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ABSTRACT This study examined the humoral and cellular response of cattle vacci-
nated with two commercial leptospiral vaccines, Leptavoid and Spirovac, and a novel
bacterin vaccine using Seppic Montanide oil emulsion adjuvant. Vaccination was fol-
lowed by experimental challenge. All vaccinated cattle were protected from colonization
of the kidney and shedding of Leptospira in urine, as detected by culture and immuno-
fluorescence assay. Agglutinating antibody titers were detected in vaccinated cattle at
4 weeks following vaccination, with small anamnestic response detected following ex-
perimental challenge. Only animals vaccinated with the oil emulsion-adjuvanted bacterin
produced significant IgG2 titers following vaccination, and nonvaccinated animals pro-
duced serum IgA titers after experimental challenge. CD4* and 8 T cells from vacci-
nated cattle proliferated when cultured with antigen ex vivo. Cellular responses included
a marked proliferation of 6 T cells immediately following experimental challenge in
vaccinated cattle and release of gamma interferon (IFN-), interleukin 17a (IL-17a), and
IL-12p40 from stimulated cells. Proliferative and cytokine responses were found not just
in peripheral mononuclear cells but also in lymphocytes isolated from renal lymph
nodes at 10 weeks following experimental challenge. Overall, effects of leptospirosis vac-
cination and infection were subtle, resulting in only modest activation of CD4* and y§
T cells. The use of Seppic Montanide oil emulsion adjuvants may shorten the initiation
of response to vaccination, which could be useful during outbreaks or in areas where
leptospirosis is endemic.

IMPORTANCE Leptospirosis is an underdiagnosed, underreported zoonotic disease of
which domestic livestock can be carriers. As a reservoir host for Leptospira borgpeterse-
nii serovar Hardjo, cattle may present with reproductive issues, including abortion,
birth of weak or infected calves, or failure to breed. Despite years of study and the
availability of commercial vaccines, detailed analysis of the bovine immune response
to vaccination and Leptospira challenge is lacking. This study evaluated immunologic
responses to two efficacious commercial vaccines and a novel bacterin vaccine using
an adjuvant chosen for enhanced cellular immune responses. Antigen-specific respon-
sive CD4 and 5 T cells were detected following vaccination and were associated with
release of inflammatory cytokines IFN-y and IL-17a after stimulation. CD4 and 5 cells
increased in the first week after infection and, combined with serum antibody, may
play a role in clearance of bacteria from the blood and resident tissues. Additionally,
these antigen-reactive T cells were found in the regional lymph nodes following infec-
tion, indicating that memory responses may not be circulating but are still present in
regional lymph nodes. The information gained in this study expands knowledge of bo-
vine immune response to leptospirosis vaccines and infection. The use of oil emulsion
adjuvants may enhance early immune responses to leptospiral bacterins, which could
be useful in outbreaks or situations where leptospirosis is endemic.
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he true prevalence of leptospirosis in humans and domestic livestock is unknown.

While a reportable disease in human health in many countries (including the
United States) (https://wwwn.cdc.gov/nndss/), lack of appropriate diagnostics, lack of
distinguishing characteristics from other endemic tropical diseases, lack of knowledge,
and lack of infrastructure all contribute to underreporting of human infection (1). In
livestock, leptospirosis outbreaks are not required to be reported to the World
Organization for Animal Health (OIE), and thus the prevalence is unknown in most
areas. There are serovars that are commonly associated with specific mammals, and
asymptomatic chronic carriage of various serovars is common in wild or domestic ani-
mals. During disruptions in public services or during natural disasters (high rainfall or
flooding) are commonly when marked increase in human cases occur; mainly from
spillover from animal reservoirs. Leptospirosis should be addressed using the One
Health concept, as it is a global zoonotic disease, impacted by climate change, and has
many of the other hallmarks of neglected tropical diseases.

While often asymptomatic in reservoir hosts, leptospirosis is a leading cause of
reproductive failure in cattle worldwide. Leptospirosis can significantly impact cattle
production by decreasing milk production and causing reproductive failures (infertility,
abortion, stillbirths, and the birth of weak calves). With few other clinical signs, cattle
are a chronic host of serologically identical but genetically distinct members of serovar
Hardjo, namely Leptospira borgpetersenii serovar Hardjo (type Hardjobovis), and
Leptospira interrogans serovar Hardjo (type Hardjoprajitno) (2). Cattle are the major res-
ervoir of these agents, which potentially infect humans and other animals, in which
this serovar can cause acute disease (3). In North America, L. borgpetersenii serovar
Hardjo type Hardjobovis is most commonly isolated from cattle (4), whereas in other
regions, serovar Hardjoprajitno is more common (5). In comparison, a serologic study
in India indicated that serovars Australis, Ballum, Hardjo, Hebdomadis, and Pomona
were all found in cattle and buffaloes (Bubalus bubalis) (6). The L. interrogans serovar
Pomona, usually associated with pigs (domestic and wild [Sus scrofal) can also be
found in cattle, resulting in acute kidney disease and abortion (6). Serovar Pomona can
also be transmitted from cattle to dogs and humans, which occurred in an outbreak in
Israel (7). Overall data does not suggest that long-term implementation of vaccination
has shifted serovars, as can occur in human pneumococcal disease (8). For example,
the dominant serovars in an outbreak in Australia in 1996 were the same as those
observed in the 1960s, namely Hardjo, Tarassovi, Pomona, and Szwajizak, despite the
widespread use of Hardjo and Pomona vaccines (9). Vaccination is a proven method
for interrupting livestock-human transmission, and they can also reduce the impact of
leptospirosis for improving animal production. In Brazil, vaccinating cattle for
Leptospira spp. prior to breeding significantly increased conception rates and preg-
nancy retention (10).

