Figure 30. MEK inhibition does not suppress TGF-g secretion in human Tregs.
Membrane TGF-f§ (mTGF-f) in FACS-sorted Tregs, was measured by flow cytometry
following stimulation with anti-CD3/28 in the presence or absence of U0126 for 6
hours. Overlaid histogram was shown for comparison (Orange: resting Treg, Green:
Treg stimulated with anti-CD3/28, Blue: Tcon stimulated with anti-CD3/28, Red: Treg
stimulated with anti-CD3/28 in the presence of U0126 (A) or tacrolimus (B). Tcons
stimulated with anti-CD3/28 in the presence of U0126 or tacrolimus have similar
intensity as Tcon stimulated with anti-CD3/28 (not shown)
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The unique function of human late memory CD8+ T cells

Recent technological advances, including development of improved instrumentation
and reagents to facilitate “polychromatic” flow cytometry using monoclonal antibodies
recognizing surface and intracellular proteins, have led to the recognition that there is
dramatic phenotypic and functional heterogeneity of the peripheral T cell repertoire. To
better characterize the relationship between CD8+ T cell maturation stages and their
cytokine signatures, we examined peripheral human CD8+ T cells in PBMC, stimulated
with polyclonal activators and viral antigens, and systematically characterized the
production of IL-2, IFNy, TNFa and MIP-13. My results confirm the following: 1) Late
memory (M3) CD8+ T cells produce little IL-2 (including IL-2/IFNy co-production), but are
prolific producers of MIP-1f3, MIP-1a and RANTES; 2) MIP-1§ is the most abundant
cytokine produced by CMV-specific CD8+ T cells; 3) Nearly all IL-2 production occurs in
N, M1, and M2 CD8+ T cells, while nearly all IL-2/IFNy co-production occurs at the M1
and M2 stage; and 4) Functional cytokine signature is strongly associated with T cell
maturation stage in CD8+ T lineage and is largely independent of the type of stimulus
initiating activation.

Using both TCR-dependent stimulation (e.g., CMV antigens) and stimuli that bypass
the TCR, requirements for co-stimulation and proximal signaling events (P:I), I found that
maturation stage was closely tied to cytokine signature. While I observed complexity in the
various combinations of cytokines/chemokines produced by early and late memory CD8+ T
cells, relatively simple rules could be used to model the effects of maturation on cytokine
signature: 1) Early stage CD8+ T cells, including naive cells, were more likely to be
monofunctional with respect to cytokine/chemokine production, with IL-2 and TNFa

production defining their cytokine signature; 2) Differentiation from naive to the M1/M2
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stages of CD8+ T cells is associated with increasing polyfunctionality, including co-
production of IL-2 and IFNy, while progression to the M3 stage is again associated with
monofunctionality; and 3) M3 CD8+ T cells are characterized by the production of abundant
amounts of MIP-1f (often in concert with other cytokines) and other CC-chemokines (MIP-
la and RANTES) and little, if any, IL-2. These results are consistent with the results of
Hamann et al. (51) and Sandberg et al. (87), who also found that CD27-CD8+ T cells rarely
produce IL-2, although they produce perforin following polyclonal stimulation. They also
confirm the findings of Duvall et al., who demonstrated that subsets of HIV-2-specific
CD8+ T cells making MIP-13 were more likely to express markers associated with more
differentiated maturation states (97).

My analysis of CMV-specific T cells confirmed the results of other studies
demonstrating the abundance of later memory cells (i.e., M2 and M3 cells) within this
antigen-specific population. In contrast to my expectation that the most abundant product of
CMV-specific T cells would be either IFNy or TNFa, which have been most commonly
utilized as functional markers of antigen-specific T cells (98, 105, 197, 198, 200, 265, 266),
I found that MIP-1f was by far the most abundant cytokine produced by CD8+ CMV-
specific T cells stimulated ex vivo. Besides cells producing MIP-1f alone, I found fairly
robust numbers of cells producing MIP-1f in conjunction with effector cytokines, including
IFNY/TNFo/MIP-18, IL-2/IFNy/TNFo/MIP-18, and IFNy/MIP-13 were observed. These
data suggest that MIP-1f may actually be a more sensitive marker than IFNy for the
detection of CMV-specific T cells, and that conventional approaches (e.g., CFC or
ELISPOT assays based on IFNy detection alone) may significantly underestimate the
frequency of CMV-specific T cells. In addition, late memory (M3) CMV-specific T cells

