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tion of natural immunity and vaccine-generated immunity (see the figure). When natural immunity to SARS-CoV-2 is combined
with vaccine-generated immunity, a largerthan-expected immune response arises.
There appear to be both B cell and T cell
components to hybrid immunity. An important question about antibody-mediated
immunity against VOCs has been whether
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indicating an immunity plateau that is not
simple to predict. Moreover, previously infected people in some SARS-CoV-2 vaccine
studies included both asymptomatic and
symptomatic COVID-19 cases. Enhanced
vaccine immune responses were observed in
both groups, indicating that the magnitude
of hybrid immunity is not directly proportional to previous COVID-19 severity.
Overall, hybrid immunity to SARS-CoV-2
appears to be impressively potent. The synergy is primarily observed for the antibody
response more so than the T cell response
after vaccination, although the enhanced
antibody response depends on memory T
cells. This discordance needs to be better
understood. Will hybrid natural/vaccineimmunity approaches be a reproducible way
to enhance immunity? The Shingrix vaccine to prevent shingles, which is given to
people previously infected with the varicella
zoster virus, is impressively effective (~97%
efficacy), and elicits much higher antibody
responses than viral infection alone. These
principles also apply to combinations of vaccine modalities. It has long been observed
that combining two different kinds of vaccines in a heterologous prime-boost regimen
can elicit substantially stronger immune
responses than either modality alone—depending on the order in which they are used
and on which vaccine modalities are combined—for reasons that are not well understood. This may occur with combinations
of COVID-19 vaccines, such as mRNA and
adenoviral vectors, or mRNA and recombinant protein vaccines. These recent findings
about SARS-CoV-2 immunology are pleasant
surprises and can potentially be leveraged to
generate better immunity to COVID-19 and
other diseases. j
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The chains of
stress recovery
Ubiquitination primes
the cell for recovery from
heat stress
By Dorothee Dormann

C

ells often encounter stressful situations
and respond to them with a stereotypical program to ensure survival. These
responses involve increased expression
of stress response factors, formation
of stress granules (SGs), and shutting
down of essential cellular processes, including RNA splicing, global translation, and
nucleocytoplasmic transport. These adaptive
changes are protective in the short term but
need to be reversed once the stress has subsided so that cells can return to their normal
activities. The molecular mechanisms involved in this reversal are only poorly understood. On pages 1409 and 1410 of this issue,
Maxwell et al. (1) and Gwon et al. (2), respectively, reveal that recovery from heat stress
requires tagging proteins with polyubiquitin
chains. Together, these studies establish that
ubiquitination has surprising regulatory and
context-specific roles in the heat-stress response and emphasize that more attention
should be paid to the stress recovery phase.
A global increase in polyubiquitin conjugation in response to stress has long been
noticed, but this was mainly considered to
induce the degradation of damaged or misfolded proteins that arise during cellular
stress. Maxwell et al. examined which proteins become ubiquitinated upon different
types of stress, including heat shock (42°C),
arsenite treatment, osmotic stress, ultraviolet
irradiation, and proteasome inhibition. They
found many stress-specific changes, revealing that certain proteins became ubiquitinated exclusively in response to heat shock,
whereas a different set of proteins was ubiquitinated upon arsenite exposure. This indicated that stress-specific patterns of ubiquitination represent distinct adaptive responses
that could have important roles in the stress
response.
Maxwell et al. dug deeper into the heatstress response. Using deep quantitative
proteomic analyses, they identified ~4900
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microanatomical structures called germinal centers, which are T cell–dependent,
instructed by T follicular helper (TFH)
CD4+ T cells. Thus, T cells and B cells work
together to generate antibody breadth
against variants. Additionally, T cells appear to be important at the recall stage.
Memory B cells do not actively produce
antibodies; they are quiescent cells that
only synthesize antibodies upon reinfection or subsequent vaccination. Memory B
cells are increased 5- to 10-fold in hybrid
immunity compared with natural infection
or vaccination alone (3, 12). Virus-specific
CD4+ T cells and TFH cells appear to be key
drivers of the recall and expansion of those
SARS-CoV-2 memory B cells and the impressive antibody titers observed (13, 14).
Antibodies are clearly involved in protection against SARS-CoV-2 reinfection, but
evidence also points to contributions from
T cells (1). T cell responses against SARSCoV-2 in natural infection are quite broad
(1), and most T cell epitopes are not mutated
in VOCs, indicating that the contributions
of T cells to protective immunity are likely
to be retained (4, 15). Most of the COVID-19
vaccines in use consist of a single antigen,
spike, whereas 25 different viral proteins
are present in SARS-CoV-2. Thus, the epitope breadth of both the CD4+ and CD8+ T
cell responses is more restricted in current
COVID-19 vaccines than in natural infection (1), whereas hybrid immunity consists
of both spike and non-spike T cell memory.
Notably, the Pfizer/BioNTech and Moderna
COVID-19 messenger RNA (mRNA) vaccines
can substantially boost spike CD4+ T cell responses in previously infected persons after
one immunization (3, 4, 13, 14). Differences
in T cell responses after two doses of vaccine
are more variable in those individuals (3, 13).
The immune system treats any new exposure—be it infection or vaccination—with a
cost-benefit threat analysis for the magnitude of immunological memory to generate
and maintain. There are resource-commitment decisions: more cells and more protein
throughout the body, potentially for decades.
Although all of the calculus involved in these
immunological cost-benefit analyses is not
understood, a long-standing rule of thumb is
that repeated exposures are recognized as an
increased threat. Hence the success of vaccine regimens split into two or three immunizations. Heightened response to repeated
exposure is clearly at play in hybrid immunity, but it is not so simple, because the magnitude of the response to the second exposure (vaccination after infection) was much
larger than after the second dose of vaccine
in uninfected individuals. Additionally, the
response to the second vaccine dose was
minimal for previously infected persons,
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