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PERSISTENT MEMORY T-CELL RESPONSES TO CANCER AND
INFECTIOUS-DISEASE ANTIGENS BY MANIPULATION OF AMINO
ACID-CATABOLISM PATHWAYS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority to U.S. Provisional Application No.
63/047,737 filed July 2, 2020, the full disclosure of which is incorporated by reference in its

entirety for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

[0002] This invention was made with government support under Grant No. RO1-AI143554
awarded by the National Institute of Allergy and Infectious Diseases. The government has

certain rights in the invention.

BACKGROUND
[0003] The adaptive immune system reacts to infectious threats by production of two cell
types in waves. The first and most urgent response consists of “effector” cells that function to
fight an ongoing threat. Effector T cells are localized to infected tissues and help to control
infection by killing infected cells, whereas effector B cells are short-lived plasmablasts that
secrete antibodies. The second important facet of adaptive immunity is production of long-
lived memory T and B cells. These memory cells contribute minimally or not at all to
clearance of an ongoing infection. Instead, memory cells stand ready to proliferate and
respond after subsequent pathogenic exposure. On second exposure, these “memory” cells
respond by proliferating and differentiating quickly into new effector cells that can fight the
infection in real time. The purpose of vaccination is to create long-lived memory cells
without also introducing the danger of primary exposure to a pathogen. In an immune
response to vaccination, therefore, the first wave of adaptive immunity—effector cell

production—is superfluous except to the extent that an effector response may be required to
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generate memory. Indeed, effector and memory responses are in tension: inflammatory
responses associated with infection promote effector-cell differentiation and inhibit memory-
cell differentiation, while certain “regulatory” functions, which mediate the transition from
effector to memory phases, are inhibitory to effectors and required for memory cells.
Unfortunately, many vaccine candidates provoke relatively short-lived responses that are not

protective over a span of years, as would be desirable.

[0004] As an example, the waning effectiveness of influenza vaccine has been reported
from a number of surveillance studies in Europe and Australia (S.G. Sullivan et al., 86 J.
Med. Virol. 1017 (2014); A. Zhang et al., 18 Euro. Surveill. 20657 (2013)). Protective
immune response to the standard inactivated influenza vaccine consists of antibodies to
surface haemagglutinin (S.E. Ohmit, J.G. Petrie, R.T. Cross, E. Johnson & A.S. Monto, 204
J. Infect. Dis. 1879 (2011)). Currently, age-specific immunogenicity criteria based on the
haemagglutination inhibition (HI) titer are used by the Federal Drug Administration (L.
Wijnans & B. Voordouw, 10 Influenza Other Respir. Viruses 2 (2016)). An HI titer of 1:40 is
considered seroprotective, and more than 70% of younger adults or 60% of older adults must

reach this threshold for licensing.

[0005] One study carried out in Spain, however, reported that vaccine effectiveness
declined from 61% in the first 100 days after vaccination to 42% between days 100-119, and
then to 0% after 120 days. This decline in effectiveness was most significant in people over
65 years of age. These results are paralleled by studies of antibody persistence after influenza
infection. An observational study monitored titer trajectories in unvaccinated subjects who
were assessed to be infected with influenza A/HIN1 during the 2009 pandemic (J.P. Hsu et
al., 14 BMC Infect. Dis. 414 (2014)). In 71% of subjects, HI titers were > 1:40 immediately
after the epidemic peak. The prevalence of a protective titer declined to 25% of subjects at 6
months, and to only 14% one year after the pandemic. In a sub-group analysis of elderly

subjects in the cohort, the rate of antibody decline was significantly faster.

[0006] Such waning antibody responses to vaccinations can lead to increased risk of
infection if the time between vaccination and influenza exposure is long. In the United States,
most influenza vaccination typically occurs between September and November each year;
however, the vaccine may be available as early as July in some locations. Influenza activity

typically peaks between December and February each year, but circulation can continue into
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the late spring (A.S. Monto, 26 Vaccine Suppl. 4 D45 (2008). Thus, long periods of time may

elapse between vaccination and potential exposure, which could result in reduced protection.

[0007] Immunoprotective effector T cells are important for immediate pathogen control but
are normally short lived, whereas the memory population can self-renew and is critical for the
recall responses desired for vaccines. These different fates of effector vs. memory T-cells are
thought to represent alternative differentiation pathways for a common set of precursors (J.A.
Olson & S.C. Jameson, 35 Immunity 663 (2011) and thus the two fates are in tension. A
vaccine designed to maximize memory-cell differentiation will likely also inhibit effector-cell

differentiation.

[0008] T-cell responses, e.g., responses to vaccines, are not monolithic but rather reflect a
mixture of responding cells with different phenotypes and functional capacities. CD4" T cells
generally react to peptides originating extracellularly or in sub-cellular compartments, which
are processed and presented on class-Il MHC molecules, while CD8" T cells generally react
to peptides originating intracellularly, e.g., in the cytoplasm, that are presented on class-I
MHC molecules. The responding cells may producing varying numbers and kinds of
cytokines, chemokines, and cytolytic molecules, the various combinations of which can be
assessed combinatorially. For example, HIV nonprogressors develop CD8" T-cell responses
that are characterized by almost universal production of interferon-gamma (INFy), CD107a,
and MIP-1beta but individual responding cells express differing combinations of IL-2 and
TNFa—that is, individual responders might express neither, one, or both of these latter

cytokines (M.R. Betts et al., 107 Blood 4781 (2006)).

[0009] The scientific community has expended considerable effort to determine factors that
drive these alternative fates, with the study of cytokines having been an especially fruitful
focus. For example, inflammatory cytokines including IL-12, type-I interferon, and
interferon-gamma have been shown to enhance generation of effector CD8" T cells (W. Cui
& S M. Kaech, 236 Immunol. Rev. 151 (2010); J.T. Harty & V.P. Badovinac, 8 Nat. Rev.
Immunol. 107 (2008)). Conversely, cytokines such as IL-6 and IL-21 activate the
transcription factor STAT3 and promote the T-cell memory fate. These cytokines have a
variety of functional associations. IL-6 is associated with inflammation, whereas IL-21 is
well characterized for its participation in CD4" T cell-B cell collaboration in the germinal
center. It has been shown that STAT3-deficient cells that persist through to the memory

phase have characteristics of effector, not normal, memory cells. Phenotypically the cells
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manifest reduced expression of the IL-7 receptor alpha chain (CD127) and high expression of
KLRG-1, which is typical of effectors. Expression of the memory-associated transcriptional
regulators, Eomes and BCL-6, decline in STAT3-deficient T cells as those cells reach the
memory phase of the response (W. Cui, Y. Liu, J.S. Weinstein, J. Craft & S.M. Kaech, 35
Immunity 792 (2011)). A defined target of STAT3, SOCS3, seems to play an important role
in maintaining memory-cell differentiation by inhibiting cytokine receptor signaling, thereby
“insulating” T cells from inflammatory signals that could derail normal memory-cell
homeostasis (W. Cui, Y. Liu, J.S. Weinstein, J. Craft & S.M. Kaech, 35 Immunity 792
(2011)). Furthermore, human patients with dominant-negative mutations in STAT3 have a
decreased frequency and absolute number of central memory T cells (A.M. Siegel et al., 35
Immunity 806 (2011)). Most impressively, in a patient who was mosaic for the mutation,
STAT3 mutant cells were found among B cells and naive T cells, but not among memory
CD4" or CD8" T cells, confirming the importance of STAT3 function for differentiation of
these cell types.

[0010] T cells also differ in their anatomic localization due to different expression of
“homing receptors” that may position the cells optimally for response, e.g., to SARS-CoV-2
in the lung (J. Zhao et al., 44 Immunity 1379 (2016)), HIV in the gut (S. G. Hansen et al., 15
Nat. Med. 293 (2009)), tuberculosis in the lung (S. Sakai et al., 12 PLoS Pathog. €1005667
(2016)), or hepatitis C virus in the liver. Memory T cells elicited by vaccination are generally
most effective against a pathogen when located in the pathogen’s target tissue (S. G. Hansen
et al., 15 Nat. Med. 293 (2009)). Memory CD4" T cells are more numerous at sites of
infection than CD8™ T cells (D.L. Turner & D L. Farber, 5 Front. Immunol. 331 (2014)) and
have multiple roles in initiating and propagating the immune response (S.L. Swain, K K.
McKinstry & T.M. Strutt, 12 Nat. Rev. Immunol. 136 (2012)). In the respiratory tract,
memory CD4" T cells include cells in the airway and parenchyma and cells adhering to the
pulmonary vasculature. Airway memory CD4™ T cells are the first cells to encounter viral
antigen during respiratory infections, suggesting a key role in protection. Indeed, Zhao and
colleagues found that intranasal vaccination with Venezuelan equine encephalitis replicons
encoding a SARS-CoV CD4" T cell epitope induced airway CoV-specific memory CD4™ T
cells that protected mice against lethal disease through rapid local IFNy production (J. Zhao
et al., 44 Immunity 1379 (2016)). Protection was dependent on IFNy and required early
induction of robust innate responses and recruitment of virus-specific CD8" T cells to lung in

a CXCR3-dependent process. CXCR3 ligands (the chemokines CXCL9, CXCL10, and
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CXCL11) were expressed in the infected lungs only when airway CD4" T cells were present
and able to express IFNy. Systemic blockade of CXCR3 at days 3 or 5 p.i. decreased the
frequency and numbers of pathogen-specific CD8 T cells in the lungs. Thus, airway memory
CD4" T cells orchestrated both respiratory DC migration to the lymph nodes and virus-

specific CD8™ T cell trafficking to the lungs, improving clinical outcomes.

[0011] Furthermore, it has been demonstrated in the “Step” trial that non-specific IFNy
secretion is associated with increased HIV infection risk. Step was a phase-2b randomized
double-blind human clinical trial of a preventive HIV vaccine in 3000 participants. The trial
tested if the adenovirus serotype 5 (AdS)-vectored MRKAdS HIV-1 gag/pol/nef vaccine
could reduce either HIV-1 infection rates or plasma viremia after infection. This study
showed no evidence for vaccine efficacy. Rather, risk of HIV infection was elevated among
male recipients who had pre-existing Ad5 neutralizing antibodies (S.P. Buchbinder et al., 372
Lancet 1881 (2008); A. Duerr et al., 206 J. Infect. Dis. 258 (2012)). The elevated risk of HIV
infection with vaccination suggested a harmful immune response to the vaccine that was
responsible for increased risk. Indeed, in a related non-human primate study a greater risk of
infection was observed in animals pre-exposed to AdS and immunized with an AdS simian
immunodeficiency virus (SIV) vaccine, compared to those not pre-exposed to AdS (H.
Kureshi et al., 86 J. Virol. 2239 (2012)). Subsequent analysis of the immune responses of
Step-trial participants found that HIV-specific immune responses were not associated with
risk of HIV-1 infection (Y. Huang, wt al., 9 PLoS One 108631 (2014)). However, each one-
natural-log increase of mock responses measured by ELISpot (i.e., IFNy secretion in the
absence of antigen-specific stimulation) was associated with a 62% increase of HIV-1
infection risk (p=0.001) (Y. Huang, wt al., 9 PLoS One €108631 (2014)). Together these
studies demonstrate that vectored vaccines such as Ad-based vaccines can be associated with
harmful responses that must be avoided for the vaccine to have the intended benefit for

recipients.

[0012] Subsequent authors more closely examined the effects of vaccine insert-specific T-
cell responses on HIV acquisition. It was demonstrated that a vaccine regimen based on DNA
prime and modified vaccinia Ankara boost induced interferon-gamma-producing CD4" T
cells (Th1 cells) that rapidly migrated to multiple tissues including colon, cervix, and vaginal
mucosa (V. Chamcha et al., 11 Sci. Transl. Med. eaav1800 (2019)). These mucosal Th1 cells
expressed higher density of CCRS, a coreceptor for the SIV virus, compared to cells in blood.

After intravaginal or intrarectal simian-human immunodeficiency virus (SHIV) challenges,
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strong vaccine protection was evident only in animals that had lower frequencies of vaccine-
specific Thl cells but not in animals that had higher frequencies of Thl cells, despite
comparable antibody and CD8" T-cell immunity in both groups. An RNA transcriptome
signature of fewer Th1 cells in blood at 7 days after priming immunization was associated in
one study with enhanced protection. Thus, high frequencies of HIV vaccine-induced Thl-
biased CD4" T cells in the intestinal and genital mucosa can mitigate beneficial effects of

protective antibodies and CD8" T cells.

[0013] IFNy producing cells can similarly have negative consequences for infection with
Mycobacterium tuberculosis (Mtb). IFNy—producing CD4 T cells are required for protection
against Mtb. However, it was not previously known if further increasing IFNy production by
CD4 T cells is desirable in Mtb. In particular, although some such cells are needed it was
unclear if supraphysiologic IFNy production by CD4 T cells would be beneficial. It was
shown recently that increasing the IFNy—producing capacity of CD4 T cells by ~2 fold
exacerbates lung infection and leads to the early death of the host, despite enhancing control
in the spleen. In addition, the inhibitory receptor PD-1 facilitates host resistance to Mtb by
preventing detrimental over-production of IFNy by CD4 T cells. In summary, the primary
role for T cell-derived IFNy in Mtb infection is at extra-pulmonary sites such as spleen, and
the host-protective subset of CD4 T cells requires negative regulation of IFNy production by
PD-1 to prevent lethal immunopathology.

[0014] In view of these observations and results, there is a need in the art for improved
vaccines that create long-lived memory cells having the character needed for protection
against disease. The present disclosure addresses this need and provides associated and other

advantages.

BRIEF SUMMARY
[0015] In general, provided herein are novel materials and methods for promoting
development of long-lived memory cells through increased amino-acid catabolism. In one
aspect, the disclosure provides a recombinant polynucleotide including a first nucleic acid
sequence encoding an antigen, and a second nucleic acid sequence encoding an enzyme of an

amino acid catabolic pathway.

[0016] In some embodiments, the amino acid catabolic pathway is an L-tryptophan

catabolic pathway. In some embodiments, the enzyme of the L-tryptophan catabolic pathway
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is indoleamine 2,3-dioxygenase 1 or a paralogue or isoform thereof. In some embodiments,
the enzyme of the L-tryptophan catabolic pathway is tryptophan 2,3-dioxygenase or a
paralogue or isoform thereof. In some embodiments, the amino acid catabolic pathway is an
L-arginine catabolic pathway. In some embodiments, the enzyme of the L-arginine catabolic
pathway is arginase 1 or a paralogue or isoform thereof. In some embodiments, the enzyme
of the L-arginine catabolic pathway is nitric oxide synthase 2 or a paralogue or isoform
thereof. In some embodiments, the enzyme is interleukin 4-induced gene 1. In some

embodiments, the enzyme is an L-amino acid oxidase.

[0017] In some embodiments, the antigen includes a viral nucleoprotein. In some
embodiments, the antigen includes a secreted protein. In some embodiments, the antigen
includes an infectious disease antigen. In some embodiments, the infectious disease antigen is
a bacterial antigen, a viral antigen, a fungal antigen, a protozoal antigen, and/or a helminthic
antigen. In some embodiments, the infectious disease antigen is a severe acute respiratory
syndrome coronavirus (SARS-CoV) antigen, a severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) antigen, a Middle East respiratory syndrome coronavirus (MERS-CoV)
antigen, a simian immunodeficiency virus (SIV) antigen, a human immunodeficiency virus
(HIV) antigen, a hepatitis C virus antigen, a herpes simplex virus antigen, an Epstein-Barr
virus antigen, a cytomegalovirus antigen, and/or an influenza virus antigen. In some
embodiments, the infectious disease antigen is an SIV group-specific antigen (gag) protein
and/or an HIV gag protein. In some embodiments, the infectious disease antigen is a bacterial
disease antigen from Mycobacterium tuberculosis, Borrelia burgdorferi, Brucella abortus,
Listeria monocytogenes, Chlamydia trachomatis, Coxiella burnetii, Salmonella enterica,
Francisella tularensis, or Rickettsia spp. In some embodiments, the infectious disease antigen
is a protozoal disease antigen from Plasmodium falciparum or Toxoplasma gondii. In some
embodiments, the antigen includes a tumor-associated antigen. In some embodiments, the
tumor-associated antigen is a prostate-specific antigen, melanoma-associated antigen 4
(MAGEAA4), melanoma-associated antigen 10 (MAGEA10), New York esophageal squamous

cell carcinoma 1 (NY-ESO-1), and/or a neoantigen.

[0018] In some embodiments, at least one of the first nucleic acid sequence and the second
nucleic acid sequence is codon optimized. In some embodiments, the recombinant
polynucleotide further includes at least one promoter sequence. In some embodiments, the

recombinant polynucleotide further includes at least one internal ribosome entry site
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sequence. In some embodiments, the recombinant polynucleotide further includes at least one

polyadenylation sequence.

[0019] In another aspect, the disclosure provides a viral particle including any of the

recombinant polynucleotides disclosed herein.

[0020] In another aspect, the disclosure provides a host cell including any of the

recombinant polynucleotides disclosed herein.

[0021] In another aspect, the disclosure provides a pharmaceutical composition including
any of the recombinant polynucleotides disclosed herein, and a pharmaceutically acceptable

carrier and/or pharmaceutically acceptable excipient.

[0022] In another aspect, the disclosure provides a method for inducing an immune
response against an antigen in a subject. The method includes administering to the subject a

therapeutically effective amount of any of the pharmaceutical compositions disclosed herein.

[0023] In some embodiments, the immune response includes increased production of CD4*
memory cells. In some embodiments, the immune response includes an increased ratio of
CD4" cells to CD8" cells. In some embodiments, the immune response includes increased
production of T memory stem cells. In some embodiments, the immune response includes
increased production of interleukin 10 (IL-10). In some embodiments, the immune response
includes activation of the general control nonderepressible 2 (GCN2) kinase. In some
embodiments, the immune response includes activation of the arylhydrocarbon receptor
(AhR). In some embodiments, the immune response includes increased production of nitric
oxide (NO). In some embodiments, the immune response includes increased production of
spermidine. In some embodiments, the immune response induced in the subject is greater
than an immune response induced using a corresponding recombinant polynucleotide that
does not include the second nucleic acid sequence. In some embodiments, the immune

response includes generation of antibodies that recognize the antigen.

[0024] In some embodiments, the method further includes obtaining a test sample from the
subject. In some embodiments, the test sample includes a blood sample, a tissue sample, a
urine sample, a saliva sample, and/or a cerebrospinal fluid sample. In some embodiments, the
method further includes determining the level of one or more biomarkers in the test sample.
In some embodiments, the one or more biomarkers include C-reactive protein, I[FNy, tumor

necrosis factor alpha, interleukin 4, interleukin 5, interleukin 6, IL-10, interleukin 12,
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interleukin 15, GCN2 kinase, AhR, SHP-1, SHP-2, NO, and/or spermidine. In some
embodiments, the method further includes comparing the level of the one or more biomarkers
in the test sample to the level of the one or more biomarkers in a reference sample. In some
embodiments, the reference sample was obtained from the subject prior to the obtaining of
the test sample. In some embodiments, the reference sample is obtained from a different

subject or from a population of subjects.

