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Abstract

CMV remains an important opportunistic pathogen in high-risk lung transplant recipients (LTRS).
We characterized the phenotype and function of CD8* T cells from acute/primary into chronic
CMV infection in 23 (donor+/recipient-; D+R-) LTRs and found rapid induction of both KLRG1*
and/or CD57* CMV-specific CD8* T cells with unexpected co-expression of CD27. These cells
demonstrated maturation from an acute effector (T aogrr) to an effector memory (Tgpm) phenotype
with progressive enrichment of KLRG1*CD57*CD27~ cells into memory. CMV-specific KLRG1*
T aerr cells were capable of /n vitro proliferation that diminished upon acquisition of CD57,
whereas only KLRG1* expression correlated with T-bet expression and effector function. In
contrast to blood T aggr cells, lung mucosal Taggg cells demonstrated reduced KLRG1/T-bet
expression but similar CD57 levels. Additionally, increased KLRG1*T aggr cells were associated
with early immune viral control following primary infection. Together, our findings provide new
insights into the roles of KLRG1 and CD57 expression in human T cells, forming the basis for a
refined model of CD8* T cell differentiation during CMV infection.

INTRODUCTION

Cytomegalovirus (CMV), a member of the B-herpesvirus family, remains a significant
opportunistic pathogen and cause of morbidity and mortality in solid organ and
hematopoietic cell transplant recipients. Lung transplant recipients (LTRs), in particular
seronegative recipients of allografts from seropaositive donors (donor+/recipient-;D+R-), are
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at increased risk for CMV complications (1) (2). CMV infectious complications such as
pneumonitis and viremia have been implicated in LTRs as risk factors for developing
chronic lung allograft dysfunction (CLAD) and the bronchiolitis obliterans syndrome
(BOS), the major limiting factor for long-term survival in LTRs (3-5). Despite the adoption
of extended antiviral prophylaxis strategies in the past decade in many transplant programs,
D+R-LTRs (6), who comprise 25% of all LTRs, continue to demonstrate increased risk for
recurrent CMV viremia, CMV end-organ disease and increased 5-year mortality (7). We
have previously demonstrated heterogeneity of CMV-specific T cell immunity among the D
+R-LTR population that is predictive of the capacity for early viral control following
primary infection. Specifically, we have shown important roles for induction of the major
Type-1 transcription factor T-bet, effector function and proliferative capacity in CD8* and
CD4* T cells as significant functional immune correlates for establishing viral control
during early chronic CMV infection (8) (9) (10). Recently, we showed that idiopathic
pulmonary fibrosis lung recipients with short telomeres demonstrate impaired CMV-specific
T cell immunity and T-bet induction that correlated with increased risk for CMV
complications (11). However, questions remain as to the optimal T cell marker(s) that could
prospectively stratify high-risk lung recipients who are at risk for relapsing CMV following
discontinuation of antiviral therapy versus those with the capacity to establish immune
control. Lung transplantation provides a unique opportunity to evaluate viral immune
mechanisms as the advent of primary CMV infection is often known and both peripheral and
allograft-derived resident T cells can be tracked into chronic infection (12, 13).

Similar to virus-specific CD8" T cells in the mouse, a linear progression in differentiation is
the current paradigm in human T cells (14) (15) (16). However, while the phenotype and
function of effector memory (Tgm) CMV-specific CD8* T cells during chronic infection has
been widely investigated, the phenotypic correlates of CD8* Tggr function during acute/
primary CMV infection have been less characterized. Early studies showed that CMV-
specific CD8* T cells during chronic infection are enriched predominantly in the mature
effector memory phenotype CD27-CD28CD45RAN  marked by the increased expression
of granzymes A/B, perforin and IFN--y, but a diminished proliferative capacity (17-19). In
parallel, these cells acquire surface expression of the terminal differentiation markers, co-
inhibitory receptor killer cell lectin-like receptor subfamily G member 1 (KLRG1) (20), and
CD57 (21, 22). Acquisition of CD57 expression is thought to occur increasingly over the
course of chronic CMV infection (16) (23) while persistence of CMV antigen is thought to
drive progressive downregulation of CD27 into the effector memory phase (24).

In the acute/primary LCMV mouse infection model, KLRG1M surface expression marks
short-lived effector cells (SLECs) that are critical for rapid viral clearance and its expression
is T-bet dependent (25). While both KLRG1 and CD57 (no mouse equivalent) are expressed
in human memory CD8* T cells (26), and most notably in CMV-specific CD8" T cells (27)
(28), expression and potential functional correlation of these markers of terminal
differentiation have not been evaluated during acute/primary viral infection. Based on our
previous findings showing early T-bet induction in CD8* T cells during acute/primary CMV
infection and its importance in viral control (8) (9), we hypothesized that an early induction
of KLRG1 and/or CD57 in CMV-specific CD8* T cells correlates with effector function and
the early establishment of CMV control.

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoji et al.

Page 3

In this study, we characterized the phenotypic and functional capacity of CMV-specific
CDS8™ T cells during acute/primary CMV infection into chronic CMV infection in a cohort
of D+R-LTRs. We observed rapid induction of both CD57 and KLRG1 surface expression in
CMV-specific acute effector CD8* T cells (T ogrg) during primary CMV infection and de
novo viremia, surprisingly in conjunction with CD27 co-expression. Importantly, both
CD57* and KLRG1* CMV-specific CD8* T aggr cells demonstrated the capacity for /n vitro
proliferation in response to CMV antigen, however only KLRG1 expression significantly
correlated with T-bet and effector multifunction. Further, only the KLRG1 promoter was
highly predicted and bound T-bet in a chromatin immunoprecipitation (ChiP) assay and
correlated with intracellular T-bet protein expression. Finally, acute KLRGL1 induction, but
not CD57, expression in CMV-specific CD8* acute Tggg cells and total acute CD8* T cells
were predictive of the capacity for viral control in D+/R— LTRs during early chronic
infection.

MATERIALS AND METHODS

Study participants

D+/R- LTRs from the Johns Hopkins Lung Transplant Program were identified (Table 1)
and provided informed written consent for participation in a Johns Hopkins Medicine
Institutional Review Board-approved protocol. All patients were treated with standard three-
drug immunosuppression. Antiviral prophylaxis with ganciclovir and/or valganciclovir was
used for the initial three months after transplant. Patients were prospectively monitored at
least weekly for the development of primary CMV infection (defined as de novo detection of
viral replication by quantitative PCR). CMV viral loads were determined using quantitative
PCR of plasma by the Johns Hopkins Hospital Clinical Virology Laboratory. Patients
developing primary CMV infection were treated with antiviral therapy (ganciclovir and/or
valganciclovir) until two consecutive weekly quantitative CMV PCR measurements revealed
undetectable viremia. Following completion of antiviral therapy for primary infection,
patients continued to be prospectively monitored with quantitative CMV PCR measured at
least biweekly, as well as during any symptomatic or clinically indicated time points, for the
development of relapsing viremia (defined as the detection of >300 copies/mL of CMV by
quantitative PCR on two consecutive samples after the completion of antiviral therapy for
primary infection). Patients with relapsing viremia received antiviral therapy (ganciclovir
and/or valganciclovir) if clinically indicated. Dates of chronic and acute viremic samples at
minimum of 6 months apart (median £SEM, 379169 days; range 184-1096 days). The study
was approved by the Institutional Review Board at the University of Pittsburgh.

