 21, 2192–2202. doi: 10.1016/j.bbmt.2015.08.002

 Gamadia, L. E., Remmerswaal, E. B., Weel, J. F., Bemelman, F., van Lier, R. A., and Ten Berge, I. J. (2003). Primary immune responses to human CMV: a critical role for IFN-gamma-producing CD4+ T cells in protection against CMV disease. Blood 101, 2686–2692. doi: 10.1182/blood-2002-08-2502

 Gamadia, L. E., Rentenaar, R. J., van Lier, R. A., and ten Berge, I. J. (2004). Properties of CD4(+) T cells in human cytomegalovirus infection. Hum. Immunol. 65, 486–492. doi: 10.1016/j.humimm.2004.02.020

 Gantt, S., Leister, E., Jacobsen, D. L., Boucoiran, I., Huang, M. L., Jerome, K. R., et al. (2016). Risk of congenital cytomegalovirus infection among HIV-exposed uninfected infants is not decreased by maternal nelfinavir use during pregnancy. J. Med. Virol. 88, 1051–1058. doi: 10.1002/jmv.24420

 Gerna, G., Lilleri, D., Chiesa, A., Zelini, P., Furione, M., Comolli, G., et al. (2011). Virologic and immunologic monitoring of cytomegalovirus to guide preemptive therapy in solid-organ transplantation. Am. J. Transplant 11, 2463–2471. doi: 10.1111/j.1600-6143.2011.03636.x

 Gerna, G., Lilleri, D., Fornara, C., Comolli, G., Lozza, L., Campana, C., et al. (2006). Monitoring of human cytomegalovirus-specific CD4 and CD8 T-cell immunity in patients receiving solid organ transplantation. Am. J. Transplant 6, 2356–2364. doi: 10.1111/j.1600-6143.2006.01488.x

 Gibson, L., Barysauskas, C. M., McManus, M., Dooley, S., Lilleri, D., Fisher, D., et al. (2015). Reduced frequencies of polyfunctional CMV-specific T cell responses in infants with congenital CMV infection. J. Clin. Immunol. 35, 289–301. doi: 10.1007/s10875-015-0139-3

 Gibson, L., Piccinini, G., Lilleri, D., Revello, M. G., Wang, Z., Markel, S., et al. (2004). Human cytomegalovirus proteins pp65 and immediate early protein 1 are common targets for CD8+ T cell responses in children with congenital or postnatal human cytomegalovirus infection. J. Immunol. 172, 2256–2264. doi: 10.4049/jimmunol.172.4.2256

 Gilbert, M. J., Riddell, S. R., Li, C. R., and Greenberg, P. D. (1993). Selective interference with class I major histocompatibility complex presentation of the major immediate-early protein following infection with human cytomegalovirus. J. Virol. 67, 3461–3469. doi: 10.1128/JVI.67.6.3461-3469.1993

 Girmenia, C., Lazzarotto, T., Bonifazi, F., Patriarca, F., Irrera, G., Ciceri, F., et al. (2019). Assessment and prevention of cytomegalovirus infection in allogeneic hematopoietic stem cell transplant and in solid organ transplant: a multidisciplinary consensus conference by the Italian GITMO, SITO, and AMCLI societies. Clin. Transplant. 33:e13666. doi: 10.1111/ctr.13666

 Glatzova, D., and Cebecauer, M. (2019). Dual role of CD4 in peripheral T lymphocytes. Front. Immunol. 10:618. doi: 10.3389/fimmu.2019.00618

 Goodwin, C. M., Ciesla, J. H., and Munger, J. (2018). Who's Driving? Human cytomegalovirus, interferon, and NFκB signaling. Viruses 10:447. doi: 10.3390/v10090447

 Gratama, J. W., Brooimans, R. A., van der Holt, B., Sintnicolaas, K., van Doornum, G., Niesters, H. G., et al. (2008). Monitoring cytomegalovirus IE-1 and pp65-specific CD4+ and CD8+ T-cell responses after allogeneic stem cell transplantation may identify patients at risk for recurrent CMV reactivations. Cytometry B Clin. Cytom. 74, 211–220. doi: 10.1002/cyto.b.20420

 Guerin, V., Dalle, J. H., Pedron, B., Ouachee-Chardin, M., Yakouben, K., Baruchel, A., et al. (2010). Cellular immune parameters associated with spontaneous control of CMV in children who underwent transplantation. Bone Marrow Transplant. 45, 442–449. doi: 10.1038/bmt.2009.179

 Guerrero, A., Riddell, S. R., Storek, J., Stevens-Ayers, T., Storer, B., Zaia, J. A., et al. (2012). Cytomegalovirus viral load and virus-specific immune reconstitution after peripheral blood stem cell versus bone marrow transplantation. Biol. Blood Marrow Transplant. 18, 66–75. doi: 10.1016/j.bbmt.2011.05.010

 Guibert, G., Warszawski, J., Le Chenadec, J., Blanche, S., Benmebarek, Y., Mandelbrot, L., et al. (2009). Decreased risk of congenital cytomegalovirus infection in children born to HIV-1-infected mothers in the era of highly active antiretroviral therapy. Clin. Infect. Dis. 48, 1516–1525. doi: 10.1086/598934

 Hakki, M., Riddell, S. R., Storek, J., Carter, R. A., Stevens-Ayers, T., Sudour, P., et al. (2003). Immune reconstitution to cytomegalovirus after allogeneic hematopoietic stem cell transplantation: impact of host factors, drug therapy, and subclinical reactivation. Blood 102, 3060–3067. doi: 10.1182/blood-2002-11-3472

 Hale, J. S., and Ahmed, R. (2015). Memory T follicular helper CD4 T cells. Front. Immunol. 6:16. doi: 10.3389/fimmu.2015.00016

 Hale, J. S., Youngblood, B., Latner, D. R., Mohammed, A. U., Ye, L., Akondy, R. S., et al. (2013). Distinct memory CD4+ T cells with commitment to T follicular helper- and T helper 1-cell lineages are generated after acute viral infection. Immunity 38, 805–817. doi: 10.1016/j.immuni.2013.02.020

 Hammoud, B., Schmueck, M., Fischer, A. M., Fuehrer, H., Park, S. J., Akyuez, L., et al. (2013). HCMV-specific T-cell therapy: do not forget supply of help. J. Immunother. 36, 93–101. doi: 10.1097/CJI.0b013e31827b87cc

 Hassan, J., Dooley, S., and Hall, W. (2007). Immunological response to cytomegalovirus in congenitally infected neonates. Clin. Exp. Immunol. 147, 465–471. doi: 10.1111/j.1365-2249.2007.03302.x

