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ABSTRACT Chikungunya virus (CHIKV) and Mayaro virus (MAYV) are closely related
members of the Semliki Forest virus antigenic complex classified as belonging to the
genus Alphavirus of the family Togaviridae. These viruses cause human disease,
with sudden fever and joint inflammation that can persist for long periods. CHIKV
is the causative agent of large outbreaks worldwide, and MAYV infection repre-
sents a growing public health concern in Latin America, causing sporadic cases
and geographically limited outbreaks. Considering the relationship between CHIKV
and MAYV, the present study aimed to evaluate if preexisting CHIKV immunity pro-
tects against MAYV infection. Immunocompetent C57BL/6 mice were intraperitone-
ally infected with CHIKV and, 4 weeks later, they were infected with MAYV in their
hind paw. We observed that the preexistence of CHIKV immunity conferred partial
cross-protection against secondary MAYV infection, reducing disease severity, tissue vi-
ral load, and histopathological scores. Interestingly, CHIKV antibodies from humans
and mice showed low cross-neutralization to MAYV, but neutralizing activity signifi-
cantly increased after secondary infection. Furthermore, depletion of adaptive immune
cells (CD41 T, CD81 T, and CD191 B cells) did not alter the cross-protection pheno-
type, suggesting that distinct cell subsets or a combination of adaptive immune cells
stimulated by CHIKV are responsible for the partial cross-protection against MAYV. The
reduction of proinflammatory cytokines, such as interferon gamma (IFN-g), in animals
secondarily infected by MAYV, suggests a role for innate immunity in cross-protection.
Our findings shed light on how preexisting immunity to arthritogenic alphaviruses may
affect secondary infection, which may further develop relevant influence in disease out-
come and viral transmission.

IMPORTANCE Mosquito-borne viruses have a worldwide impact, especially in tropical
climates. Chikungunya virus has been present mostly in developing countries, causing mil-
lions of infections, while Mayaro virus, a close relative, has been limited to the Caribbean
and tropical regions of Latin America. The potential emergence and spread of Mayaro vi-
rus to other high-risk areas have increased the scientific community’s attention to an im-
minent worldwide epidemic. Here, we designed an experimental protocol of chikungunya
and Mayaro virus mouse infection, which develops a measurable and quantifiable disease
that allows us to make inferences about potential immunological effects during secondary
virus infection. Our results demonstrate that previous chikungunya virus infection is able
to reduce the severity of clinical outcomes during secondary Mayaro infection. We pro-
vide scientific understanding of immunological features during secondary infection with
the closely related virus, thus assisting in better comprehending viral transmission and
the pathological outcome of these diseases.
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Chikungunya virus (CHIKV) and Mayaro virus (MAYV) are both alphaviruses (family
Togaviridae) classified as members of the Semliki Forest antigenic complex (1). CHIKV is

most often spread to humans by Aedes aegypti or Aedes albopictus mosquitoes during the
urban cycle of transmission (2). CHIKV outbreaks have caused millions of cases in tropical
and subtropical regions throughout the world (3–8). In contrast, MAYV is endemic to South
America and the Caribbean and is maintained through a sylvatic transmission cycle involv-
ing Haemagogus mosquitoes and vertebrate hosts, such as small mammals, birds, and non-
human primates (9). However, in the last decade, MAYV has spread to the central and south-
eastern regions of Brazil and, more recently, to the Caribbean (10–12), areas where CHIKV
circulation is endemic (13). Based on laboratory experiments, MAYV may have a diverse array
of vectors, including urban Aedes and Anophelesmosquitoes (14, 15).

CHIKV and MAYV can cause acute febrile illnesses in humans, with headache, rash,
arthralgia, myalgia, and arthropathy, which, in some cases, during the late stage, can
evolve into a persistent and debilitating chronic disease that can last for several months or
years (16–18). Human infections with CHIKV and MAYV can elicit a robust inflammatory
immune response, including the development of strong neutralizing antibodies and secre-
tion of proinflammatory immune mediators (19, 20). B and T cell activation is required for
viral clearance and protection against secondary CHIKV infection in mice (21). In addition,
an innate immune response, as well as induction of type I interferon (IFN), is essential for
controlling the acute phase of alphavirus disease (20). However, the profile compositions
of immune mediators induced by CHIKV and MAYV infection are distinct and include
lower levels of interleukin 10 (IL-10), IL-5, and granulocyte-macrophage colony-stimulating
factor (GM-CSF) in MAYV infection (19). In fact, how previous CHIKV immunity may affect a
secondary heterologous infection, such as MAYV infection, remains unclear.

A live attenuated CHIKV vaccine candidate has been tested in mice, demonstrating
that it provides protective cross-immunity against o’nyong-nyong virus (ONNV), mainly
mediated by cross-reactive antibodies (22). Similarly, a potential vaccine candidate has
also been developed for CHIKV and MAYV utilizing adenoviral vectors encoding their
structural proteins, thus conferring partial cross-protection against heterologous infec-
tion by MAYV and CHIKV, respectively (23). Furthermore, antibodies from convalescent
CHIKV-infected patients have been reported to demonstrate low cross-neutralization
of MAYV in vitro (24). A screening of murine and human monoclonal antibodies against
CHIKV identified broadly neutralizing antibodies that were able to cross-protect against
MAYV and ONNV infection in vivo (25). Additionally, it is known that previous infection
by CHIKV and MAYV is able to confer protection against ONNV infection in rhesus mon-
keys (26). These studies suggest the existence of conserved epitopes that mediate cross-
protection among alphaviruses. In contrast, another study showed that the presence of
subneutralizing anti-CHIKV antibodies can increase viral attachment and replication in
cell cultures as well as increasing viral loads, joint inflammation, and disease severity in
mice (27). Thus, it is still unclear how previous immunity to CHIKV may affect a secondary
infection by MAYV.

In the present study, we investigated whether CHIKV immunity in mice protects
against MAYV infection by analyzing footpad swelling accompanied by clear histological
signs of disease, tissue viral load, inflammatory cell infiltration, and expression of inflamma-
tory mediators. We also assessed cellular and antibody-mediated cross-protection, analyzing
the clinical outcomes, viral clearance, and pathogenesis resolution.