Preparation of peripheral blood and lung mucosal mononuclear cells (PBMCs and LMNCSs)

Blood and BAL samples from LTRs were obtained prior to the discontinuation of initial
antiviral prophylaxis (time point referred to as ‘Pre-CMV’) and within 5-14 days of
detection of de novo viremia (time point referred to as ‘primary CMV?). PBMCs were
isolated from heparinized blood samples by density gradient centrifugation using Ficoll-
Paque (GE Healthcare) to be used in subsequent assays. Study participants underwent
bronchoalveolar lavage (BAL) by use of a standard protocol with instillation of 180 mL of
sterile normal saline in the right middle lobe of the lung. A BAL specimen was obtained on
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the same day for blood collection. LMMCs were obtained simply via centrifugation of BAL
fluid. All patients had therapeutic levels of calcineurin inhibitors at the time of sampling.
Cells were then washed with PBS, aliquoted at 10 million cells in 1ml of freezing medium
(Invitrogen) and frozen in the liquid nitrogen tank. PBMCs were thawed rapidly in the
presence of 2 units per ml of Benzonase (EMD Millipore)

MHC class | dextramer and surface staining of PBMCs and LMNCs

Cryopreserved PBMCs and LMNCs were thawed in in the presence of 2 U/ml of Benzonase
(EMD Millipore) and approximately 2x10° cells were labeled with FV-510 (BD
Biosciences) in IMDM medium (GIBCO) for 10 min at 37°C. Immediately after incubation,
cells were washed with the complete medium and stained with the MHC class | dextramer
(Immudex, Copenhagen, Denmark) against known immunodominant CMV epitopes
(Supp.Table 1) at 25°C for 25 min. Cells were then washed and incubated with cocktail of
conjugated monoclonal antibodies for 30 min at 4°C in phosphate-buffered saline (PBS)
with a fish gelatin blocking reagent (Biotium, Fremont, CA) and 0.1% sodium azide. After
the final wash, cells were fixed with 1% paraformaldehyde (Protein Sciences, Meriden, CT)
for analysis. Available pre-transplant PBMC samples (Pre-PBMC) were stained with
matching MHC class | dextramers (Fig. 1B and Supp Fig.1B) and frequencies of CD3*CD8*
dextramer positive cells were below 0.01%. Following fluorescent conjugated antibodies
were used for staining surface phenotypic markers; CD3-alex700 (UCHT1), CD8-APCH7
(SK1), CD14-BV605 (MSE2), CD16-BV605 (3G8), CD19-BV605 (SJ25C1), CD27-PECy7
(MT271), CD28-PerCPCy5.5 (L293), CD38-BV711 (HIT2), CD45RA-PECY5 (H100),
CD57-BV421 (NK-1), CD279 PE-CF594 (EH12.1), CD69-BV650 (FN50), and CD103-
BV605 (BerACT8) were purchased from BD Biosciences. T-bet-BV711 (4B10) was
purchased from Biolegend. KLRG1-APC (13F12F2) was kindly provided by Dr. Hanspeter
Pircher (University of Freiburg, Institute of Immunology).

Flow cytometry

Stained PBMCs or BAL-derived LMNCs were analyzed by the BD Fortessa SORP high-
throughput system (HTS). Prior to the acquisition, CountBright Beads (Invitrogen) were
added to each well and a fixed volume of the stained sample was acquired by HTS. For
visualization of ex v/vo stained total and CMV-specific CD8" T cells (Fig. S1A), we used a
compounded gating scheme previously described in (23) with a following sequential gate
order: potential doublet exclusion based on a FSC-A and FSC-H plot, dead cell exclusion
based on the live cell gate on FV-510 and FSC-A plot, inclusion of CD3* cells based on a
CD3" gate with a CD14*CD16%CD19" exclusion gate on a CD3-Alexa-700 and
CD14CD16CD19-QDot605 plot, and a lymphocyte gate on an FSC and SSA log plot. CMV-
Specific CD8" T cells were gated further on MHC class | dextramer positive population on
the MHC class | dextramer-PE and SSC-A plot (Supp. Fig. 1A). Data analysis and graphic
representations were done with FlowJo v.10 (TreeStar, Ashland, OR).

In vitro short-term stimulation and intracellular cytokine staining (ICS)

Single-pools of overlapping 15-mer peptides for pp65 (JPT, Berlin, Germany) were used.
PBMC were cultured in round-bottom tissue culture tubes (Sarstedt) in the presence or
absence (medium alone) of pooled pp65 peptides (1pug/mL). All stimulations for intracellular
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cytokine production were performed using 108 cells per condition for 6 h at 37°C with
brefeldin-A (10ug/mL) (Sigma) was added for the final 4 h of culture. Monensin (5 pg/ml)
along with brefeldin-A and anti-CD107a-Pacific Blue (Pac Blue) was added at the beginning
of culture when CD107a was measured. All cells were collected for flow cytometric analysis
with a range of 0.5-1x10° total events collected per condition. All gates for cytokine
frequencies were set using the medium alone control and subtracted from peptide re-
stimulated samples frequencies.

In vitro antigen-specific T cell proliferation

Thawed frozen PBMCs were labeled with CytoTell Green (AAT Bioquest) or 0.2 uM CFSE
(Invitrogen, Carlsbad, CA) in IMDM medium (GIBCO, Grand Island, NY) for 10 min at
37°C. The cells were immediately washed and plated with IMDM supplemented with 10%
FCS in a 96-well plate for 6 days. For antigen-specific stimulation, PBMCs were stimulated
in the presence of 2uM single CMV dextramer cognate peptides or the pool of peptide mix
for 6 days and then were harvested and prepared for flow cytometric analysis. Proliferating
cells were re-stimulated /n vitro for additional 6 hours with the CMV-specific pp65 peptide
pool and assessed for proliferation via simultaneous CFSE dilution and cytokine production
by ICS. Based on the Boolean gating analysis, cytokine co-expression was determined by
using SPICE (29).

Chromatin immune-precipitation (ChIP) assay

The Chip assay was performed by using Zymo-Spin™ ChlP kit according to manufacturer’s
recommendation with modifications based on published protocols (30)(31). Briefly, 5-6
x106 cells were fixed in 1% paraformaldehyde for 10min at 37°C. 2.5M glycine was added
to stop the fixation, and then nuclei were extracted. Chromatin in isolated nuclei were
digested by Atlantis MNase (Zymo Research) and after digestion, isolated nuclei were
mildly sonicated to release digested chromatin. Digested chromatin was then incubated with
the ChIP grade mouse monoclonal antibody against human TBX21 (4B10 and D39) (Santa
Cruz Biotech), or the control mouse 1gG antibody (Santa Cruz Biotech) for overnight at 4°C,
and after the incubation, the bound chromatin was immune-precipitated by MagnaChlP
protein A+G magnetic beads (EMD Millipore). After series of washes, bound DNA was
isolated and stored at —80°C until PCR was performed with sets of primers (Table
Supplemental I1) to identity the promoter region of the target gene. All the forward and
reverse ChIP primer pairs except IL-4 pairs were designed by NCBI Primer-BLAST (32).
Sequences of a IL-4 ChIP primer pair were derived from Zhou et.al. (33).

