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ABSTRACT 

 
ASHWIN AJITH 

HLA-G dimer prolongs kidney allograft survival by inhibiting CD8+ T cell 

activation and Granzyme B expression. 

(Under the direction of Anatolij Horuzsko) 
 

 

Solid organ transplantation is the preferred therapy for many patients diagnosed with end 

stage organ failure, however allograft rejection is a significant barrier for graft survival. 

Patient care involves heavy immunosuppressive drug treatment leading to elevated risk for 

cancer and other opportunistic infections. Hence there is a need to develop effective 

alternative approaches to minimize graft rejection. We focused on Human leukocyte 

antigen G (HLA-G), a nonclassical HLA class Ib molecule critically involved in the 

maintenance of maternal tolerance to semi-allogeneic fetal tissues during pregnancy and 

has emerged as a potential therapeutic target to control allograft rejection. We demonstrate 

here that the level of soluble HLA-G dimer was higher in a group of 90 patients with a 

functioning renal allograft compared with 40 patients who rejected (RJ) their transplants. 

The HLA-G dimer level was not affected by demographic status. One of the potential 

mechanisms in tissue organ allograft rejection involves the induction of granzymes and 

perforin, which are the main effector molecules expressed by CD8+ cytotoxic T 

lymphocytes and function to destroy allogeneic transplants. Using genomics, molecular 



 

 

 

and cellular analyses of cells from T-cell–mediated RJ and nonrejected kidney transplant 

patients, cells from leukocyte Ig-like receptor B1 (LILRB1) transgenic mice, humanized 

mice, and genetically engineered HLA-G dimer, we demonstrated a novel mechanism by 

which HLA-G dimer inhibits activation and cytotoxic capabilities of human CD8+ T cells. 

This mechanism implicated the downregulation of Granzyme B expression and the 

essential involvement of LILRB1. Thus, HLA-G dimer has the potential to be a specific 

and effective therapy for prevention of allograft rejection and prolongation of graft 

survival. 
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I. INTRODUCTION 

A. Statement of the Problem 

The transplantation of allogeneic cells and tissues for the treatment of human 

disease has been a life-saving procedure for many thousands of patients worldwide. 

However, to date, solid organ transplantation has not attained their full clinical potential 

(Leblanc et al., 2018). Significant limitations to the advancement of clinical transplantation 

stem from our current inability to prevent the rejection of allogeneic tissues by the immune 

system of the host. This problem, termed graft versus host disease (GVHD) is the most 

prevalent cause of morbidity and mortality in recipients of allogeneic organ transplants 

(Leblanc et al., 2018; Matas et al., 2015). Clinically, we rely on lifelong 

immunosuppression to prolong survival of allogeneic tissues within the host that in turn is 

associated with significant side effects such as increased risk for melanoma and 

opportunistic infections (Chapman, 2017; Halloran, 2010). Efforts are underway to 

develop protocols and therapeutics that more effectively prevent the pathology associated 

with alloreactivity.  

  Induction of a certain degree of immune tolerance against the allogeneic graft is 

becoming an effective alternate approach to prolong allograft survival. In solid organ 

transplantation, the induction of tolerance can diminish the risk of acute and chronic graft 

rejection and thereby improve the survival of the allograft (Riella, Djamali, & Pascual, 

2017). Experimental research on naturally occurring mediators for immune tolerance 

represents one approach to design new strategies providing a more effective therapy for 

transplant recipients. Decades of research have identified HLA-G as a naturally occurring 
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tolerance-inducing molecule. This molecule is operative in pregnancy, which is the only 

true physiological situation of tolerance towards a semi allograft (Rouas-Freiss, Goncalves, 

Menier, Dausset, & Carosella, 1997; Rouas-Freiss, Naji, Durrbach, & Carosella, 2007). 

 We had previously tentatively reported the positive correlation between high levels 

of soluble HLA-G dimers in the plasma and kidney allograft survival (Ezeakile et al., 

2014). In this study we expanded sample numbers to conclusively demonstrate that patients 

with successful allograft survival have elevated numbers of HLA-G expressing circulating 

CD8+ T cells while patients who had rejected their transplants had increased numbers of 

Granzyme B expressing CD8+ T cells. As such in kidney transplants, graft tissue 

destruction is critically mediated by infiltrating CD8+ T cells. These cells differentiate to 

form cytotoxic T lymphocytes (CTL), which undergo granule exocytosis releasing potent 

mediators of apoptosis: Granzyme B and Perforin (Wood & Goto, 2012). Histological 

studies have shown the abundance of Granzyme B in rejected kidney graft tissues; 

additionally, numerous animal model studies have elegantly established the critical 

necessity of these Granzyme B-dependent apoptotic pathways to facilitate graft tissue 

destruction (Anthony, Andrews, Watt, Trapani, & Smyth, 2010; Hiebert & Granville, 

2012). Our observations corroborated by flow cytometry and RT-PCR data suggest a link 

wherein HLA-G can modulate the functional capacity of CD8+ T cells by manipulating 

their Granzyme B expression. It has been shown that HLA-G can inhibit dendritic cell (DC) 

function and expand myeloid derived suppressor cells (MDSC) in LILRB2 and LILRB1 

transgenic mice respectively, but little is known about the effect of HLA-G on CD8+ T 

cells (Carosella, Rouas-Freiss, Tronik-Le Roux, Moreau, & LeMaoult, 2015; Ristich, 

Zhang, Liang, & Horuzsko, 2007). This prospective clinical study was aimed to uncover a 
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novel mechanism by which HLA-G can inhibit the cytotoxic capabilities of CD8+ T 

cells via down regulation of Granzyme B hence providing the necessary protective effect 

conferring allograft survival with corroborating in vitro and clinical data. We proceeded to 

investigate the following specific aims: 

 Specific Aim 1: Determine the tolerogenic effect of HLA-G dimer in prolonging kidney 

allograft survival. 

• Define the cellular mechanisms utilized by HLA-G to prolong allograft 

survival. 

Specific Aim 2: Describe the mechanistic pathway involved in HLA-G mediated inhibition 

of CD8+ T cells in transplantation. 

• Characterize the suppressive effect of HLA-G dimer on Granzyme B 

expression and cytotoxicity. 

• Compare the tolerogenic effect of HLA-G in LILRB1 expressing transgenic 

mouse vs WT mouse.  

Specific Aim3:  To test the hypothesis that HLA-G based down regulation of Granzyme 

B in CD8+ T cells can inhibit allogeneic recognition in humanized mouse model in vivo, 

thereby establishing its therapeutic potential. 

• Asses the development of a functional human immune system within the 

humanized mouse. 

• Asses the allogeneic response mounted by humanized mouse model in 

response to immunological challenge. 

• Assess the suppressive effect of HLA-G dimer in minimizing allogeneic 

response during immune challenge. 
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B. Review of Related Literature 

1. HLA-G history and relevance. 

The Human Leukocyte Antigen (HLA-G) is a non-classical HLA-Class I B molecule 

shown to be critically important for the maintenance of maternal tolerance to the semi-

allogeneic fetal tissues during pregnancy. HLA-G has restricted expression in 

physiological conditions mainly found expressed in the amnion-epithelial cells, thymus, 

cornea and the pancreas. However, it is now well established that HLA-G is expressed 

during a wide variety of pathological conditions as well including autoimmune diseases, 

cancer and organ transplantation (Carosella & Horuzsko, 2007; Carosella et al., 2015). 

Research has comprehensively established the immunosuppressive nature of HLA-G 

gaining mounting interest from a wide range of fields including oncology, transplantation 

and infectious diseases. The HLA-G gene is located on chromosome 6 in the Major 

Histocompatibility Complex (MHC) and is composed of 8 exons separated by 7 introns. 

Due to alternative splicing it can be expressed as four membrane-bound (HLA-G1, G2, G3 

and G4) and three soluble (sHLA-G; HLA-G5, G6 and G7) isoforms that lack 

transmembrane domains. Compounding to this variation HLA-G is capable of dimerization 

greatly enhancing the binding capacity to its receptors: KIR2DL4 (killer cell Ig-like 

receptor 2DL4), leukocyte Ig-like receptors (LILRs, also called LIR, Ig-like transcript ILT 

or CD85), LILRB1 (LIR1/ILT2/CD85j,) and LILRB2 (LIR2/ILT4/CD85d) (Brown, 

Trowsdale, & Allen, 2004).  The LILRBs are expressed in a wide range of immune cells, 

leukocytes and myeloid cells mediating inhibitory responses while KIR2DL4 is found 

primarily on NK cells, via these receptors HLA-G has the ability to play a pivotal role in 

both the adaptive and innate arms of the immune system (Rouas-Freiss et al., 2007; 
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Shiroishi, Kuroki, Rasubala, et al., 2006). HLA-G can provide the inhibitory effect via cell-

cell contact or through the release of soluble isoforms or shedding of membrane bound 

HLA-G directly into the blood circulation further enhancing its versatility. By interacting 

these receptors, HLA-G has been shown to inhibit maintenance and function of dendritic 

cells, alloproliferation of CD4+ T cells and cytotoxicity of NK and CD8+ T cells (LeMaoult, 

Krawice-Radanne, Dausset, & Carosella, 2004). Additionally, HLA-G has been shown to 

stimulate the development of immunosuppressive cells such as T regulatory and myeloid 

derived suppressor cells in certain pathological conditions (W. Zhang, Liang, Wu, & 

Horuzsko, 2008). Due to its vast inhibitory properties, HLA-G is considered as a unique 

naturally occurring tolerance-inducing molecule that can be directed to confer immune 

tolerance in specific scenarios. Such a development of tolerance can be extremely 

beneficial in case of solid organ transplants, decreasing the rate of acute and chronic graft 

rejection as well as reducing dependency on immune-suppressive drug regiments. 
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2. HLA-G structure and interaction with immune receptors. 

Similar to other classical MHCs, HLA-G comprises of a heavy chain, β2microglobulin 

(β2m) and an 8-10 amino acid peptide derived from proteolytically degraded proteins 

inside the cell. Of the various isoforms only HLA-G1 and HLA-G5 represent the full extra-

cellular length composed of three alpha domains assembled with the β2m in the 

endoplasmic reticulum, however variants can be found non-associated with β2m as well. 

The β2m associated structures can present nonameric peptides, their repertoire 

significantly restricted in comparison to other classical HLA molecules, as all amino acid 

exchanges of HLA-G occur outside the peptide binding groove of the alpha 1 and alpha 2 

domains (Shiroishi, Kuroki, Ose, et al., 2006). Due to this HLA-G is not identified as a 

foreign antigen by the T cell receptor and thereby does not induce a T cell based immune 

response. The remaining non-β2m associated structures are truncated isoforms missing one 

or two alpha domains. However, all full length and truncated isoforms are capable of 

forming disulphide linkages via the Cys-42 residue in the HLA-G α1 domain hence 

forming dimers, this property is unique for HLA-G alone (Boyson et al., 2002). Although 

numerous other class I MHC molecules possess unpaired Cysteine most are located along 

the transmembrane and cytosolic domains, as a result due to the reducing environment 

within the cells these residues do not form disulphide linkages hence no dimerization 

(Colonna et al., 1997). However, HLA-G possesses an unpaired free Cysteine in their 

extracellular domain allowing the formation of dimers along the cell surface that has 

resounding implications in its interaction with putative receptors. Via binding studies, it 

has been well established that the binding affinity and signaling efficiency of the dimer is 

significantly higher in comparison to the monomer (Favier et al., 2011). 
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Regarding its function, HLA-G acts as a ligand for LILRB1 and LILRB2 receptors 

engaging them via the alpha 3 domains. The LILRB1/LILRB2 receptors are expressed on 

subpopulations of T, B and NK cells as well as on monocytes, macrophages and dendritic 

cells (Liang, Zhang, & Horuzsko, 2006). There is selective specificity for the receptors 

with LILRB1 interacting exclusively with the β2m associated isoforms (HLA-G1 and 

HLA-G5) while LILRB2 is paired with the non-β2m HLA-G molecules (Gonen-Gross et 

al., 2005). As such sHLA-G and the membrane anchored structures has similar receptor 

specificity and affinity both producing potent immunosuppressive effects. However, HLA-

G dimers bind to LILRB1/B2 on target cells at a ratio of 1:2 (1 HLA-G dimer: 2 receptors), 

providing increased affinity and amplified signaling (Gonen-Gross et al., 2003; Shiroishi, 

Kuroki, Ose, et al., 2006). Engagement with a corresponding receptor by the HLA-G ligand 

results in immediate recruitment of SHP-1 and SHP-2 phosphatases leading to inhibition 

of the early T cell activation-signaling cascade (Liang et al., 2006). Several studies have 

shown that HLA-G–LILRB1/2 engagement increases IL-4 and IL-13, suppresses pro-

inflammatory cytokine release, and promotes secretion of IL-10 and TGF-β regulatory 

cytokines (Favier et al., 2011). HLA-G also effectively binds to the KIR2DL4 receptor on 

NK cells. In vitro studies have shown that KIR2DL4 is capable of interacting with β2m-

free HLA-G molecules and contrary to the LILR receptors, KIR does not bind to the α3 

domain but through α1 and α2, which tend to be more polymorphic. The monomer-dimer 

nature of the molecule has no role in the affinity towards this receptor. In addition, the 

outcome of HLA-G- KIR2DL4 interaction is rather dubious as the ligand has one element 

for inhibition in its cytoplasmic tail and a second for activation in the transmembrane 

domain. KIR2DL4 expression is transitory on the NK cell surface, with a main expression 
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in endosomes, reached by the endocytic process (Rouas-Freiss et al., 1997). The expression 

of LILRB1, LILRB2 and KIR2DL4 can be upregulated by HLA-G without any co-

stimulation meaning that these events can be independent of an immune response.  

