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A B S T R A C T   

Chikungunya virus (CHIKV) is an alphavirus transmitted by mosquitos that causes a debilitating disease char-
acterized by fever and long-lasting polyarthralgia. To date, no vaccine has been licensed, but multiple vaccine 
candidates are under evaluation in clinical trials. One of these vaccines is based on a measles virus vector 
encoding for the CHIKV structural genes C, E3, E2, 6K, and E1 (MV-CHIK), which proved safe in phase I and II 
clinical trials and elicited CHIKV-specific antibody responses in adult measles seropositive vaccine recipients. 
Here, we predicted T-cell epitopes in the CHIKV structural genes and investigated whether MV-CHIK vaccination 
induced CHIKV-specific CD4+ and/or CD8+ T-cell responses. Immune-dominant regions containing multiple 
epitopes in silico predicted to bind to HLA class II molecules were found for four of the five structural proteins, 
while no such regions were predicted for HLA class I. Experimentally, CHIKV-specific CD4+ T-cells were detected 
in six out of twelve participants after a single MV-CHIK vaccination and more robust responses were found 4 
weeks after two vaccinations (ten out of twelve participants). T-cells were mainly directed against the three large 
structural proteins C, E2 and E1. Next, we sorted and expanded CHIKV-specific T cell clones (TCC) and identified 
human CHIKV T-cell epitopes by deconvolution. Interestingly, eight out of nine CD4+ TCC recognized an epitope 
in accordance with the in silico prediction. CHIKV-specific CD8+ T-cells induced by MV-CHIK vaccination were 
inconsistently detected. Our data show that the MV-CHIK vector vaccine induced a functional transgene-specific 
CD4+ T cell response which, together with the evidence of neutralizing antibodies as correlate of protection for 
CHIKV, makes MV-CHIK a promising vaccine candidate in the prevention of chikungunya.   

1. Introduction 

Chikungunya virus (CHIKV) is an arthropod-borne virus with a single 
stranded RNA genome of positive polarity, and is a member of the genus 
Alphavirus in the family Togaviridae. Humans are the major reservoir 
species, although the virus can also infect non-human primates. The 
virus is transmitted by Aedes albopictus and Aedes aegypti mosquitos, and 
its life cycle includes replication in both the arthropod and the 
mammalian host. CHIKV dissemination is therefore limited to the nat-
ural habitat of the Aedes mosquitos and was originally restricted to Af-
rica and Asia. However, in recent years climate change has extended the 
habitat of the Aedes species to the Americas and Europe, leading to 

CHIKV cases in these regions [1,2]. CHIKV causes chikungunya fever 
(CHIKF), an acute febrile illness often accompanied by polyarthralgia 
that can persist for months to years, frequently causing an inability to 
work [3]. Chikungunya has a case-fatality rate of <1 %, but the long- 
term debilitating morbidity causes a large economic burden on public 
health [4]. Control measures are restricted to the reduction of mosquito 
populations and prevention of mosquito bites achieved by education of 
the public, which can be effective if sufficient CHIKV cases are identified 
[5]. Yet, infections continue to occur in the form of small epidemics in 
immunologically naive individuals in affected regions. 

CHIKV antigenic diversity is limited and only one serotype is 
recognized. Moreover, virus neutralizing antibodies are generally 
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accepted as the correlate of protection from disease, making CHIKV a 
promising candidate to tackle by vaccination [6–8]. Multiple vaccine 
candidates have reached different stages of clinical development, with a 
vaccine based on a measles virus (MV) backbone (MV-CHIK) being one 
of the most advanced candidates (reviewed in [9]). Measles vaccines 
were introduced in the 1960s and have averted >23.2 million deaths 
between 2000 and 2018 [10]. They are safe, and efficacy is as high as 93 
% after a single immunization [11]. Measles vaccination induces hu-
moral as well as CD4+ and CD8+ T-cell responses, and protection is 
considered life-long with limited secondary vaccine failure, making it an 
ideal vaccine platform [12]. Recombinant MV-based vector vaccines 
have been generated for multiple pathogens (reviewed in [13]) 
including Lassa virus, Zika virus as well as SARS-CoV-2. Pre-clinical 
experiments have confirmed the induction of humoral and cellular re-
sponses to not only the vector, but also the transgene [14–17]. 

MV-CHIK is a recombinant live-attenuated vaccine based on the MV/ 
Schwarz strain, which encodes the structural proteins of CHIKV (C, E3, 
E2, 6K, and E1) as an additional transcription unit [15]. This vaccine 
was immunogenic in mice and non-human primates. Additionally, MV- 
CHIK protected mice from lethal challenge with CHIKV, and induced 
protection from clinical manifestations of CHIKV infection in non- 
human primates [15,18]. Phase I and II clinical trials showed that the 
vaccine is well tolerated and highly immunogenic in humans, with up to 
100 % seroconversion rates after two immunizations [19,20]. Moreover, 
MV-CHIK vaccination also induced antibodies mediating Fc-effector 
functions [21]. Importantly, antibody induction was independent of 
pre-existing MV-specific immunity. Whether MV-CHIK induces cellular 
immune responses to the transgene in humans remains to be 
investigated. 

