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Abstract

Background and Aims: In otherwise near-normal appearing biopsies by routine light 

microscopy, next generation pathology (NGP) detected close pairings (iPAIRs) between 

lymphocytes and antigen presenting cells (APCs) that predicted immunosuppression weaning 

failure in pediatric liver transplant (LTx) recipients (iWITH, NCT01638559). We hypothesized 

that NGP-detected iPAIRs enrich for true immune synapses (ai-SYN), as determined by nuclear 

shape metrics, intercellular distances, and supramolecular activation complex (SMAC) formation.

Approach and Results: Intralobular iPAIRs (CD45high lymphocyte - MHCII+ APC pairs; 

n=1167, training set) were identified at low-resolution from multiplex immunohistochemistry-

stained liver biopsy slides from several multicenter LTx immunosuppression titration clinical 

trials (iWITH; NCT02474199; iWITH-in). After excluding complex multicellular aggregates, 

high resolution imaging was used to examine immune synapse formation (n=998). By enriching 

for close intra-nuclear lymphocyte-APC distance (mean: 0.713 μm) and lymphocyte nuclear 

flattening (mean ferret diameter: 2.1), SMAC formation was detected in 29% of iPAIR-engaged- 

vs. 9.5% unpaired-lymphocytes. Integration of these morphometrics enhanced NGP-detection of 

immune synapses (ai-iSYN). Using iWITH pre-weaning biopsies from eligible patients (n=53; 18 

tolerant, 35 non-tolerant; testing set), ai-iSYN accurately predicted (87.3% accuracy vs. 81.4% for 
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iPAIRs; 100% sensitivity, 75% specificity) immunosuppression weaning failure. This confirmed 

the presence and importance of intralobular immune synapse formation in liver allografts. 

Stratification of biopsy mRNA expression data by ai-SYN quantity yielded top-20 genes involved 

in T cell activation and immune synapse formation and stability.

Conclusions: NGP-detected ai-SYN (subpathological rejection) in LTx patients prior to 

immunosuppression reduction suggests that NGP-detected (allo)immune activity usefulness for 

titration of immunosuppressive therapy in various settings.

Graphical Abstract

Keywords

Immune monitoring; transplantation; immune synapse

Understanding the pathophysiological mechanisms of liver allograft injury and eventual 

rejection vs. allograft acceptance [reviewed in (1, 2)] is predicated in studies of immune 

activity in the hepatic lobules (3–6). Immune synapses result when antigen is presented 

to lymphocytes from hematopoietic-derived antigen presenting cells [APCs; reviewed in 

(7, 8)]. Specifically, prior observations of T cell interactions with APCs in liver revealed 

that: a) intrahepatic T cell priming occurs primarily, but not exclusively, via Kupffer 

cells in experimental animal models (5); b) gene expression studies of liver transplant 

(LTx) recipients who failed immunosuppression (IS) withdrawal (ISW) showed upregulation 

of “antigen presentation” gene pathways (9); c) a lower density of lobular CD8+ cells 

predict successful ISW (3, 4); and d) CD8+ effector T cells drive T cell-mediated rejection 

(TCMR) after ISW (10). Based on lymphocyte flattening and supramolecular activation 

complex (SMAC) formation at the point of contact between a T cell and an APC (11–15), 

immune synapses can be morphologically defined when imaged experimentally using high 

resolution (HiRes) microscopy (16–20), live cell imaging (13, 21, 22) or flow cytometry 

(23). However, relatively few groups have attempted to evaluate immune synapses in 

human formalin-fixed, paraffin embedded [FFPE, (4, 9, 11, 12, 24–27)] or frozen tissue 

specimens (28, 29). Next generation pathology (NGP) is defined as automated multiplex 

immunohistochemistry (mIHC) followed by whole slide imaging (WSI) and automated 
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image analysis (1). NGP offers a practical approach to link observations from experimental 

animal models to human liver allograft biopsies.

ISW trials highlight the need for assays to guide effective IS titration to maintain 

allograft health in a quiescent immune environment through a personalized approach 

to IS management (2, 4). We studied biopsies collected from a multi-center cohort of 

pediatric LTx recipients, performed to determine eligibility for enrollment into an ISW 

trial (NCT01638559). Routine histopathological findings (i.e., hematoxylin and eosin or 

trichrome stains) categorized patients into distinct clusters based on the presence or 

absence of allograft inflammation with tissue damage, early warning signs of an active 

alloimmune response (4, 9, 30). The three clusters had transcriptional profiles consistent 

with: 1) relatively stable or “normal” grafts (e.g., Ishak fibrosis stage 0–1, none-mild 

perivenular fibrosis); or grafts experiencing either 2) low-grade subclinical TCMR; or 3) 

predominantly pathological fibrosis with/without inflammation (9). Interrogation of the liver 

immune microenvironment via NGP in biopsies from children who initiated ISW predicted 

successful ISW with 94% sensitivity and 66% specificity (4). Failed ISW was characterized 

by increased density of: a) lobular lymphocytes spatially close (within 5 μm) to APCs [i.e., 

“immune pairs” (iPAIRS)]; b) MAC387+ cells; and c) CD8+ T cells (4, 9). NGP exposed a 

spectrum of allograft inflammation within the intrahepatic microenvironment that was not 

apparent via routine histopathological assessment (2, 9). Detected iPAIRs were hypothesized 

to represent immune synapse mediated indirect or semi-direct intra-lobular alloantigen 

presentation since recipient Kupffer cells largely replace donor ones (10, 31). Despite 

calls for non-invasive allograft monitoring and contrary to the 2018 consensus statement 

of IS minimization (ISM) in LTx recipients (32), the above findings show that biochemical 

monitoring alone was insufficient to capture subclinical allograft injury processes.

