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As for most things in life, turning things off in the immune system is as important as turning
them on. Biologists usually like to focus on the positive, the ways in which natural processes
get started. However, this is not the case for the immune system. Numerous studies have
addressed the problems of resolving immune responses, perhaps because inhibition and
resolution of the immune response are so important, required, as they are, to prevent
autoimmunity and reduce ongoing inflammation.

The body responds to infection by inducing many processes. Often granulocytes are the first
cells to appear at sites of infection. Later, antigen and danger signals from the infected area
arrive in draining lymph nodes, either free from cellular carriers or on migrating dendritic
cells. Together these materials activate T and B cells in the nodes, causing huge expansions
in the numbers of antigen-specific lymphocytes and some increases in the numbers of
nonspecific cells, carried along, by various means, for the ride. These cells migrate to the
site of infection, where they either directly or indirectly, by recruiting and activating other
cell types, cause the destruction, elimination, or inactivation of the invading organism. After
the invader has been disposed of, however, various processes that eliminate the recruited
cells are brought into play. Also, there is considerable evidence that even during the acute
phase of the immune response, various feedback inhibitory pathways are induced, making
sure that the huge cellular expansion and cytokine storm that accompany the immune
response do not overwhelm the host. With all this in mind, it is clear that immune responses
are controlled and resolved in many ways. Discussions of the results of many of these
studies are included in this volume. While these studies are valuable and help us to some
extent understand how immunity is controlled, it is still apparent and a major problem in the
field that we do not know which of the many processes dominates in different circumstances
and even why the immune response is controlled in so many ways. Some of these issues are
discussed in this introduction.

There is another matter of historical interest associated with the results described in this
volume. The scientists who proposed the elements of the clonal selection theory in the 1950s
thought that the immune response would be driven entirely by antigen and that, when
antigen disappeared, the immune response would cease (1-3). These scientists also expected
that the primary immune response would create relatively small numbers of antigen-specific
cells, cells that would survive more or less in toto, to become memory cells, when the
primary infection was over. Now we know that the clonal selection theory was wrong on
both these fronts. In spite of the fact that this theory accurately predicted many aspects of the
immune response, it fell short in its predictions about the end of immunity, as amply
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demonstrated by the articles herein. For example, we now know that immune responses are
accompanied by tremendous increases in the numbers of antigen-specific T cells (4-9) and to
a lesser extent B cells (10). Clearly, most of these cells must be destroyed to make space,
cytokines, and nutrients available for other cells and also to avoid huge amounts of
inflammation were all these cells to be reactivated. Thus, biology has arranged that most of
the antigen-specific cells generated during an infection disappear. The processes that control
such removal are discussed at length in several articles in this volume (11-18). Nevertheless,
not all antigen-induced cells die, many survive to create the memory cells (predicted by the
clonal selection theorists) that protect us against reinfections (16, 19, 20).

Events causing and related to termination of the immune response
Loss of antigen

The idea that loss of antigen controls the termination of immune responses is very
straightforward. However, it has been argued for many years that antigen, once introduced,
never truly disappears from the body but instead is retained on the surface of follicular
dendritic cells (21, 22). Clearly organisms that create chronic infections, such as Epstein
Barr virus, can expose the body constantly or at intervals to their antigens. However,
antigens associated with infections that are resolved seem to disappear from the body. Thus,
numerous recent experiments in which antigen-specific T cells are transferred into hosts that
have previously been exposed to antigen have shown that antigen is not necessarily retained
in the host, at least in a form that is detectable by T cells (23-25). Moreover, continuous
exposure to antigen is not needed for the survival of immunological memory, argued in this
volume for B cells by Slifka (19) and elsewhere and herein for T cells (23-26).

Persistent antigen may have in itself contradictory effects, possibly depending on the
conditions, location, and time at which the T cell sees its antigen. For example, antigen-
specific T cells present in the lung during influenza infection are more prone to activation-
induced cell death (AICD) following restimulation than those present in the draining lymph
node (18). Thus, while the loss of antigen signals the beginning of the T-cell contraction
phase, continual signals via the T-cell receptor can also cause T-cell death by AICD.
Likewise, in chronic infections, continual signals through the TCR result in anergy or
exhaustion of the responding T cells (27).