 Hayashi, N., Kimura, H., Morishima, T., Tanaka, N., Tsurumi, T., and Kuzushima, K. (2003). Flow cytometric analysis of cytomegalovirus-specific cell-mediated immunity in the congenital infection. J. Med. Virol. 71, 251–258. doi: 10.1002/jmv.10477

 Hebart, H., and Einsele, H. (2004). Clinical aspects of cmv infection after stem cell transplantation. 65, 432–436. doi: 10.1016/j.humimm.2004.02.022

 Hegde, N. R., Tomazin, R. A., Wisner, T. W., Dunn, C., Boname, J. M., Lewinsohn, D. M., et al. (2002). Inhibition of HLA-DR assembly, transport, and loading by human cytomegalovirus glycoprotein US3: a novel mechanism for evading major histocompatibility complex class II antigen presentation. J. Virol. 76, 10929–10941. doi: 10.1128/JVI.76.21.10929-10941.2002

 Holmes-Liew, C. L., Holmes, M., Beagley, L., Hopkins, P., Chambers, D., Smith, C., et al. (2015). Adoptive T-cell immunotherapy for ganciclovir-resistant CMV disease after lung transplantation. Clin. Transl. Immunol. 4:e35. doi: 10.1038/cti.2015.5

 Huang, Z. F., Zou, H. M., Liao, B. W., Zhang, H. Y., Yang, Y., Fu, Y. Z., et al. (2018). Human cytomegalovirus protein UL31 inhibits DNA sensing of cGAS to mediate immune Evasion. Cell Host Microbe 24, 69–80.e64. doi: 10.1016/j.chom.2018.05.007

 Humar, A., Snydman, D., and Practice, A. S. T. I. D. C. o. (2009). Cytomegalovirus in solid organ transplant recipients. Am. J. Transplant. 4, S78–S86. doi: 10.1111/j.1600-6143.2009.02897.x

 Humphreys, I. R., de Trez, C., Kinkade, A., Benedict, C. A., Croft, M., and Ware, C. F. (2007). Cytomegalovirus exploits IL-10-mediated immune regulation in the salivary glands. J. Exp. Med. 204, 1217–1225. doi: 10.1084/jem.20062424

 Huygens, A., Lecomte, S., Tackoen, M., Olislagers, V., Delmarcelle, Y., Burny, W., et al. (2015). Functional exhaustion limits CD4+ and CD8+ T-cell responses to congenital cytomegalovirus infection. J. Infect. Dis. 212, 484–494. doi: 10.1093/infdis/jiv071

 Hwang, J., and Kalejta, R. F. (2007). Proteasome-dependent, ubiquitin-independent degradation of Daxx by the viral pp71 protein in human cytomegalovirus-infected cells. Virology 367, 334–338. doi: 10.1016/j.virol.2007.05.037

 Jackson, S. E., Mason, G. M., Okecha, G., Sissons, J. G., and Wills, M. R. (2014). Diverse specificities, phenotypes, and antiviral activities of cytomegalovirus-specific CD8+ T cells. J. Virol. 88, 10894–10908. doi: 10.1128/JVI.01477-14

 Jackson, S. E., Mason, G. M., and Wills, M. R. (2011). Human cytomegalovirus immunity and immune evasion. Virus Res. 157, 151–160. doi: 10.1016/j.virusres.2010.10.031

 Jackson, S. E., Sedikides, G. X., Mason, G. M., Okecha, G., and Wills, M. R. (2017). Human cytomegalovirus (HCMV)-specific CD4+ T cells are polyfunctional and can respond to HCMV-infected dendritic cells in vitro. J. Virol. 91:16. doi: 10.1128/JVI.02128-16

 Jackson, S. E., Sedikides, G. X., Okecha, G., and Wills, M. R. (2019). Generation, maintenance and tissue distribution of T cell responses to human cytomegalovirus in lytic and latent infection. Med. Microbiol. Immunol. 208, 375-389. doi: 10.1007/s00430-019-00598-6

 Jaskula, E., Dlubek, D., Tarnowska, A., Lange, J., Mordak-Domagala, M., Suchnicki, K., et al. (2015). Anti-CMV-IgG positivity of donors is beneficial for alloHSCT recipients with respect to the better short-term immunological recovery and high level of CD4+CD25high lymphocytes. Viruses 7, 1391–1408. doi: 10.3390/v7031391

 Johnson, D. C., and Hill, A. B. (1998). Herpesvirus evasion of the immune system. Curr. Top. Microbiol. Immunol. 232, 149–177. doi: 10.1007/978-3-642-72045-1_8

 Jonjic, S., Mutter, W., Weiland, F., Reddehase, M. J., and Koszinowski, U. H. (1989). Site-restricted persistent cytomegalovirus infection after selective long-term depletion of CD4+ T lymphocytes. J. Exp. Med. 169, 1199–1212. doi: 10.1084/jem.169.4.1199

 Jonjic, S., Pavic, I., Polic, B., Crnkovic, I., Lucin, P., and Koszinowski, U. (1994). Antibodies are not essential for the resolution of primary cytomegalovirus infection but limit dissemination of recurrent virus. J. Exp. Med. 179, 1713–1717. doi: 10.1084/jem.179.5.1713

 Juno, J. A., van Bockel, D., Kent, S. J., Kelleher, A. D., Zaunders, J. J., and Munier, C. M. (2017). Cytotoxic CD4 T cells-friend or foe during viral infection? Front. Immunol. 8:19. doi: 10.3389/fimmu.2017.00019

 Kara, E. E., Comerford, I., Fenix, K. A., Bastow, C. R., Gregor, C. E., McKenzie, D. R., et al. (2014). Tailored immune responses: novel effector helper T cell subsets in protective immunity. PLoS Pathog. 10:e1003905. doi: 10.1371/journal.ppat.1003905

 Karkhah, A., Javanian, M., and Ebrahimpour, S. (2018). The role of regulatory T cells in immunopathogenesis and immunotherapy of viral infections. Infect. Genet. Evol. 59, 32–37. doi: 10.1016/j.meegid.2018.01.015

 Kenneson, A., and Cannon, M. J. (2007). Review and meta-analysis of the epidemiology of congenital cytomegalovirus (CMV) infection. Rev. Med. Virol. 17, 253–276. doi: 10.1002/rmv.535

