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Abstract

Heterologous immunity is recognized as a significant barrier to transplant tolerance. While 

pathogen elicited memory T cells can have high or low affinity for cross-reactive allogeneic 

peptide:MHC, the role T cell receptor (TCR) affinity during heterologous immunity has not been 

explored. We established a model with which to investigate the impact of TCR priming affinity on 

memory T cell populations following a graft rechallenge. In contrast to high affinity priming, low 

affinity priming elicited fully differentiated memory T cells with a CD45RBhi status. High 

CD45RB status enabled robust secondary responses in vivo, as demonstrated by faster graft 

rejection kinetics and greater proliferative responses. CD45RB blockade prolonged graft survival 

in low affinity, but not high affinity, primed mice. Mechanistically, low affinity primed memory 

CD8+ T cells produced more IL-2 and significantly upregulated IL-2Rα expression during 

rechallenge. We found that CD45RBhi status was also a stable marker of priming affinity within 

polyclonal CD8+ T cell populations. Following high affinity rechallenge, low affinity primed 

CD45RBhi cells became CD45RBlo, demonstrating that CD45RB status acts as an affinity-based 

differentiation switch on CD8+ T cells. Thus, these data establish a novel mechanism by which 

CD45 isoforms tune low affinity primed memory CD8+ T to become potent secondary effectors 

following heterologous rechallenge. These findings have direct implications for allogeneic 

heterologous immunity by demonstrating that despite a lower precursor frequency, low affinity 

priming is sufficient to generate memory cells that mediate potent secondary responses against a 

cross-reactive graft challenge.
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Introduction

Following encounter with microbial antigen, T cells can differentiate into memory cells with 

a multitude of phenotypic profiles in order to provide long-lasting protection against 

subsequent encounters with pathogens (1, 2). Memory T cells are recognized as a barrier to 

many immunomodulation strategies aimed at limiting alloreactive T cell responses (3). One 

reason is that microbe-elicited T cell memory can cross-react with allogeneic antigen and 

mediate graft rejection, a process termed allogeneic heterologous immunity (4, 5). In this 

scenario, memory CD8+ T cells that were primed with microbial antigen can recognize a 

unique cross-reactive allogeneic antigen. A number of studies have provided evidence of 

significant cross-reactivity of pathogen-elicited memory CD8+ T cells with allogeneic 

antigen in mice and humans (4–7).

The affinity of the TCR for antigen is also a critical facet of allogeneic heterologous 

immunity due to the recognition of TCR by unique microbial priming and allogeneic 

rechallenge antigens. Indeed, memory T cells can have high and low affinity for allogeneic 

antigen (5), and recent work has also demonstrated that allogeneic T cells are suited to 

recognize a greater number of unique peptide:MHC complexes than conventional T cells, 

providing strong evidence that allogeneic T cell interactions occur over a range of high and 

low TCR affinities (8–10). Recently, low affinity memory T cells have been studied in the 

context of protective and auto-immunity. However, a specific investigation of the impact of 

TCR priming affinity on subsequent phenotype and effector function of memory T cells 

during heterologous rechallenge has not been conducted.

CD45 is a transmembrane phosphatase that is known to tune proximal T cell signaling 

cascades via differential expression of multiple isoforms. However, the impact of T cell 

affinity on CD45 isoform expression and subsequent effector function has not been 

explored. Here we found that low affinity priming affinity dictates a distinct differentiation 

program compared to high affinity priming that is characterized by expression of large 

CD45 isoforms, denoted as CD45RBhi. A CD45RBhi status enabled low affinity primed 

memory CD8+ T cells to proliferate better than high affinity memory CD8+ T cells in 

response to a high affinity graft rechallenge. This study establishes a novel connection 

between the affinity of CD8+ T cell priming and CD45-mediated T cell tuning, and provides 

mechanistic insight into the functionality low affinity T cells in transplantation, protective 

immunity, and autoimmunity.

Materials & Methods

Mice

Male C57BL/6 Ly5.2-Cr (B6.SJL-Ptprca Pepcb/BoyJ; CD45.1+, H-2b) mice were obtained 

from the National Cancer Institute (Frederick, MD). OT-I (11) transgenic mice (C57BL/6-

Tg(TcraTcrb)1100Mjb/J; H-2b), purchased from Taconic Farms, were bred to Thy1.1+ 

background at Emory University. mOVA mice (C57BL/6-Tg(CAG-OVA)916Jen/J; H-2b), 

which express membrane-bound N4 OVA under the control of the β-actin promoter, were a 

gift from Dr. Marc Jenkins ((12) University of Minnesota, Minneapolis, MN). All animals 

were maintained in accordance with Emory University Institutional Animal Care and Use 
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Committee guidelines. All animals were housed in pathogen-free animal facilities at Emory 

University.

Generation of OT-I primary effectors, memory, and secondary effectors

For adoptive transfers of donor-reactive T cells, Thy1.1+OT-I mice were processed to single 

cell suspension and the frequency of OT-Is was determined by FACS analysis of 

CD8+Thy1.1+Vα2+ (BD Biosciences). Cells were resuspended in PBS and 1.0 × 104 cells 

were transferred intravenously into CD45.1+ male hosts. Listeria monocytogenes strains 

engineered to express the OVA APL epitope (LM-OVA APLs) were provided by Dr. 

Michael Bevan (University of Washington, Seattle, WA; (13)). Mice were infected with 104 

CFU of LM-OVA APL strains intraperitoneally 24 hours after adoptive transfer. To generate 

secondary effectors, at 4 weeks following infection mice were immunized with 10 μg N4 

OVA (SIINFEKL) peptide (GenScript, Inc) in each hind foot pad.