Here, we detected CHIKV-specific CD4+ and CD8+ T-cells that were 
induced by MV-CHIK vaccination in human peripheral blood mono-
nuclear cells (PBMC) collected during a phase II clinical trial. These 
trials were performed in measles-immune adult participants from 
countries where CHIKV is not endemic. The CD4+ T-cell response was 
further characterized, and T cell clones (TCC) induced by MV-CHIK 
vaccination were sorted, expanded, and characterized. HLA-class II- 
restricted epitopes were experimentally identified and overlapped with 
in silico predicted immune-dominant regions. We conclude that CHIKV- 
specific CD4+ T-cells are efficiently induced by MV-CHIK and are 
directed to epitopes in the three major structural proteins C, E2 and E1. 
In contrast, MV-CHIK-specific CD8+ cytotoxic T-cells could only be 
identified in a minority of study participants. 

2. Material and methods 

2.1. Ethics statement 

PBMC from healthy adult volunteers enrolled in the phase II clinical 
study MV-CHIK-205 (ClinicalTrials.gov NCT03635086; EUDRACT no. 
2018-000211-25) were collected at various time points as per study 
protocol. Informed consent allowed for the use of samples for research 
purposes. 

2.2. T-cell epitope prediction 

Epitope predictions were performed using TepiTool of the Immune 
Epitope Database (IEDB; https://tools.iedb.org/tepitool/) as previously 
described [22]. Briefly, the structural proteins (C, E3, E2, 6K, E1) of the 
CHIKV sequence of strain 06-49 (GenBank: AM258994.1), encoded by 
the vaccine, were used for in silico predictions. For HLA class II (CD4+ T- 
cell) binding predictions, we used a prediction rank cut-off <20 and 
predicted 15-mer epitopes for the 26 most frequent alleles using the 
IEDB recommended prediction method. HLA class I (CD8+ T-cell) 
binding predictions were performed using the IEDB recommended class 
I prediction algorithm for 9-mer epitopes with a prediction cut-off <1 for 
the 27 most frequent alleles. For the final list displayed in 

Supplementary Table 1, epitopes were clustered and then filtered to 
eliminate redundancies and nested peptides. 

2.3. Trial design 

Participants of the phase II trial MV-CHIK-205 received MV-CHIK, a 
vaccine candidate for the prevention of chikungunya fever, at a dose of 
1 × 106 TCID50 per intra-muscular administration on day 0 and 28. 
Blood samples were collected at 0, 14, 28, 42 and 56 days post 
vaccination. 

2.4. Cells and viruses 

Vero cells were cultured in DMEM medium (Lonza, Belgium) sup-
plemented with 1,000 U/ml penicillin, 100 µg/ml streptomycin (Lonza, 
Belgium), 2 mM L-glutamine (Lonza, Belgium) and 10 % fetal bovine 
serum (FBS). Donor-specific Epstein Barr Virus (EBV)-transformed 
lymphoblastic B-cell lines (B-LCL) were generated by infection of donor 
peripheral mononuclear blood cells (PBMC) collected pre-MV-CHIK- 
vaccination with EBV. EBV-transformed PBMC were cultured in 96- 
well roundbottom plates and PHA-L (1 μg/ml) was added initially. 
Cells were monitored from 14 days onwards and split when they 
exceeded a density of 3 × 105 cells/well. B-LCL were expanded and 
maintained in RPMI-1640 medium (Lonza, Belgium) supplemented with 
penicillin, streptomycin, L-glutamine and 10 % fetal bovine serum 
(FBS). Donor PBMC were thawed in IMDM (Lonza, Belgium) supple-
mented with 10% FBS, penicillin, streptomycin, and L-glutamine. PBMC 
were treated with 50 U/ml Benzonase (Merck) for 30 min at 37 ◦C prior 
to use in activation induced marker assay (AIM). CHIKV-specific TCC 
were maintained in RPMI-1640 medium containing 10% pooled human 
serum (Sanquin, Rotterdam, the Netherlands), penicillin, streptomycin 
and L-glutamine (R10H), supplemented with 50 U/ml IL-2. MV-CHIK 
and the parental MV/Schwarz strain were grown on Vero cells. To this 
end, Vero cells were inoculated at a MOI of 0.01 and harvested at full 
CPE. Stock titers were determined by end-point titration and 50% tissue 
culture infectious dose (TCID50) was assessed by the Reed-and-Muench- 
method. 

2.5. Overlapping CHIKV peptide pools 

CHIKV peptides were synthesized as crude material (TC Peptide Lab, 
San Diego, CA). Overlapping 15-mer by 10 amino acids covering the 
structural proteins of CHIKV C, E3, E2, 6K and E1 were synthesized and 
individually resuspended in DMSO at a concentration of 10 to 20 mg/ml. 
Pools for each protein (C, E3, E2, 6K or E1) were generated by pooling 
aliquots of these individual peptides, undergoing lyophilization, and 
resuspending in DMSO at 1 mg/ml [23]. The MegaPool, consisting of all 
protein pools, and the MesoPools, each consisting of 10 individual 
peptides, were generated by proportional pooling of individual protein 
pools or individual peptides, respectively. 