Since the 1950s, various bacterins have been used in numerous studies to vaccinate
cattle against leptospirosis. Most studies used killed bacterins of one or more serovars
combined with an adjuvant, usually aluminum hydroxide, and measures immune
responses by only monitoring antibody using a microscopic agglutination test (MAT) or
enzyme-linked immunosorbent assay (ELISA). Several studies evaluated cellular prolifera-
tive responses and measured cytokine responses after stimulation, indicating cellular
response, and most studies did not characterize cell populations responding after vacci-
nation. One study found that y6 T cells with WC1 receptors were the dominant cell type
after vaccination with a monovalent leptospirosis bacterin and produced high levels of
gamma interferon (IFN-)) (11). However, this work evaluated leptospirosis vaccination,
but not responses after an experimental challenge, and it did not specifically evaluate
the characteristics of a protective immunologic response. Use of recently developed bo-
vine-specific immunologic reagents will afford understanding of the reservoir host
response and allow development of improved vaccine formulations and performance.

The objective of the current study was to characterize immune responses of cattle
to vaccination with commercial Leptospira vaccines or with a novel bacterin combined

March/April 2021 Volume 6 Issue2 e00988-20

mSphere

msphere.asm.org 2


https://wwwn.cdc.gov/nndss/
https://msphere.asm.org

Bovine Vaccination and Infection with L. Hardjo

N ELARE

Replicate 1:

Evaluate Evaluate
Immune Immune

2 T Responses Responses Wz

. " |
Replicate 2: j 7 ’;f

0 4 13 16 20 41 PI-1 PI-2 PI-4 PI-8 PI-10
T 1 T “11111
Evaluate Evaluate
Immune Immune
Responses Responses

FIG 1 Depiction of experimental timeline with vaccination, challenge (A), and blood collection for
immune response evaluation (1, black arrows) marked at approximate weeks after vaccination or
experimental/infectious challenge (postinfection [PI]). A total of 24 crossbred heifers were assigned to
4 groups, vaccine or nonvaccinated control group, with 6 cattle per group. Due to space constraints
in the agricultural biosafety level 2 (Ag-BSL-2) containment facility, half of the cattle were challenged
in replicate 1 and half of the cattle were challenged in replicate 2.

with a novel adjuvant or after experimental challenge. An overall schematic of the ex-
perimental timeline is given in Fig. 1. Twenty-four cattle were allotted into four groups
of six cattle each, with each group receiving one of the vaccines (Spirovac, Leptavoid,
or Seppic-adjuvanted bacterin) or adjuvants only (alum and Seppic). After 32 weeks,
cattle were challenged with Leptospira borgpetersenii serovar Hardjo strain 203.
Immune response during the vaccine phase and the challenge phase was analyzed.

RESULTS

Leptospiral shedding and histologic lesions after experimental challenge. All
cattle in the control treatment shed Leptospira in their urine based on culture and im-
munofluorescence assay (IFA) testing (Table 1). In 4 of 6 controls, Leptospira were
recovered by culture from urine or kidney homogenates, indicating shedding of live
bacteria. For control animals from which live bacteria were not recovered, one animal
was IFA positive for 2 weeks early in the infection, and the second animal was IFA posi-
tive in urine for multiple weeks and was kidney IFA positive at necropsy. No animal in
any of the vaccine groups was culture positive or IFA positive in any urine or kidney
samples.

Serum antibody responses after vaccination and experimental challenge.
Microscopic agglutination test (MAT) titers against Leptospira in the three vaccination
groups were greater (P<<0.05) at 4 and 33 weeks after vaccination compared to
responses prior to vaccination (week 0) (Fig. 2). After experimental challenge, cattle in
the control treatment had increased (P < 0.05) MAT titers, but titers did not differ
between samples obtained at 2, 4, or 10 weeks. In comparison, MAT titers in cattle in

TABLE 1 Presence of Leptospira in urine and kidneys as determined by culture and specific
immunofluorescence antibody labeling

Shedding in urine (no. positive/ Kidney?® (no. positive/

total)? total)?

Positive culture IFA positive Positive IFA
Exptl group (2 or more wks) (2 or more wks) culture positive
Adjuvant only/infected 4/6 6/6 4/6 5/6
Spirovac 0/6 0/6 0/6 0/6
Leptavoid 0/6 0/6 0/6 0/6
Seppic bacterin 0/6 0/6 0/6 0/6

9Number of cattle positive/total number of cattle in group.
bKidney was assayed at necropsy, 10 weeks postchallenge.
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FIG 2 Microscopic agglutinating test. Serum antibody titer to strain 203 was measured at the given
time points postvaccination and postinfectious challenge (PI, shaded bars). Group means (n=6) +
standard error of the mean (SEM). An asterisk (*) indicates statistical difference from week 0 within
vaccine group and statistical difference between vaccine groups and control group within a time
point (week); P = 0.05.

all 3 vaccination groups did increase post-experimental challenge compared to
responses of samples obtained prior to challenge at 33 weeks postvaccination.

The control, Leptavoid, and Spirovac groups demonstrated increased (P < 0.05) IgM
ELISA responses at 4 and/or 10 weeks after experimental challenge compared to serum
obtained prior to vaccination (Fig. 3). The control treatment was the only group that
demonstrated an increase (P << 0.05) in IgA at 4 and 10 weeks postchallenge. All three
vaccine groups (Leptavoid, Spirovac, and Seppic) showed increases in IgG1 titers
(P < 0.05) following vaccination in comparison to week 0 and to the control group for
weeks 4, 13, and 33 (Fig. 3). All groups, including the control group, showed increases
in 1gG1 titer following experimental challenge (postinfection [PI] weeks 4 and 10). The
Spirovac group demonstrated an IgG2 response postvaccination at week 13. The
Seppic treatment group demonstrated more robust IgG2 responses (P < 0.05) at 4, 13,
and 33 weeks postvaccination. Control, Spirovac, and Seppic groups all had increases
in IgG2 titers following experimental challenge (P < 0.05).