This study (Fig. 1) was undertaken to determine if automated detection of iPAIRS 

represent “true immune synapses”. Instead of simple staining positivity and close spatial 

proximity, we utilized independent nuclear shape changes and supramolecular activation 

complex formation to define immune synapses. We then used a refined computer-assisted 

identification method for use on low resolution (LoRes) images, most applicable to 

clinical laboratories. Additionally, gene expression in biopsies, supervised via increasing 

numbers of immune synapses, was queried to identify signaling pathways that correspond 

to the development of alloimmune effector mechanisms via activation of immune 

synapses. This has the potential to advance our understanding of the underlying afferent 

immunopathological mechanisms leading to graft rejection and subsequent deterioration 

of graft structure. As a quality assurance exercise, we then tested the performance of our 

refined automated detection method to predict successful ISW, revealing a spectrum of 

quiescent to activated biopsies based on the liver immune milieu.

METHODS

Specimens and Clinical Data

FFPE specimens (and associated clinical meta-data) were collected as part of two 

multicenter clinical trials focused on ISM or ISW: (1) Immunosuppression Withdrawal 

for Stable Pediatric Liver Transplant Recipients (iWITH, NCT01638559) (4, 9); (2) 
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Donor Alloantigen Reactive Tregs for Calcineurin Inhibitor Reduction (ARTEMIS, 

NCT02474199); and one multicenter study (3) Prospective Longitudinal Study of iWITH 

Screen Failures Secondary to Histopathology (iWITH-IN). Available tissues were randomly 

selected for use as approved by the University of Pittsburgh Institutional Review Board 

office under PRO11090600 and/or STUDY19010225.

Immunohistochemistry and Imaging

Staining for CD45/MHCII/CD34, MAC387, and CD8 on iWITH specimens was conducted 

as previously described (4, 9). Staining for CD34/CD45/CD3/MHCII/CD8 and comparisons 

between staining methodologies and staining consistency (Supporting Fig. S1) is provided in 

the Supporting Methods. For antibody information see Supporting Table S1. LoRes imaging 

(0.325 μm/pixel) was performed on a Zeiss Axioscan Z.1 and HiRes imaging (0.06 μm/

pixel) was performed on a Zeiss AxioImager M2 Motorized Microscope.

Characterization of Lobular iPAIRs using HiRes, in-depth morphological analysis

a. Categorization.—Lobular iPAIRs/mm2 was the most significant parameter in our 

operational tolerance prediction algorithm (4). To determine whether iPAIRs represented 

true immune synapses, we first used HiRes imaging to examine lobular iPAIRs identified 

on LoRes images from our archives. Slides selected were from six iWITH patients: two 

baseline eligibility biopsies (1 from a patient tolerant of ISW, 1 patient non-tolerant of ISW), 

four iWITH-IN 4-year follow-up biopsies. iPAIRs were identified from CD34/CD45/MHCII 

staining on a LoRes WSI via NearCYTE (http://nearcyte.org/) as one CD34−/MHCII+/

CD45low/variable (interpreted as CD45−) APC paired with one CD34−/MHCII±/CD45high 

lymphocyte where the nuclei are separated by ≤5 μm [Supporting Fig. S2A (4, 9)]. While 

it is recognized that some APC, including Kupffer cells, display CD45 expression by flow 

cytometry (33), IHC staining for this marker in tissues results in a negative/low/variable 

expression, as is seen in the Human Protein Tissue Atlas (34). Therefore, we interpreted 

the Kupffer cells and other APC as CD45− in comparison to the high expression seen in 

lymphocytes.

A total of 1167 iPAIRS were screened after random sampling across multiple biopsies 

for imaging. iPAIRs were excluded from HiRes imaging if on the LoRes image they 

1) fell into clusters of more than two cells (Supporting Fig. 2B) or in portal regions 

(Supporting Fig. S3) due to cell crowding and overlapping phenotype features. Using 

XY axis fiducial mapping (Supporting Fig. S4), a total of remaining 183 lobular iPAIRs 

were then imaged at HiRes and adjudicated by two reviewers (MWT and DL). Further 

exclusions were made if 1) the identified pairing had poor cellular morphology (Supporting 

Fig. S2C), or 2) the nucleus of the APC and/or lymphocyte could not be clearly defined 

and was abnormally shaped because of suboptimal nuclear segmentation (Supporting Fig. 