Assessment of in vivo OT-I populations

At primary effector time point day 7 post infection, CD8+CD44hiThy1.1+ OT-I cells were 

identified in the peripheral blood following collection in heparinized capillary tubes and red 

blood cells lysis. Primary and secondary effector OT-I cells were identified as 

CD8+CD19−CD44hiThy1.1+ from single cell suspensions. To assess resting OT-I memory 

cells, at week 4 post infection (day 28–35), spleen and lymph nodes (popliteal, inguinal, 

mesenteric, brachial, axial, and cervical) were pooled and enriched for Thy1.1 cells using 

magnetic beads (14). Briefly, single cell suspensions were incubated with anti-Thy1.1 PE 

and anti-PE microbeads (Miltenyi), following by enrichment over LS columns. The unbound 

column flow-through and wash fraction was routinely absent of OT-I cells. Memory OT-I 

cells were assessed as CD45.2+CD19−CD11c−CD4−CD8+CD44hiThy1.1+. In some 

experiments, 200 μL of 2 mg/mL BrdU was given intraperitoneally on day 4 post graft and 

splenic OT-I cells were enriched for analysis 18 h later. Absolute cell numbers were 

determined using AccuCheck beads (Invitrogen).

In vitro OVA APL OT-I stimulations

Spleen and mesenteric lymph node cells from OT-I mice were processed to single cell 

suspension and 3×106 splenocytes were plated in 24 well plates in complete RPMI 

supplemented with 0.1 μM OVA APL peptide, 0.1 μg/mL anti-CD28 (37.51, Biolegend), 

and 10 ng/mL IL-2 (Biolegend) for 3 days. Dead cells were removed using Lymphocyte 

Separation Medium (CellGro) and cells were cultured in media containing 10 ng/mL IL-15 

(Biolegend) overnight, followed by flow cytometry. Cells were restimulated on day 4 

following the addition of naïve B6 splenocytes at a 1:1 ratio for 5 hrs in the presence of 0.1 

μM OVA APL peptide. For CD45RB cell sorting, Q4 OVA primed cells were isolated using 

Lymphocyte Separation Medium and stained with Live/Dead Aqua (Invitrogen), gated on 

Aqua−CD8+CD44hiThy1.1+, and sorted as CD45RBhi and CD45RBlo using a FACS Aria II 

(BD).
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Assessment of polyclonal OVA specific CD8+ T cells

Mice were infected with 104 CFU of LM-OVA APL strains intraperitoneally and assessed 

on day 10–14 post infection. For N4 OVA-specific tetramer staining, monomers were 

obtained from the NIH Tetramer Core Facility and 180 μg of monomer (90% biotinylation) 

was tetramerized with streptavidin APC using standard techniques. Tetramer staining was 

performed on splenic CD3ε+CD19−CD11c−CD8+CD44hi cells for 20–30 min at room 

temperature at the indicated concentrations.

Skin transplantation

Full-thickness tail and ear skins were transplanted onto the dorsal thorax of recipient mice 

and secured with adhesive bandages as previously described (15). In some experiments, 

mice were treated with 500 μg each hamster monoclonal anti–mouse CD154 (MR-1, 

BioXCell) and CTLA-4 Ig, or 250 μg anti-CD45RB (HB-220, BioXCell) on days 0, 2, 4, 

and 6 post transplant.

Flow cytometry and intracellular cytokine staining

Single cell suspensions were stained with anti-CD3, anti-CD8, anti-CD19, anti-CD25, anti-

CD44, anti-CD45RB, anti-CD62L, anti-CD69, anti-CD122, anti-CD127, anti-CD11c, anti-

PD-1, and anti-Thy1.1 or appropriate isotype control (BD Biosciences or Biolegend) for 15 

min at room temperature. For intracellular marker and cytokine staining, cells were 

incubated for 5 h at 37 C in the presence of 1 μM N4 OVA peptide (GenScript) and 10 

μg/ml GolgiPlug (BD Biosciences) and stained for intracellular IL-2, TNF, and IFN-γ 

following manufacturer’s instructions (BD Biosciences). Assessment of Nur77 

(eBiosciences) and hnRNPLL (Clone TR75-89, Cell Signaling Technology) expression was 

performed using the FoxP3/Transcription Factor Staining Buffer Set (eBiosciences). 

hnRNPLL was detected with anti-rabbit F(ab)’2 secondary reagent (Cell Signaling 

Technology). Data were analyzed using FlowJo software (Tree Star).

Relative 2D affinity measurement of CD8+ T cells

Human RBCs were isolated in accordance with the Institutional Review Board at Emory 

University coated with Biotin-X-NHS (EMD) and 0.5 mg/ml streptavidin (Thermo Fisher 

Scientific) and 1–2 μg of N4 OVA or OVA APL H-2Kb monomers with mouse β-2 

microglobulin (NIH Tetramer Core). Monomers cannot bind CD8 due to substitution of the 

mouse H-2Kb α3 domain with human HLA-A2 α3 domain. Monomer bound to RBCs was 

quantified with anti-N4 OVA Kb PE antibody (25-D1.16; ebioscience) and QuantiBrite 

Beads (BD Biosciences). Naïve splenic OT-I T cells for were purified using EasySep mouse 

CD8+ T cell negative selection kit (Stemcell Technologies), TCR was quantified by stained 

with anti-Vα2 PE antibody (B20.1; eBioscience) and QuantiBrite Beads. For the relative 2D 

affinity of polyclonal CD8+ T cells, splenic CD3ε+CD19−CD8+CD44hi cells from day 10 