 Kern, F., Surel, I. P., Faulhaber, N., Frommel, C., Schneider-Mergener, J., Schonemann, C., et al. (1999). Target structures of the CD8(+)-T-cell response to human cytomegalovirus: the 72-kilodalton major immediate-early protein revisited. J. Virol. 73, 8179–8184. doi: 10.1128/JVI.73.10.8179-8184.1999

 Khan, N., Cobbold, M., Keenan, R., and Moss, P. A. H. (2002a). Comparative analysis of CD8(+) T cell responses against human cytomegalovirus proteins pp65 and immediate early 1 shows similarities in precursor frequency, oligoclonality, and phenotype. J. Infect. Dis. 185, 1025–1034. doi: 10.1086/339963

 Khan, N., Shariff, N., Cobbold, M., Bruton, R., Ainsworth, J. A., Sinclair, A. J., et al. (2002b). Cytomegalovirus seropositivity drives the CD8 T cell repertoire toward greater clonality in healthy elderly individuals. J. Immunol. 169, 1984–1992. doi: 10.4049/jimmunol.169.4.1984

 Kowalsky, S., Arnon, R., and Posada, R. (2013). Prevention of cytomegalovirus following solid organ transplantation: a literature review. Pediatr. Transplant. 17, 499–509. doi: 10.1111/petr.12118

 Krause, H., Hebart, H., Jahn, G., Muller, C. A., and Einsele, H. (1997). Screening for CMV-specific T cell proliferation to identify patients at risk of developing late onset CMV disease. Bone Marrow Transplant. 19, 1111–1116. doi: 10.1038/sj.bmt.1700801

 Krol, L., Stuchly, J., Hubacek, P., Keslova, P., Sedlacek, P., Stary, J., et al. (2011). Signature profiles of CMV-specific T-cells in patients with CMV reactivation after hematopoietic SCT. Bone Marrow Transplant. 46, 1089–1098. doi: 10.1038/bmt.2010.261

 Kuriyama, K., Todo, S., Ikushima, S., Fujii, N., Yoshihara, T., Tsunamoto, K., et al. (2001). Risk factors for cytomegalovirus retinitis following bone marrow transplantation from unrelated donors in patients with severe aplastic anemia or myelodysplasia. Int. J. Hematol. 74, 455–460. doi: 10.1007/BF02982092

 La Rosa, C., Limaye, A. P., Krishnan, A., Longmate, J., and Diamond, D. J. (2007). Longitudinal assessment of cytomegalovirus (CMV)-specific immune responses in liver transplant recipients at high risk for late CMV disease. J. Infect. Dis. 195, 633–644. doi: 10.1086/511307

 Lee, A. W., Wang, N., Hornell, T. M., Harding, J. J., Deshpande, C., Hertel, L., et al. (2011). Human cytomegalovirus decreases constitutive transcription of MHC class II genes in mature Langerhans cells by reducing CIITA transcript levels. Mol. Immunol. 48, 1160–1167. doi: 10.1016/j.molimm.2011.02.010

 Leen, A. M., Bollard, C. M., Mendizabal, A. M., Shpall, E. J., Szabolcs, P., Antin, J. H., et al. (2013). Multicenter study of banked third-party virus-specific T cells to treat severe viral infections after hematopoietic stem cell transplantation. Blood 121, 5113–5123. doi: 10.1182/blood-2013-02-486324

 Leibold, J., Feucht, J., Halder, A., Stevanovic, S., Kayser, S., Handgretinger, R., et al. (2012). Induction of Thelper1-driven antiviral T-cell lines for adoptive immunotherapy is determined by differential expression of IFN-gamma and T-cell activation markers. J. Immunother. 35, 661–669. doi: 10.1097/CJI.0b013e318270e112

 Lemmermann, N. A. W., and Reddehase, M. J. (2016). Refining human T-cell immunotherapy of cytomegalovirus disease: a mouse model with 'humanized' antigen presentation as a new preclinical study tool. Med. Microbiol. Immunol. 205, 549–561. doi: 10.1007/s00430-016-0471-0

 Li, C. R., Greenberg, P. D., Gilbert, M. J., Goodrich, J. M., and Riddell, S. R. (1994). Recovery of HLA-restricted cytomegalovirus (CMV)-specific T-cell responses after allogeneic bone marrow transplant: correlation with CMV disease and effect of ganciclovir prophylaxis. Blood 83, 1971–1979. doi: 10.1182/blood.V83.7.1971.1971

 Liao, W., Lin, J. X., and Leonard, W. J. (2011). IL-2 family cytokines: new insights into the complex roles of IL-2 as a broad regulator of T helper cell differentiation. Curr. Opin. Immunol. 23, 598–604. doi: 10.1016/j.coi.2011.08.003

 Libri, V., Azevedo, R. I., Jackson, S. E., Di Mitri, D., Lachmann, R., Fuhrmann, S., et al. (2011). Cytomegalovirus infection induces the accumulation of short-lived, multifunctional CD4(+) CD45RA(+) CD27(-) T cells: the potential involvement of interleukin-7 in this process. Immunology 132, 326–339. doi: 10.1111/j.1365-2567.2010.03386.x

 Lidehall, A. K., Engman, M. L., Sund, F., Malm, G., Lewensohn-Fuchs, I., Ewald, U., et al. (2013). Cytomegalovirus-specific CD4 and CD8 T cell responses in infants and children. Scand. J. Immunol. 77, 135–143. doi: 10.1111/sji.12013

 Lilleri, D., Fornara, C., Chiesa, A., Caldera, D., Alessandrino, E. P., and Gerna, G. (2008a). Human cytomegalovirus-specific CD4+ and CD8+ T-cell reconstitution in adult allogeneic hematopoietic stem cell transplant recipients and immune control of viral infection. Haematologica 93, 248–256. doi: 10.3324/haematol.11912

 Lilleri, D., Fornara, C., Furione, M., Zavattoni, M., Revello, M. G., and Gerna, G. (2007a). Development of human cytomegalovirus-specific T cell immunity during primary infection of pregnant women and its correlation with virus transmission to the fetus. J. Infect. Dis. 195, 1062–1070. doi: 10.1086/512245

 Lilleri, D., Fornara, C., Revello, M. G., and Gerna, G. (2008b). Human cytomegalovirus-specific memory CD8+ and CD4+ T cell differentiation after primary infection. J. Infect. Dis. 198, 536–543. doi: 10.1086/590118

 Lilleri, D., Gerna, G., Fornara, C., Lozza, L., Maccario, R., and Locatelli, F. (2006). Prospective simultaneous quantification of human cytomegalovirus-specific CD4+ and CD8+ T-cell reconstitution in young recipients of allogeneic hematopoietic stem cell transplants. Blood 108, 1406–1412. doi: 10.1182/blood-2005-11-012864

