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 I
mmunity to severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) 

infection is a vital issue for global society. 

Determining the quality and duration of 

that immunity is therefore key. But the 

adaptive immune system is complex, and 

these factors may differ between natural im-

munity (obtained by infection) and vaccine-

generated immunity (1). Additionally, there is 

the question of the combination: What kind 

of immunity develops in people with natural 

immunity who are subsequently vaccinated? 

Such “hybrid immunity” is particularly in-

teresting because of the notable finding that 

people with previous SARS-

CoV-2 infection mount unusu-

ally potent immune responses 

to COVID-19 vaccines (2). This 

is exemplified in two studies 

in this issue on pages 1413 and 

1418 by Stamatatos et al. (3) and 

Reynolds et al. (4), respectively, 

which also highlight natural and 

vaccine-induced immune re-

sponses to variants.

Immunological memory is 

the source of protective im-

munity. Natural immunity and 

vaccine-generated immunity to 

SARS-CoV-2 are two different 

paths to protection. The adap-

tive immune system consists of 

three major branches: B cells 

(the source of antibodies), CD4+

T cells, and CD8+ T cells. For nat-

ural immunity, immunological 

memory to SARS-CoV-2 has been 

observed for more than 8 months for CD4+ T 

cells, CD8+ T cells, memory B cells, and anti-

bodies (5), with a relatively gradual decline 

that appears to partially stabilize within a 

year (5–7). Levels of immunity can be placed 

on a spectrum, and natural immunity against 

symptomatic infection (COVID-19) has been 

found to be between 93 and 100% over 7 to 8 

months in large studies, including locations 

where the SARS-CoV-2 variant of concern 

(VOC) B.1.1.7 (alpha) was widespread.

Natural immunity against variants with 

changes that substantially reduce antibody 

recognition [e.g., B.1.351 (beta), P.1 (gamma), 

B.1.526 (iota), and B.1.617] is less clear; there 

is evidence of more reinfections with such 

variants (8). Neutralizing antibody activity 

against most VOCs is reduced for natural 

immunity and vaccine-generated immunity. 

That most VOCs have mutations engender-

ing partial antibody escape is evidence of se-

lection pressure to evade natural immunity. 

The biological relevance of the reductions 

in neutralizing antibody potency against 

variants is most clearly evident from vac-

cine clinical trials and observational stud-

ies. Among current COVID-19 vaccines in 

use, ChAdOx1 nCoV-19 (AstraZeneca) vac-

cine efficacy against symptomatic cases 

dropped from 75% to 11% against B.1.351 (9). 

By contrast, BNT162b2 (Pfizer/BioNTech) 

vaccine efficacy against symptomatic cases 

dropped from ~95% to 75% against B.1.351, 

and protection against severe disease re-

mained at 97% (10). Initial reports suggest 

that both vaccines retain most of their ef-

ficacy against B.1.617.2 (delta). 

What happens when previously infected 

individuals are vaccinated? The observa-

tions in several studies, including those by 

Stamatatos et al. and Reynolds et al., are that 

an impressive synergy occurs—a “hybrid 

vigor immunity” resulting from a combina-

tion of natural immunity and vaccine-gener-

ated immunity (see the figure). When natu-

ral immunity to SARS-CoV-2 is combined 

with vaccine-generated immunity, a larger-

than-expected immune response arises.

There appear to be both B cell and T cell 

components to hybrid immunity. An im-

portant question about antibody-mediated 

immunity against VOCs has been whether 

neutralizing antibody reductions are due to 

intrinsically low antigenicity of the VOCs. 

That is, is it intrinsically challenging for 

B cells to recognize the variants’ mutated 

spike proteins? The answer is no. Studies of 

natural infection with B.1.351 showed that 

neutralizing antibody responses were ro-

bust against that variant and the ancestral 

strain (11). Moreover, neutralizing antibod-

ies against B.1.351 after vaccination of indi-

viduals previously infected with non-B.1.351 

SARS-CoV-2 were ~100 times higher than 

after infection alone and 25 times higher 

than after vaccination alone—even though 

neither the vaccine nor infection involved 

the B.1.351 spike. This enhanced neutraliz-

ing breadth was first reported 

by Stamatatos et al. and then 

confirmed by multiple groups 

(4, 12). Overall, the strength 

and breadth of the antibody re-

sponses after vaccination of pre-

viously SARS-CoV-2–infected 

persons was unanticipated.

Why does this pronounced 

neutralizing breadth occur? 

Memory B cells are a primary 

reason. They have two major 

functions: one is to produce 

identical antibodies upon rein-

fection with the same virus, and 

the other is to encode a library 

of antibody mutations, a stock-

pile of immunological variants. 

