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A study of miR-15/16 in T cell biology
John D. Gagnon

Abstract

Coordinate control of T cell proliferation, survival, and differentiation are essential
for host protection from pathogens and cancer. Long-lived memory cells, whose
precursors are formed during the initial immunological insult, provide protection from
future encounters and their generation is the goal of many vaccination strategies. On
the other hand, regulatory T cells play a critical role in the resolution of immune
responses through an arsenal of anti-inflammatory molecules.

microRNAs are key nodes in regulatory networks that shape effective T cell
responses through the fine-tuning of thousands of genes. Here, using new compound
conditional mutant mice to eliminate miR-15/16 family miRNAs in T cells, |
demonstrated that miR-15/16 restrict T cell cycle, survival, and memory T cell
differentiation. High throughput sequencing of RNA isolated by cross-linking
immunoprecipitation of AGO2 combined with gene expression analysis in miR-15/16
deficient T cells indicate that these effects are mediated through the direct inhibition of
an extensive network of known and novel target genes within pathways critical to cell
cycle, survival, and memory. Stability and miR-15/16 occupancy of the long non-coding
RNA, Malatl, suggest that it may act as a sponge for miR-15/16, thus aiding in memory
cell differentiation.

Regulatory T cells (Tregs) aid in the resolution of immune responses as well as
protection from autoimmune disease. Through the characterization of miR-15/16

deficient CD4* T cells | uncovered a role for these microRNAs in the thymic

viii



development and peripheral maintenance of Treg cells. Tregs deficient in miR-15/16
displayed reduced expression of markers associated with stability and suppressive
capacity.

This body of work highlights the important role that miRNAs play in shaping the
global gene expression program that is required for T cell cycle, survival, and the proper
formation of memory cells as well as the development of appropriate populations of
regulatory T cells. Additionally, | have developed an application, plotGrouper, for the
graphing and statistical analysis of raw data; especially those associated with flow

cytometry.



Chapter 2 is reprinted largely as appears in:
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Chapter 1: microRNA-mediated control of CD8+ T cell responses



Introduction

The vertebrate immune system is a truly remarkable thing. A combination of
broad pattern recognition and astonishing molecular specificity among innate and
adaptive immune cells, respectively, provides protection from omnipresent and ever-
changing pathological insults. From viruses to bacteria to eukaryotes to cancer, the
diversity and abundance of potential threats that we are constantly encountering is a
testament to our immune systems protective capacity.

Essential to effective immunological protection is the ability to distinguish self
from non-self. CD8" T cells are a subset of the adaptive immune system with an
exceptional ability to recognize and Kill cells exhibiting foreignness in a highly specific
manner. Upon encountering their cognate antigen, naive CD8* T cells can adopt a
diverse multitude of behaviors depending on the context of their activation. The factors
that govern these cellular fates include the presence of co-stimulatory molecules, the
abundance of peptide-major histocompatibility complex (pMHC), T cell receptor (TCR)
affinity for pMHC, the local cytokine milieu, as well as cell-intrinsic factors.

Among the cell-intrinsic factors that contribute to cellular states are microRNAs
(miRNAS). miRNAs are short ~21-24 nucleotide non-coding RNAs that post-
transcriptionally regulate their target genes. miRNAs are transcribed via RNA
polymerase Il as long primary transcripts (pri-miRNA) containing a hairpin structure
proximal to the mature miRNA sequence. Once transcribed, pri-miRNAs are cropped by
the micro-processor consisting of DiGeorge syndrome chromosomal region 8 (DGCRS8)
and Drosha into a precursor miRNA (pre-miRNA). Upon cropping, pre-miRNAs are

exported from the nucleus via exportin 5 where they become accessible to the RNase



llI-type endonuclease Dicer, which cleaves pre-miRNAs at their hairpin, thereby
generating a duplex of a mature miRNA and a carrier strand. Finally, argonaute family
proteins (AGO1-4) load mature miRNAs and form the RNA-induced silencing complex
(RISC), which mediates miRNA effector function via Watson-Crick base pairing to the
3'UTRs of their target genes. In this manner, miRNAs facilitate translational repression
as well as deadenylation and degradation of their target RNAs.

Adding to the complexity of miRNA regulation, the expression of miRNAs, their
target genes, and the machinery required for miRNA function varies dramatically
between cell types and differentiation states. Furthermore, the degree of
complementarity between miRNA and target RNA can influence the sensitivity of the
target to the miRNA. Therefore, the role of a particular miRNA in one cell type can, in
theory, be dramatically different than its role in another. Depending on the expression
level of a particular miRNA and a target RNA, the miRNA may exert little to no effect on
protein abundance, tune the target protein to appropriate levels, or switch the
abundance of the protein from effective levels to ineffective levels for the given protein’s
function (Bartel and Chen, 2004). In their elegant review, Ebert and Sharp describe the
role of mMiIRNAs in conferring robustness to biological processes (Ebert and Sharp,
2012). Herein they speculate that miRNAs act as a buffer for transcriptional expression
that can be leaky and occur in bursts, which results in transcriptional stochasticity and
noise (Raj et al., 2006; Blake et al., 2006). More recently, through the use of a single-
cell reporter assay and mathematical modeling, others have confirmed this broad role of
miRNAs in reducing the noise of weakly expressed genes while surprisingly increasing

the noise of highly expressed genes (Schmiedel et al., 2015).



Thus far, we have only discussed miRNAs in the isolation of single miRNA-
MRNA interactions. Individual miRNA-mRNA interactions can be sufficient to lead to
profound phenotypes (Teng et al., 2008; Dorsett et al., 2008; Lu et al., 2015). However,
even in these few reported instances where this has been rigorously tested, the
observed effects of disrupting interaction with a single target did not account for the full
effect of the removal of the miRNA. Exemplifying the broad nature of miRNA targeting,
based on highly conserved miRNA seed-matches within 3’'UTRs, miRNAs potentially
can target over 60 percent of all RefSeq annotated genes (Friedman et al., 2009).
Further, in mice, expanding this list to all 3’UTR seed-matches, regardless of
conservation, reveals over 98 percent of all RefSeq annotated genes as putative targets
based on a minimum of a 7mer seed-match (Figure 1A).

Importantly, a single miRNA can influence the expression of tens to thousands of
individual target RNAs and a single RNA can be targeted by numerous miRNAs. The
complex interactions of miRNAs regulating many targets within a given pathway are
critical for the observed effects of miRNAs on cell behavior since individual miRNA-
target interactions often lead to less than twofold changes in expression (Figure 1B).
Recently, through the use of AGO2 high-throughput sequencing of RNAs isolated by
crosslinking immunoprecipitation (AHC) (Chi et al., 2009) and differential AHC — in
which AHC data from cells sufficient or deficient for a particular miRNA are compared
(Loeb et al., 2012a) — it has become apparent that seed-match based methods of
identifying target genes are likely underestimating the extent of targeting.

In this review, | will focus on the regulatory mechanisms that govern CD8* T cell

fate and function within immune responses, with a strong emphasis on the role of



miRNAs in controlling or modulating these mechanisms. Additionally, | will provide

commentary on emergent principles of miRNA regulation.

miRNA regulation of CD8+ T cell function

MIRNAs are required for the normal development of both CD4* and CD8* T cells
in the thymus (Muljo et al., 2005). Developmentally, CD8* T cells appear to be more
sensitive to miRNA deficiency, exhibiting a twofold reduction in the thymus and a
fourfold reduction on average in the spleen. The absence of all Dicer-dependent
mMiRNAs appears to be detrimental to T cell development. However, studies
investigating individual miRNAs have uncovered diverse roles. Deletion of miR-15/16,
for instance, enhances both CD4* and CD8* T cell accumulation in the thymus and
secondary lymphoid organs (Gagnon et al., 2018).

In response to activation by their cognate antigen, CD8* T cells adopt gene
expression profiles conducive to rapid proliferation and effector function. While many of
these changes occur at the transcriptional level owing to the activities of a multitude of
transcription factors, as much as 50 percent of these changes are mediated post-
transcriptionally (Cheadle et al., 2005). miRNAs also exhibit profound changes in
abundance in response to T cell activation owing, at least in part, to the rapid turnover
of miIRNA processing machinery and Argonaute proteins (Bronevetsky and Ansel, 2013;
Bronevetsky et al., 2013). miR-16, miR-142-3p, miR-150, miR-142-5p, miR-15b, and let-
7f are the most abundantly expressed miRNAs in naive CD8 T cells and all of these
mMiRNAs are down-regulated with in vitro activation (Wu et al., 2007). Globally, the

majority of miRNAs are immediately down-regulated in response to T cell activation



(Bronevetsky et al., 2013). However, some, such as miR-155, are increased in
abundance.

Essential to an effective cytotoxic T cell response is the proliferation and
accumulation of sufficient quantities of antigen-specific cells capable of killing infected
cells and cancer. CD8* T cells lacking miR-155, which is induced upon T cell activation,
fail to appropriately expand in response to LCMV infection (Lind et al., 2013). In fact, in
the absence of miR-155, there is a tenfold reduction in antigen-specific CD8* T cell
accumulation (Gracias et al., 2013) and this appears to be driven by miR-155 effects on
both proliferation and survival (Dudda et al., 2013). Members of the miR-17~92 cluster
of miIRNAs are up-regulated in response to CD8* T cell activation in vivo (Wu et al.,
2012; Khan et al., 2013). Consistent with previous reports describing lymphoproliferative
disease resulting from over-expression of the miR-17~92 cluster (Xiao et al., 2008), the
proliferative capacity of antigen-specific CD8* T cells is diminished in the absence of
miR-17~92 (Khan et al., 2013). miR-17~92 has been demonstrated to directly target the
tumor suppressor phosphatase and tensin homolog (PTEN) and the pro-apoptotic
protein Bim, providing at least two targets with shared functionality by which miR-17~92
may act. miR-15/16 has been shown to directly target a network of cell cycle and
survival associated genes including cyclin E1 (Ccnel) and B-cell lymphoma 2 (Bcl2)
(Cimmino et al., 2005; Ofir et al., 2011; Gagnon et al., 2018). Consistent with these
observations, deletion of miR-15/16 results in increased proliferative capacity and
survival among antigen-specific CD8* T cells (Yang et al., 2017; Gagnon et al., 2018).

Highlighting the importance of miRNAs in CD8* T cell effector function, Dicer

deficient CD8* T cells exhibit increased production of perforin, granzyme B, and



interferon gamma (IFNy) (Trifari et al., 2013). Through the use of retroviral over-
expression of pri-miRs, Trifari et. al. demonstrated that miR-139-3p can lead to a down-
regulation in perforin and eomesodermin (Eomes) protein levels while miR-150
regulated CD25. Similarly, miR-29 is down-regulated in response to T cell activation by
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and is capable of
directly regulating the expression of IFNy (Ma et al., 2011). On the other hand, miR-155
deficiency among CD8™* T cells results in reduced cytotoxicity (Lind et al., 2013) and
reduced effector cytokine production (Gracias et al., 2013) while overexpression results
in increased degranulation (Hope et al., 2017). In addition to its role in effector function,
miR-155 enhances the responsiveness of CD8* T cells to the homeostatic cytokines, IL-
7 and IL-15 (Ji et al., 2015) as well as IL-2 (Dudda et al., 2013). Suppressor of cytokine
signaling 1 (Socsl) knockdown rescues the decreased IL-2 responsiveness of miR-155
deficient T cells. Additionally, Socs1 knockdown in CD8* T cells phenocopies the tumor
protective effect of miR-155 over-expression. However, while miR-155 plays a critical
role in the responsiveness of CD8* T cells in both acute and chronic infection models,
Socsl repression by miR-155 is only sufficient to mediate a measurable change in
response on its own in chronic models (Lu et al., 2015). In addition to Socs1, miR-155
have been reported to directly target Shipl and Ptpn2, two other negative regulators of
Akt and signal transducer and activator of transcription 5 (Stat5) signaling, suggesting
that the pleiotropic effects of this miIRNA are likely mediated through the targeting of

networks of genes rather than solely through their effects on an individual target.



Programming CD8+ T cell memory

In response to infection or cancer, antigen-specific CD8+ T cells may take on the
properties of terminally differentiated effector (TE) cells, necessary for controlling the
infection, or those of memory precursor (MP) cells capable of persisting long after
antigen clearance to provide protection from future encounters. TE and MP populations
can be distinguished early on post-infection (p.i.) based on their surface expression of
killer cell lectin like receptor G1 (KLRG1) (Joshi et al., 2007) or CD127 (Kaech et al.,
2003), respectively.

A single naive CD8" T cell has the potential to give rise to both TE and MP cells
based on independent approaches using transfer of single cells by limiting dilutions
(Stemberger et al., 2007) and through barcoding approaches, which allow for the
discrimination of cellular origin (Gerlach et al., 2010; 2013). Furthermore, studies
employing microscopy-based approaches have demonstrated that asymmetric cell
division can give rise to both MP and TE populations, providing a plausible mechanism
by which a single cell could give rise to both fates (Chang et al., 2007; Ciocca et al.,
2012; Pollizzi et al., 2016). However, on an individual cell basis, there is also a great
deal of heterogeneity among T cells with respect to proliferative capacity, cytokine
production, and the expression of the phenotypic markers, KLRG1 and CD127, which
can be intrinsically biased by the TCR (Plumlee et al., 2013).

