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Licensed COVID-19 vaccines ameliorate viral infection by inducing production of
neutralizing antibodies that bind the SARS-CoV-2 Spike protein and inhibit viral
cellular entry. However, the clinical effectiveness of these vaccines is transitory as
viral variants escape antibody neutralization. Effective vaccines that solely rely
upon a T cell response to combat SARS-CoV-2 infection could be
transformational because they can utilize highly conserved short pan-variant
peptide epitopes, but a mMRNA-LNP T cell vaccine has not been shown to provide
effective anti-SARS-CoV-2 prophylaxis. Here we show a mRNA-LNP vaccine
(MIT-T-COVID) based on highly conserved short peptide epitopes activates
CD8" and CD4* T cell responses that attenuate morbidity and prevent
mortality in HLA-A*02:01 transgenic mice infected with SARS-CoV-2 Beta
(B.1.351). We found CD8* T cells in mice immunized with MIT-T-COVID
vaccine significantly increased from 1.1% to 24.0% of total pulmonary nucleated
cells prior to and at 7 days post infection (dpi), respectively, indicating dynamic
recruitment of circulating specific T cells into the infected lungs. Mice immunized
with MIT-T-COVID had 2.8 (2 dpi) and 3.3 (7 dpi) times more lung infiltrating CD8™"
T cells than unimmunized mice. Mice immunized with MIT-T-COVID had 17.4
times more lung infiltrating CD4" T cells than unimmunized mice (7 dpi). The
undetectable specific antibody response in MIT-T-COVID-immunized mice
demonstrates specific T cell responses alone can effectively attenuate the
pathogenesis of SARS-CoV-2 infection. Our results suggest further study is

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1135815/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1135815/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1135815/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1135815/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1135815&domain=pdf&date_stamp=2023-03-09
mailto:sktseng@utmb.edu
mailto:gifford@mit.edu
https://doi.org/10.3389/fimmu.2023.1135815
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1135815
https://www.frontiersin.org/journals/immunology

Carter et al.

10.3389/fimmu.2023.1135815

merited for pan-variant T cell vaccines, including for individuals that cannot
produce neutralizing antibodies or to help mitigate Long COVID.
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Introduction

Current strategies for COVID-19 vaccine design utilize one or
more SARS-CoV-2 Spike protein subunits to primarily activate the
humoral arm of the adaptive immune response to produce
neutralizing antibodies to the Spike receptor binding domain (RBD)
(1, 2). Vaccination to produce neutralizing antibodies is a natural
objective, as neutralizing antibodies present an effective barrier to the
viral infection of permissive cells by binding to the RBD and thus
blocking cellular entry via the ACE2 receptor. However, the strategy of
focusing on Spike as the sole vaccine target has proven problematic as
Spike rapidly evolves to produce structural variants that evade
antibody-based acquired immunity from vaccination or infection
with previous viral variants (3, 4). Compared to the original Wuhan
variant, novel viral variants are arising that are more contagious (5),
and infectious to a broader range of host species (6). Thus, vaccine
designers are pursuing a stream of novel Spike variant vaccines.
Multivalent Spike vaccines and bivalent booster vaccines provide
protection against multiple known variants of concern (VOCs) of
SARS-CoV-2 but are not necessarily protective against unknown
future variants (7). Mosaic RBD nanoparticles that display disparate
SARS-CoV RBDs have been found to produce effective neutralizing
antibodies against both SARS-CoV-1 and SARS-CoV-2 (8), but the
robustness of mosaic RBD protection against possible future Spike
mutations depends upon conserved Spike structural epitopes.

The vaccine approach we present depends upon conserved T cell
epitopes drawn from the entire viral proteome for protection against
future variants. Since T cell epitopes can originate from any part of the
viral proteome, they can be drawn from portions of the proteome that
are evolutionarily stable and immunogenic. The predication of epitope
stability can be accomplished by historical analysis of thousands of viral
variants (9), structural analysis (10), or the functional analysis of
mutations lethal to the virus. We have used a set of highly stable
epitope candidates to design a T cell vaccine that covers a broad range
human MHC class I and class II haplotypes. Our T cell vaccine design
proceeds by vaccine epitope selection that optimizes population
coverage where every vaccinated individual is predicted to experience
on average multiple immunogenic peptide-HLA hits (11, 12).

Methods

n-times coverage vaccine design

The MIT-T-COVID vaccine realizes an n-times coverage
objective by encoding multiple epitopes for each target MHC
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class T and II diplotype to (1) expand diverse sets of T cell
clonotypes to fight viral infection, (2) accommodate variations in
epitope immunogenicity between vaccinees, and (3) reduce the
chances that viral evolution will lead to immune system escape (12).
The MIT-T-COVID vaccine consists of eight MHC class I epitopes
and three MHC class II epitopes (Figure 1A; Supplementary
Methods and Supplementary Table 1). The MHC class I and II
vaccine peptides are encoded into a single mRNA construct for
delivery with the same Acuitas LNP delivery platform that is used
by the Pfizer-BioNTech Comirnaty® vaccine (Figure 1A). The eight
MIT-T-COVID MHC class I epitopes are the HLA-A*02:01 subset
of the MHC class I de novo MIRA only vaccine design of Liu et al.
(11) that used combinatorial optimization to select vaccine epitopes
to maximize n-times population coverage over HLA haplotype
frequencies (12). For inclusion in the assembled construct, the
eight MHC class I vaccine peptides were randomly shuftled, and
alternate peptides were flanked with five additional amino acids at
each terminus as originally flanked in the SARS-CoV-2 proteome.
Selected epitopes were flanked to test if flanking enhanced or
impaired epitope presentation. The three MHC class II epitopes
were selected by considering all SARS-CoV-2 proteome windows of
length 13-25 and selecting conserved peptides that are predicted to
be displayed by the mouse MHC class II allele H-2-IAb
(Supplementary Methods). The mRNA construct encodes a
secretion signal sequence at the N-terminus and an MHC class I
trafficking signal (MITD) at the C-terminus (13). Peptide sequences
are joined by non-immunogenic glycine/serine linkers (14). The
construct also included control peptides for HLA-A*02:01 and H-2-
IAb (CMV pp65: NLVPMVATYV for HLA-A*02:01 and Human
CD74: KPVSKMRMATPLLMQAL for H-2-1Ab) (15).