S3C) or 3) the morphologic features of the lymphocyte nucleus could not be clearly 

resolved in NearCYTE. NearCYTE analysis of HiRes nuclei were segmented (identified) 

and morphometrics were evaluated on 98 iPAIRs and 41 excluded pairings that could be 

evaluated by Nearcyte. We defined objective metrics for cytoplasmic (Supporting Fig. S5) 

and nuclear (Supporting Fig. S6A) morphology characteristics of iPAIRs that correlated with 

defining features of immune synapse formation (8, 14, 35).
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b. Distance between Nuclei in Lobular iPAIRs with HiRes Imaging is <0.5 μm
—Using confocal microscopy (resolution at 0.27 μm/pixel), human kidney studies reported 

that closely packed T cells and APC (T follicular helper cells to B cells) had nuclei that 

were 2–4 μm apart while cells engaged in immune synapses had nuclei <0.54 μm apart 

(11, 12). Lobular iPAIRs (n=98) evaluated at HiRes (0.06 μm/pixel; Supporting Fig. S6A) 

had a significantly smaller (p=0.036) mean inter-nuclear distance of 0.713 μm compared to 

excluded pairings whose mean inter-nuclear distance was 1.250 μm (n=25). Shortening the 

distance (≤3 μm at LoRes or ≤0.5 μm at HiRes) between the nuclei of the MHCII+ and 

CD45+ cells in our classifier more selectively captures biological immune synapses.

Improved identification of immune synapses using automated image analysis

Following nuclear segmentation incorporating level set methods (Supporting Fig. S6B), fully 

automated tissue-tethered cytometry was performed using NearCYTE (http://nearcyte.org), 

as described (4, 9). Additional constraints were applied to the iPAIR definition for 

Automated Image detection of Immune SYNapses (ai-iSYN) on LoRes WSIs. Ai-iSYNs are 

defined in Fig. 2A. Clustering of MHCII+ cells are used to define lobular and portal regions 

of liver tissue, as previously described (9). Dilation and total coverage of cytoplasmic 

area by staining measures remain the same. Analysis was applied using automated batch 

processing without human intervention. Results detected by the new ai-iSYN classifier were 

compared to prior results from the iPAIR classifier using iWITH specimens (Supporting Fig. 

S7).

Biologically Active Interactions between APC and Lymphocytes with HiRes Imaging

CD3/CD8/CD45/MHCII/CD34-stained FFPE slides were scanned at LoRes and subjected to 

ai-iSYN identification and mapped with fiducial markers for coordinate mapping and HiRes 

imaging (Supporting Fig. S4). A total of 757 lobular ai-iSYNs from 7 patient slides were 

evaluated. Patient slides included: one iWITH baseline pre-weaning biopsy from a non-

tolerant ISW patient, one iWITH-IN 4-year follow-up biopsy, and five ARTEMIS biopsies 

(3 screening biopsies, 2 biopsies from time of infusion). Ai-iSYNs were then selected 

for HiRes imaging after confirmation that lobular ai-iSYNs: 1) met the definition for a 

lobular ai-iSYN (Fig. 2A) and that 2) the lymphocyte of the pair was CD34−/CD3+/CD8any/

CD45High. This yielded a total of 176 candidate ai-iSYNs, from which the corresponding 

lymphocyte was adjudicated by two reviewers (MWT and AG) for evidence of polarization 

from HiRes images. Lymphocyte polarization was defined by published morphological 

descriptions of immune synapse formation (8, 19, 35–38) as “Stable,” “Transient,” or 

“Unbound” (Fig. 2B). All pairings were classified as CD8+ or CD4+ (CD3+/CD8−). 

Comparisons were made between lobular lymphocytes in ai-iSYNs or not (n=176 and 148, 

respectively).

Gene Expression Pathway analysis of iWITH data using Biclustering and Number of 
Lobular ai-iSYNs/mm2

Gene expression analyses were conducted as part of the iWITH trial on 148 RNA 

samples from eligibility biopsies using the Nanostring nCounter platform (9). Raw data can 

be accessed via the Immune Tolerance Network TrialShare (https://www.itntrialshare.org/
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iWITH_primary.url). Analysis utilized biclustering techniques (Supporting Methods and 

Fig. S8).

Operational Tolerance Prediction Algorithm

Previously-stained FFPE slides from all available iWITH eligibility biopsies were subjected 

to NearCYTE classification to evaluate lobular ai-iSYNs/mm2, total MAC387+ cells/mm2, 

and lobular CD8+ cells/mm2 (n=57). These parameters were plotted on a three-dimensional 

cube whereby the axes were normalized and scaled between 0 and 1 (mapped minimum 

and maximum value). Clinical endpoints from the iWITH trial were overlaid, allowing 

for identification of the thresholds that, simultaneously, maximize the number of tolerant 

subjects and minimize the number of non-tolerant subjects. Thresholds were chosen based 

on evaluating an ROC Table, whereby True Positive, True Negative, False Positive and False 

Negatives were calculated, and the chosen cutoffs were selected to maximize sensitivity and 

minimize specificity.