While no single master transcription factor has been found to regulate the
differentiation of TE and MP cells, many contributing factors have been identified.
Positive regulators of MP cell differentiation include Eomes (Banerjee et al., 2010), Tcfl

(Zhou et al., 2010), Id3 (Yang et al., 2011), Bcl-6 (Cui et al., 2011), Stat3 (Cui et al.,



2011), Foxol (Hess Michelini et al., 2013; Kim et al., 2013), and Bach2 (Roychoudhuri
et al., 2016). Those found to bias cells towards TE fate include Tbet (Joshi et al., 2007;
Intlekofer et al., 2007), Blimp-1 (Kallies et al., 2009; Rutishauser et al., 2009), 1d2 (Yang
etal., 2011; Hu and Chen, 2013; Masson et al., 2013), and Stat4 (Mollo et al., 2014).
Given that most of these lineage-biasing transcription factors only differ by around
twofold in their expression between TE and MP populations, it is likely that the fate of an
activated CD8* T cell is driven by complex networks of genes and a great deal of
importance must be attributed to genetic regulatory regions (Chang et al., 2014).
Among memory CD8* T cells, there is a great deal of heterogeneity. Central
memory (Tcm) cells, marked by high expression of CD127, CD62L, CD27, CXCR3, and
CCRY7, are more proliferative in response to re-challenge and exhibit polyfunctionality
with respect to effector molecule secretion. Tcm cells produce high levels interleukin
(IL)-2, IFNy, and TNF but tend to secrete lower levels of granzyme B. Due to their
expression of CD62L, CXCR3, and CCR7, Tcm cells circulate through secondary
lymphoid organs (SLOs) and have an enhanced probability of encountering antigen
presenting cells (APCs) displaying their cognate antigen. CD27 is member of the tumor
necrosis factor receptor superfamily and acts as a co-stimulatory molecule on Tcm cells
but is absent among TE populations (Hintzen et al., 1993). Additionally, these Tcm cells
provide superior anti-tumor immunity (Klebanoff et al., 2005; Enamorado et al., 2017)
and protection against re-infection with virus (Wherry et al., 2003; Hikono et al., 2007).
On the other hand, effector memory (Tem) populations express high levels of
CD127 but their expression of CD62L, CXCR3, CD27, and CCRY7 is low to none. Within

the spleen, they are biased towards red pulp localization and often express chemotactic



and adhesion molecules that allow for entry into peripheral, non-lymphoid tissues while
excluding them from SLOs. Functionally, Tem cells have enhanced killing capacity due
to high expression of the inflammatory cytokines IFNy and TNF, as well as the cytotoxic

molecules, perforin and granzyme.

MiRNA regulation of CD8* T cell memory

Defining the roles of miIRNAs in TE and MP regulation is an active area of
research. Various miRNAs have been described as promoting TE or MP differentiation,
proliferation, and survival. For instance, miR-29 has been shown to reduce KLRG1+ TE
cell differentiation while boosting MP cells, at least in part through the direct targeting of
the master transcription factors, Tbx21 and Eomes (Steiner et al., 2011). Interestingly,
while there is a 7mer-m8 miR-15/16 seed-match within Tbx21 adjacent to that of miR-
29, miR-15/16 restrict, rather than enhance, MP differentiation through the targeting of a
sizable network of memory cell associated genes (Gagnon et al., 2018).

While CD127 expression is required for the long-term survival of memory cells,
over-expression of CD127 is insufficient to force memory cell differentiation (Williams
and Bevan, 2007; Hand et al., 2007). However, IL-7 availability can limit memory cell
formation (Nanjappa et al., 2008). In TE cells, CD127 is maintained at low levels via
GFI-1 mediated silencing and can be reactivated in MP cells via GABP-alpha-mediated
acetylation of the CD127 promoter (Florent Carrette, 2012).

Consistent with the role of IL-7 in memory cell survival, miR-15/16, which directly
target and down-regulate CD127 expression, restrict the accumulation of MP cells

(Gagnon et al., 2018). Given the role of miRNAs in enforcing the silencing of genes with
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low or leaky transcription (e.g. miR-29 regulation of Eomes (Bellare and Ganem, 2009;
Steiner et al., 2011)), miR-15/16 may serve to provide robustness to the restriction of
CD127 expression among TE cells. However, the effects of miR-15/16 appear to be at
least partially mediated through restricting the early differentiation of MP cells
suggesting that other targets are likely highly relevant (Gagnon et al., 2018). Given the
effects of miR-155 on increasing the sensitivity of CD8* T cells to the common gamma
chain cytokines, IL-7, IL-15, and IL-2 (Dudda et al., 2013; Ji et al., 2015), one might
predict miR-155 to be a positive regulator of MP accumulation. In fact, miR-155 is down-
regulated in response to in vitro culture of CD8* T cells with IL-15 and deletion of miR-
155 boosts the frequency of CD127* CD62L* IL-2 producing MP cells in response to
infection with murid herpesvirus (Tsai et al., 2013).

Conversely, in response to infection with LCMV, the absence of miR-155 disrupts
both MP and TE populations and over-expression of miR-155 enhances accumulation
of effector memory (Tem) cells (Hope et al., 2017). Similar findings on CD8* T cell
accumulation and effector function were observed by other groups, however, attribution
of the direct targets involved varies. Direct target, Shipl, was implicated for its role in
the negative regulation of AKT phosphorylation (Lind et al., 2013) as well as TBET
levels (Hope et al., 2017). However, other work has established that miR-155 likely acts
through the down-regulation of networks of synergistic target genes since disruption of
individual targets Ikbke, Bachl, Socsl, and Shipl were insufficient to recapitulate the
effects of miR-155 (Gracias et al., 2013).

Recently, the transcription factors ZEB1 and ZEB2 have been reported to play

reciprocal roles in the promotion of MP and TE cell differentiation (Guan et al., 2018).
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Surprisingly, although the miR-200 family of miRNAs have been shown to negatively
regulate both Zebl and Zeb2 in the context of epithelial differentiation (Brabletz and
Brabletz, 2010), through the use of AGO antibodies Guan et al. demonstrate that only
Zeb1 was efficiently targeted by miR-200 family members. Consistent with these
findings, miR-200 was essential for normal memory CD8™* T cell differentiation. This
study highlights the importance not only of empirical capture and identification of targets
using AGO antibodies, but also the importance of cellular context to miRNA-target
interactions.

In addition to transcriptional regulators, metabolism plays a critical role in the
proliferation and differentiation of CD8* T cells. Inhibition of mTOR, for example, is
sufficient to enhance memory cell persistence through the switch from glycolysis to fatty
acid metabolism (Pearce et al., 2009; Araki et al., 2009) as well as through the
regulation of Tbet and Eomes (Rao et al., 2010). Over-expression of the miR-17~92
cluster enhances TE differentiation while miR-17~92 deficient CD8* T cells are biased
towards a MP phenotype (Khan et al., 2013). Gain or loss of miR-17~92 expression
mediated reciprocal effects on the known miR-17~92 target, Pten, and the PI3K-AKT-
MTOR signaling axis. While these results are consistent with direct targeting of Pten by
miR-17~92, they do not rule out other players. In fact, consistent with the regulation of a
network of pathway-associated genes, additional negative regulators of mTOR (e.g.,
Pdcd1l, Btla, and Fcgr2b), have previously been demonstrated to be down-regulated by
miR-17~92, although direct targeting was not confirmed (Wu et al., 2012). At least for
Btla, however, AHC data confirms AGO2 occupancy at a 3’UTR seed-match for miR-17

and warrants further investigation as a direct target (Gagnon et al., 2018). Identification
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of targets alone, however, is insufficient to ascribe function as mir-15/16 have been
demonstrated to regulate both mTOR and Rictor (Singh et al., 2015a; Yang et al.,
2017), yet miR-15/16 restrict rather than enhance memory cell differentiation. Again,
miR-15/16 serve to highlight the importance of evaluating the networks of genes a
MIiRNA regulates as opposed to attributing too much importance to an individual target.

Similar to miR-17~92, the over-expression of miR-143 boosts memory cell
differentiation while miR-143 inhibition reduces memory based on expression of CD127,
CD27, and CD28 in human CD8* T cells (Zhang et al., 2018). In this study, the authors
attribute the effects of miR-143 to Glut-1, which was directly regulated by miR-143 and
the effect of whose knockdown was consistent with the phenotypes observed in
response to miR-143 over-expression. In addition to Glut-1, Zhang et al. identify the
glycolysis enzyme, HK2, as being down-regulated upon miR-143 over-expression
consistent with previous reports of direct targeting by miR-143 (Peschiaroli et al., 2013).
The identification of these two targets is yet another example of a miRNA regulating
multiple genes within a given pathway (i.e., glycolytic metabolism) and further supports
the model of coordinated network regulation by miRNAs.

A linear transition of CD8* T cells from naive to Tem to Tcm based on sorted
transfer models of CD62L"" and CD62L" populations of antigen-specific CD8* T cells is
also well supported (Wherry et al., 2003). Methylation profiling of naive, TE and MP
CD8* T cell populations has revealed a role for demethylation of naive-associated
markers early after activation to be critical to memory cell differentiation (Youngblood et
al., 2017). Furthermore, KLRG1* CD127* Tem cells can lose KLRG1 expression and

seed Tcm cell compartments in a Bach2-dependent manner (Herndler-Brandstetter et
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al., 2018). This suggests that conversion from Tem cells to Tcm cells does occur but
does not rule out the possibility that early fate decisions can lead to differentiation to
these cell fates.

The roles of mMiRNAs in these transitions between memory cell states currently
remains poorly understood, however, while over-expression of miR-150 decreases
CD127* CXCR3* Tcm populations, subsequent reduced expression at later timepoints
leads to an increase in Tcm cells (Chen et al., 2017). c-Myb and miR-150 were
reciprocally expressed in these cells and over-expression of c-Myb was sufficient to
partially rescue some of the memory cell defects associated with miR-150 over-
expression. In a back-to-back publication, another group also linked miR-150 with
restraining memory CD8™" T cell differentiation but attributed the effects to Foxol, which
is a direct target of miR-150 and sufficient to drive memory cell differentiation through
TCF1 (Ban et al., 2017). Furthermore, miR-150 has previously been implicated in
directly targeting a number of other relevant genes including Trp53, Cd25, and Slc2al.
Together, these diverse targets and convergent phenotypes highlight the general
mechanism by which miRNAs exert their effects through the regulation of networks of

genes.

MiRNA regulation of CD8+ T cell exhaustion

Effective memory generation requires the clearance of the pathogen or tumor. In
the presence of chronic stimulation due to persistent antigen exposure, CD8* T cells up-
regulate expression of exhaustion-associated inhibitory receptors including PD1,

CTLA4, LAG3, TIM3, BTLA, CD160, 2B4, and TIGIT, leading to reduced proliferation
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capacity, effector function, and survival (Wherry, 2011; Wherry and Kurachi, 2015).
Understanding the drivers and maintainers of exhaustion is especially pressing in the
context of tumor immunology. Over the two past decades, it has become evident that
the reversal of T cell exhaustion can unleash existing tumor-specific cytotoxic T cells to
attack and kill cancerous cells (Leach et al., 1996). Strikingly, the blockade of these
receptors can reverse exhaustion leading to a productive immune response (Blackburn
et al., 2009). However, PD-L1 blockade only temporarily reinvigorates exhausted CD8*
T cells if the causative antigen is not cleared, indicating that targeting these surface
receptors alone may be insufficient for many immunotherapies (Pauken et al., 2016).

While no master regulator of exhaustion has been identified, a growing number
of transcription factors have been implicated in exhaustion including TBET, EOMES,
SPRY2, BLIMP1, VHL, FOXO1, FOXP1, IRF4, BATF, and NFATcl (Wherry and
Kurachi, 2015; Man et al., 2017). Interestingly, many of these transcription factors are
also critical to functional effector and memory CD8" T cells suggesting a complexity to
the drivers of exhaustion that remains to be fully understood. In fact, while IRF4 and
BATF are essential for CD8* T cell effector function during infection with LCMV
(Grusdat et al., 2014), in conjunction with NFATc1, they can lead to the elevated
expression of the inhibitory receptor, PD1, while simultaneously repressing the memory-
associated transcription factor, TCF1, thereby promoting exhaustion while inhibiting
memory formation (Man et al., 2017).

A number of miRNAs have been identified to play a role in CD8* T cell
exhaustion. In response to chronic infection with LCMV clone 13, miR-31 deficient CD8*

T cells express reduced levels of exhaustion-associated markers, higher expression of
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markers of effector, and increased polyfunctionality (Moffett et al., 2017). Furthermore,
mice lacking miR-31 expression among T cells were protected from the wasting
associated with chronic infection and had reduced viral titers. In addition to
transcriptional regulators, type | IFNs can induce the expression of PD1 on primary T
cells suggesting a role in promoting exhaustion (Terawaki et al., 2011). Moffett et al.
demonstrate that knockdown of miR-31 target, Ppp6c, could drive increased sensitivity
to type | IFNs, however, it is unclear how relevant this individual target is to the
observed phenotypes on exhaustion.

In addition to miR-31, recently, miR-155 has been linked with enhancing the
persistence of exhausted CD8* T cells during chronic infection (Stelekati et al., 2018).
Using a combination of differential expression, TargetScan prediction, and pathway
analysis, Stelekati et al. identify Fosl2 as a direct target capable of reversing many of
the effects of miR-155 over-expression. Unlike memory cells, exhausted CD8* T cells
do not require the homeostatic cytokines IL-7 and IL-15 to persist and instead rely on
constant exposure to their cognate antigen (Shin et al., 2007). These findings suggest
that effects of miR-155 on sensitizing CD8* T cells to common gamma chain cytokines
is unlikely to be relevant to the increased persistence of miR-155 over-expressing
exhausted T cells. Uncoupling persistence from effector function, miR-155 over-
expression leads to increased expression of inhibitory receptors and a
cytokine/cytotoxic potential consistent with terminal exhaustion. Given previous reports
linking miR-155 with decreasing the sensitivity of CD8* T cells to type | IFN signaling,
this is also unlikely to play a role in the observed phenotype on exhaustion. These

reports highlight the context specific effects miRNAs can have.
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Discussion

mMiRNAs are important regulators of a diverse array of biological processes. Both
mMiRNAs and seed-matches within their target genes are often highly conserved,
emphasizing their importance. The role of miRNAs on individual targets in many
contexts appears to be to serve as a buffer for reducing noise among leaky genes while
increasing noise among highly expressed genes. These effects of individual miRNA-
target interactions can have profound impacts on cellular behavior, however, mounting
evidence suggests that in many — perhaps most — contexts miRNAs exert their effects
through the targeting and fine tuning of networks of genes within pathways in a context-
specific manner.

