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SUMMARY
Coronavirus disease 2019 (COVID-19), caused by the SARS-CoV-2 virus, has had a dramatic global impact on
public health and social and economic infrastructures. Here, we assess the immunogenicity and anamnestic
protective efficacy in rhesus macaques of an intradermal (i.d.)-delivered SARS-CoV-2 spike DNA vaccine,
INO-4800, currently being evaluated in clinical trials. Vaccination with INO-4800 induced T cell responses
and induced spike antigen and RBD binding antibodies with ADCP and ADCD activity. Sera from the animals
neutralized both the D614 and G614 SARS-CoV-2 pseudotype viruses. Several months after vaccination, an-
imals were challenged with SARS-CoV-2 resulting in rapid recall of anti-SARS-CoV-2 spike protein T cell and
neutralizing antibody responses. These responses were associated with lower viral loads in the lung. These
studies support the immune impact of INO-4800 for inducing both humoral and cellular arms of the adaptive
immune system, which are likely important for providing durable protection against COVID-19 disease.
INTRODUCTION

COVID-19 was declared a global pandemic on March 11, 2020

by the World Health Organization. There are >160 million

confirmed cases worldwide with the total number of deaths

estimated to be >3,466,670 (May 24, 2021, https://www.gisaid.

org/). COVID-19 presents as a respiratory illness, with mild-to-

moderate symptoms inmany cases (�80%).1,2 These symptoms

include headache, cough, fever, fatigue, difficulty breathing, and

possible loss of taste and smell. The factors involved with pro-

gression to severe COVID-19 disease in 20% of cases are un-

clear; yet severe disease is characterized by development of a

hyperinflammatory response, followed by development of acute

respiratory distress syndrome (ARDS), potentially leading to me-

chanical ventilation, kidney failure, and death.2,3 The rapid devel-

opment of vaccine countermeasures remains a high priority for

this infection, with multiple candidates having entered the clinic

in record time.4 Several vaccines have now been approved

through emergency-use authorization (EUA).5–7 However, the

number of vaccine doses available only covers a small percent-
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age of the global population, and more vaccines are urgently

needed.

SARS-CoV-2 is a positive-sense single-stranded RNA virus

belonging to the family Coronaviridae, genus Betacoronavirus,

the same family as severe acute respiratory syndrome coronavi-

rus (SARS-CoV) and Middle East respiratory syndrome corona-

virus (MERS-CoV). SARS-CoV-2 is homologous to SARS-CoV,

sharing around 70%–80% of its genome.8 Structural compo-

nents of SARS-CoV-2 include the envelope (E) protein, mem-

brane (M) protein, nucleocapsid (N) protein, and surface spike

(S) protein, which is a major immunogenic target for humoral

and cellular immune responses. Virus entry into host cells is

mediated through S protein receptor binding domain (RBD) inter-

action with the host cell receptor angiotensin converting enzyme

2 (ACE2) and priming by the serine protease TMPRSS2.9 Recent

preprints and published studies also implicate S1 binding to neu-

ropilin 1 (NLP-1)10,11 and have identified neutralizing epitopes

outside RBD.12

SARS-CoV-2 is the third coronavirus outbreak this century.

Prior work with the related coronaviruses, SARS-CoV and
rts Medicine 2, 100420, October 19, 2021 ª 2021 The Author(s). 1
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Figure 1. Humoral immune responses in rhesus macaques

(A) The study outline showing the vaccination regimen and sample collection time points.

(B) Schematic of SARS-CoV-2 spike protein.

(C) SARS-CoV-2 S1+S2 ECD, S1, RBD, and S2 protein antigen binding of IgG in serially diluted NHP sera. The data represent the mean endpoint titers for each

individual NHP.

(D and E) Pseudovirus neutralization assay using NHP sera, showing the presence of SARS-CoV-2-specific neutralizing antibodies against the D614 (D) and G614

(E) variants of SARS-CoV-2.

(F) Live virus neutralization using NHP serum. Isolate USA-WA1/2020.

(legend continued on next page)
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MERS-CoV, delineated that the Spike protein of these viruses

was an important target for development of neutralizing anti-

bodies and vaccine targeted immunity in animal models of viral

challenge (reviewed in previous studies4,13–17).

Many studies have described initial data for vaccines devel-

oped from inactivated viruses,18 recombinant adenoviral vectors

that express the spike antigen,19,20 mRNA vaccine,21,22 protein

nanoparticles,23 or intramuscular (IM) delivered DNA vaccine

candidates24 in non-human primates (NHPs). These studies

focused on disease protection in acute models with challenge

weeks after the final vaccination, demonstrating the ability of

vaccination to lower viral load in the lungs, with less impact on

viral loads in the nose.19,25 Here, we report on the impact of an

ID-delivered SARS-CoV-2 DNA vaccine in a nonhuman primate

model where the animals were challenged 3 months post-

vaccination.

