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Summary

Background—Western (WEEV), eastern (EEEV), and Venezuelan (VEEV) equine encephalitis 

viruses are mosquito-borne pathogens classified as potential biological warfare agents for which 

there are currently no approved human vaccines or therapies. This clinical trial aimed to evaluate 
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the safety and tolerability of an investigational trivalent virus-like particle (VLP) vaccine, WEVEE 

VLP, composed of WEEV, EEEV, and VEEV VLPs.

Methods—The WEVEE VLP vaccine was evaluated in a phase 1, randomized, open-label, dose 

escalation trial at the Hope Clinic of the Emory Vaccine Center at Emory University, Atlanta, GA, 

USA. Eligible participants were healthy adults aged 18-50. Participants were assigned to a dose 

group of 6, 30, or 60 mcg and randomized 1:1 to receive the WEVEE VLP vaccine with or without 

alum adjuvant by intramuscular injection at study day 0 and at week 8. The primary objectives 

were the safety and tolerability of the vaccine (assessed in all participants who received at least 

one administration of study product) and the secondary objective was immune response by plaque 

reduction neutralization test (PRNT) four weeks after second vaccination. This trial is registered at 

ClinicalTrials.gov, NCT03879603.

Findings—Between April 2 and June 13, 2019, 30 trial participants were enrolled (mean age 32 

years; 16 [53%] female, 14 [47%] male). Six groups of five participants each received 6, 30, or 

60 mcg vaccine doses with or without adjuvant, and all 30 participants completed study follow-up. 

Vaccinations were safe and well-tolerated. The most frequently reported symptoms were mild 

injection-site pain and tenderness (22/30 [73%]) and malaise (15/30 [50%]). Dose-dependent 

differences in the frequency of pain and tenderness were found between the 6, 30, and 60 mcg 

groups (p = 0·022); no significant differences were observed between dosing groups for any other 

reactogenicity symptom. Two adverse events in one trial participant (60 mcg dose with alum) 

were assessed as possibly related to the study product; both resolved without clinical sequelae. 

Four weeks following the second vaccine administration neutralizing antibodies were induced in 

all study groups with the highest response seen against all three vaccine antigens in the 30 mcg + 

alum group (PRNT80 geometric mean titer: EEEV: 60·8 [95% CI 29·9-124·0]; VEEV: 111·5 [95% 

CI 49·8-249·8]; WEEV: 187·9 [95% CI 90·0-392·2]. Finally, four weeks following second vaccine 

administration the majority of trial participants developed an immune response to all three vaccine 

components (EEEV: 24/29 [83%]; VEEV: 26/29, [90%]; WEEV: 27/29, [93%]; EEEV, VEEV, and 

WEEV: 22/29, [76%]).

Interpretation—Consistent with phase 1 trials, the primary limitation of this study is the small 

sample size. The favorable safety profile and neutralizing antibody responses, along with pressing 

public health need, support further evaluation of this product in advanced phase clinical trials.

Funding—The Vaccine Research Center of the National Institute of Allergy and Infectious 

Diseases, National Institutes of Health funded the clinical trial. The United States Department of 

Defense contributed funding for manufacturing of the study product.

Introduction

Western (WEEV), eastern (EEEV), and Venezuelan (VEEV) equine encephalitis viruses 

are single-stranded RNA alphaviruses that are highly pathogenic to humans and other 

vertebrates.1 Viral transmission to humans is mediated by more than 20 species of mosquito 

vectors including Aedes, Coquillettidia, and Culex that are capable of transmitting virus 

between infected bird or rodent hosts and humans.1–3 These viruses have caused small, but 

recurrent epizootics in North, South, and Central America over the last several decades. 