Transcription factor binding site prediction

For prediction of TBX21 DNA binding sites on the KLRG1 promoters, we used a
bioconductor R package, TFBSTools (34) with the JASPAR2018 Transcription Factor DNA
binding motif database (35) and scan through the promoter region of KLRG1 genomic
sequence (ENSG00000139187), 1272 bp upstream of the transcription initiation site
(hg38;chr12+:8988175-8989637) and that of B3GAT1 (CD57) genomic sequence
(ENSG00000109956), 1429 bp upstream of the transcription start (hg38;chrl11-:134413347—
134411717). We used the default parameter of a searchSeq tool for scanning potential
TBX21 DNA binding sites with a minimum score parameter set at 80%.
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Statistical analysis and data visualization

Statistical analysis was performed by using the GraphPad Prism 7 (GraphPad, La Jolla, CA),
JMP12 (SAS, Cary, NC) and R (R Core Team, 2018), cytokine co-expression was based on
the Boolean gating analysis determined by using SPICE (29). Non-parametric statistical
analyses, as indicated, were used and a two-tailed p value of less than 0.05 was considered
statistically significant.

Online supplementary materials

RESULTS

A list of single CMV peptide antigens used for in vitro proliferation experiments and MHC
class | dextramer staining is found in Supp.Table I. A list of primer sets used in ChIP assay
was shown in Supp.Table Il. Supp. Fig. 1 shows a compound gating strategy leading to the
live CMV pp65-specific MHC class | dextramertCD3*CD8" cells, and their phenotypic
marker expressions from acute primary and chronic samples. Supp. Fig. 2 shows predicted
T-bet binding sites using KLRG1 promoter (Supp. Fig.2A) and using B3GAT1 (CD57)
promoter (Supp. Fig.2B).

Patient characteristics and clinical phenotypes during and following primary CMV infection

in D+R-LTRs

In this study we evaluated the acute CMV-specific CD8* T oggg cell phenotype and
functional responses in a cohort of 23 D+R-LTRs during acute primary CMV infection and a
subset into chronic infection. The clinical characteristics of these patients during acute/
primary de novo viremia are shown in Table 1. Using close prospective monitoring (see
Materials and Methods) we detected primary CMV infection at a median of 165 days post-
transplant following discontinuation of CMV prophylaxis therapy. Prospective, standard of
care monitoring in this high-risk population continued and detected relapsing viremia in 10
LTRs (relapsers; 43.4%) within the first 6 months of early chronic infection in contrast to 13
LTRs who demonstrated immune control (controllers; 56.5%) following discontinuation of
antiviral therapy for acute/primary CMV infection. All episodes of relapsing viremia
occurred independent of acute rejection episodes, augmented immunosuppression or active
infections. Additionally, there was no clinical evidence of ganciclovir-resistant CMV in any
of the LTR relapsers in this cohort.

CD57 and KLRG1 are rapidly induced in CMV-specific acute CD8* Tagpr (CD27%) during
primary infection and undergo phenotypic progression to Tgy (CD277) into chronic

infection

We first assessed the dynamics of CD57 and KLRGL1 expression, along with other major
phenotypic markers, in circulating total CD8* T cell and CMV-specific acute CD8* Tagrr
cells in our cohort of D+R-LTRs during acute/primary viremia. We observed increased
frequencies of CD57%, KLRG1*, and CD57*CD27* total CD8* T cells during acute/primary
CMV infection compared to pre-CMV infection (i.e., before the detection of de novo
viremia) levels determined in a subset of patients (Fig. 1A-D), along with de novo CMV-
dextramer responses (Supp. Table I and Supp. Fig. 1B). We next determined CD57
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expression in relation to KLRG1 and CD27 expression and found a substantial enrichment
of total CD8*CD57*(Fig 1E and F) and CMV-specific CD8*CD57 dextramer™ T aggr cells
in the CD27*subset (Fig. 1G and H) during acute infection with evidence of progression to a
CD57*CD27- predominant subset into chronic infection. Similarly, proportions of
CD57"KLRG1* cells increased in total CD8* T cells (Fig 1E and F) and CMV-specific
CD8*CD57*KLRG1*dextramer* Tagrg-cells (Fig. 1G and H) from primary into chronic
infection. We also assessed other phenotypic markers including CD28, CD38, CD45RA and
CD279 (programmed death-1; PD-1) during primary infection and chronic infection. During
primary infection, both total and CMV-specific T aogrr predominantly expressed a
CD27MCD28*~CD38*CD279*CD45RA™ acute T effector phenotype (Supp. Fig.1C—F) and
progressed to a CD27!9~-CD28-CD38~ CD279~CD45RA*Ni T effector memory (Tgwm)
phenotype in chronic infection (Supp. Fig.1E and G). Together, our results demonstrate an
unanticipated rapid induction of CMV-specific CD8"CD57* T agrg-cells and CD8*KLRG1*
T aeer during acute/primary CMV infection, with a predominant subset of T aggg that co-
express these markers in conjunction with CD27. We then find that these effector
populations become progressively enriched into chronic infection, bearing a classical Tgp
phenotype.

CMV-specific KLRG1* and CD57* CD8* T cells are enriched from primary infection into
chronic infection CMV infection and demonstrate in vitro proliferative capacities

