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Abstract  22 

Clinical trials of biologic therapies in type 1 diabetes (T1D) aim to mitigate autoimmune destruction of 23 

pancreatic beta cells through immune perturbation and serve as resources to elucidate immunological 24 

mechanisms in health and disease. In the T1DAL trial of alefacept (LFA3-Ig) in recent onset T1D, 25 

endogenous insulin production was preserved in 30% of subjects for two years post-therapy. Given our 26 

previous findings linking exhausted-like CD8 T cells to beneficial response in T1D trials, we applied 27 

unbiased analyses to sorted CD8 T cells to evaluate their potential role in T1DAL. Using RNA-seq, we 28 

found that greater insulin C-peptide preservation was associated with a module of activation- and 29 

exhaustion-associated genes. This signature was dissected into two CD8 memory phenotypes through 30 

correlation with cytometry data. These cells were hypo-proliferative, shared expanded rearranged TCR 31 

junctions, and expressed exhaustion-associated markers including TIGIT and KLRG1. The two 32 

phenotypes could be distinguished by reciprocal expression of CD8 T and NK cell markers (GZMB, CD57 33 

and inhibitory KIR genes), versus T cell activation and differentiation markers (PD1 and CD28). These 34 

findings support previous evidence linking exhausted-like CD8 T cells to successful immune interventions 35 

for T1D, while suggesting multiple inhibitory mechanisms can promote this beneficial cell state. 36 

 37 

  38 



Introduction 39 

Type 1 diabetes (T1D) is an autoimmune disease in which β cells of the pancreas are destroyed, resulting 40 

in a lifelong dependence on exogenous insulin (1). As some residual beta cell function is present upon 41 

diagnosis, preserving remaining beta cell function is the primary therapeutic goal when treating recent 42 

onset (RO) T1D. The goal of immunotherapies is to establish and maintain a tolerogenic immune state. 43 

While no therapies to date have preserved beta cell function beyond one year in all treated RO T1D 44 

subjects (2-19), a subset of subjects respond better than others in many of these trials. Understanding 45 

immune states and immunological changes associated with treatment and outcome can help improve 46 

tolerance-inducing strategies that prolong clinical benefit. 47 

An emerging mechanism in slower autoimmune disease progression (20) and better response to therapy 48 

is T cell exhaustion (21, 22). An expansion of TIGIT+KLRG1+ (Double Positive, or DP) CD8 T cells, 49 

described as “partially exhausted”, was linked to good clinical outcome in trials of anti-CD3 mAb 50 

teplizumab in RO and at-risk subjects in T1D (22). Other successful biologic therapies for T1D did not 51 

trigger obvious accumulation of DP cells (23, 24), nor were they observed in bulk transcript profiles from 52 

untreated subjects (25), demonstrating context-specificity. However, exhausted autoreactive CD8 T cells 53 

were also linked to rate of progression in established T1D diabetes (26). 54 

Alefacept is a LFA-3-Ig fusion protein that binds CD2 (27), disrupts CD58-mediated co-stimulation of T 55 

cells (28), and selectively depletes memory/effector T cells (29-33) via NK-mediated antibody mediated 56 

cytotoxicity (ADCC) (31). The T1DAL study was a phase 2, double-blind, placebo-controlled trial of 57 

alefacept in RO T1D patients diagnosed within 100 days leading up to enrollment in the trial. Alefacept 58 

resulted in significant preservation of endogenous insulin production in 30% of treated subjects after two 59 

years compared with placebo (11, 15). Alefacept treatment altered immunological profiles and induced 60 

potentially tolerogenic changes in the T cell compartment. CD4 effector memory (TEM) and central 61 



memory (TCM) T cells were depleted and CD4 FOXP3+CD127lo regulatory T cells (TREG) were 62 

preserved, resulting in an increased ratio of TREG to memory T cells.  63 

Given that exhausted CD8 T (TEX) cells have been associated with response to other T-cell targeting 64 

therapies (22), we explored the possibility that alefacept had immunomodulatory effects on residual CD8 65 

T cells by performing detailed analysis of the phenotype and function of CD8 T cells following therapy 66 

and relating their biological signatures with clinical outcome. Using integrated RNA-sequencing and 67 

CyTOF analysis. We identify and describe two CD8 phenotypes that correlated with clinical response; 68 

one defined by higher CD57 expression that was maintained and another defined by high levels of PD-1 69 

expression that recovered post-treatment in treatment responders. These cells were phenotypically distinct 70 

from one another, but both shared characteristics of the DP cells previously seen in responders to 71 

teplizumab (anti-CD3) in the AbATE trial, including high inhibitory receptor (IR) expression and 72 

hypoproliferation following to anti-CD3/anti-CD28 stimulation. These results expand on the evidence that 73 

therapeutic modulation of CD8 populations with features of exhaustion or terminal differentiation are 74 

linked to preservation of beta cell function in T1D. 75 

  76 



Results  77 

Alefacept was shown to deplete CD2hi CD4 and CD8 T effector and memory subsets in all subjects in the 78 

T1DAL trial; however, these changes were not associated with therapy response as measured by 79 

maintenance of beta cell function (15). While most T cell populations were depleted consistently across 80 

all subjects, the CD8 effector memory (TEM) cells showed notable variability in extent of depletion, 81 

suggesting that differential changes related to response could exist in this compartment. Additionally, 82 

previous evidence indicated that expansion of exhausted CD8 T cells was linked to better outcome in T1D 83 

clinical trials of biologic agents (22). We therefore hypothesized that phenotypic and functional changes 84 

occurring post-treatment in T1DAL subjects’ CD8 T cells would identify biologically and therapeutically 85 

relevant signatures of response.  86 

To address this hypothesis, we obtained frozen PBMC that were isolated from trial subjects at five time 87 

points: immediately before treatment, twice during the course of treatment, and twice up to 2 years post-88 

treatment (Figure 1A). As previously described (11, 15), 49 RO T1D subjects were enrolled and randomly 89 

assigned to receive alefacept (n=33) or placebo (n=16). Sorted CD8 T cells from 30 of these subjects were 90 

analyzed by bulk RNA-seq (Materials and Methods). Following quality control and filtering, transcript 91 

data from 26 of these subjects was included in gene expression analysis. Additionally, PBMCs from 92 

treated and placebo subjects were analyzed by flow and mass cytometry (Table 1). Subjects were selected 93 

to maximize response variability and therefore included subjects with greatest C-peptide preservation 94 

(responders) or loss (non-responders) at week 104 (Materials and Methods). Neither the RNA-seq nor the 95 

cytometry cohorts differed significantly from the original cohort of 33 subjects in terms of age, sex, and 96 

response (Table 1) (15). 97 

 98 

 99 



A CD8 T cell activation and exhaustion-related gene signature was associated with response to alefacept:  100 