RESULTS
Previous infection with CHIKV reduces footpad swelling and viral load during

MAYV infection. To evaluate the cross-protection immunity between CHIKV and MAYV,
we used a C57BL/6 mouse model of acute disease, which develops a clearly visible footpad
swelling (25). The magnitude of inflammation with different viral concentrations (ranging
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from 103 to 105 PFU) was similar for both viruses, with the most severe levels of swelling
observed at 7 days postinfection (dpi) (Fig. 1A and B). The animals were intraperitoneally ino-
culated with 106 PFU of CHIKV, followed by a secondary hind-paw inoculation with 105 PFU
of MAYV after 28 days and daily measurements of hind-paw swelling for 14 days (Fig. 1C).
Among the mouse control groups, those infected with CHIKV that received a secondary
CHIKV hind-paw inoculation did not develop any apparent signs of disease and had reduced
viral loads (Fig. 1D to F). Compared to the non-CHIKV-infected mice, animals infected with
CHIKV followed by MAYV inoculation exhibited a 1.3-fold area (mm2) reduction in hind-paw
swelling, an 18-fold reduction in MAYV viral RNA, and a 136-fold decrease in MAYV viral load
in the hind paw at 7 dpi (Fig. 1G to I). Furthermore, MAYV viremia was only detected 1 day
after MAYV infection in the previously mock-infected group (average titer of 1,250 PFU/ml).
No evidence of disease or tissue viral load was found in the mock-infected control groups.

FIG 1 Previous CHIKV infection during secondary MAYV infection reduces hind-paw swelling and viral load. (A and B) C57BL/6 mice were inoculated in the
hind paws with 20 ml of different viral concentrations of CHIKV or MAYV or mock infected. The metatarsal regions of their feet were measured daily over
15 days for (A) MAYV and (B) CHIKV infection (n = 3 per group). (C) Experimental design including CHIKV infection followed by MAYV footpad inoculation.
(D to I) C57BL/6 mice were injected intraperitoneally with 100 ml of CHIKV (106 PFU) or mock infected. After 28 days, the mice were injected subcutaneously in the
hind paw with 20 ml of 105 PFU of CHIKV or 105 PFU of MAYV or mock infected. (D and G) Perimetatarsal hind-paw swelling (width � breadth) was measured over
14 days after secondary inoculation (n = 6/group). The mice were euthanized at 1, 3, 5, 7, and 9 days after secondary infection, and the viral load of CHIKV or MAYV
in the mice feet was determined by (E and H) qRT-PCR and by (F and I) plaque assay (n = 3/group). For panels A and B, statistical analysis was performed by
two-way ANOVA with Dunnett’s test. Numbers indicate significant differences (P , 0.05) between MAYV- or CHIKV-infected mice and the mock-infected group.
The number “3” represents the mouse group inoculated with 103 PFU of MAYV or CHIKV, “4” represents 104 PFU of MAYV or CHIKV, and “5” represents 105 PFU
of MAYV or CHIKV. Data are representative of two independent experiments. For panels D and G, statistical analysis was performed by two-way ANOVA with
Tukey’s test. Asterisks indicate significant differences (****, P , 0.0001) between (D) mock-infected–CHIKV and CHIKV-CHIKV or (G) mock-infected–MAYV and
CHIKV-MAYV groups. ##, P , 0.001, and ####, P , 0.0001, for differences between (D) CHIKV-CHIKV and CHIKV–mock-infected groups or (G) CHIKV-MAYV or
CHIKV–mock-infected groups. For panels E, F, H, and I, statistical analysis was performed by two-way ANOVA with Dunnett’s test. *, P , 0.05, **, P , 0.01, and
****, P , 0.0001 for differences between (E and F) mock-infected–CHIKV and CHIKV-CHIKV groups or (H and I) mock-infected–MAYV and CHIKV-MAYV groups.
SD, standard deviation; LOD, limit of detection.
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Therefore, our data indicate that a previous infection with CHIKV in a mouse model of MAYV
infection causes a decrease in signs of disease based on hind-paw swelling and viral load.

Histopathological signs of inflammation are reduced during secondary MAYV
infection. Mouse hind-paw inflammation was evaluated by histopathological score and
immunohistochemical analysis, both performed 7 days after MAYV infection. Mice previ-
ously infected with CHIKV followed by MAYV infection showed a reduction in tissue clinical
scores, with decreased mononuclear and polymorphonuclear cell infiltration in the dermal
region. A reduction in diapedesis events and edema was also observed compared to non-
primary-CHIKV-infected mice (Fig. 2A to E). The footpads of MAYV-infected mice were
strongly stained by the anti-MAYV antibody (mean, 9.03%), with infection distributed in
distinct tissues (Fig. 2F). Thus, there was a significant decrease (65.4%) in MAYV footpad
distribution area in mice previously infected with CHIKV (mean, 3.61%) (Fig. 2F and G).
CHIKV- or mock-infected mice with subsequent mock infection did not show increased
immunohistochemistry (IHC) staining for MAYV, indicating the specificity of the antibody
used in the assay. Histopathological alterations or increased viral presence were not
observed in secondarily mock-infected control groups. In addition, cartilage damage of the
ankle was not observed in any group (data not shown). Our data show that previous CHIKV
infection reduces histopathological inflammatory scores and viral tissue antigen distribution
during secondary MAYV infection in mice.

