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Personal View

The bullwhip effect, T-cell telomeres, and SARS-CoV-2

Abraham Aviv

Both myeloid cells, which contribute to innate immunity, and lymphoid cells, which dominate adaptive immunity,
partake in defending against SARS-CoV-2. In response to the virus, the otherwise slow haematopoietic production
supply chain quickly unleashes its preconfigured myeloid element, which largely resists a bullwhip-like effect. By
contrast, the lymphoid element risks a bullwhip-like effect when it produces T cells and B cells that are specifically
designed to clear the virus. As T-cell production is telomere-length dependent and telomeres shorten with age, older
adults are at higher risk of a T-cell shortfall when contracting SARS-CoV-2 than are younger adults. A poorly calibrated
adaptive immune response, stemming from a bullwhip-like effect, compounded by a T-cell deficit, might thus
contribute to the propensity of people with inherently short T-cell telomeres to develop severe COVID-19. The
immune systems of these individuals might also generate an inadequate T-cell response to anti-SARS-CoV-2

vaccination.

Introduction

Haematopoiesis in the red bone marrow generates and
maintains the 25 trillion circulating red blood cells
(RBCs) in adults.! The production of these cells, which do
not have nuclei, is tightly controlled. Haematopoiesis
also produces nucleated white blood cells (WBCs) that
belong to the myeloid lineage, which is central to innate
immunity,’ and the lymphoid lineage, which is the core
of adaptive immunity’ Throughout the human life
course, haematopoiesis strictly regulates the myeloid
cells (known here as system 1) but has less influence on
the lymphoid cells (known here as system 2). In fighting
invading pathogens, system 1 is reflexive and largely
general, whereas system 2 is plastic and specific. Both
systems engage SARS-CoV-2, the virus that causes
COVID-19.%¢

In an interview about decision making with
The New Yorker's Maria Konnikova on April 6, 2020,
88-year-old Nobel Prize winner Daniel Kahneman made
a chillingly prescient prediction about COVID-19: “For
old people like me the prospects are not good. I see very
little reason for optimism. I mean at the best I would say
for the older among us, it’s pretty much a life sentence of
incarceration at home, or a very long-term sentence. This
is going to change the rest of our lives.”

In his book Thinking, Fast and Slow,® Kahneman
describes two systems of decision making, which he
refers to as system 1 and system 2. System 1 of decision
making is reflexive, whereas system 2 of decision making
is analytical and often involves a series of steps. Immune
cells do not make decisions, but portraying the myeloid
element of innate immunity (ie, reflexive and general) as
system 1 and the lymphoid element of the adaptive
immunity (ie, plastic and specific) as system 2 might help
to explain a puzzling person-to-person variation in
the response to anti-SARS-CoV-2 vaccination and the
susceptibility of older people to severe COVID-19.

Haematopoiesis

Roughly 400 long-lived haematopoietic stem cells at the
top of the haematopoietic hierarchy replicate about once
a year in an adult.*™ The pace of replication progressively
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quickens down the hierarchy, where the numbers of
haematopoietic cells increase as they become differentiated
(ie, mature) and take on functions of their specific lineages
(figure 1). At the bottom of the hierarchy, short-lived
unipotent haematopoietic progenitor cells replicate once
or more per day, releasing into the circulation around
300 billion blood cells, most of which are RBCs. At least
30 sequential cell replications separate haematopoietic
stem cells at the top of the hierarchy from circulating
blood cells. Additionally, whereas haematopoietic stem
cells have a high replicative capacity (ie, they can replicate
numerous times), unipotent cells have a low replicative
capacity and are continuously replaced by haematopoietic
cells from higher strata of the hierarchy. Generally,
3 months elapse between the replication of haematopoietic
stem cells and the release of their progenies into the
circulation (figure 1).°%

From the standpoint of homeostasis (ie, the main-
tenance of physiological stability), referred to as a steady
state, this configuration makes little sense. In theory, fast
haematopoietic cell replication up the hierarchy and
propagation of replication waves downwards could, for
instance, rapidly stabilise decreasing circulating RBCs
due to bleeding and bring them back to a typical level.
However, such a response might raise the risk of a process
similar to the supply chain phenomenon known as the
bullwhip effect.

