
Forum
Questions of
Stochasticity and
Control in Immune
Repertoires
Gur Yaari,1,* Martin Flajnik,2 and
Uri Hershberg 3,4,*

Four Scales of Interactions
Underlying Immune Function
How does the adaptive immune system
generate robust immune responses
despite stochasticity at the genetic,
molecular, and cellular levels? To address
this multidisciplinary challenge, perspec-
tives from systems biology, mathematical
modeling, evolution, and experimental
immunology are required. With new single
cell high-throughput technology, the time
is ripe to discuss it.

Predicting immune function is critical for
public health. How does a vaccine actu-
ally ‘work’? Taking genetic and demo-
graphic factors into account, who will
suffer from influenza, autoimmunity, or
cancer? High-throughput experiments
open a new window into single-cell data
from wide populations of cells. Along with
great promises that these technologies
bring with them, they also introduce
‘noise’ and are hard to interpret. Last
summer, in Jerusalem, we had a unique
multidisciplinary meeting that discussed
these very issues for 1 week. During this
meeting, we discussed ‘what shall we ask
next in immunology?’. We wish to share
with the immunology community the
questions that were raised at this meet-
ing, as we feel that these are questions all
immunologists must bear in mind. In par-
ticular, what novel theories, and combi-
nations of conventional and emerging
technologies should be applied to
address questions of immune function?
How can the integration of big data from
multiple scales of biological interactions
be performed to help us answer the
questions specified above? What types
of high-throughput experimental data
are most informative in different experi-
mental and descriptive circumstances?
What mathematical and analytical tools
do we need to interpret the data? In the
end, how can we quantify our certainty in
the biological inferences we can make
from experimental observations, in order
to make relevant clinical decisions?

The advent of high-throughput, single-cell
experimental techniques [1] and their
associated computational and analytical
methods drive us to re-examine the basic
questions and relationships that underlie
the process of immune selection and
response [2]. Roughly, interactions occur
among four physical scales: responses of
single clones of lymphocytes from the
primary repertoire; competition among
B cell clones during a response after
somatic mutation; interactions among dif-
ferent cell types in the selection of
expanded clones; and evolutionary selec-
tion by the integration of the immune sys-
tem, epigenome, microbiome, and other
physiological systems (Figure 1).

The functioning immune system is distrib-
uted among a huge number of indepen-
dently acting cells arrayed in multiple
related populations. Through cooperative
interactions of adaptive and innate sig-
nals, and in particular, T and B cell syn-
apses with antigen-presenting cells and
with each other, these cell populations
collectively engender an adaptive immune
response. We can observe the behavior
of individual cells, and indeed infer the
entire innate and adaptive immune sys-
tem at many scales of interactions. All
lymphocytes must have a functional
receptor. T cell receptor (TCR) or B cell
receptor (BCR) activation initiates gene
expression, epigenetic structural
changes, translation, and post-transla-
tional modifications of cellular proteins.
In collecting information, immune cells
Tren
compete for antigens and respond to
paracrine and autocrine cytokine signals,
as well as a myriad of non-BCR/non-TCR
cell surface receptor cognate interactions
that enable responses to vaccines and
later a recall response to confront dis-
ease. To understand the signals that drive
immunity we must identify and under-
stand all these types of interactions and
their different temporal scales (Figure 1).
Fully articulating all of these scales is
beyond our scope, so here we focus on
the scale of cellular interactions and try to
identify key relationships to explore.

Exploring at the Individual Cell
Level
One first question that emerges is how
does BCR affinity influence the survival
and downstream signaling of B cells?
How are cytokine and co-stimulatory mol-
ecule signals integrated with the signals
derived from the antigen receptor? The
component parts of B cell and T cell inter-
nal signaling have been characterized,
including kinase cascades [3], threshold
dynamics of the NFkB transcription factor
family [4], and MYC [3], each with different
specific components of calcium depen-
dence [5]. These signaling cascades can
be divided into pathways downstream of
the BCR (determined by the specificity of
interactions with antigens), and pathways
dependent on direct inflammatory signals
(TNF, IFN, etc.) as well as on activation via
innate signals such as Toll-like receptors
and other pattern recognition receptors
(PRRs) [6]. We can thus ask more specifi-
cally how the dynamics of cell signaling
are based on the dynamics of cell binding.
What, for instance, is the impact of on-
rates or off-rates on binding, the density
of presented antigens, or the timing of co-
stimulation by other innate pathways?