2.6. Detection of CHIKV-specific CD4+ and CD8+ T cells by AIM assay 

AIM was performed as previously described [24]. In short, 1 × 106 

PBMC were stimulated with 1 µg/ml MegaPool_CHIKV (MP_CHIKV) in 
200 μl R10H in a 96-well roundbottom plate at 37 ◦C for 20 h. As control, 
cells were stimulated with an equimolar concentration of DMSO 
(negative control) or a combination of PMA (50 μg/ml) and ionomycin 
(500 μg/ml) (positive control). Detection of AIM expressing cells was 
performed by flow cytometry staining with the following antibodies: 
anti-CD3, anti-CD4, anti-CD8, anti-CD45RA, anti-CCR7, anti-CD69, anti- 
CD137, and anti-OX40. LIVE/DEAD Fixable Aqua Dead Cell staining was 
included in all samples. Samples were acquired on a FACSLyric. Single 
lymphocytes were gated based on the FSC-A and SSC-A, LIVE CD3+ T- 
cells were selected, and T-cells were subtyped into CD3+CD4+ and 
CD3+CD8+ cells. Within the CD4+ and CD8+ T-cells, Tnaive were defined 
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as CD45RA+CCR7+ and excluded from further analysis. CHIKV-specific 
T-cells were detected in memory T-cells by co-expression of AIM on 
CD4+ (OX40+ and CD137+) or CD8+ (CD69+ and CD137+) cells. The 
DMSO-stimulated sample was used to set the cutoff gate for activation 
markers, and activation percentages were corrected for the DMSO 
background. On average, >300,000 cells, and no <60,000 CD3+ T-cells 
were acquired per sample. 

2.7. Generation of CHIKV-specific TCC 

To generate CHIKV-specific TCC, PBMC from three donors were 
stimulated with MP_CHIKV as described above. 20 h post stimulation, 
live PBMC were stained with LIVE/DEAD Fixable Aqua Dead Cell 
staining dye, ant-CD3, anti-CD4, anti-CD8, anti-CD69, anti-CD137, and 
anti-OX40. AIM (double-)positive cells were single cell sorted into round 
bottom 96-well plates containing a feeder mix and 30 ng/ml OKT3 in 
R10H. The feeder mix consisted of 33 × 106 cells/plate, which were 
irradiated (X-ray, 40 Gy) PBMC and B-LCL at a 10:1 ratio from at least 2 
different donors each. Sorted single TCC were expanded for 14 days. IL-2 
was supplemented on day 1 and day 4 after sort, and every 2–3 days 
thereafter. Half of the medium was replaced on day 4 and day 5 post sort 
to reduce the level of OKT3 in the cultures. Individual wells were 
screened microscopically for T-cell outgrowth every 2 days from day 6 
onwards. T-cell cultures were split 1:2 when a cell-density of 300,000 
cells/well was exceeded. 14 days post sort TCC were evaluated for 
CHIKV specificity by ELISpot. When specific, T-cell pellets were sub-
jected to a second round of expansion. TCC were once more stimulated 
with OKT3 in the presence of 22 × 106 feeders in T25 flasks, washed at 
day 4 and frequently supplemented with IL-2. 14 days post second 
expansion TCC were frozen at 5 × 106 cells/vial in 90 % FBS and 10 % 
DMSO. 

2.8. Determination of donor HLA-type 

Genomic DNA was extracted from donor B-LCL using a QIAmp DNA 
Mini Kit (Qiagen) according to the manufacturer’s instructions. HLA 
haplotypes (HLA-DRB, -DQB, -DPB) were commercially (GenDX, 
Utrecht, the Netherlands) determined for the three donors from which 
TCC were expanded. Donor 1: HLA-DRB1*03:01, HLA-DRB1*04:01, 
HLA-DRB3*01:01, HLA-DRB4*01:05, HLA-DQB1*02:01, HLA- 
DQB1*03:01, HLA-DPB1*01:01, HLA-DPB1*04:01; Donor 2: HLA- 
DRB1*01:03, HLA-DRB1*07:01, HLA-DRB4*01:01, HLA-DQB1*02:02, 
HLA-DQB1*05:01, HLA-DPB1*02:01, HLA-DPB1*04:01; Donor 3: HLA- 
DRB1*07:01, HLA-DRB1*15:01, HLA-DRB4*01:01, HLA-DRB5*01:01, 
HLA-DQB1*02:02, HLA-DQB1*06:02, HLA-DPB1*04:02, HLA- 
DPB1*04:01. 

2.9. Characterization of CHIKV-specific TCC by ELISpot 

A commercially available pre-coated IFNγ-ELISpot (Mabtech) was 
used to identify CHIKV-specific TCC. 10,000 CD4+ T-cells were co- 
cultured over night with peptides (MP_CHIKV, Protein Pools, Meso-
Pools or individual peptides), equimolar concentrations of DMSO 
(negative control) or a combination of PMA (50 μg/ml) and ionomycin 
(500 μg/ml) (positive control) in ELISpot plates. The following day, 
ELISpot plates were stained according to the manufacturer’s instructions 
and evaluated for reactivity against the specific stimulus. To assess HLA- 
restrictions or reactivity to MV-CHIK and MV/Schwarz infected cells, B- 
LCL with only one matching HLA haplotype or autologous B-LCL, 
respectively, were pulsed with respective peptide overnight or infected 
for 48 hrs. B-LCL served as antigen presenting cells [25]; infection of B- 
LCL was verified by flow cytometry using intracellular staining for the 
MV-nucleoprotein (clone KK2, Millipore). 5,000 antigen presenting cells 
were co-cultured with 10,000 CD4+ T-cells; as negative control unin-
fected and unpulsed B-LCL were used. Similarly, CHIKV-specificity of 
CD8+ T cells was assessed by co-culture with autologous B-LCL pulsed 

with MP_CHIKV. ELISpot plates were scanned with an ImmunoSpot 
analyzer. 