Statistics

All statistical calculations were performed using R (v4.0.3)/RStudio (v1.1.442; 

RRID:SCR_000432), via imported tabular data generated from the morphological and 

spatial analyses of the WSIs. When applicable, all numerical data associated with count or 

quantities were normalized by the tissue area (mm2). Comparisons between two groups for 

nuclear distance and nuclear elongation utilized Welch’s T-test. Two-sample proportionality 

testing was used to compare the binding phenotypes between lymphocytes identified as 

part/not part of an ai-iSYNs and subcategories thereof. Comparisons between receiver 

operator curves for prediction performance of logistic regression modeling was performed 

via calculation of model residual deviance.

RESULTS

A. Algorithm Improvement - Lymphocyte Nuclear Elongation in Lobular iPAIRs is 
Discernable on LoRes Images

During immune synapse formation, lymphocytes flatten as spreading over the APC surface 

facilitates intercellular binding and signaling activation (13, 14, 19). Since nuclear shape 

generally mimics cell shape (39), we reasoned that lymphocyte nuclear flattening should 

be a detectable morphological feature (Fig. 1A, Supporting Methods). Nuclear flattening 

was evaluated by measuring each lymphocyte in a lobular iPAIR defined at LoRes to 

determine elongation versus compactness. The elongation metric differed between lobular 

lymphocytes participating versus not participating in iPAIRs [Feret diameter mean 2.1 (SD 

1.77, SEM = 0.056) versus 1.6 (SD 1.03, SEM = 0.033); p<0.001]. The compactness metric 

similarly differed, confirming that lobular lymphocytes participating in iPAIRs were less 

round than those that did not [mean 1.48 (SD 0.51, SEM = 0.016) versus 1.37 (SD 0.28, 

SEM = 0.001); p<0.001]. Together, these data confirm that software-detected lobular iPAIRs 

more frequently contain lymphocytes with flattened nuclei, when compared to non-iPAIR 

lymphocytes, indicative of physiological engagement with and activation by APCs. Nuclear 

elongation evaluated via LoRes imaging is an objective metric that can improve software-

assisted detection of immune synapses.
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B. Confirmation of Active Immune Synapse Biology

Building upon the original iPAIR classifier, a refined model for Automated Imaging 

detection of Immune SYNapses (ai-iSYN) was established (Fig. 2A). The ai-iSYN classifier 

performed comparably to the iPAIR classifier, despite decreased numbers of immunologic 

pairings identified due to more selective constraints (Supporting Fig. S7). We set out to 

confirm that lobular ai-iSYNs have biologically relevant features of immune synapses 

including SMAC formation and that detection of ai-iSYNs correlated with expression of 

genes and gene pathways consistent with activation of immune responses (Fig. 1B).

B.1 Lobular ai-iSYNs display polarization with SMAC formation and often 
contain CD8+ T cells—Lymphocytes engaged or not engaged in lobular ai-iSYNs were 

classified based on staining for characteristics of SMAC presence and thus “stable” binding 

between an APC and lymphocyte. The phenotype of the lymphocytes engaged in ai-iSYNs 

were defined based on binding stability depicted in published literature (Fig. 2B) (8, 19, 35–

38, 40, 41). “Stable” lymphocytes have CD45 exclusion from sites of T cell receptor (TCR) 

complex formation and CD3, a TCR found in the central region of the SMAC, is present in 

the CD45 exclusion zone (Fig. 2B). “Transient” lymphocytes have multiple clusters of CD3 

in which CD45 is excluded or may have an inside-out phenotype in which a single patch of 

CD45 is present with CD3 exclusion. “Unbound” pairings show overlapping signal for CD3 

and CD45.

Of 176 adjudicated CD3+/CD45+ lobular ai-iSYNs evaluated at HiRes, lymphocytes in 

29% (n=51/176) had a discernable SMAC (Fig. 2C). Of the remaining lymphocytes 

without SMAC formation, 46% (n=81/176) displayed a “Transient” phenotype and 25% 

(n=44/176) displayed a “Unbound” phenotype (19, 35–37). In contrast, when CD3+/

CD45+ non-ai-iSYNs were evaluated, only 9.5% (n=14/148) had a discernable SMAC, 

41.9% (n=62/148) displayed a “Transient” phenotype, and 48.6% (n=72/148) displayed 

a “Unbound” phenotype (Fig. 2C). Chi-squared analysis of the contingency table of 

binding stability shows significant difference between the paired and unpaired lymphocyte 

population (p<<0.001). These data indicate that ai-iSYN lobular lymphocytes have a 

physiological phenotype of SMAC formation with APCs. The large percentage of lobular 

lymphocytes with a “Transient” phenotype is consistent with the probing and monitoring 

nature of T cells traversing the APC-lined sinusoids (36, 38, 42), the reported effects of T 

cell activation state, and the APC type in immune synapse dynamics (43, 44).