are also characterized by the lack of IL-2 production.
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Taken together, my results establish an unequivocal link between maturation stage
and functional cytokine/chemokine signature in CD8+ T cells, and demonstrate that late
memory maturation results in polarization toward CC-chemokine production without IL-2
production. I also found that CMV-specific CD8+ T cells in healthy donors were heavily
skewed toward late memory subsets, and that MIP-1 production dominates the functional
signature of the human CMV-specific T cell response. Further studies in model systems and
in the context of clinical trials, will be required to determine how the accumulation of late
memory cells that are polarized toward CC-chemokine production influences outcomes in

the setting of human disease states.

The functional role of ERK1 in human CD8+ T cell maturation subsets

I demonstrated that late memory CD8+ T cells are characterized by the loss of 1L-2
production, an increase in MIP1- 3 production and limited co-production of IL-2 and IFN-y.
Given prior studies suggesting that the MAP kinase pathway is critical for IL-2 production
in T cells (144-147, 152-157), I tested the hypothesis that down-regulation of MAP kinase
pathway including ERK1/2 in human CD8+ T cell maturation subsets contributes to their
functional signature. My results confirm the following: 1) ERK1/2 phosphorylation is
lower in late memory (M3) CD8+ T cells than other subsets; 2) the expression of total
ERK1, not ERK?2, is down-regulated in M3 cells and in a subpopulation of M2 cells; 3)
ERK1 expression is strongly associated with IL-2 production and CD28 expression in CD8+
T cell maturation subsets; and 4) ERK1 is required for IL-2 production in CD8+ T cell
maturation subsets (Table 2).

I further investigated the differential expression of TCR signaling molecules in

CD8+ T cell maturation subsets. Phospho/molecular flow cytometry enabled me to
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IL-2 Erk1 Erk2 CD28 MIP1-f IFNy IL-2+IFNy+

M1 +++ ++ + ++ +++

M3 +/- + +++ +/- +++ ++ +/-

Table 2. Summary of functional and molecular signatures of human late memory
(M3) CD8+ T cells. The uniqueness of M3 CD8+ T cells were described, compared
with M1 (early memory) CD8+ T cells.
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determine the expression of TCR signaling molecules even in M2 and M3 subsets, where the
cell number is less than 15% of CD8+ T cells. I found that TCR proximal signaling events
(phospho-CD3C, phospho-ZAP-70) are down-regulated due to impaired expression of CD3¢e
in M3 cells (Figure 21 in Chapter 5). This finding can explain the poor proliferation
potential of M3 cells (204). However, since the more distal signaling molecules, ultimately
regulating transcription factors may more directly determine functions including cytokine
production, I focused on the MAP kinase pathway distal to PKCO. PMA and ionomycin
directly activate PKCO while mobilizing intracellular calcium stores (207); this activation
does not require TCR engagement or its most immediate downstream signaling events. |
consistently observed M2 and M3 cells express lower amounts of phosphorylated ERK1/2
following P:I stimulation. Additionally, this observation was reproduced in a time-course
experiment, suggesting impaired ERK1/2 phosphorylation in M3 cells is due to lower
activity of upstream molecules or lower expression of total ERK1/2. In contrast to relatively
equivalent expression of upstream molecules (PKC0, Ras, c-Raf, MEK1/2) (Figure 22 in
Chapter 5), ERK1 expression, but not ERK2, was much more down-regulated in M3 CD8+
T cells. These data suggest that the differential phosphorylation of ERK1/2 depends on the
level of ERK1 expression in CD8+ T cell maturation subsets. More interestingly, I found
that M2 CD8+ cells had a bimodal distribution of ERK1 (ERK1"#" and ERK1""), which
would have been impossible to discover with traditional techniques such as immunoblotting.
To better understand the relationship between the functional profile of M3 CD8+ T
cells and the down-regulation of ERK1, I developed a multi-color flow cytometry approach
to simultaneously detect ERK1, IL-2 and IFNy along with surface markers of differentiation
(CD8, CD45RA, C27, CD28 and CD57). I found that 1) most IL-2 is produced by ERK1"¢"

CD8+ T cells; 2) CD28 expression is associated with ERK1 expression; 3) the cytokine
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production pattern (high production of IL-2 and IL-2+IFNy co-production) and higher CD28
expression in the ERK "€ subpopulation of M2 cells is close to M1 cells, whereas the
features of the ERK 1" subpopulation of M2 cells (poor production of IL-2 and lack of IL-
2+IFNy co-production, no CD28 expression) is similar to M3 cells; and 4) ERK1 expression
can predict IL-2 production in CMV-specific CD8+ T cells. These data suggest that ERK1
expression is strongly associated with IL-2 production and CD28 expression. These data
also suggest that ERK1 expression is a more accurate marker of functional memory CD8+ T
cell maturation than the surface markers that are classically used to define maturation.

