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Previous studies suggest that the presence of antigen-specific polyfunctional T cells is
correlated with improved pathogen clearance, disease control, and clinical outcomes;
however, the molecular mechanisms responsible for the generation, function, and survival
of polyfunctional T cells remain unknown. The study of polyfunctional T cells has
been, in part, limited by the need for intracellular cytokine staining (ICS), necessitating
fixation and cell membrane permeabilization that leads to unacceptable degradation
of RNA. Adopting elements from prior research efforts, we developed and optimized
a modified protocol for the isolation of high-quality RNA (i.e., RIN > 7) from primary
human T cells following aldehyde-fixation, detergent-based permeabilization, intracellular
cytokines staining, and sorting. Additionally, this method also demonstrated utility
preserving RNA when staining for transcription factors. This modified protocol utilizes
an optimized combination of an RNase inhibitor and high-salt buffer that is cost-effective
while maintaining the ability to identify and resolve cell populations for sorting. Overall,
this protocol resulted in minimal loss of RNA integrity, quality, and quantity during
cytoplasmic staining of cytokines and subsequent flourescence-activated cell sorting.
Using this technique, we obtained the transcriptional profiles of functional subsets (i.e.,
non-functional, monofunctional, bifunctional, polyfunctional) of CMV-specific CD8+T
cells. Our analyses demonstrated that these functional subsets are molecularly distinct,
and that polyfunctional T cells are uniquely enriched for transcripts involved in viral
response, inflammation, cell survival, proliferation, and metabolism when compared to
monofunctional cells. Polyfunctional T cells demonstrate reduced activation-induced
cell death and increased proliferation after antigen re-challenge. Further in silico
analysis of transcriptional data suggested a critical role for STAT5 transcriptional
activity in polyfunctional cell activation. Pharmacologic inhibition of STAT5 was
associated with a significant reduction in polyfunctional cell cytokine expression and
proliferation, demonstrating the requirement of STAT5 activity not only for proliferation
and cell survival, but also cytokine expression. Finally, we confirmed this association
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between CMV-specific CD8+ polyfunctionality with STAT5 signaling also exists in
immunosuppressed transplant recipients using single cell transcriptomics, indicating that
results from this study may translate to this vulnerable patient population. Collectively,
these results shed light on the mechanisms governing polyfunctional T cell function and
survival and may ultimately inform multiple areas of immunology, including but not limited
to the development of new vaccines, CAR-T cell therapies, and adoptive T cell transfer.

Keywords: polyfunctional T cells, CMV, RNAseq, fixation, permeabilization, RNA quality

INTRODUCTION

High-throughput RNA sequencing (RNAseq) is a powerful tool
for the quantification and global analysis of the transcriptome of
cells, providing valuable insight to cell function and mechanisms
of disease. However, RNAseq requires high-quality RNA
obtained from homogeneous cell populations. Unfortunately,
immune cell populations are heterogenous, obscuring the
signals of rare cell populations such as polyfunctional T
cells. The most efficacious method for the isolation of
rare populations is fluorescence-activated cell sorting (FACS),
which provides the highest cell purity of any technique
currently available with minimal bias (1). While high-quality
RNA can be obtained from FACS of live cells, investigators
are currently limited to isolating cell populations based on
surface protein expression. Intracellular targets (e.g., cytokines,
transcription factors, phosphoproteins) require cell fixation and
permeabilization that leads to unacceptable degradation of RNA.
Cell fixation with aldehydes leads to significant RNA-protein
crosslinking and fragmentation, while permeabilization with
ionic detergents leads to further fragmentation and allows for
the introduction of detrimental RNases to the intracellular
compartments (2). Ultimately, this processing can lead to
significant degradation of RNA quality, as measured by both
the RNA integrity number (RIN) and the DV200 (3, 4).
Such degradation has been associated with poor or incomplete
transcriptional profiling (5). Furthermore, the effects of RNA
degradation occurring during fixation and permeabilization are
non-uniform and not solely dependent on transcript length, but
also other factors including the CG content and 3" untranscribed
region (UTR), potentially introducing further bias (5). Thus,
maintaining RNA quality is of utmost importance in generating
robust, unbiased RNAseq datasets.

RNA quality is most commonly determined by RIN, a
user-independent automated measure of RNA integrity scored
on a scale of 1-10, where 1 represents fully degraded RNA
and 10 represents fully-intact RNA (4). Cell fixation and
permeabilization both contribute to lower RIN values (4).
Reduced RNA quality is associated with a loss of complexity, a
compromised ability to detect low abundance transcripts, and
an inability to detect splice variants (5, 6). Additionally, these
studies suggest that the RIN directly correlates with the number
of reads successfully mapped to the genome. An alternative
measure of RNA quality was introduced by Illumina in 2014,
termed DV200 (i.e., the percentage of RNA fragments/molecules
greater than 200 bp in length) (3). This measure has been applied

to determine the suitability of RNA isolated from formalin-
fixed, paraffin-embedded (FFPE) tissues for RNAseq when using
a compatible downstream protocol that does not require 3’
polyadenylation or site-specific primers for amplification. This
has been effectively used in the literature to qualify RNA
from FFPE samples in both limited RNAseq and microarray
experiments, where RIN values are commonly very low (<3-5)
(3, 7). Generally, a RIN value greater than 7 or a DV200 greater
than ~60-70% is suggested as a minimal value for proceeding
with library generation.

Several studies have attempted to minimize the impact of
fixation and permeabilization on RNA quality, with variable
results (8-16). While two recent methods to isolate high-quality
RNA from formaldehyde-fixed, saponin-permeabilized, FAC-
sorted cell populations have shown promise, each method has
potential limitations. The MARIS protocol utilizes commercial
RNase inhibitors during each step of processing (i.e., fixation,
permeabilization, washing, and staining) and sorting. While
effective, the use of RNase inhibitors during each step can
become prohibitively expensive depending on the working
volumes and number of samples (15). Additionally, RNase
inhibitors may only bind specific RNases, and this binding
is typically reversible and highly dependent on temperature.
Alternatively, the method proposed by Nilsson et al. utilizes
a cost-effective high salt buffer (i.e., 2M NaCl) to broadly
inactivate RNases (16). While this method is also effective
in limiting RNA degradation, the use of a high-ionic buffer
can alter antibody tertiary structure and may significantly
reduce or alter antibody binding. The resultant decrease
in total fluorescence intensity can have dramatic effects on
cell population identification and gating strategies, leading to
poor population discrimination and erroneous results (17).
Therefore, there remain opportunities for further optimization
of such techniques.

Growing evidence suggest that antigen-specific polyfunctional
T cells play an essential role the immune response to
pathogens and malignancy (Supplemental Table S1) (18-25).
Polyfunctional cells are defined by the ability to express multiple
cytokines (e.g., IFNy, TNFa, IL-2) and/or chemokines upon
antigen re-challenge, and their presence has been associated
with improved cytolytic activity, pathogen clearance, and clinical
recovery in both human and animal models of infection,
vaccination, and malignancy. In contrast, antigen-specific cells
expressing only one (ie., monofunctional) or no cytokines
upon antigen encounter have been associated with progressively
less cellular protection (21). This phenomenon is perhaps best
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described in the setting of CMV reactivation following organ
transplantation, where recipients are immunosuppressed and
at substantial risk for opportunistic infections (21, 24-41).
CMV reactivation following organ transplant occurs in 25-
40% of recipients, and has been associated with increased
episodes of acute and chronic rejection, allograft dysfunction,
and early mortality (42). Studies from multiple transplant
populations have shown that the presence of CD8+ CMV-
specific polyfunctional T cells are associated with a low risk of
CMV reactivation in the post-transplant period, whereas a lack
of polyfunctional T cells has been associated with a significantly
increased risk of reactivation (24-41). Moreover, when CMV
reactivation does occur, CD8+ CMV-specific polyfunctional
cells have been associated with superior viral control and
clearance of viremia (33-35, 39, 40). Recently, Snyder et al.
demonstrated not only that CMV-specific CD8+ polyfunctional
T cells (IFNy+/TNFa+/IL-2+/CD107a—) are protective against
CMV reactivation, but that the presence of less functional CMV-
specific CD8+ subsets (IFNy+/TNFa—/IL-2-/CD107a+) are
detrimental, indicating substantial molecular differences may
exists between these antigen-specific cells functional subsets (25).
While it is clear that antigen-specific polyfunctionality is an
important clinical correlate of T cell efficacy, the mechanism
responsible for these differences between polyfunctional and
less-functional (i.e., monofunctional) subsets of antigen-specific
T cells remains largely unknown. And while recent evidence
suggests that antigen-specific CD4+ polyfunctional T cells and
their less functional counterparts (i.e., monofunctional cells)
are transcriptionally distinct, the mechanism responsible for the
generation, survival, and activity remain largely undiscovered
(18). Understanding these mechanisms would not only provide
novel insights regarding immune responses, but may also
lend to the development of vaccines and optimized ex-vivo
cell expansion protocols for the production of polyfunctional
T cells.

