
 i 

NAD+-DEPENDENT SIRT1 REPROGRAMS CD11C+ DENDRITIC 
CELLS AND CD4+ T CELLS TO CONTROL IMMUNE POLARITY 

DURING SEPSIS 
 
 
 
 
 

BY 
 
 
 

AYANA NOEL MARTIN 
 
 

A Dissertation Submitted to the Graduate Faculty of 
 

WAKE FOREST UNIVERSITY GRADUATE SCHOOL OF ARTS AND 
SCIENCES 

 
in Partial Fulfillment of the Requirements 

 
for the Degree of 

 
DOCTOR OF PHILOSOPHY 

 
Molecular Medicine and Translational Science 

 
August, 2017 

 
Winston Salem, North Carolina 

 
 
 

Approved By: 
 

Charles E. McCall, M.D., Advisor 
 

Vidula Vachharajani, M.D., Co-Advisor 
 

Martha A. Alexander-Miller, Ph.D., Chair 
 

Candice Brown, Ph.D. 
 

Michael Seeds, Ph.D. 
 



ii 
 

ACKNOWLEDGEMENTS 

This body of work is dedicated to William Arthur “Skelt” Skelton, Sr. I did it, 

Grandaddy! How ‘bout that?! I love and miss you madly! 

The amount of blood, sweat, and tears that went into this journey can’t 

compare to the amount of faith, love, and support that carried me through. 

First, all glory and honor goes to the Most High God. There is no other 

reason I made it but for His favor and mercy. His word told me that I am 

meant to prosper and not be harmed, to have hope and a future (Jer. 

29:11). I am so grateful He cut me from a different cloth. “But we are not of 

those who shrink back and are destroyed, but of those who have faith and 

preserve their souls” (Heb. 10:39). 

There’s a peace within my mind. There’s a hope that never 
dies. 

There’s a strength within my soul. There’s an anchor within. 
 

There’s a love that follows me all the way to the valley. 
I’m filled with such humility that your anchor’s within. 

 
There’s an anchor within my soul. There’s an anchor that won’t 

let go. 
Jesus! Jesus, you’re the anchor within. 

 
Though the sails may tear, and my heart may shatter. 

Or the weight be weary all the day. 
Still one thing I know, to the Father I’ll go. 

You’re the anchor within. 
 
Thank you Marques Nelson for those inspiring words that got me 

through my darkest nights. Additionally, my faith could not have been 

sustained without the prayers and support of my church family both near 

and far. Specifically, Taylor Campbell and Acecia Thomas. Thank you for 



iii 
 

our weekly devotional calls. You kept my spirit grounded, strong, and 

focused when my mind and heart were too weary. 

Thank you to Dr. Charles “Cash” McCall and Dr. Vidula Vachharajani 

for taking a chance on me. I have learned so many lessons beyond the 

bench from each of you. You both have been excellent mentors, displaying 

leadership with grace and conviction at all times. And thank you Dr. Richard 

Hotchkiss from Washington University and laboratory for leading me 

through Interferon γ detection by ELISPOT. Thank you leaders for giving me 

a scientific family in the lab that extended beyond the walls of campus. 

A very special thank you to Dr. Jamie Ungerleider and Ryan MacLeod 

for providing a safe space for me to discover and grow the warrior that was 

in me all along.  Thank you to Dr. Bernard Roper and soon-to-be Dr. 

Brandon Sowell for your unrelenting support and strong will for me to 

succeed even when I fought to give up. Dr. Melissa Goddard, there are no 

words to express what you mean to me. You were there for me all hours of 

the day and night as a never-ending source of love, support, wisdom, and 

anything else I needed you to be for me. We made it! Dr. Dwayne Godwin, 

thank you for not giving up on me, advocating on my behalf, and reminding 

me that things were always okay. I am forever grateful to you for making the 

end of my journey a cause for celebration.  

Last but never least, there aren’t enough hugs, kisses, and I Love You 

to show my gratitude to my mom Deirdre Skelton. You are my prototype. I 



iv 
 

have watched you and closely modeled all of my ways after you. Your heart 

is so big, your mind is so astute, your character is so elegant, and your faith 

is unwavering.  

There are so many people in my village with whom I share in this 

success; the names would compile a new dissertation. However, I would be 

remiss not to thank: Keith Nelson, Nakia Ward, Jessica Leach, Melanie 

Pilson, Meghan Jean, Richard Barco, Nancy Beuchler, Manal Zabalawi, 

Xianfeng Wang, David Long, Barb Yoza, Jon Wells, Lane Smith, Aaron 

Lazarus, Omeed Rahimi, and the EncepHeal Therapeutics team. R.I.P. 

Missy and Thomas White, who are undeniably part of my success story.  

 

 

 

 

 

 

 

 

 



v 
  

Table of Contents 
1. ACKNOWLEDGEMENTS ............................................................................................ ii 

2. LIST OF FIGURES ...................................................................................................... vi 

3. LIST OF ABBREVIATIONS ........................................................................................ vii 

4. ABSTRACT ................................................................................................................. ix 

5. INTRODUCTION ......................................................................................................... 1 
1.1 Sepsis Inflammation, History, and Treatment. .............................................. 1 
1.2 The Role of Sirtuins in Inflammation and Sepsis. ........................................... 6 
1.3 The Role of T Cells in Sepsis. ......................................................................... 9 
1.4 The Role of Dendritic Cells in Sepsis. ........................................................... 14 
1.5 The Interactions of Innate and Adaptive Immunity and Metabolism 
during Sepsis. ..................................................................................................... 15 
1.6 The Role of SIRT1 in Coordinating Innate Immunity and Metabolism 
during Sepsis and its Promise for Treatment Targeting. ..................................... 17 
1.7 Rationale for Sepsis Models ......................................................................... 19 
1.8 Mice versus Humans ..................................................................................... 20 
1.9 The Purpose of this Study. ............................................................................ 25 

6. MATERIALS AND METHODS .................................................................................. 26 
2.1 Protocol ......................................................................................................... 26 

7. RESULTS .................................................................................................................. 35 
3.1 Effect of SIRT1 Inhibition on Total Splenocytes, CD4+ and CD8+ T 
Cell Subpopulations. ........................................................................................... 35 
3.2 Effect of SIRT1 Inhibition on CD4+Foxp3+ TReg Cells. .................................. 39 
3.3 Effect of SIRT1 Inhibition on CD4+ T Cell Cytokine Polarity during 
Sepsis. ................................................................................................................ 48 
3.4 Effect of SIRT1 Inhibition on CD80/CD86 Dendritic Cell Ratios. .................. 55 
3.5 Effects of SIRT1 Inhibition on CD11c+CD80+ DCs. ..................................... 59 
3.6 Effects of SIRT1 Inhibition on CD11c+ DC Immune Mediator Axis. ............. 62 

8. DISCUSSION ............................................................................................................ 66 

9. CONCLUSION .......................................................................................................... 73 

10. REFERENCES .......................................................................................................... 75 

11. APPENDIX .............................................................................................................. 112 

12. CURRICULUM VITAE ............................................................................................. 125 



 vi 

LIST OF FIGURES 

Figure 1 – Model of Sepsis Reprogramming. ........................................................... 4 

Figure 2 – Mouse Model of CLP. ........................................................................... 28 

Figure 3 – Timeline of Murine Sepsis Progression and Intervention Model. .......... 30 

Figure 4 – SIRT1 inhibition has no effect on frequency and number changes 
in total splenocyte and CD4+ T cells during sepsis-induced 
immunosuppression. ....................................................................................... 38 

Figure 5 – The frequency of CD4+Foxp3+ and CD4+Foxp3+CD25+ TReg 
cells reversibly increqase in sepsis with SIRT1 inhibition. ............................... 44 

Figure 6 – SIRT1 inhibition reduces the frequency of CD4+Foxp3+CTLA4+ 
TReg cells. ......................................................................................................... 45 

Figure 7 – The decrease in CD4+Foxp3+ TReg cells is maintained with 
SIRT1 inhibition at 48h. ................................................................................... 47 

Figure 8 – CD4+ T cell-associated cytokines are reprogrammed in a SIRT1 
dependent manner. ......................................................................................... 52 

Figure 9 – SIRT1 inhibition reverses T cell derived IFNγ secretion. ...................... 53 

Figure 10  – Summary of CD4+ TTotal:TReg cell population changes. ..................... 54 

Figure 11 – Effects of Sepsis and SIRT1 inhibition on CD11c+ DCs 
Costimulatory Markers. .................................................................................... 58 

Figure 12 – SIRT1 inhibition differentially modulates CD11c+CD80+ DCs. .......... 61 

Figure 13 – Sepsis polarizes CD11c+ DC cytokine responses in a SIRT1 
dependent manner. ......................................................................................... 64 

Figure 14 – Summary of CD11c+ changes due to sepsis and SIRT1 
inhibition. ......................................................................................................... 65 

Figure 15 – Model of DC-SIRT1 Programming T Cell Polarity. .............................. 74 

 



 

vii 
 

 LIST OF ABBREVIATIONS 

ANOVA analysis of variance 

BTLA B and T lymphocyte attenuator  

CLP cecal ligation and puncture 

COPD chronic obstructive pulmonary disease  

CTL cytotoxic T lymphocytes 

CTLA4 cytotoxic lymphocyte associated antigen-4  

DAMP danger-associated molecular patterns 

DC Dendritic cells  

DCA dichloroacetate 

FACS Fluorescence-activated cell sorting 

FOXO class O of the forkhead box transcription factors  

Foxp3 forkhead box P3 protein  

G-CSF granulocyte colony-stimulating factor  

GATA-3 GATA binding protein-3  

HLA human leukocyte antigen 

ICU intensive care unit 

IFNγ interferon-gamma 

IL-10 interleukin-10 

IL-1β interleukin-1beta 

IL-6 interleukin-6 

MHC major histocompatibility complexes  

NAD nicotinamide adenine dinucleotide 



 

viii 
 

NADH nicotinamide adenine dinucleotide + hydrogen 

NAMPT nicotinamide phosphoribosyltransferase  

NF-κB nuclear factor kappa B  

PAMP pathogen-associated molecular patterns 

PD-1 programmed death receptor-1  

PDC pyruvate dehydrogenase decarboxylase complex 

PDK pyruvate dehydrogenase kinase 

PDL1 Programmed Death Ligand1  

PGC-1α 
peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha  

PPARγ peroxisome proliferator-activated receptor gamma 

PPs peyer's patch 

RORγt retinoic acid receptor-related orphan receptor gamma-T  

ROS reactive oxygen species 

SIRT sirtuin 

SOCS suppressor of cytokine signaling 3  

STAT signal transducer and activator of transcription 

T-bet T-box transcription factor 

TCR T cell receptor 

TGFβ transforming growth factor-β 

Th T helper cell 

TNFα tumor necrosis factor - alpha 

T Reg  T regulatory cell 



 

ix 
 

ABSTRACT 

There is a deficit in the understanding of immune response polarity 

during sepsis and acute inflammation. Skewing of the polarity can lead to 

immunometabolic dysfunction, organ failure, and death from sepsis. Sirtuins 

are known regulators of immunity and have been shown to play a pivotal 

role in regulating innate immune responses. However, their role in adaptive 

immune responses remains uncertain. The findings presented in this body 

of research indicate several novel aspects of T cell programming during 

sepsis and, for the first time, bridge sepsis effects on innate and adaptive 

immunity. In our model, SIRT1 activation acts through CD11c+ tolerogenic 

dendritic cells and their support of TGFβ and IL-10 secretions from CD4+ 

TReg cells as contributors to sepsis immunosuppression. That SIRT1 drives 

this innate and adaptive immune link is supported by the ability of SIRT1-

specific inhibitor EX527 to reverse this process. As a result, both the 

CD11c+ dendritic cell and the CD4+ TH1 cell functions are reprogrammed 

to a pro-immune state to support infection resolution and promote sepsis 

survival. We predict that SIRT1 inhibition in failing organs like liver, heart, 

and kidney may also restore the anabolic needs of these organs to recover 

their function as part of the unifying concept of regulating homeostasis 

during sepsis. Since there are presently no mechanism-based targets for 

sepsis, this study may have high impact on how sepsis kills, how it survives, 

and how it may be treated by unifying homeostasis principles. As such, our 
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study may have both significant clinical and financial implications to our 

health care system. 
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INTRODUCTION 
 

1.1 Sepsis Inflammation, History, and Treatment. 

Sepsis is a systemic loss of homeostasis in response to an 

infection that can lead to immunometabolic dysfunction, organ failure, and 

death. It can be caused by gram-negative (G-) and gram-positive (G+) 

bacteria, fungi, viruses, and parasites and is the 10th leading cause of 

death in the United States (US), as it accounts for over 200,000 deaths 

per year in intensive care units (ICUs) in the US and 60-80% of deaths 

worldwide1–6. Despite advancements in supportive care in ICUs, the 

incidence of sepsis doubled in the US between 2000 and 2008 and 

continues to rise at rates between 1.5% and 8% per year4–9. Sepsis is a 

major public health concern and poses a cumbersome burden to the 

healthcare system, accounting for over $20 billions of US hospital costs7–

10.  

