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Ag targeting to DEC205 on CD11¢*CD8" DCs, we found that Ag
delivery to CD11¢"CD8 ™ DCs by anti-DCIR2-OVA under stim-
ulatory conditions induced a similar IFN-y production in CD4*
T cells and a substantial IFN-y production in CD8" T cells after
restimulation with an OVA library on day 8 (Fig. 2B, 2C). Inter-
estingly, the IFN-y production in CD4* T cells appeared to be
long lasting, because on day 21 after initial immunization, IFN-y*
CD4" T cells could be detected when Ags were targeted to either
DC subpopulation (Fig. 2B, 2C). In contrast, the IFN-vy production
by CD8" T cells was only detectable on day 8 and decreased to
control levels until day 21, especially when CD11¢*CD8™ DCs
were initially targeted with Ags by anti-DCIR2-OVA. In com-
parison with the T cell-mediated IFN-y production, we found
only very few highly IFN-y* NK cells and CD4" and CD8"
NKT cells on day 8 and even fewer IFN-y* cells on day 21 after
initial immunization with the Ag-targeting Abs (Fig. 3B-G,
Supplemental Fig. 1). Overall, only very weak responses were
observed when the Ag-targeting Abs were injected without im-
mune stimulus or when the control Ab was injected (Figs. 2B-E,
3B-G). Thus, we conclude that Ag targeting to DCIR2 on CD11¢*
CD8  DCs induces similar CD4* and robust CD8" T cell
responses compared with Ag targeting of DEC205 on CD11c*
CD8" DCs in naive C57BL/6 animals.

Initiation of strong humoral immune responses after Ag
targeting to DCs in vivo

To study whether Ag targeting induced a humoral immune response
in vivo, C57BL/6 mice were injected with the targeting Abs in the

presence or absence of maturation stimuli (anti-CD40/pIC). Three
weeks later, mice were boosted with endotoxin-free soluble OVA,
and total serum OVA-specific IgG was determined after 7, 14, and
21 d (Fig. 4A). High titers of anti-OVA IgG Abs were measured
after targeting anti-DCIR2-OVA or anti-DEC205-OVA in the
presence of the maturation stimuli. The levels of anti-OVA IgG Ab
titers were equally high and seemed independent of the targeted DC
subpopulation. Notably, although 133-fold more Ag was applied
when OVA protein was injected as an alum emulsion, the overall
IgG Ab titer was at least one to two orders of magnitude lower
compared with mice that were immunized with the Ag-targeting Abs
in combination with the maturation stimulus (Fig. 4A, Supplemental
Fig. 2A). Control Iso-OVA Abs did not induce a measurable Ab
response against the Ag, which also was true for mice that were
immunized with the targeting Abs in the absence of the maturation
stimulus anti-CD40/pIC (Fig. 4A, Supplemental Fig. 2A).

To examine the induction of Thl- or Th2-dependent Ab
responses (42, 43), we analyzed the OVA-specific IgG subclass
distribution in the sera of Ag-targeted mice. Class switching of
IgG Abs is dependent on the surrounding cytokine milieu, with
IL-4 inducing IgG1, IFN-vy inducing IgG2c and IgG3, and TGF-
inducing IgG2b Ab subclasses (44, 45). In the sera of mice im-
munized with the Ag-targeting Abs anti-DCIR2-OVA or anti-
DEC205-0OVA, we detected OVA-specific IgG1 (Th2), IgG2b, and
IgG2c (Th1) Ab isotypes when the targeting Abs were injected in
the presence (Fig. 4B—G), but not in the absence (Supplemental
Fig. 2B-D), of the maturation stimulus anti-CD40/pIC. Of note,
we found a faster (7 d after boost, day —32) and overall >1-mag-
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FIGURE 4. Ag targeting to CD11¢*CD8" and CD11¢*CD8™ DCs induces the production of diverse Ab isotype subclasses. Five C57BL/6 mice were

immunized with 1 pg of anti-DCIR2-OVA, anti-DEC205-OVA, or Iso-OVA in the presence or absence (Supplemental Fig. 2) of 50 g anti-CD40 Ab and

50 g TLR3 ligand poly(I:C) (anti-CD40/pIC) or alum-OVA. Twenty-one days later, mice were boosted i.p. with 10 g endotoxin-free soluble OVA. OVA-
specific total IgG (A) and individual isotype subclass Ab titers of IgG1 (B and C), IgG2b (D and E), and IgG2c (F and G) were determined by ELISA 28, 35,
or 42 d after primary immunization (7, 14, or 21 d after boost or 60, 32, 25, or 18 d prior to tumor cell application). Preimmune serum was used as control