The functions of interleukin-2 (IL-2), which is usually produced in response to antigen, are
particularly difficult to understand. IL-2 is famously a tremendous promoter of T-cell
survival and proliferation in vitro. However, in vivo, IL-2 can provide survival signals or
induce death depending on the state of the responding T cell. IL-2 can sensitize cells to
AICD (17, 18) by, for example, causing the upregulation of Fas ligand (15). Alternatively,
autocrine IL-2 signals reduce cell death in vivo during the lymphocyte contraction phase, at
least following some infections (18). IL-2 is also important during T-cell proliferation. This
is not just because IL-2 stimulates the proliferation of activated cells; it also promotes
expression of the glucose receptor Glut1 on the cell surface, thus helping the T cells take up
glucose to use as fuel to drive proliferation (28). Glucose is a particularly important nutrient
for dividing T cells, since such cells, perhaps unexpectedly, switch from an aerobic, Krebs
cycle-dependent mode to a phase that is anaerobic and glycolytic.

The resolution of the immune response does not always result in a return to normality. For
example, following clearance of measles virus, the host undergoes a transient state of
immunosuppression that is linked to lymphopenia and a switch to T-helper 2 responses that
leaves the host susceptible to other infections (29). Therefore, infections and the immune
responses to them can have effects that last beyond the clearance of the pathogen.
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Dampeners of ongoing immune responses
T cells are among the most miraculous dividers in the immune response. When
appropriately triggered by antigen, CD8+ T cells can divide every 6-8 h (6), a rate that is
limited apparently by the speed at which the DNA of the cells can be replicated. Given this
limitation, there is considerable opportunity for biology to control the magnitude of the
immune response by controlling the speed of T-cell replication. There is evidence that this is
accomplished in several ways. Limitations in the availability of antigen lead to competition
between antigen-specific lymphocytes and inhibition of growth of some lymphocyte clones
versus others, usually based on the relative affinities of the cells for antigen (9, 30-33).
Regulatory T cells play a role, by reducing the potency of antigen-presenting dendritic cells
(11, 34) or by secreting inhibitory cytokines and by other means (35-37). Lymphocytes may
restrict their own expansion via expression of potentially inhibitory receptors such as
cytotoxic T-lymphocyte antigen-4 (CTLA-4), programmed death 1 (PD-1), and KLRG-1
(35, 38-41), which have ligands that may, like PD-ligand 1, be expressed on many tissues,
attempting to protect themselves against the unleashed fury of the immune system (35).

Metabolic considerations
Like all other cells, lymphocytes, dendritic cells, and granulocytes are subject to the dictates
of their metabolisms. They must have nutrients to survive and grow and must turn over toxic
metabolites. The restraints placed on them by such dictates can lead to immunosuppression.
Various tissues and alternatively activated macrophages and monocytes may consume
essential amino acids, thus denying important nutrients to growing T cells. Among the well-
publicized situations along these lines is consumption of tryptophan by the placenta/fetus
and by the liver and arginine by alternatively activated macrophages (42, 43). However, as
Grohmann and Bronte and Cobbold et al. write (34, 44), other amino acids such as
phenylalanine, cysteine glutamine, and histidine may join this list. Grohmann and Bronte
also point out an interesting evolutionary idea, that the requirement for these amino acids
may originally have been exploited by invading bacteria and/or their hosts, to allow or limit
infection. For example, mycobacteria are tryptophan auxotrophs, and this fact may be
exploited under some circumstances by their host. Moreover, amino acid consumption is not
just an end unto itself. The metabolites produced by amino acid breakdown may also have
immune inhibitory properties. Additionally, there is evidence that, via suppression of
mammalian target of rapamycin (mTOR), amino acid deprivation can induce regulatory T
cells (11, 34, 44).

The incredible change in state of lymphocytes induced by antigen is accompanied by a
dramatic change in their production of adenosine triphosphate (ATP). Given that oxidative
phosphorylation creates many more ATP molecules per unit of glucose, one might have
imagined that activated T cells might switch to overwhelmingly aerobic metabolism. On the
contrary, however, as Michalek and Rathmell (28) mention, activated T cells switch off the
aerobic metabolic pathways that dominate in resting T cells and convert to glycolytic
production of ATP, a phenomenon that is permitted by the drastically increased level of
glucose transport into the cells. Why would activated lymphocytes switch from aerobic to
anaerobic metabolism when the latter is so much less efficient, glucose molecule for glucose
molecule? Perhaps the anaerobic metabolism of activated T cells allows them to flourish in
relatively oxygen and/or glucose-deprived tissues such as tumors and extra circulatory sites.
The switch may also allow lymphocytes to escape damage from reactive oxygen species, the
inevitable byproducts of the ramped up mitochondrial activity required by respiration.