The clinical definition of sepsis has been modified over time as new 

insight emerges and old entrenched ideas dwindle. At the most recent 

International Consensus Definitions for Sepsis and Septic Shock in 2016, 

updated definitions and clinical criteria were established to offer greater 

reliability and consistency for epidemiologic monitoring, as well as 

facilitate earlier recognition and more timely management of patients with 

or at risk of developing sepsis10. Sepsis is now defined as life-threatening 

organ dysfunction caused by a dysregulated host response to infection. 
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This definition also embraces the marked dysregulation of innate and 

adaptive immunity that leads to profound immunosuppression with 

persistent infections concomitant with organ failure.  

Sepsis has been recognized since Greek times, but there still 

remains no specific diagnostic test or mechanism-based treatment despite 

regular changes in clinical and molecular perspectives about sepsis. 

Hippocrates (460–c.375 BC) first introduced sips —“to make rotten”— to 

describe a process through which living tissues were broken down, flesh 

rotted, and wounds festered11–13. Galen of Pergamon (129–216 AD) 

added to this definition by describing the clinical manifestations of 

localized acute inflammation. His four fundamental signs of inflammation 

were rubor (redness), calor (heat), dolor (pain), and tumor (swelling), to 

which Celsus (1701-1744) added a fifth sign – functio laesa (loss of 

function) 11–13. Despite being clinically aware of sepsis for more than 2 

millennia, it is only within the last 40 years that the response of the host-

to-microbial invasion, as opposed to solely the microbial invasion, has 

been appreciated in understanding the morbidity of infection11,14,15.  

Much knowledge has accrued around how sepsis is initiated. Its 

initial immune response is activated by pathogen-associated molecular 

patterns (PAMPs) and danger-associated molecular patterns (DAMPs) 

from virulent bacteria and fungi. These PAMPs and DAMPs are 

recognized by innate immune cells, leading to increased leukocyte 

adhesion and disproportionate delivery of leukocytes to local tissue where 
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excessive amounts of pro-inflammatory cytokines, such as tumor necrosis 

factor-α (TNFα), interferon-γ (IFNγ), interleukin-6 (IL-6), and interleukin-1β 

(IL-1β), are subsequently released – termed a “cytokine storm”16,17. This 

cytokine storm results in necrosis of the surrounding tissue, leading to a 

potentially fatal injury of the organs. The uncontrolled hyperinflammatory 

response activates caspase-mediated apoptotic pathways of adaptive 

immune cells, marking the transition to the hypo-inflammatory response18. 

Sepsis induces widespread apoptosis, at least in part, due to reactive 

oxygen species (ROS). This is evidenced by pronounced lymphopenia in 

the spleen and blood of septic patients19–21. Anti-inflammatory cytokines 

interleukin-10 (IL-10) and transforming growth factor-β (TGFβ) become 

elevated to counter the uncontrolled inflammation, consequently 

decreasing the pro-inflammatory onslaught. Furthermore, T cells not 

undergoing apoptosis upregulate receptors and pathways that inhibit T cell 

functions, such as programmed death receptor-1 (PD-1), cytotoxic 

lymphocyte associated antigen-4 (CTLA-4), B and T lymphocyte 

attenuator (BTLA), and transcription factor Foxp3. These inhibitory T cells 

combined with increased anti-inflammatory cytokines provide an 

environment conducive to immune suppression and tolerance. Taken 

together, it has become increasingly clear that sepsis rapidly shifts from a 

pro-immune state to an anti-immune state. This polarity is depicted in 

Figure 1. An important feature of sepsis, still overlooked by many, is that 

subjects with clinical sepsis are cared for mostly during a state of chronic 
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immune suppression with unrelenting organ failure and frequent death, in 

which both innate and adaptive immune arms participate. This prompts 

many questions about what controls the shift into immune suppression 

and what changes occur when sepsis patients resolve the systemic 

inflammation, rebalance immunity, and restore the old state of 

homeostasis or reestablish a “new” homeostasis. 

 

Figure 1 – Model of Sepsis Reprogramming. 

Acute systemic inflammation switches from the pro-

inflammatory phase to the adaptation phase and is marked 

by cellular apoptosis. (A) Controlled acute inflammatory 
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immune responses rapidly transition from hyper-

inflammatory phase to hypo-inflammatory phase, but return 

to homeostasis quickly. (B) Exaggerated acute inflammatory 

immune responses have delayed resolution, but eventually 

return to homeostasis. (C) Lethal uncontrolled acute 

inflammatory immune responses sustain the hypo-

inflammatory phase with no resolution. Adapted from 

Virulence. 2014;5(1):45-56. 

Before the transient nature of the biphasic model of sepsis was 

appreciated, therapeutic interventions emphasized early intervention 

aimed at decreasing the pro-inflammatory state. Over 100 Phase I and II 

clinical trials have been executed since 1976 that have failed to achieve a 

successful sepsis intervention22,23. Each trial had a similar approach to 

reducing patient mortality in treated patients: targeting early inflammation. 

These targets have included nonselective suppression of inflammation 

using corticosteroids or ibuprofen; selective neutralization of microbial 

products such as endotoxin or host inflammatory mediators such as TNFα 

and interleukin-1 (IL-1); and the administration of proteins that stimulate 

aspects of immune function, including IFN-γ and granulocyte colony-

stimulating factor (G-CSF)11,22,24. The trials stressed physiology and not 

changes at cellular and humoral levels. Now, it is becoming increasingly 

clear that sepsis is bridged from pro- to anti-immune state with 

concomitant activation of both pro- and anti-inflammatory responses 
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during early sepsis20,25–28. van Dissel et al detected an elevation of serum 

IL-10 during early progression of sepsis in patients29. Gogos et al reported 

a high ratio of IL-10 to TNFα correlated with patient mortality during the 

hyperinflammatory phase of sepsis30. Semmler et al showed that TGFβ 

increased in sepsis induced brain dysfunction31. This increased 

appreciation of the heterogeneity of sepsis has led to a new emerging 

concept of sepsis and provided new therapeutic opportunities. 

Improvements in clinical treatment protocols have resulted in most 

patients surviving the initial hyper-inflammatory phase25. Thus, phase-

specific treatments remain a critical need, although there are limited ways 

to identify that the phase shifts have occurred. However, two markers of 

identifying these phase shifts are being employed in new treatments 

aimed at enhancing immunity: total blood lymphocyte counts and human 

leukocyte antigen (HLA)25. Another critical unknown is what mechanisms 

control the “axis” of pro- and anti-inflammation and reprogram immunity. 

Our research team has implicated a family of homeostasis regulators. 

1.2 The Role of Sirtuins in Inflammation and Sepsis. 

Sirtuins are a highly-conserved family of seven proteins (SIRT1-7) 

that are pivotal in guarding homeostasis. First discovered in yeast as 

nicotinamide adenine dinucleotide (NAD+)-dependent epigenetic and 

metabolic regulators, similar function has been found in human physiology 

and disease32–34. Sirtuins are ubiquitously expressed in many tissues and 

each member localizes to distinct cellular compartments. SIRT1, SIRT6, 



 

7 
 

and SIRT7 localize to the nucleus, where they influence epigenetic 

programming through histone deacetylation. SIRT1 also deacetylates 

transcription factors and enzymes, further influencing cellular responses. 

SIRT2 was originally reported to localize to the cytosol, however more 

recent evidence supports localization to the nucleus as well and mediates 

cell cycle control. SIRT3, SIRT4, and SIRT5 localize to the mitochondria 

and regulate metabolic enzymes and oxidative stress. Despite distinct 

compartmentalization, SIRTs are able to coordinate cellular responses 

throughout the host. Though their primary function is histone 

deacetylation, other enzymatic functions like deacylation, desuccinylation, 

and demalonylation have been reported35.  

Over the past two decades, SIRTs emerged as key redox sensors 

(NAD+) and regulators of epigenetic and post-translational programming. 

An increasing body of evidence has supported that sirtuins play a critical 

role in sensing bioenergy needs and restoring homeostasis under stress 

conditions. NAD+ serves as a vital cofactor that regulates many key 

metabolic processes36,37. During stressed and inflammatory states, such 

as caloric restriction and pathogenic infection, NAD+ levels rise due to 

oxidation of nicotinamide adenine dinucleotide + hydrogen (NADH) or de 

novo generation of NAD+ by nicotinamide phosphoribosyltransferase 

(NAMPT), leading to activation of sirtuins to regulate and restore 

homeostasis37–41. Alternatively, processes in which NAD+ levels are 

declining due to removal by CD38 or depletion by epigenetics, such as 
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aging and age-related diseases, suffer from metabolic complications that 

are corrected with sirtuin activation, most notably SIRT142–47. Thus, low 

NAD+ levels and low activity of some SIRTS (e.g., 1, 3, 6) are associated 

with elevated inflammation, a trait of aging cells and organisms, which can 

rebalance homeostasis. For some SIRTS, increasing NAD+ and activating 

SIRTs (e.g. 2 and 3) can prolong life span. How do NAD+ changes and its 

activation of SIRTs protect homeostasis and balance inflammation? 

SIRT1 is the most characterized of the sirtuin family. Diverse 

studies on worms, rodents, and humans48–53 have led to identifying a 

growing list of substrates for SIRT1 including: tumor suppressor p53; 

metabolic transcription factor peroxisome proliferator-activated receptor 

gamma (PPARγ); metabolic coactivator peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α); nuclear factor kappa B 

(NF-κB); and class O of the forkhead box transcription factors (FOXO). 

SIRT1’s diverse regulation of transcription factors and enzymes provides 

support for a broader role for SIRT1 in regulating homeostasis beyond 

modulating NAD+ responses. 

Decreasing SIRT1 activity by pharmacological inhibition (such as 

sirtinol, nicotinamide, and EX527) or gene knockdown potentiates 

inflammatory responses54. Low SIRT1 protein is observed in the lungs of 

rats exposed to cigarette smoke, as well as in the lungs of patients with a 

history of smoking or chronic obstructive pulmonary disease (COPD)55,56. 

In contrast, increasing SIRT1 activity by pharmacological activation (such 
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as resveratrol and SRT1720) or gene overexpression inhibits inflammatory 

responses54,57. High levels of SIRT1 correlate with decreased 

inflammatory responses in calorie restricted rodents40,58,59. Studies have 

demonstrated a regulatory role for SIRT1 in NF-κB-mediated 

inflammation60–62 and it has further been established that SIRT1 

deacetylates the RelA/p65 subunit of NF-κB, which inhibits its 

transactivation potential. In the case of sepsis, SIRT1-mediated inhibition 

of NF-κB results in inhibition of inflammatory TNFα and IL-1β responses 

and induction of tolerance63–65. Liu et al demonstrated in human monocyte 

cell line, THP-1, and in primary human leukocytes that SIRT1 

deacetylated RelA/p65 lysine 310, terminating NFκB-dependent 

transcription, and also induced RelB, which directs assembly of a 

transcription repressor complex involved in sustaining endotoxin 

tolerance63. Furthermore, this SIRT-1 mediated induction of RelB 

coordinates SIRT3 expression and increases mitochondrial 

bioenergetics66.  

1.3 The Role of T Cells in Sepsis. 

Sepsis induces marked changes in the functions of T cells during 

sepsis, impairing both the quantity and quality in function after the pro-

inflammatory phenotype switches to an anti-inflammatory phenotype 

(Figure 1). As previously mentioned, most of the research on the phase 

shifts in sepsis has centered on the innate immune response, overlooking 

potential contributions from the adaptive immune system. When coupling 
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the switch from innate immune response to the anti-inflammatory state 

from adaptive immune cells, profound defects in immunity occur and 

infections may be unchecked.   

T cells are divided into CD4+ and CD8+ populations and provide 

important regulatory and effector immune functions. During infection, T 

cells cycle through four phases: Activation, Expansion, Contraction, and 

Memory67–70. Briefly, T cells require two-step activation. The first step is T 

cell receptor (TCR) stimulation; the second step is antigen presentation 

through major histocompatibility complexes (MHC) class I or II. 

Additionally, T cells can receive co-stimulation from inflammation-

associated cytokines to fine-tune and amplify their differentiation. Once 

activated, T cells undergo clonal expansion to amplify their effector 

response to the specific antigen presented. Once the infection has been 

neutralized and cleared, the contraction phase induces apoptosis of 

greater than 90% of T cells. The surviving T cells remain as memory T 

cells (TM) to quickly protect from future infection. 

CD8+ T cells, known as cytotoxic T cells or lymphocytes (CTL), 

receive antigen from MHC-I expressing cells and are critical in immune 

defense against viruses and intracellular bacteria. CTL cells directly target 

and kill cells that have been infected or damaged through cytolysis via 

perforin and granzyme71. During sepsis, CTL cells are severely depleted, 

with naïve and memory CD8+ T cells being most susceptible to 

apoptosis16,72. Moreover, CTL cells enter an “immunoparalyzed” state 
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during sepsis and chronic infections referred to as T cell exhaustion73,74. 

Such cells are unresponsive to antigen stimulation, but the phenotype is 

reversible75. However, dysfunction of CTL cells can persist; Gurung et al 

and Condotta et al both reported a reduced ability of CTL cells to control 

infection ranging from weeks to months post-septic infection76,77. 