 Lilleri, D., Zelini, P., Fornara, C., Comolli, G., and Gerna, G. (2007b). Inconsistent responses of cytomegalovirus-specific T cells to pp65 and IE-1 versus infected dendritic cells in organ transplant recipients. Am. J. Transplant. 7, 1997–2005. doi: 10.1111/j.1600-6143.2007.01890.x

 Lilleri, D., Zelini, P., Fornara, C., Zavaglio, F., Rampino, T., Perez, L., et al. (2018). Human cytomegalovirus (HCMV)-specific T cell but not neutralizing or IgG binding antibody responses to glycoprotein complexes gB, gHgLgO, and pUL128L correlate with protection against high HCMV viral load reactivation in solid-organ transplant recipients. J. Med. Virol. 90, 1620–1628. doi: 10.1002/jmv.25225

 Limaye, A. P., Green, M. L., Edmison, B. C., Stevens-Ayers, T., Chatterton-Kirchmeier, S., Geballe, A. P., et al. (2019). Prospective assessment of CMV immunity in high-risk donor seropositive (D+) recipient seronegative (R-) liver transplant recipients receiving either preemptive therapy or prophylaxis. J. Infect. Dis. 220, 752-760. doi: 10.1093/infdis/jiz181

 Lindsley, M. D., Torpey, D. J. 3rd., and Rinaldo, C. R. Jr. (1986). HLA-DR-restricted cytotoxicity of cytomegalovirus-infected monocytes mediated by Leu-3-positive T cells. J. Immunol. 136, 3045–3051.

 Locksley, R. M., Reiner, S. L., Hatam, F., Littman, D. R., and Killeen, N. (1993). Helper T cells without CD4: control of leishmaniasis in CD4-deficient mice. Science 261, 1448–1451. doi: 10.1126/science.8367726

 Lueder, Y., Heller, K., Ritter, C., Keyser, K. A., Wagner, K., Liu, X., et al. (2018). Control of primary mouse cytomegalovirus infection in lung nodular inflammatory foci by cooperation of interferon-gamma expressing CD4 and CD8 T cells. PLoS Pathog. 14:e1007252. doi: 10.1371/journal.ppat.1007252

 Lukashchuk, V., McFarlane, S., Everett, R. D., and Preston, C. M. (2008). Human cytomegalovirus protein pp71 displaces the chromatin-associated factor ATRX from nuclear domain 10 at early stages of infection. J. Virol. 82, 12543–12554. doi: 10.1128/JVI.01215-08

 Mania, A., Kemnitz, P., Cudnoch, K., Mazur-Melewska, K., Figlerowicz, M., and Sluzewski, W. (2013). Clinical condition and transmission of coinfections with human cytomegalovirus in infants of HIV-1 infected mothers in the era of mother-to-child-transmission prophylaxis. Early Hum. Dev. 89, 119–124. doi: 10.1016/j.earlhumdev.2012.08.008

 Mason, G. M., Jackson, S. E., Okecha, G., Poole, E., Sissons, J. G., Sinclair, J., et al. (2013). Human cytomegalovirus latency-associated proteins elicit immune-suppressive IL-10 producing CD4(+) T cells. PLoS Pathog. 9:e1003635. doi: 10.1371/journal.ppat.1003635

 Matechak, E. O., Killeen, N., Hedrick, S. M., and Fowlkes, B. J. (1996). MHC class II-specific T cells can develop in the CD8 lineage when CD4 is absent. Immunity 4, 337–347. doi: 10.1016/S1074-7613(00)80247-2

 Meesing, A., and Razonable, R. R. (2018). New developments in the management of cytomegalovirus infection after transplantation. Drugs 78, 1085–1103. doi: 10.1007/s40265-018-0943-1

 Mele, F., Fornara, C., Jarrossay, D., Furione, M., Arossa, A., Spinillo, A., et al. (2017). Phenotype and specificity of T cells in primary human cytomegalovirus infection during pregnancy: IL-7Rpos long-term memory phenotype is associated with protection from vertical transmission. PLoS ONE 12:e0187731. doi: 10.1371/journal.pone.0187731

 Mocarski, E. S., Bonyhadi, M., Salimi, S., McCune, J. M., and Kaneshima, H. (1993). Human cytomegalovirus in a SCID-hu mouse: thymic epithelial cells are prominent targets of viral replication. Proc. Natl. Acad. Sci. U.S.A. 90, 104–108. doi: 10.1073/pnas.90.1.104

 Muhlethaler-Mottet, A., Di Berardino, W., Otten, L. A., and Mach, B. (1998). Activation of the MHC class II transactivator CIITA by interferon-gamma requires cooperative interaction between Stat1 and USF-1. Immunity 8, 157–166. doi: 10.1016/S1074-7613(00)80468-9

 Nebbia, G., Mattes, F. M., Smith, C., Hainsworth, E., Kopycinski, J., Burroughs, A., et al. (2008). Polyfunctional cytomegalovirus-specific CD4+ and pp65 CD8+ T cells protect against high-level replication after liver transplantation. Am. J. Transplant. 8, 2590–2599. doi: 10.1111/j.1600-6143.2008.02425.x

 Neuenhahn, M., Albrecht, J., Odendahl, M., Schlott, F., Dossinger, G., Schiemann, M., et al. (2017). Transfer of minimally manipulated CMV-specific T cells from stem cell or third-party donors to treat CMV infection after allo-HSCT. Leukemia 31, 2161-2171. doi: 10.1038/leu.2017.16

 Nguyen, Q. P., Deng, T. Z., Witherden, D. A., and Goldrath, A. W. (2019). Origins of CD4(+) circulating and tissue-resident memory T-cells. Immunology 157, 3–12. doi: 10.1111/imm.13059

 Numazaki, K., Fujikawa, T., and Asanuma, H. (2002). Immunological evaluation and clinical aspects of children with congenital cytomegalovirus infection. Congenit. Anom. 42, 181–186. doi: 10.1111/j.1741-4520.2002.tb00891.x

 Pachnio, A., Ciaurriz, M., Begum, J., Lal, N., Zuo, J., Beggs, A., et al. (2016). Cytomegalovirus infection leads to development of high frequencies of cytotoxic virus-specific CD4+ T cells targeted to vascular endothelium. PLoS Pathog. 12:e1005832. doi: 10.1371/journal.ppat.1005832