In addition to these receptors, HLA-G can bind to CD160, their interaction on 

endothelial cells induces apoptosis, inhibits cell proliferation, tubule formation and 

suppress angiogenesis (Colonna et al., 1997). Moreover, the full-length isoforms HLA-G1 

and HLA-G5 are able to interact with the CD8+ T cell co-receptor directly resulting in 

induction of Fas/Fas L mediated apoptosis and inhibition of cytotoxic T cell activity 

(Desgrandchamps et al., 2018). 

 

HLA-G protein isoforms. Alternative splicing of the primary HLA-G mRNA transcript yields 7 protein 

isoforms: truncated isoforms are generated by excision of one or 2 exons encoding globular domains, whereas 

translation of intron 4 or intron 2 yields secreted isoforms that lack the transmembrane domain. 
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3. Immunosuppressive nature of HLA-G 

 In transplantation, tolerance is achieved by killing reactive cells, induction of 

anergy and recruitment of regulatory cells. HLA-G can achieve these effects and inhibit 

immune responses via its main inhibitory receptors LILRB1/2 expressed on T and B cells 

while NK cells mainly express KIR2DL4(Favier et al., 2011). With a wide population of 

target cells HLA-G can exert its tolerogenic effects in almost all arms of the immune 

system. In vitro experiments show HLA-G molecules suppress CD8+ T cell cytotoxicity 

via LILRB2 abrogating their activation and Granzyme B expression necessary for the cell’s 

destructive cytotoxic property (Kuroki et al., 2013). Additionally, HLA-G is capable of 

inducing apoptosis in a subpopulation of cytotoxic CD8+ T cells via the FasL pathway. 

HLA-G has been shown to prevent allogeneic proliferation of CD4+ T cells via inhibition 

of their cell cycle progression (LeMaoult et al., 2004). By binding to LILRB1, HLA-G can 

suppress both naïve and memory B cell proliferation, differentiation and Ig secretion in 

both T cell-dependent and -independent models of B cells activation. For development of 

long-term tolerance HLA-G has been shown to interact with dendritic cells via LILRB2 

inhibiting their maturation resulting in anergy and a diminished MHC class II, CD80 and 

CD86 expression. These anergic dendritic cells in turn promote T regulatory cell 

proliferation and prolong allograft survival. Furthermore, in LILRB1 transgenic mouse 

model it was demonstrated that HLA-G induces differentiation of myeloid derived 

suppressor cells that in turn promote long-term graft survival (W. Zhang et al., 2008). In 

vitro experiments have shown that HLA-G/sHLA-G isolated from transplant patients can 

exert similar tolerogenic effects on target cells. Conversely, in all experimental setting the 
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inhibitory effect of HLA-G can be abolished by using blocking antibodies specific to HLA-

G or its corresponding receptor. 

 Indirectly, presence of HLA-G itself leads to an enhanced expression of its 

corresponding receptors in target cells. This up-regulation is independent of antigenic 

stimulation; the subsequent elevated numbers of inhibitory receptors can significantly 

increase the threshold for immune activation of effector cells resulting in anergy and 

greater graft acceptance. HLA-G can confer suppressive roles to T cells by down-

regulating CD4 and CD8 receptors. These populations of CD3+CD4lowand CD3+CD8low T 

cells show an increased expression of CD45RA and exhibit a Th2 phenotype secreting IL-

4, IL-10 and IL-13 with low production of IFN-γ (Favier et al., 2011; Liang et al., 2006). 

These secreted cytokines have the ability to additionally up-regulate HLA-G expression. 

Another indirect inhibitory effect of HLA-G leading to long-term tolerance is via the 

generation of HLA-G expressing antigen-presenting cells (APC) (Liang et al., 2008). These 

cells can be generated in vitro by differentiation of monocytes into dendritic cells in 

presence of IL-10. These HLA-G expressing APCs classified as DC-10s are characterized 

by elevated expression of HLA-G1, LILRB1, LILRB2, and increased release of IL-10. 

These tolerogenic DC-10 via HLA-G are capable of interacting with CD4 and CD8+ T cells 

and promote their differentiation into adaptive allospecific regulatory T cells know as Tr1.  

This differentiation is IL-10-dependent utilizing the LILRB2/HLA-G pathway (Liang et 

al., 2008). Tr1 cells in turn exert additional immunosuppressive effects by producing high 

levels of IL-10 (Ristich et al., 2007). In transplantation DC-10 and Tr1 have been detected 

in peripheral blood as well as in secondary lymphoid organs.  
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HLA-G inhibitory receptors present on different cell types. LILRB1 receptors were shown on the cell surface 

of T cells, NK cells, B cells, monocytes, dendritic cells and macrophages; LILRB2 on monocyte, dendritic 

cell and macrophage cell surface; KIR2DL4 on T cell and NK cell surface; CD8 and CD4 on T cell surface; 

and CD160 on endothelial cell, T cell and NK cell surface. 
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4. Genetic Polymorphisms of HLA-G 

HLA-G expression is influenced by numerous polymorphisms found in its promoter 

and 3’ translated region (3’UTR), which can alter the affinity of gene-targeted sequences 

for transcriptional or post transcriptional factors (van der Ven, Pfeiffer, & Skrablin, 2000). 

Within the promoter itself there are up to 29 single nucleotide polymorphisms (SNP), 

which may play a role in HLA-G regulation. The most studied of such polymorphism has 

been the 14- base pair (bp) insertion/deletion (INS/DEL) polymorphism found in exon 8 

of the 3’UTR. The DEL allele allows for a more stabilized mRNA product leading to higher 

HLA-G expression. These variations in turn have a tangible effect in post transplantation 

outcomes. For example, bone marrow transplants heterozygous for the INS/DEL allele has 

a low risk for development of GVHD. In case of cardiac transplants, the 14 bp 

polymorphism was associated with higher levels of serum HLA-G, consequently these 

patients had significantly reduced cell-mediated rejection events in comparison to those 

lacking the polymorphism. Contrastingly, in kidney transplant patients the 14 bp INS/DEL 

polymorphism had no significant impact in transplant outcomes. These contradictory 

results necessitate the need for additional studies confirming the clinical utility of the 

INS/DEL polymorphisms in organ transplants (Chen et al., 2008; Donadi et al., 2011). 

Another significant polymorphism is the SNP C>G at the +3142 bp position. The 

presence of Guanine at +3142 increases the affinity of this region for microRNAs miR-

148a, miR-148b and miR-152 thereby decreasing the mRNA availability for translation. 

Corroborated by functional studies using HLA-G high expressing JEG-3 choriocarcinoma 

cells transfected with miR-148a (which binds preferentially to the 3142 SNP) that show 

decreased HLA-G levels (Jeong et al., 2014). Other SNPs in the HLA-G coding regions 
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have also been implicated in miRNA interaction: miR-93, miR-331-5p, miR-6161, miR-

513b and miR-589 specifically target the 14 bp INS/DEL polymorphic fragment region. 

Given that a potential polymorphism within the gene could be implicated in determination 

of HLA-G levels, this leads to a novel clinical application wherein HLA-G 

polymorphisms are utilized as genetic screening markers to identify at risk patient 

population and predict post-transplant outcome (van der Ven, Skrablin, Ober, & Krebs, 

1998). However additional work on the impact of polymorphisms on specific transplant 

outcomes is needed to comfortably assess this clinical potential. 
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5. Regulation of HLA-G expression 

HLA-G has been implicated in numerous pathological conditions including organ 

transplantation, inflammation, viral infections and tumors. These pathological expressions 

suggest that in addition to genetic control, HLA-G regulation is mediated by micro 

environmental factors as well. In this scenario several cytokines both anti-inflammatory 

(IL-10, IL-4, IL-5, IL-6) and pro-inflammatory (IL-2, IL-1β), transforming growth factors 

(TGF-β) or growth factors such as granulocyte macrophage colony stimulating factor (GM-

CSF) and granulocyte colony stimulating factor (G-CSF) have been found to up-regulate 

HLA-G(Kuroki et al., 2013). In context of allogeneic transplantations IFNs, IL-10 and 

TGF-β have been strongly implicated in altering HLA-G expression. Another important 

factor capable of regulating HLA-G is hypoxia, which is a common feature in all stages of 

organ transplantation including the organ’s procurement, starvation and its re-implantation 

(Gobin & van den Elsen, 2000; LeMaoult et al., 2013). In low oxygen microenvironments 

cells express the hypoxia inducible factor (HIF), which in turn interacts with hypoxia 

response element (HRE) in the promoter of target genes leading to possible HLA-G 

regulation. Although the HRE element within the HLA-G promoter region has been 

tentatively identified using in silico bioinformatics approaches, its functional capacity is 

still unknown. 

 It has been observed that continuous immunosuppressive therapy can induce HLA-

G expression in transplant patients. In cardiac transplants, patients under everolimus 

(RAD) therapy tend to have up to 75% higher levels of plasma HLA-G in comparison to 

those under mofetil (MMF) therapy (Luque et al., 2006). Contrastingly, cyclosporine 

(CsA) another common immunosuppressive agent had no influence on HLA-G 
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expression. RAD therapy in cardiac transplants may be doubly effective as inducing HLA-

G expression may amplify the drugs immunosuppressive effects leading to reduced 

allograft rejection (Esensten, Bluestone, & Lim, 2017). Other examples include the 

immunosuppressant CTLA4-Ig (Belatacept) a recombinant molecule which interferes 

with T lymphocyte activation and commonly used during kidney transplants. Belatacept 

treatment is significantly associated with high concentration of sHLA-G. Numerous in 

vitro studies demonstrate Belatacept dependent secretion of HLA-G by dendritic cells 

under allogeneic stimulus (Deschaseaux et al., 2011). The released HLA-G is a critical 

factor in T cell alloresponse inhibition and thereby significantly contributes to Belatacept 

mediated graft acceptance. 
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6. Role of HLA-G in transplantation 

  As a result of its immunosuppressive properties HLA-G has been extensively 

studied in the context of transplantation. In case of heart transplants HLA-G was detected 

in myocardial biopsies and serum samples of 20% of heart transplant patients. These 

patients had a significantly lower incidence of acute rejection in comparison to the HLA-

G negative group. These results have been corroborated by additional studies indicating 

that HLA-G or sHLA-G molecules contribute to an improvement in heart allograft survival 

post transplantation (Luque et al., 2006). Studies utilizing patient biopsy samples with 

proven humoral rejection response during solid organ transplants showed significantly 

lower sHLA-G levels in comparison to patients with no rejection events (Deschaseaux et 

al., 2011) . These observations reveal the potentiality of sHLA-G levels as a possible 

biomarker for predicting graft survival, the rational being that higher levels of HLA-G can 

interact with T cells thereby shutting down their cytotoxic capacity and severely crippling 

cell-mediated rejection response in transplants (Deschaseaux et al., 2011). Regarding the 

source of sHLA-G, in vitro studies demonstrated active release of HLA-G5 during 

allogeneic reaction by allospecific CD4+ T cells resulting in suppression of the T cell 

proliferative response. In other solid organ transplants such as liver and lung, higher HLA-

G expression was again shown to be strongly correlated with prolonged graft survival and 

fewer incidences of acute and chronic rejection (Basturk et al., 2006; Sanchez-Fueyo & 

Strom, 2011). In addition, HLA-G expression in blood has been associated with higher 

population of CD3+ CD4low FOXP3 expressing regulatory T cells associated with 

transplant acceptance. In vitro experiments had corroborated that HLA-G is fully capable 

of inducing these regulatory cells (Carosella et al., 2015; LeMaoult et al., 2004). Numerous 
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studies have investigated the role of HLA-G/sHLA-G during allogeneic hematopoietic 

stem cell transplants (HSCT). HLA-G5 levels show consistently elevated expression on 

day 15 and 30 post HSCT and is positively associated with reduced occurrence of GVHD. 