Recent studies support an important role for both cellular and

humoral immunity in protection and recovery from COVID-19

disease.26–28 T cell-mediated immunity has been shown to be

important for other beta-coronaviruses, providing both direct

protection and help in the generation of effective humoral re-

sponses.29,30 Several SARS-CoV-2 studies have now reported

that up to 40% of persons can exhibit mild disease, which may

be associated with T cell immunity31 or humoral responses8

and have indicated the levels of SARS-CoV-2 antibodies wane

rapidly in convalescent subjects.32 This echoes older studies

that found that neutralizing antibody levels andmemory B cell re-

sponses have not been sustained in SARS survivors, while

responsive T cell populations have proved more durable.33–35

Furthermore, a SARS-CoV-2 challenge study in non-human pri-

mates (NHPs) indicated that CD8 T cells had amajor contribution

to the reduction in viral loads for animals with low anti-SARS-

CoV-2 IgG levels.36

We have described the immunogenicity and efficacy of a

SARS-CoV-2 DNA vaccine (INO-4800), encoding a synthetic

spike immunogen in small animal models.37 This vaccine candi-

date induced neutralizing and ACE2-blocking antibodies, as well

as T cell responses in mice and guinea pigs. Here, we assess

vaccine-induced T and B cell responses during the acute expan-

sion phase in rhesusmacaques, as well as the impact infection in

an NHP viral installation challenge model. Additionally, we stud-

ied the effect of the vaccines on the emergence of the dominant

SARS-CoV2 variant G614, which now comprisesmore than 80%

of circulating global viral strains and is reportedly associated

with increased infectivity and spread.38 We report vaccine-

induced humoral and cellular immunity, including neutralizing

antibody responses against both the SARS-CoV-2 D614 virus

as well as the G614 strain. Upon SARS-CoV-2 challenge, more

than 3 months following the final dose, vaccinated macaques

exhibited a rapid recall response against multiple regions of

the S protein. This anamnestic response was characterized by

expansion of neutralizing antibody responses, as well as the

rapid expansion of T cell responses. These immune responses
(G and H) Serum collected at week 6 from INO-4800-vaccinated NHPs inhibited

assay (G) and a flow cytometry-based ACE2 competition assay (H) and showing

mean ± SD. ***p < 0.001.

See also Figures S1–S3.
induced by INO-4800 were associated with a reduction of viral

load in the lower respiratory tract.

RESULTS

Induction of humoral and cellular immune responses in
INO-4800-immunized non-human primates
NHPs are a valuablemodel in the development of COVID-19 vac-

cines and therapeutics as they can be infected with wild-type

SARS-CoV-2 and present with early infection that mimics as-

pects of human disease.18,39 Rhesus macaques (n = 5) received

two immunizations of INO-4800 (1 mg), at weeks 0 and 4 (Fig-

ure 1A). Naive control animals (n = 5) did not receive vaccine. Hu-

moral and cellular immune responses were monitored for

15 weeks (�4 months) following prime immunization for anti-

gen-specific T cell responses. All animals seroconverted

following a single INO-4800 immunization, with serum immuno-

globulin G (IgG) titers detected against the full-length S1+S2

extracellular domain (ECD), S1, S2, and RBD regions of the

SARS-CoV-2 S protein (Figures 1B and 1C). Cross-reactive anti-

bodies were also detected against SARS-CoV S1 protein and

RBD but not MERS-CoV (Figure S1A). SARS-CoV-2 spike anti-

gen-reactive IgG against the S1 + S2 ECD and RBD were de-

tected in bronchoalveolar lavage (BAL) washes at week 8,

4 weeks following the 2nd immunization dose (Figure S1B).

SARS-CoV-2 pseudovirus-neutralizing antibodies were mea-

sured in the serum of animals between study weeks 0 and 12

(Figure 1D). During the course of the COVID-19 pandemic, a

D614G SARS-CoV-2 spike variant has emerged that has poten-

tially greater infectivity and now accounts for >80% of new iso-

lates. We evaluated neutralization against this new variant using

a modified pseudovirus developed to express the G614 spike

protein (Figure 1E). Similar neutralization ID50 titers were

observed against both D614 andG614 spikes, supporting induc-

tion of functional antibody responses by the vaccine against both

SARS-CoV-2 virus variants. A live virus neutralization assay was

performed on serum samples collected at week 0 and 6 (Fig-

ure 1F). At week 6, neutralization of viral isolate USA-WA1/

2020 was detected in all animals with IC50s ranging from 20 to

540. A simple linear regression analyses comparing RBD binding

titers versus pseudovirus neutralization titers and live virus

versus pseudovirus neutralization titers showed positive correla-

tions of R2 = 0.6917 and R2 = 0.8915, respectively (Figures S1C

and S1D).

To investigate specific receptor-blocking neutralizing anti-

body activity, we assessed the capacity to occlude ACE2 bind-

ing of SARS-CoV-2 spike antigen by vaccine-induced sera. We

recently developed a receptor-blocking assay and demon-

strated that it correlates with pseudovirus neutralization titers.40

In this assay, anti-spike antibodies are bound to SARS-CoV-2

spike protein in an ELISA plate followed by addition of a soluble

version of the ACE2 receptor. Addition of sera-containing anti-

bodies, which can obstruct the receptor binding site on the spike
ACE2 binding to SARS-CoV-2 Spike protein. A plate-based ACE2 competition

inhibition of ACE2 binding to Spike protein by NHP sera. Bars represent the

Cell Reports Medicine 2, 100420, October 19, 2021 3



Figure 2. Cellular immune responses in rhesus macaques

(A) T cell responses were measured by IFN-g ELISpot in PBMCs stimulated for

20 h with overlapping peptide pools spanning the SARS-CoV-2 Spike protein.

(B and C) Cross-reactivity to SARS-CoV and MERS-CoV spike protein were

analyzed by IFN-g ELISpot after 20 h stimulation with overlapping peptide

pools spanning the SARS-CoV-1 spike protein (B) and MERS-CoV spike

protein (C). Individual animal responses are depicted by open symbols and

filled symbols represent median values.
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protein, will lead to readings of lower area under the curve (AUC)

values. We observed that sera from 80% of immunized NHPs

had reduced AUCs indicating the presence of antibodies that

can block the SARS-CoV-2 spike protein from interacting with

ACE2 (Figure 1G). An independent flow-cytometry-based assay

was also performed to further study the Spike-ACE2 interaction.