A second question is how the activation
links to changes in cell behavior; the dif-
ferent pathways of BCR or TCR signaling,
acting in tandem with innate signaling
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Figure 1. Four Scales of Interactions Underlying Immune Function. Immune cells undergo selection based on variable proliferation, death, and diversification
rates, adapting to changing molecular environments. This adaptive immune behavior enables vertebrates to match the shorter timescale of microbial and viral evolution.
Relationships between timescales of organismal evolution, microbial pathogenesis, and immune adaptation are complex, and changes cannot be simply explained by
the Darwinian ‘selection of the fittest’; studying the integration of these scales is daunting. Using novel high-throughput techniques, how individual cells relate to each
other and how they cooperate over time to create efficient immune responses can now be studied. The B cell repertoire is used as an example, across all four scales. (1)
Single cell diversity is generated through V(D)J joining and the insertion of non-templated N nucleotides to encode heavy chain–light chain pairs which can
generate � 1014 different receptors. From this diversity, all B cells are selected for B cell receptor (BCR) function: proper folding of their framework regions
(FWR) and antigen binding of their complementarity determining regions (CDR). BCR activation generates and ‘interacts’ with proinflammatory (green) and anti-
inflammatory (red) cytokines. (2) Every repertoire can be divided into a set of clones [cells derived from a common progenitor cell with a specific, unique BCR (groups of
circles of a same color)]. Selection, and therefore all changes in B cell populations, can be divided into two related forms of competition: clonal shift (black arrow;
competition between clones) and clonal drift (colored arrows; competition between mutant members of each clone) (mutations: extra lines on circles). Together, these
two scales of cell interactions underlie the process of somatic selection in adaptive immunity (3). The final scale is the evolutionary scale of epigenomes, microbiomes,
and immune systems (4) including the co-evolution of our immune system, the microbes/virons that infect us, and the evolution of adaptive immunity across species,
from first appearance in lampreys, through amphibians and ruminants, to humans.
pathways, create a pattern of competitive
proliferation and death [5]. Improved affin-
ity has been shown to decrease death
rates [7]. Other evidence shows that a
cell’s division and apoptotic dynamics
occur along parallel competitive time lines
[8]. From these observations and using
single cell analysis, we can now ask, how
do different signaling pathways, triggered
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either through BCR-specific activation or
by innate pathways, influence prolifera-
tion, death, and differentiation?

Exploring at the Cell Population
Level
From these new ways of studying the
dynamics of individual cells, a more com-
plex view arises for the modes of
11
cooperation between cells: first, what
are the roles of the different cell types in
controlling immune responses and how
do these roles change as cells adapt [9]?
For instance, the balance of regulation for
activation and inhibition depends on cell
activity and its context. Thus, ergotypes
(indicators of activity such as HSP60) may
upregulate regulatory T cell (Treg) activity



when presented by professional antigen
presenting cells and downregulate it
when presented by T effector cells. This
is a relationship, which when dysregu-
lated, can lead to autoimmunity or cancer
and if controlled, could underlie future
putative treatments for these pathologies
[10]. This leads us to further ask if we
should consider immune cells as a con-
tinuum of context-specific responses,
instead of dividing cells into distinct types
and irreversible differentiation stages.

Second, what is the effect of the somatic
environment in determining cellular coop-
eration and behavior? Motion through
specialized tissue environments in the
lymph nodes and bone marrow that is
mediated by different chemokines (such
as Cxcl 12 and Cxcl 13) is key for the
development of germinal centers [11] and
the development of memory and effector
cells [12,13]. So, how do cells communi-
cate their roles and responses in such
situations? What are the minimal sets of
cells and factors that balance positive and
negative signals to help maintain homeo-
stasis? [14]

The questions related to the two scales of
cellular interactions discussed above
describe a process of somatic change
which can be linked to two scales of
selection. This raises additional questions
on the nature of selection, both somati-
cally in the body, and through the evolu-
tion of diseases and adaptive immune
systems, which are beyond the scope
of this forum piece (Figure 1).

Immune cells have a wide array of poten-
tial dynamics and interactions. While this
has long been suggested, the wave of
novel high-throughput experimental and
computational methods, for the first time,
enable us to fully characterize the breadth
and nature of stochasticity of cellular
behaviors. They also show us that the
diversity of cell dynamics is not a hin-
drance to immune function, acting as
‘noise’ in the system, but rather, that it
is part of what makes it robust [15]. To
fully understand the ‘how’ requires us to
ask questions about the immune system
across multiple scales of biological inter-
actions and selection, and connect them
all. Only then will we be able to truly
advance our ability to understand immune
function and create successful and
nuanced methods for the modulation of
immune responses (Figure 1).

Acknowledgments
This paper stemmed from many discussions we had

as part of a research group that took place at the Israel

Institute of Advanced Studies (IIAS) and ended with a

unique multidisciplinary meeting. We thank the IIAS

staff, especially Michal Linial and Iris Avivi, for making

the period we spent there extremely valuable. We

thank the research group members, guests, and

the participants of the meeting for enlightening con-

versations. Research group members and guests are:

Andrew Collins, Michal Or-Guil, Sol Efroni, Nir Fried-

man, Ronald Gartenhaus, Yoram Louzoun, Phil

Hodgkin, Michael Levitt, Jose Faro, Benny Chain,

Leïla Perié, Bartlomiej Swiatczak, Yanary Ofran, Yuval

Elhanati, Irun Cohen, and Sorin Solomon. The partic-

ipants of the Batsheva de Rothschild Seminar on:

Stochasticity and Control in the Dynamics and Diver-

sity of Immune Repertoires can be found at: http://

www.as.huji.ac.il/sites/default/files/

Program-conf-stoch.pdf.