The most recent outbreak documented in Central America occurred in Panama in 2010 with 

13 confirmed cases of EEEV, 11 cases of VEEV, and one case of coinfection.4 However, 
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due to overlap in clinical symptoms with other arboviruses such as Dengue, as well as 

limitations in surveillance and diagnostics, the true disease burden of these viruses it not 

clearly understood.5 Sporadic outbreaks of EEEV in humans have also occurred throughout 

the United States, averaging 11 cases per year between 2009-2018.6,7 During 2019, the 

United States encountered the largest outbreak of EEEV to date with 38 confirmed cases and 

15 related deaths predominantly across the northeast.7 The clinical manifestation of VEEV, 

WEEV, or EEEV infection ranges from mild flu-like symptoms to severe neurological 

illnesses including fatal encephalitis.1,8 The estimated case fatality rates associated with 

infection can be low (<1%) for VEEV, moderate (3-15%) for WEEV, and as high as 70% 

for EEEV.9 The recent outbreaks in the United States and high morbidity and mortality 

of EEEV demonstrate the importance of developing medical countermeasures against these 

pathogens.10

Although aerosol transmission does not occur naturally, previous studies and documented 

accidental infections in laboratory workers have shown that these viruses are highly 

stable and particularly transmissible in aerosol form. Furthermore, infection acquired by 

aerosol transmission results in a similar disease as mosquito-borne infection.11–13 These 

characteristics contribute to the classification of all three alphaviruses as category B 

bioterrorism agents/priority pathogens by both the United States Centers for Disease Control 

and Prevention (CDC) and National Institute of Allergy and Infectious Diseases (NIAID), 

delineating the viruses as potential biological warfare agents that could pose a risk to 

national security.14

There are currently no therapies or vaccines for VEEV, WEEV, or EEEV approved for 

human use by the United States Food and Drug Administration (FDA). Results of a phase 

1 clinical trial of a DNA vaccine candidate against VEEV, pWRG/VEE, showed the vaccine 

was safe and induced a durable immune response in some study groups; however, there 

are no reports of the product in advanced clinical testing or commercial development.15 

Beginning in the early 1960s, several candidate vaccines have additionally been utilized 

under Investigational New Drug (IND) status for at-risk laboratory personnel through the 

United States Army (US Army) Special Immunization Program.16 The live-attenuated 

vaccine TC-83 against VEEV induces protective humoral responses but is associated with 

significant adverse events and reactogenicity in approximately 25% of recipients and has a 

sub-optimal neutralizing antibody profile in approximately 20% of recipients. Therefore, a 

formalin-inactivated VEEV vaccine, C-84, has been used as a boost with TC-8317–20. While 

C-84 is found to be less reactogenic, it provides a suboptimal immune response in TC-83 

non-responders.18 Formalin-inactivated vaccines against WEEV (TS-GSD 210) and EEEV 

(TS-GSD 104) have also been evaluated by the US Army and while safe, demonstrate low 

rates of seroconversion and limited effectiveness.21,22 Furthermore, sequential vaccination 

against all three viruses may lead to immune interference.23,24 Together, the limitations 

associated with these vaccine candidates have thus far hindered further development.

To address the unmet public health and biosecurity need for a prophylactic vaccine, there 

is an ongoing research effort to develop an effective vaccine against all three viruses that 

could be utilized by laboratory and military personnel, populations in the Americas at high 

risk of infection, and as a biodefense agent (NCT04131595; NCT01984983).15 Following 
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the successful development and clinical evaluation of a virus-like particle (VLP) vaccine for 

Chikungunya virus, the Vaccine Research Center (VRC) developed a trivalent vaccine made 

up of VEEV, WEEV, and EEEV VLPs.25,26 Preclinical nonhuman primate studies with the 

western, eastern, and Venezuelan equine encephalitis (WEVEE) VLP vaccine demonstrated 

that the vaccine was highly immunogenic and offered protection from lethal aerosol 

challenge against all three viruses without detected immune interference, thus prompting 

advancement into clinical evaluation.27 Here, we report the safety and immunogenicity 

results of a phase 1 clinical trial evaluating the WEVEE VLP vaccine in healthy adults.

Methods

Study Design

VRC 313 was a first-in-human phase 1, open-label, dose-escalation clinical trial designed 

to assess the safety, tolerability, and immunogenicity of a trivalent VLP encephalitis 

vaccine with or without adjuvant at 6, 30, or 60 mcg administered in two doses eight 

weeks apart. The study was sponsored by the Vaccine Research Center (VRC), National 

Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH), 

and conducted at the Hope Clinic of the Emory Vaccine Center at Emory University in 

Atlanta, GA. The clinical trial protocol was reviewed and approved by the Emory University 

Institutional Review Board (IRB).