We applied Weighted Correlation Network Analysis (WGCNA) to post-processed gene counts in order to 101 

discover modules of co-regulated genes via an unsupervised approach (34). WGCNA is an unbiased 102 

clustering method that identifies sets, or modules, of correlated genes with the assumption that genes 103 

whose expression is highly correlated are likely involved in the same biological functions or pathways. 104 

We reasoned that WGCNA would identify immunological pathways or functions that were linked to 105 

therapy response. The analysis included samples from the end of the trial (2 years post-treatment) given 106 

that the greatest disparity existed in outcomes at this time point. This also enabled evaluation of long-term 107 

remodeling of the CD8 T cell compartment that might point to persisting, long-term alterations related to 108 

better response.   109 

We performed WGCNA on the top 5000 most variable genes across all available week 104 samples (n = 110 

24; see Materials and Methods and Table S1). The analysis identified six distinct gene modules, ranging 111 

in size from 62 to 738 genes (Figure 1B). An additional module, labeled as the gray module by WGCNA, 112 

included the remaining, uncorrelated genes. Module eigengenes (weighted combination of module genes’ 113 

expression levels) were correlated with C-peptide change (defined as the slope from random-effects model 114 

fitted to 4 hour AUC from baseline through the end of trial; see Materials and Methods). Of these seven 115 

modules, only the blue module was significantly correlated with response (n = 738 genes; correlation p-116 

value < 0.05), indicating that higher expression of the genes in this module occurred in subjects with 117 

prolonged C-peptide preservation (Figure 1C-D). Given that higher blue module gene expression was seen 118 

in those with better outcomes at the end of the trial, we wanted to evaluate if this difference occurred only 119 

2 years post treatment or showed divergence between groups earlier in the trial. To evaluate the dynamics 120 

of blue module expression over the course of the trial, change from baseline median module gene 121 

expression was determined for all available samples per visit (Table S1; Figure 1E). Median blue module 122 

gene expression declined in non-responders at week 52, while remaining higher in responders over the 123 



course of the trial (Figure 1E). This module was not correlated with age (Figure S1), indicating that 124 

increased expression of these genes was not the result of an age-related immune state. 125 

Gene Ontology (GO) analysis was applied to the blue module to identify enriched functional pathways 126 

within the gene set. Of the 837 significantly enriched GO terms (FDR < 0.01), 114 terms were related to 127 

T cell activation, differentiation, cytotoxicity, and apoptosis (Figure 1G). These terms included the genes 128 

CD38, EOMES, GZMB, TIGIT, LAG3, KLRD1, CD160, among other IR genes and genes associated with 129 

T cell activation responses (Figure 1G). Because of the high diversity of functional pathways associated 130 

with blue module genes, we hypothesized that the response signature could be arising from more than one 131 

CD8 T cell population.  132 

Increased frequency of CD8 TEM populations with high IR expression was associated with beneficial 133 

clinical response to alefacept: 134 

First, we evaluated the CD8 TEM populations expressing cytotoxic and exhaustion-associated markers by 135 

flow cytometry analysis (Figure S2), given that the gene signature identified by WGCNA included many 136 

IR genes, as well as previous evidence that exhausted-like cells have been associated with 137 

immunotherapeutic response in T1D (22). Within the CD8 TEM  compartment (CD45RO+ CCR7-; Figure 138 

S2), there was an increased frequency of cells that were KLRG1+ΤIGIT+, CD57+, or Granzyme B+, with 139 

the highest frequencies found in subjects with favorable clinical outcomes (Figure 2A). The change in 140 

frequency of these cells from baseline to the end of the trial correlated with the rate of change of C-peptide 141 

in treated subjects (Figure 2B) but not in placebo subjects (Figure S3), suggesting that maintenance or 142 

relative increases in these CD8 TEM  phenotypes may contribute to the role of alefacept in preserving 143 

beta cell function. This association with response was specific to CD8 T cells, as neither the change in 144 

total NK cell frequency (CD3- CD56+) nor CD57+ NK cell frequency (CD3- CD56dim CD57+) differed 145 

between response groups (Figure S4). In other experiments, we investigated whether PD-1+ CD8 TEM 146 



frequencies would also stratify subjects by treatment response and found that these cells did not 147 

significantly differ over the course of the trials between placebo, R and NR groups. To further refine and 148 

characterize the CD8 subsets associated with response, we performed high dimensional CyTOF analysis 149 

of activation, differentiation, and exhaustion markers on total CD8 T cells in 12 alefacept-treated subjects, 150 

followed by unsupervised clustering and data visualization with Rphenograph and tSNE.  Of the 23 151 

clusters defined by RPhenograph, 16 of them contained at least 1% of the total cells and were included in 152 

subsequent analyses. Hierarchical clustering of the subsets according to marker intensity revealed the 153 

presence of multiple naïve- and memory-like CD8 clusters, including populations expressing high levels 154 

of IRs like PD-1, likely corresponding to subsets of the response-associated, IR-high CD8 TEM  cells 155 

seen by flow cytometry (Figure 2A and Figure 3A). 156 

We compared frequencies of the 16 clusters between response groups over time through the end of the 157 

trial (Figure S5). An initial decrease was seen in the frequencies of several memory CD8 clusters across 158 

both response groups. For example, cluster 3 (CD25+ CD127+), cluster 1 (KLRG1+ CD161+), and cluster 159 

20 (PD-1+) decreased from baseline to week 35 across subjects. Several naïve CD8 clusters, including 160 

cluster 9 (CD127+ CCR7+) and cluster 15 (CD38+ CCR7+), increased in frequency during the same 161 

timeframe (Figure 3 and Figure S5). These changes corresponded to the previously described depletion of 162 

TEM cells by alefacept and reflected an expected change in population proportions that occurred across 163 

all treated subjects in the weeks following therapy (11, 15). 164 

While these broad, post-treatment alterations to the CD8 T cell compartment occurred across subjects 165 

regardless of outcome, differences in the frequency changes of two IR-high clusters, clusters 12 and 20, 166 

were observed when comparing responders to non-responders (Figure 2B and Figure S5). Although non-167 

responders had significantly more cells in cluster 12 at baseline, the frequency of these cells declined 168 

following treatment in non-responders but was maintained at approximately baseline levels in responders 169 

over time.  Frequency of cells in cluster 20 declined in all subjects following therapy but recovered more 170 



extensively by week 104 in responders than non-responders (Figure 3B). Baseline frequency of cells in 171 

cluster 3 (CD45RA+ CD25+) was also associated with response (Figure S5); however, this population 172 

declined in both treatment groups and did not significantly differ between them post-treatment. We 173 

therefore chose to focus further analyses on clusters 12 and 20 due to their positive correlation with good 174 

response, which could indicate a mechanistic role for them in alefacept’s efficacy against T1D onset. 175 