1Bioengineering, Faculty of Engineering, Bar-Ilan

University, Ramat Gan 5290002, Israel
2Department of Microbiology and Immunology, University

of Maryland, Suite 380, 685 West Baltimore Street,

Baltimore, MD 21201, USA
Tren
3Department of Human Biology, Faculty of Sciences,

University of Haifa, Haifa, 3498838, Israel
4School of Biomedical Engineering, Science and Health

Systems and Department of Microbiology and

Immunology, College of Medicine, Drexel University,

Philadelphia, PA 19104, USA

*Correspondence:

gur.yaari@biu.ac.il (G. Yaari),

uri@sci.haifa.ac.il, uh25@drexel.edu (U. Hershberg).

https://doi.org/10.1016/j.it.2018.09.001

References
1. Jaitin, D.A. et al. (2014) Massively parallel single-cell RNA-

seq for marker-free decomposition of tissues into cell
types. Science 343, 776–779

2. Yaari, G. and Kleinstein, S.H. (2015) Practical guidelines for
B-cell receptor repertoire sequencing analysis. Genome
Med. 7, 121

3. Luo, W. et al. (2018) B cell receptor and CD40 signaling are
rewired for synergistic induction of the c-Myc transcription
factor in germinal center B cells. Immunity 48, 313–326

4. Lee, R.E.C. et al. (2014) Fold change of nuclear NF-kB
determines TNF-induced transcription in single cells. Mol.
Cell 53, 867–879

5. Moens, L. et al. (2016) Naïve and memory B cells exhibit
distinct biochemical responses following BCR engage-
ment. Immunol. Cell Biol. 94, 774–786

6. Takeuchi, O. and Akira, S. (2010) Pattern recognition
receptors and inflammation. Cell 140, 805–820

7. Anderson, S.M. et al. (2009) Taking advantage: high-affin-
ity B cells in the germinal center have lower death rates, but
similar rates of division, compared to low-affinity cells. J.
Immunol. 183, 7314–7325

8. Duffy, K.R. et al. (2012) Activation-induced B cell fates are
selected by intracellular stochastic competition. Science
335, 338–341

9. Rieckmann, J.C. et al. (2017) Social network architecture
of human immune cells unveiled by quantitative proteo-
mics. Nat. Immunol. 18, 583–593

10. Cohen, I.R. (2014) Activation of benign autoimmunity as
both tumor and autoimmune disease immunotherapy: a
comprehensive review. J. Autoimmun. 54, 112–117

11. Pereira, J.P. et al. (2010) Finding the right niche: B-cell
migration in the early phases of T-dependent antibody
responses. Int. Immunol. 22, 413–419

12. Aiba, Y. et al. (2010) Preferential localization of IgG memory
B cells adjacent to contracted germinal centers. Proc. Natl.
Acad. Sci. U. S. A. 107, 12192–12197

13. McHeyzer-Williams, L.J. et al. (2015) Class-switched
memory B cells remodel BCRs within secondary germinal
centers. Nat. Immunol. 16, 296–305

14. Zhou, X. et al. (2018) Circuit design features of a stable
two-cell system. Cell 172, 744–757

15. Tsimring, L.S. (2014) Noise in biology. Rep. Prog. Phys. 77,
026601
ds in Immunology, November 2018, Vol. 39, No. 11 861

http://www.as.huji.ac.il/sites/default/files/Program-conf-stoch.pdf
http://www.as.huji.ac.il/sites/default/files/Program-conf-stoch.pdf
http://www.as.huji.ac.il/sites/default/files/Program-conf-stoch.pdf
mailto:gur.yaari@biu.ac.il
mailto:uri@sci.haifa.ac.il
mailto:uh25@drexel.edu
https://doi.org/10.1016/j.it.2018.09.001
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0005
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0005
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0005
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0010
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0010
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0010
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0015
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0015
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0015
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0020
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0020
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0020
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0025
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0025
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0025
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0030
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0030
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0035
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0035
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0035
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0035
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0040
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0040
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0040
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0045
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0045
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0045
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0050
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0050
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0050
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0055
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0055
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0055
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0060
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0060
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0060
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0065
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0065
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0065
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0070
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0070
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0075
http://refhub.elsevier.com/S1471-4906(18)30166-2/sbref0075

	Questions of Stochasticity and Control in Immune Repertoires
	Four Scales of Interactions Underlying Immune Function
	Exploring at the Individual Cell Level
	Exploring at the Cell Population Level
	Acknowledgments
	References