A higher density of CD8+ T cells, drivers of effector mechanisms and TCMR, was 

associated with unsuccessful ISW (3, 4, 9, 10). We confirmed that higher density of lobular 
CD8+ T cells was more strongly associated with unsuccessful ISW in iWITH (tolerant vs. 

non-tolerant, p=0.0087, Supporting Fig. S9B) compared to total CD8+ cells in the biopsy 

(p=0.050; Supporting Fig. S9A). Further, we characterized the subtype of the CD3+ T 

cells in the lobular ai-iSYNs evaluated at HiRes. Of the 176 adjudicated CD3+/CD45+ 

lobular ai-iSYNs, 45% (n=79/176; defined as CD3+/CD8−) contained CD4+ T cells and 

55% (n=97/176) contained CD8+ T cells. This ratio significantly differs (p=0.045) from 

unpaired lymphocytes of which 56.1% (83/148) were CD4+ vs. 43.9% (n=65/148) were 

CD8+. Of lobular ai-iSYNs with a “stable” phenotype, 39.2% (n=20/51) contained a CD4+ 
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T cell vs. 60.8% (n=31/51) with a CD8+ T cell (p=0.51). Therefore, CD8+ T cells are 

more frequently engaged with lobular APCs than CD4+ T cells, supporting the idea that 

identification of lobular ai-iSYNs and lobular CD8+ cells using software-assisted methods 

correlates with physiologically relevant biology in allograft biopsies and the presence of 

alloimmune activation.

B.2 Biclustering of Gene Expression Data Seeded by Number of Lobular 
ai-iSYNs Yields Enrichment Profile Consistent with T Cell Activation—Gene 

expression data from all available iWITH trial eligibility biopsies (n=148) were re-

analyzed using bicluster-driven supervised analysis via seeding by the number of lobular 

ai-iSYNs/mm2 (Supporting Methods, Supporting Fig. S8). The resultant top 20 genes were 

IL2RG, LCP1, CD74, CD5, LTB, MICB, CD53, IDO1, GZMA, CD97, HLA-DMB, CCL19, 
LCK, HLA-DRA, TIGIT, PTPRC, CD48, CCR2, CCL21, and ENTPD1. Among these, 

IL2RG is required for T cell maturation (45); LCP1 is essential for stabilization of immune 

synapses (46); CD74 is a key molecule in MHCII antigen processing and presentation, 

immunity, and inflammation (47); and CD5 regulates T cell activation for immune 

synapse formation (48). Enrichment analysis (Supporting Methods) yielded pathways 

related to complement activation, humoral immunity, MHC protein complex binding, and 

T cell activation (Table 1), consistent with the role of complement in enhancing T cell 

alloreactivity (49). This is consistent with previous studies which noted the development of 

de novo donor specific antibody (DSA) and rejection after ISW (4, 50).

To determine if patients with DSA fell into a particular subgroup in relation to our bicluster 

analysis of multi-platform datasets (Figure 3), patient biopsies were ranked by strength of 

correlation to the established biclustering pattern (x-axis), determined by increasing density 

of ai-iSYNs and similarity of gene expression profile (Supporting Methods and Fig. S8). 

Biopsies were additionally stratified by gene expression (y-axis). DSA information was then 

represented by shapes and shading. These data suggest that patients with higher DSA mean 

fluorescent intensity also have higher cumulative average gene expression for the top 20 

genes identified above. The above observations further support that NGP tools can detect 

subclinical but physiologically relevant humoral alloimmune activity in biopsies prior to 

ISM or ISW that may inform personalization of IS management in a patient. In addition, 

integration of NGP information with other clinical data sets can provide insights into patient 

groupings within a defined pathology.

C. Quality Assurance Performance Assessment of Refined Prediction Parameters for 
Clinical Relevance

To determine whether the performance of our algorithm with enhanced features was altered 

with respect to the original classifier (4), as a quality assurance exercise, iWITH biopsies 

were used as a confirmation cohort. The algorithm’s performance was specifically examined 

on eligibility biopsies of children who initiated ISW (n=53). Slides previously stained for 

CD34/CD45/MHCII, MAC387, and CD8 (Methods) were re-analyzed to confirm that the 

algorithm’s ability to predict successful ISW was not degraded (Fig. 1C; Fig. 4). The 

upgraded algorithm utilized enhanced nuclear segmentation and the density of lobular 

ai-iSYNs, lobular CD8+ T cells, and total MAC387+ cells and confirmed the detection of 
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true immune synapses. The enhanced algorithm was not diminished. Instead, it performed 

with 87.3% accuracy, 100% sensitivity and 75% specificity (CI: 81–94%, 78 – 100%, 56 

– 87% respectively). This is in comparison to the original algorithm which performed with 

81.4% accuracy (94% sensitivity, 66% specificity) (4). In Fig. 4, the inner cube identifies 

thresholds that simultaneously maximize the number of tolerant patients (18 of 18; 100%) 

and minimize the number of non-tolerant subjects (9 of 35, 25%). Thus, even after standard 

histologic evaluation which excluded children with more than mild subclinical inflammation 

for ISW [as defined previously (4, 9)], this NGP tool can predict, among eligible children 

who initiated ISW, those who succeeded or failed.