[0025] In another aspect, the disclosure provides a method for preventing or treating a
disease in a subject. The method includes administering to the subject a therapeutically
effective amount of any of the pharmaceutical compositions disclosed herein. In some
embodiments, the disease is an infectious disease or a cancer. In some embodiments, the
infectious disease is caused by a bacterial infection, a viral infection, a fungal infection, a
protozoal infection, and/or a helminthic infection. In some embodiments, the infectious
disease is caused by a SARS-CoV virus, a SARS-CoV-2 virus, a MERS-CoV virus, an SIV
virus, an HIV virus, a hepatitis C virus, a herpes simplex virus, an Epstein-Barr virus, a
cytomegalovirus antigen, and/or an influenza virus antigen. In some embodiments, the
infectious disease is caused by Mycobacterium tuberculosis, Borrelia burgdorferi, Brucella
abortus, Listeria monocytogenes, Chlamydia trachomatis, Coxiella burnetii, Salmonella
enterica, Francisella tularensis, or Rickettsia spp. In some embodiments, the infectious
disease is caused by a protozoal disease antigen from Plasmodium falciparum or Toxoplasma
gondii. In some embodiments, the treating of the disease includes decreasing or eliminating

one or more signs or symptoms of the disease.

BRIEF DESCRIPTION OF THE DRAWINGS
[0026] FIG. 1 is an illustration of a bicistronic expression cassette for driving production of
both the SIV Gag gene and indoleamine 2,3-dioxygenase in cells. Ad-Gag-IRES-IDOI
vaccine contains this cassette in “vectorized” AdS or Ad26. Expression of the bicistronic
transcript is driven by a human EF 1a promoter containing the first intron; the coding regions
for SIV Gag and rhesus macaque IDO1 are separated by an ECMYV internal ribosomal entry

site; and the cassette is terminated by an SV40 virus polyadenylation signal.

[0027] FIG. 2 is an image showing expression of vaccine antigens in vaccines expressing
the antigen together with indoleamine 2,3-dioxygenase (IDO1), a tryptophan-catabolizing

enzyme. Lanes 2 and 3 show expression of the vaccine antigen, SIV Gag, in vaccines that



10

15

20

25

30

WO 2022/006424 PCT/US2021/040132

also express rhesus macaque IDO1. Ad26/GagNF-IRES-IDO1 is based on vectorized
adenovirus type 26; Ad35/GagNF-IRES-IDO1 is based on vectorized adenovirus type 35.
Both vaccines carry a Gag coding region, followed by an internal ribosomal entry site

(IRES), followed by the rhesus macaque IDO1 coding region.

[0028] FIG. 3 is an illustration of an experimental design for comparison of immune
responses to Ad-Gag (group A) or Ad-Gag-IRES-IDO1 (group B). We prepared Ad5- and
Ad26-based versions of each vaccine, which were administered at 0 and 28 days (group A) or

0 and 35 days (group B).

[0029] FIG. 4 is a graph showing a strong immune responses among CD4" T cells to Ad-
Gag-IRES-IDO vaccination. Fainter, thinner lines represent responses from individual
vaccinated rhesus macaques; darker, thicker lines represent median responses. The graph
presents frequencies of CD4" T cells producing IFNy and/or TNFa after stimulation with
overlapping peptides from the vaccine antigen, SIV Gag. Responses in Ad-Gag-IRES-IDO

recipients are both stronger and more durable.

[0030] FIG. 5 is a graph showing the appearance of CD4" T cells that express TNFa
without IFNy only among Ad-Gag-IRES-IDO recipients. Cells expressing TNFa alone in
response to stimulation with vaccine antigen are rare in recipients of prior adenoviral vectors

but easily detected in Ad-Gag-IRES-IDO recipients.

[0031] FIG. 6 presents plots showing the appearance of CD4™ T cells that express TNFa
without IFNy only among Ad-Gag-IRES-IDO recipients. The cells of interest express TNFa
but not IFNy (lower right quadrant, marked by arrow). All vaccine recipients shown
demonstrate a clear response to vaccine antigen. Only Ad-Gag-IRES-IDO recipients

(rightmost column) show responsive cells expressing TNFa, alone.

[0032] FIG. 7 is a graph showing increased ratio of TNFa expression to IFNy expression in
the vaccine antigen-responsive T cells of Ad-Gag-IRES-IDO recipients. The graph presents
the ratio of CD4" T cells that made TNFa to those that made IFNy only, when stimulated
with overlapping peptides from the vaccine antigen, SIV Gag.

[0033] FIG. 8 is a graph showing comparable CD8" T-cell responses to vaccine antigen in
recipients of Ad-Gag or Ad-Gag-IRES-IDO.

[0034] FIG. 9 is a graph showing increased ratio of vaccine antigen-specific CD4" T cells
to CD8" T cells among Ad-Gag-IRES-IDO recipients. Conventional adenovirus-vectored

10
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vaccine (Ad-Gag) produces more responses among CD8" than CD4™ T cells, resulting in
CD4:CDS8 ratios that are usually below 1 (dashed line). IDO-expressing vaccines produce a
response that is concentrated in the CD4 compartment, resulting in a CD4:CD8 ratio that is

usually greater than 1 (solid line).

[0035] FIG. 10 is an illustration of a bicistronic expression cassette for driving production
of both SARS-CoV-2 nucleoprotein (N) and indoleamine 2,3-dioxygenase in cells. Ad-
SARSCoV2N-IRES-IDO1 vaccine contains this cassette in “vectorized” adenoviruses.
Expression of the bicistronic transcript is driven by a human EF 1o promoter containing the
first intron; the coding regions for SARS-CoV-2 nucleoprotein and IDOT1 are separated by an
ECMYV internal ribosomal entry site; and the cassette is terminated by an SV40 virus

polyadenylation signal.

[0036] FIG. 11 illustrates a bicistronic expression cassette for driving production of both
SARS-CoV-2 spike domain 1 (S1) and indoleamine 2,3-dioxygenase in cells. Ad-
SARSCoV2S1-IRES-IDO1 vaccine contains this cassette in “vectorized” adenoviruses.
Expression of the bicistronic transcript is driven by a human EF 1o promoter containing the
first intron, the coding regions for SARS-CoV-2 S1 and IDO1 are separated by an ECMV
internal ribosomal entry site, and the cassette is terminated by an SV40 virus polyadenylation

signal.

[0037] FIG. 12 illustrates a bicistronic expression cassette for driving production of both
the SIV Gag gene and arginase in cells. Ad-SIVgagNF-IRES-ARG1 vaccine contains this
cassette in “vectorized” AdS or Ad26. Expression of the bicistronic transcript is driven by a
human EF1a promoter containing the first intron; the coding regions for SIV Gag and ARG1
are separated by an ECMYV internal ribosomal entry site; and the cassette is terminated by an

SV40 virus polyadenylation signal.

[0038] FIG. 13 demonstrates immune responses to Ad26-SARSCoV2N-IRES-IDO1 (102
vector particles IM) detected in CD4™ T cells two weeks after immunization. Three animals
were vaccinated and all developed responses, as indicated by detection of few or no cells
producing cytokine without stimulation (top row), but a significant number produced
cytokine after stimulation with overlapping peptides from SARS-CoV-2 nucleocapsid

(bottom row).

[0039] FIG. 14 is a graph showing an increased ratio of vaccine antigen-specific CD4™ T
cells to CD8" T cells among Ad-SARS2N-IRES-IDO1 recipients, where the measured
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responses include memory cells expressing IFNy and/or TNFa. Fainter, thinner lines
represent responses from individual vaccinated rhesus macaques; darker, thicker lines
represent geometric mean responses. Conventional adenovirus-vectored vaccine (Ad-
SARS2N, grey lines) produces more responses among CD8" than CD4" T cells, resulting in
CD4:CDS8 ratios that are usually below 1 (dashed gray line). IDO-expressing vaccines
produce a response that is concentrated in the CD4 compartment, resulting in a CD4:CD8

ratio that is usually greater than 1 (Ad-SARS2N-IRES-IDO1, solid lines).

[0040] FIG. 15 is a graph showing the effect of boosting with IDO1-expressing vaccines
vs. conventional vaccines in terms of the ratio of vaccine antigen-specific CD8" T cells to
CD4" T cells, where the measured responses include memory cells expressing IFNy.
Conventional adenovirus-vectored vaccine (Ad35-SARS2N, grey lines) boosts the ratio only
slightly before allowing it to fall by week 8. The Ad35-SARS2N-IRES-IDO1 produces a
greater boost among CD8 than CD4™ T cells, resulting in a higher CD8:CD4 ratio that is

sustained for eight weeks after boosting.

[0041] FIG. 16 shows that boosting vaccination with Ad35-SARS2N-IRES-IDOI1 is
superior to boosting with Ad35-SARS2N. Shown are CD8  T(EM) responses in
bronchoalveolar lavage cells eight weeks after priming vaccination. Macaques receiving
Ad35-SARS2N-IRES-IDO1 boosting have 2-3-fold more responsive CD8™ cells (p=0.03 by
one-sided Student’s 7 test).

DETAILED DESCRIPTION
[0042] Some amino acid catabolic pathways have been found to be associated with aspects
of immunity, allowing limitation of adaptive immune responses in the effector phase and
preventing exaggerated inflammation (U. Grohmann & V. Bronte, 236 Immunol. Rev. 243
(2010); P.J. Murray, 17 Nat. Immunol. 132 (2016)). Despite the importance of the
immunoregulatory pathways engaged in contraction of the effector responses and generation
of memory, the relationship of these effector-phase checkpoints to memory-cell generation

has been little examined.

[0043] For example, IDO and other amino acid catabolizing enzymes have been targeted
for inhibition, on the theory that such inhibition would lead broadly to a greater immune
reaction against cancer cells. In particular, it has been argued that amino acid catabolism

within tumor tissue plays an important role in establishing the microenvironment that
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prevents effective immune responses and sustains the tumor. Due to the immunosuppressive
microenvironment, tumor-infiltrating cells are those most heavily suppressed, as
demonstrated by defective cytolytic activity when the cells are extracted from the tumor and
tested ex vivo. To counter this metabolic dysregulation at tumor sites, inhibition of amino-
acid metabolism has therefore been explored (T.F. Gajewski et al., 213 Immunol. Rev. 131;
P.C. Rodriguez et al., 64 Cancer Res. 5839 (2004)). It has not been previously recognized,
however, that amino acid catabolism modulates different arms and phases of the adaptive
immune response to varying degrees, and that blanket inhibition of the pathway will stimulate
only some aspects of adaptive immunity, while likely interfering with others (such as
memory-cell generation). The overall effect is therefore best characterized as a rebalancing

rather than unidimensional stimulation.

[0044] A surprising advantage realized by the materials and methods disclosed herein is the
enabling of amino acid catabolic enzyme expression in the context of vaccinations to provide
such rebalanced responses, e.g., with greater intensity of CD4™ T-cell responses relative to
CD8" T-cell responses. This advantage can be realized through, for example, the
counterintuitive step of increasing, rather than decreasing, amino acid catabolism enzyme
activity with vaccine administration. Such an approach recognizes that enzymes of amino
acid catabolic pathways can inhibit certain counter-productive or irrelevant immune
responses while augmenting others. Most importantly, this strategy results in vaccines with
the capacity to elicit unusually strong memory responses that persist without appreciable
degradation for many months after vaccination. These amino acid-catabolizing vaccines also
elicit greater responses among CD4™ T cells accompanied by lesser responses among CD8™ T
cells, which is a profile not observed with many other vaccine types. The provided materials
and methods can also beneficially result in modestly reduced IFNy production among
responding T cells, which may be desired under circumstances related to, e.g., infectious

diseases or cancers.

Recombinant Polynucleotides

[0045] In one aspect, a recombinant polynucleotide is disclosed. The recombinant
polynucleotide provides surprising improvements in inducing an immune response in a
subject. For example, the disclosed recombinant polynucleotide can advantageously improve

the memory effects of the induced immune response as discussed in further detail herein.
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[0046] As used herein, the terms “polynucleotide” and “nucleic acid” refer to
deoxyribonucleic acids (DNA) or ribonucleic acids (RNA) and polymers thereof. The term
includes, but is not limited to, single-, double-, or multi-stranded DNA or RNA, genomic
DNA, cDNA, and DNA-RNA hybrids, as well as other polymers comprising purine and/or
pyrimidine bases or other natural, chemically modified, biochemically modified, non-natural,
synthetic, or derivatized nucleotide bases. Unless specifically limited, the term encompasses
nucleic acids containing known analogs of natural nucleotides that have similar binding
properties as the reference nucleic acid. Unless otherwise indicated, a particular nucleic acid
sequence also implicitly encompasses conservatively modified variants thereof, e.g,
degenerate codon substitutions, homologs, and complementary sequences as well as the
sequence explicitly indicated. Specifically, degenerate codon substitutions can be achieved by
generating sequences in which the third position of each of one or more, e.g., all, selected
codons is independently substituted with mixed-base and/or deoxyinosine residues (Batzer et
al., 19 Nucleic Acid Res. 5081 (1991); Ohtsuka et al.,, 260 J. Biol. Chem. 2605 (1985);
Rossolini et al., 8 Mol. Cell. Probes 91 (1994)).

[0047] As used herein, the term “recombinant polynucleotide” refers to a polynucleotide
that has been modified by the introduction of a heterologous nucleic acid or protein sequence,
or by the alteration of a native nucleic acid or protein sequence. For example, recombinant
polynucleotides contain nucleic acid sequences that are not found within the native (non-

recombinant) form of the polynucleotide.

[0048] The recombinant polynucleotide includes a first nucleic acid sequence and a second
nucleic acid sequence. The first nucleic acid sequence of the recombinant polynucleotide
encodes an antigen. The second nucleic acid sequence of the recombinant polynucleotide
encodes an enzyme of an amino acid catabolic pathway. In some embodiments, the
recombinant polynucleotide is bicistronic, e.g., the polynucleotide has two loci, i.e., nucleic
acid sequences, each encoding a separate protein, such that the polynucleotide enables
simultaneous expression of the two proteins. In some embodiments, the recombinant
polynucleotide is tricistronic, e.g., having three loci each encoding a separate protein. In some
embodiments, the recombinant polynucleotide is multicistronic, e.g., having four loci, five
loci, six loci, seven loci, eight loci, nine loci, ten loci, or more than ten loci, each encoding a

separate protein.
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Amino acid catabolic pathway enzymes

[0049] The provided recombinant polynucleotide includes at least one nucleic acid
sequence encoding an enzyme of an amino acid catabolic pathway. In some embodiments,
the recombinant polynucleotide includes two nucleic acid sequences that each independently
encode an enzyme of an amino acid catabolic pathway. In some embodiments, the
recombinant polynucleotide includes more than two nucleic acid sequences, e.g., more than
three nucleic acid sequences, more than four nucleic acid sequences, more than five nucleic
acid sequences, more than six nucleic acid sequences, more than seven nucleic acid
sequences, more than eight nucleic acid sequences, more than nine nucleic acid sequences, or
more than ten nucleic acid sequences that each independently encode an enzyme of an amino

acid catabolic pathway.

[0050] As used herein, the term “nucleic acid sequence” refers to a segment of DNA,
which in some embodiments may be a gene or a portion thereof, that is involved in producing
a peptide chain, e.g., an amino acid catabolic pathway enzyme or an antigen. A gene will
generally include regions, e.g., leaders and trailers, preceding and following the coding
region and involved in the transcription and/or translation of the gene product. A gene can
also include intervening sequences, e.g., introns, between individual coding segments, e.g.,
exons. Leaders, trailers, and introns can include regulatory elements that are necessary during
the transcription and the translation of a gene. Such regulatory elements include, for example,
promoters, terminators, translational regulatory sequences such as ribosome binding sites and
internal ribosome entry sites, enhancers, silencers, insulators, boundary elements, replication

origins, matrix attachment sites, and locus control regions, etc.

[0051] The immunoregulatory effects of amino acid-catabolizing enzymes rely on the
depletion of specific amino acids in the microenvironment (preventing, e.g., proliferation of
effector T cells requiring those amino acids) and/or downstream generation of biologically
active metabolites. Each degradative pathway is characterized by a rate-limiting enzyme,
whose expression is normally subjected to strict regulation but which can be expressed in the
context of a vaccine, as provided herein, to limit effector and shape memory T-cell responses.
For example, indoleamine 2.3-dioxygenase 1 (IDO1) and arginase 1 (ARG1) limit the
catabolism of L- tryptophan (Trp) and L-arginine (Arg), respectively (G. Mondanelli, S.
Ugel, U. Grohmann & V. Bronte, 35 Curr. Opin. Pharmacol. 30 (2017)). Natural

immunoregulatory mechanisms can work via induction of these enzymes. For example,
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transforming growth factor B (TGF-B), an immunosuppressive cytokine, promotes the
sequential activation of ARG1 and IDO1 thus inducing a potent immunoregulatory

phenotype in dendritic cells (G. Mondanelli et al., 46 Immunity 233 (2017)).

[0052] In some embodiments, a nucleic acid sequence, e.g., the second nucleic acid
sequence, of the provided recombinant polynucleotide encodes an enzyme of an L-trytophan
catabolic pathway. In the case of tryptophan catabolism, three distinct enzymes are capable of
catalyzing the rate-limiting step: tryptophan 2,3-dioxygenase (TDQO), IDO1, and the IDO1
paralogue indoleamine 2,3-dioxygenase 2 (IDO2). In some embodiments, the recombinant
polynucleotide includes a nucleic acid sequence encoding tryptophan 2,3-dioxygenase or a
paralogue or isoform thereof. In some embodiments, the recombinant polynucleotide includes
a nucleic acid sequence encoding indoleamine 2,3-dioxygenase 1 or an isoform thereof. In
some embodiments, the recombinant polynucleotide includes a nucleic acid sequence
encoding indoleamine 2,3-dioxygenase 2 or an isoform thereof. In some embodiments, the
recombinant polynucleotide includes a nucleic acid sequence encoding tryptophan 2.3-
dioxygenase or a paralogue or isoform thereof, and a nucleic acid sequence encoding

indoleamine 2,3-dioxygenase or a paralogue or isoform thereof.