Gaining a complete picture of miRNA function is a daunting task. However,
emerging technologies, such as AHC and differential AHC make it possible to map the
footprint of miIRNAs globally. Through continuing to leverage transcriptome-wide
mapping of MIRNA-AGO RNP binding via AHC and differential AHC as well as
complementary techniques such as differential expression analysis and seed-match
conservation, we will gain a more complete understanding of how miRNAs function.
This is likely a more robust means of identifying true targets over dual-luciferase assays
of cherry-picked putative targets, which, even under ideal conditions within the cell type

of interest, can be misleading.
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Figure 1: miRNAs target broad, overlapping networks of target genes to elicit
phenotypes

(A) Characterization of RefSeq annotated genes with the potential for targeting by
miRNAs based on TargetScan prediction algorithm or 3'UTR seed-match. (B)
Schematic of how individual miRNAs can regulate networks of genes shared between
pathways and individual mMRNAs can be regulated by multiple miRNAs.
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Chapter 2: miR-15/16 restrain cell cycle, survival, and memory T cell

differentiation
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Introduction

Regulation of T cell proliferation, survival, and differentiation is vital for effective
immunity. In response to immunological challenge, naive antigen-specific T cells
expand rapidly and undergo massive gene expression changes. As much as 50 percent
of these changes are mediated post-transcriptionally (Cheadle et al., 2005). As early as
the first division, responding CD8* T cells acquire sustained gene expression programs
that lead to their differentiation into appropriately proportionate populations of terminal
effector (TE) and memory precursor (MP) cells identified by expression of Killer cell
lectin-like receptor subfamily G member 1 (KLRG1) and IL-7 receptor alpha
(II7r/CD127), respectively (Kaech et al., 2002; 2003; Sarkar et al., 2008; Kakaradov et
al., 2017). Effector T cells are important for pathogen or tumor clearance. MP cells form
a long-lived pool of memory cells capable of rapidly responding to subsequent
encounters with the same antigen.

microRNAs (miRNAs) are short non-coding RNAs that mediate post-
transcriptional regulation, predominantly via Watson-Crick base pairing to 3'
untranslated regions (UTRs) of target MRNAs (Agarwal et al., 2015). miRNAs play key
roles in the differentiation and functional characteristics of memory T cells (Steiner et
al., 2011; Khan et al., 2013; Baumjohann and Ansel, 2013; Pua et al., 2016; Moffett et
al., 2017; Ban et al., 2017; Chen et al., 2017; Wells et al., 2017; Guan et al., 2018).
While the effects of miRNAs on the down-regulation of individual targets are often less
than two-fold, through coordinated tuning of gene networks, their overall biological

effects can be profound.
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The miR-15/16 family of miRNAs function as tumor suppressors. Deletions of the
Dleu2/Mirc30 locus, which encodes miR-15a and miR-16-1, occur in more than 50% of
human CLL cases (Calin et al., 2002), and targeted deletion of these miRNAs in mice
induces a CLL-like indolent B lymphocyte proliferative disease (Klein et al., 2010). miR-
15/16 restrict the proliferation of B cells through the direct targeting of numerous cell
cycle and survival-associated genes including Ccndl, Ccnel, Cdk6, and Bcl2 (Liu et al.,
2008). In addition to Mirc30, T cells strongly express Mirc10 and its two mature miRNA
products, miR-15b and miR-16-2. Patients with T cell lymphoblastic lymphoma/leukemia
(T-LBL/ALL) exhibiting lower than median expression levels of miR-16 exhibit a worse
prognosis suggesting a similar role for miR-15/16 in T cells (Xi et al., 2013). miR-15/16
has also been implicated in T cells anergy, regulatory T cell (Treg) induction, Treg/Th17
balance, and tumor-infiltrating T cell activation (Marcais et al., 2014; Singh et al., 2015b;
Wu et al., 2016; Yang et al., 2017). However, the requirements for miR-15/16 in T cell
development, proliferation, survival, and differentiation remain unknown.

To this end, we generated mice with conditional inactivation of both miR-15a/16-
1/Mirc30 and miR-15b/16-2/Mirc10 in T cells (miR-15/16%4). miR-15/16 restricted T cell
proliferation, limited T cell survival ex vivo, and directly targeted numerous cell cycle
and survival-associated genes. Deletion of miR-15/16 in T cells did not result in overt
lymphoproliferative disease. Instead, miR-15/1644 mice selectively accumulated
memory T cells, and miR-15/16 restricted the differentiation of MP cells in response to
lymphocytic choriomeningitis virus (LCMV). Rather than working through any one critical
target, miR-15/16 physically interacted with and repressed the expression of a

surprisingly broad network of memory-associated genes.
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Materials and Methods

Mice

Mice generated from Mirc10'™Mm ES cells (Park et al., 2012)} were crossed with
Rosa26-Flp mice (GT(ROSA)26Sorm1FLPLDym: 009086, Jackson Laboratory) to delete
the selection cassette, yielding a loxP-flanked allele. “miR-15/16""” animals were
generated by crossing the resulting miR-15b/16-2%" animals with miR-15a/16-1%
(Mirc30™1-1RdN ganimals (Klein et al., 2010). “miR-15/1644” animals were generated by
further crossing miR-15/16"" animals with CD4-Cre mice (Tg(CD4-cre)1Cwi; 4196,
Taconic) (Sawada et al., 1994). For hematopoietic chimeras, B6-Ly5.1/Cr (CD45.1+;
Charles River) mice were lethally irradiated (2x550 rad), reconstituted with 5x10° bone
marrow cells, and analyzed 8-10 weeks later. Male and female age and sex matched
mice were used between 5 to 12 weeks of age. All mice were housed and bred in
specific pathogen-free conditions in the Animal Barrier Facility at the University of
California, San Francisco. Animal experiments were approved by the Institutional

Animal Care and Use Committee of the University of California, San Francisco.

in vitro cultures

CD4* T cells from the spleen and lymph nodes of mice were enriched and cultured as
previously described (Pua et al., 2016). Cells were stimulated in vitro with biotinylated
anti-CD3 (clone 2C11, 1pg/ml) and anti-CD28 (clone 37.51, 0.5ug/ml) on plates coated
with NeutrAvidin (5pg/ml, Thermo Fischer Scientific), then rested with 20 units/ml
recombinant IL-2 (National Cancer Institute) for an additional 2 days. RNA was

extracted and quantified for miRNA qPCR as previously described (Pua et al., 2016).
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Flow Cytometry

Cells were harvested from thymus, spleen, and lymph nodes by mashing through 70uM
filters. Splenic and blood RBCs were lysed with ACK buffer. Single cell suspensions
were prepared in PBS 2% FCS and stained with reagents (Supplementary Table 1) for
analysis on an LSRFortessa (Becton Dickenson). For transcription factor stains, cells
were fixed and permeabilized using the Foxp3 Transcription Factor Staining Buffer Set
(eBioscience). For cytokine stains, cells were fixed for 8 min at room temperature with
4% paraformaldehyde, and permeabilized with 0.5% saponin buffer. Data were

analyzed with FlowJo.

LCMV responses

Animals were infected intraperitoneally with 2x10° plaque forming units (p.f.u.) LCMV
Armstrong or LCMV clone 13. Mice were bled retroorbitally with heparinized 75mm
hematocrit tubes (Drummond) or sacrificed for spleen harvesting. Splenocytes were
restimulated in vitro with 2ug/ml GP33-41 (KAVYNFATM) or GP276-286
(SGVENPGGYCL) for 5 hours in the presence of brefeldin A. For EdU labeling, 1mg
EdU was injected retroorbitally 16 hours before sacrifice and detected using the Click-iT
EdU flow cytometry assay kit (Thermo Fisher Scientific). For measurement of viral titers,
a quantitative PCR method was used as previously described (McCausland and Crotty,

2008)
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AGO2 HITS-CLIP

Libraries were constructed as previously described (Loeb et al., 2012a), with the
following modifications. To eliminate nuclei, SDS was excluded from the lysis buffer and
physical lysis was not performed with a needle. SDS was included before adding the
lysate to anti-AGO2 coated beads. AGO2 immunoprecipitation was performed using a
monoclonal antibody (Wako; clone 2D4). To increase resolution and precision, we used
a 10% TBE gel (BioRad) for extracting final PCR products. 10% PEG was added to 3’
and 5’ linker ligation steps to improve ligation efficiency. A randomized dinucleotide was
added to the 3’ linker to reduce ligation bias. Maximum read depths across mature
mMiRNAs and miRNA targets were generated using the samtools package (Li et al.,
2009). Bedfiles used for mapping to transcriptomic regions were acquired from the

UCSC table browser using the mm10 reference genome.

RNA sequencing

1x108 CD4* T cells cultured as described above were lysed in Trizol (Life Technologies)
and RNA isolated using miRNeasy Micro Kit (QIAGEN) with on-column DNase
digestion. cDNA was synthesized using the TruSeq PolyA library kit. Single-end 50
base-pair RNA sequencing was performed on the lllumina HiSeq 4000. Alignment was
performed using STAR_2.4.2a (Dobin et al., 2013) against the Ensembl Human
GRCm38.78 alignment genome. Differential expression was tested using DESeq2

v1.14.0 (Love et al., 2014).
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Listeria monocytogenes infection and determination of colony forming units
Mice 24 hours post receiving memory cells and naive control mice (no transfer) were
infected with 1-2x105 c.f.u. of LM-GP33. Animals 30+ days post-infection (p.i.) with
LCMV Armstrong and naive control mice (no prior infection with LCMV) were infected
with 1-2x10° colony forming units (c.f.u.) of LM-GP33. Two days later, spleen and liver
samples were harvested, and c.f.u. in these organs was calculated as previously
described (Shehata et al., 2018). Data were normalized to the mean c.f.u of naive
control mice. For transfer experiments, memory CD8+ T cells from animals that were
immunized intraperitoneally (i.p.) with LCMV Armstrong (2x105 plaque forming units
(p.f.u.)) were purified by magnetic bead sorting. The number of GP33-specific CD8+ T
cells was pre-determined using flow cytometric staining and 8x104 GP33 specific

memory cells were adoptively transferred independently into naive B6 recipients.

Luciferase Assays

Approximately 250,000 CD4* T cells were transfected on day 1 of culture with 1ug
luciferase reporter constructs and/or 500nM miRIDIAN miRNA mimics (Dharmacon)
using the Neon Transfection System (Thermo Fisher Scientific). Luciferase activity was
measured 24 h after transfection with the Dual Luciferase Reporter Assay System
(Promega) and a FLUOstar Optima plate-reader (BMG Labtech). The full-length I17r,
Cd28, and Adrb2, 3'UTRs were cloned into the psiCHECK-2 (Promega). Primers for

cloning and site-directed-mutagenesis (SDM) are in Supplementary Table 2.
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Quantitative PCR

CD4* T cells were stimulated and rested as described above. Cells were subsequently
re-stimulated using anti-CD3 (clone 2C11, 1ug/ml) and anti-CD28 (clone 37.51, 0, 0.02,
0.1 or 0.5ug/ml) for 6 hours at 37°C. Approximately 500,000 cells from each condition
were lysed in Trizol (Life Technologies) and RNA isolated using miRNeasy Micro Kit
(QIAGEN) with on-column DNase digestion. cDNA was synthesized using SuperScript
Il (Invitrogen). Quantitative PCR was performed using a RealPlex? thermocycler

(Eppendorf). Primers used are listed in Supplementary Table 3.

Statistics and Data Analysis

Excel, GraphPad Prism, and R were used for data analysis. Bar graphs were generated
using the Bioconductor package, plotGrouper (Gagnon, 2018). For all figures, bar
graphs display mean + s.d. and each point represents an individual mouse unless
otherwise stated. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 for significance. All

data were assumed to be normally distributed unless otherwise stated.

Data Sharing Statement

The RNA-seq data reported in this paper are archived at the NCBI Gene Expression

Omnibus database (accession no. GSE111568).
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Results

miR-15/16 are dynamically regulated during T cell responses

Activated T cells rapidly reset their mature miRNA repertoire through increased
turnover of the miRNA-induced silencing complex (miRISC) and transcriptional
regulation of miRNA precursors (Bronevetsky et al., 2013). To determine the kinetics of
mMiR-15/16 expression in response to activation, we performed gPCR on CD4+ T cells
over the course of four days post-in vitro stimulation (Figure 1A). Consistent with this
prior report, miR-15a, miR-15b, and miR-16 were substantially down-regulated over a 4-
day course of CD4* T cell activation in vitro (Figure 1A). miR-155 (up-regulated), miR-
103/107 (transiently down-regulated), and miR-150 (down-regulated) also behaved as
expected.

To assess expression kinetics of these miRNAs in a physiologically relevant
context, we re-analyzed published data from CD8* TE and MP cells sorted from LCMV
infected mice (Khan et al., 2013). miR-15/16 were down-regulated in both TE and MP
cells (Figure 1B). In MP cells, miR-15b and miR-16 down-regulation was sustained for
at least 30 days p.i., placing these miRNAs among the most down-regulated during
memory T cell formation. miR-15a expression recovered to naive T cell levels by 30
days p.i. in MP cells (Figure 1B). However, miR-15a accounts for <10% of the total miR-
15/16 family miRNAs in resting CD4* T cells (Figure 1C). These results suggest that
limiting the expression of miR-15/16 may be an important component of the gene
expression program initiated by T cell activation and sustained among memory CD8* T

cells.
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T cell-specific inactivation of both miR-15/16 gene loci

miR-15/16 clusters occur in two genomic locations. The miR-15a/16-1 cluster
(Mirc30) resides intronic to the long non-coding RNA, Dleu2, on chromosome 14 in mice
(13 in humans), and miR-15b/16-2 (Mirc10) resides intronic to Smc4 on chromosome 3
within the genomes of mice and humans. Previous studies of these miRNAs have been
restricted to genetic ablation of either one of these clusters independently,
overexpression, or transient inhibition. However, cells with CD4-Cre-mediated deletion
of either one of these clusters independently (miR-15a/16-144 or miR-15b/16-244 T
cells) retained high levels of miR-16 expression, whereas removal of both clusters (miR-
15/1644) effectively abrogated miR-15 and miR-16 expression (Figure 1C). Thus, this
study represents the first investigation of the effects of the complete and specific
removal of miR-15/16 in any cell type to date.