LM N4 OVA infected mice were sorted into CD45RBhi and CD45RBlo populations using a 

FACS Aria II (BD), and the TCR was quantified with anti-TCRβ (H57-597; BD 

Biosciences) and QuantiBrite beads. The micropipette adhesion frequency assay was then 

performed as previously described (16, 17). In brief, a pMHC-coated RBC and T cell were 

placed on apposing micropipettes and brought into contact by micromanipulation for a 
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controlled contact area (Ac) and time (t). The T cell was retracted at the end of the contact 

period, and the presence of adhesion (indicating TCR:pMHC binding) was observed by 

elongation of the RBC membrane. This TCR-RBC contact was repeated 30 times and the 

adhesion frequency (Pa) was calculated. The relative 2D affinity (AcKm) of each cell that 

had a Pa of greater than 10% was calculated using the Pa at equilibrium (where t → ∞) 

using the following equation: AcKa = ln[1−Pa(∞)]/(mrml), where mr and ml reflect the 

receptor (TCR) and ligand (pMHC) densities, respectively.

Statistical analysis

Survival data were plotted on Kaplan-Meier curves and log-rank tests were performed. For 

analysis of absolute numbers and expression levels, paired or unpaired Student’s t-tests 

(two-tailed) were performed, where appropriate. Analysis of expression of markers on naïve 

and memory cells was performed using one-way ANOVA with Bonferroni post test. 

Analysis of expression of markers by CD45RB expression was performed using 2-way 

repeated measures ANOVA with Bonferroni post test. Fold expansion in proliferation of N4 

OVA rechallenged secondary effectors was calculated as: Absolute number OT-I N4 OVA 

rechallenge/Average number resting OT-I. Fold change of CD45RB expression on resting 

memory vs. secondary effectors was calculated as (100 - (%CD45RBhi secondary effector/

Average %CD45RBhi resting memory)). Percent maximum of N4 OVA tetramer binding 

was calculated as (Frequency N4 OVA Tet+)/(Frequency N4 OVA Tet+ 1:50 dilution) x 

100. Comparisons of relative 2D affinity of OVA APLs compared to N4 OVA were 

performed using one-way ANOVA (Dunnett’s post test). Linear correlations of relative 2D 

affinity were evaluated with MST, CD45RB expression, or EC50 values (13). Results were 

considered significant if p<0.05. All analyses were done using GraphPad Prism software 

(GraphPad Software Inc). *p<0.05, **p<0.01, ***p<0.001.

Results

OVA APL relative 2D affinity correlates with functional avidity

The affinity of TCR interactions during priming impacts naïve CD8+ T cell differentiation 

into effector and memory cells (1, 18, 19). While many studies have used the OVA-based 

altered peptide ligands (APLs) (13, 20–22), the affinity of the OT-I TCR for many OVA 

APLs has not been reported. Using a micropipette adhesion assay (17), we measured the 

relative 2D affinity of OT-I T cells to parental N4 OVA (SIINFEKL) as well as single 

amino acid substitution APLs Q4 OVA (SIIQFEKL), T4 OVA (SIITFEKL) and V4 OVA 

(SIIVFEKL). In contrast to functional avidity measurements (13, 22), this technique 

measures the isolated affinity of the TCR and peptide:MHC binding in the context of 

physiologic cellular membranes absent the contributions of other surface receptors, such as 

CD8 (16). We found that the 2D affinity of OVA APLs ranged from N4 OVA 3.8 x10−4 

(high affinity) to V4 OVA 1.67 × 10−5 μm4 (low affinity) (Figure 1A), representing a 23.9-

fold range of affinity (Figure 1B). This range between N4 and V4 OVA is more than 10-fold 

narrower than the reported 680-fold range in relative functional avidity (13). Importantly, 

we identified a linear relationship between relative functional avidity and 2D affinity (R2 = 

0.972, Figure 1C).
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Low affinity primed memory CD8+ T cells are tuned to generate robust secondary recall 
responses

During heterologous immunity, T cells primed with high or low affinity for the priming 

pathogen antigen can cross-react with allogeneic antigen and mediate graft rejection. Thus, 

we developed an in vivo model to investigate the role that TCR affinity plays in 

heterologous immunity. We used Listeria monocytogenes strains engineered to express the 

OT-I epitope N4 OVA or the low affinity V4 OVA epitopes to generate high or low affinity 

primed CD8+ T cell memory, respectively and then challenged these memory populations 

with an N4 OVA expressing skin graft (Figure 1D). Compared to N4 OVA priming, V4 

OVA priming led to ~80-fold lower frequency of CD8+ OT-I effectors in the blood on day 7 

(Supplemental Figure 1A). Using an enrichment technique to reliably detect and quantify 

very low frequency OT-I memory T cells (14), we found that high affinity N4 and low 

affinity V4 OVA primed cells formed memory populations in secondary lymphoid organs 

(Figure 1E, Supplemental Figure 1B). Low affinity primed V4 OVA cells were found at 61-

fold lower frequency than those primed by N4 OVA (N4 OVA 8.0×104±3.3×104, V4 OVA 

1.3×103±5.3×102, Figure 1E). Consistent with the phenotype of high quality CD8+ memory 

T cells, both N4 OVA and V4 OVA primed memory cells expressed high levels of CD44 

and CD127, and low levels of CD69 and Granzyme B (Supplemental Figure 1C). Thus, 

while primary effector proliferation correlates with TCR signal strength, low affinity 

priming leads to memory cell formation.