Both clusters 12 and 20 expressed CD45RO but not CD45RA, confirming their memory lineage, as well 176 

as TIGIT, T-BET, KLRG1, CD244, CD122, and EOMES (Figure 3A and 3C). Although both clusters 177 

grouped closely on the tSNE map, forming a large cluster of TEM cells, they could be distinguished from 178 

one another by higher expression of CD57 and Granzyme B on Cluster 12 and higher expression of PD-1 179 

on Cluster 20 (Figure 3A). Cluster 20 expressed moderate levels of CD27, which could indicate a 180 

transitional memory phenotype.   181 

Cluster 17 expressed high levels of CD57 and GZMB, as well as moderate levels of exhaustion-associated 182 

markers TIGIT and CD244 (Figure 3A and Figure S6). However, this cluster also expressed CD45RA and 183 

HELIOS, suggesting a more activated, TEMRA-like phenotype inconsistent with functional exhaustion. 184 

Cluster 11, another CD45RA- CD45RO+ memory CD8 cluster, expressed low levels of KLRG1 and 185 

CD244. However, expression of functional activation markers like HELIOS and CD161 suggests that 186 

cluster 11 was not functionally exhausted in spite of moderate expression of IRs and exhaustion-associated 187 

transcription factors. Clustering analysis therefore enabled us to distinguish clusters 12 and 20 from other 188 

IR-expressing and cytotoxic cells. Cluster 12 appeared to be a subpopulation of the CD57+ and GZMB+ 189 

TEM cells characterized by flow cytometry analysis, while Cluster 20 likely corresponded to a PD-1hi 190 

subset of the TIGIT+ KLRG1+ TEM population (Figure 2A). 191 

Finally, we correlated the frequencies of clusters 12 and 20 with expression of blue module genes to 192 

determine if patterns of gene expression and cell frequencies supported the hypothesis that both the 193 



RNAseq and cytometry response signatures were arising from the same populations of cells (Figure S7 194 

and Figure S8). Positive correlations existed between the blue module gene expression and frequencies of 195 

clusters 12 and 20, as well as clusters 3 and 17 (Figure S8). Significant correlations existed between other 196 

cluster frequencies and modules (Figure S9); however, the lack of response associations between these 197 

modules and clusters led us to focus further analysis on the blue module and clusters 12 and 20.  198 

Although only the correlation with cluster 20 with blue module gene expression reached significance, the 199 

trend towards a positive correlation supported the hypothesis that an elevated proportion of these cells 200 

likely contributed to the observed elevation in blue module gene expression in responders. However, these 201 

positive correlations were not exclusive to clusters 12 and 20. The diverse gene pathways represented in 202 

the blue module (Figure 1F) suggested that multiple cell types likely contributed to the total signature, 203 

which is supported by the positive correlations between blue module gene expression and frequencies of 204 

clusters 3 and 17 in addition to clusters 12 and 20 (Figure S8 and Figure S9).  205 

Together, these results suggest that maintenance of CD8 cells with terminal, exhausted-like phenotypic 206 

signatures was linked to better therapy response.  207 

CD57+ and PD-1+ response-associated CD8 T cells were hypo-proliferative and expressed  features of 208 

NK function and T cell activation: 209 

To further characterize the phenotype and function of cells in clusters 12 and 20, we defined these 210 

populations as CD8+ CD45RA- PD-1+ (cluster 20) and CD8+ CD45RA- CD57+ (cluster 12) (Figure 4A). 211 

Hypergate was used to confirm that these markers were the most likely to yield sorted subsets with the 212 

highest possible purity (Figure S10) (35). Sorting only CD45RA- CD8 T cells excluded the naive CD57+ 213 

CD45+ population (cluster 17) from the sorted CD57+ population. PD-1 was selected as the primary 214 

identity marker for cluster 20 given that its expression was a distinct feature of cluster 20, with only low 215 



expression on a small percentage of cells in cluster 11 and 12 (Fig. 3A and C; Figure S6). The upstream 216 

CD8 sort was performed as shown in Figure S2.  217 

To enable comparison with exhausted-like and non-exhausted cells, we also sorted two populations to 218 

serve as positive and negative controls for the exhaustion phenotype as previously described (22). These 219 

included memory CD8 T cells that co-expressed the IRs TIGIT and KLRG1 (DP) and memory CD8 T 220 

cells that expressed neither of these receptors (double negative, or DN). We then performed bulk RNA-221 

sequencing, followed by differential gene expression analysis (DGEA) and rotation gene set testing on 222 

the sorted populations.  223 

DGEA revealed higher expression of IRs and exhaustion-associated genes, including KLRG1, TIGIT, and 224 

EOMES, in both PD-1+ and CD57+ cells relative to DN cells (Figure 4B). Also relative to DN cells, both 225 

PD-1+ and CD57+ cells were enriched for blue module genes, confirming that these cells likely 226 

contributed to the gene expression response signature seen in the bulk CD8 RNA-seq analysis (Figure 227 

4C).  228 

To determine the extent to which these populations’ gene expression profiles aligned with profiles of DP 229 

cells, we defined DP-associated gene set by contrasting our sorted DP and DN cells using limma and 230 

selecting genes whose expression was significantly higher in DP relative to DN cells (adjusted p < 0.05). 231 

We then used this set of DP-associated genes in an enrichment analysis comparing PD-1+ and CD57+ 232 

cells with the DN population. Both populations were highly enriched for DP-associated genes relative to 233 

DN (Figure S11). These results confirmed that both PD-1+ and CD57+ cells have features associated with 234 

exhaustion, consistent with the high IR expression seen on clusters 12 and 20 by CyTOF analysis and 235 

elevated DP and CD57+ CD8 TEM  cells seen by flow cytometry. 236 

To directly test proliferative activity of PD-1+ and CD57+ cells, we stimulated CD8 memory cell subsets 237 

in vitro with anti-CD3 and anti-CD28 monoclonal antibodies (mAbs) and measured Ki67 expression at 238 



day 4 as a measure of proliferation (Figure S12 and Figure 4D). Both PD-1+ and CD57+ subsets were 239 

hypoproliferative relative to total memory, PD1-, CD57-, and DN control populations (Figure 4D).  240 

Because CD57 has canonically been used as a marker of senescence, we tested for enrichment of genes 241 

related to telomere maintenance, DNA replication, and senescence in the CD57+ relative to PD-1+ cells 242 

(Figure S13). We defined a telomere-associated gene set (n=175) derived from overlap between the 243 