 Pachnio, A., Zuo, J., Ryan, G. B., Begum, J., and Moss, P. A. (2015). The cellular localization of human cytomegalovirus glycoprotein expression greatly influences the frequency and functional phenotype of specific CD4+ T cell responses. J. Immunol. 195, 3803–3815. doi: 10.4049/jimmunol.1500696

 Pass, R. F., Zhang, C., Evans, A., Simpson, T., Andrews, W., Huang, M. L., et al. (2009). Vaccine prevention of maternal cytomegalovirus infection. N. Engl. J. Med. 360, 1191–1199. doi: 10.1056/NEJMoa0804749

 Peggs, K. S., Verfuerth, S., Pizzey, A., Khan, N., Guiver, M., Moss, P. A., et al. (2003). Adoptive cellular therapy for early cytomegalovirus infection after allogeneic stem-cell transplantation with virus-specific T-cell lines. Lancet 362, 1375–1377. doi: 10.1016/S0140-6736(03)14634-X

 Pierucci, P., Malouf, M., Glanville, A. R., Beagley, L., Smith, C., and Khanna, R. (2016). Novel autologous T-cell therapy for drug-resistant cytomegalovirus disease after lung transplantation. J. Heart Lung Transplant. 35, 685–687. doi: 10.1016/j.healun.2015.12.031

 Ploegh, H. L. (1998). Viral strategies of immune evasion. Science 280, 248–253. doi: 10.1126/science.280.5361.248

 Podlech, J., Holtappels, R., Pahl-Seibert, M. F., Steffens, H. P., and Reddehase, M. J. (2000). Murine model of interstitial cytomegalovirus pneumonia in syngeneic bone marrow transplantation: persistence of protective pulmonary CD8-T-cell infiltrates after clearance of acute infection. J. Virol. 74, 7496–7507. doi: 10.1128/JVI.74.16.7496-7507.2000

 Polic, B., Hengel, H., Krmpotic, A., Trgovcich, J., Pavic, I., Luccaronin, P., et al. (1998). Hierarchical and redundant lymphocyte subset control precludes cytomegalovirus replication during latent infection. J. Exp. Med. 188, 1047–1054. doi: 10.1084/jem.188.6.1047

 Pourgheysari, B., Khan, N., Best, D., Bruton, R., Nayak, L., and Moss, P. A. (2007). The cytomegalovirus-specific CD4+ T-cell response expands with age and markedly alters the CD4+ T-cell repertoire. J. Virol. 81, 7759–7765. doi: 10.1128/JVI.01262-06

 Pourgheysari, B., Piper, K. P., McLarnon, A., Arrazi, J., Bruton, R., Clark, F., et al. (2009). Early reconstitution of effector memory CD4+ CMV-specific T cells protects against CMV reactivation following allogeneic SCT. Bone Marrow Transplant. 43, 853–861. doi: 10.1038/bmt.2008.403

 Preiksaitis, J. K., Brennan, D. C., Fishman, J., and Allen, U. (2005). Canadian society of transplantation consensus workshop on cytomegalovirus management in solid organ transplantation final report. Am. J. Transplant. 5, 218–227. doi: 10.1111/j.1600-6143.2004.00692.x

 Rahemtulla, A., Kundig, T. M., Narendran, A., Bachmann, M. F., Julius, M., Paige, C. J., et al. (1994). Class II major histocompatibility complex-restricted T cell function in CD4-deficient mice. Eur. J. Immunol. 24, 2213–2218. doi: 10.1002/eji.1830240942

 Reddehase, M. J., Jonjic, S., Weiland, F., Mutter, W., and Koszinowski, U. H. (1988). Adoptive immunotherapy of murine cytomegalovirus adrenalitis in the immunocompromised host: CD4-helper-independent antiviral function of CD8-positive memory T lymphocytes derived from latently infected donors. J. Virol. 62, 1061–1065. doi: 10.1128/JVI.62.3.1061-1065.1988

 Reddehase, M. J., Mutter, W., Munch, K., Buhring, H. J., and Koszinowski, U. H. (1987). CD8-positive T lymphocytes specific for murine cytomegalovirus immediate-early antigens mediate protective immunity. J. Virol. 61, 3102–3108. doi: 10.1128/JVI.61.10.3102-3108.1987

 Reddehase, M. J., Weiland, F., Munch, K., Jonjic, S., Luske, A., and Koszinowski, U. H. (1985). Interstitial murine cytomegalovirus pneumonia after irradiation: characterization of cells that limit viral replication during established infection of the lungs. J. Virol. 55, 264–273. doi: 10.1128/JVI.55.2.264-273.1985

 Rentenaar, R. J., Gamadia, L. E., van der Hoek, N., van Diepen, F. N., Boom, R., Weel, J. F., et al. (2001). CD4(+) T-cell dynamics in primary cytomegalovirus infection. Transplant. Proc. 33, 2313–2314. doi: 10.1016/S0041-1345(01)02004-8

 Rentenaar, R. J., Gamadia, L. E., van DerHoek, N., van Diepen, F. N., Boom, R., Weel, J. F., et al. (2000). Development of virus-specific CD4(+) T cells during primary cytomegalovirus infection. J. Clin. Invest. 105, 541–548. doi: 10.1172/JCI8229

 Reuter, J. D., Wilson, J. H., Idoko, K. E., and van den Pol, A. N. (2005). CD4+ T-cell reconstitution reduces cytomegalovirus in the immunocompromised brain. J. Virol. 79, 9527–9539. doi: 10.1128/JVI.79.15.9527-9539.2005

 Revello, M. G., Lilleri, D., Zavattoni, M., Furione, M., Genini, E., Comolli, G., et al. (2006). Lymphoproliferative response in primary human cytomegalovirus (HCMV) infection is delayed in HCMV transmitter mothers. J. Infect. Dis. 193, 269–276. doi: 10.1086/498872

 Riddell, S. R., Watanabe, K. S., Goodrich, J. M., Li, C. R., Agha, M. E., and Greenberg, P. D. (1992). Restoration of viral immunity in immunodeficient humans by the adoptive transfer of T cell clones. Science 257, 238–241. doi: 10.1126/science.1352912

 Riou, R., Bressollette-Bodin, C., Boutoille, D., Gagne, K., Rodallec, A., Lefebvre, M., et al. (2017). Severe symptomatic primary human cytomegalovirus infection despite effective innate and adaptive immune responses. J. Virol. 91:e02245-16. doi: 10.1128/JVI.02245-16