At the end of the immune response, T cells that survive must switch back to a resting
metabolic state. Only cells that are able to make this transition will be able to become
memory cells. As growth factors that sustain T-cell responses decline during the time the
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response wanes, the T cells must find alternative fuel. One way in which they may do this is
via autophagy, but this is only a short-term option and autophagy will eventually lead to
apoptosis (13, 17). An alternative source of fuel may be provided by lipids as the transition
of activated T cells into memory cells requires TRAF6 [tumor necrosis factor (TNF)-
associated factor 6] that somehow promotes lipid-β metabolism (28, 45)

Antibodies can tone down immune responses
The injection of immunoglobulin (Ig) molecules intravenously has been found to reduce
inflammation in autoimmune patients and in mouse models of autoimmunity. While the
mechanism of this action is still unclear, Nimmerjahn and Ravetch (46) argue that the
presence of sugar moieties on the Ig molecules is required. The sugars can be recognized by
a population of macrophages in the spleen, and these cells can then trigger an anti-
inflammatory pathway. This theory suggests the intriguing idea that by altering the
glycosylation state of Ig molecules, the immune system can strike a balance between
inflammatory and anti-inflammatory signals.

Cell death
We are all very well aware that cells can die in several ways: apoptosis, auxotrophy, and
what is now called necroptosis. A number of the articles in this volume describe these
processes in detail (11, 13-15, 17, 18) and the circumstances under which they apply, not
only to antigen-specific lymphocytes but also to dendritic cells and granulocytes. As many
of the reviews in this volume discuss, there are two main pathways by which cells die: the
extrinsic and the intrinsic. The extrinsic pathway involves the ligation of cell surface
molecules that initiate a cascade of protein interactions culminating in the activation of
caspase 8(47, 48). The role of these cell surface molecules, including Fas and TNF receptor,
in cell death has been complicated by the finding that some components of the pathways,
such as Fas itself, have been shown to have opposing roles in the immune response: both
acting to increase or decrease T-cell responses in different systems. Walsh and Edinger (17)
suggest that this apparent contradiction can be explained by the fact that T cells that lack
Fas-associated death domain protein (FADD) undergo increased amounts of autophagy and
that this leads to death by necrosis rather than the expected apoptosis following T-cell
activation, a process that requires the presence of FADD.

Hedrick et al. (13) also discuss the confusing findings that defects in caspase 8 result in
increased cell death, often by necroptosis rather than apoptosis. They suggest that in the
absence of this caspase, T cells may believe they have been infected by a virus, which often
express inhibitors of caspase 8. Better, therefore, to die than to survive and propagate a
virus. These data suggest that experiments in which one death pathway has been blocked
cannot be easily interpreted as the molecules involved in the various death pathways are
sensed by the cell at all times; any alternation throws the cell out of kilter, altering this
careful balance.