SARS-CoV-2 Beta variant challenge study

We immunized with three test articles: a negative control
injection (PBS), the Pfizer-BioNTech Comirnaty® vaccine
(wastage that was refrozen and then thawed), and the MIT-T-
COVID vaccine (Figure 1B). We immunized HLA-A*02:01
human transgenic mice with these three vaccines, immunizing
11 age-matched male mice with each vaccine. Comirnaty® or
MIT-T-COVID immunizations contained of 10 pg of mRNA. The
mice were immunized at Day 0 and boosted at Day 21
(Supplementary Methods). At Day 35 three mice from each
group were sacrificed for immunogenicity studies, and at Day 37
the remaining eight mice were challenged intranasally (I.N.) with
5 x 10* TCIDs, of the SARS-CoV-2 B.1.351 variant. Challenged
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FIGURE 1

(A) Assembled vaccine construct containing a secretion signal sequence (red), peptides (bold) joined by non-immunogenic glycine/serine linkers,

and an MHC class | trafficking signal (blue). (B) Study design.

mice were subjected to daily monitoring for the onset of morbidity
(i.e., weight changes and other signs of illness) and any mortality.
At Day 39 (2 days post infection) three mice were taken from each
group and sacrificed to determine viral burdens and to perform
lung histopathology. At Day 44 (7 days post infection) the
remaining mice were sacrificed to determine viral burdens and
to perform lung histopathology.

Additional methods are presented in the Supplementary Material.

Results

MIT-T-COVID vaccine expands CD8" and
CD4" SARS-CoV-2 specific T cells

Immunization with MIT-T-COVID vaccine expanded CD8"
and CD4" T cells that expressed interferon gamma (IFN-y) or
tumor necrosis factor alpha (TNF-0) when queried by vaccine
epitopes (Figures 2A, B). The observed variability of
immunogenicity of MIT-T-COVID epitopes in convalescent
COVID patients (Supplementary Table 1) and in the present
study supports our usage of multiple epitopes per MHC diplotype
for n-times coverage. Immunization by Comirnaty® produced no
significant T cell responses to vaccine epitopes (including a Spike
epitope) when compared to PBS. CD8" T cells that are activated by
the CD8-4 epitope (YLQPRTFLL, Spike 269-277) are expanded in
animals immunized with the MIT-T-COVID vaccine (IFN-y 1.32%
+0.53% of CD8" T cells, P = 0.0087 vs. PBS; TNF-0. 0.38% + 0.09%
of CD8" T cells, P = 0.0149 vs. PBS; Figure 2A). Similarly, the CD8-8
epitope (TVYSHLLLV, ORF3a 89-97) activated CD8" T cells that
are expanded by the MIT-T-COVID vaccine (IFN-y 0.60% + 0.02%

Frontiers in Immunology

03

of CD8" T cells, P = 0.001 vs. PBS; TNF-0. 0.25% + 0.12% of CD8" T
cells, P = 0.015 vs. PBS) and the CD4-2 epitope
(REYFYTSKTTVASLIN, ORFlab 1421-1436) activated CD4™ T
cells are expanded by the MIT-T-COVID vaccine (TNF-o. 0.078%
+ 0.027%, P = 0.058 vs. PBS, P = 0.010 vs. Comirnaty®, IFN-y not
significant, Figure 2B). We also measured interleukin-2 (IL-2)
expression and found the MIT-T-COVID vaccine significantly
expanded CD4" T cells activated by the SARS-CoV-2 CD4" pool
(P = 0.0015 vs. PBS, P = 0.0013 vs. Comirnaty®, Supplementary
Figure 12). The lack of HLA-A*02:01 transgenic animal response to
certain CD8" epitopes that were immunogenic in patients
(Supplementary Table 1) is consistent with past studies of
transgenic mouse models (16), the variability of immunogenicity
of epitopes between in-bred mice (17), and the potential of
immunodominance of the immunogenic epitopes.

We immunized an additional cohort of female HLA-A*02:01
transgenic mice (Supplementary Methods), and results are shown
in Supplementary Figure 8. We also immunized female mice with
synthetic peptides mixed with poly IC adjuvant and found no
significant SARS-CoV-2 specific T cell responses compared to
PBS controls (Supplementary Figures 9A, B and Supplementary
Methods). We found a significant increase in the number of effector
and memory CD8" CD44" T cells in MIT-T-COVID and
Comirnaty®—immunized mice, compared to those immunized
with Peptide/poly IC or PBS (Supplementary Figure 9C).