 Ritter, J., Seitz, V., Balzer, H., Gary, R., Lenze, D., Moi, S., et al. (2015). Donor CD4 T cell diversity determines virus reactivation in patients after HLA-matched allogeneic stem cell transplantation. Am. J. Transplant. 15, 2170–2179. doi: 10.1111/ajt.13241

 Rogers, R., Saharia, K., Chandrokar, A., Weiss, Z. F., Vieira, K., Koo, S., et al. (2020). Clinical experience with a novel assay measuring cytomegalovirus (CMV)-specific CD4+ and CD8+ T-cell immunity by flow cytometry and intracellular cytokine staining to predict clinically significant CMV events. BMC Infect. Dis. 20:58. doi: 10.1186/s12879-020-4787-4

 Ross, S. A., Arora, N., Novak, Z., Fowler, K. B., Britt, W. J., and Boppana, S. B. (2010). Cytomegalovirus reinfections in healthy seroimmune women. J. Infect. Dis. 201, 386–389. doi: 10.1086/649903

 Sabbaj, S., Pass, R. F., Goepfert, P. A., and Pichon, S. (2011). Glycoprotein B vaccine is capable of boosting both antibody and CD4 T-cell responses to cytomegalovirus in chronically infected women. J. Infect. Dis. 203, 1534–1541. doi: 10.1093/infdis/jir138

 Sandhu, P., and Buchkovich, N. J. (2020). HCMV decreases MHC class II by regulating CIITA transcript levels in a myeloid cell line. J. Virol. 94, e01901-e01919. doi: 10.1128/JVI.01901-19

 San-Juan, R., Navarro, D., Garcia-Reyne, A., Montejo, M., Munoz, P., Carratala, J., et al. (2015). Effect of long-term prophylaxis in the development of cytomegalovirus-specific T-cell immunity in D+/R- solid organ transplant recipients. Transpl. Infect. Dis. 17, 637–646. doi: 10.1111/tid.12417

 Sant, A. J., and McMichael, A. (2012). Revealing the role of CD4(+) T cells in viral immunity. J. Exp. Med. 209, 1391–1395. doi: 10.1084/jem.20121517

 Schwele, S., Fischer, A. M., Brestrich, G., Wlodarski, M. W., Wagner, L., Schmueck, M., et al. (2012). Cytomegalovirus-specific regulatory and effector T cells share TCR clonality–possible relation to repetitive CMV infections. Am. J. Transplant. 12, 669–681. doi: 10.1111/j.1600-6143.2011.03842.x

 Sester, M., Sester, U., Gartner, B., Heine, G., Girndt, M., Mueller-Lantzsch, N., et al. (2001). Levels of virus-specific Cd4 T cells correlate with cytomegalovirus control and predict virus-induced disease after renal transplantation1. Transplantation 71, 1287–1294. doi: 10.1097/00007890-200105150-00018

 Sester, M., Sester, U., Gartner, B., Kubuschok, B., Girndt, M., Meyerhans, A., et al. (2002). Sustained high frequencies of specific CD4 T cells restricted to a single persistent virus. J. Virol. 76, 3748–3755. doi: 10.1128/JVI.76.8.3748-3755.2002

 Shultz, L. D., Brehm, M. A., Garcia-Martinez, J. V., and Greiner, D. L. (2012). Humanized mice for immune system investigation: progress, promise and challenges. Nat. Rev. Immunol. 12, 786–798. doi: 10.1038/nri3311


 Sinclair, J., and Poole, E. (2014). Human cytomegalovirus latency and reactivation in and beyond the myeloid lineage. Future Virol. 9, 557–563. doi: 10.2217/fvl.14.34

 Small, T. N., Papadopoulos, E. B., Boulad, F., Black, P., Castro-Malaspina, H., Childs, B. H., et al. (1999). Comparison of immune reconstitution after unrelated and related T-cell-depleted bone marrow transplantation: effect of patient age and donor leukocyte infusions. Blood 93, 467–480. doi: 10.1182/blood.V93.2.467

 Smith, C., Beagley, L., Rehan, S., Neller, M. A., Crooks, P., Solomon, M., et al. (2018). Autologous adoptive T-cell therapy for recurrent or drug-resistant cytomegalovirus complications in solid organ transplant patients: a single-arm open-label phase I clinical trial. Clin. Infect. Dis. 68, 632–640. doi: 10.1093/cid/ciy549

 Snyder, C. M., Loewendorf, A., Bonnett, E. L., Croft, M., Benedict, C. A., and Hill, A. B. (2009). CD4(+) T cell help has an epitope-dependent impact on CD8(+) T cell memory inflation during murine cytomegalovirus infection. J. Immunol. 183, 3932–3941. doi: 10.4049/jimmunol.0900227

 Solano, C., Benet, I., Clari, M. A., Nieto, J., de la Camara, R., Lopez, J., et al. (2008). Enumeration of cytomegalovirus-specific interferongamma CD8+ and CD4+ T cells early after allogeneic stem cell transplantation may identify patients at risk of active cytomegalovirus infection. Haematologica 93, 1434–1436. doi: 10.3324/haematol.12880

 Steffens, H. P., Kurz, S., Holtappels, R., and Reddehase, M. J. (1998). Preemptive CD8 T-cell immunotherapy of acute cytomegalovirus infection prevents lethal disease, limits the burden of latent viral genomes, and reduces the risk of virus recurrence. J. Virol. 72, 1797–1804. doi: 10.1128/JVI.72.3.1797-1804.1998

 Steimle, V., Siegrist, C. A., Mottet, A., Lisowska-Grospierre, B., and Mach, B. (1994). Regulation of MHC class II expression by interferon-gamma mediated by the transactivator gene CIITA. Science 265, 106–109. doi: 10.1126/science.8016643

 Suessmuth, Y., Mukherjee, R., Watkins, B., Koura, D. T., Finstermeier, K., Desmarais, C., et al. (2015). CMV reactivation drives posttransplant T-cell reconstitution and results in defects in the underlying TCRbeta repertoire. Blood 125, 3835–3850. doi: 10.1182/blood-2015-03-631853

 Swain, S. L., McKinstry, K. K., and Strutt, T. M. (2012). Expanding roles for CD4(+) T cells in immunity to viruses. Nat. Rev. Immunol. 12, 136–148. doi: 10.1038/nri3152

 Sylwester, A. W., Mitchell, B. L., Edgar, J. B., Taormina, C., Pelte, C., Ruchti, F., et al. (2005). Broadly targeted human cytomegalovirus-specific CD4+ and CD8+ T cells dominate the memory compartments of exposed subjects. J. Exp. Med. 202, 673–685. doi: 10.1084/jem.20050882