Furthermore, recovery of CTL cell numbers post-sepsis is marked by long-

lasting alterations in T cell repertoire that impact subsequent immune 

responses78–80. 

CD4+ T cells, known as T helper (TH) cells, receive antigen from 

MHC-II expressing antigen presenting cells (APCs) and function to help 

the activity of other immune cells via secretion of cytokines. CD4+ TH cells 

can be further divided into four major subpopulations: TH1, TH2, TH17 and 

T regulatory (TReg) cells. Differentiation into the different CD4+ TH lineages 

is dependent upon transcription factor regulations and their control over 

specific cytokine expression which promote the distinct subtypes, although 

there are some overlaps81,82.  

The first subpopulation, TH1 cells, produce interferon-gamma, IL-2, 

and TNFα in order to activate macrophages and modulate phagocyte-

dependent protective responses83. IL-12 and IFNγ initiate the development 

of TH1 cells81,82,84. IL-12 induces IFNγ production which is enhanced by 

the master transcription factor for TH1 cells T-box transcription factor (T-

bet). T-bet also suppresses the development of TH2 and TH17 lineages85–

88. 
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The second subpopulation, TH2 cells, are critical in cutaneous and 

mucosal host defense from helminths and are involved in the 

pathophysiology of allergic diseases such as asthma83,89. TH2 cells are 

differentiated by IL-2 and IL-4 cytokines and are defined by the TH2 

master transcription factor GATA binding protein-3 (GATA-3)81,90–93. IL-2 

induces STAT5 to activate synergistic IL-4 production, in coordination with 

GATA-3, which further supports maturation of TH2 cells in an autocrine 

manner, but also inhibits TH1 cell lineage. In addition to IL-4, TH2 cells also 

secrete IL-5, IL-13, which are responsible for strong antibody production, 

eosinophil activation, and inhibition of macrophage function83,89.  

TH17 cells, the third subpopulation, are differentiated by IL-6 and 

TGFβ and are defined by transcription factor retinoic acid receptor-related 

orphan receptor gamma-T (RORγt). IL-6 induces upregulation of RORγt 

through STAT3 signaling94. TGFβ inhibits suppressor of cytokine signaling 

3 (SOCS3), which is an inhibitor of STAT3 signaling pathways, thereby 

enhancing RORγt expression95. TH17 cells secrete IL-17 and IL-22, which 

are involved in recruitment of neutrophils and macrophages during 

inflammatory responses94. Thus, they are among the adaptive immune 

effector cell population and are in high concentrations in the intestine and 

skin96,97. 

Lastly, the fourth subpopulation is the TReg cell lineage. These cells 

repress effector immune cells, a trait that is critical in suppressing pro-

inflammatory responses in order to minimize tissue damage and restore 
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immune homeostasis82,98. TReg cells are differentiated by TGFβ signaling 

and defined by master regulator transcription factor forkhead box P3 

protein (Foxp3)99. Unlike TH17 cells, which are committed to their lineage 

at low concentrations of TGFβ in combination with IL-6, TReg cell 

commitment is diverted by high concentrations of TGFβ that activate 

Smad proteins to induce upregulation of Foxp3100–103. Furthermore, 

Smad3 enhances TReg commitment by blocking RORγt transcription102,103.  

Sepsis polarizes CD4+ adaptive immune T cells by rapidly 

activating TReg cells as early as 24 hours after onset, despite ongoing 

lymphopenia25,104,105. TReg cells are more resistant to apoptosis than are 

CD4+ and CD8+ effector immune cells25,106, thus shifting the balance of 

CD4+ adaptive immune cells to the suppressive TReg phenotype and 

sustaining the paralysis of the innate immune cells. CD4+ TH cell 

responses become altered and transform into TReg and TH2 cell-mediated 

responses that suppress the TH1 and TH17 cell-mediated responses25,107. 

Additionally, pro-immune CD4+ TH cells undergo anergy, or exhaustion, 

from prolonged antigen exposure, rendering them unresponsive and 

reducing their numbers as the immune response shifts to compensate and 

regain homeostasis75,108,109. 

Consistent with the shifting T cell populations, the cytokine milieu 

also changes from pro-inflammatory TNFα and IFNγ cytokines to anti-

inflammatory TGFβ and IL-10 cytokines, which support the TReg lineage 

and immunosuppressive environment of sepsis98,110. Although the 
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excessive activation of TReg cells and their repressor functions may 

contribute to morbidity and mortality from sepsis has been well 

documented, the mechanism driving the TReg cell axis in vivo during sepsis 

is unclear 111–113.  

1.4 The Role of Dendritic Cells in Sepsis. 

Dendritic cells (DCs) are specialized cells that form a critical bridge 

between innate and adaptive immunity. These sentinel cells recognize and 

are activated by PAMPs and DAMPs via phagocytosis and endocytosis. 

Briefly, pathogen danger signals are taken up into vesicles (lysosomes 

and endosomes), which become increasingly acidic and degrade the 

pathogen with proteolytic enzymes (cathepsins) into peptide fragments for 

MHC presentation to adaptive immune cells114–117. Like T cells, DCs are a 

heterogeneous cell population with subpopulations differing based on 

tissue specificity and cell surface marker expression. The phenotypic 

definition of DCs is evolving; however the current definition of DCs 

includes constitutive expression of CD45, MHC–I or –II, and CD11c on the 

cell surface118,119. For the purpose of this study, CD11c expression was 

used to identify splenic DCs. 

DCs provide the signals required for activation and programming of 

naïve T cells, as described in section 1.3. The first signal for TCR 

activation comes from the MHC–I or –II molecule with the small peptide of 

the degraded pathogen119–121. The second signal for T cell differentiation 

comes from costimulatory molecules expressed on DC surface119–121. The 
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two primary costimulatory molecules are CD80 (B7.1) and CD86 (B7.2) 

and intriguingly share ligands CD28 and CTLA-4 expressed on T cells. 

CD28 and CTLA-4 have opposing roles in the T cell: CD28 promotes, 

while CTLA-4 inhibits, T cell responses122–124. Although mechanisms 

remain to be clarified, CD80 and CD86 have different affinities for the 

shared ligands as well as differential roles in CD4+ T cell programming. 

These include preferential binding affinities for the CD80-CTLA4 

interaction125, and CD80 promotes TReg cell programming while CD86 

inhibits TReg cells and promotes proliferative T cell responses126. These 

polarizing effects have been confirmed by genetics using animal knockout 

models127. The potential that DCs may bridge innate immunity and 

adaptive T cell immunity during sepsis became more intriguing for this 

project when G. Liu (2015) et al implicated a role for SIRT1 in 

programming CD4+ T cells by influencing cytokine secretions, which serve 

as a supporting third signal for T cells128. Their study showed that SIRT1 

blockade in CD11c+ DCs led to increased IL-12p40 and decreased TGFβ 

expression. They further showed that naïve CD4+ T cells co-cultured with 

SIRT1-deficient CD11c+ DCs resulted in increased IFNγ-expressing CD4+ T 

cells and decreased Foxp3-expressing CD4+ T cells. 

1.5 The Interactions of Innate and Adaptive Immunity and Metabolism 

during Sepsis. 

Ample published information implicates both innate and adaptive 

immunity as critical contributors to development and high mortality rates of 
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sepsis in animal and human models 129–131. The initiating and transient 

state of early sepsis requires that innate immune cells – particularly 

neutrophils, blood monocytes, and tissue macrophages – enter an 

activation state that is anabolic in nature and mounts cell defenses against 

the invading microbes. As previously introduced, adaptive immune T cells 

play a critical role in sepsis as the major contributors to the 

immunosuppressive state that follows sepsis-included immune activation. 

The importance of compromised T cell immunity has prompted the most 

recent and new strategy to treat sepsis by immune enhancement25,132. 

Examples of these are two ongoing sepsis clinical trials that are targeting 

IL-7 and PD-1 (NCT02797431, NCT02576457). 

Emerging data clearly show that the nutritional state of immune 

cells may drive their function, and this fueling concept applies to most, if 

not all, immune cells133. For example, glucose fueling of glycolysis and 

mitochondrial oxidation are required for optimal innate and adaptive 

immune responses by promoting anabolic pathways that arm immunity by 

cell differentiation and replication134,135. These cell developmental 

processes need anabolic biosynthetic pathways linked to making more 

proteins, nucleic acids, lipids, membranes, and carbohydrates.  

During sepsis, the initiation state induces destructively high levels 

of ROS and a massive increase in production and release of cytokines 

(cytokine storm of Figure 1). Immunometabolic resources rapidly switch 

from predominantly anabolic glucose and amino acid use to catabolic fatty 
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acid use for adenosine triphosphate (ATP) generation, which is less 

efficient133,134.  Concomitant with this switch in cell nutrients is a transition 

from a high energy effector innate and adaptive immune state to a lower 

energy immunosuppressive phenotype136,137. In lethal sepsis, the 

immunometabolic switch is associated with profound immune 

suppression, in which both effector innate immune cells and adaptive 

immune cells have changed the host immune polarity into a dysregulated 

state of bioenergy paralysis138. This prolonged immunoparalysis that 

occurs concomitant with organ failure is associated with broad defects in 

glucose, fatty acid, and amino acid fueling, which is likened to severe 

starvation or hibernation 138. What is not known, nor well studied, is 

whether the switch in polarity of immune cells is controlled by a unified 

mechanism. This is critically important, since there are no specific 

treatments available except for physiologic support measures, i.e. 

supporting blood pressure, administering fluids, and maintaining lung, 

heart, and kidney functions by ventilators, pharmacological treatments, 

and dialysis.  

1.6 The Role of SIRT1 in Coordinating Innate Immunity and 

Metabolism during Sepsis and its Promise for Treatment Targeting. 

Mounting, although limited, data suggest that SIRT1 contributes to 

development and function of T cells139 (e.g., CD8 cell exhaustion140; 

CD4+cell anergy141; CD4+ TH17 development142; and sustaining the 

function of Treg cells143,144). Most of these studies were designed to 
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investigate cell development and applied functionally to non-inflammatory, 

chronic inflammatory, or autoimmune diseases—not to sepsis. Also, many 

of the studies focused on cell:cell interactions in vitro, and had limited data 

on how SIRT1 controls immunity in vivo. A recent study, however, used 

mouse genetics and chemical inhibitors to clearly implicate SIRT1 as a 

pivotal supporter of TReg function in BALB/c mice128, where SIRT1 played 

an essential role in vivo in sustaining T Reg reg function by its control over 

CD11c+ DCs in spleen and lymphoid tissue. Mechanistically, increased 

expression of SIRT1 in lymph node and splenic dendritic cells directed a 

shift from CD4+ effector cell support to T Reg repressor cell maintenance. 

CD8+ T cells were not regulated by SIRT1 in vivo.  

We previously discovered that SIRT1, as a redox and metabolic 

sensor and immune regulator, epigenetically drives the switch from the 

anabolic effector state in innate immune monocytes and to the catabolic 

state of the repressor monocyte or macrophage145. This 

monocyte/macrophage axis is frequently called M1 (effector) vs. M2 

(repressor) cell phenotypes. Our study also showed that inhibiting SIRT1 

increased M2 and decreased M1 monocytes, if SIRT1 was inhibited in the 

early immune repressor state in lean septic C57BL/6 mice. Most 

importantly, there was a clear enhancement of M1 immune competence 

as determined by cytokine profiling, which correlated with improved 

microvascular inflammatory responses, and substantially improved 

survival. That study, however, did not address whether SIRT1 might be a 
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universal regulator of both innate and adaptive immune polarity during 

sepsis, a compelling unanswered question.  

1.7 Rationale for Sepsis Models 

Sepsis is a systemic loss of homeostasis in response to a microbial 

infection that can lead to immunometabolic dysfunction, organ failure, and 

death. As previously discussed in Introduction 1.1, the development of an 

effective therapeutic for the sepsis treatment has been largely 

unsuccessful. The lack of a truly clinically relevant and predictive animal 

model is one of the key barriers hampering translatable therapeutic 

developments146–148. Numerous species, such as rabbits, cats, dogs, 

sheep, pigs, and nonhuman primates have been used in an effort to 

completely replicate the complexity of clinical human sepsis149. 

Additionally, various induction methods have been routinely used to 

simulate sepsis by several techniques, including endotoxin (LPS), bacteria 

infusion, or surgical ligation and perforation of the cecum (cecal ligation 

and puncture, CLP). In view of the difficulties, the careful choice of sepsis 

models is crucial for preclinical studies of new therapeutic agents. 

The most popular preclinical sepsis models use mice147,149. 

Genetically modified strains are available as a sophisticated way to 

explore the importance of particular gene products, pathways, and specific 

intervention responses in the pathogenesis of sepsis. Moreover, 

numerous assays, kits, and immunological reagents are commercially 

available for murine systems. Despite their popularity, mice come with 
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caveats to which larger animal models offer resolve. For example, some 

mouse strains are largely less sensitive to toxic and/or lethal doses of 

LPS. The induction dose of LPS in mice is about 1000-fold to 10,000-fold 

greater than the dose of LPS that is required to induce severe illness and 

hypotension in humans150–152. Sheep, pigs and rabbits are more sensitive 

to LPS, better simulating the human response153. Another limitation of 

mice studies is their small size. In order to evaluate time-dependent 

pathology, tests must be performed on separate groups of mice146. Larger 

animal models allow for serial evaluations and sampling of blood, other 

fluids, and tissues. This provides greater statistical power and ability to 

deduce correlations with relatively few animals. Nevertheless, mice remain 

the most prevalent model due to their abundant commercial resources, 

diverse strains, and human sepsis replication. 