It's not over when it's over, immunological memory
We still do not completely understand how antigen-activated lymphocytes decide their fate,
whether to survive and become some sort of memory cell or to die. For T cells, clearly the
conditions under which the cell was activated determine to some extent the fate of the cell.
For example, adjuvants, via stimulation of innate immunity, spare some activated T cells
from death (49, 50). In this volume, Cui and Kaech (27) describe the properties
characteristic of CD8+ cells that will convert to functional memory and the phenomena that,
in addition to inflammation, aid such a conversion. Such phenomena include antigen dose,
costimulatory molecules, the presence of IL-2 and, later, IL-15, and good expression of the
transcription factor Bcl-6 versus Blimp-1 (26, 27, 51).
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While there has been considerable attention paid to the transition of effector T cells into
memory cells, we still have little understanding of the transition of activated B cells into the
memory or plasma cell pool. The transcription factors that determine B-cell fate have been
studied. It is thought that the presence of Bcl-6 induces memory cell generation, while the
opposing transcription factor Blimp-1 sends B cells down the plasma cell route (52-54).
However, less well appreciated is what signals tell the B cells to upregulate or downregulate
these two critical transcription factors and of course what signals regulate whether the
activated B cell dies or not. On the whole, it seems that mature B cells and their various
memory descendants are controlled by TNF- related cytokines, BAFF (B-cell activating
factor belonging to the TNF family), CD40L, and APRIL (a proliferation-inducing ligand)
(20), whereas T cells of course remain, like their precursors, addicted to cytokines related to
IL-2 (26, 27). The induction of long-lived plasma cells in the bone marrow is a universally
important consideration, as these are the cells that provide the protection mediated by almost
all of the current human vaccines (55). Ammana and Slifka (19) argue that the lifespan of
the plasma cell is determined by the signals that the precursor B cell received during
activation. For example, an antigen with a repetitive structure supplemented with T-cell help
will lead to the generation of long-lived plasma cells, perhaps because these antigens are
often found on the surface of microorganisms such as viruses. Certainly it is clear that the
lifespan of plasma cells varies from several years to a whole lifetime, and there must be
factors that determine which cells survive in the finite space in the bone marrow.

Apologia
The authors apologize for the fact that in their list of references they have concentrated on
the articles in this volume. Surely the contributors deserve a nod for putting in the work.
More importantly, we also apologize for the fact that some issues related to resolution of the
immune response are inadequately discussed herein. We are thinking particularly of the
processes that mop up dead cells and get rid of inflammatory mediators such as the
cytokines, chemokines, and various arachidonic acid derivatives. Defects in these processes
certainly lead to prolonged inflammation and, in some cases, to autoimmune disease
(56-59). Some discussion of desensitization as it relates to chemokine and cytokine receptors
might also have been useful. Thinking that the subject has already been well and frequently
reviewed, we deliberately did not include an article on regulatory T cells, though, as the
reader can easily notice, they have showed up all over the place in the articles in this volume
anyway. There is also the problem that we may not have distinguished well between
circumstances that prevent the immune response from getting off the ground in the first
place versus circumstances that resolve the immune response once it is over.

The great conundrum
Clearly the immune response is limited in many ways, both during the actual response and
later as the response resolves. One of the major problems facing us immunologists today is,
therefore, if the response is limited in so many ways and if each cell actually contains the
seeds of more than one of these processes, why is it that interruption of even just one of
these systems leads to autoimmunity? For example, lymphocyte death can be mediated by
both the intrinsic and extrinsic apoptotic pathways, yet inhibition of either of these leads to
autoattack. Admittedly, hosts that are knocked out for both apoptotic pathways suffer more
severe and rapid autoimmune disease; however, the redundant aspects of these and other
pathways are nevertheless apparently not complete.

Why not? Is it that some cells that, even though appear identical to their fellows, can only be
destroyed or inactivated by one route? Is this controlled by the type of cell, the structure and
persistence of the antigen, and/or the nature of costimulation to which the cell is exposed, or
is the issue entirely stochastic, by chance a few cells escape one mechanism and are
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normally mopped up by another? Thus, they are allowed to survive if one or other
controlling process is missing. Along perhaps related lines, why is the autoimmune response
that results so frequently lupus-like, regardless of the nature of the mutation that allowed the
response? Is this because researchers most frequently measure anti-nuclear antibodies, or is
it that the escape mechanisms allow recognition of antigens that are widely available,
sparing attack on antigens located in immune privileged sites? Whichever, it is clear that the
resolution of the immune response plays a critical role in the prevention of ongoing
inflammation that can lead to autoinflammatory or autoimmune diseases. Understanding
how to control the cells and molecules that themselves control the immune response is as
important as understanding their initial activation.

Acknowledgments
This work was supported in part by USPHS grants AI-18785, AI-22295 and 5 T32 AI007405 and by DOD grant:
USAMRAMC: W81XWH-07-1-0550.