3. Results 

3.1. Prediction of CHIKV T-cell epitopes identifies immune-dominant 
regions 

We predicted vaccine-encoded CHIKV CD4+ and CD8+ T-cell epi-
topes using TepiTool (IEDB) by ranking CHIKV-specific peptides for best 
HLA class II and HLA class I binding, respectively (cut-off rank <20 or 
<1, respectively). Across all five structural CHIKV proteins (i.e. C, E3, 
E2, 6K and E1), we predicted 3,815 HLA class II and 1,007 HLA class I 
binding peptides (Fig. 1a). Unsurprisingly, in both cases the highest 
number of binders was detected in the largest protein (E1), while least 
peptides were predicted in the E3 protein, one of the two small proteins. 
Interestingly, we predicted more than twice as much HLA class II 
binding peptides for protein 6K as expected by its size, and comparably 
less peptides for protein C (Fig. 1b). For HLA class I binding peptides, we 
detected a similar trend, but here the pattern was less pronounced 
(Fig. 1c). Next, we generated CHIKV genome coverage plots for pre-
dicted HLA class II and class I binders (Fig. 1d and e). Immune-dominant 
regions were identified by an arbitrary cut-off of ≥10 HLA class II 
binding peptides predicted to start at a minimum of 3 following genome 
positions. Using this cut-off, we identified 12 HLA class II immune- 
dominant regions across the genome starting at position 37–43: 
QAGQLAQ, 303–307: VMRPG, 328–331: KDNF, 365–370: EATDGT, 
678–684: HEIILYY, 688–701: YPTMTVVVVSVATF, 760–769: 
NEQQPLFWLQ, 788–795: PCCCKTLA, 833–842: YSPMVLEMEL, 
1121–1124: FGGV, 1155–1165: VEGNSQLQISF, and 1222–1234: 
ITGGVGLVVAVAA. We were not able to identify such immune-dominant 
regions for peptides predicted to bind HLA class I, although single epi-
topes were occasionally predicted more frequently than others across 
the entire genome (Fig. 1e). 

3.2. MV-CHIK vaccination mainly induced CD4+ T-cells 

To investigate whether MV-CHIK vaccination induced CHIKV- 
specific T-cells, we examined PBMC from donors after vaccination 
with MV-CHIK in an AIM flow cytometry assay. We stimulated PBMC 
from 12 donors that received two administrations of MV-CHIK at a dose 
of 1 × 106 TCID50 on day 0 and 28 with a MegaPool of overlapping 
peptides spanning all vaccine-encoded CHIKV proteins (MP_CHIKV) 
(Fig. 2a-j). Specific activation of CD4+ T cells was measured via cell 
surface expression of OX40 and CD137 in the CD4+ memory population 
(compare Fig. 2g and h) and is shown as background (DMSO) corrected 
values (Fig. 2k). We consistently detected significant induction of CD4+

T-cells across all time points post vaccination. Pre-vaccination (day 0) 1/ 
12 donors had CD4+ T-cells that upregulated OX40 and CD137 after 
MP_CHIKV stimulation. This increased to 6/12 and 7/12 donors with 
measurable CHIKV-specific CD4+ T-cells on day 14 and 28 post first 
vaccination, respectively. The percentage of AIM-positive T-cells 
decreased between 14 and 28 days post first vaccination, indicative of a 
contraction phase after primary vaccination. On day 42 (14 days post 
second vaccination), 8/12 donors had measurable CHIKV-specific T- 
cells, which further increased to 10/12 donors by day 56 post vaccina-
tion (Fig. 2k). We additionally calculated the stimulation index (SI) by 
dividing MP_CHIKV specific responses over the DMSO control (Fig. 2l). 
Only 4 donors had a positive SI 14 days post vaccination, whereas the 
majority of donors (9/12) was positive by day 56. Importantly, one 
donor (grey square) which was occasionally low positive by background 
subtraction did not have a SI ≥2 at any time point, and one donor (grey 
circle) that had a SI ≥2 at 28 days post vaccination had absolute AIM 
values below 0.01 %. In this case, this highlights the importance of a 
combined evaluation of absolute values and SI to define good re-
sponders. If a participant was a good responder could not be associated 
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with other factors. 
AIM-positive CD8+ T-cells were defined as CD69+CD137+ (Fig. 2m). 

In general, a high background of activated CD8+ T-cells after DMSO 
stimulation was observed, complicating the detection of CHIKV-specific 
CD8+ T-cells. At most time points, we detected no notable increase in the 
frequency of AIM-positive CD8+ T cells when comparing peptide stim-
ulated to control samples. The SI was low and only one donor exceeded a 
SI of 2 at one time point (Fig. 2n). Importantly, we did observe an up-
wards trend over time in background corrected data and SI for three 
donors (star, grey diamond, half-filled circle), possibly indicating the 
presence of CHIKV-specific CD8+ T-cells. 