Participants

Eligible study participants were healthy adults, aged 18 to 50 years with no prior 

vaccinations with an investigational alphavirus vaccine. Individuals were recruited through 

print and electronic media with advertisements reviewed and approved by the Emory 

IRB. The trial was not designed to achieve an equal distribution of participant ages, 

and interested participants were enrolled based on the eligibility criteria. To determine 

eligibility, healthy adults were pre-screened and assessed through clinical laboratory tests, 

self-reported medical history, and a physical examination. Full inclusion and exclusion 

criteria are available in the trial protocol. All participants gave written informed consent 

before enrollment.

Randomization and masking

Once eligibility was assessed, eligible participants were assigned to a dose group and 

randomized 1:1 to receive the WEVEE VLP vaccine with or without alum using an 

electronic randomization system generated by the Protocol Statistician. There were two 

dose-escalation reviews in the study, performed by a Protocol Safety Review Team (PSRT), 

assessing whether any safety concerns had arisen before escalation to the next dose could 

occur. No more than one participant was randomized and vaccinated per day for the first 

three participants at each dose group. Randomization began with the 6 mcg WEVEE VLP 

dose groups, and the first interim safety review was conducted after the first 3 participants 

who received a 6 mcg dose of WEVEE VLP had two weeks post-vaccination safety data. 

After the first dose escalation criteria were met and the 6 mcg dose level was assessed 

as safe, randomization proceeded for the 30 mcg WEVEE VLP dose groups. The second 

interim safety review was conducted after the first 3 participants to receive a 30 mcg dose 
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of WEVEE VLP had two weeks of post-vaccination safety data. After the second dose 

escalation criteria were met and the 30 mcg dose level was assessed as safe, remaining 

participants were randomized to a 60 mcg WEVEE VLP dose group. Vaccines were 

administered open label, and the study clinicians and each participant were informed on 

the assigned vaccine regimen after randomization was complete.

Procedures

The vaccine product, VRC-WEVVVLP073-VP (WEVEE VLP), was developed by the 

VRC,27 and was generated through construction of eukaryotic expression vectors encoding 

the structural proteins capsid (C), E1, E2, E3, and 6K from WEEV strain CBA87, 

EEEV strain PE-6, and VEEV strain TC-83 by methods previously described.27 Briefly, 

plasmid DNA (raw material) was manufactured by transforming E.coli DH5α cells with 

respective alphavirus recombinant plasmids, followed by expansion, first in shake flask 

and then in 100L bioreactors. Plasmids were purified by a combination of filtration and 

column chromatography methods. Purified plasmids were used to transiently transfect 

human embryonic kidney 293-derived suspension cell line (HEK293) to express protein 

that self-assembled to form non-replicating VLPs, which were then harvested from the 

culture medium. Generated VLPs were purified by filtration and column chromatography 

and mixed at a 1:1:1 mass ratio. Vaccination doses and regimens were selected based on 

the preclinical evaluations of WEVEE vaccine in nonhuman primates (NHPs) as well as 

clinical study outcomes of chikungunya VLP-based vaccine in humans.25–27 The vaccine 

was filled into single-dose vials at a concentration of 78 mcg/mL. The study adjuvant was 

an aluminum hydroxide suspension (alum) provided in a sterile, pyrogen-free suspension at 

a concentration of 5 mg/mL. The alum dose of 500 mcg was mixed in during preparation of 

each vaccine dose, and the diluent consisted of sterile phosphate buffered saline (PBS). The 

study products were manufactured under current Good Manufacturing Practices (cGMP) at 

the VRC Pilot Plant operated by the Vaccine Clinical Material Program, Leidos Biomedical 

Research, Inc. The study product was administered by intramuscular (IM) injection in 

the deltoid muscle via needle and syringe at study day 0 and at week 8; all product 

administrations were monitored by a study clinician. Safety laboratory tests were obtained 

prior to product administration and throughout the study. Volunteers recorded solicited 

symptoms for seven days after each product administration and a clinician assessed the site 

of vaccination on the day of administration, two days after vaccination, and two weeks later. 