ACE2-expressing 293T cells were co-incubated with Spike with
4 Cell Reports Medicine 2, 100420, October 19, 2021
or without the presence of sera. Spike binding to ACE2 was de-

tected by flow cytometry. In this assay, 100% of macaques

generated vaccine-induced antibodies that inhibited the Spike-

ACE2 interaction, with a range of 53%–96% inhibition (Fig-

ure 1H). It should be noted this assay was conducted with a

1:27 dilution of sera, but subsequent dilutions of the sera yielded

similar results with �50% inhibition.

Antibody-dependent cellular phagocytosis (ADCP) and anti-

body-dependent complement deposition (ADCD) assays were

performed using sera collected at baseline, week 6, and week

8 post-immunization to assess the ability of sera from immunized

NHPs to engage effector functions. ADCP activity against the

SARS-CoV-2 S1 (Figure S2A) and RBD (Figure S2B) proteins

was significantly increased above baseline for immunized

NHPs at week 8 (p = 0.024 and p = 0.01, respectively). There

was also an increased trend of ADCD activity against SARS-

CoV-2 S1 protein for immunized NHPs at week 6 (p = 0.056) (Fig-

ure S2C). No differences were observed for ADCD activity

against the RBD (Figure S2D).

Total serum antibody and pseudovirus neutralization titers

from immunized NHPs were compared with titers detected

from 9 human SARS-CoV-2 convalescent sera donors (3,

asymptomatic, 3 mild, and 3 moderate infections, sera collected

between 30 and 80 days following positive COVID-19 PCR diag-

nosis). Overall, ELISA endpoint binding titers against RBD and

pseudoneutralization titers at the peak immune response in

NHPs (6 weeks post-immunization) were similar to those

observed in convalescent donors (Figures S3A and S3B).

INO-4800 immunization induced SARS-CoV-2 S antigen reac-

tive T cell responses against all 5 peptide pools with T cells re-

sponses peaking at week 6 (0–518 SFU/million cells with 4/5

NHPs showing positive responses) (Figure 2A). Cross-reactive

T cells responses were also detected against the SARS-CoV

spike protein in all NHPs and peaked after the first vaccination

(12–88 SFU/million cells), which could likely be attributed to

the high degree of sequence homology between SAR-CoV and

SARS-CoV-2 (Figure 2B). These responses start to decline by

week 6 (5–76 SFU/million cells), possibly suggesting competitive

expansion of SARS-CoV-2-specific T cells. We did not observe

cross-reactivity to MERS-CoV spike peptides, which is consis-

tent with the lower sequence homology present between

SARS-CoV-2 and MERS-CoV (Figure 2C).

Vaccine induced immune recall responses upon SARS-
CoV-2 challenge in non-human primates
INO-4800-vaccinated macaques and unvaccinated controls

were challenged with SARS-CoV-2 at study week 17 (Figure 3A).

NHPs received a challenge dose of 1.1 3 104 PFU of SARS-

CoV-2 Isolate USA-WA1/2020 by intranasal and intratracheal

inoculation, as previously described.20,25,39 By day 7, all vacci-

nated animals had an increase in antibody titers against the

SARS-CoV-2 S1+S2 ECD, S1, RBD, and S2 proteins (Figures

3B, 3C, and S4). Seven days post-challenge, robust geometric

mean endpoint titers ranging from 409,600 to 1,638,400 for the

S1+S2 ECD and 6,400 to 102,400 for RBD were observed in

immunized animals, compared with the naive group which dis-

played seroconversion of only 1/5 animals (Figures 3B and 3C).

Antibody titers continued to increase against SARS-CoV-2 Spike



Figure 3. Recall of immune responses to SARS-CoV-2 after viral challenge

(A) Study outline.

(B and C) IgG binding ELISA. SARS-CoV-2 S1+S2 (B) and RBD (C) protein antigen binding of IgG in diluted NHP sera collected prior to challenge and post-

challenge in INO-4800-vaccinated (right panels) and naive animals (left panels).

(D) Live virus neutralization.

(E) Pseudo-neutralization assay showing the presence of SARS-CoV-2-specific neutralizing antibodies against the D614 and G614 variants of SARS-CoV-2

before and after viral challenge.

(F) T cell responses were analyzed pre- and post-challenge with SARS-CoV-2 virus by IFN-g ELISpot in PBMCs stimulated with overlapping peptide pools

spanning the SARS-CoV-2 spike protein. Individual animal responses are depicted by open symbols and filled symbols represent median values. **p < 0.01

Mann-Whitney test.

See also Figures S3 and S4.
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Figure 4. Viral loads in the BAL fluid and Nasal swabs after viral

challenge

At week 17, naive and INO-4800-immunized (5 per group) rhesus macaques

were challenged by intranasal and intratracheal administration of 1.1 3 104

PFU SARS-CoV-2 (US-WA1 isolate).

(A) Log sgmRNA copies/mL in BAL in naive (left panel) and INO-4800-vacci-

nated animals (right panel).

(B and C) Peak sgmRNA (B) and viral RNA (C) in BAL 7 days post-challenge.

(D) Log sgmRNA copies/mL in nasal swabs in naive (left panel) and INO-4800-

vaccinated animals (right panel).