T cell-specific deletion of both miR-15/16 clusters revealed subtle effects on T
cell accumulation in primary and secondary lymphoid tissues without affecting total
cellularity (Supplementary Figure 1A-C). These effects were cell-intrinsic, as they were
also observed among miR-15/1644 T cells within mixed bone marrow (BM) chimeric
mice (Supplementary Figure 1D). Mice with B cell-specific deletion of miR-15a/16-1
develop a delayed clonal lymphocytosis (Klein et al., 2010). To investigate the
possibility that T cell-specific deletion of miR-15/16 could result in a delayed onset
lymphocytosis, miR-15/1644 animals were examined after aging over 1.5 years.
Analysis of these animals revealed no apparent lymphoproliferative disease, lymphoma
or leukemia. In fact, rather than an exacerbation of the lymphoaccumulative phenotype,

we instead observed a reduction in the magnitude (Supplementary Figure 1E). These
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findings demonstrate that miR-15/16 restrict the accumulation of T cells in specific-
pathogen-free animals but have no apparent role in the prevention of T cell

lymphoproliferative disease in mice.

miR-15/16 bind and regulate a large network of direct target RNAs in T cells

To investigate the global gene expression differences between miR-15/16fl/fl and
miR-15/1644 T cells, we performed RNA-seq on CD4+ T cells stimulated in vitro for 3
days and rested for 2 days in the presence of IL-2. RNA-seq comparison of miR-15/16"
and miR-15/1644 T cells showed that genes predicted to be targeted by miR-15/16 by
TargetScan 7.1 (Agarwal et al., 2015) were more likely to be up-regulated in miR-
15/1644 T cells compared to all expressed genes lacking a miR-15/16 seed-match in
their 3'UTR (Figure 2A). The full set of genes with 3'UTR seed-matches was also
enriched for up-regulation in miR-15/1644 cells. This set contains 3 times as many
putative target genes as the restricted TargetScan subset (3281 vs. 944), but also many
more false-positive targets.

mMiRNAs mediate their effects on gene expression through binding with
Argonaute (AGO) proteins within the RISC complex. To further enrich for genes directly
targeted in T cells, we performed AGO2 high-throughput sequencing of RNAs isolated
by crosslinking immunoprecipitation (AHC) to globally map AGO2-miRNA complex
binding to target RNAs (Chi et al., 2009). Consistent with efficient AGO2 pull-down,
mature miRNAs accounted for 37% of all AHC reads (Supplementary Figure 2A), and
among these, miR-15/16 was the third most abundant family (Figure 2B, top). Non-

miRNA AHC relative coverage was highly enriched at TargetScan predicted miRNA
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binding sites, and again miR-15/16 seed-matches were the third most abundant (Figure
2B, bottom). Indeed, there was a significant correlation between the density of AHC
reads mapping to all miRNAs and their corresponding seed-matches (Supplementary
Figure 2B).

Restricting the list of putative miR-15/16 targets to the 1280 genes with 3'UTR
seed-matches corresponding with AHC read depth > 5 enriched for genes up-regulated
in miR-15/1644 cells equally as well as TargetScan (Figure 2A). Supporting the validity
of this approach and the large number of detected direct miR-15/16 target mMRNAs
expressed in T cells, differentially expressed genes (P < 0.05) up-regulated in miR-
15/1644 cells were frequently occupied by AGO2 at miR-15/16 seed-matches as
compared with genes down-regulated in miR-15/1644 cells (Figure 2C). Furthermore,
up-regulated genes with 3'UTR seed-matches (n = 680) had significantly greater AHC
read depth than down-regulated genes with 3'UTR seed-matches (n = 195) (Figure 2D
top). Previous work leveraging AHC suggested that miRNAs can bind elsewhere in the
transcriptome, but they exert their effects on gene expression largely through targeting
3'UTRs (Loeb et al., 2012b). Bolstering those claims, up-regulated genes in miR-
15/1644 cells containing 5'UTR or coding sequence (CDS) but not 3'UTR seed-matches
had no enrichment for AGO2 binding compared with down-regulated genes (Figure 2D
bottom). Together, these data indicate that miR-15/16 directly bind a large network of

target genes in T cells.
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miR-15/16 directly target cell cycle-associated genes and restrict accumulation of
antigen-specific T cells in response to LCMV infection

Consistent with our findings that miR-15/16 restrict T cell accumulation, gene-set-
enrichment analysis (GSEA) identified KEGG Cell Cycle as a major signature of gene
expression in miR-15/1644 cells (Figure 3A). Strikingly, all differentially expressed
genes (P < 0.05) within the KEGG Cell Cycle gene set containing miR-15/16 seed-
matches were up-regulated in miR-15/1644 cells (Figure 3B). All but 3 of these genes
had considerable AHC reads at miR-15/16 seed-matches suggesting that they were
directly targeted by miR-15/16.

Based on these gene expression profiles and given our findings that miR-15/16
were down-regulated in response to T cell activation as well as their effects on baseline
T cell accumulation in vivo, we hypothesized that these miRNAs may play a role in
restricting T cell proliferation in response to antigenic stimulation. Furthermore, since
mMiR-15/16 expression returned to baseline among TE cells around the time of the
contraction phase in response to LCMV clearance (Figure 1B), and given previous
reports linking miR-15/16 to known regulators of cell survival including Bcl2 (Klein et al.,
2010) we hypothesized that these miIRNAs may also play a role in the contraction of TE
cells post-viral clearance.

To test whether miR-15/16 restrict the T cell response to antigen stimulation, we
infected miR-15/16"" and miR-15/1644 mice with LCMV. Cycling CD8* and CD4"* T cells
were measured by EdU incorporation 8 days p.i. Compared to miR-15/16%" mice, miR-

15/1644 mice had significantly more proliferating CD8* and CD4" T cells (Figure 3C,D).

Additionally, miR-15/1644 mice had increased frequencies and absolute numbers of
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cells specific for LCMV immunodominant epitopes (GP33 and GP276) both at the peak
of the response and long after viral clearance (Figure 3E,F). Accumulation of antigen-
specific cells in miR-15/1644 mice was cell-intrinsic as it also occurred in mixed bone
marrow chimeric mice (Figure 3G). T cells lacking either miR-15a/16-1 or miR-15b/16-2
alone did not exhibit increased proliferation or accumulation of LCMV-specific T cells
(Supplementary Figure 3A-D).

These experiments demonstrate that both miR-15/16 clusters act to restrict the
accumulation of antigen-specific T cells in response to LCMV infection and suggest that
at least part of this effect can be accounted for by decreased proliferation. Further, the
effects of miR-15/16 on the accumulation of CD4* and CD8" T cells are likely mediated
by direct binding and post-transcriptional regulation of a network of cell cycle-associated

genes.

miR-15/16 restrict the formation of CD8* memory cells

We hypothesized that the increased accumulation of antigen-specific T cells in
LCMV-infected miR-15/16%4 mice would be accounted for by increased expansion and
survival of virus-specific effector T cells. Surprisingly, however, the absolute number of
antigen-specific KLRG1* effector cells was unchanged in miR-15/16%4 mice (Figure 4A-
C). Instead, the percentage and absolute number of KLRG1 and CD127* memory cells
increased by more than 50%. This effect was apparent as early as 8 days p.i. and
stabilized by 15 days p.i. (Figure 4D). Both miR-15/16 clusters contributed to this effect,
since single conditional knockout animals displayed only modest changes in these

populations (Supplementary Figure 4A,B).
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Previous studies investigating memory cell subsets in response to infection have
yielded a number of markers that distinguish effector and long-lived memory
compartments (Kaech et al., 2002; Wherry et al., 2003; Baars et al., 2005; Hikono et al.,
2007; Hu et al., 2011; Olson et al., 2013). miR-15/1644 mice generated higher
frequencies and absolute numbers of antigen-specific CD8* T cells with long-lived
memory surface phenotypes including high expression of CD127, CXCR3 and CD27,
and low or absent KLRG1 (Figure 4A-E). In contrast, effector cells marked as KLRG1*,
CD127-, CXCR3", CD27- were present at reduced frequency but equivalent absolute
numbers (Figure 4F). Mixed bone marrow chimera experiments demonstrated that
these effects were cell-intrinsic (Figure 4G).

Consistent with miR-15/16 regulating memory T cell accumulation broadly, the
absolute number of CD44" memory cells was increased among both CD4* and CD8* T
cells within the spleens and iLNs of unchallenged miR-15/16%4 mice (Supplementary
Figure 4C,D). The frequencies of CD25* T cells were not increased among CD44"
populations (Supplementary Figure 4E). These findings suggest that miR-15/16
specifically restrict the accumulation of long-lived memory cells in unchallenged animals
and in response to infection with LCMV but not at the expense of the effector cell

compartment.

miR-15/16 restrict memory CD8* T cell differentiation
We investigated the possibility that memory CD8* T cells preferentially
accumulate in miR-15/16 deficient mice due to MP-specific effects on cell survival or

proliferation. Overnight ex vivo culture of splenocytes from mice 8 days p.i. with LCMV
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revealed a significant increase in viable and early apoptotic cells with a corresponding
decrease in dead cells among miR-15/16 deficient virus-specific CD8* T cells within
both MP and TE populations (Figure 5A,B). The cell cycle effects of miR-15/16 were
also apparent in both MP and TE cells, as measured by in vivo EdU incorporation 8
days p.i. with LCMV. Either miR-15b/16-2 or miR-15a/16-1 were sufficient to restrict cell
survival and proliferation of both MP and TE populations (Supplementary Figure 5A-C).
These results support a model wherein miR-15/16 preferentially restrict memory CD8* T
cell accumulation through effects on differentiation. Further supporting this hypothesis,
miR-15/1644 CD8* T cells were less likely to express the TE marker KLRG1 as early as

5 days p.i. with LCMV (Figure 5D).

miR-15/1644 memory CD8* T cells exhibit functional hallmarks of long-lived
memory cells

We further characterized the quality of miR-15/1644 memory CD8* T cell
responses to antigen re-challenge and secondary infection. First, we pulsed
splenocytes from LCMV-infected mice with GP33 or GP276 ex vivo. Consistent with the
increases in antigen-specific cells detected by tetramer staining, greater frequencies
and absolute numbers of CD8* T cells from miR-15/16%4 mice produced the effector
cytokines TNF and IFNy 8 days p.i. (Figure 6A,B), with a non-significant trend toward an
increase at day 30" p.i. (Figure 6C). To assess the effectiveness of miR-15/16 deficient
antigen-specific memory CD8* T cells in vivo, we re-challenged animals 30 days p.i.

with LCMV with Listeria monocytogenes expressing GP33 (LM-GP33). Equivalent
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control of bacterial burden was observed in miR-15/1644 and miR-15/16"" mice (Figure
6D,E).

CD27- CD8+ long-lived effector T cells have increased killing capacity compared
with CD27+ cells (Olson et al., 2013). Given our findings that miR-15/16%4 mice
exhibited decreased frequencies of CD27- cells, we predicted that on a cell to cell basis,
miR-15/1644 memory CD8+ cells would perform worse in a model of acute re-challenge.
Indeed, transfer of equal numbers of GP33-specific cells from LCMV-infected mice 30+
days p.i. resulted in reduced capacity of miR-15/16%4 cells to control infection with
recombinant Listeria monocytogenes expressing the LCMV peptide, GP33 (LM-GP33)
(Figure 6F,G). These data suggest that miR-15/16 are dispensable for the
establishment of a functionally protective CD8* memory compartment, though they are

required for the generation of a normally proportioned TE:MP pool.

miR-15/1644 animals are protected from chronic infection
Infection with LCMV containing a single amino acid change in the LCMV

glycoprotein (LCMV clone 13) causes chronic infection and severe pathology in mice
(Matloubian et al., 1990). Both CD4* and CD8* T cells have been demonstrated to play
a role in the pathology of LCMV clone 13 infection. We hypothesized that control of
proliferation and survival of CD4* and CD8* T cells by miR-15/16 may play a role in
preventing excessive cellular accumulation to limit pathology during chronic infection.

To test this hypothesis, we infected miR-15/16"" and miR-15/1644 animals with
LCMV clone 13 and monitored their weight over the course of 24 days p.i. Surprisingly,

rather than exacerbating the disease, miR-15/1644 animals were significantly protected
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from wasting (Figure 7A). Furthermore, we observed a trend towards increased
probability of survival for miR-15/16%4 animals (Figure 7B). To determine whether this
was a result of early viral clearance, we examined viral titers 24 days p.i. While viral
titers trended towards reduced levels in miR-15/1644 spleens, the magnitude of
difference was relatively subtle suggesting that viral load is unlikely to explain protection

from wasting in miR-15/1644 animals (Figure 7C).

miR-15/16 restrict CD8* T cell accumulation and contribute to exhaustion during
chronic infection

Chronic infection with LCMV clone 13 leads to sustained antigen exposure and
eventually, T cell exhaustion, marked by a progressive loss of effector function and
proliferative capacity (Wherry and Kurachi, 2015). Of particular note, memory CD8* T
cell differentiation is markedly inhibited by chronic antigen exposure (Wherry, 2011).

Based on the reduced wasting, improved survival, and trending reduced viral
titers among miR-15/1644 animals, we hypothesized that CD8* T cells lacking miR-
15/16 may be protected from exhaustion or biased towards a memory phenotype as
was observed in acute infection. Analysis of LCMV-specific CD8" T cells 14 days p.i.
with LCMV clone 13 revealed trends towards increased cellularity (Figure 8A). By day
24 p.i., miR-15/1644 animals had as high as 10-fold increased cellularity of antigen-
specific CD8* T cells suggesting that they had not become fully exhausted (Figure 8B).

To further investigate the possibility that miR-15/1644 animals were protected
from CD8" T cell exhaustion, we measured expression of markers associated with

unexhausted cells. Strikingly, miR-15/1644 animals trended towards having increased
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frequencies and absolute numbers of TCF1*, CD127*, and CD43" antigen-specific CD8*
T cells as early as 14 days p.i. with significant increases in these populations by 24
days p.i. (Figure 8C-E). Furthermore, miR-15/1644 antigen-specific CD8* T cells had

reduced expression of the exhaustion marker PD-1 14 and 24 days p.i. (Figure 8F,G).

A network of memory-associated genes is regulated by miR-15/16

In order to shed light on the mechanistic targets of miR-15/16 that contribute to
memory CD8* T cell differentiation, we coupled our RNA-seq and AHC data with
existing data that defined a set of genes up-regulated in memory T cells following LCMV
infection (Kaech et al., 2002). Since long-lived memory CD4* and CD8* T cells share
more than 95% similarity in gene expression (Chang et al., 2014), we reasoned that
experiments conducted using CD4* T cells could provide valuable insights into miR-
15/16 regulation of CD8* T cells. Twenty-two memory-associated genes contained a
3'UTR seed-match and were differentially expressed in miR-15/1644 T cells (P < 0.1).
Of these, 19 were up-regulated in miR-15/1644 cells (Figure 9A, left). AHC detected
AGO?2 binding at miR-15/16 seed-match sites in most of these genes, further supporting
direct regulation by miR-15/16 (Figure 9A right). Among the genes up-regulated in miR-
15/1644 T cells and containing AGO2 binding at miR-15/16 seed-match sites, Adrb2
(Slota et al., 2015), Pim1 (Knudson et al., 2017), lI7r (Nanjappa et al., 2008), Cd28, and
Bcl2 (Kurtulus et al., 2011) have been extensively studied in the context of CD8*
memory.