For all dose groups, solicited local reactogenicity including pain/tenderness, redness, and 

swelling at the injection site, and systemic reactogenicity including fever, malaise, myalgia, 

joint pain, headache, chills, and nausea, was evaluated using a 7-day diary card. Clinical 

assessments were also performed at scheduled follow-up study visits throughout the study. 

Adverse events were graded according to the Toxicity Grading Scale for Healthy Adult 

and Adolescent Volunteers Enrolled in Preventive Vaccine Clinical Trials (modified from 

FDA Guidance, September 2007). All adverse events (AEs) were recorded for 28 days after 

product administration; serious adverse events (SAEs) and new chronic medical conditions 

were recorded throughout the study.
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Outcomes

The primary endpoints were safety, measured by laboratory tests and adverse events, and 

tolerability, measured by local and systemic reactogenicity. The secondary endpoint was 

immunogenicity at four weeks after second vaccination, study week 12. WEEV, EEEV, and 

VEEV neutralizing titers were assessed using a plaque reduction neutralization test (PRNT) 

at baseline and study weeks 4, 10, 12, 24, and 36 as described previously.27 Details of the 

assay are provided in the Appendix. The reciprocal of the serum dilution which neutralized 

80% of the input virus was reported as PRNT80 values, and a positive response was defined 

as PRNT80 titers above the limit of detection (PRNT value ≥ 10).

Sample size

Per the trial’s protocol, sample size calculations for safety were expressed in terms of the 

ability to detect SAEs. Sample sizes were chosen so within each group (n=5), there was over 

90% chance to observe at least 1 SAE if the true rate is at least 0.37 and over 90% chance to 

observe no SAE if the true rate was no more than 0.02.

Statistical analysis

In accordance with the trial’s Statistical Analysis Plan (SAP), the safety population 

consisted of all participants who received at least one administration of study product 

summarized according to the actual study product received. The frequencies of maximum 

severity for any local reactogenicity symptom and any systemic reactogenicity symptom 

over all vaccinations were compared using Fisher’s exact test for the following groupings: 

alum and no-alum groups at each dose level; adjuvanted and unadjuvanted participants 

overall; and by dose level. Quantitative immunogenicity responses, defined as the PRNT80 

titers, were summarized using geometric means, and were visually presented on a 

log-transformed scale. Positive qualitative PRNT80 responses, as defined above, were 

summarized as the proportion of individuals in each group with a positive response. 

Responses were analyzed for all participants who completed the full vaccine regimen 

(product administration at day 0 and week 8). When comparing responses between alum 

and no-alum groups, quantitative responses were compared using Student’s two-sample 

t-test with unequal variance. Qualitative responses were compared using Fisher’s exact 

test. Similarly, when comparing responses between dose groups, quantitative responses 

were compared on the log scale using Student’s two-sample t-test with unequal variance; 

qualitative responses were compared using Fisher’s exact test. This trial is registered with 

ClinicalTrials.gov, NCT03879603.

Role of the funding source

The Vaccine Research Center of the National Institute of Allergy and Infectious Diseases, 

National Institutes of Health funded the study and its investigators had complete control over 

study design, data collection, data analysis, data interpretation, and writing of the report. 

The United States Department of Defense contributed funding for manufacturing of the 

study product. The corresponding author had access to all the data in the trial and final 

responsibility for the decision to submit for publication.
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Results

Of the 40 individuals screened, 30 participants were enrolled from April 2 through June 

13, 2019 (Figure 1). Participants were enrolled in the open-label dose-escalation protocol to 

receive 6, 30, or 60 mcg of WEVEE VLP and randomized on the product administration day 

to receive vaccine with or without alum (5 subjects per study group). The second product 

administration occurred at study week 8, and the final study vaccination occurred on August 

9, 2019. The study population comprised 16 women (53%) and 14 men (47%); the mean 

age was 32 years (range: 21 to 48) (Table 1). One participant in the 6 mcg dose group 

received only one of the two study vaccinations due to a case of severe neutropenia that was 

determined to be not related to product administration; all other participants received both 

scheduled injections for a total of 59 vaccinations. All enrolled participants completed study 

follow-up. The final study follow-up visit occurred on February 26, 2020 (Figure 1).