Expression of surface markers on PBMCs after vaccination and experimental
challenge. No differences were detected in total percentage of lymphocytes or T-cell
surface markers in unstimulated peripheral blood mononuclear cells (PBMCs) isolated
from vaccinated or control cattle (see Fig. S2 in the supplemental material). There was
an increase in B cells (CD21+ cells) (P < 0.05) at week 1 following experimental chal-
lenge for the vaccinated groups and at weeks 4 and 10 for the control groups.
Furthermore, PBMCs from vaccinated cattle were found to have increased expression
of CD45RO™ on y5 T-cell receptor (TCR) lymphocytes 1week after experimental
challenge (see Fig. S3 in the supplemental material), whereas in control cattle, an
increase in CD45RO™" on 5 TCR lymphocytes was not observed until weeks 4 and 8
postchallenge.

PBMCs were isolated from vaccinated and control cattle, stimulated in vitro with L.
borgpetersenii strain 203 antigens, and analyzed for phenotype and proliferation. Cells
from cattle in the vaccine groups had increased proportions of proliferating CD4*,
CD8*, v6 TCR*, and CD21+* cells when stimulated with antigen at 16, 20, and 33 weeks
following vaccination and following 1 and 4 weeks following experimental challenge
(Fig. 4). At 8 weeks following challenge, the control group had an increased proportion
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FIG 3 Serum antibody enzyme-linked immunosorbent assay (ELISA) for IgM, IgA, 1gG1, and IgG2 isotypes binding to plate-bound serovar
Hardjo 203 whole-cell sonicate antigen at weeks 0, 4, 13, and 33 postvaccination and postinfection (PI) weeks 4 and 10 (shaded bars). Mean
(n=6) + SEM. An asterisk (*) indicates statistical difference from week 0 within vaccine group; a indicates statistical difference between
control and vaccine groups within time point (week); P =< 0.05. (A, B, C, and D) y axis scales are not all equivalent.

of proliferating cells, statistically equivalent to the vaccine groups. Values for nonstimu-
lated wells were between 0.5 and 3%, with no difference between vaccine group, time
points, and cell types (data not shown). Values for concanavalin A (ConA; mitogen)-
stimulated wells were between 30 and 80% depending on cell type, with no difference
between vaccine groups or time points (data not shown).

Cytokine expression in PBMCs after in vitro stimulation with Leptospira antigens.
PBMCs from Spirovac and Seppic treatments demonstrated greater (P < 0.05) mean
concentrations of IL-17 at 33 weeks after vaccination and at 1, 4, and 8 weeks after ex-
perimental challenge compared to responses by PBMCs from the control group and
responses from PBMCs in Leptavoid vaccine treatments (Fig. 5). PBMCs from the
Leptavoid treatment had increased (P < 0.05) IL-17 expression only at 33 weeks after
vaccination. Increased in vitro expression of IFN-yin supernatants after Leptospira anti-
gen stimulation was only detected in PBMCs from the Seppic treatment obtained at 4
and 8 weeks after experimental challenge. Antigen-induced increases in IL-12 concen-
trations in supernatants, compared to responses in the control treatment, were
detected at various times in Leptavoid (1 and 8weeks after challenge), Spirovac
(8 weeks after experimental challenge), and Seppic (33 weeks after vaccination and
8weeks after experimental challenge) treatments. Expression by PBMCs of IL-6, IL-13,
and IL-10 after in vitro stimulation with Leptospira antigens remained below assay
detection limits at all time points for all treatments (data not shown).

Cross-reactivity to antigens from homologous and heterologous Leptospira
serovars. Responses to antigens from homologous and heterologous Leptospira sero-
vars were determined by in vitro stimulation of PBMCs collected at 33 weeks postvacci-
nation and at 4 weeks postchallenge. PBMCs from vaccine and control treatments were
incubated with whole-cell sonicates of strain 203, strain JB197, strain RZ33, L. interrog-
ans serovar Pomona strain RM211, the nonpathogenic saprophyte Leptospira biflexa
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FIG 4 Proliferation of in vitro-stimulated peripheral blood mononuclear cells (PBMCs). Percentage of cellular phenotype proliferating
in response to 203 antigen for (A) CD4-expressing population, (B) CD8-expressing population, (C) y8 T-cell receptor (y5 TCR)-
expressing population, and (D) B cell- or CD21-expressing population. Mean (n=6) + SEM; an asterisk (*) indicates a significant

difference (P < 0.05) between control and vaccine groups within a time point (week).

strain Patoc, and the human pathogen L. interrogans serovar Copenhageni strain
Fiocruz LI-130 (Fig. 6). Proliferative responses were detected in PBMCs obtained from
cattle in the Seppic vaccine group as measured by [3H]-thymidine incorporation, pre-
sented as stimulation index (SI), showed significant increase over the control group for
homologous Hardjo strains 203, JB197, and RZ33, for the Seppic and Spirovac vaccina-
tion groups following vaccination (Fig. 6), but no significant differences for the heterol-
ogous Leptospira strains tested (L. interrogans serovar Pomona type kennewicki strain
RM211, serovar Copehangeni strain Fiocruz LI-130, and the nonpathogenic L. biflexa
strain Patoc), indicating little to no cross-species cross-reactivity.

Immune response in renal lymph nodes. Recent observations in the rat chronic
leptospirosis infection model indicated that immune memory responses may not re-
side in the periphery but in regional lymph nodes (12). For this reason, we evaluated
proliferative responses and antigen-specific cytokine responses in lymphocytes from
renal lymph nodes. At 10 weeks following challenge, there was no difference between
groups in regard to percentage of proliferating lymphocytes, regardless of phenotype
(CD4™, CD8", 6 TCR, or CD217) when stimulated with strain 203 antigen (Fig. 7A). To
further characterize this response, supernatants of stimulated cells were collected and
analyzed for cytokine release. Cells from all vaccine groups had greater (P < 0.05) con-
centrations of IFN-y and IL-17 in supernatants at 48 h after incubation with Leptospira
antigens compared to responses from cattle in the control treatment (Fig. 7B).