T cells that lack IFN-y responses can produce effective immune
mediators (18). We found that the fraction of CD4" T cells that are
Foxp3™, designated regulatory T cells (Treg), were not expanded in
Comirnaty® or MIT-T-COVID-immunized animals, suggesting
that Treg cells that could induce tolerance were not expanded by
immunization (Figure 2C).
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MIT-T-COVID attenuates morbidity and
prevents mortality

Upon viral challenge, both PBS and MIT-T-COVID-immunized
animals exhibited a more than 10% weight loss by Day 3 (PBS mean
weight reduction 11.386% + 1.688%, MIT mean weight reduction
10.851% + 0.641%), with the MIT-T-COVID-immunized animals
beginning to recover from Day 4 onward (Figure 3A). The weight
phenotype was mirrored by the clinical score phenotype, with PBS
animals not recovering and MIT-T-COVID-immunized animals
improving from Day 5 onward (Figure 3B and Supplementary
Methods). The Comirnaty® vaccine protected animals from
significant weight loss and poor clinical scores.

When the yields of infectious progeny virus were measured at 2
days post infection (dpi), we noted that mice immunized with MIT-
T-COVID vaccine had 6.706 + 0.076 log10 TCIDs,/g, compared to
7.258 + 0.367 logl0 TCIDs/g in the PBS control, representing a
moderate 3.6-fold reduction in viral replication (P = 0.046;
Figure 3D). In contrast, mice immunized with Comirnaty® had
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infectious viral titers that were below the detection limits at 2 dpi.
Infectious viral titer was not significant for all test articles at 7 dpi
(Figure 3D). Lung viral mRNA levels measured by qPCR followed
the same trends as infectious virus progeny in the lungs, with
Comirnaty® showing no significant levels. Despite a reduced
content of total and sub-genomic viral RNAs associated with
MIT-T-COVID vaccine samples as assessed by qPCR, the
reduction was insignificant, compared to those of PBS control
(Supplementary Figure 1).

All the Comirnaty® and MIT-T-COVID-immunized mice
survived to 7 dpi, when the study was terminated, with the
difference in clinical scores of these two vaccine groups becoming
insignificant (Figure 3C). In contrast, four of five PBS control mice
had been euthanized because of weight loss > 20%. The survival of
all five animals immunized with Comirnaty® and the MIT-T-
COVID, respectively, was significant, compared to that of PBS-
immunized control (P = 0.0053, logrank test).

We noted that mice immunized with the Comirnaty® vaccine
elicited substantial specific antibodies capable of neutralizing Beta

04 frontiersin.org
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Study phenotypic data, lung viral titer, and vaccine antibody responses. (A) Weights vs. days post infection, (B) clinical scores vs. days post infection,
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except (C) P values were computed using the logrank test. *P < 0.05 and **P < 0.01.

and WA-1 variants of SARS-CoV-2 with 100% neutralizing titers
(NTg0) of 896 + 350 and fold 2048 + 1887, respectively (Figure 3E).
The higher neutralizing titer against WA-1 is expected as it is the
strain matched to Comirnaty®. As expected for a peptide-based
vaccine, no neutralizing titer could be readily detected in the serum
from mice immunized with MIT-T-COVID vaccine or PBS. Total
specific IgG/IgM antibodies were also measured by ELISA against a
cell lysate prepared from WA-1-infected Vero E6 cells. Comirnaty®
has a logl0 IgG/IgM titer of 4.915 + 0.213, while the logl0 titer
produced by PBS was 2.452 + 0.321 and the MIT-T-COVID vaccine

Frontiers in Immunology

produced a logl0 titer of 2.266 + 0.291 (Figure 3F). The low but
detectable titers in PBS and MIT-T-COVID vaccine-immunized
mice may represent an early IgM response to viral infection.

MIT-T-COVID increases T cell infiltration of
infected lungs

All lung samples were subjected to immunohistochemistry
(IHC) staining for the SARS-CoV-2 spike protein (Supplementary
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Figure 2). We found specimens immunized with PBS exhibited
extensive staining indicative of viral infection throughout the
epithelium of both the bronchioles and the alveolar sacs, with the
viral infection appearing more intense at 2 dpi. Although viral
infection is significantly reduced by 7 dpi, viral antigen was still
readily detectable throughout alveoli. In comparison, specimens
immunized with the MIT-T-COVID vaccine exhibited similarly
extensive viral infection at 2 dpi throughout the bronchiolar and
alveolar epithelia, albeit somewhat reduced in intensity. However,
by 7 dpi, viral infection was significantly reduced in both extent and
intensity, with brown puncta being detected only in a few alveoli
scattered throughout the tissue. Contrasted with both PBS and
MIT-T-COVID-immunized specimens, the Comirnaty®-
immunized specimens exhibited significantly reduced viral
infections at both 2 and 7 dpi. Apart from a single area at 7 dpi
(see Supplementary Figure 3), viral antigen was undetected at both
timepoints in Comirnaty®—immunized animals.
Paraffin-embedded and H&E-stained lung specimens of
differentially immunized mice, harvested at 2 and 7 dpi, were
subjected to histopathological examination (Supplementary Figure 4).
We found that at 7 dpi mice immunized with MIT-T-COVID vaccine
exhibited extensive lymphocytic infiltrations in perivascular regions
and spaces from around bronchi, bronchioles, to alveoli. Fewer
infiltrations were found in mice immunized with either Comirnaty®
or PBS. Additionally, these infiltrations only localized at perivascular
regions around bronchi and large bronchioles. Despite the less