(day —60). Direct comparison of Ab titers of IgG1 (C), IgG2b (E), and IgG2c (G) of experimental groups of anti-DCIR2-OVA + anti-CD40/pIC-treated or
anti-DEC205-OVA + anti-CD40/pIC—treated mice 28 d after primary immunization (day —32, or 7 d after boost). Data are mean and individual values for

five mice/condition. Statistical analysis was performed using the Mann—Whitney U test, n.s., not significant.
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nitude higher production of IgG2b and IgG2c titers when CD11c¢"
CD8™ DCs were targeted with anti-DCIR2-OVA-targeted CD11c¢*
CD8* DCs compared with anti-DEC205-OVA-targeted CD11c*
CDS8* DCs in the presence of the maturation stimulus (Fig. 4E, 4G).
No OVA-specific Abs were produced when the animals were im-
munized with the Iso-OVA control Ab in the presence (Fig. 4B, 4D,
4F) or absence (Supplemental Fig. 2B-D) of the maturation stimulus
Consistent with previous results, the Ab response in alum-OVA-
injected animals was dominated by IgG1 (Fig. 4B, 4D, 4F) (39). The
overall Ab titers of IgG2b and IgG2c were up to five orders of
magnitude higher in mice initially immunized under activating con-
ditions with either anti-DCIR2-OVA or anti-DEC205-OVA com-
pared with Ab titers obtained from alum-OVA-injected animals (Fig.
4D, 4F). In summary, we conclude that Ag targeting under stimula-
tory conditions induces a broad spectrum of Ab isotypes with a faster
switch to 1gG2b or IgG2¢c Abs when CD11¢"CD8™ DCs presented
the Ag in an anti-CD40/pIC—stimulated environment.

Ag targeting under immunizing conditions reduces tumor load

Because Ag targeting led to strong CD4" and CD8" T cell responses,
accompanied by specific Ab responses (Figs. 2, 4), we investigated
whether the induced immune responses would be sufficient to
suppress tumor cell growth in a syngeneic melanoma model
expressing OVA as a model Ag. Therefore, we challenged mice
60 d after the initial induction of OVA-specific immune responses
with the targeting Abs with a B16F10 melanoma cell line stably
expressing OVA protein (B16F10-OVA) (Fig. 5SA). We found that
mice treated with anti-DCIR2-OVA or anti-DEC205-OVA in
conjunction with the anti-CD40/pIC maturation stimulus showed
a prolonged life span, which was accompanied by a markedly re-
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duced and delayed tumor growth (Fig. 5B, 5C). In contrast, mice
targeted under nonstimulatory conditions had no survival benefit
because of the high tumor burden (Fig. 5C). The mean tumor size of
mice treated with anti-CD40/pIC in combination with anti-DCIR2-
OVA or anti-DEC205-OVA did not exceed 50 mm? under stimu-
latory conditions, which is in strong contrast to the tumor sizes >
200 mm?® reached in mice that originally were immunized in the
absence of immune stimuli (Fig. 5B). Mice that were immunized
with control Iso-OVA Ab in the presence or absence of anti-CD40/
pIC, anti-DCIR2-OVA, or anti-DEC205-OVA in the absence of
anti-CD40/pIC, anti-CD40/pIC alone, or alum-OVA were not pro-
tected against rapidly growing tumor cells, as demonstrated by
a median survival < 26 d (Fig. 5B). In contrast, mice that were
primed originally with anti-DCIR2-OVA or anti-DEC205-OVA
Abs in the presence of anti-CD40/pIC showed a significantly im-
proved long-term survival, with a median survival of 45 or 63 d,
respectively (p = 0.0135, anti-DEC205-OVA + anti-CD40/pIC/Iso-
OVA + anti-CD40/pIC; p value = 0.0168, anti-DCIR2-OVA + anti-
CDA40/pIC/Iso-OVA + anti-CD40/pIC). We found no significant
difference in survival between the Ag delivery under stimulating
conditions to CD11¢c*CD8™ or CD11¢*CD8" DCs with regard to
overall survival of the mice.

