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ABSTRACT: Vaccines against COVID-19 have the potential to protect people
before they are exposed to the infective form of the virus. However, because of the
involvement of pathogenic immune processes in many severe presentations of
COVID-19, eliciting an immune response with a vaccine must strike a delicate
balance to achieve viral clearance without also inducing immune-mediated harm.
This Outlook synthesizes current laboratory findings to define which parts of the
immune system help with recovery from and protection against the virus and which
can lead to adverse outcomes. To inform our understanding, we analyze research
about the immune mechanisms implicated in SARS-CoV, from the 2003 outbreak,
and SARS-CoV-2, the virus causing COVID-19. The impact of how innate
immunity, humoral immunity, and cell-mediated immunity play a role in a harmful versus helpful response is discussed, establishing
principles to guide the development and evaluation of a safe but effective COVID-19 vaccine. The principles derived include (i)
targeting the appropriate specificity and effector function of the humoral response, (ii) eliciting a T cell response, especially a
cytotoxic T cell response, to achieve safe, yet effective, immune protection from COVID-19, and (iii) monitoring for the possibility
of acute lung injury during SARS-CoV-2 infection post-vaccination in preclinical and clinical studies. These principles can not only
guide efforts toward a safe and effective COVID-19 vaccine, but also the development of effective vaccines for viral pandemics to
come.

According to the World Health Organization, there are 17
COVID-19 vaccine candidates1−24 reported to be in

clinical trials as of June 29, 2020.25 Much anticipation exists
around whether these candidates are the answer to this
pandemic, especially since a COVID-19 vaccine will require
such a delicate balance. Since many of the severe presentations
of COVID-19involving acute respiratory distress syndrome,
pulmonary edema, acute lung injury, and pulmonary fibrosis
are related to immune processes, it is important to invoke an
immune response that is protective without also inducing
immune-mediated lung damage. Based on previous work on
SARS-CoV, the virus responsible for the 2003 outbreak, and
on SARS-CoV-2, the virus causing COVID-19, this Outlook
aims to establish important principles to consider in the
evaluation of current vaccine candidates and in the develop-
ment of new vaccine candidates that may enter the pipeline.
In the case of COVID-19, it is not clear that a broad robust

immune response is always better and that antibody titers
(specifically immunoglobulin isotype G (IgG)) are the best
indicators for an effective response. Studies have shown that a
broad immune response may actually be harmful and that
other arms of the immune systembeyond an IgG response
are key determinants of an effective versus harmful immune
response. In fact, based on current research, the importance of
both humoral antibody specificity and T cell responses has
emerged as key for clearing SARS-CoV-2 without harmful

inflammation in the lung. Even though what defines an optimal
immune response to SARS-CoV-2 is not yet certain, the
principles that have already emerged can be used to guide our
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efforts forward. Ultimately, the data support (i) consideration
of the specificity and isotype of the humoral response to ensure
effective clearance while minimizing inflammatory activation,
(ii) consideration of how to target the cytotoxic T cell
response, which has been increasingly associated with favorable
outcomes, and (iii) evaluation for the possibility of lung injury
during SARS-CoV-2 infection after vaccination.

Early indicators that making a COVID-19 vaccine would be
a delicate dance came from nonhuman primate studies that
followed the first SARS outbreak in 2003. Studies showed that
vaccination of Chinese macaques with modified vaccinia
Ankara virus encoding intact spike glycoprotein from SARS-
CoV led to acute lung injury upon viral challenge. Acute lung
injury, which is inflammation-mediated damage to the lining of
the lungs, was made evident by pathologic changes such as
exudate, hyaline membrane formation and cellular infiltrate in
lung tissue of vaccinated Chinese macaques.26 In a study with
African green monkeys, prior infection with SARS-CoV
instead of being protectivewas associated with more severe
lung inflammation upon SARS-CoV challenge when compared
to African green monkeys who had not been previously
infected.27 These studies suggest that a vaccine against
COVID-19 may pose a real risk of mediating acute lung
injury in patients. Thus, an understanding of the immunopa-
thology of COVID-19 is key (Figure 1).
First, it is known that inflammation is a mediator of acute