Although involvement of HLA-G in prevention of GVHD is well documented in relation 

with up-regulation of suppressor T cells, a comprehensive link between the two is yet to 

be established. Therefore, as such the beneficial involvement of HLA-G during HSCT is 

weak warranting additional research (Boukouaci et al., 2011). 

However, as HLA-G has the capacity to exist in various isoforms there arises a 

complexity due to the different potential effects of each isoform on transplantation 

outcome, with specific isoforms mediating distinct inhibitory effect on the immune 

response. In most scenarios the dimeric variant has a greater affinity to the receptor and 

hence is most strongly associated with prolonged graft survival. In a series of studies 

comparing soluble vs membrane bound isoforms, it was shown that reduced levels of 

soluble isoforms (G5) and elevated membrane bound (G1 and G3) are associated with acute 

allograft rejection episodes in patients with end stage renal disease. HLA-G dimer 

formation on the cell surface of the allograft will have significant role in regulating 

allogeneic recognition by the host immune system thereby providing a tolerogenic 

environment for graft survival. These studies demonstrate the necessity for further 

investigations on the differing roles of HLA-G isoforms in regulating immune responses 

in transplantation. 
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7. HLA-G as a novel therapeutic target for transplantation 

There are a plethora of in vitro and in vivo data establishing the beneficial role of 

HLA-G on allograft survival and development of immune tolerance. As a result, there is a 

growing interest in utilizing HLA-G as a therapeutic modality in clinical transplantation 

(Carosella, Moreau, Lemaoult, & Rouas-Freiss, 2008). One approach involves 

development of synthetic polypeptides, which mimic the alpha-3 domain of HLA-G alone 

or in combination with alpha -1 domain. Theses synthetic peptides have been shown to 

interact with LILRB2 receptor in a similar capacity to native HLA-G in vivo. A single 

treatment of the peptide significantly prolonged skin allografts on recipient mice while four 

weekly treatments induced complete tolerance (Deschaseaux et al., 2011; LeMaoult et al., 

2013). Another approach combines the tolerogenic capacity of HLA-G with the 

immunomodulatory function of mesenchymal stem cells (MSC). MSC have been utilized 

as a therapeutic tool for supporting the regeneration of damaged tissue due to its ability to 

differentiate into osteoblast, chondroplast or adipocytes depending on the 

microenvironment and external stimuli. In addition to stemness, MSC have numerous 

immunomodulatory capabilities due to secretion of soluble factors like IL-10, TGF-β, 

leukemia inhibiting factor and interestingly HLA-G5 (Nasef et al., 2007). HLA-G/sHLA-

G isolated from MSC supernatants is capable of expanding FOXP3 positive T regulatory 

cells and inhibition of T cell proliferation in allogeneic situation. Promisingly, secretion of 

HLA-G5 is amplified by direct cell contact of MSCs with allogeneic T cells. Although 

there is significant evidence on the safe application of MSCs in pathological conditions 

their beneficial effects are still debatable (Kordelas et al., 2014). Herein HLA-G expression 

might serve as a candidate marker for positive screening and isolation of specific MSCs 



 

33 

 

with strong immunosuppressive properties. Other simpler approaches include use of 

amniotic HLA-G secreting cells or direct injection of soluble HLA-G (Favier et al., 2011; 

Kuroki et al., 2013). Its viability for biotherapy has been investigated by injecting 

multimeric recombinant HLA-G aggregated with microbeads into mice implanted with 

allogeneic skin allografts. A single injection of HLA-G was associated with significant 

reduction in acute rejection. 

 

HLA-G has potent inhibitory effect on multiple participants of the allogeneic immune response involved 

in transplant rejection, making it a potential therapeutic target to prolong allograft survival. 
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8. Mechanism of human allograft rejection. 

    The rejection of allografts in solid organ transplantation can be mediated by both 

humoral immunity (hyperacute rejection) and cellular immunity (acute and chronic 

rejection). Although each type of rejection occurs by different mechanisms and with 

different kinetics, all must be averted for the recipient to receive the full benefits of the 

organ transplantation (Matas et al., 2015; Nelson & Krensky, 2001). The fastest form of 

rejection of allogeneic tissues occurs via the humoral, or hyperacute rejection which 

predominantly occurs during transplantation across mismatches in the ABO blood group 

antigens. Although severe and often fast, due to rapid testing techniques routinely 

performed prior to transplantation today this method of rejection is not often seen 

(Chapman, 2017; Halloran, 2010). The remaining types of cellular rejection, both acute 

and chronic, are primarily mediated by alloreactive T-lymphocytes (Riella et al., 2017). 

Generation of these cells during transplantation is mainly caused due to the degeneracy of 

the TCR. This is the ability of a single TCR to recognize multiple different peptide/MHC 

complexes leading to a higher than expected proportion of cells which can recognize 

allogeneic MHC. With the presence of such high numbers of alloreactive lymphocytes the 

rejection of allogeneic grafts is often robust. 

        There are two mechanisms involved in activation and priming of these alloreactive T 

cells for allogeneic rejection. In the first mechanism, the recipient’s T cells can recognize 

the donor MHC directly, aptly named direct antigen presentation. In the second 

mechanism, donor MHC molecules can be processed by host antigen presenting cells 

(APC), and host APC, a process termed indirect antigen presentation, can then present the 

resulting peptides (Sorokin, 2010). Current research in the field has concluded that up to 
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90% of allospecific T cells are utilizing the direct pathway (Wood & Goto, 2012). 
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9. Role of CTLs and Granzyme B in allograft rejection. 

        Amongst the different alloreactive T cells generated, the antigen specific cytotoxic T 

lymphocytes (CTLs) are the most lethal factor involved in allograft rejection both the direct 

and indirect pathway and the most potent death-inducing mechanisms used by these cells is 

granule exocytosis. These cytotoxic granules contain the pore-forming protein: perforin, 

and serine proteases named granzymes. The human genome encodes five granzymes: 

Granzyme A and B, and the orphan granzymes H, K, and M (Wensink et al., 

2014). Amongst them Granzyme B is the most extensively studied capable of inducing 

rapid cell death through the activation of caspase-dependent and -independent pathways 

(Hiebert & Granville, 2012). Specifically, the human Granzyme B can directly cleave the 

proapoptotic protein Bid, which generates an active form of Bid that translocate to the 

mitochondria and induces permeability. This Bcl-2-regulated pathway has rapid kinetics 

and causes the release of cytochrome c, which leads to downstream caspase activation, as 

well as the release of SMAC/Diablo, which augments caspase activation by inactivating 

the endogenous inhibitors of caspases. Granzyme B also acts on the mitochondria by 

inducing caspase-independent cell death through the generation of reactive oxygen species 

(ROS). In all, Granzyme B induces cell death through several pathways that can maximize 

its effectiveness (Lieberman, 2003; Revell et al., 2005). Histological sections have 

routinely shown the abundance of Granzyme B and perforin in many types of acutely 

rejected allografts (Altimari et al., 2008; Wagner et al., 2004). Granzyme/perforin 

pathways are the main mechanisms by which CTLs induce cell death in allografts, as 

exemplified by cell culture studies using cardiac myocytes, renal tubular epithelial cells, 

and vascular endothelial cells(Choy, 2010). Consistent with the in vitro data, in renal 
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transplant rejection it was observed that graft infiltrating CTLs induce allogeneic tubular 

cell death through a Granzyme B and perforin dependent pathway (Wensink, Hack, & 

Bovenschen, 2015). Most convincingly in knockout studies specifically targeting 

Granzyme B expression on CD8+ T cells had shown significantly improved bone marrow 

transplant outcomes in transgenic mice. 

 

Upon internalization, Granzyme B initiates apoptosis primarily through the localization of Bak/Bax that 

triggers mitochondrial cytochrome c release and apoptosome formation leading to caspase activation and 

manifestation of the apoptosis phenotype. Granzyme B can also bypass the mitochondrial pathway and 

initiate caspase activation directly and/or cleave caspase substrates such as the inhibitor of caspase-activated 

deoxyribonuclease (ICAD), thereby allowing CAD to translocate to the nucleus to fragment DNA.  
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10. Need for new therapeutic approaches for solid organ transplantation. 

The most common stratagem for prolonging allograft survival was to weaken the host 

immune system via immunosuppressant therapy. Drugs such as cyclosporine whose 

efficacy was rapidly proven in animal models of heart, kidney, pancreas and liver 

transplantation however in clinical trials was accompanied with several serious side effects 

These include toxicity to the kidney and pancreatic islets as well as a high incidence of B 

cell lymphoma (Leblanc et al., 2018). Although the next generation of calcineurin inhibitor, 

called tacrolimus, succeeded in many clinical cases in which cyclosporine had failed, the 

side effects of the new drug were not much improved. Other drug targets included the 

mammalian target of rapamycin (mTOR) an important regulator of lymphocyte 

progression into the cell cycle following signaling through the IL-2 receptor. The mTOR 

inhibitors, sirolimus (rapamycin) and everolimus, prevent the proliferative response of 

lymphocytes following stimulation, and therefore cripple the adaptive immune response to 

the allogeneic target. Like the other immunosuppressive agents, adverse effects were 

reported, including anemia, leukopenia and lymphoid malignancy (Anghel et al., 2013; 

Matas et al., 2015). To date, we have yet to discover a clinical therapeutic that successfully 

modulates the alloimmune response without leaving the patient at risk for severe infections 

or the development of cancer. Indeed, the toxicity, and associated illnesses, resulting from 

these treatments lead to a large percentage of adult patients being non-compliant with their 

medications (Veenstra, Best, Hornberger, Sullivan, & Hricik, 1999). Despite the great 

advances clinical transplantation has enjoyed in the last 50 years, there are still many 

hurdles to overcome to make permanent acceptance of allogeneic grafts a reality. 

Considering the cumulative effects of these drugs and the young age of many that are in 
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great need for life-saving transplantation, we undoubtedly need better reagents that will 

more consistently allow the permanent, immunosuppression-free survival of allografts. 

In addition to new treatment modalities there is a need for development of novel in vivo 

models which can accurately represent the human allogeneic responses involved in graft 

rejection. Detailed understanding of complex biologic and pathologic processes such as 

allograft rejection requires an in vivo system that can be manipulated experimentally. 

Because of obvious ethical constraints inherent to studies in humans, the creation of animal 

models that faithfully recapitulate the human immune system are crucial for both the basic 

scientific and medical research communities. Rodent models of human diseases have 

greatly expanded our knowledge of disease processes without placing patients at risk for 

adverse events. Unfortunately, not all findings in animal studies are successfully translated 

to clinical interventions for human disease. Immunological studies for transplantation and 

autoimmune diseases have proven particularly difficult due in part to differences between 

murine and human immune systems. A small animal model possessing a functional human 

immune system would aid the research and medical communities in many ways. First, it 

would circumvent the frustrations associated with failures of translation from the bench to 

the clinic. Second, a much more detailed in vivo analysis of human immunity would be 

possible. Third, new therapeutics and protocols for the prevention of diseases mediated by 

allo- or autoreactive cells could be investigated, with the added ability to investigate 

mechanisms of action without putting patients at risk. Finally, with the advancement of 

new therapeutics, it would allow for investigations of human specific reagents in a setting 

in which detailed mechanistic studies could be performed. 
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11. Humanized mouse models for transplantation. 

