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Abstract

CDA4 T cells promote innate and adaptive immune responses, but how vaccine-elicited CD4 T cells
contribute to immune protection remains unclear. Here we evaluated whether induction of virus-
specific CD4 T cells by vaccination would protect mice against infection with chronic
lymphocytic choriomeningitis virus (LCMV). Immunization with vaccines that selectively
induced CD4 T cell responses resulted in catastrophic inflammation and mortality following
challenge with a persistent strain of LCMV. Immunopathology required antigen-specific CD4 T
cells and was associated with a cytokine storm, generalized inflammation, and multi-organ system
failure. Virus-specific CD8 T cells or antibodies abrogated the pathology. These data demonstrate
that vaccine-elicited CD4 T cells in the absence of effective antiviral immune responses can
trigger lethal immunopathology.

CD4 T cells play an essential role in facilitating innate and adaptive immune responses.
Absence of CD4 T cells at the time of priming results in impaired memory CD8 T cell
responses(1-4) and severe CD8 T cell dysfunction with uncontrolled viral replication
following persistent viral infections(5-8). Moreover, adoptive transfer of virus-specific CD4
T cells during chronic lymphocytic choriomeningitis virus (LCMV) infection has been
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shown to rescue cytotoxic and humoral responses, resulting in enhanced viral control(9). As
a result, developing strategies that preferentially elicit CD4 T cell responses by candidate
vaccines has been a research priority, and several CD4 T cell-based vaccines against
smallpox and HIV are currently being tested(10-13). However, little is known about the role
of vaccine-elicited CD4 T cells following viral challenge.

We explored whether a vaccine that elicited CD4 T cell responses would afford protective
immunity against LCMV infection in mice. We first vaccinated C57BL/6 mice with a
Listeria monocytogenes vector expressing the LCMV glycoprotein-specific 1-AP restricted
CDA T cell epitope GP61-80 (LM-GP61)(14). Vaccination elicited durable GP61-specific
CDA T cell responses (Fig. S1A) that peaked at day 8 and persisted for over 60 days
following immunization (Fig. S1B).

Vaccinated mice were then challenged with LCMV Clone-13 (CI-13), which causes a
systemic infection that lasts for 60-90 days(15). As expected, control mice (LM-wt)
exhibited modest weight loss after challenge followed by recovery(16) (Fig. 1A). In
contrast, LM-GP61 vaccinated mice exhibited immunopathology characterized by >20%
weight loss (p<0.0001) (Fig. 1A) and 90% mortality by day 20 following challenge
(P=0.0005) (Fig. 1B), which was associated with cytokine storm (Fig. 1C). Gross pathology
of vaccinated mice following challenge showed widespread inflammation (Fig. 1D), and
histopathology revealed involution of lymphoid tissues, impaired development of B cell
follicles, and severe tissue destruction (Fig. 1E), consistent with multi-organ system failure.

We next determined the generalizability of these observations. Immunization of C57BL/6
mice with dendritic cells (DCs) coated with various I-AP restricted CD4 T cell epitopes
(GP6, GP126, and NP309 with or without GP61) (Fig. S2A) resulted in mortality following
LCMV CI-13 challenge (Fig. S2B). Moreover, immunization of BALB/c mice with DCs
pulsed with the 1-Ad restricted NP116 epitope (Fig. S2C) similarly led to mortality following
challenge (Fig. S2D). These data demonstrate that the CD4 T cell immunopathology
observed with the LM-GP61 vaccine was not specific to the vaccine platform, target epitope,
or host genetic background.

We next analyzed adaptive immune responses following challenge. Mice vaccinated with
LM-GP61 and challenged with LCMV CI-13 exhibited elevated GP61-specific CD4 T cell
responses in tissues and blood at day 8 (25-fold greater than controls, p<0.0001) (Fig. 2A,
2B). By day 15, these vaccinated mice showed a 21-fold reduction in 1gG responses
(P=0.02) (Fig. 2C), a 153-fold reduction in the number of germinal center B cells (P=0.001)
(Fig. 2D, 2E), a 76-fold reduction in the number of antibody-secreting cells (P=0.002)
compared to controls (Fig. 2F). This decrease in humoral responses in mice that received the
CDA T cell vaccine paralleled the observations of our histological analyses, which showed
absence of germinal centers in lymph nodes and spleen (Fig. 1F). Moreover, there was a 5.2-
fold reduction in the number of GP276-specific CD8 T cells in the spleen (P=0.05) (Fig. 2G)
(gating scheme shown in Fig. S3A-3C), which may have been due to a greater CD8 T cell
deletion in the context of higher viral loads. Vaccinated mice also exhibited a 6.3-fold
increase in viremia at day 8 (P=0.02) (Fig. 2H). Tissue viral loads were also increased
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(p<0.05)(Fig. S4A), and the pattern of infected cells was similar between vaccinated and
control mice at day 8 (Fig. S4B, S4C).