To date, the molecular study of antigen-specific
polyfunctional T cells has been limited, due in part to their low
frequency in peripheral blood, often accounting for less than 0.1%
of CD4+ and CD8+ T cell subsets. Additionally, identification
of polyfunctional cells requires fixation and permeabilization
in order to perform intracellular cytokine staining (ICS),
limiting the utility of these samples for downstream assays.
With these issues in mind, we therefore sought to develop a
modified protocol for the isolation of high-quality RNA from
fixed and permeabilized cells that optimizes antibody binding
while minimizing overall cost. We then utilized this method to
analyze the transcriptome of CMV-specific polyfunctional CMV-
specific CD8+T cells from healthy human peripheral blood
mononuclear cells (PBMCs). This information was then used to
further characterize features unique to polyfunctional T cells,
including reduced activation-induced apoptosis and improved
proliferation following antigen re-challenge. Additionally, we
found that polyfunctional T cells require STATS5, not only for
proliferation, but also for cytokine production. Finally, this
critical role for STATS5 signaling identified in healthy subjects
was also confirmed in immunocompromised solid-organ
transplant recipients.

MATERIALS AND METHODS
PBMC Isolation and Cell Culture

For healthy subjects, peripheral whole blood was obtained from
Duke IRB-approved (Pro00070584) anonymous donors using
ACD vacutainer tubes (BD Biosciences), and PBMCs were
isolated using Ficoll density centrifugation (GE HealthCare).
PBMCs were counted and viably cryopreserved in LN, vapor
(10% DMSO, 90% heat-inactivated FBS). Where appropriate,
cells were cultured in RPMI-1640 media containing 10%
heat-inactivated FBS (Gibco) and 1x penicillin-streptomycin-
glutamine (Gibco) at 37°C and 5% CO,. For single cell
sequencing in immunosuppressed subjects, cryopreserved
PBMC samples from two recipients were obtained from the
Duke IRB-approved Abdominal Transplant Repository (ATR)
(Pro00035555). Kidney, liver, pancreas, and small intestine
transplant recipients were recruited prospectively through
the Abdominal Transplant clinic at Duke University Hospital
and PBMC samples were collected longitudinally at pre-
specified time points prior to and following transplantation.
For mechanistic CMV reactivation experiments, one subject
with and one matched control without CMV reactivation in the
first 12 months following transplant were selected. The subjects
were matched by age (50-55), HLA-*A0201 status (necessary
for tetramer use; note: no other matching alleles were required),
type of transplant (kidney), induction immunosuppression
(none), donor-recipient CMV status (D-/R+), maintenance
immunosuppression [prednisone, mycophenolate (MMF), and
tacrolimus (FK506)], and CMV prophylaxis (none). PBMC
samples were selected from the time point just prior to when
CMV reactivation occurred in the case subject (i.e., 3 months
post-transplant for both the case and control subject). For
determination of the immunophenotype of dextramer+ CMV-
specific T cells (Supplemental Figure S11C), data was obtained
from pre-transplant PBMC samples of 5 kidney transplant
recipients enrolled in the ATR (Pro00035555).

Peptide and/or Antibody Stimulation

For cell sorting experiments, cell stimulation was performed
using pp65 and IE-1 CMV overlapping peptide (JPT
Laboratories). Human PBMCs were stimulated with both pp65
and IE-1 overlapping peptides (1 pg/pL final concentration
of each peptide) in R10 at a cell concentration of 2 x 107
cells/mL for 6h. The final concentration of DMSO was less
than 0.2%. CD107a-PE was included during stimulation. Cells
were stimulated in the presence of brefeldin A (BFA) and
monensin per manufacturer protocol (BD Bioscience) for the
final 4 h prior to surface staining. For experiments involving the
use of dextramers for stimulation, stimulation was performed
by incubating cells with the dextramer and costimulatory
antibodies (a¢CD28, aCD49; BD Biosciences) for 6 h, with BFA
and monensin added for the final 4 h of the stimulation.

Antibodies

All antibodies for flow cytometry were monoclonal antibodies
and were purchased from BD Biosciences, Biolegend,
ThermoFisher (previously eBiosciences), or RnD Systems.
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All antibodies were titrated to optimal signal-to-noise ratio on T
cells prior to use, assuming a 50 mL staining volume. Cell viability
was determined using Zombie Violet Fixable Viability Kit (0.1
pL per 50 pL staining volume; Biolegend) or Zombie-NIR
Fixable Viability Dye. Antibodies used for sorting the functional
subsets was as follows: CD14-BV510 (M5E2 clone), CD3-BV785
(SK7 clone), CD4-FITC (SK3 clone), CD8-APC-Cy7 (HIT8a
clone), IFNy-PE-Cy7 (4S.B3 clone), TNFa-AF700 (MAb11
clone), IL-2-APC (MQ1-17H12 clone), and CD107a-PE or
CD107a-PE-Cy5 (H4A3 clone). Additional antibodies used for
immunophenotyping include the following: CD3-BUV395 (SK7
clone), CD4-BV605 (SK3 clone), CD8-BUV805 (HIT8a clone),
IL-4-BV711 (Rat MP4-25D2 clone), IL-17-BV421 (BL168 clone),
Perforin-BV711 (dG9 clone), KLRG1-BV421 or KLRG1-AF647
(SA231A2 clone), CD127-BV650 (A019D5 clone), CCR7-BB700
and CCR7-BV785 (3D12 clone), CD45RA-BB515 (HI100 clone),
PD-1-BV711 (EH12.2H7 clone), CD107a-PE-Cy5, Annexin
V-BV711, CD95-BV786 (DX2 clone), active Caspase-3-AF647
(C92-605 clone), CD25-BV421 (clone M-A251), CD69-APC-
Cy7 (clone FN50), CD137-APC (clone 4B4-1), CD154-APC
(clone 5C3), and TNFSF8-PE (CD30L;clone MAB1028, RnD
Systems). Proliferation was monitored using proliferation dye
Tagit-Violet (Biolegend). CMV-specific MHC I Dextramers
(pp65-A*0201) labeled with PE were purchased from Immudex
(Fairfax, VA, USA). For cytokine secretion assays, the following
were purchased from Miltenyi Biotec: IFNy-FITC kit (no
specified clones), TNFa-PE, IL-2-APC. These assay kits were
used according to manufacturer protocol assuming less than
5% of the cell population will express the desired antigen.
When used in tandem, the concentration of each antibody was
maintained at the manufacturer-recommended amount of 10 wL
per 100 pL staining reaction, with an equivalent reduction in
the base staining buffer (PBS with 2% HI-FBS) to maintain the
appropriate volume.

Surface and Intracellular Staining

First, CD8+ T cells were negatively enriched by magnetic
separation (ThermoFisher), counted, and after adjusting for
viability resuspended at 10 x 10° cells/mL. After washing the
cells twice with 1xPBS containing 1% heat-inactivated (HI)-
FBS, surface staining was performed at 4 C for 25min in
the dark. Following surface staining, the cells were washed
three times in wash buffer (1xPBS with 1% HI-FBS) and
then subjected to fixation and permeabilization steps as per
manufacturer or published protocol. For the modified protocol,
cells were fixed and permeabilized in a solution containing
4% PFA, 0.1% saponin, and 1 unit/pL of RNasin Plus RNase
inhibitor (Promega) on ice for 20min in dark. Cells were
then washed twice in permeabilization buffer (0.1% saponin,
2M NaCl, 0.5% BSA in RNase-free PBS), and intracellular
staining was performed in a permeabilization-stain buffer (1x
PBS with 0.1% saponin containing 1 unit/nL of RNasin Plus
RNase inhibitor as well as the desired antibody) at 4 C for
30 min. Intracellular staining was performed at 10 x 10° cells/mL.
The cells were then washed twice in permeabilization buffer,
and resuspended in sort buffer (1% BSA, 2M NaCl in RNase-
free PBS). For BD CytoFix/CytoPerm, Biolegend TrueNuclear,

and eBioscience FoxP3 buffer kits, all staining was performed
according to manufacturer protocol. For STAT5-BV421 (Y694)
phosphoprotein staining, BD buffer III was used according to
manufacturer protocol following initial intracellular staining for
cytokines with methanol-resistant fluorophores. Surface staining
for phenotypic markers was performed following phospho-
protein staining.

Fluorescence-Activated Cell Sorting
(FACS)

To obtain all necessary cell populations of interest, five-way
fluorescence-activated cell sorting was performed using a Duke
Human Vaccine Institute (DHVI) BD Influx instrument with
a 70 pm nozzle, producing a drop size of ~1.5 nL/cell. Cold
blocks were used to maintain the sort sample and collection
samples at 4 C, and the sample was collected into RNase-free
1.5 mL tubes containing 500 L of collection buffer (1% BSA, 4M
NaCl in RNase-free PBS) to account for dilution. A maximum of
500 L of cells were sorting into each tube to prevent dilution
below 2M NaCl. When the Influx instrument was not available,
4-way sorting was performed using BD Aria II cell sorter in
a similar manner. In this case, the negative population was
isolated first (pop A), followed by four-way sorting to obtain pop.
B-E. Immunophenotyping experiments were performed using
a BD LSRFortessa, X20, a BD Aria II, or a Cytek Northern
Lights spectral flow cytometer. All instruments used in these
experiments undergo routine preventative maintenance and
quality control to ensure optimal functioning.

