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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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Healy et al. Transcriptional Profiling of Polyfunctional T Cells

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: *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 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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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
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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,
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(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
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(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
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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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