Despite the massive expansion of GP61-specific CD4 T cells, the lethal immunopathology
was associated with a 2.7-fold reduction in the total number of CD4 T cells (P=0.05) (Fig.
S5A, S5B), suggesting impaired maintenance of CD4 T cells. Mice that received the LM-
GP61 vaccine also showed a 3.6-fold reduction in the frequencies of Tregs (P=0.03) (Fig.
S5A, S5C), a 15.4-fold increase in the effector to Treg ratio (P=0.003) (Fig. S5D), and were
moderately lymphopenic (Fig. S5E) as compared to controls following LCMV CI-13
challenge. It is unlikely that partial Treg collapse alone caused the observed mortality, since
complete Treg ablation typically induces immunopathology after 2-3 weeks(17, 18), and the
mortality reported here was fulminant, consistent with cytokine storm rather than
autoimmunity.

We next explored the mechanism of the observed lethal immunopathology. First, LM-GP61-
vaccinated mice that were challenged with a mutant LCMV CI-13 virus strain that
specifically lacked the GP61-80 epitope (rCl-13/WE-GP AGP61) demonstrated no mortality,
and depletion of CD4 T cells prior to LCMV CI-13 challenge abrogated the
immunopathology (Fig. 3A). These data suggest that virus-specific CD4 T cells are required
for the observed immunopathology. Second, we assessed whether the immunopathology
could be recapitulated simply by increasing the precursor frequency of virus-specific CD4 T
cells. We challenged mice with LCMV CI-13 one day after adoptive transfer with between
102 and 10° naive SMARTA cells (TCR-transgenic CD4 T cells specific for the LCMV
GP66-77 epitope) (Fig. S6A). Transfer of 10° SMARTA cells resulted in significant
mortality (Fig. S6B) and impaired antiviral immunity (Fig. S6C-S6D), similar to what we
observed after vaccination with LM-GP61 or peptide-pulsed DCs. These data suggest that
the lethal immunopathology could be recapitulated by increasing the precursor frequency of
CDAT cells.

To explore the mechanism further, we assessed whether suppressing viral replication with
LCMV-specific CD8 T cells or antibodies would abrogate this pathology. All mice that were
co-immunized with LM-GP61 and various vaccines that expressed the CD8 epitope GP33 or
the full-length LCMV glycoprotein survived the LCMV CI-13 challenge (Fig. 3B). The
abrogation of the immunopathology was specifically due to vaccine-elicited CD8 T cells,
since depletion of CD8 T cells in co-immunized mice before LCMV CI-13 challenge
recapitulated the observed mortality (Fig. 3C). In addition, adoptive transfer of 106 P14 CD8
T cells (TCR transgenic CD8 T cells specific for LCMV GP33), or purified CD8 T cells
from mice that cleared LCMV Armstrong (which is a strain that is acutely cleared and
induces functional responses) prevented the immunopathology (Fig. 3C). In order to test the
role of antibodies at preventing the observed immunopathology, we challenged vaccinated
mice with a recombinant LCMV CI-13 strain expressing LCMV WE GP (LCMV
CI-13/WE-GP), which can be neutralized by administering the monoclonal antibody
KL25(19). Similarly, administration of this neutralizing antibody, but not an isotype-
matched control antibody, abrogated the lethal pathology in LM-GP61 vaccinated mice
following challenge with neutralization sensitive LCMV CI-13/WE-GP (Fig. 3D).
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Mice that were co-immunized with vaccines that induce both CD4 and CD8 T cell responses
demonstrated more robust CD8 T cell recall responses (Fig. 3E), which was associated with
a 40.3-fold reduction in CD4 T cell responses (P=0.04) (Fig. 3F-3G) and complete
virological control (P=0.007) by day 8 post-challenge (Fig. 3G). These data support the
proposed model of antigen-driven hyperstimulation of vaccine-elicited CD4 T cells.
Sufficient antiviral CD8 T cells or antibodies limit viral replication and thereby reduce the
antigen-dependent activation of memory CD4 T cells, thus abrogating the observed
immunopathology. The absence of mortality in LM-wt immunized mice was likely due to
the low numbers of virus-specific CD4 T cell responses relative to LM-GP61 immunized
mice.