Vaccinations were safe and well-tolerated with no SAEs or dose-limiting toxicities. All 

reported local and systemic solicited reactogenicity was mild to moderate in severity. 

Mild pain and tenderness at the injection site was the most frequently reported symptom, 

occurring in 22/30 participants (73%); no other local symptoms were reported. Dose-

dependent differences in the frequency of pain and tenderness were found between the 6, 

30, and 60 mcg groups (p = 0·022). Mild (grade 1) systemic reactogenicity was reported by 

17/30 participants (57%), including malaise (n = 15; 50%), myalgia (n = 9; 30%), headache 

(n = 7; 23%), nausea (n = 6; 20%), joint pain (n = 3; 10%), and chills (n = 1; 3%); no fever 

was reported. Two out of the 30 participants (7%) reported moderate (grade 2) headache. 

There were no statistically significant differences in systemic reactogenicity between dosing 

groups. There were no significant differences in reactogenicity between participants who 

received alum versus those who did not (Figure 2; Appendix, pages 2-3, Table 1).

Product administrations were discontinued for one participant receiving a 6 mcg dose 

without alum who developed severe (grade 3) neutropenia identified 12 days after 

vaccination, peaked at day 33, and fully resolved 6 months later with no clinical sequelae. 

Due to the time course and this participant’s pre-existing history of benign neutropenia, this 

adverse event was evaluated as unrelated to vaccination.

For one participant randomized to receive a 60 mcg dose with alum, two adverse events 

were assessed as possibly related to the study product. These included mild elevated blood 

pressure 30 minutes after first vaccination that resolved when assessed 12 days later, and 

moderate asymptomatic neutropenia at 28 days following the second vaccination that self-

resolved 35 days later without clinical sequelae and therefore was not considered of clinical 

significance.

At baseline, no participants had positive neutralization titers to EEEV, VEEV, or WEEV. 

By the week 12 primary immunogenicity endpoint (four weeks after the second dose), 

neutralizing antibodies were induced in 22/29 trial participants (76%) against all three 

vaccine components (EEEV: 24/29 [83%]; VEEV: 26/29 [90%]; WEEV: 27/29 [93%]) 

(Figure 3; Appendix, page 7, Table 4). In both the 30 mcg with alum and 60 mcg 

without alum dosing groups, all 5 participants (100%) in each group had positive 
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neutralization responses to all three vaccine components at week 12 (Appendix, page 7, 

Table 4). Furthermore, neutralizing antibody responses were durable, induced in comparable 

magnitude against EEEV, VEEV, and WEEV, and were dose- and adjuvant-dependent 

(Figure 4; Appendix, pages 5-7, Tables 3 and 4).

Neutralizing antibody responses to EEEV at week 12 demonstrated a dose- and adjuvant-

dependent response profile. The impact of alum was most clearly seen in the 6 and 30 

mcg groups; alum did not increase the antibody response in the 60 mcg group. In the 6 

mcg group, most participants did not generate neutralizing antibodies unless alum was also 

delivered, whereas in the 30 mcg dose group addition of alum yielded statistically significant 

increase in neutralizing antibodies (30 mcg with alum vs 30 mcg without alum GMT: 60·8 

[95% CI 29·9-124·0] vs 14·4 [95% CI 5·1-41·2], p = 0·016). There was also increased 

neutralizing antibody response with increased vaccine dose (6 mcg, 30 mcg, 60 mcg), a 

difference which was statistically significant between the 6 mcg group and the 60 mcg group 

(6 mcg vs 60 mcg GMT: 7·8 [95% CI 1·9-31·4] vs 39·6 [95% CI 19·6-80·1], p = 0·024) 

(Figure 3; Appendix, pages 5-6, Table 3).