3.3. Cloning of CHIKV-specific T-cells led to dominant expansion of 
CD4+ clones 

To identify CHIKV T-cell epitopes, we sorted AIM-positive single 
CD4+ and/or CD8+ T-cells from 3 and 1 donors, respectively, and 
expanded TCC. For donor 1 (visit: 42 days post vaccination; star in 
Fig. 2), we sorted approximately 300 single CD4+ T-cells and 500 single 
CD8+ T-cells, of which 77 and 47 TCC were successfully expanded, 
respectively. We tested all TCC in IFNγ-ELISpot for their reactivity to 
MP_CHIKV. 9 % (7/77) of the CD4+ TCC were specific for CHIKV, while 
none of the CD8+ TCC appeared to be CHIKV-specific. For donor 2 (visit: 

Fig. 1. Predicted CHIKV peptides binding HLA class I and II. a) Relative number of predicted HLA class II (left) and HLA class I (right) binding peptides in 
comparison to the total size of each structural CHIKV protein. The absolute number of the total predicted peptides/protein size in amino acids (AA) is shown below 
individual bars. b-c) Ratio between the number of total predicted peptides and the size of each protein for b) HLA class II and c) HLA class I. The dotted line indicates 
the mean ratio for all predicted peptides across all evaluated proteins. d-e) Coverage plot of predicted d) HLA class II and e) HLA class I binders across the entire 
genome. Dots indicate the number of predicted peptides starting at each position, grey area shows a sliding average in increments of 10 and red dots highlight start 
positions of peptides predicted ≥10 times in at least 3 following positions. Vertical dotted lines indicate different proteins. 
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Fig. 2. Detection CHIKV-specific T-cells after MV-CHIK vaccination. a-j) Representative gating strategy: T-cells were defined as lymphocytes (a), single cells (b), 
live and CD3+-expressing (c). They were further subdivided into CD4+ and CD8+ T-cells (d) and the naive T-cell population, defined as CCR7+CD45RA+, was 
excluded for CD4+ (e) and CD8+ (f) T-cells. The remaining memory cells were analysed for their activation induced markers (AIM) CD137 and OX40 in the case of 
CD4+ (g,h) and CD137 and CD69 in the case of CD8+ (i,j) after DMSO (g, i) or MP_CHIKV (h,j) stimulation. k, m) AIM-positive CD4+ (k) and CD8+ T-cells (m) after 
background-subtraction for 12 individual donors at 5 different time points pre and post vaccination with MV-CHIK. l, n) Stimulation index (SI) for CD4+ (l) and CD8+

(n) T-cells. The cut-off for positive stimulation was set at a SI of 2. l) The upper dotted line represents an artificial cut-off. The sample above this line is artificially 
placed there as the AIM value for the DMSO sample was 0 and no SI could be determined. This sample does not contribute to the presented mean. The black lines 
connecting individual symbols indicate the mean. Individual symbols are consistent throughout the figures. Days of vaccination are indicated as syringe symbol. 
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56 days post vaccination; grey circle in Fig. 2) and donor 3 (visit: 42 days 
post vaccination; half-filled triangle in Fig. 2), we exclusively sorted 
CD4+ T-cells. 14 % of donor 2 TCC and 10 % of donor 3 TCC expanded of 
which 44 % (11/25) and 1 % (1/9) were CHIKV-specific, respectively. 

3.4. CHIKV-specific CD4+ TCC recognize epitopes in CHIKV C, E2 and 
E1 protein 

Next, we determined the minimal 15-mer epitopes for all 19 

Fig. 3. CHIKV-specific CD4þ TCC are directed against epitopes in the three large CHIKV structural proteins. a) Schematic representation describing the 
peptide deconvolution process and showing the reactivity of individual TCC of three different donors. TCC that are shown as dark bar with neighbouring light bars 
were reactive to two overlapping peptides. The MegaPool was used to sort and identify individual TCC and each clone was then systematically tested with all five 
different protein pools, the corresponding MesoPools (10 individual peptides) and subsequently the 10 different individual peptides in ELISpot. This process is 
representatively shown for clone 3-E10 in (b). DMSO and the aspecific stimulus PMA/Ionomycin (P/I) were included as controls. c) For each TCC-peptide combi-
nation the HLA-restriction was determined using co-cultures of the respective TCC and antigen presenting B-LCL only matching one of the donors HLA-haplotypes. 
Co-cultures with autologous B-LCL incubated with peptide, peptide only and P/I were used as positive control, co-cultures with autologous B-LCL without peptides 
were used to determine the background signal. d) TCC were tested for their reactivity against live virus infected cells. Autologous B-LCL were infected with MV/CHIK 
or MV/Schwarz and then co-cultured with individual TCC in an ELISpot. e) Summary table describing the reactivity, peptide sequence, HLA-restriction and the 
reactivity to live virus for each individual TCC. 
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MP_CHIKV-specific CD4+ TCC (Fig. 3a, b). To this end, we deconvoluted 
all TCC against the 5 protein pools (C, E3, E2, 6K, E1), followed by the 
corresponding MesoPools (containing 10 overlapping peptides), fol-
lowed by single 15-mer peptides in IFNγ-ELISpot (example presented for 
clone 3-E10 in Fig. 3b). TCC from donor 1 recognized epitopes in the 
three large structural CHIKV proteins C, E2 and E1 (Fig. 3a). Donor 2 
TCC recognized epitopes in the CHIKV E2 and E1 protein. Interestingly, 
7/11 isolated TCC from donor 2 were directed against the same epitope, 
indicating efficient clonal expansion. Moreover, the only CHIKV-specific 
TCC isolated from donor 3 recognized that same epitope in protein E2 
(436LTVGFTDSRKISHSC450), possibly indicating an immune-dominant 
epitope. Similarly, three other epitopes located in E1 were recognized 
by more than one TCC from the same donor, further evidence for recent 
clonal expansion. 