References
1. Jerne NK. The Natural-Selection Theory of Antibody Formation. Proc Natl Acad Sci U S A. 1955;

41:849–857. [PubMed: 16589759]

2. Talmage DW. Allergy and immunology. Annu Rev Med. 1957; 8:239–256. [PubMed: 13425332]

3. Burnet, F. Clonal selection theory of acquired immunity. Vanderbilt University Press; 1959.

4. Novak EJ, Liu AW, Nepom GT, Kwok WW. MHC class II tetramers identify peptide-specific
human CD4(+) T cells proliferating in response to influenza A antigen. J Clin Invest. 1999;
104:R63–67. [PubMed: 10606632]

5. Fasso M, Anandasabapathy N, Crawford F, Kappler J, Fathman CG, Ridgway WM. T cell receptor
(TCR)-mediated repertoire selection and loss of TCR vbeta diversity during the initiation of a
CD4(+) T cell response in vivo. J Exp Med. 2000; 192:1719–1730. [PubMed: 11120769]

6. Murali-Krishna K, Altman JD, Suresh M, Sourdive DJ, Zajac AJ, Miller JD, Slansky J, Ahmed R.
Counting antigen-specific CD8 T cells: a reevaluation of bystander activation during viral infection.
Immunity. 1998; 8:177–187. [PubMed: 9491999]

7. Gray CM, Lawrence J, Schapiro JM, Altman JD, Winters MA, Crompton M, Loi M, Kundu SK,
Davis MM, Merigan TC. Frequency of class I HLA-restricted anti-HIV CD8+ T cells in individuals
receiving highly active antiretroviral therapy (HAART). J Immunol. 1999; 162:1780–1788.
[PubMed: 9973442]

8. Butz EA, Bevan MJ. Massive expansion of antigen-specific CD8+ T cells during an acute virus
infection. Immunity. 1998; 8:167–175. [PubMed: 9491998]

9. Srinivasan A, Foley J, McSorley SJ. Massive number of antigen-specific CD4 T cells during
vaccination with live attenuated Salmonella causes interclonal competition. J Immunol. 2004;
172:6884–6893. [PubMed: 15153507]

10. Jerne NK, Nordin AA. Plaque Formation in Agar by Single Antibody-Producing Cells. Science.
1963; 140:405.

11. Chen M, Wang J. Programmed cell death of dendritic cells in immune regulation. Immunological
Reviews. 2010; 236

12. Duffin R, Leitch A, Fox S, Haslett C, Rossi A. Targeting granulocyte apoptosis: mechanisms,
models and therapies. Immunological Reviews. 2010; 236

13. Hedrick S, Ch'en I, Alves B. Intertwined pathways of programmed cell death in immunity.
Immunological Reviews. 2010; 236

14. Kurtulus S, Tripathi P, Opferman J, Hildeman D. Contracting the “mus cells” - does down-sizing
suit us for diving into the memory pool? Immunological Reviews. 2010; 236

15. Snow A, Pandiyan P, Zheng L, Krummey S, Lenardo M. The power and promise of restimulation-
induced cell death in human immune diseases. Immunological Reviews. 2010; 236

16. Sun J, Beilke J, Lanier L. Immune memory redefined: characterizing the longevity of natural killer
cells. Immunological Reviews. 2010; 236

Marrack et al. Page 6

Immunol Rev. Author manuscript; available in PMC 2011 July 07.

H
H

M
I Author M

anuscript
H

H
M

I Author M
anuscript

H
H

M
I Author M

anuscript



17. Walsh C, Edinger A. The complex interplay between autophagy, apoptosis and necrotic signals
promotes T cell homeostasis. Immunological Reviews. 2010; 236

18. McKinstry K, Strutt T, Swain S. Regulation of CD4 T cell contraction during pathogen challenge.
Immunological Reviews. 2010; 236

19. Amanna I, Slifka M. Mechisms that determine plasma cell lifespan and the duration of humoral
immunity. Immunologial reviews. 2010; 236

20. Elgueta R, Vries V. d. Noelle R. The immortalty of humoral immunity. Immunological Reviews.
2010; 236

21. Humphrey JH, Grennan D. Isolation and properties of spleen follicular dendritic cells. Adv Exp
Med Biol. 1982; 149:823–827. [PubMed: 7148575]

22. Gray D. Immunological memory: a function of antigen persistence. Trends Microbiol. 1993; 1:39–
41. discussion 41-32. [PubMed: 8044459]