DISCUSSION

The primary objective of this study was to use two previously known efficacious lep-
tospiral vaccines and a novel Leptospira bacterin in an adjuvant chosen for directing
strong cellular immune responses (Seppic Montanide ISA 201 VG) to conduct a
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FIG 5 Cytokine release by antigen-stimulated PBMCs. Supernatants from PBMCs stimulated with 203
antigen were collected 48 h after stimulation and assayed for cytokines. Mean + SEM depicted. An asterisk
(*) indicates a significant difference between control and vaccine groups within a time point (week)
(P < 0.05). # indicates a significant difference between time points within treatment group (P < 0.05).

detailed examination of the immune response to leptospirosis vaccination and subse-
quent infection in both vaccinated and unvaccinated cattle. The purpose was to try to
identify potential correlates of immunity or a few key hallmarks of effective leptospiral
vaccines. This information could enable future trials employing new vaccine constructs,
adjuvants, and other vaccine technologies to be conducted without the expense or
complexity of using live challenge, along with limiting the risk of leptospirosis infection
in human personnel. The results of this study also further build upon previous bovine
leptospirosis vaccination literature, conducted before some bovine reagents (e.g., IL-17
assays) were available.

Antibody responses were as expected and were similar to those observed in previ-
ous studies (13-15). It is of note that while there is a generally accepted belief that
MAT vaccine titers of 1:100 are protective (16), in this experiment most titers were 1:50
or less (Fig. 2), yet upon challenge, all vaccinated animals were protected (Table 1). The

32 Weeks Post-Vaccination

30 [ Control
25 . [ Leptavoid
& Spirovac
20 N x . M Seppic
* 15
10
o AR A o B cefle o
HB203 JB197 RZ33 RM211 Patoc Fiocruz

FIG 6 Cross-reactive response to other Leptospira strains. [*H]-Thymidine incorporation measurement
of proliferation when stimulated with different Leptospira strains, serovars, and species. PBMCs
collected from vaccinated and control cattle 32 weeks postvaccination. Stimulation index (SI) of
pokeweed mitogen (PWM; positive-control mitogen) values between 50 and 300 (not shown). Mean
(n=6) + SEM; an asterisk (*) indicates that a group is significantly different (P < 0.05) from other
groups.
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FIG 7 (A) Proliferation of lymphocytes from renal lymph node. Percentage of proliferating lymphocytes,
by phenotype, isolated from renal lymph node of strain 203-infected cattle, 10 weeks postinfection,
stimulated ex vivo with 203 antigens. (B) Cytokine release from cultured renal lymphocytes collected for
analysis 48 h poststimulation. Mean * SEM. #, statistical difference (P < 0.05) between vaccine group
and nonvaccinated control group; *, statistical difference from nonstimulated well within group
(nonstimulated not shown).

MAT is subject to individual technician variability and differences in individual labora-
tories, as live Leptospira are used as the agglutinating antigen. Even so, it remains a
popular assay, because the MAT shows, albeit indirectly, that a functional pathogen-
binding antibody is produced. Cattle in all treatments, vaccination and control, had de-
tectable IgM ELISA responses to Leptospira antigens prior to vaccination (Fig. 3). It
should be noted that background humoral responses (e.g., IgM) to Leptospira antigens
is expected in adult cattle housed in outdoor grassy paddocks, even in the absence of
vaccination. The use of whole-cell sonicates (WCS) as the ELISA antigen could also
have contributed to the high IgM titers, as WCS contain many bacterial epitopes that
react with natural or bacterial cross-reacting antibodies (i.e., to flagella). There was an
increase in antigen-specific IgM following infectious challenge, which also corre-
sponded with increase in CD21* B-cell populations in periphery of vaccinated cattle.
The IgG2 titers trend closely with the cytokine release profiles, especially IFN-y and IL-
12 following challenge, supporting the link between Th1-type cytokines and IgG2 in
bovine immune responses (2, 17-19). A somewhat surprising result was the detection
of IgA titers in serum from the control cattle following infection. IgA has also been
reported in other natural infections, including the vaginal secretions of heifers naturally
infected with serovar Hardjo (20), in the serum of recently symptomatic human infec-
tions (21), and in the urine of infected canines (22). A mouse IgA monoclonal antibody
to L. interrogans serovar Copenhageni strain H45 lipopolysaccharide was agglutinating,
promoted opsonization, and provided passive protection in a guinea pig model when
antibody was maintained at a serum titer of 16 to 32 (23). In cattle, the progression
from IgM to IgA in naive B cells can occur in T cell-independent processes through
switch intermediates if there is presence of sufficient antigen to cross-link B cell recep-
tors and sufficient soluble factors (IFNs and tumor necrosis factor [TNF] family factors)
from dendritic cells for activation (24). This would mean that a threshold of bacterial
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numbers or tissue damage needs to occur for the transition to happen, and could it
occur locally in tissues or distally in lymphoid organs with or without T-cell help. The
presence of IgA in the serum of infected but not vaccinated cattle should be further
studied, as this presents an interesting possibility of using serum IgA as an infection
biomarker in cattle.

Leptospirosis is a nearly silent infection, rarely inducing outward clinical signs in cat-
tle, as was reflected in PBMC profiles. There was no observed skewing in PBMC profiles
except for a slight expansion of CD21* population in week 1 postinfection (see Fig. S2
in the supplemental material). Nor were these cells expressing differences in activation
(increases or decreased in CD25% or CD45R0), with the exception of increases in
CD45R0 on 8 T cells in vaccinated cattle 1 week-postchallenge (see Fig. S3 in the sup-
plemental material). When PBMCs were antigen stimulated, similar profiles were
observed, namely, increases in proliferating CD4, v T cells, and CD21* B cells in vacci-
nated cattle 1 week following infectious challenge. This complements findings by
Baldwin and others, who indicated that CD4 T cells responded first to leptospiral vac-
cine antigens and likely served as the long-lived memory cells (11, 25-27). ¥6 T cells,
which have an exceptionally high affinity for leptospiral antigen, respond with CD4 T-
cell help (11, 25, 27). It is theorized then that these antigen-responsive v T cells are
part of an effector memory response and provide key protection shortly after infection.
While much of the IFN-y produced from antigen-stimulated PBMCs comes from CD4™ T
cells (reference 15 and data not shown), it is theorized that these primed antigen re-
sponsive ¥ T cells are a source for IL-17a in addition to CD4™ T cells (28). Thus, 1gG1
antibody titers, antigen-responsive CD4* T cells, y5 T cells, and release of IFN-y and
IL17-a, should all be considered hallmarks of effective vaccine formulations.