CHIKV antibodies develop limited in vitro and in vivo cross-protection against
MAYV.Mouse sera were collected at 7, 14, 21, and 28 days after CHIKV infection. Increasing
neutralization activity against CHIKV was observed at different time points after infection
(Fig. 3A). The assay for cross-neutralization to MAYV, with sera from CHIKV-infected mice,
revealed low cross-neutralization activity (Fig. 3B). It was also noted that isotype class switch-
ing from IgM to IgG antibodies occurred throughout the 28 days after viral infection (Fig.
3C). The passive serum transfer from convalescent CHIKV-infected mice to naive mice, which
were subsequently inoculated in the hind paw with CHIKV, did not result in the develop-
ment of any apparent footpad swelling. However, animals that were infected with MAYV
demonstrated an increased footpad swelling, indicating an absence of in vivo cross-protec-
tion against MAYV (Fig. 3D). Production of MAYV IgG and IgM antibodies after the secondary
MAYV infection did not demonstrate a significant difference between previously mock- or
CHIKV-infected mice (Fig. 3E and F). However, significant higher cross-neutralizing activity of
MAYV was observed in animals previously infected with CHIKV at 7 dpi (Fig. 3G). These
results suggest that CHIKV-infected mice do not promptly produce potent cross-reactive
antibodies, yet during secondary infection with MAYV, recall immune response may trigger
relevant cross-reactive antibody production.

Sera from convalescent human CHIKV and MAYV patients show low in vitro
cross-neutralization. Sera from convalescent CHIKV- and MAYV-infected patients exhib-
ited elevated homologous neutralizing activity by 50% plaque reduction neutralization test
(PRNT50), with titers ranging from 320 to 10,240 (Fig. 4A and D). However, low levels of
cross-neutralization against heterologous infection were observed, with titers no higher
than 20 for most individuals (Fig. 4B, C, E, and F and Table 1). These results suggest that spe-
cific neutralizing antibodies to MAYV and CHIKV from humans do not mediate relevant in
vitro cross-neutralization activity against CHIKV and MAYV infection.

CD4+ T, CD8+ T, and CD19+ B cells do not interfere in CHIKV cross-protection
against MAYV. CD41 T, CD81 T, and CD191 B cells were independently depleted in the
CHIKV-infected mice 1 day before MAYV hind-paw inoculation (Fig. 5A). The depletion of
CD81 T and CD191 B cells did not significantly change the cross-protection pattern of
hind-paw swelling, whereas depletion of CD41 T cells completely abolished the swelling
pattern (Fig. 5B to E). Additionally, 7 days after infection, the amounts of MAYV RNA in the
hind paw were not altered in mice with CD81 T and CD41 T cell depletion compared to
the isotype control (Fig. 5F). All cell-depleted mouse groups showed significantly reduced
viral loads compared to nondepleted naive MAYV-infected mice (Fig. 5G). Furthermore, all
mouse groups presented similar amounts of MAYV RNA 20 days after infection. Notably,
infectious MAYV was found only in CD41 T cell-depleted mice (Fig. 5H and I). Collectively,
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FIG 2 Histology and immunohistochemistry of mice during MAYV disease peak. The C57BL/6 mice were mock infected or infected with 106 PFU of CHIKV,
and after 28 days, they were mock infected or infected with 105 PFU of MAYV by hind-paw inoculation. Histopathological analyses were performed 7 days
after MAYV infection. The inoculated feet were dissected, processed for histological analysis, and stained with H&E or subjected to IHC for viral antigen
visualization. (A) Representative external and internal hind-paw images after H&E staining. (B to E) Histopathological scores of each mouse (n = 4 to 8 per
group). (F) Representative immunohistochemistry images of hind paws and (G) staining quantification; each point represents an average of 5 to 7 high-
power field of view of each animal (n = 4). Statistical analysis was conducted by one-way ANOVA with Sidak’s test. Asterisks indicate significant differences
(*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001). H&E, hematoxylin and eosin; IHC, immunohistochemistry; PMN, polymorphonuclear; MN,
monomorphonuclear.
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these results show that individual depletion of CD41 T, CD81 T, and CD191 B cells does
not abrogate the cross-protection phenotype.

Previous CHIKV infection reduces inflammatory mediator levels during MAYV
infection. It is well known that both CHIKV and MAYV infection elicit strong immune
responses (28). The levels of Th1/Th2/Th17 cytokines in the mouse hind paws and serum
were evaluated at 1, 3, and 7 days after MAYV infection. In the hind paw, at 7 days postinfec-
tion, 2.4- and 2.8-fold reductions were observed in IFN-g and IL-10 levels, respectively (Fig.
6A and B). In the sera, we also noted 13.3- and 5.5-fold decreases in IFN-g levels at 1 and
7 days, respectively, and a 2.4- to 3.5-fold reduction in TNF-a levels at 1, 3, and 7 days post-
MAYV infection compared to the non-previously CHIKV-infected group (Fig. 6D and E).
Interestingly, the levels of IL-6 were 5.9-fold higher in the hind paws at 7 days post-MAYV
infection in mice previously infected with CHIKV, whereas in sera, they were 10-fold higher
in MAYV-infected naive mice during the initial days after infection (Fig. 6C and F). No signifi-
cant differences in tumor necrosis factor alpha (TNF-a), IL-17A, IL-4, and IL-2 levels were
observed in the hind paw, or in IL-17A serum levels after MAYV infection (data not shown). IL-
10, IL-4, and IL-2 levels were below the detection limit in the mouse sera. These results indicate
that a primary CHIKV infection reduces the levels of IFN-g and IL-10 in the hind paw during a
secondary MAYV infection while increasing IL-6 at 7 days postinfection and reducing the levels
of TNF-a, IFN-g, and IL-6 in mouse sera during the subsequent days after infection.