1.8 Mice versus Humans 

CLP was developed more than 30 years ago and remains to be the 

most widely accepted and suitable model for sepsis studies in mice154–156. 

Both LPS injection and CLP models reproduce key features of human 

sepsis, including polymicrobial infection, elevated circulating levels of 

HMGB1 and TNF, and hyperdynamic metabolic and immunological 

responses146,149,157. However, studies comparing the two methods have 

reported different cytokine responses, different hemodynamic profiles, 

and, perhaps most significant, different effects on mortality in response to 

various experimental treatments149,155,158. The CLP model is accepted as 
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more reflective of the human features and remains the “gold standard” in 

sepsis models. 

It is important to recognize some additional key differences 

between mice and humans and shortcomings of the CLP model. First, 

temporal kinetics and magnitude of response to restore host immunity 

differ between mice and humans. The course of sepsis in mice, from onset 

to death, occurs in hours to days; meanwhile in humans, the septic course 

progresses in days to weeks147,149. Further supporting the difference in 

temporal kinetics, a second difference between mice and human sepsis is 

the stage at which sepsis is treated. Experimental models of sepsis in 

mice allow for the condition to be studied from early pro-inflammatory 

onset through the transition to late anti-inflammatory stage of sepsis. Due 

to a lack of specific diagnostic testing, most humans present or are 

diagnosed during the late stage of sepsis. 

A third key difference is in genome wide changes. Changes in gene 

expression profiles of murine acute inflammation have been shown to 

poorly mimic those of human inflammatory responses. Seok et al reported 

that there was minimal correlation (Pearson correlation R2 = 0.01) of gene 

expression changes during acute endotoxemia between mice and human 

patients28,159. Furthermore, the gene expression observations by Seok et 

al during recovery from acute endotoxemia were also consistent with the 

minimal correlation in temporal kinetics, as previously mentioned. The 

time to restore normal gene expression levels was hours to days in mice 
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and months in human patients159. Interestingly, Takao and Miyakawa 

challenged the poor correlation conclusion, reporting significant 

correlations of gene expression profiles between mouse models and 

human conditions (Spearman’s rank correlation coefficient: 0.43–0.68)160. 

However, a review by Warren et al comparing the two genomic studies 

pointed out that the evidence presented by Takao and Miyakawa actually 

supported Seok’s original findings. Among the 13,586 genes changed in 

the human disease, the model presented by Takao and Miyakawa 

reflected only 1,608 murine genes (or 12%) correctly to some extent160,161. 

However, none of these studies assessed the initiation phase by mRNA, 

protein analyses, or metabolic reprogramming. 

Lastly, sepsis pathology contains some inherent variability that 

translates to both mice and humans. Sex is an influential factor in 

surviving sepsis. Many studies have reported male sex as a risk factor in 

the development of infectious complication after trauma and mortality162–

168. Increased incidence and mortality was associated with increased 

expression of TNF, IL-6, IL-1, IL-10, among other mediators, in males169–

173. One study reported the survival rate of women with sepsis as 74%, a 

striking contrast to the 31% of men who survived162. Zellweger et al 

revealed an increased survival rate of female mice following CLP 

compared with male animals165. Furthermore, Diodato et al reported a 

decreased susceptibility to sepsis in proestrus female mice compared with 

males following trauma174. The above studies support that male sex 
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steroids appear to be immunodepressive whereas female sex steroids 

increase immune responses. 

Another inherently confounding factor of sepsis is age. The 

prevalence and mortality of sepsis increase with age, with the elderly 

population constituting two thirds of severe sepsis cases despite only 

making up one fifth of the US population175,176. Angus et al retrospectively 

studied discharge records from 7 US hospitals and found that the mean 

age of patients with severe sepsis was 63.8 years3, which was confirmed 

in additional studies around the world177,178. Several risk factors of aging 

predispose the elderly population to increased sepsis incidence. Co-

morbidities such as renal and pulmonary diseases are commonly 

associated with increased sepsis incidence and are more crucial in 

patients with advanced age179–181. However, co-morbidities alone are not 

sufficient for aggravating compromised immunity. Recurrent 

hospitalization and instrumentation, such as urinary catheterizations, are 

also responsible for breaching an already compromised immunity182. 

Furthermore, the immune system in the elderly is in an abnormal state of 

immunosenescence, or functional impairment due to cellular aging183–188. 

We have yet to test whether inhibiting SIRT1 improves outcome in aging 

mice. 

The sex differences and aging risk factors are not lost on 

experimental studies in mice189–192. However, for reasons of minimizing 

external factors and maximizing reproducibility, mouse models fall short in 
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addressing the complete translational picture. For example, most 

experimental studies only use mice of the same sex to minimize sex 

differences that may confound and mask important results. Additionally, 

the vast majority of experimental sepsis studies use young adult mice less 

than 3 months old —comparable to a person under 20 years of age— 

without any co-morbdities191. It is significant in this regard to note that a 

common problem in human sepsis is the development of acute kidney 

injury (AKI), which is reproduced in CLP-induced aged animals193–195. 

Although it is important to realize where animal models are inherently 

limited, mice undoubtedly have a valuable place in translational research. 

Because the differences due to age and sex can be substantial, we 

elected to use adult male mice between 8 and 12 weeks. 

Despite these caveats, the CLP model remains the gold standard in 

replicating the complexities of human sepsis and essential in 

understanding molecular pathways that are responsible for sepsis survival 

and may inform treatment, a major unmet need. CLP involves a 

combination of three insults: tissue trauma due to laparotomy, necrosis 

caused by ligation of the cecum, and peritonitis from microbial leakage196. 

The endogenous pathogens that spread into the blood stream show a high 

degree of similarity to human traumatic injury leading to peritonitis, 

especially in recapitulating the biphasic inflammatory response. This 

model is also supported by the work of Efron P. et al that showed marked 

overlaps in the activation of genes known to be associated with 
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PAMP/DAMP signaling, and similarities in the early activation patterns of 

expression between polytrauma and sepsis at the earliest time points, 

demonstrating that the early leukocyte genomic response to sepsis and 

trauma are very similar in mice197. 

1.9 The Purpose of this Study. 

Based on our unifying theory that immune and metabolic balance is 

regulated by NAD+ dependent SIRT1, we asked whether SIRT1 is a “key 

homeostat” for driving changes in CD4+ T cells and if so, whether 

dendritic cells contribute to the bridge between innate and adaptive 

immunity. To do that, we designed this study in septic mice in the same 

manner as we studied in innate immunity, in which SIRT1- specific 

inhibitor EX527 was given to septic mice at 24h post sepsis induction64. At 

this time point, the anabolic effector immunity has transitioned to the state 

of severe immunosuppression as determined in vivo by microvascular 

leukocyte adherence, a rate limiting step in inflammation and immunity198–

200. Our outcomes were determined 6h after treatment, a point at which 

innate immunity was repressed in our published study64.  To model our 

concept of a bridge between innate and adaptive immunity, we focused on 

the splenocyte populations of CD4+ T cells, their TReg subpopulation, and 

CD11c+ DCs. Our principle research tool was flow cytometry, in which we 

used surface markers, intracellular markers, and cytokines; ELISPOT was 

also used to complement cytokine results by assessing T cell receptor 

stimulated responses (anti-CD3/anti-CD28) ex vivo. We find that SIRT1 
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concomitantly reprograms adaptive and innate immunity by switching 

CD4+ T cell and CD11c+ DC polarity during sepsis. This new information 

further supports the potential value of SIRT1 targeting during sepsis. 

MATERIALS AND METHODS 

2.1 Protocol 

For the purposes of the following methodology, the CLP model is 

used due to the wide acceptance and reproducibility of the technique. The 

extent of cecal ligation produces variability in severity of induced 

polymicrobial sepsis. Ligation length, needle size, and number of 

punctures all impact the severity and lethality of CLP. This protocol serves 

to define a standardized technique to maintain high consistency and 

reproducibility of results. The following protocol generates sub-lethal 

polymicrobial sepsis model with an overall average of 40% survival 

without intervention. 

CLP procedure 

1. Place mouse into the induction chamber. Isoflurane concentration will be 

3% with O2 flow at 3L/min. 

2. Shave the lower half of the abdomen. Wipe shaved skin with iodine. 

Remove iodine with alcohol pads. This is done to preserve sterility. 

3. Make a 2-cm abdominal midline incision. Take care not to puncture the 

peritoneum. Add 1-2 drops of lidocaine to maintain comfort during surgery 

and recovery. 
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4. After the abdominal incision has been made, make another 1-2 cm midline 

cut through the peritoneum. In most cases, the cecum will be under the 

incision to the slight right of the surgeon (on the left side of the mouse). 

5. Using two sterile cotton swabs, externalize the cecum. 

6. Approximately 1 cm from the tip of the cecum, ligate the cecum with a 4-0 

silk suture, taking care not to completely block content flow. Tie one 

square not and cut the ends of the suture (Figure 2A). 

7. Carefully puncture the cecum with a 22 gauge needle, once proximal and 

once distal to the ligation. To avoid puncturing through both sides of the 

bowel, insert the needle to completely cover the bevel (Figure 2C,D). 

8. Replace the ligated and punctured cecum into the abdomen. 

9. Close the peritoneal incision with the needle driver using 6-0 silk suture – 

uninterrupted (Figure 2E). 

10.  Close the skin incision with the needle driver using 4-0 silk suture – 

uninterrupted (Figure 2F). 

11. Inject 1mL of saline subcutaneously into the scruff of the animal’s back for 

fluid resuscitation. 

12. Return mouse to its cage on the thermal blanket and monitor for 

awakening from anesthesia. Awakening is indicated by the ability of the 

mouse to independently turn over onto its belly after being placed on its 

back. 

13. Continue to monitor every few hours for discomfort or prodromal period 

where death is likely to occur. Animals should not be allowed to become 
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moribund or spontaneously die. Euthanize them if this occurs to reduce 

pain and discomfort so as not to lose tissue and plasma samples due to 

post-mortem changes. 

 

 

 

Figure 2 – Mouse Model of CLP. 

(A) Externalization of cecum. (B) Ligation of cecum. (C) First 

puncture. (D) Second puncture. (E) Closure of peritoneal 
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incision with 4-0 silk suture, uninterrupted. (F) Closure of skin 

incision with 6-0 silk suture, uninterrupted. 

Mice 

This study was approved by the Institutional Animal Care and Use 

Committee of the Wake Forest School of Medicine and was performed 

according to National Institutes of Health guidelines. 6-week-old WT mice 

(C57Bl/6) were purchased from The Jackson Laboratory (Bar Harbor, ME, 

USA). Mice were housed up to two weeks in temperature and humidity 

controlled rooms, in a 12/12h light/dark cycle, with lights on from 7:00AM-

7:00PM. Food and water were provided ad libitum. For experiments, mice 

were randomized into Sham, CLP, or CLP+EX527 groups, with 5 mice per 

group. Sub-lethal CLP is used to induce sepsis. Sham-operated mice 

undergo laparotomy and fluid resuscitation as described without CLP. 

Mice with CLP (sepsis) and Sham surgeries are used for tissue harvest 

(plasma, spleen, and small intestine). After surgery, mice were monitored 

and scored every 2-3 hours until the experimental endpoint. This model of 

sepsis achieves 40% survival as reported by Vachharajani et al64. Mice 

observed at 6h and 12h do not receive treatment with EX527 or DMSO 

solvent.  

EX527 Treatment 

EX527 is a potent and highly selective inhibitor of SIRT1 activity. It 

binds in the catalytic cleft of SIRT1, displacing the NAD+ and forcing the 
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cofactor into an extended conformation, thus sterically preventing 

substrate binding in the catalytic domain201. It is 200-500 fold more 

selective for SIRT1 than for SIRT2 or SIRT3 and has a half-life of 2h and 

is active in vitro in  < 100 nM concentrations 202,203. It is a racemic mixture 

in which one isomer is active (EX243) and the other is inactive (EX242)204. 

Treated animals receive 10mg/kg (4mL/kg) of EX527 via 

intraperitoneal (i.p.) injection at 24h post-surgery, made fresh for each 

experiment. This dose of EX-527 in mice was selected based on our 

studies64 and those documented in the literature205. Untreated and Sham 

control animals receive an equivalent volume of the solvent DMSO 

(4mL/kg) at 24h post-surgery. Plasma and spleen are harvested 6h post-

injection, for a total experimental time of 30h (Figure 3).  

 

Figure 3 – Timeline of Murine Sepsis Progression and 

Intervention Model. 

Tissue was collected at various time points to discern cellular 

kinetics during the phase shift from hyper-inflammation to hypo-
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inflammation. Treatment was delivered at 24h post-surgery for the 

duration of 6h, with a final time course of 30h of sepsis.  