This approach identified numerous novel putative targets of miR-15/16 that may

contribute to memory cell differentiation. 1I7r was of particular interest, as it has been
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previously reported that addition of exogenous recombinant IL-7 can boost memory
formation (Nanjappa et al., 2008). Surface CD127 protein abundance was elevated in
naive miR-15/1644 CD8* and CD4"* T cells (Figure 9B). This effect was cell intrinsic as it
was also observed in mixed BM chimeric mice (Figure 9C). Similar to the well
characterized target of miR-15/16, Ccnd2, the 1I7r 3'UTR contains multiple major AHC
peaks corresponding to miR-15/16 seed-matches (Figure 9D). Dual luciferase assays in
miR-15/1644 cells transfected with control (CM) or miR-16 mimic validated the capacity
of miR-16 to directly target the 1I7r 3'UTR (Figure 9E). Site-directed mutagenesis of both
miR-15/16 seed-match sites completely rescued luciferase expression to CM-treated
levels proving that the effects of miR-15/16 on the I1I7r 3'UTR are dependent upon these
seed-matches (Figure 9E). These results provide strong evidence that II7r is a bona fide
target of miR-15/16.

AHC peaks also sharply coincided with miR-15/16 3'UTR seed-matches in many
of these putative memory-associated targets (Supplementary Figure 6A), especially
Cd28 and Adrb2 (Figure 9D). Dual luciferase assays confirmed these two additional
novel targets, and mutating the miR-15/16 seed-matches within their 3’UTRs completely
rescued luciferase expression to CM-treated levels (Figure 9E). While it is unlikely that
any one of these targets could account for the effects of miR-15/16 on CD8* memory
cell differentiation, regulation of this network of memory-associated genes provides a
plausible mechanism by which miR-15/16 may regulate memory differentiation.

One well characterized driver of CD8" T cell memory differentiation is signal
strength upon antigen encounter. CD4* and CD8" T cells are activated by a combination

of three major signals: 1) TCR engagement with cognate peptide-MHC, 2) co-
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stimulation (e.g., CD28), and 3) the inflammatory environment (e.g., cytokines,
chemokines, growth factors). While it is unclear whether the precise mechanism is via
frequency of interactions, duration of interactions, strength of interactions, or a
combination of the three, it is clear that memory cell differentiation is driven by lower
signaling states than effector cells (Kaech and Cui, 2012). To assess responsiveness of
miR-15/16 deficient T cells to stimulation, we performed serial dilutions of anti-CD28 in
the presence of anti-CD3 and measured expression of immediate early genes by qPCR.
Out of the 6 immediate early genes measured, Tnf, Irf4, Nr4al, and I12 displayed
significantly lower induction for at least one concentration of anti-CD28 (Supplementary
Figure 7A-F). These data demonstrate that miR-15/16 contribute to CD8* T cell

exhaustion.

Discussion

The experiments in this study demonstrated roles for miR-15/16 in the restriction
of T cell cycle, survival, and CD8* memory cell differentiation through the direct
targeting of networks of genes associated with cell cycle, signaling, metabolism, and
survival. Both the miR-15a/16-1 and miR-15b/16-2 clusters were sufficient to restrict cell
cycle, survival, and CD8* memory cell differentiation during the response to LCMV
infection. Moreover, all four mature miRNAs from these clusters are downregulated
during the response and both miR-15b and miR-16 remain low long after viral
clearance. Given the importance of the quantity and quality of cells generated in
response to an immunologic insult such as infection or cancer, our findings mark miR-

15/16 as critical tuners of the cell-mediated adaptive immune response.
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MIRNAs exert their biological effects through multiple target genes (Pua et al.,
2016), and our data indicate that miR-15/16 regulate a remarkably extensive target
network. We combined biochemical and bioinformatic approaches to map AGO2
binding at thousands of miR-15/16 seed-match sequences in mMRNAs and linked this
with gene expression analysis in miR-15/1644 T cells to identify a large network of high
confidence direct miR-15/16 target genes that restrict cell cycle and CD8" long-lived
memory T cell differentiation. This approach is best suited to highly expressed miRNAs
like miR-15/16 since seed-match occupancy correlated robustly with miRNA AGO2
occupancy. Deletion of both the endogenous Mirc30 (miR-15a/16-1) and Mirc10 (miR-
15b/16-2) clusters was also critical to unveiling this large set of target genes.

At the peak of infection with LCMV, antigen-specific CD8* T cells divide as
rapidly as once every 2 hours (Yoon et al., 2010) and complete > 14 divisions in 7 days
p.i. (Blattman et al., 2002). Even with this remarkably rapid rate of division, removal of
miR-15/16 increased the accumulation of virus-specific cells, emphasizing the degree of
control exerted by miR-15/16. Previous studies in CLL as well as malignant pleural
mesothelioma demonstrated that miR-15/16 are frequently down-regulated or deleted
and directly targets several cell cycle genes (Klein et al., 2010; Reid et al., 2013). Our
findings expand this cell cycle target network and extend the influence of miR-15/16 to
the control of antigen-driven T cell clonal selection.

Prior work in T cells has focused on the miR-15/16 targets Mtor and Rictor, which
influence T cell anergy and exhaustion (Marcais et al., 2014; Yang et al., 2017). These
target mMRNAs were also occupied by AGO2 in T cells at their predicted miR/15-16

bindings sites, and up-regulated in miR-15/1644 T cells. In addition, we detected a
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network of memory-associated signaling molecules and receptors that influence T cell
differentiation.

miR-150, which is also down-regulated in response to T cell activation (Figure
1A,B), also restricts memory cell development (Ban et al., 2017; Chen et al., 2017).
However, unlike miR-150, miR-15/16 expression is maintained at reduced levels during
the memory phase (Figure 1B) suggesting that targets of miR-15/16 may be critical to
the maintenance of memory cells. In fact, a number of miR-15/16 targets including Bcl2
(Kurtulus et al., 2011), Pim1 (Knudson et al., 2017), 1I7r (Kaech et al., 2003), and Cd28
(Klein Geltink et al., 2017) have been linked with the maintenance and functional
capacity of the memory CD8* T cell pool. Interestingly, II7r/CD127 may represent not
only a target of miR-15/16 but also part of a feed-forward negative regulator of miR-
15/16 expression through STATS, which is activated downstream of CD127 signaling
and a direct transcriptional repressor of miR-15b/16-2 (Li et al., 2010; Lindner et al.,
2017). This feed-forward circuit may play important roles in other lymphocyte cell fate
decisions. For example, miR-15 family activity was inversely correlated with IL-7
receptor surface expression in pre-B cells (Lindner et al., 2017).

D- and E-type cyclins activate cyclin-dependent kinases (CDKSs) to regulate cell
cycle in response to T cell activation. miR-15/16 directly target Ccnd1, Ccnd2, Ccnd3,
Ccnel, and Cdké6 (Liu et al., 2008) (Figure 4 B). The CDK inhibitor, p27Kipl (also
known as CDKN1b), preferentially restricts CD8+ memory precursor cell proliferation
resulting in the accumulation of memory CD8+ T cells in p27Kip1-/-} animals (Singh et
al., 2010). Therefore miR-15/16 may act coordinately with p27Kip1 to fine tune CDK

activation.
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Interestingly, in addition to playing a robust role in restricting memory CD8* T cell
differentiation, preliminary experiments suggest that miR-15/16 may play an even larger
role in CD8* T cell exhaustion. Consistent with these results, a recent study
demonstrated that systemic miR-15a/16-1 deficiency lead to CD8* T cells that were less
susceptible to exhaustion and were protected from death in a model of glioma (Yang et
al., 2017). In this study, the authors attributed the effect to direct targeting of mTOR by
miR-15a/16-1. However, these in vivo results are complicated by systemic knockout of
miR-15a/16-1, which is known to play important roles in other cell types. Our present
study demonstrates that T cell restricted deletion of miR-15/16 is sufficient to provide
CD8* T cells from exhaustion in a model of chronic infection. Interestingly, in this model
of chronic LCMV infection, miR-15/16%4 animals were significantly protected from
wasting, which is thought to be driven by a combination of CD4* and CD8* T cells.
Given that the effect of miR-15/16 deficiency on viral titter was subtle, it is unlikely that
this could account for the effects on wasting observed. Future work will address the role
of miR-15/16 in chronic infection-induced wasting and it will be of great interest what the
contribution is between CD4* vs CD8* T cells.

We conclude that miR-15/16 represents an important node in the coordinate
regulation of cell proliferation, survival, and early differentiation of memory CD8* T cells.
High precursor frequencies of long-lived memory cells reduce the proliferative burden
required for response to secondary challenge, thereby preserving mitochondrial integrity
and allowing for a more productive secondary response (Sheridan et al., 2014).
Therefore, reducing of miR-15/16 expression might be beneficial in the context of

vaccination and cancer immunotherapies where the capacity of memory CD8* to
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expand and respond is critical for protection. Furthermore, the effects of miR-15/16 on
CD8* T cell exhaustion add to the attractiveness of miR-15/16 as a therapeutic target.
Future studies investigating the regulation of miR-15/16 in response to T cell stimulation
as well as the maintenance of its suppression in memory CD8* T cells could identify up-
stream drivers of memory formation and maintenance and provide potential therapeutic

targets to modulate T cell memory.
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Figure 1: miR-15/16 are dynamically regulated during T cell responses

(A) gPCR of miRNA expression within CD4* T cells in response to in vitro stimulation
with anti-CD3 and anti-CD28 for 3 days followed by 1 day resting with IL-2 (n = 6 from 2
independent experiments). (B) Time course miRNA microarray of CD8* TE and MP
cells after infection with LCMV (n = 3 from one experiment). (C) gPCR of miRNAs
purified from naive CD4* T cells of the indicated genotypes (n = 3 from one experiment).
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Figure 2: miR-15/16 bind and regulate a large network of direct target RNAs in T
cells

(A) Cumulative density plot depicting global expression by RNA sequencing as a ratio of
the fold-change between miR-15/1644 (n = 5) and miR-15/16fl/fl (n = 4) resting CD4* T
cells for all genes without a 7mer or 8mer miR-15/16 3'UTR seed-match (black), genes
with a 7mer or 8mer miR-15/16 3'UTR seed-match (green), genes with a 7mer or 8mer
miR-15/16 3'UTR seed-match and AHC read depth >5 (blue), and genes classified as
targets of miR-15/16 by TargetScan 7.0 (red) (AHC reads represent the combined depth
of n = 10 independent immunoprecipitations). (B) Relative abundance of miRNAs bound
by AGO2 (top) and AHC coverage across transcriptomic locations relative to region
length (bottom). (C) Heatmap of genes with a P value < 0.05 plotted alongside a bar
graph of AHC read depth at miR-15/16 seed matches for each gene they occur at. (D)
Comparison of AHC reads between genes that are down-regulated and up-regulated (P
< 0.05) in miR-15/1644 cells among genes with seed-matches in the 3'UTR (top) or
5'UTR/CDS (bottom) (Mann-Whitney U test).
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Figure 3: miR-15/16 directly target cell cycle-associated genes and restrict
accumulation of antigen-specific T cells in response to LCMV infection

(A) Gene set enrichment analysis of all expressed genes (normalized read depth > 5).
Plotted are the enrichment curve for and positional location of each target in the KEGG
Cell Cycle gene set arrayed in ranked order from most up-regulated to most down-
regulated (left to right) in miR-15/1644 (Enrichment score (ES) = 0.4354147; nominal P
value < 0.001; FDR g value = 0.088). (B) Heatmap of KEGG Cell Cycle genes with miR-
15/16 seed matches in their 3'UTR plotted alongside a bar graph of AHC read depth at
miR-15/16 seed matches for each gene they occur at. (C) Flow cytometry of EdU-
labeled CD8* and CD4* T cells 8 days p.i.. (D) Quantification of frequencies (left) and
absolute numbers (right) of EAU* CD8* and CD4* T cells 8 days p.i. with LCMV (n = 10
representative of 2 independent experiments, two-tailed t test) (E) Flow cytometry of
antigen-specific T cells. (F) Quantification of frequencies (left) and absolute numbers
(right) of antigen-specific CD8* T cells (n = 10 representative of 2 independent
experiments, two-tailed t test). (G) Quantification of frequencies of antigen-specific
CD8* T cells in mixed bone marrow chimeras (n >8, representative of >3 independent
experiments, two-tailed t test). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 4: miR-15/16 restrict the formation of CD8* memory cells

(A) Flow cytometry of tetramer* CD8* T cells from spleens harvested 8 days p.i. (top) or
30* days p.i. (bottom) with LCMV. (B) Quantification of frequencies of tetramer® CD8* T
cells from spleens harvested 8 days p.i. (top) or 30* days p.i. (bottom) with LCMV (n >
10 from at least 2 independent experiments, two-tailed t test). (C) Quantification of
absolute numbers of tetramer® CD8" T cells from spleens harvested 8 days p.i. (top) or
30" days p.i. (bottom) with LCMV (n =10 from 2 independent experiments, two-tailed t
test). (D) Quantification of frequencies of tetramer* CD8* T cells from peripheral blood
over the course of 30" days p.i. with LCMV (n > 9 from at least 2 independent
experiments, two-tailed t test). (E,F) Quantification of flow cytometry of LCMV-specific
CD8* T cells 30" days p.i. (n > 5 from > 2 independent experiments, two-tailed t test).
(G) Quantification of frequencies of tetramer* CD8* T cells from spleens of mixed bone
marrow chimeric mice 30" days p.i. (n > 8, representative of > 3 independent
experiments, two-tailed t test). **, P < 0.01; ***, P < 0.001; **** P < 0.0001.
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Figure 5: miR-15/16 restrict memory CD8* T cell differentiation

(A) Flow cytometry of GP33* CD8* T cells from spleens harvested 8 days p.i. with
LCMV cultured overnight in vitro (n = 7 from 2 independent experiments). (B)
Quantification of frequencies of Live/Dead" activated caspase-3- GP33" CD8* T cells
from spleens harvested 8 days p.i. with LCMV cultured overnight in vitro (n = 7 from 2
independent experiments, two-tailed t test). (C) Quantification of frequencies of EdU*
CD44* CD8" T cells from spleens harvested 8 days p.i. with LCMV (n =7 from 2
independent experiments, two-tailed t test). (D) Quantification of frequencies of MP and
TE populations among tetramer* CD8* T cells from spleens harvested 5 days p.i. with
LCMV (n = 8 from 2 independent experiments) *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 6 miR-15/1644 memory CD8* T cells exhibit functional hallmarks of long-
lived memory cells