(E and F) Peak sgmRNA (E) and viral RNA (F) in nasal swabs 7 days post-

challenge. Black and blue lines represent median values.
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proteins through 14 days post-challenge. Faster antibody ki-

netics and significantly increased levels of neutralization titers

against live SARS-CoV-2 and D614/G614 pseudoviruses were

also observed in the INO-4800-vaccinated animals compared

to nonvaccinated control animals, which only developed low

neutralizing titers post-challenge (Figures 3D and 3E). Post-chal-

lenge serum antibody and pseudovirus neutralization titers from
6 Cell Reports Medicine 2, 100420, October 19, 2021
immunized NHPs were above the titers measured from human

SARS-CoV-2 convalescent sera donors (Figures S3A and S3B).

Cellular responses were evaluated before and after challenge.

At week 15, interferon (IFN)-g ELISpot responses had returned to

near baseline levels (�33 SFU/million cells average) (Figure 2A).

Following challenge, T cell responses increased for all animals

in the INO-4800-vaccinated group (�218 SFU/million cells

average) compared to the nonvaccinated control animals, where

the T cell responses were relatively low prior to challenge (�25

SFU/million cells average) and remained relatively unchanged

(�48 SFU/million) post-challenge (Figure 3F).

Respiratory tract viral loads following SARS-CoV-2
challenge
At earlier time points post-challenge, viral mRNA detection does

not discriminate between input challenge inoculum and active

infection, while subgenomic (sgmRNA) levels are more likely

representative of active cellular SARS-CoV-2 virion replica-

tion.25,39,41 Therefore, SARS-CoV-2 sgmRNA was measured in

unvaccinated control and INO-4800-vaccinated macaques

following challenge (Figure 4A). Peak viral sgmRNA loads in the

BAL were measured to be lower in the INO-4800-vaccinated

group (median 3,060 sgmRNA copies/mL) as compared to non-

vaccinated controls (median 130,000 sgmRNA copies/mL, p =

0.0476) (Figure 4B), concurrent with lower viral RNA loads at

day 7 post-challenge (median 242 sgmRNA copies/mL in vacci-

nated NHPs and 33,418 sgmRNA copies/mL in control animals,

p = 0.0238) (Figure 4C). While sgmRNAwas detected in the nasal

swabs of both the control and INO-4800-vaccinated animals

(Figures 4D–4F), the median difference in viral mRNA levels

trended downward in INO-4800-vaccinated animals at day 7

by more than 2 logs (Figure 4F), and clearance was observed

by this time point for 4/5 vaccinated animals compared to 2/5

nonvaccinated animals. The reduced viral loads following expo-

sure to SARS-CoV-2 infection at 17 weeks after immunization

support a durable impact of INO-4800 on virus control.

DISCUSSION

The COVID-19 pandemic continues to devastate global health

creating a destabilizing environment. Although several vaccines

are available through EUA, the need for more preventative vac-

cine approaches for SARS-CoV-2 remains significant especially

in LMICs. Acute SARS-CoV-2 challenge studies in NHPs

receiving different vaccines have been reported.18–23,25 These

studies describe reduction in viral loads in the lower airways,

with some studies indicating lower viral loads in the nose by

IM delivered vaccines targeting full-length spike Ag. However,

the study of protective efficacy at later time points post-immu-

nization following contraction of the acute phase immune

response has been limited. This is also true for prior vaccine

studies in NHP MERS or SARS challenge models.15,17,42

Accordingly, understanding the durability after vaccination of

the immune recall response to coronavirus challenge is of

importance.

In a recent clinical study, we reported that ID delivery of an

HIV vaccine prototype was dose-sparing and demonstrated

increased tolerability and improved immune potency compared
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to IM DNA delivery.43 We also demonstrated protective efficacy

of a dose-sparing, 2-injection regimen following ID delivery of a

MERS Spike DNA vaccine.44 In the current study, we evaluated

the durability of an ID-delivered full-length Spike antigen DNA

vaccine (INO-4800) in rhesus macaques. The vaccine induced

broad Spike binding antibodies to multiple regions of the anti-

gen, as well as rapid induction of potent neutralizing antibodies,

and cellular immune responses. INO-4800 vaccination also eli-

cited cross-reactive humoral and cellular responses to the

SARS-CoV S protein. We further demonstrated an impact on

viral load after SARS-CoV-2 challenge more than 3 months

post-final immunization, observing establishment of anamnestic

immune responses and reduced viral loads in vaccinated

macaques.

Other COVID-19 DNA vaccines have been evaluated in NHPs.

Yu et al.24 evaluated a full-length Spike antigen DNA vaccine

candidate, similar to INO-4800. Administration of 2 3 5 mg IM

doses to NHPs25 followed by challenge at 3 weeks following

the second immunization led to decreased BAL viral loads and

a trend to lower nasal swab subgenomic viral loads. Here, we

evaluated challenge outcome 13 weeks following delivery of a

2 3 1 mg dose by ID administration of INO-4800 in the same

challenge model. In this study, we observed vaccine induction

of durable immunity, with impact on viral replication following

challenge 13 weeks post-final immunization. Reduced sgmRNA

viral loads in the lower lung were observed. A trend toward lower

viral mRNA loads was also observed in the nose at day 7 post-

challenge in the INO-4800-vaccinated animals. These data and

others36 support that immunization and subsequent expansion

of pre-existing antigen-specific T cells from such a vaccine in hu-

mans might protect from severe disease in the lung as well as

limit the duration of viral shedding in the nasal cavity, thus

possibly lowering viral transmission.