[0053] Tryptophan catabolism leads to Trp starvation (resulting in inhibited replication of
immune cells in the vicinity), production of metabolites collectively known as kynurenines,
and synthesis of nicotinamide adenine dinucleotide (NAD+) (R. Schwarz, 4 Curr. Opin.
Pharmacol. 12 (2004)). These effects have downstream impacts on immune responses
occurring concomitantly with Trp catabolism, including conversion of effector T helper cells
into regulatory T cells (F. Fallarino et al., 4 Nat. Immunol. 1206 (2003)), a type of memory T
cell, and blockade of the conversion of Treg into pro-inflammatory type 17 Th (Th17) cells
(B. Baban et al, 183 J. Immunol. 2475 (2009)). Some of the mechanisms of these and other
immunoregulatory effects have been elucidated. For example, Trp deprivation results in an
elevated level of uncharged Trp tRNA, which in turn activates an integrated stress response
mediated by the general control nonderepressible 2 (GCN2) kinase, phosphorylation of the
translation initiation factor 2 (elF2a), and consequent reduced protein synthesis. GCN2
activation can trigger differentiation, compensatory adaptation, cell-cycle arrest, or apoptosis,
depending on the cell type (K. Pakos-Zebrucka et al., 17 EMBO Rep 1374 (2016)). In T
lymphocytes, sufficient GCN2 activation induced by IDO1+ dendritic cells leads to
proliferative arrest and anergy (D.H. Munn et al., 22 Immunity 633 (2005)). These effects, in

turn, alter the balance of resulting immune responses, with florid inflammatory responses of
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the kind thought to be harmful in HIV infection inhibited. Kyn, the direct IDO1 product, and
kynurenic acid can activate the arylhydrocarbon receptor (AhR). When activated in immune
cells (either dendritic cells or T lymphocytes), AhR mediates immunoregulatory responses
favoring Treg cell generation and production of anti-inflammatory cytokines (M. Jaronen &
F.J. Quintana, 5 Front. Immunol. 521 (2014); B. Stockinger, P. Di Meglio, M. Gialitakis &
J.H. Duarte, 32 Annu. Rev. Immunol. 403 (2014)).

[0054] The signaling pathways that regulate T-cell metabolic reprogramming have been the
subject of intense research in the past decade. mTOR is an evolutionarily conserved ser/thr
kinase that, in T cells, integrates nutrient sensing and antigen-receptor signaling (R.J.
Salmond & R. Zamoyska, 41 Eur. J. Immunol. 2137 (2011); R.J. Salmond & R. Zaoyska, 9
Cell Cycle 2952 (2010)). mTOR forms two main signaling complexes, mTORC1 and
mTORC?2, that differ in their sensitivity to the macrolide inhibitor rapamycin. mTORC1
activity is regulated by intracellular amino acids, such as tryptophan, via the nutrient-sensing
Rag GTPases (R.L. Wolfson & D.M. Sabatini, 26 Cell Metab. 301 (2017)). Upon TCR
stimulation, T cells upregulate the expression of plasma membrane transporters that enable
the uptake of amino acids such as leucine and glutamine from the extracellular environment,
which in turn sustain mTORC1 activation. Whilst the anti-proliferative and
immunosuppressive properties of rapamycin have been known for decades, recent studies
determined that mTOR activity also influences T cell effector-memory cell fate decisions in
vivo (K. Araki et al., 460 Nature 108 (2009)). Specifically, rapamycin treatment and mTOR
inhibition enhanced the quantity and quality of virus-specific CD8" memory T cells in mice
and macaques. Consistent with these findings, activation of the AMPKI1 pathway via
metformin or via glucose-deprivation restrains mTOR activity (J. Rolf et al., 43 Eur. J.
Immunol. 889 (2013); E.L. Pearce et al., 460 Nature 103 (2009)) and enhances T cell

memory.

[0055] Like rapamycin, indoleamine 2,3-dioxygenase activity and resulting tryptophan
depletion inhibit mTOR activity. Trp depletion caused by IDO leads to an accumulation of
uncharged Trp-tRNA in cells. This accumulation activates the integrated stress response
kinase, GCN2, which then phosphorylates and inhibits the translation initiation factor 2a
(elF2a), blocking protein synthesis and arresting cell growth (D.H. Munn et al., 22 Immunity
633 (2005)). Notably, the genetic or pharmacological manipulation of GCN2 in T cells
phenocopies the effect of IDO-targeted manipulation (D.H. Munn et al., 22 Immunity 633
(2005); M.S. Sundrod et al., 324 Science 1334 (2009)). Recent findings indicate that cells
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employ different signaling pathways to monitor the depletion of essential amino acids such as
Trp, resulting eventually in inhibition of the master metabolic regulator, mTOR (K. Inoki, J.
Kim & K.L. Guan, 52 Annu. Rev. Pharmacol. Toxicol. 381 (2012)). IDO-mediated Trp
depletion thus provides a molecular signal to flip the mTOR-controlled switch away from
glycolysis and to fatty-acid oxidation and long-term memory. By analogy to the mTOR-
inhibitory agent, rapamycin, IDO drives memory T cell differentiation by controlling Trp
sufficiency signals that converge to diminish mTOR activity, diverting activated cells away

from short-lived, inflammatory, effector responses.

[0056] IDOI does not merely degrade Trp and produce kynurenines, but it also acts as a
signal-transducing molecule, an effect that leads to long-term expression of IDO1 in dendritic
cells and to immune responses with an altered character in vivo (M. T. Pallotta et al., 12 Nat
Immunol 870 (2011)). IDO1's signaling function relies on the presence of two
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in the small domain of IDO1 (E.
Albini et al,, 21 J. Cell. Mol. Med. 165 (2016); C. Orabona, 105 Proc. Natl. Adad. Sci. U.S A.
20828 (2008)). In response to transforming growth factor f (TGF-B), IDO1 ITIMs are
tyrosine phosphorylated by Src kinases, creating docking sites for binding and activation of
SHP-1 and SHP-2 tyrosine phosphatases. These enzymes in turn dephosphorylate the IRAK
kinase, shifting the balance of NF-«kB signaling from the canonical, inflammatory pathway to

the noncanonical, anti-inflammatory one.

[0057] In some embodiments, a nucleic acid sequence, e.g., the second nucleic acid
sequence, of the provided recombinant polynucleotide encodes an enzyme of an L-arginine
catabolic pathway. Arginine is a conditionally essential amino acid, meaning that its
endogenous production in normal conditions is sufficient to fulfill demand, but in catabolic
stress conditions the demand increases to such a level that endogenous production is
insufficient R. Barazzoni et al., 303 Am. J. Physiol. Endocrinol. Metab. E1177 (2012); G. Wu
& S.M. Morris Jr., 336-1 Biochem. J. 1 (1998)). Quickly proliferating cells such as cancer
cells and responding immune cells can become highly dependent on the extracellular supply

of arginine (G. Wu & S.M. Morris Jr,, 336-1 Biochem. J. 1 (1998)).

[0058] The major arginine-degrading enzymes are the isoforms of nitric oxide (NO)
synthase (NOS1-3) and arginase 1 and 2 (ARGI and ARG2). In some embodiments, the
recombinant polynucleotide includes a nucleic acid sequence encoding nitric oxide synthase

1 or a paralogue thereof. In some embodiments, the recombinant polynucleotide includes a

18



10

15

20

25

30

WO 2022/006424 PCT/US2021/040132

nucleic acid sequence encoding nitric oxide synthase 2 or a paralogue thereof. In some
embodiments, the recombinant polynucleotide includes a nucleic acid sequence encoding
nitric oxide synthase 3 or a paralogue thereof. In some embodiments, the recombinant
polynucleotide includes a nucleic acid sequence encoding arginase 1 or a paralogue thereof.
In some embodiments, the recombinant polynucleotide includes a nucleic acid sequence
encoding arginase 2 or a paralogue thereof. In some embodiments, the recombinant
polynucleotide includes a nucleic acid sequence encoding nitric oxide synthase 2 or a
paralogue or isoform thereof, and a nucleic acid sequence encoding arginase 1 or a paralogue

or isoform thereof.

[0059] The three NOS isozymes catalyze the same reaction but have different distribution
and regulation (C. Bogdan, 2 Nat. Immunol. 907 (2001)). NOSI1 (also known as the neuronal
form) and NOS3 (known as the endothelial form) are constitutive enzymes, whereas NOS2
(referred as inducible NOS; iNOS) is induced by pro-inflammatory cytokines and microbial
products. The metabolism of Arg by NOS generates NO, a relatively stable gas that diffuses
through the lipid membrane and acts as signaling molecule. Myeloid cells, including
macrophages, dendritic cells, and myeloid derived suppressor cells, express ARGI in
response to Th2-type cytokines, cyclic AMP, toll-like receptor agonists and several tumor-
derived soluble factors, such as IL-6 and TGF-f M. Munder, 158 Br. J. Pharmacol. 638
(2009); R. Noy & J.W. Pollard, 41 Immunity 49 (2014)). In humans, ARG1 is constitutively
present in an inactive form in the granular compartment of polymorphonuclear neutrophils,
where it becomes activated upon extracellular release during inflammation (R. Rotondo et al.,
89 J. Leukoc. Biol. 721 (2011)). When Arg is limiting in the microenvironment, T
lymphocytes lose CD3 zeta chain expression, which is required to transduce their primary
activating signal, and become unable to proliferate (P.C. Rodriguez, D.G. Quicenero & A.C.
Ochoa, 109 Blood 1568 (20006)). In addition to the effects of Arg starvation, the metabolites
originated from its breakdown, particularly polyamines, have immunoregulatory properties
including attenuation of proinflammatory-cytokine production and activation of Trp
catabolism (Y.H. Choi & H.Y Park, 19 J. Biomed. Sci. 31 (2012); G. Mondanelli, S. Ugel, U.
Grohmann & V. Bronte, 35 Curr. Opin. Pharmacol. 30 (2017); G. Mondanelli et al., 46
Immunity 233 (2017)). Specifically, spermidine, through activation of the Src kinase,
promotes the phosphorylation of IDO1 and thus favors the initiation of immunoregulatory
signaling events in dendritic cells, creating a self-sustaining circuitry responsible for long-

term immunoregulation (G. Mondanelli et al., 46 Immunity 233 (2017)).
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[0060] Enzymes involved in the metabolism of arginine and tryptophan, such as inducible
NO synthase and IDO, can additionally regulate B cell survival and proliferation, respectively
(A.S. Saini, G.N. Shenoy, S. Rath, V. Bal & A. George, 15 Nat. Immunol. 275 (2014), R.
Shinde et al., 195 J. Immunol. 2374 (2015)). Such regulation leads to an altered balance
between B-cell and T-cell responses to an immunogen, depending on presentation of an

immunogen in the presence of Trp and/or Arg catabolism.

[0061] In some embodiments, a nucleic acid sequence, e.g., the second nucleic acid
sequence, of the provided recombinant polynucleotide encodes interleukin 4-induced gene 1
or a paralogue or isoform thereof. IL-4-induced gene-1 (IL4I1), initially isolated from mouse
B lymphocytes, is limited in expression to primarily immune tissues and genetically maps to
a region of susceptibility to autoimmune disease. The predicted IL4I1 protein (IL411)
sequence i1s most similar to apoptosis-inducing protein and Apoxin I, both L-amino acid
oxidases (LAAOQO; Enzyme Commission 1.4.3.2). IL4I1 has the unique property of being most
active at acidic pH (pH 4), suggesting it may reside preferentially in lysosomes. IL411 is N-
linked glycosylated, a requirement for lysosomal localization. Confocal microscopy of cells
expressing IL4I1 translationally fused to red fluorescent protein demonstrated that IL4I1
colocalized with GFP targeted to lysosomes and with acriflavine, a green fluorescent dye that
is taken up into lysosomes. Thus, IL4I1 is a unique mammalian LAAOQO targeted to lysosomes,

an important subcellular compartment involved in Ag processing.

[0062] The secreted IL4I1 enzyme catabolizes the essential amino acid phenylalanine and,
to a lesser extent, the semi-essential amino acid arginine, to produce the corresponding a-keto
acids (phenylpyruvate and 2-oxo-5-guanidinovaleric acid, respectively), hydrogen peroxide
(H202), and ammonia (NH3) (M.-L. Boulland et al., 110 Blood 220 (2007); V. Moliner-
Frenkel, D. Mestivier & F. Castellano, 17 Genes Immun. 148 (2016)). IL4I1 is induced in
human monocytes after stimulation by proinflammatory stimuli such as IFNy or TLR ligands
and in B cells after stimulation with IL-4 (J. Marquet et al., 40 Eur. J. Immunol. 2557 (2010);
C.C. Chu & WE. Paul, 94 Proc. Natl. Adad. Sci. U.S.A. 2507 (1997)). The first data
published on the immunoregulatory properties of IL4I1 indicate that it inhibits T cell
activation and proliferation in vifro and in vivo, partially through H2O2 production (M.-L.
Boulland et al., 110 Blood 220 (2007); F. Lasoudris et al., 41 Eur. J. Immunol. 1629 (2011)).
ILA4I1 drives the polarization of mouse macrophages toward an M2 phenotype (Y. Yue et al ,
10 PLoSOne 0142979 (2015)).
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[0063] Stable lines expressing IL4I1 are not be easily obtained, due to toxic effects of the
protein; therefore, repressible expression may be needed for inclusion into vaccine vectors.

Alternatively, a DNA-based vaccine including the enzyme coding sequence could be used.

[0064] In some embodiments, at least one of the one or more nucleic acid sequences
encoding an amino acid catabolic pathway enzyme is a nucleic acid sequence encoding an

amino acid oxidase, e.g., an L-amino acid oxidase.

Antigens

[0065] The provided recombinant polynucleotide includes at least one nucleic acid
sequence encoding an antigen. In some embodiments, the recombinant polynucleotide
includes two nucleic acid sequences that each independently encode an antigen. In some
embodiments, the recombinant polynucleotide includes more than two nucleic acid
sequences, e.g., more than three nucleic acid sequences, more than four nucleic acid
sequences, more than five nucleic acid sequences, more than six nucleic acid sequences, more
than seven nucleic acid sequences, more than eight nucleic acid sequences, more than nine
nucleic acid sequences, or more than ten nucleic acid sequences that each independently

encode an antigen.

[0066] As used herein, the term “antigen” refers to a molecule, or a portion thereof, that is
capable of inducing an immune response, €.g., an immune response in a subject. While in
many instances an immune response involves the production of an antibody that targets or
specifically binds to the antigen, as used herein the term “antigen” also refers to molecules
that induce immune responses other than those that specifically involve the production of an
antibody that targets the antigen. For example, an antigen can induce a cell-mediated immune
response involving expansion of T cells that target antigen-derived peptides presented on the
surface of target cells. In particular embodiments, the antigens of the invention are derived
from pathogens, such that the immune response of the subject provides immune protection
against the pathogen. In particular embodiments, the pathogen is a virus, such as SARS-CoV-

2.

[0067] In some embodiments, a nucleic acid sequence, e.g., the first nucleic acid sequence,
of the provided recombinant polynucleotide encodes a viral nucleoprotein antigen. In some
embodiments, a nucleic acid sequence, e.g., the first nucleic acid sequence, of the

recombinant polynucleotide encodes a secreted protein antigen.
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[0068] In some embodiments, a nucleic acid sequence, e.g., the first nucleic acid sequence,
of the provided recombinant polynucleotide encodes an infectious disease antigen. The
infectious disease antigen encoded by the provided recombinant polynucleotide can include,
for example, a bacterial antigen, a viral antigen, a fungal antigen, a protozoal antigen, a

helminthic antigen, or a combination thereof.

[0069] In some embodiments, a nucleic acid sequence, e.g., the first nucleic acid sequence,
of the provided recombinant polynucleotide encodes a viral antigen. The viral antigen can
include, for example, a severe acute respiratory syndrome coronavirus (SARS-CoV) antigen,
a severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antigen, a Middle East
respiratory syndrome coronavirus (MERS-CoV) antigen, a simian immunodeficiency virus
(SIV) antigen, a human immunodeficiency virus (HIV) antigen, a hepatitis C virus antigen, a
herpes simplex virus antigen, an Epstein-Barr virus antigen, a cytomegalovirus antigen, an

influenza virus antigen, or a combination thereof.

[0070] In some embodiments, the infectious disease antigen encoded by the provided
recombinant polynucleotide includes an SIV group-specific antigen (gag) protein, an HIV
gag protein, or a combination thereof. As used herein, the term “group-specific antigen” or
“gag” refers to a protein encoded by a retroviral gag gene. Gag genes encode the core
structural proteins of retroviruses. For example, in human immunodeficiency virus (HIV), the
gag gene encodes a gag polyprotein precursor (Pr559%), which is subsequently
proteolytically processed into the p17 matrix protein (MA), the p24 capsid protein (CA), the
p7 nucleocapsid protein (NC), the SP1 and SP2 spacer peptides, and the p6 polypeptide that
is located at the N-terminus of the gag polyprotein. In the closely related simian
immunodeficiency viruses (SIV), the gag gene similarly encodes a gag polyprotein precursor,
which is subsequently proteolytically processed into proteins having similar molecular
weights to their HIV equivalents. Non-limiting examples of HIV and SIV gag protein

sequences are set forth under UniProt reference numbers P04591 and P89153, respectively.

[0071] In some embodiments, a nucleic acid sequence, e.g., the first nucleic acid sequence,
of the provided recombinant polynucleotide encodes a bacterial disease antigen. The bacterial
disease antigen can originate from, for example, Mycobacterium tuberculosis, Borrelia
burgdorferi, Brucella abortus, Listeria monocytogenes, Chlamydia trachomatis, Coxiella

burnetii, Salmonella enterica, Francisella tularensis, or Rickettsia spp.
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[0072] In some embodiments, a nucleic acid sequence, e.g., the first nucleic acid sequence,
of the provided recombinant polynucleotide encodes a protozoal disease antigen. The
protozoal disease antigen can originate from, for example, Plasmodium falciparum or

Toxoplasma gondii.

[0073] In some embodiments, a nucleic acid sequence, e.g., the first nucleic acid sequence,
of the provided recombinant polynucleotide encodes a tumor-associated antigen. A tumor-
associated antigen (TAA) can be derived from any cancer cell. TAAs include, but are not
limited to, products of mutated oncogenes and mutated tumor suppressor genes,
overexpressed or aberrantly expressed cellular proteins, antigens that are produced by
oncogenic viruses, oncofetal antigens, altered cell surface glycolipids and glycoproteins,
antigens that are aberrantly processed in tumor cells for presentation on MHC molecules, and
antigens that are tumor cell type-specific. In some embodiments, a TAA is one that newly
arises in a tumor, e.g., a subject’s tumor. Such neoantigens can arise, for example, as a
consequence of a tumor-specific mutation. In some embodiments, a TAA is a cell surface
protein, e.g., a protein that is normally present on the surface of a cell, or a portion thereof,

that is altered as a consequence of a mutation in a gene encoding the cell surface protein.