Knockout models have been utilized to determine the function of one gene in mice
and zebrafish. In humans, the manipulation of gene expression has been performed by
delivering dominant-negative constructs or gene-expression vectors into cell lines in vitro to
elucidate the relationship between gene expression and its functional consequence. The
recent advancement of delivery systems of gene-expression vector using lentivirus enabled
us to examine the function of ERK1 in primary human CD8+ T cells. I showed that over-
expression of ERK1 increased IL-2 production in M2 and M3 cells. These data suggest that
IL-2 production is dependent on ERK1 expression in human CD8+ T cell maturation
subsets.

I also determined the association between ERK1 and IL-2 production in CMV pp65
A2+ T cells. Along with tetramer staining, I found that CMV A2+ ERK1"€"M2 cells
produced higher levels of IL-2 than CMV A2+ ERK 1'% M2 cells. These observations are
consistent with my prior observation suggesting that ERK 1 expression is associated with IL-
2 production in human CD8+ T cells. As expected, M3 CMV A2+ cells rarely produce IL-
2. However, it remains to be elucidated why ERK1 expression in CMV A2+ cells is skewed

into the center rather than the bimodal distribution in overall CD8+ compartment, leading to
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relatively ambiguous separation of ERK1"€" and ERK 1" subpopulations, and why the
response of CMV A2+ M1 cells is low.

In conclusion, I demonstrated a strong association between ERK1 expression and IL-
2 production in human CD8+ T cells. I also demonstrated that the functional consequence
of ERK1 down-regulation in human late memory CD8+ T cells is poor production of IL-2.
My studies are one of the first demonstrations that genetic modulation may skew the
functional signature of primary human CD8+ T cells. In addition, my studies demonstrated
loss of ERK 1 expression may explain prior studies demonstrating why late memory CD8+ T
cells are functionally impaired with a poor ability to produce IL-2, to respond

polyfunctionally and to proliferate in response to stimulation.

MEK inhibition decreases cytokine production in human T cells in a stage-dependent
manner

Recent studies suggest that most allo-reactive T cells, which induce GVHD, exist in
naive and early memory stages (249-254), while most CMV-specific T cells are in
intermediate and late memory stages (66, 257). Therefore, it would be ideal to selectively
inhibit naive and early memory T cells, and spare later stage memory T cells following
allogeneic stem cell transplantation (SCT). In other words, GVHD could be reduced
without impairing immunity to CMV reactivation. Therefore, I sought to determine
signaling difference between T cell maturation subsets that could be explored to develop
more rational immunosuppressive strategies. Given this rationale and my data about
differential phosphorylation of ERK1/2 in human T cell maturation subsets (pERK1/2 in N
& M1 is greater than pERK1/2 in M2 or M3), I tested the hypothesis that the effects of MEK

inhibition on T cell activation depend on levels of ERK1/2 phosphorylation. I found that: 1)
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MEK inhibitor (U0126) suppresses cytokine production in T cells in a stage-dependent
manner, while a calcineurin inhibitor, tacrolimus at a therapeutic plasma concentration
suppressed the production of all three cytokines regardless of maturation stage; 2) MEK
inhibitor (U0126) suppresses allogeneic dendritic cell (DC)-induced T cell proliferation
while relatively sparing CMV-specific T cell responses; and 3) MEK inhibition does not
suppress TGF-f secretion in human Tregs.

Very recently, ERK1/2 have been reported to be phosphorylated in T cells in a
mouse GVHD model and that MEK inhibition reduces GVHD (267). My results showed
that the expression of calcineurin in memory CD4+ and CD8+ T cells (not shown for CD4+
T cells, Figure 22 in Chapter 5 for CD8+ T cells) was higher than in the naive population.
If the expression levels of calcineurin reflect the functional significance of the pathway, one
could expect that a calcineurin inhibitor, tacrolimus would suppress memory subsets
preferentially. In fact, I found that tacrolimus suppressed SEB- induced cytokine production
non-selectively in T cell maturation subsets. In contrast to tacrolimus, U0126 suppressed
cytokine production preferentially in naive and early memory stages of T cells. These data
suggest that the phosphorylation level of ERK1/2 more accurately reflects the functional
significance of the pathway at each maturation stage of T cells, and that MEK inhibition
induces T cell memory stage-specific immunosuppression following polyclonal stimulation.