The initial viral loads detected in control unvaccinated animals

in this study were approximately 2 logs higher (109 PFU/swab in

4/5 NHPs on day 1 post-challenge) than in similar published

studies performed under identical conditions (�107 PFU/

swab).24 Viral replication in the respiratory tract of control unvac-

cinated animals was at the same level or higher than other

studies using higher viral inoculum doses.21,45,46 Challenge inoc-

ulums are frequently employed at higher doses than those

experienced upon natural exposure to ensure take of infection;

however, such a high-dose challenge may artificially reduce

the impact of potentially protective vaccines and interven-

tions.47,48 For example, Wölfel et al.41 reported nasal titers in pa-

tients of an average 6.76 3 105 copies/swab days 1–5 following

onset of symptoms. These viral titers are significantly lower than

in our NHP challenge (>107 copies/swab total virus). Despite

these limitations, this study demonstrated significant reduction

in peak BAL sgmRNA and overall viral mRNA months after final

vaccination.

The current study was not designed to address the theoretical

concern for vaccine enhanced disease. However, we did not

observe an increase in viral replication in the vaccinated animals

compared to controls, and no clinical signals such as respiratory

distress, changes in heart rates or oxygen saturation levels, tem-

perature spikes, or significant weight loss. Independent NHP

studies that included lung imaging, histopathology, and immu-
nopathology have been performed, and VED was not observed

after challenge of animals receiving a single or two doses of

INO-4800.49

T cell immunity has been shown to be an important mediator of

protection against betacoronaviruses, and recent studies have

specifically identified a role in protection against COVID-19 dis-

ease.26,28,29,50 Sekine et al.28 reported SARS-CoV-2-reactive

T cells in asymptomatic and mild COVID-19 convalescent pa-

tients who were antibody seronegative. These results from

convalescent patient studies collectively suggest that vaccine

candidates that could generate balanced humoral and cellular

immune responses could be important in providing protection

against COVID-19 disease. Our study and other published re-

ports show that DNA vaccination with candidates targeting the

full-length SARS-CoV-2 spike protein likely increase the avail-

ability of T cell immunodominant epitopes leading to a broader

and more potent immune response, compared to partial do-

mains and truncated immunogens.24 In this study, we also

observe T cell cross-reactivity to SARS-CoV-1. Further evalua-

tion of these shared responses is likely of interest andmay inform

development of vaccines targeting related betacoronaviruses.

Long-lived SARS-CoV specific T cells have been reported.34,35

Additional studies of SARS-CoV-2-infected patients will provide

important insight toward immunity and long-term protection

against COVID-19 disease.51–53

In addition to T cells, we demonstrated that INO-4800

induced durable antibody responses that rapidly increased

following SARS-CoV-2 challenge. This increase was signifi-

cantly higher than the generation of neutralizing antibodies in

unvaccinated animals and likely contributed to viral control.

Importantly, the vaccine induced robust neutralizing antibody

responses against both D614 and G614 SARS-CoV-2 variants.

While the D/G 614 site is outside the RBD, it has been sug-

gested that this shift has the potential to impact vaccine-elicited

antibodies54 and possibly virus infectivity. Our data support in-

duction of comparable neutralization titers between D614 and

G614 variants and that these responses are similarly recalled

following SARS-CoV-2 challenge. We additionally observe a

positive relationship between vaccine-induced antibody binding

to the RBD and neutralizing antibody titers (Figure S1C, R2 =

0.69). Furthermore, sera from vaccine NHPs exhibited signifi-

cant ADCP and ADCD activity, both associated with innate im-

mune effector functions that have the potential to contribute

toward vaccine efficacy.

Overall, the current challenge study provides a snapshot of

anamnestic protective efficacy several months post-vaccination

with a small cohort of animals. The data support further study of

the SARS-CoV-2 DNA vaccine candidate INO-4800, which is

currently in clinical trials. The persistence of SARS-CoV-2 immu-

nity following natural infection is unknown, and recent studies

suggest natural immunity may be short lived.32 Given that

many people exhibit asymptomatic or mild disease and recover

without developing significant antibody responses, additional

study of vaccines that induce immunological memory for T and

B cell responses is clearly of interest. The immune responses

and protection induced by simple ID delivery of INO-4800 are

promising and provide important information to advancing

SARS-CoV-2 vaccine development.
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Limitations of the study
In the current study, there were several limitations that should be

mentioned. The time between final immunization and live virus

challenge, along with the presence of increased binding and

neutralizing antibodies post-challenge, support the induction of

immunological memory. However, identification of SARS-CoV-

2-specific memory B cell responses were not evaluated as this

was beyond the scope of the current study, and therewas limited

availability of SARS-CoV-2-specific reagents at the time this

study was performed. It should also be noted that, at the time

this study was conducted, the G614 strain, was the most preva-

lent variant of concern and the USA-WA1/2020 isolate was

widely used by multiple groups for viral challenge.21,22,38 We

have since performed pseudoneutralization assays with recent

VOC, including alpha, beta, gamma, and delta SARS-CoV-2 vi-

ruses to further demonstrate the breadth of protection against

emerging strains in INO-4800-vaccinated subjects55 and in

NHPs (J.N.W., B. Schouest, A.P., E.L.R., K.S., E.P., I.M.,

E.N.G., M.P., V.A., A.D., D.E., Z.E., B. Nguyen, D. Frase, F.I.Z.,

A. Kulkarni, A.G., J.J.K., L.M.H., S.J.R., T.R.F.S., D.B.W., and

K.B., unpublished data) following a similar treatment regimen

as the current study. These data are included as part of a subse-

quent manuscript. A histopathological assessment of the lung

tissue was planned following challenge to address the presence

of virus-infected cells, but the samples were damaged during

transport. In light of this, the viral load analysis indicates that

all NHPswere infected but supports that vaccine-induced immu-

nity likely contributed to lower viral loads in the immunizedNHPs,

potentially controlling disease progression. Similar observations

are being reported with the current EUACOVID-19 vaccines with

an increase of breakthrough infections being reported as the

duration of time after vaccination extends but still strong control

against disease progression and hospitalizations. However, in

this study the lack of clinical symptoms in the NHP model did

not allow for a correlation between disease and reduction of viral

titers to be made in the collected BAL samples. Other INO-4800

NHP studies have now been reported with shorter durations of

time lapse between vaccination and challenge and provide a his-

topathological assessment of the virus-infected tissue.49 Future

studies are being planned to address timing of challenge

following the last vaccination and to provide a histopathological

assessment of the virus-infected tissue.
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DNA vaccine, INO-4800 Smith et al., 2020 Nat Commun N/A
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Materials availability
Requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kate E. Broderick. This includes