MSigDB “telomere organization” set and any REACTOME pathways. We also divided these genes into 244 

functionally distinct subsets including histones, polymerases, DNA repair, and replication for gene set 245 

testing. Enrichment analysis with roast showed that of the total telomere-related gene set and the functional 246 

gene sets, only the polymerase genes were significantly enriched in either population, with increased 247 

enrichment in PD1+ cells relative to CD57+ cells (p = 0.01). Two additional, previously defined gene sets 248 

associated with p53 and senescence were also tested for enrichment (36). Both gene sets showed low 249 

levels of enrichment in PD-1+ vs CD57+ cells, with one set reaching statistical significance (Figure S14). 250 

Together, these results indicated that while the CD57+ cells were hypoproliferative, they did not 251 

upregulate genes related to the processes involved in classical senescence. 252 

CD57+ and PD-1+ TEM cells shared a subset of TCRs but differentially expressed features of NK function 253 

and T cell activation: 254 

To determine if these cells represented two clonally related states of exhaustion, we evaluated TCR sharing 255 

to identify potential clonal relationships. We adapted procedures we developed previously for single cell 256 

analysis for bulk RNA-seq (37, 38). In preliminary experiments, these procedures were able to accurately 257 

detect known, high-abundance re-arranged TRAV and/or TRBV TCR chain CDR3 regions (junctions) in 258 

bulk T cell profiles (Materials and Methods). We applied these procedures to our bulk RNA-seq profiles 259 

from the sorted PD-1+ and CD57+ cells. Circos plots linking rearranged junctions showed TCR junction 260 



sharing between CD57+ and PD-1+ cells from two of three subjects (Figure 5A). One of these subjects 261 

also shared a TCR junction between different visits, suggesting clonotype persistence.  262 

Although there was no junction sharing between the few subjects in this study, we sought to determine if 263 

these shared TCRs were public (found in other individuals) or private specificities. Since our bulk profiles 264 

do not provide TCR pairing information, we were unable to directly determine antigen specificity of these 265 

TCRs. We therefore performed sequence comparisons by BLAST analysis against the NCBI (National 266 

Center for Biotechnology) non-redundant protein database (Table S2). We found that rearranged TRAV 267 

(TRAV26-2-CILPLAGGTSYGKLTF) and TRBV (TRBV7-8-CASSLGQAYEQYF) chains detected in 268 

donor 1 at week 104 perfectly matched a well characterized immunodominant TCR recognizing Epstein 269 

Barr Virus (EBV) (39). Using PCR analysis, we found measurable EBV DNA in peripheral blood from 270 

this donor at week 104, but not week 52, suggesting that failure to control EBV was associated with likely 271 

expansion of exhausted EBV-specific CD8 T cells. Together, our results suggest that the CD57+ and PD-272 

1+ populations shared common precursors in some subjects.  273 

We next directly compared PD-1+ and CD57+ cells by DGEA to distinguish the populations from one 274 

another. PD-1+ cells expressed high levels of the genes CD28, IL2, CD27 and PDCD1, while CD57+ 275 

cells expressed higher levels of NK cell receptor (NKRs) genes, including FCGR3A, LILRB1, KLRD1, 276 

and multiple Inhibitory Killer cell Immunoglobulin-like Receptor (iKIRs) genes (KIR2DL1, KIR2DL2, 277 

KIR3DL1, KIR3DL2) (Figure 5B). iKIRs are membrane proteins with inhibitory isoforms that bind HLA 278 

class I molecules (40). Signature genes from CD57+ cells comprised a highly interconnected network of 279 

genes classically found in NK cells, but also in terminal effector CD8 T cells (41) (Figure 5C).  280 

GO analysis of the genes more highly expressed in CD57+ cells showed enrichment of terms related to 281 

NK cell function, as well as cytotoxic functions characteristic to both NK and CD8 T cells (Figure 5D-E). 282 

This gene signature suggests functional similarities between the response-associated CD57+ CD8 cells 283 



and NK cells. In contrast, genes more highly expressed in PD-1+ cells were enriched for annotation terms 284 

suggesting T cell costimulation (CD28, CD40LG), proliferation (IL2), and differentiation (IL23A, FOXP3) 285 

(Figure 5F-G). Notably, the elevation of these activation-related genes in the PD-1+ cells is relative, and 286 

although they appeared to be more active than the CD57+ cells, they had lower expression of activation 287 

pathways and reduced proliferative capacity compared to non-naïve and populations with exhausted-like 288 

phenotypes (Figure 4).  289 

Finally, to further assess the differences in functional pathways between PD-1+ and CD57+ cells, we 290 

compared their enrichment for 111 previously defined gene sets using gene set enrichment analysis 291 

(GSEA) (42). Several highly overlapping cytotoxicity-associated modules, including GZMB.mod and 292 

CD244.mod, were enriched in CD57+ cells relative to PD-1+ cells. Modules associated with T cell 293 

activation, inhibition, and differentiation, such as CD28.mod and CTLA4.mod, were more highly enriched 294 

in PD-1+ cells (Figure S15). 295 

  296 



Discussion  297 

Using a combination of transcriptomics, cytometry, and functional assays, we performed a detailed 298 

analysis of the phenotype and function of residual and recurrent CD8 T cells following alefacept therapy 299 

in RO T1D subjects. This systems level approach identified a response-associated CD8 T cell signature 300 

that was defined by activation and exhaustion-associated gene expression and higher frequency of two 301 

related, but unique, CD8 memory phenotypes. These IR-expressing cells expressed features of exhaustion 302 

but were phenotypically distinct from one another, distinguishable by high reciprocal expression of PD-1 303 

or CD57. The divergent inhibitory phenotypes of these cells, including  iNKR expression by the CD57+ 304 

cells, point to a possible role for multiple inhibitory systems driving effector CD8 T cells towards an 305 

inhibited or exhausted state that could be beneficial in the context of T1D and other autoimmune diseases.  306 

We showed that the sorted CD57+ and PD-1+ cells shared some rearranged TCR sequences, a commonly 307 

used measure of T cell clonality. This finding suggests that CD57+ and PD-1+ cells shared a common 308 

lineage. However, because of the limited scope of our observations, we are unable to discriminate between 309 

different models for how CD57+ and PD-1+ cells are derived from a common ancestral precursor. Larger 310 

studies utilizing single cell RNA-seq and samples taken over time will be required to clarify these lineage 311 

relationships. Such studies may also clarify TCR pairing and antigen specificity of exhausted cells. 312 

Integrating knowledge of lineage relationships and antigen specificity will permit a fuller understanding 313 

of the relationship of exhausted cells in T1D progression and response to therapy. 314 