(A) Flow cytometry of CD8* T cells 8 days p.i. with LCMV responding to splenocytes
pulsed with either GP33 (top) or GP276 (bottom). (B) Quantification of cytokine-
producing CD8* T cells re-stimulated in vitro with peptide-pulsed splenocytes 8 days p.i.
(n = 5 representative of at least 2 independent experiments, two-tailed t test). (C)
Quantification of cytokine-producing CD8* T cells re-stimulated in vitro with peptide-
pulsed splenocytes 30* days p.i. (n > 10 from > 2 independent experiments, two-tailed t
test). (D) Experimental outline of direct re-challenge model. (E) LM-GP33 colony
forming units (c.f.u.) from spleen and liver of mice infected with LM-GP33 30+ days p.i.
with LCMV and harvested 48 hours later normalized to the naive group of each
respective experiment (n > 9 of 2 independent experiments, two-tailed t test). *, P <
0.05; **, P < 0.01. (F) Experimental outline of adoptive transfer model. (G) LM-GP33
colony forming units (c.f.u.) from spleen and liver of mice that received 8x104 GP33-
specific memory CD8+ T cells from miR-15/16fl/fl, or. miR-15/1644 or none (Naive)
collected 48 hours p.i. with 1.5-2x105 c.f.u. LM-GP33 and normalized to the naive group
of each respective experiment (n > 10 of 2 independent experiments, two-tailed t test).
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Figure 7: miR-15/16%2 animals are protected from chronic infection

(A) Quantification of mouse weights relative to day 0 post infection with LCMV clone 13
(n>5, from 2 independent experiments, two-tailed t test). (B) Kaplan-Meier curve
summarizing percent survival over the course of 24 days p.i. with LCMV clone 13 (n > 5,
from 2 independent experiments, Mantel-Cox test). (C) Quantification of viral particles
per gram of spleen tissue 24 days p.i. with LCMV clone 13 (n =5, from 1 experiment). *,
P <0.05;*, P <0.01; *** P <0.001.
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Figure 8: miR-15/16 restrict CD8* T cell accumulation and contribute to
exhaustion during chronic infection

(A,B) Quantification of frequencies and absolute numbers of CD8* T from spleens
harvested 14 (A) or 24 (B) days p.i. with LCMV clone 13 (n > 5 from 1 experiment each,
two-tailed t test). (C) Flow cytometry of LCMV-specific CD8* T cells 24 days p.i. with
LCMV clone 13. (D,E) Quantification of frequencies and absolute numbers of LCMV-
specific CD8" T from spleens harvested 14 (D) or 24 (E) days p.i. with LCMV clone (n >
5 from 1 experiment each, two-tailed t test). (F,G) Quantification of the MFI of LCMV-
specific CD8" T cells 14 (F) or 24 (G) days p.i. with LCMV clone 13 (n >5 from 1
experiment each, two-tailed t test). *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P <
0.0001.
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Figure 9: A network of miR-15/16 targets are up-regulated in memory cells

(A) Row z-score normalized expression of genes found to be up-regulated in memory
cells compared to day 8 p.i. effector cells, differentially expressed in miR-15/1644 cells
(P-value <0.1) and containing at least one miR-15/16 seed-match in their 3'UTR. Black
bars indicate AHC reads at miR-15/16 seed-matches (B) Flow cytometry of CD127 on
naive CD4" and CD8" T cells (n > 14 from 3 independent experiments, two-tailed t test).
(C) Flow cytometry of CD127 on naive CD4* and CD8* T cells from mixed bone marrow
chimeric mice (n > 9 from 2 independent experiments, two-tailed t test). (D) RNA-seq
(top) and AHC (bottom) for the 3'UTRs of Ccnd2, 1I7r, Cd28, and Adrb2 with red shaded
regions indicating the locations of miR-15/16 seed-matches. (E) Relative luciferase
activity between empty vector, 1I7r 3'UTR, Cd28 3'UTR, Adrb2 3'UTR and all three
3'UTRs with their respective miR-15/16 seed-matches scrambled (n > 3 from at least 2
independent experiments, two-tailed t test). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,
P < 0.0001.
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Supplementary Figure 1: miR-15/16 restrict CD4* and CD8* T cell accumulation in
unchallenged animals

(A) Flow cytometry of CD4* and CD8* T cells in primary and secondary lymphoid
tissues collected from miR-15/16"" and miR-15/1644 mice. (B) Quantification of
frequencies and absolute numbers of CD4* and CD8* T cells in primary and secondary
lymphoid tissues collected from miR-15/16fl/fl and miR-15/1644 mice (n = 10 from 2
independent experiments, two-tailed t test). (C) Quantification of absolute numbers of
live cells within primary and secondary lymphoid tissues collected from miR-15/16"f and
miR-15/1644 mice (n > 9 from 3 independent experiments, two-tailed t test). (D)
Quantification of frequencies of CD4* and CD8* T cells in primary and secondary
lymphoid tissues collected from miR-15/16%" and miR-15/1644 mixed bone marrow
chimeric mice (n > 10 from 3 independent experiments, two-tailed t test). (E)
Quantification of frequencies and absolute numbers of CD4* and CD8* T cells in
primary and secondary lymphoid tissues collected from miR-15/16fl/fl and miR-15/164/4
mice 1.5 years of age (n > 2 from 1 experiment, two-tailed t test). *, P < 0.05; **, P <
0.01; ***, P < 0.001; **** P < (0.0001.
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Supplementary Figure 2: miR-15/16 bind and regulate a large network of direct
target RNAs in T cells

(A) Fraction of AHC reads mapping to genomic loci. (B) Correlation between AHC reads
mapping to mature miRNAs and their respective TargetScan predicted seed-matches.
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Supplementary Figure 3: miR-15a/16-1 and miR-15b/16-2 are sufficient to restrict
the accumulation of antigen-specific T cells

(A,B) Frequencies of EAU* CD8* T cells 8 days p.i. with LCMV from single conditional
knockout animals (n > 6 of 2 independent experiments, two-tailed t test). (C,D)
Frequencies and absolute numbers of antigen-specific CD8* T cells 8 days p.i. with
LCMV from single conditional knockout animals (n > 6 of 2 independent experiments,
two-tailed t test).
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Supplementary Figure 4: miR-15a/16-1 and miR-15b/16-2 are sufficient to restrict
the accumulation of long-lived memory cells and miR-15/16 restrict memory cell
accumulation in unchallenged animals

(A,B) Frequencies and absolute numbers of antigen-specific CD8* T cells 8 days p.i.
with LCMV from single conditional knockout animals (n > 6 of 2 independent
experiments, two-tailed t test). (C) Flow cytometry of CD44 expression among FOXP3-
CD4* and CD8"* T cells within spleen and iLN collected from miR-15/16%"" and miR-
15/1644 mice. (D) Quantification of frequencies and absolute numbers of CD44" cells
among FOXP3'CD4* and CD8* T cells within spleen and iLN collected from miR-
15/16%" and miR-15/16%4 mice (n > 9 from 3 independent experiments independent
experiments, two-tailed t test). (E) Quantification of frequencies of CD25" cells among
CD44" FOXP3-CD4" and CD8* T cells within spleen and iLN collected from miR-
15/16"" and miR-15/1644 mice (n > 9 from 3 independent experiments, two-tailed t test).
*, P <0.05; **, P <0.01; *** P < 0.0001.
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Supplementary Figure 5: miR-15a/16-1 and miR-15b/16-2 are sufficient to restrict
survival of antigen-specific T cells

(A,B) Frequencies of viable (active Caspase3- Live/Dead"), early apoptotic (active
Caspase3” Live/Dead"), late apoptotic (active Caspase3™* Live/Dead*), and dead (active
Caspase3- Live/Dead*), antigen-specific T cells 8 days p.i. with LCMV cultured
overnight in vitro from single conditional knockout animals (n > 6 of 2 independent
experiments, two-tailed t test).
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Supplementary Figure 6: A network of miR-15/16 targets are up-regulated in
memory cells

(A) RNA-seq and AHC reads aligned to the 3'UTRs of memory-associated putative
targets of miR-15/16 (red shaded regions indicate locations of miR-15/16 seed-
matches).
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Supplementary Figure 7: miR-15/16 heightens the sensitivity of T cells to
stimulation

(A-F) Quantitative PCR for immediate early genes 6 hours post stimulation of resting
CD4* T cells with ant-CD3 and variable amounts of anti-CD28 (n > 4 from 1 experiment,
two-tailed t test). *, P < 0.05.
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Supplementary Table 1: Reagents used

Reagent Clone/Peptide
anti-CD3 | 145-2C11
anti-CD8a 53-6.7
anti-CD4 | GK1.5
anti-Foxp3 FIK16s
anti-CXCR3 | CXCR3-173
anti-CD127 A7R34
anti-CD62L | MEL-14
anti-CD45.1 A20
anti-CD45.2 | 104
anti-CD43 1B11
anti-KLRG1 . MAFA
anti-CD44 IM7
anti-CD27 ' LG.7F9
anti-GR-1 RB6-8C5
anti-CD11b | M1/70
anti-activatedCaspase-3 C92-605
anti-CD19 . 1D3
anti-TNF MP6-XT22
anti-IFNg | XMG1.2
anti-CD16/CD32 2.4G2
tetramerizedH-2DbGP33-41 | KAVYNFATM
tetramerizedH-2DbGP276-286 SGVENPGGYCL
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Supplementary Table 2: Luciferase primers used

Target Primer Sequence

II7r 3'UTR Fwd CAGGCTCGAGATTATAAGAAAACCCTTCCATCGACAACC

I7r 3'UTR Rev GATGCGGCCGCTTCCAGAAAATAGCGCATGCTTGTATTTG

Cd28 3'UTR Fwd TAGCTCGAGCAGGGACCCCTATCCAGAAG

Cd28 3'UTR Rev CTAGCGGCCGCAGTCAATGAATAAATATTTATTGCAGGCTAAGC
Adrb2 3'UTR Fwd CAGCTCGAGAGGCTTTCTACTCTCTAAGACCC

Adrb2 3'UTR Rev CAGGCGGCCGCCCACTCATCGGTCACGACAC

II7r SDM Fwd GATAACCACAACAGTCCTGAATGCTTGATTATATTCTCAGG

II7r SDM Rev CCTGAGAATATAATCAAGCATTCAGGACTGTTGTGGTTATC

Cd28 SDM Fwd GAAAACTATGTCACTTGTCCTGATTATTGTAAGAGTCTAAGAAC
Cd28 SDM Rev GAAAACTATGTCACTTGTCCTGATTATTGTAAGAGTCTAAGAAC
Adrb2 SDM Fwd GAATGATATATATTGTCCTGGGAAATCCATATCTAAAGGAGAGAG
Adrb2 SDM Rev CTCTCTCCTTTAGATATGGATTTCCCAGGACAATATATATCATTTC
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Supplementary Table 3: mMRNA primers used

Gene Primer Sequence

Egrl Forward TCGGCTCCTTTCCTCACTCA
Egrl Reverse CTCATAGGGTTGTTCGCTCGG
Irf4 Forward TCCGACAGTGGTTGATCGAC

Irf4 Reverse CCTCACGATTGTAGTCCTGCTT
Tnf Forward CCCTCACACTCAGATCATCTTCT
Tnf Reverse GCTACGACGTGGGCTACAG

112 Forward TGAGCAGGATGGAGAATTACAGG
112 Reverse GTCCAAGTTCATCTTCTAGGCAC
Nr4al Forward TTGAGTTCGGCAAGCCTACC
Nr4al Reverse GTGTACCCGTCCATGAAGGTG
Cd28 Forward GTTCTTGGCTCTCAACTTCTTCT
Cd28 Reverse TGAGGCTGACCTCGTTGCTAT
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Chapter 3: The long non-coding RNA Malatl may serve as a sponge for miR-15/16
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Summary:

The long non-coding RNA Malatl is up-regulated among memory precursor cells
and cells predicted to become memory precursors after a single division post-antigen
encounter. The 8mer seed-match for miR-15/16 within Malatl is the single most highly
occupied miR-15/16 seed-match, however, despite the high degree of AGO2
occupancy, a dual-luciferase reporter containing a fragment of Malatl with the miR-
15/16 seed-match was insensitive to miR-16-mediated repression. Furthermore,
analysis of previously published data using Malatl anti-sense oligos or genetic knockout
revealed a consistent pattern of down-regulation of genes predicted to be direct targets
of miR-15/16. These results, combined, suggest that Malatl may behave as a sponge
for miR-15/16, readily binding to mature microRNAs in complex with AGO2 but
remaining stable. To investigate this, we generated Malatl mutant mice with a

scrambled seed-match for miR-15/16.
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Materials and Methods

Luciferase assay

Approximately 250,000 CD4* T cells were transfected on day 1 of culture with 1ug
luciferase reporter constructs and/or 500nM miRIDIAN miRNA mimics (Dharmacon)
using the Neon Transfection System (Thermo Fisher Scientific). Luciferase activity was
measured 24 h after transfection with the Dual Luciferase Reporter Assay System
(Promega) and a FLUOstar Optima plate-reader (BMG Labtech). A 1500 base pair
fragment of Malatl was cloned into the psiCHECK-2 (Promega). Primers for cloning and

site-directed-mutagenesis (SDM) are in Table 1.