Quantification of Proliferation, Cell
Survival, Surface Marker, and Cytokine
Expression Within Functional Subsets of
CMV-Specific T Cells

For these experiments, cells were first stained with Tagit-
Violet proliferation dye (Biolegend) according to manufacturer
protocol, stimulated for 24 h with overlapping pp65 and IE-1
peptide (1 pg/mL), and then CMV peptide was removed and
the cells were incubated in R10 for an additional 5 days (6 day
total). On day 3, cells were supplemented with IL-2 (10 U/mL).
Cells were then re-stimulated with overlapping CMV peptide
for 12h and stained for viability (Zombie dye; Biolegend),
phenotype (CD3, CD4, CD8), type 1 cytokines (IFNy, TNFa,
IL-2) in addition to other cytokines (IL-4, IL-17), degranulation
marker CD107a, cytotoxic molecules (Granzyme B, Perforin),
cell surface markers (CCR7, CD45RA, CD127, KLRG1, PD-1),
and markers of apoptosis (Annexin-V, CD95, active-caspase-3).
This method of sequential CMV stimulation had the beneficial
effect of reducing the number of naive and non-CMV-specific T
cells that were present in the non-functional and to a lesser extent
the IFNy monofunctional cell populations. For proliferation,
the percentage of cells proliferating and the division index
were then determined within each functional subset. For
cell survival, viability, and surface phenotype staining was
performed first, followed by Annexin-V staining in a calcium-
containing PBS buffer provided by the manufacturer and
according to manufacturer protocol (Biolegend). Cells
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were then washed, fixed and permeabilized to allow for
intracellular = staining of cytokines and active caspase-
3. Populations were defined as follows: Early Apoptotic:
Zombie-/Annexin-V+; Late Apoptotic: Zombie+/Annexin-
V+; Necrotic: Zombie+/Annexin-V-; Surviving:
Zombie-/Annexin-V-.

Chemical Inhibitors

For chemical inhibition experiments, all reagents were purchased
from Calbiochem (EMD-Millipore/Sigma; Burlington, MA).
Cells were incubated for 2h in indicated concentration of
inhibitor prior to CMV stimulation, and the concentration of
inhibitor was maintained throughout stimulation.

RNA Isolation and RNA Quality

Cells were isolated from sort buffer by centrifugation at 2000
RCF for 10min at 4 C. The increase in centrifugation speed
during this post-processing step was necessary to improve yield,
as the 2M buffer is more viscous than a standard PBS buffer
(137 mM) at low temperature. Total RNA was then isolated per
protocol using the Ambion FFPE RNA isolation kit starting at
the protease digestion step, starting at the step following the
xylene removal. Additionally, the proteinase K step was modified
from the recommended 15 min at 50 C followed by 15min at
80°C to a single 60-min step at 50 C, as this modestly improved
the RNA quality. Isolated total RNA was then submitted to
the Genomic and Computation Biology (GCB) Core Facility
at Duke University for RNA quantification and quality check
using the Agilent 2100 Bioanalyzer and a PICO chip. For live
cell RNA isolation, the Qiagen RNeasy Mini kit was used per
manufacturer protocol.

Total RNA Library Preparation and

Sequencing

Library preparation was carried out per manufacturer protocol
using the Clontech PICO-input total RNA library kit, using 0.5-
1.0 ng of total RNA input. Due to the partially degraded nature
of the RNA, the RNA fragmentation step was reduced from 4 to
2 min. Resultant cDNA libraries were submitted to the Duke GCB
Core for DNA quality check using the Agilent 2100 Bioanalyzer.
The libraries were then submitted to the Sequencing Core for
library quantification and pooling. Sequencing was performed
using an Agilent HiSeq 4000 instrument (2 x 150 bp). As these
experiments utilized the first generation of the PICO-input total
RNA library kit, this required a 20% PhiX spike-in to alleviate
issues with low complexity of SMARTer stranded kits in the
first three cycles. Pooling was performed to allow for 50-60
million reads per sample. The five libraries for each individual
were randomized between the three sequencing lanes to avoid
batch-effect issues.

RNASeq Processing and Analysis

RNA-seq data was processed using the TrimGalore toolkit
which employs Cutadapt to trim low quality bases and Illumina
sequencing adapters from the 3’ end of the reads. Only reads that
were 20 nt or longer after trimming were kept for further analysis.
Reads were mapped to the GRCh37v73 version of the human
genome and transcriptome using the STAR RNA-seq alignment

tool. Reads were kept for subsequent analysis if they mapped
to a single genomic location. Gene counts were compiled using
the HTSeq tool. Only genes that had at least 10 reads in any
given library were used in subsequent analysis. Normalization
and differential expression was carried out using the DESeq2
Bioconductor package within the R statistical programming
environment. The false discovery rate was calculated to control
for multiple hypothesis testing. RUVseq was used to determine
potential batch effects. Gene set enrichment analysis, KEGG
analysis, and Pathview were performed to identify differentially
regulated pathways and gene ontology terms for each of the
comparisons performed. All subsequent secondary analysis was
performed in R or using the Ingenuity Pathway Analysis tool
(Qiagen) through the Duke CGCB Analysis Core.

BD Precise Single-Cell Sequencing

All steps were performed according to manufacturer protocol
(BD Single Cell WTA Precise Assay V2). Briefly, following
dextramer-based stimulation, cells from the two transplant
recipients (248, case subject with CMV reactivation; 249, control
without CMV reactivation) were surface-stained for phenotypic
and maturation markers, and 96-individual CMV-specific
CD8+ cells (viability-/CD14-/CD3+/CD8-+/pp65-A*0201+)
were sorted into individual wells of a 96-well plate and flash-
frozen using an EtOH-dry ice bath and stored at —80 C.
Libraries were prepared according to manufacturer protocol,
and library quality and quantity determined using an Agilent
2100 Bioanalyzer. Sequencing was performed by the Duke
CGCB Sequencing Core using the Agilent MiSeq V3 platform
(2 x 75 bp), and analysis was performed using the BD Precise
WTA Analysis Pipeline v2.0 on the Seven Bridges Platform
according to manufacturer protocol (BD Precise WTA Analysis
Users Guide). The DBEC Molecular Index Counts were used for
analysis and visualization in BD DataView v1.2.2.

Statistical Analysis of RNA Quantity and
Quality Data

All flow cytometry analysis was performed in FlowJo v9.9.
SPICE software v6.0 was used to generate plots for functional
subset distributions. All statistical analysis was performed using
Prism GraphPad (version 7). All RNA quantification and quality
data was assumed to be parametric. Grouped analysis was
performed where appropriate. Statistical significance throughout
the manuscript is indicated by the following: ®p < 0.005;
*p < 0.05.

RESULTS

Evaluation of Methods for the Isolation of
High-Quality RNA From Aldehyde-Fixed
and Saponin-Permeabilized Primary
Human T Cells Following Intracellular
Cytokine Staining

We first examined the efficacy of maintaining high-quality RNA
via three protocols: (1) a standard intracellular staining (ICS)
protocol, (2) the MARIS protocol, and (3) a high-salt buffer
(2M NaCl) protocol. Ficoll density-isolated PBMCs underwent
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stimulation with CMV peptide, immunomagnetic CD8+
enrichment formaldehyde-fixation, saponin-permeabilization,
and intracellular antibody staining (Supplemental Figure S1).
Following staining, samples underwent a 2-h hold at 8 C
to replicate the time necessary to transport the samples and
set-up and perform a FACS isolation. While significant RNA
degradation was observed using a standard ICS protocol
(Supplemental Figure S1A), both the MARIS and high-salt
buffer protocols were effective at maintaining RNA quality
during staining. However, we observed variability in RNA
quality from the MARIS protocol when samples were held
for 2h to replicate the time necessary to transfer samples
and set-up and complete fluorescent-activated cell sorting.
In contrast, the high salt buffer protocol demonstrated less
variability when compared to the MARIS protocol (mean =+
S.D.: Salt Buffer, 6.8 = 0.1; MARIS 4.9 + 1.1). Additionally, the
MARIS protocol required a significant quantity RNase inhibitor
per sample, particularly for washing steps and during sorting.
Although the high salt buffer resulted in a slight improvement
in RNA stability and was far more cost-effective when compared
to the MARIS protocol, prior research has suggested that
higher salt concentrations were expected to impact not only
antibody binding but also downstream enzymatic processes
(e.g., reverse transcription) (17). We, therefore, set out to
determine the minimum salt concentration necessary to preserve
RNA quality. As the salt concentration increased from that
of standard phosphate buffered-solution (PBS, 0.137 M), the
RNA quality increased until a concentration of 2M was reached
(Supplemental Figure S1B), after which no additional benefit
was observed (data not shown). Concentrations above 2M
resulted in increased sorting stream dispersion due to ionic
effects and, therefore, were not tolerable. Unfortunately, the
presence of a 2M NaCl buffer during intracellular staining
steps significant reduced the staining of several cytokines
(i.e., TNFa, IL-2) when compared to a standard protocol,
and appeared to have heterogenous effects on the staining
of transcription factors (Supplemental Figures S1C,D). This
effect appeared to be mostly dependent on the monoclonal
antibody clone rather than on the specific fluorophore
selected. Importantly, this reduction in antibody signal was
not observed with the use of the MARIS protocol (not
shown). Given the above potential limitations of both the
MARIS and high-salt protocols, we developed a modified
protocol that utilized the advantages of each technique. The
modified protocol utilizes a 2M NaCl buffer during wash and
sorting steps instead of RNase inhibitor whose performance
in preserving the RIN is variable and quite costly. Instead,
an RNase inhibitor is used during the permeabilization and
the intracellular staining steps where volumes are minimal.
This modified protocol yielded no significant reduction in
cytokine or transcription factor staining on the limited number
of intracellular targets selected (IFNy, TNFa, IL-2, CD107a,
Tbet, EOMES), indicating that the effect of the high salt
buffer is largely due to effects during initial antibody binding
(Supplemental Figures S1C,D). Note that this list is not
exhaustive, and each intracellular target should be tested for
potential interference during titration.