The hypoproliferative DP cells described in the AbATE trial (22, 43) were defined by their expression of 315 

the transcription factor EOMES, effector molecules, and multiple IRs, including TIGIT and KLRG1, and 316 

were found to expand after treatment.  The subtypes of CD8 T cells associated with response to alefacept, 317 

however, were distinct from these DP cells. First, the population dynamics differed in that clusters 12 and 318 

20 did not expand from baseline frequencies, but rather were maintained or recovered to baseline levels 319 



after treatment in responders as compared to non-responders. Therefore, while both drugs may induce or 320 

spare a favorable, tolerogenic CD8 T cell phenotype, the dynamics of these cells may reflect differences 321 

in drug mechanisms. Teplizumab targets CD3, and as an agonist of the receptor could activate cells and 322 

thereby induce exhaustion. In contrast, alefacept targets CD2hi cells and therefore depletes activated 323 

effector memory subsets. It is possible that alefacept also acts by inhibiting costimulation by blocking 324 

CD2 signaling, thereby inducing functional inhibition rather than depletion (15). TREGs were also spared, 325 

so this combined with functional inhibition of effector cells may have promoted a more tolerogenic 326 

immune state in alefacept responders. We note, however, that we have not detected TREG signatures in 327 

either previous (22, 24) or the present studies of biologic therapies in T1D. 328 

The CD57+ cells expressed features of cytotoxicity not seen in canonically exhausted cells. Expression of 329 

CD57 on the surface of CD8+ T cells increases during T cell differentiation and is considered a marker of 330 

cytotoxic function (44-46). CD57 is expressed by heterogeneous populations of memory T cells and 331 

terminally differentiated effector T cells (45-47). CD57+ CD8 T cells have been described as senescent 332 

in chronic HIV infection (47), and in other diseases with chronic immune stimulation such as rheumatoid 333 

arthritis and in transplantation (44-46). During chronic viral infections, senescent T cells express CD57, 334 

KLRG1, and killer-cell immune globulin-like receptors and are capable of producing significant amount 335 

of effector cytokines (48). In T1D, elevated expression of CD57 and CD95 has been described in β-islet 336 

cell-specific CD8 T cells of patients with newly diagnosed type 1 diabetes compared to healthy controls, 337 

and these cells are present in subjects with higher levels of C-peptide (49), raising the possibility that these 338 

cells participate in a protective, rather than pathogenic, role. In a follow up study, the same group showed 339 

that change in β cell-specific effector memory CD8+ T cells expressing CD57 was positively correlated 340 

with C-peptide change in subjects below 12 years of 341 

age. Autoreactive CD57+ effector memory CD8+ T cells bore the signature of 342 

enhanced effector function (higher expression of Granzyme B, killer-specific protein of 37 kDa, and 343 



CD16, and reduced expression of CD28) compared with their CD57- counterparts, and network 344 

association modeling indicated that the dynamics of β cell-reactive 345 

CD57+ effector memory CD8+ T cell subsets were strongly linked (50). These results suggest that 346 

cytotoxic, CD57+ CD8 TEM cells may play a protective role during the early stages of T1D and in subjects 347 

who maintain higher C-peptide over time. However, they have not been identified in all subjects with high 348 

or maintained levels of C-peptide (26). 349 

Alternatively, the protective effect of CD57+ CD8 T cells observed here and in previous trials could reflect 350 

the loss of cytotoxic function in a subset of terminal, cytotoxic CD57+ cells. Increased expression of 351 

inhibitory receptors, including iNKRs, concurrent with a reduction in activation markers like CD28 and 352 

HELIOS, as well as loss of proliferative capacity, could be indicative of the expansion or maintenance of 353 

a dysfunctional, exhausted-like CD57+ CD8 T cell subset in subjects with better outcomes in T1D. Our 354 

observation of multiple phenotypically distinct CD57+ clusters by CyTOF analysis (Figure 3A) suggests 355 

that CD57 marks multiple functionally discrete cell types spanning a range of functional ability, and that 356 

cytotoxic function itself may not be the protective mechanism at play in this and other trials. 357 

The higher frequency of cluster 12 in non-responders at baseline may suggest that a higher frequency of 358 

CD57+ exhausted-like CD8 T cells is predictive of a negative outcome. Alternatively, the consistent 359 

frequency of cluster 12 in responders over time suggests that maintenance of a small terminal CD57+ 360 

population, as opposed to the depletion of it, may be beneficial to therapy response and outcome. A 361 

beneficial role for CD57+ CD8 T cells is also supported by the manual gating analysis of GZMB+ and 362 

CD57+ CD8 T cells (Figure 2) that showed a slight increase in the frequencies of these populations over 363 

time in responders versus non-responders.  364 

Although it is not evident why non-responders underwent depletion of cluster 12 cells and responders did 365 

not, it is possible that these cells expressed higher levels of CD2 in non-responders than in responders, 366 



making the cells more prone to depletion by alefacept. The maintenance of gated CD57+ and GZMB+ 367 

TEM cells in placebo-treated subjects (Figure 2) suggests that the reduction seen in these populations is 368 

specific to alefacept treatment as opposed to natural disease progression. Further experimentation is 369 

needed to clarify the phenotypic or functional differences that might have contributed to differential 370 

depletion of cluster 12 cells between response groups in this trial. 371 

Recent studies have identified subtypes of TEX cells defined by their differentiation state and proliferative 372 

and functional ability. Precursor exhausted cells retain their proliferative potential, whereas terminally 373 

exhausted cells have lost their ability to divide as well as all functional capability. In addition to loss of 374 

function and proliferative capacity, the trajectory from a precursor to terminally exhausted state is 375 

characterized by changes in surface marker and transcription factor expression, including increased 376 

expression of PD-1 and decreased expression of activation receptors. The PD-1+ cells defined here 377 

resembles the stem-like (51), precursor (52) or progenitor (53) exhausted cells identified by others, in that 378 

they are hypoproliferative, PD-1 high, but appear to retain some activation-associated functions. The 379 

CD57+ cells defined here, however, does not clearly fall along previously described trajectories, as neither 380 

CD57 nor iKIRs are present in T or NK cells in mice (54), where much of the fundamental work on 381 

exhaustion has been done. The expression of cytotoxic markers by CD57+iKIR+ cells may indicate that 382 

they represent a distinct lineage of exhausted-like cells.  383 

PD-1/PD-L1 ligation inhibits TCR signaling by preferentially dephosphorylating CD28 (55, 56). The PD-384 

1+ cells in this study maintained a high level of CD28 gene expression and thus would be expected to 385 

remain sensitive to inhibition by PD-1/PD-L1 signaling.  In contrast, upregulation of iKIRs on the CD57+ 386 

CD28- cells could reflect an alternative, CD28-independent inhibitory mechanism. In other studies, 387 

upregulation of NKRs, including iKIRs, was observed in CD8 T cells following loss of CD28, and these 388 

receptors were shown to provide a costimulatory signal to prolong CD8 T cell survival and function (41). 389 