For future therapeutic application of Ag-targeting Abs, it is
important to investigate whether the induced immune responses are
capable of delaying or eradicating the growth of established tumors.
To evaluate this, we injected the targeting Abs 5 d after inoculation
of B16F10-OVA cells in the presence or absence of anti-CD40/pIC
(Fig. 6A). Notably, mice in which Ags were presented either by
CD11c¢*CDS8* (anti-DEC205-OVA) or CD11¢*CD8™ DCs (anti-
DCIR2-OVA) under stimulatory conditions showed a delayed
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FIGURE 5. Preventive Ag targeting to CD11¢*CD8* and CD11¢*CD8 ™

DCs reduces tumor cell growth and prolongs survival. Sixty days prior to tumor

cell application, five C57BL/6 mice each were injected i.p. with 1 pg of anti-DCIR2—-OVA, anti-DEC205-OVA, Iso-OVA, or PBS in the presence (filled) or

absence (open) of the maturation stimuli 50 pg anti-CD40 Ab and 50 pg

poly(I:C) (anti-CD40/pIC) or Alum-OVA (*). On day —39 (21 d after immu-

nization), mice were boosted with 10 g endotoxin-free soluble OVA protein and challenged with 2 X 10° B16F10-OVA cells on day 0. (A) Experimental
setup. (B) Mean tumor sizes. Lines were discontinued when >50% of the mice needed to be sacrificed because of high tumor burden or died (). Data are
mean + SD. (C) Survival shown as Kaplan—Meier plots for five mice/group.
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onset of tumor growth. Moreover, these mice showed a prolonged
survival compared with the controls (median survival, 27 d for
anti-DEC205-OVA + anti-CD40/pIC; 28 d for anti-DCIR2-OVA +
anti-CD40/pIC; 18-21 d for controls; p = 0.0002 for anti-
DEC205-OVA + anti-CD40/pIC/Iso-OVA + anti-CD40/pIC; p =
0.0027 for anti-DCIR2-OVA + anti-CD40/pIC/Iso-OVA + anti-
CDA40/pIC) (Fig. 6B, 6C). No significant difference could be ob-
served between targeting Ags to DCIR2 or DEC205. All of the
animals immunized with targeting Abs under tolerizing conditions
died or had to be sacrificed within 28 d. Overall, our data suggest
that the delivery of Ags to CD11¢*CD8*DEC205" DCs, as well as
the delivery of Ags to CD11¢*CD8 DCIR2" DCs, delayed and
reduced tumor growth and prolonged the survival of C57BL/6
mice also in a therapeutic setting.

Discussion

In the last years, immunotherapies based on in vitro—generated
human monocyte—derived DCs loaded ex vivo with tumor Ags
were developed to treat patients suffering from malignant mela-
noma. Demonstrating the feasibility of this strategy, injection of
tumor Ag—pulsed DCs into melanoma patients led to prolonged
survival in select patients (46-50). Because the generation of this
autologous monocyte-derived DC population is laborious and cost
intensive and may only be available for a limited number of
patients, alternatives need to be developed (51). Targeted delivery
of Ags to DC surface receptors in vivo seems to be a very
promising approach to break tumor-specific tolerance and to
reactivate the immune system for recognition and elimination of
tumor cells (51, 52). Several receptors expressed on the surface of
conventional CD11¢"CD8" and CD11¢"CD8™ DCs, as well as
plasmacytoid DCs, have been used for the delivery of Ags by
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targeting Abs, resulting in the induction of potent cellular and
humoral immune responses in vivo (6, 8, 15, 23, 27-30, 37, 39,
53-55). Importantly, only one study investigated the induction of
protective immune responses initiated by Ag-presenting CD11c¢*
CD8  DCs against bacterial infection with Y. pestis (26).

In this study, we found that the delivery of the surrogate model
tumor Ag OVA genetically fused to the Ag-targeting Abs anti-
DEC205 and anti-DCIR?2 induced cellular and humoral immune
responses in the presence of the maturation stimulus anti-CD40/
pIC. Importantly, Ag presentation by both DC subpopulations
led to a significant delay and reduction in tumor growth in the
animal groups in protective and therapeutic settings. Induction of
antitumor responses has not been compared between Ag-loaded
CD11c¢*CD8" and CD11c*CD8™ DCs.

To investigate whether we could induce an effective antitumor
response by in vivo Ag targeting, we chose the well-established
tumor melanoma model B16F10 stably transfected with the
chicken OVA gene as a surrogate melanoma Ag (38). This poorly
immunogenic model has a highly aggressive and metastatic nature
and is used in many preclinical studies (38, 56). In tumor-
protection assays in which we primed mice with anti-DCIR2—
OVA or anti-DEC205-OVA in the presence of the maturation
stimulus, we found a strongly delayed or even absent tumor pro-
gression (Fig. 5). The protective immune responses were inde-
pendent of the DC subpopulation that was initially targeted and
were similar to responses obtained by targeting chemically con-
jugated Ags via the anti-DEC205-OVA Ab (30). In addition, we
observed no significant differences in the overall survival of
mice initially immunized with anti-DCIR2—-OVA or anti-DEC205—
OVA, even in a therapeutic setting (Fig. 6). This might indicate
that T cell responses induced by anti-DCIR2-OVA targeting were
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FIGURE 6. Therapeutic Ag targeting to CD11¢*CD8" and CD11¢*CD8™ DCs leads to reduced tumor cell growth and prolonged survival. Ten C57BL/6
mice each were injected s.c. with 2 X 10° B16F10-OVA cells. After 5 d, mice were treated with 1 pg of anti-DCIR2-OVA, anti-DEC205-OVA, Iso-OVA,
or PBS in the presence (filled) or absence (open) of 50 wg anti-CD40 Ab and 50 pg poly(I:C) (anti-CD40/pIC) or alum-OVA (*). (A) Experimental setup.
(B) Mean tumor size. Lines were discontinued when >50% of the mice needed to be sacrificed because of high tumor burden or died (7). Data are mean +