It is a limitation of this study that we did not include U.S. Standard or nonprotective
vaccines for comparison of the immunological profile of a nonprotective vaccine.
Previously published studies showed that cattle immunized with a less-effective pentava-
lent vaccine produced less IgG2 and had a lower proliferative response and a lower IFN-y
response than cattle immunized with either Spirovac or Leptavoid (27). Zuerner et al.
showed that cattle immunized with a noneffective alum-based bacterin failed to generate
antigen-specific proliferative CD4* responses following vaccination and lacked the y6 TCR
proliferative response shortly (3 weeks) after challenge (15). Thus, while we did not include
the noneffective US. Standard or nonprotective vaccine, the publication record has
enough evidence to confirm our observations. Effector 5 T cells producing IFN-y and IL-
17 and memory CD4 T cells are primed by vaccination. Together these two cell types are
necessary for Leptospira clearance shortly following infection. Longevity of the vaccine
response was also not addressed in this study. Longevity of leptospiral cattle vaccines has
been studied and previously published (15, 17, 29). Initial studies, and subsequent studies
examining Th1-type immune responses of Spirovac and Leptavoid, indicated that immu-
nity was protective for 12 months (15, 17). In this study, immunity did not wane signifi-
cantly between 33 and 41 weeks as the second group of cattle was waiting for challenge
(data not shown). For both Spirovac and Leptavoid, the manufacturers recommend annual
revaccination for optimal protection.

The two commercial vaccines and our Seppic bacterin construct did induce some
within-serogroup cross-reactivity to nonhomologous serovar Hardjo strains (Fig. 6) and
even a trend toward some reactivity toward serovar Pomona. However, little cross-reactivity
was seen to serovar Fiocruz or to saprophyte serovar Patoc. Using whole-cell sonicate has
the disadvantage that conserved intracellular structures or potential immune-reactive epi-
topes of the bacteria are exposed, such as cytoskeletal components or flagella, and thus
some cross-reactivity is expected; however, that cross-reactivity would be similar across all
strains of the genus, including serovars Fiocruz and Patoc, which was not observed.

Furthermore, this is the first study to analyze local immune response, i.e., response
from the renal lymph node. While all infected cattle 10 weeks after infection exhibited
an antigen recall response in the renal lymph nodes, there was a difference in the
mechanism behind the responses because only the stimulated lymphocytes from the
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renal lymph nodes of vaccinated cattle (Leptavoid, Spirovac, and Seppic) released sig-
nificantly more proinflammatory cytokines IFN-yand IL-17a than those from the control
cattle. This indicates that these lymphocytes, while antigen responsive (Fig. 7A), were
in different states of memory/activation from those in the control group. Additionally,
the response in the renal lymph node was greater in magnitude (e.g., greater percent-
age of proliferating cells and increased concentration in supernatant IFN-y, Fig. 7A and
B), than that in PBMCs. This may be due to a greater percentage of antigen-responsive
cells in the lymph node than in the circulating periphery. Following isolation processes
as we did, expected cellular profile from PMBCs would be approximately 50% T cells
(including y6 and natural killer T cells; Fig. S2), up to 30% B cells, 20% monocytes, and
up to 20% granulocytes (30, 31). In contrast, the cellular makeup of lymphocytes iso-
lated from a lymph node may exceed 65% T cells, less than 10% monocytes, and few if
any granulocytes. This phenomenon was also observed in a rat model of chronic lepto-
spirosis infection, with little to no antigen-specific response observed in the spleen,
representing peripheral blood responses, but a robust response in the renal lymph
nodes, local to the site of infection (12). Similar findings in both chronic leptospirosis
infection models indicate that the local lymph nodes rather than the periphery are the
sites for memory T cells. The local lymph node memory response will need to be fur-
ther studied and the role of these cytokines elucidated in cattle or in other chronic
infection host models such as the rat (32).

A secondary objective of this study was to evaluate an alternative adjuvant for lep-
tospirosis vaccination in cattle. Seppic Montanide ISA 201 VG was chosen for its ability
to induce rapid immunity and strong Th1-driven immune response (33). Our results
show that the Seppic bacterin-vaccinated cattle did indeed exhibit an IgG1 and 1gG2
antibody response at 4 weeks postvaccination by ELISA, before the booster was given.
As IgG2 is strongly linked to IFN-y, a cellular response cytokine, it may be inferred that
a cellular response was also present at this early time point (19). This is similar to other
reports using similar adjuvants. The use of the Montanide ISA 206 emulsion adjuvant
greatly enhanced mean MAT titers to an experimental Leptospira bacterin containing
locally relevant serovars in India (6). These titers were present as soon as 7 days postim-
munization and persisted for the 6 months of that study. Measures of cellular immune
responses (cellular proliferation, T-cell activation markers, and cytokine release) were
equivalent between the Seppic bacterin- and the Spirovac-vaccinated groups in the
later vaccination phase and postchallenge. Thus, the advantage of the Seppic adjuvant
would be shortly following vaccination and in the early response postchallenge.
Unfortunately, our study design did not capture the early cellular responses. Early effective
immune responses, or even immune responses that are protective after a single dose,
would be a great advantage to the cattle producer in an outbreak situation or in areas
where bovine leptospirosis is endemic. In other vaccine studies from our group, Seppic
bacterin prepared with lyophilized and sonicated Leptospira antigen performed equally
well to or better than the Spirovac vaccine (14). In the current study, the Seppic bacterin
protected cattle as well as the current commercial vaccines (Spirovac and Leptavoid)
(Table 1). Taken together, this study, along with previous work including Seppic
Montanide oil emulsion adjuvants, indicates that these adjuvants may provide a means to
enhance the immune response and efficacy of Leptospira vaccines in cattle.