Mouse models mimicking human pathological conditions have been invaluable for 

research, however even the most perfect model is incapable of depicting the human 

physiological system in its entirety. This leads to discrepancies when applying observations 

gained from mouse models to the human clinical setting. Herein humanized mouse model 

systems have emerged as an integral research tool for study of pathological conditions in a 

simulated human immune system represented in the mouse. Basically, a humanized mouse 

is an immunodeficient mouse engrafted with the human hematopoietic system.  The 

humanized mouse system was developed via the systemic progression of genetic 

modification on immunodeficient mice; currently the NOD (non-obese-diabetic) scid 

(severe combined immunodeficient) gamma (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) is one of 

the most amenable strains for research (Alcantar-Orozco, Gornall, Baldan, Hawkins, & 

Gilham, 2013). The NSG mice have shown the highest rates of engraftment supporting 

proliferation of human B and T cells. An NSG mouse is a non-obese-diabetic model 

harboring the Prkdcscid mutation along with a homozygous target mutation at the IL-2R 

gamma chain locus. A loss of function of the Prkdc gene causes VDJ recombination’s to 

be inhibited leading to decreased expression of immunoglobulin genes and T cell receptors. 

The IL-2R gamma chain is a crucial receptor for cytokines; its mutation severely impairs 

NK cell development. Advantageously, this mutation significantly expanded the mice’s 

life span while other immunodeficient mice tend to die prematurely due to thymic 

lymphomas. Taken together the NSG mice lack mature T cells, B cells, with defective NK 

cell activity and altered antigenic expression thereby yielding the best engraftment rates in 

comparison to other strains (Liu et al., 2019). 
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The engraftment of human immune system can be achieved with various types of cells 

1, fetal cells, 2, Human Peripheral Leukocytes and 3, Human hematopoietic stem cells. As 

fetal cells are immature, they require additional implants of human thymus and lymph node 

tissue into the NSG mice. Although this approach is the most comprehensive humanized 

model this route requires advanced surgical skills and technical expertise (Alcantar-Orozco 

et al., 2013). The human peripheral leukocytes on the other hand can be injected directly via 

the intra venous or the interfemoral route. As peripheral leukocytes in blood tend to be 

mature, this model provides a fast yet robust model for studying human immune responses 

in vivo. The third approach involves direct injection of human stem cells, similar to fetal 

cells this approach also necessitates the implantation of human thymic tissue for maturation 

of the engrafted immune cells. Post injection, the initial 5-10 weeks during which 

engraftment takes place will be critical with the mouse being acutely vulnerable to 

pathogenic infections. By the end of the 6th week preferably human CD45 cells should 

occupy around 35% of the overall cell population in the engrafted NSG mouse, denoting 

successful engraftment and repopulation in the mice (Satheesan et al., 2018; Xia, Li, 

Satheesan, Zhou, & Rossi, 2019). 

        In the field of transplantation research, the NSG humanized mouse has become the 

go-to model for studying GVHD as well as for testing T-regulatory cells (Tregs) as a 

potential therapy for minimizing rejection. Xenograft studies using the NSG model have 

demonstrated the action of human Tregs in modulating transplantation rejection and have 

provided insights into the pathological nature of GVHD (Racki et al., 2010). In addition, 

since the NSG mice provide successful generation of human T cells, this model has been 

impactful for the study of drugs that target such a cell population, e.g., teplizumab. In 
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retrospect, the NSG mouse strain has proven to be a versatile strain for the study of the 

human immune system and disease condition in mice.  

      In this study we have focused on the effects of HLA-G dimer on modulation of the 

function of immune cells using NSG humanized models. We have also developed 

appropriate control methods and humanized models to characterize human allograft 

rejection using classical and modified immunosuppressive therapies. Our observations 

show the NSG humanized mouse model as being immunologically competent to 

distinguish related vs unrelated allogeneic challenge. Furthermore, amongst closely related 

donors our model can be used to pick the most viable candidate which will yield the least 

allogeneic reaction from the host immune system.  This will allow clinicians to optimize 

and immunologically ‘‘personalize” the treatment of allograft rejection as well as the 

selection of potential donors.  
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II. MATERIALS AND METHODS 

1. Enrolled cohort and study design. 

Kidney transplant recipients (KTRs) were enrolled for the study as per protocol 

611136, approved by the Augusta University Institutional Review Board. The blood 

samples from healthy volunteers (HVs) were obtained from the Shepeard Community 

Blood Center, Augusta, GA, USA. Written informed consent was obtained from all 

subjects participating in the study. A total of 130 KTRs were enrolled in the study, 

including 64 males and 66 females with a median age of > 40 yr. T cell mediated rejection 

(TCMR) was confirmed from a renal allograft biopsy by a pathologist and was selected as 

criteria for the RJ group. Forty patients had graft failure as a result of TCMR after a mean 

of 1863 d. The control nonrejected (NR) group was selected from among 90 patients who 

showed no history of rejection (after using the same immunosuppressive and therapeutic 

regimen) and retained a functional kidney allograft for > 5 yr. The majority of the kidney 

transplant patients had suffered end-stage renal disease due to complications associated 

with diabetes (17.4%), glomerular disease (42.42%), polycystic kidney disease (33.33%), 

hypertension (21.87%), and other causes (18.18%). 
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2. Animals and generation of humanized mouse models. 

      The LILRB1 transgenic mouse model was generated in our laboratory previously 

(Liang et al., 2008). Briefly, we used an improved version of a human CD2 minigene‐based 

vector, provided by Dr. D. Kioussis at the National Institute for Medical Research, London, 

UK. This cassette (11.2 kb) includes flanking sequences of the promoter, a unique 

transcription initiation site, and the locus control region of the human CD2 gene. This 

expression cassette (VA hCD2) has been used to drive the T cell‐specific expression of 

various transgenes in vivo. LILRB1 cDNA (2.0‐kb fragment, provided by Dr. M. Colonna, 

Washington University School of Medicine, St. Louis, MO) was subcloned into the SmaI 

site of the expression vector. After confirming the nucleotide sequence of the LILRB1 

expression vector, the 13.2‐kb plasmid‐free fragment was microinjected into the pronuclei 

of fertilized oocytes of C57BL/6 mice. The expression of LILRB1 receptor on murine cells 

has been determined by flow cytometry using an anti‐CD85j mAb (BD Biosciences, San 

Diego, CA). Two independent lines of LILRB1 transgenic mice have been established and 

maintained on a C57BL/6 background as transgenic heterozygotes. Experiments were 

conducted in accordance with institutional guidelines for animal care and use. 

      For development of a humanized mouse model, we used NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 

(NSG) mice from The Jackson Laboratory (Bar Harbor, ME, USA). NSG mice (5–12-

week-old) were given a single intravenous lateral tail injection of 8.0 x 106 human 

peripheral blood mononuclear cells (PBMCs) from HVs. The samples were taken with 

signed informed consent following approval from the Institutional Review Board of 

Augusta University. PBMCs were collected in EDTA and purified by Histopaque 1077 

(MilliporeSigma, Burlington, MA, USA) density gradient. To assess the rate of human cell 
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engraftment in the humanized mice, flow cytometry analysis was conducted using blood 

samples from the humanized mice and control non engrafted mice. Red blood cells were 

lysed using ammonium chloride-potassium lysis buffer (A1049201; Thermo Fisher 

Scientific, Waltham, MA, USA) followed by staining of PBMCs with anti-human CD45 

(368531,1:400) and anti-mouse CD45 (109823,1:400) mAb (all from BioLegend, San 

Diego, CA, USA). For studies on human allogeneic responses in vivo, a humanized mouse 

received 2.0 x 106 PBMCs from unrelated donors with 25 U/ml recombinant human IL-2 

(rhIL-2) (202-IL-010; R&D Systems, Minneapolis, MN, USA). In some experiments, mice 

were treated with 30 ng of HLA-G dimer on d 0. HLA-G dimer was prepared and purified 

as previously described in refs 35 and 36. On d 5, mice were euthanized, and human cells 

were analyzed for the activation of T cells and intracellular expression of Granzyme B 

(Ajith et al., 2019). All animals were housed in pathogen-free facilities and maintained in 

accordance with Augusta University Institutional Animal Care and Use Committee 

guidelines. These studies were performed in strict accordance with the recommendations 

in the Guide for the Care and Use of Laboratory Animals [National Institutes of Health 

(NIH), Bethesda, MD, USA]. 
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3. Human plasma separation, immunoprecipitation and immunoblotting. 

    Depletion of unwanted proteins that could interfere with the immunoprecipitation of 

HLA-G from plasma was performed using ProteoPrep Immunoaffinity Albumin and IgG 

Depletion Kit (Protia-1KT; MilliporeSigma) in accordance with the manufacturer’s 

recommendations. Total protein concentration was determined by the Bradford Protein 

Assay (500-0006; Bio-Rad, Hercules, CA, USA). Immunoprecipitation was performed as 

previously described in Ezeakile et al (Ezeakile et al., 2014). Briefly, proteins from all 

depleted human samples were resuspended at the same concentration. Equal amounts of 

protein from each sample were mixed with cold RIPA buffer at 1:1 ratio and incubated on 

ice for 15 min. Protein G bead slurry (161-4021; Bio-Rad) was then added to precipitate 

the remaining Ig, and the mixture was incubated at 4°C for 1 h and centrifuged at 8000 g 

for 1 min. Two microliters of HLA-G antibody (MEM-G/9), anti-HLA-G mAb (7758; 

Abcam, Cambridge, United Kingdom) was added to the supernatant, and the mixture was 

incubated at 4°C overnight. After incubation, protein G bead slurry was again added to the 

plasma lysate, which was then incubated at 4°C for 1 h and centrifuged at 8000 g for 30 s. 

Samples were run under both reduced and nonreduced conditions. For reduced conditions, 

the mixture was denatured at 95°C for 5min and centrifuged at 8000 g for 5min. The 

supernatant was loaded onto 10% resolving gels for electrophoresis. Proteins were 

transferred onto a PVDF membrane (1PFL00010; MilliporeSigma). The membrane was 

blocked with 5% bovine serum albumin (Thermo Fisher Scientific) and incubated with 

MEM-G/9 mAb (1:2000; Abcam), followed by goat anti-mouse IgG-horseradish 

peroxidase– conjugated antibody (sc-516102, 1:2000; Santa Cruz Biotechnology, Dallas, 

TX, USA). Chemiluminescent horseradish peroxidase–conjugated detection reagent 
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(E2500; Denville Scientific, Holliston, MA, USA) was used to detect the HLA-G–specific 

bands (Ajith et al., 2019). Quantitation of blotted proteins was determined by densitometry 

analysis of scanned films using ImageJ software (NIH). 
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4. Human T cell activation, HLA-G dimer treatment and LILRB1 receptor 

blocking studies 

1 x 107 human PBMCs were incubated for 3 days in Roswell Park Memorial Institute 

(RPMI) 1640 medium containing 25 U/ml rhIL-2 and 2.5 mg/ml of concanavalin A (ConA) 

(C2010; MilliporeSigma) for adequate stimulation. For inhibition studies, cells were 

treated with 10 ng/ml of HLA-G dimer for up to 4 h prior to stimulation. In addition, 

LILRB1 receptor–blocking studies were performed with 20 µg/ml of anti-LILRB1 mAb 

(333702; BioLegend) prior to HLA-G dimer pretreatment and stimulation (Ajith et al., 

2019). Cell membrane–bound HLA-G was blocked using 50 µg/ml of anti-HLA-G mAb 

(130-111-848; Miltenyi Biotech, Bergisch Gladbach, Germany). 
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5. Human transplant rejection PCR assays and real time quantitative PCR. 