The hierarchal dynamics of haematopoiesis
attenuate a bullwhip-like effect

The bullwhip effect, in essence, arises when irregular
variations in the consumer demand ripple across the
production—supply chain, progressively increasing in
magnitude as they move up the chain (figure 2A).** This
variance amplification interrupts the proper operation of
the production—supply chain. Many models have been
formulated to mitigate the bullwhip effect. In commerce,
however, human decision making exerts a major influence
on the effect,” diminishing the likelihood of its abolition.
By contrast, the cellular factors that define the dynamics of
haematopoiesis have been created by evolution, which is
free of human cognition.”

CrossMark

Lancet Healthy Longev 2022;
3:e715-21

Center of Human Development
and Aging, New Jersey Medical
School, Rutgers, The State
University of New Jersey,
Newark, NJ, USA

(Prof A Aviv MD)

Correspondence to:

Prof Abraham Aviv, Center of
Human Development and Aging,
New Jersey Medical School,
Rutgers, The State University of
New Jersey, Newark, NJ 07103,
USA

avivab@njms.rutgers.edu

e715


http://crossmark.crossref.org/dialog/?doi=10.1016/S2666-7568(22)00190-8&domain=pdf

Personal View

HSCs /—\ Longer
Few, long lived, low telomeres
replicative rate, high %
replicative capacity
o
o
3
)
I
5
[}
UPCs B
Many, short lived, 2
high replicative rate, @
low replicative v
capacity %
Shorter
® @ O @0@ Q@qo "QQ telomeres
1 I ]
White blood cells Red blood cells

Figure 1: Haematopoiesis

HSCs are at the top of the hierarchy and UPCs are at the bottom of the hierarchy.
The figure shows only eight of the more than 30 strata of cell replication.
Telomeres are depicted as red caps on the chromosomal ends.
HSCs=haematopoietic stem cells. UPCs=unipotent cells.
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Figure 2: Smoothing a bullwhip-like effect in haematopoiesis by slowing the production of blood cells
(A) Bullwhip effect in commerce. (B) Bullwhip-like effect in a setting of fast production-supply (hare) of blood cells.
(C) Preferred system of slow production-supply (tortoise) that reduces the effect.

The Tortoise and the Hare fable, in which the fast-moving
hare is beaten in a race by the slowermoving, but
consistently persevering, tortoise competitor, has been
invoked as a lesson for decreasing the bullwhip effect.** A
slow but stable production—supply chain better withstands
unanticipated factors that might disrupt its operation than
does a fast production—supply chain. This analogy applies
to haematopoiesis, for which the production—-supply starts
with haematopoietic stem cells and ends in circulating
blood cells (figure 2B, C). As haematopoiesis occurs
primarily in the red bone marrow of flat bones, such as
the sternum, pelvis, shoulder, and skull, circulating blood
cells originate not from a single production—supply chain
but from multiple chains. Variance amplification in a fast
proliferative response of haematopoietic cells up the
hierarchy of these different chains might overcompensate
for minor (within normal) fluctuations in the number of
circulating blood cells. Therefore, when forced to react
because of bleeding, for instance, this haematopoietic
system relegates the immediate response to stabilise RBC
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count to haematopoietic cells lower down the hierarchy.”
Such reliance on haematopoietic cells down the hierarchy
to dodge a bullwhip-like effect is also evident when the
haematopoietic system responds to infection.

Decoupling adaptive immunity from innate
immunity

WBCs that primarily belong to the myeloid lineage are
a key component of innate immunity (ie, system 1). This
immune defence of multicellular organisms? responds
promptly to an invading pathogen, although some
viruses, including SARS-CoV-2, might manage to delay
their detection.” Except for monocytes, which traffic out
of the blood to become macrophages with replicative
capacity,” cells of the myeloid lineage are terminally
differentiated, and they do not replicate. Principally
relying on cells down the haematopoietic hierarchy for
their production and replenishment (ie, myelopoiesis),
myeloid cells set off a largely preconfigured immune
response to kill or contain invading pathogens.”?”
However, these cells do not have the tactical plasticity of
tailor-made mechanisms to clear specific pathogens.