Generation of transgenic animals with Cas9 RNP and HDR

13 C57BL/J (Jackson Laboratories) female mice 23 days of age were given pregnant
mare’s serum gonadotropin (PMSG) (2.5iu) to induce super ovulation. 24 hours later,
the same animals were given human chorionic gonadotropin (hCG) (5iu). 19 hours after
administration of hCG, 10 of the 13 females were identified as being plugged and
zygotes/eggs were collected (recovered more than 120 zygotes/eggs from 20 oviducts
observing expected thinning of zona pellucida). Cas9/guideRNA riboucleoproteins
(RNPs) were generated as follows: 1) resuspend the HDR template (Table 2) at 100uM
in Buffer (Buffer = 0.22um filtered 10mM Tris, pH 7.4 + 150mM KCL). 2) resuspend the
crRNA (Table 2) and tracrRNA (universal from IDT: Alt-R CRISPR-Cas9 tracrRNA) at
160uM in Buffer and allowed to equilibrate for 5 minutes at room temp. 3) mix 3uL of
crRNA (160uM) and 3puL of tracrRNA (160uM) in a PCR tube to make the gRNA (80uM,

6puL) and incubated at 37°C for 10min. 4) add 6uL of Cas9 (40uM) to the 6uL of gRNA
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to make a 2:1 ratio of gRNA:Cas9 RNP and incubated at 30°C for 10min. 5) add 4puL
(100uM) HDR template to the RNP for a final volume of 16uL and kept on ice.
Electroporate zygotes/eggs with BioRad GenePulser XL Square wave, 30V, 3ms, 2X,
with 100ms interval. On same day, generate pseudo-pregnant females by setting up
matings between CD1-Elite (SOPF, Charles River) female mice and vasectomized male
C57BL/6 mice. 24 hours later, check the survival and development of zygotes. Transfer
around 10-15 2-cell embryos to pseudo-pregnant females. 19 days later, 19 live pups
were born from 5 dams. All mice were housed and bred in specific pathogen-free
conditions in the Animal Barrier Facility at the University of California, San Francisco.
Animal experiments were approved by the Institutional Animal Care and Use Committee

of the University of California, San Francisco.
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Results

Malatl may act as a sponge for miR-15/16

One limitation of the use of TargetsScan (Loeb et al., 2012b) for the identification
of relevant microRNA target genes is that it is restricted to the 3’'UTR. Through our work
in Chapter 1, we confirmed that AGO2 occupancy elsewhere in an mRNA transcript
(e.g., 5’UTR or CDS) does not globally correlate with differential gene expression in
miR-15/1644 animals (Figure 2.2). However, the dynamics between microRNAs and
long non-coding RNAs is poorly understood. Through our comparison of AGO2
occupancy at miR-15/16 seed-matches and differential expression data, we observed
robust binding at a perfect 8mer seed-match for miR-15/16 within the long non-coding
RNA, Malatl (Figure 1A,B). Strikingly, this single seed-match accounted for 4 percent of
all miR-15/16 seed-match-associated reads (Figure 1A).

Interestingly, although AGO2 robustly binds to this miR-15/16 seed-match,
differential expression data comparing miR-15/1644 and miR-15/16"1 T cells revealed
no change in gene expression (Figure 1A). To better assess the sensitivity of Malatl to
miR-15/16 targeting, we generated a dual luciferase reporter with a 1500 base pair
fragment of Malatl containing the miR-15/16 seed-match. Consistent with the RNA-seq
data, the Malatl fragment was insensitive to a miR-16 mimic (Figure 1C).

These data suggested to us that Malatl may act as a sponge for miR-15/16 by
robustly binding with but remaining insensitive to AGO2-miR-15/16 complex. In order to
shed light on this possibility, we turned to previously published data on Malatl. We
hypothesized that if Malatl was behaving as a sponge for miR-15/16, reduction or

deletion of Malatl would result in increased miR-15/16 activity and therefore, down-
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regulation of target genes. Consistent with our prediction, differential expression data
from Malatl anti-sense oligo vs scramble oligo control treated cells exhibited a global
repression of genes predicted to be targeted by miR-15/16 (Arun et al., 2016) (Figure
1D). Furthermore, in an independent experiment using Malatl knockout animals
compared with wild-type controls, again, miR-15/16 predicted target genes were

globally down-regulated (Nakagawa et al., 2012) (Figure 1E).

Generation of Malatl miR-15/16 seed-match scrambled mice

To investigate the biological significance of Malatl and miR-15/16 interaction, we
generated transgenic animals with a disrupted miR-15/16 seed-match within the
endogenous Malatl locus. Our approach was to design a 200 base pair DNA ultramer
to serve as the homology directed repair (HDR) template. Within the center of the HDR
template was the miR-15/16 seed-match which we rearranged 5 nucleotides to disrupt
the seed-match without altering nucleotide content (Figure 2A). We designed a guide
RNA that covered the miR-15/16 seed-match so that upon successful HDR with the

template, Cas9 with the guide RNA would no longer be able to bind and cut (Figure 2A).

Discussion

The results of this study identify the long non-coding RNA, Malatl, as the single
most highly occupied target of miR-15/16. Furthermore, despite robust binding, Malatl
appears to be insensitive to miR-15/16. Through the re-analysis of previously published
data, we demonstrate that reduction or loss of Malatl results in a global gene

expression signature consistent with increased abundance of miR-15/16. We have
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utilized Cas9 RNPs with an HDR template to generate knockin mice with a scrambled
seed-match for miR-15/16 within the endogenous Malatl locus.

Through the use of this novel mouse, future studies will be able to address the
contribution of the Malatl miR-15/16 seed-match to mouse biology. Of particular
interest will be the contribution to CD8* T cell memory. Prior work investigating gene
expression profiles consistent between memory precursors and cells after a single
division identified Malatl as one of only a handful of genes to be up-regulated
(Kakaradov et al., 2017). Our own work reported in Chapter 1 identifies miR-15/16 as a
negative regulator of CD8* T cell memory differentiation. Therefore, it is possible that
increased Malatl expression among cells destined to become memory precursors could
serve as a sponge for the highly abundant miR-15/16 family of microRNAs and thereby

effectively reduce its global efficacy.
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Figure 1: Malatl may act as a sponge for miR-15/16

(A) Fold-change gene expression between miR-15/1644 and miR-15/16"" CD4* T cells
and AHC read depth at miR-15/16 seed-matches within the 3’UTR of each gene. (B)
RNA-seq and AHC read depth for Malatl. (D,E) Cumulative density plot depicting global
expression by RNA sequencing as a ratio of the fold-change between Malatl anti-sense
oligo vs scramble oligo treated MMTV (mouse mammary tumor virus)-PyMT mouse
mammary carcinoma cells (D) or microarray fold-change between Malatl knockout and
wild-type mouse embryonic fibroblasts (E) for all genes without a 7mer or 8mer miR-
15/16 3'UTR seed-match (black), genes with a 7mer or 8mer miR-15/16 3'UTR seed-
match (green), genes with a 7mer or 8mer miR-15/16 3'UTR seed-match and AHC read
depth >5 (blue), and genes classified as targets of miR-15/16 by TargetScan 7.0 (red)
(AHC reads represent the combined depth of n = 10 independent
immunoprecipitations).
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Figure 2: Generation of Malatl miR-15/16 seed-match scrambled mice
(A) Experimental outline and design of Malatl miR-15/16 seed-match scrambled mice.
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Table 1: Luciferase primers used

Reagent Sequence

Malatl forward | CAGTAATTCTAGGCGATCGCGGATTTGAGCCAGAAGAC
Malatl reverse | GATATTTTATTGCGGCCAGCGATGCTTCAATTCCAACAAG
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Table 2: Reagents used in mouse generation

Reagent Sequence

ATCTGCTGCTATTAGAATGC

crRNA

HDR ACAGACCACACAGAATGCAGGTGTCTTGACTTCAGGTCATGTCTGTTCTTTGG
CAAGTAATATGTGCAGTACTGTTCCAATCTGTCCTGATTAGAATGCATTGTGAC

template | 5cGACTGGAGTATGATTAAAGAAAGTTGTGTTTCCCCAAGTGTTTGGAGTAGTG
GTTGTTGGAGGAAAAGCCATGAGTAACAGGCAAGTGTTTGGAGTAGTGGTTGTT
GGAGGAAAAGCCATGAGTAACAGGCTGAGTGTT
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Chapter 4: miR-15/16 restrain the accumulation of regulatory T cells with

hallmarks of disfunction
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Summary:
Using novel miR-15/16 compound conditional mutant mice, we show that miR-
15/16 restrain the accumulation of regulatory T cells and are necessary for the

expression of markers associated with functional activity.
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Introduction

Regulatory T (Treg) cells are a subset of CD4* T lymphocytes, which express the
transcription factor Foxp3 and are required for the suppression of autoimmunity and
tolerance of non-pathological foreign antigens (e.qg., allergens) (Sakaguchi et al., 2008).
Treg cells engender their effects through the production of a broad range of
immunosuppressive factors (e.g., IL-10, TGF-beta, CTLA-4, CD25, CD39/CD73 and
granzyme A/B) and can target cells of both the adaptive and innate immune system,;
making them potent suppressors of inflammation. Highlighting the importance of Treg
cells in maintaining tolerance, ablation of Treg cells can lead to type | diabetes as
rapidly as 3 days (Feuerer et al., 2009). Due to their potency as suppressors of aberrant
inflammation, there is excitement surrounding the therapeutic adoptive transfer of Treg
cells to treat autoimmune diseases such as type 1 diabetes (Bluestone et al., 2015).

While the adoptive transfer of Treg cells has been demonstrated to be effective in
numerous murine models, when introduced to an inflammatory environment, Treg cells
can lose Foxp3 expression (Josefowicz et al., 2012; Zheng et al., 2010; Yue et al.,
2016) and even take on a T effector (Tetf) cell phenotype (Zhou et al., 2009).
Peripherally derived and induced Treg cells display reduced stability in the face of
inflammation, especially those expressing low levels of the high affinity IL-2 receptor,
CD25 (Zhou et al., 2009; Ohkura et al., 2012). CD25 is required for optimal Treg
function (Chinen et al., 2016). Further linking the expression of CD25 to Treg stability,
antigen-driven in vivo de-stabilization of induced Treg cells can be reversed by

administration of IL-2 (Chen et al., 2011).
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These findings regarding iTreg stability represents an especially grim possibility
for adoptive transfer-based therapies particularly given the finding that, while
peripherally circulating adoptively transferred Treg cells appear to be stable for at least
one year, the fate of inflamed-tissue infiltrating transferred Treg cells remains to be
determined (Bluestone et al., 2015). Support for reduced stability in the face of
inflammation is corroborated by a previous study using Treg lineage-tracing reporter
mice, which demonstrated that the highest percentages of these “ex-Treg” cells were
found in non-lymphoid tissues where high levels of activation were occurring (DuPage
et al., 2015).

mMiRNAs have been demonstrated to be critical regulators of Treg cell biology.
Deletion of Dicer or Drosha, key components of miRNA biogenesis, in either CD4* T
cells or specifically among Foxp3* Treg cells results in spontaneous inflammatory
disease (Liston et al., 2008; Chong et al., 2008). To date, numerous specific miRNAs
have been linked with Treg cell differentiation within the thymus and in the periphery,
control of Foxp3 expression, and the regulation of suppression-related molecules
among Treg cells (Hippen et al., 2018).

Previous work describing the effects of miR-15/16 on Treg cell biology has been
surprisingly inconsistent. miR-15/16 have been demonstrated to be upregulated among
induced mouse Treg cells (Kuchen et al., 2010; Singh et al., 2015a) while miR-15/16
are down-regulated in cord blood-derived Treg cells (Liu et al., 2014). Furthermore,
correlational studies of rheumatoid arthritis patients revealed that miR-16 expression is
elevated in Th17 cells while being decreased among Tregs suggesting that miR-16 may

guide Th17 fate while inhibiting Treg fate (Wu et al., 2016). However, even within this
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single study, the authors found that miR-16 expression was positively correlated with
both RORyt and Foxp3 mRNA expression (Wu et al., 2016). Conversely, Liu et. al.
found that over-expression of miR-15a or miR-16 was associated with reduced
expression of Foxp3 and CTLA-4 (Liu et al., 2014). Counter to these findings,
transfection of Dicer deficient T cells with miR-15b or miR-16 mimics enhanced iTreg
differentiation while inhibition of miR-15b and miR-16 reduced iTreg frequency (Singh et
al., 2015a). Further supporting a positive role for miR-15/16 in the regulation of iTreg
differentiation, over-expression of miR-15b/16 in adoptively transferred naive CD4* T
cells led to increased frequencies of iTregs in the spleen, lungs, and mesenteric lymph
nodes of recipient RAG deficient mice (Singh et al., 2015a).

While these studies differ in their approaches to understand the role of miR-15/16
in Treg biology, none use the approach of genetic ablation among CD4* T cells in intact
animals. To this end, we examined our miR-15/1644 for effects on Treg biology in the
steady state. Our findings reveal a role for miR-15/16 in the thymic differentiation of
Tregs and the peripheral maintenance of Treg-specific functional markers. Deletion of
miR-15/16 in CD4* T cells resulted in increased frequencies of Tregs. However, Tregs
lacking miR-15/16 exhibited hallmarks of disfunction based on expression of Foxp3,
CD25, CD127, and Nur77. Through the use of mixed bone marrow chimeras, we
demonstrate that these effects are cell intrinsic and through the use of fixed TCR-
transgenic animals, preliminary results suggest that these effects are independent of the
TCR. Surprisingly, these effects on Tregs did not lead to autoimmunity, suggesting that
either the increased frequencies of Tregs or their suppressive capacity are sufficient to

protect miR-15/1644 animals.
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Materials and Methods

Mice

miR-15/1644 animals described in Chapter 2 were crossed to mice containing the OTII
ovalbumin residue 323-339-specific TCR transgenic animals (B6.Cg-
Tg(TcraTcrb)425Cbn/J, Jackson Laboratory). For hematopoietic chimeras, B6-Ly5.1/Cr
(CD45.1+; Charles River) mice were lethally irradiated (2x550 rad), reconstituted with
5x108 bone marrow cells, and analyzed 8-10 weeks later. Male and female age and sex
matched mice were used between 5 to 12 weeks of age. All mice were housed and bred
in specific pathogen-free conditions in the Animal Barrier Facility at the University of
California, San Francisco. Animal experiments were approved by the Institutional

Animal Care and Use Committee of the University of California, San Francisco.

Flow Cytometry

Cells were harvested from thymus, spleen, and lymph nodes by mashing through 70uM
filters. Splenic and blood RBCs were lysed with ACK buffer. Single cell suspensions
were prepared in PBS 2% FCS and stained with reagents (Supplementary Table 1) for
analysis on an LSRFortessa (Becton Dickenson). For transcription factor stains, cells
were fixed and permeabilized using the Foxp3 Transcription Factor Staining Buffer Set

(eBioscience). Data were analyzed with FlowJo.

Statistics and Data Analysis
Excel (Windows) and R were used for data analysis. Plots were generated using the

Bioconductor package, plotGrouper (Gagnon, 2018). For all figures, bar graphs display
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mean + s.d. and each point represents an individual mouse unless otherwise stated.
*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 for significance. All data were

assumed to be normally distributed unless otherwise stated.

Results
mMiR-15/16 restrict the accumulation of CD4* Foxp3* Tregs

During positive selection in the thymus, CD4* T cells with greater affinity for self-
antigen-MHC complexes may undergo differentiation to the Treg lineage. To assess the
role of miR-15/16 in Treg development, we performed flow cytometric analysis of
primary and secondary lymphatic organs for CD4* T cells expressing the Treg lineage
defining transcription factor, Foxp3. miR-15/1644 animals exhibited increased
frequencies and absolute numbers of Foxp3* T cells in the thymus, spleen and inguinal
lymph nodes (Figure 1A-C). Similar, yet less pronounced results were observed within
mixed bone marrow chimeric mice suggesting that these effects are cell intrinsic (Figure
1D).