Cells from patients of both NR and RJ groups were harvested, and total RNA was isolated 

using Trizol reagent (15-596-026; Thermo Fisher Scientific) and purified using RNEasy 

mini kit (74104; Qiagen, Venlo, The Netherlands). A total of 1 mg high-quality total RNA 

was then reverse transcribed using the First Strand Synthesis Kit (330404; Qiagen) and 

subsequently analyzed by the Human Transplant Rejection RT2 Profiler PCR Array 

(PAHS-166Z; Qiagen) in accordance with the manufacturer’s instructions. Qiagen’s online 

analysis tool (https://www.qiagen.com/us/shop/genes-and-pathways/data-analysis-center-

overviewpage/) was used to formulate the comparative heat maps, and fold change was 

determined by calculating the ratio of mRNA levels to control values using the Δ cycle 

threshold (Ct) method (2-ΔΔCt). All data were normalized based on the mean of the following 

3 housekeeping genes: ACTB, GAPDH, and HPRT1. PCR conditions used for the Applied 

Biosystems Step One Plus Real Time PCR System (Applied Biosystems, Foster City, CA, 

USA) involved holding for 10 min at 95°C followed by 40 cycles of 15 s at 95°C and 60 s 

at 60°C. For real-time quantitative PCR (qPCR) analysis, a total of 1 µg of total RNA was 

isolated and then reverse transcribed using the first strand synthesis kit (Qiagen). One 

nanogram of cDNA was then amplified by real time PCR using primers. Specific primer 

sequences and expected product sizes are listed in Table 1. Quantification was performed 

by normalizing the Ct values of each sample to rRNA, ACTB, GAPDH, and HPRT1. Values 

are expressed as fold induction in comparison with the NR group. Real-time qPCR was 

performed for 40 cycles of 20 s at 95°C and 30 s at different temperatures for an annealing 

or extension step using an ABI StepOnePlus Detection System (Applied Biosystems). 
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6. Human gene 2.0 ST arrays and data analysis. 

Cells from HVs were harvested and total RNA isolated as previously described. RNA 

purity and concentration were evaluated by spectrophotometry using NanoDrop ND-1000 

(Thermo Fisher Scientific). RNA quality was assessed by the Agilent 2200 Tape Station 

(Agilent Technologies, Santa Clara, CA, USA) and assured of an RNA integrity number 

≥7. The Human Gene 2.0 Sense Target (ST) Array (Thermo Fisher Scientific), which 

covers 24,838 genes, was used for the gene expression profiling. Total RNA samples were 

processed using the GeneChip Whole Transcript Plus Reagent Kit (Thermo Fisher 

Scientific). The kit was used to generate sense strand cDNAs using 250 ng of starting RNA 

material. The synthesized sense strand cDNAs (5.5mg) were fragmented, biotin labeled, 

and hybridized onto the arrays according to the manufacturer’s protocol. After 16 h of 

hybridization, the arrays were washed and stained using Affymetrix GeneChip Fluidics 

Station 450 systems (Thermo Fisher Scientific). The stained arrays were scanned on an 

Affymetrix GeneChip Scanner 3000 (Thermo Fisher Scientific). Data were obtained in the 

form of .cel files, which were imported into Partek Genomic Suites v.6.6 (Partek, St. Louis, 

MO, USA) using the standard import tool with a Robust Multi-array Average 

normalization. The differential expressions were calculated using ANOVA of the Partek 

package and filtered with a cutoff value of P = 0.05 and fold-change cutoffs to screen out 

the differentially expressed genes in each comparison. The significant gene list was used 

to generate a hierarchical clustering plot by the standardized expression values. Further 

analysis for the Venn diagram and signaling pathway was carried out using the 

Transcriptome Analysis Console 4.0 (Applied Biosystems). Additional real-time qPCR 

was performed as previously described (Ajith et al., 2019). 
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7. Murine T cell activation, HLA-G dimer treatment, LILRB1 blocking.  

We stimulated 2 x 106 cells isolated from solenocytes of LILRB1 transgenic and control 

wild-type (WT) mice in 6-well plates with anti-mouse CD3 mAb (100313; BioLegend). 

Plates were precoated with anti-CD3 mAb at 10 µg /ml. Anti-mouse CD28 mAb (14-0281-

82; Thermo Fisher Scientific) at a concentration of 2 mg/ml was added, and cells were 

incubated at 37°C for 72 h. HLA-G dimer treatment was performed as previously described 

for human T-cell activation. LILRB1 receptor–blocking studies were performed with 20 

µg/ml of anti-LILRB1 mAb (333704; BioLegend) prior to HLA-G dimer treatment and T-

cell stimulation. 
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8. Antibodies and flow cytometry analysis. 

For each experimental condition, cells from human PBMCs and mouse PBMCs or 

splenocytes were isolated and labeled with the following antibodies at 4°C for 45 min in 

the dark: anti-human CD3 (300412, clone UCHT1, 1:300), CD4 (17-0049-73, clone 

RPAT4, 1:300), CD8 (301008, clone RPA-T8, 1:300), CD25 (302606, clone BC96, 1:200), 

and FOXP3 (32007, clone 150D, 1:300); anti-human/mouse GZMB (515403, clone GB11, 

1:300); anti-mouse CD3 (100321, clone 145-2C11, 1:300), CD4 (100407, clone GK1,5, 

1:200), CD8 (100713, clone 53-6.7, 1:300), and CD25 (10211, clone PC61, 1:200) (all 

from BioLegend). All samples were pre incubated with TruStain fcX (101320, clone 93, 

1:100) (BioLegend) to block the Fc receptors. Intracellular staining was carried out using 

the True Nuclear Transcription Factor Kit (BioLegend). Samples were acquired on the 

FACS Canto (BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo software 

(FlowJo; BD Biosciences, San Jose, CA, USA). Dead cells were excluded from analysis 

based on the forward and side scatter characteristics. 
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9. Cell based flow cytometry assay to measure cytotoxicity of human CD8+ T 

cells 

A flow cytometry–based killing assay was used to compare the in vitro cytolytic activity 

of CD8+ T cells isolated from HVs under stimulated vs. HLA-G dimer–treated conditions 

as previously described. K562 target cells were washed with PBS, resuspended at 1x106 

cells/ml and labeled with 120 mM of 5 (6)-carboxyfluorescein diacetate succinimidyl ester 

(CFSE) (65-0850-84; Thermo Fisher Scientific). These labeled target cells were plated 

onto 6-well tissue culture plates along with the indicated effector cells (stimulated or 

treated PBMCs) in complete RPMI medium containing 25 U/ml of rhIL-2 (23). The 

effector:target cell ratio was maintained at 10:1 for all time points. Immediately prior to 

analysis, 1 ml of 7-amino-actinomycin D (7-AAD) (420403; BioLegend) was added to 

each sample. We used 7-AAD incorporation as a surrogate marker for late cell death or 

apoptosis. When excited by 488 nm laser light, 7-AAD fluorescence is detected in the far-

red range of the spectrum (650 nm long-pass filter). All cytotoxicity assays were performed 

in duplicate. Data are representative of 3 or more individual cytotoxicity experiments. 
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10. Statistical Analysis 

All data are expressed as means ±SD. Differences between experimental and control 

groups were assessed by a 2-tailed, unpaired Student’s t test using Prism (GraphPad 

Software, La Jolla, CA, USA). ANOVA was used for demographic analysis for comparison 

of multiple parameters. A value of P, 0.05 was considered to be statistically significant. 
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III. RESULTS 

 

 

1. High levels of sHLA-G dimer is asscoiated with prolongation of kidney allograft 

survival. 

      In order to identify potential factors involved in the beneficial role of sHLA-G dimer 

in allograft survival, we performed a comprehensive analysis of plasma levels of sHLA-G 

monomer and sHLA-G dimer in expanded groups of NR and RJ kidney transplant patients 

with different demographic status such as age, race, and gender. sHLA-G was 

immunoprecipitated from plasma of the blood sample, followed by immunoblotting 

analysis and quantification. We observed 2 bands in the immunoblot: the sHLA-G 

monomer with a molecular mass of 39 kDa and the dimer with molecular mass at 78 kDa 

(Fig. 1A). The levels of sHLA-G dimer were significantly higher in the NR compared to 

the RJ transplant group, while the monomeric form showed no difference between the two 

groups (Fig. 1B). Further, we investigated the possibility of an inherent disparity in sHLA-

G dimer levels due to demographic status such as age, gender or race. Regarding racial 

background, we observed there was a greater incidence of TCMR among the African 

American population; however, their sHLA-G dimer levels were comparable to the 

Caucasian group (Fig. 1C, Table 2). This is indicative of perhaps a pre-disposed condition 

of strong TCMR among the African American demographic. Regarding the disparity due 

to gender, we noted that females had a slightly higher level of sHLA-G dimer in 

comparison to males however the increase was not significant (Fig. 1C, Table 2). 

However, among the present cohort, females also had a higher rate of TCMR for the 
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transplants. In the case of age, we observed that the   sHLA-G dimer level gradually 

increased with age; however, post 70 yr. the levels decreased. Interestingly, patients 

younger than 40 yr. had a greater rate of TCMR, which was significantly reduced in 

patients older than 40 yr. Meanwhile, the sHLA-G dimer level increased with age, hinting 

their levels might be beneficial for the establishment of prolongation of allograft survival.  
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Figure 1. Soluble HLA-G dimer levels are higher in non-rejected (NR) than rejected (RJ) kidney 

transplant patients and are not affected by demographic status. 

 A) Representative immunoblot showing sHLA-G monomer and sHLA-G dimer levels from plasma of KTR 

(n= 40 per group). Each lane represents one patient. B) Dot plots show-pooled data as mean band density of 

sHLA-G dimer and sHLA-G monomer in NR and RJ kidney transplant patients. Data presented as mean ± 

SD. ***p <0.001. C) Data represent the level of sHLA-G dimer among the various demographic categories 

of KTR. African American (AA). TABLE 2) Summary data shows the sHLA-G dimer levels between NR 

and RJ kidney transplant patients identified by their demographic status. n.s., not significant. 
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2. Increased expression of membrane-bound HLA-G on CD8+ T cells of nonrejected 

kindey transplant patients. 

      sHLA-G is generated through two mechanisms: alternative splicing and proteolytic 

shedding from the membrane-bound form, which is mediated by metalloproteinases. 

Mainly, sHLA-G dimer accumulates in the blood plasma after shedding from its 

membrane-bound form that is expressed on immune cells such as CD4, CD8 and peripheral 

monocytes. To identify the potential source of elevated sHLA-G dimer in plasma of NR 

patients, we analyzed expression levels of the corresponding membrane-bound HLA-G 

amongst its target expressed cells. Peripheral monocytes expressing HLA-G were slightly 

greater in number in the NR group (Fig. 2A, right panels). However, among the T cell 

populations, CD8+ T cells expressing membrane-bound HLA-G made up to 30% of the 

total in the NR group, while only 10% of the CD8+ T cells in the RJ group were HLA-G 

positive (Fig. 2B, right panels). Moreover, the significant increase was restricted to the 

CD8+ T cells alone, while HLA-G-expressing CD4+ T cell numbers were similar between 

the 2 groups (Fig. 2B, right panels). Analysis of the HLA-G expression pattern in the 

various mononuclear cells from healthy volunteers demonstrated minimal levels of HLA-

G and only 10% of circulating CD8+ T cells expressing membrane bound HLA-G (Fig. 3). 

In addition, despite the differences in the number of HLA-G expressing cells, the overall 

percent of CD4+ and CD8+ T cells between the transplant groups remain unchanged (Fig. 

4A). Therefore, these findings may suggest a significant contribution by CD8+ T cells 

expressing membrane-bound HLA-G to the increasing levels of sHLA-G in the plasma of 

the patients. The high level of sHLA-G dimer in serum and increased expression of the 

membrane-bound form of HLA-G on CD8+ T cells in the NR group of KTRs may affect 



 

61 

 

the function of immune cells and make them less potent to reject an organ/tissue allograft. 

This is especially relevant as the cytotoxic responses of CD8+ T cell are responsible for the 

majority of graft tissue destruction. 
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Figure 2. Increased expression of HLA-G on CD8+ T cells of NR patients.  

A) Representative flow cytometry plots from NR and RJ kidney transplant patients (n=10 per group), showing 

the gating strategy used to determine HLA-G expression on CD14+ CD3- cells (monocytes). Histogram 

depicts HLA-G expression as red lines for the RJ kidney transplant recipients and blue lines for NR patients. 

Filled histogram represents isotype control (Iso). Graphical summary shows the frequency (%) of HLA-G- 

expressing monocytes within each group. Data presented as mean ± SD.  B) Representative flow cytometry 

dot plots from NR and RJ transplant patients (n= 10 per group) gated on CD8+ and CD4+ populations of T 

cells. Histograms depict HLA-G expression of the NR (blue line) and R (red line) groups. Graphical summary 

shows the frequency (%) of HLA-G- expressing CD4 and CD8+ T cells within each group. Data are shown 

as mean ± SD. ***p <0.001. Data in (A) and (B) are representative of at least two separate experiments. n.s., 

not significant. 
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Figure 3. HLA-G dimer expression in healthy volunteers.  