 Terrazzini, N., Bajwa, M., Vita, S., Cheek, E., Thomas, D., Seddiki, N., et al. (2014). A novel cytomegalovirus-induced regulatory-type T-cell subset increases in size during older life and links virus-specific immunity to vascular pathology. J. Infect. Dis. 209, 1382–1392. doi: 10.1093/infdis/jit576

 Thaiss, C. A., Semmling, V., Franken, L., Wagner, H., and Kurts, C. (2011). Chemokines: a new dendritic cell signal for T cell activation. Front. Immunol. 2:31. doi: 10.3389/fimmu.2011.00031

 Thomas, S., Klobuch, S., Podlech, J., Plachter, B., Hoffmann, P., Renzaho, A., et al. (2015). Evaluating human T-cell therapy of cytomegalovirus organ disease in HLA-transgenic mice. PLoS Pathog. 11:e1005049. doi: 10.1371/journal.ppat.1005049

 Tomazin, R., Boname, J., Hegde, N. R., Lewinsohn, D. M., Altschuler, Y., Jones, T. R., et al. (1999). Cytomegalovirus US2 destroys two components of the MHC class II pathway, preventing recognition by CD4+ T cells. Nat. Med. 5, 1039–1043. doi: 10.1038/12478

 Tormo, N., Solano, C., Benet, I., Clari, M. A., Nieto, J., de la Camara, R., et al. (2010a). Lack of prompt expansion of cytomegalovirus pp65 and IE-1-specific IFN gamma CD8(+) and CD4(+) T cells is associated with rising levels of pp65 antigenemia and DNAemia during pre-emptive therapy in allogeneic hematopoietic stem cell transplant recipients. Bone Marrow Transplant. 45, 543–549. doi: 10.1038/bmt.2009.172

 Tormo, N., Solano, C., Benet, I., Nieto, J., de la Camara, R., Garcia-Noblejas, A., et al. (2010b). Kinetics of cytomegalovirus (CMV) pp65 and IE-1-specific IFNgamma CD8+ and CD4+ T cells during episodes of viral DNAemia in allogeneic stem cell transplant recipients: potential implications for the management of active CMV infection. J. Med. Virol. 82, 1208–1215. doi: 10.1002/jmv.21799

 Tormo, N., Solano, C., Benet, I., Nieto, J., de la Camara, R., Lopez, J., et al. (2011). Reconstitution of CMV pp65 and IE-1-specific IFN-gamma CD8(+) and CD4(+) T-cell responses affording protection from CMV DNAemia following allogeneic hematopoietic SCT. Bone Marrow Transplant. 46, 1437–1443. doi: 10.1038/bmt.2010.330

 Tovar-Salazar, A., Patterson-Bartlett, J., Jesser, R., and Weinberg, A. (2010). Regulatory function of cytomegalovirus-specific CD4+CD27-CD28- T cells. Virology 398, 158–167. doi: 10.1016/j.virol.2009.11.038

 Tu, W., Chen, S., Sharp, M., Dekker, C., Manganello, A. M., Tongson, E. C., et al. (2004). Persistent and selective deficiency of CD4+ T cell immunity to cytomegalovirus in immunocompetent young children. J. Immunol. 172, 3260–3267. doi: 10.4049/jimmunol.172.5.3260

 Tyznik, A. J., Sun, J. C., and Bevan, M. J. (2004). The CD8 population in CD4-deficient mice is heavily contaminated with MHC class II-restricted T cells. J. Exp. Med. 199, 559–565. doi: 10.1084/jem.20031961

 van de Berg, P. J., van Leeuwen, E. M., ten Berge, I. J., and van Lier, R. (2008). Cytotoxic human CD4(+) T cells. Curr. Opin. Immunol. 20, 339–343. doi: 10.1016/j.coi.2008.03.007

 van der Heiden, P., Marijt, E., Falkenburg, F., and Jedema, I. (2018a). Control of cytomegalovirus viremia after allogeneic stem cell transplantation: a review on CMV-specific T cell reconstitution. Biol. Blood Marrow Transplant. 24, 1776–1782. doi: 10.1016/j.bbmt.2018.03.028

 van der Heiden, P. L. J., van Egmond, H. M., Veld, S. A. J., van de Meent, M., Eefting, M., de Wreede, L. C., et al. (2018b). CMV seronegative donors: effect on clinical severity of CMV infection and reconstitution of CMV-specific immunity. Transpl. Immunol. 49, 54–58. doi: 10.1016/j.trim.2018.04.003

 van Leeuwen, E. M., Remmerswaal, E. B., Heemskerk, M. H., ten Berge, I. J., and van Lier, R. A. (2006). Strong selection of virus-specific cytotoxic CD4+ T-cell clones during primary human cytomegalovirus infection. Blood 108, 3121–3127. doi: 10.1182/blood-2006-03-006809

 van Leeuwen, E. M., Remmerswaal, E. B., Vossen, M. T., Rowshani, A. T., Wertheim-van Dillen, P. M., van Lier, R. A., et al. (2004). Emergence of a CD4+CD28- granzyme B+, cytomegalovirus-specific T cell subset after recovery of primary cytomegalovirus infection. J. Immunol. 173, 1834–1841. doi: 10.4049/jimmunol.173.3.1834

 Verma, S., Weiskopf, D., Gupta, A., McDonald, B., Peters, B., Sette, A., et al. (2015). Cytomegalovirus-specific CD4 T cells are cytolytic and mediate vaccine protection. J. Virol. 90, 650–658. doi: 10.1128/JVI.02123-15

 Waller, E. K., Logan, B. R., Fei, M., Lee, S. J., Confer, D., Howard, A., et al. (2019). Kinetics of immune cell reconstitution predict survival in allogeneic bone marrow and G-CSF-mobilized stem cell transplantation. Blood Adv. 3, 2250–2263. doi: 10.1182/bloodadvances.2018029892

 Walter, E. A., Greenberg, P. D., Gilbert, M. J., Finch, R. J., Watanabe, K. S., Thomas, E. D., et al. (1995). Reconstitution of cellular immunity against cytomegalovirus in recipients of allogeneic bone marrow by transfer of T-cell clones from the donor. N. Engl. J. Med. 333, 1038–1044. doi: 10.1056/NEJM199510193331603

 Walton, S. M., Mandaric, S., Torti, N., Zimmermann, A., Hengel, H., and Oxenius, A. (2011a). 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. doi: 10.1371/journal.ppat.1002214