[0074] Non-limiting examples of TAAs include the melanoma-associated antigens
(MAGESs). MAGE proteins contain a conserved domain that is about 200 amino acids in
length and is usually located near the C-terminal end of the protein, although the conserved
domain is located closer to the central portion of some MAGE proteins. Human MAGE
proteins include MAGEA1, MAGEA2, MAGEA2B, MAGEA3, MAGEA4, MAGEAS,
MAGEA6, MAGEA7P, MAGEAS, MAGEA9, MAGEA9B, MAGEA10, MAGEAII,
MAGEA12, MAGEA13P, MAGEBI, MAGEB2, MAGEB3, MAGEB4, MAGEBS,
MAGEB6, MAGEB10, MAGEB16, MAGEB17, MAGEBI8, MAGECI, MAGEC2,
MAGEC3, MAGEDI, MAGED2, MAGED3 (also known as “trophin” or “TRO”),
MAGED4, MAGED4B, MAGEE1, MAGEE2, MAGEF1, MAGEEG! (also known as
“NSMCE3”), MAGEHI1, MAGEL2, and NDN. Additional non-limiting examples of TAAs
that are useful for methods of the present invention include NY-ESO-1 and prostate-specific

antigen (PSA).

Other Recombinant Polynucleotide Features

[0075] In some embodiments, the first nucleic acid sequence of the provided recombinant

polynucleotide, e.g., the nucleic acid sequence encoding an antigen, is codon optimized. In
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some embodiments, the second nucleic acid sequence of the provided recombinant
polynucleotide, e.g., the nucleic acid sequence encoding an enzyme of an amino acid
catabolic pathway, is codon optimized. In some embodiments, the first nucleic acid sequence

and the second nucleic acid sequence of the recombinant polynucleotide are codon optimized.

[0076] As used herein, the terms “codon optimized” and “codon optimization” refer to
altering a nucleic acid sequence, without changing the encoded amino acid sequence, in such
a way that codon bias, i.e., the preferential use of particular codons that can vary between
species, is reduced or rebalanced. In some embodiments, codon optimization increases
translational efficiency, e.g., of an antigen or amino acid catabolic pathway enzyme. As a
non-limiting example of codon optimization, leucine is encoded by six different codons,
some of which are rarely used. By rebalancing codon usage, e.g., within a reading frame,
preferred leucine codons can be selected over rarely used codons. The nucleic acid sequence
encoding the protein of interest is altered such that the rarely used codons are converted to
preferred codons. Codon optimization can also be used, for example, to modulate GC
content, e.g., to increase mRNA stability or reduce secondary structure, or to otherwise
minimize codons that may result in stretches of sequence that impair expression of the protein
of interest. Rare codons, for example, can be defined and targeted for alteration through
codon optimization by using a codon usage table derived from the sequenced genome of a
host species, i.e., the species in which the provided recombinant polynucleotide will be
expressed. See, e.g., the codon usage table obtained from Kazusa DNA Research Institute,
Japan used in conjunction with software, e.g., “Gene Designer 2.0” software, from DNA 2.0

at a cut-off threshold of 15%.

[0077] In some embodiments, the provided recombinant polynucleotide includes at least
one promoter sequence. In some embodiments, the recombinant polynucleotide includes a
promoter sequence promoting transcription of the first nucleic acid sequence of the
polynucleotide. In some embodiments, the recombinant polynucleotide includes a promoter
sequence promoting transcription of the second nucleic acid sequence of the polynucleotide.
In some embodiments, the recombinant polynucleotide includes a first promoter sequence
promoting transcription of the first nucleic acid sequence, and a second promoter sequence
promoting transcription of the second nucleic acid sequence. In some embodiments, the
recombinant polynucleotide includes a promoter sequence that promotes transcription of both

the first nucleic acid sequence and the second nucleic acid sequence.
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[0078] At least one promoter of the recombinant polynucleotide can be, for example, a
constitutive promoter, e.g., a constitutive mammalian promoter. A non-limiting example of a
constitutive mammalian promoter suitable for use with the provided recombinant
polynucleotide is EFla (Wang et al., 21 J. Cell Mol. Med. 3044 (2017); Edmonds et al., 109
J. Cell Sci. 2705 (1996)). Useful promoters can also be derived from viruses or any other
organism, e.g., prokaryotic or eukaryotic organisms. Promoters can also be inducible, i.e.,
capable of responding to environmental factors and/or external stimuli that can be artificially
controlled. Additional non-limiting examples of promoters include unmodified and modified
bacterial T7 promoters such as the EM7 promoter; RNA polymerase II promoters such as
pGAL7 and pTEF1; RNA polymerase III promoters such as RPR-tetO, SNR52, and tRNA-
tyr; the SV40 early promoter, mouse mammary tumor virus long terminal repeat (LTR)
promoter; adenovirus major late promoter (Ad MLP); a herpes simplex virus (HSV)
promoter; a cytomegalovirus (CMV) promoter such as the CMV immediate early promoter
region (CMVIE); a rous sarcoma virus (RSV) promoter; a human U6 small nuclear promoter

(U6); an enhanced U6 promoter; and a human H1 promoter (H1).

[0079] In some embodiments, the provided recombinant polynucleotide includes at least
one internal ribosomal entry site sequence. In some embodiments, the provided recombinant
polynucleotide includes two or more, e.g., three, four, five, six, seven, eight, nine, ten, or

more than ten internal ribosomal entry site sequences.

[0080] In some embodiments, the provided recombinant polynucleotide includes at least
one polyadenylation sequence. In some embodiments, the provided recombinant
polynucleotide includes two or more, e.g., three, four, five, six, seven, eight, nine, ten, or
more than ten polyadenylation sequences. Suitable polyadenylation sequences and
terminators that can be part of the recombinant polynucleotide include, but are not limited to,
SV40, hGH, BGH, rbGlob SNR52, and RPR polyadenylation and terminator sequences.
Additionally, various primer binding sites can be incorporated into a vector to facilitate

vector cloning, sequencing, genotyping, and the like.

[0081] In some embodiments, the provided recombinant polynucleotide is circular. In some

embodiments, the provided recombinant polynucleotide is linear.

[0082] In some embodiments, the provided recombinant polynucleotide includes at least
one selectable marker. A selectable marker is useful, for example, when a polynucleotide of

the present invention is being recombinantly modified, especially when it is desirable to
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screen a population of modified polynucleotides, e.g., using bacterial, yeast, plant, or animal
cells, for those that have incorporated the desired modification(s). Whether the
polynucleotide is recombinantly modified within a cell, e.g., a bacterial cell, for example
using Red/ET recombination, or is recombinantly modified and subsequently introduced into
a cell, e.g., a bacterial, yeast, plant, or animal cell, for screening, the selectable marker can be
used to identify which cells contain polynucleotides that have incorporated a modification of
interest. Taking antibiotic resistance genes as an example of a selectable marker, treating the
cells that contain the recombinant polynucleotides with the antibiotic will identify which cells
contain recombinant polynucleotides that have incorporated the antibiotic resistance gene,
i.e.,, which cells survive after antibiotic treatment through incorporation of the antibiotic
resistance gene. If desired, the recombinant polynucleotides can be further screened, e.g.,
purified from the cells, amplified, and/or sequenced, in order to verify that the desired
modification has been recombinantly introduced into the polynucleotide at the correct

position.

[0083] When the selectable marker of the provided recombinant polynucleotide is an
antibiotic resistance gene, the gene can confer resistance to, for example, chloramphenicol,
phleomycin, ampicillin, kanamycin, tetracycline, or another appropriate antibiotic that will be
known to one of skill in the art. In some embodiments, a selectable marker is used that
produces a visible phenotype, such as the color of an organism or population of organisms.
As a non-limiting example, the phenotype can be examined by growing the organisms, e.g.,
cells or other organisms that contain the recombinant polynucleotide, and/or their progeny
under conditions that result in a phenotype, wherein the phenotype may not be visible under

ordinary growth conditions.

[0084] In some embodiments, the selectable marker used for identifying cells that contain
the provided recombinant polynucleotide is a fluorescently tagged protein, a chemical stain, a
chemical indicator, or a combination thereof. In some embodiments, the selectable marker
responds to a stimulus, a biochemical agent, or a change in environmental conditions. In
some instances, the selectable marker responds to the concentration of a metabolic product, a
protein product, a drug, a cellular phenotype of interest, a cellular product of interest, or a

combination thereof.

[0085] The size of the provided recombinant polynucleotide will depend on, among other

factors, the particular antigen(s) and catabolic enzyme pathway enzyme(s) encoded by
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nucleic acid sequences of the polynucleotide, the presence and choice of regulatory
sequences and/or expression vectors, e.g., viral vectors, etc. The recombinant polynucleotide
can have a length, for example, between 1 kilobase and 300 kilobases, e.g., between 1
kilobase and 31 kilobases, between 1.8 kilobases and 54 kilobases, between 3.1 kilobases and
96 kilobases, between 5.5 kilobases and 170 kilobases, or between 9.8 kilobases and 300
kilobases. In terms of upper limits, the recombinant polynucleotide can have a length less
than 300 kilobases, e.g., less than 170 kilobases, less than 96 kilobases, less than 54
kilobases, less than 31 kilobases, less than 17 kilobases, less than 9.8 kilobases, less than 5.5
kilobases, less than 3.1 kilobases, or less than 1.8 kilobases. In terms of lower limits, the
recombinant polynucleotide can have a length greater than 1 kilobase, e.g., greater than 1.8
kilobases, greater than 3.1 kilobases, greater than 5.5 kilobases, greater than 9.8 kilobases,
greater than 17 kilobases, greater than 54 kilobases, greater than 96 kilobases, or greater than
170 kilobases. Longer lengths, e.g., greater than 300 kilobases, and shorter lengths, e.g., less

than 1 kilobase, are also contemplated.

Viral Particles

[0086] In another aspect, a viral particle is disclosed. The provided viral particle includes
any of the recombinant polynucleotides disclosed herein and described in further detail
above. In some embodiments, the viral particle includes a recombinant polynucleotide having
a first nucleic acid sequence encoding an antigen, and a second nucleic acid sequence
encoding an enzyme of an amino acid catabolic pathway. In some embodiments, the viral
particle is one that replicates in and/or is released from an infected, transfected, or

transformed host cell.
Host Cells

[0087] In another aspect, a host cell is disclosed. The provided host cell includes any of the
recombinant polynucleotides disclosed herein and described in further detail above. In some
embodiments, the host cell includes a recombinant polynucleotide having a first nucleic acid
sequence encoding an antigen, and a second nucleic acid sequence encoding an enzyme of an

amino acid catabolic pathway.

[0088] In some embodiments, the host cell includes a recombinant polynucleotide as
disclosed herein and/or a viral particle as disclosed herein. In some embodiments, the host
cell has been transfected or transformed by a provided recombinant polynucleotide. In some

embodiments, the host cell has been infected by a provided viral particle of the present
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invention. In some embodiments, the host cell includes a plurality of provided recombinant
polynucleotides and/or provided viral particles. In some embodiments, the host cell includes a
plurality of different recombinant polynucleotides and/or viral particles. In some

embodiments, a viral particle as disclosed herein is replicating inside the provided host cell.

[0089] The host cell can be any cell of interest. The cell can be a cell from any organism,
e.g., a bacterial cell, a cell of a single-cell eukaryotic organism, the cell of a multicellular
eukaryotic organism, a plant cell (e.g., a rice cell, a wheat cell, a tomato cell, an Arabidopsis
thaliana cell, a Zea mays cell and the like), an animal cell, a cell from an invertebrate animal
(e.g., fruit fly, cnidarian, echinoderm, nematode, and the like), a cell from a vertebrate animal
(e.g., fish, amphibian, reptile, bird, mammal, and the like), a cell from a mammal, a cell from
a human, a cell from a healthy human, a cell from a human patient, or a cell from a cancer
patient. In some cases, the host cell can be transplanted to a subject. In some embodiments,

the cell is derived from the subject to be treated.

[0090] Furthermore, the cell can be a stem cell, e.g., embryonic stem cell, induced
pluripotent stem cell, adult stem cell, mesenchymal stem cell, neural stem cell, hematopoietic
stem cell, or organ stem cell. The cell can be a progenitor cell, a somatic cell, fibroblast,
epithelial cell, endothelial cell, heart cell, liver cell, pancreatic cell, muscle cell, skin cell,
blood cell, neural cell, immune cell, and any other cell of the body, e.g., human body. The
cell can be a primary cell or a primary cell culture derived from a subject, e.g., an animal
subject or a human subject, and allowed to grow in vitro for a limited number of passages.
The cell can be a healthy cell or a diseased cell. In some embodiments, the host cell is a
fibroblast, e.g., telomerized fibroblast. In particular embodiments, a provided recombinant

polynucleotide and/or provided viral particle is purified from the host cell.

Pharmaceutical Compositions

[0091] In another aspect, a pharmaceutical composition is disclosed. The provided
pharmaceutical composition includes any of the recombinant polynucleotides disclosed
herein and described in further detail above. In some embodiments, the viral particle includes
a recombinant polynucleotide having a first nucleic acid sequence encoding an antigen, and a

second nucleic acid sequence encoding an enzyme of an amino acid catabolic pathway.

[0092] In some embodiments, the provided pharmaceutical composition further includes a
pharmaceutically acceptable carrier. In some embodiments, the provided pharmaceutical

composition further includes a pharmaceutically acceptable excipient. In some embodiments,
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the provided pharmaceutical composition includes a pharmaceutically acceptable carrier and

a pharmaceutically acceptable excipient.

[0093] The terms “pharmaceutically acceptable carrier” and “pharmaceutically acceptable
excipient” refer to substances that aid the administration of an active agent to a cell, an
organism, or a subject. A carrier or excipient can be included in the provided pharmaceutical
compositions of the invention if causing no significant adverse toxicological effect on the
patient. Non-limiting examples of pharmaceutically acceptable carriers include water, sodium
chloride (NaCl), normal saline solutions, lactated Ringer’s, normal sucrose, normal glucose,
binders, fillers, disintegrants, lubricants, coatings, sweeteners, flavors and colors, liposomes,
dispersion media, microcapsules, cationic lipid carriers, isotonic and absorption delaying
agents, and the like. The pharmaceutically acceptable carrier can comprise or consist of one
or more substances for providing the formulation with stability, sterility and isotonicity, e.g.,
antimicrobial preservatives, antioxidants, chelating agents and buffers. The pharmaceutically
acceptable carrier can comprise or consist of one or more substances for preventing the
growth or action of microorganisms, e.g., antimicrobial and antifungal agents, such as
parabens, chlorobutanol, phenol, sorbic acid and the like. The pharmaceutically acceptable
carrier can comprise or consist of one or more substances for providing the formulation with
a more palatable or edible flavor. In some instances, the pharmaceutically acceptable
excipient is an agent that facilitates the delivery of a polynucleotide to a target cell or tissue.
One of skill in the art will recognize that other pharmaceutical carriers or excipients are

useful in the present invention.

[0094] The provided pharmaceutical composition can further include one or more buffers,
e.g., neutral buffered saline or phosphate buffered saline; one or more carbohydrates, e.g.,
glucose, mannose, sucrose or dextrans; mannitol, one or more proteins, polypeptides or
amino acids such as glycine, one or more antioxidants, e.g., ascorbic acid, sodium
metabisulfite, butylated hydroxytoluene, or butylated hydroxyanisole; one or more
bacteriostats, one or more chelating agents, e.g., EDTA or glutathione; one or more solutes
that render the formulation isotonic, hypotonic or weakly hypertonic with the blood of a
recipient; one or more suspending agents; one or more thickening agents; one or more
preservatives; one or more flavoring agents; one or more sweetening agents, one or more

coloring compounds; or a combination thereof.
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[0095] The pharmaceutical compositions disclosed herein can be provided in a desired
dosage formulation, suitable, for example, to be administered in a therapeutically or
prophylactically effective manner. The quantity to be administered can depend at least in part
on a variety of factors including, e.g., the age, body weight, physical activity, hereditary
characteristics, general health, sex, and diet of the individual subject; the condition or disease
to be treated or prevented; and the stage or severity of the condition or disease. In certain
embodiments, the size of the dose may also be determined by the existence, nature, and
extent of any adverse side effects that accompany the administration of a therapeutic or
prophylactic agent(s) in a particular individual. Other factors that can influence the specific
dose level and frequency of dosage for any particular patient include the activity of the
specific compound employed, the metabolic stability and length of action of that compound,

the mode and time of administration, and the rate of excretion.

[0096] In some embodiments, the provided pharmaceutical compositions include an
adjuvant, e.g., a compound administered to a subject in conjunction with the recombinant
polynucleotide for enhancing an immune response to the antigen. Adjuvants can increase the
immunogenicity of vaccines in any of a number of ways, and can include inorganic
compounds such as salts, e.g., aluminum salts, as well as organic compounds and mixtures of
compounds, including extracts and preparations, e.g., Freund’s incomplete adjuvant,

squalene, MF59, monophosphoryl lipid A, QS-21.

[0097] In some embodiments, the pharmaceutical composition dose can take the form of
solid, semi-solid, lyophilized powder, or liquid dosage forms, such as, for example, tablets,
pills, pellets, capsules, powders, solutions, suspensions, emulsions, suppositories, retention
enemas, creams, ointments, lotions, gels, aerosols, foams, or the like, preferably in unit
dosage forms suitable for simple administration of precise dosages. As used herein, the term
“unit dosage form” refers to physically discrete units suitable as unitary dosages, e.g., an
ampoule, for humans and other mammals with each unit containing a predetermined quantity
calculated to produce the desired onset, tolerability, and/or therapeutic or prophylactic
effects, in association with a suitable pharmaceutical excipient. In addition, more
concentrated dosage forms may be prepared, from which the more dilute unit dosage forms
may then be produced. The more concentrated dosage forms thus will contain substantially
more than, e.g., at least one, two, three, four, five, six, seven, eight, nine, ten, or more than
ten times the amount of the pharmaceutical composition. The dosage forms typically include

a conventional pharmaceutical carrier or excipient and may additionally include other
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medicinal agents, carriers, adjuvants, diluents, tissue permeation enhancers, solubilizers, and

the like.

Methods for Inducing an Immune Response

[0098] In another aspect, a method for inducing an immune response against an antigen in
a subject is disclosed. The method includes administering to the subject a therapeutically
effective amount of any of the pharmaceutical compositions, viral particles, and/or host cells

disclosed herein and described in further detail above.

[0099] As used herein, the term “administering” includes oral administration, topical
contact, administration as a suppository, intravenous, intraperitoneal, intramuscular,
intralesional, intratumoral, intrathecal, intranasal, intraosseous, or subcutaneous
administration to a subject. Administration is by any route, including parenteral and
transmucosal, e.g., buccal, sublingual, palatal, gingival, nasal, vaginal, rectal, or transdermal.
Parenteral administration includes, e.g, intravenous, intramuscular, intra-arterial,
intradermal, subcutaneous, intraperitoneal, intraventricular, intraosseous, and intracranial.
Other modes of delivery include, but are not limited to, the use of liposomal formulations,

intravenous infusion, and transdermal patches.