 

Plasma Isolation 

Plasma cytokines are measured at 6, 12, and 30h post CLP 

surgery via cardiac puncture. Blood is collected from cardiac puncture 

using heparinized 1mL syringe with 25G needle. Blood is then mixed with 

8-10uL of heparin (1000 units/mL; final concentration 8-10 units/mL). The 

mixture is layered over Isolymph, ratio 1:1, and centrifuged at 1500rpm for 

20min at room temperature (no brake). The middle buffy coat layer is 

transferred to an Eppendorf tube and washed 3x with cold phosphate 

buffered saline (PBS). After final wash, the supernatant is removed, pellet 

resuspended in residual PBS and cells are lysed in TRIzol to be stored at -

80oC for later use. mRNA levels of cytokines from circulating peripheral 

blood mononuclear cells can be analyzed to support the humoral changes 

seen during sepsis. The uppermost layer of plasma is transferred to 

Eppendorf tubes in aliquots to be stored at -80oC for later analysis.  

Plasma cytokines are analyzed by BioLegend LEGENDPlex 

multiplex assay. Briefly, LEGENDPlex assay uses bead populations that 

come in 2 sizes and differing levels of APC fluorescence, allowing them to 

be clearly distinguished from each other. Beads are conjugated 

respectively to IFN-γ, IL-1β, IL-12, TNFα, IL-6, and IL-10 and analyzed 
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simultaneously (TGF-β is currently unavailable in the assay, but can be 

analyzed by ELISA). These capture beads are then incubated with an 

unknown sample. After washing, biotinylated detection antibodies are 

added. Detection via fluorescent signal of streptavidin-PE is quantified 

using flow cytometry methods. Concentrations of cytokines are 

determined based on a known standard curve using the LEGENDPlex 

data analysis software. 

Splenocyte Isolation 

The spleen is harvested from the mouse at 6h, 12h, or 30h post-

surgery, respectively, and placed in ice cold PBS (on ice until needed). It 

is then washed with ice cold HBSS and placed in a 6-cm petri-dish with 

sufficient Collagenase D solution at a concentration of 1mg/mL to 

completely cover the bottom of the dish (1 mL/spleen). The spleen is 

injected with 500 µL of Collagenase D solution per spleen using a 1 mL 

syringe and a 25G needle, then the tissue is cut into smaller pieces by 

using a pair of scissors. The pieces and Collagenase D solution are 

transferred to a microtube; additional collagenase is added to the tube (up 

to 2 mL) and incubated for 30 minutes at 37 °C (water bath). After 

digestion, the whole material, i.e. remaining fragments and collagenase-

released cells, are passed through a 70µm cell strainer using a plunger. 

All cells are collected in a 15-mL tube, washed, and resuspended with 

1xPBS to obtain a final volume of 10mL. 
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Peyer’s Patch Isolation 

Peyer’s Patches (PPs) are round lymphoid nodules that protrude 

from the outer wall of the ileum portion of the small intestine. Consistent 

with other lymphoid storage sites, PPs contain a high percentage of B and 

T lymphocytes, macrophages, and dendritic cells. To isolate PPs, the 

small intestine is excised from the abdomen. The small intestine is then 

flushed with cold PBS to expel fecal matter and better identify the PPs. In 

a dish with enough cold PBS to keep the small intestine moist but not 

submerged, individual PPs located along of the intestine were identified. 

Once identified, PPs were gently cut out using curved surgical scissors 

and placed them in cold PBS. Typically, a single mouse has 5 to 10 visible 

PPs that are evenly distributed from the duodenum (proximal) to ileum 

(distal). To generate a single cell suspension, PPs were placed in a 70 µm 

nylon mesh cell strainer and mechanically dissociated into the mesh using 

the base of a plunger from a 1 cc syringe. 

Flow Cytometry 

Cells are counted then centrifuged to resuspend pellet in 

appropriate volume of Flow Cytometry Staining Buffer (PBS with 5% FBS) 

at a final cell concentration of 1x107 cells/mL. Non-specific Fc-mediated 

interactions are blocked by pre-incubation with 0.5-1 µg of Purified Anti-

Mouse CD16/CD32 per 100 µL for 10-20 minutes at 4oC prior to staining. 

After blocking, 50µL of suspension are aliquoted into a 96 well plate for 
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flow cytometry staining. Remaining splenocytes are pelleted, resuspended 

in PBS, lysed with TRIzol and stored at -80oC. 

Cell surface antigens are stained first. For DCs, the following 

antibody panel is quantified: CD11c-APC-eFluor780; CD80-PE-Cy7, 

CD86-FITC, CD40-eFluor450. For T regulatory (T Reg) cells, the following 

surface antibody panel is quantified: CD3ε-PE, CD4-PE-Cy7, CD25-

PerCP-Cy5.5. For TReg  intracellular staining, cells are fixed and 

permeabilized with the one step eBioscience Fix-Perm Foxp3 Buffer 

Staining Kit. The following TReg intracellular antibody panel is quantified: 

Foxp3-eFluor450, CTLA4-APC. All cells are run on the BD FACS Canto II 

and analyzed using FlowJo v10. For 6h and 12hanalyses, sham versus 

CLP animals are compared. For 30h analysis, sham versus CLP versus 

CLP+EX527 animals are compared. 

Statistics 

All data were analyzed using GraphPad Prism 6.0 (GraphPad 

Software, La Jolla, CA, USA). Our studies are powered at 5-7 animals per 

group per 2 experiments, but numbers are increased as needed based on 

variability. Analyses between two population means were analyzed using 

unpaired, two-tailed Student's t-test; analyses with three or more groups 

were analyzed using one-way ANOVA. Significance levels are indicated 

with asterisks, indicating the following p-values: *p <0.05, **p < 0.001, *** 

p < 0.001 and n.s. as no significance. Error bars represent ± SEM. 
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RESULTS 

3.1 Effect of SIRT1 Inhibition on Total Splenocytes, CD4+ and CD8+ T 

Cell Subpopulations. 

We first looked at total splenocytes to ensure consistency with 

previous studies. We determined how sepsis during the 

immunosuppressive state altered CD4+ and/or CD8+ T cell populations. 

Splenocytes isolated from the spleens of sham and CLP mice were 

stained with anti-CD4 and anti-CD8 antibodies. Total splenocyte counts 

decreased in the CLP mice, compared to the sham control (Figure 4A; 

Sham=6.18x107±6.35x106 cells, CLP=3.75x107±5.84x106 cells; 

p=0.0086). At 30h post-CLP, the frequency of CD4+ T cells in CLP mice 

significantly decreased as compared to sham (Figure 4B; 

Sham=17.94±1.98 %, CLP=13.57±0.59 %; p=0.0025). This difference also 

translated to the absolute cell count (Figure 4C; Sham=5.35x106±5.40x105 

cells, CLP=3.35x106±6.77x105 cells; p=0.0285). In contrast to the sepsis-

induced changes in CD4+ T cells at 30h, the frequency and absolute cell 

numbers of CD8+ T cells were similar between sham and CLP (Figure 4D-

E; p=0.79, p=0.99 respectively). SIRT1 inhibition with EX527 had no effect 

on the diminished CD4+ T cell population in frequency or absolute cell 

count compared to CLP treatment (Figure 4B-C; p=0.55, p=0.98 

respectively). CD8+ T cells also showed no changes in response to SIRT1 

inhibition in frequency or absolute cell count (Figure 4D-E, p=0.68, p=0.69 



 

36 
 

respectively). Taken together, these data suggest that sepsis differentially 

affects CD4+ vs. CD8+ T cells during the early immunosuppression. 
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Figure 4 – SIRT1 inhibition has no effect on frequency and 

number changes in total splenocyte and CD4+ T cells during 

sepsis-induced immunosuppression. 

Splenocytes were isolated after 30h from sham, CLP, or 

CLP+EX527 mice. Splenocytes were stained with Zombie 

Aqua dye for viability and gated on forward and side scatter 

for size. Cells were further stained for surface expression of 

CD4 or CD8 to determine T cell population susceptibility to 

early sepsis. All data presented as sham versus CLP versus 

CLP+EX527. (A) Cumulative results of total splenocytes are 

represented as total cell number. (B-C) Cumulative results 

from surface CD4 presented as (B) frequency of total 

splenocytes (%) and (C) absolute cell count. (D-E) 

Cumulative results from surface CD8 presented as (D) 

frequency of total splenocytes (%) and (E) absolute cell 

count. (F) Representative flow cytometric analysis data of 

CD4+ versus CD8+ T cells. Data are representative of three 

independent analyses with a total of 5 mice in each group. 

Data expressed as mean ±SEM. n=15 mice/group; **p<0.01 

versus sham by ANOVA followed by a post hoc t-test. 
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3.2 Effect of SIRT1 Inhibition on CD4+Foxp3+ TReg Cells. 

Because sepsis induces innate and adaptive immune suppression, 

we next tested whether the CD4+ TReg cells were increased in early sepsis 

to support the developing immune suppression. We assessed the CD4+ 

subpopulation of TReg cells exclusively for the next set of experiments, as 

there were no changes in the CD8+ T cell population due to sepsis at this 

time point in our model. CD4+ TReg cells were defined by Foxp3 

transcription factor, the master regulator of TReg cell lineage. In contrast to 

our earlier findings, the frequency of Foxp3+ TReg cells within the CD4+ T 

cell population of the spleen significantly increased at 30h post-CLP 

compared to sham (Figure 5A; Sham=12.56±0.34%, CLP=17.26±0.41%; 

p=1.46x10-9). The absolute cell count trended an increase, however 

statistical significance was not achieved (Figure 5B; 

Sham=8.97x105±7.04x104 cells, CLP=1.07x106±8.23x104 cells; p=0.11). 

Because TReg cells are a heterogeneous population, we also defined 

changes in CD25 to further characterize quality of TReg polarization. CD25 

is a surface marker for IL-2Rα that is frequently used in combination with 

Foxp3 to better identify TReg cell subpopulations. Consistent with changes 

reported in Foxp3+ TReg subpopulation of CD4+ T cells, 

CD4+Foxp3+CD25+ TReg cells also increased in frequency compared to 

sham (Figure 5C; Sham=5.37±0.64%, CLP=11.37±0.79%; p=2.58x10-6). 

The absolute cell number also increased, although it did not reach 

statistical significance compared to sham (Figure 5D; 
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Sham=4.69x105±6.48x104 cells, CLP=6.38x105±7.13x104 cells; p=0.11). 

Representative flow cytometry data shows that as CD4+Foxp3+ T cells 

increase in CLP compared to sham (Figure 5E), majority of these cells are 

also CD25+ (Figure 5F). Taken together, these data suggest that the 

CD4+ T cell population is being remodeled and polarized to support the 

suppressive state as sepsis progresses to the deactivated phase. 

To better characterize the biological impact of the enhanced TReg 

cells during this sepsis-induced polarization, expression of CTLA-4 was 

measured to determine putative suppressive function of the TReg cells. 

CTLA-4 expression serves as a marker for suppressive capacity of TReg 

cells, as its expression correlates with suppressive function of TReg cells in 

controlling CD4+ T cell proliferation. Figure 6A demonstrates that 

CD4+Foxp3+CTLA4+ TReg cells also increase in frequency compared to 

sham (Sham=5.26±0.81%, CLP=9.31±0.88%; p=0.002). This suggests 

that sepsis induced changes in the TReg subpopulation have increased 

suppressive potential. 

We previously discovered disrupting SIRT1 24h after sepsis 

promotes immune competency, as well as metabolic homeostasis in 

monocytes, and markedly improves survival in septic mice63,64. We tested 

whether the same therapeutic intervention, SIRT1-specific inhibitor EX527 

in a single ip dose, also shifts adaptive immunity. To do this, we 

recapitulated our published model that treated CLP mice 24 hours before 

intervention with a single dose of EX527 and measured changes after 6 
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hours, for a final experimental time course of 30h (Figure 3). Figure 5A 

shows that the increased frequency of CD4+Foxp3+ TReg cells noted 

during previously documented immunosuppression and high mortality is 

significantly reduced in EX527 treated septic mice (CLP=11.37±0.79 %, 

CLP+EX527=8.76±0.63; p=0.0156). This reduction primarily affects the 

frequency of the CD4+Foxp3+CD25+ and CD4+Foxp3+CTLA4+ TReg cell 

subpopulations (Figure 5C and 6A, respectively). The absolute cell counts 

of all the measured TReg subpopulations also decreased, but without 

statistical significance. These data suggest that SIRT1 inhibition 

selectively reprograms the balance of CD4+ T cells to favor improved 

CD4+ T cell effector immune functions. In contrast, the frequency of the 

greater CD4+ population among the total splenocyte population does not 

change after a single dose of EX527, further supporting immune 

repression selectivity, compared to CLP without treatment (Figure 4A; 

CLP=13.57±0.59 %, CLP+EX27=14.23±0.93 %; p=0.55).  