DISCUSSION

The most important conclusion of this study is the novel observation that automated image 

analysis software can objectively identify and quantify ai-iSYNs, which are intra-lobular 

pairings between lymphocyte and APCs with specific features indicative of biologically 

relevant immune synapses. In turn, the aiSYNs illustrate that intra-hepatic T cell priming can 

occur in human liver lobules, similar to experimental animal models (5). Moreover, they are 

informative of the intrahepatic immune microenvironment. Increased density of lobular ai-

SYNs likely represents the beginnings of an active allo-immune response (subpathological 

rejection), as evidenced by the development of clinical rejection after ISW. Therefore, it may 

be useful to guide IS decision-making.

Lymphocytes that were stably bound to APCs showed SMACs, characterized by segregation 

of CD3 and CD45 (19, 35–37, 40, 41). The presence and biological relevance of SMAC 

was cross-validated by additional quantitative and independent metrics including: a) close 

distance between lymphocyte and APC nuclei; b) a change of lymphocyte nuclear shape 

for those in close proximity to an APC; and c) enrichment of gene pathways related to 

immune synapse stabilization, antigen processing of MHC antigens, and T cell activation 

and maturation. Lobular density of ai-iSYNs was and remains the most influential parameter 

of our overall prediction algorithm. Although threshold values may appear small, one must 

consider that a biopsy captures approximately 1/50,000th of the total liver mass (51). Thus, 

1–17 lobular ai-iSYNs/mm2 on a single slice of a single biopsy equates to millions of 

interactions when extrapolated to the entirety of the liver, suggesting that mass action of the 

immune microenvironment in an allograft has global clinical management implications.

Similar to clinical practice where multi-platform data (e.g. liver injury test, DSA results, IS 

drug levels, original disease, imaging studies, and biopsy findings) establishes diagnoses and 

guides clinical management, we employed biclustering to integrate routine histopathology, 

mIHC staining, serology, and mRNA expression profiles to gain further insights into the 

underlying biology. Grouping gene expression data according to the density of lobular 

ai-iSYNs enriched expression of genes associated and pathways (e.g., complement-mediated 

processes, T cell activation, MHC protein complex) associated with increased immune 

synapse formation. Previous studies have shown the relevance of complement in enhancing 

immune synapse formation and alloreactivity (49, 52). In turn, ai-iSYN detection predicted 

successful versus failed ISW. Further studies are underway to iterate between biclustering 

analysis and protein expression in tissue sections to further support this line of reasoning.
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The original classifier for identification of iPAIRs (4, 9) relied solely on a distance (≤5 μm) 

between paired nuclei. The refined ai-iSYN classifier incorporates evaluation of lymphocyte 

nuclear elongation, orientation of the lymphocyte nucleus to the APC nucleus, a shorter 

distance between paired nuclei (≤3 μm) and enriches for immune synapse formation. Other 

algorithmic enhancements included implementation of level set smoothing after nuclear 

segmentation to provide a more accurate assessment of nuclear morphology by removal of 

spurious artifacts that would contort the nuclear shape. We also limited the CD8 parameter 

of the prediction algorithm to consider only lobular CD8+ cells rather than total CD8+ 

cells. Algorithmic changes were then quality assurance tested to determine performance. We 

confirmed that the enhanced ai-iSYN detection method further improved on the accuracy, 

sensitivity, and specificity of iPAIRs for prediction of successful ISW in a pediatric LTx 

cohort.

Future objectives to address limitations of our approach include: a) inclusion of events 

in portal tracts; b) characterization of the subtypes of synaptically-engaged T cells and/or 

MHCII lobular APC cells; and c) dissemination of NGP capabilities. Pre-existing human 

and experimental animal data relevant to our analysis (3–6) support our current focus on 

lobular events. However, technical hurdles must overcome the challenges of cell crowding 

to incorporate portal events into our software-based prediction algorithm, particularly when 

dense portal inflammation is present. We also recognize that immune synapses are occurring 

in three-dimensions, but this algorithm evaluates only a two-dimensional plane of view. 

We are unable to account for synapses that may be occurring between cells whose nuclei 

are >3 μm apart or whose nuclei may be missing from the current focus plane. Therefore, 

this assay almost certainly underestimates the total number of synapses detected. However, 

the automated approached is unbiased with respect to study groups. Studies to more 

granularly phenotype synaptically-engaged T cells and corresponding APCs (e.g., Kupffer 

cells, liver sinusoidal endothelial cells, and sinusoidal dendritic cells) are ongoing. Based 

on a combination of morphological features (stellate shaped cells located on top of liver 

sinusoidal endothelial cells), interrupted sinusoidal staining pattern, and the paucity of 

dendritic cells within the lobules, we hypothesize that most lobular ai-iSYNs identified in 

this study were between T cells and Kupffer cells, but a contribution from LSEC cannot be 

excluded.

In traditional anatomic pathology, a pathologist’s attention is drawn to architectural 

landmarks (e.g., portal tracts and central veins) and/or clustering of inflammatory cells 

for diagnosis of liver diseases (e.g., TCMR, autoimmune hepatitis, chronic hepatitis, etc.). 