[0100] Asused herein, the term “subject” refers to a vertebrate, preferably a mammal, more
preferably a human. Mammals include, but are not limited to, murines, mice, rats, simians,
humans, farm animals, sport animals, and pets. Tissues, cells and their progeny of a
biological entity obtained in vivo or cultured in vitro are also encompassed. In some
embodiments, the subject is human. In some embodiments, the subject is male. In some
embodiments, the subject is female. In some embodiments, the subject is an adult. In some
embodiments, the subject is an adolescent. In some embodiments, the subject is a child. In

some embodiments, the subject is above 60, 70, or 80 years of age.

[0101] As used herein, the term “therapeutically effective amount” refers to the amount of
a recombinant polynucleotide or pharmaceutical composition described herein that is
sufficient to effect beneficial or desired results. The therapeutically effective amount can vary
depending upon one or more of the subject and disease condition being treated, the weight
and age of the subject, the severity of the disease condition, the immune status of the subject,
the manner of administration and the like, which can readily be determined by one of
ordinary skill in the art. The specific amount can further vary depending on one or more of

the particular agent chosen, the target cell type, the location of the target cell in the subject,
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the dosing regimen to be followed, whether the provided polynucleotide or composition is
administered in combination with other compounds, the timing of administration, and the

physical delivery system in which it is carried.

[0102] For the purposes herein an effective amount is determined by such considerations as
may be known in the art. The amount must be effective to achieve the desired therapeutic
effect in a subject suffering from a disease such as an infectious disease or cancer. The
desired therapeutic effect can include, for example, amelioration of undesired symptoms
associated with the disease, prevention of the manifestation of such symptoms before they
occur, slowing down the progression of symptoms associated with the disease, slowing down
or limiting any irreversible damage caused by the disease, lessening the severity of or curing
the disease, or improving the survival rate or providing more rapid recovery from the disease.
Further, in the context of prophylactic treatment the amount can also be effective to prevent

the development of the disease.

[0103] The disclosed pharmaceutical compositions can be administered using the provided
method as a single dose or as multiple doses, for example, two doses administered at an
interval of about one month, about two months, about three months, about six months, or
about 12 months. Other suitable dosage schedules can be determined by a medical
practitioner. In some embodiments, additional compounds or medications can be co-
administered to the subject. Such compounds or medications can be co-administered to, for
example, alleviate signs or symptoms of the disease being treated, or reduce side effects

caused by induction of the immune response.

[0104] In some embodiments, the immune response induced by the provided method is
assessed by immunophenotyping or by characterizing specific T-cell responses from the
subject, for example by using flow cytometry. In some embodiments, the immune response
includes an increased production and/or activation of CD4" memory cells. In some
embodiments, the immune response includes an increased ratio of the number and/or
activation of CD4" cells to CD8" cells. In some embodiments, the immune response includes
increased production of interleukin 10 (IL-10). In some embodiments, the immune response
includes activation of the general control nonderepressible 2 (GCN2) kinase. In some
embodiments, the immune response includes activation of the arylhydrocarbon receptor

(AhR). In some embodiments, the immune response includes increased production of nitric
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oxide (NO). In some embodiments, the immune response includes increased production of

spermidine.

[0105] In some embodiments, the immune response is assessed by detecting antibodies
obtained from the subject, for example using an antigen binding assay such as an enzyme-
linked immunosorbent assay (ELISA). In some embodiments, the immune response includes
generation of antibodies that recognize the antigen encoded by the nucleic acid sequence,

e.g., the first nucleic acid sequence, of the provided recombinant polynucleotide.

[0106] In some embodiments, the immune response induced by the provided method is
greater than an immune response induced using a corresponding recombinant polynucleotide,
e.g., a negative control recombinant polynucleotide, that does include the nucleic acid
sequence, e.g., the first nucleic acid sequence, encoding the antigen, but that does not include
the nucleic acid sequence, e.g., the second nucleic acid sequence, encoding the enzyme of the

amino acid catabolic pathway.

[0107] In some embodiments, the provided method further includes obtaining a test sample
from the subject in which the immune response is induced. The test sample can include, for
example, a blood sample, a tissue sample, a urine sample, a saliva sample, a cerebrospinal
fluid sample, or a combination thereof. In some embodiments, the provided method further
includes determining the level of one or more biomarkers in the obtained test sample. The
biomarkers can include, for example, IFNy, tumor necrosis factor alpha, interleukin 4,
interleukin 5, interleukin 6, IL-10, interleukin 12, interleukin 15, GCN2 kinase, AhR, SHP-1,
SHP-2, NO, spermidine, or a combination thereof. Determining the presence or level of
biomarkers(s) can be used to, as non-limiting examples, determine response to treatment or to

select an appropriate composition or method for the prevention or treatment of a disease.

[0108] In some embodiments, the provided method further includes comparing the
determined level of the one of more biomarkers in the obtained test sample to the level of the
one or more biomarkers in a reference sample. The reference sample can be obtained, for
example, from the subject in which the immune response is induced, with the reference
sample being obtained prior to the obtaining of the test sample, e.g., prior to the
administering to the subject of the therapeutically effective amount of the provided
pharmaceutical composition. In this way, the reference sample can provide information about

baseline levels of the biomarkers in the sample before the immune response against the
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antigen 1s induced in the subject, and the test sample can provide information about levels of

the biomarkers after the immune response is induced.

[0109] Alternatively, the reference sample can be obtained, for example, from a different
subject, e.g., a subject in which the immune response against the antigen is not induced
according to the provided method. In this way, the reference sample can provide information
about baseline levels of the biomarkers without immune response inducement, and the test
sample can provide information about levels of the biomarkers with immune response
inducement. The reference sample can also be obtained, for example, from a population of
subjects, e.g., subjects in which the immune response against the antigen is not induced
according to the provided method. In this way, the reference sample can provide population-
averaged information about baseline levels of the biomarkers without immune response
inducement, and the test sample can provide information about levels of the biomarkers with

immune response inducement.

[0110] The reference sample can also be obtained from an individual or a population of
individuals after an immune response against the antigen is induced, and can serve as, for
example, a positive control sample. In some embodiments, the reference sample is obtained
from normal tissue. In some embodiments, the reference sample is obtained from abnormal

tissue.

[0111] Depending on the biomarker, an increase or a decrease relative to a normal control
or reference sample can be indicative of the presence of a disease, or response to treatment
for a disease. In some embodiments, an increased level of a biomarker in a test sample, and
hence the presence of a disease, e.g., an infectious disease or cancer, increased risk of the
disease, or response to treatment is determined when the biomarker levels are at least, 1.1-
fold, e.g., at least 1.2-fold, at least 1.3-fold, at least 1.4-fold, at least 1.5-fold, at least 1.6-fold,
at least 1.7-fold, at least 1.8-fold, at least 1.9-fold, at least 2-fold, at least 3-fold, at least 4-
fold, at least 5-fold, at least 6-fold, at least 7-fold, at least 8-fold, at least 9-fold, at least 10-
fold, at least 11-fold, at least 12-fold, at least 13-fold, at least 14-fold, at least 15-fold, at least
16-fold, at least 17-fold, at least 18-fold, at least 19-fold, or at least 20-fold higher in
comparison to a negative control. In other embodiments, a decreased level of a biomarker in
the test sample, and hence the presence of the disease, increased risk of the disease, or
response to treatment is determined when the biomarker levels are at least 1.1-fold, e.g., at

least 1.2-fold, at least 1.3-fold, at least 1.4-fold, at least 1.5-fold, at least 1.6-fold, at least 1.7-
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fold, at least 1.8-fold, at least 1.9-fold, at least 2-fold, at least 3-fold, at least 4-fold, at least 5-
fold, at least 6-fold, at least 7-fold, at least 8-fold, at least 9-fold, at least 10-fold, at least 11-
fold, at least 12-fold, at least 13-fold, at least 14-fold, at least 15-fold, at least 16-fold, at least
17-fold, at least 18-fold, at least 19-fold, or at least 20-fold lower in comparison to a negative

control.

[0112] The biomarker levels can be detected using any method known in the art, including
the use of antibodies specific for the biomarkers. Exemplary methods include, without
limitation, polymerase chain reaction (PCR), Western Blot, dot blot, ELISA,
radioiommunoassay (RIA), immunoprecipitation, immunofluorescence, FACS analysis,
electrochemiluminescence, and multiplex bead assays, e.g., using Luminex or fluorescent

microbeads. In some instances, nucleic acid sequencing is employed.

[0113] In certain embodiments, the presence of decreased or increased levels of one or
more biomarkers is indicated by a detectable signal, e.g., a blot, fluorescence,
chemiluminescence, color, or radioactivity, in an immunoassay or PCR reaction, e.g.,
quantitative PCR. This detectable signal can be compared to the signal from a reference

sample or to a threshold value.

[0114] In some embodiments, the results of the biomarker level determinations are
recorded in a tangible medium. For example, the results of diagnostic assays, e.g., the
observation of the presence or decreased or increased presence of one or more biomarkers,
and the diagnosis of whether or not there is an increased risk or the presence of a disease,
e.g., an infectious disease or cancer, or whether or not a subject is responding to treatment
can be recorded, for example, on paper or on electronic media, e.g., audio tape, a computer

disk, a CD-ROM, or a flash drive.

[0115] In some embodiments, the provided method further includes the step of providing to

the subject a diagnosis and/or the results of treatment.

Methods for Disease Prevention or Treatment

[0116] In another aspect, a method for preventing or treating a disease in a subject is
disclosed. The method includes administering to the subject a therapeutically effective
amount of any of the pharmaceutical compositions disclosed herein and described in further
detail above. As used herein, the term “treating” refers to an approach for obtaining beneficial

or desired results including, but not limited to, a therapeutic benefit and/or a prophylactic
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benefit. “Therapeutic benefit” means any therapeutically relevant improvement in or effect on
one or more diseases, conditions, or symptoms under treatment. Therapeutic benefit can also
mean to effect a cure of one or more diseases, conditions, or symptoms under treatment.
Furthermore, therapeutic benefit can also refer to an increase in survival. For prophylactic
benefit, the compositions can be administered to a subject at risk of developing a particular
disease, condition, or symptom, or to a subject reporting one or more of the physiological
symptoms of a disease, even though the disease, condition, or symptom may not yet be

present.

[0117] In some embodiments, the disease prevented or treated with the provided method
can be any of those described herein. The disease can be, for example, an infectious disease
or cancer. The infectious disease can be any of those described herein. The infectious disease
can be caused by, for example, a bacterial infection, a viral infection, a fungal infection, a
protozoal infection, a helminthic infection, or a combination thereof. In some embodiments,
the treating of the disease in the subject includes decreasing or eliminating one or more signs

or symptoms of the disease.

[0118] As used herein, the term “cancer” refers to any of various malignant neoplasms
characterized by the proliferation of anaplastic cells that tend to invade surrounding tissue
and metastasize to new body sites. Non-limiting examples of different types of cancer
suitable for treatment using the methods and compositions disclosed herein include colorectal
cancer, colon cancer, anal cancer, liver cancer, ovarian cancer, breast cancer, lung cancer,
bladder cancer, thyroid cancer, pleural cancer, pancreatic cancer, cervical cancer, prostate
cancer, testicular cancer, bile duct cancer, gastrointestinal carcinoid tumors, esophageal
cancer, gall bladder cancer, rectal cancer, appendix cancer, small intestine cancer, stomach
(gastric) cancer, renal cancer such as renal cell carcinoma, cancer of the central nervous
system, skin cancer, oral squamous cell carcinoma, choriocarcinomas, head and neck cancers,
bone cancer, osteogenic sarcomas, fibrosarcoma, neuroblastoma, glioma, melanoma,
leukemia (acute lymphocytic leukemia, chronic lymphocytic leukemia, acute myelogenous
leukemia, chronic myelogenous leukemia, or hairy cell leukemia), lymphoma (non-Hodgkin's
lymphoma, Hodgkin's lymphoma, B-cell lymphoma, or Burkitt's lymphoma), and multiple

myeloma.
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[0119] The provided methods can be used to treat cancer at any stage. In some
embodiments, the cancer is an advanced cancer. In some embodiments, the cancer is a

metastatic cancer. In some embodiments, the cancer is a drug-resistant cancer.
Kits

[0120] In another aspect, a kit is provided. The kit includes any of the pharmaceutical
compositions disclosed herein and described in further detail above. In some embodiments,
the kit further includes a pharmaceutically acceptable carrier, excipient, and/or adjuvant. In
some embodiments, the kit is useful for inducing an immune response against the antigen
encoded by a nucleic acid sequence, e.g., the first nucleic acid sequence, of the recombinant

polynucleotide of the pharmaceutical composition.

[0121] The provided kit can be packaged in a way that allows for safe or convenient
storage or use. The kit can be packaged, for example, in a box or other container having a lid.
Typically, the provided kit includes one or more containers, with each container storing a
particular kit component such as, for example, a reagent or a control sample. The choice of
container will depend on the particular form, e.g., liquid form, solid form, suspension form,
or powder form, of its contents. Furthermore, containers can be made of materials that are
designed to maximize the shelf-life of the kit components. As a non-limiting example, kit

components that are light-sensitive can be stored in containers that are opaque.

[0122] In some embodiments, the provided kit contains one or more elements, e.g., a
syringe, useful for administering the disclosed pharmaceutical composition to a subject, e.g.,
using a provided method. In some embodiments, the kit further includes one or more
elements, e.g., test tubes or slides, useful for obtaining and/or processing one or more
samples obtained from the subject. In some embodiments, the kit further includes instructions
for use, e.g., containing directions for the practice of a provided method. While the
instructional materials typically include written or printed materials they are not limited to
such. Any medium capable of storing such instructions and communicating them to an end
user is contemplated by this invention. Such media include, but are not limited to electronic
storage media, e.g., magnetic discs, tapes, cartridges, chips; optical media, e.g., CD-ROM;
and the like. Such media can include addresses to internet sites that provide such instructional

materials.
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Embodiments

[0123] The following embodiments are contemplated. All combinations of features and

embodiment are contemplated.

[0124] Embodiment 1: A recombinant polynucleotide comprising: a first nucleic acid
sequence encoding an antigen; and a second nucleic acid sequence encoding an enzyme of an

amino acid catabolic pathway.

[0125] Embodiment 2: An embodiment of embodiment 1, wherein the amino acid catabolic

pathway is an L-tryptophan catabolic pathway.

[0126] Embodiment 3: An embodiment of embodiment 2, wherein the enzyme of the L-
tryptophan catabolic pathway is indoleamine 2,3-dioxygenase 1 or a paralogue or isoform

thereof.

[0127] Embodiment 4: An embodiment of embodiment 2, wherein the enzyme of the L-
tryptophan catabolic pathway is indoleamine 2,3-dioxygenase 2 or a paralogue or isoform

thereof.

[0128] Embodiment 5: An embodiment of embodiment 2, wherein the enzyme of the L-
tryptophan catabolic pathway is tryptophan 2,3-dioxygenase or a paralogue or isoform

thereof.

[0129] Embodiment 6: An embodiment of embodiment 1, wherein the amino acid catabolic

pathway is an L-arginine catabolic pathway.

[0130] Embodiment 7: An embodiment of embodiment 6, wherein the enzyme of the L-

arginine catabolic pathway is arginase 1 or a paralogue or isoform thereof.

[0131] Embodiment 8: An embodiment of embodiment 6, wherein the enzyme of the L-

arginine catabolic pathway is nitric oxide synthase 2 or a paralogue or isoform thereof.

[0132] Embodiment : An embodiment of embodiment 1, wherein the enzyme is interleukin

4-induced gene 1.

[0133] Embodiment 10: An embodiment of embodiment 1, wherein the enzyme is an L-

amino acid oxidase.

[0134] Embodiment 11: An embodiment of any of the embodiments of embodiment 1-10,

wherein the antigen comprises a viral nucleoprotein.
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[0135] Embodiment 12: An embodiment of any of the embodiments of embodiment 1-10,

wherein the antigen comprises a secreted protein.

[0136] Embodiment 13: An embodiment of any of the embodiments of embodiment 1-12,

wherein the antigen comprises an infectious disease antigen.

[0137] Embodiment 14: An embodiment of embodiment 13, wherein the infectious disease
antigen is a bacterial antigen, a viral antigen, a fungal antigen, a protozoal antigen, a

helminthic antigen, or a combination thereof.

[0138] Embodiment 15: An embodiment of embodiment 13, wherein the infectious disease
antigen is a severe acute respiratory syndrome coronavirus (SARS-CoV) antigen, a severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antigen, a Middle East respiratory
syndrome coronavirus (MERS-CoV) antigen, a simian immunodeficiency virus (SIV)
antigen, a human immunodeficiency virus (HIV) antigen, a hepatitis C virus antigen, a herpes
simplex virus antigen, an Epstein-Barr virus antigen, a cytomegalovirus antigen, an influenza

virus antigen, or a combination thereof.

[0139] Embodiment 16: An embodiment of embodiment 13, wherein the infectious disease
antigen is an SIV group-specific antigen (gag) protein, an HIV gag protein, or a combination

thereof.

[0140] Embodiment 17: An embodiment of embodiment 13, wherein the infectious disease
antigen is a bacterial disease antigen from Mycobacterium tuberculosis, Borrelia burgdorferi,
Brucella abortus, Listeria monocytogenes, Chlamydia trachomatis, Coxiella burnetii,

Salmonella enterica, Francisella tularensis, or Rickettsia spp.

[0141] Embodiment 18: An embodiment of embodiment 13, wherein the infectious disease

antigen is a protozoal disease antigen from Plasmodium falciparum or Toxoplasma gondii.

[0142] Embodiment 19: An embodiment of any of the embodiments of embodiment 1-12,

wherein the antigen comprises a tumor-associated antigen.

[0143] Embodiment 20: An embodiment of embodiment 19, wherein the tumor-associated
antigen 1s a prostate-specific antigen, melanoma-associated antigen 4 (MAGEA4),
melanoma-associated antigen 10 (MAGEA10), New York esophageal squamous cell

carcinoma 1 (NY-ESO-1), a neoantigen, or a combination thereof.
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[0144] Embodiment 21: An embodiment of any of the embodiments of embodiment 1-20,
wherein at least one of the first nucleic acid sequence and the second nucleic acid sequence is

codon optimized.

[0145] Embodiment 22: An embodiment of any of the embodiments of embodiment 1-21,

further comprising: at least one promoter sequence.

[0146] Embodiment 23: An embodiment of any of the embodiments of embodiment 1-22,

further comprising: at least one internal ribosome entry site sequence.