Effect of a Modified Protocol on RNA
Quality Following Staining for Cytokines

and Transcription Factors

We next examined the ability of our modified protocol to prevent
RNA degradation using commercial kits for both cytokine (BD
Cytofix/Cytoperm) and transcription factor staining (Biolegend
TrueNuclear, eBioscience FoxP3). The modified protocol proved
equivalent to both the MARIS and high salt protocols when a
standard formaldehyde/saponin buffer was used, as measured
by the RIN (mean + S.D: MARIS, 7.2 + 0.43; high salt, 6.7
+ 0.45; modified 6.9 £+ 0.35; Figure 1A). This method was
associated with only an 18% reduction in total RNA yield when
compared to RNA isolation from live cells (Figures 1B,C), with
an average yield of 9.12 pg per cell. This small reduction in
RNA quality would have minimal impact on the number of
sorted cells required to generate sequencing libraries. Therefore,
when staining for intracellular cytokines, this modified protocol
yields RNA with sufficient quality and quantity to generate bulk
sequencing libraries from populations as small as 100 cells.

We next examined the effect of our protocol on maintaining
RNA integrity when performing staining for nuclear targets.
Nuclear targets, such as Helios to identify T regulatory cells,
are often of interest in identifying specific immune cell
subpopulations. While staining for some nuclear targets can
be accomplished with more mild detergent concentrations,
optimal staining requires the use of much harsher conditions.
Under these more rugged conditions, we found that even
with this optimized protocol, RIN values were reduced when
using commercially available buffers for nuclear staining
(Supplemental Figures S2A,B). However, the modified protocol
is able to maintain the DV200 above 60%. Overall, the yield
of RNA from samples treated with nuclear permeabilization
reagents was not significantly different than that of more
mild agents.

Isolation of Functional Subsets of
CMV-Specific T Cells and Generation of
Stranded, Total RNAseq Libraries Using
the Modified Protocol

To determine whether our optimized protocol could reliably
obtain high quality RNA from relevant clinical samples, we
applied our protocol to isolate subpopulations of CMV-specific
CD8+ T cells from normal, otherwise healthy subjects (n
= 3). Following stimulation with pp65 and IE-1 overlapping
peptide pools and using a standardized gating protocol,
we examined the five predominant CMV-specific CD8+
functional subsets from three normal donors with known
CMV reactivity and previously-quantified functional subsets
(Supplemental Figures S3A-C). Based on the study by Snyder
et al., we chose to include type 1 cytokines IFNy, TNFa, and
IL-2 and the degranulation marker CD107a (LAMPI1) in our
sorting panel. Due to technical limitations in cellular sorting
(i.e., 6-way sorting, 8 drill-down gates), we elected to sort
solely based on the type 1 cytokines, but retained CD107a
in our sorting panel for analysis purposes. We found that
using this approach, there were five predominant functional
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FIGURE 1 | (A) Comparison of RNA integrity numbers (RIN) from live cells and cells isolated using the MARIS, High Salt (2M NaCl), and modified protocol for the
isolation of RNA from fixed and permeabilized samples. Data is represented as the RNA integrity number (RIN) following all processing, staining, and sorting steps
(viable, CD14-, CD3+; n = 3 per condition). While there is a significant reduction in RIN from live cells to those isolated following all three of the above protocols, there
is no significant difference between either of the three protocols with regard to RNA quality, with all three producing RNA with acceptable quality. (B,C). RNA yield
obtained using the modified protocol demonstrating a small but significant reduction (18%) in total RNA yield when comparing live cells and those processed using the
modified protocol (n = 5). This mild reduction in RNA quantity would have a minimal impact on the number of cells required to generate adequate RNA libraries.

Statistical testing: ®p < 0.005.

subsets of CMV-specific T cells: (A) non-functional (IFNy-
/TNFa-/IL-2-); (B) IFNy only/monofunctional (IFNy+/TNFa-
/IL-2-); (C) TNFa monofunctional (IFNy-/TNFa+/IL-2-); (D)
bifunctional (IFNy+/TNFoa+/IL-2-); and (E) polyfunctional
(IFNy+/TNFa+/1L2+4). We performed a total of two sorting
experiments per donor using the above protocol to sort
each of the five CD8+ T cell populations. Additionally, we
examined markers of T cell differentiation (CCR7, CD45RA)
and antigen experience (CD127, KLRGI1, PD1). The following
observations are important to note: (1) the non-functional
subset (population A) consisted of cells from each maturational
subset (Supplemental Figure S3D), which includes many non-
CMV-specific T cells; (2) the IFNy monofunctional subset
(population B) did contain variable quantities of naive T cells,
ranging from 4 to 22% across the three donors used; (3) the
remaining three subsets (populations C-E) showed minimal
variability within an individual with a predominance of effector
memory (CCR7~/CD45RA /") cells with a CD127°VKLRG1"
phenotype (Supplemental Figure S3D). Overall, this yielded 5
libraries per subject per experiment. The experiment with the
highest RNA yield per donor was used for library preparation
with the Clontech Pico Input Mammalian stranded total RNA
kit (vl). The RIN values and representative ¢cDNA library
electropherograms are shown in Figures 2A,B for each of the
five populations. The RIN values for all samples collected was
above 5, with an average value of 7.10 & 1.03; additionally, in
all cases, the DV200 was maintained above 68% (Figure 2A).
Quality analysis demonstrated performance similar to RNAseq
protocols using live cells, with 98% of reads passing initial quality
control, 78% mapping uniquely to the human genome, 34%
mapping to exons, and ~25,000 unique genes expressed (defined

as greater than or equal to 10 reads/sample; Figure 2C) (43). One
of the 15 sequencing samples (donor 3, population C, IFNy-
/TNFa+/IL-2-) was identified as an outlier in quality control
analysis and was eliminated from further analysis (additional
exploratory analysis and visualization data is provided in
Supplemental Figures S4-S7). Interestingly, despite the fact that
the number of cells isolated from each of the functional subsets
ranged from 500,000 cells down to 9,000 cells, there was no
significant effect on the number of unique transcripts detected
per sample (Figure 2D). This is in line with a recent study
showing that Clontech SMART preparation methods showed
sensitivity for differentially expressed genes as well as consistency
between technical replicates down to an input of ~1,000 activated
T cells (43).

Confirmation of Transcriptional and
Phenotypic Differences Between
Functional Subsets of CD8+ CMV-Specific
T Cells