The CD57+ cells described here could represent a terminally exhausted phenotype deriving directly from 390 



the PD-1+ cells after they have lost CD28 expression. The functional consequences of these CD57+, “post-391 

exhaustion” cells on disease and outcome could be determined by the quality (i.e. inhibitory or activating) 392 

of NKR upregulation that occurs following loss of CD28. Inhibitory KIR expression, as observed here, 393 

would contribute to an inhibitory and thus potentially protective immune state for autoimmune disease. 394 

The reciprocal expression pattern of PDCD1 and iKIRs in CD8 T cells has been noted previously. 395 

Duraiswamy et al. (57) described the striking observation that KIRs and killer cell lectin-like receptor 396 

(KLRs) were completely downregulated on PD1hi cells. Boelen et al. (58) discussed similarities between 397 

the iKIR-HLA receptor-ligand system  and the PD1–programmed death ligand 1/2 system. Both iKIR and 398 

PD-1 are inhibitory receptors that block proximal TCR signaling and are up-regulated in the context of 399 

chronic viral infection and on tumor-infiltrating lymphocytes. Our results support these previous studies 400 

and extend them into the realm of therapies for T1D, and perhaps other autoimmune diseases.  401 

iKIRs can affect T cell responses indirectly through NK cells or directly via expression on CD8+ T cells 402 

(58). Recent evidence shows that functional engagement of iKIRs by their MHC ligands enhances clinical 403 

CD8+ T cell responses against HIV-1, HCV, and HTLV-1 viral infections (58). Other studies have shown 404 

a role for KIRs and IRs in EBV infections, such that in later stages of persistent infection, protective 405 

immunity to EBV may be reduced due to the preferential accumulation of hyporesponsive EBV-specific 406 

CD8+ T cells (59). These findings are consistent with our demonstration of expanded EBV-specific TCRs 407 

in CD57+ CD8 cells, although in autoimmunity, hypo-responsiveness is clinically beneficial. It is 408 

important to note that our observations were made at the transcriptome level and that a fuller understanding 409 

of the functional implications of iKIRS in autoimmune disease progression will require additional 410 

experimentation with the protein products of these genes. 411 

The statistical comparisons in this study were limited by small sample sizes, particularly in the analysis 412 

of discretized response (responder/non-responder) where only 6-9 subjects were available per group at 413 



post-treatment time points. Future studies would benefit from a larger sample size to confirm and further 414 

characterize the role of exhausted or exhausted-like CD8 T cells in T1D immunotherapy response.   415 

Taken together, these studies support an association between IR-expression, hypoproliferative CD8 T cells 416 

and favorable outcome in T1D trials of immunomodulatory agents, although the mechanisms and 417 

molecular targets of initial immune perturbation differ with each agent used. This study also provides 418 

evidence that inhibitory NKR expression on hypoproliferative CD8 T cells may be protective against the 419 

autoimmune response in T1D. Alefacept and other T1D therapies may therefore drive self-reactive T cells 420 

to a more exhausted state by promoting one or more differentiation pathways, thereby preventing further 421 

beta cell destruction.  422 

Methods 423 

Study design and patients 424 

T1DAL was a phase-2, randomized, placebo controlled, double-blind clinical trial conducted at 14 clinical 425 

centers in the United States with a 9-month treatment period and 15 months of follow-up. Eligible 426 

participants were 12–35 years of age at the time of screening; <100 days from diagnosis at the time of 427 

enrollment; positive for at least one diabetes-associated autoantibody (insulin, GAD-65, IA-2, ZnT8, or 428 

ICA); and had peak-stimulated C-peptide of >0.2 nmol/L during a MMTT (11, 15). All subjects gave 429 

informed consent prior to enrollment in the trial. Eligible subjects were randomly assigned 2:1 to alefacept 430 

(33 patients) or placebo (16 patients). Participants received 15 mg alefacept (Amevive, Astellas) or 431 

equivalent volume of saline (placebo) i.m. weekly for 12 weeks and, after a 12-week pause, 12 additional 432 

weekly doses of alefacept or placebo. Participants underwent a 4-hour MMTT at screening, 52 weeks, and 433 

104 weeks; a 2-hour MMTT at 24 and 78 weeks; and intensive diabetes management. Additional 434 

participant and outcome data from the T1DAL trial are available online at 435 

(https://www.itntrialshare.org/T1DAL.url).  Peripheral blood mononuclear cells (PBMC) were collected 436 



from 30 alefacept-treated and 12 Placebo-treated patients at weeks 0, 11, 24, 35, 52, 78, and 104 for flow 437 

cytometry and at weeks 0, 24, 35, 52, and 104 for RNAseq and CyTOF (Figure 1A), followed by 438 

functional studies on selected samples. Responders were defined as participants that maintained or 439 

increased their baseline 4-hour C-peptide AUC (n=9). Non-responders were defined as participants that 440 

had greater than 40% loss of their 4-hour baseline C-peptide AUC values at 2 years (n=9), consistent with 441 

prior ITN studies (15, 60).  442 

Flow cytometry immunophenotyping  443 

Flow cytometry analysis was run on 39 subjects (R=7, NR=9, PR=11, and P=12) from 7 visits (weeks 0, 444 

11, 24, 35, 52, 78, and 104). Cryopreserved PBMCs from all subjects were thawed, incubated with FcX 445 

Block and stained with X-trial T and NK cell flow cytometry panels used in previously reported ITN 446 

studies (22, 43, 61) (Table S3). Instrument standardization was performed using 8 peak rainbow 447 

calibration beads (Spherotech, Lake Forest, IL) adjusting PMT voltages for consistent 7th peak mean 448 

fluorescent intensities.  All samples from the same subject were run on the same day, and an internal 449 

control arm from the same subject was run each week. An average of 580,000 live lymphocyte events 450 

were collected per sample on a BD Fortessa using Diva software and data was analyzed using Flowjo Mac 451 

Version 9.4 (Tree Star Inc., Ashland, OR). Gated populations with <100 events were excluded from 452 

analysis. 453 

T cell proliferation assay 454 

Cryopreserved PBMCs from 4 Alefacept treated subjects at weeks 52 or 104 were thawed and sorted into 455 

non naïve (CD45RA-), PD1+ and KLRG1+TIGIT+ non-naïve CD8 T cells and labelled with cell trace 456 

violet (ThermoFIsher). The labelled cells were mixed back with unlabeled autologous PBMC and 457 

stimulated in vitro with plate bound anti-CD3 and anti-CD28 monoclonal antibodies for three 458 

days.  Proliferation was measured by Ki67 expression within all CD8 populations. Representative plots 459 



for CD8 populations and the gating strategy for Ki67 are shown in Figure S12. The staining panels for 460 

sorting and proliferation are shown in Tables S4 and S5. Flow acquisition and analysis was performed as 461 

described above. 462 

 463 

RNA-seq 464 

Out of 33 treated alefacept-treated subjects, 3 were lost to follow-up by week 104. Samples from the 465 

remaining 30 treated subjects (weeks 0, 24, 35, 52, and 104) were analyzed by RNA-sequencing. Bulk 466 