FIG 3 Antibody levels and neutralization titers before and after secondary infection and in vivo cross-protection with sera from CHIKV-infected mice. The
C57BL/6 mice were intraperitoneally infected with 106 PFU of CHIKV. Sera were taken once a week for 28 days. (A and B) CHIKV-infected mouse serum
homologous and heterologous in vitro neutralization of CHIKV (n = 5 per group) or MAYV (n = 5 per group), respectively. Nonlinear regression curves were
generated with a maximum number of interactions of 1,000 and 95% confidence intervals. Error bars are delimited by the colors. Dotted line delimitates
50% neutralization. (C) IgG and IgM quantification by indirect ELISA using recombinant CHIKV E2 protein (n = 4 or 5 per group). (D) Hind-paw swelling
measurements after in vivo passive sera transfer from mock infection or CHIKV convalescent-phase sera to naive mice with subsequent hind-paw infection
by MAYV or CHIKV (n = 5 per group). (E and F) IgG and IgM antibody quantification by indirect ELISA using recombinant MAYV E2 protein and (G)
neutralizing activities against MAYV after secondary MAYV infection (n = 3 per group). Data are representative of two independent experiments. Statistical
analysis was performed by two-way ANOVA with Tukey’s test. In panel D, significant differences (P , 0.0001) between the CHIKV Sera ! Mock Infection
group and other groups are indicated by “@@@@” (Mock Sera ! CHIKV infection), “****” (CHIKV Sera ! MAYV infection), and “####” (Mock Sera ! MAYV
infection). In panel G, significant differences (P , 0.0001) between the CHIKV ! MAYV and Mock ! MAYV groups are indicated by “***.” O.D., optical
density; SD, standard deviation; ns, not significant different; dpi, days postinfection; PRNT, plaque reduction neutralization test.
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Previous CHIKV infection reduces NK cell and inflammatory monocyte recruitment
during MAYV infection. Considering the important contribution of hematopoietic and
myeloid cells during alphavirus infection (29), the recruitment profile of specific cellular
subsets in the hind paw of mice previously infected with CHIKV was analyzed at 7 days
after MAYV infection. An average recruitment reduction of 1.7-fold was observed in NK
cells (CD3-NK1.11) and inflammatory monocytes (CD11b1 Ly6C1) in the hind paw com-
pared to naive mice secondarily infected with MAYV (Fig. 7B, C, G, and H). Similarly, 1.73-
and 4.6-fold reductions in NK cell and inflammatory monocyte recruitment, respectively,
were verified in the hind paws of mice primarily and secondarily infected with homologous
CHIKV compared to naive mice secondarily infected with CHIKV (Fig. 7D, E, I, and J). No sig-
nificant recruitment of other cellular subsets was observed in the hind paws or ankles of sec-
ondarily MAYV-infected mouse groups with or without previous CHIKV infection (data not
shown). Our results show that, during the peak of the MAYV disease, mice previously
infected with CHIKV demonstrated a decreased recruitment of NK cell and inflammatory
monocyte subsets at the site of infection.

DISCUSSION

In the present study, we report that the immune response after CHIKV infection partially
cross-protects mice infected with MAYV, reducing disease severity based on partial reduc-
tion of hind-paw swelling. Our results corroborate other studies that show a partial decrease

FIG 4 Homologous and heterologous neutralization of CHIKV and MAYV by convalescent-phase human sera. Human serum samples were collected from
convalescent patients infected with CHIKV (n = 22) or MAYV (n = 8) and evaluated for homologous neutralization of (A) CHIKV and (D) MAYV and
heterologous cross-neutralization of (B) MAYV and (E) CHIKV, respectively. PRNT50 of homologous and heterologous neutralization of CHIKV and MAYV were
obtained using (C) CHIKV sera and (F) MAYV sera. Nonlinear regression curves were generated with a maximum number of interactions of 1,000 and 95%
confidence intervals. Error bars are delimited by the color blue. Dotted line delimitates 50% neutralization.

Chikungunya Immunity Cross-Protection against Mayaro Virus Journal of Virology

December 2021 Volume 95 Issue 23 e01122-21 jvi.asm.org 7

https://jvi.asm.org


in footpad swelling after MAYV infection in immunocompetent mice previously exposed to
CHIKV (30). Furthermore, we observed a reduction of viremia and tissue viral load in the feet
after the secondary infection, indicating the existence of a previous cross-protective immune
response able to develop an early viral control. Transposing this fact to humans, the devel-
opment of viremia and tissue viral load may represent an evolutionary barrier to the urban
adaptation of MAYV transmission through Aedes mosquitoes, as well as the clinical severity
correlation with CHIKV disease (15, 31). A reduction in MAYV viral load in mice preexposed
to CHIKV may have further implications for viral transmission and human disease severity in
areas of cocirculation of both viruses.

The histopathological analysis of CHIKV infection in mouse feet showed a locally
generalized infiltrate of mononuclear cells, subcutaneous edema, and large foci of cellu-
lar infiltrate in muscle tissue (32). In this study, MAYV inoculation in the mouse footpad
increased tissue infiltration of mononuclear and polymorphonuclear cells, accompanied
by elevated diapedesis events and edema development. We emphasize that all these
histological inflammatory phenomena were reduced in animals previously exposed to
CHIKV. Changes in cartilage composition in the different mouse groups were not
observed, suggesting that this model is not suitable for evaluation of cartilage damage,
probably because analysis took place after only a short period of infection.

TABLE 1 Analysis of MAYV and CHIKV convalescent-phase human serum samples

Virus Sample ID

ELISA result for:

PRNT50 titerCHIKV MAYV

IgM IgG IgM IgG MAYV CHIKV
MAYV 1 2 2 2 1 1,280 ,10

2 2 1 2 1 1,280 ,10
3 2 1 2 1 2,560 ,10
4 2 2 2 1 640 ,10
5 2 1 2 1 640 20
6 2 1 2 1 320 20
7 2 1 2 1 1,280 ,10
8 2 2 2 1 640 ,10
9 2 1 2 1 5,120 ,10
10 2 1 2 1 320 ,10
11 2 2 2 1 320 ,10

CHIKV 12 1 1 2 2 ,10 1,280
13 2 1 2 2 ,10 2,560
14 1 1 2 2 20 5,120
15 2 1 2 2 10 1,280
16 2 1 2 2 10 5,120
17 2 1 2 2 10 1,280
18 1 1 2 2 10 2,560
19 1 1 2 2 ,10 1,280
20 1 1 2 2 ,10 2,560
21 1 1 2 2 10 5,120
22 1 1 2 2 10 2,560
23 1 1 2 2 ,10 2,560
24 2 1 2 2 10 1,280
25 2 1 2 2 ,10 640
26 2 1 2 2 10 10,240
27 1 1 2 2 ,10 1,280
28 2 1 2 2 ,10 5,120
29 1 1 2 2 ,10 1,280
30 1 1 2 2 10 2,560
31 1 1 2 2 10 2,560
32 1 1 2 2 ,10 5,120
33 1 1 2 2 ,10 5,120
34 1 1 2 2 ,10 2,560
35 1 1 2 2 ,10 2,560
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Monoclonal antibodies that neutralize CHIKV have shown potent cross-neutralization ac-
tivity against multiple alphaviruses, including MAYV, suggesting the existence of conserved
epitopes in the genus (25). However, it has been demonstrated that CHIKV infection elicits
low cross-neutralizing polyclonal antibodies against MAYV and fails to cross-protect against