In order to establish if transcriptional differences exist between
the functional subsets of CMV-specific CD8+ T cells, we
compared their transcriptional profiles obtained by total
RNAseq. Differentially-expressed gene (DEG) analysis using
DESeq2 for coding and long non-coding RNA is shown
in Supplemental Figure S8A (44). As anticipated, there is
a strong correlation between the number of differentially-
regulated transcripts and the strength of the type 1 functional
response as determined by the number of cytokines expressed,
although this failed to reach statistical significance (p =
0.08; Supplemental Figure S8B). Overall, our data show that
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FIGURE 2 | (A,B) RNA quality measurements and representative cDNA libraries for functional subsets CMV-specific CD8+ T cells isolated using the modified
protocol. Following activation with a CMV peptide pool, cells were processed and stained using the modified protocol, and the five predominant functional subsets of
CMV-specific CD8+ T cells were sorted. Following RNA isolation using the Ambion FFPE Recoverall kit, RIN values were obtained for three different donors (n = 3
subjects; blue lines on graph represent mean + SD). Of the 15 individual RNA samples, two of the RNA electropherograms were unable to be fitted by the RIN
algorithm due to the low overall RNA input. The average RIN value of the remaining 13 libraries was 7.60 £ 1.03. (B) Representative cDNA libraries generated using
the Clontech PICO input stranded total RNA kit are shown. (C) Sequencing statistics and quality control analysis results for the 15 libraries following sequencing on
the lllumina HiSeq4000 platform (2 x 150 bp; 20% PhiX spike-in; 5 samples per lane). The average number of unique transcripts detected was 25.127 + 5.53 (x10%)
per sample (blue lines on graph represent mean + SD). (D) Examination of the effect of the number of sorted cells on number of unique transcripts, as a measure of
RNA complexity (n = 3; blue lines on graph represent mean + SD). A total of 1 ng of total RNA was used for library generation for each population, independent of the
number of cells collected during sorting. Overall, we observed no significant effect of cell number isolated during sorting on the number of unique transcripts.
Statistical testing: *p < 0.05. Populations: (A) non-functional (IFNy-/TNFa-/IL-2-); (B) IFNy only/monofunctional (IFNy+/TNFa-/IL-2-); (C) TNFa monofunctional
(IFNy-/TNFa-+/IL-2-); (D) bifunctional (IFNy+/TNFa+/IL-2-); and (E) polyfunctional (IFNy+/TNFa+/IL-2+).
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polyfunctional T cells are the most transcriptionally active subset
of CMV-specific T cells examined (Supplemental Figure S8C).
The number of genes that are uniquely and commonly
regulated between the functional subsets is displayed in
Supplemental Figure S9. We next checked for internal
consistency by examining the levels of type 1 cytokine
transcriptional and protein expression between the functional
subsets (Figure 3). As anticipated, polyfunctional T cells
expressed the highest levels of mRNA for each of the three
cytokines examined. While there was a nearly identical pattern
of IFNy mRNA and protein expression, the mRNA expression
of TNFa lacked the complexity in expression seen at the protein
level in populations C-E; alternatively, for IL-2, we observed an
inverse pattern, where the transcriptional data captures more
complex regulation than the protein-level data for populations
B-D; these latter effects may be due in part to the more intricate
post-transcriptional regulation of TNFa and IL-2 mRNA that
dictates translation (45).

We next examined whether transcriptional difference in
other cytolytic molecule or cytokine expression were also

maintained at the protein level following CMV reactivation
(Supplemental Figure S10). We found that similar to the
transcriptional data, there is a trend toward increased expression
of cytolytic molecule Perforin-1 (PRF1) and the degranulation
marker CDI107a with increasing functionality, and that
polyfunctional T cells express significantly more PRFI and
CD107a than IFNy monofunctional T cells. Interestingly, we
also found that polyfunctional T cells express more IL-4 mRNA
and protein than their less functional counterparts, although
the relative change in expression of this type 2 cytokine is
considerably less than the change seen in type 1 cytokines.
Opverall, this suggests that polyfunctional T cells maintain a type
1 cytokine environment, which may prevent the deleterious
effects of a type 2 microenvironment on Thl CD8+ T cell
differentiation (46). Alternatively, evidence suggests that low
levels of IL-4 can actually promote Thl CD8+ T cell responses
to infection (47, 48). Alternatively, IL-17 mRNA was not
detected in the bifunctional or polyfunctional T cell populations,
with variable, low-level (<20 copies/subject) expression in
non- and mono-functional T cells; we found no significant
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FIGURE 3 | Comparison of cytokine mRNA (A) and protein (B) expression levels in the functional subsets of CMV-specific CD8+ T cells. The mRNA transcript levels
for the three primary type 1 cytokines (IFNy, TNFa, IL-2) were obtained as normalized counts from total RNAseq data, and expressed as the fold-change (logz)
compared to the non-functional population (A; IFNy-/TNFa-/IL-2-). The protein expression level (B) was obtained by flow cytometry following intracellular staining for
the three cytokines of interest. Data are expressed as the fold-change in mean fluorescence intensity (MFI) relative to the non-functional population (n = 3 per subset;
error bars represent SD). Overall, there is good correlation between the mMRNA and protein expression levels. This suggest that, in single cell experiments, the
transcription data may be useful to identify functional subsets. Statistical testing: ®p < 0.005; *p < 0.05. Populations: (A) non-functional (IFNy-/TNFa-/IL-2-); (B) IFNy
only/monofunctional (IFNy+/TNFa-/IL-2-); (C) TNFa monofunctional (IFNy-/TNFa+/IL-2-); (D) bifunctional (IFNy-+/TNFa+/IL-2-); and (E) polyfunctional
(IFNy+/TNFa+/IL-2+).
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difference in IL-17 protein expression between these functional
subsets. Collectively, this data suggests that, in addition to
improved functional responses, polyfunctional T cells may also
possess improved cytolytic function compared to their less
functional counterparts.

Finally, we examined whether transcriptional differences
in markers of T cell maturation and antigen experience
were also maintained at the protein level following re-
activation (Supplemental Figure S11). One complicating factor
was the presence of non-antigen-specific T cells—specifically
naive T cell populations—in the non-functional (pop. A)
and to a lesser extent the IFNy monofunctional T cell
population (pop. B), which would significantly bias such analysis
(Supplemental Figure S3D). As the HLA class 1 genotypes of our
healthy donors were unknown, and their PBMCs did not stain
positively with commercially-available CMV-specific dextramers,
we performed this analysis in CMV-specific T cells following
sequential CMV stimulation. Briefly, PBMCs were stimulated
with CMV peptide for 24 h, incubated with low-dose IL-2 (10
U/mL) from days 3 through 6, and then re-stimulated with
CMV peptide to identify the functional subsets and perform
surface staining. This results in a predominantly effector memory
phenotype (CCR7~/CD45RA /") for each of the functional
subsets (Supplemental Figures S11A,B), which is consistent
with our findings in a cohort of kidney transplant recipients and
also in line with multiple studies that suggest that CMV-specific
T cells predominantly occupy this effector memory phenotype
(Supplemental Figure S11C) (49, 50). While the transcriptional
data suggests that polyfunctional cells may occupy more of a
memory phenotype (CCR7+/-, CD45RA-) compared to less
functional subsets, changes in CD45RA expression are not
reflected at the protein level. Similarly, the transcriptional data
suggests that the polyfunctional cell subset possess a memory
precursor effector cell (MPEC) phenotype (CD1274, KLRG1-)
compared to monofunctional T cells; while there is a significant
increase in CD127 protein expression on polyfunctional T
cells compared to monofunctional cells, there is no significant
difference in KLRG1 protein expression, consistent with prior
findings in CD4+ T cells (18). These observed differences
may be due to the short time-course of the experiments,
during which changes at the transcriptional have not yet been
translated to the receptor level. Whether such changes in
CD127 expression correlated with increased sensitivity to IL-7
remains unclear. PD-1 protein expression across the functional
subsets closely correlates with the transcriptional data, which
may simply reflect the differing levels of activation across
these populations. This is further supported by a similar
pattern of expression of CD160. Overall, these data support
the hypothesis that significant transcriptional and phenotypic
differences exist between functional subsets of CMV-specific
T cells.

In terms of other yc common chain receptors, we observed
a significant increase in IL-2Ra (CD25; p = 0.0016) and IL-
21R (p = 0.014) mRNA expression between monofunctional
and polyfunctional T cells (Supplemental Figure S11D). The
increased expression of IL-2Ra (CD25) is not unexpected, as
CD25 is potently induced upon T cell activation, and the

increased expression of IL-2Ra alone is sufficient to increase
IL-2 affinity or signaling in the absence of increased IL-
2B and IL-2y expression (51). The increased expression of
IL-21 is of particular interest, as IL-21 has been shown to
improve antigen-specific memory T cell function, survival
and expansion during adoptive T cell expansion when used
in combination with IL-7 and IL-15 (52-56). Interestingly,
we did not observe any significant increase in the IL-15
receptor, CD215 (IL15Ra). Whether these changes in mRNA
expression are also reflected at the protein level demands
further investigation.

Evidence suggests that CMV infection and repeated
reactivation leads to the inflation of the CD8+ effector
memory cell compartment in peripheral blood, marked by the
following: (1) loss of CD27, CD28, and CCR7 expression; (2)
gain of CD57 and CX3CRI expression; (3) enhanced cytolytic
function with increased granzyme B and perforin expression;
and (4) reduced overall proliferative potential (57-59). The
increased expression of CX3CR1, which binds fractalkine and
has been associated with vascular inflammation (57, 60), has been
of particular interest, as CX3CR1M cells have been shown to have
high cytolytic properties but poor proliferative potential while a
subpopulation of CX3CR1™ cells have been suggested to occupy
a more central memory phenotype with increased proliferative
potential (57, 58, 61). We observed no significant change in
CD27, CD28, and CD57 expression across the functional subsets
of CMV-specific CD8+ T cells (Supplemental Figure S11E).
While we did observe a trend toward a significant increase in
mRNA expression of T cell chemokines CCL3 (MIP-1a; p =
0.0588) and CCL4 (MIP-1b; p = 0.13) in polyfunctional T cells,
we did not observe such a trend in CX3CR1 mRNA expression
across the subsets. Again, whether these changes are sustained at
the protein level requires further investigation.