Following challenge with high affinity N4 OVA skin grafts, high affinity primed N4 OVA 

memory elicited rejection of grafts with an MST = 17 days (Figure 1F). Surprisingly, despite 

a 61-fold lower precursor frequency, low affinity primed V4 OVA memory cross-reacting 

with graft-expressed high affinity N4 OVA mediated faster graft rejection (MST 11 days, p 

< 0.0001, Figure 1F). Challenge of mice with memory primed with either of two additional 

intermediate-affinity OVA APLs Q4 and T4 resulted in graft rejection kinetics that were 

faster than high affinity N4 OVA (Q4 OVA MST = 15.5 days, T4 OVA MST = 14.0 days, 

Supplemental Figure 1D). The mean survival time of high affinity N4 OVA skin graft 

challenge correlated with the priming affinity ((13), Supplemental Figure 1D).

We investigated the relative differences in graft rejection kinetics were the result of 

differential qualitative TCR signaling or proliferative potential between high and low 

affinity primed memory CD8+ T cells. In response to high affinity N4 OVA rechallenge, 

high and low affinity primed memory CD8+ T cells upregulated similar levels of CD69 and 

Nur77, which report qualitative TCR-mediated signal strength at early timepoints (22, 23) 

(Supplemental Figure 2A–B).

On day 5 following N4 OVA skin graft, fewer low affinity V4 OVA primed cells were 

recovered in the draining lymph nodes compared to N4 OVA primed cells (Figure 1G). 

However, low affinity V4 OVA primed cells underwent a greater fold expansion (Figure 

1H) and a significantly higher frequency of V4 OVA primed cells incorporated BrdU on day 

5 post graft (p < 0.0001, Figure 1I). These results could not be attributed to different rates of 

apoptosis between memory populations (Supplemental Figure 2C), nor due to differences in 

OVA-specific endogenous CD8+ populations, as similar frequency and absolute number of 
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endogenous CD8+ T cells were N4 OVA-specific (Supplemental Figure 2D). Thus, in 

response to high affinity rechallenge, low affinity primed memory CD8+ T cells can receive 

strong TCR-mediated activation signals and are poised to undergo greater proliferative 

responses compared to high affinity primed memory T cells.

CD45RB is a stable marker of the affinity experience of memory CD8+ T cells

We investigated the mechanism underlying the ability of low affinity primed V4 OVA 

memory cells to mediate faster graft rejection and undergo greater proliferation than high 

affinity primed N4 OVA memory in response to high affinity graft challenge. CD45 is a 

transmembrane phosphatase that is critical for TCR signaling. Interestingly, the relative 

abundance of CD45 isoforms can be used to distinguish T cell differentiation status in mice, 

as naïve CD8+ T cells are CD45RBhi and effector/memory CD8+ T cells downregulate 

CD45RB to become predominantly CD45RBlo (24).

Given their overall memory cell phenotype compared to high affinity primed memory cell 

(Supplemental Figure 1C and (13)), we questioned whether low affinity primed memory 

CD8+ T cells became CD45RBlo during effector and memory differentiation. During the 

primary effector response we found that high affinity primed N4 OVA effectors 

downregulated CD45RB (48.9±2.2% CD45RBhi, Figure 2A). Surprisingly, V4 primed OT-I 

cells in the blood maintained a predominantly CD45RBhi status compared to high affinity 

primed cells (V4 OVA 68.7±3.6% CD45RBhi, p<0.001, Figure 2A). At memory, the 

divergent frequency of CD45RBhi cells was maintained in high and low affinity primed OT-

I cells residing in secondary lymphoid tissue (N4 OVA 54.7±6.76%, V4 OVA 79.3±3.4%, 

p=0.0064, Figure 2B).

A small fraction of naïve OT-I cells are CD44hi and have a memory-like phenotype (25). 

We found that both CD44hi and CD44lo naïve OT-I T cell populations were CD45RBhi, 

indicating that the divergent CD45RB status of OT-I effectors following high and low 

affinity priming was not due to differential expression of CD45RB on naïve OT-I T cells 

prior to adoptive transfer (Figure 2C). We also investigated the expression of several other 

molecules that have been shown to modulate TCR signaling. We found no significant 

difference in expression of Vα2, CD8, or CD5 expression on high and low affinity primed 

OT-I cells (Supplemental Figure 2E).

The mRNA for the gene PTPRC undergoes alternative splicing of exons 3, 4, and 5 to 

generate mature transcripts that encode the extracellular CD45 A, B, and C domains, 

respectively (24). The heteronuclear ribonuclear protein L-like (hnRNPLL) has been shown 

to control inclusion of exons A and C in the PTPRC transcript in peripheral CD8+ T cells 

(26, 27). We questioned whether hnRNPLL was differentially expressed following high and 

low affinity priming, which could reflect the presence of larger CD45 transcripts that 

contain domains A and/or C. We found that hnRNPLL expression increased following 

stimulation of OT-I cells with N4 OVA, consistent with a previous report (26). However, 

hnRNPLL expression was not induced following low affinity V4 OVA priming (Figure 2D). 