SD. (€) Survival shown as Kaplan—Meier plot from 10 mice/group.
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strong and fast enough to eliminate growing tumor cells (Fig. 2).
Although we found some IFN-y—producing NK and NKT cells, the
main producers of IFN-y were CD4" and CD8" T cells after tar-
geting Ags to CD11c*CD8" and CD11¢"CD8™ DCs (Figs. 2, 3).
This is of critical importance, because it was demonstrated that both
CD4" and CD8" T cell responses might be necessary for the pre-
vention of tumor growth, because depletion of T cells markedly
reduces survival (29, 38).

As a further readout for Th cell-dependent immune responses, we
investigated the induction of Ab isotype subclasses in the serum of
immunized mice following DC targeting (Fig. 4). Although the Th1
cytokine IFN-y leads to production of IgG2a (BALB/c) or IgG2c
(C57BL/6), the Th2 cytokine IL-4 supports isotype switching to
IgGl1. In contrast, TGF-B directs the Ab class switch from IgM to
IgG2b (39, 44, 45). Although we used 133-fold more Ag in alum/
OVA-immunized mice, the overall IgG Ab titer was one to two
magnitudes lower than the Ab titers reached in mice immunized with
anti-DEC205-OVA/adjuvant or anti-DCIR2-OVA/adjuvant (Fig. 4A),
thus demonstrating the efficacy of Ag targeting (13, 15, 21, 30, 39).
When we analyzed the Ab isotype subclasses in the sera of DC-
targeted animals, we found high Ab titers with a broad diversity of
Ab isotypes (IgG1, IgG2b, and IgG2c) when anti-CD40/pIC was used
as an adjuvant (Fig. 4B—G). This was independent of the targeted DC
subpopulation. As shown before, most of the Abs in alum/OVA-
injected animals were of the Th2-driven IgG1 subclass (39).

Targeting DCIR2, which is specifically expressed on CD11c*
CD8  DCs, induced both Thl and Th2 responses, reflected by
IFN-y-producing CD4" T cells and IgG1 and 1gG2c Ab isotype
variants in C57BL/6 animals. This contrasts to targeting of DCIR2
in Th2-prone BALB/c mice, which predominantly elicited IL-4—
secreting Th2 CD4" T cell responses, whereas targeting to
DEC205 induced the secretion of IFN-y by Th1 CD4" T cells (19,
43, 57). By investigating the isotype subclasses, we found up
to three orders of magnitude more IgG2c and IgG2b Abs in
anti-DCIR2-OVA/adjuvant—targeted animals compared with anti-
DEC205-OVA/adjuvant—targeted animals 1 wk after the booster
immunization (Fig. 4E, 4G). Later on, Ab titers equalized, and
differences between anti-DCIR2-OVA/adjuvant—targeted animals
and anti-DEC205-OVA/adjuvant—targeted animals were no longer
detectable. We speculate that, although the frequency of IFN-y—
producing CD4* T cells appeared similar at the time points of
measurement (Fig. 2B, 2C), there might be other intrinsic differ-
ences in T cells or induced Th follicular cells, leading to different
plasma cell frequencies and, thereby, slight shifts in the time
course of production of IgG2b and IgG2c Abs. Future investiga-
tion of the regulation of isotype class switching by the different
DC subpopulations will provide more insights helping to explain
this finding.

Taken together, we showed that targeting Ags to CD11¢"CD8™
DCs with an anti-DCIR2 Ab under stimulatory conditions pro-
vides a survival benefit and improves the antitumor responses
against malignant melanoma. Upon Ag delivery, both DC pop-
ulations had the ability to induce strong cellular and mixed
Th1/Th2 humoral antitumor immune responses. We suggest that
CD11c¢*CD8™ DCs are also able to induce protective immune
responses against tumor cells when Ags are delivered in combi-
nation with a maturation stimulus, strongly arguing for integration
of both DC subsets into future immunotherapeutic approaches for
the treatment of cancer.
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