Next, to determine the HLA restrictions of the expanded TCC, we 
determined the HLA genotype for the three donors from which TCC were 
isolated, and tested the clone-specific 15-mer peptides in co-cultures of 
TCC and different antigen presenting cells only matching one of the 
donors’ HLA molecules (example presented for clone 3-E10 in Fig. 3c). 

As expected, CHIKV TCC from different donors were restricted to a va-
riety of different HLA haplotypes including DRB1*03:01, DRB1*04:01, 
DRB1*07:01, DRB1*15:01, DQB1*03:01, DQB1*02:02 (Fig. 3e). When 
searching the allele frequency net database [26] for the frequency of the 
HLA haplotypes of the three donors, we found on average a >10 % allele 
frequency for populations living in regions endemic for CHIKV like Latin 
America, USA, Africa, Southern Europe and South-East Asia (data not 
shown). While DRB1*03:01 was relatively evenly distributed 
throughout all regions, there were large differences between countries 
and regions for DRB1*07:01. Generally, DRB1*04:01 and DQB1*02:02 
seemed to be less prevalent and DQB1*03:01 more prevalent than 
average. The different alleles were underrepresented in Sub-Saharan 
Africa when compared to the other regions. Importantly, 5/6 HLA 
haplotypes (DRB1*03:01, DRB1*04:01, DRB1*07:01, DRB1*15:01, 
DQB1*03:01) shown to be relevant in the presentation of CHIKV- 
peptides for those three donors were also used for initial epitope pre-
dictions (Supplementary Table 1). 

We compared the experimentally defined epitopes and their HLA- 
restrictions to predicted CD4+ T cell epitopes. We did not detect any 

Table 1 
Comparison experimentally determined and predicted epitopes. HLA types printed in bold match experimentally determined HLA type.  

Protein Experimentally identified 
epitope 

Experimentally identified HLA- 
type 

closest predicted 
epitope 

Best HLA binders (cut-off rank <20) 

C PRERMCMKIENDCIFEVKHE HLA-DRB1*03:01 ERMCMKIENDCIFEV HLA-DRB1*03:01, HLA-DRB3*01:01, HLA-DQA1*05:01/ 
DQB1*02:01, 
HLA-DQA1*01:01/DQB1*05:01, HLA-DQA1*04:01/DQB1*04:02 

RMCMKIENDCIFEVK HLA-DRB1*03:01, HLA-DRB3*01:01, HLA-DQA1*01:01/ 
DQB1*05:01, 
HLA-DQA1*04:01/DQB1*04:02 

MCMKIENDCIFEVKH HLA-DRB1*03:01, HLA-DRB3*01:01, HLA-DQA1*04:01/ 
DQB1*04:02 

PIFDNKGRVVAIVLG HLA-DQB1*03:01 PIFDNKGRVVAIVLG HLA-DRB3*02:02, HLA-DRB1*13:02, HLA-DQA1*05:01/ 
DQB1*03:01, 
HLA-DQA1*01:02/DQB1*06:02  

E2 THPFHHDPPVIGREK HLA-DRB1*04:01, HLA- 
DRB1*03:01 

CTHPFHHDPPVIGRE HLA-DRB3*02:02, HLA-DRB1*03:01, HLA-DRB1*04:01, HLA- 
DRB3*01:01 

LTVGFTDSRKISHSC HLA-DRB1*07:01, HLA- 
DQB1*02:02 

TLTVGFTDSRKISHS HLA-DRB1*07:01, HLA-DRB1*11:01, HLA-DRB1*03:01, HLA- 
DRB5*01:01 

LLYPDHPTLLSYRNM HLA-DRB1*07:01, HLA- 
DQB1*02:02 

MLLYPDHPTLLSYRN HLA-DRB3*02:02, HLA-DRB1*13:02, HLA-DRB1*03:01, HLA- 
DRB1*04:01, 
HLA-DRB1*15:01, HLA-DRB3*01:01 

CITPYELTPGATVPF HLA-DRB1*07:01, HLA- 
DQB1*02:02 

ITPYELTPGATVPFL HLA-DRB3*02:02, HLA-DRB1*09:01, HLA-DRB1*07:01, HLA- 
DRB1*01:01, 
HLA-DQA1*05:01/DQB1*03:01  

E1 HPPKDHIVNYPASHTTLGVQ HLA-DRB1*15:01 HPPKDHIVNYPASHT HLA-DRB3*02:02, HLA-DRB1*15:01, HLA-DRB1*08:02 
PPKDHIVNYPASHTT HLA-DRB3*02:02, HLA-DRB1*15:01, HLA-DRB1*08:02 
PKDHIVNYPASHTTL HLA-DRB3*02:02, HLA-DRB1*09:01, HLA-DRB1*15:01, HLA- 