Thus, the CD45RBhi status of low affinity primed cells likely reflects the expression of a 

greater frequency of large CD45 isoforms that also contain domains A and C.
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In order to determine if CD45RB expression on low affinity primed memory CD8+ T cells 

was functionally important in mediating graft rejection, we treated N4 OVA and V4 OVA 

memory mice with anti-CD45RB mAb during skin graft rechallenge. Blockade of CD45RB 

during N4 OVA skin graft challenge did not significantly prolong graft survival in mice 

containing N4 OVA primed cells compared to untreated mice (Untreated MST 17 d, Figure 

1F; anti-CD45RB MST 17 d, Figure 2E). However, treatment of mice containing V4 OVA 

primed memory CD8+ T cells with anti-CD45RB led to significant prolongation of graft 

survival (Untreated MST 11 d, Figure 1F; anti-CD45RB MST 21 d, Figure 2E), 

demonstrating that CD45RB is functionally important specifically in context of a secondary 

recall response mediated by low affinity primed memory CD8+ T cells. These data are the 

first demonstration that that long-lived CD44hi memory T cells can remain predominantly 

CD45RBhi and that this CD45RBhi status is functionally important during rechallenge.

Low affinity primed secondary effector cells downregulate CD45RB and produce high 
levels of IL-2

In light of the finding that low affinity primed CD8+ memory T cells mount robust 

secondary recall responses against high affinity antigen, we investigated the phenotype of 

high and low affinity primed secondary effectors. Because skin grafts elicit relatively little 

expansion of antigen-specific T cells, we rechallenged memory populations with peptide in 

vivo and assessed T cells in the draining lymph node. Similar to post graft secondary 

responses, low affinity primed secondary effectors underwent a 5.3-fold greater fold-

expansion than high affinity primed secondary populations (p<0.0001, Supplemental Figure 

3A–B).

High affinity N4 OVA peptide rechallenge of N4 OVA primed memory cells slightly 

downregulated CD45RB expression (30.2±3.39% CD45RBhi, Figure 3A). In contrast, V4 

OVA primed memory cells significantly downregulated CD45RB expression during the 

secondary proliferative response to high affinity antigen (19.6±1.96% CD45RBhi, Figure 

3A). The loss of CD45RBhi cells was significantly greater in V4 OVA primed secondary 

effectors compared to N4 OVA primed secondary effectors (p<0.001, Figure 3B). Low 

affinity primed secondary effectors also downregulated CD45RB following N4 OVA skin 

graft challenge (Supplemental Figure 3C). A large proportion of both secondary effector 

populations were CD62Llo (Figure 3C). However, a greater frequency of both N4 OVA and 

V4 OVA CD45RBlo secondary effectors had a CD62Llo effector phenotype compared to 

their respective CD45RBhi populations (N4 OVA and V4 OVA p<0.001, respectively, 

Figure 3C). Interestingly, a slightly smaller frequency of CD62Llo cells was contained 

within the V4 OVA CD45RBlo population compared to the N4 OVA CD45RBlo population 

(p<0.01, Figure 3C). The cosignaling receptor PD-1 has been shown to be a marker of 

cumulative effector signal strength on effector CD8+ T cells and to correlate with CD62L 

expression (28). PD-1 was significantly upregulated in CD45RBlo fraction of V4 OVA 

primed cells (Figure 3D), demonstrating that this population perceives strong TCR signals.

IL-2 is a critical cytokine for CD8+ T cell secondary responses (29). Consistent with 

previous published results (30, 31), a low frequency of N4 OVA primed secondary effectors 

produced IL-2 (Figure 3E). In contrast, we found that a significantly greater proportion of 
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V4 OVA primed CD45RBlo cells produced IL-2 (Figure 3E). High IL-2 production was 

specific to low affinity primed CD45RBlo secondary effectors during N4 OVA rechallenge, 

as high and low affinity primed day 7 effectors produced similarly low levels of IL-2 

(Supplemental Figure 3D). In contrast, V4 OVA primed CD45RBlo populations did not 

possess greater frequencies of IFN-γ+ or TNF+ cells compared to CD45RBhi populations 

following high affinity rechallenge (Supplemental Figure 3E).

IL-2 signaling can induce the expression of the high affinity IL-2Rα chain (CD25, (32)), and 

high IL-2Rα expression is associated with differentiated effector cells (32–34). We found 

that V4 OVA primed CD45RBlo cells expressed significantly higher levels of IL-2Rα 

compared to both CD45RBhi cells and N4 OVA primed CD45RBlo cells (N4 OVA 

CD45RBhi vs CD45RBlo p<0.001, CD45RBlo N4 OVA vs V4 OVA p<0.01, Figure 3F). 

High expression of the IL-2Rβ chain, CD122, can confer sensitivity to IL-15 signaling in 

memory T cells, while lower expression is associated with IL-2 sensitivity and effector T 

cells (34, 35). We found that high affinity N4 OVA primed secondary effectors expressed 

similar levels of IL-2Rβ (Supplemental Figure 3F). Among low affinity V4 OVA primed 

secondary effectors, however, CD45RBlo cells expressed significantly lower IL-2Rβ levels 

than CD45RBhi cells (p<0.01, Supplemental Figure 3F). Together, these results demonstrate 

that low affinity primed CD45RBlo secondary effectors effectively switch into a distinct 

effector-like phenotype characterized by high IL-2 production, high expression of IL-2Rα, 

and effector IL-2Rβ expression.

High CD45RB expression tunes CD8+ T cells to respond to heterologous antigen 
rechallenge

In order to control for priming conditions and cell numbers encountered after priming with 

Listeria strains in vivo, we investigated CD45RB expression on in vitro primed OT-I cells 

(Tm cells). Following in vitro priming of OT-I cells with OVA APLs, we found that Tm 

cells similarly upregulated CD44 expression but that CD45RB expression correlated 

inversely with priming affinity (Figure 4A), consistent with in vivo derived effector and 

memory CD8+ T cells (Figure 2A–B).