We have recently shown the importance of CMV-specific CD8" T cell proliferation during
primary infection for the establishment of immune viral control and up-regulation of the
major Type-1 transcription factor, T-bet, in high-risk LTRs (9). Therefore, we next addressed
changes in CD57 and KLRGL1 expression in CMV-specific CD8* T cells over the course of
CMV infection and determined their relative /n vitro proliferative capacities during acute
and chronic CMV (12 or more months post-primary) in response to CMV peptides. Using an
overlapping 15-mer peptide pool of the major CMV antigen, phospho-protein 65 (pp65), we
measured /n vitro CMV-specific proliferation by CFSE dilution at 6 days in 7 LTRs during
acute primary CMV infection (Fig. 2A-C). We found that CMV-specific KLRG1*CD8* T
cells from PBMC proliferated at levels similar to T-bet*CD8* T cells (Fig. 2A), while CMV-
specific CD8*CD57* T cells comprised a significantly reduced population(s) of proliferating
cells compared to KLRG1* and KLRG1™ CD8* T cells that were CD57~ (Fig. 2A-C). We
also tracked CMV-dextramer* CD8* T cells ex vivoin 3 donors from acute CMV, during the
contraction phase (1-2 months after resolution of viremia) and during chronic CMV
infection (at least 12 months after primary infection) and found that the majority of CMV
dextramer* cells acquired the CD57*KLRG1* phenotype into chronic infection (Fig. 2D).
We next wished to assess the 7 vitro proliferative capacities of CMV-dextramer*CD8* T
cells, however staining was consistently poor for dextramer cells at day 6 following re-
stimulation with pooled peptides (data not shown). Therefore, we used the single HLA-
restricted dextramer cognate peptides for re-stimulation of PBMC to assess the in7 vitro
proliferative capacities at day 6. We previously used this approach to assess CMV-tetramer*
effector responses (9). Using this approach, we assessed the phenotype of proliferating cells
during acute (T aggr) and chronic (Tgp) CMV infection in 10 LTRs (Fig. 2E and F). Under
these stimulatory conditions KLRG1*, CD57* and T-bet" CMV-dextramer* cells all
robustly proliferated, despite the loss of CD27 expression in the majority of cells
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progressing from the T aggr into the Tgp stage during chronic CMV infection. Collectively,
these data show an enrichment of CMV-specific CD57*KLRG1*CD8* T cells from primary
into chronic CMV infection. Further, we find the /n vitro proliferative capacities of CMV-
dextramert KLRG1*CD8* T cells and CD57+*CD8™ T cells to be robust in response to
dextramer cognate CMV peptides, whereas CD57* cells demonstrated relatively reduced
proliferative capacities in response to pooled peptides compared to CD57 cells, perhaps due
to factors such as multiclonal competition and limited antigen concentration.

KLRG1 expression, but not CD57, correlates with CMV-specific CD8* Tagpr multifunction

A surface phenotypic correlate for effector function has not been well defined in humans.
We previously have shown that induction of intracellular T-bet during primary CMV
infection in D+R-LTRs highly correlates with CMV-specific CD8* T cell effector function.
Therefore, we next asked whether KLRG1 and/or CD57 surface expression were predictive
of CMV-specific CD8* effector function, compared to T-bet, during acute primary infection
(i.e., Tagrr). Using pp65 pooled peptides, we measured ex vivo CMV-specific IFN-y, TNF-
a and CD107a expression by flow cytometric intracellular staining (ICS) ina 6 h re-
stimulation assay. We found that KLRG1" expression significantly correlated with CMV-
specific IFN-y, TNF-a and CD107a T agrr frequencies, similar to T-bet* expression in
CD8™ T cells (Fig. 3A and B). By comparison, CD57* expression was an inferior functional
correlate for CMV-specific Tagpr 1 responses and did not reach statistical significance (Fig.
3C). We next assessed CMV-specific CD8* T agrr multifunction, i.e., the capacity to
produce more than one effector molecule, using Boolean analysis. We found that
KLRG1*CD8* Tagrr cells demonstrated significantly increased CMV-specific effector
multifunction (IFN-vy, TNF-a, and CD107a) compared to KLRG1 CD8" T aggr cells (Fig.
3D). Similar findings were observed when we compared T-bet* versus T-bet™ CMV-specific
effector responses (Fig. 3E). However, in contrast, CMV-specific T agpr frequencies and
multifunction were similar between CD57* and CD57~ CD8* T cells (Fig. 3F). Taken
together, our data show that KLRG1 expression is a significant functional correlate for both
individual and multifunctional CMV-specific CD8* T agrg responses, similar to T-bet,
whereas CD57 expression is a relatively poor predictor of effector function.

KLRG1 expression correlates with T-bet expression and T-bet associates with the human
KLRG1 promoter

Because we found that KLRG1 expression correlated with CMV-specific CD8" Tagrr
function, we then investigated whether there was a relationship between T-bet and KLRG1
in human T cells. An earlier murine study (25) showed that CD8* T cells from T-bet™~ mice
did not express significant surface KLRG1 during LCMYV infection, suggesting an important
role in regulation. In CD8* T cells from our cohort, we found a high level of T-bet and
KLRG1 co-expression in contrast to CD57 expression (Fig. 4A). Using Spearman rho
analysis, we then assessed intracellular T-bet and surface KLRG1 expression and found they
were significantly correlated in CD8* T cells in our cohort during primary CMV infection
(Fig. 4B), in contrast to CD57. To further demonstrate a direct association between T-bet and
the KLRG1 promoter, we next searched for a putative T-bet binding site within the promoter
region of the KLRG1 gene (Supp. Fig. 2A, C), using a consensus T-bet DNA binding matrix
and a transcription factor binding site analysis tool (TFBS tools) and identified the T-bet
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binding site with the highest TFBS score (13.4) comparable to the well-defined T-bet
binding site in the IFN-y promoter (TFBS score=11.6; data not shown). In contrast, we did
not identify putative binding sites within the CD57 promoter (Supp. Fig. 2B). Based on this
analysis, we performed a Chromatin Immunoprecipitation assay (ChIP assay) using DNA
extracted from PMA/anti-CD3-activated Jurkat T cells, previously shown to have rapid up-
regulation of T-bet with activation (36). As shown in Fig. 4C, the pull-down fragment of
chromatin containing the KLRG1 promoter proximal to the highest likely putative T-bet
binding site, bound T-bet IP chromatin, indicating a direct association between T-bet and
KLRG1 promoter. Similarly, the IFN-y promoter (positive control) bound T-bet IP
chromatin, whereas the I1L-4 promoter (negative control), GAPDH promoter (housekeeping)
or isotype IgG did not bind T-bet IP chromatin. Taken together, our data supports a direct
association between T-bet and the KLRG1 promoter, but not the CD57 promoter, in human
T cells and supports a role for T-bet in the regulation of KLRG1 gene expression.

D+R- LTR controllers demonstrate increased total and CMV-specific acute/primary
KLRG1*CD8" Tagrr than those of LTR relapsers

Having found a direct association between T-bet and KLRG1, we next analyzed KLRG1
surface expression in regard to the capacity for D+R-LTRs to establish durable early viral
control in the first 6 months following primary CMV infection. We initially screened 14
patients for all of the cell surface markers we evaluated in Fig. 1 and found that only
KLRGL1* expression differentiated CMV controllers from relapsers in total CD8*T cells
(Fig. 5A). Next, we compared the frequencies of total KLRG1* and CD57*CD8* T cell
frequencies versus T-bet*CD8" T cell frequencies in our entire D+R-cohort and found
similarly increased levels in controllers for both KLRG1" and T-bet*, but not CD57*CD8*T
cell frequencies (Fig. 5B). We then evaluated the frequencies of CMV pp65-specific
KLRG1*CD8*T agrr cells producing IFN-y, TNF-a or CD107a in our cohort and found
significantly increased frequencies of pp65-specific KLRG1*CD8* Taggr cells producing
these effector molecules in LTR controllers compared to relapsers, and similar to T-bet
*CD8* T agrr responses (Fig. 5C, D). Last, we assessed CMV dextramer*CD8" T aggr cells
and found significantly increased surface KLRG1* expression differentiated LTR controllers
from relapsers compared to other T agpr surface phenotypic markers (Fig. 5E, F).
Collectively, our data demonstrate that acute/primary surface KLRG1*CD8" T aggr
expression is an effector function and phenotypic correlate that differentiates the capacity of
D*R~ LTRs to establish early immune viral control.