A Lung IHC CD8™* T Cell Counts
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O 25 * o Pfizer/BNT
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FIGURE 4

Lung immunohistochemistry for CD8" and CD4* cells. Counts of (A) CD8" and (B) CD4* T cells expressed as a percentage of all nucleated cells
visible in each field from lung tissue. Example CD8" stain images at 7 dpi for (C) MIT-T-COVID, (D) Pfizer/BNT, and (E) PBS-immunized animals.
Lung samples were subjected to IHC staining for CD8 (brown) with hematoxylin counterstain (blue). Images were taken at 10x magnification. Red
outlines in (C-E) indicate CD8" cells identified and counted by CellProfiler software (Supplementary Methods). Error bars indicate the standard
deviation around each mean. P values were computed by two-way ANOVA with Tukey's test. *P < 0.05 and **P < 0.01. See also Supplementary

Figures 5-7.
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intensive and localized inflammatory infiltrates, we also
noted widespread congestion, hemorrhage, and few foci of
thromboembolism were exclusively observed within the lungs of
Comirnaty®-immunized mice but not others (Supplementary
Figure 4). We also noted the lung histopathology was milder but the
same pattern at 2 dpi than those of 7 dpi (data not shown).

Lung specimens were subjected to IHC staining for CD8" and
CD4" cells at both 2 and 7 dpi (Figure 4 and Supplementary
Figures 5-7). At 2 dpi, we found a significant increase in CD8" T
cells infiltrating the lungs in mice immunized with MIT-T-
COVID (12.6% + 5.91% of all nucleated cells were CD8") or
Comirnaty® (12.4% + 2.35%) compared to mice immunized with
PBS (PBS mean 4.48% + 1.99%; P = 0.044 vs. MIT-T-COVID, P =
0.050 vs. Comirnaty®; Figure 4A). At 7 dpi, we found a significant
increase in CD8" T cells infiltrating the lungs in mice immunized
with MIT-T-COVID (24.0% * 5.21% of all nucleated cells were
CD8") compared to mice immunized with Comirnaty®
(Comirnaty® mean 4.35% * 2.20%, P = 0.001) or PBS (PBS
mean 7.32% * 4.88%, P = 0.001; Figure 4A). We observed a
significant increase in CD8" T cells infiltrating the lungs in mice
immunized with MIT-T-COVID between 2 and 7 dpi (P =
0.0039), and a significant decrease in CD8" T cells infiltrating
the lungs in mice immunized with Comirnaty® between 2 and 7
dpi (P = 0.044; Figure 4A). At7 dpi, we also found a significant
increase in CD4" T cells infiltrating the lungs in mice immunized
with MIT-T-COVID (7.09% * 4.05%) compared to mice
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immunized with PBS (PBS mean 0.41% + 0.39%; P = 0.0062;
Figure 4B). In the unchallenged cohort of female mice, we found
an increase in CD8" T cells infiltrating the lungs in mice
immunized with MIT-T-COVID (1.12% + 0.59% of all
nucleated cells were CD8") or Comirnaty® (0.87% * 0.56%)
compared to mice immunized with PBS (0.09% + 0.10%; P =
0.001 vs. MIT-T-COVID, P = 0.003 wvs. Comirnaty®;
Supplementary Figures 10, 11).

Discussion

Here we find that a T cell vaccine (“MIT-T-COVID”) that
contains the human HLA-A*02:01 displayed subset of our
COVID-19 T cell vaccine and additional mouse specific CD4"
epitopes provides effective prophylaxis against the onset of SARS-
CoV-2-induced morbidity and mortality caused by SARS-CoV-2
Beta infection in transgenic mice carrying HLA-A*02:01. The
vaccine consists of 11 short T cell epitopes that are unchanged
over 22 presently known SARS-CoV-2 variants of concern
(VOCs) (Supplementary Methods). We further demonstrate the
MIT-T-COVID vaccine causes significant infiltration of CD8"
and CD4" T lymphocytes in the lungs post infection. We chose
the Beta variant for our challenge study as it is more pathogenic
than recent variants (19) and its host range includes wild type
mice (6) since murine infection with SARS-CoV-2 variants that
require ectopic human ACE2 expression results in fatal
encephalitis (20) which is not ideal for evaluating the efficacy of
a T cell vaccine. We selected a highly pathogenic variant that
models human disease to evaluate the effectiveness of our T cell
vaccine in anticipation of possible future SARS-CoV-2 variants
that result in severe disease. MIT-T-COVID vaccine epitopes
delivered as peptides with a Poly(I:C) adjuvant failed to induce
significant immune responses, supporting the value of mRNA-
LNP delivery of the epitopes.

Existing Spike vaccines produce a T cell response that is thought
to be important for vaccine effectiveness and durability (21).
However, the T cell response induced by a Spike vaccine may be
less effective in promoting durable immune responses than the T
cell response induced by a pure T cell vaccine. Spike based T cell
responses may contain epitopes that are subject to evolutionary
change (22, 23) that dominate stable epitopes, or Spike epitopes
may not be as well presented or immunogenic as epitopes drawn
from a more diverse set of SARS-CoV-2 proteins. Thus, T cell
augmentation strategies for Spike vaccines (11) and pure T cell
vaccines will require further exploration to unravel the hierarchy of
immune responses to their components, and how to structure a
vaccine for optimal prophylaxis. In patients with impaired antibody
responses, T cell vaccines would eliminate the burden of non-
immunogenic B cell epitopes (24) and provide immune protection,
at least to a certain extent, against infection.