In conclusion, induction of a combined humoral and cellular response appears to
correlate with protective leptospiral vaccines for cattle, marked by an increase of anti-
gen-responsive y5 T cells in the PBMC response shortly after infectious challenge. IL-
17a, as well as IFN-y, is released from antigen-responsive cells expanding the previously
held views of a Th1-dominated response to include proinflammatory antibacterial
Th17-type response. In examining immune response from protective vaccines, prolifer-
ation of CD4 and y6 T cells with increases in CD45R0O and cytokines IL-17 and IFN-y
appears to be consistent among the tested protective vaccines. Adjuvants such as
Seppic Montanide oil emulsions can be used to enhance early vaccine responses
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without any differences in vaccine efficacy and should be considered in outbreak situa-
tions or where early immunity would be advantageous.

MATERIALS AND METHODS

Ethical statement. All animal procedures were approved by National Animal Disease Center
Institutional Animal Care and Use Committee in accordance with the standards established by Public
Health Service Policy “U.S. Government Principles for the Utilization and Care of Vertebrate Animals
Used in Testing, Research, and Training,” the Guide for the Care and Use of Laboratory Animals (National
Research Council), the Animal Welfare Act (1966), and the Guide for the Care and Use of Agricultural
Animals in Research and Teaching (USDA, Federation of Animal Science Societies).

Animals. Mixed-breed heifers (Holstein-Angus cross, n=24), of approximately 18 months of age
were used in this study. Heifers were prescreened for any preexisting antibodies to Leptospira using a
microscopic agglutination test (MAT) as previously described (34). Cattle were housed in outdoor pad-
docks with ad lib access to pasture, grass hay, and water and supplemented with a grain/concentrate
mix. The cattle were transferred into containment facilities for the experimental challenge. Inside the
containment facility, animals were housed in rooms containing two individual pens with one animal in
each pen and fed a concentrate diet and ad libitum cubed hay.

Bacterial culture. Leptospira borgpetersenii serovar Hardjo strain 203, Leptospira borgpetersenii serovar
Hardjo strain JB197, Leptospira borgpetersenii serovar Hardjo strain RZ33, Leptospira interrogans serovar
Pomona type Kennewicki isolate RM211, Leptospira interrogans serovar Copenhageni strain Fiocruz L1-130,
and nonpathogenic Leptospira biflexa strain Patoc (ATCC 23582) were cultured in semisolid media as previ-
ously described (35, 36). Leptospiral strains were grown to the mid-log phase, the Dinger’s ring was col-
lected and diluted in phosphate-buffered saline (PBS; pH 7.2), and bacterial cells were harvested by centrif-
ugation. The bacterial pellet was washed 3 times in PBS (pH 7.2), and resuspended in sterile distilled water.
Bacteria were frozen at —80°C overnight and lyophilized the next day. Lyophilized bacteria were stored at
—20°. For use in assays, (ELISA and cellular stimulation), bacteria were resuspended at 10 mg dried weight
per ml in sterile PBS, briefly sonicated on ice, and sterilized a using UV light (Stratalinker UV). Antigen used
in assays was calculated based on dry weight of lyophilized bacteria.

For bacterin preparation, Leptospira borgpetersenii serovar Hardjo strain 203 less than 10 passages from
cattle isolation was cultured in liquid T80/40/LH medium at 29°C to the mid-log phase, the Dinger's ring was
collected by pipette and diluted in phosphate-buffered saline (pH 7.2), and Leptospira cells harvested by cen-
trifugation (36). The bacterial pellet was washed 3 times in PBS, number of cells was adjusted to 5 x 10° per
ml, and bacteria were incubated overnight with sterile 10% merthiolate solution (final concentration,
1:10,000) while shaking at 37°C. Verification of inactivation was performed as previously described (37).

Bacteria used for experimental challenge were from a single-passage culture of Leptospira borgpeter-
senii serovar Hardjo strain 203 after incubation for 3 weeks at 29°C. Two mixed-breed heifers (approxi-
mately 24 months of age) were experimentally infected by administration of 107 Leptospira bacteria
bilaterally on conjunctiva and intravaginally for three consecutive days as previously described (38).
Urine was collected approximately 15min after treatment with furosemide (10 mg), and shedding of
Leptospira in urine was determined using fluorescent antibodies (36). Once urinary shedding was
detected, cattle were euthanized, and bacterial cultures were obtained from kidney homogenates. The
experimental challenge was conducted in two replications, with approximately half of animals from
each vaccine group randomly assigned to each replicate. A schematic of the experimental timeline is
given in Fig. 1. Primary cultures from kidney homogenates were used for experimental challenge in the
first replicate, and isolates obtained from control animals were used to prepare the challenge inoculum
for the second repetition.