Total and CMV-specific lung mucosal CD8* Taggrr from BAL express reduced levels of
KLRGL1 and T-bet compared to the blood during acute/primary CMV infection.

In contrast to circulating CD8* T cells, mucosal CD8* resident memory T cells (Tgry) were
recently reported to express reduced levels of T-bet (37, 38). While we have previously
demonstrated high effector function in CMV-specific lung mucosal cells derived from BAL
during acute primary CMV infection (13), little is known about KLRG1 and T-bet
expression in lung mucosal CMV-specific CD8* T agre cells during acute/primary CMV
infection. Therefore, we assessed KLRG and T-bet expression lung mucosal versus blood
CMV-specific CD8* T agrr cells during acute primary CMYV infection in the context of other
key phenotypic markers. As shown in Fig. 6, both total lung CD8 T cells and CMV-specific
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CD8* lung Tagre-cells express substantially reduced levels of both T-bet and KLRG1 as
compared to these cells in the blood. In contrast, CD57 and CD27 were similar in total
CD8* T cells and CMV-specific CD8" T aggr cells between these compartments, whereas
CD69 and CD103 expression were strikingly increased in the lung compartment. Thus, lung
mucosal CMV-specific CD8* T aggr cells demonstrated a predominant KLRG1!0T-
bet!°CD103*/~-CD57+*/~CD69*CD27* phenotype in contrast to systemic CMV-specific CD8*
T aeer cells which exhibiting a predominant KLRG1*T-bet*CD103"CD57*CD69-CD27*
phenotype. Together, these data demonstrate significant differences in total and CMV-
specific CD8* T aggr cells in the lung versus the blood compartments during acute/primary
CMV infection.

DISCUSSION

Herein, we demonstrate for the first time that two surface phenotypic markers, CD57 and
KLRG1, long associated with terminal T cell differentiation and immunosenescence, are
rapidly induced in CMV-specific CD8* acute effector (T agrr) cells during primary
infection. Our findings provide novel insights into the phenotypic differentiation and
function of CMV-specific human CD8* T cells progressing from the T ogrr to the Tgwm
stage. We show that both CD57* and KLRG1* total and CMV dextramer*CD8" T agre cells
are unexpectedly CD27*/M and progress to the well-described CD27~ phenotype into the
memory phase. However, despite co-expression with the immature marker, CD27, our data
show that cells which acquire CD57* demonstrate relatively inferior proliferative capacity
following /n vitro re-stimulation using pp65 15-mer pooled peptides, compared to cells that
express KLRG1 alone, or neither marker. These findings suggest an unexpected rapid
acquisition of senescence in CD57*CD8* T agrr cells, relative to the expansion capacity of
KLRG1*CD57~ T cells, under conditions of acute viremia and pooled viral antigen
exposure. Furthermore, our observed proliferative differences among subsets suggest that the
CD57"KLRG1* Tagrr population, and likely to a lesser extent, the CD57*KLRG1* Tagrr
population, give rise to the predominant CD57*KLRG1* Tgp population over time.
Importantly however, we also observed robust intrinsic proliferative capacities in CMV-
specific CD57*dextramer* T agrr and Tgm cells when re-stimulated /n vitro with single 8-
mer cognate peptides. While this was somewhat unexpected, it further supports the capacity
for self-renewal in these cells under more optimal stimulatory conditions (i.e., higher antigen
concentration, reduced multiclonal competition that is present following re-stimulation with
peptide pool). Notably, we previously reported robust effector responses in response to
single cognate peptide in CMV-tetramer™ CD8" T cells (9). Overall, our findings
demonstrate a relative, but not absolute, proliferative defect in CD8*CD57* T cells as
reported in an earlier study by Brenchley et al. (21). However, there are important
experimental differences between these studies, including our assessment of CD57" T aggr
during primary CMV infection, our use of total PBMC for re-stimulation versus sorted
CD8*CD57* T cells, and our use of single-peptide re-stimulation to study CMV-specific
dextramer* cells. Conversely, our findings demonstrate substantial proliferative capacities in
CMV-specific CD8*KLRG1* Tagre cells unlike previous studies (20) (39) of
CDS8*KLRG1* T cells, albeit with similar experimental differences as highlighted above.
Our findings also indicate that the proliferative capacities of CMV-specific CD8*KLRG1*
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T aerr cells more closely approximates that of CMV-specific CD8*T-bet* T aggr cells, with
a subset of expanding KLRG1" Taggr cells co-expressing CD57. Taken together, our
findings demonstrate rapid induction of CD57 and/or KLRGL1 in total and CMV-specific
CD8™* Tagrr cells with differential proliferative capacities in conjunction with an immature
phenotype that progresses to a mature Tgp phenotype in chronic CMV infection.

We and others have demonstrated the correlation between T-bet expression and CD8*
effector function playing an important role in CMV, HIV, HBV and HCV immune control
(9, 40, 41) (42). We sought to determine whether either CD57 and/or KLRGL1 represented a
functional immune correlate and found KLRG1 expression in CMV-specific CD8* T aggr
cells to be a superior immune correlate for IFN-y, TNF-a and CD107a expression and
effector multifunction, similar to T-bet expression, when compared to CD57. Moreover, we
compared KLRG1* and CD57* surface expression to T-bet* and found that KLRG1*
frequencies, similar to T-bet* frequencies, differentiated CMV controller versus relapser
clinical phenotypes in our D+R-LTR cohort, as well as effector molecule expression.
Importantly, we previously have shown in a similar D+R-LTR cohort, that the frequencies of
CMV-specific tetramer™ cells did not differentiate controller versus relapse phenotypes,
rather the function of these tetramer* cells, using single cognate peptide re-stimulation (9).
Here, when we compared KLRG1* and CD57* frequencies to other surface phenotypic
markers expressed in total CD8* and CMV dextramer* T agrg cells, only KLRG1*
expression significantly differentiated the CMV controller versus relapser phenotypes.
Collectively, our data point to KLRG1* surface expression in the blood CD8" Taggg pool as
a surrogate for T-bet, effector function and the capacity for early CMV control in high-risk
D+R-LTRs.

Because we observed a high level of correlation between KLRG1* and T-bet* expression in
both proliferation and effector function of CD8* T cells during acute/primary CMV
infection, we sought to determine its molecular regulation compared to CD57 (B3GATI).
Only the KLRG1 promoter demonstrated high putative binding site scores for T-bet, in
contrast to CD57 (B3GAT1), and we expectedly found co-precipitation of T-bet and KLRG1
by ChIP assay, similar to IFN-y, whereas we did not detect any binding to CD57 (B3GATI).
While these data support direct regulation of KLRG1 by T-bet, they also highlight a distinct
role for CD57 in T cell differentiation. In fact, the precise functional role of CD57, which
does not have a counterpart in the mouse, remains incompletely understood. While our
studies support CD57 as an early marker of senescence in CD8* Taggr cells, alternative
functions have been reported. As CD57 is a glycoepitope, several studies have suggested a
role for tissue adhesion, including it being a ligand for laminin (43) and L- and P-selectins
(44). Thus, CD57 surface expression could mark terminally differentiated cells with broad
tissue migratory licensure via cellular adhesion that are important for CD8* immune
surveillance.