This study shows that NGP techniques, when properly applied: 1) are a more sensitive and 

objectively quantitative method that can be used to understand underlying pathophysiology 

and 2) illustrate the importance of spatial context and intrahepatic events. This detailed 

characterization of the intrahepatic immune microenvironment effectively places a biopsy at 

one point along the spectrum of quiescent (“tolerogenic”) to active (“non-tolerogenic”), 

a task that simply cannot be accomplished by routine biochemistry, serology, and/or 

routine histology. Moreover, arguably, this localization also cannot be accomplished by 

unsupervised mRNA clustering approaches (4). As such, NGP techniques may have clinical 

utility to guide IS decision-making through longitudinal surveillance of protocol biopsies 

(e.g., 3 and 5 years after transplantation). The spatial context at a submicron resolution 
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scale and consequent mechanistic insights cannot be achieved by alternative non-invasive 

approaches (53). Our ultimate goal is to evolve this and related assays to guide personalized 

IS management for LTx recipients using equipment readily available in most clinical 

laboratories, thereby leveraging commercially available automated immunostaining devices, 

standard LoRes digital imaging, and open-source image analysis software.

Indeed, the ability of NGP, through precise and objective quantification of lobular aiSYNs, 

to accurately characterize the liver immune milieu provides a compelling rationale to 

incorporate protocol biopsies and NGP assessment, if ISM is considered. Performance 

validation in independent clinical populations will be the next critical step to advance this 

NGP tool for diagnostic use. Currently, efforts to determine whether NGP can predict the 

outcome of ISW for adult LTx recipients and ISM for autoimmune hepatitis patients is 

ongoing. NGP to characterize the presence and/or density of immune synapses may also be 

directly applicable to guide selection of immunotherapeutic agents to treat hepatocellular 

carcinoma (54). Finally, pathologists practicing NGP will be able to incorporate new 

approaches to tissue staining and software toolsets. Instead of front-line scoring and 

interpretation of biopsy findings, pathologists can pilot software to navigate a collection of 

relationships between and among various cell populations and tissue structures by applying a 

single rule set in an unbiased manner to all biopsies. The automated, objectively generated, 

data can then be integrated with data from other platforms to maximize a personalized 

approach to patient management.
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IS immunosuppression

ISW immunosuppression withdrawal

LTx liver transplant

TCMR T cell-mediated rejection

SMAC supramolecular activation complex

FFPE formalin fixed, paraffin embedded

NGP next generation pathology

mIHC multiplex immunohistochemistry

WSI whole slide image/imaging

iPAIR software-identified immune pairing (in reference to original 

classifier)

ISM immunosuppression minimization

LoRes low resolution (0.325 μm/pixel)

iWITH Immunosuppression Withdrawal for Stable Pediatric Liver Transplant 

Recipients clinical trial

ARTEMIS Donor Alloantigen Reactive Tregs for Calcineurin Inhibitor 

Reduction clinical trial

iWITH-IN Prospective Longitudinal Study of IWITH Screen Failures Secondary 

to Histopathology clinical study

HiRes high resolution (0.06 μm/pixel)

ai-iSYN automated imaging detection for immune synapses (in reference to 

new classifier)

TCR T cell receptor

DSA donor specific antibody
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Fig. 1. Workflow for refinement of ai-iSYN classifier, confirmation of active immune synapse 
biology, and confirmation of prediction model in a clinical cohort.
A three-step approach was used to define software-assisted identification of immune 

synapses detected on LoRes imaging, confirm its biological relevance, and incorporation 

of the method into a larger, clinically-applicable prediction algorithm for operational 

tolerance. (A) First, images from our repository of clinical trials were used to evaluate the 

morphological characteristics of the lymphocyte (CD45high) in computer-assisted identified 

lobular iPAIRs with an APC (MHCIIonly). HiRes imaging of iPAIRs was used to gather 

cytoplasmic (Fig. S5) and nuclear data (Fig. S6) that enabled refinement of the new 

classifier, ai-iSYN (Fig. 2A). (B) Biological definitions of immune synapses were queried 

using cellular polarization (SMAC formation) as a surrogate for stable immune synapse 

formation (Fig. 2B–C) and gene expression enrichment for pathways related to active 

immune synapses (Fig. 3, Table 1). Ai-iSYNs (CD34−/CD3+/CD45+/MHCII± cells paired 

with MHCIIonly cells) were visualized to determine if lymphocytes in these computer-

identified pairs displayed SMACs. The ai-iSYN classifier was applied to the existing iWITH 

dataset of pediatric baseline eligibility biopsies and the number of lobular ai-iSYNs/mm2 

was used to inform the analysis of the existing gene expression data for signatures related 

to immune synapse formation and queried for relationships to DSA values. (C) To show 

clinical application, the refined classifier for lobular ai-iSYN, lobular CD8+ cells (Fig. S9), 

and MAC387+ cells, markers of an inflamed liver immune microenvironment, were used as 

three parameters of a prediction algorithm for determining success after immunosuppression 

withdrawal using iWITH trial specimens as a confirmation cohort (Fig. 4).
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Fig. 2. Definition of ai-iSYNs and Representative Phenotypes of Actively Bound Immune 
Synapses.
(A) Biopsies were stained with a mIHC panel that combined CD45 (a pan lymphocyte 

marker), HLA-DPB1 [major histocompatibility complex (MHC) II expressed strongly on 