These diverse memory B cells, 

created in response to the origi-

nal infection, appear to be pre-

emptive guesses by the immune 

system as to what viral variants 

may emerge in the future. This brilliant evo-

lutionary strategy is observed clearly for 

immunity to SARS-CoV-2: A substantial pro-

portion of memory B cells encode antibodies 

that are capable of binding or neutralizing 

VOCs, and the quality of those memory B 

cells increases over time (7). Thus, the in-

crease in variant-neutralizing antibodies 

after vaccination of previously SARS-CoV-2–

infected persons reflects recall of diverse and 

high-quality memory B cells generated after 

the original infection (7, 12). 

T cells are required for the generation 

of diverse memory B cells. The evolution 

of B cells in response to infection, or vac-

cination, is powered by immunological 
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Hybrid immunity
COVID-19 vaccine responses provide insights 
into how the immune system perceives threats 
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Hybrid vigor immunity with COVID-19 vaccines
Hybrid vigor can occur when different plant lines are 

bred together and the hybrid is a much stronger 

plant. Something similar happens when natural immunity

is combined with vaccine-generated immunity, 

resulting in 25 to 100 times higher antibody responses, 

driven by memory B cells and CD4+ T cells and 

broader cross-protection from variants.
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The chains of 
stress recovery
Ubiquitination primes 
the cell for recovery from 
heat stress
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C
ells often encounter stressful situations 

and respond to them with a stereotypi-

cal 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, includ-

ing 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 sub-

sided so that cells can return to their normal 

activities. The molecular mechanisms in-

volved in this reversal are only poorly under-

stood. On pages 1409 and 1410 of this issue, 

Maxwell et al. (1) and Gwon et al. (2), respec-

tively, 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 re-

sponse and emphasize that more attention 

should be paid to the stress recovery phase. 

A global increase in polyubiquitin conju-

gation in response to stress has long been 

noticed, but this was mainly considered to 

induce the degradation of damaged or mis-

folded proteins that arise during cellular 

stress. Maxwell et al. examined which pro-

teins 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, reveal-

ing that certain proteins became ubiquiti-

nated exclusively in response to heat shock, 

whereas a different set of proteins was ubiq-

uitinated upon arsenite exposure. This indi-

cated that stress-specific patterns of ubiquiti-

nation represent distinct adaptive responses 

that could have important roles in the stress 

response.

Maxwell et al. dug deeper into the heat-

stress response. Using deep quantitative 

proteomic analyses, they identified ~4900 

microanatomical structures called germi-

nal centers, which are T cell–dependent, 

instructed by T follicular helper (T
FH

) 

CD4+ T cells. Thus, T cells and B cells work 

together to generate antibody breadth 

against variants. Additionally, T cells ap-

pear to be important at the recall stage. 

Memory B cells do not actively produce 

antibodies; they are quiescent cells that 

only synthesize antibodies upon reinfec-

tion 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 T
FH

 cells appear to be key 

drivers of the recall and expansion of those 

SARS-CoV-2 memory B cells and the im-

pressive antibody titers observed (13, 14). 

Antibodies are clearly involved in protec-

tion against SARS-CoV-2 reinfection, but 

evidence also points to contributions from 

T cells (1). T cell responses against SARS-

CoV-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 epi-

tope breadth of both the CD4+ and CD8+ T 

cell responses is more restricted in current 

COVID-19 vaccines than in natural infec-

tion (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 re-

sponses 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 expo-

sure—be it infection or vaccination—with a 

cost-benefit threat analysis for the magni-

tude of immunological memory to generate 

and maintain. There are resource-commit-

ment 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 vac-

cine regimens split into two or three immu-

nizations. Heightened response to repeated 

exposure is clearly at play in hybrid immu-

nity, but it is not so simple, because the mag-

nitude of the response to the second expo-

sure (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, 

indicating an immunity plateau that is not 

simple to predict. Moreover, previously in-

fected 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 propor-

tional to previous COVID-19 severity.

Overall, hybrid immunity to SARS-CoV-2 

appears to be impressively potent. The syn-

ergy 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/vaccine-

immunity approaches be a reproducible way 

to enhance immunity? The Shingrix vac-

cine 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 vac-

cine modalities. It has long been observed 

that combining two different kinds of vac-

cines in a heterologous prime-boost regimen 

can elicit substantially stronger immune 

responses than either modality alone—de-

pending on the order in which they are used 

and on which vaccine modalities are com-

bined—for reasons that are not well under-

stood. This may occur with combinations 

of COVID-19 vaccines, such as mRNA and 

adenoviral vectors, or mRNA and recombi-

nant 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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