[0147] Embodiment 24: An embodiment of any of the embodiments of embodiment 1-23,

further comprising: at least one polyadenylation sequence.

[0148] Embodiment 25: A viral particle comprising the recombinant polynucleotide of an

embodiment of any of the embodiments of embodiment 1-24.

[0149] Embodiment 26: A host cell comprising the recombinant polynucleotide of an

embodiment of any of the embodiments of embodiment 1-24.

[0150] Embodiment 27: A pharmaceutical composition comprising: the recombinant
polynucleotide of an embodiment of any of the embodiments of embodiment 1-24; and a
pharmaceutically acceptable carrier, a pharmaceutically acceptable excipient, or a

combination thereof.

[0151] Embodiment 28: A method for inducing an immune response against an antigen in a
subject, the method comprising: administering to the subject a therapeutically effective

amount of the pharmaceutical composition of embodiment 27.

[0152] Embodiment 29: An embodiment of embodiment 28, wherein the subject has a

previously existing immune response to the antigen.

[0153] Embodiment 30: An embodiment of embodiment 28 or 29, wherein the immune

response comprises increased production of CD4+ memory cells.

[0154] Embodiment 31: An embodiment of any of the embodiments of embodiment 28-30,

wherein the immune response comprises an increased ratio of CD4+ cells to CD8+ cells.

[0155] Embodiment 32: An embodiment of any of the embodiments of embodiment 28-31,

wherein the immune response comprises increased production of T memory stem cells.
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[0156] Embodiment 33: An embodiment of any of the embodiments of embodiment 28-32,

wherein the immune response comprises increased production of interleukin 10 (IL-10).

[0157] Embodiment 34: An embodiment of any of the embodiments of embodiment 28-33,
wherein the immune response comprises activation of the general control nonderepressible 2

(GCN2) kinase.

[0158] Embodiment 35: An embodiment of any of the embodiments of embodiment 28-34,

wherein the immune response comprises activation of the arylhydrocarbon receptor (AhR).

[0159] Embodiment 36: An embodiment of any of the embodiments of embodiment 28-35,

wherein the immune response comprises increased production of nitric oxide (NO).

[0160] Embodiment 37: An embodiment of any of the embodiments of embodiment 28-36,

wherein the immune response comprises increased production of spermidine.

[0161] Embodiment 38: An embodiment of any of the embodiments of embodiment 28-37,
wherein the immune response induced in the subject is greater than an immune response
induced using a corresponding recombinant polynucleotide that does not comprise the second

nucleic acid sequence.

[0162] Embodiment 39: An embodiment of any of the embodiments of embodiment 28-38,

wherein the immune response comprises generation of antibodies that recognize the antigen.

[0163] Embodiment 40: An embodiment of any of the embodiments of embodiment 28-39,

further comprising: obtaining a test sample from the subject.

[0164] Embodiment 41: An embodiment of embodiment 40, wherein the test sample
comprises a blood sample, a tissue sample, a urine sample, a saliva sample, a cerebrospinal

fluid sample, or a combination thereof.

[0165] Embodiment 42: An embodiment of embodiment 40 or 41, further comprising:

determining the level of one or more biomarkers in the test sample.

[0166] Embodiment 43: An embodiment of embodiment 42, wherein the one or more
biomarkers comprise C-reactive protein, IFNy, tumor necrosis factor alpha, interleukin 4,
interleukin 5, interleukin 6, IL-10, interleukin 12, interleukin 15, GCN2 kinase, AhR, SHP-1,

SHP-2, NO, spermidine, or a combination thereof.
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[0167] Embodiment 44: An embodiment of embodiment 42 or 43, further comprising:
comparing the level of the one or more biomarkers in the test sample to the level of the one or

more biomarkers in a reference sample.

[0168] Embodiment 45: An embodiment of embodiment 44, wherein the reference sample

was obtained from the subject prior to the obtaining of the test sample.

[0169] Embodiment 46: An embodiment of embodiment 44, wherein the reference sample

is obtained from a different subject or from a population of subjects.

[0170] Embodiment 47: A method for preventing or treating a disease in a subject, the
method comprising administering to the subject a therapeutically effective amount of the

pharmaceutical composition of embodiment 27.

[0171] Embodiment 48: An embodiment of embodiment 47, wherein the disease is an

infectious disease or a cancer.

[0172] Embodiment 49: An embodiment of embodiment 48, wherein the infectious disease
is caused by a bacterial infection, a viral infection, a fungal infection, a protozoal infection, a

helminthic infection, or a combination thereof.

[0173] Embodiment 50: An embodiment of embodiment 48, wherein the infectious disease
is caused by a SARS-CoV virus, a SARS-CoV-2 virus, a MERS-CoV virus, an SIV virus, an
HIV wvirus, a hepatitis C virus, a herpes simplex virus, an Epstein-Barr virus, a

cytomegalovirus antigen, an influenza virus antigen, or a combination thereof.

[0174] Embodiment 51: An embodiment of embodiment 48, wherein the infectious disease
is caused by Mycobacterium tuberculosis, Borrelia burgdorferi, Brucella abortus, Listeria
monocytogenes, Chlamydia trachomatis, Coxiella burnetii, Salmonella enterica, Francisella

tularensis, or Rickettsia spp.

[0175] Embodiment 52: An embodiment of embodiment 48, wherein the infectious disease

is caused by a protozoal disease antigen from Plasmodium falciparum or Toxoplasma gondii.

[0176] Embodiment 53: An embodiment of any of the embodiments of embodiment 47-52,
wherein the treating of the disease comprises decreasing or eliminating one or more signs or

symptoms of the disease.
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EXAMPLES
[0177] The present disclosure will be better understood in view of the following non-
limiting examples. The following examples are intended for illustrative purposes only and do

not limit in any way the scope of the present invention.

Example 1. Strong, durable CD4-focused responses after Ad-Gag-IRES-IDO1

vaccination

[0178] AdS- and Ad26-vectored vaccines were created carrying a bicistronic expression
cassette to drive production of both the SIV Gag gene (a model antigen) and IDO1 (FIG. 1,
SEQ ID NO:1). Briefly, the wild-type Ad genomes were “vectorized,” with deletion of the E1
and E3 regions and, in the case of Ad26, and replacement of the E4orf6 ORF with the
equivalent ORF from AdS. These manipulations resulted in AdS5 and Ad26 vectors that were
capable of growth to high titer in conventional 293 cells that express the E1A and E1B
proteins from AdS. The bicistronic message was then created by recombinant PCR from three
components, i.e., a synthetic, codon-optimized SIV Gag ORF; a synthetic internal ribosomal
entry site from encephalomyocarditis virus (ECMV); and the rhesus macaque IDO1 ORF
amplified from blood cells. The resulting vectors were demonstrated to express Gag protein

by western blot (FIG. 2).

[0179] These vectors were then prepared at medium scale in 293 cells and purified on
cesium chloride gradients. Two groups of macaques were then injected with the following
vaccines and their immune responses followed: (A) conventional adenoviral vectors (n=6), or
(B) Ad-Gag-IRES-IDO1 (n=2; FIG. 3). Assessing T-cell responses to Ad-Gag-IRES-IDO1
(group B) revealed several remarkable and useful features of the response. Responses in the
CD4 compartment were unusually strong, as compared to group A, peaking at > 1.5%, a level
not reached by any of the other 6 animals receiving previously described adenoviral vectors
(FIG. 4). In addition, at all time points following boost, Ad-Gag-IRES-IDO vaccination
produced a unique population of antigen-specific CD4" T cells expressing only TNFa, not
seen in the other group (FIGS. 5 and 6). Animals receiving Ad-Gag-IRES-IDO had a general
tendency to TNFa-skewed responses, as the ratio of cells expressing TNF to those expressing
IFN was higher for these animals than for recipients of the other vector (FIG. 7). Most
importantly, perhaps, the elicited responses were durable: whereas responses in group A
declined markedly in the 18 weeks following vaccination, those in group B (receiving Ad-

Gag-IRES-IDO1) persisted without significant decline for at least 39 weeks (average 0.65%
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at 39 weeks; FIG. 4). The CD8" T-cell responses in group B were comparable to those in the
other group (FIG. 8), and as a result the ratio of responding CD4:CD8" T cells was
significantly greater (FIG. 9).

Example 2. Ad-SARS2N-IRES-IDO1 preparation and vaccination

[0180] CD4" T-cell responses were demonstrated necessary for protection against SARS-
CoV and MERS-CoV in an animal model (J. Zhao et al., 44 Immunity 1379 (2016)). Because
IDO1-expressing vaccines provoke such strong immune responses in the CD4 compartment,
we created IDO1-expressing Ad26 and Ad35 vaccines that express the nucleoprotein from
SARS-CoV-2 (SEQ ID NO:2). Ad35 was vectorized by deletion of the E1 and E3 regions
and replacement of the endogenous E4orf6 with that from AdS5, as described above for Ad26
vaccines. Ad26 and Ad35 backbones were then engineered to contain a bicistronic expression
cassette for SARS-CoV-2 nucleoprotein (codon optimized) and rhesus macaque IDOI,
separated by an ECMV IRES (FIG. 10; SEQ ID NO:3). Expression of the message was
confirmed by RT-PCR. The Ad26 vectored vaccine was then injected into rhesus macaques
(102 vector particles intramuscularly) to provoke robust, protective CD4" T-cell responses to
the SARS-CoV-2 N protein. Of three animals injected, all developed the expected CD4™ T-

cell response two weeks following this single priming immunization (FIG. 13).

[0181] A vaccine regimen lacking IDO1 expression (10'? particles each of Ad26-SARS2N
and Ad35-SARS2N at 0 and 4 weeks, respectively) was next compared to one that included
IDO1 expression (10'? particles each of Ad26-SARS2N -IDO1 and Ad35-SARS2N -IDO1 at
0 and 4 weeks, respectively). Rhesus macaques were vaccinated intramuscularly and their
immune responses were monitored for 20 weeks after prime. As previously observed in the
case of Ad-Gag-IRES-IDO1 (FIG. 9), the ratio of responding CD4:CD8" T cells was greater
in recipients of the IDO1-expressing vaccines (FIG. 14). Furthermore, the observed ratio

again exceeded 1, confirming CD4 predominance.

Example 3. Unique features of a boosting vaccine expressing IDO1

[0182] As shown in the previous Examples, when IDO1-expressing vaccines are used
alone, the T-cell response in vaccinated macaques is highly concentrated in CD4" T cells. In
some circumstances, however, it is desirable to maintain and/or augment pre-existing T-cell
responses by so-called “boosting” vaccination. For example, HIV vaccines that have an

important CD8" T-cell component (e.g., inducing CD8" T-cell responses to the viral Gag
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protein) would be more efficacious over a longer period, if IDO1-expressing vaccines could
boost and then maintain the functionally important CD8" T cells. IDO1-expressing vaccines
can be superior boosters due to induction of supportive CD4" T-cell responses and/or to

extension of transgene expression.

[0183] To demonstrate that IDO1-expressing vaccines can be superior boosters, six
macaques were vaccinated intramuscularly with 102 particles of Ad26-SARS2N. Four weeks
later, three macaques were boosted with Ad35-SARS2N and three with Ad35-SARS2N-
IRES-IDO1 at an identical dose of 10!? particles. Immune responses were followed by
cytokine flow cytometry, using cells from peripheral blood or bronchoalveolar lavage.
Isolated cells were stained with overlapping peptides from SARS-CoV-2 nucleocapsid in the
presence of Brefeldin A to block cytokine export. Antibodies were then used to detect
production of cytokines by T cells that are reactive to the vaccine immunogen. Two outcomes
were noted indicative of the boosting power of IDO1-expressing vaccines when given to
individuals with pre-existing T-cell responses. First, IDO1-expressing boosters led to greater
expansion of vaccine-responsive CD8" T cells, as reflected in the CD8:CD4 ratio among
responding cells in blood (FIG. 15). Second, this expansion of vaccine-responsive cells in
blood was mirrored by similar expansion of CD8" T cells in lung (bronchoalveolar lavage
fluid), which by eight weeks after boosting was higher in all recipients of boosting vaccines

expressing IDO1 (FIG. 16; p=0.03 by one-sided Student’s t test).

Example 4. Ad-SARS2S1-IRES-IDO1 preparation and vaccination

[0184] Under some circumstances it is desirable to elicit a robust CD4™ T-cell response in
order to augment a simultaneous antibody response. We therefore created adenoviral vectors
that combine IDO1 expression with that of a secreted protein, i.e., the SARS-CoV-2 spike S1
domain (FIG. 11; SEQ ID NO:4). E1- and E3-deleted Ad26 and Ad35 backbones were
engineered to contain a bicistronic expression cassette coding for the SARS-CoV-2 spike S1
domain and rhesus macaque IDO1 (SEQ ID NO:5). The S1 protein sequence is that from the
original Wuhan isolate and is present in the expression cassette in codon-optimized form,
carrying its endogenous signal sequence and terminated after 690 amino acids (SEQ ID
NO:6). Expression of the message is confirmed by RT-PCR. These vectors are injected into
rhesus macaques shortly in order to drive simultaneous antibody responses and CD4™ T-cell

responses against the SARS-CoV-2 spike S1 domain.
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Example 5. Ad-Gag-IRES-arginase preparation and vaccination

[0185] CD4" T-cell responses contribute to immune control over HIV. To create strong
CD4" T-cell responses by vaccination, we engineer AdS5, Ad26, and Ad35 vaccines
expressing SIV Gag sequences in combination with the macaque ARG1 coding sequences
(FIG. 12). By mechanisms similar to those described for vaccines containing the tryptophan-
degrading enzyme, IDO1, vectors expressing ARGI drive robust CD4™ T-cell responses that

are protective against SIV in macaques and HIV in humans.

[0186] The terms “first” and “second” when used herein with reference to nucleic acid
sequences or other elements or properties are simply to more clearly distinguish the two

elements or properties and are not intended to indicate order.

[0187] Although the foregoing disclosure has been described in some detail by way of
illustration and example for purpose of clarity of understanding, one of skill in the art will
appreciate that certain changes and modifications within the spirit and scope of the disclosure
may be practiced, e.g., within the scope of the appended claims. It should also be understood
that aspects of the disclosure and portions of various recited embodiments and features can be
combined or interchanged either in whole or in part. In the foregoing descriptions of the
various embodiments, those embodiments which refer to another embodiment may be
appropriately combined with other embodiments as will be appreciated by one of skill in the
art. Furthermore, those of ordinary skill in the art will appreciate that the foregoing
description is by way of example only, and is not intended to limit the disclosure. In addition,
each reference provided herein is incorporated by reference in its entirety for all purposes to

the same extent as if each reference was individually incorporated by reference.
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INFORMAL SEQUENCE LISTING

SEQ

1D

NO: Sequence Description

1 CGTGAGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCCCACAGTCCCC Bicistronic
GAGAAGTTGGGGGGAGGGATCGGCAATTGAACCGGTGCCTAGAGAAGGTGGC | cassette driving
GCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAG | production of SIV
GGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCG Gag and rhesus
CAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTGGTTCCCGCGGGC | macaque IDO1

CTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGC
TGCAGTACGTGATTCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGAGAGT
TCGAGGCCTTGCGCTTAAGGAGCCCCTTCGCCTCGTGCTTGAGTTGAGGCCTG
GCCTGGGCGCTGGGGCCGCCGCGTGCGAATCTGGTGGCACCTTCGCGCCTGTC
TCGCTGCTTTCGATAAGTCTCTAGCCATTTAAAATTTTTGATGACCTGCTGCGA
CGCTTTTTTITCTGGCAAGATAGTCTTGTAAATGCGGGCCAAGATCTGCACACT
GGTATTTCGGTTTTTGGGGCCGCGGGCGGCGACGGGGCCCGTGCGTCCCAGCG
CACATGTTCGGCGAGGCGGGGCCTGCGAGCGCGGCCACCGAGAATCGGACGG
GGGTAGTCTCAAGCTGGCCGGCCTGCTCTGGTGCCTGGCCTCGCGCCGCCGTG
TATCGCCCCGCCCTGGGCGGCAAGGCTGGCCCGGTCGGCACCAGTTGCGTGAG
CGGAAAGATGGCCGCTTCCCGGCCCTGCTGCAGGGAGCTCAAAATGGAGGAC
GCGGCGCTCGGGAGAGCGGGCGGGTGAGTCACCCACACAAAGGAAAAGGGC
CTTTCCGTCCTCAGCCGTCGCTTCATGTGACTCCACGGAGTACCGGGCGCCAT
CCAGGCACCTCGATTAGTTCTCGAGCTTTTGGAGTACGTCGTCTTTAGGTTGGG
GGGAGGGGTTTTATGCGATGGAGTTTCCCCACACTGAGTGGGTGGAGACTGA
AGTTAGGCCAGCTTGGCACTTGATGTAATTCTCCTTGGAATTTGCCCTTTTTGA
GTTTGGATCTTGGTTCATTCTCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCT
TCCATTTCAGGTGTCGTGAGGAATTAGCTGGCGCGCCTTCCCGCCACCATGGG
CGTGAGAAACTCCGTCTTGTCAGGGAAGAAAGCAGATGAATTAGAAAAAATT
AGGCTACGACCCAACGGAAAGAAAAAGTACATGTTGAAGCATGTAGTATGGG
CAGCAAATGAATTAGATAGATTTGGATTAGCAGAAAGCCTGTTGGAGAACAA
AGAAGGATGTCAAAAAATACTTTCGGTCTTAGCTCCATTAGTGCCAACAGGCT
CAGAAAATTTAAAAAGCCTTTATAATACTGTCTGCGTCATCTGGTGCATTCAC
GCAGAAGAGAAAGTGAAACACACTGAGGAAGCAAAACAGATAGTGCAGAGA
CACCTAGTGGTGGAAACAGGAACCACCGAAACCATGCCGAAGACCTCTCGAC
CAACAGCACCATCTAGCGGCAGAGGAGGAAACTACCCAGTACAGCAGATCGG
TGGCAACTACGTCCACCTGCCACTGTCCCCGAGAACCCTGAACGCTTGGGTCA
AGCTGATCGAGGAGAAGAAGTTCGGAGCAGAAGTAGTGCCAGGATTCCAGGC
ACTGTCAGAAGGTTGCACCCCCTACGACATCAACCAGATGCTGAACTGCGTTG
GAGACCATCAGGCGGCTATGCAGATCATCCGTGACATCATCAACGAGGAGGC
TGCAGATTGGGACTTGCAGCACCCACAACCAGCTCCACAACAAGGACAACTT
AGGGAGCCGTCAGGATCAGACATCGCAGGAACCACCTCCTCAGTTGACGAAC
AGATCCAGTGGATGTACCGTCAGCAGAACCCGATCCCAGTAGGCAACATCTA
CCGTCGATGGATCCAGCTGGGTCTGCAGAAATGCGTCCGTATGTACAACCCGA
CCAACATTCTAGATGTAAAACAAGGGCCAAAAGAGCCATTTCAGAGCTATGT
AGACAGGTTCTACAAAAGTTTAAGAGCAGAACAGACAGATGCAGCAGTAAAG
AATTGGATGACTCAAACACTGCTGATTCAAAATGCTAACCCAGATTGCAAGCT
AGTGCTGAAGGGGCTGGGTGTGAATCCCACCCTAGAAGAAATGCTGACGGCT
TGTCAAGGAGTAGGGGGGCCGGGACAGAAGGCTAGATTAATGGCAGAAGCCC
TGAAAGAGGCCCTCGCACCAGTGCCAATCCCTTITTGCAGCAGCCCAACAGAG
GGGACCAAGAAAGCCAATTAAGTGTTGGAATTGTGGGAAAGAGGGACACTCT
GCAAGGCAATGCAGAGCCCCAAGAAGACAGGGATGCTGGAAATGTGGAAAA
ATGGACCATGTTATGGCCAAATGCCCAGACAGACAGGCGGGTTTTTTAGGCCT
TGGTCCATGGGGAAAGAAGCCCCGCAATTTCCCCATGGCTCAAGTGCATCAGG
GGCTGATGCCAACTGCTCCCCCAGAGGACCCAGCTGTGGATCTGCTAAAGAAC
TACATGCAGTTGGGCAAGCAGCAGAGAGAAAAGCAGAGAGAAAGCAGAGAG
AAGCCTTACAAGGAGGTGACAGAGGATTTGCTGCACCTCAATTCTCTCTTTGG
AGGAGACCAGTAGTAGCCTGCAGGCCCCTCTCCCTCCCCCCCCCCTAACGTTA
CTGGCCGAAGCCGCTTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTT
CCACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTC
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TTCTTGACGAGCATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGG
TCTGTTGAATGTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAA
CAACGTCTGTAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAG
GTGCCTCTGCGGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCA
CAACCCCAGTGCCACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCT
CTCCTCAAGCGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATT
GTATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCG
AGGTTAAAAAAACGTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTG
AAAAACACGATGATAAAGCCACCATGGCACATGCTATGGAAAACTCCTGGAC
AATCAGTGAAGAGTACCATATTGATGAAGAAGTGGGCTTCGCTCTGCCAAATC
CACAGGAAAATCTACCTGATTTTTATAATGACTGGATGTTCATTGCCAAACAT
CTGCCTGATCTCATAGAGTCTGGCCAACTTCGAGAAAGAGTTGAGAAGTTAGA
CATGCTCAGCATTGATCATCTCACAGACCACAAGTCACAGCGCCTTGCACATC
TAGTTCTGGGATGCATCACCATGGCATATGTGTGGGATAAAGGTCATGGAGAC
GTCCGTAAGGTCTTGCCAAGAAATATTGCTGTTCCTTACTGCCAACTCTCCAA
GAAACTGGGCCTGCCTCCTATTCTGGTITATGCAGACTGTGTCTTGGCAAACT
GGAAGAAAAAGGATCCTAATAAGCCCCTGACTTATGAGAACATGGACGTTTT
GTTCTCCTTTCGTGATGGAGACTGCAGTAAAGGATTCTTCCTGGTTTCTCTATT
GGTGGAAATAGCAGCTGCTTCTGCTATCAAAGAAATTCCTACTGTATTCAGGG
CAATGCAATTGCGAGAACGGGACACTCTGCTAAAGGCACTGTTGGAAATAGC
TTCTTGCCTGGAGAAAGCCCGTCAAGTGTTTCAGCAAATGCACGATCACGTAA
ACCCAAATGCATTTITACAGTGTITCITCGCATATATTTGGCTGGCTGGAAAGGC
AACCCCCAGCTATCAGACGGTCTGGTGTATGAGGGGTTCTGGGAAGGCCCAA
AGAAGTTTGCAGGGGGCAGTGCAGCACAAAGCAGCATCTTTCAGTGCTTTGAC
GTCCTGCTGGGCATCCAACAGAATGCTGGTGGAGGACATGCTGCTCAGTTCCT
CCAGGACATGAGAACATATATGCCACCAGCTCACAGGAACTTCCTGTACTCAT
TAGAGTCAAGTCCCTCAGTCCGTGAGTTITGTCCTTTCAAAAGGTGATGCTGGC
CTGCGGGAAGCTTATGATGCCTGTGTGAAAGCTCTGGTCTCCCTGAGGAGCTA
CCATCTGCAAATCGTGACTAAGTACGTCCTGATTCCTGCAAGCCAGCAGCCAA
AGGAAAACAAGACCTCTGAAGACCCTTCAAAACTGGATGCCAAAGGAACTGG
AGGCACTGATTTAATGGAATTCCTAAAGACTGTGAGAAGTACAACCGAGAAA
TACCGTTTGAAGGAAGGTTAAGACCTGCAGGACGCCACAGCTCTGATCATAAT
CAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCT
CCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTAT
TGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATA
AAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTAT
CTGC

MSDNGPQNQRNAPRITFGGPSDSTGSNQNGERSGARSKQRRPQGLPNNTASWFT
ALTQHGKEDLKFPRGQGVPINTNSSPDDQIGY YRRATRRIRGGDGKMKDLSPRW
YFYYLGTGPEAGLPYGANKDGIIWVATEGALNTPKDHIGTRNPANNAAIVLQLPQ
GTTLPKGFYAEGSRGGSQASSRSSSRSRNSSRNSTPGSSRGTSPARMAGNGGDAA
LALLLLDRLNQLESKMSGKGQQQQGQTVTKKSAAEASKKPRQKRTATKAYNVT
QAFGRRGPEQTQGNFGDQELIRQGTD YKHWPQIAQFAPSASAFFGMSRIGMEVTP
SGTWLTYTGAIKLDDKDPNFKDQVILLNKHIDA YK TFPPTEPKKDKKKKADETQA
LPQRQKKQQTVTLLPAADLDDFSKQLQQSMSSADSTQA

SARS-CoV-2
nucleoprotein
sequence

CGTGAGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCCCACAGTCCCC
GAGAAGTTGGGGGGAGGGGTCGGCAATTGAACCGGTGCCTAGAGAAGGTGGC
GCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTITTTITCCCGAG
GGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCG
CAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTGGTTCCCGCGGGC
CTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGC
TGCAGTACGTGATTCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGAGAGT
TCGAGGCCTTGCGCTTAAGGAGCCCCTTCGCCTCGTGCTTGAGTTGAGGCCTG
GCCTGGGCGCTGGGGCCGCCGCGTGCGAATCTGGTGGCACCTTCGCGCCTGTC
TCGCTGCTTTCGATAAGTCTCTAGCCATTTAAAATTTTTGATGACCTGCTGCGA
CGCTTTTTTITCTGGCAAGATAGTCTTGTAAATGCGGGCCAAGATCTGCACACT
GGTATTTCGGTTTTTGGGGCCGCGGGCGGCGACGGGGCCCGTGCGTCCCAGCG
CACATGTTCGGCGAGGCGGGGCCTGCGAGCGCGGCCACCGAGAATCGGACGG
GGGTAGTCTCAAGCTGGCCGGCCTGCTCTGGTGCCTGGCCTCGCGCCGCCGTG
TATCGCCCCGCCCTGGGCGGCAAGGCTGGCCCGGTCGGCACCAGTTGCGTGAG
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CGGAAAGATGGCCGCTTCCCGGCCCTGCTGCAGGGAGCTCAAAATGGAGGAC
GCGGCGCTCGGGAGAGCGGGCGGGTGAGTCACCCACACAAAGGAAAAGGGC
CTTTCCGTCCTCAGCCGTCGCTTCATGTGACTCCACGGAGTACCGGGCGCCAT
CCAGGCACCTCGATTAGTTCTCGAGCTTTTGGAGTACGTCGTCTTTAGGTTGGG
GGGAGGGGTTTTATGCGATGGAGTTTCCCCACACTGAGTGGGTGGAGACTGA
AGTTAGGCCAGCTTGGCACTTGATGTAATTCTCCTTGGAATTTGCCCTTTTTGA
GTTTGGATCTTGGTTCATTCTCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCT
TCCATTTCAGGTGTCGTGAGGAATTAGCTGGCGCGCCTTCCCGCCACCATGAG
CGATAACGGCCCCCAGAATCAGAGGAATGCACCTAGGATAACATTTGGAGGT
CCGTCAGACAGCACTGGCTCCAACCAGAATGGCGAGCGGTCTGGCGCGCGGT
CTAAGCAAAGGAGACCACAAGGTCTCCCGAATAACACGGCCTCCTGGTTTAC
AGCGCTCACCCAGCACGGTAAAGAGGACCTGAAGTTCCCTAGGGGGCAAGGT
GTACCGATTAATACCAACAGCTCCCCCGATGACCAGATTGGTTATTATAGAAG
AGCTACAAGACGCATACGGGGTGGAGATGGGAAGATGAAGGACCTCTCCCCT
CGGTGGTATTTITTATTATCTGGGCACCGGACCGGAAGCCGGGCTCCCCTACGG
CGCCAATAAGGACGGTATAATATGGGTCGCCACTGAGGGTGCCCTCAATACCC
CGAAGGACCACATTGGCACTCGAAACCCGGCAAACAACGCAGCTATTGTCCT
GCAACTCCCACAGGGTACCACGCTCCCGAAAGGTTTTTATGCCGAAGGGTCTC
GCGGGGGTTCACAGGCTAGCAGTCGAAGCTCATCTCGGAGCCGAAATAGCTC
AAGGAATTCAACACCCGGAAGCTCCAGAGGCACAAGCCCTGCGCGGATGGCA
GGGAACGGAGGCGATGCTGCCCTGGCCCTCCTTCTCTTGGATAGACTTAATCA
GCTGGAATCCAAAATGTCAGGAAAGGGCCAGCAACAACAAGGTCAGACAGTG
ACCAAAAAATCCGCCGCAGAGGCCAGTAAGAAACCTAGACAGAAGCGAACTG
CTACAAAGGCCTATAATGTAACTCAGGCGTTCGGACGGCGAGGCCCTGAACA
AACCCAGGGCAATTTCGGTGACCAAGAACTCATAAGACAGGGAACTGACTAC
AAACATTGGCCCCAGATTGCACAATTTGCCCCATCCGCCTCAGCCTTCTTCGG
AATGTCTCGCATCGGGATGGAGGTAACACCGAGCGGGACCTGGCTCACATAC
ACAGGTGCGATAAAGCTCGATGACAAAGATCCCAATTTTAAAGACCAAGTGA
TACTTCTTAATAAGCACATAGACGCCTATAAAACCTTCCCGCCCACTGAGCCA
AAGAAAGACAAGAAAAAAAAAGCGGACGAGACACAAGCCCTTCCGCAAAGA
CAGAAAAAACAGCAAACGGTTACATTGCTTCCTGCGGCAGACCTGGATGATTT
TTCCAAACAGCTTCAGCAATCTATGTCTAGCGCAGATAGTACCCAGGCGTAAT
AGCCTGCAGGCCCCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGC
TTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCG
TCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCAT
TCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCG
TGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCG
ACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGGCCA
AAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCAC
GTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTATT
CAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCTGAT
CTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAAACG
TCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGAT
AAAGCCACCATGGCACATGCTATGGAAAACTCCTGGACAATCAGTGAAGAGT
ACCATATTGATGAAGAAGTGGGCTTCGCTCTGCCAAATCCACAGGAAAATCTA
CCTGATTTTTATAATGACTGGATGTTCATTGCCAAACATCTGCCTGATCTCATA
GAGTCTGGCCAACTTCGAGAAAGAGTTGAGAAGTTAGACATGCTCAGCATTG
ATCATCTCACAGACCACAAGTCACAGCGCCTTGCACATCTAGTTCTGGGATGC
ATCACCATGGCATATGTGTGGGATAAAGGTCATGGAGACGTCCGTAAGGTCTT
GCCAAGAAATATTGCTGTTCCTTACTGCCAACTCTCCAAGAAACTGGGCCTGC
CTCCTATTCTGGTTTATGCAGACTGTGTCTTGGCAAACTGGAAGAAAAAGGAT
CCTAATAAGCCCCTGACTTATGAGAACATGGACGTTTTGTTCTCCTTTCGTGAT
GGAGACTGCAGTAAAGGATTCTTCCTGGTTTCTCTATTGGTGGAAATAGCAGC
TGCTTCTGCTATCAAAGAAATTCCTACTGTATTCAGGGCAATGCAATTGCGAG
AACGGGACACTCTGCTAAAGGCACTGTTGGAAATAGCTTCTTGCCTGGAGAAA
GCCCGTCAAGTGTTTCAGCAAATGCACGATCACGTAAACCCAAATGCATTTTA
CAGTGTTCTTCGCATATATTITGGCTGGCTGGAAAGGCAACCCCCAGCTATCAG
ACGGTCTGGTGTATGAGGGGTTCTGGGAAGGCCCAAAGAAGTTTGCAGGGGG
CAGTGCAGCACAAAGCAGCATCTTTCAGTGCTTTGACGTCCTGCTGGGCATCC
AACAGAATGCTGGTGGAGGACATGCTGCTCAGTTCCTCCAGGACATGAGAAC
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ATATATGCCACCAGCTCACAGGAACTTCCTGTACTCATTAGAGTCAAGTCCCT
CAGTCCGTGAGTTTGTCCTTTCAAAAGGTGATGCTGGCCTGCGGGAAGCTTAT
GATGCCTGTGTGAAAGCTCTGGTCTCCCTGAGGAGCTACCATCTGCAAATCGT
GACTAAGTACGTCCTGATTCCTGCAAGCCAGCAGCCAAAGGAAAACAAGACC
TCTGAAGACCCTTCAAAACTGGATGCCAAAGGAACTGGAGGCACTGATTTAAT
GGAATTCCTAAAGACTGTGAGAAGTACAACCGAGAAATACCGTTTGAAGGAA
GGTTAAGACCTGCAGGACGCCACAGCTCTGATCATAATCAGCCATACCACATT
TGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGA
AACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATG
GTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTITTCA
CTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCT

MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFL
PFFSNVTWFHAIHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDS
KTQSLLIVNNATNVVIK VCEFQFCNDPFLGVYYHKNNKSWMESEFRVY SSANNC
TFEY VSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY SKHTPINL VRDLPQGFSA
LEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLK
YNENGTITDAVDCALDPLSETKCTLKSFTVEKGIYQTSNFR VQPTESIVRFPNITNL
CPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDL
CFTNVYADSFVIRGDEVRQIAPGQTGKIAD YNYKLPDDFTGCVIAWNSNNLDSKV
GGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTN
GVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNK CVNFNFNGLTGTGVLTES
NKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLY
QDVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSYECDIPIG
AGICASYQTQTNSPRRARSVASQ*