To mimic GVHD initiation with an experimental model, I performed an MLR with
mature allogeneic DC and measured CMV-specific T cell responses in the presence of
U0126 or tacrolimus. I demonstrated that U0126 suppressed potent allo-DC induced T cell
proliferation equivalently to tacrolimus, but spared CMV-specific T cell responses.
Tacrolimus, however, suppressed CMV-specific T cell responses in all memory T cell

stages. These data suggest that the MEK inhibitor suppressed activation of allo-reactive T
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Our group’s prior studies of late memory CMV-specific T cells (e.g., those
expressing CD57, which defines cells that would most likely have been defined as M3 in
this study) suggests that greater frequencies of cells residing within this population are
associated with poor control of CMV reactivation after stem cell transplantation, supporting
the view that polyfunctional cells producing IL-2 may be better at controlling pathogenic
viral infections. Studies by Restifo and colleagues (107) in a cancer immunotherapy model
also suggest that late effector T cells, characterized by strong cytotoxic function and IFNy
production, may be paradoxically inferior in their ability to control cancer growth. While
higher-order cytometric analyses were not reported, this report showed that late effector
cells, while producing IFNy and having greater cytolytic capacity, were deficient in IL-2
production. Taken together with prior translational studies in the setting of human
infections, my present results suggest that human clinical studies in the setting of cancer
and infectious disease should consider not only the overall precursor frequency of
responsive T cells, but also differentiation stage, polyfunctional capacity (especially that
of IFNY/IL-2 co-production) or both. Additionally, my results confirm that assays that
measure IFNy alone (including ELISPOT assays) will measure cells across the memory
spectrum and may significantly underestimate the precursor frequencies of antigen-specific
CD8+ T cells, especially those at later stages of the maturation spectrum.

While studies like this one cannot directly confirm mechanisms operative in vivo, my
results suggest that late memory CD8+ T cells that are abundant producers of MIP-1§3, MIP-
lo and RANTES may have a unique functional role in human immune responses. It is
known that CCRS up-regulation occurs with T cell activation (271), raising the possibility
that late memory (M2 and M3) cells may have an autocrine or paracrine role in regulating

immune responses. Indeed, Wherry, Ahmed and colleagues (272) demonstrated
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upregulation of MIP-13 and MIP-1ao mRNA in a murine model, and suggested that
chemotactic properties of murine CD8+ exhausted cells might “sound the alarm™.

Consistent with this hypothesis, MIP-13, MIP-1a and RANTES are potent chemotactic
factors, inducing migration of monocytes and macrophages to the site of local elaboration.
This raises the possibility that the activation of late memory CD8+ T cells (especially those
specific for CMV and other herpes viruses that reside mostly in late memory stages) may
serve as important attractors of cells capable of clearing debris and magnifying antigen
presentation locally.

My analysis of CMV-specific T cells confirmed the results of other studies
demonstrating the abundance of later memory cells (i.e., M2 and M3 cells) within this
antigen-specific population. In contrast to my expectation that the most abundant product of
CMV-specific T cells would be either IFNy or TNFa., which have been most commonly
utilized as markers of antigen-specific T cells, I found that MIP-1§ was by far the most
abundant cytokine produced by CD8+ CMV-specific T cells stimulated ex vivo. Besides
cells producing MIP-1f alone, I found fairly robust numbers of cells producing MIP-1f in
conjunction with effector cytokines, including IFNy/TNFo/MIP-18, IL-2/IFNy/TNFo/MIP-
1B, and IFNy/MIP-13 were observed. These data suggest that MIP-1 may actually be a
more sensitive marker than IFNvy for the detection of CMV-specific T cells, and that
conventional approaches (e.g., CFC or ELISPOT assays based on IFNy detection alone)
may significantly underestimate the frequency of CMV-specific T cells. This is relevant
for clinical studies of CMV immunity in humans, and similar rules might apply to other
disease settings and pathogens.