Given the fact that thymic differentiation of Tregs has been linked with TCR
specificity for self (Ohkura et al., 2013), we wondered whether these effects could be
related to a shift in the TCR repertoire of miR-15/16 deficient CD4* T cells. To test this
hypothesis, we crossed miR-15/1644 animals to OTIl TCR-transgenic animals in which
all T cells exhibit TCR specificity to the ovalbumin peptide residue 323-339. Since
ovalbumin is found within chicken egg whites and not mice and given that all CD4* T
cells within OTII animals would have identical levels of self-reactivity, this provides a

robust system to test for TCR-intrinsic phenotypes. Supporting a TCR specificity-
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independent role for miR-15/16 in the restriction of Treg accumulation, miR-15/16
deficient OTII CD4* T cells trended towards increased Treg frequencies in the spleen
(Figure 1E).

In order to determine whether this phenotype would become exacerbated with
over time, miR-15/16%4 animals were aged 1.5 years. Phenotypic analysis of primary
and secondary lymphoid organs determined that the frequency of Tregs within miR-
15/1644 animals was unchanged compared with miR-15/16"" animals suggesting both

that miR-15/16 deficient Treg accumulation stabilized over time (Figure 1F).

miR-15/16 are required for appropriate expression of Treg functional markers

Tregs utilize a broad range of effector molecules to exert their suppressive
effects. Critical to the initiation and maintenance of expression of many of these is the
Treg master transcription factor, Foxp3 (Williams and Rudensky, 2007). Surprisingly,
while miR-15/16 deficiency lead to increased frequencies and absolute numbers of
Foxp3* CD4* T cells, these cells exhibited a reduced expression level of Foxp3 across
primary and secondary lymphoid organs (Figure 2A). Reduced Foxp3 expression
among Tregs is associated with Treg instability and functional insufficiency.

In further investigating the phenotype of miR-15/16 deficient Tregs, we observed
decreased expression of the high-affinity IL-2 receptor, CD25 on the surface of Tregs as
well as the transcription factor, Nur77 (Figure 2B,C). Consistent with this being a cell-
intrinsic effect, miR-15/16 deficient Tregs within mixed bone marrow chimeric mice also

exhibited reduced CD25 surface expression (Figure 2D). Furthermore, OTIl TCR-
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transgenic miR-15/16 deficient Tregs had reduced surface CD25, demonstrating that
this phenotype is TCR-specificity independent (Figure 2E).

Given the lack of autoimmunity within miR-15/1644 animals, we hypothesized
that miR-15/16 deficient Tregs must either maintain sufficient effector function despite
low Foxp3, CD25, and Nur77 expression or through a compensatory increase in their
absolute number in the periphery. One interesting observation was that miR-15/16
deficient Tregs expressed high levels of the IL-7 receptor, CD127 (Figure 2F). These
findings suggest that miR-15/16 Tregs may have reduced suppressive capacity,
however, their elevated expression of CD127 may be sufficient to compensate for low

CD25 expression.

Discussion

The experiments in this study demonstrate that miR-15/16 restrict the
accumulation of Foxp3* CD4* Tregs. Furthermore, Tregs deficient in miR-15/16 exhibit
reduced expression of markers associated with Treg function and stability. Interestingly,
miR-15/16 deficient Tregs expressed high surface levels of the IL-7 receptor alpha
chain, CD127. Given our findings in Chapter 2, it is likely that elevated expression of
CD127 is due to the direct effects miR-15/16 on the 1I7r 3’'UTR.

Our findings related to Tregs and miR-15/16 are somewhat in opposition to those
described by Singh et. al. (Singh et al., 2015a), however, while their study focused on
induced Tregs, our findings that miR-15/16 restrict Treg accumulation in the thymus
suggest that the effects we observe are related to natural Tregs. Natural Tregs exhibit

distinct epigenetic signatures, suggesting that the drivers of their differentiation likely
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differ from those of induced Tregs (Ohkura et al., 2012). Furthermore, the present study
utilized T cell-specific deletion of miR-15/16 while the findings of Singh et. al. relied
upon miR-15/16 over-expression. It is possible that over-expression of miR-15/16 could
lead to the targeting of transcripts that typically are insensitive to endogenous levels of
miR-15/16.

We demonstrate that while miR-15/16 deficient Tregs express reduced levels of
Foxp3 and CD25. Tregs are dependent on CD25 for their suppressor activity in vivo,
however expression of active STAT5 is sufficient to restore Treg function (Chinen et al.,
2016). This presents the intriguing possibility that elevated CD127 expression among
miR-15/16 deficient Tregs may provide sufficient STAT5 activation to maintain Treg
function.

Another interesting area of inquiry will be with respect to Nur77. Prior work has
demonstrated that Nur77 expression level is a good indicator of activation within T cells
(Ashouri and Weiss, 2017). One possible explanation for reduced Nur77 expression
among miR-15/16 deficient Tregs is that they may be experiencing reduced tonic
signaling. This presents an interesting potential line of inquiry given that Tregs appear to
require constant tonic signals to maintain their suppressive function and key Treg
expression profiles (Vahl et al., 2014; Levine et al., 2014).

One distinction between peripherally induced and natural Tregs is methylation status
of Foxp3 and other Treg associated markers including CD25. While natural Tregs
generated within the thymus typically have robust demethylation at conserved non-
coding sequence (CNS)1 and CNS2 within Foxp3 as well as CD25, peripheral Tregs

exhibit demethylation specific to CNS1 (Ohkura et al., 2012). Due in part to
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hypomethylation of CNS2, natural Tregs express Foxp3 more stably through Ets1,
CREB, and Foxp3 itself while peripheral Tregs rely on Smad3 driven by TGF-B (Ohkura
et al., 2013). Given that both Smad3 exhibits robust AGO2 occupancy at a miR-15/16
seed-match and is up-regulated in the absence of miR-15/16, it is possible that this
could represent a mechanism by which miR-15/16 could restrict Treg development
(unpublished data).

Future work will be needed to further dissect the role of miR-15/16 in Treg biology.
Of particular interest will be the suppressive capacity of miR-15/16 deficient Tregs. This
can be tested using both in vitro and in vivo suppression assays. Complicating these
experiments, traditional sorting Tregs relies on identifying cells expressing high levels of
CD25 and low levels of CD127 on their surface. This presents an obvious issue with
miR-15/16 deficient Tregs since their expression of these markers is an unreliable
means of their detection. To address this issue, | have generated miR-15/16 T cell
deficient Foxp3-GFP reporter mice (Haribhai et al., 2007; Lin et al., 2007). This will
enable the effective sorting of Tregs for quantitative assessment of their suppressive

function.
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Figure 1: miR-15/16 restrict the accumulation of CD4* Foxp3* Tregs

(A) Flow cytometry of CD4* T cells at baseline. (B) Quantification of frequencies of
Foxp3* CD4* T cells at baseline (n > 4 representative of > 4 independent experiments,
two-tailed t test). (C) Quantification of absolute numbers of Foxp3* CD4* T cells at
baseline (n > 4 representative of > 4 independent experiments, two-tailed t test). (D)
Quantification of frequencies of Foxp3* CD4* T cells at baseline in mixed bone marrow
chimeras (n = 10 two independent experiments, two-tailed t test). (E) Quantification of
frequencies of Foxp3* CD4* T cells at baseline in OTII TCR-transgenic animals (n > 2,
single experiment). (F) Quantification of frequencies of Foxp3* CD4* T cells at baseline
in animals aged 1.5 years (n > 2 1 experiment, two-tailed t test). *, P < 0.05; **, P <
0.01; ***, P < 0.001; **** P < (0.0001.
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Figure 2: miR-15/16 are required for appropriate expression of Treg functional
markers

(A-C) Flow cytometry (left) and quantification (right) of Treg functional marker
expression among CD4* Foxp3* T cells (n > 4 representative of > 4 independent
experiments, two-tailed t test). (D) Quantification of CD25 MFI among Foxp3* CD25" T
cells among mixed bone marrow chimeric mice (n = 10 two independent experiments,
two-tailed t test). (E) Quantification of CD25 MFI among Foxp3* CD25* T cells among
OTIl TCR transgenic mice (n > 2, single experiment). (F) Flow cytometry (left) and
guantification (right) of CD127 expression among CD4* Foxp3* T cells (n > 4
representative of > 4 independent experiments, two-tailed t test). *, P < 0.05; **, P <
0.01; ***, P < 0.001; **** P < (0.0001.
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Chapter 5: plotGrouper
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Summary:

A shiny app-based GUI wrapper for ggplot with built-in statistical
analysis. Import data from file and use dropdown menus and checkboxes to
specify the plotting variables, graph type, and look of your plots.

Once created, plots can be saved independently or stored in a report that
can be saved as a pdf. If new data are added to the file, the report can be
refreshed to include new data. Statistical tests can be selected and added to
the graphs. Analysis of flow cytometry data is especially integrated with
plotGrouper. Count data can be transformed to return the absolute

number of cells in a sample (this feature requires inclusion of the number of

beads per sample and information about any dilution performed).
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Introduction

Data are at the core of all scientific findings. Hypotheses are tested through
carefully designed and controlled experiments. Key to the interpretation and publication
of the results of an experiment is the visual representation and statistical analysis of
said results. However, the current tools available for displaying and analyzing data
suffer from a number of non-mutually exclusive problems. Free tools, such as R, require
a significant amount of training to learn how to utilize. User-friendly solutions, such as
GraphPad Prism, are often expensive. Additionally, the use of third-party software often
requires users to copy and paste data introducing the possibility for error.

In order to address these issues, | have developed a shiny app-based R
package, which requires no knowledge of R to use, is free of cost, and allows the direct
import of data from a range of file formats. This package, titled “plotGrouper”, was
designed for generating figure-ready graphs from raw data files. Plots can be made
using combinations of graphical objects including bar plots, violin plots, box and whisker
plots, crossbar plots, density plots, line plots, display of individual data points, and error
bars. Additionally significance formatted information can be optionally calculated and
displayed above the appropriate comparisons. This tool simplifies the analysis of raw

data and generates graphs that require minimal manipulation before publication.

Prerequisites
1. If you do not already have R installed, or your version is out of date, download

the latest version (https://cran.r-project.orq).
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a. Optionally, install the latest version of RStudio Desktop

(https://www.rstudio.com/products/rstudio/#Desktop).

2. Download the package from Bioconductor.
if (IrequireNamespace("BiocManager", quietly = TRUE))
install.packages("BiocManager")
BiocManager::install("plotGrouper")
a. Alternatively, install the development version of the package from Github
using BbiocManager':
BiocManager::install("jdgagnon/plotGrouper")
b. Or using "devtools':
devtools::install_github("jdgagnon/plotGrouper™)
3. If using RStudio, restarting the application will ensure that the updated packages

are loaded.

Usage
e Load the package into the R session.
library(plotGrouper)
e To initialize the shiny app, paste the following code in your R console and run it.
plotGrouper()
e Once the web app opens, you can load your dataset by using the ‘Browse’ button
e Your file should be organized according to Table 1.

e These columns can be titled anything you want but values in the columns are
important.

o As an example, click the ‘iris’ button to load the iris dataset.
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o After the “iris’ data loads, the selection windows will be automatically
populated and a graph should be displayed.
o The 'Raw Data’ tab displays the structure of the data loaded.
= The "Unique identifier’ column should contain only unigue values
that identify each individual sample (e.g., "Sample” within “iris’
"Raw Data’).
= The "Comparisons’ column should contain replicated values that
identify each individual as belonging to a group (e.g., ‘Species’
within “iris” "Raw Data’).
= The Variables™ column(s) should created for each variable you
wish to plot. The values in these columns must be numeric (e.g.,
"Sepal.Length’, "Sepal.Width", "Petal.Length”, "Petal.Width™ within
‘iris” "Raw Data’)
If using flow cytometry data, the data table exported from FlowJo can be loaded
directly with the addition of a column that specifies the group to which each
sample belongs (i.e., if your comparison is going to be between wild-type and
knockout samples, there must be a column in your data table that assigns each
row as belonging to the wild-type or knockout group).
After importing a data file, a "Sheet™ column will be created and populated with
the sheet name(s) from the file if it came from an excel spreadsheet or the file
name if it came from a csv or tsv file.
o The Variables to plot™ selection window is used to choose which

variable(s) to plot (e.g., "Sepal. Width™ from the “iris™ data). If multiple are
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selected, they will be grouped according to the “Independent variable®
selected.

The "Comparisons’ selection window is used to choose which column
contains the information that identifies which condition each sample
belongs to (e.g., the "Species’ column within the “iris” data).

The “Independent variable™ selection window is used to select how the
plots should be grouped. If "variable’ is selected (the default), the plots will
be grouped by the values in "Variables to plot'.

Use the "Shapes’ selector to change the shape of the points for each
comparison variable.

Use the "Colors’ selector to change the point colors for each comparison
variable.

Use the “Fills™ selector to change the fill color for the other geoms being

plotted for each comparison variable.

To prevent the "Shapes’, "Colors’, or "Fills" from reverting to their defaults, click
the "Lock™ checkboxes.

Individual plots can be saved by clicking "Save™ on the "Plot" tab or multiple plots
may be arranged on a single page by clicking “Add plot to report’. Clicking this
button will send the current plot to the "Report” tab and assign it a number in the
"Report plot # dropdown menu. To revisit a plot stored in the "Report’ tab, select
the plot you wish to restore and click "Load plot from report’. Changes can be
made to this plot and then updated in the "Report™ by clicking "Update plot in

report’.
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The statistics calculated for the current plot being displayed in the "Plot™ tab are
stored in the "Statistics™ tab. These can be saved by clicking the "Download”
button on the "Statistics™ tab.

The "Plot Data’ tab contains the reorganized subset of data being plotted.

The 'Raw Data’ tab displays the data frame that was created upon import of the

file along with the automatically created "Sheet™ column.
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Table 1: Data structure example

Sample Species Sepal length
Setosa_1 Setosa 5.1

Setosa_ 2 Setosa 4.9
Versicolor_1 | Versicolor 7
Versicolor_2 | Versicolor 6.4
Virginica_1 Virginica 6.3
Virginica_2 Virginica 5.8

Etc... Etc... Etc...
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