Representative flow cytometry plots from HV (n=7), showing the grating strategy used to determine HLA-

G expression on CD14+ monocytes and CD4+ and CD8+ T cells. Histogram depicts HLA-G expression as 

blue lines for monocytes, red line for CD8+ T cells and green for CD4. Filled histogram represents isotype 

control (Iso). Data are shown as mean ± SD.   
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Figure 4. Percent of CD4+ and CD8+ T cells and LILRB1 expression remain unchanged between NR 

and RJ patients.                                                                       

A) Representative flow cytometry plots from NR and RJ patients (n=10 per group), gated on CD4+ and CD8+ 

T cells showing minimal difference in cell numbers between the groups. B) Representative flow cytometry 

plots gated on CD8+ T cells analyzed for LILRB1 and HLA-G expression. Data are shown as mean ± SD, 

analyzed by Student’s t test n.s., not significant. 
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3. Transcription level and protein expression of Granzyme B are elevated in 

peripheral CD8+ T cells in patients with rejection of kidney transplant and low 

level of sHLA-G dimer. 

   To determine the potential effect of sHLA-G dimer on the function of human immune 

cells, especially on modulation of functions in CD8+ T cells, we performed transcriptional 

analyses of genes isolated from PBMCs of transplant recipients using the RT2 Human 

Transplantation Rejection Array. Screening the expression profile of 84 key genes 

implicated in transplantation rejection demonstrated a significant increase within the RJ 

group (> 2-fold) of several genes, including Chemokine (C-C motif) ligand 4 (CCL4), 

CD14, CXCL11, CXCR4, IL2, TGFB1, VCAM1, Granzyme A (GZMA), Granzyme B 

(GZMB) in comparison to the NR group (Fig. 5A). However, only the GZMA and GZMB 

transcript increase was statistically confirmed in the RJ group by using additional RT-

qPCR analyses and custom primers (Fig. 5B and Table 1). Flow cytometry analysis of the 

protein expression of Granzyme B in patient PBMCs revealed that peripheral monocytes 

showed slight expression for Granzyme B; however, the number of positive cells was 

nonsignificant between the RJ and NR groups. We observed a significantly increased 

number of Granzyme B-expressing CD8+ T cells in the RJ group compared with the NR 

group (20.0%  0.2.87% compared to 10.9%  1.7%, p < 0.05, Fig. 5C).  Moreover, as 

shown in Fig. 2B, the RJ patients had lower numbers of HLA-G-positive CD8+ T cells. 

This expression pattern of low sHLA-G dimer and high Granzyme B in CD8+ T cells of RJ 

patients while the NR CD8+ T cells show high sHLA-G dimer and low Granzyme B 

expression led us to investigate the broad effects of sHLA-G dimer on gene expression in 

immune cells. 
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Figure 5. Increased transcript and protein levels of Granzyme B associated with human kidney 

allograft rejection. 

RNA was extracted from PBMCs of both RJ and NR groups of kidney transplant recipients. Individual 

samples were processed using Human Transplant Rejection RT2 Profiler PCR Array and analyzed using the 

Qiagen Online Program. The gene expression was normalized to the average of three housekeeping genes, 

ACTB, GAPDH and HPRT1, and the expression of each gene relative to the NR group is depicted.  A) Heat 

map and associated scatter plot showing fold change of transplant rejection-specific genes comparing RJ vs 

NR (n=4 per group). Red indicates increased expression, and green indicates decreased expression. B) The 

pattern of transplant rejection gene expression was confirmed by custom RT-qPCR (primers in Table 1), 

using RNA isolated from PBMCs of both R (n=30) and NR (n=15) kidney transplant recipients. The gene 

expression was normalized to GAPDH levels, and the fold change in mRNA levels of each gene in the R 

group compared to the NR group is shown. Only the GZMA and GZMB gene expression increases (> 5-fold 

for GZMB) were statistically confirmed in the R group in comparison to the NR group. Data presented as 

mean ± SD. * p <0.05, ****p <0.0001. C) Representative flow cytometry dot plots from NR and R transplant 

patients (n=10 per group) gated on CD8+ T cells. Histograms depict Granzyme B expression of the NR (blue 

line) and R (red line) groups. Filled histogram represents isotype control (Iso). Graphical summary shows 

the frequency (%) of Granzyme B-expressing CD8+ T cells in each group. Data are as shown as mean ± SD. 

* p <0.05. Data are representative of two separate experiments. n.s., not significant. 
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4. Transcriptome profile analysis identifies potential targets of sHLA-G dimer 

    To determine the global effects of sHLA-G dimer on immune cell genes we used PBMCs 

from healthy volunteers to avoid the influence of medication regiments taken by our 

transplant patient cohorts. We performed Gene Array analysis using the GeneChip Human 

Gene 2.0 ST Array to assay the differential expression of 24,838 genes in PBMCs from 

these healthy volunteers. PBMCs were pretreated with HLA-G dimer followed by 

activation with concanavalin A (ConA) and IL-2. The main aim of this experiment was to 

identify the potential genes whose expression was significantly affected by HLA-G 

pretreatment followed by the activation. We used unstimulated PBMCs to serve as control 

for hierarchical clustering to sort out only those genes affected by HLA-G treatment (Fig. 

6A). We further enriched this set of genes using pathway analysis and observed that the 

genes differentially expressed between the HLA-G-treated and untreated groups had a 

significant effect in allograft rejection, being downregulated or upregulated in their 

respective signaling pathway (Fig. 6B, Fig. 7). Moreover, HLA-G treatment induced 

downregulation of Granzyme B gene expression, a key molecule responsible for graft 

destruction. Interestingly, HLA-G treatment induced significant upregulation of its 

receptor LILRB1, which is expressed mainly on CD8+ T cells (Fig. 6C). Activation of 

resting PBMCs showed a greater than 10-fold induction in IL-2 expression. However, 

HLA-G pre-treatment completely abrogated this and, moreover, induced a 5-fold 

downregulation of the same cytokine (Fig. 6C). These observations point towards an HLA-

G/LILRB1-based interaction signaling via IL-2 to downregulate Granzyme B in CD8+ T 

cells. This signaling network is in line with prior established data showing the crucial role 

of IL-2 in Granzyme B induction in CD8+ T cells (Janas, Groves, Kienzle, & Kelso, 2005). 



 

69 

 

  



 

70 

 

Figure 6. Transcription profile analysis identifying potential targets of HLA-G.  

A) The Human Gene 2.0 ST array was used to plot the heat map representing the differential expression of 

genes between unstimulated and stimulated healthy volunteer PBMCs with or without HLA-G pre-treatment. 

A hierarchical clustering model was used to segregate individual gene expression in each group into reduced 

expression (blue) and overexpressed (red) conditions. B) The Transcriptome Analysis Console 4.0 (Applied 

Biosystems) was used to make a Venn diagram, sorting genes specifically changed by the HLA-G treatment 

(green) vs. untreated (Red). Those genes showing differential expression common to both groups were 

analyzed to obtain a histogram of affected signaling pathways in order of significance. The allograft rejection 

pathway had 17 genes upregulated (shown in orange) and 18 genes downregulated (shown in green), with 

specific genes of interest depicted in the scatter plot. Statistical significance for the histogram was calculated 

using a two-sided Fisher’s Exact Test. C) Custom RT-qPCR was carried out to confirm the fold change of 

target genes playing an integral role in T cell activation and allograft rejection comparing HLA-G-treated vs 

untreated samples (n=4 per group). Data are as shown as mean ± SD. *p < 0.05, ***p <0.001, ****p <0.0001. 

n.s., not significant. 
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Figure 7. Targets involved in allograft rejection signaling affected by HLA-G treatment. 

Using TAC 4.0, genes in the allograft rejection pathway showing differential expression due to HLA-G 

treatment were selected and represented as being upregulated (red) or downregulated (green) due to HLA-G 

treatment. *TT: Indicated therapeutic target for decreased allograft rejection (GNLY, 

GZMB,PRF1,IFNG,FPXP3,TGFB1,ILI1b,IL17A,C3); *TT: Indicated therapeutic target to prolong allograft 

survival (CXCL9.CXCL11.)  
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5. HLA-G dimer modulates expression of Granzyme B on CD8+ T cells 

    Our observations from kidney transplant patients have suggested a regulatory signaling 

between HLA-G dimer and Granzyme B specifically targeted to CD8+ T cells. To further 

dissect this relationship, we designed an in vitro model wherein PBMCs isolated from 

healthy volunteers were pretreated with HLA-G dimers followed by activation with 

ConA/IL-2. Subsequently CD8+ T cells were analyzed for their Granzyme B expression, 

cytotoxicity and surface marker profile for confirmation of their cellular phenotype. We 

observed that almost 45% of activated CD25+ CD8+ T cells were Granzyme B-positive post 

activation, suggesting their expression is associated with the activation pathway (Fig. 8A-

B). However, HLA-G dimer treatment of PBMCs prior to stimulation resulted in 

significant inhibition of CD8+ T cell activation and Granzyme B expression (Fig. 8A). To 

further understand how HLA-G dimer inhibits CD8+ T cell activation and Granzyme B 

expression, we investigated the involvement of its primary receptor LILRB1. Our analysis 

on transplant cohorts had shown that despite the rejection status all patients had 

comparatively similar levels of CD8+ LILRB1+ HLA-G- T cells (Fig. 4B). In addition, 

HLA-G and LILRB1 expressing double positive CD8+ T cells were not significant as well 

(Fig. 4B). Furthermore, we determined that LILRB1, which is the dominant HLA-G 

receptor expressed in CD8+ T cells, was upregulated in our transcription profile studies 

(Fig. 7C). 
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Figure 8. HLA-G dimer inhibits activation of CD8+ T cells and Granzyme B expression in vitro.  

A) Representative flow cytometry plots from healthy volunteers, showing gating strategy used to identify 

CD25+ -expressing activated CD8+ T cells for indicated groups (n=5 per group). Histograms depict Granzyme 

B expression of CD8+ CD25+ cells as the red line. Filled histogram shows the isotype control (Iso). The flow 

cytometry dot plots shown are from one of two separate experiments. Graphical summary shows the 

frequency (%) of CD8+ CD25+ Granzyme B+ cells per group. Data are as shown as mean ± SD. *p < 0.05, 

***p <0.001.  B) Immunofluorescence microscopy showing unstimulated and stimulated PBMCs from 

healthy volunteers with or without HLA-G dimer pre-treatment (n=5 per group). Number of Granzyme B-

positive cells was determined by immunofluorescence staining with anti-Granzyme B mAb conjugated with 

FITC; nuclear staining is shown by DAPI (original magnification, x20. Scale bars, 50 μm). Graphical 
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summary shows the number of Granzyme B- positive cells counted per group.  Data are shown as mean ± 

SD. *p < 0.05. Data are representative of two separate experiments. n.s., not significant. 
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6.  LILRB1 is the essential receptor of HLA-G for its inhibitory effect on CD8+ T 

cells 

     To dissect the involvement of LILRB1 on inhibitory effect of HLA-G in CD8+ cells we 

used transgenic mice expressing human LILRB1 on T cells. Immune cells were isolated 

from both LILRB1 transgenic and WT mice and were pretreated with HLA-G dimers 

followed by activation with anti-CD3/CD28 mAb (Fig. 9A). Our results demonstrated that 

the activation of CD8+ T cells and Granzyme B expression of cells isolated from LILRB1 

transgenic mice were significantly inhibited with HLA-G dimer treatment, while cells from 

WT mice lacking LILRB1 receptors were not affected by HLA-G (Fig. 9B, C). The data 

from these experiments suggested that LILRB1 is the major receptor through which HLA-

G dimer can mediate its inhibitory effects on the activation of CD8+ T cells and its 

expression of Granzyme B. To further establish LILRB1 as the main axis for HLA-G to 

exert its immune-modulatory effects, we performed experiments where LILRB1 was 

blocked by specific mAbs (Fig. 10A). Under these experimental conditions, the inhibitory 

properties of HLA-G were completely reversed; stimulation alone yielded 52.3% 

CD8+CD25+Granzyme B expressing cells, which was reduced to 18.2% with HLA-G 

pretreatment. However, abrogating the HLA-G-LILRB1 interaction reversed the HLA-G 

inhibitory effect and returned it to the normal stimulated levels of 49.8% 

CD8+CD25+Granzyme B expressing cells (Fig. 10B). Moreover, blocking the membrane-

bound HLA-G on the PBMCs with anti-HLA-G mAb had minimal effect on inhibition, 

showing that the tolerogenic effect of sHLA-G dimer requires an active interaction with 

LILRB1, rather than a cis interaction between the membrane-bound form of HLA-G 

interacting with its receptor. Together we have effectively proven that LILRB1 is the 
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primary HLA-G receptor on CD8+T cells and that the HLA-G-LILRB1 interaction is 

required for its inhibitory properties. 