APCs], CD8 (expressed by cytotoxic T cells, natural killer cells, cortical thymocytes, 

and some dendritic cells), MAC387 (calprotectin expressed by granulocytes, monocytes 

and recently immigrated tissue macrophages), and CD34 (endothelial cell marker). After 

LoRes WSI, the refined ai-iSYN classifier: (1) identified CD34−/CD45−/MHCIIonly APCs 

paired with a CD34−/CD45high/MHCIIany lymphocytes (as in the iPAIR classifier); (2) 

included only pairs where the distance between the closest points of the paired nuclei 

is ≤3 μm; (3) confirmed that the long axes of the nuclei of the paired cells are parallel 

to each other ±20°; and (4) considered only pairs where the lymphocyte nuclear ratio 

of long axis:short axis is 1.3 to 1.7, indicative of elongation. Nuclei with elongation 

>1.7 were excluded because the majority of these nuclei were suboptimally segmented 

with artificially created spurs. (B) Lobular lymphocytes identified (or not) by the ai-iSYN 

algorithm were evaluated for polarization of CD3 and CD45 from HiRes images, including 

detection of SMAC formation. The phenotype of the lymphocytes engaged in ai-iSYNs 

were defined based on binding stability depicted in published literature (8, 19, 35–38): 

“Stable,” “Transient,” or “Unbound”. “Stable” lymphocytes have complete polarization of 

CD3 to one cytoplasmic location with CD45 exclusion from that region, indicative of 

SMAC formation. “Transient” lymphocytes have multiple clusters of CD3 in which CD45 

is excluded giving the cytoplasm a speckled or spotted appearance. “Transient” lymphocytes 

may also have an inside-out phenotype in which a single patch of CD45 is present with CD3 

exclusion. “Unbound” pairings do not have features of “Stable” or “Transient” pairings and 

show overlapping signal for CD3 and CD45. Lymphocytes not present in ai-iSYNs were 

also evaluated. Representative examples are shown. (C) Proportions of lobular lymphocyte 

phenotypes (in ai-iSYNs n=176; no in ai-iSYNs n=148) were plotted: “Stable” (green), 

“Transient” (yellow), “Unbound” (red). Chi-squared analysis of the contingency table of 
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binding stability shows significant difference between the paired and unpaired lymphocyte 

population (p<<0.001).
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Fig. 3. Biclustering of mRNA expression data based on number of ai-iSYN/mm2 allows for 
cross-platform data integration.
Evaluation of iWITH mRNA expression data using supervised biclustering based on 

lobular ai-iSYN/mm2 (histopathological data) to rank patients. Each symbol represents a 

single baseline eligibility biopsy (all eligible and ineligible iWITH patients). The X-axis 

corresponds to the strength of correlation to the bicluster seeding pattern (0 = strongest). 

The Y-axis relates to the cumulative average gene expression for the top 20 genes (IL2RG, 
LCP1, CD74, CD5, LTB, MICB, CD53, IDO1, GZMA, CD97, HLA-DMB, CCL19, LCK, 
HLA-DRA, TIGIT, PTPRC, CD48, CCR2, CCL21, and ENTPD1) relative to control genes. 

To query the relationship to DSA, symbols are used to correlate to the mean fluorescent 

intensity (MFI) value of DSA presence in the patient: open square = <1,000; filled square = 

1–20,000K; filled circle = 20,000+.
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Fig. 4. Use of mIHC parameters for prediction of operational tolerance from eligibility biopsies 
allows for separation of tolerant from non-tolerant subjects.
Shown in this three-dimensional scatter plot of tolerant (squares, n=18) and non-tolerant 

(circles, n=35) patients according to the number of lobular CD8+ cells/mm2 (T effector cells, 

x-axis), MAC387+ cells/mm2 (infiltrating macrophages, y-axis), and lobular ai-iSYNs/mm2 

(z-axis). Axes are scaled where 0 is the lowest expression and 1 is the highest expression 

(see Methods). The inner cube (shaded box) identifies the inclusion thresholds that, 

simultaneously, maximize the number of tolerant subjects and minimize the number of 

non-tolerant subjects. Ranges for the inner cube correspond to (1) lobular CD8+: 2 – 52 

cells/mm2; (2) MAC387+: 3 – 66 cells/mm2; (3) Lobular ai-iSYNs: 1 – 17 pairs/mm2. 

Subjects within the inner cube are closed symbols; subjects outside the inner cube are open 

symbols.
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Table 1.

Enriched Gene Ontology Pathways Identified by Biclustering Gene Expression Data Seeded with Lobular 

ai-iSYNs/mm2 (p-value cut-off 0.05)

Gene Ontology ID Gene Ontology Terms P-VALUE

GO:0006958 complement activation, classical pathway 0.0070

GO:0002455 humoral immune response mediated by circulating immunoglobulin 0.019

GO:0006956 complement activation 0.042

GO:0030449 regulation of complement activation 0.042

GO:0023023 MHC protein complex binding 0.045

GO:0050870 positive regulation of T cell activation 0.049
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