Additionally, we sought to determine if the transcriptional
profiles obtained from the CMV-specific functional subsets
may identify unique cell surface receptors or proteins that
might identify polyfunctional T cells and allow for the isolation
or enrichment of these cells in a non-destructive manner.
We observed significant transcriptional increases in a number
of common markers of T cell activation in polyfunctional
T cells, including CD25, CD69, TNESF5 (CD154), TNFSF8
(CD30L), TNFRSF9 (CD137), TNESF14 (LIGHT), and CRTAM
(Supplemental Figure S11F) (62, 63). As the surface expression
of CD69 is inhibited by brefeldin A expression, this prevented
a direct comparison of CD69 expression with type 1 cytokine
expression (63). However, we found that the frequency of
CD8+CD69+ cells was generally higher than the frequency
of CD8+IFNy+ cells, indicating a lack of specificity for type
1 cytokine-producing CD8+ T cells, let alone polyfunctional
cells (Supplemental Figure S11G). The use of CD107a provided
variable results between individuals, lacking specificity for
cytokine-producing cells in some individuals and lacking
sensitivity in others (Supplemental Figure S11H). Additionally,
we did not observe a significant increase in CD137 protein
expression in CMV-specific CD8+ T cells at 6 hours (not shown),
which is consistent with the literature and suggests that a longer
incubation (~18h) may be necessary (62). Furthermore, the
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specific for polyfunctional T cells (Supplemental Figure S11I)
(64). Similarly, the use an antibody against TNFSF8 (CD30L) GSEA), pathway-specific (KEGG, Ingenuity), and upstream
demonstrated reduced sensitivity, and while its expression is  regulator (Ingenuity) analysis between polyfunctional T cells
mildly increased in polyfunctional T cells, the difference in and the less functional subsets (Supplemental Figure S12).
expression was not significant between the subsets and would ~ We found that a number of pathways were regulated between
not be amenable to enrichment or non-destructive sorting CMV-specific polyfunctional cells and non- or mono-functional
of polyfunctional cells (Supplemental Figure S11J). Further  subsets, including those involved in cellular signaling, viral
optimization of these staining techniques, including the duration ~ response, proliferation, apoptosis, and metabolism (Figure 4A).
of stimulation and time of antibody addition (e.g., in culture  Of note, signaling pathways involved in MAPK and JAK-STAT
during stimulation, surface staining after stimulation, etc.)  signaling were highly upregulated, as were pathways involved
are necessary. in tumor necrosis factor family signaling. We also found that
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FIGURE 4 | (A) Changes in cellular signaling, inflammation, apoptosis/cell survival, and co-inhibitory receptor transcript expression between the functional subsets of
CMV-specific CD8+ T cells. First, genes differentially expressed between the functional subsets of CMV-specific CD8+ T cells were identified using DESeq?2. This list
of differentially expressed genes was then used for further in silico analysis, which identified multiple KEGG signaling pathways that were significantly upregulated in
polyfunctional vs. mono- or non-functional T cells. This identified pathways involved in TCR- and cytokine-mediated signaling, viral response, inflammation,
apoptosis/cell survival, and metabolism. Genes involved in these significantly-regulated pathways were then used to generate the heatmaps shown in (A) to highlight
specific transcriptional patterns across the subsets (n = 5). All values are shown as log, fold-change relative to the non-functional T cell population (pop A). The
changes in inflammatory signaling seen in polyfunctional T cells is consistent with prior studies examining antigen-specific polyfunctional T cells, identified by the
expression of IFNy alone, without further functional sub-setting to specifically examining polyfunctional cells (65-68). These conserved pathways include tumor
necrosis factor receptor (TNFR) signaling, effector/cytokine expression (e.g., GZMB), chemokine signaling (e.g., XCL1/2), and NR4A nuclear receptor family signaling.
(B-D) Determination of CMV-specific CD8+ T cell re-activation induced apoptosis (B), expression of caspase-3 and FAS (CD95) (C), and proliferation (D) following
antigen re-challenge (n = 5; error bars represent SEM). Apoptosis (early and late), caspase-3, and Fas are expressed as the percentage (%) of the parent population
(functional subset), whereas proliferation is expressed as the division index (DI) and the percent (%) parent population. Statistical testing: ‘o < 0.05. Populations: (A)
non-functional (IFNy-/TNFa-/IL-2-); (B) IFNy only/monofunctional (IFNy+/TNFa-/IL-2-); (C) TNFa monofunctional (IFNy-/TNFa+/IL-2-); (D) bifunctional
(IFNy+/TNFa+/IL-2-); and (E) polyfunctional (IFNy+/TNFa+/IL-2+).
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polyfunctional T cells increased the transcription of substrate  phosphorylation in CMV-specific functional subsets, finding
transporters and rate-limiting enzymes involved in a number  that pSTAT5 is significantly increased in polyfunctional T cells
of metabolic pathways, including glycolysis, glutaminolysis  relative to mono- and non-functional T cells (Figure 5A). Next,
and arginine metabolism. Importantly, polyfunctional T  we examined if chemical inhibition of STAT5 (CAS 285986-
cells demonstrated a significant increase in transcripts  31-4, 200 M) would reduce CMV-specific T cell cytokine
involved in anti-apoptosis responses, cell cycle progression, expression and proliferation. Rapamycin (200nM), a potent
and proliferation, indicating that polyfunctional T cells may have  inhibitor of mTORCI activity in T cells, was used as a positive
distinct survival and proliferative advantages. We then explored  control. Inhibition of STAT5 significantly reduced the number
whether the transcriptional differences in antigen-induced cell ~ of polyfunctional cells (IFNy+/TNFa+/IL-24) compared to
survival and proliferation were maintained at the phenotype  solvent or rapamycin treatment. This effect was primarily driven
level. Following CMV re-encounter, polyfunctional T cells by reduction in IL-2, and less so TNFa expression, as IFNy
experience significantly less activation-induced apoptosis and  expression was largely maintained. Moreover, STAT5 inhibition
capase-3 activation when compared to non-, mono-, and even also significantly reduced the overall proliferative ability of CMV-
bi-functional CMV-specific T cells (Figures 4B,C). Moreover,  specific T cells compared to solvent and rapamycin (Figure 5B).
polyfunctional T cells display increased proliferative abilities = STATS5 activity therefore appears necessary for polyfunctional cell
compared to non- and mono-functional CMV-specific T cells  cytokine production—particularly IL-2—as well as CMV-specific
(Figure 4D). This functional dichotomy between polyfunctional T cell proliferation (Figure 5C).

and monofunctional T cells is strongly supported in the

literature, where only polyfunctional T cells have been associated  Examination of Transcriptional Differences

with protection from CMV (19, 24-28, 33). .
One of the most significantly regulated pathways between the Between Functional Subsets of

functional subsets of CMV-specific T cells was the JAK-STAT CMV—SpeCIfIC T Cells in

pathway (Supplemental Figures S13A,B). Ingenuity upstream Immunosuppressed Transplant Recipients
regulator analysis (Qiagen) comparing polyfunctional and  As our prior studies had been performed in healthy subjects, we
monofunctional cells suggests that STAT5A may be critical  sought to determine if similar changes in signaling exists between
regulator of polyfunctional T cell activity. Evidence suggests  functional subsets of CMV specific T cells in immunosuppressed
that STAT5 is required for effective CD8+ memory and  transplant recipients. However, due to limitations in the number
effector responses and subsequent T cell proliferation (69-  of cells that can safely be obtained from this patient population,
75). In polyfunctional cells, there is significant upregulation  this required a single-cell RNAseq (scRNA-seq) approach. Given
of STAT5A/B as well as several downstream transcriptional  the strong correlation between transcriptional and protein
targets of STAT5 activity including myc, Bcl-2, Bcl-xL, Mcll,  expression for type 1 cytokines in our healthy subjects, we elected
PIM2, and Cyclin DI (72). We next quantified STAT5A  to define functional subsets based on transcription alone. We

A Quantification of B Reduction in Polyfunctional c Reduction in CMV-specific
STATS phosphorylation in CMV Specific T Cells T cell Division Index
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FIGURE 5 | (A) Quantification of STAT5 activity in functional subsets of CMV-specific T cells. STAT5 activity was determined by quantifying STAT5 phosphorylation in
the functional subsets of CMV-specific T cells, and is expressed as the MFI relative to the non-functional subset (0 = 4). (B,C) Reduction in polyfunctional cell cytokine
expression (B) and proliferation (C) with the use of pathway-specific inhibitors Rapamycin (200 nM) and STAT5 inhibitor (CAS 285986-31-4, 200 wM) (n = 4). For
cytokine expression, the data are presented as the percent-change in number of polyfunctional T cells relative to DMSO control (0.1% v/v). For proliferation, the data
are presented as the division index (DI) for all remaining CMV-reactive T cells (i.e., expressing any type 1 cytokine), as the use of STAT5 inhibitor completely abolished
the ability to detect polyfunctional T cells (n = 4). Statistical testing: ®o < 0.005; *p < 0.05.

Frontiers in Immunology | www.frontiersin.org 12 September 2020 | Volume 11 | Article 1859


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Healy et al.