Some pathogens cause mild infections, whereas others
are life-threatening. The innate immune response is often
sufficient to clear pathogens that cause mild infections.
However, in engaging potentially life-threatening
infections, such as SARS-CoV-2, this elemental system
often only suppresses the pathogen, providing time to
mobilise a more specific response. In fact, haematopoiesis
seems to falter under severe SARS-CoV-2 assault, as
shown by the spill of premature myeloid cells into the
circulation from higher strata of the haematopoietic
hierarchy (ie, emergency myelopoiesis).** Such a finding
suggests that the supply chain of myeloid cells cannot
accommodate the increased demand in patients with
severe COVID-19. In the next stage of the response, the
logistics of fighting the pathogen shift to an immune
system that has evolved more recently than innate
immunity (ie, adaptive immune response), which involves
lymphoid cells (system 2).}

The adaptive immune response relies principally on
two types of lymphocytes (ie, T cells and B cells), which
are specifically designed to clear an offending pathogen.
Both cell types are formed in the bone marrow but retain
their replicative capacities after leaving it. The life
histories of T cells and B cells and their biology are
complex and beyond the scope of this Personal View.**”
Put simply, T cells and B cells continue to differentiate
out of the bone marrow and are not constrained by the
strict rules of haematopoiesis. These cells are generally
stratified into two subcategories: naive T cells and B cells
and the different types of pathogen-specific effector or
memory (EM) cells that they generate through sequential
replications in response to infection, a process that is
referred to as clonal expansion.

In addition to T cells and B cells, natural killer cells
are capable of clonal expansion.”® Similarly to T and
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B cells, these cells are formed in the bone marrow and
further differentiate outside of it. Although they are of
lymphoid origin, natural killer cells are mobilised to kill
virus-infected cells as part of the general innate immune
response. Moreover, they appear to display adaptive-like
features in chronic viral infection, conferring some
specific immunity through clonal expansion.”® The
adaptive immune response to acute infections, however,
is principally driven by the clonal expansion of T cells
and B cells.

Pathogens possess epitopes (ie, antigens) that a T cell
recognises as non-self. When exposed to its cognate
antigen, a naive T cell begins a series of replications that
mark clonal expansion. While the innate immune
response fends off the invading pathogen for several
days, selected naive T cells generate an army of EM T cells
through clonal expansion. Additionally, a subset of
T cells, called follicular helper CD4* T cells, interact with
antigen-specific B cells, which are then stimulated to
replicate and become EM B cells.*”* EM B cells secrete
specific antibodies against the pathogen. Jointly, the
custom-made EM T cells and antibody-secreting B cells
provide a powerful and specific mechanism to clear an
invading pathogen from the body.

By exposing T cells and B cells to antigens, vaccination
provokes the adaptive immune response to generate
EM cells and antibodies against a pathogen through
mechanisms similar to a response to the real infection.
What is so baffling about this response, however, is its
wide interindividual variation after vaccination. For
SARS-CoV-2 antigens, a hundred times or more variation
across adults is observed after vaccination in virus-
specific T-cell responses™™ and antibody titres.**

The dynamics of adaptive immunity risk a
bullwhip-like effect

The myeloid component of the innate immune response
(system 1) to acute infection mainly relies on circulating
blood cells and unipotent cells down the production—
supply chain of the haematopoietic hierarchy. Haemato-
poietic cells up the hierarchy hardly contribute to the
process. By contrast, the adaptive immune response
(system 2) to acute infection constructs an entire
production—supply chain of EM cells specific for a given
antigen in a few days. The chain depends on interactions
within and between T cells and B cells and sequential
waves of cell replication that take place not at the site
where a pathogen enters the body (eg, the respiratory
epithelium for SARS-CoV-2) but in regional lymph
nodes.“ Clonal expansion at these lymph nodes is not
only rapid but also exponential.

In his interview with Maria Konnikova about decision
making and the expanding COVID-19 pandemic,
Kahneman reflects: “This is an exponential event; that
is, we see things doubling every two days, every three
days, every four days, and people don’t, certainly,
including myself, don’t seem to think straight about
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exponential growth.” Similar to the spreading
pandemic, the exponential nature of clonal expansion
means that the size of an expansion doubles with each
cycle of replication (eg, 1 cell becomes 2 cells, then 22
cells, then 23 cells, etc). Such a process expeditiously
produces an enormous number of EM cells. For
instance, in 20 replicative cycles, one naive cell can
produce a clone of about 1 million EM cells.