This dissertation also demonstrated the differential expression of ERK1/2 and its

functional consequence in human CD8+ T cell maturation subsets. Although there have
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been several studies examining the molecular signature of T cell maturation subsets and how
genetic modulation might dictate T cell memory maturation (80, 119-121), few studies
demonstrated a direct link to individual proteins determining functional heterogeneity
including IL-2 production in human CD8+ T cell maturation subsets. Moreover, none of
studies highlighted human late memory CD8+ T cells in humans, in part due to technical
limitations such as (a) limited cell number (b) low viability in liquid culture (c¢) difficulty
manipulating gene expression. By overcoming these limitations, I found that ERK1 is
highly down-regulated in human late memory CD8+ T cells and that ERK1 down-regulation
leads to poor production of IL-2 in human late memory CD8+ T cells. These findings
suggest that loss of ERK1 expression is a more accurate marker to delineate human late
memory CD8+ T cells than classical surface markers and that ERK1 expression dictates
functional heterogeneity in human CD8+ T cell maturation subsets.

Adoptive transfer of virus-specific T cells isolated and expanded from a healthy
donor, has been shown to be one of the potential therapeutic modalities against human viral
infections in allogeneic SCT recipients (273-275). Based on the relationship between
polyfunctionality in T cells and virus control, as described in Chapter 1, adoptive transfer of
polyfunctional T cells may be critical for a successful immunity against pathogens. One
recent study demonstrated that the reintroduction of CD28 in CD28- human CD8+ T cells
increased IL-2 production (276). My data suggest that polyfunctionality could be
reconstituted in late memory CD8+ T cells by augmenting ERKI1 expression by
introduction of the gene with a constitutive promoter, leading to a strategy for optimal
adoptive transfer to control viral reactivation in the allogeneic SCT setting.

At the end of this dissertation, a novel therapeutic approach to reduce GVHD was

introduced based on the observation suggesting that ERK 1/2 phosphorylation differs in T
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cell maturation subsets. For the last years, small molecular inhibitors or monoclonal
antibodies have been used to modulate immune function in humans. Of many available
drugs (Cyclosporin A, tacrolimus, steroids etc.), Sirolimus (Rapamycin) has recently been
used as an immunosuppressive drug in SCT. Recent studies suggest that Sirolimus has
potentiating effects on CD4+CD25+ Tregs (277-279), and that activated conventional
CD4+CD25- T cells become highly sensitive to Sirolimus, while Sirolimus rarely induces
apoptosis in CD4+CD25+Tregs (277). I hypothesized that differential phosphorylation of
ERK1/2 reflects its functional utility in human T cell maturation subsets. I demonstrated
that the MEK inhibitor, U0126 suppressed cytokine production in T cells in a stage-
dependent manner, and that U0126 efficiently suppressed alloreactive T cell proliferation
while sparing CMV-specific T cell responses and preserving TGFf production in Tregs.
This novel concept provides a better rationale to selectively inhibit undesired inflammation
(GVHD) induced by early stage T cells (naive and M1) and spare desired immune
function by later stage memory T cells (M2, M3) (protective immunity against viral
reactivation) in allogeneic SCT. These results suggest that it may be more practical to find
more selective targets and manipulate T cell subsets in vivo, to reduce GVHD and restore
protective immunity, than to adoptively transfer ex vivo expanded T cell subsets.

In conclusion, my studies establish the relationship between functional heterogeneity
and molecular signature in human CD8+ T cell maturation subsets (Figure 31 and Table 2).
I demonstrated in this dissertation that a) human late memory CD8+ T cells have a distinct
cytokine production signature characterized by prolific production of MIP-1f (and other CC
chemokines) and poor production of IL-2; b) These functional characteristics result from
ERK1 down-regulation; ¢) ERK1 expression is a superior marker to define polyfunctional

memory CD8+ T cells. Moreover, these findings can be translated into important clinical

112



settings a) by reintroducing polyfunctionality in late memory CD8+ T cells by reexpressing
ERK1 via genetic or pharmacological approaches, and b) by suggesting more rational and
selective strategies to inhibit GVHD while relatively sparing pathogen-specific memory

cells in allogeneic SCT recipients.
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Figure 31. Functional (lack of IL-2 production) and molecular (loss of ERK1)
markers are best to define late memory CD8+ T cells. Summary of the relationship
between functional heterogeneity and molecular signature in human CD8+ T cell
maturation subsets and the rationale for selective inhibition based on differential
expression of MAP kinases.
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