Transcriptional Profiling of Polyfunctional T Cells

identified two kidney transplant recipients with similar age and
induction immunosuppression and HLA-A*0201 genotype, the
latter of which allows for dextramer-based detection and isolation
of CMV-specific T cells (Supplemental Figure S14). The first
subject (248) developed CMV viremia in the post-transplant
period, while subject 249 did not. The subjects were matched by
age, pre-transplant CMV status (D-/R+), HLA-A*0201 status,
induction immunosuppression (both received no induction),
similar maintenance immunosuppression with similar FK506
target levels, and CMV prophylaxis (both received no CMV
prophylaxis). Given both subjects are (D-/R+), we assume pure
reactivation in the case subject rather than primary infection.
Additionally, the use of patients that received no induction
chemotherapy and no CMV prophylaxis reduces the potential
complications that may be associated with lymphodepleting
induction regimens and subsequent immune reconstitution
and the potential impact that CMV chemoprophylaxis may
have on cell-mediated immunity (42, 76). As the case subject
developed CMV viremia between the 3- and 6-month visits,
samples for both the case and control were selected from the
3-month visit (i.e., prior to development of CMV reactivation
in the case subject). Notably, despite these subjects both
possessing CMV-specific T cells with an effector memory
phenotype, the quality of their T cell-mediated immunity
was strikingly different, with subject 248 demonstrating a
predominantly non-functional phenotype, and subject 249 with
a predominantly polyfunctional response. This dichotomy in
functional responses is demonstrated in the PCA visualization
(Supplemental Figure S15), where cells from subject 249 express
significantly higher levels of cytokines and effector molecules.
These differences allowed for estimation of the functional subsets
(Supplemental Figure S16). Additionally, when examining a
composite of STAT5-related genes (STAT5A, STAT5B, myc, Bcl2,
MIRI155HG, PIM2, IL7R), this composite gene panel is expressed
almost exclusively in polyfunctional T cells from subject 249,
providing further evidence for role of STAT5 signaling in
polyfunctional rather than monofunctional T cells. Finally, the
expression of IL-7R, a known upstream regulator of STAT5
activation in T cells, was significantly associated with IFNy
(adjusted p-value = 2.30 x 1071%) and IL-2 expression (4.24 x
107°). Overall, this suggests that, similar to healthy subjects,
polyfunctional T cells in immunosuppressed patients also utilize
STATS5 signaling, and therefore engineering of the IL-7/STATS5
axis may allow for the production or preferentially expansion of
this unique cell population for therapeutic use against CMV.

DISCUSSION

Isolation of High-Quality RNA From
Aldehyde-Fixed and
Detergent-Permeabilized Immune Cell

Populations

Building upon prior efforts, we developed and optimized a
cost-effective protocol for the isolation of high-quality RNA
from primary human cells following aldehyde-fixation and
detergent-based permeabilization, with the successful application

of downstream total RNA sequencing. This protocol results in
an acceptable loss of RNA quality, quantity, and complexity
during cytoplasmic and nuclear straining of intracellular targets.
The isolation and subsequent characterization of many cell
types of interest require quantification of intracellular targets,
including but not limited to cytokines, kinases, and transcription
factors. Several prior publications have proposed methods for
the isolation of high-quality RNA from fixed and permeabilized
samples, including the use of RNase inhibitors, high-salt buffers,
zinc-based buffers, as well as more modern, completely reversible
fixatives (e.g., DSP, SPDP) (8-16); however, each of these
methods has potential drawbacks. Zinc salt-based fixatives, which
do not result in crosslinking, have been shown to maintain
RNA integrity when coupled with saponin-permeabilization and
intracellular staining, and their effect on downstream sequencing
protocols remains unclear (10, 11, 77). However, given the lack of
RNA crosslinking, there is the potential for significant RNA loss
during permeabilization steps. The reversible fixatives DSP and
SPDP have also been associated with potential loss not only of
RNA mass but also complexity following permeabilization (78).
RNase inhibitors, while effective, have varying optimal binding
conditions, are often limited to specific RNAses, and may become
prohibitively expensive depending on the volumes used for
staining, washing, and sorting samples. High-salt buffers, while
offering a more economical approach, may significantly interfere
with antibody binding in a clone-specific manner, complicating
assay optimization (17).

Extracting elements from these prior efforts, our modified
protocol has been optimized for the use of aldehyde-based
fixatives, for which the majority of antibodies against intracellular
targets have been quality-tested; however, this protocol could
in theory be used with any of the fixative options listed above.
Additionally, by utilizing RNase inhibitors only during low-
volume steps (fixation, staining), this protocol reduces overall
cost per sample while minimizing the deleterious effects of a
high-salt buffer on antibody binding during the intracellular
staining steps. This modified protocol results in minimal loss
of RNA integrity and quality during cytoplasmic staining of
cytokines, while limiting the extent of RNA degradation during
nuclear staining of transcription factors. Additionally, this
method yielded only a 18% reduction in total RNA yield which
is generally tolerable for next-generation sequencing methods.

We have not tested this modified method for use in
single cell sequencing experiments. The digestion protocol used
for isolating RNA from aldehyde-fixed samples includes an
anionic surfactant (SDS), proteinase K, and a temperature-based
crosslinking reversal step. This would require a purification
step prior to any downstream enzymatic processing such as
reverse transcription, which could be accomplished with silica-
based magnetic bead isolation. A poly-T isolation approach
would lead to increased 3’ bias due to RNA fragmentation
that occurs during fixation and permeabilization, thus requiring
either a targeted primer amplification or a method that allows
for capturing full-length sequence information such as SMART
technology or random primers (5). Alternatively, recent studies
have shown that cell fixation using precipitant fixatives (e.g.,
methanol) can be easily reversed by simple rehydration, and
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yields high quality RNA for downstream single-cell sequencing
(79). Unfortunately, alcohol-based fixation and permeabilization
is not compatible with many antibody clones and/or fluorophores
that are necessary for identification of immune cell subsets
of interest. More recently, the RAID protocol was introduced
for the combined analysis of intracellular phosphoprotein
concentrations and transcriptomics in single cells (80). This
protocol utilizes fixation with chemically-reversible fixatives
(DSP, SPDP), permeabilization with a detergent supplemented
with RNase inhibitor, and cross-linking reversal with DTT. By
eliminating protein-RNA crosslinking and the need for SDS and
proteinase K reversal, this protocol greatly simplifies downstream
processing prior to library generation. However, the use of such
mild cross-linkers, which primarily or only cross-link reactive
groups in proteins, does increase the risk for loss of RNA mass
and complexity during permeabilization steps (78).

Additionally, based on the transcriptional data, we attempted
to identify cell surface receptors or other proteins that may
uniquely identify polyfunctional T cells and, therefore, allow for
the enrichment or isolation of these cells in a non-destructive
manner. While several of these techniques proved useful for
the enrichment of CMV-specific T cells, none of the molecules
tested (CD25, CD69, CD137, CD154, CD30L) was able to
differentiate the polyfunctional T cell population with enough
resolution to allow for sorting. Additionally, each of these
approaches led to either the inclusion of cells not expressing type
1 cytokines (CD25, CD69) or the unacceptable loss of CMV-
specific T cells (CD154, CD30L). As we have demonstrated,
the use of HLA-specific CMV-loaded multimers, while able
to identify CMV-specific T cells in a non-destructive manner,
does not provide differentiation of functional attributes such
as cytokine polyvalency. Additionally, the use of these single
peptide-restricted multimers does not fully characterize the
breadth of CMV-specific T cell responses within an individual
and require a priori knowledge of the donor’s HLA genotype.
Moreover, activation of CMV-specific T cells with overlapping
peptide prior to multimer staining can significantly reduce
CD8+ and TCR expression, significantly hampering multimer
binding (81). We overcame this limitation by stimulating cells
with the multimer in the presence of aCD28 and aCD49d, but
this approach again fails to identify the entire breadth of the
CMV response as it is limited to a single restricted peptide.
Perhaps some combination of the CMV multimers and the
above activation markers may provide improved resolution of
polyfunctional T cells. Additionally, further optimization of the
staining parameters—including duration of stimulation, use of
protein transport inhibitors, the timing of antibody addition (e.g.,
in culture during stimulation vs. surface staining), and use of
receptor:ligand blockade—may prove fruitful.

Recently, commercially available cytokine capture kits have
been used for the isolation of live monofunctional and
polyfunctional Plasmodium falciparum-specific CD4+ T cells
for subsequent downstream microarray analysis (18, 82). This
approach offers a unique advantage over intracellular staining
as the isolated cells may be used in downstream propagation
or functional studies that require live cells. We have also
tested this approach for the isolation of CMV-specific CD8+

T cells which, while feasible, demonstrated a reduced ability to
resolve functional subset populations compared to intracellular
staining protocols (Supplemental Figure S17). The potential
advantages and disadvantages of both the cytokine capture
and the intracellular staining approaches are summarized in
Supplemental Table S2.