23. Markiewicz MA, Girao C, Opferman JT, Sun J, Hu Q, Agulnik AA, Bishop CE, Thompson CB,
Ashton-Rickardt PG. Long-term T cell memory requires the surface expression of self-peptide/
major histocompatibility complex molecules. Proc Natl Acad Sci U S A. 1998; 95:3065–3070.
[PubMed: 9501216]

24. Murali-Krishna K, Lau LL, Sambhara S, Lemonnier F, Altman J, Ahmed R. Persistence of
memory CD8 T cells in MHC class I-deficient mice. Science. 1999; 286:1377–1381. [PubMed:
10558996]

25. Swain SL, Hu H, Huston G. Class II-independent generation of CD4 memory T cells from
effectors. Science. 1999; 286:1381–1383. [PubMed: 10558997]

26. Cui W, Kaech S. Generation of effector CD8 T cells and their conversion to memory T cells.
Immunological reviews. 2010; 236

27. Angelosanto J, Wherry E. Transcription factor regulation of CD8 T cell memory and exhaustion.
Immunological Reviews. 2010; 236

28. Michalek R, Rathmell J. The metabolic life and times of a T cell. Immunological Reviews. 2010;
236

29. Griffin D. Measles virus-induced suppression of immune responses. Immunological Reviews.
2010; 236

30. Ge Q, Bai A, Jones B, Eisen HN, Chen J. Competition for self-peptide-MHC complexes and
cytokines between naive and memory CD8+ T cells expressing the same or different T cell
receptors. Proc Natl Acad Sci U S A. 2004; 101:3041–3046. [PubMed: 14976256]

31. Kedl RM, Rees WA, Hildeman DA, Schaefer B, Mitchell T, Kappler J, Marrack P. T cells compete
for access to antigen-bearing antigen-presenting cells. J Exp Med. 2000; 192:1105–1113.
[PubMed: 11034600]

32. Willis RA, Kappler JW, Marrack PC. CD8 T cell competition for dendritic cells in vivo is an early
event in activation. Proc Natl Acad Sci U S A. 2006; 103:12063–12068. [PubMed: 16880405]

33. Allen CD, Okada T, Tang HL, Cyster JG. Imaging of germinal center selection events during
affinity maturation. Science. 2007; 315:528–531. [PubMed: 17185562]

34. Cobbold S, Adams E, Nolan K, Regateiro F, Waldmann H. Connecting the mechanisms of T-cell
regulation: dendritic cells as the missing link. Immunological Reviews. 2010; 236

35. Francisco L, Sage P, Sharpe A. The PD-1 pathway in tolerance and autoimmunity. Immunological
Reviews. 2010; 236

36. Littman DR, Rudensky AY. Th17 and regulatory T cells in mediating and restraining
inflammation. Cell. 2010; 140:845–858. [PubMed: 20303875]

37. Sakaguchi S, Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T. Regulatory T cells: how do they
suppress immune responses? Int Immunol. 2009; 21:1105–1111. [PubMed: 19737784]

38. Krummel MF, Allison JP. CD28 and CTLA-4 have opposing effects on the response of T cells to
stimulation. J Exp Med. 1995; 182:459–465. [PubMed: 7543139]

39. Nishimura H, Honjo T. PD-1: an inhibitory immunoreceptor involved in peripheral tolerance.
Trends Immunol. 2001; 22:265–268. [PubMed: 11323285]

Marrack et al. Page 7

Immunol Rev. Author manuscript; available in PMC 2011 July 07.

H
H

M
I Author M

anuscript
H

H
M

I Author M
anuscript

H
H

M
I Author M

anuscript



40. Corral L, Hanke T, Vance RE, Cado D, Raulet DH. NK cell expression of the killer cell lectin-like
receptor G1 (KLRG1), the mouse homolog of MAFA, is modulated by MHC class I molecules.
Eur J Immunol. 2000; 30:920–930. [PubMed: 10741410]

41. Guthmann MD, Tal M, Pecht I. A new member of the C-type lectin family is a modulator of the
mast cell secretory response. Int Arch Allergy Immunol. 1995; 107:82–86. [PubMed: 7613222]

42. Munn DH, Zhou M, Attwood JT, Bondarev I, Conway SJ, Marshall B, Brown C, Mellor AL.
Prevention of allogeneic fetal rejection by tryptophan catabolism. Science. 1998; 281:1191–1193.
[PubMed: 9712583]