Multiple designs for T cell vaccines for SARS-CoV-2 have been
proposed (9, 10, 25, 26) and are in clinical trials (NCT05113862,
NCT0488536, NCT05069623, NCT04954469), but identifying the
mechanisms behind the efficacy of pure T cell vaccines remains an
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open question. Substantial literature suggests that T cell responses
are integral to the adaptive immunity to COVID-19 (21, 27). For
example, a study that ablated the B cell compartment of the immune
system in Spike immunized mice found that CD8" T cells alone can
control viral infection (28). Pardieck et al. (26) found that
vaccination with a single mouse restricted CD8" T cell epitope
conferred protection against mortality from the Leiden-0008/2020
SARS-CoV-2 variant (B.1) in K18-hACE2 transgenic mice, but
unlike our study, required three doses for efficacy, did not engage a
CD4" T cell response, did not identify significant T cell infiltration
of the lungs, challenged with a lower viral dose (5000 PFU vs. our
5 x 10* TCIDsy), and used a variant of SARS-CoV-2 that is not
pathogenic in wild type mice (6). In addition to specific antibody
responses, COVID-19 vaccinees and convalescent patients possess
SARS-CoV-2 specific CD8" and CD4" T cells, suggesting the
contribution of the T cell compartment to the adaptive immunity
to COVID-19 (29), and clinical findings have revealed vaccine-
induced T cell responses in B cell-deficient patients (30). It has also
been reported that vaccination by WA (Wuhan) Spike in a mouse
model failed to produce antibodies fully capable of neutralizing the
SA (Beta) variant of SARS-CoV-2, yet immunized mice were
protected against Beta strain challenge (31). In addition,
vaccination with T cell epitope-rich Nucleocapsid protein
produced specific T cell responses thought to be causally
associated with viral control (32). Intranasal vaccination of mice
with SARS-CoV-1 Nucleocapsid followed by challenge with 10*
Plaque-forming units of SARS-CoV-1 prevented mortality in 75%
of the mice (33). Combined Spike and Nucleocapsid vaccination
improved viral control compared to Spike vaccination alone in
preclinical models, while CD8" T cell depletion demonstrated the
role of CD8" T cells in viral control and protection from weight
loss (34).

The marginal IgG/IgM antibody titers that were not
neutralizing elicited by mice immunized with the MIT-T-COVID
vaccine indicates that the protective mechanism of the vaccine was
likely based on a T cell response to the virus. The reduction in viral
titer on day 2 shows that T cell responses were present early in
infection. In the absence of neutralizing antibodies these responses
were sufficient to rescue the immunized mice from the onset
of mortality.

We expect that a T cell vaccine would provide prophylaxis, at
least to certain extent, like what we have described against future
SARS-CoV variants and strains that conserve the vaccine’s epitopes.
We chose Beta (B.1.351) for our challenge study as it has a severe
phenotype in a wild-type mouse background (6). Transgenic
human ACE2 (hACE2) mice exhibit encephalitis post COVID
infection that does not represent human pathology (20) and thus
might not be an ideal model for assessing the efficacy of T cell-based
vaccines. Instead, we chose to evaluate the HLA-A*02:01
component of our vaccine design in a HLA-A*02:01 transgenic
animal model given the predominance of HLA-AQ2 in the human
population (35).

The MIT-T-COVID vaccine induced a response where
circulating T cells migrated rapidly and efficiently into the lung
upon viral challenge, as evidenced by more intense and widespread
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lymphocytic infiltrations than other groups. Further, the degree of
CD8" T cell infiltration of the lungs significantly increased in mice
immunized with the MIT-T-COVID vaccine between days 2 and 7
post infection and compared to that elicited by unimmunized and
challenged cohorts, thereby thwarting the concern over the
involvement of resident T cells of the lung.

Another finding is that widespread congestion, hemorrhage,
and few foci of thromboembolism were exclusively observed within
the lungs of Comirnaty®—immunized mice. Although this finding is
unrelated to the MIT-T-COVID vaccine, it suggests the possibility
of immunization-induced side-effects or immunopathology of
SARS-CoV-2 vaccination and is consistent with previous reports
in humans (36, 37). The exact mechanism of pulmonary embolism
in this case remains currently unknown and should be explored.

Cytotoxic T cells (CD8" T cells) can kill virally infected cells,
and thus T cell vaccines might promote the long-term immunity to
more effectively control the Long COVID. Post-acute sequelae of
COVID-19 (PASC, “Long COVID”) causes persistent symptoms in
~10% of people past twelve weeks of COVID infection (38). Long
COVID has been associated with the continued presence of Spike in
the blood, suggesting that a tissue based viral reservoir remains in
Long COVID patients (39).

Our results suggest that if one goal of a vaccine is protection
against novel viral strains it may be appropriate to develop vaccines
that permit symptomatic infection but protect against severe illness.
Current regulatory criteria for licensing vaccines are solely based
upon the prevention of symptomatic illness for vaccine matched
viral strains. Further research on T cell vaccines may reveal novel
vaccine designs that prevent severe illness while providing
protection against viral variants as an additional tool in the fight
against global pandemics.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.
Original data collected during this study have been deposited
to Mendeley Data: http://dx.doi.org/10.17632/p4c823jzxz.1.
Source code is available on GitHub: https://github.com/gifford-
lab/MIT-T-COVID-vaccine.