 

 



 

78 

 

 

  



 

79 

 

Figure 9. LILRB1 receptor is essential for HLA-G dimer-mediated inhibition of CD8+ T cell activation 

and Granzyme B expression in LILRB1 transgenic mice.  

A) Experimental design schematic showing time course for LILRB1 receptor blocking, HLA-G treatment, 

CD3/CD28 activation, and cell isolation using LILRB1 transgenic and WT mice. B) Representative flow 

cytometry dot plots from LILRB1 transgenic and C) WT mice gated on CD8+ T cells depicting their 

Granzyme B expression and activation status, based on CD25 expression in the indicated groups (n=5 per 

group). Graphical summary shows the frequency (%) of CD8+ CD25+ Granzyme B+ cells per group. Data 

presented as mean ± SD. *p < 0.05, ***p <0.001, ****p <0.0001. Data from one of two separate experiments 

are shown. n.s., not significant. 
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Figure 10. LILRB1 receptor is essential for HLA-G dimer-mediated inhibition of CD8+ T cell 

activation and Granzyme B expression in human PBMCs.  

A) Experimental design schematic showing time course for LILRB1 or HLA-G blocking, HLA-G treatment, 

ConA/IL-2 activation and cell isolation using PBMCs from healthy volunteers. B) Representative flow 

cytometry dot plots from healthy volunteers, gated on activated double-positive -CD8+ CD25+ T cells in the 

indicated groups (n=10 per group). Histograms depict Granzyme B expression of activated CD8+T cells as 

the red line. Filled histogram shows the isotype control (Iso). Graphical summary shows the frequency (%) 
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of CD8+ CD25+ Granzyme B+ cells per group.  Data presented as mean ± SD. ***p <0.001, ****p <0.0001. 

n.s not significant 
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7. Engraftment kinetics of human PBMCs in NSG mouse 

The inhibitory effect of HLA-G has been successfully demonstrated in our in vitro models 

using human PBMCs and cells from LILRB1 transgenic mice. However, for effective 

translation into the clinical transplantation field, the immunomodulatory effect of HLA-G 

on allogeneic recognition and allograft survival must be demonstrated in a suitable in vivo 

model. Thus, we designed a novel in vivo humanized mouse model utilizing the NOD-

scid IL2Rgammanull mouse (NSG) which has been the representative gold standard for 

studies involving human lymphohematopoietic cells. Initially we investigated the NSG 

mice engraftment potential for human PBMCs, an essential factor for the humanization 

phase. To determine this NSG mice were subjected to full body sublethal irradiation of 

2Gy and injected i.v via the tail vein either 5, 8 or 10 million purified PBMCs isolated from 

a healthy volunteer (Fig. 11A). Each cell dose group was analyzed by flow cytometry 3 

weeks post injection for engraftment of human lymphohematopoietic cells within the 

spleen. We observed the highest rates of engraftment with up to 45% human CD45+ cells 

in the spleen of the NSG mice receiving 10 million PBMCs. The 8 million-cell dose group 

showed 39% while the 5 million dose yielded less than 20% hCD45 engraftment after 3 

weeks (Fig. 11B). Based on this data maximal engraftment was efficiently achieved with 

either 8 or 10 million PBMC, hence for all subsequent studies the former cell dosage (8 

million cells) was used for NSG-PBMC humanization. Post humanization we observed that 

almost 70% of engrafted hCD45+ cells were CD3+ T cells with a CD4:CD8 ratio of 1:4. 

This predisposition towards amplified CD8+ T cell expansion has been previously reported 

and is commonly observed in the NOD background due to greater selective interaction 

between murine MHC Class I molecules and human CD8+ T cells. However, despite their 
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selective proliferation a significant majority of up to 60% of the engrafted CD8+ T cells 

showed a naive T cell (TN) phenotype being CD62L+CD25- while only 10% showed an 

effector phenotype (TE) with CD62L-CD25+ expression profile (Fig. 11C). A similar 

pattern was observed amongst CD4+ T cells as well wherein majority up to 80% maintained 

a naïve phenotype. These results show that the NSG mouse shows efficient engraftment of 

human PBMCs while maintaining the lymphocytes in a naïve state prime for activation in 

response to suitable stimuli. 
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Figure 11. Engraftment kinetics of human PBMCs in NSG mouse.  

A) Experimental design for NSG humanization with mature PBMCs from selected Healthy Volunteer. B) 

Representative flow cytometry dot plots depicting rate of engraftment 3 weeks post injection. Human imune 

cells were identified as hCD45+ gated against the murine CD45+ cells within the spleen. Maximal engraftment 

was achieved with either 8 or 10 million PBMC doses. The flow cytometry dot plots shown are from one of 

two separate experiments. Graphical summary shows the frequency (%) of hCD45+ cells per group of PBMCs 
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used. Data are as shown as mean ± SD. C) Flow cytometry dot plots of NSG mouse spleen post humanization 

depict gating strategy identifying naïve T cells (TN) as CD62L+CD25- and effector T (TE) cells with a 

CD62L-CD25+ expression profile within each of the human CD4 and CD8 subgroups.   Data are shown as 

mean ± SD. ***p < 0.001. n=5 per group.N.S., not significant. 
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8. NSG-PBMC mouse exhibits a CD8+ T cell driven pro-infalmmatory response to 

allogeneic challenge 

 Post humanization and engraftment validation, the NSG-PBMC mouse was subjected to 

an allogeneic challenge either by PBMCs from an unrelated donor (UD) or a closely related 

donor (RD) of the healthy volunteer used for the initial humanization protocol. This 

challenge would be induced by tail vein injection of up to 3 x 105 PBMCs, serving as the 

stimulus to test the efficiency of the newly engrafted human lymphocytic cells to mount an 

appropriate immune response. An autologous challenge with the volunteer’s own PBMCs 

served as the control. In the allogeneic challenge the UD PBMCs induced significant 

splenomegaly with massive cell infiltration within 5 days of the challenge. However, the 

RD allogeneic and the autologous control showed negligible effects (Fig. 12). Additional 

flow cytometry analysis of the spleen showed a significant activation of the infiltrated 

CD8+ T cells with up to 15% showing CD25 expression in the UD group in comparison to 

the RD challenge (3%). Furthermore, up to 70% of activated CD8+CD25+ T cells in the 

UD group showed pro-inflammatory cytotoxic phenotype with high expression of Perforin 

1, Granzyme B and IFN-γ (Fig. 13A). The RD challenge elicited minimal cytotoxic 

phenotype from the infiltrated CD8+ T cells. The autologous challenge induced negligible 

CD8+ T cell activation and a very minimal cytotoxic phenotype. These observations were 

corroborated with immunofluorescence microscopy of spleen sections of the 

corresponding challenge groups, as shown we observed maximal infiltration of Granzyme 

B expressing CD8+ T cells within the UD allogeneic challenge (Fig. 13B). The NSG-

PBMC humanized mouse model showed a selective pro-inflammatory CD8+ T cell-based 

response on the UD allogeneic stimuli while at the same time exhibited a tempered and 
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controlled reaction to the RD challenge. These observations establish that our NSG-PBMC 

humanized mouse model is immunologically sensitive and specific enough to resolve the 

allogeneic stimulus exhibited by a related vs unrelated donor. 
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Figure 12. NSG-PBMC mouse exhibits proinflammatory response to allogeneic challenge. 

Schematic representation describing the NSG-PBMC humanization phase followed by the various challenge 

groups. Significant splenomegaly was observed in the UD allogeneic group 5 days post challenge while the 

RD and Autologous control showed minimal effects. 
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Figure 13. Allogeneic response in NSG-PBMC model mediated by cytotoxic CD8+ T cell infiltration 

A) Representative flow cytometry dot plot of infiltrating human immune cells within the spleen of NSG-

PBMC mouse 5 days post challenge. Activated cells identified as CD45+CD8+CD25+ T cells were gated with 

corresponding histogram depicting their Granzyme B, Perforin, IL-6 and IFN-γ expression. The graphical 

summary shows frequency of cytotoxic CD8+CD25+Granzyme B+ T cells within each group. Data are shown 

as mean ± SD. ***p < 0.005. N.S., not significant. B) The immunofluorescence microscopy sections depict 

spleen of the corresponding groups. Granzyme B-positive cells were determined by staining with anti-

Granzyme B mAb conjugated with FITC; nuclear staining is shown by DAPI and human CD8+ T cells with 

anti-CD8 mAB conjugated with PE.  
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9. HLA-G dimer pretreatment inhibits allogeneic recognition in the NSG-PBMC 

humanized mouse model 

Once we had established the validity of the NSG-PBMC humanized mouse model to 

exhibit a significant immune response against an allogeneic challenge, we utilized this 

model to demonstrate the robust immunosuppressive effect of HLA-G and assess its 

therapeutic potential. During the humanization phase, as standardized earlier 

approximately 8 x106 PBMCs from a healthy volunteer were injected into the NSG mouse 

via tail vein. Three weeks post injection we observed successful engraftment with up to 

40% of human CD45+ cells in the spleen of the NSG mouse for both autologous and UD 

allogeneic challenge groups (Fig. 14B). Post humanization, as established previously the 

allogeneic challenge with unmatched donor PBMCs served to elicit an allogeneic response, 

while the autologous challenge with the volunteer PBMCs served as the control. In the 

allogeneic group we observed significant splenomegaly due to massive cell infiltration 

within 5 days of the challenge; however, this was effectively minimized with HLA-G 

pretreatment, while the autologous challenge group showed negligible effects (Fig. 14C). 

Flow cytometry analyses confirmed that during allogeneic recognition in vivo, donor 

activated human CD8+ T cells became activated with markedly upregulated Granzyme B 

expression. Remarkably, HLA-G dimer pretreatment during this challenge significantly 

downregulated the activation of recipient CD8+ T cells (from 32.5% to 14.2%) and the 

expression of Granzyme B (from 66.1% 4.1% to 17.1%  5.2%, Fig. 14D). Overall HLA-

G dimer pretreatment during the allogeneic challenge in vivo effectively abrogated CD8+ 

T cell-mediated allogeneic recognition. 
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Figure 14. HLA-G dimer inhibits activation of CD8+ T cells and Granzyme B expression in a 

humanized mouse model of allogeneic recognition.  

A) Experimental design schematic showing the humanization of NSG mouse with HV PBMCs followed by 

the challenge phase with autologous or allogeneic PBMCs. B) The phenotype of engrafted human T cells in 

the humanized mouse generated for the challenge conditions was determined based on human CD45 

expression (HCD45) and negative staining with anti-murine CD45 mAb (MCD45). Representative flow 

cytometry dot plots from the humanized mouse for the indicated groups (n = 4 mice/group) showing a 

population of human CD45 cells with further gating to show HCD8+ T cells at the third week of 

engraftment. C) Spleens isolated from the different groups show significant splenomegaly with allogeneic 

challenge, which is minimized with HLA-G treatment. D) Representative flow cytometry dot plots from 

spleen of humanized mouse shows a population of human activated CD8+ CD25+ T cells after allogeneic 

challenge with or without HLA-G treatment. Autologous challenge serves as control. Histograms depict 

GZMB expression of activated CD8+ CD25+ T cells (red line). Filled histogram shows the isotype control 

(Iso). Graphical summary shows the frequency (%) of CD8+ CD25+ GZMB+ cells per group. Data presented 

as means ± sd. **P < 0.01, ***P < 0.001. 
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10. HLA-G dimer inhibits cytotoxic capacity of CD8+ T cells. 