CD8 T cells were FACS-sorted and analyzed by RNA-seq as previously described (22).  Low quality 467 

libraries (median CV of coverage > 0.9, total reads < 5 million) were excluded, leaving 26 subjects with 468 

libraries available from downstream analysis (see Table S1). Counts were then normalized and log2-469 

transformed, followed by batch correction using the limma R package (62). Five placebo subjects were 470 

included in the week 104 RNA-seq analysis, and the 3 placebo samples that remained after QC filtering 471 

were included in the WGCNA analysis to maximize the sample size for module detection. The top 5000 472 

most variable genes (ranked by coefficient of variation) were used to generate WGCNA modules using 473 

the blockwiseModules function from the WGCNA R package (34, 63). Weighted gene co-expression 474 

network analysis (WGCNA) was run with a soft thresholding power of 5, a signed network, minimum 475 

module size of 50, and clustering dendrogram cut height of 0.30. Module eigengenes were calculated 476 

using the moduleEigengenes function in the WGCNA R package (34, 63), and Pearson’s correlation was 477 

calculated between these eigengenes and other parameters including clinical outcomes, CyTOF marker 478 

levels, and CyTOF cluster frequencies. Gene ontology analysis was performed using the goana function 479 

in the limma R package (62). String-db (https://string-db.org/) was used to find connected gene networks, 480 

and Cytoscape was used to for gene network visualization (64). 481 



Sequences of rearranged TCR chains, which include non-templated nucleotides in the CDR3 junction, not 482 

present in the reference genome, were identified from genome-independent (de novo) assemblies of 483 

overlapping DNA segments (38, 65). Pilot spike-in experiments showed that rearranged TCRs could be 484 

reassembled from high abundance clonotypes in bulk RNA-seq T cell profiles, but not from monocyte 485 

profiles. 486 

Mass cytometry (CyTOF) staining and analysis 487 

Thawed cryopreserved PBMC were stained for viability using cisplatin (Enzo Life Sciences) prior to 488 

staining with a surface antibody cocktail (Table S6). Samples were then washed, fixed using the Maxpar 489 

Nuclear Antigen Staining Buffer (Fluidigm), and stained with an intracellular mAb cocktail. Samples were 490 

stored with 125 nM MaxPar Intercalator-Ir (Fluidigm) in Fix and Perm Buffer (Fluidigm) at 4oC over 491 

night or up to 1 week prior to acquisition.  For acquisition, cells were resuspended (0.5x106/mL) in cold 492 

ultrapure water containing 1/5th EQ Four Element Calibration Beads (Fluidigm) and were acquired at a 493 

rate of 300-500 events/second on a CyTOF1.5 with upgrades (Fluidigm) running CyTOF Sofware version 494 

6.0.626 and using a Super Sampler system  (Victorian Airship & Scientific Apparatus). Files were 495 

converted to .FCS and then randomized and normalized for EQ bead intensity using the CyTOF Software. 496 

FlowJo software (version 10.4) was used to manually gate and export FCS files of CD8+ T cells. 497 

Gated CD8 T cells were analyzed in R using the Cytofkit and flowCore packages (66). Events were down-498 

sampled to include the same number of events from each subject at each time point, and were then 499 

combined for all downstream analyses. Intensity values were arcsinh-transformed with a cofactor of 5 500 

prior to analysis. Markers that were used for preliminary gating and those with a high CV were excluded 501 

from dimensionality reduction and clustering. The full set of markers used to generate t-SNE plots and 502 

clusters was: CCR7, CD38, CXCR3, CD27, CD45RA, CD45RO, CD57, CD25, TIGIT, EOMES, T-BET, 503 



CD95, HELIOS, KLRG1, TIM3, PD1, CD122, 24B, CD161, CD127, and NKG2D. Rphenograph (67) 504 

was used to generate clusters from down-sampled files.  505 

Statistical analysis 506 

Longitudinal flow cytometry and RNA-seq data were analyzed by repeated measures one-way ANOVA.  507 

Group comparisons were made by comparing their least square means at each visit. Mann-Whitney U test 508 

was used for comparison between two distinct groups, and within group comparisons were performed by 509 

Wilcoxon test. C-peptide slopes were calculated by fitting a random effects linear model over all visits 510 

per subject as previously described (68).  511 

Group comparisons of C-peptide data at primary endpoint were analyzed by fitting an ANCOVA model 512 

with change from baseline as the outcome and baseline value as a covariate. False discover rate (FDR) or 513 

Bonferroni correction were applied where appropriate to adjust for multiple comparisons for statistical 514 

tests. All comparisons required the level of significance to be kept at α of 0.05 for two-sided tests. SAS 515 

version 9.4 was used for all data analyses, and graphs were produced in R (https://www.R-project.org). 516 

Datasets for these analyses are accessible through TrialShare, a public website managed by the ITN 517 

(https://www.itntrialshare.org/T1DAL.url), and the GEO Repository, accession GSE158292. Code and 518 

data files used in figures are deposited at GitHub 519 

(https://github.com/BenaroyaResearch/Diggins_Serti_Linsley_JCI_Insight_2020; commit ID 520 

918a8972f9a87842a4385966491320a9f5afd184). 521 

To determine correlations between gene expression and the frequency (percentage) of specific cell types 522 

identified by CyTOF, Pearson’s correlation values were calculated between blue module eigengene values 523 

and cell type frequencies from Rphenograph. Student’s asymptotic two-tailed t test was then used to 524 

calculate the significance of the correlations. A P value less than 0.05 was considered significant. 525 

Error bars indicate mean ± SEM. 526 



 527 

Study approval 528 

The T1DAL study was approved by independent institutional review boards at each participating clinical 529 

center. All participants or parents provided written informed consent or assent (<18 years old) (15).  530 
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Figures 739 

 740 

 741 

Figure 1. CD8 T cell activation and exhaustion-associated gene signature was associated with 742 

response to alefacept. A) Schematic diagram shows analysis workflow. B) WGCNA cluster dendrogram 743 



is shown for analysis of 5K most variable genes in CD8 samples (n=24; including 2 placebo). C) Pearson 744 

correlation between module eigengene and C-peptide change. Significance of correlation was determined 745 

by Student’s asymptotic one-tailed t-test. Only the blue module was significantly correlated with C-746 

peptide change (p < 0.05). Correlation and significance calculations included all 24 subjects used for 747 