FIG 5 Evaluation of CD41 and CD81 T and B cells in cross-protection against MAYV. C57BL/6 mice were infected with CHIKV or mock infected, and after 28 days, the
animals were infected in the hind paw with MAYV or mock infected. One day prior to infection, CD41, CD81, or CD191 cells were independently depleted from the
C57BL/6 mice. (A) Depletion efficiency was evaluated by collecting whole blood at 1 and 7 days after intraperitoneal injection of the specific depletion antibodies: anti-
CD4 (GK1.5), anti-CD8 (2.43), and anti-CD19 (1D3) or an IgG isotype control. (B to E) Perimetatarsal hind-paw swelling (width � breadth) was measured for 14 days
(n = 4 per group). The amount of MAYV in each mouse hind paw was determined by viral load (PFU) and viral RNA quantification by RT-qPCR on days (F and G) 7
(peak of disease) and (H and I) 20 (disease recovery) (n = 3 to 5 per group). Statistical analysis was performed by two-way ANOVA with Tukey’s test. Asterisks indicate
significant differences (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001) between the Mock ! MAYV (isotype control) and CHIKV ! MAYV (depleted) groups;
in panels B to E, pound signs indicate significant differences (#, P , 0.05; ##, P , 0.01; ###, P , 0.001; #####, P , 0.0001) between CHIKV ! MAYV (depleted) and
CHIKV ! Mock (depleted) groups. The compared groups are indicated in panels F to I. LOD, limit of detection; SD, standard deviation.
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MAYV infection after in vivo serum transfer (30). In the present study, mice infected with
CHIKV produced high levels of CHIKV-neutralizing antibodies but poor cross-neutralization
or cross-protection against MAYV in vitro and in vivo infection, respectively. Furthermore, we
observed low cross-neutralizing activity against MAYV infection with sera from convalescent
CHIKV-infected patients. However, after secondary MAYV infection, we observed the devel-
opment of significantly higher cross-neutralizing antibodies in animals previously infected
by CHIKV. These results indicate the existence of low levels of cross-reactive antibodies after
primary infection, which are induced during secondary infection and develop significant ac-
tivity during an early immune response. Our results are in accordance with a previous study
that described low MAYV cross-neutralization levels from CHIKV-infected patient antibodies
(24). Collectively, our findings suggest that primary infection with CHIKV does not promptly
induce efficient cross-reactive antibodies. However, secondary infection by MAYVmay signif-
icantly trigger the production of cross-reactive antibodies, which develop higher neutralizing
activities and play a relevant role during early immune response.

The engagement of adaptive immune response in the early stages of infection by
arthritogenic alphaviruses, especially those involving T and B cells, is essential for viral
clearance and protection (21). Previous studies have shown that CHIKV infection in immuno-
competent mice leads to persistent viral RNA detection in their feet and demonstrated that
although CD41 T cells are essential for the development of acute CHIKV disease, they are
not directly essential for virus replication control (21, 33). In addition, it has been demon-
strated that CD41 and CD81 T cells from CHIKV-immunized mice are able to cross-respond
against ex vivo stimulation to MAYV antigen (30). In our study, mice infected with CHIKV and
with depleted CD81 T cells did not present changes in the pattern of hind-paw swelling or
MAYV RNA amounts and viral load. However, when CD41 T cells were depleted, the animals
did not develop any apparent hind-paw swelling and exhibited persistent MAYV viral load

FIG 6 Previous CHIKV infection reduced inflammatory cytokine levels in the hind paw and serum of MAYV-
infected mice. The C57BL/6 mice (n = 3 to 5 per group) were mock or CHIKV infected and, after 28 days,
inoculated in the hind paw with MAYV or mock infected. (A to C) The animals’ hind paws were collected at
7 days after secondary MAYV infection, and the cytokines were quantified in the hind-paw homogenate’s
supernatant. (D to F) Sera were collected at 1, 3, and 7 days after secondary MAYV infection, and the cytokines
were quantified. Data are representative of two independent experiments. Statistical analysis was performed by
two-way ANOVA with Sidak’s test. *, P , 0.05; **, P , 0.01; ***, P , 0.001. IFN-g, interferon gamma; IL-
10, interleukin 10; TNF-a, tumor necrosis factor alpha; dpi, day postinfection.
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at 20 dpi. Furthermore, it has been demonstrated that the lack of mature B cells leads to an
increase in viral load and prolonged foot swelling in mice during CHIKV infection (34).
However, we did not observe any apparent changes in disease outcome and tissue viral
load development in CD191 B cell-depleted mice during MAYV heterologous infection, sug-
gesting that this cell subset may not promptly affect replication control during secondary
infection. Nevertheless, we did not observe a complete phenotypical reversion of viral load
and hind-paw swelling in mice with CD41 T, CD81 T, or CD191 B cell depletion during acute
disease. However, we should not overlook the facts that we did not observe 100% cell

FIG 7 Tissue infiltration of NK cells and inflammatory monocytes is reduced during MAYV infection in mice previously infected with CHIKV. The C57BL/6
mice were mock or CHIKV infected, and after 28 days, mice were mock, CHIKV, or MAYV infected in the hind paw (n = 3 to 5 per group). After 7 days, mice
were euthanized, and their feet removed and processed for cell immunophenotyping analysis. Representative contour plots showing the frequency of (A)
NK cells (CD3-NK1.11) and (B) inflammatory monocytes (CD11b1 Ly6Chigh) in the hind paws of each experimental group. The frequencies (B, D, G, and I)
and absolute numbers (C, E, H, and J) of both cell subtypes are shown. Data are representative of two independent experiments. Statistical analysis was
performed by one-way ANOVA with Tukey’s test. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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depletion and that the cell population from blood may not totally reflect the cell profile
from mice feet tissue. In addition, it is possible that the individual depletion of these cells
may result in the compensatory activity of other cell subsets that cross-protect against
MAYV. Moreover, we should not overlook the involvement of the memory-like phenotypes
of other cell subsets, which may develop important roles during cross-protection.