We investigated whether the differential expression of CD45 isoforms conferred a 

qualitative TCR signaling advantage by assessing the expression of CD69 and Nur77 in 

CD45RBhi V4 OVA primed Tm cells restimulated with OVA APL ligands. After a brief 5 

hour restimulation, CD45RB expression did not change in these cells (Figure 4B). We found 

that the expression of both Nur77 and CD69 was significantly greater in CD45RBhi cells 

compared to CD45RBlo cells following stimulation with N4 OVA or each OVA APL 

(Figure 4B), demonstrating that CD45RBhi cells received qualitatively stronger TCR 

activation signals compared to CD45RBlo cells.

To investigate whether high CD45RB status is sufficient to confer enhanced recall potential 

during secondary challenge, we sorted CD45RBhi and CD45RBlo OT-I cells elicited by Q4 

OVA priming and rechallenged them with N4 OVA peptide in naïve congenic hosts. With 

this experimental setup, CD45RBhi and CD45RBlo cells encounter identical priming 

conditions and are rechallenged at identical precursor frequencies. CD45RBhi cells 

proliferated to a significantly greater number than CD45RBlo cells (p=0.0012, Figure 4C). 
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Similar to in vivo low affinity primed CD45RBhi memory T cells that become CD45RBlo 

following secondary rechallenge with high affinity antigen (Figure 3A), both CD45RBhi and 

CD45RBlo input populations were predominantly CD45RBlo five days following 

restimulation (Figure 4D), demonstrating that CD45RBhi cells downregulate expression of 

CD45RB on a per cell basis in response to high affinity rechallenge. Taken together, these 

data demonstrate that a CD45RBhi status is sufficient to confer a qualitatively greater 

activation signal and a proliferative advantage on low affinity primed CD8+ T cells and that 

CD45RB status is a marker of the affinity experience of memory and secondary effector 

cells.

Polyclonal low affinity CD8+ T cells express high levels of CD45RB

To determine if these findings in TCR transgenic CD8+ T cells apply to polyclonal CD8+ T 

cell populations, we investigated the ability of CD45RB to distinguish the affinity 

experience of polyclonal CD8+ T cells. In mice infected with LM-OVA, polyclonal 

populations of naïve CD8+ T cells and activated non-N4 OVA specific CD8+ effectors were 

predominantly CD45RBhi (90.1±1.5% and 74.6±1.36% CD45RBhi, respectively), while 

polyclonal antigen-specific CD8+ T cell effectors display a range of CD45RB expression 

(23.8±1.55% CD45RBhi, Figure 5A). This data suggests that CD45RB expression reflects 

the range of priming affinities of polyclonal CD8+ T cells for a given antigen.

We investigated the affinity of activated CD8+ T cells based on CD45RB status using 2D 

affinity measurements. We measured the relative 2D affinity of sorted OVA-specific CD44hi 

CD45RBhi and CD45RBlo populations from LM-OVA infected mice (Supplemental Figure 

4A). We found that CD45RBhi cells had ~10-fold lower 2D relative affinity compared to 

CD45RBlo cells (p = 0.0001, Figure 5B). Tetramer binding can also be used to delineate 

relative affinity of T cell populations, as low affinity cells do not efficiently bind tetramer 

compared to high affinity cells (17). We found that compared to CD8+CD44hiCD45RBhi 

cells, CD44hiCD45RBlo cells bound tetramer more effectively at lower concentrations 

(Figure 5C and Supplemental Figure 4B). Compared to CD45RBlo cells, CD45RBhi cells 

expressed similar levels of CD3ε and slightly higher CD8 coreceptor (Supplemental Figure 

4C), thus demonstrating that differential expression of TCR or CD8 coreceptor do not 

account for tetramer binding avidity of CD45RBhi and CD45RBlo cells. Thus, these data 

demonstrate that in a polyclonal population of CD44hiCD8+ T cells, a CD45RBhi status 

denotes cells primed with lower affinity than CD45RBlo cells.

Discussion

Here we establish a novel role for CD45 in tuning low affinity primed memory CD8+ T cells 

to become potent secondary effectors during heterologous rechallenge. While it is 

appreciated that high affinity memory CD8+ T cells can mediate graft rejection (36, 37), this 

study specifically addresses the contribution of TCR priming affinity to the function of 

memory T cells that are directed against a graft. In general, the affinity for allogeneic 

antigen and foreign microbial antigen are recognized to have a similar range of affinities that 

is greater than 10-fold (5). In the context of heterologous immunity, a recent study that 

measured the affinity of a human TCR for both its viral cognate antigen and a cross-reactive 
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alloantigen reported a ~15-fold higher affinity for allogeneic antigen than for the viral 

epitope (38). In our model, we found a 23.9-fold difference in affinity between N4 OVA and 

V4 OVA for the OT-I TCR, a magnitude that is in line with both the known range of T cell 

recognition of allogeneic antigen as well as with microbe-specific T cells that cross-react 

with allogeneic antigen. Thus, this model recapitulates a critical facet of heterologous 

immunity by eliciting memory CD8+ T cells with distinct priming affinities in the context of 

a pathogen that subsequently recognize a related, but not identical, antigen presented in the 

context of a transplant.