plasmids, cell lines, and pseudoviruses. All reagents will be made available on request following completion of a Material Transfer

Agreement.

Data and code availability

All data for this study are available without restriction from the Lead Contact upon request.

This study did not generate code.

Any additional information required to reanalyze the data reported in this study is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
ACE2-CHO and ACE2-293T cells were maintained in Dulbecco’s Modified Eagles Medium (DMEM, GIBCO) at 37�C, 5%CO2. All cell

lines were tested to be mycoplasma negative.

In vivo animal studies animals
All rhesus macaque experiments were approved by the Institutional Animal Care and Use Committee at Bioqual (Rockville, Mary-

land), an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International accredited facility,

IACUC# 18-072 (Study #SP2000012). Ten Chinese rhesus macaques (ranging from 4.55kg-5.55kg) were randomly assigned to be

immunized (3 males and 2 females) or naive (2 males and 3 females). The sex and age in years old on day 0 for each animal were:

7515 (M, 3.9), 7516 (M, 3.6), 7517 (M, 3.8), 7518 (M, 3.7), 7519 (M, 3.8), 7521 (F, 3.9), 7522 (F, 3.6), 7526 (F, 3.5), 7527 (F, 3.8),

7528 (F, 3.7). Immunized macaques received two 1 mg injections of SARS-CoV-2 DNA vaccine, INO-4800, at week 0 and 4 by

the minimally invasive ID-EP administration using the CELLECTRA 2000� Adaptive Constant Current Electroporation Device with

a 3P array (Inovio Pharmaceuticals). At week 17, all animals were challenged with 1.2x108 VP (1.1x104 PFU) SARS-CoV-2 isolate

USA-WA1/2020 (BEI Resources NR-52281). The following reagent was deposited by the Centers for Disease Control and Prevention

and obtained through BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate USA-WA1/2020, NR-52281. Virus was

administered as 1 mL by the intranasal route (0.5 mL in each nostril) and 1 mL by the intratracheal route. Nasal swabs were collected

during the challenge period using Copan flocked swabs and placed into 1 mL PBS. Blood was collected at indicated pre-challenge

and post-challenge time points to analyze blood chemistry and to isolate peripheral blood mononuclear cells (PBMC), and serum.

Bronchoalveolar lavage was collected at Week 8 and on Days 1, 2, 4, 7 post challenge to assay lung viral loads. BAL from naive an-

imals was run as control.

METHOD DETAILS

DNA vaccine, INO-4800
The highly optimized DNA sequence encoding SARS-CoV-2 IgE-spike was created using Inovio’s proprietary in silico Gene Optimi-

zation Algorithm to enhance expression and immunogenicity.37 The optimized DNA sequencewas synthesized, digestedwith BamHI

and XhoI, and cloned into the expression vector pGX0001 under the control of the human cytomegalovirus immediate-early promoter

and a bovine growth hormone polyadenylation signal.

Peripheral blood mononuclear cell isolation
Blood was collected from each macaque into sodium citrate cell preparation tubes (CPT, BD Biosciences). The tubes were centri-

fuged to separate plasma and lymphocytes, according to themanufacturer’s protocol. Samples were transported by same-day ship-

ment on cold-packs from Bioqual to The Wistar Institute for PBMC isolation. PBMCs were washed and residual red blood cells were

removed using ammonium-chloride-potassium (ACK) lysis buffer. Cells were counted using a ViCell counter (Beckman Coulter) and

resuspended in RPMI 1640 (Corning), supplemented with 10% fetal bovine serum (Atlas), and 1% penicillin/streptomycin (GIBCO).

Fresh cells were then plated for IFNg ELISpot Assays and flow cytometry.

IFN-g enzyme-linked immunospot
Monkey IFN-g ELISpot assay was performed to detect cellular responses. Monkey IFN-g ELISpotPro (alkaline phosphatase) plates

(Mabtech, Sweden, Cat#3421M-2APW-10) were blocked for a minimum of 2 h with RPMI 1640 (Corning), supplemented with 10%

FBS and 1% pen/strep (R10). Following PBMC isolation, 200 000 cells were added to each well in the presence of 1) peptide pools

(15-mers with 9-mer overlaps) corresponding to the SARS-CoV-1, SARS-CoV-2, or MERS-CoV spike proteins (5ug/mL/well final

concentration), 2) R10 with DMSO (negative control), or 3) anti-CD3 positive control (Mabtech, 1:1000 dilution). All samples were

plated in triplicate. Plates were incubated overnight at 37�C, 5% CO2. After 18-20 h, the plates were washed in PBS and spots
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were developed according to the manufacturer’s protocol. Spots were imaged using a CTL Immunospot plate reader and antigen-

specific responses were determined by subtracting the number of spots in the R10+DMSO negative control well from the wells

stimulated with peptide pools.