Neutralizing antibody responses to VEEV at week 12 followed a similar pattern to EEEV 

neutralization. The impact of alum was clearly demonstrated in both the 6 and 30 mcg 

groups; however, no difference in the magnitude of the response was observed in the 60 

mcg group. The response also increased with each dosing group, and these increases were 

statistically significant when comparing the 6 mcg dose to both of the higher doses (6 mcg 

vs 30 mcg: 10·9 [95% CI 4·3-27·8] vs 49·9 [95% CI 30·7-80·9], p = 0·007; 6 mcg vs 60 mcg: 

10·9 [95% CI 4·3-27·8] vs 110·5 [95% CI 49·8-245·5], p<0·001) (Figure 3; Appendix, pages 

5-6, Table 3).

The WEEV neutralization responses at week 12 were consistent with those observed for 

both EEEV and VEEV. The addition of alum increased the magnitude of the response in 

both the 6 and 30 mcg groups and was statistically significant in the 30 mcg group (30 

mcg without alum vs 30 mcg with alum GMT: 50·3 [95% CI 16·8-150·2] vs 187·9 [95% 

CI 90·0-392·2], p = 0·027). Neutralizing antibody responses increased with increasing dose 

(Figure 3; Appendix, pages 5-6, Table 3).

Immune responses to all three vaccine components were seen up to 28 weeks post second 

vaccination at the 36 week time point. The dose effect was observed out to week 36, where 

neutralizing antibody responses against each virus were seen in the majority of participants 

in the 30 and 60 mcg groups, but not in the 6 mcg group. At week 36 in the 30 mcg 

without alum group, 4/5 [80%] participants had a positive response against EEEV, 3/5 

[60%] against VEEV, and 1/5 [20%] against WEEV. In the 30 mcg with alum group, 5/5 

[100%] participants had a positive response against EEEV, 3/5 [60%] against VEEV, and 

4/5 [80%] against WEEV. In the 60 mcg without alum group, 3/5 [60%] participants had a 

positive response against EEEV, 5/5 [100%] against VEEV, and 3/5 [60%] against WEEV. 

Finally, in the 60 mcg with alum group, 4/5 [80%] of participants had positive responses 

against EEEV, 3/5 [60%] against VEEV, and 4/5 [80%] against WEEV (Figures 3 and 4; 

Appendix, pages 5-6, Table 3). Despite these high responses to each individual vaccine 

component at the week 36 time point, there was a reduction in the number of participants 
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who responded to all three components simultaneously. For the 30 and 60 mcg dose groups 

(both with and without alum), 4/5 [80%] – 5/5 [100%] participants responded to all three 

vaccine components simultaneously at the primary immunogenicity time point at week 12; 

however, by week 36 these same groups ranged from 1/5 [20%] – 2/5 [40%] participants 

with neutralizing antibody responses against all three viruses (Appendix, page 7, Table 

4). Finally, we observed peak neutralizing antibody responses at either week two (EEEV, 

VEEV) or four (WEEV) post second vaccination for all groups (Figure 4; Appendix, pages 

5-6, Table 3).

Discussion

There remains an unmet public health need for an effective vaccine against the encephalitic 

alphaviruses WEEV, EEEV, and VEEV, which can cause severe disease, have resulted in 

recent outbreaks in the United States, and have a potential application as biological warfare 

agent. There are additionally no antiviral treatments available for any of these viruses.28 

This first-in-human trial of a trivalent alphavirus VLP vaccine against WEEV, EEEV, and 

VEEV demonstrated that both unadjuvanted and alum-adjuvanted vaccine regimens were 

safe, well-tolerated, and immunogenic against the three antigens in healthy adults.

The magnitude of immune responses induced by the WEVEE VLP vaccine was both 

adjuvant- and dose-dependent. Significantly higher response rates to all three viruses were 

observed in study participants who received higher doses of WEVEE VLP vaccine, as 

well as most participants who received alum. Alum-based adjuvants are safe and well 

documented to facilitate increased antibody titers and help induce rapid, long-lasting 

immune responses, and are frequently utilized in first-in-human vaccine safety trials.29 We 

found that immune responses were potentiated by the addition of alum in the 6 mcg and 

30 mcg dose groups; however, this increase was statistically significant in the 30 mcg dose 

group only (EEEV p = 0·016, WEEV p = 0·027, at week 12). Interestingly, in these two dose 

groups, the impact of the adjuvant is less pronounced by the final study time point at week 

36, a trend most pronounced in the 6 mcg dose group. Due to the robust immunogenicity of 

VLPs, the 60 mcg dose induced a similar response when administered with or without alum, 

indicating that the alum adjuvant is dose sparing and most impactful in the groups receiving 

the lower dose of VLP vaccine.