Rapidly expanding clones of T cells and B cells across
regional lymph nodes, and the exponential nature of
this process, provide an excellent setting for variance
amplification up the EM cell production—supply chain.
A bullwhip-like effect might thus contribute to a poorly
calibrated adaptive immune response, as expressed
after vaccination in the vast interindividual variation
in EM T-cell counts and anti-SARS-CoV-2 antibodies.
Notably, vaccination exposes different people to a fixed
dose of SARS-CoV-2 antigens, whereas infection expos-
es people to different loads of the virus. The varying
viral load would further exacerbate a bullwhip-like effect
on the adaptive immune response.

The telomeric factor

Telomere length is another potential contributor to
the interindividual variation in the adaptive immune
response. Telomeres cap the ends of the chromosomes
and serve to protect the genome from genomic
instability and other hazards that might damage genes
or alter their functions.”* In humans, telomere length
has been linked to ageing-related diseases that largely
fall under two major categories: cardiovascular disease
and cancer.®** Throughout the human life course,
as somatic cells replicate, their telomeres progressively
shorten. Age-dependent shortening thus explains the
shorter length of telomeres in somatic cells, including
WBCs, of many older people compared with younger
people, regardless of their health status.** Variation in
telomere length across somatic cells of the individual
reflects their different replicative histories,* whereas
the vast interindividual variation in telomere length at
any age mainly relates to heredity.”*

The progressive shortening of telomeres ultimately
triggers cell signals that stop replication. The outcome is
a cellular state referred to as replicative senescence.”” An
enzyme called telomerase,” which is typically silent in
most human somatic cells, increases its activity in T cells
and B cells as they begin antigen-mediated proliferation.
Telomerase can elongate telomeres, but its activation in
T cells is insufficient to prevent telomere shortening,*
meaning that T-cell clonal expansion is dependent on
their telomere length.

When short telomeres prevent further replication, the
exponential feature of clonal expansion works in reverse
(ie, 220 cells becomes 219 cells, then 218, then 217, etc),
meaning that the clone size is smaller by 50% for each
unachievable replicative cycle. This concept is even
more perplexing than exponential growth. For instance,
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Figure 3: The effect of age-dependent shortening of telomeres in white
blood cells on T-cell clonal expansion in two adults

Person 1 has longer telomeres than person 2. Person 1 reaches age of onset at an
older age than person 2. Both people start with maximal T-cell clone size.

a telomere-length-mediated decline in the number of
clonally expanding T cells from 20 replications to
15 replications would decrease the clone size from about
1 million EM T cells to approximately only 30000 cells.
As the T-cell response to vaccination or SARS-CoV-2
cross-recognises SARS-CoV-2 variants and is long-
lasting,”** short T-cell telomeres might result in a
shorter-lasting response to SARS-CoV-2 variants.

T-cell clonal expansion and the age of onset

WBC telomeres shorten in a linear fashion (ie, at a slow
pace of about 0-03 kilobases per year) during adult life.**
These telomeres also show tracking and fixed ranking,
such that people with comparatively short (or long) WBC
telomeres in their twenties maintain their short (or long)
telomeres throughout their adult lives.*® Until a particular
age, referred to as the age of onset” despite age-
dependent telomere shortening, WBC telomeres are long
enough so that T cells can achieve a maximal clone size of
EM T cells through clonal expansion. After this age, WBC
telomeres are too short to achieve the maximal clone size.
The model used by Anderson and colleagues” showed
that, within 10 years after the age of onset, the T-cell clonal
expansion decreases in an exponential fashion to less
than 5% of its maximal clone size. This process happens
while WBC telomeres continue to shorten at their slow
pace (figure 3).

Under steady-state conditions, circulating T cells in
healthy adults show a low turnover, surviving for months
if not years.® Therefore, when these T cells die, their
slow replacement exerts a minor demand on T-cell
replication in most adults, regardless of the age of onset.
By contrast, people who contract SARS-CoV-2 past the
age of onset are at increased risk of severe COVID-19,
because their T-cell production might not meet the
increased T-cell demand for fighting the pathogen.