Although the changes occurring within the CD4+Foxp3+ TReg cell 

population were striking, the single time point after SIRT1 inhibition 

represents only a snapshot of the SIRT1 inhibition effect. Therefore, we 

performed a preliminary time curve at 12h, 30h, and 48h to determine TReg 

kinetics due to SIRT1 activation or inhibition (Figure 7). Figure 7A 

demonstrates that CD4+ T cell lymphopenia begins early, during the 

hyper-inflammatory phase, with a significant reduction in frequency of 

CD4+ T cells at 12h (sham=14.06±0.6%, CLP=11.21±0.94%; p=0.034). 
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Figure 7B shows no difference in CD4+Foxp3+ TReg cells as a result of 

CLP occurred by 12h (sham=11.7±0.23%, CLP=11.85±0.28%; p=0.68). 

However, there was a significant increase in CD4+Foxp3+ TReg cells by 

30h that was reversed with SIRT1 inhibition. Remarkably, the changes in 

CD4+Foxp3+ TReg cells observed at 30h were sustained at 48h from the 

single dose of EX527 administered at 24h (Figure 7), given the short half-

life of the drug. These data suggest that the reprogramming after SIRT1 

inhibition may have long lasting effects on homeostasis processes that 

lead to improved survival. 

These findings are similar to what we reported with SIRT1 inhibition 

and rebalancing the innate immune inflammatory response in the 

microvasculature and correcting the skewed polarity of the M2 repressor 

monocyte phenotype. 
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Figure 5 – The frequency of CD4+Foxp3+ and CD4+Foxp3+CD25+ 

TReg cells reversibly increase in sepsis with SIRT1 inhibition. 

Induction of TReg cells was assessed using splenocytes from 

sham, CLP, and CLP+EX527 stained first for surface expression 

of CD4 and CD25 followed by intracellular expression of Foxp3 to 

analyze changes in CD4+ TReg cell subpopulation. CD4+ T cells 

were used for gating. All data presented as sham versus CLP 

versus CLP+EX527. (A-B) Cumulative results of CD4+Foxp3+ 

TReg cells presented as (A) frequency of CD4 (%) and (B) absolute 

cell count. (C-D) Cumulative results of CD4+Foxp3+CD25+ TReg 

cells presented as (C) frequency of CD4 (%) and (D) absolute cell 

count. (E-F) Representative flow cytometric analysis data of (E) 

CD4+Foxp3+ double positive TReg cells and (F) Foxp3+ versus 

CD25+ TReg cells gated on CD4+ T cells. Data are representative 

of three independent analyses with a total of 5 mice in each group. 

Data expressed as mean ±SEM. n=15 mice/group; *p<0.05, 

**p<0.01, ***p<0.005 versus sham by ANOVA followed by a post 

hoc t-test. 
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Figure 6 – SIRT1 inhibition reduces the frequency of 

CD4+Foxp3+CTLA4+ TReg cells. 

Putative suppressive function of septic TReg cells was assessed 

using splenocytes isolated from sham, CLP, or CLP+EX527 mice 

stained first for surface expression of CD4 and followed by 

intracellular expression of Foxp3 and CTLA4. All cells were gated 

on the CD4+ T cell population. All data presented as sham versus 

CLP versus CLP+EX527. (A) Cumulative frequency (%) of 

CD4+Foxp3+CTLA4+ TReg cells. (B) Cumulative results of the 
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absolute cell count of CD4+Foxp3+CTLA4+ TReg cells. (C) 

Representative flow cytometric analysis of suppressive potential of 

Foxp3+ versus CTLA4+ TReg cells within the CD4+ T cell 

population. Data are representative of three independent analyses 

with a total of 5 mice in each group. Data expressed as mean ± 

SEM. n=15 mice/group; *p<0.05, **p<0.01, ***p<0.005 versus 

sham unless otherwise indicated, determined by ANOVA followed 

by a post hoc t-test. 
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Figure 7 – The decrease in CD4+Foxp3+ TReg cells is maintained 

with SIRT1 inhibition at 48h. 
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Splenocytes isolated at 12h, 30h, and 48h from sham, CLP, or 

CLP+EX527 mice were stained first for surface expression of CD4 

followed by intracellular expression of Foxp3 to determine long-

term effect of SIRT1 inhibition on septic TReg cells. All cells were 

gated on the CD4+ T cell population. (A) Cumulative data of CD4+ 

T cell frequency from sham versus CLP versus CLP+EX527. (B) 

Cumulative data of CD4+Foxp3+ T cell frequency from sham 

versus CLP versus CLP+EX527. 30h data are representative of 

three independent analyses with a total of 5 mice in each group. 

12h and 48h data are a single preliminary analysis with a total of 5 

mice in each group. Data expressed as mean ±SEM. *p<0.05, 

**p<0.01, ***p<0.005 versus sham unless otherwise indicated, 

determined by ANOVA followed by a post hoc t-test. 

3.3 Effect of SIRT1 Inhibition on CD4+ T Cell Cytokine Polarity during 

Sepsis.  

To build upon our unifying concept of SIRT1 as a master homeostat 

of immune system function, we tested cytokine secretion in the spleen as 

ex vivo biomarkers of a functional switch in immune function. To do this 

splenocytes were collected at 30h from sham, CLP, and CLP+EX527 mice 

and reticulated with PMA/Ionomycin cocktail to induce cytokine 

production, while preventing release with GolgiPlug in order to detect by 

flow cytometry.  In Figure 8, we demonstrated by FACS analysis a shift 

away from pro-immune CD4+ T cell responses toward anti-inflammatory 
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responses during sepsis that support a suppressive CD4+ adaptive 

immune response. The frequency of TNFα, a major pro-inflammatory and 

immune activator, is decreased in septic mice at 30h compared to sham 

(Figure 8A; sham=27.44±0.86%, CLP=15.84±0.94%; p=1.73x10-5). 

Similarly, the frequency of IFNγ, which is another key pro-immune 

mediator, is also decreased in septic mice compared to sham (Figure 8B; 

sham=0.78±0.02%, CLP=0.5±0.03%; p=0.0003). Concomitant with the 

decrease in CD4+ T cell-derived pro-inflammatory cytokine production, the 

frequency of key repressor IL-10 was significantly increased in septic mice 

compared to sham (Figure 8C; sham=2.14±0.12%, CLP=2.92±0.1%; 

p=0.0011). While TGFβ was not significantly increased due to sepsis, 

inhibition of SIRT1 did significantly decrease the frequency of TGFβ as 

well as IL-10 compared to CLP mice (Figure 8C-D; p=0.029, p=0.035 

respectively). Importantly and concurrent with the shift away from CD4+ 

anti-inflammatory cytokine production, SIRT1 inhibition increased the 

frequency of IFNγ cytokine production in CD4+ T cells, compared with 

CLP (Figure 8B; CLP=0.5±0.03%, CLP+EX527=0.79±0.08%; p=0.011). 

In order to determine a broader influence of SIRT1 on T cell 

adaptive immune response during sepsis, we tested for IFNγ secretion 

from total T cell receptor-stimulated T cells (including CD4+ and CD8+). 

Splenocytes isolated from sham, CLP, and CLP+EX527 mice were 

restimulated overnight with α-CD3/α-CD28 at 500ng/mL and 5ug/mL, 

respectively. IFNγ production was quantified using ELISPOT by counting 
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the number of spots with immunoprecipitated detection antibody. Figure 9 

demonstrates that CD3/CD28-stimulated T cells are unable to make IFNγ 

secretion during sepsis (sham=610±2.5 spots per 3x105cells, 

CLP=173±56.4 spots per 3x105cells; p=0.0011). This strongly supports 

that the antigen specific receptor is “tolerant” or deactivated in sepsis and 

represents a broad based anergy/tolerance which, from in vitro studies, is 

SIRT1-dependent206–208. In contrast, with SIRT1 inhibition, IFNγ secretion 

is significantly increased after TCR stimulation compared to CLP 

(CLP=173±56.4 spots per 3x105cells; CLP+EX527=378±57.2 spots per 

3x105cells; p=0.034), suggesting a reversal of total CD4+ tolerance and 

CD8+ T cell exhaustion and a broad retrieval of T cell homeostasis under 

control of the SIRT1 homeostat. These data taken together suggest, but 

do not prove, that SIRT1 controls the polarity of all T cells to reversibly 

reprogram T cell adaptive immune responses during sepsis. 

Collectively, these data show for the first time that SIRT1 

reprograms sepsis immune phenotypes through both the CD4+ repressor 

TReg and CD4+IFNγ+ TH1 effector cells—possibly even by promoting IFNγ 

by all antigen presenting cells. However, whether SIRT1, by its ubiquitous 

role in many cells as a master homeostat, either acts separately on innate 

and adaptive immunity, or bridges the gap by its known role in supporting 

the functions of DCs to unite innate with adaptive immunity at this junction 

is not decipherable.  We unsuccessfully attempted to detect SIRT1 

expression in individual cell-types in the spleen using FACS, unlike our 
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previous studies using immunohistochemistry or Western blots66. Even if 

successful, that strategy would not answer our physiologic question 

whether innate to adaptive bridging occurs. A summary of our work on 

SIRT1 reprogramming CD4+ T cells is depicted in Figure 10. Our data and 

the Figure 10 model support the effects of another important sepsis 

outcome determinant: apoptosis. While not formally investigated, the drop 

in CD4+ T cell mass supports loss of cell number by apoptosis, as did the 

drop in total splenocytes we observed and is not shown in the scheme. 

Furthermore, the similarity in CD4+ T cells from CLP alone and 

CLP+EX527 does not support the notion that apoptosis plays a major role 

in how SIRT1 repolarizes CD4+ T cells.  However, our data do not 

formally prove that the elevated frequency of CD4+Foxp3+ TReg cells from 

CLP compared to CLP+EX527 is due to apoptosis resistance. 
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Figure 8 – CD4+ T cell-associated cytokines are reprogrammed in 

a SIRT1 dependent manner. 

Splenocytes isolated from sham, CLP, or CLP+EX527 mice were 

restimulated for 5 hours with Leukocyte Activating Cocktail + Golgi 

Plug and stained first for surface expression of CD4 followed by 

intracellular expression of indicated cytokines to determine 

immunological responses of septic T cells ± SIRT1 inhibition. All 

cells were gated on the CD4+ population. Cumulative scatterplot 

data of pro-inflammatory (A) CD4+TNFα+ T cells and (B) 

CD4+IFNγ+ T cells presented as frequency of CD4+ T cells in 

sham versus CLP versus CLP+EX527. Cumulative scatterplot 
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data of anti-inflammatory (C) CD4+TGFβ+ T cells and (D) 

CD4+IL10+ T cells presented as frequency of CD4+ T cells in 

sham versus CLP versus CLP+EX527. Data expressed as mean 

±SEM. n=5 mice/group; *p<0.05, **p<0.01, ***p<0.005 versus 

sham unless otherwise indicated, determined by ANOVA followed 

by a post hoc t-test. 

 

 

Figure 9 – SIRT1 inhibition reverses T cell derived IFNγ secretion. 

Splenocytes isolated from sham, CLP, and CLP+EX527 mice 

were restimulated overnight with α-CD3/α-CD28 at 500ng/mL and 

5ug/mL, respectively. IFNγ production quantified using ELISPOT. 

(A) Representative ELISPOT data of IFNγ producing T cells ± 

restimulation from sham versus CLP versus CLP+EX527 mice. (B) 

Cumulative results presented as spots counted per well from 

sham versus CLP versus CLP+EX527, based on cells seeded at 
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3x105 cells/well. Data are representative of two independent 

analyses with a total of 3 mice in each group. Data expressed as 

mean ±SEM. n=6 mice/group; *p<0.05, **p<0.01, ***p<0.005 

versus sham unless otherwise indicated, determined by ANOVA 

followed by a post hoc t-test. 

 

Figure 10  – Summary of CD4+ TTotal:TReg cell population changes. 
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Representative figure of the ratio changes in population size of 

CD4+ T cells and CD4+ TReg subpopulation. Markers are not 

representative of surface versus intracellular location. During 

sepsis, the CD4+ T cell population is significantly reduced while 

CD4+ TReg cell subpopulation is significantly increased, thus 

shifting the balance in favor of suppression. SIRT1 inhibition 

reduces the CD4+ TReg cell subpopulation, although it does not 

increase the CD4+ T cell population. Despite this, the ratio of 

CD4+ TTotal:TReg cell changes tilt the balance of immune responses 

away from the suppressive phenotype back toward homeostasis. 

3.4 Effect of SIRT1 Inhibition on CD80/CD86 Dendritic Cell Ratios. 

To further examine how adaptive immunity might couple to innate 

immunity under SIRT1 control, we turned to characterizing DCs during 

sepsis and acute inflammation. Mature DCs are known to activate T cells 

through costimulatory molecules CD80 and CD86 and they are 

reprogrammed during sepsis to a tolerant, or repressor, state209. Growing 

research supports differential roles for CD80 and CD86 in DC 

programming T cell functions with CD80 promoting TReg functions and 

CD86 inhibiting TReg cells and promoting proliferation123–125,127. These 

differential costimulatory functions provide strong justification to test 

whether DCs shift their costimulatory surface markers during early sepsis 

to polarize immune responses toward immunosuppression. Furthermore, 

a recent report in C57BL/6 mice clearly showed genetically and 
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biochemically that SIRT1 expression in DCs is essential for repressing 

CD4+ TH1 cells and driving increases in CD4+Foxp3+ TReg cells in the 

spleen as well as lymphoid tissue128. That study also implicated DC-

derived SIRT1 in reprogramming chronic infection and colon cancer in 

mice, but did not investigate sepsis. 