The correlates of protection against WEEV, EEEV, or VEEV are presumed to be neutralizing 

antibodies,27 and in this study were measured by plaque reduction neutralization test 

(PRNT). Prior studies conducted by the US Army on investigational vaccines suggest that 

for the live-attenuated VEEV vaccine TC-83, a PRNT80 titer of >1:20 may be a protective 

response.18,19 EEEV and WEEV protective titers are less well defined; however, based on 

clinical studies of EEEV (TS-GSD 104) and WEEV (TS-GSD 210) vaccines involving 

subjects with no prior EEEV or WEEV exposure, the threshold titer for protection is 

considered to be PRNT80 >1:40.21,22 In this context, the WEVEE VLP vaccine induced high 

seroconversion rates and demonstrated potentially protective immune responses against the 

three alphaviruses.
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VLP vaccines are known to induce durable immune responses,26,30 and here we demonstrate 

durability of the neutralizing antibody response to all three vaccine components through 

the final study time point of 28 weeks post second vaccination for most (60-100%) 

participants in the 30 mcg + alum and both 60 mcg groups. We detected robust response 

to EEEV, VEEV, and WEEV indicating that consistent with preclinical findings,27 immune 

interference is unlikely occurring in the WEEVE VLP vaccine as it has in studies in which 

monovalent alphavirus vaccine candidates TS-GSD 104 (EEEV), TS-GSD 210 (WEEV), 

and TC-83 (VEEV) were inoculated sequentially or concurrently.23,24

As with many phase 1 trials, the primary limitation of this study is the small sample size 

within each dosing regimen, limiting the ability to extrapolate detailed differences between 

dose groups and perform immunogenicity analyses adjusted for multiple comparisons. The 

favorable safety and immunogenicity elicited by the WEVEE VLP trivalent vaccine in 

the reported phase 1 trial has prompted formal commercial development of the product. 

Evaluation in advanced phase clinical trials should be performed to determine optimal 

dosing and vaccine administration schedule.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research In Context

Evidence before this study

Western (WEEV), eastern (EEEV), and Venezuelan (VEEV) equine encephalitis viruses 

are mosquito-borne pathogens classified as potential biological warfare agents for 

which there are currently no approved human vaccines or therapies. We searched 

PubMed for research articles from database inception up to October 13, 2021, using 

the terms “eastern” OR “western” OR “Venezuelan” AND “equine encephalitis virus” 

AND “vaccin*” AND “clinical trial.” At the time of the search, we found no 

publications of trials involving the administration of a trivalent vaccine against eastern, 

western, and Venezuelan equine encephalitis viruses in human participants. We did 

find publications discussing the phase I trial results of a DNA vaccine candidate 

against only VEEV. This vaccine, pWRG/VEE, expresses the E3-E2-6K-E1 genes of 

VEEV, and was found to be safe and induced a durable immune response in some 

study groups. The phase 1 clinical trial testing pWRG/VEE was completed in 2015 

and we could not find any information about advanced phase clinical trial testing or 

commercial development of this vaccine. There are additionally monovalent vaccines 

against each of these viruses that have been utilized under Investigational New Drug 

(IND) status for at-risk laboratory personnel through the United States Army Special 

Immunization Program. These vaccines include both live-attenuated (TC-83, VEEV) 

and formalin-inactivated products (C-84, VEEV; TS-GSD 210, WEEV; TS-GSD 104, 

EEEV). However, suboptimal immunogenicity of the inactivated vaccines, reactogenicity 

of the live-attenuated vaccine, and potential immune interference following sequential 

immunization has left a remaining need for novel vaccine platforms against WEEV, 

EEEV, and VEEV. Following the successful development of a virus-like particle (VLP) 

vaccine against Chikungunya virus, the Vaccine Research Center has developed the 

WEVEE VLP vaccine, a trivalent vaccine composed of EEEV, WEEV, and VEEV VLPs. 