Antigen binding ELISA
Serum andBALwas collected at each time point was evaluated for binding titers. Ninety-six well immunosorbent plates (NUNC) were

coated with 1ug/mL recombinant SARS-CoV-2 S1+S2 ECD protein (Sino Biological 40589-V08B1), S1 protein (Sino Biological

40591-V08H), S2 protein (Sino Biological 40590-V08B), or receptor-binding domain (RBD) protein (Sino Biological 40595-V05H) in

PBS overnight at 4�C. ELISA plates were also coated with 1ug/mL recombinant SARS-CoV S1 protein (Sino Biological 40150-

V08B1) and RBD protein (Sino Biological 40592-V08B) or MERS-CoV spike (Sino Biological 40069-V08B). Plates were washed

four times with PBS + 0.05% Tween20 (PBS-T) and blocked with 5% skim milk in PBS-T (5% SM) for 90 min at 37�C. Sera or

BAL from INO-4800 vaccinated and control macaques were serially diluted in 5% SM, added to the washed ELISA plates, and

then incubated for 1 h at 37�C. Following incubation, plates were washed 4 times with PBS-T and an anti-monkey IgG conjugated

to horseradish peroxidase (Southern Biotech 4700-05) 1 h at 37�C. Plates were washed 4 times with PBS-T and one-step TMB so-

lution (Sigma) was added to the plates. The reaction was stoppedwith an equal volume of 2N sulfuric acid. Plates were read at 450nm

and 570nm within 30 min of development using a BioTEK Synergy2 plate reader.

ACE2 competition ELISA non-human primates
96-well half area plates (Corning) were coated at room temperature for 3 h with 1 mg/mL PolyRab anti-His antibody (ThermoFisher,

PA1-983B), followed by overnight blockingwith blocking buffer containing 1x PBS, 5%SM, 1%FBS, and 0.2%Tween-20. The plates

were then incubated with 10 mg/mL of His6x-tagged SARS-CoV-2, S1+S2 ECD (Sino Biological, 40589-V08B1) at room temperature

for 1-2 h. NHP sera (Day 0 orWeek 6) was serially diluted 3-fold with 1XPBS containing 1% FBS and 0.2% Tween and pre-mixed with

huACE2-IgMu at constant concentration of 0.4ug/ml. The pre-mixture was then added to the plate and incubated at room temper-

ature for 1-2 h. The plates were further incubated at room temperature for 1 h with goat anti-mouse IgG H+L HRP (A90-116P, Bethyl

Laboratories) at 1:20,000 dilution followed by addition of one-step TMB ultra substrate (ThermoFisher) and then quenched with 1M

H2SO4. Absorbance at 450nm and 570nm were recorded with BioTEK plate reader.

Flow cytometry-based ACE2 receptor binding inhibition assay
HEK293T cells stably expressing ACE2-GFPwere generated using retroviral transduction. Following transduction, the cells were flow

sorted based on GFP expression to isolate GFP positive cells. Single cell cloning was done on these cells to generate cell lines with

equivalent expression of ACE2-GFP. To detect inhibition of spike binding to ACE2, 2.5 mg/ml S1+S2 ECD-his tagged (Sino Biological,

Catalog #40589-V08B1) was incubated with serum collected from vaccinated animals at indicated time points and dilutions on ice for

60 min. This mixture was then transferred to 150,000 293T-ACE2-GFP cells and incubated on ice for 90 min. Following this, the cells

were washed 2x with PBS followed by staining for surelight� APC conjugated anti-his antibody (Abcam, ab72579) for 30 min on ice.

As a positive control, spike protein was pre-incubated with recombinant human ACE2 before transferring to 293T-ACE2-GFP cells.

Data was acquired using a BD LSRII and analyzed by FlowJo (version 10).

Pseudovirus neutralization assay
SARS-CoV-2 pseudovirus was produced using HEK293T cells transfected with GeneJammer (Agilent) using IgE-SARS-CoV-2 spike

plasmid (Genscript) and pNL4-3.Luc.R-E- plasmid (NIH AIDS reagent) at a 1:1 ratio. Forty-eight hours post transfection, supernatant

was collected, enriched with FBS to 12% final volume, steri-filtered (Millipore Sigma), and aliquoted for storage at �80�C. SARS-
Cov-2 pseudovirus neutralization assay was set up using D10 media (DMEM supplemented with 10%FBS and 1X Penicillin-Strep-

tomycin) in a 96 well format. CHO cells stably expressing ACE2 were used as target cells (Creative Biolabs, Catalog No. VCeL-

Wyb019). SARS-Cov-2 pseudovirus were titered to yield greater than 20 times the cells only control relative luminescence units

(RLU) after 72h of infection. 10,000 CHO-ACE2 cells/well were plated in 96-well plates in 100ul D10 media and rested overnight

at 37�C and 5% CO2 for 24 h. The following day, sera from INO-4800 vaccinated and control groups were heat inactivated and seri-

ally diluted. Sera were incubated with a fixed amount of SARS-Cov-2 pseudovirus for 90 min at RT. The sera+virus mix was then

added to the plated CHO-ACE2 cells and allowed to incubate in a standard incubator (37% humidity, 5% CO2) for 72h. Cells

were then lysed using Britelite plus luminescence reporter gene assay system (Perkin Elmer Catalog no. 6066769) and RLU were

measured using the Biotek plate reader. Neutralization titers (ID50) were calculated usingGraphPad Prism 8 and defined as the recip-

rocal serum dilution at which RLUwere reduced by 50% compared to RLU in virus control wells after subtraction of background RLU

in cell control wells.