While the importance of CD45 for immune homeostasis and signaling has been well-

studied, this study provides a novel physiologic context for CD45 mediated tuning by 

linking CD8+ TCR priming affinity and CD45RB expression on memory and secondary 

effector T cells. We found that low affinity primed cells maintain a CD45RBhi status, which 

has previously been described only on naïve CD8+ T cells. CD45RB was stably expressed at 

high levels on fully differentiated CD44hi TCR transgenic and polyclonal memory CD8+ T 

cells following low affinity priming. The maintenance of a CD45RBhi status was associated 

with lower expression of hnRNPLL, which suggests that low affinity primed CD45RBhi 

CD8+ T cells may express a high frequency of multiple large CD45 isoforms. This 

difference in hnRNPLL expression, however, is likely not the only mechanism of 

differential CD45 isoform usage following low affinity priming, as hnRNPLL does not 

control the inclusion of the B domain in peripheral CD8+ T cells (26). Expression of other 

molecules that are known to tune T cell signaling, including CD8 and CD5, were similarly 

expressed on high and low affinity primed memory cells. Expression of Nur77 and CD69, 

respectively, have been shown to correlate with priming affinity (13, 22, 23). However, the 

expression of these markers, as well as functional avidity measured by IFN-γ production, 

rapidly changes following stimulation (13, 22, 23). Thus, in conjunction with CD44 

expression, high CD45RB expression is a novel and stable marker by which low affinity 

primed CD8+ memory T cells can be identified.

Previous in vitro work has demonstrated that large CD45 isoforms tune T cells for stronger 

proximal TCR signaling by undergoing less inhibitory dimerization than smaller isoforms 

(24, 39). Consistent with the ability of larger CD45RABC isoform to mediate greater 

calcium flux compared to CD45RO (39), we demonstrate that low affinity primed memory 

and CD45RBhi cells receive greater cumulative TCR signal strength (as assessed by 

upregulation of Nur77 and CD69) and are poised to undergo greater proliferative and 

effector responses compared to CD45RBlo cells. Many investigations of the consequences of 

altered T cell receptor signaling potency have focused on antigen density or genetically 

attenuated TCR signaling (18, 40–44). However, a recent study elegantly demonstrated that 

TCR binding affinity and antigen density induce broadly distinct gene expression profiles 

(45). Thus, the role of CD45 tuning represents a previously unappreciated mechanism by 

which TCR priming affinity dictates the differentiation program of memory CD8+ T cells 

during heterologous rechallenge.

These data suggest a model in which CD45RB defines an affinity-based differentiation 

switch on CD8+ T cells, as low affinity priming enables proliferation and effector functions 

along with a CD45RBhi status similar to naïve T cells. Following high affinity rechallenge, 
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low affinity primed CD45RBhi memory cells differentiate into CD45RBlo secondary 

effectors with a distinct phenotype, characterized by high PD-1 and CD25 expression, 

increased IL-2 production, and lower CD122 expression. While PD-1 is a marker of 

exhaustion on CD8+ memory T cells following chronic antigen exposure, its expression is 

also associated with recent antigen experience in effector CD8+ T cells (28). It remains to be 

seen whether PD-1 is functioning in a costimulatory or coinhibitory capacity on secondary 

effectors under these conditions. This prominent IL-2 signaling phenotype was not a general 

characteristic of high affinity priming, as N4 OVA and V4 OVA primary effectors 

expressed similarly low levels of IL-2. Recent work revealed that IL-2 signals are critical for 

secondary effector CD8+ responses (29, 46) and that CD25 is a marker of terminally 

differentiated effectors (32, 33). This study is the first to identify TCR affinity as a driver of 

an IL-2 dependent memory CD8+ phenotype and extends previous work establishing the 

requirement of IL-2 for secondary recall responses by revealing that low affinity primed 

CD8+ secondary effectors produce significant amounts of IL-2.

Recently, considerable evidence has been presented that pathogen specific T cells can cross-

react with allogeneic antigen. In humans, one recent study found that nearly half of viral 

specific T cell clones were cross-reactive with allogeneic antigen (6) and fifteen individual 

TCRs that recognize pathogen-allogeneic antigen combinations have been characterized (5, 

38). In mice, LCMV infection generates memory CD8+ T cells that cross-react with 

allogeneic antigen and mediate graft rejection (4, 7, 47). However, in addition to single TCR 

cross-reactivity with allogeneic antigen, dual TCR T cells may also play a role in 

heterologous immunity against allogeneic antigen (48–51), and it is likely that both cross-

reactivity and dual TCR expression contribute to heterologous immunity in polyclonal 

populations. In this model, we can assess the relative contribution of TCR affinity to 

memory T cell function in the context of a skin graft, but we cannot assess the relative 

contribution of additional mechanisms of heterologous immunity within polyclonal T cell 

populations.

In the context of protective immunity, the ability of low affinity priming to form memory 

and undergo robust secondary responses to heterologous rechallenge represents a means of 

maintaining clonal diversity and protection against encounter with diverse pathogens. 

However, following transplantation this phenomenon represents a potentially potent driver 

of allogeneic T cell responses and a barrier to successful immunomodulation. The 

contribution of low affinity memory T cells to heterologous immunity provides new 

rationale for the therapeutic targeting of CD45RB to prevent pathogenic T cell responses, a 

strategy that has shown promise in pre-clinical murine (52–54) and non-human primate 

transplantation models (55–57). Together, these data highlight the importance of the 

pathogen priming history of an individual in shaping the potentially pathogenic memory T 

cell repertoire in settings of allogeneic heterologous immunity and autoimmunity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Low affinity primed CD8+ T cells mount potent secondary responses against high 
affinity grafts
(A–C) The relative 2D affinity of naïve OT-I T cells to N4 OVA, Q4 OVA, T4 OVA, and 