Many CDA4 T cell epitopes incorporate smaller CD8 T cell epitopes(20-24). For example,
within the LCMV GP61-80 CD4 epitope lies an embedded H-2KP-restricted GP70-77 CD8
T cell epitope(25) (Fig. S7). However, this CD8 T cell response was too subdominant to
control viral replication; H-2KP deficient mice (which cannot generate GP70-specific CD8 T
cells) and wild type mice vaccinated with LM-GP61 similarly succumbed following LCMV
ClI-13 challenge (Fig. S8).

Finally, we assessed differences in the transcriptional profiles of CD4 T cells on day 8
following chronic viral challenge by gene expression profiling. Transcriptional analysis of
purified GP66-specific CD4 T cells (Fig. 4A) identified numerous differentially expressed
genes (Fig. 4B—4C and Table S1-S3). Following LCMV ClI-13 challenge, LCMV-specific
CDA T cells from both experimental groups remained FoxP3- (Fig. S9A), and some
exhibited T follicular helper (Tth) differentiation (Fig. S9B), as expected(26). GP66-specific
CDAT cells from LM-GP61 vaccinated mice showed lower levels of Eomes (which is a
transcription factor associated with expression of inhibitory receptors and exhaustion) (27),
and expressed higher levels of CCR5 (the HIV coreceptor) relative to controls (Fig. 4B, 4C,
S9C, S9ID).

GP61-specific CD4 T cells from controls exhibited the expected CD4 T cell exhaustion
signature characterized by high Eomes expression (Fig. 4B—4D). In contrast, GP61-specific
CDA T cells from LM-GP61 vaccinated mice showed marked enrichment of genes and
expression of cytokines associated with highly functional, effector T helper 1 (Th1)
responses (Fig. 4C-4E, S10). Moreover, by gene set enrichment analysis, immunopathologic
CDA4 T cells displayed an activated Th1 CD4 T cell signature, suggesting that these cells
failed to undergo normal physiologic exhaustion (Fig. 4E-4G). Furthermore, the gene
expression profiles in LM-GP61 vaccinated mice following challenge showed enrichment
for cellular processes involved in T cell activation and lymphocyte activation (Fig. S11,
Table S1-S3). Moreover, the lethal immunopathology required ongoing viral replication, as
LM-GP61 vaccinated mice challenged with LCMV Armstrong showed no mortality, with a
modestly enhanced memory CD8 T cell differentiation and viral control (Fig. S12). Taken
together, these data are consistent with a model in which uncontrolled viral replication
resulted in overstimulation of vaccine-elicited Thl CD4 cells, leading to generalized
inflammation and multi-organ system failure (Fig. S13).
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Our data demonstrate that a vaccine that elicits primarily CD4 T cells can result in lethal
immunopathology following challenge with a persistently replicating virus by a mechanism
that involves hyperstimulation of vaccine-elicited CD4 T cells by uncontrolled viral
replication. Importantly, both antiviral CD8 T cells and antibodies that limit viral replication
abrogate this pathology. These data show that vaccine-elicited CD4 T cells can trigger
immunopathology and death in certain settings.

Although the extent to which this phenomenon may occur in humans has not yet been
determined, this mechanism is potentially generalizable to other vaccines that primarily
induce CD4 T cells in the absence of other effective antiviral immune responses. A previous
study reported that a vaccine that encoded an SIV CD4 T cell epitope led to higher viral
loads and accelerated AIDS progression as compared with controls following SIV challenge
in rhesus monkeys(28), although SIV-specific CD4 T cell responses were not directly
measured in this prior study. Moreover, since activated CD4 T cells also can serve directly
as targets for HIV, vaccine-elicited CD4 T cells could theoretically have multifactorial
negative effects(29). These findings warrant a thorough re-evaluation of CD4 T cell
responses, especially in the context of chronic infection.
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Fig 1. CDA4 T cell vaccinesinduce lethal immunopathology and systemic inflammation following
LCMV CI-13 challenge