DRB1*08:02 
KDHIVNYPASHTTLG HLA-DRB3*02:02, HLA-DRB1*09:01, HLA-DRB1*15:01, HLA- 

DRB1*08:02 
CAVGNMPISIDIPEAAFTRV HLA-DRB1*03:01, HLA- 

DQB1*03:01 
GNMPISIDIPEAAFT HLA-DRB1*13:02, HLA-DRB1*03:01, HLA-DRB1*04:01, HLA- 

DRB3*01:01, 
HLA-DQA1*05:01/DQB1*02:01, HLA-DQA1*03:01/DQB1*03:02, 
HLA-DQA1*04:01/DQB1*04:02 

NMPISIDIPEAAFTR HLA-DRB3*02:02, HLA-DRB1*13:02, HLA-DRB1*03:01, HLA- 
DRB1*04:01, 
HLA-DRB3*01:01, HLA-DQA1*05:01/DQB1*02:01, HLA- 
DQA1*03:01/DQB1*03:02, 
HLA-DQA1*04:01/DQB1*04:02 

MPISIDIPEAAFTRV HLA-DRB3*02:02, HLA-DRB1*13:02, HLA-DRB1*03:01, HLA- 
DRB1*04:01, 
HLA-DRB3*01:01, HLA-DQA1*05:01/DQB1*02:01, HLA- 
DQA1*05:01/DQB1*03:01, 
HLA-DQA1*03:01/DQB1*03:02 

AIIKYAASKKGKCAV HLA-DRB1*04:01, VAIIKYAASKKGKCA HLA-DRB3*02:02, HLA-DRB1*09:01, HLA-DRB1*07:01, HLA- 
DRB1*01:01, 
HLA-DRB1*11:01, HLA-DRB1*04:01, HLA-DRB1*15:01, HLA- 
DRB5*01:01, 
HLA-DRB1*08:02, HLA-DRB4*01:01  
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TCC recognizing an epitope in a region that we considered immune- 
dominant (Fig. 1) based on the number of predicted epitopes starting 
at the same position. However, we were able to find identical or very 
similar epitopes in the list of predicted CD4+ T-cell epitopes as we had 
experimentally determined (Table 1). Strikingly, all but one peptide 
(LLYPDHPTLLSYRNM) were predicted to bind a HLA molecule that we 
had also found experimentally. 

3.5. CHIKV-specific CD4+ TCC can recognize live virus infected cells 

Finally, we investigated the capacity of the isolated TCC to recognize 
CHIKV-infected cells in addition to peptide-pulsed cells. We infected 
autologous B-LCL with MV-CHIK and MV/Schwarz and co-cultured 
them with different TCC overnight in IFNγ-ELISpot plates (example 
presented for clone 3-E10 in Fig. 3d). With the exception of one clone, all 
tested TCC recognized MV-CHIK but not MV/Schwarz infected cells 
(Fig. 3e). 

4. Discussion 

Given its debilitating impact, CHIKV has long been recognized as a 
pathogen of global concern. Moreover, climate change and the associ-
ated larger vector distribution increased the need for safe and effective 
CHIKV vaccines. MV-CHIK has been successfully used in phase I and II 
clinical trials, and the induction of CHIKV-specific (neutralizing) anti-
bodies, suggested to be a correlate of protection from disease [7], was 
previously shown [19–21]. MV-CHIK is a recombinant live attenuated 
vaccine based on the MV/Schwarz vaccine strain that is known to effi-
ciently induce MV-specific T-cells. Here, we show the induction of 
functional CHIKV-specific CD4+ T-cells by vaccination with MV-CHIK. 
We predicted CD4+ T-cell epitopes and experimentally identified T- 
cells induced by vaccination recognizing all major structural CHIKV 
proteins. 

The role of virus-specific T-cells in CHIKV clearance or pathogenicity 
is controversial [27,28]. Early after acute infection, a CD8+ T-cell 
response can be detected, but this shifts to a dominant CD4+ T-cell 
response at later stages [29,30]. During the chronic phase of disease, 
infiltrating synovial CD4+ (but rarely CD8+) T-cells are associated with 
inflammation and joint swelling, and were shown to release proin-
flammatory cytokines [31,32]. CHIKV-specific T-cells could also be 
detected in the majority of convalescent patients, displaying a CD8+