Our study provides new insights into the role of KLRG1 expression in CMV-specific Tagrr
and Tgp cells. Similar to CD57, KLRG1 has been associated with terminal differentiation
and immune senescence in human T cells, with the observation of accumulation of
KLRG1*CD8* T cells with age (27) (45) and prior studies having demonstrated that sorted
KLRG1*CD8* T cells exhibited replicative senescence in response to mitogen stimulation
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(20) (46) (47). KLRG1 has also been shown to be a ligand for the cadherins expressed on
epithelial cells, suggesting an important role for effector trafficking, crosstalk and a potential
mechanism to limit cytotoxicity (45) (48). Importantly, our studies show that both CMV-
specific CD8*KLRG1* T agrr and Tgpm cells robustly proliferate during acute primary and
chronic infection similar to T-bet* cells, the transcription factor that binds the KLRG1
promoter, indicating that KLRG1* expression alone, does not necessarily indicate
senescence. However, our studies do support the concept that the acquisition of CD57 co-
expression, is associated with cells that demonstrate reduced proliferative capacity in
response to CMV pooled peptides. Interestingly, our findings in the human differ from the
mouse studies with persistence of KLRG1 expression into the memory phase, though the
LCMV infection mouse model used by Joshi et al. was not the chronic LCMV model. Thus,
we propose a revised model of human T cell differentiation in the human, where early
KLRG1*CD57+~CD27* Tager cells more likely reflect the previously described mouse
memory precursor effector cells (MPECs) rather than SLECs and establish
KLRG1*CD57*CD27~ Tgpm population in the context of chronic CMV infection (Fig 7). We
should also point out that, similar to earlier mouse studies, KLRG1 expression marks viral-
specific Tageg cells with potent multifunction, and strongly correlates with the capacity to
establish viral control. The correlation of KLRG1 expression with effector function that we
observed in peripheral blood Taggg cells is also consistent with it being a surrogate for T-bet
expression. Indeed, our results also show that KLRG1 expression is reduced in lung mucosal
CD8™ Tager cells expressing lower levels of T-bet, as recently reported in the mouse (49),
providing further ex vivo evidence of regulation by this transcription factor. Collectively, our
data provide new insights into the kinetics of KLRG1 expression, its regulation and the
functionality in human T cells in the context of acute primary into chronic CMV infection.

There are several caveats to our study. While our studies focused on T cell responses to
pp65, we acknowledge that the total effector response is significantly broader, including
CD4* T cells (50). However, because our earlier study found pp65-specific > IE1-specific
CD8™ effector responses during acute primary infection, we focused on pp65 responses (12).
We also recognize that our study size is somewhat small, however capturing D+R-LTRs
during primary CMV infection and prospectively assessing their clinical phenotype in
addition to collecting serial blood samples is challenging. Nonetheless, our study
demonstrated statistically significant findings in our study of CD57 and KLRGL1 in T agrr
and Tg\ cells over the course of CMV infection that advances our understanding of T cell
differentiation. Future studies will test whether measurement of KLRG1 expression, in
particular, is useful to differentiate the capacity for viral control and determining clinical
phenotypes in LTRs at high-risk for recurrent CMV infection, which may be useful in
guiding clinical antiviral decision-making.

In summary, our study provides new insights into roles of KLRG1 and CD57 in the function
and differentiation of human T cells from the T agrr to the Tgy stage during CMV infection.
Based on these findings, we propose a revised model for T cell differentiation that
incorporates these markers and relates phenotype with function (Fig. 7). We show that rapid
induction of KLRGL1, but not CD57, in CMV-specific CD8* T cells differentiates the
capacity for effector function and viral control. Further, we provide evidence that KLRG1,
but not CD57, is regulated by, and a surrogate for T-bet in human T-broad migratory
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capacities via tissue adhesion that are important for CD8* immune surveillance.
Additionally, another study by Cebo et al (51). suggested a potential role for CD57 in IL-6R
signaling. Collectively, these alternate functions are consistent with our findings of rapid
induction of CD57 during acute primary infection, its similar expression on lung mucosal
CMV-specific Taggr cells compared to the blood, and its progressive enrichment into
chronic infection.
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KLRG1 Killer Cell Lectin-like Receptor Subfamily G 1

IPF Idiopathic Pulmonary Fibrosis

BAL Bronchoalveolar lavage

LMNC Lung mononuclear cells

ChiP Chromatin Immunoprecipitation

LTRs Lung transplant recipients

TAEFE Acute effector T cells

Tem Effector memory T cells

TrMm Resident Memory T cells
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KEY POINTS

We report novel CMV-specific KLRG1*CD27*CD57+~ CD8* Tagrr in
primary infection.

KLRG1" Taggr correlates with CMV function and control in lung transplant
patients.
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Figure 1. Rapid Induction of KLRG1* and CD57* surface expression in CMV specific CD8
Tagpr during acute primary CMV infection evolve into Tgp during chronic infection.

(A) Representative flow cytometric plots show the expression of KLRG1* (upper panel) and
CD57* (lower panel) in total CD8* T cells from D+R-patient during Pre-CMV and Acute
CMV infection. Total CD8* T cells were gated on live CD3* T cells after excluding CD14*,
CD16™", and CD19* cells. (B) Cumulative data showing distributions of total KLRG1*CD8*
(feft graph) and CD57*CD8* (right graph) T cells from patients during Pre-CMV and Acute
CMV infection (n=8). Statistical analysis was performed using Wilcoxon matched pair
signed rank test. Also Mann-Whitney U test was performed with a two-sided and p value of
less than 0.05 considered statistically significant. (C) Cumulative data shows distributions of
total CD3*CD8" T cells KLRG1* and CD57* for (n=23) patients during Acute CMV)
infection. (D) Representative flow cytometric plots show expression of CD57* and CD27*
on CD8" T cells during Pre-CMV (/eft plof) and Acute CMV (right ploi). (E) Representative
flow cytometric plots showing co-expression of CD57* and CD2 7 (upper panels) or
KLRG1*and CD57* (fower panels) on the 92t€d population of total CD3*CD8* T cells ex
vivo from D+R-patient during Acute CMV (/eft plots) and Chronic CMV (right plots)
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infection. (F) Cumulative data graph showing frequency of total CD8* T cells expressing
phenotypic markers as labeled. PBMCs from acute CMV (orange circles) and chronic CMV
(green squares) (n=14 dextramer responses) D+R-patients were stained ex vivo and analyzed
by flow cytometry. (G) Representative plots show CD57* and KLRG1* expression on MHC
class | dextramer cells and co-expression of CD57%, and CD277 or KLRG17 on the gated
population dextramer™® cells CD3*CD8" T cells. (H) Cumulative data graph shows
proportions of total CD8* T cells proportions of MHC class | dextramer * cells from acute
CMV (n=14 dextramer responses) (orange circles) and chronic CMV (n=14 dextramer
responses) (green squares) infection, expressing distinct phenotypic markers are shown.