Ethics statement

Animal studies were conducted at Galveston National
Laboratory at University of Texas Medical Branch at Galveston,
Texas, based on a protocol approved by the Institutional Animal
Care and Use Committee at UTMB at Galveston.

Frontiers in Immunology

08

10.3389/fimmu.2023.1135815

Author contributions

Conceptualization: BC, GL, DG. Methodology: BC, GL, PH,
C-TT, PL, YT, DG. Investigation: BC, PH, GL, YL, B-HP, LM,
AD, JH, VT, PS-H, JC, CK, C-TT, DG. Visualization: BC, PH.
Funding acquisition: DG. Project administration: C-TT, DG.
Supervision: C-TT, YT, GG, AG, QX, DG. Writing - original
draft: DG, PH, BC. Writing - review and editing: PH, BC, GG,
AG, C-TT, YT, DG. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported in part by Schmidt Futures and a C3.ai
grant to DG, and a E&M Foundation, Houston, postdoctoral
fellowship to PH.

Acknowledgments

We benefited from thoughtful comments from Michael
Birnbaum. The authors thank the UTMB Flow Cytometry and
Cell Sorting Core Lab for flow cytometry analysis.

Conflict of interest

DG and BC are founders of Think Therapeutics. PL and YT are
employees of Acuitas Therapeutics.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1135815/
full#supplementary-material

frontiersin.org


http://dx.doi.org/10.17632/p4c823jzxz.1
https://github.com/gifford-lab/MIT-T-COVID-vaccine
https://github.com/gifford-lab/MIT-T-COVID-vaccine
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1135815/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1135815/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1135815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Carter et al.

References

1. Walsh EE, Frenck RWJr, Falsey AR, Kitchin N, Absalon J, Gurtman A, et al.
Safety and immunogenicity of two RNA-based covid-19 vaccine candidates. N Engl |
Med (2020) 383(25):2439-50. doi: 10.1056/NEJM0a2027906

2. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy and
safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl ] Med (2021) 384(5):403-16.
doi: 10.1056/NEJMo0a2035389

3. Tregoning JS, Flight KE, Higham SL, Wang Z, Pierce BF. Progress of
the COVID-19 vaccine effort: Viruses, vaccines and variants versus efficacy,
effectiveness and escape. Nat Rev Immunol (2021) 21(10):626-36. doi: 10.1038/
541577-021-00592-1

4. Willett BJ, Grove J, MacLean OA, Wilkie C, De Lorenzo G, Furnon W, et al.
SARS-CoV-2 omicron is an immune escape variant with an altered cell entry pathway.
Nat Microbiol (2022) 7(8):1161-79. doi: 10.1038/s41564-022-01143-7

5. Zhang X, Wu S, Wu B, Yang Q, Chen A, Li Y, et al. SARS-CoV-2 omicron strain
exhibits potent capabilities for immune evasion and viral entrance. Signal Transduct
Target Ther (2021) 6(1):430. doi: 10.1038/s41392-021-00852-5

6. Shuai H, Chan JF, Yuen TT, Yoon C, Hu JC, Wen L, et al. Emerging SARS-CoV-2
variants expand species tropism to murines. EBioMedicine (2021) 73:103643.
doi: 10.1016/j.ebiom.2021.103643

7. Martinez DR, Schifer A, Leist SR, de la Cruz G, West A, Atochina-Vasserman
EN, et al. Chimeric spike mRNA vaccines protect against sarbecovirus challenge in
mice. Science (2021) 373(6558):991-8. doi: 10.1126/science.abi4506

8. Cohen AA, van Doremalen N, Greaney AJ, Andersen H, Sharma A,
Starr TN, et al. Mosaic RBD nanoparticles protect against challenge by diverse
sarbecoviruses in animal models. Science (2022) 377(6606):¢abq0839. doi: 10.1126/
science.abq0839

9. Liu G, Carter B, Bricken T, Jain S, Viard M, Carrington M, et al. Computationally
optimized SARS-CoV-2 MHC class I and II vaccine formulations predicted to target
human haplotype distributions. Cell Syst (2020) 11(2):131-144.e6. doi: 10.1016/j.cels.
2020.06.009

10. Nathan A, Rossin EJ, Kaseke C, Park RJ, Khatri A, Koundakjian D, et al.
Structure-guided T cell vaccine design for SARS-CoV-2 variants and sarbecoviruses.
Cell (2021) 184(17):4401-4413.¢10. doi: 10.1016/j.cell.2021.06.029

11. Liu G, Carter B, Gifford DK. Predicted cellular immunity population coverage
gaps for SARS-CoV-2 subunit vaccines and their augmentation by compact peptide
sets. Cell Syst (2021) 12(1):102-107.e4. doi: 10.1016/j.cels.2020.11.010

12. Liu G, Dimitrakakis A, Carter B, Gifford DK. Maximum n-times coverage for
vaccine design, International conference on learning representations, ICLR. (2022).