To identify splenic DCs and test their role in sepsis reprogramming 

of CD4+ T cells, isolated splenocytes from sham, CLP, and CLP+EX527 

mice were stained with anti-CD11c, anti-CD80, and anti-CD86 antibodies 

and assessed at 6h, 12h, and 30h, the latter including a 24h CLP with and 

without EX527 treatment. Consistent with splenocyte apoptosis in the 

spleen, CD11c+ DCs decreased at 30h post-CLP (Figure 11A; 30h sham 

= 10.3±1.29 %; 30h CLP = 6.33±1.31 %; p=0.0395). In contrast to the 

decreasing DCs, the frequency of CD11c+CD80+ DCs trended toward 

increasing as early as 12h in CLP mice as compared to sham control and 

remained elevated (Figure 11B; 12h sham = 9.84±0.73%; 12h CLP 

13.52±1.52%; p=0.058). Importantly, CD11c+CD80+ DC frequency, which 

promotes repressor T cells, was increased 2.33±0.31-fold higher than 

sham (Figure 11C; p=0.0384) at a time when tolerogenic dendritic cells 

would be expected to promote a shift from activator T cell to repressor T 

cell states, as reported128. Contrasting the later increases in CD80+ 

expression on DC cell surface, Figure 11D demonstrates that 

CD11c+CD86+ expression is significantly increased at 6 and 12h post-

CLP as compared to sham. Strikingly, by 30h post-CLP, the frequency of 
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CD11c+CD86+ DCs markedly decreased, with no significant difference 

between sham and CLP mice (Figure 11D; sham=3.32±0.64%, 

CLP=5.32±1.11% p=0.23). These data suggest a shifting phenotype in DC 

costimulatory molecule expression in the spleen during sepsis from 

effector TH1 activator phenotype to the immunosuppressive state (i.e. a 

tolerogenic DC phenotype). 
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Figure 11 – Effects of Sepsis and SIRT1 inhibition on CD11c+ 

DCs Costimulatory Markers. 
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Splenocytes isolated 6h, 12h, and 30h after sham, CLP, or 

CLP+EX527 and were digested with collagenase D (1mg/mL). 

Splenocytes were stained for surface expression of CD11c, CD80, 

and CD86 to profile DC population and differential responses in 

costimulatory molecules during sepsis and with EX527 treatment. 

(A) Cumulative results of CD11c+ DCs are represented as 

frequency of total splenocytes. (B-C) Cumulative data of 

CD11c+CD80+ DCs are presented as (B) frequency of CD11c and 

(C) fold of sham, respective to the indicated time-point. (D-E)  

Cumulative data of CD11c+CD86+ DCs are presented as (D) 

frequency of CD11c and (E) fold of sham, respective to the 

indicated time-point. Data are representative of two independent 

analyses with a total of 5 mice in each group. Data expressed as 

mean ±SEM. n=10 mice/group; *p<0.05, **p<0.01, ***p<0.005 

versus sham by ANOVA followed by a post hoc t-test. 

3.5 Effects of SIRT1 Inhibition on CD11c+CD80+ DCs. 

Now that we had confirmed that CD80+ and CD86+ are 

differentially modulated due to sepsis, we next determined whether SIRT1 

inhibition could rebalance their expression. While SIRT1 inhibition did not 

rescue CD11c+ percentages in the spleen (Figure 12A), the frequency of 

CD11c+CD80+ DCs was reduced with EX527 treatment compared to CLP 

(Figure 12B). The fold change in CD11c+CD80+ expression compared to 

sham decreased from 2.33±0.31 fold in CLP to 1.64±0.08 fold in 
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CLP+EX527 (Figure 12D; p=0.0384). In contrast, SIRT1 inhibition had no 

significant effect on the frequency or fold change of CD11c+CD86+ 

dendritic cells compared to CLP (Figure 12C,E; p=0.37). CD11c+CD80+ 

frequency in treated mice was still significantly higher than sham control; 

however the decrease compared to CLP supports a SIRT1-dependent 

shift back toward homeostasis. 
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Figure 12 – SIRT1 inhibition differentially modulates CD11c+CD80+ 
DCs. 

Splenocytes isolated 30h after sham, CLP, and CLP+EX527 were 

digested with collagenase D (1mg/mL). Splenocytes were stained 

for surface expression of CD11c, CD80, and CD86 to determine 

SIRT1 effect on DC population and differential costimulatory 
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molecule responses during early sepsis. (A) Cumulative results of 

CD11c+ DCs are represented as frequency of total splenocytes. 

(B-C) Cumulative data, in sham versus CLP versus CLP+EX527 

of CD11c+CD80+ DCs are presented as (B) frequency of CD11c 

and (C) fold of sham, respective to the indicated time-point. (D-E) 

Cumulative data of CD11c+CD86+ DCs in sham versus CLP 

versus CLP+EX527 are presented as (D) frequency of CD11c and 

(E) fold of sham, respective to the indicated time-point. Data are 

representative of two independent analyses with a total of 5 mice 

in each group. Data expressed as mean ±SEM. n=10 mice/group; 

*p<0.05, **p<0.01, ***p<0.005 versus sham, unless otherwise 

indicated. 

3.6 Effects of SIRT1 Inhibition on CD11c+ DC Immune Mediator Axis. 

To further define functional changes in CD11c+ DCs that might 

influence T cell programming, pro- and anti-inflammatory cytokines were 

measured in splenic DCs. TNFα and IL-12p40 production were measured 

to determine DC pro-inflammatory responses. IL-10 and TGFβ were 

measured to determine DC anti-inflammatory responses. Demonstrated in 

Figure 13A-B, CD11c+ DC production of both TNFα and IL-12p40 pro-

inflammatory cytokines was significantly decreased in CLP mice 

compared to sham (p=0.0013, p=0.015 respectively). When compared to 

CLP mice, SIRT1 inhibition restores the production of TNFα and IL-12 pro-

inflammatory cytokines in CD11c+ DCs to levels that are not significantly 
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different from sham (CLP versus CLP+EX527 p= 0.0093, p=0.0034 

respectively). Production of IL-10 and TGFβ by CD11c+ DCs at this time 

point was negligible, evidenced by the low percentages (Figure 13C-D). 

Taken together, these data suggest that SIRT1 intervention reprograms 

CD11c+ DC inflammatory and immune responses. 

Together, the data on CD11c+ DCs effector immune responses 

show rapid increases in TReg supportive CD80 expression with a lowering 

of pro-inflammatory TNFα and IL-12p40 cytokine secretion (Figure 14). 

Within 6h of SIRT1 inhibition, this hypo-inflammatory response is 

reversed. These findings are consistent with our previous findings of 

SIRT1 inhibition on the shifting innate immune monocytes from (repressor) 

M2 to (activator) M163. 

In summary, we determined that SIRT1 reversibly reprograms 

CD11c+ DC programming pathways during sepsis by controlling the 

repressor and activator homeostasis axis of CD4+ T cells between 

repressor TReg and activator TH1 adaptive immune phenotypes, as 

modeled in Figure14. Similar to our speculation on increased apoptosis of 

CD4+ T cells in Figure 10, a likely cause of CLP-induced decreases in 

dendritic cells is apoptosis, independent of SIRT1. 
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Figure 13 – Sepsis polarizes CD11c+ DC cytokine responses in a 

SIRT1 dependent manner. 

Splenocytes isolated 30h after sham, CLP, and CLP+EX27 were 

digested with collagenase D (1mg/mL). Splenocytes were stained 

first for surface expression of CD11c followed by intracellular 
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expression of indicated cytokines to characterize DC inflammatory 

responses to sepsis±SIRT1 inhibition. (A-B) Cumulative results of 

CD11c+ DC production of pro-inflammatory (A) TNFα and (B) IL-

12p40 cytokines represented as frequency of CD11c. (C-D) 

Representative flow cytometric analysis of CD11c+ DC production 

of anti-inflammatory (C) IL-10 and (D) TGFβ cytokines from sham 

versus CLP versus CLP+EX527 with a total of 5 mice in each 

group. Data expressed as mean ±SEM. *p<0.05, **p<0.01, versus 

sham, unless otherwise indicated, determined by ANOVA followed 

by a post hoc t-test. 

 

Figure 14 – Summary of CD11c+ changes due to sepsis and 

SIRT1 inhibition. 
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Representative figure of the dendritic cell changes. During sepsis, 

CD11c+ DCs decrease. Despite this decrease, CD80 significantly 

increases while TNFα and IL-12 pro-inflammatory cytokines are 

reduced, thus shifting the balance away from effector DC immune 

responses. SIRT1 inhibition reduces the CD80 expression and 

restores pro-inflammatory cytokine secretion, although it does not 

increase the CD11c+ DC population. These changes tilt the 

balance of immune responses back toward homeostasis. 

DISCUSSION 

Sepsis compromises both innate and adaptive immunity to 

generate profound immune suppression, thus increasing the risk of 

opportunistic infection by organisms primarily controlled by effector innate 

immunity (e.g., pyogenic bacteria and fungi such as Candida) or T-cell-

dependent adaptive immunity (reactivated viral infections)71,210. Ongoing 

research supports new opportunities for treating sepsis by T-cell targeting 

with immune enhancement or checkpoint strategy to benefit sepsis 

survival211. Human clinical trials using IL7, a T cell growth factor and cell 

function agonist, and anti-Programmed Death Ligand1 (α-PDL1), which 

acts on monocytes and T cells, are underway (NCT02797431 and 

NCT02576457, respectively). Additionally, reports in small numbers of 

human sepsis suggest that IFNγ administered in vivo to humans with 

sepsis and to human volunteers given LPS in vivo may reverse the 

paralyzed immune function of peripheral blood mononuclear cells 
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(including monocytes and lymphocytes), and may improve sepsis survival 

in humans212–215. Furthermore, these reports also observed that in vitro 

IFNγ treatment can reverse "immunometabolic paralysis" of sepsis blood 

monocytes from mice and humans by removing a block in glycolysis. 

Importantly, the switch to immunometabolic paralysis observed in those 

reports occurred within 3-6h after the acute inflammation anabolic state in 

volunteers who received very small doses of intravenous LPS, supporting 

that the sepsis clinical state exists mostly as dysregulation of organ and 

immune functions associated with catabolic metabolism and starvation-like 

bioenergetics138. 

 As advances in understanding sepsis continue, investigators are 

targeting innate or adaptive immunity under the untested notion that 

immune enhancement will improve sepsis survival in humans. To our 

knowledge, there are no reports in animal or human sepsis that have 

shown a unifying mechanism linking innate and adaptive immune 

programming during sepsis. If the new immune enhancement intervention 

paradigm works, it will likely need to include reversing both innate and 

adaptive immune defects. Accordingly, the goal of this project was to 

assess whether the efficacy of SIRT1 targeted treatment in septic mice on 

retrieving innate immune competence, which we had discovered and 

reported63,64,216, also reverses the homeostasis imbalance between 

increased repressor and decreased activator functions of adaptive 

immunity. In achieving our goal, the major contributions of this study 
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include that: 1) nuclear SIRT1, acting as a “key homeostat” directs a key 

checkpoint between innate and adaptive immunity in septic mice; 2) within 

6h of treatment with a single dose of SIRT1-specific inhibitor EX527, 

administered 24h after sepsis onset and during immune suppression, 

splenic CD11c+ DCs are repolarized from a tolerogenic cell to an activator 

cell by increasing expression of anabolic agonist IL12p40, which parallels 

an increase in IFNγ-secreting CD4+ T cells, putatively TH1 cells. Likewise, 

SIRT1 inhibition mediates a decrease in expression of the TReg supportive 

costimulatory marker CD80 in dendritic cells, which parallels a decrease in 

CD4+Foxp3+ TReg proportions, as well as a decrease in the expression of 

CD4+ TReg cell promoting cytokines TGFβ and IL10 in CD4+ T cells; and 

3) shows changes in CD11c reprogramming of the CD4+ immune axis 

from the repressor state of TReg cells to the activator state of CD4+ 

putative TH1 cells, which can produce IFNγ. These original data support 

the previously reported finding that DC-expressed SIRT1 is necessary and 

sufficient to support reciprocal TH1 and TReg differentiation and consistent 

with that study’s finding that the IL-12–STAT4 and TGF-β1–SMAD3 axes 

support CD4+ T cell phenotype polarity switching. Furthermore, these 

results together support that epigenetic regulation underlies adaptive and 

innate immune reprogramming, likely in coordination with intermediary 

metabolism. Most importantly, our data establishes SIRT1 as a 

pharmacologic target for treating inflammation and immune pathologies. 
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This is critical as sepsis kills millions without any mechanism-based 

treatment available.   

Importantly, this study showed that effects of a single dose of 

SIRT1-specific inhibitor EX527 administered 24h post-CLP e extends for 

at least 48h after treatment in CD4+ T cells. Our results INDIRECTLY  

change case support, but do not prove that SIRT1 is an essential mediator 

in generating CD8+ T cell exhaustion, as reported in cell models206,217,218. 