SARS-CoV-2
spike S1 domain
protein sequence

CGTGAGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCCCACAGTCCCC
GAGAAGTTGGGGGGAGGGGTCGGCAATTGAACCGGTGCCTAGAGAAGGTGGC
GCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTITTTITCCCGAG
GGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCG
CAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTGGTTCCCGCGGGC
CTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGC
TGCAGTACGTGATTCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGAGAGT
TCGAGGCCTTGCGCTTAAGGAGCCCCTTCGCCTCGTGCTTGAGTTGAGGCCTG
GCCTGGGCGCTGGGGCCGCCGCGTGCGAATCTGGTGGCACCTTCGCGCCTGTC
TCGCTGCTTTCGATAAGTCTCTAGCCATTTAAAATTTTTGATGACCTGCTGCGA
CGCTTTTTTITCTGGCAAGATAGTCTTGTAAATGCGGGCCAAGATCTGCACACT
GGTATTTCGGTTTTTGGGGCCGCGGGCGGCGACGGGGCCCGTGCGTCCCAGCG
CACATGTTCGGCGAGGCGGGGCCTGCGAGCGCGGCCACCGAGAATCGGACGG
GGGTAGTCTCAAGCTGGCCGGCCTGCTCTGGTGCCTGGCCTCGCGCCGCCGTG
TATCGCCCCGCCCTGGGCGGCAAGGCTGGCCCGGTCGGCACCAGTTGCGTGAG
CGGAAAGATGGCCGCTTCCCGGCCCTGCTGCAGGGAGCTCAAAATGGAGGAC
GCGGCGCTCGGGAGAGCGGGCGGGTGAGTCACCCACACAAAGGAAAAGGGC
CTTTCCGTCCTCAGCCGTCGCTTCATGTGACTCCACGGAGTACCGGGCGCCAT
CCAGGCACCTCGATTAGTTCTCGAGCTTTTGGAGTACGTCGTCTTTAGGTTGGG
GGGAGGGGTTTTATGCGATGGAGTTTCCCCACACTGAGTGGGTGGAGACTGA
AGTTAGGCCAGCTTGGCACTTGATGTAATTCTCCTTGGAATTTGCCCTTTTTGA
GTTTGGATCTTGGTTCATTCTCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCT
TCCATTTCAGGTGTCGTGAGGAATTAGCTGGCGCGCCTTCCCGCCACCATGTTT
GTGTTTCTGGTATTGCTGCCATTGGTCTCCAGCCAATGTGTTAATCTCACGACC
AGGACCCAATTGCCTCCCGCGTATACTAACTCTTITCACGAGGGGAGTCTACTA
TCCTGACAAAGTATITAGGTCTTCAGTGCTGCATAGTACACAAGACCTGTTCC
TTCCGTTTTTCAGCAACGTGACTTGGTTCCACGCTATACACGTCTCAGGGACG
AATGGAACAAAGCGCTTCGATAATCCGGTTTTGCCATTTAATGATGGTGTCTA
TTTCGCATCCACAGAAAAGTCCAACATTATCAGGGGGTGGATCITTGGTACGA
CGCTGGATAGCAAAACACAGTCCCTCCTTATCGTCAACAATGCCACGAATGTG
GTGATTAAGGTTTGCGAATTITCAATTTTGTAACGACCCTTTTCTTGGCGTATAT
TATCATAAAAACAACAAGTCCTGGATGGAAAGCGAATTCCGCGTATACAGTTC
CGCAAACAACTGTACATTTGAATATGTGAGCCAACCTITTITCTGATGGACCTGG
AGGGCAAACAGGGCAACTTTAAAAATTTGAGAGAGTTCGTCTTCAAAAATATT
GATGGATATTTCAAGATTTATAGTAAGCATACGCCCATAAATCTTGTCCGGGA
TCTGCCGCAGGGTTITTAGCGCTCTCGAACCCTTGGTAGACCTCCCGATTGGTAT
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AAACATCACCAGGTTTCAGACCCTTCTTGCGTTGCACCGCAGCTATCTCACGC
CAGGCGATAGTAGTTCAGGTTGGACTGCCGGAGCAGCAGCCTACTACGTAGG
CTACCTTCAACCTAGAACGTTTCTGTTGAAATATAATGAAAATGGTACAATCA
CAGACGCGGTCGACTGCGCACTGGACCCGCTGAGCGAAACCAAATGTACGCT
CAAGTCCTTCACCGTAGAGAAAGGCATCTACCAGACTTCTAATTTCCGAGTGC
AGCCGACGGAGTCAATCGTGAGATTCCCTAACATAACTAATTTGTGTCCATTT
GGCGAAGTGTTCAATGCAACCAGATTCGCCTCCGTCTATGCGTGGAATCGAAA
AAGAATTTCAAACTGCGTAGCGGATTATTCTGTCTTGTACAATAGTGCCTCCTT
TAGTACGTTCAAGTGTTATGGGGTGTCACCAACGAAGTTGAATGATCTTTGTT
TCACGAATGTTTACGCTGATTCATTTGTAATACGCGGAGACGAAGTTAGACAA
ATCGCACCAGGGCAGACAGGCAAGATCGCGGATTATAATTATAAGCTGCCAG
ACGACTTCACTGGGTGCGTTATCGCATGGAACTCCAACAACTTGGATAGTAAA
GTGGGCGGGAATTACAACTACCTGTATAGACTTTTCCGAAAGTCCAATTTGAA
GCCATTCGAAAGGGACATTTCTACTGAAATATATCAAGCGGGATCAACACCTT
GCAACGGAGTGGAAGGGTTCAACTGCTACTTTCCGCTGCAATCTTATGGGTTT
CAACCGACTAATGGAGTCGGGTATCAGCCTTACAGAGTTGTTGTTCTTTCCTTT
GAGCTGTTGCATGCCCCGGCAACCGTATGTGGGCCCAAGAAATCTACAAACCT
CGTTAAGAATAAATGCGTGAATTTCAACTTCAATGGTCTCACCGGGACGGGGG
TCCTGACCGAAAGTAACAAGAAATTTCTGCCCTTITCAGCAATTCGGAAGAGAC
ATCGCGGACACTACAGACGCCGTTCGGGACCCGCAGACTCTCGAAATTCTTGA
CATCACGCCGTGTTCATTCGGAGGCGTTITCCGTGATTACACCAGGAACGAATA
CCAGCAATCAAGTGGCAGTGTTGTATCAAGATGTTAATTGCACTGAAGTGCCT
GTCGCTATCCACGCGGACCAGCTCACGCCTACGTGGAGGGTGTATTCAACAGG
AAGCAACGTGTTCCAAACACGAGCGGGTTGTCTTATAGGGGCGGAGCACGTG
AACAATAGTTACGAATGTGATATACCGATAGGGGCTGGGATATGTGCGTCTTA
TCAAACACAGACGAATAGCCCCAGGCGCGCTCGAAGTGTGGCAAGCCAATAG
TAGCCTGCAGGCCCCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCG
CTTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCC
GTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCA
TTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTC
GTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGC
GACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGGCC
AAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCA
CGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTAT
TCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCTGA
TCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAAAC
GTCTAGGCCCCCCGAACCACGGGGACGTGGTTITTCCTTTGAAAAACACGATGA
TAAAGCCACCATGGCACATGCTATGGAAAACTCCTGGACAATCAGTGAAGAG
TACCATATTGATGAAGAAGTGGGCTITCGCTCTGCCAAATCCACAGGAAAATCT
ACCTGATTTTTATAATGACTGGATGTTCATTGCCAAACATCTGCCTGATCTCAT
AGAGTCTGGCCAACTTCGAGAAAGAGTTGAGAAGTTAGACATGCTCAGCATT
GATCATCTCACAGACCACAAGTCACAGCGCCTTGCACATCTAGTTCTGGGATG
CATCACCATGGCATATGTGTGGGATAAAGGTCATGGAGACGTCCGTAAGGTCT
TGCCAAGAAATATTGCTGTTCCTTACTGCCAACTCTCCAAGAAACTGGGCCTG
CCTCCTATTCTGGTTTATGCAGACTGTGTCTTGGCAAACTGGAAGAAAAAGGA
TCCTAATAAGCCCCTGACTTATGAGAACATGGACGTTTTGTTCTCCTTTCGTGA
TGGAGACTGCAGTAAAGGATTCTTCCTGGTTTCTCTATTGGTGGAAATAGCAG
CTGCTTCTGCTATCAAAGAAATTCCTACTGTATTCAGGGCAATGCAATTGCGA
GAACGGGACACTCTGCTAAAGGCACTGTTGGAAATAGCTTCTTGCCTGGAGAA
AGCCCGTCAAGTGTTTCAGCAAATGCACGATCACGTAAACCCAAATGCATTTT
ACAGTGTTCITCGCATATATTTGGCTGGCTGGAAAGGCAACCCCCAGCTATCA
GACGGTCTGGTGTATGAGGGGTTCTGGGAAGGCCCAAAGAAGTTTGCAGGGG
GCAGTGCAGCACAAAGCAGCATCTTTCAGTGCTTTGACGTCCTGCTGGGCATC
CAACAGAATGCTGGTGGAGGACATGCTGCTCAGTTCCTCCAGGACATGAGAA
CATATATGCCACCAGCTCACAGGAACTTCCTGTACTCATTAGAGTCAAGTCCC
TCAGTCCGTGAGTTTGTCCTTTCAAAAGGTGATGCTGGCCTGCGGGAAGCTTA
TGATGCCTGTGTGAAAGCTCTGGTCTCCCTGAGGAGCTACCATCTGCAAATCG
TGACTAAGTACGTCCTGATTCCTGCAAGCCAGCAGCCAAAGGAAAACAAGAC
CTCTGAAGACCCTTCAAAACTGGATGCCAAAGGAACTGGAGGCACTGATITA
ATGGAATTCCTAAAGACTGTGAGAAGTACAACCGAGAAATACCGTTTGAAGG
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AAGGTTAAGACCTGCAGGACGCCACAGCTCTGATCATAATCAGCCATACCAC
ATTTGTAGAGGTTTITACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCT
GAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATA
ATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTIT
TCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCT

ATGTTTGTGTTTCTGGTATTGCTGCCATTGGTCTCCAGCCAATGTGTTAATCTC
ACGACCAGGACCCAATTGCCTCCCGCGTATACTAACTCTTTCACGAGGGGAGT
CTACTATCCTGACAAAGTATTTAGGTCTTCAGTGCTGCATAGTACACAAGACC
TGTTCCTTCCGTTITITCAGCAACGTGACTTGGTTCCACGCTATACACGTCTCAG
GGACGAATGGAACAAAGCGCTTCGATAATCCGGTTTTGCCATTTAATGATGGT
GTCTATTTCGCATCCACAGAAAAGTCCAACATTATCAGGGGGTGGATCTTTGG
TACGACGCTGGATAGCAAAACACAGTCCCTCCTTATCGTCAACAATGCCACGA
ATGTGGTGATTAAGGTTTGCGAATTTCAATTTTGTAACGACCCTTTTCTTGGCG
TATATTATCATAAAAACAACAAGTCCTGGATGGAAAGCGAATTCCGCGTATAC
AGTTCCGCAAACAACTGTACATTTGAATATGTGAGCCAACCTTTTCTGATGGA
CCTGGAGGGCAAACAGGGCAACTTTAAAAATTTGAGAGAGTTCGTCTTCAAA
AATATTGATGGATATTTCAAGATTTATAGTAAGCATACGCCCATAAATCTTGT
CCGGGATCTGCCGCAGGGTTITTAGCGCTCTCGAACCCTTGGTAGACCTCCCGA
TTGGTATAAACATCACCAGGTTTCAGACCCTTCTTGCGTTGCACCGCAGCTATC
TCACGCCAGGCGATAGTAGTTCAGGTTGGACTGCCGGAGCAGCAGCCTACTAC
GTAGGCTACCTTCAACCTAGAACGTTTCTGTTGAAATATAATGAAAATGGTAC
AATCACAGACGCGGTCGACTGCGCACTGGACCCGCTGAGCGAAACCAAATGT
ACGCTCAAGTCCTTCACCGTAGAGAAAGGCATCTACCAGACTTCTAATTTCCG
AGTGCAGCCGACGGAGTCAATCGTGAGATTCCCTAACATAACTAATTITGTGTC
CATTTGGCGAAGTGTTCAATGCAACCAGATTCGCCTCCGTCTATGCGTGGAAT
CGAAAAAGAATTTCAAACTGCGTAGCGGATTATTCTGTCTTGTACAATAGTGC
CTCCTTTAGTACGTTCAAGTGTTATGGGGTGTCACCAACGAAGTTGAATGATC
TTTGTTTCACGAATGTTTACGCTGATTCATTTGTAATACGCGGAGACGAAGTTA
GACAAATCGCACCAGGGCAGACAGGCAAGATCGCGGATTATAATTATAAGCT
GCCAGACGACTTCACTGGGTGCGTTATCGCATGGAACTCCAACAACTTGGATA
GTAAAGTGGGCGGGAATTACAACTACCTGTATAGACTTTTCCGAAAGTCCAAT
TTGAAGCCATTCGAAAGGGACATTTCTACTGAAATATATCAAGCGGGATCAAC
ACCTTGCAACGGAGTGGAAGGGTTCAACTGCTACTTTCCGCTGCAATCTTATG
GGTTTCAACCGACTAATGGAGTCGGGTATCAGCCTTACAGAGTTGTTGTTCTITT
CCTTTGAGCTGTTGCATGCCCCGGCAACCGTATGTGGGCCCAAGAAATCTACA
AACCTCGTTAAGAATAAATGCGTGAATTTCAACTTCAATGGTCTCACCGGGAC
GGGGGTCCTGACCGAAAGTAACAAGAAATTTCTGCCCTTTCAGCAATTCGGAA
GAGACATCGCGGACACTACAGACGCCGTTCGGGACCCGCAGACTCTCGAAAT
TCTTGACATCACGCCGTGTTCATTCGGAGGCGTTTCCGTGATTACACCAGGAA
CGAATACCAGCAATCAAGTGGCAGTGTTGTATCAAGATGTTAATTGCACTGAA
GTGCCTGTCGCTATCCACGCGGACCAGCTCACGCCTACGTGGAGGGTGTATTC
AACAGGAAGCAACGTGTTCCAAACACGAGCGGGTTGTCTITATAGGGGCGGAG
CACGTGAACAATAGTTACGAATGTGATATACCGATAGGGGCTGGGATATGTG
CGTCTTATCAAACACAGACGAATAGCCCCAGGCGCGCTCGAAGTGTGGCAAG
CCAA

Codon-optimized
S1 coding
sequence
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WHAT IS CLAIMED IS:

1. A recombinant polynucleotide comprising:
a first nucleic acid sequence encoding an antigen; and
a second nucleic acid sequence encoding an enzyme of an amino acid

catabolic pathway.

2. The recombinant polynucleotide of claim 1, wherein the amino acid

catabolic pathway is an L-tryptophan catabolic pathway.

3. The recombinant polynucleotide of claim 2, wherein the enzyme of the
L-tryptophan catabolic pathway is indoleamine 2,3-dioxygenase 1 or a paralogue or isoform

thereof.

4. The recombinant polynucleotide of claim 2, wherein the enzyme of the
L-tryptophan catabolic pathway is indoleamine 2,3-dioxygenase 2 or a paralogue or isoform

thereof.

5. The recombinant polynucleotide of claim 2, wherein the enzyme of the
L-tryptophan catabolic pathway is tryptophan 2,3-dioxygenase or a paralogue or isoform
thereof.

6. The recombinant polynucleotide of claim 1, wherein the amino acid

catabolic pathway is an L-arginine catabolic pathway.

7. The recombinant polynucleotide of claim 6, wherein the enzyme of the

L-arginine catabolic pathway is arginase 1 or a paralogue or isoform thereof.

8. The recombinant polynucleotide of claim 6, wherein the enzyme of the

L-arginine catabolic pathway is nitric oxide synthase 2 or a paralogue or isoform thereof.

9. The recombinant polynucleotide of claim 1, wherein the enzyme is

interleukin 4-induced gene 1.

10.  The recombinant polynucleotide of claim 1, wherein the enzyme is an

L-amino acid oxidase.
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11. The recombinant polynucleotide of claim 1, wherein the antigen

comprises a viral nucleoprotein.

12. The recombinant polynucleotide of claim 1, wherein the antigen

comprises a secreted protein.

13. The recombinant polynucleotide of claim 1, wherein the antigen

comprises an infectious disease antigen.

14. The recombinant polynucleotide of claim 13, wherein the infectious
disease antigen is a bacterial antigen, a viral antigen, a fungal antigen, a protozoal antigen, a

helminthic antigen, or a combination thereof.

15.  The recombinant polynucleotide of claim 13, wherein the infectious
disease antigen is a severe acute respiratory syndrome coronavirus (SARS-CoV) antigen, a
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antigen, a Middle East
respiratory syndrome coronavirus (MERS-CoV) antigen, a simian immunodeficiency virus
(SIV) antigen, a human immunodeficiency virus (HIV) antigen, a hepatitis C virus antigen, a
herpes simplex virus antigen, an Epstein-Barr virus antigen, a cytomegalovirus antigen, an

influenza virus antigen, or a combination thereof.

16.  The recombinant polynucleotide of claim 13, wherein the infectious
disease antigen is an SIV group-specific antigen (gag) protein, an HIV gag protein, or a

combination thereof.

17.  The recombinant polynucleotide of claim 13, wherein the infectious
disease antigen is a bacterial disease antigen from Mycobacterium tuberculosis, Borrelia
burgdorferi, Brucella abortus, Listeria monocytogenes, Chlamydia trachomatis, Coxiella

burnetii, Salmonella enterica, Francisella tularensis, or Rickettsia spp.

18.  The recombinant polynucleotide of claim 13, wherein the infectious
disease antigen is a protozoal disease antigen from Plasmodium falciparum or Toxoplasma

gondii.

19. The recombinant polynucleotide of claim 1, wherein the antigen

comprises a tumor-associated antigen.
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20. The recombinant polynucleotide of claim 19, wherein the tumor-
associated antigen is a prostate-specific antigen, melanoma-associated antigen 4 (MAGEA4),
melanoma-associated antigen 10 (MAGEA10), New York esophageal squamous cell

carcinoma 1 (NY-ESO-1), a neoantigen, or a combination thereof.

21.  The recombinant polynucleotide of claim 1, wherein at least one of the

first nucleic acid sequence and the second nucleic acid sequence is codon optimized.

22.  The recombinant polynucleotide of claim 1, further comprising:

at least one promoter sequence.

23.  The recombinant polynucleotide of claim 1, further comprising:

at least one internal ribosome entry site sequence.

24.  The recombinant polynucleotide of claim 1, further comprising:

at least one polyadenylation sequence.

25. A viral particle comprising the recombinant polynucleotide of claim 1.
26. A host cell comprising the recombinant polynucleotide of claim 1.
27. A pharmaceutical composition comprising:

the recombinant polynucleotide of claim 1; and
a pharmaceutically acceptable carrier, a pharmaceutically acceptable

excipient, or a combination thereof.

28. A method for inducing an immune response against an antigen in a
subject, the method comprising:
administering to the subject a therapeutically effective amount of the

pharmaceutical composition of claim 27.

29.  The method of claim 28, wherein the subject has a previously existing

immune response to the antigen.

30. The method of claim 28, wherein the immune response comprises

increased production of CD4™ memory cells.
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31 The method of claim 28, wherein the immune response comprises an

increased ratio of CD4™ cells to CD8" cells.

32. The method of claim 28, wherein the immune response comprises

increased production of T memory stem cells.

33. The method of claim 28, wherein the immune response comprises

increased production of interleukin 10 (IL-10).

34. The method of claim 28, wherein the immune response comprises

activation of the general control nonderepressible 2 (GCN2) kinase.

35. The method of claim 28, wherein the immune response comprises

activation of the arylhydrocarbon receptor (AhR).

36. The method of claim 28, wherein the immune response comprises

increased production of nitric oxide (NO).

37. The method of claim 28, wherein the immune response comprises

increased production of spermidine.

38. The method of claim 28, wherein the immune response induced in the
subject is greater than an immune response induced using a corresponding recombinant

polynucleotide that does not comprise the second nucleic acid sequence.

39. The method of claim 28, wherein the immune response comprises

generation of antibodies that recognize the antigen.

40. The method of claim 28, further comprising:

obtaining a test sample from the subject.

41. The method of claim 40, wherein the test sample comprises a blood
sample, a tissue sample, a urine sample, a saliva sample, a cerebrospinal fluid sample, or a

combination thereof.

42. The method of claim 40, further comprising:

determining the level of one or more biomarkers in the test sample.
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43, The method of claim 42, wherein the one or more biomarkers comprise
C-reactive protein, IFNy, tumor necrosis factor alpha, interleukin 4, interleukin 5, interleukin
6, IL-10, interleukin 12, interleukin 15, GCN2 kinase, AhR, SHP-1, SHP-2, NO, spermidine,

or a combination thereof.

44, The method of claim 42, further comprising:
comparing the level of the one or more biomarkers in the test sample to the

level of the one or more biomarkers in a reference sample.

45. The method of claim 44, wherein the reference sample was obtained

from the subject prior to the obtaining of the test sample.

46. The method of claim 44, wherein the reference sample is obtained

from a different subject or from a population of subjects.

47. A method for preventing or treating a disease in a subject, the method
comprising administering to the subject a therapeutically effective amount of the

pharmaceutical composition of claim 27.

48. The method of claim 47, wherein the disease is an infectious disease or

a cancer.

49. The method of claim 48, wherein the infectious disease is caused by a
bacterial infection, a viral infection, a fungal infection, a protozoal infection, a helminthic

infection, or a combination thereof.

50. The method of claim 48, wherein the infectious disease is caused by a
SARS-CoV virus, a SARS-CoV-2 virus, a MERS-CoV virus, an SIV virus, an HIV virus, a
hepatitis C virus, a herpes simplex virus, an Epstein-Barr virus, a cytomegalovirus antigen, an

influenza virus antigen, or a combination thereof.

51. The method of claim 48, wherein the infectious disease is caused by
Mycobacterium  tuberculosis, Borrelia  burgdorferi, Brucella  abortus, Listeria
monocytogenes, Chlamydia trachomatis, Coxiella burnetii, Salmonella enterica, Francisella

tularensis, or Rickettsia spp.
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52. The method of claim 48, wherein the infectious disease is caused by a

protozoal disease antigen from Plasmodium falciparum or Toxoplasma gondii.

53. The method of claim 47, wherein the treating of the disease comprises

decreasing or eliminating one or more signs or symptoms of the disease.
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