Our in vitro and in vivo models together established the inhibitory effect of HLA-G dimer 

treatment on CD8+ T cells. We further investigated whether HLA-G dimer could inhibit 

the functional cytotoxic capacity of CD8+ T cells. We used a flow cytometry-based killing 

assay in which stimulated PBMCs with or without HLA-G pretreatment were incubated 

with CFSE-labeled K562 target cells (Fig. 15). The killing capacity of the stimulated cells 

was assayed by measuring the extent of cell death among K562 cells as indicated by the 

incorporation of 7-AAD, an early marker of cell death. The amount of target cell killing 

was associated with Granzyme B expression in the CD8+ T cells among the different 

groups. We determined that HLA-G dimer pre-treatment significantly inhibited target cell 

killing (Fig. 15), indicating decreased cytotoxicity of CD8+ T cells. In contrast, resting 

PBMCs showed the least killing capacity due to negligible levels of activated CD8+ T cells 

(Fig. 16). This experiment demonstrates that HLA-G dimer treatment can abrogate the 

cytotoxicity of CD8+ T cells, which is one of the main pathways for graft tissue destruction 

in allograft rejection. 
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Figure 15. HLA-G dimer inhibits cytotoxicity of CD8+ T cells.  

PBMCs from healthy volunteers (n=5 per group) were stimulated with ConA/IL-2 as described in Materials 

and Methods. Data from flow cytometry-based killing assay are shown. In the representative flow cytometry 

dot plots (left panels) K562 target cells are shown as CFSE-positive cells and the effector PBMCs are CFSE-

negative populations.  CFSE-positive target cells were gated and analyzed for 7-AAD incorporation as an 

early indicator of cell death (right panels). Graphical representation indicating percent of apoptotic cells per 

group. Data presented as mean ± SD. *p < 0.05, ***p <0.001. Representative from one of three separate 

experiments is shown. n.s., not significant. 
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Figure 16. Inhibition of cytotoxicity of CD8+ T cells by HLA-G dimer is associated with reduced 

Granzyme B expression. 

Flow cytometry based killing assay with representative dot plots gated on effector PBMCs based on their 

lack of CFSE staining and analyzed for Granzyme B expression on CD8+ T cells (n=5 per group). Data as 

shown as mean ± SD and analyzed by Students t-test.  ***p <0.001, ****p <0.0001 
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IV.  DISCUSSION 

 

 

The data presented here show an unknown mechanism of HLA-G-mediated 

downregulation of the cytotoxic function of CD8+ T cells and Granzyme B expression for 

prolongation of kidney allograft survival. HLA-G is a powerful molecule associated with 

immune tolerance and immunosuppression. HLA-G preferentially binds to LILR receptors, 

KIR2DL4, and CD8 molecules. The LILR receptor family includes activating (LILRA1, 

LILRA2, LILRA3) and inhibitory (LILRB1, LILRB2, LILRB4) receptors. Protein 

sequence motifs known as immunoreceptor tyrosine-based activating motifs (ITAMs) and 

immunoreceptor tyrosine-based inhibitory motifs (ITIMs) are responsible for the activating 

or inhibitory signals transmitted by LILR (Brown et al., 2004; Ravetch & Lanier, 2000). 

The mechanisms of binding and engagement of the specific activating or inhibitory 

receptors by HLA-G is still a subject of debate. Discovery of the HLA-G dimer form 

significantly improves our knowledge in controlling the balance of the activating or 

inhibitory signals. The crystal structure of the HLA-G dimer demonstrated the importance 

of the intermolecular Cys42-Cys42 disulfide bond for dimer formation (Kuroki et al., 2013). 

In addition, the proper structural configuration of the dimer makes it more efficient to bind 

inhibitory LILRB receptors and CD8 molecules to induce selective dominant inhibitory 

signaling pathways.  

Here we demonstrate that a high level of sHLA-G dimer in plasma of KTRs is 

associated with functioning kidney transplants. Moreover, we show that this association 

was not dependent on age, gender or race, but higher sHLA-G dimer levels correlated most 

strongly with the graft survival and could be a potential marker for prediction of allograft 
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survival. Particular sources of elevated HLA-G dimer in plasma of transplant patients 

includes the secretion of soluble HLA-G or shedding from the cell surface of the 

membrane-bound form of HLA-G by metalloproteinases and formation of disulfide-linked 

dimers by natural oxidation. It was previously demonstrated that a disulfide-linked HLA-

G dimer mediates an inhibitory signal through LILRB1 100-times more than that of HLA-

G monomer (Favier et al., 2011). Moreover, HLA-G dimer provides much more efficient 

signals than HLA-G monomer by binding both LILRB1 and LILRB2 at the same time 

(Shiroishi, Kuroki, Ose, et al., 2006). It is interesting that the membrane-bound form of 

HLA-G can also form a disulfide-linked dimer on the cell surface of the human 

choriocarcinoma cell line Jeg3, which endogenously expresses HLA-G, as well as HLA-G 

transfectantants (Boyson et al., 2002). In the future, it will be important to determine if this 

form of HLA-G dimer exists on the cell surface of HLA-G-expressing cells in kidney 

transplant patients and if so, its potential role in modulation of the function of immune 

cells. Moreover, Gonen-Gross et al. discovered that the β2microglobulin-free form of 

HLA-G also forms disulfide-linked dimers and multimers on the cell surface similar to the 

dimer form of normal β2microglobulin-associated HLA-G protein, which we demonstrated 

above in our study (Gonen-Gross et al., 2005; Gonen-Gross et al., 2003). Since β 

2microglobulin forms a major contact site between LILRB1 and HLA-G that is specific 

for LILRB1 only, the β2microglobulin-free form may not provide inhibitory signaling 

through LILRB1. The role of the β2microglobulin-free form of HLA-G remains elusive, 

and more studies are warranted in the future, especially in patients with organ transplants. 

Our data demonstrated that the number of CD8+ T cells expressing the membrane-bound 

form of HLA-G significantly increased in patients with functioning kidney transplants. 
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This finding indicates that CD8+ T cells might be an important source of HLA-G dimer. In 

addition, the expression of HLA-G on CD8+ T cells could directly compromise the function 

of these cells. LILRB receptor has potent immunosuppressive effects capable of 

suppressing alloantigen activated T cells and inhibiting T cell mediated rejection. Recent 

studies have identified CD8+ LILRB1+ T cells in the peripheral blood as a possible 

biomarker for predicting recurrence in bladder cancer. However, in our study we could not 

determine a significant difference in CD8+ LILRB1+ T cells between R and NR groups that 

excludes these cells as potential marker for kidney graft survival. 

Rejection of solid allografts by the recipient immune system is mediated by several 

mechanisms, a major one of which is the T cell effector mechanism. Cytotoxic 

lymphocytes, which include CD8+ T cells, some CD4+ T cells, and NK cells, are directly 

involved in elimination of cells with different MHC backgrounds. CD8+ T cells are the best 

representative CTL population. Granule-mediated cytotoxicity is one of the major 

mechanisms used by CD8+ T cells to eliminate allografts. After antigen recognition, 

activated CD8+ T cells release the contents of their cytotoxic granules into the extracellular 

space, where they are taken up by the target cell, and apoptosis is initiated (Lieberman, 

2003). One of the major components of cytotoxic granules is serine proteases, known as 

granzymes of which Granzyme B is a potent pro apoptotic molecule. A gene expression 

profile of PBMCs from kidney transplant patients demonstrated a significant increase of 

several genes involved in transplantation rejection in patients with rejected grafts compared 

to patients with functioning grafts. The increase in GZMA and GZMB transcripts was 

statistically confirmed by additional RT-qPCR analyses. Moreover, protein expression of 

Granzyme B was found to be significantly increased in CD8+ T cells from the rejected 
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group compared to patients with functioning grafts. In addition, the level of expression of 

the membrane-bound form of HLA-G on CD8+ T cells and plasma level of HLA-G dimer 

were significantly less in rejected patients,  which could indicate a negative association 

between expression of HLA-G and Granzyme B. Interestingly, Gene Array analysis to 

assay the differential expression of 24,838 genes affected by HLA-G dimer treatment of 

human PBMCs showed a significant effect of HLA-G in the allograft rejection pathway 

(Fig. 6A-B). The most affected representative genes included IL-2, IL-12, GZMB, CTLA4, 

and LILRB1 (Fig. 6C). The granzyme genes are known to be inducible, because T cells 

must be activated before the cytolytic molecule is expressed at the mRNA or protein levels. 

IL-2 is a master regulator of perforin and granzyme gene expression in CD8+ T cells. 

Moreover, the binding sites for the IL-2-induced transcription factor STAT5 have been 

located in the perforin promoter region. It is possible that the response of granzymes to IL-

2 is due to enhanced cell viability or proliferation and not to direct induction (Cai, Dierich, 

Oulad-Abdelghani, Chan, & Kastner, 2009; J. Zhang, Scordi, Smyth, & Lichtenheld, 

1999). However, Janas et al. clearly demonstrated that IL-2 directly regulates granzyme 

gene expression in CD8+ T cells independently of its effects on survival and proliferation. 
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Our study has demonstrated that the inhibitory effect of HLA-G dimer on activation 

and cytotoxic capacity of CD8+ T cells is mediated by the decreased Granzyme B 

expression. It is well established that T cell-mediated Granzyme B-dependent cytotoxicity 

is initiated by the specific recognition of antigenic peptides presented on class I MHC 

molecules (in addition to co-stimulatory and cytokine signaling) by the T cell receptor, 

which involves the recruitment and activation of the tyrosine kinases Fyn, Lck and ZAP70. 

This early signaling cascade is crucial for T cell activation. HLA-G-based inhibitory 

receptors such as LILRB1 have immunoreceptor tyrosine-based inhibitory motifs in their 

cytoplasmic tail to recruit the protein tyrosine phosphatase SHP-1, which can 

dephosphorylate molecules involved in the early activation pathway for T cells, resulting 

in inhibitory signaling (Carosella et al., 2015). Our in vitro and in vivo studies using a 

humanized mouse model demonstrated that HLA-G dimer can prevent activation of human 

CD8+ T cells in allogeneic stimulation and even with more potent ConA/IL-2 treatment, 

leading to inhibition of Granzyme B expression and decrease of the cytotoxic potential of 

CD8+ T cells. The experiments with LILRB1 transgenic mice and LILRB1 blocking studies 
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demonstrated the requirement of this HLA-G-specific inhibitory receptor in the novel 

mechanism of HLA-G dimer-mediated inhibition of Granzyme B expression and 

diminished the cytotoxic capacities of human CD8+ T cells. We do not exclude the 

possibility that other inhibitory receptors, especially LILRB2, which is primarily expressed 

on monocytes, B cells and dendritic cells, contribute indirectly to this inhibitory signaling 

mechanism and may have an additional separate role in allograft survival. Overall, our 

findings support that HLA-G dimer plays an important role in the prolongation of allograft 

survival, as observed in kidney transplant patients, and provide a novel mechanism by 

which HLA-G dimer inhibits the cytotoxic capabilities of CD8+ T cells via downregulation 

of Granzyme B expression and the essential involvement of the inhibitory receptor 

LILRB1. Therefore, HLA-G with its specific inhibitory axis emerges as an effective 

therapeutic target for prolonging graft survival in transplant patients. 
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V. SUMMARY 

 

In summary our study has described a novel mechanism by which HLA-G dimer can inhibit 

CD8+ T cell cytotoxicity through its primary inhibitory receptor LILRB1. Our initial 

observations utilizing kidney transplant patient samples established a positive correlation 

between sHLA-G dimer levels and prolongation of kidney allograft survival. Further 

dissection of the patient’s lymphocytic expression profile revealed a significantly elevated 

number of HLA-G expressing CD8+ T cells in the nonrejected KTR while vice versa the 

rejected group showed greater Granzyme B expression. The observation led us to 

hypothesize an inverse relation between HLA-G expression and Granzyme B within CD8+ 

T cells. The idea was significant as the role of Granzyme B expressing CD8+ T cytotoxic 

T lymphocytes within allograft rejection was well established with Gzmb-/- animals 

showing improved bone marrow transplant outcomes. We made use of multiple approaches 

including whole array genomic analysis, LILRB1 transgenic mouse and in vitro T cell 

activation to effectively demonstrate the immunosuppressive effect of HLA-G in both 

CD8+ T cell activation and cytotoxicity.  To effectively establish the therapeutic potency 

of HLA-G dimer we developed a novel humanized mouse model of allogeneic recognition. 

Using the NSG-PBMC humanized mouse we were able to significantly inhibit the 

allogeneic response using HLA-G dimer treatment.  
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