T-cell ymphopenia and WBC telomere length
are biomarkers of severe COVID-19

Patients who are admitted to hospital for COVID-19 often
show a low number of blood lymphocytes (ie,
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Figure 4: Telomere length in white blood cells across the adult population
and the risk of severe COVID-19 because of short telomeres

Colour intensity indicates risk of severe disease. White blood cell telomere length
data are from Steenstrup and colleagues.* Risk of telomere-length-dependent
severe disease is based on a model by Anderson and colleagues.

lymphopenia), which typically stems from a decreasing
number of T cells. COVID-19 lymphopenia is thus T-cell
lymphopenia.*®” This form of lymphopenia is more
common in older people than in younger people,®” and
it typically indicates severe disease. Much about the
primary cause of COVID-19 lymphopenia is unknown.
Notwithstanding underlying causes, offsetting the decline
in T-cell number or recovering from COVID-19 T-cell
lymphopenia requires prompt and massive telomere-
length-dependent T-cell clonal expansion. Additionally,
short telomeres might prevent sufficient T-cell expansion
to attain the optimal number of EM T cells that are
essential for SARS-CoV-2 clearance, even in patients
showing a normal T-cell number. As feedback mechan-
isms link adaptive immunity to innate immunity, a poor
telomere-length-mediated T-cell response to SARS-CoV-2
can unleash the innate response in the form of a cytokine
storm that might cause severe lung injury” The
correlation between telomere length in peripheral blood
mononuclear cells and lymphocyte count in patients with
COVID-19,” and the propensity of adults with short
WBC telomeres to have severe disease,* support this
overall scheme. Notably, as not only ageing but also
heredity exert a profound effect on telomere length,
WBC telomere length in some people in their forties is
similar to that of many octogenarians (figure 4). These
younger adults with inherently short WBC telomere
length might also be at risk for severe COVID-19.

Conclusion

2-5 years into the COVID-19 pandemic, the severity of
and the number of deaths due to COVID-19 have eased
in the USA and Europe. However, as SARS-CoV-2 will
continue evolving to escape immunity, COVID-19 is
not going away anytime soon. Successive variants
will probably be progressively more transmissible than
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the original SARS-CoV-2 strain. As the transmissibility
plateau of these variants is unknown, SARS-CoV-2 will
continue to be an unpredictable and formidable threat
to older adults, such as Kahneman and me.

A major cause of mortality related to COVID-19 in
older adults is probably the decreased capability of
system 2 due to increased age. The adaptive immune
response probably evolved because of the preference
of haematopoiesis for stability. The tortoise model
works well for the RBC and myeloid cell pipelines.
However, the hurried construction of the adaptive
immune response in the face of acute infections by
lethal pathogens, such as SARS-CoV-2, risks variance
amplification up the production-supply chain of
EM cells. Learning more about the role of telomere-
length dynamics in the T-cell response to SARS-CoV-2
is of particular interest since the telomere-length-
dependent T-cell response is enduring and cross-
recognises SARS-CoV-2 variants. When combined with a
bullwhip-like effect, short telomeres probably predispose
many older adults, and younger people with inherently
short telomeres, to severe COVID-19. A comprehensive
assessment of the age of onset based on measurements
of WBC telomere length in the general population might
help to identify individuals at high risk of telomere-
length-dependent COVID-19 T-cell lymphopenia. These
individuals might also generate a weak immune
response to anti-SARS-CoV-2 vaccination.

Finally, a dialogue of behavioural economists with
haematologists and evolutionary biologists could generate
further insight into the bullwhip effect in both medicine
and economy. Economists have developed many models
for this effect, a few of which might improve under-
standing of haematopoiesis and adaptive immunity. In
return, economists could learn how evolution has forged
the supply chains of RBCs, myeloid cells, and EM T cells
and B cells without the interference of Kahneman’s
two systems of human decision making, built on the
work for which he was awarded the Nobel Memorial Prize
in Economic Sciences. In its announcement of the award,
the Royal Swedish Academy of Sciences credited
Kahneman “for having integrated insights from
psychological research into economic science, especially
concerning human judgment and decision-making

under uncertainty”.®
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