over a CD4+ phenotype and targeting E2, nsP1 and C [33]. However, it 
could not be demonstrated that those T-cells had a protective role. 
Moreover, a number of different vaccine candidates were previously 
shown to induce specific CD4+ as well as CD8+ T-cells in mouse models 
(reviewed in [34]). A few of those studies identified CHIKV CD4+ T-cell 
epitopes in the structural E1 and/or E2 protein [35,36]. Immune- 
dominant regions were observed in the first and last third of the E1 
protein, of which the latter is in line with our data [37,38]. Similarly, 
another immune-dominant region was determined to be in the end of the 
first half as well as in the last tenth of the E2 protein, both locations in 
which we also isolated TCC. Importantly, none of those studies 
demonstrated the necessity of T-cells for protection [39]. In non-human 
primates, CHIKV-specific T-cell data are scarce and contentious. A re-
combinant CHIKV-vaccine based on Eilat virus (EILV/CHIKV) failed to 
induce detectable CHIKV-specific T-cells in cynomolgus macaques [40]. 
An attenuated strain of CHIKV (Δ5nsP3) mainly induced E1 and E2- 
recognizing T-cells with a CD4+ phenotype [41], while five consecu-
tive CHIKV DNA vaccinations led to the induction of specific CD8+ T- 
cells in three out of four rhesus macaques [42]. A human trial of CHIKV- 
ChAdOx1 showed the induction of E1 and E2-specific CD4+ T-cells but 
failed to detect significant CD8+ T-cell responses [43]. In line, we show 
the induction of CHIKV-specific CD4+ T-cells after MV-CHIK vaccina-
tion, but virus-specific CD8+ T-cell responses were hardly detected. 
Detection and isolation of CHIKV-specific CD8+ T-cells was additionally 
aggravated by a high background. We have previously observed a higher 

baseline activation for CD8+ when compared to CD4+ T-cells, but the 
low frequency of CHIKV-specific CD8+ T-cells makes sensitive detection 
challenging. Interestingly, we were also not able to in silico predict 
immune-dominant regions for MHC class I binding epitopes across all 
five structural CHIKV proteins. This is in contrast to Lopes-Ribeiro et al. 
who previously identified a number of reactive CHIKV-peptides in a 
peptide microarray in the context of HLA-A*02:01, a highly abundant 
HLA type which was also included in our analysis [44]. 

To our knowledge, no CHIKV T-cell epitopes in humans have been 
described thus far. We predicted and, for the first time, experimentally 
identified multiple CD4+ T-cell epitopes. Infection of human cell lines 
and vaccination of humanized transgenic mice with a recombinant 
vaccinia virus expressing CHIKV structural proteins (rVACV-CHIKV) led 
to the identification of multiple HLA class II-restricted epitopes [45,46]. 
One of the identified epitopes in the E2 structural protein (PPVI-
GREKFHSRP) partly overlaps with the epitope recognized by TCC 1-D9 
of donor 1 (THPFHHDPPVIGREK) identified in our study. In MHC ligand 
assays PPVIGREKFHSRP was suggested to be presented by HLA- 
DRB1*04:04, HLA-DRB1*13:01, HLA-DRB3*01:01 and HLA- 
DRB4*01:01. We have shown experimentally and predicted that 
THPFHHDPPVIGREK can be presented by HLA-DRB1*04:01 and HLA- 
DRB1*03:01. Moreover, we found that THPFHHDPPVIGREK may also 
bind to HLA-DRB3*02:02 and HLA-DRB3*01:01. We predicted 8/9 
experimentally identified CD4+ T-cell epitopes and their HLA- 
restriction. However, regions previously in silico identified as immune- 
dominant based on the number of predicted epitopes per site, did not 
overlap with experimentally determined epitopes. Though in silico 
epitope predictions seem to be a good proxy for CHIKV-specific CD4+ T- 
cell epitopes, the arbitrary chosen cut-off used to define immune- 
dominant regions seems less valuable in the prediction of CHIKV T- 
cell epitopes. 

We were not able to isolate and expand CHIKV-specific CD8+ TCC. A 
potential explanation could be a sub-optimal stimulation of CD8+ T-cells 
by 15-mer peptides as usually shorter peptides are recognized by CD8+

T-cells. Another possibility for the impaired induction of CHIKV-specific 
CD8+ T-cells as observed in our study could be the participants’ pre- 
existing anti-vector immunity. There is a large body of evidence that 
humoral responses induced by MV-CHIK are unimpeded by pre-existing 
immunity against the vector [15,19,20], but this aspect has not been 
addressed for cell-mediated immunity. While pre-existing immunity 
seems to not abolish CHIKV-specific CD4+ T-cell induction, this could be 
the case for CD8+ T-cells. A modified vaccinia virus Ankara (MVA)- 
based vaccine study in mice with pre-existing vector-specific immunity 
showed that pre-existing immunity prevented the induction of 
transgene-specific (CD4+ and CD8+) T-cell responses [47]. It remains to 
be investigated whether CD8+ T-cells can be efficiently induced to 
different transgenes in the context of recombinant MV-vectored vaccines 
and if CD8+ T-cell induction is dependent on pre-existing vector 
immunity. 

Overall, we show that a MV-based CHIKV vaccine induced robust 
virus-specific CD4+ T-cell responses in combination with consistent 
formation of CHIKV-specific antibodies as shown previously. Although 
we could not detect virus-specific CD8+ T-cells after vaccination, the 
evidence for neutralizing antibodies as a correlate of protection in-
dicates that a vaccine that induces a robust T helper response could be 
sufficient in the prevention of CHIKF. 
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