LM-wt or LM-GP61 immune C57BL/6 mice were challenged with 2x108 PFU of LCMV
Cl-13. A) Weight loss. P-value on day 7 is indicated. B) Percent survival. Statistical analysis
for survival plot was performed using the Mantel-Cox test. C) Average cytokine levels in
serum by luminex assays at day 8. D) Gross pathology of inflammation and hemorrhage
from representative mice at day 8. E) Hematoxylin & eosin (H&E) staining of lymphoid and
non-lymphoid tissues at day 8 (20X, bone marrow and kidney; 10X, all other tissues). Black
scale-bar represents 0.5 mm. Panels A and B present combined data from 4 experiments,
N=3-5 mice/group per experiment. Panels C, D, E are representative data from 1 of 3
experiments, N=4 mice/group per experiment. *, P=0.05; **, P=0.02 (Mann-Whitney test).
Error bars indicate SEM.
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Fig 2. Uncontrolled anamnestic LCMV-specific CD4 T cellsand impaired adaptive immunity

following LCMV CI-13 challenge

A) Representative FACS plot showing I-AP GP66-specific CD4 T cells in lymphoid and
non-lymphoid tissues. B) Numbers of 1-AP GP66-specific CD4 T cells in lymphoid and non-
lymphoid tissues. C) Longitudinal analysis of LCMV-specific 1gG responses in sera. D)
Representative FACS plot showing germinal center B cell responses in spleen. E) Number
of germinal center B cells in spleen. F) Number of antibody secreting cells in spleen. G)
Longitudinal analysis of LCMV-specific (D°GP276+) CD8 T cell responses in spleen. H)
Viremia on day 8 following infection. Experiment was performed similarly to Fig. 1. Panels
A, B are from day 8. Panels D, E, F are from day 15. Panels B-C and E-H are combined
data from 5 experiments, n=3-4 mice/group per experiment. *, P=0.05; **, P=0.02; ***,

P<0.002 (Mann-Whitney test). Error bars indicate SEM.
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Fig 3. Prevention of CD4 T cell mediated pathology by antiviral CD8 T cells and antibodies
A) Percent survival in LM-GP61 vaccinated mice following LCMV CI-13 challenge with or

without CD4 T cell depletion or following rCI-13/WE-GP AGP61 challenge. B) Percent
survival following co-immunization with LM-GP61 and Listeria, poxvirus, or adenovirus
based vaccines that elicited CD8 T cell responses prior to challenge. C) Percent survival in
co-immunized mice following CD8 T cell depletion or in LM-GP61 immunized mice
following adoptive transfer of P14 transgenic CD8 T cells or LCMV-specific CD8 T cells
from LCMV Armstrong immune mice prior to chronic viral challenge. D) Percent survival
following infection with rCI-13/WE-GP expressing the glycoprotein of the WE strain, with
or without infusion with the WE-GP-specific mAb KL25. E) Representative FACS plots
showing the kinetics of GP33-specific CD8 T cell responses before and after chronic viral
challenge. F) Representative FACS plots showing the kinetics of GP61-specific CD4 T cell
responses before and after chronic viral challenge. G) Summary of CD8 T cell responses,
CDA4 T cell responses and viral loads following chronic viral infection. Statistical analyses
for survival plots were performed using the Mantel-Cox test. Experiment was performed
similarly to Fig. 1. Panels A-D and G present combined data from 2 experiments, n=5-6
mice/group per experiment. Error bars indicate SEM.
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Fig 4. Vaccine-elicited CD4 T cells are highly functional and bypass typical functional
exhaustion following LCMV CI-13 challenge

Microarray analysis was performed on sorted GP66-specific CD4 T cells at day 8. A) Cell
purity following FACS-sorting of I-AP restricted GP66-specific CD44+ CD4 T cells. B)
Heat map of the most differentially expressed genes. C) Heat map comparing the expression
of transcription factors involved in CD4 T cell differentiation. D) Fold change in the
expression of transcription factors involved in CD4 T cell differentiation. Dashed line
represents the cut-off for significance (=1.5-fold change). E) Enrichment score for different
CDA T cell subsets by gene set enrichment analysis (GSEA). Asterisks represent significant
values (p value & FDR q value <0.01). F) GSEA demonstrating enrichment for a CD4 T cell
exhaustion signature in chronically infected mice that had received the control vaccine. G)
GSEA demonstrating enrichment for a functional Thl CD4 T cell response signature in
chronically infected mice that had received the CD4 T cell vaccine. Experiment was
performed similarly to Fig. 1. Presented data are from LM-wt (n=3) and LM-GP61 (n=4)
vaccinated mice at day 8 following challenge with LCMV CI-13.
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