lung injury. Indeed, proinflammatory cytokines such as IL-1,
IL-6, and IL-8 were associated with immunopathology in the
lungs of SARS-CoV infected mice.28 More specifically,
inflammatory monocytes/macrophages, which are high pro-
ducers of those proinflammatory cytokines, have been
repeatedly associated with more severe lung disease with
SARS-CoV infection.26,28 In fact, treatment with a neutralizing
antibody that depletes inflammatory monocytes/macrophages
improved survival of SARS-CoV infected mice.26 These studies

imply that an important feature of a safe and effective vaccine
is the ability to elicit an immune response that achieves viral
clearance without activating inflammatory monocytes and the
production of proinflammatory cytokines.
Second, cases have been observed where humoral (antibody-

mediated) immunity is also implicated in lung injury. An early
clue that humoral immunity has potential for harm came from
a study where Chinese macaques were given IgG antibodies
specific to the spike glycoprotein of SARS-CoV (2003). The
tissue from these treated Chinese macaques showed pathologic
findings consistent with acute lung injury that paralleled the
pathology findings after vaccination against intact spike
glycoprotein.26 Interestingly, this parallel is observed in
patients as well. In a prospective study of 75 patients, the
severity of respiratory disease coincided with IgG seroconver-
siondespite decreases in viral loadin 80% of patients with
SARS-CoV infection.29 Consistent with these clues, blockade
of the receptor that binds to the constant (Fc) region of
immunoglobulin reduced the proinflammatory signals asso-
ciated with lung injury in Chinese macaques treated with
antispike glycoprotein IgG.26 This trend was also observed
with antibody-induced Fc blockade of SARS-CoV (+) patient
sera when stimulated with SARS-CoV pseudovirus infected
monocytes.26

Studies seem to suggest that this humoral-related pathology
is due to Fc receptor interactions linking adaptive immunity to
inflammation. Antibody-Fc receptor interactions have been
shown to induce an inflammatory cascade, invoking proin-
flammatory cytokines and inflammatory macrophages impli-
cated in lung injury. Antibodies have also been shown to
facilitate antibody-dependent enhancement, where virus-
specific antibodies increase uptake of the virus into macro-
phages, leading to macrophage activation and secretion of
chemokine and cytokines.30−36 Whereas many vaccine
candidates are evaluated on IgG titer alone, the production
of IgG has the capacity to mediate lung injury during
coronavirus infection.
Granted not all humoral responses are bad. After all, passive

immunity by administration of convalescent plasma from
recovered COVID-19 patients has been shown as a promising
strategy to treat COVID-19.37,38 In fact, data suggest that
antibody targeting is key. Mice vaccinated with recombinant
vaccinia virus that raised antibodies against the nucleocapsid
protein of SARS-CoV exhibited exacerbated pneumonia and
subsequent lung injury upon challenge,39 whereas vaccination
of mice with receptor binding domain-based vaccines have
been shown to induce neutralizing antibody responses that
protect mice both from infection and from lung injury upon
SARS-CoV challenge.40,41 Studies in patients have also pointed
to antibody targeting as a possible determinant of recovery. For
patients who recovered from COVID-19, a recent study
showed that elderly patients were more likely to have higher
neutralizing antibody titers than younger patients and that
neutralizing antibody titers correlate negatively with blood
lymphocyte counts and correlate positively with C-reactive
protein, a marker of inflammation.42 This observation is
consistent with the first study this Outlook describes where
administration of a vaccine formulated with intact spike
glycoprotein (which elicits spike glycoprotein-specific antibod-
ies) and administration of spike glycoprotein-specific IgG both
led to acute lung injury in Chinese macaques.26 Perhaps early,
robust antibodies with broad specificities are at least partially
responsible for mediating lung injury.

The importance of both humoral
antibody specificity and T cell

responses has emerged as key for
clearing SARS-CoV-2 without

harmful inflammation in the lung.