13. Kreiter S, Selmi A, Diken M, Sebastian M, Osterloh P, Schild H, et al. Increased
antigen presentation efficiency by coupling antigens to MHC class I trafficking signals.
J Immunol (2008) 180(1):309-18. doi: 10.4049/jimmunol.180.1.309

14. Sahin U, Derhovanessian E, Miller M, Kloke BP, Simon P, Lower M, et al.
Personalized RNA mutanome vaccines mobilize poly-specific therapeutic immunity
against cancer. Nature (2017) 547(7662):222-6. doi: 10.1038/nature23003

15. Vita R, Mahajan S, Overton JA, Dhanda SK, Martini S, Cantrell JR, et al. The
immune epitope database (IEDB): 2018 update. Nucleic Acids Res (2018) 47(D1):D339-
D343. doi: 10.1093/nar/gky1006

16. Kotturi MF, Assarsson E, Peters B, Grey H, Oseroff C, Pasquetto V, et al. Of mice
and humans: How good are HLA transgenic mice as a model of human immune
responses? Immunome Res (2009) 5:3. doi: 10.1186/1745-7580-5-3

17. Croft NP, Smith SA, Pickering J, Sidney J, Peters B, Faridi P, et al. Most viral
peptides displayed by class I MHC on infected cells are immunogenic. Proc Natl Acad
Sci U.S.A. (2019) 116(8):3112-7. doi: 10.1073/pnas.1815239116

18. Nakiboneka R, Mugaba S, Auma BO, Kintu C, Lindan C, Nanteza MB, et al.
Interferon gamma (IFN-y) negative CD4+ and CD8+ T-cells can produce immune
mediators in response to viral antigens. Vaccine (2019) 37(1):113-22. doi: 10.1016/
j.vaccine.2018.11.024

19. Halfmann PJ, Iida S, Iwatsuki-Horimoto K, Maemura T, Kiso M, Scheaffer SM,
et al. SARS-CoV-2 omicron virus causes attenuated disease in mice and hamsters.
Nature (2022) 603(7902):687-92. doi: 10.1038/s41586-022-04441-6

20. Kumari P, Rothan HA, Natekar JP, Stone S, Pathak H, Strate PG, et al.
Neuroinvasion and encephalitis following intranasal inoculation of SARS-CoV-2 in
K18-hACE2 mice. Viruses (2021) 13(1):132. doi: 10.3390/v13010132

Frontiers in Immunology

09

10.3389/fimmu.2023.1135815

21. Moss P. The T cell immune response against SARS-CoV-2. Nat Immunol (2022)
23(2):186-93. doi: 10.1038/s41590-021-01122-w

22. de Silva T1, Liu G, Lindsey BB, Dong D, Moore SC, Hsu NS, et al. The impact of
viral mutations on recognition by SARS-CoV-2 specific T cells. iScience (2021) 24
(11):103353. doi: 10.1016/j.is¢i.2021.103353

23. Redd AD, Nardin A, Kared H, Bloch EM, Pekosz A, Laeyendecker O, et al. CD8
+ T cell responses in COVID-19 convalescent individuals target conserved epitopes
from multiple prominent SARS-CoV-2 circulating variants. medRxiv (2021) 12:2021.
doi: 10.1101/2021.02.11.21251585

24. Benjamini O, Rokach L, Itchaki G, Braester A, Shvidel L, Goldschmidt N, et al.
Safety and efficacy of the BNT162b mRNA COVID-19 vaccine in patients with chronic
lymphocytic leukemia. Haematologica (2022) 107(3):625-34. doi: 10.3324/
haematol.2021.279196

25. Heitmann JS, Bilich T, Tandler C, Nelde A, Maringer Y, Marconato M, et al. A
COVID-19 peptide vaccine for the induction of SARS-CoV-2 T cell immunity. Nature
(2022) 601(7894):617-22. doi: 10.1038/s41586-021-04232-5

26. Pardieck IN, van der Sluis TC, van der Gracht ETI, Veerkamp DMB, Behr FM,
van Duikeren S, et al. A third vaccination with a single T cell epitope confers protection
in a murine model of SARS-CoV-2 infection. Nat Commun (2022) 13(1):3966.
doi: 10.1038/s41467-022-31721-6

27. Geers D, Shamier MC, Bogers S, den Hartog G, Gommers L, Nieuwkoop NN,
et al. SARS-CoV-2 variants of concern partially escape humoral but not T-cell
responses in COVID-19 convalescent donors and vaccinees. Sci Immunol (2021) 6
(59):eabj1750. doi: 10.1126/sciimmunol.abj1750

28. Israelow B, Mao T, Klein J, Song E, Menasche B, Omer SB, et al. Adaptive
immune determinants of viral clearance and protection in mouse models of SARS-
CoV-2. Sci Immunol (2021) 6(64):eabl4509. doi: 10.1126/sciimmunol.abl4509

29. Sekine T, Perez-Potti A, Rivera-Ballesteros O, Stralin K, Gorin JB, Olsson A,
et al. Robust T cell immunity in convalescent individuals with asymptomatic or mild
COVID-19. Cell (2020) 183(1):158-168.e14. doi: 10.1016/j.cell.2020.08.017

30. Shree T. Shree T. Can B cell-deficient patients rely on COVID-19 vaccine-
induced T-cell immunity? Br J Haematol (2022) 197(6):659-661. doi: 10.1111/
bjh.18210

31. Kingstad-Bakke B, Lee W, Chandrasekar SS, Gasper DJ, Salas-Quinchucua C,
Cleven T, et al. Vaccine-induced systemic and mucosal T cell immunity to SARS-CoV-
2 viral variants. Proc Natl Acad Sci U.S.A. (2022) 119(20):€2118312119. doi: 10.1073/
pnas.2118312119