High levels of pro-inflammatory mediators (e.g., IFN-g and TNF-a) have been associ-
ated with vascular leakage and edema during CHIKV infection (35). An initial increase
in IFN-g expression, accompanied by long-lasting TNF-a production, was identified in
the blood of mice, monkeys, and humans during CHIKV infection (32, 36, 37). It has
been suggested that initial viral replication may induce IFN-g production through NK
cell activation (38). According to Nakaya et al., the lack of IFN-g production in IFN2/2

animals does not interfere with CHIKV viral load but reduces footpad swelling, indicat-
ing its distinctive role in inducing the inflammatory disease (39). In contrast, a different
study showed that IFN-g is crucial for CHIKV viral control but is irrelevant to footpad
swelling disease outcome (33). In the present study, peaks in IFN-g production were
observed in the sera and hind paws at 1 and 7 days after MAYV infection, respectively, which
were substantially reduced in mice previously infected with CHIKV. Our results suggest that
cross-protection immunity induced by CHIKV infection decreased the expression of IFN-g,
correlating with the reduction in viral detection and footpad swelling.

IFN-g production is a potent enhancer of TNF expression by monocytes/macro-
phages during the immune response (40). The early production of TNF-a during alpha-
virus infection has been attributed to infiltrating and tissue-resident macrophages (36, 41).
Accordingly, in CHIKV-infected mice, we observed a decrease in TNF-a blood levels after
MAYV infection. Low TNF-a production could be correlated with a reduction in infiltrating
inflammatory monocytes in the footpads and consequent reduced clinical scores. The lower
levels of IFN-g and TNF-a during secondary MAYV infection indicate the existence of a cross-
protection mechanism able to attenuate the viral inflammatory response, which further
results in the reduction of viral load, inflammation, and disease scores.

Herein, we show that IL-10 levels in the hind paws were reduced during the peak of
MAYV disease in mice previously infected with CHIKV. Accordingly, human cohort studies
have shown that the levels of circulating IL-10 during acute CHIKV infection are increased
(37, 42). However, IL-10 is an anti-inflammatory cytokine, and its production may appear
contradictory considering that CHIKV and MAYV are causative agents of inflammatory dis-
eases (43, 44). Alternatively, it has been suggested that the pro-inflammatory response
might occur earlier in infection and is later downregulated by an anti-inflammatory counter-
response with type II cytokine production, including IL-10 (42). Furthermore, we observed
increased levels of IL-6 in the hind paws and reduced levels in the sera of mice previously
infected with CHIKV during MAYV disease. Increased levels of IL-6 production were observed
in patients during acute phase of CHIKV infection and remained elevated during a short pe-
riod after recovery (37). Although increased IL-6 levels are linked to exacerbation of clinical
outcomes, previous evidences have also demonstrated that IL-6 is able to directly suppress
viral replication in vitro (45). However, inappropriate consequences in viral infections have
also been associated with increased IL-6 production (46). In the present study, increased lev-
els of IL-6 were observed in the mouse feet during acute disease, which appears contradic-
tory to reduced local inflammation. Therefore, different immunological scenarios might be
associated with IL-10 and IL-6 production during viral infections, and further work is neces-
sary to elucidate their exact roles.

Mouse hind-paw infection with CHIKV induces the expression of cytokines and chemo-
kines responsible for recruiting NK cells, macrophages, inflammatory monocytes, and CD81

and CD41 T cells (32, 47). During CHIKV infection, NK cells develop prominent roles in the
control and destruction of infected cells (48). Human infection by CHIKV leads to high NK
cell levels in the blood during the early acute phase of the disease (49). Accordingly, we
found reduced levels of NK cells (CD3-NK1.11) and histological scores in the hind paws of
mice preexposed to CHIKV and subsequently infected with MAYV, suggesting a previous de-
velopment of cross-immunity, since it was previously described during acute CHIKV infection
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(50). Therefore, it is conceivable that cross-protection against MAYV could include the devel-
opment of “memory-like” NK cells during preexposure to CHIKV (51). Furthermore, patho-
genic and protective roles have been described for monocytes and monocyte-derived cells
during alphavirus infection in mice (52, 53). Depletion of monocytes or neutralization of their
proinflammatory factors during Ross River virus infection reduces disease severity, inflamma-
tory infiltrates, and tissue damage (54). In the present study, previous CHIKV infection
decreased inflammatory monocyte (CD11b1 Ly6Chigh) recruitment in the hind paws of mice
after MAYV infection, a fact that further correlates with reduced histological scores and foot-
pad swelling. Interestingly, we observed the development of subpopulations within Ly6Chigh

and CD11b1 cells gating in CHIKV convalescent mice, which apparently increase after sec-
ondary infection. We considered this population as inflammatory monocytes according to
our standard definition, but further studies may better elucidate the heterogeneity of mono-
cyte development after alphavirus infection. These results suggest that monocytes develop
important and relevant roles during secondary alphavirus infection.

In sum, we demonstrated that the preexistence of CHIKV immunity confers partial
cross-protection against secondary MAYV infection. This partial cross-protection reduced tis-
sue viral load and histopathological scores during MAYV disease. Interestingly, CHIKV anti-
bodies from humans and mice showed low cross-neutralization against MAYV infection.
However, after secondary infection, increased titers of cross-neutralizing antibodies were
observed in mice. Also, the results observed after the depletion of adaptive immune cells
indicate that distinct cell subsets or a combination of adaptive immune cells may be relevant
during cross-protection against secondary MAYV infection. The observed reduction in proin-
flammatory cytokines, NK cells, and monocytes cells during MAYV infection of mice previ-
ously infected with CHIKV suggests a potential role of innate immunity in cross-protection.
Our findings shed light on how preexisting immunity to arthritogenic alphaviruses may
affect a secondary infection. Nonetheless, further studies are needed to better elucidate the
immunological mechanisms involved.