43. Sedlmayr P, Blaschitz A, Wintersteiger R, Semlitsch M, Hammer A, MacKenzie CR, Walcher W,
Reich O, Takikawa O, Dohr G. Localization of indoleamine 2,3-dioxygenase in human female
reproductive organs and the placenta. Mol Hum Reprod. 2002; 8:385–391. [PubMed: 11912287]

44. Grohmann U, Bronte V. Control of immune response by amino acid metabolism. Immunological
Reviews. 2010; 236

45. Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang LS, Jones RG, Choi Y. Enhancing
CD8 T-cell memory by modulating fatty acid metabolism. Nature. 2009; 460:103–107. [PubMed:
19494812]

46. Nimmerjahn F, Ravetch J. Antibody mediated modulation of immune responses. Immunological
Reviews. 2010; 236

47. Marsden VS, Strasser A. Control of apoptosis in the immune system: Bcl-2, BH3-only proteins and
more. Annu Rev Immunol. 2003; 21:71–105. [PubMed: 12414721]

48. Hildeman D, Jorgensen T, Kappler J, Marrack P. Apoptosis and the homeostatic control of immune
responses. Curr Opin Immunol. 2007; 19:516–521. [PubMed: 17644328]

49. Pape KA, Khoruts A, Mondino A, Jenkins MK. Inflammatory cytokines enhance the in vivo clonal
expansion and differentiation of antigen-activated CD4+ T cells. J Immunol. 1997; 159:591–598.
[PubMed: 9218573]

50. Vella AT, McCormack JE, Linsley PS, Kappler JW, Marrack P. Lipopolysaccharide interferes with
the induction of peripheral T cell death. Immunity. 1995; 2:261–270. [PubMed: 7535182]

51. Williams MA, Tyznik AJ, Bevan MJ. Interleukin-2 signals during priming are required for
secondary expansion of CD8+ memory T cells. Nature. 2006; 441:890–893. [PubMed: 16778891]

52. Angelin-Duclos C, Cattoretti G, Lin KI, Calame K. Commitment of B lymphocytes to a plasma
cell fate is associated with Blimp-1 expression in vivo. J Immunol. 2000; 165:5462–5471.
[PubMed: 11067898]

53. Crotty S, Johnston RJ, Schoenberger SP. Effectors and memories: Bcl-6 and Blimp-1 in T and B
lymphocyte differentiation. Nat Immunol. 11:114–120. [PubMed: 20084069]

54. Shaffer AL, Yu X, He Y, Boldrick J, Chan EP, Staudt LM. BCL-6 represses genes that function in
lymphocyte differentiation, inflammation, and cell cycle control. Immunity. 2000; 13:199–212.
[PubMed: 10981963]

55. Plotkin SA. Vaccines: correlates of vaccine-induced immunity. Clin Infect Dis. 2008; 47:401–409.
[PubMed: 18558875]

56. Rothlin CV, Ghosh S, Zuniga EI, Oldstone MB, Lemke G. TAM receptors are pleiotropic
inhibitors of the innate immune response. Cell. 2007; 131:1124–1136. [PubMed: 18083102]

57. Munoz LE, Janko C, Grossmayer GE, Frey B, Voll RE, Kern P, Kalden JR, Schett G, Fietkau R,
Herrmann M, Gaipl US. Remnants of secondarily necrotic cells fuel inflammation in systemic
lupus erythematosus. Arthritis Rheum. 2009; 60:1733–1742. [PubMed: 19479824]

58. Munoz LE, Janko C, Chaurio RA, Schett G, Gaipl US, Herrmann M. IgG opsonized nuclear
remnants from dead cells cause systemic inflammation in SLE. Autoimmunity. 43:232–235.
[PubMed: 20187705]

59. Vandivier RW, Henson PM, Douglas IS. Burying the dead: the impact of failed apoptotic cell
removal (efferocytosis) on chronic inflammatory lung disease. Chest. 2006; 129:1673–1682.
[PubMed: 16778289]

Marrack et al. Page 8

Immunol Rev. Author manuscript; available in PMC 2011 July 07.

H
H

M
I Author M

anuscript
H

H
M

I Author M
anuscript

H
H

M
I Author M

anuscript