Preclinical studies demonstrated the WEVEE VLP vaccine provided complete protection 

for all three vaccine components against aerosol challenge in nonhuman primates with 

no evidence of immune interference. In this phase 1 clinical trial, we evaluated the 

safety, tolerability, and vaccine-induced antibody response of the WEVEE VLP vaccine 

in unadjuvanted and alum-adjuvanted regimens in healthy adults.

Added value of this study

To our knowledge, these are the first published results of a trivalent vaccine against 

eastern, western, and Venezuelan encephalitis viruses in human participants. All vaccine 

regimens were safe and well-tolerated. Dose- and adjuvant-dependent neutralizing 

antibody responses were elicited against all three vaccine components four weeks 

after the second administration and immune responses were durable through the study 

duration.

Implications of all the available evidence

The results of our trial indicate that the WEVEE VLP vaccine, used both in unadjuvanted 

and alum-adjuvanted regimens, is safe, well-tolerated, and demonstrated durable immune 

responses against all three vaccine components in healthy adults, with no evidence of 
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immune interference as observed in studies of sequential administration of monovalent 

vaccine candidates against equine encephalitis viruses. These results of a trivalent 

VLP vaccine against eastern, western, and Venezuelan encephalitis viruses support the 

vaccine’s further development and evaluation in advanced clinical trials.
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Figure 1: VRC 313 Trial CONSORT Diagram.
Participants were enrolled according to a dose-escalation protocol and randomized within 

each dose group to receive two doses of WEVEE VLP with or without alum, eight 

weeks apart. One participant did not receive the second vaccination due to asymptomatic 

neutropenia but continued with safety follow-up. All participants completed at least 12 

weeks of follow-up.
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Figure 2: Maximum local and systemic solicited reactogenicity.
Percent of participants (x-axis) who reported a local or systemic symptom (y-axis) in the 

seven days following administration of vaccination 1 (study week 0) and vaccination 2 

(study week 8). There were no reported local symptoms of redness or swelling, or systemic 

symptom of fever for any participants following either vaccination, n = 5 for all dose groups 

except for 6 mcg WEVEE (n = 4) following vaccination 2.
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Figure 3: Neutralizing Antibodies.
PRNT80 titers for EEEV (Panel A), VEEV (Panel B), and WEEV (Panel C) at baseline (Pre) 

and at 4, 16, and 24 weeks post the second product administration are shown. Participants 

received 6, 30, or 60 mcg WEVEE VLP without alum (open circles) or with alum (closed 

circles). The reciprocal of the serum dilution which neutralizes 80% of the input virus 

are shown as PRNT80 titers for each participant. A positive response was defined as a 

PRNT80 value ≥ 10 as indicated by the dotted horizontal line. A two-sample t-test was 

used to compare groups, and statistically significant p values (<0·05) are shown. Both dose- 
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and alum-dependent responses are observed, and positive responses are seen in nearly all 

participants in the 30 and 60 mcg dose groups with and without alum. Highest responses 

are seen in the 30mcg + alum group against all three viruses at week 4 post second vaccine 

administration.
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Figure 4: Durability of Neutralizing Antibody Response.
PRNT80 titers for EEEV (Panel A), VEEV (Panel B), and WEEV (Panel C) up to 28 weeks 

post second product administration. Participants received 6, 30, or 60 mcg WEVEE VLP 

without alum (open circles) or with alum (closed circles) administered at day 0 and study 

week 8 indicated by black arrows. The reciprocal of the serum dilution which neutralizes 

80% of the input virus is shown as the geometric mean PRNT80 titers by study group, 

with 95% confidence intervals indicated by error bars. A positive response was defined as 

a PRNT80 value ≥ 10 as indicated by dotted horizontal line, and n = 5 for all dose groups 

with the exception of 6 mcg WEVEE (n = 4). Peak neutralizing responses were seen at 2 

weeks (EEEV, VEEV) and 4 weeks (WEEV) post second vaccination. The dosing effect is 

observed out to the last study time point, and an alum-dependent response is seen in the 6 

and 30 mcg dosing groups throughout the study time course.
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