Vaccination. Twenty-four heifers were randomly assigned to one of four vaccine groups (n =6 cattle
per group). The first group were subcutaneously inoculated in the cervical region with a commercial vac-
cine (Leptavoid-H; Intervet UK) in accordance with the label instructions and booster vaccinated at
4 weeks. Leptavoid contains 2.0 x 10° to 3.0 x 10° thimerosal-inactivated L. interrogans serovar Hardjo
per ml in an alum adjuvant. The second group were subcutaneously vaccinated with a different com-
mercial vaccine (Spirovac; Pfizer Animal Health, New York NY) in accordance with the label instructions
and in a similar manner as group 1, and also booster vaccinated at 4 weeks. Spirovac contains chemically
inactivated whole cultures of L. borgpetersenii serovar Hardjo (type Hardjobovis; undisclosed quantity) in
an alum adjuvant. The third group (Seppic) were inoculated in a similar manner with approximately
5 x 10° formalin-fixed L. borgpetersenii serovar Hardjo strain 203 suspended in an oil-water-oil emulsion
(Seppic Montanide ISA 201 VG; Seppic, Fairfield NJ) and booster vaccinated 4 weeks later. The Leptospira
bacteria were fixed and evaluated for inactivation as previously described (39). The emulsion was cre-
ated by passing the bacterial suspension and the Montanide adjuvant at least 30 times between two
all-plastic syringes with a Luer lock bridge. The emulsion was verified by placing droplets in water and
looking for dispersal patterns, and by looking for a ring with the oil droplet by dark-field microscopy as
suggested by adjuvant manufacturer. The control group (adjuvant only or control) received 1 ml of alum-
based adjuvant (Alhydrogel; InvivoGen, San Diego, CA) mixed with 1 ml of saline and 2ml of a saline-
Montanide ISA 201 VG emulsion prepared as described above for group 3 but without the Leptospira. The
two inoculations were administered in separate subcutaneous sites and repeated 4 weeks later.

Urine culture postchallenge. Urine samples were collected weekly from cattle after experimental
challenge and evaluated for Leptospira shedding (36). Briefly, cattle were intravenously administered
10 mg furosemide, and the second void urine was collected by clean catch. For culture of urine, 1.5 ml
was concentrated by centrifugation (10,000 x g, 7 min), the supernatant discarded, and the pellet
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suspended in 200 ul T80/40/LH liquid medium. The suspended pellet was used to inoculate T80/40/LH
semisolid medium. In addition, 1 ml of urine was directly inoculated on T/80/40/LH semisolid medium.
Urine cultures were conducted in triplicate for each animal at each sampling time. Inoculated media
were incubated at 29°C and checked for growth weekly intervals for 1 month and then monthly for
4 months. Leptospira bacteria were identified by morphology under dark-field microscopy.

Recovery and histology of Leptospira at necropsy. Cattle were euthanized 10 weeks after experi-
mental challenge with virulent Leptospira. Kidneys were removed and transported to the laboratory on
ice. An approximately 1-cm? piece was aseptically removed and homogenized in 9 ml T80/40/LH liquid
medium. The homogenate was directly inoculated on T80/40/LH semisolid medium (200 u| homogenate
per 7-ml tube). Inoculated medium was incubated at 29°C and checked for growth by dark-field micros-
copy at weekly for 1 month and then monthly for 4 months.

Immunofluorescence antibody labeling assay postchallenge. For immunofluorescence assay
(IFA), 1.5ml of urine was concentrated by centrifugation (10,000 x g, 7 min), and the assay was con-
ducted as previously described (36). Kidney tissue homogenate was prepared as described above and
used to directly inoculate slides, staining as previously described (36).

Microscopic agglutination test. Blood was collected from the jugular vein of all animals at 8, 20,
and 26 weeks following initial vaccination. After centrifugation, serum was collected and stored at
—20°C. Microscopic agglutination text (MAT) assays were performed using strain 203 as antigen, at
2-fold dilutions from an initial dilution of 1:12.5 in accordance with OIE guidelines (34). Titers were
reported as the reciprocal of the highest dilution in the well with a positive result. Sera testing nega-
tive at a 1:12.5 dilution were given a value of 1.

Leptospira-specific enzyme-linked immunosorbent assay. Microtiter plates (96-well, Costar High
Binding 9018; Corning Incorporated, Corning, NY) were coated overnight with 50 ul phosphate-buffered
saline (PBS) containing 5 ug/ml L. borgpetersenii serovar Hardjo strain 203 whole-cell sonicate (WCS).
After washing with PBS containing 0.05% Tween 20 (PBST), plates were blocked for 1h at 37°C with
PBST containing 5% casein (Sigma) and incubated at 4°C overnight. Serum samples were serially diluted
and added to the wells (100 wl/well) in triplicate for each secondary antibody. PBS was added to one col-
umn as a negative control for each plate. After incubation for 1h at 37°C followed by 4°C overnight,
plates were washed three times with PBST. The wash step was followed by addition of 100 ul of a horse-
radish peroxidase-conjugated secondary antibody in PBST. Secondary antibodies (0.5mg/ml diluted
1:1,000; KPL, Gaithersburg, MD) included goat anti-bovine IgM, goat anti-bovine IgA, goat anti-bovine
1gG1, and goat anti-bovine IgG2. After a 1-h incubation at 37°C, plates were washed three times with PBST,
and the colorimetric reaction was induced using TMB Sure Blue substrate (KPL) in accordance with manu-
facturer recommendations. Color development was stopped by addition of 50 | of TMB Sure Blue stop re-
agent (KPL). Optical density (OD) was measured at 620 nm using a SpectraMax 190 plate reader (Molecular
Devices, Sunnyvale, CA). Serum titers are reported as the reciprocal of the highest dilution giving an OD
equal to or greater than average OD plus one standard deviation of PBS negative-control wells.

Blood collection, PBMC isolation, and in vitro culture. A 90-ml aliquot of blood was collected by
jugular vein into 10 ml of 2x acid-dextran-citrate anticoagulant. Blood was diluted 1:2 with sterile PBS
and centrifuged to isolate peripheral blood mononuclear cells (PBMCs). PBMCs were purified on a den-
sity gradient (Histopaque, 1,077 g/ml density; Sigma) with any residual red blood cells lysed with ammo-
nium-chloride-potassium (ACK) lysis buffer (150mM NH,Cl, T0mM KHCO,, and 0.01mM Na,EDTA).
Isolated PBMCs (5 x 10° cells) were labeled with 10 nM CellTrace violet (Invitrogen) and incubated in
triplicate using wells of a 96-well flat-bottomed microtiter plate containing 25 ug/ml of leptospiral anti-
gen, 10 ug/ml pokeweed mitogen (PWM), or 2 ug/ml concanavalin A (ConA) or medium alone in RPMI
1640 (Life Technologies, Carlsbad, CA) supplemented with 10% fetal calf serum, 2mM L-glutamine, 1%
penicillin-streptomycin (Pen-Strep, 10,000 U/ml; Gibco, Gaithersburg MD), 25 mM HEPES buffer (Gibco),
1% nonessential amino acids (Gibco), 1% essential amino acids (Gibco), 1% sodium pyruvate (Gibco),
50 uM 2-B-mercaptoethanol, and 100 ug/ml gentamicin sulfate with sodium bicarbonate solution
(Gibco) added to restore the pH to approximately 7. Plates were incubated at 39°C and 5% CO, for
5 days. Replicate plates were inoculated with unlabeled cells from which 150 ul cell culture supernatants
were collected at 24, 48, and 72 h poststimulation and frozen at —20°C until assayed.