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hoji et al.

Page 20

CD57+

CFSE®

CMV-specific CD8*CFSE*low (%)

D g s
80— =
g g § £
s %
§ £ 0] 8
£ g 5
S 3 2
8 g 8« g
& — g
b3 &
8 a7 5
Acute IContraction! Chronic S Acute IContraction' Chronic g
cmv cmv cmv cmv
Patient 1 5 80— 3
Patient 1 H §
— Patient 2 § g
— Patient 3 8l B a
b} S ]
I3 N I3
g 3
¥ Nﬁe 4
& o4 &
8 Acute ' Contraction Chronic S Acute 'Contraction' Chronic
oMy cmy cmv cmv
Acute-CMV Chronic CMV Acute-CMV Chronic CMV
g NS _ p=0.001
S0 T 1 Eq00y T 1
4 Medium g ] -
B T g £
% =
: 8 50| ol % 50
| X e X - R
. § N e Dextramer ] &
2 % S S ‘%4 cognate peptide 8 3
o - © o o o
Acute  Chronic Acute  Chronic
CFSE CFSE cmv My oMy cmv
Acute-CMV Chronic CMV  Acute-CMV Chronic CMV =z NS = NS
=¥100 E100
i & i £ £ ..
Medium g g
¥ H T H
| 3 v S 50
’f“' e 2
) i A i Dextramer. 4 2
© ! - cognate peptide g 0 Lol
= ‘ 3 Acute Chronic Acute Chronic

T-

oMV cmv cMv  cmv

CFSE — CFSE

Figure 2. Phenotype and proliferation of CD57" and/or KLRG1* CMV-specific CD8™ T cells
from primary into chronic CMV infection.

(A) Representative flow cytometry plots from the Acute CMV showing phenotype and CMV
pp65-specific proliferation in response to pp65 pooled peptides (fower panels) or medium
alone (negative control) (ypper panels), KLRG1* (middle panels) and T-bet* (right panels).
(B) Representative flow plot from (A) showing KLRG1*/~ and CD57*/~ phenotypes in
CD8*CFSE° subset (right panel). (C) Cumulative data showing CMV pp65-specific
proliferation at 6 days for CD8* T cells with respect to CD57* (orange bars), CD57~ (green
bars) of CFSE!® events (n=7). Bars represent median values of CFSE!° events for
CD57*KLRG1™, CD57*KLRG1*, CD57"KLRG1" and CD57"KLRGL1" respectively.
Statistical analysis performed using Mann-Whitney U test with a two-sided and p value of
less than 0.05 considered statistically significant. (D) Graphs showing frequencies of CMV-
dextramer CD8* T cells, and KLRG1*/~ CD57*/~ subsets in three patients during Acute-
CMV, Contraction phase, and Chronic CMV infection. Samples for the contraction phase
were obtained 1-2 months following clearance of acute viremia and Chronic CMV at least a
year post-Acute CMV. (E) Representative flow cytometry plots of CMV dextramer
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proliferation in response to cognate peptide re-stimulation or medium measured at 6 days
using CFSE dilution. Shown are responses during Acute-CMV and Chronic CMV and
phenotypic markers CD57* (upper lefd), CD27* (upper right), KLRG1* (fower left) and T-
bet* (Jower right) plots. (F) Cumulative data from (E) showing respective phenotypes of
CFSE events in dextramer* cells. during Acute-CMV (orange bars) and Chronic CMV
(green bars). Bars represent median values of CFSE© frequencies. Statistical analysis
performed using Mann-Whitney U test with a two-sided and p value of less than 0.05
considered statistically significant. NS=non-significant.
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Figure 3. CMV pp65-specific CD8™ effector responses reciprocally correlate with T-bet and
KLRG1 expression but not with CD57 and CD8*KLRG1" effectors have higher quantity and
quality of multifunction during acute primary CMV infection similar to CD8* T-bet* effectors.

(A) Cumulative correlation data (n=23) by scatter plot analysis of KLRG1*, T-bet™ (B) and
CD57* (C), frequencies and CMV-specific pp65 frequencies for CD8*IFNy* (feft panels),
tumor necrosis factor (TNFa) CD8*TNFa (middle panels) and CD8*CD107a* (right
panels) during acute CMV infection from the LTR cohort. Correlation coefficient (R) and p
values were calculated using Spearman rank correlation test. (D) Individual pie charts of
PBMC reflecting CD8*KLRG1* (left pie) and CD8*KLRG1™ (right pie) of T cell effector
multifunction (E) CD8*T-bet™ (/eft pie) and CD8*T-bet™ (right pie) of CMV pp65-specific
T cell effector multifunction and (F) CD8*CD57"* (feft pie) and CD8*CD57~ (right pie) of
CMV pp65-specific T cell during acute primary CMV infection responses (IFN-y, TNF-a.,
CD107a) from the LTR cohort effector multifunction. Using Boolean analysis, the
percentage of total and individual effector multifunctional subset responses for CD8* T cells
from KLRG1* (gray bars) and KLRG1™ (black bars) or T-bet* (gray bars) and T-bet™ (black
bars) or CD57* (gray bars) and CD57~ (black bars) are shown in the bar graph for each of
the multifunctional subsets. * p<0.05. *Significant differences when comparing mean
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frequencies of single and multifunctional responses, p less than or equal to 0.05. All pvalues
were determined by the Kruskal-Wallis one-way ANOVA or Wilcoxon signed rank test.
Data analyzed using the program SPICE.
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Figure 4. T-bet expression significantly correlates with KLRG1 in CD8* T cells during primary
CMV infection and T-bet interacts with the KLRG1 promoter in human T cells.

(A) Representative flow cytometric plots showing co-expression of T-bet* and KLRG1* or
CD57* gated on live CD3*CD8* T cells. This is a representative of n=23 individuals. (B)
Cumulative correlation data (n=23) by scatter plot analysis of T-bet* and CD8*CD57* (feft
panel), and CD8*KLRG1* (right panel), frequencies during acute CMV infection from the
LTR cohort. A black line indicates the regression line as well as R and p value that were
generated using the Spearman’s Rank Correlation test. (C) Agarose gel images showing
bands of semi-quantitative PCR amplicons that reside in the promoter sequence of T-bet
targets, KLRG1, CD57 (B3GATI) and IFN-vy (positive control) as performed by ChIP assay.
Also shown are non T-bet targets, IL-4 (negative control), and GAPDH (negative control)
genes. ChIP assay was performed using human Jurkat T cell line using mouse anti-human
TBX21 antibody (clone 39D; IgG1). Immnunoprecipitated DNA was subject to PCR
amplification using primer sets for KLRG1, CD57(B3GATI), IFN-vy, IL-4, and GAPDH
targets (lane 1) for each corresponding region of promoter sequences in proximity to the T-
bet binding site for each gene. Results of PCR amplifications of input DNA (lane 3) or
mouse IgG1 isotype control antibody (lane 5) are also shown. Lanes 2, 4, and 6 show non-
template PCR negative controls.
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Figure 5. Significantly higher frequencies of KLRG1" total CD8" and CMV-specific CD8* T
cells are found in viremic controllers compared to relapsers.