WGCNA module generation. D) Graph shows blue module eigengene expression vs C-peptide change at 748 

week 104 across the same 24 subjects (R = 0.47, p = 0.023, FDR = 0.14). Pearson correlation and the 749 

corresponding t-test of correlation significance were performed using cor.test function in R. E) Change 750 

from baseline median expression of blue module genes in responders, partial responders, and non-751 

responders over time. See Table S1 for sample numbers per group and visit. Significant differences at 752 

week 52 and 104 were seen between responders and non-responders. Significance was determined by 753 

repeated measures ANOVA, with multiplicity adjustment applied to p-values. F) A selection of 754 

significantly enriched terms identified by gene ontology enrichment analysis of blue module genes are 755 

shown with their respective enrichment p-value (-log10(FDR)). G) Blue module genes categorized as 756 

“leukocyte activation” by GO analysis were clustered using string (string-db.org) and visualized in 757 

Cytoscape. Inhibitory marker names colored red. 758 

 759 



 760 

Figure 2. Increased frequency of memory CD8 subsets correlated with beneficial response to 761 

alefacept. A) Longitudinal analysis of KLRG1+ΤIGIT+, Granzyme B+, and CD57+ is shown as the 762 

change from baseline percentage of CD8+ TEM in responders (n=7; red), non-responders (n=9; blue), and 763 

placebo (n=12; yellow). Differences between groups were analyzed by Repeated Measure (RM) ANOVA 764 

with baseline adjustment and Bonferroni multiple comparison correction. P values <0.05 were considered 765 

significant. C1; Cycle 1, C2; Cycle 2 of treatment. B) Plot shows correlation of the C-peptide change with 766 

the change of %KLRG1+TIGIT+, Granzyme B+, and CD57+ CD8+ TEM from baseline to week 104 in 767 

responders (n=6) and non-responders (n=7).  Spearman correlation were performed with FDR adjustment 768 

for multiple comparison. 769 

 770 

 771 



 772 

Figure 3. Two CD8 memory T cell subsets identified by CyTOF analysis were associated with 773 

beneficial response to alefacept. A) Heatmap shows median expression for each cluster that contained 774 

at least 1% of total cells. Color indicates column z-score calculated from cluster median expression. 775 

Arrows denote the two IR-high clusters that correlated with response, clusters 12 and 20. Analysis 776 

included 12 subjects (6 R; 6 NR). B) Change from baseline percent of cells in clusters 12 and 20 plotted 777 

over time in 6 responders (R) and 6 non-responders (NR). Differences between groups were analyzed by 778 

Repeated Measure (RM) ANOVA with baseline adjustment and FDR multiple comparison correction. P 779 



values <0.05 were considered significant. C) tSNE was used to visualize CyTOF data at single-cell level.  780 

Expression intensity (asinh of MI) is colored on tSNE plots for PD1 and CD57 (top). Overlay of cluster 781 

12 and 20 cells shown on density plot, color-coded as orange and purple, respectively (bottom). 782 

 783 



 784 

Figure 4. CD57+ and PD-1+ response-associated CD8 T cells were hypo-proliferative and expressed 785 

features of exhaustion. A) Representative dot plots illustrate sorting strategy to isolate memory (non-786 

naïve CD8 excluding CD45RA+ CCR7+) CD8+ T cell populations (CD57+/-, PD-1 +/-, and 787 



KLRG1/TIGIT +/-). B) Volcano plots show differentially expressed genes contrasting PD-1+ (right) and 788 

CD57+ (left) with DN cells. Genes canonically associated with exhaustion, as well as key markers of 789 

clusters 12 and 20, are highlighted and labeled. C) Enrichment barcode plots contrast CD57+ and PD-1+ 790 

populations with KLRG1/TIGIT negative (DN) cells in their expression of blue module genes. P-value 791 

from rotation gene set analysis roast in R. D) Ki67+ cell frequency in each of the sorted CD8 subsets 792 

(week 104 samples; n=6) following 4 days of stimulation with plate-bound anti-CD3/soluble anti-CD28. 793 

Bars indicates median and standard error. P-values were calculated using one-way ANOVA, and results 794 

are displayed for comparisons of CD57+, PD-1+ and KLRG1- TIGIT- (DN) frequencies.       795 
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 797 

Figure 5. CD57+ and PD-1+ T cells shared a subset of TCRs but differentially expressed features 798 

of NK cytotoxicity and T cell activation. A) Each segment of Circos plot represents a TCR junction 799 

found in PD-1+ (green) or CD57+ (gray) cells from the 4 sorted samples. Color bars denote donors. 800 

Arcs connect junctions shared between samples.  B)  Differentially expressed genes identified by limma 801 

analysis contrasting PD-1+ (left) and CD57+ (right) cells. Genes whose differential expression reached 802 



significance are highlighted in blue and red (logFC > 1; BH adjusted p < 0.1). C) Network shows 803 

connected network of genes expressed significantly higher in CD57+ than PD-1+ cells. Key NKRs are 804 

highlighted in red. D) Selection of enriched pathways in CD57+ cells are shown with respective 805 

significance of GO term gene over-representation in set. E) Relative expression of pathway-associated 806 

genes in CD57+ and PD-1+ cells, calculated as the mean scaled expression of the gene across all 807 

samples. F) Selection of enriched pathways in the genes differentially expression in PD-1+ cells, 808 

determined as in (D). G) Relative expression of pathway-associated genes in PD-1+ and CD57+ cells, 809 

analyzed as in (E). 810 
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 Bulk CD8 RNA-seq 
n (% of cohort)  

CyTOF 
n (% of cohort) 

Flow Cytometry 
n (% of cohort) 

Age group    

12-15 years 5 (19%)  3 (25%) 3 (19%) 
16-35 years 21 (81%) 9 (75%) 13 (81%) 
    

Sex   
Female 12 (46%) 5 (42%) 7 (44%) 
Male 14 (54%) 7 (58%) 9 (56%) 
    
Response Group    

Responder 7 (27%) 6 (50%) 7 (44%) 
Non-responder 9 (35%) 6 (50%) 9 (56%) 
Partial responder 10 (38%) 0 0 

    
Total n in cohort 26 12 16 
 
Table 1. Cohort demographics for RNA-seq and cytometry analyses.  Values indicate n 
of cohort (% of total n of cohort). RNA-seq sample numbers indicate the number of subjects 
with data at one or more visit after filtering low quality libraries. Cohort subsets did not differ 
significantly in age, sex, or response than the complete alefacept treated cohort (n=33) 
described in Rigby et al, as determined by Fisher’s exact test. 
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