V4 OVA H-2b were measured using a micropipette. (A) Relative 2D affinity of OT-I T cells 

to N4 OVA and OVA APLs (B) Fold difference in 2D affinity between N4 OVA and OVA 

APLs. (C) Linear association between relative 2D affinity and reported relative functional 

avidity. (D–H) Naïve mice adoptively transferred with 104 OT-I T cells were infected the 

following day with either LM-N4 OVA or LM-V4 OVA. Naïve mice or mice containing N4 

OVA or V4 OVA primed memory OT-I cells were transplanted with N4 OVA skin grafts 5 

weeks post infection. (E) Frequency of memory N4-OVA and V4 OVA primed memory 

OT-I cells in pooled secondary lymphoid organs (N4 OVA vs V4 OVA p<0.001). (F) N4 

OVA skin graft survival in LM-N4 OVA or LM-V4 OVA infected mice. Naïve mice were 

treated with CTLA-4 Ig and anti-CD154 costimulation blockade (N4 OVA vs V4 OVA 

groups p<0.0003). (G) Number of N4 OVA or V4 OVA primed OT-I cells recovered in the 

draining LNs on day 5 post-graft. (H) Fold expansion of N4 OVA and V4 OVA primed 

memory cells from day 0 to day 5 post graft. (I) Frequency of BrDU+ cells among N4 OVA 

or V4 OVA primed secondary effectors on day 5 following skin graft, or in ungrafted naïve 

OT-I controls. Data compiled from at least 3 independent experiments. *p<0.05, 

***p<0.0001. LM, Listeria monocytogenes. CoB, costimulation blockade.
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Figure 2. Low affinity memory CD8+ T cells retain a CD45RBhi status
Naïve mice adoptively transferred with 104 OT-I T cells were infected the following day 

with either LM-N4 OVA or LM-V4 OVA and memory OT-I T cells and assessed (A) in the 

blood on day 7 or (B) in the secondary lymphoid organs 4 weeks post infection. (A) 

Frequency of CD45RBhi cells on naïve or primary effector N4 OVA or V4 OVA T cells. (B) 

Frequency of CD45RBhi cells among naïve OT-I or N4 OVA or V4 OVA memory OT-I 

cells. (C) Frequency of CD45RBhi cells among naïve OT-I CD44hi and CD44lo cells. (D) 

hnRNPLL expression in OT-I T cells primed with N4 OVA or Q4 OVA peptide for 3 days 

in vitro. (E) Naïve mice or mice containing N4 OVA or V4 OVA primed memory OT-I cells 

were transplanted with N4 OVA skin grafts 5 weeks post infection and treated with anti-

CD45RB. Naïve mice were treated with CTLA-4 Ig and anti-CD154 costimulation 

blockade. Data compiled from 2–4 independent experiments. *p<0.05, **p<0.01, 

***p<0.001.
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Figure 3. Low affinity primed secondary effectors downregulate CD45RB and have a distinct 
IL-2 producing effector phenotype
Naïve mice adoptively transferred with 104 OT-I T cells were infected the following day 

with either LM-N4 OVA or LM-V4 OVA. Four weeks post infection, mice were challenged 

with N4 OVA peptide in the foot pad and the draining popliteal lymph nodes were assessed 

5 days later. (A) Frequency of CD45RBhi cells among naïve and secondary effector OT-I T 

cells. (B) Relative reduction in CD45RBhi frequency of secondary effector populations 

compared to resting memory cells. (C) Frequency of CD62Llo cells in CD45RBhi and 

CD45RBlo fractions of secondary effector OT-I cells. (D) PD-1 expression in CD45RBhi 

and CD45RBlo fractions of secondary effector OT-I cells. (E) IL-2 expression by secondary 

effectors following brief N4 peptide restimulation in CD45RBhi and CD45RBlow fractions. 

(F) IL-2Rα (CD25) expression in CD45RBhi and CD45RBlo fractions of secondary effector 

OT-I cells. Data compiled from 2–3 independent experiments. *p<0.05, **p<0.01, 

***p<0.001.
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Figure 4. High CD45RB expression tunes low affinity primed memory CD8+ T cells for 
heterologous rechallenge responses
OT-I T cells were activated in vitro with N4 OVA, Q4 OVA, T4 OVA, or V4 OVA peptide 

for 4 days. (A) Expression of CD44 and CD45RB on OVA APL Tm cells. (B) V4 OVA 

APL Tm cells were restimulated for 5 h with N4 OVA, Q4 OVA, T4 OVA, or V4 OVA 

peptide and Nur77 and CD69 expression was assessed. (C–D) Q4 OVA primed OT-I cells 

were sorted into CD45RBhi and CD45RBlo populations and adoptively transferred into 

naïve congenic hosts and rechallenged with N4 OVA peptide (C) The frequency of Q4 OVA 

cells was assessed 5 days following rechallenge. (D) Expression of CD45RB on Q4 OVA 

Tm cells before and after rechallenge with N4 OVA peptide for 5 days. Data compiled from 

2–3 independent experiments. **p<0.01.
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Figure 5. Polyclonal CD8+ T cells express are CD45RBhi

Naïve B6 mice were infected with LM-N4 OVA and splenic CD8+ T cells were assessed 

10–14 days later. (A) CD45RB expression on tetramer stained N4-OVA specific CD8+ T 

cells. (B) Relative 2D affinity of CD45RBhi and CD45RBlo CD8+CD44hi T cells. (C) 

Frequency of tetramer staining among CD45RBhi and CD45RBlo fractions of CD8+CD44hi 

T cells. Data compiled from 2–3 independent experiments. *p<0.05, ***p<0.001.
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