MATERIALS ANDMETHODS
Ethics statement. All procedures involving animal care followed ethical principles of animal

research and were approved by the local ethical committee on animal experimentation (Comissão de
�Etica em Experimentação Animal [CETEA]) at the Ribeirão Preto Medical School, according to protocol
182/2020. Experiments involving human samples were approved by the local ethics committee in
research (CEP) of the Ribeirão Preto Medical School (protocol 2017/2.206.200), which followed the guide-
lines of the National Research Ethics Commission (CONEP).

Viruses. The virus strains CHIKV S27 African and MAYV TRVL 4675 were used in this study. For the
experiments involving mice, viral stocks were produced in suckling mouse brain, homogenized in phos-
phate-buffered saline (PBS) solution, clarified by centrifugation at 5,500 � g to remove debris, filtered
through a 0.22-mm syringe filter, placed in aliquots, and kept in a freezer at 280°C. PBS diluent was used
for mock infection. In the in vitro assays, viral stocks were produced in Vero cells (ATCC CCL-81), which
were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 2% heat-inactivated fe-
tal bovine serum (FBS), and the supernatant was collected after 2 to 3 dpi. Cell debris were removed by centrif-
ugation at 5,500� g, followed by supernatant filtration using a 0.22-mm syringe filter, and aliquots were main-
tained in a freezer at280°C. The viral stocks were titrated by plaque assay using Vero cells (55).

Mice. C57BL/6 (JAX 000664) mice were used in the present study. The animals were kept and bred
under specific-pathogen-free conditions at the animal facilities of the Ribeirão Preto Medical School,
University of São Paulo. All in vivo experiments were conducted with 6- to 8-week-old female mice.

Serum samples from CHIKV- and MAYV-infected humans. IgG-positive serum samples for CHIKV
were collected from patients in the city of Ribeirão Preto after local outbreaks of the virus. IgG positive
serum samples for MAYV were collected in 2015 from patients in the city of Sinop in the Brazilian
Amazon region, where MAYV circulation is endemic. Serum samples from healthy subjects with no his-
tory of previous arbovirus infection were collected and used as negative controls.

Mouse infection, footpad swelling measurement, and blood collection. For immunization, 6- to
8-week-old female C57BL/6 mice were intraperitoneally (i.p.) inoculated with 106 PFU of CHIKV at a final
volume of 100 ml. In order to measure antibody production and neutralization activity, blood from the
CHIKV-immunized mice was collected by facial bleeding on days 7, 14, 21, and 28 after infection.
Twenty-eight days after the first infection, the animals were infected with 105 PFU of CHIKV or MAYV by
hind-paw inoculation into the ventral side of each foot, toward the ankle, at a final volume of 20 ml.
Mock-immunized mice were inoculated with conditioned medium and PBS as a diluent. Using a digital caliper,
the hind-paw swelling outcome was measured considering the width and breadth of the perimetatarsal region
of the hind paw for 14 days postinfection. Paw tissue and blood were collected at 1, 3, 5, 7, and 9 days after
secondary infection for viral quantification and histopathological and cytokine analyses.
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ELISA and plaque reduction neutralization assay. The infected mice were bled at the indicated
time points; the blood was centrifuged at 13,000 � g, and serum was collected for analysis. Sera from
humans and the CHIKV-infected mice were submitted to a previously in-house-developed indirect
enzyme-linked immunosorbent assay (ELISA) for CHIKV- or MAYV-specific IgG and IgM detection using
recombinant envelope protein 2 (56, 57). The samples were also subjected to the plaque reduction neu-
tralization test (PRNT50) for CHIKV and MAYV, as previously described (57).

Quantitation of viral loads by plaque assay and RT-qPCR. The mice were euthanized and intracar-
dially perfused with PBS at the indicated times after viral infection. Their feet were removed, weighed,
and homogenized in sterile PBS (1:5 [wt/vol]) using TissueLyser II (Qiagen, USA) with a 5-mm stainless
steel bead (Qiagen, USA). The samples were then processed for tissue disruption for 10 min at 30 Hz and
centrifuged for 5 min at 10,000 � g, and the supernatant was collected and stored at 280°C. For viral
quantification by plaque assay, the tissue-homogenized supernatant was inoculated onto a Vero cell
monolayer seeded on 24-well plates, as previously described (55). As for viral RNA quantification, the same ho-
mogenized supernatant samples were processed using the QIAamp viral RNA minikit (Qiagen, USA) according to
the manufacturer’s protocol. Reverse transcription-quantitative PCR (RT-qPCR) was performed using TaqMan Fast
Virus one-step master mix (Applied Biosystems, USA) according to the manufacturer’s recommendations. The
primers and probe were designed for amplification of a 120-bp amplicon from the MAYV NsP4 gene region
(forward, 59-TACCATGTCAGATATGCTAAGCCTCGG-39; reverse, ‘5-TCTGTGCCGGTGATGCAAAGACTTAGCAGCGC-39;
probe, 59-FAM [6-carboxyfluorescein]-CGCCACTGTAGGGTAGTTGCG-BHQ1 [black hole quencher 1]-39). Meanwhile,
the primers and probe for CHIKV amplified a 124-bp amplicon from the NsP3 viral gene region (forward,
59-CGACGGATGCAGACGTGGTC-39; reverse, 59-ACATCGCAGTCTATGGAGATGTGC-39; probe, 59-HEX [6-carboxy-
2,4,4,5,7,7-hexachlorofluorescein]-TGCGGACCCAAGTGGAGCTGCTGGA-BHQ1-39). The reactions were carried out
using a StepOnePlus real-time PCR system (Applied Biosystems, USA). Standard curves were generated using
extracted RNA from titrated virus stocks. Each sample was analyzed in duplicate, and the results were nor-
malized to the relative amount of virus per gram of tissue.