Ultimately, the data support (i)
consideration of the specificity
and isotype of the humoral
response to ensure effective
clearance while minimizing in-
flammatory activation, (ii) con-
sideration of how to target the
cytotoxic T cell response, which
has been increasingly associated
with favorable outcomes, and (iii)
evaluation for the possibility of
lung injury during SARS-CoV-2
infection after vaccination.
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Efforts to isolate neutralizing antibodies from patients who
have recovered from COVID-19 have shed light on possible
antibody features that define an optimal immune re-
sponse.43−46 Serum collected from 29 convalescent patients
diagnosed with COVID-19 showed that 100% of patients had
IgG against the S1 subunit of the spike glycoprotein (as well as
against the N protein), but not against the S2 subunit of the
spike glycoprotein.47 Studies that have applied large screening
platforms for rapid antibody discovery have shown that the
most neutralizing antibodies map to the receptor binding
domain (RBD)43 (which is contained in the S1 subunit of
spike glycoprotein), and the most potent neutralizers are
targeted to the ACE2 (the receptor recognized by SARS-CoV-
2 for viral entry) binding site, in particular.44 In fact, only those
antibodies that bound the RBD with an equilibrium
dissociation constant (KD) smaller or close to that of ACE2-
RBD binding had significant neutralizing effects in a SARS-
CoV-2 pseudovirus system.45 These potent RBD neutralizing
antibodies were shown to protect animals from signs of clinical
disease and reduce viral loads in lung tissue when administered
at high doses before and during viral challenge.44,45 It should
be noted that one of these studies noted a trendalthough not
statistically significantof worsened clinical disease when
lower doses of antibodies were administered, pointing to the
importance of balancing immune-mediated disease and viral
clearance with humoral immunity.44 Another report found that
the convalescent plasma from 149 COVID-19 patients, who
did not require hospitalization, contained highly potent

antibodies converging at three distinct epitopes on the RBD.
Interestingly, these antibodies were not at particularly high
titers (96% had titers <1:1000) but exhibited potent
neutralizing activity at low concentrations (half-maximal
inhibitory concentrations were as low as a few ng/mL).48

This suggests that effective immunity may be defined by
sufficient production of potent, but specific, antibodies instead
of broad, high-titer antibody production. While specificity of
the antibody response may be one of the defining features of
an effective versus harmful humoral response, specificity
cannot always be distinguished with an IgG titer alone.
The importance of antibody isotype cannot be distinguished

with an IgG titer either. IgA is known to be an important
immune mediator in the respiratory tract. Indeed, a study of
four COVID-19 patients showed that patients with more
severe progression had a delayed IgA response, hinting at a
possible role for antibody isotype in mediating effective viral
clearance.49 Also, intranasal vaccination against SARS-CoV in
mice elicited higher IgA titers, which were associated with
decreased viral loads and decreased lung damage.41 Likely,
antibody isotypein addition to specificityis a defining
feature of an effective versus harmful response. While the exact
role for IgA in COVID-19 remains to be defined, it may prove
important in both the design and evaluation of vaccine
candidates.
Third, studies have identified a T cell response as

simultaneously effective for viral clearance and protective of
lung injury. Across studies, decreased CD4+ and CD8+ T cell

Figure 1. Immune response to SARS-CoV-2 infection. Activation of inflammatory macrophages and subsequent production of proinflammatory
cytokines is associated with adverse outcomes, including lung injury, during SARS-CoV-2 infection. Antibodies from humoral immunity can link
adaptive immunity and innate immunity through Fc receptor interactions, leading to inflammatory activation of macrophages. Humoral immunity
can also help promote viral clearance when targeted to appropriate parts of the virus. T cells have been shown to play an important role in viral
clearance and recovery. CD8+ cytotoxic T cells, in particular, have been associated with favorable outcomes. Helper T cells can be of the Th1
subtype, which promote T cell activity, or the Th2 subtype, which link cell-mediated and humoral immunity by promoting B cell activity.

ACS Central Science http://pubs.acs.org/journal/acscii Outlook

https://dx.doi.org/10.1021/acscentsci.0c00644
ACS Cent. Sci. 2020, 6, 1341−1347

1343

https://pubs.acs.org/doi/10.1021/acscentsci.0c00644?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00644?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00644?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00644?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c00644?ref=pdf


counts are observed in COVID-19 patients with severe disease
when compared to patients with moderate disease or healthy
controls.50−56 Low CD3+CD8+ T cell counts have even been
suggested as predictors of mortality.57 Of note, studies have
observed restored T cell counts during convalescence and in
COVID-19 patients who reach an undetectable viral load.58,59