Plaque reduction neutralization test
Live virus neutralization assays were performed by PRNT at Bioqual (Rockville, MD), on sera samples collected at pre-challenge

(Weeks 0, 6, 15) and post-challenge. Vero 76 cells (ATCC No. CRL-1586) were plated at 175,000 cells/well in DMEM + 10%

FBS + gentamicin, overnight at 37�C, 5% CO2. Serially diluted serum samples were mixed with SARS-CoV-2 virus (isolate USA-

WA1/2020) for a final 30 pfu/well virus per well and final starting 1:20 serum dilution, then incubated at 37�C, 5% CO2 for 1 h. Media
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was removed from cell cultures and virus-serum dilution mixtures were added to cells in duplicate and then incubated at 37�C, 5%
CO2 for 1 h for virus infection. After incubation, 0.5% methylcellulose media (Sigma #M0512-100G) was added to each well and

plates were incubated at 37�C, 5% CO2 for 3 days. Each well was then washed and fixed with methanol, then stained with 0.2%

crystal violet (Sigma #HT901-8FOZ) in 20% MeOH for 30 min at room temperature. Plates were washed, dried and plaques were

recorded to calculate the number of infectious units.

Antibody-dependent cellular phagocytosis
Biotinylated SARS-CoV-2 (COVID-19) S1 and RBD proteins (Acro Biosystems) were combined with fluorescent NeutrAvidin beads

(Life Technologies) overnight at 4�C. Excess, unconjugated antigenswere removed bywashing the beads twicewith 0.1%PBS-BSA.

Beadswerewashedwith 1mL buffer and spun at 14,000 x g for 2min at room temperature. Antigen-coated beadswere resuspended

in a final volume of 1 mL in PBS-BSA. 10 mL beads were added into each well of a round-bottom 96-well culture plate after which 5 ml

of heat-inactivated monkey plasma were added and incubated for 2 h at 37�C. A 200 ml suspension of THP-1 cells at 2.53 105 cells/

ml were to eachwell, for a total of 53 104 THP-1 cells per well. After mixing, the cell-beadmixtures were incubated overnight at 37�C.
The following day, 100 mL of supernatant from each well were removed and 100 mL of BD Cytofix were added to each well. Cells were

analyzed by flow cytometry and data collected were analyzed in FlowJo software. The percentage of fluorescent / bead+ cells and

the median fluorescence intensity of the phagocytic cells were computed to determine the phagoscore.

Antibody-dependent complement deposition
43 106 (ACE2)-CHO cells were pulsed with 20 mg biotinylated SARS-CoV-2 (COVID-19) S1 and RBD proteins (Acro Biosystems) for

30 min at 37�C. Excess, unbound antigens were removed by washing cells once with complete medium. Heat-inactivated monkey

plasma (10 ml) were added to the antigen-pulsed cells and incubated for another 30 min at 37�C. Freshly resuspended lyophilized

guinea pig complement (Cedarlane) diluted 1:20 with veronal buffer 0.1% gelatin with calcium andmagnesium (Boston BioProducts)

were added to the cells for 2 h at 37�C. Following a wash with 1X PBS, cells were assessed for complement deposition by staining

with goat anti-guinea pig C3-FITC (MP biomedicals). After fixing, cells were analyzed by flow cytometry and ADCD are reported as

MFI of FITC+ cells.

Viral RNA assay
RT-PCR assays were utilized to monitor viral loads, essentially as previously described.56 Briefly, RNA was extracted using a

QIAcube HT (QIAGEN,Germany) and the Cador pathogen HT kit from bronchoalveolar lavage (BAL) supernatant and nasal swabs.

RNA was reverse transcribed using superscript VILO (Invitrogen) and ran in duplicate using the QuantStudio 6 and 7 Flex Real-

Time PCR System (Applied Biosystems) according to manufacturer’s specifications. Viral loads were calculated of viral RNA copies

per mL or per swab and the assay sensitivity was 50 copies. The target for amplification was the SARS-CoV2 N (nucleocapsid) gene.

The primers and probes for the targets were:

2019-nCoV_N1-F:50-GACCCCAAAATCAGCGAAAT-30

2019-nCoV_N1-R: 50-TCTGGTTACTGCCAGTTGAATCTG-30

2019-nCoV_N1-P: 50-FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1-30

Subgenomic mRNA assay
SARS-CoV-2 E gene subgenomic mRNA (sgmRNA) was assessed by RT-PCR using an approach similar to previously described.41

To generate a standard curve, the SARS-CoV-2 E gene sgmRNA was cloned into a pcDNA3.1 expression plasmid; this insert was

transcribed using an AmpliCap-Max T7High YieldMessageMaker Kit (Cellscript) to obtain RNA for standards. Prior to RT-PCR, sam-

ples collected from challenged animals or standards were reverse-transcribed using Superscript III VILO (Invitrogen) according to the

manufacturer’s instructions. A Taqman custom gene expression assay (ThermoFisher Scientific) was designed using the sequences

targeting the E gene sgmRNA.41 Reactions were carried out on a QuantStudio 6 and 7 Flex Real-Time PCR System (Applied Bio-

systems) according to the manufacturer’s specifications. Standard curves were used to calculate sgmRNA in copies per ml or

per swab; the quantitative assay sensitivity was 50 copies per ml or per swab.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 8.0 software (La Jolla, CA). All bar graphs, scatterplots, and line graphs

display individual animals or the mean value, and error bars represent the standard deviation. A two-tailed Mann-Whitney test was

performed for viral load comparison between vaccinated and unvaccinated animals. Samples and animal groups with a p value <

0.05 were considered statistically significant. Statistical details can be found in the Results, figure legends, and on the figures.
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