 Walton, S. M., Torti, N., Mandaric, S., and Oxenius, A. (2011b). T-cell help permits memory CD8(+) T-cell inflation during cytomegalovirus latency. Eur. J. Immunol. 41, 2248–2259. doi: 10.1002/eji.201141575

 Walton, S. M., Wyrsch, P., Munks, M. W., Zimmermann, A., Hengel, H., Hill, A. B., et al. (2008). The dynamics of mouse cytomegalovirus-specific CD4 T cell responses during acute and latent infection. J. Immunol. 181, 1128–1134. doi: 10.4049/jimmunol.181.2.1128

 Weekes, M. P., Wills, M. R., Sissons, J. G. P., and Carmichael, A. J. (2004). Long-term stable expanded human CD4+ T cell clones specific for human cytomegalovirus are distributed in both CD45RAhigh and CD45ROhigh populations. J. Immunol. 173, 5843–5851. doi: 10.4049/jimmunol.173.9.5843

 Wehrens, E. J., Wong, K. A., Gupta, A., Khan, A., Benedict, C. A., and Zuniga, E. I. (2018). IL-27 regulates the number, function and cytotoxic program of antiviral CD4 T cells and promotes cytomegalovirus persistence. PLoS ONE 13:e0201249. doi: 10.1371/journal.pone.0201249

 Welten, S. P., Redeker, A., Franken, K. L., Benedict, C. A., Yagita, H., Wensveen, F. M., et al. (2013). CD27-CD70 costimulation controls T cell immunity during acute and persistent cytomegalovirus infection. J. Virol. 87, 6851–6865. doi: 10.1128/JVI.03305-12

 Wertheimer, A. M., Bennett, M. S., Park, B., Uhrlaub, J. L., Martinez, C., Pulko, V., et al. (2014). Aging and cytomegalovirus infection differentially and jointly affect distinct circulating T cell subsets in humans. J. Immunol. 192, 2143–2155. doi: 10.4049/jimmunol.1301721

 Wills, M. R., Okecha, G., Weekes, M. P., Gandhi, M. K., Sissons, J. G. P., and Carmichael, A. J. (2002). Identification of naive or antigen-experienced human CD8(+) T cells by expression of costimulation and chemokine receptors: analysis of the human cytomegalovirus-specific CD8(+) T cell response. J. Immunol. 168, 5455–5464. doi: 10.4049/jimmunol.168.11.5455

 Wills, M. R., Poole, E., Lau, B., Krishna, B., and Sinclair, J. H. (2015). The immunology of human cytomegalovirus latency: could latent infection be cleared by novel immunotherapeutic strategies? Cell. Mol. Immunol. 12, 128–138. doi: 10.1038/cmi.2014.75

 Wirtz, N., Schader, S. I., Holtappels, R., Simon, C. O., Lemmermann, N. A., Reddehase, M. J., et al. (2008). Polyclonal cytomegalovirus-specific antibodies not only prevent virus dissemination from the portal of entry but also inhibit focal virus spread within target tissues. Med. Microbiol. Immunol. 197, 151–158. doi: 10.1007/s00430-008-0095-0

 Withers, B., Blyth, E., Clancy, L. E., Yong, A., Fraser, C., Burgess, J., et al. (2017). Long-term control of recurrent or refractory viral infections after allogeneic HSCT with third-party virus-specific T cells. Blood Adv. 1, 2193–2205. doi: 10.1182/bloodadvances.2017010223

 Yamamoto, A. Y., Mussi-Pinhata, M. M., Boppana, S. B., Novak, Z., Wagatsuma, V. M., de Frizzo Oliveira, P., et al. (2010). Human cytomegalovirus reinfection is associated with intrauterine transmission in a highly cytomegalovirus-immune maternal population. Am. J. Obstet. Gynecol. 202, 297.e1–8. doi: 10.1016/j.ajog.2009.11.018

 Yamashita, Y., Shimokata, K., Mizuno, S., Yamaguchi, H., and Nishiyama, Y. (1993). Down-regulation of the surface expression of class I MHC antigens by human cytomegalovirus. Virology 193, 727–736. doi: 10.1006/viro.1993.1181

 Zheng, B., Ozen, Z. Z., Cao, S., Zhang, Y., and Han, S. (2002). CD4-deficient T helper cells are capable of supporting somatic hypermutation and affinity maturation of germinal center B cells. Eur. J. Immunol. 32, 3315–3325. doi: 10.1002/1521-4141(200211)32:11<3315::AID-IMMU3315>3.0.CO;2-H

 Zhu, J., Yamane, H., and Paul, W. E. (2010). Differentiation of effector CD4 T cell populations (*). Annu. Rev. Immunol. 28, 445–489. doi: 10.1146/annurev-immunol-030409-101212

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Lim, Jackson and Wills. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		The CD4+ T Cell Response to Human Cytomegalovirus in Healthy and Immunocompromised People



		Introduction



		CD4+ T Cells, Their Activation and Role in Adaptive Immunity



		CD4+ T Cells and Anti-viral Immunity



		The Role of CD4+ T Cells Against HCMV Infection in the Healthy



		HCMV Antigen Specificity of CD4+ T Cells









		HCMV Immune Evasion of CD4+ T Cell Responses



		Evasion via Downregulation of MHC Class II Proteins by US2 and US3



		Evasion via Downregulation of Class II Transcriptional Activator and Modulating the Effects of IFN-γ













		HCMV Specific CD4+ T Cells Responses in Immunocompromised and Immunonaïve Patients



		CD4+ T Cell Responses to HCMV in Solid Organ Transplant Recipients



		CD4+ T Cells and Haematopoietic Stem Cell Transplantation



		Use of CD4+ T Cell Response to Predict Risk of HCMV Viremia or Disease and the Relationship to End-Organ Disease



		Kinetics of Recovery of HCMV-Specific CD4+ T Cell Numbers and the Impact of Prophylaxis and Use of G-CSF on CD4+ T Cell Recovery



		Surface Markers of HCMV-Specific CD4+ T Cells in HSCT Recipients









		CD4+ T Cells and Adoptive Transfer Therapies for HCMV Disease in Transplant Patients



		CD4+ T Cells and Congenital HCMV



		CD4+ T Cell Lessons From Murine Models



		Approaches to Examining the Role of CD4+ T Cells in MCMV Infection



		Caveats to Interpreting MCMV Models













		Conclusions



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

The CD4+ T Cell Response
to Human Cytomegalovirus in
Healthy and Immunocompromised
People





OPS/images/fcimb-10-00202-g001.gif





OPS/images/fcimb-10-00202-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