Flow cytometry. Isolated PBMCs from each collection time point both fresh and after in vitro stimu-
lation for 5 days, were characterized by flow cytometric techniques. Antibodies, suppliers, and concen-
trations are given in the supplemental material (see Table S1). After 5 days of culture in vitro, cell trace la-
beled cells were harvested by centrifugation and labeled with live/dead discriminator dye (Zombie
yellow; BioLegend), Cells were labeled with antibodies for surface markers given in Table S1 and ana-
lyzed on a FACSAria flow cytometer (BD). Data were analyzed using FlowJo software. An example of a
gating scheme is given in Fig. S1 in the supplemental material. Cells were gated on viability dye exclu-
sion followed by forward scatter/side scatter profile historically consistent with bovine lymphocytes.
Lymphocyte populations were plotted against the fluorescent intensity of each antibody in the follow-
ing pairs: CD4 versus B cell markers and CD8 versus y5 TCR. Positive marker gates for each subset were
determined by a cell pool containing all antibodies except the antibody of interest and the isotype of
the antibody of interest. An increase or decrease in the percentage of cells expressing a specific marker
was determined by comparison to cells from wells without antigenic stimulation (background).

Cytokine measurement by AlphaLISA. Supernatants were collected from bovine PBMCs after stimula-
tion with Leptospira antigens, mitogens, or medium alone for 48 h. Supernatants were stored at —20°C and
thawed at 4°C before assayed. Supernatants were analyzed for IL-6, IL-10, IL-12/p40, IL-13, IL-17a, IL-18, IFN-y,
and TNF-a per the manufacturer instructions using commercial kits (AlphaLISA, PerkinElmer).
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Assay for homologous and heterologous reactivity. PBMCs were purified as described above and
incubated in triplicate using wells of a 96-well flat-bottomed microtiter plate containing 25 ug/ml of lep-
tospiral antigen from Leptospira borgpetersenii serovar Hardjo strain 203, Leptospira borgpetersenii sero-
var Hardjo strain JB197, Leptospira borgpetersenii serovar Hardjo strain RZ33, Leptospira interrogans sero-
var Pomona type kennewicki isolate RM211, Leptospira interrogans serovar Copenhageni strain Fiocruz
L1-130, and the nonpathogenic Leptospira biflexa strain Patoc, or 2 ug/ml concanavalin A (ConA) or me-
dium alone (no stimulation) in RPMI 1640 (Life Technologies, Carlsbad, CA), supplemented as above.
Plates were incubated at 39°C and 5% CO, for 5days. Lymphocyte proliferation was determined by
incorporation of [*H]-thymidine during an additional 18 h of incubation as previously described (40).
Stimulation indices (SI) were calculated from raw counts by comparing the counts per minute incorpo-
rated by cells stimulated with antigen divided by the counts per minute incorporated in the absence of
any stimulation (medium alone).

Renal lymph node lymphocyte analysis. At 12 weeks following experimental challenge, all cattle
were euthanized and renal lymph nodes (RLN) were sampled. RLN samples were homogenized using a
Precision tissue grinder (Covidien, Mansfield, MA), passed through a 40-um cell strainer (Falcon-Corning,
Corning, NY). Lymphocytes isolated by density gradient (Histopaque, 1,077 g/ml density; Sigma) and cul-
tured with mitogens or Leptospira antigen as described previously for PBMCs. Culture supernatants were
assayed for IFN-y and IL-17a after 48 h of incubation using commercial kits in accordance with manufac-
turer’s instructions (AlphaLISA, PerkinElmer). Cytokine values below the assay’s lower limit of detection
(50 pg/ml for IFN-y, 20 pg/ml for IL17a) were given the value of 10 for statistical analysis.

Statistics. Results were analyzed using GraphPad Prism 7 statistical software. MAT and ELISA data
were log transformed [Y=In(y)] for analysis and were analyzed using a 2-way analysis of variance
(ANOVA) with means separated by Tukey’s multiple comparisons for simple effects between vaccine
groups at each time point and Tukey’s multiple-comparison test for simple effects within vaccine group
by time point. Flow cytometric data were analyzed by 2 way-ANOVA with Sidak’s multiple-comparison
posttest, comparing within vaccination groups the effect of well stimulation compared to background
or no-stim wells and Dunnett’s multiple-comparison posttest for within-well stimulation between vac-
cine groups. Cytokine data were analyzed using a 2 way-ANOVA with Tukey’s multiple-comparison
posttest, comparing within-group effects of well stimulation compared to background or control wells
and Dunnett’s multiple-comparison posttest for within-well stimulation between groups, differences in
treatment means were reported as significant when P = 0.05. Preliminary analysis of serum titers and
proliferation results of cattle in replicate 2, delayed infection due to space constraints, showed no statis-
tical difference or decrease in immune response between weeks 42 and 33. Thus, data from replicates 1
and 2 were combined as a single experiment.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 1 MB.
FIG S2, TIF file, 1.5 MB.
FIG S3, TIF file, 2.1 MB.
TABLE S1, DOCX file, 0.02 MB.
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