Further evidence that an optimal vaccine design would involve
induction of a T cell response, and especially a CD8+ cytotoxic
T cell response, has come from SARS-CoV vaccination studies
in mice. Dendritic cells loaded with immunodominant epitopes
are a vaccine platform shown to exclusively activate CD8+ T
cells without inciting an innate immune response. When
loaded with SARS-CoV epitopes, this vaccine has been shown
to protect BALB/c and B6 mice from lethal mouse-adapted
SARS-CoV challenge and reduce lung pathology.60,61 Even
more, transfer of SARS-CoV specific T cells from vaccinated
mice to infected, immunocompromised mice effectively cleared
the virus and reversed clinical disease, ultimately showing that
virus-specific T cells are necessary and sufficient for viral
clearance and protection from clinical disease.62 Eliciting a
CD8+ T cell response has the added advantage of tempering
the innate immune response and suppressing a cytokine
surge.63 In SARS-CoV recovered patients, memory T cells have
been shown to persist for up to 6 years, even after SARS-
specific IgG titers have declined.62,64,65 These findings suggest
that eliciting a strong CD8+ T cell response may be a
promising approach for developing a vaccine that achieves
effective viral clearance and immunologic memory, while
circumventing the inflammatory processes associated with lung
injury. Evaluating T cell responses in addition to IgG titer
could improve our understanding of current vaccine candidates
and inform future efforts.
Recent results have demonstrated some of the concepts

discussed so far. A DNA vaccine, INO-4800, encoding SARS-
CoV-2 spike glycoprotein with an N-terminal IgE leader
sequence was tested in guinea pigs and mice. This vaccine was
shown to elicit a T cell response as well as production of
antispike glycoprotein antibodies capable of blocking ACE2
binding in in vitro assays. While no challenge study was
reported as of June 29, 2020, sera of vaccinated mice
demonstrated neutralization in a SARS-CoV-2 pseudovirus
system.66 An mRNA vaccine, mRNA-1273, encoding a
prefusion stabilized SARS-CoV-2 spike trimer, has been
shown to elicit both a humoral and T cell response in mice.
The elicited antispike glycoprotein antibodies had potent
neutralizing activity even with a single 10 μg vaccine dose, and
the T cell response was characterized by a robust CD8+ T cell
response and predominant Th1 (T cell supporting) CD4+ T
cell response. This vaccine reduced viral replication in the
lungs and nasal turbinates of mice after viral challenge. While
mild inflammation was present in the lung tissue of mice given
a standard vaccine dose, findings were less severe than in
controls, and it was noted that subprotective doses were not
associated with more severe lung pathology when compared to
controls.67 In another study, an adenovirus vaccine vector
(ChAdOx1) encoding full length SARS-CoV-2 spike glyco-
protein has been shown to elicit neutralizing antibodies and a
robust T cell response with Th1 predominance that protected
mice and rhesus macaques from pneumonia upon viral
challenge. Importantly, no immune-enhanced disease was
observed with viral challenge after vaccination as made evident
by the absence of lung pathology in vaccinated animals while
control animals’ lung tissue exhibited features of lung injury.68

This same platform has shown efficacy and safety in early
clinical trials in the prevention of Ebola, another virus for
which there’s evidence of antibody-dependent enhance-
ment.34,69

It is exciting to see how quickly the scientific community has
responded to COVID-19, producing at least 17 vaccine
candidates already in human trialswith many more in the
pipelinein a matter of months of the SARS-CoV-2 viral
genome being published.25 While it is still uncertain what the
target immune response should be, the current data support (i)
targeting a humoral response with appropriate specificity and
effector function and (ii) the importance of eliciting a T cell
response. In addition, the data support (iii) careful monitoring
of the possibility of humoral-related, inflammation-mediated
lung injury after vaccination and upon SARS-CoV-2 infection.
Moving forward, issues to be explored further include the
nature of vaccine delivery vehicles, the mode of administration,
the nature of the antigen, and importantly the spatial
presentation of the antigen to cells and its chemical stability
in vivo, to determine which vaccine features lead to which types
of immune responses. Coupling the principles established here
with global mining of expertise across multiple fields (in
addition to vaccine experts) to explore these issues can
facilitate the development of an effective COVID-19 vaccine
that precisely balances the humoral versus cell-mediated
response for long-term efficacy. Even more, this will ultimately
establish principles and strategies for rapid vaccine develop-
ment for viral pandemics to come.
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