More studies of the role of SIRT1 or other SIRTs on T cells and DC cells 

in sepsis are needed to refine our novel discovery. A limitation of this 

study is that we cannot exclude the concept that SIRT1 directly acts in the 

nucleus of dendritic cells, CD4+ TH1 cells, CD4+ TReg cells, and CD8+ T 

cells as a universal epigenetic controller of immunity and metabolism. This 

unifying concept will be testable when an anti-SIRT1 antibody becomes 

available for flow cytometric analysis, and may be informative for refining 

treatment targets. Although, we were not able to detect SIRT1 in 

splenocytes due to the lack of a reliable anti-SIRT1 flow cytometry 

antibody, our previous work using Western blots and 

immunocytochemistry clearly shows persistent elevations of SIRT1 in 

immunosuppressed septic mice, as well as an increase in its co-factor and 

activator NAD+63. 

Our results support our emerging unifying theory that SIRT1—

coordinated with persistent increases in NAD+ during sepsis 

immunosuppression219–221 and sustained activation of other SIRT family 



 

70 
 

members—plays a key role in guarding or losing control of homeostasis 

during extreme sepsis-induced stress response to cells, organs, and 

organisms. Although we did not attempt to assess NFkB p65 

acetylation/deacetylation by flow cytometry, based on our and others 

previous work in monocytes and microvascular tissue, it is likely that 

EX527 works at least in part by regulating acetylation/deacetylation 

axes63,204 and that the other SIRTs use this or other mechanisms to 

control homeostasis34,222.  

This study adds another layer to the concept of SIRT1 as a major 

homeostasis regulator. SIRT1, originally reported in its yeast parent Sir2, 

functions as a fundamentally important redox and metabolic sensor that 

requires NAD+ to drive epigenetic and post translational molecular 

pathways during a stress response. This and other studies continue to 

support the concept that SIRT1 and likely nuclear SIRT6145 and 

SIRT2223,224 reprogram the inflammatory response and its accompanying 

immune features. However, it is likely that other critical homeostasis 

features of SIRT1 and its cooperation with other family members support a 

broader message. We previously found that the combined functions of 

nuclear SIRT1, SIRT6, and mitochondrial SIRT3, with SIRT1 as the 

proximal partner, coordinate intermediary metabolism and 

bioenergetics66,145. They do this by controlling the switch away from 

glucose fueling of effector state innate and adaptive immune cells to 



 

71 
 

promote a low energy state of fatty acid oxidation, which is typical of both 

TReg and CD11c tolerogenic dendritic cells. 

We favor the immunometabolic concept that a major driver of the 

shift in both innate and adaptive immunity during sepsis is fuel selection, 

in which glucose supports anabolic pathways needed for both immune 

effector states and organ regeneration during sepsis, and fatty acids 

support catabolic low energy states that resemble severe starvation or 

even inertia in lethal sepsis. The state of metabolic starvation during 

sepsis has been shown by others225,226 to be the typical nutritional 

phenotype and is linked to persistent increases in SIRT1 expression and 

NAD+ generation63,66,145. Accoriingly, increased SIRT1 and NAD+ effects 

of sepsis drive hosts into nutrition deprivation, which become lethal when 

prolonged due to consequent immune and organ failure. In support of this 

critical link between anabolic and catabolic bioenergetics and metabolism 

is our previous finding that SIRT1 inhibition by EX527 in septic mice 

reverses an impediment in mitochondrial glucose oxidation in septic 

splenocytes, decreases toxic lactic acid generation, and increases 

anabolism66,145. Thus, SIRT1 is a key regulator of homeostasis by its 

effects on immunometabolism and bioenergetics, in which innate and 

adaptive immunity are critical players in this unified concept. 

The changes in innate immune effector cell response induced by 

SIRT1 activation has been confirmed in cell and mouse models of sepsis, 

wherein SIRT1 epigenetically silences heterochromatin at pro-immune 
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genes like TNF-α and IL-1β and activates euchromatin of genes 

responsible for fatty acid uptake and oxidation63,66,145,216,227. Additional 

immune regulators influenced by SIRT1 epigenetic modifications are 

cytokines and chemokines. Extensive studies have also described a 

similar metabolic shift in T cell metabolism in various inflammatory and 

cancer models, supporting that CD4+ TH1, TH2, and TH17 effector cells 

require glycolysis, while CD4+ TReg cells and developing memory T cells 

shift their metabolism to fatty acid oxidation228. Very recently, studies have 

begun to explore the role of SIRT1 on driving these metabolic changes in 

diseases involving T cells229–231. 

This integration of metabolism and immune response provides an 

intriguing opportunity for a unifying targeted treatment of sepsis. 

Interestingly, an alternative pharmacologic intervention—dichloroacetate 

(DCA)—has recently emerged as a potential immunometabolic-

reprogramming therapy in cancer232,233. Dichloroacetate (DCA) is a 

mitochondria-targeting small molecule that stimulates mitochondrial acetyl 

CoA production to activate anabolic pathways and inhibits pyruvate 

dehydrogenase kinase (PDK) to promote oxidative phosphorylation. PDK 

blocks the formation of acetyl-CoA to enhance the shift to glycolysis 

metabolism232–235. 

To add to our SIRT1 study results, we preliminarily found parallel 

effects of inhibiting the pyruvate dehydrogenase kinase/pyruvate 

dehydrogenase decarboxylase complex (PDK/PDC) to that of SIRT1 
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inhibition. Appendix Figure 8B demonstrates that DCA treatment 

decreases the frequency of CD4+Foxp3+ TReg cells, compared to CLP 

(CLP=10.3±0.87%, DCA=6.56±0.65%; p=0.0087). Moreover, the DCA-

mediated decrease reduces the frequency of CD4+Foxp3+ TReg cells to 

comparable levels with sham (sham=6.71±0.65%, DCA=6.56±0.65%; 

p=0.87). In contrast to the SIRT1 inhibition data, preliminary evidence 

suggests that DCA treatment appears to reverse the sepsis induced CD4+ 

T cell lymphopenia (Appendix Figure 8A; CLP=16.8±0.71%, 

DCA=19.93±0.63%; p=0.011).  

Our study has identified both nuclear SIRT1 and mitochondrial PDC 

as key homeostats for targeted sepsis treatment worthy of clinical trials in 

human sepsis. 

CONCLUSION 

The findings presented in this body of research enlighten novel 

aspects of CD4+ T cell reprogramming pathways that bridge with dendritic 

cells to control immune effector and repressor polarity during sepsis 

(Figure 15). Our results also show how two novel treatment agents, 

SIRT1-specific inhibitor EX527 and PDC stimulator DCA, can function at 

the molecular level as checkpoint drugs for modifying T cell immunity.  

Checkpoint dysregulation can compromise sepsis inflammation resolution 

and contribute to its high mortality. There are no mechanism-based 

targets presently available for sepsis treatment. If our new concept can be 
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translated to human sepsis, this study informs a new paradigm for 

understanding and treating this intractable public health menace. 

 

Figure 15 – Model of DC-SIRT1 Programming T Cell Polarity. 

Activation of SIRT1 leads to tolerogenic DCs that program TReg cell 

lineage. SIRT1 inhibition shifts DC signaling to program TH1 cell 

lineage. 
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 APPENDIX  

 

Appendix Figure 1 – SIRT1 inhibition does not reverse the decrease 

in T cell splenocyte cellularity. 

Splenocytes isolated from sham, CLP, or CLP+EX527 were stained first 

for surface expression of CD4 followed by intracellular expression of 

Foxp3 to determine global splenic effect of SIRT1 inhibition on septic 

CD4+ T cells and  CD4+Foxp3+ TReg cells. All cells were gated on the 

viable splenocyte population. (A) Cumulative data of CD4+ T cells 

presented as frequency of total splenocytes in sham versus CLP versus 

CLP+EX527. (B) Results presented as the absolute cell count of CD4+ T 
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cells in sham versus CLP versus CLP+EX527. (C) Cumulative data of 

CD4+Foxp3+ TReg cells presented as frequency of total splenocytes in 

sham versus CLP versus CLP+EX527. (D) Results presented as the 

absolute cell count of CD4+Foxp3+ TReg cells in sham versus CLP versus 

CLP+EX527. Data are representative of three independent analyses with 

a total of 5 mice in each group. Data expressed as manse. n=15 

mice/group; *p<0.05, **p<0.01 versus sham unless otherwise indicated. 
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Appendix Figure 2 – Low abundance of CD4+RORγ+ TH17 cells in the 

spleen. 

Splenocytes isolated from sham, CLP, or CLP+EX527 were stained first 

for surface expression of CD4 followed by intracellular expression of 

RORγ to assess shifts in TH17 cells due to sepsis ± SIRT1 inhibition. All 

cells were gated on the CD4+ population. Representative flow cytometric 

analysis of CD4+RORγ TH17 cells from sham versus CLP versus 

CLP+EX527 with a total of 5 mice in each group.  
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Appendix Figure 3 – Effects of SIRT1 inhibition on TH17 and TReg cells 

in the small intestine during sepsis. 

T cells isolated from Peyer’s Patches of the small intestine from sham, 

CLP, or CLP+EX527 were stained first for surface expression of CD4 

followed by intracellular expression of RORγ and Foxp3 to assess shifts in 

TH17/TReg cell balance due to sepsis ± SIRT1 inhibition. All cells were 

gated on the CD4+ population. (A) Cumulative data of CD4+RORγ+ TH17 

cells at 12h and 30h presented as frequency of CD4+ T cells in sham 

versus CLP versus CLP+EX527. (B) Cumulative scatterplot data of 

CD4+Foxp3+ TReg cells at 12h and 30h presented as frequency of CD4+ T 

cells in sham versus CLP versus CLP+EX527. Data expressed as mean 

±SEM. n=5 mice/group. 
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Appendix Figure 4 – Plasma cytokines are shifted back towards 

homeostasis with SIRT1 inhibition. 

Plasma was collected from each animal at 6h, 12h, and 30h after sham, 

CLP, or CLP+EX527 surgery. Cytokine levels were measured by ELISA. 

Results presented as fold of sham respective to indicated time point. Data 
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expressed as mean ±SEM. n=4 mice/group; *p<0.05, **p<0.01, 

***p<0.005 versus sham unless otherwise indicated. 
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Appendix Figure 5 – Model of ex vivo treatment with EX527. 

Mice underwent either CLP or sham surgery for 24 hours. 

Splenocytes were then isolated and cultured at 5x106 cells/mL. 

Splenocytes were then treated with 1, 2, or 4µM EX527 or equivalent 

volume of DMSO for 6 hours to replicate the in vivo model. Final 

volumes were made up in RPMI media + 10% FBS.  
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Appendix Figure 6 – No effect of ex vivo SIRT1 inhibition on TReg 

cells. 

Splenocytes isolated 24 after sham and CLP were digested with 

collagenase D (1mg/mL) and cultured ex vivo for 6 hours. Splenocytes 

were stained first for surface expression of CD4 followed by intracellular 

expression of Foxp3 to determine whether ex vivo treatment of EX527 

would replicate in vivo results. (A) Cumulative results of CD4+ T cells 
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represented as frequency of total splenocytes. (B) Cumulative results of 

CD4+Foxp3+ TReg cells represented as frequency of CD4. Data expressed 

as mean ±SEM. n=3 mice/group; *p<0.05, versus sham of respective 

condition. 
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Appendix Figure 7 – No effect of ex vivo SIRT1 inhibition on DCs. 
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Splenocytes isolated 24 after sham and CLP were digested with 

collagenase D (1mg/mL) and cultured ex vivo for 6 hours. Splenocytes 

were stained for surface expression of CD11c, CD80, and CD86 to 

determine whether ex vivo treatment of EX527 would replicate in vivo 

results. (A) Cumulative results of CD11c+ DCs represented as frequency 

of total splenocytes. (B) Cumulative results of CD11c+CD80+ DCs 

represented as frequency of CD11c. (C) Cumulative results of 

CD11c+CD86+ DCs represented as frequency of CD11c. Data expressed 

as mean ±SEM. n=3 mice/group; *p<0.05, **p<0.01, versus sham of 

respective condition. 
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8 

Appendix Figure 8 – Treatment with DCA reversibly increases 

CD4+Foxp3+ TReg cells during sepsis. 

Splenocytes isolated at 30h from sham, CLP, or DCA mice were stained 

first for surface expression of CD4 followed by intracellular expression of 

Foxp3 to determine long-term effect of SIRT1 inhibition on septic TReg 

cells. All cells were gated on the CD4+ T cell population. DCA indicates 
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CLP mice that received 25mg/kg of DCA treatment at 24h for duration of 

6h. (A) Cumulative data of CD4+ T cell frequency from sham versus CLP 

versus CLP+DCA. (B) Cumulative data of CD4+Foxp3+ T cell frequency 

from sham versus CLP versus CLP+DCA. Data are a single preliminary 

analysis with a total of 5 mice in each group. Data expressed as mean 

±SEM. *p<0.05, **p<0.01, ***p<0.005 versus sham unless otherwise 

indicated. 
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Key successes: 2nd place in the startup challenge, 

finalist in local NEXT grant competition, expanded 

network to include venture capitalists, marketing 

development managers, and serial entrepreneurs.  
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