Histopathological analysis. After 7 days of MAYV hind-paw inoculation, the mice were euthanized
and intracardially perfused with 4% formalin solution, and their hind paws were collected and fixed for 2 days
in 4% formalin solution. Subsequently, the hind paws were incubated in 10% (wt/vol) EDTA solution for
3 weeks with gentle agitation at 4°C for decalcification. Next, they were longitudinally cut, and the metatarsal
region was separated from the ankle region. Tissue samples were dehydrated in increasing concentrations of
ethanol, cleared in xylene, embedded in paraffin, and sectioned at a thickness of 5 mm. The metatarsal region
and ankle sections were stained with Harris’s hematoxylin and eosin (H&E) for histopathological analysis. The
ankle specimen sections were stained with safranin-O for cartilage destruction visualization (58). The 5-mm sec-
tions were graded by two pathologists in a blind fashion according to the modified score parameters: (1) poly-
morphonuclear cell infiltration, (2) monomorphonuclear cell infiltration, (3) subcutaneous edema, and (4) dia-
pedesis events. Each parameter was scaled as none (0), mild (1), moderate (2), or severe (3) (59). Image
acquisition was performed using an upright Nikon Eclipse E800 microscope (Nikon Corporation, Japan).

Immunohistochemistry. The formalin-fixed, paraffin-embedded (FFPE) decalcified hind-paw tissue
sections were subjected to antigen retrieval by trypsin–0.25% EDTA treatment (Sigma-Aldrich, USA) for
15 min at 37°C. The sections were incubated with an in-house polyclonal mouse anti-MAYV antibody for
1 h after a blocking step with SuperBlock blocking buffer (Thermo Fisher Scientific, USA). Primary anti-
bodies were detected with a secondary biotinylated horse anti-mouse IgG antibody (Vector
Laboratories, USA) and revealed using the AEC kit (Vector Laboratories, USA). Counterstaining with
Harris’s hematoxylin was also performed to improve visualization and analysis. The stained sections were
scanned with a bright-field ScanScope VS120 microscope (Olympus Life Sciences, Japan) in bright field at
�400 magnification. Virtually scanned slides (four animals per group) were sectioned into 12 fields per slide
using the ImageJ software. MAYV staining (red staining) was enhanced with the Adobe Photoshop software,
using black and white adjustment tools. Quantitation of total tissue area and the IHC stained area (mm2) from
each field was carried out using the ImageJ software. The results obtained are shown as a percentage ratio
between the IHC-stained area and total tissue area (mean of 12 fields per animal).

Passive CHIKV serum transfer. The C57BL/6 mice (n = 6) were intraperitoneally infected with 106

PFU of CHIKV. After 4 weeks, their sera were collected and pooled. Thereafter, 200 ml of the serum pool
was i.p. injected into naive C57BL/6 mice (n = 6) 1 day prior to infection with MAYV or CHIKV.

Depletion of CD4+ T, CD8+ T, and CD19+ B lymphocytes of mice. In order to deplete the CD41 T,
CD81 T, and CD191 B cells, the mice were i.p. injected with 500 mg of anti-CD4 antibody (GK1.5) (Bioxcell,
USA), anti-CD8 antibody (2.43) (Bioxcell, USA), or anti-CD19 antibody (1D3) (Bioxcell, USA) 1 day before infec-
tion. The animals in the control groups were injected with 500 mg of IgG isotype control antibody (Bioxcell,
USA). The antibodies were diluted in PBS at a final inoculum volume of 200 ml. For efficacy control, whole
blood from depleted animals was collected at 1 and 7 days after depletion. The red blood cells were lysed, and
the remaining cells were stained with mouse anti-CD4–peridinin chlorophyll protein (PerCP) (BioLegend, USA),
anti-CD8–fluorescein isothiocyanate (FITC) (BioLegend, USA), and anti-CD19–phycoerythrin (PE) (BioLegend,
USA). Cell acquisition was performed on a BD FACSCanto II flow cytometer (BD Biosciences, USA) and analyzed
using FlowJo software (Tree Star, USA).

Cytokine quantification. Cytokine protein levels in mouse sera and hind-paw homogenate were
determined at the indicated time points after infection using the cytometric bead array (CBA) mouse
Th1/Th2/Th17 cytokine kit (BD Biosciences, USA) according to the manufacturer’s instructions. Samples
were acquired on a BD FACSCanto II flow cytometer (BD Biosciences, USA) and analyzed using the FCAP
Array software version 3.0 (BD Biosciences, USA).

Immunophenotyping of the hind paws. The mouse groups were euthanized after 7 days of hind-
paw infection; their feet were removed and the metatarsal region separated from the ankle. The bone
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marrow of ankle specimens was washed with sterile PBS for hematopoietic cell removal. For tissue disso-
ciation, the specimens were minced and incubated with 100 U of collagenase VIII (Invitrogen, USA) for 2
h at 37°C and passed through a 70-mm mesh cell strainer. The cells were counted and added to 96-well
U-bottom plates, after which they were blocked with Fc Block (BD Biosciences, USA) and stained for flow
cytometry analysis. The antibodies used were anti-CD3«–PerCP (clone 145-2C11) (BioLegend, USA), anti-
CD19–allophycocyanin (APC) (clone 6D5) (BioLegend, USA), anti-NK1.1–FITC (clone PK136) (BioLegend,
USA), anti-CD45–APC (clone 30-F11) (BD Biosciences), anti-CD11b–FITC (clone M1/70) (BioLegend, USA),
anti-Ly6G–PerCP (clone 1A8) (BioLegend, USA), and anti-Ly6C–PE (clone HK1.4) (BioLegend, USA).
Samples were acquired on a BD FACSCanto II flow cytometer (BD Biosciences, USA) and analyzed with
FlowJo software (Tree Star, USA).

Statistical analyses. The data obtained were plotted and analyzed using GraphPad Prism 8.0.2 software
(GraphPad, USA). For multiple group comparisons, one-way or two-way analysis of variance (ANOVA) was
used, coupled with multiple correction tests (indicated in the figure legends).
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