Transcriptional Profile of CMV-Specific
CD8+ T Cell Functional Subsets Obtained
Using the Modified Protocol

This study is, to our knowledge, the first to provide the
transcriptional profiles for functional subsets of CD8+ T
cells, most notably CD8+ polyfunctional cells. Our analysis
demonstrated that these functional subsets of CD8+ CMV-
specific T cells are molecularly distinct, and that these
transcriptional changes were maintained at the cellular
level, with polyfunctional T cells demonstrating increased
cytolytic molecule expression, reduced activation-induced
apoptosis and increased proliferation after antigen re-challenge.
In silico analysis of the transcriptional data suggested a critical
role for STAT5 transcriptional activity in polyfunctional cell
activation, which was confirmed using phosphoprotein staining.
Pharmacologic inhibition of STAT5 was associated with a
significant reduction in polyfunctional cell cytokine expression
and proliferation, demonstrating the requirement of STAT5
activity not only for proliferation and cell survival, but also
cytokine expression. We finally confirmed the association of
CMV-specific CD8+ polyfunctionality with STAT5 signaling
in immunosuppressed transplant recipients using single
cell transcriptomics.

Previous studies have suggested that polyfunctional T cells are
correlated with improved target cell killing, pathogen clearance,
and clinical outcomes in both pathogen- and malignancy-
based models (18-25). However, few prior studies have directly
explored the mechanistic differences that drive the function and
survival of antigen-specific polyfunctional T cells, as opposed to
their less functional counterparts. Burel et al. recently reported
on the transcriptional profile of Plasmodium falciparum- and
influenza-specific polyfunctional CD4+ T cells (18), identifying
significant differences in anti-infectious and cytokine signaling
between polyfunctional and monofunctional cells that was largely
conserved between the two pathogens. However, the bulk of the
genes involved in the CD4+ polyfunctional signature identified
were not differentially regulated in our CD8+ CMV model,
suggesting that important differences may exist between CD4+
and CD8+ cells or in the response to different antigens. In human
HIV- and influenza-specific CD8+ T cells, Chiu et al. found that
ERK activation was associated with increasing polyfunctionality,
and inhibition of ERK activity significant reduced cytokine
expression and polyfunctionality (20). Interestingly, evidence
suggests that ERK and STATS5 signaling may be closely regulated
during T cell activation, either via a common upstream regulator
(JAK) or through direct interaction (83, 84).

In this study, we demonstrated that STATS5 activity is required
for antigen-induced polyfunctionality and maximal proliferation
in healthy subjects, and that a strong association between
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STATS5 signaling with polyfunctional T cells is maintained in
immunosuppressed patients. STAT5 has been shown to play a
critical role in antigen-specific effector and memory cell survival
and proliferation, although its role in polyfunctional T cell
activity has not previously been explored (69-75, 83, 85, 86).
STATS5 activity downstream of TCR and/or IL-2 has also been
shown to function as a stabilizer of gene regulation initiated
following antigen re-exposure (84). Additionally, transfection
with constitutively-active STAT5 has been associated with
superior anti-tumor activity in mouse models of malignancy,
and CAR-T cells engineered toward increased STATS5 activity
demonstrate improved proliferation and polyfunctionality while
preventing terminal differentiation (71, 72, 74, 75, 86). Several
studies have also demonstrated that ex-vivo expansion of antigen-
specific T cells in the presence of IL-7, an upstream regulator
of STAT5 activity, is associated with a STAT5-dependent
increase in polyfunctional cells (69-74, 85, 87-89). This is
of particular interest given that polyfunctional T cells have
increased surface expression of IL-7R, which regulates IL-7
activity. Moreover, this IL-7/STAT5-drive expansion is associated
with increased chromatin accessibility in the promoter region
of multiple effector genes, suggesting that STAT5 dependence in
polyfunctional T cells may be epigenetically imprinted during
prior antigen encounters (88).

The importance of IL-7 and STATS5 signaling for CMV
immunity in immunosuppressed patients has been suggested
previously (90). Moreover, the recent use of JAK/STAT inhibitors
for prevention of acute rejection in kidney transplant recipients
has been associated with a significantly increased risk of
CMV reactivation (91). Bak et al. examined the CMV-
specific immunomodulatory effects of the mTORCI inhibitor
sirolimus (rapamycin), finding that not only did therapeutic
concentrations (i.e., 10nM) of sirolimus—which only partially
inhibition of MTORC1 activity—improved CMV-specific CD8+
T cell functionality and STATS5 phosphorylation (49). This
suggests potential cross-talk between mTORC1 and STAT5
signaling. The mTORCI complex is necessary for CD8+ T cell
effector function; however, persistent mMTORC1 activity has been
associated with inhibition of cellular processes necessary for the
long-term survival of antigen-specific T cells, leads to terminal
differentiation and a reduction in IL-2R and IL-7R expression
(92-94). Importantly, rapamycin can rescue memory cells from
mTORCI overactivity. As STATS activity is primarily dependent
upon cytokine receptor signaling, it is possible that unchecked
mTORCI activity may lead to reductions in cytokine signaling
through STATS5, and that modulation of mTORCI activity
without complete inhibition is necessary to allow STAT5 activity
without compromising effector function and proliferation. This
is further supported by evidence that persistent activation of
Akt, a primary upstream activator of mMTORC1 activity, has been
shown to impair LCMV memory cell formation and suppress
cytokine expression and STATS5 activity, and that incomplete
mTORCI1 inhibition can partially rescue this phenomenon (73,
95, 96). Moreover, inhibition of Akt during adoptive T cell
expansion has been associated with improved antigen-specific
T cell functionality (95-98). This fine-tuning of antigen-specific
memory and effector CD8+ T cell function by modulating the

balance of activation through the Akt/mTORCI1 and JAK/STAT5
pathways offers significant promise for the development new
cellular therapeutics.

Future Directions and Limitations

The results from this study have also generated a number of
important new questions. As STATS5 is a downstream target of IL-
2 signaling, and IL-2 expression is required for polyfunctionality,
this suggests that autocrine IL-2 signaling may be required for
polyfunctional cells (99, 100). Second, a number of factors may
impact polyfunctional responses in T cells during antigen re-
activation, including antigen presentation-specific factors (e.g.,
co-stimulation/inhibitory receptors, antigen sequence and load,
cytokine milieu), TCR-specific factors (e.g., TCR sequence,
antigen affinity), and epigenetic imprinting from prior antigen
exposures (20, 101-103). Our single cell data, although limited
to two subjects, suggests that the antigen sequence is not the
sole driving factor, and the pattern of our transcriptional data
strongly supports the likelihood that epigenetic changes dictate
polyfunctional vs. less functional responses (104-107). Finally,
a recent study by Hudson et al. examined long non-coding
RNAs (IncRNAs) that were differentially expressed between
effector, memory, and naive cells following LCMV Armstrong
exposure in mice and yellow fever vaccination in humans (108).
Similarly, we found a number of IncRNAs that were differentially
expressed between the functional subsets of CMV-specific T cells,
suggesting that IncRNAs may be involved in cell fate decisions
of polyfunctional T cells. However, the function of the IncRNAs
remains unclear.

There are several limitations to the current study. First, the
current study is limited to antigen recall in the setting of CMV,
a highly immunomodulatory virus associated with terminal
differentiation and senescence over the course of life. While our
data is largely in line with other studies of anti-viral immunity, it
is unclear if these findings will hold for other pathogen classes
or in the setting of malignancy. Second, we examined only
three type 1 cytokines (IFNy, TNFa, IL-2) and five functional
subsets across three healthy and two immunosuppressed subjects.
Given the diversity of CD4+4 and CD8+ subpopulations and
their associated cytokines and transcription factors, there are
multiple distinct polyfunctional cell populations that remain
uncharacterized. The recent advances in single cell sequencing
should vastly reduce the number of cells required for such
studies. Finally, the current study used overlapping peptide
stimulation for 6 h in the presence of protein transport inhibitors
brefeldin A and monensin. It remains unknown what the effects
of antigen presentation, duration and intensity of stimulation,
and reduced paracrine/autocrine signaling (due to protein
transport inhibitors) play in the transcriptional response of
polyfunctional cells.

CONCLUSION

In conclusion, this study provides the transcriptional profiles for
CMV-specific CD8+ T cell functional subsets, demonstrating
that CD8+ polyfunctional T cells are molecularly distinct from
their less functional counterparts. Based on prior studies, we
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developed a modified protocol for the isolation of RNA from
aldehyde-fixed, saponin-permeabilized T cells that maintains
RNA yield, integrity, and complexity suitable for RNAseq. We
identify multiple signaling, survival, and metabolic pathways
that are upregulated in CD8+ polyfunctional cells, and that
STATS5 signaling is required for polyfunctionality and optimal cell
proliferation following antigen-exposure. We then confirmed the
association of STATS5 transcriptional activity and polyfunctional
in immunosuppressed subjects using single cell sequencing.
Overall, the results from this study provide new insights as the
mechanisms that drive the generation, function, and survival
of polyfunctional T cells. Given the critical importance of
polyfunctional cells in anti-viral and anti-tumor immunity, such
results could also be extrapolated to the development of vaccines,
the treatment of other viral/opportunistic infections, and in the
treatment of malignancy.
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