(A) Cumulative distributions of KLRG1 frequency and additional six phenotypic markers
expressed on the total CD8* T cell among controllers (blue circles) (n=7) and the relapsers
(red squares) (n=8) are shown (mean £ SEM). Only the KLRG1 expression exhibits the
significant difference (p<0.002) between controllers and relapser as indicated. (B)
Cumulative data shows frequency of KLRG1*, T-bet*, or CD57* total CD8* T cells among
controllers (blue columns) (n=13) and relapsers (red columns) (n=10). (C) Cumulative data
shows Thet*CD8" frequencies and (D) KLRG1*CD8"effector functions (IFN-y*, TNF-a.™,
CD107a*) in controllers (blue columns) and relapsers (red columns). (E) Representative
flow cytometric plot shows KLRG1* expression on CMV-specific dextramer*CD8* T cells.
Numbers show proportion of KLRG1* subset within the gated dextramer*CD8* T cell in a
controller (feft panel) versus a relapser (right panel). (F) Cumulative distributions of
KLRG1" frequency and additional six phenotypic markers expressed on the Dextramer
*CD8* T cell among controllers (blue circles) (n=8 dextramer responses assed) and the
relapsers (red squares) (n=7 dextramer responses assed) are shown (mean £ SEM).
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Statistical analysis performed using Mann-Whitney U test with a two-sided and p value of
less than 0.05 considered statistically significant between the controller and the relapser
throughout the course of statistical analyses. NS=non-significant.
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Figure 6. CMV-specific Dextramer*CD8™ T cells in BAL express lower levels of KLRG1 and T-

bet transcription factor than PBMC.

(A) Representative flow cytometry plots of CMV dextramer*CD8* Tcells BAL cells (upper
panels)and Blood (fower panels) during acute/primary CMV infection (n=6) for a panel of
six markers: KLRG1*, T-bet*, CD27*, CD103*, CD69* and CD57* plots. (B) A cumulative
data of summary of phenotypic frequency analysis of (A) showing BAL cells (orange bars)
and PBMC (green bars). Statistical analysis performed using Mann-Whitney U test with a
two-sided and p value of less than 0.05 considered statistically significant between the BAL

and Blood compartments. NS=non-significant.
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Figure 7. CMV-specific CD8* T effector cell differentiation model.
A figure depicts our simplified linear model of the CMV-specific CD8" effector T cell

differentiation. According to the model, antigen primed CMV-specific CD8" naive T cells
(blue circle) undergo extensive clonal expansion and concurrent effector differentiation upon
viral antigen encounter during CMV primary/acute viremia. An expanded pool of Tagrr
subsets, including a predominant KLRG1*CD27*CD57*T-bet* subset (green circle) are
generated. Taggr, particularly KLRG1* T aggg is central to the anti-viral cell immunity
during primary/acute infection and the subsequent formation of KLRG1*CD27-CD57* Tgm
(red circle) in the chronic phase. These T agrg, despite expressing two effector markers,
KLRG1 and CD57, exibit differential proliferative capacities (middle panel) with increasing
expression of KLRG1 and CD57, and declining expression of CD27 over the course of Tgpm
differentiation. Although each phases of infection is represented by a few dominant subsets,
in reality such stages likely made up of multiple subsets albeit low frequencies.
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Table I.

Patient characteristics and clinical phenotypes following primary CMV infection in D+R-LTRs.

Page 29

LTR Age (y) Gender Primary Diagnosis Immunosuppression at Primary Primary Relapsing
CMV Onset CMV Viremia
Onseta
23 50 M Idiopathic CSA 175/100, RAPA 11,Pred 51 108 -
Pulmonary Fibrosis
24 31 F Cystic Fibrosis TAC 1.52, MMF 0.52 Pred 10! 96 +
25 34 F Primary Pulmonary TAC 42, MMF 0.52,Pred 10! 129 -
Hypertension
28 33 F Cystic Fibrosis TAC 62, MMF 0.52,Pred 10! 210 -
29 62 F COPD TAC 2.52, MMF 0.52,Pred 10* 168 +
31 55 M Cystic Fibrosis TAC 32, AZA 501,Pred 5! 248 -
33 51 F Idiopathic TAC 22, MMF 0.53,Pred 7.51 186 +
Pulmonary Fibrosis
34 59 F COPD TAC 42, MMF 0.252,Pred 10* 174 -
35 27 M Cystic Fibrosis TAC 12, MMF 0.52,Pred 7.5 219 -
36 49 F Idiopathic TAC 42, MMF 0.252,Pred 10! 167 +
Pulmonary Fibrosis
37 56 F Obliterative TAC 52, MMF 0.5% Pred 10! 133 -
Bronchiolitis
38 56 M COPD TAC 12, MMF 12,Pred 10! 155 -
40 54 F COPD TAC 1.52, MMF 0.54 Pred 15 122 -
41 64 F Bronchiectasis TAC 42, MMF 0.52 Pred 5! 184 -
43 51 M Sarcoidosis TAC 42, MMF 0.5 Pred 15! 83 +
45 21 M Cystic Fibrosis TAC 2.52, MMF 0.53,Pred 15! 92 -
46 59 M COPD TAC 1.52, MMF 12,Pred 20! 37 +
48 47 M Idiopathic TAC 22, MMF 0.252,Pred 10! 162 +
Pulmonary Fibrosis
51 41 F Pulmonary TAC 22, MMF 0.52,Pred 7.51 214 -
Hypertension
53 35 F Cystic Fibrosis TAC 22, MMF 0.52,Pred 10! 125 +
56 61 F COPD TAC 12, MMF 0.52,Pred 10! 142 +
57 56 M Idiopathic TAC 22, MMF 0.252,Pred 101 118 +
Pulmonary Fibrosis
60 62 M Idiopathic TAC 42, MMF 0.252,Pred 10! 410 -
Pulmonary Fibrosis
0, 0,
Summary® | 48:40125) [ M43.4% 160.1 (73.7) +434%

a
Days post-transplant

bViraI load at time of sampling

[ -
Values represent mean or percent of indicated group (SD)
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AZA, azathioprine (dose in milligrams); COPD, chronic obstructive pulmonary disease; CSA, cyclosporine (dose in milligrams); F, female; M,
male; MMF, mycophenolate mofetil (dose in grams); Pred, prednisone (dose in milligrams); TAC, tacrolimus (dose in milligrams with superscript
times per day).
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