32. Matchett WE, Joag V, Stolley JM, Shepherd FK, Quarnstrom CF, Mickelson CK,
et al. Nucleocapsid vaccine elicits spike-independent SARS-CoV-2 protective
immunity. ] Immunol (2021) 207(2):376-379. doi: 10.4049/jimmunol.2100421

33. Zhao J, Zhao ], Mangalam AK, Channappanavar R, Fett C, Meyerholz DK, et al.
Airway memory CD4(+) T cells mediate protective immunity against emerging respiratory
coronaviruses. Immunity (2016) 44(6):1379-91. doi: 10.1016/j.immuni.2016.05.006

34. Hajnik RL, Plante JA, Liang Y, Alameh MG, Tang J, Bonam SR, et al. Dual spike
and nucleocapsid mRNA vaccination confer protection against SARS-CoV-2 omicron
and delta variants in preclinical models. Sci Transl Med (2022) 14(662):eabql945.
doi: 10.1126/scitranslmed.abq1945

35. Ellis JM, Henson V, Slack R, Ng J, Hartzman R], Katovich Hurley C. Frequencies of
HLA-A2 alleles in five U.S. population groups. predominance of A*02011 and identification
of HLA-A*0231. Hum Immunol (2000) 61(3):334-40. doi: 10.1016/s0198-8859(99)00155-x

36. Pavord S, Scully M, Hunt BJ, Lester W, Bagot C, Craven B, et al. Clinical features
of vaccine-induced immune thrombocytopenia and thrombosis. N Engl ] Med (2021)
385(18):1680-9. doi: 10.1056/NEJMo0a2109908

37. de Oliveira PMN, Mendes-de-Almeida DP, Bertollo Gomes Porto V, Crespo
Cordeiro C, Vitiello Teixeira G, Saraiva Pedro R, et al. Brazillian VITT investigative
collaboration group. vaccine-induced immune thrombotic thrombocytopenia after
COVID-19 vaccination: Description of a series of 39 cases in Brazil. Vaccine (2022)
40(33):4788-95. doi: 10.1016/j.vaccine.2022.06.014

38. WHO. In the wake of the pandemic: Preparing for long COVID (2021) (Accessed
August 14, 2022).

39. Swank Z, Senussi Y, Manickas-Hill Z, Yu XG, Li JZ, Alter G, et al. Persistent
circulating SARS-CoV-2 spike is associated with post-acute COVID-19 sequelae. Clin
Infect Dis (2022), 76(3):e487-e490. doi: 10.1093/cid/ciac722

frontiersin.org


https://doi.org/10.1056/NEJMoa2027906
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1038/s41577-021-00592-1
https://doi.org/10.1038/s41577-021-00592-1
https://doi.org/10.1038/s41564-022-01143-7
https://doi.org/10.1038/s41392-021-00852-5
https://doi.org/10.1016/j.ebiom.2021.103643
https://doi.org/10.1126/science.abi4506
https://doi.org/10.1126/science.abq0839
https://doi.org/10.1126/science.abq0839
https://doi.org/10.1016/j.cels.2020.06.009
https://doi.org/10.1016/j.cels.2020.06.009
https://doi.org/10.1016/j.cell.2021.06.029
https://doi.org/10.1016/j.cels.2020.11.010
https://doi.org/10.4049/jimmunol.180.1.309
https://doi.org/10.1038/nature23003
https://doi.org/10.1093/nar/gky1006
https://doi.org/10.1186/1745-7580-5-3
https://doi.org/10.1073/pnas.1815239116
https://doi.org/10.1016/j.vaccine.2018.11.024
https://doi.org/10.1016/j.vaccine.2018.11.024
https://doi.org/10.1038/s41586-022-04441-6
https://doi.org/10.3390/v13010132
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.1016/j.isci.2021.103353
https://doi.org/10.1101/2021.02.11.21251585
https://doi.org/10.3324/haematol.2021.279196
https://doi.org/10.3324/haematol.2021.279196
https://doi.org/10.1038/s41586-021-04232-5
https://doi.org/10.1038/s41467-022-31721-6
https://doi.org/10.1126/sciimmunol.abj1750
https://doi.org/10.1126/sciimmunol.abl4509
https://doi.org/10.1016/j.cell.2020.08.017
https://doi.org/10.1111/bjh.18210
https://doi.org/10.1111/bjh.18210
https://doi.org/10.1073/pnas.2118312119
https://doi.org/10.1073/pnas.2118312119
https://doi.org/10.4049/jimmunol.2100421
https://doi.org/10.1016/j.immuni.2016.05.006
https://doi.org/10.1126/scitranslmed.abq1945
https://doi.org/10.1016/s0198-8859(99)00155-x
https://doi.org/10.1056/NEJMoa2109908
https://doi.org/10.1016/j.vaccine.2022.06.014
https://doi.org/10.1093/cid/ciac722
https://doi.org/10.3389/fimmu.2023.1135815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A pan-variant mRNA-LNP T cell vaccine protects HLA transgenic mice from mortality after infection with SARS-CoV-2 Beta
	Introduction
	Methods
	n-times coverage vaccine design
	SARS-CoV-2 Beta variant challenge study

	Results
	MIT-T-COVID vaccine expands CD8+ and CD4+ SARS-CoV-2 specific T cells
	MIT-T-COVID attenuates morbidity and prevents mortality
	MIT-T-COVID increases T cell infiltration of infected lungs

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


